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ABSTRACT. WWe propose in this paper to construct modal logics based on mathematical morphol-
ogy. The contribution of this paper is twofold. First we show that mathematical morphology
can be used to define modal operatorsin the context of normal modal logics. \We propose defini-
tions of modal operators as algebraic dilations and erosions, based on the notion of adjunction.
e detail the particular case of morphological dilations and erosions, and of there composi-
tions, as opening and closing. An extension to the fuzzy case is also proposed. Then we show
how this can be interpreted for spatial reasoning by using qualitative symbolic representations
of spatial relationships (topological and metric ones) derived from mathematical morphology.
This allows to establish some links between numerical and symbolic representations of spatial
knowledge.

KEYWORDS Modal Logics, Mathematical Morphology, Adjunction, Dilation, Erosion, Spatial
Relations, Qualitative Spatial Reasoning.

1. Introduction

When looking at the algebraic properties of mathematical morphology operators
on the one hand, and of modal logic operators on the other hand, several similari-
ties can be shown, and suggest that links between both theories are worth to be in-
vestigated. We propose in this paper to define a pair of modal operators (O, ) as
morphological erosion and dilation. Extending the work presented in [BLO 00c], we
address the more general case of algebraic dilations and erosions and define (O, ©) as
an adjunction, which is afundamental notion in mathematical morphology [HEI 90].

Mathematical morphology provides tools for spatial reasoning at severa levels.
The notion of structuring element captures the local spatial context and leads to anal-

Journal of Applied Non-Classical Logics.Volume 12 —n° 3-4/2002, pages 399 to 423.



Downloaded by [Telecom Paristech], [Isabelle Bloch] at 03:36 13 April 2012

400 JANCL —12/2002. Spatia Logics

ysis of a scene using operators involving the neighborhood of each point. At a more
global level, several spatial relations between spatial entities can be expressed as mor-
phological operations, in particular using dilations. Therefore mathematical morphol-
ogy leads also to structural analysis of a scene.

The importance of relationships between objects has been highlighted in very dif-
ferent types of works: in vision, for identifying shapes and objects, in database sys-
tem management, for supporting spatial data and queries, in artificial intelligence, for
planning and reasoning about spatial properties of objects, in cognitive and perceptual
psychology, in geography, for geographic information systems, etc.

Usually vision and image processing make use of quantitative representations of
spatial relationships. In artificia intelligence, mainly symbolic representations are de-
veloped (see [VIE 97] for asurvey). Limitations of purely qualitative reasoning have
already been stressed in [DUT 91], as well as the interest of adding semiquantitative
extension to qualitative value (as done in the fuzzy set theory for linguistic variables
[ZAD 75, DUB 80]) for deriving useful and practical conclusions (as for recognition).
An example can be found in [GUE 96] based on Allen’s intervals. Purely quanti-
tative representations are limited in the case of imprecise statements, and of knowl-
edge expressed in linguistic terms. On the other hand, communication about spatial
knowledge is often simpler in alinguistic way, as stressed in [DEN 96]. For instance
reasoning with words about geographical information is becoming an important field
[GUE 98]. In[BLO 00b] we proposed to integrate both quantitative and qualitative
knowledge, using semiquantitative interpretation of fuzzy sets. As already mentioned
in [FRE 75], this allows to provide a computational representation and interpretation
of imprecise spatial constraints, expressed inalinguistic way, possibly including quan-
titative knowledge. In this paper, spatial relationships have been derived from mor-
phological operations applied to reference objects and represented as spatial fuzzy
sets.

Until now mathematical morphology has been used mainly for quantitative rep-
resentations of spatial relations. For qualitative spatial reasoning, several symbolic
approaches have been devel oped, but mathematical morphology has not been used in
this context to our knowledge. In this paper we show how modal operators based on
morphological operators can be used for symbolic representations of spatial relations.

The lattice structure of formulasis briefly recalled in Section 2. In Section 3, we
show that modal operators can be constructed from morphological dilations and ero-
sions, as introduced in [BLO 00c]. In Section 4, we introduce a hew way to build
modal operators, from the notion of adjunction and from algebraic dilations and ero-
sions. Morphological dilation and erosion congtitute a particular case. We show that
conversely, any modal logic which satisfies a number of axioms can be characterized
in terms of algebraic dilations and erosions. In Section 5 we define modal operators
from morphological opening and closing. An extension to the fuzzy caseis proposed
in Section 6. Then we show how this can be interpreted for spatial reasoning by
using qualitative representations of spatial relationships derived from mathematical
morphology (Section 7). This allows to establish some links between numerical and
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symbolic representations of spatial knowledge. Theinterest of such links has been for
instance highlighted in [DEN 96] in the context of spatial cognition.

In asimilar way asin [JEA 94], the modal operators are used here for represent-
ing spatial relationships, while classical predicates represent the semantic part of the
information. In [JEA 94], inclusion and adjacency are considered. Here we consider
more spatial relationships, including metric ones, and model all of them using mathe-
matical morphology. Thisis an original aspect of our work, which has not been used
inalogica setting until now, although the modal flavor of mathematical morphology
has been briefly mentioned in [AIE 99], but without further development.

2. Notationsand lattice structure

Let PSS beafinite set of propositional symbols. The languageis generated by PSS,
the usual connectives, and modal operators that will be defined in the following. The
set of formulasis denoted by . We will use standard Kripke's semantics and denote
by M amodel composed of aset of worlds €2, abinary relation R between worldsand
atruth valuation. For any ¢ in @, Mod(p) = {w € Q | w |E ¢} isthe set of worlds
inwhich ¢ is satisfied in the model M. For any subset B of 2, we define B |= ¢ as
Yw € B,w = ¢ (i.e. B C Mod(p)).

