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Abstract. Completion-based algorithms can be employed for comput-
ing the least common subsumer of two concepts up to a given role-depth,
in extensions of the lightweight DL L. This approach has been applied
also to the probabilistic DL Prob-£L, which is variant of &£ with sub-
jective probabilities. In this paper we extend the completion-based lcs-
computation algorithm to nominals, yielding a procedure for the DL
Prob-£L£0O%.

1 Introduction

The least common subsumer (lcs) is a reasoning service that generalizes a set
of input concept descriptions into a single concept description that subsumes all
the input concepts and is the least one w.r.t. subsumption. This inference has
turned out to be quite useful for a number of applications, like the definition of
similarity measures for concept descriptions [5,7], the bottom-up construction
of knowledge bases [4], information retrieval, and more (see [6, 16]).

In particular, for large biomedical ontologies the lcs can be used effectively to
aid construction and maintenance. Many of these biomedical ontologies, notably
SNOMED CT [12]and the Gene Ontology [1], are written in the EL-family of
lightweight description logics.

An interesting extension of L that still admits tractable reasoning is the
use of nominals. Nominals basically allow to characterize a concept in terms
of specific individuals. Nominals are also admitted in the OWL 2 EL profile of
OWL [14] and thus are interesting to practical applications. For the EL-family
of DLs there exist completion-based classification algorithms [3] that compute
all the subsumption relations between all named concepts and nominals in an
ontology in polynomial time. Kazakov et al. showed in [11] that the original
completion algorithm is indeed incomplete for ELO and introduced a complete
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consequence-based classification algorithm for this DL. This algorithm is a vari-
ant of the completion-based algorithm, with the additional benefit of exhibiting
a pay-as-you-go behavior, and thus allows for efficient implementation.

Another extension of EC is Prob-£L [13], which allows the modeling of un-
certain knowledge by introducing probabilistic constructors. Prob-£L uses sub-
jective (or Type-2 [10]) probabilities, which correspond to degrees of belief and
are interpreted using a multiple-world semantics. For example, in Prob-£L one
can express that obese people are likely to have high pressure, without requiring
every obese person to be hypertense, using the GCI

Obese T P> g3hasCondition.HighPressure.

A completion algorithm for classifying TBoxes in the sublanguage Prob-& 521 of
Prob-£L was described in [13].

For general ££-TBoxes with cyclic concept definitions, the lcs may not exist,
as it may require an infinite nesting of existential restrictions to be expressed.
Therefore, an approximation has been introduced in [16], that limits the maxi-
mal nesting of quantifiers of the resulting concept descriptions. These approxi-
mations, called role-depth bounded les (k-1cs), can be computed for EC with role
inclusions by using completion sets produced by the completion-based classifi-
cation algorithm [8].

In this paper, we give a classification algorithm for the classic DL ELO intro-
duced in [11] in terms of the completion algorithm in order to extend the k-lcs
to this DL. Furthermore, we extend the completion algorithm for (a moderate
form of) subjective probabilities to nominals, which results in a classification
algorithm for the DL Prob-££0O%". In this direction, we correct a small error
from the algorithm in [13] that caused it to be incomplete. From this algorithm,
we develop an algorithm that computes the k-lcs for Prob—é'[,(’)gl. We show
that for both lcs approximations, the resulting concept description subsumes all
input concepts, and is the least one w.r.t. subsumption. Thus, if the exact lcs
exists for some role-depth bound n, then the k-lcs is exact for £ > n. Recently,
necessary and sufficient conditions for the existence of the lcs w.r.t. general EL-
TBoxes have been devised [17]. By the use of these conditions the k for which
the role-depth bound lcs and the lcs coincide can be determined, if the lcs exists.

The paper is organized as follows. First, we introduce some basic notions.
In Section 3 we give a completion algorithm for ££ with nominals and extend
the k-les algorithm to this DL. The completion-based classification algorithm
for Prob—ECOgl is devised in Section 4, along with the algorithm for the k-lcs
for this probabilistic DL. We end with conclusions and remarks on future work.
The main proofs of Section 4 have been deferred to the appendix.

2 Preliminaries

ELO-concept descriptions are built from mutually disjoint sets N¢o of concept
names, Ny of role names and Nj of individual names using the syntax rule:

C,D:=T|A|{a} | CND|IrC,



Table 1. Concept constructors and TBox axioms for ELO.

Syntax Semantics
named concept A (A€ N¢) AT Cc AT
top concept T AT
nominal {a} (a€ N;) {a}* ={a*}
conjunction cnbD (cnD)t=ctnb*
existential restriction 3r.C' (r € Ng) (3Ir.C)* ={d € AT | Ze.(d,e) € rF Aec CT}
GCI CCD c*t cp*

where A € N, r € Ng and a € Ny. As usual the semantics of ELO-concepts are
defined by means of interpretations. The semantics of named concepts and roles
are extended to concept descriptions as shown in the upper part of Table 1.

An ELO-TBox consists of a finite set of general concept inclusion axioms
(GCIs) of the form C T D. We use C' = D as an abbreviation for C = D and
D C C. With Sig(T) we denote the signature of a TBox T, i.e., the set of all
concept, role, and individual names that occur in 7. An interpretation is a model
for a TBox if it satisfies all its GClIs, as shown in the lower part of Table 1.

