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On quasi-uniform space valued semi-continuous functions

Tomasz KUBIAK, MARfA ANGELES DE PRADA VICENTE

Abstract. F. van Gool [Comment. Math. Univ. Carolin. 33 (1992), 505-523] has intro-
duced the concept of lower semicontinuity for functions with values in a quasi-uniform
space (R,U). This note provides a purely topological view at the basic ideas of van Gool.
The lower semicontinuity of van Gool appears to be just the continuity with respect to
the topology T'(U) generated by the quasi-uniformity U, so that many of his prepara-
tory results become consequences of standard topological facts. In particular, when the
order induced by U makes R into a continuous lattice, then T'(U{) agrees with the Scott
topology o(R) on R and, thus, the lower semicontinuity reduces to a well known concept.
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1. Introduction

There is a quite extensive literature devoted to the concept of a lower semi-
continuous function with the range different than the reals. In particular, F. van
Gool [4] has introduced the notion of a lower semicontinuous function from a
topological space to a quasi-uniform space (R,U). Crucial for this approach are
certain filter bases defined in terms of the operators (-)° and (-)® from U to Y. In
his report on [4], Watson [9] has pointed out that one may have troubles with the
“very easy” list of facts related to (-)° and (-)® which are used throughout van
Gool’s paper.

In this note, we shall show that (-)° and (-)® take elements of U into, respec-
tively, open and closed sets of R x R endowed, respectively, with the product
topologies T(U 1) x T(U) and T'(U) x T(U~"), where T(U) is the topology gener-
ated by U, and 24~ is the dual of /. This observation provides a topological view
at the basic ideas of van Gool. The list of facts related to (-)° and (-)® are now
easy consequences of the properties of the interior and closure operators. The pre-
order induced by the quasi-uniformity U (resp. U~ 1) is proved to agree with the
specialization preorder with respect to the topology T'(U) (resp. T(U~1)), which
allows us to give a topological interpretation of the basic relations introduced by
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van Gool. Then most of the results of Sections 3 and 4 of [4] become simple
consequences of standard topological facts. In particular, when R is a continuous
lattice, which happens if and only if T'({/) is exactly the Scott topology o(R) (see
Proposition 5.4 and Proposition 6.1), lower semicontinuous functions in the sense
of [4] are precisely the Scott continuous functions.

We shall use the term quasi-uniformity (as in [1] or [8]) instead of semi-
uniformity as used in [4] following Nachbin [7]. In fact, the paper [4] has changed
the original terminology of Nachbin [7], and it is obscure why, in [4], semi-uniform
spaces (= quasi-uniform spaces) have been called uniform ordered spaces with a
semi-uniformity. We shall also omit the adjective “preordered”, because the pre-
order has always been understood in [4] as the one induced by the quasi-uniformity
(unless the preorder will be required to be an order). Also, unlike [4], we shall
use standard notation as far as possible. In particular, we use the symbol < to
denote the way-below relation of [2].

2. Terminological background

As a general reference to quasi-uniformities we suggest Fletcher and Lindgren
[1] or Page [8] (cf. also [6] and [7]).

A quasi-uniform space (R,U) is a set R together with a filter & on R x R such
that for any A € U the following hold:
(1) {(z,z):z € R} C A,
(2) there exists a B € U such that Bo B C A (where o stands for the usual
composition of relations).

The relation <;; = <:= (U is reflexive and transitive, and is called the preorder
associated with U. Given (R,U), A€ U and x € R, let A(zx) ={y € R: (z,y) €
A}. Then the collection {A(x) : A € U} is a neighborhood system of z for a
topology that will be called the lower topology generated by the quasi-uniformity U
and denoted by T'(i/). Each quasi-uniformity & on R has its dual quasi-uniformity
UL ={A71: AcUd}, where A71 = {(y,2) : (z,y) € A}.

We thus have another preorder <;,—1 as well as another topology T'(U _1) on R
that will be referred to as the upper topology generated by the quasi-uniformity U.

For a quasi-uniformity & on R, the family {A N A~!: A € U} is a base for a
uniformity, denoted U*, (non-Hausdorff in general) which is the smallest amongst
all the uniformities containing . We have T'(U*) = T(U)VT(UU~1), the supremum
of T(U) and T(U~1), called the topology generated by the quasi-uniformity U.

We shall need the following facts (cf. Exercise 1.B in [8] and Propositions 1.17
and 1.19 in [1]).

