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Abstract— We introduce F-ALCZ, a federated version of the
description logic ALCZ. An F-ALCZ ontology, like its package-
based counterpart ACCZP~, consists of multiple ALCZ ontolo-
gies that canimport concepts or roles defined in other modules.
Unlike ALCZP~, which supports only contextualized negation,
F-ALCZ, supports contextualization of each of the logical connec-
tives, a feature that allows more flexible reuse of knowledgom
independently developed ontologies. We provide a new sent&s
for F-ALCZ based on image domain relations and establish
the conditions that need to be imposed on domain relations to
ensure properties, such as preservation of unsatisfiabilt and
monotonicity of inference, that are desirable in distributed web
applications. We also establish thelecidability of F-ALCZ.

I. INTRODUCTION

The semantic web , much like the world-wide web, relies on
the network effectthat is on leveraging the work of indepen-

dent actors who contribute resources, including ontokdiet
are interlinked to form a web of resources. In shorttologies
: semantic web: web pages weh Inevitably, the axioms that
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to be the same as those obtained by a standard reasoner
over an ontology that integrates (from the point of view
of the withess module) the knowledge that it (selectively)
imports from the other modules. Different modules might
infer different consequences, based on the knowledge that
they import from the other modules.

Characterization of the tradeoffs between the restristion
on domain relations (and hence the semantics of the
CFDL F-ALCZ) and the desirable features of the re-
sulting modular ontologies (e.g., monotonicity of infer-
ence and transitive propagation of concept subsumptions
across modules linked by importing relations). Specifi-
cally, we show that, in the general case, when interpreta-
tions with arbitrary domain relations are allowed in the
semantics of RALCZ, several of the desirable properties,
e.g., monotonicity of inference and preservation of un-
satisfiability, are lost; and that regaining these propsrti
requires strengthening the conditions on the semantics

make up such ontologies are applicable within the specific of F-4£CZ. Furthermore, we show that it is possible to
contextsthat are implicitly assumed by their authors. Hence,  preserve many of the desirable properties of P-DLs, while
semantic web applications that have to rely on knowledgafro  at the same time imposing milder restrictions than those
a network of interlinked ontologies need to carefully recits used in P-DLs.

the disparate contexts assumed by different ontologie$3#] For the sake of simplicity, we have not considered cyclic

Modular ontology formalisms, such as distributed desc“ﬁ’mporting or more expressive languages th4dCZ (e.g.,
tion logics (DDL) &£-Connections, semantic importing, Se5HOTQ). Nor have we dealt with A-Boxes or R-Boxes. Our
mantic binding and package-based description logics (P-Dkyperience with P-DLs suggests that incorporation of A<&ox
(see [2] and the references cited therein), provide suppaffy R.Boxes are unlikely to present major challenges. How-

to varying degrees, for exploiting a network of interlinkedyer the interplay between increased expressivity oflagg
ontologies. With the exception of P-DL [1], [2] which pro@sl e by individual ontology modules, unrestricted impugti

limited support for explicit treatment of context throughre o |ations (e.g., cyclic importing) and the semantics based

textualized negation, none of the formalisms provides G':'ppimage domain relations requires further study.
for explicit reference taontext

Against this background, this paper explores a family of Il. THE FEDERATED DESCRIPTIONLOGIC F-ALCT

contextualized federated description |Og{c§FDLS) to explore In [2]’ gi\/en an ordinary description |ogif,’ the notation

the incorporation of context in a simplified, yet practigall 27 is introduced to denote its package-based counterpart,

useful setting. i.e., the package-based description logic which uess the

« Introduction of CFDL FALCZ, in which each of the in- logical language in each of its packages. Furthermore, the

dividual ontology modules is expressed in the ILCZ  notation LP~ signifies that the importing of concept names
(the most fundamental description logitCC augmented and role names across packages is acyclic. In the presekt wor
with inverse roles), which, to the best of our knowledgeye use the prefix “F-", standing fofederated, to denote a
represents the first modular ontology language to suppodntextualized federated language and, since our disgussi
contextualized interpretation ddll logical connectives limited to acyclic importing, omit the use of a superscript’*
used within the DL modules. In the CFDL B£CZ, from the notation.
inferences are always drawfrom the point of viewof In this section, the syntax and the semantics of the language
awitnessmodule. The results of inference are gurantedehALCZ will be described in some detail.



