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CLOSURE SPACES

RALPH KOPPERMAN, F. MYNARD, AND PETER RUSE

ABSTRACT. In this paper we modify the generalized quasi-
metric representation of topological spaces of [21], by weak-
ening the properties required of the set of positive elements,
to obtain a similar representation of the category of neigh-
borhood spaces and its subcategories of closure, and of pre-
topological spaces. Thus we show how these notions also arise
from generalized metrics.

1. INTRODUCTION

Students first meet topology through metrics, and spaces arising
from “good” metrics have useful properties: completely metrizable
spaces are Baire, and contractions from a complete metric space to
itself have unique fized points.

The latter result in its classical form is a key step in a proof
of the inverse function theorem of multivariate calculus. It also
can be extended to so-called partial metric spaces (defined later
in this paper), where its interpretation becomes that certain types
of algorithms that begin with partial knowledge of an object (e.g.,
that a number to be found is in a given interval), will converge
toward complete knowledge of the object; see [24].
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As a result, there is a long tradition of obtaining generalized
metric representations of topological spaces; such work goes back
to early last century (see [28]); a thorough history of the subject is
given in [23]. In this paper we are interested in the axiomatization
in [21], where each topology is shown to arise from a “quasimetric”
into a generalization V of [0, oo], with a subset P of V that satisfies
certain natural “positivity” axioms that hold for (0,c0] C [0, 0]
Here we show that weakening these positivity axioms, again in nat-
ural ways, yields a similar representation of the category of neigh-
borhood spaces (in terminology due to [20], also called generalized
topology by A. Csészar) and its subcategories of closure, and of
pretopological spaces, showing how these notions also arise from
generalized metrics.

To be a bit more precise, we generalize the definition of metric
closure: for a metric d: X x X — [0,00) we say = € clg(A) if for
each positive r there is a y € A so that d(z,y) < r (equivalently if
for each positive r, N,(z)NA#0, where N,(z)={y:d(z,y) <r}).
Our representation is functorial: if (X,dx), (Y,dy) are metric
spaces, then f : X — Y is a closure preserving map (that is, for
each A C X, f[cl(A)] C cl(f[A])) if and only if, for each positive
r and x € X there is a positive s such that if dx(z,y) < s then
dy (f(x), f(y)) < r. Two key problems, most easily discussed in
the subclass of topological spaces, must be overcome:

(1) If we insist on the usual conventions that d is valued in [0, o)
and that r is positive means r > 0, then for each x € X, {Ny/,(7) :
n € IN} forms a countable base about x. We avoid such cardinal
restrictions by allowing a class of other objects in which our metrics
can take values, and defining positivity in each object.

(2) If we insist that d be symmetric (for each z,y, d(z,y) =
d(y,x)), it then turns out that the topology arising from d must be
completely regular (as shown in [21]), so we must drop some metric
axioms.

To take care of (1), the type of codomain for our “generalized
metrics”, or metric substitutes, is chosen to allow as many of the
usual constructions as possible; so [0, 0o], [0, 1] (with truncated ad-
dition) and {0,1}, and their powers should be among the objects
in which our metrics can take values. We also need to have limits
in this space of values (to allow completions of generalized met-
ric spaces — where the distance between limits is the limit of the
distances); it is useful for such an object to be a complete lattice
(unlike [0, 00)).
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We choose to have our metric go into what we call a value lattice.
(Other possibilities are given in the “Concluding remarks” section).
Before we can define these, we must first define a continuous lattice:
it is a complete lattice V (that is, all subsets have suprema, thus
infima as well), and for each element ¢ € V, || ¢ = {p < ¢} is
directed, and ¢ is its supremum, where p < ¢ means: if ¢ < \/ D
and D is directed, then for some r € D, p < r. Continuous lattices
are discussed in detail in [18] and in [1]. A value lattice is a system
(V, 4+, <,0,00), such that:

(V, <) is a poset with least element 0 and greatest oo,

(V,>) is a continuous lattice,

(V,+) is a commutative semigroup with identity 0, and

foreachr e Vand SCV, r+ AS=A{r+s:s€e S}

Among value lattices are [0, 1] and {0, 1}, and products of value
lattices are value lattices.

