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Abstract

A subset R of a product set X xY is called a relation on X to Y. A relation U on the power set P(X) to Y is called
a super relation on X to Y. The relation R can be identified, to some extent, with the set-valued function ¢, defined
by ¢ (z) = R(z) = {y € Y : (x,y) € R} for all z € X, and the union-preserving super relation R" defined by
R”(A) = R[A] = U,ca R(a) for all A C X. By using the relation R, we also define two super relations lbr and clg
on Y to X suchthatlbr(B) = {z € X: {z}xB C R}andclg(B)={z € X: R(x)yNB #0} forall BC X. By
using complement and inverse relations, we prove that lbr = cl§. and clg (B) = R~ *[B]. We also consider the dual
super relations ubr = lbp-1 and intg = clgoCy . If U is a super relation on X to Y and V is a super relation on Y
to X, then having in mind Galois connections and residuated mappings, we say that U is V-normal if, for all A C X
and B C Y, we have U (A) C B ifand only if A C V (B). Thus, if U is V-normal, then by defining ® = V o U and
following Pataki’s ideas, we see that U is ®-regular in the sense that, for all A4;, 4> C X, we have U (A1) C U (Az) if
and only if A; C ® (A>). In this paper, by considering a relator (family of relations) R on X to Y, we investigate normality
properties of the more general super relations lbg = |J .z 1br and clg = () ;. clr, and their duals ubg =lbr -1 and
intg = clk o Cy . However, as some applicable results of the paper, we only prove that if R is a relation on X to Y, then
the following assertions hold: (1) clyp-1 is int g —normal, or equivalently clr is int -1 —normal; (2) ubg is lbroCy —
normal, or equivalently Ibg is ubgroCx —normal; (3) R is a function of X to Y if and only if clz-1 is clg—normal,
or equivalently intr is int -1 —normal. The closure-interior and the upper-lower-bound Galois connections, established
in assertions (1) and (2), are applied in the calculus of relations and the completion of posets, respectively. Some of the
implications in assertion (3) require that Y # ().
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1. Introduction

An important particular case of “Galois connections” was already considered by Birkhoff in the first edition of his famous
book “Lattice Theory”, under the name “polarities” [3, p. 122]. More concretely, Birkhoff offered the following construc-
tion: “Let p be any binary relation between the members of two classes I and J. For any subsets X C [ and Y C J,
define X* C J (the “polar” of X) as the set of all y € J such that x py for all z € X, and we define YT C I (the “polar” of
Y) asthe set ofall x € I suchthat = py for all y € Y.” Thus, he established the following basic properties of the operations
x and f:

(a) X C X; implies X* D> X7, (b) Y CY; implies Y1 > Y], () X c(X*) and Y c (YT)*.

Moreover, he derived some consequences of properties (a)—(c). In particular, he studied the particular case when I = J
and p is symmetric, and he listed several remarkable illustrating examples for polarities. These already well indicated
that polarities can be applied in a great variety of mathematical theories.

The above observations of Birkhoff were extended to posets (partially ordered sets) by Ore [39], who having in mind
the classical Galois theory of algebraic equations, introduced the terms “Galois correspondences” and “Galois connexions”.
More concretely, Ore offered the following definition: “Let P and () denote two partially ordered sets. We shall assume
that there exists a correspondence from P to @, p — ©(p), and also a correspondence from @ to P, ¢ — B(q). These
two correspondences © and P together shall be called a Galois correspondence between P and () provided that the two
conditions given at the start of the the next page are fulfilled.
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(o) When p; D py are two elements in P or ¢; D ¢» are two elements in ) then

D(p1) € D(p2), PB(q1) € Plg2) -

(8) For any element pin P or ¢ in Q

BD(p) 2 p, DB (9) 2 ¢
We shall also say that there exists a Galois connexion between P and () when a pair of Galois correspondences © and 3
has been defined.”

The next important step in the theory of Galois connections was made by Schmidt [54]. Despite his awareness of some
former papers of Everett [21], Riguet [50], and Pickert [46] too, he was mainly interested in the original setting of Birkhoff.
By considering arelation R between two sets F; and FEs, he defined and investigated three important set-functions defined
as follows, for any M; C E1,

R(Ml):{l‘gi E|£E1€M12 ZlRl‘Q},
R[Ml}:{wgl YV 1 € My : lexg},
R)Ml(:{iigi V 21Rxs : I1€M1}.

Moreover, having in mind these set-functions generated by the relation R, he assumed that w; is an arbitrary function
of Py = P(E1) to P2 = P(E,), and defined an associated set-function w, such that

LJQMQ = max{M1 . MQ Q wlMl}

for all My € P, provided that the above maximum exists. The investigations of the relationships between these two
functions, led him to the ingenious observation that properties (a)—(c) established by Birkhoff can be replaced by the
single requirement that

My C oMy = M CwyM;

for all M; € B; and M, € B, . In addition, he also considered modifications and specializations of the above equivalence.
For instance, he also investigated the more natural requirement that

wiM; C My <= M CwylM

for all M; € B; and Ms € Bs.
This shows that if f is a function of one goset X to another Y and g is a function of Y to X such that

flr)<y <= 2<g(y)

for all + € X and y € Y, then one may naturally say that the the pair (f, g) is a Galois connection between X and
Y [13, p. 155]. Curiously enough, in [24, p. 18] and [31], the increasingness of the corresponding functions was also
postulated. Namely, this is usually a consequence of the above equivalence.

Now, if f and ¢ are as above, then by defining ¢ = g o f and having in mind Pataki’s ideas [42], we at once see that

F)<f) <= u<g(f) <= us(gof)v) = up@)

for all u, v € X. This shows that before Galois connections, it is more convenient to investigate first another, more simple
connection which usually lies between closure operations and Galois connections. Thus, if ¢ is function of the goset X to
itself such that

fw)<fl) <= u<ep)
for all u, v € X, then the pair (f, ¢) was called a Pataki connection by the third author [73]. Namely, if § is a structure

(set-valued function) and [J is a unary operation for relators (families of relations) on X, then Pataki [42] called the
function § to be —increasing if, for any two relators R and S on X, we have

FsC¥r << ScRrU.

Several particular cases of the latter connection were formerly also considered by the third author [62]. Moreover, he also
determined the Galois adjoint of some particular structures for relators [72].
For an easy illustration of the above situation, we note that if R is a relator on X, then for any A C X, we may
naturally define
Intr(A)={BCX: 3 ReR: R[B]C A}
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and intr(A)={zeX: {2} cIntg(4)}.
We may also naturally define 7, ={AC X: AcIntg(4)},

TR={ACX: ACintg(A)} and Er={ACX: intr(A)#0}.

Only the most widely used increasing structure 7 fails to be [l—increasing for some operation [1. However, Mala
[34,36] could still find a projection operation ¢ for relators such that for any two nonvoid relators R and S on X, we
could have

Tr CTs <<= RCCSO.

In the sequel, if ( f, g) is a Galois connection, then following a more convenient terminology of the third author [75],
we say that f is g—normal. While, if (f, ¢) is a Pataki connection, then we say that f is ¢-regular. Thus, if X and Y
are preordered sets, then we prove that ¢ is a closure operation if and only if ¢ is increasingly p-regular, or equivalently
there is a function h of X to Y which is increasingly ¢-regular.

Beside the normality of a function f of one goset X to another Y, we also investigate the normality of a super relation
U on one set X to another Y. That is, an ordinary relation U on P(X) to Y which can be identified with a function
¢, of P(X) to P(Y) defined by ¢, (A) = U (A) for all A C X. In particular, we investigate the normality of the basic
structures cliz , intg and lbr, ubr derived from a relator R on one set X to another Y. However, these structures are
not independent of each other since, by [69], we have clg = int; oCy and lbg = ubgr-1 = cl%..

Now, as some applicable particular cases of our results, we only prove that if R is a relation on X to Y, then the
following assertions hold :

(1) clp-1 is int g—normal, or equivalently clp is intz-1 —normal;
(2) ubj is IbroCy —normal, or equivalently 1bj is ubgoCx —normal;

(3) R is afunction of X to Y if and only if clz-: is clgr—normal, or equivalently intz is intp-: —normal.

Some of the implications in assertion (3) require the reasonable assumption that Y # (.
By the corresponding definitions, the first part of assertion (1) means only that

clp-1 (A) CB < AC intR(B)

forall AC X and B C Y. While, the first part of assertion (2) means only that ubj(A) C B < A C (lbgroCy)(B)
forall AC X and B CY, or equivalently

B C ubgr(A) <= A C lbg(B)

forall A C X and B C Y. The above closure-interior, and the upper-lower-bound Galois connections, which can be
reformulated in relational forms by using the equalities

clp-1(A) = R[A],  ubgr(A) = R°[A]° and intg(B) = clp(B°)°,  Ilbg(B)=ubgi(B),

have important applications in the calculus of relations [84] and the completion of posets [13], respectively.

2. A few basic facts on relations

A subset F' of a product set X xY is called a relation on X to Y. In particular, a relation R on X to itself is called a
relation on X. And, Ax = {(z,z) : = € X} is called the identity relation of X. If F is a relation on X to Y, then
forany z € X and A C X thesets F(z) ={y €Y : (z,y) € F} and F[A] = |J,c4 F (a) are called the images or
neighbourhoods of © and A under F', respectively. If (z, y) € F', then instead of y € F'(z), we may also write = Fy.
However, instead of F'[A] we cannot write F (A). Namely, it may occur that, in addition to A C X, we also have A € X.
Now, the sets Dp = {z € X : F(x) # 0} and F[X]| may be called the domain and range of F, respectively. And, if
Dr = X, then we may say that F' is a relation of X to Y, or that F is a non-partial relation on X to Y.

If F isarelationon X to Y and E C Dp, then the relation F'|E = F N (ExY) is called the restriction of F' to E.
While, if F' and G are relations on X to Y such that Dp C Dg and F = G| Dp, then G is called an extension of F.

In particular, a relation f on X to Y is called a function if for each = € 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 instead of f(z) = {y}. Moreover,
a function x 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. Also, for any z, y € X, we usually write z* and z * y instead of x(z) and *(z, y), respectively.
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If F' is arelation on X to Y, then a function f of D to Y is called a selection function of F if f(x) € F (z) for all
x € Dp. Thus, by the Axiom of Choice [16], we see that every relation is the union of its selection functions.

For a relation F on X to Y, we may naturally define two set-valued functions ¢, of X to P(Y) and & of P(X) to
P(Y) such that ¢, (z) = F(x) forall z € X and ®p(A) = F[A] forall AC X.

Functions of X to P(Y) can be naturally identified with relations on X to Y. While, functions of P(X) to P(Y) are
more powerful objects than relations on X to Y. In [78,85,86], they were briefly called corelations on X to Y.

However, if U is a relation on P(X) to Y and V is a relation on P(X) to P(Y), then it is better to say that U is a
super relation and V is a hyper relation on X to Y [49,90]. Thus, closures (proximities) [93] are super (hyper) relations.

For arelation F' on X to Y, the relation, FF¢ = (X xY)\ F is called the complement of F'. Thus, it can be shown that
Feé(z)=F(z)°=Y\F(z) forall z € X, and F°[A]°= (,c4 F'(a) forall AC X.

Moreover, the relation F~! = {(y,z) € YxX : (z,y) € F} is called the inverse of F'. Thus, it can be shown that
Fly)={zeX: yeF(x)} forall yeY,and F'[B]={ze€X: F(x)NB#0} forall BCY.

If F is arelationon X to Y, then we have F' = J . x
determine F'. Thus, a relation F on X to Y can also be naturally defined by specifying F (x) for all € X. For instance,
if G is arelation on Y to Z, then the composition relation G o F can be defined such that (Go F)(z) = G[F («)] for all
z € X. Thus, it can be shown that (Go F)[A] = G[F[A]] for all A C X. While, if G is a relation on Z to W, then
the box product F X G can be defined such that (FXG)(z, 2) = F(z) x G(2) forall x € X and z € Z. Thus, it can be
shown that (FRG)[A] = GoAoF~! forall AC XxZ [77]. Hence, by taking A = {(z, 2)}, 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

{x}xF (x). Therefore, the values F (x), where = € X, uniquely

immediately defined for any family of relations.

The above unary operations ¢ and —1 are inversion compatible in the sense that (F¢) - (F~1)°. Moreover,
concerning the above binary operations o and X, we prove that (Go F)™' = F~ 1o G7! and (FRG) !=F IR G

3. Some important relational properties

Now, a relation R on X may be briefly defined to be reflexive if Ax C R, and transitive if Ro R C R. Moreover, R may
be briefly defined to be symmetric if R C R~ , antisymmetric if RN R~ C Ax, and total if X2 C RUR™'.

In addition to the above well-known, basic properties, several further remarkable relational properties were also studied
in [64] with the help of the self closure and interior relations R~ = R"'o R and R°= R ¢= (R~'o R°)".

In the sequel, as it is usual, a reflexive and transitive (symmetric) relation will be called a preorder (tolerance) relation.
And, a symmetric (antisymmetric) preorder relation will be called an equivalence (partial order) relation.

For arelation R on X, we may now also naturally define R® = Ax, and R" = RoR" ! if n € N. Moreover, we may
also define R>* = J;°, R™. Thus, R is the smallest preorder relation on X containing R [25].

Now, in contrast to (R¢)¢ = R and (R~!)"! = R, we have (R>*)>® = R*>. Moreover, analogously to (R¢)~! =
(R71)¢, we also have (R*>°)~! = (R~!)*. Thus, in particular R~! is also a preorder on X if R is a preorder on X.

For A C X, the Pervin relation R4 = A? U (A°x X ) is an important preorder on X [45]. While, for a pseudometric d
on X, the Weil surrounding B? = {(x,y) € X?: d(x,y) <r}, with » > 0, is an important tolerance on X [96].

Note that Sy = R4 N R;l =RsNR4 =A%N (AC)2 is already an equivalence relation on X. And, more generally if
A is a cover (partition) of X, then S ={J 44 A? is a tolerance (equivalence) relation on X.

Now, as a straightforward generalization of the Pervin relation R4, forany A C X and B C Y, we may also naturally
consider the Hunsaker-Lindgren relation R4 gy = (AxB)U(A°xY) [26]. (See also [12, pp. 42 and 351].)

However, it is now more important to note that if A = (An)flo:
relation Ra=Ax U )2,

Note that if R is only reflexive relationon X and z € X, then Ag(z) = (R"(x)) _
in P(X). Thus, the preorder relation R 4, (,) may also be naturally investigated.

, s an increasing sequence in P (X), then the Cantor
(An X AfL) is also an important preorder on X [40].

, is already an increasing sequence

For a real function ¢ of X and a quasi-pseudo-metric d on X [22], the Brondsted relation

Ria={(z,y) e X*: d(z,y) <oy —e(@)}

is also an important preorder on X [8] . From this relation, by letting ¢ and d to be the zero functions, we obtain the
specialization and preference relations Ry = {(z,y) € X?: d(z,y) =0} and R, = {(z,y) € X?: ¢(z) < ¢(y)},
respectively. (See [11,95].)
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If R is a relation on X to Y, then the ordered pair (X,Y)(R)= ((X,Y), R) is usually called a formal context or
context space [23]. However, it is better to call it a relational space or a simple relator space [41].

If in particular R is a relation on X, then having in mind a widely used terminology of Birkhoff [3, p. 1] the ordered
pair X (R) = (X, R) may be naturally called a goset (generalized ordered set) [81], instead of a relational system [51].

If P is a relational property, then the goset X (R) will be said to have property P if the relation R has this property.
For instance, the goset X (R) will be called reflexive if R is a reflexive relation on X.

In particular, the goset X (R) will be called a proset (preordered set) if R is a preorder on X. Moreover, X (R) will be
called a poset (partially ordered set) if R is a partial order on X. (In [52], the terms “toset” and “woset” were also used.)

Thus, every set X is a poset with the identity relation A x. Moreover, X is a proset with the universal relation X?2.
And, the power set P(X)={A: AC X} of X is a poset with the ordinary set inclusion C.

Several definitions on posets can as well be applied to gosets. For instance, if X (R) is a goset, then for any ¥ C X the
goset Y (RN Y?) is called a subgoset of X (R). While, the goset X'(R’) = X (R™!) is called the dual of X(R).

4. Lower and upper bounds in gosets

Notation 4.1. In this and the next section, we assume that R is a relation on X.

Definition 4.1. Forany A, BC X and z, y € X, we define

(1) A€ Llbr(B) and B e Ubg(A) if AxBCR;

(2) z€lbr(B) if {z}€Lbr(B); (3) y€ubgr(A4) if {y} € Ubgr(A).
(4) BelLpr if Ibr(B)#0; (5) Aclpr if ubr(A)#0.

Thus, for instance, we easily prove the following theorems.
Theorem 4.1. We have
(1) Ubg=1Lbg1 = Lby'; (2) ubg =1lbg-1; 3B) Up=Lp1.
Theorem 4.2. For any A, B C X, we have
(1) A€elbgr(B) < ACIbgr(B); (2) BeUbgr(A) < B Cubg(4).

Proof. By Definition 4.1, we have

A€lbr(B) < AXBCR <= VzecA: {z2}xBCR
VeeA: {z} €Llbr(B) <= VzecA: z€lbr(B) < ACIbg(B).

Thus, assertion (1) is true.

From assertion (1), by using Theorem 4.1, we infer that
BeUbgr(A) < Be€lbr-1(A) < BClbr-1(4) < BCubgr(4).
Thus, assertion (2) is also true. [ |

Remark 4.1. The above two theorems show that the above lower and upper bound relations are actually equivalent tools
in the goset X (R).

The following result is an immediate consequence of Theorems 4.1 and 4.2.

Corollary 4.1. Forany A, B C X, we have
ACIlbr(B) < B Cubg(A).
Proof. By Theorems 4.1 and 4.2, it is clear that
ACIbgr(B) < AcLbr(B) <= BecLbp'(4) < BcUbg(A) <= BCubg(4). u

Hence, by identifying singletons with their elements, we immediately derive the following result.



S. Acharjee, M. Th. Rassias, and A. Szaz / Electron. J. Math. 4 (2022) 46-99 51

Corollary 4.2. For any A, B C X, we have
(1) br(B)={x € X: BCubg(z)}; (2) ubr(A)={yeX: ACIbgr(y)}.

Proof. To prove assertion (1), note that, by Corollary 4.1, for any = € X we have
z€lbr(B) < {z}Clbgr(B) < BCubg({z}) <= BCubg(z). [ ]
Remark 4.2. It is important to note that by defining
F (A) = ubg(A) and G (B) = 1br(B),
forall AC X and B CY, we at once see that
F(A) C'B < BCF(A) < BCubg(A) < ACIgr(B) < ACG(B)

for all A C X and B C Y. Thus, the functions F and G establish a Galois connection [13, p. 155] between the poset
P(X) and the dual of the poset P(Y). Therefore, several properties of the super relations uby and lby can be derived
from the extensive theory of Galois connections [5, 13, 14,20, 23,24]. (Examples for Galois connections can also be found
in [10,67,72,78,80,82].)

