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Abstract. We study the fuzzy extension of FL¢ with semantics based
on the Godel t-norm. We show that gfp-subsumption w.r.t. a finite set
of primitive definitions can be characterized by a relation on weighted
automata, and use this result to provide tight complexity bounds for
reasoning in this logic.

1 Introduction

Fuzzy Description Logics (DLs) have been introduced as extensions of classical
DLs [2] capable of representing and reasoning with vague or imprecise knowledge.
The main idea behind these logics is to allow for a set of truth degrees, beyond the
standard true and false. The area of fuzzy DLs recently experienced a shift, when
it was shown that reasoning in these logics easily becomes undecidable [3J6I]].
To guarantee decidability in fuzzy DLs, one can (i) restrict the semantics to
consider finitely many truth degrees [7]; (ii) allow only acyclic or unfoldable
ontologies [4/18]; or (iii) restrict to Zadeh or Goédel semantics [BUIHIT6IIT].

In the cases where the Godel t-norm is used, the complexity of reasoning is
typically the same as for its classical version, as shown for ££, which is poly-
nomial [I5/16], and ALC, EXPT1ME-complete [5]. This latter result immediately
implies that reasoning in G-FLq with general TBoxes is also EXPTIME-complete.
On the other hand, if TBoxes are restricted to contain only (primitive) defini-
tions, then deciding subsumption in classical FLj under the greatest fixed-point
semantics is known to be in PSPACE [I]. We show that the same complexity
bound holds for the Gddel extension of this logic.

To prove this complexity result, we characterize the greatest fixed-point se-
mantics of G-FLy by means of weighted automata over lattices. We then show
that reasoning with these automata can be reduced to a linear number of in-
clusion tests between unweighted automata, which can be solved using only
polynomial space [10].
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2 Preliminaries

We first introduce some basic notions of lattice theory. For a more comprehensive
overview on the topic, refer to [11]. Afterwards, we introduce fuzzy logics based
on Godel semantics, which are studied in more detail in [9T2/14].

A lattice is an algebraic structure (L, V,A) with two commutative, associa-
tive and idempotent binary operations V (supremum) and A (infimum) that
distribute over each other. It is complete if suprema and infima of arbitrary sub-
sets S C L, denoted by \/, g2 and A gz respectively, exist. In this case, the
lattice is bounded by the greatest element 1 := \/ _, = and the least element
0 := A, 2. Lattices induce a natural partial ordering on the elements of L
where z <y iff s Ay = x.

Ezample 1. One common complete lattice used in fuzzy logics (see e.g. [912])
is the interval [0, 1] with the usual order on the real numbers. Further complete
lattices relevant for this paper can be constructed as follows. Given a complete
lattice L and a set S, the set L° of all functions f: S — L is also a complete
lattice, if infimum and supremum are defined component-wise. More precisely, for
any two f1, fo € L, we define f1V fo for all z € S as (f1V fo)(x) := fi(z)V fo(z).
If we similarly define the infimum, we obtain a lattice with the order f; < f
iff f1(x) < fa(z) holds for all x € S. It is easy to verify that infinite infima and
suprema can then also be computed component-wise.

We are particularly interested in operators on complete lattices L and their
properties.

Definition 2 (fixed-point). Let L be a complete lattice. A fixed-point of an
operator T: L — L is an element x € L such that T(x) = x. It is the greatest
fixed-point of T' if for any fized-point y of T we have y < .

The operator T is monotone if for all x,y € L, x <y implies T(x) < T(y).
It is downward w-continuous if for every decreasing chain ro > x1 > xo2 > ...
in L we have T(N\;5q i) = Ni>o T(24).

If it exists, the greatest fixed-point of T' is unique and denoted by gfp(T).

It is easy to verify that every downward w-continuous operator is also mono-
tone. By a fundamental result from [20], every monotone operator T has a great-
est fixed-point. If T is downward w-continuous, then gfp(T") corresponds to the
infimum of the decreasing chain 1 > T'(1) > T(T(1)) > --- > T%(1) > ... [13].