A. The Syntax 7(S) :== {(z,w) € ATx AT : (3(x,y) € 9)((z, 2), (y,w) € )}

Suppose a directed acyclic gragh= (V, E), with V' = A local interpretation functiorf interpretsi-role names and

{1,2,...,n}, is given. The intuition is that its» nodes i-concept names, as well ds and T;, as follows:
correspond to local modules of a modular ontology and its CiC A forall Cec
g = 3 (Xl

edges correspond .to the importing relations between these. RiCA x Al forall ReR,,
modules. For technical reasons, we add a loop on each vertex Ti— Al i
of G. ! o '

For every nodé € V/, the signature of thelanguage always The interpretations of imported role names and imported
includes a set; of i-concept namesand a sefR; of i-role CONcept names are computed by the following rules:
names We assume that all sets of names are pairwise disjointe €' =r7;i(C?), forall C € C; NC;,
Out of these, a set afconcept expressiond; and a set of R’ =7;(R7), forall Re R; NR;,
i-role expressiongR; are built. o Ti=r;(A%), L=0.

Recall that the description logicALCZ allows concept The recursive features of the local interpretation functio
expressions that are constructed recursively from itsagige are as follows:
symbols, i.e., its role and concept names, using negation, r—*— Ri" forall R € R;,
conjunction, disjunction, value and existential resimictand o (4jC) =71 (AT —C9)
inverses of role names. Its formulas are subsumptions legtwe (C'M;j D)t = r;;(C7 N DY)

concept expressions. e (CU; D)t =r;(CI U DY)
The syntax of the description logic RLCT is defined as  , (3,R.C) = rj;({z € A : (y)((z,y) € RI andy €
follows: i} '

Definition 1 (Roles and ConceptsThe set ofi-roles or | (v R C)i = r;;({z € AJ : (Vy)((x,y) € R’ impliesy €
i-role expressionsR; consists of expressions of the form cHY) ( (

R, R™, with R € Ry, (j,i) € E. o For all i € V, i-satisfiability, denoted by=’, is defined by
The set ofi-conceptsor i-concept expressiong’;, on the T E CCDiff ¢! C D'. Given a TBoxT' = {T}}cv, the
other hand, is defined recursively as follows: interpretatior is amodel of T}, writtenZ = Ty, iff 7 = 7,

AecC;,T;,L;,-,C,Cn; D,CU; D,3;R.C,V;R.C, (1) foreveryr € T;. MoreoverZ is amodelof T', writtenZ = T,

. P ~ = iff Z =" T;, for everyi € V.
WhLifen(j’ i%ee fdngéDtsegég rCéI:: do?JcFeE?Ii | 7? .def'ne its Letw € V. Define Gy, = (Vu, Ew) t0 be the subgraph of
ng P W N€ 1S & induced by those vertices i@ from which w is reachable

formulas, as follows: w . ~ _
Definition 2 (Formulas): Thei-formulas are expressions of andT;, o {TZ}?GVw' e say that an RALCT ontol_ogy*T N
the formC'C D with C. D € C. forallie Vv {T;}:cv Is consistent as witnessed by a modulg,, if T} has
t D, ; i : a modelZ = ({Z;}iev,, . {rij }(i.j)er. ), such thatA™ = 0. A

An F-ALCZ-TBox or TBox is a collectionT = {T;}icv, . Je J . .
where T; is a finite set ofi-formulas, called thei-TBox. conceptC' is satisfiable as witnessed byl if there is a

Since, in this paper, we do not consider RBoxes or ABoxem,Odelz. of Tw’ such thatC™ # §. A concept subsump_non
. C D is valid as witnessed byT',, denoted byC' C,, D, if,

the termsTBox ontology and knowledge basevill be used . . .

) for every modelZ of T, C** C D™. An alternative notation

interchangeably. w

For alli € V, R; andC; denote the set of-roles and of for CCuw Dis T Fuw CC D.
i-concepts, respectively, that occurdi. C; is a finite subset Example 1.(See Figure 1). This example illustrates contex-
of C;. A role name inR; N'R; or a concept name i; NC; is tualized intersection and contextualized negation A£CT.
said to bemported from module;j to modulei. Furthermore, Consider a modul@;, containing concepts “Computer Model”
sinceC; C C;, it is obvious that a moduléis allowed to use and “Phone Model”. ModuleP;, on the other hand, has
logical connectives subscripted by the index of a modile a concept “Brand”. Suppose modul®, imports concepts
whenever(j,i) € E. “Computer model” and "Phone Model” from module. An
B. The Semantics interp_retatioq of the ontology is given in Figure 1. The iraag
. ) . domain relationr;; maps both a computer model “MacBook
In this subsection, we present the semantics for the Ianquqr,, and a phone model “iPhone” to the brand “Apple’,
F'A‘CCI.'. ) . . an instance of the concept “Brand” iRR;. One may verify
Definition 3: An _ interpretation 7 i <{,Ii}i€‘/’ that, whereagComputer Model; Phone Model = §), we
{rij}ier) consists of a familyZ; = (A%,1).0 € V. 0 that(Computer Model1; Phone Model # . Intu-
of Ioc_al interpretations, togiether_wfth' a family ofimage itively, (Computer ModetT, Phone Model contains brands
domain relations r;; < A* x A7, (i,5) € B, such that 4 omain A7 that are associated with both individuals of
ri; = idaq, for a”bl_ €V. At N i ang Computer Model” and individuals of “Phone Model" in
goctagczn. Z?r a binary refation € A’ x A7, X € A®an module P;. The brand “Apple” fulfills this requirement.
= X A, we set One may also verify that, in this case,
r(X):={ycAl:(3rec X)(x,y) €}, (-;Computer Model = Brand (individuals in domain



