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MILD CONTINUITY PROPERTIES OF RELATIONS
AND RELATORS IN RELATOR SPACES

ARPAD SZAZ AND AMR ZAKARIA

ABSTRACT. In this paper, we establish several useful consequences of the
following, and some other closely related, basic definitions introduced in some
former papers by the first author.

A family R of relations on one set X to another Y is called a relator on
X to Y. Moreover, the ordered pair (X, Y)(R) = ((X7 Y), R) is called a
relator space.

A function [0 of the class of all relator spaces to the class of all relators is
called a direct unary operation for relators if, for any relator R on X to Y,
the value RH = RUxy = O((X, Y)(R)) is also relator on X to Y.

If (X,Y)(R) and (Z, W)(S) are relator spaces and U is a direct unary
operation for relators, then a pair (F, G) of relators F on X to Z and G
on Y to W is called mildly -continuous if, under the elementwise inversion

and compositions of relators, we have ((QD y=lo §U o FO )D cRrOO,

CONTENTS

Introduction
A few basic facts on relations
A few basic facts on relators
Some important structures for relators
Increasingly regular structures for relators
Some important unary operations for relators
Some further important unary operations for relators
Some further results on unary operations for relators
Inversion compatible operations for relators
Composition compatible operations for relators
Reflexive, topological, and proximal relators
The main definitions of mild continuities
Reduction theorems for mild continuities
Some further theorems on mild continuities
Detailed reformulations of proper, uniform, and proximal mild
continuities
Detailed reformulations of topological mild continuity
Detailed reformulations of paratopological mild continuity

co O N

10
12
16
19
23
27
30
33
37
38
41

43
46
49

1991 Mathematics Subject Classification. Primary 54C60, 54E15; Secondary 06A15, 08A02.
Key words and phrases. Generalized uniformities, continuous relations.
The work of the first author has been supported by the Hungarian Scientific Research Fund
(OTKA) Grant K-111651.



2 A. SZAZ AND A. ZAKARIA

18. Characterizations of proximal mild continuity 53
19. Characterizations of topological mild continuity 55
20. Fatness and denseness preserving and reversing relations 58
References 62

1. INTRODUCTION

In this paper, we continue the investigations initiated by the first author in
[32, 34, 42, 29, 43, 51, 52] on the basic continuity properties of a single relation,
and also of a pair of relations, on one relator (generalized uniform) space to another.

Meantime, we have observed that, much more generally, the corresponding, and
some other, continuity properties of pairs of relators (families of relations) can also
be naturally investigated [56, 59].

Here, a family R of relations on one set X to another X is called a relator
on X to Y, and the ordered pair (X,Y)(R)= ((X,Y), R) is called a relator
space. Thus, relator spaces are common generalizations of ordered sets [4], formal
contexts [11], and uniform spaces [10].

Note that even on the real line R we already have two natural relators. Namely,
R = { <} where < is the usual ordering on R, and § = {B,: r > 0} where
B, ={x €R?: |z, —z,| <r}. Thus, birelator spaces should also be studied.

In a recent paper [59], to motivate the definitions of the corresponding continu-

ity properties of pairs of relators on one relator space to another, the first author
offered the following convincing arguments.

Example 1.1. Suppose that X = X (<) and Y =Y (<, ) are generalized ordered
sets in the sense that <, and <, are arbitrary relations on the sets X and Y,
respectively.

Then, a function f of X to Y may be naturally called increasing, with respect
to the inequalities <y and <, , if for every u, v € X

u<xv = f(u) <y f(v).

Now, by using the more convenient notations R =<y and S =<, , the above

implication can be reformulated in the form that
uRv = f(u)S f(v),

or equivalently

(u,v)eR = (f(uv), flv))eS.

Example 1.2. Suppose that X = X (dx) and Y =Y (dy) are generalized metric
spaces in the sense that dy and d, are arbitrary functions of X2 and Y2 to
[0, +00], respectively.

Then, a function f of X to Y may be naturally called uniformly continuous,
with respect to the distance functions dy and d,, if for each s > 0 there exists
r > 0 such that for every u, v e X

dx(u,v)<r = dy(f(u) f(v)) <s.

Now, by using the surroundings
R= Bix = {xGXz: dx(z:, x,) <7"}
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and
S = B :{erz: dx (Y1 Yo) <s},
the above implication can be reformulated in the form that
(u,v)eR = (f(v), f(v))€S.
The above examples clearly reveal that the seemingly quite different algebraic
and topological notions such as ”increasingness” and ”uniform continuity” are

essentially equivalent.
Moreover, they naturally lead us to the following simple unifying

Definition 1.3. Assume that X = X (R) and Y =Y (S) are relational spaces in
the sense that R and S are arbitrary relations on X and Y, respectively.

Then, a function f of X to Y will be called increasing or continuous, with
respect to the relations R and S, if

(w,v)e R = (f(u), f(v)) €S
for all w, v € X. That is, the function f is, in a certain sense, relation-preservig.

Now, by using this definition, we can easily prove the following theorem of [59]
presented partly also in [57].

Theorem 1.4. For any function f of one relational space X(R) to another
Y (S), the following assertions are equivalent :

(1) f is increasing (continuous),
(2) foRC Sof, (3) RC floSof,
(4) foRof™'CS, (5) Rof~l1C f~1o08.

Proof. By the corresponding definitions, it is clear that the following assertions are
equivalent :

(a) foRC Sof,

(b) VuelX: (feoR)(u) € (Sof)(u),

© YueXs  fIR@)]CS(fw),

(d) VuelX: VveRwu) : fv)e S(fluw),

() Vu,veX: ((u,v)eR = (f(u), f(v))e€ST).

Therefore, assertions (2) and (1) are equivalent.

The proofs of the remaining equivalences depend on the increasingness and
associativity of composition, and the inclusions

Ax Cf7lof and fof ' CAy,
where Ay and Ay are the identity functions of X and Y, respectively.

Remark 1.5. The latter inclusions indicate that assertions (2)—(5) need not be
equivalent for an arbitrary relation f on X(R) to Y(S). Therefore, they can be
used to define different increasingness or continuity properties of relations.

Remark 1.6. In [54], having in mind set-valued functions, a relation F on a
generalized ordered set X (<) to a set Y has been called increasing if u < v
implies F'(u) C F(v) for all u, v € X.



4 A. SZAZ AND A. ZAKARIA

Thus, it can be easily shown that the relation F' is increasing if and only if its
inverse F' ! is ascending-valued in the sense that F ~1(y) is an ascending subset
of X(<) forall yeY.

By using the more convenient notation R =<, the latter statement can be
reformulated in the form that R[F~!(y)] € F~!(y) for all y € Y. That is,
RoF-'CF~1.

The latter inclusion can be reformulated in the form that RoF~1 C F~lo Ay .
This shows that the R = Ax and S = Ay particular cases of Theorem 1.4 may
also be of some interest.

In [59], it has been proved that, under the notations of Definition 1.3, we have
FoRoF~!C S if and only if, for every u, v € X, we have F(u)S F(v) in the
sense that y Sz for all y € F(u) and z € F(v).

However, it is now more important to note that, by using the corresponding
particular cases of the plausible operations, defined by R='={R~!: ReR},

R*={SCXxY: IReR: RCS},

and SoR = {SOR: ReR, SES} for any relators R on X to Y and S on
Y to Z, Theorem 1.4 can be reformulated in the following more instructive form.

Theorem 1.7. If f is a function of one relational space X(R) to another Y (S),
then under the notations

F=A{f}, R={R} and S={S5}
the following assertions are equivalent :

(1) f is increasing (continuous),

(2) (S*oF*) C (FroR*), (3) ((f*)_loS*o}'*)*gR**,

(4) sc (Fromrro(F)7),  (5) ((F) les®) c(Roo(F9) ")

Hint. The proof of the equivalences of the assertions (2)—(5) of this theorem to
those of Theorem 1.4 depend on the fact that * is an inversion and composition
compatible closure operation for relators in the sense that :

(a) (R*)_l = (R‘l)* for any relator R on X to Y,
(b) R* C 8* is equivalent to R C S* for any relators R and S on X to Y,

(¢) (SOR)*Z (SOR*)* =(8%o R)* for any relators R on X to Y and
SonY to Z.

Now, the Pexiderizations of the inclusions in Theorem 1.7, and an abstraction
of the operation *, naturally lead us to the following straightforward extension of
[43, Definition 4.1].

Definition 1.8. Suppose that (X, Y)(R) and (Z, W)(S) are relator spaces,
F is arelator on X to Z, and G is a relator on Y to W.

Moreover, assume that [ is a direct unary operation for relators in the sense
that it is function of the class of all relator spaces to the class of all relators such
that, for any relator R on X to Y, the value RY =RUx» =0O((X, Y)(R)) is
also a relator on X to Y.
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Then, we say that the ordered pair

(1) (F, G) is upper O-continuous with respect to the relators R and S if
(890 70) (6P RD)",
(2) (F, G) is mildly O-continuous with respect to the relators R and S if
((g5) o590 79)" cROD,
(3) (F, G) is vaguely O-continuous with respect to the relators R and S if
s99c (gBorDo (fD)‘l)D7
(4) (F, G) is lower O-continuous with respect to the relators R and S if

((GD)”O SD)D C (RDO (fD)*l)D

Remark 1.9. To keep in mind the above assumptions, for any R € R, S € S,
FeF and G € G, we can use the diagram :

x .,z

Rl ls
y — Y . w

Moreover, to clarify the notion of a direct unary operation for relators, we can
note that * is a direct, but —1 is a non-direct unary operation for relators.
Of course, if we restrict ourself to relator spaces of the simpler type X(R) =
(X, X)(R), then the latter inconvenience does not occur.

Now, since there is a great number of important direct unary operations for
relators, the investigation of the above continuity properties and their relationships
to each other offer an exhausting work for hundreds of mathematicians.

In this paper, to let the reader feel the main directions in the above mentioned
investigations, we shall only point out some basic facts concerning the various mild
continuities of relators, relations, and functions.

For instance, we shall prove the following two basic theorems.

Theorem 1.10. If in particular [ is an inversion and composition compatible
closure operation for relators, then the following assertions are equivalent :

(1) (F, G) is mildly O-continuous with respect to the relators R and S,

(2) (F, G) is properly mildly continuous with respect to the relators RY and
S in the sense that G 1o SoF C RY,

(3) (F, G) is elementwise mildly O—continuous with respect to the relators R
and S in the sense that, for any F € F and G € G, the pair (F, G), i.e., the
pair ({F}, {G}), is mildly O-continuous with respect to the relators R and S .

Theorem 1.11. For any F € F and G € G, the following assertions are equi-
valent :

(1) G71oSoFCR*, (2) (F, G) is mildly x—continuous,
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(3) for each S € S there exists R € R such that RC G to SoF,

(4) foreach S € S there exists R € R such that for every x € X and y € R(x)
we have G(y)NS[F(z)]#0,

(5) foreach S € S there exists R € R such that for every x € X and y € R(x)
there exist z € F(x) and w € G(y) such that w € S(z).

In this respect, it is also worth noticing that, by using the the notations
R#¥={SCXxY: VACX: 3 ReR: R[A] CS[A]}

for any relator R on X to Y, and

Intr(B)={ACX: 3 ReR: R[A]CB}
and

Clr(B)={ACX: VReR: R[AINB#0}

for any B CY, we can also prove the following

Theorem 1.12. For any F € F and G € G, the following assertions are equi-
valent :

(1) G™'oSoFCR¥,

(2) (F, G) is mildly #-continuous,

(3) AeClgr(B) implies F[A] € Cls (G[B]),

(4) F[A] €Ints(D) implies AcIntg (G '[D]).

Remark 1.13. Because of Example 1.2 and Theorem 1.12, the pair (F', G) may be
naturally called wuniformly (prozimally) mildly continuous if it is mildly
s—continuous (#—continuous ).

Unfortunately, the uniform continuity of (F', G) can ounly be characterized in
terms of the convergence (adherence) of one preordered net of sets to another, which
is already a rather difficult notion.

In the subsequent preparatory sections, we shall list some basic facts on relations
and relators, and structures and unary operations for relators, which are possibly
unfamiliar to the reader. The proofs will be frequently omitted.

2. A FEW BASIC FACTS ON RELATIONS

A subset F' of a product set X xY is called a relation on X to Y. Thus, the
empty relation () is the smallest and the universal relation X xY is the largest
relation on X to Y. And P(X xY') is the family of all relations on X to Y.

If in particular F C X2, with X2 = X x X, then we may simply say that F
is a relation on X. In particular, Ax = {(z, ) : = € X} is called the identity
relation and its complement AS = X2\ Ax is called the diversity relation on X.

If F is a relation on X to Y, then by the above definitions we can at once see
that F' is also a relation on X UY. However, for our subsequent purposes, the
latter view of the relation F' would be quite unnatural.

If F is a relation on X to Y, then for any z € X and A C X the sets
F(x)={yeY: (v,y)€ F} and F[A]=J,c4 F(a) are called the images of
z and A under F. If (z,y) € F, then we may also write « F'y.
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Moreover, the sets Dp = {z € X : F(z)# 0} and Rp = F[X] are called
the domain and range of F'. If in particular Drp = X, then we say that F' is a
relation of X to Y, or that F is a total relation on X to Y.

In particular, a relation f on X to Y is called a function if for each x € Dy
there exists y € Y such that f(z) = {y}. In this case, by identifying singletons
with their elements, we may simply write f(z) =y in place of f(z)={y}.

Moreover, a function * of X to itself is called a unary operation on X. While, a
function * of X2 to X is called a binary operation on X. And, for any z, y € X,
we usually write #* and x xy instead of x(z) and *((z, y)).

If Fis a relation on X to Y, then F = J, .y {z}xF(x). Therefore, the
values F'(x), where z € X, uniquely determine F'. Thus, a relation F on X to
Y can also be naturally defined by specifying F(z) for all z € X.

For instance, the complement relation F¢ can be naturally defined such that
Fe(x) = F(z)° =Y \ F(x) for all € X. Thus, we also have F¢ = X xY \ F.
Moreover, it noteworthy that F¢[A]¢ =), F(a) forall AC X. (See [53].)

Quite similarly, the inverse relation F ' can be naturally defined such that
Flyy={zeX: ye F(x)} forall y €Y. Thus, we have F~![B]={z € X :
F(x)N B #0} for all BCY, and hence in particular Dp = F~1[Y].

Moreover, if in addition G is arelationon Y to Z, then the composition relation
G o F' can be naturally defined such that (Go F)(z) = G[F(z)] for all z € X.
Thus, we also have (Go F)[A] =G [F[A]] forall AC X.

While, if G is a relation on Z to W, then the box product relation F X G can
be naturally defined such that (FXG)(z, z) = F(z) x G(z) for all x € X and
z € Z. Thus, we have (FXG)[A]=GoAoF~! forall AC XxZ. (See [53].)

Hence, by taking A = {(z, z)}, and A=Ay if Y = Z, one can at once see
that the box and composition products are actually equivalent tools. However, the
box product can be immediately defined for an arbitrary family of relations too.

If F isarelation on X to Y, then a function f of Dp to Y is called a selection
of Fif fCF, ie., f(z)€ F(z) for all x € Dp. Thus, by the Axiom of Choice,
every relation has a selection. Moreover, it is the union of its selections.

For any relation F on X to Y, we may naturally define two set-valued functions,
F® of X to P(Y) and F™ of P(X) to P(Y), such that F>(z) = F(z) for all
z€X and F*(A)=F[A] forall ACX.

Functions of X to P(Y) can be identified with relations on X to Y. While,
functions of P(X) to P(Y) are more general objects than relations on X to Y.
They were briefly called corelations on X to Y in [55].

Now, a relation R on X may be briefly defined to be reflexive if Ax C R,
and transitive if RoR C R. Moreover, R may be briefly defined to be symmetric
if R~' C R, and antisymmetric if RN R~ C Ax.

Thus, a reflexive and transitive (symmetric) relation may be called a preorder
(tolerance) relation. And, a symmetric (antisymmetric) preorder relation may be
called an equivalence (partial order) relation.

For instance, for A C X, the Pervin relation Ry = A?U A¢x X is a preorder
relation on X. (See [18] and [48].) While, for a pseudo-metric d on X and
r >0, the surrounding BY = {(x, y) € X?: d(z,y) < r} is a tolerance relation
on X.
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Moreover, we may recall that if A is a partition of X, i.e., a family of pairwise
disjoint, nonvoid subsets of X such that X =J A, then Sa = ¢4 A? is an
equivalence relation on X, which can, to some extent, be identified with A.

According to algebra, for any relation R on X, we may naturally define
RO =Ax, and R®" = RoR" ! if n € N. Moreover, we may also naturally define
R>=J>_, R™. Thus, R is the smallest preorder relation containing R [12].

Now, in contrast to (F¢)¢=F and (F~1)"! = F, we have (R®)>® = R>.
Moreover, analogously to (F¢)~! = (F~1)¢, we also have (R*)"! = (R1)>.
Thus, in particular R~! is also a preorder on X if R is a preorder on X.

3. A FEW BASIC FACTS ON RELATORS

A family R of relations on one set X to another Y is called a relator on X to
Y. And, the ordered pair (X,Y)(R) = ((X,Y), R) is called a relator space.
(For the origins, see [32, 38, 44, 46] and the references in [32].)

If in particular R is a relator on X to itself, then we may simply say that R is a
relator on X. And, by identifying singletons with their elements, we may naturally
write X(R) in place of (X, X)(R), since (X, X)={{X}}.

Relator spaces of this simpler type are already substantial generalizations of the
various ordered sets [4] and uniform spaces [10]. However, they are insufficient
for some important purposes. (See, for instance, [11] and [43].)