The central inference discussed in this paper is the least common subsumer
(les) of two concept descriptions, i.e., to compute a concept that subsumes both
and is the least one w.r.t. subsumption. Since the lcs does not need to exist for
general EL-TBoxes [2], we follow the idea from [16] and compute an approxima-
tion of the lcs that limits the role depth (rd(C)), i.e., the maximal nesting of
quantifiers of the resulting concept C:

Definition 1 (Role-depth bounded lcs). Let £ be a DL, T be an L-TBox
and k € N. The role-depth bounded least common subsumer of two L-concept
descriptions C1,Cy w.r.t. T (written: k-lcsy(Cy,C2)) is the L-concept descrip-
tion D s.t.:

1. rd(D) < k,

2. C1Cy D and Cy Ty D, and

3. for each L-concept description E holds: C1 T+ E and Co Ty E and
rd(E) < k, implies D Tt E.

For the DLs considered in this paper, the k-lcs is unique up to equivalence for a
given k; thus we speak of the k-lcs.

3 The k-lcs in ELCO

The algorithms to compute the role-depth bounded lcs are based on completion-
based classification algorithms for the corresponding DL. For E£O, a consequence-
based classification algorithm is given by Kazakov et al. in [11], building upon
the incomplete completion algorithm developed in [3]. The completion algorithm
presented next adapts the ideas of the complete algorithm.



3.1 Completion Algorithm for Classification of ELO-TBoxes

The completion algorithms works on normalized TBoxes. We define for ELO the
set of basic concepts for a TBox T as

BCr = (Sig(T) N (Nc UNp))U{T}.

An ELO-TBox T is in normal form if every GCI contained in 7T is of one of the
forms:
ACB, A\MA C B, AC I.B, or ar. AC B,

with A, A1, Ao, B € BCy. All ELO-TBoxes can be transformed into normal form
in linear time by applying a set of normalization rules similar to those given
in [3].Before describing the completion algorithm in detail, we introduce the
reachability relation ~» g, which plays a fundamental role in the correct treatment
of nominals [3, 11].

Definition 2 (~g). Let T be an ELO-TBox in normal form, G € N¢ a concept
name, and D € BCy. G~grD iff there exist roles r1,...,r, and basic concepts
Ag,..., A, By,..., By, € BCr, n > 0 such that A; T3 B; for all 0 < i < n,
B, 1 C3r;.A; €T foralll <i<mn, Aq is either G or a nominal, and B,, = D.

Informally, the concept name D is reachable from G if there is a chain of ex-
istential restrictions leading to D that starts either with G or with a nominal.
This implies that, for G~ gD, if the interpretation of G is not empty, then the
interpretation of D cannot be empty either. This, in turn can cause equivalence
of concepts, e.g. |[AT| > 0 and A C {b} implies A = {b}.

The basic idea of the completion algorithm for EC (without nominals) is to
store all basic concepts that subsume a concept A € (Sig(T) N N¢g)U{T} in its
subsumer set S(A) and and all basic concepts B for which 3r.B subsumes A in
the subsumer set S(A,r). These completion sets are then extended using a set
of completion rules. However, with nominals the algorithm needs to keep track
of completion sets of the form S%(A) and SY(A,r) for every G € (Sig(T) N
N¢) U{T}, since the non-emptiness of an interpretation of a concept G may
imply additional subsumption relationships for A. The completion set S&(A)
for A € BCy therefore stores all basic concepts that subsume A under the
assumption that G is not empty. Similarly S¢(A,r) stores all concepts B for
which 3r.B subsumes A under the same assumption. For every G € (Sig(7) N
N¢) U{T}, every basic concept A and every role name r, the completion sets
are initialized as S¢(A) = {A, T} and S“(A,r) = (). The completion sets are
then extended by applying the completion rules adapted from [11] and shown in
Figure 1 exhaustively.

It can be shown that the algorithm terminates in polynomial time, and is
sound and complete for classifying the TBox 7 [11]. In particular, if no rules are
applicable the completion sets have the following properties.

Proposition 1 ([11]). Let T be an ELO-TBox in normal form to which the
completion rules have been applied ezhaustively, C, D € BCy, r € Sig(T) N Ng,
and G = C if C € Ng and G = T otherwise. Then, the following properties
hold:



ORl If A; € S°(A), AAC BT and B ¢ S9(A), then S¢(A) := S°(A) U {B}
OR2 If A;,As € S9(A), AiNA;C BeT and B ¢ S¢(A),
then SY(A) := S°(A) U {B}
OR3 If A; € S9(A), AACIBe T and B¢ S°(A,r),
then S¢(A,r) := SY(A4,r)U{B}
OR4 If B€ S9(A,r), B1 € S9(B), I Bi CC €T and C ¢ S°(A),
then S¢(A) := S¢(A)u {C}
Ors If {a} € S9(A1) N S%(A2), G~rA2, and Ay ¢ SC (A1),
then SG(A1) = SG(Al) @] {AQ}

Fig. 1. Completion rules for ELO

CCrD iff DeS%C), and
C T 3r.D iff there exists E € BCy such that E € S¢(C,r) and D € S¢(E).

We now show how to use these completion sets for computing the role-depth
bounded Ics for ELO-concept description w.r.t. a general ELO-TBox.

3.2 Computing the Role-depth Bounded ELO-Ics

In order to compute the role-depth bounded lcs of two ELO-concepts C' and D,
we follow an idea very similar to the one presented for ELR-concepts in [8], where
we compute the cross product of the tree unravelings of the completion graph for
C and D up to the role-depth k. Clearly, in the presence of nominals, the right
completion sets need to be chosen such that they preserve the non-emptiness of
the interpretation of concepts derived by ~~g.

