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Abstract

In this thesis, we study two soft clustering approaches: fuzzy K-means clustering and model-
based clustering with Gaussian mixture models. In contrast to the popular K-means hard
clustering, there are hardly any algorithms for these approaches that provide guarantees on
the quality of the computed clusterings.

In the first part of this thesis, we present the very first theoretical analysis of the fuzzy
K-means problem that deals with approximation algorithms. The key to our results is
the identification of three properties: First, we show that for certain fuzzy clusters there
exist hard clusters with similar characteristics. Second, we show that there is a coarse
relation between the objective functions of the fuzzy K-means and the K-means problem.
Third, we show that the notion of empty hard clusters, which can effectively be ignored
in a hard clustering, has a counterpart in fuzzy K-means. Due to these three properties,
we are able to utilize two techniques that are known from the analysis of hard clustering
problems: We show how the so-called superset sampling technique can be applied to compute
an approximation for the fuzzy K-means problem. Moreover, we adapt a coreset construction
that is known from K-means clustering. Simply speaking, a coreset is a small summary of a
large data set that can be processed by a clustering algorithm instead of the original data
set, without affecting the quality of the solution too much. We show that there is a refined
version of a coreset construction for the K-means problem that yields a coreset for the fuzzy
K-means problem. Furthermore, we use this construction to derive another approximation
algorithm for the fuzzy K-means problem. Finally, we also consider alternative notions of
fuzziness and generalize all of our results to a large class of soft clustering problems.

In the second part of this thesis, we consider a model-based clustering approach, namely,
the method of maximum likelihood for estimating Gaussian mixture models. Our contribu-
tion is threefold: First, we compare two popular heuristics with one another, namely the
expectation-maximization algorithm and a stochastic variant thereof. Second, we tackle the
problem of initializing the expectation-maximization algorithm. We propose two new initial-
ization methods. Thereby, we aim to close the gap between simple, but rather unreliable,
methods and complex methods, whose performance crucially depends on the right choice
of hyperparameters. Third, we initiate the theoretical analysis of a constrained version of
the maximum likelihood estimation problem, which is known as the soft K-means problem.
We derive a variant of this problem that focuses more on determining a soft clustering
(than on determining a Gaussian mixture model) and present a first approach towards an
approximation algorithm.






Zusammenfassung

In dieser Arbeit betrachten wir zwei Soft-Clustering Methoden: Fuzzy K-Means Clustering
und modellbasiertes Clustering mittels GauBBmixturen. Im Gegensatz zum populédren K-
Means Clustering gibt es fiir diese beiden Anséitze kaum Algorithmen, die Garantien fiir die
Giite der berechneten Clusterings bieten.

Im ersten Teil dieser Arbeit priasentieren wir die erste theoretische Analyse des Fuzzy
K-Means Problems, die sich mit Approximationsalgorithmen beschéftigt. Der Schlissel
zu unseren Ergebnissen ist die Identifikation von drei grundlegenden Eigenschaften eines
Fuzzy K-Means Clusterings: Erstens zeigen wir, dass es fiir bestimmte Fuzzy-Cluster
entsprechende harte Cluster gibt, die den Fuzzy-Clustern dhneln. Zweitens zeigen wir, dass
es einen groben, aber dennoch nutzlichen Zusammenhang zwischen der Zielfunktion des
Fuzzy K-Means Problems und der Zielfunktion des klassischen K-Means Problems gibt.
Drittens zeigen wir, dass es Fuzzy-Cluster gibt, die in einem Fuzzy-Clustering in etwa so
vernachléssigbar sind wie leere Cluster in einem harten Clustering. Diese drei Eigenschaften
helfen uns dabei, Methoden, die fiir das K-Means Problem entwickelt wurden, auf das Fuzzy
K-Means Problem zu iibertragen: Wir zeigen, dass mit Hilfe der sogenannten Superset-
Sampling Technik auch ein Approximationsalgorithmus fiir das Fuzzy K-Means Problem
konstruiert werden kann. Aulerdem iibertragen wir eine Kernmengen-Konstruktion, die fiir
das K-Means Problem entwickelt wurde, auf das Fuzzy K-Means Problem. Einfach gesagt
ist eine Kernmenge eine kurze Zusammenfassung eines groflen Datensatzes, die anstatt
des urspriinglichen Datensatzes von einem Clusteringalgorithmus bearbeitet werden kann,
ohne dass sich dadurch die Qualitat des Ergebnisses zu sehr verschlechtert. Wir zeigen
nicht nur, dass sich eine Kernmenge fiir das Fuzzy K-Means Problem berechnen lasst, wir
nutzen die Konstruktion auch, um einen weiteren Approximationsalgorithmus fiir das Fuzzy
K-Means Problem herzuleiten. Dariiber hinaus betrachten wir verschiedene Varianten des
Fuzzy K-Means Problems und verallgemeinern all unsere Ergebnisse.

Der zweite Teil dieser Arbeit dreht sich um den modellbasierten Clustering Ansatz,
genauer gesagt, die Maximum-Likelihood-Methode fiir das Schétzen von Gaullmixturen. Als
erstes vergleichen wir zwei Heuristiken, den klassischen Expectation-Maximization Algo-
rithmus und eine seiner randomisierten Varianten, miteinander. Zweitens beschéftigen wir
uns mit dem Problem, eine verniinftige initiale Losung fiir den Expectation-Maximization
Algorithmus fiir GauBBmixturen zu finden. Wir prasentieren zwei neue Initialisierungsme-
thoden und versuchen damit die Liicke zwischen den einfachen, aber eher unzuverlissigen
Methoden und komplizierten Methoden, deren Qualitit stark von den gewiahlten Hyperpa-
rametern abhéingt, zu schlielen. Drittens versuchen wir uns an einer theoretischen Analyse
des Maximum-Likelihood-Estimation Problems. Dazu betrachten wir einen Spezialfall, der
auch schlicht als das Soft-Clustering Problem bekannt ist. Wir leiten eine Variante dieses
Problems her, in deren Mittelpunkt die Bestimmung eines Soft-Clusterings (anstatt die
Bestimmung einer GauBBmixtur) steht, und préasentieren einen ersten Ansatz fiir einen
Approximationsalgorithmus.
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Vectors and Matrices
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usually a weighted data set (think of a multi-set)

set of all finite data sets with data points from AP x B where AP ¢ RP
and B € R (Definition 2.3)

weighted data set containing N ordered data points (Definition 2.3)

n-th data point consisting of a point (object) x,, € AP and its weight
(importance) w, € B

unweighted data set containing N ordered points x,, (Definition 2.3)

also an unweighted data set containing N ordered data points (x,,1)
(Definition 2.3)

the size of the data set X (Notation 2.4)

indicates that the data points from X are contained in the data set Y
(with their corresponding multiplicity) (Notation 2.4)

range of the d-th coordinates of the points in X (Definition 2.18)
maximum Euclidean distance between points in X (Definition 2.18)
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Hard and Soft Cluster(ings)

closed K-simplex that contains all categorical distributions over K
classes (Definition 2.6)

set of all soft K-clusterings of N objects (Definition 2.6)
soft K-clustering of N objects (Notation 2.7)
probability that the n-th object belongs to the k£-th cluster

indicator matrix of N objects to K clusters (Notation 2.9) and a hard
K-clustering of N objects if Z € Ay g1 (Notation 2.10)

indicates whether the n-th object is assigned to the k-th cluster

R = (rpi)n k. probabilistic membership matrix that assigns the n-th ob-
ject to the k-th cluster with probability r,z (Zf:1 <r,z) (Definition 3.1)

probability that the n-th object belongs to the k£-th cluster (Zfz1 rar<1)

=((xn,7nk Wn)yeny k-th cluster of X given by the membership matrix
R (Definition 3.2)

k-th soft cluster of X given by the soft clustering P (Eq. 2.1)
k-th hard cluster of X given by the indicator matrix Z (Eq. 2.2)

k-th hard cluster written as a subset of X; corresponds to the data set
AZX’Z) with appropriate indicator matrix Z (Notation 2.10)

Cluster Statistics
= ZnNzl rorwy, weight (Definition 2.13)
= (21’:7:1 Tk Wnn) /W(A;X’R)) mean (Definition 2.14)
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= ucov(AZX’R),m(AZX’R)))/ w (A;X’R)) covariance (Definition 2.15)

short notations for W(AECX’R)), m(AZX’R)), ... with respect to the given X
and R (Notation 3.11)

= (x, —my)(x, —myp)T (Lemma 3.17)
Fuzzy

a fuzzifier function (Definition 5.8)

increase-bounded (Definition 5.15)

contribution-bounded (Definition 5.13)

time needed to compute a r-fuzzy K-clustering of a D-dimensional data
point induced by K means (Assumption 5.19)

identity function (Section 5.3.1)

polynomial fuzzifier function (Section 5.3.2)
quadratic-linear fuzzifier function (Section 5.3.3)
exponential fuzzifier function (Section 5.3.4)
=(r(pur)p r for P =(pur), p (Definition 5.2)
=((xn,r(prr)wn)), is an r-fuzzy cluster (Definition 5.2)

negligible support (Definition 6.2)
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Fuzzy (cont.)

r-fuzzy K-means cost of X with respect to means C and soft clustering
P (Definition 5.1)

r-fuzzy K-means cost of X of the solution induced by C (Notation 5.3)
r-fuzzy K-means cost of X of the solution induced by P (Notation 5.3)

= (X, 7(Pnk) - Wn))perny is the k-th r-fuzzy cluster of X given by P (Defi-
nition 5.2)

r-fuzzy K-means cost of the k-th cluster (Definition 5.1)
minimum r-fuzzy K-means cost of X (Definition 5.6)
K-means cost of X with respect to K means C (Problem 4.3)
minimum K-means cost of X (Problem 4.3)

Discretization
=min{|x—pl|, | p€C} for C <RP and x € R” (Definition 9.1)

a K-clustering whose cost are at most a factor @ worse than the cost of
an optimal K-clustering

a | BK]-clustering whose cost are at most a factor @ worse than the cost
of an optimal K-clustering (Definition 9.3)

closed ball around p with radius r (Definition 9.2)

contains triples (&, 0R,9N) describing search spaces (Definition 9.5)

a vector of L means

radius of closed balls around means from 9t

cRP is a search space (Definition 9.5)

(1, j)-th ring around mean m; (Definition 9.6)

representative of x € 4l (Definition 9.7)

discrete search space; set of all representatives (Definition 9.9)
Special Sets of Solutions

= Urernt {1, -, ) | YR €111 : iy, € M} for M < RP (Notation 10.1)

={C e (RP)=L | C induces some r-fuzzy clustering that has no (i,,K,¢)-
negligible clusters } (Definition 12.6)

Density & Likelihood
D-variate Gaussian with mean u and covariance X (Definition 14.1)
parameters of a parameterized density function
input of an EM (SEM) update step (Algorithm 16, Algorithm 17)
= p(X0) likelihood of 6 given observations X (Definition 14.4)
= Lx(01)/ Lx(02); likelihood ratio (Definition 14.5)
entropy (Definition 17.1)
relative entropy; Kullback-Leibler divergence (Definition 17.1)

Soft K-Means

= —In(Lx(0)) where GMM 0 = ((wk,,uk,%ID)ke[K] and o = (Wp)rek)
(Problem 17.4)

generalized soft K-means cost (Problem 17.9)
= skm P (@AY "), P) (Problem 17.7)
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CHEAT SHEET

EM* and SEM* Algorithm
parameter updates by SEM* algorithm (Algorithm 21)
parameter updates by EM* algorithm (Algorithm 20)

a constant depending on the given data set X, the initial model #°/¢,
and the indices n,k (Algorithm 20)

= v/31In(2/6) (Theorem 15.2)
=+/2eIn(2/6) (Theorem 15.2)
Gaussian mixture model

Laplacian mixture model



“Stell’ dir vor es geht und keiner
kriegt’s hin.”
Wolfgang Neuss!

Chapter 1

Preface

The term clustering refers to the task of dividing a set of objects into groups (clusters) such
that objects that are in the same group are more similar to each other than objects that
belong to different groups. This task arises in a wide variety of fields such as image analysis,
bioinformatics, data compression, and pattern recognition. However, there is no algorithm
that is universally right for all of the concrete clustering problems that arise in these
fields. Consequently, there is a vast number of concrete clustering problems and algorithms.
Finding the appropriate formulation for the problem at hand is a crucial question in practise.
Nonetheless, certain clustering problems and algorithms have become very popular.

One can roughly divide the existing clustering methods into two classes: hard clustering
methods and soft clustering methods. Hard clustering methods assign each object to exactly
one cluster. An exceptionally popular representative of this class is known as K-means
clustering. In recent years, the K-means clustering problem and various variants thereof
have been studied in detail. In contrast, relatively little is known about soft clustering
methods. With these methods, each object is not necessarily assigned to exactly one cluster,
but to several clusters to a certain degree. In this thesis, we focus on two soft clustering
problems: the fuzzy K-means problem and the maximum likelihood estimation problem
with respect to Gaussian mixture models. Both are related to the K-means problem, but
there are hardly any algorithms for these problems with performance guarantees.

1.1 OQOutline

This thesis is divided into three parts:

Part I deals with soft clustering in general. In Chapter 2, we introduce the basic notation
and definitions that we will use throughout this whole thesis. In Chapter 3, we present
a very general technique that helps us to relate soft clusterings to hard clusterings.
We apply this technique in both subsequent parts of this thesis.

Part II focuses on the fuzzy K-means problem. We present the first approximation algo-
rithms for this problem. The runtimes of these algorithms are similar to some of the
best approximation algorithms for the classical K-means problem.

Part III deals with the maximum likelihood estimation (MLE) problem with respect to
Gaussian mixture models. We consider three different topics in this part of the
thesis: First, in Chapter 15, we compare two existing heuristics with one another,
namely the classical expectation-maximization algorithm and a stochastic variant
thereof. Second, in Chapter 16, we tackle the initialization problem of the expectation-
maximization algorithm for Gaussian mixture models. Third, in Chapter 17, we

ISource: DIE ZEIT, 12.11.2009 Nr. 47
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initiate the theoretical analysis of approximation algorithms for a constrained version
of the MLE problem, which is known as the soft K-means problem.

Last but not least, we point out that there is an overview of our notation (Cheat Sheet),
which can be found after the table of contents.

1.2 Publications & Credits

Parts of this thesis were obtained in cooperation with my coauthors and published in:

Blomer et al. (2014): Bloémer, J., Bujna, K., and Kuntze, D. (2014).
A Theoretical and Experimental Comparison of the EM and SEM Algorithm.
In 22nd International Conference on Pattern Recognition (ICPR 2014), pages 1419 —
1424, Stockholm, Sweden. IEEE.

Blomer and Bujna (2016): Blomer, J. and Bujna, K. (2016).
Adaptive Seeding for Gaussian Mixture Models.
In Proceedings of the 20th Pacific-Asia Conference on Advances in Knowledge Dis-
covery and Data Mining (PAKDD 2016), volume 9652 of Lecture Notes in Computer
Science, pages 296 — 308, Auckland, New Zealand. Springer.

Blomer et al. (2016): Blomer, J., Brauer, S., and Bujna, K. (2016).
A Theoretical Analysis of the Fuzzy K-Means Problem.
In IEEE 16th International Conference on Data Mining (ICDM 2016), pages 805 — 810,
Barcelona, Spain. IEEE.

Blomer et al. (2017): Bloémer, J., Brauer, S., and Bujna, K. (2017).
On Coreset Constructions for the Fuzzy K-Means Problem.
In Computing Research Repository (abs/1612.07516).

As usual in computer science, the authors are listed lexicographically.
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“All models are wrong, but some
are useful.”

Box & Draper!

Chapter 2

Basics

The goal of clustering is to group a given set of objects into clusters such that objects that
belong to the same cluster are more similar to one another than objects that belong to
different clusters. There are various ways to interpret and define objects, their similarity,
the notion of clusters, and the quality of a clustering. Typically, objects consist of a fixed
number of scalar features, which means that they can be interpreted as vectors from the real
space. Besides that, we can roughly classify clusterings either as soft or hard clusterings:
In a hard clustering, each object is allocated to exactly one cluster. In other words, a hard
clustering partitions the given set of objects into (hard) clusters. A soft clustering allows
each object to belong to multiple clusters to a certain degree. Hence, the (soft) clusters of a
soft clustering are not subsets of the given set of objects. Instead, each soft cluster defines
a degree of membership for each object. In this chapter, we formalize these notions and
introduce definitions that we will use throughout this whole thesis.

Overview. In Section 2.1, we explain our basic notation and, in particular, our notation of
data sets. In Section 2.2, we formalize our notion of soft clusterings, hard clusterings, and
clustering problems. Finally, in Section 2.3, we define statistics that we will use to describe
data sets as well as clusters, and derive useful properties of these statistics.

2.1 Notation: Indices, Vectors, Data Sets

Let us start with the following handy notation:
Notation 2.1 ({1,...,N}). For all N € N, we let
[N]={1,2,...,N}.

In mathematics, a finite ordered list of elements is usually referred to as a tuple. We
stick to the term "vector" to stress the fact that the elements have the same type.

Notation 2.2 (tuples, vectors, matrices). Let v1,vs,..., vy be some elements from the same
domain A (e.g. R, RP, or R? xR). Given a finite set of indices S = {i1,...,ipm} SN, where
i) Sig@) <+ < iy for some permutation w of [M], we call the tuple

(Vs)ses = (Uin(l)’ Vingyr+» Uin(M))

a vector. We write (Vg)ges € A or (Ug)ges € A8l to indicate that vs €A forall seS.

For the sake of simplicity, we identify x = (x1x9 ..xp)T e R with (xq)gerp;- To avoid
confusion, we denote the d-th coordinate of a vector x, € RP by (x)q.

For matrices, we use the standard notation M = (mij)izl,... Lij=1,.N = (mij)ie[L],je[N] for

>

an (L x N)-matrix M. We denote the (i, j)-th entry of M by (M);; = m;;.

1Source: Empirical model-building and response surfaces, Wiley, 1987, p. 424.
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The objects that we want to cluster are numerical feature vectors of fixed length. That is,
objects are vectors x1,...,xx5 € R?, where D €N is some fixed value. Additionally, each object
x, has a certain weight w, € R>¢ which determines the importance of this object. We refer
to the tuple (x,,w,) as a data point.

We think of a data set as a finite collection of data points. In principle, the arrangement
of the data points in the data set is not important in this thesis. Even so, to keep our notation
uncluttered, we think of a data set as an ordered list rather than a multi-set.

Definition 2.3 (data sets). Let A SR, B SR>, and D,N € N. A D-dimensional data set X
with N points from AP and weights in B takes the form

X = ((%n,Wn))pen) With x, € AP and wyeBforall ne[N].

Dom(AP ,B) denotes the set of all data sets that contain a finite number of data points
with points in AP and weights in B.

A data set X = ((xn,wn))yerny is unweighted if Vn € [N]: w, = 1. We identify an un-
weighted data set V = (U, 1)) e € Dom([RD, {1}) with the vector V = (V) merm S RD.

Our notation might seem a bit cumbersome but it will spare us from defining mappings
between sets (which are now inherently given by indices) and from pointing out that we
work with multi-sets. However, to get the best of both worlds, we have to introduce the
following multi-set-like notation:

Notation 2.4 (multi-set-like notation). For all data sets X = ((x,,wn))peing € Dom(RP? ,R=0)
and data points (x,w) € RD x R-, we let

count((x,w),X)={nelNl|lx,=x AN w, =w}| .

We say that X contains count((x,w),X) copies of (x,w).
For all data sets X,Y € Dom(RP,R~¢), we use the following notation:

* D is the dimension of X (and of the data points in X).
* (x,w)e X indicates that count((x,w),X)=1.
* X=X (ewex count((x,w),X) is the size (or length) of X. We write X = ¢ if | X|=0.

o We write X €Y if, for each each (x,w) € X, we have count(Y,(x,w)) = count(X,(x,w)).
Consequently, we write X =Y if XY and Y € X. We write X cY if, in addition to
X Y, thereis some (x,w) € X where count(Y,(x,w)) > count(X,(x,w)).

e XUY denotes a data set Z € Dom(RP ,R~¢) where
count((x,w),Z) = count((x,w),X)+ count((x,w),Y)

forall x e RP and w € Rxg.

Let K eNand Ay,...,Axk € Z. For all 1 €{2,...,K}, we let U,_ A}, = A;U (UL A). If
Ufe{:lAk = Z, then we call A.,...,Axg a partition of Z. If Ui{:lAk c Z, then we call
A1,...,Ag pairwise disjoint subsets of Z.

e XNY isadata set Z € Dom(RP ,R~() where
count((x,w),Z) =min{count((x,w),X), count((x,w),Y)}
for all x € RP and w € Rs.

For the sake of simplicity, we use this notation also for vectors: Recall from Definition 2.3
that we identify a vector (v1,...,upy) S R with an unweighted data set (Vm,1))menr €
Dom (IRD ,{1}). When we use our multi-set-like notation with respect to vectors, we refer to the
notation with respect to the corresponding unweighted data sets.
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2.2 Clusterings

In the following, we formalize our notion of soft and hard clusterings and describe the form
of the clustering tasks that we consider in this thesis.
2.2.1 Soft Clustering

In a soft clustering, each data point belongs to each cluster, but only with a certain probabil-
ity.

Definition 2.5 (soft K-clustering). Let K,N € N. A soft-assignment of an object to K clusters
is a discrete probability distribution over K classes. A soft K-clustering of N objects specifies
a particular soft-assignment (to K clusters) for each object.

We use the following notation to describe a soft clustering.

Definition 2.6. For each K € N, we denote the (closed standard) (K — 1)-simplex by

K
Zpkzl}.
k=1

Ag-1:= {(pk)ke[K] e[0,11%
For all K,N €N, we let

ANEg-1:= {(pnk)ne[N],ke[K] e[0,11V*K | Vn €[N]1: (Pnrlrelk] € AK—l} .

Notation 2.7 (soft K-clustering). We denote a soft-assignment over K clusters by a dis-
tribution (pplrex] € Ax-1. We describe a soft K-clustering of N objects by a matrix P =
(Prkdneinkeir] € AN, k-1 where (pupre(k] is the soft-assignment of the n-th object.

Given a soft clustering (pni)nein keik) Of the N data points of X = ((xn,Wn))nen, We say
that (x,,wy) is assigned to the k-th cluster with probability p,p.

We think of the k-th soft cluster of X = ((Xn,wn))pein) 8iven by P =(pur), r € AN k-1 @S
the data set

A;@X,P) = ((xn,wn 'pnk))ne[N] . 2.1

That is, if (x,,w;) is assigned to the k-th cluster with probability p,z, then its importance
(weight) in the £-th cluster is reduced to p,} - w,. Observe that the total importance of data
point (x,,w,) in the soft clustering is still given by its weight: Zle( Pnk Wy) =Wy,

2.2.2 Hard Clustering

In a hard clustering, each data point belongs to exactly one cluster. Hence, a hard clustering
is actually a special case of a soft clustering.

Definition 2.8 (hard K-clustering). Let K,N € N. A hard-assignment of an object to K
clusters is simply given by a single value in [K]. A hard K-clustering of N objects defines a
particular hard-assignment to K clusters for each of the N objects.

We use indicator vectors to formally describe a hard clustering.

Notation 2.9 (indicator). We refer to a vector (z)reix € {0, 13X as an indicator vector and to
a matrix (Zpk)ne(Ny,keik] € {0, 1K 45 an indicator matrix. We say that the indicator matrix
assigns the n-th object to the k-th cluster if z,;, = 1. Likewise, we say the indicator vector
indicates an assignment to the k-th cluster if zp = 1.

Note that indicator vectors and matrices might assign an object to more than one cluster
or to no cluster at all.
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Notation 2.10 (hard K-clustering). Let X = ((x,,w,)),en] be a data set. We describe a hard
K-clustering of X by an indicator matrix Z = (zp)ne(N1,ke(k] € {0, 1N*K yohere

K
Vnel[N]: Zznkzl.
k=1

We think of the k-th hard cluster of X = ((x,,wn)),e[n Siven by the hard clustering Z =
(Znk)neiN1 kel S

A;X’Z) = ((xp, wp - an))ne[N] , (2.2)

which is a re-weighted version of the original data set, or as
Ak = ((xy, wn))nE{mE[N] | Zmap=1} cX. 2.3)
Moreover, we denote data sets A € X also as hard clusters of X.

If Z € {0,1}V*K describes a hard K-clustering with clusters A1,...,Ax <X, then we have
Urerk1Ar = X. Moreover, hard clusterings are special kinds of soft clusterings: For each
indicator matrix H € {0,1}V*K that describes a hard clustering, we have H € AN K-1.

2.2.3 Clustering Problems

We stress the fact that we only consider clustering problems where we search for a clustering
with a predefined number of clusters K. We consider two types of such clustering tasks:
First, in Part II, we consider the fuzzy K-means problem, which belongs to the class of
representative-based clustering problems.

Problem 2.11 (Representative-Based). We are given a data set X € Dom (RP,Rxo), @ number
of clusters K € N, a set of representatives © < RD, q set of clusterings A € ANy k-1, and a
function

@:Dom(lRD,[Rzo) xOK xA-R.
Find representatives 01,...,0g € © and a clustering P € A minimizing ® (X,(Hk elK] ,P).

Note that each representative is from the same domain as the points in the given data
set (i.e., O;,x, € RP). That is, the k-th representative can be thought of as the prototype of
the points in the k-th cluster.

Second, in Part III, we consider a model-based clustering problem, namely the maximum
likelihood estimation problem for Gaussian mixture models.

Problem 2.12 (Model-Based Clustering). We are given a data set X, a set of generative
models O, and a function

® :Dom (IRD,IREO) xOm)—R.

Find a model 0 € © ) that minimizes ®(X,0).

In this problem formulation, we do not not explicitly mention a soft clustering. We
assume that the generative models 8 € O(x), which describe the generation of data sets,
implicitly depend on a number (of clusters) K. In Part III, we show that there is an obvious
way to derive a soft clustering P € Ay g1 for a given data set X and a generative model
0 € O(x), with respect to the maximum likelihood estimation problem for Gaussian mixture
models.



2.3. DESCRIPTIVE STATISTICS 25

2.3 Descriptive Statistics

Next, we define statistics that describe data sets and clusters.

2.3.1 Cluster Statistics

Recall from (2.1) and (2.2) that hard clusters and soft clusters can be thought of as re-
weighted versions of the given data set. In this thesis, we use the following statistics to
describe clusters in particular.

Definition 2.13 (weight). The weight of A = ((xy,@n))pern) € Dom (RP,R50) is
N
wA)=) a,.
n=1

Observe that w(A) >0 for all A € Dom (RP,Rx).
Definition 2.14 (mean). Let A = ((xy, @n))nern] € Dom (RP,Rx). If w(A) > 0, then the mean
of A is given by

N
anl AnXn

A) =
m(A) wid)
Otherwise, we let m(A) .= 0p be the zero vector.

Definition 2.15 (covariance). Let A = ((x,@r)),ecn] € Dom ([RD ,Rzo) and z € RP. The unnor-
malized covariance of A with respect to z is given by

N
ucov(4,z) = an(x, —2)x, — )T
n=1
In particular, we let

ucov(A) :=ucov(A,m(A)) .

If w(A) > 0, then the covariance of A is

ucov(A)

cov(A):= wd)

Otherwise, we let cov(A):=0p p be the zero matrix.

Definition 2.16 (cost, variance). Let A = ((xy, @n))nern) € Dom (RP,Rx0) and z € RP. The
cost of A with respect to z is the sum of squared Euclidean distances

N
d(4,2):= ) anlx,—2l3 .
n=1

The cost of A is
d(A):=d(A,m(A)).

The variance of A is given by
dA)

var (A) = m

if w(A) > 0. Otherwise, we let var(A) :=0.
For all A € Dom (IRD,[REO) with w(A) =0, we have d(A) =0 and ucov(A) =0.
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"Sample" Statistics. The quantities that we call the mean, variance, and covariance of A
are also denoted as the sample mean, sample variance (in case D = 1), and sample covariance
(in case D > 1), respectively (cf. Bishop, 2006, p. 27). This is because the data points in A are
assumed to be the outcomes (samples) of independently and identically distributed random
variables. Under this assumption, our statistics are (biased) estimates of the statistics of a
(presumed) underlying distribution. In Section 14.2.7, we formalize this idea.

Variance. The variance var(A) of a data set A € Dom (R”,R~0) with D > 1 should not be
confused with the sample variance of a set of real-valued samples or with the variance of a
single real-valued random variable. However, it can be interpreted as a sum of variances:

Lemma 2.17. For all A = ((xn, @),y € Dom (RP,Rso), we have
var(A)=Tr(cov(4)) .

Proof. 1fw(A)>0,then Tr(cov(A)) = X7_ (cov(A)aq = wig; LH_1 (EN.1 tn(xn —m(A))2) =
ﬁA) (Zflvzl a, Zgzl(xn - m(A))z) =var(A). f w(A) =0, then Tr(cov(A)) =0 =var(A) O

Hence, the variance var(A) can be thought of as the sum of the variances of the one-
dimensional (sample) data sets (((xn)q,wn))yeny With d € [D].

Consistency of Hard Cluster Notions. Recall from Notation 2.10 that we identify hard
clusters A, € X with data sets AZX’Z) for appropriately chosen hard clusterings Z. Observe

that the statistics of A, coincide with the statistics of these data sets AZX’Z).

2.3.2 Data Set Statistics

The following statistics will be useful to describe the given data set X, in particular.

Definition 2.18 (statistics of a data set). Let X = ((x,,wn)),en] € Dom (RD, [Rzo).
The range of X in the d-th coordinate is given by

rg(X) =max{(xp)g —(xm)q | n,me[N]} .
The diameter of X is given by
diam(X) :==max{llx, —xnlls | n,m e [N]} .

The minimum and maximum weight of a data point in X are

x) .

min °

=min{w, |ne€[N]} and wifa)x =max{w, |ne[N]} .

W
We describe the "extent" of the data set by the maximum Euclidean distance between
points (the diameter) or the maximum absolute difference between points per dimension
(the range). Observe that r4(X) = 0 and that diam(X)? < Zgzl rqg(X)2.
To describe the way the data points are scattered in the input domain R”, we use the
covariance cov(X) of the given data set X, which we defined in Definition 2.15.

2.3.3 Lemmata

In this section, we derive alternative formulations of the cost d(A) and the covariance
cov(A). The mean m(A) is exceptionally useful to understand both statistics.
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Observation 2.19 (zero). For all A = ((xn,a,))ern € Dom (RP,Rxo), we have

n=1 n=

N N
Z a,(x, —m(A)) = ( anxn) -w(A)- m(A)=0p and
= 1

N
Z an, ((xn -m(A))(x, — m(A))T — cov(A)) =ucov(A)-w(A)cov(A)=0pp ,
n=1

where Op denotes the D-dimensional zero vector and Op p denotes the zero (D x D)-matrix.
The following lemma is well known (Inaba et al., 1994, proof of Theorem 2).
Lemma 2.20. For every A € Dom (IRD ,[Rzo) and z € RP, we have
d(A,2) =d(A)+w(A)- |z—m(A)|? .

Proof. Let A =((xn,®n)),c(n)- Observe that

N
dA,2)= Y a,llx, —zlI2

n=1
N

=Y la, —m(A) +m(A) - 2113
n=1
N

= Z an {x,—mA)+m(A) -z, x, -m(A)+m(A)-z)
n=1
N

=Y ay (1, —m(A)[3 +2 (x, —m(A), m(A) - 2) + [|m(A) - z]|3)
n=1

N
=d(A)+2 ) ay, (x, —m(A), m(A) - 2) + w(A)- lm(A) - z|3 .
n=1

Due to Observation 2.19, the second summand computes to

N N

n=1

an{x, —m(A), m(A)-z) = < an(x, —m(A)), m(A)—z> =0.

n=1

This yields the claim. O

In particular, this lemma implies that z =m(A) is the vector minimizing the cost d(4, z).
For the unnormalized covariance, we obtain an analogous result:

Lemma 2.21. For every A € Dom (RP,R>¢) and z € RP, we have
ucov(A,z) = ucov(A) + w(A) - (m(A) - 2)m(A) - 2)T .

Proof. The proof is an analogon of Lemma 2.20 where we replace inner products by corre-
sponding outer products, which are bi-linear as well. Write A = ((x,, @5)),c(n7- We have

N
ucov(4,z) = Z an(x, —2)x, — )T
n=1

N
=Y ay(x, —m(A) + m(A) - 2)(x, —m(A) + m(A) - 2)T
n=1

N
=ucov(A)+ Y a,(x, —m(A)m(A)-2)"
n=1
N T
+ Y anlx, —mA))mA) -2)T | +w(A)-(m4)-2)m(4)-2)T,

n=1
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where, due to Observation 2.19, we have

N N

an(x, —m(A))m(A) - 2)" = ( @n (xn —m(A))) m(A)-2)" =0pp .

n=1 n=1

This yields the claim. O
With our definitions, we directly obtain the following corollary.
Corollary 2.22. For every A € Dom ([RD, IREO) with w(A)> 0 and z € RP, we have
cov(A,2) = cov(A) +(m(A) - 2)(m(A) - 2)T .

The following lemmata express the cost d(A) and the unnormalized covariance ucov(A)
of a cluster without explicitly using the mean m(A).

Corollary 2.23. For every A = ((xy, @n))pern € Dom (RP,Rx0) with w(A) > 0, we have

N
Zn:1 Ym<n nQm 1y —Xm ||§

d(A) = w )

Proof. Observe that

N N N
23 Y ananlltn—xml3=Y. Y amanlx, —xnll;

n=1m<n n=1n=1

I
M=

and(A,xn,)

S
1l
—

M=

an (d(A) +w(A)llx, —m(A)II%) (Lemma 2.20)

S
Il
—

N
=w(A)d(A)+wW(A) Y an llx, —m(A)]3 = 2w(A)d(A) .

n=1

This yields the claim. O

Corollary 2.24. For every A = ((xy, @n))nern € Dom (RP,Rx0) with w(A) > 0, we have

N T
Zn:l Yom<n CnCm(Xp — X N Xn — Xm)

ucov(A) = wd)

Proof. Analogously to Corollary 2.23, with the help of Lemma 2.21 instead of Lemma 2.20.
[

2.3.4 Scaling Weights and Copying Data Points

Sometimes it is useful to manipulate the data set. First, consider scaling all weights by the
same constant factor. We apply this trick in the proof of Theorem 3.21.

Lemma 2.25 (scaling weights). Let A = ((xn,@n))nen) € Dom (RP,Rx0) and s € Ry. For
the re-weighted data set Ag = ((Xn,S* @n))yein), We have w(Ag) =s-w(A), m(A;) =m(A),
cov(Ag)=cov(A), and d(A;)=s-d(A).

A4) (Ag) A)

Besides that, |Ag| = |Al, while wﬁf;,)( =8 Wmax GRA W =8 W L.
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Proof. By definition, we have w(A;) = Zle sa, = szgzl a, =s-w(A) and hence

N N
Zn:l $'@nXn Sznzl OnXn

Ag) = = =m(A;
m(4s) w(As) sw(A) m(4s)
Hence, d(A) = ery:ls-an lxn, —m(Ag)llg = S-ZIXZI an lx, —m(A)lg =s-d(A). Analogously, we
obtain ucov(A;) =s-ucov(A). Thus, cov(As) =ucov(A)/w(A;)=s-ucov(A)/(s-w(A)) =

cov(A). O

Second, consider adding (¢ — 1) copies of each data point to the data set. We apply this
manipulation in the proof of Corollary 8.8.

Corollary 2.26 (adding copies). Let A € Dom ([RD ,R=0) and c €. For the data set A. that
contains c copies of each data point from A, we have w(A.) =c-w(A), m(A.;) = m(A),
cov(A.)=cov(A), and d(A.)=c-d(A).

A4 (Ao) _ (4)

Besides that, |A.| =c-|Al, while wiﬁ‘;))( = Wmax and W =W o

The statistics change in the same way as they do when we scale the weights by a factor
c. However, the resulting data set is ¢ times larger than the original data set, while the
maximum and minimum weight of a data point remain the same.
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“There is nothing worse than a
sharp image of a fuzzy concept.”

Ansel Adams?!

Chapter 3

From Soft Clusters
to Hard Clusters

In contrast to soft clustering problems, hard clustering problems such as the K-means
problem have been well studied from a theoretical point of view. Accordingly, there are
numerous techniques to handle hard clustering problems. Unfortunately, most of these
techniques are not directly applicable for soft clustering problems.

In this chapter, we aim to cover the gap between soft and hard clusterings via a Monte
Carlo method: A soft clustering describes the assignment of data points to clusters via
probability distributions. That is, in principle, the soft clustering itself is deterministic.
However, we can make use of its inherent probabilistic interpretation. By simulating the
random assignment of each point, we can construct hard clusters. In the following, we show
that, with certain probability, the statistics of these hard clusters are similar to the statistics
of the given soft clusters.

Overview. First, we give an overview of some related work in Section 3.1 and sum up our
contribution in Section 3.2. In Section 3.3, we generalize and formalize our idea in terms of
a randomized algorithm. In Section 3.4, we give an overview of various probabilistic bounds
that can be used to analyse the algorithm and discuss their differences. In Section 3.5, we
use them to analyse the algorithm. In Section 3.6, we draw some conclusions from this
analysis: First, we prove the existence of hard clusters imitating a given soft clustering.
Second, we analyse the quality of a single run of the randomized algorithm. Finally, in
Section 3.6.3, we discuss a possible improvement and limits of these results.

Publications. In this chapter, we generalize and discuss two previously published results:
the analysis of the stochastic expectation-maximization algorithm (SEM) for Gaussian
mixture models (GMMs) presented in (Blomer et al., 2014) and the technique that helps to
"relate fuzzy clusters to hard clusters" from (Blomer et al., 2016, Theorem 5).

3.1 Related Work

The term Monte Carlo technique refers to a broad class of inference methods that are based
on random sampling. The main idea is to solve a problem, which might be deterministic in
principle, by using randomness. For an introduction to this topic, we refer to (Bishop, 2006,
pp. 523). There is a vast number of practical applications that make use of this technique,
such as the stochastic expectation-maximization algorithm (SEM) for Gaussian mixture
models (GMMs), which we consider in Chapter 15.

1Source: David Prutchi. Exploring Ultraviolet Photography, 2016.
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3.2 Contribution

The main contribution of this chapter is a detailed analysis of an algorithm that helps
to relate soft clusters to hard clusters by sampling hard assignments according to the
probabilistic interpretation behind the given soft clustering. We derive probabilistic bounds
on the similarity between the statistics of the resulting hard clusters and the statistics of the
given soft clusters. We keep our analysis modular and compare the application of different
concentration bounds. Later in this thesis, we show that these results are useful in three
regards: First, in Chapter 8, we use them to derive an approximation algorithm for the fuzzy
K-means problem. Second, in Chapter 15, we use them for an (non-asymptotic) comparison
of the stochastic expectation-maximization (SEM) algorithm for Gaussian mixture models
with the expectation-maximization (EM) for Gaussian mixture models. Third, in Chapter 17,
we use them to analyse a variant of the so-called soft K-means problem.

3.3 Imitating Softness by Randomness

We want to imitate soft assignments by sampling hard assignments according to the distri-
butions given by the soft assignments. Before we formalize this approach, let us introduce a
more general class of soft assignments for which this approach works as well.

3.3.1 Probabilistic Memberships

The following generalization of soft clustering matrices and soft clusters is useful with
regard to the fuzzy K-means problem, which we consider in Part II.

Definition 3.1 (probabilistic memberships). We call a matrix (r,z)ne(ny keik) € [0, 1IV*K g

probabilistic membership matrix if

K
Vnel[N]: Zrnksl.
k=1

We call its single entries r,}, € [0,1] probabilistic membership values.

A probabilistic membership matrix describes a relaxed soft clustering where some
elements are possibly not assigned to any cluster at all.

Definition 3.2 (clusters). Given a data set X = ((Xn,Wn))pen), the membership matrix
R = (rup)neiN1 kelk), and index k € [K], we let

(X.R) .
A7 = (X, Wh Tk nelN)

be the k-th soft cluster of X defined by the membership matrix R.

The n-th data point (x,,w,) is assigned to the k-th soft cluster with probability r,;.
Therefore, its weight (importance) in the k-th cluster is only 7,z - wy,.

Observe that the soft clusters that are given by a probabilistic membership matrix
(rn#)n k do not necessarily form a soft clustering. They do not necessarily "cover” the whole
data set: Possibly, we have Zlernk < 1 for some data point (x,,w,). Hence, the overall
weight of all data points Zle W(AZX’R)) in the clusters might be less than the overall weight
w(X) of the original data set.

Example 3.3 (fuzzy K-means). In the fuzzy K-means objective function, each soft assignment
Dnk 18 exponentiated by some number m € (1,00). For all (pnr), , € AN k-1 and n €[N], we
have Zlepfk < Zlepnk = 1. Hence, the matrix R = (p},)n r is a probabilistic membership
matrix. It defines the clusters AZX’R) = ((xn,wn -p?k))ne[m of X = ((Xn,wn)perny- In general,
the overall weight of these clusters sums up to less than w(X).
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3.3.2 Algorithm

We are given a probabilistic membership matrix R = (r,), » and a data set X = ((x,,wp)),. B
assigns data point (x,,w,) to the k-th cluster with probability r,;. We apply this probabilistic
interpretation as follows:

Algorithm 1 From Soft to Hard Clusters
Require: probabilistic membership matrix (r,z)neny reik] € [0, 11V*K and a data set X =
((xp, wn))nE[N] € Dom (RD ’ R"‘)
1: Let Aq,...,Ax be empty hard clusters.
2: for all n € [N] do
3: Sample (Z,z)rerx7 € 10, 1}¥X with Zle Znr €10,1} according to
Pr(Z,, =1 A VIe[KI\{k}: Z,; =0)=r,; for all £ €[K] and
Pr(VielKl: Z,=0)=1-YX r..
4: Add (x,,wy,) to the cluster A;, where Z,,;, = 1.
5: return (Znp)ne(N1kelk 1, (AR ke

3.4 Concentration Bounds

The statistics of the hard clusters constructed by Algorithm 1 can be interpreted as (matrices
of) real-valued random variables. In this section, we present different ways to bound
the probability that a real-valued random variable is far away from its expected value:
In Section 3.4.1, we state and discuss Markov’s and Chebyshev’s inequality. Then, in
Section 3.4.2, we derive some Chernoff-type inequalities. In the next Section 3.5, we apply
these inequalities to analyse Algorithm 1.

To illustrate the differences between the inequalities, we use the following example.

Example 3.4. Consider the number of heads in 100 fair coin flips. Formally, let F; be the
binary random variable that indicates whether the i-th flip is heads (F; = 1). Then we know
Pr(F; =1)=1/2, E[F;]1=1/2, and Var(F;)=1/4. Let X = 2}2‘1’ F; be the total number of heads.
We observe E[X] =50 heads in expectation.

Intuitively, observing no or 100 heads is extremely unlikely. To be precise, the probability
of this event computes to Pr(X = 0v X =100) = Pr(X = 0)+Pr(X = 100) = 2-(1/2)190 ~ 2.10730,

3.4.1 Elementary Inequalities

The most elementary bound is Markov’s inequality.

Theorem 3.5 (Markov). Let X be a real-valued non-negative random variable. Then, for all
a =1, we have

Pr(XZa~E[X])S§ .

Proof. A proof can be found e.g. in (Mitzenmacher and Upfal, 2005, p. 44). O

Example 3.4 (continued). Markouv’s inequality says that the probability of observing 100
heads is at most E[X1/100 = 0.5.

Apparently, this bound is often too weak to yield useful results. If not only the expected
value E[X] but also the variance Var(X) is known, then Markov’s inequality can be refined:
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Corollary 3.6 (Chebyshev). Let X be a real-valued random variable with finite variance
Var(X). Then, for all a =1, we have

1
Pr(IX -E[X]lza-v/Var(X)) < = .
a
Proof. A proof can be found e.g. in (Mitzenmacher and Upfal, 2005, p. 49). O

Example 3.4 (continued). Due to the independence of the coin flips, the variance of X
computes to Var(X) = z}g‘{ Var(F;)=100-1/4 = 25. Hence, Chebyshev’s inequality says that
the probability of observing no or 100 heads is at most (v/25/50)% = 0.01.

Note that Chebyshev’s inequality provides a bound on the absolute difference | X — E[X]|
(and not only on the difference X — E[X]) and, as can be seen in the example, usually yields
tighter bounds than Markov’s inequality. The only drawback is that we need to know and be
able to interpret the variance Var(X).

Overall, both inequalities presented in this section do not yield particularly tight bounds.
In spite of this, in Section 3.5 and Section 3.6.1, we use these inequalities to show that there
exist hard clusters that imitate given soft clusters.

3.4.2 Chernoff Inequalities

In comparison to the inequalities from the previous section, Chernoff bounds are exception-
ally tight as they give exponentially decreasing bounds on the probability that an observation
is far from its expected value (see Mitzenmacher and Upfal, 2005, p. 61ff). In the following,
we focus on deriving Chernoff bounds for random variables that are sums of mutually
independent random variables with bounded absolute value.

Using the Expected Value

The following Chernoff-type bounds measure the absolute difference between a random
variable and its expected value in terms of the expected value itself.

Theorem 3.7. Let X1,...,X, be mutually independent random variables in [0,1] and let
Y= Z?lei. Then, for all 1 €[0,1] we have
2
Pr(lY —E[Y]| 2 A-E[Y]) = 2¢ BV
Proof. A proof can be found e.g. in (McDiarmid, 1998, Thm. 2.3). O

Example 3.4 (continued). The Chernoff-type bound from Theorem 3.7 states that the proba-
bility of observing no or 100 heads is at most 2-exp(—50-1/3) =2-1077.

The following corollary explicitly states the maximum deviation that Theorem 3.7 guar-
antees for a given probability 6.

Corollary 3.8. Let X;,...,X,, be mutually independent random variables in [0,1] and let
Y=3",X; Let 5€(0,1). If we have

E[Y]=3In(2/0),

then

Pr (|Y —E[Y] = \/31n(?/6)\/E[Y]) <6.

Proof. Due to E[Y]=31In(2/6), we have 1 :=+/3In(2/6)/E[Y]1€[0,1]. Applying Theorem 3.7
yields the claim. O

From this latter proof we see that Theorem 3.7 is actually only meaningful for random
variables with a certain expected value.
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Using the Variance

In the following, we derive Chernoff-type bounds that measure the absolute difference
between a random variable and its expected value in terms of its variance. To this end, we
use the following lemma by Levchenko (2013).

Lemma 3.9 (A Chernoff-Type Bound). Let X1,...,X, be discrete and mutually independent
random variables with E[X;]1=0 and |X;| < C for all i € [n] and some constant C = 0. Let
Y =37, X;. Then, for all t =0, it holds

Pr(IYl > telC Var(Y)) < getle Var¥)2
where Var(Y) =37, Var(X;).
Proof. Just as the lemma itself, this proof is based on (Levchenko, 2013).

Due to symmetry, we only show Pr(Y > te’C Var(Y)) < 1- e te!C Var(Y)2,
By Markov’s inequality, we have

Pr(¥ 2 Av/Var(¥)) = Pr (" 2 Vo)) < ei\[;:;(]y

for all ¢ >0 and all A > 0.
Let Q; be the set of possible outcomes of X;. Then, we have

E|e™|= ¥ Pr(X; =)'

x€Q);
(tx)m
=) Pr(X;=x) Z ((Stewart, 2009, p. 772))
x€Q);
(tx)™
Z Pr(X;=x)- (1+tx+ Z )
x€Q);
(tx)™
=1+t -E[X;]1+ ) Pr(X;=x) Z
x€Q); m!
m+2
—1+ Y Pr(Xi=x) Z (t2) (E[X,1=0)
xeQ); +2)'
2 oo m
<1+ ZPr(Xizx)-(tx) 3 & (Ym=0: (m+1)(m+2)=2)
xeQ); 2 m=0 m!
(tx)
=1+ ) Pr(X;=x) 5 e ((Stewart, 2009, p. 772))
xEQi
Hence,
E[ tX]<1+ Y Pr(X;=x)- (tx) -e'C (X;1=0)
x€Q);
tzetC
=1+ Y Pr(X;=x)-a
xEQi
2 tC
=1+ Var(X;) , (3.1)

where we use the fact that Var(X;) = E[X iz] —(E[X;])? (Mitzenmacher and Upfal, 2005, p. 45)
and that, by assumption, E[X;]=0.
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Due to the mutual independence of X1,...,X,, we have

n

Var(Y) = ZVar(Xi) (3.2)
i=1

(Mitzenmacher and Upfal, 2005, pp. 46). Likewise, !X, ... % are mutually independent
and hence

_[1E [e%] (3.3)
i=1

n
E lnetXi
i=1

(Mitzenmacher and Upfal, 2005, pp. 46). Consequently,

n
E [etY] =E H e!Xi
i=1
n
=[]E [etXi] (Equation (3.3))
i=1
< l_[ (1+ 5 Var(Xi)J (Equation (3.1))
i=1
L e
gnete Var(X;)/2 (VaeR;: 1+a<e%)
i=1
= ptleVar(¥)2 (Equation (3.2))

Putting it all together, we have
Pr (Y >1 Var(Y)) < pt’¢" Var(Y)2—tAvVar(Y)

Set A := te'C \/Var(Y). With Boole’s inequality, the claim follows. O

Example 3.4 (continued). Observe that Y =X —E[X] for Y = Z}g(l) X, with X; =F; —1/2.
Note that E[X;]1=0, |X;|<1/2=:C, and Var(Y) = 25.

Let t € R be the value satisfying t-exp(t-C)Var(Y') =50. One can easily check that t € [1,2].
This means that t2e*C Var(Y)/2 € [25,50]. Hence, the Chernoff-type bound from Lemma 3.9
says that the probability of observing no or 100 heads is at most some probability § with
8=2-exp(t?etCVar(Y)2) e [4-10722, 2.10711].

As one can see from this example, it is somewhat demanding to apply Lemma 3.9.
Therefore, we try to substantiate this result as follows:

Theorem 3.10. Let X1,...,X, be discrete and mutually independent random variables with
E[X;1=0and |X;| < C for all i € [n] and some constant C =0. Let Y := Z?lei. Then, for all

6 €(0,1) we have
Pr(lYl > M/Var(Y)) <6

for
bs if VVar(¥)=C-%
A= 52 where bs=1/2eIn(2/6) .
C .
2 WorTigl otherwise ,

Proof. Let A(t) := te!C/Var(Y) and e(t) := 2~ AOVVard)2 g1 4 ¢ R,
Due to Lemma 3.9, we have Pr (Y| = A(t)v/Var(Y)) < e(¢) for all ¢ > 0.
First, consider the case vVar(Y) = Cv2In(%s)/e. We have A(0) =0 and

A1/C) = (1/C)er/Var(Y) = \/2e1n(%5) .
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Hence, due to the intermediate value theorem (Golub and Loan, 1996, p. 104) we know that
there is some #1 € (0,1/C] such that

Mt1) = v/ 2eln(2/6) . (3.4)

Due to the definition of A(-) and since 1 < 1/C , we have A(¢1) < t1-e-v/Var(Y). A combination
of this inequality with (3.4) implies
> —\/m ) (3.5)
evVar(Y)
Thus,

e(ty) = 2e—t§e‘ICVar(Y)/2

— 2e—t1~\/2eln(2/6)~\/ Var(Y)/2 (Equatlon (34))

VEED) . /56 T Var (Y
52e_(wVar<Y))' 2eIn(/0)-yVar(¥)/2 (Equation (3.5))

— 9, In@0) _ 5

This yields the first part of the claim.

. 21n(2/6)C
Second, consider the case v/Var(Y) < Cv/2In(%5)/e. Observe that Norol >0 and that

A(0) =0. Since A is a continuous and strictly increasing function, this means that there is a
value t9 € R, where

21n(2/86)C
VVar(Y)

Using the definition of A(-), we can conclude
AMEg) 2In(2/6)C
toel2C = = . (3.6)
? Var(Y) Var(Y)
Due to the condition v/Var(Y) < Cv/21In(%s)/e, it follows
21n(2/6)C e )
t2C s E (l/C)e(l/C) C )
(Cv2In(Zs)e)2 C

Hence, ¢ > % Putting all these inequalities together, we obtain

Mtg) =

toe

_ 42 ,t9C
€(t2) - 26 tze 2¢Var(Y)/2

2In(2/6)C
< 2e—t2(W)Var(Y)/2

— 9p—t2(In@/5)C)

(by Eq. (3.6))

<d (tg>1/C)
This yields the claim. O

Example 3.4 (continued). For & := exp(—49.3) <4-10722, we have

\/\Wzbm.J@ZC. 2In(2/5)
€ e

and v2eIn(2/6) = /2e(In(2) + 49.3) = 49.9. Hence, Theorem 3.10 tells us that the probability
of observing no or at least 100 heads is at most 4-10722. This matches the (lower bound on
the) probability that we derived in the last part of this example.

Finally, note that there are various other bounds, especially numerous kinds of Chernoff-
type bounds, that might be useful for our purpose. Some of these can be found in McDiarmid
(1998) and Mitzenmacher and Upfal (2005), for instance. However, to the best of our
knowledge, there are no bounds that would lead to substantially better results in the next
chapters.
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3.5 Analysis

With the help of the probabilistic bounds that we presented in the previous section, we can
now analyse the hard clusters constructed by Algorithm 1 in comparison to the given soft
clusters. In the following, we analyse the different statistics of the hard clusters separately.
Having said that, note that the statistics do actually depend on each other. For instance, the
mean and covariance of a hard cluster both directly depend on the weight of this hard cluster
(see Section 2.3). Thus, we do not only analyse the statistics separately but decompose each
analysis according to these dependencies. We defer the problem of combining the resulting
separate probabilistic bounds to Section 3.6, where we discuss two different applications.

3.5.1 Preliminaries

In the following, we consider an arbitrary but fixed probabilistic membership matrix R =
(rnk)neiny kerk] and data set X = ((x,,wn)),eny- We analyse the statistics of the hard clusters
A1,...,Ag € X that are constructed by a single run of the randomized Algorithm 1, given
the membership matrix R and data set X. We compare these statistics with the statistics of
the soft clusters of X defined by R. To keep our notation uncluttered, we use the following
shorthand notation throughout the rest of this chapter.

Notation 3.11 (shorthand notation). Given a data set X and a probabilistic membership
matrix R €[0,11V*E | we let

Wi =W (AZX’R)) , mp:=m (A;X’R)) , dp:=d (AZX’R)) , varp:=var (A;X’P))

ucovy :=ucov (AEQX’R)), and covy:=cov (A;X ’R))

for each k€ [K].

Recall from Algorithm 1 that the assignment of the data point (x,,w,) to the £-th cluster
is indicated by the value of the variable Z,,;, which we consider a binary random variable.
Likewise, each hard cluster Ay as well as each of its statistics can be considered a random
variable which depends on all the binary random variables {Z,; | n € [N1,l € [L]}. We will
extensively use the following properties of these binary random variables.

Lemma 3.12 (assignment variable). For each k € [K], the set {Z,, |n€[N1} is a set of
mutually independent random variables.
For all n € [N1, m € [N]with m # n, and k € [K], the following equations hold true:

E[Zul=E[Z}] =1,
ElZkZmkl =Tk me
Var(Z,) =rnr(1—rpz) , and

N

N
Var( an)= Zrnk(l_rnk)-
1

n= n=1

Proof. By construction, for each % € [K], the set {Z,;},¢[n is a set of mutually independent
variables. Z,,;, is a binary random variable. Hence, E[Z,,;]1=1-Pr(Z,;, =1)+0-Pr(Z,;, =0) =
Pr(Z,;, = 1) = r,;. Moreover, this implies that Zrzzk =Zyr. Hence, E [Zr%k] =E[Z,:]1="nk-
This means that Var(Z,;) = E [Zrzlk] —E[Z,11? = rpp(1—rpe). Due to the independence,
E[Zn;Zmi) =E1Zu ) E[Z ] and Var (X, Z,,) = YN Var(Z,;). This yields the claim. O
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3.5.2 Weight

We compare the weight w(Ap) of the 2-th hard cluster and the weight w;, of the k-th soft
cluster in terms of their absolute difference

N N
[w(Ar)—wp|= ZpkWn — Y TnkWn| -
n=1

n=1

Basic Properties of w(Ap)

w(Apz) is a sum of the scaled binary random variables w,Z,; with n € [N]. Hence, by the
linearity of expectation, E[w(Aj)] computes to the desired value

N N
=Y ElZpplwn =) rozwn=wp . (3.7

n=1 n=1

N
E:Aznklvn

n=1

E[w(Ap)]=E

So we have the nice property that |w(Az)—wyz| = [w(Az)—E[w(A)]l matches the form
of the probabilistic bounds that we considered in Section 3.4. Besides that, due to the
independence of the summands, we have

N N N
Var(w(Ap)) = Var anwn) = Z Var(an)w,% = Z rap(l— rnk)w% (3.8)
n=1 n=1 n=1
which is upper bounded by
N 2 X X
Var(w(Ap)) = Z rap(l—rppw; < wgna)x “Wp, = wgna)X-E[W(Ak)] . (8.9)
n=1

In the following, we measure the absolute difference |[w(Ap)— w;| in terms of the stan-
dard deviation y/Var(w(A)) and in terms of its upper bound 4/ wgg)x - Wy, respectively.

Using Chebyshev’s Inequality

We can bound [w(Aj)—w;| in terms of the standard deviation \/Var(w(Ap)) by using
Chebyshev’s inequality.

Lemma 3.13. Let 6 €(0,1) and k € [K]. We have

n=1

1 N
Pr(lw(Ak)—wkI 25-4 rnk(l—rnk)w%) <6? . (3.10)

Proof. Applying Corollary 3.6 and using (3.7) and (3.8) yields the claim. O

Using a Chernoff-Type Bound
In case the weight wy, is large enough, we can use a Chernoff-type bound to estimate the
difference |wW(Ap)—wy| in terms of 4/ wgfa)x “Wp.

Lemma 3.14. Let 6 €(0,1) and k € [K]. If we have
wy, = 3In(2/6) - u'X)

max

then we know

Pr||w(A)—wp| = 31n(2/6)-w§f§a)x-\/_wk) <5. (3.11)
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Proof. Observe that w(Ak)/winX;X = Zilan wn/wggx. Each summand anwn/wggx lies in
[0,1]. From (3.7) we know that E [w(Ak)/wggx = wi/wX) . Applying Corollary 3.8 with
Y =w(A)/wk) yields the claim. O

In comparison to Lemma 3.13, Lemma 3.14 uses a larger unit of measurement (3.9), but
bounds the difference by a smaller multiple of these units, namely, /31n(2/6) instead of 1/9,
with respect to the same probability of success 1—4.

3.5.3 Mean Vector

In this section, we analyse the squared Euclidean distance

N N 2
Zn:l ZnkWnXn Zn:l T'nkWnXn

3.12
w(Apz) Wy 3.12)

lm(Az)—my |3 =

2

Basic Properties of m(Ay)

Consider the quotient m(Aj) = Zflvzl ZopWrxn/wW(Ap). Observe that the numerator as well as
the denominator are both random variables which depend on each other through the random
variables {Z,}, | n € [N]}. In expectation, the numerator and the denominator compute to the
desired values: Due to the linearity of expectation and Lemma 3.12, we have

N N N
E[w(Ar)- m(Ap)]=E ZnpWnxn | = Y ElZyplwnxn = ) FppWnin, =W -my .
n=1 n=1 n=1

Besides that, E[w(Ap)] = wy, as already shown in the previous section. Unfortunately, due
to the dependency, this does not imply that E[m(Aj)] equals my,.