Proposition 3. If L is a complete lattice and T a downward w-continuous op-
erator on L, then gfp(T) = A5, T*(1).

Our fuzzy DL is based on the well-known Gd&del semantics for fuzzy logics,
which is one of the main t-norm-based semantics used in Mathematical Fuzzy
Logic [9/12]. This semantics is based on the standard interval [0, 1]. The Gédel
t-norm is the binary minimum operator on this set. For consistency, we use
the lattice-theoretic notation A instead of min. Two important properties of



this operator are that it preserves arbitrary infima and suprema on [0, 1], i.e.
Nier(@i Ax) = (Nigy @) Az and ;o (zi Ax) = (V,ep@i) Az for any index
set I and elements z,x; € [0,1] for all ¢« € I. In particular, this means that
the Godel t-norm is monotone in both arguments. The residuum of the Godel
t-norm is the binary operator = on [0, 1] defined for all z,y € [0, 1] by

N 1 ifz <y,
x =
Y y otherwise.

It is a fundamental property of a t-norm and its residuum that for all values
x,y,z € [0,1] we have z Ay < z iff y < z = 2. As with the Gédel t-norm, its
residuum preserves arbitrary infima in its second component. However, in the
first component the order on [0, 1] is reversed.

Proposition 4. For any index set I and values z,z; € [0,1], ¢ € I, we have

r = (/\xz> :/\(xéxi) and (\/xl) :>x:/\(wi:>x).

il icl iel iel
This shows that the residuum is monotone in the second argument and antitone

in the first argument. The following reformulation of nested residua in terms of
infima will also prove useful.

Proposition 5. For all values z,x1,...,z, € [0,1], we have
(B A Aap) =)= (1= ... (2, = 2)...).

Proof. Both values are either x or 1, and they are 1 iff one of the operands x;,
1 < i < n, is smaller than or equal to z. a

3 Fuzzy FL,

The fuzzy description logic G-FL; has the same syntax as classical FLj. The
difference lies in the interpretation of G-FLy-concepts.

Definition 6 (syntax). Let Nc and Nr be two non-empty, disjoint sets of con-
cept names and role names, respectively. Concepts are built from concept names
using the constructors T (top), CMD (conjunction), and Vr.C' (value restriction
for a role name r).

A (primitive concept) definition is of the form (A C C > p), where A € Nc,
C is a concept, and p € [0,1]. A TBox is a finite set of definitions. Given
a TBox T, a concept name is defined if it appears on the left-hand side of a
definition in T, and primitive otherwise.

We use the expression Vw.C with w = 172 ... 7, € Nj to abbreviate the concept
Vry.¥rg. ... Vr,.C. We also allow w = ¢, in which case Vw.C is simply C. We
denote the set of concept names occurring in the TBox 7T by Ng, the set of
defined concept names in NZ— by NZ, and the set of primitive concept names
in N by N7 . Likewise, we collect all role names occurring in 7~ into the set NJ.



Definition 7 (semantics). An interpretation is a pair Z = (AT,-T), where
AT is a non-empty set, called the domain of Z, and the interpretation func-
tion L maps every concept name A to a fuzzy set AT: AT — [0,1] and every
role name r to a fuzzy binary relation r*: AT x AT — [0,1]. This function is
extended to concepts by setting TZ(x) := 1, (C11 D) (z) := C*(x) A D*(x), and
(vr.C)E () := /\yeAI(rI(x,y) = CZ(y)) for all x € AT.

The interpretation T satisfies (or is a model of ) the definition (A C C > p)
if AZ(z) = CZ(z) > p holds for all z € AT. It satisfies (or is a model of) a
TBoz if it satisfies all its definitions.

For an interpretation Z = (A, 1), w = r173...7, € Ng, and elements g, z,, € A,
we set w” (0, #n) = Vo, o ea(ri(xo, 1) A+ Arh(2n_1,2,)), and can thus
treat Vw.C like an ordinary value restriction with

(Vw.C) ¥ (mo) = N\ (w(w0,20) = C*(x))

Tn €A

- /\ ((le(xo’xl) ARERRA T%(In—lvxn)) = Cz(zn))
T1,..,Zn €A

= /\ (le(l'o,xl) = -..(7"7174(1'”,1,.’1}”) :>CI(£C”)))
L1y, Ty €A

= (Vry... .Vrn.C)Z(ﬁCO)

for all zy € A (see Propositions ] and [5).