Morphological operations on logical formulas have been proposed in [BLO 00d],
by exploiting equivalences between logical and set theoretical notions and by identi-
fying aformulap (and all equivalent formulas) with Mod(y).

Considering theinclusion relation on 22, (22, C) isacompletelattice. Similarly a
lattice is defined on ¢ —, where ® = denotesthe quotient space of ¢ by the equivalence
relation between formulas (with the equivalence defined as ¢ = ¢ iff Mod(y) =
Mod()). In the following, this will be implicit assumed, and we will simply use
the notation ®. Any subset {¢,} of ® has a supremum V,;;, and an infimum A;¢;
(corresponding respectively to union and intersection in 2%). The greatest element is
T and the smallest one is L (corresponding respectively to 2 and (). This lattice
structure is important for the algebraic point of view of mathematical morphology, as
will be seen in Section 4. Indeed, it is the fundamental structure on which adjunctions
can then be defined.

We define a canonical formula,,, associated with aworld w by:
Mod(p.) = {w}. )

Let C be the subset of ® containing al canonical formulas. The canonical formulas
are sup-generating, i.e:

Vi € @, i} CC, ¢ = Vi ¥

Theformulas ¢, are associated with the worlds w; which satisfy ¢: for all w; such that
wi E ¢, i = ¢u,;. This decomposition will be used in some proofs, in particular in
Section 4.
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3. Modal operatorsfrom morphological dilations and erosions

In this Section, we show that morphological erosions and dilations can be used for
defining modal operators O and < having several interesting properties.

3.1. Morphological dilation and erosion of formulas

Let usfirst recall the definitions of dilation and erosion of aset X (typicaly X C
IR™) by a structuring element B in IR™, denoted respectively by Dp(X) and Ep(X)
[SER 82]:

Dp(X)={z e R"| B, NX # 0}, (3)

Ep(X)={x€R"| B, C X}, 4
where B, denotesthe trandation of B at z,

In these equations, B defines a neighborhood that is considered at each point. It
can also be seen as a relationship between points.

The most important properties of dilation and erosion are the following ones
[SER 82]:

—monotonicity: if X C Y, then Dg(X) C Dp(Y) and Eg(X) C Ep(Y); if
B C B,thenDp(X) C Dp/(X)and Ep/(X) C Ep(X);

— extensivity of dilation and anti-extensivity of erosion if the origin belongsto B:
X CDp(X), Ep(X) C X;

— iteration property: dilating (eroding) a set successively by two structuring ele-
ments is equivalent to perform one dilation (erosion) by the sum of the structuring
elements;

— dilation commutes with union and erosion with intersection;

— duality with respect to complementation: Ez(X) = [Dp(X¢)]¢.

Using the previous equival ences, and based on set definitions of morphological op-
erators[SER 82], dilation and erosion of aformulay have been defined in [BLO 00d]
asfollows:

Mod(Dp(¢)) = {w € Q| B(w) N Mod(p) # 0}, (5)

Mod(Eg(p)) = {w € Q| B(w) = ¢}. (6)

Inthese equations, the structuring element B representsarelationship between worlds,
i.e w € B(w) iff w satisfies some relationship to w. The condition in Equation 5
expresses that the set of worldsin relation to w should be consistent with ¢, i.e.:

Jw" € B(w), W' E .

The condition in Equation 6 is stronger and expresses that o should be satisfied in all
worldsinrelation to w.



Downloaded by [Telecom Paristech], [Isabelle Bloch] at 03:36 13 April 2012

Modal logics & mathematical morphology 403

The main properties of dilation and erosion also hold in the logical setting pro-
posed here. They are detailed in [BLO 00d].

These definitions are particular cases of the more general definition of algebraic
dilations and erosions that will be presented in Section 4.

3.2. Structuring element as accessibility relation

The structuring element B representing a relationship between worlds defines a
“neighborhood” of worlds. If it is symmetrical, it leads to symmetrical structuring
elements. If it isreflexive, it leads to structuring elements such that w € B(w), which
leads to interesting properties, as will be seen later. Here we define this relationship
as an accessibility relation asin norma modal logics [HUG 68, CHE 80].

An interesting way to choose the relationship is to base it on distances between
worlds, which is an important information in spatial reasoning. This allows to define
sequences of increasing structuring elements defined as the balls of a distance. For
any distance ¢ between worlds, a structuring element of size n centered at w takes the
following form:

B"(w)={w € Q|dw,w) <n}. @)

For instance adistance equal to 1 can represent aconnectivity relation between worlds,
defined for instance as a difference of one literal (i.e. one propositional symbol taking
different truth values in both worlds).

To illustrate this, we make use of a graph representation of worlds, where each
node represents aworld and a link represents an elementary connection between two
worlds, i.e. being at distance 1 from each other. A ball of radius 1 centered at w is
constituted by w and the ends of the arcs originating in w. This alows for an easy
visualization of the effects of transformations. Let us consider an example with three
propositional symbols a, b, c. The possible worlds are represented in Figure 1. Two
successive dilations of the formulay = —a A b A ¢ are shown aswell.