Decomposition of [m(A;) —m,, ||§
Observe that we can rewrite the difference as

Zgzlznkwnxn Zflv:lznkwnm Zflv:lznkwn(xn —my)
- b= )
w(Ap) w(Ap) YN Zapw,

m(Az)-my =

In the following, we consider the numerator and denominator of

2
YN Zpwa(x, —mp)
Im(A) - my |3 = [y Zron B E (3.13)
w(Ap)
separately. We already saw in Section 3.5.3 that we can upper and lower bound the denomi-
nator w(Ay). It remains to analyse the numerator

N 2 DpIN 2
Z Znpwn(xp —my)|l = Z Zznkwn(xn_mk)d (3.14)
n=1 92 d=1|n=1
Using Markov’s Inequality
We can bound the numerator in terms of its expected value via Markov’s inequality.
Lemma 3.15. Let 6 €(0,1) and k € [K]. We have
N 2 1 9
Pr Zanwn(xn -mp)| = 5 T | = 0, (3.15)
n=1 9

where

N
2= Y rap (=) w? lx, —my 3 . (3.16)
n=1
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Proof. Let My, := | £N_, Z,pw,(x, —my)||2. Observe that

N N
My, = < Znpwn(x, —myp), Z ZmpWm (X _mk)>
=1

n m=1

N N
= Z Z Znk ZohWnWm (Xp —Mp, Xy —Mp) .
n=1m=1

Because the expectation is linear, we obtain
N N
ElM]= Z Z E[Zu 1 Zoplwnwm (xp —my, Xy —my)

n=1m=1

N
=Y E[Z2,|willxy—mpll3+ Y. ElZuZoklwnwm ((xn —my), (X —my)) .
n=1 m#n

With Lemma 3.12, we can conclude

N
2 2
ElM]= Z TnkWy 2n —mp |5 + Z TakT mkWnW (Xp —Mp), (Xp, —my))
n=1 m#n
N 2 2 2 N
= Z (rnk —rnk) wy, X, —my |5 + Z PakmkWnWm ((xp —my), (X, —mpz))
n=1 m=1

I
M=

N
2 2
Tak(1=rpp)wy, lx, —my 15 +rnrwn <(xn - my), Z TmkWm (Xm _mk)>
m=1

S
Il
—

2 2
rnk(l_rnk)wn s, _mk”2 ,

I
M=

S
Il
—

where the last equality is due to Observation 2.19. Applying Markov’s inequality yields the
claim. O

Using a Chernoff-Type Bound

We obtain a more detailed bound by considering each of the D summands

N 2

Z Zppwp (xp —my)g
n=1

with d € [D] (3.17)

of the numerator (3.14) separately. We can measure the d-th summand in terms of its
variance by using a Chernoff-type inequality.

Lemma 3.16. Let 6 €(0,1), k€ [K], and d € [D]. We have

N
Pr( ZnrWp (Xp —Myp)g Elkd‘fkd) <o (3.18)
n=1
where
2 N 2 2
Thg = Z k(1= rpp)w;, (c, —my)y , (3.19)
n=1
bs =1 2eln(2/5) , and
bs if Tha = Z’?&Wg?xrd(X)
Abd = ) . (3.20)
(X)
by . vmasra(X) otherwise

e Tkd
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Proof. For each n € [N], define the real random variable
Mpyan = (Znk —Tnp)wn (xn —My)q .
Using Lemma 3.12 and the linearity of expectation, we get that E[M}4,]1 =0 and
Var(Mpan) = rap(1 = rpp)w? (o, —my)2 .

Since the Z,; are binary random variables and since each r,; lies in [0,1], we have
|Znr —7rrel < 1. Since (myp)y is a convex combination of the (x,); with n € [N], we have
|(mk - xn)d| <ry(X). A combination of these inequalities gives

\Mpdn| =1 Znk = k) - lwnl - [(en —mp) g | < Wi - Ta(X) .

Due to Observation 2.19, we know that Zivzl rupWwn(x, —myg) =0p. Hence,

My = Z Mpan = Z Znpwn (xp —mg)g .

n=1 n=1

With our previous results, we can conclude that E[M; 4] = Z]ry:l E[M}i,]1=0. Moreover, since
{Mpran}nerny is a set of mutually independent random variables, we obtain

N N
Var(Mpg) = Y. Var(Mpan) = 3. rap(1=rpp)w?(x, —myp)3 =12, .
n=1 n=1
Applying Theorem 3.10 with C = wanngd(X ) yields the claim. O

Comparison

Let us briefly compare our bound from Lemma 3.16 with our bound from Lemma 3.15.
Fix some %k € [K] and let M}, = ||ZN nkwn(xn mk)”z From Lemma 3.16 and Boole’s

inequality, we can conclude that My < ZD 12 72 »q holds true with a probability of at least
1-D-6. If the k-th cluster is scattered enough in the sense that

N
Vd e[D]: 1py :J Y rar(L-rppwi(x, —mg)? = b—wg{;xr X),
e

n=1

then, for all d € [D], the factor A4 is equal to v2e1In(2/6). That is,
D D
M, < Z Aidrid =2eIn(2/5)- Z T%d = 2e1n(2/6)-r,2e .
d=1 d=1

with probability 1 -6 -D, where 12 is defined as in Lemma 3 15. For the same probability
of success 1-D -6, Lemma 3.15 guarantees that M < 5= D 5 ‘L' . For sufficiently small §, our
bound from Lemma 3.16 is tighter.

Interpretation

Consider some fixed £ € [K] and let M}, == ||eryzlznkwn(xn —mk)||§. Assume that the k-th
cluster does not have too small a weight. More precisely, assume that wy, = ¢2 - 31n(2/5) -

wmax for some ¢ = 1. From Lemma 3.14, we can conclude that w(A) = (1—-1/c)w;, with a
probability of at least 1 —6. In this section, we derived a bound on M}, that uses its expected

value TZ as a unit of measurement (see Lemma 3.15). We combine the lower bound on
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w(Aj) and the upper bound on M}, via (3.12). Hence, we measure the squared distance
m(Az)—m; |I§ between the mean vectors in terms of the quotient TZ d/w}%. Observe that

2 D _2 N (X) 2 X X

Ty 2d-1Tkd - 2p=17nk 1 Wy Winax - 12, —mgll5 W di B Vo

— = 5 < 5 = -— = —=.vary, <vary,
Wk Wk Wk Wp Wp Wy

where the last inequality is due to our initial assumption that wy, = ¢2 - (31n(2/8 )wg?x).

To sum up, if the weight of the k-th soft cluster is large enough, then we effectively
measure the squared distance [m(Az) —my IIE in terms of a lower bound on the variance of
the k-th soft cluster.

3.5.4 Covariance Matrix

The difference between the covariance matrices cov(Aj) and cov;, can be described by the
Frobenius norm

ucov(4;) ucovy |

2
lcov(Ar)—covylly = ‘

w(Apr) wr llp
Basic Properties of cov(A}j)

Just as the mean vector m(Aj), the covariance cov(A}j) is the quotient of two random
variables that depend on each other through the random variables {Z,,;, | n € [N]}. Due to
Corollary 2.24, we have

uCOV(Ak) _ eryzl Zm<n Znk ZmpWnWm(Xn — Xm )Xy — xm)T

cov(Ay) = (3.21)
YT WAy w(Ap)?
In expectation, the numerator of this quotient computes to the desired value
N
E[w(Ar)? covAp)] =E| Y Y ZupZmkwnwm(n — ) —xm)T (Eq. (3.21))
n=1m<n
Y T
n=1m<n
N
= Z Z Tk mkWnWm Xy — Xm )Xy, —xm)T (Lemma 3.12)
n=1m<n
=W} - UCOVy = wz -COV}, . (Corollary 2.24)

Besides that, we already know from the previous sections that E[w(A)] = wp. Still, from
this we cannot conclude that the expected value of cov(Aj) computes to covy.
Decomposition of |cov(A;)—cov;| %

Now we could proceed analogously to our analysis of the mean vectors (Section 3.5.3). That
is, with the help of (3.21), we can write

IZN YN Zok Zompwnwm (B — 2 — 2T — cOVE) | 3
4w(Ap)t '

2
lcov(A)—covylly =

Due to the symmetry of each (x, — %, )(x, — %)” and covy, the numerator is equal to

N 2

N
Z Z ankawnwm ((xn _xm)(xn —xm)T —covk)
n=1m=1 F
D N 2
=2 X@-5i)| Y Y @ 6um)Zur Lt wnwn (n — xm)etn — ) —covi) |, (3.22)
i=1lj<i n=1m=sn ij
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where 6,, denotes the Kronecker delta. With the help of Lemma 3.12, one can compute the
expected value of the numerator and apply Markov’s inequality (similarly to Lemma 3.15).
However, this yields a quiet lengthy result for which we have no better interpretation than
for the results that we present in the remainder of this section. Besides that, since the
single summands of (3.22) are not mutually independent, we cannot apply our Chernoff-type
bounds as in our analysis of the mean vectors (Section 3.5.3). Therefore, we take a different
approach.

Upper Bound on |cov(A)—covy, II%
Instead of analysing [cov(A})— covy |p, we analyse the following upper bound.
Lemma 3.17 (upper bound). For all k € [K], we have

”Zfzvzl ZnkWwn (Ynk — COVk)”F
w(Ap)

2
lcov(Az)—covyllp < +|lm; —m(Ap)l3 ,

where, for all n € [N], we have
Yk = (tn —my)(x, —my)T e RP*D (3.23)
Proof. With the help of Lemma 2.21, we can write

ucov(A,,my)—w(Ayz)-(my, —m(Az)(my, —m(A)7
cov(AL)—covy = —y —covy,
k
_ucov(A;,my)—w(Ag)cov,
- w(Ag)

The numerator of the minuend computes to

N N
(Z anwnynk) - (Z anwncovk)

n=1 n=1

—(my —m(Az)(my, —m(Ap)T .

ucov(Az,mp)—w(Ag)covy,

Z Znkwn (Ynk — COVE) .

Observe that, for all v € RP, we have

oo ZZ((v» )’ sz o= (il(v)?r:llvllg.

i=1j=1 i=1j=1

Hence, the Frobenius norm of the subtrahend computes to
| m —m 4 my ~m(aT| | = my - mAan13
Finally, applying the triangle inequality yields the claim. O

We analyse and bound the single terms of the upper bound from Lemma 3.17 separately:
Recall that we already know how to bound the denominator w(Ap) of the first summand
and the second summand |my, —m(Ak)IIg. Hence, in the following, we only consider the
numerator ||Z£LV:1 Znp Wy (Ynk — covk)” g of the first summand. Observe that

N 2

Z ZnkWn (Ynk — €OVE)

n=

F
N
Z nkWn (Ynk — COVE);

n=1

292

_]:

NS

@.
I

—

—

2 2

N
2 Z Z ZnkWn (Ynk —COVk)ij > (3.24)
jeD1|n=1
Jj<i

s

@.
]
—

o

ZnkWn (Ynk — COV, )ii
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where the last inequality is due to the symmetry of the matrices y,; = (x, —my)(x, —my)T
and covy, (see Definition 2.15). Via Boole’s inequality, we will later combine the resulting
bounds into a bound on (the upper bound on) the difference between the covariance matrices.

Using Markov’s Inequality

We can bound the random variable from (3.24) in terms of its expected value by using
Markov’s inequality.

Lemma 3.18. Let 6 €(0,1) and k € [K]. We have

N 2 1
Pr( ZnhWn (ynp —covp)| = —-pg) <6, (3.25)
n=1 F 6
where y,p, = (xn —my)(x, —my) for all n € [N]and
Y 2 2
Pr =Y Tar(L=Tnp)w} lyne —cOVIIZ - (3.26)
n=1

Proof. The following proof is an analogon of Lemma 3.15. Observe that

2

N
Z ZnpWn (Ynr — €COVE)
n=1
N

Sk =
F

T

N
Z ZnkWn (Ynk — COVE), Z ZmkWm (Ymk —COVk)>
F

n=1 m=1

=

N
= Y ZukZ o Wn W Yk — €OVE, Ymk —COVE)E |
n=1m=1

where (-, )z denotes the Frobenius inner product. By linearity of expectation, we know
N N
E[S:1= ) Y ElZuZmplwnwm Ynk — €COVE, Ymk —COVE)E
n=1m=1

With the help of Lemma 3.12, we can conclude
E[S]

N
2 2

=) Tk llynk —€OVEIE+ D FpkmkWnWm (Ynk — COVE, Ymk — COVE)p

m#n

N
2 2 2
(T ke _rnk)wn | ynk — CcOVE ”F + Z TnkTmkWnWm Ynk — COVE, Ymk —COVE)f
m=1

I
M= 1

S
I
—

I
M=

m=1

S
I
—

N
2 2 2
(rnk =Ty |ynk — €OVE 7 + rppwy <ynk —covy, Y. TmkWn(Ymk — COVk)>
F

2 2
rnk(l_rnk)wn “ynk — COVyp ”F

I I
ENN) iMz

where the second to the last equality is due to Observation 2.19. Applying Markov’s inequal-
ity yields the claim. O
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Using a Chernoff-Type Bound
We can refine this bound by considering each of the D(D + 1)/2 different summands

2
withi,je[D], j<i

N
Z Znrwn (Ynk — covk)ij
n=1

of the random variable from (3.24) separately. We can bound the summand with indices
i,j €[D]in terms of its variance by using a Chernoff-type bound.

Lemma 3.19. Let 6 €(0,1), k€ [K], and i,j € [D]. We have

N 2
Pr( ZupWn (Ynk — COVE); >/1%ij~pzij) <6, (3.27)
n=1
where y,p, = (x, —mp)(x;, — mk)T for all n € [N],
2 N 2
Prij = Z Fak(1=rpp)wy, (Yne —mp); (Ynk -mg); , (3.28)
n=1
bs =v2eln(2/5) , and
bs if prij = 2l i (X)r (X)
Akl] = 2 _(X)
20 i K020 oy oripise

e Prij

Proof. For each n € [N], define the real random variable
Skijn = Znk = Tnk)Wn Ynk —COVk)ij )

where (ynz);; = (X, —mp)i(x, —my);. Since the Z,, are binary random variables and since
each membership r,;, lies in [0, 1], we have |Z,,;, —r,z| < 1. Since (my), is a convex combina-
tion of the coordinates (x,,)g with m € [N], we know that (x, —mp)g € [-r4(X), +ry(X)] for
all n € [N]. Hence, for all n € [N] and i, j € [D], we can conclude that (ypz);; = (xn —mpg);(x, —
my); € [—ri(X)-rj(X), +ri(X)-rj(X)]. As (covy);; is a convex combination of all values
(¥mr);j With m € [N1], it follows that (y,z —covy);; € [-2-1;(X)r(X), +2-1;(X)r;(X)] for all
n € [N]. Hence, |(yn —€0ovy);;| < 2ri(X)r;(X) for all n € [N]. Putting these inequalities
together yields

Skijn| = 1Znk = arl 1Wnl - |(yar — €OVE); | < 20 T (X)r j(X) .

Due to Observation 2.19, we know that

N N
Spij= Z Skijn = Z ZnkWn(Ynk — €0OVE)i(Ypr —COVE);
n=1 n=1

With Lemma 3.12, we can conclude that
E[Skijn]ZO and VaI‘(Skijn):rnk(l_rnk)wi(ynk_covk)l?j .

Hence, we have E[Sy; ;1 = 0. Moreover, since the summands Sy, ;, are mutually independent
random variables, we have Var(Sy;;) = p%ij'

Hence, applying Theorem 3.10 with C = 2W§12Xri(X )r j(X) yields the claim. O
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3.5.5 Cost and Variance
In this section, we want to measure the cost

N
n=1

of the hard cluster A, in terms of the cost d; = Zilv:lrnk wy llx, —myllg of the given soft
cluster. Recall that the variance var(A;) is the quotient of the cost d(A;) and the weight
w(Ap). Hence, our results from this section and our bounds from Section 3.5.2 can easily be
combined into an upper bound that measures the variance var(Ay) in terms of vary,.

Basic Properties of d(A)
Recall from Corollary 2.23 that

N 2
Zn:l Ym<n ZnkZmkWnWm 1Xn = Xm ”2
w(Apg) '

d(A) = (3.30)

We do not know whether the expected value of d(Az) computes to the cost dj. However, we
know that the numerator and denominator of (3.30) compute to the desired values: We have

N
ElwA) - dADI=E| Y Y ZpZnpwnwm %, — 2m |l

n=1m<n

Z ElZ 1 Zprlwnwm 1, —xm IIE (linearity)

m<n

[
M=

S
I
[y

I
M=

2
Y TakTmkWnW 1% — X1l (Lemma 3.12)
m<n

k- d(Ag) .

S
I
—

I
&

and, as we already showed in Section 3.5.2, E[w(A})] = wi. The ratio of these expected
value is equal to dy.

Now we could analyse the numerator and denominator from (3.30) separately via
Markov’s inequality and combine the resulting bounds via Boole’s inequality. However,
this bound does not yield better results in the following chapters. Besides that, we cannot
apply to Chernoff-type bounds (similarly to Section 3.5.3) since neither the summands of
(3.29) nor the summands of the numerator from (3.30) are mutually independent. Therefore,
we proceed as follows.

Upper Bound on d(A)
Consider the following upper bound. Due to Lemma 2.20, we have
N
d(Ap) = d(Ag,mp) - W(Ap)- Im(Ap) —mp 2 <d(Ay,mp) = Y. Zppw, lx, —myll? . (3.31)

n=1

The upper bound d(Aj,my) is a sum of mutually independent random variables. Due to the
linearity of expectation and Lemma 3.12, its expected value computes to

N N
E[dA;,mp)l= Y ElZplw, lx, —mil3= Y ropwn llx, —myll3 =dy . (3.32)
n=1 n=1
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Using Markov’s Inequality

We can easily bound the upper bound from (3.31) via Markov’s inequality.

Lemma 3.20. Let 6 €(0,1) and k € [K]. We have
1
Pr (d(Ak) > 5 ~dk) <é. (3.33)

Proof. Apply Markovs’s inequality to the upper bound from (3.31) and use (3.32). O

3.6 Conclusions

In this section, we present two different ways of using the probabilistic bounds from Sec-
tion 3.5. Again, we use the following shorthand notation:

Notation 3.11 (shorthand notation). Given a data set X and a probabilistic membership
matrix R €[0,11VK | we let

Wi =W (AZX’R)) , mgi=m (A;X’R)) , dp=d (A;X’R)) , varg:=var (A;X’P))
ucovy = ucov (AEEX’R)), and covy :i=cov (AZX’R))

for each k € [K].

3.6.1 Existence of Similar Hard Clusters

By combining our probabilistic bounds from Section 3.5 via the union bound and applying
the probabilistic method, we can prove the existence of hard clusters that imitate given soft
clusters. In this way, we obtain the following Theorem 3.21, which we will apply in Chapter 8
in the context of the fuzzy K-means problem. More precisely, the theorem is obtained by
combining our probabilistic bounds (on the similarity of the weights, means, and costs) that
are based on Markov’s and Chebyshevs’s inequality. In contrast to our Chernoff-type bounds,
which distinguish between several cases, these inequalities yield a much simpler result.

Theorem 3.21 (Existence of Similar Hard Clusters). Let X = ((xn,ws))yern; € Dom (RP | R,),
let R = (rpk)ne[N1kelk] be a probabilistic membership matrix, and € € (0,1]. Use Notation 3.11.
If we have

16K
VEke[K]: wj, = —uwX) (3.34)
€

max

then there exist pairwise disjoint hard clusters A1,...,Ag <X such that

1

w(Ayp) = 5 ‘Wz, (3.35)

||m(Ak)—mk||§se-ﬁ , and (3.36)
Wpr

d(4,)<4K -d, (3.37)

forall k € [K].
If R is a soft K-clustering of X, then the clusters A1,...,Ag form a hard clustering of X.
That is, UX_ A =X.

In the remainder of this section, we prove Theorem 3.21. A straightforward combination
of Lemma 3.13, Lemma 3.15, and Lemma 3.20 yields the following result:
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Corollary 3.22. Let ¢ € (0,1], X € Dom (RP,R,), and let R = (ry1)ne(N] £e[k] be @ membership
matrix. Use Notation 3.11. There exist pairwise disjoint hard clusters A1,...,Ax € X such
that for all k € [K] we have

\W(Ap)—wy| < VAK -1, (3.38)
T2
Im(A)-my |3 <4K-——~—— and (3.39)
(Wk - v4KTIk)
d(A;) <4K-d; , (3.40)

where 1 = \/2ng rap(1-— rnk)w% and T]% = Zévzl rop(1— rnk)w% llx, —myp |I§.

If R is a soft K-clustering of X, then Uf Ar=X.
Proof Apply Lemma 3.13 with 62 = 4K, Lemma 3.15 with § = 4K, and Lemma 3.20 with
6= 4K’ we can take the union bound and obtain that the inequalities stated in the lemmata

hold simultaneously with probability 1 - 3K - & > 0 strictly larger than 0. Finally, using
(3.13) yields the claim. O

Given this result, we can prove Theorem 3.21.

Proof of Theorem 3.21. Write X = ((x,wn)),ern)- Scale the weights of the data points by
1/w§§2,(, and let
N Wn
Wmax / ) ne[N]
Similar to Notation 3.11, let

wi = w (AT ding =m (AT | and &, =a (A

for each % € [K].

Let Aq,...,Ag = X be the pairwise disjoint subsets of X whose existence is guaranteed
by Corollary 3.22 when applied to the given €, the given membership matrix R = (r,z), %, and
data set X (instead of X). For each cluster Ak = ((xn,wn/wggx))nd c X with some I r SIN],
define the corresponding clusters Ay, := ((x,,wn))per, € X. '

Consider an arbitrary but fixed & € [K]. Due to Lemma 2.25, we have:

1 N 1
Wp = Wk m; =my d; = X -dg (3.41)
W W
max maX
o 1 o o
w(A) = — W(AR) m(A)=m(4;) d(A;)= (X) -d(Ap) (3.42)
Wimax Wmax

Moreover, due to (3.41) and Condition (3.34), we have

. 1
€-Wp =€- x) Wk = 16K (3.43)
max

In the following, we show that A, satisfies (3.35), (3.36), and (3.37). First, we prove
(3.35). With the help of (3.43), we can bound

V4K = ‘16 Vezwk < V;"k . (3.44)

Since we apply Corollary 3.22 to X instead of X, we have

=1 max max

2
J Y rar(1- rnk)( 5 ) Z rnk( 53 ) VW (3.45)
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Consider (3.38) from Corollary 3.22. By combining this inequality with (3.41), (3.42), (3.44)

and (3.45), we obtain

VIR W 1 1
o WA — Wil = [ WA )~ Wi | < VaKmy < 5 =
max max

This yields (3.35).

Next, we prove (3.36). Recall that we apply Corollary 3.22 to X instead of X. Hence,
with the help of (3.41), we can conclude

wy . (3.46)

2
7 (1 rnk>( (X)) lcn — g 13 (3.47)

wmax

I MZ I MZ

1
( x) )”xn mk”2 k x) dk . (3.48)

max max

Using (3.41) and our upper bound on v4K1n;, from (3.46), we obtain

1
Wk—\/ nk— ) Wk—\/ 77k— (X) Wk>0 (3.49)
max max
From (3.43), we can conclude
e 1
4K < — 3.50
7 ngx (3.50)

Consider (3.39) from Corollary 3.22. By combining this inequality with (3.41), (3.42), (3.48),
(3.49), and (3.50), we obtain

~ n 2

Im(Az) —my 15 = [m(A) - x|,
4K 9
S ~ Tk

(W, — V4K )?

2

<€ 1 1 1 1 1

S - —=W — W,

4 w90 2 W X,
dy

=€ —

This yields (3.36).
Finally, we prove (3.37). Consider (3.40) from Corollary 3.22. With (3.41) and (3.42), we
can conclude

1
(X) d(Ak) d(Ak)<4K dk W(X) ‘4K - dk
max max
This yields (3.37). O

3.6.2 Quality of an Imitation

As already explained in Section 3.4, our Chernoff-type bounds are tighter than those based
on Markov’s or Chebyshev’s inequality. Hence, to bound the similarity of the hard clusters
computed by Algorithm 1 and the given soft clusters, one should use our Chernoff-type
bounds. To obtain a bound on the "overall similarity”, one can simply combine the bounds
on the single cluster statistics via Boole’s inequality. In this way, we obtain the following
theorem, which we will use in Chapter 15 to analyse the stochastic expectation maximization
algorithm for Gaussian mixture models.
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Theorem 3.23 (Quality of an Imitation). Consider a single run of Algorithm 1 that is given
some probabilistic membership matrix R = (r,1)ne(N kelk] and data set X = ((Xn,Wn))ne[N]-
Use Notation 3.11. Let A1,...,Ag be the hard clusters constructed by the algorithm.
Let 6 €(0,1). Set as :=31n(2/6)-wiX) and bs := v2eIn(2/5).
If we have
VkelK]: w,=as,

then, with probability 1-K - (1 +D+ %) .6, for all k€ [K]and i, j € [D] we have

lw(Ar)—wil <\as VWt , (3.51)
Api Tri
(m(Ak)—mk)- < . , and (3.52)
| l| W _\/(1_5 /_Wk
A .. .. A /1 . TL:Th:
|(cov(Ay) - covy);;| < 2. PEi RiThj TRiTh (3.53)

+
VWESVES VW (- va)
where, for all k € [K] and i,j € [D], we have

N
2 2 2 2
Ty, = ) Pnr(1=ppi)wi (x, —my);
n=1
. bs. (X
bs if T = Luri(X)
i = :
ki by W ri(X)

- . otherwise

N
p2, ;= Y k(L= 1w (Ynk — €OVE); (Yni — COVE) ;i » where
n=1

Yk = (X —myp)(x, — mk)T for all n € [N], and

bs if prij = 220w T (X)r;(X)

Apij =
Y 262 v ri(Or0

i
. e otherwise

Proof. We combine Lemma 3.14, Lemma 3.16 and Lemma 3.19 by taking the union bound.
Thereby, we obtain that, with probability 1 - K - (1 +D + l@) -0, the events considered in
(3.11), (3.18), and (3.27) hold simultaneously for all d,i,j € [D] and %k € [K].

Fix some d,i,j € [D] and & € [K]. (3.51) follows directly from (3.11). To prove (3.52), just
observe that, due to (3.11) and (3.18), we have

|ZI,:]:1 anwn (2, —my, )d| Akd Tkd
AL)— = < . . 3.54
(m{A5) ~ma ) wAp) Swi-van v oo

To prove (3.53), we proceed as in the proof of Lemma 3.17. Let my, := (m; — m(Az))(my —
m(A;))T and y,z := (x, —mp)(x, —myp)T, for all n € [N]. Then,

cov(Ar,mp)—w(Ap)m
|(cov(Ak)—covk)iJ~|: ucov(Ag,mp) ~ w(Ax) ko _ ovk) (Lemma 2.21)
W(Ak) ij
Zgzlznkwnynk )
= N —mz —COVy
anlznkwn ij
YN Zprwnynk
< ”‘Al, nkWnJn —covy | |+]|(mp);] (triangle inequality)
anlznkwn ij

(22]:1 Znrwn (Ynk — covk))ij

= W(Ak) +|(mk)ij| .
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Due to (3.54) and (3.11), we have

AkilAkj ThiTkj
3 .
(\/Wk - ,/a(;) Wi

By combining these inequalities with (3.11) and (3.27), we obtain

|(mp);;| = |mp —m(A)); |- |(my, —m(AR));| <

Akij Prij Aridkj — ThiTkj
(cov(Ar)—covy); ;| = . +
| ”' VWE—Vas Wi (VWL —as)? wy
This yields the claim. O

For an interpretation of this result, we refer back to our discussion from Section 3.5.3
and to our application in Section 15.5.2.

3.6.3 Remarks

We showed that, for given a probabilistic membership matrix R, Algorithm 1 constructs hard
clusters that are similar to the soft clusters defined by R. However, some aspects cannot be
guaranteed.

Downsides. First, the hard clusters exhibit no locality property: Points that belong to the
same hard cluster are not necessarily "close" to each other. The distance between a point
and the mean of its cluster might be larger than any of the distances between this point and
the means of other clusters. This means that the convex hulls of the hard clusters are not
necessarily disjoint. The hard clusters themselves are pairwise disjoint, though.

Second, if the probabilistic membership matrix does not indicate a soft clustering, then
the hard clusters do not necessarily cover the whole data set: We only showed that there
exist pairwise disjoint hard clusters. In other words, these hard clusters do not necessarily
form a hard clustering. Nevertheless, in the special case that R € Ay k1 is a soft-clustering,
the hard clusters form a hard clustering (i.e., a UleA r=X).

Repeated Sampling. Usually, Monte Carlo methods make use of repeated sampling. We
can repeatedly run Algorithm 1 (M = 2 times) and merge the resulting hard clusters with the
same index. Thereby, we obtain hard clusters A1,...,Ax of a data set X; which contains M
copies of each point in the given data set X (i.e., | X/l =M -1X]). Clearly, the corresponding
probabilistic bounds on the (scaled) statistics of these hard clusters are better than the
statistics of hard clusters that are computed by a single run of Algorithm 1:

Example 3.24. Consider our bound from Lemma 3.13. Observe that E [%W(Ak)] =wy, and

Var (ﬁW(Ak)) = # Zflvzl k(1= rpp)w?. Hence,

1
Pr(

—w(A)—wy

1 N
i 26_MJ Zrnk(l—rnk)w%) 552.

n=1

However, the expected size of the hard clusters increases by a factor M (cf. Corollary 2.26
and (3.7)). Assuming that we want to process the resulting hard clusters instead of the soft
clusters, we have to accept that the computational costs (accordingly) increase by a factor M.
Moreover, even when we repeat the assignment M times, we can not ensure that all points
from X are covered with high probability (if R is no soft clustering). That is, there might
still be a data point that appears in none of the clusters. In other words, the probability
(1-(1- Zle rnk)M)N that each of the N points from X appears in some cluster might still
be very small.
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“Is taxonomy art, or science, or
both?”

Sydney Anderson!

Chapter 4

Introduction

Dunn (1973) was the first to present a fuzzy K-means objective function, which was later
extended by Bezdek et al. (1984). Today, fuzzy K-means has found numerous practical
applications, for example in image segmentation and biological data analysis, to name just a
few. There has been a lot of work on theoretical analysis, extensions, variants and heuristics
for the fuzzy K-means problem. However, previous to (Blomer et al., 2016), there had been no
algorithm with an approximation guarantee. In this chapter, we introduce the classical fuzzy
K-means problem, discuss its difficulties and flaws, and give an overview of the contribution
of this thesis.

Overview. In Section 4.1, we introduce the fuzzy K-means problem and the fuzzy K-
means algorithm. In Section 4.2, we discuss the difficulty behind the fuzzy K-means problem
in comparison to the well-known and well analysed K-means problem. In Section 4.3 and
Section 4.4, we give an overview of some related work concerning fuzzy K-means and K-
means clustering in general. More specific references will be provided in the subsequent
chapters. Finally, in Section 4.5, we give an overview of our contribution.

4.1 The Fuzzy K-Means Problem

In this section, we formally state the fuzzy K-means problem, describe a heuristic that is
known as the fuzzy K-means algorithm, and discuss its flaws.

4.1.1 Problem Definition

In addition to the number of clusters K € N, the fuzzy K-means problem also requires the
user to predefine the so-called fuzzifier m € (1,00), which determines the softness of the
clustering that is sought for.

Problem 4.1 (fuzzy K-means problem). Given X = ((xn,Wn))neN] < RP xR,, K €N and
m € (1,00), the fuzzy K-means problem is to find mean vectors C = (p)rex] RP and a soft
clustering P = (Dnk)ne[N1 kelk] € AN, K-1 minimizing

N K
OCPY= 3 Y pln [on sl
n=1k=1

The fuzzifier value m determines the softness of an optimal clustering. For m =1, the
problem would coincide with the classical K-means problem. Usually, practitioners choose
m = 2. We will briefly discuss and illustrate the choice of the fuzzifier value further in

1Source: Some Suggested Concepts for Improving Taxonomic Dialogue. Systematic Zoology, 23(1):58-70,
1974.
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Figure 4.1: A contour plot of the soft assignment probabilities of a point to a cluster (4.1): We
are given three mean vectors that are marked by crosses. We set the fuzzifier to m = 2. For
each point x, € R? in the plane, we evaluate the soft optimal assignment p, with respect to
mean p; (marked by the red bold cross).

Section 4.3.2. For the time being, note that the problem degenerates if we make the choice
of m € (1,00) part of the problem, because lim,,_.o,7™ — 0 for all r € [0,1). Hence, m is not
subject to optimization.

4.1.2 Fuzzy K-Means Algorithm

The fuzzy K-means algorithm is an alternating optimization algorithm for the fuzzy K-
means problem. It is given by the first-order optimality conditions of the objective function
(see Bezdek et al. (1987)):

For fixed means (i )rek), the optimal soft clustering (p,z),c(n) re(k) Satisfies

2
PP (s
b= ”xn Hr ”2 @1

— 2
ZéKzl ¢ = prll, ™

for all 2 € [K] and n € [N] where VI € [K]: x, # y;. If x,, coincides with some mean vector,
then x, can be soft-assigned arbitrarily among these mean vectors (i.e., all y; with y; = x,).
Figure 4.1 illustrates an optimal soft clustering.

For a fixed soft clustering (pnr)nein keix]> the optimal means (u)reix) satisfy

_ L n=1 Py Wnn
Be= N (4.2)
anlpnkwn

for all £ € [K] with ery:lp;"kwn > 0. For all k£ € [K] with nyzlpfkwn =0, the mean u; may
take an arbitrary form.
The fuzzy K-means algorithm alternates between updating the soft clustering and the

representatives according to these formulas (until some termination criterion is met).

4.1.3 No Guarantees

Hathaway and Bezdek (1988) show that the fuzzy K-means algorithm converges to a
saddle point or a minimum of the objective function. However, it is easy to see that the
algorithm might converge to an arbitrarily poor solution. The following observation have
been published in (Blomer et al., 2015, Observation 1) and mentioned in Blomer et al. (2016).



4.1. THE FUZZY K-MEANS PROBLEM 57

(=) s @
() :

Figure 4.2: Illustration for the proof of Observation 4.2. Assume the fuzzy K-means algo-
rithm is given means (uy, u2). Clearly, the algorithm should compute a soft clustering that
assigns x1 to uy to the same degree to which it assigns x4 to us.

Observation 4.2. Consider an arbitrary but fixed fuzzifier m € (1,00) and constant ¢ € [1,00).
Let a:=Vec-2m*2, Let X, € Dom ([Rz,{l}) be the unweighted data set that contains only the

four points
a -a -a a 9
X1 1 , X2 1 » X3 1 » X4 1 <R s

(YT

Start the fuzzy K-means algorithm with K = 2, fuzzifier m, the data set X, and initial means

1,. Then, in each round, the algorithm computes a solution (C,P) with (,b(Xm)(C,P) > c-gbggg my

and let

Proof. The following proof is a corrected version of the proof from (Blomer et al., 2015).

First, we derive an upper bound on (/)8?7; my 1O this end, consider the means C =

((—a,O)T,(a,O)T). Let Z be the hard clustering of X that assigns x2 and x3 to the first cluster
and x1 and x4 to the second cluster. Then, ¢(X"Z)(C ,Z)=4. Hence, ([)%g’m) <4.

Second, consider arbitrary means C = (5,7, (s,-t)T) = R? with s € [-a,a] and ¢t € [-1,1].
Denote the single means by u1 := (s,£)7 and pg := (s,—t)T. This setting is illustrated in
Figure 4.2. It is obvious that there are certain symmetries and that the fuzzy K-means
algorithm should compute a soft clustering that assigns x; to y; to the same degree to which
it assigns x4 to po. Formally, observe that ||x1 —,u1||2 = ||x4 — U2 ||2, ||x1 — U2 ||2 = ||x4 —H1)9»
||x2 -1 |2 = ||x3 — g ||2, and ng -1 ||2 = ||x2 — g ||2 Then, from (4.1), we can conclude that,
given C, the fuzzy K-means algorithm computes a soft clustering (puz), , With p11 = pag,
P21 = P32, P31 = p22, and p41 = p12. Then, given these probabilities, the algorithm computes
new mean vectors C = ((u, p)T,(v,¢)T) according to (4.2). From (4.2) and the specific form of
the soft clustering, we can conclude that

m,_ om, _ .m m m, _ om, _ .m m
= P10~ P18~ P30T Pyy@  Pyp® ~ P3pl ~ Pod+ P1pd _ v
m m m m m m m m
P11t Po; T P31t Py Dygt Pzt Doyt Py

and
m m m m m m m m
_P11tP31 P31 Py _ Pypt P33~ Poy~ Pig _
m m m m m m m m
P11t Po1 tP31 7Py Pyt P3gtPoytPig

That is, C takes the form C = (u,p)T,(u,-p)T) < R2 for some u € [-a,a] and p € [-1,1].
Consequently, started with the initial solution I,, each round of the fuzzy K-means algorithm
results in mean vectors that take the form ((s,£)T,(s,—#)T) = R? for some s € [-a,a] and
tel-1,11.

Next, we lower bound the cost of such means. Consider C = ((s,)T,(s,-t)T) = R? with
s €[-a,a] and t € [-1,1]. There are always at least 2 points in X, that have Euclidean
distance at least a from both means. Without loss of generality, we can assume that these
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points are xg and x3. Denote by (pnr), . the optimal probabilities, for the fixed means C. For
all n € [4], we have p,1+p,2 =1 and, hence, Z,zezlpffk > (%)m Combining these bounds gives

4 2 2 2 2
0700 = 3. Y Pl —allzz X PR+ Y. phia’ 2 oz e
n=1h=1 =1 k=1 2 @

where in the last inequality we use the fact that ¢8§’7; m) =

beginning. This yields the claim. O

4, which we proved in the

4.2 A Comparison with the K-Means Problem

The fuzzy K-means problem can be seen as a generalization of the K-means problem, which
is well-analysed and for which there are numerous approximation algorithms.

Problem 4.3 (K-means problem). Given a data set X = ((xy,wn))pen) < RP xRy and a num-
ber of clusters K €N, the K-means problem is to find means C = (up)re[r] RD minimizing

N 2
kmy (C):= ) wnmin{”xn — |5 | ke [K]} )
n=1

We denote the cost of an optimal solution by kmgf%.

Observe that the minimum used in the objective function implicitly models a hard
clustering. This means that the K-means problem is a combinatorial problem and, hence,
there exist exact algorithms. Besides that, there are numerous approximation algorithms.
We will an overview of these algorithms and related work in Section 4.4.

4.2.1 Similarities

Despite their obvious differences, there are several similarities between the fuzzy K-means
and the K-means problem.

Distances. The objective functions are similar in the sense that both are sums of squared
Euclidean distances between points and mean vectors, weighted by terms that depend only
on (soft) assignments. This enables us to use a key result regarding the K-means problem,
namely Lemma 2.20 (cf. Inaba et al. (1994)). We study the relation between the objective
functions more closely in Section 6.1.

Locality. In both clustering approaches, a point belongs more to means that are close
than belonging to means that are farther away: Consider some fixed means C = (uz)re[k]-
A K-means clustering assigns a data point solely to the cluster whose mean is closest. A
fuzzy K-means clustering assigns a data point to each cluster with some (possibly arbitrarily
small but) positive! probability (4.1). However, it assigns each point x, to closer means iy,
more than to means y; far away since

__2 __2
X — MEllo ™ L 71 P
R O R P ey

— 3 2
Z{;{:1 [EET Z{){:l [EET M

11n the following, we ignore the special case where a point coincide with some mean vector.
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(a) fuzzy K-means (m = 2) (b) K-means

Figure 4.3: Contribution of a point to the cost of a single cluster represented by u; (marked
by the red bold cross). Figure 4.3a depicts the fuzzy K-means cost: For each x, € R2, we
evaluate the cost p%l ||xn - ||§ of x, with respect to mean u; , where p,1 is the optimal
assignment for the given means (cf. Figure 4.1 and (4.1)). Figure 4.3b depicts the K-means
cost: For each x,, € R?, we evaluate ||xn -1 ||§ with respect to mean py, if x,, is not closer to
any other mean vector.

Special Case. The K-means problem is a limit case of the fuzzy K-means problem with
fuzzifier m = 1 (Huang et al., 2012):

Observation 4.4. Consider X = ((xy,wn))pern) € Dom (RP,R,) and C = (up)reix) S RP. Each
hard clustering Z = (zpp)ne[N1 kelK] that satisfies

VYne[NIVkelK]: zpp =1 = keargmin{|x, — |, | € [K]}

minimizes $'V(C,-) with respect to all soft K-clusterings of X.

That is, optimal mean vectors for the K-means problem are also mean vectors of an
optimal solution to the fuzzy K-means problem with m =1 and vice versa. In other words,
the fuzzy K-means problem is a generalization of the K-means problem.

4.2.2 Differences

In comparison to a K-means (hard) clustering, a fuzzy K-clustering is utterly soft.

Continuity of Assignments. Consider a fixed data set X and some fixed means C. Let
P be the optimal soft clustering of X, given the fixed means C. Now change the position x,
of a single data point a little bit. From the optimality conditions (4.1) we see that (for the
still fixed means C) each optimal assignment p,;, of this data point x, is influenced. This is
different from a K-means clustering. Assume x, is closest to the k2-th mean vector. As long
as we do not choose a position that is closer to one of the other means than to the 2-th mean,
we can move x, without changing its optimal hard assignment.

Wide-Ranging Assignments. Figure 4.3 illustrates the fact that in a classical fuzzy K-
means clustering each data point is assigned to each cluster. The figure shows three mean
vectors (marked by crosses) in the plane. Consider the mean vector marked by the bold red
cross, say t1. A hard assignment minimizing the K-means cost assigns only those points
to p; which are closer to (or, at last, not farther away from) p; than to any of the other
two mean vectors. Hence, all other data points do not contribute to the cost of the cluster
represented by u; at all. In contrast, each data point contributes to the fuzzy K-means cost
of this cluster.
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(a) K-means (b) fuzzy K-means (m = 2)

Figure 4.4: Example data set (points marked by circles) and three mean vectors (marked by
crosses). Figure 4.3b depicts the optimal partition of the data set induced by the K-means
cost of the given means. Figure 4.4b depicts the optimal assignments to y; (marked by the
red bold cross): For each x, € R?, we evaluate the optimal assignment p,; (4.1).

An Extreme Example. The discrepancy between fuzzy K-means and K-means clustering
is most striking in the, admittedly, extreme case where a mean vector is far away from
all the given data points. Figure 4.4 illustrates this case. Here, we are given three mean
vectors (marked by crosses) and data points (marked by circles) in the plane. The mean
vector marked by the bold red cross, say pi, is much farther away from all the data points
than the other mean vectors. A soft assignment (4.1) that minimizes the fuzzy K-means cost
(with fuzzifier m = 2) assigns roughly 8% of the membership mass to y;. The resulting soft
cluster contributes more than 16% to the overall cost of this solution. In contrast, for the
fixed means, the corresponding optimal K-means clustering assigns none of the points to
the cluster represented by p1. It does not even matter if we move this mean vector, as long
as we keep it far away from all points. In contrast, moving this cluster mean changes all
optimal fuzzy K-means soft assignments (4.1).

4.2.3 Statistical Assumptions

There is no statistical assumption behind the fuzzy K-means problem. Thus, the fuzzy
K-means problem is inherently different from soft clustering problems based on statistical
models, such as the so-called soft K-means problem (Mackay, 2003). It also means that
the nice statistical concept of consistency is not applicable here (see e.g. (Wald, 1949)). For
instance, Hathaway and Bezdek (1988) report that, unsurprisingly, optimal fuzzy K-means
solutions do not provide consistent estimators for normal mixtures.

In contrast, the K-means problem exhibits similarities to a soft clustering problem
based on statistical models: The K-means problem is related to the maximum likelihood
estimation problem for Gaussian mixture models (e.g. see Kearns et al. (1997)). Lloyd’s K-
means algorithm, which is the analogon of the fuzzy K-means algorithm, can be interpreted
as a limit of the expectation-maximization (EM) algorithm for Gaussian mixture models
(with fixed equal weights and for covariances converging to the zero matrix (see (Lloyd,
1982) and (Bishop, 2006, pp. 443)).

In Section 4.3.3 we give a brief overview of some variants of the fuzzy K-means problem
that are inspired by the estimation of Gaussian mixture models. They do not close the gap
of the missing statistical assumption, though.
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(a) soft assignment (m = 2) (b) soft assignment (m = 3) (c) soft assignment (m =5)

0.06

(d) cost (m =2) (e) cost (m =3) (f) cost (m =5)

Figure 4.5: Illustration of the impact of the fuzzifier values m € {2,3,5}:

We are given the 3 mean points p; =0, ug =1, and us =3 in R. For each point x, € [-1,4]
and each k €[3], we evaluate the optimal soft assignments p,; for the given means and the
resulting cost p7’, ||xn - Up Hg per cluster (4.1). Figure 4.5a through Figure 4.5¢ depict the
optimal soft assignments, while Figure 4.5d through Figure 4.5f depict the resulting costs
per cluster and the overall cost (gray).

4.3 Related Work

In the following, we give a brief overview of some work related to the fuzzy K-means problem
and algorithm. More information can be found in (Oliveira and Pedrycz, 2007), (Héppner,
1999), and (Yang, 1993), for instance.

4.3.1 The Fuzzy K-Means Algorithm

Bezdek et al. (1984, 1987) prove convergence of the fuzzy K-means algorithm to a local
minimum or a saddle point of the objective function. Among others, Héppner and Klawonn
(2003) and Kim et al. (1988) address the problem of determining and distinguishing whether
the algorithm has reached a local minimum or a saddle point. Furthermore, Hathaway and
Bezdek (1986) show that the algorithm converges locally. That is, started sufficiently close
to a minimizer, the iteration sequence converges to that particular minimizer. Hathaway
and Bezdek (2001) generalize the fuzzy K-means algorithm in the sense that they replace
the use of the Euclidean distance by an L) (semi-)norm. Hu and Hathaway (2002) compare
the fuzzy K-means algorithm with different general-purpose minimization methods (for
instance, Newton-type methods) and conclude that the fuzzy K-means algorithm is the best
and simplest method.

4.3.2 Fuzzifier

Which m Should We Choose? Recall that in our formulation of the fuzzy K-means
problem, the fuzzifier m is some fixed constant. Figure 4.5 illustrates the significant effect of
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Figure 4.6: Illustration of the impact of the fuzzifier function sg with € {0.25,0.5,0.75}:
We are given the 3 mean points p; =0, ug =1, and us =3 in R. For each point x, € [-1,4]
and each % € [3], we evaluate the optimal soft assignments p,; for the given means and
the resulting cost sg(pnz) ||xn - Up ||§ per cluster (see Section 5.3.3). Figure 4.6a through
Figure 4.6¢ depict the optimal soft assignments, while Figure 4.5d through Figure 4.5f depict
the resulting costs per cluster and the overall cost (gray).

changing the value of the fuzzifier. The question remains which fuzzifier m € (1,00) should
be chosen in practice. Often, practitioners just fix m = 2. However, there has been a lot of
work on this topic. As a starting point for more information, we refer to Huang et al. (2012).

Relax? There is a well-known variant of the fuzzy K-means problem that imposes a
relaxation on our notion of soft assignments. The restriction that the soft assignments form
a probability distribution (i.e., sum up to 1) is removed. Instead, a regularization term is
added to the objective function which ensures that setting all assignments to zero is not the
best solution. This approach is known as possibilistic clustering. A critical discussion of this
approach can be found in (Pal et al., 2005; Timm et al., 2004), for instance.

A Different Kind of Fuzziness? Klawonn and Hoéppner (2003) and Klawonn (2004)
consider several alternatives to the exponentiation p7, of the p,. They propose to use
1-p o 2P

1+ﬁp +mp ) (4.3)

with some fixed f €[0,1]. That is, they replace the term p’" in the objective function by the
term sg(pnz). Supported by some experiments, they claim that their fuzzifier function can
help to overcome the undesired effect that all data tend to influence all clusters (Klawonn
and Héppner, 2003, p. 10). Figure 4.6 illustrates this claim. A further alternative proposed
by Klawonn (2004) is to use the exponential fuzzifier function

sp(p) =

e’P -1
e¥ -1~
with some fixed y € [0,00). We discuss both alternative fuzzifier functions in Section 5.2.

ey(p):= (4.4)
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4.3.3 Extensions

There are numerous extensions and variants of the fuzzy K-means problem and the fuzzy
K-means algorithm (Hoppner, 1999; Yang, 1993). Let us briefly describe two well-known
extensions.

Gustafson and Kessel (1978) extend the fuzzy K-means problem such that it takes
into account clusters of different geometric shapes. To this end, they replace the squared
Euclidean distance by an Mahalanobis distance. That is, the representative of each cluster
is extended by a covariance matrix X5 € RP*P and the objective function becomes

N K
w();'n) (((/Jk>zk))k€[[{] ;(pnk)n,k) = Z Z wnpzlk(xn _/Jk)Tzlgl(xn — HE) -
n=1k=1

Since this objective function is linear in the precision matrix lel, one needs to add additional
constraints. To this end, they fix the determinant of each covariance: Given parameters
A1,...,Ax € Ry, which have to be chosen in advance, they add the constraints [X;| = A,
k € [K]. This means that the covariance matrix is allowed to be non-spherical (i.e., scale
differently along each direction). Yet, it cannot scale arbitrarily as its volume is fixed.

Gath and Geva (1989) extend the Gustafson-Kessel algorithm further by using notions
from maximum likelihood estimation for Gaussian mixture model: They enhance the rep-
resentation of a cluster by a covariance and a weight parameter and use an exponential
distance measure. That is, the representative of each cluster consists of a weight wy, € [0, 1],
a mean u € RP, and a covariance X;, € RP*P and the objective function becomes

VIZkl

We

N K 1
&0 (@rs ) ey (Pt dns) = 2 3 Py exp| = (tn = )" Ty (@ = )| -
n=1k=1
Note that though this cost function resembles the likelihood of a Gaussian mixture, it is not
the likelihood of a mixture model. For more information, we refer to Hoppner (1999).

4.4 More Related Work (The K-Means Problem)

For the K-means problem, there are numerous algorithms with performance guarantees.

4.4.1 The Bad News First

To get a coarse idea of the runtimes and the approximation guarantees of these algorithms,
take note of the following facts: The K-means problem is NP-hard for fixed K (even for K = 2)
(Dasgupta, 2008), and it is also NP-hard for fixed D (even for D = 2) (Mahajan et al., 2012).
Recently, Lee et al. (2017) showed that it is even NP-hard to approximate K-means within
a factor 1.0013. In other words, the problem is APX hard and there is no polynomial-time
approximation scheme (PTAS), given that K and D are not considered to be constants. In
case K is considered a constant, there is a PTAS for the K-means problem (e.g. Feldman
et al. (2007)). In case D is considered a constant, to the best of our knowledge it is not known
whether there is a PTAS.

4.4.2 (Few Practical) Approximation Algorithms

An overview of approximation algorithms for the K-means problem can be found in (Schmidt,
2014, p. 15), for instance. In the following, we just give a brief overview of some algorithms
that are important in the remainder of this thesis. We state all runtimes with respect to
unweighted data sets X € Dom (IRD ,{1}): First of all, Hasegawa et al. (1993) showed that
there is a very simple 2-approximation algorithm with runtime O(|X |K+1.K D). Shortly after,
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Inaba et al. (1994) showed that there is an exact algorithm with running time O(|X |DE+1y
The algorithm of Matousgek (2000) yields a (1+¢)-approximation in time O(|X|log(|X )Xe~2D)
(their algorithm was later improved by Har-Peled and Mazumdar (2004)). Moreover, there is
the famous K-means++ algorithm by Arthur and Vassilvitskii (2007). It is a randomized
algorithm that computes, in expectation, an O(log(K))-approximation in time O(|X|KD).
Aggarwal et al. (2009) show that the L-means cost of L = [16(K + vK)] mean vectors that
have been generated according to the K-means++ algorithm is, with constant probability, at
most a constant factor 20 worse than the cost of an optimal solution to the K-means problem,
which contains K mean vectors. Moreover, based on the same idea, they derive an algorithm
that, with constant probability, computes a constant-factor approximation for the K-means
problem and needs time O(|X|KD + poly(log(|X|,K))). Recently, Wei (2016) improved this
result and showed that it suffice to generate [1.2- K] means to obtain a factor of 10, with the
same probability of success. Bachem et al. (2016) proposed a faster variant of the K-means++
algorithm that can be used for massive data sets and that still produces good clusterings in
practise.

4.4.3 Clustering is Difficult - Except when It Is Not

When we apply a certain clustering algorithm, then we implicitly make assumptions: We
assume that the given data is "clusterable” and we assume that the optimal clustering,
which the clustering algorithm searches for, is meaningful to us. For an introduction to this
topic, we refer to Ackerman and Ben-David (2009) and Ben-David and Reyzin (2014). Yet,
there is no formalization that is commonly agreed upon.

For instance, Awasthi et al. (2010b) formalize assumptions on optimal solutions. Under
their assumptions, the K-means problem simplifies significantly: They state that there is a
polynomial-time approximation scheme (PTAS) for instances where a subset of K — 1 means
of an optimal K-means solution is at least a factor (1 + a) costlier than a (complete) optimal
K-means solution, for some constant a. This approach has some similarity to the so-called
elbow method (Tibshirani et al., 2001), which is used to decide whether some number L is
the "right" number of clusters. Yet, Ben-David (2015) criticize that these assumptions are
much too strict. The authors themselves discuss their assumptions in (Awasthi et al., 2010a)
in comparison to the assumptions made by Ostrovsky et al. (2006), for example.

Another example is the work of Tang and Monteleoni (2016). They present a new
initialization algorithm for Lloyd’s algorithm under a clusterability assumption. More
precisely, their assumption is that, in the sought clustering, the mean vectors of two different
clusters have a certain minimum distance, which depends on the K-means cost of the sought
clustering and the number of points in each cluster.

4.4.4 Constraints and Side Information

The notion of clusterability, which we discussed in the last section, can be seen as a way
to incorporate additional knowledge. Two approaches that incorporate knowledge in a
more direct manner are known as semi-supervised clustering and constrained clustering.
An example for semi-supervised clustering is the work of Wagstaff et al. (2001). They
incorporate background knowledge on the input data set which takes the form of must-links
and cannot-links that determine if two data points must or cannot be in the same cluster. An
example for constraint clustering is the work of Ding and Xu (2015). They consider various
versions of the K-means problem where the space of solutions is constrained. For instance,
they consider the r-gather clustering problem where each cluster must contain at least r
points.



4.5. OVERVIEW 65

4.5 Overview

In the following, we abstract from the classical fuzzy K-means problem. That is, we consider
a generalized version where we replace the exponentiation p:’:k of the soft assignment
probabilities p,; by the evaluation r(p,;) of a fixed fuzzifier function r. We call the resulting
problem the r-fuzzy K-means problem. The benefit of this approach is threefold: First,
the abstraction helps to gain a better insight into the properties of this problem. Second,
it improves the reusability of our results. Third, it helps to check whether our results
generalize to the fuzzifier function proposed by Klawonn and Héppner (2003).
The following chapters are organized as follows.

Chapter 5 introduces the r-fuzzy K-means problem formally and discusses its basic prop-
erties. We discuss properties that a reasonable fuzzifier function r should have and
identify additional useful properties.

Chapter 6 deals with two basic techniques that will be very helpful throughout the follow-
ing chapters: Section 6.1 relates the r-fuzzy K-means cost function to the classical
K-means cost function. Section 6.2 introduces the notion of negligible fuzzy clusters.
Simply speaking, we show that fuzzy clusters with too small a weight can be ignored if
we allow the total cost to worsen by a small factor.

Chapter 7 gives an overview of some simple algorithms for the r-fuzzy K-means problem.
We show that there are large-factor approximation algorithms and that there is a
simple but extremely slow (1 + €)-approximation algorithm.

Chapter 8 shows how our results from Chapter 3 can be applied. We combine our soft-to-
hard-cluster technique with the so-called superset sampling technique, which is well
known from the K-means clustering problem.

Chapter 9 comprises some very technical results that are used in the following two chapters.
We analyse a technique that has been introduced by Chen (2009) in a general way.
In simple terms, this construction can be used to construct a small discrete search
space, which we will do in Chapter 10, or to discretize the input points, which is a very
helpful trick that we will use (in the proofs presented) in Chapter 12.

Chapter 10 proposes a (1 +¢)-approximation algorithm for the r-fuzzy K-means problem.
It uses the technique from Chapter 9 to discretize the search space in such a way that
the resulting discrete search space is guaranteed to contain a (1 +¢)-approximation.

Chapter 11 shows that the well-known Johnson-Lindenstrauss lemma can be applied to
the r-fuzzy K-means problem. We show that it can be used to improve our results from
Chapter 10. Moreover, we discuss further dimension reduction techniques.

Chapter 12 presents a coreset construction for the r-fuzzy K-means problem. A coreset is
a small representation of a data set that preserves a certain property of the original
data set. Again, we make use of the construction introduced by Chen (2009), which we
analysed in Chapter 9.

Chapter 13 contains a summary of our techniques and main results. Furthermore, discuss
our results and suggest directions for further work.
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“The purpose of computation is
insight, not numbers.”

Richard Hamming'

Chapter 5

Basics

In this chapter, we introduce a generalized version of the fuzzy K-means problem where we
replace the exponentiation of a soft assignment probability by the evaluation of a fuzzifier
function r. We call this problem the r-fuzzy K-means problem. Our intention behind
this abstraction is to gain a better insight into the properties of the problem, improve the
reusability of our results, and to generalize our results.

Overview. In Section 5.1, we formalize the problem. In Section 5.2, we focus on the
fuzzifier function r. We discuss necessary as well as additional useful properties. Moreover,
we analyse the form that optimal soft clusterings take. Finally, in Section 5.3, we get back to
the different fuzzifier functions that we already described in Section 4.1 and Section 4.3.2
and analyse their properties.

Publications. In this chapter, we present unpublished ongoing work.

5.1 Problem Definition

The r-fuzzy K-means problem corresponds to the classical fuzzy K-means problem where we
replace the exponentiation of the soft assignments p,; by the evaluation r(p,;) of a fuzzifier
function r.

5.1.1 Cost and Clusters

In the r-fuzzy K-means problem we want to minimize the following objective function:

Definition 5.1 (r-fuzzy K-means cost). For each K €N, X = ((xn,ws))nern) € Dom (RP,Rxo),
and function r : R>g — Rxq, we let

N K
D (ke P) = Y. Y r(pap)wn |20 — |3
n=1k=1

be the r-fuzzy K-means cost of X with respect to the mean vectors (uy)rex] < RP and the soft
K—clustering P= (pnk )nE[N],kE[K]'

A soft K-clustering (pnz), 1 € AN k-1 assigns the n-th data point to the k-th cluster
with probability p,; (Notation 2.7). We call the values r(p,) fuzzified soft assignments.
Analogously, to the soft clusters A;X’P) =((Xn,Pnk - Wn)yerny of X given by P (Notation 2.7),
we define r-fuzzy clusters as follows.

1Source: Hamming, Richard (1962). Numerical Methods for Scientists and Engineers. New York: McGraw-
Hill. ISBN 0-486-65241-6.
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Definition 5.2 (r-fuzzy cluster). For all r :R>o — R>0 and P = (puk)ne[ni keix) € AN k-1, let

r(P) = (r(pnkDneiN1 kelK] -
For all X = ((xn,wn))yerny € Dom ([RD,IREZ()) and k € [K], we call

X,r(P
A;g r( )):((xn’r(pnk)wn)ne[N] A

the k-th r-fuzzy cluster of X given by P.

With this notation and our definitions from Section 2.3, we can identify

K N
CP()?((,Uk)ke[K],P) =) (AZX’r(P)),uk) and ) r(pup)w, = w(AZX’r(P))) . (5.1)
k=1 n=1

5.1.2 Induced Solutions

In this section, we consider an alternating optimization of the r-fuzzy K-means cost function.

Notation 5.3 (induced solutions). Let X € Dom (R?,Rxo), K €N, and r:Rxg — Rxo.
We call C* <RP r-fuzzy means of X induced by P € Axk-1if
C*earg min{gbg;)(C,P) ‘ C = (Up)rerr) < IRD} .
We call P* € A\x| k-1 an r-fuzzy K-clustering of X induced by C < RD, |C|=K, if
P* ecarg min{(/)gg)(C,P) | Pe A|X|,K—1} .

