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1 Introduction

Phylogenetic trees are diagrams with a tree structure that depict the relations of
evolutionary history between a certain set of existing species to be investigated.
Ever since Ernst Haeckel coined the term phylogeny in 1869 as ‘genesis and evolution
of a phylum’, where ‘genesis’ translates as ‘origin’ and ‘phylum’ as ‘race’, phyloge-
netic trees are a part of biologists’ attempts to classify existing species according to
their evolutionary history, see Figure 1.1 for an example. This classification is based
on shared characteristics and genes.
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Figure 1.1: Tree of life according to Ernst Haeckel, cf.[Hae].

In contrast to Figure 1.1, a phylogenetic tree nowadays always comes with a topology,



which is the tree structure as depicted, but also with positive edge weights, describing
the amount of mutations of genes between two nodes of the tree. Phylogenetics is
an active field of research because the evolutionary history of a given set of species
is often still not agreed upon by biologists. Hence, the so called species tree, which
is the phylogenetic tree depicting the actual evolution of a given set of species, is
usually unknown and is subject to study.

The Species Tree Problem

As there is no straightforward way to obtain the species tree, many methods have
been proposed that hypothesize how the species tree could look like. All of these
approaches use sets of phylogenetic trees as input in order to give a hypothesis for
the species tree, thereby trying to incorporate shared features of the given trees into
the species tree.

The phylogenetic trees that are used as data for such methods are called gene trees
and are obtained as follows: Specific genes that the investigated species share are
tagged with a biological marker. To this end one uses gene sequences that are em-
pirically known to be good guesses of the species tree. Then the gene sequences are
aligned to be as ‘parsimonious’ as possible. There exist many different approaches
to infer trees from these aligned gene sequences, e.g., bayesian methods or bootstrap
procedures that were introduced to the field of phylogenetics by [Fel85] marking a
milestone in phylogenetic inference. The result of such a method is a phylogenetic
tree depicting the relation between the investigated species based on the information
of a single gene. These trees are called gene trees.

Applying this method, one often obtains different trees for different genes which
shows that it is not possible to directly infer the species tree from a single gene tree.
[Mad97] show a specific case where the topology, i.e., the tree structure, of the gene
tree does not coincide with the topology of the species tree and [DR06] even show
that this need not be the case for the “most likely gene tree” as well. Nevertheless,
since it is impossible to directly determine the species tree, one tries to infer as
much information from these gene trees as possible in order to develop reasonable
hypotheses for the species tree.

Having performed this acquisition of gene trees for several genes, one receives a sam-
ple set of phylogenetic gene trees. Inferring the species tree from such a set of gene
trees is what is often referred to as the species tree problem, or ‘gene tree/species tree
problem’, as in [PC97]. One of the earliest works on this field is [AI72], where Adams
develops the notion of a consensus tree that is supposed to convey the information
of the gene trees as good as possible in order to get a reasonable candidate for the
species tree. After consensus trees have been introduced, many different methods to
find the species tree have been proposed, but they are mostly educated guesses or



heuristic rules. Popular methods include the majority rule consensus tree [MMS8]]
and strict consensus methods [MMNS83] that are probably widely used due to their
simple computation rules. For an overview of consensus trees and related methods
see [Bry03]. Naturally, these heuristic methods are limited in describing the actual
species tree, which is also discussed in the literature, see for example [BDS91] and
[Nel93] as a reply. Thus, there was an urgent need for more sophisticated techniques
which have been developed since then with the hope to better infer the species tree
from a given set of gene trees.

A lot of research in the younger history involves mathematical, mostly statistical
methods to find the species tree. A large part of this mathematical research is based
on [BHVO01], since it provides the framework for a new systematic approach to phy-
logenetic tree related problems. Billera, Holmes and Vogtmann were able to define
the metric space 7,, which contains all possible phylogenetic trees for a fixed set
of existing species {1,...,n}. {1,...,n} are the leaves of the trees in 7,. In the
following we will refer to the space 7,, as tree space. T, is a metric space of ‘global
non-positive curvature’. This directly implies two important features for mathemat-
ical modeling: Firstly, it is a metric space containing all possible phylogenetic trees
on n leaves, i.e., it is a suitable model space for the species tree problem, since the
given data and the solution to the problem are contained in this space. Secondly,
there does not only exist a distance measure between any given pair 77, Ts of trees
in 7,, which is required by many algorithms, but there even exists a unique path
from X to T" whose length equals the distance d(7},T5), where d is the metric on
T.. These are necessary properties to formulate and tackle the species tree problem
in7,.

In this model setting, natural candidates for the species tree are some sort of ‘av-
erage’ or ‘centroid’ trees. The question of finding a centroid from a set of sample
trees has already been posed in [BHV01] and several possible notions of a centroid
of a sample set in a metric space with global non-positive curvature are mentioned.
Unfortunately, all given notions of center points actually require computing the
geodesic between two trees, or at least the distance of two trees. So even though
[BHVO01] show that the above-mentioned shortest path between two trees, called
geodesic exists and is unique, they were not able to propose a method how to effi-
ciently calculate the distance between two points in 7,. This shortcoming strongly
encouraged follow-up research in this direction. The computation of the distance
and the geodesics in 7, has been extensively studied in [Owe08, Owell] leading
to the milestone of a polynomial time algorithm calculating the distance and the
parametrization of the geodesic for two given trees, see [OP11].

Now, having the metric space 7T,, and the possibility to efficiently calculate geodesics
at hand one is able to use several of the concepts of centroids that [BHVO01] intro-
duced to get new hypotheses on the species tree. For example, [MOP15] translate



the algorithm of Sturm that was already mentioned by [BHVO01] into the tree space
setting and applied it to several data sets. As it turns out, though, the computa-
tion of the center points remains an open problem in practice. Sturm’s algorithm
theoretically converges to the mean but for high-dimensional and large data sets
the method was not able to converge to a pre-specified termination condition since
its calculation time was exceeded. So there is still need for improved procedures
as the existing methods are of converge slowly (Sturm’s algorithm is sublinear, see
[MOP15]) and not tractable for larger instance sizes or even yield the wrong species
tree, [MOP15].

As an attempt to make the computation of the mean more efficient, [MOP15] further
investigated the structure of 7, and developed special algorithms, e.g., gradient
descent methods that are based on interior point or penalty methods. After all
there are still practical and theoretical problems of these approaches, since analytical
properties, such as optimality criterions and differentiability, do not exist on specific
subsets of 7,,. An up-to-date review on Fréchet means in tree space is presented in
[BO17], both pointing out the strengths and weaknesses of the concept and giving
concrete numeric studies.

Another mathematical line of research that recently evolved is to find a different
model space for the phylogenetic problems. To this end, the so-called space of ultra-
metric trees, equipped with the tropical metric is investigated in [YZZ17, LMY18].
This research needs to be carried out in depth in order to evaluate which advantages
and disadvantages this model space has.

Contribution and Structure of the Thesis

As we have seen, there exists a lot of research in the field of phylogenetics includ-
ing numerous approaches on finding the species tree. Latest mathematical studies
mainly concentrate on finding new model spaces or different and faster ways to
compute the Fréchet mean to do statistics on the model spaces, but neither can the
outcome of these approaches be anticipated nor if the result of these approaches will
solve the species tree problem, at least to biologists’ satisfaction.

In this thesis we introduce a different point of view on the species tree problem by
incorporating “Location Theory”: We interpret the set of gene trees as facilities, as
usual for location problems. Facility Location problems are optimization problems
that are motivated from real-world and economic problems and are usually investi-
gated in Euclidean space. So on one hand this work extends the field of research of
Location Theory beyond its usual scope. On the other hand, we aim at exploiting
the specific local structure of 7, to receive some location problems which may be
solved within a Euclidean setting. By doing so we then can make use of known algo-
rithms and results from Location Theory in Euclidean space in order to try solving



the original location problems in tree space, thereby connecting these two fields of
research.

The thesis is structured as follows (also confer to Figure 1.2). In Chapter 2 we
introduce the phylogenetic tree space T, as defined in [BHVO01]. In Section 2.2
we give a detailed description of the geodesic distance and the parametrization of
geodesics in tree space, which are the key tools to work with location problems in
T

In Section 2.3 motivate our location theoretical point of view on the species tree
problem in more detail before we build the bridge from the species tree problem to
Location Theory in Chapter 3. We introduce three location problems in tree space
that yield different notions of ‘centroids’ of a given set of trees as hypotheses for the
species tree. We also formulate general results regarding optimal solutions for these
three problems in Subsection 3.2.1.

Chapter 4 illustrates first approaches to solve these tree space location problems by
providing reformulations and solution methods for special cases.

The central problem of the thesis is tackled in Chapter 5. The goal is to find
a median of a given set of points in tree space and we present an algorithm to
determine a median that is based on a local Euclidean improvement strategy. This
algorithm is called the Balance Point Algorithm, which is a heuristic, but for which
we prove convergence under certain assumptions in Section 5.3. As the Balance
Point Algorithm is a local improvement procedure, it is necessary to find a good
neighborhood in which the algorithm is started in order to obtain good results.
In order to find a good neighborhood, we develop bounds for specific subsets of
T, in Section 5.1 to determine auspicious subsets of 7,, where the Balance Point
Algorithm may be applied. In Section 5.2 we formulate a heuristic that determines
such auspicious subsets in a preprocessing procedure and then applies the Balance
Point Algorithm for the remaining subsets.

Finally, we illustrate how the Balance Point Algorithm works on a real data set in
Chapter 6 and discuss its results in comparison to other methods before the thesis
is summarized in Chapter 7.
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2 Construction and Properties of the
Tree Space

As mentioned in the introduction, we will refer to the space of phylogenetic trees
T, as tree space. The construction of this space is given in a meticulous way to
ensure that all subtleties of the tree space and important tools required for proofs
are introduced carefully. Note, that since this is an introduction of the tree space
almost all definitions and results are known from literature and are always indicated
with the proper citation.

2.1 Splits, Compatibility and Orthants

We start by giving a concise mathematical definition for the elements of 7T,,, the phy-
logenetic trees. In the following, let n species {1,2,...,n} be given whose evolution
is to be investigated. These species are leaves of the phylogenetic tree describing
their evolution, as they are present today and have no descendants. There is one
additional leaf in a phylogenetic tree which is the root node and is indexed by 0.
The root node models a known common ancestor of these species.

Due to the problem’s nature we are only interested in trees which do not contain
any node with degree two. If there exists a node with degree two, it can be removed
and its two incident edges may be merged into one, as this node does not convey
any information on a bifurcation or multifurcation of species. The edges of a tree
can be distinguished into edges which are incident with a leaf and edges which are
not. The latter are called interior edges. As already mentioned, phylogenetic trees
also carry information on how much mutation took place between two nodes, i.e.,
species in the tree, which is modeled by positive edge weights for all interior edges.
Now, with these properties of a phylogenetic tree in mind, we can formally define
our desired notion of trees.

Definition 2.1. [BHV01] A weighted graph T = (V, E,w) is called metric n—tree
if

o I'=(V,E) is a tree,

e {0,1,...,n} CV are the only leaves of V and 0 € V is the root node,



e does not have any node of degree two,

o satisfies w, > 0 for all interior edges e of E ,i.e., w € R'ﬂ.
In the following the elements of the tree space, the metric n— trees are usually
referred to as trees in the following. If we want to reference a tree without edge
weights, we emphasize this by speaking of the topology of the tree or explicitly write
T = (V, E), omitting w.
The next result follows immediately from the definition of interior edges and the
property of metric n—trees not having nodes of degree two.

Lemma 2.2. [BHV01] The maximal number of interior edges for metric n—trees is
n— 2.

This maximal number of edges is attained when, every non-leaf node has degree
three. Then, regarding the tree from the root, 0, being the top, to the leaves,
{1,...,n}, at the bottom, each edge from the top splits up to two different edges;
this motivates the following name.

Definition 2.3. [BHV01] A tree with n — 2 interior edges is called binary tree.

Example 2.1.1. The tree topologies for n = 4:

For n = 4 species, all possible topologies of such trees are depicted in figures 2.1 -
2.4. Figure 2.1 contains the star tree as well as four different topologies which all
describe that three species have one common ancestor, and one species has developed
separately.

The star tree

Figure 2.1: Degenerate tree topologies for trees with 4 species.



Figure 2.2 shows the cases of a degenerate tree topology where one pair of species
shares a common ancestor that developed after the split of the other two species.

Figure 2.2: Degenerate tree topologies for trees with 4 species.

Figure 2.3 shows the three binary tree topologies in which the species have developed
m pairs:

Figure 2.3: 3 of the 15 = (2-4 — 3)!! =5 -3 -1 binary tree topologies
for trees with 4 species.

Figure 2.4 shows the remaining twelve binary tree topologies where one species has
developed separately, while three of them have one common ancestor from which
another species developed separately.



&

Figure 2.4: 12 of the 15 = (2-4 —3)!! =53 -1 binary tree topologies for trees with
4 species.

This enumeration of trees is in fact exhausting, i.e., all different tree topologies for
n = 4 have been depicted up to different planar embeddings of the graphs. Handling
phylogenetic trees via tree topologies (V, E) is very cumbersome, which is the reason
for the introduction of splits of trees in the next section.
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Splits

The figures above have show that there are many different topologies for trees. Our
goal now is to describe tree topologies in an easy way, as sets of splits. Note that the
number of interior nodes (non-leaf nodes) and the number of edges may differ from
tree to tree. Thus, a representation using nodes or edges does not seem appropriate.
Instead, trees will be described using partitions of its set of leaves that are induced
by the interior edges, which are edges of the tree that are not incident to any leaf.
Partitions are induced when removing edges, which is a well-known observation from
graph theory:

A tree T = (V, E) with vertices V' and edges E gets disconnected and divided into
two trees if we remove any of its edges e € E. More precisely, when removing any
edge e € E the tree T is split into two connected components (V;(e), Ey(e)) and
(Va(e), Eq(e)) with Vi(e) U Va(e) =V and Ei(e) U {e} U Ex(e) = E.

In particular this yields a partition of the leaves {0,1,...,n} C V of the tree into
two disjoint sets A(e) = Vi(e) N {0,1,...,n} and A(e)® = Va(e) N {0,1,...,n} =
{0,1,...,n} \ A(e). It is easily observed that removing an edge e incident to a leaf
i € {0,1,...,n} of the tree results in the partition {i} and {0,1,...,n}\ {i}, and
that these partitions can be obtained for any tree T € 7T,. We can hence neglect
these trivial partitions when describing tree topologies. The other partitions are
formalized as follows:

Definition 2.4. [Owel1] A split s = (A|A°) is a partition of {0,1,...,n} into two
sets A, A® such that |A| > 2 and |A°| > 2. The set of all splits of the set {0,1,...,n}
is denoted as S.

Note that (A]A°) and (A°|A) are considered to be the same split. Due to the sym-
metry of the union AUA® = A°U A they generate the same partition of {0,1,...,n}.
We use the convention that the set which does not contain 0 is always denoted as
A, ie., 0 € A°. Even though a split is already uniquely defined by choosing A, it
will help to also write down A¢ when working with splits later on.

The most important thing about splits is that they represent interior edges of a tree
without the need of interior nodes to define them. That makes it more convenient
to represent trees and also to compare how similar trees are by just checking which
common splits they possess.

Example 2.1.2. Figure 2.5 illustrates how splits arise when removing an interior
edge. It is important to note that this justifies to use the words interior edge or split
interchangeably, since there is a one-to-one correspondence between these motions.
This fact is stressed again in Lemma 2.7

As shown in the example, one receives splits by removing interior edges e of a tree.
Doing this for all interior edges of the tree one receives a set of splits that, as we

11



leaf sets: {1,3},{0,2,4,5}
leaf set: {0,1,2,3,4,5} split: s = ({1,3}/{0,2,4,5})

leaf sets: {1,2,3},{0,4,5}
leaf set: {0,1,2,3,4,5} split: so = ({1,2,3}]{0,4,5})

Figure 2.5: An interior edge of a metric n—tree induces a split on {0,1,...,n}.

will see later, already completely defines the topology (V, E) of a tree (V, E,w).
The notion of topology is frequently used in the same sense as ‘the combinatorial
structure of the tree’ in the literature (see, e.g., [OP11]). Our definition here is a
little more specific.

Definition 2.5. For a tree T its induced set of splits, the topology of T, is defined
as

Split(T) := {(A(e)|A(e)°) : e is an interior edge of T} C S.

As mentioned earlier we use splits as they offer a convenient and consistent way to
describe the topology of a tree by a set of splits. Nonetheless, not all sets of splits
S C S yield a tree topology since some pairs of partitions can not be present in the
same tree:

Example 2.1.3. Assume n =4 and consider two splits on {0,1,2,3,4},
s1 = ({1,2}1{0,3,4}) and sy = ({1,3}{0,2,4}).

12



There cannot exist a tree whose interior edges yield both of these splits as there
cannot be two edges in the same tree stating that {1,2} are direct neighbors and
that {1,3} are direct neighbors. More precisely, {1,2} induces a subtree, where 1 is
contained in the subtree {1,2} which does not contain 3. {1,3}, however induces the
subtree {1,3} which does not contain 2, which is a contradiction.

The concept of compatibility describes whether two splits may be contained in the
same tree and even more, if a set of splits yields a tree topology:

Definition 2.6. [BHV01] Two splits (A|A°) and (B|B¢) are compatible if A C B
or AC B, BC A or B C A. A set of splits S C S 1is called compatible if every
pair s;, s; € S 1s compatible.

The definition of splits and compatibilities allows for the following nice representa-
tion of tree topologies, which implies the one-to-one correspondence between splits
and interior edges that we mentioned in Example 2.1.2.

Lemma 2.7 ([BHVO01],[Vog07]). There ezists a metric n—tree T" with topology S =
Split(T") if and only if all pairs of splits {s1,se} C S are compatible.

As an example for this, the unweighted tree T' = (V, E) or tree topology depicted
in Figure 2.5 has two interior edges which result in the two splits ({1,3}|{0,2,4})
and ({1,2,3}]{0,4}). These, in turn, uniquely define the tree topology of T
Lemma 2.7 in particular implies that two splits are compatible if and only if they
can exist in the same tree.

Moreover, it justifies why we called the set of splits the topology of a tree in Defini-
tion 2.5 and why this fits the terminology chosen in Definition 2.1: The topology of
a tree (in the sense of Definition 2.1) T'= (V, E, w) is uniquely characterized by its
set of splits Split(7").

An immediate consequence of the one-to-one correspondance and Lemma 2.2 is the
following corollary.

Corollary 2.8. The mazimal number of compatible splits is n — 2.

Embedding into RY

Now that we have defined splits and compatibilities, we can make use of the repre-
sentation of trees by split sets to embed the trees into a Euclidean space. To this
end, we construct vectors of the length of all splits; easy combinatorics show that
there are N := |S| = 2" —n — 2 splits on {0,...,n}. As the non-negative orthant
of R, RY | is defined inconsistently throughout literature, we specify

RY={zeRY:2,>0Vi=1,...,N}.

13



Definition 2.9. Let the splits in S be given in a fized order according to their
indices, say, S = {s1,...,sn}. Then we can describe every metric n—tree T by a
vector t € Rﬂf by defining

L= { we >0 if s, = (Ale)|(A(e)?) € Split(T") (2.1)

0 if s; ¢ Split(T),

fori=1,...,N.
Let T, denote the set of all metric n-trees. Then the mapping

x:T,—RY  x(T)=t,
with t defined as above is called (canonical) embedding of T,,.

Note that the term ‘embedding’ implicitly requires injectiveness of the mapping.
That x is injective is easy to see: When x(77) = t = x(T3), then it follows that
Ty and T; have the same set of splits, the ones that correspond to the non-zero
components of t. Moreover, they have the same weights t; for these splits, so 17 = T5.
We illustrate the embedding of 7, into RY using metric 4—trees.

Example 2.1.4. Forn = 4 the N = 2" —n — 2 = 2* — 6 = 10 possible splits on
{0,1,2,3,4} are

{1,2}{0, 3,4}
S3 {1,4}{0,2,3} s

:( ) {173}|{072’4}
= ( )
ss = ({2,4}/{0,1,3}) s
= ( )
= ( )

= ( )
= ({2,3}{0,1,4})
= ({3,4}{0,1,2})
= ( )
= ( )

S1 52

W~

o

S7

{1,2,3}|{0,4}
{1,3,4}{0,2}

{1,2,4}|{0, 3}
{2,3,4}|{0, 1}

58

Sg 510

Figure 2.6: Four trees of 7j.

14



The four metric 4—trees depicted in Figure 2.6 are hence given as

3.9 2.8 0 0
0 0 0 0
0 0 0 0
0 0 0 0
X o | ., 0o | . o | . | o
E=1as "= o P25 "= o
0 2 0 0
0 0 0 0
0 0 0 0
0 0 0 0

The tree T* corresponding to t* = 0 € R is called the star tree and is depicted
on the rightmost in Figure 2.6. Note that not every vector in Rﬂro has a pre-image.
Consider for example t5 = (23000000 00)". This would translate to the split s
having a weight of 2 and sy having a weight of 3. But s; and so are incompatible,
so there exists no tree that can contain both of these splits. This implies that there
s no pre-image for ts.

With this embedding, each metric n—tree T yields a vector ¢ € RY, but, as explained
in the example, not every x € ]RJI represents a metric n—tree, since the embedding
is not surjective. We now describe which = € Rﬂ\r/ are representatives of trees metric
n-trees, which follows directly from Lemma 2.7 and the definition of the embedding.
Recall, that it is crucial to first choose a fixed order of the splits in S and then to
embed all trees into Rf with respect to to this order.

Theorem 2.10. Let x € RY. Then x represents a tree if and only if all s;,s; € S
with x; # 0 and x; # 0 are compatible splits.

After having introduced the concept of splits and defined the embedding we will now
incorporate two possibilities to uniquely identify trees T'= (V, E, w), without using
the (V, E, w) notation. The first is to specify a tuple T = ((s1, ..., sx), (w1, ..., wg))
of a vector of splits (sy, ..., sg) that yields a compatible set of splits {s1,...,sx} C S
and the corresponding positive edge weights w; for s;, i = 1, ..., k, that are induced
by the translation of an interior edge to a split. The second possibility is to identify
a tree T' € 7T, via the embedding, i.e., by its corresponding vector ¢t € Rf , such that
X't =T.

Since we have these two possibilities we will always reference trees T' € 7, with a
capital letter and they consist of a tuple of splits and lengths , whereas the respective
lower-case letter ¢ denotes the embedding of T into RY.
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2.2 The Geodesic Distance

In the previous section we have introduced convenient ways of referencing trees and
have seen that compatible pairs of splits yield tree topologies. Having all possible
sets S of compatible splits we thus get all tree topologies. Considering all possible
weight vectors for these compatible split sets we are able to construct all metric n-
trees. The tree space 7T, is the collection of all these trees. Next, we define a metric
on the set of 7, to make it a metric space.

This is achieved in two steps: First, we define a distance between two trees that are
contained in a common maximal orthant, a specific region of the tree space that we
define in Defintion 2.11. After we know how to measure distance in single orthants
we extend the distance to the whole space by investigating how one traverses from
one orthant into another.

We start by introducing orthants. The notion of orthants has already been men-
tioned in [BHVO01]; here we define it in a slightly different manner, as regions of the
tree space instead of Euclidean orthants.

Definition 2.11. Let S C S be a set of compatible splits in T,. Then
O(S):={T € T, : Split(T) C S}

is called the orthant of S. Moreover, for T € T, let O(T) = O(Split(T)).
In case that S is a set of pairwise compatible splits with maximum cardinality of
n — 2, we call O(S) a maximal orthant.

By definition O(S7) € O(S2) holds for Sy C Sy, so any set of splits S with |S| < n—2
is contained in some maximal orthant S, i.e., S C 5, |S’| = n — 2. Also note, that
a tree T whose set of splits Split(7") is not maximal belongs to several maximal
orthants, which is illustrated in Figure 2.7. The most extreme example for this is
the star tree 0 € 7,. Since Split(0) = (), the star tree is contained in every orthant
of T, since Split(0) =0 C S for all S C S.

Before defining the distance in single orthants we refer to a very important result.
The number of orthants of 7,, is exponential n:

Theorem 2.12 ([BHVO01]). There exist (2n—3)!! = (2n—3)-(2n—>5)-...-3 mazimal
orthants in 7T,,.

With the definition of orthants we now define the distance between trees that are
contained in a common orthant. To this end, let @ = O(S) be an orthant that
contains T and X, i.e., Split(7") C S and Split(X) C S. [BHVO01] define the distance
for two such trees to be the Euclidean norm of their weight vectors. Now using the
embedding into Rﬂf ,l.e,using t,x € ]Rf instead of T', X respectively, their distance
is given by

d(X,T) = ||t — x|z
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Figure 2.7: A degenerate tree topology with splits S = {s1,$2} (top) and the three
tree topologies with maximal split sets Sy, S5, S3 that contain S.

Note, that all components of ¢t and z that do not correspond to splits in Split(7") C O
or Split(X) C O are 0 by definition of the embedding y, Definition 2.9.

Before we continue to define the distance in 7,, for two trees who are not contained
in a common orthant, we want to emphasize the local Euclidean structure, that is
implied by the definition of distance for two trees in an orthant.

Since d(T, X) = ||t — z||2 for two trees T, X that are in the same orthant, a single
maximal orthant with n —2 splits is isometric to the non-negative Euclidean orthant
Rifz:

Definition 2.13. Let a maximal orthant O = O(S) C T, with S = {si,...,Si,_,}
be given. Then the embedding 1o of orthant O into R""? is given by the map onto
the length vectors, i.e., for a tree T = ((Siyy -+, Si,_y)s (W1, ..., wy_2)) € O, define

wq

and for non-binary trees T = ((sj,,...,5j,), (w1,...,wy)) € O(S), i.e., whenl < n—2
and Split(T) = {s;,,...,s;,} € S, define Yo(T) coordinate-wise,

(WQ(T))m: {wl i 8 = Sim form=1,...n—2.

0 else
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Recall that we have also defined an embedding x of 7, into RY in Definition 2.9.
The orthant embedding 1(O) is simply the projection of x(7T") to the components
of Rﬁ that correspond to splits in O.

Now, that we have defined the distance between trees that are contained in a common
orthant and understood the local Euclidean structure of the orthants, the second
step is to connect the orthants and measure distance for trees that are not contained
in a common orthant via paths through several connected orthants.

Assume now that 7" and X are not both contained in some orthant . This implies,
that there exists some split s; in Split(X) that is incompatible with a split sy in
Split(7T"), as we could otherwise take the compatible split set S := Split(7T")USplit(X)
and T, X € O(S) would show that T and X are contained in a common orthant.
Here, it does not make sense to define the distance by the Euclidean norm of the
embedded vectors ||t — x||2: For each point y = (1 — XNz + At, A € (0,1) on the
Euclidean shortest path, i.e., the line segment connecting ¢ and = in Rf , we would
have that y; > 0 whenever one of x; and ¢; is greater than 0 for some i € {1,..., N}.
Hence the coordinates corresponding to the incompatible splits s; and s, are both
positive for y and Theorem 2.10 implies that y € Rf is not a representative of a
tree, i.e., y & x(7,). This is easier to understand when looking at the example for
the embedding of 73 into R? in Example 2.2.1.

Example 2.2.1. Consider T3. A maximal split set in T3 hasn —2 =3—-2 =1
splits and there exist N = 23 — 3 — 2 = 3 splits in T3, compare p. 13. We take two
trees with a different topology:

= (({2,3}{0,1}), (2))  T> = (({1,3}[{0,2}),(1))

Figure 2.8 depicts the embedding of T3 into R3, which is exactly the non-negative azes
that are drawn as solid lines. The Euclidean shortest path between Ty and Ty is the
dotted line. Clearly, the line is not contained in x(7T3), so it yields a distance between
the trees, but not a corresponding path through tree space. In general, the Euclidean
distance of the embedded vectors is the extrinsic distance when used for the subset of
trees, as it is the distance that is derived from the ambient space Rﬂ\r] , i.e., the space
into which T, is embedded. This distance does not have any desirable properties for
the space of trees, which is why the distance needs to be defined differently.

What we actually want is a shortest path P from X to T in the tree space, i.e.,
P C 7, that traverses several orthants to connect X and 7'. To find such a path we
need to be able to transform one tree topology into a different tree topology. This
is done as follows: By definition, two trees T3, T with split sets Split(7}), Split(75)
are in the orthant O(S), when Split(77) USplit(73) = S is a compatible set of splits.
That means that we can search for a path from X to T' by removing some splits of
X to get some tree 7", such that Split(7”) C Split(X) and then add some splits of
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({1,3}{0,2})

777777777 SR ({2,3}/{0.1})

({1,2}{0,3})

Figure 2.8: Embedding of 73 into R? and a Euclidean shortest path in R? connecting
two trees of Ts.

T to T" and repeat this procedure until we are only left with splits of X, hence the
topology of X. Thereby, it is important to remove and add splits in such a way that
two successive trees on the way from X to 7T are contained in a common orthant
and we can thus use the Euclidean distance for these pairs of trees. In this way, we
have connected X and T by a path through tree space.

Now that we have sketched the idea, we formalize the length of paths between two
trees, as it has already been described in [BHVO01].

Definition 2.14. Let (11,15, ..., T}) be a sequence of trees in T, such that for each
i1=1,...,k—1 there exists an orthant O; with T;,T; 1 € O;. Then define the path
P =(Ty,...,Ty) C Ty to be the path that contains all trees T; and for each T;, T;. 1,
i=1,...,k—1 1t contains all trees x ' (\t; + (1 — N)t;41) for X € (0,1).
P=(T,T,,...,T}) is called a path from Ty to T} and its length is defined as

k—1
LTy, Ty, ... Ti) ==Y It — til].
=1

It is crucial to understand that for each ¢ =1,...,k—1, T; and T;,, are contained in
a common orthant O; and the distance there is defined as the Euclidean distance of
their weight vectors. Note that then yy = At; + (1 — A)t;11 € RY always represents
a tree, i.e. yx € x(7,). This holds, as only splits that are in the common orthant
O; may have non-zero components in the embedding. More precisely, y, € x(0;) C
X(75). As the measure in an orthant is the Euclidean distance, it follows that the
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shortest path between their weight vectors is just the straight line which is mapped
back to 7, by x .

We illustrate the concept of orthants and paths in 7;. First, we state all maximal
orthants and then we show an example of a path and a geodesic.

Example 2.2.2. In T, it can be easily checked that no more than two splits can be
pairwise compatible. The maximal orthants in T4 hence all contain two compatible
splits. There exist 15 maximal orthants, namely

Or = {({1,2}{0,3,4}), ({3,4}{0,1,2})} = {s1, 56}
Oy = {({1,3}/{0,2,4}), ({2,4}{0,1,3})} = {s2, 55}
Os = {({1,4}{0,2,3}), ({2,3}{0, 1, 4})} = {s3, 54}
O, = {({1,2}{0,3,4}), ({1,2,3}{0,4})} = {s1, 57}
Os = {({1,2}]{0,3,4}), ({1,2,4}{0,3})} = {s1, 58}
Os = {({1,3}[{0,2,4}), ({1,2,3}[{0,4})} = {s2, 57}
O7 = {({1,3}{0,2,4}), ({1,3,4}{0,2})} = {s2, 50}
08 = {<{1’4}|{O?273})7({172’4”{073})}:{33:58}
Oy = {({1,4}{0,2,3}), ({1,3,4}{0,2})} = {s3, 50}
O = {({2,3}{0,1,4}), ({1,2,3}{0,4})} = {su, 57}
On = {({2,3}{0,1,4}), ({2,3,4}{0,1})} = {s4, 510}
O = {({2,4}{0,1,3}), ({1,2,4}{0,3})} = {ss, 55}
O3 = {({2,4}/{0,1,3}), ({2,3,4} {0, 1})} = {85, 510}
Ou = {({3,4}{0,1,2}), ({1,3,4} {0, 2})} = {56, 59}
015 = {({3,4}{0,1,2}), ({2,3,4} {0, 1})} = {s6, 510}

The structure of Ty can be represented by a graph G = (S,0) whose node set S
contains the ten splits {s1,...,s10} of Tx and whose edges connect two splits (s;, s;)
if and only if s; and s; are compatible. Consequently, the edges belong to the mazimal
sets of compatible splits in Ty and which are the orthants of Ty, see Figure 2.9. Note,
that this compatibility graph actually is the Petersen graph.

Now consider the trees X = ({s2,80},(2,2)) and T = ({s1,s6},(1,4)). Then Fig-
ure 2.10 depicts two different paths from X to T':

P =(X,T,,15,T) P,=(XT1,T)

Then, calculating the Fuclidean distance between all pairs of trees on the path, we
recelve

L(Py) = ||t — talla + [[t2 — t3]l2 + [|t3 — 2|2
=2+ (2124 V2 4+ 12+ /(4 -2)2+ 12 m 6.71,
L(P) = |t —tilla + [t — 2|2 = [|tl|2 + [|z]|2 = V8 + V17 ~ 6.83.
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Figure 2.9: Compatibility Graph for 7;. The three colored orthants are used for the
example for the paths below.

S92

/ :
S1 Tl /T S9
/ 2
/ T3
O, Té O14

56

Or

Figure 2.10: Example for two paths from X to 7T in a diagram of a part of 7;. The
shortest path connecting X and 7' is the solid path.

In Definition 2.15, the distance between two trees X and T is now simply defined
as the length of the geodesic, i.e., a path in tree space from X to T with minimal
length. Before that, we provide a little bit of background knowledge about the term
geodesic in mathematics and how it relates to tree space.

The notion of geodesics originates from differential geometry and is used to gener-
alize the notion of straight lines to curved spaces and is, e.g., used for Riemannian
manifolds. Geodesics have later been generalized to metric spaces, thereby introduc-
ing the notion of a geodesic metric space. As a matter of fact Theorem 2.16 will show
that 7, is a geodesic metric space, which is why this shortest path is called geodesic.
Moreover, as geodesics were introduced as a generalization of straight lines it is in-
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teresting to note that the geodesics here are basically concatenations of straight lines
in single orthants and that the tree space actually has global non-positive curvature

(see [BHVO1]).

Definition 2.15. [BHV01] Let T, X € T,. The geodesic distance between X and T
15 given by

d(X,T)=inf{L(Ty,...,Ty) : (T3, ..., T}) is a path from X to T in T,}.

A path P = (T, ..., Ty) from X to T, X = Ty,T = Ty that attains this minimal
distance, i.e., L(P) = d(T, X) is called geodesic.

Plugging in the length of a path from Definition 2.14 we get

k
d(X,T) = inf {Z ltiv1 — till2 : (11, ...,T}) is a path from X to T in 7;} .

=1

Naturally, every path from X to T yields an upper bound on the geodesic distance.
A special path that connects any two trees in 7, is the path through the star tree
0 € 7, and it is called cone path. Formally, the cone path for X, T € T, is (X,0,7T)
and its length is ||t]|2 + ||%]|2-

Due to the triangle inequality of || - || that we may apply in every orthant O, we
can replace a sequence

(le"'ﬂ7ﬂ+1a"'71—‘]'7"'7,1—2)
of trees where T;,T;11,...,T; are contained in the same orthant O by
(TIJ"’7E77}7"‘JE>

and will thereby not increase the length of the path.

By the definition of geodesics it is not obvious that the infimum is always attained.
The existence of a unique geodesic that attains this infimum connecting any pair of
trees in 7, has been shown in [BHVO01] by applying a result of [Gro87] concerning
metric spaces of global non-positive curvature, also called CAT(0) spaces. As we do
not need curvature in the following, but only need it to get existence and uniqueness
of geodesics we refer the interested reader to the appendix, Chapter 7.

Theorem 2.16 ([BHVO01]). 7, is a CAT(0) space. In particular, the geodesic dis-
tance d is a metric on T,,.

For CAT(0) spaces, existence and uniqueness of geodesics are guaranteed:
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Theorem 2.17 ([BHVO1]). Let T, X € T,. There exists a unique geodesic I'(X,T)
from X toT.

As a final note concerning curvature we remark that a Hadamard space is defined
as a complete CAT(0) space. Since 7, is complete, this makes it a Hadamard space,
as mentioned in Chapter 7, or compare [Bacl4b] for more details on the subject.
The fact that 7, is a Hadamard space will be of use later.

2.2.1 Support and Parametrization of a Geodesic

Now that the existence and uniqueness has been established, we want to actually
find the geodesic between X and 7', which we denote with I'( X, T).

The key to finding and parametrizing the geodesic from a tree X to a tree T is the
concept of the support sequence or the support of a geodesic, that describes in which
order edges of the tree X are removed and edges of T" are added. With this concept
it is possible to apply combinatorial methods to find the geodesic.

[BHVO01] prove that splits that are contained in both X and 7T are contained in
every tree along the geodesic. Hence, we do not need to consider these splits when
searching for the topologies of trees along the geodesic. The same result holds for
splits that are contained in one tree and are compatible with all splits of the other
tree. These two types of splits are merged in the following definition.

Definition 2.18. Given two trees T, X € T,. A split s is called double compatible
if s is compatible with all splits in Split(X) as well as with all splits in Split(T).
Let C = C(T, X) denote the set of double compatible splits for two trees.

Next we define a partition of the split sets that describes in which order we remove
splits from X and add splits from 7" on the path from X to T

Definition 2.19. [OP11] With the notation introduced above, a support sequence
from X € T, toT € T, is a pair (A,B) = ((Ay,...,A%), (B1,...,By)) with A; C
Split(X), B; C Split(T") such that

AyU...UA =Split(X)\ C
ByU...UB =Split(T)\ C

1S a partition, i.e., a disjoint union.

In order to define the support of a geodesic we introduce the following notation. Let
T = ((s1,---,81), (wy,...,w;)) € T,. Then for a subset A C Split(7") define

1Al = > ws,.
$;EA
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Moreover, we also write w!, wX to indicate the weight of splits s in tree T or tree
X respectively for a split s € Split(7") N Split(X).

Definition 2.20. [OP11] Let T, X € T, and let A= (A, ..., Ag),B= (By,..., By)
be a support sequence from X to T. Then (A, B) is called a support of the geodesic
from X to T if it satisfies the following three properties:

(P1) For each i > j, A; and B; are compatible sets of splits.

(P2)
4 A
1B Bl

(P3) Fori=1,...,k there is no non-trivial partition (Cy,Cs) of A; and (Dy, Do)

of B; such that Cs is compatible with Dy and Hgll"" < ”gzll‘l'

In the following we describe what the three properties (P1), (P2) and (P3) actually
mean.

From the definition of the geodesic distance it can be seen that the geodesic consists
of “straight lines”, also called legs, one for each orthant that it traverses. This
follows from its property of being the shortest path connecting two trees together
with the definition of distance in the orthants, being the Euclidean distance.

Now, knowing that the geodesic is, roughly speaking, a piecewise Euclidean path
that may only bend when traversing a boundary of an orthant, we can use this
knowledge to interpret (P1),(P2) and (P3), where we stick to the notation of
Definition 2.20.

A support sequence as in Definition 2.19 generally defines a sequence of orthants
that a path traverses through. In case of the geodesic from X to T', the first orthant
on the geodesic is the orthant of X, O(X), so the trees on the straight line, the
leg, in this orthant have the splits Split(X). To get to the orthant of 7" we have
to remove the splits of X \ C and add splits of T'; that is the general idea of the
partitions of Split(X)\ C into Ay, ..., Ax and Split(T)\ C into By, ..., By. We want
to successively delete splits of X, starting with A, then A5 and so on and add splits
of T starting at B, then By and so forth.

(P1) ensures that this procedure of removing and adding splits actually yields an
orthant of 7, i.e., that By U...U B; U A;;1 U...U A is a compatible set of splits.
Now, while (P1) cares about “feasibility”, (P2) and (P3) together ensure that the
split weights along the path through these orthants are chosen optimally.

Theorem 2.21. [OP11] Let T, X € T, (A, B) be the support for the geodesic from
X to T and C be the set of double compatible splits. Define the path P(A,B) =
{v(A) : X € [0,1]} via a parametrization v : [0,1] — T, that consists of several
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legs P, which are different sections of the path that are straight lines in different
orthants:

DY Al _
100+ 5 < e (=0
_ DAl X Al _
Pr=q |7 g, < 155 < ||Bzﬁ||z] =1...,k-1
. Al A _
YN BT S 1 L=k
. A A
The trees v(\) on each leg P, i.e., for A € |:HAZ||||2':‘||||QBZH2’ ||Al+|1|||2li|1|HB21+1||2) have the set
of splits Split(y(\)) = ByU...UB U A1 U...U A, UC with lengths
A=M A ll2=AllB5]l X
. |i4;H2)\ A] 2. wg, S € A]:
w, () = { Aol ENALe 1 e gy
(1= NwX + 2wl seC.

The path P(A,B) is then the geodesic from X to T, i.e., P(A,B) = I'(T, X) with
parametrization v : [0,1] — T, and the length of the path is

k

d(T,X) = | D _(1Adle + [[Bill2)? + ) (w] — wX)2.

=1 seC

Theorem 2.17 has already established that there always exists a unique geodesic be-
tween two trees T, X € T,, but Theorem 2.21 gives us a parametrization of this path.
Despite the uniqueness of the geodesic and the dependence of the parametrization
on the support, the support of a geodesic need not be unique. At first glance this
seems to be a contradiction, but the following example illustrates, that, if a geodesic
has more than one support they all yield the same parametrization.

Example 2.2.3. Consider the following four splits for n = 4:
S1 = ({17 2}|{07 3, 4})7 S2 = ({17 2, 3}|{07 4})7
s3 = ({1,3}[{0,2,4}), sa = ({1,3,4}{0,2})

Now, let T' = ((s1, 52), (2,2)) and X = ((s3,54), (1.5,1.5)). The situation is depicted
in Figure 2.11, where the geodesic from X to T, T'(X,T), is indicated as the solid
black line. In O(X), all geodesics I'(Y,T) with Y on the upper side of the line
emanating from T through the origin (the blue region) have support

(A7 B) = <<{S37 54})7 ({517 82)}>7

whereas for all trees Y below this line (the red region) the support for T(Y,T) is

(‘Alv Bl) = ((A/b A/2>7 (Bia Bé)) = (({54}7 {53})7 ({52}7 {51}>>
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52

s3

Figure 2.11: The geodesic from X to T does not have a unique support.

For X or any other tree on the ray from 0 through X, both supports satisfy (P1),
(P2) and (P3) and yield the same parametrization. We first show that (P1), (P2)
and (P3) hold for both supports:

We start with (A, B): For the ‘trivial’ support, (P1) and (P2) are satisfied au-
tomatically as there is only one pair Ay, By. For (P38) we need to check if there
exists a partition Cy,Cy, D1, Dy for Ay = {s3,84} and By = {s1,$2} such that Cs
and Dy are compatible and the ratio requirement holds. The only possibility to par-
tition them such that Cy and Dy are compatible is to set Cy = {s4},Co = {s3} and
Dy = {so}, Dy = {s1}. Then the ratio is

[Cill: _ 15 2 [[Dals
[Calz 1.5 2 ||Dafl2”

so (A, B) satisfies (P38) as well and is a support for T'(X,T).

Now, for (A',B'") (P1) holds because B} = {sa} is compatible with A, = {s3}. We

calculate the ratio sequence

=

lo 1515 4

1Bill: 2 2 [IBs]
and conclude that (P2) holds as well. (P8&) holds trivially because there is no
non-trivial partition of the sets A;, B] because they only have one element each.
Note, that (P3) holds with equality for the trivial support (A,B) and that for the
other support (A, B"), (P2) only holds with equality; this is the origin of the non-
uniqueness.
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As we have seen, supports need not be unique. However, a support of a geodesic yields
a parametrization for the geodesic and geodesics in the tree space are unique. This
implies that the parametrizations that we get from these supports have to coincide
and in the following we explain why this has to hold.

For support (A',B") the geodesic yields three legs through the orthants

O(X),0({s2,s3}),O(T).

However, there exists no A € [0, 1] such that a tree is contained in leg Py, since A
would have to satisfy
1Al _ A _ [[45]]s

=1<-"-<1= .
1Bl 1—A B3]

So the only two legs containing trees are the ones in O(X) and O(T), just as for the
trivial support. However, it remains to show that the lengths of the splits coincide.
We start with the first leg in O(X). The lengths of the splits in A} U A% are given
by
(L=l = AlIBjll2 18512
cwX = (1= NwX — A "wX
14512 14512
for j =1,2. We have seen that the sets Ay, By can be partitioned into A}, Ay, B, B)
Al Al .
such that HBi”z = HBZ”z holds. Then, using || A1]|3 = [|AL]12 + || 4413 and || By1])3 =
IB11I3 + 1B3]I5 we get
[AE _ 114503
1B1l5  I1B3l3
& (A2 + 14302) - 118112 = (IB1112 + [1B2113) - [l 4112
13113 A3 A3 AL

& A3 - 1B1llz = 14505 - 1 B33

B+ 11B3013)  (NALE +11A4503)  [1BlI3 B3
With this it follows that for all X it holds that

EAE 1Bl
1= MNw) = A2 w) = (1= Nw) — A———wy
S 7 P PR A

for j =1,2 and thus also

(L= Ml = ABjll2 - v (L= Aifla = Al Bill2 - x
[ A5 l2 ’ [Axll2 ’

for j = 1,2. The same calculation can be done for all s € B} U B = By and one
gets

MBjlla = (T =MIA5l2 7 MNBilla— @ =N[4l
/ "Wy = * Wy
B2 | B1lla
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for j =1,2. Thus for a fixzed X € [0,1] the lengths of all splits are the same for the
two parametrizations.

This sketches the reason that the choice of the support (in case of non-uniqueness)
does not influence the parametrization: as the ratios in (P2) and (P3) hold with
equality we have that the scalars for wX w! are the same and the additional legs

given by one of the supports are actually empty.

At this point we mention an important aspect concerning the definition of the
geodesic and its parametrization. We have introduced the geodesic in a similar
fashion as in [OP11], who introduced the notions of supports and developed the
polynomial time algorithm to calculate the geodesic and the parametrization above.
Here, the geodesic is defined as the unique shortest path between two trees, i.e., the
path that attains the infimum in Definition 2.15. In literature about geodesic met-

ric spaces, however, a geodesic on a CAT(0) space (X, d) is usually defined as a
parametrized curve 7 : [0, 1] — X that has the constant speed property, i.e., satisfies

d(F(N), (X)) = [N = M- d(5(0),7(1)) VAN €[0,1]. (2.2)

This in particular implies that the length of the geodesic equals the distance of its
start and end point v(0), (1), but in comparison to the definition in [OP11], (2.2)
holds for the parametrization.

As the tree space is a CAT(0) space, it is clear that a parametrization satisfying
(2.2) exists. Moreover, since geodesics in CAT(0) spaces are unique it is also clear
that the parametrization of the geodesic in Theorem 2.21 in fact yields the correct
path. Nevertheless, it does not hold that any parametrization for the path of the
geodesic also satisfies (2.2)! In our opinion it is not immediately clear from the
definition that the parametrization from Theorem 2.21 satisfies the constant speed
property (2.2). Even though some papers implicitly use that the parametrization
satisfies this property, and we assume that the authors were aware that this property
holds, we have not found a proof for it and hence present it in the following.
Before we are able to prove the statement we prove several basic facts about the
geodesic and its parametrization from [Owell], that are known, but for which we
could not find a proof as well.

C_ o (Al L 4
Theorem 2.22. Fori=1,...,k define \; = HAZ-H2+||391~\‘2 and T; = v(\;). As usual,

let t; = x(T;) be the embedded vectors fori=1,... k.
(F1) Split(T;) = ByU...UB; 1 UA; 1 U...UA,UC.
(F2) d(X,T) = ||z = tall> + 257 i — talla + 1 = tello.

(F3) d(X,T) = d(X,Z) +d(Z,T) & Z € T(X,T)
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(F4) If Y1 # Yy € (X, T) then T'(Y1,Ys) C T'(X, T).

