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Abstract

Modal logics have proved useful for many reasoning tasks in symbolic artificial intel-
ligence (AI), such as belief revision, spatial reasoning, among others. On the other
hand, mathematical morphology (MM) is a theory for non-linear analysis of struc-
tures, that was widely developed and applied in image analysis. Its mathematical
bases rely on algebra, complete lattices, topology. Strong links have been estab-
lished between MM and mathematical logics, mostly modal logics. In this paper, we
propose to further develop and generalize this link between mathematical morphol-
ogy and modal logic from a topos perspective, i.e. categorial structures generalizing
space, and connecting logics, sets and topology. Furthermore, we rely on the in-
ternal language and logic of a topos. We define structuring elements, dilations and
erosions as morphisms. Then we introduce the notion of structuring neighborhoods,
and show that the dilations and erosions based on them lead to a constructive modal
logic, for which a sound and complete proof system is proposed. We then show that
the modal logic thus defined (called morpho-logic here), is well adapted to define
concrete and efficient operators for revision, merging, and abduction of new knowl-
edge, or even spatial reasoning.

Key words: Mathematical morphology, Topos, Constructive modal logic,
Neighborhood semantics, Symbolic reasoning.

1 Introduction

Modal logics have proved useful for many reasoning tasks in symbolic artifi-
cial intelligence (AI), such as belief revision, spatial reasoning, among others.
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On the other hand, mathematical morphology (MM) is a theory for non-
linear analysis of structures, that was widely developed and applied in image
analysis. In its deterministic setting, its mathematical bases rely on algebra,
complete lattices, topology. Strong links have been established between MM
and mathematical logics, mostly modal logics. Necessity O and possibility &
modalities are then interpreted by the two basic MM operators, namely ero-
sion and dilation [19,47,37]. This interpretation allows for easy formulations
of non-classical reasoning, including revision, merging, abduction [3,4,20,33],
and spatial reasoning [2,5,13].

Erosion ¢ and dilation ¢ are the two basic operations of MM often defined
from a structuring element B used to probe spatial structures to either dilate
or erode them. More formally, in the set theoretical case, let E' be a Euclidean
space (often R? or Z¢ where d is the space dimension). Let B (the structuring
element) be a subset of E, and let B, = {x +b | b € B} be its translation at
a point x € E. The dilation of a set X by a structuring element B is then
defined as 6[B](X) = {x € E | B, n X # @}, where B is the symmetric of
B with respect to the origin of space, and the erosion of X is defined as
e[B](X) ={z € E| B, ¢ X}. The structuring element B can be equivalently
defined as a binary relation on E, i.e. B(x,y) iff y € B,. In this setting, the
following properties hold ! :

e erosion commutes with intersection and preserves F,

e dilation commutes with union and preserves the empty set, and

e crosion and dilation defined from the same structuring element are dual
operators with respect to complementation.

All this means that erosion and dilation are modal operators, that is the
tuple (RP(FE),n,u, ¢, @, E,e[B],0[B]), where R(FE) is the powerset of E, is
a modal algebra. Hence, under this interpretation, modal logic is a tool for
talking about spatial transformation, and in this setting, modal logic has been
applied efficiently to symbolic artificial intelligence [5,13,16].

Until now, this link between MM and logic has been studied in the set frame-
work (with extensions to fuzzy sets). Since then MM has been extended to
a large family of algebraic structures such as graphs [27,28 4561], hyper-
graphs [17,18], simplicial complexes [29], various logics, etc. All these exten-
sions proved useful for knowledge representation and reasoning, taking into
account low level information (points or neighborhood of points), structural
information (e.g. based on spatial relations between regions or objects), prior

1 Note that, more generally in MM, algebraic erosions and dilations on lattices
are actually defined as operations that commute with the infimum and supremum,
respectively (i.e. intersection and union in (P(£),<)). These more general forms of
operators do not necessarily involve structuring elements. The two first properties
are then rather definitions in a more general setting.



knowledge, semantics, etc.

To take into account all of these extensions abstractly, we now propose to
deepen this link between binary MM and modal logic from a topos perspec-
tive?. Hence, paraphrasing a remark by O. Caramello in [25], every topos
embodies a certain domain of reality, susceptible of becoming an object of
knowledge (i.e. the idealized instantiations of this reality are the points of that
topos). Toposes constitute a categorical structure defined by A. Grothendieck
in the early sixties [35], which generalizes the notions of space, mathemati-
cal universe, and for what concerns us here, knowledge representation. The
reason why the choice of toposes is natural is as follows. It remains in the
spirit of toposes, as developed in [60], which establish a correspondence be-
tween logics, sets and topology?. Hence, the classical logic can be handled
by considering sorts as objects, functional symbols and terms as morphisms,
predicates as subobjects. The setting we propose in this paper is based on
this view of toposes, by considering objects X as collections of states and
morphisms X — PX as transitions, and by interpreting modal formulas as
subobjects (and then as collections of states which satisfy them).

The proposed definitions and operations will then enhance the reasoning abil-
ity of MM, extending previous work on morphological modal logic [5,13]. They
will allow, among others, giving morphological semantics to modalities with a
topological flavor [59] conventionally used for spatial reasoning [1], and which
could not be obtained directly from erosions and dilations; actually, the prop-
erties of these modalities are closer to the morphological operators of opening
and closing (in their particular form of composition of erosion and dilation)
due to a double quantification V/3 in their definition. In [34], MM has been
extended to structuring elements based on a notion of neighborhood close to
a similar topological notion. We then propose to extend this first work to
the framework of toposes. To obtain the usual expected properties of erosion
and dilation in this new framework, we will have to impose a supplementary
condition on these new structuring neigbhorhoods which will be an adapta-
tion of the notion of filter, standard in topology and logic, to the framework
of toposes. From all this, we will then have an internal CS4-modal algebra
according to the meaning given to this notion in [7] (i.e. an internal inte-
rior algebra for erosions and a weaker version of internal closure algebra for
dilations because dilations will not distribute over upper bounds (therefore,

2 All the previous mentioned extensions can be represented by presheaves whose
categories are toposes.
3 In this correspondence, we can find [60]:

space ~ logical theory

point ~ model of the theory
open set ~ propositional formula
sheaf ~ predicate formula

continuous map ~ transformation of models that is definable within geometric logic



there are not dilations in strict sense)*). This will then allow us to give a
neighborhood semantics to constructive modal logic from a topos perspective.

Related extensions can be found, on the logical side, in the context of insti-
tutions [5] and satisfaction systems [3,4], thus encompassing many different
logics in a federative framework. Applications to typical reasoning problems
(revision, abduction, spatial reasoning) were instantiated in this framework.

The interpretation of modal logic in toposes has already been approached by
others. We can cite [8,56]. To obtain modal operators possessing the right
properties (commutativity with the upper and lower bounds, and preserva-
tion of the maximum and minimum elements), these works consider adjoints
between internal Heyting algebras which therefore have the good properties of
preservation and commutation [44]. Here, we propose a less general but more
constructive definition of modal operators by defining them from erosion and
dilation.

Some preliminaries on toposes are given in Section 2. We review some concepts,
notations and terminology about toposes, more specifically about elementary
toposes of Lawvere and Tierney [41]. One important contribution of this paper
is to rely on the internal language of toposes, based on their logical account,
which allows reasoning on them in a way close to reasoning on sets and func-
tions. This is even more relevant in the scope of this paper where the algebraic
setting of MM is considered. In Section 3, we formulate the notion of structur-
ing element and two basic operators, dilation and erosion, in the framework
of elementary toposes. In Section 4, we further extend the notion of struc-
turing element to the notion of structuring neighborhood system. This notion
was first introduced in [34], and is now generalized in toposes, with the aim of
applying MM to logic for reasoning. In Section 5, we propose a new way of con-
sidering modalities in propositional modal logic, inspired by the interpretation
of these modalities as dilation and erosion with a structuring neighborhood
modeling an accessibility relation (useful for instance for spatial reasoning,
among others). The proposed extension formalizes constructive modal logic
via MM in toposes. This also extends the neighborhood semantics, usually
considered on sets [49], to toposes. Syntax and semantics are defined, as well
as a sound and complete proof system. Finally, in Section 6, we illustrate the
proposed approach on typical examples in symbolic AI and knowledge repre-
sentation, namely belief revision, merging, abduction, and spatial reasoning.
Useful notations are summarized in Appendix.

4 In [7], the authors have shown that in the intuitionistic setting, this last property
could be rejected, motivated by computer applications [32,51,62].



2 Preliminaries: elementary toposes

This paper relies on many terms and notations from the categorical theory of
elementary toposes. The notions introduced here use basic notions of category
theory (category, functor, natural transformation, limits, colimits, Cartesian
closed) which are not recalled here, but interested readers may refer to text-
books such as [12,42].

2.1 Notations

In the whole paper, C denotes a generic category, X, Y, and Z denote objects
of C. When C is Cartesian closed, we denote by XY the exponential object of
X and Y. The symbols f, g, and h denote morphisms, and given a morphism
f:X =Y, we denote by dom(f) = X the domain of f and by cod(f) =Y
the co-domain of f; F,G, H : C — C denote functors, and «, 5 : F' = G denote
natural transformations. Identity morphisms are denoted by Id, and initial
and terminal objects by @ and 1, respectively. Finally, monomorphisms are
denoted by >, that is if m is a monomorphism from X into Y, then we denote
it by m: X »Y.

2.2  Basic definitions

A topos C is a finitely complete Cartesian closed category with a subobject
classifier (2. Having a subobject classifier means that there is a morphism
out of the terminal object true : 1 - Q such that for every monomorphism
m:Y » X there is a unique morphism y,, : X - Q (called the characteristic
morphism of m) such that the following diagram is a pullback:

.
m true

X—=—0Q

Xm

Let X €|C| be an object, its set of subobjects is defined as:
Sub(X) = {[m] | cod(m) = X and m is a monomorphism }
where [m] is the equivalence class of m according to the equivalence relation

m ~m’ iff cod(m) = cod(m') and dom(m) is isomorphic to dom(m")



that is, we have: dom(m)

TR

dom(m'}——X
If there is no ambiguity, we may write simply m instead of [m] in the sequel.

Obviously, we have the bijection Sub(X) ~ Hom(X,2) by the mapping m
Xm-

Let us define the partial order <x on Sub(X) as follows: for all f:Y » X and
g:Z»X
[fl=xlg9]l = 3h:Y »Z f=goh

As usual, > x denotes the reverse order. It is known that Sub(X) is a Heyting
algebra [38], that is (Sub(X'), <x) is a distributive bounded lattice with [Idx ]
and [@ » X ] as the largest and the smallest elements, respectively, and which
admits an implication — right-adjoint to the meet operation A (see Appendix A
for a presentation of these results).

As C is finitely complete, subobjects give rise to the contravariant functor
Sub : C°? - Pos, where Pos is the category of posets, which to every X € |C|
(object of C) associates Sub(X') and to every morphism f: X — X’ associates
the mapping Sub(f) : Sub(X"’) - Sub(X) which to every [Y’ » X'] associates
[Y » X] making the diagram

]

X—X'

a pullback.
Every topos has further the following properties [11,38]:

e It has also finite colimits, and then it has an initial object @ and a termi-
nal object 1 which are respectively the colimit and the limit of the empty
diagram.

e Every morphism f can be factorized uniquely as my o ey where e; is an
epimorphism and my is a monomorphism. The codomain of e; is often

denoted by Im(f) and is called the image of f, and then (A EA B)=(A 4
Im(f) > B).

e Every object X € C has a power object defined by QX and denoted by PX.
As a power object, it satisfies the following adjunction property:

Home (X x Y, Q) ~ Home (X, PY')

Given a morphism f € Home(X x Y, Q) (respectively f € Home(X, PY))



we denote by f# its equivalent by the above bijection. The morphism f# is
called the transpose of f. Note that by construction, we have (f#)# = f.

In particular, the transpose of the identity Idpx : PX — PX is the
characteristic morphism of a subobject ex>»> X x PX such that for every
object Y € C and every monomorphism R = X x Y, there exists a unique
morphism R — ex making the following diagram a pullback:

R €x

XxY X xPX

Idxxx%

Similarly to the category Set, the power object function which maps every
object X € |C| to its power object PX can be extended both into a covariant
functor 3 : C - C and a contravariant functor P : C? — C. The covariant
functor 3 associates to every morphism f : X - Y € C the morphism 3f :

PX — PY whose transpose classifies the image of the morphism ¢ :3x>

PX x X Jdxf, PX xY ie 3f = Xﬁl(g)ﬁpxxr

Likewise, the contravariant functor P associates to every morphism f : X —
Y, the morphism Pf : PY - PX whose transpose classifies the morphism
R~ PY x X where R is the pullback of the diagram

R vy

| |

PY x X T PY xY

Toposes are sufficiently set-behaved to internalize a logic in which one may
reason as if they were picking elements in sets, and accomodate internally
constructive proofs, i.e. using neither the law of excluded middle nor the axiom
of choice. We will use this internal language of toposes extensively in the paper.
Now, in order not to overburden the presentation of the paper, we refer the
reader to the details of this internal language in Appendix B.

2.3 Ezample: the category of presheaves Set®”

An interesting feature of this family of categories is that it subsumes most
of algebraic structures (e.g. sets, graphs, hypergraphs, etc.). Let C be a small
category, i.e. both collections of objects and arrows are sets. Let us denote
by Set®” the category of contravariant functors F : C — Set (presheaves)
where Set is the category of sets. When the category C is a small category, it
is known that the category Set®” is complete and co-complete (i.e. it has all
limits and colimits). Let us recall why it is also a topos.



