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tThe aim of this paper is to present a DL that allows one: to expressand exploit the mapping information asso
iated with an interoperabledata system, and to express 
lasses of queries for reasoning with, in or-der to enhan
e the performan
e of the interoperable data system querypro
essing.1 Introdu
tionInteroperable Data Systems 
onstitute the general framework for the ideas pre-sented in this paper. The main goal is to provide users with a system thatallows them to query a Global Information System without being aware of thesite, stru
ture, query language and semanti
s of the parti
ular data repositories.Our 
ontext 
onsists of many loosely 
oupled wide-opened data repositories. So,we di�er from the Data Warehousing perspe
tive where a subje
t oriented ap-proa
h and a data repli
ation by materialized views are used [6, 8℄. Our approa
his based on the use of Ontologies as semanti
 views 
apturing the information
ontent of the underlying data repositories [9℄. Thus, the main purpose of theontologies is to make expli
it the information 
ontent in a manner independentof the underlying data stru
tures that are used to store the information in thedata repositories. Ea
h ontology is on top of a 
olle
tion of data repositories,providing a semanti
 model. Ontologies 
ontain a set of interrelated terms rele-vant to a parti
ular appli
ation domain, so they provide a semanti
 vo
abularyto formulate queries to the information system. Users should be able to dealwith ontologies instead of dealing with the heterogeneous and distributed datarepositories. We use a Des
ription Logi
 (DL) language to des
ribe terms ofontologies. We are 
onvin
ed of the DL adequa
y for representing enough se-manti
s, and we rely on its reasoning 
apabilities. In spite of some weaknesses,DL languages deserve also 
onsideration as query languages in our open 
ontext.We found parti
ularly useful the 
lassi�
ation of queries within the ontology



terms [10℄. For example, when users are not enterely familiar with the sour
e
ontents, the system has an opportunity to help them tunning (i.e. generalizingor spe
ializing) their queries.Taking into a

ount that the instan
es of the ontology terms are a
tuallystored in the underlying data sour
es, it is ne
essary to a

ess those sour
esin order to obtain the query answer. Therefore, there is a need to bridge thesemanti
 distan
e between the expression of the query and the values of theanswer. Mapping information is the abstra
tion that provides the link betweenthe terms that appear in the ontology and the instan
es of these terms supportedby stored data. Parti
ularly, in our 
ontext mapping information links terms ofan ontology with relational expressions de�ned over the logi
al s
hema of a datarepository. The pre
ise syntax and semanti
s used for mapping expressions isde�ned in [3℄. In this paper, we advo
ate for using ABox assertions to expressthe existing mapping information. Noti
e that, from this point of view, termsand mapping expressions are stru
tured individuals of suitable 
on
epts de�nedin the TBox (e.g. Do
ument is-a CONCEPT, entitled is-a ROLE, the titlesis-a MAPPING EXPRESSION, where CONCEPT, ROLE and MAPPING EXPRESSION are
on
epts, and Do
ument, entitled and the titles are individuals). Suitableroles are de�ned to represent the relevant stru
ture of individuals (e.g. entitledhas-dom Do
ument) and the relevant relationships between them (e.g. entitledis-supported-by the titles). Then, DL te
hnology allows us to exploit su
hABox and TBox.Moreover, in order to enhan
e the eÆ
ien
y of the query pro
essing task,we propose a me
hanism that sometimes avoids the query plan generation pro-
ess. We use a DL to des
ribe query patterns, i.e. 
lasses of queries, whi
h areasso
iated with already obtained generi
 plans. User queries are re
ognized asinstan
es of query patterns and the appropriate instantiation of the generi
 planasso
iated with is the sele
ted query plan.The aim of this paper is to present a DL that is able to deal with the two men-tioned goals. We integrate Con
rete Domains into our language sin
e 
on
reteobje
ts with their own theory are involved, for example attributes of a logi
als
hema with their dependen
y 
onstraints, and ontology terms expressions withsubsumption based relationships. We have tried to de�ne a minimal languagewith enough expressivity looking for 
omputational tra
tability. Unfortunately,if there are 
omplementary predi
ates in the 
on
rete domain we loose tra
tabil-ity in the worst 
ase. The following se
tion presents �rst, our adapted notion ofadmisible 
on
rete domains, next the des
ription logi
 integrating su
h 
on
retedomains, and then the reasoning servi
es we are interested in. Se
tion 3 reviewsbrie
y the soundness and 
ompleteness proof of our 
al
ulus and point out its
omplexity. Con
lusions appear in se
tion 4. The la
k of spa
e prevent us ofpresenting the proofs. We refer the interested reader to [2℄.