Proof. (F1): Note that \; = ||A-\|\|;4Jil|‘|39-||2 & 1:\1/\ = HE’HE Then it holds, by definition
of the parametrization, that T; = v()\;) € P; and Split(7;) = By U...UB; U A1 U
...UA,UC. Now we take s € B; and calculate the split length for the parameter

Ai. As the denumerator

| Al
[ Asll2 + (| Bill2

— || Aill2 = 0,

| Asll2
| Aill2 + [| Bill2

Ail| Bill2 — (1 = Xo)[[Adll2 =

_ A2 ([ Asll2 + 11 Bil2)
[Aill2 + (| Bil2

|| Bill2 + Al — 1| Adll2

the split length of all splits in B; are zero. This means, when being precise, s € B;.
Thus, the split set of Split(7;) is By U ... U B;_1 U A;41 U A U C, as the other
denumerators are non-zero.

(F2): Follows from (F1). The T; are by construction of the parametrization, exactly
the points of the geodesic from X to T that are contained in the intersection of
two legs, i.e., are contained in the intersection of two orthants. The length of the
legs is given by the Euclidean norms of the endpoints of the legs, i.e., ||t;11 — |2,
by definition of the geodesic distance for two trees in a common orthant. Then
d(X,T) = S0, |Itis1 — ti]|2 follows, as the length of the geodesic equals the sum of
the lengths of its legs, compare Definition 2.15.

(F3): “«<”: If Z is one of the T}, then it follows directly from (F2). Otherwise, Z
is on the leg between some T; and T;,, and as the geodesic is locally the Fuclidean
line segment, z = (1 — A\)t; + M1 Then ||t — till2 = [t — 2ll2 + ||z — il|2-
“=". 1t Z ¢ T'(X,T), then the concatenation of the geodesics I'(X, Z) and I'(Z, T)
would yield an alternative path from X to T than I'(X,T) with the same length,
contradicting the uniqueness of geodesics.

(F4): We first show that d(X,T) = d(X,Y1) + d(Y1,Y2) + d(Y3,T) holds. Note,
that when Y} # Y, € I'(X, T'), then d(X,Y7) # d(X,Y2), as we would otherwise get
two geodesics from X to Y; and X to Y5 of the same length, and this would either
contradict the uniqueness of the geodesic from X to T or imply that one of the
Y; ¢ I'(X,T). Hence we may assume w.l.o.g. that d(X,Y]) < d(X,Ys). In the proof
of (F3) we have shown that, when Z € I'(X,T), then I'(X, T) is the concatenation
of I'(X, Z) and I'(Z, T'), which we informally write as I'( X, T) = I'(X, Z) + I'(Z, T)
for the sake of brevity. Since V) € I'(X,T) we get I'(X,T) = I'(X, Y1) + ['(Y1, 7).
Now, because d(X,Y3) > d(X, Y1), Yo € I'(X, Y1), thus Y> € I'(Y3,T). Applying the
statement for Yy we get T'(Y;,T) = I'(Y1,Y2) + ['(Y2, T). This concludes the proof,
as I'(Y1,Ys) cT'(Y1,T) C (X, T). O

With these properties at hand we are able to prove that the constant speed property
holds for the parametrization from Theorem 2.21.
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Theorem 2.23. Let T, X € T, and v : [0,1] — T, the parametrization of the
geodesic from X to T as in Theorem 2.21. Then ~y satisfies (2.2).

Proof. We start by proving the theorem for specific values of \, N € (0,1) and
gradually generalize the values of A\, \.

First of all, let (A,B) = ((A4,...,Ax), (Bi,...,Bx)) be a support for the geodesic
from X to T with the set C of double compatible splits. Define the parameters for
the ’bending points’,

LA

" Al + 1 Bille”

as well as T; := y(\;) for ¢ = 1,..., k. Moreover, set \y = 0,7y = X and M\ =
1, Tys1 = T. Then (F2) from Theorem 2.22 implies that d(X, T) = S ||t —ti_1)..
We start by proving that for : =0,...,k — 1 it holds that

d(y(Aiti), 7(A) = [Aig1 — Nild(7(0),7(1)) = d(X, T) (2.3)

In the following we omit the absolute value, as A\;11 > \; by properties of the support.
Now T; and T;,, are contained in the same orthant and due to the parametrization
of the geodesic from X to T, this orthant contains the splits S; := By U...U B; U
A1 U...UALUC. So when omitting the common zeroes in the embedded vectors,
their distance is only the Euclidean distance of their weight vectors. In formulae

d(T;, Tiv1) = |[tig1 — till2 =

7 k
Y wh w1 3 Y wh -l Y wh —ule (2)

j=1 s€B; Jj=i+ls€A; seC

Using the parametrization of v we can compute the length of the splits S; in both
trees, which are wT and wi™*' for s € S;. Therefore we simply plug in A; and A4
in the parametrization and calculate the split lengths for the three cases s € A;,
s€ BjorseC.

Consider s € A; for j >4+ 1. Then

(L= Alla = Nl Bl x

w,” = W
’ 145112 ’
Wit — (1= Aip)l[Ajll2 = Aia 1Bl X
145112

and subtracting yields

Al +11Bjlle - x wg

U}ZZ — wsTi“ = ()\'i+1 — )\z) s <)‘i+1 - )\l) ’
114512

(2.5)
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Next, consider s € B;, j < 7. Then
7, _ AillBjllz — (1= A)[| 42

wS = : wS
1Bill2
W = Aiv1 [ Bjlla = (1 = X)) [ 452 ]
A5l
and subtracting yields
A; B;
wZi _ w?ﬂ — _()\i+1 _ /\z) . || J”? + H J||2 . (26)
1Bl
We want to reformulate % in terms of A\;. With
14l 1Bl _
[Aillz + 1Bjll2 [ Ajll2 + 11Bjll2
1B;ll2
& =1-X\
[ A;5ll2 + 18512 !
[Ajlla + [1Bjlla 1
1Bill2 1=
we get
T; T; A Y wT
P i+l — (). ) ). s
s = Ws (i = ) L=
As the third case, consider s € C'. Then
=(1=X)-wX+N-w!h
witt = (1= A1) - w) + Aiyr - wy
and subtracting yields
wit —wt = (A — A (W —wy). (2.7)
Now, we plug in the results from (2.5),(2.6),(2.7) into (2.4) and factor out (Ajy1—A;)%:
d(Ti7Ti+1) =
: 2
>3 (ul ) > > (wf = wlf ) o 3wl )
\ Jj=1 seB; Jj=i+1s€A; seC

o)+ iz(‘;?)lzw—

j=1 s€B; j=i+1s€A; J seC

e BB E

) E R g

j=it+1s€A; s€C

=(Air1 = Ai) - i: > (

Jj=1 s€B;
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It turns out that the terms for B; and A; cancel out as well, after factoring out
1 — A; or \; respectively:

> (%) =%Z ()" = L = e+ 15, 1

s€A; J s€A;
wf \ 2 Bl
S (1550) = o 2 ) = 2 = ke + )
seB; J s€B; J
Aj
where we used that \; = % and ZSeA (wX)? = ||Aj|l2 (for T and B;
analogously) which hold by definition. Plugging this in yields the desired equality
d(ﬂaﬂ-f—l) -
= | D F (F5) + X X (5) -y
j=1 s€B; Jj=i+1s€A; seC
k
=Nt = A) [ DA e+ 1Bjll2)? + ) (wX —wl)?
j=1 seC

=(Nig1 — Xi) - d(X,T) = |Aip1 — Al - d(7(0),7(1)).

Next we show that (2.2) holds for A = A\g =0 and X = \; withi € {1,... k,k+1}.
For i = k 4+ 1 we have A\ ; = 1 and the statement holds trivially. For ¢ # k 4 1,
we first divide the geodesic I'(y(0),v(A;)) into I'(y(0),v(A1)), T'(v(1),v(A2)), -,
C(y(Niz1), 7(\i)), using (F3) and (F4) of Theorem 2.22. After that we apply the
result (2.3) successively and receive

d(y( Zd Ait1) Zp\wl Al - d(7(0), (1))
= d(7(0),~(1)) - Z(Am = Ai) = (A — o) - d(7(0),7(1))

= Al - d(7(0),~(1)).

We generalize once more and prove (2.2) for A = 0 and X’ € (0,1) arbitrary. Here it
is important to first recall how the parametrization behaves for two trees Y7, Y5 in
the same orthant. In this case, the splits of the trees are all contained in the set of
double compatible splits C'(Y7,Y2) and we immediately see that the weight vectors
of the parametrization yield a Euclidean straight line segment, i.e., the constant
speed property holds, as the Euclidean norm and the straight line satisfy it.
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Recall that we consider X' € (0,1) arbitrary. When A\ € {\g,..., Ax+1}, then the
statement holds as we have shown above. When X & {\g,..., \gs1}, then there
exists an ¢ € {0,...,k} such that X € (\;, \j41) and there exists a y € (0,1) such
that (1 — p)\; + pAip1 = N, Since y(N\;) = T; and y(A\iy1) = Tj41 are contained
in the same orthant, the geodesic between them is a Euclidean line segment and
satisfies the constant speed property, as discussed above. Moreover, as T; and T;;4
are contained in the geodesic from T to X, I'(T, X) ,the geodesic between T; and
Tiv1, T(T;, Ti4q), satisfies I'(T;, T;41) C I'(T, X), see (F4) from Theorem 2.22. In
particular, this implies that y(\') € I'(T;, Ti41).

Let ~ : [0,1] denote the parametrization of the geodesic from T; to ;1. Then we
can calculate

d(Ti, (X)) = d(7/(0),7' (1)) = pud(v'(0),~'(1))
= - d(T3, Tir) = (1 (A — X)) - d(X,T).

Using (F3) from Theorem 2.22, we get the desired equality,

d(7(0),v(X)) = d(v(0), (X)) + d(v(Ai), v(X))
=i d(X,T) + p(Aips — A) - d(X, T)

With this we can finally prove that v satisfies (2.2) for general A\, \" € [0,1]. W.Lo.g.
assume that A < X. Then

(0),vy )) = d(7(0),v(\))
(0),7(\)) = d(7(0),v(A)) = X' - d(X,T) = A-d(X,T)
|

-d(7(0), (1)).
[l

Example 2.2.3 has shown that the support of a geodesic is not always unique. In
order to get a unique representation of the geodesic one needs to require more than
(P1),(P2),(P3). This motivates the notion of the minimal support:

Definition 2.24. [MOP15] A support (A, B) satisfying (P2) with strict inequalities
1s called minimal support.

Moreover, [MOP12] show (Lemma 1.5) that there always exists a unique minimal
support for each geodesic. One receives a minimal support by combining two support
pairs who have equal ratios to one pair, i.e., when ngHj = ngi“i, then set A =
A;UA; 1 and B, := B;U B, and replace the two sets in the support by their union.

Repeating this process eventually yields a minimal support. Note, that combining
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two sets of equal ratios in this matter does not change the parametrization, and
splitting a set up to two different sets with equal ratio does not as well, as hinted
at in Example 2.2.3. This shows that the non-uniqueness arises from only requiring
(P2) to hold with equality. Nonetheless, it will at times be convenient to also work
with a support that is not minimal and since the path and the parametrization
coincide, the non-uniqueness is not a big issue.

Even when the support of the geodesic (A, B) is not explicitly known, it is often
helpful to work with it.

If a support sequence (not a support!) (A, B) satisfies the property (P1) then we
can find a path from X to 7" through these orthants. But we do not know the points
on the boundaries of the orthants yet, which give us the complete path, since the
remaining points are defined by straight lines through the orthants. Nonetheless,
when (P2) additionally holds, then there exists an exact parametrization for such
paths, that we call proper. The parametrization for this is given in Theorem 2.4 in
[OP11]. We slightly changed this to fit our notation.

Theorem 2.25. Let X, T € T, and let a support sequence (A,B) be given that
satisfies (P1) and (P2). Then the path P(A,B) parametrized as in Theorem 2.21
yields a path from X to T with length

k

L(Pag) = 4| > (1Al + | Bill2)? + Y (w] — wi)?.

=1 seC

Example 2.2.4. We want to illustrate the concept of supports and the paths they
define. Therefore, we return to the paths shown in Example 2.2.2. Again, consider
the trees X = ({s2,89},(2,2)) and T = ({s1,s6},(1,4)). Let us verify that the path
Py in Example 2.2.2 is the geodesic by using the concept of supports.

Starting at X, the first removed split is sa, so Ay = {sa} and the first split of T to
be added is sg, so By = {s¢}. The second removed split is sqg, the second added split
S¢, s0 Ay = {s9} and By = {s1}. We verify that (P1),(P2) and (P3) hold:

(P1) As only contains sg and sg is compatible with sg, the only split in B;.
(P2) The ratio sequence is

| A1l
| Bl

2[4
1

4 | Ba|l2

(P3) Since A; and B; all contain at most one element, there is no way to split them
up.
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Figure 2.12: Two paths from X to 7T that are defined by different partitions (A, B).
The geodesic is the solid path.

In contrast, let us now look at the partition belonging to the dashed path Py, the cone

path. First, all splits of X are removed, so Ay = Split(X) = {s2, 89} and then all

splits of T are added , so By = Split(T) = {s1,s¢}. The cone path trivially satisfies

(P1) and (P2): There exists noi > j > 1 such that A; needed to be compatible with
[l A1ll2

Bj and there is only one ratio {51

Since we have already verified that the solid line, Py is the geodesic, it is clear that
(P3) can not be satisfied for (A, B) = ({sa2,So},{s1,86}). It fails since the partition
C1 = {s2}, D1 = {ss}, Ca = {s9}, D2 = {51} satisfies % =05<2= g—z: We have
already calculated this above because that gives the partition for the geodesic.

The example in 7; above gives a good first intuition about how supports and
geodesics relate and work. Nonetheless, intuition of only the space 7; may be de-
ceitful: For 7, with n > 5, there exist cases where the geodesic between X and
T traverses a non-maximal orthant, whereas this is not possible in 7;. In order to
enter a non-maximal orthant, at least j > 2 splits of X have to be removed in order
to be able to add at most j — 1 splits of T' (at least one must be added). In 74, when
two splits are removed, one already has the star tree and the geodesic hence has
to be the cone path. The following example shows a geodesic in 75 that traverses
a non-maximal orthant. This behavior of geodesics has already been mentioned in
[Owell] where a similar example has been given.
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Example 2.2.5. Let

€1 = ({475}|{07 17273})7 €y = ({172}|{0737475})7 €3 = ({172747 5}|{073})

8 V18 V18
X = (61762763)7 1—071—0,1—0 )

fi={{2,51{0,1,3,4}), f2=({3,4}{0,1,2,5}), fs=({2,3,4,5}{0,1})

T: ((flanaf?))? <\{_1_087\{_1_087%>> .

Then the support of the geodesic T'(X,T) is given by
(Av B) = ((Alv A2)7 (Bh BQ)) = (<{€27 63}7 {61})7 ({f?)}? {f17 f2}))
Again, we check (P1),(P2) and (P3):

(P1) It holds that Ay and By are compatible as ey = ({4,5}{0,1,2,3}) € Ay and
fs = ({2,3,4,5}[{0,1}) € By are the only splits the sets contain and they are
compatible because {0,1} C {0,1,2,3}.

(P2)
18 18
[Aslls V300 T 106 3 4 1 _ 1 Az]ls
Bills 8 4 3 - ||IB
| Bil|2 10 I 4 18 | Bal|2

(P3) There is no way split up Ay, By into two subsets. First of all, a partition of By
would be trivial and additionally no split in Ay is compatible with f3, the only
split in By. The same arqument holds for Ay, By. Here, ey is incompatible
with f1 and fs.

The topology of the non-maximal orthant is depicted in the middle of Figure 2.13
and the splitset defining that orthant is {e1, f3}. Finally we want to give the path
of the geodesic. The sequence of trees defining the path is (X, Iy, 15, T), where
I = ((e1),(3)) and I, = ((f3),+), where the lengths may be calculated with the
parametrization of Theorem 2.21. Recalling Definition 2.11, we see that Split([;) =
{e1} € O({en, f3}) and Split(ly) = {fs} C O({e1, f3}) and any tree of the leg with

I and Iy as endpoints only contains these two splits. So the geodesic passes through
the two-dimensional, non-mazimal orthant O({e1, f3}).
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Figure 2.13: The topologies of the trees X and 7" and the degenerate tree topology
on the geodesic I'(X, T).

2.3 Modeling the Species Tree Problem in Tree
Space

Now that the tree space and the geodesic distance are thoroughly defined, we give
a more formal description of our approach to the species tree problem in tree space.
First, recall the species tree problem: Given a set of sample trees (these samples are
usually gene trees), find the phylogenetic tree that depicts the correct evolutionary
history of the given set of species, i.e., the species tree. Of course there is no
proof that the correct tree has been found, so methods that yield candidates for the
species tree can generally only yield hypotheses that the resulting tree is the species
tree. In comparison to many ’heuristic’ rules to infer candidates for the species tree
from the set of given gene trees, the tree space 7, has one big advantage: It allows
for an underlying mathematical model to search for the species tree. Thus, when
conjecturing that the species tree is the minimizer of a certain function there is a
justification for the choice of the tree. Nevertheless, these justifications are limited
to the assumptions of the model space being the correct one.

When interpreting the given set of gene trees as samples in tree space, it is a nat-
ural thing to statistically investigate the sample (of trees) and try to determine
characteristics of this sample in this metric space as, e.g., the sample mean. As
we mentioned in the introduction, [OP11] have developed an algorithm to calculate
geodesics in polynomial time. With this algorithm at hand it is possible to calculate
a sequence converging to the barycenter of the given sample trees, which we denote
by T := {T1,...,Ty}. The barycenter is the minimizer of the Fréchet variance F
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with respect to a given data set,

M
F(X)=) d(X,T.)* for X €T,

i=1

This minimizer is also called Fréchet mean. [Stu02] has developed an iterative
approach in metric spaces of global non-positive curvature that generates a sequence
(X1)ien that converges to the barycenter, i.e.,

X; — X*, where f(X™) —)r(rél%f(X).
Note, that the barycenter always exists and is unique in metric spaces of global non-
positive curvature as noted in [Stu02]. [Bacl4a] and [MOP15] have independently
considered the notion of the Fréchet mean in the tree space setting. [Bacl4a] has
proven a convergence theorem of his algorithm to calculate the mean which is very
similar to Sturm’s algorithm [Stu03] but has different ‘step lengths’ in each iteration.
A lot of researchers attempt to find better algorithms to calculate the barycenter,
or investigate statistical properties of the space. The goal is to eventually be able
to define distributions on this space, prove central limit theorems, to do proper
statistics and hypothesis testing within the tree space, related papers are [Nyell,
BLOT13, Nyels, NTWY17].
Nevertheless, all of these lines of research heavily focus on statistics on the space
and on finding the barycenter, even though it is not clear, whether the barycenter
actually yields good hypotheses for the species tree.
In practice it has turned out that 0 € 7, often is the unique barycenter and that
it still remains the unique minimizer even when perturbing the sample trees signifi-
cantly. This is a non-desirable property that lead to another research topic discussing
stickiness of barycenters, see [HHL*13].
One possible approach to try to get different results is to change the space and the
distance in which the problem is considered. This approach is taken for example
in [YZZ17], where the Fréchet mean has been calculated after applying principal
compenent analysis to the set of trees. The foundation to work out statistics on this
ultrametric space is attempted in [LMY18].
Unfortunately, the calculations of barycenters in this alternative modeling space
seem to be as challenging as for the tree space 7T, so that it is not clear until now if
this approach will turn out to be advantageous. Additionally it is not clear yet if the
phenomenon of stickiness is less present in this space. Nevertheless, the approach
is rather new and may yield good hypotheses for the species tree or better ways to
calculate barycenters with additional research.

Our approach to get different candidates for the species tree is to investigate the
problem in 7, but to take a step back and consider various minimization problems,
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not only minimizing the Fréchet variance. From the point of view of a researcher
in Location Theory a given set of points is a set of facilities; one aims to find the
location in the space for which some objective function g, that is non-decreasing in
the distances to the given facilities, is minimized. Minimizing the Fréchet variance
is just a special kind of a location problem and our goal is to model two other classic
location problems in the tree space that yield different trees than the barycenter.
We want to find trees X7, XJ that minimize

M
g1(X) :Zd(X,Ti) for X € T,, or  go(X) :i:r{lade(X,Ti) for X € T,,
i=1

respectively. Even though it is not clear whether the trees X7, XJ perform better
than the barycenter X* in the sense of better inferring the species tree from the
set of given trees {171, ... Ty}, there are two reasons for investigating them: Firstly,
it will turn out that the location problems in tree space have interesting relations
to specific Euclidean location problems and are hence interesting to study on their
own, disregarding the species tree problem as background. Secondly, since X* is
not guaranteed to be the species tree, it is good to have other methods or guesses
that somehow describe 'centroids’ of trees based on mathematical models, where
optimality of some sense may be proven.

Now that we have motivated the use of Location Theory in tree space we finally
formally introduce Location Theory and our location problems in tree space in the
next chapter.
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3 Location Theory in Tree Space

In the previous section we have thoroughly defined tree space 7,,. In the introduction
we motivated the problem that we want to model and solve within the tree space.
We want to find a tree that, in some sense, incorporates the structure and similarities
of a given set of phylogenetic trees. The hope is that the trees that we get as solution
to our models describe the true species tree, which is hard to verify. Nevertheless,we
develop new approaches, so we also receive other trees as hypotheses for the species
tree, which may be presented to biologists as possible solutions.

The chapter is structured as follows: First we give a short introduction to the broad
field of Location Theory. Then we present our new approach to the problem: inter-
pret the given trees in tree space as facilities and model the species tree problem as
location problems. At the end of the section we give some general results concerning
the split sets of optimal trees.

3.1 Introduction to Location Theory

Location Theory, often times also referred to as Facility Location or Locational Anal-
ysis is a field of research in Optimization, Computational Geometry and Operations
research and has a broad range of applications.

Nowadays, problems in modern Location Theory are more often than not motivated
by an economic background asking for an optimal location of a facility to maximize
profit. These basic ideas go back to the 19th century and early 20th century where,
for example Alfred Weber wrote his book [Web22] about the location of industry,
thereby describing classic problems of Location Theory.

The very first problem of classic Location Theory dates back many centuries and
may be described as follows: Given three points in the plane, locate a point in the
plane such that the sum of Euclidean distances to the three given points is minimized.
This is the birth of the so-called median problem in the case of only three given
points. Even though there is a lot of discussion whether this median problem was
first introduced by Pierre de Fermat, Evangelista Torricelli or Battista Cavalieri it is
certain that the problem was stated as early as in the beginning of the 17th century.
The real awakening of Location Theory beyond such small problems took place
in the 20th century, when analytical approaches for classic location problems have
been developed with which these problems can be solved for more than three points.
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After that introduction of analytical methods to Location Theory many researchers
started to investigate several kinds of location problems. The basic description of
these problems is the following.

One is given a set of facilities F = {F7,..., Fjs} that are usually contained in the
Euclidean plane, oftentimes these facilities are also assigned weights wy, ..., wy > 0
describing their importance.

The task is to locate a point, or, as a typical variant, a set of points, in R? as to
minimize some measure of proximity. This measure of proximity is modeled by the
objective function, which is usually given by a function which is non-decreasing in the
weighted distances to the facilities. When research continued many of these problems
have been generalized and solved in R” instead of only R2. Classical examples of
location problems are the Weber problem ( Ly, ), where the sum of weighted distances
to the facilities is minimized and the center problem (Lyax), where the maximum of
the weighted distances to the facilities is minimized:

M
(Lw) min Qwi Nz — Fill2 (Limax) min max w; - |z — Fi|2
i= =1,...,
st. zeR" st. zeR"

Note, that the Weber problem is also referred to as the median problem in the
unweighted case. These problems have been generalized in numerous ways: one may
consider different spaces X instead of R™ and / or change the distance measure || - |2
to specific distances d, including gauges, metrics and norms. Moreover, a common
variant is to find a minimizer within the set X'\ R where R is some forbidden region,
where one is neither allowed to place a facility nor may paths connecting a facility
and the located point cross this region.

In analogy to the standard location problems in Euclidean space we define and
investigate these classic location problems in the tree space in the next section.
This is an interesting new ansatz, because the vast majority of location problems is
studied in the Euclidean space or even only in the plane. Here we present and start
to solve location problems coming from an application that is very different from
these standard problems and stresses that Location Theory should not limit itself
to Euclidean settings.

Even though we tackle location problems in a much more complicated space, we
still benefit from the knowledge about Euclidean location problems, as some of
the subproblems that arise may be solved with algorithms for Fuclidean location
problems.

There are two statements about the Euclidean Weber-problem (Ly/) that we will
frequently use in the remainder of the thesis:
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Theorem 3.1 ([Kuh73]). (i) (Lw) does not have a unique optimal solution if and
only if there ezists a line L C R™ such that {Fy,...,Fy} C L.

(ii) A facility Fy, is optimal to (Lw) if and only if

sz Fk
Test < .
ZHF Fll2 || ="
17$k

2

3.2 Location Problem Models in Tree Space

Suppose we are given M trees in the phylogenetic tree space 7, for which we want
to determine the species tree. We interpret this set of trees T = {T11,...,Ty} as
facilities. Therewith we define and investigate the following three tree space location
problems:

(Pyfeq) min %d(X,Ti) (Ppax) min - max d(X,T;) | (Pr) min %CZ(X,TZ»)2

= =1,..,.M i=1
st. XeT, s.t. XeT, st.  XeT,,

Note that we only consider the unweighted versions of location problems here, as it
is unclear how to purposefully assign weights for a given set of gene trees.

The first two problems, the median problem (Pyeq) and the center problem (Puax)
are the tree space versions of the classical location problems (Ly) and (Lyayx), that
we introduced in Section 3.1.

The third problem (Pg) is what we call the Fréchet problem. The Fréchet variance
is frequently used in statistics. The map that assigns z to the sum of squared

M
distances > d(z,y;)* to a given set of points {yi,...,ys} in some metric space
is called ﬁré’chet variance. Its minimizer yields the barycenter, or Fréchet mean
of the sample {y1,...,yn}, which is a generalization of the arithmetic mean to
metric spaces. The Fréchet problem is not the most popular location problem but
is definitely of interest here: The barycenter, i.e., the sample mean of our given set
of trees is a natural thing to investigate when searching for the species tree and it
has been the most common approach for the species tree problem in tree space until
now.

Notation 3.2.1. We denote the objective functions of the three location problems
by

M
fyea =Y d(X,Th),  fuae = max d(X,T}), fr= Zd X, T,)?
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Most of the times we focus on one of the above problems (Puax), (Puviea) or (Pr)
at a time and simply write f for the objective function. Whenever there might be
ambiguities we specify which objective function we talk about by using the above
notation.

In general, solving the problems (Ppax), (Puved), (Pr) is extremely hard. We will
see that specific, easy cases of these location problems reduce to their Euclidean
counterparts, which implies that they are at least as hard to solve. But we do
not have a general approach for (Pyax), (Puved), (Pr) as no one has studied Location
Theory in tree space yet.

In order to solve location problems one usually tries to use features of the space
or properties of the objective function like differentiability or convexity to design a
solution algorithm. For the tree space this is a lot harder than for Euclidean space
as it has a lot less structure to work with. For example, the tree space is not a vector
space, let alone an inner product space. Nonetheless, there exists recent literature
about Hadamard space optimization, [Bacl4a], that tries to develop a general theory
and framework for optimization within these spaces. Hadamard spaces are complete
metric spaces of globally non-positive curvature, and as we mentioned in Section 2.2,
the tree space is a Hadamard space. This is why the approximation algorithms
from [Bacl4b] that calculate the median and the mean in Hadamard spaces may
be applied in tree space and yield approximate solutions to the problems (Pyjeq)
and (Pr). Nonetheless, there are a lot of reasons to still study these problems as
the approximation algorithms converge rather slowly, as we will discuss later, and
do not incorporate any of the tree space specific structure. In comparison to a
general Hadamard space we have a local Euclidean structure in the orthants and
additionally our trees have splits sets that allow to investigate common features of
trees. We exploit these structures to state general results about optimal solutions
and use it to design solution methods. Later on we will of course compare our tree
space specific algorithms with the algorithm Bacak provides for general Hadamard
spaces.

3.2.1 Split Sets of Optimal Solutions

The first thing we establish for the tree space location problems are criteria for splits
of optimal solutions. In order to prove the correctness of the criteria we need the
following lemma that shows that the distance between two trees reduces when a
non-common split is removed from one of the trees.

Lemma 3.2. Suppose that for

X ={er, et (Wi, oywny), T = f1,o o) fan ), (W1, ..o wp,)) € Ty
there exists a split f; such that f; € Split(T") \ Split(X).
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Let T" = ({fl, cos fiet fraen, e fn2}7 (wl, e, W1, Wity - - - ,wm)) € T, te., the
tree which is derived by taking X and removing f;. Then d(X,T) < d(X T)

Proof. Suppose that the geodesic I'(X,T) is given by the path
P=(X=TyT,...,T, =T),

ie,d(X,T)=LI(X,T)) = Z?Zl lt; —tj—1]|2. Since fl € Split(T") = Split(T}) but
fi & Split(X') = Split(7p), there exists some i € 1,. ..,k such that f; € Split(7}) for
j > and f; ¢ Split(7}) for j < i.

With this we define a path P’ from X to 7" by modifying the sequence of trees that
yield the geodesic path. Let P' = (X =Ty, T1,...,T;-1,T;, T}, T}, = T") where we
receive T by removing the split f, as it was done for T".

Now let I’ € {1,..., N} be the component of the embedded vectors ¢;, t; € RY that
corresponds to the length of the split f;. Then we have t’ =0forall j=1,... k,
as T} was derived from T} by removing f;. Moreover, the length of the split fl Srows
monotonlcally from T}, Tz+17 ... to T, = T, which follows from the parametrization
of the geodesic from X to T, and thus ¢;, > ¢; 1, for j > 1. Then it holds that

/ / : /
0=1t;, — ti 1| < i, —tio, | since t;, >0 =1;, =ti—y,,

, . / . .
0= |tj J 1/| < |t]l’ J ll’| smce tjl’ > tj—ll/ >0= t] = t] 1, VJ > 1.

By definition of the T}, we have t;, =t for all other components [ # I € {1,..., N}.
Together this yields

k i—1 k

=D Nt —tiallo =D Ity —timalla+ Y l1t; — t54l2
j=1 j=1 Jj=i
i—1 k k

<D Mt =tialla+ YNt = tialla =Dty =t
j=1 J=i Jj=1

= L(P) = d(X,T).

This implies that we have found a path P’ from X to 7" that satisfies L(P') <
d(X,T). Since d(X,T") is the infimum over the lengths of all paths from X to 7" it
follows that d(X,T") < L(P') < d(X,T). O

Having this auxiliary lemma we can show that there are certain splits that have to
be contained in Split(7") for any optimal tree T

Theorem 3.3. Let e € ﬂ Split(7;). Then e € Split(X™) for all optimal solutions
=1

X* €T, to the median pmblem (Pyea) and e € Split(X*) for all optimal solutions
€ T, to the center problem (Ppax)-
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Proof. In order to prove that any optimal solution X* to (Pyteq) Or (Puax) has to
satisfy e € Split(X*), we show that any tree X € 7T, with e ¢ Split(X) is not
optimal.

First, assume that for X € 7, there exists some split s € Split(X) such that s is
incompatible with e. Apply Lemma 3.2 to X and X’ where X’ is derived from X
by removing s. This yields

AX'\T) <d(X,T,) Vi=1,..., M.

Thus,
M M
d AX'\T) < d(X,T;) and ma,lx d(X',T)) < malxd(X T))
=1 =1

so X cannot be an optimal solution for (Pyeq) or (Puax)-

Now, let X = ((s1,..,8n,), (W1,...,wy,)) be a tree for which no s € Split(X)
is incompatible with e. If e € Split(X) then the statement holds, so we assume
that e ¢ Split(X). As no split in Split(X) is incompatible with e this implies that
Split(X)U{e} is a compatible set of splits and recalling Definition 2.18, e is a double
compatible split of X and T} for all i =1,..., M.

Now define ¢ := min;—__ wgi > 0, i.e., ¢ is the minimal length of the split e
among all T;. We now construct a tree X’ for which d(X',T;) < d(X,T;) for all
i=1,...,M. Let X' = ((s1,...,5n,,€),(w1,...,w,,,c)) and fix a tree T;. As
e is a double compatible split of T; and X as well as for T; and X’ it holds that
Split(X)\ C = Split(X")\C. Soif (A,B) = ((Ai,..., Ax), (B, ..., By)) is a support
of the geodesic from X to T, i.e., satisfies (P1) — (P3), then it also is a support of the
geodesic from X’ to T', as the weights of all splits s € Split(X) \ C' = Split(X') \ C
coincide. Now, apply the length formula for the geodesic from Theorem 2.21 for
both trees:

d(XaTl) =

WE

(1Al2 + 1| Bill2)? + ) (wi* — wi)?

1 seC

l

k
dX"T) = | D (Ao + 1Bill)? + ) (wi* — wX')?

=1 seC

As the support and all split lengths of X and X’ are the same except for the split
e € C, we get

AX,T)* = d(X",T;)? = (wl —wX)? — (wh —wX)?2 >0
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due to

(we —wl)? = (w)* > (W = ¢)* = (w —w))?,

where (w!)? > (wli — ¢)? follows from the choice of c¢. Hence, we get d(X,T;) >

d(X',T;) for all i = 1,..., M which implies

M M
SdX\T) <Y d(X,T) and  maxd(X',T}) < maxd(X,Ty),
i=1 - =

i=1
so X cannot be an optimal solution for (Pyjeq) or (Ppax)- O

We have seen that there are certain splits that are always in the split sets of optimal
trees. The counterpart of this idea is to ask which splits are never contained in the
split set of optimal trees.

Theorem 3.4. Let e ¢ UM, Split(T;). Then e & Split(X*) for any optimal solution
X* to (Puviea) and e & Split(X*) for any optimal solution X* € T,, to (Pnax)-

Proof. Let X = ((s1,...,8ny), (W1,...,wsy)) € T, be such that e € Split(X), i.e.,
e = s; for some i € {1,...,nx}. Then define X’ by removing s;,

X/ - ((817 ceey i1, 8i+17 s 7Snx)7 (w17 s ,'l,Ui,l,U)H,l,wnX)),

as in 3.2. By the prerequisite it holds that e ¢ Split(7;) for i = 1,..., M . Applying
Lemma 3.2 then yields

X'\ T)) <d(X,T}) Yi=1,...,M
so X cannot be optimal for (Pyjeq) or (Ppax) as X' yields a lower objective. O

The analogous statements are known for the Fréchet variance and have been shown
in [MOP12], Lemma 5.1. Additionally, the Fréchet problem has a unique optimal
solution, as shown in [Stu03]. We summarize this:

Theorem 3.5. [MOP12],[Stu03] (Pg) has a unique optimal solution X*. Moreover,
M

if e ¢ UM Split(T;) then e & Split(X*) and if e € () Split(T;) it follows that e €
i=1

Split(X™*).
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4 Solving Tree Space Location
Problems by Transformations to
Euclidean Location Problems

In the previous chapter we have introduced Location Theory and modeled and de-
fined the location problems in tree space that we want to solve. We already men-
tioned that it is in general a very difficult task to solve these problems.

Therefore our approach is to first try to understand the structure of simple versions
of the problems (Ppax), (Puved), (Pr), €.g., problems in low dimensions or problems
where we have strong assumptions on the given set of trees T{Ty,...,Ty}. This
helps to understand the key difficulties in solving these problems and, if possible,
we try to generalize the methods for these easy cases to a more general setting. We
start with the lowest-dimensional, non-trivial tree space, that is, 7.

4.1 Location Problems in 73

In this section we completely describe the solutions of the location problems ( Ppax),
(Pyed), (Pr) in T3. The solutions to the problems are easy to obtain once we see
that the 73 is just a star graph with three infinitely long edges emanating from the
center vertex. Hence, the location problems in 73 boil down to well-known location
problems on networks.

First we investigatethe structure of 73: There are only three splits on the set of leaves
{0,1,2,3}, these being s; = ({2,3}{0,1}), s2 = ({1,3}{0,2}), s3 = ({1,2}/{0, 3}).
Moreover, maximal orthants of 7,, consist of n — 2 splits; this means that a maximal
set of compatible splits has cardinality 1 in 73. These simple observations have
already been stated in Example 2.2.1, where the embedding of 73 into R3 was given.
Furthermore, geodesics in 73 are easy to obtain: If two trees X, X5 are contained
in the same orthant, the geodesic is the straight line connecting the two. If X; and
X5 are in different orthants then the geodesic is the cone path, since all three splits
in 73 are pairwise incompatible.

Denote O; := O({s;}) fori = 1,23 and T, :={T' € T : T € O;} for i = 1,2,3,
which are the facilities in the respective orthants. Moreover, let [; = maxreTno, ||t/2
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for i = 1,2,3, where t € R? is the embedded vector of edge lengths, compare
Definition 2.9.

Theorem 4.1. Let T = {T},...,T,,} C T3 and deploy the notation introduced

above. Then the solutions to the problem are characterized as follows:

(Prax): Let i € {1,2,3} be the index with l; > l; for j # i, then the optimal solution

1i—1;
2

s contained in O; with the length of s; being
among ly, ls, 3.

(Prea): If there exists no i € {1,2,3} such that |T;| > | T\ T;| then 0 is the unique
optimal solution. Otherwise let i be that index and suppose that T; = {T;,,..., T} }
is ordered such that ||t;||2 > ||tj,,,||2 and let

g —'Ti‘_lf\m for T even
N w for T odd

where l; is the second biggest value

Then for |T| odd, the unique optimal solution is Ty and for |T| even the optimal
solution is every tree on the edge between Ty, and T,;, where Ty := 0 is the star
tree.

(Pr): If there exists no i € {1,2,3} such that 3 e g, ||tz = Y ogeq g, Itll2 then 0 is
the unique optimal solution. Otherwise let i be that index, then the unique optimal
solution X is contained in O; and the length of s; € Split(X) is

S = X el

TeT; TeT\T;

These results may be obtained by calculating the objective of the above solutions and
showing that the objective value for all non-optimal trees is higher by estimations.
Instead of doing this we use this possibility to point out the equivalence of the
above location problems in 73 to specific location problems on networks. We refer
to [LPT95] for a nice overview over facility location on networks.

In [LPT95] one is given a set of facilities V' = {vy,..., v} that are contained in
the network N. Conveniently, [LPT95] defines networks as subsets of R? with a
finite amount of vertices and the edges are the straight line segments connecting the
vertices. Our goal is to model our problems in this setup.

As all objective functions are non-decreasing in d(X,T;), it is clear that there exists
no optimal solution in O; with a weight greater than the maximal weight of trees in
this orthant [;. This way, we may bound the star graph with infinitely long edges:
Let O; :={T € O; : wg; <Il;} fori=1,2,3 and let T5 := U;_; 2 30;.

Now simply setting N = x(T3) and V = x(T), we may apply Theorem 3.5 [LPT95]
to receive the solutions to the median problem and Theorem 4.4 [LPT95] to receive
the unique solution to the center problem as described in Theorem 4.1.
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In order to get the solution to the Fréchet problem, we note another connection of
73 to a geometrical object called “open book”, [HHL*13]. The authors of [HHL*13]
mention 73 as one of the first examples for open books. Open books consist of
“pages” of dimension d, here the orthants, that are joined along a common “spine”
of dimension d — 1. Hence, the 73 is a very simple example of an open book. The
solution to the Fréchet problem as stated in Theorem 4.1 is then gained by applying
Theorem 2.9 in combination with Lemma 3.3 from [HHL*13].

4.2 Adjacent Orthants

In this section we do not restrict ourselves to the very simple low-dimensional case
n = 3. The approach here is to try to find an isometry to R"~2 equipped with an
appropriate distance that yield us familiar and solvable location problems.

We show that there exists such an isometry under the following assumption: The
existing trees T = {11, ..., Ty} satisfy T C O(S;)UO(Ss) for two adjacent maximal
orthants O(S}), O(S2).

Definition 4.2. Two maximal orthants O(S1), O(S2) in T, are called adjacent if
|Slm52| =n-—3.

So, if two maximal orthants are adjacent, there exists one split e € S; \ Sy and
one split f € S5\ S, respectively. Note that e and f are incompatible, because
otherwise Sy U {e} would be a set of compatible splits with n — 1 elements which is
not possible.

Let us abbreviate O; = O(S;),7 = 1,2 in what follows. To further simplify no-
tation let us assume (w.l.o.g. after renumbering the splits in S) that Sy N Sy =
{s1,82,...,8n-3}, S1\ S2 = {sn_2} and Sy \ S1 = {s,_1}. For two trees

T =({s1,...,Sn2}, (w1,...,wy_2)) € O(S;) and
X = ({81, 8n-3,8n_1}, (W}, ..., wl,_5)) € O(Sy)

we then have that the embedded vectors (compare Definition 2.9) x(7) = ¢, x(X) =
x are given by

wy
w1
: (A
. Wp—2 i 0
t= 0 |r= o (4.1)
: 0
0 :
0
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This is a case where the two trees T and X have all but one split in common, so
{s1,...,8n_3} C C for the set of double compatible splits, compare Definition 2.18.
So the support (A, B) only needs to take care of the splits $,_2,s,-1 which are
incompatible. Hence, A = (A1) = ({sn—2}) and B = (By) = ({sn—1}). Using the

distance formula from the parametrization in Theorem 2.21 we receive

d(X,T>=\/<||A1||2+||Bl|| £ 3 (0 - w))?

seC

:\/(wn_g+w ~|—Z I —wX)?

seC

Using the embedded vectors ¢,z € RY this yields the following formula:

Lemma 4.3. For T, X being two trees in adjacent orthants Oy, Oy with their em-
bedded vectors t,x as in (4.1), the geodesic distance between them is

n—3
AT, X) = | > (ti = 2:)* + (tua + T0o1)?
=1

We now define the map ¢ : O; U Oy — R"2 by

X(Y) xX(Y)
oY) = X(Y:)n—?) for Y € O, oY) = X(Yz)n_g for Y € O,
X(Y)n—2 —X(Y)n1

where we again used that the embedded vectors have the form of (4.1). We want
to verify that ¢ : (O; U Oy,d) — (R"72, || - [|2) is an isometry: For A € Oy, B € O,
and a = x(A),b = x(B) we have

a1 by
lo(A) — o(B)]l2 = I
ap—3 bn—3
Ap—2 '_bn 1 9
n—3
— (a; — b)) + (an_2 + by_1)? = d(A, B),
i=1

where the last equality follows from Lemma 4.3. For the case that we have two
trees A, B that are in the same orthant O; for i € {1,2}, we have that the distance
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between them is the Euclidean distance by definition of the geodesic distance, so
lp(A) — o(B)|l2 = d(A, B) holds as well.

This isometry allows to reduce (Pyed), (Pmax) and (Pr) to equivalent location prob-
lems in R"~2, where we call two problems equivalent if their objective values coincide
and there is a one-to-one map between their set of minimizers.

Theorem 4.4. Let T C O; U Oy and f be one of the three objective functions
{fMed;fmax,fF}- Then

(P) min f(X) & (P) min  f(z)
st. XeT, st. xeRv2

where f depends on f and p(T) as follows:

fo=fox = fl@)= max o —o(T)|-

-----

fo="rfua — flo)= ZMHﬂf—SO(Ti)H?

-----

f =k = fa)= ZM(Hﬂs—sﬁ(Ti)Hz)2

Proof. First, for X € O(S;) U O(S,) we define u = p(X) € R"2. Since ¢ is an
isometry it holds that d(X,T;) = ||[¢(X) — ¢(T})||2 = ||u — ©(T3)||2, and thus for any
choice of f € {fared: fmax, fr} we have f(u) = f(X).

We now show that ¢ and ¢! (restricted on im(y)) map a minimizer of one problem
to a minimizer of the other problem.

First, let u* be optimal for (P) and let T* = ¢~'(2*). We want to show that 7™ is
optimal for (P). To this end, assume 7™ is not an optimal solution for (P) and let
T" be the minimizer.

Theorem 3.3 and the analogous statements for the Fréchet variance in [MOP12],
Lemma 5.1 (depending on which objective function {fared, fmax, fr} is deployed)
imply that all optimal trees to (P) have to contain all n — 3 splits in S; NSy in their
set of splits. Additionally, Lemma 3.2 implies that all optimal trees X’ satisfy a
split Split(X’) \ S; U Sz. So any split s € Split(X’) other than sq,..., s, 3 is either
{6} =5 \ Sy or {f} € SQ\Sl.

Together this shows that the optimal solution 7" has to be in O(S;)UO(Sz). Setting
u' = p(T") € R" 2 we derive

f') = f(T') < f(T") = f(u"),

which is a contradition to the optimality of u*. Thus, T™ is an optimal solution for
(P).

For the other direction let 7™ be optimal for (P). We have seen above that this
implies T* € O(S1) U O(S2), so we may define u* := ¢(T*). Assume f(u') <

53



f(u*) for some ' € R"2, i.e., that u* is not optimal. Since all objective functions

{fMed, fmax, fr} are convex it follows that the optimal solution to (P) is contained in

conv(p(T)). Then u' is a convex combination of the ¢(7;), hence u},...,ul,_5 >0,
as this holds for all 7;. This implies that «/ € im(y), so we may set 7" := ¢~ (u/).
Then f(7") = f(u') < f(u*) = f(T™), again a contradiction. O

Theorem 4.4 allows for an easy solution procedure for our location problems in tree
space, when T C Oy U Oy:

1 Map the existing facilities T to ¢(T) C R"2.

2 Use a solution algorithm for the Euclidean problem to get an optimal solution
u* to (P).

3 o 1 (u*) € O(S1) UO(S,) is an optimal solution to (P).

Hence, the location problems in tree space for the adjacent orthant case are as easy
to solve as their respective Euclidean versions. Naturally, step 2 depends on the
specific objective function f that we have given. For our investigated objective
functions, fared, fmax, fr We can apply the Weiszfeld Algorithm, the Elzinga-Hearn
Algorithm or compute the arithmetic mean respectively to determine the optimal
solution to the Euclidean problem. For the center and the Fréchet problem exact
solutions are obtained with short computation times and for the median problem
there exist several fast algorithms that yield approximate optimal solutions, e.g.,
the Weiszfeld algorithm.

4.3 Completely Incompatible Orthants

After we have solved the adjacent orthant case, where the two maximal sets of
splits 57, Sy are the same but for one split we now consider the other extreme case.
Here we assume that we have x > 2 maximal orthants containing the data, i.e.,
TCOU...UO, CT,, where the O; are pairwise completely incompatible.

Definition 4.5. Two sets of splits Sy, 59 are called completely incompatible if e
and f are incompatible splits for any e € Sy, f € Ss.

Moreover, two orthants O(Sy), O(S2) are called completely incompatible if Sy and
Sy are completely incompatible.

Even though this case is somehow the opposite of the adjacent orthant case, the basic
approach is still the same. We use specific knowledge about the path of the geodesic
between two trees in completely incompatible orthants and formulate equivalent
location problems in R"2. Again we abbreviate O; = O(S;),i = 1,2, ..., s in what
follows.
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Lemma 4.6. [BHV01] If O1, 04 are completely incompatible, then for all X € Oy
and T € Oy it holds that the geodesic is the cone path (compare p. 22) and

d(X,T) = ||z(l2 + [[t]]2-

First we show that for the completely incompatible orthants we have easily verifiable
conditions that enable us to find an orthant that contains an optimal solution with
little effort. We start by providing conditions for (Pyed) and (Ppax) and later for
(Pr), for which we need some auxiliary lemmas.