It is convenient to consider TBoxes in normal form. The TBox 7 is in normal
form if all definitions in T are of the form (A C Vw.B > p), where A, B € N¢,
w € Ng, and p € [0,1], and there are no two definitions (A C Yw.B > p),
(A CVw.B > p') with p # p’. Every TBox can be transformed into an equivalent
TBox in normal form, as follows. First, we distribute the value restrictions over
the conjunctions.

Lemma 8. For every v € Ngr, concepts C, D, and interpretation T = (A, 1), it
holds that (Vr.(C'T1 D))t = (Vr.C NVr.D)T.

Thus, we can equivalently write the right-hand sides of the definitions in 7 in the
form Vwy.B1 M- - -MYw,.B,, where w; € N§ and B; € NcU{T},1 <i < n. Since
Vr.T is equivalent to T, we can remove all conjuncts of the form Vw.T from
this representation. After this transformation, all the definitions in the TBox
are of the form (A C Vw;.B; M-+ MNYw,.B, > p) with B; € N¢,1 <1i <n, or
(AC T > p). The latter axioms are tautologies, and can hence be removed from
the TBox without affecting the semantics.

It follows from Proposition [4] that an interpretation Z satisfies the definition
(A EVwy.B1M---MYw,.B, > p) iff it satisfies all the axioms (A C Vw,;.B; > p),
1 <i < n. Thus, the former axiom can be equivalently replaced by the latter set
of axioms.

After these simplification steps, the TBox contains only axioms of the form
(A C Yw.B > p) with A, B € N¢, satisfying the first condition of the defi-
nition of normal form. Suppose now that 7 contains two axioms of the form



(ACVYw.B > p) and (A C Vw.B > p') with p > p’. Then T is equivalent to the
TBox T \ {(A C Yw.B > p’)}; which means that this axiom can be removed. It
is clear that all of these transformations can be done in polynomial time in the
size of the original TBox.

Concept definitions can be seen as a restriction of the interpretation of the
defined concepts, depending on the interpretation of the primitive concepts. We
use this intuition and consider greatest fized-point semantics, as described next.

A primitive interpretation is a pair J = (A,-7) as in Definition |7, except
that -7 is only defined for role names and the primitive concept names in NJ.
Given such a J, we use functions f € ([0, 1}A)Ng to describe the interpretation
of the remaining (defined) concept names. Recall from Example [1] that these
functions form a complete lattice. In the following, we use the abbreviation
LT = ([0, l]A)NDT for this lattice. Given a primitive interpretation J and a
function f € L;, the induced interpretation Zs ; has the same domain as J
and extends the interpretation function of J to the defined concepts names
A € NJ by taking AZs.7 := f(A). The interpretation of the remaining concept
names, i.e. those that do not occur in 7, is fixed to 0.

We can describe the effect that the axioms in 7 have on L} by the operator
T}—: L§ — LT, which is defined as follows for all f € L7\7—, A€ Ng, and ¢ € A:

T7(HNA)@) = AN (=" (@).

(ACC>p)eT

This operator computes new values of the defined concept names according to
the old interpretation Zs ; and their definitions in 7.

We are interested in using the greatest fixed-point of 77, for some primitive
interpretation 7, to define a new semantics for TBoxes 7 in G-FL. Before being
able to do this, we have to ensure that such a fixed-point always exists.

Lemma 9. Given a TBoz T and a primitive interpretation J = (A,-7), the
operator T}— on L; is downward w-continuous.

Proof. Consider a decreasing chain fo > f1 > fo > ... of functions in L?}. We
use the abbreviations f := A\,~( fi, Z :=Zgf, and Z; :== Lz y, for all i > 0, and
have to show that T7(f) = N;>o T4 (f;) holds.

