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Abstract

The dynamic nature of ontology development has motivated
the formal study of ontology evolution problems. This paper
presents a logical framework that enables fine-grained inves-
tigation of evolution problems at a deductive level. In our
framework, the optimal evolutions of an ontology O are those
ontologies O’ that maximally preserve both the structure of
O, and its entailments in a given preservation language. We
show that our framework is compatible with the postulates of
Belief Revision, and we investigate the existence of optimal
evolutions in various settings. In particular, we present first
results on TBox-level revision and contraction in the ££ and
F Lo families of Description Logics.

Introduction

Ontologies written in the Web Ontology Language
(OWL) (Horrocks, Patel-Schneider, and van Harmelen 2003),
and its revision OWL 2 (Cuenca Grau et al. 2008b) are be-
coming increasingly important for many applications. The
formal underpinning of OWL is based on Description Log-
ics (DLs) — knowledge representation formalisms with well-
understood computational properties (Baader et al. 2003). A
DL ontology O typically consists of a TBox 7, which de-
scribes general (i.e., schema-level) domain knowledge, and
an ABox A, which provides data about specific individuals.

OWL ontologies are being extensively used in the clinical
sciences, where large-scale ontologies have been developed
(e.g., the NCI Thesaurus (NCT), the Foundational Model of
Anatomy (FMA), and SNOMED). These ontologies are not
static entities, but rather they are frequently modified when
new information needs to be incorporated, or existing infor-
mation is no longer considered valid (e.g., the developers of
NcI perform over 900 monthly changes (Hartung, Kirsten,
and Rahm 2008)). The impact of such changes on the se-
mantics of the ontology, however, is difficult to predict and
understand.

This dynamic nature of ontologies motivates the study
of ontology evolution from both foundational and practical
perspectives (Fridman Noy et al. 2004; Haase and Stojanovic
2005; Flouris et al. 2008; Qi and Du 2009; Calvanese et al.
2010; Wang, Wang, and Topor 2010b; Jiménez-Ruiz et al.
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2011; Konev, Walther, and Wolter 2008; Gongalves, Parsia,
and Sattler 2011).

In AI and Belief Revision, the process of “incorporating”
new information into a knowledge base (KB) is called re-
vision, whereas the process of “retracting” information that
is no longer considered to hold is called contraction (Al-
chourrén, Girdenfors, and Makinson 1985; Peppas 2007).
The properties that revision and contraction operators need
to satisfy are dictated by the principle of minimal change
(Alchourrén, Girdenfors, and Makinson 1985), according to
which the semantics of a KB should change “as little as possi-
ble”, thus ensuring that modifications have the least possible
impact. A distinction is often made between revision and up-
date, where the purpose of the latter is to bring the KB up to
date when the world changes (Katsuno and Mendelzon 1991;
Kharlamov and Zheleznyakov 2011; Liu et al. 2011). In this
paper, however, we use the term evolution to encompass
revision and contraction, and we do not consider here the
problem of update.

Logic-based semantics derived from the principle of
minimal change have been recently studied in the context of
ontology evolution. These semantics are either model-based
(MBS) or formula-based (FBS). Under both semantics, evolu-
tion of an LO-ontology O results in an LO'-ontology O’ that
incorporates (or retracts) the required information, and the
difference lies in the way O’ is obtained. Under MBS the set
of all models M of O is evolved into a new set M’ of models
that are “as close as possible” to those in M (w.r.t. some
notion of distance between models); then, O’ is the ontology
that axiomatises M’ (Qi and Du 2009; Giacomo et al. 2009;
Calvanese et al. 2010; Kharlamov and Zheleznyakov 2011;
Wang, Wang, and Topor 2010b; 2010a). MBSs, however,
suffer from intrinsic inexpressibility problems, even for
lightweight DLs such as DL-Lite (Calvanese et al. 2007),
where axiomatisation of M’ requires a DL with disjunction
and nominals (Kharlamov and Zheleznyakov 2011).

Under FBS, O’ is defined as a maximal subset of the de-
ductive closure of O (under LO-consequences) that satisfies
the evolution requirements. FBSs for DLs have been less
studied. In particular, existing results (Calvanese et al. 2010;
Lenzerini and Savo 2011) are restricted to DL-Lite, where
the closure of O is finite. It is unknown, however, how to
compute O’ if the closure of O is infinite, as is the case when
O is an £L ontology (Baader, Brandt, and Lutz 2005).



Approaches to ontology evolution typically adopted in
practice (especially when changes occur at the TBox level)
are essentially syntactic (Haase and Stojanovic 2005; Kalyan-
pur et al. 2006; Jiménez-Ruiz et al. 2011). Many such
approaches are based on the notion of a justification: a
minimal subset of the ontology that entails a given con-
sequence (Kalyanpur et al. 2005; Schlobach et al. 2007;
Kalyanpur et al. 2007; Pefialoza and Sertkaya 2010). For
example, to retract an axiom « entailed by O, it suffices to
compute all justifications for v in O, find a minimal sub-
set R of O with at least one axiom from each justification,
and take O = O \ R as the result of the evolution. This
solution complies with a “syntactical” notion of minimal
change: retracting « results in the deletion of a minimal
set of axioms and hence the structure of O is maximally
preserved. Furthermore, O’ is guaranteed to exist for expres-
sive DLs, and practical algorithms have been implemented
in ontology development platforms (Kalyanpur et al. 2007;
Suntisrivaraporn et al. 2008). By removing R from O, how-
ever, we may be inadvertently retracting consequences of O
other than «, which are “intended”. Identifying and recover-
ing such intended consequences is an important issue.

This paper presents a framework that bridges the gap
between logic-based and syntactic approaches to ontology
evolution. On the logic side we focus on FBSs, which deal
with formulae rather than models, and hence are closer in
spirit to syntactic approaches than MBSs. Roughly speak-
ing, evolution of an LO-ontology O is “triggered” by se-
mantic constraints C = (CT,C™) — sets of formulae in a
constraint language L£C specifying both the consequences
C™ that must hold in an evolved ontology (', and the con-
sequences C~ that cannot hold. The principle of minimal
change is reflected in our framework along two dimensions.
The first one is structural: ontologies are the result of a time-
consuming modeling process and thus O’ should not change
the structure of O in a substantial way. The second dimen-
sion is deductive: in addition to satisfying the constraints
C, O’ should, on the one hand, avoid introducing spurious
consequences that do not follow from O U C* and, on the
other hand, it should maximally preserve the consequences
of O in a given preservation language LP. Ontologies that
comply with the principle of minimal change along these
two dimensions are called optimal evolutions. To show that
our semantics does not lead to unexpected results, we dis-
cuss instantiations of our framework and establish a con-
nection with the revision and contraction postulates of Be-
lief Revision (Alchourrén, Giardenfors, and Makinson 1985;
Peppas 2007).

