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Abstract Fuzzy Description Logics (fuzzy DLs) are extensions of classic DLs that
are capable of representing and reasoning with imprecise and vague knowledge.
Though reasoning algorithms for very expressive fuzzy DLs have been developed
and optimizations have started to be explored, the efficiency of such systems is still
questionable, and the study of tractable languages is an interesting open issue. In this
paper we introduce a tractable fuzzy extension of ££7. We present its syntax and
semantics together with a reasoning algorithm for the fuzzy concept subsumption
problem to which other problems can be reduced.

Keywords Fuzzy description logics - Fuzzy €L - Tractable description logics -
Fuzzy concrete domains

1 Introduction

Description Logics (DLs) are a class of knowledge representation languages with
well-defined semantics and decidable reasoning algorithms which are widely used in
a variety of knowledge-based applications on the Semantic Web (Baader et al. 2003).
Unfortunately, there are occasions where classical DL formalisms fail to accurately
represent the concepts that appear in a domain of interest. This is particularly the
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case when domain knowledge is inherently imprecise or vague. Concepts like that of
a “near” destination (Berners-Lee and Hendler 2001), a “high Quality” audio system
(McGuinness 2003), “many” children, a “faulty” reactor (Horrocks and Sattler 1999),
“soon” and many more, require special modeling features. To bridge this gap fuzzy
DLs have been introduced, which constitute an extension of classic DLs capable of
representing and reasoning with vague and imprecise knowledge. Fuzzy DLs have
already attracted the interest of researchers from other communities and have been
used in numerous domains like multimedia and information retrieval applications
(Meghini et al. 2001; Simou et al. 2008; Dasiopoulou et al. 2008) to provide ranking
degrees, ontology alignment (Ferrara et al. 2008), matchmaking (Ragone et al. 2009)
and many more.

Over the recent years, many expressive fuzzy DL languages have been studied,
like fuzzy SHIN (Stoilos et al. 2007), fuzzy ALCF (D) (Straccia and Bobillo
2007) and fuzzy SROZQ (Bobillo et al. 2007), while implementation efforts of the
introduced algorithms resulted in systems like FiRE,' fuzzyDL?* and DELOREAN.?
The previously mentioned systems are based on fuzzy extensions of worst-case
exponential algorithms and although optimizations for them have also been studied
recently (Simou et al. 2010; Haarslev et al. 2007), their scalability is still questionable
as no evidence of any large-scale experimental evaluation has been presented. As a
consequence, like in the case of classical DLs, much interest has emerged about the
development of sound and complete inference algorithms for tractable, i.e. of at most
polynomial complexity, fragments of fuzzy DLs.

To meet this objective, various approaches based on different classic DL systems
have been proposed. Straccia (2006) introduced a fuzzy extension of the DL-Lite
(Calvanese et al. 2007) language, while Pan et al. (2007) presented the very first
scalable system based on fuzzy-DL-Lite which is able to answer expressive fuzzy
conjunctive queries over millions of data. On the other hand several works have
also been conducted around the ££ family of DLs (Baader et al. 2005). First Vojtas
presented a fuzzy extension of £L (Vojtds 2007) while Stoilos et al. (2008) examined
a fuzzy extension of the tractable language £L£*.

The fuzzy £L7 DL presented in Stoilos et al. (2008) has many interesting
properties since it extends concept axioms with degrees of truth, thus allowing for
fuzzy concept inclusion. Nevertheless, the proposed language provides a sound and
complete algorithm only for the problem of fuzzy concept subsumption, which makes
it inappropriate for representing assertional knowledge. In other words, fuzzy ££*
can only be used for classification purposes since reasoning on knowledge bases that
share individuals, which is the case in most real life applications, is not supported.
Furthermore, it lacks the ability to reason with datatype properties that are widely
used in real life applications. By using them one can model statements like “Paul is
180 cm height” or “John smokes more than 15 cigarettes per day”. In Example 1
we illustrate the expressive power of fuzzy ££7" using a medical application
scenario.

http://www.image.ece.ntua.gr/~nsimou/FiRE/
Zhttp://faure.isti.cnr.it/~straccia/software/fuzzyDL/fuzzyDL.html
3http://webdiis.unizar.es/~fbobillo/delorean.php
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Table 1 Cytology, colposcopy and histology classification

ASSISTOCytologyResult, These results indicate women that are essentially healthy.
ASSISTOColposcopyResult,
ASSISTOHistologyResult

ASSIST1CytologyResult, These results indicate women that need to be followed-up
ASSIST1ColposcopyResult, earlier than usual and do not mandate ablation or
ASSIST1HistologyResult excisional treatment of the altered cervical epithelium.

ASSIST2CytologyResult, These results indicate women who cytologically are found
ASSIST2ColposcopyResult, to have CIN-3, women who have satisfactory colposcopy
ASSIST2HistologyResult with high grade lesions, and women who had LLETZ or

cone biopsy and histologically proved high grade cervical
lesions but not stromal invasion.
ASSIST3CytologyResult, These results indicate women with invasive cervical cancer.
ASSIST3ColposcopyResult,
ASSIST3HistologyResult

Example 1 In the context of the ASSIST project* an ontology about cervical cancer
is constructed (Mitkas et al. 2008; Falelakis et al. 2009). The diagnosis of cervical
cancer is based mainly on three types of examination, namely cytology, colposcopy,
and histology. Each patient may have one or more of these examinations that have
one of the results presented in Table 1. According to the findings of the examinations
each woman is characterized by some severity index. Each woman with a severity
index 0 is considered healthy while each woman with a severity index 3 has invasive
cervical cancer.

JhasCytology Result. ASSISTOCytology Result T
JhasSeverity Index. ASSISTOSeverity Index

Unfortunately the crisp ££7F language does not allow to express the fact that
the findings of a histology examination are more important than those of a cytology
examination. This can be achieved if we adopt a fuzzy version of E£7" to provide
ranking degrees w.r.t. the confidence about the results of each examination—similar
approaches have been proposed for multimedia retrieval, information retrieval, and
ontology alignment applications (Meghini et al. 2001; Simou et al. 2008; Dasiopoulou
et al. 2008; Ferrara et al. 2008). For example the following fuzzy concept inclusions

(JhasCytology Result. ASSISTOCytology Result T
JhasSeverityIndex. ASSISTO0Severity Index, 0.6)

(3has Histology Result. ASSISTOHistology Result C
JhasSeverity Index. ASSISTOSeverity Index, 0.8)

can be used to express the fact that the histology examination is more important,
regarding the diagnosis about the severity index results, than the Cytology exami-
nation. Another advantage in using ££*", instead of fuzzy EL£", to represent our

4http://assist.iti.gr/
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knowledge, is that it also provides for nominals and concrete domains. Nominals
allow to relate our terminological knowledge to some assertional knowledge, i.e.
information concerning different patients. For example we can assert that patient137
has a cytology examination with an ASS7ST0 result:

(3hasCytology Result. ASSISTOCytology Result)(patient137) > 1

On the other hand concrete domains allow to represent numerical information about
patients. For example the assertion

=15 (smokesCigarettes Per Day)(patient137) > 1

indicates that patient137 smokes more than 15 cigarettes per day.

Motivated by the above scenario, in this paper we study a fuzzy extension of
the £L£% language. Similar to fuzzy EL", fuzzy EL7" allows for concept inclusion
axioms extended with degrees of truth (Straccia 2005b). Additionally though, it
allows for nominals, the bottom concept, and fuzzy concrete domains which add
extra expressiveness. The main contributions of this paper can be summarized as
follows:

— It presents the syntax and the semantics of fuzzy ££** which is more expressive
than fuzzy £L£% due to nominals, the bottom concept, and fuzzy concrete
domains.

— It studies and presents the reduction of the most common inference services of
fuzzy DL systems to the fuzzy concept subsumption problem. It is important to
note at this point that such kind of reduction has not been studied in the fuzzy
DL literature before.

— It investigates fuzzy p-admissible concrete domains for the fuzzy £L*F
language—i.e. fuzzy concrete domains that can be integrated to the fuzzy E£*F
language without affecting its polynomial time complexity.

— It presents a reasoning algorithm for the problem of fuzzy concept subsumption
in fuzzy L along with a detailed proof of its soundness and completeness.

— Itinvestigates on the complexity of the algorithm.

The main objective of this paper is not to present a language that is more
expressive than previously presented fuzzy DL languages “most of the expressive
features appearing in this paper have already been presented in the literature”.
It rather studies the interaction between expressiveness and complexity in order
to introduce a fuzzy DL language that is expressive enough to be used in real
world applications and at the same time retains its polynomial complexity reasoning
algorithm.

The rest of the paper is organized as follows. Section 2 briefly introduces the DL
ELT and provides some preliminaries about the notion of a fuzzy set and how set
theoretic and logical operations are extended to the fuzzy set framework. Section 3
introduces the syntax and semantics of the fuzzy ££" language, presents the most
common inference problems, and how these are reduced to the problem of fuzzy
concept subsumption. Section 4 provides an investigation on the semantics of fuzzy
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concrete domains and on how they can be embedded into the fuzzy €L language.
In Section 5 we present in detail the reasoning procedure for deciding fuzzy concept
subsumption w.r.t. a fuzzy ££11 ontology and we provide the proofs for soundness,
completeness, and the complexity of the proposed algorithm. Finally, in Section 6 we
review related work on other fuzzy ££ languages and fuzzy concrete domains, while
Section 7 concludes the paper.

2 Preliminaries
2.1 The EL'T language

In the current section we briefly introduce the Description Logic ££" which we will
extend in the next sections.

The signature of ££" (Baader et al. 2005) consists of disjoint sets of concept
names (unary predicates) N¢, role names (binary predicates) Ng, and individuals
(constants) N;. EL™ concepts (or concept descriptions) are defined using the
constructors presented in the upper part of Table 2 where a and b denote individuals,
rry, ..., r, and s denote role names and C, D denote arbitrary concepts.

An ELTT ontology O is a pair (A,C), where A is an assertional box (ABox)
and C is a constraint box (CBox). An £L£7" ABox is a finite set of concept and
role assertions, while an ££** CBox is a finite set of general concept inclusions
(GCls) and role inclusions (RIs). The syntaxes of both ABox and CBox are shown
in Table 2.

The semantics of an EL£7F ontology are given via an interpretation T = (AT, 7).
The domain AT is a non-empty set of objects and the interpretation function -* maps
each concept name A € N¢ to a subset AT of AT, eachrole namer € Ny toa binary
relation rZ on AZ, and each individual name a € N; to an element aZ € AZ. An
interpretation Z is a model of an ontology O = (A, C) if it is a model of A and C.
7 is a model of an ABox A (CBox C) iff every concept and role assertion in A (GCI
and RI in C) satisfy the semantics of ££7" concept descriptions shown in the third
column of Table 2.

Table 2 Syntax and semantics of E£TF

Name Syntax Semantics
Top T AT
Bottom 1 [
Nominal {a} {a%}
Conjunction cnbD ctnpt
Existential restriction r.C {x eAT|3yenl:(x,y)erfrye CI}
Concrete domain p(fi,... fryforpe PPi {x e AT | Ayi, ..., Yk € AD;
fFa) =yiforl <i<k (yi,..., yi) € pPi}
GCI cc D ctcp?
RI rio...org Cs r{o...origsz
Concept assertion C(a) at e C*
Role assertion r(a,b) @, bhy et
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ELT with concrete domains Numerical information is expressed in DLs with the
aid of “concrete domains” (Baader et al. 2005). A concrete domain D is a pair
(AP, PPy with AP aset of concrete objects (values) and PP a set of predicate names,
where each p € PP is associated with an arity #n > 0 and an extension p? < (AP)",

Example 2 The concrete domain of rational numbers Q = (Q, P2), presented in
Baader et al. (2005), has as domain the rational numbers and contains unary
predicates such as T, =4, >, and binary predicates such as =, +, (where g € Q).
Intuitively a conjunction of the form:

(=3)(X) A (+5)(x, y)

indicates that x =3 and that x +5 = y. It is obvious that such a conjunction is
satisfiable and also the following holds:

(=3)(X) A (+35)(x, y) = (=) ().