First, we prove by induction on the structure of C' that C* = Niso C%i holds
for all concepts C built from N and NCT, where /\ is defined as usual over the
complete lattice [0, 1].

For A € NJ, by the definition of Z7 ¢ and Z7 s, we have AT = AT = AT for
all i > 0, and thus AT = A7 = A\,., A%. For A € NJ, we have

AT = f( ) = (N £) @A) = A fia) = \ A%
i>0 i>0 i>0

by the definition of Z7 ; and Zs ;, and the component-wise ordering on the
complete lattice L7.



For concepts of the form C'T D, by the induction hypothesis and associativity
of A we have

(CNDYF = CTADT = (/\ CL') /\(/\ DL') = \(C%AD%) = \(CND)".
i>0 i>0

i>0 i>0

Consider now a value restriction Vr.C. Using Proposition ] we get for all z € A,

(O (@) = N\ ey = ) = A (P = (A cEw))
i>0

yeEA yeA
= /\ /\(TL (z,y) = cti (y)) = /\(VT.C)L () = (/\(VT.C)L)(x)
yeaizo 20 i>0

by the induction hypothesis, and the component-wise ordering on [0, 1]4.
Using this, we can now prove the actual claim of the lemma. For all A € Ng
and all z € A, we get, using again Proposition [4 and the previous claim

THAD@= A =)= A (p=(AC"@))

(ACC>p)eT (ACC>p)eT i>0

= A A=) = (ATFE) A @)

(ACC2p)eT i>0 i>0
by the definition of 77, and the component-wise ordering on L7j—. a

By Proposition [3) we know that gfp(T7) exists and is equal to A,5,(T7)*(1),
where 1 is the greatest element of the lattice L; that maps all defined concept
names to 7. In the following, we denote by gfp7(J) the interpretation Z s ;
for f := gfp(T}). Note that Z := gfp(J) is actually a model of T since for
every (AC C > p) € T and every x € A we have

AH2) = f(A)(@) =T7(NH D) = N\ @'=C% @) <p=CHa),
(ACC>p)eT

and thus p A AZ(z) < C%(z), which is equivalent to p < A% (z) = CZ(x).
We can now define the reasoning problem in G-FL; that we want to solve.

Definition 10 (gfp-subsumption). An interpretation Z is a gfp-model of a
TBox T if there is a primitive interpretation J such that T = gfp(J). Given
A, B € Nc and p € [0,1], we say that A is gfp-subsumed by B to degree p
w.r.t. T, written T =g (AT B > p), if for every gfp-model I of T and every
z € AT we have AT(z) = B%(z) > p.

Let now 7 be a TBox and 7" the result of transforming 7 into normal form as
described before. It is easy to verify that the operators T} and T}/ coincide, and
therefore the gfp-models of T are the same as those of 7’. To solve the problem
of deciding gfp-subsumptions, it thus suffices to consider TBoxes in normal form.



4 Characterizing Subsumption using Finite Automata

To decide gfp-subsumption between concept names, we employ an automata-
based approach following the ideas from [I]]. In contrast to that paper, however,
we use a weighted automata model.

Definition 11 (WWA). A weighted automaton with word transitions (WWA)
is a tuple A = (X, Q, qo,wt,qr), where X is a finite alphabet of input symbols,
Q is a finite set of states, qo € Q s the initial state, wt: Q x X* x @ — [0, 1]
is the transition weight function with the property that its support

supp(wt) := {(¢,w,q") € @ x ¥* x Q | wt(q,w,q’) > 0}

is finite, and gy € Q is the final state.

A finite path in A is a sequence @ = qowiqiws...w,q,, where ¢; € @
and w; € X* for all i € {1,...,n}, and ¢, = q;. Its label is the finite word
{(m) == wyws ... w,. The weight of 7 is defined as wt(m) := NI, wt(gi—1, w;, q;).
The set of all finite paths with label w in A is denoted by paths(A,w). The be-
havior ||A|: X* — [0,1] of A is defined as follows for every word w € X*:
||"4||(w) = \/wepaths(.A,w) Wt(ﬂ-)

If the image of the transition weight function is included in {0, 1}, then we have a
classical finite automaton with word transitions (WA). In this case, wt is usually
described as a subset of Q x X* x @ and the behavior is characterized by the
set L(A), called the language of A, of all words for which the behavior is 1.
The inclusion problem for WA is to decide, given two such automata A and A’,
whether L(A) C L(A’). This problem is known to be PSPACE-complete [10].
Our goal is to describe the restrictions imposed by a G-FLy TBox T using a
WWA. For the rest of this paper, we assume w.l.o.g. that 7 is in normal form.