From Corollary 4.1 we can already derive the following theorem. However, it is frequently more convenient to apply
some direct proofs.

Theorem 4.3. If A C X, then
(1) Ibr(A) C1bgr(B) forall BC A; (2) ACubg(Ilbgr(4)); (8) 1bg(A) =1bg (ubg(Ibr(A))).

In addition to Corollary 4.2, it is also worth proving the following result.
Theorem 4.4. For any A, B C X, we have
(1) wbr(A) = N,eu wba(); @ br(B) = M,y br).

Now, by this theorem and Corollary 4.2, we also state the following result.
Corollary 4.3. For any A, B C X, we have
(1) ubr(A) = N,ea R(2); (2) Ibp(B)={z€X: BC R(x)}.
Proof. Note that, for any z, y € X, we have

y€ubgr(z) < yecubr({z}) < {y}eUbr({z}) <=
{e}x{y} SR — {(z,y)} SR < (r,y)€ R < yeR().

Therefore, ubpr(z) = R (z). [
Remark 4.3. Assertion (1) of Theorem 4.4 can be generalized by showing that the relation F' = ubpg is union-reversing in

the sense that, for any A C P(X), wehave F (|J A) = N c4 F(4).

5. Some further important basic tools in gosets

Now, by using Definition 4.1, we also naturally introduce the following definition.

Definition 5.1. For any A C X, we define

(1) ming(A) = ANlbp(A); (@) maxgp(A) = ANubg(A);

(3) Ming(A) = P(A)NLbgp(A); (4) Maxp(A) = P(A) N Ubg(A);
(5) infp(A)=maxg(Ibr(A)); (6) supp(A) =ming(ubg(A));
(7) Infg(A) =Maxg[Lbgr(A)]; (8) Supp(A)=Ming[Ubgr(A)];
@ Acty if AcLbp(A); (100 AcLlr if ACIbr(A).

By using this definition, for instance, we prove the following theorems.
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Theorem 5.1. We have
(1) Maxg = Ming-1; (2) Supp =Infp-1; (3) lr="LRr
(4) maxp = ming-1; (5) supp = infr-1; (6) lrp=Lg.
Theorem 5.2. For any A C X, we have
(1) maxp(A) = ),ca ANubg(z); (2) maxp(A)={zcA: ACIbg(z)}.
Theorem 5.3. For any A C X, we have
(1) supp(A) = ubgr(A)Nlbg(ubgr(A));
(2) maxpg(A) = ANsupy(A); (3) supp(A) =infr(ubg(4)).
Proof. To prove (3), note that by assertion (1) and Theorem 4.3, and their duals, we have

supg(A) = Ibg (ubgr(A4)) N ubg(A) = le(ubR(A)) N ubg (le(ubR(A))) = infR(ubR(A)) . [ |
Theorem 5.4. For any A C X, we have

supr(A) = {2z € X : ubg(z) =ubr(A)} = {z € ubr(A): ubg(A4) C ubg(z)}.

Theorem 5.5. For any A C X the following assertions are equivalent :
(1) AeLpg; (2) AeUbgr(A4); (3) AeMing(4); (4) AecMaxg(A).
Corollary 5.1. For any A C X the following assertions are equivalent :
(1) ubgr(A) € Lg; (2) ubr(A) =supr(4); (3) ubgr(A) leR(ubR(A)).

Theorem 5.6. We have
Lr={ming(4): ACX}={maxp(4): ACX}.

Theorem 5.7. If R is reflexive on X, then following assertions are equivalent :

(1) R is antisymmetric;

(2) card(A) <1 forall Ac Lp;

(83) maxg is a function; (4) supp is a function.

Remark 5.1. The implications (1) = (3) <= (4) do not require the relation R to be reflexive.

Definition 5.2. The relation R on X, or the goset X (R) will be called
(1) inf-complete if infr(A) # 0 forall AC X;
(2) min—complete if ming(A) # 0 forall ) # AC X.

Remark 5.2. Thus, for instance, the set Z of all integers is min-complete, but not inf-complete. While, the set
R=RU{-0c0, +oo} of all extended real numbers is inf-complete, but not min—complete.

Now, by letting A to be a singleton, and then a doubleton, we obtain
Theorem 5.8. If R is min-complete, then R is reflexive and total.

Moreover, by using Theorem 5.3, we also easily prove the following result.
Theorem 5.9. The following assertions are equivalent :
(1) R isinf-complete; (2) R is sup—complete.

Proof. By Theorem 5.3, forany A C X, we have sup(A) = inf g (ubg(A4)) . Hence, the implication (1) = (2) immediately
follows. [ |

Remark 5.3. For several other reasonable order-theoretic completeness properties, and their relationships, see [7] and [6].
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6. A few basic facts on increasing functions

Notation 6.1. In this section, we assume that f is a function of one goset X (R) to another Y (5).

Definition 6.1. The function f will be called increasing if
uRv = fu)Sf()
for all u, v e X.

Remark 6.1. Now, the function f may be briefly defined to be decreasing if it is increasing as a function X (R) to Y (S ‘1) .
Moreover, the function may, for instance, be briefly defined to be strictly increasing if it is increasing as a function of
X(R\Ax) to Y (S\Ay). However, to define a strict form of the relation R, the relation R\ R~! can also be well-used
instead of R\ Ax . (See, for instance, Patrone [44].)

The following theorem shows that the strictly increasing functions are closely related to the injective, increasing ones.
Theorem 6.1. If R istotal on X and S is reflexive on Y, then the following assertions are equivalent :
(1) f is strictly increasing ; (2) f isinjective and increasing.

Remark 6.2. To prove the implication (2) = (1) we do not need any extra conditions on the relations R and S. While,
if assertion (1) holds with f[X] =Y, then to prove that f~! is also strictly increasing, we have to assume that R is total
and S is antisymmetric.

Concerning increasing functions, we also prove the following theorems.

Theorem 6.2. The following assertions are equivalent :
(1) f isincreasing;

(2) f[ubg(z)] C ubs(f(x)) forall z€X; (3) f[ubr(A)] C ubs(f[A]) forall ACX.

Theorem 6.3. If R is reflexive on X, then the following assertions are equivalent :

(1) f isincreasing;

(2) flmaxpr(A)]C ubg(f[A]) forall ACX; (3) f[maxpr(A)] C maxg(f[A]) forall ACX;
From Theorem 6.2, by using Theorem 4.3, we immediately derive the following result.

Theorem 6.4. If f is increasing, then for any A C X, we have

Ibg (ubs(f[A] )) - lbs(f [ubR(A)]) .
Moreover, by using Theorems 6.2 and 5.7, we also prove the next theorem.

Theorem 6.5. If f is increasing and R and S are antisymmetric and sup—complete, then for any A C X we have

supg (f[A]) S f(supg (4)) .

Finally, we note that, by the results of [87], the following theorems are also true. Therefore, instead of “increasing”,
we may also naturally say “continuous”.

Theorem 6.6. The following assertions are equivalent :

(1) f isincreasing;

(2) (u,v) € R implies (f(u), f(v)) €S; (3) v e R(u) implies f(v) € S(f(u) forall ue X.
Theorem 6.7. The following assertions are equivalent :

(1) f isincreasing;

(2) foRC Sof, B8 RC floSof,

(4) foRof-1CS, (5) Rof~'C f~'oS.
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Theorem 6.8. The following assertions are equivalent :
(1) f isincreasing;
@) (fRf)[R]CS; @) (fRR)[Ax]C(SHf)'[Av];

(4 RC(f®f)"'[S]; 6G) (RT'Rf)[Ax]C(fT'RS)[Ay].

Remark 6.3. Now, a relation F' on the goset X (R) to a set Y may be naturally called increasing if the associated set-
valued function ¢, is increasing. That is, v Rv implies F (u) C F (v) for all u, v € X. However, if F' is a relation on
X (R) to Y (S), then in addition to the above inclusion-increasingness of F', we may also define an order-increasingness
of F by requiring the implication u € Ibg(v) = F (u) € Lbg(F (v)) for all u, v € X. Thus, it can be shown that F is
inclusion-increasing if and only if Ro F~!C F~!, or equivalently F~! is ascending-valued. And, F is order-increasing if
and only if FoRo F~'C S, or equivalently F[R (u)] C ubg(F (u)) for all u € X [87].

7. The induced order and interior relations

Notation 7.1. In this section, we assume that f is a function of a set X to a goset Y (5).

Definition 7.1. For each u € X and y € Y, we define
Ords(u)={veX: f(u)sf(v)} and Intf(y)={zeX: flx)Sy}.
The relations Ord; and Int; will be called the natural order and the proximal interior induced by f, respectively.

Remark 7.1. If F'is arelation on X to Y, then by using the associated set-valued function ¢, , we may naturally define
Ordr = OrdV,F and Intp = Int, . Moreover, if U is super relation on X to Y, then forany A C X and B C Y, we may
also define ordy (A) = X NOrdy(A) and inty (B) = X NInty (B).

Concerning the relations Ord; and Int;, we easily prove the following four theorems.
Theorem 7.1. Ord; is the largest relation on X making the function f to be increasing.
Proof. If R is a relation on X making f to be increasing, then
vER(u) = uRv = f(u)Sf(v) = veOrds(u),
and thus R (u) C Ords(u) for all w € X. Therefore, R C Ord; also holds. [ |
Theorem 7.2. The following assertions hold :

(1) Ordy is a preorder on X if S is a preorderon Y;

(2) Ordy is a partial order on X if f is injective and S is a partial order on Y.

Theorem 7.3. If f is a function of a goset X (R) to a proset Y (S), then the following assertions are equivalent :

(1) f isincreasing; (2) Ordy is decreasing; (3) Ordy is ascending valued.

Proof. If wRv and (1) holds, then f (u)S f (v). Moreover, if w € Ordy(v), then f(v)S f (w). Hence, by the transitivity
of S, we infer that f(u)S f (w), and thus w € Ord;(u). Therefore, Ord;(v) C Ord;(u), and thus (2) also holds.

Conversely, if u Rv and (2) holds, then Ord;(v) C Ordy(u) . Moreover, by the reflexivity of .S, we also have f (v) S f (v),
and thus v € Ordy (v). Therefore, v € Ordf(u), and thus f(u)S f(v) is also true. Consequently, (1) also holds. [ |

Theorem 7.4. If f is a function of a goset X (R) to a transitive goset Y (S), then
(1) Ints isincreasing; (2) Inty is descending valued if f is increasing.

Proof. To prove (2), note that if y € ¥ and =z € Int;(y), then f(z)Sy. Moreover, if v € X such that u Rz and f
increasing, then f(u)S f(z). Thus, by the transitivity of S, we also have f(u)Sy, and thus v € Int;(y). Therefore,
Intf(y) is a descending subset of X. u

The next two theorems show that the relations Ord; and Int; are not independent of each other, and they are also
closely related to the relations lbg and ubg.
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Theorem 7.5. We have
Ordy = (Ints Of)f1 =f1o Intj?1 )

Proof. By the corresponding definitions, it is clear that

v € Ordy(u) <= f(u) < f(v) <= wenty(f(v)) <= ue (Intjof)lv) < wve (Intfof)il(v)

for all u, v € X. Therefore, Ordy(u) = (Ints of)_l(u) for all v € X, and thus the equality Ordy = (Intyo f) s also
true. n

Theorem 7.6. Forany y € Y and x € X, we have

Intf(y):ffl[lb(y)} and Intfl(x):ubs(f(x)).

Remark 7.2. In this respect, it is also worth noticing that

y € ubs (f[Ints(y)])
for all y € Y. Namely, for every « € Ints(y), we have f(z)Svy.
Now, we also easily prove the following result.

Theorem 7.7. If
flsupr(A)] C Ibs (ubs(f[A]))

forall AC X, then
max g (Ints(y)) = supp (Ints(y))

forall yeY.

Proof. If y € Y, then by Theorem 5.3 we have

max (Ints(y)) C sup (Ints(y)) .

Therefore, we need actually prove only the converse inclusion.

For this, note that if € sup (Ints(y)), then by the assumed property of f we have

f(z) € fsupg(Ints(y))] € Ibs (ubs(f[Ints(y)])) .

Moreover, by Remark 7.2, we also have y € ubgs(f[Ints(y)]). Therefore, we necessarily have f(z) < y, and thus
x € Int;(y) . Hence, by Theorem 5.3, we see that

xz € Inty(y) N supR(Intf(y)) = maxR(Intf(y)) .
Therefore, supp (Ints(y)) € maxpg(Ints(y)), and thus the required equality is also true. [ |
Remark 7.3. Note that, by Theorem 5.3, for a subset A of the goset X (R) we have maxp(A) = supp(A4) if and only if
supp(A) C A.
8. Extensive, involutive, and idempotent functions

Notation 8.1. In this and the next section, we assume that ¢ is a function of a goset X (R) to itself.

Definition 8.1. The function ¢ will be called

(1) extensive if Ax R ¢; (2) intensive if ¢ RAx;
(3) right-semi-involutive if Ax R p?; (4) left-semi—involutive if p? R Ax;
(5) right-semi—idempotent if ¢ R ©?; (6) left-semi—idempotent if 2> R o.

Remark 8.1. Property (3), in detailed form, means only that Ay (z) R¢?(z), i.e.,  Rp(p(z)) forall z € X.

By using Definition 8.1, we easily establish the following result.
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Theorem 8.1. The following assertions hold ;
(1) ¢ is right-semi-idempotent if ¢ is extensive;
(2) ¢ is right-semi-involutive if and only if ©? is extensive;

(3) ¢ is right-semi-idempotent if and only if ¢ |p[X] is extensive.

Proof. If ¢ is extensive, then = Ry (x) for all € X. Hence, taking u € X and writing ¢ (u) in place of =, we infer that
¢ (u) R 9% (u). Thus, ¢ is right-semi-idempotent.

Moreover, if y € [ X ], then there exists z € X such that y = ¢ (z), and thus ¢ (y) = ©?(z). Moreover, if ¢ is
right-semi-idempotent, then ¢ () R ¢?(r), and thus y R¢ (y). Therefore, the restriction ¢ | [X] is extensive. [ |

Remark 8.2. In addition to the above observations, it is also worth noticing that ¢ is extensive with respect R if and
only if ¢ (x) € R(x) for all z € X. That is, ¢ is a selection function of R.

Thus, analogously to a relational reformulation of the Axiom of Choice, the following generalization of a theorem of
Bourbaki [4, p. 4] may also be considered as a selection theorem.

Theorem 8.2. If ¢ is strictly increasing and R is antisymmetric and min-complete, then ¢ is extensive.

Proof. Assume on the contrary that ¢ is not extensive. Then, by Remark 8.2, ¢ is not a selection function of R. Thus,

A={zeX: p(x)¢R(zx)} # 0.

Therefore, by the min-completeness of R, there exists a € X such that a € ming (A). Hence, by the definition of ming,
we infer that
ac A and a €lbr(4),

and thus a Rz forall z € A.

Now, since a € A, we also note that a Ra, and thus a € R (a). Moreover, by the definition of A, we also note that
¢ (a) ¢ R(a). Therefore, ¢ (a) # a. Moreover, from Theorem 5.8, we know that R is total. Thus, since a R ¢ (a) does not
hold, we necessarily have ¢ (a) Ra.

Hence, by using that ¢ (a) # a and ¢ is strictly increasing, we infer that ¢ (¢ (a)) R ¢ (a) and ¢ (¢ (a)) # ¢ (a). Thus,
by the antisymmetry of R, ¢ (a)R¢ (¢ (a)) cannot hold. This, shows that ¢ (¢ (a)) ¢ R(¢(a)), and thus ¢ (a) € A.
Hence, by using that a Rz for all x € A, we infer that a Ry (a), and thus ¢ (a) € R (a). This contradiction shows that ¢
is extensive. |

Remark 8.3. Note that if ¢ is extensive, R is antisymmetric and z is a maximal element of X (R) in the sense that z Ry
implies y Rz for all y € X, then z is already a fixed point of ¢ in the sense that ¢ (x) = x. This simple, but important
fact was first explicitly stated by Brgndsted [9]. Also, fixed point theorems for extensive maps (which were sometimes also
called expansive, progressive, increasing, or inflationary) were proved by several authors.

9. Involution, projection, and closure operations

Definition 9.1. The function ¢ is called
(1) involution operation if it is increasing and both left and right semi-involutive ;
(2) projection operation if it is increasing and both left and right semi-idempotent ;

(3) closure (interior) operation if it is an extensive (intensive) projection operation.

Remark 9.1. Moreover, ¢ may, for instance be called a
(1) preclosure operation if it is increasing and extensive ;
(2) semi-closure operation if it is extensive and left-semi-idempotent .

Note that, by Theorem 8.1, an extensive operation is right-semi-idempotent. Moreover, the corresponding interior opera-
tions can be briefly defined by using the dual of X (R). In connection with Definition 8.1, it is also worth mentioning if,
for instance, ¢ is both left and right semi-idempotent and R is antisymmetric, then ¢ is idempotent in the sense that
0?2 = . However, if ¢ is idempotent and R is not reflexive, then ¢ need not be either left or right semi-idempotent.
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Concerning closure operations, for instance, we prove the following result.

Theorem 9.1. If ¢ is a closure operation, and R is antisymmetric and inf-complete, then for any A C X we have

infr(p[A]) = ¢ (infr(0[A])) -

Proof. By the dual of Theorem 6.5, we have

infr(p[A]) € R (¢(infr(A))) .

Hence, by writing ¢ [ A] in place of A, we see that

infr (¢ [p[A]]) € R (¢ (infr(p[A]))) -

Moreover, because of the antisymmetry of R, we note that ¢ is now idempotent. Therefore, p[p[A]] = (pop)[A] =
©?[A] = ¢[A]. Thus, we actually have

infr (p[A]) € R(p (infr(p[A]))) .

Moreover, by extensivity of ¢, the converse inclusion is also true. Hence, by using the antisymmetry of R, we see that
the required equality is also true. [ |

Remark 9.2. It can be easily seen that an operation ¢ on a set X is idempotent if and only if ¢ [ X ] is the family of all
fixed points of ¢.

Therefore, by using Theorem 9.1, we also prove the following result.

Corollary 9.1. Under the conditions of Theorem 9.1, for any A C ¢ [X], we have
infr (A) = ¢ (infr(A)).

