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"A point is that of which there is no part.”

— Euclid’s Elements, Book I, Definition 1.
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Abstract

In this thesis, we study the k-median problem with respect to a dissimilarity
measure D, from the family of Bregman divergences: Given a finite set P of
size n from R?, our goal is to find a set C' of size k such that the sum of error
cost(P,C) = > p mincec{Dy(p,c)} is minimized. This problem plays
an important role in applications from many different areas of computer
science, such as information theory, statistics, data mining, and speech
processing.

Our main contribution is the development of a general framework of
algorithms and techniques that is applicable to (almost) all Bregman di-
vergences. In particular, we give a randomized approximation algorithm
for the Bregman k-median problem that computes a (1 4 €)-approximate
solution using at most 2°+/¢)p, arithmetic operations, including evaluations
of Bregman divergence D,. In doing so, we give the first approximation al-
gorithm known for this problem that provides any provable approximation
guarantee. We also give a fast, practical, randomized approximation algo-
rithm that computes an O(log k)-approximate solution for arbitrary input
instances, or even an O(1)-approximate solution for certain, well separated
input instances.

In addition to that, we study the use of coresets in the context of Breg-
man k-median clusterings. In a nutshell, a coreset is a small (weighted) set
that features the same clustering behavior as the original input set. We
show how classical coreset constructions for the Euclidean k-means prob-
lem can be adapted to a special subfamily of the Bregman divergences,
namely the class of Mahalanobis distances. We also give a new, random-
ized coreset construction for the Mahalanobis k-median problem in low
dimensional spaces that has several practical advantages. Furthermore,
by introducing the notion of weak coresets, we give the first coreset con-
struction applicable to (almost) all Bregman k-median clustering problems.
Using these weak coresets, we are able to give the currently asymptotically
fastest (1 + €)-approximation algorithm known for the Bregman k-median
problem. This algorithm uses at most O(kn) 4 2°%*/¢) log"*?(n) arithmetic
operations, including evaluations of Bregman divergence D.,.
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Zusammenfassung

Thema dieser Dissertationsschrift ist das k-Median Problem unter Verwen-
dung eines Abstandsmafies D, aus der Familie der Bregman-Divergenzen:
Zu einer gegebenen Eingabemenge P der Grofie n aus dem RY ist eine Zen-
trenmenge C' der Grofe k gesucht, welche die Zielfunktion cost(P,C) =
> pep mincec{Dw(p, c)} minimiert. Dieses Problem ergibt sich in Anwen-
dungen aus den verschiedensten Teilbereichen der Informatik, etwa in der
Informationstheorie, in der Statistik, beim Durchsuchen grofter Datenbe-
stdnde oder bei der Verarbeitung von Sprachsignalen.

Das Hauptresultat dieser Arbeit besteht in der Entwicklung einer Samm-
lung von Algorithmen und Techniken, die sich auf (nahezu) alle Bregman-
Divergenzen anwenden lassen. Insbesondere préasentieren wir einen ran-
domisierten Approximationsalgorithmus der Giite (1 + ¢) fiir das Breg-
man-k-Median-Problem. Dieser Algorithmus berechnet seine Losung unter
Verwendung von maximal 2°%*/¢)n arithmetischen Operationen, darunter
auch Auswertungen des Abstandsmafes D,. Dabei handelt es sich um den
ersten fiir das Bregman-k-Median-Problem anwendbaren Algorithmus, der
eine beweisbare Approximationsgiite aufweist. Auferdem présentieren wir
einen effizienten, praktisch relevanten, randomisierten Approximationsal-
gorithmus, der Losungen der Giite O(log k) berechnet; fiir spezielle, wohl-
separierte Eingabeinstanzen berechnet dieser Algorithmus sogar Losungen
konstanter Giite.

Dariiber hinaus untersuchen wir die Anwendung von Kernmengen fiir
das Bregman-k-Median-Problem. Kurz zusammengefasst handelt es sich
bei einer Kernmenge um eine kleine (gewichtete) Punktemenge, welche
die gleichen Clustering-Eigenschaften wie die urspriingliche Eingabemenge
aufweist. Wir demonstrieren, wie sich klassische Kernmengenkonstruk-
tionen des euklidischen k-Mittelwert-Problems auf eine spezielle Teilmenge
der Bregman-Divergenzen verallgemeinern lassen, ndmlich auf die Klasse
der so genannten Mahalanobis-Distanzen. Wir prasentieren ferner eine
neue, praktisch vorteilhafte, randomisierte Kernmengenkonstruktion fiir
das Mahalanobis-k-Median-Problem in niedrigdimensionalen Rdumen. Zu-
dem greifen wir das Konzept der schwachen Kernmengen auf und pré-
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Zusammenfassung

sentieren damit die erste Kernmengenkonstruktion, die sich fiir (fast) alle
Bregman-Divergenzen anwenden léft. Unter Anwendung dieser schwa-
chen Kernmengen erhalten wir den derzeit asymptotisch effizientesten (1+
e)-Approximationsalgorithmus fiir das Bregman-k-Median-Problem. Die-
ser Algorithmus bendtigt maximal O(kn) +2°%/2) 1og"*2(n) arithmetische
Operationen, darunter auch Auswertungen des Abstandsmafses D.,.
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Some notes on notation

0 empty set
N set of the natural numbers 1,2, 3, ...
Ny set of the natural numbers, including 0
R set of the reals x with —oo < x < 00
R set of the non-negative reals « with 0 <z < oo
R, set of the positive reals x with 0 < z < 0o
[a, b] closed interval of the reals z with a <z < b
| M| cardinality of set M

MUN union of sets M and N

MNN intersection of sets M and N

M\ N difference set M minus N

M x N Cartesian product of sets M and N

M set of d-dimensional column vectors with entries from set M
Maxd set of (d; x dy)-matrices with entries from set M
Iy identity matrix from R*¢
AT, transpose of matrix A € R%xd
vl transpose of column vector v € R¥! or row vector v € R*¢
viw inner product of column vectors v, w € R?
||v]] Euclidean norm of column vector v € R?
[z] smallest integer n with z <n
|z ] largest integer n with x > n
n! factorial of positive integer n
) binomial coefficient n over k
s ratio of a circle’s circumference to its diameter, i.e., 7 &~ 3.141 ...
e base of the natural logarithm, i.e., e & 2.718 . ..
exp(z) exponential function, i.e., exp(x) = e”
In(x) natural logarithm of x > 0

log(z) binary logarithm of > 0
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Some notes on notation

arg mingens f(x)
arg maxgen f(x)

aii (x)
Vf(z)
V2 f(x)

ri(M)
volg (M)

Pr[A]

BLX]
Var[X]

Xvi

fyg: N — Rso with lim,, o f(n)
fy9: N — Rsg with lim,,_, f(n)
fy9: N — Rsq with lim,, . f(n)
f,9: N — Rso with lim, . f(n)
f,9:N—Rso with f=0(g) and f =
f,9: N = Rs with f =O(g logk(g)) for some k € N

sSess
=

910 VI A

&8 °°38

largest real number y with y < f(z) for all x € M
smallest real number y with y > f(z) for all z € M
minimal value of f(z) for all x € M

maximal value of f(z) for all x € M

element z* € M with f(z*) < f(z) for all x € M
element z* € M with f(z*) > f(z) for all z € M

i-th partial derivative of function f at point x
gradient vector of function f at point x
Hessian matrix of function f at point x

relative interior of set M C R¢
d-dimensional volume of set M C R¢

probability of event A
expectation of random variable X
variance of random variable X



1 Introduction

One frequent task in computer science is to find a representation of a large
number of data objects by a small number of prototypical representatives.
The quality of such a representation is usually measured by using the av-
erage dissimilarity of an object towards its prototype or, equivalently, by
summing up the total dissimilarity of all objects towards their prototype.
Hence, to achieve a good representation, the goal is to find a number of pro-
totypes that leads to small, or even minimal, representation error in terms
of total dissimilarity. Here, the concrete dissimilarity can be anything,
depending on the concrete application, from the perceivable difference in
colors in the RGB color space, to the disagreement between the nucleotides
of gene sequences, or the semantic (dis-)similarity of webpages in the world
wide web.

To obtain a mathematical tractability of this task, data objects are usu-
ally assumed to be represented by elements from vector space R? with a
possibly very large dimension d. Furthermore, it is usually convenient to
assume that the dissimilarity between the data objects can be described as
a metric, such as the Euclidean metric in R%. In this case, if the number
k of prototypical center points is fixed, the problem of finding these pro-
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totypes is usually called the Fuclidean k-median problem. This is because
it is a natural generalization to the problem of finding the median element
of a finite number of elements from R. A solution of the k-median prob-
lem defines a clustering of the data: Each data object is identified with its
closest prototype, and the set of all points that are assigned to a common
prototype form a cluster.

The origin of the k-median problem (and of the related facility location
problem) is commonly attributed to the German economist Alfred Weber;
although the roots of this problem can be traced back as far as the early
17th century. It has already been considered by illustrious individuals such
as the French scholar Pierre de Fermat and the Italian physicist Evangelista
Torricelli (see [Wesolowsky, 1993] for an in-depth report on the rich history
of the k-median problem). In his seminal work [Weber, 1909], Weber stud-
ies the minimization of the transport cost from an industrial facility to its
clients. Here, the clients and the facility are assumed to be located in the
plane, and the transport cost is assumed to be proportional to the dis-
tance between the clients and the facility, scaled by an individual weight
for each client. In Weber’s work (or, more precisely, in its mathematical
appendix, written by Austrian mathematician Georg Pick) a method is de-
scribed for constructing the location of the spatial median of merely three
weighted points in the plane geometrically, using compass and straight-
edge. However, this construction already fails for more than three points.
In fact, from a computational perspective, it turns out that finding the
exact 1-median of a finite subset of R? is indeed an infeasible problem (cf.
[Bajaj, 1988]), known as the Fermat- Weber problem in literature.

A problem very similar to the Euclidean k-median problem can be stated
as follows. Given a finite number of elements from the Euclidean space R,
find a number of k prototypical center points such that the sum of the
squared distances of all input points towards their prototype is minimal.
This problem is usually called the Fuclidean k-means problem, since it is a
natural generalization to the problem of finding the arithmetic mean of a
finite number of elements from R. The use of squared distances has several
practical advantages. Most importantly, the 1-means problem avoids the
inherent infeasibility of the 1-median problem: The arithmetic mean of a
finite point set from R? can always be computed efficiently. Nevertheless,
both the Euclidean k-median problem and the Euclidean k-means problem
do share a number of combinatorial properties. In fact, the Euclidean
k-means problem can also be seen as a k-median problem using the (non-
metric) squared Euclidean distance as dissimilarity measure.



With the growing interest of the theoretical computer science community
in the field of computational geometry, the Euclidean k-median problem
and the Euclidean k-means problem have received a lot of attention in
the recent decades. In particular, the computational hardness of solving
these problems exactly has been studied, and a large number of efficient
approximation algorithms have been developed. Unfortunately, these re-
sults rely on the geometrical properties of the Euclidean distance, such as
symmetry and the triangle inequality. Hence, prior to our work, almost no
clustering algorithms were known for the k-median problem using arbitrary
non-metric distances, or even an asymmetric dissimilarity measure. This
is contrary to the fact that there are a large number of applications where
the k-median problem with respect to a non-metric dissimilarity measures
is considered. For instance, in the spectral analysis of speech signals, k-
median clustering by Itakura-Saito divergence is used to quantize speech
signals, and in information theory and statistics, k-median clustering with
respect to the Kullback-Leibler divergence is used to estimate the parame-
ters of a maximum likelihood model from multinomially distributed data.
Both of these dissimilarity measures are neither a metric, nor a symmetric
distance function.

In this thesis, we take a first step towards closing this unfortunate gap
between theory and application. We study the k-median problem with
respect to a large class of non-metric dissimilarity measures, that includes
prominent, symmetric instances such as the squared Euclidean distance
and the Mahalanobis distances, as well as asymmetric instances like the
Itakura-Saito divergences and the Kullback-Leibler divergences: the family
of Bregman divergences. In particular, we seek to obtain our results in a
general framework that works with only minimal assumptions regarding
the concrete nature of the Bregman divergence used. This is achieved
by focussing on the combinatorial and statistical properties of a whole
class of dissimilarity functions instead of relying on concrete geometric
properties of single, well-natured instances. Hence, the theory provided in
this thesis yields algorithms and techniques that are applicable for (almost)
all instances of the Bregman k-median problem.

To avoid the inherent hardness of finding optimal solutions of the k-
median problem, we will rely on two standard techniques of algorithm
design to obtain efficient algorithms: approximation and randomization.
That is, we do not try to solve the Bregman k-median problem exactly.
Rather, we concentrate on finding good, approximate solutions with a to-
tal dissimilarity that is guaranteed to be within a certain factor from the
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optimal k-median cost of the input instance. In fact, most of the time, we
seek to give approximations that come arbitrarily close to the quality of an
optimal solution. Furthermore, in our algorithms, we make use of random
sampling, i.e., the selection of a random element from a given finite set. To
this end, we always assume that the data is given in an appropriate data
structure that supports random sampling of a single element according to
a given probability distribution in constant time. We obtain algorithms
and techniques for the Bregman k-median problem that are guaranteed to
yield the desired result with at least constant probability, or even with a
high probability that comes arbitrarily close to 1.

1.1 State of the art

Euclidean k-median problem. In [Megiddo and Supowit, 1984], it has
been shown that the Euclidean k-median problem is NP-hard in any di-
mension d > 2. Furthermore, in general metric spaces, the k-median prob-
lem of n input points can not be approximated in polynomial time within
a factor of 1.73 unless NP C DT ZME (nC0el8m) (cf. [Jain et al., 2002]).

However, this non-approximability result is no longer valid in the case of
the d-dimensional Euclidean space. In [Arora et al., 1998] a first random-
ized polynomial time approximation scheme for the Euclidean k-median
problem in the plane has been given, computing a (1 + &)-approximate
solution in time kn®(1/¢). This result was later improved to arbitrary di-
mension d in time 200/ log(n)log(k) in [Kolliopoulos and Rao, 1999].
Using so called coresets, |[Har-Peled and Mazumdar, 2004] improved the
running time of the algorithm from [Kolliopoulos and Rao, 1999] further
to O(dn) 4+ 2°0/=9E510g%(n), that is, to a running time that is merely
linear in the number of points n, but still doubly exponential in d.

In [Badoiu et al., 2002, a randomized algorithm has been given that
computes a (1 + ¢)-approximate solution in time dO(I)Q(k/e)O(l)nlogo(k)(n).
Thereby, the authors gave the first approximation scheme for the Euclidean
k-median problem with a running time polynomial in n and d. A further
improvement has been made by the randomized (1 + ¢)-approximation
algorithm given in [Kumar et al., 2005] that runs in time d2*/9°"' 5 which
is merely linear in n and d. This algorithm was improved in [Chen, 2006|
by combining it with a new coreset construction that leads to a (1 + ¢)-
approximation algorithm with running time O(dkn)+d?2*/9°" 10g"+2(n).



1.1 State of the art

Euclidean k-means problem. While an optimal solution of the Eu-
clidean k-means problem of n points from R? can always be found in time
n®@) due to an observation of [[naba et al., 1994], this problem is known
to be N'P-hard if the dimension d or the number of clusters & is unbounded
(see [Dasgupta, 2007|, [Aloise et al., 2009], and [Mahajan et al., 2009]).

One particular heuristic that has been used intensively since the late
1950s to find solutions for the Euclidean k-means problem is Lloyd’s al-
gorithm (cf. [Lloyd, 1982]). In fact, this algorithm has become so popular
among practitioners that it has been commonly named the k-means algo-
rithm. Unfortunately, the deterministic textbook version of this algorithm
can obtain arbitrary bad clusterings. In [Arthur and Vassilvitskii, 2007],
Lloyd’s algorithm has been combined with a new, randomized seeding tech-
nique to compute O(log k)-approximate solutions. In addition, it has been
shown that a variant of this seeding technique computes a constant factor
approximate solution, provided that the input set consists of k& well sepa-
rated clusters (cf. [Ostrovsky et al., 2006]). Also, the exact running time
of Lloyd’s algorithm has been unknown for a long time. This was resolved
not before 2009, when it was proven that in any dimension d > 2 there
are worst-case instances of input points that require at least 2% opera-
tions (cf. [Vattani, 2009]). On the other hand, the smoothed complexity of
the running time has been proven to be merely polynomial in n, k£ and d
(see [Arthur et al., 2009]), which confirms the observable speed of Lloyd’s
method on real world data sets.

Considering (1 + ¢)-approximations, [Inaba et al., 1994] proposed a ran-
domized O(e~%n)-time algorithm for the case of k = 2 clusters. This
was later improved in [Matousek, 2000] where a deterministic (1 + ¢)-
approximation algorithm for arbitrary k with a running time of e=¥*n, log(n)
has been given. Using coresets, [Har-Peled and Mazumdar, 2004] improved
the running time of this algorithm to O(dn) 4+ k®®e=CWk) 1oght1(n), that
is, to a running time that is merely linear in n. Furthermore, the algo-
rithm from [Fernandez de la Vega et al., 2003| achieves a running time of
dPMa(k/ E)O(l)nlogk(n), thereby giving the first randomized approximation
scheme with a running time polynomial in both n and d.

Today, a number of approximation schemes are known whose running
time is linear in n and d but exponential in k. The first of these al-
gorithms was given in [Kumar et al., 2004] and achieves a running time
of d2k/=° V. Using the coresets from [Chen, 2006], this algorithm was
later improved to O(dkn) + d22(/9°" 10g"*2(n) in [Chen, 2009], and to
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O(dkn)+d 2°%/¥) 1og"*?(n) in [Ackermann and Blomer, 2009]. The asymp-
totically fastest (1 + €)-approximation algorithm currently known is given
in [Feldman et al., 2007]. This algorithm combines the algorithm from
|[Kumar et al., 2004] with so called weak coresets to achieve a running time

of O(dkn) + d(k/e)O®) 4 20(k/2),

Bregman k-median problem. Prior to the work presented in this the-
sis, relatively little has been known about the complexity and geome-
try of the general Bregman k-median problem. Heuristic methods for
k-median clustering by Kullback-Leibler divergence were first suggested
in [Pereira et al., 1993|. In [Baker and McCallum, 1998], a simple agglom-
erative greedy strategy has been proposed which turns out to perform
surprisingly well in empirical tests. Independently, a similar algorithm was
stated in [Slonim and Tishby, 1999]. [Dhillon et al., 2003|] proposed a local
improvement heuristic for clustering by Kullback-Leibler divergence which
is an adaptation of Lloyd’s k-means algorithm. Earlier, [Buzo et al., 1980]
already proposed the use of Lloyd’s algorithm for k-median clustering by
Itakura-Saito divergence in the context of vector quantization. In a break-
through result in [Banerjee et al., 2005b], Lloyd’s algorithm has been gen-
eralized to the whole class of all Bregman divergences. Hence, the au-
thors gave a unified explanation for the earlier observations regarding the
[takura-Satito divergence and the the Kullback-Leibler divergence. How-
ever, all these recent strategies lack any provable approximation ratio and
rely solely on empirical evaluation.

A first (1 4 e)-approximation algorithm applicable to the Bregman k-
median problem has been proposed in [Ackermann et al., 2008|. This result
generalizes an earlier algorithm from [Kumar et al., 2004] for the squared
Euclidean distances to a large number of Bregman divergences and some
other dissimilarity measures under the assumption that the dissimilarity
measure used satisfies a certain statistical property. The algorithm from
[Ackermann et al., 2008] uses at most 2°%/9)n arithmetic operations, in-
cluding evaluations of Bregman divergence D,. Using the coresets from
[Chen, 2006], this running time was later improved to using at most O(kn)+
20(k/2) 10g"+2(n) arithmetic operations in [Ackermann and Blmer, 2009].

Furthermore, the seeding technique from [Arthur and Vassilvitskii, 2007]
has been generalized to the class of Bregman divergences independently in
at least three different publications (see [Ackermann and Blémer, 2009],
[Nock et al., 2008|, and [Sra et al., 2008]). In addition, it has been shown
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in [Ackermann and Blomer, 2010|] that this seeding technique computes a
constant factor approximate solution, provided that the input set consists
of k well separated clusters.

Recently, a polynomial time reduction from the Kullback-Leibler k-
median problem to the Euclidean k-means problem has been proposed
in [Chaudhuri and McGregor, 2008|. This reduction leads to a polynomial
time O(logn)-approximation algorithm. The interesting aspect of this re-
sult is that it does not rely on any of the assumptions made to achieve the
results above or the results given in this thesis.

1.2 Outline and main results

This thesis is organized as follows.

Chapter [2} We start by giving a formal definition of the family of Breg-
man divergences. We study some common basic properties and give
several examples of concrete, well-known Bregman divergences. Fur-
thermore, we introduce our notion of p-similar Bregman divergences,
which is fundamental to many of the results given in this thesis. In a
nutshell, p-similar Bregman divergences are a subclass of the family
of Bregman divergences that feature some quasi-metric properties.
We also argue that, to some extend, all Bregman divergences that
are used in practice are p-similar, provided that their domain avoids
certain singularities.

Chapter [3} In this chapter, we introduce our generalized formulation of
the k-median problem. We investigate properties of the generalized k-
median problem, as well as properties of the k-median problem using
a Bregman divergence as dissimilarity measure. The results proven
in this chapter are valid regardless of whether or not the dissimilarity
measure used employs any (approximate) metric properties. Instead,
the proofs in this chapter are based on the combinatorial properties
of k-median clusterings. We conclude Chapter [3| by stating a simple
algorithm solving the 1-dimensional Bregman k-median clustering
problem optimally in time O(kn?), where n denotes the number of
input points. This algorithm is given to demonstrate the existence
of efficient k-median clustering algorithms that do not rely on metric
properties such as symmetry or the triangle inequality.
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Chapter [4} In Chapter [4] we present the first main result of this thesis. In
detail, we give a randomized (1 + ¢)-approximation algorithm for the
generalized k-median problem using at most n20(mkloe(mk/e)) grith-
metic operations (including evaluations of dissimilarity measure D),
under the assumption that D satisfies a certain statistical sampling
property. Here, n denotes the number of input points and m is a con-
stant that depends only on € and D. The analysis of this algorithm
is purely combinatorial, and does not rely on metric properties such
as symmetry or triangle inequality. Hence, our algorithm is well-
suited for the k-median problem using metric as well as non-metric
dissimilarity measures.

In addition to the result above, we show that the necessary sampling
property is satisfied by a large number of dissimilarity measures, in-
cluding the squared Euclidean distance, the Mahalanobis distances,
the Kullback-Leibler divergence, and all other p-similar Bregman di-
vergences. We also show that the sampling property is satisfied for
all metrics with bounded doubling dimension as well, provided that
finding the 1-median of a given set is a feasible problem. These sam-
pling results are the second main contribution of this chapter. In
doing so, we obtain the first (1 4 ¢)-approximation algorithm known
for a large number of non-metric dissimilarity measures, such as the
Kullback-Leibler divergence, the Itakura-Saito divergence, and all
other p-similar Bregman divergences.

The results presented in this chapter have been published previously
in [Ackermann et al., 2008] and [Ackermann et al., 2010a].

Chapter [5} Unfortunately, the algorithm from Chapter [ turns out to be
not very practical due to the huge constants involved in the running
time. Hence, in this chapter, we state and analyze a practical, ran-
domized O(log k)-approximate algorithm applicable to the k-median
problem using an arbitrary p-similar Bregman divergence as dissim-
ilarity measure. This algorithm uses at most O(kn) arithmetic op-
erations, including evaluations of Bregman divergence D, and can
be implemented to run quite fast in practice. This result has already
appeared in [Ackermann and Blomer, 2009).

Furthermore, empirical evaluation of the algorithm from this chapter
on real world data indicates a better approximation ratio than the
theoretically proven bound of O(log k). To give a theoretical justifica-
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tion for this observation, we analyze our algorithm in the practically
relevant case of input instances that consist of a number of £ well
separated input instances. In detail, we show that in this case with
constant probability the algorithm computes an O(1)-approximate
solution of the p-similar Bregman k-median problem. This result
has also been published in [Ackermann and Blomer, 2010].

Chapter [6f In the recent years, the use of so called coresets has become
a standard technique in computational geometry. A (k,e)-coreset
for an input set is a small (weighted) set such that for any set of k
cluster centers the (weighted) k-median clustering cost of the coreset
is an approximation for the clustering cost of the original set with
relative error at most €. The goal of a good coreset construction is to
set up coresets that are significantly smaller than the original input
set. These coresets can be used to speed up existing approximation
algorithms, especially if the running time of these algorithms depends
strongly on the number of input points.

In Chapter [0, we show how coresets for the Euclidean k-means prob-
lem can be generalized to the case of Mahalanobis k-median cluster-
ing. In particular, we give a generalization of the deterministic coreset
construction from [Har-Peled and Mazumdar, 2004] to Mahalanobis
distances. These (k, )-coresets are of size 2°0(@°84) =4k 1og n, where n
denotes the number of points of the original set and d the dimension.

In addition, we also give a new, randomized coreset construction for
the Mahalanobis k-median problem. This new construction is rather
easy to implement and relies solely on random sampling. We prove
that, with high probability, our construction yields (k, )-coresets of
size 20(@oede=dk Jog(n) log®? (e~ k log(n)).

A preliminary version of the results from this chapter can be found
in [Ackermann et al., 2010b].

Chapter [T} Up to date, there is no coreset construction known for the
Bregman k-median problem using Bregman divergences other than
Mahalanobis distances. However, it turns out that the classical defi-
nition of (strong) coresets as given in Chapter @ is unnecessary strict:
If a set of cluster centers will never turn up as output of the algo-
rithm we use, we don’t care whether or not the clustering cost of the
original set and the coreset are approximately the same. Thus, in
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Chapter [7] we consider a relaxed notion of coresets where the center
points only have to come from a fixed and finite set I', which we call
a ['-weak coreset.

In this chapter, we give a randomized coreset construction that com-
putes I'-weak coresets for the p-similar Bregman k-median problem.
With high probability, we obtain that our construction yields I'-weak
(k,e)-coresets of size O (e72klog(n)log(k|['[*logn)). Hence, we are
able to give the first construction of weak coresets that is applicable
to all p-similar Bregman divergences.

Moreover, we show how these weak coresets can be used to speed
up existing approximation algorithms. We use this approach to im-
prove the running time of the (1 + ¢)-approximation algorithm from
Chapter [l In doing so, we give the asymptotically fastest algo-
rithm currently known for the k-median problem with respect to an
arbitrary p-similar Bregman divergence D, which requires at most
O(kn)+20k/=108(k/2) 10g"+2 () arithmetic operations, including eval-
uations of D.,.

The results we give in this chapter have already been published in
[Ackermann and Blomer, 2009).

Chapter [8f In the previous chapters, we presented randomized approxi-
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mation algorithms for the Bregman k-median problem that make use
of the sampling of a constant number of elements uniformly at ran-
dom from a given point set. To obtain our approximation guarantees,
we always assumed that the Bregman divergence used is p-similar.
The question arises whether this assumption is actually necessary to
make use of the uniform sampling technique. In this chapter, by an-
alyzing the common analytical properties of the family of Bregman
divergences, we provide strong evidence that this is indeed the case.
Hence, we conjecture that in the case of a Bregman divergence, u-
similarity is indeed necessary to make use of the sampling techniques
employed in this thesis.

In addition, we show that this intuition can be made explicit by tak-
ing into account the concrete analytical properties of a given Bregman
divergence. More precisely, we prove that in the case of the Kullback-
Leibler divergence and the Itakura-Saito divergence, the assumption
of p-similarity is indeed necessary to make use of the uniform sam-
pling technique.
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Appendix [Al: In this short appendix, we turn our attention to several
practical applications that benefit from efficient Bregman cluster-
ing algorithms. We present three practical scenarios from the fields
of statistical inference, data compression, and speech processing, re-
spectively. Using a minimum of formalism, we show how these three
different applications are related to solving a k-median problem with
respect to three different Bregman divergences.

Appendix B} In this mathematical appendix, we give a brief overview
of the mathematical fundamentals that are assumed to be common
knowledge throughout this thesis. These fundamentals include well-
known, basic results from the areas of vector algebra, calculus, and
probability theory. The facts in this appendix are stated as concise
as possible, and without any formal proof.
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2 Bregman divergences

\_/

(

The dissimilarity measures known as Bregman divergences were first
proposed in 1967 by Lev M. Bregman (cf. [Bregman, 1967]). Bregman di-
vergences were originally introduced as generalized distances in the context
of solving convex optimization problems. In Bregman’s method, an arbi-
trary initial solution is iteratively projected’]on one of the convex sets that
correspond to the given convex constraints. A number of sufficient condi-
tions for a dissimilarity function were formulated such that these iterated
projections converge to a common point in the intersection of these sets.
The term “Bregman distance” was later coined in [Censor and Lent, 198]1]
to describe the family of dissimilarity measure satisfying these properties.
For an in-depth study of the optimization problems involving Bregman
divergences, the reader is directed to [Censor and Zenios, 1997].

'In this generalized sense, a projection of a point x onto a convex set S with respect
to a given dissimilarity measure is the (unique) point from S that is closest to .

13
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Intuitively, a Bregman divergence arises as an error function when ap-
proximating a strictly convex function by a tangent hyperplane. In the
context of clustering problems, the interesting aspect of these divergences
is that they give a generalized description of a wide array of dissimilar-
ity functions that are frequently used in practice. In addition, the family
of Bregman divergences shares a number of analytical and combinatorial
properties, as is discussed in the following sections of this chapter.

This chapter is organized as follows. First, we give a formal definition
of the family of Bregman divergences in Section 2.1 We also state and
prove a number of basic properties common for all Bregman divergences.
In addition, we present several concrete examples of well-known Bregman
divergences, such as the squared Euclidean distance, the Kullback-Leibler
divergence, and the Itakura-Saito divergence.

In Section 2.2 we introduce an important subclass of the class of Breg-
man divergences, namely the class of Mahalanobis distances. We argue
that, to some extend, Mahalanobis distances are exactly the instances of
Bregman divergences that feature certain well-natured geometric proper-
ties. In addition, we also identify a very large subclass of the Bregman
divergences that share approximately the same geometric properties as the
Mahalanobis distances do. We call these Bregman divergences p-similar.
We also provide evidence that most of the Bregman divergences used in
practice are p-similar. The notion of y-similarity plays an important role
throughout the rest of this thesis.

2.1 Definition

A Bregman divergence D,, is defined with respect to a strictly convex func-
tion ¢ : 1i(X) — R on the relative interior ri(X) of convex domain X.

Definition 2.1. Let X C R? be a convexr and non-singleton set. A function
¢ : 1i(X) — R is called a (Bregman) generating function if the following
conditions are satisfied:

a) ¢ is strictly convezr on ri(X).
b) © has continuous first-order partial derivatives on ri(X).

Intuitively, the Bregman divergence with respect to ¢ from point p to-
wards point ¢ can be seen as the error when approximating ¢ (p) by using
the tangent hyperplane of ¢ at point ¢ (see Figure . We will use the

14
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q p

Figure 2.1: A geometric interpretation of the Bregman divergence D,
with convex generating function . A linear approximation of ¢(t) is given
by ©(q) + V(q)T(t — q), i.e., by the tangent hyperplane of the graph of
@ at point (q, <p(q)). The Bregman divergence Dy (p, q) is obtained as the
error when approximating ¢(p) by this tangent hyperplane.

following formal definition.

Definition 2.2. Let X C R? be a conver and non-singleton set, and let
¢ : 1i(X) — R be a generating function. Fort = (ti,ta,...,tq)" € 1i(X) let
V(t) denote the gradient of ¢ at point t, i.e.,

Vo(t)= | 7 . (2.1)

The Bregman divergence with respect to ¢ is defined as

Dy(p,q) = ¢(p) — ¢(q) — Veolg) " (p — q) (2.2)
for all p,q € ri(X).

The generating function ¢ and the Bregman divergence D, are defined
on the relative interior of X. However, it is convenient to extend these

15
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definitions to the whole domain X. That is, we assume that the extension
¢ : X — RU{oo} is well defined by

o(t) = Alir& oAz + (1= N\)t) , (2.3)

for all t € X'\ ri(X) and an arbitrary x € ri(X). Furthermore, we assume
that the extension D, : X x X — R U {oo} is well defined by

Dy(p,q) = Ali,%lJr D, (/\ZE +(1=Np, Az + (1— /\)q) (2.4)

for p,q € X with p & ri(X) or ¢ & ri(X) and an arbitrary x € ri(X). In
doing so, we potentially introduce points p, ¢ € X such that D, (p, ¢) = oc.
That is, D, may possess singularities if at least one of the arguments lies
on the boundary of X. Also note that we have D,(p,q) < oo as long as

P, q € 1i(X).

2.1.1 Basic properties

In this section, we prove a number of basic properties common for all Breg-
man divergences, such as non-negativity, convexity, or the ambiguity of the
generating function. All the following properties are well-known in liter-
ature and have been discussed before (for instance, see |[Bregman, 1967],
|[Csiszar, 1991], or [Banerjee et al., 2005b]). Some of these properties such
as the non-negativity or the Lagrange form of Bregman divergences are
crucial for the techniques employed in this thesis. Other properties are
included for the sake of completeness.

It is easy to see that, in general, Bregman divergences are asymmetric
and do not satisfy the triangle inequality (see the examples in Section [2.1.2)
below). By allowing the partial derivatives a%cp(q) to approach +oo for ¢
on the boundary of X, we obtain that D, may even possess singularities,
that is, points p, ¢ € X such that D,(p, q) = oo.

However, from the strict convexity of the generating function ¢ follows
that D, is non-negative and that D,(p,q) = 0 if and only if p = ¢, as
is stated in the following lemma. Intuitively, this lemma is equivalent to
the observation that for a strictly convex function ¢ the first-order Taylor
expansion of ¢ at point ¢ always underestimates (p).

Lemma 2.3 (non-negativity). For all Bregman divergences D, on domain
X and for all p,q € ri(X) we have

Dy(p,q) > 0. (2.5)
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Furthermore, D, (p,q) = 0 if and only if p = q.

Proof. To prove the lemma we show that for all p, ¢ € ri(X) we have

e(p) = vlq) + V() (p—q) , (2.6)

and that holds with equality if and only if p = g.

First, we consider the case of dimension d = 1. Let p,q € ri(X) C R
be with p # ¢. Since X is convex we have Ap + (1 — \)g € ri(X) for any
0 < A < 1. Hence, using the convexity of ¢ we obtain

Ao(p) + (1 =Nelq) = e(Ap+ (1 = Ng) =e(e+Ap—-0q) . (27
Dividing both sides of (2.7)) by A leads to

1

#(p) + ¥la) = wlg) = ela+Ap—q) . (2.8)

S| =

or, equivalently,

e(a+Ap—1q) —¢(q)
Ap—q)

Note that ¢ is differentiable on ri(X), and that the quotient in the right
hand side of inequality gives the difference quotient of ¢ when ¢ +
A(p — q) approaches g. Hence, from elementary calculus it follows that by
taking the limit A — 0 we obtain

(p—aq) - (2.9)

() > ¢(q) +

p(p) > (@) + (@) —q) , (2.10)

which proves inequality (2.6)) in the case of dimension d = 1.

Now, we use the result for the one-dimensional case to prove inequality
(2.6)) in arbitrary dimensions d > 1. Again, let p,q € ri(X) be with p # q.
Let

pg={reX|[I0<A<T:2=Ap+ (1 - N)g} Cri(X) (2.11)

denote the line segment passing through p and ¢. Since p,q € ri(X) we
know that there exists an € > 0 such that the extended line segment

pg- ={reX|F—<<A<1l+ec:x= p+(1-Nq} (2.12)
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is still completely contained in ri(X). Furthermore, let ¢ : [—¢,14+¢] — R
with
Y(A) =e(Ap+ (1= N)g) (2.13)

be the restriction of ¢ on pg®. Since ¢ is strictly convex on X it follows that
1 is also strictly convex on [—¢, 14¢]. Also, we find that ¢ is differentiable
on [0,1] Cri([—e, 1+ ¢]). Hence, from inequality (2.10) we obtain

P(1) > 4(0) +¢'(0)(1 — 0) = ¥(0) +¢'(0) . (2.14)

Obviously, we have ¥ (1) = ¢(p) and ¥(0) = ¢(q). In addition to that, for
all A € [0,1] we know that

Sy 0
V) = g e+ (1= 2a) (215)
= Ve(Ap+(1-Ng) (p—a) - (2.16)
Using inequality , we conclude
p(p) = ¢(a) + Ve(a) (0 —a) . (2.17)

and we obtain Dy (p,q) > 0 for all p, ¢ € ri(X).
Obviously, if p = ¢ we have

Dy(p,q) = ¢(p) — ¢(q) = Vela) (p—q) =0 . (2.18)

Now, assume for the sake of contradiction that there exist distinct points
p,q € 1ri(X) with Dy(p,q) = 0. Using the same notation as above, this
leads to

(1) = ¥(0) = 4'(0) = Dy (p.q) = 0. (2.19)

Hence,

(1) = (0) = ¢'(0) . (2.20)
On the other hand, by the mean value theorem we know that there exists
a 0 < £ < 1 such that

w(li - g(o) — (1) — (0) = ¢'(0) . (2.21)

But this is a contradiction since function v is not strictly convex unless the
first order derivate ¢ is strictly increasing. Hence, we find D,(p,q) = 0 if
and only if p = q. O]

(€)=
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Furthermore, a Bregman divergence is always a convex function in its
first argument, but not necessarily in its second argument.

