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Abstract Description logics (DLs) are widely employed
in recent semantic web application systems. However,
classical description logics are limited when dealing with
imprecise concepts and roles, thus providing the motiva-
tion for this work. In this paper, we present a type-2 fuzzy
attributive concept language with complements (ALC)
and provide its knowledge representation and reasoning
algorithms. We also propose type-2 fuzzy web ontology
language (OWL) to build a fuzzy ontology based on type-
2 fuzzy ALC and analyze the soundness, completeness,
and complexity of the reasoning algorithms. Compared to
type-1 fuzzy ALC, type-2 fuzzy ALC can describe
imprecise knowledge more meticulously by using the
membership degree interval. We implement a semantic
search engine based on type-2 fuzzy ALC and carry out
experiments on real data to test its performance. The
results show that the type-2 fuzzy ALC can improve the
precision and increase the number of relevant hits for
imprecise information searches.

Keywords description logic (DL), type-2 fuzzy attribu-
tive concept language with complements (ALC), fuzzy
ontology, reasoning, semantic search engine

1 Introduction

The semantic web was proposed by Berners-Lee in 1991
and gained rapid development in the following two
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decades [1]. Ontology, is a formal knowledge representa-
tion, and plays a very important role in many semantic
web applications, such as semantic search systems [2].
Description logic (DL) [3] is usually employed to
represent the knowledge and logic of an ontology. It
represents the knowledge of an application domain by
defining the relevant concepts of the domain (terminol-
ogy) and using these concepts to specify properties of
objects and individuals that belong to the domain (world
description). In the family of knowledge representation
formalisms, DLs have the powerful ability of describing
knowledge that makes it express the information more
easily in different application domains [4]. DLs are
considered the most important knowledge representation
formalism unifying and giving a logical basis to the well
known traditions of frame-based systems, semantic net-
works and KL-ONE-like languages, object-oriented
representations, semantic data models, and type systems.
The prototypical DL attributive concept language with
complements (ALC) was introduced by Schmidt-Schaubf3
and Smolka [5] in 1991, and is the basis of many more
expressive DLs.

A majority of semantic web applications use ALC like
classic DLs to represent the knowledge and reason on the
ontology. Heflin et al. [6,7] propose SHOE that can find
semantic annotations from web pages. Guha et al. [8] have
developed Tap, which applies the technology of semantic
web to Google to increase the quality of the retrieval.
Users can get the results offered by Tap only if the query
matches the individuals belonging to its ontology. Ding
et al. [9,10] have designed Swoogle for information
retrieval in structured documents, such as resource
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description framework (RDF) [11] and web ontology
language (OWL) [12,13]. Nevertheless, it cannot be
integrated into a traditional search engine easily. At
present, more and more semantic web application systems
are designed using ontologies based on classic DLs.
However, classical DLs can only define crisp concepts and
properties. The certainty reasoning of classic DLs only
returns true or false as the answer of the inference. It
cannot deal with fuzzy information that meets the
application requirements in real world ontology systems.

To address the above problem, fuzzy DLs are presented
by extending the classic DLs to support the imprecise
information processing in ontology systems. To the best of
our knowledge, most of the fuzzy logic systems (FLSs)
are based on type-1 fuzzy sets, which were proposed by
Zadeh in 1965 [14]. The fuzzy sets have recently been
applied to DLs and ontology Systems. Without a reason-
ing algorithm, Meghini et al. [15] proposed a preliminary
fuzzy DL as a tool for modeling multimedia document
retrieval. Straccia et al. [16] presented a formalized fuzzy
ALC (FALC) in 2001, which is a type-1 fuzzy extension
of ALC. They also extend SHOIN(D), the corresponding
DL of the standard ontology description language OWL
DL, to a fuzzy version [17,18]. Li et al. [19,20] also
present a fuzzy extension of DLs, named ALCH, and
some reasoning technique for the extended fuzzy DLs.
They also study the family of extended fuzzy DLs [21].
Jiang et al. [22] presented a fuzzy description logic
framework based on certainty lattices. Its main feature is
that an assertion is not just true or false as in classical
description logics, but certain to some degree, where the
certainty value is taken from a certainty lattice. Jiang et al.
[23] also gave an integration of the theories of
intuitionistic fuzzy DLs and rough DLs by providing
intuitionistic fuzzy rough DLs based on intuitionistic
fuzzy rough set theory. Hajek [24] presented a version of
fuzzy description logic based on the basic fuzzy predicate
logic BL and reduced the problems of satisfiability,
validity and subsumption of concepts to problems of fuzzy
propositional logic that can be decidable for any
continuous t-norm. In the field of combining fuzzy set
theory with information search, Jin et al. [25] proposed a
special ranking mechanism based on the weighed fuzzy
query representation, and formulated user’s search request
through tightly combining fuzziness together with the
user's subjective weighting importance over multiple
search properties.

