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Abstract: This article proposes a unified concept of topological types of convergence for nets of
multifunctions between topological spaces. Any kind of convergence is representable by a (2n+2)-
tuple, n =0, 1,..., of two special functions u and [, such that their compositions u/ and [u create the
Choquet supremum and infimum operations, respectively, on the filters considered in terms of the
upper Vietoris topology on the range hyperspace of the considered multifunctions. Convergence
operators are defined by establishing the order of composition of the functions from such (2n+2) tuples.
An allocation of places for the two distinguished functions in a convergence operator reflects the
structure of the used (2n+2)-tuple. A monoid of special three-parameter functions called products
describes the set of all possible structures. The monoid of products is the domain space of the
convergence operators. The family of all convergence operators forms a finite monoid whose neutral
element determines the pointwise convergence and possesses the structure determined by the neutral
element of the monoid of products. We demonstrate the construction process of every convergence
operator and show that the notions of the presented concept can characterize many well-known
classical types of convergence. Of particular importance are the types of convergence derived from
the concept of continuous convergence introduced by O. Frink in 1942. We establish some general
theorems about the necessary and sufficient conditions for the continuity of the limit multifunctions
without any assumptions about the type of continuity of the members of the nets.
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nets; filters

MSC: Primary 54A20; 54B20; 54C08; 54C60; Secondary 26E25

1. Introduction

We denote the closure (resp. interior) of a subset A of a topological space (X, T) by CI(A) (resp.
Int(A)). Throughout the paper, it is assumed that (X, 7) is Ty. For any nonempty set A, let P(A) denote
the family of all nonempty subsets of A. Generally, we will use the notation P"*1(A) = P(P"(A))
where n € Nand P°(A) = A. The hyperspace topologies which we are about to use were introduced
by L. Vietoris in [1], [2] (see also [3], [4]). We recall that for a topological space (X, ), the upper (resp.
lower) Vietoris topology " (resp. T') on P(X) is generated by the basis {{A C X: Ac U}: U € 1}
(resp. subbasis {{A C X: ANU # @} : U € t}). The upper Vietoris topology plays a crucial role in
our investigation. The closure of a subset A C P(X) with respect to T will be denoted by A.

The following specific property of the upper Vietoris topology will be used later, without explicitly
referring to it.

Remark 1. For any family A C P?(X) and U € T the following properties are equivalent:
L4 P(U) N mKGAK 7é @ and
e P(U)NK #Qforall K € A.

By a multifunction F : (X, 7) — (Y, 0) from one topological space (X, T) to another (Y, o) we
mean a point-to-set correspondence and we always assume that F(x) # @ for all x € X. Given a
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multifunction F, we denote its upper and lower inverse images of a subset B of Y by F"(B) and
F~(B), respectively, i.e.,, F*(B) = {x € X: F(x) C B} and F~(B) = {x € X : F(x) N B # @} [5]. Of
course, a single-valued function f : X — Y is naturally associated with the multifunction F given by
F(x) = {f(x)} for all x € X. Obviously, in this case, F*(B) = F~(B) = f~!(B) and F(A) = f(A) for
all A C X and B C Y. The inverse images of a multifunction F we formulate in the topological terms
by using the following two functions from X to P?(Y):

x — {F(x)} and x — P(F(x)) forall x € X.
The usefulness of these functions results from the following properties

Remark 2. For any multifunction F : (X, T) — (Y,0), x € X and W € o, the following equivalences hold:
e x € FY(W) ifand only if P(W) N {F(x)} # @ and,
e x € F~ (W) ifand only if P(W) N'P(F(x)) # @.
It follows from the following obvious equivalences for any B C Y and W € o
e B C Wifand only if P(W) N {B} # @ and,
e BNW # @ ifand only if P(W) N'P(B) # .

In this paper, we will use the notion of filter as a tool for studying multifunctions. For the sake
of fixing notation, we recall some classical notions that can be found, e.g., in [6] and [7]. A filter base
B on a set Y is a nonempty collection of nonempty subsets of Y such that the intersection of any two
members of B contains a member of B. A filter F on a set Y is a nonempty collection of nonempty
subsets of Y such that:

e if Ac F and ACB, then Be F and
e if Ae F and Be F,then ANBe F forall A,BCY.

For a family A of subsets of Y, let [ A] denote the family that consists of all supersets of each
A € A. Every filter base B on Y generates a unique the smallest filter containing B as a subset, it
consists of the subsets of Y containing a member of 5, i.e., it is equal to [B]. Obviously, if B C A C [B],
then [A] = [B]. A family of type [{B}|, where B C Y, is called the principal filter generated by B. In
the case when B = {y} for some y € Y, the term principal filter generated by y is used.

G. Choquet [7] has used the concept of supremum (Sup) and the infimum (Inf) of filters on P(Y)
as follows.

If (Y, o) is a topological space and A is a filter on P(Y), then

e the supremum of A is the set of all points y € Y such that for every open set W containing y
and for each IC € A there exists K € K such that WN K # @ and,

e the infimum of A is the set of all points y € Y such that for every open set W containing y, there
exists K € A such that for each Ke I, WN K # Q.

In this paper, we will use Choquet’s concept of limits in the case of filters & C P3(Y) on P2(Y),
considered in terms of the upper Vietoris topology ¢* on P(Y). To simplify the notation, we denote
the infimum and supremum operations by 7 and S, respectively. The following characterizations of
the infimum and supremum operations will serve as useful tools in our investigations. They follow
immediately from the definition and the equivalences from Remark 1.

Remark 3. Let (Y, ) be a topological space and & C P3(Y) be a filter on P%(Y). Then
® 7(%) = Ureg Nicer K and,
e S(¢) = Mice Ukea K.

2. The Monoid of Cluster Operators

This chapter introduces the notions of cluster functions and cluster operators that are the far

generalizations of the concepts of cluster sets for multifunctions in the sense of [8] and earlier, for
single-valued functions studied in [9]. For that purpose, we will use the supremum and infimum
operations represented by the pair (I, u) of functions u, [:P3(Y) — P2(Y) defined in terms of the upper
Vietoris topology ¢* on P(Y) as follows:
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® u(A) = Niex K and
e /(1) = Uker K forany A € P3(Y).
The functions u and / are highly related to each other, as we will show in the lemma below. First,
let us consider the relation = on P?(Y) defined by the formula:
« A2 B it Acn{PW): PW)NB£@,W e},
where A, B € P?(Y).
It is easy to see that the relation = is symmetric. Indeed, if A = B, B € B, P(V)N A #
@ and P(W)N B # @, where V,W € 0, then using the assumption that A C P(W) we obtain
P(W)NP(V) # @ which proves that B C P(V) and consequently, that B = A.
For any set X, the relation = induces a relation on P2 (Y)X, also denoted by =, which consists of
all pairs (&, B) € P?(Y)X x P?(Y)X that satisfy the following condition
o x(x) = B(x) forall x € X.
The following property will be used later to prove one of the two main results of this work about

the continuity of limits of nets of multifunctions.

Lemma 1. Let (Y, 0) be a topological space and let X be a nonempty set. If a and B are functions from X into
P2(Y) such that « = B, then I(a(A)) = u(B(A)) forany A C X.

Proof. Assuming that « = B, we will show that Uyc4 a(x) = Nyea B(x). We, therefore, take two
arbitrary sets W,V € ¢ such that P(W) NNy ea B(x) # @ and P(V) N Uyen &(x) # @. Then there
exists x € A such that P(W) N B(x) # @ and P(V) Na(x) # @. Using the assumption we obtain
a(x) C P(W) and consequently, P(V) NP(W) # @ which implies that [J,c 4 a(x) C P(W) and ends
the proof. O

The following characterizations of the infimum and supremum operations will serve as useful
tools in our investigations. They follow immediately from the definitions and Remark 3.

Lemma 2. Let (Y, ) be a topological space and let & C P3(Y) be a filter on P?(Y). Then

(i) Z(&) = Ureg Nicer K = Lo () and
(i) S(&) = Mg Ukea K =uol().

2.1. Limits of Filters in Terms of the Upper Vietoris Topology

The following elementary property will be used in the proof of Theorem 1, which will be stated
later.

Lemma 3. Let (Y, ) be a topological space, A € P?(Y), and let & C P3(Y) be a filter on P%(Y) such that
AE€NE thenT(¢) C AC S(¢).

Proof. Since A € {K : K € A} for every A € & we have Nxcr K € A C Ugey K forany A € ¢ and
consequently, Uz Nicer KcAcn rez Ugea K which, according to the above lemma, finishes the

proof. O

Any filter base B¢ that generates a filter £ on P2(Y), can be used to characterize the value of the
operations Z and S by the combinations [ o u and u o [, respectively. Namely,
lou(&) =lou(B% and uol(f) =uol(BE).

This property immediately follows from the following one.

Lemma 4. Let (Y, o) be a topological space and B* C P3(Y) a filter base on P?>(Y). Then the following
equalities hold for any family B such that B* C B C [B*]:

(i) wuol(B*)=wuocl(B)and

(i) lou(B*)=Ilou(B).
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Proof. Since B C [B*], for every A € B there exists A* € B* such that A* C A, which gives Uxeax K C
Uker K and Nicear K D Nicer K ie., I(A*) € 1(A) and u(A*) D u(A). So, in summary, we now know
that for every I(A) € I(B) (resp. u(A) € u(B)) there exists [(A*) € 1(B*) (resp. u(A)* € u(B*)) such
that I(A*) C I(A) (resp. u(A*) D u(A)). Consequently,
Mres 1(A*) C Mresl(A) and Upsepe u(A*) D Unrep u(A) ie.,
uol(B*) Cuol(B)and!lou(B*) Dlou(B). (%)

Let us now note that the inclusion B* C B implies the inclusions

{I(A*):A* e B*} C{I(A): A€ B}and {u(A*) : A* € B*} C {u(A) : A € B}

Hence, My+ep:1(A*) D Miepl(A) and Upeps #(A) C Upepu(A) ie.,

uol(B*) Duol(B)andlou(B*) Clou(B).
Thus, according to (*), the proof is completed. [

Remark 4. Let us note that the following hold for any topological space (Y, ) and a filter & on P?(Y):
lol(§) =P(Y)anduou() = {Y}.

However, it is easy to check that in the case of a filter base & on P?(Y), the above equalities do not have to
be true.

Indeed, if B € P(Y) and B € P(W), where W € ¢, then we can take A = P?(Y) that, of course, belongs
to & and P(B) € A. So, certainly, P(W) NP (B) # @, which proves that B € Upez Ucen K and consequently,
P(Y) Clol(Q).

Now, suppose that B ¢ {Y}, then B € P(W), where W = Y \ {y} € o for some y ¢ B. If we take
A=P3Y) e iand K = {{y}} € A, then POW) NK = @. So, B & Npez Nicer K, ie. B & uou(g).
Therefore, we have proved that u o u(&) = {Y'}. On the other hand, it is clear that Y € K for every K € P2(Y),
s0Y € Mreg Nicer K, which means that {Y} C u o u(Z), and finishes the proof of the equalities.

Now, let us consider a function ¥ from X to P?(Y), where X is a topological space with a topology
T. Then, for any xo € X, the family T(xo) = {U € 7:x9 € U}, is a filter base on X. So, the family
By, = ¥(7(x0)) = {{¥(x) : x € U} : U € T(x0)} is a filter base on P>(Y) and then, as we will show, the
following equalities are true:

101(Byy) = Urex ¥(3) and 1o u(Byy) = Meex F(2).
Indeed, by definition, we have
lo Z(on) = UUer(xo) UxEUT(x) and u o u(on) = ﬂUET(Xo) nerT(x)'
Since X € t(xp), we conclude that
lo Z(BXO) - UxEXT(x) and u o u(BXo) - ﬂxeXT(x)~
The opposite inclusions are evident because U C X for all U € T(xp).

Remark 5. It is easy to see that the formulas for the functions u and | permit the use of K instead of K for each
K € A. So, the following equalities are true for any filter base B¢ which generates a filter :

I = 1) = (B and S(©) = SE) = S(BY),
where { = {{K : K € A} : A € {} for T € P3(Y).

We will follow the tradition by denoting the principal filter on P2(Y) generated by A* C P2(Y),
as [A*] instead of [{A*}], and denoting the principal filter on P?(Y) generated by A € P?(Y), as [A]
instead of [{{A}}].

Let us note some facts concerning the filters of type [P%(A)], where A C Y, that will prove useful
for the investigation of functions in terms of filters. Namely, using the lemma stated below and Remark
2, one can note the following fact

Remark 6. For a multifunction F : (X,t) = (Y,0), x € Xand W € o, the following equivalences are tre:
e P(W)Nlou([P?(F(x))]) # @ ifand only if x € F*(W) and,
e P(W)Nuol([P?(F(x))]) # @ ifand only if x € F~(W).

Lemma 5. For any topological space (Y,c0), A C Y and A C P(Y), the following hold:
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(M) Lou([P2(A)]) = {A} and uo [([P*(A)]) = P(A),
(ii) Tou([A]) =uol([A]) = A.

Proof. (i). According to Remark 4, we have
o Lou([{P*(A)}]) = Nkepr(a) K and
o uol([{P*(A)}]) = Ukepr(a) K-

So, if B € lou([P?(A)]) and BE P(W), where W € ¢, then for K = {A} we obtain P(W) N K #
@ ie., A € P(W) which proves that B€ {A}. Conversely, if B€ {A}, K € P?(A) and B€ P(W),
where W € o, then P(A) C P(W) and, since K C P(A), we have P(W) N K # @ which proves that
Be mICE’PZ(A) K.

Now, suppose that B € uo[([P?(A)]) and BE P(W), where W € o, then there exists K C P(A)
such that P(W) N K # @. Consequently, for some K € K, K € P(A)NP(W),so P(W)NP(A) # D,
which proves that B€ P(A). Conversely, let B € P(A) and B € P(W), where W € ¢, then there exist
K C Y such that K € P(W)NP(A), hence we have K = {K} € P?(A) such that P(W)NK # @
which proves that B € Uycepz() K-

Part (ii) follows immediately from Remark 5. [

Since each filter on a set Y belongs to the set P2(Y), it is convenient to denote by 735, (Y) the set of

all such filters. If a set Y is itself a filter, we will use the following notation:
P2Y) = Pé(PiEﬁf“(Y)) forn=1,2,.,

where 7320(1/) =Yand 7742)1 (Y) = P(%,(Y).

It is clear that, according to Lemma 2 and Remark 4, the operations Z = [ouand S = uol, as well
as the compositions # o u and I o [, might be thought to be the functions from Pé(Pz(Y)) to P2(Y).

Following Schwarz [10], for each function £:X —Y, we will also denote by f the induced function
that assigns to each nonempty subset A of X its image f(A)e P(Y). In general, for « C P"(X) and
n € N,wehave f(a) ={f(B) € P"(Y) : B € a}. So, we will consider the following compositions:

P2(P(Y) 1L 795";1)(732(\{))&../‘”4 P2PAY)LS PAY) e,

fir PRI PR — PR (PA(Y)),
wherei=1,2,..,n,and f; € {lou,uol,uou,lol}.
Equivalently,
how © hap—1 0 ..oy o iy = PEI(PA(Y)) — PA(Y),
where hy; iy : AT (PR — PRI (PA(Y)),
i=1,2,.,nand (hy;, hyi_1) € {(I,u), (u,1), (u,u),(1,1)}.
Bearing in mind the case described in Remark 4 and according to Lemma 4, one can use in the
above compositions instead of filters, their filter bases, when (hy;, h;—1) € {(I,u), (1,1)}.

2.2. Cluster Operators

Given a topological space (X, T), we will use the notation T also for the function 7 : X — P?(X)
defined by the formula
T(x)={U e Tt:x€c U} forallx € X.
We denote by 72 the function 72 : X — P*(X) defined as
72(x) = 7(7(x)) forall x € X, i.e.,
2(x) = {{t(u):u €U} : U € t(x)} forall x € X.
In general, for any n € N, we consider the function 7" : X — P?"*(X) defined by the pattern
(x) = t(t" " (x)) forall x € X,
where ! = 7, and 79 denotes the identity function on X.
It is easy to show inductively that 7" (7¥(x)) = %(1"(x)) for all n,k € N and x € X. Of course,
because of the assumption that (X, 7) is a Tj space, the function T is injective.
Indeed, if a,b € X and a # b, then the subset U = X \ {a} belongsto Tand b € U, so U € 7(b),
butU ¢ t(a).
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Remark 7. From now on, we will use the following three alternative formulas for T (xg), where xo € X and
n=12,...

Directly from definition:
{...{{xn cT () € T (Upy) b o TH(U,—;) € T (xn_(H_l))} :1=0,..,1n— 1}

ot, on the short form:

(n| 5 ) AR

{...{xn : B(z‘—g)zmgdz € B, m£§J2 } ci= 1,...,271}, where

B(()"’i) =T (x,_;) fori € {0,..,n} and,

Bgn’z) =7 (U,_;) fori € {0,..,.n —1}.

So, any 2n-tuple of index sets of T" (xo) is of the form

(Bgn,o), B(()n,l), B%n,l), B(()n,Z), Bin,Z),m, Bgn,nfl), B(()n,n)) c
PLX) x P2(X) x ... x P> 1(X) x P?"(X),
k

ie., B]EZLO’;JZ) € P(X), where k € {1,2,...,2n}.

The justification of the third formula comes from the lemma below.

(iii) {...{{xn tzy i € Uy}t Uy € T(xn_(i+1))} i=0,.,n— 1}.

For the same reasons, we have the following two equivalences:

(iv) (1) B(()n’l) € BY[’Z) if and only sz((J”_m’l_m) € Bg”_m’l_m) and,

) B\") e BV if and only if B{" "™ € g{r At
forie{0,... n—1}and m € {0,...,i}.

Lemma 6. Let (X, T) be a topological space, x € X and i = 1,2, ... Then the following statements are equivalent
forany W € T

(i) x €W,

(i) T (x) € TH(W),

(iii) T (W) € 771 (x).

Proof. Let us first show that for any n € N, the function " is injective. If T2(a) = 72(b) for some
a,b € X, which means that {t(U) : U € t(a)} = {7(V):V € 7(b)}, then for every U € 7(a) there
exists V € t(b) such that T(U) = (V) which implies that U = V, because the function 7 is injective.
Consequently, 7(a) C 7(b). Analogously, one can show that 7(b) C 7(a). Since 7 is injective, the
equality 7(a) = 7(b) implies that a = b and proves that the function 72 is injective. Now, assume
that the function 7¥ is injective for k € N, and let T°*1(a) = 7"*1(b) for a,b € X. Then we have
™(t(a)) = T*(1(b)), so {Tk(U) U e T(LZ)} = {Tk(V) Ve T(b)} and, using the assumption on ¥,
analogously as in the case of T2, we obtain that a = b.

The implication (i) = (ii) is obvious, so assume that T/(x) € T/(W). Then there exists a w
€ W such that T/(x) = 7/(w) and, because of the injectivity property of T/ we have x = w. So,
W € 7(x) and thus T/ (W) € T/1(x), i.e., (iii). The assumption (iii) means that T/(W) € /(7' (W)) =
{7/(U) : U € 1(x)}. Therefore, T/(W) = 7' (U) for some U € 7(z) and consequently W = U, sox € W
which finishes the proof. [

It is evident that for a given pair ((X, 7), (Y, o)) of topological spaces, for any function ¥ : X —
P2(Y) and x € X, the set ¥ o T(x) = {{¥(x1):x; € Uy} : Uy € T(x)} is a filter base on P?(Y), so
[Fot(x)] € ’Pé(PZ(Y)). For the same reason, in the case of a function F : X —» 7330(792(1/)) we have
[Fot(x)] € Pp(PA(Y)).
In general, given a function ¥ : X — P2(Y) and n € {1,2,3, ...}, we define the function
Yot : X — P(%’J(PZ(Y)) by
[¥ot1"](x)=[[¥o1" 1(r(x))] forall x € X,

where [¥ o 1] (x) = [¥ o T(x)].

We also consider such a function corresponding to the number n = 0, defined by
[¥ o 1%(x) = [¥(x)] forall x € X.
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Of course, sets of the form [¥ o 7"](x), x € X, n € {1,2,...}, are arguments of the compositions
hyy o hgy—q ©...0hy o hy, where h; € {u,1} fori=1,2,..., 2n, so we can consider the following functions:

hoy o hyy_10..hpohyo[¥om: X — P2(Y).

Because the number of the functions i; € {u,1} fori=1,2,..., 2n, that is used in this expression is
determined by 1", we will use the following short notation to describe those compositions:

(C.F) (hon, hop—1, e b2, 11, F) = X = P2(Y).

The function [¥ o 7¥] plays a special role since, according to Lemma 5(ii), we have [ ou o [¥ o
) (x) = uolo[¥o1(x) = ¥(x) for all x € X. So, denoting the function [ o uo [¥ o0 77| =
uolo[¥Yor'by¥,ie.,

¥(x) = ¥(x) forall x € X,

and bearing in mind Remark 5, we obtain the following equality:

hayohpy 10..hpohyo[¥ot" =hy,0hy, q0..ipohyo[¥ort"]

foralln € {1,2,..}, where h; € {u,l} fori=1,2,..., 2n.

Therefore, in the special case when n = 0, we mean that W is the value of the function denoted
in accordance with the above convention (CL.F), by (¥), i.e.,

(Y) =Y.
So, according to the above findings, we have the following equality:
(hon, han—1, . h2, 11, ) = (han, hon—1, ..., 2, Iy, ()
forall ¥ € P2(Y)X.
Given A € P?(Y), we denote by (A) the constant function taking the value A i.e.,
(A)(x) = Aforall x € X.
For any composition hy,, o hp, 1 o ...0 hy o hy, where h; € {u,l} fori=1,2,..., 2n, we will use the
symbol (hy,, hoy—1, ..., ha, h1) to denote the function
(CO) <h2n, h2n—lr---/ hg, h1> : P2(Y)X — p2(y)X
defined by
<h2n, hoy_1,..., ha, h1> (T) = <h2n, hoyw_1,..., 12, hq, ‘P)
for all ¥:X— P2(Y).

For the case where n = 0, (¥) is understood to be the value of the function of type (C.O) denoted
by (...), for the argument ¥, i.e.,

(.)(Y) = (¥) forall ¥ € P2(Y)X.

For a convenient terminology, we establish the following definition.

Definition 1. Let (X, T) and (Y, o) be topological spaces and let ¥ be a function from X to P?(Y)X.
(i) Any function of the form
<h2n, hoy—1,.., 12, l’l1,\F> X = P2(Y)
defined in (C.F) will be called a cluster function.
(ii) By a cluster operator, we mean any function of the form
<h2n/h2n—1/ ey hz, h1> : Pz(Y)X — PZ(Y)X
defined in (C.O).

The following simple properties will be used later, where C.O (X, Y) denotes the collection of all
cluster operators for a given pair ((X, 7), (Y, o)) of topological spaces.

Lemma 7. For any functions ¥, ¥* € P2(Y)X and A € P?(Y), the following conditions hold:
(1) (hon, hon—1, - B2, M1, (S2ms 2m—1, - 82,81, 1)) =
(hon, hon—1, - 02, 11, §2ms S2m—1, -+, 82,81, 'Y for all
(hon, hon—1, - h2, 11), (S2m, §2m—1, - 82,81) € C.O(X,Y).
(ii) For any (hoy, hop—1, ..., ha, h1) € C.O(X,Y) we have:
(a) (L1 how, hop—1,..., hp, 1, ¥) = (LL1,'F),
(b) (u,u,hon, han—1, ... ha, 11, ¥) = (u,u,¥) and
(c) (Lu, (A)) = (u,1,(A)) = (A).
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(iii) For any a € {l, u} we have:

(a) (a1, 0,) = {1,

(b) (Lu, o) =(l,a),

(¢) {a,u,l,u) = (o, u) and

(d) {a,1,u,l) =(a,l).

(iv) If ¥(x) C ¥*(x) forall x € X, then

<h2n/h2n 1 hz,hl,lf>(x) C <h2n,h2n,1,...,hz,hl,‘Y*>(x)f07‘ all
<h2n/h2n 1 hz,h1> S CO(X,Y) and x € X.

Proof. To show (i), let us observe that

82m © §am-10 0820810 [To""] =

[g2m 0 g2m-_10..0g0g10 Yot ot"] =

[(gom, Som—1, s 2,81, ) o T"], thus

(hon, hon—1, - h2, 11, §2ms S2m—1, -, 82,81, ¥) =

Nop 0 hgp_1 0.0y 0h1 082y 08gom_10..0820810[For"" =

hon © hoy—1 0 ... 0 hp 0 hy © [(Qom, §om—1, -+, 82,81, ¥) o T"] =

(hon, hou—1, s 02, 11, (S2ms §2m—1, -+ 82,81, ).

