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Introduction

Ordered geometry, also called order geometry, starts with the study of a set X with a ternary
relation (-, -, -) on X satisfying some axioms that support the interpretation that (x, y, z) iff y is
between x and z . It also includes the interaction of such a ternary relation with other structures
such as a topology or a metric. According to the preface of [10],

“The choice of a system of axioms is inherently arbirtrary, since there will be many equivalent
systems. However, the purpose of an axiom system is not only to provide a basis for rigorous
proof, but also to reveal the structure of a subject. [...] The development should seem natural,
almost inevitable.”

According to [35, section 1], where a reference to [34] is made,

“Unlike most concepts of elementary geometry, whose origin is shrouded in the ineluctable
fog of all cultural beginnings, the history of the notion of betweenness can be traced back to one
person, one book, and one year: Moritz Pasch, Vorlesungen iiber neuere Geometrie, and 1882.”

On the other hand, according to [47, chapter I, §1], referring to [34], [36] and others, order
geometry extends into incidence geometry and beyond:

“The propositions brought forward as axioms in this paper are stated in terms of a class of
elements called "points" and a relation among points called "order"; they thus follow the trend
of development inaugurated by Pasch,t and continued by Peanoi rather than that of Hilbert§ or
Pieri. Il All other geometrical concepts, such as line, plane, space, motion, are defined in terms
of point and order. In particular, the congruence relations are made the subject of definitions**
rather than of axioms. This is accomplished by the aid of projective geometry according to the
method first given analytically by Cayley and Klein.”

[11, 1.4] provides an example of the applicability of order geometry outside mathematics:

“We need to throw most of the specialized apparatus of Euclidean geometry overboard. Once
we’ve stripped our geometry to a bare minimum, then we can go back and build up a different
set of equipment that will be better suited to relativity. The stripped-down geometry we want is
called ordered geometry, and was developed by Moritz Pasch around 1882.”

The following examples of branches of order geometry, given in chronological order of their
supposed foundation, shows that order geometry spans a broad range of topics in mathematics,
with a lot of concepts and results available, some of them integrating continuous and discrete
structures:

o classical order geometry: Here, the focus is on the order geometry of affine spaces,
including normed real vector spaces, for instance the Hahn-Banach theorem: [34], [36],
[47], [13], [38], [48, chapter I, §7 and chapter IV, §1], [10], [35] and others. It also
includes the order geometry of spherical spaces and hyperbolic spaces.

1



2 INTRODUCTION

o general order geometry: Here, the focus is on the order geometry of general interval
spaces and geometric interval spaces: [37], [6], [20], [49], [48] and others. This is
the “ultimately stripped-down order geometry” and can serve as the basis of all other
branches, far remote from the above-cited “ineluctable fog of all cultural beginnings”.
General order geometry is embedded in the theory of algebraic closure spaces: In [48]
and [10, chapter I], some topics, for instance the theorems of Helly, Caratheodory and
Radon, are developed in this more general context.

o arboric interval spaces: [43], [14] [9] and others. Here, some of the axioms of classical
order geometry are replaced by other axioms that are suited to the study of tree-like
structures of various kinds.

o topological order geometry: [44], [24], [23], [48, chapter III], [8], [28], [46] and oth-
ers. Here the betweenness relation interacts with a general topology. This includes
generalizations of von Neumann’s minimax theorem in game theory.

o modular and median interval spaces: [3], [49], [48], [7] and others. It is intermediate
between general order geometry and arboric interval spaces.

In this introduction, for some of these branches of order geometry the main new results are
introduced and some known results are listed. The focus is on characterizations by fundamental
combinatorial concepts, then the concepts of a modular (median) interval space and an arboric
interval space and, between these concepts, the new concept of a quadrimodular (quadrimedian)
interval space. The new and the less familiar concepts used to formulate them are defined. Some
examples and references are given. For proofs and more definitions, examples and references see
the main text, including the chapter on preliminaries.

General interval spaces. Let
R={(, ")
be a ternary relation on aset X ;i.e. R C X x X x X and
(x,y, 2)iff (x,y, z) €R.
The sections of (-, -, -) are:
o for a € X, the binary sections, defined as the following binary relations on X : the
(1, 2)-section (-, -, a) , the (1, 3)-section (-, a, -} and the (2, 3)-section (a, -, -) de-
fined by
(u,v) € (-, -, a) == (u, v, a) ,
(u, v) € (-, a, -) & (u, a, v) ,
(u, v) € (a, -, ) = (a, u, v),

o fora, b € X , the unary sections, defined as the following subsets of X : the 1-section
(-, a, by , the 2-section (a, -, b) and the 3-section (a, b, -) defined by

u e (- a,b) = (u,a,b).
ue(,-,b) (a, u, b) ,
€ {a, b, ) = (a, b, u) .
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The associated strict, left-strict and right-strict relations are the ternary relations (- # - # -) |
(-# -, ), (- #-),on X defined by

(x #y# 2)iff (z,y,2) andz #yandy # 2,
(x #y, 9iff (z,y, z) andz # y,
(x, y # )iff (x,y, z) andy # z.
Let X be a set. A pseudointerval relation on X is a ternary relation (-, -, -) on X such that the
following conditions are satisfied:
o Fora, x € X, (z, z, a) and (a, z, ) .
o Fora, x,y € X ,if (x, a, y) , then (y, a, ) .
A pseudointerval space is a pair consisting of a set X and a pseudointerval relation on X .

An interval relation on X is a pseudointerval relation (-, -, -) on X such that the following
additional condition is satisfied:

o Forz,y € X, (x,y, z) impliesy = z.
An interval space is a pair consisting of a set X and an interval relation on X . Fora, b € X ,
la, b] :={z € X|{a, z, b)} .

The set [a, b] is called the interval from a to b. An interval space X is called geometric iff the
following conditions are satisfied:

o For a € X, the binary relation (a, -, -) is transitive. This condition is the interval
relation version of the strict interval relation condition [34, §1, IV. Grundsatz].
o Fora, b, z,y € X ,z,y € [a, b] and (a, x, y) imply (z, y, b) .
Let X be a vector space over a totally ordered field /i, for example KX = R and X = R" for an
n € Z>; . The ternary relation (-, -, -) on X defined by

(x,y, z) = Thereisa A € K suchthat0 < A< landy=z+ A(z —x) ,

is a geometric interval relation on X . It is called the vector interval relation of X . (X, (-, -, -))
is called the vector interval space associated with X . For a, b € X | [a, b] is the straight-line
segment from a to b . This example has been taken from [48, chapter I, 4.2].

Unless otherwise stated, interval space concepts, applied to a vector space, refer to its vector
interval relation.

Let X be a lattice, for example R? with the componentwise partial order. The ternary relation
(-, -, -y on X defined by

(x,y,z) oz Nz<y<zVz,

is an interval relation on X . It is called the lattice interval relation of X . (X, (-, -, -)) is called
the lattice interval space associated with X . This example has also been taken from [48, chapter
I, 4.2].

Unless otherwise stated, interval space concepts, applied to a lattice, refer to its lattice interval
relation.

For example, in R? with the componentwise partial order, intervals are rectangles parallel
to the coordinate axes. When X is a chain, for example (R, <) , then it is geometric. The
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lattice with the following Hasse diagram is not geometric: [a, b] = [a A b, a V b] = [I, g] ; thus,
z,y € [a,b] ;and x = a Ay, therefore, (a, z,y) . Buty £ ¢ = z V b, consequently not
(x,y, b) .

Let (X, d) be a metric space. By 1.4.4 (interval relation of a metric space) and 1.4.15 (geo-
metricity of metric spaces), the ternary relation (-, -, -) = (-, -, -), on X defined by

(,y, 2)y & dyy = dyy + dys

is a geometric interval relation on X . It is called the geodesic interval relation of X . The in-

terval space (X, (-, -, -),) is called the geodesic interval space associated with (X, d) . In the
interval space (X, (-, -, -),) ,fora, b € X, [a, b] is called the geodesic interval from a to b. For
example:
o In (R?, |- — -||;) , balls are squares parallel to the coordinate diagonals, and geodesic
intervals are rectangles parallel to the coordinate axes.
o For n € Zsy, in (R, |- —-||,) , the geodesic interval relation coincides with the
vector interval relation. In the following example in (R?, ||- — -||,) , (z, y, z) , but not
(z, 9, 2) .
Y
[ ([ ] ([ ]
g;’
o In (R?, ||- —-||.) , balls are squares parallel to the coordinate axes, and geodesic inter-

vals are rectangles parallel to the coordinate diagonals.
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o In a connected graph (N, F) , by 1.4.2 (distance function of a connected graph), the
distance function d is a metric on N . (z, y, z) iff y is on a geodesic from z to z . In the
following graph, [z, z] = {z, y, 2} .

) )
X U/ U/ <

In the following graph, [a, ¢] = {a, b, ¢, d} .

Graphs will mainly be used as counterexamples to illustrate the limits of concepts and
results.

Unless otherwise stated, interval space concepts, applied to a metric space, refer to its geodesic
interval relation.

When X is a geometric interval space, then for p € X | according to 1.4.16 (Hedlikovd’s
criterion for geometric interval spaces), the (2, 3)-section (p, -, -) is a partial order on X .

The concept of a pseudointerval space coincides with the concept of an interval convexity in
[6, after corollary 2.1]. There it has been defined in terms of intervals. Here, relational notation
is used, as has been done before in several variants, for example in [37], [13], [20], [9] and
[35]. The relational notation ’ (x, y, ) directly visualizes a geometric situation, immediately
generalizes to more than three terms and makes explicit that order geometry starts as a first-order
theory. Here, the set operational expression ’ [z, z]' is used only when it is more convenient. In
[48, chapter I, 4.1], a pseudointerval space is called an interval space. The concept of an interval
space as defined in [44, section 2] involves a topology on the set X . An interval space as defined
there for which the topology is indiscrete is the same as a pseudointerval space with the indiscrete
topology added.

The concept of an interval space has been taken from [49, chapter I, 3.1]. There it has been
defined in terms of intervals. In [48, chapter I, 4.10], an interval space is called an idempotent
interval space. The terminology adopted here is parallel to metric space terminology: interval
spaces correspond to metric spaces, see 1.4.4 (interval relation of a metric space), while pseu-
dointerval spaces correspond to pseudometric spaces.

By 1.4.16 (Hedlikova’s criterion for geometric interval spaces), the concept of a geometric
interval space coincides with the concept of a ternary space defined by the conditions (7}) to
(Ty) in [20, section 1]. The terminology used here has been taken from [49, chapter I, 3.1].
The definition used here is equivalent to the definition in [48, chapter I, 4.1]. The conditions
Ty ,T5 in [20, section 1] coincide with the conditions «, 3 in [37, part I, section 1]. They define
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an intermediate concept between the concepts of an interval space and of a geometric interval
space.
Note that interval spaces are first-order structures. In particular:

(1) Amap f: X — Y of interval spaces is
o a homomorphism iff for all a, b, ¢ € X, (a, b, ¢) implies (f (a), f (b), f(c)) ,
o an embedding iff it is injective and for all a, b, c € X,

{a, b, c) iff (f(a), f(b), f(c)),
o an isomorphism of X onto Y iff it is an embedding of X onto Y .
(2) A substructure of an interval space X is a pair consisting of a subset Y of X and the
relation (-, -, -) N (Y XY x Y') . It is an interval space. In [48, chapter I, 4.3], it is
called a subspace of X . There it has been defined in terms of intervals.

The concepts of a convex set, of a convex closure and of a half-space in a vector space over a
totally ordered field have natural generalizations to an interval space:

Let X be an interval space.

A subset C' of X is called convex iff forall z, z € C', [z, z] C C'. For example, forn € Z>1 ,
in (R, ||- —-||,) , open and closed balls are convex. In the real vector space R?, the following
set A is not convex: a, b € A, but [a, b] € Abecause u € [a, bl and u ¢ A.

a

For A C X, the convex closure of A is the intersection of all convex sets in X containg A . The
following notation has been taken from [10, chapter II, section 2]: For A C X |

[A] := the convex closure of A .
When X is a vector space over a totally ordered field /', for example X' = R and X = R"
for an n € Zx; , then the convex closure of A is the set of all Zle Ajz; such that k € Z>,

A1, A2, .., Ay € K50 and 2521 Aj = 1.1In [6, section 1], the concepts of a convex set and a
convex closure have been defined in a more general context of set systems, and a convex closure
has been called a convex hull.

A subset H of X is called a half-space iff H and X \ H are convex.

H X\ H

When X is a vector space over a totally ordered field K and f is a non-zero linear map from X to
K ,thenfor A € K, f~!({ \) is a half-space. In [48, chapter I, 3.1], the concept of a half-space
has been defined in the more general context of an algebraic closure space.
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Characterizations by fundamental combinatorial concepts. Let X be an interval space.
X 1is called triangle-convex iff one and therefore each of the following equivalent conditions
is satisfied:
o For all a, b, ¢, z € X, if there is a b’ € [a, c| such that (b, z, V') , then there is a
c € |a, b] such that (c, z, ¢} .
o Foralla, b, ¢,€ X', Upepa,q [0: V] € Upepy o €1
o Foralla, b, c,e X, Ub,e[a’ g b, U] is convex.
o Foralla, b, c,€ X, [{a, b, c}] = Uy¢(y q [0: V] -
The first of these conditions is the interval relation version of the strict interval relation condition
[36, §10, Assioma XIII]. In [48, chapter I, 4.9] it is called the Peano Property. When X is a
vector space over a totally ordered field K, for example X = R and X = R" forann € Z>,,
then X is triangle-convex.

For n € Z>;, the metric spaces (R", |- —-||;) and (R", |- — -||,) are triangle-convex. Each
convex subspace of a triangle-convex interval space is triangle-convex. 1.6.6 (medianity criterion
for a geometric interval space) provides further examples of triangle-convex interval spaces. The
following complete-bipartite graph is not triangle-convex: ¥’ € [a, c] and (b, x, I') , but there is
no ¢ € [a, b] such that (c, z, ¢) :

PROPOSITION. [10, chapter II, proposition 3] Let X be a triangle-convex interval space. For
C a non-empty convex setand a € X , [C' U {a}] = U ¢ [c, a] .

Let X be an interval space. X is called one-way iff for all a, b, ¢, d € X, {(a, b, ¢) ,b # ¢
and (b, ¢, d) imply (a, b, d) . This condition is the interval relation version of the strict interval
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relation condition [34, §1, VIII. Grundsatz]. When X is a vector space over a totally ordered
field K, for example ' = R and X = R" forann € Z>, , then X is one-way.

Each tree is one-way. The following graph is not one-way: (a, b, ¢) , b # ¢, (b, ¢, d) , but not
(a, b, d) .

For n € Z>, , the metric space (R", ||- — -||,) is not one-way.

Let X be a set. A closure system on X 1is a set C' of subsets of X such that X € (' and for
each non-empty D C C', (D € C.

A closure space is a pair consisting of a set X and a closure system C' on X . Aset A C X is
called closed iff A € C'. When (X, O) is a topological space, then the pair consisting of X and
the set of closed sets in (X, O) is a closure space. When (X, (-, -, -)) is an interval space, then
the pair consisting of X and the set of convex sets is a closure space. The concept of a closure
space as defined here is slighly more general than in [48, chapter I, 1.2], where it is required that
() € C and a closure system is called a protopology.

A closure space (X, (') is also simply denoted by X when it is clear from the context whether
the closure space or only the set is meant.

The concepts of a closure in a topological space and of a convex closure in an interval space
have a natural generalization to a closure space.

Let (X, C) be a closure space.

For A C X, the closure of A is the intersection of all closed sets B O A . It is the smallest
closed superset of A. When X is an interval space and C' is the system of convex sets in X , then
for A C X, the closure of A is the convex closure of A .

For A C X | the entailment relation of C relative to A or A-entailment relation is the binary
relation 4 on X defined by

rhay <y e theclosure of AU {z} .

X 1is called an antiexchange space iff for each closed A C X , one and therefore both of the
following conditions hold, which are equivalent by 3.1.1 (2) (relative entailment relation):

o The restriction 4 | (X \ A) antisymmetric.
o The restriction 4 | (X \ A) is a partial order on X \ A.
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Let X be a vector space over a totally ordered field K , for example X' = R and X = R" for an
n € Zs; . The pair consisting of X and its vector interval relation is a triangle-convex and one-
way interval space. By 3.2.1 (triangle-convex one-way interval spaces), the pair consisting of X
and the set of convex sets is an antiexchange space. In [48, chapter I, 2.24], an exchange space
that is an algebraic closure space with () closed is called an anti-matroid or convex geometry.

The first main new result characterizes a geometric property of an interval relation in terms
of a fundamental property of a family of derived binary relations:

THEOREM. 3.2.4 (antiexchange criterion for triangle-convex geometric interval spaces) Let
(X, (-, -, -)) be a triangle-convex geometric interval space. The pair consisting of X and the set
of convex sets is an antiexchange space iff X is one-way.

Let X be a geometric interval space.

X is called interval-linear iff for all a, b € X, ([a, b], (a, -, -)) is a chain. This condition is
contained in [43, (5.2)]. When X is a vector space over a totally ordered field K , for example
K = Rand X = R" for an n € Z>;, then it is interval-linear. For n € Z>,, the metric
space (R", ||- — -||,) is interval-linear. Each chain, for example (R, <) , with its lattice interval
relation is interval-linear. Each subspace of an interval-linear interval space is interval-linear.
The following graph is not interval-linear: b, d € [a, ¢| , but not (a, b, d) and not (a, d, b) .

For n € Z>, , the metric spaces (R", ||- — -||;) and (R", ||- — -|| ) are not interval-linear.

X is called ray-linear iff for all a, b € X | a # b implies that ({a, b, -), (a, -, -)) is a chain.
This condition is the interval relation version of the strict interval relation condition [34, §1, VII.
Grundsatz]. When X is a vector space over a totally ordered field K, for example X' = R and
X = R"forann € Z>,, then X is ray-linear. Each subspace of a ray-linear interval space is
ray-linear. A tree that has a point of degree > 3 is not ray-linear. For example, the following tree
is not ray-linear: y # b, z, z € (y, b, ) , butnot (y, x, z) and not (y, z, ) .

For n € Z>, , the metric space (R", ||- — -||,) is not ray-linear.
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The second main new result, like the first one, 3.2.4 (antiexchange criterion for triangle-
convex geometric interval spaces), characterizes a geometric property of an interval relation in
terms of a fundamental property of a family of derived binary relations:

THEOREM. 3.3.2 (perspectivity relation) Let X be a one-way geometric interval space. De-
fine the binary relation ~, on X \ {p} by

ar~pbie (p#a,b)or(asfp#b)or (a, b#p).
The following conditions are equivalent:

(1) Foreachp € X , ~, is transitive.
(2) Foreachp € X , ~, is an equivalence relation on X \ {p} .
(3) X is interval-linear and ray-linear.

Let X be an interval space. Define the binary relation ~, on X \ {p} by

Qb (p#a,b) or (a#p#£Db) or {a,b#p).
X is called perspective iff it is geometric and one-way and satisfies one and therefore each of the
following conditions, which are equivalent by 3.3.2 (perspectivity relation):

o Foreachp € X, ~, is transitive.
o Foreach p € X, ~, is an equivalence relation on X \ {p} .
o X is interval-linear and ray-linear.

Let X be a perspective interval space. Three points p, a, b in X are called collinear iff (p, a, b)
or (a, p, by or {(a, b, p) .Forp € X :
o For a, b € X, a is called perspective to b from p iff a ~, b, ie. (p#a,b) or
(a # p #b) or (a, b # p).
o Forn € Zsy and a, b € X", a is called perspective to b from p iff the following
conditions are satisfied:
- For v € [n] , a, is persepective to b, from p.
- For p1, v € [n] satisfying u # v, a,, is not perspective to b, from p.
The concept of perspectivity of elements of X" generalizes the concept of triangles in perspective
in [27, chapter VIII, 160.].

Let X be an interval space.

X is called desarguesian iff it is perspective and for all p, qi2, qi3, go3 € X and a, b € X3,
if a ~, band forall (u, v) € {(1,2), (1, 3), (2, 3)} , (au, @) ~g., (bu, b) , then g1z, q13 q23
are collinear.

X is called unending iff forall a, b € X | a # bimplies (a, b # -) # (). This condition is the
interval relation version of the strict interval relation condition [34, §1, VI. Grundsatz].

X is called complete iff for all a, b € X and each convex set C', a € C' C [a, b] implies that
there is a ¢ € [a, b] such that C' = (a, -, ¢) , which is [a, ¢| , or C' = (a, - # ¢) . This condition
is axiom (S) from [10, chapter VIII, section 1]. It generalizes the defintion of completeness of a
totally ordered field by Dedekind cuts.

Examples and indeed a complete classification of triangle-convex desarguesian unending
complete interval spaces with three non-collinear points are provided by the following coordina-
tization theorem. The direction (=-) follows immediately from [13, section 5] in connection with
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3.3.1(3) (interval-linear geometric interval spaces) and has been called the fundamental theorem
of ordered geometry in [10, chapter VIII, section 3].

THEOREM. An interval space that has three non-collinear points is triangle-convex, desar-
guesian, unending and complete iff it is isomorphic to an unending convex subset of a real vector
space.

Modular and median spaces. For a, b, c, u € X, u is called a median of a, b, c iff
(a, u, b) and (b, u, c) and (c, u, a) .

A median triangle in X is a partial matrix [ 0 u b | X such that v is a median of

a, b, c. When X is a lattice, then (a Ab) V (bAc¢) V (cAa) is a median of a, b, ¢, ie.
c
a (aANb)V(bAc)V(cANa) b
the particular case that X is a distributive lattice.
An interval space X is called modular (median) iff for all a, b, ¢ € X , there is at least one
(exactly one) median of a, b, c. For example, the following bipartite graph is modular, but not
median: a, b, ¢ have the two different medians u, v .

is a median triangle. Medians were introduced in [S] for

For n € Z>1, the metric space (R", |- —-||,) is median. For n € Z,, the metric space
(R™, ||- = |I,) is not modular. In the following example in (R?, |- — -||,) , the points a, b, ¢ €
R? have no median.
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In [3, 1.4] the concept of modularity of an interval space has been defined under the assumption
that the interval space is geometric.
A topological interval space is a triple (X, (-, -, -), O) such that:

(X, (-, -, -)) is an interval space
(X, O) is a topological space
(-, -, -) is a closed subset of the product space X x X x X .

o O O

Each real topological vector space is a topological interval space. By 2.4.2 (topological interval
space property of a metric space), each metric space with the geodesic interval relation and the
topology determined by its metric is a topological interval space. By 2.4.3 (discrete topological
interval spaces), each interval space with the discrete topology is a topological interval space.
The concept of a topological interval space is analogous to the concept of a topological poset,
which is implicit in the results on topological spaces equipped with a closed order in [33, chapter
1, §1 and §3]. It is related to the concept of a topological convex structure as defined in [48,
chapter III, 1.1.1]. The concept of an interval space as defined in [44, section 2] also involves
a topology, but there the interval space structure and the topology are connected by a different
condition.

Let X be a geometric interval space. For A C X and x € X , if the poset (A, (z, -, -)) has
a least element, then this least element is called the gate of x into A. A set G C X is called
gated iff each element of X has a gate into G . For a gated set G in X | the map from X to G
mapping x to the gate of x into G is called the gate map of GG . It is the unique map g : X — G
such that for z, a € X, if a € G, then (x, g (z), a) . Examples for gated sets are provided
by 4.3.1 (modular geometric topological interval spaces) and 5.1.5(2e) (arboric interval spaces).
The concept of a gated set has been taken from [16]. There it has been defined for the particular
case of a metric space and further examples have been provided. When X is a metric space, then
each gated set GG is a Chebyshev set, i.e. for each z € X | there is exactly one a € G such that
d(x, G) =d(x, a) . ais the gate of x into G .

The third main new result characterizes compact gated sets in a modular geometric topolog-
ical interval space:

THEOREM. 4.3.1 (modular geometric topological interval spaces) Let X be a modular geo-
metric topological interval space. For C' a non-empty compact set, C' is gated iff it is convex.

Let X be an interval space.

X is said to have point-interval separation iff for all z, y, z € X ,if x ¢ [y, z| , then there
is a half-space H such that z € H and [y, z] C X \ H . If X has point-interval separation, then
each subspace of X has point-interval separation. When X is a real vector space, for example
X = R"forann € Z>;, then X has point-interval separation. 4.7.1 (separation in a median
geometric interval space) provides further examples of interval spaces with point-interval sepa-
ration. The following complete-bipartite graph X does not have point-interval separation: The
only half-spaces are X and ().
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X is called metrizable iff it has an isomorphism onto a metric space. The next theorem provides
sufficient criteria for metrizability of an interval space.

X 1is called submedian-metrizable iff it has an embedding into a median metric space. For
example, by part (1) of the next theorem a finite subset of a real vector space is submedian-
metrizable. The complete-bipartite graph K 5 is not submedian-metrizable.

The fourth main new result consists of sufficient criteria for submedian metrizability and for
metrizability of a finite interval space.

THEOREM. 4.7.2 (metrizability criterion) Let X be a finite geometric interval space.

(1) If X has point-interval separation, then it is submedian-metrizable.
(2) If X is median, then it is metrizable.

Here are some results from [3] and [49]:

THEOREM. [3, 2.3] Let X be a modular geometric interval space. For u € X | the following
conditions are equivalent:
(1) Forall x, y € X , x, y, u have exactly one median.
(2) The poset (X, (u, -, -)) is a meet semilattice such that every principal down-set is a

modular lattice and any three elements have a common upper bound whenever any two
of them do.

THEOREM. [3, 2.5] Let X be a modular geometric interval space. For v € X | if for all
x,y € X, x,y, uhave exactly one median, then X has an embedding into a bounded modular
lattice with least element . .

The second part of the following theorem shows that the interval relation of a modular geometric
interval space cannot be refined.

THEOREM. [3, 3.1] Let X be a set with geometric interval relations (-, -, -), and (-, -, -), .

olf forall a,b,c € X, a, b, c have a common median with respect to both interval
relations, then (-, -, -); = (-, -, *), -
o If (X, (-, -, -);) is modular and (-, -, -); C (-, -, )y ,then (-, -, -); = (-, -, )y -

The following theorem is analogous to [25, 4.50] (Jordan-Holder theorem) for groups.

THEOREM. [3,4.3] Let X be a modular geometric interval space. For a, b € X | if the poset
([a, 0], (a, -, -)) has a maximal finite chain with least element a and greatest element b , then all
such chains have the same size.
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THEOREM. [3, 4.5] Let X be a modular geometric interval space. Suppose that for each
u € X, in the poset (X, (u, -, -)) each bounded chain is finite. Then X is isomorphic to a
connected graph.

THEOREM. [3, 4.7] Let X be a modular geometric interval space. The following conditions
are equivalent:

(1) Forall a, b € X, the poset (|a, b], (a, -, -)) is a modular lattice.
(2) The complete-bipartite graph K3 3 minus an edge has no embedding into X .

Let X be a median interval space. For a, b, c € X,
m (a, b, ¢) := the median of a, b, c.

For example, the edge graph of a cube is median with m (x, y, b) = u :

For M C X, M is called median in X iff for all a, b, c € M, m(a, b, ¢) € M . For example,
for n € Zs¢, in the median metric space (R, ||- —-||,) , Z" and Q™ are median. For A C X,
the median closure of A in X is the intersection of all median sets in X containg A . For example,
in the following graph, the median closure of {z, y, a} equals {x, y, a, s} .
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LEMMA. [48, chapter I, 6.20] Let X be a median geometric interval space. For A a finite
subset of X andp € X :

(1) p belongs to the median closure of A in X iff for all half-spaces H, and Hy ,p € HiNH,
implies HHNHo N A # ().
(2) The median closure of A in X is finite.

The concept of a lattice can be defined in terms of axioms for an order relation or in terms of
axioms for algebraic operations, namely the join and meet operations. Analogously, the concept
of a median interval space, which has been defined in terms of axioms for an interval relation,
can also be defined in terms of axioms for an algebraic operation, namely the median operation.
A median algebra is a set X with a ternary operation m on X such that the following conditions
are satisfied:

o For a € X , the binary operation m (a, -, -) is idempotent.

o For ay, as, a3 € X and o € S5, m (ay, as, az) =m (%(1), Ao (2) ag(g)) )

o For a € X , the binary operation m (a, -, -) is associative.
These conditions are equivalent to conditions (2), (3) in section 1 and (12) in section 2 of [26].
The equivalence of conditions (a) and (c) in [26, section 2, theorem 2] entails that they are also
equivalent to conditions (T1), (T2) and (T3) defining the concept of a ternary distributive semi-
lattice in [2]. Here are some other synonyms for the concept of a median algebra that have
appeared in the literature: median semilattice, normal graphic algebra, simple graphic alge-
bra, simple ternary algebra, symmetric medium and distributive median algebra. The following
proposition shows that results about median algebras are at the same time results about median
geometric interval spaces and vice versa. In this sense, it provides a link of the theory of median
geometric interval spaces to the extensive literature on median algebras.

PROPOSITION. [48, chapter I, 6.11] If (X, (-, -, ) is a median geometric interval space,
then (X, m) is a median algebra. If (X, m) is a median algebra, then with

(z,y, 2) .o m(z,y, 2) =y,

(X, (-, -, -)) is a median geometric interval space. These two transformations between median
geometric interval spaces and median algebras are inverse to each other.

Arboric spaces. Let X be a poset.

X is called arboric iff X is a meet semilattice and for each a € X | the poset (] a, <) is a
chain. Each chain, for example (R, <) , is an arboric poset. Let (N, E) be a tree. Foru € N |
define the binary relation <, on N by x <, y iff = is on the path from u to y. Then (N, <,) is
an arboric poset. The concept of an arboric poset has been taken from [48, chapter I, 5.3]. There
an arboric poset has been called an order tree. Since an arboric poset is a poset, and not a tree in
the usual sense of graph theory, here the substantive *poset’ together with the adjective "arboric’,
which means ’tree-like’, is preferred.

Let X be an interval space.

X is called interval-concatenable iff for all a, b, ¢ € X, [a, b] N [b, ¢] = {b} implies
(a, b, ¢) . For the particular case of a connected graph, this condition has been used in [31,
3.1.7]. For example, for n € Zs;, the metric space (R", |- —-||;) is interval-concatenable.
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For n € Zs,, the metric space (R, ||- — -||,) is not interval-concatenable. The cycle C5 is not
interval-concatenable.

X 1is called arboric iff X is geometric and interval-concatenable and for each a € X,
the poset (X, (a, -, -)) is arboric. For example, the metric space (R, |- — -|) is arboric. Each
tree is arboric. The following graph is not arboric: ([a, ¢|, (a, -, -)) it not a chain because
b, d € [a, c] ,butnot (a, b, d) and not (a, d, b) .

For n € Z>, , the metric space (R", |- — -||,) is not arboric.

The concept of an arboric interval space is implicit in [43, (1.2), (1.3), (1.1), (1.4), (1.5),
4.7), (2.1), (S), (2.1) in connection with the last part of (4.8)]. There an arboric interval space
is called a tree. Since an arboric interval space is an interval space, and not what is called a tree
in graph theory, here also the substantive ’interval space’ together with the adjective "arboric’,
which means ’tree-like’, is preferred.

The implication (<) of the following proposition is implicit in [43, (1.2), (1.3), (1.1), (1.4),
(1.5), (4.7), (2.1), (S), (2.1) in connection with the last part of (4.8)]. Parts (1) and (2) are axioms
(S) and (T) from section 1, and part (3) is axiom (U;) from section 2 of [43].

PROPOSITION. 1.7.1 (Sholander’s criterion for arboric interval spaces) Let X be a set and
(-, -, -y aternaryrelationon X . Fora, b € X ,define [a, b] :== {z € X|{a, z, b))} . (X, (-, -, *))
is an arboric interval space iff for all u, a, b € X the following conditions are satisfied:
(1) Thereis ac € X such that [u, a] N [u, b] = [u, ] .
(2) If [u, a] C [u, b] , then [u, a] N [a, b] = {a} .
) If [u, a] N [a, b] = {a} , then [u, a] U |a, b] = [u, b] .

PROPOSITION. [43, (4.6)] Each arboric interval space is one-way.

The concept of an extremal point of a set in a vector space over a totally ordered field has a
natural generalization to an interval space: Let X be an interval space. For p € X | p is called
extremal iff for all a, b € X , the following implication holds: If (a, p, b) , then p € {a, b} .
For example, when X is a triangle in the Euclidean plane (R?, || — -||,), i.e. the convex closure
of three affinely independent points x, y, z, then the set of its extremal points equals {z, y, z} .
In [48, chapter I, 1.23], the concept of an extremal point has been defined in the more general
context of an algebraic closure space. The new concept of a median-extremal point generalizes
the concept of an extremal point: For p € X | p is called median-extremal iff for all a, b, c € X,

the following implication holds: If is a median triangle, then p € {a, b, ¢} . Each

b
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extremal point is median-extremal. The median boundary of X is the set
On (X) := {z € X|z is median-extremal.} .

For example, in the following graph, the median-extremal points are z, y, a, v, i.e. Oy (X) =
{z, vy, a, v} .z, y, a are also extremal, while v is not extremal.

Let X be an arboric interval space. For a, b € X | a is called a u-neighbor of b iff u is not
between a and b. For u € X , the u-neighbor relation is an equivalence relation on X \ {u} . A
u-branch is an equivalence class of the u-neighbor relation. For example, in the arboric metric
space (R, |- — |) , the O-branches are the sets R. and R . In the following tree, a, b, ¢, d, e
are extremal. With respect to each of them, there is only one branch. Furthermore:

o The u-branches are {a} , {b} , {v, ¢, d, w, e} .
o The v-branches are {u, a, b} , {c} , {d} ,{w, e} .
o The w-branches are {u, a, b, v, ¢, d} , {e} .

The concept of a branch in an arboric interval space is similar to the concept of a branch in an
arboric poset as defined in [48, chapter I, 5.3].

Let X be an arboric interval space and v € X . By 5.1.3 (extremal points in an arboric
interval space), u is extremal iff there is at most one u-branch. w is called pre-extremal iff u
is non-extremal and there is at most one u-branch of size > 2. For pre-extremal uv € X | the
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extremal neighborhood of u is the set
EN (u) := {u} U{x € X|{z} is a u-branch.}
= {u} U {x € X|x is extremal and adjacent to u .} ,

where equality holds by 5.1.5(3b) (arboric interval spaces). For example, in the following tree,

o The u-branches are {a} , {b} , {v, ¢, d, w, e} , so u is pre-extremal and EN (u) =
{u, a, b} .

o The v-branches are {u, a, b} , {c} , {d} , {w, e} , so v is not pre-extremal although it
is adjacent to the two different extremal points ¢, d .

o The w-branches are {u, a, b, v, ¢, d} , {e}, so w is pre-extremal and EN (w) =

{w, e} .
OWO. (@)

Let X be a metric space.
For x, y, a € X , the modular distance of the point = from the pair (y, a) or Gromov product
of y and a with respect to x is the number

1
dx,ya = 5 (dazy +dpq — dya) .

In [17, 1.1], this has been denoted by (y, a), . In [50, 2.7], it has been denoted by (y|a), . The
notation (y - a)_ is also in use. The reason why here the term *modular distance’ and the notation
dy . have been added is explained in the main text.

For finite Y C X and u € X , the distance sum of u along Y is the number

)\5 = Z Ay -
zeY

For finite Y C X and a, b € X , the augmented modular distance sum of the pair (a, b) along Y’
is the number

)\aYb = dab + Z d;r,ab .

zeY

In [45], the expression )\uX is written as R,, . In [30, 7.3.2], it is written as d,,, . The concept of an
augmented modular distance sum coincides with the concept of a centrality index in [30, 7.3.2],
which has been defined there under addtional assumptions. There. A% is written as ¢ (a, b) .
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The fifth main new result places the neighbor-joining method from [41] for reconstructing
a weighted tree from the distances between its leaves in the conceptual framework of arboric
metric spaces:

THEOREM. 5.3.3 (finite arboric metric spaces) Let X be a finite arboric metric space. For
Y C X, ifon (X)CY, then:
(1) Foru € X | if u is non-extremal with greatest \Y , then w is pre-extremal.
(2) Fora,be X ,ifa, b €Y and a # bwith greatest \}, , then:
(a) Foru € X ,ifuis non-extremal and {a, u, b) , then u is non-extremal with greatest
NG
(b) If | X| > 3, then there is exactly one pre-extremal u € X such that a, b € EN (u) .
(c) If |X| > 3, then for the unique pre-extremal w € X such that a,b € EN(u) ,
EN (u) = {u, a} U{y € Y|AY, = AL,

Quadrimodular and quadrimedian spaces. Let X be an interval space. For k € Z>(, a
finite sequence (ao, a1, ..., ax) in X is called aligned iff it satisfies the following condition: For
allp, ¢, 7 €{0, 1, ..., k} , p < ¢ < rimplies (a,, a,, a,) .

@ e @ e @ s )

Qg aq a9 as
When X is a metric space, then for k € Z>, and a = (ao, a1, ..., a;) a sequence in X , a is
aligned iff d,,,, = Z:Zl da, ,a, - The concept of an aligned sequence has been taken from [43,

section 4]. There an aligned sequence is called a chain, and the concept has been defined in a
similar context.

The new concept of a median quadrangle is analogous to the concept of a median triangle: A
median quadrangle in X is a partial matrix

Q=

» <
~+ <

z Yy
in X such that the four-term sequences (x, s, t,y) , (v, t, v, b) , (b, v, u, a), (a, u, s, x)
and the five-term sequences (x, s, u, v, b) , (y, t, v, u, a) , (y, t, s, u, a) , (x, s, t, v, b) are
aligned.
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a b

For example, in the following graph,

» &
~+

is a median quadrangle.

X is called quadrimodular iff for all x, y, a, b € X, there are s, t, u, v € X such that
a b b a b Y
u v u v u v
s 1 or s i s 1

or . An interval space X is called

T Y T Y T a
quadrimedian iff it is median and quadrimodular. The following graph is quadrimedian.

The edge graph of a cube is median, but not quadrimodular: There are no s, ¢, u, v € X such
a b b a b Y

that ¢ wy ¢

S s t S

- <

or or

v
t
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The sixth main new result characterizes quadrimodular metric spaces:

THEOREM. 6.2.3 (quadrimodularity criterion for metric spaces) Let X be a metric space.
X is quadrimodular iff for x, y, a, b € X, min{d, ya, duyp, dyap} = duya implies that there
a b

are s, t, u, v € X such that

»w &
~+ <

z Y

Part (3) of the seventh main new result is for a compact quadrimedian geometric topological
interval space what [40, 3.24] (Krein-Milman theorem) is for a compact convex set in a locally
convex real topological vector space:

THEOREM. 6.4.1 (convex closure of the median boundary) Let X be a compact quadrime-
dian geometric topological interval space.
(1) Fora,pe X :
(a) The poset ({a, p, -), (a, -, -)) has a maximal element.
(b) Thereisab € Oy (X) such that {(a, p, b) .
(2) Forp € X, there are a, b € Oy (X) such that (a, p, b) .
3) [On (X)] = X.

Here, ’quadrimedian’ cannot be replaced by *'median’.

Let X be metric space.

A geodesic median closure of X is a pair (Y, i) such that Y is a median metric space, i is
an isometric map from X into Y and the median closure of i (X)) in Y equals Y . In particular,
when Y is a median metric space, X a subspace of Y with median closure Y in Y and ¢ is the
inclusion map of X into Y, then (Y, ) is a geodesic median closure of X .

X is called subquadrimedian iff there is an isometric map from X into a quadrimedian metric
space. Each subspace of a quadrimedian metric space is subquadrimedian. A geodesic quadri-
median closure of X is a pair (Y, i) such that Y is a quadrimedian metric space, i is an isometric
map from X into Y and the median closure of i (X) in Y equals Y . In particular, when Y is a
quadrimedian metric space, X a subspace of Y with median closure Y in Y and ¢ is the inclusion
map of X into Y, then (Y ) is a geodesic quadrimedian closure of X .
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The eighth main new result is for the geodesic quadrimedian closure of a metric space what [25,
9.22] (theorem of Steinitz) is for the algebraic closure of a field:

THEOREM. 6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure)
Let X be a subquadrimedian metric space.

(1) X has a geodesic quadrimedian closure.
(2) Let (Y, iy) , (Z, iz) be geodesic quadrimedian closures of X . Then Z is an isometric

copyof Y .

Here, *geodesic quadrimedian closure’ cannot be replaced by ’geodesic median closure’.

Thus, the two structure theorems 6.4.1 (3) (convex closure of the median boundary) and
6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure), which are valid
for quadrimedian spaces, but unvalid for median spaces, are analogous to two central structure
theoremes of analysis and algebra, the Krein-Milman theorem for a compact convex set in a lo-
cally convex real topological vector space and the theorem of Steinitz on the algebraic closure of
a field. Therefore, the concept of a quadrimedian interval space seems to be a natural sharpening
of the concept of a median interval space.

The nineth main new result answers the question when in a compact arboric topological
interval space the median closure of a set equals the whole space:

THEOREM. 6.6.1 (median closure of the median boundary) Let X be a compact arboric
topological interval space.
(1) Forp € X, there are a, b, ¢ € Oy (X) such that p =m (a, b, c) .
(2) The median closure of Oy (X) in X equals X .
(3) ForY C X , the median closure of Y in X equals X iff Op (X) C Y .

