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The local triangle axiom in topology and
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ABSTRACT. We introduce a general notion of distance in weakly
separated topological spaces. Our approach differs from existing ones
since we do not assume the reflexivity axiom in general. We demon-
strate that our partial semimetric spaces provide a common general-
ization of semimetrics known from Topology and both partial metrics
and measurements studied in Quantitative Domain Theory. In the pa-
per, we focus on the local triangle axiom, which is a substitute for the
triangle inequality in our distance spaces. We use it to prove a coun-
terpart of the famous Archangelskij Metrization Theorem in the more
general context of partial semimetric spaces. Finally, we consider the
framework of algebraic domains and employ Lebesgue measurements to
obtain a complete characterization of partial metrizability of the Scott
topology.
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1. INTRODUCTION

Over recent years, a number of attempts have been made to equip semantic
domains with a notion of distance between points in order to provide a mech-
anism for making quantitative statements about programs, such as speed of
convergence or complexity of algorithms. This particular branch of research is
now known as Quantitative Domain Theory. The work in this area has led to a
number of concepts which generalise the classical notion of a metric space to an
ordered setting. For example, Smyth [21] introduced quasi-metrics to Domain
Theory, which by virtue of being non-symmetric encode topology and order on
a domain at the same time. Partial metrics were defined by Matthews [[4] and
studied further by O’Neill [16, I7]. Although they are symmetric, they are still
capable of capturing order. This work was further extended by Heckmann in
[@], leading to a concept of weak partial metrics.
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More recently, Keye Martin introduced the idea of a measurement on a
domain [I3]. At first glance, measurements are quite different from distance
functions because they take only one argument. Nevertheless, they allow for
making precise quantitative statements about domains.

The desire to understand the interplay between partial metrics and measure-
ments, discovered by the author in [24], is a major motivation for the present
work. Research in this direction led to a number of general question about
the nature of distance in weakly separated spaces in Topology (continuous do-
mains in their Scott topology are examples of such spaces). Our approach is
quite distinct from existing theories of generalized metric spaces in Quantita-
tive Domain Theory, e.g. [I8, B, B, 23] and Topology [§], since we do not in
general assume either the reflexivity axiom or the triangle inequality. Instead,
we introduce partial semimetric spaces, which generalize both partial metrics
and semimetrics. The theory of partial semimetrics coincides with the theory
of measurements in the framework of continuous domains.

In the paper we focus on a certain condition on sequences in partial semimet-
ric spaces substituting the triangle inequality, which we call the local triangle
aziom. It was recognised as early as 1910 in the work of Fréchet [[d] and in-
vestigated in [B, A]. The name local axiom of triangle was used by Niemytzki
[[5] and the property was further analysed in [27]. On continuous domains in
their Scott topology, stable partial symmetrics (defined in Section p.1]) satisfy-
ing the local triangle axiom correspond to Lebesgue measurements (Definition
B-H) introduced in a more general context by Martin in [T3].

There are two major results of the paper. The first one is a metrization
result (Theorem B.J), which is a twin of the famous Archangelskij Metrization
Theorem working in partial semimetric spaces. We apply it in Section f to
prove quasi-developability of our distance spaces, improving a similar result
by Kiinzi and Vajner [[0]. In the other part of the paper we consider partial
semimetric spaces and the local triangle axiom in the framework of Domain
Theory (Section f]) to obtain the second major result of the paper. Our result
provides a solution to an open problem stated in [d] asking for conditions,
which guarantee partial metrizability of continuous domains. We show that an
algebraic domain admits a partial metric for its Scott topology if and only if
it admits a Lebesgue measurement (Theorem p.13). The Heckmann problem
remains open for arbitrary continuous domains.

For the reader’s convenience we present a summary of symbols and terms
used in the paper in Table [I.
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Table 1: Symbols and terms used in the paper
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d,

of distance p

and its dual.

symbol or term | meaning definition | related results
(X, p) distance space Def.
Tp distance topology Sect. P
TP dual distance Sect. P.
topology i
(cv) a convergence prop. | Sect. R.1. | Prop. @, .
(symm) symmetry axiom Sect. 2.2
(ssd) small self-distance | Sect. P.2.
axiom o
(r) reflexivity axiom Sect. R.2.
(A% sharp triangle Sect. R.2.
inequality axiom -
partial symmetric Def.
partial semimetric Def. R.7. Cor.
il 7
Thm.
partial metric Sect. P.2 Cor.
local axiom, Sect. R.5, | Prop.
of triangle (L) Sect. E @,
Thm.
induced distance | symmetrization Sect. @ Prop.

self-distance

Sect. E

Sect. p. 7@.

measurement

Def. @

Sect.

2. OUTLINE OF A GENERAL THEORY OF DISTANCE

First, let us consider the definition of a distance space, its intrinsic topologies

and some natural axioms that can be introduced in distance spaces.

Definition 2.1. A distance on a set X is a map p: X x X — [0,00). A pair
(X, p) is called a distance space.

A distance function assigns to each element z of X a filter A, of subsets of

X by taking U € N, if and only if there exists ¢ > 0 such that B,(z,e) C U.

The set

By(z,e) :={y € X | p(z,y) < p(z,2) + €}

is called a ball centered at x with radius €.
collection NP by replacing the ball in the definition of N, by a dual ball

BP(z,e) :={y € X | p(y,z) < ply,y) + ¢}

In the same way one forms a
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The collection
T, ={U |Vz € U.U € N}
is a topology on X called the distance topology on X. Dually, the family of sets
TP = {V |V e V.V € N7}

constitutes a dual (distance) topology on X. In general the collection B, of
balls centered at x is not a neighborhood base at x and the balls are not open
themselves.

The set X together with an operation N': X — P(P(X)), which assigns
to each point the filter A, is an example of a neighbourhood space in the
sense of [22]. The distance topology just defined is in fact one of the natural
topologies for neighbourhood spaces, studied in more detail by Smyth (cf. [22],
Proposition 2.10).

Example 2.2. To illustrate the difference between arbitrary distance spaces
and metric ones, consider the four-element chain as shown in Figure 1. (Num-
bers denote respective self-distances; we set the distances p(z,y) and p(y, z)
between points z,y to be max{p(x,x), p(y,y)}). The distance is symmetric
and satisfies the triangle inequality. Note that open sets are upper; in particu-
lar, the only open set containing the bottom element (denoted L) is the whole
space. Indeed, the distance between L and any other element of the space is 3
and hence any ball containing | must be the whole space.

In contrast, any metric on a finite space induces the discrete topology.

Note that in this particular example the balls are open themselves. In arbi-
trary distance spaces it is usually not the case.

0o

Figure 1: A non-metric distance.

2.1. Basic properties of distance spaces. For a subset A of X and an
element z € X we define:

p(x, A) :=inf{p(z,a) | a € A}.