Module Module] Let T = {T:;}icv be an FALCI-ontology andZ =

G Ll {ZiYiev.{rij} . jer) an FAALCI-interpretation.Z is said

Brand to be (7, j)-exact for T' if it is (4, j)-exact forC := {C;}icv

MacBook Air and it is said to beexact for T if it is (i, j)-exact forT', for

r all (i,j) € E.

I Apple An alternative condition characterizing the exactnessrof a
._ F-ALCZ-interpretation is provided in the following lemma

(see [6] for proof).

] Lemma 6:An F-ALCZ-interpretationZ = ({Z;}icv,

{rij}i.5er) is exact if and only if, for allk,4,j € V, such

that (k,1i), (k,5), (i,7) € E, rij(ri(C*)) = ry;(C*), for

>~ ~ N

everyC € C; NC; NCy. The importing relations are depicted
in Figure 2.
Phone Model

k
Fig. 1. Interpretation of Contextualized Negation. r’i/ \ij
Y

AJ that are associated with individuals that are not computer
models in domainA?), whereas(—;Computer Model = ()

(individuals in domain A’ that are not associated with A necessary and sufficient condition for the exactness of an
individuals that are computer models in domali). This £_4,c7-interpretation for a giver-indexed collectior€ of
example _shO\_Ns that negation in&£CZ has contextualized gsed sets of concept expressions (see [6] for proof).
meaning in different modules. Lemma 7:Let £ = {&}icv, with & C @ i €V, be

1. EXACTNESS OFF-ALCT a V-indexed collection of closed sets of concept expressions
andZ = ({Zi}icv, {rij}u,j)er) an FALCZ-interpretation.
T ]Ls exact for¢ if and only if, for all k,4,5 € V, such that
gmwm@memnwmw»—wwmmmmw

€ & NE; N &, The importing relations are depicted in

Fig. 2. Importing Diagram

Exactness is a property sbmeinterpretations of federated
description logics, which ensures seamless propagation
knowledge across importing chains. More precisely, if a-co
ceptC in modulek is imported by both moduleand module _.
. i . ) . igure 2.

4, and modulg/ imports module, then exactness is equwalenf Based on the definiti ¢ tint tati defi
t0 71;(C*) = 7y, (res(C*)). This has the consequence that ased on the definition of an exact interpretation, we define
: i ; . exact models of an ELCZ-ontology.

if Z " C C D,thenZ = C LC D, provided that Definition 8 (Exact Model-Let T — (T b

the interpretation is exact for both concejgisand D. This efinition 8 (Exact Model).Le = {Ti}iev be an

is a property that may be very desirable in some conte>§é’4£cz'ont°|09y‘ An interpretation = ({Zi}iev,

but not absolutely necessary in otheBecause it imposes % }%J)j?@ Is .Zntex;ct mc;ldelof T iI it tis exa_(;t forT datr)ld
rather strong restrictions on the models, we apply it on o = T. T is said to beexactly consistent as witnessed by a

interpretations selectively rather than require that itlt® module T, if there ex_lsts an exact_m_od?él of T;’S_’ such that
: : . A" #£ (). A conceptC is exactly satisfiable as witnessed by

universally as is done in [2]. T ifth ist t mod@lof T* h thatC'™ -
Definition 4 (Exactness)Given (i,j) € E, an FALCZ- F?ﬂ '” ere emss:m el;<ac mt":)@’ E Dw" suc tla I'Zjé )

interpretationZ = ({Z; }icv, {7} i,j)er) IS said to be(i, j)- inatly, a concept subsump 'e = = IS exactly valld as

exactif. for everyC € C. A C. ri(CV) = C9. T iis exactif witnessed byT;,, denotedC' C¢ D if, for every exact model

N y N o Zof Ty, C* C D™. Inthis case we also writ€, =, C' C D.

