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A NOTE ON THE SET
OF DISCONTINUITY POINTS
OF MULTIFUNCTIONS OF TWO VARIABLES

GRAZYNA KWIECINSKA

ABSTRACT. In this paper, we consider some problem connected with separate
properties of a multifunction of two variables which ensure that the set of its joint
discontinuity points is a meager set.

1. Introduction

There is a function f: R? — R, whose all z-sections f.(y) = f(z,y) and
y-sections fY(x) = f(x,y) are continuous, and whose set of discontinuity points
is of the positive Lebesgue measure [I1]. However, such a function has always
a set of discontinuity points of the first Baire category [I7]. On the other hand,
if the family { fz}xeR is equicontinuous at a point yg and yg-section of f is
continuous at a point xg, then f is continuous at the point (xg, yo). The problem
of finding separate properties of functions such that they have at least one point
of joint continuity was widely considered in literature ([I, [], [6], [8], [9], [16]).
However, much less is known about the multivalued case. We will discuss some
separate properties of a multifunction of two variables which ensure that the
set of its joint discontinuity points is small in a sense of category. Some results
of this type connected with quasi-continuity are given by M. Matejdes [I5].

2. Preliminaries

We begin with a conventional notation. The sets of positive integers and real
numbers will be denoted by N and R, respectively.
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Let S and Z be nonempty sets and let ®: S ~ Z be a multifunction, i.e.,

0 #£®(s)cZ for ses.
If G C Z, then

P (G)={s€S5:0(s)NG#0} and O7(G)={secS:d(s)CG}.

Since ®1(G) C  (G) always, @ (G) and &~ (G) are often called small and big
inverse images of the set GG, respectively.

Let (S,7(S)) be a topological space. Then, B(S) will denote a o-field of Borel
subsets of S, B(s) a filterbase of open neighbourhoods of s € S, Cl(A), the closure
of A C S and Int(A), an interior of A, Py(Z) a family of all nonempty subsets
of S, and C(Z) its subfamily of nonempty compact subsets of S.

Various notions of continuity of multifunctions, not equivalent, are known.
They all reduce to the usual continuity if a single valued function is considered.
We state two different definitions of continuity of multifunctions which we shall
use throughout the paper.

Let (Z,7T(Z )) be a topological space.

A multifunction ®: S ~ Z is called lower (resp. upper) semicontinuous
at a point s € S, if, for every G € T(Z) with s € @ (G) (s € ®+(G)), there
is U(s) € B(s) such that U(s) C @ (G) (U(s) C ®*(G)). A multifunction @ is
called lower (resp. upper) semicontinuous, if it is lower (resp. upper) semicon-
tinuous at each point s € S; ® is called continuous if it is both lower and upper
semicontinuous.

It is easy to see that

(1) @ is lower (resp. upper) semicontinuous if and only if ®~(G) € T(9)
(resp. ®1(G) € T(S)) for each G € T(Z).

If ®: S~ Z is a multifunction, then D;(®) and D, (®) will denote the sets
of lower discontinuity points and upper discontinuity points of ®, respectively.
Then, D(®) = D;(®) U D, (®) is the set of discontinuity points of .

Now, let {®;}iez be a collection of multifunctions ®;: S ~ Z, i € Z, where
Z denotes a set of indexes. A collection of multifunctions {®; };e7 is called topo-
logically lower (resp. upper) equicontinuous at a point s € S if, for for every
G € T(Z), there exists U(s) € B(s) such that U(s) C ®; (G) (U(s) C @/ (G))
whenever s € &, (G) (s € ®](G)), i € Z. A multifunction ® is called topologi-
cally lower (resp. upper) equicontinuous, if it is topologically lower (resp. upper)
equicontinuous at each point s € S; {®;},c7 is called topologically eqicontinuous
if it is both topologically lower and upper equicontinuous.

In the case when values of a multifunction are subsets of a metric space,
we can consider its semicontinuity based on hemimetrics (i.e., pseudometrics
which fail to be symmetric) generated by the metric.

Let (Z,d) be a metric space. Let h,, and h; denote, respectively, the upper
and the lower hemimetric in Py(Z) generated by the metric d, i.e.,
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(2) hu(A,B) =sup{d(z,A) : x € B} and h(A, B) =sup{d(z,B):z c A}.

