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Abstract fragment of OWL-DL! which extends RDFSwith interest-

. ) ) ing contructors such as inverse roles and disjointnessaagtw
This paper provides a decentralized data model  concepts and between roles. RDFS is the first standard of the
and associated algorithms for peer data manage-  W3C concerning the Semantic Web. Its use for associating

ment systems (PDMS) based on the RITE de- semantic metadata to web resources is rapidly spreading at a
scription logic. Our approach relies on reducing  large scale, as shown by the Billion Triple Track of the Se-
query reformulation and consistency checking for  mantic Web Challenge (http:/challenge.semanticweb.org
DL-LITE into reasoning in propositional logic. For scalability and robustness but also for data protection
This enables a straightforward deployment of DL- it is important to investigate a fully decentralized modél o

LITEx PDMSs on top of SomeWhere, a scalable  the Semantic Web, viewed as a huge peer data management
propositional peer-to-peer inference system. We  system (PDMS). Each peer may have its own local ontology
also show how to use the state-of-the-art Minicon  for describing its data, and interacts with some other pegrs

algorithm for rewriting queries using views in DL- establishing mappings with their ontologies. The resudt is
LITER in the centralized and decentralized cases. network of peers with no centralized knowledge and thus no
global control on the data and knowledge distributed over th

. web.
1 Introduction The contribution of this paper is a decentralized data model

Ontologies are the backbone of the Semantic Web by pro?md associated algqrithmsfordata manageme.n.tinthe Seman-
viding a conceptual view of data and services made availabli¢ Web based on distributed DLITEz. We revisit the cen-
worldwide through the Web. Description logics are the for-tralized current approach ¢€alvaneset al, 2007 for data
mal foundations of the OWL ontology web language recom-consistency checking and query answering by reformulation
mended by W3C. They cover a broad spectrum of logical lanin order to design corresponding decentralized algorithms
guages for which reasoning is decidable with a computationa/Ve also extend the current work on DL-Lite by providing
Comp|exity Varying depending on the set of constructors a|b0th.a Cen!:ra“zled and a decent-rahzed algonthm for rmn )
lowed in the language. Answering conjunctive queries oveflueries using views when queries and views are conjunctive
ontologies is a reasoning problem of major interest for the S dueries over DLEITE ontologies.

mantic Web the associated decision problem of which is not Our approach relies on reducing the above data manage-
reducible to (un)satisfiability checking. The DL-Lite fdgni ment problems for DL:=ITE  into decentralized reasoning in
[Calvaneset al., 2007 has been specially designed for guar- distributed propositional logic, in order to deploy DLFEz
anteeing query answering to be polynomial in data complexPDMSs on top of the SomeWhere platform. SomeWhere is
ity. This is achieved by a query reformulation approach Wwhic a propositional P2P inference system for which experiments
(1) computes the most general conjunctive queries whieh, tohave demonstrated the scalabiliydjiman et al., 2004.

gether with the axioms in the Thox, entail the initial quenga The paper is organized as follows. In Section 2, we present
(2) evaluates each of those query reformulations agaiest ththe distributed DLEITER data model which is based on
Abox seen as a relational database. Such an approach has tiré@ging distributed DLEITE z ontologies with mappings. In
practical interest that it makes possible to use an SQL enginSection 3, we provide decentralized algorithms for query an
for the second step, thus taking advantage of well-estedalis swering by reformulation and for data consistency checking
query optimization strategies supported by standardoelat  In Section 4, we investigate the problem of query rewriting
data management systems. The reformulation step is necassing views in DLtITEx in the centralized and decentral-
sary for guaranteeing the completeness of the answers buti®ed cases. Finally, we conclude with a short discussion on
a reasoning step independent of the data. A major result inelated work in Section 5.