Lemma 2.4 (convexity of first argument). Let D, be a Bregman divergence
on domain X. For all p,q,r € X and 0 < X\ < 1 we have

Dy, (Ap+ (1= X)g,r) < ADy(p,r) 4+ (1 = A) Dy(q,7) - (2.22)

Proof. Using the convexity of ¢ and the bi-linearity of the inner product
we obtain

D, (Ap+ (1 = N)g,r)
= oA+ (1=A)q) —o(r) =Veo(r) A+ (1 -Ng—r)  (2.23)
< Ap(p) + (1= Ne(q) —@(r) = Vo((r)T (Ap+ (1= N)g—7) (2.24)
= Ap(p) — Ap(r) = AVp(r) " (p —r)

+ (1= XNeplg) — (L= XNe(r) = (1= N)Ve((r) (¢ —7) (2.25)
= ADy(p,7) + (1 = \) Dy(q,7) . (2.26)
0

It is an immediate consequence of Lemma that for all points ¢ € X
and all r > 0 the level set

Uy(e,r) = {z € X| Dy(x,¢) <1} (2.27)

is a convex set. Uy(c,r) is occasionally called the Bregman ball with center
c and radius 7.

A Bregman divergence is well defined by a generating function ¢ and
its domain X. However, this definition is not unique. More precisely, if
two generating functions differ only in affine terms, they define the same
Bregman divergence. We obtain the following lemma.

Lemma 2.5 (ambiguity of the generating function). Let ¢ : X — R with
X C R? be a strictly convex and differentiable function. Furthermore, let
ac€RY bER, and let ¢ : X — R be given by

V() =pt)+a't+b. (2.28)

Then we have Dy, = Dy,.
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Proof. Since ¢ is strictly convex and differentiable on X, we find that
Y is also strictly convex and differentiable on X. In particular, for ¢t =
(t1,t2,...,tq) € X and a = (a1, aq, . ..,aq) € R? we have

—¢( - ai (o(t) + a7t +b) = 8‘1<p(t> b (2.29)
Hence,

Vib(t) = Vo) +a . (2.30)

Therefore, for arbitrary p, ¢ € X we obtain
Dy(p,q) = ¥(p) — ¥(q) — Ve(g) (p — q) (2.31)
=o(p)+a'p+b—yp(q) —a'q—b—Vet) (p—q) —a'(p—q)
(2.32)
= o(p) —olq) = Ve(q) " (p—q) (2.33)
=Dy (p.q) - (2.34)
O

Furthermore, we find that the operator mapping ¢ on its corresponding
Bregman divergence D,, is a linear operator.

Lemma 2.6 (linearity of the Bregman operator). Let ¢,9 : X — R be
strictly convexr and differentiable functions, and let o, 3 > 0 be arbitrary.
Then we have

Da¢+g¢ = DQP +ﬁ D¢ . (235)

Proof. Note that a positive linear combination of strictly convex and differ-
entiable functions is also strictly convex and differentiable. In particular,
for t = (t1,t2,...,tq4) € X we have

0 0
a—ti(a¢+6¢)()—a§ (t) + ﬁ w<> (2.36)
Hence,
V(o + BY)(t) = aVp(t) + BVY(1) . (2.37)
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Therefore, for arbitrary p,q € X we obtain

Dayipe(p, q) = ap(p) + Be(p) — ap(q) — Bib(q)

—aVe(t) ' (p—q) + BVY(E) (p—q) (2.38)
= aDy(p,q) + BDy(p, q) - (2.39)
0

Finally, in the following lemma we give formal proof to an elementary
yet crucial observation: Since D, (p,q) equals the remainder term of the
first-order Taylor expansion of p(p) at point ¢, the Bregman divergence D,,
can be expressed in terms of the Hessian matrix of ¢. While this fact has
been known for some time, it is the keystone to a novel interpretation of
Bregman divergences which is fundamental to many of the results obtained
in this thesis. This interpretation is discussed in detail in Section [2.2]

Lemma 2.7 (Lagrange form of Bregman divergences). Let D, be a Breg-
man divergence on domain X with a twice differentiable generating function
¢ : X — R. Furthermore, fort = (t1,ty,...,tq)" € X let

2 2 2
Seet) i) - Gime(t)
0 9?2 92
o(t)  ge) - o(t)
V2p(t) = | ", o Ozt (2.40)
2 ' 2 2
oo P (D) ahge(t) o gaelt)

denote the Hessian matriz of @ at point t. Then for all p,q € X there exists
a point & on the line segment through p and q such that

Dy(p,q) = %(p —q) V(&) (p—q) . (2.41)

Proof. Consider the first-order Taylor expansion of ¢(p) at point ¢, that
is,

o(p) = v(q) + Vo(q)(p — q) + Ri(p) (2.42)

where R;(p) denotes the remainder term of the first-order Taylor expansion.
Using the Lagrange form of the remainder term we obtain that there exists
a point & on the line segment through p and ¢ such that

Dy(p,q) = Ri(p) = %(p —q) V(&) (p—q) . (2.43)

]
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2 Bregman divergences

2.1.2 Examples of Bregman divergences

The class of all Bregman divergences includes a number of prominent dis-
similarity measures. Here, we give three important examples: the squared
Euclidean distance, the Kullback-Leibler divergence and the Itakura-Saito
divergence. An overview of more Bregman divergences can be found in

Figure 2.2

Example 1: Squared Euclidean distance. Most notably, the square of
the FEuclidean distance

Diz(p.a) = llp = all* =) _(pi — ;) (2.44)

=1

with p = (p1,p2,...,p4)" € R4 and ¢ = (q1,¢o,...,qq9)" € R?is a Bregman
divergence, as is stated in the following lemma.

Lemma 2.8. The square of the Euclidean distance Dz on domain R? is a
Bregman divergence by means of generating function

e(t) = eIl (2.45)

Proof. Let t = (ti,ta,...,ta)] € R% The function ¢z = S 12 has
continuous and differentiable first order partial derivatives

0

EIAL (t) = 2¢; (2.46)
foralli =1,2,...,d. Furthermore, the function () has constant second
order partial derivatives

8? 9 ifi=j
— t) = . 2.47
aror, 750 {0 if i £ j (2:47)
Hence, for all ¢t € R? we have

2 0 - 0

, 02 .- 0
Viegt)=|. . . .|=2L. (2.48)

00 - 2
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2.1 Definition

domain X ‘ o(t) ‘ Dy (p, q)
squared £s-norm squared Euclidean distance
R 113 lp — qll3
generalized norm Mahalanobis distance
R | tTAt (»—a)"Alp —q)
neg. Shannon entropy Kullback-Leibler divergence
R%O dotiln(t) —t; > Dpi 111(%) —Di T q
Burg entropy Itakura-Saito divergence
RY, | —Yln(t) S 2 () — 1
negative cosine trigonometric divergence
(5. 514 | =X cost; > cos(g;) —cos(p;) — (i —q:) sin(g;)
harmonic (a > 0) harmonic divergence (a > 0)
Rd Z 1 1 o+l ap;
£ Py gy gt
norm-like (o > 2) norm-like divergence (a > 2)
RT | Xt >opf A+ (= 1) — apigt ™
exponential exponential divergence
R? | Y exp(t:) > exp(pi) — (pi — g +1) exp(gi)
reciprocal exponential reciprocal exponential divergence
R? | Y exp(—ti) > exp(—pi) — (pi—gi+1) exp(—g:)
bit entropy logistic loss
0.1 | Ytilnti + (1—t:) In(1—t;) | Ypiln B+ (1—p;) In 772
dual bit entropy dual logistic loss
1+ i i
B Shlrent) | SnES e
Hellinger-like Hellinger-like divergence
1—-pig;
RIS SV >l -\ iy

Figure 2.2: An overview of some Bregman divergences.
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2 Bregman divergences

Therefore, for each t € R? and for each z = (21, 1,...,24)" € R4\ {0} we
obtain

d
a:TVQW% tr=2z"2=2 Z x>0 . (2.49)

=1

Thus, Vzwg (t) is a symmetric positive definite matrix for each t € R,
and we conclude that ¢ is strictly convex. Hence, gy is a generating
function. Furthermore, for each p,q € R? with p = (p1,pa,...,pq)" and
q¢=(q1,q2,...,q4)" and for the Bregman divergence using (¢ as generating
function we have

D,y (n:9) = 3(0) — #23(0) = Vg (a) " (0 — ) (2.50)
d
= szz — ¢ — 2¢i(pi — ;) (2.51)
=1
d
= ZP? — 2pigi + 4; (2.52)
=1

d
= Z(pz - %)2 (2-53)
= llp—ql* . (2.54)

[]

The squared Euclidean distance is symmetric (by virtue of the Euclidean
distance being a metric) but does not satisfy the triangle inequality. For
instance, in dimension d = 1 for points 0, 1,2 € R we have

Dg2(0,2) =4 > 2 =D(0,1) + Dga(1,2) . (2.55)

However, the squared Euclidean distance always satisfies the triangle in-
equality within a factor of two.

Lemma 2.9. For all p,q,r € R we have

Dg(p.q) <2Dg(p,r) +2Dg(r,q) - (2.56)
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2.1 Definition

Proof. Using the triangle inequality of the Euclidean distance, we obtain

Dg(p,q) = llp — dl® (2.57)
2
< (lp=rll+1lr—aqll) (2.58)
= llp—rI*+llr —al* +2p = rlllr —al - (2.59)
Now, note that
2
0< ([lp—rll = [Ir —qll) (2.60)
= [lp — 7> + [Ir —qll* = 2[lp — |||l — gl (2.61)
which leads to
2lp = rlllr —all < llp =[P+l —al*- (2.62)
Hence, using inequality (2.59)) and (2.62]) we conclude
Dez(p,q) < 2|p — 7|1 +2|lr — qlI? (2.63)
=2Dg(p,7) +2Dg(r,q) . (2.64)
[

Furthermore, the squared Euclidean distance does not possess singu-
larities on R?, that is, for all p,q € R? we have Dy (p,q) < oo. Hence,
the squared Euclidean distance is one of the more geometrically tractable
dissimilarity measures among the whole class of Bregman divergences.

Example 2: Kullback-Leibler divergence. An important distance mea-
sure that has many applications in information theory and statistics is
the Kullback-Leibler divergence (see |[Kullback and Leibler, 1951]), which
is also known as the relative entropy or the I-divergence. The (general-
ized) Kullback-Leibler divergence for points p = (p1,pa,...,pa)| € RZ,
and ¢ = (q1,q2,-..,qq) € R, is defined as -

d

Di
Dxr(p, q) = Z <pi In o P + %’) : (2.65)

i=1

Here, we use the common convention that for ¢; = 0, we have

piin 2 — P : (2.66)
ai oo ifp; >0

It is known that the Kullback-Leibler divergence is also a Bregman diver-
gence.
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2 Bregman divergences

Lemma 2.10. The Kullback-Leibler divergence Dy on domain R%o s a
Bregman divergence by means of generating function

d
pri(t) = Zti Int; —t; . (2.67)

Proof. Let t = (ty,ta,... ,td)T € ]R‘éo. The function @k, has continuous
and differentiable first order partial derivatives

)
ot - pkL(t) = Int; (2.68)

for all i = 1,2,...,d. Furthermore, the function ¢kp(t) has second order
partial derivatives

0” Loifi=j
t)y=<3"h . 2.69
e, 7<) {0 ifi#j (2:69)
Hence, for all t € R, we have
- 0 0
) 0 + 0
VipkL(t) = 2 (2.70)
0 0 ”

Therefore, for each t € R%; and for each x = (w1, 22,...,24)" € R?\ {0}
we obtain

@Ll%%
=N

(2.71)

d
fT SDKL Z

Thus, VZpkr(t) is a symmetric positive definite matrix for each t € ]R>07
and we conclude that ¢ky, is strictly convex. Hence, pkp, is a generating
function. Furthermore, for each p,q € R%, with p = (p1,po,...,pa)"
and ¢ = (q1,q2,...,q2)" and for the Bregman divergence using @i, as
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2.1 Definition

generating function we have

Doy (0, 0) = ¢xr(p) — ¢xr(q) — Vexn(q) (p — q) (2.72)
d
= Z (Pz‘ Inp, —pi —q¢lng +q — ln(qi)(pi - Qz)) (2'73)
i=1
d
= Z (pilnp; —p;Ing; — pi + ¢:) (2.74)
i=1
d .
= Z (pi In bi_ pi + Qi) . (2.75)
i=1 i
Il

It can easily be seen that, in general, the Kullback-Leibler divergence is
asymmetric. Even worse, the discrepancy between Dk, (p, ¢) and Dk, (g, p)
can be arbitrarily large. To see this, assume that we are given two points
p.geRL, by p = (%, %) and ¢ = (g,1—¢) for a small positive £ < % Since
8<%and1—5<1weobtain

Dii(¢,p) =eln(2e) + (1 —e)In(2(1 —¢)) <elnl+mn2=Im2. (2.76)

That is, Dkr(g, p) is bounded from above by a constant, while the lower
bound of

1 1 1 1 1 1
DKL(]?,Q) - ——h—+-N——-=-In———>

1
2 2 2 2(1—-¢) 2 4e(l—¢)

1 1
—In— (2.77
2 " 4e ( )
approaches infinity for ¢ — 0. A very similar observation can be made
with respect to the triangle inequality.

The reason behind this is that the Kullback-Leibler divergence on Réo
possesses singularies. While ¢k, (f) < oo for all ¢ € R, the partial
derivatives %@KL(t) approach —oo for t; — 0. Hence, for points p, q € Rgo
with p = (p1,p2,....pa) " and ¢ = (q1,¢2, - .., qa) " we obtain Dk (p, q) = o0
if and only if there exists an index ¢ with p; > 0 and ¢; = 0.

Example 3: Itakura-Saito divergence. The dissimilarity measure known
as Itakura-Saito divergence (originally defined in [[takura and Saito, 1968])
has applications in the context of speech analysis and sound processing.
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2 Bregman divergences

For points p = (p1,p2,...,pa) € ]R‘éo and ¢ = (q1,¢2,...,qq) € ]R%O the
discrete version of the Itakura-Saito divergence is defined as

d
Dis(p,q) = (% - ln% — 1> . (2.78)

i=1
Here, we use the convention that for ¢; = 0, we have
A np . (2.79)
i qi oo ifp; >0

It is known that the Itakura-Saito divergence is also a Bregman divergence,
as is given in the following lemma.

Lemma 2.11. The Itakura-Saito divergence Dis on domain R%O s a Breg-
man divergence by means of generating function

d
1
pis(t) = In—-. (2.80)
i=1 ¢

Proof. Let t = (t1,ts,...,t5)" € R%,. The function ¢rg(t) has continuous
and differentiable first order partial derivatives

0 1
— t) = —— 2.81
Sreslt) = =1 (2.81)
for all = 1,2,...,d. Furthermore, the function ¢i5(¢) has second order
partial derivatives
P sty =7 T (2.82)
ot;0t Fs 0 ifi#tj '

Hence, for all t € R, we have

% 0 0

) 0 % 0
Vis(t) = | . (2.83)

1

0 0 =
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2.1 Definition

Therefore, for each t € R%, and for each © = (21,22,...,2q4) € R\ {0} we
obtain

d 2
T2 _ Li
r Vip(t)r = ; (t—z) >0. (2.84)

Thus, VZ¢rg(t) is a symmetric positive definite matrix for each t € R>0,
and we conclude that g is strictly convex. Hence, g is a generating
function. Furthermore, for each p,q € R%, with p = (p1,p2,...,pa)" and

q=(q1,q,...,q4)" and for the Bregman divergence using o5 as generating
function we have
D5 (p,q) = sols(p) — ¢1s(q) — Veis(a) (0 — g) (2.85)

= Z (m— - lné + ql(pi - qi)) (2.86)

)

—Xd:( —In ——1) . (2.87)

Z

]

It is easy to see that the Itakura-Saito divergence on R%, is asymmet-
ric and does not satisfy the triangle inequality. As in the case of the
Kullback-Leibler divergence, the ratio Dis(p,q)/ Dis(q,p) is unbounded.
For instance, by choosing points p,q € Rso with p = 1 and ¢ = 1/« for
some large a > 1 we obtain

1 1
Dls(q,p):a—lna—l <lha. (2.88)

On the other hand, there exists a constant ¢ > 0 such that for large enough
a we have

Dis(p,q) =a—Ina—1>ca . (2.89)
Hence, the quotient

D
slpa) o, o | (2.90)

Dis(q,p) — In(e)
as « approaches infinity, that is, ¢ = 1/a — 0. A similar observation
holds for the ratio Dig(p, q)/(DIS (p,7) + Dis(r, q)) considering the triangle
inequality.
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2 Bregman divergences

As in the case of the Kullback-Leibler divergence, this behavior is due
to the fact that the Itakura-Saito divergence features singularities on RZ,.
More precisely, for points p,q € R, with p = (p1,ps,...,ps)" and ¢ =
(q1,G2,--.,q2)" we obtain Dig(p,q) = oo if and only if there exists an
index ¢ with p; > 0 and ¢; = 0.

2.2 p-similarity

In this section we introduce our notion of y-similar Bregman divergences,
originally introduced in [Ackermann et al., 2008]. This notion is funda-
mental to many of the results obtained in this thesis. To this end, we
first introduce the class of Mahalanobis distances. Mahalanobis distances
will turn out to be the prototypical subclass of Bregman divergences with
tractable geometric properties. Second, we show that any Bregman diver-
gence D, can be related to a Mahalanobis distance as long as the domain
of D, avoids certain singularities. In particular, we show that for any Breg-
man divergence D, approximately the same geometric properties like the
properties of a Mahalanobis distance can be derived from bounds to the
second order derivative of .

2.2.1 Mahalanobis distances

Among the Bregman divergences, one particular class of dissimilarity mea-
sures plays an important role to the approach presented in this thesis. For
a symmetric positive definite matrix A € R the Mahalanobis distance
with respect to A is defined as

Dalp,g) =(p—q) Alp—q) (2.91)

for p,q € R%. The Mahalanobis distance was introduced in 1936 by the
Indian statistician P. C. Mahalanobis based on the inverse of the covariance
matrix of two random variables (cf. [Mahalanobis, 1936]). All Mahalanobis
distances are Bregman divergences, as is stated by the following lemma.

Lemma 2.12. The Mahalanobis distance D4 on domain R? with respect
to symmetric positive definite matriz A € R™? is a Bregman divergence by
means of generating function

oat) =tTAt . (2.92)
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2.2 p-similarity

PT’OOf. Let A= (aij)()gi,jgd and t = (tl, tg, c 7td>T S ]Rd. The function

pa(t) = Z Z a;jtit; (2.93)

i=1 j=1

has continuous and differential first order partial derivatives

) d
i =1

forall i =1,2,...,d. Hence,
Vpa(t) =2At. (2.95)

Furthermore, the function ¢4 has constant second order partial derivatives

82
iUy
Hence, for all ¢t € R? we have
V3pa(t) =24 . (2.97)

Thus, since A is symmetric positive definite, we find that V2p4(t) is also
a symmetric positive definite matrix for all ¢ € R?. We obtain that ¢4
is strictly convex. Hence, @4 is a generating function. Furthermore, for
arbitrary p, ¢ € RY, using the bi-linearity of the inner product we conclude

Dy, (. q) = @a(p) — pa(q) — Voala) " (p — q) (2.98
=p'Ap—q'Aq—2¢"A(p—q) (2.99
=p'Ap+q Aqg—2¢"Ap (
=(p—q) Ap+q A(qg—p) (
=(p—q Ap—(p—q)Aq (2.102
=p-q9 Alp—1q) . (

In many ways, a Mahalanobis distance D4 can be seen as a generaliza-
tion of the square of the Euclidean distance. In particular, the squared
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2 Bregman divergences

Euclidean distance is a Mahalanobis distance with respect to the identity
matrix A = I;. Moreover, Mahalanobis distances exhibit many of the geo-
metrical properties of the squared Euclidean distance. In fact, there exists
a linear mapping such that the squared Euclidean distance of the images
under this mapping equals the Mahalanobis distance of the preimages.

Lemma 2.13. Let D4 be a Mahalanobis distance with respect to symmetric
positive definite matriz A € R™?. Then there exists a non-singular matriz
B € R™? such that for each p,q € R% we have

Da(p,q) = ||Bp — Bal* - (2.104)

Proof. Since A is a symmetric positive definite matrix, it is a well-known
fact from linear algebra that there exists a non-singular matrix B with

A=B'B. (2.105)

For instance, such a matrix B is given by the Cholesky decomposition of
matrix A (cf. [Trefethen and Bau, 1997]). Hence, we obtain

Da(p.q) = (p—q)"B"B(p—q) (2.106)
= (Bp— Bq)'(Bp — Bq) (2.107)

= ||Bp — Bq|* . (2.108)

0

In a certain sense, the family of Mahalanobis distances is the subclass of
well-natured dissimilarity measures among the Bregman divergences. The
reason behind this is that the Mahalanobis distances in general, like the
squared Euclidean distance in particular, are the square of a metric.

Lemma 2.14. Fach Mahalanobis distance D4 is the square of a metric.

Proof. Let p,q,r € R%. From Lemma we know that there is a non-
singular matrix B with Da(p, q) = ||Bp — Bg|>. We obtain

vV Da(p,q) = [|Bp — Bq|| = |[|[Bq — Bp|| = v/Dal(q; p) (2.109)
and
Da(p,q) = [|Bp — By]| (2.110)
< ||Bp — Br||+ ||Br — Bq| (2.111)
= V/Dalp,r) + v/Dalr,q) . (2.112)
Hence, \/m is symmetric and obeys the triangle inequality. ]
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2.2 p-similarity

As an immediate consequence, we obtain that Mahalanobis distances
feature some convenient geometrical properties. First of all, unlike other
Bregman divergences, Mahalanobis distances are symmetric. In fact, one
can show that Mahalanobis distances are the only symmetric Bregman
divergences (cf. [Nielsen et al., 2007], Lemma 2). Furthermore, all Maha-
lanobis distances satisfy the following double triangle inequality.

Lemma 2.15. For all Mahalanobis distances D4 and for all p,q,r € R?
we have

Da(p,q) <2Da(p,r) +2Da(r,q) . (2.113)

Proof. Using Lemma and Lemma we obtain that there exists a
matrix B such that

Da(p,q) = | Bp — Byl (2.114)
< 2||Bp — Br||* + 2||Br — Bq||? (2.115)
=2Da(p,7) +2Da(r,q) . (2.116)

0

2.2.2 u-similar Bregman divergences

Our interest in Mahalanobis distances is due to the observation that, to
some extent, Mahalanobis distances are prototypical for all Bregman diver-
gences. To understand this connection, recall that by the Lagrange form
of a Bregman divergence D, as given in Lemma we have

Dy(p,q) = %(p —q) V(&) (p—q) (2.117)

for all points p,q € X and for some point £ on the line segment through
p and ¢. It is easy to see that if the Hessian matrix VZp(t) is constant
for all ¢ € X, then the Bregman divergence D, is a Mahalanobis distance
with respect to matrix A = $V?p(t). In this case, D, exhibits the same
geometrical properties as any Mahalanobis distance, such as symmetry
and the triangle inequality within a factor of 2. If, however, VZp(t) is non-
constant, yet varies only slightly for all ¢ € X, we would expect that D, is
still close to having these well-natured metric properties, maybe within a
small margin of error. On the other hand, if V?¢(t) varies greatly for ¢t € X
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2 Bregman divergences

we may have that the behavior of D, is very unlike to the behavior of a
Mahalanobis distance. Hence, D, may be far off from metric properties.

Thus, we expect that the the closeness to properties like symmetry and
the double triangle inequality can be parameterized by the similarity of a
Bregman divergence D, towards any Mahalanobis distance. This intuition
is formalized in the following notion of p-similarity.

Definition 2.16. A Bregman divergence D, on domain X C R? is called
p-similar for a positive constant 0 < p < 1 if there exists a symmetric
positive definite matriz A € R4 such that for the Mahalanobis distance
D4 and for all p,q € X we have

#Da(p,q) < Dy(p,q) <Da(p,q) - (2.118)

The notion of p-similar Bregman divergences has already been used in
[Ackermann et al., 2008] and [Ackermann and Blomer, 2009]. To the best
of this author’s knowledge, all Bregman divergences D, that are used in
practice are p-similar when restricted to a domain X that avoids the sin-
gularities of D,. More precisely, consider a Bregman divergence D, on
domain X with twice differentiable generating function ¢. One can show
that D, is p-similar as long as domain X avoids points where the quadratic
form given by x"V2p(t) x is either zero or infinity for any ¢t € X, as is im-
plied by the following lemma. Note that since ¢ is strictly convex, we know
that V2p(t) is a symmetric positive semi-definite matrix for all ¢t € X, and
that V2p(t) is symmetric positive definite for almost all ¢ € X. More pre-
cisely, the set of all t € X with " V2p(t) 2 = 0 is merely a discrete subset
of X, if it exists at all. Also note that that 2" V2p(t) 2 may only be in-
finity if ¢ & ri(X). Otherwise, using Lemma , we would be able to find
p,q € ri(X) with Dy(p, q) = 2" V?p(t) x = oo for & = p — ¢, which stands
in contradiction to the fact that D, (p, q) < oo for all p, ¢ € ri(X).

Lemma 2.17. Let ¢ be a twice differentiable generating function on do-
main X such that the Hessian V*p(t) is symmetric positive definite for all
t € X. Furthermore, let

_ g PV (p—a)
e ) = o e =)

§,{€Pq

where pg = {z € X[ <A< 1:2 =
segment through p and q. If p(p,X) >
Bregman divergence on X.

(2.119)

Ap + (1 — N)q} denotes the line
0 then Dy is a p(p, X)-similar
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2.2 p-similarity

Proof. Fix any distinct p,q € X. Note that by definition of u(p,X) we
have

mingez(p — ¢) V(&) (p — q)

, X) < 2.120
il X) maxcerg (P — ¢) "V20(Q) (p — q) ( )
for all p,q € X. Let
¢* =argmax(p — q) ' V() (p — q) (2.121)

Cepq

and let
1
A= §v2¢(g*) : (2.122)

Since the Hessian matrix V2p(t) is a symmetric positive definite matrix for
all t € X, so is matrix A. Hence, Mahalanobis distance D 4 is well defined.
From the Lagrange form of Lemma [2.7] we know that

D,(p,q) = %(p —q) V(&) (p—q) (2.123)

for some £* € pg. We conclude

Dy (p,q) > %ggql(p —q) V() (p—q) (2.124)
> %u(% X) max(p —q) 'V2¢(Q) (p — ) (2.125)
= %u(% X)(p—a) V() (p —q) (2.126)
= (¢, X)Da(p, q) (2.127)
and
Dy (p, ) < %r&%(p —q)'V*%(Q) (p—q) (2.128)
= %(p —q) V(") (p —q) (2.129)
= Dalp,q) . (2.130)
O
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2 Bregman divergences

As expected, we obtain that p-similar Bergman divergences feature some
approximate metric properties. In particular, p-similar Bergman diver-
gences are approximately symmetric within a factor of O(1/u) and satisfy
the triangle inequality within a factor of O(1/u), as is stated in the follow-
ing lemma.

Lemma 2.18. Let D, be a p-similar Bregman divergence on domain X.
For all p,q,r € X we have

1
W
2 2

Dy(p,q) < p Dy(p,7) + /—LDW(T, q) (2.132)
2 2

Dy(p,q) < P D, (p,r) + ED“”(q’ r) (2.133)
2 2

Dy(p,q) < m Dy (r,p) + ;Dw(r, q) , (2.134)
2 2

D<P<pa q) S ; Dcp(r7p) + ;D@(q; T') . (2135)

Proof. Let D, be py-similar with respect to Mahalanobis distance D 4. Using
the p-similarity of D, and the symmetry of D4 we get

Dy(p,q) < Da(p,q) =Dalg,p) < %Dw(q,p) : (2.136)

This proves inequality (2.131)). Furthermore, using the p-similarity of D,
and the double triangle inequality of D4 from Lemma we obtain

Dy (p,q) < Da(p,q) (2.137)
<2Dua(p,r) +2Da(r.q) (2.138)
< %Dw(p, r)% D,(r,q) . (2.139)

This proves inequality (2.132)). Using the symmetry of D4, inequalities
(2.133) to ([2.135]) follow analogously. O

2.2.3 Examples of py-similar Bregman divergences

We show that all Bregman divergences considered so far are, indeed, pu-
similar Bregman divergences. An overview of more p-similar Bregman
divergences can be found in Figure [2.2]
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2.2 p-similarity

domain X ‘ Dy (p, q) 1 A
squared Fuclidean distance
R? lp — all3 1 Ia
Mahalanobis distance
R (r—a)"Alp—q) 1 A
Kullback-Leibler divergence
[\ 04 CRE >piln(t) —pi+q 2 35 1a
Itakura-Saito divergence
. . 2
AR YR () 1 v pli
trigonometric divergence
[~v,v]? € (=5, 5)" | 3" cos(ai) —cos(pi) = (pi—gi) sin(gi) | cos(v) 3ld
harmonic divergence (a > 0)
. a+2 —
Ao CRE | DAk -y oy ot oD,
norm-like divergence (a > 2)
A SR | Ypf + (o= L — apig?”! | e
exponential divergence
Mol CRT | Sexp(p) — (0 — g+ Dexplg) | exp(A—wv) | =2
reciprocal exponential divergence
[\ v]? C R > exp(—pi) — (pi—gi+1)exp(—qi) | exp(A—v) | ginyla
logistic loss
d d i 1—p; A(lw) (1-Mw) 1—v+A
(A, v]" € (0,1) >_piln % + (1-pi)In 1—1(; ’U(l:{l)j\)(l—’l)-l-)\) A (1) Ld
dual logistic loss
d d 1+exp(pi) exp(q;) 4exp(v) 1
—v,v]* CR In L —(pi— i , =1
[ ] 2 T4exp(gi) (pi—ai) 1+exp(gi) (1+exp(v))2 gd
Hellinger-like divergence
1-pigi
ol € (L1 | DA 1 (=P | gl

Figure 2.3: An overview of some pu-similar Bregman divergences.
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2 Bregman divergences

Example 1: Mahalanobis distances. As a trivial observation, note that
all Mahalanobis distances D 4 on domain R?, such as the squared Euclidean
distance, are 1-similar Bregman divergences.

Example 2: Kullback-Leibler divergence. We show that the general-
ized Kullback-Leibler divergence

Dxkr(p, ¢ Z (pz In = —p; + Qi) (2.140)

is p-similar when restricted to domain [A,v]* C R% with 0 < A < v.

Lemma 2.19. Let 0 < XA < v. Dgy, on domain [A\,v]* C RY is a p-similar
Bregman divergence with y = % and A = %Id

Proof. Let p,q € [\, v]* with p = (p1,pa,...,pa)" and ¢ = (q1, 42, -, qa) "
Recall that generating function

d
SOKL Z t lnt (2141)
=0

has a Hessian matrix given by

os
R )
o o

V2okL(t) = (2.142)

1
tq

for all t = (t1,t2,...,t4)" € [\, v]%. Furthermore, by the Lagrange form of
Lemma 2.7] we know that

1
Dk (p. q) = 5(29 )" V(&) (p — ) (2.143)
1
=3 Z —¢)? (2.144)
for some & = (&1,&,...,82)" € [N, 0]%. Since we have | < £ < { for all
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1=1,2,...,d we obtain

d
D1 (p, q) < % Z(pz —q)° (2.145)
-0 (334) -0 (2.146)
=Da(p,q) (2.147)
and
L
Dxkw(p, q) > B Z(pz —q)° (2.148)
=27 (550a) -0 (2.149)
_ %DA(p7 7 . (2.150)
]

Example 3: Itakura-Saito divergence. The Itakura-Saito divergence

Dis(p, q) = Zd: (

i=1

LA W 1> . (2.151)
4q; q;

is also a p-similar Bregman divergence when restricted to domain [\, v]<.

Lemma 2.20. Let 0 < A < v. Dyg on domain [\, v]* C R% is a p-similar

Bregman divergence with p = i—z and A = ﬁ_fd.

Proof. This lemma can be shown in analogy to Lemma [2.19, That is, let

D, q € [)‘7U]d with b = (p17p27 s 7pd)—r and q = (Qh qz, - - - 7Qd)—|—‘ Recall
that generating function

d
1
prs(t) = 2; In - (2.152)
has a Hessian matrix given by
1

2 0 0

) 0 tlg 0
\Y% (pls(t) = 2 (2.153)

0 0 L
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2 Bregman divergences

for all t = (t17t2,...,td

) e [\ ]

Lemma we know that

for some £ = (&,&,. ..
,d we obtain

1,2,...

and
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Dis(p,q) = 5(p — q) ' Veis()(p — q)

. Since # < g%
7

7€d)T

d
DIS pa S Z - qz

=(p—q' (%fd) (p—q)
= Dal(p, q)

Dis(p, q) > 2%2 ;(pi 4)’
:%(P—Q) (i d) (p—q)
= /\_zDA<p7 )

1
S %

Furthermore, by the Lagrange form of

(2.154)

(2.155)

for all 1 =

(2.156)

(2.157)

(2.158)

(2.159)

(2.160)

(2.161)



3 The k-median problem

This thesis is mainly dedicated to the study of the k-median problem us-
ing a Bregman divergence D,, (as introduced in Chapter [2]) as dissimilarity
measure. In this case, we call the problem the Bregman k-median problem.
This notion captures a large number of clustering problems that have been
intensively studied by the scientific community, such as the Euclidean k-
means problem (when using the squared Euclidean distance as dissimilarity
measure), information theoretic clustering (using the Kullback-Leibler di-
vergence or similar entropy based divergences), or the vector quantization
problem (using either the squared Euclidean distance or the Itakura-Saito
divergence). These and other related median-type clustering problems go
by a variety of different names in literature, even sometimes when address-
ing the same problem. In this thesis, we will address them in a unified
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3 The k-median problem

manner as is provided in this chapter. A small overview of three different
practical applications of the Bregman k-median problem is given later in
Appendix [A]l

The rest of this chapter is organized as follows. In Section we intro-
duce our terms and our notation of a general formulation of the k-median
problem. We also prove some useful properties common to all instances of
the generalized k-median problem. After that, in Section [3.2] we study the
Bregman k-median problem. In particular, we investigate geometrical and
combinatorial aspects of optimal Bregman k-median clusterings that are
valid even in the absence of convenient metric properties of the given Breg-
man divergence. We conclude this chapter by giving a simple polynomial
time algorithm for the Bregman k-median problem in dimension d = 1.
This algorithm serves as a toy example to demonstrate the feasibility of
giving Bregman clustering algorithms that do not rely on metric properties
such as symmetry or the triangle inequality.

3.1 The generalized k-median problem

In this section we introduce our generalized formulation of the k-median
problem. This notion captures a large number of well-known clustering
problems and has already been used in |[Ackermann et al., 2008]. We also
prove some basic properties of the generalized k-median problem.

3.1.1 Definitions and notation

We are given an arbitrary domain X C R%. Usually, the elements from X
are called points. On domain X an arbitrary dissimilarity measure

is defined. D(x,y) specifies the directed dissimilarity from point z € X
towards point y € X. For a point x € X and a finite subset C' C X we
sometimes write

D(z,C) = IcréiélD(x,c) (3.2)

to specify the dissimilarity from point x towards the closest point from set
C. We make no assumption on the nature of the dissimilarity measure
D other than D(z,y) = 0 if and only if z = y. In particular, D may
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3.1 The generalized k-median problem

be asymmetric (i.e, there may be z,y € X with D(x,y) # D(y,z)) and
does not necessarily satisfy the triangle inequality (i.e, there may exist
z,y,z € X with D(z,2) > D(x,y) + D(y,2)). We also allow D to have
singularities, that is, there may be points z,y € X with D(z,y) =

For finite sets P,C C X with |C| = k we denote the k-median cost of
point set P towards C' with respect to D by

cost?(P,C) = ZD p,C) , (3.3)

peEP

which is the total dissimilarity of all points from P towards their closest
point from set C'. In this context, the points from C' are called centers. If
a single center point ¢ € X is used we also write

cost® (P, c) ZD D, C) . (3.4)

peEP

If point set P is associated with a weight function w : P — Ry, the
weighted k-median cost is given by the weighted sum of the dissimilarity
of all points from P towards their closest point from set C, that is,

costy(P,C) = > w(p)D(p,C) . (3.5)

peEP

A center point ¢ € X that minimizes cost? (P, ¢) is called a median of P.
If well defined and unique, we denote such a median by

med® (P) = arg IC%? costP (P, c) . (3.6)

The points of a set C C X of size |C| = k that minimizes cost? (P, C) are
called k-medians of P. The cost of such a set of medians is denoted by

opty (P) = min cost®(P, C) . (3.7)

\CI k

The k-median problem with respect to dissimilarity measure D is defined
as follows.

Problem 3.1 (generalized k-median problem). Let D be a dissimilarity
measure on domain X C R? and let k € N. Given a finite set P C X, find
a set C C X of size |C| = k such that cost? (P, C) is minimized.
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3 The k-median problem

For any finite P C X, a k-clustering of P is given by a partition of P
into k non-empty sets. Alternatively, given a set C' C X of |C| = k center
points, a k-clustering of P is induced by assigning each point from P to
its closest center point in C', breaking ties arbitrarily. Here, for each ¢ € C'
the set of points from P that are assigned to a common center point form
one set of the partition of P.

