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Abstract In what follows the reader will find an exposition of the basic, albeit not
elementary, connections between Rough Set Theory and relation algebra, topology
and algebraic logic.

Many algebraic aspects of Rough Set Theory, are known nowadays. Other are
less known, although they are important, for instance because they unveil the
“epistemological meaning” of some “unexplained” mathematical features of well-
known algebraic structures.

We shall wrap everything in a simple exposition, illustrated by many examples,
where just a few basic notions are required. Some new results will help the
connection of the topics taken into account.

Important features in Rough Set Theory will be explained by means of notions
connecting relation algebra, pre-topological and topological spaces, formal (pre)
topological systems, algebraic logic and logic.

Relation algebra provides basic tools for the definition of approximations in
general (that is, not confined to particular kind of relations). Indeed, these tools
lead to pairs of operators fulfilling Galois adjointness, whose combinations, in turn,
provide pre-topological and topological operators, which, in some cases, turn into
approximation operators.

Once one has approximation operators, rough sets can be defined. In turn, rough
set systems can be made into different logico-algebraic systems, such as Nelson
algebras, three-valued Lukasiewicz algebras, Post algebras of order three, Heyting
and co-Heyting algebras.

In addition, in the process of approximation, one has to deal with both exact
and inexact pieces of information (definable and non-definable sets). Therefore, the
concept of local validity comes into picture. It will be extensively discussed because
it links the construction of Nelson algebras from Heyting ones with the notions of a
Grothendieck topology and a Lawvere-Tierney operator.

As a side effect, we obtain an information-oriented explanation of the above
logico-algebraic constructions which usually are given on the basis of pure formal
motivations.
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The exposition will move from abstract levels (pointless) to concrete levels of
analysis.

1 Introduction: Relations, Nearness and Granulation

From a general point of view, the approximation of a set A included in a universe U
amounts to answering to the following questions:

(a) What elements of U are surely, or necessarily, in A?

(b) What elements of U are not in A but sufficiently near, or possibly, in A?

(c) What elements of U are surely outside A, that is neither necessarily nor possibly
in A, that is, are necessarily outside A?

The difference with a sharp classification is crystal clear, since a sharp classifica-
tion just provides a binary answer: either an element is inside A or it is outside of it.
Otherwise stated, there is no notion of “possible in although not surely in”. There is
no indecision, no nuances: either “Yes” or “No”.

However, classification on the basis of properties or attributes demands some
more subtle answers. Suppose an item # € U is in A while another item u’ € U is
not in A from a classical set-theoretical point of view although it fulfils properties
or attributes very close to those of u. It could be not correct to definitely exclude
that u’ belongs to the set A. Think of some dynamic situation, where all the patients
in a hospital showing at least all the symptoms as u# developed a particular disease
«a and a patient ¥’ who shows almost all the symptoms as u but has not developed
that disease. Probably it is not safe to rule out the possibility that u” will develop the
disease, too. Therefore, we would say that u” belongs to a reasonable approximation
of the set A of patients suffering from «. Such an approximation is from above,
because it enlarges the actual set A: it is possible for u’ to develop «, hence it can
belong to A in the future.

The sentence “fulfilling almost all the properties as” defines a notion of nearness.
From a mathematical point of view, “almost all” defines a preorder, that is, a
binary relation R on U which is reflexive (uRu) and transitive (u Ru’ and u’Ru”
implies uRu"): the set A of symptoms showed by patient ' is included in the set
of symptoms B of patient u. However, this preorder should be refined, because
mathematically also the empty set ¥ is included in B, which is meaningless from a
clinical point of view. Actually, the metric underlying the adverb “almost” depends
on some particular knowledge and heuristic of the experts.

But in general R could be a binary relation denoting any sort of connection
between items (or objects) which groups objects in granules of any kind. Indeed,
there are cases in which it is difficult to recognise a “rule” behind the formation
of the given granules of objects. In this case some relation R is in action, but this
relation does not have any known “nice property”.

If the set 4 (U) of the granules (subsets) of U is a covering, in many cases behind
the granulation there is a folerance relations (that is, reflexive and also symmetric:
uRu’ implies u’ Ru)—see for instance [5, 18] and [36].
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If 4(U) forms a family of open subsets of a topological space, then we can
restore from it a preorder, or a partial order (a preorder which is antisymmetric:
uRu' and u'Ru implies u = u’). In particular cases one obtains an equivalence
relation (reflexive, transitive and symmetric) which is the original situation studied
by Zdzistaw Pawlak (see [40]).

As we shall see, also the reverse constructions hold, that is, from preorders,
partial orders or equivalence relations to topological spaces with different features.

Algebraic structures induced by rough set systems, that is, the set of all rough
sets, have been widely studied since inception. Considering only some early results,
in [41] it was shown that classical rough sets form Stone algebras. In [25] rough
sets were linked to Heyting algebras. Also [8] worked on this topic. In [28] rough
set systems were proved to form semi-simple Nelson algebras, hence three-valued
Lukasiewicz algebras. This result was improved in [3], in [4] and by other authors.
Later, rough sets have been connected to other algebras of logic, such as Post
algebras of order three, Chain-based Lattices, Heyting and bi-Heyting algebras
(see [2, 32]). In [6] and [7] rough sets were embedded in the framework of
Brouwer-Zadeh lattices and Heyting Wajsberg Algebras. More recently, interesting
investigations about more general algebras linked to rough sets have been presented
(see [46]).

Situations in which instead of topologies one has to deal with pre-topologies
have been studied (see for instance [33] and [34]). Nonetheless, in a number of
cases, preorders and partial orders occur (see for instance [16]). In these lessons we
shall deal with this specific case.

From an abstract point of view topologies are Heyting algebras, which are
particular structures which model Intuitionistic Logic in the same way Boolean
Algebras model Classical Logic. Eventually, in this case rough set systems can be
made into Nelson algebras which are built from Heyting algebras defined on the
granulation.

A natural approach to rough sets is through relation algebra. We can cite as early
works: [9, 10, 29] and [11].

It follows that we have to develop our exposition in three different framework,
which will be connected each other:

Relation algebras — Topology — Algebraic logics.

From now on, the sets we shall deal with are intended to be finite. This choice does
no harm real-word application. Moreover, it avoids some complications which could
disturb a beginner’s comprehension. Many of the results are, nonetheless, applicable
to the infinite case and, if required to avoid misinterpretation, we shall point out
when this does not happen.

Since these are lessons a few results and proofs are really new, although much
of the exposition is novel. We underline with references when a result is standard
or well-known. Otherwise the theses or the proofs are new or already given in
other publications by the author. Moreover, a number of elementary examples will
be provided. These examples are connected each other to show how the topics
intertwine.
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Usually, in the meta-language, which is classical, we write, “3”, “V”, “="" “A”,

LEINT3

“v” and “=" for “exists”, “for all”, “implies”, “and”, “or”” and “non”, respectively.
However, in some cases to avoid confusion we use “&” instead of “A”.

2 Lesson 1: The Relational Framework

2.1 Binary Relations and Their Algebra

Let us formally define what we can do with binary relations.

Definition 1 Let U, U’, U” be three sets. In what follows, u™* is a dummy element
of U and u™* a dummy element of U’ (that is, they represent any element of their
domain):

1.

2.

A binary relation is a subset R C U x U’ of ordered pairs (u, u’) of elements of
Uand U’

—R = {{u,u') : (u,u’) ¢ R} is the complement of R.If R C U x U’, then
RN R and R U R’ are the usual set-theoretic operations.

. R~ denotes the converse of R: R~ := {{y,x) : (x,y) € R}. Hence, for all

ueU,u eU,{u,u)ecRiff (u',u) € R~.

. QCU xU",thenR® Q :={{u,u”) : 3 e U'({u,u’y € RA W', u") €

Q)}—the right composition of R with Q. Converse is an involution with respect
to composition: R =Rand (R® Q)" =07 Q@ R™.

IfACU,then AR :={{a,u’) :a € AAu’ € U'}is called the right cylinder of

A with respect to R. It is the relational embedding of a subset A of U in U x U’.
If B C U',then By := {(u,b) : b € B Au € U} is the left cylinder of B with
respect to R. Tt is the relational embedding of a subset B of U’ in U x U’.

We set Aj_ := (A}, the left cylinder of A with respect to R™ to have the
relational embedding of A in U’ x U and By~ := (Ry) ™, the right cylinder of
B with respect to R, which is the relational embedding of B in U’ x U.

A cylinder represents a set in the language of relations. In any ordered pair
(x,y) of a cylinder, the element y is any element of the codomain of the
relation. This is the result and meaning of a cylindrification, that now we formally
motivate.

. The operation R~ ® Ay = {(u', ™) : Ju((u,u’) € RA (u,u’™) € AY)}isa

right cylinder of type U’ x U’. Since u’* is a dummy element of U the operation
can be rephrased in terms of relations and sets, as it will be formally proved in
Lemma 5:

R(A) :={u : Ju((u,u’) € R Au € A)}. 1)
R(A) is called the left Peirce product of R and A, R-neighbourhood of A, or

the filter of A, if R is an order relation, in which case we denote it by 1 A or
TR A if necessary.
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Similarly, the operation R® B~ = {(u, u*) : Ju’((u, u’) € RAW', u*) € Bg_)}
can be rephrased in terms of relations and sets as:

R™(B) :={u: 3 ((u,u') € RAu' € B)} 2)

R~ (B) is called the left Peirce product of R~ and B (the right Peirce product of
R and B), the R~-neighbourhood of B, or the R-ideal of B, denoted also by
| Bor | g B if we need to specify the relation. For any u’ € U, u € U:

(AR)~ () = (Axg)w') = A, (BgZ)"(u) = By (u) = B. 3)
7. Given two relations R C U x U’ and Z C U x U” the relation
R— Z={( u"y:Yu(u,u') e R= (u,u") € Z)} (@)

is called the right residual of R and Z. R — Z is the largest relation K such
that R K C Z:

R®KCZ iff KSR — Z. 5)
IfRCU x U and W C U” x U’ the relation
W<«— R={",u):Vu'((u,u’y e R= W', u') ¢ W)} (6)

is called the /left residual of R and W. W <— R is the largest relation K such
that K@ R C W:

KQRCW iff KSW «—R. (7

The above operations can be depicted as follows:

U’ U
» »;
% A G
v 4 4 V /
U 7 U U W U

For any set A € U and B € U’, one has: R — Ap = {(u',u") :
Yu((u,u’) € R = (u,u™) € AR)} and R~ — B = {(u,u*)
Yu'((u',u) € R~ = (u',u*) € Bg_)}. Since the elements decorated with
are generic, one can get rid of the cylindrification and rephrase the operations in
terms of relations and sets as follows:

R— A={u :Yu({u,u') € R = u e A)) (8)
R™— B={u:Vu'(lu,u’) € R=u' € B)} )
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The above operations are fundamental to study approximations by means of
relations.

Lemma?2 Given RCU xU',ZCU xU"andW CU" xU’:

R— Z=—(R™®-2); (10)
W<«—R=—(—WQ®R). (11)
Proof
—(R"Q®-2)=—{(,u"y: u(u',u) € R~ A{u,u’) ¢ Z)}
=—{,u"y : 3u—=u',u) ¢ R~V {u,u") e Z2)}
={,u"y: =Fu—=(  u) ¢ R~V (u,u’y e Z)}
={(, u"y :Yu(u',u) ¢ R~V {u,u’y € Z)}
={@, u"y :Yu(u,u'y ¢ RV (u,u”’) € 2)}
={w, u"y :Yu(u,u'y e R = (u,u”) € Z)}
=R — 7
The other proof comes from symmetry. O

The above equations parallel the logical equivalence « = B = —(a A —)).

Definition 3 The structure (U, U’, R), with R C U x U’ will be called a relational
system. If a is in relation R with b we write (a, b) € R. Especially if R is an order
relation we also use the notation aRb. If R C U x U we shall write (U, R) instead
of (U, U, R).

Example 4 A relation R € U x U’ will be usually represented by means of
a Boolean matrix with rows labelled by the elements of U and columns by the
elements of U’. If (x,y) € R then the entry of row x, column y is 1. It is 0
otherwise. The operation — has a higher precedence than the others. Thus, for
instance, R® Q —> Z means R ® (Q —> Z).

U={a,b,c,d}, U ={a,B,y}, U " =0, ., u}, RCU XU, QCU xU".

Rapy “Rapy R~ abcd O x A
alOl a 010
a 1101 a 110
b110 b 001
B 0110 B 010
c011 c 100 1010 101
d10oo do11 7 v
R®Q Indeed, for instance, (a, «) € R and (@, A) € O, thus (a,A) € R®Q

Q. Analogously, (¢, y) € Rand (y, u) € Q, thus {(c, u) € R® Q.
On the contrary, there is no intermediate element of U’ linking d
and /. And so on.

Lo -2 Q
[
—_ = = = >
S - O =&
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Zndect R—>Zysect R®R—Zndet

al0011 10010 a 10010

Hb11110 « b 11110
B 01110

c01110 00010 ¢ 01110

d10110 4 d 10010

Therefore, RQR —> Z C Z.Forinstance, (a,t) ¢ RQR —> Z,while (a,t) € Z.
Since (a, a), (a, y) € R, in order to have (o,t) € R ® R —> Z we should have
either (o, t) or (y,t) in R —> Z. In the former case also (b,t) € RQ R — Z,
because (b, o) € R, too.But (b, ) ¢ Z.In the latter case also (c,t) € RQR — Z
because (¢, y) € R,but (c,t) ¢ Z.

AR a By
a 111
Let A = {a, b, c}. Then the right cylindrificationof Ais » 11 1
c 111
d 000
R— A7 a By
Notice that for any u’ € U’, (Ay)~ (') = A. Moreover, g ?(1) (1)
v 111
Thus, R — A = {8, v}.
By_abcd
Let B = {a, y}. The right cylindrification of Bis L
g 0000
y 1111
R™— Bg_abcd
a 1111
Then one obtains b 0000. Thus, R~ — B = {a, d}.
c 0000
d 1111

Lemma5 Given RCU XU, ZCUxU""WCU xU"ACUand BC U’:

R— Z={(@' u"y:R"W) S Z ") (12)
R— A={u': R~ () C A) (13)
R™ — W ={(u,u"): Ru) € W~ (")} (14)
R~ —> B=1{u:R(u) C B} (15)
ROW = {(u,u"): R) N W~ (u") # ¢} (16)
R~(B)={u: Ru)N B # ¥} (17)
R™®Z={(, u"y: R~W)NZ (") # 0} (18)

R(A)={u :R-W)NA%D) (19)
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Proof (12), (14), (16) and (18) come straightforwardly from the definitions. We just
prove a couple of other points.

(14)=(15): Let B € U’ and By its right cylinder. Then from (14) R~ —
Bl = {{u,u*) : R(U) € (BgZ)~ (u*)}. But from (3) (Bx_)~ (u*) = B. Since
u* is a dummy element, we can dispense with it and the cylindrification of B and
obtain (15).

(18)=(19): Let Ay be the right cylinder of a set A € U. Then from (18) R~ ®
AR = {W u™) : R~ N (AF)~w™) # @}. But from (3) (A7)~ (u"™) = A.
Thus R~ ® AL = {(u',u™) : R~ (') N A # @}. Since u™ is a dummy element,
we can dispense with it and the cylindrification of A and obtain (19). O

3 Lesson 2: The Topological Framework

3.1 Galois Adjunctions and Their Operators

Pre-topologies and topologies are definable from a particular mathematical notion
called a Galois adjunction. It is not the usual way to introduce topologies but it is
an effective one.

Definition 6 Let O = (U, R) be an ordered set and L = (U, Vv, A, 0, 1) a bounded
lattice such that forany a,b € U,aRbiffaAb=b(avb=0>b).Letp:0r— O
and 6 : L — L be two operators. Then, given any a, b € U:

* ¢ is a projection if it is (a) monotonic: a Rb implies (¢(a), (b)) € R and (b)
idempotent: ¢ (¢(a)) = ¢(a).

* aprojection operator ¢ is a closure if it is increasing: (a, ¢(a)) € R.

* A projection operator ¢ is an interior if it is decreasing: (¢(a), a) € R.

* 0 is a modal or possibility operator if it is (a) normal: 8(0) = 0 and (b) additive:
O6(avb)=06(a)Vvob).

* 0 is a co-modal or necessity operator if it is (a) co-normal: (1) = 1 and (b)
multiplicative: 8(a A b) = 6(a) N 0(D).

* A closure operator 8 on a lattice is fopological if it is modal.

* An interior operator 8 on a lattice is fopological if it is co-modal.

Now we investigate two pairs of operators which are defined by means of a binary
relation R. In the definitions of these operators (as well as of many mathematical
operators) some logic combinations recur, namely the pairs (=, A), (3, A), (V, =),
(3,V) and (v, 3). These combinations enjoy particular mathematical properties
which are inherited by the operators they define and which are introduced in the
next definition.

Definition 7 (Galois Adjunctions) Let O and O’ be two pre-ordered sets (possibly
lattices) with order <, resp. <’ and o : O —> O’ and ¢ : O’ —> O be two maps
such that forall p € O and p’ € O’

(ph<p iff p<"o(p) (20)
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then o is called the upper adjoint of ¢ and ¢ is called the lower adjoint of o. This fact
is denoted by O’ 4 O and we say that the pair {t, o) forms a Galois adjunction
or an axiality.

Remarks 3.1 The contravariant version of (20), i.e. «(p’) < p iff p' =" o(p)
is called a Galois connection and (t, o) a polarity. Galois connections from binary
relations were basically introduced in [26] and applied in Formal Concept Analysis
(FCA) in [49]. FCA and polarities are not in the scope of the chapter. Galois
adjunctions, that is, the covariant form we are dealing with, have been introduced
in classical Rough Set Theory in [17] with the name “dual Galois connections”.
Independently and in the present general setting, which is derived from Intuitionistic
Formal Spaces (see [44] and [45]), they were applied to approximation theory
in [37].

Adjoint operators enjoy interesting properties:
Facts 3.1

o preserves all existing infs (i.e. it is multiplicative), thus it is monotonic.
L preserves all existing sups (i.e. it is additive), thus it is monotonic.

o(a) V' o(b) < a(avb); d) ) <@ NDb).

ot is a closure operator on O/, 1o is an interior operator on O;

otld NV <oud) Now®d),ow@ V' b)) >ou@) VvV o),
to(aVvb)>o(a)Vio),w(anb) <iw(a) o),

loL=1; 010 =0.

NSRBI~

For the proofs of the above Facts, see for instance [37, 38] or [39].

3.2 Galois Adjunction from Relations

Definition 8 Let R € U x U’ be a binary relation, A € U, B € U’. Then we
define the following operators:

L (i) : o (U) — o (U"); (i)(A) = R(A)

— the intensional possibility of A. It is also denoted by (R™)(A).
2. {e) : p(U") > p U); (e)(B) = R~ (B)

— the extensional possibility of B. It is also denoted by (R)(B).
3. [i1:pU) — pU); lil(A) =R — A

— the intensional necessity of A. It is also denoted by [R](A).
4. [el: p(U) —> p(U); [el(B) =R~ — B

— the extensional necessity of B. It is also denoted by [R](B).
5.int: pU) — p (U); int(A) = (e)[i](A)—the interior of A.
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6. cl:pU)r— pU); cl(A) = [e](i)(A)—the closure of A.
7. %6 :pU) —> pU"); €(B) = (i)[e](B)—the co-interior of B.
8. & :p(U)— pU"); (B) = [i]{e)(B)—the co-closure of B.

The above notation and terms have the following motivations. In a relational system
(U,U’, R), U can be interpreted as a set of items or objects and U’ as a set of
properties, so that (4, u’) € R means that object u enjoys property u’. According
to this interpretation, if u’ € (i)(A), then any element of A has the possibility to
enjoy u’. On the other hand, if u’ € [i](A) then in order to enjoy u’ it is necessary
to be a member of A, although this is not a sufficient condition, since there can
be elements of A which does not enjoy u’ (to put it another way, at most all the
elements of A enjoy u). A symmetric interpretation holds for (e)(B) and [¢](B).
The terms “necessity” and “possibility” are also associated with some models for
modal logic. A Kripke model is a relational system (U, R) equipped with a forcing
relation IF between members of U and formulas, such that:

ulkOa iff Yu'(u,u’y e R = u' IF a)
ulk Qo iff ' (u,u’y € RAU IFa)

where [ is the necessity modality and ¢ the possibility. If o] = {x : x IF «}
is the domain of validity of «, then u |F Do iff u € [e]([ee])), while u F Qo iff
u € (e)([o]). Therefore, from (15) one has [e]([e]) = ([O«f) and from (17),
(e)([e]) = ([O«])-. In turn, [i] and (i) model the modality operators with respect
to the reverse relation R™~. For this reason we equate the symbols in the following

pairs: ([e], [R]), ({e), (R)), ([i], [R™]) and ({i), (R™)).

Notation We call the operators (e) and [e] constructors. If X = {x}, for any
operator op of the above definition, we shall usually write op(x) instead of op({x}).
If needed we write opr to specify the relation from which an operator op is defined.
Arelation R C U x U’ is called serial if R(u) # @, forany u € U.

From now on, if not otherwise stated given a relation R € U x U’, A will denote a
subset of the domain U and B a subset of the codomain U’.

Through the notion of a Peirce product one arrives at the notion of a granule:

Definition 9 Let R € U x U be a binary relation,u € U, A € U. The set R(u)
(i.e. (i)({u})) is called the R-granule of u and R(A) = | J{R(a) : a € A} is called
the R-granule of A.

Remarks 3.2 The above definition of R(A) is consistent with (1) of Definition 1
because the operation R(—) is additive. This can be easily proved from the very
definition of R-neighbourhoods based on the quantifier 3. However, we shall see
below that there is another more general proof.

A set of granules of U is called a granulation. More in general, granules are
subsets of U, so that they are not necessarily generated by some binary relation.
For instance, any covering is a granulation although only particular covering are
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induced by binary relations (more precisely, particular tolerance relations—see
the Introduction). Anyway, in what follows we shall deal with preorders and
equivalence relations. These kinds of binary relations induce particular features in
the above operators, which will be essential in the algebraic analysis of rough set
systems.