The properties (a) and (b) described in part (ii) follow immediately from Remark 4 after using
(i). To check property (c), one needs only note that [{.A) o 7t'|(z) = [A] for any z € Z, and then to use
Lemma 5(ii) and Remark 5.

For the proof of (iii), we consider the two cases, « = u or « = [, and then, using (ii), part (c) (resp.
part (b)), we obtain (u, 1, u,u) = (u,u) (resp. (u,u,l,u) = (u,u)) or, using (ii), part (c) (resp. part (a)),
we obtain (I,u,1,1) = (I,1) (resp. (I,1,u,1) = (I,1)). So, it remains to show that (u,l,u,1) = (u,I) and
(Lu,lu)y=(l,u).

For this purpose let us take a function ¥ : X — P?(Y), x € X, Uj € t(x) and let us apply Lemma
3. Itis clear that for all x; € U; we have
I(¥(U)) € {I(¥(U)) : Uz € T(x1)} and u(¥ (1)) € {u(¥ (L)) : Uz € T(x1)}, hence

ﬂuze'r x1) l( (UZ)) ( (U1)) and u( (ul)) C Uuzen x1) ( (UZ))'

Consequently,

Ux16U1 nuzer(xl) Z(T(UZ)) C Z(T(ul)) and

u(¥(U1)) C Ny, ety Unper(xy) #(F(Uz)) for all Uy € 7(x) which implies that

nuler(x) Ux16U1 nuzer(xl) Z(T(UZ)) C ﬂuler ( ( ))

Uty er(x) #(F(U1)) C Uy er(x) Nxy ety Unper(xy) #(F(Uz)), and proves the following inclusions:

o (u,l,u,l,¥Y)(x) C (ul, ‘I’>( yand (I, u,¥)(x) C (I,u,l,u,'¥)(x), respectively, forall ¥ : X —
P2(Y) and x € X.

To prove the inverse inclusions, let us note that
(u,1,¥)(x) € (u,1,'¥)(Uy) and (I, u,¥)(x) € (L,u,¥)(U;) forall Uy € t(x).

So, (u,1,'¥)(x) € Nuyer(x)(u,1,Y¥)(Ur) C N[(u,1,¥) o T(x)] and

(Lu,¥)(x) € Nuyer)(Lu,¥)(Ur) € N[(Lu,¥) o t(x)] which implies, according to Lemma 3,
that

(u,1,'¥)(x) Cuolo[(ul,¥)ot(x)] = <u L{u,1,¥))(x) = (u,l,u,l,'¥)(x) and

(Lu,Lu,¥)(x) = (Lu,(L,u,¥Y))(x) = louo[(l,u,¥)ot(x)] C (I,u,¥)(x) So, the following
inclusions hold true

oo (u,l,¥)(x) C (u,l,u,l,¥)(x)and (I, u,l,u,¥)(x) C (I,u,¥)(x), respectively.
Finally, using e and ee we obtain (1,1, u,1) = (u,1) and (I, u,1,u) = (I, u) which finishes the proof

and

of part (iii). The statement (iv) follows immediately from the definitions of functions u and I. O

Of course, the set P?(Y) is partially ordered by the inclusion relation. Thus, there is a naturally
induced partial order < on P?(Y)X in which one function dominates another if this is true pointwise,
ie., for ¥, V2 € P2(Y)X, ¥1 < ¥, means that ¥1(x) C ¥,(x) forall x € X.
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Analogously, the partial order < on P?(Y)* induces a partial order on C.O(X, Y), which we will
also denote by <, i.e.,
if (hop, hop—1, ..., ho, 1) and (g2m, $2m—1, - §2,81) belong to C.O(X,Y), then
(hon, hop—1, ... ha,h1) = (Q2m,§2m—1,--»§2,§1) just when
(hon, hon—1, . b2, 11, YY) = (2m, S2m—1, 82,81, F)
forall¥ € P2(Y)Xie.,
for every ¥ € P?(Y)X and x € X, the following inclusion holds
<h2n, hoy—_1,.., 1o, hl,“F> (X) - <g2mrg2m71/ - 82, gl,IP> (x)
Now, let us recall some definitions. By a monoid, we mean a semigroup with a neutral element. A
partially ordered monoid [11] is an ordered quadruple (S, ®, e, <) such that
(i) (S, ®,e) is a monoid,
(ii) (S, %) is a partially ordered set and
(iii) the order < is compatible with ®, in the sense that foralla,b,c € S,a < bimpliesa®c X bO¢
andc®a<c@®b.

Lemma 8. For any topological spaces (X, T) and (Y,c), the set C.O(X,Y) has the structure of a partially
ordered monoid (C.O(X,Y),®,(...), X) under the binary operation ® defined by

(hon, hon—1, - 12, 11) © (§2m, §om—1, - 82,81) (¥)=

(hon, han—1, - h2, 11, (Q2ms &2m—1, -, 82,81, F))
for any (hoy, hon 1, h2, h1), (Q2m) S2m—1, -, 82,81) € C.O(X,Y) and a function ¥ : X — P2(Y).

Proof. According to Lemma 7 (i), for any

(hon, hon—1, - h1), (S2m, Som—1, - 81), {P2ks P2k—1, - P2) € C.O(X,Y) we have

(Chan han—1, .. ha, 1) © (Qam, §om—1, -, §2,81)) © (Paks P2k—1, s P2, P1) =

(hon, hon—1, s 12, 11, §2ms §2m—11 s 82, 815 P2ks P2k—1s -+ P2, P1) =

(hon, hop—1, ... 2, 1) © ({Q2m, 2m—1, - 8§2,81) © {P2k, P2k—1, - P2, P1)). S0, the operation © ful-
fills the associative law.

The function (...) : P2(Y)X — P2(Y)X defined by (...)(¥) = (¥) for all ¥ € P%(Y)¥, is the
neutral element for the operation ©.

Indeed, applying Lemma 7 (i), we get

<h21’l/ hoy_1,..., 2, h1> ® <> (‘F) = <I’l2n,h2n,1, vl hy, <‘P>> =

<h2n/ hoyw_1, - N2, h1> (‘P)

forall ¥ € P2(Y)X and (hoy, hoy_1,.., ho, 1) € C.O(X,Y).

In the reverse order, we have

<> O) <h2nr hoyw_1,.y h1>( ) =

((hon, hop—1, s ho, 11, ¥)) = (hon, hop—1, ..., ho, 1, ¥) =

(hon, hon—1, ... 2, h1, ¥) = (hoy, hoy—1, ..., h2, 1) (¥) because, according to Lemma 2, the values of
cluster functions are closed in the space (P(Y),c").

We will now show that the relation < is compatible with ©. For this purpose, let us take two arbi-
trary cluster operators (hay,, hop—1, ..., ha, h1) and (gom, Som—1, - 82, §1) such that (hyy,, hoy 1, ..., hp, hy) <
(S2m, &2m—1, - §2,81)- S0, according to the definition,

(hon, hon—1, .. 12, 1) (F) = (S2ms S2m—1,--,82,81)(¥) ie.,
(hon, han—1, . h2, 11, YY) = (Q2ms §2m—1, -+ 82,81, ) (%)

for every ¥ € P2(Y)X.

Of course, it holds for every function ¥ such that ¥ = (sy, Sox_1, ..., 52,51, ¥*), where ¥* €
P2(Y)X and (s, Spk_1, -, 52,51) € C.O(X,Y). Thus, for every ¥ € P?(Y)X and (so, Spk_1, .-, 52,51) €
C.O(X,Y) we have

(h2n, hon—1, s h2, By, (S2ks S2k—1/ -+ 52,51, F))
(82mr §2m—1/-r 82,81, (S2ks S2k—1, 52,51, ¥)
(hom, hom—1, - h2, 11, S0k, S2k—1, -+ 52,51) ()
(82m/ 82m—1/ -+, 82, 81, 52ks S2k—1, -+ 52,51) (F)

=
) which means that
<

or equivalently,
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<h2m,h2m_1,...,h2,h1> O) <S2k/ SZk_l,...,Sz,Sl>(‘I'r) j

(82ms §2m—1,+,82,81) © (S2k,S2k—1, -+ 52,51) (). So,

(hom, hom—1, s h2, h1) © (Sog, Sok—1, -+ 52,51) =

(82ms &2m—1,++,82,81) © (S2k, S2k—1, -+ 52,51)- (%)

Now, let us note that the assumption (%) means that
(hon, hopn—1, ... b2, 1, ) (x) C (Qom, §2m—1, -+ 82,81, F) (x) for all x € X. Consequently, according to
Lemma 7 (iv), for every ¥ € PZ(Y)X and x € X we have

(S2ks S2k—1/ -+ 52,81, (h2n, hon—1, -, 2, 11, Y)
(82K, $2k—1/ -+ 52,51, (Q2m, §2m—1, - 82,81, ¥
<S2k152k711-~-152151/ <h2n1h2n—1/ hz,hl, >
( (

(

(x) C

)(x). S

=

)forall ¥ € P2(Y)%, ie,

\/\/\/\/

S2ks $2k—17 -+ 52,51, (82ms §2m—1/ - 82,81, ¥

S2ks S2k—1/ -+ 52,51) © (hon, hop—1, ..., 1) =

(SoksSok—1s -+ 52,51) © (Q2m» §2m—1,---» §2,§1) Which, according to (*x), completes the
proof of compatibility between < and ®. O

Theorem 1. For any topological spaces (X, T) and (Y, 0), the monoid C.O(X,Y) has at most nine elements
related to each other, as shown in the diagram below, where the arrows are compatible with the relation <.

Proof. When it comes to the diagram, let us first prove that
(7)< (1,8,1),
o(Z,5,7) < (S,7) and (Z,S,T) < {
o(S,Z) = (S8,Z,S) and (Z, ) =< (S
(S, Z,S) < (S) ie,

forall ¥ € P2(Y)X and x € X, the following hold:

(@ (Z,Y)(x) C (Z,S5,Z,¥)(x) C (S,Z,¥)(x) N (Z,S,¥)(x) and

b) (S, Z,¥)(x) U(Z,S,¥)(x) C(S,I,5,Y¥)(x) C (S, ¥)(x).

For that purpose, let us note that

-(Z,¥)(x) € (Z,¥)(U) € (Z,¥)(t(x)) and
LS W)(x) € (S, )W) € (S,¥) (r(x))

forany x € X and U € 7(x).

Therefore, using Lemma 3, we obtain

(Z,¥)(x) C (S,Z,¥)(x) and (Z,S,¥)(x) C (S,¥)(x) for all x € X, respectively. Hence, since
according to Lemma 7 (iii) and (iv), we have (Z,Z) = (Z) and (S, S) = (S) and therefore (Z,¥)(x) C
(Z,8,7,¥)(x) and (S,Z,S,¥)(x) C (S,¥)(x) for all x € X i.e., the first inclusion in (a) and the
second inclusion in (b) are true.

Now let us observe that, by Lemma 3, we have (Z,¥)(x) C ¥(x) C (S,¥)(x) or equivalently,
(Z,Y)(x) € (¥)(x) C (S,¥)(x) for all x € X since ¥(x) € ¥(U) € ¥(t(x)) for all x € X and
U € 7(x). So, according to Lemma 7 (iv) and (i), we have

-(S,I,¥)(x) C (S, ¥)(x)and (Z,¥)(x) C (Z,S,¥)(x)

forall x € X.

I/ S>/
,Z,S) and,
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Consequently, again from Lemma 7 (iv), we obtain
-(Z,S8,7,¥)(x) C (Z,S,¥)(x) and (S,Z,¥)(x) C (S,Z,S,¥)(x)
forall x € X.
We will finish the proof of (a) and (b) by showing, in an entirely analogous way, that
-<(Z,S8,7,¥)(x) C (S§,Z,¥)(x) and (Z,S,¥)(x) C (S,Z,S,¥)(x) forall x € X.
Indeed, since it is clear that
-(S,I,¥)(x) € (S, Z,¥)(U) € (S,Z,¥)(7(x)) and
-(Z,8,¥)(x) € (Z,5,¥)(U) € (Z,5,¥)(7(x))
forallx € Xand U € 7(x),
applying Lemma 2.3 we obtain
-(Z,5,7,¥)(x) C (S,Z,¥)(x) and
-(Z,8,¥)(x) C (8,Z,8,¥)(x) respectively,
forall x € X.
We now show that the set {(Z), (S, ), (S,Z),(Z,S),(S,Z,S),(Z,S,Z)} is closed under the opera-
tion ® as presents the following table, where the factor that labels the row comes first.

© I 1 @ZST) | 1) | .S [(ST,S)] (S
(1) I | (TS T) | TS T) | (LS | TS | (IS
(1,5,7) | (1,5,1) | (Z,S,1,) | (Z,S,T) | (L,8) | (Z,S) | (I,S)

STy | ST | (ST) | ST) | (SILS) | (SIS | (SIS)
1,S) | (1,81 | (1,S1) | (1,5,1)| (Z,8) | (I,5) | (Z,8)

ST,5) | ST) | ST) | (ST) |(ST,S) | (ST,8) | (ST,S)
(S) (S,7) (S,7) (8,Z) | (S,Z,8) | (8,Z,5) (S)

It is enough to verify the following two pairs of equalities:
() (hoy, s 11, Z,Z, g2y s 81)= (hon, ., 11, Z, Som, -, §1) and
(h2n, s 11,8, S, omy -1 81)= (h2n, -, 11, S, §2m, -+, 81)
for any (hyy, hoy—1,....11), {(§2m, §2m-1,---81) € C.O(X,Y) and,
(d)(Z,S5,7,8) =(Z,S)and (S,Z,S,Z) = (S,I).
For the proof of (c), let us note that by applying Lemma 7 (iii), we have (S,S) = (S) and (Z,Z) =
(Z) and, according to part (i) of this lemma we get
<h2nr hznfl, vy hl/I/I/mermeflr ...,g1> (‘P) =
<h2n, hzn,l, ceey hl, <I,I,g2m,g2m,1, ...,gl,‘F>>
<I/l2n, hzn,l, veey hl/ <I,I, <32m182m71/ ...,gl,‘P>>
(han, han-1, .. 11, (Z, (g2m, §2m—1, -, 81, F)))
(han, han-1, -, 11, L, (Q2ms §om—1, -, 81, ¥)) =
(how, hon—1, - 11, Z, Qom, 2m—1, 1) (¥) forany ¥ € PZ(Y)X.
In the same way, one can check the second part of (c).
Now, since condition (b) implies that (Z,S,¥)(x) C (S,¥)(x), by Lemma 7 (iv) we have
(S,7,8,¥)(x) C (S,S5,¥)(x) = (S,¥)(x) and consequently,
-(Z,5,7,5,%)(x) C (Z,S5,¥)(x) forall ¥ € P2(Y)X and x € X.
On the other hand, for the same reason as the above, we obtain
(Z,8,¥)(x) C (S,Z,S,¥)(x) and consequently,
-(Z,8,%)(x) C(Z,S5,Z,5,¥)(x) forall ¥ € P?(Y)X and x € X.
This ends the proof of the first equality in (d).

The checking of the second equality proceeds analogously by using condition (a) instead of (b).

To finish the proof, it suffices to note that for all (ha,, ha,_1,.., h1) € C.O(X,Y), ¥ € P?(Y)X and
x € X, the following two properties hold:

o (u,u,¥)(x) C (hay, hoy—1,... h1,"¥)(x) C (I,1,'¥)(x) and

o if (hy;, hpi 1) € {(u,u),(1,1)} for somei € {1,2,..n}, then

(hon, hoy—1, ., 11, F) (x) = (u, u, ¥)(x) or
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<h2n, th—]/ veey hl,‘Y> (x) = <l, l, ‘Y) (x)
The first property is an obvious consequence of Remark 4 and Lemma 2. When it comes to the
second property, according to Remark 4, applying Lemma 7 (i) and then (ii) parts (a) and (c), we obtain
(hon, hon—1, -, hoig1, 4,4, Mo 2, .., 11, YY) =
(han, han—1, o hoi1, (u,u, hoi g, . 11, ) =
(han, hon—1, s hoigr, (u,u, ¥)) = (u,u,F).
The proof for the case (hy;, hyi—1) = (I,1) follows exactly in the same manner. So, the proof of
Theorem 1 is finished. O

2.3. Generalized Continuity in Terms of the Cluster Operators

The concept of cluster functions of the form (hy,, hy,—1,...,ha, h1,'F) is closely related to the
classical notion of cluster sets of a single-valued function f : (X, 7) — (Y,0) ata point x € X [9], [12]
defined by

Ce(x) =N{CI(f(U)) CY:U € t(x)}.
In [8], this concept has naturally been extended to multifunctions F : (X, 7) — (Y,0) as
Cr(x) =N{CI(F(U)) CY:U € t(x)}.
It is easy to check that
Cr(x) = {y €Y:x € Nweoty) cz(P—(W)}.
According to Remark 2, we use the functions defined as
x — {F(x)} and x — P(F(x)) forall x € X.
Using Lemma 5, we can see that these functions may be presented in the form of patterns through
the operations 7 and S as
{F(x)} = Z([P?*(F(x))]) and P(F(x)) = S([P?(F(x))]) for all x € X.
We will use the shorter notation, namely ZF and SF, respectively i.e.,
TF(x) = {F(x)} and SF(x) = P(F(x)) forall x € X.

Of course, ZF,SF € ’Pz(Y) s0, one can consider the cluster functions of types (ha,, hoy—1, ..., ha, 1, ZF)
and <h2n, I’lzn_1, eeey hz, hl,SF>.

Using the concept of cluster functions, we can characterize cluster sets as follows

Remark 8. For any multifunction F : (X,t) — (Y, 0) and x € X, the following properties are equivalent:

(i) y € Cp(x) and

(i) {y} € (S,SF)(x).

Indeed, it is enough to use, according to the characterization of S given in Lemma 2, the equality
(S, SF)(x) = Nuyer(x) Ux,eu, P(F(x1)). Next, according to Remark 1, the property (i) means that for every
open sets W and Uy wzth {y} € P(W) and x € Uy, there exists x; € Uy such that P(W) NP (F(x1)) # @
ie,x; € F-(W).

The analogous characterizations we have in the case of the other types of cluster sets listed below
that are investigated in [13] as an extension of the concept studied in [14] and [15]. Those types of
cluster sets describe many kinds of generalized continuity of multifunctions [13], and for many types
of convergence of nets of multifunctions, there are strict relations between the cluster set of the limit
multifunction and the appropriate cluster sets of the members of the nets of multifunctions [16].

o 1aCr(x) = {y € Y : x € Nyyeoqy) Int(CUIn(FF (W)))) },
o LaCr(x) = {y € Y : x € eo(y) Int(CI(Int(F-(W))) },
o 1.9.Cr(x) = {y €Y 1 x € Nweo(y) CLInt(FFH (W)
o 1.0.Cp(x) = {y €Y 1 x € Nweg(y) ClInt(F~(W))
o 1.p.Cr(x) = {y €Y :x € Nweoy 1nt(Cl(P+(W)))},
o 1.p.Cr(x) = {y €Y :x € Niyeo(y Int(CI(F (W)))},
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e wpCr(x) = {y € Y 1 x € Niweo(y) CUIN(CIF (W) },
« 1BCr(x) = {y € Y : ¥ € Nweo(y) CIINKCI(F~(W)))) }.
In the case of single-valued functions f 1 (X,7) — (Y, 0) that are interpreted as multifunctions

F defined by F(x) = {f(x)} for all x € X, we have the following suitable definitions of cluster sets:
e a.Cs(x) = LaCp(x) = LaCr(x).
¢ q.C¢(x) = 1.9.Cr(x) = u.q.Cp(x),
e p.Cs(x) = L.p.Cp(x) = u.p.Cr(x) and
® B.C¢(x) = I.BCp(x) = u.pCr(x).

The concept of cluster sets of type 4.C f(x) was introduced in [14] and used later in [15] and [17].
Another type of cluster set [18], of multifunctions F : (X, T) — (Y, ) has been defined as follows:

If B is a non-empty family of non-empty subsets of X, then a point y € Y is called a B-cluster
point of Fat x € X, i.e., y € Br(x), if for any open sets U, V with x € U and y € V, there exists B € B
such that B C U and B C F~(W).

This concept is used in further investigations e.g., [18,19,20,21,22,23,24,25] and, it describes
two of those listed above types. Namely, it is easy to show that in the case when B is the family
of all nonempty open subsets B C X, then Br(x) = 1.q.Cp(x) and, the equality is also true if B
is the family of all nonempty a-open [26] (resp. semi-open [27]) subsets A C X defined by the
condition A C Int(Cl(Int(A))) (resp. A C Cl(Int(A)). Analogously, in the case when B is the
family of all nonempty pre-open (locally dense) subsets A C X [28], ([29]) defined by the condition
A C Int(CI(A))), we have Bp(x) = I.B.Cp(x) and, the equality is also true if B is the family of all
nonempty B-open [30] subsets A C X defined by the condition A C CI(Int(CI(A))).

Cluster sets may be also considered as the values of multifunctions from (X, 7), to (Y, ¢). Such
multifunctions have been used in [19,20,31].

Analogously to Remark 2.15, the following simple observation shows the connection between the
concepts of cluster functions of the forms
(hon, hon—1, ..., ho, 11, ZF) and (ho,, hoy_1, ..., ho, h1, SF), and cluster sets.

Remark 9. For any multifunction F : (X,t) — (Y,0), x € Xand y € Y, the following equivalences hold:
(i) y € La.Cp(x) ifand only if {y} € (Z,S,Z,SF)(x)
(resp. y € u.a.Cp(x)) ifand only if and {y} € (Z,S,Z,ZF)(x)),
(i1) y € Lq.Cp(x) ifand only if {y} € (S, Z,SF)(x)
(resp. y € u.q.Cp(x)) ifand only if and {y} € (S,Z,ZF)(x)),
(ii1) y € Lp.Cr(x) ifand only if {y} € (I, S, SF)(x)
(resp. y € u.p.Cp(x)) if and only if and {y} € (Z,S,ZF)(x)),
(iv) y € 1.B.Cr (x)
(resp. y € u.p.Cp(x

ifand only if {y} € (S,Z,S,SF)(x)
)) ifand only ifand {y} € (S,Z,S,ZF)(x)).

Proof. Let us note that, according to the characterizations of Z and S given in Lemma 2, we have the
following equalities:
() (Z,S,Z,SF)(x)=

UU]GT ﬂxleul ﬂUZGT xl UXZEUZ UU3€T x2 nJC3€U3 P(P(X3)),
() (Z,S, T, IF>( )=

Ut er(x) Nietry, Niper(xy) Uxpet, Utiyer(x) Naseus {F(x3)
@) (S, Z, SF)(x)= Nuyer(x) Un ety Uther(xy) Nipew, P(F(x2)),
(qu) (S, Z,ZF)(x)= Ny ex(x) Unyety Uther(xy) Npetn, 1F(x2)
(p1) (Z,S,SF)(x)=Uw ex(x) Nxyet; Niyer(xy) Uxyet, P(F(x2)),

(p”) <I’ S’IF> (x): UU1€T(X) ﬂxleul ﬂUZGT(xl) UX2€U2{F(x2)}/
(B1) (S.Z,5,8F)(x)=

mlller Ux16U1 UUzGT (x1) mxzellz nU3ET (x2) UX3EU3 P(F(x;:,)),
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(B) (S,Z,8,TF)(x)=

nl,he'r(x) leelll UUzeT(Jq) nxzellz ﬂll3€'r(x2) UX3€U3{F(x3)}‘
Now, it is enough to use Remark 1 and then, we immediately obtain the following equivalences
foreach W € o

(
(W)
(W)N(S,Z,SF)(x) # @if and only if x € CI(Int(F~(W)),
(W)N(S,Z,ZF)(x) # @ if and only if x € CI(Int(Ft(W)),

e P(W)N(Z,S,8F)(x) # @ifand only if x € Int(CI(F~(W)),
(W)N(Z,8,ZF)(x) # @ if and only if x € Int(CI(Ft(W)),
(W)N(S,Z,S,SF)(x) # @if and only if x € CI(Int(CI(F~(W))),
(W)N(S,Z,S,ZF)(x) # @ if and only if x € CI(Int(CI(FT(W))).