An important issue in our framework is expressibility (Can
an optimal evolution O’ of O be expressed in a given LO’ for
given C and LP?). If such 0’ exists, we aim at establishing
bounds to its size (Cadoli et al. 1999). We show that if LP is
finite (i.e., it has only finitely many non-equivalent sentences
for any finite signature) an optimal O’ exists provided that
the constraints themselves can be satisfied; this case already
extends all syntactic evolution approaches known to us and
also captures the scenario where L£P is DL-Lite. We then
address the challenging problem of expressibility when LP
is an “infinite” language and focus on the retraction of ax-
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ioms in TBoxes expressed in the lightweight DLs ££ and
its “dual” logic F L, (Baader et al. 2003). We show inex-
pressibility of optimal contractions in both cases when LP
coincides with the ontology language, even when retracting
a single subsumption between atomic concepts. Our nega-
tive results provide insights in the causes of inexpressibility,
so we then focus on £L (which is especially relevant for
bio-medical ontology modeling), investigate sufficient con-
ditions for expressibility, and study the size of the resulting
optimal evolutions. To the best of our knowledge, ours are
the first results on TBox-level revision and contraction be-
yond DL-Lite. Finally, we report on experiments in which
we study contraction in SNOMED. This paper is accompa-
nied with an online technical report containing all proofs
www.inf.unibz.it/"zheleznyakov/krfull.pdf .

Preliminaries

Our evolution framework is applicable to first-order logic
(FOL) rather than Description Logics. Our work, however,
is motivated by DL ontologies, so we will use DL terminol-
ogy throughout the paper. We assume standard definitions of
(function-free) FOL signature, predicates, sentences, inter-
pretations, satisfiability and entailment.

An ontology O = T U A consists of a finite set of sen-
tences 7 (the TBox) and a finite set of ground atoms A (the
ABox). A DL is a recursive set of ontologies closed under re-
naming of constants and the subset relation. Predicates in DL
signatures are either unary (called atomic concepts) or binary
(atomic roles). DLs use a specialised syntax, where variables
are omitted, and which provides operators for constructing
complex concepts (formulae with one free variable) and roles
(formulae with two free variables) from simpler ones, as well
as a set of axioms. For ¢ a concept, role, or (set of) axiom(s),
sig(€) denotes the atomic concepts, roles and constants in &.

An interpretation T for a DL signature ¥ is a pair Z =
(AT, .1), where A is a non-empty domain set and the in-
terpretation function - maps each constant a to an element
a’ € AT, each atomic concept A to a set AZ C AZ, and
each atomic role R to a relation RZ C AT x AZ, Many
DLs provide the T and L concepts, which are interpreted as
TZ = AT and L7 = (), respectively.

Let £ and £’ be DLs s.t. £’ C £ and O be an L-ontology.
The closure of O w.r.t. L', written Clz/(O) (or CI(O) when
L’ is clear from the context), is the set of all £’-axioms «
entailed by O. Let o € Clz/ (O), then [a] = {5 € Clz (O) |
B = a}. Clearly, [a] is an equivalence class in the quotient
set of Clz/(O) modulo logical equivalence.

The Description Logics ££ and F L

We next describe the specific DLs mentioned in this paper,
namely €L (Baader, Brandt, and Lutz 2005) and its “dual”
logic F L (Baader et al. 2003). Since we only mention these
logics in the context of TBox-level evolution, we omit the
definition of ABoxes.

Let £ be either £L£ or F L and let ¥ be a DL signature,
which we consider implicit in all definitions. The set of £-
concepts is the smallest set containing T, A, Cy M Cs, and
QRCwithQ = 3Jif L = ELand Q = Vif L = FLy,



for A an atomic concept, C', C; and Cy L-concepts, and R
an atomic role. For w = R; ... R,, a word of atomic roles,
Q € {3,V} and C a concept, we denote with Quw.C' the
concept QR;. ... QR,.C.

The quantifier depth of an L-concept is inductively de-
fined as follows, for A atomic, and C, C1, Cy L-concepts:
(i) depth(A) = 0; (ii) depth(QR. C') = 1 + depth(C); and
(iii) depth(Cy M Cy) = max(depth(Cy), depth(Cy)).

An L-axiom is of the form C; C C5, where C and Cs are
L-concepts (C7 = Cs is a shorthand for C; C C5 and Cy C
C1). An L-TBox is a finite set of £-axioms. The semantics
is standard. We denote with £™" the DL that only allows for
axioms A C B with A, B atomic.'

An EL-TBox 7T is normalised if it has only axioms of the
following forms, where A, B, Ay, As are atomic concepts
or T: AC B,AiMA; C B,3dJR.AC B,or A C 3R.B.
Each £L£-TBox T can be normalised into a TBox 7 that
is a conservative extension of 7 (Baader, Brandt, and Lutz
2005). The canonical model T+ of a normalised £ L-TBox
T is defined as follows:

o ATT = {v, | A €sig(T)U{T} isaconcept};

o ATT ={vp | T EBLC A};and

o RIT ={(va,vp)| T E AC 3R.B}.

Deductively, Zr is described by the basic closure BCI(T) of
T, i.e., the subset of CI(7") with all axioms of the form A C
B,or A C 3R.B, with A, B, R € sig(T) U {T}. The set
BCI(T) is of size polynomial in the size of T

Ontology Evolution Under Constraints

We next introduce our ontology evolution framework. Since
our framework is not restricted to any particular Descrip-
tion Logic, we adopt the general definition of a DL in the
preliminaries.

Semantic Constraints

Ontologies are dynamic entities, which are subject to frequent
modifications. Consider, for example, the development of an
ontology O, about disorders of the skeletal system, which
entails the following axioms:

(51 = Arthropathy C JointDisorder,
(B2 = ArthropathyTest C JointFinding,

1 = Arthropathy C JointFinding.

