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MODAL OPERATORS ON BOUNDED RESIDUATED I-MONOIDS

Jif RACHUNEK, Olomouc, DANA SALOUNOVA, Ostrava,
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Abstract. Bounded residuated lattice ordered monoids (Rl-monoids) form a class of
algebras which contains the class of Heyting algebras, i.e. algebras of the propositional
intuitionistic logic, as well as the classes of algebras of important propositional fuzzy logics
such as pseudo MV-algebras (or, equivalently, GMV-algebras) and pseudo BL-algebras (and
so, particularly, MV-algebras and BL-algebras). Modal operators on Heyting algebras were
studied by Macnab (1981), on MV-algebras were studied by Harlenderova and Rachtnek
(2006) and on bounded commutative Rl-monoids in our paper which will apear in Math.
Slovaca. Now we generalize modal operators to bounded Rl-monoids which need not be
commutative and investigate their properties also for further derived algebras.

Keywords: residuated l-monoid, residuated lattice, pseudo BL-algebra, pseudo MV-
algebra

MSC 2010: 06D35, 06F05

1. INTRODUCTION

Residuated lattice ordered monoids (Rl-monoids) form a large class of algebras
containing the class of all lattice ordered groups (l-groups) as well as classes of al-
gebras of several propositional logics. Recall that commutative Rl-monoids were
introduced in [26] as a common generalization of Abelian l-groups and Heyting al-
gebras (i.e. algebras of the intuitionistic propositional logic). At the same time, the
algebras of fuzzy logics, such as MV-algebras [4] (see also [5]) (which are also categor-
ically equivalent to Wajsberg algebras [9]), i.e., algebras of the Lukasiewicz infinite
valued logic, and BL-algebras [13], i.e., algebras of Hajek’s basic fuzzy logic, can be
recognized as special cases of bounded commutative Rl-monoids.

The first author was supported by the Council of Czech Government, MSM 6198959214.
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More generally, Rl-monoids without the requirement of the commutativity of the
semigroup binary operation were introduced in [16] and further developed in [17].
Analogously as in the commutative cases, the algebras of non-commutative general-
izations of fuzzy logics can be also viewed as special cases of bounded Rl-monoids.
Namely, GMV-algebras [21] or pseudo MV-algebras [11] (which are also categorically
equivalent to pseudo Wajsberg algebras [3]), i.e., algebras of the non-commutative
Lukasiewicz logic [19], and pseudo BL-algebras [6], i.e., algebras of Héjek’s non-
commutative basic fuzzy logic [14], form proper classes of the class of bounded RIl-
monoids.

Modal operators (special cases of closure operators) on Heyting algebras were
introduced and studied by Macnab in [20]. Analogously, modal operators on MV-
algebras were introduced in [15]. A generalization of those operators to all bounded
commutative Rl-monoids were studied by the authors in [23].

In this paper we define and study modal operators on bounded Rl-monoids which
need not be commutative. Many of results are obtained for the variety of good
normal Rl-monoids that contains, among others, both the variety of good pseudo
BL-algebras and that of Heyting algebras.

2. BOUNDED RI-MONOIDS

A bounded Rl-monoid is an algebra M = (M; ®,V, A, —,~,0,1) of type (2,2,2,2,

2,0,0) satisfying the following conditions:
(i) (M;®,1) is a monoid (need not be commutative).

(ii) (M;V,A,0,1) is a bounded lattice.
(iii) z0y<ziff e <y— ziff y <z~ z for any z,y € M.
(iv) =y or=2Ay=y0(y~2).

Recall that the lattice (M;V, A) is distributive and that bounded Rl-monoids form
a variety of algebras of the indicated type. Moreover, the bounded Rl-monoids can
be recognized as bounded integral generalized BL-algebras in the sense of [1] and [2]
and hence it is possible to prove (see [7]) that the operation “©” distributes over the
lattice operations “V” and “A”.

In what follows, by an Rl-monoid we will mean a bounded Rl-monoid.

If the operation “®” in an Rl-monoid M is commutative then M is called a
commutative Rl-monoid.

For any Rl-monoid M we define two unary operations (negations) “~” and “~”
on M such that = :=x — 0 and 2™ := z ~~ 0 for every x € M.

