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Abstract Based on Pawlak’s rough set theory, we study and investigate the roughness in
non-commutative residuated lattices, which are generalizations of non-commutative fuzzy
structures such as MV-algebras and BL-algebras. We give many theorems and examples
to describe the rough approximations. Also, to investigate the properties of roughness of
subsets (and of course filters) more closely, we consider some different kinds of filters such
as Boolean filters and prime filters. Especially, we prove that with respect to some certain
filters, the obtained approximations form a Boolean algebra or a pseudo MTL-algebra.
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1 Introduction

The theory of rough sets, introduced by Pawlak [15], is an extension of set theory, in which
a subset of a universe is described by a pair of ordinary sets called the lower and upper
approximations. A key concept in Pawlak’s rough set model is that of equivalence relation.
The equivalence classes are the building blocks for the construction of the lower and upper
approximations. The rough sets theory has often proved to be an excellent mathematical
tool for the analysis of a vague description of objects called actions in decision problems.
Many different problems can be addressed by rough sets theory. During the last few years
this formalism has been approached as a tool used in connection with many different areas
of research. There have been investigations of the relations between rough sets theory and
fuzzy sets. Rough sets theory has also provided the necessary formalism and ideas for the
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development of some propositional machine learning systems. It has also been used for,
among many others, knowledge representation, data mining, dealing with imperfect data,
reducing knowledge representation and for analyzing attribute dependencies. The notions of
rough relations and rough functions are based on rough sets theory and can be applied as a
theoretical basis for rough controllers, among others.

An algebraic approach to rough sets has been given by Iwinski [9]. He also suggested the
lattice theoretical approach to rough sets. Estaji et al. [8] also studied rough set theory in
lattice theory. In 1994, Biswas and Nanda [2] introduced and discussed the concept of rough
groups and rough subgroups (see also [12,13]). Roughness in the other algebraic structures
such as semigroups and rings was studied by many authors (see [5,6,11,12,21]). Pomykala
and Pomykala [16] showed that the set of rough sets forms a Stone algebra. Comer [4]
presented an interesting discussion of rough sets and various algebras related to the study of
algebraic logic, such as Stone algebras and relation algebras. Jun applied rough set theory
to BCK-algebras [10]. Recently, Rasouli et al. [18] introduced and studied the notion of
roughness in MV-algebras. Also, Torkzadeh et al. studied the roughness of BL-algebras [19].
Roughness in (commutative) residuated lattices was also investigated by Rachuneck et al.
[17].

In this paper, we consider non-commutative residuated lattices [7,20], which are com-
mon structures among algebras associated with fuzzy logics, as the universal set. We give
a complete description of algebraic properties of roughness by giving many theorems and
examples, and so we extend the results of [17-19]. We characterize the approximations with
respect to some types of filters and give some interesting results: we consider different kinds
of filters (prime filters and Boolean filters) to study the approximations of sets (or filters)
and characterize the rough approximations. Particularly, we show that based on the kinds of
filters, the obtained approximations can be a Boolean algebra or a pseudo MTL-algebra, as
mentioned in the abstract.

2 Preliminaries

This section is devoted to give some definitions and results from the literature. For more
details, we refer to the references [1,3,8,15,20].

2.1 Residuated lattices

Definition 2.1 A structure (L, V, A, %, —, ~~, 0, 1) of type (2, 2, 2, 2, 2, 0, 0) is called a
(non-commutative) residuated lattice if

(RL1) (£, Vv, A,0,1)is abounded lattice,

(RL2) (L, *, 1) is a monoid,

(RL3) xxy <z ifandonlyifx <y — z ifandonlyify < x ~» z,forallx,y,z € L.

e The elements x — 0 and x ~~ 0 are denoted by —x and ~ x, respectively.

e A residuated lattice L is called involutive if x=~ = x~~ = x, forall x € L.

e A residuated lattice £ is called a pseudo MTL-algebra if it satisfies (PL)
x—=>yVy—-ox)=1l=x~y)v(y~x)forallx,yelL.

Proposition 2.2 In any residuated lattice L, the following properties hold:

(1) x <y ifandonlyifx — y =1 ifandonly ifx ~~y =1,
QD x—-x=x~x=1L1—-x=1~x=1,
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(B) x <yimpliesx xz <yxzandz*x <zxYy,

@) x <yimpliesz > x <z—>yandz~x <z~>Y,

5) x <yimpliesy — 7z <x — zand y ~ 7 < x ~ z, particularly, x <y implies that
Yy <x andy~ <x7,

6) ysx—>yandy=x~yx—> (y~z=y~wx—>2),

(N xxy=x*x(Xx Y SXAY, y*x < (X > Yy)*x SXAY,

®) x >y =<(y— 2~ (x > 2),particularly, x -y <y~ ~x7,

) x ~y <y~ 2 — (x ~ 2),particularly, x ~y <y~ — x7,

1) x > y=@—=>x) > @@=y xw»y=(2~x)~(2~Y),

D) xxy)»wz=y~» (X2, (x*xy) >z2=x—> (y > 2),

(12) xx(y > 2) =y = (x*2), y ~» ) *x <y~ (2xx),

Definition 2.3 A nonempty subset F' of residuated lattice £ is called a filter if

i) x,ye Fimplyx*xyeF,
(i) x <yandx € Fimply y € F

or equivalently, 1 € F,andx - ye€ F(orx ~y e F)andx € Fimply y € F.

