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Introduction

» In the last years the interest in ontologies has significantly
grown

» An ontology is defined as an explicit and formal
specification of a shared conceptualization

» Description Logics (DLs) are a family of logics that are
behind the standard ontology language OWL [HPS04].



It is widely agreed that “classical” ontology languages are
not appropriate to deal with fuzzy/vague knowledge

Fuzzy ontologies emerge as useful in several applications,
such as multimedia information retrieval, image
interpretation, ontology mapping, matchmaking and the
Semantic Web [LS08]

Several fuzzy extensions of DLs can be found in the
literature (see the survey in [LS08])

Some fuzzy DL reasoners have been implemented, such
as FUzzyDL [BS08], DELOREAN [BDGRO8] or

FIRE [SSSKO06].



» In this work, we make a first step in extending fuzzy DLs
towards fuzzy spatial reasoning by supporting both
» Fuzzy spatial relations of the Region Connection Calculus
(RCC) [EDH97, RZC92, SCKO09]
» Application domain dependent fuzzy spatial relations such

as “close”, “far”, “over”

» Thus, offer a framework for modeling spatial relations such
as
“region a is part of region b, which is connected to
region c, a is close to ¢ and b is right over c”.



Preliminaries: Mathematical Fuzzy Logic [H&j98]

» Fuzzy statements: (¢, n), where n€[0,1] and ¢ is a
statement
» The degree of truth of ¢ is at least n

» Fuzzy interpretation: Z : Afoms — [0, 1] and is then
extended inductively:

(o NY) =I(d) ® I(¢) (¢ V) =1I(o) ® Z(¥),
(¢ — ) = Z(¢) = Z(¥) I(~¢) = ©1(9),
Z(3x.¢(x)) = supecaz Z(9(€)) Z(VXx.4(x)) = infecpz Z(4(C))

®, ®, =, and © are truth combination functions

tukasiewicz Logic Godel Logic Product Logic “Zadeh Logic”

a®b max(a+ b —1,0) min(a, b) a-b min(a, b)
adb min(a+ b, 1) max(a, b) atb—a-b max(a, b)

1 ifa<b

in(1 — 1 = in(1 11—
a=b  min( a+b,1) b otherwise min(1, b/a) max( a, b)
oa {_a 1 ifa=0 1 ifa=0 i
0 otherwise 0 otherwise




> ZE(p,n)iff Z(¢) =n
» Best Entailment Degree (BED):
bed(KC, ¢) = sup{r|K=(¢,r)}
» BED can be computed as (where ¢ < x is (¢, 1 — X))

bed(KC, ) = min x. such that £ U {¢ < x} satisfiable

» E.g., for Lukasiewicz logic, we may use Mixed Integer
Linear Programming

bed(K, ¢) = min x. such that
x €[0,1],x-p =1 —x,0(—9),
forall (¢/, n) € KK, xyr = n,0(¢'),

Xp € [0,1] it ¢p=p
Xgr = OXps Xp € [0,1] it ¢=-¢
— Xpy @ Xpp = Xg, i _
o(9) = U(¢1)70(2¢2),X¢ €[0,1] It ¢=¢1nd2
Xpy @ Xpp = Xp if ¢=¢1Ve2
a(—p1 V ¢2) it ¢=d¢1— ¢ W



Preliminaries: A Fuzzy Spatial Logic

v

Based on Fuzzy Region Connection Calculus (f-RCC)

v

We consider a fixed finite non-empty set of regions R

v

Topological relations: defined in terms of an arbitrary
reflexive and symmetric relation C on R, called connection
C(a, b) understood to mean that a is connected with b
C is a fuzzy relation
» for each pair (a, b) of regions, C(a, b) is a degree in [0, 1]
reflecting to what extent a and b are connected

vy



P The axioms defining the topological relations for regions a and b (quantifiers range over R)

Name Relation  RCC definition
Disconnected DC ﬁC(a b)

Part P c.(C(c,a) — C(c, b))
Proper Part PP P(a b) A =P(b, a)
Equals EQ P(a, b) A P(b, a)
Overlaps [¢] Jc.(P(c, a) A P(c, b))
Discrete DR —0(a, b)