Recall that the algebras of the mentioned propositional logics are characterized in
the class of Rl-monoids as follows:
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An Rl-monoid M is

a) a pseudo BL-algebra ([18]) if and only if M satisfies the identities of pre-linearity
@—yVy—z)=1=(@~y V()

b) a GMV-algebra (pseudo MV-algebra) ([22]) if and only if M fulfils the identities
T =r=12"";

c) a Heyting algebra ([26]) if and only if the operations “©” and “A” coincide
on M.

Basic properties of bounded Rl-monoids have been given in many articles

(e.g. [25]), here we present some of them which will be used in this paper.

Lemma 1. In any bounded Rl-monoid M we have for any x, y € M:

Dezsy<—=ec—y=1l<=z~y=1L1

2 z<y=z—oz<z—y, z~x<2z~Y.
B)es<y=y—z<r—2z,y~z<T~ 2

4) 17~ =1=1~",0"~=0=0"".

5) <™,z <™

6) 2=~ =2, 2~ " =z~

(M) 2= 0z=0=z0z".

(8) 2= (y— 2) = (TOY) = 2 7~ (y = 2) = (y©2) =
9) oy =z—y ,(z0y)~ =y~a".

(10) (xVy) =2~ Ay, (zVy)~ =z~ Ay"~.

An Rl-monoid M is called good if M satisfies the identity =~ = z~~. (The
notion of a good Rl-monoid is a generalization of that of a good pseudo BL-algebra
introduced in [12].)

Obviously, every GMV-algebra or every commutative Rl-monoid is good. More-
over (see also [8]), if M; and Mj are non-trivial GMV-algebras then their ordinal
sum is a good Rl-monoid which need not be either a GMV-algebra or a pseudo
BL-algebra.

Let M be a good Rl-monoid. According to [8], we define a binary operation “@®”
on M as follows:

Ve, ye Mz dy:=(y~ 0z )".

By [25], every good Rl-monoid fulfils the identity (z~ @y~ )~ = (™~ ©y~)".

Lemma 2. If M is a good Rl-monoid and x, y € M then

~

(z@y) "= "oy =2 "0y=20y " =2dy.
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Proof. (z@y) "=y 0z7 )" "=y 0z )" =xdy,

Oy T=y T o ")V =y 0z )" =1y,
=@~ e ) =0y " =@l 02z ") =z " Dy.

Proposition 3 ([8]). Let M be a good Rl-monoid. Then for all z,y,z € M:
(@) zoy=(@"0z7);
(i) 26 (ydz)=(zay) & z;
(i) =, y <z ®y;
(iv) 2@ 0=2""~"=0® z;
V) zael=1=1®uz;
)

~ —n~

(Vi) z@y=a" ~y “ =y~ o>z

3. MODAL OPERATORS—DEFINITION AND PROPERTIES

Definition. Let M be an Rl-monoid. A mapping f: M — M is called a modal
operator on M if, for any x, y € M,

1.z < f(x);

2. f(f(@) = f(=z);

3. flxoy) = f2)© fy)

Moreover, if an Rl-monoid M is good and for any z, y € M,

4 feay) =fzofly)=/,=)oy),

then a modal operator f is called strong.

Proposition 4. a) If f is a modal operator on an Rl-monoid M and x,y € M
then

(i) z<y= f(z) < fy);
(i) flz —y) < fl@) = fly) = f(f@) = fy) =z — fly) = fz— Fy)),

flx~y) < fla)~ fly) = F(f(@) ~ fy)) =2~ fly) = [ (=~ f(y));

(ili) f(z) < (z — f(0)) ~ f(0), f(z) < (z~ f(0)) — f(0);
(iv) =7 © f(z) < £(0), f(z) ©z™ < f(0);

V) flevy) < flV fy) = ff(x)V fy).

b) If M is a good Rl-monoid and f is a strong modal operator on M then
(vi) 2@ f(0) = f(@™7) = f(z), f(O) @z > f77) > f(z).

Proof. The proof of (i), (ii), (iv) and (v) runs as in [23].
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(iii) By (i) and (ii), we have

(f(x) = f(0)) © f(z) = f(z) A f(0) = f(0)
= [f(z) < (f(z) = £(0)) » f(0) = (& — f(0)) ~ f(0).

The latter inequality can be proved similarly.
(vi) By Proposition 3(vi), Lemma 1(2)(5) and properties (ii), (i) above,

@ f(0) =a" ~ f(0)"" Z 2" ~ f(0) = f(z" ~ f(0)) = f(z” ~ 0)
= f@™7) = f(2).