However, there are some limitations to type-1 fuzzy

DLs. They cannot describe the imprecise knowledge of
the concepts and individuals by membership degree
interval. For example, we may say that the degree of a
person at the age of 30 being a young person is between
0.6 and 0.9, rather than using a value, such as 0.85, to
represent the degree. These types of limitations make it
difficult for FALC and fuzzy SHOIN(D) to express
complex fuzzy information clearly. To address these
issues, we propose a type-2 fuzzy ALC and give the
syntax, semantics and the reasoning algorithm for the
type-2 fuzzy ALC [26]. We also propose the type-2 fuzzy
OWL to build the fuzzy ontology based on type-2 fuzzy
ALC logic and analyze the soundness, completeness and
complexity of the reasoning algorithm. Compared with
type-1 fuzzy ALC, type-2 fuzzy ALC can describe
imprecise knowledge more rigorously through using
membership degree intervals. In addition, we present a
semantic search engine framework based on type-2 fuzzy
ALC and carry out experiments on real data to test the
performance of the proposed approach. The results show
that the type-2 fuzzy ALC can improve the precision and
increase the number of relevant hits for imprecise
information search.

The main contributions of this paper are as follows:

® First, we propose the syntax and semantics of a type-
2 fuzzy extension of ALC, and provide the formal axioms,
which enable users to represent imprecise information in
semantic web applications.

® Second, we provide reasoning algorithms in type-2
fuzzy ALC and discuss the soundness, completeness, and
complexity problems.

® Third, we present a formalized ontology description
language, type-2 fuzzy OWL, based on type-2 fuzzy ALC.
It is a feasible implementation of type-2 fuzzy ALC using
classical semantic web standards.

® Fourth, we design and implement a semantic search
system based on type-2 fuzzy ALC and carry out
experiments to demonstrate its performance.

Section 2 gives the basic concepts of typical ALC
description logics and the preliminary introduction of
type-1 fuzzy ALC. Section 3 presents the syntax and
semantics of type-2 fuzzy ALC. Section 4 gives the
reasoning algorithms in type-2 fuzzy ALC. The type-2
fuzzy OWL, an implementation of type-2 fuzzy ALC, is
discussed in Section 5. Section 6 designs a semantic
search framework using a type-2 fuzzy OWL ontology.
We follow this with conclusions and some potentially
interesting future directions in Section 7.
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2 Preliminary

2.1 Basic concepts of description logics

A knowledge system based on description logics provides
facilities to set up a knowledge base, and operate and
reason on the knowledge base. A knowledge base
comprises two components: TBox and ABox [27].
TBox introduces the terminology, i.e., the vocabulary of
an application domain, while ABox contains assertions
about named individuals in terms of the specific
vocabulary. The vocabulary consists of concepts denoting
sets of individuals and roles indicating binary relation-
ships between the individuals. The description logic used
in the knowledge system should not only store the
terminologies and assertions, but also provide services for
reasoning on the knowledge base.

Description logics are a family of formal knowledge
representation languages. They model concepts, roles,
individuals, and their relationships [3]. A description logic
system is characterized by four fundamental aspects: the
set of constructs used in concept and role expressions, the
kind of assertions allowed in TBox (assertions on
concepts) and ABox (assertions on individuals), and the
inference mechanisms for reasoning on both TBox and
ABox. The classification of concepts in description logics
determines sub-concept relationships (called subsumption
relationships in description logics) between the concepts
of a given terminology, or super-concept relationship.
Thus, it allows users to structure the terminology in the
form of a subsumption hierarchy. This hierarchy provides
useful information in the connection between different
concepts, and it can be used to speed-up the inference
services.

2.2 Typical ALC and type-1 fuzzy ALC

The attributive concept language with complements
(ALC) [5] is the fundamental basis for many other
expressive description logics. ALC concepts and roles are
built as follows. Suppose that A denotes set of atomic
concepts, C denotes set of complex concepts defined by
descriptions and R denotes set of roles. Starting with: 1)
A,B € A;2)C,D e Cand3)R € R. The concept terms
in TBox can be defined as the following formats
inductively: C C f (A, B, R, M, u, V¥, 4, 1, T) (partial
definition), and C = f (A, B, R, m, b, V, 4, 1, T) (full
definition), where L and T are two special atomic concepts
named bottom concept and universe concept, respectively.

The syntax and semantics of ALC constructors have
previously been presented in [3].