Theorem 4.7. i) If there exists k € {1,...,K} such that |TNOy| > &, then all
optimal solutions to (Pyea) are contained in Ok. Otherwise 0 is an optimal
solution to (Pyed)-

ii) If there exists k € {1,..., Kk} such that all facilities in arg maxp.cr ||t;]|2 are in
one orthant, say Oy, then the optimal solution to (Puax) is contained in Oy.
Otherwise 0 is the unique optimal solution to (Ppax)-

Proof. We first prove that all optimal solutions to both of the problems have to
be contained in O; U ... U O,. Theorem 3.4 implies that for each of the three
objective functions it holds that every optimal solution X* € 7, has to satisfy
Split(X™*) C Split(77)U...USplit(Th) € S1U...US,, where S; is the set of splits of
O;. Since S; and S; are incompatible for each i # j, Split(X™*) C S;U...US, implies
that Split(X*) C S; for some i € {1,...,k}, i.e., X* € O, for some i€ {1,...,Kk}.
We start with statement i): Let Oy, satisfy |[TNOy| > 4. Then for 0 # X € O; # Oy,
the estimation

Prea(X) = dX, Ty = Y (lzllo+litle) + D NIt =l

TeT TeT\O; TETNO;
> > (It + llell)+ >0 Ml = T O - [l
TeT\O; TeTNO;
=t + (T\ O] = TN OH) - ||zl2
TeT
> Z [tll2 = Z d(0,T) = fuea(0)
TeT TeT

shows that the optimal solution has to be contained in Oy.

Next, we prove statement 4i): If there exist two or more different orthants containing
a facility T}, € argmaxrer ||t]|2, then the unique optimal solution is X* = 0 € T,:
If 0 # X € O, then we can choose a facility with maximal norm 7}, € O; with
j#1€{l,...,k} and

fmaX(X) > d(X7 Tk) = H‘rH? + ||tkH2 > Htk||2 = fmax(o)a (42>
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showing that 0 yields a better objective value than any 0 # X € O with O arbitrary,
so 0 is the unique optimal solution in this case.

The other case is that there exists an orthant O, such that all facilities with maximal
norm are contained in Oy and let T} be one of them. Then for any orthant O; # Oy
and an arbitrary point 0 # X € O; it holds that

Jmax(0) = max |[tills = [[talla < [[tallo + [[2]l2 = fmax(X),

i=1,...,
so X cannot be optimal. Hence, the optimal solution has to be in Q. O

As we mentioned we want to show a similar result for (Pgr). To simplify notation,
we write f for fr in the following. In order to prove the condition if an optimal
solution is contained in an orthant we need the directional derivatives of f at 0 in
the directions of a fixed orthant O;. To this end we use that the objective in each

orthant O;, j = 1,...,k may be written as
FX) =Y dTx)?= > (lt—zl3+ D (Ith+l=ll)* ¥X €0
TeT TETﬂOj TET\O]'

Hence, restricted to a fixed orthant, the objective only depends on the embedding
x, so we may calculate directional derivatives as in Euclidean space.

Lemma 4.8. Consider an orthant O;. Let V € O; be s.t. ||v|s = 1, where v =
Vo,(V) € RY2. Then

Vyd(-, T;)(0) = 1 if T; ¢ O;,

Vyd(-,T;)(0) > —1 otherwise.

Proof. For any V' € O; and A > 0 we define A -V := ¢5j()\ - Yo,(V)), basically

scaling the weight vector v of V in R by \.
We start with the case where T; € O;. Then, applying the distance formula from
Lemma 4.6 and the definition of directional derivatives we have

i (d(h~V>Ti)—d(0,Ti))

_ iy (1l £ itille — HtiH2)
h—0 h
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Now, let T; € O;. Then

h
iy (1w = tills — I ||2)
h—0 h
> lim 17 o = tilla = [l
~ h—0 h

(
(
[
_ <”< uti{i\b - Htiilz)
(
(
(

lm (1= ) Itll2 — ||tz'||2>
h—0 h

g (=M=
h—0 h

= lim _—h)
h—0 \ h

ti
lItill2

amongst all v with ||v||a = 1, when h is sufficiently small such that

where the “>” in the second line holds because v* = minimizes |h v —ti]2

R SL O

With this we can calculate the directional derivative of f = fr. To simplify notation,
define T; =TNQO; for j =1,... K.

Lemma 4.9. Consider an orthant O; for some j =1,...,k and let V € O; be s.t.
|lvl|le = 1. Then

Vv f(0)=2- Zvvd )-d(0,T;)
>2. Z ltills =2+ > Iltills
TiGT\Tj TiGTj

Proof. This result is an immediate consequence of Lemma 4.8 and the chain rule. []
With these two statements we are able to prove a reduction result that reduces the

problem to one orthant for the Fréchet problem (Pg). Recall that (Pr) always has
a unique solution, as established in Theorem 3.5.
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Theorem 4.10. If there exists k € {1,...,k} such that

Z 22 > Z 12:]]2,

T;eTy T;e T\ Tk

then the optimal solution to (Py) is contained in Oy. If such an orthant does not
exist, 0 is the unique optimal solution to (Pg).

Proof. We first show

S ltll< > [t = A optimal solution in O; \ {0} (4.3)

TET, TET\T,

Using the explicit form of f on O; we receive

= > lta—zl3+ D (ltllz + llz]2)

TiETj TiET\Tj

Note, that on O;, f only depends on the embedded vector /(X) = » € R, and
that the right hand side is convex in z, as it is a sum of convex functions. Now

suppose there exists some X* € O, X* # 0, such that X* is a minimizer of f on
O;. Let V = ¢O (1) By construction H@DO (V)||l2 = 1. Since

Yo ltle< Dol

TeT; TeT\T;

\r*ll

Lemma 4.9 implies that Vy f(0) > 0, i.e., V is a direction of ascent at 0. Thus,
there exists some £ > 0 such that f(dV) > f(0) for all 0 < 6 < ¢, where 0V :=
@/J(T)Jl((w(V)) In particular we have that f(¢V) > f(0) and it holds that f(eV) >

f(X™), since X* is the supposed minimizer. Hence
fle-V)y>uf(X*)+ (1 —p)f(0) forall pe(0,1). (4.4)

Now, define A = m
e > ||z*||2 which yields

> 0, such that ev = —&=—2* = Az*. If A > 1, we have

FX) = f (H Hx) — (a2 V) > £(0)

as we have just established that 0V is a direction of ascent at 0 for 6 < e. This
contradicts optimality of X* when A > 1.
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Let now A € (0,1). Then we apply convexity of f for ev = Az* 4 (1 — \) - 0:

fle-Vy= > lti—e-vllz+ > (ltills +llev]l)®

TiEeT; T,ET\T;
= > =+ (=N 0)F+ Y (sl + (A" + (1= A) - 0)[|2)
T;€T; T;€T\T;
<A DY =215+ D (s + [l27]2)°
TZ'GT]' TiET\T]‘

(=N D t=oli+ > (ltllz +o]l2)?

TiGT]' TiET\Tj

= A(XT) + (1= f(0).
This contradicts (4.4). Hence, there cannot exist a minimizer 0 # X* in O;.

With this we have proven (4.3) and we now prove the claim of the theorem that
either the unique optimal solution is 0 or that some orthant satisfies the optimality
condition. First note that, in analogy to the proof of Theorem 4.7 it holds that any
optimal solution X* to (Pg) has to satisfy Split(X*) C Split(O;) U ... U Split(O,)
which again implies Split(X*) C Split(O;) for some [ € {1,...,x} due to the com-
plete incompatibility of the orthants.

Now, suppose that for k € {1,...,x} it holds that } ;¢ [[till2 = > pepyp, [Itill2-

Then we get
Z [2il]2 < Z 122 < Z [2:]]2

T;€T; T;€Ty T;€T\T;

for all j # k. (4.3) then implies that no optimal solution can be contained in O;\ {0}
with j # k, so all optimal solutions are contained in Q.

The case that such an orthant Oy does not exist, directly implies that for all j it
holds that there cannot be an optimal solution in O, \ {0} for all j, so 0 is the unique
optimal solution to the problem. O

For all three problems we have now established conditions when 0 is the optimal
solution and in the case that 0 is not the optimal solution we know in which orthant
to search for the optimal solution. Let us assume w.l.o.g. that the orthant containing
the optimal solution is O;. With this knowledge we can treat all other trees in the
orthants O,,..., O, in the same way, since the geodesic distance does not depend
on their split sets, but only the norm of their weight vectors, as

d(X,T):||$H2+||tH2 fOI'XEOl, TEOJ', j:2,/i
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Therefore it makes no difference when we replace the given trees T; C O;, i > 3,
by trees in Oy which have a weight vector with the same norm. To this end, for
T = ((sy,...,85 ), (wh,...,w} )) € T\ Ty, define

? g

T T\T, = Oy : (T3) = ((8}, ..., 8, ), (wh, ... wk)),

? g

where the s, are the splits of the maximal orthant Oy, i.e., Split(Os) = {5}, ..., s, 5}
Since the weight vectors are identical we have ||x(T%)|l2 = [[x(72(T%))]||2, and since
si € Split(Os) it follows that 72(T}) € Os.

With this map at hand we can state equivalent problem formulations for all problems
(Pred), (Pmax), (Pr) where we only have facilities in two orthants: We keep the
facilities T and replace the facilities 7; in all other orthants by 75(7;) € O, so that
we end up with data in only two orthants.

Theorem 4.11. For all three problems assume that Oy is the orthant containing all
optimal solutions to the problem. Define T' = Ty Uro(T\ Ty). Then

i)
(Pued)(T) =min 3 d(X,T) & (Puead)(T)=min Y d(X,T)

TeT TeT

st. XeO st. XeO

(Prax)(T) = min r%lea%(d(X,T) & (Pnax)(T') = min rTnea%(d(X,T)

st. XeO st. XeO

iii)
(Pe)(T) =min Y d(X,T)? & (Be)(T)=min Y d(X,T)

TeT TeT
st. XeO st. XeO

Proof. We only need to show that the objectives of the problems coincide in all three
cases. This, however, is an immediate consequence of the distances being the same
for all facilities or the transformed facilities, respectively: T; is contained in T as
well as in T'. For T' € T\ T; we have

d(X,T) = [lell2 + [t = lzlls + (D)2 = [lell2 + [x(r(T))]l2 = d(X, 7(T))

which is the corresponding transformed tree in 7”. Thus, the objectives of all prob-
lems are identical for each X € O;. O
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Now having the formulation of the equivalent problems where data is only contained
in two orthants it is possible to formulate equivalent problems in R™~2. This is not
necessarily possible for data in k > 3 orthants: As an example, in T, there exist
exactly five triplets of incompatible orthants. Assume that the data is contained
in one of these triplets. Without the reduction to two orthants, there is no way to
isometrically embed the three orthants into R%. The image of every orthant of 7; is a
closed orthant in R?, thus, one pair of the orthants has to intersect in a line segment
of an axis. The problem is, that the trees of the different orthants that would be
mapped to this axis would not be the same, so this map can not be isometric.
This problem is solved after applying Theorem 4.11. When we only have data of
two orthants in 7,,, we can map one orthant to RZ‘F_Q and the other one to R™ 2,
so that the intersection of the orthants in tree space, as well as in Euclidean space
after the transformation is only the origin.

Just as for the adjacent orthant case in Section 4.2, we use the specific form of the
geodesic distance to define an isometry to R" 2, where R"~? is equipped with a
special distance measure. We define the map ¢ : O; U Oy — R"2 by

e(Y) =90, (Y) R for Y € O1, ¢(Y)=—to,(Y) ER" ?for Y € Oy. (4.5)

Our goal is again to find an isometry to (R"~2,d°) so that d(X,T) = d°(p(X), ¢(T))
holds for all X, T € O, U O,. To this end, define d° on im(p) = I, U I, C R"2,
where I; ;= R?? and I := R” % as d° : im(¢) x im(p) — [0, 00) with

By = 0l i35 € (1.2} {y} € 4,
, llyrll2 + [|ye]l2  otherwise.

With Lemma 4.6 it follows by definition of d° that ¢ : (O; U Oa,d) — (im(yp), d")
is an isometry. With this transformation at hand, we define the Euclidean facilities
Ai via

A =p(T)i=1,...,M and set A= p(T) and A; = p(T;) for j =1,2. (4.6)

Now we can state the equivalent problems in the FEuclidean space, just as in Theo-
rem 4.4.

Theorem 4.12. Let T € O, U Oy and [ be one of the three objective functions
fMed;fmaxafF- Then

(P)  min f(X) o (P)  min f(x)
st. XeT, s.t. x € im(p),
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where f depends on f and A= ¢(T) as follows:

= fMed — ]F(if): 12 d(z, Ay)

1= M
f= foae = flo)= max dz A)
f=fr = fv(x):'_ledO(%Ai)Q

Proof. The only thing we need to show is that we may restrict 7, to O; and Os,
because then the problems are exactly the same, just that we transformed them by
a bijective isometry.

Using Theorem 3.4 and Theorem 3.5, we get that for each of the three objective
functions it holds that every optimal solution X* € 7, has to satisfy Split(X*) C
Split(7})U. . .USplit(Ty,) € S1US,. Since every split in S; is incompatible with every
split in Sy this implies that either X* € O; or X* € Oy, which was to show. n

Note that, in contrast to Theorem 4.4 we have to restrict the variables to im(yp),
because it is otherwise possible that the optimal solution is contained in R"~2\im(),
since im(y) is not convex. Moreover, we do not have the Euclidean distance in the
resulting problems in R"~2 it actually is the intrinsic distance of || - ||, restricted to
the subset im(¢p).

On the one hand, this means that we did not really gain many additional insights
by this reformulation, because the metric d° is not the standard Euclidean norm
and we cannot apply standard algorithms from Facility Location as in the adjacent
orthant case in Section 4.2.

On the other hand, the reformulated versions belong to a special class of Location
Theory problems which are problems with barrier distances or forbidden regions,
see [KC81] or [AP94] for early works on this subject. Since the problems may
be interpreted as special cases of these problems, and some familiar problems are
studied in the field of Location Theory, we also formulated and solved the problems
in the Euclidean setting.

The Euclidean problems with the distance d° that arise from the isometry ¢ (4.5)
are what we call fixed gate point location problems. The origin 0, may be interpreted
as the single point in the orthants where one is allowed to traverse from one orthant
to another, hence the name ‘gate’. In the following we first describe the origin of
gate point problems in Location Theory and related research in Location Theory
before we develop solution methods for each objective function. The results and the
solution methods for the fixed gate point problems are submitted for publication
and a preprint [Bot18] is available.

62



4.4 Location Problems with a Fixed Gate Point at
the Origin

Fixed gate point problems are a specific kind of location problems that we introduce
in this paper. [BKWO05] coined the term gate point. Gate points introduce a devi-
ation to classical location problems by introducing new distance measures. These
distance measures arise when a space is partitioned into several regions that are
equipped with different distance measures or when forbidden regions are introduced
that connections between facilities and the placed location may not cross.
The gate point variant we present here was introduced in [BKW03] and [FVGA12],
as it is the closest variant to our specific fized gate point version.
Given a line R in R2, let the two half-spaces H*, H~ induced by R carry different
¢, norms, ¢, ,0,,, respectively. Then the distance between two points in the same
half-space is the respective ¢, distance, and the distance between point =z € H™,
y € H™ is given by

min {d, (¢, 2) + d (2,9)} (47)

and the minimizer z* € R of (4.7), where one traverses from one half space into the
other, is called the gate point for x and y.

An early work of the problem of calculating different distances in subdivisions of the
plane is [MP91], where they calculate distances in a bounded part of the plane that
is subdivided into bounded polygonals, each equipped with the Euclidean distance
with a different positive scaling factor. For the specific distance (4.7) induced by the
two hyperplanes, H*, H~, [BKWO03] investigate general properties and several cases
of the problem and develop solution procedures for the investigated cases. [FVGA12]
solved the optimization problem analytically for po = oo and p; > 1 under slight
assumptions and have given several theoretical statements in which segments of R
the gate point has to be contained.

More general variants of the distance (4.7) where the regions are not restricted to
half-spaces have been studied before, see e.g. [BKWO05], [Par94], where the Weber
problem is investigated for this distance.

A possible application for gate point problems is presented in [BKWO03] and [Par94]:
Traveling within a city is only possible using the ¢; distance due to the street layout,
whereas distances outside the city are considered to be Euclidean, for example when
traveling with a helicopter, or via straight highways.

Nonetheless, instead of considering regions where one is allowed to traverse anywhere
on their shared boundary, one could also think of applications, where there is only
a prespecified set of what we call fized gate points G C R, where one is allowed
to traverse from one region into the other. For example, these gate points may
model bridges over a river or bridges and tunnels for pedestrians that want to cross
highways.
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Of course, our motivation originates from the location problems in tree space, more
specifically from the case where data is contained in completely incompatible or-
thants. In this case we only have a single fixed gate point at the origin. Recall that
the given facilities are denoted by A = {A;,..., Ay}, compare (4.6), in contrast to
the data for location problems in tree space for which we used T = {T1,...,T\}.
In Theorem 4.11 we reformulate general problems to equivalent problems where the
data is only contained in two orthants, so we focus on solving these problems in
Euclidean space and use A = A; U Ay, with A, Ay defined as in (4.6). We denote
the fixed gate point problems, as stated in Theorem 4.12 by

M
(Grea) miny_d'(z,4) st z€RyZURY,
=1

(Gmax)  min Jhax d°(x,4;) st. z € RTPURY?

M
(Gr) minz d°(z, A;)? st. re€RIVPURY?
i=1

and study them in the following sections. As we only focus on solving these problems
in the Euclidean setting, we simplify notation and write n instead of n — 2, d instead
of d° for the remainder of Chapter 4. Then,

M
(GMea) minZd(g:, A;) st. ze€R}UR",
i—1

(Gmax) min max d(z,A4;) st. ze€R}UR?,

i=1,....M

M
(GF) minZd(m, A;)? st. zeRTUR".
i=1

are the formulations with which we work in the following sections.

4.4.1 Median Problem

At first, we consider the median problem (Gyjeq). Denote k; = |A;| for i = 1,2.
We first characterize the set of optimal solutions in the case k; = ko, and then
reformulate the problem for the case k; # ky. Recall that A; C R} and A; C R”.

Lemma 4.13. Suppose ki = ko. Then 0 is an optimal solution. Moreover, if
A; C { ;|\ > 0} for some v; € R™ with ||v;||a = 1, then all elements of L; =
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Av|A € [0, ]} are optimal solutions, where c = ming.c 4, ||A;|l2 and no other optimal
j i J
solution exists.

Proof. Define k := ki = ko. Then for any z € R?}

FO) = 1A= Y (1Al = llll2) + kllzlla + Y Al

AeA AeA Ac Ay
(%)
<D lz=Alla+ Y (l2ll2 + [[A]l2) = f(a).
AeA; AeAs

The same estimate may be done for x € R™ by simply exchanging roles of A; and
As. Tt follows that f(0) < f(z) for all feasible z, so 0 is an optimal solution. Even
more, we see from (k) that 0 is the unique optimal solution if and only if () is strict
for + = 1,2. In the case of equality we have that x satisfies

“=" holds in (x) ©x=A1- Awith0 < Ay <1 VA€ A,
&z € Ly and A; C {\v;|A > 0}

with L; and v; as in the statement of the lemma. O

The remaining case is k; # ko and w.l.o.g. assume ki > ko.
Theorem 4.14. If ky > ky, (Grea) @5 equivalent to

min Y44 |7 — Al + ko - |22
st. x € Ri

Proof. This follows from Theorem 4.7: The optimal solution has to be in Oy, which
translates to R} after the reformulation. Then plugging in the explicit distances for
r € RY} into the objective we get

o lle= A+ Y (Al +llzlle) = Y lle = Alla + ke - lllz + Y Al

Ace A Ac Ay Ace A A€ Az

and we simply omit the constant part to get the objective

D Nl = Al ks llz]le.

Ac Ay
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ko =3

Figure 4.1: Example for the transformation of the fixed gate point median problem
to a classical median problem.

This is now a standard Weber problem with a facility at 0 with weight of ko and it
can hence be solved with, e.g., the Weiszfeld algorithm. Note that in cases where ks
is rather big (but still, ko, k1) it might happen that 0 is the unique optimal solution
to the reformulated standard median problem and the Weiszfeld algorithm might
not detect it. This is no problem, since Theorem 3.1 (ii) gives an easily verifiable
optimality criterion. 0 is the optimal solution to the problem if and only if

k1

> <
| Aill2 )

i=1

ks.

With the reformulation to a standard median problem for the case ko < k1 and the
explicit description of the set of optimal solutions in the case k; = ko we are able to
solve the problem (Gyeq) in all cases and proceed with the next problem.

4.4.2 Center Problem

In this subsection we turn our attention towards the center problem (Gax):

min  max d(z, 4,;)
i=1,, M

st. re R} UR?

Theorem 4.7 states that 0 is the unique optimal solution in the case that two orthants
contain a facility with maximal norm. As this case is solved we suppose that there
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exists only one such orthant and assume w.l.o.g. that the facility with maximal
norm is contained in A; C R’}. Then we can reformulate the problem to

(Gmax)”  min max {maxaea, ([|z — All2), maxaca, (lzfl2 + [|Al[2)}
st. xeRY,

as Theorem 4.7 states that the optimal solution is contained in R’ in this case.
To simplify notation, define 7, := maxaca\0 ||Al|2 and assume w.l.o,g, that 4, =
{Al, Ce ,Ak}, ./42 - {AkJrl, NN ,AM}

A commonly used notion in the context of center problems is the smallest enclosing
ball for a set of points By, ..., B, C R%

Definition 4.15. The smallest enclosing ball of By, ..., B,, C R? is the ball B,(z) =
{yeR: ||z —yl|ls <r} st B; € B.(x) fori=1,...,m and there exists no other
ball B,(x') such that ' <.

In the definition it is implicitly stated that the ball is unique. That can easily be
seen by assuming there were two such balls with center points x; # x5 and then the
ball centered at if? has a smaller radius. We will use the term smallest enclosing
ball for fixed gate point center problems as well, where the only difference is that
the balls are with respect to the fixed gate point distance d.

Theorem 4.16. Consider the problem

(P.,) min r
st. A=zl <r di=1,...,k
el +r <7
r €R}
r €R.

*

x* is an optimal solution to (Gumax) if and only if (x*,r*) is an optimal solution to
(P.,) with

= max{{naxk(HAi —zl2), ||z||2 + 7’2} .

Proof. The problem (P,,) is obtained from (Gyuax) by introducing the bottleneck
variable r. Note that (x,r) is feasible if and only if

r > max{rrllaxk | A — |2, 72 + ||517||2} :
2

ey

67



Hence, for any x € R} the lowest attainable objective value is

max {igaxk |A; — x||2, 2 + H:CHQ}

=1,...,

— sl = All), el + 41
=maxd(x, A)

AcA
which is the objective value of z for (Gimax). This concludes the proof as the feasible
sets for x for the two problems coincide. O

For the remainder of the section, we choose a fixed Ay € arg max IIA|l2- Ao models
EA2

an active facility in A,..
The goal is to to find structural parallels of (P,,) to a standard center problem. We
start with the helpful and intuitive concept of active facilities.

Definition 4.17. Let x* be the optimal solution to (P,,) with optimal objective value
r*. Then a facility A;, i = 1,... k that satisfies ||A; — x*||a = 7* is called active.
Ag is called active if ||Agl|2 + ||2*||2 = 7*.

The next theorem proves that the optimal solution to our problem is unique, thereby
justifying that we only spoke of active facilities in general, not with respect to a
specific optimal solution.

Theorem 4.18. The problem (P,,) has a unique optimal solution (z*,1*).

Proof. We start by showing existence. For any z € R’} we may choose r > 0 such
that (z,7) is feasible, as A; is bounded and 75 is finite. The objective is continuous
and bounded from below so it follows that an optimal solution exists.

Now, we show uniqueness of the optimal solution. To this end, suppose there were

two optimal solutions z7 # x5 with objective value r*. We show that z* := %(x*{ +
x3) € RY} yields a lower objective value. For i = 1,...,n it holds that
2% = Aill, S(@1 = Ai) + 5 (23— A))
2 2 )
1 * * *
< 5 (a1 = Ailly +llzz — Ailly) <7 (4.8)
and . )
lz7[lz + 140l < 5 (1l + llAolle) + 5 (22l + [ Aolly) <+ (4.9)

where feasibility of (2},7), j = 1,2 is used in the last inequalities. This shows that
(z*,r*) is a feasible solution. Now investigate the above terms in more detail:

68



e Suppose A; is active for 7 and %, i.e., ||a7 — A2 = r* = ||z — A;|2.

o = A, = | 301 - 40+ a3 - 40

1 * *
< 5 (7 = Al + Il — Ail,)
2

(4.10)
holds with equality < (27 — A;) = A(zd — A;) for A > 0. If equality in (4.10)
would hold, then A\ = 1 follows, as their distance to A; is equal. But then
x} = x} yields a contradiction, so (4.10) is a strict inequality.

e If A; is not active for one of the z3, then using |z} — A;l| < 7* in (4.8) implies
||.1’>|< — AZHQ <rk.

o If Ay is active for 27 and z%, then it follows that ||z}||s = ||z3]||2, which implies
|lz*[|2 < [|zf|l2 = ||x3]l2 by strict convexity of the norm ball. Then ||z*| +
[Aoll2 < ll=1ll2 + [ Aoll2 = 7.

e If Ay is not active for at least one of the x}, then using [lz}||2 + || Aol]2 < 7* in
(4.9) implies ||2*|]2 + || Aol]2 < 7*.

Altogether these cases prove ||z* —A;||ls < r*fori=1,...,k and ||z*||2+] Aol]2 < r*.
Thus, ' := max {max;—1__j {[|[z* — Ail]2}, [|[z*]|2 + 2} < r*. Then (z*,1") is feasible
and 1’ < r*, which contradicts optimality of the z7.

[
The activity of the Ay plays an important role for the problem (P,,). Suppose A
was not active for an instance {Ag, A1, ..., Ar}. Then (P,,) reduces to
(Sry) min r
st. A=zl <r Vi=1,...,k
r €RY
r €R.

This is the easier case, as we receive a standard center problem which can be solved
via different methods, compare [Meg83],[FGKO03], [KMY03]. It is to be mentioned
here, that to our knowledge there exists no genuinely polynomial algorithm that
yields an exact solution to the center problem in dimension n > 3. [Meg83] is
not polynomial in the dimension, [KMY03] only provides an (1 4 €) approximation
and [FGKO03| is not guaranteed to terminate after a polynomial number of steps.
Nevertheless, [FGKO03] show that their exact solver performs well in practice even
for high dimensions. In case that their algorithm does not solve an instance in a
reasonable running time one might still refuge to the approximation algorithm of
[KMY03] or to [Meg83], when the dimension is not too big.

In the other case, where Ag is active and we do not end up with a standard center
problem, we make use of this a priori knowledge. So the general approach for a
solution algorithm is as follows:
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e Solve the relaxation of (S,,) and obtain (Z,7) as unique optimal solution.

o Check if || Agll2 + [|Z]]2 < 7
- If so, then (z,7) is optimal to (P,,).

- Otherwise, solve the problem (F,,), but with the constraint ||z||s+7 =7
instead of ||z||2 +r2 < r, as A has to be active.

Since there exist several solution methods to the standard Euclidean center-problem,
the main problem is the version of (F,,) where Ag is active. Thus, we concentrate
on solving this problem in what follows.

It turns out that it is not necessary to use the relaxation (S,,) to check if Ag is
active when n = 2:

Theorem 4.19. In R?, Ay is always active.

Proof. Our goal is to show that the smallest enclosing ball B,«(z*) of the points
{Ay, ..., Ay} satisfies Bo«(z*) NR? C {0}. Then ||z*||y > r* and || Aoll2 + ||z*|]2 >
|x*||2 > r*, so that Ay has to be active in that case.

In R?, a sphere is uniquely generated by at most three points on its boundary, so
any smallest enclosing ball is generated by two or three active facilities. We consider
these two cases for B,.«(z*). First, suppose that exactly two facilities are active and
call them A, B. Then,

*

X

_A+B , |A-B
B

2

Since A, B € {Ay,..., Ay} C R, it follows directly that

A-B
2

A+ B
2

=r".

2

ol = H

2

since we have A; + B; > A; — B; in both coordinates i = 1, 2.

Now suppose that three facilities are active and call them A, B,C. If A, B,C are
all translated by some vector z € R?, then their smallest enclosing ball is just the
translated ball B, (x*+x). We use this to consider the “worst-case scenario”, where
B,-(z*) has the biggest intersection with R?. Therefore, translate A, B, C' by

min T
2)€{A,B,C
5= — [ ()<l } € R2.
min To

(z1,22)€{A,B,C}

Note that by the definition of s it holds that A + s, B + sC' + s € R%. For any
y € R? it holds that if B.(z +y) NR? C {0} it follows that B,(z) NR? C {0}, so
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it suffices to consider this case where we shift the ball as far as possible by using s.
Now there are two different cases. First assume there exists one point, say A, for
which A + s = 0. Since A+ s, B+ s,C + s are in R% the center of the optimal
solution 2* + s is also in R%, since it has to lie in conv{A + s, B+ s,C + s} C R2.
Now consider the unique supporting hyperplane of B, (z*+ s) at A+ s = 0. It has
the normal vector z* + s € R2, so the components of the orthogonal vector have
different signs. Thus, this supporting hyperplane is a line through 0 with negative

slope, so it is a separating hyperplane of B,«(z*+s) and R?> = B,.(z*)NR? = {0}.

In the second case the situation is that one of the three points A+ s, B+ s,C + s is
contained in {0} x R, and another one is contained in R, x {0}. W.lo.g. let this
be A+s e {0} xR, B+s e R, x{0}. Tosimplify notation, set A’ = A+ s, B’ =
B+ s,0" = C + s, compare Figure 4.2 for a depiction after the translation. We
additionally know that all three points are active, so C' may not be contained in
the smallest enclosing ball of A" and B’ which is given by Bz(Z). In formulae, we

have C' € R?&- \ B,:(i’), with 7 = HA/;B/ ) and 7 = A/JQFB’.

e

(g

Figure 4.2: Depiction of the smallest enclosing ball for {A’, B’} and the perpendic-
ular bisector which contains the center of the smallest enclosing ball for

(A, B C").

x* and 7 both have to be on the equidistant line of A’ and B’, which is given by the
orthogonal vector v L (A" — B’) which can be chosen such that [|v]|s = 1,0 € R2.
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Then it follows that there exists a 6 € R such that z* =2+ 9 -v. If § > 0, then

2

. - A'+ B N
o1 = N+ 3ol = |55 | 8% ol + 203,50
2
A+ B
> AL oy = - g =
2

using the Pythagorean theorem in the second but last equation. Thus, ||z*||2 > r*,
so B« (z*) NR% = {).

So it remains to be shown that 6 > 0 for the representation z* =2+ -v. As A', B’
and 0 are all in B,«(z*) it follows that the triangle A(A’, B’,0) is a subset of B, (z*),
Le, A(A,B,0) C B-(z*). As C" € R2 \ B,«(z*) this implies C" ¢ A(A', B',0).
Thus the minimal distance from C’ € R% to the perpendicular bisector of A, B is
attained for & 4 ¢ - v for some t > 0. Since ||C" — z*|| = r* < |[|[C" — Z||2 this implies
that * =2 4+ ¢ - v with § > 0. O

Theorem 4.19 does not generalize to higher dimensions, i.e., in R", for any n > 3,
it is not guaranteed that Ay is active. We show this with the following example:

Example 4.4.1. First, consider the problem in R? with facilities

0 9 0 0
AO - 0 y Al - 0 5 A2 - 9 y Ag - 0
—1 0 0 9

We want to find the smallest enclosing ball for Ay, As, As. Since for no pair of
A Ay, i, g € {1,2,3} it holds that A, | # {1, j}, is in the smallest enclosing ball of
A, A, it follows that all of the three facilities have to be active. Thus, the optimal
solution lies on the line L of equal distance of those three points, which is given by

1
L=4)\-|1]eR}: AR
1

Then the point x* € L with minimal distance to Ay, As, Az is the center of the
smallest enclosing ball of Ay, As, As. Computing the minimal squared distance of Ay
to L, we recetve

2

9 A
min 01— A = min {3)\2 — 18\ + 81} =54 =: 1%,
AR 0 ]\ AR

2

which is attained for A = 3 with z* = (3 3 3)' as optimal solution and the unique
smallest enclosing ball for Ay, Ay, Az is B(x*). As d(z*, Ag) = ||z*]|2 + || Aoll2 =

72



V32 H32 43241 = V2T +1 <7 < V54 =r* it follows that Ay € B,-(z*). So
(x*,7*) 1s the optimal solution to (P,.,) and Ay is not active.

This counterexample can be generalized to R™, n > 3, by adding additional zeros to
the vectors Ay, Ag, As. It is clear that the optimal solution to these three points has
to have zeros in all components that are added (otherwise, removing them yields a
better solution), so the optimal solution coincides with the one in R with additional
zeros. Then the optimal solution still satisfies ||x*||2 + [|Aoll2 < 7%, i.e., Ay is not
active.

An Exact Solution Algorithm in the Plane

Our goal is now to develop a solution algorithm in the plane, where Theorem 4.19
gives us the a priori knowledge that Ag is active. There are several solution ap-
proaches to solve the center problem in the plane, but here we will focus on adapting
the Elzinga-Hearn algorithm [EH72] which makes use of active facilities for which
our a priori knowledge is useful. First, recall that a ball in R? is uniquely deter-
mined by three points on its boundary. Then any optimal solution to the center
problem either has two or three active facilities whose smallest enclosing ball is the
ball about the optimal solution with minimal radius. The Elzinga-Hearn algorithm
uses this idea and searches for the subset of cardinality two or three that determines
the optimal solution.

In order to apply this idea to our setting we need to show that for the fixed gate
point center version, i.e., for the balls with respect to the fixed gate point distance
d, it also holds that three points on the boundary suffice to uniquely determine a
ball. Before we prove the result for three points we investigate the case that only
two points are active. Then the optimal solution is given as follows:

Lemma 4.20. Let z1 € R2, 25 € R2 and suppose that ||x1s > ||a2|ls. Then the
smallest enclosing ball of 1 and x4 is Br(Z) with

[z1]l2 = [[za]] 7 1|2 + (|2l

T = - X
2|z ]2 ' 2

Proof. First we check if Bz(Z) contains both points:

H$1H2 - H$2H2 )‘
et e R P
( e Iall

_ '<HI1||2 — llzall2 — 2HI1H2)' Nl = [z1]]2 + (|22
2|21 12 2

d(w1,7) = |7 = 2l2 =

and

_ B x — ||x T + ||x
(a2, 7) = |zalls + 17l = ool + 12202 W0allz _ ol ool
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Data: Facilities A = {A;,..., Ay} C R?

Initialization: Active set S = {A;, A%}, Zax = 0 E R?, 1 = 0
AtA? [A1=A%[l2 .
2 » T 2 ’

Tr =
if (z,7) feasible for A then
| return (z,r)

end
else
| S =S U{A}, for Ay that is farthest away from x.
end
while 1 do
Lmax = (O, )7 Tmax = 0
z=1(0,0), r=0

for A, = {A;, A;, A} C Sdo
Construct the optimal solution x with objective value r for A..
if r > r.« then
‘ Tmax = Ty Tmax = T S = {AiaAjaAk}
end
end
if (Tmax, "max) Sfeasible then
| return (Tmax, "max)
end
else
| S =S5"U{As}, for Ay that is farthest away from ..
end

end
Output: 7., € R?, with optimal objective value 7pay.

Algorithm 1: Algorithm of Elzinga-Hearn.

As d(xy,x9) = ||21]|2+]|z2]|2 it follows that the radius of a ball containing both points
has to be greater or equal M Thus, the radius 7 is minimal. Moreover, this
is the unique ball with this radius, as there does not exist a point z € R2, s.t.
d(xy,z) =7 as well as ||z|ls = 7 — ||2||2- O

Knowing the solution for this case we can prove that three points determine a unique
smallest enclosing ball.

Lemma 4.21. Let z,y € R2,z € R% be such that ||z]|2 > max{]||y|ls, ||z]l2}. More-
over, assume that the smallest enclosing ball with respect to the distance d for no
two of those points contains the third one.

Then there ezists a unique circle C' = 0Bz(T) such that z,y,z € C.
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Proof. First, assume ||z|2 = ||z||2. Lemma 4.20 implies that the smallest enclosing
ball of z and z is Z = 0,7 = ||z||. Then y € B;(Z), so the smallest enclosing
ball assumption is not met. Thus ||z|l2 < ||z|l2. Moreover, this implies that the
center T has to be contained in R2. If it was in R?, ||z]]> < ||z|]2 would imply that
|z — z||2 < [|Z|]2 + ||z||2, so the two points cannot be equidistant to Z.

Consider the problem (FP,,) with ro = s and facilities A = {z,y}. According to
Theorem 4.18 this problem has a unique optimal solution (x*,r*), where x,y, z
all have distance r* to the point x*, i.e., x,y,2 € 0B,«(z*). This already proves
existence of such a circle C' = 0B,«(z*) and we now show its uniqueness. Assume
there exists another ball B, (z') such that x,y,2 € 0B, (x’). Then " > r*, due to
the uniqueness of the optimal solution to (P,,). Since ||z —2'||s = ||y — 2/||2, it holds
that 2’ € F = {u € R? : ||u — 2|z = ||u — yl||2}, the perpendicular bisector of z and
Y.

For F we can give the following representation: F = {M + Av : A € R} where
M = =¥ and v L (z — y) such that 2* = M + pv with g < 0. We show that
veR:.

v only depends on z and y, so we first carefully investigate the relationship between
x and y. Consider the following cases:

1) y > x, where > means > in both components. This is impossible, since = # y
and [lo]l> > [lyll>

2) y < z. The smallest enclosing ball for z and x is given by B(Z) as in Lemma 4.20.
In particular, Z € R% and 2’/ < z, so ||y — &2 < ||& — Z||> which implies that y is
contained B;(Z), violating the prerequisites of the lemma.

3) The only remaining case is 1 > y; and yo > 25 or x1 < y; and y < x9. In both
cases, one of the two orthogonal vectors to x — y

Y2 — T2 T2 — Y2

r1—y) \n—a1)
is contained in RZ and we choose v (for the definition of F') as the version above
such that v € R? holds. Because z is not contained in the smallest enclosing ball

of x and y, which is B(Z), with 7 = M due to Lemma 4.20, it automatically
follows that x* = M + pv with p < 0, since the distance to z gets smaller in this
direction.

We now get back to B,(2'), the ball which is not the unique smallest enclosing ball
for x,y, z but for which we assumed x,y, z € 0B, (z').

We already know that 2/ € F' N R%. Furthermore,

I2ll2 + [l'lla = 7" > 7" = [|z]l2 + [|27]|2,
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so |22 > ||x*||2. Our goal is to show that d(x, ") # d(z,z") and we do this for two
different cases: First, assume 2’ = M + tv with ¢ > 0. Then

12115 > llw = 2'[l3 < 1M + Xoll; > [lo — M5 + [l — M]3

2
M+ 2ol + 20,0) < (ZHE) oy
= — oI

S||M||5 4 2MM,v) > 1

2
+8MM, v) > ||zl + [lyll3 — 2(z. y)

2

<2z, y) + 8N (M, v) >0

Tty

@4‘

and the latter inequality holds since A > 0 and x,y, M,v € Ri with non-zero
components. Hence, d(z,2') = ||z]la + [|2'[|2 > ||2/]l2 > ||z — 2'||2 = d(x,2"), what
was to show.

The second case is that ' = M + tv with t < 0. As |[2'||2 > [|[z*||2, 2 = M + tv
may be expressed as ©’ = Az* + (1 — A\)M € F for some X € [0,1). Note that A # 1
as o' # 2*. Using v € R? and the fact that the distance of any point p on F' to z is

Ve = M3+ [[M — p||} we get

2
= lr = 2'll; = llo = M5+ (1M - 2|3
= [l = M5+ [IM = (Aa" + (1 = N)M)|5 = [lz = M]3 + MM — 27)|3
<lw = M3+ M = a*|)3 = ||z — 2*[); = r*,

so d(z,z") = ||z — 2'||2 < r*. Moreover,
d(z,2') = [lzll2 + [l2']l2 > llzll2 + l2"]l2 = 7,

so d(z,x") > r* > d(z,2').
So for both cases we get that d(z,2') # d(z, ') contradicting x,z € 0B, (z') and
thus implying uniqueness of B, (z*). O

Lemma 4.21 implies that at most three active facilities suffice to find an optimal
solution to (P,,) within RZ. Additionally, we know by Theorem 4.19 that there
always exists exactly one active facility, Ay, in R?. Such an a priori knowledge of
an active facility does not exist in the standard center problem and we make use of
that in the adapted Elzinga-Hearn algorithm.

The next lemma shows that the smallest enclosing ball condition of Lemma 4.21
can easily be checked by only looking at one pair of facilities; in the case where the
condition is not satisfied, this pair already yields the optimal solution. Recall that
Ay ={Ay, ..., Ay} is sorted descendingly with respect to the norms of the facilities
A;.
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Lemma 4.22. Let ry = ||Ay|]z. Then either x4 == ™12 A1 is the optimal solution
or three facilities are active.

Proof. Take any facility A; other than A;. Then r; := ||A;|l2 < 71 and the small-
est enclosing ball for A; and Ay is centered at - _T2A~ with radius M due to

Lemma 4.20. Moreover, ||[-—2A;||; = “5=. Then we can calculate the d1stance of
J
Ay to the center of this ball,

7’2 —7"2 Tj—TQ
=2 > fia, = |22 | = - 25
J T 2
B T — Ty rL—Ty  T1+Te Tj4T
=T = > T = = > ;
2 2 2
r]+7“2

which is at least . Furthermore we know that A; # A; so we either have r; < r;

or Ay # MA; for all )\ € R. If r; < ry, then the last inequality holds strictly and

it Ay # AA;, the first inequality holds strictly. = ‘Al — il > Tﬁr? , so the
2

optimal ball corresponding to Ay and A; does not contain A;. Thus, x4 is the only
possible candidate for z* defined by two active facilities on 0B,«(x*). In all other
cases it must be defined by three points on its boundary. O]

Lemma 4.22 implies that we can simply check, whether B ritr2 A contains all A;
and is optimal. If it does, x4 is optimal and in the case where it does not, we
know that three facilities are active. Thus, the essential problem that remains to
be solved is a fixed gate point center problem with one given facility A, € R? and
two facilities A, B € R2, where no two facilities yield an optimal solution, i.e.,
no smallest enclosing ball of two facilities contains the third one. We denote this
problem as (Pegs) = (Puss) (Ao, A, B), where w.l.o.g. let r1 = ||All2 > || B||2-

(Pess) (Ao, A, B)  min maer{AOAB}d(x,A)
st. reR:

When no smallest enclosing ball of two facilities yields an optimal solution, then all
three facilities are active. Then the center of the smallest enclosing ball of Ag, A, B,
x* satisfiesd(z, Ag) = d(x, A) = d(z, B). We use this fact to characterize the optimal
solution. As z* € RZ, we can rewrite the distances d to get [|z|]2 + [|Aollz =
|z — All2 = ||z — Bl|2. and define the sets

E={zcR*: |z|s+r=||A—2|2}, and F = {z € R*: ||A —z||s = || B — z||2}

Lemma 4.23. Assume ||Alls =71 > 3. Then E = {z € R*: |A—xl|s = ||x|[2+ 72}
1s a branch of a hyperbola.
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Proof. A hyperbola in R? is given by
{z e R ||FL—alls = |2 =zl = 2~ a},

where F}, F, € R? are the two foci of the hyperbola. Setting a = SR =AF=0
this reformulates to

{z e R A =zl — llzla] =2}
Taking the branch of the hyperbola where ||A — x|| > ||z||2 holds, we get exactly

{.17 € Rz : HA — .2?”2 =179+ ||$H2} =F.

Notation 4.4.2. We use the following notation:

H={z eR*:||A— | — ||z||2] = r2} , the hyperbola containing E as a branch
F={zeR*:||[A—z|y=|B — x|} the perpendicular bisector of A, B.

Corollary 4.24. The optimal solution z* is contained in D := {x € R? : ||[A—z||y =
|z|la +72 = ||B—z|2} = ENF and |D| < 2.

Proof. We already know that there exists a unique optimal solution z* € R? to our
fixed gate point center problem, that satisfies d(z*, Ag) = d(z*, A) = d(z*, B), so
x* € D. The intersection of a line and a hyperbola is given by a quadratic equation,
thus |H N F| < 2. For our branch £ C H this implies |[ENF| < |[HNF|<2. O

In order to calculate the intersection of F and F', we need a convenient representation
of the hyperbola H. First of all, let us clarify notation: Let P be the midpoint of
the two foci A and 0. Then the distance of P to the intersection of the hyperbola
with the major azis M = {AA : X > 0} is a = 2 and the linear eccentricity e of the

hyperbola is given by e = @. The values a and e are invariant under translations
and rotations of the hyperbola, so when we transform the hyperbola H such that the
midpoint of the two foci is 0 and the major axis is the x-axis, then the transformed
version H of H can be represented as

T [EQ y2

which is the standard equation form of a hyperbola. We now determine o, the
transformation of the hyperbola to this standard form. o consists of two maps.
First, a rotation is applied, then a translation applied. An example for the rotation
and the translation afterwards is depicted in the Figures 4.3 , 4.4 , 4.5. The figures
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Figure 4.3: Initial Position: The perpendicular bisector of A and B (red) intersects
both branches of the hyperbola (blue) yielding the optimal solution z*
in the branch F.

also show the perpendicular bisector F' of A and B, to which we also apply the
transformation. Then the intersection of the correct branch of the transformed
hyperbola o(H) = H and the transformed bisector o(F) contains the transformed
optimal solution o(x*) and when we invert the transformation we get the optimal
solution z*. First of all we rotate the branch, such that its major axis M is the

x-axis. Since the major axis is {A\A : A € R}, we rotate by 6 = —p4, where @4 is
determined by A = || A]|5 - Cf)S(SOA) and denote the map as
sin(p.)

r((2)) = ((cntoy s (=),

After applying Ry to E, we only need to translate the rotated midpoint of the foci

to the origin. The rotated midpoint is the midpoint of the two rotated foci, thus
[EY[P
given by ( (2) ) and the translation T" of this point to the origin is

() ()

After having applied the rotation and the translation, the branch of the hyperbola
fits the standard form as in (4.11), and our transformation o can be expressed as
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B/

Figure 4.4: The points and sets from Figure 4.3 after applying o =T o Ry.

o =T o Ry. The standard parametrization of H is

H = {(z) eR?: Z—z - Z—z = 1} - {(‘fiﬁi?f?) te R}. (4.12)

One branch of the standard parametrized H corresponds to a-cosh(t) and the other
branch to —a - cosh(t). Since o(F) is the branch of the hyperbola where

- (D] 1)

holds, we get the branch with negative values of z, i.e.,

—a - cosh(t))
oy ={ (0 0) ).
When we apply o to the line F' as in the figures, we can calculate the intersection
of o(F) and o(F) and obtain the optimal solution to our problem by applying .
An important observation is, that |E N F| = 2 might hold. In this case, one point of
E N F is contained in M, and one is contained in M_, where M, M_ are the half
spaces induced by the major axis M. The next lemma states a condition, which of
the two points in £ N F yields the optimal solution in case that |[E N F| = 2.
Recall, that A # B € R%, ||A]l2 > || B2 and that if B = XA with 0 < A < 1 it
follows that B € B, ,(x4), the smallest enclosing ball of A and A as in Lemma 4.20.
For (Ps) we assumed that no facility is contained in the smallest enclosing ball of
the other two. Thus, B # AA for A € R.

= [lo(0) — [l
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N

Figure 4.5: The points and sets from Figure 4.3, after applying Ry and then o.

Lemma 4.25. Let pp € [0, 5] be such that B = || B||s- <Z?§gf§3>)> and let p4 € [0, 7]
B

be determined analogously. Then

{z*}=DNM; < pp>pa and {2°}=DNM_< pp < pa,
where D = EN F.