We list some straightforward consequences of the above definitions and
Lemma 5:

[i1(A) = {u": R~ () € A) @1
[e)(B) = {u: R(u) € B) (22)
(1)(A) = R(A) = {u' : R™ () N A #0) (23)
(e)(B) = R™(B) = {u: R(u) N B # )} (24)
int(A) = [ JIR™@) 1w’ e 1A} = | JIR™@) : R7()) € A) (25)
cl(A)={u:Ru) S RA)} ={u:Vuue R~w')= R~W)NA #0¥))}
(26)
¢(B) = JIRw) 1 u € [eJ(B)} = JIR®) : R(w) S B) 27)
(B)={u': R~') S R™(B)} = {u' : Yu(' € R(u) = R(u) N B # ¥)}
(28)

The following duality properties are easily obtained by means of the logical
equivalences -3 = V—-and ~(e A =) = o = f:

Lemma 10 (¢)(B) = —[el(—B); (i)(A) = —[i](—A)

Moreover, the operators acting on opposite directions fulfil the following adjointness
properties (see [37] and [39]):

Theorem 11 LetP = (U, U’, R) be a relational system. Then for U = (p (U’), C)
andU = (p (U), ©):

1.U Ay, 2.y Ay (29)

Proof Let A C U, B C U’. Then (1): {(e)(B) C Aiffforall y € B, {e)(y) C A, iff
forally € Bif xRy thenx € A iffforally € B,y € [i](A), iff B C [i](A). (2):
By symmetry. O

Remarks 3.3 One can verify that all the above operators are isotonic. Moreover, 3
and V are, from the position of the sub-formula “y € B” and “x € A” in their
definitions, respectively lower and upper adjoints to the pre-image f~! : p (¥) —
g (X) of afunction f : X —— Y. Thatis,forall A C X, B C Y onehas37(A) C B
iff A C f7'(B)and B C V/(A)iff f~1(B) € A, where 37(A) = {b € B :
Jda(f(a) = bAra € A)yandVs(A) = {b € B : Va(f(a) = b = a € A)}.
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Finally, the operators (e) has the logical structure A, while the operators [e] has
the structure V => and we shall see that A is lower adjoint to =. Therefore, since
“e” (i.e. R-based) and “i” (i.e. R -based) operators act in opposite directions, the
preceding result comes as no surprise.'

Remarks 3.4 From (5) it follows that ® is lower adjoint to — with respect to the
ordered set (Z(U, U"), C), where Z(U,U’) = {R : R C U x U’}. Therefore, ® is
additive and from point 6 of Definition 1, R( ) is additive, too. From this observation
and Definition 8 one obtains another proof of Theorem 11.

Corollary 12 Let (U, U’, R) be a relational system. Then for any X, Y belonging
to the due domain:

1) = U’; [el(U") = U; [o](¥) = @ if the relation is serial.

(8)(@) = 0; {e)(U") = U if R is serial; (i)(U) = U’ if R~ is serial.
() (XUY) = (8)(X) U (e)(Y).
[o]
(o)

— ~

o](XNY)=[e](X)N[e](Y).
) (X NY) C (o)(X) N (o)(Y).
[e](XUY) 2 [e](X) U [e](Y).
int(X) C X C cl(X).
Y)Y CAY).

—

PO NS NN~

Proof (1) and (2) are trivial. (3) Because (o) constructors are lower adjoints. (4)
Because [e] constructors are upper adjoints. (5) and (6) can be proved in many a
way which are worth mentioning: (a) Straightforwardly from point 3 of Facts 3.1.
(b) Using the distributive properties of quantifiers. For instance one has VxA(x) Vv
VxB(x) = Vx(A(x) V B(x)), but not the opposite. Incidentally, this proves that
Y cannot have an upper adjoint, otherwise it should be additive. (c) A € X or
A C Y implies A € X U Y but not the other way around. Also (7) can be proved
in many a way: (a) straightforwardly from 5 of Facts 3.1; (b) from (25) and (26)
one trivially obtains int(X) € X and, respectively, X C c/(X); (c) by adjointness
(e)([i1(X)) € X iff [i](X) € [[](X) and X < [e]((i)(X)) iff (i)(X) S (i)(X); but
the rightmost inequalities are tautologies. (8) is obtained by symmetry. O

Thus, if U = U’ and R and R~ are serial, [¢] and (e) are co-modal, respectively
modal, operators on (g (U), C), but in general (e) are not increasing and [e] are not
decreasing. Therefore they are not interiors, respectively, closures.

Vice-versa, o7 and cl are closure operators, while ¢ and int are interior operators
on {gp (U"), C), respectively (g (U), C). However, they are not modal, respectively
co-modal. Indeed, as like as topological interior operators, int and % are not
additive, because the internal constructors [e] are not, but they are not multiplicative
either, because the external constructors (e) are not. Symmetrically, ¢/ and & are
neither additive nor multiplicative. We call them pretopological.

1Often, a lower adjoint is called “left adjoint” and an upper adjoint is called “right adjoint”. We
avoid the terms “right” and “left” because they could make confusion with the position of the
arguments of the operations on binary relations.
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However, it is worth noticing that u € [e](B) iff R(u) € B, thatis, if there exists
an R-neighbourhood of u included in B, so that [e](B) is similar to the topological
definition of an open set. In turn, u € (e)(B) iff R(u) N B # @, that is, if all
the R-neighbourhoods of u have non void intersection with B, since R(u) is the
least R-neighbourhood of u. Therefore, we are close to the definition of topological
operators. We achieve the goal if the properties of [e] and (e) join those of ¢ and
int, respectively .7 and cl.

We sum up the previous results in the following table:

Modal constructors Pre-topological operators

[el(B) = {u: R(u) € B} %(B) = J{R@) : R(u) S B}
[1(A) ={u' : R~@') C A} int(A) =R~ () : R~ (') C A}
(eY(By={u:uec R (B)} (B)={u':R"(u)C R (B)}
(i(Y(A)={u":u" € R(A)}  cl(A) ={u: Ru) S R(A))}

Example 13 U ={a,b,c,d},U" = {a, B, v}

li1({a}) = @, [i]({a, b, c}) = {B. v}, (i)({a}) = {a, ¥},

R

o g T leldah = (d) el (e B) = {b.d}, (e} (@) = {a, b, d),
110 int({c,d}) =@, int({a, c,d}) = {a, c},

o1 cllah =la.d)cl(d) = ().

Sloo  AUeh=la) (o B = o By).

¢ ({a}) = {a}, €({a, B}) = {a, B}.

Given R C U x U’, for any operator op € {[e], [i], {e), (i), cl, int,C, o/} we set
Sop(D) = {(op(X) : X € dom(op)}, where D is U or U’ according to the operator.
Then we can define the following lattices:

Definition 14 Let (U, U’, R) be a relational system. Then:

Li(U) = (SipU), AU, 0, U’), where /\ie[ X = Cg(ﬂzel X )
. Lin(U) = (SiipU), N, v, B, U"), where \/;.; Xi = o (U;<; Xi

Ly (U") = (S(ey(U"), A, U, B, U), where \;c; X _znt(ﬂlelX)
. LigU') = (S[e U, N, v,8,U), where \/;.; Xi = cl(U;e; Xi)
Lin (U) = (Sint(U), A, U, 8, U), where N\;c; Xi = int(();e; Xi)
La(U) = (Sa(U),N, v, @, U), where ;o Xi = cl(U;e; Xi)
.LyU)=8SxUN, N, Vv, 8,U), where \/;.; Xi = o (J;c; X
. Le(U) = (SeU), A, U8, U"), where \;c; Xi = € (ies X)

PN U R W

Proposition 15 The structures Lo, (D) of Definition 14 are complete lattices.

Proof The proof for L;,;(U), L (U), L/ (U) and Ly (U) can be found in section
1.4 of [39]. As for L(;,(U) we have to prove that given (i)(X) and (i)(Y),
(i) (X)NENY)) —lnf{ )(X), (i) (Y)}. Thatis: (a) €' (()(X)N(i)(Y)) € (i))(X)
and Z°((i)(X) N (i)(Y)) € (i)(Y), and (b) if (i)(Z) < (i)(X) and (i)(Z) < (i)(Y),
then (i)(Z) C € ({(i)}(X)N{i)(Y)). But (a) is obvious because C ({i )(X) N{i)(Y)) C
@) (X) N {E)(Y) and (i)(X) N ({)(Y) is included both in (i)(X) and (i)(Y). As to
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(b) CHX) N EYY)) = @el(@)(X) N @) (X)) = (@) [el@)(X) N [el{i)(T)).
Suppose (i)(Z) € (i)(X) and (i)(Z) < (i)(Y). Then for adjunction, Z C [e](i)(X)
and Z C [e](i)(Y), so that Z < ([e](i)(X) N [e]{i)(Y). Therefore, by isotonicity
(i)(Z) < (i)([el(i)(X) N [e]l(i)(Y)). The proof for Lf;; comes from duality and by
symmetry we obtain the proof for Lj.; and L. O

From the definitions above it follows that the lattice order of Ly, (D) is inherited
from (S,, (D), ).

Lemma 16 Let P = (U, U’, R) be a relational system. Then for all A C U, B C
U':

AeS(U)iff A= (e)(B), AcSyU)iff A=I[el(B’), for some B C U’
BeS,U)iff B=1T[il(A"), BeSxU")iff B= (i)(A"), forsome A’ C U

Proof If A = (e)(B’) then A = {e)[i]{e)(B’), from point 7 of Facts 3.1. Therefore,
by definition of int, A = int({e)(B’")) = int(A). Vice-versa, if A = int(A), then
A = (e)[i](A). Hence, A = (e)(B’) for B’ = [i](A). The other cases are proved in
the same way, by exploiting the appropriate equations of point 7 of Facts 3.1. O

Corollary 17 (See [39]) Let P = (U, U’, R) be a relational system. Then,

e) is an isomorphism between Lo/ (U') and Liy; (U);

i] is an isomorphism between L, (U) and Ly (U’);

e] is an isomorphism between Lo (U') and L (U);

i) is an isomorphism between L (U) and Ly (U').

the set-theoretic complementation is an anti-isomorphism between L. (U) and
Lin: (U) and between Ly (U') and L o (U').

(
[
[
(

SR N~

Proof Let us notice that the proof for an operator requires the proof for its adjoint

operator. Then, let us prove points (1) and (2) together. First, let us prove bijection

for (e) and [i]. From Lemma 16 the codomain of (e) is S;;; (U) and the codomain

of [i]is S,7(U"). Moreover, for all A € S;,;(U), A = {(e)[i](A) and for all B €

S/ (U"), B = [i]{e)(B). From the adjunction properties we have:

(i) (e) is surjective onto S;,;(U) and (ii) [{] is injective from S;,; (U).

(iii) {e) is injective from S (U’) and (iv) [i] is surjective onto S o/ (U").

Moreover, if [i] is restricted to S;,;(U), then its codomain is the set H = {B :

B = [i](A) A A € S;,;;(U)}. Clearly, H C S/(U’). In turn, if (e) is restricted

to S,/ (U’), then its codomain is the set K = {A : A = {e)(B) A B € S (U")}.

Clearly K C S;;;; (U). Therefore, (i) and (iii) give that (e} is bijective if restricted to

Sz (U"), while (ii) and (iv) give that [i] is a bijection whenever restricted to S;,; (U).

Now it is to show that (e) and [i] preserve joins and meets. For (e) we proceed

as follows: (v) (e)('\/l(xz%(Y,-))) = <e>(~0{(.UI(~Q{(Yi))))- But (e)o/ = (e), from
1 1

point 7 of Facts 3.1.EMoreover, (e) distributeg over unions. Hence the right side of

(v) equals to | {e)(«7(Y;)). But in view of Theorem 15, the union of extensional
iel

open subsets is open and from Lemma 16 (e) (<7 (Y;)) belongs to S;,;(U) indeed,

so that the right side of (v) turns into int (| (e)(</(¥;))) = (e} (¥})). (Vi)

iel iel
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(eY( «(Y:)) = {(e)(([il{e)(¥;)). Since [i] distributes over intersections, the

iel iel
right side of (vi) turns into (e)[{]1([){e)(¥;)) = int([\{e)}(Y:)). But (¢} = (e),
iel iel
so that the last term is exactly A (e)(<7(Y;)). Since [i] is the inverse of (e), qua
iel
isomorphism, we have that [i] preserves meets and joins, too.
As to (3) and (4) the results come by symmetry. Finally, (5) is trivial. |

Corollary 18 For any binary relation R, Li)(U) = L (U), L) (U) = Lin (U),
L) (U) = Lg(U'), Lin(U) = Ly (U").

Example 19 Example 13 continued.

Li(U) = La(U) L) = Lz{(U/) Loy (U) = Lin (U)
LU

NN N D
o/ \/ \/

Thus, so far we have seen how binary relations induce modal and pretopological
operators. However, if U = U’ and R is a preorder the operators and constructors
gain the topological properties. To prove that, first we show that if R is a preorder
then int and [i] coincide. At this point, since int is an interior operator and [7] is
comodal, we immediately obtain that int (aka [i]) is topological (see Definition 6).
By duality the same can be proved of ¢/ (aka (i)) and by symmetry for € (i.e. [e])
and &7 (i.e. {(e)).

However, we shall complete the proof in a more specific manner, this time with
a focus on the opposite direction: it will be proved that if R is a preorder, then %
(thus [e]) is the interior operator of a particular topology induced by R. Therefore,
now we enter the topological framework.

3.3 Topologies and Relations

Definition 20 Let U be a set. Then:

e Let Q(U) be a distributive lattice of subsets of U which is bounded by U and ¢
and is closed under infinite unions and finite intersections. Then Q (U) is called
a topology on U, its elements open sets and T(U) = (U, Q(U)) a topological
space.

o I(X) = {4 € QU) : A C X} is called the interior of X and I the interior
operator of T(U).
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e CX)={x:VAeQWU)(x € A= AN X # ()} is called the closure of X and
C the closure operator of T(U). We put I'(U) = {C(X) : X € U}—the set of
closed sets of T (U).

Facts 3.2 From the above definitions it follows that:

e QU)={X:XCUANIX)=X}={I(X): X CU}.

e I(X) =-C(—X)and C(X) = -I(—X), any X C U.

s TW)={-A:AcQU)}and QU)={-A: AeT"'(U)}.

* The inner logical structure of the operator 1 is (Y =). Indeed x € 1(X) iff there
exists A € Q(U) containing x such thatVy(y € A = y € B).

o The inner logical structure of the operator C is (AN). Indeed, x € C(X) iff for
all A € Q(U) containing x, Iz(x € A A z € X).

Let now R be a binary relation on a set U, which is assumed to be at most countable.
From now on we set P := (U, R). If R is a preorder, then the family of granules
Br(U) = {R(u) : u € U} is a basis of a topology on U (that is, any open set
of the topology is given by the union of a family, possibly empty, of elements of
Br(U)). This topology is called an Alexandrov topology. In this kind of topologies,
R(A) is an open set, for any A C U because the operator R(—) is additive, i.e.
R(A)U R(B) = R(A U B). We denote with Qg (U) the family {R(A) : A C U} of
open subsets of the topology and by Iz and Cr its interior and, respectively, closure
operators.

In Alexandrov spaces the intersection of any family of open sets is open and
each point has a least open neighbourhood (indeed the basis Br(U) provides these
least open neighbourhoods). Moreover, in any topological space, a specialisation
preorder < can be defined as follows: x < y iff for all open set O if x € O then
y € O. An Alexandrov topology Qg (U) is such that its specialisation preorder and
R coincide.

Remarks 3.5 The definition of a specialisation preorder can be rephrased using the
interior operator I: x < y iff forall A € U, x € I(A) implies y € I(A). Indeed,
given a set X it can be proved that a preorder can be defined by means of any
monadic operator © on & (X) as follows:

X <o Yiff VA C X, x € O(A) = y € O(A).

The relation < is a preorder: clearly it is reflexive because by substituting x
for y we obtain a tautology, and it is transitive, because implication is transitive
and the universal quantifier distributes over implications. Thus we can call < the
specialisation preorder induced by ©.

If we denote by I the interior operator of an Alexandrov topology 2 induced by
apreorder R, we have R ==p, and Qp = QSHR . However, there can be Alexandrov
topologies 2z (U) induced by bases Bg(U) such that R is not a preorder, so that
R #=p, but Qg = QSHR , all the same. We shall illustrate this delicate issue in order
to avoid some traps. Moreover, to our knowledge this topic has not been treated
before.

Lemma 21 Let (U, R) be a relational space. Then¥u € U, u € [i](R™ (u)).
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Proof Trivially,u € [i](R™(u)) iff R~ (1) € R (u). |

Theorem 22 Let (U, R) be a relational space. Then for all A C U,int(A) =
[i1(A) if and only if R is a preorder:

Proof

A) If 3A C U such that int(A) # [i](A) then R is not a preorder (either
reflexivity or transitivity fail). Proof. The antecedent holds in two cases: (i)
dx € [i](A), x ¢ int(A); (11) Ix € int(A), x ¢ [i](A). In case (i) from (25) one
has that Vy € [i](A),x ¢ R~ (y). In particular, x ¢ R~ (x), so that reflexivity
fails. In case (ii) y € [i](A) such that x € R~ (y). Therefore, since y € [i](A),
from (21) x must belong to A. Moreover, it must exists z ¢ A, (z,x) € R,
otherwise x € [i](A). Since (x, y) € R, if R were transitive, (z, y) € R, so that
y ¢ [i]1(A). Contradiction.

B) If R is not a preorder, then 3A C U, int(A) # [i](A). Proof. (i) Take A =
R~ (x). From Lemma 21, x € [i](R(x)). Suppose R is not reflexive with
(x,x) ¢ R. Thusx ¢ R~ (x). Hence, it cannot exists an y such that x € R~ (y)
and R~ (y) € R~ (x). So, x ¢ int (R~ (x)). (ii) Suppose transitivity fails, with
(x,v),(v,z) € R,{x,z) ¢ R. From Lemma 21, z € [i](R7(z)), but y ¢
[[1(R~(2)), because x € R~ (y) while x ¢ R~ (z) so that R~ (y) g R~ (2).On
the contrary, y € R~ (z) and R~ (z) € R~ (2). Therefore, y € int (R~ (z)). We
conclude that int (R~ (2)) # [i]1(R™(2)).

O

We write op = op' if for all elements X of their domain op(X) = op’(X).

Corollary 23 In a relational space (U, R), the following are equivalent: (i) R is a
preorder, (ii) € = [e), (iii) int = [i], (iv) cl = (i), (v) & = {e).

Proof (1)< (iii) is Theorem 22, (ii)<> (iv) by duality and the other equivalences by
symmetry. O

Corollary 24 Given a relational space (U, R), if R is a preorder, then int, [i], €
and [e] are topological interior operators; cl, (i), o/, (e) are topological closure
operators.

The converse of Corollary 24 holds just partially:

Corollary 25 Let (U, R) be a SRS. If [e] and (e) are topological interior, respec-
tively closure, operators, then R is a preorder.

The proof follows from Corollary 23. However, the converse of Corollary 24 does
not hold for int, cl, &/ and € as the following example illustrates and Theorem 30
will prove:

Example 26

U={v,a,b,b,c}, and BR(U) = {{a}, {b, b'}, {a, c}, U}
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Rvabb c R is neither reflexive (e.g. (v, v) ¢ R) nor transitive (e.g. (b, ¢) €
00110 R and (c, v) € R, but (b, v) ¢ R). Therefore, it is not a preorder.
201000 Indeed, from the lattices below one verifies that the equalities of
0100 1 Corollary 23 do not hold. However, in these lattices inf = N
and sup = U. Therefore, they are bounded distributive, hence

5’01001 topologies
c11111 POTOBIES:
U U
L) \ L (U) L (U) ‘ La(U)

U
{a,b, b, c} {v,a,b, b’} @b b//} {\b b.o)
a, b, , C v, 0, ,C
RN /N N
> b, b b, b
{a,c} {a,b, b’} {a, } {a, v} b,V c) (v, ¢}

NN \/\ NS

{a} {b.b'} {a} {c}

NS \ / L) | Lin)
)

7

Albeit obvious, it is worth pointing out that if L,, =

/ AN L,y the equality is related to the entire lattice
(v, a,c) (v, b, ¥, ¢} which the operators output, not to the operators.
NN For instance {(i)({v}) = {b,b'} # 0 = F({v}),
(v, ¢} (v, b, b} (ey{v}) = A{c} #0 = int({v}), [e]l({v, a}) = {a} #
N4 {v,a} = cl({v}) and [[1({v, &', c}) = {v,b, D'} #
) {v.0,b', ¢} = ({v,b,b'}).
LyW) | L@
0

Remarks 3.6 Corollary 24 amends point (iv) of Corollary 1 of [35] and point (ii)
of Facts 3 of [36], which state also the converse implication, erroneously. However,
one can state that if {R(A) : A C U} is a topology, then (U, R) is a renaming of the
elements of a preorder (U’, R). To see this, we need some results about the duality
between topologies 2z (U) from preorders R and the specialisation preorder <.

Lemma 27 IfR C X x X is transitive, thenVx,y € X, (x, y) € R implies R(y) €
R(x). If R is reflexive, then R(y) C R(x) implies (x,y) € R.

Proof Suppose (x,y) € R and z € R(y). Then (y,z) € R and by transitivity
(x,z) € Rsothat z € R(x). Thus, R(y) € R(x). Vice-versa, if R(y) € R(x) then
for all a, (y,a) € R implies (x,a) € R. In particular (y, y) € R by reflexivity.
Hence (x, y) € R. O

Theorem 28 Let (U, R) be a relational system such that R is preorder. Then the
specialization preorder induced by [i] coincides with R~ and that induced by |[e]
coincides with R.
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Proof If x <p;j y thenforall A C X, x € [i](A) implies y € [i](A). Therefore,
R~ (x) € A implies R~ (y) € A, all A. In particular, R~ (x) € R (x) implies
R~ (y) € R (x). But the antecedent is true, so the consequence must be true,
too, so that R~ (y) € R~ (x). Since R is reflexive, so is R~ and from Lemma 27,
(x,y) € R~ . The opposite implication is proved analogously by transitivity. The
thesis for [e] and R is a trivial consequence. O

Corollary 29 Let Gr be the operator induced by a preorder (U, R). Then Ep is the
interior operator Ig of the Alexandrov topology induced by R.