After close inspection, the developers of Og notice that v¢
is due to a modeling error and should be retracted, whereas
the other entailments are intended and hence the retraction
of ~y; should not invalidate them. These requirements are for-
malised in our framework using a constraint C = (C*,C™),
where CT specifies the entailments that must hold in the
evolved ontology and C~ specifies those that cannot hold.
In our example, we have C, = {B1, B2}, Cx = {11}, and
Cex = (CF,C3).

Definition 1. Let £C and LO' be DLs. An LC-constraint
is a pair C = (C*,C™), with C*,C~ € LC. We say that
O’ € LO' conforms to

LM is arguably the smallest DL and £™" C ££ N FLo.

139

o CT (written O' < CT)if O' =C*;
o C (written O' x C™)if O £ aforalla € C~; and
o C (written O' < C)if O' < C* and O’ x C~.

We say that C is LO'-conformant if there exists an ontology
O' € LO' such that O’ « C.

In general, C™ may contain new information to be incor-
porated in O, or information already entailed by O to be
preserved in the evolution; conversely, C~ may contain in-
formation in O to be retracted, or information not in @ that
must not be introduced by the evolution. A constraint C such
that C™ contains a tautology a, (i.e., ) = «) cannot be LO'-
conformant, regardless of LO'.

Let us assume that the following axioms about skeletal
disorders are also contained in Ogy:

01 = JointDisorder C SkeletDisorder N JointFinding,
02 = JointDisorder L dlocated.Joint,

03 = Jdlocated.Joint C Jlocated.Skeleton,

04 = SkeletDisorder = Disorder M Jlocated.Skeleton,

05 = Cortisone C Steroid M dtreats.JointDisorder.

Clearly, an ontology containing d; cannot conform to Ce;
in contrast, axioms d5-65 do not preclude conformance. The
following reasoning tasks are thus of interest.

(T1) Check if O’ conforms to C;
(T2) Check if C is LO'-conformant.

Task T1 amounts to checking entailment. Furthermore, as
shown next, task T2 also reduces to entailment checking
provided that £O' can express the constraints.

Proposition 2. Let C = (CT,C™) be an LC-constraint with
LC C LO'. Then, C is LO'-conformant iff either CT is
satisfiable and C* o< C~; or C~ = ().

Essentially, a constraint is conformant if its two compo-
nents CT and C~ do not contradict each other. The con-

straints in our running example are clearly £ £-conformant
since 1, B2 € EL where every ontology is satisfiable, and

{B1; B2} = 71

The Notion of an Evolution

The notion of conformance, however, does not yet establish a
connection between the original ontology O and the evolved
ontology (0'. The required connection is established by the
notion of an evolution.

Definition 3. Ler LO and LO' be DLs. An ontology O’

is an LO'-evolution of a satisfiable LO-ontology O under

constraint C = (C*,C™) if the following holds:

1. O e LO;

2. O xC; and

3. if CT is satisfiable, then an ontology Oy € LO exists s.t.
O = Oy, 01 UCT is satisfiable, and O1 UCT = O'.

With Evolyo(O,C) we denote the class of all LO'-
evolutions of O under C.



The last condition in Definition 3 essentially ensures that
O’ only entails “genuine” information that follows from
O U CT, thus preventing the introduction of logical con-
sequences unrelated to O and C *; furthermore, the main role
of ontology O in the definition is to preserve satisfiability
in the evolution whenever possible: if CT is satisfiable, then
every evolution O’ is guaranteed to be satisfiable as well. As
discussed later on, Condition 3 in Definition 3 makes our
notion of evolution compatible with the postulates of Belief
Revision, according to which unsatisfiable revisions are only
acceptable when the new information itself is unsatisfiable.

Definition 3 motivates the following reasoning tasks.

(T3) Check if O’ is an LO'-evolution of O under C;
(T4) Check if some LO'-evolution of O under C exists.

Task T3 amounts to entailment checking provided that
O UCT is satisfiable. The following proposition shows that
tasks T4 and T2 are inter-reducible, thus establishing a strong
connection between constraint conformance and existence of
an evolution.

Proposition 4. Let C be an LC-constraint where LC C LO'.
Then, Evol. o/ (O, C) is non-empty iff C is LO'-conformant.

In our example, O, = C = {B1, B2} is an evolution of
Oex- Although O, conforms to Cex and does not introduce
spurious entailments (in fact, it is the simplest ontology with
these properties), it is arguably not compliant with the prin-
ciple of minimal change, as it loses all information in Ogy
that is not in C}. (e.g., everything that follows from axioms
09-05).

Optimal Evolutions

The principle of minimal change is reflected in our framework
both structurally and deductively. On the one hand, O’ should
minimize alterations in the structure of (; on the other hand,
O’ should maximally preserve the entailments of O in a
given preservation language LP. Formally, our framework
defines a preorder > ~p over the class Evol, o/ (O, C), which
establishes a “preference” relation between evolutions based
on the aforementioned structural and deductive criteria. Our
definition of > /p uses the notion of entailment w.r.t. a DL
introduced in (Konev, Walther, and Wolter 2008).

Definition 5. Let LP be a DL. We say that an ontology Oy
LP-entails an ontology Oy if Oz = «implies O1 = « for
each o € LP. The binary relation > p over Evolzo/ (O, C)
is defined as follows: O >rp O} iff
1. O LP-entails O, and
2.0,Nn0CONO.

It is well-known that a preorder induces an equivalence
relation as given next.

Definition 6. The equivalence relation =p induced by
>rp is defined as follows: O} =pp O iff OF >,p O
and OY >rpp Of. Given O’ € Evolgo/ (O, C), we denote
with [O'] the equivalence class to which O belongs.

Ontologies in the same equivalence class are indistinguish-
able from the point of view of our framework: they coincide
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in their entailments over the preservation language, and they
contain the same axioms from O.

We can now establish a partial order - over the quotient
set, and define optimal evolutions as the ontologies belonging
to an > /p-maximal equivalence class.

Definition 7. The relations = pp and > ;p over the quotient
set Evolz o/ (O, C)\ =¢p are as follows:

o [0 =cp [O"]iff O >rp O"; and
o [0 -cp [0"iff [O] zcp [0"] and [O'] # [O"].