[Calvaneset al, 2007 is that DLLITE is one of the max-

imal fragments of the DL-Lite family supporting tractable  http://www.w3.0rg/2004/OWL/

guery answering over large amounts of data. DEy is a 2http:/ivww.w3.org/TR/rdf-schema/



2 Distributed DL-LITER

DL-LITER concepts and roles are of the following form:
B—A|3R,C—-B|-B,R—P|P ,E—R|-R
where A denotes aratomic conceptP an atomic role and
P~ theinverseof P. B denotes aasic concepfi.e., an
atomic conceptd or anunqualified existential quantification
on a basic role3R) and R a basic role(i.e., an atomic role
P orits inverseP~). Finally, C denotes ajeneral concept
(i.e., a basic concept or its negation) afda general role
(i.e., a basic role or its negation).

An interpretation/ = (Af,.7) consists of a nonempfyp-
terpretation domain\’ and aninterpretation function’ that
assigns a subset af’
relation overA’
atomic concepts and roles is defined as follows:

(P7) = {(02,01) | (01,02) € P"}

(ER)I = {01 | dog (01702) S RI}

(-B)! = AI\B? and(-R)! = AT x AI\R!

An interpretationy is amodel of a concept’ (resp. a roleE)
if CT £ () (resp.ET # ().

DL-LITEx knowledge bases. A DL-LITEx knowledge

atomicconcepts or roles of the KB. Tlaity of a query is the
number of its free variables, e.@.for aboolean query

Given an interpretatiod = (A’,.7), the semanticg’ of
a boolean query is defined asrue if [3y conj(0,7)]! =
true, and false otherwise, while the semantig$ of a query
q of arity n > 1 is the relation of arity» defined on(A) as
follows: ¢! = {& € (AT)" | [Ty conj(e, §)]! = true}.

A vieww is defined by a query(z) : 3y conj(z,y), and
has an extensiofi(v) which is a set of facts of the form(¢).

Following theopen world assumptignve adopt thesound
semantics, i.e., for every interpretatidnfor eachv(t) €
E(w), tf e vl

A model of a KBK = (T, A) (resp.K = (7,V,€)) is an

to each atomic concept, and a binary jnerpretations that is a model of bot” and.A (resp. of7,
to each atomic role. The semantics of nony, gnqe). A KB K is consistentf it has at least one model.

K logically entailsa membership assertigh written K =
3, if every model ofiC is a model of5.

(Certain) answers of a query over aDL-LITEr KB. For
defining the answers of a query over a KB, it is needed to
distinguish the case where the extensions of the query-predi
cates are given in an Abox, from the case where they just can
be (partially) inferred from extensions of views. In thedat

base (KB) is made of @boxrepresenting a conceptual view case, they are called tltertain answers
of the domain of interest (i.e., an ontology), and either an The answer set of a non boolean quegverKC = (7, A)

Abox(a local set of facts)Calvaneset al.,, 2007 or view ex-

is defined asuns(q, K) = {t € C" | K |= q(t)} whereC is

tensiongpredefined queries over the Thox together with theirthe set of the constants appearing in the KB, afi is the

answers]Calvaneset al,, 2008 for representing the data.

closed formula obtained by replacing in the query definition

A DL-LITExR Thox s a finite set of inclusion statements of the free variables ir by the constants in

the formB C C and/orR C E. General concepts or roles

The certain answer set of a non boolean queoyerkC =

are only allowed on the right hand side of inclusion state-(7, V. £), is defined ascert(q, K) = {t € C" | K = q(?)}.
ments whereas only basic concepts or roles may occur on the By convention, the (certain) answer set of a boolean query

left hand side of inclusion statements. Inclusions of thenfo
By C By or of the formR; C R, are calledpositive inclu-
sions (Pls) whereas inclusions of the fori; C — B, or of
the formR; C — Ry are callechegative inclusions (NIs)An
interpretation/ = (A, 1) is amodel of an inclusio3 C C
(resp.RC E)if B C C! (resp.R’ C E'). Itis amodel of
a Thoxif it satisfies all of its inclusion statements. A Th@x
logically entailsan inclusion statement, written7 | «, if
every model of7 is a model ofa.

is{()}, () is the empty tuple, ifC = ¢(), andl otherwise.