A relator R on X to Y, or a relator space (X,Y)(R), is called simple if there
exists a relation R on X to Y such that R = {R}. In this case, by identifying
singletons with their elements, we may write (X, Y)(R) in place of (X,Y)({R}).

According to Széz [45], a simple relator space X (R) may be called a goset
(generalized ordered set). Moreover, by Ganter and Wille [11, p.17], a simple
relator space (X , Y) (R) may be called a formal context or context space.

A relator R on X, or a relator space X(R), may, for instance, be naturally
called reflexive if each member of R is reflexive. Thus, we may also naturally speak
of preorder, tolerance, and equivalence relators.

For instance, for any family A of subsets of X, the family R4 ={Ra: A€
A}, where Ry = A2U A°x X, is a preorder relator on X . Such relators were
first used by Davis [5] and Pervin [28].

While, for any family D of pseudo-metrics on X, the family Rp = {B%: r >
0, d € D}, where B? = {(z,y): d(z,y) <r}, is a tolerance relator on X.
Such relators were first considered by Weil [?].

Moreover, if & is a family of partitions of X, then the family Rg ={S4: A€
&}, where S4 = U ca A?% | is an equivalence relator on X. Such practically
important relators were first investigated by Levine [17].

A function O of the class of all relator spaces to the class of all relators is called
a direct (inderect) unary operation for relators if, for any relator R on X to Y,
the value RY =REx =0O((X, Y)(R)) is arelatoron X to Y (on Y to X).

More generally, a function § of the class of all relator spaces to some other
class is called a structure for relators if, for any relator R on X to Y, the value
Sr=3%" = {?((X, Y)(R)) is in a power set depending only on X and Y.

In accordance with [55], for a structure § for relators, we say that:
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(1)
ReR,
(2) § isincreasing if §r C Fs for any two relators R and S on X to Y with
RCS,

3) T is union-preserving if §\; r. =U;c; Sr, for any family (R;).

U7,€I i el i i€l
of relators on X to Y.

§ is quasi-increasing if Frry € Fr for any relator R on X to Y and

Thus, ”union-preserving” implies ”increasing” implies ” quasi-increasing”. More-
over, it can be shown that § is union-preserving if and only if §r = Up cr S{R}
for any relator R on X to Y. Here, we may again write R instead of {R}.

A unary operation [ for relators is called extensive, intensive, involutive, and
idempotent if for any relator R on X to Y we have R € RY, RFP C R,
RUD =R, and RUY = R5, respectively .

In particular, an increasing idempotent operation for relators is called a modifi-
cation operation. While, an extensive (intensive) modification operation for relators
is called a closure (interior) operation.

Moreover, an increasing extensive (intensive) operation is called a preclosore
(preinterior) operation. And, an extensive (intensive) idempotent operation is
called a semiclosure (semiinterior) operation.

For instance, the functions ¢ and —1, defined by
R°={R°: ReR} and R '={R': ReR}

for any relator R on X to Y, are increasing involution operations for relators such
that (Rc)fl = (Ril)c. Thus, the operation c is inversion compatible.
And, the functions oo and @, defined by

R*={R>*: ReR} and RI?={SCX?: S®eR}

for any relator R on X, are modification operations for relators such that, for any
two relators R and S on X, we have

R®CS <« RCSY.

Therefore, the operations oo and 0 form a Galois connection [4, p. 155]. Thus,
in particular cod is a closure operation for relators such that co = co0doo.

To investigate inclusions between generalized topologies derived from relations
and relators, the operations oo and O were first introduced by Mala [20] and
Pataki [26], respectively. Moreover, by using several more powerful structures
derived from relators, Szaz [39] and Pataki [26] defined a great abundance of
important closure operations for relators. Some of them were already considered
by Kenyon [15] and H. Nakano and K. Nakano [23].

Beside the above mentioned unary operations, we may also naturally introduce
several important binary operations for relators. For instance, for any two relators
R on X toY and Son Y to Z, we may naturally define

SOR:{SOR: ReR, SES}.

Hence, by using that (SoR)™' =R 'oS~! forall R€R and S €S, we can
casily see that (SoR)™' =R to S~!. Moreover, it can also be easily seen that
the composition of relators is also associative.
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4. SOME IMPORTANT STRUCTURES FOR RELATORS

If R isarelatoron X to Y, thenforany AC X, BCY and z€ X we
write :

(1) Aentr(B) if R[A] C B forsome ReTR,

(2) AeClg(B) if R[A]NB#0 forall ReR,

(3) z eintgr(B) if {z} € Intr(B), (4) zecg(B) if {z} € Clg(B),
(5) Be&r if intr(B)#£0D, (6) BeDr if cg(B)=X.

Moreover, if in particular R is a relator on X, then for any A C X we also
write :

(7) Acre if AcIntg(A)), (8) Acre if A°¢ Clg(A),
9) AeTr if ACintg(A), (10) A€ Fr if cg(A) C A,

The relations Intg and intg are called the prorimal and topological interiors
induced by R, respectively. While, the members of the families, 7, 7g and &g
are called the proximally open, topologically open, and fat subsets of the relator
spaces X (R) and (X,Y)(R), respectively.

The origins of the relations Clgp and Intg go back to Efremovi¢’s proximity
d [7] and Smirnov’s strong inclusion € [30], respectively. The families 7 and
Er were first explicitly used by the first author [38]. In particular, the practical
notation 7 has been suggested by Janos Kurdics.

Because of the above definitions, for any relator R on X to Y and BCY, we
have

Clr(B)="P(X) \ Intr(B°) and cdr(B) =X \intg(B°),
and
Dr={DCY: D°¢E}={DCY: VEc&r: END#0}.

Moreover, if in particular, R is a relator on X, then we also have
?R:{ACX: ACETR} and fR:{ACX: ACGTR}.

In this respect, it is also worth mentioning that, for any relator R on X to Y
we have
Clg -1 :017_31 and Intgr-1 =Cyo Int;aloCX,

where Cx(A) = X \ A for all A C X. Moreover, in particular, for any relator
R on X, we have Fp = 7,-1. Therefore, the proximal closures and proximally
open sets are usually more convenient tools than the topological closures (proximal
interiors) and topologically open sets, respectively.

The fat sets are frequently also more convenient tools than the topologically open
sets [36]. For instance, if < is a certain order relation on X, then 7< and &<
are just the families of all ascending and residual subsets of the ordered set X (<),
respectively.

To clarify the advantage of fat sets over the open ones, we can also note that if
in particular X =R, and R is a relation on X such that

Rz)={z—-1}U[z, +oo]
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for all z € X, then 7 = {0, X}, but &g is quite large family. Namely, the
supersets of each R(x), with x € X, are also in &g.

If R is arelator on X to Y, and ® and W are relations on a relator space
D(U) to X and Y, respectively, then by using the relation (®® W), defined such
that

(2@ V)(y) =2(y) x ¥(y)

for all v € I', we may also define

(11) @ € Limg (V) if (P V) Y[R]€& forall ReER,

(12) ® € Adhg (¥) if (P@ V)" R]eDy forall RER.
Now, for any A C X, we may also naturally write:

(13) A €limg(¥) if Are Limg(V), (14) A € adhg(¥) if Are Adhr(V),
where Ar is a relation on T' to X such that Ap(y) = A for all vy €T.

The big limit relation Limg , suggested by Efremovi¢ and Svarc [8], is, in gene-
ral, a much stronger tool in the relator space (X, Y)(R) than the big closure and
interior relations Clg and Intr suggested by Efremovié¢ [7] and Smirnov [30].

Namely, it can be shown that, for any A C X and B CY, we have A € Clgz(B)
if and only if there exist a preordered set I'(<) and functions ¢ and % of T' to
A and B, respectively, such that ¢ € Limg(¢) (go € Ath(’(/J)) .

To check the less obvious part of this statement, note that if A € Clz(B), then
for each R € R we have R[A]N B # (. Therefore, there exist zg € A and
yr € B such that ygr € R(xRr).

Now, by defining ¢(R) = xg and ¢(R) = yg for all R € R, and moreover
Ry < Ry if Ry, Ry € R such that Re C Ry, we can easily see that R(<) is a
partially ordered set, and in addition to ¢(R) =2r € A and ¥(R) =ygr € B we
also have

(p@¥)(R)=(p(R), ¥(R)) = (zr, yr) € R,
and thus R € (¢ ®@¢) [ R] forall RER.
Therefore, if R € R, then for every S € R, with S > R, ie., S C R, we have

Se(eey) '[S] C(e@y) ' [R],

and thus [R, +oo[ C (¢ ® )" '[R]. This, shows that (¢ ® ¢)"L[R], is a
residual, i.e., a fat subset of R(<). Thus, by the definition of the relation Limg ,
we have ¢ € Limg ().

Note that, to prove the corresponding statement for the relation Adhg , we
have to define Ry < R; for all Ry, Ry € R. Therefore, for our present purposes,
partially ordered sets are not, in general, sufficient.

Finally, we note that if R is a relator on X to Y, then according to [44] for
any ACX, BCY, z€ X, and y € Y we may also naturally write:

(a) B € Ubgr(A) and A€Llbgr(B) if AxB C R for some ReR;
(b) yeubr(A4) if {y} € Ubgr(B); (¢) ze€lbr(B) if {z} € Lbr(A4),
(d) AelUr if ubgr(A)#0, () BeLgr if lbr(B)#0.
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Moreover, in particular R is a relator on X, then for any A C X we may also
naturally define:

(f) maxg(A)=ANubg(A); (g) ming(A)=ANIbr(A);

(h) Maxg(A) = P(4)NUbr(A); () Ming(A)="P(A)NLbr(A),
and thus also

(j) supgr(A) = ming (ubg(A4)); (k) infr(A) = maxg (Ibr(4)).

(1) Supg(A) = Ming (Lbr(A4)); (m) Infr(A)=Maxg(Ubgr(A)).

Now, analogously to the families 7, and 7g, we may also naturally define:
(n) Acu, if AeUbgr(A4);
(o) Aellg if ACubgr(4); (p) AectLr if ACIbr(A).
Thus, for instance, it can be shown that
Acu, < Aeclbgr(4) < AcMing(d) < Achig(A),
and ug = Ming (P(X)) = Maxg (P(X)). Moreover, Lbg = Ubg-1 = Ubz'.

However, the above algebraic structures are not independent of the former topo-
logical ones. Namely, if R is a relation on X to Y, then for any A C X and
B CY we have

AXBCR <= VaecA: BCR(a) < VaecA: R(a)°C B°
< VacA: R°)C B¢ < R°[A]C B-

Therefore, if R is a relator on X to Y, then by the corresponding definitions, for
any AC X and B CY, we also have

A€Llbgr(B) < AcIntg:(B) <= Ac€ (IntgreoCy)(B).
Hence, we can already infer that
Lbr = IntgcoCy, and Intg = LbgrcoCy .

Therefore, in contrast to a common belief, some algebraic and topological structures
are just as closely related to each other by the above equalities, and their particular
cases

Ibgr = intgcoCy , and intg =lbrecoCy,

as the exponential and the trigonometric functions are by the celebrated Euler
formulas [31, p.227].

5. INCREASINGLY REGULAR STRUCTURES FOR RELATORS

According to [56], we shall also use the following

Definition 5.1. If § is a structure and [J is an unary operation for relators, then,
we say that :

(1) § is increasingly upper O-regular if Fr C Fs implies R € ST for any
two relators R and Son X to Y,

(2) F is increasingly lower O-regular if R C SY implies §r C §s for any
two relators R and S on X to Y.
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Remark 5.2. Now, the structure § may be naturally called increasingly O-regular
if it is increasingly both upper and lower [J-regular.

Moreover, for instance, § may also be naturally called increasingly regular if it
is increasingly -regular for some operation [ for relators.

Remark 5.3. If § is an increasingly [O-regular structure for relators, then because
of the fundamental work of Pataki [26] we may also say that the pair (§, O) is
an increasing Pataki connection for relators.

In the theory of relators, increasing Pataki connections can also be most naturally
obtained from the increasing Galois ones according to [47].

Definition 5.4. For any structure § for relators, we define an operation [z for
relators such that
RUs ={SCXxY: FsC3r)

for any relator R on X to Y.

Remark 5.5. Note that if in particular the structure § is increasing, then by the
above definition, the operation Oz is also increasing.

The appropriateness of Definition 5.4, is also apparent from the following
extensions and supplements of the corresponding results of Pataki [26], which
were mainly proved in [56]. The proofs will only be included here for the reader’s
convenience.

Theorem 5.6. If § is a structure and O is an operation for relators such that §
1s increasingly O-regular, then [ =Ug.
Proof. By the corresponding definitions,

SeRY <= {S}CRY <= F5C8r <= FsCfr < SeRrRTs
for any relator R and relation S on X to Y.

From this theorem, we can immediately derive the following three corollaries.

Corollary 5.7. If § is a structure for relators, then there exists at most one
operation O for relators such that § is increasingly O-regular.

Corollary 5.8. If § is an increasingly reqular structure for relators, then 0 = Og
is the unique operation for relators such that § is increasingly O-regular.

Corollary 5.9. A structure § for relators is increasingly regqular if and only if it is
increasingly U g—regular.

Theorem 5.10. If § is a quasi-increasing structure for relators, then
(1) § is increasingly upper O z—regular, (2) Og is extensive.

Proof. If R and S are relators on X to Y such that §r C §s, then by the
quasi-increasingness of §, for any R € R, we also have §r C §s. Hence, by
Definition 5.4, we can already infer that R € SUs . Therefore, R C S5Us . Thus,
by Definition 5.1, assertion (1) is true.

Now, from the inclusion §r C Fr, by using (1), we can infer that R C RUs.
Therefore, (2) is also true.

From this theorem, by using Corollary 5.9 and Remark 5.5, we can immediately
derive the following two corollaries.
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Corollary 5.11. A quasi-increasing structure § for relators is increasingly regular
if and only if it is increasingly lower Og-regular.

Corollary 5.12. If in particular § is an increasing structure for relators, then Oz
is already preclosure operation.

Theorem 5.13. If § is an union-preserving structure for relators, then

(1) § is increasingly Oz —regular, (2) Ogz is a closure operation .
Proof. Suppose that R and S are relators on X to Y such that R € SYs, and
Q€ §r . Then, since Fr = Jpcr Sr, there exists R € R such that Q € Fr.
Now, since R C SUs , we also have R € SUs. Hence, by Definition 5.4, we can
infer that §r C Fs. Therefore, we also have ) € §Fs. Consequently, §r C §s -
This shows that § is increasingly lower [Jz—semiregular. Hence, by Theorem 5.10,
we can see that (1) is true.

Now, assertion (2) will follow from (1) by the forthcoming Theorem 5.17.

Thus, in particular, we also have the following

Corollary 5.14. FEvery union-preserving structure § for relators is increasingly
reqular.

In [56], by using the arguments of [49], we have also proved the following three
theorems.

Theorem 5.15. If § is an increasingly O-regular structure for relators, then
(1) O is extensive, (2) § is increasing,
(3) §r =3Fro for any relator R on X to Y.

Proof. If R is a relator on X to Y, then from the inclusion RY C RY, by using
the increasing lower [J-regularity of §, we can infer that §ro C §r .

On the other hand, from the inclusion §r C §r, by using the increasing upper
O-regularity of §, we can infer that R C R . Therefore, (1) is true.

Now, if S is a relator on X to Y such that R C S, then by using (1) we can
see that R C 8P also holds. Hence, by using the increasing lower [J-regularity of
F, we can infer that §r C Fs. Therefore, assertion (2) is also true.

Now, from the inclusion R C RY, by using (2), we can infer that §r C Sro-
Therefore, assertion (3) is also true.

From this theorem, by using Theorem 5.13, we can immediately derive

Corollary 5.16. If § is a union-preserving structure for relators, then §r = § 04
for any relator R on X to Y.

Theorem 5.17. For an operation O for relators, the following assertions are equi-
valent :

(1) O is a closure operation (2) O is increasingly O-regular,
(8) there exists an increasingly O—-reqular structure § for relators.

Proof. To prove the implication (3) = (1), note that if (3) holds, then by
Theorem 5.15 the operation [ is extensive. Moreover, for any relator R on X
to Y, we have §po = §r . Hence, by taking RY in place of R, we can see that
$roo = §ro, and thus §zoo = §r also holds. Hence, by using the increasing
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upper [-regularity of §, we can already infer that [ is increasingly upper semi-
idempotent in the sense that RFY C RY. Now, by the extensivity of [, it is
clear that the corresponding equality is also true. That is, [ is idempotent.

Thus, to obtain (1), it remains only to show that O is also increasing. For
this, note that if R and S are relators on X to Y such that R C S, then by
Theorem 5.15 we also have §r C §s. Moreover, we have §r = §x0o , and thus also
$ro C §s. Hence, by using the increasing upper U-regularity of §, we can already
infer that RH c SH.

From this theorem, by Theorem 5.6, it is clear that in particular we also have
Corollary 5.18. If { is a closure operation for relators, then ¢ = .
Moreover, from Theorem 5.17, by using Definition 5.1, we can immediately derive

Corollary 5.19. For a structure § and an operation O for relators, the following
assertions are equivalent ;

(1) § is increasingly O-regular,

(2) O is a closure operation, and for any two relators R and S on X to Y,
we have §r C Fs if and only if RUYC SU.
Theorem 5.20. For a structure § and an operation O for relators, the following
assertions are equivalent :

(1) § is increasingly O-regular,

(2) § is increasing, and for every relator R on X to Y, § = RU s the
largest relator on X to Y such that §s C §r -

Proof. If (1) holds, then by Theorem 5.15 the structure § is increasing, and for any
relator R on X to Y we have §po = §r. Moreover, if S is a relator on X to Y
such that §s C §r, then by using the upper [J-regularity of § we can see that
S C RY. Thus, in particular, (2) also holds.