A partition Py, P, ..., P, of P is called an optimal k-median clustering
of P if the set C' = {med”(P)|i = 1,2,...,k} of the medians of all P,
achieves minimal k-median cost, that is,

costP (P, C) = opty (P) . (3.8)

Furthermore, for an o > 1, a partition P, P,,..., P, is called an «a-
approzimate k-median clustering of P if C' = {med®(P,)|i = 1,2,... k}
satisfies

cost?(P,C) < a opty (P) . (3.9)

Throughout this thesis, if the dissimilarity measure used is unambiguous,
we omit the superscript D and simply write cost, cost,,, med, and opt,
instead.

3.1.2 Properties

In this section we study some basic properties of the generalized k-median
problem. These properties are valid regardless of which concrete dissimi-
larity measure D is used. We will make intensive use of these properties
throughout the rest of this thesis.

For the remainder of this section, let P C X and let C' = {c;,¢ca,..., ¢} C
X be an arbitrary set of k centers. Furthermore, let Py, P, ..., P. denote
the k-clustering of P induced by C', where P; denotes the points from P
closest to center ¢;, i.e., p € P; if and only if ¢; = arg min.cc D(p, ¢).

Our first lemma addresses the simple observation that due to the additive
definition of the k-median cost function, the total cost of P towards a set
of centers C' is given by the sum of the 1-median cost of each individual
cluster.

Lemma 3.2. We have

k
cost(P,C) = Z cost(P;, ¢;) (3.10)
i=1
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3.1 The generalized k-median problem

and

opt,(P) = Z opt,(P) . (3.11)

Proof. Trivially, by definition of k-median cost function we obtain

k k
cost(P, C) ZICIéIHD p,c Z Z D(p,c;) = ;cost(Pi, ¢) . (3.12)

peEP i=1 peP;
This proves equation (3.10). Equation (3.11) follows immediately from
equation (3.10) if C' denotes the set of optimal k-medians of P. H

We also find that a larger number of centers can not increase the optimal
k-median cost of a point set P, as is stated in the following lemma.

Lemma 3.3. For allk > 2 and P C X we have
opty,(P) < opt,_,(P) . (3.13)

Proof. Let C" ={d|,c, ..., c,_,} denote the optimal (k—1)-medians of P,
i.e., cost(P,C") = opt;,_;(P). Furthermore, let P/, P}, ..., P;_; denote the
optimal (k — 1)-clustering of P induced by C’. From Lemma (3.2 we know

opty,_4( z:opt1 Zcost Y Ch) (3.14)

Now, pick an arbitrary cluster of this partition, for instance, P. Let P =
Pl(l) UPI(Q) be an arbitrary partition of P| and let cgl), c§2) denote the optimal
medians of Pl(l),Pl(Q). Then we have cost(Pl(l),cgl)) < cost(Pl(l),c’l) and
COSt(Pl(2), c@) < cost(Pl(2), }), and we obtain

k—1
opty_,(P) = cost(P], c}) + Zcost ) (3.15)
1=2
> cost(P, V) + cost(P )+ Z cost(P,c;)  (3.16)
> cost(P,C) , (3.17)
where C' = {cll), 012), &, ....ck_,}. Since |C| = k we conclude
opt,_,(P) > cost(P,C) > opt,(P) . (3.18)

]
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3 The k-median problem

Finally, we observe that the generalized k-median problem satisfies the
following optimal substructure property: Every optimal solution to the k-
median problem contains an optimal solution to a (k — 1)-median problem.
More precisely, if Py, P, ..., P, denote the clusters of an optimal k-median
clustering of P and we remove any cluster P; completely from the point
set, then the remaining k£ — 1 clusters form an optimal (k — 1)-median clus-
tering of the remaining points P\ P;. The optimal substructure property is
an important ingredient that allows the application of generic algorithmic
strategies, such as the divide-and-conquer method or dynamic program-
ming (cf. [Cormen et al., 2009]). We will make use of this property in the
simple optimal algorithm from Section [3.3] as well as in the approximation
algorithm from Chapter [

Lemma 3.4 (optimal substructure property). Let C' be a set of optimal
k-medians of P, that is, cost(P,C) = opt,(P). Then for alli=1,2,... k
we have

cost(P\ P;,C\ {¢;}) = opty_(P\ P) . (3.19)

Proof. Let P' = P\ P, denote the remaining point set. Furthermore, as-
sume for the sake of contradiction that opt,_,(P’) < cost(P’,C\ {¢;}).
That is, there exists an optimal partition Pj, Py,...,P,_; and a corre-
sponding set of (k — 1)-medians C" = {c|, ¢}, ..., c,_;} such that

cost(P', C") < cost(P',C\ {¢;}) . (3.20)
But this leads to
cost(P,C" U {¢;}) < cost(P;, ¢;) + cost(P', C") (3.21)
< cost(P;, ¢;) + cost (P, C\ {¢;}) (3.22)
= cost(P,C) , (3.23)

which stands in contradiction to the optimality of C' as the k-medians of
P. Hence, the lemma follows. O

3.2 Bregman k-median clustering

In this section, we study special instances of the generalized k-median prob-
lem using Bregman divergences as dissimilarity measure. In particular, we
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3.2 Bregman k-median clustering

discuss the geometrical and combinatorial properties of optimal Bregman
k-median clusterings. The properties discussed in this section do not rely
on any metric or approximate metric properties of the given Bregman di-
vergence, and, in fact, lead to a polynomial time algorithm solving the
Bregman k-median in fixed dimension and for a fixed number of clusters.

In the sequel, let D, denote a Bregman divergence on domain X. For
every finite P C X of size |P| = n we denote by

1
cp=— dp (3.24)
peP

the centroid of P. The centroid plays an important role in the context of
Bregman k-median clustering as is observed by the following two lemmas
due to [Banerjee et al., 2005b]. First, it is known that for all Bregman
divergences the following central identity holds. This identity is of crucial
importance for the techniques employed throughout this paper.

Lemma 3.5 (|[Banerjee et al., 2005b], proof of Proposition 1). Let P C X
be of size |P| =mn. For all g € X we have

cost(P, q) = cost(P,cp) +nDy(cp,q) . (3.25)
Proof. We have
cost(P, q) — cost(P, cp)

= Z(Dw(p7 Q) - D«p(ﬁ, CP)) (3-26)

=D (¢ ~ V(o) (0 —q) + Veplep) (p — cp)) (3.27)
= np(cp) —ne(q ZVQO (p—q)+ ZVgp cp) (p—cp) . (3.28)

peEP peEP

Using the bi-linearity of the inner product we find

D Ve(@) (p—q) =nVe(g) ( > p- q) =nVe(q)' (cp—q) .
" " (3.29)

Analogously, we obtain

ZV@(CP)T —cp) =nVe(cp) ( Zp - Cp) =0. (3.30)

pEP
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We conclude

cost(P, q) — cost(P,cp) = n(p(cp) — ¢(q) — Vlq) (cp —q))  (3.31)
=nDy(cp,q) . (3.32)

O

Second, it is an immediate consequence of the central identity of Lemma
3.5 that for any Bregman divergence the centroid cp is, indeed, the unique
median of a cluster P.

Lemma 3.6 ([Banerjee et al., 2005b], Proposition 1). Let P C X be finite.
Then the centroid cp is the unique optimal 1-median of P, i.e.,

cp = med(P) . (3.33)

Proof. From Lemma2.3we know that Dy(-, -) and cost(-, -) are non-negative,
and that D,(z,y) = 0 if and only if = y. Since cost(P, cp) is constant
for any fixed P C X, using Lemma [3.5] we conclude that

cost(P, q) = cost(P,cp) +nDy(cp,q) (3.34)
is minimal if and only if ¢ = cp. ]
Furthermore, a k-clustering Py, Ps, . .., P of P is called linearly separable

if every two distinct clusters F;, P; are separated by a hyperplane H, i.e.,
for each 4, j with ¢ # j there exist some a,b € R? such that

PCH ={zecRa"z <0} (3.35)
and
P,CH ={zecRa"z>0}. (3.36)

Intuitively, linear separability assures that the convex hulls of different
clusters do not overlap. It is an important observation that any optimal
Bregman k-median clustering is linearly separable, as is given by the fol-
lowing lemma.

Lemma 3.7. Let P C X and let Py, P, ..., P, be an optimal Bregman
k-median clustering of P. Then Py, Py, ..., Py is linearly separable.
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3.2 Bregman k-median clustering

Proof. For all i = 1,2,...,k let ¢; = med(F;) denote the centroid of P;.
Then for each p € P, we have Dy (p,¢;) < Dy(p,c;) for all i # j, since
otherwise swapping point p from cluster P; to cluster P; would decrease
the k-median cost, which contradicts the optimality of P, P, ..., P.

Fix any two distinct indices ¢, j. We prove the lemma by showing that
P;, P; are separated by the hyperplane

Hij={r eR|a"z = b} (3.37)

where
a = V() —Vela) , (3.38)
b=Veole) ¢ = Vole) e — ple) + ple) . (3.39)

To this end, note that if there are any p € P,UP; with D (p, ¢;) = Dy (p, ¢;)
we may assume without loss of generality that all these points are from F;.
This is valid since swapping these points from P; to P; can not increase
the k-median clustering cost.

Hence, in the case p € P; we have D, (p, ¢;) > D, (p, ¢;), and we obtain

p(x) — () = Vele) T (x — ¢) > () — ole;) — Vo) (z —¢;)
(3.40)

or, equivalently,

(Voles) — Vple) & > Vle) e — Viple) Tei — p(e;) + olei) . (3.41)

This leads to p € H;; = {x € R*|a’x > b}.

On the other hand, in the case p € P, we have Dy(p,¢;) < Dy(p, ;).
Analogously to the case above we obtain p € H:; ={z e R? ‘ a'z < b}
We conclude that for any pair of distinct indices 7, j there is a hyperplane
that separates P; and P;. Thus, the k-clustering P, P, ..., P is linearly
separable. O

The linear separability of optimal Bregman k-median clusterings has
several important implications. First of all, this property allows the use of
Voronoi-type diagrams in the context of Bregman k-median clustering (for
an in-depth study of Bregman-Voronoi diagrams see [Nielsen et al., 2007]).
Second, it allows to give a non-trivial size bound on the search space for an
optimal solution of the Bregman k-median problem. Trivially, the number
of distinct clusterings of a k-median problem is bounded by the number
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of partitions of P into k subsets. That is, there are at most k" feasible
clusterings to a general k-median problem. However, in case of linearly sep-
arable optimal clusterings, we learn that the number of potential optimal
solutions can be much smaller, as is stated in the following theorem.

Lemma 3.8. Let P C RY be of size |P| = n. The number of linearly
k—1)k

separable k-clusterings of P is bounded by n™ .

Proof. Let Py, Ps, ..., P, be an arbitrary linearly separable k-clustering of
P. Furthermore, fix any index i. Since the k-clustering Pi, P, ..., Py is
linearly separable we know that P, is separated from the other k—1 clusters
by at most k — 1 oriented hyperplanes Hy, Hs, ..., Hi_;. Hence there exist
at most k — 1 halfspaces H{", Hy ..., H," | such that

P=rPn(H =()(PnH). (3.42)

j=1 j=1

Now, consider a single hyperplane H;. In d-dimensional space R, there
exists another hyperplane GG; that contains d points from P such that

PNHf=PNG]. (3.43)

Hence, PNH ;r is properly determined by selecting d points from P. This ar-
gument can be repeated for each of the k—1 hyperplanes Hy, Ho, ..., Hy_1.
Therefore, cluster P; is properly determined by selecting at most d(k — 1)
points from P.

It follows that there are at most n?*~1 different subsets P, that may
occur in a linearly separable k-clustering of P. Thus, there are at most
ndk=Dk collections of k such subsets, and the lemma follows. O

Hence, if dimension d and number of clusters k are constant, there
are merely a polynomial number of potential optimal solutions. Fur-
thermore, as described in the proof of Lemma [3.§, these optimal parti-
tions can be enumerated explicitly by constructing all O(dk?)-tupels of
points from P, building the corresponding hyperplanes, and partitioning
the point set in time O(d?n) for each partition. Thus, by enumerating all
Bregman-Voronoi partitions of P and returning the partition with min-
imal k-median cost, we obtain from Lemma the following straight-
forward generalization of a classical result from [Boros and Hammer, 1989
and |Hasegawa et al., 1993].
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Corollary 3.9. Let D, be an arbitrary Bregman divergence on domain
X C R4 Furthermore, let P C X be of size |P| = n. Then the k-median
problem with respect to Dy, and input instance P can be solved optimally
using at most nCWk) qrithmetic operations, including evaluation of D,.

It has to be mentioned that in [Inaba et al., 1994] the bound from Lemma
has been improved to n®@) for the case of the Euclidean k-means clus-
tering. Using the connection between the squared Euclidean distance and
any Mahalanobis distance from Lemma [2.13] we find that this strengthened
bound also applies to k-median clustering using Mahalanobis distances.
Unfortunately, the proof from [[naba et al., 1994] does not generalize to
the case of arbitrary Bregman k-median problems.

In addition to the observations from this section, we make use of the
linear separability in the simple optimal algorithm given in the next section.

3.3 A simple optimal algorithm for d =1

In this section we give a simple algorithm for solving the Bregman k-median
problem in dimension d = 1 optimally in polynomial time. This algorithm
demonstrates that it is possible to give efficient k-median clustering al-
gorithms that do not rely on metric properties such as symmetry or the
triangle inequality. Rather, the algorithm given in this section relies on the
combinatorial properties of optimal Bregman k-median clusterings.

The algorithm given in this section is assumed to be folklore to the
scientific community, although its origin seems to be unknown. To the best
of this author’s knowledge, the earliest reference to this algorithm has been
given in [Brucker, 1977 in the context of Euclidean k-means clustering.

The algorithm we give for the Bregman k-median problem relies on the
following two properties:

(a) Every two distinct clusters of an optimal k-median clustering of P
are separated by a hyperplane. This is guaranteed by the linear
separability property from Lemma [3.7

(b) Every selection of k — 1 clusters of an optimal k-median clustering
of P forms an optimal (k — 1)-median clustering of the points from
these clusters. This is given by the optimal substructure property
from Lemma [3.4l
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3 The k-median problem

Hence, we can use the following simple, recursive strategy to solve the
Bregman k-median problem optimally: First, find any one optimal cluster
and remove all of its points from the input point set. Then, recursively,
solve the (k — 1)-median problem on the remaining point set. The opti-
mal substructure property guarantees that the solution found this way is
optimal.

Of course, we do not know the clusters of an optimal k-median clustering
in advance. Here, the linear separability property comes into play. In the
following, let D, be a Bregman divergence on domain X C R, and let
P C X be finite, i.e., P is the input set of a Bregman k-median problem in
dimension d = 1. Without loss of generality, we may assume that the input
points are given in non-decreasing order, that is, P = {p1, p2, ..., p,} with
p1 < py < ...<p, Now, assume we want to find the optimal cluster P’ C
P that contains the largest input point p,. From the linear separability
property we know that P' = {ps, pi+1,...,pn} for some index 1 <t < n
(or, more precisely, k <t < n since we assume the remaining k — 1 clusters
to be non-empty). Note that the number of all possible linearly separable
subsets that contain p,, is merely linear in n, and independent of k. Thus,
to find an optimal k-median clustering, all we have to do is to try all
values of ¢, solve the (k — 1)-median problem on P\ P’ = {p1,pa,...,pi—1}
recursively, and return the best clustering obtained this way.

This approach is summarized in the following recursive algorithm on
input P = {p1,p2,...,pn} CXand k € N:

1. If k =1 return med(P) as the optimal 1-median clustering of P and
terminate. Otherwise continue with step 2.

2. For each t with £ <t < n, repeat:

a) Let P' = {p, prr1,---,Pn}-

b) Recursively, solve the (k — 1)-clustering problem optimally for
input set {p1,p2,...,pr_1}. Let Py, Ps,..., P,_1 denote the op-
timal (k — 1)-median clustering found this way.

¢) Compute the k-median cost of the k-clustering P, ..., Py_1, P’
to store the k-median clustering with minimal cost seen so far.

3. Finally, return the k-clustering with minimal cost.

However, a straight-forward recursive implementation of this strategy fails
to achieve a running time that is polynomial in n and k. This problem
is avoided using a dynamic programming implementation of the recursive
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3.3 A simple optimal algorithm for d = 1

SIMPLECLUSTER1ID (P, k):
P ordered set of input points {p; }; with p1 <ps <...<p,
k  number of medians to be found with k < n
1: fori=1,2,...,k do

2: c — med({p1....,pi})

3: Bli, 1] « cost({p1....,pi},¢)

4: Cli, 1] « {c}

5: end for

6: for j =2,3,...,k do

T fori=j5,74+1,...,ndo

8: Bli, j] < o0

9: Cli,jl 0

10: fort=34,74+1,...,ido

11: ¢ —med({ps....,pi})

12: b<—B[t—1,j—1]+cost({pt....,pi},c)
13: if b < BJi, j| then

14: Bli,j] < b

15: Cli,jl—C[t—1,7 — 1] U{c}
16: end if

17: end for

18: end for

19: end for

20: return C[n, k]

Figure 3.1: A simple, optimal k-median clustering algorithm for d = 1.

approach, as is given in detail in Figure [3.1 We obtain the following result
for the 1-dimensional Bregman k-median problem.

Theorem 3.10. Let D, be a Bregman divergence on domain X C R. Algo-
rithm SIMPLECLUSTER1D computes an optimal solution to the k-median
problem with respect to D, for input instance P of size n using at most
O(kn®) arithmetic operations, including evaluations of D.,.

Unfortunately, the strategy of this simple algorithm fails to achieve a
running time polynomial in n and k for any fixed dimension d > 2. To see
this, recall that in the case d = 1 there exists a distinguished point p € P
such that the number of linearly separable subsets of P that contain p is
merely linear in n and independent of k. In general, this is already no longer
true in the case d = 2, as we easily see using the following counterexample.
Let X C R? and assume that X contains the 2-dimensional unit circle
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3 The k-median problem

S ={(zy,12)" € R?| 22 + 22 = 1}. We consider the input set P consisting
of n points placed evenly on the unit circle S. Fix an arbitrary p € P and
let us derive a lower bound on the number of subsets of P that contain
p and that are separated from the remaining points of P by up to k — 1
hyperplanes. To this end, since P lies on the unit circle S, we observe that
for each ¢ € P\ {p} there exists an oriented hyperplane H, and a halfspace
H defined by H, such that PN HS = P\ {q}. Therefore, we obtain a
different, linearly separable subset of P containing p for each selection of
k—1 points q1, ¢z, . . ., qg—1 from P\ {p}. Thus, the number of such subsets
is bounded from below by

n—1 k(n nk-1
(k - 1) - ﬁ(k;) = BT (3:44)
Hence, for a reasonably small number of clusters of, say, & < n'~¢ with
an arbitrarily small constant ¢ > 0, we obtain that the number of linearly
separable subsets of P containing any fixed point p is at least nf*).
Thus, the strategy of this simple algorithm provides little help if we seek
to solve the Bregman k-median problem optimally in arbitrary dimension
d. However, as we learn in Chapter 4] the general idea of this strategy
still leads to an efficient, randomized approximation scheme in arbitrary
dimension d for the generalized k-median problem with respect to a large
number of metric and non-metric dissimilarity measures, including all -
similar Bregman divergences.
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4 (1+ e)-approximate
clustering by uniform
sampling

In this chapter we study the generalized k-median problem with respect
to an arbitrary dissimilarity measure D. We give an asymptotically fast
linear time algorithm that relies on the usefulness of uniform sampling.

Our main result can be roughly stated as follows. For every dissimilarity
measure exists a linear time (1 4 ¢)-approximation algorithm for the k-
median problem, provided that the 1-median problem can be approximated
within a factor of (1 + ¢) by taking a random sample of constant size and
solving the 1-median problem on the sample exactly. In this way we show
an interesting connection between sampleability and clusterability: For the
existence of good approximation algorithms it is sufficient to guarantee that
a constant sized sample set contains enough information to approximate the
median of the original set. The interesting aspect of this characterization
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4 (1 + e)-approximate clustering by uniform sampling

is that it needs no further assumption whatsoever on the properties of the
dissimilarity measure. Hence, it is well-suited for arbitrary, non-metric
k-median problems (e.g., the Bregman k-median problem).

Stated in detail, we formulate the following sampling property.

Property 4.1. Let v > 0 and 0 < 0 < 1 be arbitrary constants. We say
a dissimilarity measure D satisfies the (strong) [, d]-sampling property if
the following conditions are satisfied.

(a) There exists an algorithm that for every finite subset S C X computes
an optimal 1-median med(S) of S in time depending only on |S|.

(b) There exists a constant m.s € N such that for every subset P C X
of size n and for every uniform sample multiset S C P of size m., s
an optimal 1-median med(S) € X satisfies

Pr [cost (P, med(S)) < (1+7)opty(P)] >1-4 . (4.1)

Here, condition (a) captures mainly the fact that the problem is well-
posed, i.e. an optimal 1-median med(P) is computable. Condition (b)
requires that, with high probability, the median a constant size uniform
sample is a good approximate solution for the 1-median problem of the
original set. Using this property, in Section 4.1, we show the following
result.

Theorem 4.2. Let k € N and let 0 < €,0 < 1 be arbitrary constants. Let
D be a dissimilarity measure on domain X satisfying the [e/3,0]-sampling
property. Then there exists an algorithm that, with constant probability,
computes a (1 + €)-approximate solution of the k-median problem with re-
spect to D for any input instance P of size n. Furthermore, this solution
can be found using at most 200F10emE/E) operations, including evalua-
tions of D, where m is a constant that depends only on €, 6, and D.

Using this characterization, we obtain linear time (1 4+ ¢)-approximation
algorithms for the k-median problem with respect to a number of metric

and non-metric distance measures, such as:

e k-median clustering in R¢ with respect to an arbitrary Mahalanobis
distance.
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e k-median clustering in [\, v]? C RZ with respect to the Kullback-
Leibler divergence, where \,v with A < v are arbitrary positive
constants. This is the first approximation algorithm for k-median
clustering using the Kullback-Leibler divergence that provides any
non-trivial approximation ratio.

e k-median clustering in [\, v]? C R? with respect to the Itakura-Saito
divergence, where \,v with A\ < v are arbitrary positive constants.
This is the first approximation algorithm for k-median clustering us-
ing the Itakura-Saito divergence that provides any non-trivial ap-
proximation ratio.

e k-median clustering with respect to any p-similar Bregman diver-
gence defined on domain X C R? This is the first approximation
algorithm that provides any non-trivial approximation ratio for a
large number of Bregman k-median problems.

e k-median clustering in R‘éo with respect to the Hellinger distance.

e k-median clustering in an arbitrary metric space (X, D) with bounded
doubling dimension, provided that D satisfies condition (a).

In addition to that, a previously known result from |[Kumar et al., 2004]
states that there exists a linear time (1 + ¢)-approximation algorithm for
the Euclidean k-means problem. Using our characterization, we obtain the
same result (as an instance of the k-median problem with Mahalanobis
distances) in a simplified manner. We also confirm an observation from
[Ailon et al., 2006] by using our approach to give a (1 + ¢)-approximation
algorithm for the k-median problem on the Hamming cube {0, 1}¢.

To obtain our results for specific dissimilarity measures like the Maha-
lanobis distances, Kullback-Leibler divergence, Itakura-Saito divergence,
etc. we show in Section that the optimal median of a constant sized
uniform sample set S C P is an approximate median of P. We also prove
such results for arbitrary doubling metrics, the Hamming distance, and
non-metric, non-Bregman distance measures such as the Hellinger distance.
These sampling results are the second main contribution of this chapter.

However, for some dissimilarity measures like the Euclidean distance on
R?, condition (a) is not satisfied because one can not compute an exact
solution to the Euclidean 1-median problem. In literature, this is known
as the Fermat-Weber problem (cf. [Weber, 1909] and |[Bajaj, 1988]). To
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4 (1 + e)-approximate clustering by uniform sampling

deal with these problems, we relax our sampling property in Section
to what we call the weak [, §]-sampling property. Even under this weaker
assumption we are able to obtain linear time (1 + ¢)-approximation al-
gorithms. Thereby, we show that the Euclidean k-median problem also
fits into our framework, and we obtain a previously known result from
|[Kumar et al., 2005] in a simplified manner.

The results from this chapter (except for the results addressing the
Hellinger distance and the Hamming metric) have already been published
in [Ackermann et al., 2008] and [Ackermann et al., 2010a].

4.1 Algorithm for [v,d]-sampleable
dissimilarity measures

In this section we describe and analyze our main algorithm. To obtain
our main result we give a generalized and improved analysis of algorithm
IRRED-k-MEANS from [Kumar et al., 2004]. This algorithm has been gen-
eralized to other clustering problems before. In [Kumar et al., 2005|, suf-
ficient conditions for dissimilarity measures have been given that allow for
the application of the algorithm from [Kumar et al., 2004]. However, sym-
metry and the triangle inequality are always assumed. Our generalization
does not require these assumptions. Instead, we give a purely combina-
torial analysis. Therefore, we are able to obtain results for non-metric
dissimilarity measures like the Kullback-Leibler divergence, which seems
to be impossible using previous results.

Our new approach does not only generalize to non-metric dissimilar-
ity measures, it can also be used to obtain the results for the Euclidean
k-median and the Euclidean k-means problem from [Kumar et al., 2004,
Kumar et al., 2005]. Moreover, these results are obtained by a significantly
simplified analysis.

In the following, let dissimilarity measure D satisfy the |7, d]-sampling
property. Furthermore, let constant m.s and the algorithm computing
mapping med(-) be as required in Theorem [£.2]

4.1.1 Superset sampling

Our algorithm makes use of the superset sampling technique introduced
in [Kumar et al., 2004]. This technique is used in the following way. For
input instance P of size n let P* C P be a subset of at least a constant
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

fraction of the elements of P, say |P'| > an with constant o > 0. We want
to draw a uniform sample multiset of size m from P’ without knowing P’
explicitly. The main observation of the superset sampling technique states
that if we take a slightly larger uniform sample from P and inspect all its
subsets of size m, then with constant probability we will find a uniform
sample set from P’ among these subsets.

This technique is an immediate consequence of probabilistic concentra-
tion bounds. Since each sampled point comes from P’ with probability «,
the expected number of sampled points from P’ is am. Hence, oversam-
pling by a factor of ©(1/«) will, with constant probability, provide us with
at least m points from P’

Using the superset sampling technique for [y, §]-sampleable D gives us
the following lemma.

Lemma 4.3 (superset sampling lemma). Let D satisfy the [y, d]-sampling
property. Let P C X be of size n and let P' C P be with |P'| > an for
some constant o > 0. Let S C P be a uniform sample multiset of size at
least 2m., s/a.. Then there exists with probability at least (1 —39)/5 a subset
S" C S with |S'| = m,s and optimal 1-median med(S’) satisfying

cost(P’,med(S")) < (1+ ) opty(P') . (4.2)
Proof. Let random variable X denote the number of points from P’ con-

tained in sample set S. Obviously, a point p € S is from P’ with probability
at least a. Hence,

2
E[X] = LT Prlpe S] > 2m.,5 . (4.3)

Using a Chernoff bound and m., 5 > 1 we obtain

Pr[X < m,s <Pr

1 1 4

Hence, with probability at least %, sample set S contains at least m. s

points from P’. Let S” C SN P’ be such a subset of size m, 5, chosen
uniformly at random. Then S’ is chosen uniformly at random among all
m. s-sized subsets of P’. By the [y, d]-sampling property we know that
with probability at least 1 — ¢ the median of S” is a (1 + «)-approximate
I-median of P’, and the lemma follows. m
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4 (1 + e)-approximate clustering by uniform sampling

For a sample set S C P of size 2m., 5/« let
T = {med(S")|S" C S, |5 =m,s} (4.5)

be the medians of all m, s-sized subsets of S. As an immediate consequence
of Lemma, for any fixed subset P’ C P of size |P’| > a|P| we find that
with constant probability set 7' contains at least one (1 4 7)-approximate
1-median of P’. We call the elements of T' candidates for approximate
medians of P’. Note that for constants o and m, s the candidate set T is
also of constant size

2.
T < (@ ) < 9O(m sklog(my sk/€)) (4.6)
M~ 5

4.1.2 The algorithm

The algorithm we propose in this section bears some resemblance to the
initial idea of our simple, optimal algorithm for the case of dimension d = 1,
given in Section [3.3] For the case of d = 1, we were able to give a very
simple, recursive strategy for the k-median problem: First, find any one
optimal cluster and remove all of its points from the input point set. Then,
recursively solve the (k — 1)-median problem on the remaining point set.
We can use this strategy in the one-dimensional case since for d = 1 we
are able to enumerate all potential optimal clusters efficiently. As we have
seen, this property does not hold for the case of d > 2.

However, algorithm CLUSTER below captures the spirit of this idea. We
adapt our strategy to the arbitrary dimensional case through the use of ran-
domization. Instead of an intractable enumeration of all potential optimal
clusters we use uniform sampling to efficiently approximate a median of
an optimal cluster. Then, this cluster is removed as accurately as possible
from the input set and the (k — 1)-median problem is solved recursively.

To understand the pits and snares of this adaptation, let us first consider
an idealized version of our algorithm CLUSTER for the case of k = 2. Let
P, and P, denote the clusters of an optimal 2-median clustering of input
set P, and assume |P;| > «|P|. Here 0 < o < 1 is a constant parameter
to be specified later. Our idealized strategy can be stated as follows.

1. Use the superset sampling technique to obtain an approximate me-
dian for optimal cluster P;, that is, a ¢; from P with

cost(Py,¢1) < (1 + ) opty(Pr) . (4.7)
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

2. Let N C P be the smallest subset such that
(i) D(p,é1) < D(q,¢) forall p e N and g € P\ N and
(ii) for the remaining points R = P\ N we have |P, N R| > «|R)|.
Assign N to ¢;.

3. Use the superset sampling technique again to obtain an approximate
median for the points from P, within the remaining point set R, that
is, a ¢y from R with

cost(Po N R, ¢) < (1+7)opty (PN R) . (4.8)

4. Assign all remaining points to their closest approximate median and
return {¢y, ¢} as (1 + y)-approximate solution.

This idealized strategy faces two problems. First, using the superset sam-
pling technique we do not get a single approximate median ¢;. Instead, we
get a set 17 of candidates for approximate medians. To solve this problem
we simply try all possible candidates as approximate median ¢; and choose
the candidate which leads to minimal cost. Recall that for constants a and
m., s the candidate set Ty is also of constant size 2°(m.skloe(mysk/2) = The
same procedure is used for obtaining ¢, in step [3|

Second, it is obvious that we do not know the optimal clusters P, and
P,. Thus, we do not know how to choose N from step [2| explicitly. To
cope with this problem we approximate N by partitioning P into subsets
NW N@ - N(eenl) - Here, N denotes the 2 closest points towards
¢, N@ the next 7 closest points, N () the next % closest points, and so
on. Let

J
R =P\ JN® (4.9)
=1

and let v be the minimal index such that
|P,N RY)| > a|RY) . (4.10)

Instead of N we will assign the points from N UN®@ U ... UN® to ¢.

Of course, we still do not know the index v. However, we can guess v
by trying all ©(logn) possible values and choosing the value that leads to
minimal cost.
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Figure 4.1: An illustration of the strategy of algorithm CLUSTER. In this
example, a point set P has to be partitioned into & = 2 clusters. (a) First,
an approximate median ¢; for the larger cluster to the left is obtained by
the superset sampling approach from Lemma (b)—(d) Then, step by
step, the input points closest to ¢; are removed. Eventually, the fraction
of the remaining points from the smaller cluster to the right becomes large
enough such that the superset sampling technique can be applied to obtain
an approximate median of the smaller cluster.

The strategy of our algorithm is depicted in Figure [{.I] Figure
gives a precise recursive definition of Algorithm CLUSTER that uses the
aforementioned strategy for arbitrary k. The algorithm alternates between
two different types of phases: A sampling phase and a pruning phase. In
the sampling phase, new candidates for approximate medians are computed
(according to Lemma and tried in a recursive manner. In the pruning
phase, new values for v are tried: The next %|R| closest points to already
computed approximate medians are assigned and discarded from future
consideration. Hence, the algorithm computes a set of possible solutions
to the k-median problem for all candidates of ¢; and all values of v. In the
final step the algorithm chooses the best solution found this way.
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

CLUSTER(R, [, C):
R set of remaining input points
[ number of medians yet to be found
C  set of medians already found

1. if [ = 0 then return C

2: else

3: if > |R| then return C U R

4: else

5: /* sampling phase */

6: sample a multiset S of size 2m. s/a uniformly at random from R
7 T {med(S’) ‘ ST CS, |8 = m%(g}

8: for all ¢ € T' do

9: C©® « CLUSTER(R,l —1,C U {&})

10: end for

11: /* pruning phase */

12: let N be the set of the |R| minimal points p € R w.r.t. D(p, 0)
13: C* «— CLUSTER(R\ N,1,C)

14: return C(® or C* with minimal cost

15: end if

16: end if

Figure 4.2: Algorithm CLUSTER for arbitrary k£ and fixed positive real
constants «, -, 6.

4.1.3 Analysis for £ =2

To simplify notation, we first analyze algorithm CLUSTER for the case of
k = 2. In the following, let D satisfy the [, §]-sampling property.

Theorem 4.4. Let o < }1 be an arbitrary positive constant. Then algorithm

CLUSTER started with parameters (P,2,0) computes a solution C of the 2-
median problem for input instance P of size n satisfying

. 1-4)°
Pr |cost(P,C) < (1 +8a)(1+7) optz(P)} > (T) : (4.11)
Proof. Assume for simplicity of notation that n is a power of 2. Further-
more, let P; and P, denote the clusters of the optimal 2-clustering of P
with the optimal set of medians C' = {ci, 2}, i.e. cost(P,C) = opty(P)
and cost(P;, ¢;) = opty(P;) for i = 1,2. Assume

1
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4 (1 + e)-approximate clustering by uniform sampling

Denote by T; the candidate set from step [7] during the initial call of the
algorithm. By Lemma [4.3| with probability at least (1 —4)/5 we have that
set T} contains a ¢; with

cost(Py, ¢1) < (14 ) cost(Py,cy) . (4.13)

We consider two cases. First, we assume that during the execution of al-
gorithm CLUSTER there exists a recursive call with parameters (R, 1, {¢})
such that |P, N R| > «|R|. Later we consider the case when there is no
such recursive call.

So let us assume there exists a recursive call with

IP,NR| > alR] . (4.14)

Let R be the largest input set with that property. Let 75 be the candidate

set from step [7] of this call. Again by Lemma [4.3[ with probability (1 —¢)/5
set T, contains a ¢, satisfying

cost(Py N R, ¢p) < (1+7)cost(Pa N R, ) . (4.15)

Here ¢, denotes the optimal 1-median of P, N R, i.e. cost(P, N R, ) =
opty(P, N R). Hence, with probability ((1 — 5)/5)2 a set C = {&,é)
satisfying inequalities and is found by algorithm CLUSTER.
Thus, cost(P, C) yields an upper bound on the cost of the solution returned
by our algorithm.

Let N = P\ R denote the neighboring points removed between the
sampling of ¢, and ¢, by step [12| of the algorithm. Note that the sets P,
P, NN, and P, N R form a disjoint partition of P. Here the sets P; and
P> N R contain the points that the approximate medians ¢; and ¢, have
been sampled from by the superset sampling technique, while the set P,NN
contains the points incorrectly assigned to ¢; during the pruning phases of
the algorithm. Using

cost(P,C') < cost(Py, &) + cost(Py NN, &) + cost(Py N R, &) (4.16)

we bound each term of the sum individually. Using Claim and
stated below we conclude

cost(P,C') < (1 + 8a) cost(Py, &) + cost(Py N R, &) (4.17)
< (14 8a)(1 4 7)cost(Pr,c1) + (1 + ) cost(Pa,co)  (4.18)
< (14 8a)(1 4 7) opty(P) . (4.19)
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

Figure 4.3: An illustration of the charging of the cost of points in the
proof of Claim The total cost of the few incorrectly assigned points
from N ) (the dark points from the smaller cluster to the right) is negligi-
ble when compared to the total cost of the many correctly assigned points
from NU+D (the dark points from the larger cluster to the left).

Claim 4.5. cost(P, N N, &) < 8acost(Py, ¢1).

