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AN EXTENSION OF KELLEY’S CLOSED RELATION
THEOREM TO RELATOR SPACES

Arpéd Szaz

Abstract

In this paper! we prove a straightforward extension of the
dual of Kelley’s famous closed relation theorem to a pair of
relations on one relator (generalized uniform) space to another.

In particular, we show that an almost uniformly lower semi-
continuous closed relation on a topologically semisymmetric re-
lator space to a complete metric type relator space is uniformly
lower semicontinuous.

Introduction

The following theorem, proved in [13, p. 202], is usually called Kel-
ley’s closed relation theorem since it easily yields some natural extensions of
Banach’s closed graph theorem [44].

Theorem 1. Let R be a closed subset of the product of a complete pseudo-
metric space (X, d) with the uniform space (Y, V) and suppose that for
each positive 1 there is V in V such that R[U,[z]]  contains V[y] for
each (x,y) in R. Then for each r and each positive e it is true that

R|Usie[z]] D R[U.[z]] D V]y].

This theorem has subsequently been generalized by several authors in
various directions. See, for instance, Mah-Naimpally [18] and Wilhelm
[45].

However, the F' = G particular case of our following extension of the
dual of Theorem 1 is certainly not included in the existing generalizations.
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Theorem 2. If (F,G) is an almost uniformly lower semicontinuous closed
pair of relations on a topologically semisymmetric relator space X (R) to a
sequentially convergence-adherence complete metric type relator space Y (S)
such that G C F', then

CIR(G_l(V(y))> - F_1<W(V(y))>

forall V., W €8 and y €Y. Thus, in particular, the relation F and
the pair (G, F') are uniformly lower semicontinuous.

The necessary prerequisites concerning relations and relators (relational
systems), which are possibly unfamiliar to the reader, will be briefly laid out
in the subsequent preparatory sections. Unfortunately, our present termi-
nology and notation may differ from those of the earlier papers.

1. A few basic facts on relations and relators

A subset F' of a product set X xY is called a relation on X to Y. In
particular, the relations Ax ={(z,z): z€ X} and X? = XxX are
called the identity and the universal relations on X, respectively.

Namely, if in particular X =Y, then we may simply say that F is a
relation on X. Note that if F' is a relation on X to Y, then F is also
a relation on X U Y. Therefore, it is frequently not a severe restriction to
assume that X =Y.

If F is arelation on X to Y, and moreover x € X and A C X, then
thesets F(z)={ye€Y: (z,y)€ F} and F[A] =J,c4 F(z) are
called the images of x and A under F', respectively. Whenever A € X
seems unlikely, we may write F'(A) in place of F'[A].

If F isarelationon X to Y, thenthesets D, ={z e X: F(z)#0}
and R, = F (D, ) are called the domain and the range of F', respectively.
Whenever, X =D, (and Y = R, ), we say that F is a relation of X
into (onto) Y.

A relation F on X to Y is said to be a function if for each z € D,
there exists a unique y € Y such that y € F(z). In this case, by
identifying singletons with their elements, we usually write F(z) =y in
place of F(z)={y}.

If F is a relation on X to Y, then the values F (x), where z € X,
uniquely determine F' since we have F' = |J, .y {7} x F (x). Therefore,
the inverse F'~! can be defined such that F~'(y)={z€ X : ye€ F(x)}
forall yeV.

Moreover, if F' is a relation on X to Y, and G is a relation on Z to
W, then the composition G o F and the box product FRG can be defined
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such that (GoF)(z)=G(F(x)) and (FRG)(z,z)=F (z)xG(z)
forall x € X and z € Z.

A relation R on X is called reflexive, symmetric, transitive, and directive
if Ax CR, RCR™' RoRCR, and X2 C R~ ' o R, respectively.
Moreover, a reflexive relation is called a preorder (tolerance) if it is transitive
(symmetric), and a directive preorder is called a direction.

If R is a relation on X, then we write R™ = Ro R"! forall n €N
by agreeing that R® = Ax . Moreover, we also write R>® = Uy R™.
Note that thus R°° is the smallest preorder on X such that R C R*°.

A nonvoid family R of relations on a nonvoid set X is called a relator on
X, and the ordered pair X (R) = (X, R) is called a relator space. Relator
spaces are straightforward generalizations of ordered sets and uniform spaces
[30]. They are mainly motivated by the following two facts.

If D is a nonvoid family of certain distance functions on X , then the re-
lator Rp consisting of all surroundings B2 = {(z,y) € X?: d(z,y) <
e}, where d € D and € > 0, is a more convenient mean of defining the
basic notions of analysis in the space X (D), than the family of all open
subsets of X (D), or even the the family D itself.

Moreover, all reasonable generalizations of the usual topological struc-
tures (such as proximities, closures, topologies, filters and convergences, for
instance) can be easily derived from relators (according to the results of [36]
and [29]), and thus they need not be studied separately.