As a result of its preservation of infima, + is order preserving: if
a < b then for each ¢, c+a = c+ A{a,b} = N{c+a,c+b} <c+b.
In particular for each c,a € V, c=c+0<c+a<c+ 0 =
(this last equality is due to the fact that oo is the largest element
of V,80 00 =04+ 00 < c+ o0 < o0).

Now we get to the central issue of positivity. Given a poset
(V, <), we must carefully consider the properties of subset P of
positive elements of V (that is, “z € P” means “r is positive”).
A generalized metric and value lattice do not by themselves give
rise to a closure operator. The use of “r > 0” in the definition of
metric closure is subtle, and the facts r > 0= (3t > 0)(t +¢t <)
and 7,5 > 0= (3t > 0)(t < r&t < s) are central to many metric
arguments in topology, but it turns out, not for anologous ones
involving neighborhood spaces. We now list some properties of the
set of positive numbers that are needed for the usual arguments:

Given a poset (V, <), a subset P C V is an upper subset if p < ¢
and p € P = ¢ € P; an upper subset of a value lattice is separating
if whenever a,b € V and a < b+ r for each r € P then a <b. The
set P is filtered if whenever p,q € P, there is an r € P such that
r<p&r <gq,and P and has halves if for each t € P there is an
s € P such that s + s < t. The set P is called a set of positives if
it is a filtered upper set which has halves.

Next we consider (2). The usual metric axioms are:

(id) d(z,z) =0,
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(tri) d(z, 2) < d(z,y) + d(y, 2),

(sym) d(z,y) = d(y, z),

(t0) d(z,y) =0=z =1y.

Below let V be a value lattice; we drop the requirements of
symmetry and (t0) to concentrate on V-quasimetrics: functions
q: X x X — V that satisfy (tri) and (id). A V-quasimetric space
is a quadruple X = (X,V, P,q) where X isaset, ¢: X x X =V
is a V-quasimetric, and P is a separating upper subset of V. Also,
a generalized quasimetric space is a V-quasimetric space for some
value lattice, V.

In [21] the usual definition of metric topology was generalized: a
set T is open in the generalized quasimetric space X = (X, V, P, q),
if for each x € T there is an r € P such that N,.(z) C T; the
collection of open sets is denoted 7x. It is then shown that if P
is a set of positives, then Tx is a topology on X, and that each
topology arises from a generalized quasimetric space X’ in which P
is a set of positives. (The terminology there is a bit different; [21]
used “value semigroups” in place of value lattices, but all the value
semigroups that were needed there were powers of [0, 0], and so
were value lattices as well.)

It was shown in [21] that a topology 7 is completely regular if
and only if it is Tx for some X such that ¢ satisfies (sym), and
that 7 is Tp if and only if ¢ satisfies the quasimetric version of (t0):
q(z,y) = q(y,x) =0 = z = y. Therefore, these axioms have
special roles and are not part of the definition of our categories of
generalized quasimetric spaces.

A continuous function from a generalized quasimetric space
(X,Vx, Px,qx) to another, (Y, Vy, Py,qy) is an f : X — Y such
that for each x € X and s € Py, there is an r € Px such that

qx(z,y) <r = qv(f(z), f(y)) <s.

Below, we are interested in four categories:

The first is QM, the category of all generalized quasimetric
spaces and continuous maps.

The others are full subcategories of QM, (recall that a full sub-
category D of a category C, is one such that each object of D is
an object of C, the D-maps between two objects D are precisely
their C-maps). Thus the maps of the following categories are the
continuous maps, and their objects are now described:
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the objects of QM f;; are the generalized quasimetric spaces such
that P is filtered,

the objects of QM1 are the generalized quasimetric spaces such
that P has halves, an2d

the objects of QM Fil,} are the generalized quasimetric spaces

with P a set of positives.

We also discuss some other representations below. For example,
certain generalized quasimetric spaces come from generalized par-
tial metrics, which have been developed by Steve Matthews (see
[24]) to model the partial nature of knowledge produced by a com-
puter program in finite time. In [22] it is shown that all topologies
arise from generalized partial metric into value lattices. This option
is further discussed in the “Concluding remarks” section.