Partially Overlaps PO O(a, b) A —P(a, b) A =P(b, a)
Externally connected EC C(a, b) A =O(a, b)
Non Tangential Part NTP (C(c, a) — O(c, b))
Tangential PP TPP PP(a, b) A =NTP(a, b)
Non-Tangential PP NTPP PP(a, b) A NTP(a, b)

P The intuitive meaning of some of these relations is

> o )

DC(a, b) EC(a, b) TPP(a, b)

a» @ @

PO(a, b) EQ(a, b) NTPP(a, b)



» A fuzzy spatial statement is of the form (¢, n), where
ne[0,1] and ¢ is a boolean combination of RCC
topological relations of the form S(a, b) with a, b regions
and S topological relation

» A fuzzy spatial interpretation Z maps each basic RCC
statement S(a, b) into [0, 1] according to the axiom for S

Z(P(a, b) — C(b,d)) = Z(P(a, b)) = Z(C(b, d))
= Z(Vc.(C(c,a) — C(c, b)) = Z(C(b, c))
= minger {(Z(C(c, a)) = Z(C(c, b))) = Z(C(b, c))} -



» Reasoning: similarly as before, except that we have to take
into account that some RCC relations involve quantifiers

» Quantifiers are not a problem as the set of regions is

considered finite

» It suffices to consider

where
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> /\G and \/G are Godel conjunction and disjunction,

respectively

> ¢s(a,p) is the definition of relation S(a, b)



v

We further extend the language
So far, the spatial relations are those of RCC
In many cases, we would also like to support other non RCC fuzzy

spatial relations, such as angle-based spatial relations [SRF07, HAB08]

aver
Iisfhovoar fighiower
|t right
l=Funder fighundar
unidar

The definition of such spatial relations S on regions is application
dependent
» Some fixed fuzzy membership function us: R x R — [0, 1]
computing the degree of truth of S(a, b) is given
We extend fuzzy spatial statements, by allowing domain dependent
spatial expressions to occur

For instance
(P(a, b) A C(b, c) A Close(a, c) A RightOver(b, c), 0.8)

is a fuzzy spatial statement, with intended meaning “region a is part of region b,
which is connected to region c, ais close to ¢ and b is right over ¢’



Towards a Spatial Fuzzy Description Logic

» Our spatial fuzzy DL is grounded on the fuzzy DL
ALCF (D) [Str05]

» We will just provide a minimal variant of ALCF(D) to deal
with spatial reasoning

» Recall that ALCF(D) is the basic DL ALC extended with
functional roles (letter F) and concrete domains [LM07]
(letter D) allowing to deal with data types such as strings,
integers and reals

» In our specific fuzzy ALCF(D), the concrete domain
consists of the set of regions R and spatial relations over it



Description Logics (DLs)

» The logics behind OWL-DL and OWL-Lite,
http://dl.kr.org/.
Concept/Class: names are equivalent to unary predicates
» In general, concepts equiv to formulae with one free
variable
Role or attribute: names are equivalent to binary
predicates
» In general, roles equiv to formulae with two free variables

v

v

v

Taxonomy: Concept and role hierarchies can be expressed

v

Individual: names are equivalent to constants
Operators: restricted so that:

» Language is decidable and, if possible, of low complexity
» No need for explicit use of variables

> Restricted form of 3 and V
» Features such as counting can be succinctly expressed

v


http://dl.kr.org/

The Crisp DL Family

» A given DL is defined by set of concept and role forming operators
» Basic language: ALC(Attributive £Language with Complement)

Syntax Semantics Example
C,D — T T(x)

€ 1(x)

A A(x) Human
cnbD C(x) A D(x) Human 1 Male
cub C(x) vV D(x) Nice U Rich

-C —C(x) —Meat
3R.C 3y.R(x,y) A C(y) Jhas_child.Blond
VR.C Vy.R(x,y) — Vhas_child.Human
CCD Vvx.C(x) — D Happy_Father C Man M Jhas_child. Female
a:C C(a) John:Happy_Father




Toy Example

Sex = MaleU Female
Malen Female T L
Person T Humanm JhasSex.Sex
MalePerson C Personm dhasSex.Male

umberto: Person 1 3hasSex.—~Female

KB = umberto:MalePerson



Note on DL Naming

=
D

S 0O 2 ol ual

AN

Ry:
R:

For instance,

SHIF
SHOIN
SROZIQ

c,b — T |L |JA|CnD |-A|3RT |VR.C
Concept negation, =C. Thus, ALC = AL +C
Used for ALC with transitive roles R+
Concept disjunction, C; U Co
Existential quantification, 3R.C
Role inclusion axioms, Ry C Ro, e.g.,
is_component_of C is_part_of
Number restrictions, (= n R) and (< n R), e.g., (= 3 has_Child)
(has at least 3 children)
Qualified number restrictions, (> n R.C) and (< n R.C), e.g.,
(< 2 has_Child.Adult) (has at most 2 adult children)
Nominals (singleton class), {a}, e.g., 3has_child.{mary}.
Note: a:C equivto {a} C C and (a, b):R equiv to {a} C 3R.{b}
Inverse role, R—, e.g., isPartOf = hasPart~
Functional role, f, e.g., functional(hasAge)
transitive role, e.g., transitive(isPartOf)
role inclusions with composition, Ry o R, C S, e.g.,
isPartOf o isPartOf C isPartOf

= S+H+I+F=ALCRHIF OWL-Lite
= S+H+O0+I+N =ALCR{HOIN OWL-DL
= S+R+0O0+I+Q=ALCRLROIN OWL 2 ™



Concrete Domains

» Concrete domains: reals, integers, strings, ...

(tim,14):hasAge

(sf, “SoftComputing” ) :hasAcronym

(sourcel, “"ComputerScience’ ) :isAbout
(service2, "InformationRetrievalTool" ) :Matches
Minor = Person 3hasAge. <1s

» Semantics: a clean separation between “object” classes and concrete
domains

» D=(Ap, ®p)
» Apis an interpretation domain
» & pis the set of concrete domain predicates d with a

predefined arity n and fixed interpretation ab - A”D
» Concrete properties: RZ C AT x Ap
» Notation: (D). E.g., ALC(D) is ALC + concrete domains



Fuzzy DLs Basics

The semantics is an immediate consequence of applying mathematical fuzzy logic to the First-Order-Logic
translation of DLs expressions

T _ AT ® = tnorm
ion: va . T 52 = s-norm
Interpretation: CI : AI — [OI, 1] S = negation
R ¢ Af x AT —[0,1] = = implication
Syntax Semantics
c,D — T 7% = 1
L % = 0
Al |l AT(x) € [0,1]
Concepts: cnD ||| (¢ne)ix = GIx® Ik
cubn| || (Grut)T) = CiIxeCr(x)
=C | || (=C)%(x) = oc%(x
3R.C | || 3R.C)T(x) = sW,caz RT(x,y) ® CZ(y)
VR.C (VR.C)Z (u) = inf 1 RT(x,y) = cT(y)}

Assertions: (a:C, n), T |= (a:C, n) iff CT(a) > n (similarly for roles)
P individual a s instance of concept C at least to degree n, n € [0, 1] N Q
Inclusion axioms: (C C D, n),
» I (CLCDniftinf, 1 cT(x)=Dr(x)=n



Definition (Spatial Fuzzy Concept Expressions)

C— VY(T,T)d | (concrete universal quantification)
(T, T).d | (concrete existential quantification)

where d is a boolean combination of fuzzy domain predicate
names, called spatial expression

For instance

House M 3(hasLoc, hasCarParkLoc).Close

is a concept that informally determines the degree of being an
object a house having a car park close to it



Semantics

Syntax FOL Example
c,c = T [ Tx)
1 | 1(x)
A | A(x) Human
cnc | C(x) A C'(x) Human r1 Male
cuc’ | C(x) Vv C'(x) Nice LI Rich
-C | -C(x) —Meat
3R.C | Jy.R(x,y) A C(y) Jhas_child.Blond
VR.C Vy.R(x,y) — C(y) Vhas_child.Human
T, T)d | I3 T, ) AT (x, 1"y Ad(r, ) 3(has_region, has_region).Over
v(T,T).d vrvr (T(x,r) AT (x,r')) — d(r, r') || V(has_region, has_region).LeftUnder




Example

» Assume we would like to recognize whether there is a quite house in an image
(see, e.g., [MSS01])

» A quite house is defined as a house having a garden around

» Assume that we have a definition for quite house and the output of a
(semi-automatic) image classification tool applied to an image i:

QuiteHouselmage = Image M Jdepicts.House M Jdepicts.Garden
m3(hasHouseLocation, hasGardenLocation).(Around A EC)

(i:lmage, 1), (i:3depicts.House, 0.8), (i:3depicts.Garden, 0.7),
((i, r) :hasHouseLocation, 1), {(i, r') :hasGardenLocation, 1),
(i:3(hasHouselLocation, hasGardenLocation).(C A =0), 0.8),
((r,r"):Around, 0.9) .