Definition 12 (automata AZ;B). For concept names A, B € N{, the WWA
AZ;B = (Nr,NZ, A, wtr, B) is defined by the transition weight function

if (A" C Yw.B' >
WtT(A,,U),B/) — p lf< = Vw = p> €T,
0 otherwise.

Notice that for a given TBox 7 and concept names A, A’, B, B’ € N[, the
automata AZ; g and AZ{,’ g differ only on the initial and final states they define;
their sets of states and transition weight function are identical. Since 7T is in
normal form, for any two concept names A’, B’ € N and w € N, there is at
most one axiom (A’ C Vw.B’ > p) in T, and hence the transition weight function

is well-defined. This function has finite support since 7T is finite.
We now characterize the gfp-models of 7 by properties of the automata AZ; B

Lemma 13. For every gfp-model T = (A,-1) of T, x € A, and A € NZ,

Ay = N\ N (ML51w) = (Vw.B) ().

BGN;r weNg



Proof. If A is primitive, then the empty path @ = A € paths(.AA 4,€) has
weight wtr () = 1, and hence || A7 ,]|(¢) = 1. We also have (Ve.A)* () = A% (x);
thus, AZ(x) = (1= AZ(@)) > Apeny Awens (4% 5ll(w) = (vw.B)Z(x)). Let
now B € NI and w € Ng such that A # B or w # €. Since A is primitive, by
Definition [12| any finite path 7 in A% 5 with () = w must have weight 0; i.e.
A% gll(w) = 0, and thus 0 = (Vw.B)*(x) = 1 > A (x). This shows that the
whole infimum is equal to AZ(x).

Consider now the case that A € NJ. Since 7 is a gfp-model of T, there is a
primitive interpretation J such that Z = gfp(J); let f := gfp(TT) Thus, we
have AT = f(A) =TT (f)(A) = N;jso(TT) (1)(A) for all A € NJ.

[<] For the <-direction, by Proposition {4|it suffices to show that for all x € A,
A€ Ng, B e N}Z—, and all finite non-empty paths 7 in .AZ;B it holds that

AL (z) < wtr(n) = (Yw.B)* (), (1)

where w := ¢(m). This obviously holds for wtr(7) = 0, and thus it remains to
show this for paths with positive weight. Let 7 = AwiAjws ... w,A,, where
A; € Nl and w; € N for all i € {1,...,n} and A,, = B is the only primitive
concept name in this path. We prove by induction on n. For n = 1, we have
7 = Aw; B and wty (A, wy, B) = wty(m) > 0, and thus 7 contains the definition
(A E Vwy.B > p), with p := wty(A, wy, B). By the definition of T}—, we obtain

AL(2) =TT (f)(A)(z) <p= (Vw1.B)E(2) = wir(7) = (Vw.B)E ().

For n > 1, consider the subpath ©’ = Ajw;...w,B in A’ 5 with the label
{(n') = w' = wy...w,. For all y € A, the induction hypothesis yields that
AT(y) < wtr(n') = (Vw'.B)X(y). Again, p := wtr (A, w1, A1) > wtr(r) > 0,
and thus 7 contains the definition (A C Vw,;.A; > p). By the definitions of 77,
wtr (), w?, and Propositions 4] and |5} we have

A (z) = TF(f)(A)(x)
<p= (Vwi.A)*(2)
— /\ (p = (wi(z,y) = Af(y)))

yEA

A (p= (wl@.y) = (wir(r) = (' .BY (1)) )

yEA

= (pAwtr(n") = ( N\ (wi(z,y) = (Vw'-B)I(y))>

yEA
= wty(7) = (Vw.B)* ()