First of all, observe that the functor Sub : Set®” — Set, which maps every
presheaf F' to its set of subobjects Sub(F'), is naturally isomorphic to the
functor which maps each presheaf I to the set of its sub-presheaves. Therefore,
we can assume that G(C') ¢ F(C) for all G € Sub(F') and C € |C|, and then
such a subobject will be denoted by G ¢ F.

Set®” is Cartesian closed. The product of two functors F,G : C% — Set is
the functor H : C? - Set defined for every C € |C| by H(C') = F(C) x G(C),
and for every f: A — B eC by the mapping H(f): H(B) - H(A) defined by

(a,0) = (F(f)(a),G(f)(b)).

By the Yoneda Lemma, the exponential of functors F,G : C? — Set to the
object C' € |C| should give an isomorphism G¥(C) ~ Nat(Hom(_,C),GF).
But, the definition of “Cartesian closed” requires that Nat(Hom(_, C), G ~
Nat(Hom(_, C')x F, G). This leads naturally to define the exponential of " and
G by the functor G which associates to any object C € |C| the set of natural
transformations from Hom(_,C) x F' to G. For every f: A —> BeC, GF'(f):
GF(B) - GF(A) is the mapping which associates to any natural transforma-
tion o : Hom(_, B) x F' = G the natural transformation g : Hom(_, A)x F = G
defined for every object C' €|C| by fc(g:C - A,ce F(C)) =ac(fog,c).

Set®” has a subobject classifier. For every A €|[C|, a set S of arrows f in
C is said to be a sieve on A if:

(1) For all arrows f € S we have cod(f) = A, and
(2) For all arrows f € S and g € Hom(C') such that cod(g) = dom(f), we
have fogeS.

We denote by Sieve(A) the set of sieves on A. Moreover, the map Sieve: C —
Set is naturally extended to a contravariant functor €2 : C — Set, i.e. a presheaf
Q € Set®”, as follows:

C — Set
— Sieve(A)
Sieve(B) — Sieve(A)
e {g:C > A| fogeS)

fﬂ»BH»Mﬁ{

In fact, Q2 is the subobject classifier; indeed, let us consider:



e the natural transformation true: 1 = Q which® for every A e C associates
to the unique element in 1(A) the maximal sieve on A (i.e. the unique sieve
which contains Id4);

e for every presheaf F e [Set®”|, the bijection:

Sub(F) — Hom(F, )
X+ GEF s (C)s F(A) — Sieve(A)
z —{f:B->A[F(f)(z) e G(B)}

whose inverse is:

Hom(F,Q) — Sub(F)
§ = An{reF(A)|Idye&(A)(x)}

-1.

Then we clearly have a correspondence between subobjects of F' e |Setcop| and
morphisms F' — (2, via the following pullback:

This makes  a subobject classifier in Set®”.

Hence, given a presheaf X : C°? — Set, the power object PX : C? — Set is the
presheaf which, given an object C € |C|, gives the set

PX(C) =Nat(Home(—,C) x X,Q) ~ Sub(Home (-, C) x X)

Examples of categories C. Sets, undirected graphs, directed graphs,
rooted trees and hypergraphs can be defined as presheaves. Indeed, for each
of them, the (base) category C can be graphically defined as:

inv

O O s )

S VI E VT E (N V3RLE

The category C for undirected graphs satisfies in addition the two equations:
soinv=tand toinv = s.

® 1:C% - Set is the presheaf which associates to any A € |C| the terminal object 1
in Set.



As an example, let us develop more precisely the case of directed graphs in its
three aspects:

(1) object classifier,
(2) power object, and
(3) object PX where X is a directed graph.

Object classifier. Let G : C? — Set be a directed graph. We have seen
that Q(V) and Q(FE) are respectively Sieve(V') and Sieve(F), ie. Q(V) =
{, {zdv}} and Q(F) = {a,{s},{t},{s,t},{s,t,idg}}. For any presheaf cate-
gory Set®” | given a morphism f: X — Y in C, there is a straightforward way
to compute Q(f): Q(Y) — Q(X): it is defined for every sieve S on Y by:

QfH)(S)={9:Z—>X|ZeCand foge S}

Hence, we have that:

Q(s)(2) =2 Q(t)(2) =2

Q(s)({s}) = {Idv} Qt)({s}) =2
Qs)({t}) =2 Q) ({t}) = {Ldv}
Q(s)({s,t}) = {Idv} Qt)({s,t}) = {Idv}
Qs)({s,t, 1dp}) = {Idv}  Qt)({s,t,Idg}) = {Idv}

Therefore, the subobject classifier is the directed graph:

{S,t,idE}
where we denote by F' the vertex @ and by T' the vertex {Idy }.

The true arrow true : 1 -  maps the unique vertex to 7" and the unique
arrow to {s,t,idg}.

Hence, given a subgraph m : G’ - G, the characteristic mapping x,, works as
follows:

e all vertices which are not in G’ are mapped to F;

e all vertices which are in G’ are mapped to T

e if an edge is not in GG', we have 4 possibilities:

(1) edges whose source and target are not in G’ are mapped to @&
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(2) edges whose source is in G’ but the target is not are mapped to s;
(3) edges whose target is in G’ but the source is not are mapped to t;
(4) edges whose source and target are in G’ are mapped to {s,t};

e edges in G’ are mapped to {s,t, [dg}.

Power object. Let us consider two graphs X,Y € [Set®”|. Then XV is a
graph defined as follows:

o Verter set: the vertices of XY are in correspondence with the maps fy :
Y (V) - X(V).

XY(V) =Nat(Home (-, V) x Y, X)
= X(V)Y"M

e [Ldge set: The edges of XY are in correspondence with the triples of maps
(fe:Y(E) > X(E), fi:Y(V) > X(V), fL: Y(V) - X(V)) that make
the following diagrams commutative:

Y(E) - Xx(B) Y(E) —Z X(E)
Y(S)J J/X(s) Y(t)l J/X(t)
Y(V) f—E> X(V) Y(V) f—t> X(V)

XY(E) = Nat(Home (-, E) x Y, X)
= {(fe i f5) € X(E)" P x X (V)Y X (V)|
X(s)o fp=fpoY(s)and X(t)o fp=fpoY (1)}

o Source and target maps:

(fo: [is fp) — [
Y L, XY
XY(t):{ XH(E) W)
(fo, fo Tp) — g

XY(E) — XY(V
XY(S):{ (B) )

Note that the graph morphisms Homg,cor (Y, X') correspond to the morphisms
1 - XY, ie. the loops in the graph XY,

Object PX. In particular, the graph PX = QX is characterized by :

11



o Vertex set: the vertices of PX are in correspondence with the subsets of
X(V).

PX (V)2 Sub(Home(-,V) x X)
2 P(X(V))
(#(X(V)) denotes here the powerset of X (V))
e Fdge set: The edges of PX correspond to the triples (xyg € X(F), Sg <

X(V), Tg < X(V)) such that X(s)(xg) € Sg and X(t)(xg) € Tk-
o Source and target maps:

x| PXE) = PXM)
(xe,Se, 1) — Sk
PX(E) — PX(V)

(XE')SEaTE) — TE'

PX(t):

Intuitively, PX is the graph whose vertices are the subsets of X(V'), and
edges between two vertices 0,7 € X (V') are the subsets y ¢ X(E) such that

s(xg) €o and t(xg) € T.

3 Mathematical Morphology in Topos
3.1 Definitions

MM based on structuring elements extends fairly simply to toposes. Let C be
a topos.

Definition 1 (Structuring element). A structuring element is a morphism
b: X - PX for X eC.

By the bijections Home(X, PX) ~ Sub(X x X) ~ Home(X x X,Q), given a
structuring element b : X - PX, there exists a unique subobject ry: Ry
X x X € Sub(X x X) such that b=y, ie.

Ry

J

XXXX—rb)Q

is a pullback diagram.

Let us denote by b: X > PX the transpose of the morphism which classifies
the image of the morphism R; » X x X Lo, (X xX)x(XxX)ZE X x X,

12



where A denotes the diagonal morphism, and p; the projection on the ith
space. Its description in the internal language of the topos C is the following:

b(y) = {w: X |y ex b(x)}

Definition 2 (Erosion). Let b: X - PX be a structuring element. The ero-
sion by b is the morphism €[b] : PX — PX whose transpose classifies the
morphism v : R » PX x X (i.e. €[b] = xI) where R is the pullback of the
diagram:

R

|

PX xX

zZX

=g P X x PX

In the internal logic of the topos C, this is expressed as follows:
e[b](Y)={z: X |b(z) <x Y}

Definition 3 (Dilation). Let b : X — PX be a structuring element. The
dilation by b is the morphism §[b] : PX — PX which classifies the image
of the morphism R~ X x X x PX - PX x X where the second morphism is
the projection in the last and the first arguments, and R is the pullback of the
diagram:

R RI;X €x

|

XXXXPXWXXXXXXPX

In the internal logic of the topos C, this leads to:
S[b](Y) ={x: X | 3y yexb(x) A yexY}

Remark 1. We could easily have extended erosions and dilations to any
structuring element of the form b: X — PY, and then defining morphisms
e[b],0[b] : PY — PX. All the results given in Section 3.2 are easily adaptable
to such structuring elements.

Given a structuring object b : X — PX, we have the two mappings

e[b]y,0[b]x : Sub(X) - Sub(X) given by the two commuting diagrams:

Hom(1, PX)——Sub(X) Hom(1, PX)——Sub(X)
Hom(Idl,s[b])L le[b]x Ham(ldlvé[b])l 5[b] x
Hom(1, PX)—=—=Sub(X) Hom(1, PX)—=—=Sub(X)

We will see in the next section that £[b] and 0[b] are monotonous. Hence,

13



e[b]x,0[b] : Sub(X) — Sub(X) are functorial when Sub(X) is considered as
a category.

We will also see in the next section that when the structuring element b satisfies
the formula:
Va.xex b(x)

then, 6[b] is a Cech closure operator.

3.2  Results

We find all the results of MM in the set framework. The proofs of these different
results mimic in the internal logic of the topos C the classical proofs that we
can find in the setting of MM on sets. The reason is that these classical proofs
are constructive intuitionistic proofs, i.e. they use neither the axiom of choice
nor the law of excluded middle. The proofs being quite simple but very formal,
we refer the reader to the details of the proofs given in Appendix C, so as not
to overload the presentation.

Proposition 1 (Adjunction). The following formula in the internal logic is
valid:

VY. VZ.S[b](Y) <x Z <= Y <x ¢[b](Z)

By Proposition 1, (PX, A, v,=,¢[b],0[b], 1, T) is an internal HGC-algebra, i.e.
a Heyting algebra equipped with an order-preserving Galois connection [30],
and then can be used to give a semantic to the intuitionistic propositonal logic
with Galois connections (IntGC) introduced in [30] from a topos perspective.
Proposition 2. Erosion and dilation are monotonous for <x and preserve

least upper bound and greater lower bound, respectively. Moreover, we have
that:

e ¢[b](X) =X, and
e )[b](2) = 2.

Finally, €[b] and §[b] are, respectively, anti-extensive and extensive for <x iff
the formula Yx. x €x b(x) is valid. More formally, these last two properties
mean that both statements are valid:

(1) = (V. 2 exb(z)) = (VY. e[b](Y) <x Y)
(2) - (V. 2 exb(z)) < (VY. Y =x 6[b](Y))

When C is complete (e.g. topos of presheaves), if we update our syntax to
include set-indexed limits and colimits on any power object PX, then the
preservation properties can be extended as follows:

e[b](Nier Yi) = Nier ([0](Y7)) ; S[b](Vier Yi) = Vier (0[0](Y))
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for any index set 1. This implies the monotonicity of €[], 6[b].
Proposition 3. e[b](-xY) = =xd[b](Y) and 6[b](~xY) <x ~xe[b](Y ) where
-x 18 the pseudo-complement of the internal Heyting algebra PX.

Proof. This directly results from the fact that the underlying internal logic
for C is intuitionistic. m

If C is a Boolean topos, we further have that —xe[b](Y) <x 6[b](~xY), and
hence the equality.

As usual, the composition of erosion and dilation is not equal to the iden-
tity, but produces two other operators, called opening (defined as §[b] o [b])
and closing (defined as €[b] o [b]). Opening and closing have the following
properties.

Proposition 4. [b] o d[b] (closing) and 6[b] o €[b] (opening) satisfy the fol-
lowing properties:

and §[b] o €[b] are monotonous;
1S extensive;
1S anti-extensive;

b] o 8[0]
b] o 3[b]
b]oe[b]
b]od[b] o e[b] = e[b];
b]oe[b] o
b] o 8[b]

3

e o o o o o
S>3 M S M

)

o[b] = o[b];
and §[b] o e[b] are idempotent.

[
[
[
[
[
[

3.8  Mathematical morphology in presheaves

In toposes Set®”, given a presheaf F : C — Set, a structuring element is a
natural transformation b : ' = PF, and then for every C € |C| and every
ce F(C), be(c) is a sub-presheaf of Hom(_,C') x F.

Then, given a structuring element b: F = PF, ¢[b] : PF = PF is defined as
follows: for every C' €|C|

{PF(C) ~ PF(C)
e[ble:
X e e[b]e(X)

where X and ¢[b]¢(X) are sub-presheaves of Hom(_,C) x F', and ¢[b]c(X) :
Cor — Set is defined as follows:

e For every D €|C|, we have:

e[b]le(X)(D) ={(f:D > C, d) | bp(d) € PF(f)(X)}

15



e For every f: D — E, we have:
e[ble(X)(E) » e[b]le(X)(D)
(g E~C,e) = (gof,F(f)e))

Note that (go f, F(f)(e)) belongs indeed to £[b]c(X)(D) as we can see in
the following commutative diagram:

e[b]le(X)(f): {

D F(D) -2 PF(D)
lf F(f)T TPF(f)
E e € F(E) T PF(E) > PF(g)(X)

More precisely, knowing that bg(e) € PF(g)(X) and PF(f) being isotone,
we also have bp(F(f)(e)) = PF(f)(be(e)) € PF(f)(PF(g)(X)) = PF(go

IX).