Lemma 2.1. For a quasi-uniform space (R,U) and M C R x R, the following
hold:

(1) for every A,B € U, Ao M o B is a neighborhood of M in the product
topology T(U™1) x T(U);
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(2) Clrqysxr-yM =N{AoMoB™ : AcU,Beu'};
(3) Intp—1)xrw) A €U for every A€ U.

3. The operators (-)° and (-)*

Given a quasi-uniform space (R,U), van Gool [4] defined two operators which
served him to have two filter bases for /. These are the operators

():U—-U and ()*:U—-U
defined for each A € U as follows:

:U{BEL{:C’OBoCCA for some C € U}

and
A*=({{BoAoB:BeU}.

Those two filter bases are then the following (cf. [4]; also see Exercise 1B(c), (d)
of [8]):
U ={AelU: A=A} and U*={AeclU: A=A}

The next observation is essential to what follows. It will enable us to describe in
topological terms the two filter bases just mentioned. Having this at hand, some
saved effort will be achieved in providing arguments for some results of [4] (see
[9] again). In particular, results which are topological in nature will be proved in
topological rather than uniformity terms.

Proposition 3.1. Let (R,U) be a quasi-uniform space. For A € U, the following
statements hold:

(1) A% =Intpe—1yxree(4°),
(2) A* = Clpeyxrw-1)(4).

PrOOF: (1) For the nontrivial inclusion, let (z,y) € A°. This means that there
exist B,C € U such that (z,y) € B and C o Bo C C A. Also, there exists
a D € U such that Do D C C. We thus have Do (Do BoD)oD C A,
and since B C Do Bo D, also DoBoD C A°. Now, it suffices to note that
D~ Yz) x D(y) € Do Bo D. Indeed, if (z,t) € D™(z) x D(y), then (z,2) € D,
(z, ) € B, and (y,t) € D, so that (z,t) € Do Bo D. Consequently, (z,y) €
D~ (z) x D(y )CIntT( ~1yx1)(A°):
(2) See (2) of Lemma 2.1 and consider that for any B,C e U, D =BNC € U.
(]
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Corollary 3.2. Let (R,U) be a quasi-uniform space. Then:
(1) if A € U° and = € R, then A(z) € T(U) and, equivalently, A~!(z) €
T (L{_l);
(2) if A € U* and = € R, then A(z) is T(U1)-closed and, equivalently,
A~Y(x) is T(U)-closed.

Remark 3.3. It follows that for each x € X the collection {A(z) : A € U°} is a
neighborhood base of open sets in the topology T'(U).

The following properties (stated without proof in [4, pp.508-509]) are now
clear (cf. [9]):
Proposition 3.4 ([4]). For A € U the following hold:

(1) A°Cc AcC A,

(2) A°° = A° and A®*® = A°.
With 7 = T(U*) x T(U*) one has the following:

(3) Intr (A°) = Intp gy (A°) = A°)

(4) Clr(A®) = Clpgyxrw-1)(A°%) = A°.

Below and elsewhere the sets T x and | x are defined in terms of the preorder
<uy,ite.lx={ye R:x <y y}and dually for | z. A set A C R is said to be
increasing (decreasing) if T x C A (resp. | x C A) whenever z € A.

Proposition 3.5. Let (R,U) be a quasi-uniform space and let <;; be the asso-
ciated preorder. Then:

(1) A(z) is increasing for each A € U° and x € R;

(2) A™1(x) is decreasing for each A € U° and © € R;

(3) U is increasing for each U € T (U).

PrROOF: (1) Let y € A(x) and y <y z € R. Since A(z) € T(U) by Corol-
lary 3.2(1), there exists a B € U such that y € B(y) C A(z) and (y,2) € B, i.e.
z € B(y) C A(z). Consequently, Ty C A(x).

(2) We proceed as in (1) replacing ¢ by U~ and using A~ (z) € T(U™!) by
Corollary 3.2(1) again.

(3) Let z € U. Since {C(z) : C € U°} is a neighborhood base of = in T'(U) (see
3.3), there exists an A € U° such that x € A(x) C U. Then, by (1), Tz CcU. O

4. Topological characterizations of various relations induced by a
quasi-uniformity

First we shall show that, given a quasi-uniform space (R,U), the preorder <y
is the specialization preorder (in the sense of [2, Definition I1.3.6]) with respect
to the topology T'(U), i.e.,

v<yy < x€Clpy{y}
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This is stated in the following proposition.

Proposition 4.1. Let (R,U) be a quasi-uniform space. Then for any x € R:

(1) |z = Clpgy{z},
(2) tz= CIT(ufl){CL‘}.