We mention that for nonempty subset X of residuated lattice £, the intersection of any
nonempty family of filters of £ which contain X is again a filter, denoted [x), which is called
the filter generated by X. Also, the set of all filters of £ together with set inclusion, as the
partial ordering, forms a complete lattice in which for a family {F;};¢; of filters, AF; = NF;
and VF; = [U;¢r Fy) (see [3]).

The next proposition gives a characterization of these filters.

Proposition 2.4 If X C L, then
[X)={yel:y=>gi*g*---*g, g €X, 1<i=<k}
Definition 2.5 A filter F of L is called a Boolean filter

(1) oftype lifx € For—x,~x € F,forallx € L,
(ii) of type2ifxvV ~x € Fandx vV —x € F,forall x € L.

Filter F is said to be normal if it satisfies
x—>yeF&x~yekF.
Every normal filter F of residuated lattice £ induces a congruence 6 on L as
x0ry & x —y,y—>x€eF.

L/ F, the set of congruence classes of 6y together with those operations induced from £
forms a residuated lattice. The induced partial ordering on £/ F is defined as

x/0F <y/0F & x —>yekF.
Theorem 2.6 Let F be a normal filter of L.

(1) Fis a Boolean filter of type 1 if and only if |L/F| < 2.
(ii) F is a Boolean filter of type 2 if and only if L/ F is a Boolean algebra.

Definition 2.7 Let F be a filter of L. F is called a prime filter
@) oftype l,ifx - ye F,x~yeFory—>xeF,y~xekF,
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(i) oftype 2,if x Vy € F impliesx € Fory € F,
>iii) of type 3,if (x > y) V(y > x) € Fand (x ~ y) V (y ~ x) € F.
Theorem 2.8 Let F be a normal filter of L.

(i) Fis a prime filter of type 1 if and only if L/ F is a linearly ordered residuated lattice.
(ii) Fis a prime filter of type 2 if and only if 1 /F is V-irreducible.
(iii) F is a prime filter of type 3 if and only if L/ F is a pseudo MTL-algebra.

2.2 Rough sets

Definition 2.9 Let U be a universal set and 0 an equivalence relation on U. The pair (U, 6)
is called the Pawlak’s approximation space (or briefly, an approximation space).

Definition 2.10 Let (U, ) be an approximation space. A mapping Apr : 2V — 2V x
2V with Apr(X) = (Apr(X), Apr(X)), where Apr(X) = {u € U : [u]lp € X} and
Apr(X) ={u € U : [ulp N X # @} is called a rough approximation. In this case, Apr(X)

and Apr(X) are called, respectively, the lower approximation and the upper approximation
of X in (U, 0).

Also, Bndy(X) = Apr(X) — Apr(X) is called the boundary area of X and
Apr¢(X) = (U — Apr(X), U — Apr(X)) is called the complement of X in (U, 6).

Definition 2.11 For approximation space (U, #), (A, B) € 2Y x 2V is called a rough set if
there exists X € U such that (A, B) = Apr(X).

Definition 2.12 Let (U, 0) be an approximation space and X € U. Then, with respect to 6,
X is called

(i) definable it Apr(X) = Apr(X),
(ii) empty-interior if Apr(X) = 0,

(iii) empty-exterior if Apr(X) = 0.

Proposition 2.13 In any approximation space (U, 6), the following hold:

(1) Apr(X) € X C Apr(X),
(2) @ and U are definable with respect to every equivalence relation on U,
(3) if X CY, then Apr(X) € Apr(Y) and Apr(X) C Tpr(Y),
@) Apr(XNY)=Apr(X)Nn Apr(Y),
(5) Apr(XNY) € Apr(X)NApr(Y),
(6) Apr(X UY) = Apr(X)UApr(Y),
(1) Apr(XUY) 2 Apr(X) U Apr(Y),
(8) Apr(Apr(X)) = Apr(X),
9) Apr(Apr(X)) = Apr(X),
(10) Apr(Apr(X)) = Apr(X),
(1) Apr(Apr(X)) = Apr(X).

3 Properties of approximations in residuated lattices

First of all, we mention that throughout the paper, £ will denote a residuated lattice, F' a
normal filter of £ and 6F the congruence induced by F. Hence, the approximation space is
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denoted by (£, F). The upper approximation and lower approximation with respect to 6p
(or briefly, with respect to F') are denoted by Apr F and Apr r, respectively. Hence, for a

nonempty set X, if Aprp(X) = Apr . (X), we say that X is definable with respect to F.
Remark 3.1 (1) We observe that for the trivial filter F = {1}, every equivalence class [x]F
is singleton, more precisely, [x]r = {x}. Hence, for every X C L,
Aprp(X) = (X, X)

(2) For F = £ we have [u]. = L, for all u € £, and so for every proper subset X of £ we
get AprL(X) =@ and Apr (X) = L. Hence,

Apre(X) =@, L)

Thus, in a residuated lattice £

(1) any nonempty subset of £ is definable with respect to the filter {1}.
(2) any proper subset of £ is empty-interior with respect to L.

From the defn we know that for a set to be definable with respect to a filter, it must
Apr F(X ) = X = Apr (X). We show that one of the equalities can be omitted. Indeed, for
aset X to be definable, with respect to a filter F, it suffices Aer(X) =XorAprp(X)=X.