Proof. Now, because of the antisymmetry of R, the operation ¢ is idempotent. Thus, by Remark 9.2, we have ¢(y) =y
for all y € ¢[X]. Hence, by using the assumption A C ¢ [X], we see that ¢[A] = A. Thus, Theorem 9.1 gives the
required equality. |

Remark 9.3. Note that if ¢ is an extensive and left-semi-idempotent, and R reflexive and antisymmetric, then ¢[X]
is also the family of all elements = of X which are ¢—closed in the sense that ¢(z) Rz . Therefore, if in addition to the
conditions of Theorem 9.1, R is reflexive, then the assertion of Corollary 9.1 can also be expressed by stating that the
infimum of any family of y—closed elements of X (R) is also p—closed.

Now, instead of a counterpart of Theorem 9.1, we only prove the following result.

Theorem 9.2. If ¢ is a closure operation, and R is transitive, antisymmetric and sup-complete, then for any A C X we
have

¢ (supp(A)) = ¢ (supg(p[A])) -
Proof. Define o = supp(A) and 3 = supg (¢[A]). Then, by Theorem 6.5, we have 3 R (). Hence, since ¢ is increasing,
we infer that ¢(8) R¢(¢(a)) . Moreover, since ¢ is now idempotent, we also have ¢ (¢(a)) = ¢(). Therefore, p(8)R ¢(a).

On the other hand, since ¢ is extensive, for any « € A we have z R ¢(z). Moreover, since 3 € ubgr(¢[A]), we also
have ¢(z)R /. Hence, by using the transitivity of R, we infer that « R 3. Therefore, 5 € ubr(A4). Now, by using that
o € lbrx(ubx(A)), we see that o R 3. Hence, by using the increasingness of ¢, we infer that ¢(a)R¢(3). Therefore,
by the antisymmetry of R, we actually have p(a) = ¢(3), and thus the required equality is also true. |

By using this theorem, we prove the following result.

Corollary 9.2. Under the conditions of Theorem 9.2, for any A C X, the following assertions are equivalent :

(D) supp(p[A]) = ¢ (supg(4)), (2) supr(@[A]) = ¢ (supr(e[A])).
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10. Normal and regular functions of one goset to another
Notation 10.1. In this and the next five sections, we assume that:

1) X (<) and Y (<) are gosets;

(2) ¢ is a function of X to itself;

(3) f is afunction of X to Y and g is a function of Y to X.

In [88], slightly extending the ideas of Ore [39], Schmidt [54, p. 209], Blyth and Janowitz [5, p. 11] and [75] on
Galois connections, residuated mappings, and normal and regular functions, the third author has introduced the following
definition.

Definition 10.1. We say that the function f is
(1) right g-seminormal if forany x € X and y€Y
f@) <y = 2<g(y);

(2) left g—seminormal if forany z € X and yeY

r<g(y = f(x)<y.

Remark 10.1. Thus, if the function f is both left and right g—seminormal, then we may naturally say that f is g—normal.
Moreover, if for instance the function f is left h—seminormal for some function /4 of Y to X, then we may naturally say
that f is left seminormal.

In [88], having in mind the properties of the function g o f, and slightly extending the ideas of Pataki [42] and [75],
the third author has also introduced the following definition.

Definition 10.2. We say that the function f is
(1) right g—semiregular if for any u, v e X
fw<f) = u<e);

(2) left p—semiregular if for any u, v € X

u<p) = [fu)<f(v),

Remark 10.2. Thus, if the function f is both left and right ¢—semiregular, then we may naturally say that f is g-regular.
Moreover, if for instance the function f is left —semiregular for some function ¢ of X to itself, then we may naturally
say that f is left semiregular.

In [88], to clarify the relationship between normal and regular functions, the third author has proved the following
two simple theorems and their corollaries.

Theorem 10.1. If f is left (right) g—seminormal and ¢ = g o f, then f is left (right) p—semiregular.
Corollary 10.1. If f is g-normal and ¢ = go f, then [ is p-regular.
Theorem 10.2. If f is a left (right) ¢-semiregular, p =go f and Y = f[X], then f isleft (right) g-seminormal.

Proof. Suppose that z € X and y € Y. Then, since Y = f[X], there exists v € X such that y = f(v).

Now, if f is right p—semiregular, then we easily see that

f@)<y = fl@)<flv) = z<p) = < (90f)v)) = 2<g(f(v)) = z<4g(@).

Therefore, f is right g—seminormal. The corresponding statement for the left p—semiregularity of f can be proved by
reversing the above implications. |

Corollary 10.2. If f is p-regular, p =go fand Y = f[X], then f is g-normal.

Remark 10.3. Note that if in particular X and Y are transitive, then by using the inequalities ¢ < go f and go f < ¢,
instead of the equality p = go f, some similar statements can also be proved.
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By Corollary 10.1, it is clear that several properties of normal functions can be immediately derived from those of the
regular ones. Therefore, the latter ones have to be studied before the former ones. Moreover, from Corollary 10.2, we
see that regular functions are still less general objects than the normal ones. Actually, we shall see that they are strictly
between closure operations and normal functions.

In [88], the third author has also proved the following dualization principle.

Theorem 10.3. If [ is a left (right) g—seminormal as a function of X to Y, then g is a right (left) f-seminormal as a
function of Y' to X'.

Proof. If for instance f is right g—seminormal as a function of X to Y, then by the corresponding definitions we see that
y<'fle) = fl@)<y = x<gly) = g <z

for all y € Y and z € X Therefore, g is left f—seminormal as a function of Y’ to X'. |

Corollary 10.3. If [ is g-normal as a function of X to Y, then g is f-normal as a function of Y' to X'.

Remark 10.4. By using Theorem 10.3 and its corollary, the relevant properties of the functions ¢ and f o g can be

frequently derived from those of f and g o f. However, it is sometimes more convenient to apply a direct proof.

11. Some basic properties of regular functions

The following two theorems were also proved in [88]. Their proofs are included here only for the readers convenience.
Theorem 11.1. If f is p-regular, X is preordered and Y is reflexive, then
(1) ¢ is extensive; (2) f isincreasing; B) fop<f< foop.

Proof. If x € X, then by the reflexivity of X and Y we have

p(z) < () and f(z) < fl(x).

Hence, by using the right and left ¢-semiregularity of f, we infer that

< p(z) and fle@) < f(a).

Therefore, assertion (1) holds and fo¢p < f.

Moreover, if u, v € X such that u < v, then by assertion (1) and the transitivity of X we have
v < p(v), and thus u<pv).

Hence, by using the left p—semiregularity of f, we infer that f (u) < f (v). Therefore, assertion (2) also holds.

Now, if z € X, then by using assertions (1) and (2), we can also see that

x <), and thus f@)<f (ap(x)) .
Therefore, f < f o ¢, and thus assertion (3) also holds. [ |
Remark 11.1. Note that if in addition Y antisymmetric, then instead of assertion (3) we can also state that f = fo .
Theorem 11.2. If X is a proset, then the following assertions are equivalent :
(1) ¢ is p-regular;
(2) ¢ is a closure operation on X;

(3) there exists a ¢-regular function h of X to a proset Z.

Proof. Suppose first that (2) holds and u, v € X. If u < ¢ (v), then by the increasingness of ¢ we have ¢ (u) < ¢ (¢ (v)).
Moreover, by the left semiidempotency of ¢, we have ¢? < ¢, and thus ¢ (¢ (v)) < ¢ (v). Therefore, by the transitivity
of X, we also have ¢ (u) < ¢ (v). Thus, ¢ is left p—semiregular.

On the other hand, by the extensivity of ¢ we have u < ¢ (u). Therefore, if ¢ (u) < ¢ (v), then by the transitivity of
X we also have u < ¢ (v). This shows that ¢ is right p—semiregular too, and thus (1) also holds. Moreover, if (1) holds,
then by taking h = ¢ and Z = X, we at once see that (3) also holds.
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Therefore, to complete the proof, we need only show that (3) also implies (2). For this, assume that (3) holds. Then, by
Theorem 11.1, ¢ is extensive and hoy < h. Hence, we infer that hoy? = hopoyp < hoy. Therefore, by the transitivity
of Z, we also have ho@? < h. Thus, for any u € X, we have h (¢?(u)) < h(u). Hence, by using the right p—regularity
of h, we can infer that ¢?(u) < ¢ (u). Therefore, ¢? < ¢, and thus ¢ is left semiidempotent.

Moreover, if u, v € X such that u < v, then Theorem 11.1 we also have h (u) < h(v) and h (¢ (u)) < h(u). Therefore,
by the transitivity of Z, we also have h (99 (u)) < h(v). Hence, by using the right ¢—regularity of i, we already infer
that ¢ (u) < ¢ (v). Therefore, ¢ is increasing, and thus (2) also holds. [ |

Remark 11.2. By Erné [14, p. 50], the origins of the equivalence of assertions (2) and (1) goes back to R. Dedekind.
While, by the third author [73], the equivalence of assertions (2) and (3) are mainly due to Pataki [42, Theorem 1.9].

From Theorem 11.2, by using the corresponding definitions, we easily derive the following result.
Corollary 11.1. If X and Y are prosets, then the following assertions are equivalent :
(1) f is p-regular; (2) ¢ isaclosure and Ord, = Ordy.

Hint. If Ord, = Ord; holds, then by Definition 7.1, for any u, v € X, we have ¢(u)Rp(v) <= f(u)S f(v).

Moreover, if ¢ is a closure operation on X, then by Theorem 11.2, for any u, v € X, we have
pu)Ro(v) <= uRe(v).

Therefore, in contrast to the implication (1) = (2), the converse implication (2) = (1) does not need any particular
property of S. [ |

In addition to the above two theorems, we also prove the following result.
Theorem 11.3. If [ is ¢—regular, and X and Y are posets, then the following assertions are equivalent :
(1) f isinjective; (2) ¢ is the identity function .

Proof. By Theorem 11.1 and the antisymmetry of Y, for any z € X, we have f (<p (x)) = f(z). Hence, if assertion (1)
holds, we infer that ¢ (2) = 2. Thus, assertion (2) also holds.

To prove the converse implication, suppose now that u, v € X such that f(u) = f(v). Then, by the reflexivity of Y,
we also have f(u) < f(v) and f(v) < f(u). Hence, by using the right p—semiregularity of f, we infer that v < ¢ (v)
and v < ¢ (u). Hence, if (2) holds, we infer that « < v and v < w. Thus, by the antisymmetry of X, we also have u = v.
Therefore, assertion (1) also holds. [

Remark 11.3. Note that, by Definition 10.2, f is Ax-regular if and only if, for all u, v € X, we have

usv = f(u) < f(v).

12. Some basic properties of normal functions

From Theorem 11.1, by using Corollary 10.1, we immediately derive the following result.

Theorem 12.1. If f is g—normal, X is preordered and Y is reflexive, then

(1) go f isextensive; (2) f isincreasing; (B) fogof<f<fogof.
From this theorem, by using Corollary 10.3, we easily derive the next result.

Corollary 12.1. If f is g—normal, X is reflexive and Y is preordered, then

(1) fog isintensive; (2) g isincreasing; (3) gofog<g<gofog.

Proof. By Corollary 10.3, g is f-normal as a function of Y' to X . Hence since Y is preordered and X is reflexive, by
using Theorem 12.1, we infer that

(a) fog is extensive as a function of Y to itself;
(b) g is increasing as a function of Y to X; (¢) gofog<'g<'gofog.

Thus, (3) is true. Moreover, form (a) and (b), by the corresponding definitions, we see that (1) and (2) are also true. [ |
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From Theorem 11.2, we quite similarly derive the following result.
Theorem 12.2. If f is g-normal and X and Y are prosets, then
(1) f and g are increasing ;

(2) go f isa closure operation ; (3) go f isan interior operation.

Proof. By Corollary 10.3, g is an f—normal function of Y’ to X . Thus, by Corollary 10.1, ¢g isa f o g—regular function
of Y' to X . Hence, by using Theorems 11.1 and 11.2, we infer that ¢ is an increasing function of Y to X', and fog is
a closure operation on Y . Hence, by the corresponding definitions, we see that ¢ is increasing, and assertion (3) is also
true. -

Now, as a useful characterization of normal functions, we also prove the next result.
Theorem 12.3. If X and Y are prosets, then the following assertions are equivalent :
(1) f is g—normal;

(2) f and g areincreasing, go f isextensive and f o g is intensive.

Proof. From Theorem 12.2, we at once see that (1) implies (2). Therefore, we need actually prove the converse implication.
For this, assume that assertion (2) holds, z € X and y € Y. Now, if f (z) < y, then by using the increasingness of g
we see that ¢ (f(z)) < g(y). Hence, by using that = < (go f)(z) = g (f (z)), we already infer that = < g(y). Therefore,
f isright g—seminormal.
Conversely, if = < g(y), then by using the increasingness of f we see that f(z) < f ( g (y)) . Hence, by using that
f(g(y)) = (fog)(y) <y, we already infer that f (z) < y. Therefore, f is also left g—seminormal. Thus, assertion (1)
also holds. [ |

Remark 12.1. This theorem shows that the recent definition of Galois connections [13, p. 155], suggested by Schmidt
[564, p. 209], is equivalent to the old one given by Ore [39].

Finally, we note that the following counterpart of Theorem 11.2 is also true.
Theorem 12.4. If X is proset, then the following assertions are equivalent :
(1) ¢ is p—normal; (2) ¢ is an involution operation on X.

Proof. If assertion (1) holds, then by Theorem 12.2, ¢ is increasing and ¢? is both extensive and intensive. Thus, by
Theorem 8.1 and its dual, ¢ is both right and left semi-involutive. Therefore, by Definition 9.1, assertion (2) also holds.

Conversely, if assertion (2) holds, then by Definition 9.1, ¢ is increasing and ¢? is both extensive and intensive. Thus,
u < p(p () and e(p)<w
for all u, v € X. Hence, by using the increasingness of ¢ and the transitivity of X, we see that
pw)<v = p(p) <) = uep)

and
u<p) = ¢ <p(pl) = ¢ <wv.
Thus, by Definition 10.1 and Remark 10.1, assertion (1) also holds. [ |

Moreover, in addition to Theorem 11.3, we also prove the following result.

Theorem 12.5. If f is g-normal, and X and Y are posets, then the following assertions are equivalent :

(1) fisonto Y; (2) g is injective; (3) fog isthe identity function.
Proof. Now, by Corollary 10.1, f is g o f-regular. Thus, by Theorem 11.1 and the antisymmetry of Y, we have
fx)=(folgof))(@)=f(9(f(2)))

for all = € X. Hence, if assertion (1) holds, i.e., Y C f[X ], we infer that

y=1,(9()=(fog)y)
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for all y € Y. Therefore, assertions (2) and (3) also hold. On the other hand, by using Theorem 11.3, we see that assertions
(2) and (3) are equivalent. Moreover, if assertion (3) holds, then we have f ( g (x)) =y for all y € Y. Therefore,

flalY]] =Y,
and thus assertion (1) also holds. [ |
Now, by using this theorem and Theorem 11.3, we also prove the following result.
Corollary 12.2. If X and Y are posets, f is g-normal, injective and onto Y, then g = f~'.

Proof. Namely, by Theorem 12.5, we have fog = Ay . Moreover, by Corollary 10.1 and Theorem 11.3, we have go f = Ax.
Therefore, g = f 1. [ ]

Remark 12.2. Thus, if f is g—normal, then ¢ may be considered as a certain generalized inverse function of f.

13. Characterizations of normal functions

Simple reformulations of properties (1) and (2) in Definition 10.1 yield the next result.
Theorem 13.1. The following assertions are equivalent :
(1) f is g-normal; (2) Ints(y) =1(g(y)) forall yey.
Proof. If assertion (1) holds, then by the corresponding definitions, for all x € X and y € Y, we have
zelnty(y) < f@)<y < z<g(y) < zclb(gy).
Therefore, assertion (2) also holds. The converse implication can be proved quite similarly. [ |
From this theorem, by using Theorem 12.4, we immediately derive the following result.
Corollary 13.1. If X is a proset, then the following assertions are equivalent :
(1) ¢ is an invoulution operation ; (2) Int,(v) =1b(p(v)) forall ve X.
Now, by using our former results, we also prove the next theorem.
Theorem 13.2. If X and Y are prosets, then the following assertions are equivalent :
(1) f is g—normal; (2) f isincreasing and g(y) € max(Ints(y)) forall y €Y.

Proof. If assertion (1) holds, then by Theorem 12.1, f is increasing. Moreover, by Corollary 12.1, f o g is intensive.
Therefore, for any y € Y, we have f(g(y)) < y, and thus g(y) € Int;(y). On the other hand, from Theorem 13.1
we see that Inty (y) = Ib(g(y)), and thus Int;(y) C Ib(g(y)). Hence, by using Theorem 5.2, we already infer that
g (y) € max(Ints(y)), and thus assertion (2) also holds.

To prove the converse implication, suppose now that assertion (2) holds, and z € X and y € Y. Then, by using Theorem
13.1, we can see that
fla)<y = zelhtp(y) = zelb(gly) = z<g(@).

Therefore, f is right g—seminormal. Moreover, if 2 < g (y), then by using the increasingness of f we infer that
f@) < f(9)-

On the other hand, from the assumption that ¢ (y) € max ( Int f (y)) , we infer that ¢ (y) € Int;(y), and thus f ( g (y)) <y.
Hence, by using the transitivity of Y, we already see that f(z) < y, and thus f is also left g—seminormal. Therefore,
assertion (1) also holds. [ |

From this theorem, by using Theorem 12.4, we immediately derive the following corollary.

Corollary 13.2. If X is a proset, then the following assertions are equivalent :

(1) ¢ is an invoulution operation on X ; (2) ¢ isincreasing and ¢ (v) € maX(Intg, (v)) forall vey.

Moreover, as an immediate consequence of Theorem 13.2, we also state the next result.
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Theorem 13.3. If X and Y are prosets, then the following assertions are equivalent :

(1) f is normal; (2) f isincreasing and max(Inty(y)) #0 forall yeY.

Proof. To prove the implication (2) = (1), note that if the second part of assertion (2) holds, then by the Axiom of Choice
there exists a function & of ¥ to X such that h(y) € max(Int f(y)) for all y € Y. Thus, if in addition [ is increasing,
then by Theorem 13.2, f is h—normal. Thus, in particular assertion (1) also holds. [ |

Corollary 13.3. If X and Y are prosets and X is max-complete, then the following assertions are equivalent :
(1) f isnormal; (2) f isincreasing and f[X] is cofinal in the dual of Y .
Proof. Since X is max—complete, for any y € Y, we have

max (Inty(y)) #0 < Inty(y)#0 < FzeX: zcty(y) < TJreX: f(x)<y.

Therefore,
VyeY: max(Intf(y)) #0 <= VyeY: FJazeX: y< f(2).