Proof If R is a preorder then from Corollary 23, g = [e]. Therefore, from
Theorem 28, the specialisation preorder induced by % coincides with R which, in
turn, coincides with the specialisation preorder of the Alexandrov topology induced
by R. O

Obviously, if R is symmetric (as in equivalence relations), then R = R, with all
the simplifications due to this fact which operates for standard Rough Set Theory.
Now we prove that ¥ of Example 26 is a topological interior operator, that is,
multiplicative. The proof is based on the following fact:

Theorem 30 Let L = (L, A, V) be a lattice and © an interior operator on L such
that ©(a) A ©(b) = O(a A b) and Lo = {O(x) : x € L} is a sublattice of L. Then
O is multiplicative.

Proof Since L is a sublattice of L, for all x,y € L, ©(x) A ©(y) = O(z) for
some z € L. Since O(x) < x and O(y) < y, ©(x) A ©(¥) < x A y. Therefore,
®(z) < x Ay so that from isotonicity and idempotency of ©® we obtain ©(z) = ©©
(z) < ©(x Ay). To prove multiplicativity of © we then just need ®(z) > O(x A y),
which is given by hypothesis. O

L, (U) is a sublattice of g (U), therefore, in L, (U), inf = N and € fulfils
the hypotheses of the theorem. So we obtain that for any X, Y C U, €x(X) N
Cr(Y) =Fr(XNY).2

Let R € U x U be such that % is a topological interior operator. Then Lq,
is a distributive lattice, hence a topology Qg (U). Let <¢, be the specialisation
preorder induced by %k. It is possible to prove that the interior operator ]I(ng
and %R coincide and that there is a transformation from R to =,- Moreover,
this transformation is given by the operation —>. However, this topic and its
mathematical connections are still under investigation.

Example 31 The specialisation preorder <¢ induced by the lattice Ly (U) of
Example 26 is the one given in Example 34 below.

2A direct proof of point 6 of Facts 3.1 runs as follows. Let x € (X NY). Therefore, 3y, x € R(y)
and R(y) € X NY. It follows that R(y) € X and R(y) C Y, so that x € €x(X) and x € Cr(Y)
which amounts to x € € (X) N Er(Y). Therefore, €r(X NY) C €r(X) NEr(Y).
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3.4 Approximation and Topology

In view of the notions introduced so far, the above three questions can be given
precise mathematical answers. Let A € U, R € U x U a “nearness relation” of any
kind, and x € U:

1. x is in necessarily in A if all the elements R-near x are in A. Since u is R-near x
if u € R(x), we obtain that x is necessarily in A if R(x) C A. Let us set:

(IR)(A) = {x : R(x) € A} (30)

It is easy to see that for any x € U, {R(X) : x € R(X)} is a neighbourhood
system, so that if R is a preorder x € (/R)(A) if there is an open set of Qg (U)
containing x and included in A.

2. x is possibly in A if there is some element R-near x which is in A. Thus, x is
possibly in A if R(x) N A # (. Let us set:

@R)(A) = {x : R(x) N A # () (31)

If R is a preorder, R(x) is the least open set containing x, so that the previous
condition implies that all open sets containing x has non void intersections
with A.

3. Finally, x is necessarily outside A if x € —(#R)(A), thatis, if R(x) C —A, i.e.
x € (IR)(—A).

Theorem 32 Given a relational space (U, R),
(@) UR)(A) = [e]r(A). (ii) mwR)(A) = (e)r(A). (32)

Proof (i) From (22) and (30). (ii) From (24) and (31). O

Therefore all the previous results about the extensional constructors apply to the
approximation operators.

Definition 33 Given a relational space (U, R) and A C U:

1. (IR)(A) is called the lower approximation of A.
2. (uR)(A) is called the upper approximation of A.
3. (U, (IR)) is called an approximation space and is denoted with AS(U/R).

In view of Lemma 10, (U, (/R)) is enough to define an approximation space.
If R is a preorder we identify AS(U/R) with the Alexandrov topological space
(U, Qr(U)), and we have the following correspondences:

¢ (IR)(A) is the interior Ig(A) of A,

e (uR)(A) is the closure CR(A) of A,

e (bR)(A) = (uR)(A) N —(IR)(A) is the boundary Br(A) of A,

* (eR)(A) = —(uR)(A) = (IR)(—A) is the exterior of A, denoted by Eg(A).



Lessons on the Topology and Algebra of Rough Sets 357

The usual topological transformations via the complement hold trivially:
—(R)(A) = uR)(—A), hence —(uR)(A) = (IR)(—A).

The reader is invited to pay attention that, for instance, (bR)(A) is a notion which
applies to any R, while Bg (A) works just if R is a preorder, and so on.

Example 34 U = {v,a, b, b’, c}

R(a) = {a}
a P=(UR) RO — (0.l
Rjvabb c RW) = {v,a, b, ¢}
V11111 / ,
bl00O1 10 A=1{b,b',c}
plo0o110 (IR)(A) = {b, b}
clo1oo1 ; WR)(A) = (v, b, b, ¢}

Remarks 3.7 1t is worth noticing that, provided R is a preorder:

(IR)(A) = {x : R(x) € A} (33)
=JR() : R) € A} = [ JIR(X) : RX) € A) (34)
=U{o e Qr(U): O C A). (35

Formula (33) can be used to define lower approximations on the basis of any binary
relation R. However, this formula does not guarantee a proper lower approximation,
that is, less than or equal to the set to be approximated and, dually, R does not
guarantee a proper upper approximation. For instance, if R is not reflexive and x ¢
R(x), then x € (IR)(R(x)), trivially, so that (/ R)(R(x)) € R(x). Even worst, if
R(x) = @, then for any set A, x belongs to (IR)(A), according to (33), while it
does not belong to (#R)(A). An odd situation: x necessarily belongs to A but not
possibly.

Formula (34) serves the same purpose and by definition the resulting lower
approximation is proper. But (33) coincides with (34) only if R is at least a preorder.
Indeed, ifa € (IR)(A) then R(a) € A. Butby reflexivity of R, a € R(A). It follows
thata € [ J{R(x) : R(x) € A} and we can conclude (IR)(A) C [ J{R(x) : R(x) C
A}. Conversely, assume a € | J{R(x) : R(x) € A}. Thenforsomeb € U,a € R(b)
and R(b) € A. By transitivity, R(a) € R(b) € A, sothata € (IR)(A) and we
conclude [ J{R(x) : R(x) € A} C (IR)(A).

If R is an equivalence relation then (U, Qr(U)) is a Pawlak approximation space,
R(x) is an equivalence class, Bg(U) is a partition and any element of Qr(U) is
the union of equivalence classes so that its complement is a union of equivalence
classes, too. As a consequence, (U, Qg(U)) is a O-dimensional topological space,
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i.e. any open set is closed and vice-versa: they are clopen. In this case the upper
approximation can be defined in this way: (uR)(A) = ({0 € Qr(U) : A C O}.

If R is a preorder, then by setting [Jo]] = ((R)([e]) and [Oa] = mR)([e]) the
approximation space (U, (IR), (uR)) is a model of the modal logic S4 (or, more
precisely, if U is finite, S4.1). If R is an equivalence relation, the modelled logic is
Ss.

Geometrically we can depict this fact by embedding Q2z(U) into the powerset
© (U) which with the intersection, union and complement operators provides the
ambient Boolean algebra. Notice that one can generalise this approach by defining
a modal space as a pair (L, L’) such that L’ is embeddable in L and setting for any
aeL 0@ =|J{x:xel' &anx =x}andQ(a) =[|[{x :x e L' & avx = a},
where M, U give the lattice order of L', while A, V give the order of L, provided the
two orders are linked by some coherence property (see [12, 14]).

4 Lesson 3: The Algebraic Framework

If (U, R) is a preorder then the lattice (2g(U),N, U, d, U) can be made into a
Heyting algebra. If R is an equivalence relation, it is a Boolean algebra. Therefore,
we have to explore these notions, from a general point of view.

4.1 Heyting Algebras

Definition 35

e Astructure H = (X, A, Vv, =, =, 1, 0) is a Heyting algebraif (X, A, Vv, 1,0) is
a bounded lattice, —a = a = 0, and the following holds, for any x, a, b € X:

xAna<biff x<a=—b (36)

The operation x = y is called the relative pseudo-complementation of x with
respect to y and —x is called the pseudo-complementation of x.

* A Heyting algebra such that for any element x, =——x = x (or equivalently x Vv
—x = 1), is called a Boolean algebra.

The relative pseudo-complement x = y is the largest element of H (more
precisely, of the carrier X) whose meet with the antecedent x is less than or equal
to y. In other terms, x = y is what x needs to reach y. The relation (36) which
defines the relative pseudo-complementation may be re-written by parametrizing
the operation with the shared argument a, as follows:

Na(x) =b iff x == (b)
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From (20) it immediately appears that in a Heyting algebra A is lower adjoint to
—> and = is upper adjoint to A. Therefore, A is additive, so that due to the very
properties of adjointness Heyting algebras are distributive lattices: for all a, b and
c,can(bvcec)y=(@Ab)Vv(anc).

Notice that in Heyting algebras —(a Vv b) = —a A =b but =(a A b) > —a Vv —b,
witness the killing case —(a A —a). In Boolean algebras also the second De Morgan
law holds, because ——a = a.

The following standard results will be useful in Sect. 6.5:

Lemma 36 (Cf.[1] and [42]) In any Heyting algebra H, (1) b < a — b. (2)
= is monotonic (i.e. order preserving) in the second argument, and antitonic (i.e.
order reversing) in the first, that is a < b implies c — a < ¢ = b, and b —
c<a=canyc. 3).a <——a.(4)a = b < —-b = —a. (5) — is antitonic.
(6) —— is monotonic.

Also the following results are standard, but a glance to their proofs is worthwhile,
to see how adjunction work.

Theorem 37 In any Heyting algebra

1. —— preserves — and finite meets.
2. =(a = b) = ——a A —b.

Proof (1) The proof for = will be given in a footnote of Theorem 87. As for
meet, since —— is monotonic, =—(x A y) < ——x and =—(x A y) < ——y, therefore
——(x A'y) < =—=x A —=—y. On the other hand, =——x A ==y A =(x A y) < 0. From
adjunction one obtains =—x A——y < =(x Ay) = 0 = == (x A y). (2) Since =
is monotonic in the second argument, ~a = a =—> 0 < a = b. But — is antitonic
so that —~(a = b) < ——a. Moreover, = is antitonic in the first argument so that
b=1— b < a — b and, hence, ~(a =— b) < —b and we conclude that
—(a = b) < ——a A —b. On the other hand, since a =— b < —-b — —a and
—b A (—b = —a) < —a, one obtains that ——a A—bA(a = b) < =—aAr—a <0
so that by adjunction =—a A =b < (a = b) = 0 = —(a = b). O

4.2 Heyting Algebras from Topological Spaces

We now define Heyting algebras using the family of open subsets of a topological
space. Indeed, abstract Heyting algebras can be considered the pointless companion
of the properties of “concrete” topologies, that is open sets populated by points.
In this respect, Heyting algebra are part of Algebraic Geometry. In a sense,
Heyting algebras are obtained by “zooming-out” topological spaces, while, in turn,
topological spaces are obtained by “zooming-in” Heyting algebras. The duality
theorem provides such a zooming-in, which will be discussed in the next section.
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Definition 38 Let (U, 2(U)) be a topological space, A, B € Q(U):

1:=U (37)
0:=0 (38)
AAB:=ANB (39)
AVB:=AUB (40)
A= B:=1(-AUB) (41)
—A=A= P =1I(-A) = -C(A) 42)

Theorem 39 Q2 (U) equipped with the above operations, is a Heyting algebra.

The proof is folklore in mathematical logic (indeed, it is key to the very duality
theorem for Heyting algebras). It is easy to verify that X =— ¥ = (J{Z : ZNX C
Y}, sothat =X = J{Z: ZNX =0}.

If (U, R) is a pre-ordered space, by Qg(U) we denote three objects: (i) the
set of all order filters (or up-sets) of (U, R), (ii) the Alexandrov topology of the
topological space T(U) = (U, Qg (U)), (iii) the Heyting algebra with the operations
of Definition 38.

Example 40 Example 34 continued. The relational space (U, R) induces the fol-
lowing topological space (U, Qr(U)), a.k.a. Heyting algebra:

U
{a,b, b, c}
VRN
{a, c} {a, b, b’}
NN

{

a}
AN
0

{b, b}

/

Verify: {a, ¢} = {a} = {a, b, b'}.

—fa} = {b,b"}, —{b,b'} = {a,c}, {a} U ~{a} =
{a}U{b,b'} ={a,b,b'} C U.

The operators — and (/R)(—) are different though
formally both correspond to I—. Indeed, — applies to
elements of the algebra and not to generic subsets of
U, as (IR) does.

=I({b,b',c})) = 1 —1({b,b',c}) = 1 — {b,b'} =
{a,c} I(—={b,b',c}) = I{a,v}) = J{a}. There-
fore, =(IR)(A) # (IR)(—A). Indeed, —=(IR)(A) =
IC(—A) # I(—A) = (IR)(—A). It is immediate to
verify that the specialisation preorder < is R itself.
For instance ¢ < a because « is in all the open sets
containing c, but not the converse.
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4.3 Duality

The relationship between finite Heyting algebras H and preorders is expressed in
terms of duality. We say that an element x of a (at most countable) Heyting algebra
H is co-prime, if x = \/ X implies x € X. In other words, x is not the union
of elements different from it. Let J(H) be the set of co-prime elements of H and
JH) = (J(H), ©) where C is the reverse of the order < of H. Let Qc=(J(H)) =
{fc X : X C J(H)} be the set of all the order filters of J(H) and H(J(H)) =
(Q2c(J(H)), €). Then H and H(J(H)) are lattice isomorphic. The isomorphism ¢
is given by: p(a) = {p € J(H) : p < a} (pay attention that < is the order in H).
Moreover, J(H(J(H))) and J(H) are order isomorphic.

Notice that H is used both as an algebraic structure and a constructor of algebraic
structures.

The elements of J(H) may be thought of as “abstract points”. If the elements
of H are thought of as “properties”, then abstract points are bundles of properties
(which means that points have their properties as proxies). This interpretation is
supported mathematically. In fact, let 2 = ({0, 1}, 0 < 1) be the so called Sierpinski
frame. Let ¥ : H — 2 be a lattice homomorphism. If the elements of H are
seen as a properties, then the true kernel ¥~'(2), which is {x : ¥(x) = 1}, is a
principal filter 1< p = {x : p < x} in H and, intuitively, gathers together the
“virtual points” which fulfil the property p, for some p. If a point a fulfils a property
p, we write p = a. The element p of H which generates the filter is the least
“virtual point” fulfilling that property. Otherwise stated, p is both a property and
the representative of the “virtual points” which fulfil p itself. Therefore we can
denote this homomorphism i with 77) Under this respect, the isomorphism ¢ gains
a straightforward interpretation:

p@={peJM:aectpl={peJM:acp 'Dy={peJM):pka)

The set Zo7z2(H, 2) of all the homomorphism from H to 2 is, thus, the set of
properties representing the virtual points which fulfil them. There is a bijection
between J(H) and # o7z (H,2). Therefore we consider J(H) to be the set of
abstract points defined by H. Now the reverse order C is understood: x = y in J(H)
if and only if 1< x €1< y and from Lemma 27, if y < x in H, then 1< x Ct< y.
Actually, this is the order on Z’o72(H, 2).

Example 41 In order to appreciate the construction of abstract points through
duality, let us start with an abstract version H of the Heyting algebra of Example 40.
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H 1 & e 2 H - - o2
‘ \\A ‘ \\4
€---------- B *:’}:,:—t 1 €-—------- ) o —%1

V’[”X\’zﬁ’:’:/:/’/ // 7/[”&’5/’/

N AN
[ A > o - B :;
NS Nl

{o. .y, 1}

| HUH)
{a. B. v}
/N
o o {o. v} {o, B}
;Wam ®2) T IH) NS

B v B {a} {8}
NSNS NS

Notice, for instance, that there is no homomorphism ? because if all the elements
of 1 § were mapped on 1 and the others to 0, then _(S)(oz) =0, _8>(,B) = 0 so that
?(a VB = _8)(8) =1# _(S)(oz) \Y ?(,3) = 0. And the same happens to all the
non co-prime elements of H. The properties fulfilled by § are: ¢(§) = {p € J(H) :
p =8} ={a, B} =tc {a B}.

If H is a lattice of set (that is, a topological space), it might be the case that the
abstract points are fewer than the original points. Indeed, if two points p, p’ cannot
be separated by means of an open set (i.e. by means of a “personal” property),
the homomorphism makes them collapse onto the same abstract point. In other
words, from a topological point of view H and H(J(H)) are isomorphic but not
homeomorphic. We shall see later that the collapse of such “redundant” points is
called Ty-ification (or soberification) of the space.3

This is what can be seen in our example, indeed.

3In the infinite case there can occur a dual situation: there are not enough points to separate
properties. In this case the dual operation of Ty-ification is called spatialisation.
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Example 42 Example 13 continued.

{{a}, {a, c},{b,b'},{a,b, b, c,v}}

{a}. {a. c}. (b, 0'}}

/N

{a} Ha} a. el {{a}, {D.0"})

t s@e) AN

{a, c} {b. b} {{a}} {b. ")}

NS

{a,b, b, c,v} HJ(QrU)) )

It is evident that H(J(Qr(U)) and Qr(U) are isomorphic but the isomorphism ¢
makes the two “twin” points b and b’ collapse onto the single abstract point {b, b'}.
In fact, it maps the two-points element {b, b’} onto the singleton {{b, b'}}. In turn,
J(Qg(U)) is order isomorphic to (U/=, <), where = is defined as p = p’ iff pRp’
and p'Rp and < is the order inherited by the equivalence classes from R: [x]= <
[yl= if and only if x Ry (equivalently, one canset p = p'iff p < p’ and p’ < p,
where < is the specialisation preorder of the topological space (U, Qr(U))).

5 Rough Sets and the Algebras of Rough Set Systems

A rough set is an equivalence class on the powerset ¢ (U) modulo the equivalence
of the two approximations (!R)( ) and (uR)( ):

Definition 43 Let AS(U/R) be an approximation space, with R any binary relation
on U. Two sets A, B € g (U) are said to be rough equal, denoted A ~ B, if
(IR)(A) = (IR)(B) and (uR)(A) = uR)(B). A rough set is an equivalence class
modulo ~. The rough set of a set A is denoted as [A]~.

Since the two approximations uniquely define a rough set, given any subset A of U,
[A]~ can be represented in the following ways (see Definition 33):

Definition 44 Let AS(U/R) be an approximation space and A C U.

(IR)(A), (uR)(A))—increasing representation—I cr(A)
uR)(A), (IR)(A))—decreasing representation—Dcr(A)
(IR)(A), (eR)(A))—disjoint representation—Dsj (A)
(IR)(A), (bR)(A))—Dboundary representation—Bdr (A)

o~ o~~~

1.
2.
3.
4.

Let us focus our attention on the decreasing and disjoint representations:
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Definition 45 Let AS(U/R) be an approximation space. Then we set:

Dsj(AS(U/R)) = {(({R)(A), (eR)(A)) : A C U} (43)
Dcr(AS(U/R)) = {((uR)(A), (IR)(A)) : A € U} (44)

The above representations are interchangeable. For instance, the following functions
link decreasing represented and disjoint represented rough sets:

p : Dsj(A) —> Dcr(A); p({a1, a2)) = (—az, a1) (45)
" Der(A) — Dsj(A); p~ (a1, a2)) = (a2, —a1) (46)

The justification of these functions are straightforward. For instance, p oper-
ates as follows given a; = Ir(X) and @ = —Cpr(X) for some X C U:
p({Ir(X), —Cr(X)) = (=Cr(X),Ir(X)) = (Cr(X),Ir(X)), which is the
decreasing representation of the rough set of X.

Notation In view of the above discussion, if R is a preorder from now on the
approximation space AS(U/R) will be considered a topological space and identified
with its topology Qg(U). The system of rough sets from this space in disjoint
representation will be denote by Dsj(2gr(U)) and in decreasing representation by
Dcr(QQr(U)).

Example 46 Continued from Example 34 where A = {b, b/, ¢}:

o Icr(A) = ({b,b'}, {b, b, c,v}) @ Dcr(A) = ({b, b/, c, v}, {b, b'})
* Dsj(A) = ({b,b'}, {a}) e Bdr(A) = ({b,b'}. {c, v})

Below we depict the entire rough set system, in disjoint and in decreasing
representation induced by the approximation space AS(U/R) which is depicted in
Example 40 and we identify with the topology Qg (U).

(U, 9) Dsj(Qr(U)) (U, U) Dcr(Qr(U))
| |
Ha, b, b, c}, ) (U, {a,b, V', c})
VRN /N
({a, c}. 9) ({a, b, b}, 0) (U, {a,c}) (U {a,b,b'})
/ NN / AN N
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The following table shows the Dsj image of g (U). If only b is in a set X then the
corresponding set with 4’ is omitted (for instance, ({c, v, b} stays also for {c, v, b'}).
First Dsj (@) = (@, U), Dsj(U) = (U, ¥). Then:

X {v} {c}. {e, v} {a}. {a, v} la. c}. {a, c, v}
Dsj(X) (8. {a.b,b',c}) (9. {a.b,b"}) (a}, {b. b)) ({a, c}, {0, 0})

X (b, {b, v} {c,v,b}, {c, b} {a, b}, {a, v, b} {a,c, v, b}, {a,c,b)
Dsj(X)  (#.{a.c}) @, {a}) ({a}, 9) (a, c}, ¥)

X (b V), (b, V) (b, B ) (b b v ¢} {a, b b Y, {a, b, b v} {a, b, b c)
Dsj(X) ({b, '} {a,c}) ({6, 0"}, {a}) (ta, b, b}, 0) (ta, b, b, c}. 0)

The reader can verify that Dcr(Q2g(U)) = p(Dsj (2 (U)).
For instance, p ({{a}, {b, b'}) = (—{b, b'}, {a}) = {{v, a, ¢}, {a}).