2 The des
ription logi
Our TBox performs two fun
tions: �rst, to de
lare the frame-like stru
tures ofthe 
onsidered individuals. Se
ond, to 
hara
terize 
lasses of individuals (e.g.query patterns). Therefore, the TBox is split into two 
omponents with dif-ferent languages and statements to a
hieve both goals. The �rst language issimpler and its statements introdu
e names for primitive 
on
epts and expressne
essary 
onditions on the stru
ture of their instan
es (e.g.ROLE v TERM u9has domu � 1has dom u 9has ranu � 1has ran) . Moreover, names foratomi
 roles and features are introdu
ed by expressing their domain and range(e.g. has dom v ROLE � CONCEPT). Expressions in the se
ond language statene
essary and suÆ
ient 
onditions for the instan
es of the 
lasses de�ned. Com-plex roles allow the navigation of the stru
ture of individuals (e.g. ROLE u9has dom : NON PRIMITIVE uSubsumed byDo
ument(has dom)). The languagesadopted for our TBox are those presented in [5℄, augmented with 
onstraints (i.e.predi
ates) from the 
on
rete domain.Predi
ates of 
on
rete domains represent useful semanti
 relationships among
omponents of our individuals. Informally, the idea is that predi
ates over 
on-
rete domains are en
apsulated as ora
les in separate modules and our des
rip-tions intera
t with these ora
les in a well de�ned way. Obviously, ora
les addextraordinary des
riptive power. However, we propose to use the ora
les with
aution: only for de
idable predi
ates of the theories of items 
onsidered. For ex-ample: subsumption between terms in ontologies (or any other servi
e providedby the DL system supporting the ontologies), fun
tional or in
lusion dependen-
ies among tuples of attributes, and alike.A 
on
rete domain D 
onsists of two sets: the domain dom(D) and thepredi
ate names pred(D). Ea
h predi
ate name P is asso
iated with an arity nand an n-ary predi
ate PD � dom(D)n. We adapt to our own needs the notionof admissible 
on
rete domain given in [1℄. We need to know if a predi
ate is truein the theory of the 
on
rete domain, on the basis that some other predi
atesare true. This is the 
onsequen
e problem, that is formalized next.Let P0; : : : ;Pk be k+1 (not ne
essarily di�erent) predi
ate names in pred(D)of arities n0; : : : ; nk respe
tively. Let x(i) stands for an ni-tuple (xi1; : : : ; xini) ofvariables. It is important to remark that neither all variables in one tuple northose in di�erent tuples are assumed to be distin
t. We say that P0(x0) isa 
onsequen
e of the �nite 
onjun
tion Vki=1 Pi(x(i)) when every assignment ofelements of dom(D) to the variables that satisfy the �nite 
onjun
tion, alsosatisfy P0(x0).A 
on
rete domain D is admissible if and only if the 
onsequen
e problem isde
idable. Moreover, for te
hni
al reasons, we need the empty predi
ate Falsein pred(D).Di�erent admissible 
on
rete domains need to be 
onsidered in a real appli-
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ation but, similarly to [1℄, we proved that a disjoint sum of admissible 
on
retedomains 
onstru
ts an admissible 
on
rete domain. Therefore, there is no loss ofgenerality when our presentation 
onsider the integration of only one admissible
on
rete domain into the 
on
ept language.2.1 The s
hema language SL(D)This language is for des
ribing the frame-like stru
ture of individuals in ourappli
ation domain (e.g. ontology terms, mapping expressions, attribute tuples).The letter D represents the admissible 
on
rete domain, letters A, B denoteprimitive 
on
epts, the letter P denotes a role, that in SL(D) is always primitive,and PD denotes features (i.e. monovalued roles). The letter C denotes SL(D)
on
epts a

ording to the following syntax rule:C �! A j 8P:A j 9P j �1P j 9PDThe introdu
tion of primitive 
on
epts and roles is a