[>] For the >-direction, we show by induction on i that for all x € A, A € NJ,
and 7 > 0, it holds that

(T7)'(1 > AN (AL slw) = (Vw.B) (2)). (2)

BGNT weNg

IN



For i = 0, we have (T7)%(1)(A)(x) = 1(A)(z) = 1, which obviously satisfies (2).
For i > 0, by Proposition [f] we obtain
(T WA @) =TT W) (A) @)
= A (p = (Vu'.A)F (), (3)
(ACVw' A’>p)eT
where Z;_y := T (p7)i-1(1)- Consider now any definition (A C vu'.A" > p) € T.
Then ' = Aw'A’ is a finite path in A’ ,, with label w’ and weight p.
If A’ is a primitive concept name, then we have

p= (V! AV (1) = wer () = (Y AV @) 2 AT () = (Yl A (@)

by the definition of HAZ,A’ [[(w") and the fact that the interpretation of Vuw’.A’
under Z; 1 and Z only depends on J. If A’ is defined, then we similarly get

p = (Vu' . A)F1(2)
= A (p= @@y = A7)

yeA

AN N (= @y = 145 sl w) = (w.B) )

yEA BEN; weNR

A A (AT slw) = (A @@y = (B )))

BGN,Z— weNg yEA

ANV ) awr) = (w'wB) (@)

BeNJ weNg mepaths(A7, ,,w)

A N (AL sl(w'w) = (Yuw'wB)(z))

BGN,Z— weNg

Y

Y

by the induction hypothesis, Propositions and and the definition of ||.AZ’ sll-

In both cases, p = (Yw’.A")%i-1(x) is an upper bound for the infimum on the
right-hand side of (2), and thus by the same is true for (77)"(1)(A)(z). O
This allows us to prove gfp-subsumptions by comparing the behavior of WWA.

Lemma 14. Let A,B € NI and p € [0,1]. Then T |, (A T B > p) iff for all
C € NI and w € N it holds that p A || AT o |(w) < [A] ol (w).

Proof. Assume that there exist C € N} and w = r;...7, € Ng such that
pAIAL o ll(w) > |AL o ll(w). We define the primitive interpretation J = (A, -7)

where A := {zg,...,7,}, and for all D € NJ and r € Ng, the interpretation
function is given by

D7 (z) = [A% cll(w) if D=C and z = z,,
R otherwise; and



r (z,y) = L ifz =21,y =, and r =r; for some i € {1,...,n},
0 otherwise.

Consider now the gfp-model 7 := gfp,(J) of T. By construction, for all pairs
(w', D) € Nj x NJ'\ {(w,C)} we have (Vw'.D)%(x) = 1. Moreover, we know
that (Vw.C)%(xg) is equal to ||AZ;,C||(w), and thus strictly smaller than p and
IAL ol (w). By Lemma[13] all this implies that

A¥(wo) = | AL ¢ll(w) = (Vw.C)*(z) = 1 and
B (x0) = AL cll(w) = (Yw.C)* (z0) = (Vw.C)* (wo).

Thus A% (x) = BZ(z0) = (Vw.C)X(z0) < p, and T g, (A C B > p).

Conversely, assume that there are a primitive interpretation 7 = (A, -7) and
an element x € A such that A% (z) = B%(z) < p, where T := gfp,(J). Thus, we
have p A AT(z) > B*(x), which implies by Lemma [L3[the existence of a C' € NJ
and a w € N with pA AT (z) > H.AECH(w) = (Yw.C)%(x). Again by Lemma
this implies that

p A AR cll(w) > A (2) = (Vw.0)F (2)
> (A% cll(w) = (Vw.C) () = (Yw.C)F ().