Theorem 3.2 For nonempty subset X of L,
Aer(X) =X & Aprp(X) =X.

Proof Assume that Apr (X) = X and x € Aprp(X). Then, [x]r N X # {, whence
x € [x]F = [u]lr C X, foru € X. This impliesthatTer(X) - X.Hence,TmF(X) = X;
i.e., X is definable with respect to F.

Now, we assume that TmF(X) = X and x € X. Then, [x]F N X # @. Leta € [x]F.
Then, [a]r = [x]F, whence [a]r N X # . This implies that a € Apr(X) = X, whence
[x]F € X.Then, x € MF(X), ie, X C MF(X), proving MF(X) = X. ]

Corollary 3.3 Nonempty subset X of L is definable, with respect to normal filter F, if and
only iprrF(X) = X or Apr g(X) = X (or both).

From now on, in this paper, the set of all definable subsets of L is denoted by D F(L).
Notation. For nonempty subset X of £, we let

X" ={x":xeX}and X~ ={x":x € X}.

Obviously, in an involutive residuated lattice £, X~~~ = X = X"~ —, for any nonempty
subset X of L.

Proposition 3.4 Assume that L is an involutive residuated lattice and X a nonempty subset
of L. Then

() Aprp(X™) = Aprp(X)~,
(i) Apr (X7) = Apr (X)~,
(i) Aprp(X™) = Aprp(X)~,
(iv) Apr (X™) = Apr (X)™.
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Proof (i) Let x € Aprp(X™). Then, there exists z € X~ such that x ~ z € F and
z~ x € F.From x ~ z < 77 — x7 it follows that 7~ — x~ € F. Similarly, from
7z ~ x < x7 — 77 it follows that x™ — 77 € F. Since 77 € X~ = = X we get
x~ € Aprp(X), whence x = x~~ € Apr p(X)~, proving Aprz(X™) € Aprp(X)~.

Conversely, let x € Aprp(X)~. Then, x = y~, where [y]r N X # @. This implies
that y - z,z - y € F,forz € X. Fromz — y < y~ ~» z it follows that
X ~ z7 =y ~» z~ € F.Similarly, we can deduce that z~ ~» x € F. This implies
that z~ € [x]F N X, showing that x € Apr (X ™). Hence, Apr(X)~ C Aprp(X7).
Therefore, (i) holds.

(i) Let x € Apr (X)), ie, [x]r € X .Leta € [x7]r. Then,a — x~ € F and
x7 — ae€ F.Now, froma - x7 <x™ ~a =x ~a andthata - x~ € F
it follows that x ~» @~ € F. Similarly, a~ ~» x € F. Thus, a™ € [x]r € X, whence
a € X.Hence, [x7]p € Xandsox™ € MF(X),Whencex =x"" € @F(X)_,proving
Apr (X7) € Apr (X)™.

Now, let x € @F(X)_. Then, x = y—, where [y]r € X. Leta € [x]fr. From a ~~
x <x7 — a” and thata ~» x € F it followsthaty - a~ =x~ — a~ € F.Bya
similar way, it is shown that @~ — y € F. Hence, = € [y]r € X, whence a € X~.
This implies that [x]r € X, i.e., x € MF(X_), proving MF(X)_ - MF(X_).
Therefore, Aer(X)* = Aer(X*), proving (ii).

The proofs of (iii) and (iv) are similar to the proofs of (i) and (ii), respectively. O

Proposition 3.5 Let X be a nonempty subset and F be a normal filter of L. Then,

() if FNX #0, then F C Apr p(X),
(i) FC X ifandonlyif F C MF(X),
(iiiy X € F ifand only if Apr p(X) = F,
(iv) if X is a filter, then X is definable with respect to F if and only if F C X.
(v) if X is a subalgebra of L, then so is Apr (X),
(vi) if £ is linearly ordered and X is a filter of L, then so is Apr (X).

Proof (i), (ii) and (v) are proved easily. We prove (iii) and (iv).

(iii) Assume that X € F and a € Apr (X). Then, [alr N X # @ and so [a]lr N F # @,
whence y — a € F, for some y € F. This implies that a € F, proving that Apr z(X) C F.
Now, for z € F wehave [z]r = F,whence [z]FNX = FNX =X #.ie,z € T[)I‘F(X).
Thus, F € Apr (X), proving Apr (X) = F. The converse is obvious.

(iv) Assume that F € X and x € TmF(X). Then, there exists y € X such that y —
x € F € X, whence x € X. This implies that Ter (X) C X, proving X is definable with
respect to F, by Corollary 3.3. The converse follows from (ii).

(vi) It is similar to the proof of [19, Theorem 3.14(3)]. O

Proposition 3.6 Let G be a normal filter of L containing F. Then for every X C L we have

(i) Aprp(X) C Aprg(X),
(i) Apr,(X) C Apr (X).

Proof (i) Leta € Apr(X). Then, there exists x € X suchthata - x € Fandx — a €
F C G. This implies that x € [a]g and so a € Aprgs(X).

The proof of (ii) is similar. O

The next corollary follows immediately from Proposition 3.6 and so we omit the proof.
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Corollary 3.7 Let {G;}ics be a nonempty family of normal filters of L and X be a nonempty
subset of L. Then,

() Aprag,(X) S NieiAprg, (X) € Ui Aprg, (X) € Apryg, (X),
(i) Apr,; (X) € NiesApr, (X) € Uies Apr, (X) € Apr . (X).