Finally, 6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure) and 6.6.1
(median closure of the median boundary) are used together to prove the tenth main new result:

THEOREM. 6.6.2 (compact arboric determination by the median boundary) Let X and Y
be compact arboric metric spaces. If Oy (Y) is an isometric copy of Oy (X) , then Y is an
isometric copy of X .



CHAPTER 1

Preliminaries

In this chapter, preliminaries on sets, algebraic structures, graphs, order structures, topological
structures, metric spaces and interval spaces are collected for reference.

1.1. Sets, Functions, Relations

The following standard concepts have been taken from [32]: map, as a synomym for function,
domain of a map, restriction of a map, f|Ag, composite of two maps, g o f , injective map, map
onto a set, image of a set under a map, f (Ay) , and preimage of a set under a map, f~' (By)
from §2, equivalence relation on a set and equivalence class of an element with respect to an
equivalence relation from §3.

Form € Z>,

m] :={1, 2, ..., m} ,
Sy, := the set of permutations of [m)] .

Let X be a set.

o Form € ZZO s
X )
( m ) := the set of subsets of X of size m .

o FOI'TTL, n e Z217
X™*" . — the set of m X n-matrices in X .
Let f be a function.

dom f := the domain of f .

1.2. First-Order Structures

General first-order structures. The following standard concepts have been taken from
[21], where also examples have been provided: structure, as a synonym for first-order structure,
from section 1.1, homomorphism, embedding, isomorphism of first-order structures, isomorphic
first-order structures and substructure of a first-order structure from section 1.2, product of a
family of first-order structures from section 8.5.

23
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Algebraic structures. The following standard concepts have been taken from [25, chapter
4], where also examples have been provided: vector space from chapter II, section 1, linear map
of vector spaces from chapter II, section 3, group and abelian group from chapter IV, section
1, ring, commutative ring and field from chapter 1V, section 4, algebraic closure of a field from
chapter IX, section 4.

Let X be a set. As usual, a binary operation x on X is called.

o idempotent iff foralla € X ;axa =a.
o associative iff forall a, b, c € X, (axb) xc=a* (bxc) .

Graphs. Graphs will mainly be used as counterexamples to illustrate the limits of concepts
and results. The following standard concepts have been taken from [19], where also examples
have been provided: graph, point, as a synonym for vertex and node, line, as a synonym for
edge, adjacent points, as a synonym for adjacent vertices, isomorphic graphs, walk, path, cycle,
connected graph, length of a walk, geodesic, distance, as a synonym for the distance function of
a connected graph, bipartite graph and complete bigraph, as a synonym for complete-bipartite
graph , from chapter 2, tree from chapter 4.

A graph is a first order structure in the sense that it is determined by the adjacency relation
between its vertices.

Let G = (N, E) be a graph. For a, b € N and w an a-b-walk, an a-b-subwalk of w is a
subsequence of w that also is an a-b-walk, and an a-b-subpath of w is an an a-b-subwalk that is
a path.

The following notations are used:

C), := cycle with n vertices (n € Z>3),
K, , = complete-bipartite graph for a partition of m and n vertices,

)

[ (w) := length of the walk w .

PROPOSITION 1.2.1. (connected graphs) Let (N, E) be a connected graph.

(1) Forb e N, p:= (b) is a b-b-geodesic with | (p) = 0.

(2) Forp = (ag, a1, ..., ax) a geodesic, p' = (ax, ax_1, ..., ag) is a geodesic withl (p') =
L(p) -

(3) Fora, b € N and w an a-b-walk,
(a) w has an a-b-subpath.
(b) I (w) >d(a, b) . Ifl (w) =d(a, b) , then w is a geodesic.

(4) For p = (ag, ay, ..., ax) a geodesic and rk, \ € {0, 1, ..., k} , if Kk < X, then the path

q = (ax, i1, ---, ay) is a geodesic.
PROOF.
(1) p is a path, and [ (p) = 0. Consequently, p is a b-b-path of least length, i.e. a b-b-
geodesic.
(2) For ¢ = (bo, by, ..., b)) an ag-ap-path it is to be proved that [ > k. Define ¢ :=
(b, bi—1, ..., bp) . From the assumption that ¢ is an a,-ao-path it follows:

q' is an ag-az-path of length [ . (1.2.1)
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From (1.2.1) and the assumption that p is a geodesic it follows that | > k.
3)
(a) The walk w has an a-b-subwalk p = (bg, by, ..., b;) of least length. It suffices
to prove that p is a path. Seeking a contradiction, suppose that p is not a path,
i.e. there are kK, A € {0, 1, ..., [} such that x < X and b, = b, . The sequence
(bo, b1, ..., bi, bry1, basa, ..., bg) is an a-b-subwalk of p. Therefore, it is an a-b-
subwalk of w of length k — (A — k) < k, contradicting minimality of the length of
p.
(b) By (3a), there is
p, an a-b-subpath of w . (1.2.2)
In particular,
[ (w) >1(p), (1.2.3)
[(p) >d(a,b) . (1.2.4)

Step 1. [ (w) > d (a, b) follows from (1.2.3) and (1.2.4).
Step 2. Proof that [ (w) = d (a, b) implies that w is a geodesic. (1.2.3), (1.2.4) and
the assumption d (a, b) = [ (w) imply:
L(w) =1(p) . (1.2.5)
(1.2.5) and (1.2.2) imply w = p, and consequently w is a path.
(4) Seeking a contradiction, assume that ¢ is not a geodesic, i.e. there is an a,-a,-path ¢’ of

length less than A — k. Then k < A, and the concatenation w of (ao, a1, ..., a,) , ¢ and
(ax, axs1, -y ag) 18 an ag-ax-walk satisfying [ (w) < k = d(ag, ax) , contradicting
(3b).

O

The following theorem has been cited from [19, theorem 4.1].

THEOREM 1.2.2. (tree criterion) Let G = (N, E) be a graph. G is a tree iff for all a, b € N
there is exactly one a-b-path.

PROOF. [19, theorem 4.1] O
Let T'= (N, E) be a tree. For a, b € N, according to 1.2.2 (tree criterion), define

Pab = Dy
:= the a-b-path,
E (a, b) := the set of edges of pgy, .

Posets. The following standard concepts have been taken from [12], where also examples
have been provided: relation reflexive on a set, antisymmetric relation, transitive relation, order
as a synonym for partial order on a set and ordered set as a synonym for poset from 1.2, chain
as a synonym for fotally ordered set from 1.3, Hasse diagram from 1.15, dual of an ordered set
from 1.19, maximal element, minimal element, greatest element and least element from 1.23,
down-set and up-set from 1.27, order-preserving map from 1.34, upper bound and lower bound
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from 2.1, lattice from 2.4, bounded lattice from 2.12, distributive lattice and modular lattice
from 4.4, directed set from 7.7, directed union from 7.9, familiy of sets closed under directed
unions from 7.10.

A poset (X, <) is also simply denoted by X when it is clear from the context whether the
poset or only the set is meant.

Let X be a poset. Fora € X :

o The principal down-set of a is the set
la:=X
={r e X[z <a}.
o The principal up-set of y is the set
Ta:=X5,
={re Xz >a}.
These concepts have been taken from [12, 1.27].

PROPOSITION 1.2.3. (posets) Let X be a poset. For a € X and U an up-set, if a is a maximal
element of U , then a is a maximal element of X .

PROOF. Forz € X itis to be proved that from a < x it follows that ¢ = x . From the assumptions
that U is an up-set, a € U and a < z it follows:

relU. (1.2.6)
The assumption that a is a maximal element of U, (1.2.6) and the assumption a < z imply
a=1. U

PROPOSITION 1.2.4. (directed posets) Let X be a directed poset.

(1) Each non-empty finite subset of X has an upper bound in X .
(2) Each up-set in X is directed.

PROOF.

(1) Let Xo = {1, @9, ..., 1} be a non-empty finite subset of X . Define u; := x; . For
k € {2,3, ..., k}, once u,_; has been defined, then from the assumption that X is
directed it follows that {u,_1, .} has an upper bound u, . By induction, for k € [k] ,
uy, is an upper bound of {x1, zs, ..., x.} . In particular, uy, is an upper bound of Xj .

(2) Let Y be an up-set in X . For a, b € Y it is to be proved that there is a u € Y such
that ¢ < w and b < w. From the assumption that X is directed it follows that there is a
u € X such that

a<u, (1.2.7)
b<u.

It suffices to prove u € Y . This claim follows from the assumptions that ¢ € Y and Y
is an up-set and (1.2.7).

0
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The following theorem has been cited from [12, 10.3]. Note that the existence of an upper bound
of the empty chain in X entails X # ().

THEOREM 1.2.5. (Zorn’s Lemma) Let X be a poset. If each chain in X has an upper bound,
then X has a maximal element.

PrOOF. [12, 10.3] [

Let X be a poset.

X is called a meet semilattice iff for all z, y € X , {x, y} has a greatest lower bound x A y .
In this case, a meet subsemilattice of X i1s a set Y C X that is closed under passing from
z,ytox Ay, e forallz,y € X,ifz,y € Y, then x Ay € Y. Each lattice is a meet
semilattice. Further examples of meet semilattices are provided by 4.5.1(2) (median geometric
interval spaces) below. The concept of a meet semilattice has been taken from [48, chapter I,
5.3].

X is called arboric iff X is a meet semilattice and for each a € X , the poset (] a, <) is a
chain. Each chain, for example (R, <) , is an arboric poset. Let (N, E) be a tree. Foru € N,
define the binary relation <, on N by x <, y iff x is on p,,, . Then (N, <,) is an arboric poset.
The concept of an arboric poset has been taken from [48, chapter I, 5.3]. There an arboric poset
has been called an order tree. Since an arboric poset is a poset, and not a tree in the usual sense
of graph theory, here the substantive ’poset’ together with the adjective ’arboric’ or 'tree-like’ is
preferred.

The following concept has been taken from [48, chapter 1, 1.5.1]: totally ordered field. An
example is the field of real numbers with its usual order relation.

1.3. Topological Structures

Topological spaces. The following standard concepts have been taken from [32], where
also examples have been provided: topology, topological space, open set, discrete topology
and indiscrete topology from §12, order topology of a chain from §14, subspace topology and
subspace of a topological space from §16, closed set and neighborhood of a point from §17,
continuous function, as a synonym for continuous map, from §18, product topology and product
space, as a synonym for product of topological spaces, from §19, compact topological space
from §26. Each finite topological space is compact.

A topological space (X, O) is also simply denoted by X when it is clear from the context
whether the topological space or only the set is meant.
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Part (1) of the following theorem has been cited from [32, theorem 18.1], part (2) from [32,
theorem 18.2(a)] and part (3) from [32, theorem 18.2(b)].

THEOREM 1.3.1. (continuous maps) Let X, Y be topological spacesand f : X — Y .

(1) f is continuous iff for each closed set AinY | f=1 (A) is closed in X .
(2) If f is constant, then f is continuous.
(3) If X C Y and f is the inclusion map, then f is continuous.

PROOF.

(1) [32, theorem 18.1]
(2) [32, theorem 18.2(a)]
(3) [32, theorem 18.2(b)]

O
The following theorem has been cited from [32, theorem 18.2(c)].

THEOREM 1.3.2. (composite of continuous maps) Let X, Y, Z be topological spaces. If
f: X —=Yandg:Y — Z are continuous, then go f : X — Z is continuous.

PROOF. [32, theorem 18.2(c)] Ul
The following theorem has been cited from [32, theorem 21.5].

THEOREM 1.3.3. (sum and difference of continuous functions) Let X be a topological space.
For f, g: X — R, if f and g are continuous, then f + g and f — g are continuous.

PROOEF. [32, theorem 21.5] O

Part (1) of the following proposition has been cited from [32, theorem 19.5]. Part (2) has been
cited from the proof of [32, theorem 19.6]. Part (3) has been cited from [32, theorem 19.6].

PROPOSITION 1.3.4. (product of topological spaces) (X,)
spaces.
(1) For (Ay) ., a family such that for o € J , Ay € Xo, [[oes Aa = HQEJA_Q.
(2) For g € J , the map from [ [, ; Xo to X, mapping x to x4, is continuous.
(3) For A a topological space and (f,),c; a familiy such that f, : A — X, , the map
[+ A= Tl,e; Xo mapping x to (fo (x)),c, is continuous iff for each o € J, fo is
continuous.

acy be a family of topological

PROOF.

(1) [32, theorem 19.5]
(2) [32, theorem 19.6]
(3) [32, theorem 19.6]
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PROPOSITION 1.3.5. (discrete topological spaces) The product of a finite family of discrete
topological spaces is discrete.

PROOF. Let J be a finite set and (X,),.; a family of discrete topological spaces with product
X . It suffices to prove that for a = (a,),.;, € X, {a}isopen. Fora € J,letm, : X — X, be
the projection map. Then

{a} = (7" ({aa}) - (1.3.1)
acJ
The assumption that (X,,), ., is a family of discrete topological spaces entails:

Fora € J, {a,} is open. (1.3.2)

From (1.3.2) and continuity of 7, it follows:
Fora € J, m," ({as}) is open. (1.3.3)
(1.3.1), (1.3.3) and the assumption that ./ is finite imply that {a} is open. O

The following theorem has been cited from [32, theorem 26.9].

THEOREM 1.3.6. (compactness criterion) Let X be a topological space. X is compact iff the
following condition is satisfied: For each C a non-empty set of closed sets, if for all non-empty

finite Co C C,(Co # 0, thenC #10.
PROOF. [32, theorem 26.9] O
The following theorem has been cited from [32, theorem 26.2].

THEOREM 1.3.7. (compact topological spaces) Let X be a compact topological space. Then
each closed subspace of X is compact.

PROOF. [32, theorem 26.2] Ol

Topological vector spaces. The following standard concepts have been taken from [40]:
topological vector space over R | as a synonym for real topological vector space from section
1.6, local base and locally convex topological vector space from section 1.8.

Topological posets. A ropological poset is a triple (X, <, O) such that:

o (X, <) is aposet.

o (X, O) is a topological space.

o < is aclosed subset of the product space X x X .
When (X, <) is a chain with order topology O, then (X, <, O) is a topological poset. Each
poset with the discrete topology is a topological poset. Further examples of topological posets
are provided by 2.5.1 (geometric topological interval spaces) below. The concept of a topological
poset is implicit in the results on topological spaces equipped with a closed order in [33, chapter
1, §1 and §3]. Sometimes, for instance in [48, chapter III, 1.2.3], a topological poset is called a
pospace.
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Part (1) of the following proposition has been cited from [48, chapter III, 1.2.3].

PROPOSITION 1.3.8. (topological posets) Let X be a topological poset.

(1) Fora € X, 1 ais closed.
(2) For a chain C'in X , C'is also a chain.

PROOF.
(1) The assumption that X is a topological poset entails:
< is a closed subset of the product space X x X . (1.3.4)
By 1.3.1(3) (continuous maps),
The map from X to X mapping x to x is continuous. (1.3.5)

By 1.3.1(2) (continuous maps),

The map from X to X mapping z to a is continuous. (1.3.6)

From (1.3.5) and (1.3.6) it follows by 1.3.4(3) (product of topological spaces):
The map i, : X — X x X mapping z to (a, ) is continuous. (1.3.7)
ta=1i,'(<), (1.3.4) and (1.3.7) imply by 1.3.1(1) (continuous maps) that T a is

closed.
(2) It is to be proved that fora, b € C,a < bora > b,ie. C x C C< U > . The
assumption that C' is a chain in X says that fora, b€ C',a <bora >, i.e.

CxCC<uU>. (1.3.8)
The assumption that X is a topological poset entails:
< isclosedin X x X . (1.3.9)

The projection maps from X x X to X mapping (x, y) to = and y respectively are
continuous. By 1.3.4(3) (product of topological spaces),

The map f from X x X to X x X mapping (z, y) to (y, =) is continuous. (1.3.10)
From (1.3.10) and >= f~! (<) it follows by 1.3.1(1) (continuous maps):

> isclosedin X x X . (1.3.11)
(1.3.9) and (1.3.11) imply:
<U?> isclosedin X x X . (1.3.12)
From (1.3.8) and (1.3.12) it follows:
CxCC<u>. (1.3.13)
By 1.3.4(1) (product of topological spaces),
CxC=0CxC. (1.3.14)

Substituting (1.3.14) into (1.3.13), CxCC<uU>.
[l
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PROPOSITION 1.3.9. (subspaces of a topological poset) Let (X, <, O) be a topological
poset. For' Y C X | the triple consisting of Y , < |Y and the subspace topology on'Y is a
topological poset.

PROOF. Immediate from the definitions. O

Let (X, <, O) be a topological poset. For Y C X | unless otherwise stated, the partial order and
the topology as specified in 1.3.9 (subspaces of a topological poset) are used.

1.4. General Metric Spaces and Interval Spaces

Metric spaces and normed vector spaces. The following standard concepts have been
taken from [42], where also examples have been provided: metric and metric space from defini-
tion 1.1.1, metric subspace as a synonym for subspace of a metric space and metric superspace
as a synonym for superspace of a metric space from definition 1.3.1, isometric map and iso-
metric copy from defintion 1.4.1, norm on a vector space and normed linear space over R | as
a synonym for real normed vector space, from definition 1.7.1, metric determined by a norm
from definition 1.7.3, distance from a point to a set from definition 2.2.1, distance from a set to
a set from definition 2.7.1, topology determined by a metric from definition 4.3.1, open ball and
closed ball from defintion 5.1.1. The following notation is used:

Oy := the topology determined by the metric d .

Examples of real normed vector spaces and metric spaces that serve as running examples for a
number of concepts are provided by the next theorem and the next proposition.

A metric space (X, d) is also simply denoted by X when it is clear from the context whether
the metric space or only the set is meant.

Forn € Z>; and p € R>; U {oo} define the function

[, : R" = Rxo
by
1 .
], = { Qo= 27 ifp e Rt
? maX{|x1’7 "1'2‘7 ) ‘xn‘} lfp:OO

The following theorem has been cited from [42, theorem 12.11.3] and is a particular case of
Minkowski’s theorem on LP-spaces over a measure space.

THEOREM 1.4.1. (Minkowski’s Theorem) For n € Z>1 and p € R>; U {0} | (R”, HH;;) is
a real normed vector space. In particular, (R’Z |- — -] p> is a metric space.

PROOF. [42, theorem 12.11.3] Ol
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The following proposition has been cited from [19, chapter 2].

PROPOSITION 1.4.2. (distance function of a connected graph) Let (N, E) be a connected
graph with distance function d . Then d is a metric on N .

PROOF. Step 1. Forz € N, d(z, ) = 0 by 1.2.1(1) (connected graphs).

Step 2. Proof that for z, y € N, if z # y, then d(z, y) > 0. There is an z-y-geodesic
p = (ag, ai, ..., ai) . From the assumption x # y it follows that & > 0, i.e. [(p) > 0, i.e.
d(xz,y)>0.

Step 3. Forz, y € N, d(z, y) = d(y, z) by 1.2.1(2) (connected graphs).

Step 4. Proof that for or x, y, 2 € N, d(x, 2) < d(z, y) + d(y, z) . There are an z-y-
geodesic and a y-z-geodesic. Their concatenation is an z-z-walk of length d (x, y) + d (y, z) .
By 1.2.1(3b) (connected graphs), d (x, y) + d (y, z) > d(x, z) . O

1.4.2 (distance function of a connected graph) may be used implicitly by applying results on
metric spaces to connected graphs. Unless otherwise stated, metric space concepts and interval
space concepts, applied to a connected graph, refer to the metric in 1.4.2 (distance function of a
connected graph).

Let X be a metric space. For convenience, the following simplified notations are used:

o Fora,be X,

dap :=d (a, D) .
o Fora € X and non-empty B C X,

dop :=d(a, B)
o For non-empty A, B C X,

dap :=d (A, B)

The same letter d may be employed for the metrics of several metric spaces at the same time.
This simultaneous use is in accordance with the usual employment of the same operation and
relation symbols in several structures of the same type. In such cases, the meaning of d is clear
from the context.

Part (1) of the following proposition has been cited from [39, chapter 111, §1].

PROPOSITION 1.4.3. (metric spaces) Let X be a metric space. For k € Zs, and
g, A1, ..., A € X

(1) dagar < Xy s
(2) If duga, = Zﬁzl da,_1a,. > then for p,q € {0,1, ...k} :ifp < q, then dy,., =
hepi1 Qanra -
PROOF.
(1) [39. 111.1]
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(2) Seeking a contradiction, assume d, o, 7 S dq, ya,. - By (1),

k=p+1

p
daoa S da,@_la,@ )
D
k=1
q

dayo, < O day_ya,

Kk=p+1

k
oo, < Y day_ya, -

rk=q+1

Therefore by (1):

daoak < daoap + dapaq + daqak

P q k
< Z da,€71an -+ Z da,@,lan + Z dan—lan
k=1

Kk=p+1 r=q+1
k
= E dan— 10k *
k=1

Thus, dyye, < Zﬁzl da, ,a,. , contradicting the assumption

k
da()ak = Z damflan
Kk=1
U
Interval spaces. Let
R={, - )

be a ternary relationon a set X ;i.e. R C X x X x X and
(2, y, 2) iff (z,y, 2) € R.

The sections of (-, -, -) are:
o for a € X, the binary sections, defined as the following binary relations on X : the
(1, 2)-section (-, -, a) , the (1, 3)-section (-, a, -) and the (2, 3)-section (a, -, -) de-
fined by
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o for a, b € X , the unary sections, defined as the following subsets of X : the 1-section
(-, a, b) , the 2-section (a, -, b) and the 3-section (a, b, -) defined by
u e (- a,b) = (u,a,b).
u € (a, -, b) .= (a, u, b) ,
€ {a, b, ) = (a, b, u) .

The associated strict, left-strict and right-strict ternary relations are the ternary relations
(## ) A ) (£ )  on X defined by
(x #y # 2)iff (x,y, z) andz #yandy # z,
(x #y, 2)iff (z,y, z) andx # y,
(x, y # 2)iff (x,y, z) andy # z.
Examples of ternary relations are the pseudointerval relations, which are interpreted in terms of

some of their sections: A pseudointerval relation on X is a ternary relation (-, -, -) on X such
that the following conditions are satisfied:

o For a € X | the binary relations (-, -, a) and (a, -, -) are reflexive on X ,
o for a € X , the binary relation (-, a, -) is symmetric,
i.e. with the map [+, -] : X x X — P (X) defined by

la, b] := {(a, -, b)
={reX]| (a, z, b},

fora,b € X,a,b € [a,b],and fora, b € X, [a, b] = [b, a] . Symmetry of (-, z, -) implies
that reflexivity of (a, -, -) can be omitted from the definition of a pseudointerval relation. The
set [a, b] is called the interval between a and b. A pseudointerval space is a pair consisting of a
set X and a pseudointerval relation on X . A pseudointerval relation can be interpreted in terms
of some of its sections as follows: For a, b € X,

o u € (a, -, b) says: u is between ¢ and b .
Fora € X,
o (u, v) € (a, -, -) says: u is in front of v when viewed from a .
o (u, v) € (-, a, -) says: u is separated from v by «a .
An interval relation on X is a pseudointerval relation (-, -, -) on X such that one and therefore
each of the following equivalent conditions is satisfied:
o Forz, y € X, (x, y, x) implies y = =,
o Fora, b, c € X, (a # b, c) implies a # ¢,
oForz e X, |z, x] ={z} .
An interval space is a pair consisting of a set X and an interval relation on X .

Let X be a vector space over a totally ordered field K , for example K = R and X = R" for
ann € Z>; . The ternary relation (-, -, -) on X defined by

(x,y, z) = Thereisa A € K suchthat0 < A< landy=x+ A(z — ),
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is an interval relation on X . It is called the vector interval relation of X . (X, (-, -, -)) is called
the vector interval space associated with X . For a, b € X | [a, b] is the straight-line segment
from a to b. This example has been taken from [48, chapter I, 4.2].

Unless otherwise stated, interval space concepts, applied to a vector space, refer to its vector
interval relation.

Let X be a lattice, for example R? with the componentwise partial order. The ternary relation
(-, -, -y on X defined by

T 2y e Nhz<y<axzVz
(z, y, 2) Y :

is an interval relation on X . It is called the lattice interval relation of X . (X, (-, -, -)) is called
the lattice interval space associated with X . This example has also been taken from [48, chapter
I, 4.2]. For example, in R? with the componentwise partial order, intervals are rectangles parallel
to the coordinate axes.

Unless otherwise stated, interval space concepts, applied to a lattice, refer to its lattice interval
relation.

Further examples of interval relations are provided by and presented after the next two propo-
sitions.

The concept of a pseudointerval space coincides with the concept of an interval convexity in
[6, after corollary 2.1]. There it has been defined in terms of intervals. Here, relational notation
is used, as has been done before in several variants, for example in [37], [13], [20], [9] and
[35]. The relational notation ’ (x, y, z) directly visualizes a geometric situation, immediately
generalizes to more than three terms and makes explicit that order geometry starts as a first-order
theory. Here, the set operational expression ’ [z, z|’ is used only when it is more convenient. In
[48, chapter I, 4.1], a pseudointerval space is called an interval space. The concept of an interval
space as defined in [44, section 2] involves a topology on the set X . An interval space as defined
there for which the topology is indiscrete is the same as a pseudointerval space with the indiscrete
topology added.

The concept of an interval space has been taken from [49, chapter I, 3.1]. There it has been
defined in terms of intervals. In [48, chapter I, 4.10], an interval space is called an idempotent
interval space. The terminology adopted here is parallel to metric space terminology: Inter-
val spaces correspond to metric spaces, see the next proposition, while pseudointerval spaces
correspond to pseudometric spaces.

Sometimes, the condition (z, y, z) is simply written by juxtaposition as xyz . Here, the more
elaborate notation (x, y, z) has been chosen because juxtapostion already has several other uses
in mathematics, and also in order to make the notation for the binary and unary sections, (-, -, z) ,
Sy, ), (x, -, (Y, 2), (x, -, 2y and (z, y, -) , more distinct than the analogous notation
cez Y-, x -+, yz, x- 2z, vy  might be. The notation [a, b] for (a, -, b) has been taken from [10,
chapter II, section 2]. In [49, chapter I, 3.1], (a, -, b) is written as I (a, b) , and in [48, chapter I,
4.1], it is also written as ab, and (a, b, -) is written as b/a .

An interval space (X, (-, -, -)) is also simply denoted by X when it is clear from the context
whether the interval space or only the set is meant.
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The following proposition has been cited from [48, chapter I, 4.2].

PROPOSITION 1.4.4. (interval relation of a metric space) Let X be a metric space. The
ternary relation (-, -, -) = (-, -, -), on X be defined by
(@, y, 2), & dpy = dyy + dy

is an interval relation on X .

PROOF. Step 1. Proof that for z € X, the binary relation (z, -, -) is reflexive on X | i.e. for
yeX,(x,y,y) ,ie. dy = dyy + dy, . This claim follows from d,, = 0.

Step 2. Proof that for y € X | the binary relation (-, y, -) is symmetric, i.e. for z, z € X |
(x,y, z) implies (z, y, z) , i.e. dy, = dyy + d, implies d,, = d,, + d,, . This claim follows
from the symmetry of d .

Step 3. Proof that for x, y € X, (x, y, x) implies z = y. The assumption (z, y, =) says
dyy = dgy + dy, . Therefore, 0 = d,y, + dy,, . Thus, d;, = 0. Consequently, x =y . O

Let (X, d) be a metric space. By 1.4.4 (interval relation of a metric space), the ternary relation
(-, ) ={(, -, ), on X defined by
(,y, 2)y & dpy = dyy + dyys

is an interval relation on X . It is called the geodesic interval relation of X . The interval space
(X, (-, -, -),) is called the geodesic interval space associated with (X, d) . In the interval space
(X, (-, -, -),) ,fora, be X,

[aa b]d = [aa b]
- {ZL‘ S X|dab - daz + d:cb}

is called the geodesic interval from a to b . For example:

o In (R? ||- — -||,) , where balls are squares parallel to the coordinate diagonals, geodesic
intervals are rectangles parallel to the coordinate axes.

o For n € Z>y,in (R, |- —-||;) , the geodesic interval relation coincides with the
vector interval relation. In the following example in (R?, ||- —-||,) , (x, y, 2) , but not
(x, ', 2) .

Yy Z
[ J ® ®
y°/
o In (R? |- —-||,.) , where balls are squares parallel to the coordinate axes, geodesic

intervals are rectangles parallel to the coordinate diagonals.

1.4.4 (interval relation of a metric space) may be used implicitly by applying results on interval
spaces to metric spaces. Unless otherwise stated, interval space concepts, applied to a metric
space, refer to its geodesic interval relation.
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The geodesic interval relation of a metric space has been defined in [29, Erste Untersuchung,
section 2]. The term ’geodesic interval’ has been taken from [48, chapter I, 4.2].

PROPOSITION 1.4.5. (interval relation of a connected graph) Let (N, E) be a connected
graph with distance function d. For x,y, z € N, (z, y, z), iff y is on an x-z-geodesic, i.e.
[z, 2], is the union of the x-z-geodesics.

PROOF. Step 1. (=) From the assumption (z, y, 2), , ie. d(z, 2) = d(z,y) +d(y, 2) , it
is to be proved that y is on an x-z-geodesic. There are an z-y-geodesic of length d (z, y) and
a y-z-geodesic of length d (y, z) . y is on their concatenation w . w is an z-z-walk of length
d(z,y)+d(y, z) =d(z, z) . By 1.2.1(3b) (connected graphs), w is an z-z-geodesic.

Step 2. (<) Suppose that y is on an z-z-geodesic p, say p = (ag, a1, ..., a;) and
k € {0, 1, ..., k} is such that y = a,, . 1.2.1(4) (connected graphs), (ag, a1, ..., a,) is an z-y-
geodesic, and (ay, Gyy1, ..., ax) is a y-z-geodesic. Therefore, d (x, y) = kand d (y, z) = k—k.
Consequently, d (z, y) +d (y, z) = k,ie. d(z, y) +d(y, 2) =d(z, 2) . O

For example, according to 1.4.5 (interval relation of a connected graph),

o In the following graph, [z, z| = {z, vy, z} .

) )
X U/ U/ <

o In the following graph, [a, ] = {a, b, ¢, d} .

o Inatree (N, E) with distance function d , for z, y, z € N, (z, y, z),iff y is on p,. .

Let X be an interval space. For k € Z> , a finite sequence (ay, a1, ..., ax) in X is called aligned
iff it satisfies one and therefore each of the following equivalent conditions:

o Forallp, ¢, 7 € {0, 1, ..., k} , p < ¢ < r implies (a,, a,, a,) .
o Forall p, ¢, 7 € {0, 1, ..., k} , p < ¢ < rimplies (a,, a,, a,) .

@ e [ JETTTT @ s [
Qo a1 a2 a3

Each one-term sequence (ag) and each two-term sequence (ag, a1) are aligned. A three-term
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sequence (ag, a1, ag) is aligned iff (ag, a;, as) . Therefore the notation ’{ag, a;, as)’ can be
generalized as follows:

<CLO, A1y ey Gk> = (ao, A1y ey Clk) is aligned.

Examples of aligned sequences with more than 3 terms are provided by the next proposition.
The concept of an aligned sequence has been taken from [43, section 4]. There an aligned
sequence is called a chain, the concept has been defined in a similar context, and the condition
(ag, ai, ..., ax) is simply written by juxtaposition as aga ...a;, . Here, the more elaborate notation
(ag, ay, ..., ax) has been chosen for general & for the same reason as for the case k = 3.

PROPOSITION 1.4.6. (aligned sequences in a metric space) Let X be a metric space. For
k € Zss and a = (ag, a1, ..., a) a sequence in X , a is aligned iff dyy., = Z£=1 da, 1a, -

PROOF. Step 1. (=) Suppose that (ag, a1, ..., ai) is aligned. It suffices to prove by induction
thatforl € {2, 3, ..., k} , dopa, = 22:1 do._1ay -
Step 1.1. [ = 2. The assumption (ag, a1, ..., ax) entails {ag, ai, as) ,i.e. dogay = daga, +

dayay -

Step1.2. 1 —1 — 1. Suppose [ € {3, 4, ..., k} and

-1
daoal_l = Z dcbﬁflab,.€ . (141)
k=1
The assumption (ag, ay, ..., ax) entails {ag, a;_1, a;) , i.e.
daoal = daoalfl + dalflal . (1.4.2)

Substituting (1.4.1) into (1.4.2),

1—
daoal =
K

danflan :

[y

ddn—l%@) + dalflal

[
A

I
MN

1

=
Il

Step 2. (<=) From the assumption d,,,, = Zk 1 da,._,a, it is to be proved that for p, ¢, r €

K=

{0, 1, ..., k} , p < ¢ < rimplies dy 4, = dq,a, + daya, - By 1.4.3(2) (metric spaces),

r
dapaT = E dan_laﬁ y

k=p+1

q
dapaq = E da,@_la,.C )

k=p+1

T
daqa'r = E dan—l Ak *

K=q+1
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Consequently,

r
dapar - § dan—lan

Kk=p+1

q r
(L) (£
rk=p+1 r=q+1

= dapaq =+ daqar .
U

In [7, definition 2.2] an aligned sequence in a metric space is called a geodesic sequence.

Let a = (ao, a1, ..., a;) be a finite sequence. A finite pseudosubsequence of a is a com-
position a o ¢ = (ai(o), i1y s ai(l)) for an order-preserving function ¢ : {0, 1, ..., [} —
{0, 1, ..., k} foran [ € Z> . A finite pseudosubsequence of ¢ may be longer than a . For exam-
ple, (a1, ay, u, as) is a finite pseudosubsequence of (ay, u, as) .

Let X be an interval space. The new concept of an interval-spanning set is defined as follows:
A subset A of X is called interval-spanning iff for all x, y € X | there are w, z € A such that
(w, x, y, z) . Examples of interval-spanning sets are provided by part (1d) of the following
proposition, 1.4.9(2b) (median triangles) below and 2.2.2(3) (median quadrangles) below.

PROPOSITION 1.4.7. (aligned sequences) Let X be an interval space.

(1) Fork € Z>y and S = (x¢, 21, ..., 1) a sequence in X :
(a) If S is aligned, then each finite pseudosubsequence of S is aligned.
(b) For S, T finite sequences, if S and T' are pseudosubsequences of each other, then:
S'is aligned iff T is aligned.
(©) (zo, z1, ..., xy) is aligned iff (xy, Tp_1, ..., To) is aligned.
(d) If S is aligned, then in ({xo, 1, ..., xx}, (-, -, ) , {®o, T} is an interval-
spanning set.
(2) Fork € Z>yand T = (xg, x1, ..., Tp—1, Tk, To) a sequence in X , if T is aligned, then
T is constant.
(3) Define the binary relation ~, on X \ {p} by

0~y biff (p#a,b) or {a#p#Db) or (a,b+#p).

(a) Forp € X, ~, is reflexive on X \ {p} .
(b) Forp € X, ~, is symmetric.

PROOF.
(1)

(a) Let T be a finite pseudosubsequence of S. Each three-term pseudosubsequence

of T is also a three-term pseudosubsequence of S and therefore aligned. Conse-

quently, 7" is aligned.
(b) follows from (1a).
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(c) The assumption (xg, x1, ..., ) and the claim (zy, xx_1, ..., o) both are equiv-
alent to the condition that for all p, ¢, r € {0, 1, ..., k} , p < ¢ < r implies
(ap, aq, ar) .

(d) Fori, j € {0, 1, ..., k} it is to be proved that there are w, z € {x, x;} such that
(w, x;, ©;, 2) .
Case 1. ¢ < j. From the assumption that S is aligned it follows by (1a) that
(w0, i, Tj, k) -
Case 2. j < i. From the assumption that .S is aligned it follows by (la) that
(w0, j, T4, Tx) - By (1¢), (xk, @i, T, To) .

(2) The claim is proved by induction on & .
Step 1. k£ = 1. From the assumption (x, 1, x¢) it follows that g = x; .
Step 2. K — k + 1. Assume that for k € Z~, , for

T == (33’0, L1y oory Th—15 Th, :EO)
a sequence in X , if 7' is aligned, then 7" is constant. For
/
1" = ('1'07 L1y eovy Th—1y Thy Th+1, m0)

an aligned sequence in X it is to be proved that 7" is constant. From the assumption
that 7" is aligned it follows by (1a):

T := (zo, T1, .., Th_1, T, To) is aligned. (1.4.3)
(1.4.3) and the induction hypothesis imply:
T is constant. (1.4.4)
In particular,
T = Xo . (1.4.5)
The assumption that 7” is aligned entails:
(T, Thit, To) - (1.4.6)
Substituting (1.4.5) into (1.4.6), (xo, Tx11, To) .- Therefore,
Tyl = T - (1.4.7)
From (1.4.4) and (1.4.7) it follows that 7" is constant.

3)
(a) Fora € X \ {p} , a ~, afollows from (p # a, a) .
(b) Fora, b € X \ {p} itis to be proved that a ~, b implies b ~, a. The assumption
a ~, bsays (p#a,b) or (a#p#0b) or (a, b+ p) . Therefore, (b, a # p) or
(b#pFayor(p#b,a), ie. b~y,a.
O
Let X be an interval space. For ay, as, as, u € X , uis called a median of a1, as, as iff one and
therefore each of the following equivalent conditions is satisfied:

© <a’17 u, a2> and <a27 u, CL3> and <CL3, u, CL1> :
o for j, k € [3] ,if j # k, then (a;, u, a) .
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Here is another way to express the condition that  is a median of ay, as, az : A median triangle
in X is a partial matrix

-
ar U as

in X such that v is a median of aj, as, as. The points a;, as, asz are called the vertices of
T . The aligned sequences (aq, u, as) , (as, u, az) and (as, u, a;) are called the sides of T .
When X is a lattice, then (a; A ay) V (a2 Aag) V (a3 Aay) is a median of ay, ag, az, i.e.
as
aq (Cll A\ &2) V (CZQ A Clg) vV (Gg A Cll) (05}
the median of three points has been given in [S] for the particular case that X is a distributive
lattice. Further examples of median triangles are provided by the following proposition.

is a median triangle. This expression defining

PROPOSITION 1.4.8. (median triangles in the plane) For Wy, Wy,, Wau € R>q , define u :=
(0,0) , = (—wgu, 0) , ¥ := (Wyu, 0) , @ := (0, Way) -

Mz = ully = wou, ly — ully = wyu, [la = ull; = wau -
5 _ a . . .
(2) In (R, || ) ,T [ v ou oy 1 is a median triangle.

PROOF.

(1) Step 1. Proof of the equation ||z — u||; = w,, . From the assumption w,, € R it
follows:

[ = ully = [[(=wau, 0) = (0, 0},

= [ (—wgu, 0)],
= |_wa| + |0|
= Wgy + 0

= Wy -

Step 2. The proofs of the other two equations are analogous.
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(2) Step 1. Proof of the alignment (a, u, x) . Itis to be proved that ||a — z||, = |la — u||, +
|u — ||, . The assumption wg,, Wy, € R>o implies by (1):
la ==, = (0, wau) = (=wzu, 0)|;
= [[(Weu, Wau)lly
= |Weu| + [Wau|
= Way + Waa
= lla —ull; + llz — ul,,
= [la —ull, + [Ju—=zl], .

Step 2. The proofs of the other two alignments defining the condition that 7" is a median
triangle are analogous.

O
For aq, as, a3 € X ,

M (ay, as, az) := {u € X|u is a median of ay, ay, as}

u

= {u € X| [ s } is a median triangle}
aq a9
= [a1, as] N [ag, az] N [as, a1] .

PROPOSITION 1.4.9. (median triangles) Let X be an interval space.

(l)For:E,y,ZGX,{x

y ] is a median triangle iff (x, a, y) .

(2) For a median triangle l 3 ] inX :
a uU asg
Qs (3)
(1) U Gg(2)
(b) Setting A := {ay, as, az} and T = {ay, ay, as, u} , A is an interval-spanning set
in (T7 <'7 Y >) :
(3) Forxz,y€ X, M(z,y,y) ={y} .

(a) For each permutation o € Ss , is a median triangle.

PROOF.

(1) The following conditions are equivalent:
a . . .
o { is a median triangle.
T oa vy

o (x, a, y) and (y, a, a) and (a, a, ) .
o (z,a,y) .
(2)
(a) For j, k € [3] it is to be proved that if j # k, then (a,(;), U, ao(k)) . From the
assumptions o € S3 and j # k it follows:

o(j)#o(k). (1.4.8)
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as

the assumption that [
a U asg

} is a median triangle and (1.4.8) imply

<a0(j)7 u, a’o‘(k)> .

(b) For z, y € T it is to be proved that there are w, z € A such that (w, z, y, 2) .

Case 1. z, y € A. By 1.4.7(1a) (aligned sequences), (x, x, y, y) .

Case 2. = € A,y = wu. Let without loss of generality x = a;. It is to

be proved there are w, z € A such that (w, ay, u, z) . The assumption that

{ a Ci? a } is a median triangle entails (a;, u, as) . By 1.4.7(1a) (aligned

sequences), (aj, ai, u, as) .

Case 3. v = u, y € A. This case is analogous to case 2.

Case 4. v = u,y = u. It is to be proved that there are w, z € A such that
as

a uU asg

(a1, u, ag) . By 1.4.7(1a) (aligned sequences), (a1, u, u, as) .

