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ABSTRACT

Modularity in ontologies is key both for large scale on-
tology development and for distributed ontology reuse
on the Web. In this paper, we address the problem
of determining and retrieving the fragment of an on-
tology that captures the essential meaning of a given
entity in the ontology. We present an algorithm for
extracting fragments that preserve a set of key entail-
ments associated with that entity. Finally, we discuss
our implementation integrated in the ontology editor
SWOOP and present some promising empirical results.
To the best of our knowledge, the method presented in
this paper is the first approach to the problem of iden-
tifying and retrieving relevant fragments of OWL-DL
ontologies that is formally grounded on the semantics
of OWL.

1. MOTIVATION

A popular claim about Web ontologies is that they fa-
cilitate knowledge reuse and sharing across perspectives
and trust boundaries in the open, distributed, decen-
tralized context of the Web. Such a claim precludes
large monolithic ontologies. For example, if one wishes
to reuse an term from an ontology that one does not
control or even fully understand, it is natural to aim
for the least possible commitment to the less trusted
context. If one agrees with the characterization of one
term in a foreign ontology, but not with the rest of the
ontology, it would be nice to be able to just reuse the
trusted term. Web ontologies should permit multiple
parties to use that term alone without explicit, prior
agreement.

An effective way to achieve some sort of reuse of the
meaning of a term, say a class, would be to manually
“cut and paste” from the remote ontology certain ax-
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ioms considered to be relevant for the characterization
of the class . However, in an expressive DL, such as
SHOIN (D), it is unfeasible for users to determine,
even with the assistance of a reasoner, which axioms
should be extracted from the remote ontology and they
have little hope of verifying the correctness of the ex-
traction.

The Web Ontology Language does provide the owl:imports
construct, which allows to include by reference all the
axioms contained in (and imported by) the remote on-
tology. Evidently, importing the remote ontology is a
way to correctly capture the meaning of the term to
be reused. However, some unnecessary information will
also be brought, which can be especially problematic in
the case of large ontologies.

In general, the ability to identify relevant fragments
of ontologies is important for virtually every Semantic
Web application. However, even defining what makes
a set of axioms a relevant subset of an ontology for a
certain task is a controversial issue. In this paper, we
provide an algorithm for identifying and extracting rel-
evant fragments of ontologies and justify their relevance
by showing that they preserve a certain set of key entail-
ments associated with the entity under consideration.

2. RELATED WORKAND CONTRIBUTIONS

The problem of identifying relevant fragments of an on-
tology for modularity purposes has been recently ad-
dressed in [8] and [6]. In [8], the output is presented
as a graph visualization of the different kinds of infor-
mation contained in the input ontology. However, we
identify two main drawbacks in such approach: first,
no correspondence between the nodes of the graph and
sets of axioms is provided; second, the heuristics consid-
ered to generate the visualization only consider a small
fragment of OWL that roughly corresponds to RDF-
Schema.
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O = {CarOwner C Person M Jowns.Car,
Car C Vehicle,
Book T Publication,
CarOwner C Person }

Figure 1: Example Ontology

fragment is lacking and hence no notion of correctness
of the process is established.

Finally, [5] explores partitioning FOL theories to im-
prove theorem prover performance. Our goal in this
paper has been very different, since we have examined
partitioning for modeling purposes.

3. MODULARITY

In this section, we introduce the intuitive notion of mod-
ule for an entity in the context of a given ontology.

Along the paper, we will use the following notation:
O will denote the ontology under consideration. Capi-
tal Greek letters will be used for naming fragments of
O. We will use the term entity to refer generically to
atomic concepts, atomic roles and individuals. The set
of entities that are referenced in a fragment constitutes
its vocabulary. We will use a triple V. = (V¢, Vg, V1)
to represent the vocabulary of the ontology O, where
Ve, Vr, Vi are the sets of atomic concepts, atomic roles
and individuals respectively.