For instance, if A is a certain generalized topology or a stack (ascending
system) in X, then A can easily be derived (according to the forthcoming
definitions of the families 7, 7r and Ex ) from the Davis—Pervin relator
R4 consisting of all preorders V4 = A2U (X \ A) x X, where A€ A.
Note that, in contrast to these preorders, the surroundings B¢ are usually
tolerances on X .

2. Structures derived from relators and operations on relators

If R is a relator on X, then for any A, B C X and z,y € X we
write :

(1) B € Intg(A)(B € Clg(A4)) if R(B)CA(R(B)NA#0)
for some (all) ReR;

(2)x€int7g(A)(x€clR(A)) if {x}EIntR(A)({x}EClR(A));

(3) yeor(x) (yepn(q:)) if yEintR({x}) (chlR({x});
and moreover

(4) Aerg (AG?R) if Aeclntgr(A) (X\A%CIR(A));

(5) AeTr (AeFr) if Acintg(A) (cr(A)CA);

(6) Aecép (AEDR) if intR(A)#m (CIR(A):X).
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The relations Int , intg and og are called the proximal, the topologi-
cal and the infinitesimal interiors induced by R on X , respectively. While,
the members of the families 7z , Tr and £ are called the proximally open,
the topologically open and the fat subsets of X (R), respectively.

The interiors and the fat sets are frequently more important tools, then
the open sets. For instance, if < is a preorder on X, then 7r and £~ are
precisely the families of all ascending and residual subsets of the preordered
set X (<), respectively.

A function x of a preordered set I' into a set X is called a I'-net in
X . The T'-net z is said to be residually (cofinally) in a subset A of X
if 271(A) is a residual (cofinal) subset of I'. Note that these definitions
would actually allow I' to be an arbitrary relator space.

Moreover, if R is a relator on X, then for any I'-nets x and y in X
and a € X we write:

(7) y € Limg(z) (y € Adhg(z)) ifthenet (y,z) is residually
(cofinally) in each R € R;

(8) a € limg(z) (a € adhg(z)) if a,. € Limg(z) (a, €
Adhg(z) ), where a, =Tx{a}.

If R is a relator on X, then the relators

R*={ScXx?: I ReR: RCS},
R¥={ScX*: V AcCX: Acg(S(A))},
RMN={ScX”: VzeX : wzeintgp(S(z))},
Ré={ScX’: VazeX: S()eér}

are called the uniform, the proximal, the topological and the paratopological
refinements of R, respectively.

Moreover, if R is a relator on X , then the relators
R'={R': ReR} and R>®={R*: ReR}

are called the inverse and the preorder modification of R, respectively.
While, if R and S are relators on X, then the relators

RAS={RNS: ReR,S€S} and RuS={RoS: ReR,SeS},

where O =0 (0O=R), are called the meet and the composition (the box
product) of R and S, respectively.

The importance of the topological refinement of relators lies mainly in the
next two theorems proved in [30] and [37].
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Theorem 2.1. If R is a relator on X , then R”" is the largest relator on X
such that intpa = intg ( clrr = CIR) , resp. limpa = limp ( adhrpr =

Therefore, two relators R and S on X are said to be topologically equiv-
alent if R™ = S8”. In particular, a relator is called topologically simple if
it is topologically equivalent to a singleton relator. Moreover, the relator R
is called topologically fine if R = R.

Theorem 2.2. If R is a relator on X, then R” is the largest relator on
X such that for each A, B C X we have B € Intga(A) (B € Clgn(A))

if and only if B Cintg(A) ( BNeclr(A)#0).

By using this theorem, we can at once see that Trr = Tr ('FRA =Fr ) .
Moreover, we can easily prove that R "' = {pr}”, and thus the relator
RY = R"N~1 is always topologically simple.

The importance of the preorder modification of relators lies mainly in the
following theorem proved in [20].

Theorem 2.3. If R and S are relators on X , then the assertions Tr =
Ts, Fr=Fs, R">® =8"° and RN = 8N are equivalent.

Namely, in contrast to Theorem 2.1, we can only state that R is the
largest preorder relator on X such that Trrx = T ( Frroo = Fr ) .

3. Metric type relators

A relator space X (R) is usually said to have a property P if the relator
R has the property P. Among the various useful properties of relators, we
shall only need here some uniform and topological type ones.

Definition 3.1. A relator R on X will be called uniformly countable if
there exists a sequence (R,):2; of relations on X such that

R = ({Ra}2,)

Moreover, a uniformly countable relator R on X will be said to be of
metric type if it is uniformly symmetric, transitive and filtered in the sense
that

R~ C R, RC(RoR)", RC(RAR)*.

Remark 3.2. Quite similarly, a uniformly countable, transitive and filtered
relator may be called quasi-metric type.