As we have mentioned, classic description logics, such
as ALC, cannot deal with the imprecise information that
becomes a popular requirement in real world systems. For
example, an individual can only belong to one concept to
some extent, or an axiom can only be true to a certain
degree in terms of a concept. To solve these types of
problem in description logics, FALC, an extension of
ALC with fuzzy features, is presented to support fuzzy
concept representation [16]. FALC uses a certain value of
numeral to describe the fuzziness of the concepts and
individuals. We call this type of FALC as type-1 fuzzy
ALC.

Similarly, A, C and R are defined as sets of atomic fuzzy
concepts, complex fuzzy concepts, and fuzzy roles in
FALC, respectively. It is easy to prove that Cm D, Cu D,
—C, VR.C and 3 R.C are also fuzzy concepts [16,17]. The
fuzzy interpretation in FALC is a pair I = (A, -/), where -/
is an interpretation function mapping fuzzy concepts and
roles into membership degrees, such that C'= A’ — [0,1]
and R’ = A’ x A’ — [0,1]. The most important part of
FALC is the use of the membership degree function to
describe the individuals that belong to fuzzy concepts.
However, using a determined value to denote the
membership degree has many restrictions. It can only
give a limited degree of the membership; for example, the
daughter is 30% like her father. However, it cannot
represent a more vague relationship; for instance, the
daughter is 30%—60% like her father. In fact, many
membership degrees of the concepts and individuals in
real world applications cannot be exactly expressed by a
single value. It may fall into a range of some interval.
Hence, we propose type-2 fuzzy ALC to address this
problem.

3 Type-2 fuzzy ALC

3.1 Basic concepts of type-2 fuzzy sets

In this section, we propose type-2 fuzzy sets, which use an
interval to represent the membership degree instead of the
single value employed in type-1 fuzzy sets. In type-2
fuzzy sets, the degree of the membership is normalized to
the interval of [0, 1]. We denote the membership in type-2
fuzzy sets with 7iy, instead of 11, as used in type-1 fuzzy
sets, which is defined as follows

fia(x) = [pi(x),m1 (x)]. (1)
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In Eq. (1), p5(x),uY (x) : U—[0,1], and Vx € U,u5(x)
<pY(x). We call pf(x) and p (x) the lower and upper
bounds of the membership degree, and x is an element in
the fuzzy set U. It is obvious that a type-2 fuzzy set can be
reduced to a type-1 fuzzy set when the lower bound equals
the upper bound of the membership degree. Therefore, the
set of all possible type-1 fuzzy sets is a subset of the set of
all possible type-2 fuzzy sets.

To calculate the probability value of the uncertainty
with some fuzzy rules, we introduce the triangular norm
to type-2 fuzzy sets, which is widely used in fuzzy set
theory.

We call the interpretation a 7 triangular norm if it
satisfies the following conditions:

1)T(@©,0=0,T(1, 1)=1;

2)a<c, b<d = T(a,h)T(c,d);

3) T (a, b) =T (b, a);

4H T(T(a,b),c)=Ta,T,:c)).

A triangular norm is named T-norm if 7 (a, 1) = a,
(a € [0,1]), while a triangular norm is called S-norm if
T(0,a)=a, (a € [0,1]). The properties of the basic T-norm
and S-norm are given as follows:

For any T-norm 7T and S-norm S, we have

a, b=1,
Ty (a,b) = ¢ b, a=1,
0, Others,
a, b=0,
So (ab) =< b, a=0,
1, Others,

To(a,p) = a Ab, Sy(a,b) =aV b,
Ty(a,b) = a-b, S;(ab) =a+b—a-b,

ab
T)(a,b) =
2(a.b) 1+ (1-a)(1-b)
a+b
S>(a,b) :m,
TMab) = a-b

T (1—(1)(a)+ b_ab)’
a+b+(A-2)ab

S@b) = G Db

T (@b) = 1-min(1,(-a)" + (1-5)")"),

,(A120),

§" (ab) = min(1,(” + ")), (r=1),
T, (a,b) = max(0,a + b—1),
Sy (a,b) = min(l,a + b).

To calculate the value of the uncertainty, we can apply
any pair of T-norm and S-norm to the proposed fuzzy
system. Each pair of norms has different degree in the
fuzzy description, and the degree can be ranked as follows

Ty ST ST <T STy<Sy <8 <5 <8 <8} .

