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A common generalization of the postman, radial, and
river metrics

ABSTRACT. By using a metric d on a set X, a function ¢ of X to itself, a metric p
on the range of ¢, and a suitable relation I on X? to X, we construct a metric d,,r
on X. This compound metric includes the postman, radial, and river metrics as some very

particular cases.

Our construction here closely follows a former one of M. Borkowski, D. Bugajewski, and
H. Przybycienn. Moreover, it may also be compared to that of A.G. Aksoy and B. Maurizi.
However, instead of a metric projection and a collinearity relation we use the above mentioned

@ and T'.

KEY WORDS. Generalized metrics and collinearity relations, postman, radial, and river

metrics

Introduction

The defining axioms of a metric were abstracted from the well-known properties of the
Euclidean distances by M. Fréchet in 1906. The appropriateness of weakening and strength-

ening of these axioms have later been justified by several authors.

However, in the present paper, we shall adhere to the original axioms. Though, most distance
functions occurring in analysis are extended-valued pseudo-metrics. Moreover, semimetrics,

quasi-metrics, ultrametrics, and partial metrics have also several applications.

Thus, now a metric on a set X is a function d of X2 to R such that, for any z, y, z € X,

we have

!The work of the authors has been supported by the Hungarian Scientific Research Fund (OTKA) Grant
NK-81402.
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2, y)+d(y, 2);

Here, (1) and (4) are referred to as the positive definiteness, (2) as symmetry, and (3) as the
triangle inequality. Note that, by (3) and (2), we always have

d(z, x) < d(z, y)+d(y, ©) =2d(z,y).
Hence, by using the “equality implies indistancy” part of (4), we can infer (1). However, it
is usually more convenient to stress nonnegativity as a separate axiom.

For any z, y € X, by defining

0 if z=y,

d(z,y) = ,
1 if z#y,

we can at once get an ultrametric d on X . This is called the discrete metric on X. Thus,
each set can be considered as a discrete metric space. Therefore, the notions of a set and a

metric space are actually equivalent.
However, to provide several genuine illustrating examples for a metric, it is best to assume
that X = C with C = R?. Thus, for any z, y € X, we may write
r = (1, 72), T = (w1, —x2);
r4+y=(z1+uy1, T2+ y2), vy = (T1y1 — TaYa, T1Y2 + TaY1) .
Now, each r € R can be identified with (r, 0) € X. And each # € X can be written in the
form © =, +ixe with i = (0, 1).

Moreover, for any z, y € X, we may also write
_ : _ N1/2 _ (2 2\1/2
dz,y)=|z—y| with |z =(22)"?= (20 +2) "

Now, by using the above operations on complex numbers, it can be easily seen that | | is

anorm on X, and thus d is a metric on X . This d is called the Euclidean metric on X.

More generally, for any x, y € X and p € [1, oo], we may also naturally define

1/p .
) (|zl|p+|22|p) if p<oo,
dp(z,y) = |z —ylp with | 2], = )
max { |z, ||} if p=oc.
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Now, it is somewhat more difficult to prove that | |, is a norm on X, and thus d, is a
metric on X. In particular d; and d., are called the tazicab and supremum metrics on X,

respectively.

Beside the latter two extreme metrics, there are some further curious, but important metrics

on X. For instance, for any x, y € X, we may also define

0 it =y,
a(z,y) = _
|z + |y if z#y;
|z —y| it iy =x201,
Bz, y) = ‘
(x| + |y| i ziye F T2
and
|20 — Yo | it =y,
Y(z, y) =

| 2| + |21 — 1| + g2 i 21 # 1.

Thus, by considering several cases, it can be shown that «, § and v are metrics on X.
These are usually called the postman, radial and river metrics on X, respectively. ( See, for
instance, [17, p. 155] and |5, p. 315].) Sometimes, the radial metric is also called the hedgehog

or French railroad metric.

In the present paper, following the ideas of Borkowski, Bugajewski and Przybycien [3], we
construct a common generalization of the postman, radial and river metrics. Our general-
ization here may also be compared to that of Aksoy and Maurizi |1|. However, instead of a

metric projection and collinearity relation we shall use some more general objects.

More concretely, by assuming that d is a metric on a set X, ¢ is a function of X to itself,
and p is a metric on the range p[X] of ¢, we define a generalized metric d,, on X such
that

dpp(z, y) = d(z, o(x)) + p(e(x), ¢(y) +d(e(y), y)

for all z, y € X. Moreover, by assuming that I' is a suitable relation on X? to X, we

define a generalized equivalence relation Q,r on X such that

Qer={(z,y) e X?: pz)=p(y)el(z,y)}.
Thus, by defining
d(z,y) i (z,y)€ Qyr,
d/w(aj> y) if (377 y) gé ngl“a

we can get a metric d,,r on X which includes the postman, radial and river metrics as

dp(pf‘(xa y) =

some very particular cases.
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For instance, the postman metric o can be immediately obtained from d,,r, by letting d

to be the Euclidean metric on X = C, and defining

X it r=y,
p(z) =0 and I'(z,y)=
{0} if x#vy.

for all x,y € X. While, to get the radial metric 3, we have to consider the relation T"
defined such that, for all =, y € X, we have I'(z, y) = X if =y, and

Nz,y)={z€eX: TJAeK: z=Xlz+(1-N)y} it z#y.

The latter relation I' can also be applied to a similar derivation of the river metric v by the

function ¢ defined such that ¢(z) = x; for all z € X.

1 Fixed points and equivalence relations
Notation 1.1 Let X be a set and ¢ be a function of X to itself. Define
A, ={zeX: ¢(x)=z}, B,={zeX: p(z)eA,},

Dy,={(z,z): z€A,}, E,={(z,y) € X?: o(x)=9¢(y)}.

Remark 1.2 Thus, A, and B, are the families of all fixed and idempotent points of ¢,

respectively.

Moreover, D, is the identity function of A, and E, is the equivalence relation on X

generated by ¢.

Remark 1.3 For the identity function Ay of X, we have

Ary = Ba, = X and Da, = Epn, = Ax.
Moreover, if A, = X, or equivalently D, = Ax, then we have ¢ = Ax.
Simple reformulations of the above definitions yield the following theorems.

Theorem 1.4 For any z,y € X, the following assertions are equivalent :

4) v=p(x), @) =0y, ey =y.
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Theorem 1.5 We have

(1) Bo=o¢ '[A ] ={zeX: ¢(z)=v(2)};
(2) D,=2A04,=A2NE,; 3) E,=¢ lop;
(4) ¢lA,] CA, Co[X]; (5) A,=A,NDB,.

Proof: By the corresponding definitions, for any x € X, we have

r€B, < ¢@)eA, = reyp '[A,],

r€B, < o) €A, <= ¢(p())=0p()

Therefore, (1) is true.

By the corresponding definitions, it is clear that D, = A, . Moreover, from Theorem 1.4,

we can see that
(z,y) e D, = (xz,y) GAZ, (z,y) € B, <= (z,y) EAZHESD.

Therefore, (2) is true. On the other hand, by the corresponding definitions, we also have

(z,9) € B, <= o(y) =¢(z) <= yep (o))

-1 1

= ye(p op)(r) &= (z,y)€p op.

Therefore, (3) is also true.
Furthermore, we can also easily see that
reA, = v=¢p(r) = xze€p[X],
€A, = pa)=1 = o(p@)=p@) =10 = () =0 = € A,
reA, = pr)=r = ¢(px) =p(r) = ¢(x)c A, = z€B,.
Hence, we can infer that
A, Cp[X], A, C X2 and plA,] C Ay, A, C B,.
Therefore, (4) and A, C A,2N B, is also true.
Now, to prove (5), it remains to note only that
reA,NB, = x€A,, v€B,
= ¢l@) ==, ¢(2)=9(@) = ¢@@)=1 = z€A4,,

and thus A,. N B, C A, is also true.
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2 Projections, involutions, and injections

Definition 2.1 In the sequel, we shall say that :

(1) ¢ is a projection if ¢©? = ¢;

(2) ¢ is an involution if ©? = Ax;

(3) ¢ is an injection if ¢ is injective.
Remark 2.2 Hence, it is clear that if ¢ is an involution, then ¢ is, in particular, also an
injection.
Namely, if =, y € X such that p(x) = ¢(y), then by the corresponding definitions we also
have x = ¢*(x) = p(p(z)) = v(e(y) = *(y) =y
Remark 2.3 Moreover, by the corresponding definitions, it is clear that the function ¢ is

simultaneously both a projection and an involution if and only if p = Ax.