Note that hi(A, B) = h, (B, A).
A function h on the product Py(Z) x Py(Z) given by

h(A, B) = max{h,(A, B), h)(A, B)}

is a pseudometric on Py(Z). Obviously, the space (C (2), h) is a metric space.

If (7, 9) is a hemimetric space, then an open ball will be denoted in the same
way as in the case of a metric or a pseudometric. If interior points and open sets
are defined in the usual way for hemimetric space (T,6), then the family of all
open sets is a topology on the space T.

In particular, hemimetrics h; and h,, generate the lower and the upper hemi-
metric topology, respectively, on the space Py(Z).

As usual, B(z,¢) will denote an open ball of radius € > 0 centred at z € Z.
Moreover, if A C Z, then

B(A,e) = U B(z,¢).

z€A

A multifunction ®: S ~» Z is called h-lower (resp. h-upper) semicontinuo-
us at a point sp € S if for each ¢ > 0 there exists U(sg) € B(sp) such that
®(so) C B(®(s),¢) (®(s) C B(P(s0),¢)) for each s € U(sg).

A multifunction ® is called h-lower (resp. h-upper) semicontinuous, if it is
h-lower (resp. h-upper) semicontinuous at each point s € S; ® is called h-con-
tinuous if it is both h-lower and h-upper semicontinuous.

If ®: S~ Z is a multifunction with values in a metric space, then Dj,_;(®)
and Djp,_,(®) will denote the sets of h-lower discontinuity points and h-upper
discontinuity points of ®, respectively.

In general, if the values of a multifunction ® are subsets of a metric space,
then Dl(q)) - Dh—l(q)) and Dh—u(q)) - Du(q))

It is well-known that if ® is compact valued, then the upper (resp. lower)
semicontinuity of ® and h-upper (resp. h-lower) semicontinuity of ® are equiv-
alent [12]. So, in this case, D;(®) = Dp_;(®) and Dj,_,(®) = D, ().

Now, let {®;}iez be a collection of multifunctions ®;: S ~ Z, i € Z, where
Z denotes a set of indexes. A collection of multifunctions {®;};cz is called
h-lower (resp. h-upper) equicontinuous at sg € S if, for each ¢ > 0, there
exists U(so) € B(so) such that s € U(sp) implies ®;(sg) C B(®;(s),¢)
(resp. ®;(s) C B(®i(sg),e)) for each i € Z. {®;};ez is called h-lower
(resp. h-upper) equicontinuous if it is h-lower (resp. h-upper) equicontinuous
at each point s € S; {®;}iez is called h-equicontinuous if it is both h-lower and
h-upper equicontinuous.

In [13], K. Kuratowski introduced Baire classification of multifunctions.
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As before, let (S, T(S )) be a topological space. Given any countable ordinal
number «, let X, (5) and II,(S) denote the additive and multiplicative class «,
respectively, in the Borel hierarchy of subsets of the space (S, T(S )) Following
K. Kuratowski [I3], we say that a multifunction ®: S ~ Z is of the lower
(resp. upper) Baire class o if @~ (G) € 3, (S) (resp. @7(G) € £,(S5)) whenever
GeT(Z).

The lower and upper Baire classes of multifunctions of one variable have
been extensively studied, among others, by R. Brisac [2], J. Ewert [3]
R. W. Hansel [7] and K. M. Garg [5], where many of the known results
on real functions and also on lower and upper semicontinuous multifunctions
have been extended to the general Baire classes of multifunctions.

We shall use LB, and U B, to denote a family of multifunctions of the lower
(resp. upper) Baire class «, respectively.

By (1), it follows that ® € LBy (resp. ® € UBy) if and only if ® is lower
(resp. upper) semicontinuous.

As regards the mutual relationship between the lower and upper Baire classes,
the following is known (see [5]):

(3) Let (Z, T(Z)) be a perfect topological space (i.e., every open set in Z is
an F,-set).
(i) If &: S~ Z is closed valued and ® € UB,, then ® € LB 1.
(ii) If, moreover, (Z, T(Z)) is normal, ® is compact valued and ® € LB,
then ® € UBq41.

The following theorem is known (see [3]).