The cluster functions of the form (hy,, oy 1, ..., o, b1, ¥) : X — PZ(Y) are convenient tools to
characterize the properties related to the continuity of multifunctions. By way of illustration, let us
recall the classical types of continuity for multifunctions.

The continuity of a multifunction is defined by its upper and lower continuity [32]. A multi-
function F : (X,7) — (Y,0) is said to by upper semi continuous (briefly u.s.c.) (resp. lower semi
continuous (briefly /.s.c.)) at a point x € X if whenever W is an open subset of Y such that x € F (W)
(resp. x € F~(W)), then x € Int(F*(W)) (resp. x € Int(F~(W))). The set of all such points will
be denoted by C, (F) (resp. C;(F)). A multifunction F is called u.s.c. (resp. l.s.c.) if C,(F) = X (resp.
Ci(F) = X).

It is easy to see that a multifunction F : (X, T) — (Y,0) is u.s.c. (resp. l.s.c.) if and only if it
is continuous when it is considered to be a single-valued function F : (X,t) — (P(Y),0") (resp.
F: (X, 1) — (P(Y),c))[3,33].

By using the concept of cluster functions of the forms
(hon, hop—1, ..., o, hy, ZF) and (hy,, hoy—1, ..., ha, h1, SF), both these types of continuity can be character-
ized in terms of the upper Vietoris topology as follows:

Lemma 9. A multifunction F : (X, T) — (Y, 0) is upper semi continuous (resp. lower semi continuous) at a
point x € X if and only if
(ZF)(x) C (Z,ZF)(x) (resp. (SF)(x) C (Z,SF)(x)).

Proof. Since, according to Lemma 2, we have

(cu) (Z,ZF)(x)=Uu,er(x) Nxyety {F(x1)} and

(c1) <Ir 8F> (x):ULllET(x) ﬂxleul P(F(xl))'

So, the following pairs of statements are equivalent for each W € o and x € X:

e P(W)N(Z,IF)(x) # @ and x € Int(F*(W)),

e P(W)N(Z,SF)(x) # @and x € Int(F~ (W)).

Of course, P(W) N (ZF)(x) # @ (resp. P(W) N (SF)(x) # @) means that x € F*(W) (resp.
x € F~(W)). Hence, the characterization is true. [J

Remark 10. One can also consider the other two possible relations, namely
(ZF)(x) C (Z,SF)(x) and
(SF)(x) C (Z,ZF)(x) forx € X.

We denote those types of continuity as u.l.s.c. and l.u.s.c., respectively. The set of all such points will
be denoted by C,,;(F) and Cy,(F)), respectively. Of course, the first of these properties is equivalent to x €
Int(F~(W)) for any open subset W such that x € F™ (W), which defines the type of continuity introduced in
[34].
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The second property means that x € Int(F*(W)) for any open subset W such that x € F~ (W) or
equivalently, F is u.s.c. at x and F(x) is a singleton.

Analogous characterizations one can formulate for many types of generalized continuity. Let us
first quote the definitions of some classical types of them.

Definition 2. A multifunction F : (X,T) — (Y, 0) is called
o u.x.c. (resp. l.w.c.)[35] at a point x € X i.e.,
x € 0.Cy(F) (resp. x € a.C;(F)), if x € F* (W) (resp. x € F~ (W))
implies x € Int(Cl(Int(F*(W)))) (resp. x € Int(Cl(Int(F~(W)))))
forall W € o,
o u.q.c. (resp. l.q.c.)[36] at a point x € X i.e.,
x € q.C,(F) (resp. x € q.C/(F)), if x € F* (W) (resp. x € F~ (W))
implies x € Cl(Int(F*(W))) (resp. x € Cl(Int(F~(W))))
forall W € o,
e u.p.c.(resp. l.p.c.)[37] at a point x € X i.e.,
x € p.Cy(F) (resp. x € p.C;(F)), if x € F (W) (resp. x € F~(W))
implies x € Int(CI(F*(W))) (resp. x € Int(CI(F~(W))))
forall W € o,
o u.B.c.(resp. 1.B.c.)[38]) at a point x € X i.e.,
x € B.Cy(F) (resp. x € B.C/(F)), if x € F* (W) (resp. x € F~(W))
implies x € CI(Int(CI(F*(W)))) (resp. x € CI(Int(CI(F~(W)))))
forall W e 0.

In [39] the property I.B.c. is called the lower demicontinuity (I.d.c.).

Analogously to the case of u.s.c and [.s.c., a multifunction F is u.a.c.
(or. La.c.) (resp. u.q.c. (or l.g.c.), u.p.c. (or L.p.c.), u.f.c. (or I.B.c.)) if and only if it is a-continuous (resp.
semi-continuous, pre-continuous,
B-continuous) when it is considered to be a function F : (X,7) — (P(Y),c") (or F : (X,T) —
(P(Y), o).

The requirements stated in the above forms of generalized continuity apply to upper inverse
image F (W) - in the type u (resp. lower inverse image F~ (W) - in the type I) of open subsets W of Y.
The use of mixed types of the inverse images leads to the following kinds of continuity.

Definition 3. A multifunction F : (X, T) — (Y, 0) is said to be
o u.l..c. (resp. l.u.x.c)[40] at a point x € X i.e.,
x € a.Cy(F) (resp. x € a.Cy, (F)), if x € FT (W) (resp. x € F~(W))
implies x € Int(Cl(Int(F~(W)))) (resp. x € Int(Cl(Int(F*(W)))))
forall W € o,
o u.l.q.c. [40](or Lu.q.c., [39]), at a point x € X i.e.,
x € q.C(F) (resp. x € q.Cy,,(F)), if x € FT(W) (resp. x € F~(W))
implies x € CI(Int(F~(W))) (resp. x € CI(Int(F+(W))))
forall W € o,
e u.l.p.c. (orlu.p.c., )[40], at a point x € X i.e.,
x € p.Cy(F) (resp. x € p.Cp,(F)), if x € F*(W) (resp. x € F~(W))
implies x € Int(CI(F~(W))) (resp. x € Int(CI(F+(W))))
forall W € o,
o u.l.B.c. (resp. lL.u.B.c.)[40] at a point x € X i.e.,
x € B.Cy(F) (resp. x € B.Cy,(F)), if x € FT(W) (resp. x € F~(W))
implies x € CI(Int(CI(F~(W)))) (resp. x € CI(Int(CI(FT(W)))))
forall W e o.
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In [41] and [42], the l.u.q.c. property was used under the name of minimality of u.s.c.0.(u.s.c.with
compact values) multifunction. But in [43,44] and [39],this property has been used independently of
the condition u.s.c.o.

Of course, if a single-valued function f : (X, 7) — (Y, 0) is treated as a multifunction F given by
F(x) = {f(x)} for all x € X, then we have the following equalities:

o Cu(F) = C(F) = Cu(F) = Cu(F) = C(f),

e «.Cy(F) = a.C/(F) = a.Cyy(F) = a.Cy,,(F) = a.C(f),

* 7.Cu(F) = q.C(F) = q.Cy(F) = 9.C1,,(F) = q.C(f),

* p.Cu(F) = p.C(F) = p.Cy(F) = p.Cru(F) = p.C(f) and
e B.Cu(F) = BCI(F) = B.Cur(F) = B.Cu(F) = BC(),

where C(f) (resp. a.C(f), 4.C(f), p.C(f), B-C(f)) denotes the set of all continuity (resp. «a-
continuity [45], semi-continuity [46,27], pre-continuity [28], B-continuity [30]) points of f.

The following characterizations are analogous to those in Lemma 2.17.

Lemma 10. For any multifunction F : (X, t) — (Y,0) and x € X, the following equivalences hold:
() @ x € a.Cy(F) if and only if (ZF)(x) C (Z,S,Z,ZF)(x),
o x € w.C/(F) ifand only if (SF)(x) C (Z,S,Z,SF)(x),
e x € a.Cyy(F) ifand only if (ZF)(x) C (Z,S,Z,SF)(x),
o x € u.Cy, (F) ifand only if (SF)(x) C (Z,S,Z,ZF)(x),
(q) @ x € q.Cy(F) ifand only if (IF)(x) C (S,Z,ZF)(x),
o x € q.C/(F) ifand only if (SF)(x) C (S,Z,SF)(x),
o x € q.Cy(F) ifand only if (IF)(x) C (S,Z,SF)(x),
o x € q.Cy,(F) if and only if (SF)(x) C (S,Z,ZF)(x),
(p) @ x € p.Cy(F) if and only if (ZF)(x
o x € p.C/(F) ifand only if (SF)(x
o x € p.Cy(F) ifand only if (ZF)(x) C (Z,S,SF)(x)
o x € p.Cy,(F) ifand only if (SF)(x) C (Z,S,ZF)(x),
(B) @ x € B.Cy(F) ifand only if (IF)(x) C (S,Z,S,ZF)(x),
o x € B.C/(F) ifand only if (SF)(x) C (S,Z,S,SF)(x),
o x € B.Cy(F) ifand only if (ZF)(x) C (S,Z,S,SF)(x),
o x € B.Cy,(F) ifand only if (SF)(x) C (S,Z,S,IF)(x).

~ ~—

NN

~—

C (Z,S8,ZF)(x),
C (Z,S,SF)(x),

~—

7

Proof. It is enough to use the equivalences resulting from the characterizations («;), («x), (91), (q4), (1),
(pu), (B1) and (By) listed in Remark 9, and the equivalences listed in its proof. [

The following quite different types of generalized continuity can also be characterized using
cluster operators.

Definition 4. A multifunction F : (X,T) — (Y, 0) is said to be

o w—continuous [47,48] at a point x € X i.e.,, x € A.C(F), if
x € Int(CI(Int(F*(Wy) N F~(W,)))) holds for all Wy, W, € o
such that x € F*(W1) N F~ (W),

o quasicontinuous [49] at a point x € X i.e., x € Q.C(F), if
x € Cl(Int(Ft(Wy) N F~(Wa))) holds for all Wy, W, € o
such that x € F*(W1) N F~ (W),

o precontinuous [47,48] at a point x € X i.e., x € P.C(F), if
x € Int(CI(Ft(Wy) N F~(Wa))) holds for all Wy, W, € o
such that x € F*(W1) N F~ (W),

o p—continuous [48] at a point x € X i.e., x € B.C(F), if
x € Cl(Int(CI(F* (W) N F~(Wy)))) holds for all Wy, W, € o
such that x € F(Wy) N F~(W,).
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With any multifunction F : (X, 7) — (Y, 0) we consider the function
IFXSF: X — P(P(Y) x P(Y)) defined by
IFxSF(x) = {F(x)} x P(F(x)) forallx € X,
where P(Y) x P(Y) is equipped with the product topology derived from the upper Vietoris
topology ¢* on P(Y). So, it is clear that
(P(Wy) x P(W2)) NZFxSF(x) # @if and only if x € F*(W;) N F~(W,) for all Wy, W; € ¢ and
xeX.
We will use the following functions:
(A)(Z,S8,7,TF x SF)(x)=

UU]GT mxleul mUZGT(Xl UX2EU2 UU3ET x2 nX3EU3 {F(X3)} X P( ( ))’
(Q) <S,I,IP X SF>( )— ml,her(x) leeu1 UUzer(x1) ﬂxzeuz {P(XZ)} X P( ( 2))1

(P)(Z,S8,ZF x SF)(x)= Uiy er(x) Niyetry Niyer(xy) Unye, {F(x2) } X P(F(x2)),
(B) (S,7,S8,ZF x SF)(x)=
ﬂlller leeul UU2€T (x1) ﬂxzeuz ﬂue,e"r (x2) Ux3eU3{F(x3)} x P( ( ))

Thus, the followmg pairs of statements are equivalent for all Wi, W, € ¢ and x € X:
o (P(W1) x P(W2))N(Z,S,Z,IF x SF)(x) # @ and

x € Int(Cl(Int(F*(Wy) N F~(Wy)))),
o (P(W1) x P(W2))N(S,Z,IF x SF)(x) # @ and

x € Cl(Int(FT(Wy) N F~(Wa))),
o (P(W1) x P(W2))N(Z,S,IF x SF)(x) # @ and

x € Int(CI(FT(Wy) N F~(Wa))),
o (P(W1) x P(W2))N(S,Z,S,ZF x SF)(x) # @ and

x € Cl(Int(CI(F(W7) N F~(Wy)))).
Hence we have the following characterizations:

Lemma 11. For any multifunction F : (X, t) — (Y,0) and x € X, the following equivalences hold:
o x € A.C(F) ifand only if IF x SF(x) C (Z,S,Z,ZF x SF)(x),
o x € Q.C(F) ifand only if TF x SF(x) C (S,Z,ZF x SF)(x),
e x € P.C(F) ifand only if IF x SF(x) C (Z,S,IF x SF)(x),
e x € B.C(F) ifand only if IF x SF(x) C (S,Z,S,ZF x SF)(x).

At the end of this chapter, we will characterize some types of continuity, originating in some
generalized continuity of functions with the values in metric spaces.

A function f from a topological space (X, T) to a metric space (Y, d) is said to be cliquish at a
point x € X [50,51], if for any £ > 0 and any open subset UI C X containing x there exists an open
nonempty subset G C U such that d(f(x1), f(x2)) < € for all x1,x; € G. Or equivalently,

x € CL(U{Int(f1(V)): V € Vs }) forany € > 0,

where V, = {B(y,€) : y € Y} and B(y, €) denotes the ball with center y and radius e.

The appropriate topological form of this condition called T; —cliquishness [52] (equivalently
x'—cliquish [53], (Proposition 2.3 (iii)), applies to functions f from a topological space (X, T) to a
topological space (Y, o) and is given by the property

ex € CI(U{Int(f"Y(V)): Ve V})
for any open covering V of (Y, 0).
It is a simple generalization of the notion of T; —continuity [53] defined by
x e U{Int(fL(v)): V eV}

for any open covering V of (Y, 0).

The other types of topological forms of cliquishness [54] called pre x!—cliquishness (resp. x! —
s—cliquishness, pre x! — s—cliquishness, x! — a—cliquishness, pre x! — a—cliquishness) at a point
x €X, are defined by the following conditions:

e x € CL(U{Int(CI(f"1(V))) : V € V}) (resp.
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<

o x € U{CI(Int(f1(V))) :
o x € U{CI(Int(CI(f~1(V))
o x € U{Int(Cl(Int(f~1(V)
o x € U{Int(CI(f~1(V))) :

for any open covering V of (Y, ).

eV},
:VEV},
):VEV},
eV}

ST =

The extensions of those definitions to multifunctions have the following forms.

Definition 5. A multifunction F : (X,T) — (Y, 0) is said to be
o u-t-a-cliquish (resp. I-t-a-cliquish)[13] at a point x € X i.e.,
x € aKy(F) (resp. x € aK;(F)),ifx € U{Int(CI(Int(F™(V)))): V € V} (resp. x € U{Int(Cl(Int(F~(V)))): V € V})
for any open cover V of Y,
o u-t-g-cliquish (resp. I-t-g-cliquish)[13] at a point x € X i.e.,
x € qKy(F) (resp. x € gK;(F)), if x € U{CI(Int(F*(V))): V € V}
(resp. x € U{CI(Int(F~(V))) : V € V}) for any open cover V of Y,
o u-t-p-cliquish (resp. I-t-p-cliquish)[13] at a point x € X i.e.,
x € pKy(F) (resp. x € pK;(F)), if x € U{Int(CI(F*(V))):V € V}
(resp. x € U{Int(CI(F~(V))) : V € V}) for any open cover V of Y,
o u-t-B-cliquish (resp. I-t-B-cliquish)[13] at a point x € X i.e.,
x € BK,(F) (resp. x € BK(F)), if x € U{CI(Int(CI(F"(V)))): V € V}
(resp. x € U{CI(Int(CI(F~(V)))) : V € V}) for any open cover V of Y,
o u-t-cliquish (resp. I-t-cliquish) [55] at a point x € X i.e.,
x € Ky (F) (resp. x € K|(F)), if x € CI(U{Int(F*(V)): V € V})
(resp. x € CI(U{Int(F~(V)) : V € V}) for any open cover V of Y,
o pre u-t-cliquish (resp. pre I-t-cliquish) at a point x € X i.e.,
x € PK,(F) (resp. x € PK;(F)), if x € CI(U{Int(CI(F*(V))): V € V})
(resp. x € CI(U{Int(CI(F~(V))) : V € V})) for any open cover V of Y.

We have the following characterizations of those types of generalized continuity in terms of the
cluster operators.

Lemma 12. For any multifunction F : (X, t) — (Y,0) and x € X, the following equivalences hold:
(i) x € a.Ky (F) (resp. x € a.K;(F)) if and only if the family
(Z,8,7,ZF)(x) (resp. (Z,S,Z,SF)(x)) contains a singleton,
(ii) x € q.Ky(F) (resp. x € q.K;(F)) if and only is the family
(S,Z,ZF)(x) (resp. (S,Z,SF)(x)) contains a singleton;
(iii) x € p.Ky(F) (resp. x € p.K;(F)) if and only if the family
(Z,S,ZF)(x) (resp. (Z,S,SF)(x)) contains a singleton;
(iv) x € B.Ky(F) (resp. x € B.K;(F)) if and only if the family
(S,Z,S,ZF)(x) (resp. (S,Z,S,SF)(x)) contains a singleton
(v) x € Ky (F) (resp. x € K;(F)) if and only if for any U € m(x),
the family 1((Z,ZF)(U)) (resp. I({(Z,SF)(U))) contains a singleton,
(vi) x € PKy(F) (resp. x € PK;(F)) if and only if for any U € 7(x),
the family 1((Z,S,ZF)(U)) (resp. I((Z,S,SF)(U))) contains
a singleton.

Proof. If V is an open covering of (Y,c) and {y} € (Z,S,Z,ZF)(x)

(resp. {y} € (S,Z,ZF)(x), {y} € (Z,S,ZF)(x), {y} € (S,Z,S,ZF)(x)) for some y € Y, then
{y} € P(V) for some V € V and according to the equivalences listed in the proof of Remark 9, we
obtain

x € Int(Cl(Int(F*(V))) (resp. x € Cl(Int(F*(V)),x € Int(CI(F*(V))),

x € CI(Int(CI(F*(V))). So, x € a.Ky(F) (resp. x € q.Ky(F), x € p.Ky(F), x € B.K,(F)).
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Now assume that x € a.K,(F) (resp. x € q.Ky(F), x € p.Ky(F), x € B.Ky(F)) and {y} ¢
(Z,8,7,ZF)(x) (resp. {y} ¢ (S,Z,IF)(x),{y} ¢ (Z,S,ZF)(x),{y} ¢ (S,Z,S,ZF)(x)) for all points
y € Y. Then, since the values of cluster functions are closed with respect to the upper Vietoris topology,
for every y € Y there exists an open V;, C Y such that
{y} € P(Vy) and P(V,)) N (Z,S,I,ZF)(x) =D
(resp. P(Vy) N(S,I,ZF)(x) = @, P(Vy) N (Z,S,IF)(x) = O,

P(Vy)N(S,I,8,IF)(x) = D). So, the family V = {V,, : y € Y} forms an open covering of Y such
that x ¢ U{Int(CI(Int(FT(V)))): V € V}

(resp. x ¢ U{CI(Int(FT(V))): V € V},x ¢ U{Int(CI(F"(V))): V € V},

x ¢ U{CI(Int(CI(F*(V)))) : V € V}) which gives a contradiction and finishes the proof of (i) — (iv),
the case “u”. The proof of the second case is analogous.

To prove (v) and (vi), let assume first that x € K, (F)

(resp. x € PKy(F)) and there exists U € m(x) such that {y} ¢ I((Z,ZF)(U)) (resp. {y} ¢

I((Z,S,ZF >(LI))) for every y € Y. Then, for every y € Y there exists an open V;, C Y such that
P(V,) NU{Z,IF)(x) :x €U} = @

(resp. P(Vy) NU{(Z,S,ZF)(x) : x € U} = @) which is equivalent to

Unint(Ft(Vy)) = @ (resp. UN Int(CI(F*(Vy)) = @. As a result, we obtain an open covering

V={V,:ye Y} of Y such that

x & CLU{Int(F*(V)): V € V}) (resp. x ¢ CI(U{Int(CI(F"(V))): V € V})) which gives a contra-

diction.

Now, let us take an open covering V of (Y, o) and assume that for every U € 7(x) there exists
y € Ysuchthat {y} € [((Z,ZF)(U))
(resp. {y} € I({(Z,S,ZF)(U))). Then, there exists V € V such that y € V and P(V)N
U{(Z,ZF)(x) :x e U} # O
(resp. P(V) NU{(Z,S,ZF)(x) : x € U} # @) which means that
P(V)N{(Z,IF)(x) # D (resp. P(V)N(Z,S,IF)(x) # @) for some x € U.
So, we have U N Int(FT(V)) # @ (resp. UN Int(CI(F*(V)) # @.
This shows that UNU{Int(FT(V)): V €V} #O
(resp. UNU{Int(CI(FT(V))):V €V} # @) for any open set U containing x, i.e., that x €
Cl(U{Int(FT(V)): V € V})
(resp. x € CI(U{Int(CI(F*(V))) : V € V})) and finishes the proof of (v) and (vi), the case “u”. The
proof of the second case is analogous. [

3. Convergence in Terms of Topologically Determined Operators

Given any net H : & — P(Y)X of multifunctions H, : (X,7) — (Y, 0), shortly (Hy)sex, where
H(a) = Hy, & € L and (T, <) is a directed set, we will apply the function H : £ x X — P(Y) defined
by

H(a,x) = Hy(x) forall (¢, x) € £ x X,

i.e., H is the value E(H) of the exponential map:

E:PY)2X = (P(Y)*)*
given by the formula:
E(f)(@)(x) = f(a x),

where f € P(Y)®*X,a € Zand x € X,

It defines one-to-one correspondence between P (Y)>*X and (P(Y)X)%.

Analogously to the case of multifunctions F : (X, T) — (Y, 0), we will use the following two
functions ZH, SH : & x X — P?(Y) defined by

TH(«,x) = {Hy(x)} and SH(a, x) = P(Hy(x)) for all (&, x) € & x X.

Of course, the following equivalences are true:

e H,(x) C Wifand only if P(W)NZH (&, x) # @ and
e H,(x) "W # @ if and only if P(W) N SH(a,x) # @
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for any open subset W C Y and (&, x) € X x X.

In the chapter below, we introduce a class of functions called products, which play an analogous
role to the functions of type 7" (x) used in the definition of cluster operators. For this purpose, we shall
need a special type of functions from P"(X) to P?"*2(L x X). Here, we introduce the general form of
such functions.

Namely, for a Cartesian product Z x X and a point z € Z, using the same symbol to denote the
function z : X — Z x X defined by z(x) = (z,x) for all x € X, for any subset A C Z and for any
non-negative integer k, we define the function A%) : P¥(X) — P*1(Z x X), by

AW (B) = {a(B) :a € A} forall B € PK(X).
The Cartesian product reference is visible in the following equality:
UA©®(B)=AxBforall AC Zand B C X.

For each non-decreasing n-tuple (kq,ky, ..., k), n >2, of non-negative integers, and for each

A € P™(Z) we define the function
Akukakn) - Pk (X) — Phat(7 % X), by
Akukakn) () = {a(kl'kz""'knfl)(ﬁ) S A} for all B € Pk (X).

3.1. The Monoid of Products

Let us consider a Cartesian product £ x X, of a directed set (¥, <) and a topological space
(X, 7). Fx denotes the filter base of sections of (X, <), more precisely, Fx={K, : v € £}, where
Ky={a € X : v < a}. To simplify, we will write « € K € F instead of « € K, € Fy, where 7 € X.. Of
course, F € P2(%) and hence we can contemplate the use of the functions
Flpa) . Pa(X) — PI+2(Z x X), where p < g.
Since 7" (x) € P?"(X) for any x € X, one can then consider the following compositions
Flpa) ot X — P2H2(3 x X)
whenever p < g < 2n.

Definition 6. Let (X, <) be a directed set and let (X, T) be a topological space. Then the functions of the form
FPa) o T, where n, p, q are non-negative integers such that p < q < 2n, will be called the products of the pair
((%, %), (X, 1)) (or simply of (£, X)).

By PR(Z, X), we will denote the set of all products of (X, X).

