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Abstract

Many real world applications of ontologies e.g. data in-
tegration and distributed collaboration call for reasoning
with modular ontologies. Classical approaches to reason-
ing with ontology assume a single centralized, consistent
ontology. However, in the case of multiple, autonomously
developed ontology modules, it is usually neither possible
nor desirable to integrate all involved modules into a single
centralized ontology. In this paper, we propose a tableau-
based reasoning algorithm based on Package-based De-
scription Logics (P-DL), an ontology language that ex-
tends description logics with language features to support
modularity. The algorithm adopts a federated approach to
reasoning with modular ontologies wherein each ontology
module has associated with it, a local reasoner. The lo-
cal reasoners communicate with each other as needed in an
asynchronous fashion.

1 Introduction

eral challenges:
e The reasoning task involves not a single ontology, but a

collection of ontologies about a domain of interest that
are created and maintained by autonomous groups.

e In many cases, integrating distributed ontologies into

one consistent centralized ontology is not possible for
several reasons: the ontologies may be large and com-
munication overhead is too expensive; the autonomous
entities that control an ontology may be unwilling to
share it in its entirety although be willing to answer
queries to the ontology. In such a setting, it is not feasi-
ble to reduce the problem of reasoning over distributed
ontology modules to the problem of reasoning over a
single centralized ontology.

e In general, an ontology may reuse terms defined in an-

other ontology. For example, current releases of GO,
EC and MIPS ontologies all contain term correspon-
dences from and to other ontologies. Mutual or cyclic
reuse is also common.

Several authors have recently investigated distributed

Many real-world applications of ontologies, such as dis- r€asoning algorithms for modular ontologies. Serafini et. al.
tributed collaboration and information integration, call for [11, 10] describe a tableau-based reasoning algorithm for
ontology languages with support for modularity in ontolo- DDL. The algorithm divides a reasoning problem w.r.t. a
gies. Hence, there is a growing interest in ontology lan- DDL TBox into several local reasoning problems answered
guage features to support such modular ontologies as welPY local modules. The basic idea behind this algorithm
as approaches to reasoning with mu|t|p|e 0nto|ogy mod_ is to infer Concept Subsumption in one module from sub-

ules including: Distributed Description Logics (DDL)[6],

sumptions in another module and inter-modutielge rules

&-connections [9, 8] and Package-based Description Log_that relate concepts in one module to concepts in another
ics (P-DL) [5, 4]. Of particular interest in this context are Module. For example, cnsider ontology modules\d; in
algorithms for reasoning with multiple, distributed and au- Which the conceptsl, B andG, H respectively are defined,
tonomous ontology modules. For example, in a typical data given the bridge rules: A =N j:G,i:B =N j: Hand
integration application, a user submits queries expressed usmodulei entailsA C B, then it is possible for modulgto

ing terms in a user ontology that need to be answered frominfer thatG C H.

a set of autonomous data sources. In such a setting, the user Grau et al. [8, 7] present a tableau-based reasoning pro-
query has to be translated from the user ontology (e.g. incedure fol£-Connections £-connections divides roles into
the Gene Ontology (GO)) into queries expressed in termsdisjoint sets ofocal roles(connecting concepts in one mod-
of data source ontologies (e.g. the EC(Enzyme Commis-ule) andlinks (connecting concepts in different modules).
sion) hierarchy or the MIPS Functional Catalogue). Such For example, two modules about peoplg Y and pets [»)

a translation requires reasoning with multiple semantically can be connected by a linkwns, and L; can use such

connected, but physically distributed ontologies.

a link to build local concepts, e.gl

: DogOwner C

Reasoning with ontologies in such a setting presents sevdowns.(2 : Dog). The tableau-based reasoning procedure