The above terminology is mainly motivated by the following obvious
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Example 3.3. If d is a function of X2 to [0, +o0], then the relator Rg4
consisting of all surroundings B2, where € > 0, is uniformly countable and
filtered.

Moreover, if in addition the distance function d is symmetric and satisfies
the triangle inequality, then the relator R4 is of metric type.

Simple applications of the corresponding definitions immediately yield the
following

Proposition 3.4. If R is a relator on X, then the following assertions
hold :

(1) R is uniformly symmetric if and only if R* is properly symmetric
in the sense that (73*)71 CR*;

(2) R is uniformly filtered if and only if R* is properly filtered in the
sense that R* AN R* C R*;

(8) if R is a uniformly transitive and filtered, then for each R € R*
there exists an S € R such that SCR and SoSCR.

Hint. To prove the assertion (3), note that if R € R*, then there exists an
R € R such that Ry C R. Moreover, if R is uniformly transitive, then
there exist Ry, R3 € R such that Ry o R3 C Ry. Furthermore, if R is
uniformly filtered, then there exists an S € R such that S C RiNRsNR3.
Hence, it is clear that S has the required properties.

Remark 3.5. Note that in the assertions (1) and (2) actually the equalities
are also true.
Now, by using Proposition 3.4, we can also easily prove the following

Theorem 3.6. If R is a relator on X, then the following assertions are
equivalent :

(1) R is of metric type;

(2) there exists a decreasing sequence (Rn):il of symmetric relations

on X suchthat R2,, C R, forall n€N and R* = ({Rn}:;)*

[e o]

Proof. If the assertion (1) holds, then there exists a sequence (V) of

relations on X such that

n=1

R* :({Vn}:il )*

Define Ry =Vi N Vl_l. Then, it is clear that R; is a symmetric relation
on X such that R; C Vi. Moreover, from the assertions (1) and (2) of
Proposition 3.4, we can see that R; € R*. Therefore, by the assertion
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(3) of Proposition 3.4, there exists an S; € R such that S; C Ry and
S1051 C Ry. Define

Ry=(S1NW)N (S NVt
Then, it is clear that R is a symmetric relation on X such that Ry C Ry,
Ry0 Ry C Ry and Ry C Va. Moreover, from the assertions (1) and (2) of
Proposition 3.4, we can see that Ry € R*.

Hence, by induction, it is clear that there exists a decreasing sequence
(Rn):;l of symmetric relations on X such that R2,, C R,

R,CV, and R, € R*

for all n € N. Therefore, we have

RO=({vahiy) © ({Ra}2,) c R =R,

and thus the assertion (2) also holds.
The proof of the converse implication (2) = (1) is even more obvious.

Remark 3.7. Note that if (Rn):il is as in the assertion (2) of Theorem
3.6, then by defining S, = Rs,_1 for all n € N we can get a decreasing

sequence (Sn)zi1 of symmetric relations on X such that S2., C S,

forall neN and R* = ({8,}7,)

Therefore, by using a standard construction of pseudo-metrics [13, p.
185], we could prove a certain converse of the second assertion of Example
3.3. However, this converse would be of no particular importance for us now
since the metric type relators are usually more convenient means than the
corresponding generalized metrics.

4. Topological relators

Definition 4.1. If R is a relator on X , then we say that:
is reflexive if Ax C R;
is topologically symmetric if R ~! C R";
is topologically semisymmetric if R~!' c R";
is topologically transitive if R C (R"oR)";
is uniformly topologically transitive if R C (RoR)";
is topologically regular if R C (R 1o R)";
is topologically filtered if R C (RAR)".
Moreover, we say that a relator is topological (uniformly topological) if it
is reflexive and topologically (uniformly topologically) transitive.

SICGICS
NANIIIA

To let the reader feel the appropriateness of the above definitions, we shall
only mention here the following theorems which were proved in [34].
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Theorem 4.2. If R is a relator on X , then the following assertions are
equivalent :

(1) R is reflexive ;

(2) B € Intgr(A) implies BCA forall A, BC X;

(3) BNA#0 implies B e Clg(A) forall A,BC X;

(4) intg(A)C A (ACcgr(A)) forall ACX;

(5) pr is reflexive.

Remark 4.3. To prove the implication (5) = (1), it is convenient to note

that
clr (A) =)

for all A C X, and thus in particular pg =R =(NR)

R (4)

ReR
-1

Theorem 4.4. If R is a relator on X , then the following assertions are
equivalent :

(1) R is topologically transitive ;

(2) x € intg (intg (R(z))) forall RER and z€ X ;

(3) intr(R(z)) € Tr forall RER and z€ X ;

(4) intg(A) € Tr ( clr(A) € Fr) forall ACX;

(5) R" is uniformly topologically transitive .

Remark 4.5. If R is topologically transitive, then we can prove that the
relator § = R” is actually strictly proximally transitive in the sense that
SC(SeS8)#, where SeS={S0S5: ScS}.