Thus for topological spaces, generalized quasimetrizability be-
comes a unifying property; special properties hold for some topo-
logical spaces and maps because they satisfy special conditions in
terms of generalized quasimetrics.

2. CATEGORIES OF SPACES WITH CLOSURE OPERATORS AND
OF GENERALIZED QUASIMETRIC SPACES
GIVING RISE TO SPACES WITH CLOSURE OPERATORS

We say that a category C has generalized quasimetric representa-
tion if there is a full subcategory S of QM that is category equiva-
lent to C, i.e., there exists a functor F' : S — C that is full and faith-
ful (that is, for each pair A,B € S, F : H(A,B) — H(F(A), F(B))
is 1-1 and onto) and such that for every C-object C, there exists
an S-object S such that F(S) is isomorphic to C.

The goal of this note is to give generalized quasimetric rep-
resentations for several categories of spaces with a closure oper-
ator. Specifically, let NGB denote the category whose objects
are neighborhood spaces: pairs, (S, clg), S a set, with a function
clg : 29 — 25, satisfying the following:

clg is increasing: A C B = clgA C clgB

clg is expansive: each A C clgA, and

clg is grounded: clg() = ().

Any clg : 25 — 25 satisfying these rules is called a closure
operator. The morphisms f : (X, clx) — (Y, cly) of NGB are the
closure preserving functions:
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VAC X : fladxA] C cly(f[A]), equivalently,
VBCY : f'cyB] C dx(f![B]).

Let CLS denote the full subcategory of NGB whose objects
are closure spaces, that is, sets with closure operators (.5, clg) that
are idempotent: (clg)? = clg. Let PRT be the full subcategory
of NGB whose objects are pretopological spaces, that is, sets with
closure operators (S, clg) that are additive: for every A, B € 2%,
cd(AUB) = cdAU cIB. Let TOP be the full subcategory of NGB
whose objects are topological spaces, that is, sets with idempotent
and additive closure operators. Thus TOP = PRT N CLS. [20]
covers the basics on neighborhood spaces. The generalized topolo-
gies of A. Csészér are equivalent to neighborhood spaces, except
that they need not be grounded. He extensively studied these struc-
tures and their role in topology. Therefore a wealth of information
on neighborhood spaces can be found in the papers [3]-[16]. [17] is
a good source for an introduction on closure spaces and their use.
Examples of how such general closures (equivalently, generalized
topology) come into play in theoretical chemistry and biology can
be found in e.g., [25], [26], [27].

Consider QN : QM — NGB defined on objects by
QN((X,V,P,q)) = (X, clg,p) where x € cly pA if for every r € P,
q(z,y) < r for some y € A.

It is often useful to think in terms of interiors of sets, where these
are defined by int(A) = X \ cl(X \ A). Of course, x € inty p(A) if
and only if, for some r € P, N,(z) N (X \ A) = (), that is, if and
only if, for some r € P, N,(z) C A.

Lemma 2.1. QN takes values in NGB, and the restrictions of
QN to QMpg;;, to QM%, and to QMFil,% take values in PRT,
CLS and TOP respectively.

Proof. 1f (X, V, P,q) is a generalized quasimetric space then cly p :
2X — 2% is surely grounded and expansive, and it is increasing
because for each a € X, 7 € P, q(a,a) =0 <r.

If moreover P is filtered, then cly p is additive. Indeed, for every
V-quasimetric space, since QN ((X,qx)) is a neighborhood space
and A,B C AUB, clgpAU clgpB C clgp(AU B) is true. For
the reverse set inclusion, assume that « ¢ clg pA U clg pB. Then
there are r,s € P such that N,.(z) N A = () and Ny(z) N B = 0.
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Since P is filtered, for some t € P, t <r,s, and so N¢(z)N(AUB) C
(N, (z)MA)U(Ng(z)NB) = 0. Thus z ¢ clg p(AU B). In this case,
QN ((X,qgx)) is additive.