An algorithm that computes the role-depth bounded ELO-Ics using comple-
tion sets is shown in Figure 2. In the first step, the algorithm introduces two
new concept names A and B as abbreviations for the concepts C and D, and the
augmented TBox is normalized. The completion sets are then initialized and the
completion rules from Figure 1 are applied exhaustively, yielding the saturated
completion sets. In the recursive procedure k-lcs-r for concepts A and B, we first
obtain all the basic concepts that subsume both A and B from the sets S4(A)
and SB(B). For every role name r, the algorithm then recursively computes the
(k—1)-lcs of the concepts A’ and B’ in the subsumer sets S4(A,r) and SB(B,r),
i.e. for which A C+ 3r.A’ and B T4 Jr.B’. The resulting concepts are conjoined
as existential restrictions to the resulting k-lcs.

The algorithm only introduces concept and role names that occur in the
original TBox 7. Therefore those names introduced by the normalization are
not used in the concept description for the k-lcs and an extra denormalization
step as in [16, 8] is not necessary.

Notice, that for every pair (A’, B’) of r-successors of A and B it holds that
A~r A’ and B~ rB’. Intuitively, we are assuming that the interpretation of both
A and B is not empty. This in turn causes the interpretation of 3r.A’ and 3r.B’
to be not empty, either. Thus, it suffices to consider the completion sets S4(. . .)



Procedure k-les(C, D, T, k)
Input: C, D: ELO-concept descriptions; T: ELO-TBox; k € N
Output: role-depth bounded ELO-Ics of C, D w.r.t. T and k

1: 7" :=normalize(T U{A = C, B = D})
2: S := apply-completion-rules(7")
3: return k-les-r(A, B,St,k, A, B,Sig(T))

Procedure k-les-r(X,Y,St, k, A, B, Sig(T))

Input: A, B: concept names, X, Y: basic concepts with A~rX, B~~grY; k € N;
St set of saturated completion sets; Sig(7): signature of T

Output: role-depth bounded ELO-Ics of X, Y w.r.t. T and k

: ON := S4X)nSB(Y)nBCr

2: if £ =0 then

3:  return |—| P

—_

PECN
4: else
5: return
[1 PN [ ( ['] Hr.k-lcs-r(E,F,ST,kfl,A,B,Sig(T)))
PeCN reSig(T)NNg EeSA(X,r),

FesB(v,r)

Fig. 2. Computation algorithm for role-depth bounded ELO-Ics.

and SB(...), without the need to additionally compute S4'(...) and SB(...), or
the completion sets S¥(. . .) for any other basic concept E encountered during the
recursive computation of the k-lcs. This allows for a goal-oriented optimization
in cases where there is no need to classify the full TBox.

4 The k-Ics in Prob-£L£0O%"

So far, we have discussed only classic DLs that can be used to represent and
reason with certain knowledge. However, it is not uncommon to encounter sit-
uations where a degree of uncertainty is unavoidable. This is often the case in
the medical and biological domains, where knowledge is obtained through clini-
cal testing, and there might exist hidden, or not completely understood, factors
affecting the outcome. For instance, we would like to be able to express that
obese people are likely to have high pressure, without asserting that every obese
person must have high pressure.

The probabilistic logic Prob-£L£ was introduced by [13] as an extension of EL
that allows to express uncertain knowledge through probabilistic concepts and
roles. Here, we extend these ideas to cover also nominals. Formally, Prob-£LO
concepts extend classical ELO concepts with the constructors

B.,C and JF,,r.C,

where r € Ng, > € {>,<,>,<,=}, and ¢ € [0,1]. Intuitively, a concept of the
form F,,C denotes the class of all objects that belong to C' with a probability >g.



For the above example, we can use the concept P> 93hasCondition.HighPressure
to represent the class of all individuals that are likely to have high pressure.

The semantics of this logic generalizes the semantics of classical ELO by con-
sidering a set of possible worlds, corresponding to a formalization of subjective
(or Type 2) probabilities [10]. Formally, the semantics of Prob-£LO are based on
probabilistic interpretations of the form Z = (AT, W, (Zy)wew, it), where AT is
a (non-empty) domain, W is a non-empty set of (possible) worlds, u is a discrete
probability distribution over W, and for every w € W, Z,, is a classical ELO
interpretation with domain AZ. Additionally, for every a € N; and every two
worlds w,w’ € W, it holds that aZ» = aZw’.

From a probabilistic interpretation, we can compute the probability that a
given element of the domain d € AT belongs to the interpretation of a named
concept A, and respectively, the probability that a pair of individuals are related
via a role r as follows:

pa(A) == p({w e W | d e A}),
Pao(r) == p({w € W (d,e) € r™}).

The functions Z,, and p% are extended to general concepts through the following
mutual recursion.

TIw = AT, (3r.C)te = {de AT | 3e € CT».(d,e) € r1v},
(CnDyf = ¢t n D, (PogC)Fe = {d € AT | pi(C) > g},
({o}) = {o™}, (3Pgr.O)f = {d € AT | 3e € CTvpg (1) > g},

PA(C) = ul{w € W | d € CF+}).

We say that the probabilistic interpretation Z = (AZ, W, (Zy)wew, i) satisfies
the GCI C C D if for every world w € W it holds that CT» C DZ». T is a model
of the TBox T if 7 satisfies all GCIs in 7. A concept C is subsumed by concept
D w.r.t. the TBox T (C C+ D), if every model Z of T satisfies C C D.

