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Abstract— The paper presents a scheme for hybrid integration generic scheme for extending such rule languages by adding
of rules languages with constraints languages including dunot  constraints in rule bodies. A fixpoint semantics of an exéehd
restricted to Description Logic-based ontologies. The prposed language obtained in this way is formally defined by refeyrin

scheme is apt for logical rule languages such as Datalog, but .
also opens up for rules lacking logical semantics, e.g. theNKL to the semantics of the components. The paper shows how

query and transformation language Xcerpt. To reason in the tO reason in the extended language by interfacing existing
integrated language, we aim at re-using and interfacing esting reasoners of the components instead of fully integratiegnth
reasoners for the component languages. Here we show how thisinto a new dedicated system.

can be accomplished for integrating Datalog and Xcerpt with We illustrate the scheme by two example instances. First,

OWL by interfacing XSB and an Xcerpt engine with a DL d b for the int i f Datal ith
reasoner, respectively. Finally, we suggest ideas on howitaprove We describe a reasoner lor the integration ot Latalog wi

reasoning performance by allowing for more frequent interaction  OWL obtained by interfacing XSB Prolog [2] with any DIG
between the component systems. [1] compliant DL reasoner (e.g. Racer [16]). Then, we désri

how to integrate the rule-based XML query and transfornmatio
language Xcerpt [9] with OWL, which make possible semantic

This paper addresses the issue of building the rule level filtering of the XML documents obtained by Xcerpt queries.
top of the ontology level of the Semantic Web tower [8]. As When the rule language considered is Datalog and the con-
argued, e.g. in [26], applications need rules, which cafeot straint theory is expressed in a DL, our framework provides i
expressed in DL languages, such as OWL-DL. On the othegrated languages that coincide with previous approgskes
hand, the rule languages should make it possible to integr&ection V for more discussion). The main contributions g th
the structural knowledge provided by ontologies. Thereeshapaper is however a more general framework for integratitey ru
already been several proposals in that direction, definiiferd languages, not restricted to logical languages, with caimtt
ent specific languages integrating rules and ontologiesgse theories (not necessarily a DL theory). The paper shows how
[17], [14], [11], [15], [3], [20], [21], [23], [25]). The diersity the queries to an integrated KB can be answered by re-using
of the languages seems to be unavoidable since differedt kixisting reasoners of the component languages, spedgificall
of applications will call for different languages integraf illustrated by a prototype system integrating Datalog with
rules and ontologies. In contrast to the proposals menmdion®@WL using XSB Prolog [2] and a DL reasoner. While not
above, our main objective is not to define a specific languagerrently implemented, we also describe the idea of how to
integrating rules and ontologies, but a generic scheme fachieve the same integration with Xcerpt as the rule languag
hybrid integration. A reasoner of an integrated language is
then obtained by applying the scheme by interfacing exjstin Il. PRELIMINARIES
reasoners of the component languages. The question addressed in this paper is how to combine a

The idea ofhybrid reasoning appeared already in [12], andule language with an ontology language so that reasoning in
was adopted, among others, in the well-knavxs-log work the integrated language can be done by interfacing reasoner
[10] on integrating Datalog and DL. It is also present in thef the component languages. This section formulates genera
CARIN work [22], even if this aspect is not explicitly stress requirements for the component languages and refers to the
therein. In the context of the Semantic Web it is used in [11dnguages satisfying them.
for combining answer set reasoning with DL reasoning, and
in [25] where theoretical issues of integration of disjiveet A Rules
Datalog with OWL-DL are discussed. We consider rules of the form

This paper addresses the problem of hybrid integration

o H < B,...,B,

of rules and ontologies in a more general framework of
integrating rules with constraints expressed in a languagkere,n > 0 and H, By, ..., B, are some primitive/atomic
of an external theory. The proposed framework applies tosgntactic constructsafomg over a certain alphabet, including
class of rule languages with fixpoint semantics. We definevariables. As usual, we will callH the head of the rule

I. INTRODUCTION



and By, ..., B, its body. Instances of a rule are created by
substitutionswhich map variables of the rule to terms. A rule
with empty body (i.e. withn = 0) is sometimes called fact

A rule will be calledsafeif all variables of the head appear

in the body; thus safe facts are ground (i.e. variable-frie)
this paper we only consider safe rules. To define the syntax of
a specific rule language we thus have to define the syntax of
the primitive rule constructs and the syntax of the terms. By
arule programwe mean a finite set of rules.

The rules we consider can be used to derive new atoms
from given ground atoms. For this a matching relation has
to be defined between (possibly non-ground) body atoms
and ground atoms. As a result of successful matching of

term with labelp may vary. The direct sub-terms of a
data term may be ordered (which is indicated by square
brackets) or unordered (which is indicated by braces).
Body atoms of Xcerpt rules are calleguery terms
They are patterns matched against data terms and usually
include variables, for which bindings to data terms are
produced by successful matchings. The heads of Xcerpt
rules are data terms with variables. The rule produces data
terms by applying the bindings, obtained by matching
of its body, to the head. The concept of matching is
quite elaborate. A data term matched against a query term
may produce more than one binding. There is no logical
counterpart of the fixpoint semantics.

body atoms and some given ground atoms, the variables ofA common task to be solved by a rule reasoner is querying
the body atoms become bound to ground terms. Due to #€the standard model of a given rule program. An atomic
safeness assumption the resulting binding(s) applied €0 #uery is an atomd with variables. The answer is any substi-
head determines its ground instance(s) derived from thengro tution 6 such that46 is an element of the model.

atoms matched by the body atoms. For every specific ruleas Datalog is a subset of Prolog, queries may be answered
language a formally defined concept of matching makesyy Prolog systems based on SLD-resolution. The work pre-
possible to associate an operafgr on sets of ground atomssented in this paper uses XSB Prolog. Reasoning in the Xcerpt
with every rule progrant: prototypé, which is implemented in Haskell, is based on

Tp(S) = {HO| (H — Bi,...,B,) € P and backward chaining and uses a special kind of unification.