Intuitively, the module for an entity is the minimal sub-
set of axioms in the ontology that “capture” its meaning
“precisely enough” and hence the minimal set of axioms
that are required to understand, process, evolve and re-
use the entity.

By “capturing the meaning of an entity precisely enough”,

we mean that the module for an entity must preserve
a set of crucial entailments about the entity and only
those ones; by minimality, we mean that none of its
proper subsets preserves such a set of crucial entail-
ments. Therefore, the module for an entity in an ontol-
ogy should be verify two main properties: preservation
of certain key entailments and minimality.

In order to illustrate such an intuition, let us consider
the simple ontology in Figure 1.

Suppose we want to obtain the module I'g,,r corre-
sponding to the concept Book in O. Intuitively, the

statement (Book T Publication) is the only axiom needed

for understanding Book, since there is no other state-
ment that constrains the possible models of Book in O.
Therefore, T goor, = {(Book C Publication)}. However,
the fact of extracting such a fragment rules out certain
entailments that held in the original ontology. For ex-

ample, in O it is entailed that every Book is a Publica-
tion or a Vehicle, i.e. O | {(Book T Publication U
Vehicle}. Such an entailment should intuitively be
pruned in a module that captures the essential meaning
of Book in the ontology. From this example, we observe
that, if we enforced the preservation in I'gox of all the
entailments involving Book in O, then the module for
Book would be just O, i.e. I'goor = O.

The problem then boils down to distinguishing relevant
entailments, which should be preserved, from irrelevant
entailments, which should be pruned. In Section 4, The-
orem 2 we will provide a formal characterization of the
minimum set of entailments that must be preserved.

Let us assume now that we want to retrieve the mod-
ule for CarOwner. Intuitively, the module I'cqrowner
should entail that a CarOwner is a Person who owns
a Car and hence also a Vehicle. Therefore, the first
candidate for a module for CarOwner would be:

Tcarowner = { (CarOwner C Person)
(CarOwner T Person M Jowns.Car);
(Car C Vehicle); }

Although T'curowner captures all the entailments we

care about, it is not minimal, since the axiom CarOwner C

Person is entailed by the rest and hence is redundant.
By suppressing the redundant axiom, we would obtain
the module for CarOwner.

In what follows, we will make this first intuition about
modules more precise.

4. THE PARTITIONING ALGORITHM

In this section, we present an algorithm for extracting
relevant fragments from the input ontology. We will
call the obtained fragments modules and compare their
properties in terms of the intuitive desiderata for a mod-
ule, discussed in Section 3.

The proofs of the theorems presented in this section
are technically involved and lengthy. We refer the in-
terested reader to [1] and [2] for a detailed discussion.
Here, we just provide a description of the procedure and
some examples, without going into the most formal de-
tails.

The main idea of the algorithm is to generate from the
input ontology O a directed labeled graph G(O), called
the partitioning graph, and then use the graph to find
the module for each entity in O.

The nodes of G(O) are labeled with fragments of O such
that the labels of two different nodes are disjoint ! and

i.e. do not share any axiom



O = {Student C JenrolledIn.Course,
Student C Person,
Professor C Jteaches.Course M ImemberO f.Dept
Paper T Publication
Dept. C dmemberO f~ .Student
JenrolledIn.T C Person}

Figure 2: Example Ontology

the union of the labels of all the nodes in the graph is
precisely G(O) 2.

The edges of G(O) are labeled with sets of roles and the
labels of two different edges are disjoint. Intuitively, a
directed edge (v;, vj) between the nodes v; and v; means
that any change in the axioms contained in the label of
v; may affect the possible models in O of the axioms
contained in the label of v;. Therefore the partitioning
graph provides crucial information about the semantic
dependencies between different fragments of the input
ontology.

It is worth pointing out here that there exists a very
close correspondence between a partitioning graph and
a knowledge base in the language of an £-Connection.
Such a correspondence has motivated our algorithmic
decisions and has been often exploited in the proofs.
Since the introduction of £-Connections involves a rather
sophisticated formal machinery, we will assume along
the paper that the reader is only familiar with OWL and
refer to [4] and [3] for more details on £-Connections.