Likewise, 0[b] : PF' = PF is defined as follows: for every C € [C]

STl {PF(C)» PF(C)
X e S[b]e(X)

where X and §[b]c(X) are sub-presheaves of Hom(_,C') x F', and §[b]c(X) :
Co? — Set is defined at all D €C by:

S[b]le(X)(D)={(f:D - C,d)|3d € X(D),(Idp,d") € BD(d)(D)mPF(f)(X)(D)}
where b: F = PF is defined for all C € C by:

’ ‘{F(C) . PF(C)
C.
¢c > (D={(f:D->C d)| (Idp,F(f)(c))€bp(d)(D)})

Example 1 (Set). Due to the structure of the base category, presheaves can
be directly represented by sets, and power objects by the power set operator
X = 2X. Then, let S be a set. A structuring element is a map b: S — 25,
corresponding by transposition to the subset Ry = {(z,y) |y eb(x)} cSxS.

When MM is applied in image processing, S is equipped with an additive law +
(i.e. (S,+) is an Abelian group), and then given a point x € S, b(x) = {x +b|
be B} where B< S. So, given a set X €S, e[b](X) ={zeS|b(z) c X}, and
S[b](X) ={zeS|b(x)nX + &}

The proposed definitions indeed include the classical definitions on sets.
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Example 2 (Directed graph). Let G : C? — Set be a graph (C is the base
category given in Section 2.3). Many examples of structuring elements can be
defined. Here, we provide three examples:

(1) Star of a vertex. Given a vertex v e G(V'), we consider the subgraph com-
posed of vertices with an edge with v. This defines the following structur-
ing element b: G = PG

- { (V) > PG(V)
v e {0 ] Jee G(E), G(s)(e) = v, G(H)(e) = v’}
G(E) - PG(E)
. (1 G0(E) = GE))
e by (G(s)(e))
by (G(t)(e))

(2) Path from a vertex. Given a vertex v € G(V'), we extend the previous
structuring element to paths from v of length n € N*. This defines the
following structuring element b: G = PG

G(V) - PG(V)
by :
v o~ Y

where Y € G(V') is the set defined by:

3617"‘7616 EG(E),kSTL
E'U(), ...,V € G(V),
Vi,1<i<k,G(s)(e) =vie1 and G(t)(e;) = v,

vVeY &

v =1 and v’ = vy

G(E) >  PG(E)
Y

e~ bv(G(s)(e))

by (G(t)(e))

bg : 1

17



where Y € G(E) is the set defined by:

361,...,6k€G(E),]{Z§n+1
Jvg, ..., v, € G(V),
Vi,1<i<k,G(s)(e;) =vi1 and G(t)(e;) = v;

ey <4

e=e; and e’ = ¢,

(3) Star of an edge. Given an edge e € G(E), we consider the subgraph
composed of edges sharing a vertexr with e. Here, the structuring ele-
ment b : G = PG is defined by: given an edge e € G(FE), we denote

Se = {G(s)(e), G(1)(e)}

- {G(V) > PG(V)
v o A{v'|3(e,e)eG(E), veS,, G(s)(e')=v and G(t)(e') =v"}
G(E) — PG(E)
by {e"[ G(s)(e) = G(s)(e") or G(t)(e) = G(s)(e")}
e = by (G(s)(e))
b (G (1) ()

Then, €[b] : PG = PG is composed of the mappings €[bly and €[b]g defined
respectively by:

0 PG(V) — PG(V)
g V-
X +—{veG(V)|by(v)c X}
PG(E) —> PG(E)

{e e G(E)|bi(e) <Y}
(Y, 8,7) — | {v e G(V)|by(v) € S}
[veG(V) |by(v) €T}

Likewise, 0[b] : PG = PG is composed of the mappings 6[b]y and 0[b]g
defined respectively by:

e[b]e :

PG(V) — PG(V)
o[b]y -
{ X +—{veG(V)|FweX, weby(v)}
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PG(E) — PG(E)
{e e G(E)|bg(e)nY % o)}

(V,5.T) — | {veG(V)|FweS, weby(v)}
{(veG(V)|3weT, weby(v)

Example 3 (Hypergraphs). Here also, many examples of structuring elements
can be provided. For example, we can adapt the structuring element defined as
the “star of a vertex” to hypergraphs.

Let us consider a hypergraph H : C°? — Set, and define more precisely the
structure of PH. According to the same construction process as that for di-
rected graphs, we can set:

o Vertex set: PH(V)=P(H(V))

e Edge set: PH(E) =P(H(E))

e Relation set: PH(R) = {(xr,Ar,Hr) | xr € H(R),Ar € H(V),Hr <
H(E)} such that H(a)(xr) € Ag and H(h)(R) € Hpg.

e Maps PH(a) and PH(h):

PH(R) - PH(V)
PH(a):
(Xr,Ar,Hr) » Ag
PH(H) PH(R) - PH(V)
(Xr,Ar, Hr) » An
Then, we may define the structuring element b: H = PH as:
H(V) - PH(V)
b | Iry, e H(R), H(a)(r) = v,
e el E@e) =,
| H(h)(r1) = H(h)(r2)
H(E) - PH(FE)
| Ir, 70 € H(R),H(h)(r) =e,
bg :

e el H(h)(r)=¢,
| H(a)(r1) = H(a)(r2)
. :{H(R)e PH(R)
r = ({7 [H(a)(r) = H(a)(r')},bv(H(a)(e)),be(H(h)(e)))
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All examples of Example 2 can be extended to hypergraphs similarly.

Likewise, the definitions of erosion and dilation are easily adaptable from those
for directed graphs.

4 Structuring Neighborhoods: Internal Topology

In [34], MM based on sets has been generalized to a new setting called struc-
turing neighborhood systems. Here, we propose to extend this generalization
to the topos framework. Hence, we propose to generalize all the notions of
Section 3 using a lax notion of structuring element, called structuring neigh-
borhood. The motivation of this extension is mainly logical. Indeed, the mo-
tivations of the paper is to apply MM to logic, so-called morpho-logic (see
Section 5), which has been proved useful to model knowledge, beliefs or pref-
erences, and to model classical reasoning methods such as revision, fusion,
abduction or spatial reasoning [3-5,13,21,24].

4.1 Structuring Neighborhood: Definitions and Results

In the proposed framework of structuring neighborhoods, many properties of
classical erosion and dilation can be recovered, but at the price of supplemen-
tary conditions on structuring neighborhoods. These supplementary condi-
tions led to a mathematical construction which is very important in topology
and logic, namely filters.

Let us consider an object X in a topos C.
Definition 4 (Filter). We formalize the notion of filter in X by the following
axioms on the variable F': PPX :

Closed under finite intersections:

VA. VB.AEPXF A BprF = A/\BprF

Upward closed:

VA. VB.AEP)(F A AﬁxB = BprF

Non-empty:
X €x F

Strict:

VA. Aepx F = (Jz. xex A)
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The conjunction of the formulas above is again a formula, hence a morphism

F:PPX - Q.

Filters will allow us to internally define a topology over a given topos, based
on the notion of topological neighborhood (see Definition 7).

Definition 5 (Structuring neighborhood). A structuring neighborhood is
a morphism N : X — PPX which validates both formulas:

(1) V. F(N(x)), where F is the morphism introduced in Definition 4
(2) VeNAAepx N(z)=>zex A

Intuitively, Definition 5 means that neighborhoods of = have a structure of
filter, and therefore makes the notion of structuring neighborhood similar to
the notion of neighborhood in topology (the set of neighborhoods of a point
x in a topology is a filter), and all neighborhoods of x contain x. This last
point will allow us to have erosions and dilations verifying the property of
anti-extensivity and extensivity, respectively.

Definition 6 (Erosion and dilation). Let us consider a structuring neighbor-
hood N : X - PPX. Let us define the morphism ¢[N]: PX - PX by the
formula:

VY. E[N](Y) = {l‘ : X | Y €Epx N(fl])}
and the morphism 6[N]: PX - PX by the formula:

VY. O[NJ(Y)={z: X |IF. F(F) A Yepx F A N(x) <px F}
={z: X |VA Aepx N(z) = Jy.yex AnY}

Hence, the erosion of Y contains all the elements = which have Y as neighbor-
hood, and the dilation of Y contains all elements x whose all neighborhoods
intersect with Y.

Given a structuring neighborhood N : X - PPX, we also have two mappings
e[N]y,0[N]y : Sub(X) — Sub(X) given by the two commuting diagrams:

Hom(1, PX)—=—Sub(X) Hom(1, PX)—=—Sub(X)
Hom([dl,s[b])l ls[N]X HOm(Idl,é[b])l l(;[N]X
Hom(1, PX)—=—Sub(X) Hom(1, PX)—=—Sub(X)

By Proposition 5 just below, e[ N] and §[ N ] are monotonous, and then e[ N]

and d[N] are functorial when Sub(X) is considered as a category.
Proposition 5. ¢[N] and §[ N| are monotonous. Moreover:

o ¢[N] verifies:

. VA.VB.e[N](AA B) = ¢[N](A) A [ N](B).
. e[N](X) = X.
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- VY e[N](Y) =x Y.
o O[N] verifies:
- VA.VB.S[N](Av B) >x [N](A) vIO[N](B).
- §[N](2) = 2.
- VYY 2x §[N](Y).
e VY. e[N](-xY) =x -x0[N](Y)

Proof. e Monotonicity: Considering variables x : X, Y : PX, Z : PX, let
Y <x Z. Since N(z) is a filter, Y epx N(z) implies Z epy N(z) (filters are
upward closed by definition). It follows that

YﬁX Z + E[N](Y) <x €[N:|(Z)

e Distributivity of e[N] with A: Let us consider variables A : PX and B :
PX. By monotonicity (increasingness) we already have e[ N](A A B) <x
e[N](A) Ae[N](B). Let us prove the other inclusion.

For a variable x : X, we have:

rey (e[N]J(A)Ae[N](B)) = Aepx N(x) A Bepx N(x)
= (AAB)epx N(x)
= rex e[N]|(AAB)

o [dentity element: For a variable x : X, we have:

T €x €[N](X) <~ XEPX N(lL‘)
= xEXX

e Anti-extensivity: For a variable x : X, we have:

T €x €[N](Y) <~ Yer N(CL’)
= .CIZ‘EXY

e For dilation 0[ N], the proofs of monotonicity, commutativity and preserva-
tion of lower bound are similar (monotonicity argument and definition of &).
Let us prove the extensivity property: Let x : X be a variable. Let z ex Y.
Let us assume that YVA.A epx N(x). Then z ex A. And since x ex Y, we
have x ex AAY. Therefore x ex [ N](Y") (by taking y = z in the definition
of the dilation).
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o Duality: For variables Y : PX and z: X, we have -xY AY =@ and then:

rex e[N](-xY) = -xY epx N(x)

-xY epxy N(z) A (Vy. =(y ex ~xY AY))
JA. Aepx N(xz) A (Vy. =(yex AnY))
JA. Aepx N(x) A =(Fy.yex ANY)
JA. ~(Aepx N(x) = Fy.yex AAY)
~(VA. Aepx N(z) = Jy.yex AnY)
~(r € SIN](V))

re-xd[N](Y)

Y

A 2R R

which concludes the proof. O]

The definitions of e[N] and 0[/N] have a topological flavor. However, they
do not satisfy some properties required for interior and closure operators,
respectively (they are not idempotent). In Section 4.2, we will restrict the set
of structuring neighborhoods to topological neighborhoods (see Definition 7).
Whereas structuring neighborhoods are sufficient to give semantics to the
modal logic IT, this new family of structuring neighborhoods will allow us
to define erosions and dilations so that they will form an internal CS4-modal
algebra over PX.

Example 4 (From structuring element to neighborhood). Fach structuring
element b : X — PX provides a natural structuring neighborhood Ny : X —
PPX defined by:

Va. Ny(x) ={Y : PX |Y >x b(x)}

Proposition 6. ¢[N,] = e[b] and 5[N] = 6[b].

Proof.

T E€x 6[Nb](Y) <Y €Epx Nb(ZE)
<Y zx b(l‘)
o 1 ex e[b](Y)

rex 0[N J(Y) = 3F. F(F) A Y epx F A Ny(x) <px F
= 3F. F(F) A Y epx F A b(z) epy F
=3F. F(F) A (Y Ab(x)) epx F
= Jy.yex (Y Ab(x))

v

=z €[b](Y)
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v

zed[b](Y)=Ty.yex (Y Ab(x))
=3AF. F={Z:PX |Z>x (Y nb(z))}
A .F(F) ANYepx F A Nb(l’) <px F
=z ex I[NV ](Y)

In the second implication, we use the fact that if Z >x Y Ab(x) and Jy. y ex
Y Ab(z) then Jy. y ex Z, which gives us the last axiom of F. The other axioms
are obviously satisfied. n

Hence, we proved that dilation and erosion based on structuring neighbor-

hoods actually generalize those based on structuring elements, through the

identification of each structuring element b : X — PX such that = ex b(z)

with its corresponding structuring neighborhood N, : X - PPX.

Proposition 7. For all structuring neighborhoods M,N : X - PPX, the

following assertions are equivalent:

(1) Adjunction: VY.VZ. S[N|(Y) <x Z < Y zx e[M](Z).