(w, u, u, z) . The assumption that [ } is a median triangle entails

(3) From y € [z, y] and y € [y, «] it follows:

M (z,y,y)= [z, y| N[y, y| N[y, 7]
= [z, y N {y} N[y, 2]
={y}-
O

Let X be an interval space. A partial matrix 7" = [ . “ Y } of points in X is called modular

iff one and therefore each of the following equivalent conditions is satisfied:

o There is an s € X such that [ . Z Y } is a median triangle.
o M(z,y,a)#0.

Notation:

< @ > R [ @ } is modular.
T Y T Y

PROPOSITION 1.4.10. (modular matrices) Let X be an interval space. For ay, as, az € X
and o € S3 , if [ 4 a } is modular, then so is [ o (3)

ay 2 (g (1) o (2)

PROOF. The claim follows by 1.4.9(2a) (median triangles). ]
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Note that interval spaces are first-order structures. In particular:

(1) Amap f: X — Y of interval spaces is
o a homomorphism iff for all a, b, ¢ € X, (a, b, ¢) implies (f (a), f (b), f (c)) ,
o an embedding iff it is injective and for all a, b, c € X,

(a, b, c) iff (f(a), f(b), f(c)),
o an isomorphism of X onto Y iff it is an embedding of X onto Y.
(2) A substructure of an interval space X is a pair consisting of a subset Y of X and the

relation (-, -, -) N (Y x Y x Y') . It is an interval space. In [48, chapter I, 4.3], it is
called a subspace of X . There it has been defined in terms of intervals.

(3) The product of a family of interval spaces ((Xq, ()« ) q)) 0 is the first-order struc-
qe

ture

where
X =[x,
q€Q
and for f, g, h € X,

(f, g, hyiffforallq e Q, (f(q), g(q), h(q) .

By 1.4.14 (product of interval spaces) below, it is an interval space.

The following proposition shows that for interval spaces the condition of injectivity is redundant
in the definition of an embedding of first-order structures.

PROPOSITION 1.4.11. (embedding of interval spaces) Let f : X — Y be a map of interval
spaces such that for all a, b, c € X , (a, b, ¢) iff (f (a), f(b), f(c)) . Then f is an embedding.

PROOF. It is to be proved that f is injective. For z, y € X it is to be proved that f (z) = f (y)
implies © = y . From the assumption f () = f (y) it follows:

(f (@), fy), flx)) . (1.4.9)
(1.4.9) and the assumption that for a, b, ¢ € X, (a, b, ¢) < (f(a), f(b), f(c)) imply
(z, y, x) . Consequently, z = y . O

PROPOSITION 1.4.12. (isometric maps) Let f : X — Y be an isometric map of metric
spaces. Then f is an embedding of (X, (-, -, -),) into (Y, (-, -, -),) -

PROOF. By 1.4.11 (embedding of interval spaces) it suffices to prove that for a, b, ¢ € X,
(a, b, ¢) iff (f (a), f(b), f(c)) . From the asumption that f is isometric it follows that the
following equivalences hold:
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(a, b, ¢) & doe = dap + dye
© di) o) = dr@re) + dewse)
& (f(a), f(b), f(c)) .
O

PROPOSITION 1.4.13. (homomorphisms of interval spaces) Let f : X — Y be a homomor-
phism of interval spaces.

(1) For k E Z>0 and S = (ag, ay, ..., ax) an aligned sequence in X, f o S =
(f(ag), f o, f(ay)) is aligned in Y .
(2) For'T' = [ ] median triangle in X , f ol = [ f (@) ;EZ; () ] is a

median trzangle in Y

: a . . f (a)
3) Forx,y,a € X, dular, th
3) Forx, y, a lf|:x y]lsmo ular, ensozs[f(x)

PROOF.

(1) Ttis to be proved that for p, ¢, r € {0, 1, ..., k} , p < ¢ < r implies
(f (ap), f(ay), f(a,)) . From the assumption that S is aligned it follows:

(ap, ag, ar) (1.4.10)
(1.4.10) and the assumption that f is a homomorphism imply:

(f (ap)a flag), f (ar)) -

(2) It is to be proved that each side S” of f o T is aligned. There is a side .S of T" such that
S’ = f o S. It remains to be proved that f o S is aligned. The assumption that 7" is a
median triangle entails:

The three-term sequence S is aligned. (1.4.11)

From (1.4.11) and the assumption that f is a homomorphism it follows that f o S is
aligned.
(3) follows by (2).

Part (1) of the following proposition has been cited from [48, chapter I, 4.3].
PROPOSITION 1.4.14. (product of interval spaces) Let (Xq)qel be a family of interval spaces
with product X .

(1) X is an interval space.
(2) Fork € Z>yand A = (fo, f1, .., [x) a sequence in X , A is aligned iff for each q € 1 ,

(fo (@), f1(qQ)s -y fu(q)) is aligned.

PROOF. The claims follow from the componentwise definition of the interval relationon X . [
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Geometric interval spaces. An interval space X and its interval relation (-, -, -) are called
geometric iff the following conditions are satisfied:

o For a € X, the binary relation (a, -, -) is transitive. This condition is the interval
relation version of the strict interval relation condition [34, §1, IV. Grundsatz].

oFora, b, z,y€ X, x,y € [a, b and (a, x, y) imply (z, y, b) .
The condition that the binary relation (a, -, -) is transitive is equivalent to the condition that for
all y, z,if (a, y, 2) , then [a, y] C [a, 2] , see [43, (1.5)].

Each vector space over a totally ordered field, for example X' = R and X = R" for an

n € Zsy, is geometric. Each chain, for example (R, <) , with its lattice interval relation
is geometric. Further examples of geometric interval spaces are provided by and presented
after the next proposition. The lattice with the following Hasse diagram is not geometric:
la, b] = [aNb,aVDb] =], g];thus, z,y € [a, b] ; and = a A y, therefore, (a, x, y) . But
y £ ¢ =z Vb, consequently not (z, y, b) .

By 1.4.16 (Hedlikova’s criterion for geometric interval spaces) below, the concept of a geometric
interval space coincides with the concept of a ternary space defined by the conditions (7}) to
(Ty) in [20, section 1]. The terminology used here has been taken from [49, chapter I, 3.1].
The definition used here is equivalent to the definition in [48, chapter I, 4.1]. The conditions
Ty ,T5 in [20, section 1] coincide with the conditions «, 3 in [37, part I, section 1]. They define
an intermediate concept between the concepts of an interval space and of a geometric interval
space.

The following proposition has been cited from [48, chapter 1, 4.6.1]. By 1.4.5 (interval
relation of a connected graph), it generalizes [31, proposition 1.1.2]. There the concept of a
geometric interval space is implicit.

PROPOSITION 1.4.15. (geometricity of metric spaces) Let X be a metric space. Then the
interval space (X, (-, -, -),) is geometric.

PROOF. [48, chapter I, 4.6.1] O
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1.4.15 (geometricity of metric spaces) may be used implicitly by applying results on geometric
interval spaces to metric spaces.
By 1.4.15 (geometricity of metric spaces), for example the interval spaces associated with

the following metric spaces are geometric: For (R”, |- — - p) foreachn € Z>; andp € R>q,

(N, d) for each graph (N, E) with distance function d .

The following proposition has been cited from [48, chapter I, 4.22.1]. It characterizes a
bundle of properties of a ternary relation in terms of fundamental properties of two families of
binary relations, plus a property of the ternary relation. The axioms (77), (1%, T}) and (13) are
from [20, section 1], where a geometric interval space has been called a ternary space. (15, T})
has been proved for a geometric interval space also in [49, chapter I, 3.3(1)].

PROPOSITION 1.4.16. (Hedlikovd’s criterion for geometric interval spaces) Let X be a set
and (-, -, -) a ternary relation on X . (X, (-, -, -)) is a geometric interval space iff the following
conditions are satisfied:

o (T1) For a € X | the binary relation (-, a, -) is symmetric.
o (Ty, Ty) For a € X , the binary relation (a, -, -) on X is a partial order on X .
o (T3) Fora, b, ¢, d € X ,if (a, b, ¢) and (a, ¢, d) , then (b, ¢, d) .

PROOF. Step 1. (=-) From the assumption that (X, (-, -, -)) is a geometric interval space it
remains to be proved that the conditions (75) and (75, T}) hold.

Step 1.1. Proof of (73). The assumptions that (a, b, ¢) , {(a, ¢, d) and X is geometric that
(a, b, d) ,i.e.

bela,d . (1.4.12)
The assumption (a, ¢, d) says:
c€la,d . (1.4.13)

From (1.4.12), (1.4.13) and the assumptions that (a, b, ¢) and X is geometric it follows that
(b, ¢, d) .

Step 1.2. Proof of (Ty, T}). It remains to be proved that the binary relation (a, -, -) is an-
tisymmetric, i.e. for z, y € X, (a, z, y) and (a, y, x) imply z = y. From the assumptions
(a, z, y) , {(a, y, x) it follows by step 1.1 that (x, y, x) . Consequently, z =y .

Step 2. (<) From the assumptions (7}), (15, 1)) and (75) it remains to be proved that for
a,be X ,{a, b, b) forx,ye X, (z,y, x)impliesz = yandfora, b, z, y € X ,x, y € [a, b]
and (a, x, y) imply (x, y, b) .

Step 2.1. (Ty, T}) entails that for a, b € X , (a, b, b) .

Step 2.2. Proof that for x, y € X, (x, y, =) implies = y . This implication follows from
(x, x, y) and the assumption (T3, T}).

Step 2.3. Proof that for a, b, x,y € X, x,y € [a, b] and (a, z, y) imply (z, y, b) . The
assumption y € [a, b] says:

(a,y, b) . (1.4.14)
From the assumption (a, x, y) , (1.4.14) and the assumption (73) it follows that (z, y, b) . O
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Let X be a geometric interval space. 1.4.16 (Hedlikova’s criterion for geometric interval spaces)
entails that for a € X, the binary relation (X, (a, -, -)) is a poset with dual (X, (-, -, a)) and
may be applied by making use of both posets.

Part (1a) of the following proposition has been cited from [20, 1.1(1)], part (1b) from [20,
1.1(2)] and part (2a) from [48, chapter I, 4.5].

PROPOSITION 1.4.17. (aligned sequences in a geometric interval space) Let X be a geomet-
ric interval space.

(1) Fork € Z>1, S = (xo, x1, ..., x) an aligned sequence and v € X :

(a) If (xg, xx, x) , then (xg, x1, ..., Tg, T) .

(b) Fork € [k] , if (xp_1, T, Tx) , then (o, T1, ..., Ty_1, T, Ty Tyl ooy Th) -
(2) Fora, b, ce€ X ,if(a, b, ¢) , then:

@) [a, b] N [b, c] = {b} .

(b) [a, JUIb, ¢] C a, ] .

PROOF.

(1)
(a) 20, 1.1(1)]
(b) [20, 1.1(2)]
(2)
(a) Step 1. (2) (a, b, b) and (b, b, ¢) ,i.e. b € [a, bjand b € [b, | ,i.e. [a, B]N[b, c] D
{b}.
Step 2. (C) For x € [a, b] N [b, (] ,i.e. (a, z, b) and (b, x, c) , it is to be proved
that z = b. From the assumptions (a, b, ¢) , (a, x, b) and (b, x, c) it follows by
two applications of (1b) that (a, z, b, z, c¢) . In particular, (x, b, ) . Therefore,
r=>.
(b) It is to be proved that [a, b] C [a, c] and [b, ] C [a, ] .
Step 1. Proof that [a, b] C [a, ¢| . Forz € X itis to be proved that (a, =, b) implies
(a, z, ¢) . From the assumptions (a, x, b) and (a, b, c) it follows that {(a, z, c) .
Step 2. Proof that [b, ] C [a, ¢| , ie. [c, b] C [c, a] . The assumption (a, b, c)
implies (c, b, a) . By step 1, [¢, b] C [c, a] .

O

The concepts of a convex set, of a convex closure and of a half-space in a vector space over a
totally ordered field have natural generalizations to an interval space:

Let X be an interval space.

A subset C' of X is called convex in X iff it is closed under passing from z, z to y when
(x,y, z) ,ie forallz, y, z € X ,if (x, y, z) andx, z € C,theny € C,i.e. forallz, z € C,
[z, z] C C'. For example, for n € Zs , in (R", ||- —||,) , open and closed balls are convex. In
the real vector space R?, the following set A is not convex: a, b € A, but [a, b] ¢ A because
u€fa,blandu ¢ A.
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a

The set of convex sets in X is a closure system on X , i.e. X is convex in X , and the intersection
of a non-empty set of convex sets in X is convex in X . For A C X | the convex closure of A
in X is the intersection of all convex sets in X containg A . It is the smallest convex set in X
containg A . The following notation has been taken from [10, chapter II, section 2]: For A C X |

[A] := the convex closure of A.

(@ is convex. Thus,
0] =0.

When X is a vector space over a totally ordered field /', for example X = R and X = R"
for an n € Z>,, then the convex closure of A is the set of all Z?Zl Ajz; such that k € Z>,

A1, A2, ..., A € K¢ and Z?Zl Aj = 1.1In [6, section 1], the concepts of a convex set and of a
convex closure have been defined in a more general context of set systems, and a convex closure
has been called a convex hull.

A subset H of X is called a half-space iff H and X \ H are convex.

H X\ H

When X is a vector space over a totally ordered field K and f is a non-zero linear map from X
to K , then for A € K, f~' (| \) is a half-space. Further examples of half-spaces are provided
by 5.1.5(2f) (arboric interval spaces) below. In [48, chapter I, 3.1], the concept of a half-space
has been defined in the more general context of an algebraic closure space.

Now let X be a geometric interval space.

For A C X and z € X , if the poset (A, (z, -, -)) has a least element, then this least element
is called the gate of x into A. A set G C X is called gated iff each element of X has a gate into
G . For a gated set G in X , the map from X to G mapping z to the gate of x into G is called
the gate map of GG . It is the unique map g : X — G such that for x, a € X ,if a € GG, then
(x, g(x), a) . Examples for gated sets are provided by 4.3.1 (modular geometric topological
interval spaces) below and 5.1.5(2e) (arboric interval spaces) below. The concept of a gated set
has been taken from [16]. There it has been defined for the particular case of a metric space
and further examples have been provided. When X is a metric space, then each gated set G is a
Chebyshev set, i.e. for each € X | there is exactly one a € G such thatd (z, G) = d(x, a) . a
is the gate of = into G'.
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Part (1) of the following proposition has been cited from [48, chapter I, 5.12(1)].

PROPOSITION 1.4.18. (gated sets) Let X be a geometric interval space. For G C X :

(1) If G is gated, then G is convex.
(2) Foreach x € G, x is a gate of x into G .
(3) G is gated iff each element of X \ G has a gate into G .

PROOF.

(1) [48, chapter I, 5.12(1)]
(2) Foreachy € G, (z, z, y) .
(3) follows from (2).

The following theorem has been cited from [48, chapter I, 4.8(2)].

THEOREM 1.4.19. (product of geometric interval spaces) Let (Xq)qu be a family of geo-
metric interval spaces with product X . Then X is geometric.

PROOF. The claim follows from the componentwise definition of the interval relation on
X. g

Metric spaces continued.

PROPOSITION 1.4.20. (median triangles in a metric space) Let X be a metric space. For

a . . .
l v ou oy ] a median triangle in X | d,, = % (dyy + dya — dya) -

. a . . .
PROOF. The assumption that [ v ou oy } is a median triangle says:

dyu + dua = dya ) (1416)
dau + duac = dax. (1417)
Addition of (1.4.15) and (1.4.17), subtraction of (1.4.16) and the symmetry of d yield 2d,, =
dyy + dza — dye . Upon division by 2, d,,, = % (duy + dua — dya) - 0

PROPOSITION 1.4.21. (point-interval distance) Let X be a metric space. For x, y, a € X ,
(1) d:p,[y,a] Z % (dacy + dra - dya) .
a .
() If [ . y ] is modular, then d, [, o = % (dyy + dya — dya) -

PROOF.

(1) For z € [y, a] it is to be proved that d,, > % (dyy + dya — dyq) - The assumption z €
ly, a| says dy, = d,. + d., . Therefore, the following inequalities, of which the first one
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is to be proved, are equivalent:

Tow > 3 (duy + o — )

2dy; > dyy + dpq — dyq,

2y, > dyy + dypo — (dy. + d.a) |
(due + dza) + (doz + dzy) > dya + doy -

The last inequality follows by adding two instances of the triangle inequality: d,, +
dza 2 dma and dwz + dzy 2 dxy .
(2) It suffices to prove dy [y o) > 5 (duy + doq — dya) and
dx,[y, al S % (dzy + dza - dya) .
Step 1. dyjy a] > 3 (duy + dua — dya) by (D).

Step 2. Proof that d, [, o < % (dyy + dya — dyq) . The assumption that [ . a , } is

modular says that there is an s € X such that
{ @ } is a median triangle. (1.4.18)
x sy

In particular, s € [y, a] . Therefore,
o fy,a) < das - (1.4.19)

From (1.4.18) it follows by 1.4.20 (median triangles in a metric space):

1
s = 5 (doy + doa = dya) - (1.4.20)

Substituting (1.4.20) into (1.4.19), d, [y, o < % (dyy + dya — dya) -

O
PROPOSITION 1.4.22. (modular matrix representation) Let A be a metric space with A =
{x, y, a} . There is an isometric map i from A into (R?, ||- — -||,) such that
i(a) .
. . is modular.
i(x) i(y) }

PROOF. From the three instances of the triangle inequality dy, < dgy + dya , e < dye + dya
dyy < doy + dgy it follows that % (dypy + dyo — dya) € Rxo, % (dyy + dya — dza) € Rso and
% (dog + day — dyy) € R5q . By 1.4.8 (median triangles in the plane), there is

!
[ “ J } , a median triangle in (RZ, |- — Hl) , (1.4.21)

o
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such that
1
|z" = ||, = 3 (dyy + dypa — dya) (1.4.22)
1
Hy/ - u,”l = 5 (dy:c + dya - d:ca) ) (1423)
1
la" = ||, = 3 (daz + day — duy) - (1.4.24)
(1.4.21) entails that
/
{ o y } is modular (1.4.25)
and (z', v/, ') , i.e.
2" = y'll, = 2" =[], + v = ¥, (1.4.26)
From (1.4.26), (1.4.22) and (1.4.23) it follows:
2" = y'll, = 2" =], + v = ¥y

= ll2" = u'lly + [y = w'lly

1 1
= 5 (dzy + dya — dya) + 5 (dyz + dya - dm)
—d,,. (1.4.27)
Analogously,
Iy = a'lly = dya, (1.4.28)
la" —2'||, = dus - (1.4.29)
From (1.4.27), (1.4.28) and (1.4.29) it follows that an isometric map 7 from A into (R?, ||- — -||,)
is well-defined by setting i (z) = 2’ , i (y) = v and i (a) = o’ . (1.4.25) says that
i(a) .
, , is modular. g
i(x) i (y)

Part (1) of the following proposition has been cited from [42, theorem 1.6.1]. Part (2) has been
cited from [48, chapter I, 4.3.2]. Part (3) is a particular case of [42, theorem 4.5.1].

PROPOSITION 1.4.23. (sum metric) Let ((X,, dq))qu be a finite family of metric spaces and
X =[l,eqXy- Forthemap d: X x X— Ry defined by d (z, y) = 3 cody (T4, Yg) :
(1) dis a metric on X .

(2) The interval space (X, (-, -, -),) is the product of the family of interval spaces

(%)

(3) The topological space (X, Oy) is the product of the family of topological spaces
(X4 O,)) ey
PROOF.
(1) [42, theorem 1.6.1]
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(2) For f, g, h € X itis to be proved: If for allq €Q,
dq (f(q), h(q)) = dq(f(q), g(a)) + dq(g ( ), h(q)) , then d(f, h) = d(f, g) +
d (g, h) , and otherwise d (f, h) # d (f, ) d(g, h) .

Step L. I orall g € Q. dy (1 (), 1(0)) = dy (7 (0), 9(0) 0y (90) 1 (@) hen
addition of those equations yields d (f, h) = ( f, g)+d(g, h) .

Step 2. If, on the other hand, there is a ¢y € () such that dg (f (q0), h(q)) #
dQO (f (QO) ) <q0)) + dQO (g (CI()>  h (QO>> , then

dgo (f (90)» 7 (0)) < dgy (f (20), 9(90)) + doo (9 (d0) , P (q0)) -

Addition of that inequality and the triangle inequality

dy (f(q), h(q) <dy(f(q),9(q)+d,(g9(q), h(q))

forallg € Q\ {qo} yieldsd (f, h) <d(f, g)+d(g, h) .
(3) is a particular case of [42, theorem 4.5.1].

g

Let ((Xg, dg)),c be a finite family of metric spaces and X = [] ., X, . By 1.4.23(1) (sum
metric) the map d : X x X— Ry defined by d (z, y) = >_ o dy (24, yq) is ametricon X . dis
called the sum metric and the metric space (X, d) is called the sum of the family ((Xq, dg)),c( -
Let X and Y be metric spaces. A nonexpansive map from X to Y isamap f from X to Y
such thatforall a, b € X, d(a)sp) < dap - In [22, section 1] a nonexpansive map between metric
spaces is just called a mapping between metric spaces. For each finite family of metric spaces,
the projection maps of its sum are nonexpansive. Each isometric map of metric spaces is nonex-
pansive. Further examples of nonexpansive maps are provided by the following proposition.

PROPOSITION 1.4.24. (nonexpansiveness of metrics) Let X be a metric space. With respect
to the sum metric on X x X , the map from X x X to R mapping (x, y) to d, is nonexpansive.

PROOF. For (a, b), (z, y) € X x X itis to be proved that |d,, — du| < das + dyy . It suffices
to prove dyy — dap < dog + dpy and dgp — dyy < dog + dpy . By 1.4.3(1) (metric spaces), dg, <
dyq + dap + dpy . Therefore, d,y — dopy < dgp + dp, . Interchanging x with a and y with b,
dab - dxy S dax + dby . U

Part (1) of the following proposition is a particular case of [42, theorem 9.4.2(i)].
PROPOSITION 1.4.25. (nonexpansive maps) Let X, Y be metric spaces and f a nonexpan-
sive map from X to'Y .
(1) f is continuous.
(2) For A an interval-spanning set in X , if f|A is isometric, then f is isometric.
PROOF.

(1) is a particular case of [42, theorem 9.4.2(i)].
(2) For z, y € X itis to be proved that dy(,)f) = d.,. From the assumption that f is
nonexpansive it follows that d(,) s,y < d.,. Therefore, it suffices to prove
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dy(2)f(y) = duy- Seeking a contradiction, assume
i) s(y) < day - (1.4.30)
The assumption that A is interval-spanning implies that there are
w, z €A
such that (w, x, y, z) . By 1.4.6 (aligned sequences in a metric space),
dys = dyy + dyy + dy . (1.4.31)

From the assumption that f|A is isometric, w, z € A, the assumption that f is nonex-
pansive, (1.4.30) and (1.4.31) it follows by 1.4.3(1) (metric spaces):

dwz = d(w)f(2)
S diw)f@) + di@)re) + dre)fe)
< dwx + dmy + dyz
= dwz )

Therefore, d,,, < d,,. , a contradiction.
O

Let Y be a metric space.

Let f a nonexpansive map from a metric space X to Y . f is called universally extendable iff
it has an extension to a nonexpansive map from each superspace of X to Y .

Y is called injective iff each nonexpansive map from a metric space to Y is universally

extendable. For example, for n € Z>; , the metric space (R", ||- — -||_,) is injective. The metric
space (R?, ||- — -||,) , being an isometric copy of (R?, |- — -||__) , is injective. But for n € Z>3,
(R™, ||- = +||;) is not injective. The concept of an injective metric space has been taken from

[22, introduction]. It is equivalent to the concept of a hyperconvex metric space as defined in
[1, section 2, definition 1]. Therefore, the two terms ’injective metric space’ and "hyperconvex
metric space’ may be used synonymously.

The following theorem has been cited from [22, 2.1].

THEOREM 1.4.26. (existence of injective closure) For each metric space X | there is an
injective metric space Y and an isometric map i : X — Y such that Y has no injective proper
subspace containing i (X) .

PROOF. [22,2.1] O

PROPOSITION 1.4.27. (isometric maps into an injective metric space) Let X be a metric
space and Y an injective metric space. For A an interval-spanning set in X , each isometric map
from Ainto'Y has an extension to an isometric map from X into'Y .

PROOF. Let f be an isometric map from A into Y . In particular,

f is a nonexpansive map from Ato Y . (1.4.32)



1.5. INTERVAL-CONVEX AND TRIANGLE-CONVEX SPACES 55

From (1.4.32) and the assumption that Y is injective it follows that there is
g, anonexpansive map from X to Y, (1.4.33)
such that
glA=r. (1.4.34)
(1.4.34) and the assumption that f is isometric imply:
g|A is an isometric map from Ato Y . (1.4.35)

From the assumption that A is interval-spanning, (1.4.33) and (1.4.35) it follows by 1.4.25(2)
(nonexpansive maps) that g is an isometric map from X into Y . [

1.5. Interval-Convex and Triangle-Convex Spaces

Let X be an interval space.

X is called interval-convex iff for all a, b € X | [a, b] is convex. When X is a vector space
over a totally ordered field K , for example X' = R and X = R" forann € Z>,, then X is
interval-convex. Each subspace of an interval-convex interval space is interval-convex. Further
examples of interval-convex interval spaces are provided by the next proposition. The complete-
bipartite graph K 3 is not interval-convex. The concept of an interval-convex interval space
generalizes the concept of an interval monotone graph in [31, 1.1.6]. According to [31, 1.1],
each tree is interval-convex. This fact is a particular case of 3.3.1(1) (interval-linear geometric
interval spaces) below.

X is called triangle-convex iff one and therefore each of the following equivalent conditions
is satisfied:

o For all a, b, ¢, z € X, if there is a b’ € [a, c| such that (b, z, V') , then there is a
d € [a, b] such that (c, =, ) .

o Foralla, b, c,e X, Ub'e[a,c} b, V'] C Ude[a,b} e, ] .

o Foralla, b, ¢,€ X', Uyepy, o [bs V] is convex.

o Foralla, b, c,€ X, [{a, b, c}] = Uyc(y [0, ] -

The first of these conditions is the interval relation version of the strict interval relation condition
[36, §10, Assioma XIII]. In [48, chapter I, 4.9] it is called the Peano Property. When X is a
vector space over a totally ordered field K, for example K’ = Rand X = R" forann € Z>,,
then X is triangle-convex.

For n € Z>;, the metric spaces (R", |- —-||,) and (R™, |- — -||,) are triangle-convex. Each
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convex subspace of a triangle-convex interval space is triangle-convex. 1.6.6 (medianity crite-
rion for a geometric interval space) below provides further examples of triangle-convex interval
spaces. The complete-bipartite graph K 5 is not triangle-convex.

The following proposition has been cited from [48, chapter I, 4.10].

PROPOSITION 1.5.1. (triangle-convex interval spaces) Let X be a triangle-convex interval
space.

o X is interval-convex.
o Fora € X , the binary relation (a, -, -) is transitive.

PROOF. [48, chapter I, 4.10] [l

1.6. Modular and Median Spaces
Modular interval spaces. Let X be an interval space. X is called modular iff for all

. . . c .
a, b, c € X, there is at least one median of a, b, ¢, i.e. a u € X such that [ a u b } is a

median triangle, i.e. for all a, b, c € X | is modular. For example, for n € Z>, , the

b
metric spaces (R”, ||- —-||_.) and (R, ||- — -||,;) are modular. Further examples of modular in-
terval spaces are provided by 6.1.4 (modularity of injective metric spaces) below. For n € Z>,,
the metric space (R", ||- — -||,) is not modular. In the following example in (R?, ||- —-||,) , the
points a, b, ¢ € R? have no median.

C

AN

a b

In [3, 1.4] the concept of modularity of an interval space has been defined under the assumption
that the interval space is geometric.

PROPOSITION 1.6.1. (metrics for a modular interval space) Let (X, (-, -, -)) be a modular
interval space and d : X x X — Rsq. d is a metric on X such that (-, -, -), coincides with
(-, +, -) iff the following conditions are satisfied:

© FOI’ZIZ’,yGX,d([E, y):d(ya IIZ') :

© d(.’lﬁ,y):Olff.T:y
o Forx,y, z € X, (x,y, z) impliesd (x, z) =d(z, y) +d(y, 2) .

PROOF. It suffices to prove the direction (<=). For this, it is sufficient to prove that for x, y, z €
X ,not (z, y, z) implies d (z, z) < d(x, y) +d(y, z) . From the assumption that X is modular
it follows that z, y, z have a median u . Therefore, (x, u, y) ,

(x, u, 2)
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and (y, u, z) . Thus,

d(z,y)=d(z,u)+d(u,y), (1.6.1)
d(z, z) =d(z, u) +d(u, 2), (1.6.2)
d(y, z) =d(y, u) +d(u, 2) . (1.6.3)
(x, u, z) and the assumption that not (z, y, z) imply:
u#y. (1.6.4)

From (1.6.2), (1.6.1) and (1.6.3) it follows that the following inequalities, of which the first one
is to be proved, are equivalent:

d(z, z) <d(z,y)+d(y, 2),
d(z,u)+d(u, z) < d(x,u)+d(u,y)+d(y, u) +du,2),

0 <2d(u, y) ,
0<d(u,uy) .
The last inequality follows from (1.6.4). ]

Modular metric spaces. The following proposition has been cited from [3, abstract].

PROPOSITION 1.6.2. (modularity of injective metric spaces) Each injective metric space is
modular.

PROOF. Let (Y, d) be an injective metric space. For z, y, a € Y it is to be proved that

{ “ is modular. Setting
T Y

A:={z, vy, a},
by 1.4.22 (modular matrix representation) there is
i, an isometric map from A into (R?, || —-||,) , (1.6.5)
such that
i(a) :
) . 1s modular, 1.6.6
o " ] (160
i.e. there is an s’ € R? such that
1 (a) . . . . 2 .
{ i(x) s iy } is a median triangle in (R?, ||- —-||;) . (1.6.7)

Furthermore,
i(A)=A{i(2),i(y),i(a)} . (1.6.8)

Setting 7" := {i(x), i(y), i(a), s’} , from (1.6.7) and (1.6.8) it follows by 1.4.9(2b) (median
triangles):

i (A) is an interval-spanning set in (7", ||- —||,) . (1.6.9)
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(1.6.5) implies:
i~' is an isometric map from (i (A), ||- — -||,) into (Y, d) . (1.6.10)

The assumption that Y is injective, (1.6.9) and (1.6.10) imply by 1.4.27 (isometric maps into an
injective metric space) that there is a

g, an isometric map from (77, ||- — -||,) into (Y, d) (1.6.11)

such that g extends i !, i.e.:

Foreachz € A, g(i(z)) = =. (1.6.12)

From (1.6.11) it follows by 1.4.12 (isometric maps) that g is an embedding from
(T’, {5 '>||._“‘1) into (Y, (-, -, -),;) - In particular,

g is a homomorphism from (T’, (-, -, '>|I~—-H1> into (Y, (-, -, -),) - (1.6.13)
(1.6.13) and (1.6.6) imply by 1.4.13(3) (homomorphisms of interval spaces):
g(i(a)) } -
. . is modular. 1.6.14
{ 9(i () 9(i(v)) (o19
Substituting (1.6.12) into (1.6.14), { . “ Y } is modular. Il

PROPOSITION 1.6.3. (point-interval distance in a modular metric space) Let Y be a modular
metric space. For x, y, a € Y |
(1) dx[y, al] — % (dxy + dma - dya) .
(2) d:):y = dm[y,a] + dy[x,a] .

PROOF.

(1) From the assumption that Y is modular it follows that { . @ y } is modular. By

1.4.21(2) (point-interval distance), dyjy, o = 3 (day + dua — dya) -
(2) The assumption that Y is modular implies by (1):

1 1
dx[y,a] + dy[r,a] = 5 (dazy + daza — dya) —+ 5 (dyx —+ dya — d:ra)

g

Median interval spaces. Let X be an interval space. X is called median iff for all
a, b, c € X, there is exactly one median of a, b, ¢, i.e. exactly one v € X such that

l a Z b } is a median triangle. For example, for n € Z>;, the metric space (R", ||- —[|,)
is median. The metric space (]R27 |- —-|l..) , being an isometric copy of (RQ7 - =), is
median. For n € Zs,, the metric space (R”, ||- — -||,) is not median. Each median interval

space is modular. The following bipartite graph is modular, but not median: a, b, ¢ have the two
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different medians u, v .

1.6.6 (medianity criterion for a geometric interval space) below, cited from [3, theorem 4.6], is a
necessary and sufficient criterion for medianity of a modular geometric interval space.
Let X be a median interval space. Fora, b, c € X,

m (a, b, ¢) := the median of a, b, c.

For example, the edge graph of a cube is median with m (x, y, b) = u :

For M C X, M is called median in X iff it is closed under passing from a, b, ¢ to © when
m(a, b, ¢c) =u,ie. foralla, b, c,u € X ,if m(a, b, ¢) =uvanda, b, c € M,thenu € M,
ie. forall a,b, c € M, m(a, b, ¢) € M. For example, for n € Z~;, in the median metric
space (R™, [|- —-||;) , Z" and Q" are median. The set of median sets in X is a closure system
on X ,i.e. X is median in X , and the intersection of a non-empty set of median sets in X is
median in X . For A C X , the median closure of A in X is the intersection of all median sets in
X containg A . It is the smallest median set in X containg A .
For example, in the following graph, the median closure of {z, y, a} equals {x, vy, a, s} .

Further examples of median closures are provided by 6.6.1(2), (3) (median closure of the median
boundary) below.
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In [49, chapter I, 2.18] a median set is called median stable, and the median closure is called
the median stabilization. In [48, chapter I, section 6], these terms have been used with a more
general meaning in the context of modular geometric interval spaces. Here the terms *median’
and 'median closure’ have been chosen because for M C X, M is median iff the subspace
(M, (-, -, -)) is median.

PROPOSITION 1.6.4. (small interval spaces) Let X be an interval space. If | X | < 2, then X
is median.

PROOF. From the assumption | X| < 2 it follows that any three elements of X can be denoted
by a, b, b. By 1.4.9(3) (median triangles), M (a, b, b) = {b} . Consequently, X is median. [

For the particular case of median geometric interval spaces, the following proposition has been
stated in [3, 1.4].

PROPOSITION 1.6.5. (product of median interval spaces) Let (Xq)qu be a family of median
interval spaces with product X . Then the interval space X is median.

PROOF. The claim follows from the componentwise definition of the interval relationon X . [

Median geometric interval spaces. The following theorem has been cited from [3, theorem
4.6].

THEOREM 1.6.6. (medianity criterion for a geometric interval space) Let X be a modular
geometric interval space. Then the following conditions are equivalent:

(1) Forall a, b € X | the poset ([a, b], (a, -, -)) is a distributive lattice.
(2) Forall a, b € X ,in the poset ([a, V], (a, -, -)) ,forall x, y € [a, b] :
o Each lower bound of {x, y} is less than or equal to a maximal one.
o Each upper bound of {x, y} is greater than or equal to a minimal one.
o Forz,y,y € [a,b],if{z, y} and {z, y'} have a maximal lower bound and a
minimal upper bound in common, then y =y .
(3) X is triangle-convex.
(4) There is no embedding of the complete-bipartite graph K, 3 into X .
(5) X is interval-convex.
(6) X is median.

PROOF. [3, theorem 4.6] 0

Median metric spaces. Let () be a finite set. The metric space X := <{0, 1}Q = ||1> is

called the binary Hamming space over Q. For f, g€ X . ||f —gll, = {q¢ € Q|f (¢) # g (q)}| -
This metric space has been used in [18]. There it has been defined in part II, section 5.
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PROPOSITION 1.6.7. (binary Hamming spaces) Let () be a finite set. The metric space X =

(0. 132 11 =) wirh
171l = _1f (@] -

q€Q
has the following properties:

(1) X is an interval space product of equal factors ({0, 1}, |- —-|) .
(2) X is median.

PROOF.

(1) is a particular case of 1.4.23(2) (sum metric).

(2) By 1.6.4 (small interval spaces), the metric space ({0, 1}, |- — -|) is median. By (1),
X 1is an interval space product of median metric spaces. By 1.6.5 (product of median
interval spaces), X is median.

O

1.7. Arboric Spaces

Let X be an interval space.

X is called interval-concatenable iff for all a, b, ¢ € X, [a, b] N [b, ¢] = {b} implies
(a, b, ¢) . For the particular case of a connected graph, this condition has been used in [31,
3.1.7]. For example, for n € Zx;, the metric space (R", |- — -||;) is interval-concatenable.
For n € Zs,, the metric space (R", ||- — -||,) is not interval-concatenable. The cycle C5 is not
interval-concatenable. Further examples of interval-concatenable interval spaces are provided by
4.1.1(3) (modular interval spaces) below.

X 1is called arboric iff X is geometric and interval-concatenable and for each a € X | the
poset (X, (a, -, -)) is arboric. For example, by proposition 1.7.3(2) (arboricity of the real line)
below, the metric space (R, |- — -|) is arboric. By 1.7.4 (tree representation of finite arboric
interval spaces) below, each tree is arboric. The following graph is not arboric: ([a, ¢, (a, -, -))
it not a chain because b, d € [a, ¢| , but not (a, b, d) and not (a, d, b) .

For n € Z>, , the metric space (R", |- — -||,) is not arboric.

The concept of an arboric interval space is implicit in [43, (1.2), (1.3), (1.1), (1.4), (1.5),
“4.7), (2.1), (S), (2.1) in connection with the last part of (4.8)]. There an arboric interval space
is called a tree. Since an arboric interval space is an interval space, and not what is called a tree
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in graph theory, here the substantive ’interval space’ together with the adjective ’arboric’, which
means ’tree-like’, is preferred.

The implication (<) of the following proposition is implicit in [43, (1.2), (1.3), (1.1), (1.4),
(1.5), (4.7), (2.1), (S), (2.1) in connection with the last part of (4.8)]. Parts (1) and (2) are axioms
(S) and (T) from section 1, respectively, and part (3) is axiom (U;) from section 2 of [43].

PROPOSITION 1.7.1. (Sholander’s criterion for arboric interval spaces) Let X be a set and
(-, +, -y aternaryrelationon X . Fora, b € X ,define [a, b] :== {x € X|{a, z, b))} . (X, (-, -, *))
is an arboric interval space iff for all u, a, b € X the following conditions are satisfied:
(1) Thereis a c € X such that [u, a] N [u, b] = [u, ¢] .
(2) If [u, a] C [u, ] , then [u, a] N [a, b] = {a} .
(3) If [u, a] N [a, ] = {a} , then [u, a] Ua, b] = [u, b] .

PROOF. Step 1. (=) The assumption that X is arboric entails that

X is geometric, (1.7.1)

X is interval-concatenable (1.7.2)

and the poset (X, (u, -, -)) is arboric. In particular:
(X, (u, -, -)) is a meet semilattice. (1.7.3)
([u, b], (u, -, -)) is a chain. (1.7.4)

(1) (1.7.3) entails that in (X, (u, -, -)) , {a, b} has a greatest lower bound c. Therefore,
Ja)ynlb) =lc,ie [u,alNlu, b =[u, .

(2) From a € [u, a] and the assumption [u, a] C [u, ] it follows that a € [u, b] , i.e.
(u, a, b) . By 1.4.17(2a) (aligned sequences in a geometric interval space), [u, a] N
[a, b] = {a} .

(3) From the assumption [u, a] N [a, b] = {a} and (1.7.2) it follows:
(u, a, b) . (1.7.5)

It is to be proved that [u, a] U [a, b] C [u, b] and [u, a] U [a, b] D [u, b] .
Step 1. (C) This follows from (1.7.1) and (1.7.5) by 1.4.17(2b) (aligned sequences in a
geometric interval space).
Step 2. (2) For z € X it is to be proved that (u, x, b) implies (u, =, a) or {(a, x, b) .
From (1.7.4), (1.7.5) and the assumption (u, x, b) it follows that (u, x, a) or (u, a, x) .
Case 1. (u, z, a) . Nothing remains to be proved.
Case 2. (u, a, ) . This assumption and the assumption (u, x, b) imply by 1.4.16
(Hedlikovd’s criterion for geometric interval spaces) that (a, x, b) .
Step 2. (=) [43, (1.2), (1.3), (1.1), (1.4), (1.5), (4.7), (2.1), (S), (2.1) in connection with the last
part of (4.8)] ]



1.7. ARBORIC SPACES 63

PROPOSITION 1.7.2. (arboricity of chains) Each chain with its lattice interval relation is an
arboric interval space.

PROOF. Let X be a chain. By 1.7.1 (Sholander’s criterion for arboric interval spaces), it suffices
to prove for u, a, b € X that there is a ¢ € X such that [u, a] N [u, b] = [u, ¢ , [u, a] C [u, b]
implies [u, a| N [a, b] = {a} , and [u, a] N [a, b] = {a} implies [u, a] U [a, b] = [u, b] .

Step 1. Proof that there is a ¢ € X such that [u, a] N [u, b] = [u, ] .

Case I.1.a >wand b > u. Then [u, a] = {x € X|u < x <a},
[u, b] = {z € X|u <z <b}and withc:=aAb, [u, ¢] = {xr € X|u <z <c} . Consequently,
[u, a] N [u, b] = [u, ] .