If P has halves, then cl,p is idempotent. Indeed, if x €
clg p(clgpA) then for every r € P, find s € P so that s +s < 7.
Then Ng(x) N clgpA # 0. Hence there is y € cly pA such that
q(z,y) < s. Moreover, there is a € A such that ¢(y,a) < s. Hence
q(z,a) < q(z,y) + q(y,a) < s+ s < r. Hence N.(z) N A # 0 so
x € clg pA. Thus if P has halves, QN ((X,¢gx)) is a closure space,
and if this P is also filtered then QN ((X,qx)) is a topological
space. ]

The map QN extends naturally to a concrete functor; that is, all
objects are SET-based, and the functor leaves both the sets and
SET-maps unchanged. To see this, note that if y € f(clyA) then
there is € clg, A such that y = f(z). If s € Py, by continuity of
f, there is an r € Px such that gx(z,2) <r = qv(f(z), f(2)) < s.
Since z € clg A, there exists z € Ny(z) N A # (. Then f(z) €
Ns(y) N f(A), showing y € clg, (f(A)). Hence continuous maps
are closure preserving. Composition is also preserved, because a
composition of closure preserving maps is closure preserving.

Lemma 2.2. QN : QM — NGB is a full and faithful functor.
Moreover, its restrictions QN : QMp; — PRT, QN : QM1 —
2

CLS and QN : QMFil,% — TOP are full and faithful.

Proof. Let f € HomngB(QN(X),QN(Y)). Since QN preserves
the SET-map of a morphism, we only need to check that f :
(X, Vx, Px,qx) — (Y, Vy, Py,qy) is continuous if f : QN(X) —
QN(Y) is closure preserving. But if f is not continuous there
are xg € X, sop € Py such that for every r € Px there is
xr € Np(xo) so that f(z,) ¢ Ns,(f(z0)). Let A = {z, : v € Px}.
By definition, 2o € clgyx)A4. But f(A) N Ny (f(z0)) = 0, so
f(wo) & clony)(f(A)). Hence f : QN(X) — QN(Y) is not clo-
sure preserving.

The categories QM g, QM% and QMFZ.L% are full subcate-

gories of QM and the categories PRT, CLS and TOP are full
subcategories of NGB, so the restrictions of QN considered in the
statement are also full and faithful. O
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3. QUASIMETRIC REPRESENTATION OF CATEGORIES OF SPACES
WITH CLOSURE OPERATORS

By the previous section, to show that QN : QM — NGB, QN :
QMy; — PRT, QN : QM% — CLS and QN : QMFZ.L% — TOP
are equivalences of categories, we only need to show that each neigh-
borhood (pretopological, closure, topological respectively) space is
the image under QN of a generalized quasimetric space (such that
P is filtered, has halves, or is filtered and has halves, respectively).
To perform these constructions, we need to introduce some machin-
ery.

The pretopological space 3 is the set 3 = {0,1,2} with the
additive closure operator cl3 defined for nonempty sets, by clz(A) =
{zr € 3: x <max(A)+1}. Its subspace 2 = {0, 2} is identified with
the Sierpinski space (the Sierpiriski space is usually considered to
be the set {0,1} with the topology in which {0} is the only non-
trivial closed set). Finally, the pretopological space 3* is the set 3
with the additive closure operator cl3+ defined for nonempty sets
by cl3«(A) ={z € 3: 2z > min(A) — 1}.

Define — :3x3* — 3 by — (a,b) = max{a — b,0}; we
usually write a — b for — (a,b). Certainly for each z,y,z €,
r—z=0andz — 2 < (z—y)+ (y — 2). Also, — is separately
continuous. To see continuity in the first variable, if z € cl3(A)
then z < max(A) + 1, so * — y < max(4A — {y}) + 1, that is,
r — y € c3(A = {y}); continuity in the second variable is shown
similarly.