DL-LITEx PDMSs ADL-LITEr PDMSS is a set of peers
{Pi}i=1..n, where the index models the identifier of the
peerpP; (e.g., its IP address). Each pg&rmanages its own
DL-LITEx KB K; written in terms of its owrnvocabulary
i.e., atomic concepts and roles. We will notg(resp.FP;) the
atomic concept (resp. the atomic rol@) of P;.
Mappingsare here inclusion assertions (Pls and/or NIs) in-

volving concepts and/or roles of two different peers. For-si

A DL-LITER Abox consists of a finite set of membership pjifying the presentation, we consider that mappings are in

assertions on atomic concepts and roles of the fafm) and
P(a,b), stating respectively thatis an instance afl and that
the pair of constanté&, b) is an instance oP. The interpre-
tation function of an interpretatioh = (A’,.7) is extended
to constants by assigning to each constaatdistinct object
a’ € Al (i.e., the so calledinique name assumptidmlds).

An interpretation/ is amodel of the membership assertion

A(a) (resp.P(a,b)) if af € AT (resp.,(a’,b!) € P!). Itisa
model of an Abo¥ it satisfies all of its assertions.

When the extensional knowledge is modeled using vie

extensions, the KB is of the for¥, V, £) such that is a
set of facts of the form(¢) wherev is aviewof V.

Queries and views over aDL-LITEgx KB. We con-

sider (unions of)conjunctive querief the form ¢(z)

3y conj(Z,y) whereconj(z,y) is a conjunction of atoms,
the variables of which arenly the free variables and the

both KBs.

From a logical viewpoint, a PDMS = {P;}i—=1., IS
a standard (yet distributed) DLiTER KB K = [J._, K,
i.e., in contrast with other approachd<#élvaneseet al,
20084, [Franconiet al, 2004, [Serafiniet al, 2003) we
adopt a standard logical semantics for the mappings.

3 Decentralized Query Answering

v\yVe first recall theAnswer, Consistent, and Per fect Re f

algorithms of[Calvaneseet al,, 2007 that are used for an-
swering queries over a DLITER KB K = (7, A) in the
centralized case (Section 3.1). Then we provide their decen
tralized versions (in Sections 3.3 and 3.4). They are based
on the propositional encoding summarized in Section 3.2 and
the use of the DeCa algorithpAdjiman et al, 2004 which

is the decentralized algorithm for propositional reasgmin-

existential variableg, and the predicates of which are either plemented in the SomeWhere platform.



3.1 ExistingDL-LITER algorithms: reminder -ifg =

Given a union of conjunctive querigg over a KBX = ';9 :
(T, A), Answer (Algorithm 1) first checks whethég is in- 9=

A(z)andI =3P~ C A, thengr(g,I) = P(-,x)
P(
P(
consistent (line 1). In that case, it returns all the tuplées o 'fg _ E
P(,
P

_)andl = A C 3P, thengr(g,I) = A(x)
_yandl =3P, C 3P, thengr(g,I) = Pi(x,-)

xz,.)andI = 3P, C 3P, thengr(g,I) = Pi(-, )
)
)

the arity of@ that can be generated from the constants occur-
ring in A (line 2). Otherwise, it getans(Q, K) by evaluat-
ing against4 considered as a relational database the union of

z)andl = A C 3P, thengr(g,I) = A(x)

z)andI = 3P, C 3P, thengr(g,I) = Pi(z,-)
z)andl =3P C 3P, thengr(g,I) = Pi(-, x)

- if g = P(:I?l,xg) and either] = Py C Porl = P, C P~

conjunctive queries obtained by reformulationip{line 3). thengr(g, 1) = Py(z1,x2)