Proposition 2.3. In a distance space (X, p) a subset H C X is closed iff for
all © ¢ H we have p(x, H) > p(x, x).
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Proof. Straight from the definition of the distance topology we infer that a
subset H of X is closed iff for all ¢ H there exists € > 0 such that for all
y € H we have p(x,y) > p(z,x) + . It is however equivalent to say that
plxz, H) > p(z,z) + & > p(x,x). O

As a corollary we obtain the following interesting characterization of the
specialisation preorder C; :

Corollary 2.4. In a distance space (X, p) the following are equivalent:

125 y;
2. x =y orVe>0.3z# . (p(x,2) < p(x,z) + € and z &, y).

Proof. (=) For z,y € X,

ey iff oz ¢c{y}
iff  3e>0. p(z,cl{y}) > p(x,z) +¢
if Je>0.Vze€ By(z,e). z ¢ cl{y}
iff  3e>0.Vze By(x,¢). 2 ZLry.

Note that we have used Proposition B3 in the second equivalence.

Conversely, assume x # y and let U be an open set in X. Then x € U
implies that there exists € > 0 such that z € B,(z,e) C U. By assumption,
there is z € B,(z,¢) C U with z T, y. But open sets are upper with respect
to the specialisation preorder and so y € U. O

Proposition 2.5. Let (X, p) be a distance space, (z,,) be a sequence of elements
of X and x € X. Then

p(x, z,) — p(x,z) implies x,, —,, .

Proof. Let U be any open set around z. Then there exists € > 0 such that
x € By(x,e) C U. Suppose that p(x,z,) — p(x,x). Then there exists N, € w
such that for all n > Ng, |p(z,z,) — p(z,x)| < e. It is equivalent to say that
either 0 < p(z,z,) — p(z,x) < e or 0 > p(x,x,) — p(x,z) > —e for all n > N..
In either case, we are able to conclude that z,, € B,(z,e) C U for all n > N..
Therefore, z., —r, T. O

Note that the corresponding equivalence:

(cv) plz,2n) — pla, ) iff 2, —-, @

may not hold in arbitrary partial symmetric spaces. Figure 2 provides a
counterexample: we assume that all of the distances between elements, which
are not given on the picture are 5. One can check that the bottom element
is in every open set and hence every sequence converges to it. On the other
hand, for the sequence (z,) we have p(L,x;) — 5, for ¢ = 1,2,3,..., while
p(L,L)=3.
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Figure 2: (cv) does not hold in general.

It is known that (cv) holds if the T axiom is assumed [R], Lemma 9.3 p.481.

2.2. Distance axioms. On a distance space a number of further axioms can
be introduced. We consider symmetry of the distance map
(symm) Va,y € X. p(x,y) = p(y, x)
and the axiom of small self-distances
(ssd) Ve,y € X. p(z,z) < p(z,y) and p(z,z) < p(y, x),
which obviously reduces to
Vr,y € X. p(x,x) < p(z,y)
in the presence of symmetry. The latter condition is a generalisation of the
reflexivity axiom
(r) Va,y € X. p(z,z) =0
known from the theory of metric spaces.

In Topology, consult for example [R], a symmetric is a distance map, which
satisfies (symm) and (r). On the other hand, a symmetric distance function
satisfying the sharp triangle inequality

(AF) Vr,y,z € X. p(z,y) < p(z,2) + p(z,y) — p(z, 2)

is named a weak partial metric [4). A partial metric [4] is a weak partial metric
with (ssd). Lastly, one considers mostly distance topologies, which satisfy the
Ty separation axiom. An elegant formulation of the (T) axiom in terms of the
distance mapping will be given later for a wide class of spaces (cf. Corollary
P12). The following definition is a compromise on the existing terminology.

Definition 2.6. A distance function p: X x X — [0,00) on a set X is a partial
symmetric whenever it satisfies (symm), (ssd) and the distance topology 7,
is T().
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2.3. Partial semimetric spaces. In this section we introduce a particularly
interesting subclass of partial symmetric spaces. Both partial metric spaces
considered by Matthews [i4], O'Neill [i8, 7], Schellekens [19, 20], Heckmann
[0) and Waszkiewicz [24] and semimetric spaces in Topology are our major
examples of partial semimetric spaces.

Definition 2.7. Let (X, p) be a partial symmetric space. The map p is a
partial semimetric if for any « € X, the collection {int(B,(z,¢)) | ¢ > 0} is a
base for the filter N.

In other words, we require that the family {B,(z,¢) | = € X,e > 0} forms
a (not necessarily open) neighborhood base at = with respect to the distance
topology 7, on X.

To summarize the key differences between “classical” distance maps and
ours, we collect their properties in the following table. A ‘+’ indicates that the
respective condition is satisfied. All maps in the table satisfy (symm), (ssd)
and (To).

Distance Balls form a neighbourhood base (r)

partial symmetric

partial semimetric +
symmetric +
semimetric + +

Proposition 2.8. Let (X, p) be a distance space. The following are equivalent:
(1) {B,(z,¢) | € > 0} forms a (not necessarily open) neighborhood base at
(2) Ve XVH C X, ple H) < ple.2) iff o € cl(H),
Proof. (=) Let x € X and € > 0.
rec(H) iff Ve>0.B,(r,e)NH#@
ifft Ve>0.3z¢€ H p(z,2) < plz,x)+e¢
ift  p(z,H) < p(x,x).
Conversely, Since X \ B,(z,¢) = {2z | p(z, 2) > p(x,x) + €}, we have
p(x, X \ By(z,¢)) > p(z,x) + ¢ > p(z, x).
Therefore, x ¢ cl(X \ B,(x,¢)) and so z € int(B,(z,¢)). O
As an immediate corollary, we note that a partial semimetric can be intro-

duced by an appropriate closure operator familiar from the theory of metric
spaces. This was stated in [8], Theorem 9.7, for semimetrics.

Corollary 2.9. Let (X, p) be a symmetric distance space. The following are
equivalent:
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(1) p is a partial semimetric.
(2) Vee X.VH C X. p(x,H) = p(z,z) iff = € cl(H).

One can check that if the distance topology is Hausdorff, then X is partially
semimetrizable iff it is partially symmetrizable and first countable (see the
discussion before Definition 9.5 of [R]). In the absence of separation axioms,
the property (cv) is necessary for this characterization to hold.

Proposition 2.10. Let (X, p) be a partial symmetric space. Then the following
are equivalent:

(1) The map p is a partial semimetric;
(2) X is first countable and (cv) holds.

Proof. If p is a partial semimetric, then the collection
{int(B,(z,1/2"")) | n € w}

is a neighborhood base at x € X, which amounts to first countability of X.
Now, if for some sequence (z,) of elements of X and some z € X, we have
Tp —,, T, then for every e > 0, (z,,) is cofinally in int(B,(z,¢)) and so in
B,(z,¢). Therefore, using the (ssd) axiom,

Ve >0.3IN €w.Vn > N. |p(x,z,) — p(z,z)| < €.

That is, p(z, x,) — p(z, ).