Now, in addition to Remark 1.3 and Theorem 1.5, we can also easily establish the following

three theorems.
Theorem 2.4 The following assertions are equivalent :
(1) ¢ s an injection ; (2) ¢t is a function ; 3) B, = Ax.
Proof: If (z,y) € E,, then ¢(z) = ¢(y). Hence, if (1) holds, then we can infer that

r =1y, and thus (z,y) € Ax. Therefore, E, C Ax. Thus, by the reflexivity of E,, (3)
also holds.

The converse implication is even more obvious. Namely, if z, y € X such that p(z) = ¢(y),
then (z, y) € E,. Hence, if (3) holds, then we can infer that (z, y) € Ax, and thus z =y.
Therefore, (1) also holds.

Remark 2.5 If ¢ is an injection, then in addition to the above assertions we can also state
that A, = B, .

Namely, by Theorem 1.5, we always have A, C B,. Moreover, if z € B,,, then ¢(¢(z)) =
¢(z). Hence, by the injectivity of ¢, it follows that ¢(z) = =z, and thus = € A,.
Therefore, B, C A, , and thus the required equality is also true.

However, the equality A, = B, does not, in general, imply the injectivity of ¢.
Example 2.6 Namely, if for instance X = {0, 1,2, 3}, and ¢(0) =0, »(1) =2 and
©(2) = ¢(3) =1, then we have A, = B, = {0}, despite that ¢ is not injective.
Theorem 2.7 The following assertions are equivalent :

(1) ¢ is an involution ; (2) p=p71; (3) Apz = X .
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Proof: Now, to prove the equivalence of (1) and (3), it is enough to note only that, by
Remark 1.3, we have ¢? = Ay if and only if A,: = X.

Remark 2.8 If ¢ is an involution, then by Remarks 2.2, 2.5 and Theorem 2.4 we also have
A, =B, and E, = Ax.

However, the latter equalities do not, in general, imply that ¢ is an involution.

Example 2.9 Namely, if for instance X =R and ¢(z) =xz/(1+ |z|) for all z € X,
then it is clear that A, = B, = {0} . Moreover, it can be easily seen that ¢ is an injection
of X onto ] —1, 1] such that ¢~ '(y) = y/(1—|y]|) forall y €] — 1, 1[. Thus, by the

above theorems, £, = Ax, but ¢ is not an involution.

Theorem 2.10 The following assertions are equivalent :

(1) ¢ is a projection ; (2) X =B,; (3) A, =p[X].

Proof: By the corresponding definitions and Theorem 1.5, it is clear that

prl=p = VreX: ¢*z)=p(x)
<~ VrveX: z€B, <— XCB, < X=08,.

and

pr=p = VzeX: p(p() =0y
= VzeX: pr)eAd, < ¢[X]| CA, <<= A,=¢p[X].

Therefore, the required equivalences are also true.

Remark 2.11 If ¢ is a projection, then by Theorems 1.5 and 2.10 we also have A, =
A¢2ﬂB@:szﬂX:A@2.

However, the equality A, = A,2 does not, in general, imply that ¢ is a projection even if
® 1s injective.

Example 2.12 Namely, if for instance X and ¢ are as in Example 2.9, then it can be
easily seen that p?(z) =x/(1+2|z|) for all © € X. Therefore, A,2 = {0} also holds.

Remark 2.13 In this respect, it is also worth noticing that if in particular ¢ is an invo-
lution such that A, = A,2, then by Theorem 2.7 we also have A, = X. Therefore, by

Remark 1.3, ¢ = Ax. Thus, in particular ¢ is a projection.
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3 Weak partial pseudo-metrics specified by ¢

Definition 3.1 A function d of X2 to R is called a p-metric on X if for any z, y, z €

X we have
(1) d(z,y) =0;
(2) d(z, y)=d(y, z);
(3) d(z, z) < d(z, y) +d(y, z) —d(y, y);

(4) d(z,y) =0 if and only if (z,y) € D,.
Remark 3.2 A function d of X? to R satisfying conditions (1)-(3) has formerly been

called a weak partial pseudo-metric by Heckmann [6]. This is a straightforward generalization

of the partial metric of Matthews [11].

Now, a function d of X2 to R may be briefly called a partial metric on X if it is a weak

partial pseudo-metric on X such that
(1) d(z, z) < d(z,y) forall z,ye X

(2) d(z, x) =d(z,y) =d(y, y) implies = =y.
Remark 3.3 Non-zero self-distances were already considered in a 1985 thesis of Matthews.
And, the modified triangle inequality (3) was already suggested to Matthews by Wickers [21]
in 1987. However, the present definition of a partial metric was only first investigated in the

later works [11] and [12].

Partial metrics, being a minimal generalization of metrics allowing non-zero self-distances,
were motivated by experience from theoretical computer science. The interested reader
can get a rapid overview on the subject by consulting the works [13], [4] and [10], where

convincing illustrating examples are also given.

Now, analogously to Propositions 2.2 and 2.4 of Heckmann [6], we can also easily establish

the following two theorems.

Theorem 3.4 For any function d of X? to R, the following assertions are equivalent :
(1) d is a metric on X;
(2) d is a Ax-metric on X;
(3) d is a p—metric on X, for some ¢, such that d(z, ) =0 forall x € X.

Proof: Since Da, = Ax, it is clear that (1) <= (2) = (3). Moreover, if (3) holds, then

by Definition 3.1 (4) we can see that Ay C D, . Hence, since D, = A,_, it is clear that
A, = X. Therefore, ¢ = Ay, and thus (2) also holds.
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Theorem 3.5 If p is a ¢ metric on X, then for any =,y € X we have
(1) d(z, )+ d(y, y) < 2d(z, y);
(2) min{d(z, x), d(y, y)} < d(z, y);
(3) d(z,y) = %1)1(1 (d(z, z)+d(z,y) —d(z, 2)).

Proof: By Definition 3.1 (3) and (2), we have
d(z, z) < d(z, y) +d(y, ) —d(y, y) = 2d(z, y) —d(y, y),
and thus (1) is true. Hence, it is clear that either
d(z, z) < d(z, y) or d(y, y) <d(z, y).

Therefore, (2) also holds.

Finally, to prove (3), we need only note that, by Definition 3.1 (4), we have
d(.ﬁl}, y) < d(l’, ’Z) + d(Z, y) o d(Z, Z)

for all z € X. Moreover, we also have d(x,y) =d(x, y)+d(y, y) —d(y, y).

Remark 3.6 Note that the “small self-distances condition” in Remark 3.2 (1) can also be
reformulated by writing that
d(x,z)=min d(z, y)

yeX
for all x € X. Therefore, the interesting partial metric axioms are about minima.

Remark 3.7 However, the ultra-metric triangle inequality [20] says that
d(z, z) <max{d(z,y), d(y, 2)}

for all z, y, z € X. This is also called the non-Archimedean triangle inequality.

While, the famous four-point property |1| says that
d(z, y) +d(z, w) < max {d(z, z) + d(y, w), d(z, w)+d(y, 2) }

for all z, vy, z, w € X. This is closely related to the ultra-metric triangle inequality.

Note that, under the usual symmetry condition and the zero self-distances assumption,
“the ultra-metric triangle inequality” implies “the four-point property” implies “the ordinary

triangle inequality”.