Algorithm 1: The originalAnswer algorithm -if g = P(a1,22) and eitherl = P, C P~ orl = P, C P
Answer(Q,.IC) ) ] ] thengr(g,I) = Pi(x2,x1)

gﬁtuptm? (Lljgf(rclgo;cc)onjunctlve querieg and a KBK = (7, A) The subtle point oPer fect Ref is the need of simplifying

(1) if not Consistent(K) the produced reformulations (loop (b), lines 8 to 10), sa tha
(2) return Alltup(Q, K) some Pls that were not applicable to a reformulation become
(3) else retun (U, ., Per fectRef(qi, 7)™ applicable to its simplifications. A simplification amouitds

Consistent (Algorithm 2) builds a boolean query,,.., ~ UNify two atoms of a reformulation using theiost general
that checks that the DIL+TE  formulae that must be disjoint, Unifier (usingreduce, line 10) and then to switch the possibly
according to the intentional knowledge modeledinindeed n?W qmboundeﬁ eX|$t_ent||aI vanablest(mlsmgrﬁ line 10).
have disjoint iNStances iA. gunsq: is obtained as the union A190rthm 3: The originalPer fect e f algorithm
of the first-order logic (FOL) translations of the NI-clostof PerfectRef(q,7)

7T, denotedtin(7), i.e., the set of all the Nlis entailed l3y. IOnStuptma ;?Jnr{:gmcg\{igrﬂﬁ%ﬁygﬁlﬁgf

The FOL translations of Nis are defined by: (1) PR:={q}
5(31 [ ﬁBg) =drm (.I') A Y2 (x) such that (2) repeat
~i(x) = Ai(x) if B; = A; (3) PR :=PR
vi(w) = Jy; Pi(x,y;) if B; = 3P (4) foreachq € PR’
vi(x) = Jy; Pi(y;, x) if B, =3P, (5) (a)foreachyg € ¢
0(R1 C —Ry) = Jx,y p1(x,y) A p2(z,y) such that (6) if I is applicable tg
pi(z,y) = H(x,y) if R; =P, (7 PR:= PRU{qlg/gr(9,1)]}

(8)  (b)foreachgi,g> € ¢

pi(_x, y) = Pz(ya I) |f_ R, = Pi_ _ 9) if g1 andg. unify
Algorithm 2: The originalConsistent algorithm (10)  PR:= PRU {r(reduce(q,g1,92))}
Consistent(K) (11) until PR’ = PR
Input: aKBK =(7,A . .
OStput: true if IC<is sat>isfiablefalse otherwise 3.2 Propositional encoding of eDL-LITER Thox
1) Gunsat = L (i.€.,qunsat IS false) The propositional encoding of a DLITEz Thox7, denoted
(2) foreacha € cin(T) ®(7), is the formula of propositional logic (PL) that corre-
(3)  qunsat = qunsat V 3(a) sponds to the union of the PL encoding of every inclusion
(@) if ¢4 =9 assersiod of 7: ®(7T) = {J;c7 ®(I).
(5) return true The PL encoding of a concept inclusiéh C C, denoted
(6) else return false ®(B C C) isinductively defined byf®(B) = ®(C)} where
Finally, PerfectRef (Algorithm 3) reformulates each ®(B) = A whenB = A, ®(B) = when B = dP,
conjunctive queryy in @ by using the Pls irZ” as rewrit- ®(B) = P2~ whenB = 3P~, &(C)) = &(B) whenC = B,
ing rules. Pls are seen as logical rules that can be applied i Bndd(C) = ~&(B) whenC = —B.

backward-chaining to query atoms in order to expand them. The pi_ encodlng of a role inclusioR C E, denoted
More specifically, a PI is applicable to an atomi(z) of a (R C E), is defined as follows:

query if I has A in its right-hand side, and a Hlis appli- 3 3 a3 3-
cable to an atomo(:vl,xg) of a query if (i)zo = _and the (I)(PEQ) P=0QPr =Q,p fQ P jQ }
right-hand side of is 3P; or (i) z; = _ and the right-hand ®(F~ EQ)={F" = Q@ P=Q . P~ = QP =Q7 }
side ofI is 3P~ ; or (iii) I is a role inclusion assertion and its ®(PC Q7 )={P = Q ,P~ = Q,P’=Q° ,P° =Q7}
right-hand side is eitheP or P~ Note that denotes here an PP CQ)={P =Q ,P=Q,P=>Q> PP =@}