Conversely, if X is first countable and (cv) holds, then a point z € X is
in int(B,(z,¢)) for any € > 0. Suppose not; then there exists g > 0 and a
sequence (r,) with ¥, —, x such that x,, ¢ B,(x,e0). (Choose x, to be in
the n'" member of a decreasing countable base for x and not in B,(z,0)). So
p(z,z,) - p(z,x), which contradicts (cv). Now, if z € int(B,(z,¢€)), then the
collection {B,(x,€) | € > 0} forms a neighborhood base at .

In a partial semimetric space the specialisation preorder reflects the distance
in a simple way.

Proposition 2.11. Let (X, p) be a partial semimetric space. Then for all
r,y€e X,

x o,y iff p(z,y) = p(z,2).

Proof.
vy iff  zecd({y})
iz (] p(e) = plz )}
it p(z,y) = p(z,2).
We use Proposition P-§(2) and (ssd) in the second equivalence. O

As a result we are able to characterize the (T) axiom in terms known from
the theory of partial metric spaces.
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Corollary 2.12. The distance topology in a partial semimetric space (X, p) is

Ty iff
v =y iff p(x,y) = pz,v) = p(y,y).

2.4. Derived distance functions and their topologies.

Convention In the rest of this paper we assume that the (To)
axiom holds in all distance spaces that we consider.

In a distance space (X, p) one can introduce a number of other maps, which
are derived from the distance. Whenever the map p satisfies (ssd), it is con-
venient to form the corresponding quasi-distance q,: X x X — [0,00) by

QP(‘ray) = P(l',y) - P(x, SC)

Whenever possible, we will drop the index p from g, for the sake of clarity.
The (ssd) axiom assures that the function ¢ is well-defined. The usefulness
of the quasi-distance stems from the fact that it satisfies the reflexivity ax-
iom (r) and still induces the same topology as the distance p. Whenever the
map p satisfies more axioms, the name for the quasi-distance ¢ will change
accordingly. For instance, a quasi-semimetric is a quasi-distance formed from
a partial semimetric.

The quasi-distance has a dual, namely the map g;?: X x X — [0, 00) defined
by ¢ (z,y) = p(z,y) — p(y,y). The dual quasi-distance induces the dual
distance topology.

The symmetrization of the quasi-distance and its dual is the map
dy: X x X — [0,00),

Yo,y € X. dy(2,y) := qp(2,y) + ¢;7(2,y) = 2p(z,y) — p(z,2) — p(y, ).
The function d, is always symmetric and reflexive and hence is a symmetric.
It is called the induced symmetric. We do not know whether it is true in
general that the induced symmetric derived from a partial semimetric is a
semimetric. However, there are two notable cases when the prefix “sems-” is
retained: firstly, whenever a partial semimetric topology is Hausdorff, secondly,
in the presence of the local triangle axiom studied in the next section (the
latter claim follows from Proposition E.Ig and the observation that a partial
semimetric is a semimetric if and only if it satisfies the reflexivity axiom).

Lastly, for a distance function, the self-distance mapping (called also the
weight function) is non-trivial in general and, as we shall see in Section [,
exhibits many interesting properties.

Proposition 2.13. For a distance space (X, p) with (ssd), the induced topology

Ta, 1S the join of the distance topology 7, and its dual T;P. Moreover, T4, is

semimetrizable whenever both 7, and TP are partially semimetrizable.
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Proof. Both statements follow from the fact that
Ba,(z,e) C B(w,e) N BP(z,e) C Ba,(,2¢)
for any z € X and € > 0. (]

Proposition 2.14. For a sequence (x,) and an element z € X in a partial
semimetric space (X, p), the following are equivalent:

(a) limd,(zn,2) =0;

(b) lim p(xy, 2) = p(z, 2) and lim p(x,,, z) = lim p(2y,, ,);

(¢) (zn) —r, z and lim p(2y,, 2) = lim p(zp, Ty ).

Proof. Note that all limits are taken with respect to the Euclidean topology on
the real line. The equivalence of (a) and (b) follows easily since

By (@n 2) = (00, 2) — pl22)) + (p(80: 2) — pln, 2n))
and both terms on the right-hand side of the equation are non-negative by
(ssd). The equivalence of (b) and (c) is clear by Proposition B.10. O

2.5. The local triangle axiom. In this subsection we study a certain condi-
tion on the convergence of sequences in a distance space (X, p), namely:

(L) 4o(2,yn) — 0, qp(Yn, 2n) — 0 imply g,p(z, 2,) — 0,

for any two sequences (yy), (z,,) and element x from X. The property (L) of a
distance space is called here the local triangle axiom.

We give several characterization of the local triangle axiom. We show that
the condition implies partial semimetrizability of the underlying topology. We
discuss its dependence on the other axioms and the similarity to the triangle
inequality. For symmetric spaces in Topology a similar condition was recognised
as early as 1910 in the work of Fréchet [7] and investigated in [, @]. The
local triangle axiom was defined by Niemytzki [I5] and analysed in [Z7]. A
more modern-style proof of metrizability of a topological space, which admits
a symmetric satisfying the local triangle axiom, is given by Archangelskij [2]
and explained in detail in [R]. The precise formulation of the Archangelskij
Metrization Theorem follows:

Theorem 2.15 (Archangelskij). Let the set X be a Ty topological space sym-
metrizable with respect to the symmetric d. If for all x € X and all sequences
(Yn), (zn) C X we have
d(z,yn) — 0 and d(yn, 2,) — 0 imply d(z, z,) — 0,
then X is metrizable. O
In Section B we prove a counterpart of Archangelskij’s theorem, which works

in partial symmetric spaces. Here, we demonstrate some useful characteriza-
tions of the local triangle axiom and its basic implications.

In fact any partial symmetric with property (L) is a partial semimetric.

Proposition 2.16. Let (X, p) be a partial symmetric space. If the condition
(L) holds in X, then the map p is a partial semimetric.
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Proof. For any z € X denote by B, the collection of all p-balls centered at x.
For all z € X the family B, constitutes a neighbourhood base at z if and only
if for all x € X and for all B € B, there exists C' € B, such that if y € C,
there is some D € B, with D C B. (See for example [26], Theorem 4.5 p.33.)
Equivalently, we have

Vre X.Ve>0.36 >0.Vye X.35 >0.Vz € X.

ap(x,y) <61, qp(y,2) < b2 imply gy(z,2) <e,
or in other words,

Vo € X. Ve >0.Y(yn), (zm) C X.

limy, ¢,(2, yn) = 0, lim, limy, ¢,(Yn, 2m) = 0 imply lim,, qp(:c, Zm) =0,

which is in general a weaker condition than (L). O

Alternative proof: By Corollary 19 it is enough to show that for any subset
H of X, the set H := {z | g,(x,H) = 0} is closed. Suppose not. Then
gp(z,H'") = 0 for some = ¢ H'. By definition of the distance between a point
and a set, there exist sequences (y,) C H' and (2,,) C H such that g,(z,y,) — 0
and q,(Yn,zn) — 0. By assumption, ¢,(x,2,) — 0. Hence g,(z, H) = 0 and
consequently, x € H’, a contradiction. a

Proposition 2.17. For a distance space (X, p), the following are equivalent:
(1) p satisfies (L);
(2) Ve € X. Ve >0.30 >0.Vy,z € X.
pl,2) < pl,3) + 8, p(2, ) < p(z,2) + 6 imply p(z,y) < p(w,7) +=.