for £-Connections, implemented in the Pellet reasoner, gen-t € Ag or an axiomt € A 4 is called amemberof P, de-
erates a set of tableaux (trees) linked&gonnection in-  noted ast € P. P is called the (onlyhome packagef ¢,
stances (cross-module role instances). denoted ag{P(t) = P.
Bao et.al. [3] describe a distributed reasoning algorithm A package can use terms defined in other packages i.e.,
for P-DL with acyclic importing This algorithm adopts a  foreign terms
federated approach to reasoning using distributed storagdéfinition 2 (Foreign Term and Importing) A termt that
of a global tableau. Some of local tableaux may share someappears in a packag®, but has a home packagg that is
nodes (i.e. “image” nodes) and communicate by sendingdiﬁerent fromP is called aforeign termin P. We say that
messages to each other. Thus, search forodelof the P imports@ : ¢ and denote it ag) = P. If any term
ontology is distributed across the local tableaux. defined inQ is imported intoP, we say thatP importsQ
However, existing approaches to reasoning with modu- and denote it ag) — P.
lar ontologies suffer from several limitations. Both DDL Theimporting closurel_, (P) of a packageP contains
and £-Connections, because of their limited expressivity, all packages that are directly or indirectly imported inf
lack support for certain types of reasoning tasks. For ex-such that:
ample, DDLs have no support for inter-module role rela- e (directimporting)R — P = R € I..(P)
tions, whereag€-connections lack inter-module subsump- e (indirect importing)Q — RandR € I ,(P) = Q €
tions. Both DDL and P-DL reasoning algorithms do not al- I.(P)
low mutual or cyclic references (bridge rules in DDL, term  Definition 3 (Acyclic and Cyclic Importing) A P-DL on-
importing in P-DL) of concepts among ontology modules.  tology { P;} has acyclic importing relation if for any # 7,
Current implementation of thé-Connections reasoner, P; € I.(P) — P, ¢ I.(P;), otherwise it has cyclic
motivated by the “combined tableau” idea [8, 7], only “col- importing relation.
ors” local tableaux without separating them. Therefore, rea-
soning relies on one (combined) ABox thereby forcing the
TBoxes of all modules to be loaded (through internaliza-

For example, an ontolog with acyclic importing has
two packages:
P Animal

tion) into the reasoner. The strategy actually loads all on- (1a) 1: Dog C 1: Carnivore
tology modules into a single memory space thus makes a (1b) 1: Carnivore C 1 : Animal
de facto ontology integration, which sacrifices many of the  (1¢) 1: Carnivore C V1 : eats.(1 : Animal)
benefits of modular ontologies (e.g. scalability). (1d) 1:Human C 1 : Animal
Against this background, we present an improved fed- Ppet

erated reasoning algorithm that overcomes many of these (2a) 2: Pet C 1: Animal
limitations and offers several advantages over existing ap- (2b) 2: PetDog E 1: DogM2: Pet
proaches. It strictly avoids combining the local ontology ~ (2¢) 2: PetDog E 32 : livesWith.(1 : Human)
modules in a centralized memory space using distributed By reusing terms defined i Anima1, the ontology is
reasoning with localized P-DL semantics thereby allow- able to model both inter-module concept subsumption (e.g.
ing local reasoning modules to operate in an asynchronous@xiom 2a) and role relations (e.g. axiom 2c). We de-
peer-to-peer fashion. It supports reasoning with both inter- note the package extension to Description Logics (DL) as
module subsumption and inter-module role relations and al-P. For example, ALCP is the package-based version of
lows arbitrary references of concepts among ontology mod-DL ALC. In what follows, we will examine a restricted
ules. The P-DL semantics also guarantees that the results ofype of package extension which only allows import of con-
reasoning in the distributed setting are identical to those ob-cept names, denoted & . For example, the importing
tainable by applying a reasoner to an ontology constructedP A nimal cats, Ppet is not allowed inALCP. .
by integrating the different modules [4]. For a package-based ontolo¢yP;},{P; — P;}ix;),
a distributed model i/ = ({Z;}, {ri; }ix;), WhereZ; =
(A4, (.):) is the local model of packag®, r;; € A; x A;
is the interpretation for thiemage domain relatio®; — P;.
(z,y) € r;; indicates an individuay € A; is an “image”
(or copy) of an individualk: € A;. Therefore, local models
of P-DL can be partially overlapping, thus offer a tradeoff
between the strong module disjointness assumption of DDL
and E-connections, and complete overlapping of modules
required by the OWL importing mechanics.