®(

o(

P(

ww

unbounded existential variable of a query. C-Q)={P=-Q,P"=-Q}
The following definition (Definition 32 fron{Calvanese P~ C-Q)={P™ = -Q,P=-Q"}

et al, 2007) defines the resulgr(g, I) of the (backward) PC-Q )={P=-Q ,P” = -Q}

application of the PII to the atomg, which is the core of @®(P~ C -Q " )={P™ = -Q ,P = -Q}

PerfectRef (loop (a), lines 5 to 7). Note also that in the followin@(F) = ®(R) whenFE = R,

Definition 1 (Backward application of a Pl to an atom) ®(E) = ~®(R) whenE = ﬁfz’ ®(R) = P whenR = P,

Let I be an inclusion assertion that is applicable to the atomand®(R) = P~ whenR = P

g. Thengr(g, I) is the atom defined as follows: The PL encoding of the distributed Thay! , 7; of a
-if g= A(z)andI = A, C A, thengr(g,I) = Ai(x) DL-LITEx PDMS is the distributed propositional theory

-if g= A(z)andI = 3P C A, thengr(g,1) = P(x,.) U, ®(7;) obtained by the encoding of each local Thhx



DECA is a message-based algorithm implemented in the€onjunctive query of.,,,s.; does not have to be evaluated by
SomeWhere platform[Adjiman et al, 2006) which com-  P; against the (unknown) global Abox of the whole PDMS.
putes in a decentralized manner the Iogical consequences bfdeed, by construction of,,s.:, €ach of its conjunctive
propositional clausal theories distributed in a P2P systemqueries has two conjuncts, one frdPp and another fronP;
More precisely, by a copy of ECA running locally on each (j may bei), the latter providing in its atomic concept or role
peer and transmitting forth and back messages conveying lithe identifier; of the peer to contact for the evaluation.
erals and claused)eC A’ (l;) (denoting DECA running on Theorem 2 states the correctness of locally running
the peerP; and triggered with an input literd) of the?; vo-  Consistent® on each peeP; for global consistency checking
cabulary) produces the set of all thmper prime implicates of a PDMS without empty roles.
of I; w.r.t. the distributed theoryJ;" , ®(7;), i.e., the set of
prime implicates of{/;} U |J!_; ®(7;), which are not impli-
cates ot J]_, ®(7;) alone.

Theorem 2 (Correctness of PDMS consistency checking)
LetS = {Pi}i=1... be aDL-LITEx PDMS without empty
roles. S is consistent iflConsistent” returnstrue for every

3.3 Decentralized Consistency Checking i=1l.n.

Our approach relies on decentralizing the computation®f th The proof relies first on Theorem 1 showing the equivalence
Nl-closure of a distributed TbokJ!" , 7; of a DL-LITER between logical entailement from a Thox of a NI with en-
PDMS without empty roles (the Thox does not entail a Nitailment in PL of the corresponding propositional encoding
P C —P) by exploiting a property transfer of the propo- Then, both Lemma 12 ifiCalvaneseet al, 2007 and the
sitional encoding (Theorem 1) and then by using@A. completeness of ECA(proved in[Adjimanet al.,, 200€) en-
The subtle point is that in a decentralized setting, we haveure thatin(P;) defined in Definition 2 contains all the NIs
to launch the computation of the NI-closure from each peeentailed by the PDMS and involving a concept or role in the
and thus possibly start from local Pls and Nls that could lead/ocabulary of the peép;. Finally, itis easy to see that by run-
to the derivation of new Nls by interacting with NIs and Pls ning Consistent® for every peefP; of the PDMS, we obtain

of other peers. For doing so, we define (Definition 2) andall the NlIs entailed by the PDMS. Therefore Theorem 15 and
compute with ECA the NI-closure of a peew.r.t a PDMS  Lemma 16 ifCalvaneset al, 2007 ensure that consistency
without empty roles. checking can be made by evaluating the union of conjunc-
tive queries ing,,sq; @gainst the relevant part of the Abox. It
is exactly what running’onsistent’ on all the peers in the
PDMS does in a decentralized manner.