Moreover, the ordinary triangle inequality is equivalent to the rectangle inequality which
says that
’d(l’, y) - d(Z, U)) | < d(l‘, Z) + d(yv ’LU)

for all z, y, z, w € X. There is a curious rectrangular inequality in |2] too.
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4 p-metrics derived from ordinary metrics by ¢

Notation 4.1 Let d and p be metrics on X and p[X], respectively. Moreover, for
any x,y € X, define

dog(z,y) = d(z, () + p(@(x), o(¥) +d(e(y), y) -

Remark 4.2 Thus, in particular, we have

dony (7, y) = d(z, 2) + p(z, y) + d(y, y) = p(z, y)
for all x, y € X. Therefore, doa, =p.
Our former definitions are mainly motivated by the following

Theorem 4.3 The function d,, is a @-metric on X such that:

(1> dpso($7 y) = p(SC, y) fOT' all Z, ye Ag&;

(2) dpp(z, z) =2d(z, ¢(z)) forall z€X.

Proof: By Notation 4.1, it is clear that d,, is a nonnegative, real-valued function of X?.
Moreover, if x, y € X, then by using the nonegativity and separating properties of d and

p, and Theorem 1.4, we can easily see that

dop(z,y) =0 <= d(z, o(x)) +p(e(x), o(y) +d(e(y),y) =0
— d(z, o(x) =0, p(e(), s@(y))=07 d(¢(y),y) =0
= r=p(), @) =9y, ¢y =y <<= (r,y)€ Dy,

Furthermore, by the symmetry properties of d and p, it is clear that

doo(y, ©) = d(y, (y)) + (W), () + d(p(z), z)
=d(e(), y) +p(e), oy )+d( ()
= d(z, p(2)) + p((@), 9(y) +d(0(y). y) = dpp(z, y)

for all z, y € X. Thus, d,, is also symmetric.

Moreover, if x € X, then by the symmetry of d, it is clear that

dopg(z, ) = d(z, p(2)) + p(p(2), o(2)) +d(p(z), ) = 2d(z, ¢(x)).
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Now, if x, y, z € X, then by using the triangle inequality for p and the symmetry of d,

we can easily see that

dpp(, 2) = ( o))+ p(e(x), ¢(2) +d(@(2), 2)
< d(z, p(x)) + (w(fv), (1) +r(e), ¢(2) +d(p(2), 2)
=d(z, p(2)) + p(e(@), p(v) +d(»(v), )
+d(y, e(y) + p(e(y), v(2) +d(w(2), 2) = 2d(y, (y))
=dpo (2, Y) + dpp(y, 2) — dpp(y, y) -

Thus, we have proved that d,, is a ¢—metric on X such that (2) holds.

Finally, if =, y € A,, then we can also easily see that
dpe(z, y) = d(z, p(2)) + p(0(2), 0(y)) +d(L(y), y)
=d(z, )+ p(x,y)+d(y, y) = p(z, y),

and thus (1) also holds.
From (1) in Theorem 4.3, by Theorem 2.10 and Remarks 2.5 and 2.8, it is clear that in

particular we have the following two corollaries.

Corollary 4.4 If in particular ¢ is a projection, then d,,(z,y) = p(z,y) for all
z, Y €p[X].

Corollary 4.5 If in particular ¢ is an injection (involution), then d,,(z, y) = p(z, y)
forall z,y e B,.

Notation 4.6 In the sequel, we shall simply write d, in place of d,, whenever p is
the restriction of d to ¢ [ X ]?2.

Remark 4.7 Thus, for any z, y € X, we have

do(z,y) =d(z, o(x)) +d(e(z), ¢(y) +d(e(y), y) .

Moreover, Theorem 4.3 and Corollaries 4.4 and 4.5 can also be specialized to d.,.

5 Some further properties of the derived ¢p—metrics

The following two theorems will show that d,, is, in general, only a weak partial pseudo-

metric on X.

Theorem 5.1 For any x, y € X, the following assertions are equivalent :



100 A. Szaz

(1> dﬂ@(xv x) S dﬂw(xv y) ;
(2) d(z, p(z)) —d(y, ¢(y) < p(p(2), (y)) -

Proof: By Theorem 4.3 (2) and Notation 4.1, we have

dpo (7, ¥) < dpy(, y)
= 2d(z, (x)) < d(z, o(2)) + p(e(z), o(¥) +d(e(y), v)
= d(z, ¢(z)) —d(y, ¢(v) < p(p(x), ¢(y)) -

Hence, by the symmetries of d,, and p, we can immediately derive

Corollary 5.2 The following assertions are equivalent :
(1) dyy(z, x) < dyp(x,y) forall z,yeX;
2) |d(z, o(@) —d(y. ¢(v) | < p(e(2), ¢(y) foral z, yeX.
Theorem 5.3 For any =, y € X, the following assertions are equivalent :
(1) dpe(z, 2) = dpp(, y) = dpe(y, y) ;
(2) (@) =¢(y) and d(z, p(z)) =d(y. ¥(y)).

Proof: Quite similarly, as in the proof of Theorem 5.1, we can see that

dpo(, ¥) = dpp (2, y) = dpp(y, y)
—= p(e(), p(y) =d(z, p(x)) —d(y, ¢(y)) =0
= @)=y, dz, o) =d(y, ¢y)).

Hence, it is clear that in particular we also have

Corollary 5.4  Ifin particular ¢ is an injection, then d,,(z,1) = d,u(2,y) = dpy(y,y)

mmplies x =y .

Remark 5.5 Thus, if ¢ is an injection, then by Theorem 4.3 and Corollary 5.4 d,, is a

weak partial metric on X in the sense of Heckmann [6].

The following example shows that d, need not be a partial metric even if in particular ¢ is

an involution on X.
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Example 5.6 If for instance X = C, ¢(z) =z for all 2 € X, and d is the Euclidean

metric on X, then ¢ is an involution on X such that

d(p(1), (i) = |1 = (=i)| = V2
<2=||1=1| —=|i—(=i)|| = [d(1, (1)) = d(i, ¢()) | .

Thus, by Remark 5.5 and Corollary 5.2, d, is a weak partial metric, but not a partial metric
on X.

In addition Theorem 4.3, we can also easily prove the following

Theorem 5.7 If in particular d(u, v) < p(u, v) for all u,v € p[X], then for any
x,y € X we have

(1) d(z, y) < dpe(, y); (2) dpp(, 2) < dpy(, y) +d(z, y) -

Proof: By using the triangle inequality for d and the assumption of the theorem, we can

easily see that

d(z,y) < d(z, p(x)) +d(e(z), y)
<d(z, p(x)) +d(e(x), o) +d(ey), y)
< d(z, o(x)) + p(e(x), e(v) +d(e(y), y)=dyu(z, y).

Moreover, by using Theorem 4.3 (2), the symmetry of d, the triangle inequality for d, and

the assumption of the theorem, we can also easily see that

= d,w(x, y)+d(x, y).

From this theorem, according to Notation 4.6, we can immediately derive

Corollary 5.8 For any any =,y € X we have

(1> d(x, y) < dw(l’, y)i <2> dw(x, I) < d@(x, y) + d(% y)‘
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6 p—dominated, p—equivalence relations
Definition 6.1 A relation Q on X is called ¢-transitive if

(v,y) €@, (y,2)€Q, yeA, = (z,2)€Q.

Remark 6.2 Note that thus every transitive relation ) on X is, in particular, p-transitive.

Moreover, if in particular A, = (), then every @—transitive relation @ on X is already

transitive.

While, if in particular A, = X, or equivalently ¢ = Ax, then every relation ) on X is

p—transitive.

By using the composition and box products of relations, we can easily establish some concise

characterizations of —transitive relations.

Definition 6.3 For any two relations F and G on X, the relation F X G on X2,
defined such that
(FRG)(z,y) = F(z) x G(y)

for all =, y € X, is called the box product of the relations F' and G.

Remark 6.4 Note that, in contrast to the composition, the box product of two relations

can be easily extended to arbitrary family of relations.

However, in the sequel we shall only need the box product of two relations which is closely

related to the composition of relations by the following

Lemma 6.5 If F and G are relations on X, then for any A C X? we have

(FRG)[A]=GoAoF™"

Proof: If (z, w) € (FRG)[A], then by the corresponding definitions there exists (z, y) €
A such that (2, w) € (FRG)(z,y), and thus (z, w) € F(z) x G(y). Hence, we can
infer that z € F(z) and w € G(y), and thus (z,2) € F and (y, w) € G. Now, by
using that (z, z) € F~! and (z,y) € A, we can see that (z,y) € Ao F~!. Hence, by
using that (y, w) € G, we can already see that (z, w) € Go (Ao F~'). This shows that
(FRG)[A] CGo(AoF™).

