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Abstract. Hybrid E£L£-TBoxes combine general concept inclusions
(GClIs), which are interpreted with descriptive semantics, with cyclic
concept definitions, which are interpreted with greatest fixpoint (gfp)
semantics. We introduce a proof-theoretic approach that yields a
polynomial-time decision procedure for subsumption, and present a
proof-theoretic computation of least common subsumers in ££ w.r.t.
hybrid TBoxes.

1 Introduction

The £L-family of description logics (DLs) is a family of inexpressive DLs whose
main distinguishing feature is that they provide their users with existential re-
strictions rather than value restrictions as the main concept constructor involving
roles. The core language of this family is ££, which has the top concept (T),
conjunction (M), and existential restrictions (Ir.C') as concept constructors. This
family has recently drawn considerable attention since, on the one hand, the
subsumption problem stays tractable (i.e., decidable in polynomial time) in sit-
uations where the corresponding DL with value restrictions becomes intractable.
In particular, subsumption in £L is tractable both w.r.t. cyclic TBoxes inter-
preted with gfp or descriptive semantics [3] and w.r.t. general TBoxes (i.e., finite
sets of GCIs) interpreted with descriptive semantics [6l4]. On the other hand,
although of limited expressive power, £L is nevertheless used in applications,
e.g., to define biomedical ontologies. For example, both the large medical ontol-
ogy SNOMED CT [I4] and the Gene Ontology [I] can be expressed in £L£, and
the same is true for large parts of the medical ontology GALEN [I2].

In some cases, it would be advantageous to have both GCIs interpreted
with descriptive semantics and cyclic concept definitions interpreted with gfp-
semantics available in one TBox. One motivation for such hybrid TBoxes comes
from the area of non-standard inferences in DLs. For example, if one wants to
support the so-called bottom-up construction of DL knowledge bases, then one
needs to compute least common subsumers (lcs) and most specific concepts (msc)
[5]. In [2], it was shown that the lcs and the msc in EL£ always exist and can be
computed in polynomial time if cyclic definitions that are interpreted with gfp-
semantics are available. In contrast, if cyclic definitions or GClIs are interpreted
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with descriptive semantics, neither the lcs nor the msc need to exist. Hybrid ££-
TBoxes have first been introduced in [§]. Basically, such a TBox consists of two
parts 7 and F, where 7 is a cyclic TBox whose primitive concepts occur in the
GClIs of the general TBox F. However, defined concepts of 7 must not occur in
F. It was shown in [8] that subsumption w.r.t. such hybrid TBoxes can still be de-
cided in polynomial time. The algorithm uses reasoning w.r.t. the general TBox
F to extend the cyclic TBox 7 to a cyclic TBox 7 such that subsumption can
then be decided considering only 7. In [7] it was shown that, w.r.t. hybrid ££-
TBoxes, the lcs and msc always exists and can be computed in polynomial time.

Both, the existing algorithm for deciding subsumption ([§]), and the algo-
rithms for computing les and mes ([7]) in ££ w.r.t. hybrid TBoxes include a
pre-processing step of normalization of the terminologies. Normalization is, con-
sequently, also required for the algorithms for deciding subsumption, and the
algorithms for computing lcs and mcs in ££ w.r.t. descriptive and greatest fix-
point semantics from [13]. This pre-processing step has two undesirable features.
From the complexity point of view, it causes quadratic blow-up of the terminolo-
gies, and thus, a quadratic blowup in the size of the input to the algorithms.
Even more important, especially in the cases of lcs and mcs, normalization re-
places the original concept definitions from the terminologies by new ones, by
introducing new concept names that occur in those modified definitions. For in-
stance, assume one wants to extend an existing large life-science ontology (and
those are usually not normalized) by adding just a single lcs of some two defined
concepts. The existing procedure results in quadratic blow-up of the entire on-
tology, its modification for all users of the ontology, and introduction of some
new (generic and unintuitive) concept names.