Adequately to the formulas given in Remark 7, any product F&) o 7" of (L, X) is uniquely
determined by the structure of the 2(n+1)-tuple of the sets of indexes as the lemma below shows,
where, according to Remark 7 (ii), we will use the notations:

B(()n’i) =1i(x,_;) fori € {0,1,..,n} and,
B§n’i) =1 (U,_;) fori € {0,1,..,n —1}.
We will, in the lemma below, introduce a uniform denotation for these two types of index sets as
follows: ’_
Dni) — BZ(];LEJZ) fori =0,1,...,2n.
Lemma 13. Let 1, s, q be non-negative integers such that s < q < 2n and xo € X. Then any 2(n+1)-tuple of
index sets of F51) o T (xq) is of the form
(DY), .., D) K, .., DN, F, . Dr2)y e
PLX) X . x P5(X) x PLHZ) X ... x P1(X) x P2(Z) X ... x P?(X) ie.,

any product F) o T (xy) is of the form
A, xy) : DD € DAY i =1, s} e € K}

DY) e D} 1 j=5+1,..,q} : K€ F}:
Dk=1) ¢ DI} |k = g 41,...,2n}.
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q
Proof. According to Remark 7, B;ZE;JZ) belongs to the domain of F(4) and thus,
FE (1 (x0)) =

gDy, g 5D pm[])
{ {‘7:(5 q)( g mod 2 ) B(q-i—i) mod 2 € B( +z+1) mod 2

q
By the definition we have F(4) (B . mL sz ) = {K®) (B{;ZE;JZ)) : K € F} and in this exposition of

Fa)(t(x)), we have used the following sequence of sets of indexes

<]:‘ B( V+1J) B(W,L#J) B LZnJ))

}:i=0,1,.,2n—q—1}.

(q+1) mod 27 = (g+2) mod 2’ ***" =" 2n mod 2
P2(Z) x PITL(X) x PIT2(X) x ... x PH(X). (%)
Analogously, K*) (B mE sz )=
(nltgj) ] Ls+1J (n/Ls+1+lJ
{{K(S) (Bs mmzi 2 ) : B(s+z mod 2 € B(s+z+1) mod 2 0,1, el =8 — 1}

and, by definition, K(S)( mz)) ) = {a(B n[5]) ) : @ € K}. So, we have used the following sequence

s mod 2 s mod 2
of sets of indexes

(ksbth, sl s

(s+1) mod 27~ (s+2) mod 2’ q mod 2
PLE) x PHH(X) x PSH2(X) x .. x P1(X). (%)
Finally, a(B SL mJO i) =

i i+1
{odaBlba)y Bl e B LE Dy i 01,05 1) and,

we have used the following sequence of sets of indexes

(Bi"ﬁoéjg,@%@z’, gl J)) €PUX) x PA(X) x . x P(X).  (+4%)

s mod 2

So, (*), (%) and (¥ * ) taken together show that any 2(n+1)-tuple of index sets of F(54) o 7" (x)
is of the form
(D), ..., D) K, .., D0, F,Dma+1) D2y ¢
PLX) x ... x PS(X) x PL(Z) x ... x PI(X) x P3(Z) x PITL(X)
proof. O

X ... X P?"(X) which finishes the

Remark 11. With the above lemma, we can see that the equivalences established in Remark 7 (iv) take the
following form:
plni) c pni+l) me’ld only iffD(nfmJ?Zm) c D(nfm,iJrlem),
wherei =0,1,...,2n —1land m =0,1, ..., BJ

Theorem 2. Let (X, T) be a topological space, and (X, <) a directed set. Then the set PR (%, X) of all products
of (%, =), (X, 1)) forms an Abelian monoid under the operation & defined by
(]—“(s,q) o Tn) e (_F(s*,q*) o T”*) — Fls+s"4+9%) o Tn+n*/
with the neutral element e = F(00) o 70,
The monoid (PR(X, X), @, e) is generated by the subset BPR (X, X) C PR(Z, X) of all six products of
the form F(49) o 71,

Proof. The axioms for commutative monoids are clearly fulfilled. We will show that (PR (%, X), @, ¢)
is generated by the family
BPR(Z,X) = {A#) :i,j € Nand i < j <2}, where A() = Flif) o 71
Let us consider the functions 72 : £ x X — P?"(X x X) defined by
T8 (a,x) = a(7"(x)) forall (a,x) € X x Xandn € N.
Firstly, we will show that
Tg o Flsa) o1t (x) — Fls+2kg+2k) o T’Hk(x) (*)
forallx € Xand k=0, 1,...
Indeed, basing on the description (), (**) and (* * %) given in the proof of Lemma 3, we have
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K& (D
{ {{T®(06(D )) ae K} plnsti) ¢ D<nfs+i+1>} i=0,1,..,0—5— 1} and 7k (a(D))
{ {T® (a(xy)) : D) € D(”'i+1)} :i=0,1,...,5 — 1}, where, according to the notation of Remark 7
and Lemma 3, we have D) ¢ Pi (X)forj=1,2,..and DmO) = x,. So, any 2(n+1)-tuple of index sets
of such description of 7& o F(¥4) o 7" (x) belongs to
PHX) X . x P5(X) x PHZ) X ... x PI(X) x P2(Z) X ... x P(X).
It follows by definition, that & (a(x,)) = & (@, x) = a(TF(xs)) =
tx({...{{xn,k : Bén’i) € Bgn’i)} : Bgn’i) € B(()n'iﬂ)} :1=0,...,k— 1}), where
Bén’i) =T (X 1), B%"’i) =7 (Uyx_;), i€ {0,..,k — 1} and x,,0 = xy. So, any 2k-tuple of index sets of
¥ (a(x,)) belongs to
PLX) x P2(X) x ... x P2~1(X) x P%(X) and consequently, the structure of & (F(*9) o v (x)) is
determined by
PUX) X .. x PH(X) x PIHZK(X) x ... x PSHH(X) x PLH(Z) x PSHHHL(X) x ... x PIHZK(X) x P2(Z) x
PIT2+L(X) x ... x P22K(X) which corresponds to F(+264+2K) o +k(x). Thus, we have proved the
equality (x).
We now show that every product F(54) o 7", where n > 1, can be presented in the following form
FG1) o=k o F@h) o t7 07, (%)
where k,m,y € {0,1,2,...} and, F (@) o 17 belongs to the set BPA(Z, X) of all products of type
]_-(0,/3) o Tﬁng, or
I
FLB) o P {ZJ, where g =1,2,...
For this purpose, let us first note that
]:'(s,q) oTh=1 L%J ° ]:(S*ZL%J,q72L§J) o™ LiJ
which follows directly from (x). Next we note that F(~2[3 )4~ ZL D is of the form F©B) or F(18),
where p = q—2[5].
Now, it is enough to decompose 7"~ [3] as follows:
L8] = 5[] o g Lal-E]
So, we obtain
Fsg) o o1 (x)= T@L}%J o ]:(s—ZL%J,ﬁ) o Tﬁ* {gJ ot |5]-B+ {gJ ,
s _|£
where F62[2]8) o P {ZJ € B°PA(L, X), which ends the proof of ().
We will now show that BPR(Z, X) is generated by BPR(Z, X).
Let us take F(0A) o T‘B_ %J ,where § = 1,2, ... and suppose that § = 2i + 1, wherei=0, 1,... Then

B
we have F(08) o Tﬁ_ bJ =
FO2i+1) o it — FO1) o 1 g FO2) o gi = FO) o1 g iFOD) o7l ie,

FO.B) o Tﬁ{%J = A01) 5;402), (s % )
If we assume that § = 2i, wherei=1,2,... Then
F 0B o P |5]  F02) o 7i _ 402, (4 5 4%)

_|8
Let us now check the products F(1#) o o bJ ,where f =1,2,... and first suppose that § = 2i + 1,
_|8
wherei=0, 1,... Then, F(1A) o Tﬁ M =
FL241) o i+l — FL1) o 1 @ F020) o 71 = FL1) o o1 i FO02) o lje,
g
FLB) o Tﬁi bJ =AY ¢ iA02), (5 s s % x)
e ]
If B = 2i, wherei=1,2,... Then FLB) o P 12] =
F2) o gl = F2) o gl g F02-2) o gi-1 = FA) o7l g (i — 1) FO2 o 1l fe,,
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FLB) o T,B—{QJ = A2 g (i— 1)A(0'2). CEEEET))

So, (# % %), (* # %), (x % % % %) and (% * * * xx) together prove that the part F(*#) o T7 of the
presentation (kx) can be built from the members of the set BPA(Z, X).

Finally, let us note that for every product F(*#) o t7(x), hold

F@b)orr ot = F@h) o7 @ mAOD) and, according to (),

€ o Flh) o 17 = Flab) o 17 g kAR2),

Indeed, F@B) o 17 o 7" = F@h) o grtm — Flap) o ¢7 g F(00) o 7m

Fb) o7 @ mFO0 o7l = Flob) o 77 @ mA0L).

Similarly, we have

T@k@ o ]:(04,[3) oY = ]:(oc+2k,ﬁ+2k) o T'y+k — ]:(a,ﬁ) oY @ ]:(2k,2k) ° Tk _

Fb) oy @ kF22) ol = Flwb) o r7 g kAR,

Therefore, the presentation (+*) has the form kA2 @ F@P) o 7 @ mA(0) ie., one of the
following forms:

(1) kAR2) & A0 ¢iA02) ¢ mA0) j=0,1, ..,

(ii) kAR ©iA02) @ mA00) j=1,2,.

(iii) kA2 & A g A02) g mA(OO) i =0,1,.

(iv) kA2 ¢ A(12) g (i — 1) A0 & mAO0) = 1, 2,

This finishes the proof. [J

3.2. Convergence Operators

Let © be a function from (X x X) to P2(Y) and let let us take a product F(7) o 7" : X —
PH2(L x X) (L, X). Itis evident that © o F(4) o 7*(x) belongs to P2"*4(Y) for all x € X, so these
sets belong to the domain of every composition of 2n+2 functions taken from the set {1,1}. One can
therefore consider the following functions

honya 0 hypi10.ohgohio@o0 FM ot 1 X — P2(Y),

where h; € {u,1} fori=1,2,..., 2n+2.

Of course, the number of the functions h;, i = 1,2, ...,,2n 4 2, in the above composition is deter-
mined by the function F () o T, so one can use the following shorter notation for such compositions

(hang2, Mons1, - B2, 11, ©).

As shown above, in Lemma 3, the structure of any product F(54) o T is unequivocally represented
by a sequence of index sets

(D), pn2),  plws) g, pnstl)  pla), F,pnatl) D)y e
(PY(X),... P$(X), PL(Z), PsH(X),..., P1(X), P*(Z), PTH(X), ..., P?"(X)).

So, in accordance with the structure of F (54) o 7 we will use the following more precise notation
for the above compositions:

- R hgs1, M, g, oo g1, T, B, o 1, ©),

where /1, and h correspond to P?(X) and P!(Z), respectively.

In fact, one might consider two kinds of functions:

(Conv.F) (o, oo, hgi1, 2, g, ooy g1, By, s, oy, ©) 2 X — P2(Y),
(Conv.0) (Mo, ..., hgit, 2, g, ooy hsin, Bt B, oy ) = PHY) XX — P2(Y)X
which assigns to every function ® : £ x X — P2(Y), the function

(hon, .. hq+l,§2, hg, - hsﬂ,@,hs,..., 1) (©) =

(hon, oo Bg 1,2, g, ooy Bsy1, 1, Bis, ooy By, ©).

Definition 7. Let (X,7) and (Y, ) be two topological spaces, (X, <) be a directed set and let © € P?(Y)**X.
(i) Any function of the form
(Ros s 1,1, gy oo hssn, 0 B, o 11, ©),
will be called a convergence function.
(ii) Any function of the form
(hons oo hgit, 1 g oy sy, B B, ooy 1),
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will be called a convergence operator.
Let us denote by CON.O(%, X, Y) the set of all convergence operators for given (£, <), (X, t) and (Y, o).

The function obtained from a convergence function (A, ®) (resp. operator A) by exchanging u
and [ will be denoted by (A, ®) ! (resp. A™1), where © € {ZH,SH}.

In connection with the characterization of {Hy(x)} and P(H.(x)) by the operations Z and S
as ZH and SH respectively, where (a,x) € ¥ x X, according to Lemma 5, we have the following

equalities:
A~Y(SH) = (A~1,SH) = (A, TH) ! and
AYZH) = (A1, TH) = (A, SH)~ ..
Of course,
(ZF)~Y(x) = (SF)(x) = SF(x) and
(SF)~1(x) = (ZF)(x) = TF(x), x € X.

We will use the notion of convergence operator to define many types of convergence of nets
of multifunctions. A type of convergence of a net (Hy),cx to a multifunction F at a point x € X is
determined by

e a convergence function (hyy, ..., hq+1,T, hg,..,hsy1, i, hs, ..., h1, ®),

where ® € {ZH,SH}
e a function ¥ € {(ZF), (SF)} and
¢ some relationship between (hy,, ..., hq+1,T, hg,....hsi1, 1, b, ..., h1, ©) (x)
and Y.
So, by a type of convergence determined by a convergence operator A, we mean a pair of the

form (¥, (A, ©)), where ¥ € {(ZF),(SF)} and © € {ZTH,SH}.

Definition 8. We say that a net of multifunctions Hy : (X, ) — (Y,0), « € %, is (¥, (A, ®))-convergent to
a multifunction F : (X, T) — (Y, 0) at apoint x € X, if ¥(x) C (A, ©)(x), where A is a convergence operator,
© € {ITH,SH} and ¥ € {(ZF),(SF)}.

3.3. Classical Types of Convergence in Terms of the Convergence Operators

We will show that the convergence operators characterize the classical types of convergence of
nets of multifunctions. In this connection, we need to recall some definitions.

For anet, { A, : @ € L} of subsets A, of a topological space X, a point x € X is called a limit point
(resp. cluster point) of {A, : « € X} shortly, x € Li A, (resp. x € Ls Ay) [32,56], if for every open
subset U C X such that x € U, there is ¢y € X such that U meets A, for each « > 7 (resp. for every
v € X there is & > 7 such that U meets A,).

We say that a net {A, : « € L} topologically converges to a subset A, denoted by Lt A, = A, if
A=LiAy =Ls A

By lim inf A, and lim sup A, we denote the upper and lower limits in the sense of the set-theory
ie., theset U{N{Ax:a > 7} :y € X} and N{U{Awn : @ > 7} : v € L}, respectively.

The concepts of convergence of nets of subsets and convergence of nets of multi-functions are
closely related. Generally, one could consider the following properties for a given multifunction
F:(X,7) = (Y,0), anet (Hy)qex of multifunctions Hy : (X, 7) — (Y,0) and a point x € X:

(PC1)  F(x) = Lt Hy(x);
(PC2)  F(x) = Ls Hy(x);
(PC3)  F(x) = Li Hy(x);
(PC4)  F(x) C Li Hy(x);
(PC5)  F(x) O Li Hy(x);
(PC6)  F(x) C Ls Hy(x);

(PC7)  F(x) D Ls Ha(x).
For the graphs of multifunctions, one can formulate conditions analogous to the above.
(GC1)  Gr(F) = Lt Gr(Ha);
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(GC2)  Gr(F) (
(GC3)  Gr(F) (Ha)
(GC4) Gr(F) C Li Gr(Hy);
(GC5)  Gr(F) D Li Gr(Hy);
(GC6)  Gr(F) C Ls Gr(Hy);

(GC7)  Gr(F) D Ls Gr(Hy).

The theorem below shows that the types of convergences listed above one can characterize in
terms of convergence operators.

Let us first recall some definitions. A subset B of a topological space is a-paracompact [57], if
every open cover of B has a locally finite open covering refinement.

We will use the following two properties of a-paracompact subsets:

o for every a—paracompact subset B of a regular topological space and for every open subset W
with B C W there exists an open subset Vsuch that BC V C CI(V) C W,

o for every o —paracompact subset B of a T, topological space and for every point x ¢ B there
exist disjoint open subsets V and W such that x € V.and B C W.

Theorem 3. The following conditions hold for an arbitrary net (Hy)yex, of multifunctions Hy : (X, T) —
(Y, o), a multifunction F : (X, t) — (Y,0) and a point xg € X :

(i) F(xq) C Li Hy(xo) if and only if (SF)(x0) C (I, n, SH)(xo),

(ii) Gr(F) C Li Gr(H,) ifand only if (SF) < (u,1,1,1, SH),

(iii) F(xo) C Ls Hy(xo) if and only if (SF)(xo) C (I, 2, TH)*(xo),

(iv) Gr(F) C Ls Gr(Hy) ifand only if (SF) < (1,1,i,u, TH)!,

(v) if (Y, 0) is T, and the values of F are a-paracompact, then
(a) F(xg) D Li Hy(xo) whenever (ZF)(xo) C (1,1, SH)(xp),

-1

(b) Gr(F) D Li Gr(H,) whenever (ZF) < (u,1,i,1, SH)~
(¢) F(xo) D Ls Hy(x) whenever (ZF)(xo) C (I, @, TH)(x ),
(d) Gr(F) D Ls Gr(Hy) whenever (ZF) < (11,1, u, TH).

Proof. (i): According to the definition,

(L, SH) (x0) =

louoSHo F00 o 0(x0) =

louoSH({{(a,xpo) :a €K} : K€ F}) =

lLou({{P(Hy(xp)) :a € K}: K€ F}) =

Uker Naex P (Ha(x0)).- o (I)

The assumption (SF)(xo) C (I, 1, SH)(xp), implies that for every
y € F(xg) wehave {y} € ([, 2, SH)(xq) because P(F(xp)) C (SF)(xq). Consequently, according to (I),
for every open set W containing y, there exists K € F such that for every « € K, P(W) NP (Hu(x0)) #
@1i.e., WN Hy(xg) # @, which proves that F(xg) C Li Hy(xg).

Now, conversely, assume that F(xo) C Li Hy(xp). Since ([, 1, SH)(xp) is a closed subset in the
space (P(Y),c"), it is enough to show that for every W € o, the property P(W) N (SF)(xg) # @
implies that P(W) N ([, 2, SH) (xq) # @. So, let us take W € ¢ such that P(W) N (SF)(xy) # D i.e.,
W N F(xg) # @, then WN Li Hy(xp) # @ and consequently, there exists K € F such that for every
a € K, WN Hy(x0)) # @ or equivalently,

P(W)NP(Hy(xg)) # ©. Thus, using Remark 1, we get
P(W) N Nwek P(Hy(x0)) # @ for some K € F and, according to (I) we have P(W) N (I, 12, SH) (x) #
@.

Proof of (ii). It is clear that

(u,1,i,1, SH) (x) =

uolouoloSHo F(ID) oTl( ) =

uolouolo({{{{P(Hu(x1)):x1 €U} :0€K}:Ke F}:U; € 1(x)}) =

mlller(x) Uker Naek Ux1€U1 P(Hﬂt (xl))' (II)
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The assumption that that (SF)(x) C (u,1,i,1, SH)(x) forall x € X, (a,b) € Gr(F) and (a,b) €
U x W forsome U € Tand W € ¢, implies WN F(a) # @,i.e., P(W)NP(F(a)) # @ and consequently
we obtain P(W) N (u,1,1,1, SH) (a) # @. According to (II), we get

P(W) NUker Nack Uxeu P(Ha(x1)) # @i,
there exists K € F such that for every a € K
we have P(W) NP (Hy(x1)) # @ for some x; € U. (I11)

The condition P(W) NP(Hy(x1)) # @ is equivalent to W N Hy (x1) # @ 1i.e., (x1,y) € Gr(Hy) for
somey € W, so (U x W)NGr(Hy) # @ and, according to (III), this ends the proof that (a,b) € Li
Gr(Hy).

For the converse implication, suppose that P (W) N (SF)(x) # @ie, WNF(x) # @, where W € ¢
and x € X. Then for every U; € T(x) we have (x,y) € (U; x W) N Gr(F) for some y € WN F(x) and
according to the assumption, (x,y) € (U; x W) N Li Gr(H,). So, there exists K € F such that for every
a € Kwe have (U; x W) N Gr(Hy) # @.

The condition (U; x W) N Gr(Hy) # @ is equivalent to the existence of (x1,y7) € U3 x W
such that y; € Hy(x1), so WN Hy(x1) # @ or equivalently, P(W) NP(Hy(x1)) # @ and con-
sequently, P(W) N Uy, cy, P(Ha(x1)) # @ for all « € K. Finally, in accordance with Remark
1, we obtain P(W) N Uker Nuek Ux ey P(Ha(x1)) # @ for all Uy € m(x) and again Remark
1 yields P(W) N Nyyer(x) Uker Naek Ux ety P(Ha(x1)) # @ which means, according to (1), that
P(W) N (u,1,i,1,SH)(x) # @ and finishes the proof.

Proof of (iii): In an entirely analogous way to the above, we have

(1,4, TH) " (x0) = (7,1, SH) (x0) = Nker Unex P (Fa(x0)). (1v)

If (SF)(x0) C (I,2, TH) '(xq), y € F(xg) and y € W, where W € ¢, then P(W) N (SF)(xy) # @
and consequently, according to (IV), for every K € F there exists & € K such that P(W) NP (Ha(x0)) #
@ie., WN Hy(xg) #@.So,y € Ls Hy(xp).

Now, assume that F(xg) C Ls Hy(xp) and let P(W) N (SF)(xo) # @, where W € o. Itis
enough to show that P(W) N (I, 1, ZH) (xg) # @. It is clear that, W N F(xg) # @ and therefore
by the assumption, for every K € F there exists « € K such that WN Hy(xg) # @ ie, P(W)N
P(Hy(x0)). So, P(W) NUgekx P(Ha(x9)) # @ for all K € F and using Remark 1. we get P(W) N
Nker Usex P(Ha(x0)) # @ which, according to (IV), finishes the proof.

Proof of (iv). Similarly to the previous cases, we note that

(11,84, TH) ™' (x) = (u,3,1,1, SH) (x) =

ﬂlller(x) Nker Unek Ux1€U1 P(Ha (xl))' (V)

If (SF)(x) C (I,1,@,u,ZH) " (x) forall x € X, and (a,b) € U x W for some U € T, W € o and
(a,b) € Gr(F), then WN F(a) # @, equivalently, P(W) N (SF)(a) # @ and therefore, according to (V),
we have
P(W) n nuler(a) Nker Uaek Ux16U1 P(Hﬁé(xl)) # @. ConsequentIYI
P(W) N Nker Unek Uxyeu P(Ha(x1)) # @ ie., for every K € F there exist & € Kand x; € U
such that P(W) NP (Hu(x1)) # @ ie., WN Hy(x1) # @. Thus, for some y € W N Hy(x1) we have
(x1,y) € (U x W)NGr(Hy) thus (U x W) N Gr(Hy,) # @ and the proof that (a,b) € Ls Gr(Hy) is
finished.

Conversely, assume now that Gr(F) C Ls Gr(H,), x € X and P(W) N (SF)(x) # @.
It is enough to prove that P(W) N (L, 1,i,u, ZH) }(x) # @ ie., considering (V), that P(W) N
Nuyer(x) Nker Unek Uy euy P(Ha(x1)) # @. It is clear that WN F(x) # @, so (x,y) € Gr(F) for
some y € W and therefore, according to that assumption, for every U; € 7(x), we have (U x W) N Ls
Gr(Hy) # ©@. Hence, for every K € F there exists « € K such that (U x W) N Gr(H,) # D i.e,
there exist x; € U; and y; € W such that y; € W N Hy(x1). So, WN Hy(x1) # @ or equivalently,
P(W)NP(Hy(x1)) # @ and, we have shown that P(W) NUyex Ux,cu, P(Ha(x1)) # @ forall K € F.
Now, using Remark 1, we get P(W) N Nger Unek Ux,cuy P(Ha(x1)) # @ for all Uy € t(x), and
reusing Remark 1 finished the proof.
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Proof of (a) of (v). Suppose on the contrary that F(xy) 2 Li Hy(xp) i-e., yo € F(xp) for some
Yo € Li Hy(xp). Because of the T, property of (Y, T) and a—paracompactness of F(xg) there exist two
disjoint open subsets W and V of Y such that F(xy) C W and yy € V. Consequently, since P(W) N
(IF)(x) # @, we have P(W) N (1,ii, SH)'(x9) # @, and since V N Li Hy(xg) # @, there exists
K € F such that VN Hy(xg) # @, i.e.,, P(V) N'P(Ha(x0)) # @ holds for every a € K. This, according
to Remark 1, means that P(V) N Uger Nuek P (Ha(x0)) # @ ie., by ), P(V) N (I, @, SH)(xy) # 2.
Since, according to Lemma 1, (I, i, SH) (xo) = (1,1, SH) ' (xo), we obtain W NV # @ which gives a
contradiction.