Any ordered pair of Dcr(Q2g(U)) has a closed set of (U, Qr(U)) as first element
and an open set as second, which is included in the closed set. Closed sets are
order-ideals in (U, R), while open sets are order-filters. Notice that any open set
of (U, Qr(U)) is a closed set in (U, Qg- (U)), and vice-versa.

Now we have to pay attention to a basic fact. The ordered pair ({v, a, c}, ?) is
made of the above ingredient, namely, decreasing elements of Qg(U). Still it is
not the representation of any rough set. Indeed, assume {v, a,c} = (uR)(X) and
# = (IR)(X), for some subset X of U. Since a € (uR)(X), R(a) N X # (. But
R(a) = {a}, so that @ € X. Therefore, R(a) € X and we conclude that a €
(IR)(X), which contradicts the assumption (/R)(X) = .

In turn, the ordered pairs of Dsj(Q2r(U)) are made of disjoint open sets.
However, the disjoint ordered pair ({b, b'}, @}) is made of these ingredients, but it
is not a rough set. Indeed, if the second element, ¢, is the complement of the upper
approximation (i.e. closure) of a set X, then this upper approximation is U, so that
a belongs to it. Hence, from the previous reasoning one obtains that a should be in
the lower approximation of X, too, which is not the case.

Pay attention that this problem does not occur because the lower approximation,
in the first case, or the complement of the upper approximation, in the second case,
are empty sets. Consider the following example:

Example 47 U = {v, a, b, c} and R is the partial order below:
‘ ({a}, {c}) is a pair of disjoint open sets, but if {a} =
a b ¢ Iz (X) then R(b) € X and since R(b) = {b}, b ¢
X. So, b € —X. In consequence R(b) € —X and
b € Igr(—X) = —Cg(X), which, therefore, cannot

v be {c}.

Actually, the next sections are focused on obtaining Dsj (2 (U)) from the lattice
of all the ordered pairs of disjoint elements of a topological approximation space
Qr(U), which now we formally define:



366 P. Pagliani

Definition 48 Let Qz(U) be an approximation space with R a preorder.
Dsj(U/R) = {{a1, a2) : a1, a2 € Qr(U) & a1 Nar = 0}

If we want, instead, a lattice of decreasing elements, we have to decide “elements
of what?”. Since the first element, in decreasing representation, is the closure of a
set X, it cannot belong to Qg (U). For instance ({a, c}{a}) is a pair of decreasing
elements of Qg(U) but it does not represent any rough set. Actually, the first
element of a decreasing representation of rough sets is the complement of some
open set of Qg (U) which is an open set in Qg (U). If R is an equivalence relation
then R = R, so we do not notice the difference. But if R is a preorder or a partial
order then we must take care with it.

In particular we have to take care of the definition of the operations which
manipulate ordered pairs of decreasing elements, because in some cases they
transform elements of the topology Q2 (U) into elements of the opposite topology
Qr-(U). We shall see this interesting point at due time. By now, our analysis
will focus on the disjoint representation which make it possible to operate just on
elements of a single structure.

Now we have to face another problem.

As we have seen, if we take the set of all ordered pairs of disjoint elements
of Qr(U), which we denote by Dsj(U/R), respectively of all the ordered pairs of
decreasing elements in Qz- (U) x Qg (U), denoted Dcrj(U/R)), we have elements
which do not represent any rough set.

From the above discussion, we need a way to exclude from Dsj(U/R) the
ordered pairs which do not fulfil the following condition:

X1UX, D8 47)

where S is the set of all isolated points: S| J{x : R(x) = {x}}.

In Example 94 below one can see an illustration of what we have to do, with
some mathematical means.

From Dcr(U/R) we have to exclude the ordered pairs which do not fulfil the
condition X1 NS =X, NS.

To end this section, we sum up the issue. If R(X) = {x} then topologically x is
an isolated point. Isolated points cannot belong to the boundary of any set, for the
reason illustrated in Example 47, which formally runs as follows: if x € X, then
R(x) € X sothatx € [gr(X).If x ¢ X, then x € —X so that R(x) € —X and,
in consequence, x € Ir(—X). In the first case x € Cr(U) but x ¢ —Ig(X). In the
second case x € —Ig(X) but x ¢ Cg(X). In both cases x ¢ Cr(X) N —Ir(X) =
Br(X).
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6 Rough Set Systems, Grothendieck Topologies
and Lawvere-Tierney Operators

The fact that any isolated point must belong either to the positive part ({R)(X), or
to the negative part —(u R)(X) of a rough set, is a sort of Excluded Middle localized
on S. Indeed, in general givenx € U and X C U, the assignment of x to X is given
by a three-valued characteristic function:

1 ifxedR)(X)
(X)) =11/2 ifx € @WR)(X)N —(R)(X) (48)
0 ifxe—wR)(X)

Butif x € S, then x takes just value O or 1.

Intuitively, Classical Logic is locally valid on S.

Local validity is a notion wide studied in Algebraic Geometry which provides a
powerful tool, Grothendieck topology, which we shall apply in this Section.

6.1 Grothendieck Topologies and Local Validity

Definition 49 (Grothendieck Topology) Let P = (U, R) be a preorder. We recall
that Qr(U) = {R(X) : X C U} is the set of all order filters over P. A Grothendieck
topology on the preorder Pisamap J : U — 9 (Qgr(U)); Jix] € Qr(R(x)) such
that:

GT1. R(x) € Jyu3.Vx € U,
GT2. R(x') NS € Jyu, Vx' = x,¥S € Jpy.

GT3. Vx € U,VS € Jix, VS' C R(x) such that S’ € Qr(U), if Vx' € S, R(x") N
NS Jix'], then S e Jix)-

If a filter S belongs to Ji], we say that S covers x. Jjy is called the open-cover
system of x. G = {J,] : x € U} and (P, G) is called an ordered site.

From a “granular” point of view, Grothendieck topologies formalize the notion “To
be locally true” in the following sense: a property P is locally true at point x in a
granulated space S if every granule G such that x € G contains a granule G’ such
that x € G’ and G has property P, that is, the validity set [P] is included in G’.

If S is a topological space, as in the case we are dealing with, then one substitutes
“open neighbourhood” for “granule” and obtains that a topological space S has
property P locally valid at a point x, if the set of P-neighbourhoods of x (i.e. the set
of neighbourhoods of x included in [P]) is cofinal in the neighbourhood filter of x.
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By definition, a Grothendieck open-cover of x is a set of open neighbourhoods of x
in the given topology.

Example 50 In our standard example Qg (U), suppose [P] = {a}, then ¢ [~ P. But
the granules (i.e. open neighbourhoods) containing ¢ are {a, ¢}, {a, ¢, b, '}, and U
an all of them contain {a}. So P is locally valid at c. On the contrary, for instance, b
has three granules containing {a} (they are {a, b, b'}, {a, ¢, b,’ } and U), but there is
an open neighbourhood of b not containing {a} and it is {b, b'}. So P is not locally
valid at b (or at b, of course).

As much as the family of open (closed) sets of a topology induces an interior
(closure) operator, an ordered site induces a particular operator. This operator is
partially an interior and partially a closure operator of a usual topology (and we
shall see the reason why).

6.2 Lawvere-Tierney Operators

Any Grothendieck topology induces on Q2z(U) a closure operator J : J(A) = {x :
ANR(x) € Jpx}- In other terms, if A = [P] then J(A) is the set of points in which
P is locally valid. J is a Lawvere-Tierney operator which we define at pointless
level:

Definition 51 (Lawvere-Tierney Operators) Given a Heyting algebra H, J :
H = H is a Lawvere-Tierney operator if the following hold:

¢ x < J(x)—inflation,
e J(J(x)) = J(x)—idempotence,
e J(x Ay)=J(x)A J(y)—multiplicativity.

From multiplicativity we obtain monotonicity: if x < y then J(x) < J(y).

The above properties has the following intuitive motivations:

In the first place, since x is more specialised than y if it enjoys more properties
than y, that is, it belongs to open sets from which y is excluded, but not the other
way around, conversely we say that a property P is stronger than Q if its domain
of validity is “more specialised” than that of Q. So we have: (i) If the property P
is stronger than property Q, then P is locally stronger than Q. (ii) The domain of
validity of P is stronger than the domain of local validity of P. (iii) The domain of
local validity of the domain of local validity of a property P equals the domain of
local validity of P itself. (iv) The domain of local validity of (P A Q) is the inf of
the domains of local validity of P and Q.

We have seen that given a Grothendieck topology we can produce a Lawvere-
Tierney operator connected to it. Now, symmetrically, we restore a Grothendieck
topology from a Lawvere-Tierney operator on Qg (U). The following result can be
found in [15] or [23].
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Lemma 52 Given a preorder P = (U, R) and a Lawvere-Tierney operator J on
QrU), the family

U T = {RO)NX :x e J(X) &x € U} (49)

is a Grothendieck topology.

Definition 53 (Local Validity in an Ordered Site) A forcing relation = between
elements of P and the set .# of formulas of propositional Intuitionistic logic is a
relation =C U x .#, such that for any formulaa € &, p € U:

If pEathen Vp'(p' € R(p) = p' = o). (50)

which means that if p € [o] then p € [e]=([e]). Clearly, for any «, [o] belongs to
QrWU).

Given an ordered site (P, G), we say that a formula « is locally valid at point
p € P, insymbols p = (I)(@), if R(p) N [«] covers p in the topology G, that is, if
{p’ > p: p' E o} belongs to the open-cover system of p in G.
Example 54 The following is a Grothendieck topology which we name G? for
reasons that will be clear soon:

X a b b’ c v
J[i] {{a}} {6, ')} {{b, b'}} (Ha}, {a, c}} {{a, b, b}, {a, b, b'c}, U}

Let us compute J?({a}), where J? is the Lawvere-Tierney operator induced by
G’: R(a) N{a} = {a} € J},;, R(c) N{a} = {a} € J.,. Forno other x, R(x) N{a} €
J[‘_Sx]. So J%({a}) = {a, c}. The other cases follow suit. Therefore, if [P] = {a} then
P is locally valid at ¢ even if ¢ ¢ [P], as anticipated in Example 50.

X @ {a} {b,b}{a,b, b} {a,c}{a, b b, c}U
(X))@ la, e} (b,b}y U H{a,c} U U

Vice-versa, given J° we can compute G°. For instance Jl‘z,] is obtained as ¢ €
Te{a)). I*(a. c}). J°({a.b.b'}), J°({a. b, V', c}) and J(U). Therefore:
J[‘SC] = {R(c) N{a}, R(c) N{a, ¢}, R(c) N{a, b, b'}, R(c) N{a, b, b, c}, R(c) N U}
= {{a,c}N{a}, {a,c}N{a,c}, {a,c}N{a, b, b}, {a,c}N{a, b, b, c}, {a,c}NU}
= {{a}}. {a, c}}.

Notice that for any x, J), = {Y : J°(Y) = J*(X) & Y < X}.

X
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6.3 Congruence

For the comfort of the reader we recall some definitions and results.

Definition 55 (Congruence) Let L. = (U, ¢) be a set equipped with an n-ary
operation ¢ and = an equivalence relation on U. Then = is called a congruence if
forallay...ay,b1...b, € U,a1 € [b1]=, ..., a, € [by]= implies p(ay, ..., a,) €
[p(b1, ..., by)]=. If this is the case, we say that = is compatible with ¢.

Therefore, given a Heyting algebra H and an equivalence relation = on H we say
that = is a A-congruence if it is compatible with A, thatisifa; € [b1]=, a2 € [b2]=
implies a1 A ap € [b1 A b2]=. Similarly we define the notion of V-congruence and
=-congruence. If all the three compatibilities are satisfied, we say that = is a
Heyting algebra-congruence. Remember that 0 = \/ @ and 1 = A #.

Lemma 56 LetL = (U, ¢) and L/ = (U’, @) be two sets equipped with the same n-
ary operation ¢. Let f be an homomorphism between L and L. Set for alla, b € L,
a=yrb < f(a) = f(b). Then =y is a congruence on L.

Proof The standard and straightforward proof is the following: Since =g is
defined by means of an equality, then it is an equivalence. Now assume a; €
[bl]zf,...,a,, S [b,,]zf. Hence, since f preserves ¢, f(e(ai,...,ay)) =
o(f(a1), ..., f(ay)). But by assumption f(a;) = f(b;). Therefore, f(¢(ai, ...
@) = ¢(f 1), f(bn) = fl@(bi,....by)), s that ¢(ar, ..., ay)
CICTR )

The congruence = is called the kernel of f.

om

Definition 57 (Quotient Structure) Let L = (U, ¢) be a set with an n-ary
operation ¢ and = an equivalence relation on L. Then:

1. U/=:={lal=: a € U} is called the quotient set of U.
2. Foralla, b € U, define p=([a]=, []=) := [¢(a, b)]=. ThenL/= := (U /=, ¢=)
is called the quotient structure of L.

If there is no risk of confusion, we write ¢ also for ¢, thus, for instance, A instead
of A=.

Lemma 58 If L is a lattice and = a congruence on L, then L/= is a lattice and
the map q : L — L/=; q(a) = [al= is a homomorphism. The map q is called the
natural quotient map.

Theorem 59 (Fundamental Homomorphism Theorem for Lattices) Let L and
L' be lattices and f an homomorphism of L ontoL'. Thenthe map g : L/=¢ — L'
given by g(lal=;) = f(a) is independent of the representative a, that is, for all
a,bel, lal=y = [b]Ef implies g([a]Ef) = g([b]Ef).

Moreover g is an isomorphism between L/= ¢ and L.
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Finally, if q is the natural quotient map, then =4 and =y coincide and the following
diagram commutes, that is, g(q) = f:

y\/\*;’ﬁli“’ N,
NP2 N

6.4 Lawvere-Tierney Operators and Heyting Algebra
Congruences

Lemma 61 Let H be a Heyting algebra and acH. Let us set the following operator
on H:

JY(x)=a=—x (51)

Then J% is a Lawvere-Tierney operator.

Proof This is a standard result in Algebraic Geometry (see [23]). However we
provide a simple proof which exhibits how adjointness properties may be used.
Indeed, in any Heyting algebra H, from the adjointness property, y A a < x iff
y <a = x, forany y. But x A a < x and one obtains x < a = x, hence J¢ is
increasing. Idempotence follows from the following equations: a = (a = x) =
(a Aa) = x = a = x. This is an application of the Curry property of A and —
which can be obtained from adjointness: x <y — (w = ) iff x Ay S w =z
iff x A (y Aw) < z,thatis, x < (y A w) = z. Finally, multiplicativity derives
again from the multiplicativity of upper adjoints and = is upper adjoint. O
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Lemma 62 Let H be a Heyting algebra and % a filter on H. Let us define for all
a,beH a=gbiffdf € F suchthata A f = b A f. Then =g is a Heyting
algebra congruence.

Proof Suppose x € [yl=, and z € [wl=,. Thenforsome f € Z,x A f=yA f
andzA f=wA f.Now, a VOAfF=CAIVEAH)=OAHHVwAS) =
(y Vw) A f.Hence, x Vz € [yV wl=,. Dually one obtains A-compatibility.
We have to prove the case of =, thatis, (x = ) A f = (y = w) A f.
Now, letg Ax < zTheng A f Ax < z A f. From the congruence assumptions
we obtaing A f Ay < w A f and, a fortiori, g A f Ay < w, which means that
gN f <y= wA f.Since q is arbitrary among the elements a such thata Ax < z,
in particular we can set ¢ = x = z, obtainingx = zA f <y = w A f.
With a symmetric reasoning we obtain y = w A f < x = z A f and conclude
XxX=zAf=y=wAf. O

In particular, if .% is a principal filter generated by the element p, one has that
an f=bn fforsome f € .7 if andonly ifa A p = b A p. However, if we set
ﬁ"(a) =a A p,weindeed have thata =, b < ﬁ(a) = ﬁ(b) is a congruence,
but .% is not a Lawvere-Tierney operator, because Z (a) <a.

Anyway, there is a Lawvere-Tierney operator J such that =; coincides with = 4,
anditis J7:

Theorem 63 Given a Heyting algebra H and p € H, set a =, b if and only if
aNp=bApandleta=ypr biff JP(a) = JP(b). Then = coincides with =j»p.

Proof A proof is given in Proposition 7.4.2 of [39]. A straightforward proof is the
following, anyway. The lower adjoint of J” is A,. From this the result is just an
application of the adjointness relation (cf. (4.1)). O

Therefore, given an Heyting algebra H and an element a € H, =« is a
congruence on H. Here we report a more general result about the relation between
congruence and Lawvere-Tierney operators on a Heyting algebra (see [15]):

Theorem 64 Let = be a congruence on a Heyting algebra H. Define:
Jo :Hr— H; J=(p) = \/{x : x = p} (52)

Then J= is a Lawvere-Tierney operator and x = b iff J=(x) = J=(), that is, =
and = j_ coincide.

Proof We just prove the first part. From (52) p < J=(p) and J=(J=(p)) = J=(p)
since J=(p) is a maximal element. From p = J=(p) and ¢ = J=(gq) one sees that
(pVvq)=J=(p) VvV J=(q). Therefore, again for (52), J=(p) V J=(q) < J=(p V q).
Suppose now p < g. Then pv g = g sothat J=(p) Vv J=(q) < J=(pVq) = J=(q).
Thus, J= is monotone. Similarly, J=(p) A J=(q) < J=(pAq).Butfrom pAg < p
and p A g < g monotonicity gives J=(p A q) < J=(p) and J=(p A q) < J=(q) so
that J=(p A q) < J=(p) A J=(g), from which multiplicativity follows. |
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Actually, there is a one-one correspondence between Heyting algebra congru-
ences = and Lawvere-Tierney operators which can be found in [15].
In particular we obtain:

Theorem 65 Let H be a Heyting algebra and J a Lawvere-Tierney operator on H.
Let us set foralla, b € H,

a=;b < J(@a)=J(Ob) (53)

Then = is congruence on H.

Later in this chapter we provide a proof for a particular important case of the above
theorem that we are going to introduce.

6.5 Dense Elements of a Heyting Algebra

If not otherwise stated, in this section H will denote a Heyting algebra and a, b,
ai, by, x,y,...will denote elements of H.

Definition 66 An element x € H is said to be dense if —x = 0. It is called regular
if =—x = x.

The following is immediate:
Theorem 67 An element § is dense iff ~—& = 1 iff forallx e H, x A § # 0.

Theorem 68 If  is the filter of all dense elements of H, then for all a,b € H,
a =g biff ~a =—b iff ~—a = ——b.

The relation =g is called Glivenko congruence. The proof is a standard result in
Geometric Logic (see [23]). However, we give an algebraic proof in the case Z is a
principal filter generated by an element § which, therefore, is the least dense element
of H.4

Lemma 69 Let § be the least dense element of H. Then for all a, § Na = 6 A ——a.

Proof a v —a < ——a VvV —a and both terms are dense elements in H. Therefore,
§ <aVv-a<--aV -a.Hence,§ A (aV —a) =38 =35A (—a Vv —a), which
means 8 Aa) V(8 A—a) =8 = (8 A——a)V (6§ A —a). Since § A —a is disjoint
from the other terms of the disjunctions, one obtains § A a = § A —=—a. m]

Corollary 70 Let § be the least dense element of H, then for alla,b, 5 Na = § Ab
if and only if —a = —b.

4If H is finite then it has the least dense element. An infinite Heyting algebra, instead, may lack
this element.
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Proof —a = —b if and only if =——a = ——b. Therefore, from Lemma 69 one
obtains: §Aa = SAbIFSAD = SA——aiff SAa = SA——biff SA—=—b = §A——a
iff § A =b = § A —a. From these equations —a = —b. O

Corollary 71 If § is the least dense element of H, then a =js b if and only if

——g = —|—|b.
Lemma 72 Leta <x < —a. Then —a = —x and, thMS, ——q = ——Xx.

Proof From the hypothesis one has =——a < —x < —aq, thatis, ~a < —x < —a.
Therefore, —a = —x. m]

Lemma 73 Leta < b and for some y, bAy <a.Thena Ay =b A y.

Proof Froma < b and b A y < a one obtains, respectively,a Ay < b Ay and
bAyAy <aAny,thatis, bAy <aAy.Therefore,aANy <bAy <aAy,sothat
any=>bAy. O

Lemma 74 Leta < x < ——a. Then x = a is dense.

Proof From Lemma 72 ——a = ——x. Moreover, from Theorem 37, =(x = a) =
—=x A —a = ——a A —a = 0. We conclude that x = «a is dense. |

Lemma 75 Let § be dense. Then —=(§ — a) = —a.

Proof =(§ = a)=——36AN—-a=1A—-a=—-a |
Corollary 76 Let § be dense. Then § — a < ——a.

Proof § — a < =-—(§ = a) = ~(—(§ = a)) = ——a. |
Theorem 77 Let H be a Heyting algebra with least dense element.

1. Let § be a dense element. Then § —> a = a or § =—> a = ——a.
2. Let § be the least dense element of H. Then § — a = ——a.
3. Let § be the least dense element of H. Then § — a = —a — —é.

Proof (1) We have two cases: Cl: =—a A § < a and C2: =—a A § > a. Case
Cl1. By adjointness, from ——a A § < a one obtains =—a < § = a and from
8 = a < ——a, provided by Lemma 76, § = a = ——a. This result encompasses
also the case a = 0, because ——0 = 0. Case C2. Let x = § = «a. Therefore, from
adjunction x A§ < a. From Lemma 6.18, x < ——a. It cannot be x = ——a, because
from assumption =—a A § > a, so thatboth x A§ < aand x A § > a ought to be
true. Since § > a, this contradiction occurs for every x such thata < x < ——a. It
follows that x must be a itself.