On the other hand, if (2) holds, and R and S are relators on X to Y such that
Fs € §r, then from the assumed maximality property of RY we can see that
S C RY. Therefore, § is upper [J-regular.

Conversely, if R and S are relators on X to Y such that S € RY, then by
using the assumed increasingness of § we can see that §s C §ro. Hence, by the
assumed inclusion §ro C §r, it follows that Fs C Fr. Therefore, § is also
lower [-regular, and thus (1) also holds.

From this theorem, by Theorem 5.15, it is clear that we also have

Corollary 5.21. If § is a O-regqular structure for relators, then for any relator
Ron XtoY, §= RUY is the largest relator on X to Y such that §s = §r -

Now, by Theorem 5.6, it is clear that in particular we also have

Corollary 5.22. If § is a reqular structure for relators, then for any relator R on
X toY S=RUs is the largest relator on X to Y such that §s C §r (Sg =

Hence, by Theorem 5.13, it is clear that more specially we also have
Corollary 5.23. If § is a union-preserving structure for relators, then for any
relator R on X to Y, S = RYs s the largest relator on X to Y such that
s C¥r (s =3r)-
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Finally, we note that, analogously to [26, Theorem 1.5], the following theorem
is also true.

Theorem 5.24. For an unary operation [ for relators, the following assertions
are equivalent :

(1) O is a semiclosure,

(2) for every relator R on X to Y, S = RUY s the largest relator on X to
Y such that RY =8,

(8) there exists a structure § for relators such that, for every relator R on X
to Y, S=RUY is the largest relator on X to Y such that §r =TFs -

Remark 5.25. If § is a structure for for relators, then two relators R and S on
X to Y are called §—equivalent if §r = §s -

Moreover, the relator R is called F-simple if it is §—equivalent to a singleton
relator. And, in particular, R is called properly simple if it is F-simple with F
being the identity operation for relators.

6. SOME IMPORTANT UNARY OPERATIONS FOR RELATORS

Definition 6.1. For any relator R on X to Y, the relators
R*={SCXxY: 3 ReR: RCS},
R*¥={SCXxY: VYACX: 3 ReR: R[A]CS[A]},
RN={SCXxY: VzeX: I ReR: R(z)CS(x)},
and
RAz{SQXxY: VeeX: 3 ueX: 3 ReR: R(u)gS(m)}
are called the uniform, prozimal, topological, and paratopological closures (refine-
ments) of the relator R, respectively.
Remark 6.2. Thus, we evidently have
RCR*CR#¥CRMNCRE.
Moreover, if in particular R is a relator on X, then we can easily see that
RPCR*™CR*CR”.

Remark 6.3. However, it is now more important to note that, because of the
corresponding definitions of Section 4, we also have

R#*¥={SCXxY: VACX: Aelntgr(S[A])},
RN={SCXxY: VazeX: azeintp(S(x))},
R={SCXxY: VzeX: Sk eér}.

Now, by using this remark and Definition 5.4, we can easily prove the following
Theorem 6.4. For any relator R on X to Y, we have
(1) R#* =RBm (2) RN =RHmn, (3) R>=RUe,
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Proof. We shall only prove that RUm C R# . The proof of the converse inclusion,
and those of (2) and (3), will be left to the reader.
For this, we can note that if S € R | then by Definition 5.4 S is a relation
on X to Y such that Intg C Intg, and so Intg(B) C Intz(B) for all BCY.
Thus, in particular, for any A C X, we have Ints(S[A]) C Intgr(S[A]).
Hence, by using that A € Intg(S[A]), we can already infer that A € Intz (S[A]).
Therefore, by Remark 6.3, S € R# also holds.

From this theorem, by using Theorem 5.13, we can immediately derive

Theorem 6.5. #, A, and A are closure operations for relators.
Proof. By the corresponding definitions, it is clear that

Intg = U Intg, intg = U intg, and Er = U Er
ReR ReER ReR

for any relator R on X to Y.

Therefore, the structures Int, int, and &£ are union-preserving. Thus, by
Theorem 5.13, the operations Oy, int, and g are closures. Therefore, by
Theorem 6.4, the required assertions are also true.

Remark 6.6. By using the definition of the operation %, we can easily see that
x is also a closure operation for relators.

It can actually be derived from the structures Lim and Adh. While, the struc-
tures lim and adh lead only to the operation A.

Now, by using Remark 6.2 and Theorem 6.5, we can also easily prove
Theorem 6.7. For any relator R on X to Y, we have

(1) R*=(R*)" = (R#)",

2) RN=(RO)" = (RM® with 0=x or #,

(3) R®=(RO)"=(R*)® with O=x, # or A.
Proof. To prove (1), note that, by Remark 6.2 and Theorem 6.5, we have

R* C(R#*)"CR#¥#=R#* and R¥CR#CR##*=R*.

Therefore, the corresponding equalities are also true.
Remark 6.8. By using Remark 6.2 and we can also easily prove that

(1) R*>® =Ro*> (2) R* =R*>*,

However, it is now more important to note that, by using Theorems 6.4, 5.13 and
5.17 and Corollary 5.23, we can also easily establish the following two theorems.

Theorem 6.9. For any two relators R and S on X to Y, we have
(1) SCR#* = S*¥CR¥ <= Ints CIntg <= Clg C Clgs,
(2) SCRN — S"CR" <= intgsCintg <= clg Ccls,
(8) SCRY <— S*C R <= EsC&ér < DrCDs.
Corollary 6.10. For any two relators R and S on X,
(1) SCR* = 715C7x <= 7F5C g,
(2) SCRN = TsCTr < FsCFgr,
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Theorem 6.11. For any relator R on X to Y,

(1) S =R% is the largest relator on X to Y such that Ints C Intg ( Ints =
IntR) , or equivalently Clr C Clg (Cl72 = Clg );

(2) S=TR" is the largest relator on X to Y such that ints C intg (ints =
intR) , or equivalently clr C clg (CIR = clg),

(8) S=R" isthelargest relator on X to Y such that Es C Er ( Es = ER) ,
or equivalently Dr C Ds ( Dr = ’DS).
Corollary 6.12. For any relator R on X, we have

(1) T =Tr#, (2) Tr =Trn.
Remark 6.13. To prove the above two theorems and their corollaries, recall that
Clg = (IntroCy)®, clgr = (intgoCy)®, and Dr={BCY: B°¢é&r}
for any relator R on X to Y, and in particular

'FR:{AQX: ACGTR} and ]:R:{AQX: ACGTR}
for any relator R on X.

Concerning the operations A and A, we can also prove the following straight-
forward extensions of [32, Theorem 6.7] and [27, Theorem 5.16] .

Theorem 6.14. If R is a nonvoid relator on X to Y and B CY, then

(1) Intgs(B)=P(intz(B)), (2) Clga(B)="P(clr(B)°)".
Proof. To prove the less obvious part of (1), note that if A € P (intg(B)), i.e.,
A Cintg (B), then for each x € A there exists R, € R such that R,(z) C B.
Hence, by defining S(z) = R, (x) if € A, and S(x) =Y if z € A°, we can
see that S € R" and S[A] C B. Therefore, A € Intgn (B) also holds.

Note that if R is not supposed to be nonvoid, then instead of (1) we can only
prove that P (intgr (B)) =Intr (B)U{0}.

Corollary 6.15. If R is a nonvoid relator on X, then

(1) Tor =Tgr, (2) Frr=Fr.
Corollary 6.16. If R is a nonvoid relator on X, then
(1) Tr= U 17z, (2) Fr= U Fr.
RERN RERN

Remark 6.17. Note that if in particular R is a relator on X such that R = 0,
then by the definition of 7z we have Tg = {0}.

Moreover, if in addition X # (), then by the definition of R” we also have
R/\ :Q. Thus, URERA TRZQ

Therefore, if R =, but X # 0, then the equalities stated in Corollary 6.16,
and thus also those stated in Corollary 6.15 and Theorem 6.14, do not hold.

Theorem 6.18. If R is a nonvoid relator on X to Y and B CY , then
(1) Intﬁa(B):{V)} lf B¢5R and IHtRA(B):P(X) Zf BGSR,‘
(2) CIRA(B):(Z) Zf BgDR and CIRA(B):P(X)\{(Z)} ’Lf B eDg.
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Proof. If A € Intges(B), then there exists S € R* such that S[A] C B.
Therefore, if A # (), then there exists z € X such that S (xz) C B. Hence, since
S(xz) € &g, it is clear that B € Ex . Therefore, the first part of (1) is true.

To prove the second part of (1), it is enough to note only that if B € &g,
then R = XxB € R* such that R[A] C B, and thus A € Intg. (B) for all
ACX.

Corollary 6.19. If R is a nonvoid relator on X to Y and B CY , then
(1) clgsa(B)=0 if B¢ Dr and Clgs(B)=X if BeDg,
(2) intge (B)=0 if B¢Er and intgr.(B)=X if Beég.
Corollary 6.20. If R is a nonvoid relator on X, then
(1) Trs =Trs =ErU{0}, (2) Fro =Frs = (P(X)\Dr)U{X}.

Proof. To check the first part of (1), because of Corollary 6.15 and Theorem 6.7,
we can also note that 7pa = Tran = TRa .

Remark 6.21. Note that if in particular R is a relator on X such that R = 0,
then by the definition of £r we have £z = (). Moreover, if in addition X # 0,
then we also have R% = (). Hence, by the definition of 7, we can again see
that 7en = 0.

Therefore, if R = @, but X # (), then the assertions (1) and (2) of Corollary
6.20, and thus also those of Corollary 6.19 and Theorem 6.18 do not hold.

However, the second equalities in the assertions (1) and (2) of Corollary 6.20 do
not require relator R to be nonvoid. Moreover, we can also prove the following

Theorem 6.22. If R is a total relator on X, then

(1) Er =Trs \ {0}, (2) Dr=Fg. U{X}.
Remark 6.23. A relator R on X to Y is called total if each member R of R is
a total relation in the sense that the whole X is the domain of R.

By using the corresponding definitions, it can be easily seen that the relator R is
total if and only if 0 ¢ Ex (Y € Dr ), or equivalently Dr £ 0 (Er #P(Y)).

In this respect, it is also noteworthy that conversely we have ) ¢ Dr (Y € Er ),
or equivalently £€r #0 (Dgr #P(Y)), ifand only if X #0 and R # 0.

7. SOME FURTHER IMPORTANT UNARY OPERATIONS FOR RELATORS

In addition to Theorem 6.11, we can also prove the following

Theorem 7.1. If R is a relation on X, then S = R°° is the largest relation on
X such that 175 C 74 (TR = TS) , or equivalently Frp C Fg (7=R = FS) .

Proof. If A € Tge , then by the corresponding definitions we have R [A] C A.
Hence, by using that R C R*°, and thus R[A] C R [A], we can already infer
that R[A] C A. Therefore, A € 75 also holds.

While, if A € 7 holds, then we have R[A] C A. Hence, by induction, we can
see that R"[A] C A for all n € N. Now, since R°[A] =Ax[A] = A, we can
already state that

oo

RDO[A]:(nQOR")[A]: U RrA]c U A=A.

n=0 n=0
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Therefore, A € Tp~ also holds.

The above arguments show that 7, = 7z~ . Therefore, to complete the proof of
the first statement of the theorem, it remains to show only that if S is a relation
on X such that 75 C 75, then we necessarily have S C R>°.

For this, note that if x € X, then because of the inclusion R C R*° and the
transitivity of R> we have
R[R>*(x)] € R®[R*®(z)] = (R>* 0o R*)(z) C R™(x).
Therefore, R*°(z) € 7 . Hence, by using the assumption 7 C 75, we can already
infer that R*°(zx) € 75, and thus S[R*(z)] € R*(x). Now, by using the
reflexivity of R*°, we can see that S(z) C R*°(x) also holds.

Remark 7.2. This theorem, and the fact that
R*(@z)=N{Ae€r: z€A}

for all z € X, was first proved by Mala [20].

Hence, we can immediately infer that

R"ozﬂ{RA: AETR}, where Ry=A%2U A°xX.

Now, as an immediate consequence of Theorem 7.1, we can also state
Corollary 7.3. For any relator R on X, we have

(1) Tr = Tro, (2) Fr = Fgre.
Proof. By the corresponding definitions, we have R ={R>: Re R},

== U 7a, and fr= U 7r.
RER RER

for any relator R on X. Thus, Theorem 7.1 can be applied to get the required
equalities.

However, it now more important to note that, in addition to Theorem 6.4, we
can also prove the following

Theorem 7.4. For any relator R on X to Y, we have
R =R#9.

Proof. If S € R#9, then by the definition of the operation 9 we have S € R# .
Hence, by using Theorem 7.1 and Corollary 6.10, we can already see that
Ts = Tge C Tr . Therefore, by Definition 5.4, S € RY~ also holds.

Conversely, if S € RP~ | then Definition 5.4 S is a relation on X to Y such
that 74 C 7 . Therefore, A € 75 implies A € 7 .

On the other hand, if A C X, then by using that S C S°° and S°° is transitive,
we can note that

S[8=[A]] 8= [S®[A]] = (8% S*)[A] C S=[A],
and thus S>®°[A] € 75.
Therefore, by the inclusion 75 C 75, for any A C X, we also have S®[A] € 7,
and thus Intg (S°°[A]). Hence, by using that A C S*[A], we can infer that

A€ IntR(Soo[A]) also holds. Therefore, by Remark 6.3, S> € R#, and thus
S € R#? also holds.
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Now, by using Theorems 7.4, 5.13 and 5.17 and Corollary 5.25, we can easily
establish the following counterparts of Theorems 6.5, 6.9 and 6.11.

Theorem 7.5. The following assertions are true:
(1) #0 is a closure operation for relators,

(2) for any two relators R and S on X, we have
SCR#) = SHICR?) = 1,C1n <= 75CFpr,
(3) for any relator R on X, S =R#? is the largest relator on X such that
7s C7r (7s =Tr), or equivalently s C Fr (Fs=Fr).

Remark 7.6. The above two theorems and the next theorem were first proved by
Pataki [26] and Mala [20], respectively, in somewhat different forms.
Theorem 7.7. The following assertions are true:
(1) o0 is a modification operation for relators,
(2) for any two relators R and S on X, we have
Ts CTp = 75 CFp & S®CR# = S#®CR# — S#> CR#>.
(3) for any relator R on X, S =R¥> is the largest preorder relator on X

such that 75 C 1 (TS = TR> , or equivalently 7s C 7r (725 = FR) .
Proof. If R and S are relators on X, then by Theorem 7.5 and the definition of
the operation 9, we have

7s C1p = SCR#) «— S®CR#*.
Moreover, from Corollary 6.12, we can see that 75 = 75# . Therefore, we also have

Ts CTr <= Tgx CTp <= ST CR¥.
Furthermore, since oo is modification operation, we can note that

SHFX CR# = S#X®CR#® — S#* CR#*>,
Moreover, by using Remark 6.2 and Theorem 6.7, we can also easily that
S#X CR#*® — S#F*CR# — S#*CR*.

Therefore, assertion (2) is true.

On the other hand, if R is a relator on X and S = R#>°, then from Corollaries
7.3 and 6.12 we can see that 75 = 7 . Hence, by using assertion (2) we can infer
that S#>° = R#>  and thus (R#Oo)#oo = R#° . Thus, since the operation
# and oo are increasing, assertion (1) is also true.

Now, to prove the first part assertion (3), it remains only to note only that R is

an arbitrary and S is a preorder relator on relator on X such that 75 C 7, then
by assertion (2) we have S =8> C R¥ | and thus also S = S> C R#>.

Remark 7.8. In this respect, it is worth noticing that, for any relator R on X,
the following assertions are also equivalent :
(1) S#9CR#?, (2) S#> CR#>, (3) S®# CR>®#.
The advantage of the modification operations # co and oco# over the closure

operation # 0 lies mainly in the fact that, in contrast to # 0, they are stable in
the sense that they leave the relator { X2} fixed for any set X.
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Now, in addition to Theorem 7.4, we can also prove the following

Theorem 7.9. For any relator R on X to Y, we have
RDT — R/\a .
Proof. If R # 0, then by the corresponding definitions, Corollary 6.18 and Theo-
rems 7.5 and 6.7, it is clear that
SERPT «—= T4CTp < 7.C1pn &= SeR"#? «— GSecRN?.
While, if R = (), then by using the corresponding definitions we can see that

RUT =@ if X#0 and RU7={0} if X=0
and
RN =0 if X#0 and RN ={0} if X=0.

Therefore, the required equality is again true.

Unfortunately, by the following example, the structures 7 and F are not union-
preserving.

Example 7.10. For any set X, with card (X) > 2, there exists an equivalence
relator R = { Ry, Rz} on X such that Tg # T, UTg, and Fr # Fr, U Fg,.

Namely, if 1 € X and z2 € X \ {x1}, then by defining
2
Riy={z;}?U (X \{x:})
for all i =1, 2 we can see that {z1, 22} € Tr \ (7Tg, UTg,) -

Therefore, because of Theorems 7.8 and 5.10 and Corollary 5.12, we can only
state the following

Theorem 7.11. The following assertions are true:
(1) AO is a preclosure operation for relators,

(2) for any two relators R and S on X, we have
Ts CTpr — FsCFr — S NCRN — SNIC RN,
Remark 7.12. If X is a set with card(X) > 2, then by using the equivalence
relator R :{ X 2} , considered first by Mala [20, Example 5.3], it can be shown
that the operation A @ is not idempotent [26, Example 7.2].
Therefore, by Theorems 5.17 and 5.6, the structure 7 is not regular. Moreover,

by Theorem 5.24, there does not exist a structure § for relators such that, for every
relator R on X, S = R"? is the largest relator on X such that Fs = Fr .