Another way to choose the relationship isto rely on an indistinguishability relation
between worlds [ORL 93, BAL 99], for instance based on spatia attributes of spatial
entities represented by these worlds. Interestingly enough, as shown in [ORL 93],
modal logics based on such relationships show some links with Pawlak’s work on
rough sets and rough logic [PAW 82, PAW 87], while rough sets can be constructed
from morphological operators as shown in [BLO 00a]. This consideration suggests
some further links to be exploited between these different approaches.

We define an accessibility relation from any structuring element B as follows:
R(w,w")iff o’ € B(w). 8)

Conversely, a structuring element can be defined from an accessibility relation using
this equivalence.
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@ D'(p) D*(yp)
[

—a A -bAc

—a AbA-c —a A -bA—e

Figure 1. Graph representation of possible worlds with 3 symbols and an example of
 and two successive dilations. An arc between two nodes means that the correspond-
ing nodes are at distance 1.

The accessibility relation R isreflexiveiff Vw € Q, w € B(w). It is symmetrical
iff V(w,w') € 02, w € B(W) iff o' € B(w) (thisis the case in the example of
Figure 1). In general, accessibility relations derived from a structuring element are
not transitive. Indeedin generd if w’ € B(w) andw” € B(w’), we do not necessarily
havew” € B(w).

3.3. Modal logic from morphological dilations and erosions

Modal operators O and < are usually defined from an accessibility relation as
[CHE 80]:

M, w | Op iff Vo' € Q suchthat R(w,w’), then M, w’ | o, 9

M,w E Opiff 3w’ € Q, R(w,w’) and M, E ¢, (10)

where M isastandard model related to R, that we will omit in the following in order
to simplify notations (it will be awaysimplicitly related to the considered accessibility
relation).

Equation 9 can be rewritten as:
wkEDp & {W €Q|Rww)} e
s {(WeQ|lveBwlEy
& Bw) E e,

which corresponds exactly to the definition of the erosion of a formula as defined in
Equation 6.
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Similarly, Equation 10 can be rewritten as:

wEOCry & {weQ|Rw,w)}NMod(p)+#0D
o (W eQ|w e BN Mod(p) £ 0
< B(w)NMod(p) # 0,

which exactly correspondsto a dilation according to Equation 5.

This shows that we can define modal operators based on an accessibility relation
as erosion and dilation with a structuring element:

Op = Ep(p), (11)

O = Dp(p). (12)

3.4. Properties

Theorem 1 of [BLO 00c] summarizesthe axiomsand inferencerulesthat are satis-
fied by these modal operators, based on properties of morphological operators and on
equival ences between set theoretical and logical concepts. They are detailed below.

THEOREM 1. — The modal logic built from morphological erosions and dilations
has the following theorems and rules of inference (we use similar notations as in
[CHE 80)):

—T:0p - pandp — CpifVw € Q,w € B(w) (reflexive accessibility relation).

—Df: Op « =O-p and Op «— ==,

—D: Op — Oy iff Risserial (or in other words, Vw € Q, B(w) # 0).

—B: ¢0p — g and p — OCe.

—5¢: OCp — Gpand Op — COp ifVw € Q,w € B(w).

—4c: O0yp — Op and O — COp ifVw € Q w € B(w).

—N: OT and =< L.

—-M:O(p AY) = (Op A DY) and (Op V Op) — Op vV 1h).

=M O(p A ) — (Cp A OY) and (Op vV Oy) — O(p V 1)

—C: (Op ADY) - (e Ay) and O(p V) — (O V Op).

—R: (Op ADOY) & O(p Ay) and O(p V) < (Op V Op).

—RN:
R
\:\gp'
—RM:
= and o=

Op — Oy O — 0P’
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—RR:
(pN¢') = wnd (V)=
(BpAOy') — Oy (O VOp) = Oy

—RE:
potp g Pov
O « Oy O > O

—-K:O(p — ) = (Op — 0y) and by duality (~Op A O1h) — O (= A ).

PrROOF. — These properties are deduced from the algebraic properties of morpho-
logical operators, using the equival ences between set theoretical concepts and logical
ones:

— T comes from the anti-extensivity of erosion and from the extensivity of dilation
for structuring elements derived from areflexive relation.

— Df correspondsto the duality between erosion and dilation with respect to com-
plementation (negation of formulas).

— D holdsiiff the accessibility relationis serid, i.e. Vw € ,3w’ € Q, R(w,w’),
which is equivalent to Vw € Q, B(w) # 0. Thisisin particular trueif R isreflexive
(and then D can be simply derived from T).

— B comes from the extensivity of closing (dilation followed by an erosion) and
from the anti-extensivity of opening (erosion followed by a dilation).

—5cisT appliedto .

—4c is T applied to Oyp. It corresponds to the fact that accessibility relations
constructed from structuring elements are weakly dense, i.e. we have V(w,w’) €
2% R(w,w') — " € Q, R(w,w") AN R(w",w'). Indeed, at least if the relation is
reflexive, if we havew’ € B(w) then 3w” € B(w) N B(w'). Dud expressions hold
for .

—M, C and R come from the fundamental property of dilation (respectively ero-
sion) which commutes with union or digunction (respectively with intersection or
conjunction).

— Increasingness of both operatorsleadsto RM (monotonicity).

—RR is deduced from RM and R, and RE from RM appliedto ¢ — 1 and to
Y — .

— Dilatation does not commute with intersection and only an inclusion holds, lead-
ing to M. Similarly, erosion does not commute with union.

— RN isderived from N and RR (see e.g. [CHE 80]).