PRrOOF: We shall check (1). We calculate

lz={yeR:y <y}

:{yER:(y,x)eﬂL{}
={yeR:(y,x) e Aforall AclU}
={yeR:Aly)N{z} #0 for all A €U}

= Clpgp{z}

The proof of (2) is dual. O

The following provides some candidates for (R, <) to play the role of the
strictly “less than” relation in the reals.

Definition 4.2 ([4]). Let (R,U) be a quasi-uniform space. Given z,y € R, we
put:

(1) = € y if there is an A € U with A(y) C T =,
(2) = 3 y if there is an A € U with A~ (y) C | «,
(3) = << y if there is an A € U with A(y) C ] z for all z € A™1(z).

As noted in [4], the relation € has the following properties (recall that we write
< for <y):

(a) zey = =<y,

b) 1 <zxcEy<zy = 21 E29.
Under the assumption that (R, <j) is a V-semilattice with the bottom element
0, we have:

(c)z€Ezycz = zVYEz,
(d) 0 €x.

Remark 4.3. In the terminology of [2], € is an auxiliary relation (properties (a)—
(d)). When (R, <) is a complete lattice, the relation € is called approzimating if
z=V{y€R:y &€z} for each x € R.

The standard notation we have used in formulating Definition 4.2 already pro-
vides, in fact, topological characterizations of the relations €, 3, and <. More
precisely, yet another change of notation yields the following:
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Proposition 4.4. Let (R,U) be a quasi-uniform space. For any x,y € R, we
have:

(1) = €y if and only if y € Intpy) (T 2),

(2) 3y if and only if y € Intp—1)(] :c)

(3) * « y if and only if (x,y) € IntT(u ) (NU).

ProoF: For (1): y € Intpqy) (T @) #f A(y) C T 2 for some A € Y. This just
means that € y. The same for (2). To see (3), (z,y) € Intpq,- u)(NU)
iff (z,y) € A=Y(x) x A(y) € NU for some A € U. This is equlvalent to the
statement that z; < zp for each 27 € A™!(x) and 20 € A(y), i.e., A(y) C T z for
all z € A= (x). O

Remark 4.5. Notice that in the definition of € one can equivalently use an
A € U°. That is:

z €y if thereisan A € U° with A(y) C1 x.

The next observation replaces the assumption of arcwise connectedness (in
Lemma 3.3 of [4]) by connectedness, thereby answering a question of the report [9].

Corollary 4.6. Let (R,U) be a quasi-uniform space such that (R,T(U*)) is
connected and x € R. Then x € z if and only if x is the bottom element of
(R, <u).

ProoF: If 2 = 0 is the bottom element of R, then z € z by property (d)
above. Conversely, by (1) of 4.4, x € =z is equivalent to the statement that
Tx € TU) CTU). By 41(1) in turn, T = is T(U1)-closed and then T(U*)-
closed. By connectedness, Tz = R. O

5. Semicontinuous functions with values in (R,U)
In [4], two concepts of a limit in (R,U) are defined in terms of & and U1,
Namely, for each filter base F in R the following two sets have been defined in [4]:
LIMINF(F)={z € R:VAelU IV € F st. VC Ax)},
LIMSUP(F) ={z € R:YAclU 3V eF st. VCA )}

We prefer to think about those limits as the ones associated with the topologies
T(U) and T(U™1). Clearly, then:

7

~1
TU) . & 2 e LIMSUP(F).

z < € LIMINF(F),
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Definition 5.1 ([4]). Let (R,U) be a quasi-uniform space, (X, 7) a topological
space, and f: X — R an arbitrary function. We say:

(1) f is lower semicontinuous in p € X if f(p) € LIMINF(f(N})),

(2) f is upper semicontinuous in p € X if f(p) € LIMSUP(f(N})),

where NpT is the filter base of all open neighborhoods of the point p € X.
Proposition 5.2. Let (R,U) be a quasi-uniform space, (X,7) a topological
space, and let f : X — R. Then:
(1) f is lower semicontinuous if and only if f: (X,7) — (R,T(U)) is contin-
uous;
(2) f is upper semicontinuous if and only if f : (X,7) — (R, T(U™')) is
continuous.