If the respective induced solutions exist, we use the short notation

¢ (P):=min{py (C*,P) | C* = ([ herx) SR} and

(PE;?(C) = min{([)g? (C,P*) p* EAlXI,K—l} .

For a fixed soft clustering, the induced r-fuzzy means can be computed easily:

Lemma 5.4 (induced r-fuzzy means). Let X € Dom (R, Rx), 7 : R0 — Rso, and P € Ajx| k1.
Then, r-fuzzy means (ux)rek] of X induced by P exist. In particular, for all k € [K] with
w(AZX’r(P))) > 0, the mean yy, satisfies

m =m(A;eX,r(P))) . (52)
Proof. The claim directly follows from (5.1) and Lemma 2.20. O

Given some means and an arbitrary black-box function r, it is obviously not clear how
an induced r-fuzzy clustering can be computed. In the following, we focus on continuous
functions r.

Lemma 5.5 (induced r-fuzzy clustering). Let X = ((x,,wn)),einy € Dom (IRD ,[Rzo) and let
r:Rsg — Rsg be a function. Let C < RP be a vector of K means.

1. If r is continuous, C induces an r-fuzzy K-clustering.

2. The set of r-fuzzy clusterings that are induced by C is not necessarily singleton.
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Proof. Observe that the simplex Ag_1 < RE is closed and bounded. Hence, the Cartesian
product (Ag_1DY < (RE)YN is closed and bounded. Since r is continuous and bounded, the
objective function fo (Ax-1)N — R with fo(P) = cp()?(C ,P) (where we interpret (Ax_1)") as
ANK-1S RY*K on the righthand side) is continuous and bounded. From the extreme value
theorem (Stewart, 2009, p. 964), we know that f¢ attains a minimum on (Ag_1)Y. This
yields Item 1.

Consider a set of mean vectors containing two means y and y;, & # [, that coincide with
one of the data points x, € X. Then we have r(pnz)wn, ||xn — iz ||§ +7(pp)Wn || — ||§ =0
for all p,r,pn €10,1]. This yields Item 2. O

Even though we know that induced r-fuzzy clusterings exist, we do not know how to
compute them yet. We will we deal with this question in Section 5.2.6 and Section 5.3.
5.1.3 Approximation

Lemma 5.4 and Lemma 5.5 imply the existence of an optimal solution.

Definition 5.6 (optimal). For all X € Dom (RP,Rx), K € N, and continuous r : Rsg — R0,
we denote the cost of an optimal solution to the r-fuzzy K-means problem with respect to X by

OR ) =min{pP(C,P) | C<RP with |C|=K, Pe A1} -

In the following, we aim to find an approximate solution.

Problem 5.7 ((1+¢)-approximation). Given X = ((x,wn))nern] € Dom (IR{D ,R.), a continuous
function r : Rsg — Rsg, K € N, and € € (0,1], the r-fuzzy K-means (1 + €)-approximation
problem is to find mean K vectors C c RP and a soft K-clustering P € AN k-1 such that

PPC,PY=1+e)- %% .

Observe that this problem has the following reasonable properties: First, the approxima-
tion factor is shift invariant: If we shift the data points by adding the same constant vector
¢ € RD to each point x,, then the value of the objective function does not change. Second, the
approximation factor is scale invariant: If we scale all points x,, and means u; by a constant
factor ¢ > 0, then the value of the objective function changes by the very same factor c¢. The
same happens if we scale the weights w,. In Part III, we will deal with an objective function
that does not fulfill the latter property.

5.2 Fuzzifier Functions

In this section, we focus on the function r. First, we propose fundamental constraints and
some additional useful constraints. After that, we aim to specify induced r-fuzzy clusterings
further. In the next Section 5.3, we present some concrete fuzzifier functions r.

5.2.1 Definition

We claim that the function r should satisfy the following properties.
Definition 5.8 (fuzzifier). A function r :Rsg — Rxq is a fuzzifier function if
1. ris continuous,
2. r(0)=0and r(1)=1, and

3. ris strictly increasing.
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This definition describes some of the very basic properties of the function r(p) = p™,
m € N, which is used in the classical fuzzy K-means problem. In the next section, we show
that these basic properties ensure that a fuzzy K-means clustering has some similarity to a
K-means clustering.

5.2.2 Basic Properties

In this section, we show that an r-fuzzy clustering with a fuzzifier function r has still some
similarity to a K-means clustering. We already discussed some of the following properties
with respect to the classical fuzzy K-means problem in Section 4.2.1.

Locality. We demand that a fuzzifier function is strictly increasing. This helps to preserve
a locality property, which we already described in Section 4.2.1:

Lemma 5.9 (locality). Let r : R>g — Rxg be a fuzzifier function, C = (Up)rer] RP, and
(p,wy) ERP xR,. Let (Pnrrerr] € Ax-1 be an r-fuzzy clustering of (x,,w,) induced by C.
Then, for all L,k € [K], we have

ln = plly <lln=pualls = Porzpni-

Proof. Consider some yy, uy, € C with ||xn - Up ||2 < ||xn - H2 By definition, (pp)rex) min-
imizes the cost Zler(pnk)wn ||xn—,uk ||§ Besides that, we know that w, > 0. Hence,
r(Dnr) | 2n = 11 |5 + 70 |50 = ]| < 7D || %0 =ttt || + 7(put) | — b1t | 3. This means that
r(pnk)(”xn - Up “3 - ||xn - Uy ||§) <r(pn1) (”xn - Up ||§ - ||xn — ||§) By assumption, we have

(||xn — Up ||§ - ||xn - H;) < 0. Therefore, we know that r(p,z) = r(p,;). Since r is strictly
increasing, we can conclude that p,; = p,;. This yields the claim. O

Hence, in an r-fuzzy K-means clustering, points are assigned more to those means that
are closer than to those means that are farther away.

Cost of a Hard Clustering. By demanding that (0) = 0 and (1) = 1, we ensure that
hard assignments are preserved exactly by the fuzzifier function.

Observation 5.10 (cost of a hard clustering). Let X € Dom ([RD ,[R€+) and let r : Rsg — Rxq be
an arbitrary but fixed fuzzifier function. Consider some means C <RP. Let Z be the K-means
hard clustering of X induced by C (cf. Observation 4.4). Then, (/)E?(C ,Z)=kmy (C).

Monotonicity of Solutions. Simply speaking, the property that r(0) = 0 implies that we
do not increase the cost when we add some more mean vectors to our solution.

Lemma 5.11 (monotonicity). Let X € Dom (RP,R,), let r :R=o — Rxq be a fuzzifier function,
and C = RP a vector of mean vectors. Then,

vCcC: pPC0)=¢P(C).

Proof. Let P = (Pnk)n r be the r-fuzzy |C’|—clustering of X induced by C. Let P be the |C|-
clustering of X that assigns (x,,w,) to yr € C\ C with probability 0 and that assigns (x,,w,)
to up € C with probability 5,. Since r is a fuzzifier function, we have r(0) = 0. Hence, by
construction, ¢ (C) = pP(C,P) = ¢'P(C,P) = ¢)(C). This yields the claim. O

Again, observe that the K-means cost function exhibits the same property. That is, by
adding a mean to a set of means we do not increase the (fuzzy) K-means cost of an induced
solution.
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No Probabilities. Be aware that Definition 5.8 does not ensure that a fuzzified soft
assignment r(p,z) can still be thought of as a probability. There might be some p €[0,1]
with r(p) > p. Hence, there might be a soft assignment (pg)p¢(x) € Ax-1 with Zi{zl r(pp)>1.

5.2.3 Bounded Contribution

In a soft clustering, each point belongs to each cluster with some probability p,z. In the
r-fuzzy K-means cost function, these probabilities p,; are fed to the fuzzifier function r. The
resulting fuzzified probabilities r(p,%) might be arbitrarily small. Even the sum Zi{zl r(pnr)
can be arbitrarily close to zero. This means that the respective data point (x,,w;) might
contribute an arbitrarily small share to the overall r-fuzzy K-means cost. In the remainder
of this thesis, we sometimes require that each data point contributes a certain minimum
share to the overall cost.

Definition 5.12. For each fuzzifier function r :Rsg — R>g and K € N, we let

K

c (K):= min{ Y r(pr)
k=1

(Pr)rerr € AK—l}

be the minimum contribution in an r-fuzzy K-clustering.

Note that this minimum always exists: For each fuzzifier function r, the function
g: Ag-1— Rso with g((pr)rexy) = Zé{zl r(p) is continuous and lower bounded by 0. Since
the simplex Ag_1 < RX is closed and bounded, c;(K) exists (Stewart, 2009, p. 964).

We do not need to know this minimum contribution exactly, but we do need to know a
lower bound on this value. This is why we consider the following property:

Definition 5.13. Let ¢, :N— (0,1]. A fuzzifier function r is ¢,-contribution-bounded if
VKeN: 0<ec(K)<c (K) and c(K)=c(K+1).

We stress the fact that whenever we mention c¢,.-contribution-bounded functions, we
implicitly assume that ¢, is a function ¢, : N — (0, 1].

To check that this definition is reasonable, we show that every fuzzifier function r is
c;-contribution-bounded.

Lemma 5.14. Let r:R>g — Rxq be a fuzzifier function. Then,
VKeN: 0<ec (K)<1 and c;/(K)=c (K+1).

Proof. First, we prove that ¢ (K) €[0,1]. Consider an arbitrary but fixed (pz)pe(x) € Ax-1.
Observe that, since for all (p3);c(x) € Ak-1 we have Zlepk =1, there exists a k € [K] with
pr > 0. Since a fuzzifier function is strictly increasing, we have r(p;) > 0. Besides that,
for all [ # %k, we have r(p;) = 0. Hence, c;(K) > 0. Next, consider some p € Ag_1 N[O, 1%,
Observe that Zi{:l r(py) =1 since a fuzzifier function satisfies 7(0) = 0 and r(1) = 1. Hence,
c;(K) < 1. This yields the first part of the claim.

To prove the second part of the claim, consider some (pz),cix) € Ax-1- Let (Pr)reix+11 €
Ag with pp = pp for all k € [K] and pg+1 = 0. Since r is a fuzzifier function, we have r(pg+1) =
r(0) = 0. Therefore, ¥¥_ r(pz) = XX r(p1). Hence, {XX_ r(pr) | (0r)peix_11€ Ar-1} €
{XK*1r(pr) | (PR)reix) € Ak} This yields the claim. O

We do not need to know the function ¢ exactly. As said before, we will need to be able to
compute a lower bound ¢,(K) in advance. This goes without saying that ¢,(K) should be as
large as possible.
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5.2.4 Bounded Increase

Assume that we know that two soft assignments p,,; and p,,; are very similar. More precisely,
assume that there is a small € > 0 such that p,; <(1+¢€)p,%. The cost function (bé? depends
on the fuzzified probabilities r(p,z). So we can make use of the fact that p,,; <(1+¢€)p,z
only if we can deduce something about the relation between the fuzzified probabilities r(p,;)

and r(p,z). This leads us to the following property:

Definition 5.15. Let i, € [1,00). A function r :R>g — Rxq is i,-increase-bounded if

€
1+_—
1,

Vpel0,1] Vee[0,1]: r(

-p) =(1+e¢):-r(p).

Hence, if r is an i,-increase-bounded fuzzifier function, then for all p,q € [0,1] with
q < (1+¢/i,)p we have r(q) < (1 +¢e)r(p). We stress the fact that whenever we talk about
i--increase-bounded functions, we implicitly assume that i, is some value with i, € [1,00).

Let us briefly discuss this property in the context of continuity and derivatives. First,
consider a continuous function r. By definition, for each p €[0,1], there exists some 6, >0
such that for all p’ €[1+£6,] we have r(p') € [1£€]-r(p). In particular, r(p +6,) < (1 +¢€)-r(p).
Definition 5.15 demands that 6, := f p fulfills the latter inequality. Second, assume that
r is differentiable and that its first derivative r’ is strictly increasing. Then we know that
r((l + f) -p) < r(p)+€-§ -r ((1 + f) -p). So if 7’ ((1 + f) -p) < %’r(p), then we know that r is
increase-bounded. To sum up, if r does not increase too fast, then it is increase-bounded.

5.2.5 Reducing Probabilities

Simply speaking, the following property ensures that fuzzified probabilities can still be
thought of as probabilities.

Definition 5.16. A function r :R>g — Rxq is [0, 1]-reducing if
Vpel0,1]: r(p)<p.

Observe that, if r : R>9 — R>¢ is a [0, 1]-reducing function and P = (pux), 1, € AN k-1, then
r(P)=(r(p nk))n,k is a probabilistic membership matrix (Definition 3.1). This means that we
can apply our soft-to-hard clustering technique from Theorem 3.21 to r-fuzzy clusters if r is
[0,1]-reducing. We will pursue this idea in Chapter 8.

5.2.6 Induced r-Fuzzy Clusterings

Unfortunately, it is not enough to know that an induced r-fuzzy clustering exists. We have
to be able to compute an induced r-fuzzy clustering in reasonable time. In this section, we
aim to specify the form that an induced r-fuzzy clustering takes, to the extent possible, for
certain classes of fuzzifier functions.

Independencies
First and foremost, take note of the following useful observations.

Lemma 5.17 (|X| independent observations). Let X = ((x,wn))nen) € Dom (RP,Rxo), C =
(Urrer] RD, let r:Rsg — Rsq be a fuzzifier function, and let P = (puk)peiN) keik] € ANK-1-

P is an r-fuzzy clustering of X induced by C if and only if, for each n € [N] with w, >0,
(Pnr)relr) s @ vector that minimizes

K 2
Z r(pnk) ”xn —Hr “2

subject to (pnr)relk) € Ak-1.



5.2. FUZZIFIER FUNCTIONS 73

Proof. Consider an arbitrary but fixed r-fuzzy clustering P = (pnz), ; of X induced by C.

. . 2 .
That is, (pn), , minimizes gbgg)(C,(pnk)nyk) =N w,- (Zler(pnk) [lxn — pe ||2) subject to:
(pnr)rerr) € Ax -1 for each n € [N]. Hence, for each n € [N] with w, >0, (p,2)re[k] 1S a vector
that minimizes Zfe{:lr(pnk) ||xn - Up ||§ subject to (pnr)reix] € Ax-1. For each n € [N] with

wy, =0, we have w,, - (Zler(ﬁnk) ||xn - Up ||§) =0 for all (P,z)rerx] € Ak-1. O

Corollary 5.18 (independence of positive weights). Let C = (uz)rerx] < RD, let r:Rso — Rso
be a fuzzifier function, x € RP and v,w € R, with v #w. An r-fuzzy clustering of (x,v) induced
by C is also an r-fuzzy clustering of a data point (x,w) induced by C.

A Vital Assumption

The algorithms presented in the following sections heavily rely on the assumption that,
given K means, an induced r-fuzzy K-clustering can be computed.

Assumption 5.19 (computation of an induced r-fuzzy clustering). There is an algorithm
that, given a point x € RP, means C < RP and a fuzzifier function r: R=g — Rsq, computes an
r-fuzzy K-clustering of a data point (x,w) with weight w € Rxq induced by C in time

D -t.(IC]),
for some t,.(|C|) € Q(|C|) that only depends on |C| and r.

In the following, we will not explicitly point out whether an algorithm depends on this
assumption. However, if it does, then the factor t,.(K) will appear in the corresponding
runtime bound.

Probability Zero

In contrast to a classical fuzzy K-means clustering, an induced r-fuzzy clustering might
possibly assign a data point to some of the clusters with probability zero. For example, the
fuzzifier function sg, which we presented in Section 4.3.2, exhibits this property. Nonetheless,
assignments with probability zero behave as to be expected:

Corollary 5.20 (monotonicity). Let r:R>o — Rxo be a fuzzifier function, C = (up)reix] S RD,
and a data point (xp,w,) € RP xR,. Let (Pnr)reir) € Ak -1 be an r-fuzzy clustering of (xn,wy)
induced by C. If p,;, =0 for some k € [K], then for all | € [K] with Hxn — U ||2 > ||xn —Ur
have p,; =0.

9 We

Proof. Apply Lemma 5.9. O

First-Order Optimality Conditions

We can describe an induced r-fuzzy clustering via the first-order optimality condition of the
cost function. This approach has also been pursued by Klawonn and Hoppner (2003) and
Klawonn (2004). In contrast to them, we formalize all results, consider arbitrary fuzzifier
functions, and provide complete proofs.

As explained in the previous section, it is possible that an r-fuzzy clustering P = (pnz), 2
induced by C assigns a data point to some of the clusters with probability zero. In other
words, there might be a soft assignment (p,z),¢[x; of some point x, that does not lie in the
interior (but on the border) of the simplex Ag_1. In this case, P does not necessarily satisfy
the first-order optimality conditions of the function (,bf,?(C ,-). For this reason, the following
lemma takes a slightly complicated form.
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For each data point (x,,w,), consider a set I,, c [K] that determines which assignments
are not fixed to probability zero. That is, for all 2 ¢ I,,, we set p,,;, := 0. Then we use the
first-order optimality conditions of the cost function to determine the values p,; € R with
kel and Y pc; par = 1 that minimize the cost function. If I,, indicates exactly the set of
non-zero assignments of an induced r-fuzzy clustering of (x,,w;), then these values p,;, are
indeed the probabilities of an induced r-fuzzy clustering.

Before we explain the relevancy of this approach, take a look at the formal result:

Lemma 5.21. Let r : Rsg — Rsq be a differentiable function whose first derivative r' is
invertible over the interval [0,1] and satisfies r'((0,11)> 0. Let x € R? and C = (L )rerr] RD
where x # yy, for all k € [K].

Fix some set I c[K]. Consider the function g given by

gr: R —R

(Pr)rer — Zr(ﬁk>||x—uk||§—A(Zﬁk —1) :
kel kel

where the variable A denotes a Lagrange multiplier.

The function has a unique extremum (pg)eg € R

with the following properties:
1. Forall kel, py, is the solution to
r'(ow) |~ i3 -1 =0 (5.3

where A € R is a constant that satisfies

1=y ()" (L) : (5.4)

kel [EXyTA
2. If pr >0 for all k € I, then (py)pe; is the global minimum of g1.
3. Forall k,l €1, we have
r(ow) |2 = mell5 = reo) e =l -

Proof. First, we prove Item 1. Set the first derivative in the direction of j; equal to zero:

ai~g1 (Br) ker) =7 Br) | — 1 ||§—/1=0. (5.5)
Pk
Since r’ is invertible over the interval [0, 1], we can solve this equation for p;. This yields
(5.3). Observe that Y .c; pr = 1. This yields (5.4).

Next, we prove Item 2. By assumption, x # . Moreover, in Item 2, we assume that
pr>0forall 2 e€1I. Since r'((0,1]) > 0 by assumption, we can conclude that r'(p;) > 0 for all
k €l. Hence,

r’(pk)||x—uk||g>0 ifk=1

0Pr0Pn 0 ifk#1

81((Prper) = {
for all £,/ € I. Hence, the Hessian matrix of g is positive definite (Magnus and Neudecker,
1999, pp. 15). Due to (Magnus and Neudecker, 1999, pp. 123,pp. 131), this yields the
correctness of Item 2.

Finally, we prove Item 3. Setting (5.5) to zero gives A = r(pk)”x—,uk ||§ where A is
independent of 2. Combining these equalities for all £ € I with respect to the same n € [N]

yields the claim. O

Lemma 5.21 gives us a hint on how useful fuzzifier functions should be defined. Klawonn
and Hoppner (2003) and Klawonn (2004) use these results, especially the third claim of the
lemma, to derive alternative fuzzifier functions. We will review these alternative functions
in Section 5.3.
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Efficient Use of the First-Order Optimality Conditions

So far, Lemma 5.21 does not tell us anything about "true" non-zero assignments. Obviously,
it is extremely time consuming to determine all the soft clusterings specified by Lemma 5.21
with respect to each possible assumption on the non-zero assignments (per point!) and
to find the best soft clustering among all of them. To be able to find the induced r-fuzzy
clustering efficiently, we have to characterize the "true" non-zero assignments further. This
is what the following lemma does.

Lemma 5.22. Let r : Rsg — Rsq be a differentiable function whose first derivative r' is
invertible over the interval [0,1] and satisfies r'((0,1]) > 0. Consider some (x,w) € RP x R,
and C = (up)rer) RD where x # ur for all k € [K]. Let (pr)iex) be an r-fuzzy clustering of
(x,w) induced by C. Let

I:={kelK]|py>0}.
Let 1t be a permutation on [K] such that

||x_l"n(1)||2 = ”x_/Jn(Z)Hg == Hx_ﬂn(K)Hz .
Then, the following three properties hold true:
1. There exists some l € [K] such that I = {n(q)e[K]|q <I}.

2. Foreach k €l, pp, is a solution to the equation given in Item 1 from Lemma 5.21 (with
respect to I).

3. Consider some I' < 1. Let P =( Dr)rer be the vector where each py, is the solution to the
corresponding equation given in Item 1 from Lemma 5.21 with respect to I' (instead of
I). Then, ¢, (C,P)= ¢ (C,P).

Proof. The first part of the claim is a consequence of Corollary 5.20. The second part of
the claim is a consequence of Lemma 5.21. To see that the third part of the claim holds
true, consider functions g7 and gy as defined in Lemma 5.21. The condition I’ = I can be
interpreted as a reduction of the space of possible solutions: Each point p’ from the input
domain of g can be interpreted as point p from the input domain of g; (with additional
coordinates that are set to 0) with g;/(p’) = g7(p). Hence, a minimum of g cannot induce a
better solution than a minimum of g;. This observation yields the claim. O

This last lemma shows us a way of applying Lemma 5.21 in an efficient way: We do not
have to consider all possible assumptions on the non-zero assignments. From Lemma 5.22,
we see that we just have to sort the distances and evaluate the soft assignments given by
Lemma 5.21 in the right way. We apply this approach in the next Section 5.3.

5.3 Special Cases

After having discussed the r-fuzzy K-means problem and fuzzifier functions in general,
we now turn to examine the concrete fuzzifier functions that we described in Section 5.2.
Table 5.1 gives an overview of the results that we explain in the remainder of this section.

Recall from Section 5.1.2 that induced r-fuzzy means are easy to compute, while the
computation of an induced r-fuzzy clustering heavily depends on the chosen fuzzifier function.
Hence, in the following, we focus on the latter.
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r | parameter description reducing c.(K) i, t-(K)
id - identity v 1 O(K)
sg | Bel0,1] | quadratic-linear v ﬁ + %ﬁﬁ 4 | OKlog(K))
P | mell,o00) m-th power v 1/Km-1 4m O(K)
ey YeR, exponential v eYy—l — | O(Klog(K))

Table 5.1: Overview of the properties of some fuzzifier functions.

5.3.1 Identity - K-Means

The id-fuzzy K-means problem with the identity function id corresponds to the classical
K-means problem, as we already noted in Section 4.2.1:

Observation 5.23. Consider X = ((xn,wn))neny € Dom (RP,Ry) and C = (up)rerx) < RP.
Then, each hard clustering Z = (2,1)ne[N1 kelK] that satisfies

Vne[NIVEkelK]: z,p =1 = keargmin{|x, — |, |l €K1}

minimizes (,bgi(d)(C ,*) with respect to all soft K-clusterings of X.

Hence, an induced r-fuzzy K-clustering of a data set X can be computed in time O(|X]|-
K -D). That is, t,.(K) = O(K) (Assumption 5.19). Moreover, the identity function id is clearly
a fuzzifier function that is [0, 1]-reducing, 1-increase-bounded, and ¢;;-contribution-bounded
with ci*d(K) =1forall K eN.
5.3.2 Power Function - Classical Fuzzy K-Means

The classical fuzzy K-means problem with fuzzifier m € (1,00) coincides with the p,,-fuzzy
K-means problem where p,, is defined as follows.

Definition 5.24. For each m €[1,00), we let p,, : R=0 — Rx0 be the function with
Pn(@)=p".
Lemma 5.25 (properties of p,,). For all m €[1,00), p,, satisfies the following properties:
* p,, is a [0,1]-reducing fuzzifier function.
* p,, is (4m)-increase-bounded.
* If meN, then p,, is (2m)-increase-bounded.
® Py, IS Cp, -contribution-bounded with ey (K)= K™ L for all K €N.

Proof. Clearly, since m =1, p,, is a [0, 1]-reducing fuzzifier function. Consider arbitrary but
fixed p,e €[0,1]. For all c € N, we have

el S 5 5

For m €N and ¢ = 2, we have (1+35-)™ < (1+¢) due to Lemma A.1. This yields the third
claim. For m €[1,00) and ¢ =4, we can bound

e \m e \lmi+t e \2lml
(1+-=] s(1+ s(1+— <1+e,
4m 4|m) 4|m|

where the last inequality is again due to Lemma A.1. This yields the second claim.
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Now consider an arbitrary (pz)rex) € Axk-1. We can apply Holder’s inequality (Hardy
et al., 1952, p.21) and bound

)(m—l)/m

K 1/m o K 1/m K ) .
R I

K
EZpk=1.
k=1 k=1

Hence, Zlep;e” > K™ 1. In particular, if py = 1/K for all & € [K], then Zle Py = VK™ 1,
Hence, c;m (K)=1/K™ 1. This yields the last claim. O

As already explained in Section 4.1, a p,,-induced fuzzy K-means clustering can be
determined efficiently. For an illustration of an induced p,,-fuzzy clustering (for different
values of m) we refer back to Figure 4.5 in Section 4.3.2.

Lemma 5.26 (induced p,,-fuzzy clustering). Let X = ((xn,wn))neny C = (Urdreix) © RP, and
m € (1,00). The p,,-fuzzy clustering (pnk), . of X induced by C can be computed in time
O(X|-K-D) (i.e., t(K)=0(K) with Assumption 5.19). In particular, for all n € [N] with
VI elK]: x, # 1, we have

__2
_ m-1
VE€K]: poy = ln = sl >0.

2
Z£1 llocn = paa |, ™

Proof. Use the method of Lagrange multipliers to ensure that Zlk{:l pne=1forall n e [N].
An analysis of the first-order optimality conditions of the resulting objective function yields
the claim. [

5.3.3 Quadratic-Linear - Between K-Means and Fuzzy K-Means

Klawonn and Hoppner (2003) propose a mixture of two fuzzifier functions: the identity
function id, which leads to hard K-means clustering, and the square function p,, which leads
to the classical fuzzy K-means clustering with fuzzifier m = 2.

Definition 5.27. For each p€[0,1], we let sg:R>9 — Rxq be the function with

1-B o, 2B
- . +——1'p.
sp(p) 176 p 1+ 5 p
For =0, we obtain the power function sg = py. For =1, we obtain the identity function
sy =id=p;.

Lemma 5.28 (properties of sg). For all f€[0,1], sg satisfies the following:
* spisal0,1]-reducing fuzzifier function.
* spis 4-increase-bounded.
* spis csﬁ-contribution-bounded with csﬁ(K) = % + % forall K e N.

Proof. Observe that sg is a convex combination of the two functions p, and p;. With

Lemma 5.26, we can conclude that sg is a [0, 1]-reducing, (% -0;2 + % -cgl)-contribution-

bounded, and 4-increase-bounded fuzzifier function. With Lemma 5.25 the claim follows. [

Next, we show how an induced sg-means clustering can be computed. Our results
coincide with the results of Klawonn (2004) and Klawonn and Hoppner (2003). However,
neither of these publications contains a complete proof of correctness. An illustration of
induced sg-fuzzy clusterings for different values of § can be found in Figure 4.6.
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Lemma 5.29. Given X = ((xn,wn))nein) € Dom (RP,Rx), B €[0,1], and C = (u)reix) < RP,
Algorithm 2 computes an sg-means clustering of X induced by C in time

O(X1-K(D +1og(K))) .
With our notation from Assumption 5.19, we can write t,.(K) = Klog(K).

Proof. The correctness follows from Lemma 5.21, Lemma 5.22, and the next Lemma 5.30.
There is only one little trick: When checking whether p,; >0, we make use of the fact that
the distances are sorted in ascending order and that the bound (1/8) + k£ — 1 increases if &
increases. O

Algorithm 2 Induced sg-Means Clustering

Require: X = ((x,wn))nepv) € Dom (RP,Rs), f€[0,1], and C = (up)peix) € RP
1. P:= (O)n,k

2: for all n € [N] do > consider the n-th point

3: s=0

4: for all £ € [K] do > compute and sort the distances

5: dup = ||xn - Up Hg

6: Compute a permutation 7 on [K] such that d,1) < dnr@) < < dnrx)-

7: if d;z1)=0or w, =0 then > x, = up for some & € [K]

8: Pnn1) =1

9: else
10: [:=0 > initialize search
11: sp:=0
12: forallk=1,...,K do
13: Sp:=Sp+ 1/dnn(k) > sp = Zi:l (1/ ||xn —/J”(h)”g)
14: if dpn)-sp <(1/f)+ k-1 then > Punk) >0 ? (see (5.7))
15: l=Fk
16: forallk=1,...,K do
17: Set

1 -1 .
‘_{rﬁ((1+(l—1)-[3)'(dn,,(k)-sl) -p) ifk=l
Pnn(k) = .
0 otherwise

18: return P

Lemma 5.30. Fix some B €[0,1]. Let x € RP and C = (Urrer] S RD where x # U for all
k € [K]. Fix some set I c|K]. Consider the function

gr:R1 =R, Brper— Y. sp(Bn) |- 5 —A(Z Pr— 1) ;
kel kel

where the variable A denotes a Lagrange multiplier.
Then, g1 has a unique extremum (pr)pc(x) Where

ppﬁ((u(m—n-m-(zm) —,3) 5.6

et o=l

forall kel
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In particular, for all k € I, we have pp, > 0 if and only if
2
x— 1
Z%<—+III—1. (5.7)
fat Je—pl? P
Proof. Consider sg as a function sg:R — R. sg is continuous and its first derivative

! _ 1_:6 2:6
SPI=2 P T p

is strictly increasing. Hence, we can apply Lemma 5.21. Observe that

1-8 28
0=S;3(Pk)||x_ﬂk”§_;t©0:(Zmpk+m)||x_“k”§_’l
< Pr= 14/ ( A - 2[3): 1+p . A - b .
20-P) \|lx—mp|2 1+B) 20-P) |x—p)2 1-8

Hence, we have

1=Zpk©122( 1+ A B )

e \20-P) Jx-p|2 1-6

145 1 ;
1= A — |- =
i T R
-1
21-p8) |16 1
A= -11 . .
O = ]

Combining these equalities gives

:(1+if_|%)_(z||x—uk||§)‘l po1 ((u(m_l).ﬁ).(zw)_l_ﬁ),

G el “TF TP et Je—ral

This yields the claim. O

5.3.4 Exponential Fuzzifier
Klawonn (2004) also proposed the following exponential fuzzifier function.
Definition 5.31. For all y eR,, we let ey :R>0 — R>q be the function with

e’ -1
e¥ -1~

ey(p) =

Klawonn (2004) already mentions some properties of this function, such as the fact that
for y — 0 one obtains a hard clustering objective, but he provides no proofs. We start by
formalizing and proving this observation:

Lemma 5.32 (similarity to K-means). For y — 0% with y # 0, we have e, — id pointwise.

Proof. On the one hand, in Lemma 5.33, we show that e,(p) is [0,1]-reducing. Hence,
ey(p) < p for all p €[0,1]. On the other hand, we can upper bound ey as follows. Recall the
fact that the exponential function can be expressed as an infinite power series (Stewart, 2009,
p. 772). Thus, e,(p) = &=t > T2 — T ) Tt is well known that limy—,y0 57 = 1

(Stewart, 2009, p. 397). The squeeze theorem (Stewart, 2009, p. A42) yields the claim. O
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Next, we check the properties of the exponential fuzzifier function. It is not surprising
that this function turns out to be not increase-bounded.

Lemma 5.33 (properties of e)). For all y € R., ey satisfies the following:

* ey isal0,1]-reducing fuzzifier function.

* e is cey-contribution-bounded with e (K) = eﬁil forall K e N.

* ey is not increase-bounded, i.e., there does not exist a constant iey €[1,00) such that ey
is iey-increase-bounded.

Proof. 1t is easy to check that e, is a fuzzifier function. We omit the details. Next, we show
that ey is [0, 1]-reducing. Observe that e, is strictly convex since e’y’( p)=72%e"?/(e¥ =1)>0
for all p €[0,1]. Together with the fact that e,(0) =0 and e, (1) = 1, this yields the second
claim.

To prove the second claim, consider an arbitrary but fixed (pr)pex) € Axk-1. We can
write YX_ e(pp) = 25 (-K + XX_, e7P+). Using the fact that the exponential function can
be expressed as an infinite power series (Stewart, 2009, p. 772), we can bound Zi{zl eVPk >
YK (1+ypr) =K +y. This yields the second claim.

Finally, we check that ey is not increase-bounded. Consider arbitrary p,€,e' €(0,1) and
y € R,. Towards a contradiction, assume that e, ((1+€')p) <(1+¢€)-ey(p). Then,

ey (1+€)p)<(1+¢€)-e4(p)

y(d+ep _q P _1

N =1 +€)e

e’ -1 e’ -1
&’ _1<(1+e) (" -1)

&P 1< _14¢(e?P - 1)

/
& "I _oTP <¢(e?P - 1)

o) 1<, (1-e77P) (where e 7P €(0,1))

>17<e-1<eM)_1<e(1-e7"P) <e,
which contradicts the fact that € € (0,1). This yields the claim. O

Nonetheless, we can compute an induced e,-fuzzy clustering in reasonable time, using an
algorithm that proceeds similarly to Algorithm 2. Figure 5.1 illustrates an induced e,-fuzzy
clustering and the resulting cost function.

Lemma 5.34. There is an algorithm that, given X = ((xn,Ws))nerny € Dom (R, Rx0),y € Ry,
and C = (ug)rerx) € RP, computes an ey-fuzzy clustering of X induced by C in time

O(NK(D +1log(K))) .
With our notation from Assumption 5.19, we can write t,(K) = Klog(K).

Proof. The algorithm proceeds similarly to Algorithm 2: Instead of evaluating p,; according
to Lemma 5.30, it uses the formula from Lemma 5.35. Instead of making use of (5.7), it
makes use of (5.9). The correctness of this algorithm follows from Lemma 5.21, Lemma 5.22,
and the next Lemma 5.35. O

Lemma 5.35. Fix some yeR,. Let x € RP and C = (Urrer] RD where x # up for all k e [K].
Fix some set I c[K]. Consider the function

g B R (Ber — zey<ﬁk>||x—uk||§—a(zﬁk—1) |
kel kel
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(a) soft assignment (y = 0.25) (b) soft assignment (y =1) (c) soft assignment (y = 5)
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(d) cost (y =0.25) (e) cost (y=1) (f) cost (y =5)

Figure 5.1: Illustration of the impact of the fuzzifier function e, with y € {0.25,1,5}:

We are given the 3 mean points y; =0, ug = 1, and ps = 3 in the one-dimensional space R.
For each data point x, € [-1,4] and each % € [3], we evaluate the optimal soft assignments
Pnr for the given means and the resulting cost e, (p,.) ||xn — g ||§ per cluster.

Figure 5.1a through Figure 5.1c depict the optimal soft assignments, while Figure 4.5d
through Figure 4.5f depict the resulting costs per cluster and the overall cost (gray).

where the variable A denotes a Lagrange multiplier.
Then, g1 has a unique extremum (pr)pex) Where

1(, 1 IIx—ukllﬁ))
Pr=— 1——2 ln(— . (5.8)
'I'( via \Je-ml?

In particular, for all k € I, we have pp, >0 if and only if

2
X = U
Zln(w) <y. (5.9
G\l
Proof. Consider ey as a function e, : R — R. Since e, is continuous and its first derivative
e’? -1
(m) —
& P=r g

is strictly increasing, we can apply Lemma 5.21.
Observe that

0=e)(pp)]|x— a5 A

eypk_l 2

S 0=y e 2=
& eVPk :A‘ey——lz
¥l = el

Y _ Y _
@pkzlln(/%L):l(ln(/l)+ln(e !
2
Y IS ERTA P 4

~——

1o i 3))
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Then, we have

)= tn(y- - )
)2 Tt )

Y
1=) prol=) - (ln()l)+ln(e

lel ler’Y

| |(1n(?t)+l (
Y

Y ier
I Y-1
oul W=1+2 Zln(”x w2 )-U1 (e )
Y
e’ -1
o=+ le (”x—ul”z)—ln( )

Combinin these el ive
po= 2 (o i (Sme )| ()

2L L (e 2)- - )|

i (“y%‘ r)
el Zf|||f))

This yields the claim.
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used to say, 'Find out what you
don’t do well, then don’t do it.””

Alf

Chapter 6

Two Key Properties

In this chapter, we present two basic techniques that help us to analyse the r-fuzzy K-means
problem: First, we relate the r-fuzzy K-means cost function and the K-means cost function.
Second, we transfer the notion of empty hard clusters, which can effectively be ignored in
a hard clustering, to an r-fuzzy K-means clustering. Thereby, we effectively reduce the
problem of approximating an optimal solution to the problem of approximating the best
solution where each cluster has a certain non-negligible weight.

Publication. In this chapter, we generalize properties of the classical fuzzy K-means
problem that we also identified in (Blémer et al., 2016, Lemma 1+2).

6.1 Relation to the K-Means Cost Function

There is a coarse yet useful relation between the objective functions of the K-means and an
r-fuzzy K-means problem:

Lemma 6.1 (Relation to K-Means). Let X € Dom (R, Rxy), let r : R0 — Rxo be a fuzzifier
function, K €N, and let C c RD with |C| = 1.
Then,
$%(C) = kmx(C).

If r is ¢,-contribution-bounded, then
PIA(C) = e (C)-kmx(C) .

Proof. First, consider the lower bound. Write X = ((x,wn)),ein- Let (prr), x be the r-fuzzy
clustering of X induced by C = (uz)ze[x]. Then,

N [ K
PP =y (Z r(pnk)) wpmin{||x, — |5 | € (K]} = e,(K)-kmx(C) .
n=1\k=1

Now consider the upper bound. Let Z € {0, 1}V*E N A N, k-1 be the K-means clustering
(i.e., the id-fuzzy clustering) of X induced by C. Since r is a fuzzifier, we have r(0) =0 and

r(1)=1. Hence,

N K
POV PPC,2)=Y Y znp |lan— ]| =kmx (C) .
n=1k=1
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Observe that we cannot expect a lower bound that does not depend on an additional
constraint, such as the contribution-bounded property of the fuzzifier function. Without
additional constraints, the r-fuzzy K-means cost (,bE;l,wn)(C ,P)=w, -Zgzl r(pne)- ||xn — Up ||§
of a point (x,,w,) with respect to a fixed set of means C = (uz)rex] might be arbitrarily
close to zero because the fuzzified probabilities (7(pnz))rc(x) might be arbitrarily small. We
preclude this possibility by demanding that r is contribution-bounded.

6.2 Negligible Clusters

Given a soft K-clustering P of a data set X, we think of a cluster as negligible if not even a
single data point (x,,w,) in X supports this cluster sufficiently.

Definition 6.2 ((i,,K,¢)-negligible cluster). Let i, € [1,00), €€(0,1], and K € N. Consider a
soft L-clustering P = (pni)peinyerr) € AN,L-1 with L= K.
The 1-th cluster given by P is (i,,K ,¢)-negligible if

€
Vne[N]: S —-.
[ ] p nl 2 . i,« . K2
For each solution that contains such a negligible cluster, there exists a solution with
similar cost where none of the clusters is negligible.

Theorem 6.3 (remove negligible clusters). Let X € Dom (R?,Rx¢), K €N, and let r: Rz —
R-g be an i.-increase-bounded fuzzifier function.
For each C cRP with |C| =K there exists C < C with

PP(C) < (1+€)-¢2(C)

and there exists an r-fuzzy L-clustering P = (Pnineinyerz) of X induced by C that has no
(ir,K,e€)-negligible clusters.

This observation resembles the notion of empty clusters in a K-means hard clustering:
If a hard cluster is empty, then no point from the data set is assigned to this cluster (i.e.,
supports it), and we can remove its mean vector from the solution without increasing the
K-means cost. Nonetheless, there is also an aspect that is different: We cannot preclude the
possibility that an optimal r-fuzzy K-means solution contains a negligible cluster.
Theorem 6.3 is a direct consequence of the following constructive results.

Algorithm 3 Remove Negligible Clusters

Require: X = ((xn,wn))nen) € Dom (RP,Rxo), € € (0,11, 7 : Rsg — Rxo, i, € [1,00), and C =
(Hpdreik € RP

1: é:=¢/(2K)

2 1=9¢

3: P_j:= r-fuzzy K-clustering of X induced by C

4: 1:=0

5: whilel <K —1|I| do

6: l=1+1 > Consider the next cluster
7 if Vne[N]: p,; <é/(i.K) then > Is the support of the /-th cluster low?
8: I:=1Tu{l} > Remove mean y; from C_;
9 Cor = (k) et
10: P_;:= r-fuzzy (K| - |I|)-clustering of X induced by C_;
11: [:=0 > Restart search
12: return (C_;,P_j)
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Lemma 6.4 (remove all negligible clusters). Given a data set X € Dom (R?,Rx¢), K €N, an
i.-increase-bounded fuzzifier function r :Rsg — Rxg, the value i, € [1,00), € € (0, 1], and means
C e RP with |C| = K, Algorithm 3 computes a solution (C’,P) such that C<C, L = |C’| >0,
P=p ni)n, 18 an r-fuzzy L-clustering of X induced by C,

PP P) = L) = ¢P(C,P) = (1+6)-¢F(C),

and
€

2i, K2

Viel[L]: 3ne€lN]: p, =
The algorithms’ runtime is O(X|-D -K -t.(K)).

In order to prove this result, let us start by considering the removal of a single mean
vector whose corresponding cluster is negligible.

Lemma 6.5 (remove a single negligible cluster). Let X € Dom (R?,Rx), € € (0,1], an i,-
increase-bounded fuzzifier function r : Rso — Rso, and let P be a soft K-clustering P =
(Prk)neiN keik] With K = 2.

Assume that for some | € [K] we have

VnelN]: pp <

€
i,K
Then, then there exists a soft (K — 1)-clustering P = (Prnk)kelk I\ ,nelN] € AN K -2 such that
Vne[N]: VEel[KIN{l}: pror=pnr

and such that for all (up)rerx) < RD it holds

(pg;)((ﬂk)ke[K]\{l}’p) < (1+6) ¢% (Hreix1, P) -

Proof. Write X = ((x,,wn)),eny- Assume that for some / € [L] we have Vn € [N]: pj,; < ﬁ
Consider an arbitrary n € [N]. Since Zi{zl Par=1and p,; < % < Il{’ there exists some
k(n) e [K]\{l} such that p,rn) = % Hence,

€ €

< <—- . 6.1
Pnl KoL Pnk(n) (6.1)

Let P = (Pnk)retgngy neiny be the soft clustering where, for all n € [N], we have pnz = par
for all 2 € [KI\{l,k(n)} and pprmn) = Pnkm) + Pni- Let C = (urdrek) S R? be an arbitrary but
fixed set of means. Let

C:= (ﬂk)ke[K]\{l} )
N

bLrey= ) > F(Pno)wn [ — o3 » and
n=10€[K]: o#£lno#k(n)

N
$r= Y r(pawn |2, — 3 -

n=1
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Then,

~ 2 -
<P§?(C—l P)Y=Y r(Pnkm) + Prdwn |20 — proo |3 + Pree)

r((l+,£
1,

2 1 .. .
pnk(n)) Wn ”xn ~ Hk(n) “2 +bLre) (Eq. (6.1), r is increasing)

I\
M= iz 1=

<) (1+e)r(prrm)wn ||xn - ﬂk(n)”% + L) (r is i,-increase-bounded)
n;l
< n:1(1 +€)- T(Dk(n)Wn ||n = ) |2 + Prrc) + B2 (¢1 20)
<(1+e)-¢P(C,P), (P11 D1 = 0)
which yields the claim. O

Now we could try to remove all (currently) negligible clusters at once. However, we want
to guarantee that the resulting induced r-fuzzy clustering has no negligible clusters. As
we do not know how the induced clustering changes when we remove the mean vector of a
negligible cluster, we cannot! preclude the possibility that we have to repeat this removal K
times. Therefore, we remove clusters one by one as described in Algorithm 3.

Proof of Lemma 6.4. Observe that a soft 1-clustering of N elements is always equal to 1.
Hence, by construction, the algorithm returns a set of means C_; with |C_;| = 1 such that
the support of each cluster given by P_; is at least é/(i,.K).

Assume that, at some point during its execution, the algorithm removes mean p;
from the current set of means C_;. Denote the resulting set of means by C_7 ;. Since

€ €

IEST&D = ir~|<€~771| (cf. Algorithm 3), Lemma 6.5 implies that

PP(C_1p,PY=(1+8)-pP(C_p).

Now consider the final index set I. By applying this argument repeatedly to each index that
was added to I, we obtain the desired approximation factor: We have

PPC_D=1+5 Q) =1 +e)- (),

where the last inequality is due to Lemma A.1 and the fact that € = ¢/2K.

For the runtime, observe that the algorithm removes at most K means. After a mean
has been removed, we have to compute a new r-fuzzy clustering of X which needs time
O(X|-D -t,.(K)). Between the removal of two means, we have to check whether a cluster
has too low a support, which needs time O(|X|) (and is done at most K times). Thus, the
overall runtime is O(K - (I X|-D -t,(K)+|X|-K)) < O(X|-D - Kt,.(K)). O

Iwell, except for the classical fuzzy K-means problem where we know the form of the optimal soft assignments
exactly. However, this possible speedup will make no difference for the main results of this thesis.



Chapter 7

Baselines

In this chapter, we derive some simple algorithms for the r-fuzzy K-means problem with
performance guarantees. We pursue the following three ideas: First, we restrict the set of
mean vectors to the finite set of points {x, | n € [N]} that contains only points from the given
data set X = ((x,,wn)),ern7- We perform an exhaustive search through all solutions induced
by means from this set. This approach is exactly the same as the approach by Hasegawa
et al. (1993) for the K-means problem. Second, we restrict the set of soft clusterings to
a finite set of soft clusterings whose single soft assignment probabilities p,; are rational
values i,;/B € Q with a bounded denominator B € N. Again, we perform an exhaustive
search through all solutions induced by soft clusterings from this set. Third, we analyse the
use of a K-means approximation algorithm.

Overview. We summarize our contribution in Section 7.1. We do not present related work
as, to the best of our knowledge, prior to Blomer et al. (2016), there have been no algorithms
with approximation guarantees for a r-fuzzy K-means problem with r #id. For an overview
of work related to the K-means problem, we refer back to Section 4.4. In Section 7.2 and
Section 7.3, we present our exhaustive searches through reduced sets of possible means and
soft clusterings, respectively. In Section 7.4, we consider K-means approximation algorithms.

7.1 Contribution

First, we show that there is a 2-approximation algorithm for the r-fuzzy K-means problem
that runs in time O( XX - D). Unlike the other algorithms, it works for for arbitrary fuzzifier
functions. This result is an analogon of the results of Hasegawa et al. (1993).

Second, we show that there is a (1 + €)-approximation algorithm for the r-fuzzy K-means
problem with i.-increase-bounded fuzzifier functions r. Its runtime is linear in the dimension,
but exponential in the number of data points |X| and the number of clusters K.

Third, we show that every a-approximation for the K-means problem also induces an
(a e (K )_1)-approximati0n for the corresponding r-fuzzy K-means problem if the given
fuzzifier function r is ¢,-contribution-bounded. For example, this implies that the algorithm
by Matousek (2000) is a constant factor approximation algorithm for the ey-fuzzy K-means
problem with runtime O(|X|log(|X NEe2D) (for unweighted data sets). For an overview of
all of our approximation algorithms we refer to Chapter 13.

7.2 2-Approximation Algorithm

The following result is an analogon of the results of Hasegawa et al. (1993) for the K-means
problem: By testing all vectors of means that consist of points from the given point set X,
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we can find a 2-approximation to the r-fuzzy K-means problem. The key to this result is the
observation that the r-fuzzy K-means cost function can be expressed via pairwise distances
between points (see Corollary 2.23).

Algorithm 4 Exhaustive Search for Means

Require: X € Dom (RP,R,), K €N, r:Rso — Rxo
1 C*=();¢" =00

2: for all C < X with |C| =K do

3 if ¢P(C)<¢* then

4

5

¢*=9PC) Cr=C

: return C*

Theorem 7.1. Given X € Dom (RP,R,), K € N, and a fuzzifier function r, Algorithm 4
computes K means C <RP such that

PR <2-90LF .
The algorithms’ runtime is
R) (|X|K+1 .D -t,(K)) .

Proof. The correctness is a consequence of the following Lemma 7.2. For the runtime,
observe that there are at most |X|X different vectors C of length K with elements from
X. Evaluating the cost of a solution induced by such vector C needs time O(|X|Dt,(K) +
| X|KD)=0(X|Dt,.(K)) since t.(K) € Q(K) (Assumption 5.19). O

We stress the fact that this result does not impose any additional constraints on the
fuzzifier function, except for the constraint that we need to be able to compute induced r-fuzzy
clusterings (Assumption 5.19). This result is applicable for all the fuzzifier functions that
we presented in Section 5.3. For each of these fuzzifier functions, the algorithm computes a
2-approximation to the r-fuzzy K-means problem in running time O( X |X*1. DKlog(K)).
Lemma 7.2. Let X = ((%n,wn))pein € Dom (RP,R,), K €N, and let r: Rsg — Rx be a fuzzifier
function. Let P = (pnk)nein keik) be a soft K-clustering, and let C = (up)rek) be the r-fuzzy
means of X induced by P. Set C := (fip)rerx] € X where fij, € arg min{”xn — Uz ||2 | Xn EX} for
each k € [K]. Then, ¢P(C) =2-¢P(P).

Proof. This proof is an analogon of the proof of Hasegawa et al. (1993). Recall that
K
ﬁbgg)(c) < (PE?(C,P) _ Z d(AZX,r(P)),'ak) )
k=1

Then, with Lemma 2.20, we can conclude

A a2 )

-y r(Dup)wn | | fir —m [AFTEY 2 ¢ m (A% @) _
k 2 k
n=1

2

2) )
From Lemma 5.4 and the definition of C, we know that y; =m (A;XJ(P))). By definition of C,
we have ||ﬂk - Up ||2 < ||xn - Up ||2 for all n € [N]. Hence,

N
(A, ) = er(l’nk)wn (2 = e 15 + e = 0 3)
n=

N
<2 ) r(par)wn | — i[5 = 205 (C,P) = 200 (P) .

n=1
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7.3 (1+¢)-Approximation Algorithm

Consider an arbitrary soft clustering P = (py1), , and a distorted version P=pn )ni thereof
where Vn,k: p,p <(1+¢€/i,.)p,p for some i, €[1,00). If r is an i,-increase-bounded fuzzifier,
then we know that the r-fuzzy K-means cost of P is at most a factor (1 +¢) larger than the
cost of P. In the following, this observation helps us to construct a set of soft clusterings A
such that, for each possible soft clustering P, there is a soft clustering P € A whose cost is
at most a factor (1 +¢) larger than the cost of P. In particular, there is some soft clustering
P € A whose cost is close to the cost of an optimal solution. Hence, by an exhaustive search
through the set A, we can find a (1 + €)-approximation.

Algorithm 5 Exhaustive Search for a Clustering
Require: X € Dom (RP,R,), K €N, r:Rso — Rso, i, € [1,00), and € € (0,1]
: PP =0;¢" =00
._ | Ky
: B = Tl

1
2
3: for all soft K-clusterings P = (i,1/B),  of X, where Vn € [NIVE €[K]: i, € [B] do
4 if ¢P(P)<¢* then
5
6

P*:=P;¢" = (P)

: return P*

Theorem 7.3. Given X € Dom (R?,R.), K € N, an i,-increase-bounded fuzzifier function
r:Rso — Rxq, the value i, €[1,00), € €[0,1], Algorithm 5 computes a soft K-clustering P of X
such that

PP <L+ & 1 -

The algorithms’ runtime is
90X |1ogli,/e)) , .

Proof. Write X = ((xn,wn)),e(n)- As in the algorithm, let B := [K -i,/e]. For each n € [N] and
kelK], let iy = (l + f)pnkB. Then, for all n € [N], we have Zf:link = (1 + f)B =B and

K K

LinkJ K ink_(ink_LinkJ)
R A T

k=1 k=1 k=1

K * 2
- 1
pnk_zlnk LlnkJ2(1+£)—K'—Zl,

1+,£
k=1 B

r

where in the last inequality we use that B = K -i,/¢.

Hence, there exist values i ,; € Ng such that i ,; < |7,) and Zi{:l inr =B. SetP := (l%k) R
n,

Let C = (up)rexy < RP be the r-fuzzy means of X induced by P. Then,

PP (P)=¢(C,P)

> 3 (2 s
== B n||%n —Hk| 9
N K lAnk 2 . 2 PR .
< Z Z rl—|w, ||xn — g, ||2 (ink <1,k and r is increasing)
n=1k=1 B
N K € 2 2
D D A (R P P P Gur = (1+ £) Dt B)
n=1k=1 1r '
N K
< Z Z A+e€) - r(ppp)wn, ||xn —Ur ||§ (i-increase-bounded)

I
[
=

ﬂ‘

€)-4P(C) .
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This yields the first part of the claim.
For the runtime, apply the well-known stars and bars method: The number of K tuples
of non-negative integers whose sum is B is equal to the number of sets of size K — 1 whose

elements are taken from a set of size B+K -1, i.e., (B ;;IEII) Hence, the total number
.Y
of clusterings considered by the algorithm is (B ;}If 1 1) . Recall that, i,K/e<B <i,.K/e+1.

Moreover, for all n € N and % € [n], we have (}) < (%)k (Cormen et al., 2001, p. 1097). Hence,

B+k-1\" ((B+K—1)-e)(K‘1)N (( B ) )KN (B )KN (i,)@“ﬂ\”
S|/ = +1]-e <|—=-3e €|— .
K-1 K-1 K €

K-1

Evaluating the r-fuzzy means induced by P (see Lemma 5.4) and the cost of the resulting
induced solution needs time O(NKD). This yields the claim. O

Special Cases. Recall our results from Section 5.3. For the classical fuzzy K-means
problem, we know that the corresponding fuzzifier p,, is (2m)-increase-bounded. This
implies that Algorithm 5 is a (1 + ¢)-approximation algorithm for the classical K-means

problem with runtime
QOK|X logm/e)) . 1y

In contrast, for the r-fuzzy K-means problem with the exponential fuzzifier ey, this algorithm
is not applicable since the fuzzifier e, is simply not increase-bounded (see Lemma 5.33).

7.4 (const-c (K )_1)-Approximation Algorithm

The following result is a straightforward application of Lemma 6.1.

Theorem 7.4 (K-means a-approximation). Let r :Rs>g — Rxg be a ¢,-contribution-bounded
fuzzifier function. Let X € Dom (IR{D,[REO) and let C <R be a vector containing K = 1 means
such that kmx (C) < a-km& L . Then, ¢P(C) < a-e (K)™- 0T

(X,K) (X,K,r)
Proof. Let C* <RP, |C*| =K, such that (,bgfg "= S?(C*). With Lemma 6.1, we can conclude
that ¢(C) <kmx (C) < a-kmJ{}) < a-kmx (C*) < a-¢,(K) - ¢ (C*) = a-c (K) - ¢ L .
O

This means that we can simply use an K-means clustering algorithm for the r-fuzzy
K-means problem if we accept that the approximation factor, which is guaranteed with
regard to the K-means problem, might worsen by a factor ¢,(K)~L.

Special Cases. This result is applicable for the e,-fuzzy K-means problem with the
exponential fuzzifier e,. Recall our results from Section 5.3.4. We know that this function is
cey-contribution—bounded by a constant: cey(K )=1v/(e” —1) for all K € N. This means that,
for instance, the algorithm of Matousek (2000) is a ((e¥ — 1)/y)-approximation algorithm for
the e)-fuzzy K-means problem with runtime O(|X|log(|X NEe=2D) (for unweighted data sets
X € Dom (RP,{1})).

Next, consider the classical fuzzy K-means problem. The fuzzifier function p,, is ¢ -

Pm
contribution-bounded with c;m(K )=1/K™ 1 for all K €N (see Section 5.3.2). Hence, an a-

approximation algorithm for the K-means problem is an (- K™ 1)-approximation algorithm
for the classical fuzzy K-means problem with fuzzifier value m € (1,00). So, for example,
the famous K-means++ algorithm by Arthur and Vassilvitskii (2007) yields, in expectation,

an O(log(K)-K™ 1)-approximation to the classical fuzzy K-means problem and needs only
linear time O(|X|KD) (for unweighted data sets X € Dom ([RD {1})).



“By a small sample, we may
judge of the whole piece.”

Miguel de Cervantes from Don
Quixote

Chapter 8

Superset Sampling for Fuzzy
Clusters

The key observation behind the superset sampling technique is that certain properties of a
data set can be determined, with constant probability and to some precision, by examining a
small subset of the data that has been sampled uniformly at random.

Inaba et al. (1994) showed that the mean m (S) of a uniform sample S from an unweighted
data set X € Dom (R”,{1}) is close to the mean m(X), with high probability. More precisely,
their squared Euclidean distance is at most a small multiple of the variance

dXx) 1 9
var(X) = X - X erX e —m(X)Il5 -

Assume that we want to find the mean of an unknown hard cluster A < X. If A has not too
small a size, then a uniform sample Sx from X contains a certain fraction of the points in
A. That is, Sy €Sx N A does not have too small a size. Since Sy is a uniform sample from
X, the subset S 4 is a uniform sample of A. With the initial observation, one can conclude
that the mean m(S4) of the sample is close to the mean m(A) of the cluster, in the sense
that their Euclidean distance is bounded by a small multiple of the variance var(A) of the
cluster. To sum up, by a clever way of uniform sampling and an exhaustive enumeration, we
can construct a set that contains a good approximation to the mean of an unknown hard
cluster, with high probability. By repeating this process and exhaustively enumerating all
possible combinations, we can construct a set of candidates that contains approximations to
the means of K unknown hard clusters, with high probability.

This technique is obviously useful for the K-means problem and probably for similar
hard clustering problems. However, the r-fuzzy K-means problem is no such problem. The
key ingredient that, nevertheless, enables us to apply the superset sampling technique is
our result from Chapter 3. There, we showed that for each soft clustering there exist hard
clusters that exhibit characteristics similar to those of the soft clusters.

Overview. First, we give an overview of related work in Section 8.1 and briefly state
our main contributions in Section 8.2. In Section 8.3, we describe the implications of our
hard-to-soft technique from Chapter 3 with respect to the r-fuzzy K-means problem. In
Section 8.4, we describe two different ways in which the superset sampling technique can be
applied to approximate the means of K unknown hard clusters. Then, in Section 8.5, we
focus on the details that need to be considered when combining these results. Finally, the
results of this combination are presented and discussed in Section 8.6.

Publication. In this chapter, we generalize and discuss the results from (Blomer et al.,
2016, Theorem 2+4), which deal with the classical fuzzy K-means problem.
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8.1 Related Work

First of all, the superset sampling technique has been used to tackle the K-means problem:
Inaba et al. (1994), who also present the first exact algorithm for the K-means problem that
runs in time O(X|XP+1), applies this technique to show that there is a (1 + €)-approximation
algorithm for the 2-means problem (i.e., K = 2) that runs in time O(|X| -(1/e)P). Later,
Kumar et al. (2004, 2010) use it to show that there is a randomized (1 + ¢€)-algorithm for the
K-means problem (with arbitrary K) whose runtime is linear in the dimension D. More
precisely, its runtime is 2E/°P .y |X|. Ackermann et al. (2010) extend these results to
K-median problems with respect to dissimilarity measures where the respective 1-median
problem can be approximated by taking a random sample and solving the 1-median problem
for this sample exactly. This covers, for instance, the K-median problem with respect to the
Kullback-Leibler divergence and other special Bregman divergences.

8.2 Contribution

First and foremost, we state the first polynomial-time approximation scheme (PTAS) for
the r-fuzzy K-means problem with respect to unweighted data sets and for [0, 1]-reducing
fuzzifier functions r that are increase-bounded by a constant, under the assumption that
the number of clusters K is constant. This result covers all fuzzifier functions presented in
Section 5.3, except the exponential fuzzifiers e,.