Proof. Since the hyperbola H is symmetric to its major axis M (the line through 0
and A) we consider w.l.o.g. the case where pp > pa. If pp < p4 we may reflect
B on the major axis to receive this situation and reflect back the optimal solution
resulting from A and the reflected B.

We have already shown that the optimal solution z* is contained in D = EN F. So
we need to show that x* € M.

As D is the intersection of a line with a hyperbola it follows that |D| < 2. We
explicitly construct the point y # x* in D. Let R denote the reflection upon the
major axis M. As reflections are bijective, there exists a unique point y such that
R(z*) = y. It follows from the definition of the reflection and the half spaces that
y € M_ <& x* € M, and vice versa. Moreover, x* € E < y € E holds due to the
symmetry of the branches of the hyperbola with respect to the major axis M. Thus,
D = {z*,y}. (On a side note, |D| =1 < 2" = R(z*).)

Now in order to show z* € M, we simply prove that the objective of the point
w € DN M_ is bigger than the objective of the point v € M, . This suffices, as we
already know that the optimal solution is contained in D.
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Consider the transformed versions o (v), o(w). The major axis o(M) is the x-axis,
so for the coordinates of the vectors we have o(v); = o(w)1, 0(v)2 = —o(w)2, as R
is simply the reflection upon the z-axis. Since w € D N M_ we have o(w)s < 0, as
o(M_) =R x R_. Moreover, p(B) > ¢(A) implies 0(B) € R x R;. Then

(0(B)2 + o(w)2)* < (0(B)2 — o(w)s)?

and we can calculate

lo(B) — o (v)[3 = (0(B)1 — o(v)1)* + (0(B)2 — o(v)s)?
= (0(B)1 — o(w)1)? + (0(B)2 + o(w)s)?
< (0(B)1 — o(w)1)* + (0(B)2 — o(w)y)?
|

|lo(B) —o(v)||3 < ||o(B) — o(w)]||2 is equivalent to
(1) d(w, B) = [[B —wlly > |B = v[ls = d(v, B)

as 0 =T o Ry and rotations and translations are distance preserving. Furthermore,
o(w)y = o(v)1, o(w)2 = —o(v)2 imply that [[w[|z = [lv]2, so

(2)  d(w, Ao) = [lwllz + 2 = [Jv]l2 + 72 = d(v, Ao).

As w,v € E we have ||Jw|]z + 2 = d(w, Ag) = d(w, A) and ||v||z + 2 = d(v, Ag) =
d(v, A). Together with (2) we receive

(3) d(w,A) =d(v,A).
Now, (1), (2), (3) imply
max(d(Ap, w),d(A,w),d(B,w)) > max(d(Ap,v),d(A,v),d(B,v)).

If equality would hold then we would have two optimal solutions to (Pes), which
contradicts the uniqueness proven in Theorem 4.18. Thus, it follows that

max(d(Ap, w),d(A,w),d(B,w)) > max(d(Ap,v),d(A,v),d(B,v))

and the optimal solution has to be v = z*. Asw € M_, v € M, by choice it follows
that * € {DN M, }.
That |D N M| =1 follows from |[DN M| <|D| <2and {w}| =|DNM_|=1.

O
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In the next theorem we combine the gathered knowledge: The optimal solution is
found in ENF and in case that |E N F| = 2 we know which point yields the optimal
solution. Now, we basically plug in y = mx + d gained from the line o(F') into the
standard equation form (4.11) of the hyperbola

2 2
x 2. L y
’H:{(y)eR '_az_bz_l}

and then only need to re-transform the obtained solution.

Theorem 4.26. Let a,b,d, m € R be such that

o(F) = {(g) € R?: yzmerd)} Lo(E) = {(‘basfgf’llgg)) ‘te R}.

Consider the quadratic equation
2 (mz+d)?

If op > @a, there exists a unique solution T to (4.13) such that €

T
mz +d
o(D)NR x Ry. If pp < pa, there ezists a unique solution T to (4.13) such that

((m;r d)) €o(D)NRxR_.

. . . . * . _1 j

In both cases the optimal solution to (Pes) is given by x* = o ((mz n d))
Proof. Consider the case ¢ > pa. Lemma 4.25 states that the unique optimal
solution to (Puss) is D N My = {z*}, so o(z*) € o(D) No(M;) = o(D)NR x Ry

. . B : o '
holds. Since o(z*) € o(D) = o(E) No(F) it follows that o(z*) = ma' +d )’
so o’ satisfies all requirements. In the proof of Lemma 4.25 we have shown that
D=DnNnM,UDNM_ = {z*} U{R(z*)}, where R is the reflection upon the

/

Y
my' + d
y € M_ implies o(y) € o(D)NR x R_. There are two cases: If o(y) € R x (=00, 0),
then y ¢ R x Ry and ' is the sought unique solution of (4.13). In the other case
o(y) € Rx {0} C R x Ry. But then R(y) = z* and |D| = 1 so 2’ is again the
sought unique solution of (4.13).

By definition, z* is the unique optimal solution of (Peg), and thus

( *) o ZL'/ o * _ _—1 :LJ
)= \ma' + d r=e ma' +d
holds as required.

The case pp < w4 works analogously by interchanging roles of M_ and M. O]

major axis M. Let y = R(z*) € DN M_. y € D implies o(y) = and
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Example 4.4.3. In this example we depict a case, where |E N F| =2 (contrary to
figures above, where |ENF| = 1) and demonstrate how to calculate the intersection
o(E)No(F) and obtain the optimal solution to (Pegs). Let

8 0.2
A= (3)0- (02) s

Now we calculate the intersection of the transformed versions of F and E. As

©(A) = 0 already, we only need to shift the hyperbola by (

0 ) to obtain a hyperbola

in standard form.
After shifting we get

(A) = (g) o(B) = (_7388) .

Now we calculate the parameters for the hyperbola in standard form by using our
original hyperbola in the other representation

2 2
dm:{@) €R2:x——z—2:1} H={zeR:[[|A—zls—||zll2| = 72}

a?

Thus, a = % = 3.75 and b is calculated via the linear eccentricity c = ||o(A)|| = 4
and a = 3.75:

b=+vVc2—a2=+42—3.752 ~ 1.39

Thus, the parametrization of the branch o(FE) is given by

e ={(3im ) === { () <)

o(F) is given as the perpendicular bisector of o(A),o(B):

F— { <g;) Iy G) } . with G) L o(A) - o(B).
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Figure 4.6: An example where the the perpendicular bisector of o(A) and o(B)
intersects the branch o(FE) of the hyperbola twice.

Then computing the intersection o(E) N o(F) we get A = —0.1 — 3.75 - cosh(t)
from the first coordinate and plugging into the second coordinate we receive 3.8 =
3.75 - cosh(t) 4+ 1.39 -sinh(t). There are two solutions for this equation, t; ~ —0.813,
to = 0.034, thus |E N F| = 2. Plugging t; and ty into the parametrization

w0 = (s o)
o= (T550) we= ()

The optimal solution x* is contained in My, as ¢(B) > 0 = ¢(A). So o(z*) €
o(My) which holds for o(x*) = p(ts). The retransformation is given by simply

e (025
—\0.05)°

Now that we have found purely algebraic ways to determine the optimal solution
to (Pus), the fixed gate point center problem for only three facilities including Ay,

we get

SO

shifting with :)l ,

85



we can come back to solving the general fixed gate point center problem. Recall
that the idea is to search for the active facilities A;, A; € A; such that the smallest
enclosing ball of Ay, A;, A; (determined by solving (Pess)) is the solution to the whole
problem. Since the idea of searching the correct active set of facilities is the same as
for the Elzinga-Hearn algorithm we adapt its structure, but based on our gathered
knowledge we need to implement three changes:

i) Theorem 4.19: A, is always active. = We only need to find active sets of
cardinality at most two out of the remaining facilities in R?.

ii) Lemma 4.22: A; (the facility with maximal norm) is the only possible facility
to yield an active set of cardinality two including Ajg.

iii) The subproblem (Pus)(A, B, Ap) is solved with Theorem 4.26. a,b can directly
be calculated using || Al|; and [|Ag||2 = 9. m, d are calculated after the trans-
formation o has been applied to the line F'. The transformation is determined
by w4 and [|A|2.

Implementing these changes, we state our adapted FElzinga-Hearn algorithm, see
Algorithm 2.
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Data: Facilities A = {A1,..., Ax} C R% ordered descendingly with respect
to their norm values, Ay € Ay with maximal norm ||Ag|l2 = 72 > 0 of
all facilities in As

Initialization: Active set S = {41}, r1 = || A1]|2.

r="1""2. A =522 if (z,r) feasible then

2:rp 2
‘ Tmax = Ly Tmax = % return
end
else
| S =SU{A}, for A; that is farthest away from .
end
while 1 do
Tmax = (Oa 0)7 Tmax = 0
z=1(0,0), r=0

for {A;,A;} € S do
Solve (Pes) for A;, Aj, Ag with optimal solution x and objective value
r.
if r > rp. then
| Tmax = T, Tmax =71, S = {A4;, A;}
end
end

if (Zmax, "max) feasible then
| return

end
else

| S =S5"U{A}}, for A that is farthest away from x.
end

end
Output: The optimal solution Zpmax € R% t0 (Giax) With optimal objective
value 7pax.

Algorithm 2: The adapted Elzinga-Hearn algorithm for the fixed gate point center
problem.
We repeat some of the earlier arguments to cleanly prove correctness of the algo-
rithm:

Theorem 4.27. Algorithm 2 returns the optimal solution to (Gax)-
Recall, that the term active is always related to the unique optimal solution.

Proof. First of all, Theorem 4.18 ensures existence of a unique optimal solution z*
t0 (Gmax). We consider two different cases:

Case 1: There is one active facility in R%. Lemma 4.22 states that this can only
be A;. This is checked in the initialization step, so if they are active, the optimal
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solution is found there and the optimal solution is returned.

Case 2: There are at least two active facilities in R2. Additionally, Theorem 4.19
states that Ay is always active, so we have three active facilities. Lemma 4.21 implies
that three points on the boundary of a ball with respect to distance d, i.e., our three
active facilities, suffice to uniquely determine B% (x*), the optimal ball which is the
smallest enclosing ball for the three active facilities.

Hence, it suffices to search for two facilities {4;, A;} in R that determine this
ball, which is done in the while loop. The unique optimal solutions of the (Peg)
subproblems in the while loop are determined by applying Theorem 4.26.

It remains to be shown that the while loop terminates, i.e., that the correct active set
is found. To this end we show that the radius increases in every iteration. Consider
a fixed iteration and let S" = {A4;, A;} be the two facilities that yield (Zmax, "max) for
this iteration. If the optimality check for xpay, Tmax does not fail, it is an optimal
solution and we are done. Otherwise, let Ay be the facility which is farthest away
from Zpax, ie., not contained in B, (Zmax). Then let (Z,7) denote the unique
optimal solution to the problem with facilities {Ag, A;, A;, Ay} which is the problem
that is solved in the next iteration, i.e., S = {A;, A;, Ax}. We now need to show
that 7 > .. Since the first iteration does not yield an optimal solution it follows
that || Ar — Tmax||2 > Tmax, SO (Tmax, Tmax) 7# (Z,7), so the active set for (Z,7) can
not be {Ag, A;, A}, so S" # {A4;, A;}. Thus, A; has to be active and there exists
A € {A;, A;} such that {Ag, A, Ay} is the active set for (Z,7). Now, if T = Zpax,
then 7 > ryay, because Ay € B, (Tmax), but Ay € Bi(Tmax). If & # Tyax, then
7 > r. Otherwise, if 7 < rpa, would hold, then (Z,7) was optimal to {Ag, 4;, A;},
and contradicts (Zmax, "max) being the unique optimal solution for the active set
{Ao, Ai, Aj}.

Thus, 7 > rya and the value of r., increases in every iteration. Since there only
is a finite number of subsets {A4;, A;} C A;, the algorithm terminates after a finite
amount of steps. O

Approximations for the Center Problem in Higher Dimensions

In the previous section we developed an exact solution algorithm based on active
facilities for the fixed gate point center problem in R2. This method, however, does
not generalize to higher dimensions. The first problem is the increased amount of
“degenerate” cases (where 2 < k < n+ 1 facilities are active). The second one is to
find the solution to the non-degenerate case where n + 1 facilities are active, since
there is no trivial generalization of hyperbolas and their parametrizations to higher
dimensions.

Therefore we propose an approach to approximately solve the fixed gate point center
problem for n > 3. Unfortunately, the counterexample of Theorem 4.19 has shown
that with n > 3 we lose the a priori knowledge that A is active. Recall that in order
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to determine whether or not A is active, we may solve the standard Euclidean center
problem (S,,) (p.69) for {A,..., A}, simply disregarding A,. Note that, since we
may work in higher dimensions it may not be trivial to solve these standard center
problems for very large instances.

Theorem 4.16 has given the reformulation that we heavily used in the previous sec-
tion and in order to avoid solving the fixed gate point center problem in n-dimensions
we state another equivalent reformulation of the problem. The reformulation itself
is not useful for solving the problem since it introduces an uncountable amount of
constraints, but it is an auxiliary problem that we use to develop an approximation
algorithm.

Lemma 4.28. Let CS := 0B,,(0) NR™ be the boundary of the sphere with radius o
in R™. Then the following two problems are equivalent.

(P.,) min r
st |4 —z|. <r Vi=1,...,k
[zl +72 <7
r €RY

(Pcs) min r
st. ||Ai—z|l <r Vi=1,...,k
|lx —All. <r VAeCS
r €RY}

Proof. Since the objective functions of both problems are identical, it suffices to
show that the feasible sets coincide. Let (2',7") be feasible for (P,,). Then for any
A € CS we have that ||z’ — Alls < ||2']]a + ||All2 = [|2/]|2 + 72 < 7" where the latter
inequality holds because 2’ is feasible. Thus, (2’,7") is feasible for (Pcs).

Let now 2’ be feasible for (Prg) with radius 7. Deﬁne y = oty ' Then |lyll2 = re
and y € R”, so y € CS. Then it follows that 7" > ||z — y|l2 = ||(1 + ] ) 2|y =
|||z 4+ ro and (2, 7") is feasible for (P,,).

An important implication of the proof is the following.

Corollary 4.29. Let y* ”*’"2 -x*. Then the following problems are equivalent:

(Py+) min r
s.t. HAZ—SL’”Q <r VZIL,/{Z
|z =yl <7
r €RY

(Pcs) min r
s.t. ||A1—ZE||2 ST Vlzl,,k’
|l —All. <r VAeCS
r €RY
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Obviously we do not know y* before we have found the optimal solution (z*,r*).
The idea is to generate specific points on CS that approximate y*, thereby getting
an approximate solution to (Pgg). More precisely, we construct a finite subset D of
CS such that the distance of some facility in D to y* is as small as possible and then
solve the relaxation

(Pp) min r
st. ||JAi—zl <r Vi=1,...,k
|lx — Al <r VAeD
r €RY

A simple way to get such a subset D C CS' is to construct a grid using Cartesian
coordinates in R™. All points A € C'S satisfy ||Al|s = r2 so we consider

W [0,27) x [0,7)""* = B,,(0) CR"

9 cos(p1)
9 8in(p1) cos(ysa)

1o sin(g1) sin(ps) cos(ys)
\D(9017902a"'790n—1) = .

rosin(py) - sin(¢n—2) cos(p—_1)
rosin(py) - - sin(¢n-1)

By construction, ¥([r,3x] x [£,7]""') = CS. Let D,, C CS be defined as D,, =

U(1I,,), with I, being a uniform segmentation of the intervals for the ¢;, i.e., I,, =

CT" x ...x Cm™ | with
k
{”:{27T+7r:k:(),...,m},

m

k
cl" = —W—i—zzk:(),...,m ,fori=2....n—1.
2m 2

If we use our relaxation (Pp ) for a specific m, we actually get a fully polynomial-
time approximation scheme when the dimension is fixed and an additional slight
assumption holds. A fully polynomial-time approximation scheme is an € approxi-
mation algorithm that has a polynomial running time when ¢ is considered a con-
stant.

Theorem 4.30. Let an instance {Ag, A1, ..., Ar} be given, where 1 = ||A|l2 =
max;—1_j ||Aill2. Let € > 0 and set m = [MQT*/ETIW Moreover, let (x*,r*) be the
optimal solution to (P,,). If ro > -, then the solution (z7,,r,) to (Pp,,) satisfies

\/5) m’»'m
(14 ¢e)r* > max;—g__r d(A;, z}) and is found in polynomial running time when € is

m
considered a constant.
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Figure 4.7: Illustration of the grid D,, on the surface of the scaled unit ball in R?
and the approximate solution z; . The optimal solution of the center
problem is x*.
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Proof. First we show (1 + €)r* > max;—o__,d(A4;,z},). Since x}, is the optimal

solution to (Pp,,) we know that ||z — A;||s < 7%, for i = 1,...,m. Hence, we only
need to calculate the distance d(Ag, z,) = ||z%,||2 + 2. For yf, := Toits " T 1t holds

that ||z}, — yi |l = ||z}, |l2 + r2 = d(Ap, x},) and then
127 = Ymllz < min (7, = 2ll2 +[lz = 57 ]2)
< min (rp, + [z =y fl2) = o + min flz -y

Since y, € CS we can bound the distance of ¥y, to one of the grid points. Let
vt = W(P1, P2, .-, Pno1). Then by definition of D,, = ¥(I,,) there exist ¢; € C™
such that [p; — @;| < I~ for i =1,...,n — 1. Then we can estimate

Hy; - ‘rHQ = H\Ij(gbb SRR @nfl) - \I/(QOI, P25y 907171)H2
Y1 — 1 T
< 2T2 : < 2T2 . = Ter\/ﬁ

= ™
Pn-1 = Pn-1/ ||y im/ s

2m

because V¥ is differentiable and its derivative is bounded by 2ry, so ¥ is Lipschitz
continuous with constant 2r, therewith yielding the last estimate.

Recall the definition of m = P”T*/ﬁ”-‘ . Thus, m > WZT‘/%, SO

Ty \/_ ETTo\/ N 5
2

m 27r7“17“2\/_ 2ry
Thus, we can bound the distance of A, to x7, by

1Y — ll2 <

. 9
(Ao, ) = ¥ = Ymllo < 7 + 10 {2 = gfl <75 4 5=

and using that d(A;, ) < r’ we get the same bound for the objective value of x¥,,

max d(A;,x;) <r, +—

i=0,....k ( ) 2rq
We now show that (1 +¢)r* > max;—o__x d(A4;,x},). Using r; > ry and the assump-
tion rq > \/ii, we have

eo LT %f T 1
rT > > = —

2 2 V22 \/5
where the first inequality is a lower bound on 7* derived by the radius of the smallest
enclosing ball for Ay, A;. Moreover, recall that (Pp,,) is a relaxation of (P), hence
rr, < r*. With these inequalities we get

|
\/

1
—2n

£ €
ii%?)fkd(Ai’x:”) <7+ ST <r*+ ST <r*4ert=1+e)"
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Now it only remains to show that this algorithm has a polynomial running time with
respect to the input parameters k, r1, ro, where the dimension n and ¢ are considered
to be constants. For the standard center problem in dimension n, the running time
of Megiddo’s algorithm on an instance with & facilities is O((n+1)(n+ 1)!k). Since
the dimension does not depend on k, this is linear with respect to k. For our instance
{Ao, ..., Ar} we have the set of facilities D,, U{A1,..., Ay} when solving (Pp,,). It

holds that o
D] = (m+ 1)1 = mray/nry
m 8 bl

which is polynomial in 71,7, and even independent of k. Thus, applying Megiddo’s
algorithm we receive a running time of

O ((n+ D(n+1)! (k + [WT‘/MWM)) ,

which is polynomial in k, 7y, 79 for fixed n and . The generation of the grid is also

n—1
done in linear time with respect to [—m”f”-‘

O ((n—l— 1)(n+1)! (k+ WQT\/MT‘l»

as the polynomial overall running time for our approximation. O

, SO we get

Even though it is theoretically possible to approximate the problem up to any fixed
precision, there are two drawbacks. The first one is a general flaw of any sort of
fully polynomial-time approximation schemes: The running time is polynomial in %,
which results in bad practical computation times when a very small tolerance £ > 0
is chosen. The second problem is that the running time depends on r; and ry. There
is no a priori bound on these radii beforehand and when working in higher dimen-
sions n, (r1r9)"~! might also be problematically big. Note that we use Megiddo’s
algorithm and the argument of a fixed dimension to get a polynomial running time
for the algorithm. There are several algorithms (approximations or exact solvers)
for the standard center problem that claim to perform well in practice even for
high dimensions. However, an exact solver for the problem that has a guaranteed
polynomial running time taking the dimension into account is not available to our
knowledge. Thus, it makes sense to choose specific algorithms to solve the relaxation
Pp,, depending on the instance (and dimension of the space) that one has given.

4.4.3 Fréchet Problem

In this section we consider Fréchet problem (Gr) of the fixed gate point problem:
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(Ge) min 3, d(x, A)
st. x€RT2URM 2

In the following theorem we provide a necessary and sufficient condition for 0 to be
the optimal solution to (Gr). Note that the condition that we state in the theorem
slightly differs from the one in Theorem 4.10. Moreover we give a closed formula for
the unique optimal solution, in case that it is not 0.

Theorem 4.31. 0 is the unique optimal solution to (Gy) if and only if

> A

AcA;

<) Al fori# e {1,2}). (4.14)

If 0 is not the optimal solution, let i € {1,2} be the index such that

> oA

A€A;

> 3 Al (4.15)

2 AEAJ

where j # 1 € {1,2}. Then

. AZA Al

* €A

v=r |1 | > A
Z A AcA;
AcA;

is the optimal solution to (GF).

Proof. Before proving the statements we collect several properties of the objective
function. Consider a point x in R?. Then the objective function of (Gy) is given by

fla)= > e = A+ Y (lzllz +11A]2)*

Ac Ay AcAs

Analogously, for a point z in R”, we get

fla)= > e = A+ Y (lzllz + 142

AeAs AeA;

In both cases we have that, as a sum of convex functions, f is convex. Moreover,
|z — All3 is differentiable on R and (|lz]l2 +[|Al|2)* = [lz[13 + 2[|All2]|=]l2 + [|A]13 is
differentiable everywhere except at 0.
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To find an optimum of f restricted to an orthant, it suffices to find a local optimum
due to its convexity, which we calculate in what follows. We look for z* such that
V f(z*) = 0 holds and we already know that the gradient exists for z* # 0. Now,
for x € R} \ {0}, Vf(x) is given by

Vi(z)=2- (Z (x—A)+ )y ﬁ (Al =+ HJCH)) :

AcA A€ Az
Setting V f(x) = 0 and rearranging yields

Viz)=0« Z$+ Z (x%—%-x): ZA

Ac Ay AeAy Ac Ay

@(MJFM)-x: > A (4.16)

||IL‘|| AeA

showing that, if Vf(z) = 0, there exists a A > 0 such that Az = >, , A holds.
Considering this equality and scaling the lengths of both vectors to 1 we receive

x Ao ZAG.Al A

lzll Al 1132 aea, All

Rearranging terms of (4.16) and then plugging in, we get that

Vf(x):0@<M+M>-x: > A

o] =
A
s Mo+ Z ||A|| . (_‘|§:A€Al AH) — Z A
A€ As AeA; Ac Ay
A
Mo ZA_M. S 4
AeA; || ZAE-AI AH AeA;
1 > oed HAH)
Sr=—1-=="2_ . A.
v (s 2

This formula can analogously be established for x € R” by simply exchanging A,
with Ay and vice versa.

With this formula for a local minimizer at hand we prove the theorem. First, assume
0 is not optimal. As (Gy) is obtained as an equivalent formulation for (Pr) in a
special case, Theorem 3.5 implies that we have a unique optimal solution x*. Then
we know that f is differentiable at the optimal solution x* # 0. W.l.o.g. consider

95



the case * € R, (otherwise use the formula and exchange A4; with Aj). As 2* # 0
it satisfies the local optimality condition,

A
R ZAG.AQH I ZA

M
Ae Ay

A€A1 H

That ) ,c4, A € R} follows from A; C R}. As 2* € RY, this implies that the
scalar 5 1]

1

_ . <1 — &) > 0.

M 12244, Al

> N4l <

AcAs

Thus,

> oA

Ac Ay

so A; does not satisfy condition (4.14). For the case x* € R” the argumentation is
the same and we get that Ay does not satisfy condition (4.14). Thus, when 0 is not
optimal it follows that one of the sets A; does not satisfy condition (4.14).

Now we need to prove the other direction. Assume that one of the sets A; does
not satisfy condition (4.14). W.l.o.g. let this be A;. When A; does not satisfy
(4.14), it satisfies (4.15) and it follows that Ay cannot satisfy (4.15). In particular,
Aj cannot satisfy the condition from Theorem 4.10, so the optimal solution to (GF)
is not contained in R™ \ {0}. As A; satisfies (4.14) it follows again that the scalar
on the right hand side of the formula

* 1 ZAE.AQ ||A||
=5 () S A
AEAI AcA;
is positive, hence we have a local minimum at 0 # z* € R}. As R™ \ {0} does
not contain a minimizer for the problem, the minimizer over R’} yields the optimal
solution. Due to convexity the local optimality of z* implies that x* is a minimizer
over the convex set R” and due to uniqueness of the minimizer 0 cannot be optimal.

O

With this theorem at hand, the fixed gate point problem is easily solved: Simply
check if one of the two A; satisfies condition (4.14). If this is not the case, 0 is the
unique optimal solution and otherwise the closed formula yields the optimal solution
in the respective orthant.

Altogether we have now shown how to solve the fixed gate point center problems
(GMed), (Gmax), (Gr), which solve problems in tree space where the data is contained
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in several pairwise incompatible orthants. This is another example that a nice
reformulation of the tree space problems enables algorithms for Facility Location in
R™ to solve specific location problems in tree space.

97






5 Balance Point Algorithms for the
Median Problem in Tree Space

The main problem we address in this thesis is the median problem (Pyeq), defined in
Chapter 3. We have already seen some solutions to the median problem in specific
cases in Chapter 4, but here we tackle it in general: Given T = {T},..., Ty}, we
want to find T € 7, such that 7™ minimizes Zf\il d(T;, X) amongst all X € T,.
Until now we have seen that in some cases we may reduce the problem to some sort of
Euclidean median problem variant, but in general this is tough to do. Even though
one can use the canonical embedding ¢ into RY and use the intrinsic metric of || - ||
on im(y), this does not simplify the problem, as there are no known polynomial (in
n) algorithms to solve this problem. Hence, we have to find a new ansatz to tackle
the problem, as there is no straightforward reformulation to a solvable FKuclidean
location problem.

An existing algorithmic approach to find the median in Hadamard spaces has been
developed in [Bacl4a]. Hadamard spaces are complete spaces of global non-positive
curvature, so these methods may in particular be applied to the tree space. For
the median problems on Hadamard spaces Bacak shows that his proximal point
algorithm (PPA) converges to a median for any given starting point. Nonetheless,
in some cases convergence is quite slow. We define the PPA in Section 5.2.4 and
investigate its convergence behavior in the experiment sections, Section 5.2.4 and
Chapter 6 and compare the PPA to our method, we develop in the following. That
the convergence rate is rather slow is not too surprising since it is the median
analogue to Sturm’s algorithm [Stu03]. Sturm’s algorithm is an iterative scheme
converging to the Fréchet mean in spaces of global non-positive curvature. Even
though it converges to the optimal solution and it is known that its convergence
rate is sublinear [MOP15] and hence not satisfying.

Our approach is to develop a heuristic approach that strongly uses the local Eu-
clidean structure of the tree space to try to improve convergence behavior in com-
parison to Bacak’s PPA. Moreover it is desirable to find an algorithm that allows
for a better interpretation of the determined solution, as the PPA only yields ap-
proximate solutions and we have no measure to find out how far away this solution
is from an actual median.

It seems unintuitive to develop a heuristic, when there exists an approximation
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algorithm that converges to the optimal solution, but we justify why the method
has practical relevance due to its advantageous use of the tree space structures.

Since the chapter is rather extensive we briefly sketch its structure: We develop a
heuristic for the median problem (Pyeq), which is based on a local improvement
strategy called the Balance Point Algorithm (BPA) which operates on orthants.
Since there is an exponential amount of orthants, we start by developing lower and
upper bounds in Section 5.1 in order to rule out several orthants beforehand. After
we have investigated the bounds we state the Global Balance Point Heuristic in
Section 5.2, including the definition of the BPA as well as experiments. After this
we investigate the convergence of the BPA in Section 5.3 before depicting some
cases that justify and explain the importance of the assumptions needed for the
convergence of the BPA in Section 5.4.

5.1 Bounds for the Median Problem

Bounds for the median problem in 7, have already been investigated by [Cohl7] in
a bachelor’s thesis. The lower bounds 21, 210 and upper bounds zy, zy2 we define
in the following, have been introduced in [Coh17]. The other bounds we develop in
the following improve these known bounds: z;3 is always better than 27, and zs,
see Theorem 5.2, and zys, zys provide practically improved results, as can be seen
in the experiments of Section 5.1.

Lower Bounds

We start by calculating lower bounds. Recall the definition of complete incompati-
bility, Definition 4.5. With this we introduce the notation

& = {T € T : Split(T) completely incompatible with Split(O)}. (5.1)

Now, for a fixed orthant O we show that the optimal objective values of the opti-
mization problems

(L) 2z = )Iglelg Z It — x|z

TeT
(L2) 22 = %( 2 ||t—as|rz+|To|-Htz> + 2 ltle
TeTNO TETS,

(L3) 23 := min Do M=l ITE] - llzlle | + D Nl

TET\TS TeTH
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M
yield lower bounds on the objective )rgug Y d(X,T;). We refer to the respective
cUi=1

optimization problems by L1,L2, L3.

M
Theorem 5.1. 211, 219, 213 are lower bounds for )rgug Y d(X,T;) for any O C T,,.
€0i=1

Proof.  zp; For each T € T it holds that ||t — z||s < d(T, X), so it also holds for
the sum, i.e., the objective value 21 satisfies 271 < minxeco D e d(T, X).

212 For any X € O it holds that

Yo =zl +ITE] - llzllz + Y Il

TETNO TETS,

= > llt=ala+ > (ltla+ ll=])
TeTNO TETS,

= ) dT.X)+ > d(T,X)
TETNO TETS,

<) AT.X)+ > dTX)+ Y dT.X)=) d(T,X)
TEeTNO TETS TET\(OUTS) TET

so it also holds for the minimum, z7, < minxeo Y e d(T, X).

zr3 Similarly as for z7o we have that for any X € O it holds that

Yo Nzl +ITol - flll+ D Nt

TeTET\TG TETE,

= > lt=allat D (It + )
TET\TE, TETY,

< AT, X)+ > AT, X) =) d(T, X),
TeTNO TETS, TeT

hence, zz3 < minxeo Y pep d(T, X).

Theorem 5.2. z;3 is the strongest of the three bounds.

Proof. First of all, note that any tree ' € TNO is not in 7. Thus, TNO C T\T§
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which implies that

Zr2 = i ( Yol =l + TG - ||56||2> + > Il

TeTNO TETS,

<min | > ([t =alla+ [TEH - [lzllz | + Y [tz = 2zs.

XeO . c
TET\TO TeTy

Now, consider L1 and L3. We use ||t — z||s < d(T, X') once more to get

21 = min > It — =l
TeT

=min | Y [tz Y [tz

TET\TE TET,

< min Z |t —z|]2 + Z d(T, X)

XeO
TET\T§ TeTs
—min | > Me—all+ D llzlle+ 1l
TET\T§, TeTs

=min [ Y [t —alo+|To] allz | + D lltlle = 2za.

Xeo . ‘
TET\TE, TEeTE,

The last thing we have to take care of is actually computing the bounds in order to
implement them in our heuristic. Therefore we need to solve median problems in
the tree space restricted to the orthant . To be able to solve these problems and
compute the bounds, we will transform the problem to RY and then reduce it to a
lower dimension.

The following theorem states an equivalent formulation that

Theorem 5.3. Let T = {T},..., Ty} and O be given. W.lo.g. assume that for
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X € O and for T € T, arbitrary we have the representations

T
ﬂf/
Tp—2 0 N 1 -2 t' N 1 —2 41 N—n+2
x = 0 = | . | eR" 2 eR" t= o eRY, ¥ e R" 2 ¢ ¢ RV "2,
: 0
0

Then for all T € T, it holds that

1

’ " 2
It —zlla = (It = I3+ 1£"13)

Moreover,

M 1
: . ’ me "9 3
min > 1t = allo & min, 57 (116~ I3+ 1/ 13)

TeT + =1

are equivalent optimization problems.

Proof. Choose X € O and T € 7, arbitrary and define " := 0 € R¥V=("=2)_ Then
we have that

/ " " 1 ’ " %
It = zlla = (1 = 213 + 1 = 2" 13)* = (11t — /I3 + 14113

by the Pythagorean theorem in RY. Hence, finding minxeo S0, ||t; — |2 is equiv-
1
alent to finding min,cpn-2 S (e =213+ 11t 113) 2. O

Note that ||¢;||2 does not depend on 2/, and that the problem resembles a median
problem in R"~2. If t;’ = 0 for all 4, it even is a standard median problem. So
we actually have a generalized version of a median problem. Thus, it is natural to
try solve the problem via an adaptation of an algorithm for the standard median
problem. In the following we adapt the so-called Weiszfeld algorithm. The Weiszfeld
algorithm, introduced by [Wei37], is an iterative procedure and is often described
as 'long-step’ gradient descent method, where the step size is calculated implicitly
in the formula for the next iteration point.

Our goal is to calculate the bounds zy1, 279, 213, i.e., to solve the respective opti-
mization problems L1,L2, L3. Note that L2, L3 are weighted median problems,
where all facilities 7" in the first sum have weight 1 and the facility 0 has weight |T§|.
Thus, when we reformulate L1,L2, L3 using Theorem 5.3 we get an optimization
problem with the following structure

SIS

(MF) min Y0, w; (|| A — 2]} + &)
s.t. r e R™
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where facilities A = {A;,..., Ay} C R" are given with weights w; > 0 and some
fixed costs’ ¢; > 0. So when we are able to solve (M F'), then we may calculate all
lower bounds.

We now follow the structure in [Kuh73]. The results are the same as in Kuhn’s proof
of convergence for the Weiszfeld algorithm for the Euclidean median problem, but
we adapt all results and proofs to this generalized version of the median problem.
The only difference are the terms

ni(z) = (HAZ — 2|3+ ci)% = ((Ail — )+ (A — 1)+ ci)%
> (An = 21) + oo+ (A — 2)?)? = | Ai — 2l

forv=1,..., M that depend on c;.
We denote the objective function of (M F) by

[NIE

M
g(x) =Y _w; (|Ai — =3 + c;)
=1

With the 7; terms we may rewrite g as g(z) = S, wyi(z). From the first result
on, our set of facilities is divided into two subsets that behave differently; let AT =
{A":i=1,...,Mst. ¢;>0tand A°={A":i=1,...,M s.t. ¢; =0}.

Lemma 5.4. The objective function g is convex on R™ and differentiable on R™\ AY,
with .

w;(r — A;) ‘
Vyg(z) = ————~  where existent.
; ni(z)
Proof. We start by showing convexity. ¢ is the weighted sum of the 7;. As the

weights are positive, convexity boils down to convexity of the 7;. To show that these
are convex, we reformulate the term to

2\ 3

Al — I Al — 1
1 : :
Ai —a 2 + ¢ 2 = ’ = :
(14— 2 + ) . .
c2 ) 2 )
The right hand side is convex if and only if h(z) = ’ (i) is convex, as it is only
2

a translation. Choose z,y € R" and A € (0, 1), then

(=] - -n()
SO0l

h(Az + (1 = Ny) = ‘

2

= Mi(z) + (1 = Nh(y)
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due to to the triangle inequality, so A is convex. That implies convexity of 7; which
in turn implies convexity of g.

As a composition of differentiable functions, we get that g is differentiable on R™\ A,
i.e., all points where || - —A;||o is differentiable. For the facilities in A" we check
differentiability by investigating the partial derivatives

99 .y — o w; (25 — Aji)
o T T

Take x = Ay € AT. Then %(m) = Zﬁl%ﬁ“) Since ¢, > 0, and hence
K3 J
n(x) > 0, the partial derivatives are continuous functions for all i at x = Ay, Thus,

g is totally differentiable at Ay € A" with gradient

Vg(e) =) ke —4)

i1 ni()

as for all other z ¢ A°.
[

In order to apply a gradient descent method, we’d like to rule out the case that
some facility in A" is optimal, so that we can use the sufficient optimality criterion
Vg(z) =0 (since g is convex). The following lemma enables us to check optimality
of the facilities A° a priori.

Lemma 5.5. A, € A° is an optimal solution to (MF) if and only if

M
wi(Ak_Ai)
Testy := — || < wy.
* Z (ARl || =
ik 9

Proof. For Ay, € A°, define g(z) = Z#k wimi(z) and gp(z) = wem(z) = wi|z —
Agll2, vielding g(z) = gr(x) + gi(x). Now, set

M
wi<Ak - Ai) .
p= S Wl T ) g A,
2 T, 9e(Ar)
itk

the direction of steepest descent for g at Aj. For gi(Ay), consider all directions #’
with ||t'|]2 = ||t||2. Then for all € > 0:

9i(Ax + et') = wi||et'|2 = wlletlls = gr(Ar + €t),
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so t belongs to the directions of steepest descent for gy, so together, ¢ is the direction
of steepest descent for g at Ag. Since g is convex, local optimality is sufficient for
global optimality, thus

Ay, is optimal < g(Ay + et) > g(Ag)Ve >0 (5.2)

We want to find an equivalent characterization for the right hand side, therefore we
apply a Taylor-expansion of g, at A in direction &t:

gk(Ak + 8t) = gk(Ak) + €V§k(14k)tt + 0(82).
Since Vg (Ay) = —t, the second term equals —¢l|t]|3. Therewith we calculate

9(Ax +et) — g(Ar) = gr(Ax + €t) — Ge(Ar) + gu(Ar + €t) — gr(Ar)
& g(Ay, + et) — g(Ap) = —¢|lt]]3 + willet]]2 + O(e?)
= g(Ay +et) > g(Ap) & —ellt]5 +wielltll2 > 0 < wy, > ||t

which holds for all € > 0 sufficiently small. Together with (5.2) we conclude that
Ay, is optimal if and only if wy > ||t]|2. O

So, first we can check if there exists an optimal solution A; € A° and whenever this
is not the case, we know that for any optimal solution z* it holds that Vg(z*) = 0.
Then we rearrange terms:

The idea of Andrew Vézsonyi, also known as Endre Weiszfeld, was to use this
equation as iterative procedure, and set z;11 = gngg, for all x;, where the objective

is differentiable. This yields the mapping

Qz) 0
T()— | Po TrEA
Ai if v = Az S ./40.
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This already describes the iterative algorithm, that we call adapted Weiszfeld algo-
rithm, see Algorithm 3.
Data: zo € R"\ A

for(i=1,2,...
do

‘ I = T(:rl,l)
end

Algorithm 3: The adapted Weiszfeld algorithm.
We now investigate properties of optimal solutions and 7'(x) in more detail:

Lemma 5.6.
i) If x is an optimal solution to (MF), then T(x) =
i) If v & A° and T(z) = x, then x is an optimal solution to (MF).
iii) Let x* be an optimal solution to (MF), then x* € conv(A).
w) Forx & Ay, T(z) =z — h(x)Vg(x) with
[T, mi(=)
Zkle Wk Hz‘;ék ni() .
Proof. 1) and ii) follow directly by the definition of T'(z) = P(B and their derivation.
iii): If 2* = Ay, for A € A then z* € conv(A). Otherwise,

ZM 'UJiAi

* * i=1 n;(x*)
v =T = St
i=1 n;(z*)

so x* is a convex combination of the A;, because the scalars are

h(x) =

wj M ]

n;(z*) > () and Z ]7\/];(—11:;.‘)1” =1.

>iz1 mi(z%) j=1 2im1 ni(z*)

iv): Note first, that h(x) > 0 and that Vg(z) = zP(x) — Q(z). For x ¢ A° (we
need 7;(z) > 0 for all 7)

al M177]( )
h(z)P(z) = L
)P i—1 121:771 Zk 1wkH]¢k77J( z)
_ Zi\il Wi H#ﬂ?ﬂ(x)
224:1 Wk Hj;ék nj(x)

=1,
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1

Since P(x) > 0 this also implies h(z) = Pay

T(x) = gg; =r—x+ % =z — h(z)P(z)z + h(z)Q(x) = x — h(x)Vg(z).

and plugging everything in we get

L]
Lemma 5.7. If T'(z) # z, then g(T(z)) < g(x).
Proof. T(x) # x implies that = ¢ A°, so

S, mal
i=1 n;(x)

T
i=1 n;(z)

and in Lemma 5.6 iii) we have established that this is a convex combination of the

A; € A. This implies that T(z) is the unique minimizer of p(y) = SV %(xy))z

T(x) =

This can be seen by rewriting ¢(y):

M M
W 9 Wy
SO?JZE y—4 +E ——Ci,
( ) pa nz(l')H ||2 p nz(x>

where T'(z) is the unique minimizer of the weighted sum of squares and the second
sum is independent of y, so T'(z) is the unique minimizer of ¢(y). This implies

PT()) < (o) = 3 (o) = o)

With this we estimate

(T@) = 3 oo (0T (@) = i) + i)’

1=

=

&
Vv

S

= 2g(z) > 29(T(x)) + ) n;é);) (m:(T(x)) — mi())”
= g(x) > g(T(x)),
where the last implication holds since Zf\il %(nZ(T(x)) —ni(z))? > 0. O
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The next two lemmata are slightly technical but are crucial to ensure convergence
of the iterative procedure to the optimal solution rather than converging to some
non-optimal facility A, € A°.

The first lemma states that when the iteration gets close to a non-optimal facility
Apg, but does not hit it, then it is repelled and leaves a certain neighborhood of this
facility after a finite amount of steps.

Lemma 5.8. Let A, be not optimal. Then there exists some & > 0 such that the
following holds: If x € Bs(Ay),x # Ay, then there exists some s € N satisfying
|T5(z) — Aglla > 6 and |T* 1 (x) — Agll < 6.

Proof.
T(x) — Ay = = — h(z)Vg(z) Z ni’; — (A —2)
W Wi h(x)wk .
M >#Zk mi(z) (Ai—o)+ ( k() 1) A=)

Since Ay is not optimal, Lemma 5.5 states that

> Wk,

Z 77@<Ak) (A Ak) 2

itk
so there exist ¢’ > 0,e > 0 such that

w;

7 1i(Ak) (4 = o)

> (14 2e)wy,  for all x with ||[Ax — zl]s <. (5.3)

Moreover,

h w ; i\T
(x)wr _ 0 Higeml@) AL since [I7i(x) = 0foranik
() > wi [Ty mi(e) i#l

because the product then contains ni(z) = || — Agll2 — 0 when © — A, and all
other terms are bounded. Hence, there exists some §” > 0, such that

h(z)wg
[ = Agll2

2(1+¢)

— 1‘ < for all x with 0 < ||z — Aglls < §". (5.4)
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Let 6 = min{¢’, 0"}, then for all x # Ay with || — Ag|ls < 6 we have

|T(z) — Agllz = ||h(x) > 771;3) (Ai —2) + (héf();;k _ 1) (A — 2)

. Wi gl _ h(@)wy .

A e | (-5 o),

o IS ol ] @ |

el It et e v [
3G (a)wy(1+ 2¢) ﬁllx — Ayl

[ h@)wr v R [P
_<m 1+1)(1+2s)\| Al 2<1+6)H Agl[2

15 £
= (1+¢)l|z — Ax2-

Since ||z — Agll2 > 0, there exists some ¢t € N such that (1 + &)f||lx — Agll2 > .
Using the above estimation we get ||[T'(z) — Aglz > (1 + &)!||z — Agl|2, so the
existence of ¢ guarantees the existence of s € N such that ||7%(z) — Agl|2 > ¢ and
|75 (z) — Axlla < 6, because for T°(x) = z, 0 < ||z — Axll2 < J holds and the
distance monotonically increases. O

Lemma 5.9. For A, € A° it holds that

i |T(x) — Aglls  Testy,
1m = .
T— Ay ||ZE — Ak”g Wi

Proof. For x ¢ A°

M w; g
o S A
(z) = =520
D=1 iy
i M i
Zz‘;&k nzi()x) (A; — Ap) + Ay Zz’:l %

M w;
2imt )
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Thus

Ai— A
T([E) _ Ak _ Zz;&k ni( 1)1) k)7
e )
7 = Al Ja— Aan ~
Ell2 (1 + Zi#k’ m-(lx))
_ A — A
L 1@ = Al | D i (A~ A

x— Ay, Hi[} — AkHQ T Ay, (]_ + lo=4l2 AkHQ Zz#k ni( )>
i\T 2

T(x)— A T
o g IT@ = Al Testy
i o= Al

]

Finally, we have gathered all tools to prove the convergence theorem for Algorithm 3.

Theorem 5.10. Given zg € R, define z; = T'(x¢) for 1 € N. If (z)ien N A° =0,
then limy_, o z; = x*, where x* is an optimal solution to (MF).

Proof. For [ > 1 we have that x; € conv(.A), which is compact. Hence, by Bolzano-
Weierstrafl there exists & € conv(A) and some subsequence z;, — Z. We need
to show that ¥ = z*. Whenever z;,, = T'(;) for some [, we have optimality by
Lemma 5.6 ii), because x; € A° by assumption. Otherwise, Lemma 5.7 states that

g(wo) > g(x1) > ... > g(z7)

the x; yield a strictly decreasing and bounded sequence. Hence (g(z;));en converges,
and using continuity of g and T" we see that for the limit it holds that

9(z) = lim g(z) = lim g(T'(a1)) = ¢(T(lim 2:)) = ¢(T(7)).

From ¢(z) = g(T(Z)) we get & = T(Z), because there is no decrease in g. Then, if
¢ A%, & = x* follows by Lemma 5.6.
If # = Ay for some A, € A° and A;, is optimal, we are done. So the only remaining
case is T = Ay, for some A;, € A° and A}, is not optimal. Then Lemma 5.8 guarantees
the existence of a subsequence (x;,),en, such that | T(x;.) — Aglle > ¢ for all r € N.
Then
TG,) ~ Acds

@, — Akllz -l — Axll2
because T = Ay, implying ||z;. — Ak|l2 — 0. This, however, yields a contradiction to
Lemma 5.9:

— 0O

1. ||T(ZL‘) — AkHQ o Testk

im = )

T— Ay ||ZE — AkHQ Wi

Thus = 4 Ay for Ag not optimal. O
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With Theorem 5.10 at hand, we may now calculate the optimal solutions to the
optimization problems L1, L2, L3, by applying Algorithm 3 to the reformulated
problems that we get after applying Theorem 5.3. We complete this section by
demonstrating the reformulation and application of the algorithm with a very small
example in T;.

Example 5.1.1. Consider the following five splits on {0,1,2,3,4}

s1 = ({1,2}[{0,3,4}), s2=({1,3}[{0,2,4}), s3=({1,4}[{0,2,3})
S7 = ({172’3”{074})7 S9 = ({17374}|{072})

which are labeled according to the canonical embedding in Ty, see Example 2.1.4. We
have three sample trees T = {1, Ty, T3} with

T, = ((31,37), (2,3))7 T, = ((32,57), (4, 3)), T5 = ((33,58), (3,4))

and want to exemplary calculate bounds for the orthant O that has the split set

{81, 57} .