Theorem 4.6. If R is a relator on X, then the following assertions are
equivalent :

(1) R is topological;

(2) intr(A)=U{VeTr: VCA} foral ACX;

(3) cr(A)=N{WeFr: ACW} forall ACX;

(4) R is topologicaly equivalent to Rz, ( R/\oo) ;

(5) R is topologicaly equivalent to a preorder relator on X .

Because of Theorem 4.4, in addition to Definition 4.1, we may also have

Definition 4.7. If R is a relator on X , then we say that:

(1) R is weakly topologically transitive if pr(x) € Fr forall z € X;

(2) R is strongly topologically transitive if R(z) € T7g forall Re R
and z € X.

Moreover, we say that a relator is weakly (strongly) topological if it is
reflexive and weakly (strongly) topologically transitive.

Namely, in addition to Theorem 4.6, we can also prove
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Theorem 4.8. If R is a relator on X and R° is a relation on X for
each R € R such that

R°(z) = intg (R (z)) (zeX),

then R° = {RO : Re R} is a strongly topological relator on X such
that R and R° are topologically equivalent if and only if R is topological.

Unfortunately, concerning the pointwise closures of relators we can only
prove

Theorem 4.9. If R is a reflexive, topologically reqular relator on X and
R~ is a relation on X for each R € R such that

R~ (z) =cgr (R(z)) (zeX),

then R~ = {R_ : Re R} 18 a reflexive relator on X such that R
and R~ are topologically equivalent.

Proof. Since R is reflexive, by Theorem 4.2, it is clear that R C R~ for all
R € R. Thus, in particular R C R* C R, and hence R" C R = R".

Moreover, since R is topologically regular for each R€ R and x € X
there exist U € R and V € R” such that V~'(U (z)) C R(x). Hence,
by Theorem 2.1 and Remark 4.3, it is clear that

U™(z) = cdg(U(x)) = cdrr (U(z)) = () V' (U(z)) C R(z).

Therefore, R C R™", and hence R" C R~ =R~ is also true.

Remark 4.10. If in particular R is topologically semisymmetric and uni-
formly topological, then we can prove that R~ is also uniformly topological.

5. Complete relators

The following natural definition of Cauchy nets has been established in
[38].

Definition 5.1. A net z in a relator space X (R) is called convergent
(adherent) if limg (z) #0 (adhg(z)#0).

In particular, a net z in a relator space X (R) is called convergence (ad-
herence) Cauchy if it is convergent (adherent) in each of the spaces X (R),
where R€R.
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Remark 5.2. By the corresponding definitions, it is clear that

limp (z) = () limg (z) <ath(x) = ath(x)>.

RER

Therefore, a convergent (adherent) net is, in particular, convergence (adher-
ence) Cauchy.

Moreover, in [38] we have shown that a net = in a relator a space
X (R) is convergent (adherent) if and only if it is convergence (adherence)
Cauchy in the space X (R”"). In contrast to this, note that the net z is
convergence (adherence) Cauchy in the space X (R*) if and only if it is
convergence (adherence) Cauchy in X (R).

Now, by applying Definition 5.1, we may also have the following important

Definition 5.3. A relator R on X is called convergence-adherence com-
plete if each convergence Cauchy net in X (R) is adherent.

Moreover, the relator R is called directedly (sequentially) convergence-
adherence complete if each directed convergence Cauchy net (convergence
Cauchy sequence) in X (R) is adherent.

Remark 5.4. In [38] we have shown that an adherent convergence Cauchy
net in an uniformly topologically transitive, proximally symmetric and uni-
formly filtered relator space is convergent.

Therefore, a metric type relator R on X is, in particular, directedly
(sequentially) convergence-adherence complete if and only if it is directedly
(sequentially) convergence-convergence complete in the sense that each di-
rected convergence Cauchy net (convergence Cauchy sequence) in X (R) is
convergent.

Concerning metric type relators, we can also prove the next useful

Theorem 5.5. If R is a metric type relator on X , then the following
assertions are equivalent ;

(1) R is sequentially convergence-adherence complete ;

(2) R is directedly convergence-adherence complete .

Proof. Since R is of metric type, by Theorem 3.6, there exists a decreasing
sequence (R, )22, of symmetric relations on X such that

RELCR, (neN) and R =({R.}7)

Therefore, if (zq)aer is a convergence Cauchy net in X (R), then for
each n € N there exist u, € X and «, € I' such that

To € Rp(uy), i.e. Up € Ry (xq)
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for all o > «, . Hence, it is clear that for each k¥ € N, n > k+1 and
acl, with > a, and a > ais1, we have

Up € Rp(2a) C Ry (Ris1(unt1)) C Ry (urg1) C Ri(ups)-

Therefore, if I' is directed, then the sequence (u,)522; is also convergence
Cauchy in the space X (R). Thus, if the assertion (1) holds, then there
exists a u € X such that

u € adhg (uy)/2

n=1"
This implies that for each k& € N there exists an n > k+ 1 such that
Up € Riq1(u).
Therefore, for each o > «,,, we have
To € Ry(uy) C Ry (Rig1(u)) C Ry (u) C Ri(u).
Hence, since T' is directed, it is clear that we also have
u € adhg (Z4)acr -

Therefore, the assertion (2) also holds. Now, since the converse implication
(2) = (1) is quite obvious, the proof is complete.