(B1,...,B,) matches somely, ...
with resultd}

;An IS B. Ontologies

In this paper, we consider ontologies formalized in De-
The operator is monotone, since the atoms which matchseription Logics (DLs) [7], which are decidable subsets of
given pattern in a sef will also match it in any supersel’ first-order logic (FOL). The syntax of a DL is built over the
of S. ThusTp(S) C Tp(S’) for any S C S’. The semantics distinct alphabets oflass nameg§ (also known asoncept}
of P can now be defined as the least fixpointiof. We will  property namegR (also known asoles) and individual names
call it the standard modélof P. Intuitively, the operatof» ©O. Depending on the kind of DL, different constructors are
reflects the mechanism for deriving ground atoms with rulgsovided to build class expressions (or brietllasse¥ and
of P. property expressions (or brieffyropertieg. Intuitively, classes
Examples of rule languages in the discussed category ag@e used to represent sets of individuals of a domain and
. Datalog (without negation), which is a decidable subs@foperty expressions are used to represent binary retaioer
of FOL. The terms of Datalog are variables and constantgdividuals. The names of the individuals are used to regpres
The atoms are built in a usual way from predicatf’em and can be seen as logical constants. In Description
symbols and terms. The semantics is based on synta&gics, it is often assumed that different names represent
matching (syntactic unification with ground terms). Iflifferentindividuals of the domairufique nameassumption).
is well-known that for a Datalog program® the least By an ontologywe mean a finite set of DL axioms of
fixpoint of T is the least Herbrand model @, which the form: A = C (concept definitioj ¢ C D (concept
is the set of all ground atomic logical consequences Bfclusion, R = S (role definitior), R £ 5 (role inclusior),
the rules ofP considered as the formulae of FOL.  C(a) (concept assertignand 12(a, b) (role assertio), where
« A negation-free subset of the XML query and transford is an atomic concept’, D arbitrary conceptsR, S roles
mation |anguage Xcerbt[g] Ground atoms of Xcerpt anda, bindividuals. The axioms are thus of two different kinds
are calleddata termsand can be seen as abstraction ¢ind can accordingly be divided into two parts:
XML documents. A data term is either a constant or it is « a T-Box (terminology) consisting of concept (resp. role)
of the formplt,...,t,] or of the formp{ti,... t,}, definitions and inclusions;
n > 0 where p is a label and t1,...,t, are data « an A-Box (assertions) describing concept (resp. role)
terms. Intuitively, Xcerpt labels model XML tags. Thus, assertions relating to individuals.
in contrast to predicate letters they do not have fixed Class expressions, property expressions and assertions ca
arity and the numben of direct sub-termg; of a data pe seen as an alternative representation of FOL formulae.
For example, class expressi@h where C' is a class name
corresponds to the FOL formul&'(z), and property ex-
pressionR where R is a property name corresponds to the

1This terminology is justified by the fact that in the speciase of Datalog,
the least fixpoint of/'p is indeed a model in the sense of logic.

2The following presentation is oversimplified, neglectingmy details. The
objective is to give a minimal information needed to discirgsgration of

Xcerpt with OWL. Shitp://www.xcerpt.org



FOL formula R(z,y), where z and y are free variables. Let R be a rule program in a rule language andJebe
Similarly, expressions built with constructors can alsesben a set of axioms in a first-order language to be called an

as FOL formulae. The inclusion axioms are equivalent &xternal theory In this paper we focus on external theories
the universally quantified implications, e.® T S, where given by DL axioms encoded in OWL, but the discussion in
R and S are property names corresponds to the formuthis section is not restricted to this case. We assume tleat th
Va,yR(z,y) — S(x,y). The assertions correspond to atomitanguages share constants and variables while the predicat
formulae. Thus, the semantics of DLs is defined by referridgtters of the external theory are not in the alphabet of the

to the usual notions of interpretation and model. rule language.
Due to the restricted syntax, Description Logics are decid-We define the language of extended rules by allowing
able and are supported by dedicated reasoners. formulae of L to be (optionally) added in the bodies of the

Given an ontologyt the reasoner is used to answereries  rules of R. If a formula of L added to the body of a rule has
The query languages supported by different reasoners nitge variables, they must also appear in the original ruheist
vary. For the work presented in this paper we are most@n extended rulg has the form

interested in reasoning related to the A-Box of the undegyi HDB B C
DL KB. Traditionally DL reasoners provide limited forms of b P
querying on the A-Box, the most important service being the whereH « By, ..., B,, is a rule inR (called thecore rule

instance checgkchecking whether an individual is a membepf p and denoteg |) and C, if present, is a formula of.

of some class. In our work we will need DL queries obtaineeglled theconstraint whose free variables do not appear in

by disjunction and/or conjunction dfasic conjunctive queries the core.

defined as follows: A finite set P of extended rules will be called axtended
e ) , , , ] . rule program By P | we denote the sefp || p € P}.