We say that O’ € Evol,0/(O,C) is LP-optimal if [O']cp is
a = pp-maximal element in Evol o/ (O,C)\ =,p.

In our example, the evolution O, = {1, B2} is not EL-
optimal: first, it does not include “harmless” axioms from Oy
such as d2-05; second, O~ does not entail consequences of
Oex such as JointDisorder T SkeletDisorder or Cortisone C
Steroid M Jtreats.SkeletDisorder, which do not cause ; to
be entailed.

Definition 7 thus motivates the following tasks.

(T5) Check if @’ is LP-optimal in Evol 0/ (O,C);
(T6) Check if an LP-optimal O’ € Evolzo/ (O, C) exists.

Note that there can be multiple £P-optimal evolutions of
O. In particular, each ontology in an > ,p-maximal class
is LP-optimal; furthermore, ontologies in the same >/ p-
maximal class are indistinguishable, whereas ontologies in
different > »p-maximal classes are incomparable. Hence, the
following additional task is also of interest.

(T7) Compute [some/all] LP-optimal evolutions.

In an application, it may be desirable to single out a “pre-
ferred” optimal evolution. This could be achieved, by im-
posing a preference relation over axioms in O (e.g., using
trust values), or by taking into account users’ feedback. Such
mechanisms, however, are application dependent and hence
external to our framework.

Framework Instantiations & Belief Revision

We next argue that our evolution semantics is theoretically
well founded, and does not lead to unexpected results. To this
end, we discuss several instantiations of our framework, and
establish a connection with the Belief Revision postulates.

No evolution. Intuitively, constraints C act as “triggers” to
the evolution of O. In particular, if O already conforms to
C and LO" = LO, then O should not evolve. The following
proposition ensures that our framework behaves as expected
in such situation, and (the equivalence class of) O is singled
out as optimal.

Proposition 8. Let LO' = LO = LC, let O € LO, let C be
an LC-constraint, and O « C.

Then, for each O" € Evolzo/(O,C) and each DL LP, O’
is LP-optimal iff O" € [O].

Revision. Revision is the process of accommodating new
information while preserving satisfiability whenever possi-
ble (Alchourrén, Gardenfors, and Makinson 1985; Peppas
2007). The new information is perceived as reliable, and it
prevails over all conflicting knowledge in the ontology. More



RI O (C*,0) € LO

R2 O« (CH ) = CF

R3 OUCHE O+ (C,0)

R4 If O UCT is satisfiable, then O * (CT,0) = OUCT
R5 IfCT is satisfiable, then O % (C*, () satisfiable

R6 IfC{ =CF, then O« (Cf,0) = O = (CF,0)

Cl O0=+(,C)eLo

2 0=0= (0,00

C3 IfO o C,then O = ((,C )E(’)

C4 IfQ £ C,then O =+ (@,C )ox C

C5 IfOEC ,then (O (0,C7)UC” EO
C6 IfC; =Cy,then O+ (0,C7) =0+ (0,C5)

Figure 1: Basic revision and contraction postulates in Belief Revision

precisely, the process of revision is formalised by means of
a revision function “x”, which maps each theory K in a lan-
guage £ and each L- formula @ to anew L-theory K * ; in
this setting, the principle of minimal change is formalised as
a set of postulates that each revision function ought to satisfy
(Peppas 2007; Alchourrén, Gérdenfors, and Makinson 1985).
Revision can be captured in our framework by using C*
to represent the new information and C~ to be the empty set.
Furthermore, since in Belief Revision no distinction is usually
made between the languages of K, ¢ and K * ¢, we will also
assume that that languages £O, LO' and LC coincide. In
this setting, revision functions can be defined as given next.

Definition 9. Let LO = LO' = LC and LP be DLs. A
revision function x is a binary function that maps each
LO-ontology O and each LC-constraint C of the form
C = (C*,0) to an ontology O * C such that

(i) O« C is LP-optimal in Evol 0/ (O,C); and

(i) IfC = CF, then O x (C,0) = O * (C, D).

Our next step is to show that revision functions as in Def-
inition 9 are consistent with the basic postulates of Belief
Revision. These postulates can be formulated in the context
of our framework as given in Figure 1. Postulate R1 says that
the result of the revision is also an ontology in the relevant
language; postulate R2 says that the new information always
holds after revision; postulate R3 and R4 together state that,
whenever the new information does not contradict O, there is
no reason to remove any information from O; postulate RS
says that satisfiability should be preserved whenever possible
(unsatisfiability is only acceptable if the new information
itself is unsatisfiable); finally, postulate R6 states that the
syntax of the new information is irrelevant to the revision
process.

Theorem 10. Let LO = LO' = LC and LP be DLs, and
let x be a revision function as in Definition 9. Then, function
x satisfies postulates RI to R6 in Figure 1.

Contraction. Contraction is the process of retracting infor-
mation that is no longer considered to hold. Like revision,
contraction is defined using a function “<+” mapping each
theory K and formula « to a theory K + a while satisfy-
ing a given set of postulates (Alchourrén, Girdenfors, and
Makinson 1985; Peppas 2007). Similarly to revision, con-
traction can be captured in our framework using a constraint
C by setting C™ = () and C™ to represent the information
to be retracted. Contraction functions can be defined in our
framework as follows.

Definition 11. Let LO = LO’ = LC and LP be DLs. A

contraction function = is a binary function that maps each
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LO-ontology O and each LC-constraint C of the form C =
(0,C™) to an ontology O =+ C such that

(i) O +Cis LP-optimal in Evolgo/(O C); and
(ii) IfC; =C5, then O = (Cy,0) = O = (Cy,0).

Contraction postulates can also be adapted to our frame-
work (Figure 1). Postulates C1 and C2 are self-explanatory;
C3 says that if O already conforms to C (i.e., it does not entail
any axiom in C™), then there is no reason to change O; C4
says that tautologies are the only sentences that cannot be
retracted; C5, called the recovery postulate, states that we can
get back the initial theory by first retracting some information
and then adding it back; finally, C6 is the analogue to R6.

Theorem 12. Let LO = LO' = LC, and LP be DLs, and
let =+ be a contraction function as in Definition 11. Then, =
satisfies postulates C1-C4, and C6 in Figure 1.