To ensure module transitive reusability and reasoning
correctness, we require that every image domain relation
has the following properties:

2 Package-based Description Logics

This section briefly reviews basic features of Package-
based Description Logics (P-DL) as given in [5, 4]. In P-
DL, an ontology is composed of a collection of modules
calledpackagesEach term (name of a concept, property or
individual) or axiom is associated withreome package
Definition 1 (Package)Let O = (S, A) be an ontology,
whereS$ is the set of terms and is the set of axioms over
terms inS. A packageP = (Ag,Ay4) of the ontologyO
is a fragment oD, such thatAg € S, A4 C A. Aterm



e Itis one-to-one: for any € A;, there is at most one
y € Aj, such tha(z,y) € r;;.

e It is compositional consistent:;; = r;; o r;,, where
o denotes function composition. Therefore, semantic
relations between terms inand terms irk can be in-
ferred even ifc doesn’t directly import terms from

For a relationr;; and any individuall € A;, r;;(d) de-
notes the sefd’ € A;|(d,d’) € r}. ForasubseD C A,,
ri;(D) denotesJie pri;(d), is the image set ab.

A concepti : C is satisfiablew.rt. a P-DLO =
({P:},{P; — Pj}iz,) if there exists a distributed model
of O such thatCZ: # (. O entailssubsumption : C' C
j : D (¢ may or may not be the same gg denoted as
OFi:CLCpj:Diff rjj(CT) C D% holds in every
model ofO.

3 Distributed Reasoning for P-DL

We extend the tableau-based approach to distributed rea
soning with P-DL modules introduced in [3] to a more gen-
eral setting wherein arbitrary importing (e.g. cyclic or mu-
tual importing) among packages is allowed, and the tableau

e J-rule: if A contains(3R.C)(x) but no individual
y such thatC(y) and R(y,z) in A, then A’=4 U
{C(y), R(z,y)} wherey is an individual name not oc-
curring in original A.

e V-rule: if A containgVR.C)(z), R(x,y) but noC(y),
thenA’'= AU {C(y)}

An ABox clash corresponds to the scenario:
{C(z),~C(x)} C A (for any individual x and any
concept namé&’). An ABox is consistenif it contains no
clash, and ixompleteif no expansion rule can be applied
on it. The given expansion rules fot£C is consistency
preserving, i.e., if an ABoxA4 is consistent, then it has
at least one descendent ABoX that derived from it by
applying the inference rules o that is also consistent [1].

Note that the J-rule is nondeterministic in that it gener-
ate multiple possible new facts. The algorithm needs to try
different choices i.e.searchfor different possible models.
Once a chosen path leads to an inconsistency, the algorithm
heeds to backtrack to the ABox state before the choice, and
try other remaining choices.

A conceptC is said to be satisfiable w.r.t. a TB&X if
and only if the algorithm finds a consistent and complete

search process is preformed in a parallel, asynchronousyggy for bothC andCy.
fashion. We demonstrate the strategy with the package-

extended version of a representative DILC that allows
importing of concepts between packages, A€CP. .

3.1 ALC Reasoning

We first briefly introduce the tableau algorithm for tra-
ditional DLs. e.g.ALC . A tableau is a representation of
a model of a logic language, and in particular, of an on-
tology. Popular representation forms of a tableau include
ABox and Completion Graph [2], while each of them can
be transformed into the other. In this paper, we adopt the
ABox representation since it is more explicit for incremen-
tal tableau storage needed for our algorithm.

An ABox contains a set ofactsin the form of C(x),
P(z,y), x = y orx # y, wherez, y are individualsC' is
a concept name, anl is a property name. To test the sat-
isfiability of a conceptC' w.r.t. a TBox7, an initial ABox
Ay is created asC 1 Cr)(x), whereCr is theinternal-

ization concepdf 7: Cr = N (=C; U D;). Each
(ClgDI)GT

individual z in any ABox of 7" will be an instance of’+.
New facts can be inferred from existing facts based on
tableau expansion ruleand added to the ABox. Assum-
ing that all concepts are in Negation Normal Form (NNF),
the ALC tableau expansion rules for traditional reasoning
process (i.e. on a single ontology) are:
e M-rule: if ABox A containg(C; M Cs)(z) but not both
& (l‘) anng(x), thenA’=AU {Cl (CE), CQ(LU)}

e Li-rule: if ABox A contains(C; U Cy)(x) but nei-
therCi(x) or Ca(x), thenA;=A U {C1(z)}, A2=AU
{Ca(z)}

3.2 Incremental Distributed Tableau Storage

Tableau-based reasoning for modular ontologies [11, 10,
8, 7, 3] usually exploits multiple local tableaux instead of
a single tableau. This supports the localized semantics re-
quirement for modular ontologies [4], i.e., that there is no
requiredglobal model Thus, reasoning is carried out to ob-
tain a set of connected local models for a modular ontology.