Theorem 3.9 gives some conditions under which the equalities in Corollary 3.7 maybe
hold. Before we state and prove it we give a lemma (Lemma 3.8) which states, in any linearly
ordered residuated lattice, every two filters are comparable with respect to set inclusion as
the partial ordering.

Lemma 3.8 Assume that L is linearly ordered. Then, for any two filters F and G of L we
have F C GorG C F.

Proof Assume that F € G. Then, there exists f € F such that f ¢ G.Let g € G. Since £
is linear, so f < gorg < f.If g < f, since G is a filter we must have f € G, which is a
contradiction. Thus, f < g, which implies that g € F, proving G C F. O

Theorem 3.9 Let {G;}ic; be a nonempty family of normal filters of L and X < L be
nonempty.

(i) If X is definable with respect to G j, for some j € I, or L is linearly ordered then
Aprog,(X) = NAprg, (X).
(1) If X is a filter of L containing G; (for all i € I), then
Aprog,(X) = NierAprg,(X) = UieAprg, (X) = Apryg,(X) =X
and
Apro o (X) = NierApr . (X) = UierApr  (X) = Apr, . (X) = X.

Proof We assume that L is linearly ordered. By Lemma 3.8, for each i, j € I, G; € G or
G; € G;. Anyway, G;’s form a chain

Gi, SGi, S
where iy, ip, ... € 1. In this case,
Aprag,(X) = TP"G,I (X)and N Aprg,(X) = Tprcil (X).
The other cases follows from Theorem 3.2 and Proposition 3.5(iv). m}
Example 3.10 Let L ={0,a, b, c,d, e, f, 1} be a (non-linear) lattice whose Hasse diagram
is below (see Fig. 1). We define the operations %, —=~~ on L as shown in Tables 1 and 2.

Routine calculations show that (£; v, A, %, —, 0, 1) is a (commutative) residuated lattice in
which

Fi={1,f}, h={l,e}, F3={l,d,e, fland Fy ={l,a,c, ¢}
are (normal) filters of £ and the equivalence classes are

[01r, = {0, a}, [blF, = {b,c}, [dlp, = {d, e}, [1]p, = {1, f} = F1,
[01r, = {0, b}, [alr, ={a.c}, [dlg ={d, [}, [1lp = {1, e} = P2,
[0]lF ={0,a,b,c}, [1]F = F3,
[0]r, ={0,b.4d, f}, [1lp, = Fa.
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Fig. 1 The Hasse diagram of £ 1

\/
)
/\

0
Table 1 The action of “x’ on £ N 0 a b c d o £ 1
0 0 0 0 0 0 0 0 0
a 0 a 0 a 0 a 0 a
b 0 0 b b 0 0 b b
c 0 a b c 0 a b c
d 0 0 0 0 d d d d
e 0 a 0 a d e f e
f 0 0 b b d d f f
1 0 a b c d e f 1
Table 2 The action of ‘—’ on £ s 0 a b c d o P 1
0 1 1 1 1 1 1 1 1
a f 1 f 1 f 1 f 1
b e e 1 1 e e 1 1
c d e f 1 d d d 1
d c a b c 1 1 1 c
e b c b c f 1 f 1
f a a c c e e 1 1
1 0 a b c d e f 1

(i) Let X = {b, e}. We can see that X does not contain F3 and Fj. It is easily checked
that Aprp, (X) = L = Aprp, (X), whereas Aprp.p, (X) = Aprg,(X) = {0, b, ¢, 1}.
Thus,

Tpr&ma (X) # Aprp,(X) N Aprg, (X).

(i) Let X = f{a}, which is not a filter of £ and also does not contain F3 and Fj.
Then, APVF3(X) = {0,a,b,c} and Aer4(X) = {1,a,c, e} and so Aer3(X) U
Aprp,(X) ={0,a,b, c, e, 1}, whereas Apr g, = Aprp,(X) = {a, c}. Furthermore,
Aprpyyp,(X) = Aprp(X) = L. Thus,

TP”&(X) QTWF4(X) #* Tprﬁ(x) UTWH(X) i TWF3vF4(X)-
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(iii) Let X = {a, b, ¢}. Then, Aer1 (X) = {b,c} and Aer2(X) = {a, ¢}, whence
MFI (X) ﬂ@FZ(X) ={c}, whereasm (X) = m{l}(x) = X. Hence,

FiNF
Aer1 (X)n Aerz(X) #* Aersz(X).

Moreover, Aer4 (X) =¥ andso Aer4 (X)UAer2 (X) ={a,c}and Apr
Aer4 (X) = @, showing that

oV Fy (X) =

Aprp, (X) N Apr, (X) # Apr, (X)U Apr, (X) # Apr | p, (X).
For nonempty subsets X1, ..., X, of £, let
Xi*-xX,=aelL:a>x %---%x,, forx; € X;,i =1,2,...,n}.

Remark 3.11 We mention that when X; (1 <i < n)is anormal filter of £, X| % --- % X, is
also a normal filter of L (see [3]).

Theorem 3.14 gives a characterization of Apr g (X1 * X % --- % X,,). For this, we first
give two lemmas.