To provide a link between ££7 and some arbitrary concrete domain, Baader
et al. introduce a set of feature names Np. The syntax and semantics of E£7F
concrete domains are illustrated in Table 2, where p denotes a predicate of some
concrete domain Dj, fi, ..., fi are feature names, and an interpretation function
L maps each feature name f € N to a partial function fZ from A% to AP. For
example using the ££" syntax we may assert that “John is 30 years old” as follows:
=39 (has Age)(John). The DL ££*" may be equipped with a number of concrete

domains Dy, ..., D, such that AP N AP/ = ¢ for i # j.

2.2 Fuzzy sets

In this section we briefly introduce fuzzy set theory and fuzzy logic (Klir and
Yuan 1995).

Let ©Q be a (possibly infinite) set of elements. Any classical (crisp) subset S of
Q can be defined with the aid of a characteristic function xg: Q2 — {0, 1}, such that
xs(x) = 1ifx € S, and xs(x) = 0 otherwise. On the other hand, a fuzzy subset A of
Q is defined using a (so-called) membership function 4 : Q2 — [0, 1] denoting that
x belongs to A to a certain degree. Similarly, an n-ary fuzzy relation R over the
sets Qy, ..., R, is defined by a mapping pg: Q x ... x 2, — [0, 1]. For instance,
Tall Human(John) = 0.8 implies that John belongs to the (fuzzy) set Tall Humans to
adegree of 0.8, i.e. that he is quite tall. Similarly, has Friend(John, Mary) = 0.9 states
that Mary is a close friend of John.

2.2.1 Fuzzy set theoretic operations

The classical set theoretical and logical operations (complement, union, and so
on) are extended in fuzzy set theory by using special mathematical functions (Klir
and Yuan 1995). More precisely fuzzy complement, fuzzy intersection, fuzzy union,
and fuzzy implication correspond (respectively) to an unary operation of the form
c:[0,1] — [0, 1], a binary operation of the form i: [0, 1] x [0, 1] — [0, 1] (called
t-norm), a binary operation of the form u : [0, 1] x [0, 1] — [0, 1] (called t-conorm),
and a binary operation J : [0, 1] x [0, 1] — [0, 1].
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Table 3 Popular families of fuzzy operators

Family i(a,b) u(a, b) c(a) J(a,b)
Zadeh min(a, b) max(a, b) 1—a max(l —a, b)
T.ukasiewicz max(a+b —1,0) min(a + b, 1) 1—a min(l —a+b,1)

1 — 1, a<b
Product a-b a+b—a-b » a=0 b

0, a>0 —, a>>b

a

1, =0 1, <b
Godel min(a, b) max(a, b) a “

0, a>0 b, a>b

In order to produce meaningful results, these functions must satisfy certain
mathematical properties. For example, fuzzy complement must satisfy the following
axiomatic requirements c(0) = 1, ¢(1) = 0, and ¢ must be a monotonically decreasing
function. The reader is referred to Klir and Yuan (1995) for a comprehensive
introduction to fuzzy set theoretic operations. In Table 3 some popular families of
fuzzy operators are presented.

Finally, given two binary fuzzy relations R;:Q; x 2, — [0,1] and R;:
Q, x Q3 — [0, 1], their sup-t composition is defined as follows:

[Ri o' Ry](a,c) = sup {i(Ri(a,b), Ry(b, 0))}
e

where i is a t-norm. Due to the associativity property of sup-f composition, i.e.
(Ry 0" Ry) o' R3 = Ry o (R; o' R3), we can extend the operation to any number of
fuzzy relations, i.e. [R) o' Ry o' ... o' R,](a, D).

3 The fuzzy £L** language
3.1 Syntax and semantics

In this section we present the syntax and semantics of a fuzzy extension of the E£*
language. Since the semantics we propose are based on the operators of the Godel
logic, we may as well call the proposed language f5-E£7. Our extension follows
in principle the syntax and semantics of fuzzy DLs previously presented in Straccia
(2001) and Stoilos et al. (2007).

Like classical (crisp) £E£77, the language of fG-EL™" consists of concept names
Nc, role names Ng and individuals N;. As usual individuals represent the objects
of our universe, concept names represent fuzzy sets of individuals, and role names
represent binary fuzzy relations between individuals of our universe.

The abstract syntax of concepts and roles is the same as their ££7" counterparts;
however their semantics is based on fuzzy interpretations. A fuzzy interpretation
T = (A%, T) consists of a domain AT which is a non-empty set of objects and a
fuzzy interpretation function -* which maps: (i) each a € Nj to an element a” € A7,
(ii) each A € N¢ to a membership function AZ : A7 — [0, 1], (iii) each r € N to a
membership function 7% : AT x AT — [0, 1]. For example, for some interpretation Z,
if x € AT then AZ(x) gives the degree that the object x belongs to the fuzzy concept
A,e.g AT(x) =0.8.
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Fuzzy EL" allows to inductively define complex concept descriptions using the
same constructors as the classic ££ language. As with classical ££** the semantics
of concept descriptions are inductively defined. They are presented in the upper part
of Table 4 for each x € AZ. They are based on the Godel fuzzy theoretic operation
functions defined in Section 2.2. For example, since the min function is used for
conjunction, we have that (C 1 D)% (x) = min(CZ (x), D?(x)). We chose to interpret
nominals in a standard way, i.e. {a} is interpreted as the singleton crisp set that
contains exactly the object a%, thus {a}% (x) = 1 if x = aZ, 0 otherwise. For different
choices the reader is referred to Bobillo et al. (2006).

The terminological knowledge of a fuzzy EL£*" ontology is expressed by a set
of fuzzy general concept inclusions (fuzzy GCls) and role inclusion axioms (Rls),
called a constraint box (CBox) C (Baader et al. 2005). A fuzzy GCI is an axiom of
the form (C C D, d), where d € (0, 1] and C, D are concept descriptions (see also
Straccia 2005b). A role inclusion axiom is an axiom of the formr; o ... o ry C s, where
r,...,". S € Ng.

The semantics of fuzzy GClIs and RIs are given in the middle part of Table 4 where
x, y € AT and the operator o™" corresponds to the sup-min composition described in
Section 2.2. An interpretation 7 is a model of a CBox C iff, for each GCI and Rl in C,
the conditions described in the middle part of Table 4 are satisfied. For example, let
the CBox C = {{An BC D,0.7),r; or, C s}, and let the interpretation Z such that
AT ={x,y,z}, AT(x) =03, BT (x) = 0.2, DX (x) = 0.5, rF (x, y) = 0.4, 7X(y,2) = 0.3
and sZ (x, z) = 0.3. It can be easily verified that 7 satisfies our CBox.

Fuzzy EL1 also allows for an assertional box (ABox) A, i.e. a finite set of concept
and role assertions that are used to describe a snapshot of our world. The syntax and
semantics of concept and role assertions are described in the bottom part of Table 4,
where a,b € N;, C € N¢, r € Ng and d € [0, 1]. Using such expressive means we
can say, for example, that Tall(John) > 0.8 and friend(John, Mairy) > 0.5, while
an interpretation Z that satisfies both assertions is the following: A% = {x, y},
John* = x, Mairy* =y, Tall* (x) = 0.9, friend*(x, y) = 0.7.

We point out that the language studied in Stoilos et al. (2008) is not able to capture
such assertional knowledge due to the absence of nominals.

Table 4 Syntax and semantics of fuzzy E£1+

Name Syntax Semantics
Top T TZw) =1
Bottom 1 1Tx) =0
Nominal {a} (@ =] = ‘fz

0 otherwise
Conjunction CcnD (€1 D) (x) = min(CZ (x), D% (x))
Existential restriction Ir.C 3r.O%(x) = SUP e AT { min(+Z (x, y), cz (y))}
GCI (Cc D,d) min(CZ (x), d) < D (x)
RI rio...orgCs [rF omin .. omin /T ](x, y) < sT(x, y)
Concept assertion C(a)>d Cta®y>d
Role assertion r(a,b) >d @, bty > d
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Finally, we say that an interpretation Z is a model of a fuzzy ontology O = (A, C)
iff it is, at the same time, a model of A and C.

Example 3 Providing a detailed version of the ontology presented in Example 1 we
have that:3

C = {(JhasCytology Result. ASSISTOCytology Result &
JdhasSeverity Index. ASSISTOSeverity Index, 0.6),
(JhasColposcopy Result. ASSISTOColposcopy Result ©
dhasSeverity Index. ASSISTOSeverity Index, 0.7),
(Jhas Histology Result. ASSISTOHistology Result T
JhasSeverityIndex. ASSISTO0SeverityIndex,0.8) ...}
A = { (3hasCytology Result. ASSISTOCytology Result)(patient137) > 1,
(3has Histology Result. ASSISTO0Histology Result) (patient138) > 1}

The first fuzzy GCI implies that if a patient has a cytology result of type
ASSISTO then this patient also has an ASSISTO severity index with a degree of
at least 0.6 (i.e. this patient participates with a degree of at least 0.6 in concept
JhasSeverity Index. ASSISTOSeverity Index). In a similar manner, the other two
GCls state that the colposcopy and histology examination results imply degrees 0.7
and 0.8 respectively. Hence patient137 has an ASSISTO severity index with a degree
of at least 0.6 because of her cytology result, while patient138 belongs to the same
concept with a degree of at least 0.8 because of her histology result.

In the specific scenario one can say that the degrees can be subsequently inter-
preted as degrees of confidence by the medical personnel. More specifically the
concept

JhasSeverity Index. ASSISTOSeverity Index

provides a ranking between the individuals participating in it. The higher the degree
of participation an individual has on this concept, the higher is the confidence that
this individual is healthy. Therefore since our ontology implies that

O &= (JhasSeverityIndex. ASSISTOSeverity Index)(patient137) > 0.6
O = (3hasSeverityIndex. ASS1STO0Severity Index)(patient138) > 0.8

the medical personnel has a 0.6 confidence degree that patient137 is healthy and a
0.8 confidence degree that patient138 is healthy.

Other applications that adopt fuzzy DLs in order to provide ranking degrees
have been proposed for multimedia, information retrieval, and ontology alignment
applications (Meghini et al. 2001; Simou et al. 2008; Dasiopoulou et al. 2008; Ferrara
et al. 2008).

The presence of nominals makes fuzzy ££"" much more expressive than fuzzy
ELT since it allows the representation of assertional knowledge for a large ontology
containing patients or any other kind of information. Furthermore nominals along
with the bottom concept allow to express the unique name assumption, i.e. that two

5The weight related to each concept subsumption was proposed by medical experts.
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individuals cannot correspond to the same object in AT asfollows: ({a} n{b}C L, 1).
Finally, the bottom concept also allows to express disjointness between complex
concept descriptions as follows: (Crn D C L, 1).

3.2 Fuzzy DL inference problems

In this section we present the most common inference problems addressed by fuzzy
DLs and prove how each one can be reduced to the fuzzy concept subsumption
problem.

Let C be a fuzzy EL£7" CBox, A a fuzzy ELTT ABox, and O a fuzzy EL7F
ontology. The most common inference problems addressed by fuzzy DL systems are
the following:

Concept satisfiability A concept C is satisfiable w.r.t. C, iff there exists a
model Z of C such that CZ(x) > 0 for some x € AZ.
Fuzzy concept subsumption A concept C is fuzzily subsumed by a concept D,

to a degree of d € (0, 1], w.r.t. C, written (C C¢
D, d), iff for every model Z of C and x € AT it
holds that min(CZ (x), d) < D% (x). We often abuse
notation and write (C Ep D, d) if the ABox of the
ontology is empty. We also write O = (CC D, d)
as an equivalent form of (C Cp D, d).

Ontology consistency We say that O = (A, C) is consistent iff it has at
least one model.
Instance problem An individual a € N; is an instance of a concept

C with a degree greater or equal than d, w.r.t. an
ontology O, iff in each model Z of O it holds that
Cta) = d.

Greatest lower bound problem The greatest lower bound (GLB) problem for a
crisp concept assertion C(a) is to find the largest
degree d such that CT(a?) >d holds for every
model Z of O.

As the following Lemma suggests all inference problems can be reduced in linear
time to the fuzzy concept subsumption problem:

Lemmal Let O = (A, C) be a fuzzy ELY ontology, with A the fuzzy ELT ABox
and C the fuzzy CBox, and let C a fuzzy ELTT concept. All inference problems of
fuzzy DLs can be reduced to fuzzy concept subsumption as follows:

—  Concept satisfiability: concept C is satisfiable w.r.t. C if f (C Z¢ L, 1).