Proof.
(2) holds
iff
Vr € X.Ve > 0.
=3k, (21) € X. p(w, 2) — p(x,2), p(21, y&) — p(2, 2),
P($7yk) Z p(l‘7.’17) +€]7
iff
Vo € X.
=[3(k), (21) € X. p(, 2) — p(x, ), p(2k: yi) — p(2, 2),
" p(x,yk) - p(x, )],

Ve e X. V(yx), (zr) C X.
p(x; 2k) = p(a, x), p(zk, yr) — p(z, 2) imply p(z, y) — p(x, z)
iff
(1) holds.
O
Therefore, we can easily show that every partial metric satisfies the local

triangle axiom. From the proof of the following result it is also obvious that
the converse claim will not hold in general.
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Corollary 2.18. Let (X, p) be a partial metric space. Then the map p satisfies
(L).

Proof. We will prove a more general statement. We claim that a mapping
p: X x X — [0,00) satisfies (A#) if and only if

Ve,y,z2 € X.Ver,e0 > 0. p(z,2) < p(z,z) +e1 and p(z,y) < p(z,2) + £2
imply p(x,y) < p(z,z) + 1 + 2.

The formula above implies (L) (which is easily seen by Proposition P.17(2)).

To prove the claim, let x,y,z € X, £1,e2 > 0 and assume the hypothesis of
the implication above. Then by the sharp triangle inequality we have

plz,y) < p(x,2) + p(2,y) = p(2,2) < pla, x) + €1 + €9,
as required. Conversely, take any € > 0. We have p(z, z) < p(x,z) + (p(z, z) —
plz,z) + ¢) and p(z,y) < p(z,2) + (p(z,y) — p(z,2) + €). By assumption,
p(x,y) < p(z,x) + (p(x,2) — p(z,x) + ) + (p(z,y) — p(z,2) +€) = p(z,2) +
p(z,y) — p(z,2) + 2¢. Hence the sharp triangle inequality follows from the
arbitrariness of £ and the claim is now proved. (I

The following result generalizes a similar result for symmetric spaces ob-
tained by H. W. Martin in [I2].

Proposition 2.19. Let (X, p) be a partial symmetric space. Then the following
are equivalent:

(1) The map p satisfies (L).

(2) If K is compact, H is closed and K N H = @, then q,(K,H) > 0.

Proof. We will show that g,(K, H) = 0 implies K N H # @. Let q,(K,H) =
0. Hence there is a sequence (k,) of elements of K such that g,(k,, H) <
1/2"* for every n € w. This means that there also exists a sequence (h,,) of
elements from H such that ¢,(ky, h,) — 0. By compactness of K, there exists
a convergent subsequence (k, ) of (k,) with k, — x € K. Proposition B.1§
guarantees that the map p is a partial semimetric and hence g,(z, k,,,,) — 0.
Then for the corresponding subsequence (hy,,, ) of hy, we have ¢, (kn,,, hn,,) — 0.
By assumption, g,(z,hy,,,) — 0 and hence = € cI(H) = H. This means that
KNH#o.

Conversely, for any two sequences (zy,), (y,) and an element x of X, suppose
that ¢,(z,z,) — 0 and ¢,(zy,yn) — 0. Define a compact subset K of X and
a closed subset H of X in the following way:

K :={z}U{z, |n € w},
H :=cl; {yn | n € w}.

There are two cases to consider: either K N H = @ or K N H # @. In the
former case, by assumption (2), we infer that there exists € > 0 such that
qp(K, H) > e. Therefore,

lnfn{qp(xnvyn)} 2 qP(K? H) > &
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which is impossible since ¢,(,,yn) — 0. In the latter case we distinguish three
simple subcases. If no z,,’s belong to KNH, then x € KNH and hence (y,) —-,
x, which by Proposition P.I( is equivalent to saying that g,(z,y,) — 0. If
infinitely many x,,’s belong to KN H, then since H is closed, also x € KNH and
then by the same argument as above, g,(z,y,) — 0. Finally, if a finite number
of x,,’s belong to KNH, say x1,...,xx—1 € KNH, then consider the remaining
sequence (Z,)n>r and repeat the proof with K := {z} U{z, | n > k}. O

3. METRIZABILITY OF THE INDUCED DISTANCE SPACE

In this section we present the first of the two major results of this paper.
We prove a counterpart for the Archangelskij Metrization Theorem (Theorem
B-15) working in partial symmetric spaces.

Lemma 3.1. If (X, p) is a semimetric space that satisfies (L), then the induced
distance space (X,d,) satisfies (L).

Proof. Suppose that for some sequences (y,), (z,) C X and an element z € X
we have lim d,(z,y,) = 0 and lim d,(yy, z,) = 0. Then by Proposition 2.14.(b),
one sees that lim p(z,y,) = p(z, x), im p(yn, 2,) = lim p(yn, y») and p(z,x) =
lim p(zy, 2,). The two former equalities imply that lim p(x, z,,) = p(x,z) by
(L) for the map p. Together with the third equality, we get limd,(z, z,) = 0
by yet another application of Proposition E.I4. O

Theorem 3.2. For any partial symmetric space (X, p) with (L) the induced
distance d, is metrizable.

Proof. By Lemma B.1 and Proposition .16, the induced distance is a semi-
metric and satisfies (L).

We will show that (X, d,) is Hausdorff. Since it is first-countable by Propo-
sition E-10, it will be enough to demonstrate that limits of sequences are unique
in X. Hence, let (y,) be a sequence of elements of X and suppose that (y,)
has two limits z and z in X. Then again by Proposition E.I0 applied to the
mapping d, we have d,(z,y,) — 0 and d,(z,y,) — 0. Using (L) we con-
clude that d,(z, z) = 0. The last equality is equivalent to p(z, z) = p(z,z) and
p(x, z) = p(z, z). The characterization of the order in partial semimetric spaces
from Proposition P-T1 implies that @ E. z and z C;, x. Hence, x = z using
the T, axiom.

Taking all of the proved properties together, one can see that (X,d,) is a
Hausdorff semimetric space, which satisfies the local triangle axiom. Therefore,
Archangelskij’s Theorem applies and we conclude that (X,d,) is metrizable.

O

4. QUASI-DEVELOPABILITY OF A DISTANCE SPACE

As an application of the metrizability theorem proved in the last section, we
consider the problem of quasi-developability of partial symmetric spaces. Let
us first introduce the necessary terminology.
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Let (X, 7) be a topological space, z € X and C be any collection of subsets
of X. Denote card{C € C | x € C'} by ord(z,C).