An approach for deciding subsumption in ££ that significantly differs from
the ones described in [3U6l4] was introduced in [9]. It is based on sound and com-
plete Gentzen-style proof calculi for subsumption w.r.t. cyclic TBoxes interpreted
with gfp semantics and for subsumption w.r.t. general TBoxes interpreted with
descriptive semantics. These calculi yield polynomial-time decision procedures
since they satisfy an appropriate sub-description property.

This paper shows that a polynomial-time decision procedure can be obtained
for deciding subsumption w.r.t. hybrid ££-TBoxes by combining the two calculi
introduced in [9]. Another contribution of this paper is a proof-theoretic com-
putation of lcs in £L£ w.r.t. hybrid TBoxes. In both cases, the normalization of
the ontologies is avoided, together with the undesirable features that come along
with it.

2 Hybrid £L£-TBoxes

Starting with a set N,,, of concept names and a set N,y of role names, £L£-
concept descriptions are built using the concept constructors top concept (T),
conjunction (M), and existential restrictions (Ir.C’'). The semantics of £L is de-
fined in the usual way, using the notion of an interpretation Z = (Dz,-Z), which
consists of a nonempty domain D7 and an interpretation function - that assigns
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Table 1. Syntax and semantics of £L£

Name Syntax Semantics

concept name A AT CD;

role name r rT C Dz x Dt

top-concept T T =D7

conjunction cnbD (cnbDyf=c*nD*

exist. restriction  Ir.C (FIr.C) ={z | Jy: (z,y) crf Ay CT}
concept definition A = C' AT =T

subsumption cCD ctcp?

binary relations on D7 to role names and subsets of D7 to concept descriptions,
as shown in the semantics column of Table Il A concept definition is an ex-
pression of the form A = C, where A is a concept name and C is a concept
description, and a general concept inclusion (GCI) is an expression of the form
C C D, where C, D are concept descriptions. An interpretation Z is a model of
a concept definition or GCI if it satisfies the respective condition given in the
semantics column of Table [[l This semantics for GCIs and concept definitions
is usually called descriptive semantics. A TBox is a finite set 7 of concept def-
initions that does not contain multiple definitions, i.e., {A = C,A =D} C T
implies C' = D. Note that TBoxes are not required to be acyclic, i.e., there
may be cyclic dependencies among the concept definitions. A general TBoz is a
finite set of GCIs. The interpretation Z is a model of the TBox 7 (the general
TBox F) iff it is a model of all concept definitions (GCIs) in 7 (in F). The
name general TBox is justified by the fact that concept definitions A = C' can
of course be expressed by GCIs A C C,C C A. However, in hybrid TBoxes to be
considered, concept definitions will be interpreted by greatest fixpoint semantics
rather than by descriptive semantics. We assume in the following that the set of
concept names N, is partitioned into the set of primitive concept names Nprim,
and the set of defined concept names Ngep. In a hybrid TBox, concept names
occurring on the left-hand side of a concept definition are required to come from
the set Ngor, whereas GCIs may not contain concept names from Nge;.

Definition 1 (Hybrid ££-TBoxes). A hybrid EL£-TBox is a pair (F,T),
where F is a general EL-TBox containing only concept names from Nprim, and
T is an EL-TBox such that A= C € T implies A € Ngey.

An example of a hybrid ££-Tbox, taken from [§], is given in Fig.[Il It defines the
concepts ‘disease of the connective tissue,” ‘bacterial infection,” and ‘bacterial peri-
carditis’ using the cyclic definitions in 7. The general TBox F states some proper-
ties that the primitive concepts and roles occurring in 7 must satisfy, such as the
fact that a disease located on connective tissue also acts on the connective tissue.
In general, the idea underlying the definition of hybrid TBoxes is the following:
F can be used to constrain the interpretation of the primitive concepts and roles,
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7. ConnTissDisease = Disease M Jacts on.ConnTissue
BactInfection = Infection M dcauses.BactPericarditis
BactPericarditis = Inflammation M Jhas loc.Pericardium
M dcaused by.BactInfection

F : Disease M Jhas loc.ConnTissue C Jacts on.ConnTissue
Inflammation C Disease
Pericardium C ConnTissue

Fig. 1. A small hybrid ££-TBox

whereas 7 tells us how to interpret the defined concepts occurring in it, once the
interpretation of the primitive concepts and roles is fixed.