— Instance problem: in order to solve the instance problem our algorithm replaces
each assertion in A with a fuzzy GCI between a nominal and a concept. Hence-
forth, instance checking can be reduced to fuzzy concept subsumption between a
nominal and a concept. Let the set C 4 defined as follows:

Ca={{a}EC.d)|Ca) =de A}
J (@} E3nib). d) | r(a,b) = d € A).
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An individual c is an instance of C, to a degree at least d, w.r.t. O, iff {{c} Ccuc,
C,d') for some d > d.
We must point out that our algorithm when calculating concept subsumption
between a nominal {c} and a concept D, it calculates the greatest degree d such
that O = {{c} C D, d). Therefore simultaneously solves the GLB problem.

—  Ontology consistency: O is consistent if f (T Zcuc, L. 1), where C 4 is as before.

Consequently, like in the case of crisp £, we will only focus in solving the fuzzy
concept subsumption problem.

4 Extending fuzzy £L*" with fuzzy concrete domains

Fuzzy concrete domains allow us to represent and reason about “fuzzy concrete
qualities”. The need for fuzzy arithmetic and subsequently fuzzy concrete domains
emerges from a variety of applications (mechanical, geotechnical and biomedical
engineering). For an extensive presentation of the theory of fuzzy arithmetic and
an extensive view on its applications the reader may refer to Hanss (2005).

In the rest of this section (i) we revise the syntax and semantics of fuzzy concrete
domains, initially introduced in Straccia (2005a), (ii) we introduce the notion of
conjunction, disjunction, solution, and implication on a fuzzy concrete domain, (iii)
we adapt the syntax and semantics of the concrete domain constructor introduced
for the crisp ££*" language (Baader et al. 2005) for the fuzzy case, (iv) we introduce
a set of restrictions on the expressiveness of fuzzy €L fuzzy concrete domains in
order to ensure the language’s polynomial complexity.

4.1 Fuzzy concrete domains

Straccia (2005a) first studied fuzzy concrete domains in the fuzzy DL ALC(D).
According to Straccia, a fuzzy concrete domain D is a pair (AP, ®P) where AP is
a set and ®7 is a set of fuzzy predicate names. Each fuzzy predicate p € ®P with a
predefined arity # has an interpretation p? : (AP)" — [0, 1], which is an n-ary fuzzy
relation over AP,

For a concrete domain D a conjunction of m formulae with degrees has the
following form:

/\ pi(X)) o< d; (1)

i=1

where p; € ®P is a concrete domain predicate, X is a vector of variable names with
the same arity as p;, <€ {<, <, =,>,>},d; € (0,1],and | <i <m.

We say that (1) is satisfiable, iff there exists a mapping § from variable names to the
elements of our concrete domain § : (Ulmzl Yl-) — AP such that piD'((S(Y,-)) > d;

holds® for every formula in the conjunction. We call the mapping & a solution for

SFor a variable vector X = (x1, ..., xx), 8(X) is a shortcut for (8(xy), ..., 8(xk)).
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the conjunction, denoted as § = /\:';1 pi(yi) ><; d;. In any different case we say that
the conjunction is unsatisfiable. A conjunction of fuzzy concrete domain predicates
implies a disjunction of fuzzy concrete domain predicates i.e.

N piX)esidi = \/ pi(X) o< di

i=1 i=m+1

iff for every solution § of the conjunction we have that § &= pi((X))) o<y d; for some
m+1<l<n.

Example 4 The concrete domain F” = (Q, ®7") defined on the set of rational
numbers contains the unary predicate =, and the binary predicate 7q for every
q € Q. The two predicates can be defined based on some monotonic, continuous,
increasing function such as the following:

0 , x<q—10
- 10
fro =129 2 61]0—1— ,q—10<x<gq.
1 ,q <X

Based on the previous membership functions the two predicates are interpreted as
follows: =7 (x) = f,(x) and Eqp(x, y) = falx — ).

The formula >=,(x) is used to indicate that the variable x is fuzzily superior to
the value of g, while the formula >=,(x, y) is used to indicate that the variable x is
fuzzily superior to the addition of the variable y and the value of g. The membership
function f5, illustrated in Fig. 1, gives a value of 0 to every x € QQ lesser than 10,
a value of 1 to every x € Q greater than 20, and a value in-between to every other

Fig.1 The =5 and the =9
membership functions
20
v ’

o

-
L
S

D,
~
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x € Q. Therefore an assertion of the form =5 (x) > 1 (respectively EZO(X’ y)) in-

dicates that §(x) > 20 (respectively §(x) > 20+ 8(y)) for every solution § of the
previous assertion.

4.2 Fuzzy EL*" with concrete domains

Knowledge related to some fuzzy concrete domain is embodied into a fuzzy EL£*F
ontology via the fuzzy concrete domain constructor. As it can be seen in Table 5,
the fuzzy concrete domain constructor we propose has the same syntax as its crisp
counterpart presented in Baader et al. (2005). As a result, in order to provide
a link between the DL and some fuzzy concrete domain, a set Ny of feature
names is introduced. The concept description p(fi,..., fx) presented in Table 5
is constructed by a predicate of some concrete domain D and the feature names
fi, ..., fr. Intuitively the predicate p, along with some degree d € [0, 1] dictates the
relation between the features fi, ..., f,.

Example 5 Suppose that we have the predicate =, defined in Example 4 and the
feature name smokesCigarettesPerDay. A concept inclusion of the form

(=20 (smokesCigarettesPerDay) C HeavySmoker, 1)

indicates that someone that smokes more than 20 cigarettes per day is a heavy
smoker. Likewise a concept assertion of the form

=15 (smokesCigarettesPerDay)(John) > 1

states that John smokes more than 15 cigarettes per day.

As usual, the DL fuzzy ££*" may be equipped with a number of concrete domains

Dy, ..., D,suchthat AP N AP = @for 1 <i < j < n.If we want to stress out the use
of particular concrete domains D;, ..., D, we write fuzzy EL1 (D, ..., D,) instead
of fuzzy EL1.

In order to handle feature names, an interpretation 7 is extended by mapping each
feature name f € Ny to a partial function f%: A% — (J,_,_, AP". The extension

of -7 in order to interpret the concrete domain concept description is presented in
Table 5.

Table 5 Syntax and semantics of the concrete domain constructor for fuzzy E£+

Name Syntax Semantics
d ifElyl,...,ykeADf such that
T (x)=y; for 1<i<k and
Concrete PUfieees f) Ui fif e = | Oy Isis
domain for p € PPi PPiyi, ..,y =d

0 otherwise
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Example 6 A possible interpretation for Example 5 is the following: AZ = {John®},
smokesCigarettesPerDayI (John?) = 15, HeavySmokerI (VT) =0.5. The previous
interpretation is a model since:

(=15 (smokesCigarettesPerDay))I (John®) =1
(=20 (smokesCigarettesPerDay))I (John*) = 0.5

and therefore the ABox and the CBox are satisfied.

Unfortunately, unrestricted use of fuzzy concrete domains may lead to some
non polynomial or even undecidable language. For example, it is obvious that the
language fuzzy L1 (D), where D is some language of exponential complexity, is a
language of at least exponential complexity. Even worse, as shown in Lutz (2003),
combining decidable description logics and decidable concrete domains may even
lead to undecidable languages.

In order to ensure that our language is of polynomial complexity, we must impose
a set of restrictions on the expressiveness of the concrete domain. These restrictions,
that are an adaptation for the fuzzy case of those presented in Baader et al. (2005),
result in two different categories of fuzzy p-admissible concrete domains: loose fuzzy
p-admissible concrete domains and strict fuzzy p-admissible concrete domains.

Loose fuzzy p-admissible concrete domains are more expressive than strict. Due
to their expressiveness, their utilization must be limited in order to ensure a sound,

complete, and polynomial algorithm. Therefore, a concept p(fi,..., fx) is only
allowed in concept inclusions of the form:
{a}E p(hi. ..., fo). d) 2)
(p(fr..... iy EC.d) ®)

where {a} is some nominal in our ontology and C can be some arbitrary concept
description as long as neither it, nor some of its subconcepts, is a concrete domain
expression. On the other hand, strict fuzzy p-admissible concrete domain concepts
may be used in any part of a concept inclusion since their limited expressiveness
ensures that the fuzzy £ language will remain sound, complete, and terminating.

Definition 1 (Loose Fuzzy p-admissible Concrete Domain) A concrete domain D is
loosely fuzzy p-admissible if it has the following properties:

1. Satisfiability and implication in D are decidable in polynomial time.
2. D is convex, i.e. if a conjunction of atoms of the form p;(X;) > d; implies a
disjunction of such atoms, then it also implies one of its disjuncts.

The admissibility restrictions imposed on loose fuzzy p-admissible concrete do-
mains are an immediate extension of the restrictions presented in Baader et al.
(2005). The restriction of a polynomial time algorithm for deciding satisfiability
and implication in D is obviously needed in order to ensure that the resulting
language will be of polynomial complexity. The convexity restriction ensures that
fuzzy concrete domains won’t introduce non-determinism to our language that
ultimately would lead to a language of non polynomial complexity. The concrete
domain presented in Example 4 without the presence of Zaq predicates is loosely
fuzzy p-admissible as proved in Proposition 1 in the Appendix.
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Example 7 In this example we will present a fuzzy concrete domain that does not
satisfy Condition 2 of Definition 1 and we will show how it can introduce non
determinism to our language. Suppose that we have the concrete domain ® =
(Q, ®°) where Q corresponds to the set of rational numbers and ®®© contains only the
unary predicates ~ s, >, > 5 whose membership functions are depicted on Fig. 2.

Suppose now that we have a formula with degree of the form ~; (x) > 0.5. The
previous inequality along with the membership function of the ~~; predicate imply
that every solution § of the previous conjunction maps the variable name x to some
element in [0.5, 1.5]. With similar arguments we also have that each solution §' of
~p.5 (x) > 0.5 maps x to some element in [0, 1], while each solution §” of ~; 5 (x) >
0.5 maps x to some element in [1, 2]. Therefore it can be verified that

>~ (¥) 2 0.5 o5 (x) 205 \/ ~5 (x) > 0.5

applies, while ~; (x) > 0.5 E~ps (x) > 0.5 and ~; (x) > 0.5 ;5 (x) > 0.5 don’t
apply. Therefore the presented concrete domain is non-convex.
Suppose now that we have an £ ontology of the form

O ={{a} Ex1 (), 0.5), (=05 (NEC, 1), (=15 (HE D, 1),}

where f is some feature name. According to the previous findings we can conclude
that for every model Z of O either Z = ({a} C C, 0.5) holds or Z = ({a} € D, 0.5)
holds, while neither O = ({a} C C, 0.5) nor O = ({a} C D, 0.5) hold. Therefore the
corresponding language is non-deterministic and consequently of non-polynomial
complexity.

We proceed to define strictly fuzzy p-admissible concrete domains that are a more
restrictive subset of loosely fuzzy p-admissible concrete domains.

A
y ~ ~ ~
1 A=0.5 =] =15
P r Y
U.o 7
X
1 -0. 0 1 2 5

V- Ve A ™) N Y »
7 A4 7 7 A4 N7 »

Fig.2 The ~¢ 5, >, and 2~ 5 membership functions
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Definition 2 (Strict Fuzzy p-admissible Concrete Domain) A concrete domain D is
strictly fuzzy p-admissible, if it is loosely fuzzy p-admissible and has the following
properties for some conjunction conj := AL, pi(X;) > d;:

1. If the implications conj = p(X) > d, conj IS p(X) > d apply, then the implica-
tions conj’ = p(X) > min(e, d), conj’ = p(X) > min(e, d) will also apply for any
degree e € (0, 1] and the conjunction

m
conj’ := A\ pi(X)) = min(d;, e).

i=1

2. If the conjunction conj is unsatisfiable, then the conjunction conj’ is also unsat-
isfiable for every e € (0, 1].

3. If the implications conj = p(X) > d, conj j= p(X) > d apply, then d appears in
the conjunction con;.

4. If the implications conj = p(X) > d and conj j= p(X) > d apply, then it also
applies that conj” = p(X) > d, conj” = p(X) > d for the conjunction:

conj” := /\ p(X)=>d.

)24 X)=a appears in conj and d’'>d

The previously mentioned admissibility restrictions were imposed by the proof
process—they are used throughout the soundness, completeness, and complexity
proofs—and thus it is difficult to give an intuitive explanation of each one of them.
Nevertheless, the main intuition underlying these restrictions is that they prevent the
production of new degrees. The production of new degrees along with the presence
of fuzzy p-admissible concrete domain concepts in GClIs could lead our algorithm
even to non termination. In Example 11 in the Appendix we show how the absence
of these restrictions may alter the performance of our algorithm.