Proof. Assume N # (), otherwise the claim is trivially true. Hence, N is
the disjoint union of v different subsets N/ of size 37 which correspond to
the neighborhoods removed in step [12] of the algorithm, i.e.,

N=NYUNPyU.. .UNW . (4.20)

We prove the claim using the following strategy. First, we show that for
each j the set NU) contains a large number of points from P; and only a
few points from P,. Then, for each j we charge the cost of the few and
inexpensive points from N N P, against the many and costly points from
NUH) N Py, This strategy is illustrated in Figure [4.3]

To this end, define R® = P and RY) = RU-D\ NU). By definition
we have |[RU)| = [NU)| = 2. Note that the R have been input sets of
recursive calls prior to the call on R = R") and, hence,

Vi<v: |[P,NnRY| < alRY)|. (4.21)
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We obtain

Vji<v: |[BNNY| < |P,nRYY| < aRIY| = Qa% (4.22)

where the first inequality holds since N C RU-D. Using (4.22)), we also
get

Vi<uv: |P1ﬂN(j)|:|N(j)|—|P2ﬂN(j)|2(1—2a)%. (4.23)

Now we show that the cost of assigning PN N to ¢; is small. By definition
of the N we know that for all j < v and for p € N and p’ € NUHD we
have D(p,¢;) < D(p/,¢). Thus,

cost(P, NN &) cost(P, N NUHD &)
. < .
| P, N NG| - |P, N NG|

Using (4.22) and (4.23]) we get

Vi<w: (4.24)

27 ) 97+1
Vji<v: —cost(P,NNW &) <

————cost(P, N NUTY ¢
2an (1—2a)n cost(P &)

(4.25)

or, equivalently,

4o
1 -2«

Vi <v: cost(P,NNY &) < cost(P, N NUTD &) (4.26)

We still need an upper bound on cost(P, N N®) ). As a lower bound on
the size of set P, N R™) we obtain

PN RY| = |RW|—|P,N RY| (4.27)
> |R™)| — |P,n RvY)| (4.28)
> (1- 204);—” . (4.29)

By definition of N®) and R® we also know that for all p € N and
p € R we have D(p,é) < D(p/,é). Analogously to above, combining

(4.22)) and (4.29) we conclude

2a

t(P, N NW &) <
cost( Py ’Cl)_l—Qa

cost(P, N R™W . &). (4.30)
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Using (4.26)) and (4.30) we obtain

cost(Py NN, ¢;)

= cost(P,N NV &) (4.31)
j=1
do S 2

< {0, ;cost(Pl NNUHD &) 4 T cost(P, N R™, &) (4.32)
v—1

< 8« Z cost(Py N NUTD &) + 8a cost(P, N RY, &) (4.33)
j=1

< 8acost(Py, ) (4.34)

since 29— < 42 < 8¢ for a <
1—2« 12«

]

1
3.
Claim 4.6. cost(P, N R, ) < (1 + ) cost( Py, cz).

Proof. Let ¢, be the optimal 1-median of P, N R. By choice of é we get

cost(Py N R, é2) < (14 ) cost(Py N R, c) (4.35)
< (1+7)cost(P, N R, ) (4.36)

< (1+7) cost(Py, ) . (4.37)

[

Proof of T. heorem (continued). Finally, we consider the case when there
has not been a recursive call on an input set R with [P, N R| > «|R|. In
this case there is a sequence of recursive calls consecutively using step [I3]
for v = [logn| times. We end up with a single point ¢ € R. This ¢ can
be assigned to its own cluster with median ¢; = ¢q. This cluster does not
contribute any to cost(P,{¢,é}). On the other hand, cost(P, N N,é&)
with

logn
N=|JNY=P\{g} (4.38)
j=1
is still bounded as given above, thus concluding the proof. O]
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4.1.4 Analysis for k > 2

We generalize the analysis of algorithm CLUSTER to the case k > 2, leading
to the following theorem for D satisfying the [, §]-sampling property.

Theorem 4.7. Let o < ﬁ be an arbitrary positive constant. Then algo-

rithm CLUSTER started with parameters (P, k, () computes a solution C of
the k-median problem for input instance P of size n such that

Pr [Cost(P, C) < (1+8ak?)(1+7) optk(P)] > (1—55)k . (4.39)
Proof. This theorem can be proven analogously to the proof of Theorem
4.4 Generally speaking, during the execution of the algorithm we consider
the two superclusters P| and P, with P| consisting of the clusters whose
medians have already been approximated by C; = {é,é,...,&} and P}
consisting of the clusters whose medians have yet to be found. In this case,
the goal of algorithm CLUSTER is to keep pruning points until Pj becomes
large enough to be considered in the sampling phase. Again, it can be
shown that by removing neighborhoods in step [12]of the pruning phase only
a small fraction of points from Pj are removed. Eventually, the fraction of
points from Pj in the remaining point set will become large enough, and
the superset sampling technique will find an approximate median for one
of the at most k clusters in Pj that have not yet been considered. As in
case k = 2, the total cost of points incorrectly assigned to C; in the pruning
phases will turn out to be bounded by 8ak cost(P/,C;). Summation over
all k¥ sampling phases leads to the given bound.

The analysis in the case when despite pruning the point set no new
cluster becomes large enough to apply the superset sampling technique
follows analogously to the analysis in the case k& = 2. Therefore, we will
from now on concentrate on the case when the k approximate medians
1, Ca, ..., Cr have been successfully found.

Let us assume for simplicity of notation that n is a power of 2. We use
the notation as given in the proof of Theorem Le,let P, P, ..., P
denote the partition of P of the optimal k-clustering with the optimal
set of medians C' = {c1,¢a,...,¢c}. Hence, cost(P,C) = opt,(P) and
cost(P;, ¢;) = opty(P;) for i = 1,... k. For the sake of brevity, we write
Py ;1 for the disjoint union Ui:z P,.

We assume that the P, are numbered in the order their approximate
medians ¢; are found by the superset sampling technique. That is, let
Ry = P and let Ry, Rs,...,Ry_1 with R; C R;_; be the input sets from
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

a sequence of recursive calls with |P, N R;_1| > «|R;_1|. Without loss
of generality, let the R; be the largest input sets with this property. By
Lemma , with probability at least ((1 — d)/5)* we have

cost(P, N Ri—1,¢) < (1+7)opty (PN R;—1) (4.40)

foralli=1,2,... k.

We denote the neighboring points removed between two sampling phases
by step |12 of the algorithm by N; = R;_1 \ R;. It is easy to check that the
sets

PlﬂRo, Pngl, ceey Pkakfl,
Pow N N1, Psy NNy, .., Py N Ny (4.41)

form a disjoint partition of P. Here set P, N R;_; contains the points that
the approximate median ¢; has been sampled from by the superset sampling
technique, while set Fj; 1) M V; contains the points incorrectly assigned to
C; = {¢1,¢,...,&} during the pruning phases between the sampling of ¢
and ¢;4;. Using

k—1
cost(P, C < Zcost (PN R;_1,6) + Zcost Pit1 NN, CZ) (4.42)
=1 =1

we bound each term of the sums individually. Using Claim [£.§stated below
we obtain

k k—1
cost(P. Z cost(P, N R;_1,¢; —|—80¢]€ZCOSt PigNRi_1,{¢1,...,6})
i=1 =1
(4.43)
k-1 i
< cost(P, N R;_1,¢; +80¢kZZcost (PN Ri—1,¢) .
i=1 =1 t=1
(4.44)

Note that since R; C R;_; for all ¢ we have P, N R,y C P, N R;_; for all
t < 1. Hence,

k=1 i k-1 i
Z Z cost(P,N Ri—1,¢) < Z Z cost(P, N Ry_1,¢) (4.45)

i=1 t=1 =1 t=1
k-1

<kY cost(PiNRi_1,5), (4.46)

=1
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4 (1 + e)-approximate clustering by uniform sampling

and we obtain

k k—1
cost(P, C’) < Z cost(P; N Ri_1,¢;) + Sak? Z cost(P, N R;_1,¢;) (4.47)
i=1 i=1
k
< (1+48ak”)> D(PN Ry, &) . (4.48)
i=1

Using Claim [4.9] stated below we conclude

D(P,C) < (1+8ak?)(1 +7)iD(Pi,ci) (4.49)
i=1
= (14 8ak?)(1 + 7) opt,(P) . (4.50)
O
Claim 4.8. For everyt=1,2,...,k —1 we have
cost (P[iJrl,k] N N;, C~’Z) < 8ark cost (P[l,i} NR;_1, é,) ) (4.51)

Proof. Let n; = |R;_1|. Assume N; # (), otherwise the claim is trivially
true. Hence, N; is the disjoint union of v; different subsets NZ-(] ) of size o
which correspond to the neighborhoods removed in step[12]of the algorithm,

ie.
N;=NYuN®PuU.. .uN" . (4.52)

We prove the claim using the same strategy as in Claim That is, first,
we show that for each j the set Ni(j ) contains a large number of points from
Py, and only a few points from P ;. Then, for each j we charge the
cost of the few and inexpensive points from Ni(j N Pji1,1) against the many
and costly points from Ni(j ) P

To this end, define REO) = R,y and RZ@ = Rz(j A Ni(j ). By definition
|R§j )| = |Ni(j )| = 5+. Note that the Rl(j ) have been input sets of recursive
calls prior to the call on R; = RZ(»W) and, hence, for any P, with t > ¢ we
have

Vi<uv: |IBNRY|<alRY)| . (4.53)
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

Using (4.53) we get
k
Vi <wvi: [Pi DR =Y IRNRY| < ak|RY) . (4.54)
t=i+1
Thus,

Vi<vit |[PipigN NPl < | P10 RY™V| < ak|RVV| = 204]{:%
(4.55)

where the first inequality holds since Nl-(j ) ¢ Rl(j Y Using 1) we also
get

Vi<uvi: [Pugn NP = |ND| =Py NP > (1 - 2041@)% . (4.56)
Now we show that the cost of assigning P14 N N; to C; is small.

By definition of Ni(j ) we know that for all J < v; and for p € Ni(j) and
p € N9 we have D(p, C;) < D(p/, C;). Thus,

COSt(P[/L'Jrl’k} N N,L-(j), éz) < COSt(P[Li] N Nl-(j—i_l), éz)

Vi <vy;: . < . 4.57
|P[z'+1,k] N Ni(])| |P[1,7;] N Ni(]Jrl)‘ ( )
Using (4.55) and (4.56) we get
Vi <vy;:
2 cost( Py NN Cy) < Lcost(P 1N NG Cy)
20tkn; [+1A LY T (1= 2ak)n; (1.1 oo
(4.58)
or, equivalently,
\V/j <y COSt(P[H_Lk} N Ni(j), éz) S 1 —2ak COSt(P[Li] N Ni(j—H), éz) .

(4.59)

We still need an upper bound on cost( P14 ﬂNi(V"), C’z) As a lower bound
on the size of set Py ;N ng) we obtain

[P N ngi) = |R§W) — | Py, N ngi) (4.60)
> |[RY)| = |Pipig N RV (4.61)
> (1 - 20416)% : (4.62)
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4 (1 + e)-approximate clustering by uniform sampling

By definition of Ni("i) and REW) we also know that for all p € Ni("i) and
p € REW) we have D(p, (72) < D(p’, (1) In analogy to above, combining

(4.55) and (4.62)) we conclude

20k

cost(Pli+1,5 N N )Gy < [ ouk cost (P N Rgui), Cy) . (4.63)
Using (4.59), (4.63), and
cost( P16 NN, Z cost(Pyy1,6 N N C’) (4.64)
j=1
we obtain
cost( P16 NIV, é,)
v;—1
4ok Z (G+1) & 2ak (i) A
t(Prg NN C t(PragNR™,C;
—1—2ak;ms(“] ) T aag ot N ARG
(4.65)
vi—1
< 8ak Z cost(Pr NN, (1) ,Ci) + 8ak cost( P N Rg'/i), C;)  (4.66)
7j=1

. 2ak dak 1 .
since 75+ < 17‘;;% < 8ak for a < 5. Thus, using the fact that

R( “) are disjoint subsets of R;_; we obtain

cost( P16 NNV, C’l) < 8ak cost(Pp i N R;—1, @) (4.67)
0

Claim 4.9. For everyi=1,2,...,k we have
cost(P, N Ri—1,¢) < (1 +7)cost(P, ¢;) . (4.68)

Proof. Let ¢; be the optimal 1-median of P,N R,;_;. By choice of ¢ we get

cost(P;, N R;_1,¢) < (14 ) cost(P; N R;_1,¢) (4.69)
< (1 + '}/) COSt(PZ' N Ri—la Ci) (470)

< (14 7)cost(P;,¢) . (4.71)

O
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

By choosing parameters o = 15z and v = £ we obtain that algorithm

CLUSTER computes a (14 ¢)-approximation to the k-median problem with
respect to D.

Corollary 4.10. Let P C X, k€ N, and 0 < ¢,6 < 1. If D satisfies the
[e/3,0]-sampling property then algorithm CLUSTER started with parameters
(P, k,0) and using fixed posz’tz’;ue parameters a < 155 and v < £ computes
a set of approximate centers C' C X satisfying

Pr |cost(P,C) < (1 +¢) optk(P)] > (1T_5>k : (4.72)

Proof. The corollary follows from Theorem [4.7] since

(1+8ak?)(1+7) =1+ 8ak?*y + 8ak® + v (4.73)
e e ¢
<14 —+-4- 4.74
<1+ +5+g (4.74)
<l4e (4.75)
foraglg?,’yggande<1. O

We now give a running time analysis of algorithm CLUSTER.

Theorem 4.11. Let P C X be of size |P| =n, k € Nand 0 < &,§ < 1.
Furthermore, let D satisfy the [€/3, §]-sampling property with m = m. /3.
Then algorithm CLUSTER started with parameters (P, k,() and using fized
parameters o = O(e/k?) and v = /3 requires at most 2°(mFls(mk/)y
arithmetic operations, including evaluations of D.

Proof. The running time analysis of [Kumar et al., 2004] can easily be
adapted to algorithm CLUSTER. To this end, let T'(n, k) denote the running
time of algorithm CLUSTER started with n input points and k approximate
medians to be found. For £ = 0 we have already found all cluster centers
and we clearly have T'(n,0) = O(1). On the other hand, if £ > 0 and we
have n < k then we just have to assign the n remaining points as cluster
centers. In this case, obviously, T'(n, k) = O(n).

Now, assume n > k > 1. In the sampling phase, the sampling of
O(mk?/¢) points and the construction of the 2°(m1e(mk/)) candidate cen-
ters requires at most 20(m1°8(mk/)) arithmetic operations. After that, each
of the candidates is tried recursively, taking 20(mloa(mk/ 5))T(n, k —1) steps.
In the pruning phase, set N is obtained by finding the median element of set
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4 (1 + e)-approximate clustering by uniform sampling

{D(p,C)|p € P} and by partitioning the points according to this median
element. This takes O(n) operations, including evaluations of dissimilar-
ity function D. Finally, the algorithm is called recursively once for the
remaining point set, requiring time 7'(n/2, k). We obtain that algorithm
CLUSTER has a running time 7'(n, k) given by the recurrence

T(n,k)
_ 2(9(mlog(mk/a))jv(n7 kb — 1) + T (g’ k) + O(TL) + 2O(mlog(mk/a)) (476)

< 200N T (1, | — 1) + T (2, 7) + O(n) - 20m1o5mb/) - (4.77)

Hence, let ¢ = 20(mloe(mk/e)) he 3 constant large enough such that

c itk=0
T(n,k) < {cn ifk>1landn<k. (4.78)
c¢T(nk—1)+T(%2,k)+cn ifk>1landn>k

We can bound recurrences of this type by Claim 4.12|stated below. Using
Claim [4.12) with ¢« = n and j = k we obtain

T(n, k) < n4kcktl = g0mklog(mk/e))y, (4.79)
This shows that the running time of the algorithm is linear in n. O
Claim 4.12. T(i,j) <i47¢" for alli > 1 and j > 0.
Proof. We prove the claim by induction. For 7 = 0 we have
T(i,0) <c<id!. (4.80)
On the other hand, for 7 > 0 and i < j we obtain
T(i,j) <ci<idldth. (4.81)

This concludes the inductive base cases. Hence, let © > 7 > 1 and assume
that the claim holds for all ¢, j* with i < i or 7/ < j. Using recurrence

(4.78)), by induction hypothesis we obtain

) ) 1 ..
T(i,j) <c-id ' + 5@4%]“ + ci (4.82)
1 1 1 -
- - by — .4JC‘7+1 483
<4+2+4JCJ>Z (483)
<4t (4.84)
since ;7 < § forall ¢, j > 1. O
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

Our main result, Theorem [4.2] is an immediate consequence of Corollary
and Theorem . By running the algorithm multiple times (say,
at least 2°®) times) and choosing the best result obtained this way the
error probability can be reduced to an arbitrarily small constant without
changing the asymptotic running time.

4.1.5 Adaptation for weighted input sets

We have shown that with constant probability, algorithm CLUSTER com-
putes a (1 + ¢)-approximation for the k-median problem with respect to
a dissimilarity measure satisfying the [y, §]-sampling property. During our
proof, we always assumed an unweighted input set P. However, our algo-
rithm easily generalizes to the case of weighted input set P with integral
weight function w : P — N. In this case, each input point p € P is asso-
ciated with weight w(p). We also write w(P') = _ p w(p) for the total
weight of any subset P’ C P.

For weighted input sets, only two slight modifications to algorithm CLUS-
TER are necessary: We have to adapt the way points are sampled during
the sampling phase, and we have to adapt the way points are discarded
during the pruning phase.

First, in the sampling phase, points are no longer chosen uniformly at
random. Instead, a point p € R is sampled from R C P with a probability
proportional to the weight of point p, that is, with probability %. We say
a point p is chosen at random according to w. Using sampling according to
w, we obtain a variant of the superset sampling lemma for weighted point
sets.

Lemma 4.13 (weighted superset sampling lemma). Let D satisfy the |7, d]-
sampling property. Let P C X be finite and let P' C P be with w(P') >
aw(P) for some constant o > 0. Let S C P of size |S| > 2m., 5/a be
an (unweighted) multiset obtained by sampling points from P at random
according to w. Then there exists with probability at least (1 — 0)/5 a
subset S" C S with |S'| = m.. 5 and optimal 1-median med(S") satisfying

costy, (P',med(S")) < (1 + ) opty(P') . (4.85)

Proof. Let @) denote the (unweighted) multiset consisting of w(p) copies of
each point p € P, and let )’ denote the multiset consisting of w(p) copies
of each point p € P’. Obviousely, we have

Q'] = w(P') > aw(P) = |Q] (4.86)
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WEIGHTEDCLUSTER(R, w, [, C):

R seto

f remaining input points of total weight w(R)

w  weight function on R
I number of medians yet to be found

C  set of medians already found

1: if [ =0 then return C

2: else

3: if | > |R| then return C U R

4: else

5: /* sampling phase */

6: sample a multiset S of size 2m., 5/« at random according to w from R
T T — {med(5")|S' C S, |S'| =mys}

8: for all ¢ € T' do

9: C© — WEIGHTEDCLUSTER(R, w,l — 1,C U {¢})
10: end for
11: /* pruning phase */
12: partition R into set N and R\ N such that:
13: oVpe N,qe R\ N :D(p,C) <D(q,C) and
14: o w(N) =w(R\ N) = 2w(R) (if necessary, split a point)
15: let @ be the new weight function on R\ N
16: C* «— WEIGHTEDCLUSTER(R \ N, 0,1, C)
17: return C(® or C* with minimal cost
18: end if
19: end if

Figure 4.4: Adaptation of algorithm CLUSTER for weighted input sets

and fixed positive real constants «, -, d.
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

Note that sampling according to w from P corresponds to sampling uni-
formly at random from @. Hence, Lemma is an immediate conse-
quence of Lemma [.3] applied to unweighted set Q. O

Second, in the pruning phase, we also change the way the neighborhood
N is approximated. That is, we no longer remove the 3,%, 2, ... closest
points from the point set R. Instead, the closest points with a total weight
of w(R), ;w(R), sw(R), ... are pruned. However, from time to time the
weight of the closest points will not add up to exactly %w(R). In this
case a single point p has to be replaced by two copies py, py with w(p) =
w(p1) + w(p2) such that we can find a partition with total weight s;w(R).

The pseudocode of the adaptation of algorithm CLUSTER for weighted
input sets is given in Figure [4.4,. We call this algorithm WEIGHTEDCLUS-
TER. Note that due to our slight changes to the algorithm, a run of al-
gorithm WEIGHTEDCLUSTER with weighted input set P corresponds to a
run of algorithm CLUSTER started with an unweighted multiset () consist-
ing of w(p) copies of each point p € P. Thus, analogously to the proof of
Theorem @, and by choosing fixed parameters a = 15 and v = £, we
obtain the following result.

Theorem 4.14. Let dissimilarity measure D on X satisfy the [¢/3,6]-
sampling property. Then with probability at least ((1 — §)/5)* algorithm
WEIGHTEDCLUSTER computes a (1 + €)-approximate solution of the k-
median problem for weighted input instance P C X.

We also analyze the running time of algorithm WEIGHTEDCLUSTER. It
turns out that our bound on the running time is increased by an additional
factor that is merely polylogarithmic in the total weight of P. Here, we
have also chosen the fixed parameters to be @ = {77 and v = £.

Theorem 4.15. Let D satisfy the [¢/3,d]-sampling property with m =
me.s. Algorithm WEIGHTEDCLUSTER started with parameters (P, w, k, (),
where P is of size n with total weight w(P) = W, and fized parameters o =
O(e/k?) and v = €/3, requires at most 2°0(k108(mk/E)pn 10g" W arithmetic
operations, including evaluations of D.

Proof. Let T'(n,k,W) denote the running time of algorithm WEIGHTED-
CLUSTER started with n input points of total weight W and k approximate

medians to be found. For £ = 0 we have already found all cluster centers
and we clearly have T'(n,0,1W) = O(1). On the other hand, if ¥ > 0 and
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4 (1 + e)-approximate clustering by uniform sampling

we have n < k then we just have to assign the n remaining points as cluster
centers. In this case, obviously, T'(n, k, W) = O(n).

Now, assume n > k > 1. In the sampling phase, the sampling of
O(mk?/e) points and the construction of the 2°(m10e(mk/)) candidate cen-
ters requires at most 20(m108(mk/)) arithmetic operations. After that, each
of the candidates is tried recursively, taking 20 le(mk/O)(n k — 1, W)
steps. In the pruning phase, set N is obtained by finding the median ele-
ment of set {D(p,C)|p € P} and by partitioning the points according to
this median element. This takes O(n) operations, including evaluations of
dissimilarity function D. Finally, the algorithm is called recursively once
for the remaining point set, requiring time 7'(¢, k, W/2) for some unknown
number of remaining points ¢t < n with total weight 1¥/2. We obtain that
algorithm WEIGHTEDCLUSTER has a running time 7'(n, k, W) given by
the recurrence

T(n,k, W)
— QO(mlog(mk/s))T(n’ k— 1, W) + T (t, ]f, %) + (’)(n) + QO(mlog(mk/s))
(4.87)

< QO(mlog(mk/é))T(n’ k—1, W) +T (n, k, %) + O(n) ) 20(mlog(mk/a))'

(4.88)
Hence, let ¢ = 20(mlog(mk/e)) he 3 constant large enough such that
c ifk=0
T(n,k,W) << ecn ifk>1landn<k .
¢T(i,j—1LW)+T(i,5,%) +ci ifk>1andn>k
(4.89)
This recurrence is of the type
c ifk=0
T(n,k,l)g ci ifk>1andn <k
cTG,j—1,0)+T(i,j,l—1)+c ifk>1andn>k
(4.90)

where the third parameter of T is replaced by its binary logarithm. Note
that we always have W > n and, hence, | > log(n). We can bound
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4.1 Algorithm for [y, §]-sampleable dissimilarity measures

recurrences of this type by Claim stated below. Using Claim [£.16]
with e =n, j = k, and [ = log W we obtain

T(n, k, W) < n2Ec(1 + log W)k = 20mklos(mk/)y 1ok 77 (4.91)
O
Claim 4.16. T(i,,1) < i29¢t (1+1)7 foralli > 1, j >0, and | > log(i).

Proof. We prove the claim by induction. For 7 = 0 we have

T(i,0,0) <e<i2%(1+1)°. (4.92)
On the other hand, for 7 > 1 and i < j we obtain
T(i,5,1) <ci <iPdT(14+1)7 . (4.93)

Hence, let j > 1 and ¢ > j. In this case we have ¢ > 2 and [ > log(i) > 1.
Assume that the claim holds for all ¢/, j', I’ with i’ < i, j' < j, or I’ <. By
induction hypothesis we have

T(i,5,0) <c(i2 g+ 101 +i20d T +ci (4.94)
S| . ]
< it <§(l + 1)+ + 5) : (4.95)

From Claim stated below we know that (14 1)1+ 1/ +1 < (1+1)J.
Thus, we have
T(,j) <i2dTH (1 +1) . (4.96)
O
Claim 4.17. I/ < (1+1)7 = S(1+1)"' — 3 for all j > 1 and | > 0.
Proof. We prove the claim by induction over j for a fixed [ > 0. Obviously,
for 7 = 1 we have
1 1
= (1+1)" - 5(l +1)% — 3 (4.97)

Hence, let j > 2 and assume that the claim holds for any 5/ < j. From
induction hypothesis we obtain

P<(+1)-07 (4.98)
ga+1y(a+1y1_%a+1y2—%> (4.99)
=a+1V—%U+Df¢—%U+D- (4.100)
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4 (1 + e)-approximate clustering by uniform sampling

Using [ > 0 we conclude
) 1 . 1
P<(+1) - 5(z +1)77t — 3 (4.101)
O

By running algorithm WEIGHTEDCLUSTER at least 2°() times and
choosing the best result returned, the error probability can be reduced
to an arbitrarily small constant without changing the asymptotic running
time.

4.2 Sampling for large classes of dissimilarity
measures

We now show how to apply Theorem to various dissimilarity measures.
We achieve this by showing that, with high probability, the 1-median of a
constant sized uniform sample set from P is an approximate l-median of
P. This result does not only hold for Bregman divergences like the Maha-
lanobis distance and all p-similar Bregman divergences such as Kullback-
Leibler divergence and Itakura-Saito divergence. It also holds in arbitrary
metric spaces with bounded doubling dimension, for the Hamming dis-
tance, and even for more exotic distance measures, such as the Hellinger
distance, which is neither a metric nor a Bregman divergence. Hence, our
framework from Theorem is indeed well suited to provide a polyno-
mial time approximation scheme to solve the k-median problem for a large
variety of metric and non-metric distance measures.

4.2.1 Sampling for Mahalanobis distances
As given in Section [2.2.1] the Mahalanobis distance on R? is defined as
Da(z,y) = (z —y) Az —y) (4.102)

with respect to a symmetric, positive definite matrix A € R%*?. Note that
with A = I; we obtain that the squared Euclidean distance is a Maha-
lanobis distance. Furthermore, recall that since the Mahalanobis distance
is a Bregman divergence, for all P the centroid

1
I 4.103
cp - E T ( )

zeP
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4.2 Sampling for large classes of dissimilarity measures

is the unique optimal 1-median of P, i.e. cp = med(P) (cf. Lemma [3.6)).
We show the following lemma, which is a generalization of an earlier result
by [Inaba et al., 1994] with respect to the squared Euclidean distance.

Lemma 4.18. Let Dy be a Mahalanobis distance and let P C R be finite
of size n. Then a uniform sample multiset S C P of size m > % satisfies

Prlcost(P,cs) < (1+7)opty(P)] >1-6 . (4.104)

Proof. For any fixed multiset S C P we have

Da(cp,cs) (CP - — Z ) (CP — %Zy) (4.105)

zES y€eS
1
=2 YD (er—a) Alcp —y) - (4.106)
zeS yes

Since E [(CP — )" A(ep — y)} = 0 for mutually independent x,y € S it
follows

E[Da(cp,cs)] [ Z Z cp—x) Alep — y)] (4.107)

_ ﬂ; B [Z(CP — )T A(ep — x)] (4.108)
_ %ZDA(%CP) (4.109)
_ % opt,(P) . (4.110)

By Lemma we know that for all ¢ € R?
cost(P, q) = opty(P) + nDal(cp, q) . (4.111)

Hence, using (4.111)) we get

Pr{cost(P, cs) < (1+7) opty(P)]
= Prlopt;(P) + nDa(cp,cs) < (14+7)opty(P)]  (4.112)

— Pr [DA(CP,CS) loptlua)] . (4.113)
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4 (1 + e)-approximate clustering by uniform sampling

Using (4.110), m > %, and Markov’s inequality, we obtain

Pr [COSt(P, cs) < (1+47) Optl(P)}

= Pr[Da(cp, cs) < ymE [Da(cp, cs)]] (4.114)
> Pr [DA@F,CS) < ZB[Dafer.cs) (4.115)
>1-46. (4.116)

]

Corollary 4.19. A Mahalanobis distance D on domain RY satisfies the
[v, 8]-sampling property with m, s = % and med(S) = cs.

4.2.2 Sampling for u-similar Bregman divergences

Let D, on domain X be a pu-similar Bregman divergence, that is, there
exists a positive definite matrix A such that for all x,y,€ X

pDa(z,y) < Dy(z,y) < Dalz,y) . (4.117)

Again, we know by Lemma that the centroid cp is the optimal median
of any given set P. Hence, we have

popt(P) = ZMDA(ZL“,CP) < ZD¢(x,0p) = opt{(P) . (4.118)

zeP zeP

Since D, is p-similar we can use our sampling result for Mahalanobis
distances to show the [, d]-sampling property of D.,.

Lemma 4.20. Let D, be p-similar and let P C X be finite of size n. Then
a uniform sample multiset S C P of size m > ﬁ satisfies

Prlcost?(P,cs) < (14 7) opt{(P)] > 146 . (4.119)
Proof. From proof of Lemma we know that
1
ED = — opt}(P) . 4.120
[Dalep, es)] = — opti'(P) (4.120)

By Lemma [3.5, we know that for all Bregman divergences D, and for all
q € R? we have

cost?(P, q) = opt{(P) +nDy(cp,q) . (4.121)
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4.2 Sampling for large classes of dissimilarity measures

Hence, using (4.121]) we get
Pr[cost?(P, cs) < (14 ) opt{(P)]
= Pr[cost?(P) + nDy(cp,cs) < (1+7) opt{(P)]  (4.122)
:ﬂﬁpA@&ﬁgzwﬁWﬂ. (4.123)
n
Due to the p-similarity of D, from (4.117)) and (4.118) we obtain.

Prlcost?(P, cs) < (1+7) optf(P)] > Pr |:DA(CP,05) < % optf(P)} :

(4.124)
Using , m > ﬁ, and Markov’s inequality we get
Pr[cost?(P, cs) < (14 7) opt{(P)]
> Pr[Da(cp, cs) < yumE [Da(cp, cs)]] (4.125)
> Pr {DA(CP, cs) < %E Daa(cr, cs)] (4.126)
>1-6. (4.127)
O

Corollary 4.21. A p-similar Bregman divergence D, on domain X satis-
fies the [, 8]-sampling property with m, s = ﬁ and med(S) = cs.

Lemma [£.20]shows an interesting tradeoff between p-similarity and sam-
pleability. Assume D, is a Bregman divergence that is very similar to a
Mahalanobis distance (i.e., p is close to 1). Then, as expected, we obtain
essentially the same sampling result as in Lemma[4.18] On the other hand,
assume D, is very unlike a Mahalanobis distance, but still p-similar with
respect to a small constant p. Then, we still obtain that the median of a
constant sized uniform sample set is a good approximation to the median
of the superset. The only difference is that the constant number of sampled
points necessary scales linearly in /%

This dependency of sample size m on p might seem awkward at first.
However, as we learn later in Chapter [§] this tradeoff arises quite naturally
for Bregman divergences and, in fact, seems to be inevitable. More pre-
cisely, from Lemma [4.20] we know that any p-similar Bregman divergence
is also sampleable for some constant sample size m. In Section 8.1} we pro-
vide strong evidence that if a Bregman divergence satisfies the sampling
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4 (1 + e)-approximate clustering by uniform sampling

property for any constant sample size m, then it also has to be p-similar
for some small constant p. Hence, there seems to exist a one-to-one corre-
spondence between sampleability and p-similarity. The reader is directed
to Chapter |8 for a discussion on the limits of the use of uniform sampling
for the Bregman k-median problem.

As an immediate consequence of Corollary we know that algorithm
CLUSTER is applicable for the k-median problem with respect to measures
such as the Kullback-Leibler divergence Dgp, or the Itakura-Saito diver-
gence Dig, as long as the input set P comes from a domain that avoids the
singularities of Dxp, or Dig on R

Example 1: Kullback-Leibler divergence. We can apply this result to
the generalized Kullback-Leibler divergence

d
Dki(p.q) = Y (p@- ln% —pit q@-) (4.128)

=1

for D,q € Ri(} Wlthp - (pb s 7pd)T and q= (q17 s 7Qd)T By Lemma-
we know that Dy, on domain [\, v]¢ is a A—sumlaulr Bregman divergence.

Hence, from Corollary [4.21] we obtain the followmg corollary.

Corollary 4.22. Dg;, on domain [A,v]* C RY satisfies the [y, §]-sampling
property with mys = =55 and med(S) = cs.
Example 2: Itakura-Saito divergence. Similar to the case of the Kull-
back-Leibler divergence, we can apply Lemma [£.21] to the discrete Itakura-
Saito divergence, that is

Dis(p, q) = Zd: (]ﬁ _mP_ 1) (4.129)

i \di di

for all p,q € Réo with p = (p1,...,pa)" and ¢ = (q1,...,qq¢)". From

Lemma [2.20| we already know that Dig on domain [A,v]¢ is a (%)2—similar

Bregman divergence. Using Corollary again we find the following
corollary.

Corollary 4.23. Dy on domain [\, v]* C R satisfies the [, 8]-sampling
property with m. s = # and med(S) = cg.
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4.2 Sampling for large classes of dissimilarity measures

4.2.3 Sampling for the Hellinger distance

The Hellinger distance is another statistical distance measure on R<,. It
is named after the German mathematician Ernst Hellinger since its con-
tinuous form is expressed in terms of a Hellinger integral. The discrete
Hellinger distance on R, is defined as

d

Duae(po) = 3 3 (VB = VA’ (4.130)

i=1

for p,q € R%, with p= (p1,...,pa)" and ¢ = (q1,...,qq) . Although Dy
is symmetric, the Hellinger distance is neither a metric nor a Bregman
divergence, but belongs to the class of so-called Csiszdr divergences (cf.
|Csiszar, 1991]). The Hellinger distance and other Csiszar divergences are
frequently used as a dissimilarity measure on probability distributions in
statistical inference and machine learning.

We show that the Hellinger distance fits into our framework, that is,
algorithm CLUSTER is applicable to the Hellinger k-median problem, since
Dy satisfies the [y, d]-sampling property. We prove this result by applying
a non-linear transformation to the input points and reuse the sampling re-
sults for the squared Euclidean distance from Section [£.2.1] This approach
borrows from ideas already used in [Chaudhuri and McGregor, 2008].

In a slight abuse of notation, let /- : R, — R<, denote the non-linear
mapping (pi,...,pa) — (\/P1,---,/Pa). Obviousely, /- is a bijection.
Thus, let (1)? : RZ, — R, denote the inverse mapping of /-, that is, we
have p = ¢? if and only if /P = q. Furthermore, for P, Q C RZ, we define
VP ={\B|pe P} and Q* = {¢*|q € Q}.

We make use of the following connection between the Hellinger distance
of points from P and the squared Euclidean distance of points from v/P.

Lemma 4.24. For all p,q € Rio and any finite P C Réo we have

D a) = 5IV5— Val? (1.131)

and

1
cost™(P, q) = 5 cost3(V/P, V) - (4.132)
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4 (1 + e)-approximate clustering by uniform sampling

Proof. Obviously, by definition we have

d
1
Die(pa) = 5 > (VA = SIVF- vl (4.133)
=1
and, using (4.133)),
cost™(P,q) = > Die(p. q (4.134)
peP
1
= 52”@_ Vall? (4.135)
peEP

= %cost@(\/ﬁ, Vi) - (4.136)

Furthermore, for all point sets P C R%, of size |P| = n let
1
cﬁ:ﬁz\/ﬁ (4.137)
pEP

denote the centroid of the transformed point set V/P. We find that for
the Hellinger distance a variant of the central identity holds (compare to

Lemma .

Lemma 4.25. For all ¢ € R S0 and any finite P C R>O of size n we have
cost*(P, q) = cost™* (P, c%/ﬁ) + nDHe(cf/]—D, q) (4.138)

2
where 25 = (}1 > pep \/1_9> .

Proof. Using the central identity for the squared Euclidean distance and
set /P with optimal Euclidean mean ¢ /P We obtain

1
cost™®(P, q) = 5 cost?(VP, /q) (4.139)
1 2
=3 cost’2(V/'P, c/p) + ch\/ﬁ —Vall? (4.140)
= cost™(P, cf/lg) + n Dy (c%/ﬁ, q) . (4.141)
[
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4.2 Sampling for large classes of dissimilarity measures

Note that cost™ (P, cf/ﬁ) is independent of ¢, and that by definition the
Hellinger distance is non-negative with Dye(z,y) = 0 if, and only if, z = y.
Hence, as an immediate consequence of Lemma we conclude that for
all P CRY,

med(P) = cf/]—j (4.142)
is the unique optimal Hellinger 1-median of P.