(4) Let (Z,T(Z)) be a second countable topological space.
(i) If @: S~ Z is of the lower Baire class 1, then the set D;(®) is of the
first category.
(ii) If ®: S ~ Z is compact valued and of the upper Baire class 1,
then the set D, (®) is of the first category.

3. Main results

Now, we will consider the multifunctions of two variables. Obviously, each
multifunction of two variables x € X and y € Y may be treated as a multifunc-
tion of the single variable (x,y) € X xY. The essential difference is the possibility
of formulating hypotheses concerning the multifunction in terms of its section-
wise properties.

Let us put S = X x Y and (z9,%0) € X x Y. Let F: X XY ~» Z be a mul-
tifunction. Then, the multifunction F,,: Y ~» Z defined by F,,(y) = F(x,y)
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is called zp-section of F, and the multifunction F¥ : X ~» Z defined by F¥° (x) =
F(x,yp) is called yg-section of F.

S. Kempisty in [I0] has shown that each real function of two real variables
upper semicontinuous in the first and lower semicontinuous in the second variable
is of the first Baire class. Some multivalued analogy of this theorem is known

(see [14, Theorems 1 and 3]).

THEOREM 1. Let (X, T(X)) be a topological space, (Y, T(Y)) a metrizable space
and (Z, T(Z)) a perfectly normal topological space. If F': X XY ~ Z is a com-
pact valued multifunction such that for each (r,y) € X XY, the section F, is
upper semicontinuous and the section FY is lower semicontinuous, then F is
of the upper Baire class 1. If, moreover, (Z, T(Z)) s second countable, then F
1s also of the lower Baire class 1.

As an immediate consequence of the above theorem and (4), we have

THEOREM 2. Let (X, T (X)) be a topological space, let (Y, T(Y)) be a metrizable
space, and let (Z, T(Z)) be a perfectly normal and second countable topological
space. If F': X XY ~» Z is a compact valued multifunction such that for each

(z,y) € X XY, F, is upper semicontinuous and FY is lower semicontinuous,
then the sets D, (F) and D;(F) are of the first category and so is the set D(F).

In connection with Theorem 1, let us consider the following example.

ExXAMPLE 1. Decompose R into two disjoint sets A ¢ B(R) and B ¢ B(R).
Define a multifunction F': R? ~» R putting

-3,3] if @£y,
F(z,y)=<1,2] ifz=yeA,
[—1,0] if z=ye B.
Then,
F((0,3)) = {(z,y): F(z,y) C (0,3)} = {(a,a): a € A} ¢ B(R?)

and
F~((-2,0)) = {(z,9): F(z,y) N (=2,0) # 0} = R*\ {(a,a): a € A} ¢ B(R?).

Moreover, for any open set G C R, the sets F, (G) and FY~ (G) are open.
So, F' is neither of any lower Baire class nor of any upper Baire class even if its
sections F}, and FY are lower semicontinuous for any (z,y) € R2

However, the following theorem is true.

PROPOSITION 1. Let (X, T(X)) and (Y, T(Y)) be topological spaces and let
(Z,d) be a metric space. If a multifunction F': X XY ~» Z is such that {F,}rex
s h-lower equicontinuous and FY is h-lower semicontinuous for each y € Y,
then F' is h-lower semicontinuous.
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Proof. Fix (zg,y0) € X x Y and € > 0. Since F¥ is h-lower semicontinuous
at xg, there is U(xzg) € B(zp) such that

(5) F(zo,y0) C B(F((z,0),5)) for all z € U(xo).

By the h-lower equicontinuity of { F, }.cx at yo, there is V(yo) € B(yo) such that
(6) F(z,y0) C B(F((z,y),5)) forallz € X and y € V(yo).

Let W(xo,y0) = U(zo) x V(yo). Then, by (5) and (6),

Fleo,y0) € B(F((z.y):2))  for (v.y) € W(ao,50),

i.e., F is h-lower semicontinuous at (xg, yo)- O

The next theorem is a consequence of Proposition 1 and theorems (3) (ii) and

(4) (if).