Definition A basic conjunctive queris the existential closure pn extended rulep is said to besafeiff p | is safe. We

of a formula of the formC(¢) and R(t1,t>) whereC' is @ gniy consider safe rules. We assume tigatis (implicitly)

concepf R is a role andt, t,,t, are constants or variables, gyistentially quantified on all its free variables that dot no

or the existential closure of the conjunction of such foraeul appear in the core of the rule. Such a variable will be called

These are boolean queries, i.e. givingesor no answer. A internal. Notice, that due to the safety condition every free
queryQ is to check ifQ is a logical consequence & Only variable of a constraint that appears in the head must also
a few existing reasoners (see Section IV-A) answer conjurfRPear in the body of the core rule.
tive queries with additional syntactic restrictions. Disgtive ~ INtuitively the constraints restrict the standard model of
queries are usually not allowed. P | by referring to the external theoy. Formally, we will

There have been several proposals for ontology specificatfePnsiderconstrainedatoms of the formA; ¢ where A is a
languages. A recent W3C standard OWL [24] comes in thr@&ound atom ink and C' is a formula in L without free

versions, where OWL-DL is based on a highly expressi\)@riables- A ground atom is considered to be a constrained
Description Logic and is supported by several reasoners. atom of the formA;true. By the core atomof a constrained
atom A; C' to be denotedA; C) | we mean the atomt. The

notation is extended to sets of constrained atofh$= {A |
(4;C) € S}.

We will first extend the definition off'» to sets of con-

This section presents our framework for hybrid combinatiogtrained atoms:
of rules ar_ld ontplogles. EX|_st|ng proposals are ofte_nnc&ett To(S) = {HO;(COACLA ... ACy) |
to rules with logical semantics. This makes it possible to-pr (H — B By, C) € P and
vide logical semantics of the combined language and to prove Lo Bno .

. . . for someA;;Cq,...,A,;C, In S
that the proposed reasoning algorithm is sound and complete .
The rule languages considered in this paper are assumed to (B1,..., Bn) matchesdy, ..., A with resultd}
guag pap

have a fixpoint semantics. This does not exclude the cases of
logical rule languages, like Datalog, but opens for langsaglt follows by this definition that fp(7p;) = {A | (4;C) €
for which a logical semantics may not be defined. Even féfp(Tr)} since the extended operator does not use constraints
such rules there may be a practical motivation to integrdfier derivation of core atoms, but simply takes the conjuntcti
them with ontologies. For example, consider an XML databasé constraints as the associated constraints of the decves
including culinary recipes. Each recipe lists ingrediargsg atom. Thus the extended operator derives the same core atoms
terminology of a food ontology. The ontology defines classes theT»; operator but associates them with constraints. The
of products, e.g. a class of gluten-containing productsmég semantics of the extended rule progré&htan now be defined
use Xcerpt rules to query the database for recipes, butéo-filtas a subset of the standard modelrof, by referring to the
out dishes not containing gluten we have to extend Xcerpit wiissociated constraints of the core atoms. Denot€ hythe
ontology queries. This section outlines a systematic way fdisjunction of all constraint€’ such that the constrained atom
defining such extensions. A; C is in the least fixpoint ofl'p.

IIl. HYBRID INTEGRATION OF SAFE RULES AND
EXTERNAL THEORIES



Definition The standard model of an extended rule program As discussed above, the query answering problem for an

P over an external theor¥. is defined as the set extended rule language may be undecidable, even though the
outlined approach may be used for answering (some) queries.
M(P)={A|Aclifp(Tpy) andX |= Ca} Well known examples of extended rule languages are:

o AL-log [10] where the external axioms are in the lan-
guage of the Description LogiglLC and Datalog rules
are extended with constraints of the for@(z) where

C is a concept and x is a variable or a constant. Query
answering inAL-log is decidable. For every query the
number of associated constraints is finite. The algorithm
discussed in [10] uses SLD-resolution to construct them
and a DL reasoner for checking validity of their disjunc-
tion wrt to a given theory.

CARIN-ALCNR where the external axioms are in the
language of the Description Logi¢LCN'R and Datalog
rules are extended with constraints of the fof) or
R(z,y) whereC is a concept expressiorR? is a role
expression and:;, y are variables or constants. It should
be noticed that CARIN rules may not be safe in our sense.

Thus we restrict the standard modelf| to those elements
A for which the disjunction of all constraints associatedhwit
A by Tp is true in all models of the external theoby. In
this way the semantics of the extended language is defined as
a combination of the fixpoint semantics of the rule language
with the logical semantics of the external theory. This &%l
to any particular rule language in the considered class and
to any particular external theory. Obviously the membegrshi
problem for M (P) may be undecidable. .

Consider the special case when the rule language component
is Datalog (without negation). In this case extended rutes a
formulae of FOL. It can be proved that the standard model
of an extended rule program® over ¥ consists of atomic
formulae that are logical consequences of the knowledge bas

PUx. . . ) It is only required that the variables of the head appear
The least fixpoint of/’> can be computed by iteratirifp in the body, but their occurrence in non-constraint atoms

starting from the empty set. Due to the safety condition the s not assumed. Query answering in recursive CARIN is

core of any constrained atom produced by an iteratiofi of undecidable.

is ground and in the associated constraint all free vargable

are instantiated to some constants that appear in the pnogra IV. INTERFACING EXISTING SYSTEMS

Thus there is only a finite number of different constraintado  Thjs section describes applications of the proposed approa
that can be produced. An atorhis in M(P) iff it appears as g interface existing systems.

a core of some constraint atoms in the least fixpoififefand ~ |n Section IV-A we briefly discuss what services exist-
if the disjunctive constraint’ is a logical consequence of theing DL reasoners usually support, since this is essential to
axioms of the external theory. Thus, if the theory is dediélab solving the ontological constraints we address in this pape
so is the membership problem for the standard model pf section IV-B we give a first example instance of our
any extended rule program over this theory. This applies &heme by describing how to reason in a language integrating
particular to combinations of Datalog with Description it) patalog with OWL by interfacing XSB Prolog with a DL
such as CARIN [22], restricted to safe extended rules. Nogasoner. In Section IV-C we describe yet another example
that our notion of a safe extended rule is different from ﬂ‘@ea“ng with how to interface a reasoner for the XML query

notion of arole-saferule introduced in CARIN. Role-safe rUleSand transformation |anguage Xcerpt with a DL reasoner in a
were introduced as a sufficient condition for decidabilify Osjmilar fashion.