The algorithm consists of three main steps: first, a
“safety” check, which is key for ensuring that the ob-
tained fragments preserve certain crucial entailments;
second, the generation of the partitioning graph G(O)
and, finally, the extraction of the module for each entity
from G(O). We next explain in detail each step of the
algorithm using as an example the ontology in Figure
2.

1) Safety Check: The presence of certain General Con-
cept Inclusion Axioms (GCIs) may impose general se-
mantic constraints on the ontology as a whole. Such
constraints can enforce the module for every entity to
be the input ontology itself. In order to detect the pres-
ence of “dangerous” GCIs, we introduce the notion of
safety:

DEFINITION 1. (safety)

Let: g: C € O — {T,F} be a function mapping every

2That is why we call such a graph partitioning graph, since
the axioms of O are strictly partitioned among the labels of
the different nodes

O ={TLC{a},

{a} C3R.CY},
I = {T C {a}v

{a} E3R.C}
ry={CCT}

Figure 3: An Unsafe Ontology

concept C € O to a boolean value and recursively defined
as follows:

o IfCis T, then g(C) = F
o Let C € Vg, then g(C) =T
o Let C be {a}, for a € Vi, then g(C) = T

o Let C be DNE.If g(D)=F and g(E)=F, then g(C)=F.
Otherwise, g(C) =T

e LetCbe DUE. If g(D) = T and g(E) = T, then
g(C) = T. Otherwise, g(C) = F

o Let C be —D. If g(D) = T, then g(C) = F and if
g(D) = F, then ¢g(C) = T.

e Let C be AP.D or > nP, then ¢(C) = T
e Let C be VP.D or < nP, then g(C) = F

The ontology O is safe iff it contains no axiom of the
form CC D s.t. g(C)=F and g(D) =T}

It is not hard to verify, using the definition, that the
ontology in Figure 2 is safe. In order to understand the
potential effect of “dangerous” GClIs, let us consider
the the ontology O in Figure 3, which is not safe. Us-
ing our algorithm on this ontology (see steps 2 and 3),
we would obtain the fragments I'y, for a, R and I's, for
C. However, I'y is not a suitable module for C, since O
entails C'(a) and T's does not, which is certainly a rel-
evant entailment that we should aim at preserving. In
such a case, the algorithm determines that the module
for every entity is the input ontology itself.

Note that the definition of safety we have provided is
structural and hence the fact that an ontology does not
contain any unsafe axiom does not mean, in principle,
that such an axiom cannot be entailed, which would
compromise our approach.

However, the following theorem shows that unsafe ax-
ioms cannot be entailed unless they occur explicitly in
the ontology.



-Algorithm Partition(O)
-Input: A SHOZN ontology O
-Output: A partitioning graph G(O) = (V,E, L, V)

G(O) — ({vo}, 0, £,V), with:
E(’Uo) =0
V(X) = vo for each concept or individual X in O
V(P) = (vo,vo) for each role P in O

if O not safe, return G(O)

for each role P occurring in O, BoundTo(P) «— 0

Repeat
G(O) + DoPartitioningStep(G(O))

until L(vo) =0

V «—V —ug

return G(O)

Figure 4: Partitioning Algorithm

THEOREM 1. Let O with vocabulary V and consistent
be safe, then there are no SHOIN concepts C,D in the
vocabulary V s.t. g(C) =F, g(D)=T and O = (C C
D).

2)Generation of the partitioning graph In case
of a positive result in the safety check, the algorithm
generates in this step a partitioning graph G(O).