Theorem 1 (Nl-entailment reduced to PL entailment)
Let7 be the distributed Tbox of AL-LITEr PDMS without
empty roles, andb(7) its PL encoding. LefX andY be
both distinct basic concepts or distinct basic roles:
cdn(T)EXCYIiff ®(T) E -P(X)V-d(Y).

The proof is by induction on the number of rules defining the
NI-closure (Definition 9 ifCalvaneset al,, 2007) used for
producingX C —Y, for the if direction, and on the smallest
length of the resolution proof for producidg X ) = ®(—Y")

for the converse direction.

Definition 2 (NI-closure of a peer w.r.t. a PDMS) Let7 = o

U™, 7; be the distributed Tbox of BL-LITEx PDMSS = Definition 3 (Backward-closure of an atom w.r.t. PIs) Let
{P;}i—1... without empty roles. Thil-closure ofP; w.r.t.S, 1 beasetof Plsy an atom, andA a set of atoms.
denoted-in(P;), is obtained fromd(7) usingDeCA as fol- ~ We define the backward-closure of g w.rt. PI
lows: as clgr(g,PI) = Uit cl_gr'({g}, PI) where
cl_grt({g}, PI) is recursively defined as follows:

3.4 Decentralized Query Reformulation

Our approach relies on the propositional encoding and the us
of DECA for decentralizing théackward-closure w.r.t. the
Pls of each atom in the query. Definition 3 defines the
backward-closureof an atom w.r.t. the Pls as the iteration
of the one-step backward application of Pls (Definition 1).
Proposition 1 states the termination of this iterative pesc

e forevery PIZ C Y € 7, such that” is in the vocabu-

lary of P; andY’ in that of P; (j may bei), Z C -X € o clgr'(A,PI) = {gr(g,I) | g€ A, I € PlandIis
cln(P;) for any—®(X) € DeC A (d(Y)). applicable tog}
o foreveryNIZ C -Y € 7; o cl_gr'ti (A, PI) = cl_gri(cl_gr'(A, PI), PI)
— if Zisin the vocabulary oP; andY inthatofP; (j  proposition 1 (Termination of backward-closure w.r.t. Pls)
may bei), Z £ —X € cln(P;) for any - (X) The backward-closure of an atom w..t. a set of Pls
DeCA’(-®(Y)) is finite, i.e., there exists a constant such that

— if Y is in the vocabulary ofP; and Z is in that  cl_gr(g, PI) =, cl-gr'({g}, PI).

of P; (j may belj)' X L oY € cn(Py) for any The proof corresponds to the termination proof of
~®(X) € DeCA’(=2(2)). PerfectRef (Lemma 34 infCalvaneset al., 2007).

The decentralized version of the origin@dbnsistent al- Theorem 3 is the equivalent for the Pls of the transfer prop-
gorithm, denoted’onsistent’ when running on peeP;, is  erty of the propositional encoding for the Nls stated in The-
simply obtained by replacinfpreach « € cln(7) in Line  orem 1. lIts proof is also by induction (number of one-step
2 of Algorithm 2 by foreach « € ¢in(P;), and where each applications of a Pl and smallest length of resolution pshof



Theorem 3 (Backward-closure reduced to PL entailment)

Its proof results (1) from the observation that the cen-

Let 7 be aDL-LITEx Thox the Pls of which form the set tralized version ofPer fect Ref* (in which cl_gr(g;, PI) is

PI. Letg, ¢’ be atoms, and, V5 propositional variables.
g € clgr(g, PI)iff o(T)U {-V1} E —V2 where:

-g=Ax), g = A(x), V1 = A andVy, = A';
-g=A(x), g’ = P(x,.), Vi = A, andV; = P7;
-g=A(x), ¢ = P(_z), Vi = A,andV, = P7;
-g=P(r,y),9 =Q(r,y), Vi = P,andVa = Q;
-9g=P(z,y),9 =Qy,r), Vi = P,andVz = Q;
-g=P(z,.), 9 = A(z), Vi = P, andV; = 4;

-9 = P(l‘,_), g/ = Q(xv —)’ Vi= PEI, andV; = QEI;
-9g=P(z,),9 =Q(x), Vi =P, andV, = Q7 ;
-g=P(,x),g = Az), Vi = P7 ,andV, = 4;

-9 = P(—a‘r)v g/ = Q(xv —)’ Vi= PH?: andV; = QEI;
-g=P(,2),d =Q(,x), Vi =P ,andV, = Q7 .

Based on Theorem 3, the decentralized computation
cl_gr(g, PI) is straighforward using BCA: if g is built
from the vocabulary of the peé?;, ¢’ € cl_gr(g, PI) iff
-V, € DeC A'(—V)) for the same values @f, ¢’, V1, andV;
of the corresponding cases of Theorem 3.

The decentralized version ofPerfectRef, denoted
PerfectRef* when running on pe€ep;, is given in Algo-

rithm 4. For each atom in the query, it computes first (in the(d) ¢=U,cq

decentralized manner explained previously) the set of &l o

computed by iterating the one-step application of PIs oheac
atomg; of the query) produces the same results than the orig-
inal Per fectRef, and (2) from Theorem 3 and the complete-
ness of EECA, ensuring the decentralized computation of the
whole setcl_gr(g;, PI).

In contrast with the originalinswer algorithm, the global
consistency of the PDMS cannot be checked at query time
since the queried peé®; does not know all the peers in the
PDMS. However, it can get the identifieid,, ..., id; of
the peers involved in a reformulation of the query (to con-
tact them) from the identifiers used in the atomic concept and
role names involved in that reformulation. Algorithm 5 de-
scribes the decentralizethswer? algorithm that checks in a

decentralized manner Whetl@f;:l(z-dj U A;q,) is consis-
tent and computes the set of corresponding answers by eval-
Jpating each reformulation against the relevant Aboxes.

Algorithm 5: The decentralizedinswer algorithm running
on the peefP; of the PDMSS

Answer'(Q)

Input: a union of conjunctive querigd over the KBK; = (7, A;)
of P;

Output: ans(Q,K) whereK = (7, A) is the KB of the PDMSS

PerfectRef'(q')
(2) if Consistent' returns true for every ped?;q; involved ing

reformulations, and then it produces a first set of reformula(g) return qdb(U?zl Aiay)

tions of the original query by building all the conjunctidres-
tween the atomic reformulations (denot®f_, cl_gr(g:, PI)

at Line 5). Those reformulations are then possibly simpli-
fied by unifying some of their atoms (Lines 8 to 11), and the
reformulation process is iterated on those newly produeed r

formulations until no simplification is possible (gener@p
starting on Line 4).

Algorithm 4: The decentralize®er fect Re f algorithm run-
ning on the peepP; of the PDMSS

PerfectRef(q)

Input: a conjunctive query over the ThboxZ; of the peerP;
Output: a union of conjunctive queries over the Th@x of the
PDMSS

(1) PR:={q}

(2) PR :=PR

(3) while PR # 0

(4) (a)foreachq' =g1 AgaA...Agn € PR

(5) PR =0cgr(g,PI)

6) PR =0

(7) (b)foreachq” € PR”

(8) foreachgi, g5 € q”
9) if g1 andg unify
(10) PR’ := PR'U{r(reduce(q", 91, 92))}

(11) PR=PRUPR UPR"
(12)return PR

The following theorem states the correctness of the decen-

tralized reformulation algorithn®er fect Re f*.