Recall that a subcategory R of a category D is reflective if for
every D-object there is a reflection map rx : X — rX where rX
is an R-object such that every D-morphism f : X — Y between
a D-object X and a R-object Y factors uniquely through rx, that
is, there is a unique morphism f :rX — Y so that f orx = f.
By associating to each D-morphism f : X — Y the R-morphism
R(f) : X — 7Y defined by R(f) = ry o f, we define a functor
R : D — R called refiector. The reflectors we will use are concrete,
that is, X and X have the same underlying set and rx is the set-
theoretic identity. As a result, »X defines the finest R-structure on
the underlying set of X which is coarser than X, and for each map,
f and R(f) have the same underlying SET-map.
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Dually, a subcategory C of D is corefiective if for each D-object
there is a coreflection map cx : cX — X where cX is a C-object
such that every D-morphism f : X — Y between a D-object X
and a C-object Y factors uniquely through cx. As before, this
defines the coreflector functor C' : D — C in such a way that
C(f) : ¢X — ¢Y is a C-morphism whenever f : X — Y is a D-
morphism. The coreflectors we will use are also concrete so ¢X
defines the coarsest C-structure on the underlying set of X which
is finer than X.

The next lemma contains many of the categorical facts we find
useful. They are well known, and we include proofs only for the
convenience of the reader. In particular, the fact that PRT is core-
flective in NGB and that CLS is reflective in NGB can be found
n [20]. It is also observed there that the restrictions of the corre-
sponding coreflector and reflector to CLS and PRT respectively
define a coreflector and reflector onto TOP.

Lemma 3.1. For each subset C' of X, we define wg : X — 3 by

0 TE C
we(z) =< 1 ze cdxC\ C.
2 e cdxC

(a) Let X be a neighborhood space. Then for each subset C' of
X, we is continuous. Also, if Z is any meighborhood space and
f:Z — X any function, then f is continuous if and only if wo f :
Z — 3 is continuous for each C.

(b) Let X be a closure space. Then a subset C of X is closed if
and only if we : X — 2 is continuous. Also, if Z is a closure space
and f : Z — X any function, then f is continuous if and only if
wef 1 Z — 2 is continuous for each closed C'.

(¢) The category PRT is a coreflective subcategory of NGB
and TOP s a coreflective subcategory of CLS. In each case,
given any object X, the closure operator on cX is: clex(A) =
MU, clx(4): AC U2, Ai, n e N},

(d) The category CLS is a reflective subcategory of NGB and
TOP is a reflective subcategory of PRT. In each case, for any ob-
ject X, the closure in rX of any set is the smallest closed set in X
containing it, that is: clyx(A) = ({C : A C C = dx(C)}. Fur-
ther, a function f : X — Y, X € NGB, Y € CLS is continuous
if and only if, f~1[D] is closed for each set D closed in'Y .
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Proof. (a) To see that w¢ is continuous, note that as for any func-
tion, we[cx@] = 0 = clswe([]; if A C C then wel[cxA] C
welcdxC] = {0,1} = clswc[A] and otherwise, wc[clxA] =
{0,1,2} = clswcl[A].

Now suppose f : Z — X is any function. Certainly if f is
continuous then each we f is continuous, since we is. Conversely,
if f is not continuous then there is a D C Z such that f[clz(D)] €
C|X(f[D]). Thus ’wf[D]f[dz(D)] = {0, 1,2}, while C|3(wf[D]f[D]) =
{0,1} 2 wypy flclz(D)).

(b) First note that if C' is closed then wea(z) cannot take on the
value 1. The continuity of we was shown in the proof of (a) and
thus again if f : Z — X is continuous, so is each wo f. But if f
is not continuous, there is a closed D C X such that f~![D] is not
closed in Z. But then for A = f~1[D], f[clz(A)] € D = clx[D], so
wplelz(A)] = {0,2} Z {0} = cla(wp fIA]).

(c) The function cl.x is easily seen to be a closure operator since
clx is one. Also, for A,B C X, whenever A C |J_; 4;, n € IN
and B C JIL, Bj, m € IN, then AUB C UL, 4, UUL; By, so
clex (AUB) C Ui, cx(A4:)UUjL, clx(Bj). By the arbitrary nature
of the A;, Bj, this shows clex (AU B) C clex(A) U clex(B). This
shows that cl.x is additive, so ¢cX € PRT whenever X € NGB
and cX € TOP whenever cX € CLS.