» It can be shown that (under Zadeh semantics)
bed(K,i:QuiteHouselmage) = 0.8 ® 0.7 ® 0.8 ®0.9=0.7

» Thus, the image depicts a quite house to degree 0.7



Reasoning

» Combine reasoning method for fuzzy DLs with that for
fuzzy spatial reasoning (see paper)



Conclusions & Outlook

» We have made a first attempt towards spatial reasoning in
fuzzy Description Logics by adding
» Fuzzy topological relations of the Region Connection
Calculus
» Application dependent spatial relations

» We are planning to include it into our reasoner FUzzYDL

» So far, we assume that a fixed finite set of regions is
provided as input.
» We would like to extend ou result to the case where this is
not required



[ Fernando Bobillo, Miguel Delgado, and Juan

Gomez-Romero.

Delorean: A reasoner for fuzzy OWL 1.1.

In Proceedings of the 4th International Workshop on
Uncertainty Reasoning for the Semantic Web (URSW
2008), volume 423. CEUR Workshop Proceedings, 10
2008.

Fernando Bobillo and Umberto Straccia.

fuzzyDL: An expressive fuzzy description logic reasoner.

In 2008 International Conference on Fuzzy Systems
(FUZZ-08), pages 923—-930. IEEE Computer Society, 2008.

A. C. Esterline, G. Dozier, and A. Homaifar.

Fuzzy spatial reasoning.

In Proc. of the 1997 Int. Fuzzy Systems Association Conf,
1997.

Céline Hudelot, Jamal Atif, and Isabelle Bloch.
Fuzzy spatial relation ontology for image interpretation.
Fuzzy Sets Syst., 159(15):1929-1951, 2008.



Petr Hajek.
Metamathematics of Fuzzy Logic.
Kluwer, 1998.

lan Horrocks and Peter Patel-Schneider.
Reducing OWL entailment to description logic satisfiability.
Journal of Web Semantics, 2004.

Carsten Lutz and Maja Milicic.

A tableau algorithm for description logics with concrete
domains and general tboxes.

J. Autom. Reasoning, 38(1-3):227-259, 2007.

Thomas Lukasiewicz and Umberto Straccia.

Managing uncertainty and vagueness in description logics
for the semantic web.

Journal of Web Semantics, 6:291-308, 2008.

Carlo Meghini, Fabrizio Sebastiani, and Umberto Straccia.
A model of multimedia information retrieval.
Journal of the ACM, 48(5):909-970, 2001. o



[ David A. Randell, Cui Zhan, and Anthony G. Cohn.
A spatial logic based on regions and connection.
In Proceedings of KR-92, 3rd International Conference on
Knowledge Representation and Reasoning, 1992.
Revised version.

@ Steven Schockaert, Martine De Cock, and Etienne E.
Kerre.
Spatial reasoning in a fuzzy region connection calculus.
Artificial Intelligence, 173(2):258—298, 2009.

[@ Stefan Schleipen, Marco Ragni, and Thomas Fangmeier.
Negation in spatial reasoning.
In KI '07: Proceedings of the 30th annual German
conference on Advances in Artificial Intelligence, pages
175-189, Berlin, Heidelberg, 2007. Springer-Verlag.

[@ Giorgos Stoilos, Nikolaos Simou, Giorgos Stamou, and
Stefanos Kollias.
Uncertainty and the semantic web.
IEEE Intelligent Systems, 21(5):84—-87, 2006.



Umberto Straccia.
Description logics with fuzzy concrete domains.
In Fahiem Bachus and Tommi Jaakkola, editors, 27st
Conference on Uncertainty in Artificial Intelligence (UAI-05),
pages 559-567, Edinburgh, Scotland, 2005. AUAI Press.