That is, F'[X] is cofinal (dense) in Y’. Thus, Theorem 13.3 can be applied to obtain the required equivalence. [ |
Corollary 13.4. If X and Y are prosets, X is max-complete and [ isonto Y, then the following assertions are equivalent :
(1) f isnormal; (2) f isincreasing.

Remark 13.1. Because of the above results, the normality of f may be naturally considered as a strong increasingness
of f. Moreover, by Theorem 13.2, we may naturally define a relation G; on Y to X such that, for all y €Y,

Gy(y) = max (Ints(y)) .
Thus, the second part of assertion (2) of Theorem 13.2 can be reformulated in form that g is a selection of Gy. Moreover,

G may be studied separately.

14. Supremum properties of normal functions

The following theorem will allow us to easily prove a useful supremum property of normal functions which fails to hold for
increasing functions.

Theorem 14.1. If f is normal, then for any A C X we have

f[Ib(ub(4))] € b (ub(f[A4])).

Proof. If y € f[Ib(ub(A))], then there exists z € Ib(ub(A)) such that y = f(z). Moreover, if b € ub( f[A]), then for
any a € A we have f(a) < b. Hence, by using that f is h—normal, for some function h of Y to X, we infer that a < h (d).
Therefore, h(b) € ub(A), and thus because of = € Ib(ub(A)) we have = < h(b). Hence, by using that f is h—-normal,
we infer that f (z) < b, and thus y < b. Therefore, y € Ib(ub(f[A])) also holds. u

From this theorem, by using Theorem 7.7, we derive the following corollary.

Corollary 14.1. If f is normal, then for any y € Y we have
max (Intg(y)) = sup (Inty(y)) .
Proof. By Theorems 5.3 and 14.1, we have
f [sup(4)] = f [ub(4) n1b(ub(4))] € f [1b(ub(4))] € b (ub(f[A])).
for all A C X. Hence, by using Theorem 7.7, we already see that the required equality is also true. |

Moreover, from Theorem 14.1, by using Theorem 6.2, we also derive the following result.

Theorem 14.2. If f is increasing and normal, then for any A C X we have

flsup(A)] Csup(f[A]).
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Proof. By Theorems 5.3, 6.2 and 14.1, we have

fsup(A)] = f[ub(A)NIb(ub(A))] C f[ub(A)] N f[Ib(ub(A))] Cub(f[A])NIb(ub(f[A]))=sup(f[A]).

From Theorems 12.1 and 14.2, the next corollary follows.

Corollary 14.2. If f is normal, X is transitive and Y is reflexive, then for any A C X we have

flsup(A)] Csup (f[A]).
Now, to obtain some partial converses of the above theorems, we also prove the following result.

Theorem 14.3. If X is a sup—complete proset and Y is an arbitrary proset, then the following assertions are equivalent :
(1) f is normal;

(2) f[sup(A)] Csup(f[A]) forall ACX;

() f isincreasing and sup(Ints(y)) C Ints(y)) forall yeY;

(4) [ isincreasing and max(Ints(y)) = sup(Ints(y)) forall yeY;

(5) f isincreasing and f [sup(A)] C Ib(ub(f[A])) forall AC X;

(6) f isincreasing and f[lb(ub(A))] C 1b(ub(f[A])) forall ACX.

Proof. From Corollary 14.2, we see that (1) implies (2). Moreover, from Theorems 12.1 and 14.1, we see that (1) also implies
(6). On the other hand, from Theorem 5.3, we see that sup (A) C Ib(ub(A4), and thus

Flsup(A)] € £ [1b(ub(A))].

Therefore, (6) implies (5). Moreover, if (5) holds, then by Theorem 7.7 we see that (4) also holds. While, if (4) holds, then
by sup—completeness of X, we have
maX(Intf(y)) = sup(Intf(y)) # 0

for all y € Y. Thus, from Theorem 13.3, we see that (1) also holds. On the other hand, if (2) holds, then by using Theorem
5.3 we see that
flmax(A)] C f[sup(A)] Csup(f[A]) Cub(f[A])

for all A C X. Thus, by Theorem 6.3, f is increasing. Moreover, we also note that
flsup(A)] Csup(f[A]) SIb(ub(f[A]))

for all A C X . Therefore, (5), and thus (1) also holds. Now, to complete the proof, it remains to note only that, because of
Theorem 5.3, (3) and (4) are also equivalent. |

Remark 14.1. Note that if in addition X is antisymmetric, then instead of (2) we may write that f( sup (A)) € sup( f[A])
for all A C X. While, if in addition both X and Y are antisymmetric, then instead of (2) we may write that

f(sup(A)) =sup(f[A])

forall A C X.

15. Characterizations of regular functions

Simple reformulations of properties (1) and (2) in Definition 10.2 yield the next theorem.
Theorem 15.1. The following assertions are equivalent :

(1) f is p-regular;

(2) Ord;l(a;) =1b(p(x)) forall v € X; (3) Inty(f(z)) =1b(p(x)) forall zc X.
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Proof. If assertion (1) holds, then by the corresponding definition we have
welnty(f(z)) <= fw)<f(x) <= u<p(r) < uecl(p()

for all =, u € X. Therefore, assertion (3) also holds. The converse implication can be proved quite similarly. Moreover, by
Theorem 7.5, we see that assertions (2) and (3) are also equivalent. |

From this theorem, by using Theorem 11.2, we immediately derive the following result.

Corollary 15.1. If X is a proset, then the following assertions are equivalent :
(1) ¢ is a closure operation ;

(2) Ord,'(z) =1b(¢(z)) forall x € X; (3) Inty, (¢ (z)) =1b(p(z)) forall =€ X.
Now, analogously to Theorem 13.2, we also prove the following result.

Theorem 15.2. If X and Y are prosets, then the following assertions are equivalent :
(1) f is p-regular;
(2) [ isincreasing and ¢ (z) € max (Ord; ' (z)) forall x € X;

() f isincreasing and ¢ (z) € max (Inty( f(z))) forall z € X.

Proof. If assertion (1) holds, then by Theorem 11.1, f is increasing. Moreover, f(¢(z)) < f(z), and thus ¢ (z) €
Ints(f (z)). On the other hand, by Theorem 15.1, we have Inty(f (z)) = Ib(¢(z)), and thus Int;(f(z)) C Ib(p(z)).
Hence, by using Theorem 5.2, we already infer that ¢ (z) € max (Int;( f(2))), and thus assertion (3) also holds.

To prove the converse implication, suppose now that assertion (3) holds, and u, v € X. Then, by using Theorem 15.1,
we see that
fw< fo) = welnty(f(v)) = uelb(pw) = u<yp.

Therefore, f is right p—semiregular. Moreover, if u < ¢ (v), then by the increasingness of f we also have f(u) <
f(¢(v)). On the other hand, from the assumption ¢ (v) € max (Ints( f(v))), we infer that ¢ (v) € Inty( f(v)), and
thus f (¢ (v)) < f(v). Hence, by using the transitivity of ¥, we already see that f (u) < f(v), and thus f is also left
seminormal. Therefore, assertion (1) also holds. [ |

From this theorem, by using Theorem 11.2, we immediately derive the following result.
Corollary 15.2. If X is a proset, then the following assertions are equivalent :
(1) ¢ is a closure operation ;
(2) ¢ isincreasing and ¢ (x) € max (Ord;'(z)) forall = € X;
(8) f isincreasing and ¢ (z) € max (Int, (¢ (z))) forall =€ X.

Moreover, as an immediate consequence of Theorem 15.2, we also state the following result.
Theorem 15.3. If X and Y are prosets, then the following assertions are equivalent :
(1) f isregular;
(2) f isincreasing and max (Ordf_1 (z)) # 0 forall z € X;
() f isincreasing and max (Ints (f(z))) #0 forall z € X.

Now, by using this theorem and Theorem 13.3, we also prove the following result.
Corollary 15.3. If X and Y are prosets and [ is onto Y, then the following assertions are equivalent :
(1) f isregular; (2) f is normal.

Proof. If assertion (1) holds, then by Theorem 15.2 max (Ints( f(z))) # 0 for all 2 € X. Hence, since Y = f[X], we
infer that max (Ints(y)) # 0 for all y € Y. Therefore, by Theorem 13.3, assertion (2) also holds. Moreover, by Corollary
10.1, the converse implication is always true. |

Now, analogously to Theorem 14.3, we also prove the following result.
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Theorem 15.4. If X is a sup—complete proset, Y is an arbitrary proset and [ isonto Y, then the following assertions are
equivalent :

(1) f isregular;
(2) flsup(A)] Csup(f[A]) forall ACX;
(3) [ is increasing and max(Ord; ' (z)) = sup(Ord; ' (z)) forall x € X.
From this theorem, by using Theorem 11.2, we immediately derive the following result.
Corollary 15.4. If X is a sup—complete proset and ¢ is onto X, then the following assertions are equivalent :
(1) ¢ is a closure operation ;
(2) ¢[sup(A)] Csup(p[A]) forall ACX;
(3) f isincreasing and max(Ord,"(z)) = sup (Ord, " (2)) forall = € X.

Remark 15.1. Note that, in Theorem 15.4 and Corollary 15.4, we may write Int;( f(z)) and Int, (¢ (z)) in place of
Ord]?1 (z) and Ord, !(z), respectively. Moreover, by Theorem 15.2, for the function f we may naturally define a relation
®; on X such that, for all z € X,

Py (z) = max (Ints (f(2))) .
Thus, we have ®; = G o f. Moreover, the second part of assertion (3) of Theorem 15.2 can be reformulated in the more
instructive form that ¢ is a selection function of the relation ®;.

16. Some basic properties of super relations

Notation 16.1. In this section, we assume that U is a super relation on X to Y.

Remark 16.1. Thus, by our former definition, U is actually an ordinary relation on P (X) to Y, i.e., it is an arbitrary
subset of P (X)xY. Moreover, U can be identified with the set-valued function ¢,, defined by ¢, (4) = U (A) for all
A C X, which is a particular subset of P(X)xP(Y).

Several properties of the super relation U can be easily defined with the help of the set-valued function ¢, . For
instance, we naturally introduce the following definition.

Definition 16.1. The super relation U will be called
(1) increasing if U(A)CU(B) forall AC BC X;
(2) quasi-increasing if U({z}) CU(A) forall z€ AC X;
() union-preserving if U(|JA)=U,cs U(A) forall ACP(X).
We easily establish the following two theorems.
Theorem 16.1. The following assertions are equivalent :
(1) U is quasi-increasing ; (2) Uuea U({z}) CU(A) forall ACX.
Theorem 16.2. The following assertions are equivalent :
(1) U isincreasing;
(2) U(NA)C Naca UA) forall ACP(X); B) Uaca U(A)CU(UA) forall ACP(X).
Proof. If A; C A, C X, then by using a particular case of (3) we see that
U(A)) CU(A1)UU(A) CU(A1UA) =U (Aa),
and thus (1) also holds. [ |
Moreover, by using Definition 16.1 and Theorem 16.2, we also prove the next theorem.

Theorem 16.3. The following assertions are equivalent :

(1) U is union-preserving ; (2) U(A)=U,ea U({z}) forall ACX.
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Proof. Since A = |J, ., {z} forall AC X, itis clear that (1) implies (2). While, if (2) holds, then we at once see that U
is increasing. Thus, by Theorem 16.2, we have |J,. 4, U(A) C U(UJ A) for all A C P(X). Therefore, to obtain (1), we
need only prove the converse inclusion. For this, note that if . A C P(X), then by (2) we have

v(UAa)= U U({z}).
ze JA

Therefore, if y € U(|J A), then there exists = € |J A such that y € U({z}). Thus, in particular, there exists A, € A
such that © € Ay, and so, {z} C A, . Hence, by using the increasingness of U, we already see that

yeU({z}) CU(Ao) C Usea U(A).
Therefore, U(|J A) € U4 c4 U(A) also holds. n

Remark 16.2. In particular, a super relation U on X to itself may be simply called a super relation on X. Thus, a super
relation U on X may be called extensive, intensive, involutive and idempotent if A C U(A), U(A) C A, U(U (A)) =A
and U(U(A)) = U(A) for all A C X, respectively. Moreover, an increasing involutive (idempotent) super relation may
be called an involution (projection) relation. While, an extensive (intensive) projection relation may be called a closure
(interior) relation.

17. Relationships between ordinary and super relations

Notation 17.1. In this and the next two sections, we assume that
(1) U and V are super relations on X to Y;

(2) R and S are ordinary relations on X to Y.

In [85], having in mind Galois connections [13,75], we have introduced the following definition.
Definition 17.1. For the ordinary relation R, we define a super relation R” on X to Y such that
RP(A)=R[A] forall ACX.
While, for the super relation U, we define an ordinary relation U< on X to Y such that
Us(z)=U({z}) forall =z€X.

The appropriateness of these definitions is apparent from the following two theorems whose proofs are included here
only for the reader’s convenience.

Theorem 17.1. R®> C U implies R C U".
Proof. If R* C U, then, in particular, we have
R(z)=R[{z}] = R*({z}) CU({z}) = U"(x)
for all = € X. Therefore, R C U< also holds. [ |

This theorem shows that the operation > is right <—seminormal. While, from the next theorem we can see that the
operation > need not be left <—seminormal.

Theorem 17.2. The following assertions are equivalent :
(1) U C U, (2) U is quasi-increasing ; (3) RC U< implies R* CU.
Proof. If R C U< and assertion (2) holds, then

R¥(A) = R[A]= U,ca R@) € Upen UN@) = U,ea U({2}) € U(4)
for all A C X. Therefore, R> C U, and thus assertion (3) also holds.

Now, since by taking R = U<, assertion (3) trivially implies (1), we need only show that (1) also implies (2). For this,
note that if assertion (1) holds, then for any A C X we have U (A) C U(A). Moreover, by using the corresponding
definitions, we see that

U™ (A) = (U)"(A) = U [A] = Uyea US@) = Upen U({a}).
Therefore, |J,., U({x}) C U(A). Thus, assertion (2) also holds. [ |
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Now, as an immediate consequence of the above two theorems, we also state the following result.
Corollary 17.1. If U is quasi-increasing, then
R°"CU < RCU".

Remark 17.1. This shows that the operations > and < establish a “partial Galois connection between” the power sets
P(XxY)and P(P(X)xY).

Therefore, by Theorem 12.2, we also naturally introduce the following definition.

Definition 17.2. The super relation
Uo — U<1D

will be called the Galois interior of U.
Thus, by the proof of Theorem 17.2, we at once state the following result.
Theorem 17.3. For any A C X, we have
U°(A) =U[A] = Uyea U%(2) = Uyea U({z}).
Moreover, by letting A to be a singleton, we also state the following result.
Corollary 17.2. For any x € X, we have
U°t(x) = U°({z}) = U"(2) = U({z}).
Theorem 17.3 allows us to easily determine the Galois interior of some very particular super relations.
Example 17.1. If U ({z}) =0 for all z € X, then U°(A) =0 forall A C X.
Example 17.2. If U({z}) = {z} forall z € X, then U°(A) = A forall AC X.
Example 17.3. If U (A) = A° for all A C X, then for any A C X we have
{ 0 if card(A4)=0,
U°(A)=<( A° if card(A)=1,
X if card(A) > 1.
Namely, by Theorem 17.3 and De Morgan’s law, we have
U*(4) = Upen U({e}) = Upen {ote = (Naeatst)
whence the required equalities immediately follow.

Remark 17.2. Note that if U is as in Example 17.1, then U? = () and U° = (). While, if U is as in Example 17.2, then
U“= Ax and U° = Ap(x). However, if U is as in Example 17.3, then for any z, y € X we have

yeU'() < yeU({a}) < ye{r)® « y¢{a} — y#a.

Therefore, U< is just the diversity relation on X.

18. Some further theorems on the operations >, <, and o

Several properties of the operations >, < , and o can be immediately derived from the general theory of Galois and Pataki
connections [13,88]. However, because of the simplicity of Definition 17.1, it is now more convenient to apply some direct
proofs to establish the following four theorems.

Theorem 18.1. The operations >, <, and o are increasing.

Proof. For instance, if U C V, then U(A) C V(A) for all A C X. Thus, in particular, we also have
U(a) = U({e}) S V({z}) = V:(@)

for all X € X. Therefore, U< C V< also holds. [ |
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Theorem 18.2. R" is a union-preserving super relation on X to Y such that
(1) R*=R; (2) R"° = RP".

Proof. By the corresponding definitions, we have
R*(A) = R[A] = U,ea R(@) = Uzea R[{z}] = Usea R ({2})
for all A C X. Thus, by Theorem 16.3, the super relation R" is union-preserving. Moreover, we easily see that
R(z) = R[{x}] = R"({x}) = R""(x)
for all x € X. Therefore, assertion (1) is true. Now, by using Definition 17.2 and assertion (1), we also easily see that
R — (RD)O — (R>)<“> — (RM)D - R>.
Therefore, assertion (2) is also true. [ |

By using the above two theorems, we easily establish the following result.

Corollary 18.1. We have
RCS <« RFPCS*".

Moreover, in addition to Theorem 18.2, we also prove the following result.
Theorem 18.3. U° is a union-preserving super relation on X to Y such that
(1) Uo<1 — U<1; (2) Uoo — Uo.

Proof. From Definition 17.2, by Theorem 18.2, it is clear that U° is union-preserving. Moreover, from Corollary 17.2, we
see that U°(z) = U%(x) for all z € X, and thus U°? = U“ is also true. Furthermore, by using Theorem 17.3, we easily
see that

o

U*(A) = (U°) (A) = Usea U°({2}) = Usea U({z}) = U°(4)
for all A C X, and thus U°° = U° is also true. [ |
Now, to characterize union-preserving super relations, we also prove the following result.
Theorem 18.4. The following assertions are equivalent :

(1) U°=U; (2) U is union-preserving ; (38) U = R" for some relation R on X to Y.

Proof. If (2) holds, then by Theorem 17.3 we see that U°(A) = |J,.4 U({z}) = U (A) for all AC X. Therefore, (1) also
holds. Moreover, if (1) holds, then by Definition 17.2 it is clear that (3) also holds. Therefore, to complete the proof, we
need only note that if (3) holds, then by Theorem 18.2 assertion (2) also holds. [ |

Next, by using Theorems 18.1 and 18.4, we also easily establish the following result.

Corollary 18.2. If U and V are union-preserving, then
UCV <« U‘CVve.