Case 1.2. a > uwand b < w.Then [u, a] = {x € X|u <z <a},
[u, b = {x € X|b <z <wu}and with ¢ := u, [u, ¢] = {u} . Consequently, [u, a] N [u, b] =
[u, ] .

Case 1.3. a < wand b < u . This case is analogous to case 1.1.

Step 2. Proof that [u, a] C [u, b] implies [u, a| N [a, ] = {a} . From a € [u, a] and the
assumption [u, a] C [u, b] it follows:

a € [u, b . (1.7.6)

Case 2.1. u < b. Then (1.7.6) says u < a < b. Therefore,
u, a] ={r e Xlu<z<a}, (1.7.7)
la, b] = {z € X]a <z <b}. (1.7.8)

(1.7.7) and (1.7.8) imply [u, a| N [a, b] = {a} .

Case 2.2. u > b. This case is analogous to case 2.1.

Step 3. Proof that [u, a] N [a, b] = {a} implies [u, a] U [a, b] = [u, b] .
Step 3.1. Proof thatb < a < woru < a < b. Seeking a contradiction, assume (v > a and b > a)
or (a <wandb < a), without loss of generality v > a and b > a. From this assumption it
follows:

[u, a| N [a, b] = [a, u] N [a, b
= [a, u AN D] .
In particular,
uAbelu,alNla, b . (1.7.9)

(1.7.9) and the assumption [u, a] N [a, b] = {a} imply u A b = a. From this and the assumption
that X is a chain it follows that u = a or b = a, contradicting the assumptions © > aand b > a .
Step 3.2. Proof that [u, a| U [a, b] = [u, b] . By step 3.1, b < a < uworu < a < b.
Suppose without loss of generality thatw < a < b.Then [u, a] = {z € X|u <z <a} ,[a, b] =
{z € X|a <z <b}and [u, b] = {z € X|u <z <b} . Consequently, [u, a] U [a, b] = [u, b] .
U
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PROPOSITION 1.7.3. (arboricity of the real line)

(1) The geodesic interval relation of the metric space (R, |- — -|) coincides with the lattice
interval relation of (R, <) .
2) (R, |- —|) is arboric.

PROOF.
(1) Fora, b,z € R, |la—z|+ |z —b| =|a—b|iffa <x <borb<z<a.
(2) By 1.7.2 (arboricity of chains), R with the lattice interval relation of (R, <) is arboric.
By (1), (R, |- — +|) is arboric.
O

The equivalence (2) < (3) of the following proposition has been cited from [9, theorem 1]. The
implication (2) = (3) has already been stated in [43, section 2] as follows: “Trees in our sense
which are finite are trees in Konig’s sense.”

PROPOSITION 1.7.4. (tree representation of finite arboric interval spaces) Let X be a finite
set and (-, -, -) a ternary relation on X . The following conditions are equivalent:

(D) (X, (-, -, -)) is an arboric interval space.
(2) Foru, a,be X :
(a) There is a ¢ € X such that [u, a] N [u
(b) If [u, a] C [u, b] , then [u, a] N [a, b]
(©) If [u, a] N ab—{a} then [u, a] U

b =[u, .
{a} -
0] = [u, b] .

[a,
(3) Thereis an & € < ) such that T = (X, E) is a tree and its distance function d
=(

satisfies (-, -, -

» Yy

PROOF.
Step 1. (1) < (2) is 1.7.1 (Sholander’s criterion for arboric interval spaces).
Step 2. (2) < (3) is [9, theorem 1]. O

The following proposition is cited from [43, (2.5)].

PROPOSITION 1.7.5. (medianity of arboric interval spaces) Each arboric interval space is
median.

PROOF. [43, (2.5)] Ul

1.7.5 (medianity of arboric interval spaces) may be used implicitly by applying results on mod-
ular and median interval spaces to arboric interval spaces.

A weighted tree is a triple (N, E, w) such that (N, E) is a tree and w is a function from
E to R . This concept has been taken from [4]. Let 7" = (NN, E, w) be a weighted tree. The
statement that d,, is a metric on NV in the following proposition has been cited from [4].

PROPOSITION 1.7.6. (weighted trees) Let T' = (N, E, w) be a weighted tree. Let d be the
distance function of the graph (N, E) . The mapping d,, : N x N — R defined by d,, (a, b) =
> ccn(a) W (€) isametricon N ,and (-, -, ), coincides with (:, -, -), . In particular, (-, -, -) ;.
is determined by (N, E) , i.e. independent of the choice of w .
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PROOF. By 1.7.4 (tree representation of finite arboric interval spaces), (N, (-, -, -),) is an arboric
interval space. By 1.7.5 (medianity of arboric interval spaces), it is median. In particular, it is
modular. By 1.6.1 (metrics for a modular interval space) it suffices to prove that for z, y € NV,
dy(z,y) = dy(y, z) and d, (z, y) = 0iff + = y, and for z, y, = € N, (x, y, ), implies
d (T, 2) = dy (2, y) + dw (Y, 2) -

Step 1. Proof that for x,y € N, dy, (v, y) = dy(y, z) . E(z,y) = E(y, x) . Thus,
ZeeE(%y) w(e) = ZeeE(y’m) w(e) ,ie. dy(z,y) =dy, (y, x) .

Step 2. dy, (z,y) = 0iff E(x,y) = 0 iff x = y. The first equivalence follows from
w(e) >0foreache € E.

Step 3. Proof that for z, y, = € N, (z, y, 2), implies d,, (z, z) = d,, (z, y) + dy (y, 2) .
From the assumption (z, y, z), it follows by 1.4.5 (interval relation of a connected graph)
that y is on p,.. Thus, F (z, z) is the disjoint union of E (z, y) and E (y, z) . Therefore,
ZeGE(r,z) w (e) = ZeGE(w, y) w (6) + z:eeE(y7 z) w (6) ) Le. dw (I, Z) = dw (137 y) + dw (y7 z)D

Let T = (N, E, w) be a weighted tree. By 1.7.6 (weighted trees), the function d,, : N x N —
R>( defined by

dy (a,0) = > wle)
e€FE(a,b)

is a metric on N . It is called the metric induced by T' . This concept has been taken from [4].

1.8. Metric Spaces in their Modular Surroundings

PROPOSITION 1.8.1. (existence of modular extension) For each metric space X , there is an
isometric map from X into a modular metric space.

PROOF. By 1.4.26 (existence of injective closure), there is an isometric map ¢ from X into an
injective metric space, which is modular by 1.6.2 (modularity of injective metric spaces). U

Let X be a metric space.

By 1.8.1 (existence of modular extension), there is an isometric map ¢ from X into a modular
metric space Y . By 1.6.3(1) (point-interval distance in a modular metric space), the second
equality of the following definition holds. In particular, the definition is independent of the
choice of the modular metric space Y and the isometric map i . For z, y, a € X , the modular
distance of the point x from the pair (y, a) or Gromov product of y and a with respect to x is the
number

aya = dia)lity), i(a)]
1
= 5 (@it + diwyi) — diyit@)
1
== 5 (dxy _|'_ dma - dya)

In [17, 1.1], the last expression has been denoted by (v, a)z . In [50, 2.7], it has been denoted
by (y|a), . The notation (y - a), is also in use. Here, the term ’point-pair modular distance’
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and the notation d, ,, have been added as a reminder of the indicated geometric meaning of that
number. If X is itself modular, then, taking for ¢ the identity map of X', d, v = dy[4,s) - Another
geometric interpretation of the Gromov product when X is a Euclidean plane is given in [50,
2.7]. Expressions in terms of point-pair modular distances are preferred to expressions in terms
of point-point distances whenever they have a more direct geometric interpretation.

For finite Y C X and u € X , the distance sum of u along Y is the number

)\5 = Z Ay -
zeY

For finite Y C X and a, b € X , the augmented modular distance sum of the pair (a, b) along Y’
is the number

)\aYb = dab + Z dx,ab .

zeY

In [45], the expression )\uX is written as R, . In [30, 7.3.2], it is written as d,,; . The concept of an
augmented modular distance sum coincides with the concept of a centrality index in [30, 7.3.2],
which has been defined there under addtional assumptions. There, A% is written as ¢ (a, b) .

Parts (2) and (4) of the following proposition have been cited from [50, 2.8 (1)]. Part (5)
has been cited from [50, 2.8 (2)]. In [30, 7.3.2], part (11) has been stated under additional
assumptions.

PROPOSITION 1.8.2. (point-pair modular distance) Let X be a metric space. For a, b, v €
X
(1) d;r,ab >0.
() dac,ab = da;,ba .
(3) z€a, b iffdpar =0.
@) If v € {a, b} ,thend, ., =0.
(5) dab = da,bx =+ db,ax .
(6) Foru € X | if (a, u, b) , then:
(a) d:v,ab S dxu .
(b) If not (x, u, b) , then d o < dyy -
(N d[z,a][y, b] > dm,yb - dm,ya .
) Forye X ,if [z, )Ny, a| # 0, then d,yp > dyya -
9) Forye X ,if[z, b N[y, a| # 0, then min{d, ya, dzyb, dzap} = dzya -
(10) For finiteY C X andu € X | ifa, b € Y and {(a, u, b) , then:
(@) Al < AY.
(b) Ifthereisay € Y \ {a, b} such that d . < d,,, , then N}y < \Y .
(c) Ifthereisay € Y \ {a, b} such that not {y, u, b) , then \¥, < \Y .
(11) For finiteY C X andu € X ,ifa, b€ Y anda # b, then

A =75 (Na + X = (Y] =2)da) .

1
2
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PROOF. By 1.8.1 (existence of modular extension), there is

¢, an isometric map from X into a modular metric space Y . (1.8.1)
(1

de.ab = di(a)fi(a),i(b)]
>0.

(2) [i(a),i(b)] =[i(b), i(a)] . Therefore,

de.ab = di(a)fi(a),i(b)]
= di(2)[i(v), i(a)]
= dx,ba .

(3) The following conditions are equivalent:

x € |a, b] ,
dab = daz+d$ba
dza+dzb_dabzo7

1
5 (dza + dzb - dab) = 07
dzap = 0.
(4) From the assumption = € {a, b} and a, b € [a, b] it follows that x € [a, b] . By (3),

d;r,ab =0.
(5) By 1.6.3(2) (point-interval distance in a modular metric space),

dapze + dbax = diga)[iv), i(2)] T di)i(a), i(z)]
= di(a)i(v)
=dy.

(6)
(a) From (1.8.1) it follows by 1.4.12 (isometric maps):

i is an embedding of (X, (-, -, -),) into (Y, (-, -, -),) - (1.8.2)

The assumption (a, u, b) and (1.8.2) imply (i (a), i (u), i (b)), ie. i(u) €
[i (a), i (b)] . Consequently,

de.ab = di(a)fi(a),i(b)]
< di(z)i(u)
=dyy -
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(b) From the assumption (a, u, b) ,i.e. dgy = dgy + dup , it follows that the following
backward implications hold:

dz,ab < dmu

1
<:§ (dxa + dwb — dab) < dam

Sdypa + dyp — dap < 2dgy

Sdpq + dop < dap + 2dgy

dpa + dop < dyg + dyp + dpy + dgy
g + doy < (dyu + dua) + (dpu + dup) -

The last inequality follows by addition of the triangle inequality d,, < d, + dyq,
and the inequality d,, < d, + dy , which is the assumption that not (x, u, b) .
(7) Foru € [z, a)land v € [y, V] , ie. dyy = dyy + due and dyy, = dyy, + dyyp , it is to be
proved that d,,, > dg — d; . - The following inequalities, of which the first one is to
be proved, are equivalent:

duv 2 dr,yb - dz,ya )

duv > % (dxy + dxb - dyb) - % (dxy + dm - dya) )
2dyy > dgp — dyy — dyg + dyq
2duv > da}b - (dyv + dvb) - (dxu + dua) + dya >
(dew + duo + dup) + (dyy + dow + dua) > dap + dya -

The last inequality follows by addition of the two instances of 1.4.3(1) (metric spaces),
d:ru + duv + dvb > dzb and dyv + dvu + dua > dya .
(8) From the assumption [z, b] N [y, a] # ( it follows by (7):

0= diz,b]jy,a)
Z da:,ya - dx,yb .
Consequently, d; ,p > dy yq -
(9) Itis to be proved that d; 45 > dy e and dy yp > dy ya -
Step 1. Proof that d, o, > d; 4, - From the assumption [z, b] N [y, a] # 0 and [y, a] =
[a, y] it follows that [z, b] N [a, y] # 0. By (8), dy.ap > dray - BY (2), du.ap > di yya -
Step 2. dy > d . follows from the assumption [z, b] N [y, a] # 0 by (8).
(10)
(a) From the assumption (a, u, b) it follows by (6a):

Forallz € X, dyqp < dyy - (1.8.3)
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(1.8.3) and the assumption a, b € Y imply by (4):
Ag;) = dab + Z dm,ab

zeY

= dab + da,ab + db,ab + Z da:,ab
z€Y\{a, b}

:dab+0+0+ Z d;t,ab
z€Y'\{a, b}

<o+t Y A

z€Y \{a, b}

zeY
=\Y.
(b) In the fourth step of the proof of (10a), *<’ can be replaced by ’<’ if there is a
z €Y \{a, b} such that d, 4, < d, .
(c) From the assumption that not (y, u, b) it follows by (6b), d; . < d,., . By (10b),
A < AT
(11) From the assumptions a, b € Y and a # b it follows by (4):
)\g) = dab + Z d:c,ab

zeY

= dab + Z d:p,ab + da,ab + db,ab
z€Y\{a, b}

= dab + Z d:p,ab +0+0

z€Y\{a, b}
1 1
— 5 (dab + dab) + Z 5 (dax + dbx - dab)
z€Y'\{a, b}
1 1 1
- 5 (dab + dab) + Z 5 (daac + db:v) - Z §dab
z€Y'\{a, b} z€Y'\{a, b}
1
- 5 (dab + dba) + Z (daa: + db:c) - Z dab
z€Y'\{a, b} z€Y \{a, b}
1
- 5 (daa + dba) + (dab + dbb) + Z (dax + dbac) - |Y \ {(l, b}| dab

z€Y'\{a, b}
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[dax + dbx]x:a + [dax + db:p]m:b + Z (daz + db:p) — (‘Y‘ — 2) dab
z€Y\{a, b}

Z (dam + dbx) - <|Y| - 2) dab)

zeY
Zdam + Zdbx - (|Y| - 2) dab)
zeY zeY

(A A = (Y]~ 2) dus) -




CHAPTER 2

General Interval Spaces and Metric Spaces

In this and subsequent chapters, the following known results on general interval spaces and
metric spaces are used:

o

1.4.16 (Hedlikov4’s criterion for geometric interval spaces)
1.4.17 (aligned sequences in a geometric interval space)
1.4.18(1) (gated sets)

1.4.19 (product of geometric interval spaces)

1.4.26 (existence of injective closure)

1.8.2(2), (4), (5) (point-pair modular distance)

In this chapter, the following new concepts are introduced:

O O O O O

median quadrangle
quadrimodular matrix of points
median-extremal point

median boundary

topological interval space

o O O O O

2.1. Topological Posets

PROPOSITION 2.1.1. (compact directed topological posets) Let X be a non-empty compact
directed topological poset. Then X has a greatest element.

PROOF. The assumption that X is non-empty implies by 1.3.8(1) (topological posets):
The set C' := {1 ala € X} is a non-empty set of closed sets in X . (2.1.1)

Step 1. Proof that for non-empty finite Cy C C', () Cy # (). There is a non-empty finite Xy C X
such that Cy = {1 ala € X} . From the assumption that X is directed it follows by 1.2.4(1)
(directed posets) that X, has an upper bound uy , i.e. fora € Xy, up €1 a,ie. ug € () Cp. In
particular, (Cy # 0.

Step 2. Proof that X has a greatest element. The assumption that X is compact, (2.1.1) and
step 1 imply by 1.3.6 (compactness criterion) that (C # (), i.e. there is a u € X such that for
eacha € X ,u €t a,ie. uisa greatest element of X . U

PROPOSITION 2.1.2. (compact topological posets) Each non-empty compact topological
poset has a maximal element.

PROOF. Let X be a non-empty compact topological poset. From the assumption that X is non-
empty it follows by 1.2.5 (Zorn’s Lemma) that it suffices to prove that each non-empty chain C'

71
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in X has an upper bound. By 1.3.8(2) (topological posets), C' is a non-empty chain in X . In
particular,
C is non-empty and directed. (2.1.2)
The assumption that X is compact implies by 1.3.7 (compact topological spaces):
C is compact. (2.1.3)
From (2.1.2) and (2.1.3) it follows by 2.1.1 (compact directed topological posets) that C has a

greatest element s . In particular, s is an upper bound of C'. U

2.2. Interval Spaces

The new concept of a median quadrangle is analogous to the concept of a median triangle: Let
X be an interval space. A median quadrangle in X is a partial matrix

a b
Q:

»w <
~+

z Y
in X such that the four-term sequences (x, s, t,y) , (v, t, v, b) , (b, v, u, a) , (a, u, s, x)
and the five-term sequences (x, s, u, v, b) , (y, t, v, u, a) , (y, t, s, u, a) , (x, s, t, v, b) are
aligned. Of these sequences, the four-term sequences are called the sides and the five-term
sequences are called the diagonals of () . The points x, y, a, b are called the vertices of () . For
a b
example, in the following graph, Z is a median quadrangle.

v
t
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Further examples of median quadrangles are provided by the following proposition.
PROPOSITION 2.2.1. (median quadrangles in the plane) For
Wst, Weu, Was, Wyt, Wau, Wy € R0,

define s :== (0,0) ,t := (wg, 0) , u = (0, W) , V := (W, Wey) , T := (0, —Wys) , y 1=
(wst + Wyt O) , 1= <_wau7 wsu) ) b:= (wsta Wy, + wbv) .
(1) Jls =ty = s s = ol = w5 = ll, = o, [ = vl = w0, o = ], = et
ly _t”l = Wy, [la — qu = Way , ||b — UHl = Whpy -

a b
2) In (R? ||- —]l,) ,Q = z ;} is a median quadrangle.
z )
PROOF.
(1) Step 1. Proof of the equation ||u — v|; = ws . From the assumption wy; € R it
follows:
lu = vll; = 10, wsu) = (wst, wsu) Iy
= [|(—wst, 0)]],
= [—wa| + 0]
= Wg + 0
= Wst -

Step 2. The proofs of the other seven equations are analogous to the proof of the equa-
tion ||u — v||; = wg .

(2) Step 1. Proof of the alignment (z, s, ¢, y) . By 1.4.6 (aligned sequences in a metric
space) it suffices to prove ||z — y||, = ||z — s||;+|ls — ¢||; + ||t — y||, - The assumption
Wet, Wyt , Wes € R>o implies by (1):

[ = ylly = (10, —was) = (wst + wys, 0)][
= [[(—wst — wye, —wys)l],
= |~wg — wyt’ + [ —wgs|
= (Wyt + Wyr) + Wy
= Wgs + Wyt + Wy
= [lz = slly +lls = tlly + 1t =yl -
Step 2. The proofs of the other seven alignments defining the condition that () is a

median quadrangle are analogous to the proof of the alignment (z, s, t, y) .
g
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PROPOSITION 2.2.2. (median quadrangles) Let X be an interval space. For () =
a b

ZL ;} a median quadrangle in X :
T Yy
(1) Forz" € {z, s} ,y" € {y, t},d" € {a, u} ,b" € {b, v} :

[ a” 1. . .

(a) sy is a median triangle.
- b/, -

(b) 2ty is a median triangle.
— b// 3

(c) 2w g | B median triangle.
— b// =

(d) _ J v oa is a median triangle.

(e) (z, 2", b", b) .
() <y’ ", a’, CL> .
(2) se M (xz,y,a)N|x, b .
(3) Setting A :={x,y, a, b} and T := {x, y, a, b, s, t, u, v} , Ais an interval-spanning
setin (T, (-, -, ) .

b Yy Y x x a
(4) The rotated partial matrices v , bos , 5o
S vou t v
a x b a Y b
x Yy Y b
. . s t t v
and the reflected partial matrices v , s u ,
a b x a
b a a x
vou u s .
¢ s , v i are median quadrangles.
y T b Y
PROOF.
(1)

(a) The assumption that () is a median quadrangle entails (x, s, ¢, y) , (y, t, s, u, a)

and (a, u, s, x) . In particular, (", s, y") , (", s, a”)
"

) a ) ) )
and (a”, s, 2") | i.e. @ sy is a median triangle.
(b) is analogous to (1a).
(c) is analogous to (1a).

(d) is analogous to (1a).
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(e) The assumption that R is a median quadrangle entails (z, s, ¢, v, b) . In particular,
(x, 2", ", b) .
(f) is analogous to (1e).
(2) The assumption that () is a median quadrangle entails

(x, s, t,v, b) (2.2.1)
and implies by (1a) that { . (; y } is a median triangle, i.e.

se€M(z,y,a). (2.2.2)
(2.2.1) entails that (z, s, b) , i.e.
s €z, b]. (2.2.3)

(2.2.2) and (2.2.3) together say that s € M (x, y, a) N [z, b] .

(3) For o/, 3/ € T itis to be proved that there are w, z € A such that (w, 2/, ¢/, z) . Let
without loss of generality 2’ € {x, s} .
Case 1.y € {z, s, t, y} . Then

oy e{x, s t,y}. (2.2.4)
The assumption that () is a median quadrangle entails:
(x, s, t,y) . (2.2.5)

From (2.2.5) and (2.2.4) it follows by 1.4.7(1d) (aligned sequences) that there are w, z €
{z, y} such that (w, 2, ¢/, z) .
Case 2. y' € {u, a} . Then

oy €{a, u, s, x}. (2.2.6)
The assumption that () is a median quadrangle entails:
(a, u, s, x) . 2.2.7)

(2.2.7) and (2.2.6) imply by 1.4.7(1d) (aligned sequences) that there are w, z € {a, =}
such that (w, 2/, ¢/, z) .
Case 3. y' € {v, b} . Then

2,y e{x, s, u, v, b} . (2.2.8)
The assumption that () is a median quadrangle entails:
(x, s, u, v, b) . (2.2.9)

From (2.2.9) and (2.2.8) it follows by 1.4.7(1d) (aligned sequences) that there are w, z €
{z, b} such that (w, 2, ¢/, z) .

(4) The sides and diagonals of the rotated and reflected partial matrices are the sides and
diagonals of () and the inverse sequences of the sides and diagonals of () . The assump-
tion that () is a median quadrangle implies by 1.4.7(1c) (aligned sequences) that they
are aligned.

0
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PROPOSITION 2.2.3. (degenerate median quadrangles) Let X be an interval space.

(1) ForQ = ?; ?; a partial matrix in X |

Zz Y
(a) Q is a median quadrangle iff the sequences (x, s, y) , (y, s, u, b) , (b, u, a) ,
(a, u, s, x),(x, s, u, b), (y, s, u, a) are aligned.

b a
(b) If Q is a median quadrangle, then ) = Z is also a median quad-
Z Y
rangle.
a a
(2) For Q) = Z Z a partial matrix in X , () is a median quadrangle iff v = a
Z )
and [ “ } is a median triangle.
x sy
a b
(3) ForQ = z i a partial matrix in X |
Z Y

(a) Q is a median quadrangle iff the sequences (x, s, t,y) , (y, t, b), (b, t, s, a) ,
(a, s, z) , (x, s, t,b),(y, t, s, a)are aligned.

a Y
(b) If Q is a median quadrangle, then ()) = z i is also a median quad-
x b
rangle.
T3 Ty
(4) ForQ = z z a partial matrix in X |

I T
(a) Q is a median quadrangle iff for j, k € [4] satisfying j < k, (x;, s, xj) .
(b) Q is a median quadrangle iff for j, k € [4] satisfying j # k., (x;, s, x) -
(©) If Q is a median quadrangle, then for each permutation m € S;, Q)

Lr(3) Tr(4)

is also a median quadrangle.

Lr(1) Lr(2)
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a a

(5) Forx,y,a € X ,if(x, a, y) , then Z Z is a median quadrangle.

PROOF.

(1

(a) @ is a median quadrangle iff the four-term sequences (z, s, s, y) , (y, S, u, b) ,

(b, u, u, a) , (a, u, s, x) and the five-term sequences (z, s, u, u, b) ,

(y, s, u, u, a) , (y, s, s, u, a) , (z, s, s, u, b) are aligned. By 1.4.7(1b) (aligned
sequences), alignment of these sequences is equivalent to alignment of the
sequences (x, s, y), (y, s, u, b), (b,u,a), (a, u,s, ) and the sequences
(x, s,u, b), (y, s, u,a), (y, s, u,a), (z,s, u, b) . Two of these alignment
conditions are redundant.

(b) By (1a), the condition that () is a median quadrangle is equivalent to the alignments

(x, s, y), (2.2.10)
(y, s, u, b, (2.2.11)
(b, u, a) , (2.2.12)
(a, u, s, ) , (2.2.13)
(x, s, u, b) , (2.2.14)
(y, s, u, a) . (2.2.15)

Interchanging a and b, the condition that )" is a median quadrangle is equivalent
to the alignments

(x, 5, 9) , (2.2.16)
(y, s, u, a) , (2.2.17)
(a, u, ) (2.2.18)
(b, u, s, x) , (2.2.19)
(x, s, u, a), (2.2.20)
(y, s, u, b) . (2.2.21)

By 1.4.7(1c) (aligned sequences), the following equivalences hold: (2.2.10) <
(2.2.16), (2.2.11) & (2.2.21), (2.2.12) & (2.2.18), (2.2.13) & (2.2.20), (2.2.14) &
(2.2.19), (2.2.15) < (2.2.17). Consequently, if ) is a median quadrangle, then ()’
is also a median quadrangle.
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(2) Step 1. (=) Suppose that () is a median quadrangle. By (1a):

(, 8, 9) , (2.2.22)
(y, s, u, a) , (2.2.23)
(a, u, a) (2.2.24)
(a, u, s, ) . (2.2.25)
(2.2.23), (2.2.25) entail:
(y, s, a), (2.2.26)
(a, s, x) . (2.2.27)

(2.2.22), (2.2.26) and (2.2.27) together say that [ . Z Y } is a median triangle.

(2.2.24) implies u = a .

Step 2. (<) The assumption u = a implies by (1a) that it suffices to prove that the se-
quences (z, s, y) , (y, s, a, a) , (a, a, a) , (a, a, s, z) , (x, s, a, a) , (y, s, a, a) are
aligned. By 1.4.7(1a) (aligned sequences) ot suffices to prove that (z, s, y) , (v, s, a) ,
(a, a, a) , (a, s, z) , (x, s, a), (y, s, a)are aligned. These alignments are entailed by

: a : . .
the assumption that v sy is a median triangle.

(3) is analogous to (1).
4)
(a) By (1a) and 1.4.7(1b) (aligned sequences), the following conditions are equivalent:
o (Q is a median quadrangle.

o (x1, 8, Ta) , (wa, s, S, x4) , (w4, s, x3) , (T3, 8, 8, x1) , (T1, 8, S, T4) ,
(x9, s, 8, T3) .

o (1, 8, x2) , (2, 5, T4) , (w4, 8, T3) , (T3, 5, T1) , (21, 5, T4) ,
(x9, s, x3) .

o (x1, s, xa) , (w1, 8, x3) ,(x1, S, x4) , (T2, S, T3) . (T2, S, T4q) ,
(x3, s, T4) .

o Forall j, k € [4] satisfying j < k, (z;, s, z) .
(b) follows from (4a).
(c) From the assumption that () is a median quadrangle if follows by (4b) that for
J, k € [4] satistying j # k, (z;, s, x)) . Therefore, for j, k € [4] satisfying j # k,
7 (j) # 7 (k) and thus (2(j), S, Tx(x)) - By (4b), Q' is a median quadrangle.

(5) By (2) it suffices to prove that . Z y is a median triangle. This claim follows

from the assumption (x, a, y) by 1.4.9(1) (median triangles).
O
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Let X be an interval space. A matrix () = [ Z 2 } of points in X is called

o quadrimodular, in symbols < Z Z > , iff there are s, t, u, v € Y such that

a b
Z ;j is a median quadrangle.
x Y

o star-quadrimodular, in symbols < Z . 2 > , iff there is an s € X such that

a b
S
S

z Y

is a median quadrangle.

o vertical-quadrimodular, in symbols < Z | 2 > , iff there are s, u € X such that

a b
s is a median quadrangle.
L v y

o properly vertical-quadrimodular, in symbols < Z : Z > , iff < ;L | Z > and not

u)

o horizontal-quadrimodular, in symbols < ;Lj — le > , iff there are s, u € X such that
a b
s t . .
< ¢ is a median quadrangle.
x Yy
. : . a b . a b
o properly horizontal-quadrimodular, in symbols Ty , 1ff r Ty and not

(5 0)

o properly quadrimodular, in symbols < ; i 2 > , 1ff < g Z > and n0t< g \ z >

andn0t<a — b>.
T y
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In 2.2.1 (median quadrangles in the plane), [ z } is quadrimodular. If wy; = 0 and ws, = 0,

a

x

thens:t:u:v,and<z . 2>.Ifwst:Oandwsu>0,thens:t,u:v,57éuand

<a : b>.Ifwst>Oandwsu:0,thens:u,t:v,s7étand<a--b>.1fw3t>0
T Y x Yy

andwsu>O,thens%t,u#v,s#u,t;«évand<; ’ Z>

PROPOSITION 2.2.4. (symmetries of quadrimodularity properties) Let X be an interval
space.

(1) Forz, y, a, b € X , the condition < Z | ?lj > is equivalent to each of the three rotated

conditons < 2 — ,;Jj > , < g | Z > , < — > and to each of the four reflected

x
Y
conditions<x|y>,<y—b>7<b|a 7<a_x>.
a'b x a y ' b Y
(2) For x,y, a, b € X, the conditions< ‘o z>and<

the transpositions (yb) and (xa) .

b . .
o ) @re invariant under

(3) Forz, y, a, b € X , the condition > is invariant under each permutation of
a’ b? x? y *

(4) Forzx, vy, a, b € X, the condition <
x
a
b
a

a
x
conditions< Z - g > , < ‘g : > , v >and to each of the four reflected

conditions a::y v .. :a a7 )
a b/ 7\« "Ny xS\ b Y

(5) Forz, y, a, b € X, the conditions Z_ - z > and

2 > is equivalent to each of the three rotated

are invariant under
the transpositions (yb) and (za) .

PROOF.

(1) holds by 2.2.2(4) (median quadrangles).

(2) holds by 2.2.3(3b) and (1b) (degenerate median quadrangles).
(3) holds by 2.2.3(4c) (degenerate median quadrangles).

(4) holds by (1) and (3).

(5) holds by (2) and (3).
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PROPOSITION 2.2.5. (quadrimodularity properties) Let X be an interval space.

a b a b a b
1) For x, y,a,b € X, is quadrimodular i i or : or
() fore.y [fv y} ! 4 < vy > < y>
<a“b>0r<a‘b>‘
x Y T oy
(2) Forz, y, a,be X | if Z Z is quadrimodular, then the partial matrices

, , , are modular.
x Y x Y x a Y a

a a
3) Forx,y, a, € X, ) is modular.
3) y < Ly )Wy }

8 2 &8 2

(4)Forl‘7y7aa€X7< Z>lff<xva'7y>

(5) Forz,y,a,be X, lf{ 2 } is quadrimodular, then M (z, y, a) N [z, b] # 0.

a
A
PROOF.

(1) Nothing remains to be proved.
(2) follows by 2.2.2(1a) to (1d) (median quadrangles).

(3) Step 1. (=) The assumption < Z | Z > says that there are s, v € X such that

a a
u
S

Z Y

is a median quadrangle. By 2.2.3(2) (degenerate median quadran-

a . . . a )
gles), { v sy ] is a median triangle. Consequently, { . y } is modular.

Step 2. (<) The assumption that [ . “ y ] is modular says that there is an s € X

such that [ . CSL Y is a median triangle. By 2.2.3(2) (degenerate median quadran-
a a
gles), @ a is a median quadrangle. Consequently, < “ | @ > .
5 s 'y
x Y
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(4) Step 1. (=) The assumption < Z . Z > says that there is an s € X such that

a a
is a median quadrangle. By 2.2.3(4b) (degenerate median quadran-
z Y
gles),

(x, s, y), (2.2.28)
(a, s, a) . (2.2.29)

From (2.2.29) it follows:
s=a. (2.2.30)

Substituting (2.2.30) into (2.2.28), (z, a, y) .
Step 2. (<) follows by 2.2.3(5) (degenerate median quadrangles).

(5) The assumption that Z z 1 is quadrimodular says that there are s, ¢, u, v € Y such

that
a b
Z Qt] is a median quadrangle. By 2.2.2(2) (median quadrangles), s €
r Y

M (z, y, a) N [x, b] . In particular, M (x, y, a) N [z, b] # 0.
[l

PROPOSITION 2.2.6. (homomorphic image of a median quadrangle) Let f : X — Y be a
homomorphism of interval spaces.

a b
(1) ForQ = Z 2; a median quadrangle in X |
x Y
f(a) ‘) F f(b)
u v
fol= Fls) 1)

is a median quadrangle in 'Y .

(2) Forz, y, a,be X, if { z 1 is quadrimodular, then so is { f(x%

a
x
PROOF.

(1) It is to be proved that each side or diagonal S’ of f o () is aligned. There is a side or
diagonal S of @ such that S” = f o S. It remains to be proved that f o S is aligned. The
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assumption that () is a median quadrangle entails:
S is aligned. (2.2.31)

From (2.2.31) and the assumption that f is a homomorphism it follows by 1.4.13(1)
(homomorphisms of interval spaces) that f o .S is aligned.
(2) follows by (1).

g

PROPOSITION 2.2.7. (median quadrangles in a product of interval spaces) Let (X,) ., be a

qel
family of interval spaces with product X .

a b
(1) ForQ = z 1; a partial matrix in X , Q) is a median quadrangle iff for each

x (Y

a(q) b(q)

u(q) v(q) . :
el, is a median quadrangle.
! s(a) t(a) AT
z(q) y (q)

()
~—
S

(2) Forz, y,a,be X, [ Z Z } is quadrimodular iff for each q € 1, [ Z is

NN
=)
S~—
N
—~
()
— —

quadrimodular.

PROOF.

(1) follows by 1.4.14(2) (product of interval spaces).
(2) follows by (1) and, if I is infinite, the axiom of choice for the direction (<).

g

In the following proposition, note how the positions of corresponding symbols in the three partial
matrices are different.

PROPOSITION 2.2.8. (product of two interval spaces) Let X1, Xy be interval spaces.

ay by
(1) For Q, = il il a median quadrangle in X, and
1 U
T Y1
bg Q9
Q2 = s2 o a median quadrangle in X, ,
S9 t2
L2 Y2
(b1, ba) (Y1, ¥2)
Q = (b1, 52)  (t1, 1) is a median quadrangle in X, x X, .

(s1, 52) (51, t2)
(21, x2) (a1, az)
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2)

PROOF.
(D

2)
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Forx,y,a,bEXlxX2’l-f<a1 B bl>and<b2 B a2>,then[b y}is
T Y1 D) Yo r a

quadrimodular.

By 2.2.7(1) (median quadrangles in a product of interval spaces), it suffices to prove that

by Y1 by Yo
Q) = bt is amedian quadrangle in X; and ), = 52 b2
S1 81 So 1o
T ax ) 5]
is a median quadrangle in X .
Step 1. Proof that (0 is a median quadrangle. From the assumption that (), is a median
Y1 by
quadrangle it follows by 2.2.2(4) (median quadrangles) that 211 211 is a
T aq
median quadrangle. By 2.2.3(1b) (degenerate median quadrangles), )} is a median
quadrangle.
Step 2. Proof that ()5 is a median quadrangle. The assumption that (), is a median
quadrangle implies by 2.2.3(3b) (degenerate median quadrangles) that ()} is a median
quadrangle.

follows from (1).
[l

The concept of an extremal point of a set in a vector space over a totally ordered field also has a
natural generalization to an interval space:

Let X be an interval space.

For p € X, p is called extremal iff for all a, b € X, the following implication holds:
If (a, p, b) , then p € {a, b} . For example, when X is a triangle in the Euclidean plane
(R2, ||- = +||,), i.e. the convex closure of three affinely independent points z, y, z, then the
set of its extremal points equals the set of the vertices x, y, z. Further examples of extremal
points are provided by 5.1.5(1a) and (2b) (arboric interval spaces) below. In [48, chapter I, 1.23],
the concept of an extremal point has been defined in the more general context of an algebraic
closure space, and an extremal point has been called an extreme point.

The new concept of a median-extremal point generalizes the concept of an extremal point:
For p € X, pis called median-extremal iff for all a, b, ¢ € X , the following implication holds:

If{ ¢
a p

b is a median triangle, then p € {a, b, ¢} . Each extremal point is median-extremal.

The median boundary of X is the set

Oy (X) := {z € X|z is median-extremal.} .

For example, in the following graph, the median-extremal points are z, y, a, v, i.e. Oy (X) =
{z,y, a, v} .z, y, aare also extremal, while v is not extremal.
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Further examples of median-extremal points are provided by propositions 6.3.1 (quadrimedian
geometric interval spaces) below and 5.1.4 (median boundary of an arboric interval space) below.

2.3. Geometric Interval Spaces

PROPOSITION 2.3.1. (geometric interval spaces) Let X be a geometric interval space.

(1) For k € Z>1, S = (xg, x1, ..., x) an aligned sequence, k € [k] , | € Z>y and
(w1 = Yo, Y1, ---, Y1 = Tx) an aligned sequence,
(Toy T1y ooy Tl Y1y Y2, ooy Yio1s Ty Tril, ---, T) IS also aligned.

(2) Fora, be X ,if([a, b], (a, -, -)) is a chain, then [a, b] is convex.

(3) Fora, b € X, on (a, b, -) the partial order {(a, -, -) coincides with the partial order
(b, -, ) .

(4) Fora, v, z,y € X ,if(a, v, x) and {(a, v, y) , then each median of v, x, y is a median
ofa, x,y.

PROOF.

(1) The claim is proved by induction on [ .
Step 1. [ = 2. This is 1.4.17(1b) (aligned sequences in a geometric interval space).
Step 2. I — [ + 1. Suppose that | € Z~, and for each

aligned sequence (.1 = Yo, Y1, -+ Y1 = T

(X0, T1y ooy Tty Y1y, Y2, ooy Yi—1, Ty Thpls ooy T) - FOT

(Zw—1 = Y0, Y1, ---» Y11 = Z,) an aligned sequence, it is to be proved that

(X0, T1y ooy Ti1y Y1, Y2, ooy Yl Thy Titl, -, L) - From the assumption that

(Tw—1 = Yo, Y1, ---, Y1+1 = T, is aligned it follows by 1.4.7(1a) (aligned sequences):

(Tu—1 = Yo, Y15 s Yi1, Yip1 = ) - (2.3.1)
(2.3.1) and the induction hypothesis imply:

<$07 L1y eeey T—15 Y15, Y2, --+5 Yi—1, lerl; Ly xﬁ+17 ceey $k> . (232)
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The assumption that (z,_1 = Yo, Y1, ---, Yir1 = Tx) is aligned entails:

(Yi-1, Yis Y1) - (2.3.3)

From (2.3.2) and (2.3.3) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(X0, T1y ooy Tty Y1y Y2y ooy Yly Thoy L1y ooy Th) -

(2) For z, y, z € X itis to be proved that x, z € [a, b] and (z, y, z) imply y € [a, b] ,
i.e. (a, y, b) . From the assumptions that ([a, b], (a, -, -)) is a chain and z, z € [a, b
it follows that (a, x, z) or (a, z, x) . Assume without loss of generality that (a, z, z) .
The assumption z € [a, ] says:

(a, z, b) . (2.3.4)

(2.3.4) and the assumption (a, x, z) imply by 1.4.17(1b) (aligned sequences in a geo-
metric interval space):

(a, z, z, b) . (2.3.5)

From (2.3.5) and the assumption (x, y, z) it follows by 1.4.17(1b) (aligned sequences
in a geometric interval space) that (a, x, y, 2z, b) . In particular, (a, y, b) .

(3) For x, y € X satisfying (a, b, x) and (a, b, y) it is to be proved that (a, x, y) iff
(b, =, y) .
Step 1. (=) From the assumption (a, x, y) it is to be proved that (b, x, y) . The as-
sumptions (a, b, ) and (a, =, y) imply by 1.4.16 (Hedlikovd’s criterion for geometric
interval spaces) that (b, x, y) .
Step 2. (<) From the assumption (b, z, y) it is to be proved that (a, x, y) . The as-
sumptions (a, b, y) and (b, , y) imply by 1.4.17(1b) (aligned sequences in a geometric
interval space) that (a, b, x, y) . In particular, (a, x, y) .

(4) For u € X itis to be proved: If u is a median of v, z, y, then u is a median of a, z, vy,
ie. (a,u, x) , {(a, u, y) and (x, u, y) . The assumption that u is a median of v, =, y
entails:

(v, u, ) and (v, u, y) (2.3.6)
and (x, u, y) . It remains to be proved that (a, u, z) , (a, u, y) . From the assump-
tions (a, v, ) and (a, v, y) and (2.3.6) it follows by 1.4.17(1b) (aligned sequences in
a geometric interval space) that (a, v, u, z) , (a, v, u, y) . In particular, {(a, u, x) and
(a, u, y) .