Unfortunately, the probabilistic constructors increase the complexity of rea-
soning, and deciding subsumption becomes intractable. In fact, as shown in [9],
the problem is EXPTIME-complete, even if only one constructor of the form B,
with ¢ € (0,1) is allowed. Moreover, the problem becomes PSPACE-hard if prob-
abilistic existential restrictions of the form 3P ¢r or 3P_;r are used. To regain
tractability Prob-£L was restricted in [13] to probabilistic concepts of the form
P-oC or P_1C and no probabilistic existential restrictions or roles, yielding the
DL Prob-££%'. The extension of this DL by nominals is Prob-££0%, which is
the DL we consider for the remainder of the paper.

4.1 Completion Algorithm for Prob-&C(’)gl

The basic idea of the completion algorithm for Prob-££O%" is the same as in the
crisp case: to construct a canonical model of the given TBox. In order to intro-



duce it, we need to extend the notion of basic concepts to the new constructors
BCr = (Sig(T)N(Nc UNyp)) U {T} U {PsoA,P_1A| A€ Sig(T)N N¢}.

Since probabilistic interpretations contain a set of worlds, the completion al-
gorithm has to work on sets of completion sets: one for each world and, since
Prob-& EOSI also contains nominals, for each basic concept. Let P(T denote the
set of all probabilistic concepts of the form P-¢A appearing in 7. The com-
pletion algorithm uses a set of worlds V' := {0,1,e} U Pg—; this way, for each
GCI B C PsgA € T the world v = P5gA serves as witness for this subsump-
tion. Therefore, the Prob-££O% completion sets are now of the form S&(X,v)
or S¢(X,r,v) where X is a concept name, T, or a nominal, v € V, G is a
concept name or T, * € {0,e} and r is a role name. The completion sets con-
tain basic concepts from BCy. The normal form for Prob-EﬁOgl—TBoxes is the
same as the normal form as for E£LO-TBoxes, i.e. each axiom is of the form
CCD CinCyCED,CC3rA ordr.ALC D, with C,Cy,Cy,D € BCy and
Ae (Sig(T)NNg)U{T}.

The reachability relation for Prob-££O% -concepts extends the one for ELO
in distinguishing between concept names X and probabilistic concepts Ps¢X.
For example, non-emptiness of G does not imply non-emptiness of P~¢X, even
if G~ X, e.g. in worlds with probability 0. Similarly, non-emptiness of G does
not imply non-emptiness of X for G~»pr P~¢X. Therefore we introduce two kinds
of reachability relation, G~Q>RX for G~ X and G~5pX for G~ ppPsoX:

Definition 3 (Reachability of Prob-££0° -concept descriptions). Let T
be a Prob-ELOY -TBox in normal form, G € Nc U{T}, and D € No U Ny.

G~Q>RD iff there exist r1,...,r, € Nr and basic concepts Ay, ..., A, where
A; € S§(A;_1,7:,0) for all 1 < i <n, such that Ag is either G or a nominal
and A, = D.

G~rD iff GngX, PooY € S§(X,0) and there are r1,...,7, € Ng and
Ag,..., A, € No with A; € SY(A;_1,7ri,€) for all 1 < i < n such that
Ag=Y and A, = D.

When it is clear from the context which relation ~> R OT ~op We are using, we
will sometimes denote it simply as ~~g.

Additionally, nominals interact with the set of possible worlds in a different
way than normal concepts. In particular, the concepts P~o{a} and P—;{a} are
indeed equivalent to {a}, since {a} is interpreted as the singleton domain element
a’ in each world. This implies that also X C Psg{a}, X C P—;{a} and X C {a}
are equivalent. In other words, whenever {a} € S¢(X,v), then {a} must be in
SE(X,w) for all w € V.

The completions sets S¢(X,v) and S¢(X,r,v) are initialized as follows:

— S§(X,0) ={T,X} and S§(X,v) = {T} for all v € V \ {0},
— S%(X,e) ={T,X} and S¢(X,v) = {T} for all v € V'\ {e},
— S§(X,r,v) = SY(X,r,v) =0 forallv € V.



PR1 If C' € SY(X,v) and C' C D € T, then S¢(X,v) := S¢(X,v) U{D}

PR2 If C1,Cs € SY(X,v) and C1 M C2 C D € T, then S¢(X,v) := SE(X,v) U{D}
PR3 If C' € SY(X,v) and C' C 3r.D € T, then S¢(X,r,v) := S¥(X,r,v)U{D}
PRa If D € SY(X,rv), D' € SC (D,~v(v)) and 3D’ C E €T,

v(v)
then S¢(X,v) := S¢(X,v) U{F}
PRs If {a} € SC (X,%1) NS, (D, *2) and G~3xD,
then S (X, 1) := S (X,*1) U{P., D}

PR6 If PooA € SC(X,v), then SY(X, PsoA) := SE(X, PsoA) U {A}

PR7 If P_; A € SP(X,0), then SY(X,1) := SE(X,1) U {4}

PR8 If P_1A € SY(X,v), v #0, then ST (X,v) := ST(X,v) U {A}

PRO If A € SY(X,v) and v # 0, PsoA € PJ, then ST (X,v") := S (X,v') U{P>0A}
PR10 If A € SY(X,1) and P—1 A occurs in T, then S¢(X,v) := S¢(X,v) U {P=1 A}
PR11 If {a} € SY(X,v) then S¢(X,v") := SC(X,v") U {{a}}

Fig. 3. Completion rules for Prob-£L£0O%

These completion sets are then extended by applying the completion rules
from Figure 3 exhaustively. The function v : V' — {0,e} used in rule pr4 is
defined by «v(0) = 0, and v(v) = € for all v € V' \ {0}. The completion rules can
be divided into two groups. The rules PR1 to PR5 form the first group and are
basically the same as the rules or1 to ors for ELO—they are used to compute
all subsumption relationships between concepts inside each world. The next five
rules PR6 to PR11 handle probabilistic concepts and therefore propagate derived
facts between the different worlds. For example, whenever we have PsgA in the
subsumer set of B, then rule pre will push A into the subsumer set of B for the
world v = PsA, i.e., the world v is a witness of the subsumption. Similarly,
whenever P_1 A is in the subsumer set of B for some world v, then rule pPrR7 and
PR10 will push P_; A into the subsumer sets of B for all other worlds w and rule
pr8 will finally put A into the subsumer set of B for each world with non-zero
probability (i.e. all worlds except world 0). Rule pri1 distributes nominals in
subsumer sets between the worlds in V' as explained earlier.