By using our former results, the following four theorems can also be proved.
Theorem 18.5. We have
(1) UCU® < U(A)CUA] forall ACX;
(2) U°CU <« Uisquasi-increasing <= U[A]CU(A) forall ACX;
(3) U°=U <= U isunion-preserving <= U (A)=U"[A] forall ACX.
Theorem 18.6. We have
1) U°CV = U°CV® = UCVY;
(2) U°CV°® — U°CV if V isquasi-increasing;

B) UCV <« U°CV®° if U and V are union-preserving.
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Theorem 18.7. If U = R", then

(1) U is an union-preserving super relation on X to Y such that UY = R;

(2) U is the smallest quasi-increasing super relation on X to Y such that R CU<;

(8) U is the largest union-preserving super relation on X to Y such that U< C R.
Theorem 18.8. If R =U", then

(1) R*> C U ifandonlyif U is quasi-increasing;

(2) R® =U ifandonlyif U is union-preserving ;

(3) if U is quasi-increasing, then R is the largest relation on X to Y such that R> C U;

(4) if U is union-preserving, then R is the smallest relation on X to Y such that U C R".

19. Relationally defined inverses of super relations

Because of Remark 17.1, we also naturally introduce the following definition.

Definition 19.1. The super relation
U -1 — U <q4—1p>

will be called the relationally defined inverse of U.

Remark 19.1. To feel the necessity of this bold inverse U~!, note that the ordinary inverse U ! of U is not a super
relation. While, the ordinary inverse ¢, ! of the associated set-valued function ¢, , which can be identified with U, is
usually a hyper relation.

Now, by using the corresponding definitions and Theorem 18.2, we easily prove the following three theorems.

Theorem 19.1. We have
(1) R*~1= R-1v; (2) RP-19= R-1.
Proof. By Definition 19.1 and Theorem 18.2, we have

R*“'=R"<7'" = R™'" andthusalso R" ' =R7'" =R u
Theorem 19.2. U~! is a union-preserving super relation on Y to X such that
(1) U-le=ya-1; @) Ue-1—= y-1.
Proof. By Definitions 19.1 and 17.2 and Theorem 18.2, we have

-19— ya-1v9 _ ya-1 and ye-l_ yera—1s _ a-1> _ j-1 -

Remark 19.2. Note thatif U< is symmetric, then U~! = U9~!> = U<> = U°. Thus, ifin addition U is union-preserving,
then U~! = U. Moreover, if in particular U is as in Example 17.3, then by Remark 17.2 the relation U< is symmetric.
Thus, by the above observation, U~ = U®°.

Theorem 19.3. We have
(1) Ut = Ut @ (U= =uve.

Proof. Assertion (1) can be derived from Theorem 19.2 by using Theorem 18.3. Moreover, by the corresponding definitions
and Theorem 18.2, we see that
(U—l)_1:U<171><171>:U<7171>:U<l>:Uo. ]

Hence, by using Theorem 18.4, we immediately derive the following result.
Corollary 19.1. The following assertions are equivalent :

1) U= (U_l)_l; (2) U is union-preserving.
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Moreover, as a counterpart of Theorem 18.6, we also prove the following result.
Theorem 19.4. For any B C Y, we have
U B)=U""'[B]={zeX: U'(x)NnB#0}={zeX: U({z})NB#0}.
Proof. By the corresponding definitions, we have
UY(B)=U*"'""(B)=U""[B].
Moreover, it is clear that, for any = € X, we have
€U [B] <« U 2)NB#0 <= U({z})NnB#0.
Therefore, the required equalities are true. [ |
Remark 19.3. From the above theorem, by Theorem 19.2, we also see that

UY(B)=U""'[B]=U"'[B].

20. Functionally defined compositions of super relations

Notation 20.1. In this and the next section, we assume that:
(1) R is an ordinary relation and U is super relation on X to Y;

(2) S is an ordinary relation and V is super relationon Y to Z.
By the usual identification of the relation U with the function ¢, , we naturally introduce the following definition.
Definition 20.1. The super relation Vo U, defined such that
(VoU)(4) =V (U(4))
for all A C X, will be called the functionally defined composition of V and U.

Remark 20.1. Namely, thus we easily check that ¢, (4) = (pv o, )(A) forall A C X, andthus ¢, = pv oy, also
holds.

The appropriateness of Definition 20.1 is also quite obvious from the following three theorems and their corollaries.

Theorem 20.1. We have
(SoR)" =S"0R".

Proof. By the Definitions 17.1 and 20.1, we have
(SoR)"(A) = (SoR)[A] = S[R[A]] = S*(R"(4)) = (5" o R*)(4)
for all A C X. Thus, the required equality is also true. |

From this theorem, by using Definition 17.2 and Theorem 18.4, we derive the following result.
Corollary 20.1. We have
(1) (SoU%” = S%o U if U is union-preserving ; (2) (V9 R)” =V oR” if V isunion-preserving.
Theorem 20.2. If V is union-preserving, then
(VoU) =VioU".
Proof. By the corresponding definitions and Theorem 18.4, we have
(VoU)* () = (VoU)({z}) = V(U({z}) = V(U™@)) = V*(U(x)) = V" (U*(@)) = V[U*@)] = (VFoU?) ()

for all x € X. Therefore, the required equality is also true. |
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Corollary 20.2. We have
(1) (SPoU)*=So0U"; (2) (VoR™)“=V< R if V is union-preserving.
Theorem 20.3. If V is union-preserving, then
(VoU)t=U"tovV™ 1.
Proof. By Definition 19.1 and Theorems 20.2, and 20.1, we have
(VoU)™ = (Vo) 1" = (Vio U9 " = (U0 V<—1)1> —_pya-lroya-le — y-lg -1 n
From this theorem, by using Theorem 19.1, we immediately derive the following result.

Corollary 20.3. We have

1

(SPolU) " = Ulo s 1%,

Remark 20.2. By using Definition 20.1, we also easily see that the functionally defined composition of super relations is
associative.

21. Relationally defined compositions of super relations

Now, analogously to Definition 19.1, we may also naturally introduce the following definition.

Definition 21.1. The super relation
VeU=(VioU?)"

will be called the relationally defined composition of V and U.
The appropriateness of this definition is apparent from the following theorems.
Theorem 21.1. We have
(1) S*e R* = (SoR)"; (2) (S”e R*)“=SoR.
Proof. By Definition 21.1 and Theorem 18.2, we have
S”e R” = (5”90 R*9)" = (SoR)",
and thus also (S”e R”*)*= (SoR) "= SoR. n
Theorem 21.2. V e U is a union-preserving super relation such that
(1) (VeU) =VioUS; (2) VeU =V oU°.
Proof. From Definition 21.1, by Theorem 18.2, it is clear that V e U is union-preserving and
(VeU) = (VioU9) " =VioU”.
Moreover, by using Theorem 20.1 and Definition 17.2, we see that
VeU=(VioUN =VPo U =V oU°. n
From assertion (2), by using Theorem 18.4, we immediately derive
Corollary 21.1. Ifboth U and V are union-preserving, then
VeU=VoU.

Moreover, we note that the relationally defined composition of super relations may greatly differ from the functionally
defined one.

Example 21.1. If U (4) = A€ for all A C X, then by Definition 20.1 we have
(UoU)(A)=U(U(A))=U(A°)=A°°=4

for all A C X. However, for instance, if card (X) > 2 and A C X such that card (A) = 1, then by Theorem 21.2 and
Eaxample 17.3, we have
(UeU)(A)=(U°0U°)(A)=U°(U°(A)) =U°(A°) = X.
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By using Theorem 21.2, we also prove the following two theorems.

Theorem 21.3. For any A C X, we have

(VeU)A)=U U V).

€A yeU9(z)

Proof. By using Theorem 21.2, we see that

(VeU)(A) = U (VeU)({z}) = U (VeU) (@)= U (VIoUY) @)= U V[U@x)]=U U V. ®

z€A r€A rEA rEA r€A yeUd(x)

Theorem 21.4. We have

(VeU) ' =U o VL,
Proof. By using Theorems 21.2, 20.3 and 19.2, we see that
(V.U)_IZ(VOOUO)_IZUO_IOVO—IZU_IOV_I- ]

Remark 21.1. Moreover, by using Theorem 21.2 and Remark 20.2, it can be easily seen that the relationally defined
composition of super relations is also associative.

22. The duals of super relations
Having in mind the usual closure and interior operations, we naturally introduce the following definition.
Definition 22.1. For a super relation U on X to Y, we define a dual super relation U* on X to Y such that
U (A)=U(A%)°
for all A C X.
Remark 22.1. Thus, if R is an ordinary relation R on X to Y, then by defining R* = R"*, we note that
R*(A) = R"*(A) = R"(A°)¢ = R[A°]".
forall AC X.
Moreover, we also easily prove the following four theorems.
Theorem 22.1. If U and V are super relationson X to Y, then
1) U=U**; (2) UCV implies V* CU*.
Proof. To prove (2), note that if U C V, then U (A°) C V (A°), and thus
V¥ (A) =V (A°)CU (A =U"(4)
for all A C X. Therefore, V* C U* also holds. [ |

Theorem 22.2. If U is a super relation on X to Y, then
(1) U™ isincreasing if and only if U is increasing;
(2) U™ is union-preserving if and only if U is intersection-preserving ;

(38) U™ is intersection-preserving if and only if U is union-preserving.

Proof. For instance, if U is union-preserving, then by the corresponding definitions and De Morgan’s law we have

U*(ﬂAeA A) = U((mAeA A)C)c =U (UAGA AC)C = (UAE.A U(Ac))c = Naca U(A)" = N4yea U (4)

for all A C P(X). Therefore, U* is intersection-preserving.

Thus, the “if part” of assertion (3) is true. Hence, since U** = U, it is clear that the “only if part” of assertion (2) is
also true. [ |
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Theorem 22.3. If U is a super relation on X to Y, then
(1) U™ isintensive if and only if U is extensive;
(2) U™ is extensive if and only if U is intensive;
(8) U™ isinvolutive if and only if U is involutive;
(4) U™ is idempotent if and only if U is idempotent.
Proof. For instance if U is idempotent, then by the corresponding definitions
U (U*(4)) = U (U (A°) = U (U (49))° = U (4°)° = U* (4)

for all A C X. Therefore, U* is also idempotent.

Thus, the “if part” of assertion (4) is true. Hence, since U** = U, it is clear that the “only if part” of assertion (4) is
also true. [ |

Theorem 22.4. If U is a super relation on X to Y and V is a super relation on Y to Z, then
(1) (VoU)* =V*oU*; (2) (VeU)* =V°* o U°*.
Proof. By Definitions 22.1 and 20.1, we have
(VoU)*(A)=(VoU)(A) =V (U(A%)) =V (U*(A)) = V*(U*(A)) = (Vo U")(A)

for all A C X. Thus, assertion (1) is true.

Now, by using Theorem 21.2 and assertion (1), we also see that
(V.U)*:(VOOUO)*:VO*OUO*. .
To determine the super relation U°*, we only prove the following result.

Theorem 22.5. If R is an ordinary and U is super relation on X to Y, then for any A C X we have
(1) R**(A)=R[A°]°= N R(x); (2) U°*(A) =UAc]c= (N U ()"

rEA° rEAC

Proof. By the corresponding definitions and De Morgan’s law, we have

RP*(A) = R”(A°) = R[A°]°= N,ea. R(2)°,

and thus also
Uer(A) =U*(A) = U [A°]° = N ea- U'(2)°. [ |

23. Some further theorems on dual super relations

Theorem 23.1. We have
(1) U*:UCOCX; (2) U*:CYOUOCX.

Proof. By the Definitions 22.1 and 20.1, for any A C X, we have
U (A) =U(A°)°*=U°(A°) =U°(Cx(A)) = (U Cx)(A).

Therefore, assertion (1) is true.

From assertion (1), by using that
US(A)=U(A)*=Cy(U(A)) = (CyoU)(4)
for all A C X, and thus U¢ = Cy o U, we see that assertion (2) also holds. [ |
Corollary 23.1. We have C% =Cx.

Proof. By Theorem 23.1, it is clear that C{; =CxoCxoCx =Cx. |
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Theorem 23.2. We have
(VolU)* =V oUoCx.

Proof. From Theorem 23.1, by using that
(VoU)*(4) = (VoU)(A)* = V(U(4))" = V(U (4) =(VoU)(4)
forall AC X, and thus (Vo U)¢=V¢ o U, we see that
(VoU)*=(VoU)°oCx=(V°oU)oCx. [ ]
Corollary 23.2. We have
(1) (UeCx)" =U¢; 2) (U)"=UoCx.

Proof. By Theorem 23.2, it is clear that
(UOCX)*: UCOCXOCXZ UC,

and thus (UC)*z(UoCX)**:UoCX is also true. [ |
Analogously to Definition 22.1, we also naturally introduce the following definition.
Definition 23.1. For a hyper relation V on X to Y, we define two dual hyper relations V* and V* on X to Y such that
V*(A) = V(A9 =P (Y)\ V(A9 and V*(A)=[V(A9)]°={B°: BeV (A9}
for all A C X.

Remark 23.1. Thus, some properties of the hyper relations V* and V* can also be easily derived from those of the hyper
relation V.

Keeping in mind the derivations of small closures and interiors from the big ones [57,61], we also naturally introduce
the following definition.

Definition 23.2. For a hyper relation V on X to Y, we define a super relation V< on X to Y such that
VYA ={yeY: {yteV ()}
for all A C X.

Remark 23.2. Thus, we may also naturally consider the ordinary relation V<. In particular, we may define intr = Int3
and o, = inty for any relator R. Moreover, from [85,91], we see that hyper relations can be derived from super, and
thus also from ordinary relations and relators in several natural ways.

24. Normal and regular super relations

Notation 24.1. In this and the next three sections, we assume that:
(1) X and Y are sets; (2) @ is a super relation on X;

(3) U is a super relation on X to Y and V is a super relation on Y to X.

Remark 24.1. Thus, ® is an ordinary relation on P(X) to X, U is an ordinary relation on P(X) to Y and V is
an ordinary relation on P(Y) to X which can be identified with the set-valued functions ¢,, ¢, and ¢, , defined by
ve(A) =@ (A), 9, (A)=U(A) and ¢, (B) =V (B) forall ACX and BCY.

By specializing Definitions 10.1 and 10.2, we naturally introduce the following two definitions.

Definition 24.1. We say that the super relation U is

(1) right V—-seminormal if forany AC X and BCY
U(ACB = ACV(B);
(2) left V—-seminormal if forany AC X and BCY

ACV(B) = U(A)CB.
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Remark 24.2. If the super relation U is both left and right V-seminormal, then we may naturally say that U is
V-normal. Moreover, if for instance the super relation U is left W —seminormal for some super relation W on Y to
X, then we may naturally say that U is left seminormal.

Definition 24.2. We say that the super relation U is
(1) isright ®—semiregular if for any A;, A; C X

U(A) CU(Ay) = A CD(Ay);
(2) isleft ®—semiregular if for any A, A C X

AL CP(Ay) = U(A;) CU(A,).

Remark 24.3. If the super relation U is both left and right ®-semiregular, then we may naturally say that U is
d-regular. Moreover, if for instance the super relation U is left UY—semiregular for some super relation ¥ on X, then we
may naturally say that U is left semiregular.

Now, by specializing Theorems 10.1 and 10.2 and their corollaries, we easily establish the following two theorems and
their corollaries.

Theorem 24.1. If U is left (right) V-seminormal and ® =V o U, then U is left (right) ®—semiregular.
Corollary 24.1. If U is V-normal and ® =V o U, then U is d-regular.

Theorem 24.2. If U is left (right) ®-semiregular, ® = VoU and P(Y)={U(A): AC X}, then U is left (right)
V—seminormal.

Corollary 24.2. If U is ®-regular, ®=VoU and P(Y)={U(A): AC X}, then U is V-normal.

Remark 24.4. By Theorem 24.1, it is clear that several properties of the normal super relations can be immediately derived
from those of the regular ones. Therefore, the latter ones have to studied before the former ones. Also, from Theorem 24.2,
we see that the regular super relations are still less general objects than the normal ones. Actually, we see that they are
strictly between closure relations and normal super relations.

25. Some further properties of normal and regular super relations

By specializing some of the results of Sections 12—14, we also easily establish the following three theorems.

Theorem 25.1. If U is V—-normal, then
(1) U and V are increasing ;
(2) VoU isa closure operation ; (8) UoV isan interior operation ;

4) U=UoVoU; B) V=VoUoV.

Theorem 25.2. The following assertions are equivalent :
(1) U is V-normal;

(2) U is union-preserving and forall BCY
VB)=U{ACX: U(A)CB}.
Proof. If assertion (1) holds, then by Theorems 5.7 and 14.3, for any A C P (X), we have
U(sup(A)) =sup (U[A]), and thus U(sup(A)) =Uueca U(A).
Therefore, U is union-preserving. Moreover, by using Theorem 13.2, Corollary 14.1 and Definition 7.1, we see that
V(B) = max (Inty (B)) = sup (Inty (B)) =sup ({ACX: U(A)CB})=(J{ACX: UMA)CB}

for all B C Y. Therefore, assertion (2) also holds.
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Conversely if assertion (2) holds and A C X and B C Y, then it is clear that
UACB = AcCcU{CcX: U(C)CB} = ACV(B).
Therefore, U is right V—seminormal. Moreover, we also see that
ACV(B) = Acl|J{ccx: U()CB} = VazeAd: 3C,CX: z€C,, U(C,)CB.
Hence, by using that U is union-preserving, we already infer that

U(A)=U,ea U({2}) S Uzea U(Cr) € B.
Therefore, U is also left V—seminormal, and thus assertion (1) also holds. [ |

Remark 25.1. In addition to this theorem, it is also worth noticing that if U is V—normal, then forany z € X and BCY
we also have
VB)={zeX: U‘z)CB}.

Namely, for any = € X, we have
reV(B) < {2}CVB) < U({z})C B < U%x) CB.
Theorem 25.3. The following assertions are equivalent :
(1) U is normal; (2) U is union-preserving .
Now, by specializing some of the results of Sections 11 and 15, we also easily establish the following three theorems.
Theorem 25.4. If U is ®-regular, then
(1) U isincreasing; (2) @ isa closure operation ; B) U=Uo.
Theorem 25.5. The following assertions are equivalent :
(1) U is ®-regular;
(2) U is union-preserving and for all B C X
$(B)=U{ACX: UMA)CUB)}.

Remark 25.2. In addition to this theorem, it is also worth noticing that if U is ®-regular, then for any B C Y we also
have
dB)={zeX: Ux)CU(B)}.

Theorem 25.6. If P(Y)={U (A): AC X}, then the following assertions are equivalent :

(1) U isregular; (2) U is union-preserving .

26. Normalities of complement and dual super relations

Theorem 26.1. The following assertions are equivalent :

(1) Uc© isright V °—seminormal ; (2) Vo Cy isleft Uo Cx—seminormal.