O
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PROPOSITION 2.3.2. (median quadrangles in a geometric interval space) Let X be a geo-
metric interval space.

(1) A partial matrix

Z ;j in X is a median quadrangle iff s € M (z, y, a) N

T
[z, b] , tEMsy, ,UE tbaanduEM(vas).

(2) For@Q = a median quadrangle:

PROOF.

S

(@) If s =1, then: uw=v. In particular, < ; | Z > :

(b) If s = u, then: t = v . In particular, < ; — 2 > :

< o

(©) If (z, t, u) , then: s =t and uw = v . In particular,

8 2 & 2

(d) If (z, u, t) , then: s = uandt = v. In particular, <

) If (z, a,y) ,thena=s.
() If (x, b, ), then b 1.

|
< o
\/

a b
(1) Step 1. (=) Suppose that lsL ;‘; is a median quadrangle. By 2.2.2(2) (me-
z Yy
a b
dian quadrangles), s € M (z, y, a)N|x, b] . From the assumption that Z IIZ
T Yy

is a median quadrangle it follows by 2.2.2(1b), (1d) and (1¢) (median quadrangles) that
{ < [Z y } , {t 3 b 1 and { y Z a ] are median triangles, i.e. t € M (s, y, b) ,
veMI(t, b, a)andu € M (v, a, s) .

Step 2. (<) Suppose s € M (x, y,a) N[z, b ,t € M(s,y,b),v € M(t, b, a)
and u € M (v, a, s) . It is to be proved that the four-term sequences (z, s, t, y) ,
(y, t,v,b), (b,v, u, a), (a, u, s, ) and the five-term sequences (z, s, u, v, b) ,
(y, t, v, u, a) , (y, t, s, u, a), (z, s, t, v, b) are aligned.
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The assumption s € M (x, y, a) says:

(z,s,9), (2.3.7)

{y, s, a) (2.3.8)

(x, s, a) . (2.3.9)
The assumption t € M (s, y, b) says:

(s, t,v) , (2.3.10)

(y, £, b) (2.3.11)

(s, t, b) . (2.3.12)

From (2.3.7) and (2.3.10) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(x, s, t,y) .
The assumption v € M (¢, b, a) says:
{t, v, b) (2.3.13)
(b, v, a) , (2.3.14)
{t, v, a) . (2.3.15)

(2.3.11) and (2.3.13) imply by 1.4.17(1b) (aligned sequences in a geometric interval
space):

(y, t, v, b) .

The assumption u € M (v, a, s) says:
(v, u, ay , (2.3.16)
(s, u, a) , (2.3.17)
(s, u, v) . (2.3.18)

From (2.3.14) and (2.3.16) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(b, v, u, a) .

(2.3.9) and (2.3.17) imply by 1.4.17(1b) (aligned sequences in a geometric interval
space) that (z, s, u, a) . By 1.4.7(1c),

(a, u, s, x) .

From the assumption (z, s, b) and (2.3.12) it follows by 1.4.17(1b) (aligned sequences
in a geometric interval space):

(x, s, t,b) . (2.3.19)
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(2.3.19) and (2.3.13) imply by 1.4.17(1b) (aligned sequences in a geometric interval
space):
(x, s, t, v, b) .
By 1.4.7(1a) (aligned sequences),
(x, s, v, b) . (2.3.20)

From (2.3.20) and (2.3.18) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(x, s, u, v, b) .
(2.3.10) implies:
(y, t, s) . (2.3.21)

From (2.3.8) and (2.3.21) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(y, t, s, a) . (2.3.22)
In particular,
(y, t, a) . (2.3.23)
(2.3.22) and (2.3.17) imply by 1.4.17(1b) (aligned sequences in a geometric interval
space):
(y, t, s, u, a) .

From (2.3.23) and (2.3.15) it follows by 1.4.17(1b) (aligned sequences in a geometric
interval space):

(y,t, v, a) . (2.3.24)

(2.3.24) and (2.3.16) imply by 1.4.17(1b) (aligned sequences in a geometric interval
space):

(y, t, v, u, a) .

(2) From the assumption that () is a median quadrangle it follows by 2.2.2(4) (median
quadrangles):

is a median quadrangle. (2.3.25)
x a

(a) The assumption that @) is a median quadrangle entails (z, s, u, v, b) and
(y, t, v, u, a) . In particular,

(s, u, v) , (2.3.26)
(t, v, u) . (2.3.27)
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Substituting the assumption s = ¢ into (2.3.27),

(s, v, u) . (2.3.28)
(2.3.26) and (2.3.28) imply by 1.4.16 (Hedlikova’s criterion for geometric interval
spaces):
uU="v. (2.3.29)
Substituting the assumption s = t and (2.3.29) into the assumption that () is
a b
a median quadrangle, ;L Z is a median quadrangle. In particular,
T )
a | b
Ty
(b) (2.3.25) and the assumption s = u imply by (2a):
t=v. (2.3.30)
Substituting the assumption s = u and (2.3.30) into the assumption that () is a
a b
median quadrangle, () = z i a median quadrangle. In particular,
x )
a b
Z Y

(c) By (2a) it suffices to prove s = t. The assumption that () is a median quadrangle
entails (y, t, s, u, a) . In particular, (¢, s, u) . Therefore,

(u, s, t) . (2.3.31)
The assumption that () is a median quadrangle also entails (x, s, ¢, y) . In partic-
ular,

(x, s, ) . (2.3.32)

From (2.3.32) and the assumption (z, ¢, u) it follows by 1.4.16 (Hedlikova’s crite-
rion for geometric interval spaces) that (s, ¢, u) . Thus,
(u, t, s) . (2.3.33)

(2.3.31) and (2.3.33) imply by 1.4.16 (Hedlikovd’s criterion for geometric interval
spaces) that s =t .

(d) By (2b) it suffices to prove s = u . From (2.3.25) and the assumption (z, u, t) it
follows by (2c) that s = u .

(e) The assumption that () is a median quadrangle entails:

(z, s, u, a) , (2.3.34)
(a, u, s, t, y) . (2.3.35)
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From the assumption (z, a, y) , (2.3.34) and (2.3.35) it follows by two applications
of 2.3.1(1) (geometric interval spaces) that (z, s, u, a, u, s, t, y) . By 1.4.7(1a)
(aligned sequences), (s, u, a, u, s) . By 1.4.7(2) (aligned sequences), a = s .

(f) By 2.2.2(4) (median quadrangles)

b a
is a median quadrangle. (2.3.36)

~+
w &

Yy x
From the assumption (x, b, y) it follows:
(y, b, z) . (2.3.37)

(2.3.36) and (2.3.37) imply by (2e) that b = ¢ .
O

PROPOSITION 2.3.3. (quadrimodular matrices in a geometric interval space) Let X be a
geometric interval space. For [ Z 2 } a quadrimodular matrix in X | if a, b € [z, y] , then

(x, a, b) .

PROOF. The assumption that [ Z 2 } is quadrimodular says that there are s, ¢, u, v € X such

that
a b
u v . .
< 1 is a median quadrangle. (2.3.38)
x Y
In particular, (z, s, t, y) . Thus,
(x, s, 1) . (2.3.39)

From (2.3.38) and the assumption a, b € [z, y] it follows by 2.3.2(2e) and (2f) (median quadran-
gles in a geometric interval space):

a=Ss, (2.3.40)
b=t. (2.3.41)
Substituting (2.3.40) and (2.3.41) into (2.3.39), (z, a, b) . ]

PROPOSITION 2.3.4. (interval-concatenable geometric interval spaces) Let X be an
interval-concatenable geometric interval space. For a, b, c € X , each maximal element of
the poset ([a, b] N [a, ], (a, -, -)) is a median of a, b, c.
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PROOF. For u € X it is to be proved: If u is a maximal element of ([a, b] N [a, ¢], (a, -, -)) ,
then u is a median of a, b, ¢. The assumption that « is an element of [a, b] N [a, c| says:

(a, u, b) , (2.3.42)
{a, u, c) . (2.3.43)
Therefore, it suffices to prove (b, u, ¢) . From the assumption that X is interval-concatenable

it follows that it suffices to prove [b, u| N [u, ¢] = {u} . For v € X it is to be proved that
v € [u, b] N [u, ¢] implies v = u . The assumption v € [u, b] N [u, ] says:

(u, v, b) | (2.3.44)
(u, v, c) . (2.3.45)

From (2.3.42) and (2.3.44) it follows by 1.4.17(1b) (aligned sequences in a geometric interval
space) that (a, u, v, b) . In particular,

(a, u, v) , (2.3.46)
(a, v, b) . (2.3.47)

(2.3.43) and (2.3.45) imply by 1.4.17(1b) (aligned sequences in a geometric interval space) that
(a, u, v, ¢) . In particular,

(a, v, cy . (2.3.48)

(2.3.47) and (2.3.48) together say:
v € la, bNia, . (2.3.49)
From the assumption that u is a maximal element of ([a, b] N [a, ], (a, -, -)) , (2.3.49) and
(2.3.46) it follows that v = u . O

2.4. Topological Interval Spaces
Part (1) of the following proposition has been cited from [32, §20, exercise 3(a)].

PROPOSITION 2.4.1. (continuity of metrics) Let X be a metric space.
(1) The metric d : X x X — R is continuous with respect to the product topology.
(2) The function f : X x X x X — R mapping (x, y, 2) to dyy + dy, — d, is continuous
with respect to the product topology.
PROOF.

(1) By 1.4.23(3) (sum metric), it suffices to prove that f is continuous with respect to the
sum metric. By 1.4.24 (nonexpansiveness of metrics), f is nonexpansive. By 1.4.25(1)
(nonexpansive maps), f is continuous.

(2) By 1.3.4(2) and (3) (product of topological spaces),

Themapp: X x X x X — X x X mapping (z, y, z) to (x, y) is continuous.  (2.4.1)
By (1),
The metric d : X x X — R is continuous. (2.4.2)
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From (2.4.1) and (2.4.2) it follows by 1.3.2 (composite of continuous maps):

The map from X x X x X to R mapping (z, y, z) to d, is continuous. (2.4.3)
Analogously:

The map from X x X x X to R mapping (z, y, 2) to d,. is continuous. (2.4.4)
The map from X x X x X to R mapping (z, y, z) to d,, is continuous. (2.4.5)

(2.4.3), (2.4.4) and (2.4.5) imply by two applications of 1.3.3 (sum and difference of
continuous functions) that the map f : X x X x X — R mapping (z, y, z) to dy,, +
dy. — d is continuous.

g

A topological interval space is a triple (X, (-, -, -), O) such that:

o (X, (-, -, -)) is an interval space

o (X, O) is a topological space

o (-, -, -) is a closed subset of the product space X x X x X .
Each real topological vector space is a topological interval space. Further examples of topo-
logical interval spaces are provided by the next two propositions. The concept of a topological
interval space is analogous to the concept of a topological poset, which is implicit in the results
on topological spaces equipped with a closed order in [33, chapter 1, §1 and §3]. It is related to
the concept of a topological convex structure as defined in [48, chapter III, 1.1.1]. The concept
of an interval space as defined in [44, section 2] also involves a topology, but there the interval
space structure and the topology are connected by a different condition.

PROPOSITION 2.4.2. (topological interval space property of a metric space) Each metric
space with the geodesic interval relation and the topology determined by its metric is a topolog-
ical interval space.

PROOF. Let X be a metric space. By 1.4.4 (interval relation of a metric space), it remains to be
proved that (-, -, ) isclosed in X x X x X .

(. ={(z,y,2) € X x X x X|dy, = dyyy +dy }
={(z,vy, 2) € X x X x X|dyy, +dy, —d. =0}
Therefore, with the map f : X x X x X — R mapping (z, y, 2) to dyy + dy. — dy ,

(=170} (2.4.6)

By 2.4.1(2) (continuity of metrics),
f is continuous. 2.4.7)
From (2.4.6), (2.4.7) and closedness of {0} it follows by 1.3.1(1) (continuous maps) that (-, -, -)
is closed. U

2.4.2 (topological interval space property of a metric space) may be used implicitly by applying
results on topological interval spaces to metric spaces.



94 2. GENERAL INTERVAL SPACES AND METRIC SPACES

PROPOSITION 2.4.3. (discrete topological interval spaces) Each interval space with the dis-
crete topology is a topological interval space. In particular, each finite interval space with the
discrete topology is a compact topological interval space.

PROOF. Let X be an interval space with the discrete topology. By 1.3.5 (discrete topological
spaces), X x X x X is discrete. In particular, each subset of X x X x X has an open complement,
i.e. is closed. In particular, (-, -, -} is closed. Consequently, X is a topological interval space. [

PROPOSITION 2.4.4. (topological interval spaces) Let X be a topological interval space.
For a, b € X, the unary sections (a, b, -) , {(a, -, b) = [a, b] and (-, a, b) are non-empty and
closed in X . For a € X | the binary sections {a, -, -) , (-, a, -y and (-, -, a) are non-empty and
closedin X x X .

PROOF. The assumption that X is a topological interval space entails:
(-, -, -) is a closed subset of the product space X x X x X . (2.4.8)

Step 1. Proof that (a, b, -) is non-empty and closed in X .
Step 1.1. From (a, b, b) it follows that {(a, b, -) is non-empty.
Step 1.2. Proof that (a, b, -) is closed in X . By 1.3.1(2) (continuous maps),

The map from X to X mapping z to a is continuous. (2.4.9)
The map from X to X mapping z to b is continuous. (2.4.10)
By 1.3.1(3) (continuous maps),
The map from X to X mapping x to x is continuous. (2.4.11)
(2.4.9), (2.4.10) and 2.4.11) imply by 1.3.4(3) (product of topological spaces):
The map iy, : X — X x X x X mapping z to (a, b, x) is continuous. (2.4.12)

From (a, b, -) =i ({, -, -)) , (2.4.8) and (2.4.12) it follows by 1.3.1(1) (continuous maps) that
(a, b, -} is closed in X .

Step 2. The proofs that [a, b] and (-, a, b) are non-empty and closed in X are analogous to
Step 1.

Step 3. Proof that (a, -, -) is non-empty and closed in X x X .

Step 3.1. From (a, a, a) it follows that (a, -, -) is non-empty.

Step 3.2. Proof that (a, -, -) is closed in X x X . By 1.3.1(2) (continuous maps),

The map from X x X to X mapping (z, y) to a is continuous. (2.4.13)
By 1.3.4(2) (product of topological spaces),

The map from X x X to X mapping (z, y) to x is continuous. (2.4.14)

The map from X x X to X mapping (z, y) to y is continuous. (2.4.15)

(2.4.13), (2.4.14) and (2.4.15) imply by 1.3.4(3) (product of topological spaces):
The map i, : X x X — X x X x X mapping (z, y) to (a, =, y) is continuous. (2.4.16)

From (a, -, -) =it ({-, -, -)) , (2.4.8) and (2.4.16) it follows by 1.3.1(1) (continuous maps) that
(a, -, -)isclosed in X x X .
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Step 4. The proofs that (-, a, -) and (-, -, a) are non-empty and closed in X x X are analogous
to step 3. U

2.5. Geometric Topological Interval Spaces

PROPOSITION 2.5.1. (geometric topological interval spaces) Let (X, (-, -, -), O) be a geo-
metric topological interval space. Forp € X , (X, (p, -, -), O) is a topological poset.

PROOF. By 1.4.16 (Hedlikova’s criterion for geometric interval spaces) (X, (p, -, -)) is a poset,
and by 2.4.4 (topological interval spaces), (p, -, -) is closed with respect to the product topology.
Consequently, (X, (p, -, -), O) is a topological poset. O

2.5.1 (geometric topological interval spaces) may be used implicitly by applying results on topo-
logical posets to geometric topological interval spaces.

2.6. Metric Spaces

PROPOSITION 2.6.1. (median quadrangles in a metric space) Let X be a metric space. For
a b
u v . .
st a median quadrangle in X :
x Y
(1) dsb = d:L’b - dx,ya .
(2) dst = da},yb - dx,ya .
(3) dsu = dx,ab - dx,ya .
4)
(a) duv = dst .
(b) dtv = dsu .
(C) dsv = dst + dsu .
(d) dtu = dst + dsu .

PROOF.
(1) From the assumption that () is a median quadrangle it follows by 2.2.2(1a) (median

quadrangles) that [ . Z Y ] is a median triangle. By 1.4.20 (median triangles in a
metric space), d,; = % (dypy + dypa — dya) , 1€
dyps = dz,ya . (261)

The assumption that () is a median quadrangle implies by 2.2.2(2) (median quadrangles)
that s € [z, ] , i.e.

Aoy = dys + dgp . (262)
From (2.6.2) and (2.6.1) it follows:
dsp = dgp — dys

= dxb - dx,ya .
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(2) The assumption that () is a median quadrangle entails

(x, s, t, y) (2.6.3)
and implies by 2.2.2(1a) and (1b) (median quadrangles):
[ . } is a median triangle, (2.6.4)
r sy
b is a median triangle (2.6.5)
vty gle. .6.

(2.6.3) implies by 1.4.6 (aligned sequences in a metric space) that d,, = dys+dg +dsy .
Therefore,

dst = dxy - dxs - dty . (266)
From (2.6.5) it follows by 1.4.9(2a) (median triangles):
b ) ) )
[ vt oo ] is a median triangle. (2.6.7)
(2.6.4) and (2.6.7) imply by 1.4.20 (median triangles in a metric space): d,s =
% (dyy + dya — dyq) and dy,, = % (dys + dyp — dyp) , 1€

dyps = dm,ya ) (268)
dty = dy,xb. (269)

Substituting (2.6.8) and (2.6.9) into (2.6.6),
dst = dacy - dz,ya - dy,xb

= (dyy — dyzp) — dyya - (2.6.10)
By 1.8.2(5) (point-pair modular distance), d,, = dg 4, + dy . . Therefore,
Aoy — dyap = oy - (2.6.11)

Substituting (2.6.11) into (2.6.10), dst = dyyp — dgya -

(3) The assumption that () is a median quadrangle implies by 2.2.2(4) (median quadrangles)

Y b
that z Z is a median quadrangle. By (2), ds, = dy.ap — dyay - By 1.8.2(2)

x a
(point-pair modular distance), dg, = dy b — dzya -

(4) The assumption that () is a median quadrangle entails:

<£L', S, t; v, b> )
z, s, u,v, b> )

(
(y, t, s, u, a) ,
(y

Jtov, u, a) .
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In particular,

1.e.

dsy = dst + dyy
dsy = dsu + duw
diy = dgt + dsu
Aty = dy + du -

Solving this system of linear equations in terms of d; and dy, yields

duy = dat
dy = dsu
dsy = dst + dsu
dty = dst + dsy -

O
PROPOSITION 2.6.2. (quadrimodular matrix representation) Let A be a metric space with
A=A{z,y,a, b} . Ifmin{d, 4, dyyp, dwap} = dyya , then there is an isometric map i from A

into (R?, ||- — -||,) such that [ z.(a) Z(b) } is quadrimodular.

i(z) i(y)

PROOF. d; 44, dy by dabs doya € Rsp, and from the assumption min {d, yo, dyyp, duap} =
dy o it Tollows that dy y, — dyya, drab — dzay € R>o. By 2.2.1 (median quadrangles in the
plane), there is

a’ v

, a median quadrangle in (R?, || —-||,) , (2.6.12)
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such that
|s" = t'|l, = duyp — daya s (2.6.13)
Hul - Ul”1 = d:r:,yb - dx,ya s (2614)
|s" = ||} = doap — dyay » (2.6.15)
[t = V', = duab — dayay (2.6.16)
HI/ - Sl”l = d$,ya y (2617)
ly" =t = dya (2.6.18)
|a" — ||, = da , (2.6.19)
10" — V', = diya - (2.6.20)
(2.6.12) entails that
a v . )
[ ¥y } is quadrimodular (2.6.21)

and <x,7 8/7 t,7 y’) Y <'r,7 8,7 'L[//’ a,> ) <':C/7 8/7 tl’ U” b/> ) <y,7 tl? vl? ul? a//> ) <y/7 tl? Ul’ bl) )
(a',u', v, ') . By 1.4.6 (aligned sequences in a metric space),

2" —y'll, = 2" = sl + 18" = ¢l + 1" =]l (2.6.22)
||x' - a'||1 = ||5LJ - 3/||1 + ||3/ - U,||1 + ||U, - a'||1 ) (2.6.23)
" =V, = [Jo" = ||, + ||s" = 'l|y + |t = '[[y + [ =], (2.6.24)
Iy —=d'll, = Iy =, +[t' =o', + || = ||, + v =, (2.6.25)
Iy =Vl =y =l + ([t =, + v =V, (2.6.26)
la" =V, = [l = /||, + |l = ||, + [ = V], . (2.6.27)

Substituting (2.6.17), (2.6.13) and (2.6.18) into (2.6.22), it follows by 1.8.2(5) (point-pair mod-
ular distance):

2" =yl = ll=" = Ml + " =l + (18 =yl
= 2" =l + I =l + M1y =2,
= dyya + (doyp — doya) + dy
= dyyp + dy b
= dyy - (2.6.28)
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Substituting (2.6.17), (2.6.15) and (2.6.19) into (2.6.23), it follows by 1.8.2 (5) and (2) (point-pair
modular distance):

la" = d'll, = [la" = Sl + I8 =[], + [lu" = d'l];
= [|2" = &I, + ||s" = ||, + [|a" = |,
=dyya + (dpap — duay) + dazp
= dyya + (dyab — duya) + dazp
= dgab + dazb
= dyq - (2.6.29)

Substituting (2.6.17), (2.6.13), (2.6.16) and (2.6.20) into (2.6.24), it follows by 1.8.2 (2) (point-
pair modular distance):

2" =Vl = fl2" = s'll, +{Is" = ¢l + {1t =Vl + v =V
= [la" = sl + Is" = ll, + 1t = [l + 1" =o'
= dyya + (doys — doya) + (dead — diay) + dpya
= dyya + (deyp — deya) + (deab — doya) + dpya

- d:c,yb + (dx,ab - d:v,ya) + db,ya
1 1
- 5 (dacy + dacb - dyb) + 5 (da:a + dxb - dab)
1 1
-5 (dyy + dypa — dya) + 3 (dpy + dpg — dya)
=d, . (2.6.30)

Substituting (2.6.18), (2.6.16), (2.6.14) and (2.6.19) into (2.6.25), it follows by 1.8.2(2) and (5)
(point-pair modular distance):

I =l = 9= ¢l I =l + ! =l + o =
=y =¥l + It =y + [ =2, + ([ =,
=dy b + (duab — dray) + (deyp — duya) + dazp
= dy b+ (dyap — duya) + (duyp — duya) + dazb
= (dyzb + doyp) + (dpab + dazp) — 2dy yq

1
= dyx + d:ca -2 5 (d:(;y +d:(:a - dya)

= dy:p + dza - (dxy + d:ra - dya)
—d,,. (2.6.31)
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Substituting (2.6.18), (2.6.16) and (2.6.20) into (2.6.26),
I = ¥l =l — 2l + 1 =l + [ =
=l — ¢+ 1 — ol + Y =,
- dy,xb + (dz‘,ab - dx ay) + db Jya

1
- 5 (dy:c + dyb —dg ) dma + dap — dab)

[\')l'_‘ —~

1
-5 (dya + duy — day) + = (dpy + dpa — dya)

=dy . (2.6.32)
Substituting (2.6.19), (2.6.14) and (2.6.20) into (2.6.27), it follows by 2.2.1(1) (median quadran-
gles in the plane) and 1.8.2(2) (point-pair modular distance):

la" = Vlly = lla" = o[l + lu" = ', + [V = '],
= |la" =[], + |’ =o', + (|t =[],
- da,xb + (dx,yb - dﬂc ya) + db yya

1
- 5 (dam +daop — dwb) (dwy + dap — d )
1 1
- 5 (dwy + dya — dytl) 5 (dby + dpa — dya)
—d,. (2.6.33)
From (2.6.28), (2.6.29), (2.6.30), (2.6.31), (2.6.32) and (2.6.33) it follows that an isometric map
i from A into (R?, ||- — -||,) is well-defined by setting i (z) = 2/, i(y) = ¢/, i(a) = o and
i(b) =b".(2.6.21) says that [ ig;; 283 ] is quadrimodular. 0

PROPOSITION 2.6.3. (quadrimodular matrices in a metric space) Let X be a metric space.
Forx,y,a,be X :

(1) If< “ Z > then dy yo = dy yp and dy yo = dy.ap -

(2)1f<§ 2> then dyyo = da g and dyyo < doap .

3) If< Z Z > then dy yo < dyyy and dy yo = dy ap -

@ If < o Z > , then dyya < dyyp and dyya < doa -

5) If [ } is quadrimodular, then min{d, yo, dy yb, dzap} = Az ya -
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PROOF.

(1) The assumption < Z . S > says that there is an s € X such that
a b

S
S

x Yy
metric space), dss = dyyp — dpyo aNd dgs = dy o — dg ya - Therefore, 0 = d, p — dy o
and 0 = d, o — dy ya - Consequently, dy o = dyyp and dy yo = dgap -

(2) The assumpti0n< ; ; Z > says that

not < Z : z > (2.6.34)

and there are s, u € X such that

is a median quadrangle. By 2.6.1(2) and (3) (median quadrangles in a

is a median quadrangle, (2.6.35)

From (2.6.35) and (2.6.34) it follows that s # « . Therefore,
dgy > 0. (2.6.36)
(2.6.35) implies by 2.6.1(2) and (3) (median quadrangles in a metric space):

dgs = dw,yb - dm,ya ) (2637)
dsy = dx,ab - dm,ya . (2638)

From (2.6.37) it follows that 0 = d ., —d 4. - Consequently, d,. ,, = d , . Substituting
(2.6.38) into (2.6.36), dy op — dy e > 0. Consequently, d; o < dgap -

(3) The assumption < g . Z > implies by 2.2.4(4) (symmetries of quadrimodularity

properties) that < z : Z > By 2), dyay < dypyp and dy oy = dypay .- By 1.8.2(2)

(point-pair modular distance), d; yq < dy and dy ye = dg b -
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(4) The assumption @ b says that there are s, ¢, u, v € X such that
x Y

a b
u v : :
< is a median quadrangle, (2.6.39)
T Y
not { ¢ ° (2.6.40)
ey ) 6.
a b
not < — > . (2.6.41)
Z Y

From (2.6.39) and (2.6.40) it follows by 2.3.2(2a) (median quadrangles in a geometric
interval space) that s # t . Therefore,

dst > 0. (2.6.42)

(2.6.39) and (2.6.41) imply by 2.3.2(2b) (median quadrangles in a geometric interval
space) that s # . Thus,

dgy > 0. (2.6.43)

From (2.6.39) it follows by 2.6.1(2), (3) (median quadrangles in a metric space):
dst = dyyp — dy ya , (2.6.44)
sy = dypab — gy - (2.6.45)

Substituting (2.6.44) into (2.6.42), d, ,» — dyzye > 0. Consequently, dy o < dyyp -
Substituting (2.6.45) into (2.6.43), d, o — dyye > 0. Consequently, dg o < dy qp -

(5) From the assumption that l Z Z } is quadrimodular it follows by 2.2.5(1) (quadrimod-

lritrrti)thta”b ra'b ra-~b ra~b
uaypopeesax..yox.yox yoxy'
By (4)’ (2)’ (3) and (1)9 min {dx,ym dx,ylb dx,ab} = dx,ya .

O

PROPOSITION 2.6.4. (isometric invariance of point-pair modular distance) Let i : X — Y
be an isometric map of metric spaces. For x, a, b € X, dj@) i(a)i(b) = d,ab -

PROOF. By 1.8.1 (existence of modular extension), there is an isometric map j from Y into a
modular metric space Z , and j o ¢ is an isometric map from X into Z . Therefore,

di(z)i(@)iv) = dj(i(z))3(i(a)), (b))
= dz,ab .



CHAPTER 3

Characterizations by Fundamental Combinatorial Concepts

In this chapter, the following known results on triangle-convex spaces are used:

o 1.5.1 (triangle-convex interval spaces)
o 3.2.1 (triangle-convex one-way interval spaces)

The following main new results are proved:

o 3.2.4 (antiexchange criterion for triangle-convex geometric interval spaces)
o 3.3.2 (perspectivity relation)

3.1. Closure Spaces

Let X be a set. A closure system on X is a set C' of subsets of X such that X € (' and for each
non-empty D C C', (D € C.

A closure space is a pair consisting of a set X and a closure system C'on X . Aset A C X is
called closed iff A € C'. When (X, O) is a topological space, then the pair consisting of X and
the set of closed sets in (X, O) is a closure space. When (X, (-, -, -)) is an interval space, then
the pair consisting of X and the set of convex sets is a closure space. The concept of a closure
space as defined here is slighly more general than in [48, chapter I, 1.2], where it is required that
() € C and a closure system is called a protopology.

A closure space (X, () is also simply denoted by X when it is clear from the context whether
the closure space or only the set is meant.

The concepts of a closure in a topological space and of a convex closure in an interval space
have a natural generalization to a closure space. Let (X, (') be a closure space. For A C X | the
closure of A is the set

cl(A):=(|{BC X|B2Aand B € C}
It is the smallest closed superset of A. When X is an interval space and C'is the system of convex
sets in X , then for A C X , the closure of A is the convex closure of A .

Let X be a closure space. For A C X | the entailment relation of C' relative to A or A-
entailment relation is the binary relation -4 on X defined by

rhay:eyecd(AU{x}).

103
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PROPOSITION 3.1.1. (relative entailment relation) Let X be a closure space. For A C X ,

(1) The relation - 4 is reflexive on X and transitive.

(2) The restriction =4 | (X \ A) is a partial order on X \ A iff it is antisymmetric, i.e. for
allz, y € X\ A,ify € closure of AU {x} and z € closure of AU{y} ,thenz =y.

(3) The restriction -4 | (X \ A) is an equivalence relation on X \ A iff it is symmetric, i.e.
forallz, y € X\ A, ify € closure of AU {z} , then x € closure of AU {y} .

PROOF.

(1) Step 1. Reflexivity. For z € X,z k4 z,ie. =z € cl(AU{z}), follows from
re€ AU{zr}and AU{z} Ccl(AU{z}) .
Step 2. Transitivity. For z, y, z € X, it is to be proved that y € cl (AU {x}) and
z € cl(AU{y}) imply z € cl (AU {z}) , i.e. from the assumption y € cl (AU {z})
it is to be proved that cl (AU {z}) D cl (AU {y}) . cl (AU {y}) is the smallest closed
superset of AU {y} . Therefore, it suffices to prove that the closed set cl (AU {z}) is a
superset of A U {y} . From the assumption y € cl (A U {z}) it follows that it suffices
to prove A C cl (AU {x}) . This claim follows from A C AU {z} and AU {z} C
cl(Au{z}) .

(2) follows from (1).

(3) follows from (1).

0

If |A| > 2, then the binary relation 4 on the whole of X is not antisymmetric.

Let X be a closure space. X is called an antiexchange space iff for each closed A C X,
one and therefore all of the following conditions hold, which are equivalent by 3.1.1 (2) (relative
entailment relation):

o The restriction 4 | (X \ A) antisymmetric.
o The restriction 4 | (X \ A) is a partial order on X \ A.

Examples of antiexchange spaces are provided by and presented after the first proposition in the
next section. In [48, chapter I, 2.24], an exchange space that is an algebraic closure space with ()
closed is called an anti-matroid or convex geometry.

3.2. One-Way Geometric Interval Spaces

Let X be an interval space. X is called one-way iff for all a, b, ¢, d € X, (a,b,¢c) , b # ¢
and (b, ¢, d) imply (a, b, d) . This condition is the interval relation version of the strict interval
relation condition [34, §1, VIII. Grundsatz]. When X is a vector space over a totally ordered
field K, for example X' = R and X = R" forann € Z>, , then X is one-way.
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Each tree is one-way. The following graph is not one-way: (a, b, ¢) , b # ¢, (b, ¢, d) , but not
(a, b, dy .

The following proposition has been cited from [10, chapter II, proposition 10].

PROPOSITION 3.2.1. (triangle-convex one-way interval spaces) Let X be a triangle-convex
one-way interval space. Then the pair consisting of X and the set of convex sets is an antiex-
change space.

PROOF. [10, chapter II, proposition 10] U

Let X be a vector space over a totally ordered field K , for example K = R and X = R" for an
n € Z>; . The pair consisting of X and its vector interval relation is a triangle-convex one-way
interval space. By 3.2.1 (triangle-convex one-way interval spaces), the pair consisting of X and
the set of convex sets is an antiexchange space.

PROPOSITION 3.2.2. (one-way criterion for a geometric interval space) Let X be a geomet-
ric interval space. The following conditions are equivalent:
(1) X is one-way.
(2) Foralla, b, c,d e X, {(a, b, ¢) ,b# cand (b, ¢, d) imply {(a, b, ¢, d)
(3) Foralla, b, c,d € X, (a, b, ¢) ,b+# cand (b, ¢, d) imply {(a, b, d) or (a, ¢, d) .

PROOF. Step 1. (1) = (2). From the assumption that X is one-way it is to be proved that for
a,b,c,de X, {(a, b, c),b+# cand (b, ¢, d) implies (a, b, ¢, d) . From the assumptions that X
is one-way, (a, b, ¢) , b # cand (b, ¢, d) it follows:

(a, b, d) . (3.2.1)

(3.2.1) and the assumption (b, ¢, d) imply by 1.4.17(1b) (aligned sequences in a geometric inter-
val space) that (a, b, ¢, d) .

Step 2. For (2) = (3) nothing is to be proved.

Step 3. (3) = (1). From the assumption that (a, b, ¢) , b # c and (b, ¢, d) imply (a, b, d) or
(a, ¢, d) , itis to be proved that (a, b, d) .

Case 1. (a, b, d) . Nothing remains to be proved.

Case 2. {(a, ¢, d) . From the assumptions (a, b, ¢) and (a, ¢, d) it follows that (a, b, d) . O

PROPOSITION 3.2.3. (antiexchange interval-convex geometric interval spaces) Let
(X, (-, -, )) be an interval-convex geometric interval space such that the pair consisting of X
and the set of convex sets is an antiexchange space. Then X is one-way.
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PROOF. By 3.2.2 (one-way criterion for a geometric interval space) it suffices to prove for
a, b, ¢, d € X that {(a, b, ¢) , b # cand (b, ¢, d) imply (a, b, d) or (a, ¢, d) . Seeking a contra-
diction, suppose that not (a, b, d) and not (a, ¢, d) , i.e.

b, c ¢ |a,d] . (3.2.2)
The assumption that X is interval-convex entails:
[a, d] is convex. (3.2.3)
The assumption (a, b, ¢) implies:
b e [{a, c}] (3.2.4)

From a € [a, d] and (3.2.4) it follows that {a, ¢} C [a, d] U {c} . Therefore,

{a. c}] C [[a, d] U {c}] . (3.2.5)
(3.2.4) and (3.2.5) imply:
bela, dU{c} , (3.2.6)
Analogously,
¢ €la, d]U{b}] . (3.2.7)

From (3.2.3), (3.2.2), (3.2.6), (3.2.7) and the assumption that the pair consisting of X and the
set of convex sets is an antiexchange space it follows that b = ¢, contradicting the assumption
b+#c. O

The following theorem characterizes a geometric property of an interval relation in terms of a
fundamental property of a family of derived binary relations:

THEOREM 3.2.4. (antiexchange criterion for triangle-convex geometric interval spaces) Let
(X, (-, -, -)) be a triangle-convex geometric interval space. The pair consisting of X and the set
of convex sets is an antiexchange space iff X is one-way.

PROOF. Step 1. (=) From the assumption that X is triangle-convex it follows by 1.5.1 (triangle-
convex interval spaces):

X is interval-convex. (3.2.8)

(3.2.8) and the assumptions that X is geometric and the pair consisting of X and the set of
convex sets is an antiexchange space imply by 3.2.3 (antiexchange interval-convex geometric
interval spaces) that X is one-way.

Step 2. (<=) From the assumption that X is triangle-convex and one-way it follows by 3.2.1
(triangle-convex one-way interval spaces) that the pair consisting of X and the set of convex sets
is an antiexchange space. U
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3.3. Perspectivity Relations

Let X be a geometric interval space. X is called interval-linear iff for all a, b € X | [a, b] is a
chain in the poset (X, (a, -, -)) . This condition is contained in [43, (5.2)]. When X is a vector
space over a totally ordered field K , for example X' = R and X = R" forann € Z>,, then it
is interval-linear. For n € Zx;, the metric space (R", |- — -||,) is interval-linear. Each lattice
interval space associated with a chain, for example (R, <) , is an interval-linear geometric in-
terval space. Each subspace of an interval-linear interval space is interval-linear. The following
graph is not interval-linear: b, d € [a, c| , butnot (a, b, d) and not (a, d, b) .

For n € Z>, , the metric spaces (R", |- — -||,) and (R, ||- — || ) are not interval-linear.
In the following proposition, condition (3) is condition (L4) in [10, chapter II, section 3].

PROPOSITION 3.3.1. (interval-linear geometric interval spaces) Let X be an interval-linear
geometric interval space. Then:

(1) X is interval-convex.
(2) For a, b,x,yEX,if{;
(3) Fora, b, c€ X ,if(a, b, ¢) , then [a, bJU [b, | = [a, (] .

Ty

b } is quadrimodular, then< a _ b >07”< . | b > .
y rov

PROOF.

(1) For a, b € X itis to be proved that [a, b] is convex. The assumption that the geometric
interval space X is interval-linear entails that ([a, 0], (a, -, -)) is a chain. By 2.3.1(2)
(geometric interval spaces), [a, ] is convex.

(2) The assumption that { Z 2 is quadrimodular says that there are s, ¢, u, v € X such

that

Q=

»w &
~+~ <

z )

is a median quadrangle. In particular, (x, s, ¢, v, b) and (x, s, u, v, b) . Thus, (x, ¢, v)
and (z, u, v) , i.e.

t,u € [z, v]. (3.3.1)
The assumption that X is interval-linear entails:

[z, v] isachainin (X, (z, -, -)) . (3.3.2)
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From (3.3.1) and (3.3.2) it follows that (x, ¢, u) or (z, u, t) .
Case 1.1. (z, t, u) . The assumptions that () is a median quadrangle and (x, ¢,

x? Y
by 2.3.2(2d) (median quadrangles in a geometric interval space) that ;L — Z

(3) By 1.4.17(2b) (aligned sequences in a geometric interval space), it suffices to prove
[a, b]U[b, ¢] D [a, ¢ ,ie. forz € X ,ifx € [a, ] , then (a, z, b) or (b, x, ¢) . The
assumption (a, b, c) says:

imply

)
> |
£

imply

by 2.3.2(2¢) (median quadrangles in a geometric interval space) that ;L 2
Case 1.2. (z, u, t) . The assumptions that () is a median quadrangle and U

bela,c|. (3.3.3)

From (3.3.3) and the assumptions that z € [a, ¢] and X is interval-linear it follows that
{a, z, by or {(a, b, x) .
Case 1. (a, x, b) . Nothing remains to be proved.
Case 2. (a, b, z) . The assumption x € [a, c| says:
{a, z, c) . (3.3.4)

From the assumption (a, b, z) and (3.3.4) it follows by 1.4.16 (Hedlikova’s criterion
for geometric interval spaces) that (b, z, ¢) .

0

Let X be an interval space. X is called ray-linear iff one and therefore each of the following
conditions is satisfied, which are equivalent by 2.3.1(3) (geometric interval spaces):

o Forall a, b € X, a # bimplies that ((a, b, -), (a, -, -)) is a chain.
o Forall a, b € X, a # bimplies that ((a, b, -), (b, -, -)) is a chain.

The first condition is the interval relation version of the strict interval relation condition [34, §1,
VII. Grundsatz]. When X is a vector space over a totally ordered field K , for example K = R
and X = R" forann € Z>,, then X is ray-linear. Each subspace of a ray-linear interval space
is ray-linear. A tree that has a point of degree > 3 is not ray-linear. For example, the following
tree is not ray-linear: y # b, z, z € (y, b, -) , butnot (y, x, z) and not (y, z, ) .

For n € Z>, , the metric space (R", ||- — -||,) is not ray-linear.
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The following theorem, like 3.2.4 (antiexchange criterion for triangle-convex geometric in-
terval spaces), characterizes a geometric property of an interval relation in terms of a fundamental
property of a family of derived binary relations:

THEOREM 3.3.2. (perspectivity relation) Let X be a one-way geometric interval space. De-
fine the binary relation ~, on X \ {p} by

ar~pbis (p#a, by or (a#pF#b) or (a,b#p) .

The following conditions are equivalent:

(1) For eachp € X , ~, is transitive.
(2) Foreachp € X , ~, is an equivalence relation on X \ {p} .
(3) X is interval-linear and ray-linear.

PROOF. Step 1. (1) =(2) follows from 1.4.7(3a) and (3b) (aligned sequences).

Step 2. (2)= (3). From the assumption that ~,, is an equivalence relation on X \ {p} it is to
be proved that X is interval-linear and ray-linear.

Step 2.1. Proof that X is interval-linear. For a, b, , y it is to be proved that (a, =, b) and
(a, y, by imply that (a, x, y) or (a, y, ) ,i.e. (a, x, y) or (z, y, a) .

Case 1. x = a. Then (a, a, y) says (a, z, y) .

Case 2. y = a. Then (z, a, a) says (x, y, a) .