The proof of the remaining inequalities is analogous. O

Proposition 5. Let M be a good Rl-monoid. If f is a strong modal operator on
M and z,y € M then
(i) fleoy)=f(fx)D f);
(ii) & f(0) = f(z77) = f(0) B .
Proof. (i) By the definition of a strong modal operator it si obvious.
(ii) We have f(z & f(0)) = f(z©0) = fz7~) = [f(z™7) = f(z & f(0)) >
@ f(0) = f(z=). O

Therem 6. Let M be an Rl-monoid and f: M — M be a mapping. Then f is
a modal operator on M if and only if for any x, y € M it is satisfied:
(a) z — f(y) = f(x) — f(y);
(b) =~ fly) = f(z) ~ f(y);
(©) fl@)© fly) = flzoy).

Proof. Let a mapping f fulfil conditions (a)—(c).

Properties 1 and 2 from the definition of a modal operator follow in the same way
as in the commutative case (see [23]).

We prove the property 3 from definition:

oy < f@oy) =z<y— f@oy) = fly) - flzoy) = 20 fly) <
flzoy) = fly) Sz~ f20y) = f(2) ~ f(z0y) = [(2)O fy) < flzOy) =
@) o fly) = fzoy). 0

Remark 7. M. Galatos and C. Tsinakis introduced in [10] the notion of a nucleus
of a residuated lattice L as a closure operator v on L satisfying v(a)y(b) < ~y(ab).
From this point of view, a modal operator f on an Rl-monoid M is a nucleus of M

satisfying f(z) © f(y) > f(z @ y).

As a consequence we obtain:

303



Proposition 8. Let M be an Rl-monoid and f: M — M be a mapping. Then
f is a nucleus of M if and only if f satisfies (a) and (b) of Theorem 6.

Proof. Considering the previous explication it remains to prove the isotony
of f.

We first note y — f(y) = f(y) — f(y) = 1. Further, s <y = 1 =y — f(y) <
= fly) = f(x) = fly) = f() < fy). 0O

Remark 9. In [23, Corollary 8], which is the analogy of Proposition 8 for the
commutative case, we required the isotony of f besides. It is evident now that this
requirement is superfluous.

An Rl-monoid is called normal if it satisfies the identities
(zoy) " =20y "
(zOy)™ =27 0y~

For example, every good pseudo BL-algebra or every Heyting algebra is normal
[25].

Let M be a good Rl-monoid and a € M. We denote by ¢,: M — M the
mapping such that ¢,(x) = a @ z for every & € M. By Lemma 2, we have ¢,
coincides with ¢,—~.

Denote by

IM)y={aeM: a®a=a}

the set of all multiplicative idempotents in an Rl-monoid M. It is obvious that
0,1 € I(M). By [17, Lemma 2.8.3], a ®z = a A x holds for any a € I(M), z €
M. Further we can prove, if M is a normal Rl-monoid and a € I(M) then also
a~~ € I(M). Recall that by [8], (M; @) is a semigroup. Further, if a= € I(M) then

ada=(a" @a )~ =a"".

Theorem 10. If M is a good and normal Rl-monoid and a € M then ¢, is a
strong modal operator on M if and only ifa=, a=~ € I(M).

Proof. a)Leta,z,ye M, a=,a™"~ € I(M).

1. pa(z) =a®z=(z" Qa" )~ 2z~ "~ 2 a.

2. palpa()=a®(aPx)=(a@a)Dr=a""Dr=adx = p,(z).
3. We first prove that a ®x = (a V)~ ".

a®r=(@ ©a )= (" Aa")” =(zVa)" ", by Lemma 1(10).
Now, we prove condition 3 from the definition of a modal operator.
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By Lemma 2, the normality of M and the distributivity “©” over “V”, we have

) (@ady)=(@ " ®r)o(a~Oy)
a”"Va) T o vy T =((a""Va)o (e Vy)TT
(a‘” ©aT)V(zoa ") V(e Toy)V(eoy)
a"V(@oy) T=a"o@oy)=ad@0y) =gz Oy).