Proof. By the definitions of complement relations and sets, it is clear that the following assertions are equivalent :
(@) U°(A)C B = ACVeB) forall ACX and BCY;

(b) U(A)C B = ACV(B)°) forall ACX and BCY;

(¢) B°CU(A) = V(B)C A° forall ACX and BCY;

(d BCU(A) = V(B C A forall ACX and BCY,

(e) BC(UoCx)(A) = (VoCly)B)C A forall ACX and BCY.

Moreover, by Definition 24.1, we see that assertion (1) is equivalent to assertion (a), and assertion (2) is equivalent to
assertion (e), and thus assertions (1) and (2) are also equivalent. [ |
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Quite similarly, we also prove the following result.
Theorem 26.2. The following assertions are equivalent :
(1) Uc isleft V°~seminormal; (2) Vo Cy isright Uo Cx—seminormal.
Remark 26.1. Moreover, Theorem 26.2 can also be derived from Theorem 26.1 by using Theorem 10.3.
The next corollary is an an immediate consequence of Theorems 26.1 and 26.2.
Corollary 26.1. The following assertions are equivalent :
(1) U¢is V—normal; (2) Vo Cy is UoCx—normal.
Remark 26.2. Hence, by writing V¢ in place of V', we at once see that the following assertions are also equivalent :
(1) U¢is V—normal; (2) V* is U oCx—normal.

From Theorems 26.1 and 26.2, by writing U¢ and V¢ in place of U and V, respectively, we also derive the following
two theorems.

Theorem 26.3. The following assertions are equivalent :
(1) U isright V-seminormal; (2) V* is left U*-seminormal.
Theorem 26.4. The following assertions are equivalent :
(1) U isleft V—seminormal; (2) V* isright U*-seminormal.
Proof. By using Theorems 26.2 and 23.1, we see that
(1) = (U°)° isleft (V) “—seminormal <= V¢ o Cy isright U°oc Cx—seminormal <= (2). [ |
Now, as an immediate consequence of Theorems 26.3 and 26.4, we also state the following result.

Corollary 26.2. The following assertions are equivalent :

(1) U is V-normal; (2) V* is U*-normal.

Remark 26.3. Hence, by writing U* in place of U, we at once see that the following assertions are also equivalent :

(1) U* is V—normal; (2) V* is U—normal.

27. Some further theorems on the normalities of dual and complement relations

From Theorems 26.4 and 26.3, by writing U* and V* in place of U and V, respectively, we also derive the following two
theorems.

Theorem 27.1. The following assertions are equivalent :
(1) V isright U-seminormal ; (2) U* isleft V*—seminormal.
Theorem 27.2. The following assertions are equivalent :
(1) V is left U-seminormal; (2) U* isright V*—seminormal.

Remark 27.1. The latter two theorems can also be derived from Theorems 26.2 and 26.1, by writing U o Cx and V o Cy
in place of U and V, respectively.

Now, as an immediate consequence of Theorems 27.1 and 27.2, we also state the following result.
Corollary 27.1. The following assertions are equivalent :
(1) V is U-normal; (2) U* is V*~normal.

Remark 27.2. Hence, by writing U* in place of U, we at once see that the following assertions are also equivalent:

(1) V is U*—normal; (2) U is V*—normal.
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From Theorems 26.1 and 26.2, by writing V* in place of V', we also derive the following two theorems.

Theorem 27.3. The following assertions are equivalent :
(1) BCU(A) = ACV(B) forall ACX and BCY;

(2) Uc€ is right V o Cy—-seminormal ; (3) Ve is left UoCx—seminormal.

Theorem 27.4. The following assertions are equivalent :
(1) ACV(B) = BCU(A) forall ACX and BCY;

(2) Uc© is left V oCy-seminormal ; (3) V¢ is right U oCx-seminormal.

Proof. By the corresponding definitions, it is clear that following assertions are equivalent :
(a) A°CV(B) = BCU(A) forall ACX and BCY,

(b) V(B)*C A = BCU(A® forall ACX and BCY;

() V¢(B)CA = BC(UoCx)(A) forall ACX and BCY.

Since assertion (1) is equivalent to assertion (a) and and assertion (3) is equivalent to assertion (c), we see that assertions
(1) and (3) are also equivalent.

Moreover, by using Theorems 23.1 and 26.2, we see that
(2) < UF° isleft (V*)°~seminormal <= V*o Cy isright U o Cx—seminormal <= (3). [ |
Now, as an immediate consequence of Theorems 27.3 and 27.4, we also state the following result.

Corollary 27.2. The following assertions are equivalent :
(1) ACV(B) < BCU(A) forall ACX and BCY;
(2) U is V oCy-normal; 3) Veis UoCx-normal.

Remark 27.3. To obtain some more instructive reformulations of the corresponding results of Sections 26 and 27, note
that U¢=Cy o U and V¢=Cxo V.

28. 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 of this notion, see [56,57,68,69], and the references in [57]. If
in particular R is a relator on X to itself, then R is simply called a relator on X. Thus, by identifying singletons with
their elements, we may naturally write X (R) instead of (X, X)(R). Namely, (X, X) = {{X},{X, X}} = {{X}}.
Relator spaces of this simpler type are already substantial generalizations of the various ordered sets [13,81] and uniform
spaces [22,93]. However, they are insufficient for some important purposes. (See [23,66,68,76,79,83,92].)

A relator R on X to Y, or the relator space (X, Y)(R), is called simple if R = {R} for some relation R on X to
Y. Simple relator spaces (X, Y)(R) and X (R) were called formal contexts and gosets in [23] and [81], respectively.
Moreover, a relator R on X, or the relator space X(R), may, for instance, be naturally called reflexive if each member
of R is reflexive on X. Thus, we may also naturally speak of preorder, tolerance and equivalence relators. For instance,
for a family A of subsets of X, the family R4 = {R4: A€ A}, where Ry = A2U (A°x X), is an important preorder
relator on X . Such relators were first used by Pervin [45] and Levine [33]. While, for a family D of pseudo-metrics on
X, the family Rp = {B%: r» >0, d€ D}, where B¢ = {(x,y) : d(v,y) <r}, is an important tolerance relator on X.
Such relators were first considered by Weil [96]. Moreover, if & is a family of covers (partitions) of X, then the family
Re ={Sa: Ac &}, where S4y = c4 A? | is an important tolerance (equivalence) relator on X. Equivalence relators
were first studied by Levine [32]. (Preorder relators were also considered in [2,74].)

If x is a unary operation for relations on X to Y, then for any relator R on X to Y we define R* = {R* : ReER } .
However, this plausible notation may cause confusions if x is a set-theoretic operation. For instance, for any relator R on
X to Y, we may naturally define the elementwise complement R¢ = {R°: R € R}, which may easily be confused with the
global complement R¢ =P (X xY )\ R of R. However, for instance, the practical notations R ' = {R~!: Re R}, and
R>*={R>: Rec R} whenever R isonly arelator on X, will certainly not cause confusions in the sequel. In particular,
for a relator R on X, we may also naturally define R? = {S CX2%2: S®ecR } Namely, for any two relators R and
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S on X, we evidently have R>® C S «= R C S?. That is, the operation co is d—normal. The operations co and 0
were introduced by Mala [34,36] and Pataki [42,43], respectively. These two former PhD students of the third author,
together with Kurdics [28—-30], have made substantial developments in the theory of relators. Moreover, if * is a binary
operation for relations, then for any two relators R and S we may naturally define R xS = { RxS: ReR,SeS } .
However, this notation may again cause confusions if * is a set-theoretic operation Therefore, in the former papers, we
wrote RAS={RNS: ReR,SeS}. Moreover, for instance, we also wrote RAR™' ={RNR~': ReR}. Thus,
RAR™! is a symmetric relator such that RARTC RAR.

A function O of the family of all relators on X to Y is called a direct (indirect) unary operation for relators if, for every
relator R on X to Y, the value RY = [O(R) is a relator on X to Y (on Y to X). More generally, a function § of the
family of all relators on X to Y is called a structure for relators if, for every relator R on X to Y, the value 5z = §F(R) is
in a power set depending only on X and Y.

Concerning structures and operation for relators, we freely use some basic terminology on set-to-set functions. However,
for closures and projections, we now also use the terms refinements and modifications, respectively. For instance, ¢ and
—1 are involution operations for relators. While, co and 0 are projection operations for relators. Moreover, the operation
O = ¢, oo or J is inversion compatible in the sense that (R ") - (R™1) - While, if for instance

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

for every relator R on X to Y and B C Y, then the function ¥, defined by §(R) = Intg, is a union-preserving structure
for relators.

The first basic problem in the theory of relators is that, for any increasing structure §, we have to find an operation [
for relators such that, for any two relators R and S on X to Y we could have §s C §r <= S C RY. By using regular
functions [42,88], several closure operations can be derived from union-preserving structures. However, more generally,
one can find first the Galois adjoint & of such a structure §, and then take Oz = & oF [72]. By finding the Galois adjoint
of the structure §, the second basic problem for relators, that which structures can be derived from relators, can also be
solved. However, for this, some direct methods can also be well used [61, 74] .

Now, for an operation O for relators, a relator R on X to Y may be naturally called (—fine if R™ = R . Also, for some
structure § for relators, two relators R and S on X to Y may be naturally called §—equivalent if §r = Fs. Moreover,
for a structure § for relators, a relator R on X to Y may, for instance, be naturally called F—simple if Fr = Fr for some
relation R on X to Y. Thus, singleton relators have to be actually called properly simple.

29. Closures and interiors derived from relators

Notation 29.1. In this section, we assume that R is arelatoron X to Y.

Remark 29.1. Though, somewhat more generally, we should assume that I/ is a super relator on X to Y. Namely, the
following definition can be trivially extended to to super relators. Moreover, if § is a structure for super relators, then we
may naturally define §r = Fr> with R* = {R>: R € R}. However, in this paper, we are mainly interested in those
structures § for which §; = Fy« holds with U9 ={U": Uelu}.

Definition 29.1. Forany AC X, BCY and z € X, y €Y, we define:
(1) AecIntg(B) if R[A] C B for some REeR;
(2) AeClg(B) if RIA]NB#0 forall ReR;

(3) z€intr(B) if {z} € Intr(B); (4) zcorly) if zecintr({y});
(5) z €clg(B) if {z}€ Clr(B); ©6) z€pe(y) if vecdr({y});
(7) Be ép Lf intR(B);é(Z); (8) B € Dy lf ClR(B):X.

Remark 29.2. The relations Inti , intgz and o are called the proximal, topological and infinitesimal interiors generated
by R, respectively. While, the members of the families, £r and Dz are called the fat and dense subsets of the relator
space (X, Y)(R), respectively. The origins of the relations Clz and Intz go back to Efremovié¢’s proximity 6 [17] and
Smirnov’s strong inclusion &€ [55], respectively. While, the convenient notations Cliz and Intrz, and the family &x,
together with its dual Dy, were first explicitly used by the third author in [57,60,61,71]. (See also [89,91].)

The following theorem shows that, in a relator space, the closure of a set can be more directly described than in a
topological one. Moreover, the corresponding closure and interior relations are equivalent tools.
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Theorem 29.1. For any B C X, we have
(D) dr(B)=Nper R [B;
(2) cg(B) = (intROCy)c =X\ intg (Y \ B); (8) Clg(B) = (Intgo Cy)C =P(X)\ Intr (Y \ B).
Remark 29.3. From assertion (2), we at once see that
(1) clg = int%; (2) clg = (intg) o Cy.
While, from assertion (1), we easily derive the following result.
Corollary 29.1. We have
D pr=NR1'=(NR)"; (2) pr1=pt=NR.

The small closure and interior relations are usually much weaker tools than the big ones. Namely, in general, we only
prove the following result.

Theorem 29.2. Forany AC X and BCY
(1) AelIntg(B) implies ACintg(B); (2) ANnclg(B)#0 implies A€ Clg(B).

The following theorem shows that, in contrast to their equivalence, the big closure relation is usually a more convenient
tool than the big interior one.

Theorem 29.3. We have
(1) Clg-1 =Cly'; (2) Intg-1 = Cy oIntyx' oCx.
By using Theorem 29.1 and Definition 29.1, we easily establish the following result.
Theorem 29.4. We have
(1) Dr={BCY: VReER: X=R'[B]}; (2) Er =U,cx Ur (2), where Ug (z) = intx" (z).

Remark 29.4. Note that thus
Ur (z) = intg' (z) ={BCY: z€intgr(B)}

is just the family of all neighbourhoods of the point = of X in Y.
The following theorem shows that the families of fat and dense sets are also equivalent tools.
Theorem 29.5. We have
(1) DrR={DCY: D°¢&r}; (2 Dr={DCY: VE€Er: END#0}.
By Definition 29.1 and Theorem 16.3, we also state the next theorem.
Theorem 29.6. The structures Int, int , and &£ are union-preserving.
Remark 29.5. Instead of the union-preservingness of the hyper relation Int, we usually need only that Intr = |J;.x Intr.

Therefore, Theorem 29.6 is, in general, only of some terminological importance for us.

30. Open and closed sets derived from relators

Notation 30.1. In this section, we assume that R is a relator on X.

By using Definition 29.1, we introduce the following definition.
Definition 30.1. For any A C X, we define:
(1) Aern if Achtr(4); (2 Acrr if A°¢ Clg(A);
3 AeTr if A Cintg(A); 4 AecFr if clr(A) C A;
5) AeNr if cr(A)¢Er; (6) Ac Mg if intr(A)€ Dr.
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Remark 30.1. The members of the families, 7., Tr and Nx are called the proximally open, topologically open and rare
(or nowhere dense) subsets of the relator space X (R), respectively. The families 7. and 7, were first explicitly used
by the third author in [60,61]. While, the practical notation 7, has been suggested by J. Kurdics who first noticed that
connectedness is a particular case of well-chainedness [28, 30,43].

By using Definition 30.1 and the corresponding results of Section 29, we easily establish the following two theorems.
Theorem 30.1. We have
(D Fr=1Tg-1; 2 Fo={ACX: A°€1r};
3 Fr={ACX: A°cTr}; 49 Mr={ACX: A°cNg}.
Theorem 30.2. We have
(D 7= CTr; 2) Tr\{0} C &r; (3) DrNFr C{X}.

Remark 30.2. In addition to assertion (1), it also worth noticing that 7, = 7r for any R € R. Moreover, from assertion
(3), by using global complementations, we easily infer that Fr C (D) U {X} and Dx C (Fr) U {X}.

We also have the following result.

Theorem 30.3. For any A C X we have
(1) PAN(Tr\{0}) #0 implies Ac&r;
@) U TrNP(A) Cintr(A); (8) P[r=NP(A)] C Intr(A).

Remark 30.3. The fat sets are frequently more important tools than the open ones. For instance, if R is a relation on X,
then 7 and &g are just the families of all ascending and residual subsets of the goset X (R), respectively.

This fact, stressed first by the third author in [59], can also be well seen from the next example.

Example 30.1. If in particular X =R and
R(z)={r—1}U[x, +o0]
for all z € X, then R is a reflexive relation on X such that 7z = {0, X }, but £y is quite a large family.

Remark 30.4. If the relator R is topological or proximal in the sense that:
(1) foreach z € X and R € R there exists V € Tz suchthat x € V C R(z);
(2) foreach AC X and R € R thereexists V € 7, suchthat ACV C R[A];

respectively, then the converses of the assertions (1)—-(3) of Theorem 30.3 can also be proved. Therefore, in these cases, the
families 7z and 7 are also quite powerful tools.

By Definition 30.1 and Theorem 16.3, we state the next theorem.
Theorem 30.4. The structure T is also union-preserving.

The following example shows that the increasing structure 7 need not be union-preserving. This is a serious disad-
vantage of the topologically open sets.

Example 30.2. If card(X) > 2 and 1, 22 € X such that z; # x5, and
Ri={z:}>U ({z:}°)"
forall i =1, 2, then R = { Ry, R2} is an equivalence relator on X such that
{z1, 22} € TR\ (Tr, U TR,) 5
and thus Tr € Tr, U Tr, -

Remark 30.5. Later, by using the topological refinement R" of R, we see that 7z = |Jzcrs Tr, Whenever R is
nonvoid.
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31. Convergences and adherences derived from relators

Notation 31.1. In this and the subsequent sections, we assume that R is a relator on X to Y.

The importance of fat and dense lies mainly in the following definition of the convergence and adherence of nets to nets
and points suggested by Efremovié¢ and Svarc [18]. This definition has also been used in [1,47,48].

Definition 31.1. If ¢ and v are functions of a relator space I'(i/) to X and Y, respectively, and

(e, ) (V) = (), ()
for all v € T, then we define:
(1) p € Limg (v) if (¢, v) '[R]€ & for all ReR;
(2) p e Adhg (v) if (¢,%)"'[R]€ Dy for all ReR.
Moreover, if x € X and z,(y) =z for all v €T, then we also define
3) zelimg(y) if zr € Limg(¥); (4) z € adhg(v)) if zr € Adhg(¥).

Remark 31.1. This definition can be immediately generalized to the case when ® and ¥ are relations on I' to X and
Y, respectively, and (® @ ¥)(y) = & (y) x ¥ (y) forall v € I'. Moreover, A C X and Ar(y) = A forall y€T.

However, to make the above big limit and adherence relations to be stronger tools than the big closure and interior
ones, it is sufficient to consider only a proset I' (<) instead of the relator space I' ().

Theorem 31.1. If R is a relator on X to Y, then forany A C X and B CY, the following assertions are equivalent :

(1) AeClg(B);

(2) there exist a poset T' (<) and functions ¢ and ¢ of T to A and B, respectively, such that ¢ € Limg (¢);

(3) there exist a non-partial relator space T (U) and functions ¢ and 1 of T to A and B, respectively, such that
¢ € Limg (¢).

Proof. For instance, if assertion (1) holds, then for each R € R we have R[A]N B # 0. Therefore, there exist ¢ (R) € A
and 1 (R) € B such that ¢ (R) € R (¢ (R)). Hence, we already infer that (¢, ¢)(R) = (¢(R), ¥(R)) € R, and thus

Re (o, ¢) ' [R].

Now, by taking ' = R and <=2, we see that I' (<) is poset such that T" # () if R # (. Moreover, if R € R, then
R €T such that for any S €I, with S > R, we have S C R, and thus

Se(p, ) [S1C (¢, v) " [R].

This shows that (¢, 1) ~![R] is a residual, and thus fat subset of the poset I' (<). Therefore, ¢ € Limg (), and thus
assertion (2) also holds. [ |

Remark 31.2. To prove an analogous theorem for the relation Adhz, on the set I' = R we have to consider the preorder
< =T?2. Therefore, posets are usually not sufficient. If R is uniformly filtered in the sense that for every R, S € R there
exists T € R such that 7'C RN S, then in the proof of the corresponding theorem we also take <=D.

From Theorem 31.1, by letting ¢ to be a constant function, we derive the next corollary.