The converse inclusion can be proved quite similarly. Hence, by the associativity of the

composition, it is clear that the required equality can also be stated.
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Remark 6.6 From the above lemma, we can immediately infer that
(FRG)(z,y)=Go{(z,y) o F !
for all =, y € X. Moreover, by taking F~! in place of F', we can also see that
GoF=GoAxoF=(F'RG)[Ax].
Therefore, the composition and the box products are actually equivalent tools.

However, it is now more important to note that, by using Lemma 6.5, we can also easily

prove the following

Theorem 6.7 For a relation Q on X, the following assertions are equivalent :

(1) Q is p-transitive ;

(2) QolAy0Q CQ; (3) (Q_ng)[AA;]CQ-
Proof: Note that

(7,2) € Q7' (W*xQy) = 2€Q7(y), 2€Q(y)

— yeQz), 2€Qy) = (r,y)eQ, (y,2)eq
for all z, y, z € X. Therefore, if (1) holds, then we have
(QT'RQ)(y, y) =Q ' (1)xQy) CQ
for all y € AZ. Hence, it is clear that
(Q'RQ)[Ax] = {(@'BQ)(y.y): yeA}cCQ,

and thus (3) also holds.

The converse implication (3) = (1) can be proved quite similarly. Moreover, by using

Lemma 6.5, we can see that

(Q_IXIQ) [Aac] =QoAy00Q.

Therefore, inclusions (2) and (3) are also equivalent.

Remark 6.8 Note that, under the notation ©, = XX A¢, we have
(Aaz0Q)(2) = Aug [Q(2)] = Q) N AL = Q(2) N Oy(2) = (QNO)()

for all x € X. Therefore, AAéo Q =QNO, isalso true.
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From Theorem 6.7, we can immediately get the nontrivial part of the following
Corollary 6.9 For a relation Q on X, the following assertions are equivalent :

(1) Q is transitive ;

(2) QoQ C@Q; (3) (QT'MQ)[Ax] CQ.

Proof: If X is not a singleton, then by the Axiom of Choice there exists a function ¢ of
X to itself such that p(z) € X\ {z} for all z € X, and thus A, = (. Therefore, Theorem
6.7 can be applied.

While, if in particular X is a singleton, then Qo = 0 and @, = X? are the only relations
on X. Moreover, these two extreme relations trivially satisfy conditions (1)-(3) even if X

is not a singleton.

Definition 6.10 A tolerance (reflexive and symmetric) relation @ on X is called a
p—equivalence if it is p—transitive.
Remark 6.11 Quite similarly, an intolerance (reflexive and antisymmetric) relation @ on

X may be called a -partial order if it is (-transitive.

In the sequel, we shall also need the following

Definition 6.12 A relation Q on X is called ¢-dominated if Q C E,. (That is,
(z, y) € Q implies »(z) =¢(y).)
Remark 6.13 Note that if in particular ¢ is injective or equivalently £, = Ax, then

Ax is the only ¢—dominated reflexive relation on X.

Moreover, note that Ax is actually an equivalence relation on X such that Ax C E,.
Thus, in particular, it is a ¢—dominated p—equivalence relation on X for any function ¢ of
X to itself.

7 A metric derived from d and d,, by Q

Notation 7.1 In addition to Notation1.1 and 4.1, assume now that Q is a p—dominated,

p—equivalence relation on X.

Moreover, for any z,y € X, define

dpsoQ(377 y) =



Derived metrics 105

Remark 7.2 Note that if in particular ¢ = Ay, then by Remarks 4.2 and 6.13 we have
d,, =p and @ = Ax.

Therefore, in this particular case, d,,q(z, y) =d(z, y) for (z,y) € Ax and d,,o(z, y) =
p(x,y) for (z,y) ¢ Ax. Hence, since d(z,y) =0 = p(x,y) if (x,y) € Ax, we can
already see that d,,qo = p.

Our former definitions are mainly motivated by the following
Theorem 7.3 The function d,,q is a metric on X such that

(1) dppola, y) = pla, y) forall z,yeA,;

(2) d(z,y) < dypq(z,y) foral x,ye X whenever d(u,v) < p(u,v) for all
u,vep[X].

Proof: For the sake of brevity, define 6 =d,, and 0 =d,,o. Then by the corresponding

definitions, for any x, y € X, we have

d(z,y) if (z,y)€Q,

o(z,y)= _
o(z,y) if (z,9)¢Q,

with
6(z,y)=d(z, o(x))+p(e(x), ey) +d(e(y), y)

Moreover, by Theorems 4.3, 1.4 and 5.7, § is a symmetric, nonnegative, real-valued function

of X?, satisfying the triangle inequality, such that
(a) d(z,y) =p(x,y) forall z,ye A,;
(b) d(z, y) =0 is equivalent to = = p(z) =p(y) =y forall =, y € X,
(c) d(x,y) < d(x,y) forall z, y € X whenever d(u, v) < p(u, v) forall u, v e p[X].

Now, from the definition of o, it is clear that o is a nonnegative, real-valued function of
X 2. Moreover, if x € X, then from the reflexivity of Q we can at once see that (z,z) € Q,
and thus o(z, z) =d(z,z) =0.

On the other hand, if z, y € X such that o(z, y) = 0, then in the case (z, y) € Q we
can see that d(z,y) = o(z, y) =0, and thus x = y. While, in the case (z,y) ¢ Q we
can see that d(x, y) =o(x, y) =0, and thus = = y. Therefore, o(z, y) = 0 if and only
if r=y.

Moreover, if x, y € X, then in the case (z,y) € @) we can see that (y, x) € @, and
thus o(x, y) = d(z, y) = d(y, ) = o(y, ). While, in the case (z, y) ¢ @ we can see
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that (y, z) ¢ @, and thus o(z, y) = dé(x,y) = §(y, ) = o(y, ). Therefore, o is also

symmetric function of X?2.

On the other hand, if z, y € A,, then in the case (z,y) € E,, we can see that z =

¢(x) = ¢(y) = y. Hence, by the reflexivity of @, it follows that (z,y) € Q. Therefore,
o(z,y) =d(z,y) =0=p(x, y) because of x = y. While, in the case (z,y) ¢ E,, we
can see that (z, y) ¢ Q. Therefore, o(z, y) =9d(z, y) = p(x, y) is also true by (a). This
proves (1).

Moreover, if d(u, v) < p(u, v) for all u, v € @[ X ], then by (c¢) we have d(z, y) < (z, y)
for all =,y € X. Hence, since o(x,y) is either d(z,y) or o6(z,y), it is clear that
o(x,y) <d(z,y) also holds for all z, y € X. Therefore, (2) is also true.

Now, to complete the proof, it remains only to prove that o also satisfies the triangle
inequality. This nontrivial fact will be proved in the next section by considering several

cases.

From (1) in Theorem 7.3, by Theorem 2.10 and Remarks 2.5 and 2.8, it is clear that in

particular we have the following two corollaries.

Corollary 7.4 If in particular o is a projection, then d,,q(x,y) = p(z,y) for all
z, Yy €p[X].

Corollary 7.5 Ifin particular ¢ is an injection (involution), then d,,q(x, y) = p(z, y)
forall z,y € B,.

Notation 7.6 In the sequel, analogously to Notation 4.6, we shall simply write dyg in
place of d,,q whenever p is the restriction of d to p[X]?.

Remark 7.7 Thus, for any x, y € X, we have

d(z,y) if (z,y)€@,
Moreover, Theorem 7.3 can be specialized in the following form.

Theorem 7.8 The function d,q is a metric on X such that

(1) deq(x,y) = p(x, y) forall z,yc A,;

(2) d(z,y) < dyg(z,y) foral z,yeX.
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8 The proof of the triangle inequality for o0 = d .

To complete the proof of Theorem 7.3, it has remained to show that, for any z, y, z € X,
we have

o(z,2)<o(z,y)+o(y,2).
For this, according to definition of o and the positions of the points (z, z),(z, y) and

(y, z) with respect to @), we have to consider several cases.