3.2 TBox and ABox of type-2 fuzzy ALC

There are two fuzzy parts in type-2 fuzzy ALC presented
in this paper, which are the imprecise terminological
axiom (TBox) and fuzzy individual membership (ABox).
To build a description logic system, the first step is to
create TBox by defining necessary atomic concepts and
roles. The atomic concepts can be divided into two sets,
the name symbols, N7, that appear in the axioms on the left
side and the base symbols, Bz, that appear on the right
side. Generally, no atomic concept can be defined more
than once; that is, any name symbol can appear on the left
side of the axioms at most once. In addition, every atomic
concept can be expanded by base symbols in TBox. The
atomic concepts defined by different axioms may be
imprecise; that is, the axioms exist in classical description
logic may not be true in type-2 fuzzy ALC TBox.

For example, given two base symbols named Animal
and FlyingObject, we can define the atomic concept Bird
in TBox with Axiom (2).

Bird = Animal M FlyingObject. 2)

However, we cannot ensure that the concept Bird is
defined precisely in Axiom (2); for example, Penguin is a
bird but cannot fly. If the probability of the bird being an
animal that can fly is in [0.9, 0.95], we can change the
axiom in ALC TBox into a fuzzy axiom in type-2 fuzzy
ALC.

Bird|y9,0.95 = Animal 1 FlyingObject. 3)

Axiom (3) means that the probability that a Bird can be
described with the conjunction of Animal and FlyingOb-
Jject is between 0.9 and 0.95. Since the base symbols are a
certainty, the probability of atomic concepts Animal and
FlyingObject are both 1, in the interval [1,1]. For
simplicity, we denote the certain atomic concept Animal
without using the demarcation [1,1].

Type-2 fuzzy ALC can represent the vagueness of the
atomic concepts with two properties, fuzzy:LowerDegree
and fuzzy:UpperDegree. In that way, every description can
be extended by using the two fuzzy properties, and the
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range of each property is a literal whose value is in interval
[0, 1]. Hence, it is not difficult to extend the TBox in a
description logic system to type-2 fuzzy ALC if we
modify the default format of description in the description
logic syntax with these two properties.

Triangular norms are used for calculating fuzzy degrees
in a fuzzy sets system. Different triangular norms may
cause different results when we calculate the fuzzy
degrees among the same fuzzy concepts. Considering
the property of the fuzzy degree and the computational
complexity, we use the norm pair 7, and S, in type-2 fuzzy
ALC in this paper.

Suppose every atomic concept (role) is independent.
We will calculate the fuzzy:LowerDegree and fuzzy:
UpperDegree of fuzzy concepts if we do not know it
beforehand. For example, we want to define an atomic
concept FleshEatingBird with base symbol FleshEatin-
gObject with Axiom (4) when we apply the norms 7 (0.9,
1) and S, (0.95, 1):

FleshEatingBird

= Bird)y, o.95) M FleshEatingObject. 4

We can calculate the fuzzy:LowerDegree and fuzzy:
UpperDegree of FleshEatingBird with the following
equation:

(i~ (FleshEatingBird)
=T (,uL (Bird),p* (F\ leshEatingObject)),
and
Y (FleshEatingBird)
=5 (uU (Bird),u’ (FleshEatingObject)).
We have
p*(Bird) = 0.9,
and
- (FleshEatingObject) = 1.
Accordingly,

- (FleshEatingBird)
=T7,(0.9,1) = (09 x 1)/[1+ (1-1)(1-0.9)]
=0.9.

Similarly, we can get uY(FleshEatingBird) = 0.95.
Hence, the membership degree of the atomic concept

FleshEatingBird is [0.9, 0.95]. This type of the property of
type-2 fuzzy ALC can be called transitivity.

However, the axioms cannot be extended using the
same method with the atomic concepts. For example,
Axiom (5) has the same meaning as Axiom (6) in classic
description logics, while they are not equal in type-2 fuzzy
ALC using the proposed calculation method.

FleshEatingBird = Bird M FleshEatingObject,  (5)

FleshEatingBird

= Animal M FlyingObject M FleshEatingObject. (6)

For example, the u’ (FleshEatingBird) and pY
(FleshEatingBird) calculated by Axiom (5) is [0.9,
0.95], while the degree value calculated by Axiom (6) is
[1, 1], which makes Axiom (7) and Axiom (8) different.