Having in mind the latest work of Baader and Pefialoza (2011) which proves that
even inexpressive fuzzy DLs become undecidable with the addition of arbitrary -
norms in GCls, it is interesting to investigate if the same applies with the presence
of arbitrary concrete domains (even of polynomial complexity) since they both may
introduce an arbitrary number of new degrees to an ontology O.

We give an example of a fuzzy concrete domain that confines to the previously
mentioned restrictions:

Example 8 We can formulate a fuzzy concrete domain ' = (S x [0, 1], &7y where
S is an arbitrary set of elements and ®7 contains a predicate =, for every g € S.
Therefore the interpretation of =, (i.. :f) is a mapping :(?: S x [0,1] = [0, 1]
defined as follows for every element « € S x [0, 1]:

d ifa=1(q d

D
= ) =
q @ 0 otherwise

For example the conjunction
=5 (x) > 0.3A =5 (x) > 0.5A =5 (y) > 0.6.

has a solution § such that §(x) = (5, 0.5), §(y) = (8, 0.6).
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5 Reasoning in the fuzzy ££%" language

Since all reasoning problems of fuzzy ££7 can be reduced to fuzzy concept
subsumption, it suffices to develop an algorithm for this problem only. The proposed
algorithm, similar to that presented in Baader et al. (2005), is performed in two steps.
Initially an ontology O is normalized and then an algorithm for deciding subsumption
is applied over the normalized ontology.

5.1 Normal form of a fuzzy ££*" ontology

Given an ontology O, the set of basic concept descriptions of O, denoted as BCp, is
the smallest set of concept descriptions that contains the top concept T, all concept
names and nominals in O, and all subconcepts of the form p(fi, ..., fi) appearing
in O. Similarly, Rp denotes the set of all role names in O, and the set [0, 1]p is
the subset of [0, 1] containing only the degrees appearing in O, i.e. [0, l1lo ={d | d €
[0, 1] and (C C D, d) € O}. Since our algorithm focuses on the fuzzy concept sub-
sumption problem and therefore works on an empty ABox according to Lemma 1,
we won’t consider the ABox A for degrees.

A fuzzy EL1 ontology O is in normal form, iff all fuzzy GCIs in O are in one of
the following forms (where C;, C; € BCo», D € BCo U {L}and d € (0, 1]):

(CtED,d) (CiE3Cy,d) (C,nGED,d) ((3rC E(G,d)

and all RIs are in either the formr; C s,orryory, E 5, forry, 7, s € Ro.

As in the case with classical ££7" (Baader et al. 2005), a fuzzy ££7" ontology O
can be normalised by exhaustively applying the rules of Table 6 where C.D ¢ BCo
are concept descriptions, # denotes a new role name, and A a new concept name.

Example 9 For example suppose that our ontology O contains only a GCI of the
form (Ar.(Am B) C Cn D, 0.3).

— Application of rule NF3 replaces the initial GCI with two GClIs of the form:
(AnBC E, 1)and (Ir.E; E Cn D, 0.3) where E; is a new concept name.

— Application of rule NF5 replaces the GCI (3r.E, E C 1 D, 0.3) with two GCls of
the form (3r.E| C E,, 1) and (E; E Cn1 D, 0.3) where E, is a new concept name.

— Application of rule NF7 replaces the GCI (E, E Cn D, 0.3) with two GClIs of
the form (£, C C,0.3) and (E, T D, 0.3).

Table 6 Normalization rules for fuzzy £

NF0 (Cc E,0) N 9

NF1 rpo...oryCs — F10... 00k 1 U, uory Cs
NF2 (CnDC E,d - (DE A1), (CNAC E.Jd)
NF3 @rCc D, d) N (CC A, 1), (3rAC D,d)
NF4 (LT D,d) N Y

NF5 (Cc D,a) - (CT A, 1),{AC D,d)
NF6 (BC 3r.C, d) N (BECIrA,d), (AcC, 1)
NF7 (BC CnD,d) N (BC C,d), (BC D, d)
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Therefore the initial CBox C = {(3r.(An B) C Cn D, 0.3)} is transformed to the
normalized CBox

C'=({(ANBC E, 1),(3rE C Ey, 1),(E; £ C,03),(E; £ D,0.3).}

where E;, E, are newly introduced concept names.

Lemma 2 Fuzzy subsumption w.r.t. a fuzzy ELT ontology O can be reduced in
linear time to fuzzy subsumption w.r.t. a normalized fuzzy ELTT ontology O

5.2 A subsumption algorithm for fuzzy ££**

In this section we present the algorithm for deciding fuzzy concept subsumption w.r.t.
to a normalized ontology O. Initially we reduce the problem of fuzzy concept sub-
sumption between two concept descriptions C and D to fuzzy concept subsumption
between a newly introduced nominal and a newly introduced concept name.

Lemma3 Let O be a fuzzy ELT ontology and C and D fuzzy EL' concepts. Then
(CCo D,d), iff ({o} Co B, d), where o is a new individual name, B a new concept
name not appearing in BCo and

O =0U{({o} EC, 1),(DE B, 1)}.

Our reasoning algorithm works by saturating the input axioms using the rules
in Table 7. The rules are applied over a normalized ontology O and produce new
axioms of the form (C C D, d), (C C 3r.D, d) wherer € Rp and C, D € BCp». These
new axioms are added to the saturated ontology Osat which contains, explicitly,
fuzzy concept subsumptions implied in O. This means that if (C E D, d) € Osat then
(C Ep D, d). The rules in Table 7 have the form

Uy,...,U,
W %

where Uy, ..., U, are concept inclusions in Osat, W is the concept inclusion that will

be added in each rule application to Osat, and V is either a concept/role inclusion in

O, or a fuzzy concrete domain condition. The notation adopted by our algorithm is

similar to the one presented in Kazakov (2009), rather than the one in Baader et al.

(2005) and Stoilos et al. (2008).

The saturation rules are performed in the following sequence. Initially rules I1,
I2 are applied and then the algorithm proceeds with the application of the other
completion rules described in Table 7 until no rule can add any further information.
By the semantics of concept inclusion, if both (C Ep D, d,), (C Ep D, d,) hold, it
suffices to keep only the concept inclusion with the maximum degree (similar for
concept inclusions of the form (C Ty 3r.D, d)). For the same reason, a rule adding
a concept inclusion (C T D, d;) to Osat won’t be applied if Osar already contains
(CE D,d)) and d, > d;.

In Table 7 we use the relation ~ (see rule CR6) between a nominal and a concept.
The definition of this relation is similar to the one in Baader et al. (2005) adapted to
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Table 7 Saturation Rules for Fuzzy ££7+ Ontologies

1 -
(CCEC 1)
12 _—
(CET,1)
(cc . dy)
CR1 (C'Cc D,d
(CCT D mintdy. dyy \C =P
(CE Cy,dy), (CE Cy,da)
: C
Rz (CC D.mindr. do. dyy) O EDB)
(cc . dy)
R3 (C'C 3D, d
¢ (CC 3D minidy. dyy) - \C =D
(CC3rE,d),(EC C', d) ,
B A C
CRd (CC D.mindr. do. dyy) € E DB
CC3rE,d EC 1.d
CRS (CEFE ). (EC ’2>:d1>Oandd2>0
(CEL D
CR6 (C C {a), 1), (E E {a}, 1), (b} ~ E.d) {(EC D. )
(C E D, min(dy, dy))
C pi(Fp),dy), ... C Fn),d mo
CR7 (CE pED, l()C = j_<cl)_ Pon(Em). dm) : A\ pi(Fi) > d; is unsatisfiable
= ) i=1
C p(F C F, m _
CR8a e <dcl>E p(’jé)C;) pnlEm)-dm) R Fy = di b= p(F) = d and
= ) i=1

(i) each predicate p,..., pm € ®P,
(i) D is some strict fuzzy p-admissible concrete domain
CRS8b Rule CR8b is identical to rule CR8a with the only
difference that C can only be a nominal {a} € BCp and D is some loose
fuzzy p-admissible concrete domain

(CC pi(Fp, di), (CE pi(Fp,dj)

. Di p. Dj i
CRY CC L1 pie® ,p]ef :l;é/and
(i) there exists some feature f appearing in both F;, Fj,
ii)d; >0andd; > 0.
j
(CE 3r.D,d)
CR10 ——————rCc
(ccawmn.a =
(CE3r.D,d1),(DE3In.E dy)
CR11 : cE
(C T 35.E, min(d), dy)) nmen=s
cc d
CR12 icgim :where d > 0

membership degrees. For {a}, E € BCp we say that ({a} ~ E, d) when one of the
following conditions holds:

— Either there exist concepts {C, ..., Cry1} € BCp and roles {ry, ..., 7} € Rp,
such that: (i) (C; © 3r,.Ciy, d;) € Osar forevery 1 <i <k, (ii) min(dy, ..., dy) =d,
(iii) C, = {a} and Cy4, = E; or

— E is some nominal {b} € BC» and d = 1. I.e. we have that ({a} ~> {b}, 1) for
every pair of nominals {a}, {b} € BCo.

Additionally, in rules CR7, CR8a, CR8b, CRY, F and F, ..., F,, correspond to
vectors of feature names, while in rules CR7, CR8a, CR8b we consider that all the
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predicates belong to the same concrete domain py, ..., py, € &P, and that every
concept inclusion (C C pi(fi), d;) concerning the particular concrete domain is taken
into account. Finally rules CR8a, CR8b will only be applied if the resulting concept
inclusion (C E p(F), d) contains some concept p(F) € BCo.

Theorem 1 (Correctness) Let O be a fuzzy ELTH ontology in normal form and let
Osat be obtained from O by exhaustively applying the rules of Table 7 until no new
information is added to Osar. For every nominal {0} € BC» and concept B € BCp,
O = ({o} C B, d) if and only if one of the following two conditions holds:

S1 {{o} C B,d') € Osar for some d > d,
S2  there exists some nominal {a} € BCo such that ({a} C L, d) € Osat and d > 0.

Example 10 Based on Example 3 we construct the ontology O = (#, CUC4) and
then normalize it. The application of the Rules I1, 12, CR3,CR4 will be performed
adding to the saturated ontology Osat the following concept inclusions:

({patient137} T JhasSeverityIndex. ASSISTOSeverity Index, 0.6)
({patient138} C JhasSeverityIndex. ASSISTOSeverity Index, 0.8)

Lemma 4 Fuzzy concept subsumption between a nominal {0} and a concept B € BCop
w.r.t. some normalized fuzzy ELT ontology O can be decided in polynomial time.

The following Theorem is an immediate consequence of Lemmata 2, 3 and 4.

Theorem 2 (Complexity) Fuzzy concept subsumption between fuzzy ELYT concepts
can be decided in polynomial time.

6 Related work

There have been many works on extending the ££ language with fuzzy set theory.
Peter Vojtas proposed a fuzzy extension of the £L£ language for performing queries
containing several vague concepts of user’s preferences (Vojtas 2007). The proposed
language differs from usual fuzzy DL languages in that it interprets conjunction
using fuzzy aggregation functions rather than t-norms. Also roles are not interpreted
as fuzzy binary relations, bur rather as crisp (classical) ones. Stoilos et al. (2008)
proposed a fuzzy extension of the ££" language, using the operators of Godel
logic, which they named f-EL£". The language introduced in this paper is an
extension of the one presented in Stoilos et al. (2008), with nominals, the bottom
concept, and fuzzy concrete domains. The language f5-EL£", was used by Feng et al.
(2010), for computing logical differences between ontologies. Finally, Vanekov et al.
propose in Vanekova and Vojtas (2010) a fuzzy £L (D) language which extends
the language presented in Vojtas (2007) with the aggregation constructor @y, the
top-k constructor, and fuzzy concrete domains. The aggregation constructor allows
to define the degree of some concept based on some aggregation function and the
degrees of a set of concepts. The top-k constructor allows to select from a concept
C only the k individuals with the highest degrees, while the proposed concrete
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domain allows for linguistic variables such as goodpsice etc. that are based on some
membership function.