(2) Dual structuring elements: there exists a structuring elementb: X - PX
such that M = N, and 0[N] = §[ Ny].

Proof. We already proved 2 = 1. Let us prove 1 = 2.

If we have the adjunction property between §[/N] and e[ M ], then by consid-
ering Y = {z} for any variable x : X, we have in particular:

Ve.VZ. S[N]({z})<x Z < {a} <xe[M](Z) < ZeM(z)
Hence, we have necessarily:
Ve, M(x) ={Z: PX |6[N]({z}) <x Z} = Ny(x)
where b: X — PX is the structuring element defined by:

V. b(z) = 6[N]({x})

We have therefore constructed a structuring element b satisfying M = N,. Let
us now prove that we have necessarily §[N] = 6[Vy].

By Proposition 6, we have §[N;] = 6[b] and e[M] = ¢[N,] = ¢[b]. Therefore,
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Theorem 1, combined with our adjunction hypothesis on N and M, results in:
VY. VZ. 6[N;](Y)=<x Z < 6[b](Y)=x Z
< Y <x S[b](Z)
< Y <xe[M](Z)
< JN](Y)=x Z
In particular, by considering respectively Z = §[N;](Y) and Z = 6[N](Y):

VY.OINI(Y) sx SINIY) 0 YYLAINGI(Y) = S[N](Y)

which concludes the proof. O

Remark 2. When C is a Boolean topos, then the assumption ——p = @ holds,
we have moreover N = Nj. Indeed, we have e[ N](Y) = -x0[N](-xY) =

~x0[b](~xY) = [b](Y), i.e. Y e N(z) < b(z) <x Y.

4.2 Topological Neighborhood

Definition 7 (Topological neighborhood). A topological neighborhood is
a structuring neighborhood N : X - PPX such that:

3B. Bepx N(x) A
(Vy.yexB = Aepx N(y))

Proposition 8 (Interior operator). If N : X - PPX is a topological neigh-
borhood, then e[ N] is an internal interior operator in PX, i.e. it satisfies the
following properties:

(1) VY. e[N](Y) <x Y.

(2) e[N](X) = X.

(3) VY.VZ. e[N](Y A Z) =e[N](Y) ne[N](2).
(4) VY. e[N](e[N](Y)) = e[N](Y).

Proof. The first three properties have been proved in Proposition 5. Let us
prove the last property. Let us consider a variable Y : PX. We already have
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e[N](e[N](Y)) =x e[N](Y). Conversely, for a variable = : X, we have:

rex e[N](Y) = Y epx N(x)
= HB.BEPX N(ZE) A (Vy.yEXB = YEPX N(y))
dB. Bepx N(z) A (Vy.yex B = yex e[N](Y))
dB. Bepx N(ZE) AN B=<x €[N](Y)
e[N](Y) epx N(x)
zex e[N](e[N](Y))

b4y

]

Proposition 9. If N : X — PPX is a topological neighborhood, then 0[N ]
satisfies the following properties:

(1) VY. Y <x §[N](Y).
(2) §[N](2) = 2.
(3) VY. S[NJ(BINI(Y)) = S[N](Y).

Proof. The first two properties have already been proved in Proposition 5.
Let us prove the last one. Let us consider a variable x : X. Then, we have the
following implications :

rex [N]JO[N](Y)) = (VA Aepx N(x) = Fyyex S[N](Y)nA) (1)
But
AB.Bepx N(z)A

Aepy N(z) = (2)
(Vyex B=Aepx N(y))

Moreover, as B €px N(x), we have that
Jy.yex O[N](Y)AB (3)

Now,
yex O[N]J(Y)=VC.Cepx N(y) = Fz.zex Y AC (4)

From Implications 2 and 4, we have that A €epx N(y), and then
zzex Y AA

from which we can conclude that x € 5[ N](Y"), and hence [ N](J[N](Y)) =x
I[N](Y).

Finally, [ N](Y) <x 0[ N](6[N](Y)) is a direct consequence of the first prop-
erty, and then we have VY. §[N](J[N](Y)) = [ N](Y). O
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Hence, for any topological neighborhood N, 0[N]y is a closure operator to

which we can associate the two natural transformations 7 : Idg.yx) = 0[N]y

and p:6[N]y 0d[N]y = 0[N]y, and then (6[N]y,n,p) is a monad®.

By Propositions 8 and 9, as [ N] does not distribute over v, we have that the
tuple (PX,<x,A,V,-x,@,e[N],6[N]) is an internal C'S4-modal algebra [7],
and then is well adapted to give a semantic to the constructive modal logic
C'S4 from a topos perspective (which we will do in Section 5). Actually, we can
easily show that 6[ N] distributes over A. Hence, 0[ N] is a Lawvere-Tierney
topology [43]. Now, we are not far from obtaining a closure algebra. For this
purpose, we must impose the supplementary condition:

YA.VB.3[N](Av B) <x §[N](A) v §[N](B)

Note that there are actually some §[N] for which this inequality holds (and
then this condition combined with extensivity makes 0[ N] commute with v).
An example of N for which 6[N] distributes over v is N, for a structuring
element b satisfying: Va.z ex b(xz). When this holds, we have defined a no-
tion of internal topology over X € |C|, and e[IN] and 6[ N] are interpreted as
topological notions of interior and closure, respectively.

In this context, we can define the two morphisms open, closed : PX — () as the
equalizers of e[ N] and Idpy, and 6[ N] and Idpx, respectively, which gives in
the internal language of the topos C the following characterizations:

e open(Y) < ¢[N](Y)=Y
e closed(Y) < §[N](Y)=Y

We then recover the following result, which is standard for topological spaces
(and also proved in a previous paper [5]).

Proposition 10. Adjunction holds if and only if opening is equivalent to
closing, that is the following statement is valid: for every N : X - PPX

Adjunction(e[N],0[N]) < (YW, open(W) < closed(W))
where Adjunction(e[N],0[N]) is defined as:

Adjunction(e[N],0[N]) = (VY. VZ. §[N](Y) =x Z < Y <x ¢[N](Z))

Proof. (=) Let us assume adjunction. Let us suppose that Y is closed, that
is 0[N](Y) =Y, and then 6[N](Y) <x Y. By adjunction, we then have that
Y <x ¢[N](Y). But, we also know that e[N](Y) <x Y, and then e[N](Y) =
Y. Therefore Y is also open. Applying this to the complement allows us to
conclude that all opens are closed.

6 Here, Sub(X) is seen as a category.
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(<) Let us suppose that 6[N](Y) <x Z. By Theorem 5, we have that
e[NTO[N](Y)) =x e[N](Z)

We know that 6[N](Y") is closed, and then it is open by hypothesis. We can
then conclude that e[ N](§[N](Y)) = §[N](Y). But, 6[N] is extensive, and
then Y <x §[N](Y), whence we can conclude that Y <x e[ N](Z).

The other direction of the implication of adjunction is proved similarly.  [J

5 Morpho-Logic: Interpretation of Modalities in Topos

Taking advantage of the fact that the tuple (PX, A, v, -x,@,e[N],d[V]) is an
internal modal algebra for the family of structuring neighborhoods N defined
in Definition 7, we will give in this section a neighborhood semantics of the
constructive modal logic from a topos perspective. As is customary in categor-
ical logic, we propose an entailment system formulated as a sequent calculus
for which we prove a completeness result.

Syntax. Let PV be a countable set whose elements are called proposi-
tional variables and denoted by letters p,q... The set ® of formulas is
defined by the following grammar:

e Yu=T|L|p|-plert|ovy|e=1Y|Op| O

where p runs through PV.

Semantics. As structuring neighborhoods subsume structuring elements b :
X — PX such that Vz.x ex b(x) (cf. Example 4), we interpret the modal
operators O and < respectively by the morphological operators e[N], and
§[N]y for N: X - PPX with X € |C| where C is a topos.

Given a set of propositional variables PV, a PV-model, or simply a model,
M is a triple (X, N,v) where:

e X is an object of a topos C,
e N: X - PPX is a structuring neighborhood, and
e v: PV - Sub(X) is a mapping called valuation.

If we want to give semantics to CS4-modal logic, we restrict ourselves to
models (X, N,v) where N is a topological neighborhood.
We use Mod to denote the class of PV -models.

28



The semantics of formulas in a model M is a mapping [[M]](-) : & - Sub(X)
defined by structural induction on formulas as follows:

[[MI](T) = Idx,

[M]](1) =@ > X (@ X is the least subobject of Sub(X)),

[(M](p) = v(p),

[(M](=p) = [M]I() > [M](L)

[M](er) = [M](p)A[M](¥) (the infimum of [M]](¢) and [M]|(¥)),
[(Ml(p v ) = [[M](p) v [M](¥) (the supremum of [[M]](¢) and
[(M]](¥)),

[M[(p =) = [M]I(¢) = [M]I(¥)

[M][(Bp) =e[N]x ([M](¢))

[(M]]

(©p) = 3[N]x (IMII())

We write M k ¢ if and only if [[M]](yp) = Idx, and then for every ¢ € Sub(X),
we write M £, ¢ to mean that ¢ <x [[M]](¥)) (2x is the ordering on Sub(X)).
Let us denote by Mod(y) the class of models M such that M E ¢. Finally,
given a set of formulas I' and a formula ¢, we write [ £ ¢ to mean that for
every model M which verifies M & v for every formula 1 € I, we have that
MEp.

|
e
e
|

By the properties of implication, the Kripke schema holds. Indeed, let M =
(X, N,v) be amodel. By definition of implication in Heyting algebra, we have:

[MII(p) A TIMTI (e = ) <x IMTI(¥)

Then, we have:

[MII(op) A IM(O(p = ¢)) <x [M]I(OY)

Now, we have that (_A [[M]](0p)) 4 ([M]](Op) - _), from which we can
conclude that [[M]](a(p = v)) <x [M]](Op = Oy).

Lemma 1. For any model M = (X, N,v), and any formulas p,v, we have:

ME o =4 iff [MIl(e) <x [MII(¥)

Proof. Sub(X) is a Heyting algebra, and then it satisfies the following prop-
erty:
[(M]I(¢) =x [M](¥) <= ([IMII(¢) > [M](¥) = Idx)

A sound and complete entailment system. As is customary in categor-
ical logic, we propose an entailment system formulated as a sequent calculus.
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Definition 8 (Sequent). Given two formulas ¢, € ®, a sequent is an ex-
pression of the form ¢ + 1. It is valid for a model M = (X, N,v), denoted
© Em Y, if we have that: [M]](p) <x [M]](¥). It is valid, denoted ¢ = 1),
if for every model M, o Ea .

The sequent calculus will consist of inference rules enabling us to derive a
sequent (or a collection of sequents) from a collection of others, which will be
written:

1
o

to mean that the sequent o can be inferred from a collection of sequents I'.
Note that the axioms will be rules in which I', the premises, is the empty set.
In such a case we write simply o.

Consider the following rules, where ¢ —+ 1) is a shortened notation for ¢ + ¢
and ¢ - ¢:

o [dentity rule:
Y
o Axioms:
- Preservation. 0T 4+ T, and &1 - L
- Duality. O-p+ -0 @
- Distributivity. 0(¢ A ) 4 0p A0Y and O v O = O(p V)
- Axiome K. O(p = ¢) - 0p = 0y
- Axiom T. Op+ ¢, and p + Op
- Axiom S4. Op+ 00, and & O ¢ - O (when models are restricted to
topological neighborhoods)
- Classical. =-p + ¢ (When C is a Boolean topos)

e [nconsistency:
L+
o Tautology:
=T
o Cut rule:
prY  YEX
YrEX

Rules for conjunction:
A PAPEY pApHEe oA AR A

oY pEYX
prYPAYX

Rules for disjunction:

vy YEpvy VY-V
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poEXx YrX eVY X eVY X
eV rx pEX (DRSDY

Distributivity:
A (Wvx) - (er)v(pax)
Rules for implication:

eAYP =X oY =x
=X AP =X

Rule for negation:
QA= @ =1

Rules for modalities:

o oY
Oy + Oy Op FOY

A sequent ¢ + 1 is provable if there exists a finite sequence of sequents
(o1 - ¥1,...,0n F Yy) such that ¢, - ¥, = ¢ + 1, and each sequent of the
sequence is either an axiom or is obtained by applying inference rules from
sequents that precede it in the sequence.

Theorem 1 (Soundness). If ¢ 1 is a sequent which is provable, then = 1).

Proof. This is proved by structural induction on derivation. This is trivial
in almost every case from the way in which semantics has been defined. For
instance, the rules for modalities are a direct consequence of the fact that for
every model M = (X, N,v), e[N]y and §[N] are monotonic. O

In the following, we call interior modal algebra any tuple (A, A4, Va, =4
,1,0,04,04) where (A, A4,Va,—,1,0) is a Heyting algebra, and 04 and &4
are respectively, interior and closure operators. Let us define the binary rela-
tion I~ on @, (where ®,  is the quotient of ® by the equivalence relation
-k, and given a formula ¢, [p].- is its equivalence class) by:

[p]a - [] 4 iff o =1 is provable

Proposition 11. (®,__,I-) is a Heyting algebra.

Proof. By the identity rule and the definition of -, I+ is reflexive and anti-
symmetric. Now, by the cut rule, it is further transitive, and then I+ is a partial
ordering.
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Let us now show that (®,_,I-) is a Heyting algebra. It is a bounded lattice
where the least and the greatest elements in ®, are, respectively, [1]., and

[T
Let [¢]. and [¢], be two elements of &, . Then, we have:

[p]a A []a = [0 nv]a
[l v [Y]a = [ V]
[@]—u— - [¢]+ = [(10 = ¢]+

By the rules of conjunction and disjunction,, A and v clearly define the lower
and upper bound operators.
It remains to prove the following equivalence:

(] A Y] - [X ] = [9] - [Y]a = [X]
This amounts to show
PAYF X = pFY =)

which is the rule for implication. n

Hence, if we define the two operators 0, : @/, — @, by:

0: [ = [O0]a

and
O el =[Ol

then we have that the tuple
(@A V= [T, [1]4,0,0)
is an interior modal algebra.