Note that if each of the above tree points is in ), then by the definition of ¢ and the

triangle inequality for d we evidently have
o(z,2) =d(z, z) < d(z, y) +d(y, z) =0 (z,y) + 0oy, 2).

While, if none of the above three points is in (), then by the definition of ¢ and the triangle

inequality for 6 we evidently have
o(x, z) =6(z, z) <0(x, y) +6(y, z2) =0 (z,y) +o(y, 2).

Assume now that (z, z) ¢ @, but (z, y), (v, 2) € Q. Then, by Q C E, and the definition
of E,, we have ¢(z) = ¢(y) = ¢(z). Moreover, by the ¢-transitivity of ), we also have
y ¢ Ag . Therefore, by the definition of A, , we have ¢(y) =y, and thus also p(z) =y
and ¢(z) =y. Hence, by the definitions of o and § and the zero self-distance property of
p, it is clear that

o(z,z)=0(x, z) =d(z, p(x) + p(e(2), (2) +d(p(2), z)
=d(z,y)+p(y,y)+dy, z)=d(z,y) +d(y, z) =0(z,y) + oy, 2).

Therefore, instead of the required inequality, the corresponding equality is also true.

Next, assume that (z, 2) € Q, (z,y) ¢ Q, but (y, 2) € Q. Then, by Q C E, and the
definition of E

@
@, we also have (2, y) € Q). Hence, by the @-transitivity of @Q, it is clear that 2z ¢ A¢.

we have ¢(z) = ¢(z) and ¢(y) = ¢(z). Moreover, by the symmetry of

Therefore, by the definition of A,, we have ¢(z) = z, and thus also ¢(z) = 2z and
©(y) = z. Now, by the definitions of ¢ and §, and the zero self-distance property of p

and the symmetry of d, we can see that

oz, y)=06(x,y)=d(z, o(x) +p(e(@), o(y) +d (o), y)
:d(xv Z)+p(2, Z) + d<za y) = d(xv Z)+d(y7 Z) = 0-(377 Z)+0’(y, 2)7

and hence

0'(33‘, Z) = O'(l’, y) - U(ya Z) = O'(J], y) + J(y7 Z) - 2U(y7 Z)
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Therefore, by the nonnegativity of o, the required inequality is also true.

Quite similarly, if (z, z), (z,y) € Q, but (y, 2) ¢ @, then by @ C E, and the definition
of E, we can see that ¢(z) = ¢(2) and ¢(x) = ¢(y). Moreover, by the symmetry of
@, we also have (y, v) € Q. Hence, by the p-transitivity of @, it is clear that = ¢ AZ.
Therefore, by the definition of A,, we have ¢(z) = =z, and thus also ¢(y) = = and
¢(z) = x. Now, by the definitions of o and ¢, and the symmetry of d and the zero

self-distance property of p, we can see that
oy, z) =0(y. 2) =d(y, ¢(v) + p((y). v(2)) +d(0(2), 2)
=d(y,x)+p(x,z)+d(z, z)=d(z,y)+d(z, 2) =0(z,y)+o(x, z),

and hence

O-(Iv Z) = U(y7 Z) - O'(ZE, y) = 0'(177 y) + U(yv Z) _20-(1:7 y)

Therefore, by the nonnegativity of ¢, the required inequality is also true.

To continue the proof, assume now that (z, z), (z,y) ¢ @, but (y, z) € Q. Then, by
@ C E, and the definition of E,, we have ¢(y) = ¢(z). Moreover, by the definitions of

o and 0, and the triangle inequality for d, we can see that

o(@,2) =0d(z, z) =d(z, o(x)) + p (p(z), 0(2)) + d(e(2), 2)

=60(z,y)+d(y, z)=o(z,y)+o(y, z).

Therefore, the required inequality is again true.

Quite similarly, if (z, 2) ¢ Q, (z,y) € @, but (y, z) ¢ @, then by Q@ C E, and the
definition of E, we have ¢(x) = ¢(y). Moreover, by the definitions of ¢ and d, and the

triangle inequality for d, we can see that

7(@, 2) = 8(3, ) = d(z, $(0)) + 9 (9(2), $(2)) +d (9(2), 2)
=d(z, o(y) +p (o). v(2) +d(¢(2), 2)
<d(z,y)+d(y, () ++p(0y), v(2)) +d(¢(2), 2)

=d(x,y)+ 6y, 2)=0(z,y)+o(y, 2).

Therefore, the required inequality is again true.

Finally, to complete the proof, assume now that (z, z) € @, but (z, y) ¢ Q and (y, z) ¢ Q.
Then, by @ C E, and the definition of E,, we have ¢(z) = ¢(z). Moreover, by the
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definitions of ¢ and ¢, the zero self-distance property of p, the triangle inequality for d

and p, and the nonnegativity of d, we can see that

Therefore, the required inequality is again true.

9 Collinearity-like relations

To construct p—dominated, ¢—equivalence relations on X, we shall need the following

assumptions.

Notation 9.1 Suppose that T is a relation on X? to X such that, for any x,y, z € X,

we have

(2) (2, y) =T(y, z);

(3) I'(z,y)NT(y,z)N{y}* C I'(x,z).
Remark 9.2 Note that, to guarantee property (2), it is enough to assume only that
D(z,y)CT(y,z) forall z,y € X with x #y.

Remark 9.3 While, to guarantee property (3), it is enough to assume only that w €
[(z,y) and w € I'(y, 2z) imply w € I'(z, z) for all =, y, z € X with x # vy, y # z and

y#Fw.
Namely, if 2 =y, then w € I'(y, z) already implies that w € T'(x, z). While, if y = z,
then w € I'(z,y) already implies that w € I'(x, z).

Remark 9.4 Moreover, it is also worth noticing that if (1) is already assumed, then we

may also suppose that = # z.
Namely, if x = z, then by (1) we have I'(z, z) = X, and thus w € I'(z, z) trivially holds.

Definition 9.5 If I'is as in Notation 9.1, then we say that I is a pre-collinearity relation
for X.

While, if T'is a pre-collinearity relation for X such that for any z, y, z € X
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(4) zel(z,y) = zel(y, 2),
then we say that I'is a collinearity relation for X.

Remark 9.6 Note that, if (1) is already assumed, then to guarantee (4) it is enough to
suppose only that z € ['(x,y) implies =z € I'(y, z) for all z, y, 2 € X with y # 2.

Namely, if y = z, then by (1) we have I'(y, z) = X, and thus = € I'(y, z) trivially holds.

Remark 9.7 Wihile, if (1), (2) and (4) are already assumed, then to guarantee (3) it is
enough to suppose only that w € I'(z, y) and w € I'(y, z) imply w € I'(z, z) for any
four, pairwise distinct points z, v, 2z and w of X.

Namely, if x = w, then by (1) we have I'(w, ) = X, and thus z € ['(w, =) trivially
holds. Hence, by (4), it follows that w € I'(x, z). While, if z = w, then by (1) we have
I(w, z) = X, and thus x € I'(w, z) trivially holds. Hence, by (4) and (2), it follows that
wel(z,z)=T(x, 2).

Remark 9.8 In connection with hypothesis (4), it is also worth noticing that if z €
[(z, y), then by (2) we also have z € T'(y, ). Hence, by (4), we can infer that y € I'(z, 2).
Thus, by (2), the inclusion y € I'(z, ) also holds.

Example 9.9 Forany =, y € X, define I'(z, y) = X. Then, I'is a collinearity relation
for X such that instead of property (3) we actually have I'(z,y) N T'(y,z) = ['(z, z) for
all z,y, z € X.

Example 9.10 Let 0 be a fixed element of X, and for any z, y € X define

X it =y,

Iz, y) =
(%) {0} if x#y.

Then, T'is a pre-collinearity relation on X such that instead of property (3) we actually
have I'(z,y)NT(y,z) C I'(z,z) forall z,y, z € X.

Proof: Now, properties (1) and (2) are trivially satisfied. Moreover, if w € I'(x,y) and
w € I'(y, z), then we can easily see that w € I'(x, z).