In general (see [5], for example), {T';}1<i<n is a par-
titioning of a logical theory I" if I' = (J,I';. Each
individual I'; is called a partition; Vi, is its vocabu-
lary (the set of non-logical symbols). In our case, we
will consider a SHOIN ontology O with vocabulary
V = (Vo, Vg, Vi) and obtain a partitioning of it. The
partitioning is defined by means of a labeled directed
graph G(O) = (V,E, L,V), where each node v; € V
is labeled with a non-empty partition £(v;) € O, such
that (J,cv £(v) = O. In addition we require the parti-
tions to be disjoint (L(v;) N L(v;) = 0 for i # j). Each
edge e = (v;, v;) is labeled with a non-empty set of roles
L(e) occurring in O and the labels of different edges are
also disjoint ( L(e) N L(e") =0 for e # ¢€’).

In general, given two partitions, their respective vocab-
ularies may intersect. In order to define the conditions
under which two partitions may share a symbol, we in-
troduce a mapping V in the graph that assigns to each
concept C and individual a occurring in O a single node
V(C) € V (respectively V(a) € V), and to each role R
a single (directed) edge (V(R) € E).

Since each entity is mapped through V into a single
node or edge, the function V allows to “disambiguate”
the shared symbols. This mapping will reveal key for
determining which axioms from the original ontology
will be grouped together in the same partition as well
as for retrieving the module for each entity from the
partitioning graph.

In what follows we describe the partitioning algorithm
that generates the partitioning graph.

-Algorithm DoPartitioningStep(G(0O))
-Input: A partitioning graph G(O)
-Output: Updated graph G(O)

Create new node v with £(v) =0 and do V «— V Uwv

Select non-deterministically a concept or individual X in O
with V(X) = vg, or a role X with V(X) = (vo, vo)

if X a concept or individual, then V(X) «— v

if X a role then V(X) «— (v, v0)

G(O) «— MoveEntities(G(O), v)

G(O) «— MoveAzioms(G(O),v)

return (G(O))

Figure 5: Partitioning Steps

The algorithm performs a succession of partitioning steps,
as shown in Figure 4. Each step involves a pair of
nodes in the graph: the node vy, called the source node,
which initially contains in its label the input ontology
and from which entities and axioms are removed, and
a the node v, the target node, generated from scratch,
to which these are added. Note that the source node is
always vg and the target node is different is each step.

At the beginning of each partitioning step (see Figure
5), the algorithm selects non-deterministically an entity
X in the source node vg and changes the value of V(X).
In the case of a class, for example, V(X) is updated to
v;, which intuitively means that the class is “moved” to
the target node.

This initial change will trigger new ones, according to
Figure 7.

The changes in the V function described in Figure 7
have been devised according to the following principles:
First, the modules to be obtained from the partitioning
graph must preserve the crucial entailments given by
Theorem 2, at the end of this section; Second, the nodes
of the partitioning graph must contain as fewer axioms
as possible, in order to obtain small modules; Finally,
the identification and extraction of modules must be
computed efficiently.

Depending on the final value of the V function, some of
the axioms in £(vg) are removed from £(vg) and added
to L(v) and the labels of the edges involving the target
and the source nodes are updated.

In Figure 6, we provide the content of the partition-
ing graph at the end of each partitioning step for the
example ontology in Figure 2. We also provide the ini-
tial change in the V function for each step. The reader
should be able to reproduce these results using the the
algorithms in Figures 4, 7 and 8. As a remark, the
set BoundTo(P) represents the set of entities that are
“forced” to end up in the same node due to the fact
that a role P cannot appear in the label of two different
edges.



Stepl: Initial transition: V(Course) « v1

V = {vo, v1} E = {(vo,v0), (vo, v1)}
L(vo) = { Student C JenrolledIn.Course,
Student C Person,
Professor C teaches.Course N ImemberO f.Dept
Paper C Publication
Dept. C ImemberO f~ .Student
JdenrolledIn. T C Person}
L(vi) ={ CourseC T }
L((vo,v1)) = { enrolledIn, teaches }
L((vo,v0)) = { memberOf, memberOf~ }