Lemma 4.26. Let P C R%o be finite of size n. Then a uniform sample
multiset S C P of size m > % satisfies

Pr [costHe(P, cf/g) <(1+47) optfe(P)] >1-9. (4.143)

Proof. Using Lemma [4.24] for a uniform sample multiset S C P we find
Pr[cost"® (P, cf/g) < (14 ) cost™ (P, 03/13)] (4.144)
= Pr [cost@(\/ﬁ, cyg) < (147) cost’ (VP c\/p)} . (4.145)

Since S is a uniform sample multiset taken from P, we have that v/S is a
uniform sample multiset of size m > i&, taken from set v/ P with Euclidean
mean ¢ /5. Hence, by using Lemma for the squared Euclidean distance,
we obtain

Pr [cost (P,cf/g) < (14 7) opti*(P)] (4.146)
= Pr [cost3(VP,c5) < (1+9)opty (VP)|  (4.147)

>1-4. (4.148)

[

Corollary 4.27. The Hellinger distance Dy, on domain R%o satisfies the
[v, 8]-sampling property with m, s = % and med(S) = (ﬁ D ges \/6)2

4.2.4 Sampling for arbitrary metrics with bounded

doubling dimension

Let (X,D) be a metric space and let

diam(Y) = sup D(z,y) (4.149)

z,yeY

87



4 (1 + e)-approximate clustering by uniform sampling

denote the diameter of Y C X. A collection {Y7,Y3,...,Y,} of subsets of
Y is called a 3-covering if Y = |J;_, Y; and diam(Y;) < 5. The covering
number C(Y, 3) is the smallest cardinality of a [-covering of Y, i.e.

C(Y, ) = min {I/

I, Y, CY Y=Y A diam(m)gﬁ}.

- (4.150)
The following definition is taken from |[Gupta et al., 2003].
Definition 4.28 (doubling dimension). For Y C X let be
(V) = C(Y, % diam(y)) . (4.151)
Then the doubling dimension of (X, D) is defined as
ddim(X) = sup log({(Y)) . (4.152)

YCX

That is, the doubling dimension gives the binary logarithm of the small-
est number [, such that every set in X can be covered by at most [ sets
of half the diameter. It can be shown that this definition features several
natural properties of a dimension (c.f. [Assouad, 1983, Heinonen, 2001]).
For instance, considering an £,-norm on R?, we obtain ddim(R¢) = O(d).

In the following, let ¢ € X be an optimal 1-median of input instance
P C X of size n, i.e. ¢ = med(P). We need the following lemma stating
that with high probability all points from sample set S are close to median
c. This is an immediate consequence of Markov’s inequality and the union
bound.

Lemma 4.29. Let 6 > 0. A uniform sample multiset S C P of size m
satisfies

Pr {Elq € 5:D(q,c) > % cost(P, c)] < om . (4.153)

Proof. For a uniform random point ¢ € P we have

E[D(q, ¢)] = % S D(p,c) = %cost(P, o) . (4.154)

peEP
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4.2 Sampling for large classes of dissimilarity measures

Hence, using Markov’s inequality we find

Pr [D(q, ¢) > — cost(P, C)} = Pr lD(q,c) >

. E[D(q,c)}} <6 . (4.155)

SO

By the union bound and (4.155)) we obtain

Pr [Elq € S:D(q,c) > 5i cost(P, c)}
n

<> Pr l ) > 5i cost(P, c)] (4.156)
qeS
< om (4.157)
for | S| = m. O

We also need the following result which is a small modification of a re-
sult from [Indyk and Thorup, 2000] (see also [Thorup, 2005]). This lemma
guarantees that points which are no good approximate median of P are
very unlikely to be of any use as approximate median of S.

Lemma 4.30. Let v <1 and let b € X be an arbitrary point with
4y
cost(P,b) > [ 1+ T cost(P, c) . (4.158)

A uniform sample multiset S C P of size m satisfies

2

ym v*m
< _— — . .
Pr |cost(S,b) < cost(S, c) + e cost(P, c)] < exp ( 144) (4.159)

Proof. This proof is loosely based on the proof of Theorem 34 presented
in [Thorup, 2005]. For a uniform sample multiset S C P of size m we
consider the random variable

. cost(S,b) — cost(S, c) +mD(b,c)

X = 2(D(b, ¢) + £ cost(P, c)) ‘ (4.160)

By the triangle inequality we have

cost (S, ¢) < Z b) + D(b,c)) = cost(S,b) + mD(b,c) .  (4.161)

qeS
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4 (1 + e)-approximate clustering by uniform sampling

Hence, X > 0. Using the triangle inequality, we also find

cost(9,b) < Z ¢) +D(b,c)) = cost(S, ¢) +mD(b, c) (4.162)

q€eS

which leads to
cost(S,b) — cost(S,c) <mD(b,c) . (4.163)

We obtain
%< cost(S,b) — cost(S, ¢) +mD(b,c)
- 2D(b, c)

<m. (4.164)

Thus, 0 < X < m.
We are interested in the probability of the event X < %m since

D(S,b) — D(S,¢) + mD(b, c)
D(b,c) + &= D(P, ¢)

— Pr [D(S, b) — D(S,¢) < 75—2” D(P, c)] . (4.166)

Pr [X < %m} =Pr l < m} (4.165)

Hence, event X < +m is equivalent to event D(S,b) < D(S,¢)+ 2 D(P,c).
We use a Chernoff bound to show that this event happens only with small
probability.

First, let us estimate the expectation E[X ]. To this end, note that there
are n" multisets S C P of size m, so for any fixed x € X we have

E[cost (S, x = — Z ZD q,x) . (4.167)

SCP, gefs
[S|=m

For ¢ € P let v, denote the number of individual occurrences of the term
D(gq, x) in the double sum of equation . Since each ¢ € P is equally
likely to occur, there exists a v with v = v, for all ¢ € P. By a double
counting argument we find

m/—ZVq Z m=n"m. (4.168)

qeP SCP,
|S|=m

This leads to v = n™ 1'm and

E[cost(S,z)] = ZVD q,z) = —cost(P x) . (4.169)
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4.2 Sampling for large classes of dissimilarity measures

Using the linearity of expectation and equation (4.169) we obtain

Bk = i(?]( [COStCi&)JLBTD(b’ 2 (1.170)
m  cost(P, b) — cost(P ¢) +nD(b,c)
B E 2(D( 2L cost(P, c)) (4.171)

Now, we show 1m < (1 — p) E[X] for some positive p < 1. To this end,
we want to give a lower bound on the right hand side of equation (4.171)).
By definition of b, we have

4
cost(P, b) — cost(P,c) > % cost(P, c) . (4.172)

Furthermore, since ({4.158)) is equivalent to cost(P, ¢) < (1+4§)_1 cost(P,b),
we also have

cost(P, b) — cost(P, c) > (1 - (1 + 4%) 1) cost(P, b) (4.173)

4 4\ 7!
;(H 57> cost(P,b) . (4.174)

Using (4.172) and (4.174), we get

cost(P, b) — cost(P, c)

3 4’y 1 4y
= 2 (cost(P,b) — cost(P, c)) + .

(cost(P,b) — cost(P,c))

(4.175)
-2 4 1+2 %
> = Ecost(P, c) + 1 + 7 cost(P, b) (4.176)
4
= (3 - %) %cost(P, c) + % cost(P, b) (4.177)
4
= (2 — %) %COSt(P, c) + %(COSt(P, ¢) + cost(P,b)) . (4.178)
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4 (1 + e)-approximate clustering by uniform sampling

Using (4.178)) and the triangle inequality, we obtain

cost(P, b) — cost(P, c)

4
> <2 — %) %cost(P, c) + %n D(b,c) (4.179)
_ g g Y
=(2—- 7)3 cost(P, c) + g(n D(b,c) + ¥ cost(P, c)) (4.180)
> %cost(P, ) + %(n D(b,c) + % cost(P,c)) . (4.181)

Here, inequality (4.181]) is due to 2—+ > 1 for v < 1. Hence, using (4.171)
with inequality (4.181)) we find

2 o, cost(P b) — cost(P,c)+nD(b,c)

—ElX]| = 4.182
m X] nD(b, c) + £ cost(P, c) (4.182)
S nD(b,c) + L cost(P,c) + 2 (nD(b, ¢) + 2 cost(P, c)) (4.183)

- nD(b,c) + 1 cost(P, c) '
_ (1+ %)(n D(b, c) + 2 cost(P, c)) (4.184)

nD(b, c) + g- cost(P, c) '
—14 % . (4.185)

So we have
1 N e N prg

Zm < = < - = .

Sm < (1+ 5) B[X] < (1 6) E[X] (4.186)
since (1+2)~" <1— 2 for v < 1. Using a Chernoff bound we get
N 1 N ol N

< = < < - = .

Pr {X < Qm} < Pr {X < (1 6) E[X]] (4.187)
2
ol ~
—— E[X 4.1
< exp ( = [ ]) (4.188)
2
y'm
—— . 4.1

<exp( 144) (4.189)
[

In the following, for a random sample multiset S let ¢ denote an optimal
l-median of S, i.e., ¢ = argmin,ex cost(S,z). We obtain the following
sampling result for metrics with bounded doubling dimension.
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Figure 4.5: A sketch of the proof of Lemma The ball U centered
at ¢ is covered by a number of smaller balls. Any point ¢ from a small ball
that covers ¢ = med(.S) has to be a good approximate median for S. Also,
with high probability, such a point hast to be a good approximate median
for P (Lemma implies that ¢ &€ Npaq, i.e., that ¢ is not contained in
one of the gray-shaded smaller balls). Using the triangle inequality, we
obtain that ¢ is also a good approximate median for P.

Lemma 4.31. Let (X,D) be a metric space with ddim(X) < B. For § > 0
there exists a constant \s such that every uniform sample multiset S C P
of size m > )\537% log% satisfies

Prlcost(P,¢) < (14 7) opty(P)] > 146 . (4.190)

Proof. Our strategy to prove the lemma is as follows. First, we observe that
with high probability median ¢ of S has to lie within a small ball U C X
which is centered around median ¢ of P. In this case, we define a covering
of U by subsets of X of small diameter. Each covering set is represented
by a single point from that set. Since ¢ € U, there is a set covering ¢,
and the representative ¢ of that set has to be a good approximate median
for S. From Lemma we know that bad approximate medians for P
can not be good approximate medians for S. Hence, ¢ has to be a good
approximate median for P, and since the diameter of the covering sets is
small, so has to be ¢. This strategy is illustrated in Figure [4.5]
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4 (1 + e)-approximate clustering by uniform sampling

In the following, let U C X be the ball with radius r = % cost(P, ¢) and
center c, i.e.,

U={zeX|D(x,c)<r}, (4.191)

and let U’ C X be a smaller ball with radius " = %T and center c, i.e.,

1
U:{xGXIX )<§}. (4.192)
By Lemma we have

Pr {Elq €S :D(gc)> i—n cost(P, c)] (4.193)

l\DlO')

Hence, with probability 1—% all m sample points lie within U’, i.e., S C U’.
Now consider an arbitrary ¢ € X\U. If S C U’, using the triangle inequality
for all x € S we find

3r' < D(q,¢) < D(z,q) + D(z,¢) < D(z,q) + 1. (4.194)
Hence, we have D(z,q) > 2r" and

cost(S, q) = ZD(x,q) > 2r'm . (4.195)

zeS

However, since S C U’, for center point ¢ we have

cost (S, ¢) ZD z,c) < r'm < cost(S,q) . (4.196)

€S
Thus, with probability 1 — 5 we conclude that a point g € X \ U can
not be an optimal 1-median of S. Hence, with probability 1 — £, we have

¢ € U. Therefore, from now on we will only consider sample multlsets S
with 1-medians ¢ contained in U.

We now define a covering of U by small subsets of X. Since ddim(X) < B
we know that every ¥ C X has a 3 diam(Y')-cover of cardinality at most
2B Applying this recursively, we obtain that U has an 57-covering of
cardinality at most 272 for any j € N. Thus, for j = ﬂog 307”} there exists

cost(P, ¢)-cover of cardinality | with

B
lg(%?). (4.197)

a5n
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4.2 Sampling for large classes of dissimilarity measures

Let {Uy,Us, ..., U} be such a cover and let N = {z1,z9,...,2;} C X be
an arbitrary set of points with x; € U; for all t = 1,2, ... 1. Define

4
Npad = {b € N | cost(P,b) > (1 + %) cost(P, c)} . (4.198)

We apply Lemma t0 Npad, using the union bound. That is, for each §
there exists a constant As such that for m > \;B 7% log% we have

Pr [Hb € Npaa : cost(S,b) < cost(S,c) + 75_m cost(P, c)]
n

< Z Pr [COS’C(S, b) < cost(S,c) + % cost(P, c)} (4.199)

b€ Npaq
60m\ B vm
DI exp (=1 4.2
<( 5y ) eXp( 144> (4.200)
)
<2 (4.201)

So, again with probability 1 — g, for all b € Npa.q we have
ym
cost(S,b) > cost(S,c) + ™y cost(P, c) . (4.202)
n

Now consider an optimal 1-median ¢ of S. Since ¢ € U, we know that ¢
is covered by at least one set U; of the - cost(P, c)-cover of U. Let g be
any point from U; N N. Since ¢ and ¢ are from the same set U;, we have

D(g,¢) < 51 cost(P, c) . (4.203)
n

Furthermore, using the triangle inequality and inequality (4.203)), we know
that for all b € Ny,q

cost(S, q) < cost(S,¢) +mD(q, ¢) (4.204)
< cost(S, ¢) + :Z)—m cost(P, c) (4.205)

n
< cost(9,b) , (4.206)

where the last inequality is due to inequality (4.202)). Hence, we know that
q is not from Ny,q and we have

4
cost(P,q) < (1 + %) cost(P, c) . (4.207)
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4 (1 + e)-approximate clustering by uniform sampling

Using the triangle inequality, inequality (4.203)), and (4.207)) we conclude

cost(P, ¢) < cost(P,q) + nD(q,¢) (4.208)
4
< (1 + %) cost(P, ¢) + %COSt(P, c) (4.209)
= (14 ) cost(P, c) . (4.210)
This event happens with probability at least (1 — g)2 >1-—0. ]

Corollary 4.32. An arbitrary metric space (X, D) with ddim(X) < B sat-
isfies the [y, 0]-sampling property with m. s = AdBVLZ log %, provided that we
have access to an algorithm that computes med(S) = arg mingex cost(S, x)
in time depending only on |S]|.

4.2.5 Sampling for the Hamming distance

A distance measure that has many applications in coding theory and text
mining is the Hamming distance. The Hamming distance measures the
dissimilarity between bit strings of a fixed length d. These bit strings are
given as elements from the discrete set {0,1}¢ C R? which is also called
the Hamming cube of dimension d. For bit strings o = (x,2,...,24)" €
{0,1}and y = (y1, 2, .--,%a)" € {0,1}¢, the Hamming distance on {0, 1}¢
is defined as the number of coordinates on that x and y disagree, that is,

Dia(7,y) = [{1 <j < d|x; #y;}] - (4.211)

In the Hamming k-median problem, given a finite set P C {0, 1}¢, we are
interested in finding k center points C' = {cy, o, ..., ¢} on the Hamming
cube {0,1}? that minimize cost!®(P, C). It is known that the Hamming
distance on {0, 1}% is a metric with a doubling dimension bounded by O(d).
Hence, in the light of the results from Section[4.2.4] the Hamming k-median
problem can be seen as an instance of the metric k-median problem with
bounded doubling dimension. However, in this section, we present a more
concrete result that leads to better bounds.

In order to study the sampleability of the Hamming k-median problem
we make use of the following connection between the Hamming distance
and the squared Euclidean distance on the Hamming cube.

Lemma 4.33. For all z,y € {0,1}% we have Dy,(x,y) = ||z — y||*.
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Proof. Obviously, for & = (x1,23,...,74)" and y = (y1,¥2,...,yq4) with
z;,y; € {0,1} we have x; # y; if and only if (z; — y;)* = 1. In addition,
we have z; = y; if and only if (z; — y;)* = 0. Hence, we obtain

d
Dua(z,y) =Y (0 — )" = lp—al* - (4.212)

j=1
[

For any finite number of bits by, by, ..., b, € {0,1} let maj{by, b, ..., b,}
denote the majority function of the bits by, by, ..., b,, that is, the element
from {0,1} that occurs more frequently than the other. In case that the
majority is ambiguous, i.e., by, bo, ..., b, consists of the same number of
zeros and ones, we assume maj(by,bs,...,b,) = 0. Furthermore, for a
point set P C {0,1}¢ and an index 1 < j < d, where p; denotes the j-th
coordinate of point p € P, we define

maj,(P) = maj{p;|p € P} . (4.213)
We also write
: ) ) ) T
maj(P) = (majy (P), majy(P), ..., maj(P)) (4:214)

as the vector consisting of the coordinate-wise majority of the points from
P. Note that for each finite P C {0,1}¢ we also have maj(P) € {0,1}".
Moreover, it turns out that maj(P) is indeed an optimal 1-median of point
set P, as is stated in the following lemma.

Lemma 4.34. Let P C {0,1}¢ be of size n. Then maj(P) is an optimal
solution to the Hamming 1-median problem of input set P, i.e.,

med(P) = maj(P) . (4.215)

In particular, the 1-median of P is unique if and only if the majority of the
j-th coordinate of the points from P is unambiguous for each 1 < j < d.

Proof. Let ¢ = (c1,¢,...,¢q)" € {0,1}¢ be an optimal 1-median of P.
Furthermore, for all 1 < 57 <d let

vi = _pj (4.216)

peEP

97



4 (1 + e)-approximate clustering by uniform sampling

denote the number of elements p € P with a 1 as its j-th coordinate. If
coordinate ¢; = 0, due to the optimality of ¢, for the contribution of the
j-th coordinate to cost™®(P, ) we have

vi=y (=07 <> (-1 =d-y, (4.217)

peEP peEP

or, equivalently, v; < d/2. Hence, ¢; = 0 is a majority element of the j-th
coordinate of the points from P. On the other hand, if ¢; = 1 then we have

d—v;=) (p =17 <D (p;— 07 =, (4.218)

peP peP

or, equivalently, v; > d/2. Hence, we find that ¢; = 1 is a majority element
of the j-th coordinate of the points from P.

We conclude that ¢ € {0,1}¢ is an optimal 1-median of P if and only
if the coordinates of ¢ consist of majority elements of the coordinates of
the points from P. Hence, maj(P) is an optimal 1-median of P, and if the
majority of the j-th coordinate is unambiguous for all 1 < j < d, then this
1l-median of P is unique. O

Next, we show that in the case of the Hamming distance, constant sized
sampling from point set P leads to a good approximation of the 1-median
of P. This observation has already been mentioned in [Ailon et al., 2006].
However, no formal proof has been given.

Lemma 4.35. Let P C {0,1}% be of size n. Then a uniform sample
multiset S C P of size m > % satisfies

Pr[cost(P, maj(5)) < (1+7)opty(P)] >1-6 . (4.219)

Proof. In the following, let ¢ = maj(P) and let ¢ = maj(.S). While median
¢ is constant for any fixed set P, the approximate median ¢ is a random
element from Hamming cube {0,1}%, depending on the random choice of
uniform sample multiset S. To prove the lemma, we use probabilistic
concentration bounds to show that, with high probability, for any fixed
coordinate 0 < j < d the (expected) contribution of the j-th coordinate
to cost!a(P,¢) is very close to the contribution of the j-th coordinate to
cost?(P, ¢).
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4.2 Sampling for large classes of dissimilarity measures

To this end, let ¢ = (c1,¢a,...,cq)" and é = (¢1,C,...,Cq) . Further-
more, for all 1 < j < d, the fraction of elements p € P with a 1 as its j-th
coordinate is given by

1
G =" > pis (4.220)

peP

where p; denotes the j-th coordinate of a point p € P. Without loss of
generality, throughout this proof we assume ¢; = maj;(P) = 0 and, hence,
0<¢ < % Otherwise, the same argumentation as given below is valid by
replacing 0 with 1, ¢; with 1 — ¢;, and so on.

According to Lemma [4.33] for each index j, the contribution of the j-th
coordinate to the difference costt®(P, ¢) — cost™®(P, ¢) is given by

D= (pj— &)=Y (0 —¢). (4.221)

peP peP

Obviously, if ¢; = ¢; then we have D; = 0. Hence, from now on we may
assume ¢; = 1 — ¢; = 1. In this case, we obtain

Di=Y (1=p)=> p=01-2Gn= 1_—% > =), (4222)
peP peP $ peP

since for ¢; = 0 we have

Z(pj —¢)? = ij =(n . (4.223)

peEP peEP

In the following, we consider the partition

1 1
Ji=191<j5j<d|—— < = 4.224
={isisd <o (1220

1
=4¢1<7<d|0< (G < —— 4.22
Ja {_J_ 0—<j—2_’_7} ( 5>

of the set of indices {1,2,...,d}. We give a bound on Z?zl D; by consid-
ering the cases 7 € J; and j € J, individually.

First, let us assume j € Ji, that is, (; is close to % In this case, obviously,
the contributions of the j-th coordinate do not differ greatly when using
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4 (1 + e)-approximate clustering by uniform sampling

either 0 or 1 as the j-th coordinate of a center point. More precisely, from
equation (4.222)) for j € J; we obtain

D; <y (pj— ;) (4.226)
peEP
since 1_29 < v for ¢ > ﬁ Note that the bound given by inequality

J
(4.226]) is valid regardless of the random choices made by sampling S.
Hence, by summing up over all indices j € J;, we find

Y Di<ad > (i—¢) (4.227)
VISP peEP jeJi

Thus, in the following, let us assume j € J, and that (; is significantly
smaller than %, le,0<¢ < ﬁ In this case, our goal is to give a bound
on the expected difference

N 1—2¢;
E[D;] = Prl¢; = 1] - z 2N (py— ;) (4.228)
J peP
To this end, let
Aj={q € S|q =0} (4.229)

denote the random variable counting the number of sampled points whose
J-th coordinate equals the majority element c¢; = 0. By definition of (j,
we know that for each individual ¢ € S the event ¢; = 0 occurs exactly
with probability ¢;. Since the elements of S are chosen independently
and identically distributed at random, we obtain that A; is distributed
according to a binomial distribution with

and
Furthermore, the event ¢; = 1 is equivalent to the event A; > %m. Hence,
[ 1
Pri¢; =1 =Pr |4; > §m} (4.232)
i 1
r 1
< Pr||4; — E[4Aj]| > 5(1 - zgj)m} : (4.234)
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Using Chebyshev’s inequality, we find

4 Var[4;] 4Gl —-¢)

e == g e T -2

Thus, using equation (4.228)) we obtain

BlD,) < %Z@ o)

Since
1— gj 1 247
T2 S 1= =
for 0 < ¢ < 2+ , and since m > ;;7), for all j € J, we obtain
4(2 4 7)
B[D;) < =—=2) (0 —¢;)* <70 > _(p;

ym

peP peEP

By summing up over all indices j € J,, we find

ELEJQDJ- =D ED] <> Y (p

Jj€J2 pEP jEJ2

(4.235)

(4.236)

(4.237)

(4.238)

(4.239)

Hence, using Markov’s inequality, with probability at least 1 —d we obtain

ZD <VZZ —cJ

Jje€J2 pEP jEJo

Therefore, using inequalities (4.227) and (4.240])) we conclude
cost™(P, &) — cost™ (P, c) Z D; + Z D;

j€N Jj€J2

< VZZ@J

peP j=1
= ycost™ (P c) .

(4.240)

(4.241)

(4.242)

(4.243)
0

Corollary 4.36. The Hamming distance Dy, on {0,1}? satisfies the [y, ]-

sampling property with m., s = 4(32?) and med(S) = maj(S).
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4 (1 + e)-approximate clustering by uniform sampling

4.3 Generalization of the sampling property

In this section we generalize our result to an even larger family of dissimi-
larity measures. For the [y, d]-sampling property as stated in Property ,
we require that the optimal 1-median med(S) of S can be computed in fi-
nite time. However, for some dissimilarity measures such as the Euclidean
distance, no such algorithm is known. Moreover, it has been shown that
in the Euclidean case finding med(S) requires finding roots of high-order
polynomials, which can not be achieved using only radicals [Bajaj, 1988].
So, we can not hope to use the characterization of Theorem[4.2]to show that
algorithm CLUSTER is also applicable to the Euclidean k-median problem.

It turns out that our definition of the [y, d]-sampling property is far
more restrictive than is necessary for our algorithm. In fact, all we have to
ensure is that given a constant sized sample set S C P, we can compute
a constant sized set of candidates for the approximate 1-median of cluster
P. That is, we only need to guarantee that at least one of the elements
of the candidate set is indeed a good approximation for med(P). Finding
an optimal l-median of S is sufficient for the dissimilarities studied in
Section [4.2] but in general it is not necessary.

Therefore, we formulate the following relaxation of the [, d]-sampling
property.

Property 4.37. We say a dissimilarity measure D satisfies the weak [, d]-
sampling property if there exist integer constants m. s and t,s such that
for each P C X of size n and for each uniform sample multiset S C P of
size my 5 a set T'(S) C X of size at most t, 5 can be computed satisfying

Pr[3¢ € T(S) : cost(P,¢) < (1+7)opty(P)] >1—0. (4.244)

Furthermore, set T'(S) can be computed from S in time depending only on

v, 6, and |S|.

Obviously, if D satisfies the (strong) [y, §]-sampling property it also sat-
isfies the weak property by virtue of 7'(S) = {med(S)} and t, 5 = 1.

Algorithm CLUSTER can be easily adapted to this new property. More
precisely, for each subset S C S of size m., s instead of a single point a
constant sized set T'(S") is added to the candidate set. Hence, the number
of candidates that have to be tried at each level of the recursion scales
merely by a factor of O(t,s). Therefore, the asymptotic running time of
algorithm CLUSTER remains the same, up to a factor of O(t¥ ;). We obtain
the following result.
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4.3 Generalization of the sampling property

Theorem 4.38. Let D be an arbitrary dissimilarity measure on domain
X. Letk e Nand 0 < g, < 1, and let D satisfy the weak [¢/3, 0]-sampling
property. Then there exists an algorithm that, with constant probability,
returns a (1+¢)-approximate solution of the k-median problem with respect
to D for input instance P of size n. Furthermore, this solution can be
found using at most 2°0kle(mk/O))tky operations, including evaluations of
D, where m = m¢y35 and t = t./35 denote constants that depend only on

g, 0, and D.

Using this new characterization, we can show that algorithm CLUSTER
is well suited for the Euclidean k-median problem, that is, the k-median
problem using the FEuclidean distance

De, (2,y) = [l — yll (4.245)

on R¢ as dissimilarity measure. To this end, we make use of the following
result from [Kumar et al., 2005].

Theorem 4.39 (|[Kumar et al., 2005], Theorem 1). Let P be a set of n
points in R, and let v be a constant, 0 < v < % There exists an algorithm
which randomly samples a set S of (1/7)°Y) points from P. Using this
sample only, it constructs a set of points T'(S) of size 20/ guch that
with constant probability there is a point x € T(S) satisfying

cost(P,z) < (14 O(v)) opty(P) . (4.246)

Further, the time taken to construct T(S) from S is d2(/17

Corollary 4.40. The Euclidean distance Dy, on domain R satisfies the
weak [, d]-sampling property with m., 5 = (1/)°Y and t,5 = 2/meM
where T(S) is computed by the algorithm from Theorem .

In [Kumar et al., 2005], it is shown that a linear time (1 + £)-approxi-
mation algorithm exists if dissimilarity measure D satisfies two proper-
ties: a so-called "random sampling procedure property" and a "tightness
property". Property can be seen as a generalization of this "random
sampling procedure property". However, since we do not restrict ourselves
to symmetric distance measures, our property is valid for a larger family
of dissimilarity measures. Moreover, Theorem shows that the second
requirement from [Kumar et al., 2005] ("tightness property") is not neces-
sary at all to achieve a (1 + ¢)-approximation for dissimilarity measures
satisfying the [, d]-sampling property.
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4 (1 + e)-approximate clustering by uniform sampling

4.4 Discussion

In this chapter, we have shown how to obtain a linear time (1 4 &)-
approximation algorithm for the k-median problem with respect to an ar-
bitrary dissimilarity measure D, provided that the 1-median problem can
be approximated within a factor of (1 + ¢) by taking a random sample of
constant size. In doing so, we have given a sufficient condition for the exis-
tence of (1 + ¢)-approximation algorithms for the k-median problem which
we call the [y, §]-sampling property. This property makes only minimal as-
sumptions on the dissimilarity measure D. Therefore, it is well-suited for
application to arbitrary, non-metric dissimilarity measures. In particular,
we have shown that the [, ]-sampling property is satisfied for Mahalanobis
distances, p-similar Bregman divergences, the Hellinger distance, arbitrary
metrics with bounded doubling dimension, and the Hamming distance.
An interesting direction for future research is to find additional dissimi-
larity measures that satisfy the [y, d]-sampling property. In addition, it
still remains an open problem to give sufficient and necessary conditions
for dissimilarity measures such that a (1 + )-approximate solution of the
corresponding k-median problem can be found.

Our flexible tool for finding the k-medians of a given clustering problem
is algorithm CLUSTER, given in Figure Algorithm CLUSTER is the
generalization of an earlier algorithm, namely algorithm [IRRED-k-MEANS
from [Kumar et al., 2004]. However, our interpretation and analysis of the
algorithm differ significantly from [Kumar et al., 2004]. More precisely,
consider the case k = 2 and let P, and P, denote the optimal clusters of
point set P. Given an approximate median ¢; of cluster Py, the goal of the
analysis in [Kumar et al., 2004] is to show that in the pruning phase only
points from P; will be assigned to ¢;. To achieve this goal, the analysis
relies heavily on the symmetry and the triangle inequality of the Euclidean
distance. Furthermore, the notion of irreducibility is of fundamental im-
portance to the analysis from [Kumar et al., 2004].

In our analysis, we do not rely on metric properties of the dissimilar-
ity measure, or the irreducibility of the input instance. However, without
these assumptions it seems that we are not able to show the same prun-
ing result as Kumar et al. did. Hence, in our analysis, we explicitly allow
that points from P, are assigned to ¢;. Our goal is merely to show that
most of the points assigned to ¢; are from P;, and that the total cost of
the points from P, that are incorrectly assigned to ¢; is negligible. We
use the constant parameter « in algorithm CLUSTER to control the num-
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ber of points that are incorrectly assigned. In detail, we show that in
each pruning phase the total cost of incorrectly assigned points is always
bounded by an O(ak) fraction of the total cost of the correctly assigned
points. By choosing o = ©(g/k?) small enough we are able to bound the
approximation factor by 1 4+ ¢ while the sample size is still constant and
only depends on parameters k and €. This approach is purely combinato-
rial and requires only minimal assumptions on the dissimilarity measure.
In particular, symmetry, triangle inequality, and the notion of irreducible
clusterings are no longer needed.

Note that in [Kumar et al., 2005] the methods from [Kumar et al., 2004]
have been generalized to a class of metric and Euclidean distance measures.
However, symmetry and triangle inequality are always assumed. Our gen-
eralized result as stated in Theorem is more general than the results
in [Kumar et al., 2005] and applies to a broader class of metric and non-
metric distance measures.

Unfortunately, algorithm CLUSTER is not very practical. While the
asymptotic running time is linear in n, the constants involved are quite
huge even for a relatively harmless choice of parameters. For instance,
consider a sampling step for the case of k = 10 clusters when we want to
obtain a uniform sample set of, say, 10 points from a large cluster P; with
|P;| > +|P|. Using the superset sampling technique from Section m,
we have to sample a set of size at least 200 and recursively evaluate all its
subsets of size 10. This leads to at least (21000) ~ 2.2 - 100 recursive calls
— at each level of the recursion! While asymptotically this is a constant
number, from a practitioner’s viewpoint it is a quite demanding computa-
tional task. Hence, in the following chapter we will introduce and analyze
a fast approximation algorithm for the Bregman k-median problem that
performs quite well in practice.

In addition, in Chapter [7|we will show how the running time of algorithm
CLUSTER can be improved significantly through the use of so called weak
coresets. Unfortunately, the constants involved in the running time of this
improved algorithm are still huge.
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5 A practical
O(log k)-approximate
algorithm

In the previous chapter, we have given a linear time algorithm that com-
putes a (1 + ¢)-approximate solution for the generalized k-median problem
with respect to a large number of dissimilarity measures, including all -
similar Bregman divergences. Unfortunately, this algorithm is not very
practical due to the huge constants involved in the running time. One par-
ticular algorithm for the Euclidean k-means problem that has appealed to
practitioners during the past decades is Lloyd’s k-means algorithm. This
algorithm has been developed by Stuart P. Lloyd as early as the late 1950s,
and it has been published later in [Lloyd, 1982]. Starting with an arbitrary
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set of k center points ¢y, ¢, ..., ¢, Lloyd’s local improvement strategy it-
erates between two steps:

1. Assign each input point to its closest center point to build a partition
P, P,, ..., P, of the input points.

2. For each set P; recompute center point ¢; as the centroid of P;.

These steps are repeated until the partition and the center points become
stable. It can easily be seen that the reassignment of partitions and center
points can only decrease the Euclidean k-means cost induced by the current
set of centers. Since there are only a finite number of partitions it follows
that after a finite number of steps Lloyd’s algorithm converges to a stable
clustering. In addition, a single Lloyd iteration can be implemented to
run really fast (see [Kanungo et al., 2002] for the suggestion of an efficient
nearest neighbor data structure).

However, it is known that the speed of convergence as well as the quality
of the local optimum computed depends strongly on the choice of initial
center points. While it has been shown recently that the expected number
of iterations is polynomial in n, k, and d in the smoothed complexity model
[Arthur et al., 2009], in the worst case, an exponential number of 2™ it-
erations are necessary, even in the plane [Vattani, 2009]. Furthermore,
there are simple examples of input sets such that a poor choice of initial
centers leads to arbitrarily bad clusterings (i.e., the approximation ratio is
unbounded, see Figure . To deal with these problems in practice, the
initial center points are usually chosen uniformly at random among the in-
put points. However, no non-trivial approximation guarantees are known
for uniform seeding. Recently, in [Arthur and Vassilvitskii, 2007] a new
non-uniform initial seeding procedure for the Euclidean k-means problem,
named K-MEANS++, has been given. In a breakthrough result it has been
shown that this seeding step alone computes an O(log k)-approximate set
of centers. Any following Lloyd iterations only improve this solution. Inde-
pendently, in [Ostrovsky et al., 2006] the analysis of essentially the same
seeding procedure has been given. In this analysis it has been shown,
that for certain well-separated input instances the non-uniform seeding
step gives an O(1)-approximate set of centers. Hence, this new seeding
approach is indeed of high practical relevance.

It has been observed that Lloyd’s algorithm is also applicable to other
dissimilarity measures. In [Linde et al., 1980], Lloyd’s algorithm has been
adapted to the Itakura-Saito divergence. In fact, in the context of vector
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Figure 5.1: An example of Lloyd’s algorithm where a poor choice of
initial centers leads to an arbitrarily bad clustering for the Euclidean 3-
means problem. Let P = {p,q,7,s} C R be as illustrated above, with
a < v and # > «/2. For the initial set of centers {p,q,r}, after a single
Lloyd iteration we obtain P; = {p}, P, = {¢}, and P3 = {r,s} as a stable
partition. This clustering has a 3-means cost of ¥2/2. On the other hand,
an optimal 3-means clustering is given by P, = {p,q}, P, = {r}, and
P3 = {s} with a cost of a?/2. Hence, by letting v/a tend to infinity, we
obtain arbitrarily bad clusterings.

quantization Lloyd’s approach is known as the Linde-Buzo-Gray algorithm.
In the context of text classification, Lloyd’s algorithm has been adapted to
k-median clustering by Kullback-Leibler divergence [Dhillon et al., 2003].
These observations have been extended to the whole class of Bregman di-
vergences by the work of Banerjee and others (cf. [Banerjee et al., 20054]
and [Banerjee et al., 2005b]). Moreover, it has been shown that under
some mild continuity assumption the class of Bregman divergences is ex-
actly the the class of dissimilarity measures for which Lloyd’s algorithm
is applicable (see |[Banerjee et al., 2005a]). In addition to that, results on
the worst-case and smoothed number of iterations have also been gener-
alized to the Bregman k-median problem in [Manthey and Roglin, 2009].
However, approximation guarantees were not known.

In this chapter, we give a generalization of the K-MEANS++ seeding ap-
proach from [Arthur and Vassilvitskii, 2007] to the class of Bregman di-
vergences. In particular, in Section we show how to construct a fac-
tor O(log k)-approximation for the k-median problem with respect to a
p-similar Bregman divergence D, using a K-MEANS++-like non-uniform
sampling approach. Our main result can be summarized as follows.

Theorem 5.1. Let D, be a p-similar Bregman divergence on domain
X CR? Let PCX be of size n. There exists a randomized algorithm us-
ing non-uniform sampling that with high probability computes an O(logk)-
approximate solution of the Bregman k-median problem with input instance
P. Furthermore, this solution is obtained using at most O(kn) arithmetic
operations, including evaluations of D,,.
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This result has been published earlier in [Ackermann and Blomer, 2009].
Independently, essentially the same generalization of the sampling result
from [Arthur and Vassilvitskii, 2007] has also been given in two other pa-
pers from the machine learning community. In [Sra et al., 2008], the au-
thors derive a bound on the curvature of the Hessian V?¢ for Bregman
divergence D, by using spectral information of VZp. They obtain the
same result as we do in Theorem depending on spectral parameters
01,09 of V2p, where or = v in our context of y-similar Bregman diver-
gences. Furthermore, they extend their result to the context of Bregman
co-clustering and Tensor clustering. In [Nock et al., 2008], an interest-
ing generalization of Lloyd’s k-means method to so-called mixed Bregman
clusterings is given. Here a mixed Bregman divergence is a symmetrized
version of a Bregman divergences. The optimal 1-median of such a mixed
Bregman cluster can be computed by using the Legendre duality of Breg-
man divergences (cf. [Nielsen et al., 2007]). While Nock et al. tackle the
problem from a quite different angle, they obtain the same result as we do
in Theorem depending on a parameter p, where p? = % in our context
of p-similar Bregman divergences.