The main differences between our language and the language presented
in Vanekova and Vojtas (2010) which also allows for fuzzy concrete domains are
the following: The language presented in Vanekova and Vojtas (2010) provides for
the aggregation @y and the top-k constructor while it considers only for crisp roles.
On the other hand, the language we propose supports for nominals, the bottom
concept, role composition and fuzzy roles. Another difference is that the language
presented in Vanekova and Vojtas (2010) due to the presence of the aggregation @y
and the top-k constructor is non-monotonic in contrast to our language that preserves
monotonicity. Finally we should notice that the complexity of the language presented
in Vanekova and Vojtas (2010) has not yet been studied.

Regarding fuzzy concrete domains, our work is based on works of Straccia and
Bobillo. In Straccia (2005a), Straccia first introduced the notion of a fuzzy concrete
domain, D = (Ap, ®p), where Ap is the interpretation domain and ®p is the set
of fuzzy concrete domain predicates. In order to provide a link between fuzzy
concrete domains and the DL fuzzy ALC(D), Straccia provides the constructors
VT.D, 3T.D where T is a concrete role and D is either some unary fuzzy concrete
domain predicate d, or its negation —d. Reasoning in ALC(D), is performed by
reduction to bounded mixed integer programming (bMIP) (Hahnle 2001). The
work is extended by Bobillo and Straccia (2009b) with the additional constructors
(> tn), (< tn), (=tn), where t is some concrete feature name and n some value in
the interpretation domain AP. Finally Bobillo and Straccia (2009a) further extend
the language ALC (D) with mathematical operations either between real numbers, or
between fuzzy membership functions such as fuzzy numbers. The proposed language
allows to define new membership functions. For example we can define the datatype
that is the result of adding the membership functions of two different triangular
functions.

Even though the expressive power of the language proposed by Bobillo and
Straccia is appealing, fuzzy ££*" cannot embody arbitrary fuzzy concrete domains
that do not comply with the restrictions presented in Definitions 1 and 2. In fact,
in Example 7 we showed how fuzzy ££*" expanded with a simple concrete domain
on the rational numbers and fuzzy predicates based on the triangular membership
function can change the complexity of the fuzzy £ language to non-polynomial.
Therefore the main contribution, w.r.t. previous work on fuzzy concrete domains, is
that our paper presents the admissibility restrictions that ensure that the fuzzy E£*
language retains its polynomial complexity.

7 Conclusions and future work

In this paper we have presented a fuzzy extension of the DL language ££" 7, creating
fuzzy EL*H. We first described its syntax and semantics, while then we showed how
each inference problem of fuzzy DLs, i.e. concept satisfiability, ontology consistency
and instance checking, can be reduced to the fuzzy concept subsumption problem.
Subsequently, we have developed a tractable algorithm for deciding the fuzzy
subsumption problem. Compared to previous approaches our language supports
nominals, the bottom concept, and fuzzy concrete domains. Nominals allow for
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reasoning w.r.t. assertional knowledge (which cannot be done in e.g. fuzzy-
ELT), while the presence of the bottom concept allows to express disjointness
between concepts (e.g. (Cr D C 1,1)), and together with nominals, to express
difference between individuals (e.g. ({a} n {b} C L, 1)). Moreover, the fuzzy concrete
domains of fuzzy EL* allow the representation of concrete qualities of real-world
objects such as their weight, temperature, and spatial extension. Finally, we provided
detailed proofs of the correctness of the presented reasoning algorithm.

Regarding future work, we plan to extend the semantics of the fuzzy £L£1+
language to allow for arbitrary t-norm operators for interpreting conjunction. Having
in mind the latest work of Baader and Pefialoza (2011), which proves undecidability
for a specific family of fuzzy DL languages extended with arbitrary z-norms, it is
interesting to investigate if the same will apply for the fuzzy ££7" language. If such
is the case, it is interesting to examine decidable and polynomial sublanguages of
the fuzzy L7 language extended with general t-norms. Finally, we also want to
consider more expressive, but still tractable, logics than ££1. Such logics have also
been investigated in the literature (Baader et al. 2008) and they allow for constructors
such as domain and range restrictions on roles.

Appendix: Proofs

Proof of Lemma 1

Concept satisfiability The claim follows easily by observing that if C is satisfiable,
then there exists a model Z of C and x € AT such that CZ(x) > 0, therefore CZ (x) >
17 (x). Thus T is a counter-model for (C E¢ L, 1). Similarly if (C Z¢ L, 1), then there
exists a model Z of C and x € AZ such that CT(x) > 1LZ(x) =0, the concept C is
satisfiable.

Instance problem The case follows easily by observing that Z is a model of C U C 4 iff
itis also a model of A w.r.t. C. More precisely, ({a} E C, d) is just a syntactic variant of
C(a) > d (similarly with role assertions). More precisely, for Z satisfying ({a} C C, d)
we have CZ (x) > min({a}® (x), d) for every x € AT, thus also CZ(a) > min({a}* (a), d),
and by the semantics of nominals also CZ(a) > min(1, d) = d.

Ontology consistency It suffices to prove that O is inconsistent iff (T Ceuc, L, 1)
holds:

Suppose (T Ecuc, L, 1) holds. Then for every model Z we must have that
TZ(x) < LT (x) for every x € A. Obviously, Z must be not-empty, thus there exists
c € AT such that TZ(c) < 1%(c). Moreover, by the definition of interpretations
we have TZ(c) =1 and LZ(c) =0, thus it follows that 1 <0, leading to absurd.
Therefore O has no model.

For the opposite direction. Suppose that O is inconsistent. Since an inconsistent
ontology entails all axioms we therefore have (T Ccue, L, 1). O

Example 11 In this example we want to show how the presence of, even simple,
loosely fuzzy p-admissible concrete domains in fuzzy GCIs may affect the time
performance of our algorithm.

@ Springer



J Intell Inf Syst (2012) 39:399-440 421

Suppose that we have the concrete domain ® = (Q, ®®) where Q corresponds to
the set of rational numbers and ®® contains only the predicates =29, 3=20.5 as defined
in Example 4. Suppose now that we also have the following ontology O:

O = {{{a} S22 (), 0.5), (20 (/) E IrC, 1), (C E=205 (), 1), (C E {a}, 1)}

and the admissibility restriction on Rule CR8a does not apply. At some point of the
execution of the algorithm we will have the following application of rules:

{{a} E=20 (), 0.5)

CR3 (al C3.C.05) Dm0 (HEICT)
CR6 ({a} E {a}, 1), (C C {a}, 1), ({a} ~ C,0.5), (C Ci=p05 (f), 1)
({a} Ti=205 (), 0.5)
({a} S=205 (), 0.5)
CR8 (@ Tom ().06) =205 (f) = 0.5 E=20 (f) > 0.6
CR3 ({a} S=2 (), 0.6) (a0 () C 3C. 1)

{{a} E Ir.C, 0.6)

The implication =55 (f) > 0.5 =2 (f) > 0.6 can be derived from the =y, =20
membership functions presented in Fig. 3. As it can be seen, these rules will be
repeatedly applied until the algorithm reaches ({a} C 3r.C, 1) while the number of
repetitions of the rule application depends on the form of the =55, =20 membership
functions.

Fig. 3 The =20 and =205

membership functions y
Q
N,
| Q?’
“v
0.55
0.5 é'
|
i
!
!
i
!
]
15| , 155
! X
]
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Therefore without the strict p-admissibility restrictions our algorithm becomes
non-polynomial.

Proposition 1 The concrete domain presented in Example 4, without the presence of
Zaq predicates, is loosely fuzzy p-admissible.

Sketch Proof The corresponding concrete domain contains an unary predicate =,
for every g € Q defined on the f, function presented in Example 4. The f, function
maps elements of Q to the [0, 1] interval. We build another function g, : [0, 1] — Q
as follows:

—00 ,x=0
gq(x) =

x-10—104+4¢qg , xe€(0,1]
and it can be verified that f,(g,(x)) = x for every x € (0, 1]. Suppose now that we
have the following conjunction of formulae with degrees:

Fa () > d;

i

~.

i=1

Each conjunct of the form =, (x;) > d; can be transformed to some inequality x; >
g4(d;). Therefore we end up with a system of inequalities which can be reduced to the
concrete domain of rational numbers presented in Baader et al. (2005). The latest has
been proved to be a convex concrete domain for which satisfiability and implication
are decidable in polynomial time.

We now examine why the corresponding concrete domain will lose its convexity
when it allows for conjuncts of the form Za (x;, yi) = d;. These conjuncts can also
be transformed to inequalities x > g,(d;) + y and therefore the initial problem is
reduced to solving a system of inequalities. Unfortunately it is easy to show by
a counter example that the corresponding concrete domain is non-convex. For
example x > 10 and y > 10 imply that either x > y + 0 or y > x + 0 holds, but none
of the previous two disjuncts will always apply. O

Proof of Lemma 2 The linear time complexity of the normalization process is an
immediate consequence of the fact that the normalization algorithm is identical to
the one presented for the crisp ££** language (Baader et al. 2005).

For the other part it suffices to prove that each model of @' is also a model of O
and each model of O can be extended to a model of O’ by appropriately interpreting
new concept and role names. The proof is by induction on each of the substitutions
performed by the rules. We will only present the case of rule NF2.

Let 7' be a model of @'. Then, for every x € AL, we have DZ (x) < A% (x) and
min(CZ (x), AT (x), d) < EZ (x), thus min(CZ (x), DT (x), d) < E¥ (x) and therefore
7' is also a model of O.

Let now Z be a model of O. We create an interpretation Z’ that is identical to 7
with the difference that AZ (x) = DZ(x) for every x € AZ. Since A is new, it only
appears in the concept inclusions (b C A, 1)and (Cn AC E,d). It can be easily
verified that both concept inclusions are satisfied by Z’. Therefore 7’ is a model
of O'. O

@ Springer



J Intell Inf Syst (2012) 39:399-440 423

Proposition 2 For every strictly fuzzy p-admissible concrete domain D and arbitrary
number d, € (0, 1) the following holds: If § is a solution for the conjunction conj,
then there also exists a solution 8" such that (i) pP (8" (X)) = 1 if pP(8(X)) > d,, and
(ii) pP(8"(X)) = pP(8(X)) if pP(8(X)) < d,, for every predicate p € ®P.

Proof Based on the mapping § we build two new conjunctions as follows:

N\ p(X)=d

if pP (8(X))=d

conj” := A p(X) = d/\ A p(X)=1.

it pP (8 (Y)):d and d<d, it pP (8 (Y)):d and d>d,,

conj’ :

Obviously every solution of conj” is also a solution of conj. Therefore if §” is a
solution for conj” it is also a solution for conj.

We first prove that conj” has at least one solution. Based on Property 2 of
Definition 2 we can easily show that if there exists no solution for conj”, then there
exists no solution for conj which is absurd since we have already assumed that § is a
solution for conj.

It remains to prove that there exists a solution of the form §” for conj”. We assume
the opposite: Suppose that S” is the (possibly infinite) set of solutions of conj” then
there exists no solution 67 € §” that corresponds to §”. This implies that for every

solution §7 there exists some predicate p; and a vector of variables X such that (i)
p7(8}(X)) =d; and (ii) p;(X)) > d; does not appear as a conjunct in conj’. We
create a set §)) as follows: for every solution 67 in §” the set S, contains an inequality
p;(X ;) > d;such that conditions (i) and (ii) apply. The latest implies that

conj’ = \/  piX)=d;
pi(Xzd;eS;
and Property 2 of Definition 1 (convexity) ensures that

conj” = pi(X,) > dx

for some element p, (X;) > d;, appearing in 7.

Case d; > d, 1 We consider the number d/ that is slightly larger than d,, and we
create the conjunctions:

1. conj). by replacing every degree d in conj’ with min(d, d,,),
2. conjy, by replacing every degree d in conj” with min(d, d,,).

It can be verified that the two conjunctions are identicil. Since conj” = p;. (X,) > d,,
Property 1 of Definition 2 ensures that conj;; = p;(X;) > min(d,, d}) = d. Since

conj,. and conj/. are identical we also have that conj. = p;(X;) > d. The latest

implies that p? (8(X})) > d,, and by construction of conj” we have that p,(X,) > 1
appears in conj” which contradicts the assumption that no solution §; corresponds
to §”.

@ Springer



424 J Intell Inf Syst (2012) 39:399-440

Case d; < d, 2 In asimilar way than before, we show that P (X)) = d;, will appear
in conj”, which also contradicts our assumption.