Step2: Initial transition: V(Paper) < va

V = {vo,v1,v2} E = {(vo, v1), (vo,v0)}
L(vo) = { Student C JenrolledIn.Course,
Student C Person,
Professor C Jteaches.Course M ImemberO f.Dept
Dept. C ImemberO f~ .Student
JenrolledIn.T C Person}
Evlg ={CourseC T }
U2 Paper C Publication}
((vo,v1)) = { enrolledIn, teaches }

((vo,v0)) = { memberOf, memberOf~ }

SLOLL

Step3: Initial transition: V(Dept) < v3

V = {’Uo7 V1, V2, 1}3}

E = {(vo,v1), (vo, v3), (vs,v0)}

L(vo) = { Student C JenrolledIn.Course,
Student T Person,
Professor C Jteaches.Course N ImemberO f.Dept
JenrolledIn. T C Person}

L(v1) ={ CourseC T }

L Paper C Publication}

L(vs) = {Dept. C ImemberO f~ .Student }

L

(R

L(

vo,v1)) = { enrolledIn,teaches }
memberOf }

(vs,v0)) = { memberOf~ }

Step4: Initial transition: V(Student) < v4

V= {U07 U1, V2, V3, U4}

E = {(v4,v1), (v4,v3), (v3,v4)}

ﬁ(’Uo =

L(vi) ={ CourseC T }

L(v2) = {Paper C Publication}

L(v3) = {Dept. C ImemberO f~ .Student }
L(vs) = { Student C JenrolledIn.Course,

Student C Person,
Professor C dteaches.Course M AmemberO f.Dept
JdenrolledIn. T C Person}

£§§v47 v1)) = { enrolledIn, teaches }

L((v4,v3 memberOf }

L((v3,v4)) = { memberOf~ }

-Algorithm MoveEntities(G(O), v)
-Input: A partitioning graph G(O) = (V,E, L, V)

The target node v in the current partitioning step
-Output: A partitioning graph with updated mapping V

Repeat
for all concept C # T with V(C) = vg
if any of the following conditions holds:
1)(CC D)or (DLCC)e€ L(vg), and V(D) =v
2)C(a) € L(vg) and V(a) = v
3)3P.C or VP.C € L(vg) and V(P) € {(vo,v), (v,v)}
4)(CnD)or (CUD)EeE L(vg) and V(D) = v
5)C of the form DM E, or DUFE and V(E) =v or V(D) =v
6)C a restriction 3P.D,VP.D,> nP or < nP,
and V(P) € {(’U, UO)’ (Uv 'U)a ('Uj’ UU)}
7)C of the form {a} and V(a) = v
8)(~C) € L(vo) and V(—-C) = v
9)C, E € BoundTo(P) and V(E) = v
then V(C) «— v
if 3) has held, then BoundTo(P) «— BoundTo(P) U {C}
for all individual a with V(a) = vo
if any of the following conditions holds:
1)C(a) € Lvg and V(C) =
2) {a} € L(vo) and V({a}) =v
3)P(a,b) € L(vo) and V(P) € {(v,v0), (v,v), (vj,vo)}
4)P(b,a) € L(vg) and V(P) € {(vo,v), (v,v)}
then V(a) «— v
if 4) has held, then BoundTo(P) <« BoundTo(P) U {a}
for all role P with V(P) € {(vo,v0), (vo,v), (v,v0), (vo,v;)}
if (PC Q) or (QC P) € L(vo),
and V(Q) € {{v0, v), (v, 90), (v, v), (v, v0)} then V(P) — V(Q)
if V(P) € {(vo,v), (v,v0)} and P transitive, then V(P) «— (v, v)
if P(a,b) € L(vo), V(a) =,
and V(P) = (vo,v0), then V(P) «— (v,vp); add a to BoundT o(P)
and V(P) = (vo,v), then V(P) « (v,v); remove a from BoundTo(P)
and V(P) = (vo,v;), then V(P) — (vj,v0)
if P(a,b) € L(vg) and V(b) = v,
and V(P) = (vo,v0), then V(P) « (vo,v); add b to BoundTo(P)
and V(P) = (v,vg), then V(P) «— (v,v); remove b from BoundT o(P)
if D a restriction on P, V(D) = (vo, v)
and V(P) = (vo,v0), then V(P) — (v, vg)
and V(P) = (vo,v), then V(P) «— (v,v)
and V(P) = (vo,v;), then V(P) «— (v;,v0)
if 3P.C or VP.C € L(vg), V(C) =v
and V(P) = (vo, vo), then V(P) «— (v, v)
and V(P) = (v,vg), then V(P) «— (v,v)
if V(P) = (vo,v0) and V(Inv(P)) = (vo,v), then V(P) «— (v,vo)
if V(P) = (vo,v0) and V(Inv(P)) = (v,vp), then V(P) «— (vo,v)
if V(P) € {(vo,v0), (vo,v),(v,v9)} and V(Inv(P)) = (v,v), then
V(P) « (v,v)
until no change in V is triggered