the problem of whether or not a ground atom is a logical
consequence of a given CARIN knowledge base. A. Ontology reasoners
In practice we want to query extended programs, e.g. byin the rest of this paper, the only kind of constraints that we
checking if a given ground atord is in the standard model consider to appear in rules, are ontological. When we want to
of P overX. This can be done by (1) constructing derivationse-use existing reasoning engines for solving these cainssr
of A and collecting the disjunction of the associated consirudt is important to know what kind of constraints can be haddle
(constructingC'4) (2) checking ifCy4 is a logical consequenceby these systems.
of X. The reasoner of the rule language is able to queryChecking (un)satisfiability of a KB is the most common
P | with A. This is usually done by backward or forwardeasoning procedure supported by existing DL systems and
rule chaining. However, it is not clear how to re-use thether services are usually reduced to it [7]. Some systems
reasoner forP so that all associated constraints df can also provide more complex query languages, which are ysuall
be constructed. Problem (2) limits the approach to theoriksguages supporting conjunctive queries with some limita
supported by sufficiently powerful reasoners. tions on what kind of variables may be used (distinguished
In the following we show how the above mentioned prolmr non-distinguished) and how they may appear in the query.
lems can be solved for the special case of integrating DgtalBor a brief survey of such systems and the query languages
with OWL, by interfacing XSB Prolog with a DL reasoner. Wethey support, please refer to [5]. However, the constraints
also sketch the idea of how the problems can be solved that we are required to solve, according to the description i
integrating Xcerpt with OWL by interfacing an Xcerpt enginéection Ill, are disjunctive and may include non-distirsingd
with a DL reasoner. variables. The existence of non-distinguished variatdeduie



to our safety restriction. Thus, none of the existing systen‘i‘: _
supporting conjunctive query languages are sufficient fdrBox: ,
our purposes. Instead, we implement support for disjuactif®opean i American £ L

queries (limited to concepts), which makes use of existirrgf opeanAssociate 1= JAssociate. European
DL reasoners that are able to check (un)satisfiability of t ericanAssociate = JAssociate. American
underlying KB (see Section IV-B). NoFellowCompany := VAssociate.~ American

InternationalCompany = EuropeanAssociatel)
B. Combining Datalog with OWL AmericanAssociate

As mentioned in Section Il we need a way to collect the
constraints associated with a quedyin order to interface A-BOX:
a rule reasoner and a solver for the external theory. Thida), T (high), InternationalCompany(b)
collecting of constraints must be specific for every exitin
rule reasoner that is to be re-used in this hybrid context. In Fig. 1. Company ontology described as DL axioms
this section we show how this can be achieved for Datalog

“Sif‘g gstandgrd Prqlog system (XSB Prolog) and allsolhow BFthe classC (instance chegkthe KB would be extended
verify if the disjunction of the collected constraints isleed with the following axiom{a : ~C'} whereupon satisfiability

a logical consequence of the associated theory. The ekter&athe KB would be checked. The quefy(a) is a logical

theory in this seting is a set of DL axioms represented as 8Bnsequence of the KB if the extended KB is not satisfiable.

OWL ontology. . . . A disjunctive queryC'(a) vV D(b) is solved by extending the
We make use of the list-construct available in XSB PrololgB with {a : =C,b : =D} and again resolving to verifying

to collect the constraints, i.e. atoms that are not to beesbiby (un)satisfiability [6]. Our safety condition does not ertfer

_the rule reasoner.dAn extended/rgle %rogrﬁm; _transformed groundness of collected constraints but assures that mebler
Into a corresponding prograrﬁ’ In the following manner. ;, 5 cojlected constraint is free. In particular, the insdrn
Every predlpate IS ex_tended w ith a new parameter to repres@liiables of rules that appear in the collected constrairey

the cor;)st(rjamt Zs§ocr|]atec: with that. ato(;n. A;] rule fact h‘I"_‘S BH handled by the ontology reasoners discussed in Section IV
empty body and is therefore associated with an empty list g5 non-distinguishedariables. We might have a constraint

constraints. E.g. a fagi(a, b) is transformed intap(a, b, []). involving a non-distinguished variable lik€(X) whereC' is

The constraint atoms appearing in the body of a rule a€concept and( a variable. In this case the KB is augmented

moved into an additional head parameter and constructed\/\;}ﬁ1 the axiomT C —C whereupon (un)satisfiability of the
a list. E.g. the rulep(X,Y) — ¢(X,Y), R(X,Y),C(X), extended KB is verified. A disjunctive quey, V...V Q,

whereR andC are ontological constraints, is transformed iNtQhere the disjuncts are conjuncts of class expressionst(wha
p(X, Y, [R(X,Y), C(X)[|A]) < q(X,Y, A). If there are more 14 he the result of evaluating a query wrt. a transformed
rule predicates in the body, the constraints of all of them alsrolog programP’ as described above) can be solved in
joined together into a single list using the list-constrppend ¢ fo]iowing manner [18]. The query is transformed into its
provided by XSB Prolog. We show this transformation on atE‘onjunctive normal form (CNF). Each conjunct is a disjuouti
example below. of class expressions which can be solved as described above.