THEOREM 3. Let (X, T (X)) and (Y, T(Y)) be topological spaces and let (Z,d) be
a separable metric space. Let F': X XY ~» Z be a compact valued multifunction.
If {F,}.ex is topologically lower equicontinuous and for every y € Y the section

FY is lower semicontinuous, then the set D, (F) is of the first category and so
is the set D(F).

The following has an almost identical proof to that of Proposition 1.

PROPOSITION 2. Let (X, T(X)) and (Y, T(Y)) be topological spaces and let
(Z,d) be a metric space. If a multifunction F': X XY ~» Z is such that {F,}rex
s h-upper equicontinuous and FY is h-upper semicontinuous for each y € Y,
then F' is h-upper semicontinuous.

Similarly, as a consequence of Proposition 2 and theorems (3) (i) and (4) (i),
we have

THEOREM 4. Let (X, T(X)) and (Y, T(Y)) be topological spaces and let (Z, d) be
a separable metric space. Let F: X XY ~» Z be a compact valued multifunction.
If{F,}zex is topologically upper equicontinuous and for everyy € Y the section

FY is upper semicontinuous, then the set Di(F) is of the first category and so is
the set D(F).

There is a possibility of some variation in Theorem 3 and Theorem 4.

THEOREM 5. Let (X, ) be a separable metric space, (Y, p) a complete metric
space, and (Z,d) a metric space. If a multifunction F: X XY ~» Z is such that
{F,}zex is h-equicontinuous and, for each y €Y, the set D_;(FY) is nowhere
dense, then the set Dy_i(F) is nowhere dense.
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Proof. To derive a contradiction, suppose that the set Dj,_;(F') is not nowhere
dense. Then, there is an open set W C X x Y such that Dj,_;(F') is dense in W.
Let U C X and V C Y be nonempty open sets such that U x V. C W. By se-
parability of X, we choose a family {B,}, <N of all nonempty open subsets of X

such that B,, C U for any n € N. Let (x1,1) € By x V be such that F is not
h-lower semicontinuous at (x1,y;). Then,

(7) there is € > 0 such that for each W (z1,y1) € B((x1,y1)) there is a point
(z,y) € W(x1,y1) such that hy(F(z1,11), F(z,y)) > 5.

By h-equicontinuity of {F,},ex at yi,

(8) for a given ¢, there is an open neighbourhood V(y;) € B(y1) such that
Cl(V(yl)) C V, and, for any x € X and any y € V (y1), we have h(F(x,yl),

F(z,y))< £
Then, h; (F(a:,yl),F(x,y)) < g for any # € X and any y € V(y1), and in par-
ticular, for x = x1,

(9) hi(F(z1,1), F(x1,y)) < § for each y € V (1),
and for x = a,,
(10) hy(F(an,y1), F(an,y)) < & for cach n € N and y € V(y1).
Moreover, b, € V(y1) for n € N, therefore,
(11) h(F(an;y1), F(an,by)) < § for cach n € N.

From (8), it also follows that hy(F(z,y), F(z,41)) < § for any # € X and
any y € V(y1). In particular, for x = a,,, we have

(12) h(F(an,y), F(an,y1)) < & for cach n € N and y € V(y1).
By (7), we can choose a sequence (an,by), . such that
(13) limy,—oo(an, byn) = (21,91), an € By, b, € V(y1) and
hy (F(:Ul,yl),F(an, bn)) > % for each n € N.

Since

hi(F(an,y), F(an, by)) < hi(F(an, y), F(an, y1)) + hi(F(an, 1), F(an, by)),
by (12) and (11), we have
(14) hi(F(an,y), F(an,by)) < £ for each n € N and y € V(y1).
Since, moreover,

hy (F(:cl,y), F(any, bn)) > Ry (F(:cl,yl), F(anp, bn)) — My (F(:cl,yl), F(xq, y)),
from (13) and (9) it follows that
(15) h(F(21,y), Fan,b,)) > 3¢ for each n € N and y € V(y1).
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Finally,

hl (F(l“hy),F(amy))Z hl (F(xhy)vF(anabn))_ hl(F(anay)7F(an7bn))a
and by (15) and (14), we have

hu(F(x1,9), Flan, y)) >

Since lim,, o 4y, = X1,

% for each n € Nandye V(y).

(16) F is not h-lower semicontinuous at (x1,y) for each y € V(y1).