Lemma 3.12 Let F be a normal filter of L. Then, for each f € F and each x € L we have
Lf *x]F = [x]F.

Proof 1t follows from Proposition 2.2(11) and (12). O

Lemma 3.13 Assume that L is linearly ordered and F a filter of L. If x, y € L be such that
[x]1F # [y]F and x <y, then forallt € [x]F and s € [y]F we have t < s.

Proof The proof is the same as the proof of [19, Lemma 3.13]. O

Theorem 3.14 Let X; (1 <i < n) be a nonempty subset of L. Then,

(@) Apr (X)) %% Apr (X,) © Apr (X1 %~ % X,),
(i) if X; (1 <i < n) is definable, with respect to F,

Aer(Xl)*---*Aer(X,,) = Aer(X1 * % X)),

(i) Aprp(X1 % Xo*---xX,) C Aprp(Xy) x Aprp(Xa) * -+ - x Aprp(Xp),
(iv) under each of the conditions

(a) L is linearly ordered,

(b) X; CF, foralli =1,2,...,n,

(c) X; isdefinable, foralli =1,2,...,n,

(d) 0 € Xy, forsome j € {1,2,...,n}, we have

Aprp(X1x Xox--- % X,)) = Aprp(Xy) x Aprp(X2) x -+ x Apr p(X,).

Proof (i) Letx € Aer(X]) EI Aer(X,,). Then,

X = X] kK Xy, 3.1
where [x;]r € X;, fori = 1,2,...,n. Now, let a € [x]r. From (3.1) and that
a > (a — x)*x we get

a>(@a— x)xx;%---%x, =[(@— X)kx1]*x2 % %X,. (3.2)
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106 M. Bakhshi, M. Izanlou

From Lemma 3.12 and that a — x € F we deduce that
(a—x)*x1 €(a—x)*x1]lp =[x1]r € X1,

whence, combining (3.2), we geta € X *---x X,,. Hence, x € @F(Xl 00k Xp),
provinng(Xl) * oo *mF(Xn) - MF(XI * -k Xp).

(ii) Itis easy.

(iii) Leta € Aprp(Xy * Xo*---% X,). Then, [a]lr N (X1 * X2 * - -+ x X,;) # ¥, whence
forx; € X; (1 <i <n)and b € [a]r we have

b > x| %Xxp % %kXp. 3.3)
From Proposition 2.2 we know that a > (b — a) * b, combining (3.3) we get
a>b—a)xx;xxp2%--%x, =[(b— a) kxy]*xx2 %+ %X, 3.4

Lemma 3.12 and that b — a € F imply that [(b — a) % x1]Fr = [x1]F, showing
that (b — a) x x1 € Aprp(Xy). Considering (3.4) and that x; € Aprp(X;), for
i=2,3,....,n,wegeta € Aprp(Xy1) * Aprp(X2) *--- % Apr p(X,). Hence,

Aprp(X1x Xox--- % X,) C Aprp(X1) x Aprp(X2) -+ % Aprp(X,).

(iv) (a) We assume that £ is linearly ordered. Leta € Apr p(X1) *--- % Aprp(X,). Then,
a > xy%---xxp, wherex; € Aprp(X;),fori =1,2,...,n,andso there exists b; € X;
such that b; € [x;]p. If [a]lp = [x1 % --- * x,,] F, since

Xpk-ooxx, € Xy %o x X, CAprp(Xy*x---x X,),

we must have a € Aprp(Xy *--- % X,). Otherwise, from Lemma 3.13 it follows that
a>by*x---%xb, € X1 *---%X,. Hence,

Aprp(X1) x---x Aprp(X,) € Aprp(X1 -+ % X,).

b)IfX; € F,fori =1,2,...,n,onone hand Apr(X;) = F, by Proposition 3.5, and
on the other hand X * X, % --- % X,, C F. Hence,

Aprp(X1 % Xo %% Xy) = F = Aprp(X1) * Aprp(X2) * - - - % Apr p(Xp).
(¢) If X; is definable, for 1 <i < n, so
Aprp(X1)  Aprp(Xa) % % Aprp(Xn) = X1 %+ % Xy
and hence
Aprp(X1 % Xok - x X)) = X1 %--- % X,.

(d) We observe thatif 0 € X, for some j € {1,2,...,n}, then X| *--- % X,, = £, and
so Aprp(X1 % ---% X,) = L. By (iii), we get Aprp(X1) *--- % Aprp(X,) = L. m]

Examples 3.15 and 3.16 show that the equalities in Theorem 3.14 may not hold, in general.

Example 3.15 Let L = {0,a, b, c,d, 1} be a lattice whose Hasse diagram is below (see
Fig. 2). We define the operations *, —, ~» on £ as shown in Tables 3, 4 and 5. Routine
calculations show that (£; Vv, A, %, —, ~», 0, 1) is a residuated lattice in which F = {1, d}
is a normal filter of £ (see [14]). It is easy to see that