, .
T_he transformeq progra_rﬁ’ thus hides the external con-¢ o e conjuncts are held to be logical consequences®f th
straints in Prolog lists making sure that they are not e‘lama,underlying theory, then so is the original query.

by the rule engine. At the same time, the variables appearindye will look at an example (taken from [22] but slightly

in the constraints are properly grounded as expected WheRified) where we show the steps performed by our pro-
the rule is being evaluated. The prografi is executable totype system to solve a query wrt. a hybrid knowledge

in a Prolog system. Each derivation for a quetyresults 1) g6 consisting of an extended Datalog rule-set and an OWL
in a conjunction of constraints. As already argued, we negd . ment.

to collect the constraints from all derivations of a quety
and construct their disjunction. This is also how we treat tiI  r;: price-in-usa(X,high) :- made-by(X,Y),

collected constraint list constructed by querying a tramaid NoFellowCompany(Y).
programP’ (see example below). ro: price-in-usa(X,high) :- made-by(X,Y),

The brief DL query language survey in Section IV-A AmericanAssociate(Y),
informed us that the support for disjunctive queries is nell w monopoly-in-usa(Y,X).
supported by existing DL systems. However, the theoresioal r3: made-by(a,b).
lution of how to handle disjunctive queries (restricted kass r4: monopoly-in-usa(b,a).

expressions) is documented in literature (see e.g. [§),[18

Most DL solvers implement satisfiability verification of a KB

as the main reasoning service. All other services provided a Fig. 2. Price rules

reduced to the problem of checking satisfiability of the KB

[7]. For example, to verify if the individuat is a member  Given the queryprice-in-usa(a,high)wrt. the KB ¥ U II



HI

(Figure 1 and 2), the following steps are executed by o F
prototype system to solve the query.

1)
2)

3)

4)

As explained in [22], the queryrice-in-usa(a,high)s true

r1: price-in-usa(X,high,[NoFellowCompany(M)) :-
made-by(X,Y,A).

ro: price-in-usa(X,high,[AmericanAssociate(#]) :-
made-by(X,Y,Al),
monopoly-in-usa(Y,X,A2),
append(A1,A2,A).

r3: made-by(a,b,[]).

r4. monopoly-in-usa(b,a,[]).

C. Combining Xcerpt with OWL

It is also interesting to extend non-logical rules langsage
with constraints in a similar way that was done with Datalog
in Section IV-B. As hinted in Section Ill, one might want to
extend an XML query language, such as Xcerpt, with onto-
logical constraints in order to make use of domain knowledge
from ontologies and thus be able to filter out certain unwénte
results. E.g. to find all gluten-containing recipes in an XML
database of recipes by referring to an ontology modelingl foo
products.

Such an integration between Xcerpt and OWL was ad-
dressed in [27] and is in line with our integration scheme
fined in Section Ill. However, in [27], an ad-hoc integati

etween the component reasoning engines was implemented
and the Xcerpt engine used for this integration was altered
to be usable in this new context. Since our aim is to re-
use existing reasoning engines for the integration, we here
show a way of achieving such an integration by re-using an
unmodified Xcerpt engine. Thus, in this section our aim is
to show a way to integrate Xcerpt with OWL by re-using an
Xcerpt engine and a DL reasoner in a similar way to what
where the prefix__ is simply used for convenience towas described for Datalog and OWL in Section IV-B.
refer to the specific underlying ontology. The following Xcerpt data term, describing recipes andrthei
Each sublist of the answet correspond to a conjunc-ingredients, represents an XML database.
tion of class expressions. This disjunctive normal form recipes | 1
(DNF) is turned into its CNF (one conjunct): recipe [ name ["Recipe 1" ],

Fig. 3. Transformed price rules

The rule-basél is transformed intdI’ (Figure 3).

The queryprice-in-usa(a,high,Ajs run by XSB Prolog

wrt. the rule progranil’. The result as returned by XSB

is:

A = [ [c._NoFellowCompany(c__b)],
[c__AmericanAssociate(c__b)] ]

ingredients [ 3

NoFellowCompany(b) V AmericanAssociate(b) ingredient [ name ["sugar” ],
. . ) . amount [ attr { unit ["tbsp”] }, 311, 5

The underlying ontology is extended with the following ingredient [ name [”orange” ],
two axioms: amount [ attr { unit ["unit”] }, 1 1] 7

11
recipe [ name [”"Recipe 2" ],
ingredients [ 9
ingredient [ name ["flour” ],
amount [ attr { unit ["dI"] }, 311, n
ingredient [ name ["salt” ],
amount [ attr { unit ["krm”] }, 1 ] ] 13

b: = NoFellowCompany,b : “AmericanAssociate

and then a check is performed to see if the newly
extended KB is satisfiable. If the extended KB is not
satisfiable we conclude that the original query holds wrt.
S UIL

recipe [ name ["Recipe 3"’ 1,
ingredients [ 15
ingredient [ name ["rice” ],

becausé is either a member of the cladéo F'ellowCompany

amount attr { unit ["dl” , 1 , 17
or the classAmericanAssociate in all models ofX (i.e. the ingredient [ name ["[Wate“{ly _ [" "] A
constraint is a logical consequence of the KB). amouTt]E attr{ unit [7dl"] }, 211
This examples also gives a motivation as to why we felcrlgfe([jlgifp: [["Redpe 41 .
need to collect the constraints from all derivations and-con ingredient [ name ["barley” ],
struct a disjunctive constraint which then has to be verified amount [ attr { unit ["dI"] }, 3] 1], 2

wrt. the underlying KB. This can be seen since neither
NoFellowCompany(b) nor AmericanAssociate(b) are log-
ical consequences af, but their disjunction is.

ingredient [ name ["salt” ],
amount [ attr { unit

111

["thsp”] }, 1] s

The prototypica| System interfaces XSB Pr0|og with any When addlng constraints to standard Xcerpt rules with the
DIG [1] compliant DL reasoner. DIG is a language for dealingim to filter out some uninteresting results, we need a way to
with statements of DL. The Java library Jéigused to handle €xtend the syntax of rules to accommodate this. To this aim
the underlying ontology referenced by the rules. When sglvi We here adopt the syntax used in [27], i.e. use an additional
the disjunctive DL queries, Jena is used to augment the REgerpt rule construcfilter where the ontological constraints
with the additional axioms. Checking for satisfiability dfet are described. As in the Datalog case, the rules written in an
extended KB is also done via Jena to which a DIG compliafiktended syntax will be transformed into rules in syntaxhef t
DL reasoner is connected. A well known DIG complian@riginal rule language before being sent to the rule reasone
reasoners used today is RACER [16].