However, from Theorem 7.6, by using Corollary 6.15, we can easily derive the
following theorem of Mala [20].

Theorem 7.13. The following assertions are true:
(1) Aoo is a modification operation for relators,

(2) for any two relators R and S on X, we have
Ts CTr = FsCFr +—= S'"®CRN = S'®CRN>®,

(3) for any relator R on X, S = RN is the largest preorder relator on X
such that Ts CTr (Ts =1Tr), or equivalently Fs C Fr (Fs=Fr).
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Remark 7.14. Note that if X and R are as in Remark 7.11, then by [20, Example
5.3] there does not exist a largest relator S on X such that 75 = T .

In the light of the several disadvantages of the structure 7, it is rather curious
that most of the works in topology and analysis are based on open sets suggested
by Tietze [60] and standardized by Bourbaki [2] and Kelley [14].

Moreover, it also a striking fact that, despite the results of Pervin [28], Fletcher
and Lindgren [10], and Szaz [48], generalized topologies and minimal structures
are still intensively investigated by a great number of mathematicians.

8. SOME FURTHER RESULTS ON UNARY OPERATIONS FOR RELATORS

In the sequel, we shall also need the following terminology of Pataki [26] .

Definition 8.1. For any two unary operations [ and ¢ for relators, we say
that O is O—dominating, Q—invariant, O—absorbing, and O—compatible if, for any
relator R on X to Y, we have

RO CRY, RH = RUO, RH = RO, and  RU¢=R0E,
respectively.

Remark 8.2. Thus, the operation [J is extensive if and only if it dominates the
identity operation for relators. Moreover, [ is idempotent if and only if it is
O-invariant (O-absorbing).

In this respect, it is also worth mentioning that the operation [J is {—invariant
(O-absorbing) if and only if RY is {-invariant (R and R¢ are [-equivalent)
for every relator R on X to Y.

Remark 8.3. From Theorem 6.7, we can see that if {, O € {*, #, A, A}
such that < precedes O in the above list, then [ is both <{—invariant and
{—absorbing. Thus, in particular it is also {—compatible.

By using Definition 8.1, somewhat more generally, we can also state the following

Theorem 8.4. If { is an extensive and O is a {—-dominating idempotent opera-
tion for relators, then O is O—invariant. Moreover, if in addition O is increasing,
then O is Q—absorbing and O—compatible.

Remark 8.5. In this respect, it is also worth mentioning that if ¢ is an extensive
and [ is a {—dominating operation for relators, then [ is also extensive.

Moreover, if ¢ is an increasing and O is an extensive operation for relators such
that RE® C RU for every relator R on X to Y, then O is {-dominating.

The importance of the compatibility property of operations lies mainly in

Theorem 8.6. If O and { are compatible closure (modification) operations for
relators, then OO is also a closure (modification) operation for relators.

Proof. By using the associativity of composition, and the idempotency and com-
patibility of the operations 0 and ¢, we can see that

goto=0o000=000=000=00.

Therefore, the operation [1¢ is also idempotent.
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Remark 8.7. In this respect, it is also worth noticing that the composition of two
union-preserving operation is also union-preserving.

It can be easily seen that the operations ¢, —1, oo, 9, and * are union-
preserving. Thus, their compositions are also union-preserving.

However, the important closure operations #, A, and A are not union-preserving.
Concerning them, we can only prove the following

Theorem 8.8. If OJ is a closure operation for relators, then for any family (RZ) el
of relators on X to Y, we have

| O
(s =)
i€l ‘
Proof. If R = |J,c; Ri, then for each ¢ € I we have R; C R. Hence, by
using the increasingness of J, we can infer that Ri':' C RY. Therefore, we have
Uier RlD C RY. Hence, by using the increasingness and the idempotency of [,
mN= oo O
ier Ri ) CR--=R-.
On the other hand, by the extensivity of [I, for each ¢ € I we have R; C RiD ,
and hence also R; C |J,.; RY. Therefore, R = J,.; Ri € U,;c; RY . Hence,
O
by using the increasingness of (I, we can already infer that RH C (U RF) .
Therefore, the required equality is also true.

we can already infer that (U
i€l iel

i€l

Remark 8.9. Hence, we can see that (Uiel Ri)m =U;er RZD if and only the

relator |J;o; RY is O-invariant.

Now, analogously to Theorem 8.8, we can also prove the following theorem
of [56].

Theorem 8.10. If [0 is a closure operation for relators, then for any family
(Ri)iel of relators on X to Y, we have

N RE:<Q R;>D.

iel iel
Proof. If R = (1,c; R4, then for each € I we have R C R;, and hence also
RY C RF Therefore, (ﬂiel Ri)D =RUC Nicr RZD
Hence, by taking RL‘:’ in place of R;, we can already infer that
O O
(n=P) cnreo-nrPc(nRD)
iel icl iel icl
Therefore, the required equality is also true.

RY is always O-invariant.
R ; is also [-invariant.

Remark 8.11. Hence, we can see that the relator [, .,

Moreover, if each R; is C-invariant, then the relator ;. ;

Remark 8.12. Note that the proofs of the above three theorems also yield some
useful statements for preclosure, semiclosure, and modification operations.

Analogously to the equivalence of the assertions (1) and (2) in Theorem 5.17, we
can also prove the following



MILD CONTINUITIES 25

Theorem 8.13. For a unary operation 1 for relators, the following assertions are
equivalent :

(1) O is an increasing involution,
(2) for any two relators R and S on X to Y, we have
RECS «— RcSH.
Proof. If (1) holds, then for any two relators R and S on X to Y
RYCS = RUPcCSY — rRcsY —= RPcsPY — RPCs.

Therefore, (2) also holds.
Conversely, if (2) holds, then for any relator R on X to Y

RECRP — RcCcRPP, REHUCR = R=RUW.
Therefore, O is involutive. Thus, for any two relators R and S on X to Y
RCS = RUPcCsPY — RUEcCcsPEH — RHCSH.
Therefore, O is increasing, and thus (1) also holds.
Now, in addition Theorem 8.6, we can also prove the following

Theorem 8.14. If O is a closure (modification) and < is an increasing involution
operation for relators, then ¢ = oo is also a closure (modification) operation for
relators.

Proof. By using the associativity of composition, the involutiveness of ¢, and the
idempontency of [J, we can see that

00 =(e00)(c00) = (oO) ((00)(Oo))
=(o0)(A(O0)) = (¢O) (o) =0 ((OO)0) =0(Oo) =0,
where A is the identity operation for relators. Therefore, ¢ is also idempotent.
Because of this theorem, we may also naturally introduce the following

Definition 8.15. For any unary operation [ for relators, we write

@ =cOc and m=-10-1.
Remark 8.16. Thus, by Theorem 8.14, for instance ® and are also closure
operations for relators.

However, this also quite obvious from the fact that, by the corresponding defin-
itions, for any relator R on X to Y we have

(1) RE=R", (2) R®:UR€RP(R>'
Namely, if for instance S € R®, then S € R¢*¢, and thus S¢ € R¢*. There-

fore, there exists R € R such that R¢ C S¢. Hence, it follows that S C R, and
thus S € P(R). Therefore, S € Jp.r P(R) also holds.

Now, to clear up the importance of Theorem 8.14 and Definition 8.15, we can
also prove the following

Theorem 8.17. For any relator R on X to Y, we have
(1) R® =R0Ou (2) RO =R0Bn.
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Proof. By using the corresponding definitions, Theorem 6.4, and the equality
Lbr = IntgcoC, we can easily that, for any relation S on X to Y, we have
SeRP — LbgCLbr <= IntgeoC CIntreoC
e Tntge CIntge <= S°CS# = RCSH — RcSD.

Therefore, assertion (1) is true. The proof of assertion (2) is quite similar.

By the corresponding definitions, it is clear that

LbR: U LbR and le: U le
ReR RER

for any relator R on X to Y.

Therefore, analogously to Theorems 6.5, 6.9, and 6.10, we can also easily establish
the following three theorems.

Theorem 8.18. @ and (v are closure operations for relators.

Theorem 8.19. For any two relators R and S on X to Y, we have
(1) SCR® «— S®cRD® « LbsCLbr,
2) SCRO «— SOCRO® «— IbsClbg.

Theorem 8.20. For any relator R on X to Y,

(1) S = R® s the largest relator on X to Y such that Lbs C Lbg,
(ng = LbR),

2) S = RO s the largest relator on X to Y such that lbs C lbg
(Ibs=1bg).

Remark 8.21. If R is a relator on X to Y, then in addition to Theorem 8.17
we can also state that

(1) ROv =R®, (2) ROw =RrY,
Namely, if S is a relation on X to Y, then by using the equalities
Ubg = Lbg -1 = Lbz! and ubr = lbg-1,
and Theorem 8.19, we can easily see that
SeRP®™ «— UbgCUbr <= Lbg' CLby
<— LbgCLbr < SER@
and

SeRPw «— ubgCubgr <= Ibg-1 Clbgr-

e SleRr 1O o ger 101 — ger?

In this respect, it is also worth noticing that, by the associativity of composition
and the inversion compatibility of ¢, we also have

:—1®—1:—1c/\c—1:c—1/\—lc:cc:.
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9. INVERSION COMPATIBLE OPERATIONS FOR RELATORS

According to Definition 8.1, we may naturally have the following

Definition 9.1. An unary operation [ for relators is called inversion compatible
if for any relator R on X to Y we have

(RT) ™ =(R71)".
Now, by using this definition, we can easily prove the following

Theorem 9.2. For a unary operation [0 on relators, the following assertions are
equivalent :

(1) O is inversion compatible,

(2) (7%':')71 C (R‘l)D for any relator R on X to Y,

(3) (Ril)m - (RD)_l for any relator R on X to Y.
Proof. Note that if for instance (2) holds, then for any relator R on X to Y we
also have ((R_I)D)AQ RH , and hence also (’R‘l)D C (RD )71.

Hence, by using Definition 8.15, we can immediately derive the following

Theorem 9.3. For a unary operation O for relators, the following assertions are
equivalent :
(1) O is inversion compatible,

(2) RP=RE for any relator R on X to Y.
(3) RECR® (R®CRE) for any relator R on X to Y.

However, it is now more important to note that, by using the corresponding
definitions, we can also easily prove the following

Theorem 9.4. If O is a union-preserving operation for relators, then the following
assertions are equivalent :

(1) O is inversion compatible,
(2) ({R}D)_l = {R_l}D for any relation R on X to Y.

Proof. To prove that (2) also implies (1), note that the operation —1 is union-
preserving. Therefore, for any relator R on X to Y, we have

(RD>1=( U {R}D)I: U (m5)

“U (Y ) - my

Now, analogously to Theorem 9.3, we can also state the following

Corollary 9.5. If O is a union-preserving operation for relators, then the follo-
wing assertions are equivalent :

(1) O is inversion compatible,
(2) ({R}D)f1 c {R*I}D for any relator R on X to Y,
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(8) {R_l}D C ({R}D)_l for any relator R on X to Y.
However, this corollary cannot actually be used to simplify the proof of
Theorem 9.6. The operations ¢, oo, 9, and * are inversion compatible.

Proof. By the corresponding definitions, it is clear that oo is a union-preserving
operation for relators. Moreover, for any relation R on X we have

() = (Tr) = Gan) = Oy = ()™

Therefore, by Theorem 9.4, the operation oo is inversion compatible.

Now, to prove the inversion-compatibility of the operation 0, it is enough to
note only that, for any relator R and relation S on X, we have

Se (R = S*eR! «— (5% 'er

= ()T eR <= S'eR? = Se(Ra)_l.

Now, by using Theorem 9.2 and our former results on the structure Int, we can
also prove the following

Theorem 9.7. The operation # is also inversion compatible.

Proof. If R is a relator on X to Y, then by [?, Theorem 0.0] and Theorem 6.11
we have

Clig#)1 = (Clg#) = (Clg) ' =Clg1 .

Hence, by using Theorem 6.9, we can already infer that (R#)fl C (Rfl)#.
Therefore, by Theorem 9.2, the corresponding equality is also true.

Remark 9.8. Unfortunately, the operations A and A are not inversion compati-
ble. Therefore, we have also to consider the operations V and V defined by

RY = (R") ™ amd RY = (R*)™"

for every relator R on X to Y.

However, these operations have some very curious properties. For instance, the
operations VV and VV already coincide with the extremal closure operations e
and ¢, defined for any relator R on X to Y such that

R‘:{én}*, where Ir=R,
and
R*=R if R={XxY} and R*=P(XxY) if R#{XxY}.

Note that 4 is the ultimate stable unary operation for relators.

The usefulness of inversion compatible operations is apparent from the following
simple theorems of [56].

Theorem 9.9. If [ is an inversion compatible operation for relators, then for any
relator R on X to Y the following assertions are equivalent :

(1) R is O—invariant, (2) R~ is O-invariant.
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Definition 9.10. If O is an unary operation for relators, then a relator R on X
is called O-symmetric if

(RO =RE.
Remark 9.11. Now, the relator R may, for instance, be naturally called

properly, uniformly, proximally, topologically, and paratopologically symmetric if
it is O-symmetric with O = A, %, #, A, and A, respectively.

Theorem 9.12. If R is a properly symmetric relator on X, then R is
O-symmetric for any inversion compatible operation [0 for relators.

Theorem 9.13. If [0 is an inversion compatible operation for relators, then for
any relator R on X the following assertions are equivalent :

(1) R is O-symmetric,

(2) R~ is O-symmetric,

(3) R and R~ are O-equivalent.

Remark 9.14. In this respect, it is also worth noticing that if [0 is an unary
operation for relators and R is a [-symmetric relator on X to Y such that R
and R~! are (-equivalent, then (RD )71 =RU = (R’l )D.

However, it is now more important to note that, in addition to Theorem 9.13,
we can also prove the following
Theorem 9.15. If (I is an inversion compatible closure operation for relators,
then for any relator R on X the following assertions are equivalent :

(1) R is O-symmetric,

(2) R-'CRY; (3) RC (RN,

(4) R is O-equivalent to a properly symmetric relator S on X.

Proof. If (1) holds, then by the extensivity of [J, it is clear that R ~! C (RD)fl =
RY. Therefore, (2) also holds.

Moreover, if (2) holds, then we can see that R C (RV )_1 =(R7! )D. There-
fore, (3) also holds.

While, if (3) holds, then we can quite similarly see that (2) also holds. From (2)
and (3), by using Theorem 0.0, we can infer that (R‘l )D cRUc (R‘l )D , and
thus RY = (R~! )D. Therefore, by Theorem 9.0, (1) also holds.

On the other hand, if (1) holds, then R is properly symmetric. Hence, since
RU = (RD )D, we can already see that (4) holds with & = R5.

Conversely, if (4) holds, then it is clear that (R" )_1 = (SP )_1 = (s )D =
SY = RUY. Therefore, (1) also holds.

From this theorem, by using Theorem 5.13, we can immediately derive

Corollary 9.16. If § is a union-preserving structure for relators such that the
induced operation O is inversion compatible, then for any relator R on X the
following assertions are equivalent :

(1) R s Ogz-symmetric, (2) Fr-1 C Fr; (3) Fr CFr-1.
Remark 9.17. Finally, we note that the theorems proved in this section can be

generalized by using an arbitrary increasing involution operation ¢ for relators
instead of the inversion —1.
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10. COMPOSITION COMPATIBLE OPERATIONS FOR RELATORS

Composition compatibility properties of operations for relators have formerly
been considered only in [51] and [56] .

Definition 10.1. For a direct unary operation [ for relators, we say that :

(1) O is left composition compatible if (S o R) - (S o RD)D for any two
relators R on X to Y and S on Y to Z,

(2) O is right composition compatible if (S oR ) 5 (8 Do R) O for any two
relators R on X to Y and S on Y to Z.

Remark 10.2. Now, the operation [0 may be naturally called composition com-
patible if it is both left and right composition compatible.

Note that, actually, this is also very weak composition compatibility property.
However, by the following theorems, it will be sufficient for our subsequent purposes.

Theorem 10.3. If O is a left (right) composition compatible unary operation for
relators, then O is, in particular, idempotent.

Proof. If O is left composition compatible, then for any relator R on X to Y we
have

ROP= (RY)” = ({Av}oRT)" = ({Av}or)” =R,

Theorem 10.4. If [0 is a composition compatible unary operation for relators,
then for any two relators R on X to'Y and S on Y to Z we have

(SOR)D = (SDORD)D.
Proof. Namely, now we evidently have (SOR) - (SORD ) - (SDO RU ) -
Remark 10.5. In this case, by Definition 10.1, we also have
(sPoR)" = (s0RD)".
From Theorem 10.4, by using the associativity of composition, we can derive

Corollary 10.6. If O is a composition compatible unary operation for relators,
then for any three relators R on X toY, S on'Y to Z, and T on Z to W
we have

(TOSOR)D = (’TDOSDORD)D.
Proof. By using Theorem 10.4, we can see that

(To(Sor))" = (70 (SoR)D>D = (7" (SDORD))D

Remark 10.7. In this case, by using Definition 10.1, we can also prove that
(TOSOR)D:(TDOSOR)D: (TOSDOR)D:(TOSORD)D.