A primitive interpretation J is defined like an interpretation, with the only
difference that it does not provide an interpretation for defined concepts. A
primitive interpretation can thus interpret concept descriptions built over Ny,
and Ny, but it cannot interpret concept descriptions containing elements of
Ngep. Given a primitive interpretation J, we say that the (full) interpretation
T is based on [J if it has the same domain as J and its interpretation function
coincides with J on Nppimy, and Nyge.

Given two interpretations Z7 and Z, based on the same primitive interpreta-
tion J, we define

T =7 Iy ,iff AT C A% for all A € Ny

It is easy to see that the relation < 7 is a partial order on the set of interpretations
based on J. In [3] the following was shown: given an ££-TBox 7 and a primitive
interpretation 7, there exists a unique model Z of 7 such that

— 7 is based on J;
— I’ <7 T for all models 7’ of 7 that are based on J.

We call such a model 7 a gfp-model of T.

Definition 2 (Semantics of hybrid ££-TBoxes). An interpretation T is a
hybrid model of the hybrid EL-TBox (F,T), iff T is a gfp-model of T and the
primitive interpretation J it is based on is a model of F.

It is well-known that gfp-semantics coincides with descriptive semantics for
acyclic TBoxes. Thus, if 7 is actually acyclic, then 7 is a hybrid model of (F,7)
according to the semantics introduced in Definition 2] iff it is a model of 7 U F
w.r.t. descriptive semantics, i.e., iff 7 is a model of every GCI in F and of every
concept definition in 7.
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3 Subsumption w.r.t. Hybrid £L£-TBoxes

Based on the semantics for hybrid TBoxes introduced above, we can now define
the main inference problem that we want to solve in this paper.

Definition 3 (Subsumption w.r.t. hybrid ££-TBoxes). Let (F,T) be a
hybrid EL-TBox, and A, B defined concepts occurring on the left-hand side of a
definition in T . Then A is subsumed by B w.r.t. (F,7T) (written A Coprr B),

iff AT C BT holds for all hybrid models T of (F,T).

Defining (and computing) subsumption only for concept names A, B defined in
7 rather than for arbitrary concept descriptions C, D is not a real restriction
since one can always add definitions with the right-hand sides C, D to 7.

Assume that the hybrid ££-TBox (F,T) is given, and that we want to de-
cide whether, for given defined concepts A, B, the subsumption relationship
A Cofp, 77 B holds or not. Following the ideas in [9], we introduce a sound and
complete Gentzen-style calculus for subsumption. The reason why this calculus
yields a decision procedure is basically that it has the sub-description property,
i.e., application of rules can be restricted to sub-descriptions of concept descrip-
tions occurring in F or 7.

A sequent for (F,T) is of the form C C,, D, where C, D are sub-descriptions
of concept descriptions occurring in F or 7, and n > 0. The rules of the Hybrid
EL-TBox Calculus HC depicted in Fig.[2 can be used to derive new sequents from
sequents that have already been derived. For example, the sequents in the first row
of the figure can always be derived without any prerequisites, using the rules Refl,
Top, and Start, respectively. Using the rule AndR, the sequent C' =,, D M E can
be derived in case both C' C,, D and C' C,, E have already been derived. Note
that the rule Start applies only for n = 0. Also note that, in the rule DefR, the
index is incremented when going from the prerequisite to the consequent.

cLC,C (Refl) CLC,T (Top) CLCoD (Start)

CC.E DC,E CC.D CC,.E
CNDC,E (AndLl) CNDC,E (AndlL2) CC,DNE (AndR)

CC,D
Ir.C C, Ir.D (Ex)

CC.D DC,C CC.E FLC,D
AC, D (DefL) DChi1 A (DefR) CC, D (GCI)
forA=CeT forA=CeT for EC FeF

Fig. 2. The rule system HC
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PC,P CTLC,CT