— SinceK isnot directly derived from aproperty that is usually found in textbooks
about mathematical morphology, we give here the main lines of the proof. From
((p = ¥) A p) — 1 we deduce, using monotonicity, O((¢ — ¥) A ) — O, and
using M and C, (O(¢ — v¥) A Op) — Ow. Using classical rules of propositional
logic, we deduce O(p — v) — (Op — O). u
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Since the proposed system contains Df, N, C and is closed by RM, it is a normal
modal logic [CHE 80].

THEOREM 2. — On the contrary, the following expressions are not satisfied in gen-
eral:

—5: Op — OOy (since the dilation followed by an erosion is a closing which
does not necessarily contains the dilation).

—4: Oy — OOy (since eroding a region twice produces a smaller region).

ProOF. — 5 is not satisfied because accessibility relations derived from structur-
ing elements are in general not Euclidean, i.e. the following property does not hold:
V(w,w' w") € 2, R(w,w') A R(w,w") — R(w,w"). Let us consider the example
of Figure 1 and show a counter-example: let

p=(aAbAc)V(maAbAc)V (aA-bAc).

Then we have:
Cp=aVbVe

and
OCp=(aAb)V(bAc)V (aAc)

and O — OO does not hold.

Similarly, 4 is not satisfied since in general R is not transitive and we can have
R(w,w’) A R(w',w") but ~R(w, w"). |

Let us now denote by O™ the iteration of n times O (i.e. n erosions by the same
structuring element). Since the succession of n erosions by a structuring element is
equivalent to one erosion by alarger structuring element, of sizen (iterativity property
of erosion), 0" is a new modal operator, constructed as in Equation 11. In a similar
way, we denoteby & theiteration of n times &, which is again anew modal operator,
dueto iterativity property of dilation, constructed as in Equation 12 with a structuring
element of sizen. Weset 0! = D and ¢! = <.

We also have the following theorems:

—OnO" ¢ > O 5 and O O™ o« O (iterativity propertiesof dilation
and erosion).

—<0¢ Oy « OOp, and OCOCy «— OO (idempotence of opening and clos-
ing). Thisis actually atheorem from any KB logic: ©O0<¢0¢ — <Oy is B applied
to ©Op and ©Op — <SO<COw comesfrom B applied to Oy and from RM.

— More generally, we derive from properties of opening and closing the following

theorems:
on Dn<>n' Dn' @ — Omax(n,n') Dmax(n,n') 0,

and
gnon Dn/on’ o o Dmax(n,n/)Omax(n,n/) .
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—For n < n/, the following expressions are theorems. ¢ — O™ ¢, O™ ¢ —
Onp, OnOnp — D"/Q"L/Qp <>7L/D7Ll(p_> ongn.

4. Modal operatorsfrom adjunction

In this Section, we consider the more general framework of agebraic erosions and
dilations and the fundamental property of adjunction [HEI 90].

4.1. Adjunction, algebraic erosions and dilations

Algebraic erosions and dilations are defined as operationsin alattice that commute
with infimum and supremum respectively. We do not make any additional assumption,
and in particular we do not refer to any structuring element.

Generalizing the definitions of [BLO 00d], we define here an algebraic dilation o
on ® as an operation which commutes with disjunction, and an algebraic erosion ¢
as an operation which commutes with conjunction, i.e. we have the two following
expressions for any family {y;}:

5(Vipi) = Vid (i), (13)
e(Niwi) = Nie(pi)- (14

One of thefundamental propertiesin the algebraic framework is the one of adjunc-
tion [HEI 90]. A pair of operators (¢, §) on setsis an adjunctioniff V(X,Y"),0(X) C
Y iff X C e(Y). It can be proved that if (¢, ¢) isan adjunction, then ¢ is an algebraic
erosion and ¢ is an algebraic dilation.

In this Section, we use similar concepts on ® for defining modal operators. A pair
of modal operators (O, <’) isan adjunction on & iff:

V(p,9) € ®%, = (Olp — ¢ = o — Ov), (15)
or in other words:
o — OY Ol — 9
oo og Mooy

In terms of worlds, this can also be expressed as:
Y(p, 1) € ®* Mod(O ) € Mod(v) iff Mod(p) € Mod(Ovy).  (16)
At this point, we use the notation (O, <) instead of the classical notation (O, <)

because, as will be seen later, the two operators are not necessarily dual. In genera
they are two different modal operators.
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THEOREM 3. — If (O, <) is an adjunction on ®, then O is an algebraic erosion,
and ¢’ isan algebraic dilation, i.e. for any family {¢; }, we have:
O A i = NiDy;, (17)
<>I V; Qi = \/i<>l(‘0i. (18)

These equivalences are also true for empty families, sincewe have &' 1 = 1.

The proof is similar as the one for adjunctions on sets (see e.g. [HEI 90]).

4.2. Properties

THEOREM 4. — Let (O,<’) be an adjunction on the lattice of logical formulas.
The modal logic based on these operators has the following theorems and rules of
inference (we use similar notations asin Theorem 1 but & hasto be replaced by <):
B,N,M,M’, C,R,RN,RM, RR, RE, K.

The proof is derived mainly from Theorem 3, from Equations 2 and 15-18 and
from the following result:

THEOREM 5. — Wecanwrite J and &’ as:
Op =V{y € @, Oy — ¢}, (19
So=NMye®, p— Oy} (20)

Again formulas are considered up to the equivalence relation, and therefore v and
A aretaken over afinite family.