In particular, the latter value cannot be 1, and thus it is equal to (Vw.C)Z(z).
But this can only be the case if [[A] o[ /(w) < (Vw.C)*(z). To summarize, we

obtain p A ||.A£C||(w) > (Vw.C)t(z) > ||,A174’70H(w), as desired. O

Denote by Vy := {0,1} U{p € [0,1] | (A C Yw.B > p) € T} the set of
all values appearing in 7T, together with 0 and 1. Since wty has finite sup-
port and takes only values from Vi, p A HAE’CH(w) > ||AZC||(w) holds iff
P AMAL o ll(w) > |AG o ll(w), where p' is the smallest element of V7 such that
p’ > p. This shows that it suffices to be able to check gfp-subsumptions for the
values in V7. We now show how to do this by simulating -'473—,0 and AZ;C by
polynomially many unweighted automata.

Definition 15 (automata A>,). Given a WWA A = (X,Q,qo,wt,qf) and a
value p € [0,1], the WA As, = (X,Q, qo,Wt>p, qr) is given by the transition
relation wt>, = {(¢,w,q") € Q@ x Z* x Q | wt(q,w,q") > p}.

The language of this automaton has an obvious relation to the behavior of the
original WWA.

Lemma 16. Let A be a WWA over the alphabet X and p € [0,1]. Then we have
L(Azp) = {w € 2" | [|All(w) = p}.

Proof. We have w € L(As,) iff there is a finite path 7 = gow1¢1 ... wng, in A
with label w such that wt(g;—1,w;, q;) > p holds for all i € {1,...,n}. The latter
condition is equivalent to the fact that wt(n) > p. Thus, w € L(A>,) implies
that || A||(w) > p. Conversely, since wt has finite support, there are only finitely
many possible weights for any finite path in A, and thus ||.A||(w) > p also implies
that there exists a 7 € paths(A, w) with wt(m) > p, and thus w € L(A>,). O



We thus obtain the following characterization of gfp-subsumption.

Lemma 17. Let A,B € NI and p € Vr. Then T g1 (A T B > p) iff for all
C e Nl and p' € Vr with p' < p it holds that L((A] ¢)>p) € L((A] ¢)>p)-

Proof. Assume that we have T |4, (A C B > p) and consider any C € NZ,
w € Ni, and p’ € Vr N[0, p] with w € L((AL ¢)>p). By Lemma [16} we obtain
I A cll(w) > p', and by Lemma |14 we have | A} o|[(w) > p A AR cll(w) = p'.
Thus, w € L((AI,C)ZP')‘

Conversely, assume that 7 =g, (A T B > p) does not hold. Then by
Lemmathere are C' € NI and w € N§ such that pA[| AT o||(w) > AT ol (w).
For the value p' := p A || AL ¢||(w) € V7N [0,p], we have ||AF o[|(w) > p/, but
AT, cll (1) < ¢/, and thus L((AF¢)5p) € L(AL o)sp) by Lommafig, O

A direct consequence of this lemma is that gfp-subsumption between concept
names in G-FLy remains in the same complexity class as for classical FLy.

Theorem 18. Deciding gfp-subsumption between concept names in G-FLg is
PSPACE-complete.

Proof. By the reductions above, it suffices to decide the language inclusions
L((AL ¢)2p) € L((A] ¢)3p) for all C € NI and p € V7. These polynomially
many inclusion tests for WA can be done in polynomial space [10]. The problem is
PSpAcE-hard since gfp-subsumption in classical FL is already PSPACE-hard [1].
This is a special case of our problem where the input TBox is restricted to the
values 0 and 1, and therefore all relevant WWA are already WA. a

5 Conclusions

We have studied the complexity of reasoning in G-FLy w.r.t. primitive concept
definitions under greatest fixed-point semantics. More precisely, we have shown
that gfp-subsumption between concept names can be reduced to a comparison of
the behavior of weighted automata with word transitions. Moreover, the latter
can be solved by a polynomial number of inclusion tests on unweighted automata.
Overall, this shows that gfp-subsumption is PSPACE-complete for this logic, just
as in the classical case.

This complexity result is consistent with previous work on extensions of de-
scription logics with Godel semantics. Indeed, such extensions of £L [I5/16] and
ALC [5] have been shown to preserve the complexity of their classical counter-
part. Since reasoning in classical Ly and in G-ALC w.r.t. general TBoxes is
in both cases EXpTIME-complete, so is deciding subsumption in G-FLy w.r.t.
general TBoxes.