A sequence Gy, G, Gs, . .. of collections of open subsets of a topological space
(X, ) is called a quasi-development for X provided that if z € U € 7, then there
exists n € w and G such that z € G € G, and St(z, G,,) C U, where St(z,G,,) :=
UH{V € G, | x € V}. A topological space (X, 7) is quasi-developable if it admits
a quasi-development.

Proposition 1 of [I0] states that every partial metric space is quasi-develop-
able. Since we have proved in Corollary E-I8 that every partial metric satisfies
(L) and noted that the converse does not hold in general, the following theorem
improves Kiinzi and Vajner’s result. We adapt the idea of the proof and the
notation from [I0].

Theorem 4.1. Let (X,p) be a partial symmetric space with (L). Then the
topological space (X, T,) is quasi-developable.

Proof. For simplicity, denote the induced semimetric by d, instead of the stan-
dard d,. For each k,n € w, set

A ={z € X | p(z,z) € [(k—1)27",k27™)}.
Let {J,c,, Bt be a base for the metrizable induced topology 74 such that each
collection B; is discrete. For each ¢,l € w, define
Cy = {x € X | Bg(z,27") hits at most one element of B;}.
For each k,[,t € w set
Riae = {int B, (BN Cy N Agyay, 27 Y) | B € By}
We claim that Uk“ Ryt is a quasi-development for 7,.

For an arbitrary € X and a natural number h, denote by m := m(x, h)
the natural number chosen according to Proposition B.I7 (that is, for z € X
and ¢ := 27" we take § := 27™). By Proposition R.16, the map p is a partial
semimetric. Therefore, € intB,(x,2~"). Using the fact that 7, C 74, there
exists tp € w such that x € By C intB,(x,27"™) C B,(z,27™) for some By €
B, Furthermore, since B,, is discrete, there is [y € w with Iy > m such that
(1) By(z,27)N B # @ and B € By, imply B = By.

Finally, there exists kg € w such that x € A 1 1)k,-

Note first that x € Bo N Cyy1, N A1g41)k,- Hence

€ intBy(z, 27 0t) CintB,(Bo N Crotp N A1)k 2~ 0.
We claim that
B, (Bo N Croto N Ao s 1)k» 2~ 0FD) C By(a, 27,
which will show that Uk,l,t Ry is a basis for 7,. Let y € B,(By N Cyyiy N

A(lg11)ke» 270 FD). Then y € B,(Bo,2-"0*V). That is, p(z,y) < p(z,z) +
2o+ for some z € By. Hence p(z,y) < p(2,2) +2~™. On the other hand,
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since By C B,(x,2™™), we have p(x,z) < p(z,z) + 2. From the last two
inequalities we conclude that p(x,y) < p(z,z) + 27", again using Proposition
R.17. That is, we have shown that y € B,(z,27").

It remains to prove that ord(z, Ry, ,+1)t,) = 1. Let 2 € B,(BoNCyy1g+1)N
A(lo+2)koa2_(l°+2))- Then there is y € Bo N Cyy1o41) N Ag+2)k, Such that
p(y,x) < ply,y) +27 (0 +2).

We will demonstrate that

p(w,y) < plw,x) +27 Lot
If p(x,x) > p(y,y), then p(x,y) = p(y, ) < p(z,z) +2~ (Lot using symmetry
of p. Otherwise, since x,y € Agy42)k,, We have p(y,y) < p(z, ) +2-(0+2) and
so p(z,y) = p(y, ) < p(y,y) + 270+ < p(a,z) + 27+,

Hence d(z,y) = 2p(z,y) — p(z,7) — p(y,y) < 27!, which means that
y € By(z,27%) N B. By (%), we thus have B = By. We have shown that
ord(x, Ry, (19+1)t,) = 1. Now, it is immediate that the collection UkJ)t R is
a quasi-development for 7,,.

5. THE SELF-DISTANCE MAPPING IN DISTANCE SPACES

The self-distance map p,: X — [0,00)° (called also a weight function) as-
sociated with a partial semimetric p proves to be an important object to study.
We start with some basic properties of the mapping. Later, in Section [, we
will see that in Domain Theory weight functions correspond to measurements
in the sense of Martin [I3]. In Section [.4 we use measurements to build partial
metrics on algebraic domains.

Note that the codomain of the self-distance map is the set of non-negative
real numbers with the opposite of the natural order.

In this section we consider the interplay between self-distance maps and the
specialisation order in partial semimetric spaces.

Proposition 5.1. The self-distance map associated with a partial semimetric
p is monotone and strictly monotone with respect to the specialisation orders
of its domain and codomain.

Proof. For any x,y € X, x £, y is equivalent to p(z,y) = p(x,z) by Propo-

sition .11 But by (ssd), p(y,y) < p(z,y) = p(z,z). That is, g,y < p,x.
Hence the map p, is monotone.

Here, strict monotonicity is the condition
Vo,y € X. (x C, y and ppx = ppy) imply o =y

and one can note that this condition is an equivalent formulation of the Tj
axiom of the space (using Corollary B-17). O

For the self-distance map p, associated with a partial symmetric p define

(5.1) o(w,6) ={y € X [y Cr, @ n ppy < ppx + €}

We say that p,(x,¢) is the set of elements of X which are e-close to .
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Lemma 5.2. Let (X, p) be a partial semimetric space. Then
Ve >0.Vx € P. p,(x,e) C By(z,¢).

Proof. Suppose z € p,(x,€). Since z C, =, we have p(z,z) = p,z by semi-
metrizability. Therefore, p(z, z) = p,2 < p,x + €. That is, z € B,(z,€). O

Proposition 5.3. Let (X, p) be a partial semimetric space, x € X and S any
subset of X. If S C x and p,x = inf{p,s | s € S}, then x is the supremum of
S.

Proof. Let x € U € 7, and let u be any upper bound of S. Since U is open,
there exists € > 0 such that x € B,(x,¢) C U.

By assumption, there exists s € S with p,s < p,z + €. Since s £ =,
s € pp(z,e). By Lemma b3, s € B,(z,¢) and so s € U. But the latter set is
upper, and therefore u € U. We have shown that for any U € 7,,, x € U implies
u € U and hence x Cr,u follows. This means that z = | S. O

5.1. Stability condition for partial semimetrics. It happens that there
exists a class of partial semimetric spaces, where the distance topology can be
recovered from self-distance maps. Continuous domains in their Scott topology
(see Section B.2) are our major example of such spaces. Here, we develop the
basics. For more information, consult [I3, 25, 24].