Given an interior modal algebra A = (A,A4,Va,—4,0,1,04,<04) and a map-
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ping v4 : PV — A, we can define the mapping:

W) - A
T 1
1 0

(ATl sy p ~ va(p)

p @ [[All, () Qa [Allo,(¢) where @ e {A, v, >}
De = DallAll.(v)

Op = OallAlla(p)

Let us set:

. for every interior modal algebra A, and every v : PV — A,
plIEY1
[[A]]I/A((p) &y} [[‘A]]VA (¢)

Let us denote IntAlg the category whose objects are couples (A, r4) where A
is an interior modal algebra and v, : PV — A is a valuation, and morphisms
w:(A,va) - (B,vp) are interior modal algebra morphisms (i.e. p is a Heyting
algebra morphism which preserves modal operators) such that for every p €

PV, vp(p) = p(va(p)).
Proposition 12. (¢, ,v:p+~ [p]..) is initial in IntAlg.

Proof. Let pa: (P, ,v) = (A,va) be the mapping defined by:

‘I > A
[T] ~1
[L]4 =0
fasy [pla- = va(p)

[p @9l = pa([e]s) Qa pa([P]) where @ € {A, v, -}
[Op] = Oapa(fe])

[

Ol = Sapa(le]s)

By construction, g4 defines an interior modal algebra morphism which is
unique. L]

Corollary 1. If ¢ + 1 is provable, then for every (A,va) € |IntAlg|,

[Alla () =a [Allus-
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Proof. From the hypothesis, we have that [¢]. I+ [¢].. As pa is a Heyting
morphism, we have that pa([¢]a) <a pa([¥]4). Tt is quite direct to show

that 1a(p) = [Allv. () O

Theorem 2. ¢+ 9 is provable iff o =

Proof. The Only-if part is a direct consequence of Corollary 1.
The If part is a direct consequence of the fact that (®,,_,v:p~ [p]) is in

IntAlg. m

Theorem 3 (Completeness). ¢ =¥ iff ¢ E 1.

Proof. The Only-if part is obvious because for every model M = (X, N,v),
(Sub(X),A,v,—>,[Idx],[@ » X],e[N]x,0[N]x) is an interior modal alge-
bra, and then (Sub(X),v) € |[IntAlg|.

To prove the If part, let us start by introducing some notions. Let A =

(A,A4,Va,—>4,0,1,04,04) be an interior modal algebra. Let I' € A be a
subset of A. I' is said consistent if for all finite subsets A € T', A4 A # 0. Like-
wise, I" is said maximally consistent if I is consistent and there does not exist
a consistent subset © ¢ A such that I' € ©. By Zorn’s lemma, given a subset
I' ¢ A, there exists a maximally consistent set A that contains I'. 7 Now, add
to A a mapping v4 : PV — A, and define the model M4 = (X, N,v) in the
topos Set as follows:

e X is the set of all maximal consistent sets of A;
o Np: X - P(P(X)) is the structuring neighborhood obtained from the struc-
turing element b: X — £(X) (see Example 4) defined by:

Ogacl =ael”
[ ed(T)iff
ael'= Cael”

e v:{l'e X |va(p) el'}

Lemma 2.
Oaa € T iff VIV € b(T'),a e T’

" The inductive set to which Zorn’s lemma is applied is S = {I' ¢ A |
I is consistent and I' € I”}. And then, by Zorn’s lemma, A is the maximal element
of S. It is quite direct to show that it is maximally consistent.
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Proof. The Only-if part is a direct consequence of Definition of b. To show the
If-part, let us suppose that for every I € b(I"), we have that a € I". Hence,
the set {b € A | 0ab € T} u{a} is consistent. Hence, for all finite subsets
Ac {b €A | DAb € F}, 0=4 /\AA Na Q, and then 0 <A /\AEIAA Na Opa, from
which we can conclude that Osa el O

Lemma 3. For every formula ¢, and every I" € X, we have:

['e [[MA]](QO) Zﬁ [['A]]VA(SO) el

Proof. By structural induction on ¢. The basic case is obvious by definition.
The cases of propositional operators are not difficult. Let us prove the property
for modalities.

e  is OY. We have the following equivalences:

[e [Mall(OY) < [IMall() € b(T')
= VI e [MADI().I" € ()
< VIV eb(T),[[A]l,,(¥) € I'" (Induction hypothesis)
< [[A]],, (oY) e T’ (Lemma 2)

e o is O1. We have the following equivalences:

[e [Mall(O9) < A e X, T e b(I") AT" € [Ma]l(¥)
< A" e X, T e b(I") A [[A]]s, (¥) € I” (Induction hypothesis)
< [[A]],,(©¥) € T (definition of b)

]

Let us suppose that for every model M, ¢ =5 . This is equivalent to M E
¢ = 1. Hence, for every interior modal algebra A and every vy : PV - A,
we have that [[Ma]](¢ = ¢) = X, and then by Lemma 3, for every I" € X,
[A]]..(p = 1) e T, from which we can conclude that [[A]],,(p =¢)=1. O

In the previous proof, we showed completeness independently of a given topos,
hence the definition of the set model M4 for an interior modal algebra A is
similar to the canonical model. Let us now propose a proof of completeness
for a model class reduced to all models defined on a same topos C. To show
this result, we assume a topos C which is non-degenerate (i.e. @ # 1, and then
true # false), and therefore Mod is restricted to models M = (X, N, v) where
X €|C|. Hence, in the remaining of this section, a sequent ¢ + 1 is valid if it
is valid for all models M in Mod.
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Let I' € ® be a set of formulas. For every ¢ € ®, we write I' - ¢ to mean
that the sequent ¢ -~ T can be obtained by using the inference rules from all
sequents 1) -~ T where 1) € T'. T is said consistent if T'# 1 (i.e. 1L 4~ T cannot
be obtained from I).

By Zorn’s lemma, there exists a maximally consistent set of formulas I’ which
contains I when I is consistent. 3

Proposition 13. Let A be a mazximally consistent set of formulas. There
exists a model Ma such that, for every p e ®:

[(Mall(e) = Idx iff o e A

Proof. Ma =(X,N,v) is any model such that

e X €|C| is an object different from the initial one (this is always possible
since we have assumed that C is non degenerated).
Id ifpeA
e v:pe PV . P
@ = X otherwise

Note that no constraint is imposed on V.

The equivalence in the proposition is proved by structural induction on .
The cases of basic formulas and propositional connectives are easily provable.
Then, let us prove the property for the modality O (the proof for the modality
< is substantially identical). So, let ¢ be of the form 0.

(=) Let us suppose that [Ma]](¢) = Idx. By anti-extensivity, we necessar-
ily have that [[Ma]](¥) = Idx. Hence, by the induction hypothesis, we have
that 1 € A, i.e. 1) =+ T is obtained from A, and then so is Oy -+ T by the rule
for modalities, whence we can then conclude that

Oy e A

(«<=) Let us suppose that 0y € A. We then have that ¢ € A. Otherwise,
this means that the sequent ¢ -+ L can be obtained from A from which
we can conclude by the axioms associated to modalities that ¢ -~ 1 which
contradicts the hypothesis. So, by the induction hypothesis, we have that
[Ma]l(v) = Idx, from which we can conclude that [[Ma]](¢) = Idx. O

8 As previously, the inductive set to which Zorn’s lemma is applied is S = {I" ¢
Sen(X) | IV is consistent and I" ¢ I}. The poset (S,¢) is inductive. Therefore, by
Zorn’s lemma, T is the maximal element of S, and quite directly it is maximally
consistent.
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Theorem 4 (Completeness). If ¢ -1 is a sequent which is valid, then it is
provable.

Proof. If ¢ + 1 is not provable, then the set I' = {=(¢ = 1)} is consistent.
Let T be a maximally consistent set of formulas which contains I'. By Propo-
sition 13, there exists a model Mg = (X, N,v) such that [Mg]](-(¢ = ¢)) =
Idy, and then ¢ # 9. O

6 Application to Symbolic Al
6.1 Belief Revision

Belief revision is the process that makes an agent’s beliefs evolve with newly
acquired knowledge. In a logical framework, agent’s beliefs and knowledge
are formally defined by formulas. In practice, in this setting, the problem is
then characterized by the resolution of the inconsistency of a theory after
the addition of a new formula. To facilitate the presentation, we will assume
that agent’s beliefs and knowledge are in a finite number, and therefore can be
represented by a simple formula. In the general case of an infinite set of knowl-
edge and therefore defined by a theory, we refer the reader to our article [3]
whose revision operators are easily adaptable to the formalism developed in
this paper.

Modal logics are classically used to formalize beliefs. The reason is that they
allow expressing beliefs about the beliefs of the other agents. Hence, we sup-
pose here that agent’s beliefs are formalized by modal formulas, and belief
revision will be defined by an operator o between two formulas ¢ and ¢ which
will express how to transform ¢ into a formula ¢’ such that ¢’ A1 is consis-
tent [39].°

An axiomatization has imposed itself, the AGM theory [6], to describe the
proper functioning of the revision operator o. AGM postulates are the follow-
ing:

(G1) If ¢ is a consistent formula, then so is ¢ o )

(G2) Mod(p o) c Mod(v))

(G3) If o A1) is consistent, then po1) =p A

(G4) If p = ¢" and ¢ =9', then Mod(p o) = Mod(¢' o1'") (= means that
formulas are logically equivalent)

9 ¢ will often be the conjunction of a finite set of beliefs themselves defined by

formulas [39].
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o (G4’) If ¢ =1, then Mod(po1))=Mod(po')
e (G5) Mod((pov) Ax)=Mod(po (1 Ax))if (poth)Ax is consistent

Postulate (G4) means a complete independence of the syntax. But, we will
see next that when the revision operator applies a syntactic transformation to
knowledge bases (here specified by the formula ¢) Postulate (G4) cannot be
ensured anymore. This will be the case for our revision operator dedicated to
the logic CS4 (see below), hence the introduction of Postulate (G4’).

Revision operators based on dilations. By the way we interpreted
modalities, we have for every ¢ € ® that

Mod(p) € Mod(<e)
(This is just a consequence of the fact that dilations are extensive).

Following the approach developed in [16] for the propositional logic, the idea
is then to dilate the class of models of ¢ until meeting the class of models
of ¢. The problem is that the set S = {k € N| OFp A1) is consistent} can be
empty. In this case, we force p o to be 1. This leads to:

Ot Ay it S+ @ and n=min S
por=
P otherwise

with Ot =3O .
———

n times

Proposition 14. The operator o satisfies the AGM postulates (G1)-(G5).

Proof. o obviously satisfies Postulates (G'1), (G2) and (G3).

Let us prove (G4). Let ¢ = ¢ and ¢ = ¢/'. This means that Mod(yp) = Mod(y")
and Mod(v) = Mod(v"). Obviously, we have for every k € N that Mod(<OFg) =
Mod(<Fp"). This entails that Mod(p o) = Mod(p' o 1)").

Let us now prove (G5). Here, tow cases have to be considered:

(1) there does not exist n € N such that O™ A 1) is consistent. In this case,
Mod(p o)) = Mod(v), and then Mod((¢ o) Ax)=Mod(y) A x). Now,
there does not exist m € N such that G™@A (1 Ay) is consistent, otherwise
O™ o) would be consistent too, which would be a contradiction. Hence,
we have that Mod(po (¢ Ax)) = Mod(1) A x).

Likewise, if there does not exist n € N such that G (1 Ax) is consistent,
then as (¢ o1) A x is consistent, this means that there does not exist
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m € N such that &G™po1) is consistent. Hence, in both cases, we have that
Mod((pov) A x) =Mod(y) Ax) and Mod(po (¢ A X)) =Mod(i) A X).
(2) o1y = O"p A1). Therefore, as (¢ o 1) A x is consistent, we have that
Mod((@ov) Ax)=Mod(Omp Ap Ax) #@. Hence, S = {k | OFp A A
X consistent} # @ (n € .S). Then po()Ax) = O™pAhAx where m = min S.
This means that &™ o 1) is consistent, and then n < m. Moreover, since
n € S and m = min S, then m < n, from which we can conclude that
n=m.
Likewise, if we suppose that o (¥ Ax) = O"@pAAx, then this means that
poh =3 A, Indeed, if there were m € N such that oy = OMp A,
as (@ o) Ay is consistent, we would have that n <m.

[]

The above approach is constraining because it imposes to check that such an
index n exists. And this is not algorithmically definable. Moreover, it does
not work if we consider Axiom S4 of modal logics to be valid. Indeed, in this
case, the sequent & & ¢ 4 Oy is valid, and then Mod(O O @) = Mod(Ow).
Another way to define a revision operator algorithmically definable because
syntactic, is then to change necessity modalities to possibility ones. Indeed, it
is quite intuitive that if the revision cannot be consistent for all states, it can
be for some of them. A similar approach has been adopted in [3] for defining
revision operators in first-order logic and modal logic in a set framework. The
definition of these revision operators took advantage of Boolean reasoning.
Thus, the revision operators were defined on formulas in normal form. In an
intuitionistic framework, such normal forms for formulas do not exist. So,
when the topos C is not Boolean, we propose the following definition for the
revision operator: let us define first two mappings p, x : ® - ® on formulas as

p(T)=Tand k(T) =T
p(L)=1Land k(1) =1
p(p) =p and k(p) =p with pe PV.
p(o =) = (k(p) =) v (¢ = p(¥)) and
k(e =1) = (¢ = k() v (p(e) =)
o p(p @9)=(p(p) @) v (p Q@p(y)) and
K(p @) = (k(p) @ Y) v (¢ @ k(1)) with @ e {a, v}
o p(=p) = -k(p) and k(=) = -p(p)
o p(Op) = Oy and £(Op) = Ok(p)
o p(Op) = Op(p) and K(Op) = Op

Intuitively, the mapping p transforms a formula ¢ by changing at each ap-
plication a modal operator O to & when the latter is in the positive part of
¢ (i.e. the operator is not in the scope of a negation or in the premise of an
implication), and a < into O when the latter is in the negative part (i.e. it is
in the scope of a negation or in the premise of an implication). The mapping
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r is the dual of p, that is it transforms a formula ¢ by changing at each ap-
plication a modal operator ¢ into O when the latter is in the positive part of
the formula, and a 0O in & when the latter is in the negative part.