Each of the existing approaches assumes different prop-
erties of local models, and as a consequence, requires dif-
ferent procedures for constructing such local models and
local tableaux. DDL and-connections reasoning algo-
rithms[11, 10, 8, 7] assume domains (the set of individuals)
of local tableaux are disjoint, while P-DL reasoning algo-
rithm [3] allows them to be partially overlapping. Advan-
tages of the later approach include support for inter-module
subsumption and transitive reusability of modules [3].

In this paper, we introduce the incremental storage for
ABoxes to simplify the description of the algorithm. Note
that a completion graph-based description of the algorithm
is easy to obtain since there is no fundamental difference
between the two representations.

We represent an ABox by a seriesraddes where each
node contains one or mofacts Theroot node contains
all the initial facts in the ABox. By applying the tableau
expansion rules, starting with the root node, we can succes-
sively generate new inferred facts. The inferred facts are
added as to the successor of the current node, called-its
pansion successoil he edge linking a node to its successor
is called arexpansion edgeMultiple choices for expansion



(e.g. using thel-rule), result in multiple successors. Re- inwhich case, a clash cannotloeally detected. However,
cursive application of the tableau expansion rules yields anglobal check for such clashes is expensive. Hence, we adopt
ABox Tregwith each node in the tree representing an ABox a strategy that is designed to minimize the cost of detecting
that contains all the facts on the path to that node from theclashes. We start by introducing some relevant definitions:
root node. When the algorithm terminates, each leaf in the

tree corresponds to either an inconsistent ABox or a com-

' ' ' T T o " Definition 4 (Concept Destination) An atomic concep’

or its negation—C’s destination isC’s home package
HP(C). A complex concept’s destination is the tree in
which it is generated. Destination 6f is denoted as(C).

] For each node, let
A(n) denoting the tree

that n belongs to;f(n)

is the set of facts im;

(CLuD)(x),aR.D(x),~C(x)

R(x,y),D(y) .
gggtgr(]?n)glsaﬁhﬁ]??; c)is Each generated fact(z) from any ABox tree node will
in n and all of its ances- be sent to an ABox tree of the destination(afi.e.,§(C).
[—C—Gxé— ] [ D(x) ] tors ub 1o the root node The destination ABox tree of a fagtis denoted by (f).
Inconsistent Gomplete & Thus pif a noden is " Thus, a_II clashes can be detected locally. Note that there is
Consistent a suécessor of node:, no role importing iNALCP¢ , therefore a role facP(z, y)

is always generated in (and stays in) the ABox tred’&f

Figure 1. Incremental A(n) = A(m) U f(n). home package

Storage of ABoxes Every packageP; par- )
ticipating in the reasoning process has associated with it, an We call afact that is sent from one ABox tree to another a
initial noden? containing a special factr. (), the internal-  fact messageand we add aessage eddeom the sending

ization concept of the TBox aFf;,. That is, each individual

node to the receiving node. In such cases, two copies of the

introduced inton? or any of its local descendants must be fact are kept in the two nodes. For example, in Figure 4 at

an instance o', .
Given a P-DL ontologyO = {P;}, we can obtain an

Time 4,B; (x) is generated in the ABox tré&, (of package
A), but B; has home packagB. Therefore,B; (z) is sent

ABox forest wherein each package has associated with itto the ABox tre€l’s of B, and finally results in a local clash

exactly one ABox tree. A distributed ABaX; (i.e., a dis-
tributed model) ofO is represented by a set of complete
and consistent leaf nodds; }, one from each ABox tree,
where A(n;) is a local ABox (i.e. a local model), and
Ad = UZA(’HZ)

that is detected locally ifi's.

Since a fact (e.g.C'(z)) may be shared by two ABox
trees (e.g.7;, 1), an individual name (e.gs) may also
appear in the two trees. We denote such a shared individual
name in different ABox trees with prefixes suchias «