it is (4, j)-exact, for all(i, j) € E. w wihw

Note that, in general, the notion of exactness in Definition 4 IV. DECIDABILITY OF F-ALCT

requires that the condition;(C*) = C7 holds for an infinite
au o, (C*) i We establish the decidability of ALCZ, by providing a

collection of concept expressions. For our applications th . ¢
following weaker concept of exactness, that depends on trﬁéjuctlon R from an F'A,'CCZ KB =4 - {T} to an ALCT
¥ = M(X,4): The signature ofX is the union of the

contents of a specific knowledge base under considerati{)ﬁj?f . )
suffices. First let us call a sé€t C C; of i-concept expressions ocal signatures of the modules together with a global Top

closedif it is closed under concept sub-expressions, i.e., f@ global bottom_L, local top concepts ;, for all i € _V’ and,

everyC € &, all sub-concepts of’ are also in&;. inally, a collection of new role namesi;; } ; jyee, i-€.,
DefiQitiqn 5 (Exactness.foT): Let &£ = {&}iev, with Sig(®) = U,(C;URy)U{T,L}U

& C Ci, i €V, be aV-indexed collection of closed sets {Ti:1<i<n}U{Ry:(i,j) € E}.

of concept expressions arll = ({Z;}icv, {ri;j} @, )er) be . _ .

an F-ALCZ-interpretation. Giver(i, j) € E, T is said to be Moreover, various axioms derived from the structureXtf

(i, j)-exact for £ if, for every C € & N &;, ry;(C?) = ¢4, 7 are added ta..

is exact for £ if it is (4, j)-exact for&, for all (i, j) € E. o ForeachC € C;, C C T, is added tox.



o For eachR € R;, T, is stipulated to be the domain andconditions imposed in FALCZ are considerably milder than
range ofR,i.e., T C VR .T;andT C VR.T, are added the ones imposed on the P-DL semantics.
to X. The preservation of unsatisfiabilityn F-ALCZ follows
» For each new role nam&;;, T, is stipulated to be its from monotonicity A concept subsumptior’ T D, that
domain andT; to be its range, i.e.] T VR;..TZ- and is unsatisfiable as witnessed by a modiile is necessarily
T L VR,;;.T; are added ta.. unsatisfiable as witnessed by any other modylénhat imports
o For eachC C D € T;, #;(C) o #i(D) is added to the concepts’, D from T;.
Y, where#; is a function fromC; to the set ofALCZ- VI, SUMMARY AND DISCUSSION
concepts. The precise definition of the mappitag C), o
which serves to maintain the compatibility of the concept We have introduced a modular ontology language, the
domains, is obtained by induction on the structur€’of CFDL F-ALCZ, which, to the best of our knowledge, repre-
C; e.g..#:(C) = C, if C €, etc. (See [6]). sents the first modular ontology language to support comtext
. - . - lized interpretation o&ll logical connectives used within the
If, in addition to the previous conditions, for each set o ) S
importing relations of the form shown in Figure 2 and al L_mo_dules. we h_a\_/e established _ttitegdabmtyof F.'AECI’
A - _ B Z . which is a prerequisite for automating inference witbAECZ.
C € CnCNCr Ry (R, #5(C)) = IRy, #4(C) s In the CFDL F-ALCZ, inferences are always draviom the
added ta>, then the reduction is said to be exact reduction . . L | Away
: point of viewof a witnessmodule allowing different modules
and is denoted bfR. ().

We have shown that the reductioh and its exact counter to mfgr different consequences, based on the knowlgdge tha
; they import from other modules. We have characterized the
partR. aresoundandcomplete6]:

Theorem 9 (Soundness and CompleteneSsppose  that tradeoffs between the restrictions on domain relationsl (an
>0u P . PO: hence the semantics of the CFDLA#£CT) and the desirable
Ya = {T;}icv is an F:ALCT ontology. X, is consistent as

witnessed by a moduld, if and only if T, is satisfiable features of the resulting modular ontologies (e.g., momictty

. : . of inference and transitive propagation of concept subsum
with respect tdR(7;). Moreover,X; is exactlyconsistent as . propag . cep P
: W . ; L : tions across modules linked by importing relations). Wark i

witnessed byr, if and only if T,, is satisfiable with respect

0 R.(T7). progress is aimed at exploring more expressive CFDLs as well

. . as developing federated reasoning algorithms for the tingul
The Ianguag_eﬁlECI Is an extension afL.LC an_d_afr_a}gment CFDLs using message passing techniques similar to those
of ALCZ Q0. It is well-known that concept satisfiability, con-.
. . introduced for P-DL.
cept subsumption and consistency problems for the language

ALC are PLACEcomplete. The same problems for the ACKNOWLEDGMENT
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It is important to emphasize that this theorem asserts mono- P Y

tonicity of subsumptions in FALCZ only for subsumptions
between concepts thactually appearin modules of the
ontology under consideration, and (unlike in the case of P-
DLs [1], [2]) not for arbitrary concept subsumptions (e.g.,
subsumptions that might be added to the ontology at a later
time). This should not be surprising because the exactness