Second, we state a randomized version of this algorithm which is substantially (asymp-
totically) faster and returns a solution whose cost is at most a factor (1 +¢)-worse than the
best solution whose r-fuzzy clusters have a certain minimum weight (Section 8.6.2). Though
there is some similarity to a constraint clustering approach, this result needs to be handled
with caution. We discuss its flaws and present a (nonetheless) reasonable application of this
algorithm in Section 8.6.2.

8.3 From Fuzzy Clusters to Hard Clusters

In the first part of this thesis we showed that for clusters with not too small a weight
there always exist hard clusters whose statistics are similar to those of the soft clusters.
More precisely, we showed that this property holds for clusters defined by probabilistic
membership values. Therefore, it also applies to r-fuzzy clusters where the fuzzifier function
r is [0, 1]-reducing.

Theorem 8.1. Let ¢ € (0,1], X € Dom(RP,R,), P € Ajx| k-1, and let f : Rzg — Rxo be a
[0, 1]-reducing function such that

16
vkelK]: w(AX ) > 2 K wd)
€

max °

Then, there exist pairwise disjoint hard clusters A1,...,Ax € X such that for all k € [K] we
have

w(Ay) = %W(AZXJ(P ”) , (8.1)
”m(Ak)—m(AZX’r(P)))Hz < % -var (AZXJ(P))) , and (8.2)
d(Ak)s4K~d(A§eX’r(P )’) . (8.3)

Proof. Since r is [0, 1]-reducing, r(P) is a probabilistic membership matrix. Thus, applying
Theorem 3.21 to the membership values r, = r(p,z), n € [N] and % € [K], yields the
claim. 0
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Unfortunately, to the best of our knowledge, the hard clusters A; do not exhibit any
concrete structure: Points that belong to the same cluster are not necessarily "close" to
one another (i.e., there is no locality property). In particular, the convex hulls of the hard
clusters will probably overlap. The hard clusters do not even necessarily cover X (i.e.,
Urerk1Ar # X). Due to these properties, it is not clear how techniques that do not solely rely
on sampling can be applied. For instance, we presume that the sample and prune technique
from Ackermann et al. (2010) and the K-means++ algorithm (see Arthur and Vassilvitskii,
2007) require a locality property, while the algorithm by Bhattacharya et al. (2016), which is
based on the K-means++ algorithm, requires that the hard clusters form a hard clustering.

8.4 Applying Superset Sampling

In this section, we focus on the problem of approximating the means of unknown hard
clusters A, € X of some data set X € Dom ([RD ,@+) with rational weights. If we know that
the weight of each cluster Ay is a certain fraction of the weight of X, then we can tackle this
problem via superset sampling.

From (Ackermann, 2009) we directly obtain the following lemma.

Lemma 8.2 (Weighted Superset Sampling). Let a €(0,1], € €(0,1], and X = ((xn,wn))peng €
Dom (IRD ,Q4). Consider an arbitrary but fixed (unknown) data set A = X with

wA)=a -wX).

Let S € Dom (RP,{1}) be the data set that contains at least 4/(ae) random samples from
the unweighted data set ((x,, 1)) Ny Each sample is drawn independently and identically
according to the distribution that assigns data point (x,,1) probability w,/w(X). Then, with
a probability of at least 1/10, there exists a data set A’ € S of size |A'| = [2/€] satisfying

[m(A) -m(A")|2 <e-var(A) .
Proof. A proof can be found in (Ackermann, 2009, p. 75). O

Now consider K unknown hard clusters C1,...,Cg € X. Assume that the weight w(Aj)
of each cluster is at least a certain fraction of the total weight w(X). Then, by repeatedly
sampling candidate means as in Lemma 8.2 and combining these candidate means in each
way possible, we obtain a set of candidates C = (fiz)rc[xg] Where for each %k € [K] the mean
vector fiy, is close to the mean m(A;) of the hard cluster Ay.

Theorem 8.3. Let X € Dom (RP,Q.), K €N, € €(0,1], and a € (0,1]. Let (Ag)kex) be an
arbitrary but fixed vector of (unknown) hard clusters A, € X.

Given X, K, €, and a, Algorithm 6 constructs a set T c (RPYE such that, with constant
probability, there exists a vector (uy,) reix) € T such that for all k € [K] with

w(Az) = a-w(X)

we have
||yk —m(Ak)||§ <e-var(Ap) .

The size of T is

The algorithms’ runtime is O(|X|+|T|-D).
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Algorithm 6 Superset Sampling

Require: X = ((x,,wn))eny € Dom (RD,@+), KeN, e€(0,1], and a € (0,1]
1: Start with an empty data set M =@
2: Pre-compute the distribution p over X with p((x,,w,)) = w“(’)"() for all n € [N1].
3: for all r €[[101l0og(2K)]] do

4: Start with an empty data set S, := @.
5 for all s € [[4/(a€)]] do
6: Sample (x,w) from X according to p.
7: S, =8,U(x,1))
8 M, =¢
9: for all S’ = S, with |S’| = [2/e] do
10: M, =M, U (m(S")
11: M =MUM,
12: T:= MK

13: return T

Proof. Let R =[10log(2K)]. Observe that M contains all means m(S’) of data sets S’ with
S'cS,, S’| = [2/€], and r € [R]. Fix an arbitrary % € [K] with w(A}) = a - w(X). According
to Lemma 8.2, with a probability of at least p := 1 —(9/10)F, there is a y; € M satisfying

||m(Ak)—uk ||3 <e-var(Ap) .

Since R = 10log(2K), we have that (9/10)F < (2K)!108¥/10-10 < 1/(9K). Hence, p = 1 - 1/(2K).
By taking the union bound, we obtain that, with a probability of at least 1/2, T' contains a
tuple (uz)rerx] with the desired property.

Next, we analyse the size of T'. Thee algorithm constructs R = [101og(2K)] data sets S,
with |S,| = [4/(ae€)]. For each of these data sets S;, the algorithm constructs at most

o2

vectors. T contains all possible combinations of K vectors from M = U,¢[r1M,. Therefore,

K
4 2/e
ol )
ae
cO (24K . 9K log(log(2K) 2K(2+log(1/(ae))))
c 2O(Kloglog(K)log(l/(ae))) .
Now consider the runtime. The construction of all data sets S, with r € [R] needs time
O(R-(IXI+D- é)) (Vose, 1991; Knuth, 1997). Enumerating all the data sets S’ with size

[2/€] and computing the mean of each S’ needs time O(|M| - %D). Enumerating all elements
in T needs time O(T|D) = O(M|X D). Hence, the overall running time is

D 1
O(|X|+R-(%)+R-|M|-ZD+|T|-D cO(X|+IT|-D) .

O

Observe that each candidate mean constructed by Algorithm 6 is the mean of a data set
S’ of size [2/€]. Instead constructing these sets S’ via sampling, we can simply enumerate all
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possible data sets S’ of size [2/€]. In other words, we can replace the random sampling by an
exhaustive enumeration. Thereby, we obtain a deterministic algorithm that computes a set
of candidate means. Most notably, this algorithm does not need to know the ratio between
the weights of the clusters and data points.

Algorithm 7 De-Randomized Superset Sampling

Require: X = ((x,wn))nev) € Dom (R?,Q,), K €N, e€(0,1], and a €(0,1]
T M=¢

: for all data sets S’ < Dom ({x,, | (x,,w,) € X}, {1}) with |S’| =[2/€] do
M :=Mu(m(S")

4: M:=TK

5: return T

[ S

Corollary 8.4. Given X € Dom (RP,Q,), K €N, €€ (0,1], and a € (0,11, Algorithm 7 con-
structs a set T < (RPYK with the following properties: For all vectors (Aprerky of sets A, = X,
there exists a vector (:uk)ke[K] € T such that for all k € [K] with A, # @ we have

| —m(AR)|% <e-var(Ay) .

The size of T is
T e 1X 0%

The algorithms’ runtime is

Proof. On the one hand, observe that Lemma 8.2 holds for all choices of a € (0, 1], especially
a =min{w(AL)/w(X) | kel[K], Ar # @}. On the other hand, observe that the candidates
constructed in the proof of Theorem 8.3 are always means of sets of size [2/¢]. Combining
both observations yields the claim regarding the approximation factor.

Observe that there are at most |X|/?¢! data sets with points from {x, | (x,,w,) € X} and
size [2/€]. Hence, the size of T is |X|%€/9). The algorithms’ runtime is O (|M|- 2D +|T|-D) <
O(T|D)< D -1X|O%e), O

Again, we stress the fact that this approach does not require that the weights w(Ap) of
the unknown hard clusters A, make up a certain fraction of the weight w(X).

8.5 Combining the Results

In this section, we show how the results from the previous two sections can be combined.

8.5.1 Approximation Factor

Let us start with the easy part: Consider an arbitrary soft clustering P. Assume that there
are hard clusters that imitate the r-fuzzy clusters given by P as described in Theorem 8.1
(with €¢/2 instead of €). Moreover, assume that we have found means that are close to the
means of these hard clusters, as described in Theorem 8.3 and Corollary 8.4 (with €/(32K)
instead of €). Then we have found an approximation to the corresponding r-fuzzy K-means
problem:

Lemma 8.5 (combination). Let X € Dom (R?,R.) be a data set, r :R=o — Rxo be a fuzzifier
function, and K € N.
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Consider a hard K-clustering (Ap)rex) of X, P € AN k-1, and (up)reix] © RD satisfying

| r —m(AR)||5 < 32—K var(4y) , (8.4)

w(Ap)= = -w(AjeX”‘P ), (8.5)
“m(Ak)—m(A(X P ” H var(AjeX”‘P )’) . and (8.6)
d(Ak)s4K-d(A§eX’r(P ). 8.7)

Then,

</>§()((uk)ke[1{]) <(1+ e)<p(’")(P) )

Proof. We start by observing that

O (prdhetx) <¢§§)((uk)ke[K1,P )

(r)(P)-l- Z ( A% r(P)) ”,Ltk -m (AZXJ(P))) HZ (Lemma 2.20)
s¢<§)(P)+2kZlW( A;@X,r(P))) 12 — m( Ak)||§ (Lemma A.3)

02§ (A g - )

We can bound the second term of this upper bound by

(X,r(P)) (X r(P)) k .
k; w(AF ) [l - m(AR) 5 < 16K k;w( )w( 4  (Bauation (8.4)
K
SLK Y d(Ay) (Equation (8.5))
k=1
e & (X,r(P)) .
= Y d(agr®) (Equation (8.7))
k=1
€ r
:§.¢g()(p)

Furthermore, we can bound the third term by

& X ,r(P) &N [2_€ & X,r(P)) :
2 Z W(Ak ’ ) ”m(Ak)—m(Ak ’ )” <—- Z d(A ) (Equation (8.6))
k=1 2 20
_€ o
=3 -(,b)g (P)
Putting these inequalities together yields the claim. O

However, we can only apply Theorem 8.1, Theorem 8.3, and Corollary 8.4 if certain
conditions are satisfied.

8.5.2 Removing the Restriction to Rational Weights

Note that Theorem 8.3 and Corollary 8.4 hold true only for data sets with rational weights.
This is not really a problem because there is no application that requires our algorithms to
deal with real-valued weights. Nonetheless, one can easily get rid of this restriction.
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Lemma 8.6 (rounding the weights). Let X = ((x,,,w5)) e € Dom (RP,R.) and € €[0,1]. Set

1
B =
e
min

and let X° := ((xp,wy) oy be the re-weighted data set where

[wy, - Bl
B

Vne[N]: w) =

€Q; .

Then we have
Vne[N]: w, <w) <(1+e)w, .

For all means C cRP, soft clusterings P € Ay g1, and r :Rx9 — Rxo, we have
PP(C,P) < 0 (C,P) < (1+6)¢P(C,P) .
Proof. Let n € [N]. On the one hand, [w, B]/B = (w, -B)/B = w,. On the other hand,
[wy, - BY/B < (wy, - B+ 1)/B = wy, + 1/B where 1/B = 1/ [Yew®)] = V(Mew®)) = € W) <e-wy.
This yields the first part of the claim.
Using the first part of the claim and recalling the definition of (,b():.)(C,P) yields the second
part of the claim. O

8.5.3 Removing the Restriction to Clusters with A Minimum Weight

Theorem 8.1 requires that each r-fuzzy cluster has a certain absolute weight. However, the
given r-fuzzy clusters might have an arbitrarily small weight. To circumvent this problem,
we want to increase these weights.

We know from Section 2.3.4 that we can construct a data set X, whose weight is ¢ times
larger than the weight w(X) of the given data set X by adding ¢ copies of each data point
in X to X.. If we make corresponding copies of the soft assignments of a soft clustering P,
then we obtain a soft clustering P, of X, whose r-fuzzy clusters are ¢ times heavier than the
r-fuzzy clusters of X given by P.

Obviously, we can only make use of this approach if the following two properties are
satisfied: First, we need to be able to make use of mean vectors C that we computed with
respect to X, instead of X. Fortunately, the cost function changes in a predictable way:

Corollary 8.7 (adding copies). Let X € Dom (R?,R, ), and c € N. Let X, be the data set that
contains c copies of each data point from X.
For every P € Ax| k-1, we have gbg?(P) = %cp()gZ(Pc), where P€ € A x| k-1 contains c copies
of each assignment from P (ordered in the same way as the copies in X, are ordered).
Moreover, for all means C c RD, (pg?(C) = %(/)BQ(C).

Proof. From Corollary 2.26 it follows that the mean vectors induced by P with respect to X
coincide with the mean vectors induced by P¢ with respect to X.. This yields the first claim.
To see that the second claim holds true, recall Lemma 5.17. O

Second, we need to be able to compute an appropriate number of copies ¢c. However, as
said before, the weights of arbitrary r-fuzzy clusters might be arbitrarily small. Hence, the
number of copies that we have to add might be arbitrarily large. Therefore, we need an
additional trick.

We make use of our notion of non-negligible clusters. Recall from Section 6.2 that for each
soft clustering, there exists a soft clustering that has similar cost and no negligible clusters.
Each non-negligible cluster has a certain minimum support and, hence, the corresponding
r-fuzzy clusters have a certain minimum weight. Observe that neither the required absolute
bound nor the minimum weight of a non-negligible cluster depend on the number of data
points. Moreover, we know both bounds. These observations lead us to the following result:
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Corollary 8.8 (add copies to increase the weights). Let K € N, and let r : R>g — R>g be an
i-increase-bounded fuzzifier function. Consider some data set X € Dom ([RD ,[R?Jr) and a soft
K-clustering P € A|x| k-1. Choose some constant a € Rso.

Set i
c::[a.(r( ¢ ).w<X.>) }
2irK2 min

Let X . be the data set that contains c copies of each data point from X and let P° € Ac. x| k-1
be the soft K-clustering that contains c copies of each assignment from P (ordered in the same
way as the copies of X in X,).

Then, there exists a soft L-clustering P¢,  of X. with L <K such that

sup

P% (Pp) < (1+€)- ¢ (P)

and

W (A(Xc,r(Pﬁup))) >a

k

Proof. Write X = ((x,,wn))yerny- From Theorem 6.3, we know that there exists a soft L-
clustering Psyp = (pni),; of X with L < K such that

PP (Psup) = (1+e)-¢P(P) (8.8)

and such that VI e[L] 3n €[N]: pn =
a fuzzifier function, it follows that

ﬁ. From the latter property and the properties of

min

N
Vle [L]: W(AEX,r(Psup))) = Z wnr(pnk) > I‘(

n=1

X)
2i,.K2) W . (8.9)

Let P¢, »€ Acx),k-1 be the soft K-clustering that contains c copies of each assignment from
Py, (ordered in the same way as the copies of X are ordered in X.). From Corollary 8.7 and
(8.8), we can conclude that ([)g? (Pgyp) =1 +€)-</)(§) (P°). From Corollary 2.26 and (8.9), we

can conclude that

(X¢,r(Pg, ) X, (P, €
W(Al " sup )=c~w(A§ . ")))Zc~r - wX) >
217‘K2 min

for all [ € [L]. This yields the claim. O

We point out that the required absolute weight and the minimum weight of a non-
negligible cluster depend on the minimum and maximum weight of a data point in the given
data set, respectively. Therefore, we cannot remove the restriction by scaling the weights.

8.6 Algorithms

In this section, we state and discuss two algorithms: First, we present a deterministic
(1+e¢)-approximation algorithm that applies the de-randomized version of superset sampling
from Theorem 8.1. Second, we describe a randomized (1 + €)-approximation algorithm that
uses superset sampling directly (Theorem 8.3). For both of these algorithms, the proof of
their correctness relies on our soft-to-hard clustering technique.

8.6.1 A Deterministic Approximation Algorithm (Algorithm 8)

Let us start with an application of the de-randomized version of superset sampling from
Theorem 8.1. Before we consider a concrete fuzzifier function, take note of the result in its
most general form:



8.6. ALGORITHMS 99

Algorithm 8 Deterministic Approximation via Superset Sampling
Require: X = ((xn,wn))pen) € Dom (RP,R,), r: Rsg — Rxo, ir € [1,00), K €N, € €(0,1]
1: Choose

€=¢/6 and B:= “é-w(x))_l-‘.

min

2: Choose the number of copies

= -1
c:= [(3—€'2K(1+€)wggx) . (r(ﬁ) wgzl) —‘ .
3: Construct a data set X{ that, for each n € [N], contains ¢ copies of the data point
(x,,c-wy), where wy := [w, -B]/B.
: Apply Algorithm 7 to X?, K, é/(32K) to compute a set of candidate solutions T' ([R{D
: Determine C € arg min{(ﬁ)(}?(C’) C'e T}.
return C

)K

SRS

>

Theorem 8.9. Given X € Dom (RD , IR+), an i.-increase-bounded [0,1]-reducing fuzzifier func-
tion r :Rsg — Rxq, the value i, €[1,00), K €N, € €(0,1], Algorithm 8 computes means C c RD,
|C| <K, such that

PP =1 +0)- oK ) -

The algorithms’ runtime is

1 X O(K%1og(K)/elog(1/e))
€ wmaX
Dt (r ( 12i,K2) o X ')

min

Proof. First, we show that this algorithm returns a solution C with the desired approxima-
tion factor. Fix an arbitrary soft K-clustering P,,; of X and K means C,,; with

(pg?(copt,Popt) = (P(O;g,) . (8.10)

Let X := ((xn,wn),,cn) Where wy, = [wy, - BI/B for each n € [N]. Then, from Lemma 8.6,
we know

W(X.@) > and (8.11)

min min
WX < 1+ (8.12)

max max *

Let X be defined as in the algorithm.
Let P Dt
P,pt (ordered in the same way as the copies in X¢ are ordered). With (8.11), we can conclude

that
32 € o))
~ (X) X"
Cc= [(?K(l-FE)'WmaX)'(T‘ (W).Wmin ) —‘ .

Hence, with Corollary 8.8, we can conclude that there exists a soft L-clustering P§,,, of X¢
with L <K,

be the soft K-clustering of X{ that contains c copies of each assignment from

(P(r) (Pc

b (Pp) < (L+DPLL(PS ) (8.13)
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and

Q
vielL]: w( A sw)’) > 3—K(1+e) &x)

32

= —K WX (Equation (8.12))
32 (x°

= TKW(X”) (Corollary 2.26)
€

max

Q
32L Xc) (L<K)
€

max

Due to the latter bound and Theorem 8.1, there exist hard clusters A1,...,A;, < X?
where, for each [ € [L], we have

1 (PS¢
W(Al) > §W(A(X (Psup))) ,

l

Q 2
;X (m,,)>) Si-var(A(X (WD)

! , and

Hm(Az)—m(

2
Q
d(A)) <AL - d( A% (S“P”) .

From Corollary 8.4, we know that the set 7" contains a candidate C = (uz)rex) € T with

2
Viel[L]: ||,ul —m(Al)||2 < 32Kvar(Al) < 32—Lvar(Al)
Combining these results via Lemma 8.5 gives
¢>‘”> C)=(1+ e)(p(” (PE,p) - (8.14)

Let P be the r-fuzzy L-clustering of X? induced by C. Then, observe that
(P(r)(C) < (p(r)(C,P)

(P(r) (C,P) (Lemma 8.6)
¢"’ (©) (by definition of P)
</>(” ©) (Corollary 8.7)
<(1+8)-= ¢"’ (PSp) (Equation (8.14))
<(1+¢&?- —(,b(r (PS,) (Equation (8.13))
<(1+8)?- (P(r) (Popt) (Corollary 8.7)
<1+8? ¢7(Copt,Popt) (cf. Equation (8.10))
<(1+8)° - ¢P(Copt, Pope) (Lemma 8.6)
=(1+¢)? (/’(0;17; r) (Equation (8.10))
<(1+68)-¢X £ ) (Lemma A.1)
:(1+6)-(,b8£1€’r) . (E=¢/6)

Since Algorithm 8 computes the cost of each C’ € T and returns the C’ with the smallest
r-fuzzy K-means cost, this yields our claim.
Second, we analyse the algorithm’s runtime. By definition, we have |X §| =c-|X]|, where

1 € -1 wifQX
05(32-2-6)-K~;-r(12irK2) ®

rnn
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X can be constructed in O(c|X|D). We apply Algorithm 7 to X¢ to compute a set 7', where
we use €/(32K) instead of €. Hence, due to Corollary 8.4, the size of T is

|T| €(c- |X|)O(K/(é/32K)) c (C . |X|)O(K2/e) .

and the time needed to construct T'is D - (¢ |X I)O(Kz/ ¢). Observe that

Wmax
W(X )
m

(c-IXI)o(Kz/E)Q(K%-r( ¢

12irI{2
-1 _(X)
gr( € ) max 5
LK) L
min

)_1 (X) )O(Kz/e‘)

in

) O(K?%1og(K)/elog(1/e))

Finally, note that we have to evaluate ¢(§)(C ) for each candidate C € T'. This needs time
odTI-(XI[-D-t(K)+IXIKD))<O(T|-|1X|-D-t(K)) ,
since we assume that t,.(K) € Q(K) (Assumption 5.19). This yields the claim. O

Observe that Algorithm 9 is a polynomial-time approximation scheme for the r-fuzzy
K-means problem if K,i, € O(1) are constants and if the given data sets X satisfy wggx/wg:l €
1X19D) Note that this covers all unweighted data sets X € Dom ([RD ,{1}) and all the fuzzifier
functions presented in Section 5.3, except for the exponential fuzzifier function ey, which is
not increase-bounded.

Special Case. Consider the classical fuzzy K-means problem with the polynomial fuzzifier
function p,, (x) = x™ with m € (1,00). Recall from Section 5.3.2, that we can set t, (K)=0(K)

and i, =4m. Hence,
-1 m
€ 48-m-K?
pm(lZ-ipm-K2) _( e ) '

This means that for the classical fuzzy K-means problem, Theorem 8.9 describes a (1 +¢)-
approximation algorithm with runtime

O(K?log(K)/elog(1/e)) X) O(K3e2m?)
48-m-K2\" wggx Winax
DK(( ) X X1 <D &y Xl '

min min

€

To sum up, if K € N and m € (1,00) are constants and if we are only given data sets where
wggx/wgil € |1X1°D then we have a polynomial-time approximation scheme for the classical

fuzzy K-means problem.

8.6.2 A Randomized Algorithm (Algorithm 9)

Algorithm 7 applies a de-randomized version of the superset-sampling technique. As already
explained in Section 8.4, this eliminates the need to fix a ratio @ between the weights of
the r-fuzzy clusters, whose means we want to approximate, and the weight of the given
data set. If we knew the ratio a,,; between the weights of optimal r-fuzzy clusters and
the weight of the given data set in advance, then we could apply the randomized version
of sampling-sampling in a way that guarantees that we approximate the means of optimal
r-fuzzy clusters. However, we do not know a,p;.

In the following, we first consider the application of the superset sampling technique
with some arbitrary but fixed ratio a € (0,1]. We explain why, with respect to an arbitrary
but fixed constant ratio a, the use of this algorithm is questionable. However, we also show
that, for each data set, we can choose a specific a that works nearly as good as the optimal
ratio a,p:, which we do not know. To this end, we make use of our notion of negligible
clusters from Section 6.2.
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A Questionable Algorithm. The following algorithm does not approximate an optimal
solution. Its goal is to find a solution whose cost is not much worse than the minimum cost
of a solution where the ratio between the weight of each r-fuzzy cluster and the data set is
at least a.

Algorithm 9 Randomized Approximation via Superset Sampling

Require: X = ((xn,wn))nen) € Dom (RP,R,), 7:Rxg — Rxo, ir € [1,00), K €N, and €, € (0,1]
1: Choose

. G A

€:=¢/6 and B:= (e-w ) .

min

[\]

: Choose the number of copies

~ -1
o o) g 2
r

3: Construct a data set X/ that, for each n € [N], contains ¢ copies of the data point
(%,,c-wy), where wy := [w, -B1/B.

: Apply Algorithm 6 to X7, K, &/(32K) to compute a set of candidate solutions T < (R? )K

C'e T}.

S

: Determine C € arg min {cp()?(C' )
return C

@

Theorem 8.10. Given X € Dom ([RD,R+), K €N, an i,-increase-bounded [0, 1]-reducing fuzzi-
fier function r :R>og — Rxg, the value i, €[1,00), € €(0,1], and a €10,1], Algorithm 9 computes
means C c IRD, |C| < K, such that with constant probability

PI(C) < (1 +)pP(Py)

where

P, € arg min { PP (P)

soft L-clustering P of X with L <K and
where Yl €[L]: W(AEX’r(P))) >a-wX) ’

if this minimum exists.
The algorithms’ runtime is

1 € -1 wg{zfx O(K log(K)?*log(1/(ac)))
1x]-[o K-_.r( - ) ' +D -t (K)- 2707 08 Bae
¢ \12,K2) & ’

Proof. Observe that Algorithm 9 differs from Algorithm 8 only in the way that superset
sampling is applied: Algorithm 8 uses Algorithm 7 to compute a set of candidate solutions
T. Algorithm 6, as used by Algorithm 8, computes a set of candidate solutions 7" with the
same property regarding the hard clusters Aq,...,Ag, with a constant success probability
(cf. Corollary 8.4 and Theorem 8.3). Hence, Algorithm 9 computes a (1 +¢)-approximation,
with constant probability.

As for the runtime, recall that by definition |X 2 | =c-|X|. Hence, X can be constructed in
O(c|X|D). We apply Algorithm 6 to X¢ with é/(32K) instead of €. According to Theorem 8.3,
this needs time (¢|X|)+|T|-D) where

IT| e 2O(Kloglog(K)log(l/(aé))) c 2(9(K10g(K)2 log(1/(a€)))

and

1
CEO(K-—-r(

-1 X
€ ) Woaok
. .

2LK2) X

min
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Evaluating cp()?)(C) for each candidate C € T needs time O(|T|-|X|-D - t,.(K)) (cf. Assump-
tion 5.19). By putting all these bounds together, we can bound the overall runtime by
O(cIX|+IT|-1X|-D - t.(K))
=0(X|-(c+IT|-D-t-(K)))
1 € -1 W(X) 9
_ix1-lolx.2 _r( ) max | L p (K. 20K logt)? log(L(ae))
€ 12i,K?2 o

min

This yields the claim. O

Two Flaws. Theorem 8.10 seems to be a constraint clustering approach (Basu et al., 2008).
However, there are two flaws: First, the constraint only applies to the solution that the
outcome of the algorithm is compared to. The outcome of the algorithm is not guaranteed to
satisfy the same constraint as well. Second, the constraint is difficult to interpret. The sum
of all the weights of all r-fuzzy clusters in a fuzzy K-means clustering, in general, does not
sum up to the weight of the data set. Therefore, the constraint

vielL]: w(Af ) > a-wX)

is potentially much stronger than the constraint that the clusters are balanced in the sense
that
(X,r(P)) = (X,r(P))
VlE[L]:w(Al ’ )za-l_zlw(Al ’ ) .
This problem becomes very obvious in the following example:

Example 8.11 (an artificial and extreme case). For the classical fuzzy K-means problem
with fuzzifier m € (1,00) the gap between these restrictions might be up to a factor c;m =K1
Consider the "uniform” soft K-clustering P, with p,; = 1/K for all n€[N]and k € [K]. The
P,,-fuzzy clusters described by P, are perfectly balanced in the sense that

o1\ 1
vkelK]: w(ay P = (1_{) wn = 2 WX .

n=1

However, when we apply Theorem 8.10 with a = 1/K? and m = 3, then we know that the
outcome of the algorithm is compared to a soft clustering P, that is chosen from a set that
does not contain the perfectly balanced uniform soft K-clustering P,,.

That is, the parameter a does not describe how balanced the (r-fuzzy) clusters of the
sought solution are. To sum up, we are still missing a concise interpretation of the constraint
from Theorem 8.10.

A Reasonable Application of a Questionable Algorithm. From Theorem 6.3, we
know that there exists a (1 + €)-approximation to the r-fuzzy K-means problem where
each r-fuzzy cluster has a certain weight. This fact directly leads us to the following result.
Corollary 8.12. Given X € Dom (R”,R,), K € N, an i,-increase-bounded [0,1]-reducing

x)
min

X
a1 X |7

fuzzifier function r : Rsg — Rxq, the value i, € [1,00), €/4 € (0,1/4], and a ==r (8:7) -

Algorithm 9 computes means C c RP, |C| < K, such that with constant probability
PP =+ K -

The algorithms’ runtime is

€ -1 ,X) O(K log(K)?log(1/e))
max
Dtr(K)(r(W) W(X) |X|)

min
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Proof. From Theorem 6.3, we know that there exists a C < RP with |C| = L < K and
¢(}?(C) <(1+¢/4)- (/)(0;}? " that induces some soft L-clustering P = (p,z), ; of X where, for all

1 € [L], there exists some n € [N] with p,; = =% Observe that ¢\ (P) < ¢7(C, P).

8i,K2"
Moreover, we can conclude that, for all [ € [L], we have w (AZX’P)) >r (ﬁ) wgzl Let
G o
a:=r (ﬁ) w(ni?’;‘erl . Then,
a-w(X):r( ) i -w(X)<r( ) i -w(X)=r( ¢ )W(X.)
8i, K2 ngil)x (X ~ 81, K?2) w(X) 8i,K?2 ) min "

That is, a-w(X) is a lower bound on the weights of the r-fuzzy clusters of X defined by P.
Hence, by applying Algorithm 8 as described in the claim, we compute (with constant
probability) a solution whose cost are at most a factor (1 +¢/4) larger than the cost of the
solution induced by P, which is at most a factor (1 + ¢/4) larger than an optimal cost. So,
overall, we compute a solution whose cost is at most a factor (1 +¢/4)? < (1 +¢) worse than an
optimal solution, with constant probability.
Observe that our execution of the algorithm needs time

-1.(X)
1 -1 X 0| Klog(K)? log|r[ =& |  max.|x||log(1/e)
IXI'(O(K-_-r( : ) T +D-tr(K)-2( “Mz) “nin ) )
€

12i,K2) &
min
_ _ O(K log(K)?log(1/€))
1 e\l @ e \ly®)
c1x|-|o|K-=- max | D t(K) - (—) max |y
| |( ( crlmm) ) reee|gm) Ex
min min
e 1y O(K log(K)?log(1/€))
max
gD't”(K)'(r(SirKZ) 00 '|X|)
min
O

Compared to the runtime of the deterministic algorithm from Algorithm 8, which is
bounded by

J

e 7l & O(K?1og(K)/elog(1/e))
Wmax
D'tr(K).(r(12irK2) X -|XI)
min
the runtime of the randomized algorithm from Corollary 8.12 has only a slightly better
dependence on K.

Special Case. Again, consider the classical fuzzy K-means problem with the polynomial
fuzzifier function p,,(x) = x™ with m € (1,00). Analogously to the previous section,

¢ _1_(32-m-K2)m
Prlgdy, &2 ~7 e '

Hence, for the classical fuzzy K-means problem, Corollary 8.12 describes a randomized
(1 +e¢)-approximation algorithm with runtime

e K2
D'K_((32mK

Wmax Wmax
x) 1X| X 1X
min min

m _(X) O(K log(K)?/elog(1/e)) (X) O(K?%e2m?)
| >z
€

W W



“One Ring to rule them all, one
Ring to find them.”

J. R. R. Tolkien

Chapter 9

A Discretization

Chen (2009) described a construction for the K-means problem that can be thought of as a
well-informed grid search. In Chapter 7, we considered a grid search for the soft assignments
of a good solution. Now we consider a grid search for good mean vectors. A naive approach to
such a grid search would be to construct a D-dimensional grid where the grid cells have some
fixed side length and search through all grid points that lie within the convex hull of the
point set. With some additional information and the use of exponential grids, Chen (2009)
improved this naive approach substantially. His approach uses a coarse K-means solution
as additional information. That is, one pre-computes a constant-factor approximation of
the K-means problem. This solution gives a rough idea of where the data points lie. In
particular, one knows that the data points are rather concentrated around the means of
the coarse K-means solution. This information is then exploited by constructing a special
kind of exponential grid around the means. Chen (2009) used this construction to develop a
coreset and a (1 +¢)-approximation algorithm for the K-means problem.

In Section 6.1 we showed that there is a coarse relation between the K-means and the
r-fuzzy K-means cost function, given that the fuzzifier function r is contribution-bounded.
This coarse relation is the key ingredient that enables us to interpret this construction with
respect to the r-fuzzy K-means problem.

In this chapter, we focus on analysing the basic properties of the construction. In the
subsequent chapters we will then apply the results in two different ways: In Chapter 10, we
use it to construct a (1 +¢)-approximation algorithm for the r-fuzzy K-means problem. In
Chapter 12, we show that it helps to construct a coreset for the r-fuzzy K-means problem.

Overview. In Section 9.1 we summarize our contribution. After a brief introduction of
some notation in Section 9.2, we describe the construction formally in Section 9.3. In
particular, we define a search space Yl < RP and a representative g(x) for each point x € 4
in the search space. In Section 9.4, we focus on the properties of the search space i and
distances between points x € 4l and their representatives g(x). In Section 9.5, we have a
closer look at the size of the set g(4l), which contains all representatives, and the time needed
to compute this set.

Publication. In this chapter, we generalize results that have been published in Blomer
et al. (2017).

9.1 Contribution

We give a detailed analysis of the construction described by Chen (2009): On the one hand,
we identify the single properties of this construction that have already been exploited for
the K-means problem. On the other hand, we analyse these properties with respect to the
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r-fuzzy K-means problem. The benefit is twofold: First, this allows for a discussion of the
usefulness of this approach. It becomes clear that this construction is probably only useful
(and our analysis is only useful) if the coarse K-means solution and the fuzzifier function
meet certain requirements. Second, apart from deriving a coreset construction similar to
Chen (2009) (see Chapter 12), from our analysis it becomes clear that the construction can
be used to derive a (1 + €)-approximation algorithm for the r-fuzzy K-means problem, as we
show in Chapter 10.

9.2 Preliminaries

From now on, we use the following abbreviations:
Definition 9.1 (distance). For each x € R? and C = (Urrerk] S RP, we let
dist(x,C) :=min{||x— |, | k € (KT} .

Definition 9.2 (ball). For each p€ RP and r e R,, we let

B(,u,r) = {x eRP ‘ ||x—/.1||2 < r}
be the closed ball around p with radius r.
Definition 9.3. Let X € Dom (R?,R,), K €N, and a,f €[1,00). We call M <RP an (, f)-
approximation to the K-means problem with respect to X if
kmy () < a-km%'%,  and 9= |B-K] .
Moreover, the following simple lemma will be useful.
Lemma 9.4. For all a,b,c € R we have
la—cliz <lla=bl5+1b-cl3+2la-blgllc bl .
Proof. For all a,b,c € RP, we have

la—cl2<(la=blg+lb-clg)? (Lemma A.3)
=la-bl3+2(@-b, b—c)+b—cl’
<la-bl2+2l{a~b, b—c)+Ib—cl?

<lla-blz+2lla-bllgllb—cllg+ 16 —cl .

where the last inequality is due to the Cauchy-Schwarz inequality. O

9.3 Basic Construction

The following construction is due to (Chen, 2009, pp. 935): Consider a data set X €
Dom (RP,R,). Assume we are given L mean vectors 9 = (m;);e;z; € RP that give us a
rough idea of where the data points from X lie. For now, we do not assume any specific
property of 1. We will deal with the question of how to choose 91 later on in Section 9.4.5.

In the first step of the construction, we restrict the search space to the union of closed
balls around the single means.

Definition 9.5 (search space). Let Desct :=Ng x Ry x {(m;);cz) SRP | L,D e N}.
For each (€,%,9) € Descr with M < RP, we call the set

we,wm = (J Bm,2% %) <r”. 9.1)
meM

the search space described by (&,R,MN).
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We partition each ball into exponentially increasing rings.

Definition 9.6 (ring). Let (&,R,(m;);cz)) € Descr. Let I €[L] and j€{0,...,¢E}). The (1,))-th
ring defined by (€,R,(m;);¢[1)) is the set

{B(mz,%) ; ifj=0

Uy o= X . .
By, 27R) \B(my, 277 19%) if =1

9.2)

The union of the rings ; ; defined by
(&,R,M) coincides with the search space
il defined by (&,R,901):

U =4
ke[L] je(0....,¢} Us o

For each [/ € [L], the rings 4l; ; with j €
{0,1,...,¢} are pairwise disjoint. How-
ever, this is not necessarily true for a
fixed j € {0,1,...,¢} and the rings il; ; // \
with [ € [L]. Hence, the rings do not nec- / < \
essarily form a partition of LI(&, R, IN). N

Finally, we put a grid over each ring. —o—{ | ;
We let the sizes of the grid cells of these % F@

rings grow exponentially as well. We use \ & (...] e €- 2%‘

these grid cells to define representative N i /- :
points as follows. \ V two points

N

Definition 9.7 (representatives). Let € € \
(0,11, (&,R,90) € Descr, and let U be the representative of both points
search space described by (€,R,901). A
function g: U — il is a representative Figure 9.1: Sketch of the construction.
function if it satisfies the following prop-
erty:

For each | € [IM|] and j €10,...,¢&}, let ; ; be the (I,))-th ring defined by (&,R,M).
Assume that each ring 4 ; < RP is partitioned into an axis-parallel grid with cells (i.e.,
hypercubes) of side length

2/R
€ —.
vD
There is a function € that assigns each x € i to a grid cell €(x) that contains x such that for
all x,y € L with €(x) = E€(y) we have g(x) = g(y).

In simple words, a representative function g maps all points in a grid cell to the same
representative, which is also contained in the grid cell. However, it does not matter where
the representative lies inside this cell.

Example 9.8 (representatives). First, assign each x € 31 to a grid cell &(x) that contains x
(i.e., choose a tie breaker for border points and overlapping cells). Let C ={C(x) | x € U}. For
each € € C choose an arbitrary point ¢(€) from € (e.g. a vertex of the respective hypercube).
Then, let g be the function that maps each x € il to c¢(&(x)).

We call the set that contains all possible representatives a discrete search space:

Definition 9.9 (discrete search space). Let € € (0,1] and (&, R, ) € Descr. Let U RP be the
search space described by (&,°R, M) and let g be a representative function defined by (&,R,9N)
and €. The set

G =gl ={gx) lxedci

is a discrete search space defined by (€, R, M) and ¢.
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9.4 Distances and Costs

In this section, we focus on the properties of a search space 4, its rings 4l; ;, and representa-
tive points g(x) of points x € 4l in the search space 4.

9.4.1 OQOutside the Search Space

Consider some data set X = ((x,,wn)) ey € Dom ([RD ,R+). If we choose the radius 2¢ -9 of
each ball around each mean m € 90 large enough, then all the points x,, and some space
around each point x, are contained in the resulting search space U = U(&,R,IN). It suffices

to choose a radius 2¢ - R \/ kmy (DJT)/wffi;.

Lemma 9.10. Let X = ((xn,ws))pern € Dom (RP,R,), K €N, a,b €R, a,b €[1,00), and ¢ €
(0,1]. Let 4 < RP be the search space described by (€,R,0M) € Descr, where

3 1 w(X) _ [kmx (ON)
@—{2log(9ab T )J and %_”—aw(X) .

min

Then,

J Blx,v) it
xeX

3 kmx (907)
t=2 bw(T

Proof. Towards a contradiction, assume that there exists an (x,w) € X with B(x,r) SZ $[. Due
to Definition 9.5, this implies that, for all m € M, we have B(x,r)  B(m,2%9R). Hence,

where

dist(x,90) > 28R ¢ .

Observe that
@ w(X) kmx () B kmyx (1)
2 %SJ%LZ) W(X) \/ aW(X) =3- bw(T
Hence,

x - @) (b=1)

min min

dist(x, M) > 2R -t = J bka (M) - J kmx (9N)

To sum up, we have

Ax,w)e X : wX) dist(x,im)2 >kmy (ON) ,

min
which contradicts the fact that

V(x,w)eX : kmx (ON) = Z w'dist(x',SJT)2 2wﬁffiildist(x,fm)2 )
(x' ,wheX

This yields the claim. O
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9.4.2 Rings

The following simple yet useful observation corresponds to (a part of the proof of) Claim 5.3
from (Chen, 2009, p. 934). It exploits the fact that the radii of the rings are exponentially
increasing.

Lemma 9.11 (diameter of a ring). Let (&,R,(m;);¢z)) € Descr, € €(0,1], I € [L], and j €
{0,1,...,¢&}. Let U, ; be the (I, j)-th ring described by (&, R,(m;);¢(1.)). For all x € ; j, we have

diam(tl; ;) < 2max{2|x —my|o, R} .

Proof. First, we show that 2/R < max{2|lx—my|ly,R} for all x €4l ;. If j =0, then 2097 = R,
If j = 1, then by definition we have [lx —mllg = 27719 for all x € 4l; ;. Hence, 2[lx —myllg >
2277198 = 2/9. This yields our initial claim.

Now consider some arbitrary but fixed x,y € {[; ;. Due to the triangle inequality, we
have [x—ylg < llx—myllg + lm; =yl < 2- 2/R. With our first claim, we can conclude that
lx—yllg < 2max{2)lx —m;llg,R}. O

9.4.3 A Point and Its Representative

Recall that we put exponentially growing grids on the exponentially growing rings. The
representative of a point in the search space is some fixed point inside the grid cell that
contains the point. Hence, a point and its representative are always contained in the same
grid cell and, needless to say, in the same ring.

Lemma 9.12 (distance between point and representative). Let (&,R,9) € Descr and € €
(0,1]. Let 4 < RP be the search space described by (&,0R,9) and let g be a representative
function defined by (€,R,9) and e.

For all x € and all y € RP, we have

lx — g(x)llg < 2¢ - (min{dist(x, M), dist(g(x), M)} + R)
<2¢- (min{lly —xllg, lly —g@)llg} + dist(y, D) + 9%)

and
lx — g(x) 112 < 12¢? (min{lly — xllg, 1y — g} + dist(y, M)? + R?) .

Proof. Consider an arbitrary but fixed x € 4{. By Definition 9.7, there is a grid cell in some
ring 4; ; that contains x and its representative g(x).

If j = 0, then we have [lx — g(x)lly < eR, due to Definition 9.7. If j = 1, then from Defini-
tion 9.7 and Definition 9.6 we know that

lx - g(x)lly <€-279R = 2¢-(2/71R)

and _
277191 < min{dist(x, M), dist(g(x), M)} .

Hence, if j = 1, we have
lx— g(x)lly < 2¢-min{dist(x,M), dist(g(x), M)} .
By taking the sum of the bounds for the case j =0 and j = 1, we obtain

lx — g(x)llg < 2¢-min{dist(x,97), dist(g(x), M)} + R
< 2¢-(min{dist(x,M), dist(g(x), )} +R) .
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This yields the first inequality in the claim.
Observe that for all z,2’ € RP? and C <« R? we have dist(z,C) < ||z —z’||2 +dist(2/,C)
due to the triangle inequality. Hence, for all y € R, we have

min{dist(x, M), dist(gx), M)} < min{llx —yllg+ dist(y, ), llglx)—ylla+ dist(y,i)ﬁ)}
=min{llx—ylly, lg(x)—yllo} + dist(y, M) .

This yields the second inequality in the claim.
Finally, applying Lemma A.2 yields the last inequality in the claim. O
9.4.4 Replace Means by Their Representatives (K-Means)

Now consider some means C € §l contained in the search space and some point x € RP.
Replace the means by their representatives g(C). With the help of the previous result, we
can compare the minimum distances dist(x,C) and dist(x,g(C)) with one another. This
result corresponds to (part of) the proof of Lemma 5.11 from (Chen, 2009, p. 937).

Lemma 9.13 (replacing means by their representatives). Let € € (0,1] and (&,R,901) € Descr.
Let 8l c RP be the search space described by (&,0,0M) and let g be a representative function
defined by (€,R,9M) and e.

Let C = (up)kerx) € 4 9(C) = (9(u) ;e p and x € RD. Then,

dist(x,g(C))* < dist(x,C)* +18¢(2dist(x, C)* + dist(x,M)* + R?)
and
dist(x,C)? < dist(x,g(C))* + 18¢ (2dist(x, g(C))* + dist(x,M)? + R?) .
Proof. Consider an index [ € [K] where dist(x,C) = |x - ,. Observe that
dist(x,g(C)* - dist(x,C)” = min [l - a5 - lx - )
S Rl e e
< |l - oy +2 - gl e -l . (Lemma 9.4)
The first summand can be bounded by
et - 0[5 = 12€2 (|| — ]} + distr, 0% + R2) (Lemma 9.12)
=12¢2 (dist(x,C)? + dist(x, )% +NR?) . (dist(x,C) =[x — ||y
The second summand can be bounded by

2{|ke =05 [l = pull;

<4e(||lx— |y + distlax, M) +R) - |x - p |, (Lemma 9.12)
< 2e ([l - pu | + distie, 0+ R)* + o - pu 3] (Lemma A.2)
<2¢(3- [l - )5 + distle, D% + R2) + o - pu |3 (Lemma A.2)
<

6e (2l — pu |3 + diste, M2 + %)
6e(2dist(x, C)? + dist(x, )% + 9‘{2) ) (dist(x,C) = ||x -1 H2)

By combining these bounds, we obtain
dist(x,g(C))? — dist(x,C)?
< 12¢* (dist(x,C)% + dist(x, ) + R?) + 6¢ (2dist(x,C)® + dist(x, M) + R?)
<18¢(2dist(x,C)* + dist(x, ) +R?) .
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This yields the first part of the claim.

Since the second part of the claim can be proven analogously, we only point out the
main arguments. Consider an index [ € [L] where dist(x,g(C)) = ||x —g(,ul)||2. Then, due to
Lemma 9.4, we have

dist(x,0(C)* - dist(x,C)? < || — )5 +2 | 11 — 9|+ | — a5 -

With the help of Lemma 9.12 and dist(x,g(C)) = |x— g(w;)
summand by

9> one can bound the first

1tz = 0u)|5 < 1262 (Qist(x, g(C)) + dist(x, M2 +R2) .

Using Lemma 9.12, Lemma A.2, and dist(x,g(C)) = ||x —g(uy)||y, we can bound

2| — 0y - |2 = 0Cun) || < 6¢ (2distix, o(C)? + dist(x, M) +R?) .

By combining these bounds we obtain the second claim. O

Consequently, the difference between the K-means cost kmyx (C) and the K-means cost
kmy (g(C)) can be bounded as follows. This result corresponds to Lemma 5.11 from (Chen,
2009, p. 937).

Corollary 9.14 (replacing means by their representatives). Let € € (0,1] and (&,R,9M) €
Descr. Let Y < RP be the search space described by (¢,0R,9M) and let g be a representative
function defined by (€,R,91) and e.

Let C = (up)rerxy €4, 9(C) = (g(,uk))kE[K], and X € Dom (RP,Ro). Then,

kmy (§(C)) < kmx (C) + 18¢ (2kmx (C) + kmy () + w(X)R?) ,

and

kmy (C) < kmy (g(C)) + 18¢ (2kmx (g(C)) + kmy (M) + w(X)R?) .

9.4.5 Replace Means by Their Representatives (r-Fuzzy K-Means)

The K-means cost of a point (x,w) in X is simply the minimum squared Euclidean distance
dist(x,C)? multiplied by the weight w (see Problem 4.3). In contrast, the r-fuzzy K-means
cost of (x,w) with respect to C is given by the sum over all squared Euclidean distances
||x - Up ||§, with & € [K], that are multiplied with the respective fuzzified probabilities r(p,z)
and the weight w. Hence, transfering Lemma 9.13 to the r-fuzzy K-means cost is more
involved.

Lemma 9.15 (replacing means by their representatives). Let € € (0,1] and (&,R,901) € Descr.
Let 3L c RP be the search space described by (&,0,0M) and let g be a representative function
defined by (€,R,9) and € = ¢/36.

Let r:R=¢ — Rsq be a [0,1]-reducing fuzzifier function, (x,w) e RP xR,, C = (Uprerr) € 4,
and g(C) = (9(ur)) perxy- Then,

1 r r . .
|0 (©) = 6 @O se(dist, C) + distir, M) +977) .

Proof. Consider an arbitrary but fixed (x,w) € X. Let (pr)rex) and (Pr)rex) be the r-fuzzy
clusterings of (x,w) induced by C and g(C), respectively. Since r is [0, 1]-reducing, we know

K K

Y r(pr)<1 and ) r(pp)<1. 9.3)
k=1 k=1
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Let

_l‘ (r) ) - (r) ((C))|— i ( )” _ ”2_ (5 )” — )”2

Tw ('b((x,w)) ('b((x,w)) g - k:lrpk X=Ug|lg —T(PE)||Xx—9(LE)|

First of all note that if the first term in € is larger than the second, then

&€= Zr(pk)Hx wella = r@r) || - o) 3

K
<> r(pr (||x Hk||2_||x g(,uk)||) (Lemma 5.17)
k=1

K
< > r(pr (”.Uk aun)||5+2 s — o) |2~ g(uk)ll) (Lemma 9.4)
k=1

Analogously, if the second term in € is larger than the first, then

K
&= Y ron) ([l = 0G5 +2 | = )]l e = el )

Hence, we have

K
& <max{ 3 r(a0) (e~ 0w +2 e ~otwoly =~ otin)l) 9.4
K
. o) (s = 00 1+ 2 s = i) =) (9.5)
Before we bound this value, observe that
K 2
Y rBp) || —o(ua)|; (9.6)
k=1
1
= — {20 (0(C) (Lemma 5.17)
< dist(x,g(C))2 (Lemma 6.1)
< dist(x,C)? + 18 (2dist(x,C)* + dist(x,M)? + R?) (Lemma 9.13)
= (1+36¢)dist(x,C)? + 18¢dist(x, M)? + 18eR2 (where & = €/36)
< 2dist(x,C)? + dist(x, D)% + K2 . 9.7)

Next, we bound the single terms in (9.4). Observe that

K
Y r o) | e — 0|2

k=1
K
<12¢2 Z r(pr) (”x - g(,uk)Hg + dist(x, ) + 9%2) (Lemma 9.12)
k=1
K 2
<128% Y r(Bp) | — o(ua)|5 + dist(x, M)? + K2 (Equation (9.3))
k=1
< 12¢6% (2dist(x,C)? + dist(x, )% + M2 + dist(x, M)? + R?) (Equation (9.7))

< 24¢% (dist(x,C)% + dist(x, M) + R?)
<é(dist(x,C)* + dist(x,IM)* +R?) . (6=¢/36)
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Moreover, we obtain

K
Y rBR) |k — ou) o [|x — a(up) |5

K

26 r(pr) (|| o(ur) — x|y + dist(e, ) +R) |x — g(ur)|
1

I/\
>

K
<& r(pw (ot - xlly + distle, M+ R)+ - gue) 3
k=1
K
<) r(py)(3aist, M?+3R2+4x - g(uy)]3)
k=1
K
< éZ (pk)(dlst(x 9)> +9fi2+||x g(,uk)”)

I/\

k=1
dist(x, M)? + R +2dist(x,C)® + dist(x, )2 + R?)

(dlst(x E)ﬁ) +R2+ dist(x,C) )

k
(dlst(x M2 + K2+ Z r(pr) | x - 9(#k)||z)
8¢ (

Next, we bound the single terms in (9.5). We have

K
> rpw) |l — 0|5
k=1

K
<128* ) r(pk)(”x—uk ||; + dist(x, M) +%2)
k=1

K
< 12¢% (Z r(pr) || — pr ||§ + dist(x, ) +9‘{2)
k=1

113

(Lemma 9.12)

(Lemma A.2)

(Lemma A.2)

(Equation (9.3))

(Equation (9.7))

(Lemma 9.12)

(Equation (9.3))

< 128% (dist(x,C)% + dist(x, M)? + R?) (Lemma 6.1 + Lemma 5.17)

<é(dist(x,C)* + dist(x,IM)* +R?) .

Furthermore, we can bound

K
> o) | e~ o)l [l - e ||

K
<26 ) r(pp) (|| — x|y + dist(x, 90 +R) [x — pe |,
k=1

I\

K
&> rp ([l =l + distie, )+ R)* + o = e )

IA

r(oi) (4] - =]+ 3distx, M)? + 32

13
1 _ ol

(pk)(”uk —x||§ + dist(x, M) +9‘i2)

IA

k:l
K
42| Y r(pp) | ur — x| + dist(x, M) +£)f{2)
k=1

(€=¢/36)

(Lemma 9.12)

(Lemma 9.4)

(Lemma 9.4)

(Equation (9.3))

<4¢(dist(x, C)? + dist(x, )2 +9{2) (Lemma 6.1 + Lemma 5.17)

Combining the bounds on the terms from (9.4) and (9.5), we obtain that

& <max {95‘(dist(x,C)2 + dist(x,fm)2 + 9%2) , B¢ (dist(x,C)2 + dist(x,i)ﬁ)2 + 9‘{2)}
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<e(dist(x,C)? + dist(x, )% +R?) . (¢ =¢/36)
This yields the claim. O

Given this result, it is easy to see that the difference between the r-fuzzy K-means costs
¢$(C) and ¢7(g(C)) can be bounded as follows.

Corollary 9.16 (replacing means by their representatives). Let € € (0,1] and (&,R,2N) €
Desce. Let 4 < RP be the search space described by (&,R,9) and let g be a representative
function defined by (&,R,M) and é = €/36.

Let r:R>9 — Rxg be a [0, 1]-reducing fuzzifier function, K €N, C = (uz)rerx1 € U, 9(C) =
(0(1) perxp @nd X € Dom (RP,R,). Then,

[95€) PO = ¢ (kmix (€)+ kmx (D) + w(X)9¥?) .

Proof. Note that ‘gbg;’(C) - ¢§;)(g(0))| <y, |¢<r> (€)= (g(C))(. Bound each sum-

(o, w3n)) (G, wn))
mand via Lemma 9.15. This yields the claim. O

Discussion. This bound and all the bounds that we presented in the previous section
heavily depend on the definition of the K-means cost. Consequently, our application of
this construction also heavily depends on the relation between the r-fuzzy K-means and
the K-means cost function. Our goal is that the discrete search space g(il) contains a good
representative for each solution contained in the continuous search space i{. That is, we
want that the upper bound from Corollary 9.16 computes to some small multiple of (p(}'é)(C).
To this end, we need the following paramter setting: To be able to bound the first summand
€-kmy (C) by <p(§)(C) via Lemma 6.1, we require that

ex e (K)1.

Given this setting of ¢, it suffices if kmy (901) € O (kmx (C)). We can only guarantee that this
is true for all possible C < RP with |C| <K if

kmx ON) < akmgfg)

for some constant @ € O(1). Given this bound on kmx (971), it remains to choose the parameter
R such that
w(X)R?2 € O(kmyx (9N)) .

To sum up, there is a strong dependence on notions from K-means clustering.

9.5 A Discrete Search Space

In this section, we focus on the discrete search space, which contains all possible representa-
tives of points from the search space. Clearly, the size of a discrete search space &, which
is described by (&,R,901) and ¢, linearly depends on the number |2)i| of the given means
and the exponent € of the radius (see Definition 9.9). The following result and its proof
correspond to Claim 4.3 and Claim 5.7 from (Chen, 2009, p. 930,936).

Lemma 9.17 (Size of the Discrete Search Space). The size of a discrete search space & c RP
defined by (€,R,9) € Descr and € €(0,1] is bounded by

16\/ﬂ)D .

€

6] < |sm|-<e+1>-(
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Proof. Let M :=(m;);¢r;- Recall Definition 9.7 and Definition 9.9. Consider the grid which
partitions the rings {; ;. For each [ € [|91|]] and j € {0,..., ¢}, the ring 4I; ; is partitioned into

an axis-parallel grid with side length s; :=¢- 2%. Hence, the volume of each grid cell in
which {l; ; is split up is given by
i D
_p_[. 2R
UJ = Sj =|€- ﬁ .

By definition, the ring ; ; is completely contained in a (closed) ball around m; with radius
2/9R. Observe that the (smallest) cube containing a grid cell may not be completely covered
by this ball, but certainly by the ball around m; with radius 2/ +s = 2/*1. The volume of
the latter ball is given by
HD/2(2j+19}t)D

Irr+1) ~’
where I' denotes Euler’s gamma function (Hopcroft and Kannan, 2017, pp. 16). Hence, the
number of grid cells in which 4l; ; is split up is at most

VJ’ =

V;  nDR2(2i+*1g3)D ( Nin) )D 2D29D /pP

v, T(DR+1) |e-2R| TD2+1)-P "

Note that I'(n) = (n — 1)! for all n € N (Hopcroft and Kannan, 2017, p. 17). Hence, I'(D/2+1) =
[(1D/2+1])=(D/2+ 1] —-1)! = |D/2]! for all D = 4. From Stirling’s approximation, we know
that n! = (n/e)” for all n e N (Cormen et al., 2001, p. 55). Hence,

F(D/2 +1)= (I_D/ZJ/e)LD/zJ > (D/(4e))D/2—1 )

Therefore,

vj DD2-1..D eD = eD

VJ - 7ID/22DDD/2(4Q)D/2_1 ~ IID/22DD(46)D/2 B T[D/24D(46)D/2 B (16\/ﬂ)D
< : .

Overall, there are L - (€ + 1) different rings. Hence, the total number of grid cells is at
D
most L-(€-+1)-(£24)" This yields the claim. O

Lemma 9.18. A discrete search space & c RP defined by (&,R,9) € Descr and € € (0,1] can
be computed in time
O (1?2 - @e)’P) .

Proof. Recall our analysis of the size of & from the proof of Lemma 9.17. Due to this analysis,
we know that we have to iterates over O (|91]- € - (1/e)P . 2P ) grid points. Testing whether a
point lies inside a certain ring needs time O(D). Determining which of the means in 9 is
closest to a point needs time O(|91| D). Combining these bounds yields the claim. O



116 CHAPTER 9. A DISCRETIZATION



Chapter 10

An e-Approximate Mean Set

In the previous chapter, we constructed two search spaces with respect to a data set X: a
continuous search space < RP and a discrete search space & c RD of finite size || < oco.
These search spaces have the nice property that we can map mean vectors C € 4l from the
continuous search space il to representatives g(C) < & in the discrete search space & such

that the r-fuzzy K-means cost ¢§;)(g(C)) of the representatives is similar to the r-fuzzy

K-means cost ¢§§)(C) of the original means C. The idea pursued in this chapter is the
following: If we knew that good mean vectors are contained in the continuous search space
31, then the aforementioned properties ensure that the discrete search space & also contains
a similarly good mean vectors. In particular, if near-optimal mean vectors are contained in
i, then there are also near-optimal mean vectors in the discrete search space &. As & is
finite, we could find these near-optimal mean vectors via an exhaustive search.

In this chapter, we show that this idea works: We can indeed construct a discrete search
space that contains means that induce a (1 + ¢)-approximation to the r-fuzzy K-means
problem for certain fuzzifier functions r. We call such a set of means an e-approximate mean
set.

Overview. In Section 10.1 and Section 10.2, we give a brief overview of the related work
and our contribution. In Section 10.3, we state our formal definition of approximate means
sets for the r-fuzzy K-means problem, a construction of such sets, and an approximation
algorithm. In Section 10.5, we state the complete proofs.