PROOF (OF THEOREM 4). — More precisely, M, C and R are deduced from The-
orem 3. This proposition implies RM, which leads to RR and RE. RM can aso be
deduced from Theorem 5. K is deduced from monotonicity, M, C and classical rules
of propositional logics, as for Theorem 1. M’ is deduced from increasingness. B is
deduced from Equations 19 and 20. N is obtained by applying the commutativity of
O with conjunction and of &/ with disjunction on empty families. RN can be deduced

from N and RR (see e.g. [CHE 80]). ]
THEOREM 6. — T, 5c and 4c are not always satisfied, and we have the following
results:

—TifVvw e Q, w k= Vv,
—5cifVw € Q, w | O'p,,
—4cifVw € Q, w = Olo,.
PrRoOOF. — T is simply obtained by reasoning on canonical decomposition and by

using the commutativity of ¢’ with disunction. By applying T to Oy and </ we
deduce 5¢ and 4c. ]
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Note that the condition on B for T in Theorem 1 corresponds to the one above,
and we have B(w) = Mod(<yy,).

THEOREM 7. — Wk have the two following additional theorems:
— 000y « Op and &'O00 ¢ «— O,
—<'00'0p «+ O'Op and OO'O0 ¢ «+» OO .
PrROOF. — The proof is straightforward by using B and monotonicity. [

THEOREM 8. — Let (O, ¢’) bean adjunctionon . Let O, = ~0O-p and &Ly =
-0 =, Then (¢4, 0,) isan adjunction.

This property expresses a kind of duality between both operators.

Note that we do not always have:
—Df: &/ =O-p and Op «— = .
—D:Op — Ol
THEOREM 9. — Df is satisfied by an adjunction (3O, <) if and only if &/ satisfies
the following property:
V(w,w') € 02, w Oy, iff ' E Op,. (21)

D is satisfied by an adjunction (O, <) if and only if & satisfies one of the two follow-
ing properties:
Vw e Q, wk Op, (22)

or

V(w,w) € Q? wk Oy iff ' = O, and {w',w' = O'p,} # 0. (23)

Thelast result meansin particular that we can have D without having T.
In cases where Df is satisfied, then we note simply < instead of <7,

THEOREM 10. — The operators (O, <) defined by Equations 11 and 12 build an
adjunction.

This shows that modal operators derived from morphological erosions and dila-
tions are particular cases of modal operators derived from algebraic erosions and dila-
tions.

The results obtained in this section show that the use of general algebraic dilations
and erosions defined from the adjunction property lead to the properties of normal
modal logics. Thisjustifies the use of Kripke's semanticsin Section 3, introduced for
the particular case of morphologica dilations and erosions. This also guarantees a
completeness result.
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4.3. Characterizing modal logicsin terms of morphological operators

Conversely, the following result shows that modal operators satisfying some ax-
ioms can be expressed in morphological terms.

THEOREM 11. — If two modal operators O and < satisfy B and RM, then (O, ) is
an adjunction on ®, O isan algebraic erosion and < is an algebraic dilation.

PROOF. — Let usassume that G — 9. Monotonicity (RM) impliesO0Op — 0.
From B we derive ¢ — OO and thus ¢ — O, Similarly if ¢ — O we derive
fromB and RM ¢ — 1. (O, <) is therefore an adjunction on @, and Theorem 3
leads to the conclusion that O is an algebraic erosion and < isan agebraic dilation. m

THEOREM 12. — Moreover, if we definearelation R betweenworldsby R(w, w’) iff
w = Cp,r, Where ¢, isa canonical formula associated with w (Mod(p.,) = {w}),
then O and < are exactly given by:

Mod(Dp) = {w € Q| W', R(W',w) = o' = ¢}, (24)

Mod(Cp) = {w € Q| I, Rw,w),w E ¢} (25)

PrRoOF. — The proof is directly derived from the decomposition of a formulain
canonical formulas (Equation 2). ]

These equations are similar to the ones used in Section 3 for defining modal op-
erators from an accessibility relation and a structuring element, except that here we
consider R(w,w’) for one operator, and R(w’,w) for the other. If R is symmetrical,
both are equivalent. In cases where the structuring element (and the accessibility re-
lation) is not symmetrical, we consider its symmetrical in one of the operations (note
that thisis not the standard convention used in mathematical morphology in [SER 82]
and in Section 3, but the one used in the algebraic framework of adjunctions).

The operators proposed in Section 3 (and [BLO 00c]) are therefore particular cases
of the more general expressions proposed here based on adjunctions. This corresponds
to the same levels as in the case of set operations. the most genera dilations and ero-
sions arethe operationsthat commute with union and intersection respectively (asused
in this section). If they are moreover invariant by trandation (in the spatial domain),
then there exists a structuring element B such that these operations are expressed un-
der their morphological form as in Section 3 [SER 82, SER 88]. This property of
invariance by trandation is often arequirement in spatial information processing.

5. Modal operatorsfrom morphological opening and closing

Morphological opening and closing of a formula are defined in [BLO 00d] simi-
larly asfor sets [SER 82]:

O(¢) = Dp(EB(¥)), Clp) = Ep(Dp(p))- (26)
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These operators are dual from each other, as dilation and erosion are, increasing
and idempotent. Moreover, opening is anti-extensive and closing is extensive.