Remark 5.6. The most important directedly convergence-adherence com-
plete relators are the topologically compact ones.

A relator R on X has been called topologically compact in [43] if its
topological refinement R” is properly compact in the sense that for each
R € R" there exists a finite subset A of X such that R(A) = X.

6. Upper and lower semicontinuity of relations

The following definitions and theorems have been established in [27].

Definition 6.1. A pair (F', G) of relations on one relator space X (R) to
another Y (8) is called uniformly (topologically) upper semicontinuous if

S*OFC(GOR)* <8AOFC(GOR)A).
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Theorem 6.2. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) isuniformly upper semicontinuous ;

(2) for each S € S there exists an R € R such that for each z € X
we have G (R(z))CS(F(z));

(3) for each S € S there exists an R € R such that for each z € X
and u € R(z) we have G(u)C S(F(z)).

Theorem 6.3. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is topologically upper semicontinuous ;

(2) for each S € 8" and z € X there exists an R € R such that
G(R()) € 5 (F )

(3) for each S €S" and x € X there exists an R € R such that for
each u € R(z) we have G(u)C S(F(z)).

Theorem 6.4. If F and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is topologically upper semicontinuous ;

(2) cr(G71(A)) c F'(cds(A)) forall ACY.

Corollary 6.5. If F' and G are relations on an arbitrary relator space
X (R) to a topological relator space Y (S), then the following assertions
are equivalent :

(1) (F,G) is topologically upper semicontinuous ;

(2) cls(B)C A implies clg(G™'(B)) C F~'(A) forall A,BC
Y;
(3) AeFs implies clr(G 1(A)) C F1(A).
Remark 6.6. The implication (1) = (2) does not require the relator S

to be topological.

Moreover, a pair (A, B) of subsets of a relator space X (R) may be
called closed if clg(B) C A.

Definition 6.7. A pair (F', G) of relations on one relator space X (R) to

another Y (8) is called uniformly (topologicaly) lower semicontinuous if

G_IOSC(R*OF_I)* (G_loSC(RAoF_l)A).

Theorem 6.8. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :
(1) (F,G) is uniformly lower semicontinuous ;
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(2) for each S € S there exists an R € R such that for each y €Y
we have R(F~'(y)) cG'(S(y)):

(3) for each S €S there exrists an R € R such that for each = € X,
ye F(z) and uwe R(z) we have G(u)NS(y)#0;

Theorem 6.9. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is topologically lower semicontinuous ;

(2) for each S €8 there exists an R € R” such that for each y €Y
we have R(F~'(y)) cG'(S(y)):

(3) foreach Se€S8S, ve€ X and y € F(z) there exists an R € R
such that for each w € R(z) we have G (u)NS(y)#0.

Theorem 6.10. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is topologically lower semicontinuous ;

(2) F~(ints(A)) C intr (G '(A)) forall ACY.

Corollary 6.11. If F and G are relations on an arbitrary relator space
X (R) to a topological relator space Y (S), then the following assertions
are equivalent :

(1) (F,G) is topologically lower semicontinuous ;

(2) AcCints(B) implies F~'(A) Cintr (G '(B)) forall A,BC
Y,
(3) AeTs implies F~'(A)Cintg(G1(A)).
Remark 6.12. The implication (1) = (2) does not require the relator S
to be topological.

Moreover, a pair (A, B) of subsets of a relator space X (R) may be
called open if A C intg(B).

7. Almost uniform and topological lower
semicontinuity of relations

Analogously to Definition 6.7 and Theorems 6.8, 6.9 and 6.10, we may
now also have the following definition and theorems.

Definition 7.1. A pair (F', G) of relations on one relator space X (R) to
another Y (S) will be called almost uniformly (topologically) lower semi-
continuous if

(G_IOS)fc(R*OF_l)* <(G_IOS)7C(RAOF_1)A).
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Theorem 7.2. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is almost uniformly lower semicontinuous ;

(2) for each S € S there exists an R € R such that for each y €Y
we have R(F~'(y)) C clr (G71(S(y))):

(8) for each S €S8 there exists an R € R such that for each x € X,
ye F(z), ue R(x) and U € R there exists a v € U(u) such that
G)nS(y) #0;

Hint. If the assertion (1) holds, then for each S € § there existsan R € R
such that RoF~! C (G™'oV ) . Hence, it follows that

R(Fﬁl(y)) C CIR(Gfl(S(y)))

for all y € Y. Therefore, if 2 € X and y € F(z), i.e, z € F7l(y),
then

R(z) C dr (GL(S(y))) -

Thus, for each u € R(z), we have u € clg (G7*(S(y))). Hence,
it follows that for each U € R there exist v € U (u) such that v €
G '(S(y)),ie, Gw)NS(y) # 0. Therefore, the assertion (3) also
holds.