Publication. In this chapter, we generalize and correct the corresponding result from
Blomer et al. (2016), which deals with the classical fuzzy K-means problem.

10.1 Related Work

In this chapter, we reuse the construction and results that we presented in Chapter 9.
These results are based on the work of Chen (2009). Besides that, we make use of the
notion of approximate mean sets. Usually, these sets are called approximate centroid sets
(Matousek, 2000). We hope to avoid confusion (and not cause any) by sticking with the
term 'means’ instead of introducing the synonym ’centroid’. There are several algorithms
for the K-means problem that make use of this notion: Matousek (2000) presents a (1 +¢€)-
approximation algorithm for the K-means problem with runtime O(|X |€_2K2D log(1 X X).
Effros and Schulman (2004) construct a (1 + €)-algorithm for the K-means problem which
runs in time poly(K)- (D/e)°® | X |loglog(|X|) + (D/e)°ED) The work of Feldman et al. (2007)
is based on a construction that yields a weak coreset for the K-means problem and a
(1 +e)-approximation algorithm with running time O(|X|KD)+ D - poly(K/e) + 90&K/e)

117
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10.2 Contribution

First, we show how a finite e-approximate mean set can be computed for the r-fuzzy K-means
problem, given that the fuzzifier function is increase-bounded, contribution-bounded, and
[0,1]-reducing. More precisely, we show that a slightly refined version of the construction of
Chen (2009) can be used to compute such a set. Second, we use this result to show that there
is a (1+¢)-approximation algorithm for the r-fuzzy K-means problem (for the aforementioned
class of fuzzifier functions). This algorithm simply performs an exhaustive search through
all the solutions in the aforementioned e-approximate mean set. Later, in Chapter 11, we
will use a dimension reduction technique to improve the performance of this algorithm. For
an overview and comparison of all our approximation algorithms, we refer to Chapter 13.

10.3 Main Result

Let us start by formalizing our notion of an e-approximate mean set. For the sake of
simplicity, we denote a vector of means as a solution and use the following notation:

Notation 10.1 (short notation). For M € RP and K €N, the set of solutions with exactly K
mean vectors from M is MK = {(,ul,...,,uK) | VkelK]: upe M} Analogously, we let M=K =
Uret1{(us, ..., | VI € [k]: py € M}

An e-approximate mean set is a set of solutions that contains a (1 + €)-approximation to
the r-fuzzy K-means problem.

Definition 10.2 (e-approximate mean set). Let X € Dom (RP,R,), let r: R — Rxo be a
fuzzifier function, € €[0,1], and K € N.
A set © < (RP)=K is an e-approximate mean set of X for the r-fuzzy K-means problem if

IC*eO: ¢()€)(C*)S(1+€)'¢(O)£17{1,r) :

Usually, one calls these sets (K,¢€)-approximate mean sets. Here, K is either clear from
context or stated explicitly, as part of the term "r-fuzzy K-means problem". Besides that, we
point out that allowing for solutions with less than K mean vectors is not important in this
chapter, but it will be handy in Chapter 12.

The following result shows that one can construct a discrete search space & that is an
e-approximate mean set.

Theorem 10.3. Given a data set X € Dom (RP,R,), K €N, a fuzzifier r : Rsg — Rxq that is
i.-increase-bounded, ¢,-contribution-bounded, and [0,1]-reducing, ¢,(K) € (0,1], i, € [1,00),
and € € (0,11, Algorithm 10 computes a discrete search space & < RP such that &X is an
e-approximate mean set of X for the r-fuzzy K-means problem.

The size of & is
X)

W _
6]=0 (log(le %) K-eP 'H(r,K,e)) ;
W

min

where

-1
H(r,K,e):max{log(r( ) ) log (e (K)™Y), 1} :

€
4i, K2

Before we provide a proof in Section 10.5, let us consider an application of this construc-
tive result.
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Algorithm 10 Exhaustive Search Through a Discrete Search Space
Require: X = ((x,,wn))yern € Dom (RP,R,), K €N, r: Rxg — R0, ¢,(K) € (0,1], i, € [1,00),
and € €(0,1]
1: Construct an unweighted data set X that, for each n € [N], contains [wn/wimzl] copies of
the data point (x,,1).
2: Apply the algorithm from (Matousek, 2000) to compute an a’-approximation 9t to the
K-means problem with respect to X, where o’ is some constant.

3: Set
-1
) ,cr(K)‘l} .

€
=2-a d b:=
a a an max {r ( e

w(X) _ |kmx ()
¢ = { log(9 a-b- T )J and R:= —aw(X) .

min

4: Let

5: Compute a discrete search space & described by (&,R,90) and

c-(K)
72-2+a)

€=€-

6: Determine C = argmln (,b(r)(C) ‘ Cc® with |IC| = }

10.4 Application (Corollary 10.4)
By an exhaustive search through an e-approximate mean set we can find a good solution.

Corollary 10.4. Given a data set X € Dom (RD,R+), K eN, a fuzzifier r : Rsg — Rxq that is
i.--increase-bounded, ¢,-contribution-bounded, and [0,1]-reducing, ¢-(K) € (0,1], i, € [1,00),
and € €(0,1], Algorithm 10 computes means C < RD, |C| =K, such that

PO+ g -

The algorithms’ runtime is

X) (X)
min min

(X) ( )
W
(|X| max) lg(IXI ) 2O(K2D10g(1/€)) H(IfKe) t,(K)

where

-1
€ _
H(r,K’e):max{log(r(4irK2) ), log (e (K) 1), 1} .

We prove this result in the next Section 10.5. Observe that Algorithm 10 is a polynomial-
time approximation scheme (PTAS) for the r-fuzzy K-means problem if K,c¢,(K),i,,D €
O(1) are constants and if the given data sets X satisfy ng)x/w(X ) ¢ | X Io(l) Note that this
observation covers all unweighted data sets X € Dom (R”,{1}) and all the fuzzifier functions
presented in Section 5.3, except the exponential fuzzifier function e, because it is not

increase-bounded.

Alternative. We can accelerate the algorithm a little bit by using a randomized K-means
approximation algorithm instead of an deterministic K-means approximation algorithm in
the second step of the algorithm.
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Corollary 10.5 (randomized alternative). Consider a randomized variant of Algorithm 10
that uses the algorithm of Aggarwal et al. (2009) instead of the algorithm of Matousek
(2000) to compute a constant-factor approximation to the K-means problem with respect to
X in the second step of the algorithm. Given a data set X € Dom (RP,R,), K €N, a fuzzifier
r:Rsg — Rsg that is i,-increase-bounded, e,-contribution-bounded, and [0,1]-reducing,
¢, (K)€(0,1], i, €[1,00), and € € (0, 1], this algorithm computes means C < RD, |C| =K, such
that (,b()?(C) <1 +e)pPPT  with constant probability. The algorithms’ runtime is

X.K,ry
WX wX) 0¢0 O(Klog(K)Dlog(1/e)) 17K
max max
IX| =5 KD + X |log | 1X]|—=7 2T H e ey (KD -
Woin W onin

where H(, i ¢) is defined as in Corollary 10.4.

We prove this result in the next section.

Special Case. Consider the classical fuzzy K-means problem with the polynomial fuzzifier
function p,, (x) = x™ with m € (1,00). Recall from Section 5.3.2 that we can set ¢, (K)= Km-1

i, =4m,andt, (K)=0(K). Observethat Hy, k. = max{mlog (WZ—KZ) , (m—1)log(K), 1} c

O(m?Ke™1). Hence, H (Ig Ke) € 20(og(m)Klog(K)log(1/e)) g for unweighted data sets, the deter-
ministic algorithm from Corollary 10.4 has runtime

2. . .
IXllOg(|X|)K . 2O(K D log(m) log(l/e)) ,

while the randomized variant from Corollary 10.5 needs time

|X| 10g(|X|)O(K) . 2O(K10g(K)Dlog(m)log(l/e)) .

So, for unweighted data sets, it does not really matter which algorithm we choose. The
dependence on the number of clusters K is only slightly different.

10.5 Analysis

In the following, we analyse a single run of Algorithm 10 given X = ((n,wn))neng €
Dom (RP,R,), K €N, e €(0,1], and a [0, 1]-reducing, ¢,-contribution-bounded and i,-increase-
bounded fuzzifier function r : R>g — R>g. Additionally, we let

W= U(E, R, M)

where the elements from the tuple (&,R,91) are defined as in Algorithm 10. Consider
the discrete space & defined by the algorithm. Let g be the corresponding representative
function, i.e., the representative function that is defined by (&,R,9)1) and € satisfying

G ={gx)|xei} .

Outline

The following analysis consists of five steps: First, we show that 91 is a (2-a’)-approximation
to the K-means problem with respect to X. Second, we show that there exists a good
approximation in the search space il. Third, we show that representatives g(C) < & incur an
r-fuzzy K-means cost similar to the means C cil. Fourth, we conclude from these results
that it suffices to search through all solutions consisting of representatives from & to find a
good approximation. Finally, we analyse the runtime of the algorithm.
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Approximation to the K-Means Problem

We need a constant-factor approximation to the K-means problem with respect to the
weighted data set X. Therefore, we apply an algorithm that computes an a’-approximation
for the K-means problem with respect to unweighted data sets to the data set X, which
contains copies of unweighted versions of the data points from X.

Observation 10.6. The size of X is |X | = Zf:’zl [wn/w(X)] < 2ZN 1 wn/w(X) <2|X]|- wgf;)x/w(X)

min min min’

Claim 10.7. 9 is a (2a’)-approximation to the K-means problem with respect to the weighted
data set X. That is,

kmx (M) < (2a")-kmH %, .

(X) (X)

Proof. For all n € [N], we have wn/w in = [wn/w(X ) 1< 2wn/w , since wn/w = 1. Hence, by
definition of the K-means cost (see Problem 4. 3) we have
D .
VCcR": (X) ka(C)<ka(C)< (X) —kmx (C) . (10.1)
min min

We know that 91 is an a’-approximation for the K-means problem with respect to

X. Hence, kmg (M) <« kmgfﬁ) Let C"pt cRP, |COpt| =K, be a solution with kmggg) =

kmy (COP t) With (10.1), we can conclude that

X) X) ey OPT o (X) 1y ~opt 17 OPT
kmy () < wp, kmyg (M) <wo a'km e <wiy a'kmyg (CX )s 20/ kmy g -

This yields the claim. O

Existence of a Good Solution in $(

Let us start by showing that there exists a good approximation in the search space il. We
point out that this result requires that the coarse K-means solution 91, which Algorithm 10
uses to construct the search space 4, contains (at most) K mean vectors.

Claim 10.8 (existence of an approximation in ). There exist means C <l with |C| <K and
PO 1+ )¢g§f§r) .

Proof. Consider optimal means O c RP with |O| = K where <p(”(0) = gbgflg e From Theo-

rem 6.3, we know that there exists O’ = (u;);¢z; €O, L :=|C| < K, such that
$PON = (1+ )(P(Oﬁ,r) (10.2)

and such that O’ induces an r-fuzzy clustering P = (ppn;),e(ne(z) of X where

€/2 €

Vle[L]: 3Ine[N]: 2.
[L]: 3n€[N]: pn 21,K2  4i K2

(10.3)
Towards a contradiction, assume that for all solutions C c 4 with |C| < K and ¢>(§)(C )<
(1+5)¢%T | we have C\4l# @.

(X,K,r)
Then, due to (10.2), there must exist a mean vector pj € O’ \ L. More precisely, we have

up & U =3U(E R, M) where R = \/ka AN /(aw (X)) and

1 e 7! wX)
¢E= {élog(Q-a-r(éﬁer) ® )J .

IIllIl
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With Lemma 9.10, we can conclude that

-1
€ kmyx ()
Vn e [N]: ||xn—uk||§z2-r(4i Kz) —% (10.4)
r wmin
Hence,
(1 L€ )<P8f§ = ¢(r)(01) (Equation (10.2))
¢(r)(01,P) (P induced by 0,)
> Z wnr (i) |0 — 15
n=1
-1
X,r(P)) € ka (m) .
=w (Ak ) -2.r (4irK2 ) ® (Equation (10.4))
mll’l
Consequently,

OPT (X)
w ( A(X,r<P») - (1+ M’(X Kr)' (4ir€K2) "Win
k - 2kmyx (ON)

Now we exploit the fact that |9 = K. With Lemma 6.1, we can conclude that

PO x.ry < kmx () .

Besides that, (1+5)/2=1+ ¢ <1. Hence,

N
(X,R)) _ € X)
W(Ak )— E r(pnk)wn<r(4ir 2)-wmin.

n=1

With the properties of a fuzzifier function, it follows that p,. < K2 for all n € [N], which
contradicts (10.3). O

Replacing a Solution in i by a Solution in &

Next, we show that representatives g(C) perform similar to the corresponding means C <l
from the search space. The following result is an analogon of Lemma 5.8 from (Chen, 2009,
p. 936).

Claim 10.9 (representatives suffice). For all C = (up)reix) € U and their representatives
g(C) = (g(uk))ke[K], we have

36¢ (2 + a)

|¢>‘”(c> ¢<r’(g(c»( BP(C) .

Proof. As ris|[0,1]-reducing, Corollary 9.16 gives
‘4)(")(0) ¢(”(g(C))) < 36¢ (kmy (C) + kmx (D) + w(X))R2) .

Recall from Lemma 6.1 that
kmyx (C) <

).
AK)") ©

Recall that, by definition, ¢,.(K) < 1. Moreover, recall from Claim 10.7 that 9 is an a-
approximation to the K-means problem. Hence,

kmy (M) < akm% %) < akmy (C) < (o)

r(K )X

Besides that, with Lemma 6.1, we can conclude that

kmyx (ON) - 1 kmx(N) - 1
(K)o« T KX

A combination of these inequalities yields the claim. O

w(X)R? =

%) (a=1)
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Existence of a Good Solution in &

Now we can conclude that there are good representatives in &. In other words, we show
that, in order to find a good approximation, it suffices to evaluate all possible solutions

(At )perzer < ©-

Claim 10.10 (existence of an approximation in &). There exist means C € & with size |C| <K
such that

PP =L+ %, -
Proof. From Claim 10.8, we know that there exist means C = {y;};erz; < U with L < K and
€
PP = (1 + 5) D xr)

From Claim 10.9 we know that

36€(2+ a)

(r)
Px @)= (1 e ®

) PO .

By combining these inequalities, we obtain

¢ (g(C) = (1 ; w) (145002,

¢ (K)
€ 726(2 + Of) OPT
< (1+§+W) (X K,r) (ES 1)
OPT x_ - (K)
=1+Px K. E=e Bgra)
which yields the claim. O

This last claim shows that Algorithm 10 returns a solution satisfying the desired approx-
imation guarantee.

Size of & and Runtime

It remains to analyse the size of & and the algorithms’ runtime. As in Corollary 10.4, let

-1
Hixeo= max{log (r( ) ) log (¢ (K)™Y), 1}.

€
4i,K?
Claim 10.11 (size). The discrete search space & has the size

42 o (2]
X
Iﬁleo(log(le ® )K(;) 'H(r,K,e)) .

min

Proof. Recall Lemma 9.17, plug in the parameters defined in Algorithm 10, and recall that
a€O(1) and || = K. Note that w(X)/w'X) <|X|- ubo /) O

min’

Claim 10.12 (runtime of Algorithm 10). The overall runtime of Algorithm 10 is

X) (X)
min min

W& S0\ K
| X | max Tog|1X1 max | o0(log(K)KDlog(1/e) H(IEK o t.(K) .
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Proof. First, consider our execution of the algorithm of Matousek (2000). We apply it to the
data set X, which has the size |X | =2|X Iwgd)x/w(X ) (see Observation 10.6). We apply it with

min
a constant precision € € (0,1). Hence, we need time

% oK oK2D ngx g?x K2D
O(|%]-1og (1K) 2°P) c 0 [ 1x) x| 1og 1) max | 70 |
min min

Next, consider the computation of the discrete search space. With Lemma 9.18 we can
conclude that the time needed to compute & is

(X)
Wm:
o (Iﬁﬁl & (2/6)31)) <0 (K2 : (log (IXI X )) Hi ke (2/6)3D)
min
oo . o
Clog(|X| WI(I;;() H(r,K,e)'Qo( og(1/e)log(K))

min

Finally, consider the exhaustive search through the discrete search space &. There are
|6|X possible combinations of K elements from &. Evaluating the cost gb(r )(C) of a set C <RP
with |C| = K needs time O(|X IDtr(K )) (Assumptlon 5.19). With the help of the previous
claim (and the fact that w(X) < |X]|- wmax) we can conclude that the K representatives that
incur the smallest cost can be determined in time

X W(X) 2\~P
01X 1Dt (K)|®| )co(|X|Dtr(K>(log(|X| (X))H<rm> K( ) ) )
W

IIllIl

w(X) X X 2 -KD
=0 |X|D(1og |X|w‘(‘;§‘)") HE ¢ o K tr(K)(E)

min

SO K
min
A combination of these bounds yields the claim. O

Claim 10.13 (runtime of algorithm from Corollary 10.5). The overall runtime of the algo-
rithm from Corollary 10.5 is

) w0 |0 O(log(K)KDlog(1/e)) 77K
max . max (log ogll/e
1X| x5 KD + | X| 10g(|X| X ) -2 H (r.Ke) -t.(K) .
Wmin min

Proof. This proofis similar to the proof of Claim 10.12. Instead of the algorithm by Matousek
(2000), we apply the algorithm by Aggarwal et al. (2009) to the data set X, which has size
|X’ | <2|X]| wggx/wg(i;. Executing this algorithm needs time

(X) x)

. R W .

O(|X|KD +p01y(K, 10g(|X|))) QO(IXI WI(I;;;(KD + poly (K, log(IXI WI(I;?)X))) )
min min

The remaining steps of the algorithm from Corollary 10.5 coincide with Algorithm 10. From
the proof of Claim 10.12, we already know that these steps need time

(X)

|X|10g(|X| l:;(a)x) 20(10g(K)KDlog(1/e)) HKKe) tr(K)

min

A combination of these bounds yields the claim. O



Chapter 11

Dimension Reduction

A dimension reduction technique can be used to speed up an algorithm whose runtime
crucially depends on the dimension of the given data set. The main idea is to map the
given high-dimensional data set Xp to a low-dimensional representation X, , feed this
low-dimensional representation X, to the algorithm, and then translate its output back
to a solution with respect to Xp. More precisely, consider a high-dimensional data set
Xp =((xn,Wn))yerny With points x, € RP. We apply a dimension reduction technique to map
each point x,, € RD from Xp to a point n(x,) € R? where d < D. Then we solve our clustering
problem on the resulting lower-dimensional data set X = ((n(x), wn,)),en- Finally, we need
to translate the solution back to a solution for the original data set Xp. Since the number
of points is the same in both data sets, we can simply take the (soft) clustering P from the
solution and compute the representatives induced by P with respect to Xp (instead of X ).
However, it depends on the mapping 7 whether the quality of the solution is preserved.

There are two kinds of provably accurate dimensionality reduction techniques known
for K-means clustering: First, there are methods based on random projections, which are
called Johnson-Lindenstrauss lemmata. They not only ensure that the quality of a K-means
solution is preserved by the reduction; they also ensure that the pairwise Euclidean distances
between the points are preserved up to a small factor. Clearly, this is useful not only in the
context of the K-means problem, but also for the r-fuzzy K-means problem. Second, there is
a spectral method known as principal component analysis (PCA). It is well known that this
method is closely related to the K-means problem.

In this chapter, we show that the Johnson-Lindenstrauss lemma is useful in the context
of r-fuzzy K-means. Moreover, we discuss the use of a PCA for the r-fuzzy K-means problem.

Overview. In Section 11.1, we describe the Johnson-Lindenstrauss lemma, give an overview
of related work, and utilize the lemma for the r-fuzzy K-means problem. In Section 11.2, we
briefly discuss spectral methods.

Publication. The results that we present Section 11.1 are generalizations of the results
from (Blomer et al., 2016, Corollary 1, Lemma 3).

11.1 The Johnson Lindenstrauss Lemma

Johnson and Lindenstrauss (1984) showed that N points in a D-dimensional Euclidean
space can be mapped down to a D = O(log(IN)/e?) dimensional space while preserving the
pairwise distances between the points by a factor 1+e¢. Our formulation of their result
follows Dasgupta and Gupta (2003):
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Lemma 11.1. Let X cRP with |X|=N and c€ [0,1]. Thereis a linear map 7 : RP — RD with
D = O(log(N)/e?) such that for all x,y € X we have

(A-e)llx -yl < Imx) —aMIZ <A +e) lx -yl .

Moreover, there is a randomized algorithm that, given X c RP and e €[0,1], finds such a
map, with constant probability, and needs time O(D log(N)/e?).

In particular, the dimension D is independent from the dimension D of the original
points. This means that the linear map preserves the pairwise distances between the N
points to D = O(log(N)/e?) dimensions, regardless of how high the given dimension D is.

11.1.1 Related Work

Recently, Larsen and Nelson (2016) showed that the bound on the dimension D given in
the Johnson-Lindenstrauss lemma is tight. That is, every linear mapping 7 : R? — D that
satisfies the properties given in the lemma also satisfies D = Q(min {D,log(N )/62}). However,
this does not prove that we cannot map a data set to an even smaller dimension that
preserves the r-fuzzy K-means cost (of a transferred solution).

The algorithm referred to in Lemma 11.1 is not very practical. Consequently, there has
been a lot of work on developing more efficient algorithms: For instance, Ailon and Chazelle
(2006) introduced the fast Johnson-Lindenstrauss transform which makes use of a sparse
projection matrix with a randomized Fourier transform. This method has been repeatedly
improved since then. For more information, see Ailon and Liberty (2013) and Kane and
Nelson (2014), for instance.

11.1.2 Main Result

The key ingredient that enables us to apply the Johnson-Lindenstrauss lemma to the r-fuzzy
K-means problem is the same as for the K-means problem: It is the observation that the cost
can be expressed as a weighted sum of pairwise distances between points (Corollary 2.23).

Lemma 11.2. Given X € Dom (RD,R+) and € €[0,1], the algorithm from Lemma 11.1 com-
putes a linear map 7 :RP — RP with D = O(log(1X |)/e?) such that, with constant probability,
the following property is satisfied:

For all fuzzifier functions r : R>g — R>g and soft clusterings P of X, we have

PU (P (1 elpP(P) .

Proof. Fix arbitrary P = (PrkdneN1keik] € AN K-1 and X = ((x,,wn))peny- First, observe that
we map each point x, to some 7(x,), but we do not change its weight w,. Thus, for all
clusters with w (A;XJ(P))) =0, we have d (A;XJ(P») =d (AZ”(X)J(P))) = 0. So, without loss of
generality, we can assume that the cluster weights are strictly larger than 0. Then,

(p(,.) (P) = i Zilvzl Lm<n TPnIr(Pmp)WnWm ””(xn)_ﬂ(xm)”%
) k=1 YN r(par)wn

" 2
ellxel- f Ln=1 Zm<n " Prt)T(Pmk)WnWm [1Xn = Xm
k=1

(Corollary 2.23)

7 (Lemma 11.1)
Zn:l r(ppr)wn

=[1xel-¢P(P).
0

That is, this dimension reduction technique preserves the r-fuzzy K-means cost of each
soft clustering up to a small factor. Therefore, the quality of a solution is preserved:
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Corollary 11.3. Given X € Dom (RD,R+) and g €(0,1/3], the algorithm from Lemma 11.1
computes a linear map 7 : RP — RP with D = O(log(IXI)/ez) such that, with constant probabil-
ity, the following property is satisfied:

For all fuzzifier functions r : R>g — Rx>q and soft clusterings P of X with

(r) OPT
b0 P) = abx) k)

it holds that
PP P) < a1+ O & m -

Proof. Fix an arbitrary fuzzifier function r. Consider a soft K-clustering P of X with

<p§:()X)(P) < “¢811()§),K,r)‘ With Lemma 11.2, we can conclude

1 1
(r) (r) OPT
x (P)= 1= 5 bnin P = 07— 5o

Let PQPT be a soft K-clustering of X with (/)f,?(ng Ty= (P(O;Iq; - With Lemma 11.2, we can
conclude o

ok = P PR = L+ 3 ¢ PYIT) = 1+ e3P

A combination of these inequalities gives

1+¢/3 OPT

) OPT
¢>§ P)<a T3 PXKm) = a(l +€)(/>(X,K’m) ,

where we use that %J_“Zg =1+2 15/2/3 =1+23% < 1+e. This yields the claim. O

11.1.3 Application (Algorithm 11)

With the help of the Johnson-Lindenstrauss dimension reduction technique, we can speed
up the algorithm from Corollary 10.5. More precisely, we get rid of the runtimes’ exponential
dependence on the dimension of the data points. A drawback is that the dependence on the
number of clusters K becomes stronger.

In the following, we first state the general result and then simplify it with respect to
special fuzzifier functions.

Algorithm 11 Combination with Dimension Reduction
Require: X = ((x,,wn))peqn; € Dom (RP,R,), K €N, 7 : Rx9 — R0, €,(K) €(0,1], i, € [1,00),
and € € (0,1]
1: Apply the algorithm from Corollary 11.3 to X and €/4 (instead of €) to compute a map
7:RP — RP with D = O(log(|1X|)/e?).
2 Y = (10, Dyeqy) € Dom (RD R, ).
3: Apply our randomized variant of Algorithm 10 from Corollary 10.4to Y, K, r, ¢,, i,.(K),
and e/4 to compute a solution C < RP
4: return C

Corollary 11.4. Given a data set X € Dom (RD,R+), K eN, a fuzzifier r : R>g — Rxq that is
i.-increase-bounded, e,-contribution-bounded, and [0, 1]-reducing, the values ¢, (K) € (0,1]
and i, €[1,00), and some € € (0,1], Algorithm 11 computes means C < RP |C| =K, such that
with constant probability

PO =1+ .

The algorithms’ runtime is bounded by

Vo O(K log(K)log(1/e)/e?) Ving o K
. Ymax og(K)log(1/e)/e?) | Ymax . .
D-—x 1XI log| —% Hi g ) tr(K) ,
min min
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where )
€ B _
H(r,K,e) = max{log(r(m) ), log(cr(K) 1) , 1} .

Proof. From Corollary 10.4, we know that C is a (1 + ¢/4)-approximation to the r-fuzzy K-
means problem with respect to Y. With Corollary 11.3 we can conclude that, with constant
probability, C is a (1 + e/4)*-approximation to the r-fuzzy K-means problem with respect to
X, where (1+¢€/4)? <(1+¢) (Lemma A.1). i

According to Corollary 11.3, the computation of the mapping 7 : R — RP needs time
O(D -log(|X|/e?) and

D = O(log(IX|)/e?) . (11.1)
So applying the linear mapping to each of the given points needs time
O(X|-D-D)< O (1X|log(IX])-D/e?) .

Observe that Y| = | X], wggx = wggx, and wglil = wg(lzl Hence, our application of the
algorithm from Corollary 10.4 needs time

o) v &) | % O(logB)KDlog(1/e)) . p7K
max 71y _fnax . o8 BT '

x| e KD+|XI10g(|X| (X)) 2 Hoaatr ().
Wmin min

where H(, i ¢) is defined as in the claim (note that, in comparison to the definition of H, g ¢)
in Corollary 10.4, we replaced € by ¢/4) and

2O(Klog(K)D log(1/e)) c ZO(Klog(K)log(IXI)log(l/e)/EQ) c |X|O(Klog(K)log(l/e)/62)

due to (11.1). Combining these bounds yields the claim. O

As already pointed out, in contrast to the runtime from Corollary 10.4, the runtime from
Corollary 11.4 does not have an exponential dependence on the dimension of the data points.
The dependence on the number of clusters K becomes stronger, though.

Special Case. Consider the classical fuzzy K-means problem with fuzzifier value m €
(1,00). Recall from Section 5.3.2 that we can set ¢, (K)= Km L i, =4m, and t, (K)=

O(K). Hence, Hp, k) = max{mlog(G‘iLKz) , (m—-1)log(K), 1} € O(m2¢1K). Consequently,

€

H (Ig Ke) € 20(og(m)log(1/e)loglK)) e can simplify the runtime bound to
X) x) K
D. Ymax | X|O(Klog(K)log(l/e)log(m)/ez)1 Wmax
53) 8| )
w_. W .
min min
X) x) K
Wmax OK2e3m) Wmax
C - —_—
cD ® | X| log T
min min

In particular, for unweighted data sets X € Dom (R?,{1}), the runtime is simply

2.-3
D'|X|O(K€ m) )

For an overview of all our approximation algorithms, we refer to Chapter 13.

11.2 Principal Component Analysis

Simply speaking, a principal component analysis (PCA) is a dimension reduction technique
that is based on a singular value decomposition of a matrix containing (data) points.
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In a Nutshell. First, let us briefly review the PCA approach. For more information, we
refer to (Bishop, 2006, pp.561) and (Kannan and Vempala, 2009). Assume we are given
a centered version of an unweighted data set X = ((x,,1)),¢n)- That is, we assume that
the mean of the whole data set is the zero vector (m(X) = Op) (if it is not, just shift all
points). Consider the matrix Mx = (x1...xN) € RP*N that contains all points as column
vectors. Via singular value decomposition, one can find the appropriate D vectors that span
the point matrix Mx. That is, each point x, can be expressed as a linear combination of
these points. The goal of a PCA is to identify the most meaningful d vectors that describe
the point matrix Mx best. Given these meaningful vectors, one reduces the dimension by
performing a change of the basis. That is, the d vectors are chosen such that this change
of the basis results in an error as small as possible, where by error we refer to the sum of
the squared Euclidean distances between the original data points and their representations
in the d-dimensional subspace (Bishop, 2006, pp. 563). This corresponds to choosing the
vectors that point into the direction where the variance of the data set is largest. In other
words, one chooses the d vectors whose corresponding singular values are largest.

Connection to K-Means. Clearly, variances are essential in the PCA approach (Shlens,
2003): Those directions in which the variance of the data set is large are considered the
most meaningful by this approach. This statistic is important in K-means clustering as
well since the cost of each hard cluster coincides with the (normalized) variance of this hard
cluster. The connection is even much closer than this observation: Ding and He (2004) show
that K-means and PCA maximize the same objective function but with respect to different
constraints. Drineas et al. (2004) show that one can utilize PCA for an approximation
algorithm for the K-means problem (which they refer to as "the discrete clustering problem").
Moreover, another way to describe the relation between K means and PCA is to consider
them both as variations of a matrix factorization problem, as noted by Watt et al. (2016) for
instance. Besides that, note that there are also results showing that a PCA is related to
(spherical) Gaussian mixture modelling (Vempala and Wang, 2004). To sum up, there is an
inherently close relation between the K-means problem and PCA.

Connection to Fuzzy K-Means? Now the question arises whether we can (provably)
utilize a PCA for the r-fuzzy K-means problem. On the one hand, in Section 4.2, we already
discussed the differences between the K-means problem and the fuzzy K-means problem.
The r-fuzzy K-means cost is a sum of (un-normalized) variances of re-weighted versions of
the given point set with weights that probably exhibit no useful property (regarding the
variances of the original point set). On the other hand, in Chapter 6, we showed that there is
a coarse relation between the K-means and fuzzy K-means objective function and between
the respective notions of negligible clusters. However, the relation between the objective
functions is so coarse that when we apply results from K-means directly, we eventually
incur a very large approximation factor (cf. Section 7.1). It is still an open question how
dimension reduction techniques that rely on singular value decomposition can be used or
adapted (provably) properly.
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“You will need to know the
difference between Friday and a
fried egg. It’s quite a simple
difference, but an important one.”

Douglas Adams!

Chapter 12

Coresets

Assume that we are given a data set that contains far more data points than we want to
process. A way to deal with such a data set is to summarize its data points in some way and
then to process the summary instead of the data set. Given that a suitable summary can be
computed fast enough, this approach can effectively speed up an algorithm whose runtime
heavily depends on the number of data points. Whether a summary is suitable obviously
depends on what we want to do with the data set. One can roughly distinguish two types of
summaries: coresets and sketches. Simply speaking, a coreset can be used as a surrogate for
the data set, whereas a sketch may take a completely different form than the original data
set. For instance, a coreset is often just a (weighted) subset of the original data set, while a
Gaussian mixture model that has been fitted to the data set might be a useful sketch. As
the title says, in this chapter we focus on coresets.

To this end, we return to the results of Chen (2009) once again, who gave a construction
of coresets for the K-means problem. We already analysed and refined some of his results
in Chapter 9. In this chapter, we show that a slightly refined version of his construction
actually yields a useful coreset for the r-fuzzy K-means problem.

Overview. In Section 12.1, we give a brief overview of work regarding coreset construc-
tions. In Section 12.2, we sum up our main contributions of this chapter. In Section 12.3, we
formally state our main result and describe the algorithm that constructs a coreset for the
r-fuzzy K-means problem. Section 12.5 contains our analysis of this algorithm. Finally, in
Section 12.4, we show that our algorithm can be used to enhance Algorithm 11, which we
presented in Section 11.1.

Publication. In this chapter, we generalize and correct results and proofs from Blomer
et al. (2017).

12.1 Related Work

An overview of the early work of coresets can be found in Badoiu et al. (2002) and Agar-
wal et al. (2005). Har-Peled and Mazumdar (2004) present a deterministic construction
of a coreset with a size linear in K, exponential in D and logarithmic in |X|, namely
O(Ke P log(|X1)). Later, Har-Peled and Kushal (2005) improved this result to a core-
set with a size polynomial in K and exponential in D, but independent of |X|, namely
O(K3e~P~1). Leveraging this idea, Chen (2009) presented a randomized coreset construc-
tion. His construction does not have an exponential dependence on D, but again intro-
duces a factor that is poly-logarithmic in |X|. More precisely, the size of this coreset is

1Source: Douglas Adams, The Salmon of Doubt

131



132 CHAPTER 12. CORESETS

0K log(1X e 2(DK log(D/e) + Klog(K) + K log(log(1X)))). Feldman et al. (2013) presented a
construction based on low rank approximation, which results in a coreset size completely
independent of D, but logarithmic in |X|. Recently, Lucic et al. (2016) proposed a coreset
construction for a large class of hard and soft clustering problems that are based on Bregman
divergences.

12.2 Contribution

We show that a coreset for the r-fuzzy K-means problem can be constructed via a slightly
refined version of an algorithm by Chen (2009). Furthermore, we show that this coreset
construction is good enough to improve Algorithm 14, which we presented in Section 11.1.
That is, the size of this coreset is small enough and it can be computed fast enough, so that
we can use it to speed up the application of this algorithm. For an overview of all of our
approximation algorithms we refer to Section 13.1.

12.3 Main Result

Let us start by formalizing our notion of coresets for the r-fuzzy K-means problem. As in
Chapter 10, we denote vectors of means as solutions and use the following notation:

Notation 10.1 (short notation). For M < RP and K €N, the set of solutions with exactly K
mean vectors from M is MK = {(,ul,...,pK) | VEelK]: pp e M} Analogously, we let M=K =
Uretrr {41, -, p2) | VI € [k]: py € M},

Simply speaking, a coreset S of a data set X behaves like the data set in the sense that
the quality of each possible solution is similar.

Definition 12.1 ((strong) coreset). Let X € Dom (RP,R,), let r : Rzo — Rxo be a fuzzifier
function, K €N, and € €[0,1]. The data set S € Dom (RD,R+) is a (strong) e-coreset of X for
the r-fuzzy K-means problem if

VC e RP)E: pP(C)e1+elpP(C). (12.1)

Usually, these sets are called (K,¢)-coresets. In the following, K is either clear from
context or stated explicitly, as part of the term "r-fuzzy K-means problem". In the next
sections, we use the optional prefix "strong" to distinguish this kind of coreset from "weaker"
coresets.

As said before, with a refined version of the algorithm from (Chen, 2009), we can actually
compute such coresets. In fact, the only difference between our Algorithm 12 and the
algorithm from (Chen, 2009) is that we tuned the sample size @ the precision €.

Theorem 12.2 (coreset). Given an unweighted data set X € Dom ([RD ,{1}), KeN, a fuzzifier
function r that is [0,1]-reducing, i.-increase-bounded, and c,.-contribution-bounded, the
values ¢ (K) € (0,1] and i, €[1,00), €/4 € (0,1/4), and 6 €(0,1), Algorithm 12 computes a data
set S € Dom({x | (x,w) € X},N) such that, with a probability of at least 1 -0, the set S is an
e-coreset of X for the r-fuzzy K-means problem.

The data set S has the size

-1
S| e log(IXI)loglog(|X|)2-K3~D~€_3-10g10g(r(ﬁ) )-cr(K)_3~log(6_1)
“Ar

and its weights satisfy
S
e
)
min
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Algorithm 12 Strong Coreset
Require: X € Dom (R?,{1}), K €N, r:Rx9 — Rxo, ¢,(K)€(0,1],i, > 1, €€(0,1), and 5 €(0,1)
1: Apply the randomized algorithm from Aggarwal et al. (2009) which computes, with
probability at least 1 —8/3, an (a, B)-bicriteria approximation 9t < RP for the K-means
problem with respect to the unweighted data set X where a, 8= 0(1).
2: Set

~ €'cr(K)
gi=— 2~
504a ’
1 20
@':ZElog 9a|X|-——— | , and
ézr(Zisz)

D
y::ﬁK-((’E'+1)-(%) :

3: Let S be the output of Algorithm 13, given X, K, r, ¢,(K), €, /3, v, a, B, and .
4: Return S

Algorithm 13 Sampling from K-Means Clusters Divided into Rings (cf. Chen (2009))
Require: X € Dom (R?,{1}), K €N, r : Rs9 — R0, ¢,(K) € (0,1], e €(0,1), 5 € (0,1), y € N,
a,Be[1,00), M = (m;)erz € RP with L = |BK]
1: Let Aq,...,Ar c RP be an L-means partition of {x | (x,1) € X} induced by 9.

2: Let
¢ = Plog(a |X|)w and 9= | XD (12.2)
2 \ Taix]

3: For a sufficiently large constant @ .,sz, let

a 2 (aLeyK
e~cr<K>) ln( 5 )

Q= Qo |

4: for all/€[L] and j€{0,...,¢} do

5 Let 4; ; be the (I, j)-th ring defined by (&,R,9) (Definition 9.6).

6: Xl,j:ﬂl’jﬂAlg[RD

7 if X; ; # ¢ then

8 if %Ll €N then

9 S1,j = (s;)ie[@) where each s; has been uniformly sampled from Xj ;.

. 0w _ . |Xl,j|
10: Sl,j - ((s" Q ))ie[Q]'
11: else X0
12: Q= |Xl,j|—Q-\‘—Ql’J J
13: Ty = (t;); €91 S X j be an arbitrary vector containing Q points from X ;.
14: Tlu} = ((ti, 1))i€[Q]
15: R;j:=(ri)iciq) Wwhere each r; has been uniformly sampled from X; ; \ T};
: o _ ([ X\l
16: le - ((r“ Q ))iE[Q]
17: Sl,jZZSlJURlJ‘
18: SP =T/ UR},
J J J

19: return S = Uz, jeo

,,,,,
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The algorithms’ runtime is

O(IXIDKlog(671) +1SI) .

For the sake of clarity, in this theorem and in the remainder of this chapter, we ignore
the case that an evaluation of loglog might return a value less than one.

Special Case. With respect to the classical fuzzy K-means problem, our result simplifies
as follows. Recall from Section 5.3.2 that for the polynomial fuzzifier function p,, with
m € (1,00), we can set ipm =4m and Cp,, (K)=K™ 1, Let the probability of success 1 -0 be
some constant. Then we can bound the size of S by

8mK?
Sle0O 10g(|X|)10g10g(|X|)2-K3-D-e_3-log(mlog(m—))-K3(’"‘1))
€

c O (log(IX)loglog(IX)?-K3™*2.D.¢™*) .

Generalization to Weighted Data Sets (N). We can also compute coresets for data sets
with weights in N: Given the weighted data set X = ((x,,,wn))nern € Dom (RP,N), construct
a data set X, that contains w, copies of (x,,1), for each n € [N]. Then apply Algorithm 12 to
X, instead of X. With Corollary 2.26 and Theorem 12.2, it is easy to see that the algorithm
computes a coreset S of the weighted set X. However, as we apply the algorithm to a data
set that contains |X,,| = w(X) points instead of | X| points, the size of this coreset and the
runtime of the algorithm increase accordingly.

12.4 Application (Algorithm 14)

In this section, we show that Theorem 12.2 constructs a sufficiently small coreset fast enough
so that it pays off to compute the coreset first and then to apply Algorithm 11 to the coreset.

The straightforward combination of the algorithms, as described in Algorithm 14, yields
the following performance:

Algorithm 14 Combination of Techniques
Require: X € Dom (R?,{1}), K €N, r:Rx9 — Rxo, ¢,(K) €(0,1], i, € [1,00), e €[0,1]
1: Let €:=¢/6
2: Apply Algorithm 12 to X,K,r,¢,(K),i,,€/4 and sufficiently small § to compute a data set
S eDom({x | (x,w) € X},N).
3: Apply Algorithm 11 to X,K,r,c,(K),i, and € to compute a vector of means C.
4: Return C

Corollary 12.3. Given a data set X € Dom (R?, {1}), K €N, a fuzzifier r : Rsg — Rx that is
i.-increase-bounded, e,-contribution-bounded, and [0, 1]-reducing, the values ¢, (K) € (0,1]
and i, €[1,00), and some € € (0,1], Algorithm 11 computes means C < RD, |C| =K, such that
with constant probability

) OPT
ox OV =A+Px i -
The algorithms’ runtime is bounded by
O(K log(K)?log(1/e)*/e?)

€ -1 _1
D-|X|- log(IXI)-D-max{log(r(m) ), 1}-cr(K) J -t (K) .
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Proof. As in the algorithm, let ¢ := €¢/6. First, we analyse the approximation guarantee.
Assume that S is an é-coreset of X. From Theorem 12.2, we know that this holds true with
constant probability. That is,

vCe®PYE: ¢P(C)el12e]-¢(C) . (12.3)

From Corollary 11.4, we know that, with constant probability,

pP(C)<1+0) gL . (12.4)
Fix some Cgp T ¢ (RP)=K where gb(m)(C?(P Ty= gb8?§ ,- A combination of these inequalities
gives
</>(r)(C) < — (P(r)(C) (Equation (12.3))
—-é
1 +
< 1—6 X & r) (Equation (12.4))
—-é
L+€ ) (~OPT
=1 9 (8”)
1+
< ( 6) ¢(r) ( OPT) (Equation (12.3))

_(1+€) ) OPT
=72 Pxkn

<A+ OX gy »

where in the last inequality we use the fact that

1+8)2 1+3¢ 4é 4¢/6 4 4
( €~) < 6—1+—€:1+ €~ =1+ ¢ <l+-€e<1l+e.
1-¢ 1-¢ 1-¢ 1-¢é/6 6—c 5

Next, consider the runtime. From Corollary 11.4, we can know that the computation of
C needs time

Vima O(K log(K)log(1/¢)/e® W)
— _max (K log(K)log(1/€)/€*) max gk .
Tc:=D- 5 -S| lo ( ) ) H( ko t(K),

min min

where € = ¢/6 and

K

-1
€ p—
H(If’K’é) :max{log(r(lGier) ), log (e (K)™1), 1}

-1 K
= max{log (r (96iiK2) ) , log (e (K)™Y), 1} ) (é=¢/6)
From Theorem 12.2 we know that ©)
Wmax
<|X]|
W(S)

and (since § is some constant)

-1
S| €0 (10g(|X|)10g(10g(|X|))2 K3.D -3 loglog (r (L) ) ~cr(K)_3)
2.1, K2

c 1 log(K)log(1/e)
co ((log(IXl)-D loglog (r(m) )-cr(K)—l) )
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-1 -1
Besides that, note that r (2:7) <r (W) since r is strictly increasing. Hence,

1§ | O Tog(K)log( Ve)e?)
c 1 O(K log(K)?og(1/e)?/e?)
go(1og(|X|)-D-1og10g(r(W) )-cr(K)_l)
By combining all these bounds, we obtain
O(K log(K)? log(1/€)*/e?)

€ -1 _1
TCEDIXI-(log(IXI)-D-max{log(r(m) ),1}-cr(K) ) t-(K).

From Theorem 12.2, we know that the time needed to compute S is O(|X|DK +|S]). This
yields the claim.
O

Special Case. With respect to the classical fuzzy K-means problem, the result can be
simplified as follows. Recall from Section 5.3.2 that for the fuzzifier function p,, with
m € (1,00), we can set i, =4m, ¢, (K)= K™ 1 and t, (K)=0O(K). This means that

-1
€ _
log (pm (—96irK2) ) -¢p, (K) lem. log(

Hence, the runtime bound becomes

) 2
96-4mK~ ).K'"—leo(mZ-e—l.Km)

2 202
IX| (10g(|X|)-D-m2 el .Km)O(Klog(K) log(1/e)*/e)

c |X| (10g(|X|) 'D)O(Klog(K)3~log(1/€)3/€2~m)

< 1X|(log(IX])- D)O&K e *m) (12.5)

Comparison. For the sake of simplicity, let us just compare Algorithm 11 and Algorithm 14
with respect to the classical fuzzy K-means problem. From Section 11.1.3, we know that the
runtime of Algorithm 11, given an unweighted data set X € Dom (R?,{1}), is bounded by

D . |X|O(K210g(1/e)10g(m)/€2) gD . |X|O(K2673m) .

In comparison to this bound, the runtime bound from (12.5) is clearly preferable as its
dependence on the number of points |X| is weaker. A downside of our bound from (12.5) is
that its dependence on the dimension D is worse. For an overview of all of our algorithms
we refer to Section 13.1.

Remark. Note that we cannot improve the approximation algorithm from Theorem 8.9
by a applying it to our coreset S. The runtime of this algorithm strongly depends on the

weights of the given data set S, namely, by a factor (Wifa)‘x/wgi)n)K . Unfortunately, we can only
(S)

guarantee that wggx/wmin < |X], for the original input data set X.

12.5 Analysis

For our analysis we make use of various relaxed notions of coresets. In Section 12.5.1, we
introduce these relaxed notions formally and explain why they are useful in our analysis.
Then, in Section 12.5.2, we give a more detailed outline of our analysis.
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12.5.1 The Key Ideas

A (strong) coreset guarantees that the coreset property holds for each possible solution. That
is, for each solution, the cost with respect to the coreset differs from the cost with respect to
the original data set by only a small factor.

Weak Coresets

A weak coreset guarantees the coreset property only for a certain set of solutions, which has
to be an e-approximate mean set.

Definition 12.4 (weak e-coresets). Let X € Dom (RP,R,), let r : Rsg — Rxo be a fuzzifier
function, € €10,1], and K € N.

Consider a set of solutions © < R?)=K and a data set S € Dom (RD,R+). The tuple (S,©)
is a weak e-coreset of X for the r-fuzzy K-means problem if

VCe®: ¢pP(C)elL+el-¢P(C)
and if © is an e-approximate mean set of X for the r-fuzzy K-means problem.

In contrast to the definition of weak coresets for the K-means problem (Feldman et al.,
2007), we consider elements C of a given set of solutions O instead of subsets of a set of
candidate means. This is just a slight generalization that allows us to choose the set of
solutions more precisely.

To utilize a weak coreset (S,0) of X, we need an approximation algorithm that solves
the r-fuzzy K-means problem with respect to the data set S and the set of solutions ©:

Observation 12.5 (the use of weak coresets). Assume we have an algorithm that can solve
the r-fuzzy K-means approximation problem, restricted to a small set of solutions O, with
respect to the small data set S in reasonable time. That is, it finds some solution Cy;4 € ©
with (b(r)(Calg) <1 +e)¢(r) °pt) where Cgp € arg mm{(p(r)(C’) | C'e @}.

Assume that (S,0) is a weak coreset of the large data set X. This means that the
coreset property holds for all solutions from ©. Hence, we have (,b(r)(Calg) <1/(1- e)(,b(r)(Calg).
Moreover, it means that © is an approximate mean set. Hence, there exists a C* € O satisfying
PRCH=A+POLT .

Observe that </>(r ) o t) < ¢>(”(C ) due to the definition of COp " and the fact that C* € ©.
Besides that, observe that (/)(r (C*) <1+ e)gb(r (C*) due to the fact that the coreset property
applies to C* € ©. Therefore, we have cp(r)(Cg{Jé) < ¢(S”(C*) <=1+ 6)([)()?(0*).

By combining these observations, we obtain

9% (Carg) = 10§ Car) < o4 (€D < HT 0P (€ < FT90% .

Solutions with Non-Negligible Clusters

The notion of a weak coreset is only useful if we can identify a suitable e-approximate mean
set ©. For each (original) data set X, we consider a special set of solutions O, ;, k ¢)(X):

Definition 12.6. For each X € Dom (IRD , {1}), i,-increase-bounded fuzzifier function r : R>o —
R0, K €N, and € €10,1], we let

Ie) (X) {C ®D)=K There is an r-fuzzy clustering of X induced by C }
(r,i,,K,e€) = € = '

that has no (i,,K ,e)-negligible clusters

It is easy to see that this set of solutions is an e-approximate mean set for X.



138 CHAPTER 12. CORESETS

Lemma 12.7. For all X € Dom (IRD, {1}), i.-increase-bounded fuzzifier functions r, K € N, and
€€[0,1], O j, k¢ is an c-approximate mean set of X for the r-fuzzy K-means problem.

Proof. Theorem 6.3 holds for optimal solutions, in particular. This yields the claim. O

The benefit of the restriction to this specific set of solutions O, x ¢(X) is that it
guarantees that we can make use of the notion of non-negligible clusters, which is the
analogon of non-empty clusters in a K-means hard clustering (cf. Section 6.2). This helps
us to transfer the proof of Chen (2009), who showed that Algorithm 12 computes a (strong)
coreset for the K-means problem, to the r-fuzzy K-means problem. More precisely, we
will follow his line of arguments to show that Algorithm 12 computes a set S such that
(8,0 i,k ,6(X)) is a weak coreset for the given set X

An Open Gap?

To utilize a weak coreset (S,0 ;. k¢)(X)) of X, we need an approximation algorithm that
solves the r-fuzzy K-means problem with respect to the set data set S and the restricted
set of solutions O ;. k) (X) (see Observation 12.5). However, we do not know whether
there is such an algorithm. In particular, given an approximation algorithm that solves the
problem with respect to S and the complete set of solutions (R?)=K, we cannot construct an
approximative solution that is contained in O ;, x ¢(X) via Algorithm 3:

Observation 12.8 (we cannot use weak coresets). Assume, the tuple (S,0 i, k(X)) is a
weak coreset of X. Apply an (1 + €)-approximation algorithm that solves the r-fuzzy K-means
problem with respect to the set S and the complete set of solutions (R?)=K. It returns some
solution Cazg € R2YK 205, k o/ X) with ¢ (Carg) < (1+YF .

According to Lemma 6.4, we can apply Algorithm 3 to Cq14 and X in order to compute a
solution Coig € O3, k,0(X) with ¢ (Corg) = (1 +)PE(Carg).

However, this does not imply that (pg)(éalg) <1+ e)c/)(ospgr). The reason for this is that

Caig < Cuig, and hence, (,b(r)((:"alg) = (l)g)(Calg) (see Lemma 5.11).

S
OPT

Consequently, we cannot conclude that (bf,?(éal g) = const-py g - Qs in Observation 12.5.

To put it in a nutshell, we do not know whether one can utilize an arbitrary weak coreset
(Sa ®(r,ir,K,e)(X)) of X.

There is no Gap.

Fortunately, the set S = ((sy,,Um)),, constructed by Algorithm 12 takes a specific form. Its
points s,, coincide with some points x, from the given data set X = ((x,,wn)),cn]. Moreover,
the e-approximate mean sets O ;. x ¢)(X) have some useful properties.

To gain some intuition why we can exploit these properties, take note of the following:
We consider solutions from O, ;. x ¢(X). This means that we consider solutions which induce
non-negligible clusters with respect to X. The notion of a non-negligible cluster basically
boils down to the fact that at least a single point x,, in X supports this cluster. The points s,
from S coincide with points x, from X. To sum up, there is some connection between the
notion of non-negligible clusters of S and non-negligible clusters of X. For more details, we
refer to Section 12.5.7. There, we show that a weak coreset (S,0( ;. k(X)) of X where S
has been constructed by Algorithm 12 is actually a strong coreset.

Weaker Coresets and a Discrete Search Space

While the notion of weak coresets is in principle useful, the next relaxed notion of a coreset
is rather technical. To prove that Algorithm 12 computes a set S such that (S,0 ;, k )(X) is



12.5. ANALYSIS 139

a weak coreset for X, we follow the line of arguments from Chen (2009). In his proof, Chen
implicitly makes use of another relaxed notion of a coreset.

Definition 12.9 (weaker e-coresets). Let X € Dom (RP,R.), let r : R=g — Rxg be a fuzzifier
function, € €[0,1], and K e N.

Consider a set of solutions © < (R?)<K and a data set S € Dom (RD,R+). The tuple (S,©)
is a weaker (than weak) e-coreset of X for the r-fuzzy K-means problem if

VCe®: ¢P(C)el1+e]l-P(C) .

In this definition, © is not necessarily an e-approximate mean set. Hence, we cannot use
weaker coresets in the same way as in Observation 12.5.

In the following sections, we show that Algorithm 13 can be used to construct a set S such
that (S, ®X) is a weaker coreset where & is a discrete search space (Definition 9.9). That is,
unlike the discrete search space that we considered in Chapter 10, this set & does not have
the property that &X is an e-approximate mean set of the given data set X. Nonetheless, a
discrete search space has several useful properties, which we explained in Chapter 9. The
coreset property helps us to exploit these properties of &.

12.5.2 Outline of the Analysis

In the first part of the analysis, we show that Algorithm 12 constructs a set S such that
(8,0 i, k(X)) is a weak coreset of the given data set X. The following three steps of this
proof are similar to the proof from (Chen, 2009):

1. In Section 12.5.4, we show that, for an arbitrary but fixed unknown set of solutions ©
of some known size |0| <y, Algorithm 13 can be used to construct a data set S such
that (S, ®) is a weaker coreset of X, with constant probability.

2. In Section 12.5.5, we use this result to conclude that Algorithm 12 constructs a data
set S such that (S,0 ;. k ¢)(X)) is a weak coreset of X. In particular, we construct a
discrete search space & with |Q5|K <7 (see Chapter 9) and exploit the fact that, due to
our previous results, (S, &%) is a weaker coreset of X, with constant probability.

3. In Section 12.5.6, we analyse the size of the constructed data set S and the runtime of
Algorithm 12.

In the second part of the analysis, we show that the data set S constructed by Algorithm 12
is a strong coreset, with constant probability.

4. In Section 12.5.7, we identify some useful properties of the construction and of the
sets of solutions O ;. k ¢)(X). From these properties, we conclude that the data set S
computed by Algorithm 12 actually is a strong coreset.

12.5.3 Preliminaries
In this section, we introduce some notation, take a close look at Algorithm 13, and note a
basic observation that helps us to compare the cost of two different data sets.

Notation (K-Means)

We use the terms (strong) coreset, weak coreset and weaker (than weak) coreset also with
respect to the K-means problem. In doing so, we refer to the respective definitions for the
special case r = id, where the r-fuzzy K-means problem corresponds to the K-means problem
(Observation 5.23).
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Properties of Algorithm 13

The following observations correspond to the notes that can be found in (Chen, 2009, pp. 927
(incl. footnote)).

Observation 12.10 (partition). U; ;X; ; ={x|(x,1) € X}.

Proof. By construction and Definition 9.6, the sets X; ; are pairwise disjoint. It remains to
show that {x | (x,1) € X} € u; ;X; ;. Towards a contradiction, assume that there exists a point
(x,1) € X with x ¢ U; ;X; ;. This implies that

k m
dist(x, ) > 2¢R > Va |X]- % — kmx (M) ,
a
which contradicts the fact that kmx () =1- dist(y,fm)2 for all (y,1)e X. O

Observation 12.11 (number of samples and their weights). For every set S; ; (with X; ; # 0),
observe the following:

1. In the (1, j)-th round the algorithm samples at most |S I, j| < 2-Q points.
2. The weight of all samples in S;"j sums up to Z(S,ws)esﬂ wg = |lej|.

3. The weights of all data points in S;"j € Dom({x | (x,1) € X},N) are natural numbers. In
| X \Ty| | 1 X0l
— { - J eN.

particular, if l);—”l ¢ N, then each point in T;"j is weighted by
Proof. Assume |Xl,j|/Q eN. Then Z(s,ws)ES‘l"j ws=q- p;—”' = |Xl,j| and |Sl,j| =Q.
Assume |Xl’j|/Q ¢ N. Then,

| X1\ Ty

X i\Ty;
5o =Ry KT :

(s,ws)ES?fj Q | J|

+|T15] = X0, -

Moreover, @ = |Xl’j|—Q- V%—”'J < Q. Hence, |Sl’j| = |le|+|le| =Q+Q <2-Q. Furthermore,

observe that Q is chosen such that

A X1,j
|Xz,j\le|:|Xl’j|—Q:|Xl,j|_(|Xl,j|_Q'{|QlJ): |Xl,j| N
Q Q Q Q '

Observation 12.12 (size of S and runtime). The algorithm constructs a set S of the size
1Sl € O (log(IX])loglog(IX))- e (K)*-K?-¢ > -log(y)-log (671)) .
in time O(|X|DK +1|S)).

Proof. From Algorithm 13 and Observation 12.11 (Item 1), we can conclude that S is a union
of L - € sets of size <2-Q where L € O(K), € € O(log(|X]), and

o

ec(K) 0

QeO (( )) cO(e 2 e (K) 2 log(log(IX1)- K -log(y)-log (671)) .

Combining these bounds yields the claim. O
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Comparing the Cost of Two Different Data Sets

The following general observation will be helpful in Section 12.5.5.

Lemma 12.13 (different data sets). Let C = (u)ier) < RP. Let r:Rso — Rsg be a [0,1]-
reducing fuzzifier function. Consider two data sets X = ((x,,1)),en) € Dom ([RD,{l}) and
Y =((yn,1)pen) € Dom (RD {1}) of the same size N. Then, for all é € [0,1], it holds

‘(P(r)(c) ()b(r)(C)‘

1+= )ann yal+é-min{g(C), px(O)} .

Proof. Let Px = (pnr)rex) and Py = (P )re[x) be the r-fuzzy clusterings induced by (uz)re(x)
with respect to X and Y, respectively. Let

| ¢(r)(C) (P(r)(C)‘ _

L N 9 9
b Y (ron) fon =3 =r@an) on = 3],

In the following, we distinguish two cases.
Case 1: If (,b(r)(C) > (,b(r)(C) then

(p(r)(c) (p(r)(c)
= PP (C(Pnkdn ) — DY (Brkdnp)
< <pX)(C Bridn ) = By C,Brrdnp)

—Z Zr(pnz)(llxn pilly = Ny = 3)

=1n=1
N
Z r(pnl)(”xn Y3 +200n = ynlla || yn — e 5) (Lemma 9.4)

IA
t~

Il
I [\/]2 n

L
(Z (pnl)) llcr, — yn”g"‘QZZr(pnl)”xn yn”2||yn .ul||2

[=1n=

Observe that, for all a € IR+ and x,y € R, we have 0 < (ax — —y)2 =a?x% - 2xy+ y which
means that 2xy < a?x? + y Hence, for all € € [0, 1], we have

1
zzzr(pnl)llyn iz [l 1% = ynllg < er(pn»( ||yn—uz||§+5||xn—ynn§)

n=1]= n=1/
) 18 (& 2
=6y (O)+ = 3 | 2 r(Bnd) | 12n = yall -
n=1\l=1
Combining these inequalities gives

N L 1 N
85(2(2r(ﬁn1))||xn—yn||§) ( <”(C>+EZ(Zr(ﬁm)nxn—ynn%)

n=1\/=1

1\ Y (L - (r)
:(1+7)Z Y r(Bo) | I = yal2 +€-67(C) .
n=1\/=1

Case 2: If (,b(r)(C) < (,b(r )(C), then we analogously obtain

1 N L ")
85(1+E)Z Y Fpa)| s =yl +&-62(C) .

n=1\/=1

Unfortunately, we do not know whether Zszl r(pn;) = Z{le r(pn;) for some n € [N], or not.
However, given that r is [0, 1]-reducing, we know that in both cases

L L
Vne[N]: Zr(pnl)sl A Zr(ﬁnl)sl.
=1 =1

This yields the claim. O
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12.5.4 Weaker Coreset for a Fixed Number of Arbitrary Solutions

Fix an arbitrary set of solutions I ¢ RP. Assume that I is unknown to us, except for its size
which, as we know, is upper bounded by some y € N. With the help of Algorithm 15, we can
construct a data set S such that (S,I'=X) is a weaker coreset of X, with constant probability.