[0]F = {0}, lalr ={a, b}, [clr =[d]lF =[1]F = F.
Now, let X = {d}and Y = {c}. Then, X %Y = {c, d, 1} andMF(X*Y) = X %Y, whereas
Aer(X) * Aer(Y) = (J, because @F(X) =0 = @F(Y).
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Fig. 2 The Hasse diagram of £

d
b c
a
0
Table 3 The action of “x’ on £ N 0 a b c d o 1
0 0 0 0 0 0 0 0
a 0 a a a a a a
b 0 a a a a a b
c 0 a a c c c c
d 0 a a c c c d
e 0 a b c d e e
1 0 a b c d e 1
Table 4 The action of ‘—’ on £ IR 0 a b c d o |
0 1 1 1 1 1 1 1
a 0 1 1 d 1 1 1
b 0 d 1 d 1 1 1
c 0 b b 1 1 1 1
d 0 b b d 1 1 1
e 0 b b d d 1 1
1 0 a b c d e 1
Table 5 The action of ‘~~’on L - 0 a b c d c 1
0 1 1 1 1 1 1 1
a 0 1 1 1 1 1 1
b 0 e 1 e 1 1 1
[ 0 b b 1 1 1 1
d 0 b b e 1 1 1
e 0 a b c d 1 1
1 0 a b c d e 1

Example 3.16 Consider the residuated lattice £ given in Example 3.10. It is easy to check
that F5 = {1, ¢} is a filter of £ and

[01r = {0}, [alps = {a, e}, [b]lrs = (b, f}, [dlrs = {d}, [1]Ry = F5.
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Now, let X = {e} and ¥ = {f}. Then, X * ¥ = {1, f} and Aprp (X *Y) = {1, b, ¢, f},
whereas Aprp (X) * Aprp, (Y) = {a, e} x {b, f} = L, showing that

Aprp (X) * Aprp,(Y) # Aprp, (X x Y).

Lemma 3.17 Let Fy, F», ..., F, be filters of L. Then, F; C F| % ---x Fy, for alli =
1,2, ..., n. Particularly, when F;’s are normal, then [x1r, C [X]F x...xF,, for all x € L.

Proof Straightforward. O

Theorem 3.18 Ler F; (1 < i < n) be a normal filter and X a nonempty subset of L. Then,
Q) APF s, (X) C Aprp, (X) 5 -+ 5 Aprp, (X)),

(i) Aprp . 5 (X) S Apr (X)s---x Apr . (X),

(i) Aprp (X)*---x Aprp (X) S Aprp .o, (X) %% Aprp ,..p (X) (n times),

Proof (i) Letz € Aprp, y...p,(X). Thenx — z > fix---x f,, where x € X and f; € F;,
fori =1,2,...,n. Now, from (RL3) and Proposition 2.2(6) it follows that
2= frxeoxk fuxx = (frex) sk (fa*kx). (3.5)

On the other hand, from Lemma 3.12, we know that [f; * x]r, = [x]f, for all
i=1,2,...,n Since x € X,s0[f; *xx]p, N X # (J, whence f; *xx € Aeri(X).
Combining (3.5) it follows that z € Apr g, (X) * - -- x Aprp (X), proving

Aprp y.xr,(X) C Aprp (X) *---x Aprp (X).

(i1) and (iii) follow from Lemma 3.17 and Propositions 2.2(6) and 3.6.
(iii) It follows from Lemma 3.17 and Proposition 3.6.

Theorem 3.19 Let F; (1 <i < n) be a normal filter and X a nonempty subset of L.
(1) If L is linearly ordered and X is a filter of L, then
ApPT p sk, (X) = Aprp (X) * -+ x Aprp (X).

(1) If X is a filter of L containing Fj, foralli = 1,2, ..., n, or L is commutative and X a
filter of L, then

MF]*--*Fn X) = MF] (X) %o x MF,, (X).

(iii) If X is a filter of L which is definable with respect to F;, fori = 1,2,...,n, or L is
commutative and X a subalgebra of L, then

Aprp (X) -+ Aprp (X) = Aprp g.up, (X) * - x Aprp .5, (X) (n times).

Proof (i) Let x € T]N‘FI(X) EIEREEES TPFF,,(X)- Then, x > xy * --- % x,, where
[xilr, N X # @. From Lemma 3.17, it follows that [x;]F..«r, N X 7% ¥, means
that x; € Aiprpl*u_*pn (X), whence x; * -+ % X, € Aprp, ..p,(X), by Proposition
3.5(vi). This implies that x € Aprg,,..r, (X), proving

Aprp s.sr,(X) = Aprp (X) * - % Aprp, (X).
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(i) We assume that X is a filter of £ containing F;, fori = 1,2, ..., n. Then, X is definable
with respect to F; and also with respect to Fy * - - - % F;. Hence,

Aerl*"'*Fn X)=X= Aer1 (X)*---x% Aern (X).

Now, we assume that £ is commutative and X is a filter of £. Let X be an element of
Aer1 (X) *---% Aer (X). Then,

X > X k- k Xy, 3.6)

where [x;]r, € X. Leta € [x]F«...«F,. Then, thereis f; € F;,foralli =1,2,...,n,
such that x — a > f] *--- % f,, whence a > f] % --- % f, x x. Combining (3.6) and
observing the commutativity of £, we get

a> (fix-x fu)x(opx-xx) = (f1kx1) %% (fy % x).

On the other hand, from Lemma 3.12 we get f; *x; € [ f; *x;1r, = [x;]r, € X, whence
(fi*x1) *---(fn *x,) € X. Hence, a € X, proving [x]F,«..«r, € X. Thus,

Aerl(X)*'n*Aer (X) <€ Apr (X).