Theorem 7.3. If F' and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is almost topologically lower semicontinuous ;

(2) for each S €S there exists an R € R" such that for each y €Y
we have R(F~'(y)) C dr (G7'(S(y))):

(3) foreach Se€S, ve€X and y e F(x) there exists an R € R
such that for each w € R(x) and U € R there exists a v € U (u) such
that G(v)NS(y)#0.

Hint. If the assertion (3) holds, then for each S €S, ye€Y and z €
F~1(y) there exists an R, € R such that for each u € R(x) and U € R
there exists a v € U (u) such that G (v)NS(y) # 0. Hence, similarly as in
the proof of Theorem 7.2, we can infer that R, (z) C clg (G7'(S(y))) .
Therefore,

F~l(y) C intg (CIR (G_l(S(y)))) .
Hence, by Theorem 2.2, it follows that

F~'(y) € Intgn (g (G7'(S(y)))) .
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Therefore, there exists an R € R” such that
(RoF‘l) (y) = R(F_l(y)) C clp (G_l(S(y))) = (G_lo S)_(y).

Therefore, (G7'o S) € (R"o F~')", and thus the assertion (1) also
holds.

Theorem 7.4. If F and G are relations on one relator space X (R) to
another Y (S), then the following assertions are equivalent :

(1) (F,G) is almost topologically lower semicontinuous ;
(2) F~'(ints(A)) C intg (clg (G71(A))) forall ACY.

Hint.If ACY and z € F~'(ints(A)), then there existsa y € ints(A)
such that © € F~!(y). Therefore, there exists an S € S such that S (y) C
A. Moreover, if the assertion (1) holds, then by Theorem 7.3 there exists
an R € R" such that R(F~(y)) C clg (G7*(S(y))). Hence, it is
clear that R (z) C clr (G7'(A)). Therefore, z € intg (clg (G'(A))),
and thus the assertion (2) also holds.

Corollary 7.5. If F and G are relations on an arbitrary relator space
X (R) to a topological relator space Y (S), then the following assertions
are equivalent :

(1) (F,G) is almost topologically lower semicontinuous ;

(2) ACints(B) implies F~'(A) Cintg (cg (G7H(B))) for all
A BCY;

(3) AeTs implies F~'(A)Cintg (cdg(G71(A4))).
Hint. If A CY, then by Theorem 4.4 we have ints(A) € 7s. Therefore,
if the assertion (2) holds, then

F~'(ints(A)) Cintg (clg (G™'(ints(A)))) .
Moreover, by Theorem 4.2, we have ints(A) C A. Therefore,
F~'(ints(A4)) Cintg (clr (G (A4))) .
Thus, by Theorem 7.4, the assertion (1) also holds.

Remark 7.6. Note that the implication (1) = (2) does not require the
relator S to be topological.

Moreover, a pair (A, B) of subsets of a relator space X (R) may be
called almost open if A C intg (clg(B)).

8. Relationships between the closedness and
semicontinuity properties of relations

The following definition and theorems have also been established in [27].
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Definition 8.1. A pair (F, G) of relations on one relator space X (R)
to another Y (8) is called closed-valued if (F (z), G(z)) is a closed pair
of subsets of Y (S) for all z € X .

Moreover, the pair (F, G) is called closed if (F, G) is a closed pair
of subsets of the product space X xY (RRS).

Remark 8.2. Recall that a pair (A, B) of subsets of a relator space
X (R) has been called closed if clg(B) C A.

Theorem 8.3. If (F', G) is a closed pair of relations on a reflexive relator
space X (R) to an arbitrary relator space Y (S), then (F,G) is closed-
valued.

Theorem 8.4. If (F,G) is a closed pair of relations on a topologically
filtered relator space X (R) to a topologically compact relator space Y (S),
then (F, G) is topologically upper semicontinuous.

Corollary 8.5. If (F,G) is a closed pair of relations on a topologi-
cally compact relator space X (R) to a topologically filtered relator space
Y (S), then (F(A), G(B)) isa closed pair of subsets of Y (S) whenever
(A, B) is a closed pair of subsets of X (R) .

Theorem 8.6. If (F,G) is a closed-valued and topologically upper semi-
continuous pair of relations on an arbitrary relator space X (R) to a topo-
logically regular relator space Y (S) such that F C G, then (F,G) is
closed.