Figure 6: A Decomposition into a Partitioning

Graph

return G(O)

Figure 7: Moving Entities

Finally, although the initial change in each partition-
ing step is chosen non-deterministically, it is possible
to prove that the result is deterministic and, given an
input ontology, the same partitioning graph will always
be obtained.

3) Generation of the modules: The module for each
entity is obtained from the partitioning graph using
the algorithm in Figure 9. According to the Figure,
if V(X) = v;, the module for X in O is the union of
all the axioms contained in the nodes that are acces-
sible from v; through a directed path in G(O). There
are cases, however, where the module computed that
way does not contain all the required axioms for sais-
fying Theorem 2. For example, consider the following
ontology:



-Algorithm MoveAxioms(G(O),v)
-Input: A partitioning graph G(O

The target node v in the current partitioning step
-Output: An updated partitioning graph G(O)

for each Axiom A € L(vo)
if A is of any of the following forms:
1)C C D and V(C) =V(D) =v
2)C(a) and V(a) =V(C) =v
3)P C Q, and V(P) = V(Q), with V(P) € {(v,vo), (v,v), (vj,v0)}
4)Trans(P) and V(P) € {(v,vo), (v,v)}
5)P(a, b) and V(P) =€ {(v, v0), (v, ), (15, v0)}
then L(vg) «— L(vo) — {A}
and L(v) «— L(v) U {A}
for each P, s.t. V(P) = (vo,v), do
L((vo,v)) < L((vo,v)) U{P} for each P € L((vj,vo)) with v; # v
if VX € BoundTo(P), V(X) = v, then
£((v7,v0)) = £((v, v0)) — {P}
if £L((vj,v0)) = 0 remove edge (vj, vo) from G(O)
if (vj,v) ¢ E, add edge (vj,v) to G(O)
£((vy.0)) = £((v;,0)) U {P}
return G(O)

Figure 8: Moving Axioms

-Algorithm GenerateModule(G(0O), X)
-Input: The partition graph G(O)

An entity X in O
-Output: The module I' for X in O

v — V(X)
T — L(v)
Add to I' all axioms in the label of the nodes accessible from v.
if £(v) has nominals, then
for each predecessot w of v in G(O)
Select any entity Z in £(w)
I' — I' U GenerateModule(G(O), Z)
return I’
for each predecessor w of v s.t. P(a,b) € L(w) with P € L((w,v))
Select any entity Z in L£(w)
I' «— I' U GenerateModule(G(O), Z)
return I’

Figure 9: Generation of Modules

O={CCVRB;BLCE
C(a) ; R(a,b)}

The partitioning algorithm would generate a graph with
two nodes v, w, with £(v) = {C T VR.B;C(a); R(a,b)}
and L(w) = {B C E} connected by an edge (v, w) with
L((v,w)) = {R}. The module T" for B would be just
I' = L(w); however O = B(b), which is not entailed
in I, thus violating Theorem 2. The problem is caused
by the presence of the axiom R(a,b), where R is in the
label of the edge connecting v and w. In these cases
(see Figure 9) we need to “backtrack” in the graph in
order to satisfy the theorem, and we would add the ax-
ioms in £(v) to the module for B. Similar effects could
occur in case w contained nominals (i.e. enumerations
of objects).