(2) If in the proof of (1) one uses the fact that § A a = § A ——a because § is
the least dense element, one obtains the result. Alternatively, from Theorem 63 and
Lemma 69, § — a = § — ——a > ——a. So, from Lemma 76 we obtain the
proof. Another proof exploits adjunction: from Lemma 69 ——a A§ = a Ad < a so
that by adjunction ——a < § = a. But from (1) § = a < ——a. (3) is a corollary
of (2) because —a — —§ = —a — 0 = ——a. |
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Therefore, the Lawvere-Tierney operator J 8 with § least dense element of a
Heyting algebra H can be re-written as ——. Now we prove the specialisation to J°
of Theorem 65.

Theorem 78 The relation a =—- b iff ——a = ——b is a congruence on H.

Proof a € [x]-- and b € [y]-- iff =—a = ——x and —=—b = ——y which implies
——a A——b = =—x A——y. Butin view of Theorem 37.(1), —— preserves meets so
that one obtains —=—(a A b) = —=—(x A y) and can conclude thata A b € [x A y]-—.
Regarding disjunction, =—(a V b) = ——(x V y) iff =(—a A =b) = —=(—x A —y).
But from the hypothesis of congruence, —a = —x and —b = -y, therefore, the
latter equation is true. A similar proof holds for =>: from the hypothesis =—a —
——b = ——x = ——y. Since —— preserves —> we obtain -—(a — b) =
——(x = y) and we conclude that a = b € [x = y]——. From this and the fact
that =—0 = 0 (or because =——a = —a) one obtains the congruence for —. O

Clearly the same result can be obtained from Theorem 63 plus Lemma 62.

So far we have seen the properties of Lawvere-Tierney operators on an abstract
Heyting algebra, and in particular the operator J°. Now we discuss the same
properties in terms of Heyting algebras of an Alexandrov topology Q2z(U). In this
way we zoom-in the abstract structures, populate them with points and see how the
above manipulations act on them.

In this kind of spaces there is a fundamental example of Grothendieck topology
and conjugate Lawvere-Tierney operator, which will be key to our construction: the
so-called dense topology and its corresponding local operator.

Definition 79 Let t(U) = (U, 2(U)) be a topological space on a set U and X €
Q(U). Then:

X is called dense int(U) if C(X) =U. 54)
X is called regular in t(U) if IC(X) = X. (55)

Facts 6.1 The abstract (pointless) notions of Definition 66 and the concrete (with
points) ones coincide. Indeed, for any open set X of a topology Q(U), C(X) = U
iff —C(X) = 0 iff (—X) = @ iff ~X = 0. Moreover, IC(X) = IC(— — X) =
I(-I(—X)) = =—X.

Definition 80 (Dense Topology) Given a finite topological space t(U) on a set U
the dense topology is obtained by tacking the least dense element § and using the
Lawvere-Tierney operator J? on the Heyting algebra Q (U).
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From the very definition (41) of = the following is straightforward:

Theorem 81 Given a topological space t(U), for any X € QU), J%(X)
=1I(-8 U X).

Theorem 82 Forany X € Q(U), J4(X) = IC(X).
Proof From Theorem 77.(2). O

As before, we call G® the Grothendieck topology induced by the operator J°.
Therefore, given any open set O € Qg(U), in the ordered site (G°, P) a point p is
covered by O iff p € =—=O0 (i.e. p € IC(0)). Clearly, if p € O then p € 1C(0),
but the interesting fact is when p ¢ O.

The following result is well-known and it is the translation at the point-level of
the above theorems:

Lemma 83 Let (G%, P) be the ordered site induced by the Lawvere-Tierney oper-
ator J®. Let a be any Intuitionistic formula. Let us set for any p € U, p = (I)(a)
iff o] covers p in the ordered site. Then p = {I)(«) iff Vp'(p < p' = 3Ap"(p’ <
AP =)

So this is the origin of the Grothendieck topology of Example 54, which the reader
can use an example of what we have just said.

In general, an upper adjoint is just multiplicative. When it is also additive we
are in a particular situation that will be analysed later during the discussion about
standard rough set systems. By now we have an operator J¢ which does not preserve
disjunctions. However, the image of J°, actually of any Lawvere-Tierney operator,
can be made into a Heyting algebra. This structure is very important to Rough Set
Systems.

6.6 The Boolean Algebra of the Regular Elements of a Heyting
Algebra

Given an operator ¢ on a lattice L, let us denote with .%, (L) the set of its fixed
points: Z,(L) := {x : x € L A p(x) = x}. If ¢ is idempotent, then .7, (L), is just
the image of ¢.

So, we have seen that given an Heyting algebra H the image .%# ;s (H) of the
operator J? inherits from H the operations A and ==, but not V.

However on .# ;s (H) one can set a disjunction LI and obtain a Boolean algebra.
We prove it in a general manner. The starting point is a classical result:

Lemma 84 [Tarski] Let L. be a complete lattice and ¢ a multiplicative and
monotone operator on L. Then the set of fixed points of ¢, F,(L), is a complete
lattice.
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Proof (See [15]) Let a,b € F,(L). Let fg’b ={x :ox) <x & a,b < x}
andseta Ub = A yg’b. Since L is complete, such inf exists in L. We have to
show that it belongs to .%,(L). Since a, b < a U b by monotonicity ¢(a), ¢(b) <
¢(a U b) which means a,b < ¢(a U b). Similarly it is proved that if x € fg*h,
then ¢(x) € Z2b, too. But by definition, if x € .Z4” then a U b < x. It follows
that for all such x, a U b < x, hence ¢(a LU b) < ¢(x) < x, so that by definition
¢(aUb) < aub and one concludes thata Lib € ﬁg’b. Hence p(a Lb) € ﬁ;f’b and
from this, a Ub < ¢(a U b). Therefore, p(a Lb) = a b, soaUb e F,(L) and,
moreover, forall x, y € ﬁ(p (L), a,b < ximpliesal b < x. m|

Now we show that in the case of the operator J é alias ——, the above operation
LI is the double negation of the disjunction Vv of H:

Lemma 85 Let the lattice L of Theorem 84 be a Heyting algebra H and ¢ be ——.
Then foralla,b € F——(H), aUb = ——(a Vv b).

Proobf Since p < ——p the requirement ¢(p) < p turns into =—p = p. Therefore,
F2% = {x : ==(x) = x & a,b < x}. Since =—(a V b) is a fixed point, it
belongs to .%_.—. and we have just to show that for all y such that =—y = y and
a,b <y,—-—(avb) <y Nowifa,b < y,thena Vv b < y. By monotonicity,

As a corollary of Theorem 84, it is easy to show that f ¢ = {x : x < ¢(x)} and
Uy= {x : ¢(x) < x} are complete lattices. In the case of operator —=—, x < ——ux,
all x € H. Therefore f,= H and {,= #--(H), because x €l—-- iff ——x < x <
——x.

From Theorem 84, it can be proved that if H is a Heyting algebra, then for any
Lawvere-Tierney operator J on H, .%; (H) is a Heyting algebra, too (remember that
J is idempotent, so that for all x, J(x) is a fixed point):

Theorem 86 (See [15]) Given a Heyting algebra H, for any Lawvere-Tierney
operator J on H, the set 7 ;(H) = {J(x) : x € H} forms a Heyting algebra.

Proof Since J is multiplicative, .%; (H) is closed under A because if a = J(a) and
b=Jb),aNb=J(@a)AJb) = J(aADb).Define on .%;(H) a disjunction LI as
above. We have to show the distributive property for elements of .7 ; (H): p A (a U
b) = (p Aa)U (p A D). Actually, since in one sense it works, we have to show that
pA(aub) <(pAb)U(pADb). Trivially, pAa < ((pra)U(pAb))and pAb <
((pAna)u(pAb)).Hence, by the adjunctionrelation,a < p = ((pAa)U(pAb))
and b < p = ((p Aa)U (p A b)). Again by applying adjunction, p A (p =
((pAa)yu(p Ab))) <(pAna)u(pAb). By monotonicity and multiplicativity of
J,J(p)AJ((p = ((pra)u(pAb)))) <J({(pAa)u(pAb)). One more time
by adjunction J ((p = ((p Aa)U (p Ab))) < J(p) = J(p A@)U(p AD)) =
p = ((pAa)U(p AD)). The equation holds because p, a and b are fixed points of
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J which is multiplicative. Therefore, from the proof of Tarski’s theorem one obtains
alb < p= ((pANa)u(p A b)) and finally, again adjunction gives the thesis:
pA(aub) <(pAb)u(pAD). |

But .% ;5 (H) is not only a Heyting algebra. In fact, one has a =5 b iff ~a = —b
and, therefore, from Definition 35, .% ;5 (H) is a Boolean algebra5:

Theorem 87 .Z ;s (H) with the operation A, L, — forms a Boolean algebra.®

If X is an element of the Heyting algebra 2z (U) one has that the families J[if | are
congruence classes of =;x and if A € JX then JX(A) = U J[i(]. In other terms,
JX(A) is the top element of the = =;x congruence class of A.

Example 88 Consider the preorder of Example 13 and the corresponding Heyt-

ing algebra (aka Alexandrov topology) of Example 40. The elements {a, b, b},
{a,b,b’, c}and U are dense and {a, b, b’} is the least dense element § of the algebra.

U
&
QrU) AN
{a,b, b, c} \
. / \ Z15(Qr(U))
(’ ‘*x\ {a,b, b’} U
aka, ()@ \ / \ / \
T p S ~ {a) (b, b}{ } (b b)
cE(a) ~h <— B \ / 4, L\ / ’
\v ]

3One obtains a Boolean algebra from a Heyting one by applying another Lawvere-Tierney operator,
namely By(p) = (p = x) = x. The congruence relationisa =biffta —= x = b = x. If
x =0, a = b iff ~a = —b. By definition « is a fixed point of By if (¢ = x) = x < a, so that
if x = 0, a is a fixed point if =—a < a, hence if =—a = a.

6Moreover, by means of Li we have a proof that —— preserves ==

—=(a = b) = —(——a A =b) = =(——a A ~——b)
= == (—a V —=b) = —a U (——b)
= —=(—=—a) U——b = =—q = ——b

The last equation is legal because it is calculated in the Boolean algebra .% ;s (H) of the regular
elements of H.
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The arrows represent the action of the operator J°. The elements connected by
arrows form a congruence class of =s.

T ({a) u T2 (b, b'H=J°(J°({a}) U T ({b, b'}))
=1(a,cyU{b, b)) = J°{a, b, b, c})
=U=J%{a, b, b’)=J°({a} U {b,b'}).

Let us see some instance of operations of the Heyting algebra Qg (U): {a, b, b’} =—
{a} = {a, c} and ={a} = {b, b'}, so that =—{a} = {a, c}. F;s(Qr(U)) is a Boolean
algebra in which {a, ¢} U {b, b} = J®({a, c} U (b, b'}) = =—{a, b, b, c} = U.

Notice, also, that {a, ¢} and {b, b’} are regular elements. However they are not
complemented in Qg (U) because their union is {a, b, b’, ¢}, not the top element U.
On the contrary, U and @ are both regular and complemented. If we drop v from
P, in Qz(U) the aforementioned elements are complemented. Furthermore, in this
case all the regular elements are complemented. Also this is a particular situation
which will be discussed during the analysis of standard rough set systems.

We have seen that if [a] = {a}, then ¢ = (I)(@), although ¢ = «. Obviously,
a = (I)(«). On the contrary, v = (I)(«) because R(v) N {a} = {a} ¢ J[‘Z)]. In fact,
for instance, b € R(v) but [a] € R(b). Notice that v = (I)(B) iff § C [B].

Finally, from the very definition of J[‘SC] one can trivially verify that [«] is locally
valid at ¢ in the intuitive sense discussed at the beginning of the section: R(c) N
[e] = {a,c} N{a} = {a} and {a} € J[‘i,]. In Example 54 we have proved it by
computing J° ({a}).

Definition 89 Let H be a Heyting algebra and = a congruence on it. If H/= is a
Boolean algebra, then = is called a Boolean congruence.

If A C §, then =4 is a Boolean congruence. However if A C §, then a paradoxical
situation is obtained. In fact, if [a] = A, then it is not dense so that there exists an
x such that x = —a. Hence x € =[a] = [o] = ¥ = JA(@). In consequence,
e J[/;‘]. But since x = —a, then R(x) C [—«] so that R(x) N [] = @, which is
a member of J[/;], and one concludes that x = (/)(«). That is, =« is valid at x and
nonetheless « is locally valid at x itself, as well.

Example 90 Consider the operator J 6.0}
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U
el
QrU) ) \\\
X e (abt/oc) -
1) {a, ¢} | \
{a} {a, c} ’\/ \ ! |
{{Z ’Z/}} {afJC} a. c} a.b. b}y
{a, by | U \ / \
{a,b, b, c} U
U U {b, ')
x Ve
a {9, {a}}
Glovy b {{p. o'}
b {{b,0'})
c {9, {a}, {a, c}}
v|({b, b}, {a, b, b}, {a, b, I, c})

Therefore, if ] = {b, b’} thena = (I)(«) and ¢ = {I)(«) because R(a)N[e] =
Pand @ € J[{ab]’b }, and the same holds for c¢. Thus, we have the paradoxical situation
that a = —«, ¢ = —a and both a and ¢ force ([)(«).

In view of the above discussion, if a is a non-dense element of a Heyting algebra,
that is, —a # 0, then we call J¢ and its related Grothendieck topology paradoxical
Lawvere-Tierney operator and, respectively, paradoxical Grothendieck topology.

6.7 Grothendieck Topologies and Rough Set Systems

Now we see how all the above machinery applies to Rough Set Systems.

Let us start with standard rough sets. Therefore, we are given a set U and an
equivalence relation E € U x U. We know that we have to use the set of all
singletons S as the parameter for the Lawvere-Tierney operator JX. What does it
happen to the conjugate Grothendieck topology G5?

The approximation space Q2g(U) is a Heyting algebra which, in particular, is
a Boolean algebra. In this algebra the only dense element is the top element U.
If the set of singletons in Qg(U) coincides with U, then for any O € Qg(U)),
JU(0) = 0,s0that GY = {{0} : O € Qr(U)}. Since U is the least (actually only)
dense element of the algebra, we know that .% ;v (2 (U)) is a Boolean algebra, but
in this case the disjunction is U itself. In fact, .% ;s (Qg (U)) equals Qg (U) for the
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very reason that for any O, JY(0) = O and from the previous results we know
that JY(0) = ——O because U is the least dense element of Qg (U). In turn,
QE(U) equals the Boolean algebra B(U) = (o (U), N, U, —, @, U) because for any
x € U, E(x) = {x}. This is consistent with the fact that in the Boolean algebra
B(U), =—— O = 0, any O because in this algebra the negation — is the set-theoretic
complement.

Example 91 LetU = {a,b,b’,c} and E = {{(x, x) : x € U}. Then:

smw// V(QE(U»
{a, b, c} {a, b,

Since for all X € QgrWU) (e
X e pW) JVX) = X,
one has for instance: J[lb/] =
{{b} N {b},{b} N {a,b}...{b} N
{a,b,b'},...} = {{b}}. Therefore,
GY = {{{a}}. {{b}}, {{0'}}. {{c}}) and
Fu(QeWU)) = QEU). Thus, for
any o interpreted on E = (U, E),
for any X € U, one has x = (I)(«)
iff x = «. That is, local and global
validity coincide.

Things drastically change if the set S of singletons in 2z (U) is strictly less than U.
Usually, in the rough set community it is assumed that there are no singleton classes
in U/E. If in many real-work applications this assumption may be acceptable, in
a broader framework it is questionable because, actually, also the real word is not
made of just incomplete information but of a melange of complete and incomplete
information. In the complete part Classical Logic is locally valid while it can be
assumed that the global logic is three-valued.

Now we frame this issue in the case of Rough Set Systems induced by preorders
because it has a particular logic importance, it is a broader point of view and because
the issue of singleton granules cannot be avoided if the items we are dealing with
are connected by means of a preorder or, even worst, a partial order P. In fact, if in
P there is at least a non infinite chain, the greatest point x of this chain is an isolated
point because R(x) = {x}.

In preorders we can have both maximal and pre-maximal points, that is, points x
such that if x < y then y < x. If x is a pre-maximal point, then the cardinality of
R(x) may be greater than 1. For instance, in our Example b and b’ are pre-maximal
and R(b) = R(b') = {b, b’} and both b and b’ can be in the boundary of some set.
For instance, b, b’ € B({a, b}).
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From the point of view of an information order, however, the larger an infor-
mation the smaller the set of items it filters. This is the so-called “Loi de Port
Royal” (Low of Port Royal: “L’extension, ou étendue varie in proportion inverse
de I’intension comprehénsion”). Thus, extension and intention are contravariant. If
we intend “strictly contravariant”, that is, if we are interested not in items but in
information increases, items which are not separable by means of granules play
exactly the same role with respect of our knowledge. If this is the case, one would
instead use topological spaces where points are not redundant with respect to the
available properties, a.k.a. open sets. These spaces, as we have already mentioned,
are called sober, or, which is the same in the finite case, Ty topological spaces:

Definition 92 (7p-Spaces) A topological space t(U) is said to be Tj if for each
two points x,y € U, if x # y there exists an open set O such that x € O and

y ¢ 0.

Therefore, a space is T if any two different points are separable by means of an
open set. In our interpretation: any two different items are separable by means of
some property. That is, there is at least a property which is enjoyed by one item but
not by the other.

Ty spaces are obtained from any space 7(U) with specialisation preorder <, by
taking the quotient set U/ =<, where x =< y ifandonly if x < y and y < x, and
setting for all O € Q(U), ¢(0) = {[x]=_ : x € O}. The topology QU/ =<) =
{p(0) : O € Q(U)} is called the Ty-ification of Q2 (U) and ¢ is an isomorphism
between it and 2 (U). Notice that ¢ is the extension to g (U) of the natural map q
of Lemma 58: ¢ (0) = {q(x) : x € O}.

If P = (U, <) is a preorder (in particular the specialisation preorder of a
topological space 7(U)), then on U/ =< we can define the relation [x]=, E
[yl=. <<= x =< y.Itis immediate to verify that C is a partial order. Indeed,
reflexivity and transitivity are inherited from < and if [x]=_ C [y]l=_ and [y]=_ C

[x]=. thenx < y and y < x so that x =< y and, in conclusion, [x]=_ = [y]=_.

Let (U) be an Alexandrov space with specialisation preorder <. Let P/ =<:=
(U/ =<,E). Then Q=(P/ =<) = QU/ =<) and it is isomorphic to Q(U).
The isomorphism from Q(U) to Q(U/ =<) is ¢. However, the two isomorphic
topologies are not homeomorphic, because if x # y but x = y, then q(x) = q(y),
so that an open set ¢(O) of 2 (U/ =<) can have less points than O.

As it is clear, one can chose a representative of [x] and obtain a partial order
P’ on the new set U’ C U. It is not difficult to verify through q that  (P") and
Qc(P/ =<) are homeomorphic.
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Example 93 Consider again our standard point-level example on U =
{v,a, b, b, c}. The specialisation preorder < is R (in fact Qx(U) is an Alexandrov
topology). Therefore, the Ty-ification of Q(U) is:

(= a}l=_, [{b, b Y=, [{v}]=.)

{l{e}l=z, [at=_. [{b, b'}1=}

/ \ ol b, b)) = {laloz, [{b, b'}]=_)

{l{c}l=. Hatl=_} {la}l=, [{b, b'}1=_}

\ =/ {[{o, v'}1=}
N

=) Qkr(U/=2)

It is clear that duality produces a Tp-ification. Anyway, if we are interested in the
granules, then Tp-ification is not an appropriate move. In what follows we show
what happens algebraically in case the space is not Ty-ficated and when it is. We
shall see that the algebraic structure of Rough Set Systems induced by the first case
will be sensibly transformed, as well as the logical properties of the systems (that
is, the logic they model).

Moreover, we also show the algebraic and logic difference between the case H
is a generic Heyting algebra and the case H is a Boolean algebra. The latter case in
the classical one.

First, we present the topic from the point-level perspective of Rough Set Theory.
Then we develop it at the abstract level. After that, we zoom-in again to achieve the
intermediate, or hybrid, level of algebras of concrete open sets.

7 Algebras of Rough Set Systems

Given a granulation Q2 (U) induced by a preorder P = (U, R), the issue concerning
singletons is how to filter the set Dsj(U/R) of all the ordered pairs of disjoint
elements of Qr(U) in order to have just elements actually representing the pairs
(IR)(X), —(uR)(X)) forsome X C U.

As it is already clear, the solution is obtained by applying the Lawvere-Tierney
operator J5, where S is the union of all isolated points of Qg (U) intended as a
topology. Thatis, S = {x : R(x) = {x}}.
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7.1 Defining the Set of Rough Sets

Remember that Qg (U) is a Heyting algebra and S is an element of this algebra.
So for any element O of the algebra (any open set) we can define the operator
J35(0)=5= 0.

What is the mechanism that makes J¥ act as a filter which is able to discern true
from apparent rough sets? The answer, as we are going to see, is that JS forces
any element of S to be in the first or in the second element of a rough set when it is
represented by an ordered pair of disjoint elements ((/R)(X), —(#R)(X)). But what
is the mathematical and logical significance of J5?

Let us consider again our example:

Example 94 Consider the preorder P of Example 34 and the Heyting algebra or
topology or approximation space 2g(U). The set of all singletons is S = {a}. The
action of the operator J5 on Qg (U) is the following:

U
JTAIRT S
7| S\ 8rWU) The Grothendieck topology G*
Sodabble) I3, = tHa}}
I ! \ S _ 7S _
94 , Ty =I5, =10, (b. b))
e . JE, = Ha). {a. c}}
{a,c} {a,b, b’} [e]
\\ NG I3, = Ua}.{a. c}. {a. b.b'} {a, ¢, b, b}, U}
N <
{a} {b, "}
\ /,‘

This topology gives us some information. For instance, in no ordered pair the
open set {b, b’} can have @ as partner even if =S = {b, b'}. In fact the presence of
# in J[“Z and J, “Z, tells us that a partner must be found between S and ——.S, in our
case {a} and {a, c}. Actually, the only elements which can have ¥ as a partner in a
disjoint pair, are the members of 1 S. Therefore, the following filtration is applied
by JS on Dsj(U/R):
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(U, 9) Dsj(U/R)

({a, c, b, b'}, ¥)
({a,c}, 0 {a,b,b'},9)

(a.c}, (b, 0}y ({a}.0) ({b, b}, 0) The framed elements are
\ / ~ g . discharged by the filtration
(la), (b, b') 0.9) ({b, b}, {a}) J3. Indeed, WU {b, b} 2 S.