Algorithm 15 Weaker Coreset
Require: X € Dom (R?,{1}), K €N, r:Rxo — Rxo, ¢,(K) €(0,1], e €(0,1], § € (0,1), y eN.
1: Use the algorithm of Aggarwal et al. (2009) to compute an (a, B)-bicriteria approximation
M = (M) S R for the K-means problem with respect to X with a, > 1.
2: Apply Algorithm 13 to X, K, ¢, 6, v, a, B, and 91 to compute a data set S.
3: return S

Theorem 12.14. Let y € N. Fix an arbitrary T < RP with |T| <y. Let X € Dom (RP,{1}),
K €N, a e,-contribution-bounded fuzzifier function r : R>g — Rxg, € € (0,1], and 6 €(0,1).

Then, given X, ,K,r,c.(K),e,0 and y, Algorithm 15 computes a set S € Dom ({x | (x,1) € X},N)
such that, with a probability of 1 -8, the tuple (S,T=K) is

1. a weaker e-coreset of X for the r-fuzzy K-means problem, and
2. a weaker (€¢-c,(K))-coreset of X for the K-means problem.

The set S has the size
S| € O (log(1X)log(log(IX1))- ¢,(K)~>-K?-¢7*-log (y) -1og (67 1)) .

The algorithms’ runtime is
O(IXIDKlog(6™ 1) +1S]) .

We point out that the form © = I'=K that the set of solutions takes here is only for the
sake of simplicity (we will set I' = & for some discrete search space & in the next chapter).
Analogously, one can show that the result holds true for ® < (R?)=K with |0| < yX. Moreover,
one could combine Theorem 12.14 with our results from Section 10.3.

From Lemma 5.12 from (Chen, 2009, p. 938), we already know that Item 2 of Theo-
rem 12.14 is satisfied, with constant probability. However, together with Lemma 6.1, this
observation does not directly imply that Algorithm 15 computes a weaker coreset for the
r-fuzzy K-means problem. Therefore, we have to refine the analysis from (Chen, 2009). To
this end, we need the following concentration bound by Haussler (1992).

Lemma 12.15. Let ¢,6 >0, X < RP a finite set, f : X — R, and let F € R be such that
VxeX:0<f(x)<F. Let S c X be a uniform sample multi-set of size |S| = 26‘_2 In(%5). Then

<eF|=1-6.

|X| Y fl)- i Zf(s>

xeX seS

With this lemma at hand, we can now prove Theorem 12.14.

Proof of Theorem 12.14. This proof follows the lead of Chen (2009).

Fix an arbitrary I' c R? with |I'| <y. Consider a single run of the algorithm as described
in the theorem. Consider an arbitrary but fixed C <I" with |C| < K.

Due to Observation 12.10 and due to the construction of S, we have U; ;X; ; = X and
Uz JS = S. Hence, with the the triangle inequality, we can conclude

PP(C)-9P(C)| < ZZ 95 O =) ©) (12.6)

[=1j=0
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where we identify X; ; < RP with an unweighted data set, as explained in Definition 2.3, and
let S;;:==T;;:=R;;:=¢if X; ;=¢@.

Consider an arbitrary but fixed summand ‘gb(r) ©)- ¢(” (C)' withl € [L]and j€{0,1,...,E}.

Our goal is to derive a probabilistic upper bound on thls summand with the help of
Lemma 12.15. To this end, we distinguish two cases:
Case 1: First, consider the case that X; ; # @ with |Xl j|/q eN.

Then, ws = Xl € N for each (s, ws)ES‘” and |Sl |—q Hence, 1‘ . Therefore,
q J |Xl,1| |S gl
we have
r) (r)
g0 ()= Yo ¢l (©)
|XlJ| X1 s omesy,
(r)
S D E=i e (o)
(s,05)eS7; ( |Xl,j| ) ®1

1 r)
=— C).
|Sl,j| SEZ‘Sl,j d)(s’l)( :
Consequently, we can write
¢W(C)¢m(cﬂ|xh| Y ¢l 0)- 2:¢$Mcﬂ
|X J\xEXl] |S J|s€SlJ ’

(12.7)

= | X1,/

RO 58O

where we identify X; ; and S; ; with unweighted data sets, as explained in Definition 2.3.

We want to apply Lemma 12.15 with f(-) = (,b(r)(C): Obviously, (,bgc)l)(C) >0 for all x e RP.

Next, we need to determine an upper bound F(I,j) € R with ¢Er) (C)=<F(l,)) for all x € X ;.
Due to Lemma 6.1, we have ngr) )< dlst(x,C)2 for all x € RP. Fix some

¢;,; € argmin{dist(x,C)|x € X, ;} . (12.8)
Then, for each x € X; j, we can bound
dist(x,C)?> <2 (dist(cl,j,C)2 +||er —x||§) (Lemma A.3 and Lemma A.2)

<4(aist(cr,;,C)" + [ler —me 3 + Iy~ x13) (Lemma A.2)

<4 (dlst(clJ,C)2 + 22j+19‘{2) )

where the last inequality is due to the fact that X; j €4, ; € B(m;,2/R) (cf. Definition 9.6).
Hence, we can set

F,j)=4 (dist(cl,j, C)?+ 22j+1m2) .

Let ¢’ := - ¢,(K)/(44a) and &' := 5/(2LE(y + 1)X). Note that S;; is a uniform sample
multi-set of size

Q= %(e’)_zln(Z/d')

from X; ; (assuming Qons: is sufficiently large). So we can apply Lemma 12.15 with ¢’
instead of € and &’ instead of . Recall (12.7). We obtain that, with a probability of at least
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1-6/(2Le(y + 1K),

<|x;,|-¢'FQ, )

=4¢' (x| dist(cr,;,C)° + X, ;| 22192 . (12.9)
Consider the first term in (12.9). Due to (12.8),

in,j| dist(cl,j,C)z < Z dist(x, C)2 = kal,j <) .

x€Xl’j

Consider the second term in (12.9). For j =0, we know

: X X .
IXz,j|22J+1m2=|Xl,j|29%2:g—| Ll oy < 210 l’f'kmx(i)ﬁ).

a |[X| X
For j =1, observe that X; ; c4l; jn A; where £{; ; nB(m;,2/710R) = @ (cf. Definition 9.6) and

where A; is the /-th K-means hard cluster induced by 9i. Hence, for all x € X; ;, we have
(2/71R)? = 2222 < ||lx —my |12 = dist(x,9)%. Hence, for j= 1,

| X, ;2% R/2<2® Y |lx—my )3 =8kmy, () .

xElej

By combining the upper bounds (for the case j =0 and j = 1) with (12.9), we obtain that

| lJ|

(r)C (r)C
¢’()</’() X|

my (907) (12.10)

< 4¢' (kal )+ Skaz, o +2——

with a probability of at least 1 —6/(2LE(y + 1)E)-1,

Case 2: Second, consider the case that X; ; # @ and |Xl,j|/Q ¢ N.

Then, S;; = T;j; UR;;. Observe that, by construction, T;;UR;; < X; ;. Moreover, by
construction, each data point (¢,w;) € T“’ is weighted by w; = 1. Recall that the points in

X € Dom (R?,{1}) are also weighted by 1. Therefore we can write

¢ . (C)- </>‘”(C). (12.11)

(p(r) (©)- (/,(r) (C)‘ = ‘¢g§;’j(0)—¢¥;j(0)—¢%(0)’ = Px, N1y

Observe that R;; contains € uniform samples from X; ;\ T;;. In R;‘}., each of these
samples from R;; is weighted by w = |Xl’j \ lei/Q. From Observation 12.11 (Item 3), we
know that w € N. Moreover, we can apply the same line of argument as in the first case
(with X ; replaced by X; ; \ T;; and S“’j replaced by R“}) Combining this result with (12.11)
yields the correctness of a result that is analog to (12.10) (with the same probability).

To sum up, in either case, we know that (12.10) holds true with a probability of 1 —
8/2LE(y + 1K),

Due to Boole’s inequality, we know that (12.10) holds simultaneously for every [ € [L]
and j ={0,1,...,¢} with a probability of at least 1 — §/(2(y + 1)X). Due to Observation 12.10,
we have Z 1 Z] 0 \Xl J| =|X|. Hence, by taking the sum on both sides of (12.10), we obtain

Z Z 6% (€)= (O)] = 4€ (kmix (C)+ 10kmx (M) . (12.12)
[=1j=0

¢$(C) and kmy (M) < akm&T <

Due to Lemma 6.1 and |C| < K, it holds that kmx (C) < XK S

g 9% (€).

[ (K)
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We can conclude

_ 4 (1+100)

) ———¢P(C) <€ ¢P(C),

&S (r) (r)

> Y |o% ©-9) ©)|<

1=1,/=0 ’ ’
where the last inequality is due to ¢ =¢-¢,(K)/(44a) and a = 1.

Recall (12.6). We just showed that, for a fixed C < T, |C| < K, with a probability of at
least 1—6/(2(y + 1)K), it holds

PPC) - pP(C)| =e-pP(C) . (12.13)

There are at most (|| + D)X < (y+ 1)K different vectors C =T with |C| < K. Thus, by Boole’s
inequality, with a probability of at least 1 —6/2, (12.13) holds simultaneously for all C <T°
with |C| < K.

Now consider the case that » =id. Recall that (,b(;(d)(C) =kmx(C) for all X € Dom (RP,R,)
and C < RP. Follow the same line of arguments as before, up to (12.12). With r =1id, this
inequality reads

¢
Z |kmy, ;(C)—kmg,  (C)| < 4¢' (kmx (C) + 10kmy (90)) .

||Mb<

Recall that kmyx (ON) < akm(o)f};) < akmy (C) since |C| < K. Hence,

L ¢
lkmy (C)~kmg (C)] ) ) [kmx,,(C)~kmg, ,(C)|

1=1;=0
<4’ (1+10a)kmy (C)
<e¢-¢,.(K)(1/(11-a)+ 10/11)kmx (C) (€' =e-c (K)(44a))
<e-¢(K)kmy (C) . (a=1)

By using Boole’s inequality to combine our result (for the given r) with this special case
(r =id), we obtain that both results hold simultaneously with a probability of at least 1 —4.
This yields the claim. O

12.5.5 Weak Coreset

In this section, we show that Algorithm 12 computes a set S such that (S,0;, k(X)) is a
weak coreset for the given data set X.

Theorem 12.16. Given an unweighted data set X € Dom (RP,{1}), K €N, a [0,1]-reducing
fuzzifier function r : Rsg — Rxq, i,-increase-bounded and ¢,-contribution-bounded, the values
¢, (K)e(0,1] and i, € [1,00), € € (0,1) and 6 € (0,1), Algorithm 12 computes a data set S €
Dom ({x | (x,w) € X},N) such that, with a probability of at least 1-0, the tuple (S,0 ;. k ¢)(X))
is a weak e-coreset of X for the r-fuzzy K-means problem.

The proof of this theorem is basically an analogon to the proof from (Chen, 2009, pp.935)
for (strong) coresets for the K-means problem.

Preliminaries

Consider arbitrary but fixed X = (x),en € Dom (RP,{1}), K €N, fuzzifier function r that is
i.-increase-bounded (i, € [1,00)), ¢,-contribution-bounded (e,(K) € (0,1]), and [0, 1]-reducing,
€€(0,1), and 6 €(0,1). We analyse a single run of Algorithm 12 given X, K, r, ¢,(K), i, €,
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and 6. We denote the (a, f)-approximation computed in the first step of the algorithm by
M = (my);erz;- That is, a,f€ O(1) and

L=|M<p-K and kmx M) =<akmF, . (12.14)
Fix an arbitrary solution C € O ;. k ¢). That is, C = (4)se[ < RP contains
T=|C|l<K (12.15)

mean vectors and induces some r-fuzzy clustering (p,¢),e(nyerry of X that has no (i, K, e€)-
negligible clusters. Hence,

Vt€[T1Ine[N: pn; = ﬁ . (12.16)
T

Choose a Large (Discrete) Search Space

Additionally, we define the search space

= SI(E R/, ) < RP
where

1 2 k e (K
¢ = Liogloa—22 x|, m:,/w and = 29%) 4919
2 e%(ﬁ) alX]| 504a

Note that R and € take the values described in Algorithm 12.

Observation 12.17 (large search space). From Lemma 9.10, we know that the search space
il covers the data set X well:

U B(x,v) il where t=2 L-kmx(ﬂﬁ).
reX e-r (2i,€K2)

For those points inside the search space il, function g defines a representative in &. Let g
be a representative function described by (&',2R,9)%) and (¢/36) and let & be the corresponding
discrete search space

6= {gx) [xeil}.

Weaker Coreset for r-Fuzzy K-Means and Strong Coreset for K-Means

With our results from Section 12.5.4, we can conclude that (S, ®=K) is a weaker coreset, with
high probability:

Claim 12.18 (weaker coresets). With a probability of at least 1- 6, (S,&=K) is a weaker
(e (K)-é)-coreset of X for the K-means problem and a weaker €-coreset of X for the r-fuzzy
K-means problem.

Proof. Recall that the discrete search space & is described by (&',93,01) and the precision
¢/36, where |91 < BK. From Lemma 9.17, the chosen parameters (12.17), and the definition
of y in Algorithm 12, we know that

167 e
€/36

D . D
) SﬂK(€/+1)(47€ﬁ) =y

I@ISISJTI'(G’+1)-(

Applying Theorem 12.14 yields the claim. O
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So, from now on, let us assume that this is the case: (S, %=K) is a weaker (¢, (K)-é)-coreset
of X for the K-means problem and a weaker é-coreset of X for the r-fuzzy K-means problem.
In particular, this means that

vC e &K |p(C) - pP(C)| =& LT (12.18)
Under this assumption, then we know that S already does part of the trick:

Claim 12.19. S is a (¢,.(K)-é€)-coreset of X for the K-means problem. That is,
vC e ®P)<K: |kmy (C) -kmg (C)| <¢é- ¢ (K)-kmy (C) . (12.19)

Proof. Consider the work of (Chen, 2009, pp. 935) under the assumption that (S,&=K) is a
weaker (¢, (K)-€)-coreset of X for the K-means problem. O

Case 1: Inside the Search Space

Following the same line of arguments as in (Chen, 2009, p. 937), we first consider the case
that all means from C lie inside the search space l. In this case, we can make use of the
fact that for all means from C < il there exist representatives in g(C) € & and that, as we
showed in Section 9.4, these representatives are similar to the original means C. This is
useful simply because we know that S exhibits the coreset property with respect to means
from &.

Claim 12.20. If C c 4, then
PP (C)=e-pPC .

Proof. Start by observing that

[69)- )| (12.20)
< |62 - $F (O] + |9 (@(CN - PPN + [pP @) - (O] . (12.21)

Recall that g is a representative function that defines a representative for each point in
=&, R,9M) with precision &36. Since C < i, we can apply Corollary 9.16 with respect to
C and €/36.

Moreover, recall that |C|=T <K and |90| =L < K. Hence, kmx (97) < akmgfg) and

kmy (M) < akm ) < akmx (C) . (12.22)

Besides that, since S is a strong (€ - ¢,)-coreset for the K-means problem (12.19), we can
conclude that

kmg(M) <(1+é-¢c, )kmx () and kmg(C)<(1+é-c,.)kmx(C) . (12.23)
First, we consider the last summand of the upper bound from (12.21). We have

PP(g(C)) - ¢>§?(C)) < 36¢ (kmy (C) + kmyx (90) + | X |9R?)

< 36€(kmx (C)+ (1 + 1/a)kmyx (N)) (Equation (12.17))

< 36&(a +2)kmy (C) (Equation (12.22))
~ 36(6\5 + 2) )

<é —cr(K) 03448 (Lemma 6.1)

sé'@qu(cy (@=z1)

c (K)
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Second, consider the first summand of the upper bound from (12.21). Similarly, we have

(,b(r)(C) ¢(r)(g(c))
< 36é(kmg (C) + kmg (90) + |S|R)

< 36é(kmg (C) + kmg (ON) + kmx (OMN)/a) (IS| =1X| and Equation (12.17))

<36€((1+éc, (K)kmx (C)+ (1 +éc,(K)+ 1/a)kmx (ON)) (Equation (12.19))

<36€(l+éc (K)+a+ aée(K)+1)kmx (C) (Equation (12.22))

<180a-é-kmyx (C) E,e,(K)<1l,a=1)
- 180« r)

< ecr(K) ¢ (C). (Lemma 6.1)

To bound the second summand, we use our assumption (12.18) that (S, ®<X) is an é-
weaker coreset for the r-fuzzy K-means problem with respect to X. Observe that g(C) < &.
Hence, with (12.18), we can directly bound

|69 @(C) - 9P aCn| <& ¢ .

With our bound on the last summand of the upper bound from (12.21), we can conclude that

108
00 @C)- 9P| = (1 Vs (1?)) A0
< 216a () )
=¢ c-(K) Px (©). €, (K)<1l,a=1)

By combining our bounds on the single summands of the upper bound from (12.21) and
using the fact that € =¢- ¢, (K)/(504a), we obtain

¢(r)(C) (P(r)(C) ¢(r)(C) <e (ng)(c) )

(K)

Case 2: Outside the Search Space

Next, we consider the case that one of the mean vectors from C is not contained in the large
search space . In this case, we can exploit the fact that the resulting r-fuzzy K-means
cost of C is rather large. Moreover, we can make use of the specific form of the coreset
construction. Take note of the following observation:

Observation 12.21 (exploit the natural weights). From Observation 12.11 (Item 2 and
Item 3) we can conclude that there exists a function s: {x|(x,1)€ X} — {x|(x,1) € X} that
satisfies

VIie[L]Vje{0,1,...,¢}: s(X; ;) =8, ; =X

and
V(s,ws)ES : \5(3)_1| =ws .

We stress the fact that this result exploits the specific form of the constructed sets:
Algorithm 13 computes data sets S“’J whose data points are weighted by natural numbers
and that the sum of these weights is equal to the number of points in X; j =4(; ;N A;.

In the following, let us fix a function s as described in Observation 12.21. With this
function, we can now bound the cost between the given data set X and the presumed coreset
S as follows.



12.5. ANALYSIS 149
Claim 12.22 (upper bound). For all é €[0,1], we have

1
|65 -0 < (1 +3

N
Y b = ()l +é-min {4, ¢ (O}

Proof. Let S be the unweighted data set that contains w copies of (s, 1) for each of the |S|
data points (s,ws) € S. Recall from Corollary 8.7 that (,bg)(C) = cpg)(C) for all C cRP.

Observe that |§| = Y (s,w)eS Ws = | X| due to Observation 12.10 and Observation 12.11
(Item 2). Moreover, recall that r is [0, 1]-reducing. Hence, we can apply Lemma 12.13 to X
and S. This yields the claim. O

Consider the first summand of this upper bound. Analogously to (Chen, 2009, p. 934),
we can upper bound this sum in terms of kmyx (¥N).

Claim 12.23. N
Y llxn —5(xn)115 < 20 - kmx ()
n=1

Proof. Consider an arbitrary x, € X. By construction, there exists a set X; ; such that
Xn,5(x,) € X ;. Recall that X; ; = A; N4l ;. With Lemma 9.11, we can conclude that

s —s(xn)llg < diam(tl; ;) < 2max {2(]|x, — myllp, R} = 2max{2dist(x,, M), R} .

Hence,
2y, — 5(xn)lI5 < 4max {4dist(x,, M)*, 7%} .

By summing over all x,, € X, we obtain
N N
Y llxy —s(x,)3 <4 Y max{4dist(x,, M)?, 7%}
n=1 n=1

N
<4 4dist(x,, M) +R?

n=1
=4(4kmy (M) + N -R?)
=4(4+ l/a)kmy (9N) (Equation (12.2))
<20kmyx (9N) . (a=1)

O

This upper bound seems to be very large. However, since one mean lies outside the
(particularly large) search space il and since this cluster has non-negligible support (by
assumption (12.16), there is no negligible cluster), the r-fuzzy K-means cost of C must be
large. Note that this is the only argument in the whole proof that requires the notion of
non-negligible clusters.

Claim 12.24. If C { &I, then
)
PCo)
kHLX(&n)S§§6¢b((CD.

Proof. Let

po 20 (12.24)

~9 . €
er (2irK2)

Fix an arbitrary y; € C \ L. From Observation 12.17, we know that

dist (g, M) > 4b -kmyx (M) . (12.25)
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Hence, for all (x,1) € X, we have

[l — e ||2 > dist(u, M) - e —mylly (triangle inequality, m; € 99%)
=/4b-kmx (ON) — |lx —myll9 (Equation (12.25))
> 1/4b -kmy (M) — v/kmyx () ((x,1) € X)

- (2\/5— 1) -kmyx (900
>vb-vkmx (ON) . (b=1)

Combining these inequalities gives
Zz,y: 17(Pne)

20
r(#) 5—2ka(937) .

N N
C) 2 Y. r(pnd) |2 — i3 = (Z r(pn») b-kmy (M) =

n=1 n=1

€

Finally, observe that due to (12.16) there exists some n(¢) € [N] such that p,y: = R
Since a fuzzifier function is non-negative and strictly increasing, we can conclude that

Zﬁlvzl r(pp)zr(pap)=r (ﬁ) This yields the claim. O

A combination of these results yields the desired bound:

Claim 12.25. If C ¢ &I, then

|69 -92C)| <e-67(C) .

Proof. First, observe that, due to Claim 12.23 and Claim 12.24, we have
N
7 — 5(xn) 12 < 20 - kmx () < &2 ¢2(C) .

n=1

With Claim 12.22, we can conclude that

1
|69 -pP©)| < (1 +3

N
Y lin —sCen) I + & min {9'(C), ¢ (O}

1 2 00016 00
s(1+é €y (C)+E-d5 (C)
= (62 +28) pP(C) = epP(C) . (E<el3)

Conclusion

Combining the results of both cases yields the correctness of the approximation bound stated
in Theorem 12.16.

12.5.6 Size of S and Runtime

Consider the setting from Theorem 12.2. From Observation 12.12, we know that

1S| € O (log(IX)log(log(IX1))- e, (K)2-K?-e 2 -1og(y) -log(6 1)) , where

~ 1 20 1692\° €. (K)
y—ﬁK-(glog(9a|X|~~—))+l)-( - ) , €= 504a , and a, 5 € O(1).

2.(_e é
er (Z-irKZ
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Hence,

-1
log(y)€ O (1og(K)+log (log(|X|)+log(€i2) +log (r (2-i€K2) )) +Dlog(%))

e 1
c0 (log(K) +log(log(IX1)) +loglog (r (m) ) +Dlog (ecr(K)))

1 -1 1
gO(log(K)-log(log(IXI))-D~log(g)-loglog(r(—zieKZ) )~log(c (K))) .

Putting these bounds together gives the desired bound

1

IS|eO (log(le)log(log(IXI))2 -K3-D-¢73-1loglog (—
€

r (2~i,K2)

) e (K)3 -log(6_1)) )

Next, consider the runtime. From Observation 12.12, we know that the time needed to
apply Algorithm 13 is O (|X|DK +|S|). The time needed to apply the (a, f)-approximation
algorithm from (Aggarwal et al., 2009) is just O(|X|DKlog(1/6)). A combination of these
observations yields the claim on the runtime.

12.5.7 These Weak Coresets Are Not Weak

With a little additional analysis of the chosen approximate mean sets, it is easy to see that
our weak coresets are actually strong coresets. In the following, we first give an overview of
the main arguments and an informal outline of the proof. After that, we provide a formal
proof of Theorem 12.2.

Recall that our weak coresets guarantee the coreset property only with respect to a
restricted set of solutions:

Observation 12.26 (weak coreset). If (S,0(;, k (X)) is a weak e-coreset of X for the r-fuzzy
K-means problem, then

VC B4 koX): ¢F(C)el1elpP(C) . (12.26)

Recall from Definition 12.6 that O ;. k) (Y) is the set of solutions that do not contain
negligible clusters with respect to Y. So this restriction is rather negligible in regard to Y:

Observation 12.27 (negligible). Due to Theorem 6.3, for all Y € Dom (IRD ,IR+) and all
C € (RP)=K, we have

3C'cC: C'€Buix0Y) and ¢P(C)=1+e)-¢P(C).

Consider an arbitrary solution C € (RP)=K. This observation tells us that, for a given
data set X as well as the presumed coreset S, there exist solutions C’y, C, < C with C’ €
O, k,0(X) and C € O 5, k() (S) whose costs are not much worse than the costs of C with
respect to X and S, respectively.

Moreover, we already know from Observation 12.26 that the costs of CS( € O, k,6)(X)
with respect to X and with respect to S do not differ much. We do not know yet how the cost
of Cy € O, K ¢)(S) with respect to X and with respect to S relate to each other. Fortunately,
due to the way S is constructed, we know the following:

Lemma 12.28 (transitivity (due to construction)). For all X,S € Dom ([RED , IR+) we have

SeDom({x | (x,w) € X},Ry) = O k,60)(S) SO, ke)(X) .
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Proof. Let S = (($m,Vm))merar) be some data set. Let X = ((xn,wn,)) ) be a data set such
that S € Dom({x | (x,w) € X},R,). This means that, for each m € [M], there exists an n(m) €
[N] such that s, = x,0m)-

Recall from Lemma 5.17 that an r-fuzzy clustering of a data set that is induced by
some means consists of soft clusterings of the single data points that depend only on the
respective point and the given means. In particular, the soft assignments of the single data
points do not depend on the weight of the data points (Corollary 5.18). Hence, there exists
an r-fuzzy L-clustering P = (pnr)nenireig) Of X induced by C and an r-fuzzy clustering
P= (Prkdnernikeixy of S induced by C such that, for all (x,,w,) € X and (s;;,vn) € S with
Xn =Sm we have p,; = pur. With our first observation, we can conclude that, for each
m € [M], there exists an index n(m) € [N] such that V& € [K]: pur = Pnim)k-

Let ¢ € R, be some constant. Assume that, for each & € [K], there exists some m(k) € [M]
such that p,,)r = c. Then, for each % € [K], we have p,nm)i = Dm®)k = C- O

Hence, O ;. k,¢)(S) € O i, k.¢)(X). So, due to Observation 12.26, we also know that the
costs of Cfg € O, k) (S) with respect to X and with respect to S do not differ much.

Now it remains to analyse how the cost with respect to X changes when we replace C
by Cfg and how the cost with respect to S changes when we replace C by CS(. Here, our
knowledge on the specific form of Cg and C’, comes in handy. Recall that both of these sets
are subsets of C.

Observation 12.29 (monotonicity). Due to Lemma 5.11, for all C',C € (RP)=E, we have
C'cC = VvZeDom(RP,R.): ¢P(C)=P(C).

Hence, (,b(r )(C’ )= (,b(r)(C) and (l)(r ) Cy) = c,b(r )(C). Given these observations, we can now
prove the main result of this chapter.

Proof of Theorem 12.2. Let € = e¢/4. From Theorem 12.16, we know that, with probability
1-0, the tuple (S,0¢ ;, k(X)) is a weak e-coreset of X for the r-fuzzy K-means problem.
In the following, we assume that this is the case. This means that

VC € Ou; koX): ¢7(C)el1+elpP(C) . (12.27)
Now consider an arbitrary but fixed C € (RP?)=K \ O i, k¢ First, we prove the upper

bound. From Observation 12.27, we know there exists a C' € O ;. k #(X) with cpg?(C’ )<
(1+8&)¢3(C). Thus, we have

P(C) < pIA(C (C' < C and Observation 12.29)
<(1+8)¢P(C) (C' €044 x.6(X) and (12.27))
=1+ 6)2<P(r)(C) (choice of C')
=(1+e)p(C). € =e/4)

Next, we prove the lower bound. From Observation 12.27, we know there exists an
C" € O.4,k.(S) with ¢3(C") = (1+8)¢%(C). Due to Lemma 12.28, we know that C” €
®(r,1r ,K,e)(X) n G)(r,l,,K,e)(S) Hence,

pP(C) = ¢(’)(C”) (choice of C")
> i — €¢(’)(C”) (C" € O4, k.o(X) and (12.27))
» 1= 64)(”(0) (C" = C and Observation 12.29)
> (1 - 4e)¢>§?(0) =(1-e)pP(C). (¢ =¢€/4)

O



“Hypotheses are what we lack

the least.”

Henri Poincarét

Chapter 13

Summary & Conclusion

In this chapter, we first review the main steps of our analysis and give an overview of our
approximation algorithms. Then we discuss our results and suggest ideas for future work.

13.1 Review

Basically, we derived our notion of fuzzifier functions r with the goal that the resulting r-
fuzzy K-means clustering shares basic properties with a K-means clustering (Section 5.2.2).
We found that our fuzzifier functions guarantee two particularly useful properties: First,
there is a connection between the r-fuzzy K-means and the K-means objective function.
More precisely, we showed that objective values of solutions induced by the same means
differ by at most a factor ¢;(K), which only depends on the number of clusters K and the
fuzzifier r (Section 6.1). Second, the notion of an empty hard cluster has a counterpart in
r-fuzzy K-means clustering. If a hard cluster is empty, then it is not supported by any point
at all, and so we can effectively remove its mean from the hard clustering without changing
its K-means cost. If an r-fuzzy cluster has negligible support, then there is no point that
supports this cluster sufficiently, and so we can remove the mean of this cluster without
significantly increasing the overall r-fuzzy K-means cost (Section 6.2).

Besides these two properties, we found that an r-fuzzy K-means clustering exhibits
a locality property. Points are more assigned to means nearby than they are assigned
to means far away (Section 5.2.2). However, this locality property is inherently soft and
so we completely lose the notion of a hard clustering (Section 4.2.2). In Chapter 8 we
tried to close this gap between r-fuzzy clusterings and hard clusterings via a Monte Carlo
method. By exploiting the probabilistic interpretation of r-fuzzy clusterings, we showed
that there exist hard clusters whose statistics are similar to those of the r-fuzzy clusters.
Unfortunately, apart from the probabilistic interpretation, these hard clusters do not exhibit
useful structural properties: They do not exhibit any locality property, their convex hulls
might overlap, and they do not even cover the whole data set.

Nevertheless, due to our identification of all these properties of the r-fuzzy K-means
problem, we were able to apply algorithmic techniques that are known from K-means
clustering: the algorithm of Hasegawa et al. (1993), the coreset construction by Chen (2009),
the notion of e-approximate mean sets by Matousek (2000), and the superset sampling
technique used by Ackermann et al. (2010). With slight adaptions (e.g. a larger sampling
rates and evaluation of a different cost function) and a more detailed analysis (e.g. the
duplication of points), we were able to show that these techniques can be used to compute
approximations and coresets with respect to the r-fuzzy K-means problem as well. This
shows that these techniques primarily rely on the form of the K-means cost function and

1Source: Henri Poincaré, Science and Hypothesis (1905)
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the notion of empty clusters. For instance, the superset sampling technique is a clever way
of applying uniform sampling to identify candidates for the (mean) statistics of (nearly)
arbitrary hard clusters. In contrast, we were not able to apply the K-means++ algorithm
by Arthur and Vassilvitskii (2007) as this technique relies on much more specific locality
properties of K-means hard clusterings.

13.2 Overview of Our Algorithms

First, let us briefly compare our algorithms with the corresponding algorithm for the K-
means problem: Algorithm 4 is the basically the same as the algorithm by Hasegawa et al.
(1993). It also computes a 2-approximation and has runtime O(X|X*1DK). Algorithm 8
uses the superset sampling technique introduced by Inaba et al. (1994), whose result was
enhanced by Kumar et al. (2004). Its runtime is slightly better than that the runtime
| X IO(DK) of the exact algorithm by Inaba et al. (1994) and slightly worse than the runtime
O(1X | D2pPoYE/e)) of the approximation algorithm by Kumar et al. (2004). Recall that Algo-
rithm 9 does not guarantee a proper approximation bound. Algorithm 14 follows the idea of
the algorithm by Chen (2009), whose runtime of O(|X| D)+ D - poly(1/e) + 20/ ig slightly
better than that of our algorithm.

Next, let us consider the dependencies on the notions from K-means clustering and on the
properties of the fuzzifier function: The simplest method, Algorithm 4, does not rely on the
additional properties that we introduced for fuzzifier functions. Our approach that constructs
a set of soft clusterings (Algorithm 5) relies on the increase-bounded property as, simply
speaking, it distorts soft assignments. All the algorithms that are based on the work by
Chen (2009) heavily depend on notions from K-means clustering. In particular, Algorithm 14
depends on a bound c¢,(K) on the minimum contribution, which relates the r-fuzzy K-means
objective function to the K-means objective function. In contrast, Algorithm 8, which is
based on the superset sampling technique, does not depend on the minimum contribution
bound ¢, (K).

13.3 Discussion

We have generalized the fuzzy K-means problem and identified a large class of related
problems, the so-called r-fuzzy K-means problems. Despite the fact that all of these problems
search for soft clusterings, we have shown that there are some aspects that are similar to the
K-means hard clustering problem. We have identified and characterized these aspects. They
justified the application of techniques known from K-means clustering. Thereby, we derived
the very first algorithms for the fuzzy K-means problem with approximation guarantees.

However, unsupervised clustering is about identifying unknown structures in data sets.
This raises the following questions: What are the structural differences between a (1 +¢)-
approximation to the r-fuzzy K-means problem and a (1 +¢)-approximation to the K-means
problem? How can we describe these differences? Is there an algorithm that exploits these
structural properties? That is, is there an algorithm that does not generate nearly the same
set of candidate solutions and just uses a different cost function to evaluate these candidates?
On a slightly different note, can we identify properties of the fuzzy K-means algorithm that
explains why it is used in practise? It is the use of this algorithm that motivated us to
consider the fuzzy K-means problem after all.

Besides that, in our analysis it becomes apparent that we are missing statistical assump-
tions and an interpretation of the fuzzified soft assignments. Recall that the latter gap led
us to (and was our one and only motivation for) the definition of probabilistic membership
values (Section 3.3.1). In particular, it is the reason why our soft-to-hard-cluster technique
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cannot guarantee the existence of a hard clustering that imitates an r-fuzzy clustering well
(Chapter 3).

In Section 4.4 we already pointed out the current line of work that deals with the
notion of clusterability and the idea that clustering is difficult only when it does not matter.
With this in mind, one can sum up the previous questions as follows: When is a data set
r-fuzzy-K -means-clusterable?

13.4 Future Work

First of all, one can tackle the general problem criticized in the previous section. As explained
in Section 4.4, there is no definition of clusterability that is agreed upon and, to the best
of our knowledge, these definitions focus on hard clusterings. Nonetheless, we propose to
study the notion of clusterability with respect to soft K-means problems. In particular, the
derivation of algorithms that are more specific to the r-fuzzy K-means problem might be a
step towards the analysis of clusterability and a better understanding of fuzzy clusterings.
Such algorithms might exist for relaxed versions of the r-fuzzy K-means approximation
problem. Therefore, we propose to pursue the study of constant factor and constant bi-factor
approximation algorithms. This is not to say that these algorithms are less useful or less
meaningful. For instance, the K-means++ algorithm by Arthur and Vassilvitskii (2007) is
very popular in practise although it (is only proven that it) yields a O(log(K))-approximation
in expectation. Moreover, the "correct” number of clusters is hardly ever known. Hence,
allowing for a larger number of clusters might, in practise, be more appealing than allowing
for a poor approximation factor for the presumed correct number of clusters. Besides that,
we propose to study the properties of the fuzzy K-means algorithm in order to explain its
popularity and help us understand the fuzzy K-means clustering approach. Last but not
least, we presume that the K-means++ algorithm also works provably well with respect to
the fuzzy K-means problem.
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“Everyone believes it, however, as
M. Lippmann told me one day,
because the experimenters
imagine it is a mathematical
theorem, and the mathematicians
that it is an experimental fact.”

Chapter 14 Henri Poincare’

Introduction

Training the parameters of statistical models to describe a given data set is a central task in
the field of data mining and machine learning. In the following, we give a short introduction
to the topic. For more information we refer to the work of Bilmes (1998), Mackay (2003),
Bishop (2006), and Cover and Thomas (2006).

14.1 Gaussian Mixture Models (GMMs)

Among the most widely used families of statistical models are mixture models, especially,
mixtures of Gaussian distributions.
14.1.1 Density Function

Gaussian (or normal) distributions are probably the most common distributions used in
natural sciences.

Definition 14.1 (Gaussian). The probability density function Np(-|u,2) : RP — Rsq of a

D-variate Gaussian distribution with mean € RP and covariance T € RP*P is given by
Np(xlp, %) . O O
x|y, Y)= ———— -exp|—=(x - x—
DIxIf @mpzz 2 TP\ T T H

where |Z| denotes the determinant of the matrix X € RDP*D,

This distribution is non-degenerated if the covariance X is non-degenerated, i.e., , sym-
metric and positive definite). If X takes the form o%Ip, where Ip denotes the (D x D)-identity
matrix and o2 € (0,00), then we call this matrix and the distribution spherical.

In this thesis, we consider Gaussian mixture models where the number of components
K € N is predefined and where each of the Gaussian components is described by its own
mean and covariance.

Definition 14.2 (GMM). The probability density function p(-10) : RP — Rsq of @ D-variate
Gaussian mixture model (GMM) with parameters 0 = ((wk,,uk,Zk))ke[K], where (W)re[k] €
Ag_1, pup € RP and 23 e RP*P for all k € [K], is given by

K
p(x10) = ) wpNp(xlue, Zx) -
h=1

It is non-degenerated if none of its components is degenerated.

1Source: Duplantier and Rivasseau (2015). Henri Poincaré, 1912-2012. Poincaré Seminar 2012. ISBN:
978-3-0348-0834-7. (p. 187)
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Whenever we talk about covariance matrices or Gaussian mixtures, we will implicitly
assume that they are non-degenerated, unless stated otherwise. For the sake of simplicity,
we write Np(u,X) to denote the function Np(-|u,Z). Moreover, we refer to a GMM with
parameters 6 simply as the GMM 6.

Besides that, as with data sets, the indexation of the Gaussian components does not
matter. That is, given a permutation 7 of [K], the densities p(:|0) and p(-|6,) with 6, =
((wk, ,uk,Z% )) he(r(L)....n(K)) 2T€ the same. Nonetheless, to keep our notation uncluttered, we
stick with our vector notation from Section 2.1.

14.1.2 Generating Observations

When we draw an observation according to a Gaussian mixture model (GMM), we implicitly
follow a two-step process.

Process. Drawing an observation X, according to a GMM 6 = ((wk,,uk,Zk )) pelk) can be
described as follows:

1. Sample an indicator vector Z, = (Z,1,)re[x] With Zleznk =1 from [0,11¥ according to
Pr(Z,r=1)=wy.

2. Sample an observation X, from R? according to the k-th component Np(uz,2z) with
the index k € [K] that satisfies Z,,;, = 1.

When we draw N observations X = (X,),¢n] according to a GMM 0, then we draw each
observation X, independently according to this process described above. Consequently, the
set of random variables {X,},c[n] is mutually independent.

By the conditional function p(Y'|0') we denote the probability density function of Y under
the assumption that the random variables X1,...,Xy and Z1,...,Zy (on which Y usually
depends) have been generated according to the process described by 6.

That is, for 6 = ((wk,uk,Zk))kE[K], we write

P(Znr =110) =wy, ,
P(Xn,Zpp, = 110) = Np(Xn|pk, Zz) , and (14.1)
p(X10) =YK | p(Zni = 116)-p(X 5, Zyz = 116) .
Moreover, due to the independence of the observations, we can write

p(X10) =12, p(X,10) and pX,ZI0)=T1"_,p(Xn,Z,10) .

Hidden Variables (Hard Assignments). As we only observe the value x, € R? that X,
takes, the indicator (Z,,1)re[k] is called a hidden (or latent) random variable in this two-step
process. Likewise, we call the realization z, of Z,, a hidden variable. Observe that the
matrix (Z,z)ne(N1,ze(k] describes a hard K-clustering of X.

Posterior Probabilities (Soft Assignments). Given an observation X, = x, € RP that
has been generated according to a GMM 6 = ((wk,,uk,Zk)) rex) We can compute the posterior
probability that the k2-th component of 6 has generated this observation during the second
step of the process. This probability is given by

p(Znr =110)-p(Xy, = x4 Zp1, = 1,0)

=p(Z,r=11X, =x,,0)= (Bayes’)
Pnk = P\pk | X5 n (X, = 2,10) Yy
_ wy, - Np(xp |z, Z) ’ (14.9)
p(x,10)

where the last equality is due to (14.1). We call (pyz), . € AN k-1 the soft clustering of X
induced by the GMM 6.



14.1. GAUSSIAN MIXTURE MODELS (GMMS) 161

6

0.09 0.9
al 0.08 0.8
0.07 0.7
ol 0.06 0.6
0.05 0.5
0 0.04 0.4
0.03 0.3
2 0.02 02
0.01 0.1

4 2 0 2 4 6 4 2 0 2 4 6

(a) Contour plot of the density of the GMM 6. (b) Contour plot of the soft assignments p;1.

Figure 14.1: Consider the GMM 6 = ((0.5, 1, 21),(0.5, 2, 22)) where p1 = (1 DT, ue =3 1)7,
21 is a diagonal matrix with entries 3 and 0.25, and where X, is a diagonal matrix with
entries 0.25 and 3. In Figure 14.1a, we see that the density actually has more modes than
the mixture has components (at (1,3), (3,1), and (3,3)). Figure 14.1b depicts a contour plot
of the posterior probability p,1 :=p(Zn: = 1160,X, = x,) = 0.5-No(x, |u1,Z1)/ plx,|0) for each
X, € [-4,6]%. The two crosses mark the means 1 and po and the dashed line marks the
perpendicular bisector of the line segment between these means. There are points (e.g.
(6,2)T) that are closer to t2 but whose soft assignment to y; is larger than 0.5.

14.1.3 Remarks

Unbounded. A density is no probability. It can take values larger than 1. In fact, it can
even be arbitrarily large: Consider a Gaussian distribution Np(x, 02 - Ip) with some x € RD
and o2 > 0. For 02 > 0, this density is non-degenerated. Nonetheless, if o converges to 0,
then the Gaussian density at x diverges to co.

Observation 14.3. For |Z| — 0" with Z # Op p, we have Np(x|x,X) = -1 —oo0.

1
(2m)P |z| V2

Highly Multi-Modal. A mixture with K =2 Gaussian components does not necessarily
have K modes. It can have more or less than K modes. An example for a fairly simple
mixture of 2 Gaussians with 3 modes is given in Figure 14.1a.

No Locality (Soft Assignments). Consider the soft assignment (p,z)ze[x] of some point
%, € RP induced by some GMM 6, which we derived in (14.2). Depending on the covariances
of 6, this soft assignment does not necessarily assign x, more to a cluster whose mean is
closer than to a cluster whose mean is farther away. An example is depicted in Figure 14.1b.
Hence, the soft clusterings induced by GMMs are inherently different from the r-fuzzy
K-means clusterings, which we considered in Section 4.2.1.

No Monotonicity. In an r-fuzzy K-means clustering, adding another representative to
a solution is never a bad idea. If we add a mean vector to a set of mean vectors, then the
r-fuzzy K-means cost of this set does not increase (Lemma 5.11). This observation cannot be
directly transferred to the clustering with GMMs.

An obvious example that illustrates this fact is the following: Consider an arbitrary
GMM 6 and observations X. Add a new component (ug+1,2x+1) to 8 with weight wg.1 =1
and reduce the weights of the other components accordingly. Let the mean ux 1 be a point
that lies farther away from all points in X than all means in 6. Choose a sufficiently small
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covariance matrix Xx.1 (i.e., |Zg+1| close enough to zero). Then, the likelihood of the
resulting GMM is much smaller than the likelihood of the original GMM 6.

No Identifiability. Even if we were able to evaluate the density of an unknown GMM at
every point, we could still not identify the correct number of its components. As an example,
consider a mixture 63 = ((w1,4,01-Ip),(we, 4,02 Ip)) where 0% # ag and wi,wy > 0. Then,
p(x|60) = Np (x| ,u,(cr% + U%)/Z -Ip). Hence, there is no difference between drawing points
from the mixture 6y with 2 different components and the single Gaussian distribution
ND(,LL,(O'? + O’%)/2 -Ip) (i.e., a mixture with one component). This also means that given only
the resulting observations X, we cannot identify the exact parameters that have been used
to create X. Besides that, as already pointed out in Section 14.1.1, the indexation of the
Gaussian components is not identifiable.

Curse & Blessing of High-Dimensionality (Sampling). In high dimension, the proba-
bility mass of a Gaussian density is concentrated in a thin shell around the mean (Hopcroft
and Kannan, 2017): Nearly all of the probability mass of a D-variate Gaussian with spherical
covariance matrix 02 is contained in a shell around the mean which has radius r = VDo
and whose thickness is proportional to r/v/D. For example, for D = 1000 and o = 1, 90%
of the probability mass is contained in a shell with the radius r = 31.6 and thickness 2.8
(Mackay, 2003, p. 309). Nevertheless, the density itself is still largest at the mean vector.
In the example, the density at the mean is ¢1°°%2 = 10217 times larger than the density of
a point contained in the shell. This unintuitive behaviour is usually collectively referred
to as the curse of dimensionality. However, as the tight concentration of points in the shell
can be a very useful property, it is also referred to as a blessing. For instance, Anderson
et al. (2014) use this fact to derive an algorithm that determines the means of an unknown
Gaussian mixture in high dimension.

14.2 Likelihood Approach

We are given a set of observations X = (x,),¢;n] and presume that these observations have
been drawn according to a GMM 6*. Our goal is to estimate the parameters of the GMM
0*. There are various approaches to estimate such parameters. In this thesis, we focus on
the method of maximum likelihood estimation. This method estimates 8* by the GMM 0,1,
which has most likely generated X.

In the following, we formalize the notion of likelihood, show how likelihoods can be
compared with one another, and discuss this approach in general. In Section 14.3, we deal
with methods for finding the most likely solution 67,.

14.2.1 Likelihood

We are given some observations X = (x,),¢nv] S RP. We assume that each x, has been
generated independently according to the two-step process described by some unknown
GMM 6*. Under this assumption, consider some arbitrary but fixed GMM 6. How likely is it
that 0 has generated the observations X?

One can measure this likelihood in terms of the density of the observations under the
(assumed) distribution 6.

Definition 14.4 (likelihood). Let 6 = ((wk,,uk,Zk))ke[K] be a D-variate GMM and let X =
(Xn)nerv) € RP. The likelihood of 0, given X, is

N N K
Lx©O):=[]panl®) =[] D weNp(anlpr, Zr) .
n=1 n=1k=1



14.2. LIKELIHOOD APPROACH 163

This definition might seem a bit cumbersome as it just gives the joint density p(X|0) a
different name. Yet, it marks a change in the paradigm: We consider a function in the model
parameters.

Log-Likelihood. Often, it is easier to work with the natural logarithm of the likelihood
instead of the likelihood. We use the short notation "log-likelihood" to refer to the natural
logarithm of a likelihood.

14.2.2 Likelihood Ratio

Assume we are given two GMMs 61 and 63. We prefer one GMM over the other if its
likelihood is larger. However, they might still be very similar to each other. How do we
measure the difference of the quality of two GMMs?

To this end, one considers the ratio between these likelihoods.

Definition 14.5 (likelihood ratio). The likelihood ratio between the GMM 61 and the GMM
69, given observations X, is given by

Lx(671)
Lx(02)’

where we use the convention that Lx(601)/0 =oo, if Lx(01) >0, and 0/0 = 1.

Ax(01,02) =

Example 14.6 (likelihood ratio between Gaussians). The likelihood of a spherical Gaussian

Np(u,0%Ip) with respect to observations X = (Xn)ne[Ny i glven by

i 2 ND/2 _-ND 1 & 2

Np(xnlp,0%) = (2m)" "0 77 -exp T 952 2 lxn—plz| -
n=1

n=1

Let 61 := (l,ul,azlp) and 09 = (1,,112,02[1)) be two Gaussians with identical covariance
matrix o?Ip. Then,

T Np(anlp1,02)
N Np(xnlug,02)

B 1 N 9 1 X 2
=exp —ﬁn;”xn—ﬂl”z "€xp +ﬁn§1”xn—ﬂ2“2
1 (X N
T P MRS of M|
n=1 n=1

N
@("m(X)—MHg— ||m(X)—u1||§)) : (Lemma 2.20)

Ax(01,00) =

=exp

14.2.3 Scale Invariance of the Likelihood-Ratio

Suppose we are given observations X = (x,),¢n] and a GMM 6. We scale the observations
by some constant factor ¢ € R;. That is, we consider X, := (c - x,),¢n7 instead of X. How can
we transfer the GMM 0 from X to X.?

Intuitively, we should scale the mean vectors by the same factor ¢, the covariance matrix
by a factor ¢2, and leave the weights as they are. This intuition is confirmed by the following
result.

Lemma 14.7 (scale). Let X = (x,) ¢y < RP, let 0 = (wp, wr, 2, ))peix) be @ D-variate GMM,
and ceR,. Set 0, := ((wk,c~,uk,cz~2k)k€[K] and X :=(c-xp)neny. Then,

1
LexO)=—=-Lx(0).
cX( c) thK\ X( )



164 CHAPTER 14. INTRODUCTION

Proof. For all x,, € X and & € [K], we have

1 1
252y _ T, 2 -1
Np(e-xyleus,c Zk)—(zn)DQ'cz'Z'Uz-exp(—ﬁ(c-xn—c-,u) (c®-2) (c-xn—c-p))
= 1 -ex —1~c(x - )T(c_2-2_1)~c(x )
T @mDRD . |32 P75 cn—H n—H
1 1

1 T v-1
= g g )

1
= = - Np(alp, Z3) -

Hence, p(c-x|0. )= -1 > -p(x|0) and HN 1pc-x,10¢ )—H (c}, p(xnlﬂ)) = ﬁ]‘[ﬁzlp(xnlﬁ). This
yields the claim. O

Consequently, the likelihood ratio is invariant against this kind of scaling.

Corollary 14.8 (scale invariance). Let X = (x,),cny € RP and let 6 = ((wk,ﬂk,ik)kem]
and 0 = ((wk’ﬂk’ik)ke[K] be D-variate GMMs. Fix some c € R;. Set X = (cxp)yeny Oc =
(Gok, ik, ¢*Zh) peiy and Oc = (D, cfir, *2p) pery: Then, Ax(0,60) = Ax, (e, o).

14.2.4 Maximum Likelihood Estimator for K =2

We are given some observations X = (x,),¢n] and presume that these observations have been
drawn according to a GMM 6*. We want to approximate 8*. There are several approaches
to this problem. In this thesis, we focus on the method of maximum likelihood estimation.
That is, we want to estimate 8* by a GMM 63,7, which has most likely generated X. We call
Oy1. a maximum likelihood estimator.

In the following, we assume that we know the number of components K of the underlying
GMM 60*. That is, we focus on determining a mixture 0ys7, with a predefined number of
components K € N. An obvious formulation of our goal is the following:

Problem 14.9 (a meaningless MLE problem). We are given X = (x,),en © RP, and K = 2.
We want to find a GMM 6 = ((wk,,uk,Zk))kE[K] with the maximum likelihood p(X|6).

It is a well-known fact that Problem 14.9 is no sensible formulation of our problem. For
instance, this has already been noted by Day (1969). The reason is simply that for K =2 the
likelihood function is unbounded from above, which means that there are infinitely many
solutions with the likelihood co.

Lemma 14.10 (unboundedness for K > 2). Let K =2, and X = (xn),e[n] € RP. Fix arbitrary
Ho,...,UK € RP. Fix arbitrary non-degenerated covariance matrices Zo,...,2ZKg € RD.

Let 6(2) = (VK,x1,%), (VK, ug,Z2),...,(VK, ux,Zk)) for all p e N.

Then, we have L(X10(2)) — oo for |Z| — 0 with £ # 0p p.

Proof. Observe that

1
L(X10(2)) = ( Np(xnlx1,Z)+ — Z ND(xnluk,Zk))

N
U (Np(xnlxl,Z) + tir;;nst)

il
1
KN
( U (réilst) -Np(a1lx1,Z) + {non-neg. >

where the t(c’ézlst are non-negative terms that are independent of £ and #,on.neg, is a non-

negative term (that depends on X). With Observation 14.3 the claim follows. O
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In particular, this lemma holds true for K = 2. It does not hold true for K = 1, though.

Example 14.11 (boundedness for K = 1). Let X = (xp)pen] < RP. Consider an arbitrary
02 > 0. The likelihood of the Gaussian Np(x1,02Ip) with respect to X computes to

N

1
Np(xnlxl,azID)=const~0_ND~exp - Z Ile—xnllg
202 N

n=1

where const denotes a non-negative term that is independent of . Observe that, for o — 0,
the term exp (—# Y neiny llx1 — x5, II%) converges faster to 0 than o ND diverges to oo.

14.2.5 Maximum Likelihood Estimator for K =1

It is easy to determine a single Gaussian with maximum likelihood:

Lemma 14.12. Let X = (x,)penN] < RP with some x, #m(X). Then, the vector € RP and
the matrix T € RP*P maximizing ]_[],:]:1 Np(xnlu,Z) satisfy

u=m(X) and Z=cov(X).

Besides that, the vector € RP and the value o2 € [0,00) that maximize the likelihood
Hivzl Np (x|, 0%Ip) satisfy

X
p=m(X) and 02:varD( ).

Proof. Recall our definitions from Section 2.3 and Section 2.1, where we stated that we
identify X = (x,,),cn) with the data set ((xy,,1)),¢n7. A proof of the first claim can be found
in (Bishop, 2006, pp. 93), for instance. The second claim follows analogously. Consider the
log-likelihood

N 1 N
In HND(xnlp,JZID) =) In (Np (xn 1, %I p)) =const.—ND1n(a)—m > ||xn—p||§ )
n n=1

n=1

Observe that the optimal choice of the mean vector i does not depend on the value of o2.
Due to Lemma 2.20, we know that the optimal choice is y = m(X). For arbitrary but fixed p,
the first derivative in the direction of o computes to —% + (% Z],Ll Hxn - ,u||§ Setting this
derivative to zero and solving the resulting equation yields the claim. O

Nonetheless, if there are too few different points in X, then the problem degenerates.

Observation 14.13. Assume that there are at most D —1 different points in X. We know that
z= %"(X) is positive definite if for all x € RP, x # 0, we have xT Zx > 0 (Golub and Loan, 1996,
p. 140). Observe that, due to the number of different points, there exists a vector x € RP which
is orthogonal to all vectors (x1 —m(X)),...,(xxy —m(X) (i.e., Vn: {x, (x, —m(X))) =0). Hence,
T2 =4 3N 2T (2, - mX))xn, - mX)NTx = £ XN (x, (x, ~m(X)))? = 0. This shows that
we need at least |X| = D different observations to obtain a non-degenerated covariance.

14.2.6 Constrained Maximum Likelihood Estimation

To turn Problem 14.9 into a reasonable problem, one could impose additional constraints on
the covariances or add a regularization term to the likelihood function. In the following, we
briefly explain the former approach.

Hathaway (1985) proposed the following formalization for one-dimensional mixtures:
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Problem 14.14 (constrained one-dimensional MLE problem). We are given N € N, X =
(Xn)nen) € R, K = 2, and some additional constant c € R,. We want to find a GMM 0 =
((wk,ﬂk,ak))ke[m maximizing p(X|0) subject to 02/012 =cforall kI e[K]with k #1.

Hathaway (1985) showed that this problem is well-defined. That is, there exists a global
maximizer 67, to the constrained optimization problem with £(0j7,) < co.

To gain the intuition behind this result, observe the following: The constraint ensures
that all g; differ by at most a factor ¢. Hence, if we consider a sequence of mixture models

(((wk,uk,ai )) ke[K])pEN’ where the variances satisfy the constraint and where UZ — 0 for

p — oo for some k € [K], then we can conclude that 0‘; — 0 for p — oo for all Il € [K]. Then,
we basically have the same situation as in Example 14.11. Hence, the resulting likelihood is
finite. This is the main idea behind the constraint in Problem 14.14.

Garcia-Escudero et al. (2015) generalized this approach for D-dimensional Gaussian
mixtures in a straightforward manner.

Problem 14.15 (constrained D-dimensional MLE problem). We are given N e N, X =
(Xn)ne[N] © RP, K =2 and c € R,. We want to find a GMM 6 = ((wk,,uk,Zk))kE[K] maxi-

mizing p(X|0) subject to % =cforall k,l € [K]with k #1, where 14(Z) denotes

the d-th eigenvalue of .

Unfortunately, to the best of our knowledge, there are no theoretical guidelines on how
to choose the parameter c¢. Hence, we will not work on this problem or Problem 14.14.

14.2.7 Remarks

Unbounded. Problem 14.9 is no sensible problem formulation because the likelihood
function is unbounded. We already discussed this issue in Section 14.2.

Spurious Maxima. The constraints imposed by Hathaway and Bezdek (1986) and Garcia-
Escudero et al. (2015), which we described in Section 14.2.6, also tackle the problem of
spurious maximizers. The issue of spurious maxima is discussed in (McLachlan and Krish-
nan, 2008, p. 65). He argues, "Consideration has to be given to the problem of a relatively
large local maxima that occur as a consequence of a fitted component having a very small
(but nonzero) variance for multivariate data. Such a component corresponds to a cluster
containing a few data points either relatively close together or almost lying in a lower
dimensional subspace in the case of multivariate data. There is thus a need to monitor
the relative size of [...] component variances [...] in an attempt to identify these spurious
local maximizers". More generally, Day (1969) noted that, "[...] each sample point generates
a singularity in the likelihood function. Similarly, any pair of sample points which are
sufficiently close together will generate a local maximum, as will triplets, quadruplets and
so on which are sufficiently close. Maximum likelihood clearly breaks down'".

The constraints imposed by Hathaway and Bezdek (1986) and Garcia-Escudero et al.
(2015) do not rule out the possibility of spurious maximizers. In Problem 14.14 and Prob-
lem 14.15, a constant ¢ has to be chosen in advance and in accordance to our notion of
spurious maxima. Nonetheless, we have reason to believe that the constraints allow for less
spurious maxima than there would be without this constraint.