Now, let us suppose that (z2,y2) € B2 x V(y1) and F' is not h-lower semi-
continuous at (x2,y2). Similarly as in (16), we can select V(y2) € B(yz2) such
that C1(V(y2)) C V(y1) and F is not h-lower semicontinuous at (z2,y) for each
y € V(yz2). Thus, by induction, taking a point (z,,y,) € Bn X V(yn—1) such
that F' is not h-lower semicontinuous at (z,,y,), we can select V(y,) € B(yx)
such that

(17) (i) CYV(yn)) C V(yn—1) for each n € N and
(ii) F is not h-lower semicontinuous at (x,,y) for each y € V(y,).

Let yo € (),eNCLlV (yn). Then, by (17), F¥ is not h-lower semicontinuous
at z, for each n € N. The set {Tn},eN is dense in U and it is a subset

of Dy (FY). Now, we have the required contradiction because, by assumption,
the set Dj,_;(F¥) is nowhere dense. O

A similar proof works when we replace “h-lower” with “h-upper” in Theo-
rem 5, and we have a dual result.

THEOREM 6. Let (X, 0) be a separable metric space, (Y, p) a complete metric
space and (Z,d) a metric space. If a multifunction F: X XY ~» Z is such that
{Fy}zex is h-equicontinuous and for each y € Y the set Dy, (FY) is nowhere
dense, then the set Dy, (F) is nowhere dense.

It is easy to show the following property.

PROPOSITION 3. Let (X, T (X)), (Y, T(Y)) and (Z,T(Z)) be topological spaces.
Let F: X XY ~» Z be a multifunction such that {F,}zex is topologically lower
equicontinuous. Then, F' is lower semicontinuous at a point (xg,y0) € X XY if
and only if the section FY° is lower semicontinuos at the point xg.

THEOREM 7. Let (X, T(X)) be a second countable topological space, (Y, T(Y))
a topological space and (Z, T(Z)) a second countable topological space. Let
F: X XY ~ Z be a multifunction such that {F,}.cx 1is topologically lower
equicontinuous and for each y € Y the set Di(FY) is of the first category.
If for each G € T(Z) the set F~(G) has the Baire property, then the set D;(F')
s of the first category.
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Proof. Note that, by the definition, F' is not lower semicontinuous at a point
(z0,y0) if and only if (zo,y0) € F~(G) and (zo,y0) € Int(F~(G)) for some
G €T(Z). Let B={By},N be a base of Z. Then

Dy(F) =J (F~(Ba) \Tnt(F~ (By))).

neN
Therefore the set D;(F’) has the Baire property and from Proposition 3, it follows
that it is of the first category. O

Like in the case of Proposition 3, it is easy to show the dual proposition.

PROPOSITION 4. Let (X, T(X)), (Y, T(Y)) and (Z,T(Z)) be topological spaces.
Let F: X XY ~ Z be a multifunction such that {F,}.cx 1is topologically upper
equicontinuous. Then, F is upper semicontinuous at a point (xg,yo) € X XY if
and only if the section FY° is upper semicontinuos at the point xg.

In a similar fashion to that of Theorem 7, we prove a dual result.

THEOREM 8. Let (X, T (X)) be a second countable topological space, (Y, T(Y))
a topological space, and (Z, T(Z)) a second countable topological space. Let
F: X XY ~ Z be a compact valued multifunction such that {F,},ex is topo-
logically upper equicontinuous and, for each y € Y, the set D, (FY) is of the
first category. If for each G € T(Z) the set FT(G) has the Baire property,
then the set D, (F) is of the first category.

Proof. According to the definition, F' is not upper semicontinuous at a point
(z0,0) if and only if (zo,y0) € FY(G) and (zo,y0) & Int(FT(G)) for some
G € T(Z). Let B be a countable base of Z. Since F'(xq,yo) C G, by compactness,
the set F'(xo, o) is a subset of a finite union of sets from B5.

Let G be a family of all finite unions of elements from B. Then G is also
countable. We can enumerate G by {G1,Ga,...,G,,...}. Then,

D.(F) = (F*(G) \Int(F+(Gk))).

keN
Therefore the set D, (F') has the Baire property and from Proposition 4, it follows
that it is of the first category. O
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