Namely, if w # 0, then w € {0}¢ C I'(z, z). While, if w =0, then w € I'(z,y) and
w € I'(y, z) imply that © = y and y = z. Hence, it follows that that x = z, and thus
['(z, z) = X. Therefore, w € I'(x, z) trivially holds.

Remark 9.11 Note that now we actually have I'(z, y)NI'(y, z) = ['(z, z) for any three,

pairwise distinct points x, y and z of X.

However, if for instance x, y € X such that x # y, then in contrast to Example 9.9 we
have I'(z, y)NT'(y, ) ={0}°# X =T'(x, z).
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Remark 9.12 Moreover, it is also worth noticing that if y, z € {0}¢ such that y # z,
then z € {0}¢=T(0,y), but 0¢ {0} =TIy, z).

Therefore, in contrast to Example 9.9 and our forthcoming examples, the relation I' consid-

ered in Example 9.10 is not, in general, a collinearity relation for X.

10 Two more natural examples for collinearity relations
Example 10.1 For any z, y € X, define

X it =y,

F(‘Iv ):
N P ST

Then, I' is collinearity relation for X.

Proof: Properties 9.1 (1) and (2) are again trivially satisfied. Moreover, if w € I'(z, y)
and w € I'(y, z) such that x # vy, y # z and y # w, then we can note that w = z and
w = z. Hence, it follows that x = z, and thus I'(x, z) = X . Therefore, w € I'(z, 2)
trivially holds. Hence, by Remark 9.3, we can see that 9.1 (3) also holds.

Finally, to prove property 9.5(4), we can note that if x =y, then x € {y, 2} C I'(y, 2).
While, if x # y, then z € I'(z, y), with z # y, implies that z = x. Therefore, = €
{y, 2z} ='(y, z). Thus, by Remark 9.6, property 9.5 (4) also holds.

Remark 10.2 Note that if x, y and z are pairwise distinct points of X, then
ye{z, yt=T(z,y) and ye{y, 2} =T(y, 2), but y¢{z, 2} =T(z, 2).

Therefore, in contrast to Example 9.9 and Remark 9.11, we now have I'(z, y) NI'(y, z) ¢
I(x, 2).

Example 10.3 Let X be a vector space over K, and for any z,y € X, define
I'(z,z)=X if 2=y, and

Mz,y)={zeX: FAXe€K: z=Xlz+(1-X)y} it x#y.
Then, I' is a collinearity relation for X .

Proof: If z € T'(z, y) such that x # y, then there exists A € K such that z = Az+(1-X\)y.
Hence, by taking g =1— X\, we can see that

z=(1-XNy+Ae=py+(l—p)z.

Therefore, z € I'(y, x) also holds. This shows that I'(z, y) C I'(y, ) whenever x # y.
Thus, by Remark 9.2, property 9.1 (2) also holds.
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Moreover, if A # 0, then by taking v =1 —1/\, we can see that
r=(1-1/XN)y+(1/N)z=vy+(1-v)=z.

Therefore, = € I'(y, z) . Now, to see that property 9.5 (4) also holds, it remains to note only
that if A =0, then z =y. Therefore, I'(y, z) = X, and thus = € I'(y, z) trivially holds.

Finally, to prove property 9.1 (3), note that if w € I'(xz,y) N I'(y, 2) N {y}¢, then
wel(z,y), w ey, z) and yFw.

Moreover, by Remarks 9.3 and 9.4, we may suppose that = # vy, y # z and = # z also
hold. Now, by the above assumptions, we can state that there exist A\, p € K such that

w=Ax+(1=X\)y and w=py+(1l—p)z

Hence, by using that y # w and z # z, we can infer that A 20 and A+ pu # 1.

Namely, if A+ =1, then we also have
w=(1-XNy+Az, andthus Az+(1-XN)y=(1-N)y+Az.

Hence, we can infer that A\x = Az, and thus x = 2z since A\ # 0. And this contradicts the

assumption that x # z.

From the above equations on w, we can also infer that
pw=Apr+(1-X\)py and (1=AMw=(1=-X)py+(1=A)(1—p)=z,
and thus
(A+p—1w=pw—(1=-Nw=Apz—(1=-A)(1—-p)z=N+pu—-1-Ap)z.
Hence, since A + 1 # 1, we can already see that
w:#m + (1—#)2

Therefore, w € I'(x, z), and thus property 9.5 (4) also holds.

Remark 10.4 Note that if in particular X = K, then for any x, y, z € X, with x # vy,

we have
z z—ym+<1_z—y>y
r—y T —y

Therefore, in this particular case I'(x, y) = X also holds for all z, y € X with = #y.
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Remark 10.5 However, if in particular X = C and K =R, then we have
1=0-0+(1-0)1, l=1-1+(1-1)1, and  1#X0+(1—-X)4
for all A € K. Therefore,
1€T(0,1), 1€T(1,4), but 1¢I(0,4).

Thus, in contrast to Example 9.10 and Remark 9.11, we now have I'(0, 1)NI'(1,7) ¢ T°(0, 7).
This show that the set {y}¢ cannot be omitted from assumption 9.1 (3).

11 A ¢p—dominated, ¢-equivalence defined by ¢ and I
Notation 11.1 Define
Qer={(z,y) € By: p(x)el(x,y)}.
Remark 11.2 Hence, because of T'(z, z) = X, it is clear that
(z,y) €Qayr <= =y, ze€l(z,y) <= z=y.

Therefore, in particular we have Qa,r = Ax.

Our former definitions have been mainly motivated by the following

Theorem 11.3 Q,r is a ¢-dominated, p—equivalence relation on X .

Proof: If x € X, then because of (z, z) € E, and ¢(z) € X =I'(z, ) we also have

(z, ) € Qur . Therefore, Q,r is also reflexive on X.

Moreover, if (z,y) € Q,r, then (z,y) € E, and ¢(z) € I'(xz,y). Hence, by the
symmetry of E, and I' and the definition of E,, we can see that (y,z) € E, and
o(y) = p(x) € I'(z, y) =T'(y, ) also hold. Therefore, (y, x) € Q,r, and thus Q,r is

also symmetric.

Now, since @), 1 is evidently ¢-dominated, it remains to prove only that @), is ¢-transitive
too. For this, assume that (z,y) € Qur, (y,2) € Qur and y € AL . Then, by the

corresponding definitions, we have

(r,y) € E,, plz)el(z,y) and (y,2)€L,, ¢y €l(y,2),

and moreover y # ¢(y). Hence, by the transitivity of E,, we can infer that (z, z) € E,.

Moreover, since ¢(x) = ¢(y) € T'(y, z) and ¢(x) = ¢(y) € {y}°, by using property
9.1(3) we can also infer that ¢(z) € I'(x, z). Therefore, (z, z) € Q,r also holds.



114 A. Szaz

Corollary 11.4 We have

(1) Qor = Ax U (Qwr \ AX) ;

(2) Qor\Ax = {(x, y)€ E,\Ax : p(x) € I'(x, y)}
Proof: By Theorem 11.3, we have Ay C Q,r, and thus

Q@F = AXL’l (Q@F\AX) .

Moreover, by the corresponding definitions, it is clear that

Qor \ Ax = {(L y) € E,: o(x) €z, y)}\AX

={(z,y) € E,\Ax: ¢(z) €T (z, y)}.

Corollary 11.5 If ¢ is an injection (involution), then Q,r = Ax .

Proof: By Notation 11.1 and Theorem 2.4 (Remark 2.8), we have Q,r C E, = Ax.
Therefore, Q,r\ Ax =0, and thus by Corollary 11.4 the required equality is also true.

Example 11.6 If in particular T is as in Example 9.9, then Q,r = E,. Namely, by

the corresponding definitions, we have
Qor={(z,y)e Ey,: ox)el(z,y)}={(z,y)eBE,: ¢x)eX}.
Example 11.7 If in particular I is as in Example 9.10, then
Qor = AxU{(z.y) € B\ Ax: o(2) £0}.