omplished by a S
hema:a �nite set of stru
ture axioms of the following forms, A v C, P v A � B,PD v A � D. Stru
ture axioms admit 
y
les, we give them des
riptive seman-ti
s [11℄. Semanti
s is given by interpretations. An interpretation I = (�I ; �I)
onsists of the abstra
t domain �I , that is a set disjoint from dom(D), and theinterpretation fun
tion �I that maps every primitive 
on
ept A to a subset AIof �I, every role P to a subset P I of �I ��I and every feature PD to a partialfun
tion P ID from �I to dom(D). In �gure 1 we show the semanti
 equations.2.2 The view language VL(D)This language is for spe
ifying 
lasses of individuals and is the vehi
le for ex-ploiting the mapping information and for driving the �rst steps in the querypro
essing task. In fa
t, it is not an independent language; primitive SL(D)




on
epts and roles are basi
 elements for the VL(D) language. Several opera-tors allow us to write 
omplex VL(D) roles. Spe
i�
ally, inverse of primitiveSL(D) roles and role 
omposition are the basi
 tools to navigate the stru
tureof obje
ts. The inverse operator is allowed only for primitive roles (i.e. not forfeatures). Following is the syntax rule, where the letters R, S range over VL(D)roles: R; S �! PD j P j P�1 j " j (R : C) j R � SThe letter " denotes the identity role. The restri
ted role (R : C) 
onstraintsthe pairs of R to those whose se
ond 
omponent is in the VL(D) 
on
ept C.The 
omposition of roles is expressed by R � S.Paths are 
hains of iterated role 
omposition. Noti
e that the restri
ted role
onstru
t (R : C) permits free nestings of VL(D) roles and 
on
epts; thereforepaths 
an be 
omplex expressions. Letters p, q |maybe with subs
ripts|denote paths.Following is the syntax rule for VL(D) 
on
epts:C;D �! A j > j fag j C uD j 9p j 9p = q j P(p1; : : : ; pn)A denotes primitive SL(D) 
on
epts, > denotes the universal 
on
ept and fagdenotes singletons. Every individual name is asso
iated to a di�erent element of�I (unique name assumption). The 
on
ept 
onstru
tor P(p1; : : : ; pn) 
onne
tsto 
on
rete domains. An obje
t is in P(p1; : : : ; pn) if it admits paths p1; : : : ; pnthat rea
h elements of the 
on
rete domain whi
h satisfy predi
ate P. It isworth noti
ing that 
omposition of any VL(D) role is allowed in paths, notjust fun
tional roles as in 
on
rete 
onstraints of [1℄ or path agreement in [4℄.Semanti
 equations are shown in table 1. Noti
e that a VL(D) interpretation is
ompletely determined by the interpretation of individual names and primitive
on
epts and roles.2.3 The Knowledge BaseAs said in the introdu
tion, we are interested in DL tools to support our approa
hto query pro
essing of global information systems. We advo
ate for using aDL language to spe
ify the terms of the ontologies. We 
onsider ontologiesas the semanti
 des
riptions of the underlying data and we think they provideusers with a des
ription of the information 
ontents and an adequate semanti
vo
abulary to formulate queries. In 
ontrast, some other related works fa
e theusers with models more operational in nature, or 
loser to the data stru
turesof the sour
e model [7, 12, 15℄.Moreover, we think that term de�nitions and their interrelations, assertionsof mapping information, and other relationships established among elements par-ti
ipating in the pro
ess of the integration of the information, 
an be suitably