Proof of (b). Let us assume on the contrary that Gr(F) 2 Li Gr(Hy), i.e. that there exists (xq,yo) €
Li Gr(Hy) such that yo ¢ F(xp). Then the T, property of the space (Y, 7) and the a— paracompactness
of F(xp) imply the existence of two disjoint open subsets W and V of Y such that F(xp) C Wand yy € V.
Therefore, since P(W) N (ZF) # @, wehave P(W)N (u,T, ir,1, SH) "1 (xy) # @. But, analogously to (II),

(u,1,,1, SH) " (x0) = (L, 1,11, TH) (x0) = Uty ex(xg) NiceF Unek Niyetsy 1Hx(x1)}- So, the following
holds for some Uy € T(xp):

for every K € F there exists « € K such that

Ha(x1) C Wforall x; € Uj. (VI)

Of course, (xq,y0) € (Uy x V) N Li Gr(Hy) # @, hence there exists K € F such that for all « € K
we have (U; x V)N Gr(Hy) # @ie., VN Hy(x1) # @ for some x; € Uy, which contradicts (V1)
because VNW = @.

The proof of (c) goes analogously to (a). The assumption that F(xg) 2 Ls Ha(xg) implies

the existence of two disjoint open subsets W and V of Y that satisfy the following conditions:
P(W)N(l,u,ZTH)(xp) # O anciP(V) N Nker Unex P(Ha(x0)) # @. So, P(V) N (i1, 1,SH)(xg) # D
or equivalently, P(V) N (1,4, TH) ' (xo) # @ which implies W NV # @ and gives a contradiction.
The proof of (d). Analogously to the proof of (b), let us assume that there exist (xg,y9) € Ls
Gr(Hy) such that yy ¢ F(xo), and disjoint open subsets W and V of Y such that F(xp) C Wand yp € V.
Consequently, we have P(W) N (1,1, i, u, TH) (x) # @ or equivalently,
P(W) N Uy, er(xg) Uker Nuek Nxyew, 1Ha(x1)} # @ which means that, for some Uy € 7(xo) the
following holds:

there exists K € F such that for every « € K we have
H,X(xl) C W forall x; € Uj. (VII)
Since (xo,v0) € (U; x V)N Ls Gr(Hy) # @, for every K € F there exists « € K such that
(U x V)N Gr(Hy) # @1ie., VN Hy(xq) # @ for some xq1 € Uj. This gives, in accordance with (VII),
VNW # @i.e., we have a contradiction. [

Let us quote some direct conclusions of the above theorem.

Corollary 1. Let (Hy)qeyx be a net of multifunctions from a topological space (X, T) to a T, topological space
(Y,0), F: (X, 1) — (Y, 0) a multifunction whose values are a-paracompact and let xy € X. Then the following
statements hold:
(i) If (SF)(x0) C (I, &, SH)(x0) and (SF)~*(xo) C (I, &, SH)"}(x0),
then F(xg) = Li Hy(xp),
(i0) I (ZF)(x0) © (1,7, TH) (x) and (TF) (o) < (@, TH) " (x0),
then F(xg) = Ls Hy(x0),
(iii) If (SF) (xo) < (I, @, SH) (xo) and (ZF)(xo) C (I, 1, TH)(xo),
then F(xg) = Lt Hy(x0),
(iv) If (SF) < (u,1,#,1, SH) and (SF)~* < (u,1,@,1,SH) !,
then Gr(F) = Li Gr(H,),
() If (ZF) = (11,1, u, TH) and (ZF)~* < (1,1, %,u, TH) ",
then Gr(F) = Ls Gr(H,),
(vi) If (SF) < (u,1,,1, SH) and (ZF) =< (1,1, @, u, TH),
then Gr(F) = Lt Gr(Hy).
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The property F(xg) = Lt Hy(xp) is called topologically convergence in point [58], topologically
convergence [59] or pointwise topologically convergence [60].

The property Gr(F) = Lt Gr(H,) is called topological convergence in graphs [58], graph con-
vergence [59], topological convergence [61,62], Hausdorff topological convergence of graphs [63] or
topologically graph convergence [60].

The set Ls Gr(Hy) (resp. Ls Hy(x)) is called the topological upper Kuratowski limit of (Hy) (resp.
the pointwise upper Kuratowski limit of (Hy) at x) in [23,24] and [64].

It is easy to check [65], (Lemmas 1.4 and 1.5), that the property F(x) C Li Hy(x) is equivalent to
the lower pointwise convergence defined in [66] as follows:

Definition 9. A net (Hy)gpex of multifunctions Hy : (X,T) — (Y,0) is said to be lower (resp. upper)
pointwise convergent to F : (X, T) — (Y, o) at x € X if for each open subset W C Y such that F(x) "W # @)
(resp. F(x) C W), there exists v € X such that Hy(x) "W # @ (resp. Hy(x) C W) for all a > .
Equivalently,

x € liminf Hy (W) (resp. x € lim inf Hy (W)) for every open subset W C Y such that x € F~ (W) (resp.
x € FT(W)).

Remark 12. As we can see (Theorem 3 (i)), the lower pointwise convergence can be characterized by the
following three equivalent sentences:

(i) xo € F~ (W) implies xq € lim inf H, (W) for every open W C Y,

(ii) F(xo) C Li Ha(x0) and

(iii) (SF)(x0) C (I, 4, SH)(xo).

In the case of the upper pointwise convergence, analogously as in the proof of Theorem 3 (i), one can prove
that this property is characterized by the following two equivalent sentences:

(iv) xg € FT (W) implies xq € lim inf Hy (W) for every open W C Y,

() (ZF)(x0) C (I,4, TH)(xo).

Remark 13. The reasoning analogous to the above remark leads to the following two types of equivalent
sentences:

Type lower:

(i) xo € F~ (W) implies x¢ € lim sup H, (W) for every open W C Y,

(ii) F(xp) C Ls Hy(xg) and

(iii) (SF)(x0) C (I, 0, TH) " (xp).

Type upper:

(iv) xg € FT (W) implies xo € lim sup Hy (W) for every open W C Y

() (ZF)(x0) C (I,4, SH)(xp).

Those types of convergence are called the lower pointwise sub convergence and upper pointwise
sub convergence [67], respectively.

Analogously to Remark 12, below we present the characterizations of the global version of the
point types of graph convergences defined as follows

Definition 10. A net (Hy)qex of multifunctions Hy : (X, t) — (Y, 0) is said to be lower (resp. upper)
graph-convergent to F : (X, t) — (Y, o) at x € X [66], if x € Li Hy (W) (resp. x € Li Hi (W)) for every
open subset W C Y such that x € F~ (W) (resp. x € F*(W)).

Remark 14. The following two lists of sentences present equivalent characterizations, respectively, for the lower
and upper graph-convergence at all points x € X :
Type lower:
(i) x € F~ (W) implies x € Li H, (W) for every open subset W C Y
andall x € X,
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(ii) Gr(F) C Li Gr(Hy) and

(iii) (SF) < (u,[,0,1,SH).

Type upper:

(iv) x € FY(W) implies x €Li H (W) for every open subset W C Y

andall x € X,

(v) (ZF) = (u,I,0,1,TH).

The equivalence of (ii) and (iii) is proved in Theorem 3 (ii). We will show that (i) and (ii) are equivalent, as
well as the sentences (iv) and (v).

Proof. If Gr(F) C Li GrH,, x € X and W is an open subset of Y such that x € F~ (W) i.e., F(x) N
W # @, then there exists y € F(x) N W such that for every open subset U of X containing x we
have (x,y) € (Ux W)NGr(F) C (U x W) N Li GrH,. Consequently, there exists 7 € X such that
(U x W)NGr(Hy) # @ for all « > -y. The property (U x W) N Gr(H,) # @ means that for some
(a,b) € U x W wehave b € Hy(a) and hence U N H, (W) # @ which ends the proof that x € Li
Hy (W).

Conversely, if (x,y) € Gr(F) and (x,y) € U x W for some open subsets U C X and W C Y,
then y € WN F(x) and therefore, x € U NF~(W). According to (i) we have x € U N Li Hy (W)
and consequently, there exists v € X such that UN H, (W) # @ for all « > 7. The property
UNHg (W) # @ means that Hy(p) "W # @ for some p € U which implies the existence of
z € Hy(p) N W such that (p,z) € (U x W) N Gr(Hy) # @. This proves that (x,y) € Li GrH,.

To prove the equivalence of (iv) and (v) let us assume that (ZF) < (u,[, 1,1, TH) and letx € F* (W)
i.e., F(x) C W, for some open subset W C Y, which means that P(W) N (ZF)(x) # @. Therefore,
PW)N (u,l,0,1,TH)(x) # Die.,

P(W) N Nuer(x) Uker Naek Ux eu{Ha(x1)} # @. Consequently, for every open set U containing x
there exists K € F such that for all a € K, P(W) N Uy,cui{Ha(x1)} # @ ie, Ha(x1) C W for some
x1 € U or equivalently, U N Hy (W) # @. So, x € Li H (W).

Conversely, assume that (iv) holds and let P(W) N (ZF)(x) # @, where x € X. Then, F(x) C
W ie., x € F*(W) and, according to the assumption, x €Li H; (W). So, for every open set U
containing x there exists K € F such that foralla € K, UN H; (W) # @ie., P(W)N{Hy(x1)} # D
for some x; € U. It means that P(W) N Uy, cu{Ha(x1)} # @ for all « € K which, according to
Remark 1.1, gives P(W) N Nyck Ux,cuiHa(x1)} # @. In the same way one can show that P(W) N
Nuer(x) Uker Naek Uxcu{Ha(x1)} # @ which is equivalent to P(W) N (u, I,0,I, TH)(x) # @ and
finishes the proof. [

The replacement of the Li operation by the Ls in Definition 10 gives the type of convergence called
the lower (resp. upper) graph-subconvergence at the points [67]. Analogously to the remark above, we
obtain the following characterizations.

Remark 15. The following two lists of sentences give equivalent characterizations, respectively, for the lower
and upper graph-subconvergence at all points x € X :
Type lower:
(i) x € F~ (W) implies x € Ls Hy (W) for every open subset W C Y
and all x € X,
(ii) Gr(F) C Ls Gr(Hy) and
(iii) (SF) < (I,[,01,u, TH) .
Type upper:
(iv) x € FY (W) implies x €Ls H,f (W) for every open subset W C Y
and all x € X,
(v) (ZF) = (I, 0,u, SH)™ .
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The equivalence of (ii) and (iii) is proved in Theorem 3 (iv). The proof that (i) and (ii) are equivalent
is quite analogous to that in Remark 14. We will show the equivalence of (iv) and (v).

Proof. If (ZF) < (LI, 4,u,SH)" ' ie, (ZF) < (u,,[,[,TH) and x € FT(W), then P(W) N
(u,0,1,1, TH) #+ D i.e.,

PW) N Nuer(x) Nker Usek U eutHa(x1)} # @. So, for every open set U containing x and K € F
there exist « € K and x; € U such that Hy(x1) C W i.e., UN HF (W) # @ which proves that x €Ls
Hi(W).

Conversely, assume that (iv) holds and let P(W) N (ZF)(x) # @, where x € X. Then, x € F* (W)
and, according to the assumption, x €Ls H; (W). So, for every open set U containing x and K € F
there exists a € K such that U N H; (W) # @ ie., Hy(x1) C W for some x; € U, or equivalently,
P(W) NUaek Ux,cuiHa(x1)} # @ for every U € t(x) and K € F. Hence, in accordance with Remark
1.1 we get
PW) N Nuer(x) Nker Unek Uxeu{Ha(x1)} # @ ie, P(W) N (u, 1, [,1,TH) # @ or equivalently,
P(W) N (LI,0,u, SH)"' # @, which finishes the proof. []

In the present work, we are particularly interested in the concept of convergence defined by O.
Frink in [68]:

Definition 11. A net (hy)qex of functions hy = (X, T) — (Y, 0) is said to be:
(i) continuously convergent to f : (X, t) — (Y, 0) at x € X if, for each open subset W C Y such that
f(x) € W there exist an open subset U containing x and <y € X such that hy(u) € W forall x > yand u € U,
(i) quasi-continuously convergent to f : (X, T) — (Y,0) at x € X if, for each open subset W C Y such
that f(x) € W there exists an open subset U containing x such that for every u € U there exists -y € X such
that hy(u) € W forall « > 7.

The basic result concerning those types of convergence is the following;:

Theorem 4. [68] Let (hy)qex be a net of functions from a Ty topological space X to a Ty reqular topological
space Y convergent pointwise to a function f : X — Y. Then f is continuous if and only if the convergence is
quasi-continuous.

This leads to the following conclusion:

Corollary 2. [68] The limit f of a continuously convergent net (hy) ey, of functions from a Ty topological space
X to a Ty regular topological space Y is, continuous.

The continuous convergence was extended to the case of multifunctions in [58] as follows.

Definition 12. A net (Hy),cy, of multifunctions Hy : (X, t) — (Y,0) is said to be lower (resp. upper)
continuously convergent to F at x, if for each open subset W C Y such that F(x) N W # @ (resp. F(x) C W),
there exist an open subset U containing x and vy € X such that Hy(u) N W # @ (resp. Hy (1) C W) for all
a>yandu € U.

Remark 16. It follows directly from the definition that a net (Hy) ey of multifunctions Hy @ (X, T) — (Y, 0)
is lower (resp. upper) continuously convergent to F at x if and only if for every open subset W C Y,

° x € F~ (W) implies x € U, ez Int N> Hy (W)

(resp. x € F*(W) implies x € Uyex Int Nasqy Hi (W)).

These types of convergence have the following characterization in terms of convergence operators.
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Lemma 14. A net (Hy)qex of multifunctions Hy = (X, t) — (Y, 0) is lower (resp. upper) continuously
convergent to F : (X,T) — (Y,0) at a point xg € X if and only if (SF)(xo) < (11,1, u, SH)(xo) (resp.
(ZF)(x0) C (I, 1,1,u,TH)(xp)).

Proof. According to the definition,

(11,3,u, SH)(x) =

lolououoSHo FL1) otl(xg) =

lolououo ({{{{P(Hu(x1)) :xyeUs}:a € K}:Ke F}:U €1(xg)}) =
UlllGT(xo) Uker Naek nxleul P(Hvé(xl))' Analogously,

<l/ 1,1, u,IH>(Xo) = Uuler(xo) Uker Naek nxleul {Htx(xl)}'

So, P(W) N (L 1,1, u, SH)(xo) # @ (resp. P(W) N (L1, 1,u,TH)(xg) # @) is equivalent to the
existence of an open subset U C X containing xp and ¢ € X such that foralla > yand u € U,
Hy(u) NW # @ (resp. Hy(u) C W). Besides, of course, the condition P(W) N (SF)(xg) (resp.
P(W)N(ZF)(xp) ) means that F(xg) N W # @ (resp. F(xo) C W) and the proof is finished. [

Remark 17. A simple analysis of the above proof shows that
(LT a,u) = (1,1,u,i).

Using Theorem 3 (v), (d), we immediately get the following fact:

Corollary 3. ([57], Theorem 3.2 (2)) If (Y, o) is a T, topological space and the values of F : (X, 7) — (Y,0)
are a-paracompact, then the upper continuous convergence of (Hy) ey, to F at any point x € X implies that
Gr(F) D LsGr(Hy).

Proceeding analogously as in the case of continuous convergence, one can define quasi-continuous
convergence for multifunctions as a generalization of Frink’s notion of quasi-continuous convergence
for single-valued functions as follows.

Definition 13. A net (Hy),cy, of multifunctions Hy : (X, T) — (Y, 0) is said to be lower (resp. upper)
quasi-continuously convergent to F : (X, T) — (Y, 0) at xo € X if, for each open subset W C Y such that
F(xo) "W # @ (resp. F(xg) C W ), there exists an open subset U containing xq such that for every u € U
there exists vy € X such that Hy (1) "W # @ (resp. Ho (1) C W) forall a > 7.

Remark 18. Analogously to Remark 16, we can say that a net (Hy) 4ex, of multifunctions Hy : (X, T) — (Y, 0)
is lower (resp. upper) quasi-continuously convergent to F at x if and only if for every open subset W C Y,

. x € F~ (W) implies x € Int U es, Nazy Hy (W)

(resp. x € FY(W) implies x € Int U, ez, Nasq Hi (W)).

The characterization of these types of convergence in terms of the convergence operators may be
proven in an entirely analogous manner to such characterization for the continuous convergence given
in the previous lemma.

Lemma 15. A net (Hy)yex of multifunctions Hy : (X, T) — (Y, 0) is lower (resp. upper) quasi-continuously
convergent to F : (X, ) (Y,0) at a point xg € X if and only if (SF)(xo) < (L u,1,ii, SH)(xo) (resp.
(ZF)(x0) € (Lu, L, TH)(x0))

Proof. It is enough to observe that, by definition, for any point xg € X, we have
(Lu,1,@,SH) (xq) =

louolouoSHo FO0 o1l(x) =

louolouo ({{{{P(Ha(aq)) X e K} K e f} X1 € Ul} U, € T(XO)}) =

Uty er(xy) Niyeuy Uker Naek P(Ha(x1)) and analogously,
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<l’ u’/l\’ﬁ’z-ﬁ> (xo) = UU1€T(Xo) mxléul UKE]: leEK {H’X(xl)} O

A direct generalization and extension of Frink’s result take the form of the following pair of
theorems. We omit the proof because those theorems immediately follow from a general theorem
about the continuity of the limit multifunctions, which we will state in the next chapter.

Theorem 5. If (Hy)qey is a net of multifunctions from (X, T) to a regular topological space (Y, ), then for
every multifunction F : (X, T) — (Y, o) the following hold:
(i) Under the assumption that (SF)~' < (I, @, SH) !,
the lower quasi-continuous convergence at xo implies that xy € C;(F).
(ii) If F(xo) is a-paracompact, then under the assumption that
(ZF)~' < (I, @, TH) ™", the upper quasi-continuous convergence at x
implies that xy € Cy(F).

Theorem 6. If (Hy)qeyx is a net of multifunctions from (X, ) to (Y, o), then for every multifunction F :
(X, t) = (Y, 0) the following hold:
(i) Under the assumption that (SF) =< (1,1, SH),
xo € C;(F) implies the lower quasi-continuous convergence at x.
(ii) Under the assumption that (ZF) < (1,1, TH),
xo € Cy(F) implies the upper quasi-continuous convergence at x.

Remark 19. In the case of single-valued functions, the assumption (SF) < (I, i, SH) means the pointwise
convergence, so Theorem 5 is an extension of Frink’s result to multifunctions. What is more, in the case of
single-valued functions, the assumption (SF)~1 < (I, @, SH) " is weaker than the pointwise convergence.
Thus, Theorem 5 improves Frink’s result in the part concerning the sufficient condition for the continuity of the
limit functions.

Indeed, if the single-valued functions f,h, : (X,7) — (Y,0), « € X are interpreted as multi-
functions F and H, given by F(x) = {f(x)} and Hy(x) = {ha(x)} respectively, for all (a,x) € £ x X,

then we have (ZF)(x) = (SF)(x) = {{f(x)}}, or equivalently, (SF)~!(x) = (SF)(x) = (ZF)"!(x) =
(ZF)(x) = {{f(x)}} and of course, C\(F) = Cyu(F) = Cu(F) = Cul(F) = C(1).
Analogously, ZH(a, x) = SH(a, x) = {{h«(x)}} and, because we are using the function ® given
by
O(a, x) = {{ha(x)}} for (x, x) € £ x X, the following four conditions are equivalent for any
opensubset W C Y and (&, x) € X x X:
e P(W)NO(a,x) #Q,
e P(W)NIH(a,x) #Q,
e P(W)NSH(a, x) # @ and
o, (x) € W.
Of course, for the same reasons, for any open subset W C Y and x € X, the following three
conditions are equivalent:
« P(W) N (ZF)(x) £ 0,
e P(W)N(SF)(x) # @ and
o f(x) e W.
So, the pointwise convergence of a net (/,),cy, to a function f can be phrased in one of the
following two equivalent ways:
o (IF) < (1,1, ©) or
o (SF) < (1,i1,0)
Analogously, according to Lemmas 14 and 15, the continuous convergence (resp. quasi-continuous
convergence) at a point xg in the sense of Frink means that
o (TF)(xo) C (1, 1,1,u,©)(xg) (resp. (ZF)(xo) C (I, u,1,i,©)(xo)) or equivalently,
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1Lu,1,1,0)(x0)).

o (SF)(x0) C {I,1,1,u,0)(x0) (resp. (S >(xo) C
1,1, SH) ! considered in the case of single-

Finalle, let us note that the condition (SF)~! < (I,
valued functions, means
e (IF) < (iI,1,©) or equivalently,
o (SF) < (i,1,0).
And, this condition turns out to be weaker than the pointwise convergence because it means that
f~Y(W) C lim sup hg ' (W) for all open subset W C Y, whereas, the pointwise convergence means that
f~Y (W) Climinf hy'(W) for all open subset W C Y.

3.4. Types of Convergence Guaranteeing the Continuity of the Limit

We are interested in finding all types of convergence of nets of multifunctions that guarantee
the required types of continuity or some generalized form of continuity of the limit multifunction.
We will present general theorems that constitute a complete concept of the relationship between the
type of convergence of the nets of multifunctions and the type of continuity of the limit multifunction
without any assumptions on the type of continuity of the members of the nets. The following result
refers to Theorem 5. The results of Theorem 5 are obtained by taking (A,©) = (1,7, SH) (resp.
(A, @) = (lA, iI, TH)) in part (i) (resp. part (ii)) of the below theorem.

Theorem 7. Let (Hy) ey be a net of multifunctions from a topological space (X, T) to a reqular topological space
(Y,0),® € {ZH,SH} and let A be a convergence operator. Then, for any xo € X and every multifunction
F: (X, 1) — (Y,0) satisfying the condition (SF)~1 < (A, @)~ (resp. (ZF)~! < (A, @)~1), the following
hold:
(i) (SF)(x0) C (I,u, A, ®)(xg) implies that xo € C;(F)
(resp. xo € Cy,(F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (L,u, A, ®)(xg) implies that xy € C,;(F)
(resp. xg € Cy(F)).

Proof. (i). Let (SF)(xo) C (I, u,A,®)(xp) and let us assume to the contrary that xo ¢ C;(F) (resp.
Xo & Cp,(F)). Then, according to Lemma 9 (resp. Remark 10), (SF)(x,) ¢ (1,u,SF)(x,)
(resp. (SF)(xo) ¢ (1,u,ZF)(x,)). Thus, there exists an open subset W C Y such that P(W) N
P(F(x0)) # @and PW) (1 Uty cx(ss) Neset, PLEG)) = @ (resp. P(W) N Uy ce(on) Nt LFGE
Q)ie.,

for every Uy € 7(x,) there exists x; € Uj such that

P(W)NP(F(x1)) =D (resp. P(W) N {F(x1)} = D) so,

F(x1) C Y\ W (resp. F(x1) N (Y \ W) # @) or equivalently,

POY\ W) (1 {F(x1)} £ O (resp. P(Y\ W) NP(F(x1)) # D). (+)

The regularity of (Y, ) implies the existence of an open subset V. C Y such that P(V) N
P(F(x,)) # @and CI(V) C W, so

P(Y\ CI(V)) " {F(x1)} # @ (resp. P(¥\ C(V)) 1 P(E(x1)) # @) and therefore by (x) and
Remark 1, we obtain

'P(Y\CZ(V)) N muler(xo) leelll{F(xl)} # ©;

(resp. P(Y\ CU(V)) 1y ce(ar) U, POEGRD)) # D) e,

PY\CI(V))N{u,l,IF)(x,) # D

(resp. P(Y\ CL(V)) N (u,l,SF)(x,) # D). (%)

By the assumption, ZF(x) C (A, @) (x)

(resp. SF(x) C (A,©,) 1(x)) for all x € X. So, according to
Lemma 7 (iv), we have (u,I, ZF)(x,) C (u,1,{A,®)71)(x,)

(resp. (u,I, SF>( 0) C (u,1,{(A,0)71)(x,)) and consequently,

PY\CI(V)) N {(u,1,{A0)"1)(x,) # D or equivalently,
(Y\Cl( )) <l,u,A,@> Yx) £ (s % *).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1633.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2025

d0i:10.20944/preprints202506.1633.v1

34 of 58

Since (SF)(xg) C (L,u, A, ®)(xg), and P(V) NP (F(x,)) # D, we get
P(V)Nn{l,u A, 0)(xg) # D, and since, by Lemma 2,
(Lu,A,®) =~ (I,u,A,®)~!, according to (* * *), we obtain
P(V)NP(Y\CI(V)) # @, which gives a contradiction and finishes the proof of (i).