. - . / \ Therefore, the  ordered

N : /
91, b 9, b.b'). (a. pairs @, {b, b'}) and
0.0 /< w{ Wbt by are filtered
S ) ‘ out. A fortiori (B,0) is
(. 4a. b, b) . ta. cl) discharged. The rough set
system  Dsj(Qr(U)) is
¥, {a,c,b,b'}) then the lattice without the
‘ framed elements depicted in

0, U) Example 34.

Remarks 7.1 The Grothendieck topology above is paradoxical, like the one of
Example 90. In a sense, the very filtration rules out the paradoxical situations.

Now we transform Dsj(U/R) into Dsj(S2g(U)) step by step, explaining the
inner mathematical and logical mechanisms of the transformation. At the end of
the process we will find that Dsj(Q2r(U)) is a particular structure called Nelson
algebra that we define at the pointless level:

Definition 95 (Nelson Algebras) A lattice N = (A, A,Vv,~,—>,0,1) is a
Nelson algebra if:

1. (A, A, Vv, ~,0, 1) is ade Morgan lattice, that is, a distributive lattice such that for
alla,b,~~a =aand ~ (avb) =~ aA ~ b. Therefore, ~ (a Ab) =~ aVv ~ b
anda <biff ~b <~a.

2. an ~a < bv ~ b, so thatitis also a Kleene algebra.

3. The operation — fulfils the following adjunction property:

aNc<~aVb < c<a—b (56)

Nelson algebras are a bit tricky to one who is just familiar with Classical or
Intuitionistic logic, that is, Boolean or Heyting algebras. Indeed we have that
~~ a = a but nonetheless, ~ a vV a < 1. This suggests that ~ is not a pseudo-
complementation, otherwise the lattice would be a Boolean algebra. In turn, — is
not a relative pseudo-complementation. Indeed the adjunction property fulfilled by
—> is (56) and we have that ~ a < a —> 0. So we can define two other negations
and an additional implication. This operations will play a key role in the connection
of Nelson algebras and rough set systems.
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Ja:=a — 0 57)
a>b:=~1~avbVv (uarni~Db) (58)
—a:=a>0=~,~a 59)

The negation ~ is called strong negation because one has ~ a <.a, and _ is
intended to be an intuitionistic negation (it is the implication of the 0-element). We
shall see, that . is far from replicating a pseudo-complementation, because aA_ia
is not 0 and __ is not able to grasp classical tautologies. In a particular case, that
we shall discuss below, _ is a dual pseudo-complementation, this is the reason of
the symbol, while — turns into a real pseudo-complementation. Anyway, all finite
Nelson lattices are, also, Heyting algebras (but there are infinite Nelson lattices
which are not Heyting algebras). What we will show is that if a Nelson algebra
is semi-simple, then the relative pseudo-complementation is definable by means of
the very operations of the Nelson algebra itself.

Definition 96 A Nelson algebra is called semi-simple if av_a = 1, any a.

The link between this abstract structure and the concrete structure Dsj(Q2g(U))
is given by the duality theory of Nelson algebras. Therefore the first step is the
construction of the dual space of a Nelson algebra from an abstract point of view.
So, let N be a Nelson algebra. We recall that we assume that N is finite and that
our meta-theory is Classical Logic. Define on J(N) the following endomorphism:

F) =miney(JONYN—{~b:b etz x}) (60)

where min<, and 1<, refer to the lattice order <y of N, which is a partial order.
The restriction to J (N) of this order will be denoted by <.

It can be proved that f is a linear involutive anti-order isomorphism in J(N) =
(J(N), <), that is, x < y implies f(y) < f(x),x < f(x)or f(x) < x and
f(f(x)) = x. Moreover, the following interpolation property holds:

ifa> f(a),b> f(a),a> f(b),b> f(b)
then 3¢ € J(N) such thatc <a,c <b, f(a) <c, f(b) <c.

That is, there is an intermediate element which prevents f and the order of J(N)
from crossing. If N were a Kleene algebra, then the interpolation property could fail.
The space A (J(N)) := (J(N), <, f) is called a Nelson space.

Actually, a Nelson space is any preorder A4 (U) = (U, <, f) where f is an
endomorphism with the properties above. A Nelson algebra is restored from a
Nelson space .4 (U) by defining the following operations on Q<(U):

e 1:=U,0:=0

e AVB:=AUB,AANB:=ANB
e A— B=-C<(AN f(A)N—B)
e ~A:=UN-=f(A)



Lessons on the Topology and Algebra of Rough Sets 387

One has that N(A(U)) = (2<(U), V, A, —,~,0,1) is a Nelson algebra. In
particular N(.4#"(J(N))) is isomorphic to N.

In the process, we see also that JA := —C<(A N f(A))—ie. A — 0.

All this is very useful, but if we start from an approximation space Q2 (U ), how to
define the involution f? What is the relation between f and the granulation provided
by Qr(U)?

In order to answer, let us observe, in the first place, that a Nelson space can be
split into two parts linked by the involution f.

Notation In order to avoid confusions later, the universe of a Nelson space will
be denoted by U*.

Definition 97 Given a Nelson space A (U*) = (U*, <, f), define

Ut :={x e U* :x < f(x)}, withanorder <™ inherited from .4 (U*)

U™ :={xeU": f(x) <x}, withan order <~ inherited from .4 (U™)

Letks: Q<(U*") — Q+(UT) x Q+(UH) :=(UTNX,UT N—f(X)).
Define the following operations where inside the ordered pairs the operations are
those of the Heyting algebra QS+(U+) (i.,e. A =N,V =U and so on):

e 1:=(U,¥),0=(0,UT)

* (X1, Xo) v{Y1, 1) = (X1 VY, Xo A Y2)

* (X1, Xo) A (Y1, X2) = (X1 AT, X2V 12)

o ~ (X1, X2) = (X2, Xu)

* (X1, Xo) — (Y1, 1) = (X1 = Y1, X1 AT2)
o (X1, Xo) == (=X, X1)

o (X1, X2) == (X2, —X>)

It is possible to show that Ni . (A (U*)) = (kr(Q<(U*)), A, V, ~, —>, 5,0, 1) is
a Nelson algebra. Just notice, that any X € Q<(U*) is an up-set (i.e. a < filter).
Therefore, if x € X N U™ then foreach y € U™, if x < y then y € X and, thus,
y € XNU*. Thatis, X N U™ is an up-set in U™ (a <™ filter), hence belongs to
Q_+(U™). Similarly, since X is an up-set in U*, f(X) is a down-set in U* (a <
ideal) because f is order reversing. In consequence, — f(X) is an up-set in U* and,
again, — f(X) N U™ is an <™ filter.

Example 98 Although we shall prove only later that Dsj (U /R) is a Nelson algebra,
in order to follow the construction of the dual space let us assume it is a Nelson
algebra and consider a pointless version of it.
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Notice that the strong negation of x is symmetric to x. J(N) = {a, b, c,d, g, 1, r, 1}.
Let us calculate the involution f:

fla) =miney —{~x 1 x €M<y a} = miney— <y (~a) = mine,— <y
q = min<y{1} = 1; f(b) = min<y,— <y (~ b) = min<y— |<y, p =
min<,{l, 0, q, 1} = [. The reader now has the mechanism. Then:

f@d) = mincy— l<y (~ d) = min<y— <y n = mingy, T<y & = &.
f(@) = mingy— J<y i = mincy t<y d =d; f() = mincy t<y b =b.
f(c)=rand f(r) =c.

The circled elements form the subset U™ while the boxed ones form U ™.

It is easy to verify, for instance, that given the up-set {c,r, 1,1}, f({c,r, 1,1}) =
{c,r, a, b} which is a down-set. Therefore, —f({c,r, 1,1}) = —{c,r,a,b} =
{d, g,1, 1} is an up-set.

Now we know what our goal is. So the first step is to transform our approximation
space (Heyting algebra, Alexandrov topology) Q2g(U) into the space previously
denoted as Q2+ (U T). Then we have to define from it the duplicate space Q_-(U7),
an order < glueing the two spaces into a preorderon U* = Ut UU ™~ and, finally, an
involution f on U* fulfilling the properties discussed above, with respect to <. The
resulting space .4 (U*) is a Nelson space. After that, we are eventually in position
to transform Qg (U) into the Nelson algebra Ny : (' (U*)) and prove that its domain
(or carrier) is Dsj(2r(U)). Since from now to the end of the section the universe U
of our approximation space Qg (U) plays the role of U™, let us use the last symbol
(with our usual R which turns into <™). Thus, now the approximation space Qg (U)
is called Q_+(U™).
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A particular attention is due to the involution f, because it is strictly connected
with the singleton issue. Indeed, look at the role of f in the definition of
Nk, (2<(U™)). It actually decides which elements not belonging to the open set
X1 = Ut N X are allowed to belong to X». In fact, suppose that X € Q<(U*) and
Ut N X = I.+(A) for some subset A of UT (aka U). We know that I_+(A) is
an up-setin U™ and C<+(A) adown set in U T therefore a down-set in U*. Vice-
versa, if X is a down-set in U*, it is a down set also in Ut. But we have seen that
actually f(X) is adown-setin U*. Indeed, f(X) N U™ “is” the closure C_+(A). In
consequence, — f(X)NU™ is the complement of the closure of A, that is, —C.+(4)
(to see that, we need only to prove —(f(X) NUT) = —f(X)NU™).

Now, how can f rule out from — f(X) the elements ¢ of A which are isolated
in Q+(U *) and are not already in X? Or, which is the same, how can it put ¢ in
f(X)? How does f work?

We need a formal definition of a notion we have already seen:

Definition 99 Let P = (P, <) be a preorder. An element x € P is said to be pre-
maximal if Vy € P(x <y = y < x). Itis called maximal if Vy € P(x <y =
y =X).

Clearly, if < is a partial order then the two notions coincide. Notice that in the case
P is the dual space J(A) of a Nelson algebra or a Heyting algebra A, then the order
of JAA),x <y < 1 (y) €1 (x), is a partial order because it is induced by the
subset relation € which is an extensional relation, so thatif X € Y and Y C X then
X=Y.

Now, c is isolated in (U™, <) if -+ ¢ = {c}. And this happens if and only if ¢
is a maximal element in <™.

We have to pay attention to a fact that maybe evaded the reader: U™ and U~ must
have the same cardinality (otherwise f is not an anti-isomorphism), however it is not
required they are disjoint. In Example 98 they are disjoint, but their definitions do
not imply disjunction. So, let us investigate their, possibly not empty, intersection.

Theorem 100 Let A (U*) = (U*, <, f) be a Nelson space. Let B = Ut NU".
Then:

1. c € Bifandonlyif f(c) € B.

2. If <is a partial order, then ¢ € B if and only if f(c) = c.

3. If ¢ € B then c is maximal or pre-maximal in (UT, <) (maximal if <™ is a
partial order).

Proof (1)If c € Bthenc € Ut andc € U™, so that f(c¢) < ¢ < f(c). From this
it is immediate to see that f(c) € B, too: ¢ < f(c) gives f(f(c)) < f(c) and
f(c) < cgives f(c) < f(f(c)). The reverse is obvious. (2) comes trivially from
(1). (3) Suppose now that for x € U™, ¢ < x, so that f(x) < f(c).Since x € U,
x < f(x) and we immediately obtain the following relation: x < f(x) < f(c) <
¢ <x < f(x). Therefore, f(c) < f(x), so that x < c. Hence c is pre-maximal or
maximal (therefore, maximal if < is a partial order). O
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Remarks 7.2 The reverse implication of Theorem 100.(3) does not hold: if ¢ is pre-
maximal (maximal), then not necessarily ¢ € U TN U~. Thisis important, because
it means that it depends on the application to decide if a maximal element c is to be
setto f(c) = c, which, indeed, is the case of rough set systems, as we are going to
see.

We have enough material to proceed with our construction. Given an approximation
space QS+(U+) take a copy 2<- (U ™), where <™ is the reversed order of <t (.
<t7 =<7).If<Tisa preorder (partial order), then <~ is a preorder (partial order),
too. The elements of U~ will be decorated by an apex “—”, while the corresponding
elements in U™ will be decorated by “+”. As we have just seen, it is possible for
some element to have both decorations (if it belongs to U+t N U ™).

Define now a relation ¢ € U™ x U~ as follows: ¢(x*) = {x~}. Therefore,
e~ (x7) ={xT}andforx™, p(xT7) = ¢~ (xT7) = {xT7}. Clearly, ¢ is an order
anti-isomorphism between U™ and U ™. The new relation ¢ enables the definition
of the final order < on U* = U1 U U~. The intermediate step is the definition of
an order connecting U+ and U ~. It is defined passing through ¢ in the composition
<T ®p® <™. It is then possible to prove that <:=<T U <~ U(<T ®p® <7) is
the required order on U* = U™ U U ~: it preserves both <™ and <~ and glues them
together in a minimal way. Finally, we define the involution f on U:

x~ ifx=xTt
f)=1x ifx=xT" (61)
xt ifx=x"

It is a little bit long but not difficult to prove that f satisfies the required properties
so that the space A (U*) = (U*, <, f) is a Nelson space. In consequence
Nk, (AN (Q<(U*))) is a Nelson algebra of ordered pairs of disjoint elements of
Qp+(UT).

In synthesis, we have transformed a Heyting algebra into a Nelson one applying
a particular filtration which operates as follows. In the first place, let us focus our
attention to the involution f. From the above discussion, it is evident thatif x € U™
then f($<+ x) NUT = C—+({x}). Therefore, if x is an isolated point in QL (U*)
(ie. t<+ x = {x})and x ¢ X but x € f(X), for some X € Q(U), then we do
have x neither in U N X nor in U™ N — f(X). Suppose that for some A € U™,
XNUT =I1<T(A) sothat Ut N — f(X) = —C-+(A). Therefore x would belong
to the boundary of A, which is impossible for isolated points.

But suppose f(x) = x. Then x ¢ X N U™" if and only if f(x) ¢ X.In
consequence, x € — f(X) and, finally x is in UT N — f(X), that is, x € —C.+(A).
It follows that if S is the set of isolated points of -+ and we put f(c¢) = ¢ for
all ¢ € S, then there is a one-one correspondence between the set {—C_+(A) :
A € U™} and the set {XT N —f(X) : X € Q<(U*)}, that is, the set
{X2 1 (X1, X2) € kp(Q<(U™))}. This is the tricky part, because QS+(U+) is by
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definition {I-+(A) : A € p (U™)}. Otherwise stated, in (X1, X2) the element X is
not affected by the choice of the subset of maximal elements.

Example 101 In this example we use our familiar preorder P = (U, R). But to
follow the construction comfortably, we rename its elements by setting U™ instead
of U and <% instead of R. Therefore, now our approximation space is called
Q+(U ).

v

¢~ Uu- b b~ : . Vo
We are not obliged to force any point
‘ into the intersection of U™ and U™, / \
- but since we want to represent rough c~ b= b~
sets, we must put in U™ N U™ all the ‘
isolated points, that is, all the maximal
at points of U *.Inour case a™t. Therefore at— U*
‘ U+ we obtain the following lattice, where ‘
the elements are linked by the preorder
brh T <t U <= U=t ®p® <) which is c

- \ / shown below. \ /
v+

§+|v+ ct bt bt oat §7|U7 ¢ b” b a ) |v ¢ b~ b a”
vF1T 1T 1 1 1 v[1 0 0 0 0 vT[1 0 0 0 0
ct10o 1 0 0 1 ¢c|1 1 0 0 O ¢ct|0 1 0 0 0
b0 0 1 1 0 b1 0 1 1 0 bt|0o 0 1 0 0
Vrlo 01 1 0 V|1 0 1 1 0 ¥tlo 0 0 1 0
at|0 0 0 0 1 a |1 1 0 0 1 atlo 0 0 0 1
< vt et bt b atT v b b
I 11T 1 1 1 1 1 1
<t ®@p® <~ |v" ¢ b™ b a” ¢t o1 0 0 1 11 0 0
vt 1 1 1 1 1 bf |0 0 1 1 0 1 0 1 1
ct 01 1 0 1 +10 0 1 1 0 1 0 1 1
bt 1o o1 1 o dfinally o to 0 0 0 1 11 0 o0
bt 101 1 0 v [0 00 0 0 1 0 0 0
at 1 10 0 1 ccloo o 0 0 11 0 0
b= 00 0 0 0 1 0 1 1
¥~10 0 0 0 0 1 0 1 1

It is clear that the codomain of <* ®g is just a renaming of the codomain of <™,
from U™ to U™, so that <* ®p® <~ amounts to <™ ® <. So we obtain:
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The above pre-ordered space together with the involution f of (61) is our Nelson
space A (U*) = (U*, <, f). Now let us apply to .4#"(U*) the transformation k s.
We compute some instances.

ket 0 07 0 v ) = WUt N 0 b T v LUt N —F (b T b0 v T))
={pt, VT urtn=pt, b, b7, 0, vt

=, T, Ut N, et at, ) = (bt b (et et

ke, 0, b7, 0 v7, ") = (b, 0T {atT)).

Since f(a™™) = a™~, forany X € Q<(U™) itis not possible to exclude a*~ from
both X1 and X» in k(X)) = (X1, X2).

Notice, indeed, that in the construction of the present space we have applied the
Grothendieck topology of Example 94. On the contrary, consider the Nelson space
A (U*) of Example 98 and set X = {c,r, 1, g,1}. Then kr(X) = ({c}, ¥) which
corresponds in the present space to ({b*, b'"}, ¥). So, a (i.e. a™) is excluded both
from the interior and the complement of the closure of X.

Observe now that from Theorem 100 we can put f(c) = c for all ¢ € § for the
very reason that S is the set of isolated, hence maximal, points of Q-+ (U™). Since
1 S contains all the dense elements of Q_+(U™), it induces a Boolean congruence.

Indeed, the above construction is an instance of the following general result at the
pointless level which shows how to transform Heyting algebras into Nelson ones.

Theorem 102 (Sendlewski) Let H be a Heyting algebra and = a Boolean
congruence on H. Then:

N=H) = {{a1,a2) : a1 Ahay =0anda; vV ar = 1} (62)

equipped with the abstract version of the operations of Definition 97 is a Nelson
algebraN=H). Ifa =b <= a — b Ab —> a, then = is a congruence with
respect to all the operations of N=(H) but the strong negation ~ and N=(H)/ = is
isomorphic to H. Moreover, N, (A (J(N=H)))) = N=(H). Finally, all the Nelson
algebras N such that N/ = is isomorphic to H are isomorphic to N=(H) for some
Boolean congruence =.

Remarks 7.3 With “abstract version” of the operations we mean, for instance, ~
(a1, az) = {az, a1) or (a1, az) — (b1, b2) = {a1 = b1, a1 A b2).

The congruence = takes into account just the first elements of the ordered pairs. But
these are the elements of H. Therefore it is immediate that N— (H)/ = is isomorphic
to H, provided = is a Boolean congruence. If we look at this result from the point of
view of Nelson spaces, we see that there is a one-one correspondence between the
subsets of the set M of the maximal elements of the dual space of H and the Boolean
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congruences of H. The least Boolean congruence corresponds to M itself and to
our operator J? discussed above because M is the least dense element of H. This
congruence will play a key role that we see after showing how Boolean congruences,
that is, subsets of maximal elements, are connected to rough set systems from the
point of view of the transformation N=.

The dual space of a Heyting algebra is a partial order. So, any pre-maximal
element is maximal. But if we start with a preordered system we have to take into
account the subsets of pre-maximal and maximal elements. We have adapted the
dual construction of Theorem 102, due to [47], to the finite case and preorders. In
the process, we have found Theorem 100. Moreover, we have linked the Boolean
congruence = to Lawvere-Tierney operators and Grothendieck topologies. This
link enables us to understand the importance of = in the construction of rough set
systems.

In fact, the rough set companion of Theorem 102, expressed in terms of Lawvere-
Tierney operators, is:

Theorem 103 Let Qg (U) be an approximation space and S the set of its isolated
elements. Let us set:

NEJS(QR(U)) ={(X1,X2) e QrU) : X1 NXy=0and X1 U Xy =;5 U}

Then Dsj(Qr(U)) = N= ;(Qr(U)).

Proof The proof is immediate: In the first place, S is a subset of maximal elements
of (U, R). So =5 is a Boolean congruence.

Moreover, if X1UX, =;5 U then S = (X1UX3) =S = U = U. It follows
that § C (X1 U X»).

Let X; = Ig(A) and X = —Cg(A) for some A C U. Then foreachc € §
either ¢ € [g(A) orc € —Cr(A). |

Consider Example 101. It is easy to verify that ks (Q<(U™)) = NE/(a} (QrU))
and that they coincide with the lattice Dsj (2 (U)) of Example 46 once we get rid
of the decoration *.

We can see the above construction from a different point of view: it provides an
information-like interpretation of the filtration clause “= 1 which appears not only
in the definition of Nelson algebras, but also of Stone algebras and Lukasiewicz
algebras. Three-valued Lukasiewicz algebras will be linked to rough set systems in
the next Section. Now we have to conclude the story about rough set systems from
preorders and partial orders, with a particular and interesting case.
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7.2 Rough Set Systems Based on Partial Orders and Effective
Lattices

7.2.1 Constructive Logic with Strong Negation: CLSN

The Hilbert-style axioms of Nelson Logic, called Constructive Logic with Strong
Negation—CLSN—are essentially the axioms for Nelson algebras. There is also
an equational definition which can be found in [42]. A Natural Deduction-style
set of rules can be found in [39]. Kripke models for CLSN were introduced by
Thomason (see [48]). They are partial orders, that for a familiar reason we denote
with (U™, <T), equipped with a standard forcing relation |= for positive formulas,
that is, if p = « then for all p’ > p, p’ = «. In Kripke models for Intuitionistic
logic, the forcing clause for the intuitionistic negation — is defined as p = —o if
forall p’ > p, p’ = «. In Thomason’s models the strong negation ~ of CLSN is
defined as like as a positive formula: p =~ « implies that for all p’ > p, p’ =~ «.
It is only required that if p = « then p =~ «.