Consistency. Despite the fact that the likelihood is unbounded, the maximum likelihood
estimator is consistent (Hathaway and Bezdek, 1986; Kiefer and Wolfowitz, 1956). That is,
given a sufficient amount of data that has been drawn according to a Gaussian mixture, there
is a local maximizer of the likelihood function that is close to the underlying distribution.
More formally, for each N € N, let Xn be a set of N points drawn according to a one-
dimensional Gaussian mixture 8*. Then, there is a sequence of local maximizers 6y of the
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likelihood function Lx, () such that Oy — 0™ for N — oco. For the case K =1, it is easy to see
that, for N — oo, the expected maximum likelihood estimator takes the desired value:

Lemma 14.16. Let X = (X,),c[n) be a vector of N random variables that have been drawn
independently according to the Gaussian Np(u,X). Then,

N
EmX)]l=p and Elcov(X)]= TZ .
Proof. Observe that each X, is distributed identically with
EX,]=p¢ and E|X,-w&X,-wl|=2 (14.3)

for each n € [N] (Bishop, 2006, p. 83). Due to linearity of expectation, E[m(X)] = E[X,,] for
all n € [N]. With (14.3), we can conclude that the first claim holds true. To prove the second
claim, observe that

E[cov(X)]=E M]
1 N
-~ Y E [(Xn —mX)(X, - m(X))T] (linearity)
n=1
-E [(Xn —mX)X, - m(X))T] (identical distribution)

=E (X, - g+ p-mONX, — -+ p-m(X))" |
=E[(X, - )X, — )T + X, - w(p-m X))’
+(u-m@XNX, - T +(u-m)(p-mX)"]
=E (X, - (X, - ) | + B[ (X — it - ma (X)) |
+E[(p-m X, - | +E[(p-mX)@p-m@X)T| . (inearity)

Let us consider the single summands separately. Observe that

E[(X, - w(u-m@)7|
= ~E[(X, - pmX)- )" |

(Definition 2.14)

m=1
R Z [( X, ,u) m #)T] (linearity)
N e
Ty 1 T :
=——E[(Xn—,u)(Xn—u) ]—— Y E[Xn-plE[Xnm-p] (independence)
N melNT\{n}
1
== ZE[@-p(X-p)T] - Y EX]-pEX]-p)" (linarity)
N N melNiin)
1 N-1 .
=— ﬁz N 0p.p (Equation (14.3))
1
__1s 4
NZ (14.4)

So we also have E [(u - m (X)X, — ,u)T] =E[X, —u)(,u—m(X))T]T = —%VZ. Moreover,

1 N
E [(p—m(X))(u—m(X))T] = LE [(u —Xn)(u—m(X))T] (Definition 2.14)
n=1
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1 N
TN > E [(Xn - Wp-m&X)" (linearity)
n=1
1
:ZTI'Z . (Equation (14.4))
Hence, B [ 298| = (1-24 + £)> = X213 which yields the claim. 0

Curse of Dimensionality (Parameters). Last but not least, one should be aware of the
curse of dimensionality with regard to the space of the parameters. We consider multivariate
Gaussian mixtures with a fixed number of components K where each component has its own
set of parameters: a weight, a D-dimensional mean vector, and a symmetric (D x D)-matrix
as covariance. This means that we actually have

K. 1+D+D—'(D+1)

real-valued parameters in total. This number of parameters is quadratic in the dimension.
We need a large number of observations to correctly estimate all these parameters. There
are several approaches that tackle this problem, such as dimension reduction, regularization
of parameters, constrained and parsimonious clustering. For an overview, we refer to
Bouveyron and Brunet-Saumard (2014).

14.3 Expectation-Maximization (EM)

We are given a set of observations X = (x,),cn] and assume that these observations have
been drawn according to a GMM 0*. We want to estimate 6* via the GMM 6y, that has
most likely generated X.

The standard approach to this problem is the Expectation-Maximization (EM) algorithm
(Dempster et al., 1977; Bishop, 2006; McLachlan and Krishnan, 2008), which is actually a
very general framework.

14.3.1 General Framework

The following problem is a straightforward generalization of Problem 14.9 where we replace
the family of GMMs by some arbitrary family of parameterized models.

Problem 14.17 (general MLE problem). We are given a parameterized statistical model
(X, {p(-10) | 6 € ®}) and observations X € X. Find

Oy € argmax{p(X|0) |0 € B} .

The EM algorithm that is described in Algorithm 16 is a heuristic for this problem. It
leverages the notion of hidden random variables Z. The functioning of this algorithm is
explained by the following fundamental result. For the sake of simplicity, let us assume that
the hidden variables are discrete.

Lemma 14.18 (decomposition of the likelihood). For all parameters 8 € ® and all distribu-
tions q over the hidden variables Z, it holds

In(p(X10)) = Ez~q(z) [In(p(X, Z]0))] + H(g) + KLD (p(-|1X,0)llq) ,

where

H(g) == q(Z)In(q(Z)) =0
Z
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Algorithm 16 EM Update Step Algorithm 17 EM Update Step for GMMs
Require: observations X, Require: observation X = (x,),en) S RP,
parameters GOld €O parameters {(wzld, uzld’ zOld)}kE[K]

Expectation Step: Determine a distribu- for all n € [N] and & € [K] do
tion ¢ over the latent variables Z: Determine the posterior probabilities

9(2)=p(Z|X,6°1%) Do = o T E)
e Wl N (g gt 29

Maximization Step: Determine the pa- for all k£ € [K]do

rameter 6 € © that maximizes W = % Zflvzl Pnk

Up = Zlyyzlpnkxn

Ez-qz)[In(p(X,Z16))] . YN Puk
Y, = Zfl\;lpnk(xn_#k)(xn_ﬂk)T
- Zivv:lpnk
return 0 return ((wg, L, 2k ))ke[K]
and (Z1X,0)
KLD (p(-|X,0)llq) = Zp(Z|X,9>1n(p—’) >
7 q(2)

with the convention that In(0) =0, 0-1n(0/p) =0, and p-In(p/0) = oo for all p # 0. Besides that,
KLD(p(-|X,0)q) =0 if and only if p(-|1X,0) = q.

Proof. A proof can be found in (Bishop, 2006, pp. 450), for instance. O

With this fundamental result, it is easy to see that an EM update step computes param-
eters 0 that are not less likely than the given parameters §°/¢.

Observation 14.19 (monotonicity). Consider a run of Algorithm 16, given some observations
X € X and parameters 0°'? € ©. Due to Lemma 14.18, we know that

In(p(X[6°'%))
=Ez-2) [1n (pCx, 216°'))| +3(q) + KLD (p(~IX,HOld)|| g)  (arbitrary distribution )
=Ez_yzix.0m0) [1n (p(X,ZIB"ld))] + H(pC1X,0°4)) +0 (q(Z) = p(Z|X,0°'D))
<E;_pzix 000 [In (0(X, Z10)] + H(p(-1X,0°/4)) + 0
<Ez_pzix 000 [In (X, Z10)] + H(p(-|1 X ,0°/%)) + KLD (p<-|X, 9)||p(~|X,9"ld)) (KLD = 0)
=In(p(X10)) .

Besides the monotonicity of the sequence of likelihood values produced by the EM
algorithm, little is guaranteed. For instance, (McLachlan and Krishnan, 2008, pp. 79)
noted the following: The sequence of likelihoods (L x(8;)), produced by the EM algorithm
might diverge to oo if the likelihood is not bounded from above (cf. Section 14.2.4). If
the likelihood is bounded, then the sequence (Lx(0,)), converges monotonically to some
Lx(0) < co. However, the sequence of models (6,), computed by the EM algorithm is
not guaranteed to converge, even if the sequence of likelihoods (Lx(6,)), converges. If
the sequence of likelihoods (£x(6,)), computed by the EM algorithm converges to some
Lx(0) < oo, then Lx(0) is not necessarily a local maximum of the likelihood. Nonetheless,
(Wu, 1983) shows that under some regularity conditions the EM algorithm converges to a
local maximum.
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14.3.2 EM Algorithm for GMMs

The EM algorithm for GMMs takes the form described in Algorithm 17. As already explained
in the last section, the EM algorithm never decreases the likelihood. However, it is not
guaranteed that a sequence produced by Algorithm 17 converges to a non-degenerated GMM.
Besides that, the EM algorithm has two major drawbacks: On the one hand, the convergence
of the EM algorithm can be very slow. In particular if the mixture components are "not well
separated”, as observed by Xu and Jordan (1996). On the other hand, the EM algorithm is
prone to get trapped in (poor) stationary points of the likelihood function (McLachlan and
Krishnan, 2008, p. 228). In Chapter 15, we analyse a stochastic version of the EM algorithm
which is known to suffer less from these drawbacks. In Chapter 16, we derive initialization
methods for the EM algorithm for GMMs which, hopefully, prevent the algorithm from
getting trapped in a poor solution.

14.4 Overview

The following three chapters deal with three different topics:

Chapter 15 provides a theoretical comparison of the classical EM algorithm and a stochas-
tic variant thereof, with respect to certain mixture models. Making use of our results
from Chapter 3, we show that under certain conditions the update formulas of both
algorithms yield similar results with high probability.

Chapter 16 deals with the problem of initializing the EM algorithm for GMMs. We propose
new initialization methods that are based on the well-known K-means++ algorithm
by Arthur and Vassilvitskii (2007) for the K-means problem and the algorithm of
Gonzalez (1985) for the so-called discrete radius clustering problem. We compare these
new methods with a large number of existing methods via experiments with respect to
artificial data sets and real-world data sets.

Chapter 17 deals with an approach towards a theoretical analysis of the maximum like-
lihood estimation (MLE) problem. We consider a special case of the MLE problem
where the weights and covariances of the Gaussian mixture models (GMMs) are fixed
in advance and so the only degrees of freedom that are left to be determined are mean
vectors. We propose and discuss different variants of this problem and an approach
towards a theoretical analysis.



“Mathematics, according to D.
Hilbert (1862-1943), is nothing
more than a game played
according to certain simple rules
with meaningless marks on
paper.”

Chapter 15 E.T Bell'

A Non-Asymptotic Comparison of
EM and SEM Algorithms

A major downside of the EM algorithm for mixture models is that there are cases where
the algorithm converges very slowly and gets attracted to unstable stationary points of the
likelihood function. A variant of the EM algorithm that tackles this problem is the stochastic
EM (SEM) algorithm, which is also known as a special case of the Monte Carlo EM (MCEM)
algorithm. It replaces the expectation step of the EM algorithm by a stochastic expectation
step: Recall that the goal of the expectation step is to compute the distribution ¢ which
determines the expected complete-data log-likelihood Ez . 4(z) [In(p(X, Z|0))]. The stochastic
EM algorithm approximates this expected value via a sample In(p(X, Z = z|0)) where z is
drawn according to q(Z = z). Intuitively, the SEM algorithm imitates the EM algorithm
if the data set is sufficiently large. In this chapter, we aim to quantify this intuition with
respect to EM and SEM algorithms for mixture models.

Overview. In Section 15.1, we introduce the SEM algorithm formally. In Section 15.2, we
give an overview of the mixture models with respect to which we compare EM and SEM
(like) algorithms. In Section 15.3 and Section 15.4, we summarize related work and our
contribution. Section 15.5 contains our theoretical comparison. In Section 15.6, we provide
some examples and illustrate our bounds.

Publication. We generalize and discuss the result from Blomer et al. (2014).

15.1 Introduction

Recall that an update step of the EM algorithm, which is described in Algorithm 18, consists
of two steps: In the expectation step, the algorithm computes a distribution g over the hidden
variables Z. Together with the observations X, this distribution g determines the expected
complete-data log-likelihood f(0) := Ez.4(z)[In(p(X,Z|0))]. Then, in the maximization step,
the expected complete-data log-likelihood f(0) is maximized with respect to 6.

The stochastic EM (SEM) algorithm is described in Algorithm 19. Instead of determining
the expected complete-data log-likelihood f(6) exactly, the stochastic EM (SEM) algorithm
approximates f(0) via sampling. More precisely, it approximates the expectation f(0) =
Ez-42) [In(p(X,Z]0))] via a sample f,(0) = In(p(X,Z = z|0)) where z is drawn according to
q(Z = z). That is, the expectation step of the EM is replaced by a stochastic expectation
step where the SEM algorithm samples realizations of the hidden variables. Then, in the
maximization step, the SEM algorithm proceeds in the same way as the EM algorithm, but

1Source: E.T. Bell, Mathematics (Queen and Servant of Science). G. Bell & Sons Ltd. 1952 (p. 21)
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Algorithm 18 EM Update Step Algorithm 19 SEM Update Step
Require: X, 60°/9c@ Require: X, 0°4c@
Expectation Step: Determine a distribu- Stochastic Expectation Step: Sample a
tion g over the latent variables Z: realization z according to
q(Z) =p(Z|X,0°¢) z~p(Z =2z|X,0°49)
Maximization Step: Determine the pa- Maximization Step: Determine the pa-
rameter 6 € © that maximizes rameter 6 € © that maximizes
EZNq(Z) [ln(p(X,ZIH))] . ln(p(X,Z =Z|9)) .
return 0 return 0

with f(0) replaced by f,(0). That is, it determines the parameters 8 maximizing f,(6). Note
that it is possible to improve the estimate of the expectation f(0) via repeated sampling. This
generalization of the SEM algorithm is known as the Monte Carlo EM (MCEM) algorithm
(McLachlan and Krishnan, 2008, p. 227).

A downside of the SEM algorithm is that we have to give up the monotonicity property
of the EM algorithm (cf. Observation 14.19). That is, one round of the SEM algorithm might
produce a model with smaller likelihood than the given model. However, a major advantage
of the SEM algorithm is that it prevents us from "staying near an unstable stationary
point of the likelihood function" (McLachlan and Krishnan, 2008, p. 228). Thereby it avoids
cases where the EM algorithm (for mixture models) is known to converge very slowly. Last
but not least, note that sometimes the EM algorithm is simply no alternative to the SEM
algorithm because the expectation step of the EM algorithm is analytically intractable for
some probabilistic models (McLachlan and Krishnan, 2008, p. 224). For more information,
we refer to Celeux and Diebolt (1985), Bishop (2006), and McLachlan and Krishnan (2008).

15.2 Scope of Our Comparison

In the following, we focus on mixture models that are parameterized by a mean vector y € R?
and, possibly, a covariance matrix X € RP*D.

Definition 15.1. We consider a family of parameterized D-variate density functions P =
{pC-1u, %) | peRP ze [RDXD}. The probability density function p(-|0): RP — Rsq of @ mix-
ture model with K components from P is given by p(x|0) = Zlewk plx|ug,Zr), where 6 =
((wk,uk,zk))kem, (wk)ke[[{] € AK—l, Hr € [RD and Zk € RDXD fOI” all k€ [K]

For these mixtures, we analyse EM-like and SEM-like algorithms that take the form
described in Algorithm 20 and Algorithm 21, respectively. This covers the following distribu-
tions and algorithms:

First and foremost, we consider the EM and SEM algorithm for Gaussian mixture models:
A Gaussian distribution is parameterized by a mean vector p € R and a covariance matrix
T e RP*P . As already explained in Section 14.1, its probability density function takes the
form

1
exp|—=(x, — u)TZ_l(xn -] .

Np(xlp, ) 2

T @mbeg2
For mixtures of Gaussian distributions, the component update of the corresponding EM and
SEM algorithm take the form depicted in Algorithm 20 and Algorithm 21, respectively, with
all ¢y, values set to 1 (see Bishop (2006) and Algorithm 17).



15.2. SCOPE OF OUR COMPARISON 173

Algorithm 20 EM* Update Step
Require: data set X = (x,),¢[n7

Algorithm 21 SEM* Update Step
Require: data set X = (x),¢[n7,

ld _ ld ld ld
0 = (w2 ),y
a density function p(-|9°'?),
some function {(x goay : [N]x [K]— R+

ld _ ld ld ld
0°'% = (W', 1 29D, ey
a density function p(-|°'?),
some function {(x goay : [N]x [K]— R+

for all ne[N] and k € [K] do

. old P(xn“lold zold)
pnk b ZK:1 w"ldp(xnlll
(nk = ((ngozd)(n,k)

old zold)

for all n €[N]and k£ €[K] do
. old p(x” |'uold zold)
pnk b ZK OIdp(xnlﬂ

Cnk —((X,gold)(n k)
for all n €[N] do
Sample (Z,,3);, € {0, 1}X with
YrZnr=1st. Pr(Z,, =1)=pp.

old Zold)

for all 2 €[K] do

— 1§yN
wp == Nanlpnk
'le — Zlnvzlpnk(nkxn
) Zflv:lpnk(nk
ZN— pnkcnkynk

Z = n=1

k Ziv:lpnk
where yni = (X, — t)(xn — )T

for all 2 €[K] do
._ 1yvN
Wy = NNZn:I Z
. Zn=1an(nkxn
Mk - 22] 1an(nk
. Zn 1an(nkYnk
Se= =58z
where Y, = (x,, — M) (x, — M3)T

return ((wr, 4e, 21)) ek return (W, M}, Sp)rex;

Second, our work covers heuristics for mixtures of multivariate power exponential (MPE)
distributions, which are generalizations of multivariate Gaussian distributions (Gomez et al.,
1998). MPE distributions have an additional shape parameter s € R.. For s = 1 one obtains
Gaussians, while s = 1/2 yields Laplacians. The probability density function of an MPE
distribution with shape s € R, mean vector € RP, and covariance X € R?*P is given by

Ms(xlp, £) = C- 121 2 exp (-1 (x - 7= 1 x - w)°)

where C=DT (%)/ (n 2 (1+ 2 )21+ ) and where I'(-) denotes the gamma function. In the
following, we assume that the shape parameter s is some given fixed constant. For mixtures
of MPE distributions, there is no implementation of the EM or SEM algorithm known since
there is no known implementation of the maximization step of either algorithm. However,
Zhang and Liang (2010) introduced an EM-like heuristic which was later corrected by Dang
et al. (2015). The EM-like heuristic corresponds to Algorithm 20 with the {,; values set to

Lot 1= (g — p2ld)T (20041, — gu0ld))*™

Dang et al. (2015) showed that the covariance update of this heuristic is reasonable if
s €(0,1]. More precisely, he showed that, given fixed weights and means, an update of the
covariance matrices does not decrease the expected complete-data log-likelihood which shall
be maximized in the last step of the EM algorithm (cf. Dang et al. (2015), Bishop (2006)).

Third, our analysis also covers the EM and SEM Algorithm for mixtures of regular
exponential distributions. These distributions are only parameterized by a mean vector
p € RP . Their density functions are of the form

Ry (x|p) = exp (¢, 1) — () Ro(x)

where w(-) and Ro(-) denote given functions. For instance, Banerjee et al. (2005) showed
that the component update of the corresponding EM algorithm takes the form depicted in
Algorithm 20 (excluding the update of the (non-existing) covariance) and with all the {,;
values set to 1. For more information, we refer to (McLachlan and Krishnan, 2008, pp. 22).
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15.3 Related Work

There are various theoretical comparisons of the EM and SEM algorithm that deal with
asymptotic theory, for instance, Celeux et al. (1995), Nielsen (2000a) and Nielsen (2000b).
For mixtures of distributions from the exponential family, Ip (1994) shows that the sequence
of models generated by iterations of the SEM update step is an ergodic Markov chain that
converges weakly to a stationary distribution over models. Furthermore, he shows that,
under appropriate assumptions, the mean of this stationary distribution converges to the
maximum likelihood estimator.

An experimental comparison between the EM and SEM algorithm for mixtures of
Gaussian distributions can be found in Dias and Wedel (2004), for instance. The algorithms
are applied to two small one-dimensional data sets (containing 150 and 174 points) and
use Gaussian mixtures with 3 and 2 components, respectively. The authors evaluate the
log-likelihood of the sequence of produced solutions and the log-likelihood surface in the
neighborhood of these solutions. Furthermore, they compare the final Gaussian mixture
models returned by the algorithms. Their results indicate that the SEM algorithm converges
faster and more reliably than the EM algorithm. More comparisons can be found in Celeux
et al. (1996), for instance.

15.4 Contribution

We analyse an SEM* update step in comparison to an EM* update step, with respect to
different mixture models. We show that these single update steps, with high probability, yield
similar results if the given data set X and the given model §°/¢ satisfy certain properties.

15.5 Theoretical Comparison

In this section, we state probabilistic bounds on the differences between an EM* and SEM*
update step. First, we state and prove these bounds in the most general form. Then we
consider the specific case of Gaussian mixture models. Finally, we discuss our results.

15.5.1 A Non-Asymptotic Bound

With our results from Chapter 3 we can derive the following probabilistic bound on the
proximity between Algorithm 20 and Algorithm 21.

Theorem 15.2 (Proximity of Update Steps). Consider a single run of Algorithm 20 and
Algorithm 21, given the same observations X = (xp),e[nN] S RP, mixture model 0°¢ with K
components, density function p(-IH"Zd), and function {(x goa), respectively.

Let 6 €(0,1),

as =3In(2/0) and bs:=+/2eln(2/0)

For all k e[K], let
(" =max{(pr In€[N]} .

If for all k € [K] we have

N N
rei=Y pPak=as and  up:= ) pprlnr =as(p (15.1)

n=1 n=1
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then, with probability 1 - K - (2 +D+ w) -0, forall k€ [K]and d,i,j€[D] we have

Vas
Wi —w| < Wy, 15.2
Wi, —we| N W, (15.2)
/1821) Tkd
|(Mp — ) 4] < : nd (15.3)

, @
VTR —\JastpeE Vi
) max (1) 5 (1)
Mkip  Prig N (Vuk+\/a5ck ) AMeisreg) ThiTRs

|(Sk B Zk)ij| = 2 ) (15.4)
VTE—Vas Tk (Pu _ /aﬁfzmx) VTE—Qs Juprg
where
7,5 = 2 Puk(L=pui)y (en — pip)5
n=1
bs if tpg = %ba.(z’taxrd(X)
A(Zzi B ’ (15.5)
k)] 202 grerra) .
R — otherwise
kd

N
piij = Z Prk(l=Dpne)CnkYnk — Zk)?j with yup = (x, — /Jk)(xn - ,uk)T , and
n=1

bs if Prij = 2bs - {1 (X)x (X)
> _
(®ij) ) 252 (rerr(X)r(X)

i
> o otherwise

In the remainder of this section, we prove this theorem. For a discussion, we refer to the
next section.

Because the covariance update does not take the same form as a covariance of a soft
cluster, we cannot make use of Lemma 3.19. However, we can derive the following similar
result:

Lemma 15.3. Consider the setting from Theorem 15.2. Let 6 € (0,1), k € [K], and i,j € [D].
We have
Pr(

Proof. The following proof is similar to the proof of Lemma 3.19 (the main differences are
marked in boldface). For each n € [N], define the real random variable

N
Znk CnkYnk — z:k)ij

n=1

>/1kij'10kij) <0. (15.6)

Skijn = Znk — Pnk) CnkYnk —Zk);j -

Since the Z,; are binary random variables and since each membership p,; lies in [0, 1],
we have |Z,,;, — pnr| < 1. Since (ﬂk) 4 1s a convex combination of the coordinates (x;;); with
m € [N], we know that (x, —uz)g € [-rq(X), +rqy(X)] for all n € [N]. Hence, for all n € [N] and
i,j €[D], we can conclude that (ynz);; = (X, — ur)i(xn — uz); € [-ri(X) - T;(X), +1i(X)-T;j(X)].
As (covy);; is a convex combination of values in ({mkYm#r);; with m € [N1], it follows that

(CakYnk —€OVR);; € [~2- (0% r,(X)T (X)), +2- (%% (X)r;(X)]

for all n € [N]. Hence, |({nkYnk — covk)ij| < 20" r;(X)rj(X) for all n € [N]. Putting these
inequalities together yields

|Skijn| = 1Znk = Pnrl-|(akynr — €OVE); ;| < 2-(R**r;(X)r (X)) .
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With Lemma 3.12, we conclude that

E[Skijn]1=0 and Var(Skijn) = pni(1—Pnk) Cakynk — COVL); .

Similarly to Observation 2.19, we can identify

Ski] Z Skl]n Z Znk((akYnk — €0VE)i((nkYnk — covk)j
=1

With our previous results, we get E[Sy;;1=0 and Var(Sy;;) = pzij.
Finally, applying Theorem 3.10 with C := 2{{"**r;(X)r;(X) yields the claim. O

Proof of Theorem 15.2. As they are given the same parameters, both algorithms compute
the same soft clustering P = (pnk)nenkeirx) and values ((ne)pernyreir)- Additionally, Al-
gorithm 21 samples a hard assignment (z,); (according to Pr(z,;, = 1) = p,z), for each
observation x,. Let Z := (2,2)ne[N) ke(k]- Observe that rj = w(AgeX’P)), wp, = W(AZX’P))/|X|,

and W, = W(A;X’Z))/ |X|. For each & € [K], define
Wi == ((xn, (ni el -

Then we can identify u; = m(AZWk’P)), M, = m(AZWk’Z)), and up = w(AgeWk’P)). Moreover,

the numerator of X is equal to ucov(A(Wk’P)) and that the numerator of S; is equal to

ucov(A""")). Observe that u$) = 1, while why = (7'** for all k € [K]. Besides, r;(Wj) =
r;(X) for all 2 € [K] and i € [D].

Apply Lemma 3.14 with respect to X, for each & € [K]. Apply Lemma 3.14 with respect
to W3, for each %k € [K]. Apply Lemma 3.16 with respect to Wy, for each d € [D] and % € [K].
Apply Lemma 15.3 with respect to X, for each & € [K]. Combine these bounds via the union
bound. As we apply Lemma 3.14 for 2K times instead of K times, the overall probability of
success becomes 1-K-(2+D +D(D +1)/2)-6.

To prove (15.2), observe that, due to Lemma 3.14 (applied to X), we have

™)) Vel e e ves
IX| B X VXL VR

(15.3) follows analogously to the respective claim in Theorem 3.23. The proof of (15.4) is also
similar to the proof of the respective claim in that theorem: Let my, := (up — Mp)(ur — My, )T
and, as in the theorem, write y,p = (x, — up)(x, — uk)T for each n € [N]. Due to Lemma 2.21,
we have

W, —wp| =

Wi,Z)
ucov(AEeWk’Z)) ucov(A;Wk’Z),pk) W(A P )

= — m
w(AT?) w(AT?) w(AT?)

Hence,

|(Sk_zk)ij|

Wi.Z
ucov(AgeWk’Z),# ) (A( " )) s
k
W(A;X,Z)) (A(X Z)) y

(Wi, Z)
ery:lznk(nk(xn—uk)(xn—yk)T W(Ak k ) .
) B k
w(AT?) w(Ax2) B
ij

(Wy,Z)
YN zurlnryne W (Ak )m s
= - k — ~k
wAar?)  wa?) )
ij
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W,2)
21,2’:1 Znk (CnkYnk — Zk) W(Ak ' )m
= - k
w( A;X,Z)) w( A;@X,Z)) .
ij

|(Z21 2ne ke — Zk))|ij W(Agewk,Z))
<

< |(me); ;] -
W(AZX’Z)) W(AZX’Z) w
Due to Lemma 3.16 (applied to W}), we have
(W) 4 (W)
(ki) (kj) ) TRiTkj

|(me)ij| = |(ur = Mp)i| - |(ue — M| ; < .

(vazE - fastyes)”

Due to Lemma 3.14 (applied to X and W}, respectively), we know that

(Wr,2Z)
W(Ak ' ) _ Uk +as( " Vur  Vur+asll* Juy
W(AZX’Z)) T rp—asTh VIE—Vas Tk

and, in particular, Ry = (/7% — /@5) - /7. Due to Lemma 15.3 (applied to X), we have

) ..
”S/l(kij)'pklj .

LY

N
(Z Znk (CnkYnk — zk))

n=1

A combination of these inequalities yields the claim.

15.5.2 Special Case: Gaussian Mixture Models (GMMs)

In the special case where the EM* and SEM* algorithm describe the classical EM and
SEM algorithm for GMMs, Theorem 15.2 simplifies slightly. In this case, the given density
function is Gaussian and we have (,,; =1 for all n € [N] and % € [K].

Observe that the posterior probabilities P = (pur)peinyreix), Which both algorithms
compute, describe a soft K-clustering of X. More precisely, P is the soft clustering induced
by the GMM 6°/¢ (see Section 14.1.2).

First, let us consider the initial condition from (15.1). We have ( Z““‘ =1 for all £ € [K]

and w;’QX =1. Consequently,

N
VRelK]: rp=up= Z Pnr-1 =W(A2X’P)) .
n=1
This means that the two bounds from (15.1) coincide. Both demand that the weight of the
k-th soft cluster of X given by P is
w (A;X P )) > 2In(2/8) = a5

at least some value that (only) depends on the probability of success. To sum up, it is
essential that each cluster does not have too small a weight.

Now, consider the difference of the parameter updates. First, consider the weight updates.
With a certain probability, the difference is at most

Wo— 0y < 21n(2/6) W,
- (X,P) )
w(ai"")
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To sum up, the weight updates are similar if the cluster weights w (AZX’P)) are large enough.
Second, consider the bound on the mean updates. As in Section 3.5.3, observe that

D N
leTZd = n;lpnk(l —Pnr)-1- ||xn —Hr Hg = d(AZX’P)) . (15.7)

Thus, the unit of measurement which Theorem 15.2 effectively uses to measure the squared
distance ”,Ltk - M, ||§ is at most

X,p)
£ (| Earha S0

=]
Al T TG

=var (A;X’P))

the variance of the respective soft cluster. Moreover, observe that this unit of measurement
is multiplied with the factor

A 2¢1n(2/5)
(VR =aalf P ™ (o (4%P) - oeTn@p)|

; (15.8)

if the term Ti g4 18 large enough. Intuitively, 7.4 should be large enough if the points in the
soft cluster A;X’P) are scattered enough. That is, 7,4 should be large if the cost d (A;X’P))

of the soft cluster is large enough. However, strictly speaking, Tz 4 1s still a lower bound
on the cost (see (15.7)). Nonetheless, the resulting factor from (15.8) is small if the weight
\' 4 (A;X’P) ) of the soft cluster is large enough.

Third, consider the bound on a covariance update. Again, the bound becomes tighter
when the weight w (AZX’P)) of the soft cluster is large enough. However, to the best of our
knowledge, there is no concise interpretation of the unit of measurement in this bound.

To sum up, it is essential that the weights of the soft clusters of X that are induced by
the given GMM 6°/¢ are large enough.

15.6 Some Concrete Examples

In this section, we illustrate our results with respect to the following two mixture models
and the corresponding instantiations of Algorithm 20 and Algorithm 21: First, we consider
Gaussian mixture models (GMM) and instantiations that correspond to the classical EM
and SEM algorithm for GMMs. Second, we consider Laplacian mixture models (LMM) and
instantiations that are EM-like and SEM-like heuristics for LMMs (see Section 15.2).

For our examples, we use the artificial data sets that are illustrated in Figure 15.1. In the
following, Xk p v denotes an artificial data set that has been generated by drawing N points
according to a fixed D-variate mixture 0x p with K components. That is, for every N €N, the
data set Xx p v has been generated according to the same mixture model 8k p. For more
details on our data generation method, we refer to our explanations in Section 16.5.2.

A Direct Comparison

We start with a straightforward comparison: We consider the sequences of parameters
computed by the EM* algorithm (Algorithm 20) and the SEM* algorithm (Algorithm 21)
and their likelihoods. We feed both algorithms with the same initial solution and run
each algorithm for 50 rounds. After each round, we compute the differences between
their current solutions. More precisely, we compute the absolute difference |w; — Wp|, the
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(a) X103.8, N = 1000 () X103.8, N = 10000 (©) X103.n> N = 10000, initial GMM

Figure 15.1: Illustration of our data sets. We depict orthogonal projections to randomly
chosen 2-dimensional subspaces. The green ellipses indicate the covariance matrices of the
underlying GMM. The red ellipses in Figure 15.1c indicate the covariance matrices of an
initial solution (computed via the Unif method, as described in Section 16.3).

Euclidean distance || ur—Mp ||2, and the Frobenius norm ||z — S} |z. Moreover, we compute
the negative log-likelihoods of the solutions, which we denote as "cost" in the following.

The value of a Euclidean distance between mean vectors and the value of a Frobenius
norm of a difference between covariance matrices are completely meaningless, as long as
we cannot compare them to something. To get a rough idea of how to interpret them, we
compare them with the following values: We compare the Euclidean distances between
mean vectors with the diameter diam(X) of the respective data set X (see Definition 2.18).
We compare the Frobenius norm of the difference between covariance matrices with the
Frobenius norm of the covariance ||[cov(X)|r of the given data set X (see Definition 2.15).
The concrete values of diam(X) and |[cov(X)| z of the respective data set X can be found in
the caption of the figure that depicts the results.

The following examples show that, as to be expected, an SEM* update step is very
similar to an EM* update step if the data set is large. However, larger deviations between
parameters do not necessary imply that a solution obtained via the SEM* algorithm has a
smaller likelihood. Besides that, recall that the EM algorithm is guaranteed to produce solu-
tions with a non-decreasing likelihood (Bishop, 2006). In the following examples, we observe
the same for the EM-like EM* algorithm for LMMs, which is actually no instantiation of the
EM algorithm for LMMs.

Figure 15.2 depicts a comparison of the EM and SEM algorithm for Gaussian mix-
ture models (GMMs). In general, we observe that in comparison to diam(X 3 ) and
||cov (X103.N) || 7 (see caption of the respective figure), the parameters computed by the
EM and SEM algorithm are similar. It is clearly visible that the differences between the
parameters become smaller when the number of points N becomes larger. However, this
does not necessarily result in different likelihood values.

Figure 15.3 shows our results regarding the EM-like and SEM-like algorithm for Lapla-
cian mixture models (LMMs). In general, the differences between the parameters are much
larger than those we obtained in our comparison between the EM and SEM algorithm for
GMMs (i.e., roughly by a factor of 10). Nonetheless, the SEM-like algorithm for LMMs does
not necessarily produce solutions that are less likely than those computed by the EM-like
algorithm for LMMs. Again, the differences between the parameters decrease for a larger
number of observations.

An Illustration of Our Theoretical Bounds

In this section, we illustrate a tighter variant of Theorem 15.2 that only bounds the proximity
of the mean updates. To this end, we proceed as follows: First, we compute an initial solution
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Figure 15.2: Comparison of the EM and SEM algorithm for GMMs. Both algorithms were executed once on the artificial data set X103 n, given the
same initial solution. Each line corresponds to the difference between parameters with the same index k.
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Figure 15.4: Experimental difference and theoretical bound on the difference between the
mean updates for Gaussian mixture models (GMMs).

6°'¢. Then we compute the mean updates as described in Algorithm 20 and Algorithm 21
for the given 0°/¢, respectively. We want to compare the Euclidean distance between these
mean updates with our theoretical bound. Hence, we additionally compute a bound on the
difference of the mean updates (given °/?¢) that holds with high probability. More precisely,

we apply the bounds from the following Corollary 15.4 with ¢ = WIO'

Corollary 15.4 (proximity of mean updates). Consider the same setting as in Theorem 15.2.
Fix €€ (0,1). Set 6 :=e/K(D+1). If up, = Zivzlpnk(nk = (3ln(2/5))(z“1x for all k € [K], then
with probability 1—€ we have

2
o N 2 2
D A Y1 k(L= pri) (tn — 1)
VEe[K]: | My, — 3 < (kd) n=1Pn nk )0 ¥~ Hb)g

p VT~ /3@ | Y n1 Pkl

After that, we generate a new model 8°¢ because our analysis only covers the comparison
of a single update step of both algorithms (both started with the same 6°/9). Instead of
computing a new initial solution #°/¢ from scratch, we compute a new model 0 by applying a
complete update step according to Algorithm 21 to the given #°/? and repeat our evaluation
with 6°/¢ set to 6.

Figure 15.4 depicts our results with respect to GMMs. We observe that the actual
difference is significantly smaller than our bound, as it is to be expected. However, our
bounds on the differences become tighter when the number of points becomes larger. This
matches the fact that a larger number of observations results in a larger u; value which
in turn yields tighter bounds. For the data set X103 xy with N=1 000, our bounds were not
applicable.

Figure 15.5 depicts results with respect to LMMs. Again, we do not depict results for the
data set X10,3 ;v with N =1000, since our bounds were not applicable at all. For N = 10000,
there are missing values in Figure 15.5a since our bounds were not applicable in each round.
For N =100000, our bound was applicable in each round and, as to be expected, significantly
tighter than the bound for N = 10000.

15.7 Discussion

Unsurprisingly, for Gaussian mixture modes, our probabilistic bounds confirm the intuition
that an SEM* update step imitates the EM* update step well if the soft clusters (given by
the current model 8°/?) do not have too small a weight. Apart from that, our probabilistic
bound does not guarantee much.

First, our bound from Theorem 15.2 is not particularly tight. One can also see this
from the examples that we will provide in Section 15.6. There, we evaluate a bound on the
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Figure 15.5: Experimental difference and theoretical bound on the difference between the
mean updates for Laplacian mixture models (LMMs).

proximity of the mean updates (which is tighter than the bound in Theorem 15.2 because we
simply ignore the proximity of the covariance updates).

Second, our bounds are only valid for a single update step. They do not guarantee
that several consecutive update steps still perform similarly for certain initial solutions
and data sets. Note that for consecutive update steps one cannot simply repeatedly apply
Theorem 15.2 because it assumes that both algorithms are given the same model 8°/¢, while
the very first update step of both algorithms will certainly already yield two different models.

Third, we do not expect that monitoring the conditions given in Theorem 15.2 during a
run of the SEM* algorithm and switching to the update steps of the EM* algorithm (in case
the SEM* update step might deviate too far from the EM* update step) is useful. This is
simply due to the fact that the evaluation of the conditions from Theorem 15.2 introduces a
large overhead.
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“The combination of some data
and an aching desire for an
answer does not ensure that a
reasonable answer can be
extracted from a given body of
data.”

Chapter 16 John Tukey'

Adaptive Seeding for Gaussian
Mixture Models

The performance of the expectation-maximization (EM) algorithm for Gaussian mixture
models (GMMs) crucially depends on its initial solution. Hence, numerous initialization
methods have been proposed: On the one hand, there are simple random methods that,
for instance, sample mean vectors uniformly from the given set of observations. On the
other hand, there are rather complex methods that crucially depend on the right choice of
hyperparameters. None of these methods comes with a performance guarantee.

Simply speaking, an initialization method is a fast algorithm that computes a good
solution. For other clustering problems, there are such algorithms: For the K-means
problem, we have the K-means++ algorithm by Arthur and Vassilvitskii (2007). For the
discrete radius K-clustering problem, there is an algorithm by Gonzalez (1985). Both
algorithms are fast and work provably well. Moreover, both have already been utilized to
determine the mean vectors of an initial GMM. In this chapter, we aim to continue this work
and modify the K-means++ algorithm and Gonzalez’ algorithm further.

Overview. In Section 16.1, we give an overview of common initialization methods for
the EM algorithm for GMMs. In Section 16.2, we briefly state our main contribution. In
Section 16.3, we give a more detailed description of those algorithms to which we compare our
methods. In Section 16.4, we introduce our adaptive seeding methods, which use ideas from
the K-means++ algorithm and Gonzalez’ algorithm. Finally, in Section 16.5, we compare our
adaptive seeding methods with existing algorithms with respect to large sets of artificial
data sets and some real-world data sets.

Publication. The following results have been published in (Blomer and Bujna, 2016).

16.1 Related Work

The problem of initializing the EM algorithm for GMMs properly is well-known. Only
recently, Jin et al. (2016) published a theoretical analysis of local maxima in the likelihood
of GMMs that also stresses the necessity of a careful initialization, even "in highly favorable
settings". In the following, we give a brief overview of initialization methods. More informa-
tion can be found in (Maitra, 2009; Thiesson, 1995; Fayyad et al., 1998; Biernacki, 2004), for
instance.

A common way to initialize the EM algorithm is to first draw mean vectors uniformly
at random from the input set and then to approximate covariances and weights (Biernacki,

LSource: Sunset salvo. The American Statistician 40 (1). Online at http://www. jstor. org/pss/2683137
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2004; Melnykov and Melnykov, 2011; Maitra, 2009; Meila and Heckerman, 1998). To
compensate for the random choice of initial means, several candidate solutions are created
and the one with the largest likelihood is chosen. Often, few steps of the EM, Classification
EM, Stochastic EM algorithm, or Lloyd’s K-means algorithm are applied to the candidates
(Bishop, 2006, p. 427).

Other popular initializations are based on hierarchical agglomerative clustering (HAC).
For instance, in (Melnykov and Melnykov, 2011; Maitra, 2009; Meila and Heckerman, 1998),
HAC (with different distance measures) is used to obtain mean vectors. Since HAC is
generally very slow, it is usually only executed on a random sample. However, the size of any
reasonable sample depends on the size of the smallest optimal component, which is unknown.
Moreover, it is often outperformed by other methods (Melnykov and Melnykov, 2011; Meila
and Heckerman, 1998). An approach that tries to speed up HAC is presented in (Maitra,
2009). It aims at finding the best local modes of the data set in a reduced m™*-dimensional
space and applies HAC only on these modes. However, this method is time-consuming and
the choice of m* is crucial (Maitra, 2009, p. 5,13). Moreover, in (Maitra and Melnykov, 2010)
it is outperformed by simple random methods.

Melnykov and Melnykov (2011) present a density based approach that not only deter-
mines an initial solution but also tries to determine the correct number of components. It
initializes the means by points which have a “high concentration” of neighbors. To this end,
the size m of the neighborhood of a point (i.e., the minimum number of points in a cluster)
has to be fixed in advance. In our experiments, we found that the performance crucially
depends on the choice of m.

In Verbeek et al. (2003), a greedy algorithm is presented which constructs a sequence
of mixture models with 1 through K components. Given a model 8, with £ components, it
constructs several new candidates with £ + 1 components. Each candidate is constructed
by adding a new component to ;, and executing the EM algorithm. Hence, this method is
rather expensive.

In Kwedlo (2015), a modification of the Gonzalez algorithm for GMMs is presented. First,
it estimates covariances and weights randomly. Then it uses a variant of the algorithm from
(Gonzalez, 1985) to determine initial mean vectors. Furthermore, there are some practical
applications that use the K-means++ algorithm for the initialization of GMMs. For instance,
in (Kruger et al., 2010), it is applied in the context of speech recognition.

16.2 Owur Contribution

Clearly, there is no way to determine the best initialization algorithm that outperforms
all other algorithms on all instances. The performance depends on our notion of whether
it performs well, the given data, and the allowed computational cost. Nonetheless, the
initialization methods presented so far (except the simple random initializations) face
mainly two problems: First, they are rather complex and time consuming. Second, the choice
of hyperparameters is crucial for the outcome. In this chapter, we present new methods
that are fast and do not require choosing sensitive hyperparameters. These methods make
use of the ideas behind the K-means++ algorithm (Arthur and Vassilvitskii, 2007) and the
Gonzalez algorithm (Gonzalez, 1985). Thereby, we continue the work of Kwedlo (2015) and
Kriiger et al. (2010).

16.3 Baseline Algorithms

Due to the large number of initialization methods, our comparison only focuses on the most
common ones. To the best of our knowledge, the most widely used initializations consist of
the following steps, which we illustrate in Figure 16.1.
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(a) Choose K points (b) K-means partition (¢) Construct a GMM (d) EM algorithm

Figure 16.1: An illustration of the baseline algorithm Gonz (without additional preprocessing
via Lloyd’s algorithm) and a subsequent run of the EM algorithm for GMMs.

Choosing K Points. First, they choose K points from the given set of observations. We
consider the following four methods:

Unif draws K points independently and uniformly at random from X.

HAC computes a uniform sample S of size s-|X| of the input set X and executes hierarchical
K-clustering with average linkage cost on S.

Gonz executes the algorithm by Gonzalez (1985), which yields a 2-approximation for the
discrete radius K-clustering problem. Iteratively, it chooses the point with the largest
cost (i.e., the minimum Euclidean distance) with respect to the already chosen means
and adds it to its set of means.

That is, given means py,..., -1, it chooses
e € arg max{dist(x, {p1,...,ue-1}) | x € X}, (16.1)
where we re-use Definition 9.1 and write

dist(x, {p1,..., te-1}) =min{||lx — |, | i €[k - 11} . (16.2)

KM++ executes the K-Means++ algorithm by Arthur and Vassilvitskii (2007), which has
been designed for the K-means problem. In each round, XM++ samples a data point
p from the given data set X with probability proportional to its K-means cost (with
respect to the points chosen so far) and adds this point as the next mean.

That is, given means yg,..., -1, it chooses u; randomly according to

dist(x, {u1,... ,#k—l})Z

5 (16.3)
Yyex dist(y,{p1,. .., up-1})

Pr(up =x)=

where dist(:,-)is defined in (16.2). In expectation, the resulting solution is a O(log(K))-
approximation to the K-means problem. KM++ is particularly interesting since the
K-means algorithm is a special (limit) case of the EM algorithm (Bishop, 2006).

(Optional) Preprocessing. Some methods process the K chosen points further, before
generating a GMM: They feed the K points to Lloyd’s K-means algorithm as initial cluster
means and then use the resulting set of K points hereafter (Bishop, 2006, p. 427, p. 438). As
this preprocessing is quite popular, it seems to improve the initial solution and reduce the
risk of getting stuck at a poor local minimum later on.

Notation 16.1. We refer to the K-means algorithm as an intermediate algorithm and
indicate its use by the postfix “,”. For instance, we write Gonz yy.
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Construction of a K-GMM. Finally, the K points are used to create a GMM. To this end,
one determines the K-means hard clustering of X that is induced by the K points. Then
for each of the resulting hard clusters, one computes a single Gaussian with maximum
likelihood (cf. Lemma 14.12) and uses this Gaussian as a single component of the GMM. The
weight of a component is estimated by the relative number of points in the respective hard
cluster. Algorithm 22 describes this approach in detail (including our error handling in case
the estimate of the covariance is not positive definite).

Algorithm 22 Construction of a GMM

Require: X = (x,),en; < R, (1) eqr < RP
1: Determine the 2-means hard clustering A1,...,A; of X induced by (m)l e[k]-
2: forl=1,...,k do
3: Set w; == %, y:=m(A;) and X; := cov(4A;).

4:  IfX; is not positive definite, then let X; := %(Al) Ip.
5: If Z; is still not positive definite, set X; :=Ip.

6: return 0 = ((wl,ﬂl,zl))zzl,...,k'

16.4 Adaptive Seeding for GMMs

We want to construct a sequence of GMMs with 2 =1 through 2 = K components adaptively.
Given a GMM 6;,_; with £ — 1 components, we want to choose a point from the data set that
is a good representative for those points that are not described well by 8;_1. We hope that
such a point is a good representative of a component of an optimal 2-GMM that is not well
described by 6;,_1. Then we want to use this point p and the old model 8;_1 to construct a
GMM 6}, with £ components.

Overview. In Section 16.4.1, we discuss several possible ways of choosing a data point p,
given some current GMM 6;,_; with £ —1 components. In Section 16.4.2, we describe how we
use the chosen point p and 0;_1 to construct a GMM 6;, with £ components. Additionally, in
Section 16.4.3, we propose some post-processing of our initial GMM, which we execute before
we execute the EM algorithm. In Section 16.4.4 we briefly sum up the resulting adaptive
seeding methods and compare them with existing methods.

16.4.1 Choosing the Next Point

Assume we are given a GMM 60,_; with 2 — 1 components that is a likely solution, compared
to other GMMs with %2 — 1 components. In this section, we deal with the question of how to
choose a point x € X that is not well described by 6;_1 and that is a good representative for
other points that are also not well described.

The main idea is to proceed similarly to the K-means++ algorithm and the algorithm
by Gonzalez (1985), which we described in Section 16.3. That is, we want to make use of a
cost function that describes how poorly a point is described by the current model. Then we
choose a point either proportional to its cost or choose the point with maximum cost.

Cost Function

We want to use a cost function m(:|/0;_1) : X — [0,00) that describes how poorly a point
is described by a GMM 6;_;. Ideally, the cost m(x|0;_1) of point x is larger than the
cost m(y|0y_1) of point y if the model 6;_; describes y better than x. In other words, if
m(x|0r_1) > m(y|0r_1), then we tend to prefer x over y as the next chosen point. Additionally,
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8 8 8 8
6 6 6 6
4 4 4 4
2 2 2 2
0 1 0 0 0
-5 0 5 .5 0 5 .5 0 5 .5 0 5
(a) p(x0,_1)"! and () ~In(p(xl0;_1)) () min{ —~In(N1(x|-1,1)),  (d) min{(x—(~1))?,
pxl0p_1) ~In(N1(x2,1) } (x—(+2))%)

Figure 16.2: Examples for different ways to measure how poor a point is described by a
GMM. In each figure, we evaluate the respective measure for each x € [-4,4] with respect to
the GMM 0,1 = ((0.2,(-1),(1)),(0.8,(2),(1)).

there is one more requirement to keep in mind: As we want to be able to sample a point
with probability proportional to its cost, we require that the cost function m only takes
non-negative values.

There are several possible functions that could be used as a cost function m. We illustrate
these functions in Figure 16.2.

Inverse? The most obvious choice is the inverse density p(x|0;_1)"1. It clearly has an
exponential behaviour. An example that illustrates this aspect is given in Figure 16.2a.
Therefore, we consider it being too strict.

Negative Logarithm? Usually, to avoid the problem of the exponential behaviour (under-
and over-flows) of Gaussian densities, one considers the logarithm of this density instead.
Obviously, just as the inverse density, the negative logarithm —In(p(x|0_1) is also a measure
of how poorly x is described by 0;_1. For an illustration, we refer to Figure 16.2b.

There are two problems left: First, this function may take negative values. We saw in
Section 14.2.4 that the density function is unbounded from above and, hence, its negative
logarithm is unbounded from below. Second, as we already explained in Section 14.2, the
logarithm of the likelihood does not scale with the data set and the GMM. Recall that
In(Np(c-xlc-p,c?-2)) = In(Np(x|p,2)) = DIn(c) for all ¢ € Ry (Section 14.2.3). Therefore,
one should obviously not sample data points proportional to this measure.

Component-Wise Negative Logarithm? Next, consider the minimum negative loga-
rithm of the density of a point in a single Gaussian component:

. 1 _
mln{—ln((2n)D/2IZzll/2)+§(x—uz)TZl Y — ) (wz,uz,zz)€9k-1} .

An example is depicted in Figure 16.2c. This measure suffers from the same problems as
the negative logarithm of the density of x, given 6;_1. Observe that these problems would
vanish if we removed the terms —log ((27)/2|Z;|"2), which originate from the normalization
terms of the Gaussian components. Therefore, we just remove these terms.

A Minimum Mahalanobis Distance! Our previous considerations lead us to the follow-
ing minimum Mahalanobis distance:

m(x|0p_1) = min{(x — )= o= ) | p, .20 € ek_l} . (16.4)
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As the covariance matrices are positive definite!, we know that m(x|6;_1) is always positive
for all x with VI € [k —1]:x # yu; and equals zero if x = y; for some [/ € [k — 1] (Golub and Loan,
1996, p. 140). Moreover, it does not exhibit the strong exponential behavior as the (inverse)
density. This is also apparent in our example in Figure 16.2b. A potential downside is that
this measure does not take into account the mixture weights at all.

With Some Extra Softness

We know that the cost function m, which we defined in (16.4), does not exhibit a strong
exponential behaviour like the inverse density. Still, we are interested in weakening the
effect of our function m further. In other words, we want to reduce the probability to choose
an outlier even further. Thus, we additionally consider the following approaches:

In the K-means++ like approach, we sample a point according to the distribution given
by m(x|0,_1)/ (Zye x m(y|0r_1)). To make this distribution weaker, we add a constant portion
of uniform distribution. That is, we sample a point according to

m(x|6p—1) fd-a) L

mex|l0p_1)) =@ —————————
@R Y yex m(y10,_1) X

with some a €[0,1], instead of m(x). Observe that « is some hyperparameter that we have
to determine in advance. In our experiments, we just evaluate a = 0.5 (and a = 1). For our
Gonzalez-like initialization, we obviously have to take a different approach: To weaken the
effect of always choosing the point that maximizes m(x), we sample a uniform subset of the
whole data set X in advance. Here, the size s-|X| of the uniform sample is a hyperparameter
that we have to choose in advance. In our experiments, we just test s=0.1 and s =1.

16.4.2 Construction of a .-GMM

Given some chosen point x € X and the old GMM 6;_; with (£ — 1) components, we want to
construct a GMM with £ components. In our very first experiments, we used Algorithm 22 to
construct such a GMM. However, the estimation of spherical covariance matrices yielded a
better performance than the estimation of full covariance matrices. That is, we replaced the
covariance update in Step 3 of Algorithm 22 by a spherical covariance estimate, as described
in Algorithm 23 (see also Lemma 14.12). Given the resulting GMM, our methods then again
choose a new point from X as described in the previous section.

16.4.3 Post-Processing of the K-GMM

Recall from Section 16.3 that some popular initialization methods use the K-means algorithm
as an intermediate algorithm, which is a hard clustering algorithm. Since we do not solely
construct mean vectors but a (complete) GMM, we apply a hard-clustering variant of the
EM algorithm instead, which is known as the Classification EM algorithm (CEM) (Celeux
and Govaert, 1992). As our initial GMM is spherical, we choose a spherical variant of the
CEM algorithm, which is described in Algorithm 24. We indicate its use by the postfix "cepn".

16.4.4 Summary and Comparison

Algorithm 25 and Algorithm 26 summarize our methods. We point out that in our experi-
ments we did not optimize the hyperparameters « € (0,1] and s € (0,1]. Instead, we evaluate
the instantiations with a € {0.5,1} and s € {0.1, 1}, respectively.

Let us briefly compare our algorithms with the algorithms by Arthur and Vassilvitskii
(2007), Gonzalez (1985), and Kwedlo (2013, 2015). First of all, consider the K-means++

IThis means that we have to make sure that they are. If not, we are in trouble anyway.
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Algorithm 23 Construction of a Spherical GMM

Require: X = (xn)perv) ©R?, (11) g < RP
: Determine the k-means hard clustering Ay,..., A, of X induced by (u1);(-
:forl=1,...,k do

1
2
3: Set w; = lI?K_lll’ Hi=m(A;) and ;==
4
5

var(A;) N
D D-
If X; is still not positive definite, set X; :=Ip.
: return 0 = ((wr, 11,20)),-; 4

Algorithm 24 Spherical Classification EM (CEM) Update Step (postfix "cen')

Require: X = (xn)neiny SR, (@wp!?, pp!?, 239)

1: for all n € [N] and %k € [K] do
9 o WRNND (g 200
: Pnk = Z{ilw;ldND(xnlu;)ld,z?ld)

kelK]

3: Compute a partition A1,...,Ax of X such that for all x, € X we have p,;, = p,; if x, € X3.

: for all £ € [K] do

wr = B,y =m(Ay), Iy = AL,

[SLE

6: return ((wk,.ukazk))ke[K]

algorithm by Arthur and Vassilvitskii (2007) and the algorithm by Gonzalez (1985), which
inspired our algorithms. We already described both algorithms in Section 16.3. In each
step, the Gonzalez algorithm chooses a point x with the maximum distance dist(x,C)
to the already chosen points C, while the K-means++ initialization chooses a point with
probability proportional to dist(x,C)2. Hence, both algorithms can be seen as special cases
of our initialization method where the covariances matrices are fixed to the identity matrix:
Formally, for 6 = ((wp, ux,Ip)),, we have m(x|0;-1) = dist(x, {u; |l €[k - 1]})2. Instead of
keeping the covariances fixed to Z; = Ip, our methods estimate the covariance matrices
adaptively, along with the mean vectors.

Another algorithm that is similar to ours is the algorithm by Kwedlo (2013, 2015), which
is described in Algorithm 27. In our experiments, we denote this algorithm by KG. Unlike
Algorithm 25, this algorithm fixes weights and covariance matrices before it determines the
mean vectors. Then it only chooses the mean vectors adaptively. To ensure equal conditions
in our evaluation, we also tested a version of Algorithm 27 that samples means only from a
subset of the input set which has been chosen uniformly at random beforehand.

Algorithm 25 Our Adaption of Gonzalez’ Algorithm (SphericalGonzalez, SG(s), SG(S)cen)
Require: X cRP K eN,s€{0.1,1}

1: 61 := optimal 1-MLE wrt. X
2: If s <1, let S be a uniform sample of X of size [s-|X]|]. Otherwise, set S = X.
3: fork=2,...,K do
4 Choose a point p € argmax,eg m(x|6z_1).
5. Mp={u|C,p") €1} U{p}
6
7
8

Compute a GMM 6}, by applying Algorithm 23 to X and M.

: (only SG(S)cen) Apply a small number (25) rounds of Algorithm 24
: return Og
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Algorithm 26 Our Adaption of the K-means++ Algorithm (Adaptive, Ad(a), Ad(@)cen)
Require: X cRP K eN,ac{0.5,1}
1: 01 := optimal 1-MLE wrt. X
2: fork=2,...,K do
3 Sample a point p from X with probability m ,(p|6r_1).
4 My={u|C,p") b1} U{p}
5
6
7

Compute a £-GMM 6}, by applying Algorithm 23 to X and M,

: (only Ad(a@)cen) Apply a small number (25) rounds of Algorithm 24
: return Og

Algorithm 27 Kwedlo’s Gonzalez Adaption (KG) (Kwedlo, 2013)
Require: X cRP K eN,se(0,1]
1: Draw a uniform sample 1,...,wxg from [0, 1].
2: fork=1,...,K do
3: Set wy, ZLDk/Z?:llI)l.
4: Choose Ai1,...,Ap € R randomly such that Zgzl/lk = dX)/(10-D-K) and
max{ly |d=1,...,D}/min{1l; |d =1,...,D} < 10. Draw a orthonormal matrix @ € RD*D
at random. Set 2, := QTdiag(11,...,Ap)Q.

5: Let S be a uniform sample of X of size s-|X]|.

6: Choose puj € S uniformly at random and set 61 = (w1, 1,21).

7. for k=2,...,K do

8: Choose pp € arg min{m(x|0;_1) | x € S} and set 0y, := 0,1 U{(wp, Uz, Zp)}-
9: return Og

16.5 Evaluation

We evaluated all methods with respect to artificial as well as real-world data sets. Our
implementation and the complete results are available at (Bujna, 2016). In the following,
we omit the results of those algorithms that are consistently outperformed by others.

16.5.1 Preliminaries

Recall that the EM algorithm has been designed to find a maximum likelihood estimator
(MLE). Thus, the likelihood is an obvious measure of the performance. Other measures
need to be treated with caution: Some authors consider their methods only with respect to
some specific tasks where fitting a GMM to some data is part of some framework. Hence,
any observed effects might be due to several reasons and, possibly, not due to the fact
that some GMM explains the (presumed) generation of the given data better than another
GMM. In particular, GMMs are often compared with respect to certain classifications. As
also pointed out by Farber et al. (2010), the class labels of real-world data sets do not
necessarily correspond to the structure of an MLE. The same holds for data sets and
classifications generated according to some GMM. A cross-validation that examines whether
methods over-fit models to training data is certainly reasonable. Nonetheless, we refrain
from this evaluation method as our goal is not to find a model that does not fit too well
to the given data set. This problem should become less important for a large number of
observations, though. Moreover, we could generate data sets according to some "ground
truth" GMM 60,; and compare GMMs with 04; because in many cases, in particular for a
"small" number of observations, one cannot expect 04; to be a good surrogate on a maximum
likelihood estimate. Again, this problem should become less important for a large number of
observations. There are several ways to compare a GMM 6 with a ground-truth 64;: One can
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consider the likelihood ratio, the difference in parameters, or some measure that compares
the difference of the respective density functions. However, it is not clear how to summarize
such comparisons for a large number of experiments. For these reasons, we also refrain from
this evaluation method as well and stick with the evaluation of likelihood values. For more
information on the evaluation of clustering methods, we refer to von Luxburg et al. (2012).
Besides that, recall that Algorithm 25 and Algorithm 26 have hyperparameters @ and
s. We did not optimize these parameters, but evaluated a € {0.5,1} and s € {0.1,1}. Another
hyperparameter that is hidden in our formulation of the algorithm is the number of rounds
that we execute for the intermediate algorithms. Here, we chose a fixed number of 25 rounds.
Besides that, we chose a fixed number of rounds for the EM algorithm: If some intermediate
algorithm is applied, then we execute the EM algorithm for 50 rounds. If only the EM
algorithm is applied, but no intermediate algorithm, then we execute it for 75 rounds.

16.5.2 Artificial Data Sets

In the following, we first describe our generation of artificial data sets. Then we explain how
we evaluated the methods with respect to this large number of data sets. Finally, we state
our results with respect to certain sets of data sets.

Generation of Data Sets. We generate data sets by drawing points according to randomly
generated GMMs. However, we control the following four properties of the GMMs: First, the
Gaussian components of a GMM can either be spherical or elliptical. Formally, we describe
the eccentricity of a covariance matrix X; by
maxqg )Lkd
=" >

ming A kd
where /1% d denotes the d-th eigenvalue of X;. Second, components can have different
sizes, in terms of the smallest eigenvalue of the corresponding covariance matrices. Third,
the components can have different or uniform mixture weights wi,...,w;. Fourth, the
components can overlap more or less. Following Dasgupta (1999), we define the separation
parameter cg of a GMM 6 = ((wg, k> Z2)) ez 2

¢ =min 1 — e klelK), k#L} .
\/ max {trace(Z;), trace(Zz)}

In high dimension D > 1, ¢y = 2 indicates almost completely separated clusters (i.e.,
points generated by the same component), while cg € {0.5,1} indicates a slight but still
negligible overlap (Dasgupta and Schulman, 2000). However, in small dimension, cg € {0.5, 1}
indicates significant overlaps between clusters, while cg = 2 implies rather separated clusters.
Figure 16.3 illustrates the effect of the separation parameter.