Definition 5.4. Let (X, 7,) be a partial symmetric space. We say that the
map p is stable if for all z,y € X we have

p(a,y) = inf{pyz | = Co, 7y},
Lemma 5.5. Let (X, p) be a partial semimetric space. Then
Ve >0.30 >0.Vz € P. p,(z,d) Cint(B,(z,¢)).
Proof. Let x € X and € > 0. Then by definition, there exists § > 0 such that
x € By(z,0) Cint(B,(x,¢)). By Lemma p.9, p,(x,d) C int(B,(z,¢)). O

Lemma 5.6. Let (X, p) be a stable partial semimetric space. Then for every
xz € X and e > 0 we have

Bp(x,g) < Tup(l‘,E).
, €

Proof. Let x € X, e > 0and y € B,(z,¢). Then p(x,y) < pp,z+e. By stability,
there exists z C, z,y with u,z < p(z,y) + ¢ and hence z € p,(z,e). Then,
y € Tpp(x,e) follows. O

Theorem 5.7. Let (X, p) be a stable partial semimetric space. Then
{Tup(z,e) [ e >0}
s a neighborhood base at x in 7,.

Proof. Let x € X and € > 0. Then B,(z,e) = Tp,(z,¢) by Lemma [.9 and
Lemma bBA. (]
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6. DISTANCE FOR CONTINUOUS DOMAINS

As we have mentioned in the introduction, a major motivation for studying
general distance spaces was the desire to understand the concept of distance
for continuous domains. In previous sections we outlined a general theory,
which, we believe, proves especially useful in Domain Theory. In this section
we demonstrate that for continuous domains the theory of partial semimetric
spaces coincides with the theory of measurements introduced by Martin [I3]
and studied further in the author’s PhD thesis [25]. Furthermore, we introduce
so called Lebesgue measurements (Definition p.5), which correspond to partial
semimetrics, which satisfy condition (L). Finally, we prove a characterization
of partial metrizability of algebraic domains using Lebesgue measurements.

First, let us recall some terminology of Domain Theory. See [0] for more
information. Let P be a poset. A subset A C P of P is directed if it is nonempty
and any pair of elements of A has an upper bound in A. If a directed set A has
a supremum, it is denoted | |TA. A poset P in which every directed set has a
supremum is called a dcpo.

Let x and y be elements of a poset P. We say that © approximates (is way-
below) y if for all directed subsets A of P, y C | |TA implies x C a for some
a € A. We denote this by x < y. If z < x then z is called a compact element.
The subset of compact elements of a poset P is denoted K(P). Now, |z is

the set of all approximants of z below it. 1z is defined dually. We say that a
subset B of a dcpo P is a basis for P if for every element z of P, the set [z N B
is directed with supremum z. A poset is called continuous if it has a basis. It
can be shown that a poset P is continuous iff |z is directed with supremum
x, for all x € P. A poset is called a continuous domain if it is a continuous
dcpo. Note that K(P) C B for any basis B of P. If K(P) is itself a basis, the
domain P is called algebraic.

In a continuous domain, every basis is an example of a so called abstract
basis, which is a set B together with a transitive relation < on B, such that

(INT) M <z impliesJye B.M <y <=z

holds for all elements x and finite subsets M of B. For an abstract basis (B, <)
and an element z € B set 2* :={y € B |y < z}.

For z € B we also define x, := {y € B | < y}. The collection of all sets of
the form z, is a basis for a topology on B called the pseudoScott topology [I1].

In this paper, an abstract basis such that the relation < is reflexive is named
a reflexive abstract basis. For any algebraic domain P, the set K(P) is an
example of a reflexive abstract basis.

For an abstract basis (B, <) let Z(B) be the set of all ideals (directed, lower
subsets) ordered by inclusion. It is called the (rounded) ideal completion of B.

For any algebraic domain P the rounded ideal completion of K (P) is isomorphic
to P, in symbols: Z(K(P)) = P.



64 P. Waszkiewicz

Upper sets inaccessible by directed suprema form a topology called the Scott
topology. The specialisation order of the Scott topology on a poset coincides
with the underlying order. The collection {{z | z € P} forms a basis for the
Scott topology on a continuous domain P. The Scott topology satisfies only
weak separation axioms: it is always T on a poset but 77 only if the order is
trivial. The Scott topology on a poset P will be denoted o(P) (or o for short).

6.1. Measurements. We say that a monotone mapping pu: P — [0,00) in-
duces the Scott topology on a poset P if

VYU € o(P).Vz € P.3e > 0. p(x,e) C U,

where
w(z,e)={y e P|yCzxand py < px +c}.
We denote this by u— o (P).

Definition 6.1. If P is a continuous poset, pu: P — [0, 00)° a Scott-continuous
map with y — o(P), then we will say that u measures P or that p is a
measurement on P.

Our definition of a measurement is a special case of the one given by Martin.
In the language of [[3] our maps are measurements, which induce the Scott
topology everywhere.

6.2. Partial semimetrics versus measurements.

Definition 6.2 (Martin). Let P be a continuous poset with a measurement
p: P —[0,00)°P. The map p,: P x P — [0,00)° defined by

pu(z,y) = |_|{uz | z < z,y} = inf{uz | z < x,y}
is the partial semimetric associated with u (cf. Proposition f.g below).

Note that the definition is well-formed if any two elements z,y of P are
bounded from below. This condition, however, may be omitted: whenever
x,y have no lower bound, we scale the measurement to p*: P — [0,1)°? with
w*(z) := px/(1 + px) for any = € P. Such map is again a measurement (cf.
Lemma 5.3.1 of [I3], page 135). Now, we define pj, to be:

N _f inf{p*z |z < x,y} fIzeP. zCuay
Vo,y € P pyley) = { 1 otherwise.

Proposition 6.3. Let pu: P — [0,00)° be a measurement on a continuous
poset P. Then:

(1) pu is a Scott-continuous map from P x P to [0,00)°P.

(2) pu(z,x) = px for all z € P.

(3) By, (x,e) = Tu(xz,e) for all x € P and ¢ > 0. That is, p, is a stable
partial semimetric, which induces the Scott topology.

(4) For a sequence (xy) and any © € P, x, — x in the Scott topology on

P iff limp,(2,,z) = pz.
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Proof. For the proof of statements (1)—(3) consult [I3]. Lastly, (4) follows from
Proposition B.10. O

We are now ready to discuss the coincidence of the theory of partial semi-
metric spaces with the theory of measurements in the framework of continuous
domains.

Theorem 6.4. For a continuous poset P the following are equivalent:

(1) P admits a stable partial semimetric compatible with the Scott topology;

(2) P admits a partial semimetric compatible with the Scott topology, which
is Scott-continuous as a map from P x P to [0,00)%;

(3) P admits a measurement.

Proof. The implication (1) = (2) is trivial. For (2) = (3), the self-distance map-
ping of the partial semimetric has the defining measurement property u — o(P)
by Lemma p-j. In addition, it is Scott-continuous since the partial semimetric
is. Lastly, (3)=(1) is a consequence of Proposition (.3.(3). O

6.3. Lebesgue measurements. For the purpose of the next definition we
introduce the following notation.

(6.2) wAe) = Jlulz,e) |z € A},

where A is a subset of a continuous domain P, the map p: P — [0,00)°? is
monotone and € > 0.