4http://jena.sourceforge.net/

for processing.

The extended Xcerpt rule shown below is used to query

an XML documentrecipes.xml(found above as an Xcerpt



data term) and to filter out recipes with no gluten-contagnin ind [ name [var N ] ],

i H H i catom [ name [ 9
ingredient. The body of the rule finds names of recipes “http /7w, owl . org/ rec#GlutenContaining *

and ingredients in the XML document and binds them to 11

the variablesR and N, respectively. Thefilter construct 111 1

reference the ingredient name¥’) and requires that at least rrov 13

some ingredient of the recipe is found to be an instance i”récri;fe‘;“r[cle ["file:recipes xmi™ ], -

of the concepiGlutenContainingin the underlying ontology recipe [[

http://www.owl.org/rec The head of the rule expresses that all ’i‘ﬁg“fec[“‘gtf [][' ingredient [ name bar N1 1

recipes, for which the associated constraint holds, shbald 1

given as answers. . 11 o
II ] 21
GOAL END

out { resource{ "file:result.xml” }

results [ result [all name [var R ] ] ] The specified constraint (filter-construct) ih was moved

¥ 4 into the head of the rule df’, in a similar way to what was
FILTER : : -
in [ resource [“http://www.owl.org/rec” | as "ont” ¢ done for Datalog in Section IV-B, such that the constraints
instance [ can be constructed. The following is the Xcerpt data term
ind [ name [var N ] ], 8 .
catom [ name [”ont#GlutenContaining” ] ] constructed byl’:
10
] ] results [
FROM 12 result [ 2
in [ resource ["file:recipes.xml” ], name [ "Recipe 1" ],
recipes [[ 14 constraint [ 4
recipe [[ instance [
name [var R ], 16 ind [ name [ "sugar” ] ] 6
ingredients [[ ingredient [[ name [var N ] ]] catom [ name [
11 "http ://www. owl . org/rec#GlutenContaining ”
1 18 11111,
1] result [ 8
] 20 name [ "Recipe 1" ],
END constraint [ 10

DIG [1] is an XML-based language for communicating with
DL reasoners. As an Xcerpt rule gives XML data as output,
the constraint in the filter-construct is intentionally tien as
an Xcerpt data term, such that it can be used to output the
ontological constraints in DIG syntax.

The idea is to transform the extended rillénto an Xcerpt
rule IT', such thafl’ constructs the same answerdhsould,
should the filter-construct be absent (i.e. answers pratibge
the rulell |). The transformed rule must be a valid Xcerpt rule
so that it can be processed by an existing Xcerpt engine. The
core of IT (IT |) constructs the following answers, expressed
as an Xcerpt data term:

results [ 1
result [ name [ "Recipe 1" ]
name [ "Recipe 2" ] 3
name [ "Recipe 3" ],
name [ "Recipe 4" ] ] ] 5

However, the answers constructed K¥ should (possibly)
be associated with constraints that will have to be verified
before the final answers can be returned to the user. If the
associated constraint of a constructed answer is a logica
consequence of the underlying ontology, then the answer is
passed to the user, otherwise it is discarded. Thus, thdkule
above can be transformed into the railé below.

1’
GOAL 1
out { resource{ "file:result.xml” },
results [ 3
all result [
name [ var R ], 5

constraint [
instance [ 7

instance [
ind [ name [ "orange” ] ]
catom [ name [

"http ://www. owl.org/rec#GlutenContaining”

11111,
result [
name [ "Recipe 2" ],
constraint [
instance [
ind [ name [ "flour” ] ]
catom [ name [

"http ://www. owl . org/rec#GlutenContaining ”

11111,
result [
name [ "Recipe 2" ],
constraint [
instance [
ind [ name [ "salt” ] ]
catom [ name [

"http ://www. owl.org/rec#GlutenContaining”

11111,
result [
name [ "Recipe 3" ],
constraint [
instance [
ind [ name [ "rice” ] ]
catom [ name [

"http ://www. owl.org/rec#GlutenContaining”

11111,
result [
name [ "Recipe 3" ],
constraint [
instance [
ind [ name [ "water” ] ]
catom [ name [

"http ://www. owl.org/rec#GlutenContaining ”

117111,
result [
name [ "Recipe 4" ],
constraint [
instance [
ind [ name [ "barley” ] ]
catom [ name [

"http ://www. owl.org/rec#GlutenContaining ”

11111,
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result [ « followed the ideas from [27] and have aimed to adapt it into
’;%"r‘]est[r;i'fffife a1 .. ourintegration framework. Further investigations intagtical
instance [ treatment of Xcerpt as rule language in our framework is
nd [ “[argsm[e"[sa”" 1] “  needed and is planned as future work.
"http ://www. owl . org/ rec#GlutenContaining " In contrast to the integration in Section IV-B, this partau
IR instance has not yet been implemented. However, it fits our
In such a way, the output fromil’ is basically a set of integration framework and such a prototype is part of future
tuples, where each tuple consists of a constructed answier ¥rk.
an associated constraint. The output from the transformled r ) N .
. D. Outlook: Optimization strategies
needs to be parsed by a controlling system and the constraint
needs to be verified using a DL reasoner. Since the constraintAS explained in Section IV-B, it is sometimes necessary to
are already expressed in DIG syntax, this process is sieglificollect all possible constraints for a given query in order t
if a DIG compliant reasoner is used, e.g. Racer or Pellet. Prove its membership in the standard model of an integrated