Pa(®) © Paly) =

(a®
= (
= (
= (

4. By [8], (M;®) is a semigroup.
For this reason and by the above and Lemma 2,

Pa(z@@a(y) =a® (2 (@dy))=((a®a)r)Dy=(a""dr)DyY
=(@d2)dy=a®(@0Y)=pa(zdYy).

b) Let ¢, be a strong modal operator on M. Then ¢,(z ©y) = pa(z) ® @u(y),
hence a® (z @ y) = (a @ z) ® (a®y) for any z, y € M. For x = y = 0, we obtain
a®0=(a®0)©® (a®0), thusa ™~ =a "~ ©a" ", from this a=~ € I(M).

Further, ¢, (x ®y) = 0o (z ® pa(y)), hence a & (z @ y) = a® (x ® (a D y)) for any
r,ye M. Forr=y=0,wehave a ™~ =a®0=a® (000)=a® (0 (a®0)) =
(a@0)®a~=a "@®a ~,thusa ™™ = (¢~~~ ©@a~~")~. From this it follows that
a-=(a"Ga )" =a " ©@a "~ =a ©a andsoa €I(M). O

Theorem 11. Let M be a good normal Rl-monoid and f be a modal operator on
M such that f(x) = f(x=") for all z € M. Then f is strong if and only if f = ¢y ()
and f(0)~ € I(M).

Proof. Let f be a modal operator on M satisfying f(z) = f(z~) for every
zeM.

If f is strong then by Proposition 5, f(z) = f(z=) = 2 @ f(0) for any z € M.
Hence f = @) and moreover, by Theorem 10, f(0)~, f(0)™~ € I(M).

If f is any modal operator then f(0)™™ = f(0®0)~~ = (f(0) ® f(0))~~
f(0)™™ ® f(0)~~, thus f(0)~~ € I(M).

Therefore conversely, if f = ¢y and f(0)~ € I(M), then by Theorem 10, we
conclude that f is strong. O

Corollary 12. If M is a GMV-algebra (pseudo MV-algebra, equivalently) and f
is a modal operator on M, then f is strong if and only if f = ().

Proof. It is sufficient to show that f(0)~ € I(M) for any modal operator f.

It is known (see [11] and [22]) that the set I(M) coincides with the set B(M) of
all elements having complements in the lattice (M;V,A,0,1) in any GMV-algebra
M, and if € B(M) and 2’ is its complement, then 2’ =z~ =2~ € B(M) = I(M).

Since f(0) € I(M) in our case, we obtain f(0)~ € I(M) as well. O

305



Let M be an Rl-monoid and a € I(M). Let us consider mappings ¢}: M — M
and ¢2: M — M such that ¥!(z) := a — x and ¥2(z) := a ~ z for every x € M.

Proposition 13. If M is an Rl-monoid and a € I(M) then for any x, y € M

Uay),
Ve (y)-

z = g (y) = Ya(2) —
@~ Paly) = Pa(x) ~
Proof. By the definition of ¢! and Lemma 1(8), z — ¢l (y) =z — (a — y) =
(r©a) =y =(a@a) —yand () = Pi(y) = (@ = 2) = (@ = y) = ((a —
z)@a)—y=(ahz)—y=(a@zx) —y.
The other identity would be proved analogously. O

Corollary 14. Let M be an Rl-monoid and a € I(M). Then 1} is a modal
operator on M if and only if for any x, y € M

Ya() © ¥a(y) =

Let M be an Rl-monoid and f be a modal operator on M. Then Fix(f) = {z €
M: f(z) = z} will denote the set of all fixed elements of the operator f. By the
definition of a modal operator it is obvious that Fix(f) = Im(f).

Theorem 15. If f is a modal operator on an Rl-monoid M then Fix(f) is closed
under the operations A, ©®, — and ~, and Fix(f) = (Fix(f); ®, VF, A, —,~, f(0),1),
where x Vg y = f(x Vy) for any x,y € Fix(f), is an Rl-monoid.

Proof. (i) Since f is a closure operator on the lattice (M;V,A), it holds
x Ay € Fix(f) for any z, y € Fix(f), and so (Fix(f); Vr, A) is a lattice.

(i) (Fix(f); VF, A, f(0),1) is a bounded lattice.

(iil) Let =, y € Fix(f). Then f(z©y) = f(z) © f(y) = 2 Oy, thus 2 © y € Fix(f).

(iv) If y, z € Fix(f) then by Proposition 5 we have y — z = f(y) — f(z) =
f(f(y) = f(2)) = f(y — =), hence y — z € Fix(f). For any y, z € Fix(f), y ~ z €
Fix(f) analogously.