Definition 6.5. Let P be a continuous domain. A Scott-continuous map
pw: P — [0,00)°P is a Lebesgue measurement on P if for all Scott-compact (we
may assume saturated) subsets K C P and for all Scott-open subsets U C P,

KCU = Je>0.u(K,e) CU.

One can immediately see from the definitions that Lebesgue measurements
are measurements.

Proposition 6.6. Let P be a continuous domain equipped with a measurement
pw: P —10,00)°P. The following are equivalent:
(1) p is a Lebesgue measurement.
(2) If 1 C U for some x in P and a Scott-open subset U of P, then there
exists € > 0 such that u(1z,e) CU.

Proof. For the nontrivial direction, suppose that K C U, where K is a Scott-
compact saturated subset of P and U is Scott-open in P. Then for all £k € K
choose an element | < k with [ € U. The collection {{l | I < k} is an open
cover of K. Hence a finite subcollection 114, 1ls, ..., 11, covers K already. By
assumption, for every l;, ¢ = 1,...,n there is &; > 0 with u(7l;,e;) C U. Set
e:=minf{e; |i=1,2,...,n}. Then K C u(K,e) CU. |

Next, we demonstrate that whenever p is a Lebesgue measurement on a
continuous domain, its induced partial semimetric p,, satisfies condition (L).
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Proposition 6.7. Let P be a continuous domain measured by . The following
are equivalent:

(1) w is a Lebesgue measurement;
(2) For all x € P and for all sequences (xy,), (yn) of P,

pu(T,n) — pr and py(Tn,yn) — pr, imply pu(z,yn) — po.

Proof. Let x € P and take a Scott-open set U with x € U. The assumption
pu(x,x,) — pa is equivalent to saying that (x,) —, x by Proposition B.3.
That is,
N, €w.Vn > Ny. z, € U.

By definition, p,(2n,yn) = inf{pz | 2 < zp,yn}, for each n € w. Therefore,
there exists a sequence (z,) with z, < Z,,y, and lim pz, = lim Dy (ZnyYn), for
all n € w. Since by assumption, limp, (2, y,) = lim pz,, we have lim pz, =
lim pa,. This means

Ve>0.dNy €w.Vn > No. pz, — uzr, <.

Note that the set K := {z, | n > N1} U {z} is a compact subset of U, and
since p is a Lebesgue measurement, the condition specialises to:

IN>0.Ve, € K.Vz€P. [zCx, and pz < pr, + A\ =z € U.

Hence z, € U for all n > max{Ny, No(A\)}. Since z, < y,, for all n € w, (yn)
is cofinally in U. That is, (y,) —¢ @, or equivalently, p,(z,y,) — pe.

For the converse, observe that by Proposition B-19 for any Scott-open set
U C Pand x € U we have gy, (T2, P\ U) > 0. This is however equivalent to
saying that there exists € > 0 such that

Bp“(T.TJ,é‘) = U Bpu(yae) - U.

zCy

But the map p,, is stable and hence B, (y,¢) = Tu(y, ) by the proof of Theo-
rem p.7. We conclude that u(7x,e) C U. Therefore, the map p is a Lebesgue
measurement by Proposition B.G. O

The last result can be easily extended and stated in a form analogous to
Theorem B4.

Theorem 6.8. For a continuous domain P the following are equivalent:

(1) P admits a stable partial semimetric with (L) for the Scott topology;

(2) P admits a partial semimetric with (L) for the Scott topology, which is
Scott-continuous as a mapping from P x P to [0,00)P;

(3) P admits a Lebesgue measurement.

Proof. Tt is enough to show (2)=(3). Let p: P x P — [0,00) be a partial
semimetric for the Scott topology, which satisfies (L). Then for any Scott-
compact subset K and for any Scott-open subset U of P with K C U, we have
qp(K,P\ U) > 0, by Proposition P.I9. It is equivalent to say that for some
€ > 0 we have K C B,(K,e) C U. Denote the self-distance map for p by .



The local triangle axiom 67

Now, by Lemma p.9, we have u,(K,¢) C B,(K,e¢) C U and so the mapping p,
is a Lebesgue measurement on P. O

6.4. Partial metrization of algebraic domains. In this section we apply
the knowledge about Lebesgue measurements to obtain a complete character-
ization of partial metrizability of the Scott topology on an algebraic domain.
We start from a similar result obtained by Kiinzi and Vajner in Proposition 3
p.73 of [iM].

Theorem 6.9 (Kiinzi and Vajner). A poset X admits a partial metric for its
Alezandrov topology iff there is a function |-|: X — [0,00) such that

() Vee X.Je>0.Vyela.Vz € ly\Tz. |z]— |y >e.

For the following crucial lemma, recall the notation from the beginning of
Section B.

Lemma 6.10. Let (B, <) be a reflexive abstract basis equipped with a map-
ping p: B — [0,00)°, which satisfies (x). Then there exists a partial metric
compatible with the Scott topology on the rounded ideal completion I(B) of B.

Proof. Note that by the discussion in [I0] p.74 we can always assume that p is
bounded by 1. Therefore, applying Theorem B.9 we conclude that there exists a
partial metric p: B x B — [0, 00) which is bounded by 3 and such that p, = p.
The partial metric p satisfies

() Vo € X. Jeg > 0. To = {y | p(z,y) = plz,2)} = {y | plz,y) <
p(z, @) + ea},
Now, extend the function p to Z(B) in the following way: for each I, J € Z(B)
define p: Z(B) x Z(B) — [0,00) by

p(I,J) :=inf{p(z,y) |z € I,y € J}.

Since p is continuous as a map from B equipped with the pseudoScott topology
to [0,00)°P in its Scott topology, the mapping p: Z(B) x Z(B) — [0,00) is
Scott continuous. Note that for every z,y € B we have p(z*,y*) = p(z,y).
This means that p induces the subspace Scott topology on the image of B in
Z(B) under the canonical embedding.

Step 1: First we will prove that the map so defined satisfies all the partial
metric axioms except (T). For the sharp triangle inequality, note that for all
x€l,ye Jand z € K, where I,J,K € Z(B), we have p(z,z) < p(z,y) +
p(y, z) — p(y,y) and this inequality extends to infima. Similarly we prove the
(ssd) axiom. Symmetry is trivial.

Step 2: If I C J in Z(B), then {p(z,y) |z € I,y € I} C {p(z,y) |z €I, y €
J}. Therefore, p(I,1) > p(I,J). Hence p(I,1) = p(I,J) by (ssd).

Step 3: To prove that p induces the Scott topology on Z(B) we will show
that To* = Bj(x*,¢) for some x € B and € > 0. Suppose z* < K for some
K € I(B). Then z* C K and so p(z*,K) = p(a*,z*) by Step 2. Hence,
fa* C By(x*,¢) for any £ > 0. Conversely, if for some L € Z(B) we have that
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pla*, L) < p(x*, x*) + &4, then p(z*, w*) < p(x*, x*) + &, for some w € L. This
is however equivalent to p(z,w) < p(z,z) + ¢, and so w € By(z,e,) = Tz by
(4). That is, z < w. This means that z € L and so 2* < L. We have shown
that By(z*,e,) C Ta*.