In Section [5.2] we prove that with constant probability the non-uniform
seeding from Theorem gives a constant factor approximation when
restricted to so-called separable input instances. Here, a k-median input
instance is called separable if the cost of an optimal (k — 1)-clustering is
by a constant factor larger than the cost of an optimal k-clustering. This
notion captures the idea that, in practice, unless the input consists of k well-
separated clusters the k-medians will not be a meaningful representation
of the data anyway. The main result from Section is as follows.

Theorem 5.2. Let D, be a p-similar Bregman diwergence on X and let
P C X be a separable input set. Then with probability at least 2-©%)
the algorithm from Theorem computes a constant factor approximate
solution of the Bregman k-median problem with input instance P.

The notion of separable input instances has been used before to ana-
lyze clustering algorithms (cf. [Kanungo et al., 2002|, [Kumar et al., 2004],
[Ostrovsky et al., 2006]). In [Ostrovsky et al., 2006], it is shown that a
non-uniform seeding approach very similar to the seeding approach from
[Arthur and Vassilvitskii, 2007] provides a constant factor approximate so-
lution for separable instances in the context of the Euclidean k-means
problem. Our result can be seen as a generalization of the result from
[Ostrovsky et al., 2006] to the class of Bregman divergences. However, we
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obtain our result by a significantly simplified proof that focuses on the
combinatorial properties of the Bregman k-median problem. Theorem
has also been published in [Ackermann and Blomer, 2010].

The main algorithm from this chapter will be of use for us in three ways.
First of all, the algorithm is highly practical. From a practitioner’s view-
point this might well be the algorithm of choice for the p-similar Bregman
k-median problem. Second, the non-uniform sampling approach will be
our main technique for a new randomized coreset construction to obtain
strong coresets in the context of the Mahalanobis k-median problem. We
will give this coreset construction in Chapter [l And third, we will also
make use of the algorithm given in this chapter to obtain a fast, initial set
of centers in the construction of weak coresets for the p-similar Bregman
k-median problem in Chapter [7}

5.1 Algorithm BregMeans++

5.1.1 Non-uniform sampling scheme for p-similar
Bregman divergences

Our approximation algorithm is a generalization of the non-uniform ran-
dom sampling approach from [Arthur and Vassilvitskii, 2007] as follows.
The first of k£ approximate medians is chosen uniformly at random from
input instance P. After that, assume that we have already chosen approx-
imate medians A; = {a,as,...,a;}. The next approximate median a;
is chosen from P with probability proportional to Dy (a;+1, A;), that is, for
all p € P we have

D@(pv A’L)
cost(P, A;)

Pr [p = a;q1 | ai,as,...,a; already chosen] = (5.1)
Note that as long as we have at least ¢ + 1 different points in P, we have
cost(P, A;) > 0 and this probability distribution is well defined. The
sampling scheme is repeated until we have chosen k points. We say set
A = {ay,ay,...,a;} is chosen at random according to D,. Algorithm
BREGMEANS++(P, k) realizing this non-uniform sampling strategy is sum-
marized in Figure [5.2]

The K-MEANS++ sampling approach has been originally proposed in the
context of Euclidean k-means clustering, as well as for the k-median prob-

lem using a t-th power of the /5-norm as distance measure. In Section
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BREGMEANS++(P, k):

P set of input points

k  number of medians to be found

1: Choose an initial point a; uniformly at random from P.

2: Let A be the set of points already chosen from P. Then element

p € P is chosen with probability Cg;(g;’% as next element of A.

3: Repeat step 2 until A contains k poin%s.
4: Output set A = {ay,aq,...,a;}.

Figure 5.2: Algorithm BREGMEANS++ for a Bregman divergence D,,.

below we prove that the approach is also applicable to u-similar Bregman
k-median clusterings. The following theorem is a generalization of Theorem
3.1 from [Arthur and Vassilvitskii, 2007].

Theorem 5.3. If D, is a p-similar Bregman divergence and A C X with
|A| = k is chosen at random according to D, then we have

B [cost(P, A)] < %(2 +1nk) opt, (P) . (5.2)
From Markov’s inequality it follows that with probability at least 1 — 9,
algorithm BREGMEANS++ yields a factor %(2 + In k) approximation of
opt,(P). For the iterative sampling of A we just have to store the distances
from each p € P to their closest center in A. Since this information can
be updated after each new element of A is chosen using at most O(n)
arithmetic operations (including evaluations of D), set A can be obtained
using at most O(kn) arithmetic operations. Hence, Theorem [5.1] follows.
Note that application of a constant number of Lloyd iterations can im-
prove the quality of the solution computed by algorithm BREGMEANS++
significantly. In fact, a small number of, say, 10 iterations do quite well
in practice (cf. [Arthur and Vassilvitskii, 2007] and the empirical results
therein). However, no approximation guarantee for this improvement is
known, and the theoretically provable approximation factor of O(logk)
already applies to the solution computed by the seeding step.

5.1.2 Proof of Theorem

This proof is a straightforward generalization of the proof of Theorem 3.1
from [Arthur and Vassilvitskii, 2007]. That is, first we show in Lemma
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5.1 Algorithm BREGMEANS++

that the optimal median of the cluster from which the first point a; is
taken from is well approximated by this first uniformly chosen center point
ai. Then, we analyze the iterative choice of points at random according
to Dy. Let us call the optimal clusters from which a center point a; has
been chosen considered and the clusters from which no point has been
chosen unconsidered. We prove that both the optimal clusters that have
been considered (Lemma [5.5), as well as the clusters that have not been
considered (Lemma , are well approximated by the sampled points.

In the sequel, let P, Ps,..., P, denote the clusters of an optimal k-
median clustering of P and let C' = {¢;,¢o,..., ¢} be the corresponding
optimal k-medians, i.e. cost(P,C) = opt,(P) and cost(P;, ¢;) = opty(DP;)
foralle=1,2,... k.

First, we show that, in expectation, the first, uniformly chosen point a;
is a good approximate median for its optimal cluster.

Lemma 5.4. Let a € P be chosen uniformly at random. Fori=1,2,....k
we have

Efcost(Psa) |a € P) < (1 + %) opt,(P)) | (5.3)

Proof. Note that for any index ¢ we have Prla = ¢ Aa € P;] = 1/|P| for
all ¢ € P;, and Prla =qgAa € P] =0 for all ¢ ¢ P,. Furthermore, we have
Prla € P] = |P)]|/|P|. Therefore, for all i = 1,2,...,k and all ¢ € P we
have

_ 1 ; )
Pria—glae )= Dla=danachl_ Jpp fa€h
Prla € P] 0 ifgégP
Hence, using the central identity of Lemma [3.5| we have
E [cost(P;,a)|a € P] = ZPr l[a =q|a € P]cost(P;,q) (5.5)
qeP
1
=7 > cost(Pr, q) (5.6)
" gep;
1
- 7 Z(cost(Pi, i) + | P Dy(ci,q)) (5.7)
Hgep;
= cost(P;, ¢;) + Z D,(ci,q) - (5.8)

qeP;
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5 A practical O(log k)-approximate algorithm

Using the approximate symmetry of Lemma we conclude

1 1

E [cost(P;, a) |a € P;] < cost(P;, ¢;) + — cost(P;, ¢;) = (1 + —) opty(F;) .
[ [

(5.9)

O]

Next, we show that, in expectation, the set of sampled points yields a
constant factor approximation to the cost of the optimal 1-median of any
considered cluster P,.

Lemma 5.5. Let B C P be an arbitrary nonempty set. Let a € P be a
point added to B at random according to D,. Then, fori=1,2,...,k we
have

8
E [cost(P;, BU{a})|a € P] < 2 opt, (P;) . (5.10)
Proof. First, note that for any index i we have Pra = ¢ A a € P;| = 612;((3;?)
for all ¢ € P;, and Prla = gAa € P;] =0 for all ¢ € P,. Furthermore, we

have Prfa € P)] = Cc‘z)sstt((lz’g)). Therefore, for alli = 1,2,...,k and all ¢ € P
we have

Prla=¢qla€ P] = (5.11)

Prla=qANacP] CODS“?((E’B;) ifgeph
Prla € P} 0 ifgg P
Hence, we have

E [cost(P;, BU{a})|a € P] = ZPr [a=q|a € P]cost(P;, BU{q})

N (5.12)
= %cm(a, BU{g)) . (5.13)

Fix any ¢ € P;. For p € P, let b, € B denote the closest point to p within
B, that is, D,(p,b,) = D,(p, B). By the approximate triangle inequality
of Lemma [2.18 we know that for all p € P, we have

Dy(q, B) < Dy(q,bp) (5.14)
< §D¢(p, 0+ % Dy (p,by) (5.15)
_ %D@(p, 9 +%D¢(p, B). (5.16)
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Thus, summing up over all p € P; leads to

2 2
[P Dylq, B) <) (— D, (p,q) + = Dy(p, B)) (5.17)
\u "
PEP;
2 2
= — cost(P;, q) + — cost(P;, B) . (5.18)
M pu

Using ((5.13)) and - we obtain

E[cost (B, BU {a}) %]
_ 1~ IRID.@.B)
|P| cost(P;, B)
qeP;

2 cost(P;, q)
(P, BU
= ,U‘Pz’ Z COSt(B,B) COS ( {q})

2 cost(P;, B)
t(F;, BU 5.20
+ iz 2 cost(P;, B) cost( {a}) ( )

cost(P;, BU{q}) (5.19)

Now, observe that

cost(P;, BU{q}) < cost(P;, B) , (5.21)
as well as

cost(P;, BU{q}) < cost(P;,q) . (5.22)

Using bound ([5.21]) on the left hand side of the sum in inequality (5.20))
and bound ([5.22)) on the right hand side of the sum in ([5.20]) we get

cost(P;, q)
E[cost(P;, BU{a}) |a € P}] |P| g cost (5. B) cost(P;, B)
2 t(P., B
+ cos( >cost(Pi,q) (5.23)

u|P| Cost(R,B)

= % <|PZ| Zcost(ﬂ,q)) (5.24)

4 1
<4 (1 ; —) opt, (P,) (5.25)

[ 7
Here inequality ((5.25) is due to equation (5.6) and Lemma Using
%(1 + i) < ;% for ;1 < 1 concludes the proof. O
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We still have to give a bound on the cost in the case that after k& points
have been sampled according to D, some optimal clusters remain uncon-
sidered. This bound is given in Lemma below. We use an instance of
Lemma [5.6| to proof Theorem To this end, consider set B = {a;} of
the first point chosen uniformly at random from P. Assume a; € P;. Using
Lemma [5.4] in expectation we have

cost(P;,a1) < (1 + ;) opty(P;) < Méoptl(P) : (5.26)

Let A = {aj,as,...,a;} where A has been constructed by adding points
as, . ..,a, to B iteratively at random according to D,. Foru =t =% — 1
we define P¢ = P; as the only cluster considered by B, and P* = P\ P; as
the union of all unconsidered clusters. Then, Lemma yields

8
E[cost(P,A) |ay € P < (1 + Hy—1) (cost(R-, ar) + 2 opt,_1(P\ R))

(5.27)
8
< S0 i) (o) + opt (P )
(5.28)
8
= E(l + Hy—1) opty.(P) , (5.29)
where Hj_; denotes the (K — 1)-th harmonic number. Using
- 8
E [cost(P, A)] E[cost(P,A)|a; € P < M_(l + Hy_1) opty(P)
(5.30)

and the well-known fact that Hj_; < 1+ Ink, Theorem follows.

Lemma 5.6. Let u € N with 0 < u < k and let t € Ny with t < u. Let P"
be the union of any u different clusters of the optimal k-clustering of P,
and let P° = P\ P". Let B C P° be an arbitrary non-empty set of points,
and let A = BU{a1,ay...,a;} where A is constructed by adding points
ai,as...,a; € P to B iteratively at random according to D,. Then

—1
cost(P", B)

E[cost(P, A)] < (1 + Hy) <cost(PC, B) + % optu(P“)) +—
(5.31)

where Hy = Zle % denotes the t-th harmonic number.
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Proof. This proof is technically analog to the proof of Lemma 3.3 from
[Arthur and Vassilvitskii, 2007], using Lemma and respectively.

We prove the lemma by induction. For ¢ = 0 and any u > 0 we have
1+ Hy=1and “T_O = 1. Hence, we obtain

E [cost(P, A)| = cost(P, B) (5.32)
= cost(P¢, B) + cost(P", B) (5.33)
< (cost(PC, B) + % optu(P“)) +cost(P*,B)  (5.34)

where the right hand side of inequality (5.34) is equal to the right-hand
side of the inequality (5.31]) in the case of ¢t = 0.
For t =1 and u = 1 a single point a is sampled according to D,. With

probability % we choose an a € P*. According to Lemma , in
this case we have
E [cost(P, A) |a € P"]| = E[cost(P¢, A)] + E [cost(P", A)] (5.35)
< E[cost(P¢, B)| + E[cost(P*, a)] (5.36)
8
< cost(P*, B) + —; opt, (P") . (5.37)
1
On the other hand, with probability % we have a € P°. In this case
we obtain
E [cost(P, A) |a € P°] < E[cost(P, B)] = cost(P, B) . (5.38)

Hence, by the law of total expectation we have

cost(P", B) . 8 "
E [COSt(P, A)} S m (COSt(P ,B) —I— E Optl (P ))

cost(P¢, B)

—————=cost(P, B 5.39
* cost(P, B) cost(P, B) (5:39)

8
< cost(P*, B) + —; opt; (P") + cost(P°, B) (5.40)
I
8
= 2cost(P*, B) + —; opt, (P") . (5.41)
i
Since 1 +H; =2 and “=£ =0 for u =t = 1 we find

E[cost(P, A)] < (1+ H)) (cost(PC, B) + % Optu(P“)) : (5.42)
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This concludes the inductive base cases.

For the inductive step, assume that Lemma|5.6|is true for all parameters
(v, ') with v/ < wort <t We show that also holds for parameters
(u,t). To this end, consider the first point a; of the new points added to B
by random sampling. We have one of two cases: Either a; € P¢or a; € P*.
Again, we have

Prla; € P°] = % , (5.43)
and

Prla; € P"] = % (5.44)
In the sequel, let

E¢ =E|cost(P, A)|a; € P (5.45)
denote the expectation of cost(P, A) in case a; € P, and let

E" = E[cost(P, A) |a; € P"] (5.46)

denote the same expectation in case a; € P". Hence, by the law of total
expectation we have

cost(P°,B) . cost(P% B)
cost(P, B) cost(P, B)

We give bounds for E¢ and E" separately in Claim [5.7 and [5.8] below.

E [cost(P, A)] = - B (5.47)

Claim 5.7. £ < (1+H,;_;) (cost(Pc, B)—i—% optu(P“)> +4=L cost (P, B).
Proof. Define B’ = BU{a,} and A’ = B'U{as,...,a;} = A. Since a; € P°

we have B’ C P¢, and we find that B’, A’ give an instance of Lemma [5.6
with parameters (u,t — 1). Thus, by induction hypothesis we have

E¢<(1+ Hy,) (cost(PC, B') + % optu(P“)) + u—trl cost(P", B')
(5.48)

< (14 Hi-1) <Cost(P°, B) + % Optu(P“)> + uotid cost(P", B) .
g (5.49)
O
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Claim 5.8. E* < (14+H;4) (COSt(PC, B)+% Optu(P“)) + %=L cost(P*, B).

Proof. Without loss of generality, assume P* = (J_, P;. Since a; € P* we

know that for each i = 1,2,...,u we have
Prfay € p] = SOt B) (5.50)
cost(PY, B)
Foreachi=1,...,u let
E!' = Elcost(p, A)| a1 € P} (5.51)

denote the expectation of cost(P, A) in case a; € P;. Therefore, using the
law of total expectation we have

. = cost(P,B) .

B = ; cost(P'B) B (5.52)
Assume that index ¢ with a; € P, is fixed. We will derive a bound on
cach E! individually. Define B = BU {a;} and A" = B" U {ag, ..., a:}.
Furthermore, let P¥ = P*\ P, and P = P°U P,. Note that B’ C
P¢. Then B, A’, P¥, P give an instance of Lemma with parameters
(u—1,t — 1). Hence, in the case of a; € P, by using the induction
hypothesis for (u — 1, — 1) we obtain

. cost (P, B') .

/ 8 ’
E! <(1+ H; ) (cost(PC ,B) + — opt,_{ (P )) + Y
L

(5.53)
Furthermore, we know that
cost(P¢, B') = cost(P¢, B') + cost(P;, B') (5.54)
< cost(P¢, B) + cost(P;, B') , (5.55)
cost(P", B') < cost(P", B) (5.56)
= cost(P", B) — cost(P;, B) , (5.57)
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and
opt, (P") =" cost(P;, ;) (5.58)
%
= Z cost(Pj, ¢j) — cost(P;, ¢;) (5.59)
J<u
= opt,(P") — opt,(P;) . (5.60)

Hence, for any fixed index ¢ we obtain

8 8
E! <(1+ H; ) (cost(PC, B) + cost(P;, B') + — opt, (P") — — optl(B)>
u o

u —
+
u —

8
< (14 Hi) (cost(PC, B)+ — Optu(Pu))
I

i(cost(P“, B) — cost(P;, B)) (5.61)

u —
+
u —

. (cost(P*, B) — cost(P;, B)) (5.62)

since by Lemma we have cost(P;, BU {a;}) < % opt;(F;). Using in-

n
equality (5.52)) and inequality (5.62)) we obtain

" cost(P;, B) 8
E*"<(1+ H,_ _— t(P°, B) + — opt,,(P"
< (0t ) Y SR (cont(P )+ opr, ()
U —t ~— cost(P;, B)
t(P". B) — cost(P,, B .
+— ZZI cost(P'B) (cost(P*, B) — cost( ) (5.63)

= (1+H,,) (COSt(PC, B) + % Optu(Pu)>

u—t

+ (u— 1) cost(

P B) (cost(P“, B)? — ;cost(Pi, B)2> (5.64)

Let us concentrate on the right hand side of the sum in ((5.64)). By Cheby-
shev’s sum inequality we have

2
- INRS 1
E cost(P;, B)? > — ( E cost(R-,B)) = — cost(P"*, B)? (5.65)
u
i=1 i=1

u
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and

u

- —1
cost(P", B)? — E cost(P;, B)? < cost(P", B)? . (5.66)
u
i=1

Therefore, using ((5.64)) and (5.66)) we obtain

8
E* < (14 Hi) (cost(Pc, B)+ — Optu(P“)) + 2 cost(P", B)
o
(5.67)

]

Hence, using inequality ((5.47) together with Claim and we get

< cost(P¢, B)

E [cost(P, A)] (14 Hy1) (cost(PC, B) + % optu(P“>)

= cost(P, B)
X %(1 + H, 1) (cost(PC, B) + % optu(P“))
+ ijstég’;) ut cost(P", B) . (5.68)

Note that C:j;((];g) + C;’j;t(g: J’f)) = 1. We obtain

E[cost(P, A)] < (1 + Hi—1) <COSt(PC, B) + % optu(P“))

cost(P*, B) (5.69)

1
+ — cost(P¢, B) + =
u u

1
< (1 +Hi g+ —) (cost(Pc, B) + % optu(P“)>
u 7

+ 270 cost(PY, B) (5.70)
8 _
<1+ H,) <cost(PC, B)+ — Optu(P“)> + 2 cost(P", B)
1 u
(5.71)
since H;_1 + % < H,; for t < u. This concludes the proof. O
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5.2 Non-uniform sampling on separable
instances

5.2.1 Separable input sets

In Section we have shown that algorithm BREGMEANS++ computes
an O(log k)-approximate solution to the u-similar Bregman k-median prob-
lem. However, it turns out that our algorithm yields even better results for
a certain type of input instances that are most commonly used in practice.

When using solutions of the Bregman k-median problem in real-world
applications, we implicitly assume that these k-medians provide a mean-
ingful representation of the input data. That is, we expect the input set
to consist of k well-separated clusters, and that each of the k-medians dis-
tinctively characterizes one of these clusters. If this is not the case then,
obviously, a different number of medians should be considered.

Therefore, in this section, we concentrate on the practical relevant case of
input instances for which the optimal k-medians indeed give a meaningful
representation of the input set. This motivates the notion of separable
input sets: A k-median input instance is called separable if no clustering
of a cost within a constant factor of the optimal k-median cost can be
achieved by using only k& — 1 or fewer medians. This represents the case
where we have agreed on a smallest number of k& such that the k-medians
are still a meaningful representation of the input points. Throughout this
section, we use the following formal definition.

Definition 5.9. Let 0 < o < 1. An input instance P C X is called
(k, «)-separable if and only if

opt,.(P) < aopty_,(P) . (5.72)

Another notion frequently used to describe meaningful k-clustering is
the notion of stable clusterings. Here a clustering is assumed to be stable
if a small perturbation of the input points leads to essentially the same
optimal partition of the input set into clusters (i.e., the symmetric differ-
ence of perturbed and unperturbed optimal clusters is small). However,
in [Ostrovsky et al., 2000] it is shown that the notions of separable inputs
and stable clusterings are equivalent.

When restricted to separable instances, we find that with constant prob-
ability algorithm BREGMEANS++ computes a factor O(1/p)-approximate
solution to the p-similar Bregman k-median problem. This implies that
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our algorithm has in fact a better approximation guarantee for the prac-
tical relevant case as is suggested by the result from Theorem [5.3. In
Section below we will prove the following theorem.

Theorem 5.10. Let D, be a p-similar Bregman diwergence and let P C X
be (k,a)-separable with o < /8. Furthermore, let A with |A| = k be
chosen at random according to D,. Then with probability at least 20k |k
we have

cost(P, A) < (1 + %) opt,(P) . (5.73)

Theorem [5.2] is an immediate consequence of Theorem [5.10] Moreover,
we can compute an O(1/u)-approximate solution for a separable input
instance P of size |P| = n with arbitrary high probability by running
algorithm BREGMEANS++ 2°() ;=% times independently and choosing the
best set of centers obtained this way. This leads to a constant factor
approximation algorithm for the Bregman k-median problem using at most
20(klog(1/1)p arithmetic operations, including evaluations of D,.

5.2.2 Proof of Theorem

Let Py, P, ..., P, denote the clusters of an optimal k-median clustering
of P and let C' = {¢1,¢a,...,cx} be the corresponding optimal k-medians,
i.e. cost(P,C) = opt,(P) and cost(P;,¢;) = opt,(FP;) for all 1 < ¢ < k.
Furthermore, for all 1 <7 < k we define

2

D Ci, T S

ot (P) | (5.74)
and

Y; =P\ X, . (5.75)
Note that in the definition of X; the optimal median ¢; is used as the
first argument of Bregman divergence D,. From the central identity of

Lemma [3.5| we know that the elements z € X, are exactly the points from
P; that are (1 + 2/u)-approximate medians of P; since

2
cost(P;, x) = opt (F;) + |Pi| Dy(c;, ) < (1 + ;) opty (F;) . (5.76)
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Analogously, we know that the elements y € Y; are exactly the points from
P; that fail to be (1 + 2/u)-approximate medians of P; since

2
cost(P;,y) = opty(P;) + | P;| Dy(ci,y) > <1 + ;) opt, (P;) . (5.77)

Let A = {ay,aq,...,a;} be the set of points chosen iteratively at random
according to D, by algorithm BREGMEANS++. Our strategy to prove The-
orem [5.10]is to show that for separable input instance P with probability at
least 279®) 4k set A consists of one point from each set X;, X, ..., X, and
no point from any set Y;. In that case, assuming a; € X; for all 1 <i <k
we conclude

cost(P, A) < icost(Pi,ai) < (1 + %) iloml(pi) - (1 + %) opt,(P) .

i=1

(5.78)

We start by proving that each set X, is indeed a large subset of P;.
This observation is an immediate consequence of the fact that p-similar
Bregman divergences satisfy the [, §]-sampling property from Chapter .

Lemma 5.11. For alli=1,2,....k we have
1
%] > 5IP) > Vi (5.79)

Proof. Using Lemma with m =1, = 1/2, and v = 2/u we find that
a single sample point s € P; chosen uniformly at random from P; satisfies

Pr [cost(B,s) < (1 + %) optl(pi)] > % | (5.80)

Hence, with probability at least % point s € P; is a (1 + 2/u)-approximate
median of P;, that is, s € X;. Since s is chosen uniformly at random from
P; we find | X;| > |P;|. We also find |Y;| = |P| — |X;| < 1| Pl O

Let us consider the first, uniformly chosen point a;. In the sequel, let
Py j) denote the disjoint union (J;_, P;, and let X|; ;; denote the disjoint
union [ J/_, X;. Using Lemma we immediately obtain the following
lemma.
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Lemma 5.12.

1
Pr [CLl c X[Lkﬂ > 5

Proof. Since a; is chosen uniformly at random from P we have

XiNP X
PI‘[CMEXZ"CMGIDZ']:| |P| |:|‘P’|

Using Lemma [5.11] we obtain

k

Pr [a1 € X[l,k]} = ZPI a1 € Xi|ay € B -Prla; € P

=1

k
1
2 §;PI‘[0,1 GB]

DN | —

Now, let us assume that we have already sampled set A; = {a4, as, ..

(5.81)

(5.82)

(5.83)

(5.84)

(5.85)

]

.,aj}

with 1 < j<k—1anda; € X; forall 1 <7 < j. Our goal is to show
that with significant probability the next sampled point a4 is chosen from
X(j+1,5- In a first step towards this goal, the next lemma states that with
high probability point a;;; is chosen from P ). Intuitively, this result
relies on the fact that for separable instances, on average, points from a
certain cluster have to be far away from the optimal medians of all other
clusters. Hence, because of the a; being approximate medians for clusters

Py, Py, ..., P, sampling at random according to D,, prefers the points from
clusters Pji1, Pjyo, ..., Py.
Lemma 5.13.
3a
Prlaj41 € Pjsig|ar € X1,...,a0; € X;] > 1— n (5.86)
Proof. For (k,«)-separable P we have
1 1<
cost(P, A;) > opt;(P) > - opt,(P) = - EOptl(Pi) . (5.87)
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From a; € Xi,...,a; € X; we know that for all 1 <14 < j we find

3

2
cost(P;, a;) < (1 + —) opty(P;) < — opt,(F;) (5.88)
7 p

since 1 + /% < % for p < 1. Using (]5.87[) and (]5.88 we obtain
cost(P, Aj) > — ; opt, (P,) (5.89)
J
> 3% ZZI cost(P;, a;) (5.90)
> %eost(lﬂ[l,ﬂ,Aj) . (5.91)

Hence, using inequality ([5.91) we conclude

cost(Pg, A7) _ 3a (5.92)

Prlajin & Py |a € Xu,..0 05 € X5] = cost(P, A;) — p
» 4]

O

Next, we show that if a; € X; for all 1 < ¢ < j and we have that
aj41 € Pjp1x), it follows that with significant probability point ;i is
chosen from X[ 1 4.

Lemma 5.14.

4oy
Pr [aiJrl € X[it1,4] ‘@1 € Xy,...,0; € Xj,a41 € P[i+1,k]] > % (1 - 7)
(5.93)

Proof. We start with the observation that for a separable instance P and
points A; C X} ;), set A; is indeed a poor choice as approximate medians
for Pjiy, Pjto, ..., P,. More precisely, for (k, a)-separable P from inequal-

ities ((5.87) and ([5.88]) above we know

J k
cost(P, A;) > 1 Zcost(P@-,cl-) + = Z cost(P;, ¢;) (5.94)
@ =1 a i=j+1
J 1 k
> 3% Z cost(P;, a;) + o Z cost(P;, ¢;) . (5.95)
i=1 i=j+1
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5.2 Non-uniform sampling on separable instances

Using oo < £ we have #- > 1, and we obtain

j k

1
cost(P, A;) E cost(P;, a;) + E cost(P;, ¢;) (5.96)

i=1 i:j+1

1

> cost(Py j, Aj) + - opty,_i(Pjt1) - (5.97)
Hence,
1

cost(Byriu, Aj) 2 = opty_; (Rjr1u) - (5.98)

Now, we make use of bound to show that the cost of Xy
towards A; is at least a significant fraction of the cost of P4 towards
A;. To this end, fix an index ¢ > j. Let Dy be a Mahalanobis distance
such that

1 Du(p,q) < Dy(p.q) < Du(p,q) (5.99)

for all p,q € X. Using the double triangle inequality of Dy (Lemma [2.15])
we deduce that for all z € X; and all y € Y; we have

D, (y. 4;) < Dy(y.a") (5.100)
< Dy (y,a") (5.101)
< 4(Dy(y, ¢;) + Du(z, ¢;) + Du(z, a*)) (5.102)
< %(D@(y, ¢) + D, (z,¢) + D, (z, A,)) | (5.103)

where a* = argmingea, Dy(7,a). Furthermore, due to Lemma we
know that | X;| > |Yi|. Hence, there exists an injective mapping o : Y; — X;
such that inequality can be applied to each y € Y; using a different
intermediate point o(y) € X;. Therefore, by summing up over all y € Y;
we obtain

4
cost(Y;, A;) < p <cost(Yi, ¢;) + cost(o(Y;), ¢;) + cost(a(Y;), Aj)> (5.104)
4
< ;(cost(YQ, ¢;) + cost(X;, ¢;) + cost(X;, A; )) (5.105)
4 4
= opt, (P;) + m cost(X;, A;) . (5.106)
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5 A practical O(log k)-approximate algorithm

Hence,
4 4
cost(P;, A;) < —opty(P) + | —+ 1) cost(X;, 4;) (5.107)
1 1
4 5
< — opt,(P;) + — cost(X;, A;) (5.108)
I fu
since % +1< % for 4 < 1. Summing up over all indices ¢ > j and using
(5.98) leads to
4 5
COSt(P[j_FLk}, AJ) S ; Optk_j<P[j+1,k]> + E COSt(X[j_i_l,k], AJ) (5109)
4o 5
< m cost(Ppjq1,, A4j) + m cost(Xpjt1,,45) . (5.110)
Thus,
4o 5
11— ” cost( P, 4;) < pcost(X[jH,k],Aj) : (5.111)

Using inequality ([5.111]) we conclude

Pr [aj+1 S X[j+17k] ‘al € Xy,... , 05 € Xj, ajy1 € P[j-i-l,kﬂ

_ COSt(X[j+1,k}aAj) > H (1 _ 4_Oé> (5 112)
cost(Pjyiay A5) — 5 "

]

Finally, we use Lemmas to [5.14] as well as the law of conditional
probability, to prove that with probability at least 2-©®) /¥ set A obtained
by sampling according to D, consists exactly of one point from each set
X1, X, ..., X, Lemma together with inequality concludes the
proof of Theorem [5.10]

Lemma 5.15.

1 k—1
Pr{v1<i<k: Amxﬁé@]zi(;—o) . (5.113)
Proof. In the following, let v; denote the number of sets X; that have been
considered by the first j sampled points A; = {a1, as, ..., a;}, that is,

128
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We prove this lemma inductively by showing that for all 1 < j < k we have

1 Jj—1
Prly; =] > 5 (55) - (5.115)

From Lemma we know that with probability at least % we have
a; € X . Since the X; form a disjoint partition of X7y, in this case we
have 1y = 1. This proves the inductive base case of j = 1.

Now, assume that inequality holds for 57 with 1 < j < k. That is,
with probability at least % (2%)], and without loss of generality we may
assume a; € X; for all 1 <4 < j. In this case, by using Lemma [5.13] and
Lemma [5.14] we deduce

PI‘[VJ‘_H :]+1‘VJ :]]

> Pr[aj+1 € X[j+1’k} ‘al € Xq,... a5 € Xj} (5.116)
> Pr [CLj.H € X[j+17k] ‘al € Xy,... , a5 € Xj,aj+1 € P[j+1’k}:| (5 117)
- Pr [CL]‘_H GP[jJrLk]‘al €X1,...,aj EXj] (5118)
3 4
> K ( - —O‘) <1 - —a) (5.119)
5 7 7
1
S M 5.120
> (5.120)

. 3a 4CY 1 . . . .
since =% < o < 3 for a < £. Hence, by using induction hypothesis (5.115)
and inequality (}5.120)) we conclude

Prlvj =j+1] > Pr [yj+1:j+1‘yj:j}~Pr[Vj:j] (5.121)
> Lry 5.122
>3 (%) - (5-122)

]

5.3 Discussion

In this chapter we have introduced and analyzed a practical approxima-
tion algorithm applicable to the p-similar Bregman k-median problem. In
particular, we have shown that with high probability a generalization of
the K-MEANS++ approach from [Arthur and Vassilvitskii, 2007] computes
an O(log k)-approximate solution using at most O(kn) arithmetic opera-
tions. We call this generalization algorithm BREGMEANS++. Moreover, we
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5 A practical O(log k)-approximate algorithm

have shown that with probability at least 2-©®*) algorithm BREGMEANS++
yields a constant factor approximation in the practically relevant case of
separable input instances.

The sampling technique presented in this chapter is easy to implement
and runs quite fast in practice. In [Arthur and Vassilvitskii, 2007 several
experiments on real-world input instances for the Euclidean k-means prob-
lem have been conducted. It turns out that seeding according to D, out-
performs the standard implementation of Lloyd’s algorithm using uniform
seeding both in terms of speed of convergence and cost of the clustering.
In fact, if the data set consists of k well separated clusters, the cost of the
clustering is improved by orders of magnitude.

It should be noted that the analysis of the approximation guarantee
of algorithm BREGMEANS++ depends considerably on the p-similarity of
D, with constant ¢ > 0. In particular, in the proof of Theorem the
approximate metric properties of D, are necessary, while the proof of The-
orem relies on the approximate metric properties as well as the [y, d]-
sampleability of a p-similar Bregman divergence.

As for Theorem [5.3] the dependency on p seems to be unavoidable. In
|[Arthur and Vassilvitskii, 2007] it is shown that in the worst-case of the K-
MEANS++ algorithm the expected clustering cost is at least a factor Q(log k)
larger than the optimal solution of the Euclidean k-means problem. This
stands in contrast to the case of the u-similar Bregman k-median problem
where only a relatively weak lower bound on the expected clustering cost is
known. In particular, in [Nock et al., 2008| a lower bound on the expected

cost of the first, uniformly sampled point is derived. Conversely to Lemma
the following result is obtained.

Lemma 5.16 (|[Nock et al., 2008|, Lemma 6). Let a € P be chosen uni-
formly at random. Fori=1,2,... k we have

2
E [cost(P;,a)|a € P| > 5

opty(F;) . (5.123)

Furthermore, it was shown in |[Nock et al., 2008| that the bound from
Lemma [5.16| is tight, i.e., there exists a point set such that for a point
a € P; chosen uniformly at random with high probability cost(F;, a) comes
arbitrarily close to ﬁ opt,(P;). This matches an earlier observation from
[Arthur and Vassilvitskii, 2007] where it has been shown that

E [cost(P;, a) |a € P;] = 2 opty(F) (5.124)

130



5.3 Discussion

for the Euclidean k-means problem with y = 1. However, since the factor
of the lower bound approaches 1 for ; — 0, while the factor of the upper
bound from Lemma approaches infinity for 4 — 0, this bound is not
very meaningful for small y. Hence, it remains an open problem to prove
or disprove the tightness of Theorem

As for Theorem [5.10} in contrast to the analysis of [Ostrovsky et al., 2006]
our analysis emphasizes the combinatorial structure of the Bregman k-
median problem. However, the approximate triangle inequality of p-similar
Bregman divergence D, is needed in a single argument in the proof of
Lemma It remains an open problem to find a proof of the approxi-
mation guarantee that relies purely on the combinatorial properties of the
Bregman k-median problem.
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6 Strong coresets for
Mahalanobis distances

Recently, the construction of so called coresets has emerged as a standard
technique in computational geometry. Generally speaking, a coreset of a
set P is a small (weighted) set S that features the same clustering behavior
as the usually much larger original set P. That is, when using the same set
of cluster centers, the clustering cost of P and the (weighted) clustering
cost of S are approximately the same. Hence, any k center points are
as good or as bad as approximate k-medians for coreset S as they are as
approximate k-medians for the original set P.

The goal of a coreset construction is to give coresets that are significantly
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6 Strong coresets for Mahalanobis distances

smaller than the original input set. Usually, these coresets are used in
two ways. First, a coreset can be used as a smaller input set for any
approximation algorithm. Such a preprocessing of the input data can lead
to much faster approximation algorithms, especially if the running time of
the algorithm of choice depends strongly on the number of input points.
Second, coresets play an important role for approximation algorithms in the
data streaming model. In the data streaming model, we model the situation
when random access to points from P is intractable. For example, this is
the case when an input set P is too large to fit into the main memory of a
computer. Instead of random access to the points from P, we assume that
the input set P is given one point at a time in a single pass. In this context,
coresets are used as a dynamic, space-efficient representation of the points
seen so far. An example of such a use of coresets is the merge-and-reduce
technique from |[Har-Peled and Mazumdar, 2004].