By construction, an entity cannot have two different
modules and, given two entities, their respective mod-
ules coincide iff they correspond to the same node in

G(0).

The fundamental advantage of our approach is charac-

terized by the following result:

THEOREM 2. The module I' C O for an atomic con-
cept A € Vo in O wverifies the following:
1.TE(ACB)< Ok (ALC B) for every B € Vi
2TE(BCA) < OE(BLCA) for every B € Ve
3. T E A(a) & O = A(a) for every a € Vi
4. A is satisfiable (unsatisfiable) in T iff it is satisfi-
able (unsatisfiable) in O

The module T' for a role P € Vi in O wverifies the fol-
lowing:

I.TE(PCQ)e O (PCQ) for every Q € Vg
TE(QCP) &0 E(QLP) for cvery Q € Vi

Lo o

. I' E Domain(P,A) & O | Domain(P,A) for
every A € Vo

4. T = Range(P,A) & O | Range(P, A) for every
AecVe

v

. ' E Transitive(P) < O | Transitive(P)

D

. I' &= Functional(P) < O |= Functional(P)

<

. T'}= P(a,b) & O |= P(a,b) for every a,b € Vy

The module T' for an individual a € Vi in O verifies the
following:

1. T = A(a) & O = A(a) for every A € Vo

2. T = P(a,b) & O = P(a,b) for every P € Vp,b €
Vi

3. T'|E P(b,a) < O |= P(b,a) for every P € Vg, b €
Vi

Moreover, the modules can be obtained in polynomial
time, as shown in the following theorem:

THEOREM 3. The algorithms described in Figures 4
and 9 are worst-case quadratic in the size of the input
ontology.

Given the way the partitioning graph is constructed, we
can ensure that the retrieved modules are the minimal
ones we can obtain:



Ontology | Concepts | Roles | Indiv. | Modules | Time(s)
OWL-S 51 54 9 17 0.29
NASA 1537 102 194 43 2.8
GALEN 2749 413 0 2 11
NCI 27652 71 0 17 45

Table 1: Some Partitioned Ontologies

THEOREM 4. Given an entity, its module is the min-
imal fragment satisfying the properties in Theorem 2
that can be obtained from the partitioning graph.

However, the modules we obtain are not the minimal
ones verifying Theorem 2. In particular, a node in a
partitioning graph may contain redundant axioms (see
example in Figure 1).

Finally, note that the partitioning algorithm presented
in this section is completely automatic. No user inter-
vention is required at any stage of the process.

5. IMPLEMENTATION AND DISCUSSION
We have implemented the partitioning algorithm on top
of Manchester’s OWL-API and provided a Ul in the on-
tology editor SWOOP3. We have applied our algorithm
to a set of OWL ontologies available on the Web.

Table 1 summarizes the results obtained for the follow-
ing relevant cases: the OWL-S ontologies about Web
Services, the NCI* Thesaurus and GALEN biomedical
ontologies and NASA’s SWEET-JPL ontologies on Earth
Sciences.

Leaf

‘J_I..(Oll‘llml'lﬂl[i Indep endent

- . components

Figure 10: Partitioning Graph for OWL-S

The OWL-S ontologies describe Web services and are
coupled together using owl:imports. We have collapsed

Shttp://www.mindswap.org/2004/SWOOP
4National Cancer Institute

the ontologies into a single one respecting the semantics
of owl:imports and applied the algorithm in Section 4
to the result. The partitioning graph is shown in Figure
10. The ontology exhibits a nice decomposition, since a
significant proportion of nodes correspond to indepen-
dent or leaf nodes (white and grey nodes respectively),
which is ideal for re-use. Interestingly, there is a im-
provement in modularity for every entity, in the sense
that every module is strictly smaller than the ontology
as a whole.