We can define modal operators from them as:

Op = O(p), (27)
S = Clyp). (28)

Unfortunately, this leads to weaker properties than operators derived from erosion
and dilation. This comes partly from the fact that no accessibility relation can be
derived from opening and closing as easily as from erosion and dilation.

However, it would be interesting to link this approach with the topological inter-
pretation of modal logic as proposedin [AIE 99], since opening and closing arerel ated
to the notions of topological interior and closure. Note that considering erosion and
dilation only leadsto a pre-topology (where closure is not idempotent).

Another interesting direction could be to consider the neighborhood semantics
[AIE 99], where here the neighborhoodsof w would be all elementsof theset N (w) =
{B(w") |w € Qandw € B(w’)}. With this semantics, we can prove:

wEOpe W e BW) e Nw)ad B(w') E ¢. (29)
The proof of this expression comes from the following rewriting of opening:

Mod(Op) = Mod(O(p)) ={we Q| €Q, we B(w)and B(w') E ¢}.
(30)

Kripke's semantics can be seen as a particular case, where the neighborhood of w
is reduced to the singleton { B(w)}.

THEOREM 13. — The modal logic constructed from opening and closing satisfies T,
Df, D, 4, 4c,5¢c,N,M, M’, RM, RE, but not 5, B, K, C, R, RR.

PrRoOOF. — T isguaranteed by extensivity of closing and anti-extensivity of opening
(whatever the structuring element). Df is the expression of duality of both operations.
D is deduced from T. 4 and 4c are deduced from idempotence of opening and clos-
ing. 4 correspondsto afundamental property of interior operator, which goeswith the
topological interpretation of some modal logics [BEN 95, AIE 99]. 5c is again guar-
anteed from anti-extensivity of opening. M and M’ are deduced from M, M’ and C
for dilation and erosion. RM expresses monotonicity, derived from the composition of
two monatonic operations. B is satisfied only for formulas that are open with respect
to the considered structuring element, i.e. in very particular cases. [

The fact that K is not satisfied goes with the interpretation in terms of neighbor-
hood semantics, which leads to aweaker logic, where RM (monotonicity) is satisfied,
but not K in general [AIE 99].
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6. Extension tothefuzzy case

In this Section, we consider fuzzy formulas, i.e. formulas ¢ for which Mod(y)
is a fuzzy subset of €). Severa definitions of mathematical morphology on fuzzy
sets with fuzzy structuring elements have been proposed in the literature (see e.g.
[BLO 93, BLO 95, SIN 92, BAE 93, BAE 95, SIN 97]). Here we use the approach
of [BLO 95] using t-norms and t-conorms as fuzzy intersection and fuzzy union?.
However, what follows applies as well if other definitions are used. Erosion of a
fuzzy set p by afuzzy structuring element v, both defined in a space S (for instance
S = R"), isdefined as:

Va €8, By(u)(w) = inf Tle(v(y — =), n(y)]; (31)

where T isat-conorm and ¢ afuzzy complementation?. By duality with respect to the
complementation ¢, fuzzy dilation is then defined as:

Vz € Sa DV(M)(x) - Slelgt[l/(y - Z)a #(y)]a (32)

where ¢ is the t-norm associated with the t-conorm 7" with respect to the complemen-
tationc .

These definitions guarantee that most properties of dilation and erosion are pre-
served when extended to fuzzy sets. Extensivity of closing, anti-extensivity of open-
ing, and idempotence of these operations are satisfied only for specific t-norms and
t-conorms, as L ukasiewicz operators (see [BLO 95] for further details).

Modal operators in the fuzzy case can then be constructed from fuzzy erosion
and dilation in a similar way as in the crisp case using Equations 11 and 12. The
fuzzy structuring element can be interpreted as a fuzzy relation between worlds. The
properties of this fuzzy modal logic are the same as in the crisp case, since fuzzy
dilations and erosions have the same properties as the binary ones.

This extension can aso be considered from the algebraic point of view of adjunc-
tion, based on the results of [DEN 00] and on a definition of fuzzy erosion in terms of
residual implication.

The use of fuzzy structuring elements will appear as particularly useful for ex-
pressing intrinsically vague spatial relationships such as directional relative position.

It could be a so interesting to relate this approach to the possibilistic logic proposed
for belief fusion in [BOL 95], and to similarity-based reasoning [EST 97, DUB 97].

1. A triangular norm (or t-norm) is a function from [0, 1] x [0, 1] into [0, 1] which is com-
mutative, associative, increasing, and for which 1 is unit element and O is null element
[MEN 42, SCH 63]. Examples of t-norms are min, product, etc. [DUB 80].

2. A fuzzy complementation isafunction ¢ from [0, 1] into [0, 1] such that ¢(0) = 1, ¢(1) = 0,
cisinvolutive: Vz € [0, 1], c(¢(z)) = x, and cis strictly decreasing.
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7. Qualitative representation of spatial relationships

For qualitative spatial reasoning, worlds can represent spatial entities, like regions
of the space. Formulas then represent combinations of such entities, and define re-
gions, objects, etc., which may be not connected. For instance, if aformula ¢ is a
symbolic representation of aregion X of the space, it can be interpreted for instance
as“the object wearelooking atisin X”. Inan epistemic interpretation, it could repre-
sent the belief of an agent that the object isin X. The interest of such representations
could be aso to deal in a qualitative way with any kind of spatial entities, without
referring to points.