Infl C,, Infl D C, D PLC, CT
Infl C,, D 3hI.P C,, 30LCT
InflC, Infl DC, D  InfiIN3h.PC, D  InflM 3hL.P =, 3L.CT
Infl C,, D Infl A 3h1.P C,, DM 3hI.CT J20.CT C,, Ja0.CT
Infl 1 3h1.P C,, D Infl 1 3h1.P C,, Ja0.CT

Infl M 3hl.P C,, DM Ja0.CT
Infl M 3hl.P 1 3cb.BI C,, D M Ja0.CT
BP C,, DM 3ao.CT
BP C, +1 CTD

Fig. 3. An example of a derivation in HC

Fig. Blshows a derivation in HC w.r.t. the hybrid ££-TBox from Fig.[Il where
obvious abbreviations of concept and role names have been made. This derivation
tree demonstrates that the sequent BactPericarditis C,, 11 ConnTissDisease can
be derived for every n > 0. Note that we can also derive BactPericarditis =
ConnTissDisease using the rule Start.

The calculus HC defines binary relations C,, for n € {0,1,...} U {oco} on the
set of sub-descriptions of concept descriptions occurring in F or 7:

Definition 4. Let C, D be sub-descriptions of the concept descriptions occurring
inF orT. Then C C,, D holds, iff the sequent C C,, D can be derived using
the rules of HC. In addition, C' T D holds, iff C' C,, D holds for all n > 0.

The calculus HC is sound and complete for subsumption w.r.t. hybrid ££-TBoxes
in the following sense.

Theorem 1 (Soundness and Completeness of HC). Let (F,7) be a hy-
brid EL-TBox, and A, B defined concepts occurring on the left-hand side of a
definition in T. Then A ngp 71 B iff AT B holds.

A detailed proof of this theorem is given in [I1]. Though the rules of HC are
taken from the sound and complete subsumption calculi introduced in [9] for
subsumption w.r.t. cyclic ££-TBoxes interpreted with gfp-semantics and for
subsumption w.r.t. general ££-TBoxes interpreted with descriptive semantics,
respectively, the proof that their combination is sound and complete for the case
of hybrid £L£-TBoxes requires non-trivial modifications of the proofs given in [9].
Nevertheless, these proofs appear to be simpler and easier to comprehend than
the ones given in [8/10] for the correctness of the reduction-based subsumption
algorithm for hybrid ££-TBoxes introduced there.

In our example, we have BactPericarditis C., ConnTissDisease, and thus sound-
ness of HC implies that the subsumption relationship BactPericarditis C
ConnTissDisease holds.

It is not hard to show that Cg is the universal relation on sub-descriptions
of the concept descriptions occurring in F or 7, and that C,, 11 € C, holds
for all n > 0 (see [II] for a proof). Thus, to compute T, we can start with
the universal relation Ty, and then compute Cq,Co, ..., until for some m we

gfp. 7.7
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have C,, = C,,+1, and thus C,, = C. Since the set of sub-descriptions is
finite, the computation of each relation C,, can be done in finite time, and we
can be sure that there always exists an m such that C,, = C,, 1. This shows
that the calculus HC indeed yields a subsumption algorithm. Even more so, the
decision procedure will terminate in polynomial time. This can easily be seen
by noticing that we can compute each of the relations C,, in polynomial time
by performing the proof search for each pair of subconcepts of the TBox with
caching the intermediate derived subsumption pairs. Notice that the number of
subconcepts of the TBox is linear in the size of the TBox. Also, the maximal
number my of different C,,, relations corresponds to the case where C; and C; 14
differ in a single subsumption pair, for all 7 < mg. Thus, the total number of
different C,,, relations is bounded by the number of subsumption pairs +1, i.e.
bounded by a quadratic function in the size of the TBox.

A detailed description of the implementation of this decision procedure can
be found in [I5].

4 Computing Least Common Subsumer in ££ w.r.t.
Hybrid TBoxes

This section is dedicated to employing the developed proof-theoretic techniques
in calculating and showing the correctness of the computation of the least-
common subsumer of two defined concepts with respect to hybrid TBoxes. We
start by introducing the notion of a conservative extension of a hybrid ££-TBox.