FleshEatingBirdy 9.09s)

= Bird|g 9,95 I FleshEatingObject yy, @)

FleshEatingBird|; )
=Animaly y) N FlyingObjecty
M FleshEatingObject, ;). ®)

In addition to the fuzzy TBox, the uncertainty also
exists in ABox in type-2 fuzzy description logics. Similar
to type-1 fuzzy ALC, we use the interval to represent
the degree of the assertion in ABox. For example,
C'(x) = [a, b], where 0<a<bh<1. Hence, ABox can be
denoted by a set of equations with the form as follows:
Cl, 5)(x) = [c, d], where C = f(A,B,R,M,,V,3, L.T).
The assertions in ABox can be denoted by the following
form: Cp, p1(X)e, a-

Taking the atomic concept Bird|g o, 9.95) as an example,
the fact that Bird(Penguin) is satisfied in ABox has
two preconditions: 1) the concept Bird should be
satisfied in TBox; 2) the instance Penguin belongs to the
concept Bird in ABox. For example, the assertion
Bird|g 9 0.951(Penguin)o ¢s,0.9) means the degree that Pen-
guin can be considered as an instance of Bird|g ¢ ¢.95) is
[0.65,0.9]. Therefore, Birdy 9,0.951(Penguin) =[0.65,0.95]
will be satisfied in ABox.

3.3 Syntax and semantics of type-2 fuzzy ALC

We use A, C and R to denote the set of atomic concepts,
complex concepts, and roles respectively. C 1D, C U D,
-C, VR.C and JR.C are fuzzy concepts. The fuzzy
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Table 1 Syntax and semantics of type-2 fuzzy ALC constructors

Constructor Syntax Semantics

Top (universe) T A

Bottom (nothing) € (0]

Atomic concept Ay Afa,h] c A

Atomic role R Rfaib] C A x A
S I

Conjunction Clap) M D) (CN D) ir(ace).r(v.a)

Disjunction Clap) U Dpegy (cu D)fS(a,c).S( b)]

Negation —Clay C[Il ~b1-d]

Value restriction VRip) Clea) SR _p1-a)(),Cleq) (V)

Full existential quantification 3R(;4) Cley . T(Riap)(x:),Clea) (V)

interpretation in type-2 fuzzy ALC is a pair [= (A, -/), and
interpreter - is an interpretation function that maps fuzzy
concepts and roles into a membership degree interval: C' =
AN — J[a, b] and R’ = AN x AN — [a, b], where
0<a<b<l. The interpretation function -’ of type-2
fuzzy ALC must satisfy the following equations. For any
de N,

T'(x) = [L1],
L!(x) = [0,0],
C!(x) = [1*(C(x)),pY (C(¥))],
(€N DY (x) = [T{u"(C(x)).1" (D))},
T{uY(C(x)),u” (D())}],
(CuDY (x) = [S{u*(C(x)).1" (D))},
S{pY(C(x)).n" (D(x))},
=C!(x) = [1-pY(C()),1 - pH(C(x)],

T{p" (R(xx")).u (C(x"))}-

The syntax and semantics of type-2 fuzzy ALC are
shown in Table 1. Different from type-1 fuzzy ALC, the A
of type-2 fuzzy ALC is not a set of numbers in [0, 1], buta
set of pairs, which have the form [a,b], where
0<a<bs<l

4 Reasoning with type-2 fuzzy ALC

Reasoning technique plays a very important role in a
logic. In the past decade, it has attracted much attention in

the field of description logics. However, reasoning with
description logics can be much more complicated than
other logics since description logics have a strong ability
to describe the world. Reasoning is also essential to type-2
fuzzy ALC and can be even more challenging. In this
section, we will present reasoning techniques in type-2
fuzzy ALC.

4.1 Reasoning in fuzzy TBox with modifiers

In Section 3, we gave the basic concepts, syntax and
semantics of type-2 fuzzy ALC. We use the same symbols
with the same meaning in this section. There are two main
reasoning rules in TBox of type-2 fuzzy ALC: negation
rules and subsumption rules. We first propose the negation
rules for reasoning in type-2 fuzzy ALC as follows.

Cp) = Clag)s
“(Clap) M Diea)) = Cli—p1-aq U Dp—g 1-g>
“(Clap) UDjea)) = Cli—p1-q M Dp—a1-5
VR4 Clea) = IRup) Cli—a 1-
=3R4 Clea) = YRy Cli—a 1-4-

The subsumption reasoning rules in type-2 fuzzy ALC
are similar to those in classic description logics except that
the membership should also be taken into account. That
means the C|, ;) C Dy 4 has two preconditions. One is that
Cis a subclass of D, in other words, Ci, ) = Clap) M Dyg -
The other is that a, b, ¢ and d must satisfy: 0<a<c<
d<land 0<a<bh<d<l.

In addition, there are many more modifiers in type-2
fuzzy ALC than in classic description logics, such as very,
most, and less, which are used to describe the different
membership degree of the concepts and roles in TBox.
The definition of the modifiers very, most, and less are as
follows.