represented as ABox assertions in a proper DL Knowledge Base. Those asser-tions are the base fa
ts that 
onform our World Des
ription, and the languageto express them is the following: A(a), P (a; b), PD(a; Æ) and P(Æ1; : : : ; Æn), wherea; b; Æ are 
onstants (noti
e that only primitive 
on
epts and roles are used).A VL(D) interpretation I satis�es C(a) if aI 2 CI, it satis�es R(a; b) (resp.R(a; Æ)) if (aI ; bI) 2 RI (resp. (aI; Æ) 2 RI) and it satis�es P(Æ1; : : : ; Æn) ifPD(Æ1; : : : ; Æn). An interpretation I is a model of a World Des
ription W if itsatis�es every assertion in W.The 
orresponding TBox in
ludes appropriate des
riptions for di�erent 
at-egories of indiviuals (i.e. 
on
epts, roles, mapping expressions, attributes, et
.).In our 
ase, it is represented by a SL(D) s
hema. Then, a Knowledge Base is apair � = (S;W) where S is a SL(D) S
hema and W is a World Des
ription. AVL(D) interpretation I is a �-model if it is a model of S and W. � = (S;W)is satis�able if it has a �-model.We are interested in exploiting the existing mapping information and en-han
ing the query pro
essing task. The foundation for both goals is the 
las-si�
ation of VL(D) 
on
epts that represent query patterns and the re
ognitionof instan
es of VL(D) 
on
epts, on the basis of the stated world des
ription.Formally, we are interested in two reasoning servi
es: 1: Hybrid subsumption(� j= C vS D), that is the problem of 
he
king whether every �-model I sat-is�es CI � DI. And 2: Instan
e 
he
king (� j= C(a)), that is the problemof 
he
king whether every �-model satis�es C(a). It is remarkable that whenindividuals are permitted in the 
on
ept language |as is our 
ase| the asser-tions in the World Des
riptionW do a�e
t the subsumption relation, in generalthe 
omputational 
omplexity of instan
e 
he
king is di�erent from that of sub-sumption, see [14, 13℄. Nevertheless, within our language, instan
e 
he
king isredu
ible to hybrid subsumption.Lemma 1 � j= C(a) , � j= fag vS C.3 The 
al
ulusDue to the la
k of spa
e, this se
tion only presents a brief review of the 
al
ulusto de
ide hybrid subsumption (we refer to [2℄ for proofs). Our 
al
ulus is aproper adaptation of the one presented in [5℄, so we follow the same 
ourse forthe presentation and proofs.Intuitively, to 
he
k � j= C vS D, we try to 
onstru
t a parti
ular �-modelusing suitable propagation rules over the hypotheti
al presen
e of an element sin C, then s is 
he
ked as a member ofD over the eventually developed �-model.The negative output brings us with a 
ounterexample justifying � 6j= C vS D,and a positive output means � j= C vS D due to the prototypi
al 
hara
ter ofthe interpretation 
onstru
ted.



The propagation rules operate on 
onstraints that resemble 
omplex asser-tions in a world des
ription. A 
onstraint is a synta
ti
 entity of one of thefollowing forms: s : C, sRt, sRk, P(k1; : : : ; kn), k : D, where C is a VL(D) 
on-
ept, R is a VL(D) role, P is a n-ary 
on
rete predi
ate, and s, t, k are variablesor 
onstants. A �nite nonempty set of 
onstraints is a 
onstraint system.We extend the semanti
s to 
onstraint systems as it would be expe
ted.Every variable is mapped to an element in �I or dom(D) by a fun
tion �.(I; �) is a �-model of a 
onstraint system if it satis�es every of its 
onstraints.A world des
ription W 
an be translated into a 
onstraint system CSW byrepla
ing every assertion A(a), P (a; b), PD(a; Æ) and P(Æ1; : : : ; Æn) with the 
on-straint a : A, aPb, aPDÆ and P(Æ1; : : : ; Æn) respe
tively. Furthermore, W andCSW are model equivalent in the sense that their models are the same.We say that a 
onstraint system C 1 �-entails another one C 2 (C1 j=� C2)if every �-model of C 1 is a �-model of C 2. The following lemma states theredu
tion of the hybrid subsumption problem to a �-entailment problem.Lemma 2 Let � = (S;W) be a satis�able knowledge base, C and D two VL(D)
on
epts and x a variable. Then � j= C vS D , CSW [ fx : Cg j=� fx : Dg.The �-entailment problem CSW [fx : Cg j=� fx : Dg is de
ided with the 
al
u-lus. The rules of the 
al
ulus work on ordered pairs F:G of 
onstraint systems:F the fa
ts and G the goals. Appli
ation of the rules add 
onstraints to the fa
tsor to the goals. Beginning with the ordered pair CSW [ fx : Cg:fx : Dg, thederivation pro
edure adds to the fa
ts the 
onstraints inferred by the eventualexisten
e of an individual x in C; the de�nitional stru
ture of C and s
hemaaxioms from S in the knowledge base � are the �rst motivation for progress,then goal 
onstraints a
t as targets to guide the propagation of 
onstraints. A
ontrol strategy for applying the rules is followed to avoid the numeri
al explo-sion of individuals. When no rule is appli
able we say that the pair is 
omplete.Finally, an exploration of the fa
ts of a 
omplete pair is suÆ
ient to de
ide theanswer.The propagation rules are organized into �ve groups (see the appendix). Thepair FWC :GD designates the 
omplete pair derivable from CSW [fx : Cg:fx : Dg(that is unique up to variable renaming be
ause all the rules are deterministi
).We 
all o to the obje
t allo
ated in D within GD (i.e. o : D 2 GD).Lemma 3 (Soundness)(1) Given a �-model (I; �) of CSW [ fx : Cg, we 
an 
onstru
t a �-model(I; �0) of FWC . Furthermore, (I; �0) 
an be 
onstru
ted su
h that �0(o) = �(x).(2) CSW [ fx : Cg j=� fx : Dg , FWC j=� fo : Dg.Constraints in the fa
ts FWC of a 
omplete pair are devised in order tobuild a parti
ular �-model. Nevertheless, 
onstraint systems are not ne
es-