Our contraction functions satisfy all postulates except for
the recovery postulate. Consider our running example and
let O = {1,061} and C~ = {y1}. The ontology O =
{1, JointDisorder C SkeletDisorder} is L™"-optimal, so
let OL +C = 02 Since O2,UC™ £ §1, we have O4UC™ (£
oL, which falsifies CS5. Failure to satisfy C5 is hence intuitive

(and expected).

Syntactic Repair. We finally show that “syntactic ap-
proaches to contraction” in ontologies — often called on-
tology repair techniques (Kalyanpur et al. 2005; 2006;
Schlobach et al. 2007) — can be easily captured in our frame-
work using the empty preservation language.

Definition 13. Let O and U be ontologies s.t. O = U. A
syntactic repair of O for U is an ontology O’ C O s.t.

(i) O}~ aforeach « € U, and

(ii) forall 3 € O\ O, thereis o € U s.t. O' U{B} E a.

Syntactic repairs are in fact evolutions:

Proposition 14. Let LO = LO' = LC, and LP = 0. Let
O,U € LO, and O" € LO' be a syntactic repair of O for U.
Then, O € Evolpo/ (O, (0,U)) is LP-optimal.

Note that there can be exponentially many different syn-
tactic repairs of O for U; thus, the non-determinism inherent
to the choice of an optimal evolution already manifests itself
in syntactic approaches.

Computing Optimal Evolutions

Having established our framework, the focus in the remain-
der of this paper will be on the computation of £P-optimal
evolutions of an ontology O.



Algorithm 1: Evolution for finite LP
INPUT :O: satisfiable,
C = (C*,C7): LO'-conformant,
LP: finite and computable
OUTPUT : LO'-ontology O’

1 If C* is unsatisfiable, Return O’ := O UCT;

2 0,, := max. subset of O such that O,,, UCT is
satisfiable and (O,,, UC) x C;

3 Sti={a|acallp(sig(0)), and O | a};

4 S,, := max. subset of S! such that O,, UCT U S,,

is satisfiable and (O, UCT U S,,,) x C;
5 Return O’ := 0,,, UCT U S,,.

Existence of an optimal evolution critically depends on the
properties of preservation language £P. In particular, we will
make a clear distinction between finite and infinite languages,
as given next.

Definition 15. A DL L over a signature . is finite if for every
finite 2! C X there are only finitely many non-equivalent L-
sentences over Y. Otherwise, L is infinite. A finite DL L
is computable if an algorithm all; exists that given a finite
signature 3 computes a set allz(X') of non-equivalent L-
sentences over Y. such that any other L-sentence over Y./ is
equivalent to some o € all(X).

Finite Preservation Languages

Many practically relevant languages are finite and com-
putable as in of Definition 15; these include, for example,
propositional logic, the language £™", or the description
logic DL-Lite (Calvanese et al. 2007).

If LP is finite, an optimal L£P-evolution is guaranteed
to exist provided that the constraints are conformant; in-
deed, the closure Cl,»(QO) contains only finitely many non-
equivalent axioms, and thus the (non-empty) quotient set
Evol(O,C)\ =,p contains finitely many equivalence classes.
Furthermore, if £P is computable, then Algorithm 1 com-
putes one such L£P-optimal evolution.

Theorem 16. Ler LC U LP U LO C LO' and let entail-
ment in LO' be a decidable problem; let LP be finite and
computable, and let C be an LO'-conformant LC-constraint.
Then, Algorithm 1 computes an LP-optimal LO'-evolution
of a satisfiable ontology O under C.

Note that Algorithm 1 generalises the algorithm in (Cal-
vanese et al. 2010) for computing so-called Bold Evolution
Semantics for DL-Lite ontologies.

Infinite Languages: Inexpressibility

Many DLs, however, are infinite in the sense of Definition 15.
We next study the case where LP is infinite and present
inexpressibility results for 7Ly and £L.

More precisely, we consider the case where LP is ei-
ther FLqy or ££, and where £LO and LO’ coincide with
LP; for each choice of LP, we provide an LO-TBox T and
conformant constraints C for which no L£P-optimal evolu-
tion of 7 under C exists. We focus on the simplest case of
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contraction, where C~ consists of a single axiom of the form
A C B with A and B atomic concepts.

Inexpressibility for 7L,. Suppose that we want to re-
tract axiom <, in our running example from the singleton
TBox 7ex = {71} while maximally preserving all FL-
consequences of 7 w.r.t. X = sig(7) U {located}. Clearly,
the F L-closure of 7 w.r.t. 3 is an infinite set containing all
axioms Arthropathy M X C JointFinding with X an FL,-
concept over ¥; in particular, the following axioms «y, are in
the closure for each £ > 1:

Arthropaty M Vlocatedk.JointFinding C JointFinding.

Unfortunately, inexpressibility can already be shown in this
simple setting. Intuitively, each of these axioms «, can be
“recovered” without introducing the undesired consequence
~1; furthermore, no finite subset of these axioms entails the
remaining ones. As a result, one would need to recover an
infinite set of axioms in the closure to ensure maximality.

These intuitions can be made precise as given in the fol-
lowing lemma.

Lemma 17. Let 3 = {A, B, R} with A, B concepts and R
arole, let T = {A C B}, and let A be the following (infinite)
set of axioms:

A={ANVR"ZC B|neN,Z e {A, B}}.

Then, the following conditions hold:

(i) A C Clrg(T):
(ii) A AC B;
(iii) if a finite T' C Clz,, (T) satisfies T [~ A C B, then
there is a finite T’ C A s.t. TV =T, and
(iv) each o € A satisfies A\ {a} £ o

Lemma 17 immediately leads to an inexpressibility re-
sult for FLy: it suffices to consider 7 = {4 C B} and
C = (0, 7) and use Lemma 17 to show that no F L,-optimal
evolution of 7 under C exists.

Theorem 18. Let LO = LO' = LP = FLy and let LC =
LM There exists an LO-TBox T, and an LC-constraint of
the form C = (0, {a}) with O t~ « such that no LP-optimal
LO'-evolution of T under C exists.

Inexpressibility for ££. The logic ££ is not only more
useful for ontology modeling than F L, but fortunately it
also behaves better in terms of expressibility of optimal evo-
lutions. For example, consider the retraction of the axiom v
in Tex, which illustrated our inexpressibility result for F L.
The £L analogue to the F Ly-axioms «ay, in our example are
the following axioms o :

Arthropaty M Ellocatedk.JointFinding C JointFinding.