PRrOOF: For (1): this follows from the definition, since f : (X,7) — (R, T(U))
is continuous at p € X if and only if Nﬁg) C f(N]), which is equivalent to
the statement that f(p) € LIMINF(f(N)). The proof of (2) remains the same.
Indeed, f : (X,7) — (R,T(U™')) is continuous at p € X if and only if fN)

converges to f(p) in the topology T(U~1), which is equivalent to the statement
that f(p) € LIMSUP(f(N)). O

Definition 5.3. Let (R,U) be a quasi-uniform space with (R, <y/) a complete
lattice, (X, 7) a topological space, and f : X — R an arbitrary function. We
define fi : X — R and f*: X — R as follows:

f*(p):\/{/\f(U):peUET},
f*(p):/\{\/f(U)IPEUET}

for every p € X.

Proposition 5.4. Let (R,U) be a quasi-uniform space with (R, <) a complete
lattice. The following are equivalent:
(1) z=V{y € R:z €Intpy,(Ty)} forallz € R,
(2) for an arbitrary topological space (X,7), if f: X — R is lower semicon-
tinuous, then f = f,
B)z=V{ANU:z2eUecTU)}=V{A\A(x): AelU} for every x € R,
4) z=\{ye R:ycxa} forallz € R, i.e. € is approximating.

Proor: (1) = (2) : Let p € f_l(IntT(u)(T x)) for some x € R. Then there
exists an open U, containing the point p, such that f(U) C Intpgy (T z) C T =

Therefore, + <y A f(U) <u f(p). By (1), we get V{z € R : [(p) € It (1
z)} = f(p) <y f«(p). The reverse inequality is obvious.
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(2) = (3) : Let X = R and 7 = T(U). Since the identity map idp is clearly
lower semicontinuous, by (idr)« = idg we get (3).

(3) = (1) : For the nontrivial inequality, let x € U € T(U). Then U C 1 (AU)
and, thus, = € Intpq) (T (AU)). Therefore

xz\/{/\U:xEUGT(U)}g\/{yER:erntT(u)(Ty)}.

(4) & (1) is a restatement of (1) of 4.4. O

Remark 5.5. We note that 5.4 has its ‘dual’ formulation involving the relation
5, T(U™1), and the operation f — f*.

6. The case when (R, <y) is a continuous lattice

Let R = (R, <) be an arbitrary complete lattice. Given z,y € R, we say
x is way below y (notation: =z < y) if, whenever y < \/ D with a directed
D C R, there exists a d € D such that x < d. Then R is called a continuous
lattice if for all z € R one has x = \/{z € R : z < z}. The Scott topology
o(R) on a continuous lattice R is one which has {{z : z € R} as a base, where
f2={y e R:2z < y}. The Lawson topology A(R) on R is the topology generated
by o(R)U{R\ Tz :z € R}.

According to the general terminology of VI.1.2 of [2], a topology in R is said
to be compatible if, whenever x € R is the directed join or filtered meet of a net,
then the net converges to x topologically. In what follows we shall use the fact,
that in each continuous lattice R the Lawson topology A(R) is compatible (see
[2, II1.2.13 and VI.1.13]) and has a closed order. It is enough to observe that for
any x,y € R with « £ y there exists z € R and disjoint open Tz (increasing) and
L\ 1 z (decreasing) with z € { z and y € L\ 1 z.

Note that for a compact Hausdorff topological space (X, 7) with a closed order
<, there is a unique quasi-uniformity U, generating both the topology (T (U*) = 7)
and the order (< =<) (see [7], also Theorem 3.6 in [4]).

Proposition 6.1. Let (R, <) be a continuous lattice and U the unique quasi-
uniformity generating both the Lawson topology (T (U*) = A(R)) and the order
(€y=x). Then:

(1) € is approximating,

(2) 2y & z€y foralzy€ER,

3) TU) = o(R).

PROOF: A proof of (1) and (2) can be found in [4].
(3) For any A € U° and x € R the set A(x) is increasing, and for any directed
D C R with \/ D = limpq~) D € A(z) we have D N A(z) # @. This means that
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T(U) C o(R). For the reverse inclusion, given a basic open set T of o(R), and

usi

ng (2) and 4.4(1) we conclude that {z = Intpeq (T 2) € TWU). O

As a consequence of the previous proposition and Proposition 5.2 we have:

Corollary 6.2. If (R, <) is a continuous lattice, a function f : X — R is lower
semicontinuous (in the sense of 5.1) if and only if it is continuous with respect to
the Scott topology. Dually f : X — R is upper semicontinuous if and only if it is
continuous with respect to the Scott topology in R°P (R with the opposite order,
assuming it is also continuous).

in

Note that this description of semicontinuity has been mentioned without proof
[10].
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