Theorem 8.7. If (F,G) is a closed-valued and uniformly lower semi-
continuous pair of relations on a topologically semisymmetric relator space
X (R) to a uniformly topologically transitive relator space Y (S) such that
G CF, then (F,G) is closed.

Corollary 8.8. If (F, G) is a closed-valued and uniformly lower semicon-
tinuous pair of relations on a topologically semisymmetric and filtered relator
space X (R) to a uniformly topologically transitive and topologically com-
pact relator space Y (S) such that G C F, then (F,G) is topologically
Upper semicontinuous.

Remark 8.9. Note that if (F', G) is a closed-valued pair of relations on an
arbitrary relator space X (R) to a reflexive relator space Y (S§), then
G(z) Ccs(G(z)) C F(x) forall € X, and thus G C F.

In view of Corollary 8.8, it is worth mentioning that we also have

Theorem 8.10. If X (R) and Y (S) are relator spaces and F and G are
relations on X to Y , then following assertions are equivalent :
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(1) (F,G) is a uniformly lower semicontinuous pair of relations on
X(R) to Y (S);
(2) (G, F) is an uniformly upper semicontinuous pair of relations on

X(RY) to V(8.

Hint. Make use of the facts that ¢/* ! = /~'* and (Z/{oV)i1 =Vloyy~!
hold for any relators & and V.

Corollary 8.11. If F' and G are relations on one uniformly symmetric
relator space X (R) to another Y (S), then the following assertions are
equivalent :

(1) (F,G) is uniformly lower semicontinuous ;

(2) (G, F) is uniformly upper semicontinuous.

Hint. By the assumptions, we now have R* = R*~! and S* = S* !,

Remark 8.12. Unfortunately, the analogues of Theorem 8.10 and Corollary

8.11 fail to hold for the topological lower and upper semicontinuities.
Namely, according to [19, Theorem 6.5], the equality R"~! = R~

can hold true if and only if both R and R~! are topologically simple.

9. An extension of Kelley’s closed relation theorem

Now, having the necessary preparations, we are ready to prove the fol-
lowing generalization of the dual of Kelley’s closed relation theorem.

Theorem 9.1. If (F,G) is an almost uniformly lower semicontinuous
closed pair of relations on a topologically semisymmetric relator space X (R)

to a sequentially convergence-adherence complete metric type relator space
Y (S) such that G C F', then

CIR(G_I(V(y))> - F_1<W(V(y))>

forall V.W €S and yeyY.
Proof.Let V, W € S and yg € Y, and assume that

x € CIR(G_l(V(yO))>.

oo

Since S is of metric type, we can find a decreasing sequence (Sn) of

symmetric relations on Y such that

n=1

S3cw, 53+1C5n (nEN), 5*:<{Sn}20:1)*'
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Moreover, from the almost uniform lower semicontinuity of F', it follows

that there exists a sequence (Rn)zozl in R such that

R,(F™(y)) clR(G‘l(Sn(y)))

forall ne N and yeY.

Now, since

zedr (G (V) € Ri(GH(Viw))) € Ri(F(Viw)),

we can see that there exists an y; € V (o) such that

v e R (F(y))C CIR(G_I(Sl(yl))>.

Quite similarly, since

x GCIR(G_l(Sl(yl))) C Rg(G_l(S1(y1))) CR2<F_1(Sl(y1))>7

we can also see that there exists an y, € S1(y1) such that

xr € RQ(F_I(yQ)) C C1R<G_1 (Sz(yg))>

Hence, by induction, it is clear that there exists a sequence (y,)52,; in Y
such that

y1 € V(yo), Yn+1 € Sn(Yn), T € CIR<G71(Sn(yn>))

for all ne€ N.

Now, by noticing that for each S € S there exists a k£ > 1 such that
Sik_1 C S, we can easily see that

Ye+1 € Sk(ye) C Se—1(ye) € S (k)
Ykt2 € Skr1(Uha1) C Sepr (Se(wr)) C Si(yk) € Sk—1(yr) €S (k)
Yets € Skr2(Yrr2) C Skta (Skt1(Sk(yr))) € Ser (Sk(yk)) C

C Si (k) C Se—1(yr) € S (yr)-

Hence, it is clear that vy, € S (yx) for all n >k, and thus

yr € limgsy (Yn)ny
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Therefore, (y,)o2; isaconvergence Cauchy sequence in Y (S). And thus,
by the assumed completeness of Y (S), there exists an y € Y such that

y € adhs (Yn)ne -

Now, by noticing that for each S € § there exist £ >1 and n > k such
that
Sk-1C S and Yn € Sk(y),

we can easily see that
Sn(yn) C Sn(Sk(y)) € SP(y) € Sk-1(y) € S(y),
and thus
= CIR<G_1(Sn(yn))> C C1R<G_1(S(y)))'
This implies that for each R € R we have
R(z)NGH(S(y))n #0,

and hence

(R(z)x S(y)) NG #0.