Therefore, in the Intuitionistic case, [—«] can be calculated from [«]. In
particular, given an Heyting algebra Qg (U), [—a] = —Cg([«]). On the contrary,
there is not a function sending [«] to [~ «]. Actually, there can be « and 8 such that
[e] = [B] but [~ «] # [~ B], a situation which does not occur for —. In a sense,
~ ¢ is an “explicit negation” not an “implicit” one as —; one has to positively state
where « is false.

Therefore, it is natural to represent the evaluation of a CLSN formula o by means
of an ordered pair of disjoint elements « (&) = ([«], [~ «])-

Clearly, there are states p such that p [~ « and p =~ o because it is not
required the existence of maximal states m such that either m = « or m =~ «. This
behaviour is different from the one of intuitionistic negation, because by its very
definition if « is not forced by some state above p, then p |= —«. Otherwise stated,
in models for CLSN it is not required that eventually all formulas are decidable.

This behaviour is mirrored by the dual construction of Nelson algebras. In fact,
if there is a maximal p which is required to decide every formula ¢, than p must be
either in [o] or in [~ «]. Therefore, in the dual construction one must put f(p) = p
so that p must be maximal. But from the Remarks 7.2 this is not mandatory for
maximal elements, as Example 98 shows.

Pay attention that both in the case of pre-orders and partial orders if p is
not maximal or pre-maximal and still we put f(p) = p, then in view of
Theorem 100.(3), f cannot be an involutive anti order isomorphism and for X =
{p : f(p) = p}, the filter + X does not contain all the dense elements of
QS+(U+) so that NE,X (QS+(U+))/ = is isomorphic to another Heyting algebra
H #Q_+(UM).
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Example 104 Tf we set X = {a, c}, then JX gives:

)
Qr W) Ne ooy (V)
U {{a,b,c}, )
glear,” | VAR Ne o (QR(U))/ =
/ {a, b, b, ¢) (b, b}, {a,c)  ({a.c). D) U
N / |
{a, c} {a,b, b’} @.Aa,ch)  (a,c), {b.0})  {a,b,c)
NP NG / VRN
{a} - {b,b'} @, 4a,b,b',ch)  fa,c) {b, ')
N | NS
[/ ®,U) ]

The relations between H and H' are not in the scope of our chapter. Therefore,
we focus our attention on maximal and pre-maximal states.

From a logical point of view, since formula are evaluated on order filters, the
distinction between partial and pre orders, hence between maximal and pre-maximal
states, is not very important. On the contrary, it is relevant from the point of view
of rough sets. In fact, in order to be approximated through a relation R on U, a
subset A of U is “evaluated” on the points of Q(U), so that, as we are going to
see, there is a difference if R is a partial order or a preorder. More precisely, the
difference concerns the existence of maximal states. From now on, therefore, we
consider partial orders or preorders bounded by maximal states.

We have two extreme cases and an intermediate one: (1) No maximal states
decide every formula. (2) All the maximal states decide every formula. (3) Some
maximal states but not all decide all formulas.

In the first case, the filtering congruence relation is =4, so it is required that
## € X1 U X, which is a relation always fulfilled. In particular in the resulting
Nelson lattice the pair (¥, ) appears, which represents a state of “complete absence
of information”.

Notice that ~ (@, #) = (@, @). An element a such that ~ a = a is called central.
Central elements are fixed elements of the negation, thus. In Nelson algebras there
can be only one central element.

The intermediate case is the generic one discussed so far. The lattice of Exam-
ple 98 (a.k.a. Dsj(U/R)) illustrates the first extreme case. The other intermediate
case will be discussed in the next section.

Example 105 Let us drop from our standard preorder P the element b’. Then R
turns into a partial order Q on a set W = {a, b, ¢, v}. Suppose we are given just
one CLSN formula « to be evaluated on (W, Q). Then the situations at the maximal
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state a, are the following (below any diagram the corresponding « («) is displayed):

akE=a akF~a akEo akF~a

c bE~a ¢ bEa ¢ bFa ¢ bE~«a

NN N TN

({a}, {}) ({b}, {a}) ({a, b}, 9) (9. {a, b})

akE=a a a

| | |
b ¢ b bFE~a

NN T N

E~a

o —

Ea

({a}. 9) @, {a}) @, {b}) ({p}. 9)

a

|
N

®.9)

b In the last case, k (@) is the central element (¥, ().

But if the parameter of the operator JX is the set of maximal elements M, then
only the first four cases are admitted. Notice again that ordered pairs are not admitted
not because they have an empty component. In fact (M, ) and (4, M) are admitted
(for another counterexample see the next section).

Before analysing the second and fundamental extreme case, we display some
interesting relations between the three negations. We need an easy but useful lemma:

Lemma 106 Let (a1, az) be a pair of disjoint elements of a Heyting algebra. Then
a1 < —ap and ap < —aj.

Proof Immediate from adjointness: aj Aay < Oifandonlyifa; <a; = 0= —ay
ifandonlyif a; < a; = 0 = —a;y. O

Moreover, it is not difficult to verify that for any two elements a = (a, a2) and
b = (b1, by) of any Nelson algebra N, (H) of ordered pairs of disjoint elements
of a Heyting algebra H (hence with =;» not necessarily a Boolean congruence) the
following hold:

a < bifandonly if a; <g by and by <q a>. (63)

(i) ma <~a <.a, (ii)ifa <bthen ~a <~ b, ma < —b, sa <_b (64)

(i) ===a > —a, (i) ~~~a=~a, (iii) 201 <_.a (65)
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({)asa>~ia=—-~a=-ia<a,(ii)m—a<~—-a=i~a=i-a>a

(66)

(i) sua = aonlyifay = —ay, (ii) =—a > a only if ——ay = a» 67)

By easy inspection using Lemma 106. For instance, (66).(ii) is immediate from (i):
~ g =~ — o~~~ q =~~~ a =3 ~ a. As to (67) a = (a1, az) and from
Lemma 106 Jua = (——ay, —ay). Clearly ——aj; >g a1 and —a; >g aa, so that
the first pair is above the second only if a = —aj. In turn, =—a = (—az, =—ay)
and —ap; >y ai, ——dy >y ap, so that now we need ——ay = ap (we recall that
(a1, az) < (b1, by) iff a1 <y b1 and by <y a2).

Example 107 Consider the following examples from the lattice Dsj(2(U)) of
Example 46: _.{{a}, ?) = {{a,c}, {b,D’}) which is incomparable with ({a}, ¥)
because {a} C {a, c} butalso @ C {b, b'}.

Similarly, =——(@, {a}) = ({b,b'}, {a, ¢}) which is incomparable with (@, {a}).
i@ {a}) = BU) = (B {a})and —=({b,0'}.{a}) = ({b,b'}.{a,c}) =<
{{b, b'}, {a}). On the contrary, _J{{a}, {b,b'}) = {a,c},{b,b'}) > {{a},{b,]'})
and ——(, {a, c}) = ({b, b}, {a, c}) = (V. {a, c}).

7.3 Effective Lattices, the Logic Ey and Rough Set Systems

Now we have to focus on the particular case in which the preorder, or the partial
order, is bounded by a set M of maximal states. From a rough set perspective, this
means that the set S of isolated elements coincides with M. What are the logical
consequences of this situation? Otherwise stated, what does it happen if in a model
every state has a state above it which decides every formula?

In view of Theorem 83, in such model for any formula ¢, [V ~ «] is locally
valid everywhere. This is the main feature which makes CLSN transform into a
new logic called Ep. This logic (also called Effective Logic 0) was introduced for
studying program synthesis and program specification (see [24]) and its algebraic
models were studied in [27]. This logic was presented by means of rules of Natural
Deduction by adding to the rules for CLSN the following schemas:

(T1) (r2)
] [a] [~a] [~a]

5] [~ Bl 8] [~ fl
~ T(x) T(a)
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Now, let us translate the two rules in the operation of a Nelson algebra N=(H)
of ordered pairs of disjoint elements of a Heyting algebra H. In what follows we
puta = k(a), b = k(B), a = (a1, a2), b = (b1, ba), and so on. Remember that
a —> b = 1iff a; <g b1. Then, since the first element of x (bA ~ b) is by Aby = 0,
we have:

@) (@ — 0) — T(~a); (ii) (~a — 0) — T(a) (68)
Moreover, from the two rules it is possible to derive
T(~ a) =~ T(x). (69)

Let us set T(a) = (T1, T2) and from the above ingredients discover what 77 and 7>
must be.

From (68).(1) and T(~ «) =~ T(«) one has _.a —>~ T(a). From (68).(ii) one
obtains 1o ~ a —> T(a). Since _a = (—a3, a2) and _a = (—ay, ay) it must be:

() —ax <g T, (ii) —ay <g T2, so (iii) =11 <g ——az, ({v) =T <g ——ai
(70

From Lemma 106 we have:

()——a) <g —az, (i) Ty <g T2, (ii) > <g T (71)
From (70).(ii) and (71).(G) —=—a; <g —a <g Ti. From this, (70).(iv) and (71).(ii)
——a; <g T1 <g —T» <g ——aj. In consequence: ——a; = T = —T,. Therefore,

—T1 = —a. From this and (71).(iii) 72 <g —a1 and from (70).(ii)) 7> <g —a1 <Hg
T>, so that T = —a;. We conclude that:

T(a) = (——a1, —ay) for any a of a Nelson algebra modelling Ej. (72)

Now, in a generic Nelson algebra we do have Jua = (——aj, —ay), but we cannot set
T(a) =J1a because of (69). In fact, ~1ia = —=— ~ a = (—aj, m—ay). Therefore
it should be —a; = ——a; and —a; = ——aj, all a. However, usually in Nelson
algebras these equations do not hold. Look at the following model:

akFa b ckE~a k@ = {a}{c}), ~k(@) = (={a}, =—{a})
({b, c}, {a}), while .o ~ k(@) = (—=—{c}, ~{c})
\ / (e}, {a, b}).

The reader has immediately recognised the problem: » does not decide « or ~ «.

v
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At this point we must find the conditions for a Nelson algebra to make —a; =
——ajy, which, obviously, is the same as =—a; = —aps.

Lemma 108 Let L be a distributive lattice, a,b,c € L, a Ab =0 =a A c. Then
avb=aVvcifandonlyifb = c.

Proof f avb =avcthen (aVvc)Ab = (aVvb)Ab = b. Therefore, b =
(anb)Vv (cAb)=0V(cAb)sothat b < c. Similarly one proves that ¢ < b. The
converse implication is more than trivial. O

Theorem 109 Let N=(H) be a Nelson algebra of ordered pairs of disjoint elements
of a Heyting algebra H. Then for any (a1, az) € N=(H), —a; = ——ay if and only
if = is =5, where § is the least dense element of H.

Proof If (a1,az) € Nz,a (H) then [{(a; V az)]-— = [l]-—. It follows that
[(a1 \Y az)]—.—. = [(a1 Vv —'a1>]—.—.. Since a;1 Aa; = 0 and a1 A —a; = O,
then [a1]-— A [a2]-- = [0]-- and [ai]-- A —[ai]-- = [0]--. Moreover,
a1 V a2]—— = [a1]-- U [a2]-= = [a1 V —a1]--= = [a1]-= U [—a1]-=. Therefore,
from Lemma 108 [a2]-— = [—ai]-- and we conclude —=—ar, = ———a; = —aj.
The example above proves the converse (more precisely, it proves the contrapositive
of the converse implication, that is, if = is not the minimal Boolean congruence,
then—see Lemma 106——a; >g ——a»). a

In [30] the above result is provided by a parallel algebraic and proof-theoretic
derivation.

If an approximation space Qg (U) is induced by an order R upper bounded by
maximal elements (i.e. with no infinite ascending chains), like any finite partial
order, then the set of maximal elements of R is the set of isolated points, which for
the philosophy of Rough Set Theory, are completely describable items, that is, items
which are describable with no ambiguity by the given properties. In consequence
Dsj(Qr)(U) = NE,& (2r)(U). In this case the intrinsic logic (in the sense of [21])
of the rough set system is Eq, not CLSN (see [19]):

Theorem 110 Let Qr(U) be an approximation space such that R is an order
with no infinite ascending chains, and S the set of its maximal elements. Then
N= (Qr(U)) = Dsj(QrU)).

Example 111 Consider the partial order of Example 105. The set of maximal
elements is S = {a, b}. Below we show the Nelson space built on (W, Q) with
the usual decorations “+” and “—”" and the resulting Nelson lattice of ordered pair
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of elements of €2 (W) without the decoration “+”.

(W, )
| V= QW)
({a, c, b}, 0)

N (WH) = (W*, <, f) / \

v ({a, ¢}, (b}) ({a. b}, 9)

/ /N

¢ ({a}, {b}) (b}, {a})

| D

at—  Ww* @, {a, b}) ({b}. {a, c})

ct bt- @, {a. b, c})

N4

. w)

Pay attention that if we apply the above construction to our preorder (U, R)
enlarging S to a set S’ containing also the pre-maximal states, then NEJ ¢ (QrU))
is, indeed, an effective lattice, but it is a sublattice of Dsj(2g(U). For instance,
Dsj({a, b}) = ({a}, ¥) which is not an element of N= s (Qg(U)). In fact in this
lattice R(b) and R(}'), that is, {b, b}, must be 1ncluded either in the first or in the
second element of any ordered pair. Practically, NEJ ¢ (2r(U)) is the above lattice
with b’ added in any element containing b. Hence it is a lattice quite different from
Dsj(2g(U)) which is shown in Example 46.

7.4 Algebraic Logic from Equivalence Relations

Originally, Rough Set Theory was based on equivalence relations (see [40]). Also
in this case the intrinsic logic of the resulting rough set system changes drastically
according to the filter JX.

Lemma 112 An approximation space Qg(U) with R an equivalence relation and
equipped with the Heyting algebra operations of Definition 38 is a Boolean algebra.

Proof A Heyting algebra such that =——a = a is a Boolean algebra. The topological
space Qg (U) is made of clopen (closed and open subsets). Hence, if A € Qg (U)
then —A € Qg (U). In consequence forany A, B € Qr(U),[(-AUB) = —-AUB,
so that =A = —A. Therefore ——A = — — A = A. O
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Lemma 113 [If B is a Boolean algebra, then for any a € B, =ja is a Boolean
congruence.

Proof Trivial: the only dense element of a Boolean algebra is 1 and since a < 1,
any a, 1 a contains all dense elements (actually the only one). O

Lemma 114 Let B be a Boolean algebra, then for any congruence =ja, N= . (B)
is a semi-simple Nelson algebra.

Proof Foranya € N=,,(B),av.ia = (a1, a2) V(—ai, a1) = (a1 V—ay, ap Aay) =
(1,0) = 1. O

Semi-simple Nelson algebras are the same mathematical objects as three-valued
Lukasiewicz algebras. We explain this correspondence by showing interesting facts
connected to rough sets.

In semi-simple Nelson algebras the operation — is a pseudo-complementation:
—a, that is, {az, —ay), is the maximal element (x{, xo) such that x; A a; = 0 and
x2Vay = 1. This may be surprising, because the complement of @ in the underlying
Boolean algebra is its pseudo-complement —aj, not a;. But we have to consider that
in any Nelson algebra of ordered pairs of a Heyting algebra H, a < b if and only if
ai; <g b1 and by <y ay. Therefore, the orders of the first and the second elements
are contravariant. It follows that (x, x2) is the pseudo-complement of (a1, az) if x»
is the minimal element z such that z Vay = 1 and x1 is the maximal element w such
that w A a; = 0 and w A xp = 0. But, —ay is the minimal complement of a; to 1
(it is its supplement, indeed—see Definition 123). And a3 is the maximal element
disjoint from —ay.

However, we give a proof, by introducing another kind of implication, which is
fundamental to understand the intrinsic logic of rough set systems from equivalence
relations.

Theorem 115 In a Nelson algebra N=(B) with B a Boolean algebra, the operation
D defined in (58) is a relative-pseudocomplementation

The proof can be found in [32] or in [39].7 As a corollary, since —a = a D 0, one
obtains that —a is the pseudo-complement of a.

Excursus

Now we have enough material to discuss a point we have left open: how to
define the Nelson operations on a decreasing representation Dcr(Qr(U))? If R
is an equivalence relation the answer is straightforward, as we shall see. But if R
is a preorder some difficulties arise. We recall that any element (A1, A2) of the
decreasing representation belongs to Qg-(U) x Qg (U) and that Q- (U) is a co-
Heyting algebra with respect to Qg (U).

It is a tricky point. For meet and join there is no problem: a A b = (A1 N
B1, A> N By) and analogously for V. For the strong negation just a little effort gives:

TThe first proof was presented in [28]. In that paper there is a misprint: —(—B, U A») instead of
(—By U Ap).
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~ (A1, A2) = (—Az, —A1). Now we apply the map p of (45) which transforms a
disjoint representation into a decreasing one. Thus pay attention that before applying
p, ~ (A1, A2) = (A2, A1) while after applying p, ~ (A1, A2) = (—A2, —Aj). Let
us then verify that p(~ a) =~ p(a): p(~ a) = p({(Az, A1) = (—A1, A) =
(—A1, — — Ap) =~ (—A3, A1) =~ p(a). It is more difficult to define the impli-
cation. In disjoint representationa — b = (A1 = By, A1 N By) so p({(A] =
By, A1 N By)) = (—(A1 N By), Ay = By) = (A1 U—B, Ay = B1). Now,
pla) = (—Az, A1), p(b) = (—Ba, By). It follows that given a = (A1, Az) and b =
(B1, B2) in decreasing representationa — b = (—A2 U By, A, =—> B»). Notice
that Ay = B = Ig(—A2 U Byp). Therefore, ja = a —> (0,0) = (—A>, 7 A»).
One more time, notice that the first element is a set-theoretic complementation while
the second is the interior of a set theoretic complementation. Finally, the definition
of — is interesting, and tricky: in disjoint representation —a = (a2, —az). Hence
p(—a) = (—Az, Ax) = (—Ir(—A2), A). In consequence, for a in decreasing
representation —a = (—Ir(A1), A1) = (uA1, —Ajp), where J is the pseudo-
complementation of the opposite Heyting algebra Qg-(U). In fact, —Ig(X) =
—Cpr-(X) = Ig-(—X) =1X. Rephrased with the constructors introduced in the
first lesson, if a is in decreasing representation, then —a = ([i]r(—A1), A1) =
(=(i)r(=A1), A1), while La = (—Az, [e]r(A2)).

At an abstract level, in view of Theorem 11, these operations require a Boolean
algebra equipped with a topological modal operator M and a topological co-modal
operator L such that (M, L) is an axiality (an adjoint pair). Alternatively, we need a
bi-Heyting algebra providing — and ..

But in the case R is an equivalence relation, R = R~ and Qg(U) is a topology
of clopen sets. Then things are much easier and the operations are smoother: in the
first place, there are no chains of alternate topological operators, that is, Cglzp = Ig
and IgCr = Cg. This fact simplifies a lot, since any X; has the form I (Y) for
some Y C U. Furthermore, ua = (—Aj, —A3), ma = (—A|,—Aj)anda — b =
(A2 = Bj, A = By), where —X; is the set-theoretic complement of X; and
Xi=Y;=-X;UY;.

7.5 Rough Set Interpretation of Tautologies
and Contradictions

The following hold in any Nelson algebra N= ,, (H):

1>avia>aVv-—-a=aVv~a=>{x,0) (73)

0<aA—-a<ar.a=an~a<{0,x) (74)
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(73) and (74) are easily proved: avia = (a1 V —a1,0) > (a1 Va2) = a Vv —a.
Symmetrically, a A —a = (0,a2 V —a2) < (0,a1 V a2) = aAsa.Buta; Vay > x,
by definition of the domain of the algebra. Therefore, a V —a > (x,0) and aA_a <
(0, x).

If N=,. (H) is semi-simple:

(i) =——a = —a, (ii) Juua =.a (75)
(i)iaua=~sa=—~a<a, (li)y7ma=~—-a=1~a>a (76)
(i) avaa = (1,0); (ii)a A—a = (0, 1) 77)

(75), (76) and (77) come from (65), (66) and (67) because —=—a| = a; and =—ay =
az. (77) comes trivially from the fact that a1 vV —a; = a vV —ay = 1, so that
avia = (a1 VvV —ay,0) = (1,0) anda A —a = (0, ay Vv —ay) = (0, 1).

Suppose Qr(U) is a topology and @ = Dsj(X) = (Ir(X), —Cr(X)) for X C
U. Then:

av ~a=av—a={Ig(X)U—-Cr(X),?) = (—Bg(X), %) (78)
avaa = (Ig(X) Ulg —Ir(X), 9) = (Ir(X) UIRCr(—X), ) (79)

Opposite relations hold for the contradictions:

an ~a=alia = (B, —Br(X)) (80)
an—a= (@, -Cr(X)Ulg — —Cr(X)) = (4, —Cr(X) UIRCg (X)) (81)

Therefore, we note that contradictions are not equivalent to 0 and tautologies are not
equivalent to 1 because of the presence of an “indecision area”, that is, the boundary
of a set.

In the case Q2r(U) is a Boolean algebra, so that Dsj(X) is an element of a semi-
simple Nelson algebras, since the open sets of Qg(U) are clopen, [RgCr(—X) =
Cr(—X) = —Ig(X), sothat av_ia = (U,¥) and a A —a = (@}, U), as anticipated
by (77).

What about, then, Dsj(Bgr(X)) itself? It is (Ir(Br (X)), —Cr(Br(X))). But
since Br(X) is the intersection of two closed sets, that is, Cg(X) and —Ig(X),
it is itself a closed set. In consequence,

Dsj(Br(X)) = (IrkBr(X), =Br(X)) =~(an ~ a) =~i(anaa) (82)

In the semi-simple case, since IgBr(X) = Bgr(X), DsjBr(X)) =
(Br(X), —Br(X)). Therefore, Bz (X) is an exact set.
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7.6 Double Negations, Modalities and Approximations

The following are immediate in any Nelson algebra:
(i) =—a = (—ap, 7—az), (ii) saa = (——ay, —ay) ((ii) Jua < ——a (83)

In what follows, I and C stand for [ ¢ and, respectively, Cg.