As in the case of F L, any subset of these axioms can be
included in an evolution of 7¢, without regaining 1 ; in con-
trast to the previous case, however, it suffices to recover the
following axiom, which entails all the others:

Arthropaty M Jlocated. T C Joint.

Inexpressibility results for £L originate from non-trivial in-
teractions between cyclic axioms of the form A C 3R.A and



of the form dR.B C B. The former axiomatises existence
of R-connected instances of A and entails all axioms of the
form A C JR™.A; the latter axiomatises recursion and en-
tails 3R™.B T B for each n € N. The “harmful” interaction
between these kinds of axioms is formally described by the
following lemma.

Lemma 19. Let T be the following £L-TBox:
T={ZC3RA AC3R.A JR.BC B, AL B}.
Furthermore, for each k € N, let

ar = ZCZ3RF.(ANB);
Br = ZLC3RF.B;
A = {o|1<i<k}.

Finally, let A = | J3—, Ay and let T' = T \ {A C B}. Then,
the following conditions hold:

(i) A C Clgs(T)s
(i) T"UA W AC B;
(iii) If a finite T C Clgo(T) satisfies T' CT and T = A C
B, then T' U Ay, =T for some k € N; and
(iv) T'U Ay W Biy1 foreach k € N.

Lemma 19 implies that, regardless of how large a sub-
set I' C Clgs(T) we pick as the result of contracting 7
with A C B while preserving 7", we can always find k& > 1
such that I' £ By and adding Si41 to I’ will not make
us recover the undesired entailment A C B. The following
inexpressibility result immediately follows.

Theorem 20. Let LO = LO' = LP = EL and let LC =
LM There exists an LO-TBox T, and an LC-constraint
C = (CT,{a}) withC™ C T and C* £ « such that no
LP-optimal LO'-evolution of T under C exists.

Contraction in ££

Lemma 19 suggests that inexpressibility can be overcome by
constraining the structure of 7; more precisely, one could
devise sufficient conditions for precluding in Clg(7) ei-
ther axioms of the form A T JR.A or axioms of the form
dR.B T B. The former can be achieved with a suitable
acyclicity condition; the latter involves precluding recursion.

In this section, we study &£ L-contraction under each of
these alternatives. For convenience, we restrict ourselves to
EL-TBoxes in normal form. We consider w.l.o.g. the case
where C~ = {a} with a € L£™"; furthermore, instead of
assuming C™ = (), we consider a slightly more general setting
where CT may contain a “protected” subset of axioms in 7~
that must survive the contraction.

In our technical results, we restrict ourselves to a preser-
vation language L£P that is a fragment of ££, and which we
call £L£C.

Definition 21. The DL ELC consists of all £L-TBoxes con-
taining only axioms of the form Z T 3w.Z', or of the form
Jw.Z' C Z, where w is a word of roles and Z, Z' are either
atomic concepts or T2

Note that w could be the empty word, in which case we have a
subsumption between atomic concepts.
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Figure 2: Graph for O = {1, 82,71,01, ... ,05}. Abbre-
viations: “SD”, “Arth”, “Skel”, “JD” and “Cort” stand for
SkeletDisorder, Arthropaty, Skeleton, JointDisorder, and
Cortisone, respectively.

Essentially, £L£¢ disallows conjunction, but allows for arbi-
trarily deep nesting of existential concepts on both the left and
right hand side of axioms. Thus, ££¢ is an infinite language,
in the sense of Definition 15.

Although extending this preservation language with con-
junction might increase the size of the computed optimal
evolutions by an exponential factor, we believe that £L£° is a
sufficiently large fragment of £ L to illustrate the key issues in-
volving existence of optimal contractions. (Note that the inex-
pressibility result that follows from Lemma 19 only relies on
the preservation of the ££° entailments 5, = Z C IR*.B).
We conjecture that the contraction algorithms presented in
this section can be extended to the case where LP = E£L,
and leave the details for future work.

Contraction in acyclic ££

We next study contraction for ££ TBoxes 7 under a suitable
acyclicity condition.

Acyclicity Our notion of acyclicity is formulated in terms
of the canonical model Z7 of T, and can be checked in
polynomial time w.r.t. the size of 7.

Definition 22. A normalised EL-TBox T with canonical
model Ty = (AT7,.I7) is acyclic if the graph (V, E) con-
sisting of nodes V.= {va | va € AIT} and (directed)
edges E = {(va,vp) | (va,vg) € RET for some role R}
is acyclic. With §('T') we denote the length of the longest path
in this graph. By EL% we denote the DL consisting of all
acyclic EL TBoxes in normal form.?

Our acyclicity condition generalises the usual acyclicity
condition in £L-terminologies (Baader et al. 2003; Konev,
Walther, and Wolter 2008); that is, the normalisation of each
acyclic £L-terminology is acyclic as in Definition 22. In
particular, the positive results presented in this section could
be applicable to reference bio-medical ontologies such as
SNOMED and (the £L versions of) NCI, which are acyclic
terminologies.

For instance, note that the (normalisation of) example on-
tology Oex = {f1, B2,71,01,-- ., 05} about skeletal disor-
ders is also acyclic. The interesting fragment of the graph

3The a in £L£ stands for “acyclic”.



Algorithm 2: AContr
INPUT 7 €EL% C=(CT,C7),suchthatCT C T,
C-={a}forae L™ and T ¥ C,
Ct o C~
OUTPUT:£L TBox T
1 7,, := max.subsetof 7 s.t. 7,,, x C~ & CT C Tyn;
28 ' ={a=Z1C 3w | T Eaand|w| <4iT)};
382 ={a=3wZ1C 2% |TEaad|w <4iT)};
4 S,, := max.subset of S; U Sys.t.7,, US,,, xC~;
58 ={a=FwZCZ|TEaand
|lw] € [6(T)+1,2%x6(T) +1]};
6 Return 7' = 7,, US,,, US>

corresponding to the (normalisation of) O as given in Defi-
nition 22 is depicted in Figure 2.*

Acyclicity of 7 immediately ensures that the closure
Clgz(T) cannot contain axioms of the form A T Jw.A
with A atomic and w a word of atomic roles. More generally,
acyclicity of T establishes a bound on the quantifier depth of
concepts that can occur on the right-hand-side of an axiom
derived from 7.