Therefore, we also have
(z,y) € clras (G) C F,

and hence y € F (x).

Now, by noticing that there exists a n > 2 such that y, € S1(y), we
can easily see that

y € S1(ya) C S1( Sua (- S1(w1))) € SF(w1) € W ().

Therefore, y € W (V (yo)), and thus we also have
ze F ' (y) < FH(W(V(w))).

Remark 9.2. Note that if (F,G) is a closed pair of relations on one
reflexive relator space X (R) to another Y (S), then G C clgrgs(G) C
F.

10. Some useful consequences of the closed relation theorem

A simple application of Theorem 9.1 immediately yields the following
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Theorem 10.1. If (F, G) is an almost uniformly lower semicontinuous
closed pair of relations on a topologically semisymmetric relator space X (R)
to a sequentially convergence-adherence complete metric type relator space
Y (S) such that G C F', then the relation F is uniformly lower semicon-
tinuous.

Proof. If S € S, then because of the uniform transitivity of S, there exist
V, W eS8 such that

W (V(y))cS(y)

forall y € Y. Moreover, because of the almost uniform lower semicontinuity
of (F, G) there exists an R € R such that

R(FL(y) c dr(GH(V(5))

forall yeY.
On the other hand, from Theorem 6.1 we know that

dr (GTH(V()) ¢ FH{W (V)
for all y € Y. Therefore, we also have

R(F'(y)) c F7'(S(y))

for all y € Y. And thus the relation F' is uniformly lower semicontinuous.

Remark 10.2. Note that if (F', G') is an almost uniformly lower semicon-
tinuous pair of relations on one relator space X (R) to another Y (S) such
that G C F', then both F' and G are almost uniformly lower semicontinous.

Moreover, if (F, G) is a pair of relations on one relator space X (R)
to another Y (S) such that G C F' and the relation F' is uniformly lower
semicontinuous, then the pair (G, F') is also uniformly lower semicontinu-
ous.

The F = G particular case of Theorem 10.1 at once gives the next
practically important

Corollary 10.3. If F' is an almost uniformly lower semicontinuous closed
relation on a topologically semisymmetric relator space X (R) to a sequen-
tially convergence-adherence complete metric type relator space Y (S), then
F is uniformly lower semicontinuous.

Now, combining Corollary 10.3 with the F = G particular cases of
Theorems 8.3 and 8.7, we can also easily establish the following important
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Theorem 10.4. If F' is a relation on a reflexive, topologically semisymmet-
ric relator space X (R) to a sequentially convergence-adherence complete
metric type relator space Y (S), then the following assertions are equiva-
lent :

(1) F is closed and almost uniformly lower semicontinuous ;

(2) F is closed-valued and uniformly lower semicontinuous .

Proof. If the assertion (1) holds, then Theorem 8.3 shows that F' is closed-
valued. Moreover, Corollary 10.3 shows that F' is uniformly lower semicon-
tinuous. Therefore, the assertion (2) also holds.

On the other hand, if the assertion (2) holds, then Theorem 8.7 shows
that F is closed. Moreover, because of the reflexivity of R, it is clear that

F' is also almost uniformly lower semicontinuous. Therefore, the assertion
(1) also holds.

Combining Theorem 10.1 with the F = G particular case of Corollary
8.11, we can also at once state

Theorem 10.5. If (F, G) is an almost uniformly lower semicontinuous
closed pair of relations on an uniformly symmetric relator space X (R) to a
sequentially convergence-adherence complete metric type relator space Y (S)
such that G C F', then the relation F is uniformly upper semicontinuous.

Remark 10.6. Note that if (F', G') is a pair of relations on one relator
space X (R) to another Y (S) such that G C F and the relation F is
uniformly upper semicontinuous, then the pair (F, G) is also uniformly
upper semicontinuous.

In this respect it is also worth mentioning that by using Theorem 9.1 we
can also easily get the following

Theorem 10.7. If (f, g) is an almost uniformly lower semicontinuous
closed pair of functions on a topologically semisymmetric relator space X(R)
to a sequentially convergence-adherence complete metric type relator space
Y (S) such that g C f, then

CIR<971(V(y))> C f71<clg(V(y))>
forall Ve§8 and yevY.

Proof. Since f is a function, by Theorem 9.1 and the uniform symmetry of
S, it is clear that

dr (97 (V) < N £ (S(Vy)) =

Ses

- f1< N (S(V(y)))> = (as(Viy))
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forall VeS8 and yeVY.

Remark 10.8. Therefore, if in addition to the conditions of Theorem 10.7
foreach A CY thereexist V€S and y € Y suchthat A=V (y), then
by Theorem 6.4, the pair ( f, g) is topologically upper semicontinuous.

Acknowledgement. The author is indepted to the referee for pointing out
several misprints and suggesting some improvements in the formulation.
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