Therefore we have that there exists a solution §”. O

Proof of Lemma 3 Let (CCop D, d), we need to show that ({0} Co B, d) holds.
Since O’ extends O, every model Z’ of O’ is also a model of O. Therefore (C Cor
D, d) and since O’ contains ({o} C C, 1), (D C B, 1), it can be easily verified that
({o} T B, d) holds.

For the opposite direction we will show the contrapositive, i.e. that (C Zp D, d)
implies ({o} Zo B, d).

If (C Zo D, d) then there exists an interpretation 7 s.t. CL(w) > DX (w), d >
D” (w) for some w € AZ. We build an interpretation Z’ that is identical to Z with the
following differences: (i) A% (x) = 1if AZ(x) > D (w) for every x € AT and concept
name A, (ii) p?' (F)(x) =1 if pZ(F)(x) > D¥(w) for every x € AT and concept
p(F) where p is a predicate belonging to some loose fuzzy p-admissible concrete
domain (Proposition 2 ensures that such an interpretation can be constructed).
(iii) %' (x, y) = 1 if rZ(x, y) > D¥(w) for every x, y € AT and r € Rp, (iv) of = w
and BT (x) = D% (x) for every x € AZ.

If the interpretation Z satisfies a concept inclusion of the form (I'y C I';, d),
where I'j, I'; are concept descriptions, it can be verified that 7’ also satisfies the
particular concept inclusion (the same applies for role inclusions). Therefore 7' is
a model of O and since by construction of Z it also satisfies the concept inclusions
({o} T C, 1), (D C B, 1), it is also a model of O'. The latest finishes our proof since
min({0} (»), d) = min({o}* (0%, d) = d, D¥ (v) = D¥(w), and d > D% (w). o

Proof of Lemma 4 In the following | - | denotes the cardinality of a set. We also use
the standard notion of big-O from computational complexity, denoted by O. The
polynomial complexity of the algorithm is a result of the following properties.

— At each step of the algorithm the maximum number of concept inclusions in
the saturated ontology is bounded by |BCo|*. This is due to the fact that for
two inclusions (C C D, d) and (C C D, d’) only the one with the higher degree
is kept. On the other hand the number of concept inclusions of the form (C C
3r.D, d) is bounded by |Rp| - |BCo|?. Since each concept and role inclusion,
in its normal form, contains at most 3 concept and roles we can conclude that
|BCo| and | Rp| have sizes O(|O|). Therefore there are at most O(|O|?) concept
inclusions in the saturated ontology.

— Rule CRS8b, that may introduce degrees that are not in [0, 1], can only be
applied once for each pair of nominal—ordinary predicate concept description.
Since there exist O(|O|?) such pairs in our ontology, at most O(|O|?) new degrees
can be introduced.

— None of the other rules introduces new degrees (rule CR8a does not introduce
any new degrees due to Property 3 of Definition 2). Therefore the degree d
in some concept inclusion (C C D, d) or (C C 3r.D, d) can be altered at most
O(|0)?) times.

— From the above points we can conclude that there can be at most O(|O)°)
applications of rules CR1-CR13.
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— It takes polynomial time in the size of |O| to check if some rule is applicable. For
all rules except rules CR6, CR7, CR8 for a naive application of the algorithm
it is evident that the checks that should be made (checking for each concept
inclusion in O all fuzzy concept inclusions in Osat) cannot be more then
O(|0] - |Osar)) = |O]*.

— Rules CR7, CR8 can be applied in polynomial time due to Property 1 of
Definition 1.

— For rule CR6 the problem of finding if ({a} ~» D, d) can be solved by using a
variation of the shortest path problem (for weighted directed graphs). In Fig. 4
we see such a graph where each node corresponds to some element of BCp and
each edge from node C; to C; has length

1
|dC1,C,-| = inf{a |re€ Roand (G, E Ir.Cj,d) e OSAT} .

As it can be seen in Fig. 4 edges with oo length are not taken into account. In
our variation of the shortest path problem we consider that the distance traveled
along two edges with lengths e, e, is max(ey, e;) instead of e; 4 e;. Obviously if
the shortest path from some {a} € BCp to D has length e we can conclude that
(C~> D, é). The problem of finding all the shortest paths in a graph, by using
a variation of the “FloydWarshall algorithm”, has O(|O|*) complexity (Floyd
1962). Therefore applicability check for rule CR6 also takes polynomial time. O

Proof of Theorem 1 (Soundness) Soundness is the if direction of Theorem 1. As-
sume that the algorithm is applied to an ontology O creating a saturated one Osar,
and let {0} and B be a nominal and a concept name such that either Condition S1 or
S2 holds. To show that ({0} £ B, d) holds, we first prove the following claim:

Claim Each concept inclusion in Ogar is satisfied by a model Z of O.

Proof We show the claim using induction over the application of the completion

rules in Table 7.
e dc 1,C3

dc,c,

Fig. 4 Reducing ({a} ~~ C),d
to the shortest path problem

>
>

s 1
C37C’2

dp,c
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For the base case, initially no rule is applied and Osat is empty, so any model of
O is also a model of Osat and the claim follows trivially.

For the induction step, we assume that at step j we have computed O, and
all subsumptions in it are satisfied. Then at step j+ 1 some rule from Table 7 is
applied and a new subsumption is added to create (’)§+AlT. We make a case distinction
according to the rule that was applied to generate and add the new subsumption. For
the rest of the proof we consider that CL(x) =e.

(IT1or I2)

(CR1)

(CR2)

(CR3)

(CR4)

(CRS5)

@ Springer

These rules add (CE C, 1) and (CC T, 1) to Ogsat for every concept
C € BC¢. By the semantics of every C € BC¢ and the top concept the
claim follows trivialy.

This implies that there is (C C E, d;) € OéAT, and (EC D,d,) € O and
the rule adds (C C D, min(d;, d)) to OQIT. It remains to show that
D7 (x) > min(e, d,, d,). By IH we have that E”(x) > min(e, d;) which
together with (E C D, d») imply that

D% (x) > min (EI(x), dz) > min(e, dy, d;).

This implies that there are subsumptions of the form (CC C,d,),
(CE (), dy) € OéAT, and (CinC, E D,d3) € O and the rule adds
(C € D, min(d,, d», d3)) to (’)éZlT. It remains to show that DZ(x) >
min(e, dy, d, d3). By IH we have CI(x) > min(e,d;) and CZ(x) >
min(e, d) which together with (C; m C, E D, d3) give

D% (x) = min (Cf (x), C3 (x), d5) > min(e, di, d>, d3).

This implies that there exists a subsumption of the form (C C C', d;) €
OéAT, and (C' C 3r.D, d,) € O and the rule adds (C' = 3r.D, min(d;, d>)
to (’)&'T. It remains to show that (3r.D)%(x) > min(e, d;, d»). By ITH we
have C'I(x) > min(e, d;) which together with (C' C 3r.D, d,) imply that

3r.D)* (x) > min(e, d,, d»).

This implies that there are subsumptions of the form (C C 3r.E, d,),
(EC C,dy) € Olyp, and (IrC'C D,d3) € O and the rule adds
(C E D, min(dy, dy, d3)) to OQIT. It remains to show that DZ(x) >
min(e, dy, d», d3). By IH we have that (3r.E)Z(x) > min(e, d;) and that
C*(y) = min(EZ(y), dy) for all y € AZ which together with the seman-
tics of existential restrictions imply that (3r. CHL(x) > min(e, d,, d»). The
latest inequality along with (3r.C' € D, ds) give

D% (x) > min(e, d, da, d3).

This implies that there are subsumptions of the form (C C 3r.E, d,),
(EC 1,dy) € O], and the rule adds (C C L, 1) to OLLL. It remains
to show that e = 0. By IH we have (3r. E)X(x) > min(e, d;) and 17 (y) >
min(EZ(y), d,) for all y € AZ. The latest inequality implies that EZ(y) =
0 for all y € AT which together with the semantics of existential
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(CR6)

(CR7)

(CR8a)

restrictions give that (3r. E)? (x) = 0. Therefore, and since (3. E)?(x) >
min(e, dy) and d; > 0, we have that

e=0.

This implies that there are subsumptions of the form (C C {a}, 1),
(EC{a},1) (EC D,d;) in OéAT, and ({b} ~~ E, d,) and the rule adds
(C € D,min(d;, d)) to OS;IT. It remains to show that DZ(x)>
min(e, dy, d,). By IH we have that

(@) (x) > e 4)
{aY*(y) = EX(y) ®)
D% (y) = min (E%(y). d>) (6)

for every y e AZ. The ({b}~+ E,d;) condition along with the IH
imply that

@r1.(.3r. ENE(y) = min (b} (), dy) (7)
for some arbritrary sequence of roles ry, . . ., 7.

(i) If x # a® we have that {a}*(x) = 0 which together with (4) imply
that e = 0 and therefore D% (x) > min(e, d;, d) trivially applies.

(i) If x =a”, then by substituting in (7) y with b7 we get that
@r1.(..3r. £))T(bT) > d,. The latest inequality together with the
semantics of existential restrictions imply that there exists some
z € AT such that EZ(z) > d,. The fact that EZ(z) > d, along with
(5) imply that EZ(a’) > d, which combined with (6) implies that

DT (@) > min(d,, d») > min(e, d;, d»).

This implies that there are subsumptions of the form (C C pi(Fp), d;) €
Oé Ar for 1 <i<m, and A\, pi(F;) > d; is unsatisfiable and the rule
adds (CC 1,1) to (’)é;:]T. It remains to show that e = 0. We proceed
by contradiction. Let e > 0, by IH we have that pZ(F;) > min(e, d) for
all 1 <i<m. A mapping §: Np — AP is built as follows: §(F;) =
f?(x) for all 1 <i<m. It can be verified that § is a solution for
AL pi(F)) > ‘min(e, d;). But, according to Property 2 of Definition 2 and
since AL, pi(F;) > d; is unsatisfiable the previous conjunction should
also be unsatisfiable. Therefore the assumption we have made is wrong,
implying that

e=0.

This implies that there are subsumptions of the form (C T pi(F), d;) €
OéAT for 1 <i <m,and A\, pi(F;) > d; = p(F) > d and the rule adds
(cc p(F),d) to OéZIT. It remains to show that pZ(F) > min(e, d). A
mapping 8 is built as before: §(F;) = f’iz(x) for all 1 <i < m. It can be
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(CR8b)

(CRY)

(CR10)

(CR11)
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verified that § &= /\?i . pi(F;) > min(e, d;) and Property 1 of Definition 2
ensures that

/\ pi(Fi) = min(e. d;) |= p(F) = min(e, d).

i=1

Since & is a solution for the conjunction we have that § = p(F) >
min(e, d), and by construction of § that

pL(F)(x) > min(e, d).

The proof for loose fuzzy p-admissible concrete domains can be per-
formed as before, keeping in mind that C will always correspond to a
nominal {a} due to the restriction presented in (3) and therefore either
CZ(x) = 0 or CT(x) = 1 will hold.

This implies that there are subsumptions of the form (C T pi(Fy), di),
(CC p/(F[), d)) € OéAT such that py € (DD", JJRS &P with Dy # Dy, and
the feature vectors Fy, F;have a common feature f and the rule adds
(CE L,1) to OQIT. It remains to show that e = 0. By IH we have that
p¥(Fy) > min(e, dy) and p} (F)) > min(e, dy). If e > 0, and since dy > 0
and d; > 0, it is implied by the semantics of fuzzy concrete domains that
fE(x) = y for some y € AP (N APJ, contradicting the disjointness of AP
and AP, Thus

e=0.

This implies that there exists a subsumption of the form (C C 3r.D, d) €
Ol p, and rCs € O and the rule adds (C C 35.D,d) to O\ It re-
mains to show that (3s. D)% (x) > min(e, d). By IH we have (3r.D)7 (x) >
min(e, d) which together with r C s imply that

(3s.D)L(x) > min(e, d).

This implies that thgre are subsumptions of the form (C C 3r.E, d;),
(EC3r.D,dy) € Ofpr, and rior, Cs e O, and the rule adds (CC

3s. E, min(d,, d,)) to OéJrAlT. It remains to show that (Is.E)%(x) >
min(e, d, d;). By IH and the semantics of existential restrictions we
have that

sup {min(rlz(x, y), EI(y))} > min(e, d;)
yeAT

sup {min(r3 (y, z), D*(2))} = min (EZ(y). d>).

zeAT

By combining these two inequalities we get that

sup {min(rT (x, ), 73 (v, 2), DX (2))} > min(e, d, d>)

y,zeAT
or equivalently

sup { min((r 0 )% (x, 2), D¥(2))} = min(e, dy, d>)
zeAT
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which together with r; o r, E s implies that
(3s.E)% (x) > min(e, d, d»).