This set of completion rules extends the rules given in [13] for Prob-££2" in
two ways. First, by the rules for nominals (written as completion rules). Second,
by rule Pr7, which is actually necessary to achieve completeness of the completion
algorithm for Prob-££°" (without nominals). To see this, consider the following
TBox:

Too ={AC P.1B, BLCC, P_,CLCD}

Clearly, we have A C._ D, however, without rule PR7, the completion algorithm
is stuck with P—1 B € Sy(A4,0) and will never derive B € Sy(4,1), C € Sy(A, 1),
P_,C € Sy(A4,0) and finally D € Sy(A,0).

Theorem 1. The completion algorithm for Pmb—é’/:(’)gl is sound and complete.



A detailed proof is given in the appendix (see Lemmas 1 and 2). Also note that
the completion algorithm for Prob—ECOSl still runs in polynomial time, since
|IBCr|, |Sig(T) N N¢|, |Sig(T) N Ny|, |V], are all linear in the size of |T| = n.

4.2 Computing the Role-depth Bounded Prob-SﬁOSl-lcs

The approach for computing the role-depth bounded Prob—SEOS,l—lcs is similar
to the classical case, where we first introduce new concept names for the input
concepts, normalize the TBox, apply the completion rules, then we intersect the
direct subsumers stored in the completion sets and add the cross-product of
the existential restrictions of both concepts. However, in the presence of prob-
abilistic concepts, we need to compute also the probabilistic direct subsumers
and probabilistic existential restrictions. Therefore, this algorithm computes the
cross-product of the existential restrictions three times: for the unconditional
concepts, for those concepts with probability 1, and for concepts with non-zero
probability. In contrast, we need to compute the intersection of the basic con-
cepts only once, since whenever X € S§(A,v) with v # 0, then by completion
rule PR9 we have also PsoX € S§(A,0) and similarly, whenever X € S§(4,1)
then we also have P_1 X € S§(A,0) by completion rule pr10. The algorithm to
compute the role-depth bounded lcs in Prob—SCOgl is described in Figure 4.

Theorem 2. Let T be a Pmb—EEOSl—TBo:IJ, C and D be Pmb—EEO(Cn—concepts
and k be a natural number. Then k-les(C, D, T , k) is the role-depth bounded least
common subsumer of C and D w.r.t. T and the role-depth k.

Correctness of this algorithm for computing the role-depth bounded Prob-& £(921—
lcs follows from soundness and completeness of the completion rules which are
used to generate the underlying completion sets. The full proof can be found in
the appendix. As in the crisp case, the resulting k-lcs can have a size exponential
in k if computed for n input concepts, but it is still polynomial in the size of the
input TBox 7.

5 Conclusions

In this paper we have studied extensions of the light-weight description logic
&L, that include nominals and are capable of handling uncertainty. For the DL
Prob—SﬁOgl, we have introduced a completion algorithm that generalizes the
previously known algorithm for Prob-& 521, with correct rules for handling nom-
inals, while still retaining the polynomial time complexity of classification.

Second, we described how the completion sets saturated by the completion
algorithm can be combined to compute (approximations of) the lcs of two con-
cepts in DLs with nominals—both for the crisp case in ££0 and the probabilistic
case in Prob-& CO(CH. In cases where the exact lcs exists, the algorithms compute
the exact lcs for a sufficiently large k.

The extension of E£ by nominals, covers (most of) the OWL 2 EL profile,
thus combining the algorithms for computing the role-depth bounded lcs in E£7



Procedure k-les(C, D, T, k)
Input: C, D: Prob-£L£O% -concept descriptions; 7: Prob-ELO%-TBox; k € N
Output: k-lcs(C, D): role-depth bounded Prob-£L£0O%-Ics of C, D w.r.t. T and k
1: 7" := normalize(T U{A = C, B = D})

2: Sy := apply-completion-rules(7")

3: L :=k-les-r(A, B,S1,k, A, B)

4: return L

Procedure k-les-r(X,Y,S, k, A, B)
Input: A, B: concept names, X,Y: basic concepts with A~»rX, B~grY';
S: set of saturated completion sets; k: natural number
Output: k-lcs(A, B): role-depth bounded Prob-£L£O%-Ics of X, Y w.r.t. T and k

1: ON:= HEesg(x,o)nsg(Y,O)ﬁBCT E
2: if k =0 then
3 return CN
4: else
5 return CNIM |_|
reSig(T)NNRr
|_| Ir.k-les-r(E, F,S,k—1,A,B) N
(B,F)esg (X,r,0)xSE (v,r,0)

['] Py (3r.k-|cs—r(E,F,S,k—l,A,B)) M
(B,F)esgi(X,r,1)xSE (v,r,1)
M Peo <3r.k-|cs-r(E, F.S, k=1, A, B))),

(E,F)EPRA(X,r)xPRB(Y,r)

where PRY(X,7) = |J S§(X,r,v)

veV\{0}

Fig. 4. Computation algorithm for role-depth bounded Prob-££O%-Ics.