Two different constraints were constructed for the answBFogram. But, we might sometimes be able to reduce computa-

Recipe 2 tion time by aborting rule reasoning in a preemptive fash@n
result [ ) verify some constraints, which possibly are sufficient teegi
name [ "Recipe 2" ], an answer to the user. We will be referring to this technique
coirgssttraii:é [[ 3 aseager interactionThree different strategies are available to
ind [ name [ "flour” ] ] s US.

catom [ name [ o 1) Conjunctive constraints For every found answer sub-
http ://www. owl.org/rec#GlutenContaining " ]

1111, stitution to a query in a rule reasoner, there might be an

’erfa“n']; [[ *Recipe 2" ] 7 associated conjunctive constraint, which needs to be edrifi
constraint [ ’ s using the constraint reasoner. In some cases, as in the &xamp
i“f;g”[cena[me ["salt” ] ] N in Section IV-B, such a conjunctive constraint will not be
catom [ name [ sufficient to prove the query. Instead, a disjunctive caistr
(hitp://waw. owl. org/rec#GlutenContaining " ] needs to be collected from several derivations of the query t

P possibly verify the query wrt. the underlying program. Ihext
Thus, as explained in Section Ill, we should construct theases, such a conjunctive query will hold wrt. the external
disjunction of its constraints to verify it as a valid answer theory and will then be sufficient to give a correct answer
S £ GlutenContaining( flour)V to the query. We mighF exploit this fact and verify whe_ther
the associated constraint holds for every answer suhstitut
found by the rule reasoner. Should this be the case, there is
where ¥ is the underlying ontology. Since this constrainho need to collect a complete disjunctive constraint. Suth a
is assumed to hold flour is an instance of the concepteager interaction scenario between the component reasoner
GlutenContaining in all models ofY), the answeRecipe 2 would likely improve response time for users. This because
is valid and can be given as an answer to the original quetlye need to collect all possible constraints to a query inle ru
For the resuliRecipe 1 however, he following holds: reasoner before handing it over to the constraint solvatpas
in Section 1V-B, might rarely be needed in real applications
2) Removing inessential constraintsA conjunctive con-
straint collected by a rule reasoner wrt. a query to an iategr
Thus, the answeRecipe 1is discarded. The following result program might be insufficient to prove the query. However,

GlutenContaining(salt)

Y = GlutenContaining(sugar)V
GlutenContaining(orange)

should be returned to the user: as seen in Section IV-B, such a constraint might be important
results [ later as part of a disjunctive constraint constructed frexesal
result [ name ["Recipe 2" ], > derivations of the query. On the other hand, a conjunctive

name [ "Recipe 47 1111 constraint might also be found to be useless in such a case

We have here tried to sketch an idea of how to integrate thad should thus be discarded as soon as possible to save
rule language Xcerpt with OWL. The aim has been to transemputation time in verifying the disjunctive constraimhis
form an extended rule, which possibly includes ontologicé the case if the negation of the conjunctive constraint is
constraints, into a rule of the component language Xcemdt sta logical consequence of the underlying external theoey, i.
that an unmodified Xcerpt engine can be re-used to work @h= —~C, whereX is the theory and” is the constraint.
the rule. The aim of the modified rule is two-fold, to construc 3) Eager checking disjunctive constraintsAgain, it might
answers to the original rule and at the same time to collewdt always be the case that every constraint is needed in
any ontological constraints to be verified by a DL reasonerorder to prove a query wrt. an external theory. When the

Rule languages for the Semantic Web lacking a logicguery has not yet been proven, but at least two sets of
semantics, such as Xcerpt, have not traditionally beeneleaconstraints have been collected, their disjunction mighised
in integration schemes for rules and ontologies. We have héo prove the query. While it is not known which constraints



will be required, eager interaction might reduce the numbstable model semantics. This approach allows DL predicates

of constraints needed to be checked to prove a query wrtthe heads of rules, so that the interaction between DL ams rul

constraint domain. is more advanced than in our approach. The paper focuses on
While in some cases, eager interaction is likely to improwbe semantic issues but sketches also a two-step algorithm f

reasoning performance, it might also be costly due to tlieciding satisfiability of a given hybrid KB, where one of

overhead of switching between the reasoning systems. R#wd steps relies on standard DL reasoning and the other on

experience with such eager interaction schemes is yet to dfendard search of stable model of Datalog rules.

investigated and is part of future work. Another approach to combining rules and ontologies does
not stress hybrid reasoning but instead aims at defining a
V. RELATED WORK logical language extending DLs with rules. In such an ap-

Our work extends the ideas of£-log [10] to a more gen- proach there is no distinction between rule predicates and
eral framework for hybrid integration of rules and consttai PL Predicates, so that both the heads and the bodies of rules

theories. An instance of the proposed framework is the pro@d built from concepts and roles. Examples of this approach
type system of Section IV-B, al£-log style integration of include a decidable logic: the Description Logic Prograrhs o