Recall that for all these categories, the morphisms are the con-
tinuous maps. Also if f : X — Y, is continuous, and cly is additive
then f : X — Y is continuous as well. Indeed, for each B C Y,
cdx(f7YB]) € flcleyB]. To see this, consider subsets B; of Y
such that B C J!Z] B;. Then f~UZ? ey B;] = U=} £~ [cly Bi]
and by continuity of f : X — Y, clx(f~'[B;]) € f~[cly B;]. More-
over, by additivity of clx,

i=n i=n i=n
dx(f Bi) = dx(lJ £7Bi) = | ax(F7'[Bi).
i=1 i=1 i=1
Because clx (f~1B]) C cx(fHU:Z] Bi]), we obtain that
cdx(f7[B]) € fHUZY dy B, thus dx(f7![B]) € f~'[cley B.
This shows that in both cases, ¢X is our coreflection.

(d) The function cl,.x is easily seen to be a closure operator
since cly is one. Also, cl.x is idempotent, for if A C X then
C|7»_)((C|TX(A)) = Cer(m{C : A - C = C|X(C)}) - ﬂ{clrx(C) :
ACC = dx(C)} = crx(A).
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For each continuous map f: X — Y, X, Y e NGB,if D CY
is closed then f[clx(f~1[D])] C cy(f[f~1[D]]) C cy(D) = D, so
dx(f~YD))] € f~YD], therefore f~1[D] is closed. Thus if cly is
idempotent then for any A, cly(f[A]) is closed, so A is a subset of
the closed set f~1[cly(f[A])]. As a result, f~![cly(f[A])] contains
the smallest closed set containing A, cl.x(A), and it follows that
crx(A) C cy(f[A]), so f:7X — Y is continuous as well, and the
case X € PRT is a special case. Thus in both cases, rX is our
reflection.

On the characterization of continuity, we showed in the first sen-
tence of the last paragraph that even more generally, f~![D] is
closed for closed D C Y. Conversely, if Y € CLS and f~![D]
is closed for each closed D C Y, let A C X: then cly(f[4]) is
closed so f~![cly (f[A])] is closed in X and clearly contains A, thus
clx(4) € F1[cly(f1A]), so flelx(A)] C dly (f[A)), showing f to
be continuous. O

For any index set I, V = [0,00]! is a value lattice, as a power
of the value lattice [0,00]. Let I C 2X; and for C € I, de-
fine go(z,y) = max{wc(z) — we(y),0}. Then let ¢ : X x X —
V = [0,00]! be defined by q(z,y)(C) = qo(z,y). Certainly
by corresponding facts for — |, go(z,z) = 0, and gc(x,2) <
qgo(x,y) + qc(y, z) for each x,y,z € X; as a result, for any sep-
arating upper subset P of V, ¢ is a V-quasimetric.

For C € I and t € [0,00], we define rcy € V by rc(C) =t
and rc (D) = oo if D # C. We also define four upper subsets
of V: Pyap = {T’qt eV :t> 1.5}, Pprr = {T‘ SR VA (HTL S
IN,ry,...,7 € Pngp)(r =711 A ... Ary)}, that is, Ppry is the filter
generated by Pygp; Pors = {rcs € V :t > 0}, and Prop = {r €
V:(3n € IN,r,...,rn € Pors)(r =11 A ... Ary)}. Note that all
these are upper sets, Pors has halves, Ppgr is filtered, and Prop
has halves and is filtered, so it is a set of positives.

Theorem 3.2. (a) For each neighborhood space, X, there is a gen-
eralized quasimetric space X = (X,V, P,q), such that clg p = clx.
Thus QN : QM — NGB is an equivalence of categories.

(b) For each pretopological space, X, there is a generalized quasi-
metric space (X,V, P,q), such that P is filtered and clgp = clx.
Thus QN : QMp; — PRT is an equivalence of categories.
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(¢) For each closure space, X, there is a generalized quasimetric

space (X,V, P,q), such that P has halves and clgp = clx. Thus
QN : QM1 — CLS is an equivalence of categories.
2

(d) For each topological space, X, there is a generalized quasimet-
ric space (X, V, P,q), so that P is a set of positives and clgp = clx.
Thus QN : QMp,, 1 — TOP is an equivalence of categories.