However, it is now more important to note that, that by using the corresponding
definitions, we can also easily prove the following
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Theorem 10.8. If O is a preclosure operation for relators, then for any two
relators R on X to' Y and S on Y to Z we have

(1) (SoR)"C(SoRT) " (5T0RD)",

2) (SoRr)7c(sPor)7c(sPorD)".
Proof. By the extensivity (0, we have R C RY. Hence, by the increasingness of
the elementwise composition of relators, we can see that SoR C SoRY. Thus, by
the increasingness of [, we also have (S o R) - - (S oRHY ) - Hence, by writing

SY in place of S, we can see that (S5 o R)D C (SPo RD)D. Therefore, the
first part of (1) and the second part of (2) are true.

From this theorem, by using Definition 10.1, we can immediately derive

Corollary 10.9. If O is a preclosure operation for relators, then

(1) O is left composition compatible if and only if (S o RD)D - (S o R)D
for any two relators R on X toY and S on'Y to Z,

(2) O is right composition compatible if and only if (S o R) = C(SoR) -
for any two relators R on X to Y and § on Y to Z.

Hence, by Theorem 5.17, it is clear that in particular we also have

Corollary 10.10. If O is a closure operation for relators, then

(1) O is left composition compatible if and only if SoRP C (So R)D for
any two relators R on X toY and S on'Y to Z,

(2) O is right composition compatible if and only if SB o R C (S o R)D for
any two relators R on X toY and § on'Y to Z.

Remark 10.11. In addition to the above results, it is also worth noticing that
an involution operation O for relators is left composition compatible if and only if
SoR =80R for any two relators R on X to Y and S on Y to Z.

Moreover, since SoR = [Jgcs SR holds, we can also at once state that an
involution operation [ for relators is left composition compatible if and only if
SoR =S80RD for any relator R on X to Y and relation S on Y to Z.

Now, by using Corollary 10.10 and Theorem 8.8, we can also prove the following

Theorem 10.12. If O is a closure operation for relators, then

(1) O is left composition compatible if and only if S o RH C (S o ’R)D for
any relator R on X to Y and relation S on Y to Z,

(2) O is right composition compatible if and only if S o R C (S o R) - for
any relation R on X to Y and relator S on 'Y to Z.

Proof. If O is left composition compatible, then by Corollary 10.10, for any relator
R and relation S on Y to Z, we have {S}oRY C ({S} oR)D, and thus
SoRP C (SoR) -, Therefore, the "only if part” of (1) is true.

Conversely, if R is a relator on X to Y and S is a relator on Y to Z, and the
inclusion SoRH C (S oR ) ~ holds for any relation S on Y to Z, then by using
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the corresponding definitions and Theorem 8.8 we can see that

SoRP= ] SoRTc |J(50R)"
Ses Ses
O

O
O O
< (Uses(50R)%) = (Uses 807 ) = (50R)",
Therefore, by Corollary 10.10, the "if part” of (1) is also true.

By using this theorem, we can somewhat more easily establish the composition
compatibility properties of the basic closure operations considered in Section 6.

Theorem 10.13. The operations x and # are composition compatible.

Proof. To prove right composition compatibility of #, by Theorem 10.12, it is
enough to prove only that, for any relation R on X to Y and relator S on Y to
Z, we have S# o R C (SOR)#.

For this, suppose that W € S#oR and A C X. Then, there exists V € S# such
that W = VoR. Moreover, there exists S € S suchthat S[R[A]] CV [R[A]],
and thus (SoR)[A] C (VoR)[A] =W [A]. Hence, by taking U = So R, we
can see that U € So R such that U[A] C W[A]. Therefore, W € (S o R)#
also holds.

Theorem 10.14. The operations A and A are left composition compatible.

Proof. To prove left composition compatibility of A, by Theorem 10.12, it is enough
to prove only that, for any relator R on X to Y and relation S on Y to Z, we
have So R% C (S o R)A.

For this, suppose that W € SoR% and x € X. Then, there exists V € R such
that W = SoV. Moreover, there exist u € X and R € R such that R(u) C V(z).
Hence, we can infer that

(SoR)(u) =S [R(w)] CS[V(@)] = (SoV)(x) = W(x).

Now, by taking U = S o R, we can see that U € S o R such that U(u) C W(z).
Therefore, W € (S o R)A also holds.

Instead of the right composition compatibility of the operations A and A, we
can only prove the following

Theorem 10.15. For any two relators R on X to Y and S on Y to Z, we have
(1) (SoR)"=(8#*oR)", (2) (SoR)"=(S*oR)".

Proof. By the extensivity #, we have S C S#. Hence, by the elementwise defi-
nition of composition of relators, we can see that SoR C S# o R. Thus, by the
increasingness of A, we also have (8 o R)A - (S# o R)A.

To get the converse inclusion, by Theorem 6.9, it is now enough to prove only that
S#oR C (SOR)A. For this, suppose that W € S# o R and 2 € X. Then, there
exists V € S# and R € R such that W =V o R. Moreover, there exists S € S,
such that S[R(z)] € V[R(z)], and thus (So R)(z) € (Vo R)(z) = W(x).
Hence, by taking U = So R, we can see that U € SoR such that U(z) C W(x).
Therefore, W € (S o R)A also holds.
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Thus, we have proved (1). Assertion (2) can now be immediately derived from
(1) by using that U”"* = U* for any relator U on X to Z.

From this theorem, by using Theorem 10.14, we can immediately derive

Corollary 10.16. For any two relators R on X to Y and S on Y to Z, we
have

(1) (SoR)" = (5#oR")", (2) (SoR)* = (5*or2)".

Remark 10.17. By using Theorem 10.12, we can also somewhat more easily prove
that the operation ®, considered in Remark 8.16, is also composition compatible.

11. REFLEXIVE, TOPOLOGICAL, AND PROXIMAL RELATORS

The subsequent definitions and theorems have been mainly taken from an
unfinished doctoral dissertation of the first author [35]. (For some closely related
results, see also [33] and [40].)

Definition 11.1. A relator R on X is called reflexive if each member R of R is
a reflexive relation on X.

Remark 11.2. Thus, for arelator R on X, the following assertions are equivalent :
(1) R is reflexive,
(2) z€R(z) forall z€ X and Re R,
(3) ACR[A] forall ACX and RER.

The importance of reflexive relators is also apparent from the following two
obvious theorems.

Theorem 11.3. If R is relator on X, then the following assertions are equi-
valent :

(1) R is reflexive,

(2) ACclg(A) forall ACX,

(3) intr(A)C A forall ACX.
Hint. To prove the implication (3) = (1), note that, for any x € X and R€ R,
we have R(z) C R(z), and thus z € intg (R(z)).

Remark 11.4. In addition to Remark 11.2 and Theorem 11.3, it is also worth
mentioning that the relator R is reflexive if and only if the relation ég = [ R is
reflexive.

Namely, if R is a relator on X to Y, then for any y € Y we have

cr(y) = clr ({y}) =RQRR‘1 [{y}] ZRQRR‘l(y) = ( N R)_l(y) =z' ().

ReR

Theorem 11.5. If R is relator on X, then the following assertions are equi-
valent :

(1) R is reflexive,
(2) AeIntg(B) implies ACB forall A,BCX,
(3) ANB#0 implies A€ Clg(B) forall A, BCX.
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Remark 11.6. In addition to the above two theorems , it is also worth mentioning
that if R is a reflexive relator on X, then

(1) Intg is a transitive relation on P(X),

(2) intg(A\intgr(A)) =0 =intg(clr(A)\ A) forall ACX.
Thus, for instance, for any A C X we have A € Fr ifand only if clg(A)\A € T .
Definition 11.7. For a relator R on X, we say that:

(1) R is quasi-topological if x € intg (intg (R(x))) for all z € X and
ReR,

(2) R is topological if for any € X and R € R there exists V € T such
that €V C R(x).

The appropriateness of these definitions is already quite obvious from the
following three theorems.

Theorem 11.8. If R is relator on X, then the following assertions are equi-
valent :

(1) R is quasi-topological ,
(2) intg (R(z)) € Tr forall z€X and RER,
(3) intr(A)e T (CIR(A)GJ:R) forall ACX.

Theorem 11.9. If R is relator on X, then the following assertions are equi-
valent :

(1) R is topological (2) R is reflexive and quasi-topological .

Theorem 11.10. If R is relator on X, then the following assertions are equi-
valent :

(1) R is topological
(3) mtr(A)=J TrNP(A) forall ACX,
(3) cr(A)=NFrNP1(A) forall ACX.

Remark 11.11. By Theorem 11.8, the relator R may be called weakly
(strongly) quasi-topological if clg(z) € Fr (R(z) € Tr) for all z € X and
ReR.

Moreover, by Theorem 11.9, the relator R may be called weakly (strongly) top-
logical if it is reflexive and weakly (strongly) quasi-topological.

However, it is now more important to note that, as a immediate consequence of
the above theorems, we can also state

Corollary 11.12. If R is a topological relator on X, then for any A C X
(1) A€ &g if and only if there exists V € Tr \ {0} such that V C A,
(2) Ae€Dr if and only if for all W € Fr\{X} we have A\W #0.

Theorem 11.13. If R is relator on X, then the following assertions are equi-
valent :

(1) R is topological
(2) R is topologically equivalent to RN,
(8) R is topologically equivalent to a preorder relator on X .
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Proof. For instance, we shall show that (1) = (3) = (2). Namely, (2) trivially
implies (3). Moreover, the proof of the implication (3) = (1) is quite straightfor-
ward.

For this, note that if (1) holds, then by Definition 11.7, for any z € X and
R € R, there exists V € Tg such that x € V C R(z).
Hence, by considering the Pervin relator

S=Rp,={Rv: VeTr}, where Ry=V?UV°xX,

we can note that R € 8", and thus R" C S" =S/,
Moreover, since

Ry(x)=V it ze€V and Ry(x)=X it zeVe

we can also note that S C R”", and thus S C R =R".

Therefore, we actually have R® = 8", and thus R is topologically equivalent
to S. Hence, since S is a preorder relator on X, we can already see that (3) also
holds.

On the other hand, if S is a preorder relator on X such that R" = S", then
we can easily see S C R”" and thus S = §* C R"*°. Therefore, we also have
RN =8N C (RA)".

Moreover, by using Remark 6.2 and Theorem 6.7, we can can also easily see that
RN C RN = RN, and thus (RAOO)A C RM = R". Therefore, we actually
have R" = (R">) ", and thus (2) also holds.

Definition 11.14. For any relator R on X, we say that:
(1) R is quasi-prozimal if A € Intg [T NIntg (R[A])] forall AC X and
ReR,

(2) R is prozimal if for any A C X and R € R there exists V € 7, such
that ACV CR[A].

Remark 11.15. Note that thus, for any relator R on X, the following assertions
are equivalent :

(1) R is quasi-proximal ,

(2) forany AC X and R € R, there exists V € 7 such that A € Intg (V)
and V € Intg (R[A]).

The appropriateness of the above definitions is already quite obvious from the
following analogues of Theorems 11.9, 11.10 and 11.13.

Theorem 11.16. If R is relator on X, then the following assertions are equi-
valent :
(1) R is proxzimal, (2) R is reflexive and quasi-proximal .

Theorem 11.17. If R is relator on X, then the following assertions are equi-
valent :

(1) R is proximal,
(2) Intg(A)=P[rxNP(A)] forall ACX,
(8) for any B €Intr(A), there exists V € T such that B CV C A.
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Theorem 11.18. If R is relator on X, then the following assertions are equi-
valent :

(1) R is proximal,

(2) R is prozimally equivalent to R> or R#*>,

(8) R is prozimally equivalent to a preorder relator on X .

In principle, each theorem on topological and quasi-topological relators can be
immediately derived from a corresponding theorem on proximal and quasi-proximal
relators by using the following two theorems.

Theorem 11.19. For a nonvoid relator R on X, the following assertions are
equivalent :

(1) R is quasi-topological , (2) R”" is quasi-prozimal .

Proof. Note that if (2) holds, then in particular, for any z € X and R € R, we
have

{z} € Intra [7or NIntra (R[{z}])] C Intrn [Intrn (R(z))].

Therefore, there exists V' € Intgs (R(z)) such that {z} € Intr~(V). Hence,
by using Theorem 6.14, we can infer that z € intg(V) and V C intg(R(z)).
Therefore, = € intg (intR( R(x))) also holds, and thus R is quasi-topological.

To prove the converse implication, assume now that (1) holds and A C X and
S € R". Define V = intg(S[A]). Then, by Theorem 11.8 and Corollary 6.15,
we have V € T = 7>~ . Moreover, since V C intR( S[A] ) , by Theorem 6.14 we
also have V € Intgn (S[A]). Therefore, V € 7on N Intra(S[A]).

On the other hand, since S € R" and S[A] C S[A], we can also note
that A € Intra(S[A]). Hence, by using Theorem 6.14, we can infer that
A C intg(S[A]) = V. Moreover, since V € 7ra, we can also note that
V € Intgn (V). Hence, since A CV, we can infer that A € Intg (V). Therefore,
since V € 7x2 N IntRA(S[A]) , we also have A € IHtR[’TR N IntR(R[ A]” .
This shows that (2) also holds.

Remark 11.20. From the above proof, we can see that, for a relator R on X,
the following assertions are also equivalent :

(1) R is quasi-proximal ,
(2) {2} € Intrn [Intrs (R(z))] forall z€ X and RER,
(3) AEIntRA[IHtR/\(S[A]):I forall ACX and SeR" .

Theorem 11.21. For any relator R on X, the following assertions are equiva-
lent :

1) R is topological, 2) RN is prozimal.
(

Proof. If (1) holds, then by Theorem 11.9 the relator R is reflexive and quasi-
topological. Hence, by the corresponding definitions, it is clear that the relator R"
is also reflexive. Moreover, if R # @, then from Theorem 11.18 we can see that
RN is quasi-proximal. Thus, by Theorem 11.16, assertion (2) also holds.

Quite similarly, we can also see that (2) implies (1) whenever R # (. The case
R = 0 has to be treated separately by using that R =0 if R =0 and X # 0.
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12. THE MAIN DEFINITIONS OF MILD CONTINUITIES

Notation 12.1. In the sequel, we shall assume that :
(1) O is a direct unary operation for relators,
(2) (X,Y)R) and (Z,W)(S) are relator spaces,
(8) F is a relator on X to Z and G is a relator on Y to W .
Remark 12.2. Now, to keep in mind the above assumptions, for any R € R,

SeS, FeF and G € G, we may again use the diagram :

x 2.z

al |s
y — S w
Moreover, by Definition 1.8, we may, for instance, naturally consider the next

Definition 12.3. Under the above assumptions, we say that the pair (F, G) of
relators is mildly Cl—continuous, with respect to the relators R and S, if

((QD)_loSDo}"D)D c RUD.

Remark 12.4. Thus, the pair (F, G) may be naturally called properly mildly
continuous if it is mildly O-continuous with [0 being the identity operation for
relators. That is, G 'o So FC R.

Remark 12.5. Moreover, the pair (F, G) may, for instance, be naturally called
uniformly, prozimally, topologically, and paratopologically mildly continuous if it is
mildly O-continuous with [0 = %, #, A, and A, respectively.

Remark 12.6. And, the pair (F, G) may, for instance, be naturally called quasi-
topologically and ultra-topologically mildly continuous if its is mildly Cl—continuous
with 0 = Aoco and AQ , respectively.

Remark 12.7. Moreover, the pair (F, G) may, for instance, be naturally called
infinitesimally and ultimately mildly continuous if it is C-mildly continuous with
[0=e and ¢, respectively.

Now, by specializing Definition 12.3, we may also naturally have the following

Definition 12.8. For any F' € F and G € G, the pair (F, G) of relations is
called mildly O-continuous, with respect to the relators R and S, if the pair
({F}, {G}) of relators has the same property.

Remark 12.9. To apply this definition, recall that if in particular O = # or A,
then for any FF € F and G € G we have

(FY9 = {F}* and {3y = ({ay) T ={a ).

However, in contrast to the above equalities, for instance we already have
* _ «\ —1 _ *
(F}e = (Fox®)" and ({6}) "= ((Gov)) = ((v")"ec™),

Now, by using Definition 12.8, we may also naturally introduce the following
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Definition 12.10. Under the assumptions of Notation 11.1, we say that the pair
(F, G) ofrelators is elementwise mildly O-continuous, with respect to the relators
R and S, if for any F € F and G € G the pair (F, G) of relations is mildly
Cl—continuous with respect to the relators R and S.

Remark 12.11. Thus, the pair (F, G) may, for instance, be naturally called
elementwise topologically mildly continous if it is elementwise mildly Cl—continuous
with O = A.

Now, as a natural extension of [43, Definition 4.6], we may also naturally have

Definition 12.12. Under the assumptions of Notation 12.1, we say that the pair

(1) (F, G) is lower selectionally mildly O-continuous if for any
F € F and G € G and any selection f of F the pair (f, G) is mildly
[—continuous,

(2) (F,G) is upper selectionally mildly O-continuous if for any
F € F and G € G and any selection g of G the pair (F, g) is mildly
[l—continuous.

Remark 12.13. Now, the pair (F, G) may also be naturally called selectionally
mildly O-continuous if it is both lower and upper selectionally mildly
[—continuous.

Remark 12.14. Moreover, the pair (F, G) may also be naturally called doubly
selectionally mildly O-continuous if for any F € F and G € G and for any
selections f of F' and g of G, the pair (f, ¢g) is mildly O—continuous.

Remark 12.15. Finally, we note that, in the X =Y and Z = W particular
case, the relator F and a relation F' € F may, for instance, be naturally called
mildly O-continuous if the pairs (F, F) and (F, F'), respectively, have the same

property.