(ii). Let (ZF)(xp) C (L, u, A, ©)(xo) and let xg & C,;(F)
(resp. xp ¢ Cy(F)) then, using Remark 10 (resp. Lemma 9), we have (ZF)(x,) ¢ (1, u, SF)(xq) (resp.
(ZF)(xo) ¢ (1,u,ZF)(xp)). So, there exists an open subset W C Y such that F(xp) C W and the
condition (x) is fulfilled. Since F(xp) is a-paracompact, there exists an open subset V C Y such that
F(xp) C V,and CI(V) C W and hence, analogously as above, we have P(Y \ CI(V)) N (u,1,ZF)(xg) #
@ (resp. P(Y\CIL(V)) N (u,1,SF)(xg) # D), i.e., the property (xx). Now following the same procedure
as above, we get a contradiction that finishes the proof of (ii). O

Remark 20. The relation between types of convergence and types of continuity of the limits proved in the above
theorem illustrates the following simplified table.

(SF)71 < (A,0)71

(ZF)~1 < (A, @)1

(SF)(xp) C (l,u,A,©)(xp) =

Xp € CZ(F)

xo € Cpy(F)

(ZF)(x0) C (Lu,A,0)(x0) =

X0 € Cul(F)

Xp € Cu(F)

The next theorem concerning the reverse implications states a generalized version of Theorem 6. By
simplified table, it may be illustrated as follows.

(SF) < (A,0) | (ZF) = (A, 0)

(SF)(x0) C (L,u, A, ©)(xq) <

Xo € Cl(F)

Xp € Clu(F)

(IF)(xo) C (I, u, A, ®)(x) <

X € Cul(F)

xo € Cyu(F)

The equivalences stated in Corollary 4 of Theorems 7 and 8 have the following simple illustration.

(SF)~1 < (A, )71
and (SF) = (A, ©)

(ZF)~1 < (A, @)1
and (IF) < (A, ©)

(SF)(x0) C {I,u,A,0)(xp) <

X0 € Cl(F)

Xp € Clu(F)

(ZF)(x0) € (L u, A, O)(x0) &

xo € Cyi(F)

xg € Cy(F)

Theorem 8. Let (Hy)qex be a net of multifunctions Hy = (X, ) — (Y,0), ® € {TH,SH} and let Abe a
convergence operator. Then, for any xo € X and every multifunction F : (X, T) — (Y, 0) the following hold:
(i) If (SF) < (A, ©) then
(a) xo € C/(F) implies that (SF)(xo) C (I,u,A,®)(xg) and
(b) xg € C,;(F) implies that (ZF)(xg) C (I,u,A,®)(xp).
(ii) If (ZF) < (A, ©) then
(a') xo € Cy,(F) implies that (SF)(xo) C (I, u, A, ®)(xo) and
(b') xo € Cy,(F) implies that (ZF)(xo) C (I, u, A, ®)(xp).

Proof. (i). If xg € C;;(F) (resp. xo € C;(F)) then, according to Remark 10 (resp. Lemma 9), (ZF)(xg) C
(I,u,SF)(xg) (resp. (SF)(xo) C (I,u,SF)(xp). So, since by the assumption we have P(F(x)) C
(A,0)(x) for all x € X, using Lemma 7 (iv), we obtain (ZF)(xg) C (I,u,SF)(xo) C (l,u, A, ®)(xo)
(resp. (SF)(xo) C (I, u,SF)(x9) C (I,u,A,®)(xg) and the proof of (i) is finished. The proof of the
second part proceeds in an analogous manner. [

(resp. (A, ©) = (1,1, TH)) in part (i) (resp. part (ii)).

As a corollary from Theorems 7 and 8, we obtain the following equivalences between the types of
convergence of the nets of multifunctions and the types of continuity of the limit multifunctions.
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Corollary 4. Let (Hy)qeyx, be a net of multifunctions from a topological space (X, T) to a regular topological
space (Y,0), ©® € {ZH,SH} and let A be a convergence operator. Then, for any xo € X and every multifunc-
tion F : (X, T) — (Y, o) satisfying the conditions (SF)~1 < (A, ©) ! and
(SF) = (A, ©) (resp. (TF)~' < (A, ©) L and (IF) =< (A, ®))), the following hold:
(i) (SF)(x0) C (L,u, A, ®)(xg) is equivalent to xo € C;(F)
(resp. xo € Cp,(F)) and
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (L,u,A,©)(xp) is equivalent to xy € C,;(F)
(resp. xg € Cy(F)).

In Theorems 9 and 10 below, we state the corresponding version of Theorems 7 and 8 for gen-
eralized types of continuity characterized in Lemma 10 where, as one can see, we have used the
compositionslououololou,uololou,lououoloruololououolinthese characterizations,
whereas in the case of standard continuity (Lemma 9 and Remark 10), the composition [ o u. We omit
the proof of these theorems because it is analogous to that of Theorems 7 and 8, it is enough to use the
compositions lououololou,uololou,lououoloruololououolinstead of l ou.

Theorem 9. Let (Hy) ey be a net of multifunctions from a topological space (X, T) to a reqular topological space
(Y,0),® € {ZH,SH} and let A be a convergence operator. Then, for any xo € X and every multifunction
F: (X, 1) — (Y,0) satisfying the condition (SF)~! < (A, @)~ (resp. (ZF)~! < (A, @)~ 1), the following
hold:
(a) (i) (SF)(x0) C (Lu,u,1,1,u,A,0O)(xg) implies xo€ aC;(F)
(resp. xg € aCy, (F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (Lu,u,1,1,u,A, 0®)(xo) implies xg € aCy;(F)
(resp. xg € aCy(F)).
(q) (i) (SF)(x0) C (u,1,1,u,A,©)(xq) implies xy € qC;(F)
(resp. %0 € 4Cru (F)).
(ii) If additionally, F(x¢) is a-paracompact, then
(ZF)(x0) C (u,1,1,u,A,©)(xg) implies xg € qCy;(F)
(resp. xg € qCy(F)).
(p) (i) (SF)(x0) C (L,u,u,l,A,®)(xg) implies xg € pC;(F)
(resp. xg € pCyy (F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (Lu,u,l,A 0)(xg) implies xg € pC,;(F)
(resp. xg € pCu(F)).
(B) (i) (SF)(x0) C (u,1,1,u,u,l,A,®)(xg) implies xg € BC;(F)
(resp. xo € BCyy(F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (u, 1,1, u,u,l,A,©)(xg) implies xg € BC,;(F)
(resp. xo € BCy(F)).

Theorem 10. Let (Hy)qeyx be a net of multifunctions Hy : (X, ) — (Y,0), © € {ZH,SH} and let A be a
convergence operator. Then, for any xo € X and every multifunction F : (X, T) — (Y, 0) the following hold:
(a) (i) If (SF) = (A, ©) then
— xo € «C;(F) implies that (SF)(xo) C (L,u,u,l,1,u,A,®)(xg) and
— xo € «C,;(F) implies that (ZF)(xo) C (L, u,u,l,1,u,A,0)(xo).
(ii) If (ZF) < (A, ©) then
— xo € «C,(F) implies that (ZF)(xo) C (L, u,u,l,1,u,A,®)(xg) and
— xo € «Cy,, (F) implies that (SF)(xo) C (L, u,u,l,1,u,A,®)(xp).
(9) (1) If (SF) = (A, ©) then
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— xo € qC(F) implies that (SF)(xo) C (u,1,1,u, A, ®)(xo) and
— xo € qCy;(F) implies that (ZF)(xg) C (u,1,1,u, A, ®)(xp).
(ii) If (ZF) < (A, ©) then
— xo € qCy(F) implies that (ZF)(xo) C (u,1,1,u,A,®)(xo) and
— xo € qCy,,(F) implies that (SF)(xo) C (u,1,1,u, A, ®)(xp).
(p) () If (SF) = (A, ©) then
— xo € pC(F) implies that (SF)(xo) C (L, u,u,1,A,©)(xg) and
— xo € pCy;(F) implies that (ZF)(xo) C (I, u,u,l,A,O)(xp).
(ii) If (ZF) < (A, ©) then
— xo € pCy(F) implies that (ZF)(xo) C (L, u,u,1,A,©)(xo) and
— xo € pCy,(F) implies that (SF)(xo) C (L,u,u,1,A,0)(xp).
(B) (i) If (SF) < (A, ©) then
— xo € BC(F) implies that (SF)(xo) C (u,1,1,u,u,1,A,®)(xp) and
— xo € BCy(F) implies that (ZF)(xo) C (u,1,1,u,u,l,A,®)(xp).
(ii) If (ZF) < (A, ©) then
— xo € BCy(F) implies that (ZF)(xo) C (u,1,1,u,u,l,A,0©)(xo) and
— xo € BCy,(F) implies that (SF)(xg) C (u,1,1,u,u,l,A,O)(xp).

Analogous to Corollary 4, we immediately obtain the following equivalences

Corollary 5. Let (Hy)ex be a net of multifunctions from a topological space (X, T) to a regular topolog-
ical space (Y,0), ® € {IH,SH} and let A be a convergence operator. Then, for any xo € X and every
multifunction F : (X,7) — (Y, 0) satisfying the condition (SF)~! < (A, @)~ and (SF) < (A, ©) (resp.
(ZF)~1 < (A, @) 1 and (ZF) < (A, ®))), the following hold:
(a) (i) (SF)(x0) C (Lu,u,l,1,u,A,©)(xg) is equivalent to
xg € aCy(F) (resp. xo € aCy,,(F)).
(ii) If additionally, F(xq) is a-paracompact, then
(ZF)(x0) C (Lu,u,l,1,u,A ©)(xg) is equivalent to
xp € aC,y(F) (resp. xg € aCy(F)).
(q) (i) (SF)(xg) C (u,1,1,u,A,®)(xg) is equivalent to
Xo € qu(F) (resp. Xo € qC,M(F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (u,1,1,u,A,©)(xp) is equivalent to
xo € qCy(F) (resp. xg € qCy(F)).
(p) (i) (SF)(x0) C (L,u,u,l,A,®)(xg) is equivalent to
xg € pCi(F) (resp. xg € pCy, (F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (Lu,u,l,A,0©)(xo) is equivalent to
xg € pCyi(F) (resp. xg € pCy(F)).
(B) (i) (SF)(xo) C (u,1,1,u,u,l,A,0©)(x0) is equivalent to
xo € BC;(F) (resp. xo € BCy, (F)).
(ii) If additionally, F(xg) is a-paracompact, then
(ZF)(x0) C (u, 1,1, u,u,l,A,©)(xg) is equivalent to
xo € BCy(F) (resp. xg € BCy(F)).

Remark 22. The use of (I, u,u,l,1,ul,®), (u,1,1,u,A,0), (l,u,u,l,AO)or (ull,uu A, 0), instead of
(I, u, A, ©) in the tablets in Remark 20, gives the analogous simplified illustrations of Theorems 9 and 10, and of
Corollary 5 concerning the a-continuity, quasi-continuity, pre-continuity, or B-continuity, respectively.
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3.5. The Monoid of Convergence Operators

The basic idea in this chapter is to consider the binary operation

®©:CON.OE, X, Y)x CON.OE X, Y) — CON.O(%,X,Y)
defined by

(hon, ooy hgir 1, s Host, i 1) % fons frath o fos, o fi) =
(hons oo Bg i1, fonss v fgr i1, L g, s Rty foe s forpr, B hsy oo 1, foo,oons 1),
where CON.O(Z, X, Y) denotes the set of all convergence operators for given (£, <), (X, 7) and (Y, 0).

It is easy to see that the operator ([, 1) is the neutral element for this operation. We will denote
this operator by (Op) adequately to the notations used in Theorem 2.

The associativity of the operation ® can be shown in the same manner as in the proof of Lemma 8.
So, the set CON.O(Z, X, Y) forms a monoid.

In this chapter, we will consider the question of how many convergence operators are there. An
application of the lemma below significantly narrows down the search area.

Lemma 16. Any convergence operator can be presented in the following form
<h2n; eeey hq+11 ll hq/ weey hs+1/ uAr hS/ weey h1>/
where s = q or, both s and q are even numbers.

Proof. Assume that there exists a convergence function
(hoy, e hgi1, I, hg,...,hs41,1, b, ..., h1,'¥) such that s7q and s is an odd number.
We will show, that
(o, ooy g1, z hgs s hsi1, 0, Hs, oo iy, F)=
(hony oo hg i1, L g, oo hsr 11, 1, Bise, oo 1y, )
for some even number s*.
Let us consider the segment ..., hg 1,1, ks, ... of our convergence function. It is clear that this
segment has one of the following forms:

(1) s+1, hs,... = ..., Uu, ﬁ, l,...,
(11) Shsy, 0,0, .o =L 0,0, .,
(iii) ..., hsy1, 8, hs, .. = .., u, 1,1, ..., OF
@iv) ..., g1, 4, hs, ... = ., LA

The followmg equalities for the cases (i), (ii) and (iii) follow directly from the definition of the
functions u and [:

° e, =L, =, ey, B, L (e, 5T =54 1),

° SLou,.o = Lu .= . sy, hs, 14, .. (Le., s* =s—1)and
. N R . X

° ey WU, = U U, = gy, B, 1 (e, 5T =5 — 1),

We will prove that the following equality, corresponding to the case (iv), is also true:
° oLl o= ,0,00, = 10, gy, B,
According to the definition of convergence function and Lemma 13 we have
<h2n/ a4 hq+1/ l/ hg/ s hS+1I u", hS/ 4 h], ®> (xO) =
hayo..ohgy1olohgo..ohgqoflohso...ohyo @ o F4) o " (xp) and
h571 0...0 hl ] @ [e] f(s/q) [e) Tn< O)
{{{{{{.-{hs_1 0.0y 0 O(c(D"s1)) :
plns— l) p(ns) } = K}
Di-1) e DD} i =5+41,..,9} : Ke F}:
‘ DY 1i=g+1,..,2n}.
s=1 o
Of course, the number s — 1 is even, so pls—1) — B(()n’ T) _ TTl(xn_% ) and, this means
that 1;_1 0...0 by 0 @(a(D5~1))) depends on («, X, s ). Therefore, denoting by @5 ! the function
defined on the product 2 x X by
@5 M, x) =hs_10..0l (@(ac(ﬂ%(x)))) for all (&, x) € £ x X, we obtain
hs_1 0.0 0@o0 Fa) o1 (xy) =
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{H{{{-{og (wx, o) -
Ds=1) ¢ Ds)) g € K}
Diri=1) ¢ D<"/f>} ti=s+1,..,q}:KeF}:
Di=1) e D)} 1 i =g +1,..,2n}.
Now, using Remark 11 for the case that m = %, since j —1 —2m = j—s and of course
j—2m =j—s+1,wehave
hs_10..0h0@0 F6a) o1 (xg) =
{{HH{{-AO% (o ) -
pln=m0) ¢ plr=m1 .y ¢ K} :
plr=mi=s) ¢ pr=mi=st)y . j —541,.,q}: K€ F}:
plr=mi=s) ¢ pr=mi=st)} . j =541, 2n}.
So, the structure of i;_q o ... 0 hj 0 ® o F4) o 7"*(xp) is represented by the sequence
(D(”_’”'l),K,D(”_’”'Z), .., Dn=mg=2m) F p(m—ng=2m+1) ...,D(”_m'z(”_m))) i.e., the structure of
FLa=2m) o gn=m(y.) Therefore,
hzno,,,ohq+1oiohqo .ohgypohgqoflohgo...oh 0®oF6) ot "(x0) =
hop o ...ohyiq ofohqo .ohsipohgpqoitohso®3 Lo Fllg=2m) o pn=m(yy).
We will show that
hop o ...ohyiq o fo hgo..ohspolofiolo @5 to FLg=2m) o gn—m(y,)=
hopo...ohgypo fo hgo..ohspoilololo @5 'o F(2g=2m) o gn=m(yy),
So, it is enough to prove that
lon ol({{{@);:l(:x,xn,m) Xpem € Up—m} i €K} i Uy € T(X—n-1) }
=flolo l({{{@sgl(a, Xn—m) : Xn—m € Up—m} : Up—m € T(Xp—n—1)} : @ € K} i.e., the family

L= Uunfmer(xn—m—l) OWGK an—meun—m ®Szil(a’ xn—m)
is equal to the family

R* = Naek Uun,mer(xn,m,l) an,melln,m ®SZ_1 (&, Xp—m)-
For this purpose let us note that R* = Nyex Urex ©% ! (, x). So,
Nuek Uz, e, ., O5 (&, xy—m) C R* for all Up—m € T(Xy—p-1)-
Therefore, Uy, er(x, 1) Naek Uxy_metlym 05 (@, xp—m) C R* and thus, £* C R* because
the set R* is closed in the space (P(Y), a*).
Now let us observe that
Naek Uxex @s{l("‘r x) € {Naek Uy el @s{l("‘r Xn-m) : Unp-m € T(Xy—m—1)} because X €
T(xnfmfl)/ 50
Naek Uxex ®%_1 (“r x) C Uun_mer(xn,m,l) Naek an,meun,m ®§;—1 (“r xnfm)
which means that R* C £* and ends the proof of the equality R* = L*.
Now, let us consider a convergence function

(hoy, e hg i, I, hg, ..., hs41,1, ks, ..., b1, ®) such that s#q and q is an odd number. We will show,

that
(hons s hgi1, 1 g, s hsia, 1, B, . iy, ©) =
(hons s hge 1,1 g oy Bsia, 1, B, ooy 1y, ©)
for some even number g*.
Analogously to the previous case (with the number s), let us consider the segment
. hq+1, I, hyg, ... of our convergence function, in one of the following forms:

(v) ...,hqﬂ,i,hq,... = ull,.

Vi), hg i1, L, hq, Z I,u,

(vii) ... q+1,l hg, ... = ...,1, I, l,..., or

(viii) ... qH,l hg, ... = ,u,l,u, ...

Of course,

° o, D= u, L =, th,hq, I ... (e, gt =g—-1),

° SLLu, .= .., LLu,. =.., L,hgi1,hg, ... (e, g*=¢q+1)and
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. oLl o= L = L hga g, (e, gF = g+ 1).
For the case (viii) we will prove the following equality which will finish the proof of the lemma:
° o, b= Luu, =0 hq+1,hq,....
Analogously to the first part of this proof we have
<h21’l/ a4 hq+1/ l/ hf]/ s hS+1/ u", hS/ 4 hl/ ®> (xO) =
hopo..ohgypolohgo..ohgqoflohso..oho @ o Fa) o 1(xy) and
hg10..0hs1oflohso..oho Qo FG1) o t(xg) =
{{{-A{hy-10..ohgyoftohso..ohyo O(K®) (pra-1)y)
D=1 ¢ D)} . K € F} -
D=1 e DY i =g +1,..,2n}.

Since g — 1 is an even number, we have D("4-1) = Bén’%) = (xnig). So, hg_10..0hs110
fiohso...ohy o ®(KE) (D4-1))) depends on (K, xni%) and denoting by ®~(7-s_,q71) the function given
by

O (K, x) = hy_10..0hgs10flohso..0h 0 @(KE (' (x))) forall (K, x) € F x X, we get

hg10..0hs10flohso..oho@o Fa) o1(xg) =

{10 Nk, %, 1)

D=1 ¢ D)} . K € F} -
Di-1) e Dt} 1 =g 41,...,2n}.

Using Remark 11 for m = %, we have

hg10..0hs10flohso..oho@o Fa) o1(xg) =

{40V (K, xy ) :

Dl=m0) ¢ pii=my . K € F} .
Dlr=mi=q) ¢ plr—mi=q+1)} i — g11,..,2n}.

Therefore, hy, o ...0hy 10 fo hgo..ohgiqoflohso..ohjo@®o Fo) o 7 (xg) =

T © 0 ltgq 08 0 By ({{{A®FT ™ (K, %) :

pli=m0) ¢ pla=m1 . K e F} .
plr=mi=q) ¢ pla=mi=g+)} . j — 54.1,...,2n}).
We will show that the family
hapo...ohgipouolo u({{{...{(@(}s-’qfl)(K, Xn—m) :
Dl=m0) ¢ pli=m)y . K € F} .
D=mi=q) ¢ plr=mi=q+1)} . j — 541, ..,2n})
is equal to the family
hopo...ohgyp0 fouo u({{{...{@ii’qfl)(K, Xn—m)
plr=m0) ¢ pli=m)y . pla=ml) ¢ pli-m2)} ;. K € F}:
plr=mi=q) ¢ pln=—mi=q+1)} . j — 542, 2n}).

We claim that

uolo u({{{®.(7-s_,q71)(K/ xnfm) 1 Xp—m € unfm} :

KeF}:Up—m € t(xy_m-1)}) =
fouo ”({{{955"‘7_1)0(/ Xn-m)  Xn—m € Up—m} :

Up-m € T(Xp—m-1)} : K€ F})ie,
the family

ok 7/ -1
L = ﬂlln,mer(xn_m_l) Uker nxn,meun,m ®-(;q )(K/ Xn—m)

is equal to the family

q—1
R*™ = Uker ﬂllnfmer(xn,m,l) ﬂx”,mell,,,m ®(]§q )(K/ xnfm)-

Indeed, for any U,—; € T(x,;_yy—1) and K € F the inclusion
Ny ety O (K, x0m) € Uger Ny, etr, o O (K, x4 ) holds.

,q—1
So, ﬁunﬂ”ne"f(xn—m—l) ﬂxnfmGUn—m ®.(7-S'q )(K' x”—m) C
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(s9-1)

nun—rrZET(xnfmfl) Uker Ny, ety ©F (K, xp—m) for any K € F and
-1
hence/ UKE]‘— nun7m€1’(xn_m_1) mxn—meunfm ®.(7'S-q )(K’ xn*m) -
g1 . .
Ny er(e, 1) Uker New mettn n © 57 Y (K, %y ) which gives

R** C L*.
Now let us note that the family Ugc 7 Nrex ®§,q—1) (K, x) belongs to

{Uker Ny, ctiy ®(;,q—1) (K, Xp—m) : Up—m € T(xy_m_1)} because of

X € 17(xy—m—1) and consequently, £L** C Uger Nyrex @Sﬁ’qfl)(K,x).

But Uger Nyex @Eﬁ’q*l) (K, x) C R** since
Nyeex @_(;’qfl)(K, X) C Ny ety m @Sﬁ’qfl)(K, Xn—m) forall K € F and any Uy—m € T(xp—m-1),
and consequently, for all K € F we have
-1 41
anX G)_(;q )(K’ x) C mlln,mer(xn_m_l) r]xn—meunfm ®.(7'S-q )(K’ xnim)' SO’

q—1 a1
Uker Naex OF" " (K. x) © Uker N er(s, 1) Mercnethin @57 (K xnm).
This proves the inclusion £** C R** and finishes the proof of the lemma. [

As the above lemma shows, a combination hp, 0 ..o by 1 0 fo hgo..ohs podflohso..ohycanbe
an ambiguous description of the operator (hy,, ..., th, I, hg, ... hsi1, 1, hs, ..., h1) in the sense of order.
The following lemma shows that the descriptions of convergence operators can reduce.

Lemma 17. The following segments of a convergence operator

(hoy, .-, i1, I, hg,....hsiq, 1, hs, ..., hy) are equal:
(a)Al;:uolofolououololou(resp. A" =lououololouoflouol),
(b)Aézuolofolou(resp. Al =louoilouol),
(c)A,=uololououolololou (resp. Al =louotiouololououol),
(d)Ai:uololouofouololou(resp. Al =lououolofiolououol).