Now let us calculate zp, for ort;. Hence, we have to solve

(L1) 2 = min > it =zl

TeT

First we reformulate the embedded vectors according to Theorem 5.3. Note that
we need to switch coordinates 2 and 7 of all canonically embedded (Definition 2.9)
vectors, to meet the requirements of Theorem 5.53. Thus we have

7/J(T1) = ) ¢(T2) = ) ¢(T3) =

OO WO OO k=o

SO OO OO Wo o

SO OO OO WwWo o

O OO OO0 OO WwWwo

OO OO OO OO WwWwN

O OO WO OO o oNN

and by taking the first two coordinates of the renumbered vectors we receive
2 0 0
=)+ () - (0)
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and ||t]]|2 =0, ||t5]12 = 9, |It5]|3 = 25. Now we can solve the optimization problem

M 1

min S (It - 213+ 113) "

x’ER172 i—1

which has the same structure as (MF). When we want to fit the notation of the
definition of (MF), we simply set ¢; = 0,¢5 = 16,¢3 = 25 and A; =t for i =
1,2,3 and we may apply the adapted Weiszfeld algorithm, Algorithm 3 to find the
optimal solution to the problem. Naturally, as the adapted Weiszfeld algorithm is an
approzimation algorithm, we only determine an approximate optimal solution and
i practice stop when some precision threshold has been reached.

The reformulation of L2 and L3 is very similar so we will only demonstrate it for
L3 as it yields the stronger bound. Recall, that

(L3) 23 :=min YooM=zl +1Tol - allz | + > Nt

TeT\T§ TeT,

Here it is important to mention that we omit the constant part ZTG% T2 in
the optimization process, so that we are left with a weighted median problem. In
comparison to the reformulation of L1 we now additionally need to see whether
T € T\ T§, before reformulating the facilities. Ty € O, so Ty & T§ and s; €
Split(73) N Split(O), so Ty & T§ as well. Ts was chosen such that Split(13) and
Split(O) are completely incompatible, thus, Ty € T§. Thus, when plugging in, we
get the following optimization problem

23 = min (|6 =zl + [tz — 22 + [lll2) + [[ta]l2,

We define T, = 0 € Ty to simplify notation and receive
L3 = X5 ('—1224 [t — 37H2> + [I£]]2-

This implies that we have a different optimization problem than for zr1 as Tz is
‘represented’ by Ty = 0 in the optimization problem and ||ts]la is added after the
optimization step. Now we apply the reformulation of Theorem 5.3 and receive

, 2 , 0 p 0
tl - (3)7 t2 = (3)7 t4: <0)7

and ||t] |3 =0, ||ts||? = 16, ||t;]|2 = 0. So we actually get the same representatives,
but note that the constant changes, as ||t,||2 = 0. Again, to fit notation of (MF)
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we set ¢ = 0,c0 = 9,¢4 = 0 and A; =t for i = 1,2,4 and then start the adapted
Weiszfeld algorithm to find the optimal solution. Note that in contrast to zpi, we
now need to add ||ts]|2 after having calculated the optimal objective value for (MF).

The bounds that we calculated for the two reformulated problems using Algorithm 3
are

21 = 1085, ZL3 — 12.91

and we see that zr3 is a lot stronger in this case.

Upper Bounds

Recall the definition of T¢, (5.1) and define the following four upper bounds:

(U1) zyp = Z d(T,T*), where T € arggleigTZT It — z||2
€

TeT

(U2) zp2:= Y d(T,T"), where T”eargggg< > ||t—x||2+|T€9|-||x||2>

TeT TeTNnO

(U3) zys3:= Z d(T,T¢), where T € arg min Z It =zl + |To| - |||
TET TET\T,

(U4) 2= S d(T,T%), where Tdearggggg< ) Ht—x|rz+|T\Or-quz>

TeT TeTnO

Note, that the optimization problems for U1, U2, U3 on the right hand side are the
optimization problems L1, L2, L3. Thus, we only need to calculate the objective
values in order to get these bounds. Technically, Li are optimization problems, and
the Ui are not. We only gave the upper bound these names to simply refer to them.

Remark 5.1.2. [t is important to note that the upper bounds depend on the choice
of the minimizers T, T®, T, T* and that the resulting values may differ. So, in
order to make them well defined we either have to take the minimum over all possible
manimazers of the optimization problems, which would yield the best bound, or denote
U1(T*), U2(T?), U8(T¢),U4(T?), respectively. In practice we do not care for this
technicality for two reasons: First of all, the minimizers on the right hand side are
unique most of the time. Secondly, we still have an upper bound to work with, even
if there are several minimizers and one of those yields a better bound. Trying to find
the best bound is a big computational effort with very little benefit. In order to ease
notation, we will write U1 instead of U1(T*) in what follows (and the same holds
for U2 - U4).
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Theorem 5.11. For any fixed orthant O C T, zyi, zu2, 2us, Zusa are upper bounds
for O and also global upper bounds.

Proof. All four bounds evaluate feasible solutions, namely 7% T° T¢ T%, for the
median problem, naturally yielding global upper bounds. Hence they are also upper
bounds for O itself. O

At first glance it looks a bit arbitrary why we choose these specific upper bounds,
as the objective ), .p d(X,T) of any tree X € 7, yields an upper bound. For Ul
- U3 we already mentioned that zyq, zp9, 23 are the objective values of the trees
T, TP T° that we receive as optimal solutions when calculating the lower bounds,
i.e., by solving L1 - L3. So for these bounds the computational effort reduces to
simply evaluating the objective function of these trees.

An upper bound which we did not receive in this fashion is U4. Actually we first
established

=) ||t|l2+§28( > ||x—t||2+|T\0|-||x||2),

TeT\O TeTNO

as an upper bound. It actually is an upper bound, since d(X,T) < ||z||2 + |||z and
thus

dAX,T)= Y e—tl+ Y dX,T)

TeT TeTNO TeT\O
< >0 M+ Y e =tz + [T\ OI- [zl
TeT\O TeTnO

holds for all X € O, so it also holds for the minimum. We disregarded zy» since zy4
is a better bound:

Lemma 5.12. zy4 < zpr.

Proof. By definition of 24, T¢ is a minimizer of the right hand side, so we may plug

115



this minimizer in:

> ltll2 + min ( Y llz—tle+ T\ O] |Il’||2)

TET\O TETNO

= D e+ Yo e =t + T\ O|- [[#]s
TeT\O TeTNO

= > (el + 1) + >l =t
TeT\O TeTnO

> Y AT T+ Y |1t~

TET\O TETNO

= d(T,T%.

TeT

]

As mentioned above, T T?, T¢ are calculated when we compute the lower bounds,
but T? is not. Hence we need to solve

min ( Z |z —tlla+|T\ O] Hx‘|2) :

TeTnO

This can, analogously to the lower bounds, be solved by using our reformulation,
Theorem 5.3, and then applying Algorithm 3.

Experiments

In this section we demonstrate that the bounds we have given in the previous subsec-
tions are easy, i.e., fast to calculate and examine how well they perform for different
sizes and types of instances. All bounds have been calculated in a self implemented
framework for tree space algorithms which include classes for splits, orthants, trees
and several helpful functions and methods. This framework is also used for all other
experiments to follow. In particular we stress that the calculation of all our lower
bounds includes solving an optimization problem; In order to solve these we have
implemented the Weiszfeld algorithm, as well as our adapted version of the Weiszfeld
algorithm that we developed in Section 5.1.

Regarding the technicial specifications, we have implemented all algorithms and
methods in Python 3, the calculations have been executed on a single core of an
Intel(R) Core(TM) i3-2350M and with 4GB RAM.

There are numerous interesting features of the bounds we could investigate here but
since they are not of main importance, but rather a helpful tool for the heuristic
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we develop in the next section, we only focus on two things. Firstly, we examine
how big the gap between the bounds is to get an idea of how good our solutions for
the median problem will be. Secondly, we want to find out how many orthants we
can eliminate or reject by finding an upper bound for some orthant that is lower or
equal than the lower bound for this orthant.

In general, however, it will be hard to depict all results of the bounds. This is due to
the combinatorics of the tree space: Recall that for 7, there exist (2n — 3)!! orthants
for which we have to calculate each of the bounds. Naturally, we do not show the
values of the bounds for each orthant, as the size of tables and amount of values of
different bounds is unmanageable.

So in the following we repeatedly conduct experiments for a fixed parameter setting
and average the results of the bounds over all orthants and all instances. Moreover,
we always pick single generic instances and extreme instances to show how the
bounds look like when simply averaged over the orthants of a single instance instead
of averaging over all instances.

As mentioned earlier, we calculate the bounds for (2n — 3)!! orthants. The highest
dimension for which we are able to do this is n = 7 and this is very time consuming
already, so as a performance test we run an experiment on a single instance simply
for the purpose of investigating the computation time, rather than interpreting the
results. Otherwise we perform and compare results of the bounds in detail for
n =4,5.

Generation of Data

We use the following parameters to describe and generate instances:

n | dimension of the tree space
m | number of repeated runs for a fixed parameter setting
o | number of orthants to sample the trees from

number of trees in an instances
maximal weight of splits

SIS

We will always use W = 20 and sample an integer in [0, W] for the weight of a
split using the uniform distribution. o is the value of orthants to which we restrict
ourselves when sampling trees; this gives a handle on how widely spread the instances
are. When o = 1, we obviously have only a single orthant and a resulting Euclidean
location problem and when o = (2n — 3)!!, then we sample from all orthants of 7,,.
The values in between, however, are far more interesting, as the trees are sampled
in ;say, o = 15 of 105 = (10 — 3)!! orthants, then it is much more likely that the 15
orthants share a specific split or that one orthant contains a very high number of
trees. The o orthants are a random sample from the (2n — 3)!! orthants with respect
to the uniform distribution.
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o | @ gapin % | & rej. orthants | & time per instance
) 14.02 7 0.3s
10 10.89 4.4 0.3s
15 10.10 2.5 0.3s

Table 5.1: Bounds experiment in 7; for M = 5 trees, averaged over m = 10 runs
with different numbers of sample orthants o.

o | gap in % | rej. orthants | total time
5 5.71 1.1 3s
10 2.30 1.6 3.8s
15 1.32 2.9 3.9s

Table 5.2: Bounds experiment in 7; for M = 50 trees, averaged over m = 10 runs
with different numbers of sample orthants o.

Finally, the M trees are generated as follows: First choose one of the o sampled
orthants, again with respect to the uniform distribution, and then when the orthant
is chosen, sample the weights for each of the splits of the orthant as described earlier.

Results

We start with the experiments for n = 4. Table 5.1 summarizes the outcomes over
all m = 10 runs for M = 5 for o € {5,10,15} and Table 5.2 depicts the outcomes
for m = 10 and M = 50 for o € {5, 10,15}.

As all experiments we conduct show common trends for the quality of bounds, the
size of the gap, etc., we interpret them after the last experiment. The only thing
we hint at here is that the average computation time in 7, is 0.3s or about 3.5s,
respectively, which is very affordable.

From the 60 instances of the above experiments we picked out three to illustrate
a ‘generic’, a ‘good” and a ‘bad’ case. These may be found in Figure 5.1. The
illustrations for each instance include the global lower bound (‘globall’) and the
best upper bound, hence the best global upper bound (‘bestUp’) we determined.
The rightmost bar indicates how many of all orthants could be rejected by the
bounds, i.e., the orthants in which it is clear that they do not contain an optimal
solution.

The topmost instance in Figure 5.1 is a ‘generic’ instance with M = 50 trees in
the sense that its gap and the number of orthants that are rejected are around the
average values from Table 5.2. For M = 50, most of the instances were more or
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Figure 5.1: Generic and extreme instances from the bounds experiments in 7;. Both
extreme cases are with M = 5 trees, for M = 50, the results were stable.

119



o | @ gapin % | @ rej. orthants | @ total time
5 11.27 28.4 1.9s
25 10.41 74 2.1s
75 6.99 3.2 2.0s
105 9.75 11.1 2.0s

Table 5.3: Bounds experiment in 75 for M = 5 trees, averaged over m = 10 runs
with different numbers of sample orthants o.

o | ¥gapin % | & rej. orthants | & total time
5 5.97 9.9 18.0s
25 2.18 6.8 23.8s
75 1.59 3.8 24.4s
105 1.56 4.0 23.5s

Table 5.4: Bounds experiment in 75 for M = 50 trees, averaged over m = 10 runs
with different numbers of sample orthants o.

less consistently close to these average values. For M = 5, there are more extreme
examples, which is not very surprising, since it is more likely for the trees not to
be spread out too evenly across the sample orthants. The second instance in the
picture depicts an extraordinary ‘good’ case, where only two out of fifteen orthants
remain as candidates to contain the optimal solution. The last instance shows a
rather ‘bad’ case, where the gap is high and not a single orthant could be rejected.
For most of the instances where the gap is considerably higher than 10% it was
usually the case that some orthants could be rejected, which is unfortunately not
the case here.

Now we investigate the bounds for 75. Here, we adapt the amount of orthants in
which the trees are sampled, since there are seven times as many orthants now and
we always want to have one case where the 50 trees are sampled over the whole
space. Moreover, we conduct the experiments for four different values of o, since the
span of values naturally becomes a lot wider.

Table 5.3 summarizes the outcomes over all m = 10 runs for M = 5 for o €
{5,25,75,105} and Table 5.4 depicts the outcomes for m = 10 and M = 50 for
o € {5,25,75,105}.

Again, we showcase some of the results for specific instances in Figure 5.2.
Simlilarly to Figure 5.1, in Figure 5.2, the topmost instance is a ‘generic’ instance,
for which the gap and the number of rejected orthants is close to the average values.
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Figure 5.2: Generic and extreme instances from the bounds experiments in 7s.
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0 gap in % | rej. orthants | total time
) 2.68 20 2377.6s
10395 0.71 47 3575.8s

Table 5.5: Bounds experiment in 7; for M = 50 trees for two exemplary instances.

The second instance in the picture shows an extraordinary ‘good’ case, where only
under 20% of the orthants remain as candidates to contain the optimal solution, as
86/105 orthants were rejected. The last instance shows an extreme case in the sense
that the relative gap dropped below 1%, showing that margins that are to be gained
by optimization are rather small here and the tree whose objective yields the global
upper bound is a pretty good solution.

As we pronounced earlier, as a performance test we want to compute all bounds on
two exemplary instances, for which the results will, of course, not be representative.
We note that, before starting to calculate the bounds, our framework needs to
generate all splits and orthants for 7; and that there are 10395 orthants in 7.
Surely, there is a faster way to do this, but when implemented in a straightforward
way, the generation of these splits and orthants for 7; already takes several minutes
and the file that stores all orthants is already 2.5MB big. This is why we refrain
from trying to lift this up to even higher dimensions as this would force us to use
computing clusters, which is unnecessary to investigate the behavior of the bounds.
The results of the two runs are shown in Table 5.5

As we may see, the computation times stack up considerably due to the high amount
of orthants. Nonetheless, calculation of bounds in single orthants is in average less
than 0.1s, i.e., extremely low. So in a practical setting one may calculate zy3 for
all orthants and only calculate a few reasonable upper bounds for high dimensional
problems when it is too time consuming to calculate all bounds.

Now that we have seen several experiments we can interpret the influence of dimen-
sion, number of trees and number of orthants.

The most obvious results are obtained for higher numbers of trees. For all dimen-
sions we observe a proportional connection between the number of trees and the
computation times. This is not surprising, since all lower bounds are calculated by
solving optimization problems; these problems are solved by the Weiszfeld algorithm
or by our adapted Weiszfeld algorithm from Section 5.1. Both algorithms depend
linearly on the number of trees in each iteration, so the proportional connection was
to be expected.

Another observation that we can make for different number of trees is that the
gap gets distinctly lower when the number of trees is higher. This insight is very
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important and intertwined with a lot of other results and interpretations:

The gap actually gets smaller with a higher number of trees and when the instance
is more spread, i.e., sampled over a higher number of instances. This is due to the
structure of the space and the problem. Due to incompatibilities of splits and the
non-positive curvature it is very likely, and often the case in the experiments, that
the star tree is the optimal solution to the problem for very spread instances. This
then results in the optimal solutions to many of the optimization problems also
being the origin in R’}:? Take for example z;3 and zy3 and assume that 0 is the
minimizer for L3. This is not a very rare case, as the weight | T(,| of the facility at 0
is the only weight of the Wever problem that is greater than 1. If 0 is the minimizer,
then the gap of these two bounds is

M
s =z =Y _d0,T;) = [ Dt =0l +[TE[-[loll2 + Y [[tll2 | =0,
i=1

TET\T§, TETS,

and is thus the optimal objective for this orthant. Of course, there may be different
orthants, for which the lower bounds are smaller than that and make the global
lower bound smaller as well. Then the gap may not be 0 any more, but it seems to
be pretty small in most of these cases.

All in all the experiments show that the bounds perform pretty well: the relative
gap is around 10% or even considerably lower, which was not to be expected a priori.
Moreover, the calculation of the bounds in single orthants is extremely fast and it is
still affordable to calculate them for the whole 7;. Unfortunately as the number of
orthants is (2n —3)!!, Theorem 2.12, the calculation of the bounds will at some point
take too long, no matter how fast the bounds for single orthants are implemented.

Also, the number of rejected orthants varies heavily. Of course, this depends on the
instance, but there is a big variance in the number of rejected orthants even for the
instances that are sampled with respect to the same parameters. Thus, one may
not rely on the bounds to consistently reject orthants for all cases. Nevertheless, for
specific instances, where the data is very homogeneous, the bounds are able to rule
out a big amount of orthants.

As for the practical use of the bounds it would make no sense to use z;; and zp9,
due to Theorem 5.2. Thus, when we use the bounds we only calculate 23, which
implies that we then only get zy3 as well, as we have to calculate the minimizers for
zr1 and zpo to calculate zy1 and zyo. Then we are left with zys and zy4 as upper
bounds. An interesting observation is that zy4 seems to provide a very reasonable
and stable upper bound for an instance. In all experiments we performed above it
very rarely happened that zy4 has differed for different orthants of a fixed instance.
Additionally, it still yielded the best upper bound for many instances. Hence, when
one needs to rigorously save time one could only calculate zy4 for a single orthant
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and use it as the global upper bound. Nevertheless, in order to reject orthants we
need to calculate z;3 anyways, so calculating 23 is not the biggest effort as well, as
we only need to calculate the objective value of the minimizer of L3.

5.2 The Global Balance Point Heuristic

In the following we introduce the Global Balance Point Heuristic (GBPH) for the
median problem, which is based on a local improvement strategy, which is called the
Balance Point Algorithm (BPA). The BPA may be applied to all orthants of 7, but
it works on a single fixed orthant at a time and requires a lot of careful handling of
notation. To this end we introduce some conventions for notation to avoid confusion
in the following.

Firstly, the fixed orthant on which the BPA is applied will always be denoted by
0. The orthant embedding ¢p : O — R:i’z, compare Definition 2.13, is also
always meant to be defined for O, so we write ¢y = ©¥o. Moreover, we usually
write ||z — y|l2 = d(Y, Z), when Y, Z € 7T, are in the same orthant, but we have
that y = x(Y),z = x(Z) € RY are the canonical embeddings of Y, Z, compare
Definition 2.9. The goal is to reformulate the median problem to R? = ¢(O).
Hence, we use (YY), ¥(Z) € R?"? instead and write ||1/(Z) — (Y )||2. This does not
matter since only the zero entries are omitted and [[¢)(Z) — ¢ (Y)||2 = ||z —y||2 holds.
Moreover, the BPA is an algorithm that involves iterates z; € R’}:Z, Le,z; € RY is
not the canonical embedding of a tree X;. So for this section it is important to keep
in mind, that the usual relation of capital and lowercase letters via the canonical
embedding does not always hold.

Idea

Before jumping into technical definitions we want to state the idea of the Global
Balance Point Heuristic that we develop in this section. The heuristic consists of
two parts. The first part is a preprocessing strategy with which we discard as many
orthants as possible for which we can show that they do not contain an optimal
solution. Then we are left with several “candidate” orthants that may contain an
optimal solution. The second part of the heuristic is an iterative local improvement
procedure, the BPA, that we apply in each candidate orthant. For each orthant
the BPA yields a solution and in the end we choose the best solution that has been
found as the solution for the GBPH. Now we want to outline the general idea of the
BPA in a fixed orthant. One step of the iteration is depicted in Figure 5.3. The
main idea of the BPA is to replace facilities that are not contained in the orthant O,
where we apply the procedure, by representatives in the orthant. Since each orthant
in 7, is isometric to R’}:Q, we can then work within a Euclidean setting.
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Figure 5.3: A sketch of one step of the iterative procedure in a fixed orthant O with
starting point X (red). First, choose B; € O (blue) on I'( Xy, T;), that
is farthest away from Xj, then calculate the median X,,, (orange) of the
B;, which are all contained in O.

Suppose now that X; € O is our current iterate. Then its objective value is
SM d(X;,T;). We denote the representatives of the facilities T, by B;. When
T; € O we simply set B; = T;. Otherwise, the geodesic I'(X;,T;) , parametrized by
7, has to leave O at some point B; = v(e;(X;)) € 00, where ¢;(X;) € [0, 1] is the
maximal value such that y(e;(X;)) € O. This “exit point” B; is the representative
for T;.

With this we can divide the distance d(X;,T;) in two parts. The first d(7T;, B;) is
the part of the geodesic that is outside the O and the second part d(B;, X;) is the
part inside O, i.e.,

M

Y d(X;,T) = d(T;, Bi)+ Y d(B;, X;).

i=1 =1

Note, that when T; € O, we have an ’outside’ contribution of 0 as T; = B;. Now, to
improve the objective we will keep the B; as is, hence the outside part Zf‘il d(T;, B;)
will be constant. Recall once more that the key is, that all of the B; are in O.
Hence, we can just use the Euclidean distance ||¢(B;) — ¢¥(X;)|l2 = d(Xj, B;) and
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the isometric embedding 1 into R to transform Zfil d(B;, X;) to a Euclidean

median problem 3"V |lv(B;) — ¥(X;) |2

Now, the minimizer x;,; of the Euclidean median problem Zf‘il |1Y(B;) — ¥(X;)]|2
is either a new point X; 1 = ¢! (x;4) with 2,41 # z; or we terminate the iterative
procedure when z;,1 = ;.

5.2.1 The Balance Point Algorithm

In the previous subsection we have sketched the idea of the heuristic and especially
of its central part, the BPA. We want to formalize this now and start by introducing
the concept of exit points for the representatives of the facilities within the orthant
0. To this end, recall that there exists a unique geodesic connecting two points
Y, Z € 7, and that there is a unique parametrization with constant speed from
[0,1] — T, compare Theorem 2.21.

Definition 5.13. Given an orthant O, T € T,\ O and x € R""?, let v, : [0,1] — Ty,
denote the parametrization of the geodesic from ~1(x) to T. With this, define the
maps

er : RT? = [0,1], er(z) =max{\ € [0,1] : 7.(\) € O} (5.5)
Er:RY7? =0, Er(z) =".(er(x)) (5.6)

and we say that Ep(x) is the exit point of the geodesic from ¥~ (x) to T in O.
With this we can define the central notion of balance points:

Definition 5.14. Given T ={T\,..., Ty} C T, and an orthant O, we call X € O
a balance point if for x = (X)) it holds that

W(Ty) if T € O,

M
T € arg me; IBi(x) = yll2, where Bi(x) = {;p(ETi)(x) ifT; ¢ O.

ne
yER+

We now formalize the iterative procedure described above and call it Balance Point
Algorithm (BPA) because it terminates when a balance point as defined in Defini-
tion 5.14 is found.
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Data: T = {Tl, .. 7771\4}, OCT,, xy € il’ltR:L_iQ
Result: A balance point Xg in O.
for j=0,1,2,... do

T, if T
Set Bl(l']) = w( 2) 1 > ©
V(EBr(z;) ifT; ¢ O
Find 24, € arg 1%232§j£ilnfﬂ(xj)—-sz
ye

+

as in Definition 5.14.

if Tj+1 = Tj then
| return ¢ '(x;)

end
Algorithm 4: The Balance Point Algorithm alternates between finding the me-
dian z; of the facilities B; and calculating new exit points B; with respect to to
the newly calculated iterate x; until z; = x;_;.

First of all, having formally described the algorithm, we prove that the objective of
the iterates does not increase:

Lemma 5.15. Let x;, ;11 be successive iterates of the BPA. Then f(~(zj41)) <
fF= ;).

Proof. Let X417 = ¢ ' (z;11) and X; = ¢'(;). By definition we have that
Y Y(B;(z;)) = Er,(z;) is on the geodesic between X; and T;, so ||z; — Bi(z;)]]2 +
d(Er,(z;),T;) = d(X;,T;). Moreover, recall that x4, is the minimizer of the Eu-
clidean median problem with respect to B;(z;) by definition. These two statements
and the application of the triangle inequality (used in the first line) combined yield

f(Xj) = Z d(Xj41,T;) < Z d(Xj1, Br,(25)) + Z d(Er,(5), T:)

= Z |2j41 — Bi(x; ||2+Zd Er,(x;),T)

i=1

= min ZHy B(z; ||2+Zd (Er,(z;),T;)

GR"

< Z |z — Bi(x;)ll2 +Zd (Er,(25), T3) = f(X;),

=1

what was to show. O

The question is how Algorithm 4 behaves, when there are several minimizers of

M
min Y || Bi(z;) — yll2.

n—2
S -
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There are two cases: The first is that the minimizer is not unique but we get a
solution x4, that yields a lower objective than x;. In this case cycling is impossible,
since we can never get x; as a solution again. Hence, the interesting case is what
happens when the objective stays the same:

Lemma 5.16. Let z; € RK_Q be the current iterate of the BPA and let

M
Tj+1 € M :=arg min_ Z | Bi(x;) — yll2-

VERLT DT
If f(~Hxj41)) = f(0~(x;)), then it holds that Bi(x;) = Bi(xj41) fori=1,..., M.

Proof. First assume that T; € O. Then B;(z) = ¢(T;) for all x € R’}?, in particular
for x = z; and © = x;4;. Now consider T; & O. If v (B;(x;)) & T(¢¥ " (z;11),T}),
then

AW~ (@j41), T;) < dW~ (2j01), 7 (Bi(zy))) + d( ™ (Bi(z;)), T)

and continuing the calculations of the proof of Theorem 5.15 we get a contradiction
as it follows that f(¢ ™" (2;41)) < f(¢7'(25)). Thus, v~ (Bi(z;)) € T~ (2j41), Th),
but then B;(x;) € OR.? is also the exit point of T'(¢~Y(x;41),T), ie., Bi(x;) =
Bi(xj41)- O

The essence of Lemma 5.16 is the following: When we use a deterministic algorithm
MA for the Euclidean median problem that takes a set of facilities as input and
returns a median, then we get that

zjpr = MA{B1(x)), ..., Bu(zj)}) = MA{Bi(zj41), - Bu(2j41)}) = Tjgo
and the BPA terminates. This culminates in the following:

Theorem 5.17. If a deterministic procedure is used to solve the Fuclidean median
problem in each step, then the BPA does not cycle.

5.2.2 Preprocessing

As we have pointed out earlier, the BPA only works in a fixed orthant of 7,, and
improves the given start solution within the orthant O in each step. However, we do
not know beforehand in which orthant the optimal solution 7™ is contained, which
brings us back to the problem of finding the “candidate” orthants.

The brute-force approach to tackle this problem is to apply this iterative method for
some starting point in each orthant and then take the best solution of all orthants.
However, this approach is not practical, because the number of orthants is (2n—3)!!,
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hence exponential in n. The better approach is to tackle this problem by discarding
orthants O’ which do not contain an optimal solution. This can be done via a
preprocessing strategy.

The first part of the preprocessing is based on our results from Subsection 3.2.1.
With this we know that we may discard all orthants that contain at least one split

s such that s € |J Split(7"), see Theorem 3.4. Additionally we may also discard all
TET
orthants that do not contain all splits s € S* = (] Split(7’), see Theorem 3.3.
TeT
The second part of the preprocessing is based on the bounds on the objective function

that we developed in Section 5.1. For this we use the lower bound z;3 and the upper
bounds zy1, zu9, 2us, 2zua that we established in Section 5.1.

We calculate these bounds for all orthants that are not already discarded after the
split preprocessing we described above. In the end, we check if an orthant O has a
lower bound L’ such that L' > U*, where U* is the smallest upper bound we have
found.If ' > U* we may discard O, because it contains no optimal solution.
These two preprocessing approaches are implemented in the algorithmic scheme of
our heuristic, that we formulate in the next section.

5.2.3 Pseudocode Formulation of the Heuristic

In order to simplify notation, define n = (2n — 3)!! and let the maximal orthants of
T, denoted by O; U...U Oy = T,. The algorithmic scheme of the GBPH is given
in Algorithm 5.
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Data: T = {Tl,. .. ,T']M}7 C= {01,. . .,Oﬁ}
Result: The best balance point Xpg of all orthants.
Initialization: Xz =0¢ 7,.

Let W := max { max wST} and define v, =% - 1€ R"2
i=1,....M | seSplit(T;)

Split Preprocessing:
M

Let Sp = () Split(7;) be the set of “forced splits” and
i=1

M
let Sp = |J Split(T;) be the set of “possible splits”.
i=1
for O, € C do
if Sp ¢ Split(O;) OR Split(O;) ¢ Sp then

| C:=C\{O;}.

end

Bound Preprocessing:

for O, € C do
Calculate zr3,2u1,2u2,203,204 for O; and let

X! e O; be the minimizer of the optimization problem of L3.
l; := L3, u; := min{zy1, 22, 2U3, 2U4}

end

Set u* = mine, cc u;

for O, € C do

if [; > u* then

| C:=C\{0:}

end

Main Loop:
for O, € C do
Let X; be the solution of Algorithm 4 for orthant O; with starting point
x°.
| X=X

end

Output: Xp
Algorithm 5: The Global Balance Point Heuristic applies the BPA in each or-
thant that has not been discarded in the preprocessing and yields a balance point

for each orthant. Xp is the best balance point that has been found.
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5.2.4 Experiments

In this section the goal is to illustrate how the heuristic works, how good the solutions
of the heuristic are and how big the computational effort is. We investigate these
questions for several types of instances.

We start with a detailed analysis in 7, where we investigate specifically constructed
types of instances, for which we check if the algorithm returned the optimal solu-
tion. We then present experiments for 75 where we investigate computational effort
depending on the type and size of instance and finally provide a performance test

in 7s.

The Proximal Point Algorithm

As we do not know the optimal solutions to the instances we randomly generate, we
need a method to compare our results. To this end, we introduce Bacak’s Proximal
Point Algorithm [Bacl4a] in the cyclic order version. In the paper, Bacak develops
algorithms to compute the median and the mean in Hadamard spaces. Since the
tree space is a Hadamard space, these algorithms may be deployed here. Instead of
stating the algorithms and the theorem from [Bacl4a] in the general and original
versions, we already translate them to our specific tree space setting. To this end, let
T = {T1,..., Ty} as always, let yy,z) denote the geodesic from Y € T, to Z € T,
and for a given sequence (\g)xen, Of positive reals define
Ak

tZ(X):mln{l’d(X—jn)} forn:L...,M,kGNo.

The formal definition of the cyclic order PPA is given in Algorithm 6.
Data: Xo € T, (Ar)ken St Do A = 00, D oo AR < 00,
for k=0,1,2,... do

Xiemr1 2= Vxar ) (e (Xiear))
Xinyo i= Y(XkMH,Tz)(ti(XkMH))

XkMJrM = Y Xkamrasr—1.Tnr) (t]kM(XkMJerl»

end
Algorithm 6: Bacak’s Proximal Point Algorithm in the cyclic order version, see
[Bacl4al.

Even though Algorithm 6 looks a bit technical it is a surprisingly simple method: In
each cycle, which consists of calculating the M iterates for a fixed k, the iterate Xy,
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is shifted a bit towards 77 resulting in Xj,41 which in turn is shifted a bit towards
T, and so on and so forth. The shift of the iterates is actually described by moving
on the geodesic between the two points. The sequence (\;) was chosen in such a
way that it is decreasing eventually and hence the parameters ¢} that are plugged
into the geodesic are also decreasing eventually, so that there only is a infinitesimal
change from the current iterate Xy4;—1 towards a given tree T; for big k.

Just as for the algorithm, we also state the convergence theorem, Theorem 3.4,
[Bacl4al, in the tree space setting. Furthermore Theorem 3.4, [Bacl4a] actually
proves convergence for a class of objective functions with certain properties. In
particular the theorem holds for fye.q so we also state it specifically for the median
objective here.

Theorem 5.18 ([Baclda]). Let (M\g)ken, be a sequence of positive reals satisfy-
g Y oo M = 00, Yoo A2 < 0o0. Then for any starting point Xo € T, the se-
quence defined as in Algorithm 6 converges to a minimizer of fuea, i-€., a median

Of {Tl, N ,TM}

In the following we simply refer to the cyclic order version of the PPA as PPA. We
will use the PPA with the sequence (Ag)gen, With A\ = ﬁ for £ € Ny, or we use
a scaled version of the sequence, i.e., ¢ - Ay for k € Ny, where ¢ > 0. Independent
of the scaling factor, these sequences all satisfy the requirements of Theorem 5.18,
which implies that PPA converges to a median.

Nonetheless the theorem neither yields a rate of convergence nor a nice stopping
criterion. Due to its cyclic, iterative nature it is really hard to gain some sort of
insight how close one is to the optimal solution. For example, when already starting

the algorithm at the optimal solution it will simply start to circle around it.

Setup and Implementation

The generation of the random instances for the experiments is the same as described
in Section 5.1, just that we use W = 100 as the maximal weight of splits here.
Sometimes we use a specific subset of orthants in, which the trees are sampled, but
will always mention this beforehand. This is to show the behavior of the algorithm
for problems with a special underlying structure.

All algorithms are implemented in Python 3, this includes the preprocessing as well
as the BPA. The BPA in particular includes the calculation of geodesic distances
and the parametrization of the geodesic. We implemented these routines on our
own, since the interface to the Java implementation for the geodesic distance that
was made available by the authors of [OP11] was not sufficient for us to calculate
the parametrizations. Moreover, when testing our algorithm, we realized that there
is a significant speedup in distance calculation, which is probably due to the well
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implemented max-flow problem solvers in the “networkx” library [HSSCO08] that we
used. Max-Flow problems arise as the crucial subproblems in the calculation of
the geodesic distance and the parametrization of the geodesic, see [Owell] for more
details on the algorithm.

Two more important points to mention are the choice of the starting point as well
as the termination condition.

The starting point is chosen such that is is the same for all orthants of a given
instance. The starting point depends on the weights of the trees of an instance and
is defined as

Ty 1= v 1€ R??, with W= max { max wsTl} .
3 i=1,..,M | seSplit(T})

Obviously, there is no profound explanation to choose x, other than that it is in
the “middle” of the orthant, i.e., that it is equidistant to all hyperplanes H; = {x €
R™2:x; =0}. As W is the maximum weight of all splits it is clear that the values
of W -1 would be far bigger than the ones of the optimal solution, so we scaled by
a factor of 3. Of course, one might develop more sophisticated ways of choosing the
starting point, but good choices heavily depend on the instance. Thus, we simply
chose to fix some simplistic rule that determines the starting point and use it for all
instances in order to get somewhat comparable results.

As the BPA is an iterative scheme we need to bound the number of steps it performs.
Empirically we see that the BPA converges to a point in the orthant and does not
cycle or jump, but it very rarely terminates at an actual balance point. We use two
straightforward ways to terminate the BPA in a reasonable time or at a reasonable
point. The first termination criterion is a cap on the number of maximal iterations,
that we set to 500 for all experiments. The second termination criterion is that the
BPA yields successive iterates whose distance is smaller than 107, so we stop the
algorithm when its progress gets marginal.

Note that we also increase efficiency of the preprocessing as follows: Theorem 5.2
implies that we only need to calculate zp3, since it is always at least as good as
zr1 and zro. Moreover, after having performed the bounds experiments, we decided
to omit the bounds zy1, zp9, as zy1, 2ue, 2us have practically proven to yield rather
similar results in average. We use zy3 as it is easy to obtain when we have solved
L3. Additionally, we calculate zy4, as this was the upper bound that fluctuated
very little but showed good results, compare Section 5.1.

In order to interpret the results of the algorithms, we additionally calculate the
objective of the star tree for every instance, and see if it yields a better solution
than all other balance points. We did this since the star tree tends to be an optimal
solution for very ‘heterogeneous’ or ‘spread’ data and we want to be able to detect,
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when the star tree is better than any balance point solution and if so, if the BPA is
converging towards it or towards a boundary of the orthant at least.

Just as the experiments in Section 5.1, the calculations have been executed on a
single core of an Intel(R) Core(TM) i3-2350M and 4GB RAM.

Experiments in 7}

In 74, we conduct two different kinds of experiments. First, we investigate the
behavior of the heuristic on small problems for specific types of instances, after that
we investigate the computation times and the performance on instances of bigger
sizes.

The reason to start with specific types of instances is to showcase how the prepro-
cessing works and how the heuristic behaves in general. To this end we investi-
gate characteristics as the computation time, the size of the gap to the calculated
lower bound and the average amount of orthants that remain after the preprocess-
ing. These trends are already present for small, easily interpretable instances with
M = 10 sample trees.

The four types of instances we want to look at are the following: The first two types
are the neighboring orthant (‘NO’) case and the completely incompatible (‘CI’) case.
We have already defined these cases and developed optimal solution strategies for
those in Chapter 4.

The third type of instance is another interesting special case, where data is contained
in a triple of neighboring orthants, what we call the one-compatible-edge (‘1C’)
case. In this case, we consider three orthants O;, O, O3 with split sets 57, S5, S5,
respectively, such that

i) O; and Oy are neighboring orthants
ii) Oy and Oj are neighboring orthants

iii) There exists one split s € S; and one split s € S3 such that s and s are
compatible. For all other pairs § € S1,5 € S3, § is incompatible with §.

We have already seen such a case in Figure 2.12, when looking at examples for
geodesics in 73 but we depict the situation once more in Figure 5.4.

Note that the upper left orthant in Figure 5.4 is not the image of an orthant of tree
space due to the incompatibilities of the splits.

The last type of instance we look at is where trees are randomly spread in 7y, i.e.,
we simply sample random trees from all 15 orthants of 7j.

The results of the GBPH on these four types of instances are summarized in Ta-
ble 5.6.
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Figure 5.4: The depiction of the image of an isometric embedding of the three
orthants that yield a “one-compatible-edge” case with an exemplaric

geodesic.
Instance Type @ time ins & orthants & gap in % star tree best
NO 12.5 1.5 12.6 0/10
CI 0.1 0 0 0/10
1C 11.9 1.8 15.7 0/10
RND 102.0 7.7 5.6 9/10

Table 5.6: Averaged results of the GBPH on 10 instances of neighboring orthant
sampled sets of 10 trees in 7y.

First of all, we note some general trends of the results. One immediately sees, that
the preprocessing is immensely helpful in determining the special structures of the
instances. The average number of orthants that remained after the preprocessing is
very low for the cases where the trees are only sampled in two or three orthants - in
fact, the average number of remaining orthants is notably smaller than the number
of orthants in which the trees have been sampled. Another relation the experiments
emphasize is that the average computation time is strongly dependent on the av-
erage number of orthants. This is not surprising at all, since the computational
effort basically reduces to the BPA: The preprocessing is actually saving a huge
computational effort by discarding orthants in which the BPA has to be applied
and it terminates in a split second. After the preprocessing is done, the computa-
tional effort is to apply the BPA in each orthant. So it was to be expected that
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the relation between computation time and the number of remaining orthants is
rather proportionate. The last general observation is, that, except for the randomly
generated instances, the star tree is never the optimal solution to the problem and
the GBPH solutions are better. This is due to the specific types of instances, where
it is very unlikely that the star tree is the optimal solution to the problem. For
the randomly generated instances, however, it is not very surprising that the star
tree was optimal 9/10 times. But in seven of the nine cases the GBPH found the
star tree as the optimal solution and in the two remaining cases the relative gap of
the solution of the GBPH to the star tree solution was < 107°%, so the randomly
generated instances have been solved really good as well.

We now proceed to interpret the specific results of the experiments for each type of
instance.

For the ‘NO’-case, the split preprocessing yields exactly the two neighboring or-
thants as remaining orthants, as it identifies the n — 3 common splits and then only
two orthants are left that have splits that are contained in trees. The bound pre-
processing is executed after this. If a lot of trees are contained in one orthant, the
calculated upper bound of that particular orthant is actually lower than the upper
bound of the other orthant in 50% of the cases and the other orthant gets discarded.
Nonetheless, the average gap is rather high for these instances, which is probably
due to the gap of the lower and upper bound in the orthant containing the optimal
solution.

A very interesting case is the ‘CI’-case; it is actually solved by the preprocessing.
This is because zr3 = zys, thus the optimization problem L3 actually yields the
optimal solution in each orthant. Thus, every orthant that does not contain the
optimal solution is discarded and the optimal solution to the problem is the optimal
solution to L3. The preprocessing is actually implemented such that the orthant
discards itself as its lower bound is greater or equal to its upper bound and it
returns the optimal solution of L3 in the orthant with the lowest upper bound. So
the GBPH finds the optimal solution in the preprocessing step which implies that 0
orthants remain in average.

The ‘1C’-case is slightly more general as the ‘NO’-case and it is not directly solvable
by a Euclidean location problem, as a geodesic from O; to O3 may actually be the
cone path or a straight line, so that a simple embedding into (R?, |- ||2) may not solve
this case. Even though trees are sampled within three orthants (and four different
splits, which is relevant for the split preprocessing), the preprocessing reduced the
number of orthants that may contain an optimal solution to 1.8 in average.

The random case does not carry any specific structure we could investigate here.
Note, that the trend from the experiments for the bounds in Section 5.1 continues
here, as the gap tends to get low, when the instance is very spread across the tree
space. Since the number of trees was only ten, i.e., not every of the 15 orthants
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contains a tree, the preprocessing still works pretty well and reduces the number of
orthants by about 50% in average.

Note that fluctuations in computation times arises from the varying number of
iterations the BPA performs before terminating: In each iteration of the BPA M =
10 geodesic parametrizations are calculated and a Euclidean median problem is
solved. Hence, an orthant for which the BPA performs the maximal amount of
iterations takes significantly longer than in an orthant where the BPA converges to
an optimal solution in the interior and rather quickly terminates to the precision
threshold.

Table 5.6 summarizes several relevant characteristics of the of the GBPH on these
instances, but we have, except for the gap, no verification, how good the results
are. Thus we compare the results of the GBPH with the results of the PPA in
another run on the same instances (we saved the randomly generated instances for
this experiment). Recall, that the PPA converges to the optimal solution. The PPA
was set to terminate after 5000 cycles and was started at the star tree (which is a
good heuristic starting point, as it is equally close to all orthants, and hence never
too far away from an optimal solution).

It turns out that the GBPH yields a better objective value than the PPA in all
instances. Of course, the solution of the PPA could be improved by letting it run
for more cycles, but 5000 is already a respectable number of cycles and the progress
of the algorithm is rather slow. We will discuss this behavior of the PPA in more
detail in Section 6.2.1. Nonetheless, after 5000 cycles, the PPA yields a very good
approximate solution to the median problem.

The distance between the trees the PPA and the GBPH yield was usually very
low and deviated around 10~!. Surprisingly, the maximal distance between the
determined trees of the two methods was as high as 4.2. However, the objective of

the PPA was only $20:23-820.10 ~ ().02% higher than the objective of the GBPH, even
though it was quite far away from the BPA solution. Altogether, we see that the
GBPH may in fact compete with the PPA, especially in terms of solution quality,

even though we have no convergence theorem for the GBPH, yet.

Now we turn to the aforementioned second experiment in 74, concerning the com-
putation times. Here we do not compare the results to the PPA, as we are only
interested in the computation times of the algorithm.

Theoretically we would expect the computational effort of the algorithm to grow
linearly in M, as the Weiszfeld-algorithm iterations grow linearly with M, as well
as the number of geodesic parametrizations that need to be calculated. In order
to keep computational effort reasonable, we perform the experiments for the one-
compatible-edge case, where one is usually left with two to three remaining orthants
after the preprocessing. The choice of the one-compatible-edge case does not also
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limit the number of orthants in which we have to apply the BPA, it also offers a
setting where the median will most likely not be the star tree in all cases. The

results (averaged over 100 instances) of this may be found in Table 5.7.

number of trees & time in s & orthants max. iterations
5 5.1 1.77 22
10 17.66 2.22 39
20 21.7 2.48 24
40 28 2.71 9

Table 5.7: Averaged results over 100 instances of the GBPH in 7;. We see monotone
behavior of the computation time with respect to the number of trees per
instance, which is strongly effected by the number of orthants for which
the BPA reaches the maximal amount of iterations.

First of all, we recognize the general trend that the computational effort increases
with the number of trees. The theoretical explanation would suggest that it should
grow proportional with the number of trees. Nevertheless, the results show that
there are other indicators that may disrupt a clear proportional behavior. The
column to the most right contains the number of orthants for which the BPA has
reached its maximal amount of 500 iterations. As explained earlier, this strongly
effects the computation time, as the BPA often times stops at about iteration 40
to 50 when it reaches the precision threshold, so the number of iterations is more
than 10 times higher. This explains why the factor of the computation time from
the M = 5 tree instances to M = 10 tree instances is so high. Even though we
calculated 100 instances for each number of trees, it seems as though there was an
usual high number of ‘unlucky’ cases for 10 tree instances where the BPA reached
the maximal amount of iterations.

On the other hand we see a pretty good example of the proportional behavior for
the instances for 5 and 20 trees. The average computation time has increased only
slightly more than by the expected factor of 4. We conjecture that this is due to
the number of maximal iteration instances to be rather equal and that the slight
increase comes from the additional average orthants for which the BPA has to be
applied, since the preprocessing is less effective with more trees present.

Even though many of the above-mentioned arguments for the influences on the com-
putation times are a little bit speculative it seems clear that the computational effort
does not explode with an increased number of trees. Contrary to the expectation,
the computational effort seems to grow a little less than proportionally. This ten-
dency creates the hope, that bigger, real life instances may be tackled with the BPA
and maybe also the GBPH. For the BPA we show the application to a real data set
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in Chapter 6.

We summarize and interpret the key observations of the conducted experiments.
First of all we noticed a tendency that the BPA reaches the maximal number of 500
iterations when it converges to boundary, but very rarely when it converges to a
point in the interior. In the latter case it terminates due to the precision threshold.
This is particularly helpful as it allows us to drastically reduce the computational
effort for smaller instances by simply reducing the maximal number of iterations.
This way, the boundary solutions that yield bad objective values anyways are not
calculated too precisely. The downside of this would be that the result of the GBPH
may get worse when the optimal solution is contained in the boundary of an orthant,
as the BPA may perform less iterations and thus yields a worse result.

In the cases where the BPA terminated due to the precision threshold and has
found a solution in the interior of the orthant, this balance point was always the
best balance point. Combined with the fact that thethe GBPH always yielded a
better solution than the PPA in the first experiment, we might conjecture that the
GBPH actually yields an approximate optimal solution in this case. Hence, there
is hope that the BPA converges to an optimal solution, when starting it in the
orthant that contains a median in its interior. This empirical observation has led
to a convergence analysis of the BPA, when started in the orthant of the optimal
solution, see Section 5.3.

Experiments in 75 and 7

In this section we investigate the GBPH in T5. The behavior of the GBPH did not
change in comparison to 74 in preliminary test runs, it simply took a lot longer, as
the number of orthants is 7 times higher. Thus we restrict ourselves to only two
parameter setting with 5 instances each, but we consider somewhat bigger instances
to see how the heuristic performs on somewhat bigger problems.

sample orthants trees @ time ins & orthants @gap in %
5 20 367.3 15.4 7.36
20 50 2503 78.6 1.2

Table 5.8: Results of the GBPH on in 75 for two differently spreading sample set-
tings, both averaged over 5 instances.

We sum up the main insights of the experiments, as for 74, but keep it short as the
general trends coincide. The gap is especially low, when the star tree is found to be
the best solution. This happens frequently, when the data is widely spread across
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Ts; 20 sample orthants of the 105 total orthants already suffice to depict this trend.
On the other hand, the gap tends to be high when the solution of the GBPH is
contained in the interior of an orthant.