We expect our results to generalize easily to any other set of truth degrees
that form a total order. However, the arguments used in this paper fail for
arbitrary lattices, where incomparable truth degrees might exist [7I19]. Studying
these two cases in detail is a task for future work. We also plan to consider fuzzy
extensions of FLqy with semantics based on non-idempotent t-norms, such as the
Lukasiewicz or product t-norms [12].



References

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

. Baader, F.: Using automata theory for characterizing the semantics of terminolog-

ical cycles. Ann. Math. Artif. Intell. 18(2), 175-219 (1996)

Baader, F., Calvanese, D., McGuinness, D.L.; Nardi, D., Patel-Schneider, P.F.
(eds.): The Description Logic Handbook: Theory, Implementation, and Applica-
tions. Cambridge University Press, 2nd edn. (2007)

Baader, F., Penaloza, R.: On the undecidability of fuzzy description logics with
GCIs and product t-norm. In: Tinelli, C., Sofronie-Stokkermans, V. (eds.) Proc.
FroCoS’11, LNCS, vol. 6989, pp. 55-70. Springer (2011)

Bobillo, F., Straccia, U.: Fuzzy description logics with general t-norms and
datatypes. Fuzzy Set. Syst. 160(23), 3382-3402 (2009)

Borgwardt, S., Distel, F., Pefialoza, R.: Decidable Gddel description logics without
the finitely-valued model property. In: Proc. KR’14. AAAI Press (2014), to appear.
Borgwardt, S., Pefaloza, R.: Undecidability of fuzzy description logics. In: Brewka,
G., Eiter, T., Mcllraith, S.A. (eds.) Proc. KR’12. pp. 232-242. AAAI Press (2012)
Borgwardt, S., Pefialoza, R.: The complexity of lattice-based fuzzy description
logics. J. Data Semant. 2(1), 1-19 (2013)

Cerami, M., Straccia, U.: On the (un)decidability of fuzzy description logics under
Lukasiewicz t-norm. Inform. Sciences 227, 1-21 (2013)

Cintula, P., Hajek, P., Noguera, C. (eds.): Handbook of Mathematical Fuzzy Logic,
Studies in Logic, vol. 37-38. College Publications (2011)

Garey, M.R.., Johnson, D.S.: Computers and Intractability: A Guide to the Theory
of NP-Completeness. W. H. Freeman & Co., New York (1979)

Gritzer, G.: General Lattice Theory. Birkhduser Verlag, 2nd edn. (2003)

Hajek, P.: Metamathematics of Fuzzy Logic (Trends in Logic). Springer (2001)
Kleene, S.C.: Introduction to Metamathematics. Van Nostrand, New York (1952)
Klement, E.P., Mesiar, R., Pap, E.: Triangular Norms. Trends in Logic, Studia
Logica Library, Springer (2000)

Mailis, T., Stoilos, G., Simou, N., Stamou, G.B., Kollias, S.: Tractable reasoning
with vague knowledge using fuzzy E£71. J. Intell. Inf. Syst. 39(2), 399-440 (2012)
Stoilos, G., Stamou, G.B., Pan, J.Z.: Classifying fuzzy subsumption in fuzzy-EL+.
In: Baader, F., Lutz, C., Motik, B. (eds.) Proc. DL’08. CEUR-WS, vol. 353 (2008)
Stoilos, G., Straccia, U., Stamou, G.B., Pan, J.Z.: General concept inclusions in
fuzzy description logics. In: Brewka, G., Coradeschi, S., Perini, A., Traverso, P.
(eds.) Proc. ECAT’06. pp. 457-461. IOS Press (2006)

Straccia, U.: Reasoning within fuzzy description logics. J. Artif. Intell. Res. 14,
137-166 (2001)

Straccia, U.: Description logics over lattices. Int. J. Uncertain. Fuzz. 14(1), 1-16
(2006)

Tarski, A.: A lattice-theoretical fixpoint theorem and its applications. Pac. J. Math.
5(2), 285-309 (1955)



	Gödel FL0 with Greatest Fixed-Point Semantics