Proposition 15. For every formula ¢ and every model M = (X, N,v), we

have [[M]I(¢) <x [M(p(¢)) and [M](r(#)) <x [MI](#)-

Proof. The proof is done by structural induction on (. The basic cases are
obvious. For the general case, several forms of ¢ must be considered. Here, we
prove the result for implication and negation. The other cases are quite direct.

e ¢ is of the form ¢ = .
- For the mapping p. By the definition of implication, we have that

(M = x) = [IMI(¥) = TMIC0)

By definition of —, [M]](v) — [M]](x) is the greatest element ¢ in
Sub(X) such that

[MI () Av=x TMII(X)
By the induction hypothesis, we have both [M]](k(¢)) =x [[M]](¥) and
[MI](x) =x [M]](p(x))- Thus, we have that

(M (R()) A TMI(Y) = TMTIO0) =<x IMT(x)

and

(M) A [IM](¥) = [[M](X) =x [[M](p(X))
and then by adjunction (i.e. the fact that (- A [M](k(x0))) -
([MII(s(¥)) = -) and (A [IM]I(#)) 4 ([IM](#) — -), we have that

MY = x) =x IMII(s(¥) = x)

and

[M]I(¢ = x) =x [MI(¥ = p(x))
that is
(M = x) =x [M(p(¥ = X))

- For the mapping x. By definition, we have that

(M4 = k(X)) = [MII() > [MII(x(x))

and

(M (p(¥) = x) = IMT(p()) = M)

By definition of —, [M]](¢) - [[M]](x(x)) and [M](p(¥)) - [M(X)
are the greatest elements ¢ and 6 of Sub(X) such that

M) A e =x [IMI(E(X))
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and

[MT () A6 <x [[MI(x)
By the induction hypothesis, we have that [[M]](k(x)) <x [M](x) and
(M) =x [M]](p(x)), and then again by the adjunction property, we
have that

MY = k(x)) =x [MII(¥ = x)
and

[MI(p(¥) = x) =x [MI(¥ = X)

e ¢ is of the form —).
- For the mapping p. By definition, we have that

(M=) = [IMI() = [MT(L)
By definition of -, we have
[MI() A TMII(=) =x [[MI](L)

By the induction hypothesis, we have that [[M]](k(v)) <x [M] (%), and
then by the adjunction property, we can conclude that

(M=) =x [MI(=K(1))

and therefore [[M]](¢) <x [[M]I(p(¢)).
- For the mapping k. By definition, we have that

[MIN((=¢)) =x TMII(p(4)) = [TMII(L)
By adjunction property, we then have that
[MT(p(¢)) A IMI((=(4)) =x [[MII(L)

By the induction hypothesis, and the adjunction property, we can conclude
that

[MII(k(=¢)) =x [TMII(=¢)

Let us define the mapping 7 : ® - & as follows:

o - P

"L X if p(p) = ¢
p(p) otherwise

where y is a tautology.
Proposition 16. For every formula ¢, we have:
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e Extensivity. Mod(y¢) ¢ Mod(7(y))
e Exhaustivity. There exists k € N such that Mod(7%(y)) = Mod

The operator 7 is then an extensive operator that is not a dilation.

Proof. Obviously, exhaustivity holds. Let M € Mod(y). By definition of se-
mantics, this means that [[M]](¢) = Idx. If ¢ is a propositional formula,
we know that Mod(y) € Mod(Og). Otherwise, by Proposition 15, we have
that [MTJ)(p) <x [M](p(¢)), and then [[M]](p(p)) = Idx. The case where

7(p) = x is obvious. This proves the extensivity of 7. O

Let us define the following revision operator o:

poth=7"(p) AV

with n =min{k € N | 7%(¢) A is consistent} and 77(¢) =7(...7(¥)...).
—
n times
Proposition 17. The operator o satisfies the AGM postulates (G1)-(G3),
(G4°), and (G5).

Proof. The proof is substantially similar to that of Proposition 14. O]

Minimality result. In a previous paper [3], we showed independently of
any logic a minimization result demonstrated first by H. Katsuno and A.-
O. Mendelzon [39] in the framework of propositional logic. This result is a
representation theorem which means that revision operators satisfying AGM
postulates induce minimal changes, that is the models of ¢ o are the mod-
els of ¢ that are the closest to models of ¢ according to some distance for
measuring how close models are. This result is based on the notion of faithful
assignment [39] whose definition we recall below.

Definition 9 (Faithful assignment). An assignment is a mapping that as-
signs to each formula ¢ a binary relation <, on models. We say that this
assignment is faithful (FA) if the following two conditions are satisfied:

(1) If M, M'" e Mod(p), then M £, M’
(2) For every M e Mod(p) and for every model M' ¢ Mod(p), M <, M.

(M <, M means that M <, M" and M’ ¥, M ).

Proposition 18. A revision operator o satisfies the AGM postulates if and
only if there exists a FA that maps each formula ¢ to a binary relation <,
such that for every formula 1

Mod(gp o 77/}) = MZn(MOd(@/J), S(p)
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where Min(Mod(1),<,) ={M e Mod(y)) | YM' € Mod(y)), M' £, M}.

The proof of Proposition 18 is given in Appendix. It is substantially similar to
that of the general result given in [3] (see Theorem 1) except that the result
here relates to formulas and not to theories. This then required redefining a
particular FA in the proof. The FA used in [3] to prove this representation
result was an adaptation of the FA proposed in the original paper [39], but
the latter was not adaptable within the framework of modal logic 10

6.2 Contraction

Other important operators considered in the domain of belief change are con-
traction operators [6]. Unlike revision operators, the goal of contraction oper-
ators is to remove the new piece of information.

Using the results of the previous subsection in which revision operators have
been defined, we can now define, via the Harper identity [36], contraction
operators in the following way:

=P =(po-y) Vv (Harper identity)

The idea behind ¢ =1 (¢ contracted by ) is that the information provided by
1 is “removed” from ¢, thus guaranteeing that the result of the contraction
does not prove . This is why the Harper identity links contraction of ¢ by ¥
to revision of ¢ by —1).

The well behaved contraction operators should satisfy the following postu-
lates: '

(C1) pro=v

(C2) If o, then p =1 -

(C3) If p =1 -1, then o

(C4) If o+ 1), then (p =) A+

(C5) If Yy = by then ¢ 1)y = p =1hy

(C6) p=(AB)F(p=1p) v (p=P)

(CT) o= AB) w1, then o= =@ =(Y A B)

10 The reason is that, unlike in propositional logic, the set of valid modal formulas
for a model is not necessarily definable by a single modal formula.
1'We present the formulation of postulates as in [26].
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Now we can establish the following result, the proof of which is a straight-
forward consequence of Proposition 17 and standard facts about the duality
between revision and contraction [6]:

Proposition 19. Let = be the operator defined by the Harper identity where
o is the revision operator of Proposition 17. Then, = satisfies (C1-C7).

6.3 Merging

When the beliefs play symmetrical roles, another widely addressed problem
is the one of belief merging, or fusion. Let ¢q, ..., ,,, be m formulas modeling
agents’ beliefs. As for revision, their fusion can be defined from a dilation ¢ or
better by a 7 operator (defined as in Section 6.1) as:

Merging(@1, ..., om) =7 (1) A e AT (V)

where 7 is defined as for the revision, and
n=min{k € N | A", 7%(¢;) is consistent}

It has been shown in [21,24] that this dilation-based merging is equivalent to
a merging operator defined from a specific distance and aggregation function,
and satisfies the set of rationality postulates introduced in [40], except the
independence of the syntax, since syntactic operations are involved in 7. 12

6.4 Abduction

Abduction is the process of finding, given a theory 7" and an observation ¢, the
best explanation v such that T'u {1} = p. Candidate explanations of ¢ with
respect to T are many. In a logical framework, following our previous work
in [4] where abduction has been studied independently of a given logic, we
will also study abduction as a form of inference. Intuitively, finding candidate
explanations for ¢ with respect to 7' consists in cutting/eroding the class of
models of T" while remaining consistent with . Hence, abduction can be seen
as the dual of revision, and then it will consist in cutting in Mod(T u{p}) as

12.0f course, if we define the fusion by

Merging(@1, ..., om) = O"(p1) A . A" (Om)

under the condition that n exists, then all the rationality postulates in [40] are
satisfied because the complete independence of the syntax holds.
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much as possible while preserving minimality properties. For this, we propose
to instantiate the abstract approach developed in [4] to our framework of
categorical morpho-logic 3. In an intuitionistic framework, to work around
the problem of missing normal forms of formulas, we propose the mapping
(: P - & defined as follows: let x be an antilogy

(O RS ())
& x  ifr(p)=¢

[ d
k() otherwise

where k is the mapping defined in Section 6.1.

Thus, the mapping ¢ will transform AT at each step by changing an operator
<& into O in order to reduce the class of models, and thus hope to only encounter
the models of . If this is not possible (there are none left) and therefore we
no longer have a way to sufficiently reduce the models of AT to keep only
those in common with ¢, we force the transformation into an antilogy that
trivially ensures the inclusion of models.

Proposition 20. The mapping ¢ verifies for every consistent formula ¢ € ®:

e Anti-extensivity. Mod({(¢)) € Mod(p)
e Vacuum. There exists k € N such that Mod(C*(p)) = @.

In [4], mappings satisfying such conditions are called retractions.

Proof. ( is anti-extensive because by Proposition 15 « is. The vacuum property
holds because in a finite number of steps, we always reach the antilogy x. [

Following [4], from ¢ we can define two families of model classes C., and Cp,,
as follows ' : Let T be a finite set of modal formulas and let ¢ be a formula
such that T'u {¢} is consistent

Cr = {Mod(¢*(AT) n @) | k e N, Mod(C*(A\T) np) # 2}

CP = {Mod(C*(N\NT r¢)) | keN,Mod(C"(N\T r¢)) + 2}
where AT =1 A A, it T ={p1,..., 00}

Let us observe that in both C/ and C; we have a unique maximal chain of

finite size due to the vacuum property. Hence, both C/ and C;  are closed

13 The abstract approach in [4] has been applied to the case of modal logic but in
the set-theoretic framework. Here, as before, we must adapt this instantiation to
the intutionistic framework.

Y er for last consistent retraction and Inr for last non-trivial retraction
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under set-theoretical inclusion and are well-founded. In [4], any sub-family
satisfying such conditions is called cutting.

These two cuttings give rise to the following two explanatory relations:

Mod(T u{v}) + @, and

P Pee, 1/} —
Mod(T u{y}) € Mod(C"(AT) A p)

where n = sup{k € N | Mod(C*(AT) A ) + @};

Mod(T u{y}) + @, and

® Pe, 77Z) —
Mod(T u{}) € Mod(¢™(AT A ))

where m = sup{k e N| Mod(C*(AT A ¢)) + @}.
Directly from Theorems 2, 3 and 4 in [4], we derive that these two explanatory

relations satisfy all or part of the (rationality) postulates defined in [52] which
we summarize in Table 1.

Rationality postulates ¢, bg,,

LLE and RLE Vi
RS
E-Con
ROR

E-Reflexivity
E-CM
E-C-Cut N4

Vv
Vv
v
Vv
Vv

L <<

Table 1
Links between rationality postulates in [52] and properties satisfied by >, and
[>Clnr'

The original postulates of [52] are recalled in Table 2.

6.5 Spatial Reasoning: RCC-8

A part of the domain of qualitative spatial reasoning deals with topologi-
cal relations between spatial entities. Here we propose to apply the defined
morpho-logic to mereotopology, and more precisely to the RCC-8 model [55].
This theory allows defining several topological relations from a connection
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LLE: If -7 a < o’ and a > then o > 7.

RLE: If -7 v <+ and a >~ then a>~'.
E-CM: If a>v and v+, B then (a A B) > 7.
E-C-Cut: If (a¢np)>~yand Vé[a>d = o+, 3] then a> .
RS: If a>vy, v +rvand v Hr L then o> ~".
ROR: If a>vyand a6 then a> (yvd).
E-Reflexivity: If a > then v 7.
E-Con: Hr - iff there is vy such that a > 7.
Table 2

Rationality postulates of [52], expressed according to a theory 7.

predicate C', and has been often formalized in first order logic in the literature.
Let us recall the eight relations of RCC-8 theory (without their formalization):

Disconnection DC. DC(XY') means that region X is disconnected from
region Y';

External Connection FC. EC(X,Y) means that X is externally con-
nected to Y (close to the notion of adjacency);

Partial Overlap PO. PO(X,Y) means that X and Y intersect each other
but are not equal;

Tangential Proper Part (resp. inverse) TPP (resp. TPP).
TPP(X,Y) (resp. TPP,(X,Y)) means that X (resp. Y) is a tangential
proper part of Y (resp. of X);

Non-Tangential Proper Part (resp. inverse) NT PP (resp. NTPP,).
NTPP(X,Y) (resp. NTPP;(X,Y)) means that X (resp. Y) is a non-
tangential proper part of Y (resp. of X);

Equality E£Q. EQ(X,Y) means that X and Y are identical regions.