Coresets in the context of the Euclidean k-median and k-means problem
as well as in the context of metric k-median and k-means problems have
been known for some time. Many coreset constructions have been given[T],
most notably by [Har-Peled and Kushal, 2005] where the size of the coreset
is independent of the size of the input set (but still exponential in dimension
d), and by [Chen, 2006] and [Chen, 2009] where the size of the coresets is
polylogarithmic in size of the input set and only linear in d. However, until
recently, coreset constructions in non-Euclidean and non-metric settings
had not been studied. For a survey on coreset methods in computational
geometry see [Agarwal et al., 2005].

In this chapter we present two coreset constructions for the Mahalanobis
k-median problem. Formally, we will use the following definition of (k, ¢)-
coresets for the generalized k-median problem.

Definition 6.1. Let D be a dissimilarity measure on domain X C R? and
let P C X be finite. A weighted multiset S C X with weight function
w: S — Ry such that Y gw(p) = |P| is called a (k,e)-coreset of P for
the k-median problem with respect to D if for each C C X of size |C| = k
we have

|cost® (P, C) — costy (S, C)| < ecost®(P,C) . (6.1)

We also call these coresets strong coresets to distinguish them from the
relaxed notion of weak coresets which we introduce in Chapter [7]

'E.g., [Mishra et al., 2001], [Badoiu et al., 2002], [Har-Peled and Mazumdar, 2004],
[Czumaj and Sohler, 2004], [Frahling and Sohler, 2005].
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6.1 Har-Peled-Mazumdar coresets

Our first coreset construction in Section is deterministic and gives
a generalization of the coresets from [Har-Peled and Mazumdar, 2004] to
Mahalanobis distances. The main result of Section can be stated as
follows.

Theorem 6.2. Let be P C R? of size n. There exists a (k,¢)-coreset of P
of size 20(d1oed) c=dL 100 n for the Mahalanobis k-median problem. Further-
more, given a set of medians of a constant factor approximate Mahalanobis

k-median clustering of P, such a coreset can be constructed deterministi-
cally in time O (dnlog(k) + d?n) + 20D =L 1og(n).

The second construction we give in Section [6.2]is a new randomized con-
struction based on non-uniform sampling. This construction has first been
proposed in [Ackermann et al., 2010b| for the Euclidean k-means problem.
Here, we give a generalization of this result to the Mahalanobis k-median
problem. The main result of Section [6.2] can be summarized as follows.

Theorem 6.3. Let be P C R? of size n. With high probability, a coreset of
size 20(osd)c=d L 16g(n) log?? (e7'klog(n)) for the Mahalanobis k-median
problem can be obtained in time 205D~k nlog(n)log™? (e~ k log(n))
using non-uniform sampling.

Observe that the deterministic coreset construction from Theorem [6.2]
obtains better asymptotic results in terms of coreset size and running time
than the randomized construction from Theorem [6.3] However, there are
several practical advantages with this randomized construction which will
be discussed in Section [6.2] A practical implementation of coresets based
on Theorem can be given by using a so-called coreset tree data struc-
ture that enables efficient non-uniform sampling. For a description and an
empirical study of this data structure see [Ackermann et al., 2010D].

6.1 Har-Peled-Mazumdar coresets

In this section we present the deterministic coreset construction given by
|[Har-Peled and Mazumdar, 2004], as originally proposed for the Euclidean
k-means problem. We also show how this construction can be generalized
to the Mahalanobis k-median problem.
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6 Strong coresets for Mahalanobis distances

1

D TooTm T T -
(a) (b) 1

Figure 6.1: An illustration of the deterministic construction of Har-
Peled-Mazumdar coresets for the Euclidean k-means problem. (a) For
each approximate center g;, the input set P is partitioned by axis-aligned
hypercubes of side length V2/R centered at g;. (b) Then, the sets of
this partition are divided into a number of small grid cells of side length

51/ éZﬂ'R. For each grid cell, one representative point from this cell is

added to the coreset with a weight equal to the number of input points
from this cell.

6.1.1 Euclidean k-means clustering

In a nutshell, the construction from [Har-Peled and Mazumdar, 2004] for
the Euclidean k-means problem is as follows. Using the center points of
an arbitrary constant factor approximation, input set P is partitioned by
assigning each point to its closest center point. Each subset of the partition
is further subdivided using an axis aligned grid of exponentially growing
side length. A coreset is obtained by replacing all points from a common
grid cell by a single representative from that cell, weighted according to
the number of input points within this grid cell. An illustration of this
construction is given in Figure

We now give the construction in-detail. In the sequel, let input set
P C R be of size |[P| = n. Let Q = {q1,q2,...,q.} be the medians
of an [a, B]-bicriteria approximation for the optimal Euclidean k-means
clustering of P, i.e.,

COStZ%(P, Q) <a optig(P) (6.2)
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6.1 Har-Peled-Mazumdar coresets

and
k< Bk (6.3)

for arbitrary «, 3 > 1. Note that any fast bicriteria approximation algo-
rithm can be used to obtain the initial constant factor approximate so-
lution @. For instance, one can use the [O(1), 1]-approximate algorithm
from [Har-Peled and Mazumdar, 2004] in time O(dn + dk®log®n), or even
our [O(log k), 1]-approximate algorithm from Chapter [5|in time O(dkn).
Given (@), we show how to construct a coreset S with weight function w.

Let Q1,Q-, ..., Q. be the partion of P induced by assigning each p € P
to their closest ¢; € Q. That is, p € Q; if and only if ¢; = arg mingeq ||[p—¢|l,
breaking ties arbitrarily. Furthermore, let

1
R= v cost2(P, Q) . (6.4)
Note that R < %optig (P).

For all i = 1,2,...,k and j = 1,2,...,v where v = [log(an) + 2] let
U; € R? denote the axis-parallel cube with side length V2 R centered at
point ¢;. Note that each p € P is contained in at least one cube Uj;, since
the existence of a point p with p & |J_, U;, leads to

1 1
llp — al > 5V 2R > 5\/21082(“”)*2]% > VanR (6.5)
forall i =1,2,...,k and, hence,
cost®(P,Q) > ,_r?in Ip — l|? > anR = cost® (P, Q) (6.6)

.....

which is a contradiction. Furthermore, let

Vio = Ui (6.7)
fori=1,2,...,k and
Vij = Ui \Uij (6.8)
fort=1,2,...,kand j = 1,2,...,v. For each i, j individually, we cover
Vi; by a grid of side length
ry = % %WR . (6.9)
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Note that the number of grid cells necessary to cover V;; is bounded by

1 - 2] d/2
S VO d(Uz_]> _ ( R) — (gad)d/2€_d . (610)

d 2 . d/2
rd

j (=27R)
for all 4, j, where voly(U;;) denotes the volume of Uy; in R%. For every grid
cell that contains points from (); we pick an arbitrary point inside the cell
as its representative coreset point. Let S;; denote the union of all these
representatives. For each point s € 5;; we assign a weight w(s) equal to the
number of points from (; within its grid cell. Furthermore, let S = UZ j Sij-
Since [S;;| < m for all 7, j we have

|S| < kvm =0 (Sdad/Qﬁdd/Qs_dklog(an)) . (6.11)

It has been shown that weighted set S is a (k,e)-coreset of P, as is
summarized in the following theorem. The reader is directed to the original
article of Har-Peled and Mazumdar for a formal proof of this theorem.

Theorem 6.4 ([Har-Peled and Mazumdar, 2004], Theorem 3.4). Given a
point set P with |P| = n points, and a point set Q with |Q| < Bk points,
such that costgg(P, Q) < ozoptig(P), where o, 3 > 1. Then, one can
compute a (k,e)-coreset S of size |S| = O (3%a¥/?Bd%*e~klog(an)) for
the Fuclidean k-means problem. Furthermore, S can be obtained in time
O(dnlog(Bk) +15]).

6.1.2 Mahalanobis k-median clustering

We now show how the construction of [Har-Peled and Mazumdar, 2004]
can be used to obtain coresets for the Mahalanobis k-median problem.
Recall from Section 2.2.7] that for Mahalanobis distance

Da(p,q)=(@—q) Alp—2q) (6.12)

with p,¢ € R? and symmetric positive definite matrix A € R%*¢ there
exists a non-singular matrix B € R¥? with

A=B'B (6.13)
and

Da(p,q) = ||Bp — Bql|* . (6.14)
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6.1 Har-Peled-Mazumdar coresets

Also note that B can be obtained from A in time O(d®) by computing the
Cholesky decomposition of A (cf. [Trefethen and Bau, 1997]).

For the remainder of this section, let ' = Bx denote the image of any
r € R? under the linear transformation given by B. Furthermore, for
any set P C R? we define P' = {p/ | p € P}. Since B is non-singular,
the mapping (-)' : RY — R? is a bijection and, hence, |P| = |P'|. From
equation (|6.14]) we obtain the following lemma.

Lemma 6.5. Let P C R? be finite. Then for all C C R we have

costP4(P,C) = cost3(P',C") . (6.15)
In particular,
optP4(P) = opt2 (P') . (6.16)
Proof. We have
cost?4(P,C) = Z min D4 (p, ¢) (6.17)
ep ceC
= min||Bp — Bc| (6.18)
P ceC
= cost3 (P, C") (6.19)
Furthermore, assume
cost?4(P,C) = optP4(P) < opt2(P') . (6.20)

Then we would have cost’(P',C") < opt?(P’ ), which is a contradiction.
2 2

Thus, opty*(P) > opti2 (P"). Analogousely, we find opt,*(P) < optiZ(P’).

[l

Hence, C' is a set of optimal k-medians with respect to Dy for P if
and only if C" is a set of optimal k-medians with respect to the squared
Euclidean distance for P’. In addition, C is a set of a-approximate k-
medians with respect to D4 for P if and only if C” is a set of a-approximate
k-medians with respect to the squared Euclidean distance for P’. Also
note that the observation from Lemma [6.5] also holds for weighted point
sets. In fact, we show the following connection between coresets for the
Mahalanobis k-median and the Euclidean k-means problem.

139



6 Strong coresets for Mahalanobis distances

Lemma 6.6. Weighted multiset S is a (k,e)-coreset of P with respect to the
k-median problem using Mahalanobis distance D 4 if and only if weighted
multiset S” is a (k,e)-coreset of P' with respect to the Euclidean k-means
problem.

Proof. Let C' C R? be an arbitrary set of size |C| = k. Since
costP4 (P, C) = cost’ (P, C") (6.21)
and
costP4 (S, C) = cost’2(5',C") (6.22)
we have
|costP4 (P, C) — cost4 (S, C)| = ‘costeg(P’, C") — cost3 (S, )| . (6.23)
Therefore, we have
|costP4 (P, C) — costy4 (S, )| < ecost”(P,C) (6.24)
if and only if we have
!cost@(P', C") — cost'3(9, | < ecost3 (P, C") . (6.25)
0

Given an input set P C R? of size |P| = n and an [«, (8]-bicriteria ap-
proximation @ C R? of the optimal Mahalanobis k-median clustering of P.
Then Lemma implies that we can obtain a (k,¢)-coreset for the Ma-
halanobis k-median problem in the following way. First, input set P and
initial approximation ) are transformed into sets P’ and )’ using at most
O(d?n) operations. Then, coreset S’ of P' with respect to the squared Eu-
clidean distance is obtained by the construction of Har-Peled and Mazum-
dar in time O (dnlog(B8k)+|5'|) where |S'| = O (3%a%/?3d"?=~k log(an)).
Finally, S’ is tranformed into set S using the inverse mapping B~!. This
requires O(d?|S|) operations. We obtain the following generalization of
Theorem [6.4 Theorem [6.2]is an immediate consequence of Corollary [6.7]

Corollary 6.7. Let P C R? be of size |P| =n. Then S is a (k,&)-coreset
for the Mahalanobis k-median problem of size O (3%a®/?B3d%*¢ =k log(an)).
Furthermore, S can be obtained in time O(dnlog(Bk) + d*n + d?|S|).
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6.1.3 Properties of Har-Peled-Mazumdar coresets

It is an important observation about Har-Peled-Mazumdar (k, €)-coresets
that the k-median cost of P using S as center points is arbitrarily small
when compared to the optimal k-median cost of P. That is,

costP4(P, S) < €2 opt*(P) , (6.26)

as is proven in detail in Lemma below. In fact, inequality is
sufficient for any set S to be a (k, (9(5))-Coreset for the k-median problem,
provided that the dissimilarity measure used is the square of a metric,
as is the case for all Mahalanobis distances distance. In the sequel, we
show how to use inequality to prove that the Har-Peled-Mazumdar
construction yields (k,6¢)-coresets with respect to Mahalanobis distance
D4. We will make use of the observations from this section later in the
proof of the new, randomized coreset construction from Section

To this end, for all p’ € P’ let s, denote the representative of p’ in S as
given during the coreset construction. Furthermore, let p € P and s, € S
denote the corresponding preimages under linear transformation B, and
let C' C R? be a set of |C] = k arbitrary centers. By the triangle inequality
of the reals we have

costP4 (P, C) — costP4(S, C’)’

= ZDA(p, Zw )Da(s, C) (6.27)

peP seS
<> IDa(p.C) = Da(s,, C)| - (6.28)
peP

Now, consider a partition P = P,ear U Prar, where
Pyear = {p € P| Da(p,s,) < e*Da(p,C)} (6.29)
consists of all p € P that are very close to their representative s,, while
Prr = {p € P|Da(p,s,) > Da(p,C)} (6.30)
consists of the points where the distance between p and s, is at least a

constant fraction of D4(p, C'). We derive bounds on ‘DA(p, C)—Da(sp, C’)|
for p € Pyear and p € P, individually. These bounds are given in Lemma
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6.9 and Lemma [6.10] below. Using Lemma [6.9) and we obtain
| costP4(P, C) — costiy* (S, O)|
< Y Da(p,C) = Dalsp, C)| + Y [Da(p,C) = Dalsy, C)|  (6.31)

pEPnear pEPfar
3
<3 — .
<3¢ Y Da(p,C)+ . > Dalp, sp) (6.32)
pepnear pepfar
3
< 3ecostP?4 (P, C) + = costPA(P, S) . (6.33)
e

Hence, we just have to give a bound on %costDA(P, S), that is, a bound on
the clustering cost of P using the coreset points from S as centers. This
bound, of course, is provided by inequality (and proven in detail in
Lemma below). We obtain

|costP4 (P, C) — costp? (S, C)| < 6e cost™ (P, C) . (6.34)

In the remainder of this section, we give proof to the lemmas from the
argumentation above. We start by proving Lemma and Lemma [6.10
which give bounds on ’DA(p, C) — DA(SP,C)| for p € Ppear and p € Ppyy
individually. To prove both lemmas, we make use of the following obser-
vation.

Claim 6.8. For all p € P we have

[Da(p, C) = Da(5,, ©)] < Da(p.s,) +2/Dalp.s,) - Da(p.C) . (6:35)

Proof. Let ¢, be the center from C' closest to p, and let ¢, be the center
from C closest to s, i.e., Da(p, C) = Da(p,¢,) and Da(sp, C') = Da(sy, ¢s).
Note that we have

‘ DA(p> cp) - DA<3p> Cs)|

= '\/DA(;D, ) — \/DA(SpaCs) : (\/DA(p> ) + \/DA<SP7CS)) (6.36)

From Lemma we know that the (positive) square root /D4(,-) of a
Mahalanobis distance D 4 is a metric, i.e, /D a(-, ) is symmetric and does
obey the triangle inequality. Hence, considering the first factor of ,
on one hand we have

\/ Da(p,c;) < v/Da(p,cs) < \/ Da(p, sp) + \/ Da(sp,cs) - (6.37)
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6.1 Har-Peled-Mazumdar coresets

This leads to

V/Da(p.¢) = \/Dalsp. ) < /Dalp.s,) - (6.38)

On the other hand, we have

\/Dals ) < \/Dalsyncy) < \/Dalp.sy) +/Dalpocy) . (6.39)
This leads to

\/DA(Spa CS) - \/DA(pa Cp) < \/DA(pa Sp) . (640)
Hence, using inequalities (6.38]) and ([6.40]), we obtain as bound of the first

factor of equation (/6.36)
’\/DA(]% Cp) - \/DA<SP7 CS) S \/ DA(p7 Sp) . (641>

For the second factor of ([6.36]), using inequality (6.39)) we find

V/Da(p, ) + /Daalsyr ) < 24/Dalp ) +1/Dalprsy) - (6.42)

Using equation ([6.36)) in combination with the bounds from (6.41]) and
(6.42), we conclude

| Da(p, €)= Dalsp, O)|

< \/ DA(p7 Sp) ’ ( DA(pa C) + \/ DA(pa 8?)) (643)

= Dalp. ) +2y/Dalp.5,) - Da(p. C) (6.44)

Lemma 6.9. If D4(p, sp) < e?Du(p,C) then
ID(p,C) — D(s,, C)| < 3¢D(p,C) . (6.45)
Proof. Using Claim [6.8{and D 4(p, s,) < 2 Da(p,C)) we have

IDa(p,C) —Da(sp, O)] < Dal(p,sp) + 2\/DA(p, sp) - Da(p,C)  (6.46)

< (e* +2¢)Da(p, O) (6.47)

<3eDyu(p,C) (6.48)

for e <1. O
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6 Strong coresets for Mahalanobis distances

Lemma 6.10. If D4(p, s,) > €*Da(p, C) then
3
ID(p,C) = D(sp, O)| < ZD(p, 5p) - (6.49)

Proof. Using Claim (6.8 and Da(p,C) < % Da(p, s,) we have

IDa(p,C) —Da(sp, O)] < Dalp,sp) + 2\/DA(p7 sp) - Da(p,C)  (6.50)

2
< (1 + g) DA<p, Sp) (651)
3
< “Da(p. s,) (6.52)
for e <1. O

Finally, we give proof to Lemma that guarantees that by construc-
tion of Har-Peled-Mazumdar coresets, the k-median cost of P using S as
center points is small when compared to the optimal k-median cost of P.

Lemma 6.11. For any C C RY of size |C| = k we have
costP4(P, S) < % opt*(P) . (6.53)

Proof. As in the coreset construction from Section fori=1,2,...,kK
and j = 1,2,...,v let V}; denote the partition of a region of the R? that
contains all points from P. Recall that V;; is contained in an axis-parallel
cube of side length 7; = £,/ $2j R centered at point ¢; € ). Furthermore,

let Vi; be the preimages of V;; under the linear transformation B. We have

costP4 (P, S) < ZDA(]), Sp) (6.54)
peP
<> ) Dalps)+Y.Y . Y. Dalps,) (6.55)
i=1 p€PNVjg =1 j=1 pePnV;;

Using Claim and Claim [6.13| stated below we obtain

D g2 8 4
cost 4(P,S) < gnR+ g—cost A(P,Q) (6.56)
a
where
1 1
R=—cost®(P', Q") = — costPA(P,Q) . (6.57)
an an
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6.1 Har-Peled-Mazumdar coresets

Since costP4 (P, Q) < a opt,*(P) and R < %optgA(P) we conclude

2 8 2
costP (P, S) < % optP4(P) + % optPA (P) = 2 optP4(P) . (6.58)

]
Claim 6.12. Ifp € PNV for anyi € {1,2,..., Kk} then
2
Da(p,s,) < gR . (6.59)
Proof. Since p', s, € Vi both lie inside a cube of side length ro = £ ﬁR
we have
P — )| < Vdrg == e (6.60)
3V«
Using o > 1 we conclude
2
Da(p,sy) = 9/ =, < SR (6.61)

]

Claim 6.13. Ifpe PNV;; foranyi € {1,2,...,k} and j € {1,2,...,v}
then

8?2
DA(p7 Sp) S 9_Oé DA(p7 qz) . (662>

Proof. Since p' € V;; with j > 1 we have p" ¢ V/, for all t < j and, hence,

/
J
P —q| > 1\/ 2-1R . 6.63
! 2

Furthermore, since p', s, € V;; both lie inside a cube of side length r; =

%ijﬂR we have
e /1 . 2¢ |2
Ip = sl < Vdr; = 3\ PR 3\/;”1?’ —qll - (6.64)

Hence, we conclude

2 2

8¢ 8¢
Da(p,sp) = lIp' — s, |* < g—aHp’ — ¢l = —Dalp, ) - (6.65)

Yo
O]
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6 Strong coresets for Mahalanobis distances

6.2 A new coreset construction based on
non-uniform sampling

In this section we give a new, randomized coreset construction for the Ma-
halanobis k-median problem based on the non-uniform sampling approach
from Chapter [0 In this construction, the first coreset point is chosen uni-
formly at random among the input points. After that, iteratively, any
further coreset point is obtained by choosing an input point non-uniformly
at random with probability proportional to the distance towards the al-
ready chosen coreset points. This construction has been first proposed in
|[Ackermann et al., 2010b| for the Euclidean k-means problem. Here, we
give a generalization of this result which is applicable to the Mahalanobis
k-median problem.

In a way our new approach can be seen as a randomized version of the
deterministic coreset construction from [Har-Peled and Mazumdar, 2004].
In Section we have shown how a coreset can be constructed by care-
fully placing points in a grid-like fashion to cover all input points. During
this process, the regions close to the initial approximate centers which are
expected to contain a larger number of input points are provided with a
larger number of coreset points. On the other hand, the outer regions of the
input set, that contain only a small number of input points, are provided
with fewer coreset points, but are not ignored. A quite similar behavior
can be observed when the coreset points are chosen iteratively at random
with probability proportional to the distance towards the already chosen
coreset points: Regions that are crowded with input points are preferred
by the non-uniform sampling due to the combined probability mass of this
region. On the other hand, outliers are not ignored since the non-uniform
sampling will prefer these points due to their single, large contribution to
the total cost. Hence, intuitively, a very similar covering to the determin-
istic case is obtained. In fact, we show that this intuition is true and that
our new construction yields a coreset of approximately the same size as the
coresets from [Har-Peled and Mazumdar, 2004], up to a logarithmic factor.

This new approach has several, practical advantages. First, our new
construction is easy to implement. Second, in contrast to many other
coreset construction, the non-uniform sampling scheme does not need an
initial constant factor approximation to build the coreset. Rather, in the
light of the result from Chapter [f] such an approximation is computed
on-the-fly while building the coreset. Third, another practical advantage
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6.2 A new coreset construction based on non-uniform sampling

is that the size of the coreset has not to be fixed prior to the coreset con-
struction. Instead, the size can be adjusted on demand while building the
coreset. At any point during the construction, the distances of the in-
put points toward the coreset points (which have to be stored anyway to
enable the non-uniform sampling) can be taken as indicator whether addi-
tional coreset points yield any significant benefit. Furthermore, it should
be noted that for any fixed coreset size m the running time of all oper-
ations necessary to construct the coreset does only have a low polyno-
mial dependency on the dimension d. Hence, if we choose to construct
a coreset of a size merely polynomial in d, we should still obtain a fair
coreset (albeit not a (k,e)-coreset) in time polynomial in d which does
not seem to be possible using grid-based constructions like the one from
|[Har-Peled and Mazumdar, 2004].

A practical implementation of coresets based on the result of this sec-
tion has been given in [Ackermann et al., 2010b]. There, a data structure
called the coreset tree has been used to allow non-uniform sampling accord-
ing to approximately the same distribution as the distribution considered
in this section, but at a considerably improved running time. In doing
so, an efficient clustering algorithm for huge data sets in the data stream-
ing model has been obtained that performs quite well in practice. The
empirical evidence given in [Ackermann et al., 2010b] suggests that this
algorithm is on a par, if not superior, in terms of quality and running time
when compared to other widely used clustering algorithms for data streams,
such as the local improvement algorithm given in [Guha et al., 2000] and
|O’Callaghan et al., 2002], or algorithm BIRCH from |Zhang et al., 1996].

6.2.1 Coreset Construction

Let P C RY be of size n. We show how to construct a (k, ¢)-coreset for the
k-median problem with respect to a Mahalanobis distance D 4 by using the
non-uniform sampling approach from Chapter 5] Recall that this approach
is an iterative process as follows:

1. Choose an initial point s; uniformly at random from P.

2. Let S be the set of already chosen points from P. Then element

p € P is chosen with probability iﬁ?ﬁ% as next element of S.

3. Repeat step 2 until S contains the desired number of points.
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6 Strong coresets for Mahalanobis distances

As in Chapter [5, we say S is chosen at random according to D 4.

For our coreset construction, let S = {sy, sa, ..., S} be a set of m points
chosen at random according to Dy4. Let Si,5,,...,5,, be the partion of P
induced by assigning each p € P to their closest s; € S. That is, p € S; if
and only if s; = arg minges D4(p, $), breaking ties arbitrarily. Furthermore,
for each point s; € S we assign weight w(s;) = |S;|. In Section [6.2.2 below,
we show the following theorem.

Theorem 6.14. Let 0 < €,0 < 1 be arbitrary constants. There exists
an m = O (d¥25-%2 4 log(n) log™?(d¥/?6-42e~klogn)) such that with
probability at least 1 — 0 the weighted multiset S is a (k,6¢g)-coreset of P.

From Chapter [5| we know that a set of size m can be sampled according
to D4 using at most O(mn) arithmetic operations, including evaluations
of Mahalanobis distance D 4. Here, Mahalanobis distance D4 can be eval-
uated in time O(d?). Hence, with high probability coreset S of size

S| = m = 20Wlesd) =} 1og(n) log?? (e7'klog(n)) (6.66)

can be computed in time O(d?*n|S|). Theorem [6.3]is an immediate conse-
quence of Theorem [6.14]

6.2.2 Proof of Theorem

Now we give a proof of Theorem [6.14, Let C' C R? be an arbitrary set of
k centers. For all p € P let s, denote the closest coreset point from S. We
say s, is the representative of p in S. Analogousely to inequalities (6.27)

to (6.33) from Section we obtain
|cost(P, C') — costy, (S, C)| < 3e cost(P,C) + gcost(P, S) . (6.67)

Hence, we still need to give a bound on gcost(P, S), that is, a bound
on the clustering cost of P using the sampled coreset points as centers.
Furthermore, this bound has to be given in terms of O(g?) cost(P, C).
Intuitively, it is clear that such a bound exists. From Theorem we
know that, with high probability, non-uniform sampling of m points accord-
ing to D 4 yields a factor O(log m)-approximation of the optimal m-medians

of P, i.e.,

cost(P,S) < O(logm) opt,,(P) . (6.68)
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6.2 A new coreset construction based on non-uniform sampling

The following lemma assures that if we use a large enough number of
clusters m, we have

opt,,(P) < 7 opty(P) (6.69)
with an arbitrarily small v > 0. Hence,
cost(P, S) < O(vlogm) cost(P,C) . (6.70)

By simultaneously choosing the right parameters v and m, we make the
factor O(ylogm) as small as desired.
We start by giving a prove to the following lemma.

Lemma 6.15. Let 0 <y < 1. If m > (9d/~)¥?k[log(n) + 2| then
opt,,(P) < v opt,(P) . (6.71)

Proof. We show that there exists a set G C R? of size at most m with
cost(P, G) < ~yopty(P). Thus, the lemma follows.

To this end, let C'p be an optimal solution to the Mahalanobis k-median
problem of P, i.e., cost(P,Cp) = opt,(P). Using Cp as initial [1,1]-
bicriteria approximation, we consider the construction of a (&, /7)-coreset
G according to the construction of Har-Peled and Mazumdar from Section
6.1 Hence, we have

G| < (9d/7)"*k[log(n) +2] <m . (6.72)

Thus, using Lemma we conclude
opt,,(P) < cost(P,G) < vy opt,(P) . (6.73)
[

Now, recall that a Mahalanobis distance D4 is a 1-similar Bregman di-
vergence. Thus, from Theorem [5.3] and Markov’s inequality we know that
with probability at least 1 — 9§ we have

cost(P, S) < ;(2 +Inm) opt,, (P) . (6.74)

Lemma below guarantees that by using Lemma with the right
choice of parameters v and m we have

8y

cost(P,S) < 7(2 + Inm) opt,(P) (6.75)
< &% opt,(P) (6.76)
< e?cost(P,C) . (6.77)

149



6 Strong coresets for Mahalanobis distances

Hence, with probability at least 1 —§ we obtain from inequality (6.67)) and
(6.77))

|cost (P, C') — costy, (S, C)| < 6ecost(P,C) . (6.78)
This proves Theorem

Lemma 6.16. There exist m,~y with

m =0 (dd/25’d/25’dklog(n) log(d¥?6=4%c =4 log n)) , (6.79)
<0 (6.80)
7= 382+ nm) '

such that we have
m > (9d/v)*?k[log(n) + 2] . (6.81)

Proof. Let e = 2.718... denote the base of the natural logarithm. For
simplicity of notation, we define

L = (171d)"?6~ 2~k [log(n) + 2] . (6.82)

As choice of m and v, we consider

m = e?LIn"?(L) , (6.83)
20
77 16mm (6.84)
Hence, we find
m =0 (dd/25*d/2€’dklog(n) log(d¥/?6=42c~k log n)) , (6.85)
<0 (6.86)
7= 8@+ mm) ‘

for m > 8. Observe that by choice of v we have

(9d/7)klogn + 2] = (171d)¥?6~ %~k [log(n) + 2] In¥*(m) (6.87)
= LIn"*(m) . (6.88)

Hence, to show that inequality (6.81]) is satisfied, it is sufficient to show
that m > LIn%?(m).
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6.3 Discussion

To this end, note that by definition of L we have
d=o(lnL) . (6.89)
Thus, we know that for large enough L we have
In(L) + g Inln(L) + g <elml. (6.90)

Using our choice of m and inequality (6.90), we conclude

LIn¥2(m) = L(1n(ed/2L1nd/2(L)))g (6.91)
=L (ln(L) + gln In(L) + g) ’ (6.92)

< 2L In%?(L) (6.93)

=m. (6.94)

0

6.3 Discussion

In this chapter we have presented two (strong) coreset constructions ap-
plicable to the Mahalanobis k-median problem. The first construction
is deterministic and a direct generalization of the coreset construction
given in [Har-Peled and Mazumdar, 2004]. The size of these coresets is
only linear in the number of clusters k£ and only logarithmic in the num-
ber of points n, but exponential in the dimension d. Our second con-
struction is a new, randomized coreset construction based on the non-
uniform sampling scheme from Chapter 5] This new construction yields
coresets of approximately the same size as the deterministic construction
from [Har-Peled and Mazumdar, 2004], up to a logarithmic factor.

It is noteworthy that while both constructions are well suited for the case
of Mahalanobis distances, they do not generalize easily to more general k-
median clustering problems, even if the dissimilarity measure features some
approximate metric properties such as a p-similar Bregman divergence D.,.
Subtle technical difficulties arise if we want to show the existence of a strong
(k,e)-coreset for arbitrarily small e. The main problem we encounter is
that the approximate metric properties do not provide much help when
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6 Strong coresets for Mahalanobis distances

our goal is to give bounds on the difference of two dissimilarities, e.g., a
bound on |Dy(p,C) — Dy (s, C)| in terms of e D, (p, C') for arbitrary small
e. Instead, the proofs of this chapter rely on the fact that a Mahalanobis
distance in general (such as the squared Euclidean distance in particular)
is the square of a metric. Unfortunately, the Mahalanobis distances are
the only Bregman divergences that are the square of a metric.

To overcome these problems, in the next chapter, we introduce a relaxed
notion of coresets which we call weak coresets. Not only do we show that
there is an efficient construction of weak coresets for the u-similar Bregman
k-median problem, but we also show that there are weak coresets of size
merely polynomial in &, polylogarithmic in the number of points n, and
independent of the dimension d.

However, it remains an open question whether there exist strong coresets
of small size for the k-median problem with respect to a general Bregman
divergence, or even just in the case when we are restricted to p-similar
Bregman divergences.
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7 Weak coresets for p-similar
Bregman divergences

Several constructions for strong coresets like the coresets given in Chap-
ter[6] have been proposed for the k-median problem in metric and Euclidean
spaces. Usually, the analysis of these coreset constructions relies heavily
on the fact that the underlying distance measure is a metric (such as the
Euclidean distance), or at least the square of a metric (such as Mahalanobis
distances). No strong coreset constructions are known for the general Breg-
man k-median problem using Bregman divergences other than Mahalanobis
distances.

From Section we know that p-similar Bregman divergences feature at
least some quasi-metric properties, such as triangle inequality and symme-
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7 Weak coresets for pu-similar Bregman divergences

try within a constant factor of O(1/u). Unfortunately, a straightforward
adaptation of existing coreset analyses using these quasi-metric properties
only leads to (k,©(1))-coresets at best. Subtle technical difficulties arise
from the asymmetry and the lack of triangle inequality if we want to show
the existence of a strong (k, €)-coreset for arbitrarily small €.

However, when using coresets to design faster approximation algorithms,
it turns out that the classical definition of strong coresets seems to be
unnecessary strict. Recall that we demand in the definition of strong (k, €)-
coresets that the clustering cost of the original set P and the weighted
coreset S have to be approximately the same with respect to any set of
k centers from domain X C R?. This means that the number of centers
that have to be considered may be infinite or even uncountable. Now,
assume that we want to construct a coreset S by preprocessing the input
data P for a certain, fixed approximation algorithm. In this case, we are
not interested in the cost of P and S towards an arbitrary set of centers.
We are merely interested in comparing the cost of P and S with respect
to the output centers of this particular approximation algorithm, and with
respect to the to optimal k-medians of the given input instance. However,
for each finite input set there are (usually) only a finite number of possible
approximate medians computed by a fixed approximation algorithm, as
well as only finitely many optimal medians. So, it turns out that we only
need the clustering cost of P and S to be approximately the same with
respect to this finite number of relevant center points. This observation
leads to a relaxed notion of coresets.

In our relaxed notion of coresets, only center points from a finite but
significant set I' C X are considered. We call this a ['-weak coreset. Weak
coresets have been introduced in [Feldman et al., 2007] to construct core-
sets for the Euclidean k-means problem with a size that is independent of
the number of input points n and dimension d. However, our notion of
weak coresets for the generalized k-median problem differs slightly from
the previous definition.

Definition 7.1. Let D be a dissimilarity measure on domain X C R?, let
P C X be finite, and let I' C X be arbitrary. A weighted multiset S C X
with weight function w : S — R such that Y _cw(s) = |P| is called a
[-weak (k,e)-coreset of P for the k-median problem with respect to D if
for all C C T of size |C| = k we have

|cost” (P, C) — costy (S, C)| < ecost®(P,C) . (7.1)
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In this chapter, we give a randomized construction of weak coresets for
the p-similar Bregman k-median problem. This randomized construction
is based on uniform sampling. In doing so, we present the first coreset
construction applicable to the Bregman k-median clustering problem. This
construction is an adaptation of an earlier construction of strong coresets
from [Chen, 2006] and |[Chen, 2009|, originally proposed in the context of
the k-median and the k-means problem in metric and Euclidean spaces.
We prove that Chen’s construction yields at least weak coresets for the
Bregman k-median problem. The main result of Section is summarized
in the following theorem.

Theorem 7.2. Let D, be a u-similar Bregman divergence on X C R?
and let P C X be of size n. For any finite I' C X there exists a I'-weak
(k,e)-coreset of P of size O (72klog(n)log(k|T|*logn)) for the k-median
problem with respect to D,. Furthermore, given a set of medians of a con-
stant factor approxzimate k-median clustering of P, such a weak coreset
can be constructed with high probability using uniform sampling. This con-
struction requires at most O (kn + e2klog(n)log(k|T'|¥logn)) arithmetic
operations, including evaluations of D,.

Note that the size of the I'-weak coreset depends only logarithmically
on the size of I'. Hence, if the set of relevant center points for an input
set P and a given approximation algorithm is only polynomial in n and
independent of d, we find that the size of our I'-weak coreset will be at
most polylogarithmic in n, and independent of d.

Furthermore, in Section[7.2] we show how to apply these weak coresets to
the (14¢)-approximation algorithm CLUSTER from Chapter[d To this end,
we give a combinatorial analysis of the number of relevant center points,
that is, the number of potential output points of algorithm CLUSTER. We
show that for each input set P of size n the set I of relevant center points
is indeed of size at most polynomial in n. In doing so, we prove that we can
speed up the running time of algorithm CLUSTER by building a I'-weak
coreset and using this coreset as a smaller input set, as is stated in the
following theorem.

Theorem 7.3. Let P C X be of size n. There exists an algorithm that
with constant probability computes a (1 + €)-approzimate solution of the
k-median problem with respect to p-similar Bregman divergence D, for
input instance P using at most O(kn) + 20K/=108k/&) 165542 () arithmetic
operations, including evaluations of D,,.
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For a number of Bregman divergences, such as the Kullback-Leibler di-
vergence or the Itakura-Saito divergence, this result improves significantly
over the previousely asymptotically fastest known (1 + ¢)-approximation
algorithm from Chapter 4l The results from this Chapter have been pub-
lished earlier in [Ackermann and Blémer, 2009].

7.1 Construction of ['-weak coresets

In this section we present a weak coreset construction applicable to a -
similar Bregman divergences D, on domain X C R?. In particular, we show
how to construct a I'-weak coreset for an arbitrary but fixed and finite T

7.1.1 Chen’s coreset construction for Bregman
divergences

We give an adaptation of Chen’s coreset construction from [Chen, 20006]
and [Chen, 2009]. Chen’s construction has been originally proposed as a
construction of strong coresets in the context of the Euclidean k-means
and k-median problem, as well as in the context of the discrete version
of metric k-means and k-median problems. We show that an adaptation
of this construction to u-similar Bregman divergences yields at least weak
(k,e)-coresets.