Theorem 4 (Correctness ofPer fect Re f?) Let
7 = U, 7; be a Thox of a PDMS. Lef be a con-
junctive query ovefT;. PerfectRef(q) returns the same
set of conjunctive queries d%r fectRef(q, T).

(4) else returnthe singleton{ L}

In that algorithmL replacesAliTup(Q, K) of the original
Answer algorithm.

The interest of Algorithm 5 is to provideell-foundedan-
swers, i.e., answers that can be entailed from a consistent s
set of the (possibly inconsistent) KB of the PDMS.

4 Query Answering using Views by Rewriting

We provide algorithms for computing the certain answers of
a query over a (centralized or decentralized) DLz KB

K =(7,V, &) where¢ is the extension of views iif that are
conjunctive queries oveér. For doing so, we make use of the
scalableMiniCon [Pottinger and Halevy, 200&lgorithm
which produces the maximally-contained conjunctive rewri
ings of a conjunctive query using a sefY of conjunctive
views. A conjunctive rewritingof ¢ is a conjunctive query
¢, Whose body predicates are the head predicates of views in
V such thatT UV | Vz (¢,(Z) = ¢(z)). In that setting
([Halevy, 2001), the set of certain answers of a query can be
obtained by evaluating against the view extensions the€jini
union of its maximally-contained conjunctive rewritings.
Centralized Case First ViewConsistent(K) checks the
consistency of the KB It is a variant of the original
Consistent algorithm obtained by replacing:

- Qunsat = CQunsat V O(c) in Line 3 of Algorithm 2

by qunsat Gunsat vV MiniCon(§(«),V), where
MiniCon(é(«),V) provides the maximally-contained

rewritings using of the FOL translation («) of the Nl «,
- qﬁi(s“i% in Line(4) of Algorithm 2 by the evaluation against
db(&)

the view extensionsy,,,, ;-



Algorithm 6 describes th€ertain Answer algorithm. Ifthe 5 Conclusion

KB is inconsistent, the algorithm returnfitup(Q, £), the  Thig hapers builds on and extends existing work in data inte-

set of all the tuples of the arity @ generated from the COn- g ation (Calvanesest al, 2007; 2008band [Pottinger and
stants inf. Otherwise, it computes (usinginiCon(q’,V)) Halevy, 2007). For view-based query answering in DL-

the rewritings in terms of the views of the conjunctive gasri LITEr we provide a centralized and a decentralized algo-
¢ returned byPer fectRef as the different ways of unfold- ; P

ina the initial o th o rithm to compute the certain answers based on rewritings. Fo
ing the initial query using the Pls 4. the decentralized case, our work extends the data model of

Algorithm 6: TheCertain Answer algorithm the SOMEOWL and SMERDFS PDMSs [Adjiman et al,

CertainAnswer(Q, K) 2006; 2007). We follow the same approach based on limiting

Input: a union of conjunctive queried and a KBK = (T, V, £) the data model allowing to reduce consistency checking and

Output: cert(Q, K) guery reformulation to reasoning in propositional logidsla

(1) if notViewConsistent(K) way of getting the decidability for query answering in PDMS

(2) return Alltup(Q, &) which is not guaranteed in generdHélevy et al,, 2003),

(3) else while adopting a standard logical semantics, in contragt wi

(@) Q' =Ugeq PerfectRef(q,T) other works (e.g. [Calvaneset al, 20083, [Franconiet al.,

(6) retun (U, .o MiniCon(q', V)™ 2004, [Serafiniet al, 2009). It is also a distinguishing point
from the approach ifBertossi and Bravo, 2007based on

Theorem 5 (Correctness olCertain Answer) Let K = answer set programs) for defining consistent answers in pos-

(T,V,€E) be aDL-LITER consistent KB and) a union of  sibly inconsistent PDMSs.
conjunctive queriescert(Q, K) = Certain Answer(Q, K).
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