[8] and in ELO presented here allows to compute generalizations in this profile.
Similarly, as in case of the lcs, an approximation of the most specific concept
(msc) can be computed based on a completion algorithm, see [15]. For DLs with
nominals, the completion algorithm given in this paper can be directly used for
this, since an ABox can always be absorbed into the TBox in a preprocessing
step using these nominals. However, since the msc in the presence of nominals is
trivial (msc(a) = a), another target DL should be considered in order to yield
an informative version of the msc.

Besides the msc, there exist several other non-standard inferences that have
been studied for classical DLs and would be of interest in the context of subjec-
tive probabilities. One of them is axiom pinpointing, i.e. the task of discovering
the precise axioms from a knowledge base that are responsible for a consequence
to follow. The use of probabilities introduces a new challenge as seemingly in-
nocuous axioms may interact to produce unexpected (and possibly unwanted)
consequences. A further study of this problem will be a matter of future work.
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A Omitted Proofs

A.1 Correctness of the Classification Algorithm for Prob-EﬁOgl
Theorem 1. The completion algorithm for Prob-EEOgl is sound and complete.

We prove each of the claims in the following. Please note that the consequence-
driven algorithms for ELO from [11] and also the completion algorithm presented
in Section 3 compute subsumption relationships under the assumption that cer-
tain concepts have a non-empty interpretation. To indicate the assumption that,
say G is not empty, when considering the subsumption relationship between C
and D, we write G : C Ty D.

Lemma 1. The completion algorithm is sound, i.e.
C e S¢(X,v) implies G : P,X Cr P,C (1)
C e S¢(X,r,v) implies G : P,X Cr P,3r.C (2)

Proof. We show this by induction on the number of rule applications. It is easy
to see that the initial subsumer sets satisfy (1) and (2). Also, after each rule
application (1) and (2) will still be satisfied. We will only show (1) for the
new completion rules for Prob-& 5021, which are not in the original completion
algorithm in [13]. For property (2), note that none of these new rules changes
the subsumer sets S¢ (X, r,v).

prs If {a} € S (X, ) N SY(D,+*,), then by induction hypothesis we have
G: P, X Cy{a} and G : P,,D Cy {a}. Additionally, by definition of ~~g,
G<3xD implies that if G is not empty, then P,,D must be not empty as
well. Thus we have G : P,,D =7 {a} and therefore G : P,, X C P,,D. This
means, that the addition of P, D to SC (X, ) still satisfies (1).

pr7 If P_.1A € S¢(X,0), then by induction hypothesis G : P,X Ty P A.
Thus the implication A € S¢(X,1) = G : P.X Ty P—_;A is obviously
correct, and we can add A to SY(xz,1).

pri1 If {a} € SE(X,v), then by induction hypothesis G : P.X Cy P,{a}, i.e.
for all models Z = (AL, W, (Z,)wew, 1) of T and all worlds w € W we have:
if G is not empty, then (P, X)Z% C (P,{a})T". Together with

(Pso{a})®¥ ={d|Fv e W : uv) >0Ad € {a}*"}
={d|FveW:uv)>0Ad=a}={d} = {a}""
and similarly (P=;{a})?* = {a}Z%, this yields: if G is not empty, then
(P.X)Ew C {a}Pv = {a?} = {a}?? for all v’ € W. Hence it holds that

G : P.X C7 P,{a}. This means, that the addition of {a} to S (X,v’) still
satisfies (1).

Lemma 2. The completion algorithm is complete, i.e. for a normalized TBox
T,G e Nc, BeBCT, andr € Ngr we have

G T+ B implies B € S§(G,0)
G C7 3r.B implies A with A € S§(G,r,0) and B € S§(A,0)



Proof. We assume that B ¢ S§(G,0) (resp. there is no A with A € S§(G,r,0)
and B € S§(A,0)) and construct a model Zg of T which shows that G Z+ B
(resp. G L7 3r.B). To construct this model, we need the classes of equivalent
nominals: [a] = {b € Sig(T) N N; | {a} € S§({b},0)}. The domain of the
interpretation will contain all nominals (modulo equivalence) and for each world
w € V all concepts that are not subsumed by a nominal and can be reached
from G or a nominal using the relation ~~p.
Let Zg = (AZ¢, W, (Zg.w)wew, it) be the following interpretation:

ATe .= {[a] | a € Sig(T)N N;} U
{(4,v) € Sig(T) N Ne x V | G A, {a} ¢ 55, (A,4(v)))

W:=V
1(0) =0
1
p(w) = AR for all w € W\ {0}
a*c = [a] for all a € Sig(T) N N¢

To interpret concept and role names, we also need a bijection m,(w) : W — W
for each v € W'\ {0} with 7, (v) = ¢ and 7,(0) = 0. Moreover, 7 is the identity
mapping on W. Then:
Afer = {la] | A € S§({a},w)}
U{(B.v) € AT | A€ §G, (B, (w))}

rfe = {([a], [b]) € ATex AT |34 A € SF({a},r,w) A b} € S5, (A (w))}
([a], (4,w)) € ATexAte | A€ 5§ ({a},r,w)}

((B,v),[b]) € ATex AT [ 3A: A € S5, (B, 7, my(w))
A} € S5 (A v(w))}
U{((B,v),(A,w)) € ATexATé |Aec S (v)(B r,m(w))}

u{
u{

Before proving that Zg is indeed a model of T, we generalize the definition of
ATew to probabilistic concepts:

X € 85,y (B, my(w)) iff (B,v) € X'  for X € BCr,(B,v) € A% (3)
X € 5§ ({a},0) iff [a] € XTc for X € BCr, [a] € ATe (4)
To show this, we make a case distinction according to the kind of concept X

is. First notice that in (3) X cannot be a nominal, since otherwise B would be
subsumed by one and hence not be in the domain AZ¢ as we assumed.