The NCI Thesaurus is a huge, carefully designed, on-
tology dealing with the biomedical domain. NCI has
become a reference terminology covering areas of basic
and clinical science, built with the goal of facilitating
translational research in cancer. It contains information
about diseases, drugs, anatomy, genes, gene products,
techniques, and biological processes, among others, all
with a cancer-centric focus in content. The decompo-
sition obtained for NCI, shown in Figure 11, exhibits
similar nice features as the one for OWL-S.

It is worth emphasizing here that, although the parti-
tioning graph has been used in this paper just as an
intermediate representation for obtaining modules, it
also has an intrinsic value for modeling. The partition-
ing graph provides interesting information about the
way the ontology has been modeled. First, the axioms
in the label of each node represent a well-defined sub-
domain within the ontology, intuitively disjoint from the
rest. For example, in NCI the knowledge about genes,
drugs, medical techniques, etc. are each represented in
a different node. These domains are pair-wise disjoint
in the sense that they do not share instances (a drug is
not a gene and vice-versa). The connections also pro-
vide interesting information, since they suggest which
domains within the ontology are most relevant. For ex-
ample, the graph for NCI shows that the node dealing
with genes is the one that contains the largest number
of “outgoing” edges, which implies that genes are cen-
tral to the ontology. Other nodes, like the one dealing
with anatomical structures, are “leaf components” in
the graph, and hence represent “secondary” domains.

GALEN is a large medical ontology, represented in the
Description Logic SHF, designed for supporting clini-
cal information systems. GALEN is conceptually com-
posed of a “Top level” (or upper) ontology, which con-
tains generic (i.e. domain independent) concepts like
“Process” or “Substance” and a Domain Ontology that
contains concepts such as “Gene” or “Research Institu-
tion”, which are specific to a certain application domain
[7]. One of the goals of this design, according to [7], is
to increase modularity by reducing the effort in mainte-
nance and enhancing re-use. However, GALEN cannot
be modularized, in the sense modularity is understood
in this paper. The main reason is the presence of the up-
per level ontology, which prevents a good partitioning.
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Figure 11: Partitioning Graph for NCI

Note that the preservation of the entailments provided
in Theorem 2 immediately enforces the existence of a
single node in the graph, since every concept and prop-
erty are ultimately a subsumed by the top concept and
role respectively. The small second partition obtained
just shows that there is an unused concept in the ontol-
ogy.

Finally, the ontologies within the Semantic Web for
Earth and Environmental Terminology (SWEET) con-

stitute NASA’s effort for providing a formalization of

the Earth Science domain. The SWEET ontologies in-
clude several thousand terms, spanning a broad extent
of Earth Science and related concepts using OWL °. As
in the case of OWL-S, we have collapsed the SWEET-
JPL ontologies into a single one respecting the seman-
tics of owl:imports and applied the partitioning algo-
rithm.

According to our results, SWEET-JPL is an example in
which the use owl:imports to produce an “ad-hoc” mod-
ularization of the ontology turns out to be misleading.
Our partitioning shows a mismatch between the phys-
ically distinct units (the imported ontologies) and the
semantically distinct ones. The partitioning also reveals
a significant number of small independent nodes. The
existence of these small independent chunks of knowl-
edge is hard to detect by direct inspection of the orig-
inal ontologies ¢ and is not desirable from a modeling
perspective, unless one actually wanted to evolve them
separately.

5The ontologies can be downloaded from
http://sweet.jpl.nasa.gov/sweet

S Actually, the use of owl-imports makes it even harder

6. CONCLUSION

In this paper, we have presented a method for automat-
ically identifying and extracting relevant fragments of
ontologies, called modules, with precise semantic guar-
antees. Our method encompasses the full expressive
power of OWL-DL and provides a good computational
performance. Our initial experimental results with real-
world ontologies show that for a significant number of
entities the modules we obtain can be notably smaller

than the original ontology, which facilitates re-use, process-

ability, understandability and maintenance.
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