Definition 5. Given a hybrid EL-TBox (F,T') we say that the hybrid TBox
(F,T") is a conservative extension of (F,7"), iff T' CT", and T' and T" have
the same primitive concepts and roles.

It is well known that the conservative extensions do not change the set of sub-
sumption pairs (see [2]), i.e. (F,7)E=CLC D, iff (F,T7') E C C D, for all sub-
concepts C, D occurring in (F, 7). This can also be shown in a proof-theoretic
way by noticing that C' Co, D can be derived in the HC calculus for (F,7), iff
it can be derived in HC for (F,7").

Notice that, for instance, &,,, Eoc and Ng.s are defined w.r.t. a concrete TBox.
That is why, in the cases where multiple TBoxes are concerned, superscripts are
used to specify the appropriate TBoxes. The following definition introduces the
notion of least-common subsumer in the hybrid setting.

Definition 6. (Hybrid lcs) Let (F,Ty) be a hybrid EL-TBox and A, B € N;;lf.
Let (F,Tz) be a conservative extension of (F,T1) with Z € Ngg . Then Z in
(F,T3) is a hybrid least-common subsumer (lcs) of A, B in (F,T1), iff the fol-

lowing conditions hold:

1. ACgfpr1 Z and B Cypp ri1, Z; and
2. if (F,T3) is a conservative extension of (F,T3) and D € Ngjf such that
ACyppr 1 D and B Cypp r1y D then Z Egpp 7o, D.
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Concept D from the previous definition is an arbitrary concept defined in some
conservative extension (F, 73). It would suffice, though, to restrict D to be arbi-
trary concept defined in 73 \ 77, i.e. it is sufficient to consider only newly defined
concepts for testing the condition 2 of the definition above. Indeed, if we want
to test whether Z Cyfp 7,7, D for D € N, dTelﬁ we can equivalently check whether
Z Cypp,r.1. Ap, where Ty consists of 7> with a definition D = Ap for a new
concept Ap.

One can observe that, as mentioned in the introduction, the existing algorithm
for computing lcs for £L£ w.r.t. TBoxes interpreted by greatest fixpoint semantics
from [I3], and the algorithm for computing les for £L w.r.t. hybrid TBoxes from
[7], strictly speaking, do not result in a conservative extension of the original
TBox due to the normalization step.

Assume now that, given a hybrid TBox (F,7T ), one wants to know the least
common subsumer of two defined concepts A and B occurring in a hybrid TBox.
We give a definition of an extension of the hybrid TBox which contains definitions
of lcs of defined concepts occurring in the original TBox.

Before doing so, consider the set subcon of all subconcepts of concept descrip-
tions occurring in the TBox (F,7) and consider the sets

ExRest = {C'| C € subcon and there is an r € Nyoe such that Ir.C' € subcon},
Npair  ={(C,D)| C,D € (Nj.; U ExRest)}, and
Prims = {C'| C € subcon and C' does not have elments of N4y as subconcepts}.

Notice that elements of Prims are concept descriptions built using only primitive
concept names and role names. Now we define the conservative extension of the
TBox as follows.

Definition 7. Let (F,7) be a hybrid EL-TBox. A conservative extension
(F,Ties) of (F,T) is obtained by adding to the (F,T) definitions

C,D)=611..N0,NX1MN...NX; N 3r1.(Cr,D1) M. 31y, (Cony, D)
for each (C, D) € Npqir, where:

1.0€{6r,...0:}, ifc Lo, DT 0, and 0 € Prims
2 X e{X1,.. X}, iff CCLT X, DELT) X, and X € NI ;

3. Ir.(r,0) € {Ir.(C1,D1),...; I .(Cry D)}, iff C gE,f’T) dr.r, D géf’ﬂ
Ir.o and (1,0) € Npgir-

Least common subsumer of two defined concepts A and B occurring in the TBox
will be newly defined concept (A4, B). Once the Eg ) relation is computed,
computation of the extension (F,7;.s) can be done by a simple computation in
polynomial time, and the resulting TBox is indeed a conservative extension of
the original one.