— If X = T, then (3) and (4) are true by definition of TZ¢¥ = AZ¢ and the
fact that T is in each subsumer set.
— If X = A € N, then (3) and (4) are true by definition of AZc:.



— If X = P,gA. For the “=” direction, let P5gA € SG ) (B, my(w)). By rule
PR6, we have A € S (U)(B P-yA) and by deﬁmtlon of Ic (B,v) € Alewn
with m,(u) = Ps¢A. By definition of m, and Zg this means u(u) > 0 and
thus (B,v) € (PsoA)%¢¥. For the “«” direction, let (B,v) € (PsoA)%e:¥,
i.e. there is u € W \ {0} with (B,v) € AZ¢:%. The definition of Zg yields

Ae Sv(v (B, 7my(u)) with m,(u) # 0 by definition of m,. Then by rule Pro
P.gAc€ SV(U)( , o (w)).

— If X = P_;A. For the “=" direction, let P-.1A € S (v)(B,m,(w)). By rules
PR7 and PR10 we have P_1A € Sw(v (B,u) for all w € W and by rule PR8

A € SW(U (B,u) for all u € W \ {0}. Since m, is a bijection on W with

7my(0) = 0, this also means A € S (U)( my(u')) for all «' € W\ {0} and
hence by definition of Zg, (B,v) € AZé* for all u/ € W \ {0}. Finally, the
definition of p then yields (B,v) € (P=jA)%e.

For the “«<” direction, let (B,v) € (P:1A)IG’“’, ie. for all u € W\ {0} we
have (B,v) € AT¢"“  especially for ' with m,(u’) = 1. The definition of Zg
yields A € SS@)( 7rv( 'Y =1) and by rule PrR10 P_1 A € S’ (B, w') for all

w' € W, especially P_1A € S\ (B, my(w)).

This interpretation Zg is indeed a model of T, which we will show using a
case distinction on the types of GCIs in 7.

— CLC DEeT.Let (B,v) € CTe:* then (3) yields C € S,Y(U)(B,m(w)) and
by rule PR1 also D € Sf(v)(B,wv(w)). (3) then yields (B,v) € DIew,

Let [a] € C%¢% then C € S§({a},0) by (4) and by rule pri it also holds
that D € S§({a},0). (4) then yields [a] € DTe-v.

— C1MNCy €D eT. Let (B,v) € (C; 11Cy)%e* ie. by the semantics of I
(B,v) € CI9" and (B,v) € CF9". Then (3) yields Cy, Cy € Sw(v (B, my(w)),
and by rule PR2 D € SS(U (B, mp(w)). (3) then yields (B,v) € DTe.

Let [a] € (C1 1 Cy)%e™, ie. [a] € CF" and [a] € C39™. We then have
Cy,Cy € S§({a},0) by (4) and by rule pr2 also D € S§({a},0). (4) then
yields [a] € DTe:w,

— C C 3r.A. Let (B,v) € CT¢¥ then (3) yields C € S,y(v)(BﬂrU(w)) and by
rule PR3 A € Sf(v)(B, 7, 7p(w)). Then, there are two cases: If (4, w) € AT¢,
i.e. there is no nominal {b} € Sff(w)(A,’y(w)), then the definition of rZc:
yields ((B,v), (A,w)) € rZ¢¥. By the initialization of the completion sets
we also have A e S,y(w (A, my(w)) as y(w) = mu(w) by definition, and
thus (A,w) € A6, Together with ((B,v),(A4,w)) € r¥e:* this yields
(B,v) € (3r.A)few,

If (A,w) ¢ A%S | then there is a nominal {b} € S v(w )(A,7(w)) and the defi-
nition of rZ¢"¥ yields ((B,v), [b]) € rZ¢*. On the other hand, rule pr11 with
{b} € SGw)( ,v(w)) yields also {b} € ,Y(w)(A 0) and then rule pPrs with

{0} € SE({8},0) N 55, (4,0) and G ") A shows that P,y A € S ({b},0)

and thus A € S§({b},w), i.e. [b] € ATc-w,



Similarly, let [a] € CT¢* then (4) yields C € S§({a},0). By rule pr3 it
holds that A € S§({a},,0). Again, we have the two cases as before, which
can be shown analogously.

— Ir. A C D. Let (B,v) € (3r.A)T¢™ i.e. there is an a € ATS™ such that
(B,v),a) € rT¢¥ and a € ATe™. By definition of Zg, there are two
cases. If @ = (C,w) € AT¢, then the definitions of AZ¢% and rZ¢% yield
A€ Sf(w)(C', mw(w)) and C € Sf(v)(B r, Ty (w)). Since my, (w) = y(w), and
~¥(my(w)) = y(w) for all v € V, by rule Pr4 we get D € SW(U)(B,’ITU(’U})) and

thus by (3) (B,v) € DTew.

If a = [b] € A%e, the definitions of AZ¢:* and rZ¢:* yield A € S§ ({b},

and there exists C' such that C € SWG(U)(B r,my(w)) and {b} € 'y(w)( ~y(w

Because of {b} € S’f(w)(C,'y(w))7 we have S (w)(C y(w)) 2 S§({b},

(which can be shown by induction on the number of rule applications to

the latter), and hence also A € SAC/'V(w (C,y(w)). Since C € 55(1;)(37 r, Ty (w)),

mw(w) = y(w), and y(m,(w)) = vy(w) for all v € V hold, rule pr4 finally

yields D € S5, (B, m,(w)) and thus by (3) (B,v) € D¥e".

w)
))-
w)

Similarly, let [a] € (3r.A4)%¢% i.e. there is an a € AT¢¥ with ([a], o) € rTcw
and o € AT, Again, we have the two cases as before, which can be shown
analogously.