Using these interpretations, if ¢ represents some knowledge or belief about a re-
gion X of the space, then Oy represents a restriction of X. If we are looking at an
object in X, then Oy is a hecessary region for this object. Similarly, G represents
an extension of X', and a possible region for the object. In an epistemic interpretation,
O can represent the belief of an agent that the object is necessarily in the erosion
of X while G isthe belief that it is possibly in the dilation of X. Interpretationsin
terms of rough regions are also possible.

In this Section, we address the problem of qualitative representation of spatial re-
lationships between regions or objects represented by logical formulas. According
to the semantical hierarchy of Kuipers [KUI 88], we consider topological and met-
ric relationships (corresponding to levels 3 and 4 of this hierarchy). Many authors
have stressed the importance of topological relationships, e.g. [ALL 83, VAR 96,
RAN 92, COH 97, ASH 95, CLE 97, KUI 78, PUL 88]. But distances and direc-
tional relative position (constituting the metric relationships) are also important, e.g.
[PEU 88, DUT 91, KUI 88, GAP 94, KRI 93, WAN 99, LIU 98].

In previous works, we have shown that several spatial relationships can be ex-
pressed using morphological dilation or fuzzy dilation, as distances [BLO 99¢], adja
cency [BLO 97], directional relative position [BLO 993, BLO 99b]. Spatial represen-
tations of these relationships have been proposed in [BLO 00b]. Now, we propose to
use the modal operators introduced in this paper to provide symbolic and qualitative
representations of such spatial knowledge.

7.1. Topological relationships

Let usfirst consider topological relationships. Let ¢ and ¢ be two formulas rep-
resenting two regions X and Y of the space. Note that all what follows holds in both
crisp and fuzzy cases. Simple topological relations such as inclusion, exclusion, in-
tersection do not call for more operators than the standard ones of propositional logic
(see eg. [BEN 95]). But other relations such that X is a tangential part of Y can
benefit from the morphological modal operators. Such arelationship can be expressed
as.

© — 1 and O A ) consistent, (33)
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or, equivalently,
@ — 1 and ¢ A ~0O1) consistent. (39

Indeed, if X isatangentia part of Y, it isincluded in Y but its dilation is not, and
equivalently it is not included in the erosion of Y, asillustrated in Figure 2.

~— DX /O ¢

Figure 2. lllustration of tangential part relationship, and its expression in terms of
dilation and erosion.

In asimilar way, arelation such that X isanon tangential part of Y is expressed
as.

o — Y and Sy — P, (35)

or, equivalently,
p — Y and p — O, (36)

(i.e. in order to verify that X is a non tangential part of Y, we have to prove these
relations).

If we also want X to be a proper part, we have to add the following condition:

—p A 1 consistent. (37

Let us now consider adjacency (or external connection). Saying that X is adjacent
to Y means that they do not intersect and as soon as oneregion is dilated, it hasanon
empty intersection with the other. In symbolic terms, this relation can be expressed
as.

© A ¢ inconsistent and G A ¢ consistent and o A 1) consistent. (38)

Actually, this expression holds in a discrete domain. If ¢ and v represent spatial
entitiesin a continuous spatial domain, some problems may occur if these entities are
closed sets and have parts of local dimension less than the dimension of the space (see
[BLO 97] for a complete discussion). Such problems can be avoided if the entities
are reduced to regular ones, i.e. that are equal to the closure of their interior. Using
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the topological interpretation of modal logic, this amounts to deal with formulas for
which we can prove ¢ « SO

It could be interesting to link these types of representations with the ones de-
veloped in the community of mereology and mereotopology, where such relations
are defined respectively from parthood and connection predicates [ASH 95, RAN 92,
COH 97, VAR 96, REN 01]. Interestingly enough, erosion is defined from inclusion
(i.e. aparthood relationship) and dilation from intersection (i.e. a connection rela-
tionship). Some axioms of these domains could be expressed in terms of dilation.
For instance from a parthood postulate P(X,Y") between two spatial entities X and
Y and from dilation D, tangential proper part could be defined as TPP(X,Y) =
P(X,Y)AN=P(Y,X)AN-P(D(X),Y). Further links certainly deserveto be investi-
gated, in particular with the work presented in [COH 97, CRI 00, GAL 00], etc.

7.2. Metric relationships

Distances and directional position are important relationshipsin order to describe
a scene by means of the spatial arrangement of the objects, and to account for the
structural information of the scene in spatial reasoning.

7.2.1. Distances

Distances between objects X and Y can be expressed in different forms, as the
distance between X and Y is equal to n, the distance between X and Y is less (re-
spectively greater) than n, the distance between X and Y is between n; and ns.
Severa distances can be related to morphological dilation, as minimum distance and
Hausdorff distance. We used these relations as a basis for defining distances between
fuzzy setsin [BLO 99c]. For instance for the minimum distance, denoted by d 1, the
following equations hold, where D™ denotes the dilation of size n:

din(X,Y) =min{n € N, D"(X)NY #£0and D"(Y)N X £ 0}, (39

dmin(X7 Y) =N <<

Ym<n,D™"(X)NY =D"Y)NX =10 (40)
and D"(X)NY # 0, D"(Y)N X # 0.
doin(X,Y) < n & DY(X)NY £0,D"(Y) N X # 0. (41)
doin(X,Y) > n & Vm <n, D"(X)NY = D™(Y)NX =0.  (42)
N1 < dmin(X,Y) <ng &
Vm < ny, D™(X)NY = D™(Y)N X = 0 3
and D™ (X)NY #0,D™(Y) N X +# 0.