Therefore, if z, y, z € Fix(f) then x ©y, y — 2z,  ~ z € Fix(f) and for this
reason z @ y < z holds in Fix(f) if and only if z < y — z and it is equivalent to
YT 2.

(v) By foregoing, Fix(f) also satisfies the identities (x — y) @ x = x Ay =
Yo (y ~ ). O
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4. MODAL OPERATORS ON INTERVALS
Let M be an Rl-monoid. For a € I(M), let
I(a) :==1[0,al ={xr e M: 0< z < a}.

Theorem 16. Let M be an Rl-monoid and a € I(M). For any z,y € I(a) we
set T Oy =2xQY, T —qy:=(x = y)Aaand x ~, y := (x ~ y) A a. Then
I(a) = (I(a); ®a, V, A\, =4, ~a, 0,a) is an Rl-monoid.

Proof. (i) Ifz,y€I(a)thnz@yecl(a)andz@a=a0x=cANa=uz,
hence (I(a); ®q,a) is a monoid.

(ii) Obviously, (I(a);V,A,0,a) is a bounded lattice.

(iii) Let =, y € I(a). It holds that & — y is the greatest element z € M such
that 2 ® x < y. Therefore (x — y) A a is the greatest element in I(a) with this
property. Analogously, for y, z € I(a), z ~ y is the greatest element © € M such
that 20,z < y. Hence, (z ~> y) Aa is the greatest element in I(a) with this property.
That means, z ®, ¢ < y if and only if 2 < (z — y) Aa =2 —4 y, and if and only if
< (z~y)ANa=2z~,yforany z, z € I(a).

(iv) For any z, y € I(a) we have (z —4 y) Oaz = ((z = y)Na) Oz = (z = y) O
azr=(x—-y)0x0a=(xAy)ANa=xANy. Weobtain y Oy (y ~, ) = Ay
analogously. O

Let M be an Rl-monoid, a € I(M) and = € I(a). We denote by 7+ and x™* the
negations of an element z in I(a).

Proposition 17. a) If M is an Rl-monoid, a € I(M) and x € I(a), then
=2 ANa, z7°=2"Aa.
b) Moreover, if M is good and satisfying the identities
(%) (wAw)” =v" Vw, (vAw)Y =0~ V",

then the Rl-monoid I(a) is good, too. If we denote by x @, y the sum of elements
x,y € I(a) in the Rl-monoid I(a) then it holds

TDy= (DY) Aa.

Proof. a)z e =2—,0=(x—=0)Aa=2"Aa, 2”7 =2 ~,0=(z~ 0)Aa =
™ Aa.
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b) Let M be good and satisfy (). Then

7Y = (7)Y ANa= (" ANa)" Aa=(x""Va ) Aa=(z"" Aa)V (a~ Na)
=@ Y Aa)VO=z""ANa=z""ANa=(z"" Aa)V(a~ Aa)
=@~ Va )Aa=(@"Na)” Aha=(z7*)" ANa=a~*"9,
hence I(a) is also a good Rl-monoid and therefore we can define = @, y for any

x,y € I(a).
Then it holds, using Lemma 1(9),

T®ay=(y xT)Ye=(yTr 0z ) ANa=(y T ©aGz” ®a)~ Aa
=@y 0z 0a) " Aa=(a~(y 0z ))0a=a®(a~ (y~ ©®z")")
Ay~ 0a7)" =(zdy)Aa. O

Remark 18. For example, every pseudo BL-algebra satisfies the identities (x)
(see [25]).

Let M be an Rl-monoid, a € I(M) and let f be a modal operator on M. Let us
consider a mapping f*: I(a) — I(a) such that f%(x) := f(z) Aa(= f(z) ® a), for
every © € I(a).

Theorem 19. a) Let M be an Rl-monoid, a € I(M) and f be a modal operator
on M. Then f® is a modal operator on the Rl-monoid I(a).

b) If M is good and it satisfies the identities (x), and f is strong, then f® is also
a strong modal operator on I(a).

Proof. a) Consider z, y € I(a).

1. x <aand z < f(z), hence x < a A f(z) = f%(z).

2. o (f(x)) = £° (f(2)) = F(F@) Aa)Aa = F(F@)oa)Aa = (F(F(@) © f(@)A
— [(@) A fla) ha= f(z) Aa = foz).