Namely, by the corresponding definitions, we have

Qor \Ax = {(z,y) € E,\Ax: ¢(x) €Tz, y)}
={(z,y) € E,\Ax: ¢(x)€{0}}.
Therefore, by Corollary 11.4, the required equality is also true.
Example 11.8 If in particular T is as in Example 10.1, then

Qor =AxU{(z,y) € E,\Ax: ¢(z)=2z or p(z)=y}.

Namely, by the corresponding definitions, we have

Qer\Ax ={(z,y) € E,: ¢(x)el(z,y)}
={(z,y) e BE,\Ax: o(z) e{z, y}}.

Therefore, by Corollary 11.4, the required equality is also true.
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Example 11.9 If in particular I is as in Example 10.3, then
Qor=AxU{(z,y) € E,\Ax: I AXeK: o@)=Az+(1-N)y}.
Namely, by the corresponding definitions, we have
Qor \Ax ={(z,y) € E,\Ax: ¢(z)el(z,y)}
={(z,y)€E,\Ax: FAXEK: px)=dz+(1-XN)y}.

Therefore, by Corollary 11.4, the required equality is also true.

Remark 11.10 Note that in the statements of above examples, we may simply write F,

in place E,\ Ax .

12 Metrics derived from d and p by Q. r

Notation 12.1 Now, according to Theorem 11.3 and Notation 7.1, we define
dwF = dpso%r :

Remark 12.2 Thus, for any x, y € X, we have

d(137y) if (x7y)€Qth7

dyor (2, y) =
e T T

Moreover, in particular, by Theorem 11.3 and Remark 7.2, we have doa,r = p.

Furthermore, as an immediate consequence of Theorems 11.3 and 7.3, we can at once state

the following
Theorem 12.3 The function d,,r is a metric on X such that

(1) dpwr(x7y>:p(x7y) fO’f’ a’” I,yEA@;

(2) d(z,y) <dyor(z,y) forall x,ye X whenever d(u,v) < p(u,v)
for all u,vep[X].

Now, analogously to Corollaries 7.4 and 7.5, we can also state

Corollary 12.4 If in particular ¢ is a projection, then d,,r(z,y) = p(z,y) for all
z,y €p[X].

Corollary 12.5 Ifin particular ¢ is an injection (involution), then d,,r(z,y) = p(x,y)
forall z,y € B,.
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Notation 12.6 In the sequel, analogously to Notation 7.6, we shall simply write d,r

in place of d,,r whenever p is the restriction of d to ¢ [X ]2
Remark 12.7 Thus, for any x, y € X, we have

d(z,y) i (x,9)€ Qur,

dg@F Z, =
T ) i ) ¢ Qur.

Moreover, for instance, Theorem 12.3 can be specialized in the following form.

Theorem 12.8 The function d,r is a metric on X such that

(1> dﬂor(ma y) - p($7 y) for a’ll x,y € ASD;
(2) d(z,y) < dyr(x,y) foral z,yeX.

Notation 12.9 In the forthcoming illustrating examples, by specializing our former no-

tation, we shall assume that X = C and d is the Fuclidean metric on X.

Example 12.10 If ¢(x) =0 for all z € X, then it is clear that ¢ is a projection,
A,={0}, B,=X and D, = Ay, E,=X?.
Moreover, if x, y € X, then according to Notation 4.1 we can also easily see that
dpp(z, y) = d(z,0) 4+ p(0,0) +d(0, y) = |z| + |y].

Note that, by Theorem 4.3, d,, is a ¢-—metric on X. Thus, according to property 3.1(4),
we have d,,(z,y) =0 if and only if (x, y) € Af, i.e., =y = 0. But, in contrast to
property 3.1(3), the corresponding equality is also true.

Furthermore, if T is as in Example 9.10, then by Example 11.7, Remark 11.10 and the

definition of ¢ we have
Qor=AxU{(z,y)eX?®: 0#£0}=AxUD=Ax.

Now, if z, y € X, then by the above observations we can see that, according to Notation

12.1, we simply have

0 if =y,

dprF(x7y): .
2| + [yl if z#y.

Therefore, in the present particular case, d,,r is just the postman metric on X mentioned

in the Introduction.
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Remark 12.11 Note that if I' is as in Example 9.9, then by Example 11.6 we have Q,r =
E, = X?. Therefore, by Notation 12.1, we have d,,r(z, y) = d(z, y) for all z,y € X,
and thus d,,r = d.

Remark 12.12 While, if T' is as in Example 10.1, then by Example 11.8, Remark 11.10

and the definition of ¢ we have
Qor=AxU{(z,y)eX*: 0=z or 0=y} =AxU{0}xRURx{0}.
Therefore, by Notation 12.1, for any =, y € X we have

|z — vy if x=y or zy=0,

dpr(J;?y): .
lz| + |y| if x#y and xy#0.

Therefore, in the present particular case, d,,r is again the postman metric on X.

13 A similar derivation of the radial metric

Analogously to the above derivations of the postman metric, the identically zero function

can also be used to derive the radial metric.

Example 13.1 Suppose now that ¢ is as in Example 12.10, but I is as in Example
10.3 with K = R. Then, in addition to the corresponding statements of Example 12.10, by
Example 11.9, Remark 11.10 and the definition of ¢ we have

Qor=AxU{(z,y)eX?: FAeR: 0=rz+(1-N)y}.
Next, we show that, in the present particular case, we simply have
Q¢F:{<xay)€X2: (xg)QZO}

For this, note that, if (z, y) € Q,r, such that z # y, then there exists A € R such that
O0=Az+(1—X—1)y, and thus

Ar=(A—1)y.
Hence, if y # 0, then we can infer that A # 0, and thus
z=(1-1/A)y.

Now, by taking g =1—1/)\, we can also see that

ry=pyy=pnlyl?,
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and thus
(xg)2 =0 and  (zy)=p|yl*.
Thus, in particular (z, y) € Q,r implies (z¥), = 0 whenever z # y and y # 0. Moreover,

we can also note that

(xf)gz(|x|2)2:0 and (20)y=(20)2=0,=0
for all x € X. Therefore,
prc{(x,y)e)@: (a:g)on}.

To prove the converse inclusion, suppose now that x, y € X such that (zy); = 0. Now, if
y # 0, and thus |y| # 0, then by defining

p=(xg)h/ly|*,
we can see that
ry=(zgh =plyl*=nyy.
Hence, since gy # 0, we can infer that
T=puy.

Now, if = # y, and thus p # 1, then we can also see that

1 1 —
x+(1——)y:—uy+—uy:0.

1—pn 1—pn 1—pn 1—pu

Hence, we can already see that (z,y) € Q,r. Thus, in particular (z7), = 0 implies

(z,y) € Qur whenever x # y and y # 0. Moreover, by the reflexivity of Q,r and the
equality 0z = (0 —1)0, we can also note that

(z, ) € Qur and (z,0) € Qur

for all x € X. Therefore,

{(z,y) e X?: (2§)2=0}C Qyr,
and thus the required equality is also true.

Now, if z, y € X, then by the above observations we can see that, according to Notation

12.1, we simply have

|z =yl if (29)2=0,

dp¢F<x7y): .
[z + 1yl it (zg)2#0.
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Hence, by noticing that

(27)2=0 <= Ty —T11p=0 <= DY =29,
we can see that, in the present particular case, d,,r is just the radial metric on X mentioned

in the Introduction.

Remark 13.2 Here, it is also worth mentioning that if X = R? with an integral domain
R and

Q= {(377 y)eX?: xy :x2y1}7
then @ is a p—equivalence relation on X with ¢ = X x {0}.

Moreover, we have

Q((0,0)) =X, Q((s,0)) = Rx{0},
and

Q((s,t))={(u,v)eX: sv=tu}=t/s
forall s,t€ R with s #0.

Thus, in particular @ ((87 t )), with s,¢ € R and s # 0, is a maximal partial multiplier, and
so also a maximal partial homomorphism on R to itself. Moreover, the family Q [{0}°x R|
is the classical quotient field of R. (For some generalizations of the above ideas, see [15],

[19], and the references therein.)

14 A similar derivation of the river metrics

Now, in contrast to the derivations the postman and radial metrics, the identically zero

function has to be replaced by a non-constant one to derive the river metric.