In what follows we show that the definition above provides computation of
lcs of two given concepts, i.e. that the least common subsumer of two defined
concepts A and B occurring in the TBox is the newly defined concept (A, B).
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What needs to be shown is that conditions 1 and 2 from Definition [6] hold for
all (A, B). In order to do so, we will simplify the discussion by restricting our
attention to those conservative extensions from condition 2 for which newly
added definitions are of a certain regular structure. Such an assumption, of
course, is done without loss of generality.

Definition 8. We say that a conservative extension (F,T") of the hybrid EL-
TBox (F,T) is obtained by adding normalized definitions modulo (F, 7)) if every
definition in T'\ T is of the form:

ZEP1I‘I...ITPmI‘IAll‘I...ITAkI_IEIrl.BlIT...I_IElrn.Bn

where P; is a primitive concept for every i = 1,...,m, A; is a concept defined
in T, for every i = 1,...,k, and B; is a concept defined in T' \ T, for every
j=1..,n.

The proof of the following proposition can be found in [T1].

Proposition 1. Let (F,T) be a hybrid EL-TBox, and (F,T UA;) some conser-
vative extension of (F,T). Then, there is a conservative extension (F,7T U As)
of (F,T) obtained by adding normalized definitions modulo (F,T) to it, such
that the set of defined concepts in (F, T U Ay) is a subset of the set of defined
concepts in (F, T UAz), and (F, TUA) ECLCD, iff(F,TUA) ECLCD
for every two concepts C and D defined in (F,T U A;).

This proposition shows that one can restrict the attention to the conservative
extensions obtained by adding the normalized definitions modulo a TBox when
checking for property 2 from the definition of lcs. Indeed, let @ be a concept
defined in a conservative extension (F,7 UA;) of hybrid TBox (F, 7T ), such that
@ subsumes both A and B. By the previous proposition, there is a conservative
extension (F,7 U Az) of the TBox (F,7) by normalized definitions modulo
(F,T), such that (A, B) will be subsumed by & w.r.t. (F,7 U A;), iff (A4, B)
is subsumed by @ w.r.t. (F,7 U A). In particular, (A4, B) will be subsumed by
every concept @ that subsumes both A and B w.r.t. an arbitrary conservative
extension of the TBox, iff it is subsumed by every concept @ that subsume both A
and B w.r.t. conservative extensions of the TBox obtained by adding normalized
definitions modulo (F, 7).

We continue by introducing a relation IF. We say that C'I- D, iff C' C,, D can
be derived for some n using only the rules that consider the left-hand side of a
sequent, i.e. (Ref), (AndL1), (AndL2), (DefLl) and (GCI). Notice that if C' C,, D
can be derived using only those rules for some n, then it can be derived for any
n. The following, rather technical lemmas are given here without proofs, which
can be found in [I1].

Lemma 1. Suppose that n > 0.

— FChm A, iff F T, Ca, where A= Cy is an aziom of the TBoz.

— F C, 3r.D, iff there exist o, 3, p such that F C,, o, I+ 3r.p and p &,, D
for some subconcept p of the TBoz, and o and [ being such that either
a=0=F oralf being a GCI from F.



320 N. Novakovié

Lemma 2. Let D, C and F be arbitrary subconcepts occurring in a TBox
(F, 7). If DC F and F C,, C, then D C,, C.

We are equipped now to show that our newly defined concepts are indeed the
subsumers.

Lemma 3. Let D and C be arbitrary concepts from Ng;f U ExRest. Then,
D E%}-’Tl“) (D,C) and C E%}-’Tl“) (D, C) for every n.

Proof. We give a proof of D C 7 Ttes) (D, C), proof of C' C,, (D, C) is analogous.
Proof is carried out by induction on n. For n = 0, D E(()f’Tl“) (D, C) follows
from the rule (Start). Assume now that D %) (D, C) holds for all I < n.