As for the computational effort, we see that the preprocessing still plays a major role
in keeping it reasonable, as it rules out many of the 105 orthants. The computation
time in a single orthant is not too high, as the BPA only takes about 20 to 30
seconds in average to determine an optimal solution in an orthant. So it definitely
takes longer than in 7 for a similar amount of trees, but the main problem is not
the computation time of the BPA in a single orthant rather than the sheer amount
of orthants in which it has to be applied. We continue to investigate this trend of
computational effort in 7g.

We have just seen that, depending on the spread or heterogeneity of the sample
trees, the GBPH can already take a rather long time to solve an instance. Since 7T
has 9-7-5-3 = 945 orthants, Theorem 2.12, which is 9 times as many as 75, we
only solve two instances with 50 trees each, as the repetition of these experiments
and averaging over them takes too long.

As we have 945 orthants and consider 50 trees, we start to challenge the algorithm
in terms of computational effort.

Similarly to 75, we take one widely spread and one rather ‘centered’ instance. The
trees of the first instance are randomly sampled from all orthants and the 50 trees
of the other instance are sampled in 5 randomly picked orthants.

Instance remaining orthants time ins gap in %
spread 373 19100 0.66
centered 16 520 9.45

Table 5.9: Results of the GBPH on a widely spread sample set of 50 trees in 7g and
of a more homogeneous data set of 50 trees.

After having conducted the experiments in 74 and 75 we do not have too much to
add in terms of interpretation here, especially as the interpretation of two randomly
generated data sets is not too reliable. We rather take note of the continuous trends,
that have already been sketched in the other experiments. Again, the gap for the
spread data set is exceptionally low. The BPA has determined the star tree as the
best solution in a lot of orthants and the lower bounds for the orthants coincide with
the objective value of the star tree, when 0 is the minimizer of L3. This happens
quite frequently, but the global lower bound is the minimum of the lower bounds of
all orthants and for some orthants 0 is not the the minimizer of L3, thereby creating

a gap.
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Moreover, we hint at the computation times which are on the one hand already quite
time consuming with 5.3h for the spread instance. On the other hand this is still
acceptable, as this translates to an average of about 50s of computation time for
the BPA per orthant. This is still reasonable as for a real data set as in Chapter 6
one also only solves a single instance, so with enough time the GBPH should also
terminate for data sets in n = 7. For n = 8, however, it gets close to impossible to
even generate all orthants and do the preprocessing on them as the combinatorics
start to kick in heavily at this point. But as we will see for the real data set, the
BPA, in comparison to the GBPH, still works pretty well for n = 8 and should
continue to do so for slightly larger n.

Evaluation of the GBPH

As a small resumee we point out one major advantage and one disadvantage of
the GBPH. The disadvantage is that it is simply too slow for tree spaces 7, with
n > 7. The exponential amount of orthants could only be somewhat controlled by
the preprocessing and the number of remaining orthants will be overwhelming for
higher dimensions if the data sets do not have a very specific structure. Hence, it is
necessary to combine the GBPH with additional heuristic rules or other methods.
One possibility is to apply heuristic rules that determine which orthants may yield
good solutions. This could for example be an orthant rating function, where an
orthant gets a high rating if its splits are contained in many of the sample trees.
Another idea is to radically change the approach and only use the BPA for a very
specific orthant, namely the orthant that contains the solution of the PPA after
applying it for a prespecified amount of cycles. We apply this hybrid algorithmic
strategy in Chapter 6 on a real data set. Naturally, both of the above-mentioned
strategies might yield cases, where the BPA is not applied in the orthant containing
the optimal solution.

So the disadvantage of the GBPH is its limitation to tree spaces of rather low dimen-
sions. The advantage of the GBPH is the BPA: the BPA did not take unreasonably
long to converge when only applied in a single orthant, so it is likely that it still
works well in higher dimensions. Moreover, it determined approximate optimal so-
lutions (when applied in the orthant that contains them) for all cases where we
verified it via the PPA. This is why we meticulously investigate the convergence
behavior of the BPA, when applied in an orthant that contains an optimal solution,
in the following section.
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5.3 Local Convergence of the BPA

In Subsection 5.2.1 we introduced the BPA and have established that it does not
cycle and that the objective of its iterates does not increase. In this section we have
two goals: In Subsection 5.3.2 we show that the sequence of iterates actually yields
a cluster point and that the sequence of the objective of the iterates converges. The
second goal is to show optimality under certain conditions. If the BPA is started
in an orthant that contains an optimal solution and if the cluster point X* of the
iterates satisfies certain, mild conditions, we can prove optimality of X* i.e., that
X* is a global minimizer of f. This is investigated in Subsection 5.3.3. In order to
get these results we use the framework of the Block-wise Coordinate Descent Method,
that we introduce in Subsection 5.3.1 where we also reformulate BPA in such a way
that we can apply this method.

Note that we talk about local convergence of the BPA: naturally we can only get
convergence to an optimal solution if we apply the BPA in an orthant O C 7, that
contains an optimal solution to (P), the median problem in tree space.

5.3.1 The Block-wise Coordinate Descent Method

The block-wise coordinate descent method is a known algorithmic scheme that exists
in several variants. Here, we adopt the setup from [War63].

Given Euclidean spaces E',..., E™, let X,,..., X, be compact and convex sets in
E', ..., E", respectively. Moreover let X = X; x ... x X, and ¢ : X — R be a
convex function. The goal is to find a global minimizer of ¢, to which end [War63]
introduces the block-wise coordinate descent method, see Algorithm 7.

Algorithm 7 returns «® when no further progress is made. These points are called
stationary points:

Definition 5.19. A point u € X that satisfies
u; € arg Hll)? © ((uo,ul, e UGy Ty Uy - ,uM)t) fori=1,....n (5.7)
TEX,

15 called a stationary point of .

In the following theorem we combine the central statements concerning the conver-
gence of the block-wise coordinate descent method to a global minimizer:

Theorem 5.20 ([War63]). Let X and ¢ be as above. Additionally, suppose that the
following two assumptions hold:
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Data: u©® = (!« u) e X =X x ... x X,.
Result: A stationary point.
for 7 =0,1,2,... do

ug@ﬂ) = arg min ¢ ((x, ugé), o ,uﬁf))t) ,
re€X]

ugé-i—l) = arg min © ((U§é+1)7 x, ugz), - 7u£f)>t> 3
z€Xo

ugﬂ) — arg m}(n 0 ((u&”l)? u§£+1)’ o ,ugjll), :U)t) .
TEXn

it wY = 4® then
| return u®

end
Algorithm 7: The block-wise coordinate descent method.

W1 ¢ is continuously differentiable in some neighborhood of every stationary point

x of p.
W2 For every k = 1,...,n, and every z; € X; for j = 1,...,n, j # k denote
T g :=(Z1,...,Tk—1,Tks1,---,Tpn). Then the function
op(T-k) : X = R, op(@) (1) = @(Z1, .-+, Thm1, Thy Tht1, - - - Tn)

18 strictly conver.

Then, any stationary point T of ¢ is a minimizer of ¢ over X. Moreover, when x’
is an accumulation point of (u'?)en, (as in Algorithm 7), then x' is a minimizer of
w over X.

We use notations and definitions close to [War63]. Unfortunately we will see later,
when defining our specific ¢, that we neither have strict convexity nor do we have
continuous differentiability over the whole set of definition. As this is required for
Theorem 5.20, we cannot apply it. Thus, the remainder of the section is dedicated
to adapting the analysis of the proofs of the convergence from [War63] with the
prerequisites we have.

We first check, that we may restrict ourselves to a compact subset of the tree space
to search for an optimal solution. Then, a single orthant is also restricted to a
compact subset, which is isometric to a Euclidean compact subset as required for
the Xl

143



Theorem 5.21. Let T = {Ty,..., Ty} be an instance of the median problem (P) in
tree space. Then for any optz'mal solution X* = {(s1,...,sk), (w1,...,wg)} to (P)
it holds that w; < U fori=1,...,k, where U = max;—1__ {maxsespht(T) w, }

.....

Proof. Assume that X = ((81, ey 8y), (wr, . ,wl)) € 7T, and that at least one split
s, satisfies w;, > U. Now, define the tree X' = ((sl, coy S, (W, . ,w{)), where the
weights w} = w; for j # ip and w;, = U. We want to show that d(T;, X') < d(T;, X)
for i = 1,..., M implying that f(X’) = Zf‘il d(T;, X") < Zf‘il d(T;, X") = f(X)
and X cannot be optimal. So let i € {1,..., M} be arbitrary.

First assume that s;, is a double compatible split of X and 7;, recalling Defini-
tion 2.18, and that (A, B) is the minimal support for the geodesic. Then (A, B) is
also the minimal support for X’ and T} because the subtrees for which the support is
determined does not depend on double compatible splits. Then the length formula
from Theorem 2.21 applied to the two geodesics yields

k
dX,T;) = | Y (Al + | Bill2)> + > (w¥ — wi)
=1 seC
k
> D UAd2 + [1Bill2)? + ) (wX — wl)? = d(X', Ty),
=1 seC

because all terms are the same except for the one corresponding to s;, in the sum
for the double compatible splits. Since wSTZ?'O < U and wgfo = w;, > U it follows that

(wifo - wST;'O)2 > (U — wsTjo)2 = (wf(; — wST;'O)Q, which implies the strict inequality.

The other case is that s;, is not a double compatible split. Then let I'(X,T;) be
given by the path that corresponds to the sequence of trees (Y, Y1, ..., Ys_1, Yx) with
Yy = X, Y}, = T;. Recall the canonical embedding y : 7, — RY (from Definition 2.9)
of trees into Euclidean space and define ¢/ := x(Y;) for j = 0 , k. Then

k
=D 1y =y
j=1

Our goal is to construct a path from X’ to T; that is shorter than that. To this end
let jo > 1 be the smallest index such that s;, ¢ Split(Y},), i.e., s;, € Split(Y;) for
j < jo— 1. Then define the path (Y, ...,Y}) as follows: For j > jg set Y, = Y]
For j < jo — 1 we define the trees Y} through their embeddings into R ,

Y] .= x"'(yj) with

[ if 14 kg
Yi = Yy if I=ko’
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where kq is the coordinate of Rf corresponding to s;,. Since w;, > U it follows that
Yo, < Yk, and moreover y; > 0 since yx, > 0. This yields

WE

(y}l - 99711)2

=1

15 — vjall2 = \

-
o
—_

- \ (Wi — yj—1,)* + ( Yy — w—yj_lko) + 3 (g~ yi-v)?
l

Wio o =ko+1

N
Il
i

WE

Wi — Yi-1,)% = lly; — vj-1ll2

N\

~

1

for j =1,...,jo, because of the strict inequality
U U 2 U\? ) )
(w—ioyjko - w—myjlk(J) = (wm) Wiy = Yi-1,)” < Wiy — Yi-14,)"

Moreover ||y} — vyl = |ly; — yj-1ll2 for j = jo +1,..., k. Since jo > 1 there is at
least one strict inequality so we get

k k
d(X,T) = Ny —yialla > Dy — 5l == d(X', T)),
j=1 j=1
because (Yy,...,Y/) is a path from X’ to 7; and the geodesic distance is the infimum

over the lengths of all paths from X’ to T;.
This shows d(X,T;) > d(X',T;) for i = 1,..., M since i was arbitrary. Thus

M M
Y AX,T) > d(X'\ T,
i=1 i=1
so X cannot be optimal. ]

Now, in order to reformulate the BPA in a way that it fits into the framework of
the block-wise coordinate descent method we introduce a new objective function. It
depends on auxiliary variables, that model the representatives of facilities outside
the orthants (compare Figure 5.3) that are determined by several auxiliary maps
that we introduce later. Note that the representatives of the facilities will be the
weight vectors of the exit points, see Definition 5.13, which we need for the BPA.
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We consider elements u of R? with n’ = (n — 2) - (M + 1) and denote them as a
vector of blocks

Uo

Uy

u = .|, whereeach u; € RZ‘Q.

Unr

Recall, that by definition,
R” =R, x ... x Ry,
n'/ times

but as we consider blocks here and do not want to extensively use the space con-
suming vector notation above, we interpret it as

n' _ mpn—2 n—2
]RJF—\RJr X .o x RIS,

J/

M+1 times
so that we may write
_ Rn—? Rn—Z - Rn’
u = (ug,u1,...,up) € R x ... xR =RY,

which is frequently used in the following.

In the notation of the block-wise coordinate descent method, each block w; corre-
sponds to an element in X; = R’};2 and we have M +1 of such blocks. Theorem 5.21
states that for an optimal solution X* = ((s1,...,s), (w1,...,w;)) in tree space, it
holds that w; < U for ¢« = 1,...,l. That implies that when we are in a maxi-
mal orthant O* that contains the optimal solution X*, we may restrict ourselves to
[0, U]"™2 C 1p~, since the optimal solution has to be contained in that subset. On
a side note, the proof of Theorem 5.21 actually shows that it is possible to restrict
to this compact subset for any maximal orthant O’.

With this restriction to the compact subset we define our new objective function for
the blockwise-coordinate descent method on the compact set [0, U]

M M
P 0,01 =R, p(w) = d (w), T) + Y [lu — uoll. (5.8)
i=1 i=1
Thereby we also restrict the auxiliary variables corresponding to the blocks 1,..., M

to [0, U]"~2, though this is no real restriction: Similar as to the proof of Theorem 5.21
one easily sees that the length w; of the splits s; of any point

Y = ((81,. . .,Sl), (wl, e ,’LUl)) € F(X,TZ)
satisfies

< 200
wis max { max lwidh<sU
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when X € ¢~ 1([0,U]"2).

Hence, for the optimal solution X* we also have that the representatives B;, with
Y=Y B;) € I'(X,T;), on the boundary of the orthant only have weights of splits that
are all bounded by U.

Of course, ¢ is not a randomly chosen function, but it rose by a specific construction
idea that comes from the block-wise-coordinate descent approach. In each step of the
method one fixes all blocks but one and searches for the minimizer for the variable
block. So it is important to note that for all u; with ¢ =*(u;) € (1~ (ug), T;) and
any z € R?? the relation d(v~Y(2),T;) = d(v =Y x), v w)) + d(v = (w), T;) =
|z —will2+d(¢~1(u;), T;) holds, i.e., the triangle inequality is satisfied with equality.
For all points that are not on the geodesic the triangle equality is strict. This is
why points on the geodesic will automatically be chosen later, when minimizing for
some block t=1,..., M.

The following lemma describes this relation between f and .

Lemma 5.22. For all u = (uy,...,uy) € RY it holds that p(u) > f(¥~ (ug))
and equality holds if and only if for all i € {1,...,M} it holds that v ' (u;) €
F(¢_l(u0>’ﬂ)'

Proof. First we show that the inequality holds. For ¢ = 1,..., M we have that

A~ (o), Tr) < d(¥™(uo), ¥~ (wi)) + d(¥™ (wi), T) = |luo — will2 + d(¥~" (wi), Ty).
So for the sum this inequality also holds and we get

JW o)) = Zd(¢‘1(u0),ﬂ) < Z o — will2 + d(v~"(u;), T3) = p(u).

For the geodesic distance, the triangle inequality d(X,T) < d(X,Y)+d(Y,T) holds
with equality if and only if Y € T'(X, T'), because otherwise we would get a contradic-
tion to the uniqueness of the geodesic T'(X, T'). This implies that f(¢ " (ug))) = ¢(u)
holds if and only if ¥~ (u;) € T(¢ " (ug), T;) for alli =1,..., M. O

After we have introduced ¢ we check if the prerequisites of Theorem 5.20 hold. One
important assumption is the onvexity of ¢. Naturally it makes sense to hope for
the block-wise coordinate descent method to converge to a global minimum if our
objective function is convex; otherwise, the most likely outcome is to simply get
stuck in a local minimum. In order to prove convexity of ¢, we establish the notion
of convexity on Hadamard-spaces.

Definition 5.23 ([Bacl4b]). Let (H,d) be a Hadamard-space. We say that a func-
tion f: H — (—o0,00| is conver, if for each geodesic 7 : [0,1] — H, the function

f o satisfies
fr(®) < (X =) f(4(0)) + ¢~ f(7(1)),
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for every t € (0,1). We say [ is strictly convex if the inequality is strict, whenever

7(0) # ~7(1).

Lemma 5.24 ([Bacl4b]). Let (H,d) be a Hadamard-space. For any point xo € H,
d(-,z0) is a convex function.

We come back to convexity of ¢. The function ¢ consists of two different kinds of

summands, which we separate in order to analyze them. Therefore we introduce for
1=1,.... M

gi: err[ =R, gi(u) :=d " (w),T;)
hi : RT_:_, — R, hz(u) = ||uZ — U()HQ

and we may decompose ¢ into the parts p(u) = S0 gi(u) + S0 hy(u).
Proposition 5.25. ¢ is a convex function.

Proof. ¢ is given as the sum of the h; and g; and we prove the convexity of these
functions. For any i € {1,..., M} we show that h; is convex in u = (uq, ..., up):
Take A € (0,1) and 2,y € R”. Then

hi(Az + (1 = Ny) = [[Azi + (1 — Ny — Azo — (1 — Nyol|2
< [[Azi = Azoll2 + [[(T = N)yi — (1 = Nyolla
= My(z) + (1 = A)hi(y).

Now we show that g; is convex in u = (ug, . ..,uy ). Take \ € (0 1) and z,y € R,
Moreover, let v : [0,1] — 7, be the parametmzatlon of T(¢Yz;), v (y;)). In a
single orthant, the distance between two points is the Euclidean distance of the
weight vectors and this implies that the geodesics are Euclidean shortest paths,
i.e., line segments. Since ¢~!(x;) and 1~!(y;) are in the same orthant, this implies
that the weight vector of a point on the geodesic is simply the convex combination
of z; and y;, ¥(y(1 — N)) = Az; + (1 — N)y;. Note, that v(0) = »~(z), so we
have Az; + (1 — A)y; and not (1 — A)z; + Ay;. Now applying 1~ on both sides of
(1= X)) = Az + (1 — Ny, yields (1 — X)) = Az + (1 — N)y;). With this

AW~ Az + (1= M), Th) = d(v(1 = ), T;)
< Ad((0),T) + (1 = N)d(v(1), T3)
Ay~ (@), T) + (1= Nd( ™ (1), Th) = Agi(@) + (1 = N)gi(v),

g9i(Az + (1= A)y)

where we applied convexity of d(-,T;) on 7T,, which was established in Lemma 5.24.
Thus, all summands of ¢ are convex and so is . O]
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In order to prove optimality of our algorithm we need the directional derivatives
of ¢. These are easy to find using the total differentiability that we establish on a
certain region of int (R™).

Proposition 5.26. ¢ is differentiable on int (R™)\ (V UW), where V = {u € R? :
Fie{l,.... M} : ¢ Nw) =T} and W={uecR? : Jie{l,...,M}:u; = up}.

Proof. As a sum of functions, ¢ is differentiable at all points u € int (R’j) where
each summand is differentiable, so we consider the functions ¢g; and h;, i =1,..., M
separately.

hi(u) = ||u; — uol|s is differentiable at u € int (R™) except for W; = {u € int (R") :
u; = up}. That implies that the sum of the h; is differentiable on int (Ri/) except
on UM W, =W.

Now consider the g;. Let us start with the easy case of T; € O. Then g;(u) =
A (w;), T;) = ||u; — ¥(T})||2, which is differentiable for all u; # ¥(T;). So in this
case g; is differentiable on int (R7) \ V; with V; = {u € int (R?) : u; = ¥(T})}.
Suppose now that T; ¢ O, so ¥"!(u;) and T; are not in the same orthant. To
avoid double indexing, let r = u; € R?? and ¢~} (z) = X € T, with X =
((s1,.-+8n—2), (x1,...,2,-2)). Recall the parametrization of the geodesic and the
maximal set of splits C' that is compatible with Split(X) and Split(7;). We prove
continuous differentiability of the partial derivatives but we need to distinguish be-
tween two different types of coordinates xy.

First, consider a component z, k € {1,...,n — 2} such that the corresponding split
sk € C. Let A;(z) be the subset of a support !

(A(x),B) = ((A1(x), ..., Ax(z)), (B, ..., By))

of the geodesic I'(X, T;) that contains s,. We write A;(z), to stress that the support
and the values of || 4;(z)||2 depend on z. In particular, A;(z) depends on zj, whereas
the other sets A;, [ # 7 do not, as they do not contain s;. Then we use the distance

1[MOP15] have considered derivatives of the geodesic distance and have shown that the derivative
is independent of the support that is chosen. This holds, because in the case that there are
multiple possible supports one has that the fractions Hngz = H‘;J:H; are identical, which leaves
the derivative unchanged, as one may see in the resulting derivative.
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formula from Theorem 2.21:

dg; o(d(y(x),T;
2 (g = AN )
0 Wzi;l(um)n? 1Bl + T ec(wa(e) - ws<n>>2)
5 (z) =

1 (T A@ + IBll) + o (wa(e) — wi(T)?) e
2d(y(z), T;) Oy,

L 0@+ 2@l 1Bl )
2d(¢(2), T7) Oxy,
2 <1 + ||f”1ij”>2n2> T (1 + ||zuf5}l|>2||z>

2d(0(x). T) A (@), T)

Hence, the partial derivative of g; at u; = x in direction xj, exists and is continuous
if =1 (u;) # T

For the second case consider a component x; that corresponds to a split s, € C.
Let the length of a split s in T} be denoted by w’i and for X denote wZ analogously.
This means, that for s, € C, w; = x4 and for all other splits s € Split(X) \ {s:},

wX = z; for some j # k, which is independent from z;. Then, once again, the

partial derivative for coordinate z, can be derived via the distance formula from
Theorem 2.21:

dg;

a—zk@) = —8%

0 (VI + 1B + £ ecluw(o) — w(T))? )

o (1) =

1 (S + B + o ee(wa(a) — (1))
2d(v(2),T;) Oz

_ 2w, (Y(x)) — 2wy, (T}) _ Th— Wy, (Tx)
2d(¢(x), T;) d(y(z),T))

()

Again, the partial derivative of g; at u; = = in direction z;, exists and is continuous if
¥ (u;) # T;. Thus we have that for all cases, the partial derivative at x = u; exists and
is continuous if 1 (u;) # T;, i.e., g; is differentiable on the set int (R’fr/) \V; with V; :=
{u € int (R™) : 1(u;) # T;}. Then the sum of the g; is differentiable on all of int (R™")
except for UM, V; =: V. Altogether, ¢ is differentiable on int (R?)\ (VUW). O
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Proposition 5.26 shows that the facilities 7; that are in orthant O yield non-dif-
ferentiabilities of ¢. Because we want to check for optimality of a point using the
gradient, we need to take care of these specifically. The following Lemma gives us
an easily verifiable necessary condition for such a facility to be optimal. Recall, that
in this whole section, O is a fixed orthant that contains an optimal solution in which
we model the BPA and for which ¢ is defined, in particular O, is not arbitrary.

Lemma 5.27. Let k € {1,..., M} be such that Ty, € O. Moreover, define B; =
Pr.(Ty) fori=1,...,M. Then, if

B, — B;
Test;, = — 1| >1
Stk Z | Br, — Bill2 ’
ik 9

where Testy, is defined as in Theorem 3.1, T}, is not optimal for (P).

Proof. We show that from optimality of T}, for (P) it follows that Test, < 1. First
note that, if T is optimal for (P), then By has to be optimal for the problem

min 32, |z — By,
s.t. x € R’fr’Q.

Otherwise, if By is not optimal, then we can estimate for an optimal solution x

> AW @) B £ Yl = Bila+ Y d(w ™ (B).T)

M M M
< Be = Billa+Y_d@ N (Bi), Th) = Y d(Ty, T)),
i=1 =1 =1

which contradicts optimality of T.
Now, Theorem 3.1 implies that B, is optimal to the unweighted median problem if
and only if

M
B, — B;
Test;, = —— | <1.
‘ Zl |Be — Bill2|| —
itk 9

]

The problematic cases are where the algorithm stops at some facility ¢~1(T}), where
we can’t check for optimality using the gradient. Nevertheless, in practice we may
start the algorithm with several different starting points. When it always hits the
facility ¢ ~'(T%), this is an indication, that it is an optimal solution: Otherwise, if

151



¢~ 1(T},) was not the optimal solution then there exists a neighborhood A around
the optimal solution for which the objective value is less than for ¢)~!(T}), due to
continuity of the objective. Since the BPA may not increase the objective, this guar-
antees that it cannot converge to ¢~!(T}) for any starting point y € RT}! such that
y € N. This idea is later (Corollary 5.53) used to construct a convex neighborhood
of the optimal solution for which the BPA converges.

[0,1] o R}

(2

RY

Figure 5.5: Commutative diagram for the most important involved maps for mod-
eling the BPA with the block-wise coordinate descent method with the
auxiliary map B, where B(ug) = (ug, Pr, (ug), - .., Pr,, (uo))".

After we have seen several features of the objective function ¢ we now come back
to modeling the BPA using ¢ as objective for the block-wise coordinate descent
method. We want to have representatives of all our facilities T C 7, in the orthant
O. The easy ones are the T; € O, where we can simply use ¢(T;) as a Euclidean
representative. Now we define the representatives for T; € T'\ O, so let ¢ be an index
such that T; ¢ O. For z € R let 7;(z) : [0,1] — T, denote the parametrization
of the geodesic T'(vy~!(x),T;) from ¢)~!(x) to T;. Then, we use the map (5.5), see
Definition 5.13, and set e;(x) = eq,(x). This implies v;(z)(A) € O for 0 < X\ < ¢;(2)
and v;(z)(A) € O for 1 > X\ > ¢;(x).

Thus, it always holds that v;(z)(e;(z)) € dO. Note, that whenever z € int R"?| it
holds that T' (¢~ (x), T;)NOO = {v;(z)(e;(x))}, compare Figure 5.6 for an illustration
of different ’cases’ of exit points.

Now we define a map that unifies the choice of representatives for all T; € T:

Pr iR SR, Pre) = {Zﬁ%gm(mm’ o 69
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T

P(T»)(x2) Ty

Z2

P(Ty)(x1) “’,"

T3 | P(T3)(z3)

Figure 5.6: An example for several exit points (marked by squares) and a non-unique
intersection with the boundary of O (dashed red line).

Note, that we emphasize the term “choice” here. The problem is that we have to
make a choice for the auxiliary variables for blocks ¢ = 1,..., M instead of having
unique minimizers.

At the beginning of the section we noted that [War63] makes two specific assump-
tions in order to show that his algorithm converges to the optimal solution. In
particular he supposes that W2 holds that guarantees that the minimizers for each
of the corresponding minimization subproblems, i.e., for each block, are unique. Our
specific ¢, (5.8), does not meet the assumption W2:

Take any point u € [0, U]"=2* M+ Then we define

Spl(u—l) : [07 U]Tl—2 — R’ 901<u—2)(y) = QD(U(M sy Wim1, Y, Uig1,y - - 7UM)

fori=0,1,..., M as in W2.
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It actually holds that all z,y € ¥(T'(¢"!(ug),T;)) are minimizers, because

wilu_;)(x) = @(ug, ... Ui, Ty Uis1, -, Upp)
=d(W (), T) + |z — uolla + Y dW ™ (w), Th) + > llur — uoll2
I#£i I#£i
= (¢ (uo), To) + Y d( (w), T)) + >l — uoll»
I#£i I#£i
=AW (Y), T) + ly = woll> + Y A~ (w), ) + Y llur — w5
I#£i I#£i

= SO(U()a sy Ui—1, Y, Ui,y - - 7UM) = %(U—z)(y)a

implying that the ¢;(u_;) have no unique minimizers and are thus also not strictly
convex. The strict convexity is not actually required for the proofs of [War63], he
just demands it in order to ensure uniqueness of minimizers.

Nonetheless, we want to apply the iterative method from [War63], so we have to
adapt the analysis to our situation. Because we do not have unique minimizers of ¢
with respect to its block coordinates, i.e., no unique solutions for the subproblems,
we have to work around this in all proofs always keeping in mind that we made a
specific choice for the minimizers with (5.9).

That we do not have unique minimizers is bad news for the analysis of the method.
On the other hand, from an algorithmic point of view, the minimization steps for
coordinates 1,..., M are trivial in our case: for a fixed ¢ any point = € R’f:? with

vi(x) € F(u((fﬂ), T;) is optimal. This is where we need to make a specific choice for
the minimizer and we take the exit points Pr, (u(()”l)). We have to show convergence
of the method with respect to this specific choice and cannot simply apply Warga’s
theorem.

Before we formulate the BPA in the framework of the block-wise coordinate descent
method, we reformulate the block minimization problems by plugging in our ex-
plicit ¢. Recall that minimization is performed with respect to a single block wu;,
where (w1, ..., U1, Uiy1,- .., uy,) are fixed. The general versions of the minimization

problems are:

argirel})ggo ((CC,UQ, s 7un>) ’

arg min ((u1, @, u3, ..., uy)),

arg min @ (w1, s, -, tn-1, 7)) -
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Now, recall that p(u) = SSM, d(¢(w;), T;) + S, |Jui — uollz and X; = R"2 for

our blocks ¢ =0, ..., M. Plugging this in we receive
M M
s i, (370 ) 3ol )
re i=1 i=1

M M
arg min (d(wl(m), T) + Zd(w’l(ui), T;) + |Jur — uol|2 + Z llu; — uo”z) ;

ne2
z€RY i=92 =2

M—-1
arg min (Z d( T) +d( (), Tur) + D llws = woll2 + [l — U0||2> :

n—2
z€RY =1

Leaving out constants we get

+

arg r%inrl2 (d(v~"(z), T1) + ||z — uol|2)
Te

+

M
arg min Z |z — w2,
zeR" 2 i—1

arg min_(d(¢ ™" (2), Tn) + ||z — wol|2) -

z€RYT 2

Then plugging in our choice Pr, for the minimization problem with respect to the
blocks i = 1,..., M we are able to describe the BPA in the framework of the block-
wise coordinate descent method, see Algorithm 8.

With the definition of ¢ and the choice of Pr, we prove a simple, but important
connection between balance points and stationary points:

Theorem 5.28. X € O s a balance point of f if and only if
v = (Y(X), Pr,(¥(X)), ..., P, ($(X)))

is a stationary point of ¢.

Proof. Let v = (Y(X), Pr,(¥(X)),..., Pr,(¥(X))) for some X € O be a stationary
point. Then the stationary point condltlon (5.7) for our first block, i = 0, implies

¥(X) € arg_min (Zny Pr, (4 >>||2>,
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Data: T = {T1,...,Ty}, 7o € int R} 2.
Result: A stationary point.
Initialization U(O) = (1’0, PT1 (U0)7 ey PTM (Uo))t.

for /=0,1,2,... do

(Hl) arg mln ZHx—u |2,

ugﬁl) — P, (uééJrl))

ug\?-l) — Pp, <u(()é+1)>

if ) =4 then
| return u®

end
Algorithm 8: The block-wise coordinate descent method with the specific func-
tions to model the BPA and the choice of Pr,(up) as minimizers for the blocks
1=1,..., M.

so X is a balance point by definition.
Now, let X be a balance point. Again, by definition,

(X) € arg min <Z||y Pr,(y ))||2> :

This implies that the stationary point condition (5.7) holds for ¢ = 0. For i =
1,..., M, the stationary point condition holds as well, as v; = Pr,(¢(X)) € I'(X, T;)
and is thus a minimizer of (d(v¥~*(y), T;) + ||y — ¥(X)]]2) , the optimization problem
with respect to block 2. O

Note, for the block-wise coordinate descent method in general, one is allowed to pick
any starting point in X and converges to a minimizer of ¢ over X. Here we define
a specific starting point u(?), whose 0-th coordinate z, is in the interior of Ri‘Q.
This is to model the BPA as it was defined in Algorithm 4 and it also avoids some
unfortunate cases, where the BPA directly stops at a balance point at the boundary.
Why boundary points are problematic will be described in detail in Section 5.4.
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Moreover, we have set

M
uy " = arg min, >l = o
xX

+ =1

But when the ul@),i = 1,..., M are collinear, the minimizer is not unique, see
Theorem 3.1. Later, we will rule out non-uniqueness, so that this does not matter
for the proof of convergence. Until then, we choose a deterministic algorithm M.A

that solves the Euclidean median problem, so that ué”l) is well-defined by setting

u ™ = MA@, .. ,ug\?)

With the formulation of the BPA in the block-wise coordinate descent method frame-
work at hand we prove that this version actually is the same as the BPA| i.e., that
Algorithm 4 and Algorithm 8 yield the same result.

Proposition 5.29. Assume we are given the input data T = {T1,...,Ty} and
zo € tR} 2 Let u® be the output of Algorithm 8 and XU be the output of
Algorithm 4, where both methods use the same deterministic algorithm MA to solve
the Euclidean median problem. Then (X W) = u((f).

Proof. The algorithms follow the exact same steps: For the given starting point
xg, the minimizer u(()l) = z; of "M |ly — Pr,(x0)|2 is calculated by MA for both
algorithms, then the exit points are calculated with respect to u[()l) = 1z and the
procedure is repeated. Hence, for each 7 = 1,..., M it holds that u(()j ) = xj. When
x; = x;_1, the BPA (Algorithm 4) stops. This implies that uél) = uél_l), and that in
turn implies that ugl) = Pr, (uél)) = Pr, (ug_l)) = ugl_l) fori=1,..., M. Thus we
have u¥) = 4~ and Algorithm 8 stops as well. The same argumentation can be
made when Algorithm 8 stops, to get that Algorithm 4 stops as well.

This proves that the algorithms terminate in the same loop, and that x; = u(()l) =
u™ = ;. holds. Algorithm 4 then returns v~ !(z;_1), and (o~ (21_1)) = ul Y,
which is the 0-th coordinate of the returned u(= of Algorithm 8. n

The following lemma is the analogue to Lemma 5.15 and points out the relation of
the objective functions f and ¢ for the iterates of the algorithm. It is an immediate
consequence of Proposition 5.29, as the algorithms perform the same iteration steps.

Lemma 5.30. Let u¥), v+ be successive iterates of Algorithm 8. Then
F@ ™)) = (D) < o) = fl ().

With Proposition 5.29 we have shown that we are able to model the BPA in the
framework of the block-wise coordinate descent method. Nonetheless, there are still
a lot of problems to tackle - the block-wise coordinate descent method only yields
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a subsequence converging to the optimal solution if we are able to work around the
missing prerequisites: We have to show that the choice of Pr, as optimal solution
for the respective optimization problems does not create problems in the analysis as
well as that the non-uniqueness of the Euclidean median problem for a given set of
collinear points does not destroy convergence.

5.3.2 Convergence to a Stationary Point

After we have formulated the BPA as a variant of the block-wise coordinate descent
method, compare Algorithm 8, we show that this algorithm yields a sequence whose
cluster points are optimal solutions of ¢ under certain conditions. As mentioned
at the end of Section 5.3.1, we need to adapt the analysis done by [War63] to our
setting.

In the following we prove two important but very technical propositions (Proposi-
tion 5.39, Proposition 5.41), that are required in order to prove Theorem 5.44 that
states that all cluster points of the iterates the BPA yields are stationary points.
Since it is not straightforward to prove these two propositions we have to prove sev-
eral auxiliary results beforehand. We present a graph of implications in Figure 5.7
that shows the structure of the results of this subsection:

Lemma 5.31

Lemma 5. 33\

Lemma 5.34 ) Proposition 5.38 Proposition 5.39
4 Continuity e; Continuity Pr,

‘\y Supports in
Lemma 5.35 / Neighborhoods /
Lemma 5.36 (

Lemma 5.37

Theorem 5.44
Convergence

Proposition 5.41
[ Lemma 5.40 ]—{ Continuity & ]

Figure 5.7: Results of Subsection 5.3.2 in a graph.

In both Fro?ositions we prove continuity of the maps that define the next iteration
points u; for i =0,1,..., M. We start with continuity of P, for i = 1,..., M,
which is very tricky to prove. Before we present the proof of continuity we first need
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to gain more insights about parametrizations of geodesics and how they change in
certain neighborhoods.

Lemma 5.31. Let T € T, \ O and x € OR">. Then X is the exit point, i.c.,
DX, T)NO = {X} if and only if there exists a split s € Split(T') \ Split(O) such
that Split(X) U {s} is a compatible set of splits.

Proof. First, let s € Split(7T') \ Split(O) be compatible with all splits in Split(X).
Note that this is only possible when [Split(X)| < n — 2, which follows from z €
OR" 2. Otherwise we would get a set of compatible splits of cardinality greater
than n — 2, which is impossible. Let v : [0, 1] — 7, be the parametrization of the
geodesic from X to T as in Theorem 2.21. Then s € C' and the length of the split
s changes linearly from 0 for (0) to w!, the weight of split s in T, for (1). Hence
for all A > 0 it follows that w?™ > 0. Since s ¢ Split(O) it follows that v(\) & O,
so X is the exit point of the geodesic from O.

For the other direction let X be the exit point, i.e., I'(X,7) N O = {X}. Theo-
rem 2.21 implies that every tree on the geodesic from X to T only contains splits
from Split(X) U Split(7"). If there was no split in Split(7) \ Split(O) that was com-
patible with all splits in Split(X), this would imply that a split of X has to be
removed before adding another split of Split(7"). More formally, this means that
C' C Split(X) and then the first leg of the geodesic (|0, %]) will have the
splits A; U...UA,UC C Split(X) C Split(O), where Ay # () and ||A;|]2 > 0. Thus,

{X} ={+(0)} < ~(]o, %]) C O, which is a contradiction. O

A useful concept that we use in the following proof is to partition a fixed orthant O
into sets that describe the minimal supports from all trees in O to some given tree
T ¢ O. The concept was introduced in [MOP15], Definition 3.3:

Definition 5.32. Given a source tree T' € T,,, a maximal orthant O C T, a support
(A, B) and a set C' of double compatible splits, let V(T,O; A, B,C) be the closure of
the set of trees X € O for which the geodesic joining X to T' has support (A, B)
satisfying (P2) and (P3) (see Definition 2.20) with strict inequalities and for which
C' is the set of double compatible splits of T and X . A previstal facet is any nonempty
set V(T,O; A, B,C) of this form.

In contrast to the original definition in [MOP15], we have added the set of double
compatible splits C, because we handle these in another way then they are handled
in [MOP15], where double compatible splits are taken care of in support pairs A;, B;
with artificially introduced negative ratios Hgi”i. This is only a technicality and we
receive the same previstal facets, just with di#erent notation.

Note, that a support satisfying (P2) with inequalities always is a minimal support as
introduced in Definition 2.24. For trees in the interior of a previstal facet it is addi-
tionally required that (P3) holds with strict inequalities. This implies that (A, B) is
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the unique support for the geodesic I'(X, T') for the trees X € int (V(T, O; A, B, C)).
By definition a previstal facet contains all trees in the closure of this set of trees
with the unique support (A, B) from X to 7. Thus, it also contains all trees X for
which (A, B) parametrizes the geodesic I'(X,T"), but for which some inequalities in
(P2) or (P3) are satisfied with equality.

It is important to note that the closure of some previstal facets also contains trees
in the boundaries of the orthant O with split set S, i.e., O = O(S). In other words,
a previstal facet V(T', O; A, B, C') may contain trees Y € 0O so that Split(Y') C S.
Then, (A, B) is not a support for such a tree Y, as some set A; C Split(O) contains
a split § that is not contained in Split(Y') and logically this split cannot be removed
from Split(Y'), as the support sequence (A, B) describes. We will establish what the
supports look like for these specific cases in the following , but first we provide an
easy example of previstal facets in T4 to get used to the concept.

Example 5.3.1. We consider the same setup as in Example 2.2.3 with the following
four splits forn = 4:

51 = ({1’2}|{07374})7 So = ({17273}|{074})7
83 = ({173}|{07274}>7 S4 = ({17374}|{072})

Now, let Split(O) = {s3,s4} and T = ((s1,52),(2,2)) € Ts. Then O consists of two
previstal facets:

V) = V<T7 O; ({83’ 54})7 ({317 32})7 ®>
VQ = V(T, O; ({84}7 {33})7 ({82}7 {81})7 @)

The situation is depicted in Figure 5.8, where one tree and its geodesic to T' are
given for each previstal facet. It is important to note that the trees in Vi N Vs may be
parametrized using both supports. Even though they seem to yield different results,
they actually do not. This is because some legs of the geodesic (in the example the
one from X to T passing through the orthant having splits sq, s3) disappear because
lAsll2 _ [lAz2]l2 U ;
at the boundary Bils = [Bsls holds, which implies that
[A1]2 [A42]2 ) — 9
[Avllz + [ Bill2" [ Az[l2 + [| Bzl

i.e., the leg passing through this orthant contains no points and the other two legs
are joined at its boundary, which is the origin in this case.

In Figure 5.9 we show that the number of previstal facets that partition an or-
thant changes with the chosen orthant and that a previstal facet may even yield
the whole orthant, as it is often the case in Ti. Suppose now that instead of
s3 = ({1,3}[{0,2,4}) we have sy = ({1,4}|{0,2,3}) and all other splits remain
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52

s3

Figure 5.8: The orthant with splits {ss3,s4} is partitioned into two previstal facets
with respect to T' = ((s1, 52), (2,2)).

the same. We now consider the orthant O" with Split(Q') = {s4,s4}. In this case
all splits of T are incompatible with all splits in Split(O'), hence there is only one
previstal facet

Vi = V(Tv 0/; ({ng 34})7 ({317 52})’ ®>

Lemma 5.33. Let a tree T' € T,, and any mazimal orthant O be given. Then O is
covered by a finite number of previstal facets.

Proof. Proposition 3.6 in [MOP15] states that the so-called wistal facets cover T,.
The vistal facets are the images of the previstal facets after squaring the coordinates
of the weight vector of a tree. As the tree space orthants have non-negative weight
vectors, this is a bijective map and it follows that the previstal facets cover 7, as
well.

So it only remains to show that the number of previstal facets covering O is finite.
To this end, consider a support (A, B) = ((Ai, ..., Ax), (B, ..., Bx)) with the set of
double compatible splits C' for T'(X,T). Since the A; and B; partition the split sets
of the trees, Ay U...U A, UC = Split(X) and By U...U B, UC = Split(7T'), there
is only a finite amount of such partitions. This implies that the number of different
combinations of supports (A, B) and double compatible splits C' is finite and thus,
the number of previstal facets is finite as well. n

Lemma 5.34. Let T € 7T, and a maximal orthant O C 7T, be given and consider
a non-empty previstal facet W = V(T,0; A, B,C), with A = (Ay,..., Ax), B =
By, ..., By.
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Figure 5.9: The orthant with splits {s}, s4} is consists of one previstal facet with

respect to T'.

= Az ﬂSpht(X) .

X
)

LAY, where A;

Consider X € (00)NW and define A = (A7, ..
If AX #£0, then (A, B) is a support for T'(X,T).

k= (P1).

.U B,_; is compatible with AX for each i =2, ..
For (P2) we use that X € (00) N W, which implies that X € OW. This holds

Proof. We show that (P1), (P2), (P3) hold. Since AX C A; it follows that B; U
because Split(X) C Split(O), hence (A, B),C' cannot describe the geodesic from X

C

to T, i.e., X is not in the interior of WW. Thus, there exists a sequence X', X?, ...

int (W) such that X7 — X. We have W C O, so we may apply our isometry

Y O — R to get that for 2" :

¥(X). In particular
— 0 when coordinate j

n
J

.,n — 2 and x;

(X)) we have 2" — x
corresponds to a split s € Split(O) \ Split(X). For s € Split(X) we may also write

— x; for j = 1,..

n
J

this implies that z’;

this as w5, — w% and for the other splits s € Split(O) \ Split(z), w%, — 0. Then

it holds for all + =1, ..

., k that

w,? (5.10)

2.

s€A;\Split(X)

s 2
Wiy~ +

2

s€A,NSplit(X)

§ s 2 __
11)){” —

SEA;

= I3 w0 = AN,

[A7 ]2 =l Ai(X7)]2

/

Now, for each n € N we have that (A, B) satisfies (P2) with inequalities, i.e., for

seAl.X
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[Pz P | P Vg |
|Bill2 | Bitall2’

and thus N
1AT 2 _ ATl

1Bill2 ~ [[Bitall2

fori=1,....,k—1. = (P2).

For (P3) we can use the exact same argumentation with the sequence X"7. (P3)
holds with strict inequality for each partition C} U CY of A?, Dy U Dy of B; with Cy
being compatible with Dy, i.e.,

1CY |2 ||C;7||2'
[Dill2 | Dal2

Then it follows that for ¢; := lim,_, ||C/||2 for ¢ = 1,2 we have

C1 S Co
D1l = (Dl
holds with equality in the limit. = (P3). O

For the preceding lemma we supposed that A¥ # () holds. Now we investigate what
happens when A¥ = ) for some j.

Lemma 5.35. Assume T,0,X are given and AX defined as in Lemma 5.34. If
AX =0 for somel e {1,... .k}, then AY =0 forall j=1,...,1

Proof. Again we use that X € OW and let X' X2 ... C W be the sequence
converging to X. In the proof of Lemma 5.34 (5.10), we have established that
|A7]|a — [JAX||o for i = 1,..., k, which holds for [ in particular.

Now assume that there exists some j < [ such that AJX # (). That implies that
|AX]]2 = ¢ > 0 and [|[A7]2 — ¢, so there exists some 7' € N such that for n > 7/
|A7]l2 > §. Moreover, we have that that A" =0, so [|A][l2 — 0, hence there exists

some 77 € N such that for all > 7 it holds that ||A}||2 < %, which is equivalent
to § > ”A?':Z%j‘b, because ||B;|2, || Bjll2 > 0. Then for all n > max{n’,7} we have
that

147112 ¢ A7z - 1|32 _ 1A/ ]2
1Billa = 2-11Bjll2 ~ [1Bjll= - I Bill (I Bl

with 7 < [ which is a contradiction to (A, B) being the support for X", because
(P2) does not hold. O
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Lemma 5.35 implies that there exists a maximal index jn.x € {0,1,...,k} s.t.
AZX = () for i < jmax. It is important to note that jma.x = k is possible, however, this
implies that Split(X) C Split(7") and the support is trivial in this case.

Lemma 5.36. In the situation of Lemma 5.3/, let jmax € {1,...,k} be the maz-
1mal index such that Aﬁ,ax = 0. Then fori = 1,..., jmaz, Bi C C* (the set of
double compatible splits for T and X, depending on X ) and (AX,B) with AX =
(AX AN, B=(Bj,.t1,- -, By) is a support for the geodesic T(X,T).

Jmaz+17

Proof. If juax = k, then the minimal support (A, B) for I'(X, T) is trivial, (A, B) =
(0, 0), since Split(X) C Split(7T') holds, which implies Split(X) Cc C*. So suppose in
the following that jna. < k. Now, since AX = () fori = 1,..., jmax, it follows that the
splits in By, ..., B, _ are immediately added, because By,..., B are compatible

) Jmax Jmax
with A, . +1,..., A and thus also with A;fnaxﬂa ..., A¥ = BjU...UB,,,, are double
compatible splits and are contained in C*. For i > jma, we know that A% # () due
to Lemma 5.35 and the choice of jyuax. The proof that (A%, B) satisfies (P1), (P2),

(P3) is the same as in the proof of Lemma 5.34. [

With Lemmas 5.34,5.35 and 5.36 we have established how supports in specific
neighborhoods behave. This knowledge is crucial for the proof that the parame-
ter A € [0, 1] where a geodesic I'(X,T') parametrized by vx : [0,1] — 7, behaves
continuously when X changes. In order to prove the continuity this parameter we
need the following lemma.

Lemma 5.37. Fort >t > 0 consider the family of functions

u

Ptmin = {pt}tztmin wlth pt : R+ — [07 1]7 pt(u) - u + t

Then P,_, s uniformly equicontinuous on R .