As shown in [5,13,16], morpho-logic, as defined in this paper, provides a simple
axiomatization of some of these relations.

Let M = (X, N,v) be a model. The sub-objects of X are spatial entities (i.e.
regions), and formulas are combinations of such entities. The RCC-8 relations
can then be formulated as follows:

C(X,Y) oAt

DO(XY) i (o A1)

EC(X,Y): =(eA1) and Gp At and @ A O,
PO(X,Y): oAt and o A=) and —p A Y;
TPP(X,Y): p =1 and Oo A —;
NTPP(X,Y): =1 and ¢ = Oy;
EQ(X,Y):p < 1.
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where ¢ and v are formulas defining regions X and Y, respectively. Let us
detail the meaning of some of these formulas:

e For EC: the two regions X and Y do not intersect, but as soon as one of
them is dilated (using <) then they do intersect.

e For TPP: X is included in Y but the dilation of X (represented by <o) is
not.

e For NTPP: X is included in Y and also in the erosion of Y.

The meaning of the other relations is very natural.

7 Conclusion

In this article, we deepened in the topos framework the strong link between
MM and modal logic initiated twenty years ago in [13]. The interest of toposes
is that they generalize the notion of space and subspace, and then they include
a large family of algebraic structures which have proved useful for knowledge
representation and reasoning.

We have then generalized MM from a topos perspective that we extended by
moving from the power object PX to PPX, for X an object of a topos C,
to define structuring neighborhoods. We then showed that the morphological
operations of erosion and dilation have all the properties to make PX an
internal modal algebra, and then can be used to give a neighborhood semantics
to constructive modal logic in the topos setting.

To our knowledge, MM has never been studied independently of a given struc-
ture. In the complete lattice setting, basic MM operators are defined without
referring to the notion of structuring element in the algebraic definitions. Our
work is then the first proposition of a generalization of MM independently of a
particular structure (set, graph...). Taking into account the notion of structur-
ing element and structuring neighborhood allowed us to generalize the notion
of Kripke model and neighborhood model in the topos framework.

The proposed extension of basic operators relies on structuring elements de-
fined as morphisms X — PX. Dilations and erosions using a structuring el-
ement are then defined as morphisms PX — PX with specific properties.
Dilations, erosions, as well as their compositions are shown to have similar
properties as in classical morphology (adjunction, monotonicity...). Interest-
ingly enough, the proofs of the main results in this paper highly benefit from
the internal logic of topos. The underlying logic being intuitionistic, as fu-
ture work, it might be interesting to certify these proofs using a formal proof
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management system, such as Coq 1°.

Finally, we introduced structuring neighborhoods and topological neighbor-
hoods, giving rise to modal algebras, for which a sound and complete entail-
ment system is proposed.

This led us to suggest applications to typical reasoning problems in Al, such
as revision, merging, abduction, spatial reasoning based on RCC-8 relations.

Let us now mention some other directions for future work.

Towards a unification of morphological operators via the notion
of predicate lifting. By the bijection correspondence Hom(X, PY) «~
Sub(X xY), structuring elements and structuring neighborhoods can be seen
as mappings which match each element x with elements in relation with it.
A generalization of that can be obtained via the notion of co-algebras [57]. In
computing science, co-algebras have been studied in Set (the category of sets),
and in this framework the notion of predicate liftings [50] has been identified
as the concept underlying modal operator semantics. This notion of predi-
cate lifting can be extended to arbitrary topos. Indeed, suppose a topos C
and a functor T : C - C. A predicate lifting is then a natural transformation
A:P = PoT (recall that P is the contravariant functor presented in Sec-
tion 2). A structuring element b is then defined as a morphism (co-algebra)
b: X - T(X). If we define the morphism b=!: PT'(X) - PX as follows:

V' (Y)={z: X|Jyyercx)Y rb(z) =y}

a morphological operator op[b] : PX — PX is then defined by: op[b] = b~ o
Ax. From there, a morphological operator op[b] is an erosion (respectively a
dilation) if Ax commutes with A (respectively v).

Studying this unifying framework in more depth should allow us to generalize
the theory of co-algebras, to other toposes than the category Set, but also
to go further in the generalization of MM and its application to modal logic.
Among other things, this will allow us to study concepts such as bisimulation
and associated preservation results which have been extensively studied in the
theory of co-algebras, at a more abstract level.

Extension to the fuzzy case. It is usual to introduce uncertainty in qual-
itative spatial reasoning. Then, as future work, we propose to extend our
approach to the fuzzy case. This will first require us to introduce fuzziness in
a topos. There are some works showing that fuzzy sets do not form toposes in

15 https://coq.inria.fr/
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general [10,31,53], but there are very few which extend toposes to the fuzzy
case. Fuzzy sets may form a topos when different maps between them are con-
sidered [63]. An extension of toposes to fuzzy sets has been proposed in [54].
We can then rely on this work to introduce fuzziness in toposes. This will
allow us to extend erosion and dilation based on structuring elements to the
fuzzy case in this framework. In the set theory framework, several definitions
of MM on fuzzy sets with structuring elements have been proposed in the lit-
erature, since the early work in [9,22] (see e.g [14,23,46] for reviews). We will
be able to take inspiration from the approach developed in [14,15,58] using
conjunctions and implications from a topos perspective. More generally, we
could replace the traditional [0, 1] interval by any lattice L, thus opening the
way towards bipolar information (positive as preferences, arguments, observa-
tions, and negative as constraints, attacks, etc.). This could find applications
in preference-based reasoning, argumentation, spatial reasoning, among oth-
ers.

Pretopos structures. There are spatial structures which are not toposes
but only pretoposes. The most emblematic example is the category of compact
Hausdorff spaces. Now the properties of pretoposes (exactness and extensivity)
make them a very set-like category. Among others, they have an internal logic.
The difficulty for extending our work to such structures will be to see how to
get around the absence of the power object, a notion on which many of the
concepts presented in the paper are built.
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A Algebraization of subobjects
Let C be a topos. Let X be an object of C. Let us define the partial ordering <

on Sub(X) as follows: for all f: A>» X and g: B» X

[f1=lg] = 3h:A» B, f=goh

o4



Proposition 21. (Sub(X),<) is a bounded lattice. It is a complete lattice if
C is a complete topos (i.e. C has all limits and colimits).

Proof. Obviously, < is reflexive and transitive. To show anti-symmetry, let us
suppose that [f] < [¢g] and [¢) < [f]. This means that there exist h and h'
such that f =goh and g = f o A’ whence we have both that f = foh’oh and
g=gohoh/. We can deduce that h'oh = Idy4 and hoh'’ = Idg, and then A~ B
that is [f] = [g]. Given two elements [f] and [g] of Sub(X) with f: A » X
and ¢g : B » X, the infimum of [f] and [¢g] is [An B » A A X] which is
equivalent to [An B » B > X] (we recall that every topos has pullbacks,
and pullbacks of monics are monics), and the supremum of [f] and [g] is
[AuB » X| where Au B » X is the unique morphism, consequence of the
fact that Au B is the pushout of An B. This pushout exists because pushouts
of monics are monics in toposes. Hence, (Sub(X), <) is a lattice. Finally, it is
bounded because C is a topos, and then [@ > X] (in any topos, the unique
morphism from the initial object @ to any other object is always a monic) and
[idx ] belongs to Sub(X). These definitions of supremum and infimum extent
to any family of elements of Sub(X) when C is complete, and then, if C is
complete, then so is the lattice (Sub(X),<). O

Actually, (Sub(X), <) satisfies a stronger result, it is a Heyting algebra. This
has generated many works (initiated by Lawvere and Tierney [41]) which
establish strong connections between elementary toposes and intuitionistic
logics.

Proposition 22. (Sub(X),<) is a Heyting algebra.

Proof. Let us show first that Sub(1) where 1 is the terminal object of the
topos C is a Heyting algebra, i.e. categorically Sub(1) is finitely complete
and finitely co-complete, and it is Cartesian closed. We have seen in Propo-
sition 21 that Sub(1) is both finitely complete and finitely co-complete. Fi-
nite product is defined by the infimum of equivalence classes of monics intro-
duced in Proposition 21. It remains to show that Sub(1) has exponentials.
Let [U » 1] and [V » 1] be two subobjects of 1. As C is a topos, U and
V have an exponential VV. As 1 is terminal in C, there is a unique mor-
phism v* : VU — 1. It remains to show that the morphism v* is a monic.
Let f,g:S — VU be two morphisms. Under the (exponential) bijection, we
have that Home(S,VV) ~ Home(S x U, V'), and then we have for f and g
corresponding morphisms f,g: S xU — V. Let us suppose that v¢o f = v¥og.
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This means that f ow =gowu. But u is a monic and then f =g which implies
by bijection that f = g. We then deduce that v* is a monic, and we conclude
that Sub(1) is a Heyting algebra.

It is not difficult to show that Sub(X) =~ Subc,, (Idx) where C;x is the slice
category over X and Subc,, (Idx) is the set of subobjects of the object Idx
in the slice category C,x. By the fundamental theorem of topos theory 6 C,y
is also a topos, and then Sube,, (Idx) is a Heyting algebra (Idx is terminal
in C/x), whence we conclude under the isomorphism Sub(X) ~ Subc,, (Idx)
that Sub(X) is a Heyting algebra. O

B Logic and Internal Language in Topos

An interesting feature of toposes is that we can reason on objects and mor-
phisms of a topos “as if they were sets and functions” [38,41]. The reason is
that we can do logic in toposes. Indeed, we can define logical connectives in
toposes. Here, we recall the definition of propositional connectives {A, v, =, =}
and of constants true, false.

e By definition of subobject classifiers, we have a monomorphism true : 1 » €,
and then we also have a morphism (true,true) : 1 > Q x  which is also a
monomorphism. So, by the subobject classifier definition, A : 2 x ) — € is
its characteristic morphism.

o v:Ox — Q classifies the image of the morphism [(true, Idg), (Idq,true)] :
Q+Q - Qx€, where + denotes the co-product.

e the morphism =: QxQ — Q is the characteristic morphism of <> Qx{) where
< is the equalizer of A and the projection on the first argument p; : QxQ - Q.

e Finally, the unique morphism @ > 1 is a monomorphism. Let us denote by
false : 1 — Q its characteristic morphism. Then, —: 2 — €2 is defined as the
composite = o (Idg x false).

16 This fundamental theorem states that if C is a topos, then for every object X € [C|,
C/x is a topos (see [11] for a proof of this result).
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Consequently the power object 2 = P 1 is an internal Heyting algebra 7 and
then the logic is intuitionistic. Actually, through the bijection Sub(X x Y) ~
Home (X, PY'), for every object X in a topos C, PX is an internal Heyting
algebra. We can then define a partial order <x as an object of C such that <x
is the equalizer of A: PX x PX - PX and p; : PX x PX - PX where p; is
the projection on the first argument of couples.

For every topos C, we can define an internal language L composed of types
defined by the objects of C, from which we can define terms as follows:

true : X;

x: X where x is a variable and X is a type;

f(t):Y where f: X - Y is a morphism of C and ¢: X is a term;
<ty,...,tp> Xyx...x X, if for every i, 1 <i<n, t;: X is a term;
(t);: X;if t: Xy x ... x X, is a term;
{z:X|a}: PX if a:Q is a term;

o=71:Qif 0 and 7 are terms of the same type;
ocexT:Qif0: X and 7: PX are terms;

o=<x7:Qif o,7: PX are terms;

e @QY:Qif p:Q and ¢ : Q are terms with @ € {A,v,=};
—p:Qif p:Qis a term;

Qr.p:Qif z: X and ¢ : Q) are terms and Q € {V,3}.

Terms of type €2 are called formulas.

Semantics of terms will depend on their type. Hence, semantics of terms of type
X # Q) will be defined by morphisms, and terms of type €2 will be interpreted
as subobjects.

We say that a sequence of variables Z = (z1,...,x,) is a suitable contest for a
term or a formula if each free variable of this term or this formula occurs in
Z. Let us denote by X; the product X x ... x X, when Z = (z1,...,2,) and
each x; : X;. Then the semantics of t : X in the context Z, denoted by [[t]]z,
is a morphism from X; to X. It is defined recursively on the structure of ¢ as

17 An internal Heyting algebra in a topos is an internal lattice L, that is equipped
with two morphisms A, v : Lx L — L such that the diagrams expressing the standard
laws for A and v commute, and with top and bottom which are morphisms 1,7:1 -
L such that Ao (Idp, xT) =1Idy, and vo (Idy x 1) = Idp, together with an additional
morphism =: L x L - L which satisfies the diagrams given by the identities:

e r=>x=T
e zA(z=y)=xAryandyr(z=y)=y

e = (yrz)=(x=>y)A(z=2)
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follows:

o [[z; : Xi]lz = p; where p; : Xz — X; is the obvious projection on the i
argument;

[Lf )]z = f o [[t]]a

[<ts,..., Hi:(ﬁhﬂiw-w[ﬁnﬂi%

[():]lz = pi o [[t]]z where p; is the projection on the " argument of the
tuple;

[{z : X | a}]]z is the unique morphism r : X; - PX making the diagram
below a pullback square

R €x

[[a]](z,i)t
X x X;— 19 X« pX

The semantics of a formula ¢ : Q in the context Z, denoted by [[¢]]z, is
interpreted as a subobject of Sub(X;) and is recursively defined as follows:

[true]lz = Idx,;

e when ¢ =0 =7, then [[¢]]; equalizes [[¢]]z and [7]]z;

e when ¢ = 0 ex 7, then [[¢]]z : R » X; where R is the pullback of the
diagram

R €x
[[‘P]]il
Xo oo~ < PX

o if p=0=<x 7, then [[¢]]; : R > X; where R is the pullback of the diagram

R <x
H@Hit
Xe mopn PX xPX

o if p =1 @Q @y, then [[¢]]z = [[¢1]]lz @ [[¢2]]s, where @ is the operator in
{A,v,=} in the Heyting algebra Sub(X3);

o [-¢llz = ~x,([¢llz) where —x. ([[¢]]z) is the pseudo-complement of [¢]]z
in Sub(X3);

o [[Va.©lls = V,o([¢llz,2)) where p: X; x X - X is the projection, and V,, is
the right adjoint to the pullback functor p* : Sub(X;) — Sub(X; x X') when
the Heyting algebras Sub(X;) and Sub(X; x X) are regarded as categories.

e [[3z.¢]]z is the image of po[[¢]](s,.) Where p is the same projection as above.