Lemma 23. Let T € EL°, let A be an atomic concept or
T, and let D an arbitrary EL-concept. If T = A C D, then
depth(D) < §(T).

In contrast to concepts on the right-hand side of derived
axioms, the quantifier depth of concepts on the left-hand
side is not limited by acyclicity, which makes ££% an infi-
nite language (e.g., recursive axioms such as 3R.B C B,
which entails 3R"™.B C B for each n € N, are allowed in
T). Adding an axiom of the form C' T D to an acyclic T
where depth(C) > §(T), however, will not introduce new
subsumption relations between atomic concepts in 7.

Lemma 24. Let T € ELY, let C and D be £ L-concepts,
and assume that depth(C) > §(T). If T - A C B with A
and B atomic concepts, then T U{C C D} = AC B.

The contraction algorithm Algorithm AContr (see Algo-
rithm 2) computes an £ £ -optimal contraction 7' of an £L°-
TBox 7. The algorithm works as follows.

In Step 1, a TBox 7,, € T conforming to C is (non-
deterministically) selected; this ensures that the output 7’
preserves a maximal syntactic subset of 7.(Note that ex-
istence of such 7, is ensured by the preconditions of the
algorithm). Steps 2 and 3 compute the subset S' U S? of
&L -axioms in Clg (7)) of quantifier depth at most §(7);
clearly, S! U S8 is finite and exponential in size. In Step 4,
the algorithm computes a maximal S,,, € S' U S? that can
be added to 7,,, without regaining «. At this point, Algorithm
AContr needs to consider the axioms in Clgze(7") with con-
cepts of quantifier depth greater than (7). By Lemma 23,

*For simplicity, we did not depict in Figure 2 the nodes
corresponding to T, Disorder, Steroid, ArthropatyTest and
JointFinding, as well as the nodes corresponding to the fresh con-
cepts introduced by normalisation.
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no such axiom of the form A; T Jw.A, exists; however,
T might entail £L-axioms of the form Jw.A; T Ay with
|w| > &6(T), and by Lemma 24 all such axioms must also
be entailed by each optimal evolution (since they cannot
make us recover «). Even if there can be infinitely many such
axioms, Algorithm AContr only computes in Step 5 those
of quantifier depth at most 2 x §(7) + 1, which we prove
sufficient. The intuition behind this bound is given by the
following example.

Example 25. Consider the following TBox T :
T={AC3R.C, CC3R.B,3IR.BLC B}

Clearly, T is acyclic with §(T ) = 2. Let us apply Algorithm
AContrto T,Ct = {AC 3JR.C,C C 3R.B} andC~ =
{A C B}.> We have T,, = C* and

S'=T,U{CCB,AC 3R.B};
S?={3RZCB,3R*ZC B|Zc{A B,C}};
Sm=S"U{3R.AC B,3R* AC B,3R>.C C B};
S*={3R*ZC B|Zc{A,B,C},3<k<5}.

The algorithm then returns T' = T, US,,, US®. To see that T'
is optimal, consider, for example, axiom 3 = 3R B C B,
which follows from T.

Note that we can decompose k = 10 as a sum of numbers
from 3 to 5 as follows: k = 3 X 2 + 4, since 3R> BLC B
and 3R*.B C B are in 83, we have T |= j3.

The following lemma makes the intuitions in Example 25
precise. In particular, it shows that if 3 = Jw. A C B with
|w| > 2 x §(T) + 1 follows from 7T, we can “decompose’
w and derive 8 from axioms in S°.

Lemma 26. Let T € EL and let o = Fw. Z,, T Zy be an
EL -axiom with |w| > (2 x 6(T) + 1) s.t. T = o Then,
there exists an integer { > 2, subwords uy, . .. ,u; of w, and
concepts {Yy, ..., Yy} Csig(T) U{T} where Yy, = Z,, and
Yo = Zg such that
(i) w=wujo...ouwithd(T) < |uj| < (2x§(T)+1);
(ii) T = 3u;.Y; CY,_y foreach j € [1,4].

We can now show the correctness of our algorithm.

>

Theorem 27. Algorithm AContr computes an £ L -optimal
evolution T' of T € EL® under C. Furthermore the size of
T is exponential in the size of T.

Contraction in non-recursive &L

We next study contraction for non-recursive £L-TBoxes. The
simplest non-recursive fragment of ££, which we call ££™",
is defined as follows.

Definition 28. The DL EL™" consists of all normalised € L-
TBoxes where neither (i) T nor (ii) concepts of the form
3R.C occur on the left hand side of axioms.

>For simplicity, we do not include in sets S* axioms that are
already entailed by 7,
The nrin EL™" stands for “non-recursive”.



Algorithm 3: NRContr

INPUT :7 € EL™,C = (CT,C7), such that
Ct CT,C ={a}forae L™ and
T&C,Ct o C™

OUTPUT:£L™ TBox T’

1 7,, := max. subset of 7 s.t. 7,,, x C~ & CT C T,;
2 S, := max. subset of BCI(T) s.t. 7, US,, x C~;
3 Return 77 := T, U S,,.

Note that ££"" can express cyclic axioms of the form
A C JR.A and hence EL™" ¢ EL%. Since EL allows for
axioms with 3R.C on any side, we also have £EL£* € EL"".
Furthermore, the normalisation of an ££-TBox 7 satisfying
properties (i) and (ii) in Definition 28 leads to a TBox in
EL™ . Note also that EL"" is an infinite language, e.g., the
ontology { A C JR.A} entails infinitely many axioms of the
form A T 3R™. A forn € N.

The contraction algorithm We describe algorithm
NRContr (see Algorithm 3), which computes an £L£°-
optimal contraction 7’ of a TBox T € EL"".

Step 1 is identical to Step 1 in Algorithm AContr. In Step 2,
Algorithm NRContr computes a maximal subset of axioms
in the basic closure of 7 that can be added to 7,,, without
recovering the undesired entailment .

The basic closure of any ££-TBox contains only axioms
in £L"", so the output 7" is an £L""-TBox; furthermore,
the basic closure is of size polynomial in the size of 7 (and
hence so is the output 77).

We next illustrate the intuition behind this algorithm with
an example.

Example 29. Consider the following £L™" -TBox:
T ={ZC3RA, AC3R.A, AC B}.