Proof. We need to show that for all € > 0 there exists a 6 > 0 such that Vp, €
P, . ,Vu,v € Ry with |u —v| < § it holds that |p:(u) — p:(v)] < e.

In order to show that we prove that the functions are continuously differentiable on
the domain R, and thereby receive a Lipschitz-constant for each ¢:

pi(u) =

1
@i and {}el%fpi(u) =~ is attained at u = 0.

Thus, we get a Lipschitz-constant of % for each p;. Now, let an ¢ > 0 be given and
set 0 = & tmin- Then for all ¢ > t,,;, and all u,v € R, with |u —v| < § it holds that
1 1

S<S.
t tmin

Ipe(u) — pe(v)] <0 -

which was to show. O
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Proposition 5.38. ¢;(x) is continuous.

Proof. Let x € R’"? and as always ¥~ 1(X) € O. Let ¢ > 0 be given. First we
specify 0 > 0 for which |e;(x) — e;(y)| < € holds for all y € Bs(x). 0 is chosen as the
minimum of three different values that guarantee different conditions. We define

1
(5 = 5 . mln{g . tming dmxmin}v

where
Tpin =  Iin {xZ x; > 0},
i=1,...n—2
tmin = ]:11’,I117I711_2{7fZJ 0t i > O},

d, = min{d(X,V;) : V; C O is a previstal facet that does not contain X}.

For any y € Bs(x) we have that 0 < #si». This implies

[z — yil = V(7 —y:)? < Z

Suppose now that y; < #3i. Then z; > Ty, > y; and with this

Lmin Lmin
|z — yil = i — Yi > Tmin — Yi > Tanin — 9 = 7 > 6 > |z — yil,

which yields a contradiction. Hence, y; > *z= for all ¢ with z; > 0 and this
proves that each split in Split(X) is also contained in Y. So ¢ < #zi= ensures that
Split(X) C Split(Y).

0 < d, ensures that Y is not contained in a facet that does not also contain X and
tmin 1s the lower bound for the family of functions p; as in Lemma 5.37, that we
apply for e;(z) > 0 because then e;(z) = % and || By |2 > tmin by definition,
since By C Split(T).

We divide the proof into three parts for different locations of X. Lemma 5.33 states
that the previstal facets cover O, but the inequalities for (P2) and (P3) are only
strict, when a tree is contained in the interior of such a facet. That is why distinguish
the following three cases:

(1) X € int (W) for some previstal facet W
(2) X €int (O) but A a previstal facet V such that X € intV

(3) X €00
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(1): If X is contained in int (W), then d, guarantees that Y € int (W) as well,
because d(X,Y) = ||z —ylla < § < d, < d(X,V) = infzep d(X, Z) for any previstal
facet V other than W. In order for the above to hold, we have to show that d, > 0.
Due to their definition we know that previstal facets are closed so when X € O
and V C O such that X ¢ V, then d(X,V) = infzep d(X, Z) > 0. Moreover there
only exists a finite amount of previstal facets in O, it is for example bounded by the
amount of all possible supports (A, B). Thus the minimum over this finite amount of
distances d, = min{d(X,V;) : V; C O is a previstal facet that does not contain X}
is greater than 0.

Now, let W = V(T, O; A, B), and since X, Y € W, (A, B) is the support for I'( X, T;),
(Y, T;) respectively, where we denote the dependence of the parametrization on the

weights in A by A(z) = (A1(x),. .., Ax(x)), A(y) = (A1(y), ..., Ak(y)) respectively.
By definition [[A1(X)[l2 = /> e, wX? and

2
>, wt

seSplit(X)

n—2
E 2 __
i=1

This also implies that

Z 1A (@)1 = [l]]2,

and moreover we have that

i
[\

0> d(X,Y) = [z —yl2 = (Wl —wi)?.
1

i
This implies that [w® —wY| < § for each split s in Split(O), where wX
is not in X or Y respectively.

Now, using the reversed triangle inequality and our inequalities established above
we get

_ Y s
=0,w; if s

AL ()]l = 1AL @) [|2] < [ Ar(z) — Ar(y) |2 = Z X —w))?

SEA1

ZZ —wl)? =z —yll2 <6

i=1 s€A;

Now we apply the uniform equicontinuity of the {p;};>; . where we use the map
D|By|» and || Bi|l2 > tmin > 0 by definition. We have that ‘||A1 Nz = [|A1(y)]2| <6
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so it follows that
P)1B1)12 (A1(2)) — pyBy ) (Ar(y))] < €
and then

€ >pyB, 1, (A1(2)) = Py (A1 (y))]
_ [A(@)ll A1 (y) |2
[AL(@)[l2 + | Billa A1 (y)[l2 + [| Ball2

= lei(x) — ei(y)]

what was to show.

(2) Now, let X € int (O) but A a previstal facet V such that X € int V. We have
seen above that the amount of previstal facets of O is finite. Since previstal facets
cover O, there exist previstal facets V; such that X € ﬂ?jl oV; with n, > 1. For
all other previstal facets V with X ¢ V we know again that d(X,Y) < 6 < d(X,V),
so Y € [J*,0V; as well. That implies that there exists a V' = V(T,0; A, B) €

{V1,..., Vs, } such that X € V' and Y € V'. Thus, both have support (A, B) where
weights only differ in A(x), A(y). The same argument as in (1) shows that then

lei(z) —ei(y)| < e.

(3) The last remaining case is X € 0O. In this case, we need Lemmas 5.34, 5.36
to get supports for X and Y. Just as in (2), the choice of § < d, ensures that
there exists a previstal facet V' = V(T,O; A, B) that contains X and Y. We use
Lemmas 5.34, 5.36 to get supports for X and Y respectively. Split(X) C Split(Y)
thereby guarantees that AX C AY fori=1,...,k. We consider three cases:

i) A =047 =0
i) AX =0,A7 #0
i) A #£0,A7 #0

The first case, i), is the easiest, since the splits A; C Split(Q) are neither contained
in Split(X), Split(Y"). Moreover, By U Ay ... U Ay is a compatible set of splits with
By C Split(T). Since AF = 0, AY = (0 that implies that B; belongs to the set
of double compatible splits and these splits are added immediately. Thus, B; C
Split(Z) for each Z # X € I'(X,T;) and e;(z) = 0. The same holds for Y, thus
ei(y) =0 and |e;(z) —e;(y)| =0 < e.

In the second case, ii), we have ¢;(z) = 0, but e;(y) > 0, because A} # 0. = e;(y) =
AY 2
AT
R""? that correspond to these splits are 0. Together with ||z — y||z < § this yields
|AY |2 < & and thus |0 — [|A] ||2] = ||AY|]2 < 4, so we can now use continuity of

. Now, all splits that are in A; are not in Split(X), so the coordinates in
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Figure 5.10: Illustration of the bound used in the proof of Proposition 5.39.

DByl a8 in (1) :

lei(x) — e;(y)| 0 | A7 |2

o+ Bl A e + [Bulls

= |11 (0) — Pymy (Ar ()| < e

() — 1A |2 () — A} 12
In the last case, iii), we have that e;(x) = HA{<H21+||B1H2 > (0 and ¢;(y) = ||A}/H2ir||Ble
0. Again, from ||z —y|s < § we get that |||AF |2 —[|AY |2 < 6 and |e;(z) —e;(y)| < €
follows from continuity of pp,|, as in the other cases. O

Next we prove that Pr, is continuous, which is one of the two key propositions that
we need for the proof of convergence for Theorem 5.44. The idea for this is depicted
in Figure 5.10. Using the triangle inequality we bound the distance of Pr,(z) and
Pr,(y) (red) by the sum of the lengths of the two blue line segments, whose lengths
we can control.

Proposition 5.39. Fori=1,...,M, Pr, is continuous.

Proof. In the case that T; € O, we have that Pr(y) = ¢(T;) for all y € R}
which is constant, hence continuous. Let now T; ¢ O, so we prove continuity
of Pr.(y) = ¥(vi(y)(ei(y))). For this proof we make use of two properties of our
geodesic and its parametrization:

(i) For a fixed tree T € T, and a fixed parameter ¢ € (0,1) the map v, : T, — Ty,
1 (X) = vx(t) is continuous, where 7y is the parametrization of the geodesic
from X to 7' (Lemma 1.2.2. in [Bacl4b]).
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(ii) For the parametrization «y : [0,1] — 7, of a geodesic from X; to X, it holds
that
d(y(s),7(t)) = |s —t] - d(X1, X3) Vst €[0,1],
see Theorem 2.23.
Now we choose = € ]R’fr_2 and prove continuity of Pr, at x: Let ¢ > 0 be given.
Due to (i), there exists some d; > 0 such that d(ve,)(X), Ve, (Y)) < § for all
Y with d(X,Y) < ;. In a similar fashion we choose d > 0, which exists due to

the continuity of e;(z) that was established in Lemma 5.38: Let d3 > 0 be such
that |e;(x) — e;(y)| < a0 for all y with |z — yll2 < d2. Now we combine these

estimates. Let § = min{6;, da, d(X,T;)} and let y € Bs(x) "R 2 Then

| Pr,(z) — Pr,(y)ll2 = [[¥(vx (ei(z))) — vy (e:(y)))l]2
< W (vx(ei(x))) = vy (es(@))llz + | (vy (ei(2))) — Y (vy (es(w)))]]2

= d(Vey()(X), Ve, (V) + lei(@) — es(y)] - d(Y, T5)
£
<2+|€z(9€ ei(y)] - (d(X, T) +9)
€
< 5 *lei(z) —ei(y)] - 2d(X, Ti)
£ £
ot odX,T,
== + ° = €
=5+5=
where we use (ii) at the equality marked with . This proves continuity of Pr,(x)
for an arbitrary x € R’ 2. m

Figure 5.11 depicts the structure of the subsection once more, where we marked all
results that are proven until now. As we can see, all results in the upper part of
the figure have successfully been proven and the continuity of the Pr, is established.
We now need to prove the continuous behaviour of &, which is the map yielding
the minimizers of the Euclidean median problems in block 0 for given facilities
Ury. .., Up-

Since the Euclidean median problem may not have a unique solution when the given
points are collinear, compare Example 5.3.2, we even have a problem with defining
this map. Therefore, we make slight assumptions to rule out this unfortunate case
and thereby force uniqueness of the minimizers of the Euclidean median problems
for the relevant cases. We start with a lemma that will later on ensure uniqueness
on a compact neighborhood.

Lemma 5.40. Let m > 3 and p1,...,pm € R? be such that p1,...,p, are not
collinear. Then there exists a § > 0 such that for all v = (vy,...,v,)" € R¥™,
v € Bs((p1,---,pm)") it holds that vy, ..., v, are not collinear.
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Lemma 5.31 v/

Lemma 5.33 v/ \

Lemma 5.34 v/ ) Proposition 5.38 Proposition 5.39
s < Continuity e; v/ Continuity Pr, v/

( f Supports in
Lemma 5.35 v/ / Neighborhoods /
Lemma 5.36 v/ (

Lemma 5.37 v

1/

Theorem 5.44
Convergence

Proposition 5.41
[ Lemma 5.40 ]—{ Continuity & ]

Figure 5.11: Progress of proven results of Subsection 5.3.2.

Proof. Suppose w.l.o.g. that the points py, po satisfy
lp1 — p2ll2 > |lpi — pjll2 for 1 <i<j<m.

Since pq,...,pn are not collinear, there exists at least one p;, ¢ > 3 that does not
lie on the line through p; and p,. Thus, the triangle inequality is strict:

lp1 — p2ll2 < llp1 — pill2 + llpi — p2||2-

Let d = |lp1 — pill2 + lpi — p2ll2 — [[p1 — p2ll2 > 0 and define € := 4, so that

3
[p1 —p2ll2+ 3¢ = ||pr — pall2+ Zd < |lpr = p2ll2 +d = ||p1 — pill2 + [|[pi — p2ll2- (5.11)

Now, since the norm |- ||z : R? x R¢ — R is a continuous function, there exists §; > 0
such that for all (vy,v2)" € Bs, ((p1,p2)"), it holds that ||[v; — vall2 < ||p1 — pall2 + €.
Analogously there exists such a d; > 0 for (vq,v;)" € Bs,((p1,pi)") and d3 > 0 for
(vg,v;)" € Bs,((p2,pi)t). Then, setting 0’ = min{dy, d2, 03} > 0 we get that for any
V1, Vg, v; satisfying (vi,v2) € By (p1, p2), (v1,v:) € By (p1,pi) and (v2,v;) € B/ (p2, pi)
it holds that

o1 —walla < {|pr = p2lla+& < |lp1 = pilla + [P — p2ll2 = 2+ € < [Jvr —vil2 + [|vi — va|2,
(5.12)

where the strict inequality is implied by (5.11). This proves that v; € {v; + A (vy —
v1) : A € R}, so vy, ..., v, are not collinear.
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Now we need to show that there also exists a ¢ ball about p = (p1,...,pn) so that
U1, ..., Uy are not collinear when v = (vy,...,v,,) € Bs(p). We may simply choose
d =¢": For v € By(p) and any pair of indices i < j € {1,...,m} it holds that

()= () + Zmme =] () - (3)

2 leny,
where [; ; = {1,...,m} \ {¢,7}. Thus,

()G

and hence Equation (5.12) holds. O

2
2
52 > ||v—p||3:‘

2

<
2

We use Lemma 5.40 to get uniqueness of minimizers: The solution to the median
problem with facilities vy, . .., vy is unique if and only if vy, ..., vy are not collinear,
due to the strict convexity of the objective in this case (as stated in [VZ00]).

Thus, we get uniqueness of minimizers of the Euclidean median problems with re-
spect to the points (vy,...,vy) on some d-ball, say Bj (u) Then, on this ball we
may define the map

M
§: Bs(u) = R, &((vr, ..., vn)) = arg r%inrlz Z ly — vill2 (5.13)
YERL ot

and we want to show its continuity.

Proposition 5.41. Assume that for all ug € R""? it holds that Pr, (u), . . ., Pr,, (uo)
are not collinear. Then for any uy € R’"? there exists a 6 > 0 such that for all
v=(vy,...,up) € Bs(u) with u= (Pr,(ug),...,Pr,(up)) it holds that

M
min, 3 fly — vill
YERY T
has a unique minimizer. Then
M
¢:Bs(u) =R, &((vr,...,vn)) = arg min Z ly — vil2
veRy i

18 continuous.

Proof. Take ug € R”? arbitrary. The prerequisite implies that Pr, (ug), . . ., Pr,, (ug)
are not collinear and Lemma 5.40 states that there exists a & > 0 such that for all
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v = (v1,...,0n)" € Bs(u) it holds that vy,...,vy are not collinear. [VZ00] states
that non-collinearity implies that there exists a unique minimizer of

M
min_ > [y — vill2
veRy T m

due to the strict convexity of the objective in this case. So for all v € Bs(u) we have
a unique minimizer, so we may define the map

M
€: Bs(u) NRY2 5 R ¢((vn,...,vn)) = arg é]]%in:q2 Z lly — vil|2-
YERE =1

Our goal is to show that £ is continuous. To this end we want to apply Theorem
3.2 of [War83|, that states the following:

Given a continuous map ¢ : V x W, where V C R% is a compact and W C R
arbitrary, define X (w) as the set of minimizers of g(-,w) over V for each w € W.
Then the set-valued map £ : W = V, ' (w) := X (w) is upper semicontinuous.

The notion of upper semicontinuity is defined as follows: A set-valued map F :
X ==Y is called upper-semicontinuous at x if and only if for all neighbordhoods U
of F(z), there exists a 6 > 0 such that for all 2’ € Bs(z) it holds that F(2’) C U.
Here, Bs(x) is the ball centered at = with respect to the distance defined on X.
However, if the images F'(x) are singletons for all x, this notion of upper semiconti-
nuity translates into the usual continuity of the point-valued map F'(x).

Now we want use this theorem to show continuity for £&. To this end we first have to
define the corresponding map ¢ and the sets V,W. In order to define V', we recall
Theorem 5.21, that states that may restrict the orthant R™? to the set [0, U]" 2
when searching for an optimal solution. With this we set V' := [0, U]""2, which is
compact. For the set of parameters W, on which the minimizers X (w) depend, we

use W := Bs(u) and define

M
g:VxW-—=R, gvuw) :ZHU—U)7;“2 where w = (wy, ..., wy).

=1

g is continuous because dy : R*™2) — R, dy(x) := ||z; — 22| with # = (21, 29)" €
R?(=2) is continuous. We have shown above that for a fixed w € W = Bs(u),
X(w) = argminyejg yn-2 S M |l — wy||; has a unique minimizer and that X (w) =
&(w) holds by definition of £&. Then we have verified that all requirements for The-
orem 3.2 of [War83] are satisfied and it follows that £ is continuous. O

In the following example we clarify why the condition on the points Pr,,i =1,..., M
not to lie on a line segment is necessary.
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Example 5.3.2.

Uy
U2

oo (DY (2 e (3) e (
U/3 ) we U]_— 1 7u2_ 1 7u3_ 1 7u4_ 1

Uy

Let u=

and consider the median problem P(u) = mingege Y1, |z — will2. Now for any
5 €(0,1) define

u1(0)

~ . U9 . ~ - 1
u(d) = s with @, (5) = (1 N g> ,
Uy

Uy
i) = | v | i )= ()

W) =1 ., with 44(0) = { 4 L)

ti4(6)

Figure 5.12 depicts the minimizers of P(u) in red, the minimizer of P(u) in blue
and the minimizer of P(@) in orange:

A

2

Figure 5.12: Example for the non-continuous behavior of minimizers in the case of
non-unique minimizers.

The Euclidean median problem with four given facilities, is well studied (see [Pla05]
for a survey). In our cases at hand we have that one point is contained in the
triangle spanned by three other points, which is the so called ’absorbed case’. In this
case, the point inside the triangle is the optimal solution. Thus, the minimizer for
P(u(0)) is & = uz and the unique minimizer for P(u(9)) is & = ug. The minimizers
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are independent of &, so the distance between the minimizers is || — Z||o = 1 for all
5 €(0,1).

But by definition we have @, 4 € Bs(u), so we see that there is no continuous behavior
of the minimizers with respect to parameter u in this case in the ’usual’, not set-
valued, sense: The distance to the minimizers T and T gets arbitrarily small when §
tends to zero, but the distance between the image of the minimizers is 1 as explained
above.

We want to stress that we actually do have upper semi-continuity in the sense of
[War83]. But what we require in the proof for Theorem 5.41 is that we have a
unique minimizer for the problem, since we cannot use a set of minimizers as £ is
not a set-valued map. The example above depicts a case where the minimizer is not
unique and where there is no choice of a minimizer for P(u) on the line such that &
18 continuous in the end. Hence, we have to rule out these cases via the prerequisite
of the theorem.

An easily verifiable, sufficient condition for the prerequisites of Proposition 5.41 is
non-collinearity of the facilities that are in O.

Lemma 5.42. Suppose that | TNO| > 3 and that (TN QO) are not collinear. Then
Pr, (ug), . .., Pry, (ug) are not collinear for any uy € R’} >.

Proof. For T, € T N O it holds that Pr,(ug) = ¥(T;) for all uy € R’ Hence,
(T NO) C {Pr(w),...,Pr,(up)} for all uy € R}7? and as (T N O) is not
collinear, it follows that Pr, (uo), ..., P, (uo) are not collinear. O

Before we finally prove the convergence of a subsequence of the BPA to a stationary
point, we provide a useful lemma required in the proof.

Lemma 5.43. Let (u\9)en be the sequence of iterates of the BPA and let (u)),,cn
be a subsequence of (u))sen converging to @ = (tg, 1, - .., un;). Then

ai:PTi(’L_Lo> fOT’izl,...,M.

Proof. When u“») — 4 it follows that we in particular have convergence for the

blocks

W™ @y fori=0,1,..., M. (5.14)
Proposition 5.39 states that Pr, is continuous for ¢ = 1,..., M. Now, use (1) for
1 =0, i.e.,
Uézm) — U

Then continuity of the P, implies that

Pr,(uy™) — Pr,(ao). (5.15)
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Due to the definition of the sequence (u(*))ey it holds that

U(Zm) = PTi (U(()Km))

)

Using (5.14) for i = 1,..., M we get u{™ — 1; and plugging in u{™ = P, (u{™)
on the left hand side yields

Pr,(uf™) = ;. (5.16)
Combining (5.15) and (5.16) it follows that @; = Pr,(ug) for i =1,..., M. O

Now we are finally able to prove convergence of a subsequence of the iterates of the

BPA.

Theorem 5.44. Assume that for all uy € R'? it holds that Pr,(uo), ..., Pr,, (uy)
are not contained in a line segment. Moreover, let W := |0, U]”/, where

U= max { max wST’}

sESplit(T;)

Then, for any starting point u® € W, let u'9 be defined as in Algorithm 8. Then
(u®) ey has a cluster point and any cluster point of u¥) is a stationary point.

Proof. Before we start with the actual proof we rule out the case M = 2, due to the
assumption: When only two trees T3, T are given, then { Pr, (u), Pr,(u)} is contained
in a line segment for any u, so we may assume M > 3 in the following, which is of
importance when applying Lemma 5.40.

In order to find a convergent subsequence of (u'?),eny we show that (u®)ey € W
holds. By definition of U, the weights of all Pr, are less or equal U. Since u(®) € W
it holds in particular that ug € [0, U]""2. Now, since the weights of all splits s €
Split(Y) of a tree Y on a geodesic I'(X, T') are always linear combinations of the split
lengths of the input trees 7" and X, (compare the parametrization in Theorem 2.21),
it follows that wY € [0, max{max,esplit(x) wX, MAaX e Split(T) w!}]. In particular, this
holds for the exit points ¢~ (Pr,(y)) € T(¢¥ " (y), T;): if y € [0,U]"2, it holds that
Pr.(y) € [0,U]""% as all split lengths of T} are less or equal U. Moreover, when
Pr.(y) € [0,U]"2 for i = 1,..., M then conv(Pr,(y),...,Pr,(y)) C [0,U]"2 and
thus

M

arg min, (Z |l — PTi(y)Hz) € conv(Pr,(y), ..., Pr, (y)) C [0,U]".

Applying these results iteratively we get the following: for a starting point v(®) € W

it holds that v € [0, U]"2; this implies u” = Py €0, Ur2fori=1,...,.M
i\Ug

which in turn implies that u{" € [0, U]"2 and so on and so forth. Hence, the iterates
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satisfy v € W for £ = 0,1,2,.... So (u’)sey is a sequence in the compact set W
and thus it has at least one cluster point.

Now, let @ be a cluster point of u’ and let (u!“*)),,cny be the subsequence that
converges to u. Our goal is to show that @ is a stationary point and we assume to
the contrary that it was no stationary point. Then we have

because otherwise one u“") would be a stationary point and
ulm) — D) — 1))

= ...=...=1U.

The tricky part now is to construct a neighborhood of @ such that £, see (5.13), is
well-defined and continuous.
To this end we first apply Lemma 5.43, that shows that u; = Pr,(ug) fori = 1,..., M.

Then the prerequisite ensures that Pr, (up), ..., Pr,, (4p) are not collinear, and thus
Uy, ...,uy are not collinear. Now, Lemma 5.40 provides a ¢’ > 0 such that for
any v € Bs(u) we have that vy,...,v) are not collinear. Choosing 0 < 6 < ¢’

we have that this holds for the closed ball as well which we denote by D = {v €
R™ : |lv — ul|s < 6}. Now we define another compact set C' = {um) : m € N},
which is the closure of our subsequence iterates. Since u is the cluster points of our
subsequence, the closure implies that @ € C” as well. The convergence of u“") to
implies that there exists some m’ € N such that |Ju — u™)||, < § for all m > m/,
i.e., ul») € D for m > m’. Hence we have that {u(®») : m >m/} C D and define
C = {ultm) : m > m'}, which is compact.

Now, we introduce an auxiliary map that describes the sequence of iterates of the
BPA:

f(wl, e ,’LUM)

g:Bs(u) =W, g(w)= Pr, (é(wl’_' -3 W)

PTAI(&(U}I; e 7wM)>

Note, that g is only well defined, when £ is well-defined, i.e., when there is a unique
choice for the minimizer of the Euclidean median problem. This is ensured as
we have just shown that we have uniqueness of minimizers on D = Bs(u). This
implies that ¢ is a well-defined map on C C D. Moreover, g is continuous on C'
due to Proposition 5.39 and Proposition 5.41, as it is a composition of continuous
functions.

Using ¢ we now construct a continuous map F for which F(ul“)) — —o0, i.c., we
construct a continuous map that is unbounded on a compact set if the assumption
that @ is no stationary point holds.
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Continuity of ¢ implies that F' : C — R, F(w) = ¢(g(w)) — ¢(w) is continu-
ous, because ¢ is continuous as well. Furthermore F(w) < 0 holds if and only if
©(g(w)) < p(w): On C, minimizers to the Euclidean median problems are unique,
so we know that for any w € C

M M
> llg(w)o —willz < Y llwo — wille. (5.18)
i=1 i=1

With this it follows that for any w € C
plg(w)) = Z (¢~ (g(w),). To) + Z lg(w)o — g(w)ill2 = Z (™ (g(w)o), T;)
< QAT w), T + 3 llg(w)o — will

M M
<YW w), T) + ) llwo — willz = p(w),
i=1 i=1

so F'(w) < 0.

Since C'is compact and F' is continuous, F' attains its minimum ¢ = min,ec F(v)
on C, which has to be smaller than 0, because F(w) < 0 for all w € C. Thus
F(w) < ¢ <0 and therewith

F(u™)) = p(g(u™)) = p(ul™)) = p(u ) — pul™)) < e form =1,2,....
Moreover, (¢(u’))een is a non-increasing sequence and £, 11 > £, + 1, so
oulfm )y — p(ufm)) < p(ufmtDy — p(ué)) < ¢ form =1,2,....
Applying the inequality for ¢,,, ¢,,_1 successively until we arrive at ¢; we receive
p(ul)) < p(u ™)+ (m = 1) -c.

So, when m — oo, ¢(u‘™) — —oo, which is a contradiction as ¢ is a continuous
function and is bounded over the compact set W.
Thus, the assumption that @ is no stationary point yields a contradiction. O

Proposition 5.45. Let @ be a cluster point of the iterates u® of Algorithm 8. Then
limy_ao p(u?) ezists and o(u?) — o(a).

Proof. Let (u'“)),,cn be the subsequence converging to @. Since ¢ is continuous,
this implies that (p(u“))),.cn converges to ().
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First assume, that there exists some u) such that p(u*)) < ¢(@). But then there
exists some m’ € N such that £,, > ¢ for all m > m' and since (p(u¥)) is non-
increasing that yields

e < o) < @), Ym>m'

which is a contradiction. Hence, p(u’) > o(u).
Now let € > 0 be given. Then there exists m’ € N such that

lp(@) — p(uf ||y <& Ym >m'.

Lemma 5.30 states that ¢ is non-increasing and since p(uf) > (i) we have that
lo(@) — @(u)lz = lle(@) — o(®)]lz for £ > b, so

lp(@) — ()5 < lp(@) — pu)||y <& V> L.
]

Note that Proposition 5.45 holds even without the further assumptions of Theo-
rem 5.44, it only requires the existence of a cluster point and the sequence not to
increase.

The reason why we proved it after stating Theorem 5.44 is that the theorem does
not prove actual convergence of the iterates u® to some u* for the whole sequence.
However, we can ensure that the sequence of objective values converges and in the
next section we will prove that stationary points yield optimal solutions under some
assumptions - so when we prove optimality of a cluster point of u® we know that
the whole sequence converges to the optimal objective.

Obviously it would be more convenient, when

5.3.3 Optimality of Stationary Points and Balance Points

Theorem 5.44 in Subsection 5.3.2 guarantees us that we end up in a stationary point,
when the stated assumption holds. This was the first goal that we proclaimed at
the start of the section. But eventually we want to find a minimizer of ¢ - so we
want to prove that, under slight assumptions, the stationary points the BPA yields
are optimal. Luckily, ¢ is a convex function so it suffices to show that we have a
local optimum. To this end, we want to calculate the directional derivatives of ¢.
We have seen in Proposition 5.26 that ¢ is not differentiable on our whole set of
definition. So once more, we have to check one of the assumptions of [War63] by
hand, namely if ¢ is differentiable at the stationary point for which we want to show
optimality.

Unfortunately, when u is a stationary point that is an accumulation point of the
sequence of iterates u'® of the BPA, then ¢ is not differentiable at @: Lemma 5.43
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implies that u; = Pr, (@) € 0(S). But the geodesic distance d is not differentiable
at the boundary of an orthant, so ¢ is not differentiable at .

This observation once more complicates the matter, as we cannot prove optimality
for the stationary points the BPA yields by showing that all directional derivatives
at a stationary point are > 0. But, a crafty trick allows us to still prove optimality
in a similar fashion. To this end, choose a fixed € € (0, 1) and define

RTi(U(]) :€U0+(1—€>PTi(UO) for i = 1,...,M. (519)
Then we have that for any ug € int (S) it holds that

¢(uo, Pry(wo), - - -, Pry, (u0)) = ¢(uo, Rry (wo), - - ., Ry, (o)),

as Ry (ug) € T(¥ ™ (ug), T3).

So when we are able to prove optimality for (ug, Rr (ug), ..., Rr,(ug)), then it
follows that (ug, Pr,(uo),..., Pr,(up)) is optimal as well. The next result shows
that ¢ is differentiable at (ug, Rr, (uo), - - ., Ry, (u)) under a mild condition.

Lemma 5.46. Let ug € int R and a fized € € (0,1) be given. Then ¢ is differ-
entiable at w = (ug, Ry, (o), . .., Rry, (wo)), if ¥(ug) & {11, .., T},

Proof. Assume uy € W. That implies that there exists some k& € {1,..., M} such
that ug = ug. Additionally we have uy = eug + (1 — €)Pp, (ug), hence uy = cug +
(1 — ) Pr,(up). There are two cases now that both lead to the same contradiction.
Firstly, if T}, € int O, then Pr, (ug) = ¥(Tk) # uo due to the assumption ¥~ *(ug) &
{T\,...,T}. Thus uy # eug + (1 — €)Pr,(up). Secondly, if T}, ¢ int O, then
Pr, (up) € 00. Since ug € int O this implies again uy # Pr, (ug) and we receive the
same contradiction.

Assume ug € V. That implies that there exists some k € {1,..., M} such that
Y~ Hug) = Ty. Since ¢ : O — R%72] this already implies that T}, € O. We have
ur = eug + (1 — €)Pr, (ug) and together with ¢~!(uy) = T} this yields ¥(T},) =
eug + (1 — )Pr (up). Since ug is in intR" 2 this implies that T}, € int O, so
Pr,(ug) = ¥(T},). The prerequisite states ug & {tp=1(T1),..., v (Tar)} so we have
up # Y(Tx) = Pr,(ug). Thus ¢(T}) # eug + (1 — ) Pr,(uo).

These two results show that v ¢ V U W. Moreover, when ug € int S, then u, =
eug+ (1 —e)Pr,(up) € int R 2 for all k € {1,..., M} and that implies u € int (R").
Finally, Proposition 5.26 implies that ¢ is differentiable at . O]

As we mentioned [War63| proves the optimality of stationary points using differen-
tiability. Lemma 5.46 has given us a point v € R’}r/ with the same objective value as
the BPA stationary point, ¢ is differentiable at v. But in order to use the optimality
criterion we still need to show that v is a stationary point.
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Proposition 5.47. Let u be a stationary point determined by the BPA. Then
V= (ﬂo, RTl (’I_Lo), . ,RTM (ﬂo))
s a stationary point of ¢ as well.

Proof. First, recall that Lemma 5.43 implies u = (uo, Pr, (%), - - -, Pr,, (t)). By the
definition of stationary points, Definition 5.19, a point u € ]Ri’ is a stationary point
if
u; € arg min ¢ ((ué”l),ugul), e ,ugﬁl), x, ul(?z, . ,ug\?)t> fort=0,1,..., M.
z€RY™

(5.20)
In the following we deduce that v is a stationary point by using that u is a stationary
point. We first verify (5.20) for the easy cases of i = 1,..., M. We know that
PTZ-(EO) c F<¢_1(ﬂo),ﬂ) and as RTi(l_LO) = EUg + (1 - €)PT1. (I_Lo) we have RTi(l_LO) c
I'(¢~(ug), T;) as well. Thus

v; = Rr.(g) € arg min ¢ <(u((f+1), uggﬂ), . ,uyjl), x, ugi)i, o ,ug\?)t> ,
xeRi_
as
. (£+1)  (€+1) (6+1) 0) 0)
arg mlnzgp((uo Uy, U ,x,uHi,,,,,uM)t)

"o
z€RY

={z eRy 97 () €T (), T1)}-

Now we need to check the condition for ¢+ = 0. Since u is a stationary point it holds
that

M
g € arg min_ > ||y — Pr, (1) 2. (5.21)
ye -1

+ 1=

Condition (5.20) for i =0 is

M
vp € arg min > ||y — Ry, (1) 2. (5.22)
yeRLTT T
Because vy = 1, we need to show that
M
Ug € arg min_ Z ly — R, (to)]|2.
veRy i
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We prove that 4 is a minimizer for two different cases. First, assume that ug =
for some k € {1,..., M}. Since u; = P, (), this implies that the facility Pr, (o)
is optimal. Theorem 3.1 (ii) implies that then

| Z o )>H 21
z;ék

By definition, Ry, (t) = eug + (1 — €)Pr,(tg), so

o — Pr,(o) o — R, (o)
o — Pr,(to)ll2 |0 — Rr,(to)l]2°

Applying Theorem 3.1 (ii) to the right hand side now implies that g = vg is optimal
o (5.22), what was to show.

The other case is that ug € {Pr,(t),. .., Pr,(tuo)}. As the Pr,(ug) are the facili-
ties of the Euclidean median problem in (5.21), it follows that g(y) := Zf\il lly —
Pr,(1g)||2 is differentiable at @y and the gradient is

Yy— PT (o)
Z||

Yy — PT U ||2

Due to the optimality of @y, Vg(ug) = 0. Then

OZVg(uo)Zi/[: y — Pr,(to) Z o — R, (1)
— |ly — Pr,(uo)2 [0 — R, (o) |2

implies that @y = v is optimal to the optimization problem in (5.22), which finishes
the proof. [

Finally we have constructed a specific stationary point at which ¢ is differentiable.
So we have checked that all prerequisites of the proof of optimality from [War63]
hold and now only present a last auxiliary lemma before proving optimality.
To this end, we introduce additional 'sub’functions of ¢. Recall that n' = (M +1) -
(n—2)and fori =0,...,M, u € R’}r/ denote (u;,u_;) € RT2 x RM(=2) where
U_ij = (Ugy -+, Ui—1, Wis1, - -, Upr). With this notation define for a given u_;

QOZ'(', U_Z’) : R:b__z — R, gOi(IL‘,U_i) = QO((U(), ey Ui—1, Ty U1y - - - ,UM))

The following lemma states a helpful relationship of the directional derivates of ¢
and the directional derivatives of the ¢; that we will use to prove local optimality
of stationary points.
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In order to calculate the directional derivatives we calculate partial derivatives, so
we need to differentiate with respect to a single coordinate of u = (ug, uy, ..., upr).
This is the only time we need single coordinates, so in order to avoid confusion we
introduce a specific notation. We denote single coordinates by u;;, so that for each
i=1,....M

Uol
U’O u0n72
U“ Uy ull
u; = : and wuw= ) = :
uin72 UIM u1n72
UQI
uMn—2

Lemma 5.48. Let ¢ be continuously differentiable at u. Denote the directional
derivative in direction y at u by D,(v)(u) and use the according notation for the p;
as well. Then

Proof. We have continuous differentiability of ¢ at u so we can rewrite the directional
derivative as the sum of the partial derivatives of all coordinates

Dy(p)(u) = (Vep(u), y) = Z O (5.23)

Now, consider the partial derivatives with respect to the blocks i € {1,..., M} and
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some coordinate j € {1,...,n — 2} of the block w;:

M

Oy
au” auw (Zd uk Tk +Z”’U/0—uk|’2>( )

k=1 k=1

_ 0d(¢( z)aTz) 8HU0 - U1H2
= SRR )+ S )
_ od((u;), T;) Oluo — will2
= T(Ui) + T(Ui)
M
aulj (kz:d Y(ug), T) + Z lluo — ukH2> (u;)
8902('7u—2)
- 8%']' ( Z)

We want to verify this for ¢ = 0 as well:

Op(w) 0 (Z d(W(ue), Te) + > lluo — ukH?) ()

aU()j 8UQj

k=1 k=1
_ M w( N i 8<Hu§u—0]uzn2> "
= 330] (i (¥ (ur), Tk) + kZAi g — ukH2> (o)
- 2 oy

So it turns out that the partial derivatives for a coordinate w;, are independent of
all other blocks u;, j # ¢ and thus, the partial derivatives of ¢ with respect to
some coordinate of block ¢ are the same as the partial derivative for the respective
coordinate of the ¢;(-,u_;). In particular, the continuity of all partial derivatives of
the o;(-, u_;) implies that

2 ._ awg;;t_z)( )y = ZW(%( v i) (ui); Yi) (5.24)
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Now, combining (5.23) and (5.24) we get

D)) =33 2w,
NN R i) S
=D D e ) gy = Y (Vi ui)) (), ).

With this formula for the directional derivatives, we can prove optimality for certain
stationary points.

Theorem 5.49. Let u* € int (Ri’) be a stationary point of ¢ such that ¢ is contin-
wously differentiable at w*. Then u* is a minimizer of .

Proof. The structure of this proof follows [War63|, Theorem 2.3.
Since u* is a stationary point, we have that for ¢ = 0,1,..., M and for all y € R”}:Q

¢Z(uj7 utz) = QO(U*) S QO(UE;, R 7u:717 Y, U’:Jrlv cee 7u7\/1) = <)Oi(y7 uiz) (525)

Let now v be an arbitrary point of Ri.  is convex, hence for some point u € ]R’}rl
it holds that

pu” +0(u —u”)) — p(u’)
)

is a non-decreasing function of d. Since ¢ is continuously differentiable at u*, we
can use Lemma 5.48 and get

gu:(0,1) =R, g,00) :=

pu” + (v —u”)) — p(u’)

(V) = p(u) > lim

— 5\0 )
= Dy (@) (u*) = (V(0) ("), v — u*)
=2 (Vi u) (), vs = ). (5.26)

Now, for i =0,..., M plug y = u! + §(v; — u}) into (5.25). Then

lim @i(ui +0(v; —uj), u;) — oi(uj, u*;) >0
SN0 1)

and thus

o piuy A+ 0(v —uy), ) — pi(uf,uty)
(V(oi(u—))(wi),v; — uj) = %1{1[1) -

Plugging this into (5.26) for i = 0,..., M it follows that ¢(v) — p(u*) > 0. O

>0
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Theorem 5.49 gives us convergence to a minimizer of . However, ¢ was solely
constructed with the purpose of finding a minimizer of f in the orthant O C 7T, that
contains an optimal solution to (Pyeq). The following corollary builds the bridge
from our auxiliary Euclidean function ¢ to our objective function f in tree space.

Corollary 5.50. Let u* € int (RC’;/) be a stationary point of ¢ such that ¢ is con-
tinuously differentiable at u*. Then Y= (ug) is a minimizer of f.

Proof. Assume U := ¢~ !(uf) is not a minimizer of f. We know that f is a geodesi-
cally convex function and that a minimizer of f exists. Let X* be a minimizer of f
and 7 : [0,1] — 7, parametrize the geodesic from U to X* I'(U, X*). Due to the
geodesic convexity of f (Definition 5.23), we get that for any A € (0,1)

Q) < (T=Xf((0) + Af(v(1) = X = N F(U) + AfF(X7) < f(U) (527

since f(X*) < f(U). Due to Theorem 5.49, u* is a minimizer of ¢, so it is in
particular a local minimizer. Thus, there exists an ¢ > 0 such that for all w € B.(u*)
we have p(w) > ¢(u*). Moreover it holds that u* € int (R™), so there exists a A > 0,
such that 1 (y())) € int (R 7?) for all X € [0, \).

Now, define v = (vg, Pr, (v0), - .., Pp, (v0)) where vy = 1(v(\)), where X € [0, \)
can be chosen small enough such that v € B.(u*), because the Pr, are continuous.
Then we use (5.27) for X to get

FO) > f(y(N) = fF(@ 7 (v)) = p(v) = p(u”) = f(¥ ™ (ug)) = f(U),
contradicting that U is no minimizer of f. [

Now, we are finally able to state a theorem for convergence of the BPA to an optimal
solution for the problem (Pyjeq). Therefor we still need all assumptions that ensure
convergence to a stationary point of the BPA from Theorem 5.44 and moreover we
need to make sure that the block-wise coordinate descent version of the BPA does
not converge to a non-optimal stationary point in the boundary of the orthant.

Theorem 5.51. Assume that there exists a unique optimal solution X* to (Pyeq)
in int (O) and that {T\,..., Ty} contains no balance point. Moreover, assume that
for all ug € R? it holds that Pr, (ug), ..., Pr,,(u) are not collinear. Denote Up :=
minxego f(X) and let u?) be the starting point of the BPA. Then, if 3¢' € Ny such
that an iterate of the BPA u'*) satisfies p(ul®) < Ug, then u®) — u* € Ri/ such
that v~ (uy) = X*

Proof. First of all, since all assumptions of Theorem 5.44 hold, it follows that (u(¥)
has a subsequence (u“")),,cx that converges to a stationary point . Since ¢(u'?) is
non-increasing in ¢, u*) < Up holds for all £ > ¢, thus ¢(@) < Ug. This implies, that
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o(u) € 9(0). Since u is a stationary point it follows that 1) ~!(1) is a balance point
due to Theorem 5.28. Hence, the prerequisites imply that ¢~ (o) € {T1,..., T}
Since u is a stationary point determined by the BPA, Proposition 5.47 implies that
v = (tig, Ry, (1)), - - -, Ry, (1)) € int (R7) is a stationary point as well. Moreover,
we have established that ¢~1(uy) & {T1,..., Ty}, so Lemma 5.46 implies that ¢
is continuously differentiable at v. Finally, Corollary 5.50 implies that v~ (vy) =
1~ (1g) is a minimizer of f.

It remains to be shown that not only the subsequence, but the whole sequence of
iterates (u¥))gen converges. As X* is the unique minimizer of f it follows that only
points u € R with ug = ¢(X*) can be optimal for . As u(()e’") — (X*) and the
whole sequence ¢(u'?)) is non-increasing in ¢ it follows that uéz) — (X*) = 1o and
as Pr, () = 1;, Lemma 5.43 implies that u) — . O

To conclude the section we want to state a theorem that offers a neighborhood for
which the BPA is guaranteed to converge when all prerequisites of Theorem 5.51
are satisfied. To this end we need the notion of (lower) level sets:

Definition 5.52 ([Rocl5]). The (lower) level set of a function g : X — R with
respect to level a € R is defined as

levy(g9) :=={z € X : g(z) < a}.

As the level sets of convex functions are convex for all @ € R ([Rocl5]), we get a
convex neighborhood of the unique optimal solution for which the BPA converges:

Corollary 5.53. Assume that there ezists a unique optimal solution X* to (Pyeq)
in int (O) and that {T\,..., Ty} contains no balance point. Moreover, assume that
for all ug € R"? it holds that Pr, (ug), ..., Pr,(u) are not collinear. Denote Up :=
minxecao f(X) and let u®) be the starting point of the BPA. Then, if u® € levy(p)
with o < Ug, then u® — u* € RY such that v~ (uf) = X*

Proof. Ug > a > p(ul®) = f(w_l(uéo))), so we may apply Theorem 5.51 with
¢ =0. O

After having proven a convergence result for the BPA, we briefly come back to the
GBPH and discuss its convergence. Besides any other assumptions for Theorem 5.51,
we always require to know the orthant containing an optimal solution, in which we
then apply the BPA.

The GBPH is designed in such a way, that we are guaranteed to apply the BPA
in an orthant containing an optimal solution, as the preprocessing of the GBPH
only rules out orthants that do not contain an optimal solution. Thus, when all
assumptions of Theorem 5.51 hold, then the GBPH yields the optimal solution to
the problem:
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Theorem 5.54. Let T = {Ti,..., Ty} be given. Suppose there erists a unique
optimal solution X* € int (O) C T, and that T and O satisfy the prerequisites of
Theorem 5.51. Then the GBPH yields the optimal solution.

Proof. 1t is clear, that the preprocessing of the GBPH does not discard O. Thus,
O is one of the candidate orthants for which the BPA gets applied. Theorem 5.51
then implies that the BPA yields the unique optimal solution in . Thus, this
balance point is also found by the GBPH as it is the balance point with the minimal
objective value. O]

Obviously, Theorem 5.51 and Theorem 5.54 require a lot of assumptions. Some of
the assumptions rule out rather unlikely special cases, e.g., Pp, (uo), ..., Pr,, (ug) will
seldom be collinear when M is big and the dimension of tree space n > 4, as for
n > 4 the boundaries of orthants are already two-dimensional. Also, the case that
the BPA converges to a non-optimal stationary point at the boundary seems not
to be to likely: When started in the “middle” of the orthant, i.e., equidistant from
all bounding hyperplanes, then there is a good chance that the BPA iterates into a
convex level set as in Corollary 5.53 and then converges to the optimal solution.
The crucial assumption that is most likely to be violated, is that the unique optimal
solution is contained in the interior of an orthant, which is rarely the case, when
the data is very spread and the number of facilities is high, as discussed in the
Experiment Section 5.2.4. Nonetheless, the results of the heuristic for such instances
were pretty good.

Of course, it is practically impossible to check if all assumptions of Theorem 5.54
hold. So when applying the GBPH, we do not know whether it yields the optimal
solution or not. Nonetheless, whenever the BPA or the GBPH output a solution,
that is contained in the interior of an orthant and is not a facility, then we know
that it is an optimal solution to (Pyeq)-

5.4 Restrictions of the BPA

In the previous sections we have tediously proven a convergence result for the BPA
under specific assumptions. Moreover, we have seen in the experiments in Sec-
tion 5.2.4 that the BPA seems to perform quite well, even in cases where it con-
verges to the boundary. Still, there is no theoretical justification or guarantee that
the BPA performs well for the boundary cases. In this section we sketch why the
above-mentioned assumptions are necessary for the convergence theorem of the BPA
and show how and why the BPA fails, when the assumptions do not hold.
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Figure 5.13: An instance where the BPA in O; with starting point ug converges to
the non-optimal balance point Z € 00;.

Example 5.4.1. Consider the four splits on {0,1,2,3,4}
S1 = ({172}|{07374})7 S2 = ({173}|{07274})7
s3 = ({2,3}{0,1,4}), ss=({1,2,3}/{0,4})

with which we define the three orthants O;, for i = 1,2,3, that have the split sets

Sy = {31784}, Sy = {82784}, Sz = {837 54}7

respectively. The three orthants form a sort of ‘open book’ (see [HHLY 13]) structured
subset of Ty , see Figure 5.18 for an illustration. In each orthant O; we have one
sample tree T;, so T = {Ty,T>, T3} with

T1 = ((81,S4>,(2,3)), T2 = ((82,84),(2,3)), T3 = ((83,S4>,(2,3>).

The optimal solution to the problem is T* = ((s4),(3)), which is contained in the
boundary of all of the three orthants. We want to apply the BPA in orthant O,
with the starting point u(()o) = (0.5,0.5)". The geodesic from @Zzall (u(()o)) to Ty and Ty
always contains the split sy, since it is contained wn all splits. Its length changes
with constant speed, so the exit point is Z = ((54), (1)) for both Ty and T3, due
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to the symmetry. This implies that PTQ(u(()O)) = (0,1) = PTS(u(()O)). Since T €
O; we have PTl(u(()O)) = P(T1) = (2,3)". Now, by definition of the BPA, u(()l) =
arg min,ep2 S lly—Pr, (uS)||2. Since (0,1)! has weight 2, it is the unique optimal
solution to this problem, so u(()l) = (0,1)". Thus, wall(u(()l)) =Z.