Frse-xF,

(iii) We observe that when X is a filter which is definable with respect to F;, for all

i =1,2,...,n,s0 F; € X, by Proposition 3.5(iv). Hence, F * --- % F, € X and
so X is definable with respect to Fy * - - - % F,. Thus,

ApPrp esp, (X) % -k Aprp g (X) = X = Aprp (X) % -+ Aprp (X).
Now, assume that £ is commutative and X is a subalgebra of L. Let
X € Aerl*"'*Fn (X) *---x% Aerl*"‘*Fn (X).

Then,
X > X[ ke kX, 3.7

where x; € Aprp, ,..p, (X). Hence, for a; € X we have a; — x; > fi *--- % f, and
SO
Xi = (frx-ox fu) xai = (frxa) * - (fu *ai),

where f; € Fj, for j =1,2,...,n. Since [ f; *ai]Fj = [a,-]pj and [a,-]pj NX #40,
so fj *xa; € Aprp_/.(X), whence x; € Aprp (X) *--- % Aprg (X). Now, since X
is a subalgebra of £, then so is Apr F; (XD, by Proposition 3.5(v), whence combining
the commutativity of £ we deduce that x * -+ % x, € Aprp (X) * - x Aprp (X).
Combining (3.7) we get x € Aprp, (X) * -+ x Aprp (X), proving

ADPT piynsep, (X) % -k APF gy, (X) € Aprp (X) % -+ % Aprp (X).

Example 3.20 shows that the conditions given in Theorem 3.19 are necessary.

Example 3.20 Consider the residuated lattice £ given in Example 3.10.

@ Springer



110 M. Bakhshi, M. Izanlou

(i) Let X = {a, c}. We can see that X is not a filter of £, because ¢ < 1 and ¢ € X,
whereas 1 ¢ X. Now, Aprp (X) ={0,a,b, c}and Aprp, (X) = X and so Apr g, (X) *
Apr P (X) = L, whereas

Apr (X)) = Aprp,(X) ={0,a, b, c}.
Thus,
Aprp, (X) x Aprp,(X) # Aprp g, (X).
(ii)) Let X = {0, a, b, c}, which is not a filter of £. Then,
Apr, (X)=Apr, (X)=Apr, (X)=X,
whereas Aerl (X) * Aerz(X) = L. Hence,
Aprp (X)* Apr (X) # Aprp p (X).

(iii)) Let X = {d} and F5 = {c, 1} be the filter of £ as mentioned in Example 3.16. Then,
Aprp (X) ={d, e} and Aprp, (X) = {d} and so Aprp (X)x Aprp,(X) = {1, f, e,d},
whereas

Aprp s (X) = Apryy ¢ gy (X) =1{0,4a, ¢, e}.
Hence, Apr p, . p(X) * Apr g .p, (X) = L, proving

Aprp (X) x Apr g (X) # Apr g5, (X) * Aprp . (X).

Theorem 3.21 Let {X;};cs be a nonempty family of nonempty subsets of L such that N\X; #
(. Then,

(i) Aprp(NXi) € NAprp(Xi) S UAprp(Xi) € Aprp(VXi),
(i) Apr (NX;) € NApr . (X;) C UApr (Xi) C Apr (VX))

Proof 1t follows from Proposition 2.13. O

Theorem 3.22 Let {X;}ic be a nonempty family of nonempty subsets of L such that N\X; #
73

(1) If X; (for alli € 1) is definable with respect to F, then
Aprp(NX;) = NAprp(X;) = Apr .(NX;) = NApr .(X;) = NX;.
(i) If X; C F, foralli € I, then
Aprp(NXi) = NApr p(X;) = UApr p(Xi) = Aprp(vVX;) = F.
(iii) If F € X, for some j € I, thenTmF(in) =VX; = MF(\/Xi).

Proof (i) It follows from the defn.
(ii) It follows from Proposition 3.5(iii) and Theorem 3.21.
(iii) Let x € Aprp(vX;). Then, there exists a € VX; such that a — x € F. Hence,
a > x| *kxy%*---%Xx,, where n € Nand x; € UX;, and so

(X *x2%---%x,) >x>a—x €F.

This implies that (x1 *xp % --- % x,) — x € F C X; C VX;. Since VX; is a filter and
x; e UX; C vX;, foralli =1,2,...,n,50x] % --- % x, and hence x € VX;. Thus,
Aprg(vX;) = VvX;. The other case follows from Theorem 3.2.

O

@ Springer



Rough approximations in non-commutative residuated lattices 111

Fig. 3 The lattice of 1
Example 3.24
h
f g
(§]
d
b c
a
0
Table 6 The action of “x’ on £ N 0 a b c d e £ g h 1
0 0 0 0 0 0 0 0 0 0 0
a 0 0 0 0 0 0 0 0 0 a
b 0 0 0 0 0 0 0 b b b
c 0 0 0 0 0 0 c 0 c c
d 0 0 0 0 0 0 c b d d
e 0 0 0 0 0 e e e e e
f 0 0 b 0 b e f e f f
g 0 0 0 c c e e g g g
h 0 0 b c d e f g h h
1 0 a b c d e f g h 1

From Theorem 3.22 it follows that

Corollary 3.23 If{X,}ics is afamily of nonempty subsets of L such that each X is definable
with respect to F and F C X j, for some j € I, then (DF (L), ) forms a complete lattice.

Example 3.24 shows that the equalities in Theorem 3.22 may not hold, in general.