Proof. We will start by showing that for any convergence function
(A, @)=hpp 0.0k ofohq 0..0hgi10llohso...oho@®o FEa) o,
where s and g are even numbers, the segments of the following types one may regard as cluster
operators in the sense of Definition 1:
(i) hgx 0 hg«_1 0 ... 0 by for some even number s* such thats > s* > 1,
(ii) hyx © by _q © ... 0 hy for some even number k* and an odd number k such that
g>k*>k>s+1or
(iii) fip+ o hyx 1 o ... o hy for some even number p* and an odd number p such that
2n>p*>p>q+1
This will allow us to use Lemma 7 and Theorem 1.
Of course, the appropriate 2(n+1)-tuple of index sets of F(4) o T has the form
(D), pn2),  plws) g, pnstl)  pea), F,patl) plnan)y,
So, consider a segment hg+ o hgx_1 o ... 0 by of A for some even number s* < s. Then
hgx o hgs _10...0h (@0 Fa) o ™) (x0) =
L {Ahsr 0By 00y (O((D))) -
D) e Dty - —g*, s —1}:a € K} :
D=1 e DY i =5+1,..,9} : K€ F}:
D=1 e DD} 1 i =g 41,...,2n}.
Of course, D(n5°) = T (xn_%) and ¥ = © o « is a function from X to P?(Y). Hence,

hge 0 hge 1 0 ... 0 hy(©(a(D"5)))) = hge 0 hge_q 0 ... 0 hl(‘Y(T% (x,_s)) and therefore we can
2
regard the composition kg« o hg«_1 0 ... 0 Iy as a cluster operator in the sense of Definition 1.
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Let us now consider a segment i+ o g« _1 o ... o b of A for some even number k* and an odd
number k such thatg > k* >k > s+ 1.
It is clear that
He_q0..0hgq0fiohso..oho®oFEA) o1 (xy) =
{{{..-{hk_10...ohgyyoflohso..oh; c®(K KE) (prk=1)yy .
leUepwﬂ-r—k,ﬂ'Kefy
D) e i} 1i=q+1,..,2n} =
{{{.{ly_q10..ohgyiofiohso..ohy o @K (@ (x,y_m))) :
Dmﬂm4»M>eDW"“2W}J=kNVﬂ:Kef}:
plr=mi=i=2m) ¢ pla=mi=2m3 . j—g4+1,.,2n} =
{{{A¥ (xpep) : Dmmi=1=2m) ¢ plu=mi=2m)y i — k. q} : K€ F}:
Dlr=mi=1=2m) ¢ plu=mi=2m)3 . j = g41,..,2n},
where m = kal and Y is defined by
hg_i0..0hs 1oflohso...ohjo @(K(s) (a™(x)))) forall x € X.
For this reason, one can write the function
Ww 0 cololy_q0..ohgijofiohso...oh 0@ o F1) o 1" (xg) as follows
i 0 Wgr_1 © ... 0 Iy (Mg_q © .. ohg g 0flohgo...ohy 0@ o Fa) o1 (xp)) =
{{{.- A o lgs _1 0 oo e ({F (xp—pm) :
D(n—m,i—l—Zm) c D(n—m,i—Zm)} i=k ..., k*}) .
plr=mi=1=2m) ¢ pln—mi=2m)} . j — f* 4 1,.,q} :Ke F}:
D(n—m,i—l—Zm) c D(n—m,i—Zm)} ci= q +1, - Zn} _

K*—2

{{{{hk* e} hk**l 0...0 hk(‘F(T%m (xn—m—k*azm )) .
pln—mi=1=2m) ¢ pln—mi=2m)\ . j — j* 4 1,.,q} :Ke F}:
plr=mi=1=2m) ¢ pln=mi=2m)\ . j — g1, 2n} since

k2 p(n—mk*—2m)

T2 (xn,m,k*—%)z

So, we can regard the family i« ol 1 o ... o (¥ (T — (x,_,,_r—2m))) as a value of the cluster
2

function (hgx, b _q, ..., V).
Finally, let us consider a segment h» o hy+ 1 © ... 0 h, of A for some even number p* and an odd
number p such that p* > p > g+ 1. Then,
hp_10..0hg1 ofohq 0..0hgiqofiohso..ohyo@®o FEA) o1 (xy) =
{-Ahp10.0ohgqo [o hgo..ohgqofiohso..ohjo®o Fa) (plup=1)y
Di-1) e D} i =p,..,2n} =
{...{‘I’(xn_pT_l) : pli=mi-1=2m) ¢ pln-mi=2my . j — p 25}, where m = £} and V¥ is

r—1

definedbyhpq o_..ohq+1 ofohqo...ohs+1 ofiohgo..ohy 0@o Fa) o
Therefore,
hpro..ohpohy, 10..0hgqoflohso..oh 0@ o0 Fa) o1(xg) =
Bps 0 hys_10...0 hp({...{‘lf(xn_,%l) :
Dln—m,i—1-2m) o D(n—m,i—Zm)} i=p,..,2n} =

p*—2m
X - :
( nfmfp*zbn))

{{{{hp* o hp*fl 0...0 hp(‘P(T ;
plr=mi=1=2m) ¢ pla=mi=2m3 . j = p* 41, 2n}.

p*—2m

Thus, the family hp« oy 0...ohy(F(T 2 (x
(hp, hpe 1, ., ). ) ) ) )

We are now ready to prove that Al = Al = Al = Al and

AV = AL = AL = AL

Applying Lemma 7 (iii)(b) and (a), and the equalities (d) stated in the proof of Theorem 1, we get

All —uolololououololou

. p*-2m))) is a value of the cluster function
T

—yolololououololou
—yololouololououololou
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=uololouololou
=uolololou
:uololelou:Ag.And,

Af:lououololouoﬁouol
=lououololououotiol
=lououololououolouoiiol
=lououolouoiiol
=lououotiol
:louOQOMOI:Ag‘.

Analogously,

Agzuololououolofolou
=uololououolololou
=uololououololouololou
=uololouololou
=uolololou
:uololelou:Ag,

And,

Ag:louOﬁouOlolououol
=lofiououololououol
=lofiouolououololououol
=lofiouolououol
=lofiououol
:louoﬁouol:Ag.

Finally,

Ai:uololouofouololou
<uololououololouololou
—uololououololouololou
—uyololououolololou
:uololououolofolou:Aé
<uololououolololououololou
<uolololououololou
—yolololououololou
=uololouololououololou
—uololouololououololou
juololouoleuololou:Ai.

So, Al = AL

Analogously one can prove that A = A% and finish the proof of the lemma. [

Theorem 3.4 shows that the set of all six products of the form F 1) o171 e, {F 00) o 71, FO1)
!, FUD o 1, F(02) o 71, F(12) o 1, F(22) o 71}, generates the monoid PR(Z, X) of all products of
((%,=), (X, 1)). Itis easy to check that these products designate at most the following seven operators

B={{a1u),aul), ula),wllaq),dLud),ula),ulal)}

For simplicity purposes, we will use the following shorter denotes:

(A) = (I,a,1,u),(B) = (I,4,u,1,),(C) = (Lu,la),(D) = (u,l,1,1a),

(E) = (f, Lu,a),(F) = <i,u,l,ﬁ> and (G) = (u,f,ﬁ,l).

Below, we will indicate all possible convergence operators and present them in the form of
multiplications of members of the collection B.

Theorem 11. For given (£, <), (X, ) and (Y, 0), the set CON.O(Z, X, Y) of all convergence operators,
contains at most the following non-neutral elements:
(i) Specified by FO2) o t"n =1, 2,...:
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) <l’ u/u/l/ l, u,l,ﬁ, u,l>
) (w1, 1u,l,0,u,1) =
Osy) (Lu,u,1,0,0,u,1) = (C)
) )

~
A

u,l,Lu,ull,f,u,l
O54) <M,l,i,ﬁ, M,l> <D
iii) Specified by Flos+2)

Oss) (l Lu,d,u,l,lu)y =
> =

QQSQNQNQ
Q)

],
u,
I,
I,
I,
],
l,

L)
u, l l u, l u, l ) = {
Lud,ula, l u) <
u, l l u, l u, l i, l u)
Lu Lud,a,luullu
luullulululuul,lu):
(C) ®(D) ®(C) ®(F) ®(A) ® (B)
(Ogg) (u, 1,1, 0,u,1,0,1,u,u,1,1,u) = (D)

(Oz5) (Lu,I,u,1,0,1,u,u,l) = (C) ® (F) ® (A) ® (B),
(Oz6) (Lu,u,1,1,u,l,u,l,d,1,u,u,l) = (C)®(D)® (C)® (F) ® (A) ® (B),
(O77) (u, L, 1,u,l,u,1,0,1,u,u,l) = (D) ® (C) ® (F) ® (A) ® (B).

iv) Specified by F5+%) o T, for an even natural number s:

(O78> <l l u,u, l l u) <E> © <F> © <A>,

(O79) (Lu,u,1,I,1,u,u,l,0) = (C)® (D) ® (E) ® (F),

(Ogo) (u,1,1,1,u,u,1,2) = (D) ® (E) ® (F),

(Og1) (Lu,u, 10,1, u,u,l,0,l,u) = (C)® (D) (E)® (F) ® (A),

(

(

(

(

(

(

B
vgv
©
=03°
©
=
o
>

) (L,

) (L,
Osg) (u,
Os9) (L,
Ogo) (1,
Oe1) (
Og2) (
Og3) (
Oea) (
Oss) (
Ogs) (
Og7) (
Ogs) (
Ogo) (
O70) (L,
On) (
O72) (
O73) (

Osa) (Lu, 1, Lu,0,u,l) =
Oss
Oss

/\/\\/
-
~ ~

Lubullu0) =

)
)
)
Ogo) (u, 11,1, u,u,l,0,1,u) = (D)
)
)
)
Y (Lu, L, 1,u,0 ul,l,u)z(C
(

(1,
(
(1,
(
Og3) (Lu, 1, Lu,t,u,1,1,u) =
(
(
(

) ® (F) ® (E) ® (B) ® (A),
Og7) (Lu,I,u,1,1,u,0,u,l) = (C) ® (F) ® (E) ® (B),
v) Specified by F SS% ) o 7", for an even natural number s:
(Ogg) (I,u,1,1,u,u,1,0,1,u) = (F)® (E) ® (F) ® (A),
(Ogo) (Lu,I,u,1,1,u,u,l,0) = (C) ® (F) ® (E) ® (F),
(Ogo) (Lu,L,u,1,1,u,u,l,4,l,u) = (C) ® (F) ® (E) ® (F) ® (A),
(vi) Specified by F*5) o T for an odd natural number g:

(
(
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(Ogs) (u,1,L,u,u,l,n,1) = (D)® (C) ® (G),

(Ogg) (Lu,u,l,a,1,1,u) = (C) ® (G) ® (A),

(Og7) (u,1,Lu,u,l,0,1,1,u) = (D)® (C) ® (G) ® (A),

(Oog) (I,u,u,l,q, lA, Lu,ul) =(C)®(G)®(A)®(B),

(Og9) (u,1,1,u,u,l,i,1,1,uul)=(D)®(C)®(G)® (A)® (B).

Proof. For a given function ® : £ x X — P?(Y) and a € £, the composition ® o a is a function
from X to P?(Y). So, we can consider the cluster functions in the sense of Definition 1, of type
(faks fok—1, - f1,© 0 &). Thus, any cluster operator (fy, fox_1, .., f1) designates the function
@lfzf1) 1 3 x X — P2(Y) defined by
OVafu-1400) (0, ) = (fo, fox—1, - f1, @ 0 &) (x) for all (a,x) € T x X.
In the first step, we will prove that for any convergence operator
(hoy, -, hg i1, I, hg,....hsi1,1, hs, ..., hy), the following equality holds true:
(R) (o, s g1, T g, ooy g1, 0, g, oy By, @201 )=
(o, s b1, 1 g, ooy hsir, i, B, oo 11, foges s f1,©).
Indeed, by definition, for any xy € X, we have
(%) (hon, ooy g1, I g, ooy hisi1, 0, B, .oy iy, @210 (xg) =
hop o ...ohgyq oiohq 0..0hgy10fl0hso...0hy 0 @U2f1) o Fls4) o ™ (xp).
According to Lemma 13 we have ®<f2k f1) o F) o 7 (xg) =

D0) eD"l} }D"H) € D) b € K}
Ds) ¢ plrst)}: [} v € DM }K € F:
D) ¢ pratl)y; 3 pr2n=1) ¢ pln2n)y =
{-.{fako..ofo®ouno ‘L’k(D(”’O)):
Do) ¢ D("fl)}:...}:D(”'s_l) € D5)}:a € K}
Ds) € plstl)}: ). D) e DA LK € F:
D) ¢ pratl)}: 3 pr2n=1) ¢ pn2n)y =
foko..ofi({.{®ouno Tk(D(”'O)):
D) ¢ )} 1:Ds—1) € Ds) by € K
Dns) e plrstl)y: 3 pra-1) e pa LK € F:
D) ¢ Dt} }p2n-1) ¢ pln2n)}y —
fok © .0 fi({..{O(a, DIHk0)):Dn+k0) ¢ Plrthl)}: 1.
p(n+k2k-1) c D(n+k,2k)}:
D0 ¢ pr)y. 1.ps=1) ¢ Ds)y € K}
Dns) e plrst)}: 3 pra-1) e D LK € F:
Da) ¢ plat)y. A.pr2n-1) ¢ pn2n)yy —
fok 0 .0 fi({..{O®(a, DI FhO)).D1+k0) ¢ plntkDy. 3.
Dntk2k=1) o pln+k, 2k)}
Dntk2k) o plntk, 2k+1)}....
ntk2k+s—1) o pln+k2k+s) }‘x c K}:
ntk2k+s) o pntk2k+s+1) } }:
n+k2k+q-1) & pn+k2k+q) }K c ]:'}:
n+k2k+q) ¢ plntk2k+g+1) }}

(
(
(
(
(
(n+k2k+2n-1) < D(n+k,2k+2n)})

VISV

, where in the last two equations, we have used the
property noted in Remark 11 and the fact that 7¢(D("0)) = D(r+k2k),

So, @2kf1) o Fl54) 0 T(x0) = fo 0 ... 0 f 0 @ 0 F+2a+2K) o 714k () and consequently, the
value described in (*) is equal to

Np ©..ohgyqo fip 0 hgo..ohgq ol ohso...oly o for 0.0 f1 0@ o FET2a+2k) o 11tk (x,) which
proves the equality (R).

According to Theorem 1, one can use at most the following six non-neutral cluster operators
(foks s f1) in the formula @ /2-f1);

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1633.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2025 d0i:10.20944/preprints202506.1633.v1

46 of 58

(Luy, (Lu,u L L), (ulLu)y, (L,uul), (ulluul)and (ul).
So, as a consequence of (R), for any convergence operator
A = (hop, ... hgi1, 1, hg, s hsin, 1, b, ... 1y ), where s > 2,
there exist at most the following six convergence operators of the type
(o, s hgi1, 1 g, ooy hsia, 0, B, oo 11, fog, ooy f1), namely:
(r1) Ry (A) = (how, oo g1, 1 g, w1, 8, hs, o by, L),
(72) R(luullu)(A) = <h2n/ hq+1/l hq/ hs+1/ﬁ hs,....,hy, 1w, u,l, Z/u>/
(1’3) R(ullu} A) <I’l2n, hq+1,l hq, S+1,M hs, hl,u,l,l,u,>,
(1’4) R(luul) ) <I’l2n, q+1,l hq, S+1,M hs, hl,l,u,u,l>,
(r5) R 1 u0) (A) = (th, Lh H,l hg, .o hsqq, 1, bs, .., iy, u, 1,1 u,u,1) and
76) Ry (8) = (hap, ... qﬂ,i g1, B, B, o iy, 1, 1),
Now, let us observe that any convergence function
<h2n/ q+1rl hq/ Jhsy1, 1, hs, .., hlr®>

is a function from X to P2(Y). So, any convergence function of the type
<f2k/ weey fl/ th, (Y hq+1/ l/ hq/ (LY herlr u’\’ hS/ (LY hl/ ®>
is a cluster function in the sense of Definition 1, and consequently, according to Theorem 1, for any

convergence operator
(hon, - hq+1, I hg, ... hsi1, 1, hs, ..., h1), where k > 2, we can obtain at most the following

convergence operators of the type
(fakr oo froBams s Bgsr T gy oo i, B, B,y B )

() Ly (D) = (L, by oy hgi1, L g, oy hs, 0, b, o 1),

(lz) L(luullu (A) <l,u,u,l,l,u,h2n,...,Ahq+1,l,hq,...,hs+1,ﬁ,h5,...,h1>,
(13) L(ullu (A) = (ul, lruthnr'"Ihq-‘rlr{/hqr"'1h5+1rﬁ1h81-*-/h1>r

(14) L(luul ( ) <l,u,u,l,h2n,...,hq+1,l,hq,...,Ahs+1,ﬁ,hs,...,h1>,

(15) L(ulluul ( ) <1/l l l u,u,l,hm,...,hq+1,l,hq,...,hs+1,ﬁ,hs,...,h1> and
(Is) Ly (A) = (u, L hon, oy hgi1, L g, ooy hoin, b, o 1),

Now, consu:lermg the convergence operators of the type (I, foy, ..., f1, 1), for a given function

@:X x X — P2(Y) and K € F, we define the function ‘I’{(u> : X — P2(Y) by

‘I’ﬁt) (x) =uo®o KO (x), forall x € X.

Then, for each point xy € X we have

<i,f2n, ...,fl, 12, ®> (xo) =

fofoo..offoto@®o FO21)opun(x)) =

lef2no...of1 oﬁo@({K(O) oa(xy): K€ .7:}) =

i({fzno...ofloﬁO®OK(O) oa(xg): K € .7:}) =

f({ono...ofl o‘*ﬁ[’@> oa(xg) : K € .7:}) =

W] fans o 1 ¥ Y (0) s K € F ).

But, because of Theorem 1, we know that (fy,, ..., f1) must be equal to (I, u), (u,1), (l,u,u,l),
(u,1,Lu), (Lu,ulLuy, (ulluul)or(..).

So, all possible non-neutral operators of the type (I, for, ..., f1, 1) are listed in part (i) of the theorem
as (01), (02), (03), (O4), (Os) and (Og), respectively.

For this reason, we can obtain the following seven types of operators of the form

(hany woos hs 21, Ly fotrwoor f1, 10, Tis, o 1)
(C1) (hoy, oo hsys, I, 1L, u, 1, b, ... 1),
(C2) (hoy, ... hsy3, l u,l,i,hs, ..., hi),

(C3) (hap, ... hsys, 1,1, u,u,1,4, b, ..., hy),
(C4) (hoy, oy hsss, Lu, 1,1, u,0,hs, ..., 1),
(C5) (hap, s hsiz, I 1w, u, 11w, 1, b, .oy hy),
(C6) (hap, oy sz, Lu, 11w, u, 1, b, e ),

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(C7) (hoy, .y hss, L0, B, ... 1), A

The alternating application of the operations (1), ..., (r¢) and (I1), ..., (I¢) on the operator (I,
allows for the determination of all convergence operators of the type (C7), i.e., specified by F(*5) o
for an even natural number s, listed in part (ii) of the theorem.

Below, in the same way, using the operators listed in part (i) instead of (, ), we will determine
all operators of the type (C1),...,(C6), i.e., specified by F(5+2) o v, F(55+4) o 1" or F(55+6) o 7, for
an even natural number s. We will consider all possible cases. Next, by applying Lemma 7, and the
equalities (d) stated in the proof of Theorem 1 without reference to them and using Lemma 17, we
will show that some of the descriptions designate the same operator. As a result, we will indicate all
possible operators of this type mentioned in parts (iii), (iv), and (v) of the theorem.

)

il
T

In the case (C1).

o Type (I,1,u,1,hs, ...

— Ryuy(O1) = <i,l ou

() = ( ) (Ol)/ .
w, a4, L u,ulLu)y=(1,auluullu)
a,u,u,l,lu) = <f,l,u,12,u,l,l,u)

- R(luullu)(( ) Lu
(i1,
= R0 (01) = (E) © (B) © (A) e, (Os3),

— Ry (01) = (I, 1,u,, l wu, ) = (0L a,u,lu,ul) = (0,1,0,u,ul)
= (L Lud,ul)=Ryp(01) = (E) © (B) ie., (Oss),
Rty (O1) = (L Lw,d,u,l1u,u,l) = (LLu,a,u,l)
= Ryp(01) ie, (Os).
° Type <h2n,...,]’l3,l,l, Et,ﬁ> =1L Hapyeeer h3>£<l,l,u,ﬁ>) A: L<h2n h3>(Ol)
Lijuy(O1) = (Lu, L Lu, ) = (Ll Lud)=(,1ui
= (I,1,u,0) =(E) ie., (O1),

(Lu,ul,lu, i w, ) =(Lu,ullul, I u, )
= (Lu,u,L,LLua) = (,uullludi)
= Liuuy(01) = (C) © (D) © (E) i.e, (Os7),
Lipiuy(O1) = (u, L Lu, Ll u,a)=(ullullui)=
- <u/ l/ l/ l/ u, uA> f L(M,l) (Ol) < > @ <E> i.e., (058),
— Ly (01) = (L Luu,LLLu, @) = (u,1,1,1,u,i)
= L,y ((E)) ie., (Osg).
e Type (hay, ..., By 0L u,d,u,l,l, u)y = L., h7>(O55)
Lijuy(Os5) = (L u, LLua,u,lLu)y=(ulluiullu)
= <l,f,u,ﬁ u,l,lu) = <il w,d,u,l,l,u)
=(E) © (B) ® (A) i Le., (055)
- L(l,u,u,l,l,u)(o55) <l u,u, l l u, l SU, U U, l l u>
(luullull a,u,l,lu)
(luullfu ullu)
(luulllu Ju, 1l u)
- L(l,u,u l)(OSS)
= (C) © (D) ® (E) ® (B) ® (A) i.e., (Os9),
— Ly (Os5) = (u, L, Lu, 0, Lu,0,u,l,lu)= <ullulluuullu>
= (u,l,l,l,u, a,u,l,lu)y = <u,l,l,l, u,a,u,l,1,u)
= L,1y(Os5)
= (D) ©(E) © (B) © (A) i.e., (Os0),
L(u,l,l,u,u,l)(o55) (u l l u,u, l l l u,i,u, l l,u)
= (u,L,1,Lu,a,ul,lu)
. = L(u,l) (055) 1.e., (060)-
L] Type <h2n, ...,h5, l, l, u, 12, u,l) = L<hz,,,...,h5>(056):

— Liuupiu(O1)
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A

= Luuuiuy(Ose) = (Lu,u L Lul1Lui,ul)= (Lu,u, 1w, LT, u,d,u,l)
= (Lu,ullludul) = (l,u,u,l,f,l,u,ﬁ,u,l)
= Liuupy(Os6) = (C) © (D) © (E) © (B) e, (Og1),
L(u,l,l,u)(o56) =(uLLulLudul)=(ullulluibul)
= (u,l,l,f,u, a,u,l) = (u,l,f,l,u, a,u,l)
= Ly (Os6) = (D) © <E> © (B) i.e, (Oe2),
Lot ity (Ose) = (u,1,1,u,u,l, LLud,uly = (ull1Luidul)
= L () ie, (062)-
In the case (C2).
oType <l, M,l ﬁ hs, ,]’l > R(hs hl>(<l,u,l, ﬁ>) = R(hs,...,lq)(OZ):
= Ry (02) = (L, Ly = (F) & (A) ie., (Og),
— Ruuupiu(02) = (Lu,l,a,1,u,u,l,lu)
= <P> ©(A) ©(B) ©(A)ie, (Oa),
Ja,u,l1,u) = (l w,Lu,a,lLuy=(,ua,l1u)
w,l,1,u,) = (B)®©(A)ie, (On),
ﬁ,l,u u, l> <F> ®< > < > 1.e., (065)/
a,ul,Lu,uly=(ulualluul)
[, u,1,1,u,u,1)

Ripuuy(02) = lA,uA, A
— Rupiuun(02) = (Lu,l, )
/urﬁ,l,l,u,u,l>:< 12
)

—~ T~
©)
—
'S
~

Lty (L2, 1,2)) = Ly, 3(O2)
) = <(—:> © (F) i.e., (Os6)
Llu,l

® Type <h2n/ ,h3, l,
o <l u) (O2) ={(L,u,l,
o L(l,u,u,l,l,u} (O2) = (Lu ,
= (C) ® (D) ®(C) © (F) i.e., (Oe),

o L(u,l,l,u)(OZ) = <u, L,1u, i, u,l, ﬁ> = <D> © <AC> © <F> ie., (O68)’A

— Lguuy(O2) = (Lu,u, L Lw i) = (Lu,u L, d) = (Luul L)
L) N (C) © (D) ie, (Or),

_ L(u,z,z,u,u,l>(02) (w,L,Lu,u, L Lu L) = (ul,Luullul)

) )= <Mllu,ullu>

)

D> i.e., (OlO)/

Ly (Os3) = (Lu,l,u,la,1,u)=(C)® (F
- L(l,u,u,l,l,u)( ) = <

= (C) © (D) ®(C) ® (F) ® (A) i.e, (On),
— L (Oe3) = (u,1,Lu,l,u,l,0,l,u)
= >@<A © (F) ® (A) i-e-,(Qn),
- L(luul>(063) = <l u,u,l,l,u,l,ﬁ,l,u) = <l,u,u,l,l,u,l,ﬁ,l,u>
= (l,u,u,il,ﬁ,l,u} =(Lu,u,l, f,ﬁ,l,u) =,
~(0)© (D) © (4} ie, (Oz), A
= Luppuun((F) ©(A) = (L Luw L Lula,Lu) = (ulluullulilu)