We prove that D giﬁfl“) (D,C). Let

(D,C)=6,1..M60, N X1 M...M X, M 3s1.(Dy,, Crny ) M ... 11354.(Dy, , Co,)

be the definition of (D,C) in the extended hybrid TBox (F,7j.s). Lemma [l
applied to this definition yields D CY 7<) (D, C), iff D C %) 6, 1.1 6, M
X1M...NX,MN3s1.(Dyy, Cny) M. M 3s4.(Dy,, Cry, ). Therefore, it is sufficient to
show D T %) g, 11...M6, N X1 M...N X, N3s1.(Dy,, Co, ) M...3s¢.(Dy,, Co, ).

Due to (AndR), one way to show this is to give a proof of D > Ties) 0; for

i=1,.,k, D E%}-’Tl“) X; fori=1,..,u, and D E%}-’Tl“) 3s;.(Dy;, Cr,) for
j=1,..t.
- D Q%}-’Tl“) 6;: by Definition [, D g&f’%) ;. Therefore, by definition of
c %) p T g, for i = 1, k. Similarly, D T 7 X,

- D E&Lf’T’”) 3s;.(Dy;, Crn,): by Definition [, D g&f’%) ds;.Dy;, therefore
D g%f’T‘“) ds;.Dy,. Since both D;; and C,,; belong to the Ng.y U ExRest,
induction hypothesis can be applied and it yields Dy, E%f’ﬁcs) (Dy;, C,).
Then, 3s;.Dy, C 7 Tres) 3s;.(Dy,, Cp;) follows by applying the rule (Ex).
Since D C°7*) 3s;.D;,, Lemma Bl yields D T ") 3s;.(Dy,, C, ).

By definition of gé{?%), and due to the soundness of HC, both A and B are

subsumed by (A, B), for all defined concepts A and B in (F, 7).
We give here another technical property of conservative extensions and IFF>7)
relation.

Lemma 4. Let (F,73) be an arbitrary conservative extension of (F,T). If o is
a subconcept occurring in (F,T) and o IFFT2) Jp 7, then Ir.r is a subconcept
occurring in (F,T).

Finally, we show the minimality condition.

Lemma 5. Let (F,T3) be a conservative extension of (F,Tis) by normalized
definitions modulo (F,7jcs). Let D and C be two concepts from Ng;f U FxRest,
and let @ be a concept defined in To\ T. If D Eg’ﬁ) ® and C Eg’ﬁ) ®, then
(D,C) E%}-’Tz) @, for every n.
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Proof. Assume
®=0MN...N0,NX1MN..MNX,MN3r{.¢; M ..M 3Ir.d

is a definition in 73\ 7. Here, 0;, for i = 1, .., k, is an element of Prims ( from the
definition of (F, 7jcs)), (and in the case @ is defined in 75 \ 7j.s, it is a primitive
concept). X;, for i = 1,..,u, is a concept defined in (F,7;s) (in 7 in the case
& is defined in 7j.s), while @;, for i = 1,...,1 is a concept defined in 75 \ 7 (in
Ties \ T in the case @ is defined in 7j.). Again, proof is carried out by induction
on n. Forn =0, (D,C) E(()f’TZ) & follows from the rule (Start).

Assume now that (D, C) E,(f’%) & for all k < n. We prove that (D, C) Egﬁ’lﬁ)

@. One of the properties of the E%f’Tl‘”) relation, shown in Lemma[Il in our case

yields (D,C) TV @ iff (D, C) Y™ 0,1 M0, N X0 111X, M3y 1
... 1 3r.@;. Therefore, it suffices to prove (D, C) E%}-’Tz) f1M...Me,NX ... n
X, M 3r. @ M ... M 3r.Pp. Again due to (AndR), one way to show this is to give
a proof of (D,C) T 0, for i = 1,...k, (D,0) CY™ X, for i = 1,...,u,
and (D,C) CY7 3r,; @ for j =1,...,1.

— (D,C) C,, 0;: by soundness and completeness of HC, D Eg’ﬂ’) @ implies
D géf’m 0;, similarly, C gé{?%) 0;, and therefore 6; occurs on the right-
hand side of the definition of (D,C) by Definition [7 since 6; belongs to
Prims. Therefore, (D, C) E&Lf’%) 0; follows from completeness of the HC
calculus and the fact that (D, C) C 6; holds in all models of (F,T).