2

Proof. We showed when V, ¢, were defined in the paragraph just be-
fore this theorem, that V is a value lattice and ¢ is a V-quasimetric.
By Lemma 3.1, we need only show that each of the four restrictions
of QN is onto:

(a) Let I = 2% and P = Pygp. To see that for each C C
X, dx(C) = cg,p(C), note that if x & clx(C) then we(x) = 2, so
Nyep5(x) N C = 0. On the other hand, if for some r € P, N;.(z)N
C =0, then r = rg, for some A C X, ¢ > 1.5. But this means
that wa(z) = 2 and wa[C] = {0}, s0o C C A and = ¢ clx(A), thus
x ¢ cx(C). This shows clx(C) = cly p(C) for each C C X, so
cx = clg,p.

(b) First note that for each X € NGB, if cdx = cdyp
then its PRT-coreflection is (X, clg 7(p)), where for an upper set
P, F(P)={s:3n, r1,...,rq € P, \l_; ri < s}, the filter generated
by P. For: z € intex(4) &

(Ein, Al, ,An - X)(:ZZ € n?:l intx(AZ‘) and m?zl A; C A)
< (3n, r1,...,rn € P)(Ny,(xz) C A;) and (), Ai C A)
< (3n, r1,...,mn € P)(NiLy Ny, (z) C A)
& (In, 11,...,mn € P)(Nar_r,(z) C A) & (Ir € F(P)(Nr(z) CA),
and these equivalences show x € intex(A) & = € inty 7(p)(A).
Thus cl.x = clg,F(p) SO In particular, if also X € PRT and clx =
clg,p then ¢X = X so clx = cly 7(p), and F(P) is filtered.
(c) In general, x € intypy.,(A) if and only if, for some C,

N, (x) C A. Note that

rC,1.5

X x€ clx(C
Nrgos(®) ={y: qo(z,y) <1} = {X\C Oth;ffw(ise) .

Since X is open in each neighborhood space, we assume with no
loss of generality that A # X; then by the previous line,

Nic,s() CASX/CCA= X\ cdx(C) C A= NTclx(c>,1.5($) C A
If X € CLS then clx(C) is always closed, thus we : X — 2

is continuous, so for each t > 0, N, = N,

cly(C),1.5 (x) Tch(c>,t(x)‘
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Thus in this case, € inty py, (A) if and only if for some closed
D C X and t > 0, Nyp,(r) € A. Now let I = C, the collection
of closed sets in X, and define ¢’ by ¢'(x,y) = q(z,y)|I; then the
above says that x € intyp,,,(A) if and only if € inty g(A),
where Q = Pé 15> Which has halves.

(d) This follows from (c) by the argument of (b), observing in
the last sentence that if X € TOP then X € CLS, so P can be
assumed to have halves. O

4. CONCLUDING REMARKS

Here we discuss some topics related to our characterizations of
the above categories of closure spaces. We first outline an alternate
(more structural) proof of Theorem 3.2, and later give another rep-
resentation in terms of generalized partial metrics.

The alternative proof is based on a variant of the classical em-
bedding lemma (e.g., [19], p.115). In the classical case, we use the
fact that a space X can be represented as a subspace of a power
of a standard space. Here, roughly speaking, we will not require
that X embeds into such a power but only that it carries the initial
structure induced by a subspace of such a power. Let us explain
this idea in more detail.

A common feature of the four categories TOP, PRT, CLS and
NGB is that they are simple, that is, each contains an initially
dense object. An object C of a category C is initially dense if for
every object B of C, there is an initial source I C H(B,C) such
that for each function g : D — B, D any object of C, g € H(D, B)
if and only if hg € H(D,C) for each h € I. In our context this
means that each object B of C carries the coarsest structure making
each h € I continuous. The pretopological space 3 is initially dense
in PRT (e.g., [2]) as well as in NGB (Lemma 3.1 (a)) while the
topological space 2 is initially dense in TOP and in CLS (Lemma
3.1 (b)).