With these properties of a GMMs in mind, we generate the parameters of a GMM
as follows: Initially, we draw K mean vectors independently uniformly at random from
a cube with a fixed side length. For the weights, we fix some weight constant c,, = 0,
construct a set of weights {2¢»%/ 25{: 12CW'j }i=1,..x and assign these weights randomly. To
control the sizes and the eccentricity, we fix a minimum A1 and maximum eigenvalue A;p
and draw the remaining values Ag,...,Arp-1) uniformly at random from the interval. We
draw a random orthonormal (D x D)-matrix @ (cf. (Golub and Loan, 1996, pp. 69)) and set
2= QTdiag(/lil,...,/lZD)Q. Finally, the mean vectors are scaled as to fit the predefined
separation parameter cg.

We generate 30 GMMs for each of the following combination of parameters: K = 20,
D € {3,10}, separation parameter cy € {0.5, 1, 2}, weight parameter c,, € {0.1,1}, and different
combinations of size and eccentricity (i.e., equal size and e} = 10, equal size and ey €[1,10],
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(a)cpg=0.5 (b)cg=1 (c) cg=2

(d)cg=05 (e)cg=1 ) cp=2

Figure 16.3: Examples for different separation parameters. Each figure shows an orthogonal
projection of a data set to a randomly chosen plane. Data sets in (16.3a)—(16.3c) are 3-
dimensional. (16.3d)—(16.3f) are 10-dimensional.

different size and ej; = 1, different size and ej € [1,10]). Then, for each of the resulting
GMNMs 0, we generate data sets as follows: We draw N € {1000, 5000} points according to 6.
If the data set shall contain noise points, then we draw only 90% - N points according to the
GMM, construct a bounding box, elongate its side lengths by a factor 1.2, draw 10% - N noise
points uniformly at random from the resized box, and add these points to the 90% - N that
we have drawn in the beginning.

Evaluation Method. We consider the initial solutions produced by the initialization
(including the optional intermediate algorithm) and the final solutions obtained by running
the EM algorithm afterwards. For each data set, we compute the average log-likelihood of
the initial and final solution, respectively. Based on these averages, we create rankings of
the algorithms (per data set). Then we compute the average rank (and standard deviation of
the rank) of each algorithm over all data sets matching certain properties.

We point out that averaging the (average) log-likelihood values over different data sets
is not meaningful, since the optimal log-likelihoods may deviate significantly (per data set).

Results. In the following, we focus solely on those methods that are not constantly out-
performed by the other methods in all experiments. Therefore, we omit the results of many
methods that do not use an intermediate algorithm. Hence, we also recommend to use an
intermediate algorithm before applying the EM algorithm.

With respect to the data sets that do not contain uniform noise points, there is no method
that constantly outperforms all others. Nonetheless, it is always one of our adaptive methods
or the Gp,, initialization that performs best.

The results depicted in Table 16.1 and Table 16.2 suggest that, regardless of the weights,
the performance is determined by the separation. Furthermore, they show that a good initial
solution does not imply a good final solution. Given overlap (cy = 0.5) or moderate separation
(cg=1), SGeem(s =1) and Adcem(a = 1) work best, even though their initial solutions have
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low average ranks compared to KM++,,. Given higher separation (cy = 2), we expect it to be
easier to identify clusters and that skewed covariance matrices do not matter much if means
are assigned properly in the first place. Indeed, the simple Gg,, and KG do the trick.

Table 16.3 shows that Ad ., (a = 1) works well for elliptical data, while Gz, should be
chosen for spherical data. Recall that there are no noise points yet. We expect that the
performance of Gy, degenerates in the presence of noise since it is prone to choose outliers.
Overall, given data sets without noise, Ad ., (@ = 1) performs best.

When introducing noise, our adaptive methods are still among the best methods, while
the performance of some other methods degenerates significantly. Table 16.4 and Table 16.5
show that SG¢.,;, and Ad;.., still work well for ¢,, <1 and, in contrast to data without noise,
also for separated instances (¢, = 2). KG and G, are now among the methods with the
lowest average rank. This is not a surprise, since our noisy data sets contain outliers. From
the results depicted in Table 16.6 one can draw the same conclusion. That is, KG and Gz,
cannot handle these noisy data sets. Here, Ad ., (a = 1) outperforms the others.

We expect that if the dimension is low or the sample size is large enough, it is generally
easier to identify clusters (cf. Section 14.1.3). Indeed the results differ significantly from our
previous results. For data sets with D =3 and |X| = 1000, Table 16.7 shows that the KM++,,
method works well even in the presence of noise. However, if we are given noise and small
separation, the simple Unif,, does well. We also increased the sample size to | X| =5000
and the dimension to D = 10, expecting that the higher sample size can make up for the
higher dimension (results available at (Bujna, 2016)). Indeed, for data sets without noise,
where clusters can presumably be identified easier, KM++,, suffices. However, given noise or
too small a separation, our Ad.., methods and the simple Unify,, work better.

16.5.3 Results: Real-World Data Sets

We use five publicly available data sets: The Covertype data set contains | X| =581012 points,
which consist of D = 10 real-valued features (Asuncion, 2007). We consider two Aloi data
sets with | X| = 110250 points and dimension D € {27,64}. Both data sets are based on color
histograms in HSV color space (Kriegel et al., 2011) from data provided by the ELKI project
(Achtert et al., 2012) and the Amsterdam Library of Object Images (Geusebroek, Burghouts,
and Smeulders, 2005). The Cities data set contains |X| = 135082 2-dimensional points.
It is a projection of the coordinates of cities with a population of at least 1000 from the
GeoNames geographical database (http://www.geonames.org/). The Spambase data set
contains | X | =4601 points, which consist of D = 10 real-valued features (Asuncion, 2007).

The results are depicted in Figure 16.4: For Aloi (D = 27) and Spambase (K = 3),
SGeem(s = 1) is considerably better than the other methods. For Cities and Spambase
(K =10), SG(s = 1) does better (without running the CEM algorithm). For Aloi (D = 64) and
the Covertype, Ad¢erm(a = 1) works better than the others.

16.6 Conclusion and Future Work

If you need a fast and simple method, then we suggest using one of the following methods: Try
the K-means++ initialization followed by Means2GMM and the K-means algorithm. Besides,
we recommend testing our new methods Ad and SG followed by the spherical CEM algorithm,
especially if your data is presumably noisy. Last but not least, whatever you prefer, we
suggest applying intermediate steps of the spherical CEM or K-means algorithm.

For the K-means++ algorithm and the Gonzalez algorithm there are provable guarantees.
We hope our results are a starting point for a theoretical analysis that will transfer these
results to the MLE problem for GMMs.


http://www.geonames.org/
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Table 16.1: Average ranks (+ std.dev.) for generated data with K =20, |X|=1000, D =10,
different weights, and without noise.

separation cg = 0.5 separation cp =1 separation cg =2

initial final initial final initial final
SG(s = 1—10) 7.53+£1.08 3.58+41.93 | 7.29+0.86 5.08+2.95 | 7.14+0.57  7.28+2.31
SG(s=1) 8.00+1.52  3.26+2.27 | 8.77+0.68  553+3.42 | 8.72+0.53  7.44+2.60
KG(s=1) 10.00+0.00 9.75+0.72 | 10.00+0.00 7.68+2.52 | 10.00+£0.00 2.38+1.34
Unifp, 1.56+0.74 8.39+1.15 | 2.19+0.61  7.46+1.88 | 2.98+0.13  7.08+2.14
Grm 3.34+1.33  6.03+2.32 | 2.3840.86  5.16+2.79 | 1.23+0.46 1.99+1.31
KM++p,, 1.85+0.64  7.87+1.14 | 1.43+0.64 6.22+2.60 | 1.78+0.41  3.75+2.25
SG(s = 1_10)cem 6.15+0.60 3.95+1.24 | 6.30£0.68 4.71+2.54 | 6.10+0.40 6.65+2.13
SG(s = Deem 6.47+1.51  3.20+2.48 | 7.32+1.26  5.12+3.31 | 8.03£0.61  7.80+2.61
Ad(a=1Dcern | 5.16+1.84  4.31+1.77 | 4.59+0.64  3.88+1.75 | 4.47+0.50  5.06+1.40
Ad(a = %)Cem 493+2.11 4.67+1.93 | 4.72+0.80 4.15+1.77 | 4.53+0.50 5.58+1.71

Table 16.2: Average ranks (+ std.dev.) for generated data with K = 20, |X| = 1000, dimension

D =10, equal weights, and without noise.

separation cy = 0.5 separation cyp =1 separation cy =2

initial final initial final initial final
SG(s = 1—10) 7.58+0.98 3.98+1.87 | 7.36+0.73 5.02+2.97 | 7.08+0.41 7.35+2.24
SG(s=1) 8.11+1.53 3.62+2.58 | 8.67+0.85 5.67+3.20 | 8.79+0.43 7.77+2.59
KG(s=1) 10.00+0.00 9.54+0.96 | 10.00+0.00 7.97+2.40 | 10.00+0.00 2.38+1.23
Unifpn, 1.44+0.70 8.36+1.25 | 2.14+0.61 7.28+1.83 | 2.98+0.16 7.00+1.98
Grm 3.39+1.34 6.12+2.17 | 2.53+0.83 6.04+2.76 | 1.27+0.50 1.82+1.08
KM++2,, 1.91+0.55 7.82+1.30 | 1.35+0.56 5.89+2.77 | 1.75+0.43 3.77+2.50
SG(s = 1_10)cem 6.18+0.62 3.58+1.31 | 6.44+0.87 4.26+2.43 | 6.02+0.13 6.55+1.95
SG(s = 1eem 6.49+1.44 3.17+2.73 | 7.35+1.13 5.30+3.23 | 8.12+0.45 8.04+2.37
Ad(a =1)cem 5.03+1.75 4.12+1.79 | 4.49+0.64 3.48+1.61 | 4.42+0.50 4.90+1.35
Ad(a= %)Cem 4.87+1.99 4.69+1.91 | 4.67+0.65 4.09+1.73 | 4.58+0.50 5.42+1.38

Table 16.3: Average ranks (+ std.dev.) for generated data with K =20, | X| = 1000, dimension

D =10, and without noise. Only final solutions.

equal weights different weights
spherical elliptical both spherical elliptical both
SG(s = 1—10) 6.13+2.63 5.22+2.80 5.45+2.78 | 6.03+2.65 5.07+2.90 5.31+2.87
SG(s=1) 6.64+2.99 5.37+3.30 5.69+3.27 | 6.04+3.22 5.20+3.28 5.41+3.28
KG(s=1) 6.78+3.19 6.58+3.59 6.63+3.49 | 6.81+3.20 6.53+3.65 6.60+3.54
Unify, 7.67+£1.48 7.50+£1.91 7.54+1.81 | 7.64+1.64 7.64+1.92 7.64+1.85
Grm 3.03+2.26 5.20+2.92 4.66+2.92 | 2.83+2.33 4.91+2.78 4.39+2.82
KM++p, 5.44+2.60 5.96+2.87 5.83+2.81 | 5.57+2.66 6.07£2.69 5.95+2.69
SG(s = %)cem 4.77+2.61 4.81+2.23 4.80+2.33 | 5.68+2.19 4.91+2.35 5.10+2.33
SG(s =Dcem 6.53+3.16 5.16+3.46 5.51+3.43 | 6.07+3.30 5.14+3.40 5.37+3.39
Ad(a =1)cem 3.62+1.61 4.34+1.69 4.16+1.69 | 4.02+1.82 4.55+1.66 4.42+1.71
Ad(a= %)Cem 4.38+1.78 4.86+1.75 4.74+1.77 | 4.30+1.86 4.97+1.88 4.80+1.89
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Table 16.4: Average ranks (+ std.dev.) for generated data with K =20, | X| = 1000, dimension

D =10, different weights, and 10% noise.
separation cg = 0.5

So(s - 4)
SG(s=1)
KG(s=1)
Unify,,

Grm

KM++gm,

SG(S = 1_10)cem
SG(s = Deem
Ad(a = Deem
a(e-)

cem

initial
8.41+0.68
8.25+0.98
10.00+0.00
1.98+0.89
4.29+1.29
3.23+0.98
6.06+0.55
6.31+1.43
3.64+1.88
2.83+2.26

final
3.40+1.75
3.46+2.60
9.95+0.22
8.65+1.03
5.31+1.76
6.45+1.40
4.26+1.36
3.49+2.64
4.61+2.26
5.42+2.70

separation cp =1

initial
8.22+0.64
8.67+0.47
10.00+0.00
1.05+0.25
4.17+0.98
2.27+0.60
6.04+0.20
7.08+0.39
4.05+0.90
3.46+0.89

final
4.44+2.45
4.13+3.02
9.72+0.76
7.89+1.71
6.59+1.43
6.83+1.62
3.90+0.90
3.80+2.89
3.57+2.03
4.12+2.38

separation cg =2

initial
8.06+0.68
8.74+0.44
10.00+0.00
1.19+0.49
3.97+0.96
2.17+0.60
6.01+0.091
7.1940.42
3.76+1.26
3.92+0.78

final
5.46+2.42
5.93+2.87
9.02+1.49
7.34+1.87
7.16+1.38
6.69+1.69
3.65+1.27
5.00+3.01
2.06+1.39
2.69+1.45

Table 16.5: Average ranks (+ std.dev.) for generated data sets with K = 20, |X| = 1000,

dimension D = 10, equal weights, and 10% noise.
separation cy = 0.5

S6(s = )
SG(s=1)
KG(s=1)
Unify,,

Grm

KM++p,,

SG(s = 1_10)cem
SG(s = Deem
Ad(a =1)cem
rala=})

cem

initial

8.57+0.62
8.05+1.08
10.00+0.00
1.92+0.87
4.47+0.99
3.20+1.07
6.08+0.53
6.20+1.43
3.62+1.85
2.89+2.45

final
3.38+1.92
3.19+2.23
9.93+0.35
8.83+0.77
5.53+1.75
6.66+1.22
4.47+1.31
3.14+2.43
4.42+2.35
5.45+2.47

separation cyp =1

initial

8.18+0.65
8.68+0.47
10.00+0.00
1.02+0.13
4.01+1.01
2.08+0.31
6.03+0.18
7.10+0.40
4.20+0.79
3.69+0.74

final
4.17+2.28
3.77+2.68
9.62+0.87
8.39+1.22
6.74+1.51
7.04+1.46
3.92+0.97
3.88+2.75
3.54+2.11
3.92+2.29

separation cy =2

initial

7.94+0.77
8.73+0.44
10.00+0.00
1.11+0.31
3.53+0.83
1.93+0.37
6.00+0.00
7.33+£0.47
4.15+0.82
4.28+0.66

final
5.02+2.44
5.47+2.96
7.85+2.22
8.18+1.63
7.18+1.28
7.66+1.56
3.64+1.11
5.13+2.76
2.27+1.59
2.60+1.51

Table 16.6: Average ranks (+ std.dev.) for generated data sets with K = 20, |X| = 1000,
dimension D = 10, and 10% noise. Only final solutions.

equal weights different weights
spherical elliptical both spherical elliptical both
SG(s = 1—10) 5.3842.26 3.79+2.20 4.19+2.32 | 5.53+2.30 4.07+2.29 4.43+2.38
SG(s=1) 4.98+2.79 3.87+2.76 4.14+2.81 | 5.53+3.14 4.17+290 4.51+3.02
KG(s=1) 8.61+2.03 9.31+1.49 9.13+1.66 | 9.32+1.28 9.64+0.95 9.56+1.05
Unify, 8.36+1.36 8.50+1.26 8.47+1.28 | 7.63+1.72 8.07+1.63 7.96+1.66
Grm 6.70£1.69 6.41+1.67 6.49+1.68 | 6.42+1.87 6.33+£1.66 6.35+1.71
KM++p,, 7.09+£1.71 7.13+1.39 7.12+1.48 | 6.46+1.71 6.72+1.53 6.66+1.58
SG(s = 1—10)cem 4.00+1.45 4.01+1.09 4.01+1.18 | 4.03+1.34 3.90+1.17 3.94+1.22
SG(s = Deem 5.04+2.79 3.72+2.69 4.05+2.77 | 4.88+2.98 3.84+2.86 4.10+2.92
Ad(a = 1)eem 2.01+1.29 3.88+2.27 3.41+2.22 | 2.31+1.57 3.78+2.25 3.41+2.19
Ad(a= %)Cem 2.83+1.72 4.37+2.50 3.99+2.42 | 2.88+1.78 4.48+2.57 4.08+2.50
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Table 16.7: Average ranks (+ std.dev.) for generated data (K =20, |X|=1000, D =3).
without noise noisy
initial final initial final
SG(s = %) 7.31+0.63 7.94+1.39 8.05+0.70 7.93+1.31
SG(s=1) 8.90+0.39 8.56+1.98 8.72+0.45 7.99+2.19
KG(s=1) 9.94+0.42 3.28+41.98 | 10.00+0.00 8.09+1.46
Unifyz, 2.82+0.58 4.63+1.40 3.38+0.94 2.76+1.38
Grm 1.93+1.04 2.80+1.97 4.43+1.59 6.01+1.59
KM++4,, 1.51+0.60 1.99+1.21 2.96+1.12 2.35+1.57
SG(s=15),,,, | 6-10£0.42 7.46+1.14 | 5.75+0.82 6.07+1.16
SG(s = 1)cem 7.65+0.94 8.83+1.74 7.04+0.86 8.16+2.10
Ad(a = l)cem 4.35+0.83 4.66+1.48 2.54+1.43 3.02+1.13
Ad(a=3),,, | 449+0.74 485+151 | 2.12+1.36 2.62+1.28
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Figure 16.4: Results for the real-world data sets depicted as boxplots (final solutions only).



“Far better an approximate
answer to the right question,
which is often vague, than an
exact answer to the wrong
question, which can always be
made precise.”

Chapter 17 John Tukey!

On the Soft K-Means Problem

In this chapter, we deal with a special case of the maximum likelihood estimation (MLE)
problem for Gaussian mixture models (GMMs): We predefine a number of components K € N,
weights (wg)re(x) € Ak-1, and a spherical covariance matrix %I p. Then, we consider the
MLE problem with respect to the restricted class of GMMs Ok ,, g which contains all GMMs
with K components where each component has the corresponding predefined weight w;,
and the predefined covariance 27 p. That is, given a set of observations X, we want to find
a GMM 0 from the restricted class of GMMs 0, g with maximum likelihood. As the only
degree of freedom left are the mean vectors, we refer to this problem as the soft K-means
problem. To the best of our knowledge, there is no algorithm for this problem with an
approximation guarantee. In this chapter, we derive a clustering-centric variant of the soft
K-means problem and present an approach towards an approximation algorithm.

Overview. In Section 17.1, we give an overview of work related to the soft K-means
problem and, in particular, related to a theoretical analysis thereof. In Section 17.2, we
briefly state the main contributions of this chapter. In Section 17.3, we introduce the soft
K-means problem formally. In Section 17.4, we derive a clustering-centric variant of the
problem. Finally, in Section 17.5, we present first steps towards an analysis of this variant.

Publication. In this chapter, we present unpublished ongoing work.

17.1 Related Work

The work of Jin et al. (2016) deals with the a variant of the soft K-means problem: They
consider the population (infinite-sample) likelihood function of Gaussian mixture models
(with K = 3 components) instead of the likelihood with respect to a finite set of observations.
First, they show that this function has poor local maxima even in the special case of equally-
weighted mixtures of well-separated and spherical Gaussians. Second, they analyse the
probability that an EM algorithm converges to poor critical points if it is initialized randomly.

Feldman et al. (2011) and Lucic et al. (2017) consider coreset constructions for the MLE
problem with respect to GMMs. They consider an surrogate cost function which differs from
the likelihood function on the normalization terms of the Gaussian distributions. Lucic
et al. (2017) shows that, for each € € (0,1), their construction yields a set C. such that
SUuPgeo, |—log(LX(6)) + log(Lce(9)| — 0 as € — 0, where O, denotes the set of all GMMs with
K components and where each covariance matrix takes eigenvalues in some fixed interval
[A,1/A] for some fixed A € [0, 1].

1Source: The future of data analysis. Annals of Mathematical Statistics 33 (1), 1962 (p. 13)
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Moreover, the line of work of Dasgupta and Schulman (2007), Kalai et al. (2012), and
Hardt and Price (2015) is related to the topic of this chapter. They deal with the following
problem: Based on samples that have been drawn according to an unknown GMM 0, the
goal is to estimate the density function of the underlying GMM 0,;. They investigate the
sample complexity and computational complexity of this problem. That is, they investigate
how many samples (drawn according to 0,;) are needed to estimate 04; up to a certain
precision and how much runtime is necessary to achieve this. However, to the best of
our knowledge, this line of work does not result in any practical algorithms. Moreover,
it is questionable whether this analysis can help to explain the quality of some practical
clustering algorithms based on GMMs. For instance, a combination of the K-means++
algorithm by Arthur and Vassilvitskii (2007) and the EM algorithm for GMMs, which we
explain in detail in Chapter 16, works well in practice. Clearly, an estimate computed by the
EM algorithm could be used as an estimate for the underlying GMM 0,;. However, the EM
algorithm has been designed for the MLE problem. Therefore, we follow the MLE approach.

Besides that, note that the EM algorithm for the MLE problem that we consider here is
also known as the soft K-means algorithm (Mackay, 2003, p. 289). There is no guarantee
on the quality of the solution produced by the soft K-means algorithm. For a more details
regarding the soft K-means algorithm, we refer to (Mackay, 2003, p. 289).

17.2 Contribution

First, we propose a clustering-centric version of the soft K-means problem where an optimal
solution is described by a soft clustering. On the one hand, we want to simplify the analysis
of the resulting problem. On the other hand, we want to maintain the core of the soft
K-means problem. We claim that our version of the problem explicitly models goals that are
implicitly given in the classical soft K-means problem. To underpin this claim, we give a
detailed derivation of our problem formulation.

Second, we discuss an approach towards an analysis of this problem: We show that
our soft-to-hard-cluster technique is applicable. With the help of this result, we are able to
show that a technique for constrained K-means clustering by Bhattacharya et al. (2016) can
be used to determine a set of candidate mean vectors that contains means that describes
an approximative solution well. Finally, we show that, under certain restrictions, we can
determine a soft clustering that complements given approximate mean vectors via linear
programming. Though these results do not yield a proper approximation algorithm, they
constitute a first step towards an analysis.

17.3 The Weighted Soft K-Means Problem

Consider the MLE problem where the space of solutions is restricted to GMMs whose
covariances take the form X, = %I p for some constant § € R, and whose weights wy,...,wk
are equal to some constants w1, ...,wg.

17.3.1 Preliminaries

In the following, we will make use of the notion of the (relative) entropy.

Definition 17.1 (relative entropy). Let p,q € Apr—1 be two categorical distributions over M
classes. The entropy of q is given by

Hig)=- ) q(2)In(g(2))

ZEAM_l

where we use the convention that In(0) = 0.
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The relative entropy or Kullback-Leibler divergence between p and q is given by

KLD(pllg):= ¥ p(2)In (p(Z))

ZEAM 1 ( )
where we use the convention that In(0) =0, 0-1n(0/q) =0, and p -1n(p/0) = co.

This definition is a special case of the definition that we stated in Lemma 14.18. In the
remainder of this section, we only need the following properties of the (relative) entropy. For
more information, we refer to (Cover and Thomas, 2006, pp.13).

Lemma 17.2. For all categorical distributions q,p over the same number of classes, we have
KLD(pllg) =0, KLD(pllq) =0 if and only if p = q, and H(qg) = 0.

Let Z1,...,Zg be K mutually independent categorical random variables (over the same
number of classes) that are distributed according to q1,...,qKg, respectively. Then the entropy
of their joint distribution q(Z1,...,Zk) = [1r_, qx(Z},) computes to H(q) = ¥X_, H(qp).

Proof. A proof can be found in (Cover and Thomas, 2006, pp.42), for instance O

With the help of Lemma 17.2 and Lemma 14.18, we can now rewrite the likelihood of a
GMM with constant covariances X = %I p and constant weights wy = wy, as follows.

Observation 17.3 (reformulate the likelihood). Consider a GMM 6 = (wp,, Uz, %I D)kelK]
and observations X = (x,)neny- Let pur =p(Z,r = 11X,0) for all latent variables Z,;, with
n€[Nland k €[K]. We write Z, = (Zup)peix) for all n € [IN]. Then we can write

—In(Lx(6))
=~ Inp(X|6) (Definition 14.4)
=-Ez-pzix0 [In(p(X, Z10)] - FH(p(Z1X,0)) +0 (Lemma 14.18)
N N
=~ Ez-pzix0) ln(H P(xn’ang)) -H ( [1 p(ZnIxn,G)) (cf. Section 14.1.2)
n=1 n=1
N N
== 2. Ezpzix.0) [In(pxn, Zn10))] - H ( [] p(anxn,H)) (linearity)
n=1 n=1
N N
=— Y Ez pzix.0n@a,,Z,10)]- Y H(p(Z,|x,,0)) (Lemma 17.2)
n=1 n=1
N K N K
= Pk In(@n, Znp = 110)+ Y 3 Pk In(pn) (total probability)
n=lk=1 n=1k=1
N K 9
=2 ) ~Pmln (wkND (xn uk,—ln)) + Pnk In(pnr) (cf. Section 14.1.2)
n=1k=1 B
N K 9 .
= Z Z ~Pnk ln(ND (xn Mrs—Ip ) + Pnk ln(p k)
n=1k=1 B wp,
N X D N
=L L Pnk (_ 'ln( )*ﬁ ln = pael 5 ) Y KLD(pui(wy),  (Definition 14.1)
n=1k=1 2 2n ,3 n=1
ND N
=— In Znﬁ Z ankﬁllxn el + Y KLD (piell@wp)s) -
n=1 n=1
[ —
const

and

Pn,Zn,=110)  wrexp(-p|xn —pr 15

Pnk =p(Zyp=1|X,0)= - '
p(x,10) YK  wiexp(—p|xn —qui)
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17.3.2 Problem Statement

Our observation from the previous section directly leads us to the following formulation:

Problem 17.4 (weighted soft K-means). We are given observations X = (x,),e[n] < RP KeN,
weAg_1, and BeR,. Find K mean vectors (z)re(g] S RD minimizing

(B0) NX s X
Skmy ((uep)r) =B Y D Pk |xn —pir |5+ Y KLD ((Pprreix||@)
n=1k=1 n=1
where

wp, exp(—f ||xn — ||§)
2K wrexp(—p [, - 3)

Pnk = (17.1)

forall ne[Nland k €[K].

Recall that, strictly speaking, the MLE problem for GMMs that we stated in Problem 14.9
is meaningless because the objective function is unbounded. However, this does not hold for
Problem 17.4: Recall that KLD(p|lq) = 0 for all categorical distributions g, p over the same
number of classes (Lemma 17.2). Hence, the goal of Problem 17.4 is to minimize an objective
function that bounded from below.

An EM algorithm can be used to tackle this problem. There is no guarantee on the
quality of the computed solution, though.

Remark 17.5 (soft K-means algorithm). The instantiation of the EM algorithm that is
referred to as the soft K-means algorithm (Mackay, 2003, p. 289) is an algorithm for the
weighted soft K-means problem with wy = 1/K for all k € [K].

17.3.3 Approximation

Optimal solutions are probably hard, if not impossible, to compute. Therefore, we aim to
compute an approximate solution that is not much less likely than an optimal solution. This
raises the following question: How do we compare the soft K-means cost of two different
solutions and what differences can we expect?

Difference of Objective Values. Recall that in the fuzzy K-means problem we compared
the factor between the fuzzy K-means costs of an optimal solution and an approximate
solution. That is, we sought for a solution C with (p();)(C) < a-cpg?(COpt) for some small
constant a € R;..

However, in the soft K-means problem, we deal with a negative log-likelihood as a cost.
As we already explained in Section 14.2, one compares likelihood values in terms of their
ratio. This means that one compares log-likelihoods in terms of their difference. Hence, our
goal is that the difference

&erm Br) 1. (B ([, 0 _ opt 2 2
Skmy " ((Up)r) — Skmy ((,ukpt)k) —log(AX (((a)k,,ukpt,Blp)k,((wk,pk,EID)kJ)

between the cost of an approximate solution (uz), and an optimal solution (pzp t)k is small.

Dependencies. Observe that, in general, the value of the objective function

N K
ékmgg’w)((,ak)k): Z (ﬁkX: ﬁnk Hxn—ﬂk ”;-l—I{LD ((ﬁnk)ke[K] ”(J)))
=1

n=1
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increases with every observation that we add to X, irrespective of the given set of means
(fir)r, and the induced soft clustering (pnx), . (cf. Lemma 17.2). Similarly, the value of the
objective function increases (or at least, does not decrease) with every coordinate that we
add to each observation in X. Only the first summand depends on the dimension, though.

To sum up, we cannot expect an algorithm to compute an approximative solution such
that the difference between the cost of the approximative solution and the optimal solution
is at most a factor log(1 +¢€) =: ¢/, which is independent of the number of given observations
|X| and their dimension D, without adjusting the precision parameter ¢ that we feed to the
algorithm. In other words, we cannot expect an algorithm to compute an approximative
solution such that the (non-log) likelihood ratio between the approximative solution and the
optimal solution is at most a factor (1 +¢), which does not depend on |X| and D.

Conclusion. We propose the following approximation problem.

Problem 17.6 (approximate weighted soft K-means). We are given X = (x),en] © RD,
KeN welAg_1, PeR,, and €€[0,1]. Find K mean vectors (i)re[rx] S R? such that

sk P perx) - SkmE (WP ey < €-1X 1D

where (”Zpt)kE[K] € argmin{ékmf,?’w)((ﬂk)ke[m) (fir)relx) RD} is an optimal solution.

17.4 A Clustering-Centric Variant

In this section, we derive a problem that is similar to the soft K-means problem and that is
focused on a soft clustering of the given data points.

17.4.1 Motivation

First, we do not know how to tackle Problem 17.6 directly. In particular, we cannot apply the
techniques that we used in Part II: There we worked with soft clusterings rather than with
mean vectors and used the notion of induced means. In Problem 17.6, a solution is solely
described via mean vectors, which induce some soft clustering.

Second, every data set can be described by a GMM with fixed covariances and weights,
in the sense that, among all GMMs with fixed covariances and weights, there is always
some GMM with fixed covariances and weights that describes a given data set best. We can
find such a GMM even though the data set might not have been generated by such a GMM.
In particular, the soft clusters that are induced by this GMM, might exhibit completely
different weights and covariances than those weights and covariances that are given by the
GMM itself.

For these two reasons, we want to derive a variant of Problem 17.6 where a soft clustering
is used to describe a solution. Roughly speaking, we assume that there is a soft clustering of
the given data set such the variances and weights of these clusters take the desired form,
and we want to find this soft clustering. Table 17.1 gives an overview of the derivation of the
new clustering problem, which we present in the following sections.

17.4.2 A First Clustering-Centric Variant

To derive a clustering-centric variant of Problem 17.4, we first relax the problem and then
add constraints.
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solution | property cost
Problem 17.4 C GMM with means from C, covariances ékm()?’w)(C) =
2/B-Ip and weights (wg);, skm(}?’w)(C,P)

induces P = (Pnkdn i with
X,P)) _ X,P)\ _
W(Ak ) =?, cov (Ak ) =?

Problem 17.9 P P describes clusters with ékm(}?’w)(P)
w(AFP) =2, cov (4P) =2

(17.2) P P describes describes clusters with ékm()?’w)(P)
W(AZX’P)) =wy | X|, cov (A;X’P)) = %ID

(17.3) P P describes clusters with §km(£’w)(P)
w (AZX’P)) =wy, | X|, var (A;X’P)) = %D

(17.4) ()P | (i, P) satisty w(AT) = wp 1X], sk P (12 )x, P)

var (AZX’P),pk) = %D

o) =3

Table 17.1: Overview of our Derivation of Problem 17.7.

Straightforward Relaxation. An obvious way to relax Problem 17.4 is to extend the
input of the objective function by a soft clustering in a straightforward manner and to ignore
the form that this soft clustering should take:

Problem 17.7 (a relaxation). We are given observations X = (xp),e[N] < R, KeN, weAg_1,
and B € Ry. Find K mean vectors (up)reix) S RP and a soft K-clustering (PnkdnelN1 kel
minimizing

N K N
Skmgg’w)((.uk)k,(pnk )n,k) =p- Z Z Pnk ”xn — M ”3 + Z KLD ((pnk)ke[K] ”(1)) .
n=1k=1

n=1

This problem is reasonable as, for fixed means (uz)ze[k], the induced soft K-clustering
(Prkdn takes the desired form (17.1):

Lemma 17.8 (induced soft clustering). Let X = (x,),¢n] RP, KeN, we Ag_1, and BeR,.
Fix K means C = (Up)reg] S RP. Then, the soft clustering P = (Pnk)nr, that minimizes the

cost skmg?’w)(C ,P) satisfies

wp exp(—p | xn — iz | 3)
pnk = K 2
Zl:l w] eXP(—,B ”xn — M ||2)

for all ne[N]and k € [K].

Proof. Define W((pnk)n,k) = 22{:1 eryzl Bpnk ||xn ~—Hk ||§+pnk ln(%) +Z],\L]:1 An (Zlepnk - l)a

k
where 1, denote Lagrange multipliers (which ensure that Zi{:l Pnk = 1 for each n € [N]).

Setting the first derivative of ¢ in the direction of p,; to zero, gives

p”k)+1+)tn:0.
Wi

a 2
o = | =} +In]
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This implies that
Pnk = W €Xp (_ Hxn — Hk ”Z) exp(-1-1,) .

With the constraint Zle pnk =1, we can conclude that

1

exp(—1-A,)= .
TK  wrexp(~ [l - ue3)

A combination of these equalities yields the claim. O

Hence, the soft K-means algorithm (i.e., the EM algorithm for Gaussian mixtures from
Ok w,p) is also an alternating optimization algorithm for Problem 17.9. In other words,
similarly to Lloyd’s algorithm for the K-means problem, the soft K-means algorithm makes
use of a relaxation of the objective function that it tries to minimize.

Add Constraints on the Mean Vectors. To obtain a clustering-centric variant of Prob-
lem 17.4, we could just fix the mean vectors to the mean vectors induced by the soft clustering
(cf. Lemma 2.20):

Problem 17.9 (first draft). We are given observations X = (x,),e[n] © R KeN, weAg_1,
and B €R,. Find a soft K-clustering (pnk)ne[N1 ke[k] Minimizing

9 N
Xy —m(AE@X’P)) ”2 + Y KLD((pui)reix||@) -
n

(B,w) N oK
§ka’ ((pnk)n,k) =p- Z Z DPnk
n=1k=1 =1

However, there there is no guarantee that the soft clusters that are given by an optimal
solution (pnt),  to Problem 17.9 take a form that is similar to the soft clusters described
by the GMM ((wk,pzp L %I D)rerk] that we actually search for. That is, the variances and
weights of the soft clusters defined by (p,z),, do not necessarily coincide with 2/f and
w1,...,0K, respectively.

Add Constraints on the Weights and Covariances. To sum up, in order to obtain a
reasonable clustering-centric version of Problem 17.4, we have to take into account the
assumptions on the covariances and weights explicitly.

We propose to consider Problem 17.9 subject to:

2
Vke[K] : cov (AZX’P)) = BID and W(AZX’P)) =wp-|X] . (17.2)

The motivation for these constraints is the following: Recall from Lemma 14.16 that
the expected covariance of observations that have been sampled according to a Gaussian
N(up,2/B-Ip) converges to %I p when the number of samples diverges to infinity. Besides
that, from Section 14.1.2, it is obvious that the expected number of observations that have
been drawn according to the £-th component of a GMM with weights (wg)c[x] computes to
wp,. We want the covariance and the weight of each soft cluster described by P to compute to
these expected (limit) values.

The Non-Existence of an (Optimal) Solution. In our constraints from (17.2) we de-
mand that the covariances and weights compute to certain values exactly. Does such a
solution always exist? Formally, we are given a non-linear optimization problem with several
side constraints. A solution to such a problem is not always guaranteed to exist. Never-
theless, in principle, this is no problem: Assume that we have an algorithm that returns
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the best solution matching certain constraints if a solution that matches the constraints
exists. Given an arbitrary set of observations, we do not know if a solution that matches the
constraints exists. However, we can easily figure that out by applying the algorithm (if such
an algorithm exists). In the following, we focus on the problem under the assumption that
an (optimal) solution satisfying (17.2) exists.

17.4.3 A Relaxation

Considering Problem 17.9 under the constraints from (17.2) seems to be reasonable. Yet, we
have no idea how to deal with the very specific constraint on the covariances. It demands
that each of the D(D + 1)/2 different entries of the covariance matrix matches a certain value.
We presume that this constraint is far to strict to make sense. Therefore, our next question
is: How can we relax the constraint on the covariance?

Variance instead of Covariance. We relax the problem further by constraining the
variances of the clusters instead of the covariances. Formally, instead of the additional
constraint from (17.3), we use the additional constraint

2
VkelK] : var(AgeX’P)) = E -D and W(AZX’P)) =w -1 X| . (17.3)

Observe that we demand that the variances compute to 2/3-D due to the relation between
the covariance and variance that we already explained in Lemma 2.17.

Cost of a Solution with Matching Variance. The constraint from (17.3) not only re-
laxes the problem, it also simplifies our notation: The cost of a solution that matches the
constraints from (17.3) takes the following simple form:

Observation 17.10 ("2|X|D"). Assume that var (A;X P )) =2.D for all k € [K]. Then,

< K [ w(a®?) <
k;ﬂ a(a%P) = g —(Aé;’P)) a(a%P) =2 ; w(A%P) =21x1D .

Hence,

N
ékm()?’w)((pnk )ni) =21XID + Y KLD ((Pni)reixif|@) -
n=1

17.4.4 A Relaxed Clustering-Centric Approximation Problem

So far, we only derived a clustering-centric variant of Problem 17.4 and relaxed this variant.
That is, we introduced a new optimization problem by defining a new notion of an optimal
solution, which is given by a soft clustering. To derive a clustering-centric variant of
the approximation problem from Problem 17.6, we still need to specify how we describe
approximative solutions.

Description of an Approximative Solution. Clearly, one could describe an approxi-
mate solution by a soft clustering as well. Again, we do not know how to determine such a
solution. Therefore, we take a different approach and allow more degrees of freedom: We
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propose to search for a soft K-clustering P of X and mean vectors (uz)re[x) satisfying

2
VkelK]: Var(A;X’P),/Jk) el[l,1+e€]- BD

A ”yk—m(AgeX’P))”z Se-%D (17.4)

A w(af?) el xel-op1X] .

Our additional constraint on the mean vectors is motivated by Lemma 2.20.

Resulting Problem Formulation. The result of all our considerations is the following
problem statement.

Problem 17.11 (clustering-centric approximation problem). We are given observations
X = (Xn)ne[N] © RP, a number of clusters K € N, weights w = (Wp)rerx] € Ak-1, @ parameter
BeR,, and a precision € € [0,1].

Find a soft K-clustering (pur), r and means (ug)re(k) S RP with the following property:

If there exists a soft K-clustering P,p; that minimizes the objective function ékmf,?’w)(Popt)
subject to

2
Vk e[K] :var (A;X’P"”)) = E .D  and W(A;X,Popt)) <
then
Skmgg’w) ((Hk)k,(pnk)mk) - §kmg?’w) (Popt) <e-|X|D
and

2
vkelKl: var(Af", ) e [L1+el-2D

A ||,Uk —m(A%X’P))”z <e- %D , and

A w(af?) el zel-op1X] .

We describe an optimal solution via a soft clustering. We consider a soft clustering
optimal if it minimizes the cost subject to the constraint that the variances and weights of
the soft clusters match the desired values (17.3).

Our goal is to describe the data set via a soft clustering P and mean vectors (uz)ze[x]-
We want this description to be not much less likely than an optimal solution. Moreover, we
want the variances of the soft clusters with respect to the mean vectors yy, the mean vectors
Uz, and the weights of the soft clusters to approximately match the desired values (17.4). As
explained in Section 17.3.3, we want the difference between the cost of this solution and the
cost of an optimal solution to be at most ¢-|X|D for some small €.

Downsides. Despite our claim that Problem 17.11 is a reasonable way to formalize the
goals behind Problem 17.6, there are some downsides that we cannot compensate: Obviously,
we lose the notion of a generative model. We only have a constraint on the variances but
not on covariances. Another disadvantage might be that, even if we had a constraint on
the covariance, the soft clustering (of a good solution to our problem) might still take a
significantly different shape than a soft clustering induced by a solution to Problem 17.4. In
other words, there is not necessarily a GMM that induces this soft clustering.
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17.5 Towards an Analysis

In the following, we present three results regarding Problem 17.11: In Section 17.5.3, we
show how our soft-to hard-cluster technique from Chapter 3 can be applied. In Section 17.5.2,
we show that an algorithm for constrained K-means clustering by Bhattacharya et al. (2016)
can be used to determine mean vectors. To prove this result, we make use of our soft-to-
hard-cluster technique. The quality of the computed mean vectors depends on the given
weights, though. The best estimates are obtained for uniform weights. In Section 17.5.3, we
show how, under various further restrictions, an appropriate soft clustering for a given set
of means can be determined via linear optimization.

17.5.1 Applying Our Soft-to-Hard-Cluster Technique

In this section, we take advantage of our formulation of Problem 17.11: It enables us to
apply our soft-to-hard-cluster technique from Section 3.6.1.

Consider a soft K-clustering P where each cluster has the same fixed variance 2/8 and
not too small a weight. In the following, we show that there exist hard clusters A1,...,Ax of
X whose mean vectors m(A1),...,m(Ag) are good surrogates for the mean vectors induced
by the soft clustering P. In particular, when we exchange these means with the means of the
hard clusters, the solution becomes only a little less likely and the variances of the clusters
with respect to these means still approximately compute to 2/8.

Corollary 17.12. Let X = (x,)pen;, K €N, BeR,, and € € (0,1]. Assume there is a soft
K-clustering P = (puk)ne[ni ki) of X where

16K

2
and var(AZX’P))— -D . (17.5)

vkelKl: w(af?)= =3

Then, there exists a hard clustering A1,...,Ag of X such that
k (B,w) =Tryas (B50)
skm " (M (AR kerg)> (Prk)n r) = Skmy " (Ppr)y p) < €1X 1D
and
: (X.P) €12,
vkelK]: var(A7" m@Ap)e |11+ 5D

Hm(A;X’P))—m(Ak)”zs D and

€ 2
2 p

w(Ap) = % W (A;X’P)) .

Proof. Let L'Jf:lAk = X be the partition whose existence is guaranteed by Theorem 3.21.
That is, we have

W(Ap) = %W(A;X’P ') and (17.6)
X,P)
Jm(457) ~mean], <5 ::((%,f’l’))) - %%D , 17.7)

where the last equality is due to (17.5).
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Now we prove the first part of the claim. Fix some % € [K] and observe that

2
d(AFP m@Ap) = a(A7F")+ w(AFP) lm (A7) -m@Ap)|,  (Lemma 2.20)
a[a&P)
<d(AFP) +w(AFP) ¢, M (Equation (17.7))
k k]2 W( A(X,P>)
k
_ € (X,P)
= (1+5)-a(45""). (17.8)
Due to (17.5) and by Definition 2.16, we have
(X,P)
2-D W(Ak )
var(Ak ’ ) d(Ak ’ )
From (17.8) and (17.9) we can conclude that
€
p-a(AFP mAp) = (1+3) 2D w(af?) =@+ -D-w(aFP). (17.10)
Hence,
Skm(;?’w) ((m(AR)kerk1> (Pridng) = 5km(;?’w)((13 nkn k)
K
= (ﬁ > d(AZX’P),m(Ak))) -2|X|D (Observation 17.10)
k=1
K
<@2+¢)-D-Y w(A;eX’P)) ~2|X|D (Equation (17.10))
k=1
=¢|X|D . (X is an unweighted data set)

This yields the first part of the claim.
To prove the second part of the claim, observe that

d(af" map)
w A(X,P)
[45)
A[ A5 w57 i)

2
= (Lemma 2.20)
(X,P)
w (Ak )

(Definition 2.16)

var (A;X’P), m(A; )) =

_ k
" (%)

=var (A;X’P)) + Hm(Ak) -m (AZX’P)) Hz . (Definition 2.16)

(x,p)
) -z

On the one hand, this shows that var (A;X’P),m(Ak)) > var (A;X’P)). On the other hand,
observe that
var (A;X’P),m(Ak)) =var (A;X’P)) + ”m(Ak) -m (A;X’P)) ||2
d (AZX,P))
= (1 + %)Var (A;X’P)) .

This yields the second part of the claim. O

2

<wvar (AZX’P)) + g . (Equation (17.7))
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17.5.2 Applying an Algorithm for the Constrained K-Means Problem

In the last section, we showed that our soft-to-hard-cluster technique from Section 3.6.1
guarantees that, for each soft clustering whose clusters have the desired variances and not
too small a weight, there exist hard clusters whose means are good surrogates for the means
induced by the soft clustering. Recall from Section 3.6.3 that these hard clusters exhibit no
locality property (for instance, the convex hulls of the hard clusters might overlap). Despite
these downsides, these hard clusters form a hard clustering of the given observations X.
This is different from our application of the soft-to-hard-cluster technique in Chapter 8.
There, we were not able to guarantee that there exist appropriate hard clusters that form a
hard clustering because we were only given a probabilistic membership matrix, which does
not necessarily describe a soft clustering. As a consequence, we had to apply the superset
sampling technique, which solely relies on the condition that each hard cluster contains a
certain minimum number of points. Now, given the fact that the hard clusters form a hard
clustering, we can apply a slightly more elaborate technique.

Bhattacharya et al. (2016) presented an algorithm that aims to identify the means of the
hard clusters of an unknown hard clustering:

Theorem 17.13. Given a data set X = (x),e(N] < RP, K € N and € € [0,1], the algorithm

from (Bhattacharya et al., 2016) computes a set of candidates S < (IRD )K that satisfies the
following property:

Fix an arbitrary hard K-clustering A1,...,Ag of X. Then, with constant probability,
there is a candidate (up)rerx] € S with

K
Yk elK]: d(Ag, ) < (1+§)d(Ak)+%Zd(Al) (17.11)
=1

The algorithm’s runtime is | X|D .20KIe) ond the size of S is 90(Kle),
Proof. See (Bhattacharya et al., 2016, p. 16:8) (yes, the page number is "16:8"). O

Their algorithm is based on the same idea as the K-means++ algorithm of Arthur and
Vassilvitskii (2007) but does not require the hard clusters to satisfy any locality property.
Hence, it is just the right tool for our problem.

In the following, we consider a straightforward application of their result:

Algorithm 28 Applying (Bhattacharya et al., 2016)
Require: X = (x,),en) <R, BeR,, KeN, e€(0,1]

1: Choose ¢
Tk
2: Choose the number of copies
PGK "
c=|—] .
€

3: Construct a data set X, that, for each n € [N], contains ¢ copies of the data point (x,,wp).
4: Apply the algorithm from Bhattacharya et al. (2016) to X, K, and € to compute a set of

candidate solutions S c (R? )K
5: return S

Theorem 17.14. Given X = (xp),einp, K €N, BER,, (Wr)pe(x) € Ak-1 with VR €[K]: wp >0,
and ¢ € (0,11, Algorithm 28 computes a set S < (RP)X such that the following property is
satisfied:
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Consider some fixed but arbitrary soft K-clustering P of X with

2
Vk € [K] :var (AZX’P)) = E -D  and W(AZX’P)) =wp, 1 X]| (17.12)

(if such a clustering exists).
With constant probability, there exists a (uz)r, € S satisfying

skm P ( (e yex) P ) - Sk (P) <e-1XID

VEe[K]: var(AgeX’P),,uk) €

1, 1+€-(1+%)] ~%D, and

W,
whetl: fm(a) -] = 0.3 1+ 2E).

_ The algorithms’ runtime is bounded by |X|D . 20&I) ond the size of S is bounded by
QO(KZ/G)_

Proof. Let UleAk = X, be the hard clustering whose existence is guaranteed by Theo-
rem 3.21 (with respect to X. and €). Using Corollary 2.26, we can conclude that

%w(Ak) > %W(AZX’P)) , (17.13)

rGes
“m(AECX’P)) —m(Ak)Hz < gw((#xm)) and (17.14)
%d(Ak)s4K~d(A§eX’P)) : (17.15)

From Theorem 17.13 we know that, with constant probability, there is a (uz)reix] €S
that satisfies

VkelK]d (Ak ,uk)s oK

1+- )d(Ak)+—Zd(A;) (17.16)

2
In the first part of this proof, we upper bound the term Hm(AgeX’P)) — Up Hz Due to
Lemma A.3, we have

Ima2 ) -l =2 {457 s 2 mean -l

We can bound the first summand by

(X,P)
2“m(A(XP)) m(A, )|| <é- ((i(XP’)) (Equation (17.14))
tova (A(X p))
=¢- % -D . (Equation (17.12))
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We can bound the second summand by

2[m(Ar) - a3
_2. L (d(Ap ) - d(Ap) (Lemma 2.20)

)
|

1
w(Apg)
8K xp), 2 & (X,P) :
m.(d(Ak ) = ; (A ) (Equation (17.15) and (17.13))
k

1
w(Ap)
s d(AEeX’P)) 2 1 X (X,P)
=8Ké- W(AEGX,P)) +I_{'W(A§€X,P))l;d(Al )

2 2 1 K[ 2 (X,P) :
.(DE+I_{.M£(DB.W(AI )) (Equation (17.12))

e 2 2 1 K X.P)
—SKE-DE-(1+I—{-|X|'wkZ:Ziw(Al )

( d(Ap)+ Zd(Al) (Equation (17.16))

I
™

‘(d(Ak)+I—{'Zd(Az

IN
™

=8K

™

2 1/K
:8K€-DE~(1+2-—) . (X is unweighted)
W

A combination of the bounds on the first and second summand gives

J1+2- =
g,

1+2-1/—K))
wp,

”m(A;X’P)) — Hz <é-D- % +8K€-D%

/K )

1+8K-

2
é-D-2
B

1/K

1+8K+16K-/—)

wp,

2 1/K

516K€-D-—(1+—) .
B wp,

2
é-D-2
B

(17.17)

..D.%(HV_K)

€ ~
SZ ﬁ o (e:ﬁ)

Next, we will use this bound to prove the claims stated in the theorem.
In the first part of this proof, we prove the second claim from the theorem. Observe that

a(a%) )

(X,P)
S eml ez
=var (477 « [y —m (a7
- %.D +] r —m (45) ||z . (Equation (17.12))

On the one hand, this directly shows that var (AEQX’P), ,uk) = 2/6-D. On the other hand, we
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have
(X,P) 2 x.P)\ |2
war A7) )20 - m(Ak I
2 1K
—-D+16Ké-D - / ) (Equation (17.17))
,3 wk
2 1/K
<— (1+ 16K¢- (1+ —))
s wp,
2 1/K -
<—- (1+€ (1+—)) . (€ <€/(16K))
B wp,

This yields the second claim.
In the last part of this proof, we prove the first claim from the theorem. Observe that

K

Eoparnag

=1

- éd(A;X ”)) kf w(A%) | (A%) - | (Lemma 2.20)
K K

< k;d(AZXP)) +16K€-D-%~]§1W(A;X’P)) (1+%) (Equation (17.17))

(X,P)

= fd(A;X’P)) +16Ke-D-= (i (a7 + = f w(4; ))

k=1 k=1 k=1 Wy

“’( ZX’P)) X,P)) _ . ) )
Observe that o =|X| due to (17.12) and Zk 1W(Ak ) =|X]| since X is unweighted.
Hence,

LS X,P LS X,P 2
Zd(A}e ’ ),,uk)s(z d(A§e ’ )))+16K€-D-—-2|X|
k=1 k=1 :B
LS X,P 1
S(Z d(ag® ’))+e-—-D|X| , (17.18)
) p

where we use the fact that € < e/(64K). Recall that, due to (17.5) and by Definition 2.16, we
have

(X,P)
p=— 2D _op w () (17.19)
var (A;X’P)) d (A;X’P)) '
From (17.18) and (17.19) we can conclude that
K X,P K X,P
B- Zd(A§e : ),,uk)s (Z ,6d(A§e ’ ’))+e-D|X| (Equation (17.18))
k=1 k=1
K X,P
<2D (Z w(A§e : ’)) +e-D|X| (Equation (17.19))
k=1
<(2+¢)-D|X]|. (X is unweighted)

With this equation and Observation 17.10, we conclude that
(B,w) < v (Bw) B
skm " (M (AR))kerk1> Brrdnp) —Skmy (Bnr)y p) < (2+€)-D|X|-2D|X|=€eD |X]| .

This yields the claim. O
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Unfortunately, our bounds depend on the given weights (wg)r¢[x;- If we are given uniform
weights, i.e., Vk €[K]: wp = 1/K, then Algorithm 28 delivers a set of candidate means that
contains the means that we search for:

Corollary 17.15. Given X = (x,),eny, K €N, BeR,, and € €(0,1], Algorithm 28 computes a
set S < (RPYK such that the following property is satisfied:
Consider some fixed but arbitrary soft K-clustering P = (Pnk)ne[n peir] With

x|

Vk e[K] :var (A;X’P)) = %-D and W(A;X’P)) =z

(if such a clustering exists).
With constant probability, there exists (uz)y € S satisfying

skmgg’w) ((uk)ke[K] ,P) - §km(§)w)(P) <e¢ | X|D,

2
vk elK]: var(A0, ) e, 1+2¢- 5D, and

VkelK]: ”m(AZX’P)) — Uup ”z < g .D% .

_ The algorithms’ runtime is bounded by |X|D . 20&I) ond the size of S is bounded by
2O(K2/€)_

This latter fact is unsurprising as it resembles a main difference between the soft K-
means cost function and the K-means cost function, for which the algorithm of Bhattacharya
et al. (2016) has been designed (see Theorem 17.13): In the K-means cost function, the
clusters are (implicitly) weighted equally. That is, the cost of each cluster contributes equally
to the overall K-means cost and is not more important (i.e., has a higher weight) than
that of any other cluster. In contrast, in the soft K-means cost function, the given weighs
w1,...,wg might not be all equal to 1/K. That is, the cost of the clusters might not be equally
important. The cost of a cluster with weight w; contributes more to the overall soft K-means
cost than the cost of a cluster with weight w; < wy,.

Even though we can now determine a set that contains approximate mean vectors, we
do not have a solution yet. We are still missing an appropriate approximate soft clustering.

17.5.3 Determining the Soft Clustering

In the last section, we showed that the algorithm from Bhattacharya et al. (2016) can
be used to determine likely mean vectors. However, it remains to determine a suitable
soft clustering. Formally, assume that we have found good approximate means (uz)re[x]-
How can we determine a likely soft clustering P = (put), , where the soft clusters have the
appropriate variances, mean vectors, and weights?

We do not know how to solve this problem yet. However, there is a way to solve a very
simplified version of this problem:

First, let us drop the constraint on the weights and means and simplify the constraint
on the variances. More precisely, replace the lower and upper bound [1,1+¢€]2/8-D on
the variances by a single lower bound 2/6-D. Observe that this lower bound can also be
described as follows:

-D

2
Z],yzl Pnk B

N 9 2
< ank ”xn_ﬂkng__'D =0.
n=1 :3

Var(AgeX,P)’ k) _ Z]r:]:lpnk ||xn —uklii -
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Second, let us assume that the observations x, and the given means y; all take values in
7P . Moreover, assume that the means lie inside the convex hull of the point set {x,, | n € [N]}.
These simplifications and assumptions lead us to the following observation:

We consider observations X = (x,),en) < ZP K €N, and a variance 2/ B €N. Moreover,
we fix some mean vectors (uz)reg] S ZP. For all n€[N]and k € [K], let d,,;, == ||xn — Up ||§
and f,; = (||xn — Up ||§ - % -D). Given these constants, we can formulate the problem of
determining a soft clustering, where the variance of each soft cluster with respect to the
corresponding mean vector is at least 2/8, as a linear program:

K N
minimize Z Zﬁnkdnk
k=1n=1

subject to Pukfnk =0, k=1,....K

M=

1

S
]

M=

Pnk =1 n=1,.,N

kol
Il

1
nk =0 n=1,.,N;k=1,....K

™

Given the restriction that we only consider observations and mean vectors in Z2, we can
use the Ellipsoid method to solve this linear program in polynomial time (Megiddo, 1986).
Observe that the number of bits in a binary representation of the coefficients in the linear
program is polynomial in |X|, K, log(r4(X)) with d € [D], and log(2/8), where we use the fact
that we can shift the whole point set such that (min{(x,)q | 7 € [N]})4¢p1 = Op and the fact
that the mean vectors lie inside the convex hull of the point set. Hence, the ellipsoid method
needs time poly(|X|, K, log(r1(X)),...,log(rp(X),log(2/6)).

17.6 Conclusions

Even though we tried to derive a variant of the soft K-means problem that is (hopefully)
easier to analyse, there is still no proper approximation algorithm for it. However, so far, our
analysis again focused on techniques known from (constrained) K-means clustering. Just as
in the case of fuzzy K-means (see Section 13.4), one might obtain a (more specific) algorithm
easier if one accepts a larger approximation factor. Last but not least, there might be other
ways of relaxing the soft K-means problem that might lead us to a better understanding of
the soft K-means problem.
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“Location, location, location!”

Appendix A

Three Handy Lemmata

In this appendix, we state three fundamental lemmata that we use throughout this thesis.
For an overview of our handy notation, we refer to the Cheat Sheet at the very beginning of
the thesis.

Lemma A.1. Let €€[0,1] and m € N. Then, for all i € [m] it holds
(14 5=) <14 =
2m m

Proof. The proof is by induction. For i = 1, the claim is clearly true. Assume that the claim
holds true for an arbitrary but fixed i € [m]. Observe that

(1+#)i+1 = (1+£)i~(1+£)

€ €
< (1 +1i- —) . (1 + —) (by induction hypothesis)

m 2m

2

=1+: i+—+ £

m 2m 2m?2

€ € (1 el)
=14+i-—+—[=+=-—

m m \2 2m

. € € . .

<l+i-—+— (sincei<mande<1)

m m
:1+(i+1)-£.

m

Lemma A.2. Forall a,b,c € R we have
1. 2ab <a?+b2
2. (a+b)?<2a?+b%) and
3. (a+b+c)?<3(a®+b%+c?).

Proof. Fix arbitrary a,b,c € R. Observe that 0 < (a —b)? = a?—2ab +b2. Hence, 2ab < a? + b?
(Item 1). Consequently, (a +b)? = a® + 2ab + b2 < 2(a® + b?) (Item 2) and (@ +b +c¢)? =
a?+b2+c?+2ab+2ac+2¢b < 3(a? + b2 +¢?) (Item 3). O

Lemma A.3. Forall a,b,c,x,y € RP and all finite A < RP, we have
1. lla=bllz2=<lla->bli2+1b-cly,

2. 2(a, by <llal+11b12,
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3. lla+bl2=2(al?+1613), and
4. min{IIx—aII2|a€A}Smin{|Iy—a|I2’aeA}+|Ix—y|I2.

Proof. Ttem 1 is the well-known triangle inequality for vectors (Stewart, 2009, p. 822).
Write a@ = (a1...ap)” and b = (b;1...bp)T. With Lemma A.2, we can conclude 2(a, b) =
YD (2aqba) <¥E_ (@®+b2)=llalZ+]bl3 (Item 2) and moreover, la+ b3 =5 _ (ag+bq)? <
YD (2a? +2b2) =lalZ+b]3 (Item 3).

Next, consider some a’ € A with min{lly —all | acA}l = ||y—a’||2. With Item 1 we can
conclude that min{lx—alls |a € A} < ||ac—a'||2 < llx—ylly + ||y—oc’||2 =min{lly-aly|acA}
(Item 4). O
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