(CR12) This implies that there exists a subsumption of the form (C C {a}, d) €
OéAT with d > 0 and (C C {a}, 1) is added to Oé;lT. It remains to show
that {a}(x) > e. By IH we have that {a}% (x) > min(e, d) and since the
value of {a}Z (x) is either O or 1, d > 0, and e € [0, 1], it is implied that

{aff(x) > e.

[m}

If Condition S1 holds, i.e. ({0} C D,d’) € Osat for some d’ > d, then by the
previous Claim D7 (x) > min({o}* (x), d’) > min({0} (x), d) for every model Z of O.
The latest inequality implies that ({o} Co B, d). If Condition S2 holds, i.e. ({a} C
1, 1) € Osar for some arbritrary nominal {a} € BCp, then by the previous claim
{a}%(a?) < 1T (a%) = 0 which entails that O is inconsistent. Since an inconsistent
ontology entails all axioms we therefore have ({0} o B, d). O

Proposition 3 If (T C F,d) € Osat for some concept description F then for every
C € BC¢ it holds that (C T F, d'y € Osar for some degree d’ > d.

Proof Suppose that our algorithm is performed on m steps and the saturated
ontology on step j is denoted with OL,; (we will use Osar as a shortcut for OF, ).
We prove this by induction on the smallest j such that (T E D, d) € (’)QIT \ (’)é AT
For the base case we initially have that Og A7 1s empty therefore our hypothesis
applies. For the induction step we make a case distinction according to the rule that
was applied to add (T E 3r.D, d) to OS’XIT

(CR1) This implies that there exist subsumptions of the form
(TEC,dy) € Ofuq, (C'ED,dr) €O and the rule adds (T C
D, min(d,, dy)) to O By IH we have that (C € C', d}) € Osat
for all C € BCp and some d; > d;. Non applicability of Rule
CR1 for (CC C,d|)e€ Osar, (C'E D,dy) € O ensures that
(CE D, d') € Ospr for some d' > min(d}, d») > min(d,, d).

(CR7) This implies that there exist subsumptions of the form (T C
pi(FD).dy), ... (T E pm(Fn), dn) € Ofsp, and the conjunction
/\ilpi@i) > d; is unsatisfiable and the rule adds (T E L, 1) to
OQIT. By IH we have that there exist subsumptions of the form
(CC pi(F1).d)),....,(CCE pu(Fn),d,) € O with d. > d;. Non
applicability of Rule CR7 for the latest subsumptions along with
the unsatisfiability of the conjunction A", p;(F;) > d; ensure that
(cc L,1) € Osar.

(CR8a) This implies that there exist subsumptions of the form (T C
pi(F).dy), ... (T E pu(Fm), dm) € OéAT, and /\?;]Pi(Fi)' >d; =
p(F) = d and the rule adds adds (T C p(F),d) to OQIT. By
IH we have that there exist subsumptions of the form (C C
pi(FD).dy), ... . (CC pu(Fu).d,) € Of,r with d. > d;. Moreover,
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by the semantics of concrete domains we have that A", p;(F;) >
d; = p(F) = d. Therefore, non applicability of rule CR8a ensures
that (C C p(F),d’) € Osar for some d’ > d.

(CR8Db) This rule never adds a concept subsumption of the form (T C D, d)
to Osar, therefore there is no need to examine it.

(CR9) The proof of this rule is similar to the proof of rule CR7.

(Other Cases) All the other cases can proved similar to case CR1. O

Proof of Theorem 1 (Completeness) Completeness is the only if direction of
Theorem 1. We want to show that O = ({o} C B, d) implies that either Condition
S1 or Condition S2 apply. It suffices to show that if Condition S2 does not apply,
then O = ({0} C B, d) implies that Condition S1 applies.

Step 1. We proceed in the standard way, defining a so-called canonical
model (Baader et al. 2005) for which the above holds. Suppose that the saturation
rules in Table 7 cannot be further applied and let BC, be the following set:

BCg = {C| ({a} ~ C.,d") € Osar for {a}, C € BCp and d” > 0}
We inductively define the relation ~ on BC, as follows:

C ~ Diff either (CC {a}, 1), (D C {a}, 1) € Osar for some {a} € BCo
or C=D

It can be easily verified that ~ is an equivalence relation, while [C] = {D | C ~ D} is
the equivalence class of some C € BC,.

Proposition 4 Suppose that {a}, C € BCo belong to the same equivalence class
{a}, C € [E). If {a} C F,d) € Osar then (CC F,d') € Osar for some d > d.

Proof Since {a}, C € [E] then there exists some nominal {b} such that ({a} C
{b}, 1), (CE (b}, 1) € Osar.

If F is some concept in BCp. Since (CC {b}, 1), ({a} E {b}, 1), ({a} E F,d) €
Osar and ({a} ~~ {a}, 1) non applicability of rule CR6 ensures that (CC F,d') €
Ogat for some d’' > d.

If F is some concept description of the form 3r.D where r € Rp and D € BCo.
Suppose that our algorithm is performed on m steps and the saturated ontology on
step jis denoted with (’)é At (we will use Osar as a shortcut for OF), ). We prove this
by induction on the smallest j such that ({a} C 3r.D, d) € OQIT \ (9§ At- For the base
case we initially have that (9(5) A7 1s empty therefore our hypothesis applies. For the
induction step we make a case distinction according to the rule that was applied to
add ({a) C 3r.D, d) to OL},.

(CR3)  This implies that there exists a subsumption of the form ({a} C C', d;) €
(’)gAT, and (C' C 3r.D, d,) € O and the rule adds ({a} = C’, min(d, d)) to
OQ]T. Since {a} € [C], we have proved that (C E C', d|) € Osat for some
dy > d,. The latest along with (C' C 3r.D, d>) € O and non applicability of
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rule CR3 ensure that (C C 3r.D, d’) € Osar for some d' > min(d,, d») >
min(d;, d»).

(CR10) This implies that there exists a subsumption of the form ({a} C3r.D,d) e
Ol p.and r C s € O and the rule adds ({a} C 35.D, d) to O/}’ Since {a} €
[C], by IH we also must have that (C € 3r.D, d’) € Osar for some d' > d.
The latest along with » E s € O and non applicability of rule CR10 ensure
that (C C 3s.D, d") € Osar forsome d’ > d' > d.

(CR11) This implies that there exist subsumptions of the form ({a} C 3r,.D, d,),
(DCE3n.E, d)) € (’)SAT, and rjor, € O and the rule adds ({a}C
3s.D, min(d,, dy)) to Oé“:T Since {a} € [C], by IH we also must have that
(CE 3r.D, d)) € Osar for some d| > d;. The latest along with (D E
an.E d>)) € Oé Ao ¥ E s € O, and non applicability of rule CR11 ensure
that (C E 35.D, d’) € Osar for some d' > min(d,, d») > min(dy, d»). O

Step 2. For each concept C € BCp and a concrete domain D, we build the conjunc-
tion conj 1 as follows:

conje p = A p(F) >d.

(CC p(F),d)yeOsar and pedP

That is conj p is constructed from all the fuzzy concept inclusions in Osar that have
C in the left and a concrete domain predicate p € ® on the right. A thresholded,
by some degree du; € (0, 1], form of conjC,D can be built as follows:

conje p g, = /\ p(F) = min(d, dy).
(CSp(F),d)eOsar and pedP

We will now prove that for every C € BC, and threshold dy,, there exists a solution
8 for conjc p 4. A conjr p that satisfies certain properties. This solution will later be
used in order to define a link between feature names and the concrete domain in the
interpretation Z that we are going to build.

Proposition 5 For each C € BC,, each strict fuzzy p-admissible concrete domain D,
and threshold degree du, € (0, 1], there exists a solution § for conjC,D, dup N conjt p
such that: § \= p(F) = d if p(F) > d appears in conj¢ p, 4 A conjr p,. We will use the
shortcut §c¢ p a,, for the specific solution.

Proof By not satisfaction of Condition S2 we have that ({a} E L, 0) for each {a} €
BC,. By definition of BC, and non applicability of Rule CRS we have that (C E
1,0) € Ogat foreach C € BC,. Thus rule CR7 ensures that there exists at least one
solution § satisfying the conjunction conjc p.

Proposition 3 ensures that each conjunct in conj+ , also appears in conj. p with
a greater degree. Therefore and since there exists a solution for conj. p, there also
exists a solution for conj¢ p A conj p. Since conjc p 4. A cOnjr p is more general
than conj.p A conjr , we have that there also exists at least one solution for
conjc p 4, A CONjT p.
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We make the hypothesis that the Proposition does not apply. Suppose that the
previous conjunction has n solutions each one denoted as 8, with 1 < A < n. Since the
Proposition does not apply, for every solution 8, there exists some p; (F;) such that
(i) 8, = pa(Fy) = d;. and (i) p;(F;) > d; does not appear in conjcp 4. A CONj1 p.
The latest implies that

conje p g, A CONjr p = \/ pi(F)) = d,

1<i<n

and Property 2 of Definition 1 (loose fuzzy p-admissible concrete domains) ensures
that conjc p 4, A cCONjr p = pi(F;) > d, forsome 1 < A <n.

We will consider the cases for d; > dy,, and for d; < dy,,. For the first case, since
d;. > duy, based on Property 4 of Definition 2 we conclude that conjtD = pu(F)) >

d,. and non applicability of rule CR8a ensures that p, (F,) > d; appears in conjt p.
For the second case, the fact that d; < dy, along with Property 1 of Definition 2
ensure that conjc p 4, AcONjr p 4. = Pr(Fi) > d;. The latest implication along

with Proposition 3 ensure that conjc p 4, F P2 (F,) > d; implying by the semantics
of fuzzy concrete domains conj. p = p» (F5) > d,. The latest along with non applica-
bility or rule CR8a ensures that p, (F,) > d} appearsin conj p for some d) > d;, and

Property 1 of Definition 2 ensures that p; (F;) > d,.
In both cases p;(F,) > d, appears in ConjC,D.dm, Aconj+ p and therefore the
hypothesis we have made is wrong and the proof has finished. O

Proposition 6 For each nominal {a} € BC, and each (loose or strict) fuzzy p-
admissible concrete domain D, there exists a solution § for conj, p such that: § |=

p(F) =d if p(F) >d appears in conj, p- We will use the shortcut 8y p for the
specific solution.

The proof can be performed similar to the previous proof.

Step 3. We will now proceed to define a fuzzy interpretation Z. We will later show
that this interpretation is also a model for O.

For the rest of the proof, for every C € BC,, concept description D, and r € Ro,
we will use the degrees d¢, dccp, dyc,py as shortcuts for

dc = sup{d | ({a} ~» C,d) and {a} € BCc¢}
dccp =d it (CE D, d) € Osar
dr(C,D) = sup{d | (CC Ir.D’, d) € Osat and D' e [D1}.

For the previous use of shortcuts, in case that (C C F, d) does not appear in Osat for
any degree d, we will assume that (C T F, 0) € Osat for every concept F € BCp or
concept description F = 3r.D where D € BCop.
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We define a fuzzy interpretation Z as follows (where A € BCy is a concept name,
D, D" € BCp,risarole name in Ro, {a} is anominal in BCp, and C € BC, ):

AT :={[C]| C e BC,)}
a’ = [{a}]

AI([C]) : digca if there exists some {a} € [C]

max(min(dcca, de), drca)  otherwise

dr((a), D) if there exists some {a} € [C]

r(C],[D)) : : :
max(min(d,c, py, dc), drt.py) otherwise
8ty (f) (i) there exists some {a} € [C],
(i) {a} E p(F), d) € Osar for some d > 0,
f appearsin F, and p € ®7.
Scp.a-(f) () there exists no {a} € [C],
(ii) (C E p(F),d) € Osat for some d > 0,
f appearsin F, and p € ®P.

ey =

where the mappings (4 p, éc, .4, are defined according to Propositions 5 and 6.

Since ~ is an equivalence relation each nominal {a} belongs to exactly one equality
class, therefore a” is uniquely defined. Moreover Proposition 4 ensures that each
concept, role, and feature name interpretation is uniquely defined. Therefore the
intepretation Z is well defined.