Step 4: By Step 3, the order induced by p agrees with subset inclusion, which
is the specialisation order for the Scott-topology on Z(B). Hence if p(I,J) =
p(I,I)=p(J,J) for some I, J € Z(B), then I C J and J C I. Therefore, I = J
and so p is a partial metric on Z(B). O

Lemma 6.11. Let P be an algebraic domain with a monotone map p: P —
[0,00)°P. Then the local triangle axiom for p implies (x) for the restriction of
wto K(P).

Proof. Take any « € K(P). The set Tz is Scott open and Scott-compact in P.
By the local triangle axiom,

qu(Tz, P\ Tz) > 0.

Therefore, there exists an € > 0 such that

qu(Tx, P\ ) > e

This implies in particular that for every y € Tz and z € |y \ T2 we have
pu(y,z) > py + . Hence pz = py,(y, z) > py + €. This shows (x). O

Therefore, we have obtained a complete characterization of partial metriz-
ability on algebraic domains:

Theorem 6.12. Let P be an algebraic depo. The following are equivalent:

(1) P admits a Lebesgue measurement p: P — [0, 00)°P.
(2) P admits a partial metric compatible with the Scott topology on P.

Proof. By Lemma B.I1 and B-10, every Lebesgue measurement on P extends
to a partial metric for the Scott topology on Z(P) = P. Conversely, by Corol-
lary B8, the self-distance map for a partial metric for the Scott topology sat-
isfies (L) and is Scott-continuous by a result from [0]. Hence it is a Lebesgue
measurement on P by Theorem B.§. O

REFERENCES

[1] S. Abramsky and A. Jung, Domain theory, In S. Abramsky, D. M. Gabbay, and T.S. E.
Maibaum, editors, Handbook of Logic in Computer Science, volume 3, pages 1-168
(Clarendon Press, 1994).

[2] A.V. Archangelskij (Arhangel’skil), Mappings and spaces, Russian Math. Surveys 21
(1966), 115-162.

[3] E.W. Chittenden, On the equivalence of Ecart and voisinage, Trans. Amer. Math. Soc.
18 (1917), 161-166.

[4] E.W. Chittenden, On the foundations of the calcul fonctionnel of Fréchet, Trans. Amer.
Math. Soc. 19 (1918), 66-78.

[5] B. Flagg and R. Kopperman, Continuity spaces: Reconciling domains and metric spaces,
Theoretical Computer Science 177 (1) (1997), 111-138.



(6]
(7]
(8]
[9]
(10]

(11]

(12]
(13]
(14]
(15]

[16]

(17]
18]
(19]
20]

21]

22]
23]

24]

[25]
[26]

27)

The local triangle axiom 69

R.C. Flagg, Quantales and continuity spaces, Algebra Universalis 37 (3) (1997), 257—
276.

M. R. Fréchet, Les ensembles abstraits et le calcul fonctionnel, Rendiconti del Circolo
Matematico di Palermo 30 (1910), 22-23.

G. Gruenhage, Generalized Metric Spaces, In K. Kunen and J.E. Vaughan, editors,
Handbook of Set Theoretic Topology (Elsevier Science Publishers, 1984).

R. Heckmann, Approzimation of metric spaces by partial metric spaces, Applied Cate-
gorical Structures 7 (1999), 71-83.

H-P. Kiinzi and V. Vajner, Weighted quasi-metrics, In Proceedings of the 8th Summer
Conference on Topology and its Applications 728 (1992), 64-77.

J.D. Lawson, The round ideal completion via sobrification, In Proceedings of the 12th
Summer Conference on General Topology and its Applications, Topology Proceedings
22 (1997), 261-274.

H.W. Martin, Metrization of symmetric spaces and regular maps, Proc. Amer. Math.
Soc. 35 (1) (1972), 269-274.

K. Martin. A Foundation for Computation. PhD thesis (Department of Mathematics,
Tulane University, New Orleans, LA 70118, 2000).

S. G. Matthews, Partial metric topology, In Proceedings of the 8th Summer Conference
on Topology and its Applications 728 (1992), 176-185.

V. V. Niemytzki, On the “third aziom of metric space”, Trans. Amer. Math. Soc. 29
(1927), 507-513.

S.J. O’Neill, Partial metrics, valuations and domain theory, Research Report CS-RR-
293 (Department of Computer Science, University of Warwick, Coventry, UK, October
1995).

S.J. O’Neill, Two topologies are better than one, Research Report CS-RR-283 (Depart-
ment of Computer Science, University of Warwick, Coventry, UK, March 1995).

J.J. M. M. Rutten, Elements of generalized ultrametric domain theory, Technical Report
CS-R9507 (CWI, Amsterdam, 1995).

M. P. Schellekens, A characterization of partial metrizability. Domains are quantifiable,
To appear in Theoretical Computer Science.

M. P. Schellekens, The correspondence between partial metrics and semivaluations, To
appear in Theoretical Computer Science.

M. B. Smyth, Quasi-uniformities: Reconciling Domains and Metric Spaces, In M. Main,
A. Melton, M. Mislove, and D. Schmidt, editors, Proceedings of the Workshop on Mathe-
matical Foundations of Programming Language Semantics, number 298 in Lecture Notes
in Computer Science, pages 236-253 (Springer, Berlin-Heidelberg-New York, 1988).

M. B. Smyth, Semi-metrics, closure spaces and digital topology, Theoretical Computer
Science 151 (1995), 257-276.

K.R. Wagner, Liminf convergence in S)-categories, Theoretical Computer Science
184 (1-2) (1997), 61-104. Fundamental Study.

P. Waszkiewicz, Distance and measurement in domain theory, In S. Brookes and M. Mis-
love, editors, 17th Conference on the Mathematical Foundations of Programming Se-
mantics, volume 45 of Electronic Notes in Theoretical Computer Science (Elsevier Sci-
ence Publishers B.V., 2001).

P. Waszkiewicz, Quantitative Continuous Domains, PhD thesis (School of Computer
Science, The University of Birmingham, Edgbaston, Birmingham B15 2TT, May 2002).
S. Willard, General Topology, Addison-Wesley Series in Mathematics (Addison-Wesley,
1970).

W.A. Wilson, On semi-metric spaces, Trans. Amer. Math. Soc. 53 (1931), 361-373.

RECEIVED DECEMBER 2001
REVISED JANUARY 2003



70 P. Waszkiewicz
P. WASZKIEWICZ

School of Computer Science,

The University of Birmingham,

Edgbaston,

Birmingham B15 2TT,
UK.

FE-mail address: P.Waszkiewicz@cs.bham.ac

.uk



	The local triangle axiom in topology and domain theory. By P. Waszkiewicz