Thus, each ABox tree is maintained by the correspond-and; : x. However, we assume those names can still be
ing local reasoner. The reasoning process is undertaken by #&entified as variances for the same individual.
federation of such local reasoners. Since each ABox tree is  The termination of the algorithm can still be ensured us-

only locally internalized, integration of the ontology mod-

ing thesubset blocking?2]: for an ABox tree node:, the

ules into a centralized ontology or of local models into a application of thel-rule is blocked to an individuat by an

centralized model is strictly avoided.
3.3 Distributed Tableau Expansion

To construct a distributed model for an
ALCP: ontology, we start with a list of initial ABox

individualy iff {D|D(x) € A(n)} C {D'|D'(y) € A(n)}.
Note that the algorithm we presented so far is equivalent

to the completion graph-baset_CP. reasoning algorithm

in [3] when importing between packages is restricted to be

acyclic. An ABox-based version of the Lemmas 1 and 2 of

nodes corresponding to each package in the ontology. New[3] can be obtained as: if a fact is sent from an ABox tree
facts can be added to the ABox forest by applying tableau of P, to an ABox tree ofP,, P, must directly or indirectly

expansion rules similar to that od£C . However, the

reusep,, i.e., P, is in P;’s importing closure. Therefore, if

traditional ALC expansion procedure needs to be modified there is only acyclic importing among packages, there are

in several important aspects.
expansion rules ad LCP. expansion rules.

First of all, new facts should be sent to a “destination”

We refer to the resulting only uni-directional message edges between ABox trees:

once an ABox treé; receives a fact fronty, there is no
path on the ABox forest (linked by message edges) from a

ABox tree to reduce the cost of detecting a clash. Since anode in¢; ending in a node int,. Therefore, there is no
concept can be imported into another package, it is possiblerisk of message loop for the acyclic concept importing case.

that a factC'(x) is generated from an expansion in an ABox
of a package that is nét’'s home package. Therefor€|x)

However, in order to guarantee termination of the algorithm,
we still need to find a way to prevent message looping in the

and—-C(z)) can be generated in different local ABoxe trees presence of cyclic importing.



3.4 Handling Cyclic Importing This strategy ensures that a node always has at most one

The distributed tabl . lnorithm foll h contact node from each of the other ABox trees:
€ distributed tableau expansion algorithm follows the Lemma 1 For a noden in an ABox tre€l’, for any pack-

“divide and conquer” strategy, i.e., the reasoning task is di- . :
vided into smaller subtasks each undertaken by a local reat9cP P # A(n), there is at most one node in the ABox

soner. If a factC(x) is sent from an Abox tre& to an- ;;i?n?fg(j:;h_thﬁt@ 1|s in n’s contact list : [{m|m €
other ABox tree branch of a packageT in fact submits ’ —Pils

a satisfiability query of” to p under the presence of other ~Proof sketch: If there are two nodes, andm; from
existing facts on the branch. The final result of reasoning ©N€ ABOX tree ofp that are both inlst(n), there must be
in 7 depends on the answer frgris ABox tree. This strat- WO Paths fromm; t0 n; and fromms t0 no, wheren,
egy is guaranteed to terminate with acyclic importing since &1d72 are on the path from to its root. Without loss of
the messages between ABox trees are unidirectional. How-9€nerality, suppose; is a descendent of,; there must be
ever, cyclic importing presents further difficulties in mes- &N @NCestor ofi;, sayns, such thaty € Ist(mz). Then
sage exchange among ABox trees because it may lead t¢'1 = "3 O n is @ descendent of, and there must be a

ABOX trees waiting for each other in a cycle or a deadlock. Path fromn; through some ancestor of; 10 my; however,
How can we avoid such a deadlock? such nodes must b@;’s descendants and henee, must

To develop some intuition regarding this problem, we be a descendant ofi;. According to our contact merging

consider the logical meaning of edges in the ABox forest. If "ul€; onlyms will be keptinn’s contact list.

afactf is generated by applying expansion rules at a node The contagt list upd_ate rule described ?bove (:::nsures that

n, f is actually the logical consequence of some facts in the tN€ contact list contains only the most “recent” message

ABox A(n). For example, in Figure 1, the fafi(z) is one sender from ABox trees of other package_s. We also denote

possible logical consequence(@fLi D)(x). Therefore, ifa  (5ti(n) as the contact af on the ABox tree.

new factf that is a (direct of indirect) logical consequence ~ 'Mmmediately from Lemma 1 we have:

of A(n) is to be added on the ABox tree, it should be added Lemma 2 If a node has two ancestors, m in an ABox

as a child of node.. For example, in Figure 4 Time 5, afact graph, it must be the case thatis an ancestor ofn on the

As(z) is generated in the ABox treéEz while the destina- ~ ABOX graph, orm is an ancestor ofi on the ABox graph

tion of A, is T,4. However, since an ancestor df(z) has  (but not both).