= (u,L,Lu,u, L La,lLu)y = (ul,lL,uullalu =
- =(D)oC)o(D)o(4)ie, (On),
— LunOes) = (u, L L L, Lu) = (u,l,1uldlu) = (ullalu)
= <u, l,l,ﬁ,l,u) = <D> ® <A> i.e., (024).
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o Type <h2n, ., hg, lA, w,l,a,l,u,u,l, l/”> = L(hz ......
Lijuy(Oes) = (L, Lou, L, Lu,u, L1, u)
= (C) © (F) ©(4) © (B) © (A) i.e, (O).
- L(l,u,u,l,l,u) (064) = <l/ ul u/ Z/ l/ ul l/ u/ l/ ﬁ/ l/ ul ul l/ l/ 1/[>
=(C) 0 (D) ©(C) O (F) ©(A) © (B) © (4) ie., (Oz),
— Ly (Oes) = (u, L, Lu,Lu, L, 1 u,u,ll,u)
= (D) ©(C) O (F)© (A)© (B) ®©(A)ie, (Ozn),
Lty (Oss) = (Lu,u L Tula,1u,u,llu)
Lu,u Ll a,luullu)

Lu,u L La,luullu)

Lu,u,Lla,luullu)

) © (D) ®(A) ©(B) ® (A) ie, (O),
Lottty (Oea) = (u, L, 1wy, 1,1, 1, Lu,u, 1L u)

=
(
(
=(C

= (u,L,Lu,ulLula,l,uullu)
<ulluull Jouu,llu)
= (u,l,luu,l, ILalLuul, 1, u)
= (D) ©(C) ® (D) ®(A) ® (B) ® (A) i.e, (O9),
— Ly (Oes) = (w1, Luda,1,uullu)
= (u, LLu ol uul, I, u)
= (u, ILLaluul, Luy=(u,l, Ia,luul, I, u)
= (D) ©(4) © (B) © (4) ie, (Oz0),
o Type (hoy, ... hy, Lu, 10,1, u,u,l) = L., >(<l u,l,a,l,u,u,l))
- L<lu(O65)—<lulul a,l,u,u,l)
= (C) ©(F) ©(4) © (B) i.e, (Ors),
- L(l,u,u,l,l,u} (065) = <lr w,u,llLud,uld,l,uu, l>
=(C)©(D)©(C)® (F) © (A) © (B) ie, (Or),
— Luiiu (Oes) = (w,1,Lu,l,u,l,a,1,u,u,l)
= (D) ®(C) © (F) ®(A) © (B) ie, (O7),
_L(luul(065) (luullulAluul>
= (l,u,u,l,l,u,l,u,l, u,u,l)
= (l,u,u,f,l,ﬁ,l,u,u,l) = (l,u,u,l,f,ﬁ,l,u,u,l>
=(C) © (D) ©(A) © (B) ie., (O),
— Lpiuun(Oes) = (w, L Lu,u,l w1 uu,l)
= (u,L,Lu,ul,Lul,a,1,uul)
= (u,L,Lu,u,l1a,luul)
= (u,L,Lu,u,l,l0,luul)
= (D)®(C)© (D) & (4) ® (B) ie, (Oun),
— L<u’l>(O65) = (w1 Lulaluul)y=(ullulidluul)
= (u,f,l,ﬁ,l,u,u,l) = (u,l,f,ﬁ,l,u,u,l)

In the case (C3).
e Type (I, 1,u,u,l,i,hs, .., h1) = Ry, 1 >(<l Lu,u i) =Ry, . nyy(Os):

.....

- R<1,u>(05)=<il“ulﬁlu>:( ) © (F) ©(A) ie., (Ors),

Rty (0s) = (L Lu,u, 1,0, 1 u,u,l, 1 u) = <i,lu a,u,1,1,u)
= (F)©(B) ©(A) i.e, (Oss),
— Ry (0s) = Luula,ul Lu)y = Lu,ulunallu
= (0, Lu,ua,LLu)y = Lud,ullu)
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= (F)©(B) © (A) ie, (Oss),
= Ryuun(0s) = OLuu Lo, Lu,u ) = (0,1Lu,d,u,l)
= (E) © (B) i.e., (Os), R
= Ry Luu (Os) = (I, Lu,u,l,d,ul,Luul)={1Luuludlluul)
= <f,l,u,u,ﬁ,l,l,u,u,l> = (f,l,u,ﬁ,u,l,l,u,u,l)
= (I,Lu,t,u,l) = (E) © (B) ie., (Ose),
— ul(O5):<luuluul>:<lluulu l>:<f,l,u,u,ﬁ,l)

(I,Lu,0,u,1) = (E) ® (B) i.e., (Osg).

o Type (hoy, ..., hs, [, 1, u,u,l,0) = L<h2w__’h5>((fl u,u,l,i))
N = L<h2nA >( ) N
Ly (0s) = (L, L Lu,u, 1,2y = (Lu, L Luu,La) = (11 u,ul, )
= (E) ® (F) i.e., (Os),

Liwutie(0s) = (Lu,u L L L Luu L) = (Lu,ul, Ll uul i)
= (Lu,u,L,LLuuld) = uullluuli)
= Luun(0s) = (C) © (D) © (E) © (F) i.e, (Oz),
— Lt (0s) = (u, L1 u, LLuula)y = (ul1ulluul)
<ullluulu>:<,,fluul,ﬁ>
= Ly (0s) = (D) © (E) © (F) ice., (Oso),
= Luppuun(Os) = (u LLwu L 1Luuld) = (ulllLuulii)
=Ly (05) = (D) (E) © () ie, (Oo).
o Type (hoy, ..., hy, 1, Lu,u,l, 0,1, u) = Lo, h7>(<l, Lu,ula,1,u))
= L., 1y) (O78)
u 0,1

L1y (O78) = (1, u,f,l,u,u,l,ﬁ,l,w = (Lu 1Ll a,1,u)
=(LLuula,luy=(1uulidlu)
= (E) © (F) © (4) ie, (O),
— L(l,u,u,l,l,u)(o78) (Lw,u, L, Lw, 01, u,u,l,0,1,u)
= (Lu,u, L, Lu LT uul il u)
= (Lu,u,l,1LLuulalu)
={(Lu,u,l, I L uulq, 1, u)
= L(l,u,u,l} (O78)
- (60 (D)o (B
- L(ullu)(o78):<u l l u, l l u, u, s U, ,
= (u, 1,1, u,u,l,a,1,u)
= L,1y(O7s)
= (D) ® (E) © (F) © (A) ie., (Os2),
— L(u,l,l,u,u,l)(o78) (u, 1,1, u,u,l, 0Ll d,l, u)
(ullluululu)
= (D) ®(E) © (F) ® (A) i.e., (Os2).

(F)© (A)ie., (Os1)
u)y = (llu,lluu,lulu)
=(u, 1l Luuld,l u)

In the case (C4).
o Type (f,u,l Lou,d,hs, .. h) =
- R(l,u)<o4) <l u, l l u,, Z,
= (l,u,1,1,u,n)
- R(luullu)(o4) <l lf,l, U, U,
=(l,u,l,l,4,

R( h1>(<i u, Z l u, ﬁ>) :AR<hs,...,h1>(O4>:
) = (lulluulu> (Lu,l,1,4,u)

= (E)® (F) e, (Oy),
a,Lu,ulLuy=ulld,uluullu)
i Lul, Lou,d,u,ll,u)
B>@<A>' e, (Os3),

/\

R(l,u,u,l)(o4) = <A, w, L, Lu,a,Luuly=(,ul,

Rttty (O1) = (Lu, 11w, i,u,l, l, u,
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=Ry, 1>(O4) (F) ©(E > (B) ie., (Os4),
e Type (han, ..., hs, L, L, Lu, @) = Ly, 4o (( Jullu, u)) = Lin,,,...n5) (O1):
Ly (08) = (Ll Lu) = () © (F) & (E) ie, (Os),
= Luuupiuy(Os) = (Lu,u,l,lu, Lol Lud) = (,uullluf)
= (C) (D) ® (E) ie., (Os7),
— Ly (Os) = (u,1,Lu,l,u,l,l,un)= (ul JLu, i)
(D) © (E) ie., (Oss), . A
Ju L L Lu,d)y = (Lu,ud Lud Lu, by = (Lu,u,l, L u, i)
= (Lu,u,L,I,l,u,2) = (C) ® (D) ® (E) ie., (Osy),
— L<u,,,l,u,u,,>(o4) =(ul1luu,l, full, u, 4y = (u,l,l,u,u, ILull, u, i)
={(ull, IRARA u, 4y = (u,l,1,u, u,l,f,l,u,ﬁ)
= (u,1,1,1,u,0) = (D) ® (E) i.e., (Osg),
— L<u,l>(O4) = (u,l,f, Lf,l,l, u, i) = (u,f,l, u,l,lu0)y= (u,f, 1L1,u,)
= (u,l,1,l,u,i) = (D) ® (E) i.e., (Osg).
o Type (hzn,...,hg,f,u,l,l,u,ﬁ,u,l,l,u) = L< >(<l w,l,Lu,a,u,l,l,uy)

N)\_‘

= Lyuun(Os) = (1

- L(l,u) (083) = <l/u1i/ u/l/l,u, ﬁ,u,l,l,u>
= (C) © (F) ® (E) ® (B) ©® (A) i.e., (Oge),
— Liuuiiu(Os3) = <luullululluuullu> (Lu,u, 1L Lu,0,u,l,1,u)
=(C) (D) O (E)© (B) © (A) i.e A(O59)
— Ly (Oss) = (u, LLu Lu L Lu,a,ulluy = (ullLlLubullu
= (D)o (E)© (B)©(A)ie, (Ow)
- L(l,u,u,l)(<70>) = <l’ul u/l/llul l,l,u,fl,u,l,l,u> = <l,u,u, lrlru/l/ ll urﬁ/urlrlru>
={(Lu,u, I 11 u, a,u,l,lu) = <l,u,u,l,f,l,u,ﬂ,u,l,l,u>
=(C)©(D)© (E) © (B) © (A) i.e., (Os9),
— Lt tuu (Og3) = (u, L Lu,u,ll,ulludullu)
= (u,l,l,u,u, I, Lu,lLud,u,llu)
=(u,l,lu, w,L1L,Lu,d,u,l, Luy=(ul,luu,l, f,l,u,ﬁ,u,l,l,u)
= (u,l,f,l,u, a,u,l,lu)
= (D) © (E) © (B) © (A) i.e., (Oe),
— L<u,,>(Og3) (u, L, LuwLLu,a,ullLu)y="{ullulluidullu)
= (u, 0,1, Lu,0,ul,lu) = (ul,lLutullu)
= (D) ©(E) © (B) ©(A) i.e (an),
o Type (hoy, ..., hy, Lu, 1,1, u,i,u,l) = L.,
— Ly (Oss) = (Lu, Lol Lu,i,ul)
= (C) © (F) ® (E) ® (B) i.e. (087)
= Lyuupiu(Osa) = (Lu,u,l1u, Lu L Lud,ul) = (LuulllLuiul
= (C) © (D) ®(E) ® (B > ie., (Oe1),
(u,1,1,u, Lul,Lu,i,u, Iy =(ullLud,u,l)
= (D) © (E) © (B) e, (Os2), A
— Lyuu (Oga) = (Lu,u, LI, L Lu,d,ul) = (LuulLullLudul
=, TRARARTR S u,l)=(lu, u,l,01,u, i,u,l)
(C)o (D)o <AE> © (B) i.e., (Og1),
- L(u,l,l,u,u,l) (OS4> = <ur l/ l/ 1/[, ul l/ l/ u/ l/ l/ u/ ﬁ/ u/ l>
=(u,l,lu, w,llLullLu i, u,ly="(u,l,l, wu, b L u, i, u,l)
= (u,l,l,u,u,l,f,l,u,ﬁ,u,l) = (u,l,f,l,u,ﬁ,u,l)
= (D)@ (E) © (B) ie, (Og),
— Ly (Osa) = (w, LLu LLu,d,ul)y = (ullullLudul)
= <u,f,l,l, u,4,u,l) = <u,l,f, Lu,a,u,l)

- L(ullu (084)
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= <D> © <E> © <B> i.e., (O62)-

In the case (C5).
o Type (I,Lu,u,l,1,u,i,hg,..h) = Rip,.., ) (L Lu,u,l,lud)) = R(hs,...,h1> (03):
— Ry (03) = (L Luu, 1L, Luy = (0 Lu,u, L L, u, ) = (0L u,u, L, u)

= (I,Lu,u,l,l,u,1) = (E) ® (F) ® (E) i.e., (O3),
R(l,u,u,l,l,u}(o3) = (f, Lu,ud, Lud,luullu) = (f, Lu,u L d,ul,uull u)
= (L Lu,u Ll a,uulLuy=Luulluullu
= (I,Lu,a,u,1,l,u) = (E) ® (B) ® (A) ie., (Oss),
— Ry (03) = <Z Lu,ul,Luia,ullu)y = <i,l,u,ﬁ,u,l,l,u> =
= (E) ® (B) ® (A) i.e., (Os3),
— Ryuun(0s) = Luu, L Lu,a,Lu,uly = (0 Lu,ulLa,uluu,
= (0, Lu,ulld,uul) = <lluullu u,l)y =,
(£ (8)ie, (Ox) A
— Riuptuun(03) = (I1L,u,u, l Lu,d,u,l,Luul)y=(,1utulluul)
= (I,Lu,,u, l) (E) ® (B) i.e., (Osg),
— R<u,l>(O3) = <f,l, u,u,l,l, u,u,u,l) = <f,l,u, i,u,l)
= (AE) ©® (B) i.e., (Osg).
[ Type <h2n,...,h7,l,l, u,u,l,l, Ll,ﬁ> = L<h2

§> E) - :>

...... h7>(<f, Lu,ulluf)) =
A = Ly, ..ny) (03): .
- Ly, u>(O3) Luw, LLu,ulLua)y=ulLuuwllud)=_1uulluid)
= (I, Lu,u,l,1,u,1) = (E) ® (F) ® (E) i.e., (O3),
— L<l,u,ull,,,u>(03) =(Lu,ullu, i U, i, L1,u,n) A
= (Luu L LulLuulld)=0uullluullui)
=(Lu,u,l, f,l,u,u,l,l,u,ﬁ) =(Lu,u, Lilul, u, )
= (Lu,u,l,1,1u ) =(C)®(D)® (E)ie., (Os;),
— L (03) = (u, 11 u, LLuulLua)y = (ul,Lulluullum)
= <u,l,l,f,u,u,l,l,u,ﬁ> =(u,l, f,l,u,u,l,l,u,ﬁ) = <u,l,f, Lu,i)
= (D) ©(E) ie. (Oss), )
= Liuun (O3) = (Lu,u, L1 LuullLud)=0uulllui)
= <C> © <D> © §E> i.e., (057), .
— L(u,l,l,u,u,l)(OS) =, LLuul L LuullLud)=(ulllLuulluid)
= (u,1,I,1,u,0) = (D) ® (E) i.e., (Osg),
— L<u/l>(O3) = (u,l,f, Lu,ullu i) = (u,l,f,l,u,ﬁ)
= <D> © <E> ie., (058).

In the case (C6).
e Type (L, u,1,1,u,u,l,i,hs,...h) = Rip,.., h1>(<f u,l,lLu,u,li))
— Ry (0s) = (

Ju,u,l,i,,u)y = (F) © (E) ® (F) ® (A) ie., (Ogs),
- R(l,u,u,l,l,u) u

L1
( o Luu i Ll lu) = (i w, L, Lu,d,u,l,l,u) =
= (A () (B0 (4) e, (Ox),
— R<u11u)(06):<l w, Ll a,u,l,l,u) —<l,u,l,l,u,u,l,u,ﬁ,l,l,u)

)

I,u
6) =

(Lu, !
=A<F>®<E>@<B>®<A> ie, (Os3),
— R(l,u,u,l)(o6) =(uLLuuwlaluul)y=ulludul)
= (F) © (E) © (B) i.e., (Og4), .
— Reituun(Oe) = (L L Luul i, ulluul) = (l w, L Lu,ulu il uul)
<l w,l,Lu,u, il uul) < w,l,Lu,a,u,l,luul)

f<l,u,l,l,u,u,u,l) (F)® 7() © (B) i.e., (Ogq),
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- R(u,l>(06) = <f,u, l,l,u,u,l,ﬁ,u, Z> = <i/u/l/l/u/u/l/u,ﬁ,l>: <i,1/l,l, l, M,Ll,ﬁ,l>
= (Lu,l,Lu,a,u,l) = (F) ® (E) ® (B) i.e., (Ogs).
o Type (ho, ... hy, Lu, 1, Lu,u,l,i,) = L., h7>((f, u,l,lu,u,l,i))
R - L(I’lzn,...,h7> (06)
- L(l,u>(o6) = <l l l l u,u, l ﬁ) <C> © <F> © <E> © (F)Ai.e., (Ogg),
— Luuiu (O¢) = (Lu,u,l,lu, L1, 1,u,u,l, )y = (Lu,u,lL1uul i)
= (C) & (D) & () © (F) ie., (Onm),
— L(u,l,l,u}(oé) = (u,l,1u, Do, Ll u,u,l, ) = (u,l,1,1,uu,l,i)
- (D)o (B (Fie, (On),
— L(l,u,u,l)(oé) (Lu,u,l, Lol 1 u,u, l )y = (Lu,u,l,Lulluul )
= (Lu,u, I1L1u, u,l, i) = (l,u,u,l,f,l,u,u,l,ﬁ)
= (C) © (D) © (E) © (F) ie, (Op), R
— L(ulluul)<o6) =l 1uu,l, Dol u,u,l, )y = (u, L, LuullLulluu,li)
<u,l,l,u,u,l,l,l u,u,l, i) =(u,ll, u,u,l,f,l,u,u,l,ﬁ)
= (WLl ul,d) = (D)@ (E) @ (F) ie, (O),
— L<u,l>(O6) = (L LulLuuldy=(llLulluuldy=(ullluulil)
:(Au,l,l,l,u,u,l,m (D) ® (E) ® <A> i.e., (Ogp).
o Type (hay, ..., ho, L,u, 1,1, u,u,l,i,l,u)y = L< [ >(<l w,l,lLuula,lu)y) =

<

— Ly (Oss) = (Lu, LullLuul,alu)
=(C)o(F) 0 (E) o (F)© (A >ie (Ogp),

— Lyuuiiu(Oss) = (Lw,u, L Lo, L u,u,1a, Lu)y = (Lu,w, L Lu,u, 1,1, u)
=({C)o(D)O(E)©(F)© () :(081)
— Luiu(Oss) = (w,L,Lu, Lou, LLu,u, Lo, Lu)y = (u, L1 Lu,u 0,1, u)

D)5 (B0 (P 6 (A e, On),
Lu,u L lu 1, uul l) (Lu,u,dLul L uul 4,1, u)

= (Lu,u, L, LLu,ul,alu) =0 uulllLuuldlu)
=(C) (D) O (E) © (F) © (4) ie, (Os1),
— L iuun(Oss) = (w1, Luu,l, Lul,Luula,l, u>
= (u,L,Lu,u,l,LullLuuln,lu)
= (u,L,Lu,u,l,1,1,uuld,lu)
(
(

- L(l w,u,l) (088)

—~

= (u, L L, LI Lww a0, u) = (u L1 uuld,l,u)
— (D) (E) © (F) & (4) i, (O2),
— Lun(Oss) = (w,LLu L Luuldlu =l lulluulidlu)
<ullluululu):(ullluululu>—L<ul>(<40>)
= (D) © (E) © (F) © (A) i.e., (Oga).

Finally, we will prove that the alternating application of the operations (r1), ..., (t¢) and (I1), ..., (Is)
on the operator (u, [, #,1), leads to the determination of all convergence operators specified by F(**) o
7" for an odd natural number s, listed in part (vi) of the theorem.

.Type (u,f,ﬁ,l,hs,.. > _R(h >(<M,i,ﬁ,l>) :R(hs ,,,,, hl)(O91):

- R(l,u)<o91> = (u,l ,1,1l,u, > <G> O] <A> ie., (0922,

= Riuuiu (O91) = (u, I, LullLuull, u)y = (u,l,a,1,ullu)

= (u,l,,1,1,u) = (G) ® (A) ie, (On),
- R(u,l,l,u) (Og1) = (u,f ol lLu)y = (u, I a1, u)

0
= (G) ©(4)ie, (On),
— Riuun (Oo1) = (u,l, ﬁAl Lu,u, l) (G) ®(A) © (B) ie. (Og),
— R(u,l,l,u,u,l)(o9l = <u l, l u, l l u,u, l> = <u,l ﬁ, l,l,u,u, l> = R(l,uul)(o91)
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o Type (hon, ..., h3, u, 1,1, 1) = Ly, ) (14 L,1)) = Loy, iy (Oo1)
= Ly (Oo1) = (Lu,u,l,,1) = (C) ©(G) ie., (Oa), A
L(l,u,u,l,l,u)(o91) (Lu,u L, Luwulal)y=uullLuululil)

(I, u,u, I, i,1)

= (Lu,ululnl =
(Ooa),

= (C) ® (G) ie.

— Luaa (o) = (0L Lu,u,0,,1) = (D) & (C) © (G e, (Oss)
= Lguun (Oo1) = (Lu,u,lula,ly=(,uuliial)
= <C> @ <G> i.e., (994),

- L(u,l,l,u,u,l) (091) = <ur l/ l/ u/ ur l/ Z’l/

I
Le., (
= Ly (Oo1) = (u,Lu,l,i,1) = (u,l,d,1) = (G) ie., (Og).
e Type (hoy, ..., hs, u, L, 0,1,1,u) = Lty ns) (€
— Ly (092) = (Lu,u, La,llu) = ﬁC) ®(G)® (A) ie., (O%),
— Luuupiu(Oo2) = (Lu,u, L u,ul 11 u) =
= <l,u,u,l,u,l, 1,1,1,u) =
=(C)©(G)© (A)ie, (096),
- L(ullu(o92) (,lluulullu)
= (D) ©(C) ©(G) © (4) ie, (Oy),
= Lyuun(Oo2) = (Lu,u,lu, Lol Lu) = (Luulallu
=({C)o(G)o (A )Al.e., (Oogs), A
— Ly (Oo2) = (w, LLu,ulu L, 11 u)y = (ullLuulallu
= (D) ©(C) ©(G) ©(A)ie., (Ox),
o L<“rl> (092) = <u’ l’ u, l’ ﬁ’ l’ l/u> = <ur lr MAI lr lr u>
= <€;> © <A> i.e., (092). .
o Type (hoy, ..., hy,u, 1, 0,11, u,u,l) = Lo, h7>(<u, La,lluul))
N = L<h2nl“'/h7> (093):
— L(l,u)(o93) = <l,u,u, l, ﬁ,l,l,u,u,l)
=(C) ©(G) © (4) © (B) i-e, (Ogs),
- L(l,u,u,l,l,u} (093) = <lr w,u,l,lLuul, a1, uu, l>
= (Lu,ullLuul, uln,l, Lu,uly={Luu,l, u, i, LLuul
:<l,u,ufﬁlluul>
= (C) ©(G) ® (A) ® (B) i.e., (Oos),
(u,L,Lu,u,l,0,1,1,u,u,l)
= (D) ®(C) ©(G) ® (A) ® (B) i.e, (Og9),
= Lyuu(Ooz) = (Lu,u, Lu, 0, 0,1,1,u,u,l) = (luul S Lu,ul)
=(C) ©®(G) ® (A) ®(B) i.e., (Oos),
— L iuun (Ooz) = (ulluulululluul) (u,L,Lu,u,la,l,1uul)
= (D) ©(C) ©(G) ®(A) © (B) i.e., (Og),
— Ly (Oo3) = (w,Lu, L, 1, Luul)y = (ul,alluul)
= <G> ® <A> © <B> ie., (093).
The proof is finished. O

— Luiiu (Oo3) =

Finally, in the diagrams below, we present the relationships between the studied here operators,
where we will use only the numbers used in the denotations of the operators listed in the last theorem.
Diagrams.
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Og» Og3 (?91

O16 ?68 [...] Os1

Oy
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