Datalog and OWL-DL, based on re-use of existing reasoneks# @nd an undecidable logic whose XML encoding is known
In the language of extended rules supported by our profs the Semantic Web Rule Language (SWRL) [17]. A closely
type the constraint predicates are restricted to OWL casceg€/ated approach to [17] is a recent extension of OWL-DL with
Also in AL-log constraints are restricted to concepts. Thf%”es [23]. The integrated language is S|m|Iar_ to the laggua
restriction is lifted in CARIN [22], where both concepts and our prototype but we do not allow DL_—pred_lcat_es to appear
roles are allowed as constraints in rules. The logic obtain the heads of rules. Our safety condition is different from

in that way is undecidable in general. In contrast to CARIL-Safety of [23]. The latter requires that each variableof
our rules are safe, in which case allowing roles in constsairtégrated rule appears in a non-DL-atom in the rule body,

does not introduce undecidabilftyEurther extension of our While we only require that each variable in the head appears

prototype to such a subset of CARIN is possible, but woulg @ non-DL-atom of the body. The main distinction is that

require a reasoner supporting disjunctive DL queries, whef'€ duery answering in [23] is done by using a compilation
roles are allowed to appear. of the integrated program to disjunctive Datalog, while our

Our approach is restricted to rules without negation a ototype is a hybrid reasoner interfacing existing reas®n

does not support non-monotonic reasoning. This faciktat8 the component languages.

definition of the semantics of an extended rule program as! '€ ©Objectives of our work, aiming at re-using existing

a restriction of the semantics of the underlying core rulei€asoners are not compatible with the language extension
The core rules are assumed to have fixpoint semantics roach where a new reasoner has to be constructed for every

are not restricted to logical formulae. The approach can B&EW defined extension.

easily extended tetratified rule programs with negation (for VI. CONCLUSIONS AND FUTURE WORK
the notion of stratified logic program see e.g. [4]). Thisckin - . .
of negation is used, among others in Xcerpt. More advance yve presente_d a ge_neral _scheme for Comb'”'”g various kinds
forms of negation and non-monotonic reasoning can only Bgsafe rules W'th_ various kl_nds of con_stramts. Fora pa“?‘C
handled by specific restrictions imposed on the consider%e Ian_guage with & fixpoint semantl_cs and for a particular
rule languages. For example, some recent work on hybf“lansnamt Iangugge the s.c-heme defines the synftax ?”d the
integration of rules and ontologies is based siable model semantics of their composition. The language obtainedah th

semantics onswer sesemantics [13] for Datalog rules with Way allows for specification of_ knowledge bases, consisting
negation. In the approach of [11], [21] the bodies of thgf extended rules and FQL axioms. Our scheme sh_ows how
extended rules may include ontology queries possibly lpcalreasoners_ of the underlying languages ShOUId. be interfaced
modifying the A-Box of the ontology. The reasoning in théor querying the knowledge bases. The idea is to use the
extended language can be done by re-using a rule reasd égmal ruIe. reasoner on the cores of the extend_ed ruletewhll
supporting the stable model semantics and a DL-reaso ¢ constraints are to be checked by the original constraint
answering the DL queries. An extension and refinement of [1 adspner. F_or th'r‘? the rule reasoner has(;o bﬁ arg)le t;) collect
is described in [21] which makes it possible to handle sévef |nsta_nt|ate ¢ € constrgmts asso<_:|ate with the cdes ru
DL KBs. Both [11] and [21] however do not take into aCCOunlpvolved in reasoning. This feature is not supported by the

the issues discussed in [10], [22] with regards to completsn existing rule reasoners but, as illustrated by our pro®tgian
of the integration whereaé we d&afe hybrid knowledge sometimes be implemented by transformation of the source of

basedliscussed in [25] provide a general formal framework fotpe ex;ended ruLes. To rr]nal|<§ ;mst;ng trult; rgasonfe s aplﬂlct:_a
integrating DL ontologies and rules, where the rule IangassagIn our framework one should develop techniques for colfeti

considered include various subsets of disjunctive Datalitig cqnstramts during their operation and for schedgllng e0op
ation between the rule reasoner and the constraint solver.

SNotice that our safety condition is different from that knowas role- We have "_1 this paper considered a layered approach where
safeness, defining a decidable subset of CARIN. a rule layer is put on top of an ontology layer. One can also



consider several layers interleaving components of ruhes a [5]
ontologies. In the special case, when constraints are flatstl
in a DL, the A-Box can be specified by extended rules. Tos
achieve such a multi-layering of rules and ontology com-
ponents, one needs to define a component model describify
how the components are interfaced with one another. From
software engineering perspective, this component modmi®p
up the way of interoperability between various combinatioh  [©]
logical languages, for which type mappings between types in
interfaces can be given. It would enable us to encapsulate o]
reasoners for the languages and to connect them via proxies,
mapping the different data formats to each other. This wo
define a CORBA-like mechanism for logical languages, which
is an inevitable interoperability mechanism for the future
Semantic Web. [12]
The prototype described in Section IV-B now only allows
ontological constraints asoncepts It would be desirable to [13]
also support usage ables in constraints as done in e.g.
CARIN [22]. This is doable by plugging in already developed
techniques for rolling-up of queries involving roles intoegies
. . . . 14
which only contain concepts. Once this process is done, 1Lne]
constraint is rid of any roles and the techniques in Sectién |
B can be used as described. (23]
Another relevant topic is how to organize interaction qfig
different constraint solvers when different kinds of coaistts
are used. [17]
As the underlying rules of any extended rule progr&m
are safe, the constraints in our approach are only used to
restrict the finite model of? |. Admission of unsafe rules (18]
would enhance the expressive power of the extended rule
languages. The family of extended rule languages obtained
in that way would have a close relation to the CLP(X) famiIYlg]
of constraint logic programming languages [19]. Clarifizat
of this relation would allow for re-use of existing expeetisf
CLP in the Semantic Web.

[20]
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