Case 3. = # a and y # a. This assumption together with the assumptions (a, z, b) and
(a, y, b) says (a # x, b) and (a # y, b) . In particular,

T~ b, (3.3.5)
Yrogb. (3.3.6)
(3.3.5), (3.3.6) and the assumption that ~,, is an equivalence relation imply x ~, y . Therefore,

(a, z, y) or (x, a, y) or (x, y, a) . Thus, it suffices to prove that the second condition (z, a, y)
leads to a contradiction. The assumption that (a, x, b) implies:

(b, x, a) . (3.3.7)

From the assumptions that (z, a, y) , a # y, {(a, y, b) and X is one-way it follows by 3.2.2
(one-way criterion for a geometric interval space) that (x, a, y, b) . In particular, (z, a, b) .
Therefore,

(b, a, x) . (3.3.8)

(3.3.7) and (3.3.8) imply by 1.4.16 (Hedlikova’s criterion for geometric interval spaces) that
x = a, contradicting the assumption x # a .

Step 2.2. Proof that X is ray-linear. For a, b, x, y € X itis to be proved thata # b, (a, b, x)
and (a, b, y) imply that (a, z, y) or {(a, y, x) , i.e. (a, x, y) or (z, y, a) . The assumptions
a#b,(a, b, x)and (a, b, y) together say that (a # b, x) and (a # b, y) . In particular,

T~y b, (3.3.9)
yr~ab. (3.3.10)
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(3.3.9), (3.3.10) and the assumption that ~,, is an equivalence relation imply « ~, vy . Therefore,
(a, x, y) or (x, a, y) or (x, y, a) . Thus, it suffices to prove that the second condition (z, a, y)
leads to a contradiction. The assumptions (z, a, y) and (a, b, y) imply by 1.4.17(1b) (aligned
sequences in a geometric interval space) that (x, a, b, y) . In particular,

(z, a, b) . (3.3.11)
From the assumption (a, b, z) it follows:
(z, b, a) . (3.3.12)

(3.3.11) and (3.3.12) imply by 1.4.16 (Hedlikova’s criterion for geometric interval spaces) that
a = b, contradicting the assumption a # b .

Step 3. (3) = (1). From the assumption that X is interval-linear and ray-linear it is to be
proved that for p € X, ~, is transitive., i.e. fora, b, c € X ,a ~, band b ~, cimply a ~, c.
The assumption a ~,, b says (p # a, b) or (a # p # b) or (a, b # p) . Suppose without loss of
generality that 1. (p # a, b) or 2. (a # p # b) . The assumption b ~, ¢ says thata. (p # b, c) or
b.(b#p#c)orc. (b, c#p) .

Case la. (p # a, b) and (p # b, ¢) . Therefore, (p # a, c¢) . Consequently, a ~, c.

Case 1b. (p # a, b) and (b # p # ¢) . Then

(b, a, p) . (3.3.13)

(3.3.13) and the assumption (b # p # ¢) imply by 1.4.16 (Hedlikovd’s criterion for geometric
interval spaces):

(a, p, c) . (3.3.14)
(3.3.14) and the assumptions p # a and p # c together say that (a # p # ¢) . Consequently,
é;g fc (p # a, b) and (b, ¢ # p) . Thus,
a, c € [p, b] . (3.3.15)
From (3.3.15) and the assumption that X is interval-linear it follows:
(p, a, c) or (p, c, a) . (3.3.16)

(3.3.16) and the assumptions p # a and ¢ # p together say that (p # a, ¢) or (p # ¢, a) .
Consequently, a ~, c.
Case 2a. (a # p # b) and (p # b, ¢) . This assumption and the assumption that X is one-way

imply:
(a, p, c) . (3.3.17)

From the assumption (p # b, c¢) it follows:

p#ec (3.3.18)

because (p, b, ¢) and p = ¢ would imply (p, b, p) and therefore p = b. The assumption a # p,
(3.3.17) and (3.3.18) together say that (a # p # ¢) . Consequently, a ~,, c.
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Case 2b. (a # p # b) and (b # p # ¢) . Thus,

(b#p,a). (3.3.19)
From (3.3.19) and the assumptions that (b # p, ¢) and X is ray-linear it follows:
(p. a, ) or (p, c,a). (3.3.20)

(3.3.20) together with the assumptions a # p and p # c says (p # a, ¢) or (p # ¢, a) . Conse-
quently, a ~, c.
Case 2¢. {(a # p # b) and (b, ¢ # p) . Therefore,

(p, ¢, b) (3.3.21)

The assumption (a # p # b) and (3.3.21) imply by 1.4.17(1b) (aligned sequences in a geometric
interval space), that (a, p, ¢, b) . In particular,

{a, p, o) . (3.3.22)
(3.3.22) and the assumption a # p together say that (a # p, ¢) . Consequently, a ~, c. U






CHAPTER 4

Modular and Median Spaces

In this and subsequent chapters, the following known results on median spaces are used:

o 1.6.5 (product of median interval spaces)
o 1.6.6 (medianity criterion for a geometric interval space)

The following new concept is introduced:
o submedian-metrizable interval space
The following main new results are proved:

o 4.3.1 (modular geometric topological interval spaces)
o 4.7.2 (metrizability criterion)

4.1. Modular Interval Spaces

Let X be an interval space. For a, b € X , a is adjacent to b iff a # b and [a, b] = {a, b} . This
concept corresponds to the concept of an underlying graph that has been defined for particular
cases in [31, 7.1.6] and in [48, chapter I, 5.5].

Part (3) of the following proposition generalizes one direction in [31, 3.1.7].

PROPOSITION 4.1.1. (modular interval spaces) Let X be a modular interval space.
(1) Fora, b € X |ifais adjacentto b, then X = (-, a, b) U {(a, b, -) .
(2) Fora,b € X ,ifa # band |X| > 3, then there is a non-extremal uw € X such that
{(a, u, b) .
(3) X is interval-concatenable.
(4) Fora, b, p € X ,ifa+# band a, b are adjacent to p , then {(a, p, b) .
(5) Forp € X | if p is extremal, then p is adjacent to at most one point.

PROOF.

(1) For z € X it is to be proved that (z, a, b) or (a, b, x) . From the assumption that X is
modular it follows that a, b, ¢ have a median u , i.e.

(a, u, b) , 4.1.1)
(a, u, ) , (4.1.2)
(x, u, b) . 4.1.3)

From (4.1.1) and the assumption that a is adjacent to b it follows that u = a oru = b.
Case 1. u = a. Substituting this assumption into (4.1.3), (x, a, b) .
Case 2. u = b. Substituting this assumption into (4.1.2), {(a, b, =) .

113
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(2) Case 1. ais adjacent to b. From (a, a, b) and (a, b, b) it follows that it suffices to prove
that a is non-extremal or b is non-extremal. By (1),

X={(,a,bUla,b, ). (4.1.4)

The assumption | X'| > 3 entails that there is a ¢ € X such that
c#a, 4.1.5)
c#b. (4.1.6)

(4.1.4) implies that (c, a, b) or {(a, b, c) .
Case 1.1. (¢, a, b) . From this assumption, (4.1.5) and the assumption a # b it follows
that @ is non-extremal.
Case 1.2. {(a, b, ¢) . This assumption, (4.1.6) and the assumption a # b imply that b is
non-extremal.
Case 2. a is not adjacent to b, i.e. there is a u € X such that (a, u, b) and u ¢ {a, b} .
In particular, u is non-extremal.

(3) For a, b, p € X it is to be proved that [p, a] N [p, b] = {p} implies (a, p, b) .The
assumption that X is modular entails that p, a, b have a median u , i.e.

w € [p, alN[p, b , 4.1.7)
(a, u, by . (4.1.8)

From (4.1.7) and the assumption [p, a] N [p, b] = {p} it follows:
u=n. 4.1.9)

Substituting (4.1.9) into (4.1.8), (a, p, b) .

(4) By (3), it suffices to prove [p, a] N [p, b] = {p} . From {p} C [p, a] N [p, b] it follows
that it is sufficient to prove [p, a] N [p, b] C {p} . The assumption that a , b are adjacent
to p entails [p, a] = {p, a} and [p, b] = {p, b} . Therefore, it suffices to prove {p, a} N
{p, b} C {p} . For x € X itis to be proved that x € {p, a} N {p, b} implies z = p.
Seeking a contradiction, assume = # p . From the assumptions x € {p, a} N {p, b} and
x # p it follows that x = a and x = b. Therefore, a = b, contradicting the assumption
a#b.

(5) For a, b € X itis to be proved: If a, b are adjacent to p, then a = b. Seeking a
contradiction, assume a # b. By (4),

{(a, p, b) . (4.1.10)

From (4.1.10) and the assumption that p is extremal it follows that p = a or p = b,
contradicting the assumption that a, b are adjacent to p.

g
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4.2. Modular Geometric Interval Spaces

PROPOSITION 4.2.1. (quadrimodular matrices in a modular geometric interval space) Let
X be a modular geometric interval space. For x, y, a, b€ X :

(1) [ ;L ?Z; ] is quadrimodular iff M (x, y, a) N [x, b] # 0.
. a b : .
(2) For s, t € X, if { v sy 1 and [ vty } are median triangles and (z, s, t) ,
then [ a b is quadrimodular.
ry

PROOF.
(1) Step 1. (=) From the assumption that [ ;L z } is quadrimodular it follows by 2.2.5(5)

(quadrimodularity properties) that M (x, y, a) N [z, b] # 0.
Step 2. (<) From the assumption M (x, y, a) N [z, b] # ( it is to be proved that there

a b
are s, t, u, v € X such that Z ;) is a median quadrangle. The assumption
x Y
M (z, y, a) N [z, b] # () says that there is an
seM(x,y,a)N]x, b . (4.2.1)
The assumption that X is modular implies that there are ¢, v, u € X such that
teM(s,y,b), (4.2.2)
veM(tb a), (4.2.3)
ue€ M (v, a,s) . (4.2.4)

From the assumption that X is geometric, (4.2.1), (4.2.2), (4.2.3) and (4.2.4) it follows
by 2.3.2(1) (median quadrangles in a geometric interval space) that

a b
Z Qt] is a median quadrangle.
z Yy
(2) The assumption that X is modular and geometric implies by (1) that it suffices to prove
M (z, y, a) N[z, b] # (). The assumption that [ . ? is a median triangle entails:
(x,t,b) . (4.2.5)

From the assumption (z, s, t) and (4.2.5) it follows that (x, s, b) , i.e.
s€lzb]. (4.2.6)
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The assumption that [ . CSL y } is a median triangle and (4.2.6) together say that

s € M (x, y, a) N [x, b] . Consequently, M (z, y, a) N[z, b] # (.
U

PROPOSITION 4.2.2. (modular geometric interval spaces) Let X be a modular geometric
interval space. For p € X and C a convex set, the poset (C, (-, -, p)) is directed.

PROOF. Remember that (C, (-, -, p)) is the dual of the poset (C, (p, -, -)) . Forz, y € X itisto
be proved: If z, y € C', then there is a u € C' such that (z, u, p) and (y, u, p) . The assumption
that X is modular entails that there is a u € X such that (x, u, p) , (y, u, p) and

(x, u, y) . 4.2.7)

It sufffices to prove u € C'. This claim follows from (4.2.7) and the assumptions that z, y € C
and C'is convex. O

4.3. Modular Geometric Topological Interval Spaces

The following theorem characterizes compact gated sets in a modular geometric topological
interval space. For a related result, see [7, lemma 2.13(3)]. There, the condion on the space X is
stronger and the condition on the set C' is weaker than here.

THEOREM 4.3.1. (modular geometric topological interval spaces) Let X be a modular geo-
metric topological interval space. For C a non-empty compact set, C' is gated iff it is convex.

PROOF. Step 1. (=) From the assumption that C' is gated it follows by 1.4.18(1) (gated sets)
that C' is convex.

Step 2. (<=) Suppose that C' is convex. It is to be proved that for p € X | the poset (C, (p, -, -))
has a least element. The assumption that C' is non-empty says that there is a ¢ € C'. By 2.4.4
(topological interval spaces), [c, p] is closed. Therefore,

[e, p] N C'is closed in C'. 4.3.1)

From ¢ € [¢, p] N C', the assumption that C' is compact and (4.3.1) it follows by 1.3.7 (compact
topological spaces):

[e, p] N C' is non-empty and compact. (4.3.2)
The assumption that C' is convex implies by 4.2.2 (modular geometric interval spaces):
The poset (C, (-, -, p)) is directed. (4.3.3)
In (C, (-, -, p)) , [c, pf N C =1 c. In particular,
le, pf N C'is anup-setin (C, (-, -, p)) . (4.3.4)

From (4.3.3) and (4.3.4) it follows by 1.2.4(2) (directed posets)
The poset ([c, p] N C, (-, -, p)) is directed. (4.3.5)
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(4.3.2) and (4.3.5) imply by 2.1.1 (compact directed topological posets) that ([¢, p| N C, (-, -, p))
has a greatest element s .

So is a least element of ([p, ] N C, (p, -, -)) . (4.3.6)
In particular,
50 € C, (4.3.7)
and sg € [p, ¢| , i.e.
(p, 50, ¢) - (4.3.8)

It suffices to prove that sq is a gate of p into C', i.e. for each s € C', (p, sg, s) . From the

. . . . s . .
assumption that X is modular it follows that there is a © € X such that { b ou s } is a median
0

triangle, 1.e.

<p7 u, SU> ’ (439)
<807 u, 8> ) (4310)
(p, u, s) . (4.3.11)

(4.3.11) implies that it suffices to prove u = sq . (4.3.7), the assumption s € C', (4.3.10) and the
assumption that C' is convex imply:

ueC. 4.3.12)
From (4.3.9) and (4.3.8) it follows that (p, u, ¢) , i.e.
u € lp, . (4.3.13)
(4.3.13) and (4.3.12) together say:
u€lp, cnC. (4.3.14)
(4.3.14) and (4.3.6) imply:
(p, So, u) . (4.3.15)

From (4.3.15) and (4.3.9) it follows by 1.4.16 (Hedlikovd’s criterion for geometric interval
spaces) that u = s¢ . O
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4.4. Median Interval Spaces

PROPOSITION 4.4.1. (median boundary of a median interval space) Let X be a median
interval space.
(1) Forx € X,z € Oy (X) iff X \ {x} is median.
(2) For A C X | if the median closure of A in X equals X , then 0y; (X) C A.

PROOF.

(1) The following conditions are equivalent:
ox € dy(X).
o Foralla, b,ce X ,ifx=m(a, b, ¢) ,thenx € {a, b, ¢} .
o Foralla, b, ce X ,ifx ¢ {a, b, ¢} ,thenx # m(a, b, c) .
o Foralla, b, c€ X ,ifa, b, c€ X\ {x} ,thenm (a, b, ¢c) € X \ {z} .
o X \ {z} is median.
(2) Seeking a contradiction, assume 9y (X) ¢ A, i.e. there is an

x € Oy (X) (4.4.1)
such thatx ¢ A i.e.
AC X\ {x}. (4.4.2)
From (4.4.1) it follows by (1):
X \ {«} is median. (4.4.3)
(4.4.2) and (4.4.3) contradict the assumption that the median closure of A in X equals
X.
O
PROPOSITION 4.4.2. (median quadrangles in a median interval space) Let X be a median
a b
interval space. For a median quadrangle Z ;} in X, 2" € {z, s}, y" € {y, t},
T )

a" €{a, u} andb" € {b, v} :
(D) s=m (2", y", d") .
2) t=m(2", y", b") .
B)u=m (2", a", b") .
@ v=m(y", d",b").

PROOF. The claim is a restatement of 2.2.2(1a) to (1d) (median quadrangles) for the case of a
median interval space. U
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4.5. Median Geometric Interval Spaces

PROPOSITION 4.5.1. (median geometric interval spaces) Let X be a median geometric in-
terval space. Fora € X :

(1) For x,y € X, in the poset (X, (a, -, ) , m(a, x, y) is a greatest lower bound of

{z, y} .

(2) (X, (a, -, -)) is a meet semilattice.

PROOF.

(1) For u := m(a, x, y) it is to be proved that in the poset (X, (a, -, -)) , u is a greatest
lower bound of {z, y} ,i.e. (a, u, x) , (a, u, y) and forv € X | (a, v, z) and {(a, v, y)
imply (a, v, u) .
Step 1. (a, u, x) and (a, u, y) follow from the assumption v = m (a, x, y) .
Step 2. Proof that forv € X | (a, v, =) and (a, v, y) imply (a, v, u) . The assumptions
(a, v, x) and (a, v, y) imply by 2.3.1(4) (geometric interval spaces) that m (v, x, y) is
amedianof a, z, y,ie. m (v, x, y) = m(a, x, y) ,i.e. m (v, x, y) = w. In particular,

(v, u, ) . (4.5.1)
From the assumption (a, v, x) and (4.5.1) it follows by 1.4.17(1b) (aligned sequences

in a geometric interval space) that (a, v, u, =) . In particular, (a, v, u) .
(2) follows by (1).

4.6. Median Geometric Topological Interval Spaces
The following proposition generalizes [31, 3.1.7].

PROPOSITION 4.6.1. (medianity criterion for a compact geometric topological interval
space) Let X be a compact geometric topological interval space. X is median iff it is interval-
convex and interval-concatenable.

PROOF. Step 1. (=) Assume that X is median.

Step 1.1. X is interval-convex by 1.6.6 (medianity criterion for a geometric interval space).

Step 1.2. X is interval-concatenable by 4.1.1(3) (modular interval spaces).

Step 2. (<) Assume that X is interval-convex and interval-concatenable. From the assump-
tion that X is interval-convex it follows by 1.6.6 (medianity criterion for a geometric interval
space) that it suffices to prove that X is modular, i.e. that all a, b, ¢ € X have a median. By
2.4.4 (topological interval spaces), [a, b] and [a, c] are closed. Therefore,

la, b] N [a, c] is closed. (4.6.1)
The assumption that X is compact and (4.6.1) imply by 1.3.7 (compact topological spaces):

[a, b] N [a, ] is compact. (4.6.2)
From a € [a, b] N [a, ¢] it follows:

la, b]Na, c] #0. (4.6.3)
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(4.6.2) and (4.6.3) imply by 2.1.2 (compact topological posets)
The poset ([a, b] N [a, ¢], (a, -, -)) has a maximal element v . (4.6.4)

From the assumption that X is interval-concatenable and (4.6.4) it follows by 2.3.4 (interval-
concatenable geometric interval spaces) that v is a median of a, b, c. ]

4.7. Median Metric Spaces

Let X be an interval space. X is said to have point-interval separation iff for all x, y, z € X,
if © ¢ [y, 2] , then there is a half-space H such that x € H and [y, 2] C X \ H.If X has
point-interval separation, then each subspace of X has point-interval separation. When X is a
real vector space, for example X = R" for an n € Z>;, then X has point-interval separation.
The next proposition provides further examples of interval spaces with point-interval separation.
The following complete-bipartite graph X does not have point-interval separation: The only
half-spaces are X and ().

Part (1) of the following proposition has been cited from [49, chapter I, 4.19].

PROPOSITION 4.7.1. (separation in a median geometric interval space) Let X be a median
geometric interval space.

(1) For Cy, Cy convex sets, if C1NCy = 0, then there is a half-space H such that C, C H ,
and Cy C X \ H.
(2) X has point-interval separation.

PROOF.

(1) [49, chapter I, 4.19]
(2) By 1.6.6 (medianity criterion for a geometric interval space),

X 1is interval-convex. “4.7.1)

For z, y, = € X satisfying = ¢ [y, z] , it is to be proved that there is a half-space H
suchthat {x} C Hand [y, 2] C X \ H.

{z} is convex. 4.7.2)
From (4.7.1) it follows:
ly, z] is convex. (4.7.3)

The assumption x ¢ [y, z| says:
{z} Ny, 2] = 0. (4.7.4)
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From (4.7.2), (4.7.3) and (4.7.4) it follows by (1) that there is a half-space H such that
{r} CHandly, z] C X\ H.
O

Let X be an interval space.

X is called metrizable iff it has an isomorphism onto a metric space. The next theorem
provides sufficient criteria for the metrizability of an interval space.

X 1is called submedian-metrizable iff it has an embedding into a median metric space. For
example, by part (1) of the next theorem a finite subset of a real vector space is submedian-
metrizable. The complete-bipartite graph K 5 is not submedian-metrizable.

The following theorem consists of sufficient criteria for submedian metrizability and for
metrizability of a finite interval space.

THEOREM 4.7.2. (metrizability criterion) Let X be a finite geometric interval space.
(1) If X has point-interval separation, then it is submedian-metrizable.
(2) If X is median, then it is metrizable.
PROOF.

(1) Suppose that X has point-interval separation. It is to be proved that X has an embedding
into a median metric space. Let () denote the set of all half-spacesin X and f : X —
{0, 1}€ be defined by

1 ifze
H) = ’
By 1.6.7(2) (binary Hamming spaces), the metric space ({0, 19— ||1> is me-

dian. Therefore, it suffices to prove that f is an embedding of X into the metric space
({O, 13, || - H1> . By 1.4.11 (embedding of interval spaces) it suffices to prove that

forall z,y, z € X, (v, y, z) iff (f(z), f(y), f(2)) . The following equivalences
hold, where H runs through all half-spaces of X :

(F(2), F )., £(2))

< VH (f(x)(H), f(y)(H), f(2)(H)) (by 1.6.7(1) (binary Hamming spaces))

< VH (f(x)(H)=f(2)(H)= f(y)(H) = f(z)(H)) (alignment in a two-point
interval space)

& VH (f () (H) = f (=) (H) = 1 = f (y) (H) = 1)

and (f () (H) = f (=) (H) = 0= f () (H) = 0)

SVH(r,ze H=y€H)and (z, z€e X\ H=ye€ X\ H)

&VH (r,ze H=ye€ H)andVH (z,z€e X\H=yec X\ H)

< VH (x, 2 € H=y € H) (because when H runs through all half-spaces, then so
does X \ H).

Therefore, it suffices to prove that the last condition, that for each half-space H , z, z €
H =y € H,is equivalent to (x, y, 2) .

Step 1. (=) Suppose that for each half-space H, x, 2 € H = y € H . Seeking a
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contradiction, assume that not (x, y, z) ,i.e. y ¢ [z, z| . From this assumption and the
assumption that X has point-interval separation it follows that there is

Hy , ahalf-space. 4.7.5)
such that
y € H,, (4.7.6)
[z, 2] C X\ Hyp. 4.7.7)
From z, z € [z, z] and (4.7.7) it follows:
x,z€ X\ Hy. (4.7.8)
(4.7.5) implies:
X \ H is a half-space. 4.7.9)

(4.7.9), (4.7.8) and the assumption that for each half-space H, x, 2 € H = y € H
imply y € X \ Hy, contradicting (4.7.6).
Step 2. (<) Suppose (z, y, z) . The assumption that H is a half-space entails:

H is convex. 4.7.10)

From the assumption (z, y, z) and (4.7.10) it follows that x, z € H =y € H .

(2) By 4.7.1(2) (separation in a median geometric interval space), X has point-interval
separation. By (1), X is submedian-metrizable, i.e. there is an embedding ¢ of X into
a median metric space Y . 7 is an isomorphism of X onto the metric subspace i (X) .
Consequently, X is metrizable.

g

When X is a finite interval subspace of a real vector space, for example R" for an n € Z>, , then
X 1is a finite geometric interval space with point-interval separation. By 4.7.2(1) (metrizability
criterion), X is submedian-metrizable.

PROPOSITION 4.7.3. (distance from a median) Let X be a median metric space. For

x,y,a,be X if [ ] is quadrimodular, then d, (., o)y = oy — dg ya -

a
x
PROOF. The assumption that [ Z« 2 ] is quadrimodular says that there are s, ¢, u, v € Y such

that
a b

is a median quadrangle. (4.7.11)

»
~+ <

T Y
By 4.4.2(1) (median quadrangles in a median interval space),
s=m(x,y, a) . (4.7.12)
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(4.7.11) implies by 2.6.1(1) (median quadrangles in a metric space):
dsb = dmb - dm,ya . (4713)
Substituting (4.7.12) into (4.7.13), dp(z, y,a)p = dab — i ya - [l






CHAPTER 5

Arboric Spaces

In this and subsequent chapters, the following known result on arboric spaces is used:
o 1.7.5 (medianity of arboric interval spaces)
The following new concepts are introduced:

o relative neighbor with respect to a point

o branch with respect to a point

o pre-extremal point

o extremal neighborhood of a pre-extremal point

The following main new result is proved:

o 5.3.3 (finite arboric metric spaces)

5.1. Arboric Interval Spaces
PROPOSITION 5.1.1. (arboricity criterion) Let X be a geometric interval space. The follow-
ing conditions are equivalent:

(1) X is arboric.
(2) X is interval-linear and median.
(3) X is interval-linear and modular.

(4) X is interval-linear and median, and for all x, y, a, b € X , { Z ’ } or [ - ] is

Y z Yy
quadrimodular.
(5) X ismedian, and forall x, y, a, bEX,< @ _ b >or< “ | b >0r< b _a > .
z Yy Yy z Y

PROOF. Step 1. (1) =(2).

Step 1.1. Proof that X is interval-linear. For a, b € X, the assumption that (X, (a, -, -))
is arboric entails that in (X, (a, -, -)) , | bis a chain, i.e. [a, b] is a chain. Consequently, X is
interval-linear.

Step 1.2. By 1.7.5 (medianity of arboric interval spaces), X is median.

Step 2. (2)=(3). Each median interval space is modular.

Step 3. (3)=(4).

Step 3.1. Proof that X is median. For z, vy, a, uq, us € X it is to be proved that u;, us €
M (z, y, a) implies u; = uy . The assumption uy, uy € M (x, y, a) entails:

uy, ug € [z, y (5.1.1)

125
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and
(z, uz, y) (5.1.2)
<$7 Uz, Z> ’ (513)
(y, u, z) . (5.1.4)

The assumption that X is interval-linear entails that [x, y| is a chain in (X, (z, -, -)) . From this
and (5.1.1) it follows that (x, uy, us) or (x, us, u;) . Suppose without loss of generality that
(x, uy, ug) . This assumption and (5.1.2) imply by 1.4.16 (Hedlikové’s criterion for geometric
interval spaces) that (u, ug, y) . Therefore,

(y, ug, uy) . (5.1.5)

From the assumption (x, u;, us) and (5.1.3) it follows by 1.4.16 (Hedlikova’s criterion for geo-
metric interval spaces):

(uy, ug, 2) . (5.1.6)

(5.1.4), (5.1.5) and (5.1.6) imply by two applications of 1.4.17(1b) (aligned sequences in a geo-
metric interval space) that (y, us, ui, us, z) . In particular, (us, uy, us) . Consequently, u; =
Ug .
a b b a | . .
Step 3.2. Proof that for z, y, a, b € X, [ r } or [ vy } is quadrimodular. The
assumption that X is modular implies that there are s, ¢ € X such that

a b . .
[ v sy } , [ vty } are median triangles. (5.1.7)

In particular,
s, t€lx,y]. (5.1.8)

The assumption that X is interval-linear entails that [z, y| is a chain in (X, (z, -, -)) . From this
and (5.1.8) it follows that (z, s, t) or (z, t, s) . Let without loss of generality (x, s, t) . From
the assumption that X is modular and geometric, (5.1.7) and the assumption (x, s, t) it follows

by 4.2.1(2) (quadrimodular matrices in a modular geometric interval space) that Z Z } is

quadrimodular.

Step 4. (4)=(1). It is to be proved that X is interval-concatenable, and for each a € X | the
poset (X, {(a, -, -)) is arboric.

Step 4.1. Proof that X is interval-concatenable. The assumption that X is median entails that
X is modular. By 4.1.1(3) (modular interval spaces) , X is interval-concatenable.

Step 4.2. Proof that for a € X, the poset (X, (a, -, -)) is arboric. It is to be proved that
(X, (a, -, -)) is a meet semilattice and for b € X |, | bis a chainin (X, (a, -, -)) .

Step 4.2.1. From the assumption that X is median it follows by 4.5.1(2) (median geometric
interval spaces) that for a € X | the poset (X, (a, -, -)) is a meet semilattice.

Step 4.2.2. Proof that for b € X , | bis a chainin (X, (a, -, -)) . The assumption that X is
interval-linear entails that in (X, (a, -, -)) , [a, ] is a chain, i.e. | b is a chain.
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Step 5. (4)=(5). For z, y, a, b € X it is to be proved that < Z — z > or < Z | Z > or

(20)

b . . . . .
Case 1. [ } . From this assumption and the assumption that X is interval-linear and geo-

a
x
metric it follows by 3.3.1(2) (interval-linear geometric interval spaces) that < ; — 2 > or
a | b
z 'y [/
Case 2. [ 2 Z ] . From this assumption and the assumption that X is interval-linear and geo-

metric it follows by 3.3.1(2) (interval-linear geometric interval spaces) that < :[z): _ ¢ > or

(Y
b a b, a . . .
. | y ) In the latter case, . | y ) by 2.2.4(2) (symmetries of quadrimodularity prop-
. a,b
erties), ]
oy

Step 6. (5)=(4). It is to be proved that X is interval-linear, i.e. for x,y € X, [z, y] is
a chain in (X, (x, -, -)) . For a, b € X itis to be proved that a, b € [z, y| implies (z, a, b)

or (x, b, a) . The assumption that < a _ b > or < “ | b > or < b_a > entails that
Z Y oy z )

[ a b } or { b a } is quadrimodular. Let without loss of generality [ a b } be quadrimod-
Yy z Yy z Yy

ular. From this assumption and the assumption a, b € [z, y] it follows by 2.3.3 (quadrimodular
matrices in a geometric interval space) that (z, a, b) . U

Let X be an arboric interval space. For u € X :
For a, b € X, ais called a relative neighbor of b with respect to u or u-neighbor of b iff not
(a, u, b) . The u-neighbor relation on X is denoted by = (-, u, -) ,i.e. fora, b € X,

(a, b) € = (-, u, -) iff not (a, u, b) .

In the metric space (R, |- — -|) , which is arboric by 1.7.3(2) (arboricity of the real line), for
a, b € R, ais a0-neighbor of b iff @ and b are different from 0 and have the same sign. The
concept of a relative neighbor with respect to a point can be immediately generalized to the
concept of a relative neighbor with respect to a set.
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PROPOSITION 5.1.2. (neighbors relative to a point) Let X be an arboric interval space. For
ue X :

(1) Forz,y, z € X | if (z, u, z) , then (x, u, y) or (y, u, z) .
(2) The relative neighbor relation — (-, u, -) is an equivalence relation on X \ {u} .
PROOF.
(1) The assumption that X is arboric entails that the poset (X, (x, -, -)) is arboric. In
particular, | z is a chainin (X, (x, -, -)) , i.e.
[z, z] isachainin (X, (z, -, -)) . (5.1.9)
The assumption (x, u, z) says:
u € [z, 2] . (5.1.10)
The assumption that X is arboric implies by 1.7.5 (medianity of arboric interval spaces)
that X is median. Define v := m (z, y, z) . In particular,
vE |z, 2], (5.1.11)
(z,v,9) . (5.1.12)

From (5.1.9), (5.1.10) and (5.1.11) it follows that (x, u, v) or (z, v, u) . Suppose with-
out loss of generality that

(x, u, v) . (5.1.13)

(5.1.13) and (5.1.12) imply (x, u, y) .
(2) Step 1. = (-, u, -) is a binary relation on X \ {u} because (u, u, u) .
Step 2. Reflexivity. Fory € X \ {u} , not (y, u, y) because (y, u, y) implies y = u.
Step 3. Symmetry. For y, z € X , not (y, u, z) implies that not (z, u, y) .
Step 4. Transitivity. For z, y, 2 € X it is to be proved that not (x, u, y) and not
(y, u, z) imply that not (z, u, z) . This claim is the contrapositive of (1).
O

Let X be an arboric interval space. For u € X :

A branch with respect to u, or u-branch, is an equivalence class of the relative neighbor
relation — (-, u, -) , which is an equivalence relation on X \ {u} by 5.1.2(2) (neighbors relative
to a point). For z € X,

[z], := the u-branch of x .

For example, in the metric space (R, |- — -|) , which is arboric by 1.7.3(2) (arboricity of the real
line), the 0-branches are the sets R., and R_q . In the following tree, which is arboric by 1.7.4
(tree representation of finite arboric interval spaces), a, b, ¢, d, e are extremal. With respect to
each of them, there is only one branch. Furthermore:

o The u-branches are {a} , {b} , {v, ¢, d, w, e} .

o The v-branches are {u, a, b} , {c} , {d} ,{w, e} .

o The w-branches are {u, a, b, v, ¢, d} , {e} .
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The concept of a branch in an arboric interval space is similar to the concept of a branch in an
arboric poset as defined in [48, chapter I, 5.3]. The degree of u is the cardinal number

deg (u) := the number of u-branches,

which may be finite or infinite. For a tree, this order-geometric concept of degree coincides with
the graph-theoretic concept of degree.

PROPOSITION 5.1.3. (extremal points in an arboric interval space) Let X be an arboric
interval space. For x € X | x is extremal iff deg (z) < 1.

PROOF. It suffices to prove the contrapositive of the claim, i.e. that x is not extremal iff deg (x) >
2. The following conditions are equivalent:

o z is not extremal.

o There are a, b € X such that (a, z, b) ,butx ¢ {a, b} .

o There are a, b € X \ {z} such that (a, z, ) .

o There are a, b € X \ {z} such that (a, b) ¢ = (-, z, -) .

o The equivalence relation = (-, x, -) has at least two equivalence classes.
o deg(x) > 2.

g

PROPOSITION 5.1.4. (median boundary of an arboric interval space) Let X be an arboric
interval space. For x € X ,x € Oy (X) iff deg (z) < 2.

PROOF. It suffices to prove the contrapositive of the claim, i.e. that = ¢ 0y, (X) iff deg (z) > 3.
The following conditions are equivalent:

oz ¢ Ay (X) .

o There are a, b, ¢ € X such that [ is a median triangle, but = ¢ {a, b, c} .

c
a x b
o There are a, b, c € X \ {x} such that [ a ; b } is a median triangle.
o There are a, b, ¢c € X \ {z} such that (a, z, b) , (b, x, ¢) , (¢, z, a) .
o There are a, b, c € X \ {x} such that (a, b), (b, ¢) , (¢, a) & = (-, z, ) .

o The equivalence relation — (-, x, -) has at least three equivalence classes.
o deg(x) > 3.
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PROPOSITION 5.1.5. (arboric interval spaces) Let X be an arboric interval space.

(1) Foru,a € X :
(a) If a is maximal in the poset (X, (u, -, -)) , then a is extremal.
(b) For U an up-set in the poset (X, (u, -, -)) , if a is a maximal element of U , then a
is extremal.
(2) Foru € X and B a u-branch:
(a) In the poset (X, (u, -, -)) , B is an up-set.
(b) If s is maximal in the poset (B, (u, -, -)) , then s is extremal.
(c) B is a meet subsemilattice of the meet semilattice (X, (u, -, -)) .
(d) If B is finite, then (B, (u, -, -)) has a least element.
(e) X \ B is gated. For g the gate map of X \ Band s € X ,
u ifseB
g(s)= { . :
s ifseX\B
(f) B is a half-space.
(g) Forv € Band C av-branch, C C Biffu ¢ C.
3) Foru, z € X :
(a) If z is adjacent to u , then [z], = (u, x, -) .
(b) {x} is a u-branch iff  is extremal and adjacent to u .

PROOF.
(1)
(a) For z, z € X it is to be proved that (x, a, z) implies a € {z, z} . From the
assumption (x, a, z) it follows by 5.1.2(1) (neighbors relative to a point) that
(x, a, u) or (u, a, z) .
Case 1. (z, a, u) ,i.e. (u, a, x) . From this assumption and the assumption that a
is maximal in (X, (u, -, -)) it follows that a« = z . In particular, a € {z, z} .
Case 2. (u, a, z) . This assumption and the assumption that a is maximal in
(X, (u, -, -)) imply a = z. In particular, a € {z, z} .
(b) From the assumptions that U is an up-set and a is a maximal element of U it follows
by 1.2.3 (posets) that a is a maximal element of X . By (1a), a is extremal.
(2)

(a) For b, z € X itis to be proved that b € B and (u, b, z) imply x € B, i.e. not
(b, u, =) . Seeking a contradiction, assume (b, u, x) . Therefore,

(x, u, b) . (5.1.14)

From the assumption that B is a u-branch it follows by 5.1.2(2) (neighbors relative
to a point):

ué¢ B. (5.1.15)

From the assumption (u, b, x) it follows:

(x, b, u) . (5.1.16)
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(5.1.14) and (5.1.16) imply by 1.4.16 (Hedlikova’s criterion for geometric interval
spaces):

b=u. (5.1.17)

Substituting (5.1.17) into the assumption b € B, u € B, contradicting (5.1.15).
(b) By (2a), in the poset (X, (u, -, -)) ,

B is an up-set. (5.1.18)

From (5.1.18) and the assumption that s is maximal in the poset (B, (u, -, -)) it
follows by (1b) that s is extremal.

(c) The assumption that X is arboric implies by 1.7.5 (medianity of arboric in-
terval spaces) that X is median. By 4.5.1 (median geometric interval spaces),
(X, (u, -, -)) is a meet semilattice and for z, y € X,z Ay = m(u, z, y) .
Therefore, it is to be proved that z, y € B implies v := m (u, x, y) € B, i.e. not
(v, u, z) . Seeking a contradiction, assume (v, u, x) . Thus,

(x, u, v) . (5.1.19)
The assumption that v = m (u, z, y) entails:
(x, v, u) . (5.1.20)

From (5.1.19) and (5.1.20) it follows by 1.4.16 (Hedlikova’s criterion for geometric
interval spaces):

v=1u. (5.1.21)

Substituting (5.1.21) into the assumption v = m (u, z, y) , u = m(u, x, y) . In
particular, (z, u, y) , contradicting the assumption that z, y belong to the same
u-branch B .

(d) From the assumption that B is non-empty and finite it follows by (2¢) that B has
a greatest lower bound in (B, (u, -, -)) , i.e. B has a least element with respect to
(u, -, -) .

(e) By 1.4.18(3) and (2) (gated sets) it suffices to prove that for each s € B, u is a gate
of sinto X'\ B,i.e. (X \ B, (s, -, -)) has least element u , i.e. foreacha € X\ B,
(s, u,a) .
Case 1. a # w. From this assumption and the assumption a € X \ B it follows
that a belongs to a u-branch different from the u-branch B of s, i.e. a is not a
u-neighbor of s, i.e. (s, u, a) .
Case2. a =u. (s, u, u) says (s, u, a) .

(f) Tt is to be proved that B and X \ B are convex.
Step 1. Proof that B is convex. For a, x, b € X it is to be proved that (a, x, b)
and a, b € Bimply x € B, i.e. not (a, u, z) . Seeking a contradiction, assume
(a, u, z) . From the assumptions (a, u, x) and (a, x, b) it follows that (a, u, b) ,
contradicting the assumption that a, b belong to the same u-branch B .
Step 2. Proof that X \ B is convex. By (2e), X \ B is gated. By 1.4.18(1) (gated
sets), X \ B is convex.
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(g) Step 1. (=) Suppose C' C B. Seeking a contradiction, assume v € C'. From

this assumption and the assumption C' C B it follows that v € B, contradicting
5.1.2(2) (neighbors relative to a point).
Step 2. (<) Suppose u ¢ C'. For x € X it is to be proved that x € C implies = €
B . Seeking a contradiction, assume = ¢ B . This assumption and the assumptions
that B is a u-branch and v € B imply:

(x, u, v) . (5.1.22)
From the assumptions that z € C', C'is a v-branch and u ¢ C' it follows:
(x, v, u) . (5.1.23)

(5.1.22) and (5.1.23) imply by 1.4.16 (Hedlikovd’s criterion for geometric interval
spaces):

v=1u. (5.1.24)

Substituting (5.1.24) into the assumption v € B, u € B, contradicting 5.1.2(2)
(neighbors relative to a point).

(a) It suffices to prove [z], C (u, =, -) and [z], 2 (u, z, -) .

Step 1. (C) For y € X it is to be proved that y € [z], implies (u, =, y) . The
assumption that X is arboric implies by 1.7.5 (medianity of arboric interval spaces)
that X is median. In particular,

X is modular. (5.1.25)

From (5.1.25) and the assumption that z is adjacent to u it follows by 4.1.1(1)
(modular interval spaces):

(y, u, ) or (u, z,y) . (5.1.26)
The assumption y € [z], says:
not (y, u, x) . (5.1.27)

(5.1.26) and (5.1.27) imply (u, z, y) .
Step 2. (2) follows by (2a).

(b) Step 1. (=) Assume that {z} is a u-branch. In particular,

z#u. (5.1.28)

Step 1.1. Proof that x is adjacent to u . From (5.1.28) it follows that it suffices to
prove: Fory € X |if (x, y, u) ,theny =z ory = u.

Case 1. (z, u, y) . From this assumption and the assumption (z, y, u) it follows
by 1.4.16 (Hedlikova’s criterion for geometric interval spaces) that y = u .

Case 2. Not (x, u, y) , i.e. y belongs to the same u-branch as z . This assumption
and the assumption that {x} is a u-branch imply y € {z} ,ie. y =x.