sarily �-satis�able. Obvious 
ontradi
tions are formalized with the notion of a
lash. A 
lash is a 
onstraint system having one of the following forms:1: fa : fbgg with a 6= b.2: fsPa; sPb; s : Ag with A v�1P 2 S and a 6= b.3: fP1(k(1)); : : : ;Pn(k(n))g with Vni=1 Pi(k(i)) j= False.4: fs : >; s : DgIt is evident that a 
onstraint system 
ontaining a 
lash is not �-satis�able.We say that a 
onstraint system is 
lash-free if it does not 
ontain a 
lash.From a 
lash-free 
onstraint system CS we build a 
anoni
al interpretation pair(ICS; �).Lemma 4 (Completeness) If FWC is a 
lash-free 
onstraint system then:(1) The 
anoni
al interpretation (IFWC ; �) is a �-model of FWC .(2) If, in addition, s :E is a 
onstraint in GD then:(IFWC ; �) satis�es s :E ) s :E 2 FWC .Theorem 1 Let FWC :GD be a 
omplete pair derived by the 
al
ulus from CSW [fx :Cg:fx :Dg and let o :D 2 GD:CSW [ fx :Cg j=� fx :Dg , o :D 2 FWC or FWC 
ontains a 
lash:Proof: ) Suppose that CSW [ fx : Cg j=� fx : Dg, FWC is 
lash-free ando : D =2 FWC . By part (2) of lemma 4, (IFWC ; �) does not satisfy o : D (i.e.�(o) =2 DIFWC ). By part (1) of lemma 4, (IFWC ; �) is a �-model of FWC and
onstru
ting and assignment fun
tion �0 equal to � ex
ept �0(x) = �(o), wehave that (IFWC ; �0) is a �-model of CSW [fx :Cg. Thus, (IFWC ; �0) satis�es x :D
ontradi
ting �(o) =2 DIFWC .( If o :D 2 FWC then FWC j=� o :D, and part (2) of lemma 3 brings us the
on
lussion. Suppose that FWC 
ontains a 
lash and CSW [ fx : Cg 6j=� fx : Dg.Therefore, it exists a �-model (I; �) of CSW [ fx : Cg and, by part (1) oflemma 3, we 
an 
onstru
t a �-model (I; �0) of FWC getting a 
ontradi
tion. 2Finally we point out the 
omputational 
omplexity of hybrid subsumption inour language. The 
on
rete predi
ate 
onstru
t in VL(D) allows to express a lim-ited form of negation if there exist 
omplementary predi
ates in the 
on
rete do-main. For example, predi
ates on numbers � 18(x) and > 19(x). Then, a

ord-ing to [5℄, the VL(D) 
on
epts PERSONu� 18(ageD) and PERSONu> 19(ageD)with PERSON v 9ageD leads to a 
o-NP-hard hybrid subsumption. This 
an beproved using the results in [13℄.



4 Con
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ing the query pro
essing task. The required reasoningis founded on the hybrid subsumption problem, whi
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