C— (very)or(most)C : pi*((very)C)
= ()% ((very)C) = (17(C))%, ©9)
C—> (less)C : p*((less)C)

=\ (), ((less)C) = /¥ (C). (10)

We can give the definition of other modifiers by using
the method in Egs. (9) and (10). These modifiers will help
us describe the vague properties of the concepts and roles
more clearly and exactly.
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4.2 Fuzzy tableau algorithms

Tableau algorithms are the most famous and basic
algorithms in description logic reasoning. We first
introduce a brief process of the reasoning in tableau
algorithms. Tableau algorithms use negation to reduce
subsumption to the (un)satisfiability of concept descrip-
tions instead of directly testing subsumption of concept
descriptions. For example, C C D if and only if
-CMD=1. We can check whether the concept is
unsatisfiable through those algorithms. The fuzzy tableau
algorithms begin with an ABox 4¢ = {Cj, 5/(X)[c, 4} tO
check the (un)satisfiability of concept Cj, ;). Since ALC
has no number restrictions, we present five rules for fuzzy
tableau algorithms as follows.

1) N-rule: if ABox A4 contains Ci, 5 (X) [, 4, and
Cie, 1 (X) [, m, Where [a, b] N [e, /] # ® and [c, d] N [g,
h]# @, the fuzzy tableau algorithms should extend A4 to

A" = A—{Cup) (%) (ca)Cley (%) g}
U {Clso(a.e).7o(b)] (%) 50(c.g).70(5,)) (X [S0(c.g).T0(d.1) >
otherwise
A=4 - {Cu 5 ®) e, ap Cle, 1 &) [, 11}
2) M-rule: if ABox A4 contains
(Cle) M Clg )01 (X e
= (€' NC)rresar

but does not contain both Cy, /(x) g and Cfg 4 (x) (., the
fuzzy tableau algorithms should extend 4 to

A" = AU{CL (%) ea)»Clen (X)iea }-
3) U -rule: if ABox A contains
(Cley Y Clg i) X je.a)

= (C" UC")s(s(es),

7(7(g.h),)] (X))

))s(S(eh).0) (X e
but neither C,
algorithms should extend 4 to

A" =AU{CL %) ea}

1) ey 0T Cl 4y (%) ), the fuzzy tableau

or
A" = AU{Clpp (V) ey}

4) 3 -rule: if ABox A contains (HR[ef] : C[g,h])(x) le.d]> but
no individuals z such that Ry, ;(x, z)i., 4 and Cig 51(2)c, a»

the fuzzy tableau algorithms should extend A4 to
A’ _AU{R[e,f( sy)cd gh](y)cd}

where y is an individual not previously appearing in A.

5) V -rule: if ABox A contains (VR /) Clg i) (X)[c,q)» and
Rie, 1(X, Y)ie, a3 but not Crg 57 () [, ap> the fuzzy tableau
algorithms should extend A4 to

A =AU{Cl (V) }-

As we know, the U -rule will result in more than one
ABox. Hence, we introduce the finite set S = {4, 41, ...,

A,} to represent the result ABoxes after enforcing the

above reasoning rules on A4y and its follow-up result
ABoxes 4, ..., A,. We state that S is consistent if any
ABox 4; (i = 0...n) in S is consistent. Suppose we get a
final set S by using the above fuzzy reasoning rules on 4.
If Sk has no obvious conflicts, such as Cjo, ¢1(x) or L (x),
we can consider C, 5 is satisfiable.

The way to decide whether the ABox in type-2 fuzzy
ALC is unsatisfiable is different from typical tableau
algorithms. Suppose there are two limited values 7 and
Ty. If the probability of any fuzzy concept or individual is
less than 7, we can consider the probability to be 0. It

means that if z*(Y)(C) < T, the axiom to describe concept
C will not exist in the description logic system. On the
contrary, the probability of C will be 1 if ML<U)(C )= Ty.
Thus, the reasoning process of the fuzzy tableau
algorithms will stop when any one of the following
conditions is established.

1) Any obvious conflicts, such as L (x) and
(C M —=C)(x), are found in the reasoning results.

2) Any fuzzy conflicts occur in the reasoning process;
for example, Cjo, 0)(x) = [c, d], Cjo, 5)(x) =[c, d], Ci¢, i(x) =
[a, b] with a<b<T;, Cyp(x) and C.4(x) without
overlap of the intervals [a, b] and [c, d].

3) All rules, including N-rule, M-rule, U-rule, 3-rule
and V -rule, have been executed.

4.3 Soundness, completeness and complexity issues

In this section, we will discuss the soundness, complete-
ness and complexity issues of reasoning in type-2 fuzzy
ALC.

® Soundness  Assume that S is obtained from the
finite set of ABoxes S; by applying the reasoning rules.
Then S is consistent if and only if Sy is consistent. It is easy

to prove the soundness of the fuzzy reasoning algorithms
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in this way: if any ABox, 4;, in S; is conflict-free, S; has at
least one model, which makes S conflict-free and Ci,, 5
satisfiable.