Step 1.2. Proof that x is extremal. By 5.1.3 (extremal points in an arboric interval
space) it is to be proved that deg (x) < 1, i.e. there is at most one z-branch. It
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suffices to prove that for y € X \ {z} ,y € [u], , i.e. not (y, z, u) . Seeking a
contradiction, assume (y, =, u) . The assumptions that y € X \ {z} and {z} is a
u-branch imply that y does not belong to the same u-branch as z , i.e.

(y, u, ) . (5.1.29)

From the assumption (y, =, u) and (5.1.29) it follows by 1.4.16 (Hedlikova’s cri-
terion for geometric interval spaces) that x = u , contradicting (5.1.28).

Step 2. (<) From the assumption that z is extremal and adjacent to w it is to be
proved that {z} is a u-branch, i.e. [z], = {z} ,i.e. [z], C {z} . From the assump-
tion that x is adjacent to w it follows by (3a) that [z], = (u, x, -) . Therefore, it
suffices to prove (u, x, -) C {z} ,ie. fory € X, if (u, x, y) then x =y. The
assumptions that x is extremal and (u, x, y) imply.

r=uorr=y. (5.1.30)
The assumption that x is adjacent to u entails:
T F#u. (5.1.31)

From (5.1.30) and (5.1.31) it follows that x = y .
O

Let X be an arboric interval space and u € X . By 5.1.3 (extremal points in an arboric interval
space), u is extremal iff there is at most one u-branch. w is called pre-extremal iff u is non-
extremal and there is at most one u-branch of size > 2. For pre-extremal u € X |, the extremal
neighborhood of wu is the set
EN (u) := {u} U {z € X|{z} is a u-branch.}
= {u} U {z € X|z is extremal and adjacent to u .} ,

where equality holds by 5.1.5(3b) (arboric interval spaces). For example, in the following tree,
o The u-branches are {a} , {b} , {v, ¢, d, w, e} , so u is pre-extremal and EN (u) =

{u, a, b} .

o The v-branches are {u, a, b} , {c} , {d} , {w, e} , so v is not pre-extremal although it
is adjacent to the two extremal points ¢, d .

o The w-branches are {u, a, b, v, ¢, d} , {e}, so w is pre-extremal and EN (w) =

{w, e} .
OWO. ()
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PROPOSITION 5.1.6. (extremal neighborhoods) Let X be an arboric interval space.
(1) Foru € X , when u is pre-extremal, then:

(a) |EN (u) Ny (X)] > 2.
(b) Fora, b€ X ,ifa € EN(u) and a # b, then (a, u, b) .
(c) Fora, b,z € X ,ifa,b€ EN(u) ,a # band x ¢ {a, b} thenu = m (z, a, b) .

(2) For pre-extremal u, v € X ,ifu # v, then EN (u) NEN (v) = ().

PROOF.
(D

(a) The assumption that u is pre-extremal says:

u 18 non-extremal. (5.1.32)

There is at most one u-branch of size > 2. (5.1.33)

(5.1.32) implies by 5.1.3 (extremal points in an arboric interval space) that
deg (u) > 2.

Case 1. deg(u) = 2. By 5.1.4 (median boundary of an arboric interval space),
u € Oy (X) . Therefore,

u € EN (u) Ny (X) . (5.1.34)

From the assumption deg (u) = 2 and (5.1.33) it follows that there is at least one
x € X such that

{z} is a u-branch. (5.1.35)
By 5.1.2(2) (neighbors relative to a point),
T F#u. (5.1.36)
(5.1.35) implies:
x € EN (u) (5.1.37)

From (5.1.35) it follows by 5.1.5(3b) (arboric interval spaces) that x is extremal. In
particular,

x €0y (X) . (5.1.38)
(5.1.37) and (5.1.38) together say:
x € EN(u)Ndy (X) . (5.1.39)

(5.1.34), (5.1.39) and (5.1.36) imply |[EN (u) N Oy (X)| > 2.
Case 2. deg (u) > 2. From this assumption and (5.1.33) it follows that there are at
least two u-branches of size 1, i.e. there are z, y € X such that

z Ay, (5.1.40)
{z}, {y} are u-branches. (5.1.41)
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(5.1.41) implies:

x,y € EN(u) . (5.1.42)
(5.1.41) implies by 5.1.5(3b) (arboric interval spaces) that z, y are extremal. In
particular,
x,y €0y (X) . (5.1.43)
(5.1.42) and (5.1.43) together say:
z,y € EN(u) N oy (X) . (5.1.44)

From (5.1.44) and (5.1.40) it follows that |[EN (u) N Oy (X)| > 2.
(b) The assumption a € EN (u) says that a = u or {a} is a u-branch.
Case 1. {a} is a u-branch. From this assumption and the assumption a # b it
follows that b is not a u-neighbor of a , i.e. (a, u, b) .
Case 2. a = u. (u, u, b) says (a, u, b .
(c) From the assumption a € EN (u) and a # b it follows by (1b):

(a, u, b) . (5.1.45)
The assumptions a, b € EN (u) and = ¢ {a, b} imply by (1b):

(a, u, =) , (5.1.46)

(b, u, =) . (5.1.47)

(5.1.45), (5.1.46) and (5.1.47) together say that u = m (z, a, b) .
(2) EN (u) = {u} U {z € X|x is extremal and adjacentto v .} , and EN (v) = {v} U
{z € X|x is extremal and adjacent to v .} . Therefore, setting
A= {u}n{v},
B := {u} N {z € X|z is extremal and adjacentto v .} ,
C := {x € X]|z is extremal and adjacent to u.} N {v} ,
D := {z € X|x is extremal and adjacent to u .}
N {x € X|z is extremal and adjacentto v .} ,
EN (u) NEN (v) = AUBUCU D . Itis to be proved that A, B, C, D are empty.

Step 1. From the assumption u # v it follows that A = ().
Step 2. The assumption that u is pre-extremal entails that u is non-extremal. Conse-

quently, B = 0.
Step 3. The assumption that v is pre-extremal entails that v is non-extremal. Conse-
quently, C' = ().

Step 4. The assumption that X is arboric implies by 1.7.5 (medianity of arboric interval
spaces) that X is median. In particular,

X is modular. (5.1.48)

From (5.1.48) and the assumption u # v it follows by 4.1.1(5) (modular interval spaces)
that D = ().
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5.2. Arboric Topological Interval Spaces

The following proposition is for arboric interval spaces what 4.6.1 (medianity criterion for a
compact geometric topological interval space) is for median interval spaces.

PROPOSITION 5.2.1. (arboricity criterion for a compact geometric topological interval
space) Let X be a compact geometric topological interval space. X is arboric iff it is interval-
linear and interval-concatenable.

PROOF. By 5.1.1 (arboricity criterion), it suffices to prove that X is interval-linear and median
iff it is interval-linear and interval-concatenable, i.e. if X is interval-linear, then: X is median iff
it is interval-concatenable.

Step 1. (=) Suppose that X is median. In particular, X is modular. By 4.1.1(3) (modular
interval spaces), it is interval-concatenable.

Step 2. (<) Suppose that X is interval-concatenable. From the assumption that X is interval-
linear it follows by 3.3.1(1) (interval-linear geometric interval spaces):

X 1is interval-convex. (5.2.1)

(5.2.1) and the assumption that X is interval-concatenable imply by 4.6.1 (medianity criterion
for a compact geometric topological interval space) that X is median. U

PROPOSITION 5.2.2. (branches in an arboric topological interval space) Let X be an arboric
topological interval space. For uw € X and B a u-branch,
(1) B is open.
(2) BU{u} is closed.
PROOF.
(1) Thereisab € X such that

B ={z € X|not (b, u, z)}

=X\ (b, u,-). (5.2.2)
By 2.4.4 (topological interval spaces),
(b, u, +) is closed. (5.2.3)

From (5.2.2) and (5.2.3) it follows that B is open.
(2) By 5.1.2(2) (neighbors relative to a point),

The set of all u-branches is a partition of X \ {u} . (5.2.4)
(5.2.4) and the assumption that B is a u-branch imply
BuU{u} =X\ U {C|C is a u-branch and C' # B} . (5.2.5)

By (1), each u-branch is open. Therefore,

U {C|C is a u-branch and C' # B} is open. (5.2.6)
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From (5.2.5) and (5.2.6) it follows that B U {u} is closed.
O

PROPOSITION 5.2.3. (compact arboric topological interval spaces) Let X be a compact
arboric topological interval space.

(1) Foru € X and B a u-branch:
(a) (B, (u, -, -)) has a maximal element.
(b) There is an extremal point in X that belongs to B .
(c) If|B| > 2,then |[BN Oy (X)]| > 2.
(2) Fora, b, p € X ,if{(a, p, b) , then there is a ¢ € Oy (X) such that p = m (a, b, ¢) .

PROOF.

(1)
(a) From the assumptions that X is arboric and B is a u-branch it follows by 5.2.2(2)
(branches in an arboric topological interval space):

B U {u} is closed. (5.2.7)
Furthermore,
BU{u} #0. (5.2.8)
The assumption that X is compact and (5.2.7) imply by 1.3.7 (compact topological
spaces):
B U {u} is compact. (5.2.9)
(5.2.8) and (5.2.9) imply by 2.1.2 (compact topological posets) that thereisab € X
such that
bis maximal in (B U {u}, (u, -, -)) . (5.2.10)
The assumption that B is a u-branch entails B # (), i.e. there is a
by € B. (5.2.11)
The assumption that B is a u-branch implies by 5.1.2(2) (neighbors relative to a
point):
ué¢ B. (5.2.12)
From (5.2.12) and (5.2.11) it follows:
u # by . (5.2.13)
From (u, u, by) and (5.2.13) it follows:
w is not maximal in (B U {u}, (u, -, -)) . (5.2.14)

(5.2.10) and (5.2.14) imply:
b+ (5.2.15)
From (5.2.10) and (5.2.15) it follows that b is maximal in (B, (u, -, -)) .
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(b) By (la), (B, (u, -, -)) has a maximal element m . By 5.1.5(2b) (arboric interval
spaces), m is extremal.

(c) Case 1. Foreach v € B, deg(v) < 2. By 5.1.4 (median boundary of an arboric
interval space), for each v € B, v € 0y (X) ,i.e. B C dp (X) . Therefore,

BNy (X)=B. (5.2.16)

From (5.2.16) and the assumption | B| > 2 it follows that | B N Jy (X)| > 2.
Case 2. There is a v € B such that deg (v) > 3. The assumptions that B is a
u-branch and v € B imply u # v. Thus, the assumption deg (v) > 3 can be
expressed by saying that there are two v-branches C, C; different from [u], such
that C'; # C5 . By (1b), there are extremal points ¢y, ¢, such that

c; € Crand ¢y € Oy (5.2.17)
In particular,
c1, ¢ € Oy (X) . (5.2.18)
The assumption that C, C; are v-branches different from [u], implies:
u¢ Crandu ¢ Cy. (5.2.19)

The assumptions that B is a u-branch, v € B, ('}, (5 are v-branches and (5.2.19)
imply by 5.1.5(2g) (arboric interval spaces):

CiCB,C,CB. (5.2.20)
From (5.2.17) and (5.2.20) it follows:
c1,c0 €B. (5.2.21)
(5.2.21) and (5.2.18) together say:
c1, .o € BNy (X) . (5.2.22)
The assumptions that C';, C5 are v-branches and C; # C5 and (5.2.17) imply:
c1 # cy. (5.2.23)

From (5.2.22) and (5.2.23) it follows that |[B N Oy (X)| > 2.

(2) Case 1. p € 0y (X) . From the assumption (a, p, b) it follows by 1.4.9(1) (median

p

triangles) that { 0 p is a median triangle, i.e. p = m (a, b, p) .

b
Case 2. p ¢ 0y (X) . This assumption and the assumption that X is arboric imply by
5.1.4 (median boundary of an arboric interval space) that deg (p) > 3. Therefore, there
is

B, a p-branch, (5.2.24)
such that
a,b¢ B. (5.2.25)
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From (5.2.24) it follows by (1b) that there is an extremal

ceB. (5.2.26)
In particular, ¢ is median-extremal, i.e.
cedy(X).
(5.2.24), (5.2.25) and (5.2.26) imply:
(a, p, c) , (5.2.27)
(b, p, c) . (5.2.28)

The assumption (a, p, b) , (5.2.27) and (5.2.28) together say that p = m (a, b, ¢) .
Ul

5.3. Arboric Metric Spaces

PROPOSITION 5.3.1. (arboric metric spaces) Let X be an arboric metric space. Foru € X :
(1) For B a u-branch and finite Y C X | if the poset (B, (u, -, -)) has least element b,
then:
@ A = A = (I \ B~ Y 11 B} dy,.
®) IfF[Y N B| < |Y \ B| , then \} > \Y .
(2) Fora, b € X ,ifuis pre-extremal, a, b € EN (u) and a # b , then:
(a) Forz e X ,ifx ¢ {a, b} , then dy, = dy ap -
(b) Forx € X ,ifx #band a =, then dy,, = dy q -
(c) For finite Y C X , if each extremal point of X belongs to'Y , then \Y) = \Y . In
particular; if Oy (X) C Y, then Ay = A\ .

PROOF.

(D
(a) The assumption that (B, (u, -, -)) has least element b says that for x € B,
(u, b, z) ,i.e. dy, = dyp + dp, . Therefore,

A=) di

zeY
2€YNB z€Y\B
= ( > (dw +dbx)> +ANNB
zeYNB
= < > dub> + ( > dbm> +ANB
x€YNB €Y NB

=Y N Bldy+ N2+ A (5.3.1)
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For z € Y \ B, from the assumptions that b € B and B is a u-branch it follows
that b is not a u-neighbor of x , i.e. (b, u, x) ,i.e. dpy = dp, + dys - Thus,

A= di

zeY
(Tl za
z€YNB z€Y\B

= )\meB + Z (dbu + dux)
z€Y\B

=N D | D due
z€Y\B z€Y\B

= N8 L[V \ Bldy, + AP (5.3.2)

(5.3.1) and (5.3.2) imply:

A =A% =Y\ Bldy, — Y N Bl du
=Y\ Blduy —|Y N Bldy
= (Y\ B[ =Y NBJ)duy.

(b) follows from (1a).

(2)
(a) From the assumptions that u is pre-extremal, a, b € EN(u) , a # b and x ¢
{a, b} it follows by 5.1.6(1c) (extremal neighborhoods) that u = m (z, a, b) , i.e.

{ . z 4 is a median triangle. By 1.4.20 (median triangles in a metric space),

d:vu = dm,ab .

(b) Case 1. x # a. This assumption and the assumption x # b together say that
z ¢ {a, b} . By (2a), dyy = dyap -
Case 2. o = a. It is to be proved that d,, = d, 4 . From the assumption a = u
it follows that d,,, = 0, and by 1.8.2(4) (point-pair modular distance), d, . = 0.
Consequently, dy,, = dg qp -

(c) The assumption a, b € EN (u) says:

a, b € {u} U{x € X|x is extremal and adjacent to u .} , (5.3.3)

Case 1. a # w and b # u . From this assumption and (5.3.3) it follows that a, b €
{z € Xz is extremal and adjacent to .} . In particular,

a, b are extremal. (5.3.4)
(5.3.4) and the assumption that each extremal point of X belongs to Y imply:
a,bey. (5.3.5)
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From the assumptions that v is pre-extremal, a € EN (u) and a # b it follows by
5.1.6(1b) (extremal neighborhoods) that (a, u, b) , i.e. dg, +dyy = dap - Therefore,

dau + dbu - dab . (536)
The assumptions that v is pre-extremal, a, b € EN (u) and a # b imply by (2a):
Foreachz € Y \ {a, b} , dyy = dy - (5.3.7)

From (5.3.5), (5.3.6) and (5.3.7) it follows:

A= dy

zeY

= dau + dbu + Z d:cu
z€Y'\{a, b}

= dab + Z dw,ab
z€Y\{a, b}

_\Y
= Ay -

Case 2. a = uw or b = u, without loss of generality a = w. Substituting the
assumption a = u into the assumption b # a,

b+#u. (5.3.8)
From (5.3.3) and (5.3.8) it follows that b is extremal. In particular,
b is extremal. (5.3.9)
(5.3.9) and the assumption that each extremal point of X belongs to Y imply:

beY. (5.3.10)

From the assumptions that u is pre-extremal, a, b € EN (u) ,a # band a = u it
follows by (2b):

Foreachz € Y \ {b} , dyy = dyap - (5.3.11)
By 1.8.2(4) (point-pair modular distance),

dyap = 0. (5.3.12)
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From (5.3.10), the asumption that a = u, (5.3.11) and (5.3.12) it follows :

A=) dyy

zeY

zeY\{b}

= dba +0+ Z dz,ab
€Y \{b}

= dab + db,ab + Z d:t,ab
z€Y\{b}

- dab + Z da:,ab

z€eY
_ Y
— Aab .

0

PROPOSITION 5.3.2. (compact arboric metric spaces) Let X be a compact arboric metric
space. For finiteY C X anda, b, u € X ,ifOy (X)CY ,a,be Y, (a, u#b)yand|b],|>2,

then \Y, < \Y .

PROOF. From the assumption |[b],| > 2 it follows by 5.2.3(1c) (compact arboric topological

interval spaces) that
6], MO (X)] = 2.
The assumption d;; (X) C Y implies:
[b], NOn (X) C[B],NY.
(5.3.14) and (5.3.13) imply |[b], N Y| > 2. Therefore, there is a

yelb,nY
such that
y#b.

(5.3.15) says:

y € b, ,

yey.
The assumption that (a, u, b) says:

a ¢ [b],

From (5.3.17) and (5.3.19) it follows:

(5.3.13)

(5.3.14)

(5.3.15)

(5.3.16)

(5.3.17)
(5.3.18)

(5.3.19)

(5.3.20)
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(5.3.18), (5.3.20) and (5.3.16) together say:

y €Y \{a,b}. (5.3.21)
(5.3.17) says:

not (y, u, b) . (5.3.22)
The assumptions a, b € Y and (a, u, b) , (5.3.21) and (5.3.22) imply by 1.8.2(10c) (point-pair
modular distance) that A}, < AY". a

The following theorem places the neighbor-joining method from [41] for reconstructing a
weighted tree from the distances between its leaves in the conceptual framework of arboric
metric spaces.

THEOREM 5.3.3. (finite arboric metric spaces) Let X be a finite arboric metric space. For
Y CX,ifon (X)CY, then:
(1) Foru € X | if u is non-extremal with greatest \Y | then u is pre-extremal.
(2) Fora,bc X ,ifa, b €Y and a # b with greatest \Y, , then:

ab
(a) Foru € X | ifuisnon-extremal and {a, u, b) , then u is non-extremal with greatest

AV
(b) If | X| > 3, then there is exactly one pre-extremal u € X such that a, b € EN (u) .
(c) If | X| > 3, then for the unique pre-extremal u € X such that a, b € EN (u) ,
EN(u) = {u, a} U{y € Y|A} = A},
PROOF. From the assumptions that X is finite and Y C X it follows:
Y is finite. (5.3.23)

(1) The assumption that u is non-extremal implies that it suffices to prove that there is at
most one u-branch of size > 2. Seeking a contradiction, suppose that there are at least
two u-branches of size > 2, i.e. there are a u—branch B with |B| > 2 with smallest
|Y N B| and a u-branch C' with C' # B and |C| > 2. In particular,

YnC|>|YnB|. (5.3.24)
From the assumption that X is finite it follows:
B is finite. (5.3.25)

The assumption that B is a u-branch and (5.3.25) imply by 5.1.5(2d) (arboric interval
spaces) that there is

b, least element of (B, (u, -, -)) . (5.3.26)
From the assumption |B| > 2 if follows that there is a
ceB (5.3.27)
such that
ctb. (5.3.28)
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In order to obtain a contradiction to the maximality of \-X , it suffices to prove that b is
non-extremal and A} > A\Y .
Step 1. Proof that b is non-extremal. (5.3.26) and (5.3.27) imply:

(u, b, ¢y . (5.3.29)

From the assumptions that b is an element of B and B is a u-branch it follows by 5.1.2(2)
(neighbors relative to a point):

b+ u. (5.3.30)

(5.3.29), (5.3.30) and (5.3.28) imply that b is non-extremal.

Step 2. Proof that A} > A\Y . The assumption that B is a u-branch, (5.3.23) and (5.3.26)
imply by 5.3.1(1b) (arboric metric spaces) that it suffices to prove |Y N B| < |[Y \ B| .
Case 1. B and C are the only u-branches, i.e.

deg (u) = 2. (5.3.31)
By 5.1.4 (median boundary of an arboric interval space),
u € Oy (X) . (5.3.32)

From (5.3.32) and the assumption Y O 9, (X) it follows that w € Y, i.e. Y N{u} =
{u} . Therefore,

Y n{u}|=1. (5.3.33)

The assumptions that B, C are u-branches and C' # B imply by 5.1.2(2) (neighbors
relative to a point) that B, C, {u} are disjoint from each other. In particular, their
respective subsets Y N B, Y N C, Y N {u} are disjoint from each other, i.e.

Y\B2(YNnC)u(Y n{u}), (5.3.34)
Y NC,YN{u} are disjoint. (5.3.35)
(5.3.34), (5.3.35), (5.3.24) and (5.3.33) imply:
YA Bl = YN Cl+ Y N {u}]
>|YNBl+1.

Consequently, |Y \ B| > |Y N B| .
Case 2. There is a u-branch D different from B and C'. From the assumption that X is
a finite metric space it follows:

The topology determined by the metric of X is discrete. (5.3.36)

The assumption that X is finite and arboric and (5.3.36) imply by 2.4.3 (discrete topo-
logical interval spaces):

X is a compact arboric topological interval space. (5.3.37)
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From (5.3.37) and the assumption that D is a u-branch it follows by 5.2.3(1b) (compact
arboric topological interval spaces) that there is an extremal d € X such thatd € D.
Thus,

dedy(X)NnD. (5.3.38)
(5.3.38) and the assumption 0y, (X) C Y imply d € Y N D . Therefore,
YNnD|>1. (5.3.39)

The assumptions that B, C', D are u-branches, C' # B and D is different from B and C
imply that B, C, D are disjoint from each other. In particular, their respective subsets
Y NB,YNC,Y ND are disjoint from each other, i.e.

Y\BD(YNnC)u(YnD), (5.3.40)

Y NC, Y N D are disjoint. (5.3.41)
From (5.3.40), (5.3.41), (5.3.24) and (5.3.39) it follows:

Y\B|>|YNC|+|Y ND|

>|YNB[+1.
Consequently, |Y' \ B| > |[Y N B| .
(2)
(a) The assumptions a, b € Y and (a, u, b) imply by 1.8.2(10a) (point-pair modular
distance):
AV <A, (5.3.42)

From the assumptions that u is non-extremal and X is finite it follows that there is
av € X such that

v is non-extremal with greatest )\f . (5.3.43)
By (1),
v 1s pre-extremal. (5.3.44)
The assumption that u is non-extremal and (5.3.43) imply:
A< (5.3.45)
From (5.3.44) it follows by 5.1.6(1a) (extremal neighborhoods):
|EN (v) N Oy (X)| > 2,
i.e. there are ¢, d € EN (v) N dys (X) such that
c#d. (5.3.46)
In particular,
¢, d € EN (v) , (5.3.47)
¢, d €y (X). (5.3.48)
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(5.3.44), (5.3.47), (5.3.46) and the assumption Jy; (X) C Y imply by 5.3.1(2¢c)
(arboric metric spaces):

A=Y (5.3.49)
(5.3.48) and the assumption Jy; (X) C Y imply:

c,deY. (5.3.50)
From (5.3.50), (5.3.46) and the maximality of \Y, it follows:

A <A (5.3.51)
(5.3.42), (5.3.45), (5.3.49) and (5.3.51) imply:

A=\ (5.3.52)

From the assumption that u is non-extremal, (5.3.52) and (5.3.43) it follows that u
is non-extremal with greatest \Y .

(b) Step 1. Existence. The assumption that X is arboric implies by 1.7.5 (medianity of

arboric interval spaces) that X is median. In particular,
X is modular. (5.3.53)

From (5.3.53), the assumptions a # b and | X | > 3 it follows by 4.1.1(2) (modular
interval spaces) that there is a v € X such that

u 18 non-extremal, (5.3.54)
(a, u, b) . (5.3.55)

(5.3.23), the assumptions that a, b € Y and a # b with greatest \Y, , (5.3.54) and
(5.3.55) imply by (2a) that u is non-extremal with greatest )\{ . By (1),
u is pre-extremal. (5.3.56)

It suffices to prove a, b € EN (u) . Seeking a contradiction, assume a ¢ EN (u) or
b ¢ EN (u) , without loss of generality b ¢ EN (u) , i.e. b # u and {b} is not a
u-branch, 1.e.

0],,| > 2. (5.3.57)

From the assumptions 0y, (X) C Y and a, b € Y, (5.3.55), b # w and (5.3.57) it
follows by 5.3.2 (compact arboric metric spaces):

A< AY (5.3.58)

(5.3.56) implies by 5.1.6(1a) (extremal neighborhoods) that [EN (u) N dyy (X)| >
2, 1i.e. there are a’, b’ € EN (u) N dys (X) such that

a#U. (5.3.59)

In particular,
a', b € EN (u) , (5.3.60)
a, b e dy(X). (5.3.61)
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(5.3.56), (5.3.60), (5.3.59) and the assumption Jy; (X) C Y imply by 5.3.1(2¢c)
(arboric metric spaces) that

A=A, (5.3.62)
Substituting (5.3.62) into (5.3.58),

AL <AL, (5.3.63)
(5.3.61) and the assumption Jy; (X) C Y imply:

a,vVey. (5.3.64)

(5.3.63) together with (5.3.64) and (5.3.59) contradict the maximality of )\};b )
Step 2. Uniqueness follows by 5.1.6(2) (extremal neighborhoods).

(c) From the assumptions that u is pre-extremal, a, b € EN (u) and a # b, (5.3.23)
and the assumption ), (X) C Y it follows by 5.3.1(2c) (arboric metric spaces):

AL =AY, (5.3.65)
It is to be proved that EN (u) = {u, a} U {y € Y|A}, = A},
Step 1. (C) For y € X itis to be proved: If y € EN (u) , then y € {u, a} or
(yeYand X}, =\)) . ie y ¢ {u, a} impliesy € Y and A}, = A}, .
Step 1.1. Proof that y € Y . The assumption y ¢ {u, a} entails:

Y Fu. (5.3.60)
The assumption y € EN (u) says:
y € {u} U{zx € X|z is extremal and adjacent to u .} . (5.3.67)

(5.3.67) and (5.3.66) imply that y is extremal. In particular,
y €y (X) . (5.3.68)
(5.3.68) and the assumption 0y, (X) C Y implyy € Y.
Step 1.2. Proof that A} = Y, . The assumption y ¢ {u, a} entails:
aty. (5.3.69)

From the assumptions that u is pre-extremal and a, y € EN (u) , (5.3.69), (5.3.23)
and the assumption ), (X) C Y it follows by 5.3.1(2c) (arboric metric spaces):

Ay = (5.3.70)

(5.3.65) and (5.3.70) imply A} = A, .

Step 2. (2) For y € X itis to be proved that y € {u, a} or (y € Y and A}, = A}
implies y € EN (u) .

Case 1. y € {u, a} . From u € EN (u) and the assumption a € EN (u) it follows
that y € EN (u) .

Case 2. y € Yand A}, = A} and y ¢ {u, a} . Seeking a contradiction, assume
y ¢ EN(u) ,i.e. y # uand {y} is not a u-branch, i.e.

lyl| >2. (5.3.71)
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The assumption y ¢ {u, a} entails:
yFa. (5.3.72)

From the assumption that u is pre-extremal, (5.3.72) and the assumption a €
EN (u) it follows by 5.1.6(1b) (extremal neighborhoods):

(a, uw #y) . (5.3.73)

(5.3.73), the assumptions dy; (X) C Y ,a € Y and y € Y and (5.3.71) imply by
5.3.2 (compact arboric metric spaces):

Auy < b (5.3.74)

Substituting (5.3.65) into (5.3.74), A}, < A},

. » contradicting the assumption )\fy =
)\Y
ab -

g



CHAPTER 6

Quadrimodular and Quadrimedian Spaces

In this chapter the following new concepts are introduced:

o quadrimodular interval space

o quadrimedian interval space

o subquadrimedian metric space

o geodesic quadrimedian closure of a subquadrimedian metric space

The following main new results are proved:

o 6.2.3 (quadrimodularity criterion for metric spaces)

o 6.4.1 (convex closure of the median boundary)

o 6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure)
o 6.6.1 (median closure of the median boundary)

o 6.6.2 (compact arboric determination by the median boundary)

6.1. Quadrimodular and Quadrimedian Interval Spaces
Let X be an interval space. X is called quadrimodular iff for all z, y, a, b € X | at least one of
the three matrices [ Z b } , [ boa } , { b Z } is quadrimodular. X is called quadrimedian

Y Ty x
iff it is quadrimodular and median. The following graph is quadrimedian.

149
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The edge graph of a cube is median, but not quadrimodular: None of the three matrices

{a b},[b a},{b y}isquadrimodular.
Ty Ty T a

When X is geometric,

» &

lt} is a median quadrangle in X and

x Y
Y :={z,y,a,b, s, t, u, v}  thenY is quadrimedian, and the median closure of {z, y, a, b} in
X equals {z, y, a, b, s, t, u, v} . Further examples of quadrimedian and quadrimodular interval
spaces and an example of a median metric space of size 8 that is not quadrimodular are provided
by and presented after the next five propositions.

PROPOSITION 6.1.1. (quadrimedianity of arboric interval spaces) Each arboric interval
space is quadrimedian.

PROOF. Let X be an arboric interval space. By 1.7.5 (medianity of arboric interval spaces), X
is median. It remains to be proved that for x, y, a, b € X, at least one of the three matrices

l . } ’ { boa ] ) l b z } is quadrimodular. By 5.1.1 (arboricity criterion) , [ z b } or

Ty Ty x )
- is quadrimodular. U
For example, by 6.1.1 (quadrimedianity of arboric interval spaces) the metric space (R, |- — -|)

is quadrimedian, and each tree is quadrimedian.
6.1.1 (quadrimedianity of arboric interval spaces) may be used implicitly by applying results
on quadrimodular and quadrimedian interval spaces to arboric interval spaces.

PROPOSITION 6.1.2. (product of two arboric interval spaces) The product of two arboric
interval spaces is geometric and quadrimedian.

PROOF. Let X;, X, be arboric interval spaces. In particular, X, X, are geometric, and by 1.7.5
(medianity of arboric interval spaces), X;, Xy are median. By 1.4.19 (product of geometric
interval spaces) and 1.6.5 (product of median interval spaces), X; X X5 is geometric and median.
It remains to be proved that X; x X5 is quadrimodular, i.e. for x, y, a, b € X; x Xy, at least

one of the three matrices [ a b } , { b a } ) [ by } is quadrimodular. The assumption
Ty x oy T a
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that X, X5 are arboric entails that in X7 ,

ar b1 or ai | b1 or b1 . m
x % 1Y T v/

Ta Y2 Ty Y2 4] Y2
Case 1 au _ b or { & | b and az _ by or { | b2 In par-
’ T Y1 r1 ' T Y1 Ta ' Y2 '

ticular, [ a1 by } and | © b2 } are quadrimodular. By 2.2.7(2) (median quadrangles in a
1 Y1 L2 Y2

and in X,

product of interval spaces), [ Z 2 } is quadrimodular.

Case 2. (< “u b > or<a1 | b1 >>and< by _ a2>.
1 1 1 Y1 ) Y2

Case 2.1. < “ _ h and by _ @ > . By 2.2.8(2) (product of two interval spaces),
1 Y1 L2 Y2
{ b vy } ) )
is quadrimodular.
T a
ap | b by Q2 . . .
Case 2.2. | and — . By 2.2.4(2) (symmetries of quadrimodularity
1 T2 Y2
properties), < b | “ > and < bo _ @ > . In particular, { b } and { by } are
1 N L2 Y2 1 Y1 T2 Y2
quadrimodular. By 2.2.7(2) (median quadrangles in a product of interval spaces), 2 Z is
quadrimodular.

[y

Case 3. < b _a >and (< a _ by > or < 2 | b2 >) . This case is analogous to
Z1 Y L2 Y2 T2 Y2

case 2.

[y

Case 4. < b m > and < by _ @ > . This case is analogous to case 1. U
1 1 T2 Y2
PROPOSITION 6.1.3. (quadrimedianity of the plane) (R?, ||- — -||,) is quadrimedian.

PROOF. By 1.7.3(2) (arboricity of the real line),
(R, |- —-|) is arboric. (6.1.1)
By 1.4.23(2) (sum metric),
(RQ, (- ->H,_.”1) is the product of (R, (- ->“_,|) with itself, 6.12)

From (6.1.1) and (6.1.2) it follows by 6.1.2 (product of two arboric interval spaces) that
(R2, || = +|I,) is quadrimedian. O
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PROPOSITION 6.1.4. (quadrimodularity of injective metric spaces) Each injective metric
space is quadrimodular.

PROOF. Let Y be an injective metric space. For z, y, a, b € Y itis to be proved that at least one

of the matrices { a b } , { b a 1 , { by } is quadrimodular. Let without loss of generality
Ty Ty T a

min {d; ya, dryb, dzav} = dyya - 1t suffices to prove that ; Zl; is quadrimodular. Setting
A:={x, vy, a, b},
from the assumption

mln {d:c,yaa dx,yba dac,ab} = d:c,ya :

it follows by 2.6.2 (quadrimodular matrix representation) that there is

i, an isometric map from A into (R?, || —-||,) , (6.1.3)
such that
< EEZ‘% ZZES)) > is quadrimodular, (6.1.4)
i(a) i(b)
i.e. there are s’, ¢, v/, v € R? such that Z,/ éj,/ is a median quadrangle in
i(x) i(y)
(B2, ||- —|,) - Setting

T :={i(x),i(y),i(a),i(d), s, t, v, v},
by 2.2.2(3) (median quadrangles),
i (A) is an interval-spanning set in (77, ||- —-||,) . (6.1.5)
From (6.1.3) it follows:
i~ ! is an isometric map from (i (A), ||- — -||,) into Y. (6.1.6)

The assumption that Y is injective, (6.1.5) and (6.1.6) imply by 1.4.27 (isometric maps into an
injective metric space) that there is a
g, an isometric map from (7", ||- —-||,) into Y (6.1.7)
such that g extends i~ !, i.e.:
Foreachz € A, g(i(2)) = z. (6.1.8)

From (6.1.7) it follows by 1.4.12 (isometric maps) that g is an embedding from
<Tla {5 '>||._.H1> into (Y, (-, -, -),) - In particular,

g is a homomorphism of (T’, (-, -, '>|I-*-|I1> into (Y, (-, -, -),) - (6.1.9)
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(6.1.9) and (6.1.4) imply by 2.2.6(2) (homomorphic image of a median quadrangle):

g(i(a)) g(i(b)) } , ,
. . is quadrimodular. 6.1.10
[ g(i(x) gli() | ™9 (€110
Substituting (6.1.8) into (6.1.10), { Z z 1 is quadrimodular. ]
For example, for n € Z>; , the metric space (R", ||- — -||) is quadrimodular.

The following proposition provides an example of a median metric space of size § that is not
quadrimodular.

PROPOSITION 6.1.5. (median nonquadrimodular metric space) The metric space X :=
({o, 1% — -||,) has the following properties:

(1) X is median.
(2) X is not quadrimodular.
PROOF.
(1) follows by 1.6.7(2) (binary Hamming spaces) with ) = [3] .
(2) Tt suffices to prove that for z := (0,0,0),y := (1,1,0), a := (1,0, 1) and

b:= (0, 1, 1) , none of the matrices { g z 1 , { z Z } , { 2 Z } is quadrimodular.

) . . a b b a
Seeking a contradiction, assume at least one of the matrices [ vy ] , [ r oy ] ,

by } is quadrimodular.
T a

Case 1. { Z Z } is quadrimodular, i.e. there are s, t, u, v € Y such that

a b
u v . . .
s ¢ is a median quadrangle. In particular

(x, s, t, y) , (6.1.11)

and by 4.4.2 (median quadrangles in a median interval space), s = m(z, y, a) =
(1,0, 0) and t = m (z, y, b) = (0, 1, 0) . Therefore, dys + dg +dyy = 14+2+1 =
4, while d,, = 2. By 1.4.6 (aligned sequences in a metric space), not (z, s, t, y) ,
contradicting (6.1.11).

Case 2. [ z Z } or [ z Z } is quadrimodular. These cases are similar.
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PROPOSITION 6.1.6. (quadrimodular interval spaces) Each quadrimodular interval space is
modular.

PROOF. Let X be a quadrimodular interval space. For x, y, a € X it is to be proved that

{ . “ y 1 is modular. The assumption that X is quadrimodular entails that { Z Z } or
{ @Y } is quadrimodular.
x a

Case 1. [ Z Z } is quadrimodular. By 2.2.5(2) (quadrimodularity properties), [ . a ) }

is modular.

Case 2. [ Z Z } is quadrimodular. By 2.2.5(2) (quadrimodularity properties), [ . y a }
is modular. By 1.4.10 (modular matrices), [ . @ Y } is modular. O

6.1.6 (quadrimodular interval spaces) may be used implicitly by applying results on modular
interval spaces to quadrimodular interval spaces.

PROPOSITION 6.1.7. (quadrimedian interval spaces) Let X be a quadrimedian interval
space. For A C X | if A is median, then:

(1) For @ = [ Z ?Zj ] amatrix in A | if QQ is quadrimodular in X | then Q) is quadrimodular
in A
(2) A is a quadrimedian interval space.

PROOF.
(1) The assumption that () is quadrimodular in X says that there are s, t, u, v € X such
that
a b
u v . .
s i is a median quadrangle. (6.1.12)
z Y

It suffices to prove s, t, u, v € A. (6.1.12) implies by 4.4.2 (median quadrangles in a
median interval space):

s=m(z,y,a), (6.1.13)
t=m(z,y,b), (6.1.14)
u=m(z, a, b), (6.1.15)
v=m/(y, a, b) . (6.1.16)

The assumptions that A is median, z, y, a, b € A, (6.1.13), (6.1.14), (6.1.15) and
(6.1.16) imply s, t, u, v € A.
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(2) From the assumption that A is median it follows that it suffices to prove that A is quadri-

modular, i.e. forz, y, a, b € A, in A at least one of the matrices [ Z 2 ] ) [ 2 Z ] )

Z is quadrimodular. The assumption that X is quadrimedian entails that at least
one of them is quadrimodular in X and consequently, by (1), quadrimodular in A .
U
6.2. Quadrimodular Metric Spaces

PROPOSITION 6.2.1. (sets) For X a set and (A;),c; , (Bi),c; families of sets, if for each
i€1l,A;,CB CX, Ui A = X and (B;),, is disjoint, then fori € I, A; = B;.

PROOF. From the assumption that foreach ¢ € I, A; C B; it follows that it suffices to prove that

fori € I, B; C A;. Forxz € B;, itis to be proved that x € A;. The assumptions x € B; and
B; C X imply:

reX. (6.2.1)
From (6.2.1) and the assumption | J,.; Ay = X it follows that there is a j € I such that

x € A;. (6.2.2)
(6.2.2) and the assumption A; C B; imply:

x € DB;j. (6.2.3)
From the assumption = € B;, (6.2.3) and the assumption that (B;),_, is disjoint it follows:

j=1. (6.2.4)
Substituting (6.2.4) into (6.2.2), z € A, . O

PROPOSITION 6.2.2. (criteria for quadrimodularity properties) Let X be a quadrimodular
metric space. For x, y, a, b € X :

b\ .
(1) (a) < ;L, : y > lﬁcdm,ya = d:s,yb and dm,ya, - dz,ab .

(b) < (;; : z > iﬁ“dag,ya = dx,yb and d:r,ya < dx,ab .

(C) < Z. T z > l:ﬁ‘d:(;,ya < d:c,yb and dx,ya = dx,ab-

(d) Z : ,Z

(2) The following conditions are equivalent:

lﬁfdx’ya < dac,yb and dac,ya < d;v,ab .

a b|. .
(a) vy is quadrimodular.

(b) M (z,y,a)N [z, b] #0.
© [y, a]N[z, b] #0.
(d) min {dm,ym dm,ylm dm,ab} - dm,ya .
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PROOF.
(1) Define
Y - X2><2 .
It suffices to prove for the following families of sets (A;),.(; and (B;),; that for each
ie[7,A =B;.
A12={ a b EY‘<CL Ny b>}’
Ty | z Y
Ag::{ a b €Y|<a : b>}7
Ty z Yy
Agzz{ab €Y|<a b>}7
Ty z Yy
A4::{ab EY‘<CL b>}’
Lz oy z Yy
Asi_{ a b EY\<b : a>},
Ty z Y
AG::{ a b €Y|<b .a>}7
Ty z Y
A7::{ a b €Y|<b : y>}
i Ty X a
and
[ a b
By = { z € Y|dyya < dyyp and dy yo < dyap } )
[ a b
B, = { r € Y|drya = duyp and dy yo < di b } ’
[a b
Bs = { Ty € Y‘d:r,ya < d:}c,yb and d%ya = dfaab } )
B,y = { ;L :Z; S Y|daz,ya = dz,yb and dfﬂ,ya - da:,ab } ’
[ a b
By = { r S Y|dx,yb < da:,ya and dg:,yb < dw,ab } )
[ a b
Bg = { z y S Y‘dx,yb < d:c,ya and dx,yb - daz,ab } )
[ a b
B7 = { z y € Y‘d:v,ab < dyya and dy gp < dgyp }




6.2. QUADRIMODULAR METRIC SPACES 157

By 6.2.1 (sets) it suffices to prove that foreachi € [7] , A; C B; C Y,
and (B;),¢[; is disjoint.