13. REDUCTION THEOREMS FOR MILD CONTINUITIES

Remark 13.1. If in particular the operation [ is idempotent, then by the corres-
ponding definitions it is clear that the following assertions are equivalent :

O
(1) (F, G) is mildly O continuous,  (2) ((QD)_lo SDo}"D) c RO

Moreover, by using Theorems 5.17 and 8.13, we can easily prove the following
two theorems.

Theorem 13.2. If in particular O is a closure operation, then the following
assertions are equivalent :

(1) (F, G) is mildly O-continuous, (2) (QD)ilo SHoFHB Cc RY.

Proof. Note that now, by the idempotency of [0 and Theorem 5.17, for any two
relators & and ¥V on X to Y we have

vyl — yPcy® = vcub.
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Theorem 13.3. If in particular O is an increasing involution, then the following
assertions are equivalent :

(1) (F, G) is mildly O-continuous,
_ _ O
(2) (69) 'oSPeFPCcRY, (3 ((67) TosTeFT) CR.
Proof. Note that now, by the involutiveness of O and Theorem 8.13, for any two

relators & and ¥V on X to Y we have
ylcyPP — vWcuy «— vcub.

Now, as an immediate consequence of the above two theorems and Remark 12.4,
we can also state

Corollary 13.4. If in particular O is either a closure operation or an increasing
inwolution, then the following assertions are equivalent :

(1) (F, G) is mildly O-continuous with respect to R and S,
(2) (.7-"'], QD) is properly mildly continuous with respect to RY and SU .

However, it is now more important to note that, by using Theorem 10.3 and
Corollary 10.6, we can easily prove the following

Theorem 13.5. If in particular O is inversion and composition compatible, then
the following assertions are equivalent :

(1) (F, G) is mildly O-continuous, (2) (G7'o So]—")D c RO

Proof. Note that now, by the assumed compatibilities of [0 and Corollary 10.6, we
have
0y—1! ] o0\~ -1\U ] 0\~ -1 o
((Q ) oS8-oF ) :((Q ) 0oS8-oF ) =(G'oSoF) .

Moreover, by Theorem 10.3, we now also have RHZ =R .

From this theorem, by Theorem 5.17, it is clear that in particular we also have

Theorem 13.6. If in particular O is an inversion and composition compatible
closure operation, then the following assertions are equivalent :

(1) (F, G) is mildly O-continuous, (2) G loSoF CRY.
Hence, by using Remark 12.4, we can immediately derive the following

Corollary 13.7. Under the above assumptions on O, the following assertions are
also equivalent :
(1) (F, G) is mildly O—continuous with respect to R and S,

(2) (.7-", g) is properly mildly continuous with respect to RY and S.

However, it is now more important to note that, by using Theorem 13.6, we can
also easily prove the following two theorems.

Theorem 13.8. If in particular O is an inversion and composition compatible
closure operation, dominating another such operation { for relators, then the mild
O—continuity of (F, G) implies the mild O—continuity of (F, G).
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Proof. If the pair (F, G) is mildly ¢—continuous, then by Theorem 13.6 we have
G 'oSoF C R?. Hence, by using the inclusion R® C RY, we can infer that
G~'o SoF C RY. Therefore, by Theorem 13.6, the pair (F, G) is also mildly
[—continuous.

Remark 13.9. From this theorem, by Theorems 6.5, 9.6 and 10.13, it is clear
that, for instance, the "proper mild continuity of (F, G)” implies the ”uniform
mild continuity of (F, G) ”implies the ”proximal mild continuity of (F, G)”.

Theorem 13.10. If in particular O is an inversion and composition compatible
closure operation, then the following assertions are equivalent :

(1) (F, G) is mildly O-continuous,
(2) (F, G) is elementwise mildly O-continuous.

Proof. By Theorem 13.6 and the corresponding definitions, it is clear that

(1) <= G loSoFCR"
— VFeF:VGeG: G loSoFCRY = (2).

Remark 13.11. Unfortunately, this theorem cannot also be applied to the opera-
tions A and A.

Therefore, it is worth noticing that the implication (1) = (2) is already true
if O is only increasing.

For this, it is convenient to prove first a more general theorem.

Theorem 13.12. If in particular O is increasing and (F, G) is mildly
O—continuous, then for any A CF and Gy C G the pair (F, Gi1) is also mildly
L—continuous.

Proof. Because of the assumed increasingness of (I, we have
FPcrb, and thus also (gllj)_lg (gD)_l-
Hence, by using the increasingness of composition of relators, we can infer that
(le)_lo SHo .7-'1D - (QD)_lo sHo FU.
Thus, again by the increasingness [, we also have
Oy -1 O O o Oy -1 O O
((7) "o sTo A7) c((67) o870 FT)

Therefore, by Definition 12.3, the mild O-continuity of (F, G) implies that of
(F1, G1).

O

Hence, by letting /7 and G; to be singletons, we can immediately derive

Corollary 13.13. If in particular O is increasing and (F, G) is mildly
O-continuous, then (F, G) is elementwise mildly O-continuous.
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14. SOME FURTHER THEOREMS ON MILD CONTINUITIES

By using the corresponding definitions, we can also easily prove the following

Theorem 14.1. Ifin particular O is $—absorbing, for some direct unary operation
O for relators, then the following assertions are equivalent :

(1) (F, G) is mildly O-continuous with respect to R and S,
(2) (]—“0, QQ) is mildly O-continuous with respect to R and S°.

Proof. By the corresponding definitions, it is clear that
B O
(1) <= ((¢79) o8 FI) cROC

= (((697) "o (597 (797 < (=)™ = @)

From this theorem, by letting ¢ = [0, we can immediately derive

Corollary 14.2. If in particular O is idempotent, then the following assertions
are equivalent :

(1) (F, G) is mildly O-continuous with respect to R and S,
(2) (.7-":’, QD) is mildly O-continuous with respect to RY and S5,

Now, as an extension of Theorem 13.12, we can also easily prove the following

Theorem 14.3. If in particular O is increasing and {—absorbing, for some direct
unary operation { for relators, and the pair (F, G) is mildly O-continuous, then
for any F C FO and G, C GO the pair (]:1, gl) 1s also mildly O-continuous.

Proof. Because of the above assumptions, we have
EDQ}"OD:}"D, and thus also (gF)*lg(gD)*l.

Hence, as in the proof of Theorem 13.12, we can already infer that
_ o _ O
((GF) 1OSDO]:1D) g((gm) 1OSDO]:D)

Therefore, by Definition 12.3, the mild O-continuity of (F, G) implies that of
(flv gl) .

Remark 14.4. In this theorem, instead of the {—absorbingness of [, it is enough
to assume only that /P C U5 for every relator U .

However, if in particular ¢ is extensive, then because of the assumed increa-
singness of [J the corresponding equality is also true.

A simple application of the ¢ = * particular cease of Theorem 14.3 to singleton
relators gives the following

Corollary 14.5. If in particular O is an increasing, *x—absorbing operation, and
F € F and G € G such that the pair (F, G) is mildly O-continuous, then for
any F1 € F and Gy € G, with F C Fy and G C Gy, the pair (F, G1) is also
mildly C—continuous.
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Proof. By the above assumptions on F; and Gp, and the definition of *, we
have {F1} C {F}* and {G:} C {G}*. Therefore, by Theorem 14.3, the mild
O-continuity of ({F}, {G}) implies that of ({F1}, {G1}). Thus, by Definition
12.8, the mild O-continuity of (F, G) also implies that of (Fy, Gy).

By using Theorem 13.2, we can also easily prove the following

Theorem 14.6. If in particular O is a Q—invariant closure operation for some
closure operation  for relators, then the following assertions are equivalent :

(1) (F, G) is mildly O—-continuous with respect to R and S,
(2) (QD, FD) is mildly O—continuous with respect to RY and SU.

Proof. By Theorem 13.2 and the corresponding definitions, it is clear that
1) < (69) o8P0 r? c RV

= ((67)°) o ()0 (F9)° ¢ (RT)® = ().

Now, in additions to Theorems 14.6 and 14.1, we can also easily prove

Theorem 14.7. If in particular O is a {—compatible closure operation, for some
closure operation { for relators, then the following assertions are equivalent :

(1) (F, G) is mildly OO-continuous with respect to R and S,

(2) (]—"D, QD) is mildly O—continuous with respect to RY and S,

(8) (G9, FO) is mildly O-continuous with respect to RY and S9 .

Proof. From Theorem 8.6, we know that [J¢ is also a closure operation for relators.
Hence, by Theorem 13.2 and the corresponding definitions, it is clear that

(1) < (g79) 1o 8D00FBO c RO
—1
= ((69°) "o (59)%0 (F7)° € (RD)° = (2.
Now, since ¢ = ¢, it is clear that assertions (1) and (3) are also equivalent.

Remark 14.8. From the latter two theorems, by letting ¢ to be the identity
operation for relators, we can also immediately derive the ”closure operation part”
of Corollary 14.4.

However, it is now more important to note that by using the corresponding
definitions, we can also easily prove the following

Theorem 14.9. If in particular [0 is inversion compatible, then the following
assertions are equivalent :

(1) (F, G) is mildly O-continuous with respect to R and S,

(2) (G, F) is mildly O-continuous with respect to R~* and S~1.
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Proof. By Definition 12.3 and an inversion property of composition, it is clear that
O
1) = ((¢9)"osTorT) c (RP)"
o\ ! -1
= (((67)es%77)") < ((r7)7)
oy —! O o) ! . oy-1\Y
— (((Q) 0507:) ) 9((R) )

= ((#9) o (s7)0e) € (7))
= ((F7) e (s)e¢7) c ((r ™)) = .

Remark 14.10. Unfortunately, concerning the elementwise complementation of
relators, we cannot prove a similar theorem.

15. DETAILED REFORMULATIONS OF PROPER, UNIFORM, AND PROXIMAL MILD
CONTINUITIES

Recall that if in particular OJ is an inversion and composition compatible closure
operation, then by Theorem 13.10, instead of the mild O-continuity of the pair
(F,G) it is enough to investigate only that of the pair (F, G) for all F € F
and Ge€g.

Therefore, concerning proper, uniform, and proximal mild continuities, we shall
only prove here some very particular theorems.

Theorem 15.1. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is properly mildly continuous,
(2) G loSoFCR, (3) cpra(S)CR.

Proof. From Remark 12.4, we know that (1) and (2) are equivalent. Moreover, by
[53, Theorem 4.3], forany FF€ F, G€ G and S € S we have

G loSoF=(F'RGNS]=(FRG)'[S] =crre(S).
Therefore, because of the plausible notation
Clpgg(S):{Clpgg(S) : SES},

assertions (2) and (3) are also equivalent.
Now, by using this theorem, we can also easily prove the following

Theorem 15.2. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is properly mildly continuous,
(2) for each S € S there exists R € R such that R=G 1o So F,

(8) for each S € S there exists R € R such that for every x € X and y €Y
we have y € R(z) if and only if Gly)NS[F(z)] #0,
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(4) for each S € S there exists R € R such that for every x € X and y €Y
we have y € R(z) if and only if there exist z € F(z) and w € G(y) such that
w e S(z).

Proof. By Theorem 15.1 and the corresponding definitions, it is clear that

(1) +—= G 'oSoFCR += VSe€S: G 'oSoFcR
— VSc8: IRcR: R=G 'oSoF.

Moreover, we can note that
R=G 1'0SoF < VzeX: VyeY:
(ye R(z) < ye (G 'oSorF) (ac))
Furthermore, by using some basic facts on relations, we can also easily see that

ye (G 'oSoF)(z) < yeG '[S[F(z)]] < Gy)NS[F(z)]#0
<— JwelGly): weS[F(z)] — FJweGy): 3z€F(z): we S(z).

Therefore, assertions (1)—(4) are also equivalent.

Analogously to Theorem 15.1, we can also easily prove the following

Theorem 15.3. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is uniformly mildly continuous,

(2) G7loSoFCR*, (3) cpra(S)C R*.
Proof. By Remark 6.6, Theorems 9.6 and 10.13, * is an inversion and composition
compatible closure operation for relators. Therefore, by Theorem 13.6 and Remark

12.5, (1) and (2) are equivalent. Moreover, from the proof of Theorem 15.1, it is
clear that (2) and (3) are also equivalent.

From this theorem, by Theorem 15.1, it is clear that we also have

Corollary 15.4. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is uniformly mildly continuous with respect to R and S,
(2) (F, G) is properly mildly continuous with respect to R* and S.

Moreover, by using Theorem 15.3, we can also easily prove the following

Theorem 15.5. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is uniformly mildly continuous,
(2) for each S € S there exists R € R such that RC G to SoF,

(3) foreach S € S there exists R € R such that for every © € X and y € R(x)
we have G(y)NS[F(z)]#0,

(4) foreach S € S there exists R € R such that for every x € X and y € R(x)
there exist z € F(z) and w € G(y) such that w € S(z).
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Proof. By Theorem 15.3 and the corresponding definitions, it is clear that

(1) <= G 'oSoFCR* <= VSe€8S: G 'oSoFeR"
— VSe€8: IRER: RCG 'oSoF.

Moreover, as in the proof of Theorem 15.2, we can note that

RCG 'oSoF <= VzeX: Rx)C (G 'oSoF)(z)
“— VzeX: VyeR(@x): ye (G 'oSoF)(z).

Furthermore, from the proof of Theorem 15.2 we know that

ye(GoSoF) (1) > Gy)NS[FE)]#£0
< JweGy): FzeF(x): we S(z).

Therefore, assertions (1)—(4) are also equivalent.

Analogously to Theorem 15.3, we can also easily prove the following

Theorem 15.6. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is prozimally mildly continuous,
(2) GTloSoFCR#, (3) clpra(S)C R*.

Remark 15.7. From Theorems 15.1, 15.3 and 15.6, because of the inclusions
R C R* C R¥, it is also clear that "the proper mild continuity of (F, G)”
implies ”the uniform mild continuity of (F', G)” implies ”the proximal mild con-
tinuity of (F', G)”.

Moreover, from the above mentioned theorems and the equality R#* = (R#)* ,
it is clear that we also have

Corollary 15.8. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is prozimally mildly continuous with respect to R and S,

(2) (F, G) is properly or uniformly mildly continuous with respect to R#
and S.

Now, by using Theorem 15.6, we can also easily prove the following

Theorem 15.9. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is prozimally mildly continuous,

(2) for each A C X and S € S there exists R € R such that R[A] C
G '[S[F[A]]].

(3) foreach AC X and S € S there exists R € R such that for every x € A
and y € R(x) we have G(y)NS[F[A]] #0,

(4) for each AC X and S € S there exists R € R such that for every x € X
and y € R(x) there exist u € A and z € F(u) and w € G(y) such that w € S(z) .
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Proof. By Theorem 15.6 and the corresponding definitions, it is clear that

(1) <= G l1oSocFCR* «— VYV SeS8S: G loSoFeR¥
— VSeS: VACX: FReR: R[A]C (G 'oSoF)[A].

Moreover, since R[A] =J,c4 R(x), we can also note that

R[A]C (G 'oSoF)[A] < VazeA: R()C (G 'oSoF)[A]
— VzeA: VyeR@x): ye (G 'oSoF)[A].

Furthermore, by using some basic facts on relations, we can also easily see that

ye (G 'oSoF)[A] < yeG '[S[F[A]]]
— Gy)NS[F[A]]#£0 <= 3FJwelG(y): weS[F[A]]
<— JweG(y): JzeF[A]: weS(z)
«— JwelGy): JueA: FzeF(u): weS(z).

Therefore, assertions (1)—(4) are also equivalent.

16. DETAILED REFORMULATIONS OF TOPOLOGICAL MILD CONTINUITY

By using Theorem 13.6, we can easily establish the following

Theorem 16.1. The following assertions are equivalent :

(1) (F, G) is topologically mildly continuous with respect to R and S,

(2) (F~, G") s properly, uniformly, or prozimally mildly continuous with
respect to R" and S".

Proof. From Remark 6.6 and Theorems 6.5, 6.7 and 10.13, we know that *, #,
and A are closure operations for relators such that A is both *— and #—invariant.
Therefore, by Theorem 13.6, assertion (1) is equivalent to both ”the uniformly and
proximally part” of (2). Moreover, from Corollary 13.4, we know that (1) is also
equivalent to "the properly part” of (2).

From this theorem, by using Theorem 13.10, we can immediately derive

Corollary 16.2. The following assertions are equivalent :
(1) (F, G) is topologically mildly continuous with respect to R and S,

(2) (FN, G") is elementwise properly, uniformly, or prozimally mildly con-
tinuous with respect to R and S .

Remark 16.3. This corollary shows that, instead of the topological mild continuity
of the pair (F, G) with respect to the relators R and S, it is enough to investigate
only the proper, uniform, or proximal mild continuity of the pair (F, G) with
respect to the relators R”" and S for all F € F" and G € G".

Thus, since F and G were quite arbitrary relators in Notation 12.1, it is actually
enough to prove the following
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Theorem 16.4. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is topologically mildly continuous with respect to R and S,

(2) (F, G) is properly, uniformly, or prozimally mildly continuous with respect
to R" and S™.

Proof. By Definition 12.8, assertion (1) is equivalent to the statement that :
(a) ({F}, {G}) is topologically mildly continuous with respect to R and S.
Moreover, by Theorem 16.1, assertion (a) is equivalent to the statement that :
(b) ({F J2AN {G}/\) is properly, uniformly, or proximally mildly continuous
with respect to R and S™.

Now, by Remark 12.9, we can see that assertion (b) is equivalent to the statement
that :

(c) ({F e, AG }*) is properly, uniformly, or proximally mildly continuous
with respect to R” and S".