Finally, by the assumption B ¢ S§(G,0) and the definition of Zg we have
(G,0) ¢ B%e:0 whereas G € S§(G,0) yields (G, 0) € GF&-9. Since T is a model
of T, this proves G Zr B.

The second case is similar. If we assume that there exists no concept A with
A€ S§(G,r,0) and B € S§(A,0), then by definition of the interpretation Zg,
there is no element a € AZ¢ with ((G,0), ) € r7¢:% and a € BZ¢:0. Since Z is
a model of T, this shows that G Zp 3r.B.

A.2 Correctness of the k-lcs Algorithm for Prob-SL(’)gl

Lemma 3. Let T be a Prob-ELO -TBox, T' be the TBox obtained from T by
applying the normalization rules, S be the set of completion sets obtained from
T, A, B be concept names, X,Y be basic concepts with A~~rX,B~grY, k be a
natural number and L = k-les-r(X,Y,S,k, A, B). Then X Ty L and Y Ty L.

Proof. Similar to the crisp case, this lemma can be shown by induction on k for
the recursive procedure k-lcs-r. For the case k = 0, the result

L= ['] E

EeSgH(X,0)nSE (Y,0)nBCr

of k-les-r is a conjunction of (possibly probabilistic) concept names, but no
existential restrictions. By soundness of the completion rules, we know that
E € S§4(X,0) N SB(Y,0) implies X Ty E and Y Ty E. Since L contains
exactly those conjuncts, we also have X C4 L and Y Ty L.



For the case k > 0, L is a conjunction of (possibly probabilistic) concept
names and existential restrictions Ir.F, P_13r.F, and Pso3r.E. For the con-
cept names, the same argument as for the case k = 0 applies. For existential
restrictions of the form Jr.k-les-r(E, F,S, k—1, A, B) with

(E,F) e S§{(X,r,0) x SZ(v,r,0),

we know that E € S§'(X,r,0) implies X Ty 3r.E by soundness of the com-
pletion algorithm, and similarly ¥ T4~ Jr.F. Then the induction hypothesis
yields E Cy L' and F Ty L' for L' = k-les-r(E, F,S, k—1, A, B) and thus also
XCpr Ir L and Y Cp I L.

Similarly, by soundness we get that E € S§'(X,r,1) implies X C7 P—;3r.E
respectively E € PRA(X ,7) implies X Ty Pso3r.F and by induction hypothesis
E Cy kilesr(E, F,S, k=1, A, B), thus X Ty P_13rklcsr(E,F,S,k—1, A, B),
respectively X T+ Pso3r.k-lesr(E, F,S,k—1, A, B). All together, this means
X Cy L. The case for Y T4 L is analogous.

Lemma 4. Let T be a Prob-ELO -TBox, T' be the TBox obtained from T by
applying the normalization rules, S be the set of completion sets obtained from
T, A, B be concept names, X,Y be basic concepts with A~rX, B~RY, k be
a natural number and L = k-lessi(X,Y, S, k, A, B). Then for each Prob-£LO% -
concept F with Sig(F) C Sig(T) and rd(F) <k, X Ty F and Y Ty F imply
LC F.

Proof. By induction on the role-depth rd(F). Let rd(F) =0, i.e. F =[] E con-
tains no existential restrictions. Since X Ty F and Y T F, we also have
X Cy EFand Y Cq E for all conjuncts E of F. Then, completeness of the algo-
rithm yields that E € Sg(X,0) and since A~pX also E € S§(X,0). Similarly,
we have E € SE(Y,0) for all conjuncts E of F and thus

L= [ ECy F.
EeSg(X,00nSE (Y,0)nBCr

If rd(F) > 0, F may contain two kinds of conjuncts: basic concepts and (possi-
bly probabilistic) existential restrictions. The basic concepts in F' must appear
in L as well by an argument analog to the case rd(F) = 0. Let 3r.F’ be a
top-level conjunct of F. Since X Ty F and Y T4 F, completeness yields
that there exists an E € Sg'(X,r,0) such that F’ € Sg(F,0) (i.e. E T F'),
and an E’ € SF(Y,r,0) such that F’ € SF(E’,0) (i.e. E' Ty F’). By induc-
tion hypothesis, it follows that k-les-r(E, E’,S,k—1, A, B) Ty F’, thus L Cp
Ir.k-les-r(E,E',S,k—1,A, B) T 3r.F’. The other two cases of probabilistic
existential conjuncts P—;3r.F’ and Pso3r.F’ of F are similar. Together, this
implies L T F'.

Together, Lemmata 3 and 4 fulfill all requirements of the role-depth bounded
least common subsumer. Thus, the following theorem is a direct consequence of
both lemmas and the fact that the k-lcs procedure introduces new concept names



A and B for the concepts C' and D and then calls the procedure k-lcs-r for these

new concept names A and B, using the completion sets of the extended and
normalized TBox.

Theorem 2. Let T be a PTOb—g,COgl—TBOJJ, C and D be Pmb—Eﬁ(Dgl—concepts
and k be a natural number. Then k-les(C, D, T , k) is the role-depth bounded least
common subsumer of C and D w.r.t. T and the role-depth k.