Equivalently, semantics of any formula ¢ : €2 could be defined by a morphism
from X3 to Q, by interpreting ¢ as the classifying morphism of [[¢]]z.

We write C =z ¢ if [[¢]]z = [dx, (Idx, is the top element in Sub(X3;)). How-
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ever, to actually prove properties on toposes, the best way is to use the internal
logic. This internal logic is defined as for any logic by a set of inference rules
which allow us to derive true statements from other true statements. In order
to describe this better we need to introduce the notion of a sequent.
Definition 10 (Sequent). Given two formulas ¢ and 1, a sequent is an
expression of the form o vz v and means that 1 is a logical consequence of
in the context .

Note that if the sequence 2 is empty, then we will note simply + and k.

The deduction system is then defined as a sequent calculus, i.e. a set of in-
ference rules which will allow us to infer a sequent from other sequents (see
[38,43,48] for a presentation of this deduction system).

C Proofs of Section 3.2

C.1  Proof of Proposition 1 (adjunction)

Let us first recall a useful lemma.
Lemma 4.

p=tAprep
where A 4 B is a shortened notation for A+~ B and B+ A.

The result in Proposition 1 then rests on the two following propositions.
Proposition 23.

FeY <x Z o (Vo.xex Y =>xex Z)

Proof.

YxZAryzYANZ=Y
Ay ze TEXY AT Ex L = xexY
Ay zs T E€ExY > x€Ex 2
“ryz Vr.xexY =>xexZ

Proposition 24. The following statement is valid:

FVYy. yexY = (V. 2 exb(y) = x exo[b](Y))
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Proof. By using the internal logic, by both universal quantification and im-
plication rules, this amounts to prove that

yexY Ay exb(z) Fyy. xexd[b](Y)

(We use the fact that 2 €, b(y) < y ex b(z)). The existential quantifica-
tion rule combined with the definition of dilation concludes. Indeed, by the
existential quantification rule, we have

Jy. yexY Ay exb(x) by, true
and then, by introduction of hypothesis, we can write
Jy. yex Y Ay exb(x) Fye Y. yexY Ay ex b(z)
Then, by the definition of dilation, we have
Jy.yexY Ay eXB(a:) Fye T €x0[b](Y)
By using the existential quantification rule, this is equivalent to

yexY Ay exb(x) Fyy. xex d[b](Y)

Note that he opposite implication < in Proposition 24 is also valid.

It is now easy to prove the adjunction property. Its proof is substantially
similar to that above.

Proof. of Proposition 1: By definition, both dilation and erosion of any object
Y : PX define subobjects ¢[b](Y") » X and §[b](Y") » X. Dilation and erosion
both result in applications Sub(X) — Sub(X). Moreover, by proposition 24
we have that

Fy Vy.yexY = (Vo x exb(y) = z ex [b](Y))
From Proposition 23, we deduce that
Fy VY. y exY = b(y) <x 6[b](Y)
Then, we have the following equivalences:
Fyz 0[b](Y) 2x Z & Vy. yexY = b(y) <x Z

< Vy. yexY = yex e[b](Z) (definition of erosion)
<Y <xe[b](2) (Proposition 23)
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C.2  Proof of Proposition 2

Let us show the properties for erosion. Let us show first the monotonicity

property:
Fyiz Y <x Z = ¢[b](Y) =x ¢[b](Z)

We have the following implications:

Y<xZryz V. xexe[d](Y) =b(z)<Y (definition of erosion)
=b(zr)<Z (hypothesis and transitivity of <x)
=z exe[b](Z) (definition of erosion)
= ¢[b](Y) <x ¢[b](Z) (Proposition 23)

Let us show the commutativity of erosion with conjunction:

FYY.VZ. e[b](Y AZ) =€[b](Y) Ae[b](Z)
By definition of erosion, we have that

Fyz Ve, zexeb)(YAZ) o b(x)<x Y AZ
and then we have that

Fyz Ve, xexe[b](Y AZ) < b(x) <x Y Ab(z) <x Z
By definition of erosion, we can then derive that
Fyz Ve, zexe[b](Y AZ) o wexe[b](Y) Az exe[b](Z)

that is:
Fyz Vo, x exe[b](Y AZ) < xexe[b](Y) ne[b](2)

This extends to any conjunction.
Now, let us show that + [b](X) = X. By definition of erosion, we have that
FVr. xexe[b](X) < b(x) <x X
Now, by the topos properties, we have that
F V. b(z) <x X
and then, by the cut rule, we can write

V. xexe[b](X)
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from which we derive

- e[b](X) = X

To finish, let us prove the necessary and sufficient condition for anti-extensivity
of erosion, and first show that:

- (V. 7 exb(z)) = (VY. e[b](Y) 2x V)

By the rules for the implication connective and universal quantifier, this is
equivalent to prove the following statement:

V. xex b(x) y e[b](Y) =x YV
By introduction of hypothesis, we have
Va.xex b(x) Fy Ya. x exb(x)
and then, by the rule for the universal quantifier, this leads to
Ve.zexb(z) by, v exb(x)
By the thinning rule, we have
Vo .z ex b(x), vexe[b](Y) Fy. z exb(x)
Now, by the introduction of hypothesis and the definition of £[b], we have
Ve.zexb(z), xexe[b](Y) Fy. b(z) <x Y
and then by Proposition 23, we deduce
Vo.xexb(z), v exe[b](Y) Fyz v exY
By the rule for the implication, we then have
Vo, zexb(z) by, x exe[b](Y) =2 exY
which gives, by the rule for the universal quantifier:
Vre.xexb(x) Fy Vo zexe[d](Y) =>zexY
which, by Proposition 23, allows us to conclude

Vr.z Exb(x) Fy €[b](Y) xY

Let us now prove the opposite sequent: we have

VY. e[b](Y) 2x Y Fy e[b](Y) =x YV
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and then by substitution:
VY. e[b](Y) <x Y +, €[b](b(x)) <x b(x)

We have by definition +, x ex £[b](b(z)), so by thinning and finite conjunction
rules, we have:

VY. e[b](Y) <x Y +,  exe[b](b(z)) ne[b](b(x)) <x b(x)
Fe o €xb(T)

which concludes by the universal quantification rule:

VY. e[b](Y) <x Y +y Va. x ex b(x)

The proofs for dilation are substantially similar.

Let us only prove the necessary and sufficient condition for extensivity of
dilation. We have:

(V. zexb(z)) A vexY ry,xexb(z) Az exy
»—Y’wy:x/\yexlv)(:c) AyexY
Fye JY. y=zAyexh(z)AyexY

Fye 3Y. Y exb(z) AyexY
Fy. 2 €0[b](Y)

and by implication and universal quantification rules, we derive:
Ve.xexb(x) - VY. Y <x §[b](Y)
Conversely:

VY. Y <x 8[b](Y) o {2} <x 6[b]({z})
Fe 7 €x0[b]({7})
e Jy. x exb(y) Ay ex {z}
ke Jy. x ex b(x)
ke T €x b(x)

and by universal quantification:

VY. Y <x 0[b](Y) - Va. x ex b(x)

C.3  Proof of Proposition 4

e Monotonicity is derived directly from the monotonicity of €[b] and §[b].
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o Fatensivity of closing. Obviously, we have that
Ry 0[b](Y) =x 6[b](Y)
and then by the adjunction property, we can conclude that
Ry Y <x e[b](5[0](Y))
o Anti-extensivity of opening. Obviously, we have that
Ry e[b](Y) <x e[b](Y)
and then by the adjunction property, we can conclude that
Ry 0[b](e[b](Y)) =x ¥
e Preservation. By anti-extensivity of opening we have that
Ry 0[b](e[b](Y)) =x ¥
and then by monotonicity of erosion, we can conclude that
y e[b](o[b](e[0](Y))) =x e[b](Y)
To show the opposite direction, we obviously have that
Fy 0[0](e[b](Y)) =x o[b](e[b](Y))
and then by the adjunction property, we can conclude that
Ry e[b](Y) =x e[b](o[b](e[b](Y)))
The equation §[b] o e[b] 0 6[b] = 6[b] can be proved similarly.
e [dempotence. Direct consequence of the preservation properties.

C.4  Proof of Proposition 18

(=) Let us suppose that the revision operator o satisfies AGM Postulates.
Let us define the binary relation </ on Mod(v)) as follows:

M <f M ifE M e Mod(po1p) and M’ ¢ Mod(p o)

Let us set f(t) =<,= Uy, <. Let us first show that <, is a FA. Then, let us
show that the mapping f is a FA.

o Let M, M’ e Mod(y), and let us suppose that M <, M’. This means that
there exists 1 such that M </ M, i.e. M, M’ € Mod(3)), M € Mod(p o))
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and M’ ¢ Mod(po1)). Hence, we have that ¢ A1) is consistent, and then by
Postulate (G3), o1 = ¢ A1. We then have that M’ € Mod(y o 1)) which
is a contradiction.

e Let M e Mod(p) and let M’ ¢ Mod(y). We have that M <% M’ by defi-
nition of <,. Now, let us suppose that M’ <, M. This means that there
exists 1) such that M’ ﬁi M. Hence, we have that M, M’ € Mod(v),
M’ e Mod(potp) and M ¢ Mod(p o)), and then as M € Mod(y) we have
that ¢ A1 is consistent. By Postulate (G3), we then have that o1 = A,
and then M € Mod(yp o) which is a contradiction.

Let us show now that Mod(y o) = Min(Mod(1)),<,).

o Let M e Mod(p o), and let us suppose that M ¢ Min(Mod(v),<,). By
Postulate (G2), M € Mod(1). By hypothesis, there exists M’ € Mod (1))
such that M’ <, M. This means that there exists a formula § such that
M’ e Mod(pod) and M ¢ Mod(g o). By definition of the relation <¥, we
have that ¥ A 0 is consistent, and then by Postulate (G5), we can write

Mod((i9 0 9) A 8) = Mod((i2 0 8) A ) = Mod(ip o (1 7 6))

Hence, we have that M € Mod(y o §) which is a contradiction.

o Let M e Min(Mod(v),<,). Let us assume that M ¢ Mod(p o1)). Let us
suppose M’ € Mod(yp o v). By definition of <7, we have that M’ <f M,
and then M’ <, M. Now, let us suppose that M <, M’. This means that
there exists 0 such that M € Mod(yp o d) and M’ ¢ Mod(pod). But, M’ e
Mod(y) A d), and by Postulate (G5) we have that

Mod(( %) 78) = Mod((i2 0 8) ) = Mod(p o (1 A 5))

Therefore, we have that M € Mod(y o 0) which is a contradiction. Hence,
we just showed that M’ <, M which is a contradiction.

(<) Let us now suppose that for a revision operation o there exists a FA
which maps any formula ¢ to a binary relation <, satisfying the conditions of
Proposition 18. Let us prove that o satisfies the AGM Postulates.

e (G1) As v is consistent, we have that Min(Mod(v)),<,) # @, and then by
the hypothesis ¢ o is consistent.
e (G2) Let M e Mod(p o). By hypothesis, we have that

M e Min(Mod(v),<,)
and then M e Mod(1)).
e ((G3) Let us suppose that ¢ o1 is consistent.

- Let us prove that Mod(p o 1) ¢ Mod(p A ). Let M € Mod(p o ).
Hence, we have that M € Mod(v). Let us suppose that M ¢ Mod(y).
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Let M’ € Mod(y). By the definition of FA, we have that M’ <, M which
contradicts the fact that M e Min(Mod(v)), <,).

- Let us prove that Mod(e A1) € Mod(p o). Let M € Mod(p A1) be
a model such that M ¢ Mod(y o ¥). We have that M € Mod(v). By
hypothesis, there exists a model M’ € Mod(v) such that M’ <, M, and
then M ¢ Mod(yp) which is a contradiction.

e ((G4) Let us suppose that 1) = 1’. This means that Mod(v) = Mod(1)"), and
then Min(Mod(1)),<,) = Min(Mod(y'),<,). We can then conclude that
Mod(pov)=Mod(pod’).

e (G5) Let us suppose that (¢ o)) A x is consistent.

- Let us suppose that M € Mod((p o 1) A x). Let us suppose that M ¢
Min(p o (¥ A x)). This means that there exists M’ € Mod(¢) A x) such
that M’ <, M. We have then that M’ € Mod(v), and then M <, M’
which is a contradiction.

- Let us suppose that M € Mod(p o (¥ A x)). We then have that M e
Mod(y A x). Now, we have that

Min(Mod(y A x),=<,) = Min(Mod(1)),<,) n Mod(x)

and then M € Mod((p o) Ax).
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