Example 3.24 Let L ={0,a,b,c,d, e, f, g, h, 1} be alattice whose Hasse diagram is below
(see Fig. 3). Define *, —, ~» on L as shown in Tables 6, 7 and 8. Then, £ is a residu-
ated lattice in which F = {1, h, f, g, e} is a normal filter (see [14]). It is easily seen that
L]y — {{O,a, b,c,d}, x € L\F,

F, xeF.

(i) Let X = {a, f} and Y = {a,c}. Then, X NY = {a} and so Aprp(X NY) =
{0, a, b, c, d}, whereas TWF(X) U TWF(Y) = L. We observe that X < F and
Y ZF.

(i) Let X = {a, fland Y = {b,c}. Then, X NY =@, and X £ Fand Y £ F. Also,
Aprp(X) = Land Aprp(Y) = {0,a, b, c,d}, means that X and Y are not definable
with respect to F. We can see that Aprz(X NY) = @, Apr(X) N Aprp(Y) =
{0,a,b,c,d}and Aprp(X)U Aprp(Y) = L. Thus,

Aprp(XNY) # Aprp(X) N Aprp(Y) # Aprp(X) U Aprp(Y).
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Table 7 The actionof ‘=’onL  _ 0 a b c d o £ ¢ h 1
0 1 1 1 1 1 1 1 1 1 1
a h 1 1 1 1 1 1 1 1 1
b g g 1 g 1 1 1 1 1 1
c f f f 1 1 1 1 1 1 1
d e e f g 1 1 1 1 1 1
e d d d d d 1 1 1 1 1
f b b b d d g 1 g 1 1
g c c d c d f f 1 1 1
h a a b c d e f g 1 1
1 0 a b c d e f g h 1

Table 8 The action of *~~"on L | 0 a b c d e £ g h 1
0 1 1 1 1 1 1 1 1 1 1
a h 1 1 1 1 1 1 1 1 1
b f f 1 f 1 1 1 1 1 1
c g g g 1 1 1 1 1 1 1
d e e g f 1 1 1 1 1 1
e d d d d d 1 1 1 1 1
f c c d c d g 1 g 1 1
g b b b d d f f 1 1 1
h a a b c d e f g 1 1
1 0 a b c d e f g h 1

(iii) Let X = {a} and Y = {b}. Then, Aprp(X) = Aprp(Y) = {0, a, b, ¢, d}, whereas
Aprp(X VYY) = Aprp(L) = L, proving

Aprp(X)UAprp(Y) # Aprp(X VY).

(iv) Let X = {1} and Y = {h}.Itisseenthat F £ X and F £ Y. Now, X VY = {1, h} and
so Aprp(X vY) = F while Apr (X VY) = @. Thus,

Aprp(X vV Y) # Apr (X VY).

We terminate our results by investigating the properties of rough approximations based
on different types of filters.

Theorem 3.25 Let X be a nonempty subset of L. If L is linearly ordered and X is a Boolean
filter of type 1 or of type 2, then so is Apr (X), respectively.

Proof It follows from Proposition 3.5 and that X € Apr p(X). O

We mention that when X is a subalgebra of £, Apr -(X) is also a subalgebra of £ contain-
ing F (see Proposition 3.5). This means that Apr (X)/F, together with those operations
induced from £, forms a residuated lattice. Here, we give some characterizations of this
residuated lattice based on different types of filters.
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For normal filter F and nonempty subset X of £, let
Aprp(X) ={[xlp € L/F : [x]F N X # 0}
Obviously,
Aprp(X) ={lxlF : x € Aprp(X)} = Aprp(X)/F
Theorem 3.26 Let X be a subalgebra and F a normal filter of L.

(1) If F is a Boolean filter of type 1, |Aprp(X)| < 2, whence Aprp(X) = F or
Aprp(X) = L\F.
(i) If F is a Boolean filter of type 2, Apr (X) is a Boolean algebra.

(iii) If F is a prime filter of type 1, Apr g (X) is linearly ordered.

(iv) If F is a prime filter of type 2, lA:er(X) is VV-irreducible.

(v) If F is a prime filter of type 3, Apr g (X) is a pseudo MTL-algebra.

Proof 1t follows from Theorems 2.6 and 2.8. O

4 Discussion

We investigated the properties of roughness of a set X with respect to some types of filters
such as Boolean filters (equivalently, implicative filters, see [14]) and also prime filters. There
is a question: What we can say about the approximation of a set with respect to other types
of filters such as positive implicative filters and fantastic filters (see [14,22]) or about the
approximation of different kinds of filters with respect to a filter. At present, we know that if
G is a positive implicative filter (or fantastic filter), Apr (G) is also a positive implicative
filter (fantastic filter) if and only if G is definable with respect to F.

Open Problem 4.1 What under conditions, otherwise definability, the rough approximation
of a set, or a filter, with respect to a positive implicative filter (fantastic filter) is again a
positive implicative filter (fantastic filter, respectively)?

5 Conclusions

We investigated rough approximations in residuated lattices. Many theorems and propositions
were given that stated the properties of them. We characterized rough approximations based
on different kinds of filters and gave some structural theorems. Furthermore, we showed that
the set of all definable sets of a residuated lattice forms a complete lattice. This approach is
different from and more general than the usual one on algebras of fuzzy logics.
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