received a facB; (x) from T4, Ay (x) is an indirect logical This lemma implies that when adding new facts to the

consequence aB;(x). Hence,As(x) should be added to  graph, the distinction between the different search choices

T4 under the node containinB; (z). We refer to an ABox  (tree branches) must be maintained across all local reason-

graph containing both expansion edges and message edgess. For example, the Figure 4 Time,(z) in T has two

as anABox graph ancestors3; (x) and By (x) in T4, and B (z) is a local an-
Another intuition is that an ABox graph is a representa- cestor ofBy(xz). Therefore, the set of all ancestor nodes of

tion of global tableaux, while each branch in a local ABox a noden on the ABox graph contains facts associated with

tree stands for a search choice in finding such a globala single search branch.

tableau. Thus, when adding new facts to the graph, the dis- Thus, there is effectively, airtual global ABox (di-

tinction between the different search choices must be main-rected)graphthat corresponds to a conceptually integrated

tained. In other words, different reasoning subtasks shouldontology. This graph can be decomposed into multi-

be kept sperate. ple smaller local ABoxtrees(by copying some nodes as
The preceding considerations suggest the following needed). There must be no (directed) loop on the ABox

strategy for avoiding message looping or deadlock in the graph, thereby ensuring the termination of the algorithm:

presence of cyclic importing: _ Lemma 3 (Termination) Let C, be an. ALCP. -concept
e Leteach node maintain a contact ligtst(n) of nodes  description in NNF. There cannot be an infinite sequence of
from other ABox trees. ALCP rule applications.

e Initial contact list of a root node is initialized with the
list of root nodes of other ABox trees.

e If a new noden is generated under a node in the
same ABox tree\(m), Ist(n) < Ist(m).

e If a noden in an ABox treeT’ generates a new fagt
such that/(f) # T, f is sent to a new nodeunderm
on the destination tre&( ), wherem € Ist(n). lst(l)
is obtained by mergingst(n) andlst(m): if both n
andm contain contacts from an ABox tree, discard one
if it is an ancestor of the other on the ABox graph)

We summarize the expansion rules $é£CP¢ in what
follows, starting with some notation: for any nodeon an
ABox treek, A (n) is the ABox represented hy; for any
fact f, m(n, f) is aquery fromrm for f’s existence in its des-
tination, i.e., if f € Ay (Ists(r)(n)); 7(n, f) is an action
that sends a fadt to its destination, i.e., creates a new node
containingf underists r)(n). Whens(f) = n, m(n, f) is
reduced to a local query that ff € Ay (n), andr(n, f) is
reduced to a local action that adds a new node contaifiing
undern. The ALCP¢ expansion rules are:



e M-rule: if Ag(n) contains fact(Cy M Cs)(z), X e
is not blocked inAg(n), then dor(n,C;(x)) if
m(n,C;(x))=false, fori = 1,2

e Ll-rule: if A; contains fact(Cy U Cs)(x), X T
is not blocked in Ay(n), but m(n,Ch(x)) v o BB
m(n,Cy(z))=false, then do r(n,Ci(z)) or (@ Clash Report (b) Model Report
r(n, Ca(x))
e J-rule: if A, contains fac{3R.C)(z), x is not blocked Figure 2. Clash Report and Model Report
in Ax(n), and R € Py, for any R(z,2) € Ay, subtasks concurrently to make the best use of the computa-
we havem(n, C(z))=false, then do(n, R(z,y)) and  onal resources available to each of them. Thus, the algo-
r(n, C(y)) wherey is a new individual name. rithm presented here also relaxes the waiting (after sending
e V-rule: if Ay contains(VR.C)(z), R(x,y), XIS not g fact) strategy adopted in [3], to be preformed in an asyn-
blocked in A (n), R € Py, andm(n,C(y))= false, chronous fashion.
then dor(n, C(y))- Figure 4 (Time 1 -Time 7) illustrates the working of the
3.5 Asynchronous Federated Reasoning algorithm presented in this paper. The example ontology

contains two packaged and B. PackageA contains ax-
We need several types of messages to complete our de:- P 9 9

.. . C il C C ;
scription of the search for a complete and consistent gIoballomST C A1 =dg, Ai © By, Ay L By; packageB

. - . contains axioms3; T A, U A3, By T As. Thus, the two
tableau, in which the targets of all messages are'slton- ackages mutually import each other. The reasoning task is
tacts anch’s parent node on the local ABox treé (n)): P 9 yimp ' 9