Theorem 116 Let Qr(X) be a topology. Then forall X C U:

Dsj((IR)(X)) = (I(X), —CI(X)), Dsj(wR)(X)) = (IC(X), -C(X))  (84)

—=Dsj(X) = (IC(X), ICI(— X)), 1uDsj(X) = (ICI(X), IC(—X)) (85)
2uDsj((IR)(X)) =1uDsj(X), 1uDsj((uR)(X)) = =—Dsj(X) (86)
—=Dsj((IR)(X)) =12Dsj(X), ==Dsj((uR)(X)) = =—Dsj(X) (87)
Dsj((IR)(X)) <1uDsj((IR)(X)) =11Dsj(X) < (88)
< == Dsj(X) = == Dsj((uR)(X)) < Dsj(uR)(X)) (89)

Proof First, = — X = —C(-X) =I(X), —— X =1-1I(— - X) =1-1I(X),
and so on. Second, ICI(X) C IC(X). In view of these equations and dis-equations
the proofs are just easy calculations. For instance, (85) is proved as follows:

—=Dsj(X) = == ({I(X), —C(X)) = (= - C(X), = - C(X)) =
= (- —C(X),I =1 — —C(X)) = (IC(X), I — IC(X)) =
= (IC(X), ICI(— X)) O

Theorem 117 Let Qg (U) be a Boolean algebra, then forall X C U,
Dsj((IR)(X)) =11Dsj(X), Dsj((uR)(X)) = ——Dsj(X) (90)

In other terms, the following diagrams commute:

Dsj Dsj

Proof (90) is based on the fact that Qx(U) is made of clopen sets, so that for all
X C U,IC(X) = C(X) and CI(X) = I(X). It follows from (85) and (84) that
auDsj(X) = (ICI(X), IC(—X)) = (I(X),IC(—X)) = Dsj((IR)(X)). The other
equation comes from duality. O
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Actually, _uDsj(X) = Dsj(IR)(X)) = ({I(X),-I(X)) follows from
IC(-X) = C(—X) = -I(X). Similarly, =——Dsj(X) = Dsj((uR)(X)) =
(C(X), —C(X)). Indeed, if B is a Boolean algebra, then in the semi-simple Nelson
algebra N=(B), =——a = (—aa, a3) and Jua = (a1, —ay), any a.

We know that —=—(Dsj(Q2r(U)) is a Boolean algebra if equipped with N, L
and —, where — is the set-theoretic complementation. In case R is an equivalence
relation, we prove something special:

Theorem 118 Let N be a semi-simple Nelson algebra and ——(N) the lattice of
regular elements of N. Then U coincides with V.

In Theorem 117 it was actually proved that in semi-simple Nelson algebras ——is a
topological closure operator, hence it is additive. Another proof is the following: if
N is semi-simple, then — is a pseudo-complementation. It follows that =—(——a Vv
—=b) = =(—=——a A =—=b) = —(—a A —b). In Sect.7.8 we shall prove that
—(x Ay) = —x V —y. Hence, =(—a A =b) = =—a vV ——b.

In a rough set perspective, one can prove by easy calculation that

—=Dsj(XUY)=—-=-Dsj(X)U—-=Dsj(Y).
Therefore, =—(——Dsj(X) U—-—=Dsj(Y)) = =———Dsj(XUY) =
—=Dsj(XUY)=—-=-Dsj(X)U—-=Dsj(Y).

Notice, on the contrary, that Dsj(X UY) > Dsj(X) U Dsj(Y), because [r(X U
Y) 2 Ir(X) UIr(Y).

It is natural to ask what is the element x of this algebra such that =——a = J*(a)
for any element a.

Theorem 119 Let B be a Boolean algebra. Then for any a € B, the least dense
element of N= ,, (B) is {(a, 0).

Proof An element (x1, x2) is dense if —(x1, x2) = (x2, =x2) = 0. Hence x» = 0.
But because of the filtration clause, x; V 0 >p a. In consequence x| >p a. O

Corollary 120 In any semi-simple Nelson algebra N— ,(B), J@0(x) = ——x,

_Ja
any x.
Proof From Theorem 77.(1). O

So we have seen that the set J @9 (N= ;o (B)) forms a subalgebra of N=,, (B).
All the elements of this subalgebra are regular and complemented. The set of
complemented elements of an algebra is called center of the algebra.

Theorem 121 Given a semi-simple Nelson algebra, for any element a, ifa = ——a
then all the three negations are complementations of a.

Proof From (66) and (76) ———a =_——a =~ ——a. Therefore, from (77) all the
three negations are complementations of ——a. O

In view of (76).(i), the above result does not hold for generic elements.



406 P. Pagliani

From the above discussion and Definition 6, ~4 =,4 = —, is a necessity
operator I and ~ — = —— =_—is a possibility operator M.

Example 122 Consider the usual preorder P without the elements v and c¢. Then
we obtain an equivalence relation E = {{a, a), (b, b), (', '), (b, b'), (', b)} on a
set Z = {a, b, b'}. The only isolated element is a. Below we depict the Boolean
algebra Qg (Z), the resulting Nelson space and the rough set system Rsj(Q2g(Z))
as the lattice NEJ o ($2E(Z)) without decorations *“+:

(
/ \ Ne o (R6(2))

({b, b’} {a}) ({a}, 9)

IO e RN

{a} Qe (b b} b ~—— b~ (9, {a}) ({a}, (b, b'})
\ / a+* b+ - bH’ <w Z)

Notice that (Z*, <, f) is not obtained from the dual space of Qg(Z) but from
(Z, E). In fact, as we have seen, the dual space of Qg (Z) is a Tp-ification in which
b and b’ collapse into a single point {b, b'}.

Dsj({a}) = {{a}, {b,]b'}). Dsj({a, b}) = ({a}, @). Notice that if X is an exact
set, that is, X = (IR)(X) = (uR)(X), then Dsj(X) is a regular element of the
algebra. The exact sets are {a}, {b, b'}, Z and @. Their Dsj-images lay in the center
of N= ) (RE(Z)). Let us verify some cases: —({a}, ) = (@, Z). ({a}, @) it the
least dense element. —(@, {a}) = {({a}, {b,D'}). = (@, {a}) A (@, {a}) = (D, Z).
=@ {a}) v (B.{a}) = {a},0). 20, {a}) = (Z,9). 20, {a}) A =D, {ah)A =
©,{a}). ==({a}, 9) =(Z,9). s2({a}, V) = ({a}, (b, b'}).

7.7 Negations and Dual Pseudo-Complementation

Given a semi-simple Nelson algebra N=(B), from a Boolean algebra B, we know
that a D b is the pseudo-complement of a relative to b and —a the
pseudo-complement of a. If we reverse the order of D we obtain another operation:

Definition 123 (Pseudo-Supplementation) Let L be a bounded lattice, if for all
a, b, x € L the following holds:

aVvx>bifandonlyifx >a Cb 1)

then a C b is called the psudosupplement of a relative to b. The elementa C 1 is
called pseudo-supplement of a.
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Therefore, a C b is the least element x such that a vV x > b. In other terms, C is
lower adjoint to V. In consequence V is multiplicative, so that L is distributive.

Theorem 124 Let N be a semi-simple Nelson algebra, then
aCb=~(~a>~b) 92)

Let us verify that forany a in N,a C 1 =.a: ~ (~ a D~ b) =~ (~1 ~~
av ~ bV (4 ~ anis ~~ b)) =~ (~iav ~ bV (1 ~ aAib)). Therefore,
aCl=~(~1avOvVv(u~an0))=~(via) =_a.

This justifies why 1 and — have dual properties, for instance with respect to the
De Morgan laws, as we shall see in the next section.

Definition 125 (Co-Heyting Algebras) A bounded distributive lattice L such that
a C bisdefined for all a, b € L, is called a co-Heyting algebra.

Definition 126 (Bi-Heyting Algebras) A bounded distributive lattice L such that
it is both a Heyting and a co-Heyting algebra is called a bi-Heyting algebra.

Notice that the system of all closed subsets of a topological space is a co-Heyting
algebra in which given two closed sets X and Y, X C ¥ = C(Y N —X) and ,X =
C(—X) = —I(X). This justifies the definition of the operations for the decreasing
representation Dcr (Q2r(U)) that were provided in the excursus before Sect. 7.5.

Given a co-Heyting algebra, in [22] William Lawvere defined a boundary
operation §(a) := aA_a and pointed out that this operation fulfils the following
rule 6(a A b) = (6(a) A b) Vv (a A 5(b)). This rule is consistent with our spatial
intuition, if we think of two overlapping sets. Moreover, it is consistent with the
Leibniz rule for differentiation of a product: d”i (a-b)= flz -b+a- Z)bc.

But in Sect.7.5 we have seen, indeed, that given a semi-simple Nelson algebra
NEJ s (Qg(U)), with R an equivalence relation, Dsj (X)A1Dsj(X) “represents” the
boundary of X (see [31]).

We now prove that in a semi-simple Nelson algebra N— (B) the Leibniz rule holds
for 8(x) = xAx:

(a Ab)AJ(a Ab) = {ai ANbi,ay V by) A {—(a; Aby), a1 Aby)
=(0,a2 Vby V(a1 Ab1)) =10, (a2 VbyVar)A(axV byV b))
=(0,ap VbyVvay)Vvi{0,ax Vv byV by)
= ({ay AN—ai ANby,ay VvV byVvay)Vvi{ag ANby A—=bi,axV by V by)
= ((a1, @2) A (=ar, ar) A (b1, b2)) Vv ({a1, az) A (b1, ba) A (=by, b1))
= ((anaa) ANDb) V (a A (bAID))
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We conclude the section with these straightforward results on rough set systems:

Theorem 127 Let B be a Boolean algebra and = a congruence on B. Then:
H(B) := (N=(B), Vv, A, —, D, 0, 1) is a Heyting algebra.
CH(B) := (N=(B), V, A, 1, C, 0, 1) is a co-Heyting algebra.
BH@B) := (N=(B), vV, A, —, 1, D, C,0, 1) is a bi-Heyting algebra.

Corollary 128 Let Qr(U) be an approximation space with R an equivalence
relation. then H(Qr(U)) is a Heyting algebra, CH(QR(U)) is a co-Heyting
algebra, and BH(Q2r (U)) is a bi-Heyting algebra.

7.8 Negations and De Morgan Laws

By definition, both De Morgan laws hold for the strong negation ~. On the contrary,
by means of some calculation we obtain:

—(a Ab) = —aV —b, (93)
=(a Vv b) = {ay Aba, (a2 A D)) < {ax Ab2, —azr VvV —b2) = —a A —b 94)
J(a v b) =.anib 95)
dla Ab) = (—(a1 Aby),a1 Aby) = (—a; vV —by,a; Aby) >1aVb. (96)

The same equalities and disequalities hold for double negated elements, too. For
instance, = (——a A —=—b) = ———q V ———b,

Also, =(LuaViib) < —lia A —ab and so on, while = (LuaAiib) = —Lua Vv
_‘JJb.

Pay attention that the above relations hold for the operations — and _ in a generic
Nelson algebra N. On the contrary, if — is the pseudo-complementation of N qua
Heyting algebra (for instance if N is a finite Nelson lattice), then —=(aAb) > —aV—b,
while —(a v b) = —a A —b. Symmetrically, if _ is the dual-pseudocomplementation
in the co-Heyting algebra N°P then u(a Vv b) <.iaAib and i(a A b) =.aV Jb.

If the Nelson algebra is semi-simple, things change sensibly. In fact, in this
case the Nelson operator — is really a pseudo complementation and J a co-
pseudocomplementation. Clearly, we expect that the De Morgan law for Heyting
algebras and co-Heyting algebras hold:

—(a VvV b)=—a A-band s(a Ab) =.aV_b.
It holds because the same is valid in the underlying Boolean algebra.

The law (93) suggests that semi-simple Nelson algebras can be made into
Heyting algebras with very peculiar properties, because that law does not hold in
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general for pseudo-complementation. Symmetrically for their co-Heyting algebras.
Indeed, in [43] it was proved that if (93) and (95) hold then ,— and —. are
idempotent operators and —a is the least complemented element above a, while
—_a is the largest complemented element below a.

In fact we have seen in Theorem 117 that in semi-simple Nelson algebras,
4= = == =~ = and —J =, =~ correspond to topological modal (possibility)
and, respectively, topological co-modal (necessity) operators which project an
element a onto the sublattice of regular elements which is, also, the sublattice of
complemented elements of the algebra.

Actually, another reason why the above De Morgan laws hold in semi-simple
Nelson algebras is a general result by Johnstone (see [20]): in a Heyting algebra
H, the De Morgan law (93) is equivalent to the fact that the set of regular elements
form a sublattice of H. And in Theorem 118 it was proved that this is the case for
semi-simple Nelson algebras, indeed.

7.9 Changing Information and Changing Logic

We have mentioned that semi-simple Nelson algebras are equivalent to three-valued
Lukasiewicz algebras. Now we enter some details.

Definition 129 (L.ukasiewicz Algebra) A three-valued tukasiewicz algebra is a
distributive lattice (A, V, A, ~,0, 1) with two additive and multiplicative unary
operations ¢1, ¢ satisfying:

P1(x) = @2(x), @i(xX)V ~ @i(x) =1, gi(X)A ~ @i(x) =0, @i(~ x) =~ ¢;(x)

ei(pj(x)) =@j(x), x Vo1 =@1(x), x Ag2=@a2(x), ¢:(0) =0, ¢;(1) =1
~xAex) =0, ~xVer(x) =1, yAxV~ei(x)Very) =y.

It is possible to prove (see [39] or [32]):

Theorem 130 Let B be a Boolean algebra and = a congruence on B. Then:
LB) = (N=B),V, A, ~, 01, 9,0, 1) is a three-valued Lukasiewicz algebra,
where o1 =1 =~ - =—-—and @y = -1 =~1=1.

Corollary 131 Let Qr(U) be an approximation space with R an equivalence
relation. Then, L(Qg (U)) is a three-valued Lukasiewicz algebra.

See Example 122.

It is interesting to note that our relative pseudo-complementation O of Theo-
rem 115 coincides with the so-called Moisil residuation 1 which is definable in
three-valued Lukasiewicz algebras: a b := bV ~ ¢1(a) vV (~ ¢2(a) A ¢1(b)).
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Semi-simple Nelson algebras or three-valued Lukasiewicz algebras represent the
case in which the filtration congruence = is generic, thatis, = is =j« for0 <a < 1.
What happens in the extreme cases, that is, whena = 1 and a = 0?

We have seen that N= , (Qg(U)) is a Boolean algebra isomorphic to Qg (U). If,
. ‘, .
instead, a = 0, then we obtain a Post algebra of order three.

Definition 132 (Post Algebra) A Post algebra of order three is a Heyting algebra
(A, V,A,=—>,—,0, 1) equipped with a three chain element 0 = ey < e <
e> = 1 and two unary multiplicative and additive operators D1, D; such that, for
1<i,j<2:

Di(x) v —=Di(x) =1, Di(—=x) = —=D;(x), Di(Dj(x)) = Dj(x)
x = (D1(x) Aep) VvV (D2(x) A e2) - monotonic representation of x
Di(x = y) = (D1(x) = D1(y)) A (D2(x) = D2(y))

1 forl<i<j<2

Di(ej) = L
0 for2>i>j=>0

Letthen P = (A, VvV, A, =, 7, €p, €1, €2, D1, D>, 0, 1). Since D;(x) V = D;(x) =
(D1(Dj(x)) vV =D1(D;(x)) = 1, it is evident that for any x, D;(x) belongs to the
centre of P.

Post algebras of order three are special cases of three-valued Lukasiewicz
algebras. In fact, if a Lukasiewicz algebra L = (A, V, A, ~, ¢1,¢2,0,1) has a
chain 0 < § < 1, by setting D1 = ¢1, Dy = ¢2, =x =~ Dji(x), one obtains a
Post algebra of order three (see [32]).

Notice that, indeed, ~ D1 (x) =~ ¢1(x) =~~ —x = —x.

Now we exhibit a Post algebra of ordered pairs of disjoint elements (see [32]).
We have just noticed that D;(x) is complemented. Moreover, D1(x) =~ —(x). In
view of (65) and Theorem 121, this suggests that the underlying algebra is Boolean.
Therefore, let B be a Boolean algebra and = be the largest congruence on B. Let
N=(B) be a set of ordered pairs of disjoint elements of B. We have already seen
that since = is the largest congruence on B, 1 = 0 so that any pair of disjoint
elements of B is admitted by the filtration rule a; V ay = 1, hence also (0, 0) is.
We know that N=(B) can be made into a three-valued Lukasiewicz algebra and
how to transform it into a Post algebra of order three. We only need a chain of
values. Obviously, eg = (0, 1) and e; = (1, 0). We claim that e is (0, 0). Clearly,
(0,1) < (0,0) < (1, 0). Moreover D{({0,0)) =~ —(0,0) =~ (0,1) = 1 and
D> ({0, 0)) =~1(0,0) =~ (1,0) = 0.
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Now, the largest congruence on B is = ;0. So, we obtain:

Theorem 133 Let B be a Boolean algebra, then
P(B) = (NEJ() (B)a \/, /\7 ) Da ~ ) Dla D27 607 ela ez)

is a Post algebra of order three, if D1 =~ —, Dy =~_, g = (B, U), e1 = (@, B)
and ey = (U, 0).

From the rough set perspective, given an approximation space Q2g(U) with R an
equivalence relation, we obtain a Post algebra of order three if and only if there are
no isolated elements:

Theorem 134 Let R be an equivalence relation on a set U such that there are no
isolated elements, then Nf_;zjo (QrWU)) = Dsj(QrU)) and

P(QR(U)) = (NEJV) (QR(U))a \/, /\7 ™ Da ~ _'a Dla D27 607 ela ez)

is a Post algebra of order three.

We have noticed that the intermediate value of the above Post algebra is (0, 0) which
is the least dense element of the algebra. And we have also noticed that given
a Boolean algebra B and a € B, (a, 0) is the least dense element in the lattice
(N=,,(B), Vv, A, —,0,1), therefore also in L(B) we can set a chain 0 = (0, 1) =
eg<e; ={a,0) <e=(1,0=1.

However, Di(e1) = ¢i1(e1) =~ —{a,0) =~ (0,1) = 1, which is consistent
with Post algebras, but Dy (e1) =~.e1 =~ (—a,a) = {(a, —a) > (0, 1) = 0, while
in Post algebras D (e1) = Da(eg) = 0.

Actually, if one assumes (a, 0) as intermediate value, one obtains another kind of
lattices, called chain-based lattices, namely P>-lattices which are generalisations
of Post algebras (see [13]).

Example 135 Let P = {a,a’,b,b’} and E be the equivalence relation depicted
below together with the Boolean algebra Qg (P), the resulting Nelson space and
Dsj(RE(P)) as the Post algebra of order three stm (QEg(P)) without decora-
tions ’+’. For instance, Dsj({a,b} = (#,0), Dsj({a,d’,b}) = ({a,a'}, D),
Dsj({a,a’}) = ({{a,a'}, {b, b'}).
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(U*, <, 1)

1T

at «<—— gt pt «— p/+

{a.d’} QEp(P) (b,b} a~ +—>d~ b” D"

NEM (QE(P))

8 Conclusions

In many respects, the logic of rough sets is still to be defined. In the case of classic
rough sets based on equivalence relations, we have seen that their logic depends
on the geometry of isolated points. In other terms, it depends on the set of items
completely describable by the given properties, that is, items which are singled out
by the properties, or information, we have. If all the items can be isolated by the
properties, then we obtain a Boolean algebra. This is no surprise if we think of
Classic Logic as the logic of perfect information: either o or —«. If some pieces of
information are complete and other are incomplete, and we gather the completely
describable items into a set S, then we obtain a semi-simple Nelson algebra, i.e. a
three-valued Lukasiewicz algebra, in which the pair (S, ) is the least dense element
and a local top element, in the sense that classical tautologies takes values between
(S, @) and the absolute top element (U, #). Vice-versa, all classical contradictions
are between ~ (S,{) = (@, S) and the absolute bottom element (J, U), so that
(@, S) is a local bottom element. If no items are completely described, then S =
) and rough set systems turns into Post algebras of order three, where the local
top and bottom elements fuse into a state (J, @) of complete indecision or totally
uninformed situation. Since it is often assumed that there are no isolated points, or
completely described items, then the logic of rough sets should be the one modelled
by Post algebras of order three, not three-valued Lukasiewicz logic or connected
mathematical objects (regular Stone algebras and the like).
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However, in our opinion, the real world is a melange of perfect and imperfect
information. Then three-valued Lukasiewicz logic, or Constructive Logic with
Strong Negation plus an axiom for aVia = 1 approximate the intrinsic logic of
rough sets. But they are not able to account for the double nature of perfect and
imperfect information which is implicit in these algebraic models as it is shown
by the fact that any such algebra is the product of a Post algebra of order three,
modelling the imperfect part, and a Boolean algebra modelling the perfect part.
Look at the Lukasiewicz algebra of Example 122. It is the product of the Boolean
algebra B whose (in this case only) atom is {a} and a Post algebra P with elements
built on the indiscernible elements b and '

({b, b'}, 0) (9, {a}), ({b, b'}, B))  ({a}, D), (D, D))
Hah?)  x (9, 9) = (D, {a}), (D, D)) ({{a}, B), (B, {b,b'}))
B I
(@, {a}) (@, {b,b'}) ({4, {a}), (9, {b,b'}))

Notice that the product of the least (only) dense element of B, that is, the top element
({a}, ¥) and the least dense element of P, which is the intermediate value (4, @),
gives the least dense element of the resulting three-valued Lukasiewicz algebra.
Finally, if an approximation space is induced by a partial or pre-order bounded
by maximal states, then the intrinsic logic of the rough set system is Ey. In particular
all the usual approximation spaces induced by a finite partial order are of this kind.
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