Moreover, since A is s—invariant, we can see that assertion (c) is equivalent to
the statement that :

(d) ({F}*, {G}*) is properly, uniformly, or proximally mildly continuous
with respect to (RA)* and (S/\)* .

Now, we may recall that the operations * and # are x—absorbing, Therefore,
by Theorem 14.1, ”the uniformly or proximally part” of assertion (d) is equivalent
to the statement that :

(e) ({F}, {G}) is uniformly or proximally mildly continuous with respect to
RN and S™.

Moreover, we can note that * is an inversion and composition compatible
closure operation. Therefore, by Corollary 13.7, "the uniformly part” of assertion
(e) is equivalent to the statement that:

(f) ({F}, {G}) is properly mildly continuous with respect to (R/\)*

and S".

However, since (RA)* =R", assertion (f) is equivalent to the statement that :

(g) ({F}, {G}) is properly mildly continuous with respect to R and S”.

Now, by Definition 12.8, we can see that assertion (e) is equivalent to the state-
ment that:

(h) (F, G) is uniformly or proximally mildly continuous with respect to R”
and S".

Moreover, assertion (g) is equivalent to the statement that :

(i) (F, Q) is properly mildly continuous with respect to R”" and S".

Hence, it is clear that assertions (1) and (2) are also equivalent.

Now, from the ”properly part” of this theorem, by using Theorem 15.1, we can
immediately derive the following
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Theorem 16.5. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is topologically mildly continuous,
(2) G7loS"o FCR", (3) cpgmag(S*) S RM.

Moreover, from the ”uniform part” of Theorem 16.4, by using Theorem 15.5, we
can easily derive the following

Theorem 16.6. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is topologically mildly continuous,

(2) for each x € X and V € 8" there exists R € R such that R(xz) C
GHV[F(2)]],

(8) for each v € X and V € S’ there exists R € R such that for every
y € R(x) we have G(y)NV [F(z)] #0,

(4) for each x € X and V € S8 there exists R € R such that for every
y € R(x) there exist z € F(u) and w € G(y) such that w € V(z2).

Proof. By the ”uniform part” of Theorem 16.4, assertion (1) is equivalent to the
statement that :

(a) (F, G) is uniformly mildly continuous with respect to R" and S".

Moreover, by Theorem 15.5, assertion (a) is equivalent to the statements that :

(b) for each V € 8" there exists U € R such that UC G lo Vo F,

(c) for each V € 8" there exists U € R” such that for every z € X and
y € U(z) we have G(y)NV [F(z)] #0,

(d) for each V € 8" there exists U € R”" such that for every z € X and
y € U(x) there exist z € F(z) and w € G(y) such that w € V(z).

Therefore, to complete the proof, we need only show that the each of assertions
(b)—(d) is equivalent to the corresponding assertion of the theorem. For this, for
instance, we shall show that assertions (¢) and (3) are equivalent.

Note that if (¢) holds, then for each V € 8" there exists U € R" such that
UC G toVoF, and thus also U(z) € G7'[V[F(x)]] for all z € X.
Moreover, by the definition of R”, for each € X there exists R € R such that
R(z) CU(z), and thus also R(z) C G~'[V [F(z)]]. Therefore, (3) also holds.

Conversely, if (3) holds, then for each 2z € X and V € 8" there exists R, € R
such that R,(z) € G~'[V [F(z)]]. Hence, by defining a relation U on X to Y
such that U(z) = R,(z) for all x € X, we can at once see that U € R”" such that
U(z) = Ry(x) C GV [F(x)]] for all 2 € X. Therefore, U C G to Vo F,
and thus (c) also holds.

Now, from Theorem 16.5, by letting F' to be a function, we can easily derive

Theorem 16.7. If f € F and G € G such that f is a function, then the following
assertions are equivalent :

(1) (f, G) is topologically mildly continuous,
(2) G~'oSo fCR", (3) cyra(S)C R".
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Proof. From Theorem 16.5, we know that assertion (1) is equivalent to the state-
ment that: (a) G loS"o fCRN.

Moreover, by the inclusion & C 8" and the increasingness of composition, it is
clear that (a) implies (2). Therefore, to prove the equivalence of (1) and (2), we
need only show that (2) also implies (a).

For this, we can note that if z € X and V € 8", then by the assumption
that card( f(z)) < 1 and the definition of S there exists S € & such that
S[f(z)] CV[f(x)]. Hence, we can already infer that

(GroSof)(x) =G [S[f(x)]] CGTHV[f(@)]]= (G oVof)(z).
Moreover, if (2) holds, then G~1oSo f € R”". Therefore, there exists R € R such
that R(z) € (G~'oSo f)(x), and thus R(z) € (G~'oV o f)(x). This shows
that G™1oV o f € R, and thus (a) also holds.

Now, to complete the proof, it remains to note only that, by Theorem 15.1,
assertions (2) and (3) are also equivalent.

Remark 16.8. From this theorem, by using the inclusion R# C R” and Theorem
14.6, we can at once see that ”the proximal mild continuity of (f, G)” implies ”the
topological mild continuity of (f, G)”.

Moreover, from Theorem 16.7, by using Theorems 15.1, 15.3 and 15.6, we can
also easily derive

Corollary 16.9. Under the assumptions of Theorem 16.7, the following assertions
are also equivalent :
(1) (f, G) is topologically mildly continuous with respect to R and S,

(2) (f, G) is properly, uniformly or proximally mildly continuous with respect
to R" and S.

On the other hand, from the proof of Theorem 16.7, it is clear that, as a conse-
quence of Theorem 16.6, we can also state the following

Theorem 16.10. If f € F and G € G such that f is a function, then the
following assertions are equivalent :

(1) (f, G) is topologically mildly continuous,

(2) for each x € X and S € S there exists R € R such that R(z) C
GHS[f(2)]],

(3) foreach v € X and S € S there exists R € R such that for every y € R(x)
we have G(y)NS[f(z)] # 0,

(4) foreach v € X and S € S there exists R € R such that for every y € R(x)
there exists w € G(y) such that w e S[f(z)].

Remark 16.11. Note that if in particular the whole X is the domain of f, then
in the above assertions we may write S(f(z)) instead of S[f(z)].

17. DETAILED REFORMULATIONS OF PARATOPOLOGICAL MILD CONTINUITY

By using Theorem 14.6 and Corollary 13.4, analogously to Theorem 16.1, we can
also easily prove the following
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Theorem 17.1. The following assertions are equivalent :
(1) (F, G) is paratopologically mildly continuous with respect to R and S,
(2) (F&, G%) is properly, uniformly, proximally, or topologically mildly con-
tinuous with respect to R* and S* .
Hence, by using Theorem 13.10, we can only derive the following
Corollary 17.2. The following assertions are equivalent :
(1) (F, G) is paratopologically mildly continuous with respect to R and S,
(2) (F%, G®) s elementwise properly, uniformly, or prozimally mildly con-
tinuous with respect to R* and S* .

Remark 17.3. This corollary shows that, instead of the paratopological mild con-
tinuity of the pair (F, G) with respect to the relators R and S, it is enough
to investigate only the proper, uniform, or proximal mild continuity of the pair
(F, G) with respect to the relators R% and S* for all F € F2 and G € G*.

However, instead of an analogue of Theorem 16.4, we can now only prove

Theorem 17.4. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is paratopologically mildly continuous with respect to R and S,

(2) (F o XX, Go YY) s properly, uniformly, proximally, or topologically
mildly continuous with respect to R® and S* .

Proof. By Definition 12.8, assertion (1) is equivalent to the statement that :

(a) ({F}, {G}) is paratopologically mildly continuous with respect to R
and §.

Moreover, by Theorem 17.1, assertion (a) is equivalent to the statement that:

(b) ({F 12, {G}*) is properly, uniformly, proximally, or topologically mildly
continuous with respect to R% and S*2.

Now, by Remark 12.9, we can see that assertion (b) is equivalent to the statement
that :

(c) ( (F o XX ) " (G oYY ) *) is properly, uniformly, proximally, or topologi-
cally mildly continuous with respect to R® and S*.

Moreover, since A is x—invariant, we can see that assertion (c) is equivalent to
the statement that :

(d) ( (F o XX)*, (G o YY)*) is properly, uniformly, proximally, or topolog-
ically mildly continuous with respect to (R )* and (S* )* .

Now, we may recall that the operations %, #, and A are kx—absorbing. There-
fore, by Theorem 14.1, the ”uniformly, proximally, or topologically part” of asser-
tion (d) is equivalent to the statement that :

(e) (F o XX, Go YY) is uniformly, proximally, or topologically mildly con-
tinuous with respect to R4 and S%.

Moreover, we may recall that * is an inversion and composition compatible

closure operation. Therefore, by Corollary 13.7, ”the uniformly part” of assertion
(e) is equivalent to the statement that:
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(f) (FoXX, GoYY) is properly mildly continuous with respect to (R*)"
and S%.

However, since (RA )* = R%, assertion (f) is equivalent to the statement that :

(g) (FoX¥X, GoYY) is properly mildly continuous with respect to R*
and S§°.

Hence, it is clear that assertions (1) and (2) are also equivalent.
From this theorem, by using Theorem 13.10, we can immediately derive

Corollary 17.5. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is paratopologically mildly continuous with respect to R and S,

(2) (Fog, Gou) is properly, uniformly, or prozimally mildly continuous
with respect to R® and S® for all ¢ € XX and Y € YY.

Remark 17.6. Hence, it is clear that if in particular X = Z and Y = W, then
the following assertions are equivalent :

(1) (Ax, Ay) is paratopologically mildly continuous with respect to R
and S,

(2) (¢, v) is properly, uniformly, or proximally mildly continuous with respect
to R® and S2 forall o€ XX and v € YY.

Moreover, from Corollary 17.5, by using Theorem 13.6, we can also easily derive
the following

Theorem 17.7. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is paratopologically mildly continuous with respect to R and S,

(2) (¢, ) is properly, uniformly, or proximally mildly continuous with respect
to R® and G 'oS20oF forall p€ XX and yp € YY.

Proof. By 7 the properly part” of Corollary 17.5, assertion (1) is equivalent the
statement that :

(a) (Got) LloS%0(Fop)C R” forall pe XX and p €YY,
However, by the corresponding properties of composition, we have
v lo (G_1 0S84 oF) op=(Gorp)toSt o (Foyp)
for all p € XX and ¢ € YY.
Therefore, assertion (a) is equivalent to the statement that :
(b) v 'o(GroS20F)opCRA forall p€ X* and Y €YY,
However, by the corresponding definitions, this means only that :

(c) (¢, v) is properly mildly continuous with respect to R* and G~'oS%oF
for all p € XX and ¢ € YY.

Moreover, we can note that R® = (7'\’,A)<> for ¢ = % and #. Therefore,
assertion (b) is equivalent to the statement that :

(d) ¢~ (G 1082 0F)opC (R forall pe XX and ¢ €YY,
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However, by Theorem 13.6, assertion (d) is equivalent to the statement that :

(e) (¢, ) is mildly O—continuous with respect to R® and G~1oS*o F for
all p € XX and €Y.

Hence, it is clear that assertions (1) and (2) are also equivalent.

Because of Corollary 17.5, it is also worth proving here the following analogue
of [43, Theorem 6.1].

Theorem 17.8. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is properly, uniformly, or proximally mildly continuous with respect
to R® and S,

(2) G 'oSoF C R, (3) G 'S[F(z)]] € Er for all z € X
and S €S,

(4) for each © € X and S € S there exist u € X and R € R such that
R(u) CG7'[S[F(2)]],

(5) for each x € X and S € S there exist w € X and R € R such that for
any y € R(u) we have G(y)NS[F(x)]#0,

(6) for each x € X and S € S there exist u € X and R € R such that for
any y € R(u) there exist z € F(z) and w € G(y) such that w € S(z).

Proof. By Remark 12.4, it is clear that the ”properly part” of (1) is equivalent to
(2). Moreover, we can note that R = (RA)<> for ¢ = x and #. Therefore, by
Theorem 13.6, ”the uniformly or proximally parts” of (1) are also equivalent to (2).

Furthermore, if (1) holds, by the corresponding definitions, for each S € S we
have G~ 'o S o F € R%. Thus, by the definition of R%, for each x € X there
exist u € X and R € R such that R(u) C (G~ 'o So F)(z), and thus also
R(u) € G7'[S[F(z)]]. Therefore, (4), and thus (3) also holds. Now, by using
the latter argument, we can also easily see that (3) also implies (1).

Moreover, from the proofs of Theorems 15.2 and 15.5, it is clear that the equiv-
alences (4) <= (5) <= (6) are also true.

Remark 17.9. Note that, by Theorem 15.5, assertion (1) is, for instance, also
equivalent to the statement that :
(3") for each S € S there exists U € R® such that U C G toSoF.

However, it is now, more important to note that, analogously to [43, Theorem
6.3], now we can now also prove the following

Theorem 17.10. If f is a function on X onto Z and G € G, then under the
addition assumption S # 0 the following assertions are equivalent :

(1) (f, G) is properly, uniformly, or prozimally mildly continuous with respect
to R® and S,

(2) (f,G) is properly, uniformly, or proximally mildly continuous with respect
to R® and S%.

Proof. From Theorem 17.8, we can see that assertion (1) is equivalent to the state-
ment that:
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(a) for each z € X and S € S there exist u € X and R € R such that
R(u) € G [S[f(2)]].

Moreover, assertion (2) is equivalent to the statement that:

(b) for each z € X and V € 8* there exist u € X and R € R such that for
R(u) C GV [f(2)]].

Hence, since & C §%, it is clear that (b) implies (a), and thus (2) implies
(1). Therefore, we need only show that (a) also implies (b), and thus (1) also
implies (2).

For this, assume that (a) holds, and z € X and V € §%. Now, if in particular
x € f~YZ], then since f is a function we can see that f(x) € Z. Therefore, by
the definition of S*, there exists z € Z and S € S such that S(z) C V(f(z)).
Moreover, since Z = f[ X ], there exists t € X such that z = f(t). Thus, we also
have S(f(t)) € V(f(z)). Hence, we can see that S[f(t)] €V [f(z)], and thus
also GTH[S[f(t)]] € G7'[V[f(x)]]. Moreover, by using (a) we can see that
there exist v € X and R € R such that R(u) € G~*[S[f(t)]]. Thus, we also
have R(u) C GV [f(1)]].

On the other hand, if z € X \ f~![Z], then by taking S € & and
using (a) we can see that there exist w € X and R € R such that
R(u) € G7Y[S[f(x)]]. Hence, since f(z) = 0, we can infer that R(u) C 0.
Therefore, R(u) € G~*[V [f(z)]] also holds.

18. CHARACTERIZATIONS OF PROXIMAL MILD CONTINUITY

The subsequent theorems have also been mainly taken from an unfinished work
of the first author [35].

Theorem 18.1. For any F € F and G € G, the following assertions are equi-
valent :

(1) (F, G) is prozimally mildly continuous,
(2) AeClgr(B) implies F[A] € Cls(G[B]) forall ACX and BCY,

(3) F[A] € Ints(D) implies A€ Intgr (G '[D]) forall AC X and
DCWwW.

Proof. Define Y = G~' o So F. Then, by Theorems 15.6 and 6.9, we have
(1) &= UCR# += Clg CCly += (A€Clr(B) = A€Cly(B)).

Therefore, to prove the equivalence of (1) and (2), we need only show that, for
any AC X and B CY, we have

AeCly(B) < F[A]e€Cls(G[B]).

For this, by the corresponding definitions and some basic theorems on relations,
it is enough to note only that, for any S € S, we have

(G7'oSoF)[AINB#10
<~ G 'S[F[A]]NB#0 < S[F[A]|NG[B]#0.
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Finally, to complete the proof, we note that the equivalence of (2) and (3) can
be proved by using the relationships between the structures Cl and Int, and the
inclusions

G '[G[B]°] C B¢ and G[G'[D]°] Cc D°

with BCY and D C W . (To check the latter one, instead of a direct proof, one
can note that G=1[D]¢ =clg(D)¢ =intg(D¢) and G [intg(D)] C D€.)

Namely, if (2) holds, then by the above mentioned results, it is clear that for any
ACX and DCW

F[A] e Ints(D) = F[A] ¢Cls(D°) = F[A] ¢ Cls(G[G'[D]°])

— A¢Clg(G'[D]°) = AeIntr (G '[D]).

Thus, (3) also holds.

While, if (3) holds, then again by the above mentioned results, it is clear that
forany AC X and BCY

F[A] ¢Cls(G[B]) = F[A]elnts(G[B]°) = Ae€lntg (G '[G[B°]])
= Achtgr(B°) = A¢Clr(B).
Therefore, (2) also holds.
Now, by using the above theorem, we can also easily prove the following

Theorem 18.2. If F € F and g € G such that g is a function and Y = g~ 1 [W],
then the following assertions are equivalent :

(1) (F,g) is prozimally mildly continuous,

(2) A€ Clg(g'[D]) implies F[A] € Cls(D) forall A C X and
DCWwW.
Proof. If (1) holds and A C X and D C W, then by Theorem 17.1 and the
inclusion g [¢g~'[D]] C D it is clear that
A€eClg (g7'[D]) = F[A]€Cls(g[g'[D]]) = F[A]€Cls(D).
Therefore, (2) also holds.

While, if (2) holds, and A € X and B C Y, then by using the inclusion
B C g '[g[B]] and assertion (2) we can see that

A€eClg(B) = A€Clr(g'[g[B]]) = F[A]€Cls(g[B]).
Therefore, by Theorem 18.1, assertion (1) also holds.