) ) to check the consistency of the ontology. The result is that
e If alocal clash is found ind(n), markn as L, send e ontology is inconsistent.

clash messages.

e If all expansion successors ofare marked as., or 4 Complexity
anyof the message successors is marked awarkn
as_; send clash messages.

e If A(n) is locally complete, mark as T, send model
messages .

e If anyexpansion successorswofaire marked as’, and

It is easy to show that the worst case time complexity in
the proposed distributed reasoner is no worse than that of
a centralized reasoner oLC , i.e. EXPTIME for consis-
tency of ALC -ABoxes [2]. It can be shown by@nceptual
I X ked" K reduction from ALCP: expansions tadLC expansions:

zenrgerigzg?rﬁggggssors Is marked asnarkn as T, consider if all local ABox trees are generated and main-
ges. tained at a single location, the giveALCP. expansion

The clash and model messages are explained in Figurgyjes will be reduced toA£C expansion rules. Thus, the
2. In the case of cen.tralized tablegu reasoning, given thregotal number of tableau expansions required to find an
nodesz, y, z, wherez is the expansion parent 9fandz , it~ 4£cp, model inall local reasoners is same as the num-
must be the case that(z) has a clash iffd(y) has a clash  per of tableau expansions required to find.46¢C model
andA(z) has clash. However, this is not necessarily true in 5 o integrated ontology of all ontology modules.

the distributed setting. For example (See Figure 2(a)), even  yowever. since different reasoners magoncur-
when all ofz’s successors are inconsistent, if all Message rently explore different tableau search choices in

recipients ofz find no clash, it is possible for them to send ALCP. expansions, in practice, the time requirements of
back tox another fact and open a new branch undéalso ¢ nronosed algorithm can be much less than the time used
see the example in Figure 4 Time 7, naBg(x) in Ty, its by a centralized reasoner
only SUCCGSSO}AQ({L’) contains a clash, while on Time 8 a The space complexity for the algorithm may become a
nhew br:anﬁhA;é(a:) |I§kcr§atrt1ad by a Tesgage .frdmzl.éOn concern when the individual reasoners operate in an asyn-
the other hand, unlike in the centralized setting w (e)' chronous fashion (i.e., the individual reasoners do not wait
IS consistent 'M(y). Is consistent OK(2) is consistent, in ¢, responses to messages that they have sent to other rea-
the d|s_tr|buted setting (See Fig 2_(b))_’ remote INCONSISteNn- g, q e hefore proceeding). In this mode of operation, the lo-
C'lfhs m'%l;t.b? d|Sﬁovereq (:r‘stcomes in other ABox trees cal reasoners depart from the strictly depth-first search (with
a Oo:g 'r‘? gca yncdon3|? e?r'n t0 one or more AB P S,AcE complexity) [1]. While this allows each reasoner
i vcve ‘Z cr)1 (terse irs'?r1 atuih ﬁszagvi g Onteilo N cr)1 eW ; %o make the best use of its computational resources, the de-
ees,we do not requirethat the node wait untitan answe parture from strictly depth-first search can lead to a worst

is received from other_ ABox trees. A search branch may case space complexity that EXPSPACE (same as that of
be closed on the basis of a local clash or clash messages . .

. ALC ). Alternatively, each local reasoner can implement a
received from other ABox trees. Therefore, local reasoners

. .~ “mixed strategy of switching to the synchronous (i.e. wait-
for each of the ABox trees may work on different reasoning ing for responses before proceeding) mode when available



memory is limited, thus requires only polynomial space. Lemmab5 If a set of locally complete ABokA;}, i =
In practice, the proposed LCP. reasoning algorithm  1...,m is generated by thel LCP, tableau expansion rules,
may be more memory efficient than a centralized reasoner( Ay, ..., A,,) is consistent iff/i, A; is consistent.

since each package is only locally internalized. Therefore, The above lemma follows from the observation that
once a new individuat is introduced in an ABox tree for 4¢P, expansions will send any concept fact to the ABox
packagei, only C7; (x) is added to the ABox tree, while in  of jts destination package, and inconsistency is detected
the centralized case a more complex fagt(x) is added,  \hen bothC/(x) and —~C(z) appear in some local ABoOX.
whereC’ is the internalization concept for the combined Gjopal inconsistency necessarily must result in local con-
TBox 7 of all packages. sistency in some ABox; and a locally inconsistent ABox