Let C denote one of these four categories and let Cy denote the
corresponding initially dense object. Note that

3 = QN(X3) and 2 = QN (Xa),
where X35 = ({0,1,2},3,{1,2},¢e) and X3 = ({0,2},2,{2},¢). Here
3 is considered as a value lattice and 2 carries the value lattice
structure induced by that of 3. In 3, the operation + is defined by
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a+b = (a®b) A2 where & is the usual addition of real numbers, the
identity is 0, its absorbing element is 2 and the order is the usual
linear order. Finally e : 3 x 3 — 3 and its restriction e : 2 x 2 — 2
define generalized quasimetrics via e(z,y) = # — y. Note that in 3,
the set {1,2} is filtered and in 2, the set {2} is a set of positives.
In other words, if QM denotes the subcategory of QM cor-
responding to C as in Lemma 2.1, there is Y in QM such
that QN(Y) = Cy. Moreover, if X is an object of C, then
(f + X = Co) ec(x,co) 18 an initial source. Equivalently, the map

i:X — H](;ec(xpo) Cyp defined by i(x)(f) = f(x) is initial (where
[1€ denotes the product in C).

Moreover,
C C QM¢
I[I = JI evvm=onc [[ W
feC(X,Co) feC(X,Co) feC(X,Co)

where HQMC denotes the product in QM. Indeed, an inspection
of the product structures reveals that QN : QM — C commutes
with products (see for instance [20] for products in the four in-

stances of C). Hence i : X — QN(H?EI\EI;?X Co) Y') is initial in C.

Let (Z,V, P,d) denote the object H?é\ng’CO) Y of QM. It is now
a simple verification that the V-quasimetric ¢ : X x X — V de-
fined by q(z,y) = d(i(x),i(y)) is such that QN ((X,V, P,q)) = X
because ¢ is initial.

Next we consider characterizations in terms of generalized partial
metrics into value lattices which are parallel to those above. A
partial metric on a set X is a function p: X x X — [0,00) which
satisfies:

p(z,z) < p(z,y) (small self-distance, corresponding to d(z,y) >
0))
if p(z, 2) = p(z,y) = p(y, ) then = = y (t0),

p(z,y) = p(y, z) (sym), and

p(x,2) < plz,y) + (p(y, 2) — p(y,y)) (tri).

These were introduced by S. G. Matthews (see [24]), a computer sci-
entist; the key difference between metrics and partial metrics is that
p(z, ) > 0is possible for the latter. It is natural in computing to in-
clude both objects we are trying to compute and results of the com-
putation so far in a single space, and if a program has determined at
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a certain point the first n places xgy.z1...x, of a number, z, then we
know so far only the distance between x and any other number to
within 107", so it is natural to set p(zg.z1...2pn, To.21...25) = 107"
Note that a partial metric space in which p(x, z) = 0 for each z, is a
metric space. In [22] this definition was extended to allow general-
ized partial metrics into value quantales, and it was shown, among
other things, that each topology arises from a generalized partial
metric.

To be more precise, given a V-partial metric on X, and = €
X, r € V, define N,.(z) = {y : p(x,y) < p(z,z) + r}; also, the
topology induced by p, 7, is the one in which a set T" is open if for
each x € T thereisanr € P, N,(z) C T. But if we define g,(z,y) =
p(z,y) — p(z,x); then g, is easily seen to be a V-quasimetric, and
the following are clear:

o Nr($) = {y : QP($7y) S ’l“},

e (X, 7p) is the topological space in which cl,, p = clx.

But reconsidering the definitions before Theorem 3.2, for I C
2X: C € I, define pc(z,y) = max{wc(z), we(y)} and let p : X x
X — [0,00]! by p(x,y)(C) = pc(z,y). It is then easy to check that
p is a generalized partial metric and that for each C' € I, x,y €
X, qo(z,y) = pgo(x,y). As aresult, ¢, = ¢ : X x X — [0,00]
so clg, p = clgp, SO defining cl, p = clg,,p, €ach characterization
in Theorem 3.2 with “quasimetric” replaced by “partial metric”
follows from the original.
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