— (D,C) C,, X;: we distinguish two cases

1. X; is defined in 7: by soundness and completeness of HC, D g&f’T“‘) 0]
implies D Q()f T2) X, similarly, C g&f T2) X, and therefore X; occurs
on the right-hand side of the definition of (D, C) by Definition [l Thus,
(D,C) E%f’T’") X; follows from completeness of the HC calculus and the
fact that (D, ) C X; holds in all models of (F,T).

2. X, is defined in 7.5 \ 7: then, X; is of the form (v,6). By soundness

and completeness of HC, D Cx @ implies D v, 0), similarly,

C géf T2) (7,9). Now, the induction hypothesis can be applied, since
(7,9) is defined in 7;.s \ 7 C 75\ 7, and it yields (D, C) C,, (v,9).

- (D,0) gﬁf’m dr;.@;: again, by soundness and completeness of HC,
D 8™ @ implies D £ 3r;.0; and ¢ £ @ implies ¢ £
3r;.®;. By Lemma [Il this means that there exist concepts «, 8 and p and
such that

DCY ™ o, BIHET) I, p. pT™) @,
ccl™ ay, b HFT) arj.p1, p1 c& ™ D

where a C e ForD=a=0;a1 C 1 € ForC =« =pf;and p and
p1 are some concepts occurring in (F, 73).
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This further implies D C 72 drj.p by applying rule (Concept) to
D E%f’T’") o and (3 E%}-’TQ) Jr;.p for every n. Analogously, C gﬁ,f’%) drj.p1.

Lemma @ applied to 8 I-772) 3r;.p and By IF72) Ir;.p; yields the fact
that 3r;.p and 3r;.p; are concepts from (F,7 ). Even more, they are from
EzxRest.

Now, the induction hypothesis can be applied to p gé{f T2) $; and
p1 CS™) &, to obtain (p,p1) T ™ &,. On the other hand, by Defini-
tion [7} 3r;.(p, p1) is one of the conjuncts in the definition of (D, C). Now,
(D,C) E%f’T’") Jr;.®; can be derived from (p, p1) cF %) &;, by applying
(Ex) rule, (AndL1) or (AndL2) rules several times and (DefL) in the end.

Again, due to the soundness of derivations in HC, considering defined concepts
A, B and the corresponding (A, B), we have that (A, B) is subsumed by every
concept defined in 75\ 7 that subsumes both A and B. (We use notation from the
previous lemma.) By the comment after Definition [6, this conclusion is sufficient
to show property 2 from the definition of hybrid lcs.

Notice also, that, as shown before, the assumption made on the added defini-
tions within the conservative extensions, namely the assumption of them being
normalized modulo the TBox, does not cause loss of generality.

Combined with the previously shown property 1 from the definition of hybrid
lcs, this proves the following theorem.

Theorem 2. The concept description (A, B) from the extended hybrid TBox
(F,Ties) is a least common subsumer of A and B w.r.t. the hybrid TBox (F,T).

5 Conclusion

In this paper, we have described a Gentzen-style calculus for subsumption
w.r.t. hybrid ££-TBoxes, which is an extension to the case of hybrid TBoxes
of the calculi for general TBoxes and for cyclic TBoxes with gfp-semantics
that have been introduced in [9]. Based on this calculus, we have developed a
polynomial-time decision procedure for subsumption w.r.t. hybrid ££-TBoxes.
The second result described in this paper was the proof-theoretic computation of
least common subsumers w.r.t. hybrid ££-TBoxes. We provide a technique that
avoids the undesirable features of normalization. Since the main motivation for
considering hybrid TBoxes was that, w.r.t. them, the lcs and msc always exist,
the natural next step is to develop a proof-theoretic approach to computing the
msc, and we currently investigate that possibility. Other future work in this
direction is to try to extend the described techniques to more expressive DLs
from the £L£ family.
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introducing me into the topic, his valuable advices and supervision of the work,
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