Proposition 7 For all [C] € AT and D € BCp U {1}, we have that D*([C]) = d iff
one of the following two conditions holds:

T1 There exists some nominal {a} € [C] and d = dcp,
T2 There exists no nominal in [C] and d = max(min(dccp, dc), dtep)-

Proof We make a case distinction regarding the type of D:

D is the top concept (D = T) For every [C] € AT we have thatTZ([C]) = 1 by the
semantics of the top concept. Since (T C T, 1) € Osar and ({a} T T, 1) € Osar for
every {a} € BCp Conditions T1 and T2 trivially apply.

D is the bottom concept (D = 1) For every [C] € AT we have that 17 ([C]) = 0 by
the semantics of the bottom concept. By not satisfaction of Condition S2 we have that
({a} E L, 0) € Osar for each nominal {a} € BCp, i.e. djg, 1 = 0. Since ({a} E L, 0) €
Osar for each nominal {a} € BCp, due to Rule CR5 and by construction of BC,, it
follows that (C E L, 0) € Osar, i.e. dccy =0, for all C € BC,. Therefore digyc, =
dccp = dtz1 = 0 and Conditions T1 and T2 apply.

D is a concept name (D = A) Then the two Conditions apply by construction
of AZ.
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D is some nominal (D = {c}) Rule CR12 ensures that dccy, is either O or 1 for every
concept C and nominal {a}.

For the if direction. Suppose that digci; =1 for some nominal {a} € [C]. It
remains to prove that {c}Z([C]) = 1. By definition of the [C] equivalence class we
have that [{c}] = [{a}] = [C]. Since, by construction of Z, ¢ = [{c}] = [C] we have
that {c}Z([C]) = 1. In a similar way we prove that if ({a} C {c},0) € Osar then
{c}* (€D =0.

For the only if direction. Suppose that {c}([C]) = 1, it remains to prove that
({a} E {c}, 1) for all {a} € [C]. Since {c}?([C]) = 1 by construction of T we have that
¢ =[C),i.e.{c} € [C], and according to Proposition 4 we have that ({a} C {c}, 1), i.e.
digycie) = 1. In a similar way we prove that if {c}Z([C]) = 0 then ({a} £ {c}, 0) for all
{a} € [C].

In case that there exists no nominal in [C] it is easy to prove that (C C {c}, 0)
Osar and {c}Z([C]) = 0.

D is some concrete domain predicate (D = p(F)) For every [C] € AT and concrete
domain DZ we have that p(F)Z([C]) = d itf pP (F" ([C])) = d.

If there exists some nominal {a} € [C] then by construction of the interpretation
of fI([C]) we have that the previous equality is satisfied iff p? (8, p(F)) = d where
8a),p corresponds to the solution presented in Proposition 6. By choice of the
solution, the latest applies iff ({a} C p(F),d) € Osar, ie. d{a}; o(F) = d. Therefore
Condition 1 applies.

If there exists no nominal in [C] then by construction of the interpretation of
fl([C]) we have that the previous Equality is satisfied iff p? (8¢ p a.(F)) = d where
3¢ p.d. corresponds to the solution presented in Proposition 5. By choice of the
8c.p.4. solution, the latest applies iff p(F) > d appears in conjc p 4. A CONjt p. By
construction of the two conjunctions, p(F) > d appears in conjc p 4. When d =
min (d¢c 7). dc) and p(F) = d appears in conj; p when d = dc . Therefore
p(F) = d appears in conjc p 4. A conjr p iff d = max (min (dec 7, de). dre pm)-
Therefore Condition 2 applies. O

Step4. We now show that the constructed interpretation Z is a model of O, i.e. each
concept and role inclusion in O is satisfied in Z. We make a case distinction according
to the form of each concept and role inclusions in O:

(C"C D, d) Suppose that C'I([C]) = e. It suffices to show that DZ([C] >
min(e, d).
If there exists no nominal in [C] then e=
max(min(dcceo, dc), drec) according to  Proposition 7.
Non applicability of rule CR1 for (CC C',dccc) € Osar,
(C'C D,d)y e O ensures that dccp > min(dece,d). Non
applicability of rule CR1 also ensures that d+cp > min(drcc, d).
By Proposition 7 and the previous inequalities:

DX([C]) = max(min(dcep, dc), drep) > min(e, d).

If there exists some {a} € [C] then e = dj,c-c according to
Proposition 7. Non applicability of rule CR1 ensures that

@ Springer



J Intell Inf Syst (2012) 39:399-440 435

(Cl |_|C2 C D,d)

(C'E3r.D, d)

digcp = min(dygycc, d) = min(e, d). By Proposition 7 and the
previous inequality:

D*([C]) = diuy=p > min(e, d).

Suppose that (C;n C)Z([C]) = e. The latest implies that
CII([C]) =e >e, sz([C]) =e, > e. It suffices to show that
DI ([C]) = min(e, d).

If there exists no nominal in [C] then according to Propo-
sition 7 we have that e; = max(min(dccc,, dc), dtec,) and
e, = max(min(dccc,, dc), drcc,). Non applicability of rule CR2
ensures that dccp > min(dece,, dece,, d) and that drcp >
min(drcc,, drce,, d). By Proposition 7 and the previous inequal-
ities we have that

D ([C]) = max(min(dcc p, dc), drcp) > min(e, d).

If there exists some nominal in [C] the proof can be performed
similarly.

Suppose that C'I([C]) = e. It suffices to show that (3r. DYL(C) >
min(e, d), i.e. there exists some x € AT such that rZ([C], x) >
min(e, d) and D% (x) > min(e, d).

If there exists no nominal in [C] then e=
max(min(dcce, dc), drce) according to Proposition 7. Non
applicability of rule CR3 ensures that dcca.p > min(dece, d)
and dTEEIr.D > min(d-rgcr, d) By definition of the dr(C,D)a dr(T,D)
degrees and the previous inequalities we have that

dr(C,D) > dceanp > min(decer, d)
dr(T,D) > dTEHr_D > min(dTgc/, d)

Finally by construction of 7% and the previous inequalities we
have that

r1([C1, [D]) = max(min(d,(c, p), dc), dv(T.p)) >
> max(min(dccc, de, d), min(drce, d)) > min(e, d)

(we consider that [D] appears in A since as we will later
prove dp > 0 and therefore D € BC_,). It remains to show that
DZ([D)]) > min(e, d). We will consider the following alternatives:

(i)  There exists no nominal in [D]. By the values of the d¢
and the dcca. p degrees, and by definition of the dp degree,
it is 1mphed that dp > min(dc, ngEIr.D) > min(dc, ngC’a d).
Proposition 3 ensures that dp > drcg, p. Therefore

dp > max(min(dc, dccc, d), dtc3.p) = min(e, d)

and since dpc-p = 1 we conclude that DI([D]) > min(e, d).
(ii)) There exists some nominal {a} € [D]. In that case
DI(D) = digcp. Similarly to the previous alternative
we can show that dp > min(e,d) and therefore there
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exists some nominal {b} such that ({b} ~~ D, min(e, d)).
Since {a} € [D], then according to Proposition 4 we also
have that (D C {a}, 1) € Osat. Non applicability of rule
CR6 for ({a} C{a}, 1), (DC{a},1) € Osat, ({b}~ D,
min(e, d)), and (D E D, 1) € Osat ensures that dyycp >
min(e, d). Therefore DZ([D]) > min(e, d)

If there exists some nominal in [C] the proof can be performed
similarly.

Suppose that ar.cHI(qcypy =e. By the semantics of existential
restrictions we have that rZ([C], [E]) > e and C'I([E]) > e for
some [E] € AZ. It remains to show that DZ([C] > min(e, d).

If there exists no nominal in [C] then, by construc-
tion of rL([C],[E]), we have that rZ([C],[E]) =
max(min(d,c gy, dc), dr1, ) > e. We consider the following
alternatives:

(i)  There exists no nominal in [E], dyc,g) > e, and d¢ > e. By
definition of the d, g, degree and since only E € [E] we
have that dcca. g > e. Since C'I([E]) > e, Propositions 3
and 7 ensure that dg-¢ > e. Therefore non applicability of
rule CR4 ensures that

dccp > min(decar i, deces d) > min(e, d)
and according to Proposition 7 we have that
D*([C)) = min(dcep, de) = min(e, d).

(ii)  There exists no nominal in [E] and d,7 g > e. Working as
for the previous point we prove that drcp > min(e, d) and
according to Proposition 7 we have that

DX([C]) > drcp > min(e, d).

(iii) There exists some nominal {a} € [E], dyc k) > e, and
dc > e. By definition of the d, g degree we have that
dccarp > e for some E' € [E]. Since C'I([E]) > e Proposi-
tions 4 and 7 ensure that dpc¢ > e. Therefore non applica-
bility of rule CR4 ensures that

dccp = min(decar g, dpcc, d) = min(e, d).
and since d¢ > e, Proposition 7 ensures that
D*([C]) = min(dccp. dc) = min(e, d).

(iv)  There exists some nominal {a} € [E] and d,(T g) > e. Work-
ing as for the previous point we prove that drc-p > min(e, d)
and by Proposition 7 we have that

DX([C]) > drcp > min(e, d).

If there exists some nominal in [C] the proof can be performed
similarly.
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Suppose that rL([C], [F]) = e for some [C], [F] € AZ. It remains
to prove that sZ([C], [F]) > e.

If there exists no nominal in [C] then, by construction of L, we
have that either d,c r) > e and d¢ > e or dy1,r) = e. We will
consider the following alternatives:

(i)  dyc.r) > eanddc > e. Then there exists some F’ € [F] such
that dces.p > e. Non applicability of rule CR10 ensures
that

decasp = decarnr > e
and by construction of sZ we have that
sT(CL [F) = min(dscc.p). dc) = min(dccss.r. €) = e.

(i1)  dy1,r) = e. Working as for the previous point we prove that
d 3. > e. Therefore by construction of s we have

sT(CL [FD) > dyt.p) > drcar > e

If there exists some nominal in [C] the proof can be performed
similarly.

Suppose that Z([C],[D]) = e; and r([D], [F]) = e, for some
[CL,[D],[F]le AT. Tt suffices to show that sZ([C],[F]) >
min(ey, €).

If there exists no nominal in [C] then by construction of rII we
have that either d, c,p) > e; and d¢c > ey, or d,,(T.p) = e1. We
will consider the following alternatives:

(i)  If there exists no nominal in [D], d,,c.py > €1, and d¢ > ey.
Since there exists no nominal in [D] then only D € [D]
and therefore d,,(c.p) = dccar,.p > e1. Since rZI([D], [F]) =
€2, by construction of rZ and Proposition 3 we have that
dy,(p.F) > e, which implies that there exists some F’ € [F]
such that dpcs, p > e;. Non applicability of rule CR11
ensures that

dccas.p = min(dccay,.p, dpcan,. ) = min(ey, e3)
Therefore by construction of st
sT(LC1, [F]) = min(dy(c. ). dc)
> min(dccss., €1) > min(ey, e2).

(ii)  If there exists no nominal in [ D] and d,,(t.p) > e;. Working
as for the previous point we prove that drc3, 7 > min(ey, e3)
and by construction of s7:

sT(ICL, [F]) > dyt.p) > dreasp > min(ey, e2).

(iii) There exists some nominal {a} € [D], d, «c,p) = e, and
dc > ey. Then dccy,,.p > e for some D' e [D]. Since
r2I ([D1,[F]) =e, we have by construction of rzZ that
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daycar,. = e; and Proposition 4 ensures that dp ez, 7 > es.
Non applicability of rule CR11 ensures that:

dccasp = min(dccay, o, dpeay, p) > min(er, ).
and by construction of s we have that

sT([C], [F1)

%

min(dsc, ), dc)

\Y

min(dccss pr, e1) > min(ey, e2).

(iv)  There exists some nominal {a} € [D] and d, T.p) > ei.
Working as before we can show that drcz, > min(ey, e;)
for some F’ € [F] and therefore by construction of st

sT([C1, [F]) = dyT.F) > drecasp > min(ey, ;).

If there exists some nominal in [C] the proof can be performed similarly.

Step 5. We have proved that 7 is a model of O. If O = ({0} C B, d), then for the
interpretation Z we have constructed, it applies that BZ(0%) > d. The latest along
with Proposition 7 imply that di,cp > d, i.e. that ({o} © B,d’) € Osar for some
d > d as we wanted to prove.
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