Corollary 31.1. Forany x € X and B CY, the following assertions are equivalent :
(1) zeclr(B);

(2) there exist a poset T' (<) and a function ¢ of T to B such that z € limg (¢);

(3) there exist a non-partial relator space T (U) and a function ¢ of T to B such that x € limg (¢).
In addition this corollary, it is also worth proving the following result.

Theorem 31.2. For any function v of a relator space T (U) to Y, we have

@) limg (¥) = N pep, Ir (¥[D]) @) adhg (¥) = N pee, A (V[ E]).



S. Acharjee, M. Th. Rassias, and A. Szaz / Electron. J. Math. 4 (2022) 46-99 84

Remark 31.3. The above results show that the relations clz and limp are usually also equivalent tools in the relator
space (X,Y)(R).

By using the corresponding definitions, we more easily prove the following result.

Theorem 31.3. For any function ¢ of a goset I' (<) to Y, we have
@) limg () = Nger lmyer B (0 () = Nrer Uaer Npza B (¥ (8));

(2) adhn(ll)) = nRe’R mwel‘ R_l("/}(’)’)) = nReR ﬂael‘ Uﬁza R_1(¢(5))

Remark 31.4. Beside assertion (1) of Theorem 29.1, this theorem also shows a remarkable advantage of relator spaces
over the topological ones.

By Definition 31.1 and a dual of Theorem 16.3, the following theorem is also true.
Theorem 31.4. The structures Lim, lim, Adh and adh are intersection-preserving.

Remark 31.5. Thus, in particular, for a function ¢ of a relator space I" (/) to Y, we have

limz (¢) = Nper limg(¥) and adhr (¢) = Nger adhr ().

Therefore, the function ) may be naturally called convergence (adherence) Cauchy if limg () # 0 (adhg(¢) # @) for all
R € R. Thus, “convergent (adherent)” trivially implies “convergence (adherence) Cauchy”. Moreover, if R is topologically
fine, then it can be shown that the converse implication is also true. (See [63,65].) Analogously to completeness and
compactness, the Lebesgue and Baire properties can also be most nicely treated in relator spaces [58,70]. By [43,53], the
same is true for the well-chainedness and connectedness properties .

32. Lower and upper bounds derived from relators

According to [69], we introduce the following definition.
Definition 32.1. Forany AC X, BCY and z € X, y €Y, we define
(1) A€lbgr(B) and B € Ubgr(A) if AxB CR forsome RER;
(2) z€lbr(B) if {z} €Lbr(B); (3) y€ubr(A4) if {y} € Ubr(4);
(4 Belr if br(B)#0; (5) Aelly if ubgr(A)#0.
Thus, for instance, we easily prove the following two theorems.
Theorem 32.1. We have
(1) Ubg =Lbg 1 =Lby'; (2) ubg =1lbg 1; (3) Ur = Lr-1.
Theorem 32.2. We have
(1) Lbr = Clg. = IntgeoCy 5 (2) Ibg = clge = intge o Cy ; 3) Lr=P(Y)\Dge.

Proof. By Definitions 32.1 and 29.1, forany A C X and B CY we have

Ae€lbgr(B) — I ReR: AxBCR
< JReR: V(a,b)e AxB: (a,b) ¢ R
< JReR: VacA beB: b¢ R°(a)
< JReR: R°[AINB=10
< A ¢ Clg:(B)
< A€ Clge(B)°
< AeClg.(B).

Therefore, Lbg (B) = Cl%.(B) for all B C Y, and thus the first part of (1) is true. The second part of (1) follows from
Theorem 29.1. ]
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Remark 32.1. The above two theorems show that, for instance, the relations Lbr , Ubz , Clz and Intr are also equivalent
tools in the relator space (X, Y)(R).

Notation 32.1. In the remaining part of this section, we assume that R is a relator on X.
In addition to Definition 32.1, we also introduce the following definition.

Definition 32.2. For any A C X, we define

(1) ming(A) = Anlbr(A); (2) maxr(A) = ANubg(A);

(3) Ming(A) = P(A) N Lbg(A); (4) Maxg(A) = P(A) N Ubg(A);
(5) infr(A) = maxg (Ibr(A)); (6) supg(A) = ming (ubr(A));
(7) Infr(A) = Maxg [Lbr(A4)]; (8) Supg(A)=Ming[Ubr(A)];
9 Actn if AcLbr(A); (10) AeLlr if ACIbr(A).

Moreover, for instance, we easily prove the following three theorems.

Theorem 32.3. We have

(1) Maxg = Ming-1; (2) Supg =Infr-1;

(3) maxgr = ming-1; (4) supr = infr-1; (B) lr =Llr-1.

Theorem 32.4. For any A C X we have

(1) Maxg(A) C P (maxg(A)); (2) Maxg(A)={B C X: P(A) C Lbg(B)}.

Theorem 32.5. For any A C X the following assertions are equivalent :

(1) Aetg; (2) A€ Ubg(A4); (3) A€ Ming(A); (4) A€ Maxgr(A).

Remark 32.2. Concerning the family £z, we only prove that A € L if and only if A = ming (A4).
Moreover, it is also worth mentioning that the following theorem is true.

Theorem 32.6. We have

(1) ERQERHERA; (2) ,CR:{IDIHR(A) ACX}

33. The most important closure operations for relators

Some of the following operations were already considered by Kenyon [27] and Nakano and Nakano [38].

Definition 33.1. The relators

R*={SCXxY: 3 ReR: RCS},

R#¥={SCXxY: VACX: I ReR: R[A] CS[A]},
RN={SCXxY: VzeX: FReR: R(z)CS(z)},
Re={SCXxY: VzeX: FJueX: IReER: R(u)CS(z)}

are called the uniform, proximal, topological and paratopological closures (or refinements) of the relator R, respectively.

Remark 33.1. Thus, we evidently have
RCR*CR#¥CRNC R™.

Moreover, if in particular R is a relator on X, then by using the notation R = { R : R € R} we easily prove that

However, it is now more important to note that, by using Definition 29.1, the definitions of the operations #, A , and
A can be quite briefly reformulated.
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Theorem 33.1. We have
(1) R*¥={SCXxY: VACX: Actg(S[A4])};
2 R"={SCXxY: VazeX: zecintg(S))};
3 R:={SCXxY: VzeX: S eér}.
The importance of the operation * lies mainly in the following result.

Theorem 33.2. x is a closure operation for relators on X to Y such that, if R is nonvoid, then for any relator S on X to
Y we have
SCR* <= Limg C Limg <— Adhgr C Adhgs .

Proof. For instance, if S ¢ R*, then there exists S € S such that S ¢ R*. Thus, by the definition of R*, for any
R € R we have R ¢ S. Therefore, there exists (¢ (R), ¥ (R)) € R such that (¢ (R), ¥ (R)) ¢ S. Hence, since
(¢, ¥)(R) = (¢(R), ¥ (R)), we infer that

Re (¢, ¢)'[R] and (o, ¥)'[S]=0.

Now, by taking I' = R and <=2, we see that I' (<) is a poset. Moreover, as in the proof of Theorem 31.1, we show
that ¢ € Limg (¥).

Furthermore, since < is reflexive, and thus in particular it is non-partial, we note that () ¢ £<, and thus (¢, ¥)~'[S] ¢
&< . Therefore, by Definition 31.1, we have ¢ ¢ Limgs(¢), and thus Lims ¢ Limg . This proves that Lims C Limg implies
SCR* evenif R=10. [ |

Remark 33.2. Actually, the equivalence S C R* <= Limg C Limgs does not require the relator R to be nonvoid.
However, to prove the implication Adhgx C Adhs = S C R*, on the set I' = R we to consider the preorder <= I'2.
Moreover, we have to note that () ¢ D< if R # 0.

Corollary 33.1. If R is nonvoid, then S = R* is the largest relator on X to Y such that

Proof. To prove (1), note that, by Theorem 33.2, the inclusion R* C R* implies Limz C Limgz-, and R C R** implies
Limg+ C Limg . Therefore, we actually have Limgp. = Limg .

Moreover, if S is a relator on X to Y such that Limiz C Limg then by Theorem 33.2 we have S C R*. Therefore,
S = R* is actually the largest relator on X to Y such that Limp C Limg. |

Remark 33.3. Note that the implication S C R* = Adhgr C Adhg is always true. Therefore, by the first part of the
above proof, the equality Adhr- = Adhg is also always true.

Now, analogously to Theorem 33.2 and it corollary, we also prove the following theorem and its corollary.
Theorem 33.3. If R is nonvoid, then for any relator S on X to Y, we have
SCR" <+ limg Climgs <= adhr C adhgs .
Corollary 33.2. If R is nonvoid, then S =R" is the largest relator on X to Y such that

hms = hmR ( adhg = ath ) .

34. Some basic theorems on the operations #, A ,and A

The following theorem and its corollary can be proved in a unified way by using some basic theorems on regular functions
[42,53].

Theorem 34.1. The operations #, N\ , and A are closure operations for relators on X to Y such that, for any relator S
on X toY,

1) SCR#* «— IntsCIntg <= Clg CClg;
(2) SCR"N <«= intgCintg <= clg Ccls;

B) SCRY = €EsCéEr <= DrCDs.
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Remark 34.1. Here, the statement that #, A , and A are closure operations need not be proved directly since this is a
consequence of the regularity properties (1), (2), and (3).

Corollary 34.1. The following assertions are true:
(1) S=TR*% is the largest relator on X to Y such that Ints = Intg (Cls = Clg);
(2) S=R" isthe largest relator on X to Y such that ints = intw (clg = clR);

(8) S=TR" is the largest relator on X to Y suchthat s =Er (Ds = Dr).

Remark 34.2. Actually, for instance, it can also be proved that S = R# is the largest relator on X to Y such that
Intsg C Intg .

Concerning the above basic closure operations, we also easily prove the following result.
Theorem 34.2. We have
(1) R* = R**;
(2) R#*=RO# = R#° with O =% and #;
8) RN= RO = RN with {=x, # and A;
(4) R2= RO =R with O=x, #, A and A.
Proof. To prove (2), note that, by Remark 33.1 and the closure properties, we have
R#* CR#* CR## =R# and R#¥ CR** CR## =R#. |
Remark 34.3. If in particular R is a relator on X, then by using Remark 33.1 we also prove that
R*° =R>®*° and R>™*=R">"
Theorem 34.3. We have
1) R*1=R-1*; (2) R#-1=R-1#,
Proof. To prove (2), note that by Theorems 29.3 and Corollary 34.1 we have
Clr#-1 = Clg} = Clg' = Clg -1,

and thus in particular Clz-1 C Clg%-1.
Hence, by using Theorem 34.1, we infer that R# ! C R~'#. Now, by writing R ~! in place of R, we see that assertion
(2) is also true. [ |

Remark 34.4. It can be more easily shown that the elementwise operations ¢, co and 0 are also inversion compatible.
However, the operations A and A are not inversion compatible. Therefore, in addition to Definition 33.1, we must also
introduce the following definition.

Definition 34.1. We define
RY = RN and RY = RA-L.

Remark 34.5. The latter operations have very curious properties. For instance, if R # 0, then RV" = {p}", and
thus in particular the relator RV is topologically simple. (For some generalizations, see [35].) 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*® ={pr-1}*, and moreover

R¢=R if R={XxY} and R®=P(XxY) if R#{XxY}.

The importance of the operation ¢ lies in the fact that it is the ultimate stable unary operation for relators on X to Y in
the sense that {X xY}* = {X xY}.
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35. Some further theorems on the operations A and A

A preliminary version of the following basic theorem was proved in [57].
Theorem 35.1. If R is nonvoid relator on X to Y, then for any B CY we have
(1) Intga(B)=P(intr(B)); (2) Clgn(B) =P*(clr(B)).

Proof. If A € Intg~(B), then by Theorem 29.2 and Corollary 34.1 we have A C intg~(B) = intz(B), and thus also
A € P(intg(B)). Therefore, Intg(B) C P(intr(B)).

While, if A € P(intgr(B)), then A C intg(B). Therefore, by Definition 29.1, for each z € A there exists R, € R
such that R, (xz) C B. Now, by defining

S(z) =R,(z) forall z€ A and S(z)=Y forall ze A€,

we at once state that S[A] C B. Moreover, by using that R # (), we also easily note that S € R" . Therefore, by Definition
29.1, we also have A € Intz~ (B). Consequently, P (int(B)) C Intg~(B), and thus assertion (1) also holds. [ |

Remark 35.1. By assertion (2) and Definition 23.1, for any A C X, we have
A€Clgn(B) < AeP*(cdr(B)) + AeP(cdr(B)?)"
A¢P(cdr(B)°) <= AZcr(B)° < Anclg(B)#0.
From the above theorem, by using Definition 30.1, we immediately derive the following result.
Corollary 35.1. If R is a nonvoid relator on X, then
1) 7or =Tr; (2) Frr=Fgr.

Remark 35.2. Note that, by Theorem 30.4 and Remark 30.2, we have

= = Urer ™o = Urer Tr-
Hence, by writing R” in place of R and using Corollary 35.1, we immediately infer that Tr = Jzcrs Tr-
From Corollary 35.1, by using Theorem 34.2, we also immediately derive the following result.
Corollary 35.2. If R is a nonvoid relator on X, then
1) 7re = Tre ;s (2) Fro = Fro.
Concerning the operation A, we also prove the following result.
Theorem 35.2. If R is a nonvoid relator on X to Y, then for any B CY we have
(1) Intgrs(B)={0} if B¢Exr and Intgs(B)=P(X) if Ber;
(2) Clgs(B)=10 if B¢Dr and Clrs(B)=P(X)\{0} if Be Dx.

Proof. If A € Intgs(B), then there exists S € R® such that S[A] C B. Therefore, if A # (), then there exists z € X
such that S (z) C B. Hence, by using that S (z) € £ and &x is ascending, we infer that B € £x . Therefore, if B ¢ £,
then we necessarily have Intg.(B) C {0}. Moreover, since R # (}, we also note that R # ), and thus ) € Intg.(B).
Therefore, the first part of assertion (1) is true.

On the other hand, if B € £z, then by defining R = X x B and using Theorem 33.1, we see that R € R%. Moreover,
we also note that R[A] C B, and thus A € Intg:(B) for all A C X. Therefore, the second part of assertion (1) is also
true. |

From this theorem, by Definition 29.1, it is clear that in particular we also have the following result.

Corollary 35.3. If R is a nonvoid relatoron X to Y and B CY, then
1) clrs (B) =0 lf B ¢'DR and clra (B) =X lf BeDgr;
(2) intgra (B) =0 if B ¢ Er and intrs (B) =X if Beéx.

Hence, by using Definition 30.1, we immediately derive the following result.
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Corollary 35.4. If R is a relator on X, then
(1) Tre = Eg U{0}; (2) Frs = (P(X)\ Dr)U{X}.

Remark 35.3. Note that if in particular R = (), then £z = (). Moreover, R* = @ if X # 0, and R® = {0} if X = 0.
Therefore, Tr. = {0}, and thus assertion (1) is still true.

Now, since 0 ¢ £r if R is non-partial, we also state the following result.

Corollary 35.5. If R is a non-partial relator on X, then
(1) &r =Trs \ {0}, (2) Dr = (P (X)\ Fro)U{X}.

36. Some further closure operations for relators

By using the following theorem, from the basic closure operations *, #, A and A, we easily derive some further important
closure operations.

Theorem 36.1. If (I is a closure (projection) and < is an involution operation for relators, then { = o [J¢ is also a closure
(projection) operation for relators.

Proof. To prove that ¢ is also idempotent, note that
00 = (eO0)(eO0) = (0O)((00)(O0)) = (¢O)(A(O0)) = (¢O)(O0) =< ((OO)0) =o(0o) = 0,
where A is the identity operation for relators. [ |
Now, by using the elementwise complementation and inversion, we also introduce the following definition.

Definition 36.1. For an operation [ for relators, we define
O =c0c and @B=-10-1.

Remark 36.1. Thus, by Theorem 36.1, for instance ® is also a closure operation for relators. This statement is also quite

obvious from the fact that

R®= U P(R)={SCXxY: FReR: SCR}.
ReR

To check this, note that if for instance S € R®, then S € R¢*¢, and thus S¢ € R¢*. Therefore, there exists R € R such
that R C S°. Hence, it follows that S C R, and thus S € P(R). Therefore, S € |Jz.» P(R) also holds.

The importance of Definition 36.1 lies mainly in the following counterpart of Theorem 34.1.

Theorem 36.2. @ and ® are closure operations for relators such that, for any relator S on X to Y,

(1) SCR® <« LbsClLbg; @) SCR® <« IbsClbg.
Proof. By the corresponding definitions and Theorems 34.1 and 32.2, we have
SCR®P s SCRH#C = S°CR# <« Intge CIntge <= IntgeoCy C IntgeoCy <= LbgC Lbg .
Therefore, assertion (1) is true. The proof of assertion (2) is quite similar. |
Now, analogously to Corollary 34.1, we also state the following result.

Corollary 36.1. The following assertions are true:
1) s= RP is the largest relator on X to Y such that Lbs = Lbg;

2) S§= RP s the largest relator on X to Y such that lbs =lbg.

Remark 36.2. Because of Theorem 32.1, in Theorem 36.2 and its corollary, we may write Ub instead of Lb. Concerning
the structure ub, by using Theorems 32.1 and 36.2, we only prove that

ubs C ubg <= lbg-1 C lbg-1 <= STCR QO o SCRIO1T SQR
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Remark 36.3. In this respect, it is also worth mentioning that, by using the associativity of composition and the inversion
compatibility of ¢, we also easily see that

:—1@—1:—10Ac—1=c—1/\—1c:cc:@.

Now, by using the corresponding definitions and Theorem 34.2, we prove the next theorem.

Theorem 36.3. We have

(1) R® = R®® .

2 RP =ROP_RPO with 0 =® and @;

3) RO=ROP =R with 0=®, @ and ®;

@ RO =ROC=-ROOC with (=, @, @ and .

Proof. To prove (2), for instance, note that

@R =crccHc=cxHc=cHc=@. [ |

37. A few basic facts on simple relators

Definition 37.1. For some operation [] for relators, the relator R will be called [-simple if RY = {R}" for some for
some relation R on X to Y. More generally, for some structure § for relators, the relator R will be is called F—simple if
Sr = §r for some relation R on X to Y.

Remark 37.1. Thus, in particular, a singleton relator has to be called properly simple. Moreover, for instance, a #-—simple
relator has to be called proximally simple. Now, by using Theorem 34.1, we see that the relator R is proximally simple if
and only if it is Cl—simple, or equivalently Int—simple. Thus, in particular, R is also cl-simple and int—simple.

Simple relators have mainly been intensively investigated by the third author, Mala, and Pataki [35,41,60]. However,
concerning them, we only prove here the following basic characterization theorems.