3. fUzoy)f'(zoy) = flzoy)ha= f(2)© fy)©ava = (f(z)Aa)O(f(y)Aa) =

£() © (o)
b) Let f be strong. Then
[ (@ @a f(y) = fY (2 ©a [*(y)) = [*((x @ (f(y) Na)) Aa)

=z (fly)Aa)) Na)Na
=flzo(fy) Aa) Afla)ha= flzd f(fly) Na)) Na
=flzo ((f(fw)Afla)Na=flze (fly) A f ()))Aa
=flzoflyra)ha=flzofly)Na=flzoy) A
= [z dy). U

308



5. THE SET OF IDEMPOTENT ELEMENTS
Proposition 20. If M is an Rl-monoid then I(M) is a subalgebra of its reduct
(M;®,V,A,0,1).

Proof. Suppose M is an Rl-monoid and z, y € I(M). Then
0y 0oy =20@Yo0r)0y=20@0Y)Oy=(@0r)0(Yoy)=r0yY,
thus t ©y =z Ay € I(M). Further,
(VYO (@Vy)=(xor)V({Yor)V(eoy) V(yoy) =zVyV(@oy) =xVy,

hence also z vV y € I(M).
Obviously, 0,1 € I(M). O

Let f be a modal operator on an Rl-monoid M and f = f|I(M). Assume x € I(M).

Then f(z) = f(zx @) = f(z) ® f(x), so f(x) € I(M). Therefore, we can consider f
as the mapping of I(M) into I(M).

Theorem 21. Let M be an Rl-monoid and let f be a modal operator on M.
Then f: I(M) — I(M) fulfills conditions 1, 2, 3 from the definition of a modal
operator.

Proof. Theorem is the immediate consequence of previous considerations. [

Theorem 22. Let M be a good and normal Rl-monoid and let = € I(M) for
any x € I(M). Then I(M) is closed under the operation “®”. Furthermore, if f is
a strong modal operator on M then f satisfies the condition 4 from the definition of
a strong modal operator, too.

Proof. Letx,y € I(M). By the proof of Theorem 10, part 3, it holds z @ y =
(z V y)~ ™. Further,

(zoy)o@oy)=@Vy) ~o@Vvy) “=((zVyo(Vvy) "~
=((zor)V(Eoy)Vyor)V(yoy) ~=@Vy) “=ray.

Therefore, x &y € I(M).
Now it is obvious that f satisfies also the condition 4 from the definition of a
strong modal operator. O
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Let us remind that an Rl-monoid is called representable if and only if it is iso-
morphic with a subdirect product of linearly ordered Rl-monoids. It is obvious that
every (bounded) linearly ordered Rl-monoid is a pseudo BL-algebra. Therefore, rep-
resentable Rl-monoids are pseudo BL-algebras as well; and by [18], they form a
proper subclass of the class of all pseudo BL-algebras. (Let us recall that, by [21],
the class of representable commutative Rl-monoids and the class of all BL-algebras
coincide.)

Theorem 23. Let M be a representable pseudo BL-algebra. Then I(M) is a
subalgebra in M which is a Heyting algebra. If f is a modal operator on M then
f is a modal operator on I(M). Moreover, if M is good and x~ € I(M) for every
x € I(M) and f is a strong modal operator on M, then f is a strong modal operator

on I(M).

Proof. Let a representable pseudo BL-algebra M be isomorphic with a sub-
direct product of pseudo BL-chains M,, a € A. Let a = (an;a € A) € M. Then
a € I(M) if and only if a, € I(M,) for every a € A. Suppose = (zq; € A),
Y= Yoy € A) € I(M). Then x4 — yo = 1 for yo = 24 and 2o — Yo = Yo
for o > Yo. Hence (o — Yosa0 € A) € I(M) and (o4 — Yoj0 € A) =z — 4.
Similarly, (xq ~ Ya; € A) € I(M) and (zq ~ Yo; 0 € A) = x ~ y. By [17], I(M)
is a Heyting algebra.

Therefore, if f is a modal operator on M then f is a modal operator on I(M).
Further by [25], every good pseudo BL-algebra is a normal Rl-monoid. For that
reason, if M is good and x~ € I(M) for every x € I(M), and if a modal operator on
M is strong, then f is a strong modal operator on the Heyting algebra I(M). O
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