The proof of these equations involves extensivity of dilation (for such structuring el-
ements), and increasingness with respect to the structuring element. They can be
extended to the fuzzy case by using fuzzy dilation [BLO 99¢, BLO 00b].
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Similarly for the Hausdorff distance dpaus, We have:
dras(X,Y) =min{n € N, Y C D"(X)and X C D"(Y)}, (44)
and similar equations for the other types of distance information.
Now, the trandlation into a logical formalism is straightforward. Expressing that

dmin(X,Y) = n leadsto:

{ VYm < n, O™ A1 inconsistent and &™) A ¢ inconsistent (45)

and O™ A 1) consistent and &™) A  consistent.
Expressionslike dp,in (X,Y) < n trandateinto:
O™ A1p consistent and O™ A o consistent. (46)
Expressionslike dp,in (X,Y) > n trandateinto:
Ym < n, O™ @ A inconsistent and ™ A ¢ inconsistent. (47)
Expressionsliken; < dpmin(X,Y) < nq trandateinto:

{ Vm < ni1, O™ A1 inconsistent and O™ A o inconsistent (49)

and O™z A 1) consistent and &™24) A  consistent.

The proof of these equations involves mainly T and the results on & ™ at the end of
Section 3.

Similarly for Hausdorff distance, we translate dpaus(X,Y) = n by:

{ Vm < n,¢ A ~O™p consistent or ¢ A =<O™q) consistent (49)

and ¢ — O"p and p — O™

The first condition corresponds to dpas(X,Y) > n and the second one to
dHaus(Xa Y) <n.

Let us consider an example of possible use of these representations for spatial
reasoning. |f we are looking at an object represented by « in an areawhich is at a
distance in an interval [nq,n2| of aregion represented by ¢, this corresponds to a
minimum distance greater than n, and to a Hausdorff distance less than n,. Thisis
illustrated in Figure 3.

Then we have to check the following relation:
Y — 2OMp A O™, (50)
or equivalently:
Y — OM=p A O™, (51)

Thisexpressesin asymbolic way animprecise knowledge about distances represented
asaninterval. If we consider afuzzy interval, this extends directly by means of fuzzy
dilation (see [BLO 00b] for detailed expressions of these dilations).
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Figure 3. lllustration of a distance relation expressed by an interval.

These expressions show how we can convert distance information, which is usu-
aly defined in an analytical way, into algebraic expressions through mathematical
morphology, and then into logical expressions through morphological expressions of
modal operators.

7.2.2. Directional relative position

Contrary to the previous relationships, relative directional position (like object X
ison the right of object ') is an intrinsically vague information, for which the fuzzy
set framework is appropriate for defining formally such relationships with good prop-
erties. To the best of our knowledge, ailmost all existing methods for defining fuzzy
relative directional spatia position rely on angle measurements between points of the
two objects of interest [KRI 93, MIY 94, KEL 95, MAT 99], and concern 2D objects
(sometimes with possible extension to 3D). These approaches cannot easily be used
for defining a fuzzy set in the space corresponding to the area where a directional
relationship to an object is satisfied, nor to trandate such information in a symbolic
setting. Here we rely on the approach we proposed in [BLO 99a], which is completely
different and more suitable to this task, since the relationship is defined directly in the
considered space (spatial domain). It consistsin dilating the reference object X with
aparticular structuring element, of radial form, having high membership values along
lines in the desired direction, and decreasing membership values when going away
from this direction. This dilation provides a fuzzy area of the space, based on which
therelation of any other object to X can be assessed (for instance using pattern match-
ing).

Let us denote by D¢ the dilation corresponding to a directional information in
the direction d, and by ¢ the associated modal operator. Expressing that an object
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represented by v has to be in direction d with respect to a region represented by ¢
amountsto check the following relation:

P — O, (52)

In the fuzzy case, this relation can hold to some degree.

This formulation directly inherits the properties of directional relative position de-
fined from dilation (see [BLO 99b] for details), such as invariance with respect to
geometrical transformations. It also has a behavior that fits well the intuition if the
distance to the reference object increases, and in case of concavities.

Usually for spatial reasoning several relationships have to be used together. This
aspect can benefit from the developmentsin information fusion, both in a numerical
andin alogical setting.

8. Conclusion

We proposed in this paper definitions of modal operators from mathematical mor-
phology and the fundamental concept of adjunction. Conversely, we have shown that
some modal logics can be characterized in terms of mathematical morphology. We
discussed the properties of the proposed operators and their usefulness for deriving
qualitative representations of spatial relationships, since several spatia relationships
can be expressed in terms of mathematical morphology. Extensions to the fuzzy case
are possible based on fuzzy mathematical morphology and need to befurther exploited
for dealing with imprecisely defined spatial entities and with vague relations. The
proposed approach can be related to the possibilistic logic proposed for belief fusion
in [BOL 99], and to similarity-based reasoning [EST 97]. Operators based on other
morphological operators could also be investigated, based on algebraic opening and
closing, or filters. The proposed modal logic, derived from links established between
theories that were so far disconnected, merges the advantages of logical represen-
tations, of modal operators which allow to expressin a common language different
types of spatial knowledge, and of mathematical morphology which providesaunified
framework for representing local spatial knowledge as well as relationships between
spatial entities. We expect that this can be further exploited for spatial reasoning and
for merging qualitative and quantitative aspects.
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3. These links between both theories are al so currently studied by J. van Benthem et a. [BEN ]
in particular in the framework of linear logic and arrow logic.
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