Example 14.1 If ¢(x) = 2, for all x € X, then it is clear that ¢ is a projection,
A,=R, B,=X and Dy,=Ag, E,={(z,y)eX?: z1=y}.
Moreover, if z, y € X, then by Remark 4.7, we can also easily see that
do(z, y) = d(z, z1) + d(@y, y1) + d(yr, y) = [22] + [21 =00 | + |2].

Note that, by the corresponding particular case of Theorem 4.3, d, is a ¢-metric on X.
Thus, according to property 3.1(4), we have d,(z, y) =0 if and only if (z, y) € Ag, i.e,
r=yeR.
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Furthermore, if T' is as in Example 10.3, then by Example 11.9, Remark 11.10 and the
definition of ¢ we have
pr:AXU{(x,y)GXQ: r1=1vy, JANER: $1:/\ZE+(1—)\)y}.
Next, we show that, in the present particular case, we simply have
Q¢F=E¢:{($> y) e X*: $1=y1}-

For this, note that, by Notation 11.1, Q,r C FE, automatically holds. Moreover, if
(z,y) € E, such that z # y, then

r1 =1 and Ty F Yo .
Hence, by taking
\ = Yo
Yo — T2 7
we have not only
rr=Ax1+(1=X)y, but also O=Axo+ (1—=X)ys.

Therefore,

rp=Az+(1-XN)y,
and thus (z,y) € Q,r also holds. Hence, by the reflexivity of Q,r, it is clear that
E, C Qur, and thus the required equality is also true.

Now, if x, y € X, then by the above observations we can see that, according to Notation

12.6, we simply have

|29 — y2 | it =y,
dch(l‘a y) - .
|zo| + |1 —yi| + |yl i @1 # .
Therefore, in the present particular case, d,r is just the river metric on X mentioned in
the Introduction.

Remark 14.2 Note that if T is as in Example 9.9, then by Example 11.6 we also have

Q,r = L, . Therefore, by the above observations, d,r is again the river metric on X.

Remark 14.3 While, if T is as in Example 9.10, then by Example 11.7, Remark 11.10 and

the definition of ¢ we have
Q¢p:AXU{(x,y)EX2: T =Yy, x17é0}.
Therefore, by Notation 12.6, for any z, y € X we have
0 if =y,
d<pp(:v,y): |22 — yo | it o=y, T #0,
|zo| + |21 =y + |y i @ Fy or ;1 =0, z#£y.
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Remark 14.4 Moreover, if I' is as in Example 10.1, then by Example 11.8, Remark 11.10

and the definition of ¢ we have
Qor =AxU{(z,y) e X*: z=wy, z€R or yeR}.
Therefore, by Notation 12.6, for any z, y € X we have
0 if r=y,

der(z,y) = | 29 — Yo | if z1=vy, r€R or yeR,
|z2| + [z1 =y + |y i miFyporz,yé¢R, z#£y.

15 Some further illustrating examples
Example 15.1 If ¢(z) = for all z € X, then it is clear that ¢ is an involution,
=DB,=R and D, = Ag, E, =Ax.
Moreover, if z, y € X, then according to Remark 4.7 we can also easily see that
do(z, y) =z —2| + [2=g| + |y —y| =2[z2| + [z —y| + 2|02l

Note that, by the corresponding particular case of Theorem 4.3, d, is a (-metric on X.
Thus, according to property 3.1(4), we have d,(z, y) =0 if and only if (z, y) € Ag, i.e,
r=yeR.

Furthermore, by Corollary 11.5, we can now at once see that Q,r = Ax. Therefore, if
x,y € X, then by the above observations we can see that, according to Notation 12.6, we
simply have

0 it =y,

don(x7 y):
|z —y| + 2[z2| + 2]y, it z#y.

Example 15.2 If for all € X we have

0 if z=0,

Pl2) = o it 140,

then it is clear that ¢ is an involution,

AQDZB@:{—]WO,].} and D@:A{—I,O,l}a E«p:AX‘
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Moreover, according to Remark 4.7, we can also easily see that

d,(0,0)=10-0|+|0-0] +]0-0] =0,

1 1 21 1
dy(z, 0) = x——\+]——0\+|0—0|: 2" 1] ,
v v Ed E2
1 1 1 2_1
4p(0, 1) =10-0] +|0—=| + = —y| = — + ly* — 1
Y Y [y [y
and
d¢(x>y):‘x_—)+‘———‘+‘——y‘:’ |, lemwl Iy 1]
o Ty Y Ea |2y |y

for all z, y € X with £ #£0 and y # 0.

Note that, by the corresponding particular case of Theorem 4.3, d, is a ¢-metric on X.
Thus, according to property 3.1(4), we have dy(z, y) = 0 if and only if (z,y) € Af_1,0,1},
le, x=ye{-1,0,1}.

Furthermore, by Corollary 11.5, we can now at once see that Q,r = Ax. Therefore, if

x,y € X, then by the above observations we can see that, according to Notation 12.6, we

have
( 0 lf r=1v,
M) lf x%O, yZOJ
der(z, y) = !
2N ly?=1]+1 if =0 0
|y| 1 xr = ) y# ?
\|my—y\+\‘m;/y‘—z\+\$—y| it x#0, y#0, z#vy.

Example 15.3 If for all z € X we have p(x) =sgn(x), i.e.,

0 if z=0,
() = _
xf|x| if x#0,
then it is clear that ¢ is a projection,
A,={0}US, B,=X and D, = Agous,
where S={ze€ X: |z| =1}. Moreover, we can also easily see that

E,=AoyU{(z,rz): z€{0}°, r>0}.

Namely, for any =, y € X, we have

(z,y) € By <= ¢(2) =¢(y)
= (z=0, y=0) or (x#0, y#0, z/|z|=y/ly])
— (=0, y=0) or (2#0, y#0, y=rz with r=|y|/|z]).
— (sz, y:O) or (x%(), y=rz with r>0).
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Moreover, according to Remark 4.7, we can also easily see that

d,(0,0)=|0-0|+|0—-0|] +|0—-0| =0,

T T
dw(x,()):)x—m‘ +)m—0‘+|0—0| = ||x|—1‘ +1,

aa(0,9) =0 0] + [0 L]+ | Lo —y| =14 |Iy -1

)

and

L
v || lz| |yl |y |
|z |y|—|z|y]

EAN)

:Hx]—l’—k +||y|—l

)

for all z, y € X with £ # 0 and y #0.

Note that, by the corresponding particular case of Theorem 4.3, d, is a ¢-metric on X.
Thus, according to property 3.1(4), we have d,(z, y) = 0 if and only if (z, y) € Aqoyus,
i.e., =y and either y =0 or |y|=1.

Furthermore, if I' is as in Example 9.10, then by Example 11.7, Remark 11.10, and the
definition of ¢ we can see that

Q@F:AXU{(x,y)EEv : gp(m)#O}
=AxU{(z,rz): z€{0}° r>0}
=AyU{(z,rz): z€{0} r>0}=E,.
Namely, for some = € X, we have p(z) #0 <= x#0 <= =z € {0}°. Moreover, for
some z € {0}° and y € X, we have (z, y) € E, if and only if y = rx for some r > 0.

Now, if =, y € X, then by the above observations we can see that, according to Notation
12.6, we have dy,r(z, y)

(

0 it =0, y=0,
|z — vy if +#0, y/x>0,
— [z]—1] +1 if x#0, y=0,
|yl —1] +1 if =0, y#0,
\Hx|—1‘+%+“y\—l| if xzy#0, y/z#0.

Remark 15.4 Note that if T is as in Example 9.9, then by Example 11.6 we also have
Qeor = E,. Therefore, d,r is again as above. The case when I' is as in Example 10.1 or
10.3 is more difficult.
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Remark 15.5 In addition to Examples 13.1, 14.1 and 15.3, it would be useful to consider
the case when ¢ is the natural projection of the unit ball or square in X and I'is one of
the relations given in Examples 9.9, 9.10, 10.1 and 10.3.

Moreover, it would also be useful to find some further collinearity or pre-collinearity relations
for X . And to establish some additional axioms to the ones given in Section 9 in order that
we could get a relational characterization of the natural collinearity relation given in Example
10.3.
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