Step 1. Proof that for each i € [7] , A; C B; C Y. By 2.6.3(4), (2), (3) and (1),
respectively (quadrimodular matrices in a metric space), Ay C By, Ay C By, A3 C Bs
and Ay C B,. By 2.6.3(4) (quadrimodular matrices in a metric space) in connection
with 1.8.2(2) (point-pair modular distance), A5 C Bs and A; C B;. By 2.6.3(3) (quad-
rimodular matrices in a metric space) in connection with 1.8.2(2) (point-pair modular
distance), Ag C By .

Step 2. Proof that Uie[?] A; =Y . The assumption that X is quadrimodular entails that

foreach{g z} eY,atleastoneofthematrices{Z b},{b a},{b y}

1€(7

Y Ty T a
is quadrimodular. By 2.2.5(1) (quadrimodularity properties), for each ; z €

Y, at least one of the following conditions holds: <

Gead ol G iy ety
s o) Gt ()

(4) and (3) (symmetries of quadrimodularity properties), for each [Z b } €

a>7

y
y> By 2.2.4(5
a . By 2.2.4(5),

..b> <a.b>
Cy /S \Nx oy /)]

a
x
b
(:
b
("

Y
. . a b a b
Y, at least one of the following conditions holds: s , : ,
x Y r oy
a b a b b a b a by e
x y/ '\ y/ ’\Nz T y/ \=x y/’\Nx " a /)’

o A
e[
Step 3. Proof that (B;) ie[r) 18 disjoint. It suffices to prove that the following families are
disjoint:
(B1UByUB3U By, BsU Bg, By)
(Bh BQ, B37 B4) 5
(Bs, Bg) -

Step 3.1. Proof that (B; U By U B3 U By, Bs U Bg, By) is disjoint. If [ Z 2 } €
BiUByUB3UB, , then dy yu < dy, , while if [ i z } € BsUBg , then dy o > dy

and the inequalities d, ,, < d; . and d, ., > d, 4 exclude each other. If [ Z 2 } €

By U By U B3 U By, then dy o < dy gy, while if { : z } € By, then dy gy > dyay
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and the inequalities d, ,, < dg o and d, y, > d; q €xclude each other. If [ ; 2 } S

Bs U Bg, then dyy, < dyqp, while if [g ﬂ € Br, then d,, > dya, and the

inequalities d ,, < d; 4 and dy ya, > d; o €xclude each other.
Step 3.2. The proofs that (By, Bs, B3, B,) and (Bs, Bg) are disjoint is similar to step
3.1.

(2) Step 1. (2a) = (2b). From the assumption that { Z 2 } is quadrimodular it follows by

2.2.5(5) (quadrimodularity properties) that M (x, y, a) N [x, b] # 0.

Step 2. (2b) = (2¢) follows from M (z, y, a) C [y, a] .

Step 3. (2¢) = (2d). The assumption [y, a] N [x, b] # () implies by 1.8.2(9) (point-pair
modular distance) that min {d, ya, duyb, duab} = dzya -

Step 4. (2d) = (2a). The assumption min {d, ya, duyb, dzab} = Az ya SAYS

(dyya < dypyp and dy o < dyap) OF (dy yo = dyyp and dy o < dy )

or (dyya < dyyp and dy yq = dyap) OF (dyyo = dyyp and dy o = dyap) -

Case 1. d, yo < dyyp and dy e < dgqp - By (1d), < g : z )
Case 2. dy yq = dyyp and dy o < dgqp - By (1b), < ; : 2 > .

Case 3. dz,ya < dz,yb and dm,ya - dm,ab . By (1C)’ < :C; c z > .

Case 4. dx,ya = dx,yb and d:l:,ya = dx,ab . By (1a), < g . Z > .
g

In 6.2.2(2) (criteria for quadrimodularity properties), ’quadrimodular metric space’ cannot be re-
placed by "'modular metric space’ or *median metric space’. For example, define @) := {1, 2, 3}

and X = ({0, 1ne, y|-—-||1) cz o= (0,0,0),y = (1,1,0),a = (0,1,1) and b =

(1,0,1) .

The assumption, with ’quadrimodular metric space’ replaced by *median metric space’, is
satisfied: By 1.6.7(2) (binary Hamming spaces), X is a median metric space. Furthermore, (2d)
holds: d; 4, =1, dyp = 1 and d,; o, = 1. Therefore, min {d, y4, du b, doap} = dyya -

But (2¢) does not hold. Therefore, because M (z, y, a) C [y, a] , (2b) does not hold either.

And by 2.2.5(5) (quadrimodularity properties) it follows that (2a) also does not hold.
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The following theorem characterizes quadrimodular metric spaces.
THEOREM 6.2.3. (quadrimodularity criterion for metric spaces) Let X be a metric space. X

is quadrimodular iff for x, y, a, b € X , min {d, ya, dyyp, duap} = duya implies that [ Z z }

is quadrimodular.

PROOF.
Step 1. (=) Suppose that X is quadrimodular. By 6.2.2(2) (criteria for quadrimodularity

properties), min {d, yq, dy b, dzab} = dyy implies that Z le is quadrimodular.

Step 2. («<=) Suppose that for x, y, a, b € X |

min {d, ya, dsyp, dwab} = dyye implies that [ Z le } is quadrimodular. (6.2.5)

For x, y, a, b € X itis to be proved that at least one of the matrices [ Z 2 ] , [ b a ] ,

[ by } is quadrimodular.
T a
Case 1.
min {dx,ym dx,yln dx,ab} = dz,ya . (626)

From (6.2.6) and (6.2.5) it follows that [ Z 2 } is quadrimodular.
Case 2. min {d, ya, duybs duab} = dzyp By 1.8.2(2) (point-pair modular distance),

min {d, yb, Ao ya, Ao b} = duyp - (6.2.7)

(6.2.7) and (6.2.5) imply that [ 2 Z } is quadrimodular.
Case 3. min {d, ya, duybs dzab} = dzap - By 1.8.2(2) (point-pair modular distance),
min {da:,bya dx,baa da:,yaa } = da:,ab . (628)

From (6.2.8) and (6.2.5), transformed by the cycle (yab) , it follows that { 2 Z ] is quadrimod-
ular. ]

PROPOSITION 6.2.4. (existence of quadrimodular extension) For each metric space X , there
is an isometric map from X into a quadrimodular metric space.

PROOF. By 1.4.26 (existence of injective closure), there is an isometric map from X into an
injective metric space Y . By 6.1.4 (quadrimodularity of injective metric spaces), Y is quadri-
modular. U
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6.3. Quadrimedian Geometric Interval Spaces

PROPOSITION 6.3.1. (quadrimedian geometric interval spaces) Let X be a quadrimedian
geometric interval space. For b, ¢, s € X | if s is maximal in ((b, ¢, -), (b, -, -)) , then s €
Om (X) .

PROOF. Seeking a contradiction, assume s ¢ Jys (X) , i.e. there are z, y, a € X such that

s=m(z,y,a) . (6.3.1)
and
s¢{x,y,a} . (6.3.2)
In particular,
TFS. (6.3.3)

. . . . . . a b
The assumption that X is quadrimedian entails that at least one of the matrices { - } ,

Ty x
quadrimodular. By 2.2.5(5) (quadrimodularity properties), M (x, y, a) N [z, b] # 0, i.e.

{ boa } 5 b Z ] is quadrimodular. Suppose without loss of generality that [ Z z ] is

m(z, y, a) € [z, 1] . (6.3.4)
Substituting (6.3.1) into (6.3.4), s € [z, b] ,i.e. (z, s, b) . Therefore,
(b, s, ) - (6.3.5)
The assumption (b, ¢, s) and (6.3.5) imply:
(b, ¢, x) . (6.3.6)
(6.3.6), (6.3.5) and (6.3.3) contradict the maximality of s in ((b, ¢, -), (b, -, -)) . O

In 6.3.1 (quadrimedian geometric interval spaces), ’quadrimedian’ cannot be replaced by 'me-
dian’. For example, define Q := {1, 2, 3} and X := <{0, 139, - ”1) ,b:=(0,0,0),
c:=(1,1,0)and s := (1, 1, 1) .

The assumptions, with ’quadrimedian’ replaced by 'median’, are satisfied: By 1.6.7(2) (bi-
nary Hamming spaces), X is a median metric space and therefore a median geometric interval
space, (b, ¢, -) = {c, s} , and s is maximal in ({b, ¢, -), (b, -, -)) .

But the claim of the proposition is not satisfied: s ¢ s (X) . Proof: For d := (1, 0, 1) and
e:=(0,1,1),s=m(c,d,e) ,buts ¢ {c, d, e} .

6.4. Quadrimedian Geometric Topological Interval Spaces

Part (3) of the following theorem is for a compact quadrimedian geometric topological interval
space what [40, 3.24] (Krein-Milman theorem) is for a compact convex set in a locally convex
real topological vector space.
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THEOREM 6.4.1. (convex closure of the median boundary) Let X be a compact quadrime-
dian geometric topological interval space.

(1) Fora,pe X :
(a) The poset ({a, p, -), (a, -, -)) has a maximal element.
(b) Thereisab € Oy (X) such that {(a, p, b) .
(2) Forp € X | there are a, b € Oy (X) such that {a, p, b) .
(3) [Om (X)] =X

PROOF.
(1)
(a) By 2.4.4 (topological interval spaces),
<CL, D, > 7é ®7 (641)
(a, p, -) is closed. (6.4.2)

The assumption that X is compact and (6.4.2) imply by 1.3.7 (compact topological
spaces):

(a, p, -) is compact. (6.4.3)

From (6.4.3) and (6.4.1) it follows by 2.1.2 (compact topological posets), the
poset({a, p, -), (a, -, -)) has a maximal element.
(b) By (la), the poset({a, p, -), (a, -, -)) has a maximal element b. By 6.3.1 (quadri-
median geometric interval spaces), b € dys (X) .
(2) By two applications of (1b), there is an a € 0y (X) such that (p, p, a) , and there is a
b € 0y (X) such that {(a, p, b) .
(3) For p € X it is to be proved that p belongs to each convex superset of J; (X) . This
condition follows by (2).

g

In 6.4.1(3) (convex closure of the median boundary), ’quadrimedian’ cannot be replaced by
"median’. For example, define @ := {1, 2, 3} and X := ({0, 19— ||1>

The assumptions, with ’quadrimedian’ replaced by 'median’, are satisfied: By 1.6.7(2) (bi-
nary Hamming spaces), X is a median metric space. X is finite, thus compact.

But the claim of the proposition is not satisfied: [0y (X)] # X . Proof: It suffices to prove
[0 (X)] = 0. Thus, it is sufficient to prove 9y, (X) = (). This claim follows from the fact that
each p € X is the median of the three points obtained by changing one coordinate of p at a time.

6.5. Quadrimedian Metric Spaces

Let X be metric space.

A geodesic median closure of X is a pair (Y, ¢) such that Y is a median metric space, i is
an isometric map from X into Y and the median closure of ¢ (X') in Y equals Y . In particular,
when Y is a median metric space, X a subspace of Y with median closure Y in Y and i is the
inclusion map of X into Y, then (Y] ) is a geodesic median closure of X .
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By 6.2.4 (existence of quadrimodular extension), there is an isometric map from X into a
quadrimodular metric space. X is called subquadrimedian iff there is an isometric map from X
into a quadrimedian metric space. Each subspace of a quadrimedian metric space is subquadri-
median. A geodesic quadrimedian closure of X is a pair (Y, i) such that Y is a quadrimedian
metric space and (Y ¢) is a geodesic median closure of X . In particular, when Y is a quadrime-
dian metric space, X a subspace of Y with median closure Y in Y and i is the inclusion map of
X into Y, then (Y, 7) is a geodesic quadrimedian closure of X .

The following theorem is for a geodesic quadrimedian closure of a metric space what [25,
theorem 9.23] is for an algebraic closure of a field.

THEOREM 6.5.1. (extension to a geodesic quadrimedian closure) Let X be a metric space
with a geodesic quadrimedian closure (Y, iy) . For iz anisometric map from X into a quadrime-
dian metric space 7 , there is exactly one isometric map F' from Y into Z such thatiy; = F oy .
In particular, if X C 'Y with inclusion map iy : X — Y | then each isometric map from X into
a quadrimedian metric space Z has exactly one extension to an isometric map from'Y into Z .

y—t.z

PROOEF. The assumption that (Y, iy ) is a geodesic quadrimedian closure entails:
The median closure of iy (X) in Y equals Y, (6.5.1)
and that Y is quadrimedian, i.e.:

Y is median. (6.5.2)
Y is quadrimodular. (6.5.3)

Step 1. Existence of F'. i;l is an isometric map from iy (X) onto X . Therefore, iz o @';1 1S
an isometric map from iy (X) into Z. The set of all isometric maps f : S — Z such that
iy (X) € S C Y and f extends iy o i;l , viewed as subsets of S x 7, is a poset under set
inclusion in which every chain C' has an upper bound | JC'if C' # () and i, o iy if C = (). By
1.2.5 (Zorn’s lemma), this poset has a maximal element F'. Setting Sy := dom F' :

F extends iy o iy’ . (6.5.4)
F is an isometric map from (S, d) into Z . (6.5.5)

It suffices to prove Sy =Y and Foiy =iy .

Step 1.1. Proof that Sy = Y . Seeking a contradiction, suppose Sy C Y . From (6.5.1) and
the assumption iy (X) C Sy C Y it follows that Sy is not median, i.e. there are x, y, a € S
such that m (z, y, a) € Y \ Sp. Thus, Sy € So U {m (z, y, a)} C Y. In order to obtain a
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contradiction to the maximality of F', it suffices to prove that F' has an extension to an isometric
map G from ((So U {m (z, y, a)}), d) into Z . Define

G(b) - {m(F(J]),F(y),F(CL)) b:m(x, Y, CL).

It remains to be proved that for each b € S, dg(m(z,y, a)G(6) = Am(z,y, a)b »

Le. dm(F(z), F(y), F(@)F(b) = Am(z,y,a)b -
The assumption that Z is quadrimedian entails:
Z is median. (6.5.6)
Z 1s quadrimodular. (6.5.7)
- F(a) F(b)l {F(b) F(a)] {F(b) F(y)]
Therefore, at least one of the matrices , ,
[ F(z) F(y) F(z) F(y) F(z) F(a)
is quadrimodular. Suppose without loss of generality that
F(a) F() | . .
{ F(z) Fly) is quadrimodular. (6.5.8)
By 2.6.3(5) (quadrimodular matrices in a metric space),
min {dp(),F)F@): P PP, e F@F® = 9@, e P - (65.9)

(6.5.5) and (6.5.9) imply by 2.6.4 (1sometrlc invariance of pomt—pair modular distance):
min {dﬂﬁ,yaa dm,yln dm,ab} - da:,ya . (6510)
From (6.5.3) and (6.5.10) it follows by 6.2.2(2) (criteria for quadrimodularity properties):

{ Z 2 ] is quadrimodular in Y . (6.5.11)
From (6.5.6) and (6.5.8) it follows by 4.7.3 (distance from a median):
(P (@), F(y), F@) F() = AF@)Fb) = AF(2).F(5)F(a) - (6.5.12)
(6.5.2) and (6.5.11) imply by 4.7.3 (distance from a median):
Az, y,a)b = dob — Az ya - (6.5.13)
From (6.5.5) it follows by 2.6.4 (isometric invariance of point-pair modular distance):
dF (z)F(b) dF y)F(a) — da:b dx,ya . (6514)

Substituting (6.5.12) and (6.5.13) into (6.5. 14) Am(F(x), F(y), F(a))F(b) = Qm(z,y,a)b -
Step 1.2. Proof that F' o 7y = iy . From (6.5.4) it follows for x € X :
(Foiy)(x) = F (iy (z))
= (iz oiy") (iy (2))
=iy (x) .

Consequently, F'oiy =iy .
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Step 2. Uniqueness of F'. Let F’ be another isometric map from Y into Z such that i, =
F’ o iy . Define
A:={a€Y|F(a)=F'(a)}.

It is to be proved that A = Y . From the assumptions iz = F o iy and iz = F’ o iy it follows
that F o iy = " oiy ,i.e. foreachx € X, F (iy (z)) = F' (iy (x)) , i.e.

A Dy (X) . (6.5.15)

From (6.5.15) and (6.5.1) it follows that it suffices to prove that A is median. For a, b, ¢ € X it
is to be proved that a, b, ¢ € A implies m (a, b, ¢) € A. Define u :=m (a, b, ¢) , i.e.

[ a ; b } is a median triangle. (6.5.16)
It is to be proved that u € A . The assumption a, b, ¢ € A says:
F(a)=F'(a), (6.5.17)
F(b)=F'(b), (6.5.18)
F(c)=F'(c) . (6.5.19)

From the assumption that F' and F’ are isometric maps from Y into Z it follows by 1.4.12
(isometric maps) that F' and F” are embeddings of (Y, (-, -, -),) into (Z, (-, -, -),;) . In particular,

F and F' are homomorphisms from (Y, (-, -, -),) to (Z, (-, -, -),) (6.5.20)
(6.5.16) and (6.5.20) imply by 1.4.13(2) (homomorphisms of interval spaces) that

[F(a) g(fz)) F(b)}’
rw F o P

are median triangles, i.e.

F(u) € M (F(a), F(b), F(c)), (6.5.21)

F'(u) € M (F'(a), F'(b), F'(¢)) . (6.5.22)
Substituting (6.5.17), (6.5.18) and (6.5.19) into (6.5.22),

F'(u) € M (F (a), F(b), F(c)) . (6.5.23)
From (6.5.2), (6.5.21) and (6.5.23) it follows that F' (u) = F’ (u) ,i.e. u € A. O

In 6.5.1 (extension to a geodesic quadrimedian closure), ’quadrimedian’ cannot be replaced by
‘median’. For example, in the next proposition, X is a metric space with a geodesic median
closure (Y, iy) , X C Y with inclusion map iy : X — Y, and j is an isometric map from
X into the median metric space Z . But j has no extension to an isometric map from Y into Z
because |Y'| > |Z]| . Another example that shows that 6.5.1 (extension to a geodesic quadrime-
dian closure) with ’quadrimedian’ replaced by *'median’ does not hold has been provided in [7,
remark 2.10. (1)].
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PROPOSITION 6.5.2. (structural non-uniqueness of median closure) Define () == N3 and:

o ¥ = ({0, 3%, - =1l

ox:=(0,0,0),y=1(1,1,0),a=(0,1,1),b=(1,0,1), X :={x, v, a, b} and
t: X — Y the inclusion map.

o j: X =R byj(r)=(0,-1),j(y)=(10),j(a)=(-1,0) and j) =(0,1),
and 7 := (5 (X) U{(0, 0)}, I =[l1) -

j (b)

Then:

(1) Each p € Y \ X is the median of three elements of X .

(2) (Y, i) is a median closure of X with |Y| = 8.

(3) (0, 0) , the only element of Z \ j (X) , is the median of three elements of j (X) ,
4) (Z J) is a median closure of X with |Z] =5.

PROOF.

(1) (0,0,1) = m(z,a,b), (0,1,0) = m(z,y,a), (1,0,0) = m(x,y, b), and
(1,1, 1) =m(y, a, b) .

(2) By 1.6.7(2) (binary Hamming spaces), the metric space Y is median. By (1), (Y, i) is a
median closure of X .

(3) (0,0) =m(j(x),j(y),j(a)) .

(4) By (3) it suffices to prove that the metric space Z is median and that j is an isometric
map from X into (Z, ||- —||;) .
Step 1. Proof that Z is median. Z is an isometric copy of the tree (N, F) with N :=
J(X) U {(0, 0)} and with (0, 0) adjacent to each of the other vertices and no other
adjacency. By 1.7.4 (tree representation of finite arboric interval spaces), Z is arboric.
By 1.7.5 (medianity of arboric interval spaces), Z is median.
Step 2. Proof that j is an isometric map from X into (Z, ||- —||;) . Forp, ¢ € X, if

p#q,then|[p—qll, =2and |5 (p) —j(g)ll, =2.
]
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The following theorem is for the geodesic quadrimedian closure of a metric space what [25, 9.22]
(theorem of Steinitz) is for the algebraic closure of a field.

THEOREM 6.5.3. (existence and structural uniqueness of geodesic quadrimedian closure)
Let X be a subquadrimedian metric space.

(1) X has a geodesic quadrimedian closure.
(2) Let (Y, iy) , (Z, iz) be geodesic quadrimedian closures of X . Then there is exactly

PROOF.

one isometric map F from'Y onto Z such that iy = F o1y . In particular, Z is an
isometric copy of Y .

(1) The assumption that X is subquadrimedian says that there is

Y, a quadrimedian metric space, (6.5.24)
and
¢, an isometric map from X into Y . (6.5.25)
(6.5.24) entails that Y is median. Define
X := the median closure of i (X) in Y. (6.5.26)
In particular:
X is a median subspace of Y . (6.5.27)
i(X)CX. (6.5.28)
From (6.5.24) and (6.5.27) it follows by 6.1.7(2) (quadrimedian interval spaces):
X is a quadrimedian metric space. (6.5.29)
(6.5.25) and (6.5.28) imply:
i is an isometric map from X into X . (6.5.30)

(6.5.30), (6.5.29) and (6.5.26) together say that (X , z) is a geodesic quadrimedian clo-
sure of X .

(2) By 6.5.1 (extension to a geodesic quadrimedian closure), there is exactly one

F', an isometric map from Y into Z (6.5.31)
such that
iZ =Fo iy . (6532)

It suffices to prove F' (V) = Z . The assumption that (Z, i) is a geodesic quadrime-
dian closure says that the median closure of iz (X)) in Z equals Z , i.e. Z is the smallest
median set in Z containing iz (X) . Therefore, it suffices to prove that £ (Y") is median
and contains iz (X) .

Step 1. Proof that F' (Y') is median. From (6.5.31) it follows that F' is an isometric map
from the quadrimedian metric space Y onto F'(Y') . By 1.4.12 (isometric maps), F' is
an isomorphism of (Y, (-, -, -),) onto (F'(Y'), (-, -, -),) . From this and the assumption
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that (Y, (-, -, -),) is quadrimedian it follows that (F' (Y), (-, -, -),) is quadrimedian. In
particular, F' (Y') is median.

Step 2. Proof that F'(Y') D iz (X) . The assumption that (Y, iy ) is a geodesic quadri-
median closure of X entails Y D iy (X) . Therefore,

F(Y)DF (iy (X)) . (6.5.33)
(6.5.32) implies:
iz (X)=F(iy (X)) . (6.5.34)
Substituting (6.5.34) into (6.5.33), F'(Y) D iz (X) .
O

In 6.5.3(2) (existence and structural uniqueness of geodesic quadrimedian closure), ’geodesic
quadrimedian closure’ cannot be replaced by ’geodesic median closure’. For example, in 6.5.2
(structural non-uniqueness of median closure), X is a subquadrimedian metric space. (Y, ¢) is a
median closure of X with |Y| =8, and (Z, j) is a median closure of X with |Z| = 5. Therefore,
|Z| # |Y| . In particular, Z is not an isometric copy of Y.

6.6. Applications to Arboric Spaces

The following theorem answers the question when in a compact arboric topological interval space
the median closure of a set equals the whole space.

THEOREM 6.6.1. (median closure of the median boundary) Let X be a compact arboric
topological interval space.
(1) Forp € X, there are a, b, ¢ € Oy (X) such that p =m (a, b, ) .
(2) The median closure of Oy (X) in X equals X .
(3) ForY C X, the median closure of Y in X equals X iff 0p; (X) C Y.

PROOF. The assumption that X is arboric implies by 6.1.1 (quadrimedianity of arboric interval
spaces)

X is quadrimedian. (6.6.1)

(1) From (6.6.1) it follows by 6.4.1(2) (convex closure of the median boundary) that there
are a, b € Jy; (X) such that (a, p, b) . By 5.2.3(2) (compact arboric topological interval
spaces) there is a ¢ € Jy; (X)) such that p = m (a, b, ¢) .

(2) For p € X itis to be proved that p belongs to each median set containing 0y; (X) . This
claim follows by (1).

(3) Step 1. (=) is entailed by 4.4.1(2) (median boundary of a median interval space).

Step 2. (<) follows from (2).
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THEOREM 6.6.2. (compact arboric determination by the median boundary) Let X and'Y be
compact arboric metric spaces.

(1) Each isometric map from Oy (X) onto Oy (Y) has an extension to an isometric map
from X onto Y .
(2) If On (Y) is an isometric copy of Oy (X) , then'Y is an isometric copy of X .
PROOF.

(1) For f an isometric map from Jy, (X) onto Oy (Y') it is to be proved that f has an
extension to an isometric map from X onto Y . From the assumption that X and Y are
compact and arboric it follows by 6.6.1(2) (median closure of the median boundary):

The median closure of dy; (X) in X equals X . (6.6.2)
The median closure of Jy; (Y') in Y equals YV . (6.6.3)

From the assumption that X and Y are arboric it follows by 6.1.1 (quadrimedianity of
arboric interval spaces):

X is quadrimedian. (6.6.4)
Y is quadrimedian. (6.6.5)
Let
i : = the inclusion map of Jy; (X) into X . (6.6.6)
(6.6.4) and (6.6.2) together say:
(X, 1) is a quadrimedian closure of dps (X) . (6.6.7)
The assumption that f is an isometric map from 0y, (X) onto Jy; (V') says:
f is an isometric map from 0y, (X) into Y. (6.6.8)
[ (O (X)) =0m(Y) . (6.6.9)
Substituting (6.6.9) into (6.6.3),
The median closure of f (0 (X)) inY equals Y. (6.6.10)
(6.6.8), (6.6.5) and (6.6.10) together say:
(Y, f) is a quadrimedian closure of 0y (X) . (6.6.11)

(6.6.7) and (6.6.11) imply by 6.5.3(2) (existence and structural uniqueness of geodesic
quadrimedian closure) that there is an isometric map F' from X onto Y such that
f=Foi. (6.6.12)
(6.6.6) and (6.6.12) imply that F' is an extension of f .
(2) follows by (1).
[l

From 6.6.2 (compact arboric determination by the median boundary) it follows that a weighted
tree is structurally determined by the distances between its vertices of degrees 1 and 2.



Conclusion

The following additions have been made to the broad spectrum of mathematical topics that
can be treated in the conceptual framework of interval spaces.

Theorems 3.2.4 (antiexchange criterion for triangle-convex geometric interval spaces) and
3.3.2 (perspectivity relation) characterize a geometric property of an interval relation in terms of
a fundamental property of a family of derived binary relations, namely the property of being a
family of partial orders and the property of being a family of equivalence relations, respectively.
This way, these results reinforce the choice of geometric axioms. This leads to the question which
other results can be proved that characterize a geometric property by a fundamental combinatorial
concept in the spirit of these two theorems.

From 4.3.1 (modular geometric topological interval spaces) it follows that in a modular met-
ric space, each non-empty compact convex set is a Chebyshev set, thus opening a gate for ap-
proximation theory in modular metric spaces.

Proposition 4.6.1 (medianity criterion for a compact geometric topological interval space)
generalizes [31, 3.1.7], a theorem on finite connected graphs. This raises the question which
further results about finite connected graphs can be generalized to compact geometric topological
interval spaces.

Theorem 4.7.2(1) (metrizability criterion), like [32, theorem 34.1] (Urysohn metrization the-
orem) for topological spaces, is a sufficient criterion for metrizability in terms of a separation
property. The questions arise: How far does the class of submedian-metrizable finite interval
spaces extend beyond the class of finite geometric interval spaces with point-interval separation?
What can be said about submedian metrizability of infinite interval spaces? Is there a general
principle behind both theorems?

Theorem 5.3.3 (2b), (2¢) (finite arboric metric spaces) places the neighbor-joining method for
reconstructing a weighted tree from the distances between its leaves in the conceptual framework
of arboric metric spaces. Parts (2b) and (2c¢) in connection with 4.4.1(2) (median boundary of
a median interval space) yield consistency of the neighbor-joining method for reconstructing a
weighted tree from the distances between its vertices of degrees 1 and 2 . There is no restriction on
the degrees of the vertices in the tree. This method was established in [41]. In [45], the expression
that is minimized in the neighbor-joining method was simplified. In [15] consistency of that
method is also treated, and section 4.3 contains the following remark regarding the degrees: “We
would like to point out that the case [...] may occur when the node [...] is of a degree greater than
3 [...] However, this does not invalidate the proof, which holds when the degree of nodes internal
to 1" is at least 3. [...] The case where the internal nodes may be of degree 2 requires special
treatment (as well as the redefinition of the notion of neighbor).” The concept of an extremal
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neighborhood entails such a redefinition, and the proof of 5.3.3(2b), (2c) (finite arboric metric
spaces) entails such special treatment in the conceptual framework of arboric metric spaces and
median boundaries. This brings up the question what further use can be made of interval spaces
for the theory of neighbor-joining and for tree reconstruction in general, including approximate
tree reconstruction.

By propositions 6.1.2 (product of two arboric interval spaces) and 6.1.7(2) (quadrimedian in-
terval spaces), each median subspace of a product of two arboric interval spaces is geometric and
quadrimedian. This leads to the question how far the class of quadrimedian geometric interval
spaces extends beyond the class of median subspaces of products of two arboric interval spaces.

Theorem 6.2.3 (quadrimodularity criterion for metric spaces) characterizes quadrimodular
metric spaces in terms of the expression min {d, yq, ds b, dy b} - This expression can also be
used for characterizing metric spaces that have an isometric map into an arboric metric space. It
follows from [14, 3.38] that a metric space X has an isometric map into an arboric metric space
iff for all z, y, a, b € X, at least two of the three point-pair modular distances d yq, Az yp; Az ab
equal their minimum. [14, 3.12] gives an equivalent condition in terms of point-point distances,
the so-called four-point condition.

Theorem 6.4.1 (3) (convex closure of the median boundary) is for a compact quadrimedian
geometric topological interval space what [40, 3.24] (Krein-Milman theorem) is for a compact
convex set in a locally convex real topological vector space. The question arises which appli-
cations of the Krein-Milman theorem have interesting counterparts for compact quadrimedian
geometric topological interval spaces. It implies theorem 6.6.1 (median closure of the median
boundary).

Theorem 6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure) is for
the geodesic quadrimedian closure of a metric space what [25, 9.22] (theorem of Steinitz) is for
the algebraic closure of a field. It raises the question which metric spaces are subquadrimedian.
Together with theorem 6.6.1 (median closure of the median boundary) it implies 6.6.2 (compact
arboric determination by the median boundary). This latter result entails that a weighted tree is
determined up to isometry by the distances between its vertices of degrees 1 and 2. It follows
that it is determined up to isomorphism of weighted trees by these vertices. Thus, if it has no
vertices of degree 2, then it is determined up to isomorphism by its leaves. This brings up the
question which well-known results on trees can be generalized to compact arboric spaces.

Thus, the two structure theorems 6.4.1 (3) (convex closure of the median boundary) and
6.5.3 (existence and structural uniqueness of geodesic quadrimedian closure), which are valid
for quadrimedian spaces, but unvalid for median spaces, are analogous to two central structure
theoremes of analysis and algebra, the Krein-Milman theorem for a compact convex set in a lo-
cally convex real topological vector space and the theorem of Steinitz on the algebraic closure of
a field. Therefore, the concept of a quadrimedian interval space seems to be a natural sharpening
of the concept of a median interval space.

Here are two further examples of questions on arboric and quadrimedian spaces: Are all
injective closures of a quadrimedian metric space isometric copies of each other? Do arboricity
and quadrimedianity carry over to injective closures?

Thus, some evidence has been added that interval spaces provide a solid conceptual frame-
work for a broad range of mathematical topics.
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Nomenclature

[A]  convex closure , page 49

, b) 1-section of a ternary relation, page 34

, -) (1, 3)-section of a ternary relation, page 33
-, -, a) (1, 2)-section of a ternary relation, page 33
-, -, -)4 interval relation of a metric space, page 36
-, ) ternary relation, page 33

a, b, -) 3-section of a ternary relation, page 34
a, -, b) 2-section of a ternary relation, page 34
a, -, -y (2, 3)-section of a ternary relation, page 33
0, a1, ..., aj) alignment of a sequence, page 38
la, D] interval, page 34

la, b], geodesic interval in a metric space, page 36
C, cycle, page 24

d (A, B) distance between sets, page 32

d (a, B) distance from a point to a set, page 32

d (a, b) distance between points, page 32

dap distance between sets, page 32

d,p distance from a point to a set, page 32

du,  distance between points, page 32

deg (z) degree, page 129

Oum (X) median boundary, page 84

dom f domain of a map, page 23

Jy  principal down-set, page 26

dy (a, b) shortest path distance, page 65

dy . Gromov product, page 65

dy . point-pair modular distance, page 65

E (a, b) set of edges of a path, page 25

EN (u) extremal neighborhood, page 133

| fll; 1-norm, page 61

f (Ap) image of a set under a map, page 23
f~1(By) preimage of a set under a map, page 23
go [ composite of two maps, page 23

K., complete-bipartite graph, page 24

AY, augmented modular distance sum, page 66

S

173



174 Nomenclature

AY " distance sum, page 66

[ (w) length of a walk, page 24

[m]  initial segment of the set of positive integers, page 23

(M) modularity of a partial matrix, page 43

M (a, b, ¢) set of medians, page 42

m (a, b, ¢) median, page 59

= (-, u, -) u-neighbor relation, page 127

Pap  unique path, page 25

I1 €0 (Xq, () ) q) product of a family of interval spaces, page 44

pl,  unique path, page 25

(¢1 — q2) horizontal quadrimodularity of a 2 x 2-matrix of points with columns ¢, ¢2, page 79

(q1 - -q2) proper horizontal quadrimodularity of a 2 x 2-matrix of points with columns ¢, ¢,
page 79

(q1 - o) star-quadrimodularity of a 2 x 2-matrix of points with columns ¢y, g2, page 79

(g1 :: q2) proper quadrimodularity of a 2 x 2-matrix of points with columns ¢, ¢, page 79

(q1 : q2) proper vertical quadrimodularity of a 2 x 2-matrix of points with columns ¢;, g-, page 79

(q192) quadrimodularity of a 2 x 2-matrix of points with columns ¢, ¢o, page 79

Sm  set of permutations, page 23

T a  principal up-set, page 26

X>, principal up-set, page 26

X<, principal down-set, page 26

X™xm set of matrices, page 23

|z, p-norm, page 31

[z],  wu-branch, page 128



abelian group, 24

adjacent points, 24

adjacent points in an interval space, 113

adjacent vertices, 24

algebraic closure of a field, 24

aligned sequence in an interval space, 37

anti-matroid, 104

antiexchange space, 104

antisymmetric relation, 25

arboric interval space, 61

arboric poset, 27

associative operation, 24

augmented modular distance sum of a pair along a
finite set, 66

binary Hamming space over a finite set, 60
binary sections of a ternary relation, 33
bipartite graph, 24

bounded lattice, 26

branch with respect to a point, 128

centrality index, 66

chain, 25

Chebyshev set in a metric space, 49
closed ball, 31

closed set in a closure space, 103
closed set in a topological space, 27
closed under directed unions, 26
closure of a set in a closure space, 103
closure space, 103

closure system, 103

collinear points in an interval space, 10
commutative ring, 24

compact topological space, 27
complete bigraph, 24

complete interval space, 10
complete-bipartite graph, 24
composite of two maps, 23
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connected graph, 24

continuous function, 27
continuous map, 27

convex closure, 49

convex geometry, 104

convex hull, 49

convex set in an interval space, 48
cycle, 24

degree of a point, 129

desarguesian interval space, 10

diagonal of a median quadrangle, 72
directed set, 26

directed union, 26

discrete topology, 27

distance from a point to a set, 31

distance from a set to a set, 31

distance function of a connected graph, 24
distance in a graph, 24

distance sum of a point along a finite set, 66
distributive lattice, 26

distributive median algebra, 15

domain of a map, 23

down-set, 25

dual of an ordered set, 25

edge of a graph, 24

embedding of first-order structures, 23

embedding of interval spaces, 44

entailment relation of a closure oparator relative to a
set, 103

equivalence class with respect to an equivalence
relation, 23

equivalence relation on a set, 23

extremal neighborhood of a pre-extremal point, 133

extremal point, 84

extreme point, 84

field, 24
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finite pseudosubseqgence, 39

first-order structure, 23

four-point condition, 170

function, 23

fundamental theorem of ordered geometry, 11

gate, 49

gate map, 49

gated set, 49

geodesic, 24

geodesic interval, 36
geodesic interval relation, 36
geodesic interval space, 36
geodesic median closure, 161
geodesic quadrimedian closure, 162
geometric interval relation, 46
geometric interval space, 46
graph, 24

greatest element, 25

Gromov product, 65

group, 24

half-space in an interval space, 49

Hasse diagram, 25

homomorphism of first-order structures, 23
homomorphism of interval spaces, 44
horizontal-quadrimodular matrix of points, 79
hyperconvex metric space, 54

idempotent interval space, 35
idempotent operation, 24

image of a set under a map, 23
indiscrete topology, 27

injective map, 23

injective metric space, 54

interval, 34

interval convexity, 35

interval relation, 34

interval space, 34

interval space with point-interval separation, 120
interval-concatenable interval space, 61
interval-convex interval space, 55
interval-linear geometric interval space, 107
interval-spanning set, 39

isometric copy, 31

isometric map, 31

isomorphic first-order structures, 23
isomorphic graphs, 24

isomorphism of first-order structures, 23
isomorphism of interval spaces, 44

INDEX

Jordan-Holder theorem, 13
Krein-Milman theorem, 21, 170

lattice, 26

lattice interval relation, 35

lattice interval space, 35

least element, 25

left-strict ternary relation, 34

length of a walk, 24

line of a graph, 24

linear map of vector spaces, 24

local base of a topological vector space, 29
locally convex topological vector space, 29
lower bound, 25

map, 23

map onto a set, 23

maximal element, 25

median algebra, 15

median boundary, 84

median closure in a median interval space, 59
median interval space, 58

median of three points, 40

median quadrangle, 72

median semilattice, 15

median set in a median interval space, 59
median stabilization, 60

median stable set, 60

median triangle, 41

median-extremal point, 84

meet semilattice, 27

meet subsemilattice, 27

metric, 31

metric determined by a norm, 31

metric induced by a weighted tree, 65
metric space, 31

metric subspace, 31

metric superspace, 31

metrizable interval space, 121

minimal element, 25

modular distance of a point from a pair, 65
modular interval space, 56

modular lattice, 26

modular matrix, 43

neighborhood of a point, 27

node of a graph, 24

nonexpansive map of metric spaces, 53
norm on a vector space, 31

normal graphic algebra, 15



normed linear space, 31
normed vector space, 31

one-way interval space, 104

open ball, 31

open set in a topological space, 27
order, 25

order topology, 27

order tree, 27

order-preserving map, 25

ordered set, 25

partial order, 25

path, 24

Peano Property, 55

perspective interval space, 10

perspective sequences in an interval space, 10

point of a graph, 24

point-interval separation, 120

point-pair modular distance, 65

poset, 25

pospace, 29

pre-extremal point, 133

preimage of a set under a map, 23

principal down-set, 26

principal up-set, 26

product of a family of first-order structures, 23

product of a family of interval spaces, 44

product of topological spaces, 27

product space of topological spaces, 27

product topology, 27

properly horizontal-quadrimodular matrix of points,
79

properly quadrimodular matrix of points, 79

properly vertical-quadrimodular matrix of points, 79

pseudointerval space, 34

pseudosubsequence, 39

quadrimedian interval space, 149
quadrimodular interval space, 149
quadrimodular matrix of points, 79

ray-linear interval space, 108

real topological vector space, 29

reflexive on a set, 25

relative neighbor with respect to a point, 127
restriction of a map, 23

right-strict ternary relation, 34

ring, 24

sections of a ternary relation, 33
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semilattice, 27

side of a median quadrangle, 72

side of a median triangle, 41

simple graphic algebra, 15

simple ternary algebra, 15
star-quadrimodular matrix of points, 79
strict ternary relation, 34

structure, 23

submedian-metrizable interval space, 121
subquadrimedian metric space, 162
subsemilattice, 27

subspace of a metric space, 31

subspace of a topological space, 27
subspace of an interval space, 44
subspace topology, 27

substructure of a first-order structure, 23
substructure of an interval space, 44
subwalk, 24

sum metric, 53

sum of a finite family of metric spaces, 53
superspace of a metric space, 31
symmetric medium, 15

ternary distributive semi-lattice, 15
ternary space, 46

theorem of Steinitz, 22

topological interval space, 93
topological poset, 29

topological space, 27

topological vector space, 29
topology, 27

topology determined by a metric, 31
totally ordered field, 27

totally ordered set, 25

transitive relation, 25

tree, 24

triangle-convex interval space, 55

unary sections of a ternary relation, 34

underlying graph, 113

unending interval space, 10

universally extendable nonexpansive map to a metric
space, 54

up-set, 25

upper bound, 25

vector interval relation, 35
vector interval space, 35
vector space, 24

vertex of a graph, 24



178 INDEX

vertex of a median quadrangle, 72
vertex of a median triangle, 41
vertical-quadrimodular matrix of points, 79

walk, 24
weighted tree, 64