But then we have that Z is the exit point for Ty and T3 once more and we still have
Pr, (u(()l)) = Yo, (T1). Hence we have the same representatives and the same opti-
mization problem, that leads to u(()Q) = u(()l) being the optimal solution. That means
that we have found a balance point and of course it follows that u§2) = PTi(uSQ)) =
Z = Pp, (u(()l)) = ugl) holds, so we also arrive at a stationary point.

Unfortunately, this balance point (1,0) is not the optimal solution, which would be

(3,0).

This example does not only show, that there is no guarantee for convergence to the
optimal solution when it is contained in the boundary, it also shows that the BPA
does depend on the starting point, when the optimal solution is contained in the
boundary: If one would choose to start in O; with the tree with weight vector (1, 3),
then one would get the optimal solution in the first step of the iteration, as the
geodesics to Ty and T3 would exit O exactly at X*. Hence, it is necessary to take
caution when interpreting results of the BPA when it converged to the boundary of
an orthant.

Another interesting idea to improve/generalize the BPA is to continue to search in
lower-dimensional orthants, i.e., to apply the BPA in a non-maximal orthant. The
hope is that, when the BPA converges to the boundary of a maximal orthant, one
can improve the solution when continuing the procedure in this lower-dimensional
orthant. Since we may still easily define exit points in these orthants and the
minimizer of the Euclidean median problem would also be contained in the lower-
dimensional orthant in each step, it is theoretically no problem to apply the method.
In fact, we will do this in Chapter 6 in order to further improve solutions in lower-
dimensional orthants. The next example, however, shows that we cannot guarantee
an improvement and even less convergence with this approach as the next example
shows.

Example 5.4.2. We give an example for a non-optimal balance point in a non-
mazimal orthant in Ty. Consider the following five splits for n = 4:

S1 = ({172}|{073’4}>7 S9 = ({374}|{07 172})
53 = ({17273}|{074}>7 S4 = ({173}|{07274}) S5 = ({274}|{07 173})
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Assume we want to find the median for the points {T1, Tz, T3}, where

We show that the tree P = ((s1),(4)) is a balance point in the non-mazimal orthant
defined by split s1, but P is not optimal. The situation is illustrated in Figure 5.14.
That P is not optimal can immediately be seen by comparing objectives with, for

S4
0, 1 Os
Sy | S5 ¢ \\”B?’ : : : : — S3
o X"
(@ T P o7y 0,
S1

Figure 5.14: An example for a non-optimal balance point in a non-maximal orthant

in 7y.
example, X = ((s1), (2)):

fuaea(P) =242 4 (44 v8) ~ 10.83 > 10.49 =~ V8 + V8 + (2 + V8) = farea(X)

So it remains to show that P is a balance point, when we apply the BPA in the non-
mazximal orthant O that satisfies Split(O) = {s1}. Since sy and sz are compatible
with sy it follows that the exit point for both T and Ty is P itself. Due to the
incompatibility of s; with sy, the exit point for Ty is Bs. The median of {P, P, T3},
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or to be more precise, the weighted median of { P, T3}, where P has weight 2 and T
weight 1, 1s P itself. Thus, P is the median of its exit points, i.e., a balance point.

This example is designed to show the possibility of such non-optimal balance points
but it does not really yield problems for the BPA in general: When starting the BPA
in Oy or Oy, it actually yields the optimal solution, which is X* = ((s1), (2.85)).

The example does not only show that the existence of a non-optimal balance point
i a non-maximal orthant, i.e., the boundary of an orthant, but it also gives some
intuition as to why the BPA fails here. The reason are the double compatible splits.
For a tree Y in a lower-dimensional orthant it may happen that a lot of sample trees
T; contain splits that are compatible with Split(Y'), which results in'Y being the exit
point, which we simply call B; here, with respect to these trees T;, i.e., Y = B;.
Then the optimality condition for the weighted median problem

Tt:: < 7—; TBZ:Y,
esty, ZHY BH? < H{T; € H

B2y 9

(see [Kuh73]) can easily be met when the number of trees T; for which B; =Y holds
15 high. This then results in'Y being a balance point.

Another problematic case is, where the BPA actually converges to a non-optimal
solution in the boundary of an orthant, even when the unique optimal solution to
the problem is contained in the interior of that orthant:

Example 5.4.3. Figure 5.15 depicts a situation, where non-optimal stationary
points may also exist in the boundary of the orthant that contains the unique op-
timal solution in its interior. In fact, every tree T that is contained in the lower-
dimensional orthant O({s2}) is a balance point, as the exit point will be (T itself
with a weight of 2, so (T will solve the resulting Euclidean median problem.
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Figure 5.15: Non-optimal stationary points may also exist in the boundary of the
orthant that contains the unique optimal solution in its interior.

In Figure 5.15, the unique optimal solution to the problem is marked by X, which
is the intersection of the diagonals of the polygon, see [Pla05]. In the unlucky case
that the BPA is started at 1)(S), or any other point on the dotted line in O, then the
exit points for Ty and Ty will coincide and the BPA yields a non-optimal stationary
point in 0(O).

Example 5.4.2 and Example 5.4.1 show where the BPA might fail and we also explain
what causes this. Of course it would have been desirable to have a proof that the
BPA also finds the best solution in the boundary of the orthant. Even though
the examples show that this does not work, the BPA is still able to yield sensible
information in these cases. First of all, when we converge to the boundary, we do not
know if we have found an optimal solution; but we do know that the optimal solution
is not contained in the interior of that orthant. If this behavior shows for several
maximal orthants and the BPA always yields the same lower-dimensional orthant,
then this is a strong hint that the optimal solution is contained within this orthant,
which is a valuable information on its own. Secondly, having found this tendency
one may use the BPA in the determined lower-dimensional orthant. Again, as the
exit points may tend to be clutched at a single point as in Example 5.4.1 it is not
clear if an improvement may be found, but it is also not ruled out. In Chapter 6 we
show that the BPA significantly improves the solution in lower-dimensional orthants
for the given real data set.
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6 Real Data Example

6.1 Data Set

In this chapter we calculate the median of a real data set. The Apicomplexa data
set was introduced in [KWKO8] and consists of 268 phylogenetic trees with eight
species. Seven of these species are in the Apicomplexa phylum, “whose most in-
famous members [...] are the causative agents of Malaria” ([KWKO08]), one other
species, a ‘free-living ciliate’ is included as an ‘outgroup’.

[WYH17] investigated this data set with a normalizing kernel algorithm in tree space
that detected 16 of the 268 gene trees as outliers that we exclude from the data set
as in [YZZ17]. Thus, we are left with 252 phylogenetic trees. The names of the eight
species of which we would like to find the species tree may be found in the table in
Table 6.1 together with their labels and abbreviations.

Label | Abbreviation | Name
1 Bb Babesia bovis
2 Cp Cryptosporidium parvum
3 Et Eimeria tenella
4 Pt Plasmodium falciparum
) Pv Plasmodium vivax
6 Ta Theileria annulata
7 Tg Toxoplasma gondii
8 Tt Tetrahymena thermophila

Table 6.1: The abbreviations and labels of the Apicomplera data set.

First we give a very rough depiction of the tree topologies in the data set, thereby
omitting any information about the weights of the splits of the given trees, to keep
the depiction as clear as possible. According to [KWKO08], the data set consists of 32
tree topologies. When analyzing the data set we found a lot of splits with a length of
0, which probably comes from a specific setup and choice of species, with "T't” being
a so-called free living species, which does not belong to the phylum Apicomplexa.
As 7T, does not really contain trees with split lengths of 0, we removed these to
get a better picture of the data set. On a side note, let T' be a tree that contains
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some artificially added splits of length 0 and let 7" be the tree that is obtained
when removing the splits of length 0 from 7. Then d(7,7") = 0 (by the Euclidean
distance formula), so "= T". To avoid such ambiguities, 7, is defined so that every
split s € Split(7T") also has a positive weight assigned to it.

It turns out that after removing these splits we end up with a total of 57 tree
topologies. This may seem counter intuitive at first glance, but when removing
these splits with 0 length this may result in two topologies for two trees that shared
a topology before removing the split. This case occurs when the splits that had
length 0 were different splits.

In Figure 6.1 we have depicted the four most common tree topologies. The tree
topologies do not depict any indication on the edge weights, the lengths of the edges
are simply chosen to let the trees look as neat as possible.

0 0
Tt Cp Et Tg Bb Ta Pf Pv Tt Cp Et Tg Bb Ta Pf Pv
Tree Topology 1 Tree Topology 2
0 0
Tt Et Tg Cp Bb Ta Pf Pv Tt Cp Et Tg Pf Pv Bb Ta
Tree Topology 3 Tree Topology 4

Figure 6.1: The four most common tree topologies of the sample trees from the
Apicomplexa data set.
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The whole data set may be found in Chapter 7, where trees are given in the Newick
format, which includes the lengths of the splits.

6.2 Experiments

The experiments we conduct in this section pursue the objective of evaluating how
good the BPA performs on a real data set. Not only does this show whether or
not the algorithm performs well on a reasonably big data set in comparison to the
rather small examples in Section 5.2.4 but also it allows for a first interpretation
what the median incorporates from the structure of the data set, i.e., if the median
is a helpful concept.

It is important to mention here, that we do not know the median of the presented
Apicomplexa data set, as this has not yet been calculated to our knowledge. So, in
order to be able to compare the results of our algorithm we implemented the cyclic
order version of the Prozimal Point Algorithm (PPA) from [Bacl4a]. The PPA is
a method that calculates medians in Hadamard spaces, thus it may also be applied
in tree space and to our knowledge, this is the only other algorithm to determine
medians in tree space.

In order to reasonably compare PPA and BPA we first investigate how to best choose
starting points and parameters that may influence the outcomes of the algorithms.
Then we compare their best runs and overall results for varying parameters. Note
that we do not aim for finding the absolute best parameters in order to show how
well the algorithms perform, we rather try to find parameters that enable us to
carefully investigate and interpret the results.

To this end we apply the algorithms with several different settings and summarize
what the best choice of settings is for each algorithm. Furthermore we conjecture
how to best choose such parameters in a more general setting, when we are not
bound to the present data set. Last but not least, the following experiments aim for
finding an approximate median for the data set so we try to find the best method
and setting to determine the best solution we can find.

6.2.1 PPA Experiments

We start with the Proximal Point Algorithm of [Bacl4a], which we stated in Algo-
rithm 6, Section 5.2.4.

In the following we carry out three different kinds of experiments for the PPA. We
investigate the influence of the amounts of cycles, Table 6.2, the influence of different
starting points, Tables 6.3 - 6.5, and the influence of the sequence (A;) in Table 6.6.
The first and most obvious feature to investigate is how the amount of cycles influ-
ences the outcome of the algorithm. To this end we use a fixed starting point and
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a fixed sequence () and compare the objectives and the computation times after
different amounts of cycles. The starting point we chose has the most common tree
topology of the trees in the data set, which is Tree Topology 1 from Figure 6.1. The
split set of this topology is
S = {({4, 5},{0,1,2,3,6,7,8}),({1,6},{0,2,3,4,5,7,8}),
({3,7},{0,1,2,4,5,6,8}),({1,4,5,6},{0,2,3,7,8}),
({1,3,4,5,6,7},{0,2,8})},
and the weight vector of the tree we use is

@ = (0.214165, 0.239492, 0.114332, 0.083201, 0.061012)".

We denote the starting point as X = (S;,w). The results of the experiments are
summarized in Table 6.2. It can be seen quite nicely that due to the cyclic nature
of the algorithm, the computation time is proportionate to the amounts of cycles.

# of cycles time in s objective value
10 4.14 76.401
100 38.68 72.297
1000 373.28 72.203
10000 3735.40 72.182

Table 6.2: Results of the PPA for the Apicomplexa data set. The sequence that was
used for the PPA is A\, = %, the starting point is X.
It may be seen that the algorithm makes significant progress in the beginning,
whereas from 100 cycles to 1000 cycles as well as from 1000 to 10000 cycles the
progress is rather small, especially in relation to the additional amount of computa-
tional effort.
It is important to note that the tree topology does not change at all. That is
probably due to the Tree Topology 1 actually being an optimal tree topology, i.e.,
there exists a median that has this topology, or at least it is very close to it. So the
tree topology that we have after each cycle is the most common among the input
trees, i.e., it is Tree Topology 1 from Figure 6.1.
Having tested a starting point that has a different topology we realized that the
topology also stagnates after a few cycles. We use the sequence A\, = 102 and the

" )
starting point Y = (Sy, v) with the split set
S, = {({4, 5},{0,1,2,3,6,7,8}),({1,6},{0,2,3,4,5,7,8}),
({3,7},{0,1,2,4,5,6,8}),({3,4,5,7},{0,2,3,7,8}),
({1,3,4,5,6,7},{0,2,8})},

196



which is the split set of Tree Topology 3 from Figure 6.1 and the weight vector
v = (0.393798,0.273573,0.206168, 0.104214, ,0.249161)".

It turns out that the topology of the trees also reaches Tree Topology 1 after only
three cycles and does not change after that.

That the topology does not seem to change anymore after a certain amount of cycles
is a very important observation for the BPA. When the topology is fixed from some
point on it is very likely that the optimal solution is contained within this orthant.
We may then use that topology to choose certain starting trees for the BPA. We
will make use of this observation in Section 6.2.2.

In the next series of experiments the objective is to find out, how strongly Algo-
rithm 6 depends on the given starting point. This question turns out to be somewhat
intertwined with the choice of a reasonable scaling factor for the step size, as we
will explain in the following. We perform experiments for a fixed set of five different
starting points and show the influence on the results when choosing different step
sizes. As for the starting points, we choose representatives from the data set of the
four most common tree topologies, compare Figure 6.1, to get reasonably good, but
still different starting points.

As earlier, for Tree Topology 1 and 4 we formally state the topologies of Tree Topol-
ogy 2 and Tree Topology 3 as split sets:

Sy = {({4,5},{0,1,2,3,6,7,8}), ({1,6},{0,2,3,4,5,7,8}),
({3,7},{0,1,2,4,5,6,8}), ({1,4,5,6},{0,2,3,7,8}),
({2,3,7},{0,1,4,5,6,8})}

Sz =1 ( )

( )
( )

{

{4,5},{0,1,2,3,6,7,8}), ({1,6},{0,2,3,4,5,7,8}),
{3,7},{0,1,2,4,5,6,8}), ({1,4,5,6},{0,2,3,7,8}),
{1,2,4,5,6},{0,3,7,8})},

The weights that we use for the starting points stem from representatives of this
topology in the data set:

wi = (0.214165,0.239492, 0.114332, 0.083201, 0.061012)"
wy = (0.427082, 0.23773,0.074412, 0.10792, 0.045042)"
ws = (0.397007, 0.18038, 0.225526, 0.199062, 0.05536)"
wy = (0.393798,0.273573,0.206168, 0.104214, 0.249161)!
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With this, we define our starting points as X; := (S;,w;), i = 1,...,4. We will also
use 0 € 7, as an additional starting point and reference.

The first try for this experiment was conducted with the sequence A\, = k#ﬂ We
received the same result for all starting points, as may be seen in Table 6.3 which
is actually due to all starting points returning the exact same tree.

starting point time in s objective value
X4 37.5 72.297
X5 37.9 72.297
X3 38.2 72.297
Xy 37.3 72.297
0 37.5 72.297

Table 6.3: Results of the PPA for the Apicomplexa data set. The sequence that was

used is A\, = k+r1, the number of cycles was set to 100.

This phenomenon results from the structure of the data set and the definition of ¢}
Since the weights of all trees in the data set are rather small, their distance is small
as well, because it is bounded by d(T;,T;) < ||t;||2 + ||£j]|- The maximal distance
between two trees in the data set is actually only 1.17 and the majority of pairwise
distances is smaller than 1.

That makes it so that ¢} = min{l,ﬁ} = min{l, m} =1, as m >1
holds for all investigated starting points. Thus, the algorithm yields the same results
for all starting points.

In order to rule this out, so that our different starting points actually have an
influence on the algorithm, we scale down the A\; by a factor ¢ > 0. As a rather

extreme try to get rid of this independent behavior of the starting points, we choose
5

¢ =107° such that t9(X) = min {1, %} < 1.

Table 6.4 contains the results of this experiment and shows that the resulting step
sizes are way too small:

198



starting point time in s objective value
X 3511 80.498
X5 3801 84.984
X3 3871 96.217
Xy 3798 105.483
0 3617 115.422

Table 6.4: Results of the PPA for the Apicomplexa data set. The sequence that was

used is \p = %, the number of cycles was set to 10000.

Theorem 5.18 states that the sequences of iterates do converge, no matter how small
the scaling factor ¢ > 0 becomes, but here we can see how slow the convergence may
get, as we let the PPA run for 10000 cycles for each starting point and still have
very bad objective values. Comparing these results to the run with 10000 cycles in
Table 6.2 we can see that the choice of such a small step size is extremely maleficial.
That shows, that it is not that easy to improve the result of PPA by only choosing
different starting points, one also needs to be in the right range of scaling factors.
After having conducted several different runs of the algorithm for varying starting
points and step sizes, it seems that a scaling factor of ¢ = 10~2 works best empirically
to compare different starting points. This is for two reasons, the first one being that
for ¢ = 0.01,c = 0.1 etc. we have t9(X) =1 for X € {X1, Xy, X3, X4,0} and they
all yield the same result. The other reason is that for ¢ = 10~* we get the same slow
converging behavior as for ¢ = 107°, just not as extreme.

The results for our five starting points, a scaling factor of ¢ = 1072 and a maximum
number of cycles of 10000 are summarized in Table 6.5.

starting point time in s objective value
X1 3666 72.180626
X5 3684 72.180629
X3 3674 72.180630
Xy 3673 72.180635
0 3675 72.180666

Table 6.5: Results of the PPA for the Apicomplexa data set. The sequence that was

used for the PPA is A\, = %, the number of cycles was set to 10000.

The results clearly point out, that when taking a reasonable step size and a large
number of cycles, the results are close to independent from the starting point. In
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order to be able to depict the different outcomes we give six decimal places, so all
resulting objective values are really close.

All in all, the influence of different starting points is not too big for this data set
and the three experiments have shown that the step size has a much bigger impact
on the outcome.

Thus we try to compare varying scaling factors ¢ for the step size. We investigate
the range from ¢ = 107 to ¢ = 10?, always multiplying ¢ by 10. We execute
the experiment with a fixed starting point, the origin, and a fixed number of 100
maximum cycles. One may see in Table 6.6 that it turns out that the best scaling

factor ¢ time in s objective value
0.0001 36.02 98.920
0.001 36.83 72.212
0.01 36.83 72.182
0.1 37.42 72.203
1 37.12 72.297
10 37.74 76.401
100 36.73 125.444
1000 36.41 125.444

Table 6.6: Results of the PPA for the Apicomplexa data set. The number of cycles
was set to 100, the starting point was the origin X = 0.

factor seems to be around ¢ = 0.01 for the data set at hand. When the scaling
factor gets bigger, then the first cycles should only jump from one sample tree to
Ak

another as the bigger Ay = 777 implies that ] = minJ1, cl(X—In)} is bigger; hence

we get t] = 1 for a lot of k in the beginning before something starts to happen.
This behavior culminates in the same objective value for ¢ = 100 and ¢ = 1000; the
scaling factors are so big that ¢}%° = 1 which results in the output of the sample tree
Ty and its objective 125.444 for both values of c.

A last important point to notice is that the ‘optimal’ choice of the step size also
strongly depends on the starting point. When one does not care for the structure
of the data set and chooses an outlier as a starting point, one may not make any
progress at all when the scaling factor is as small as ¢ = 0.01. When we applied
the PPA with this scaling factor and a maximal number of cycles of 1000 to the
starting tree X° = (S, (100, 100, 100, 100, 100)) we received an objective of 51521
for the output tree

X? = (81, (91.581,91.57,91.563,91.552, 91.553)),
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so we are still light years away from an optimal solution after 1000 cycles. Hence,
it is important to look at the data set before choosing a starting point and also
choosing a fitting step size factor for the corresponding starting point.

We want to briefly summarize the results. The experiments have shown that for
the data set at hand the most crucial factor for the performance of the algorithm
was the step size. Without the correct step size, the algorithm makes very little
progress, even when massively increasing the computational effort. The influence of
different starting points may even be nullified by the step size, when it is not chosen
suitably, as we have seen in Table 6.3.

It is, however, crucial to notice the dependence of the step size and the given data
set. Our data set carries a lot of structure. The splits

({4,5}/{0,1,2,3,6,7,8}),
({1,6}|{0,2,3,4,5,7,8}),
({3,7}{0,1,2,4,5,6,8})

are contained in nearly all input trees and the split lengths from the trees are rather
small, so the trees are not extremely far apart from each other. The maximal dis-
tance between two trees is actually only 1.17, as mentioned earlier. Thus it is not too

surprising that a scaling factor ¢ = 1072 is the best choice, as min {1, m}

is more likely to be 1 for smaller k, when d(X,T;) < 1 and c is not sufficiently small
to balance this out.

So for our data set it is reasonable that ¢ < 1 yield faster convergence than other c.
For data sets, where the sample trees have big distances of, say 1000 in average, it is
better to take a scaling factor ¢ > 1, as one otherwise observes the same phenomenon
as for our outlier example. This shows that there is no universal rule in choosing a
good factor for the step size, the data set at hand needs to be investigated first.

6.2.2 BPA Experiments

In this subsection we conduct experiments for the BPA on the Apicomplexa data
set. The first thing that needs to be clarified is that the BPA itself cannot solve
this problem as it is a local improvement procedure that only operates on a fixed
orthant. Hence, the BPA needs a starting point in a fixed orthant and since the
BPA only yields trees in the orthant it was given, it even needs a starting point
which is contained in an orthant with an optimal solution in order to perform well.
This is also the reason why we started with the PPA experiments - the PPA yields an
orthant with a very good solution if not an orthant containing the optimal solution.
So the experiments we perform in this subsection are only sensible when the BPA
is started after one has a result of the PPA, which we will assume in the following.
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The best run of the PPA was found with starting point X; in the experiment sum-
marized in Table 6.5. It returned the tree

Xp = (81, (030847421, 0.18800566,0.1120948, 1.7 - 1077,2.3 - 107 7)),

i.e., a tree with the most common Tree Topology 1, which has an objective of
72.180626. The most important thing to notice here is that the tree structure is
unresolved. This immediately raises the question where the BPA should be started
since we only developed theory for maximal orthants. Moreover, there may exist
non-optimal balance points in non-maximal orthants, so it is not sensible to simply
trust the outcome of the algorithm in non-maximal orthants, as we have already
shown in Example 5.4.2.

The problems with the analysis of the BPA in a non-maximal orthant and the
conjecture that an optimal solution of the median is to be found in a non-maximal
orthant seem to suggest that the method fails. But in the following we will show
that BPA performs quite well on such instances for several reasons. We show this
via three different experiments. First, we simply apply the BPA to one tree for
each of the three maximal orthants that resolve Tree Topology 1 that contains the
median according to the PPA results, see Table 6.7. ‘Resolving’” means that we add
compatible splits to the split set, such that we end up with a maximal split set,
and thus in a maximal orthant. The second experiment investigates the influence
of different starting points in a fixed maximal orthant, see Table 6.8. The third and
most interesting experiment is to apply the BPA in non-maximal orthants, trying
to improve solutions that the PPA yielded, see Table 6.9.

We start with the three topologies that resolve Tree Topology 1, which is the topol-
ogy that the best output trees of PPA yield. Recall, that the split set of Tree
Topology 1 is

S1={({4,5},{0,1,2,3,6,7,8}),({1,6},{0,2,3,4,5,7,8}),
({3,7},{0,1,2,4,5,6,8}),({1,4,5,6},{0,2,3,7,8}),
({1,3,4,5,6,7},{0,2,8})}.

Now the three splits that are compatible with all five splits of &; are
si=({1,2,3,4,5,6,7},{0,8}),

SS - ({173747 5767778}7 {07 2})7
Sg = ({2, 8}, {0, 1,3,4,5,6, 7})

With this we define three resolved tree topologies
Ri=8 U{s{} fori=123.
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We apply the BPA for one tree for each of these topologies and we use the weights

111111
Weq = (6’ 6666 6)
for all three topologies. So our starting trees are given by Y = (R;, we,) for i =
1,2,3. The BPA is, just as the PPA, an iterative algorithm which converges to a
balance point. In most cases it does not really reach it. Hence, we also give the
BPA a maximal amount of iterations to control the computation time, just as for
the PPA. One iteration consists of calculating one Euclidean median problem for
the respective representatives of the current iterate. The results for our starting

points in the three different orthants with a maximal number of iterations of 1000
are given in Table 6.7.

starting point time in s objective value
Y] 9111 72.202
Y? 8252 72.189
Y? 8123 72.189

Table 6.7: Results of the BPA for the Apicomplexa data set with a cap on the
number of iterations of 1000.

In the second experiment we choose only one orthant to see how sensitive the BPA is
to different starting points. We choose the resolving tree topology Rs, as it yielded
the best result in our first experiment. We compare the outcomes for the following
five weight vectors:

= (0.3,0.12,0.1,0.01,0.01, 0.01)
w = (0.1,0.1,0.1,0.1,0.1,0.1)
ws = (0.1,0.1,0.1,0.1,0.1,0.5)

= (

= (

S
Wy

gCIJ

1,1,1,1,1,1,1)

4 [t Nl Bt Bt Nl
s

w; 100, 100, 100, 100, 100, 100)

We chose the above weight vectors for the following reasons. wj is a weight vector
that is close to weights that PPA yielded as output, so it might be a good starting
point. Another interesting investigation is to find the differences in the outcome
of wi and w;: They are identical except for the weight for the last split, which is
exactly the one that is not contained in &;. We expect this weight to tend to zero
for all weight vectors, so we investigate here, how fast this happens and what the
difference is when choosing a bigger value for this split. Last but not least, we chose
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two weight vectors wj and wg that has slightly bigger or exceptionally big weights
to see how the BPA copes with starting points that are ’outliers’, i.e., far away from
any tree in the data set and from a median.

Table 6.8 summarizes the outcomes for the starting points Y; = (Rs,wf) for i =

1,...,5. We can see that even though the optimal solution is not contained in the
starting point time in s objective value
Vi 833 72.343
Y, 851 72.218
Ys 871 72.191
Y, 829 72.199
Ys 834 72.212

Table 6.8: Results of the BPA for the Apicomplexa data set with a cap on the
number of iterations of 100.

interior of the orthant and we have no optimality analysis, it does not really matter
too much with what weight one starts the algorithm in a given orthant. There are
notable differences in the objective values, but when looking at the weights of the
output trees we see that the resulting weight vectors are quite similar:

w) = (0.305,0.169,0.108,7-1077,8 - 107 7)"
wy = (0.299,0.184,0.111,1-107%,1-107°)"
wf = (0.304,0.186,0.112,1- 107, 1 - 107%)"
w) = (0.312,0.192,0.117,8 - 1077,8 - 107 7)"
wg = (0.314,0.193,0.117,7- 1077, 7-1077)"

For all starting weights the algorithm converged to the same boundary, which is the
unresolved tree topology &y, i.e., the split s§ gets thrown out. This also very well
suits the conjecture that this tree topology contains a median, since the BPA always
decreases the objective and also converges to this tree topology in our experiments
so far.

That the BPA seems to be rather independent of the weight with which it is started
is a helpful observation: It is no problem to start the BPA close to the boundary
of the orthant (Y;) or with weights that are far higher than the ones of the given
sample trees (Y5). Surprisingly, it seems that the BPA performs better, when it is not
immediately started next to the boundary to which it converges. This is probably
because once one gets close to this boundary, the Euclidean median problem has a
lot of representative facilities in this boundary that are close to each other, so that
the steps of the BPA are not that big early on and continue to get smaller.
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Altogether the experiments suggest that starting points do not influence the BPA
too much. The experiment shows that we get a reasonable result when simply taking
a starting weight vector which is not too close to a boundary already. Moreover, it
is nice to see that the method is robust to a seemingly bad choice of starting weights
(Ys), as the PPA does not perform too well in such a case.

As mentioned, the last experiment aims for improving the PPA solutions by applying
the BPA on the output trees. The trees that we use for this are the output trees
from Table 6.5. All outputs of the PPA from Table 6.5 have the Tree Topology 1
from Figure 6.1, whose splits are given by §;. The output trees from Table 6.5 have
the following weight vectors, which we now use as input weights

= (0.30847421,0.18800566, 0.1120948,1.7 - 10~7,2.3 - 10~ 7)"*
wy __(0 30862393, 0.18805914,0.11213941,1.7-1077,2.3 - 10~ ")
wt = (0.30863274,0.18805648,0.11216363,1.7 - 107 7,2.3 - 107"
wh = (0.30866245,0.18809296,0.11217955,1.7 - 1077, 2.3 - 10™7)"
wi = (0.30823681,0.18787339,0.11199423,1.7 - 1077,2.3 - 10~ ")’

Note that the weight vectors are really similar, which is due to the fact that the
PPA eventually converges to a median. The similarities indicate that we are not too
far away from a median.

Nevertheless, we now use these output trees from the PPA as starting points for
the BPA in order to improve the solutions and look for changes. Since the BPA is
guaranteed not to increase the objective we may try to improve any solution from the
PPA like this, however, it might be that the BPA immediately returns the starting
point, when a scenario as in Example 5.4.2 occurs.

The hope of is that we get a bigger decreases in the objective or a faster convergence

to a median than by simply letting the PPA execute more cycles, as Table 6.2

suggests that the convergence gets really slow at some point.

Now, in order to finally present the results of the experiment, denote the start trees
as XP (S1,wP) for i = 1,...,5. Table 6.9 shows the results of the BPA.

Due to the nature of the BPA, the resulting trees have to have a split set that is a
subset of the starting tree, i.e., a subset of the splits of the orthant in which it is
started. For all five given trees, the length of the split s = ({1,3,4,5,6,7},{0,2,8})
reached 0 at some point and it remained 0. So the resulting topology of the five
output trees is

), ({1,63},{0,2,3,4,5,7,8}),
,4,5,6},{0,2 3,7,8})}.
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starting point time in s objective value
X7 452 72.180624
X5 448 72.180628
xr 461 72.180629
XFP 454 72.180634
xr 452 72.180665

Table 6.9: Results of the BPA for the Apicomplexa data set. Improving the PPA
solutions from Table 6.5 by applying BPA to the output trees.

The respective weight vectors of the output trees are

= (0.30847421,0.18800566, 0.11209484, 6.5 - 10~ *0)",
= (0.30862391,0.18805914,0.11213941, 6.5 - 10~ '9)*,
= (0.30863273, 0.18805648, 0.11216362, 6.5 - 10~ '9)?,
(0.30866244, 0.18809295,0.11217954, 6.4 - 10~1%)*,
= (0.30823681,0.18787340, 0.11199424, 6.5 - 10~ )",

U)4—

Even though all output trees decrease the objective of the respective starting trees,
the improvements are only marginal. That was to be expected, since it is quite
likely that all starting points are already pretty close to an optimal solution as the
PPA has already been performed with 10000 cycles with a good step length and
reasonable starting trees. Nevertheless, the BPA actually decreased the objective
for all five starting trees, even though it was applied in a lower-dimensional orthant
where no guarantee of convergence to an optimal solution exists.

The more important observation is that the BPA strongly suggests that the opti-
mal solution is to be found in an even lower-dimensional orthant: It removed the
split 5§ = ({1,3,4,5,6,7},{0,2,8}) and it seems as though the length of the split
({1,4,5,6},{0,2,3,7,8}) also tends to 0. The weight vectors the PPA determined,
i.e., the weight vectors of the starting trees already suggest, that these weights
might converge to 0, but after 10000 cycles they still have weights of about 10~7. In
contrast to that the BPA has actually removed a split and the other weight seems
to converge to 0 faster as for the PPA. In fact, the objective seems to further de-
crease when removing the split § = ({1,4,5,6},{0,2,3,7,8}). We take the best
solution of the five BPA output trees, which is X = (S”,w}), remove the split §
and keep the other splits with the same weights as in w}. The resulting tree is

= (8" \ (5),(0.30847421,0.18800566,0.11209484)). Then we actually have

F(X) = 72.1806242978 > 72.1806242901 = f(X").
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These are extremely small improvements, which would usually be practically irrel-
evant when only searching for a minimum. But in this case the structure of the
minimizer changes: The comparison suggests that the optimal solution is contained
in the orthant with only the splits

({4,5},{0,1,2,3,6,7,8}),
({1,6},{0,2,3,4,5,7,8}),
({3,7},{0,1,2,4,5,6,8}).

The BPA has reached values of about 6.5 - 107! for the length of 5§ and stopped
since the employed exactness threshold of 1071% has been reached, i.e., two successive
iterates of the BPA had a distance of less than 107!°. Even though the BPA has
not deleted the split § it still shows the right tendency to converge to solutions in
the lower-dimensional orthants and it has done so faster than the PPA.

To wrap up the results of the section we want to stress that the main insight is
that the BPA handles the real data set better than expected. Not only did it give
reasonably good results, when started in maximal orthants, but it also showed a
nice behavior when applied to non-maximal orthants, which allowed for a better
interpretation of the results than with the PPA outputs. Also the computation
times for the BPA are still manageable here. As a final note we mention that
quite some computational effort of the BPA is put into the optimality test for the
Euclidean median problem as well as into the Weiszfeld-iterations. It is hence an
interesting future line of research to practically explore how to improve the BPA
algorithmically and to see which algorithms for the Euclidean median problem may
outperform the Weiszfeld algorithm to be able to gain a significant speed up for the
BPA.

6.3 Summary of Results and Comparison to other
Algorithms

In this section we extract the essence of the BPA and PPA experiments on the real
data set. First it needs to be said that the BPA strongly relies on a good starting
solution that is produced by the PPA. When the BPA is started in some random
orthant, there would not be a lot of reasonable results, so the BPA is dependent on
the PPA. Nevertheless, the BPA has proven to be a very useful tool in combination
with the PPA, even if the optimality analysis of balance points may not be applied in
the lower-dimensional orthants. This is for two reasons. Firstly the BPA guarantees
not to increase the objective, so we cannot ‘lose” anything by applying it to a solution
of the PPA. Practice has shown that we even get a decrease in the objective. The
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second reason is that the BPA provides a better insight as to where the median is
probably located: in an even lower-dimensional orthant. The PPA was not able to
converge to the boundary of the orthant with Tree Topology 1 as quickly as the BPA,
see Table 6.9. This convergence to the boundary enables a better interpretation of
the results and it is quite likely that a median is contained in that lower-dimensional
orthant the BPA hints at, which is important to know.

In contrast to many other algorithms in tree space that use the local Euclidean struc-
ture to determine the Fréchet mean, the BPA may also be applied at the boundary
of the orthants, i.e., in lower-dimensional orthants. Most of the other algorithms
make use of the differentiability and other features that do not hold at the bound-
ary of the orthants. This is also an issue for our optimality analysis. Nevertheless,
the algorithmic scheme of the BPA may be applied to lower-dimensional orthants
and we can hence search for better solutions in lower-dimensional orthants that
seem to contain an optimal solution. This works as the iterative scheme does not
need differentiation and only requires the calculation of the geodesics and Euclidean
medians. That is a big upside in comparison to other algorithms, for which the iter-
ative scheme may not be applied to lower-dimensional orthants, as e.g., the descent
methods in [MOP15].

Besides the comparison of BPA and PPA we also want to interpret our results and
compare them with other insights from the literature. Therefor we first need to
settle on what the actual tree topology of a median looks like. Since the lowest
objective value we were able to find was the tree

X' = (8" \ (5), (0.30847421, 0.18800566, 0.11209484))

with only three splits, and the PPA and BPA have very low weights on the splits
that are not in 8"\ (§) we conjecture that this topology is the most likely to be the
topology of a median.

One of the probably easiest obtainable hypotheses for the species tree are consensus
trees. [KWKO8] were the first to work with this Apicomplexa data set and have
used several methods to obtain the set of gene trees. With the set of gene trees at
hand they calculate the extended majority rule consensus tree with the method con-
sensus of the widely used PHYLIP package. The extended majority rule consensus
calculates a consensus tree using the following criteria: Any split that appears in
more than 50% of the trees is included. The program then considers the other splits
in order of their frequency with which they have appeared, adding to the consensus
tree any of them which are compatible with it until the tree is fully resolved. The
resulting tree topology is on the left hand side in Figure 6.2, on the right hand side
is the presumed tree topology of a median.

One immediately notices that the Median Tree Topology contains less splits than
the Consensus Tree Topology. As we know, split sets uniquely describe the tree
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Tt Cp Et Tg Bb Ta Pf Pv Tt Cp Et Tg Bb Ta Pf Pv
Consensus Tree Topology Median Tree Topology

Figure 6.2: The tree topology of the extended majority rule consensus tree (left)

and the topology of the approximate solution to the median problem
determined by PPA and BPA (right).

topologies, and we have that the consensus tree contains three additional splits,
that the Median Tree Topology does not contain. These splits are

({1,4,5,6}/{0,2,3,7,8}), ({1,3,4,5,6,7}|{0,2,8}), ({1,2,3,4,5,6,7}/{0,8}).

So, three of the six splits of the Consensus Tree Topology are also contained in the
Median Tree Topology and the Median Tree Topology does not contain a split that
is not contained in the Consensus Tree Topology. This hints that the Median Tree
Topology seems to extract only the splits with the highest consent from a data set,
even though it may not be too many.

We do not try to give a practical biological interpretation of the difference between
the two trees, as this is best to be left to experts, though we note that from a
biological perspective it is not the most desirable result to have topologies that
have few splits. But on the other hand, it does not really seem reasonable to
enforce resolvedness of trees, when the model does not allow for it. This is also
why it is difficult to fairly compare the majority rule consensus tree to median trees
or the Fréchet mean tree, as the median and the mean tree might very likely be
unresolved as there is no artificially added constraint in the method forcing them to
be unresolved.

Moreover we emphasize that it is plausible that the split ({1,2,3,4,5,6,7}/{0,8})
that distinguishes the species Cryptosporidium parvum ('Cp’, label 2) from the origin
is not contained in the Median Tree Topology and should also not be contained
in the species tree topology; our conjecture is that this split is only included in
the Consensus Tree Topology as the extended majority rule enforces resolved tree
topologies. We noted in Section 6.1, that we removed splits of length 0 from the
trees in the data set, as these do not carry any information in the tree space and may
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be omitted. After that transformation many trees did not distinguish the species
Cryptosporidium parvum ('Cp’) from the origin anymore and it is hence not very
surprising that the Median Tree Topology does not depict this distinction as well.
From our perspective, that also arises the question how sensible it is to calculate
consensus trees on a set of trees where edges of length 0 are present, since this
may heavily influence the result. As edge lengths are not taken into account in the
method, these 0 weight edges have a big influence on the outcome of the consensus
tree method, whereas they should actually not be considered at all.

Another paper that dealt with the Apicomplexa data set is [YZZ17], where they
investigated the data set in the space of ultrametric trees. The space of ultrametric
trees is another metric space in which phylogenetic tree problems may be modeled,
as already mentioned in Section 2.3. [YZZ17] calculated two-dimensional Stiefel
tropical linear spaces which are the analogon of principal components in this space
using a randomized search heuristic. Since they calculated these special principal
components which relate more to variance minimization and hence the Fréchet mean
than the median we may not really compare the results. Nevertheless, after apply-
ing their PCA method and projecting the tree topologies they conclude that their
topologies are ‘largely congruent with the accepted phylogeny’ as [YZZ17] describe
it. The ’accepted phylogeny’ groups 'Pf’ and 'Pv’ together, as well as the four
species 'Bb’, "Ta’, 'Et’, "Tg’, whereas 'Tt’ is an isolated species. The Median Tree
Topology does not meet all of these three requirements as it does not group 'Bb’,
"Ta’, "Et’, "Tg’ together. Nevertheless, it is at least possible to resolve the tree to
meet the requirements of the accepted phylogeny, as the split that groups 'Bb’, "Ta’,
'Et’, "Tg’, together is compatible with the Median Tree Topology. This is not the
case for the Consensus Tree Topology, where the split 'Bb’,’Ta’,’Pf’,’Pv’ is actually
conflicting with 'Bb’, "Ta’, "Et’, "Tg’.

Altogether, the conducted experiments on the real data set have shown promising
results. We see that the median may be a helpful concept in the following sense:
Even if it may yield unresolved trees, the resulting tree seems to incorporate the
most important shared features of the sample trees. The three splits that have been
included in nearly all sample trees have also been contained in our approximate
solutions of a median. In this way the median seems to yield similar tree topologies
as majority rule consensus trees, for which it is not forced that the consensus tree
is unresolved. From that point of view the median is a concept that is close to
majority consensus trees but additionally includes edge weights in its analysis.
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7 Conclusion

The thesis consists of three major contributions. The first and probably most im-
portant contribution is to merge two different fields of research by introducing opti-
mization methods, Facility Location methods in particular, to the phylogenetic tree
related research. Facility Location is a research field which is often restricted to
business applications and therefore most of the research restricts to the Euclidean
plane. With our application of Facility Location in tree space we have found a non-
business application for the field. Moreover we motivate future research by showing
that Facility Location can be applied to metric spaces such as the tree space thereby
yielding promising results.

The second contribution is based on connecting the tree space problems and known
location problems. We point out a connection of special cases of tree space location
problems to Euclidean fixzed gate point location problems. Since we are able to find
solutions for these fixed gate point location problems in many cases this also implies
that we can solve the special cases of the location problems in tree space from which
the problems originated from.

The third and theoretically biggest contribution is the development and in-depth
analysis of the BPA. The BPA is designed in such a way that it exploits the local
Euclidean structure which enables the use of known methods of Facility Location.
The idea of improving a given solution by local Euclidean methods seems to only
provide a rough heuristic at first glance. Nevertheless, when experimenting with the
method, see Section 5.2, we realized that the GBPH, that is based on the BPA yields
surprisingly good solutions in average. That motivated the convergence analysis of
the method, resulting in the proof of convergence in Section 5.3. The clear drawback
of the BPA is that there is no guarantee for it to converge when the set of medians
is contained in a lower-dimensional orthant and practice shows that it is often the
case that medians are contained in lower-dimensional orthants. Nonetheless, the
experiments in 7; and 75 as well as the real data example have shown that the
algorithm is still very useful. First of all, it yields valuable information about the
orthants we apply it in; when the BPA converges to the boundary, it is an indicator
that the optimal solution is probably contained in the lower-dimensional orthant the
BPA converges to. This way it is possible to identify lower-dimensional orthants that
are likely to contain an optimal solution and the BPA may be applied in these lower-
dimensional orthants as well. Even though there is no guarantee for convergence
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to an optimal solution in lower-dimensional orthants, the experiments in Chapter 6
show that the BPA works well in lower-dimensional orthants for the data set at hand
and was able to improve any given solution.

In the introduction we motivated the research undertaken in this thesis by the
species tree problem. We pointed out that there are various methods and different
approaches on how to produce a guess or a hypothesis for the species tree when
given a set of sampled gene trees. The thesis focuses on calculating the median of
such a set of trees. Therewith we add a another approach to the list of calculating
hypotheses for the species tree, but since none of the approaches so far is generally
accepted by biologists to always infer the correct species tree, it does no harm to
offer a new candidate. In Chapter 6 we applied the BPA and received a tree that is
very close to the median of the data set and we have seen that the result is not far off
the species tree that is agreed upon, or at least the most likely species tree according
to biologists. This may both be seen as an advantage as well as a disadvantage. It
is certainly a good validation of the concept and the model assumptions when the
median yields reasonable or expectable results. On the other hand, when the results
are too close to known or expected results, then our method does not offer a real
new hypothesis.

In general, it is hard to evaluate methods for species tree problems as there is
little to no possibility to actually prove or validate results for these problems due
to the reverse engineering nature of the problem. Moreover, we do not aim for
overinterpreting the results here, as interpretation of phylogenetic trees should be
left to experts.

In conclusion, the thesis has pointed out the potential of introducing methods from
Facility Location to tree space. On one hand, the achieved results show that we have
a good solution approach for the median problem, but that there is further research
left to explore how to precisely solve cases with optimal solutions in the boundary.
Theoretically one might, for example, try to find optimality conditions for boundary
cases using directional derivatives, similar to the conditions that [MOP15] develop
for the mean problem. Such conditions could be used to improve the BPA by calcu-
lating directional derivatives at balance points that are located in boundaries. Then
the directional derivatives might be used to tackle two central problems: Firstly, they
naturally yield an optimality criterion for points on the boundary, so it is possible
to evaluate the solutions found by the BPA and secondly the directional derivatives
may hint at a specific lower-dimensional orthant in which one could continue the
search for the optimal tree.
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Appendix

CAT(0) spaces

We have referred to this section for a brief and concise introduction of geodesic
metric and CAT(0) spaces. We start with the definition of geodesic metric spaces.

Definition 7.1 ([Bacl4b]). We say that a metric space (X,d) is a geodesic space
if for every two points x,y € X there exists a path v :[0,1] = X such that

d((s),7(1)) = [s = t]d(7(0),~(1)),
where ¥(0) = x, v(1) = y. The path vy is called geodesic from x to y.

As uniqueness of geodesics has a lot of important implications we define uniquely
geodesic spaces:

Definition 7.2 ([Bacldb]). A geodesic metric space (X, d) is uniquely geodesic if
for every two points x,y € X there exists a unique geodesic from x to y.

The concept of curvature may be introduced in a much more general than in our
summary here. We restrict to only defining the required CAT(0) instead of general
CAT (k) spaces in order to avoid unnecessary technicalities. Curvature is measured
by comparing distances of particularly parametrized points on opposing sides of
triangles in the metric space with the distance between particularly parametrized
points on opposing sides of a triangle in Euclidean space:

Definition 7.3 ([Bacl4b]). Consider a geodesic metric space (X, d) and let vy, 72,
v3 1 [0,1] = X be geodesics. v1,72,73 form a geodesic triangle with vertices z,y, 2

if
71 - [07 1] — X,’}/l(()) = xvfyl(l)
Yo 1 [0,1] = X,72(0) = z,72(1)
v 1 [0,1] = X, 73(0) = y,3(1)

A comparison triangle A(z',y',2") for the geodesic triangle with vertices x,y, z is
given by o'y, 2" € R? such that

Y
2
z.

2" = y'lla = d(z,y) |y =22 =dly.2) |2 = 2|2 = d(z,2).
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With this we may define CAT(0) spaces.
Definition 7.4 ([Bacl4b]). Let (X, d) a geodesic metric space. (X,d) is CAT(0) if

for a geodesic triangle with respect to geodesics 1,2, Y3 with vertices x,y,z and a
comparison triangle A(z',y', 2") it holds that:

d(m(A),72(w) < N@=A) 2"+ Ay = (L= p) - 2"+ p- 22,
for A, i€ [0,1].
A key feature of CAT(0) spaces is the following:

Theorem 7.5 ([Bacl4b]). Let (X,d) be a CAT(0) space. Then (X,d) is uniquely
geodesic.

We have mentioned a few times that the tree space 7, is a Hadamard space.
Definition 7.6 ([Bacl4b]). A Hadamard space is a complete CAT(0) space.

Since Theorem 2.16 states that 7, is a CAT(0) space, it is clear that 7, is also a
Hadamard space, since the Euclidean orthants of which it consists are complete.

Apicomplexa Data Set

The data set contains 252 trees that are given in the widely used Newick format.
The names and abbreviations of the investigated species may be found in the table
below (compare Section 6.1). The abbreviations are used in the Newick-trees on the
following pages.

Abbreviation | Name
Bb Babesia bovis
Cp Cryptosporidium parvum
Et Eimeria tenella
Pt Plasmodium falciparum
Pv Plasmodium vivax
Ta Theileria annulata
Tg Toxoplasma gondii
Tt Tetrahymena thermophila

In order to depict the trees in a single line per tree, we use the landscape format.
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