Remark 18.3. More exactly, we can also state that (1) implies (2) if g is a function,
and (2) implies (1) if Y = g~ [W].

Moreover, by using Theorem 18.1, we can also easily prove the following two
theorems.

Theorem 18.4. If F € F and G € G such that G™' is a function and
G[Y ] =W, then the following assertions are equivalent :

(1) (F, Q) is prozimally mildly continuous,
(2) F[A] €elnts(G[B]) implies A€ Intg(B) forall ACX and BCY.
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Remark 18.5. More exactly, we can also state that (1) implies (2) if G7! is a
function, and (2) implies (1) if G[Y]=W.
Theorem 18.6. If f € F and G € G such that f is a function and X = f~1[Z],
then the following assertions are equivalent :

(1) (f, Q) is prozimally mildly continuous,

(2) C € Ints(D) implies f~'[C] € Intg (G™*[D]) forall C C Z and
DCW.

Remark 18.7. More exactly, we can also state that (1) implies (2) if f is a function,
and (2) implies (1) if X = f~1[Y].

Now, by using Theorem 18.6, we can also easily prove the following
Theorem 18.8. If f € F and g € G such that f and g are functions and
X =f"1Z] and Y = g~ [W], then the following assertions are equivalent :

(1) (f,g) is proximally mildly continuous,

(2) f7'[C] € Clg (g '[D]) implies C € Clg(D) forall C C Z and
DCW.

Remark 18.9. More exactly, we can also state that (1) implies (2) if f and g are
functions, and (2) implies (1) if X = f~1[Z] and Y =g~} [W].

Moreover, by using Theorems 18.4 and 18.6, we can also easily prove

Theorem 18.10. If f € F and G € G such that f and G~ are functions and
X =f"YZ] and G[Y ]| =W, then the following assertions are equivalent :

(1) (f, Q) is prozimally mildly continuous,

(2) C € Ints(G[B]) implies f~1[C] € Intgr(B) for all B CY and
cCcZ.

Remark 18.11. More exactly, we can also state that (1) implies (2) if f and G~*
are functions, and (2) implies (1) if X = f~'[Z] and G[Y]=W.

19. CHARACTERIZATIONS OF TOPOLOGICAL MILD CONTINUITY

From the results of Section 18, by using Theorems 16.4 and 6.14, we can easily
derive several criteria for topological mild continuity.

However, for this, we have to assume tacitly throughout this section that
the relators R and S, considered in Notation 12.1, are nonvoid.

Theorem 19.1. If F € F and G € G, then the following assertions are equi-
valent :

(1) (F, G) is topologically mildly continuous,
(2) F[A] Cints(D) implies A C intg (G™'[D]) forall A C X and
DCW,

(3) Anclg(B)#0 implies F[A]Ncls(G[B])#0 forall AC X and
BCY.
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Proof. From Theorem 16.4, we can see that assertion (1) is equivalent to the state-
ment that:

(a) (F, G) is proximally mildly continuous with respect to the relators R”
and S".

Moreover, from Theorem 18.1, we can see that assertion (a) is equivalent to the
statement that:

(b) F[A]€Intsa(D) implies A € Intrn (G7'[D]) forall AC X and
DCWwW.

Furthermore, from Theorem 6.14, we can see that assertion (b) is equivalent to
assertion (2).

Finally, we note that the equivalence of assertions (2) and (3) can be proved by
using the relationship between the structures cl and int.

Remark 19.2. Note that if (1) holds, then by Theorem 16.5 we have
G 'oS"o FCR".

Moreover, if for instance R = (), but X # (0, then by the definition of R" we
have R” = (). Therefore, we necessarily have S =), and thus also S = 0.

Hence, by the definition of int, we can see that ints(D) = () and quite simi-
larly intg (G™'[D]) =0 for all D C W. Therefore, assertion (2) fails to hold
if X £F-1Z).

However, it is now more important to note that the above theorem can be refor-
mulated in the following more concise form.

Corollary 19.3. Under the conditions of Theorem 19.1, the following assertions
are equivalent :

(1) (F, G) is topologically mildly continuous,
(2) cr(B)CF~'[cds(G[B])] forall BCY,
(3) intg (G71[D])°C F~[ints(D)¢] forall DCW.

Proof. By using that F[A] ={J, 4 F(x) forall A C X, we can see that assertion
(2) of Theorem 19.1 is equivalent to the statement that:

(a) F(z)Cints(D) implies z €intg (G7*[D]) forall z € X and D C W.
Moreover, we can note that, for any x € X, we have
F(z) Cints(D) < F(z)Nints(D)*=0
> z¢ F'[ints(D)°] < zeF '[ints(D)°]".
Therefore, the assertion (a) is equivalent to the statement that:
(b) F~'[ints(D)¢]° Cintg (G~1[D]) forall DCW.
And, this is evidently equivalent to the assertion (3) of the present corollary.

Now analogously to Theorem 19.1 and Corollary 19.3, we can also easily prove
the following theorems.

Theorem 19.4. If F € F and g € G such that g is a function and Y = g=* [W],
then the following assertions are equivalent :
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(1) (F,g) is topologically mildly continuous,
(2) cg(g7'[D]) C F~'[cs(D)] forall DCW,

(3) Anclg (¢g7'[D]) #0 implies F[A]Ncls(D)#0 for all AC X and
DCW.

Theorem 19.5. If F € F and G € G such that G~ is a function and
G[Y ] =W, then the following assertions are equivalent :

(1) (F, Q) is topologically mildly continuous,
(2) intgr(B)¢C F~'ints(G[B])°] forall BCY,
(3) F[A]Cints(G[B]) implies ACintg(B) forall ACX and BCY.

Theorem 19.6. If f € F and G € G such that f is a function and X = f~ [ 7],
then the following assertions are equivalent :

(1) (f, G) is topologically mildly continuous,

(2) f~'lints(D)] Cintg (G™*[D]) forall DCW,

(3) C C ints(D) implies f~'[C] C intg (G7'[D]) for all C C Z
and D CW.

Theorem 19.7. If f € F and g € G such that f and g are functions and
fU[Z]=X and Y = g~ [W], then the following assertions are equivalent :

(1) (f,g) is topologically mildly continuous,
(2) f[Clr (g7'[D])] CCls(D) forall DCW,

(3) fH[CINClg (g7 [D]) #0 implies C C Clg(D) forall C C Z and
DCWwW.

Theorem 19.8. If f € F and G € G such that f and G~! are functions and
X =f"1Z] and G[Y ]| =W, then the following assertions are equivalent :

(1) (f, G) is topologically mildly continuous,
(2) fllints(G[B])] Cintgr(B) forall BCY,

(3) C Cints(G[B]) implies f~[C]) C intgr(B) for all C C Z and
BCY.
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20. FATNESS AND DENSENESS PRESERVING AND REVERSING RELATIONS

The following definition has been first introduced in [43].

Definition 20.1. For any G € G, we say that the relation

(1) G is fatness preserving, with respect to the relators R and S, if F € &g
implies G[F] € &s,

(2) G is denseness preserving, with respect to the relators R and S, if D € Dg
implies G[D] € Ds.

Remark 20.2. Recall that, by the corresponding definitions and some basic
theorems on fat and dense sets, we have
(1) Dr={DCY: VReR: X=R'[D]},
(2) Er={ECY: JxeX: JReR: R(x)gE},
(3) DrR={DCY: D°¢é&r}={DCY: VE€&r: DNE#0},
(4) Er={ECY: E°¢Dr}={ECY: VDeDr: DNE#0}.
Now, by using Definition 20.1 and Remark 20.2, we can easily prove the following
theorem of [43].
Theorem 20.3. For any G € G, the following assertions are equivalent :
(1) G is denseness preserving ; (2) G~ is fatness preserving.
Proof. Suppose that (1) holds and F € £s. Then, by Definition 20.1, for any
D € Dr we have G[D] € Ds. Moreover, by Remark 20.2, we can state that

ENG[D] # 0, and thus G~'(E) N D # 0. Hence, by Remark 20.2, we can
already infer that G~ [E] € Er. Thus, assertion (2) also holds.

The converse implication (2) = (1) can be proved quite similarly.

Moreover, by using this theorem, we can also easily prove the following reformu-
lation of [52, Theorem 11.3].

Theorem 20.4. For any G € G, the following assertions are equivalent :

(1) G is denseness preserving,

(2) G71[S(z)]€ér forall z€Z and S€S,

(8) forany z€ Z and S €S there exist x € X and R € R such that
R(z) € G [S(2)],

(4) forany z€ Z and S €S there exist x € X and R € R such that for
any y € R(z) we have G(y)NS(z) #0.

Proof. f z € Z and S € S, then S(z) € . Hence, if (1) holds, by using
Theorem 20.3, we can infer that G ~'[S(z)] € Exr . Therefore, there exist x € X
and R € R such that R(z) C G71[S(z)]. Thus, for any y € R(z), we have
y€G71[S(2)], andso G(y)NS(z)#0.

Hence, it is clear that (1) = (2) = (3) = (4). The converse implications
can be proved quite similarly.

From the above theorem, it is clear that more specially we also have
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Corollary 20.5. If in particular X = Z, then the following assertions are equi-
valent :

(1) G is denseness preserving with respect to R and S,
(2) (Ax, G) is properly mildly continuous with respect to R® and S .

Proof. To check this, note that now, by Remark 6.3, the assertion (2) of Theorem
20.4 can be written in the shorter form that G 1o SoAx =G 1o SC R2.

However, it now more important to note that, by using Theorems 20.3 and 17.8,
we can also easily prove the following improvement of [43, Theorems 6.5].

Theorem 20.6. If FF' € F and G € G such that F is total and G is denseness
preserving, then the pair (F', G) is properly, uniformly, and proximally mildly
continuous with respect to the relators R* and S.

Proof. If x € X and S € S, then since F(z) # () we have S[F(z)] € £s. Hence,
by using Theorem 20.3, we can infer that G~![S[F(z)]] € €. Therefore, by
Theorem 17.8, the required assertion is also true.

From this theorem, by using Theorem 17.10, we can immediately derive

Corollary 20.7. If f is a function of X onto Z and G € G such that G is
denseness preserving, and S # 0, then the pair (f, G) is properly, uniformly,
and prozimally mildly continuous with respect to the relators R® and S*.

Moreover, by using Theorems 20.3 and 17.8, we can also easily prove the following
improvement of [43, Theorems 6.4] .

Theorem 20.8. If G € G such that there exists a function f on X onto Z such
that the pair (f, G) is properly, uniformly, or proximally mildly continuous with
respect to the relators R® and S, then G is denseness preserving.

Proof. By Theorem 20.3, it suffices to show that G~! is fatness preserving.
For this, note that if £ € £s, then by Remark 20.2 there exist z € Z and
S € S such that S(z) € E. Moreover, since f is a function on X onto Z,
there exists € X such that z = f(z). Therefore, we also have S( f(z)) C E,
and hence G~'[S(f(z))] € G7'[E]. Moreover, by Theorem 17.8, we have
G7'[S(f(z))] € Er . Therefore, G7'[E] € £x also holds.

Now, as an immediate consequence of Theorems 20.6 and 20.8, we can also state

Corollary 20.9. For for any function f of X onto Y and G € G, the following
assertions are equivalent :

(1) G is denseness preserving,
(2) (f,G) is properly, uniformly, or proximally mildly continuous with respect
to R® and S.

Moreover, in addition Theorem 20.8, we can also prove the following improve-
ment of [27, Theorem 9.17].

Theorem 20.10. If G € G such that there exists F € F such that the pair (F, G)
is properly, uniformly, or prozimally mildly continuous with respect to the relators
R% and 8%, and moreover either F # (0, or X # 0 and R is total, then G is
denseness preserving.
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Proof. By Theorem 20.3, it suffices to show that G~! is fatness preserving.
For this, note that if £ € £s, then by Remark 6.3 the relation V = X x E is
in §#. Therefore, if the pair (F, G) is properly mildly continuous with respect
to the relators R2 and S%, then the relation U = G oV o F isin R2. Thus,
by Remark 6.3, for any € X, we have U(z) € Ex .
Moreover, we can note that U(z) =G~ [V [F(z)]], and thus
U@)=G '[E] if »€Dp and Ux)=0 if ze€ Dg.

Hence, if ' # 0, and thus Dp # 0, by choosing * € Dp, we can see that
G7YE] = U(z) € Er. While, if R is total, then by Remark 6.23 we have
() ¢ Er. Hence, we can see that Dr = X, and thus F is also total. Therefore,

Dr # 0, and thus F # @, whenever X # () also holds. Thus, by the former case,
G~ E] € Er again holds.

Now, because of Corollary 20.7 and Theorem 20.10, we can also state

Corollary 20.11. If X #0 and S # (0, then for any function f of X onto Y
and G € G the following assertions are equivalent :

(1) G is denseness preserving,

(2) (f,G) is properly, uniformly, or proximally mildly continuous with respect
to the relators R* and S* .

Moreover, by using Theorem 20.10 and Corollary 17.5, we can also easily prove

Theorem 20.12. If G € G such that there exists F € F such that the pair (F, G)
is paratopologically mildly continuous, and moreover X # O and R is total, then
the relation G o is denseness preserving for all ¥ € Y'Y .

Proof. Now, by Corollary 17.5, the pair (F o @, G o) is properly mildly con-
tinuous with respect to the relators R and S2 for all o € XX and o € Y.
Hence, by Theorem 20.10, we can already see that the required assertion is also
true.

Remark 20.13. To see the usefulness of denseness preserving relations, we can
also note that if R is total, then Y € Dg . Therefore, if G € G such that G is
denseness preserving, then G[Y'] € £s.

Hence, we can infer that W € Dg, and thus S is also total. Moreover, if in
particular Z =W and G[Y] € Fs, then W =Z =cls(G[Y]) CG[Y]C W,
and thus G[Y ]| =W also holds.

In [43], having in mind the definition of contra continuous functions [6, 24],
the first author also introduced following

Definition 20.14. For any G € G, we say that the relation

(1) G is fatness reversing, with respect to the relators R and S, if F € &g
implies G[FE] € Ds,

(2) G is denseness reversing, with respect to the relators R and S, if D € Dg
implies G[D] € &s.

Now, by using some similar arguments as above, we can also easily prove the
following two theorems of [43].
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Theorem 20.15. For any G € G, the following assertions are equivalent :

(1) G is fatness (denseness) reversing,

(2) G~! is fatness (denseness) reversing.
Remark 20.16. Note that the implication (2) = (1) can now be derived from
the converse implication by using the fact that G = (G*1 )L

Moreover, it is also worth noticing that ”the fatness reversing part” of the above

theorem can be more easily proved with the help of the following theorem.

Theorem 20.17. Under the notation F'= X xZ , for any G € G, the following
assertions are equivalent :

(1) G is fatness reversing, (2) S7to{G}oRC{F},

(3) Z=S"1[G[R()]]| forall z€ X, RER, and SES.
Proof. If x € X and R € R, then by Remark 20.2 we have R(x) € Ex . Hence, if
assertion (1) holds, we can infer that G[R(z)] € Ds. Therefore, by Remark 20.2,
we have Z =S"'[G[R(x)]] for all S €S, and thus assertion (3) also holds.

While, if £ € Er, then by Remark 20.2, there exist *+ € X and R € R
such that R(z) C E, and thus S™'[ G[R(z)]] C S™'[G[E]] forall S€S.
Hence, if assertion (3) holds, we can infer that Z = S~'[G[E]] forall S € S.

Therefore, by Remark 20.2, we also have G[E] € D, and thus assertion (1) also
holds.

The equivalence of the assertions (2) and (3) is immediate from the corresponding
definitions.

Remark 20.18. Note that if in particular the relators R and S are nonvoid, then
instead of (2) we may also write that {F} =S 1o {G}oR.
Moreover, it is also worth noticing that

cds(G[R(2)])=S""[G[R@x)]]=(S"oGoR)(z) =clzgxs({G})(z)
forall z€ X, RER and S€S.

Now, as a detailed reformulation of Theorem 20.17, we can also state
Corollary 20.19. For any G € G, the following assertions are equivalent :

(1) G is fatness reversing,

(2) SNG[R(x)]#D forall xeX, 2€Z, RER and SE S,

(8) forany x € X, z€ Z, RER, and S € S, there exist y € R(x) and
w € S(z) such that w e G(y) .

However, it is now more important to note that, as an immediate consequence
of Theorem 10.11 and 13.6, and the fact that, under the notation FF = X xZ, we
have { F'} = {F}© for any stable unary operation ¢ for relators, we can also state
the following

Theorem 20.20. If in particular O is a stable, inversion and composition com-
patible closure operation, then under the notation F = XxZ , for any G € G, the
following assertions are equivalent :

(1) G is fatness reversing with respect to R and S,
(2) (R, S) is mildly O-continuous with respect to {F'} and {G}.
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Remark 20.21. Note that now, under the notation F = X xZ, for any R € R
and S € §, we have to consider the diagram :

X 2% .y

Fl lc
zZ 2 .w

Remark 20.22. In addition to the fatness and denseness preserving and rever-
sing relations, the prozimal and topological openness and closedness preserving and
reversing relations should also be investigated.

However, by the results of [52], these relations are rather connected with the
proximally and topologically lower and upper continuous relations than with the
proximally and topologically mildly continuous ones.

Surprisingly enough, in the context of topological spaces and their obvious gener-
alizations, functions and relations with topological openness and closedness rever-
sing inverses, under the name ” contra-continuous functions and upper and lower
contra-continuous multifunctions”, have also been intensively investigated by a
great number of mathematicians. (See, for instance, [6, 24, 9, 13, 1, 19].)
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