® Completeness As we know, any complete and
conflict-free ABox, 4, has a model. It is obvious that if we
start with 4y = {Cy4, 5] (X)[c, 41}>» WE can obtain a finite
individual tree whose root belongs to Cy, ;) and the
concept Co,, p) is satisfiable. The completeness can be
satisfied since the proposed rules can reduce satisfiability
of a type-2 FALC concept Cy,, p) (in negation normal
form) to consistency of a finite set, S, of complete
ABoxes.

® Complexity
considered in the fuzzy reasoning rules and every branch
of the individual tree is independent, the complexity of the
fuzzy tableau algorithms is O(2n), which is much lower
than the classic tableau algorithms that must handle
O(2"*'—1) individuals.

Since the number restriction is not

5 Type-2 fuzzy OWL

Knowledge in the semantic web is usually structured in
the form of ontology. This leads to considerable efforts to
develop a suitable ontology language, culminating in the
design of the OWL [12]. The OWL language consists of
three sub-languages, namely OWL Lite, OWL DL and
OWL Full, which have gradually increasing expression
ability. OWL DL is widely used in many fields to
represent the axioms and assertions. Its corresponding
description logic is SHOIN(D +) [18]. Similar to the
relationship between OWL DL and SHOIN (D +), we
propose the type-2 fuzzy OWL to implement the type-2
fuzzy ALC. There are some differences between type-2
fuzzy OWL and classic OWL in the abstract syntax, such
as Description and Fact in type-2 fuzzy OWL. We present
the main part of the syntax of type-2 fuzzy OWL as
follows.
Description:: = “classID (’ [ classID ]

{‘fuzzy: LowerDegree(’ Lowerdegree‘)’}

{*fuzzy:UpperDegree(’ Upperdegree)’}

‘(" Lowerdegree < Upperdegree)’ ‘)’

|[restriction| “‘unionOf (* {description } )’

|“intersectionOf (* {description } )’

|‘complementOf (* { description } )’

|‘one of (° { individuallD } ‘Y
Fact:: = Individual

Individual:: = ‘Individual ( [ individuallD ] {
annotation }

{

‘type (type‘)’ {‘fuzzy:LowerDegree(’ Lowerde-
gree)’}

{‘fuzzy:UpperDegree(’ Upperdegree‘)’}
<

‘(" Lowerdegree < Upperdegree)’*)’
Lowerdegree::= degree
Upperdegree::= degree
degree::= ‘degree(’
real-number-between-0-and- 1-inclusive®)’...

The assertions in ABox we discussed above can also be
implemented with type-2 fuzzy OWL. For example, we
assert two instances FEagle and Penguin as follows.
Suppose the membership degree is [0.84, 0.93] for the
fact that Eagle can be considered as an instance of
FleshEatingObject, and the membership degree is [0.22,
0.28] since Penguin can also be considered as an instance
of FleshEatingObject. There are two equations to show
the probability of that Fagle and Penguin are instances of
FleshEatingBird, as shown in Egs. (11) and (12).

FleshEatingBird o 95)(Eagle)

= [T5(0.84,0.9),T(0.93,0.95)] = [0.74,0.88], (11)

FleshEatingBird) o ¢ 95)(Penguin)
— [T5(0.22,0.9),T,(0.28,0.95)] = [0.18,0.26]. (12)

However, ABox in type-2 fuzzy ALC does not store the
above equations as its assertions. The uncertain informa-
tion stored in ABox is only the predefined membership
degree instead of the calculated degree. We can get the
result degree by using some reasoning rules and equations
like Egs. (11) and (12). The sample of type-2 fuzzy OWL
for the instances Eagle and Penguin is presented as
follows:

< FleshEatingBird fuzzy:LowerDegree=0.84 fuzzy:
UpperDegree = 0.93 rdf:ID =“Eagle”>

< FleshEatingBird fuzzy:LowerDegree=0.22 fuzzy:
UpperDegree = 0.28 rdf:ID =“Penguin”>...

6 Semantic search engine based on type-2
fuzzy ontology

6.1 Framework of a semantic search engine based on
type-2 fuzzy ontology

Daily communications in real world, such as conversa-
tions using the natural languages, are full of imprecise
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information. To better model the real world problems, we
need to not only employ the fuzzy description logic, but
also need a query language to represent the vague
requirements. We call the queries including fuzzy
concepts and individuals fuzzy queries. To handle these
fuzzy queries, ontology-based semantic search engine
should extend their knowledge base to support fuzzy
ontologies. In this paper, we implement a fuzzy semantic
search engine using type-2 fuzzy OWL. Fig. 1 shows the
framework of the semantic search engine based on a type-
2 fuzzy ontology.