We apply NRContrto T, CT™ = {Z C 9R.A, A C JR.A},
and C~ = {A T B}. We then have that T,, = C" and
Sm = {Z C 3R.B, A T IR.B}; hence, the algorithm
returns T' = T, U Sp.”

To see that T is EL -optimal, we make two observations.
First, a TBox T € EL"" cannot entail £L -axioms of the
form Fw.C C C, unless C = T, which are then tautological;
note that EL™" does not allow for T on the L.h.s. of axioms,
and hence T |= T C C implies C = T.

Second, although T entails infinitely many axioms of the
form ap = A C AR*.B for k € N, these are entailed by
axioms A T AR.A and A T 3R.B, which are in T .

These intuitions can be made precise, and we can then
show correctness of our contraction algorithm.®

Theorem 30. Algorithm NRContr computes an EL°-
optimal evolution T' of T € EL"" under C. Furthermore the
size of T is polynomial in the size of T.
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|Sm | |S;, N L™ Time (s) # of

|T \ Tm| (max/avg/min) (max/avg/min) (avg) tests
1 150/24/0 52/5/0 135 52
2 282/76/7 96/24/0 217 51
3 616/206/9 195/70/0 176 51
4 822/447/92  257/138/26 169 39
5 826/530/281 281/162/75 165 42

Table 1: Summary of experimental results

Experiments

We have implemented an optimised version of Algorithm 1
for the particular case of contraction for a TBox 7 and an
LMM-axiom « (i.e., where Ct C T and C~ = {a}). Con-
cerning the preservation language, we have chosen the (finite)
language that extends LN with all axioms D C E, with D
and I (possibly complex) subconcepts occurring in 7.

In this setting, Step 2 in Algorithm 1 amounts to computing
a syntactic repair 7, of 7 for . Our implementation uses
the reasoner HermiT (Motik, Shearer, and Horrocks 2009)
and the OWL API facility for computing justifications.

We have applied our algorithm to a fragment of SNOMED
with 6802 atomic concepts. In each test, we have selected an
entailed subsumption relationship « at random and computed
the corresponding contraction; we have recorded the size
(number of axioms) in T \ 7, (Step 2 in Algorithm 1), the
size of S,,, (Step 4 Algorithm 1), the size of the £L™"-subset of
S, and the time overhead w.r.t. computing a syntactic repair
(i.e., the computation time for Steps 3-5 in Algorithm 1).

Table 1 summarises the obtained results. Since there is
a clear correlation between the number of axioms deleted
by the syntactic repair (i.e., |7 \ 7r,|) and the number of
recovered entailments (i.e., |S,,|), we have grouped our tests
according to |7\ T, |.

Note that S, contains surprisingly many axioms, espe-
cially when considering syntactic repairs that involve the
deletion of several axioms from 7. To estimate the degree of
redundacy in S,,, we have checked for each axiom o € S,,,
whether 7., U (S, \ {@}) = « and found that in more
than 95% of cases such entailment does not hold, and hence
« is likely to be non-redundant. Thus, a purely syntactic
approach to contraction would result in a substantial and un-
necessary loss of information; as shown in the table, such
loss of information is already significant if we consider £™"
as preservation language.

Finally, note that the computation of optimal contractions
implies an overhead of 2-4 minutes on average. Moreover,
this overhead does not depend on the size of S,,,. These times
are promising, considering that our implementation is an
early-stage prototype.

Conclusion and Future Work

We have presented a logic-based framework for ontology
evolution that can capture revision and contraction at a fine-

"For simplicity, we do not include in S, axioms that follow
already from 7,.
8 www.inf.unibz.it/"zheleznyakov/krfull.pdf



LO=LO  C efLmn [P Evol. size
FLo {a} FLy Inexpressible
EL {a} EL  Inexpressible
gL {a} ELS  Exponential
gLt {a} EL®  Polynomial

Table 2: Size of computed optimal evolutions, where « is an
atomic subsumption of the form A C B

grained deductive level. Our framework is novel and it opens
many possibilities for future research. In particular, many
challenging problems are left open; these include decidabil-
ity of checking whether an optimal evolution exists, and
complexity of computing optimal evolutions, among others.
The relationships between the problem of computing opti-
mal evolutions and other relevant reasoning problems, such
as computing the logical difference between DL ontologies
(Konev, Walther, and Wolter 2008), also need to be explored.

We have studied contraction for the DLs FLy and £L£
and shown that, in general, optimal contractions cannot be
expressed using finitely many axioms. Note that one could
potentially overcome these inexpressibility results by allow-
ing the “target” language L£O’ of the evolution O’ to be a
more powerful than the language £O in which the original
ontology O is expressed; however, on the one hand, LO’
might have much less favourable computational properties
than £O and, on the other hand, it might not be possible
to perform further contractions on the evolved ontology O’.
Furthermore, we conjecture that the inexpressibility results
presented in this paper for LO = £L and LO = F L, hold
even if LO' is an expressive DL such as SHZ Q (Horrocks,
Sattler, and Tobies 2000).

We have devised sufficient conditions for existence of fi-
nite optimal contractions and proposed suitable contraction
algorithms for such cases (see Table 2 for a summary of
our results). We are currently working on relaxing these suffi-
cient conditions and extending them towards ££ 7 (the logic
underpinning the OWL 2 EL profile), and we are also investi-
gating the applicability of our framework to the contraction
of ABox assertions.

To test the feasibility of our approach in practice, we
have performed contraction experiments on a fragment of
SNOMED using finite preservation languages. Our results
suggest that syntactic approaches to contraction (i.e., ontol-
ogy repair techniques) lead to a significant and unnecessary
loss of (non-redundant) information. Although, from a prac-
tical point of view, users may intend to recover only a part
of all this missing information, understanding the impact of
changes is important in ontology modeling (Konev, Walther,
and Wolter 2008; Jiménez-Ruiz et al. 2011), and knowing
which entailments could be “harmlessly” regained can be
very valuable. Finally, we are planning to integrate our imple-
mentation in the CONTENTCVS ontology versioning system
(Jiménez-Ruiz et al. 2011) and to make our contraction algo-
rithms for €L practical by making them more “goal oriented”
as well as by exploiting ontology modularisation techniques
(Cuenca Grau et al. 2008a).
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