Theorem 37.1. The following assertions are equivalent :
(1) R is properly simple ; 2) R={p:'}.

Proof. If (1) holds, then by Remark 37.1, there exists a relation R on X to Y such that R = {R}. Hence, by using
Corollary 29.1, we infer that p;! = (1R = R. Therefore, (2) also holds. Thus, since the converse implication trivially
holds, the proof is complete. n
Theorem 37.2. The following assertions are equivalent :

(1) R is uniformly simple ;

@ prteR; B pFleR; @ R ={p'} s

(5) ReR* and RC{R}* forsomerelation R on X to Y.

Proof. If (1) holds, then there exists a relation on X to Y such that R* = { R}*. Hence, by using Theorem 34.2, we infer

that R" = R*" = {R}*" = {R}" . Therefore, by Corollary 34.1, we also state that clg = clyp}. Thus, in particular, we
also see that

pr(y) =clr ({y}) = climy ({9}) = B [{y}] = R7'()
for all y € Y. Therefore, pr = R~!, and thus R = py’.

Now, we already see that
pr € {px'} ={R} =R".
Therefore, there exists S € R such that S C p;'. Hence, by using Corollary 29.1, we infer that
p =[VRC Sz

Therefore, p,! = S € R, and thus (2) also holds.
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From Remark 33.1, we at once see that (2) = (3). Moreover, by using the corresponding properties of *x, we easily
see that

Therefore, to prove the implication (3) = (4), we need only note that
pt=NRCR forall ReR.

Therefore, R C {pz'}*, and thus R* C {p71}** = {pz'}* also holds.
On the other hand, if (4) holds, then by taking R = p!, we at once see that R is a relation on X to Y such that
R* ={R}*, and thus
Re{R}*=R" and RCR"={R}".

Therefore, (5) also holds.
Finally, if (5) holds, then by using the corresponding properties of x, we see easily see that
{R}* CR*"™ =TR" and R*C{R}*"™ ={R}".
Therefore, R* = {R}*, and thus (1) also holds. [ |
By using Theorem 34.2, analogously to the above theorem, we also easily prove the following result.
Theorem 37.3. For (0= # and A, the following assertions are equivalent :
(1) R is O-simple;
@) pileRY; 3) RO = {szl}D}
(4) ReRY and R C{R}* for some relation R on X to Y.
Remark 37.2. For the operation [1 =A, we quite similarly prove the implications (2) — (3) = (4) = (1).

However, the following modification of Pataki (see [41, Example 3.4]) shows that the implication (1) = (2) need not
be true even for a finite equivalence relator.

Example 37.1. If X ={1,2,3} and
Ri(1) = {1}, Ri(2) ={2,3}, Ri(3)={2,3};
R2(1):{173}’ R2(2):{2}, R2(3):{173};

then R = { Ry, Ry} is paratopologically simple equivalence relator on X such that p;.! ¢ R*. Namely, if R(1) = {1},
R(2) = {2} and R(3) = X, then by Definition 29.1 we have £z = £r. Hence, by using Theorem 34.1, we infer that
R2={R}*, and thus R is paratopologically simple. However, by Corollary 29.1, we have

pr = (RiNR2)(3) = Ri(3) N R2(3) = {3} ¢ &r.
Therefore, by Remark 33.1, we also state that p;! ¢ R”.

Remark 37.3. At several topological conferences, to justify the appropriateness of a theory of generalized nets, the third
author asked the participants to construct a relator which is not paratopologically simple. This problem was finally solved
by Pataki [41, Example 5.11] by using some former observations of Jené Dedk. He constructed an equivalence relator
R ={R:1, Ro, R3} ontheset X ={1, 2, 3,4} which is not paratopologically simple.

Remark 37.4. To motivate the study of simple relators, we note that a relator R on X may be called properly well-chained
if R = {X2}°°. Also, the relator R may be called [J-well-chained, for some unary operation [J for relators, if the
relator RU is properly well-chained. Furthermore, the relator R may be called [—connected if the relator REvRE ~! or
RY Vv RE-1 is properly well-chained [43].

38. Right seminormality properties of closure relations

Theorem 38.1. The following assertions are equivalent :

(1) clr-1 is right clgx—seminormal; (2) intr isleft intir-1—seminormal.
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Proof. By Theorem 26.3, we have

clp-1 isright clg—seminormal <= cl} isleft cl%;_:—seminormal.
Moreover, by Theorem 29.1 and Definition 22.1, we have

clk = intg, and thus clkr-1 = intg-1 .

Therefore, assertions (1) and (2) are also equivalent. |
Theorem 38.2. If p.' is non-partial, then
(1) clg-1 is right clgx—seminormal; (2) intr isleft intr-1—seminormal.
Proof. By Theorem 38.1, we need only prove assertion (1). For this, suppose that A C X and B CY such that

clg-1(4) C B, and moreover zeA.

Then, by the assumption of the theorem, there exists y € Y such that y € p;'(z). Hence, by using Corollary 29.1,
Definition 29.1 and our former assumptions, we infer that

Y € pr-1(z) = clg-1({z}) C clg-1(A) C B.

Now, we also easily note that

z € pr(y) =clr({y}) C cdr(B), and thus ACclr(B).
Therefore,
CIR—I (A) CB = AC ClR (B),
and thus by Definition 24.1 assertion (1) also holds. [ |

Remark 38.1. Note that p;! is a non-partial relation on X to Y if and only if p. is a surjective relation on Y to X.
Now, as a partial converse to Theorem 38.2, we also prove the following result.
Theorem 38.3. If Y # (), and any one of assertions

(1) clr-1 is right clgx—seminormal, (2) intg isleft intg-1—seminormal

holds, then p' is non-partial.

Proof. By Theorem 38.1, we may suppose that assertion (1) holds. Then, by Definition 24.1, forany A C X and BCY
clr-1(A)C B = ACcz(B).
Thus, in particular, forany x € X and y € Y
clp—1 ({:c}) C{y} = {z}Cclg ({y}) = zE€cly ({y}) )
Hence, since
p=(y) = clr ({y}) and prt (@) = pr-1 (@) = clg-1 ({2}),
we infer that
pr (@) C{y} = zepx(y) = yeps (2).
Moreover, if p;! fails to be non-partial, then there exists 2o € X such that
pr'(zo) =0 S {y}.
Therefore, by our former implication, for any y € Y we have
y € prt(zo), and thus Y = prt(xo) = 0.
This, contradiction proves that p;! is non-partial. |
Now, combining our former observations, we also state the following result.
Theorem 38.4. If Y # (), then the following assertions are equivalent :
(1) pr is surjective; (2) pr! is non-partial ;

(3) clg-1 isright clgx—seminormal; (4) intg isleft intg-1—seminormal.

Remark 38.2. Note that, under the notation R =\ R, we have pr = R~!, and thus p;' = R.
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39. Left seminormality properties of closure relations

Quite similarly to Theorem 38.1, we also prove the following result.
Theorem 39.1. The following assertions are equivalent :
(1) clg-1isleft clr—seminormal; (2) intg isright intg-1—seminormal.

Proof. By Theorem 26.4, we have
clg-1 isleft clg—seminormal <= cl} isright clj-.—seminormal.

Moreover, by Theorem 29.1 and Definition 22.1, we have
clx = intg, and thus clr-1 = intg-1 .
Therefore, assertions (1) and (2) are equivalent. |
However, instead of an analogue of Theorem 38.2, we only prove the following result.
Theorem 39.2. If there exists R € R such that R is a function, then
(1) clg-: isleft clr—seminormal ; (2) intg isright intg-1—seminormal.
Proof. By Theorem 39.1, we need only prove assertion (1). For this, suppose that A C X and B C Y such that
A Ceclg(B), and moreover yE€clr-1(A).
Then, by Definition 29.1, in particular we have R~!(y) N A # (). Thus, there exists
r€A suchthat z€ R '(y), andthus yec R(x).
Moreover, since z € A C clg (B), we also note that R (z) N B # (. Thus, there exists
z€B such that z€R(x).

Now, since R is a function, we already see that

y=z€B, and thus clr-1(A) C B.
Therefore,
A - CIR(B) — CIR*1 (A) CB.
Thus, by Definition 24.1, assertion (1) is true. [ |

Remark 39.1. If R € R then we have p;! = (R C R, and thus p;'(z) C R(z) for all x € X . Hence, if in particular
R is a function and py' is non-partial, then we infer that p;!(z) = R(x) for all z € X, and thus R = py'.

The next corollary is a natural consequence of Theorem 39.2.
Corollary 39.1. If p' € R and p' is a function, then
(1) clr-1 isleft clr—seminormal; (2) intg isright intg-1—seminormal.
Moreover, as a partial converse of this corollary, we also prove the following result.
Theorem 39.3. If any one of assertions
(1) clg-1isleft clr—seminormal, (2) intg isright intg-1—seminormal
holds, then p3! is a function.
Proof. By Theorem 39.1, we may suppose that assertion (1) holds. Then, by Definition 24.1, forany A C X and BCY,
ACclr(B) = clg-1(4)C B.

Thus, in particular, forany x € X and y € Y

{z} Ccdr({y}) = cgr-1({z}) S {y}.
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Hence, since
pr(y) = = ({y}) and pr'(x) = pr-1(@) = clr-1 ({2}),
we infer that
yeps' (@) = wepnly) = {e}Cpnly) = pa'l) Sy}
Therefore, p;'(z) is at most a singleton for all z € X, and thus p;! is a function. [
Next, by using Corollary 39.1 and Theorem 39.3, we also easily establish the following result.
Theorem 39.4. If R is uniformly simple, then the following assertions are equivalent :
(1) px! is afunction;

(2) clr-1isleft clr—seminormal, (3) intg isright intg-1—seminormal.

Proof. Since R is uniformly simple, by Theorem 37.2 we have p! € R. Therefore, Corollary 39.1 and 39.3 can be applied
to prove the equivalence of (1) and (2). [ |

40. Normality properties of closure relations

Combining the corresponding results of Sections 38 and 39, we establish the following four theorems.
Theorem 40.1. The following assertions are equivalent :
(1) clg-1 is clg—normal; (2) intg is intp-1—normal.
Theorem 40.2. If p;' € R and py' is a function of X to Y, then
(1) clg-1 is clg—normal; (2) intg is intg-1—normal.
Theorem 40.3. If Y +# (), and any one of assertions
(1) clg-11is clg—normal, (2) intg is intg-1—normal
holds, then p' isa function of X to Y.
Theorem 40.4. If Y # () and R is uniformly simple, then the following assertions are equivalent :
(1) px! isafunctionof X to Y.
(2) clg-11is clg—normal, (3) intg is intg-1—normal.
The next result is an immediate consequence of Theorem 40.4.
Theorem 40.5. If there exists a function f of X to Y such that

R*={f}",
then

(1) clg-1 is clg—normal; (2) intg is intp-1—normal.

Proof. By using Theorem 37.2, we infer that
{(fr=nr={nt}"
Therefore, p,' = f € R, and thus Theorem 40.4 can be applied to obtain the required assertions. |
From this theorem, by using Theorem 29.1, we easily derive the following result.

Corollary 40.1. If f is function of X to Y, then the super relation f* is f~'"—normal.

Proof. For the relator R = {f}, we have R* = {f}*. Moreover, by Definitions 17.1 and 24.1 and Theorems 29.1 and 40.5,
forany A C X and B CY we have

fP(A)CB < flA]C B <= c;1(A)CB < ACcgr(B) +— ACf'[B] «— ACf'"(B).
Therefore, by Definition 24.1, the required assertion is true. |

Now, by using this corollary and Theorem 40.3, we also prove the next theorem.
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Theorem 40.6. If Y = (), then for a relation R on X to Y, the following assertions are equivalent :
(1) R isa functionof XtoY; (2) R is R™'"—normal;

3) clg-1 is clg—normal; (4) intg is intg-1—normal.

Proof. By Corollary 40.1, (1) implies (2). Moreover, if assertion (2) holds, then by Theorem 29.1 and Definition 24.1, for
any AC X and B CY we have

cdp1(A)CB < R[A]C B <= R°(A)CB <= ACR '"(B) +—= ACR!'[B] < ACcdr(B).

Therefore, by Definition 24.1, assertion (3) also holds.

Moreover, if assertion (3) holds, then by using the notation R = {R} we see that clz-1 is clg—normal. Hence, by
using Theorem 40.3, we infer that p,-: is a function of X to Y. Moreover, from Corollary 29.1, we see that p,-1 = R.
Therefore, assertion (1) also holds. [

41. Some more important normality properties of closure relations

Analogously to Theorem 40.1, we prove following result.
Theorem 41.1. The following assertions are equivalent :
(1) clg-1 is intgr—normal; (2) clg is intg-1—normal.
Proof. By Corollary 26.2, we have

clg-1 is intg—normal <= intk is clk :1—normal
Moreover, by Theorem 29.1 and Definition 19.1, we have

inth = clg, and thus clpo1 = intg-1 .
Therefore, assertions (1) and (2) are equivalent. [ |
Remark 41.1. If R is arelation on X to Y such that

R* = {R}¥.
then by using Theorem 34.2, we see that
RN = R#" = (R} " = {R}".
Hence, by using Corollary 34.1, we infer that
clg = clgr and intg = intg .
By using Theorem 34.3, we also see that
(R)F = (r#) 7 = ((RY*) "= ({7 = ({r)7

Therefore, quite similarly as above, we also state that (R~!) N = {R71}", and thus

CIR—l = CIR—I and thR—l = thR—l .

Now, as a counterpart of Theorem 40.5, we also prove the following result.
Theorem 41.2. If R is proximally simple, then

(1) clg-1 is intr—normal; (2) clg is intg-1—normal.

Proof. By Definition 37.1, there exists a relation R on X to Y such R# = {R}# . Therefore, by Remark 41.1 and Theorem
34.1, forany AC X and B CY we have

clr-1(A)C B < clg-1(A)C B <= R[A|CB < Achtpr(B) < ACintpr(B) < ACintg(B).

Hence, by Definition 24.1, we see that assertion (1) is true.

Moreover, from Theorem 41.1, we know that assertions (1) and (2) are equivalent. [ |
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Remark 41.2. Recall that, by Theorem 37.3, for any relation R on X to Y we have
R#* ={R}* <= (ReR¥, RC{R})).
Now, as an important particular case of Theorem 41.2, we state the following result.

Corollary 41.1. If R is a relation on X to Y, then

(1) clp-1 is intg—normal; (2) clg is intp-1—-normal.
Proof. The relator R = { R} is proximally simply. Moreover
clgp = clyry = clg and intp-1 = int g1y = intypy-—1 = intg-1 .
Therefore, Theorem 41.2 can be applied to obtain assertion (2). |

Remark 41.3. The above ( clp-1, int R) Galois connection was first considered in [71], with reference to [13, Exercise
7.18]. However, it importance could become completely clear only from the results of [84].

42. Normality properties of upper bound relations

The following theorem can be proved analogously to Theorem 41.2. However, it is now more interesting to show that it can
also be derived from Theorem 41.2.

Theorem 42.1. If R is @—simple, then forany A C X and B CY, we have

AClbgr(B) <= B Cubg(A).

Proof. By Definition 37.1, there exists a relation R on X to Y such that
R® = (R}®.

Thus, by Definition 36.1, we have
Rc#c — {R}c#c )

Hence, by using elementwise complementation, we infer that
(Rc)# _ ({R}c)# _ {Rc}#.
This shows that the relator R¢ is proximally simple. Therefore, by Theorem 41.2, we state that
cl(gey-1 is intge—normal.
Thus, since (R¢)~' = (R™1)°, we also state that
cl(g-1ye is intgc—normal.
Hence, by Definition 24.1, we see that
cl(g-1c(A) € B¢ <= ACintg:(B°).
Thus, by taking complement with respect to Y, we also state that
B Ccl(r1y(4)° <<= ACintge(B°).
Hence, by using Theorem 32.2, we already infer that
BClbr-1(4) <= ACIlbgr(B).
Thus, since ubi = lbz -1, the required equivalence is also true. |
Remark 42.1. Note that, by Theorem 37.3, for any relation R on X to Y, we also have

R®=(R}® «— (RerR®, RC{R}®).
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Remark 42.2. Note that if R is @—simple, then by defining
F (A) = ubg (A) and G (B) = Ibg(B),
forall AC X and B C Y, we easily see that
F(A)C'B < BCF(A) < BCubr(4) < ACIg(B) < ACG(B)

forall A C X and B CY. Therefore, by Definition 24.1, we also state that F' is a G—normal function of the poset P (X)
to the dual of the poset P(Y).

The next result is an immediate consequence of Theorem 42.1, which has been formerly proved more directly.

Corollary 42.1. If R is a relation on X to Y, then forany A C X and B CY, we have
ACIbgr(B) <= B Cubgr(4).
Proof. The relator R = {R} is @-simple. Moreover, we have
ub g = ubggy = ubg and bg = Ibgy = lbg .

Therefore, Theorem 42.1 can be applied to obtain the required assertion. |

From Theorem 42.1, by using Corollary 27.2, we also derive the following result.
Theorem 42.2. If R is @—simple, then
(1) ubg is lbg oCy—normal; (2) by is ubg oCx—normal.

In particular, we also state the next result.
Corollary 42.2. If R is a relation on X to Y, then
(1) ubjg is IbgoCy—normal; (2) by is ubgoCx—-normal.

Analogously to Theorem 42.1, we also prove the following theorem.

Theorem 42.3. If there exists a function f of X to Y such that

R® = {fc}®’
then

(1) ubg is lbgp—-normal; (2) IbroCy is ubgr oCx—normal.

Proof. By Definition 36.1, we have
RC*C — {fC}C*C .

By using elementwise complementation, we infer that
(Re)" ={f}".
Therefore, by Theorem 40.5, we state that
intge is int(ge)-1—normal.

Hence, by using the fact that (R¢) !

= (R™1)°, we infer that
intge is int(g-1).—normal
Thus, by Definition 24.1, for any A C X and B C Y we have
intge (B€) C A° <= B°C int(g-1).(A°).
Hence, by using ordinary complementation, we infer that
A Cintge(B°)° <= intig-1.(A°)°CB.
This equivalences can be reformulated in the form

(int(R—1)cOCX)C(A) CB < AC (intRc OCy)C(B).
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Thence, by using Theorem 32.2, we infer that

b% 1 (A)C B <= AC bs(B).

By using the fact ubg = lbz -1, we note that

ubzr(A)C B <= ACIbgi(B).

Thus, by Definition 24.1, assertion (1) is true. Consequently, by using Corollary 26.1, we conclude that assertion (2) is
also true. |

Remark 42.3. To obtain some more instructive reformulations of Theorems 42.2 and 42.3, note that

ub% = CY o ubR and lb% = CX o le .
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