The semantic search engine based on a type-2 fuzzy
ontology consists of six components: type-2 fuzzy
ontology analyzer, type-2 fuzzy ontology questioner /
answerer, keywords generator, search engine, type-2
fuzzy ontology, and document indexes. In this framework,
users can propose their queries in two ways. One way is to
ask the type-2 fuzzy ontology analyzer with keywords or
fuzzy keywords. These keywords will be processed by the
ontology analyzer and then sent to the keyword generator.
The other way is to issue the semantic queries to type-2
fuzzy ontology questioner/answerer. The semantic queries
will be parsed by the ontology analyzer. The parsed
queries represented by ontology language will be sent to
the ontology base. The corresponding names of the
concepts and individuals will be sent to the keywords
generator and then the search engine will perform the
search on the classic document indexes by using these
generated keywords.

Thus, users cannot only communicate with ontology
base by forming the queries with concepts and individuals
directly, but also issue keywords to a classic search engine
to search documents. The results will contain two parts.
One is the ontology results returned by the ontology base,
which are represented in ontology language. The other is

Results with
ontology Type-2 fuzzy
ontology questioner
/answerer Type-2 fuzzy
Semantic ontology ) Index
query Domain
Fuzzy
keywords Ty(l))r?t-ozl(l)cuzzy Individuals Keywords Keywords Search
sy generator engine

analyzer

User

Results with documents

the document results returned by the classic search engine,
which are represented as document lists.

6.2 Experiments and analysis

We implement the type-2 fuzzy semantic search engine
based on the proposed framework. We use the type-2
fuzzy ALC to handle the imprecise information, such as
very, most, and high as input by users. The ontology base
is built using type-2 fuzzy OWL and the vague
information of the concepts and individuals is modeled
as an interval in the fuzzy ontology. We use academic
resources as the test data set, which are collected from the
departmental websites of Huazhong University of Science
and Technology, including 7000 web pages and 2400
documents. The document type can be txt, xml, rdf, doc,
and pdf. The type-2 fuzzy ontology analyzer, questioner,
answer, keyword generator, and search engine are all
implemented in Java. The ontology is built with Protégé
[28] and contains 212 TBox nodes and 995 ABox nodes.

Since the information grows explosively on the
Internet, precision plays a more important role than the
recall rate for a search engine. Hence, we carry out
experiments to test the precision of the implemented
semantic search engine rather than its recall rate. We
choose a group of keywords to retrieve information from
indexes, and then pick out the relevant hits from the result
set to test the precision of the query. Fig. 2 represents the
precision of the semantic search engine based on classic
ontology and type-2 fuzzy ontology. From the figure we
can see that the precision grows faster with the number of
nodes in the ontology under the type-2 fuzzy ontology.
This means the precision of the search engine will be
improved if a type-2 fuzzy ALC is applied.

Additionally, we carry out experiments to test how the

Fig. 1 Framework of semantic search engine based on type-2 fuzzy ontology
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imprecise information in the keywords affects the
performance of the search engine. We compare traditional,
classic ontology, and type-2 fuzzy ontology search
engines. The results are shown in Fig. 3. From the figure
we can see that both ontology based search engines
expand the number of relevant hits greatly when there are
fewer imprecise search terms. The reason being is that the
ontology analyzer will generate more keywords with the
individuals, which will provide more qualifiers for the
query. However, the number of relevant hits of the search
engine based on a classic ontology decreases rapidly when
we add more fuzzy keywords into the query, such as very,
most, and young. The type-2 fuzzy ontology based search
engine, on the other hand, can process this imprecise
information much better; that is to say that, it can improve
the relevance of the query results.

7 Conclusion

We have proposed a type-2 fuzzy description logic to
represent and infer the fuzzy information widely existing
in real world applications. The syntax, semantics and
reasoning algorithms of type-2 fuzzy ALC have been
introduced as the fundamentals of type-2 fuzzy descrip-
tion logic. We have also tested the performance of the
semantic search engine with type-2 fuzzy ALC through
experiments. Compared to the traditional search engine
and semantic search engine with classic ontology, we have
found that the proposed type-2 fuzzy ALC search engine
is more capable of dealing with the imprecise knowledge.
Many other applications, besides semantic search engine,
need to process fuzzy information, such as trust manage-
ment in distributed systems. Our approach can be applied
in different domains to strengthen their representation and
reasoning ability. Our future work will include the
research of type-2 fuzzy ALCN, type-2 fuzzy SHOIN
(D) and the corresponding reasoning algorithms.
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