In conclusion, by localizing reasoning subtasks in multi- jmpjies that the set of ABoxes taken together must also be
ple peer reasoners, the time and space required by each loc@dconsistent. Thus we have:
reasoner can be m_uch less than that requwgd by a centrall—_emma 6 (Soundness)Assume thatS; is obtained from
ized reasoner working on an integrated version of the mod-

| ol Thus. the distributed . lqorith the finite set of ABoxesS by application of an
uiar ontofogy. - 1hus, the distributed reasoning aigorithm ALCP. transformation rule. Thert' is consistent iffSy
will allow reasoning with very large ontology that cannot

. X is consistent.
be handled in a single computer. .
Completeness of the algorithm follows from the observa-
5 Soundness and Completeness tion that a P-DL model can be induced by a set of distributed
ABoxes. Given a set of complete and consistent ABoxes
{A;},i = 1,...,m for a set of package§P, } generated by
ALCP: expansion rules, we can easily build a distributed
P-DL model as follows:
e For each ABoxA;, the domain of local individuals
AT is the set of all individuals occurring in it. The
domain of all individuals in the distributed interpreta-

The proposed algorithm reduces the problem of check-
ing inconsistency of a model to a combination of checking
inconsistency of local ABoxes. Given ABoxgs B, ..., we
denote by(A, B, ..) the ABox obtained by merging the re-
spective ABoxes, with shared facts and shared individual
names are merged.

(a) Augmenting o The ' tion AIg = U'ifllAIi

Al J=la] | el # siatien | ALCPc  expansion e For each concept nameC € P, (%=
(&) Searching rules expand_ one CTi={x|C(x) € A}
= o]n [ i comssen or more existing e For each role nameR € P, R%s=

I = | (poeme  ABOXES as shown RY={(z,y)|R(z,y) € A}
m[e]| [ e]a Aot in th? Figure 3. o Ifthere is a fact messagé(x) sent fromA,; to A;, add
(¢) Reporting The first type "0‘; apair(i : z,j : =) to the image domain relation,

A 5 R (A,B)iscionsistent expansion, calle

|:| B |:| (A.B')\scf:)nsis‘ent augmenting infers Thus we have:

'
s[] Elele o = new facts from

existing facts in an Lemma7 (Completeness)Any complete and clash-free

Figure 3. Expand ABoxes ALCP. Global ABox{.4;} has a model.
with Tableau Rules ABox and adds them ¢ A
to the same ABox

i.e. A’ = AU {a}, A E a. The second type of expansion, 6 Summary and Discussion

calledsearchingadds multiple possible inferred facts tothe  \we have presented a distributed tableau-based reasoning
original ABox i.e. A; = AU{a}, Ay = AU{B}, A |= (« algorithm for the package-based extension of the DL lan-

or ). The third type of expansion, calle@porting  guageACCP. . The proposed approach offers a practical
adds the inferred new facts into another ABOX, i.e. gpproach that:

B = BU{a},A E a. The first two types are also
present in traditional tableau expansions for DLs, whereas
reporting is unique to P-DL expansions [3].

1. By strictly avoiding integration of modules into a sin-
gle ontology, the need for transferring the entire con-
tents of ontology modules to a central location is

Lemma4 If an ABox A is expanded by the avoided.
ALCP. tableau expansion rules using 2. Using a message-based inter-reasoner communication
1. augmenting: fromA to A’, then A is consistent iff4’ strategy, the algorithm allows arbitrary reuse among
is consistent; the ontology modules, such as the presence of mutual
2. searching: fromA to A; or As, then A is consistent or cyclic importing among packages. Thus, it over-
iff A; is consistent ot4, is consistent; comes one of the important limitations of the approach
3. reporting: from A, B to A, B, then(A, B) is consis- presented earlier in [3] which allowed only acyclic im-

tent iff (A, B') is consistent; porting among packages
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Figure 4. Reasoning with Mutual Importing

of local inconsistencies using a special “Hole” seman-
tics. However, in general, it is possible for an ontology
to be globally inconsistent although each local mod-
ule is consistent. Furthermore, applying the hole se-
mantics requires the identification of inconsistent mod-
ules before initiating the reasoning process, which may
not always be possible. In this context, package-based
variants of defeasible extensions to modular ontology
languages are of interest to prevent both local and
global inconsistencies.

Detailed performance evaluation of implementations
of the proposed algorithm in several practical appli-
cation scenarios.
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