In a nutshell, Chen’s construction is as follows. Given the centers of
a constant factor approximate clustering, the input set is partitioned by
assigning each point to their closest center. Each set of this partition is
further divided into ring sets centered around their common center point.
This division is obtained in a way such that all points in a common ring
set differ in their distance to their center by no more than a factor of 2.
Finally, a prespecified number of m points is sampled uniformly at random
from each ring set. The union of these sample points forms the coreset.
Each coreset point is assigned with a weight proportional to the number of
points from their ring set. An illustration of this coreset construction can
be found in Figure [7.1]

We now give the coreset construction in detail. In the following, let
P C X with |P| = n, and let A = {aj,as,...,a,} be the medians of an
[a, B]-bicriteria approximation for the optimal k-median clustering of P
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(a)

Figure 7.1: An illustration of Chen’s coreset construction. (a) For each
approximate center g;, the input set P is partitioned by Bregman balls of
radius 2/ R centered at ¢;. (b) From each ring set of the partion, a fixed
number of m representative points is chosen uniformly at random and is
added to the coreset. Each coreset point is assigned a weight proportional
to the number of input points from its ring set.

with respect to p-similar Bregman divergence D, i.e.,
cost(P, A) < aopt,(P) (7.2)
and
Al = < Bk . (7.3)

A simple and fast algorithm to obtain an [O(u?log k), 1]-bicriteria ap-
proximation for y-similar Bregman divergences is given in Chapter

Let Ay, Ag, ..., A, be the partition of P induced by assigning each p € P
to their closest a; € A, i.e. p € A; if and only if a; = argmingea D, (p, a),
breaking ties arbitrarily. Furthermore, let

R= 1 cost(P, A) . (7.4)

an

Note that R < % opt, (P). Furthermore, let

Ug(ai,r) = {z € X| Dy(z,a;) <7} (7.5)
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denote the D -ball of radius r centered at a;. Using A, we define a partition
{-Pij}i,j of P by

Pl'() = PZ N U¢(ai, R) (76)
fori=1,2,...,k and
Pyj = P,0 (Ug(ai, 2 R) \ Ug(a;, 27" R)) (7.7)

fori = 1,2,...,k and j = 1,2,...,v, where v = [log(an)|. Note that
{P,;}i; is indeed a partition of P since the existence of a p € P with
D,(p, A) > 2"R leads to

cost(P, A) > Dy(p, A) > 2"R > anR = cost(P, A) (7.8)

which is a contradiction.

Assume we have fixed a number m € N. For each ¢, j let S;; be a uniform
sample multiset from P; of size |S;;| = m. Let w(s) = L|P;| be the weight
associated with s € S;;. We define S = U” S;; of size

|S| = kvm = Bkm[log(an)] (7.9)
as our weak coreset. In Section we prove the following theorem.

Theorem 7.4. Let I' C X be an arbitrary finite set. Then there exists
an m = O (e 22 log (86~ k|T'|* log(an))) such that with probability at
least 1 — 0 the weighted multiset S is a I'-weak (k,7e)-coreset of P.

The interesting aspect of this result is that the size of the weak coreset
depends only logarithmically on the size of I'. Hence, if we know that the
set of relevant center points for an input set P is, say, only polynomial in
n, we find that the size of our I'-weak coreset will be only polylogarithmic
in n. We will make use of this observation in Section [.2l Also note that
we do not have to know the exact content of set I' to construct the I'-weak
coreset. We only need a size bound on I' to know how many points should
be sampled from each set F;;.

The partion {P;;};; can be computed using at most O(kn) arithmetic
operations, including evaluations of D,. The I'-weak coreset S can be
sampled from {P;;};; in time O(|S]). Hence, Theorem [7.2]is an immediate
consequence of Theorem [7.4]
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7.1 Construction of I'-weak coresets

7.1.2 Proof of Theorem [7.4]

To prove Theorem [7.4] we will make use of the following probabilistic con-
centration bound, given in [Haussler, 1992]. This bound states that the
average of a finite number of values from a fixed region can be well approx-
imated by the average value of a constant sized sample set.

Lemma 7.5 ([Haussler, 1992]). Let f : P — R and F' € R be such that we
have 0 < f(p) < F for allp € P. Let S C P be a uniform sample multiset
of size |S| > 3e721In(267"1) for constants € > 0 and 6 > 0. Then we have

<eF|>1-96. (7.10)

seS

f(p) f(s
‘IPI oy ISIZ

Our strategy to prove Theorem [7.4]is as follows. First, we prove inequal-
ity with high probability for an arbitrary but fixed set C of size k.
After that, we use the union bound to show that with probability at least
1 — ¢ inequality is satisfied for all C' C I" of size k.

Lemma 7.6. Let C' C X be a fized set of size |C| = k. If we have
m > 8a’e?u?In (20~ ' kv|T|¥) (7.11)
then with probability 1 — §|T|~* we have
|cost( P, C') — costy, (S5, C)| < Tecost(P,C) . (7.12)

Proof. We prove the Lemma in two steps. First, we use the concentra-

tion bound from Lemma [7.5 to give an upper bound on the difference

|cost(P;;, C') — costy, (S5, C)| for fixed 7, j with (very) high probability. Af-

ter that, we use the union bound to show that with high probability this

upper bound holds for all 7, j. Summing up over all 7, j concludes the proof.
To this end, initially, fix ¢, 5. We have

cost(P;;, C') — costy,(S;i;, C)
j j

Pyl - ‘IBJIZD 3w ' (7.13)

PEP;; ”| SES;;

For all p € P;; we define a function f;; by

fii(p) = Dy(p. C) . (7.14)

159



7 Weak coresets for pu-similar Bregman divergences

Obviously, we have f;;(p) > 0 for all p € P,;. Let ¢* € P,; denote a point
that minimizes f;;. Furthermore, let Dy be a Mahalanobis distance such
that

1Dy (p,q) < Dy(p,q) < Du(p,q) (7.15)

for all p,q € X. Using the double triangle inequality of Dy (Lemma [2.15)
we deduce that for all p € P;; we have

fij(p) < Dy(p, ") (7.16)
< Dy(p, ") (7.17)
S 4(DU(q*aC*) +])U(q*vai) +DU(p7 al)) (718)
< 2 (Du{a"¢) + Do’ ) + Dy . 0) (7.19)
< %(Dw(q*, C)+21*'R) (7.20)

where ¢* = argmin.cc D,(q*, ¢). Here, inequality (7.20) holds since by
construction of P;; we have Dy (g%, a;) < 2/R and Dy,(p,a;) < 2/R. Using
fij and w(s) = |P;;|/|S;;| for all s € S;;, equation (7.13) can be written as

|cost(Py;, C) — costy, (Si;, C)| = | Pyl " By Z fii(p |S ’ Z fi;(s
pEP;; g SES;;
(7.21)
By using Lemma with function f;;, bound Fj; = %( C)+ 23+1R)
and |S;;| = m, with probability at least 1 — d(kv|['|¥)~" we obtam

|cost (P, C) — cost (S, C)| < §| J(Du(q",C) + 27R) . (7.22)
Now, note that by choice of ¢* € P;; we have

|P; < ) Dy(p, C) = cost(Py;, C) . (7.23)

PEP;;

Furthermore, let us derive a bound on 2/*!|P;|R for all j > 0. In case
j =0 we have

21 PR =2|Py|R . (7.24)
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7.1 Construction of I'-weak coresets

On the other hand, if j > 1 by construction of P;; for all p € P;; we have

27'R < Dy(p, A) , (7.25)
and we find
2T PyIR <4 Dy(p, A) = 4cost(Py, A) . (7.26)
pEPR;;

Hence, in either case we obtain

2 Py R < 4cost(Py, A) + 2 |Py|R . (7.27)

Therefore, using inequality (7.22]) in combination with inequalities (|7.23])

and ([7.27) we obtain
|cost(Hj, C') — costy, (S5, C’)|
(cost(Py;, C) + 4 cost(P,

< 5 A)+2|Py|R) . (7.28)

€
e’

So far we have learned that for fixed i, j, inequality holds with
probability 1 — d(sv|T'|¥)~L. Using the union bound, we find that with
probability at least 1 — §|I'|~*, inequality holds for all ¢ = 1,...,k
and j = 1,...,v. Hence, using the triangle inequality of the reals and
summing up over all 7, 7 we have

|cost(P, C) — cost, (S, C)

< Z |cost(P;;, C') — costy, (S5, C)| (7.29)
i,J
£

<= (Z cost (P, C) +4 cost (P, A) + 2R |B~j|) (7.30)

] 2y 2,3

= i(cost(P, C) + 4 cost(P, A) + 2nR) . (7.31)

o

Using R < £ opt;,(P) and cost(P, A) < «opt;,(P) we conclude
|cost(P, C)— costy, (S, C)|

< g(cost(P, C) + 4 cost(P, A) + 2 opt,(P)) (7.32)
< Z(cost(P,C) + (4o + 2) opt, (P)) (7.33)
< ?5 cost(P, C') (7.34)
since a > 1. ]
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7 Weak coresets for pu-similar Bregman divergences

By Lemma [7.6] for a fixed choice of C' C I' we have inequality
with probability 1 — 6|T'|7*. Since there are at most (II;\) < |T|* subsets
C C T of size k, using the union bound we obtain that with probability
1 — § the weighted multiset S is a I-weak (k, 7¢)-coreset of P. This proves
Theorem [7.4]

7.2 Application to Bregman k-median
clustering

In this section we show how to use I'-weak coresets to improve the asymp-
totic running time of an existing (1 4 €)-approximation algorithm for the
p-similar Bregman k-median clustering problem, thereby giving proof to
Theorem [7.3] In particular, we improve the adaptation of algorithm CLUS-
TER from Chapter [4] that works on weighted input sets. To this end, we
will use the following strategy:

1. In a preprocessing step we construct a I'-weak coreset of the input set
with respect to a carefully defined, small I" that includes all medians
relevant to P when using the adaptation of algorithm CLUSTER.

2. After that, we run the adaptation of algorithm CLUSTER with the
I'-weak coreset as weighted input set. The computed approximate
medians are returned.

If we have identified the right set I' it turns out that the computed approxi-
mate medians are a (14 ¢)-approximate solution to the Bregman k-median
clustering problem. However, the definition of I is the crucial part of this
approach.

To give a precise description of the set of relevant center points we have
to clarify which points are considered to be relevant to us in the given
approach. The idea behind using coresets in a preprocessing step is that any
solution computed using the coreset as input set should be approximately
as good or as bad for the coreset as the solution is for the original input
set. This property is captured by inequality from our definition of
weak coresets, and we want to make use of this inequality for the output
points computed by our algorithm. So, an input point is relevant to our
approach if such a point turns up as an approximate center point computed
by algorithm CLUSTER.
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7.2 Application to Bregman k-median clustering

Of course, we do not know these optput points in advance since both
our coreset construction as well as our approximation algorithm are ran-
domized. Hence, what we really need is a guarantee that the number of all
potential output points, computed during any run of algorithm CLUSTER
started with any coreset from Chen’s construction, is small. Fortunately,
due to the nature of our coreset construction and of algorithm CLUSTER
this is indeed the case, as is stated in the following Lemma.

Lemma 7.7. Fizx an input set P and a bicriteria approximation A as given
in Chen’s coreset construction. Then there exists a set I'p 4 of size

IDpal <O n (7.35)

such that for every potential (S,w) from Chen’s coreset construction applied
to P and A, and for every possible output C' of algorithm CLUSTER started
with weighted set S, we have C C T'p 4.

Proof. The proof of this lemma is somewhat technical and requires some
insight into the operation of algorithm CLUSTER. However, the main idea
of the proof is straightforward. Let P be of size |P| = n. Any cluster
center ¢ € C' computed by algorithm CLUSTER is the weighted centroid of
an O(e~ '~ 1)-sized subset of S. We know that there are at most n@¢ '#™")
subsets of S of size O(¢~'p~1). In addition, the number of different weights
that can be assigned to a point during a run of the algorithm started with
a coreset from Chens’s construction is bounded by n. Thus, the number
of all possible weighted subsets that define an approximate median can be
bounded by n@E 1),

We now give a detailed proof of the lemma. Since P and A are fixed,
so is the partition {P,;};; of P from Chen’s coreset construction. Let S
be a weighted multiset with weight function w obtained by the coreset
construction. Without loss of generality, we may assume |S| < n. Let m
be the constant number of elements sampled uniformly at random from
each P to obtain S.

First, let us ignore the weight function w. Recall that according to
Corollary each approximate median from the output of CLUSTER is
obtained as the (weighted) centroid of a subset of size O(e~ ') from S.
Hence, each potential output point corresponds to a constant sized subset
of S. Let N denote the number of such subsets. Then we have

S o
N < <Pt m) :
< (o) < (730
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7 Weak coresets for pu-similar Bregman divergences

Now let us consider the weight function w. Since |P;;| and m are fixed
and independent of the random choices made during the construction of S,
the (initial) weight of each point from input set S is also fixed. However,
during the execution of algorithm CLUSTER, sometimes the weight of a
single point is split during the pruning phase of the algorithm. Hence, the
weight of some points will change. So, we have to analyze the number
of different weights that may be assigned to point s € S during a run of
algorithm CLUSTER.

To this end, observe that the behavior and output of algorithm CLUSTER
will not change when the weight function of the input set is scaled by a
constant. Therefore, let us consider set S with weight function @ such
that w(s) = muw(s). Since for all s € P;; we have w(s) = =|P;], it follows
that function @ has only integral weights w(s) = |P,;|. Hence, there is a
one-to-one correspondence to a run of algorithm CLUSTER on unweighted
input multiset S where each s € S is replaced by w(s) copies of s. Since
splitting the weights of a point from S corresponds to the situation when
some points from S are pruned and some are not, we find that the weights
of W remain integral during a run of algorithm CLUSTER. Hence, there
will be at most |P,;| < n different weights assigned to point s € P;;.

We conclude that the number W of different weight functions assigned
to a fixed O(e~!p~1)-sized subsets of input set S is bounded by

“1u-1)

W < nOEw (7.37)

Thus, the number of different O (e~ ~1)-sized subsets with different weight
functions is at most

1,—1 2 -1, —1
NW < <n0<€‘ z >> — O (7.38)

Of course, the same bound applies to the number of weighted centroids of
O(e'u™1)-sized subsets of S. Thus, inequality (7.38)) provides a bound to
the number of all possible output points of algorithm CLUSTER. O

In addition to the observations above, we also want to compare the
solutions obtained by algorithm CLUSTER to the optimal k-medians of
input set P. Thus, the optimal k-medians of P are also considered to be
relevant to our approach.

Now, we can give the definition of I' explicitly. Let I'p 4 be as given by
Lemma [7.7|and let Cp denote the optimal Ak-medians of P. Then we define

I =TpsUCh . (7.39)
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7.2 Application to Bregman k-median clustering

CORECLUSTER(R, k):
P set of input points
k  number of medians to be found

1: Obtain O(u~%logk)-approximation A using algorithm
BREGMEANS++(P, k) from Chapter[3

2: Build I'-weak (k,¢)-coreset S of P, using A and Chen’s
coreset construction with || < n®E 'n™h),

3: Run algorithm WEIGHTEDCLUSTER on weighted input
set S to obtain (1 + ¢)-approximate k-median set C.

4: Return C' as set of approximate medians for P.

Figure 7.2: The clustering algorithm using I'-weak coresets

We obtain the following bound on |I'|.

Lemma 7.8. [I'| < n@E w7
Proof. We know |Cp| = k. By Lemma we have |Tp 4| < nOE w7,

Since k£ < n we obtain

-1

D] < nOE ) 4 | < pOE ) (7.40)

O

Note that the definition of I' depends only on P and A, and is indepen-
dent of the random choices made during the construction of coreset S. Also
note that we do not have to know the exact content of set I' to construct a
[-weak coreset using Chen’s construction: We only need a size bound on
I', and this bound is given by Lemma [7.§

Our new approximation algorithm for the Bregman k-median clustering
problem is summarized in Figure [7.2] We call this algorithm CORECLUS-
TER. Using algorithm BREGMEANS++ from Chapter [5| we obtain an initial
[, B]-bicriteria approximation with o = O(u~2logk) and 3 = 1. Hence,
from Theorem [7.2] and Lemma [I.§ we learn that S is a I'-weak coreset S
of size

15| = O (e "k log®(k) log*(n)) . (7.41)

That is, the size of S is independent of the dimension d and depends only
polylogarithmically on the size n of the input set P.
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7 Weak coresets for pu-similar Bregman divergences

In the following theorem we prove that with constant probability algo-
rithm CORECLUSTER indeed computes a (1 + ¢)-approximate solution of
the p-similar Bregman k-median problem.

Theorem 7.9. Let 0 < ¢ < % With constant probability, algorithm

CORECLUSTER computes a solution C' of the k-median problem with re-
spect to p-similar Bregman divergence D, for input instance P satisfying

cost(P, C) < (14 7¢) opt,(P) . (7.42)

Proof. Since each of the steps 1-3 of algorithm CORECLUSTER succeeds at
least with constant probability, we may assume that with constant proba-
bility steps 1-3 yield the desired result.

Let Cp denote the optimal k-medians for P and let C's denote the
optimal k-medians for weighted set S, i.e. cost(P,Cp) = opt,(P) and
costy (S, Cs) = opt,,(S,w). Using C C I'ps and the fact that S is a T-
weak (k, e)-coreset we obtain from inequality

1
cost(P,C) < .

costy (S, C) . (7.43)

Since C'is a (1 + e)-approximation for weighted input set S we get

costy, (S, Cp). (7.44)

~ 1 1
cost(P,C) < . re costy, (S, Cg) < ] e

Using Cp C I' and inequality (7.1 we obtain

- 1 2
cost(P, ) < L ost(P.Cp) < (14 7) opt, (P) (7.45)
— &
since%ﬁl—i—?éforagé. O]

We still have to give a bound on the running time. In the following
theorem we show that algorithm CORECLUSTER has indeed an improved

running time compared to the running time of algorithm CLUSTER from
Chapter [4

Theorem 7.10. Let P C X of size |P| = n. Algorithm CORECLUS-
TER started with parameters (P, k) and fived parameter ¢ > 0 requires at
most O(kn) 420%™ ™ oeke™ ™) 166542 () arithmetic operations, includ-
ing evaluations of D,.

166
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Proof. Let T'(n, k) denote the running time of algorithm CORECLUSTER
started with n input points and k approximate medians to be found. From
Chapter [5| we know that we can obtain approximation A using at most
O(kn) arithmetic operations. Theorem states that coreset S can be
constructed using at most O(kn+|S|) operations. Furthermore, recall that
a p-similar Bregman divergence D, satisfies the [y, d]-sampling property
with m, 5 = O(e™'p~!) for v = £/3 and constant § (cf. Lemma [4.21)).
Thus, according to Theorem [£.15] algorithm WEIGHTEDCLUSTER started
with coreset S of total weight w(S) = n requires at most

T(n, k) = 20tk w oglke ™ u0) | 5 1og" (1) (7.46)

arithmetic operations. In addition to that, from equation ((7.41)) we know
that |S| = O (3 ~°k*log® (k) log*(n)). We conclude

T(n, k) = 20k n oglke™tum) 1o 0k +2 () (7.47)
]

Hence, as long as the number of clusters k is small compared to the
number of input points, i.e., k = o(logn/loglogn), the running time of
algorithm CORECLUSTER improves significantly over the running time of
algorithm CLUSTER from Chapter [, Theorem [7.3]is an immediate conse-
quence of Theorem [7.9 and Theorem [7.10]

7.3 Discussion

In this chapter we introduced our concept of weak coresets. We have shown
that there exist small weak coresets for the p-similar Bregman k-median
problem, and we have shown how to construct such a weak coreset ex-
plicitly using uniform sampling. Furthermore, we have shown how to use
weak coresets to significantly speed up algorithm CLUSTER from Chapter
[ In doing so, we presented the asymptotically fastest algorithm currently
known for the k-median problem with respect to p-similar Bregman diver-
gences. Due to the low dependency of the running time on d this algorithm
is particularly relevant for high-dimensional settings.

We should also mention that our application of weak coresets does not
only generalize the result from [Chen, 2009| considering the Euclidean k-
means problem (as an instance of the Mahalanobis k-median problem),
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7 Weak coresets for pu-similar Bregman divergences

but the use of weak coresets even improves Chen’s result by a factor of
d. In [Chen, 2009], the size of the strong coresets obtained is linear in d.
This leads to a running time of O(dkn) + d*2*/9°" 10g"*2(n). Since the
size of our weak coresets is independent of dimension d and the Euclidean
distance can be evaluated in time O(d), we obtain a running time that
depends only linearly on d.

It is noteworthy that our notion of weak coresets can be applied to any
p-similar Bregman k-median clustering algorithm if the combinatorial com-
plexity of the algorithm’s possible outputs is small. For instance, assume
that the input set P and a constant factor bicriteria approximation A are
fixed. Let I'p 4 denote the union of every possible output point of a given
clustering algorithm started for every potential weighted (k,e)-coreset S
from Chen’s coreset construction applied to P and A. If f(n,k,d,¢) is a
function such that [I'pa| < f(n,k,d,e) for every P of size n and every
A of size O(k), then Chen’s construction yields a weak (k,e)-coreset of
size (k/e)°M log(n)log(f(n, k,d,)). Hence, weak coresets can be used to
speed up any given clustering algorithm, as long as the number of poten-
tial output center points of the algorithm is small enough. Unfortunately,
algorithm CLUSTER from Chapter 4] and CORECLUSTER from this chap-
ter are the only (1 + ¢)-approximation algorithms currently known for the
Bregman k-median problem.

Of course, some open problems remain. First of all, it is still un-
known whether there exist any strong coresets for the p-similar Bregman
k-median problem. Considering the result from [Feldman et al., 2007] (or
even |[Har-Peled and Kushal, 2005]) the question arises whether one can
construct weak (or even strong) coresets for the p-similar Bregman k-
median problem that are independent of the size of the point set n. Also,
in the light of the results from Chapter [6] are there strong coresets for the
Mahalanobis k-median problem of size independent of d? Furthermore, it
remains an open problem to construct coresets for non-similar Bregman
divergences with singularities in their domain.
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8 On the limits of using
uniform sampling

Many algorithms, like our algorithm CLUSTER from Chapter {4] and al-
gorithm BREGMEANS++ from Chapter [5] rely on the power of random
sampling to obtain good approximate solutions to the Bregman k-median
problem with high probability. In particular, we have shown in Chapter
that we can always give a linear time approximation scheme, provided
that the 1-median problem can be approximated within a factor of (1 + ¢)
by inspection of a uniform random sample set of merely constant size.
Furthermore, we have shown that for all p-similar Bregman divergences,
with high probability a sample set of size O(e~ ') is indeed sufficient to
obtain a (1 + ¢)-approximate 1-median.

Naturally, the question arises whether a property like p-similarity is ac-
tually necessary to achieve such a sampling result for a given Bregman
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8 On the limits of using uniform sampling

divergence D,. In this chapter, we provide strong evidence that this is
indeed the case. More precisely, in Section we show that if uniform
sampling provides a constant factor approximation guarantee for finding
the 1-median of any input set, then the domain X of D, has to be free of
any singularities (that is, there must not exist p, ¢ € X with D, (p, ¢) = 00),
and it is even unlikely that the domain may come arbitrarily close towards
having such singularities. As we already know from Lemma this im-
plies p-similarity for some constant 1 > 0 (under some mild assumptions
on the second derivatives of ¢). Hence, this observation provides strong
evidence for the conjecture that, in fact, for all Bregman divergences sam-
pleability implies p-similarity. One consequence of this observation is that
techniques that rely on approximation by constant sized uniform sampling
(like algorithm CLUSTER from Chapter [4f) are limited to the case of -
similar Bregman divergences.

In addition, in Section[8.2]we show that the intuition from Section[8.1]can
be made explicit by taking into account the concrete analytical properties
of a given generating function . In detail, for some Bregman divergences
we show explicitly that the assumption of sampleability indeed implies
p-similarity, namely for the Kullback-Leibler divergence and the Itakura-
Saito divergence.

8.1 Sampleable Bregman divergences avoid
singularities

The sampling property from Chapter 4| assures that with probability at
least 1 — & the centroid of a constant number of sample points chosen
uniformly at random from input set P is a (1 + ¢)-approximation of the
l-median of P. In this chapter, we use a slightly different notion of sam-
pleability that focuses on the use of a single uniform sample point. In
detail, we make use of the following formal definition.

Definition 8.1. A dissimilarity measure D on domain X is called (v, 0)-
sampleable if for all finite P C X and a single uniform sample point s € P
we have

Prcost(P,s) < (1+7)opt,(P)] >1-9. (8.1)

Please note that in the case of p-similar Bregman divergences this no-
tion of sampleability differs from the sampling property of Chapter [4] only
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8.1 Sampleable Bregman divergences avoid singularities

in the quantity of the constants v and 0. That is, obviously, if D, is
(7,0)-sampleable, then D,, also satisfies the [, d]-sampling property from
Chapter [4| using a sample of size m = 1. On the other hand, if — according
to Lemma — we have the [, §]-sampling property with m > ﬁ, then
we have that D, is also (v, ¢’)-sampleable as long as v > ﬁ.

In this section, our goal is to provide evidence that the domain of a
sampleable Bregman divergence necessarily avoids all singularities. To this
end, let us consider a (v, §)-sampleable Bregman divergence D, on domain
X. Furthermore, let n € N be such that

1
> = . 8.2
n> (8.2)
For arbitrary p,q € X with p # ¢ we consider a multiset P C X of size n
consisting of one copy of point p and n — 1 copies of point ¢q. Recall that
we know from Lemma [3.6] that the centroid

1 n—1

Cp = Ep—i— q (83)

n

is the optimal 1-median of P. By construction of P, we obtain the following
lemma.

Lemma 8.2. Let D, be (v, §)-sampleable, and let p, q, cp, P, and n be as
above. Then we have

D, (cr,q) <~ opt; (P) . (84)
Proof. Let
X = {x c P‘ D, (cp,z) < %Optl(P)} . (8.5)

From the central identity of Lemma |3.5) we know that the elements of X
are exactly the points from P that are y-approximate medians of P. Since
D, is (7, 0)-sampleable and § > 1/n, we know that

1X|>6n>1. (8.6)

That is, X contains at least two points from P. Thus, we have ¢ € X, and
the lemma follows. m

Furthermore, using the sampleability of D, and the result from Lemma
8.2| we observe the following property of the generating function ¢.
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8 On the limits of using uniform sampling

Lemma 8.3. Let D, be (7, d)-sampleable, and let p, q, cp, P, and n be as
above. Then we have

plcp) — (w(q) + %Vso(q)T(p - q)) <y <¢<p) tin-Leld sO(CP)) :

n

(8.7)
Proof. From Lemma [8.2] we obtain
oler) = pla) = V(@) (cr = 0) = Dyler,) < Topty(P) . (88)
Furthermore, we have
opt (P) = Dy(p, cp) + (n — 1) Dy(g, cp) (8.9)
= ¢(p) —¢lcp) = Veler) ' (p — cp)
+(n—1)(p(q) — @lep) = Velep) (g—cp)) . (8.10)
Since (p — cp) = =L(p —q) and (¢ — cp) = —=(p — q) we obtain
Veler) (0 — cr) = " pler) (p — a) = ~(n — 1)Vip(cr) (g~ cr)
(8.11)
and
opty (P) = ¢(p) + (n — 1)e(q) — ne(cp) - (8.12)

Using (8.8)) and (8.12)) we conclude

(o(p) + (n — 1)p(q) — np(cp))
(8.13)

p(cp) — o(q) = Volg) (cp —q) <

3=

or, equivalently,

p(cp) — <90(q) + %Vw(q)T(p — q)) <7 (w(p) hi (2_ Dela) _ s@(cP))
(8.14)

since cP—q:%(p—q). ]
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o(q) + =Ve(g) T (p— 9 X"

Figure 8.1: A geometric interpretation of Lemma For all points p, g
from domain X, the ratio 3/a has to be bounded by ~.

Lemma has an interesting geometric interpretation considering the
graph of the generating function ¢. Observe that the left-hand side of
inequality gives the difference between the graph of ¢ and the tangent
of ¢ through point ¢, evaluated at point cp. On the other hand, the right-
hand side of inequality depends on the difference between the graph
of ¢ and the chord connecting (p, gp(p)) and (q7 go(q)), again evaluated at
point cp. Thus, the ratio of both differences gives information about the
curvature of the function ¢. Now, recall that the result of Lemma 8.3
states that if D, is (7, d)-sampleable, then these differences are within a
factor of 4 from each other. Hence, a Bregman divergence on domain X is
not sampleable unless the curvature of ¢ on domain X is bounded.

Intuitively, this observation immediately rules out the existence of sin-
gularities on the domain of a sampleable Bregman divergence. To see this
connection, assume that there exist singularities on X. That is, there exists
a point ¢ € X \ ri(X) such that the directional derivatives at point ¢ tend
to +00. Furthermore, let {g,},eny be an infinite sequence of points from
ri(X) with ¢, — ¢ for v — oco. Hence, for v — oo the difference between
the graph and the tangent through ¢, must converge to oo and, eventually,
violates inequality . We obtain that such a point ¢ may not exist in
X. In addition to that, since the ratio of both differences is bounded by
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8 On the limits of using uniform sampling

constant 7, we even find that domain X may not come arbitrarily close to
these singularities.

This geometric interpretation of Lemma [8.3]is depicted in Figure As
we will see in the next section, the intuition given above can be made ex-
plicit when considering concrete Bregman divergences such as the Kullback-
Leibler divergence and the Itakura-Saito divergence.

8.2 Explicit domain bounds for some
Bregman divergences

In this section, we show that the intuition from Section can be made
explicit by taking into account the concrete analytical properties of a given
generating function ¢. To this end, we apply the observation from Lemma
to two concrete Bregman divergences, namely the Kullback-Leibler di-
vergence and the Itakura-Saito divergence. Under the assumption of sam-
pleability we derive bounds on the domain of these Bregman divergences.
In doing so we show that their domain avoids all singularities, and that
in the case of the Kullback-Leibler divergence and the Itakura-Saito diver-
gence, sampleability indeed implies p-similarity.

Example 1: Kullback-Leibler divergence. We show the following result
for the Kullback-Leibler divergence

d
DKL(pa Q) = Z (pi lﬂ% —pi + qi) , (8.15)
i=1

(2

where p= (p17p27 s 7pd)T S R%O and q= <q17QQ7 s 7Qd>—r € R%o

Lemma 8.4. If Dxy, on domain [\, v]¢ with 0 < \ < v is (v, §)-sampleable,

then we have
A1 ) 1+
- > - —— 1
U>2(e(1~|—5)) (8.16)

where e = 2.718 ... denotes the base of the natural logarithm.

Proof. Without loss of generality, we may assume A < v/2 since otherwise
the claim is trivially true. Let n > 2 be the unique integer such that
n—1<1/§ < n. In the following, we consider an input multiset P C [\, v]¢
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8.2 Explicit domain bounds for some Bregman divergences

of size n consisting of one copy of point p = (v, a,...,a)" and n— 1 copies
of point ¢ = (A, a,...,a)", where a denotes an arbitrary real number with
A < a <v. From Lemma [3.6] we know that the centroid
1 n-1 v+ (n—1)A ’
cp=—p+ q—(¥,a,...,a> (8.17)
n n n

is the optimal 1-median of P.
From Lemma above we obtain

Dic(cr,q) <+ opty(P) . (8.18)

Considering the left-hand side of inequality (8.18) we find that

Dkw(cp,q) = v (7;_ DA In <U ™ (Z)\_ 1)/\) _ w + )\
(8.19)
:wln (1+U7;\)\) _U;)\ (8_20)
v (v —A) U — A
ZEIH (1+ <1+5))\> — - (8.21)

since v+ (n — 1)A > wv and 1/n > §/(1 4 0). On the other hand, consider-
ing the right-hand side of inequality (8.18]), we derive an upper bound on
opt,(P). First, we find that

B nv v+ (n—1)A

Dkw(p,cp) =vin (—U Y (n— 1)/\> U+ B — (8.22)

nv
<wln(n) (8.24)
sincew(fl—fl)’\<vfor)\<vand%gnfor)\ZO. We also find

nA v+ (n—1)A

D -\ h|({———) - A+ —-— 8.25

KL((LCP) n(U+<n—1))\) + n ( )

U= A
8.26
<— (8.26)
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8 On the limits of using uniform sampling

since /\IH(LA) < 0 for 0 < XA < v. Hence,

v+(n—1)
opt, (P) = Dkw(p, cp) + (n — 1) Dxw(q, cp) (8.27)
<vln(n)+ =L - N (8.28)
<wvln (1%5) +uv—A (8.29)

sincen < (1+4)/0 and (n —1)/n < 1.
Using inequalities (8.18)), (8.21)), and (8.29)) we find

olv—A 149
vlin (1 + H) —(v—A) <~vvln (%) + (v —A) (8.30)
or, equivalently,
(v —A) 1+96
In{l1+-——-—= In | — 1 -\ 31
vn(+(1+5))\)<7vn( 5 )+(+7)(U ) (8.31)
Using v/2 < v — A < v for 0 < A\ < v/2 we obtain
ov 1496
In{l4+—-—— In | —— 1 . .32
n(+2(1+5))\)<7n< 5 )+ +7 (8.32)
Now, we apply the exponential function to both sides. We conclude
dv du 1+46\"
- ] Z_ ) Lelt .
TETI +muwu<( 5) ‘ (8:33)
and, thus,
A1 5\
- > - —- . .34
U>2(e(1+5)) (8:34)
]

Note that the proof of Lemma [8.4] can be easily generalized to the case
of an arbitrary convex domain X with smallest enclosing bounding box
[\, v]¢. As we have already learned from Lemma[2.19] we know that Dy, is
a (A/v)-similar Bregman divergence, provided that A/v > 0 as is implied
by Lemma [8.4] Hence, we obtain the following corollary for the Kullback-
Leibler divergence.

Corollary 8.5. If the Kullback-Leibler divergence Dgy, is (v, d)-sampleable
on domain X with constants v,0 > 0, then we have that Dy, on domain X
18 p-sitmilar for some constant p > 0.
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8.2 Explicit domain bounds for some Bregman divergences

Example 2: Itakura-Saito divergence. In analogy to the result for the
Kullback-Leibler divergence, we show the following result for the Itakura-
Saito divergene

Dis(p, g i (— —In= - 1> : (8.35)

=1 4
where b= (p17p27 o 7pd)T € R%O and qg= ((Jl; q2, ... 7Qd)T S R%O

Lemma 8.6. If D;g on domain [\, v]? with 0 < X\ < v is (v, §)-sampleable,
then we have
A2 68
AN
2 = 25674(1 1 20)1

(8.36)

Proof. Without loss of generality, we may assume A < v/4 since otherwise
the claim is trivially true. Let m > 2 be the unique integer such that
n—1<1/§ < n. In the following, we consider an input multiset P C [\, v]¢

of size n consisting of one copy of point p = (v, a,...,a)" and n— 1 copies
of point ¢ = (\,a,...,a)", where a denotes an arbitrary real number with
A < a < v. From Lemma [3.6] we know that the centroid
1 n—1 v+ (n—1)A T
cp=—p+ q=(¥,a,...,a> (8.37)
n n n

is the optimal 1-median of P.
From Lemma [8.2] above we obtain

Dis(er,q) <+ opty(P) . (8.33)

Considering the left-hand side of inequality (8.38) we find that

v+ (n—1)A\ v+ (n—1)A\

Dis(cp, q) = % —In <#) —1 (8.39)
U — A U — A
_ _ 1. 4
(1—1— .Y ) ln(l—l— .Y > 1 (8.40)
Note that
U — A 1

1 1+ — 8.41
+ .Y > +n (8.41)
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8 On the limits of using uniform sampling

since % > 1 for A < v/4. Using Claim stated below with p =1+ %

and t =1+ % we obtain

p—1

Dis(cp,q) = (t = p) - e (8.42)
v =2\ 1
_ - 4
nA  n+1 (8.43)
L v (8.44)

” 2n(n+1) A

for A < v/4. On the other hand, considering the right-hand side of in-
equality (8.38)), we derive an upper bound on opt,(P). First, we find that

nv nv
D =———In[{—— | -1 A4
is(pscp) v+ (n—1)A n(v+(n—1))\> (8.45)
<n-—In(l) -1 (8.46)
=n-—1 (8.47)
since 1 < v+(§_1))\ < n for 0 < A <wv. At the same time, we find
nA nA
D =— " In|l——— ) -1 8.48
1s(4:¢p) v+ (n—1)A n(v—{—(n—l))\) (8.48)
<1l—1In (%) -1 (8.49)
—In (;) (8.50)
since % < v+(z/11)>\ < 1 for 0 < A < v. Hence,
opty(P) = Dis(p, cp) 4+ (n — 1) Dis(g, cp) (8.51)
v
<n—1+(m-1)h <X> (8.52)
v
<2(n—1)n (X) (8.53)

since 1 < In(v/\) for A < v/4. Using inequalities (8.38)), (8.44)), and (8.53)
we find

—2(n1+ 5 T <29m-1 () (8.54)
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8.2 Explicit domain bounds for some Bregman divergences

or, equivalently,

v v
S <Hn-Dn+1h <X> (8.55)
1426 v
< — .
<5 ln<)\> , (8.56)
where the last inequality is due to n — 1 < 1/9. Using In(t) < Vt for all
t > 0 we conclude
v 1426 v
<4y — =2 :
3 < 4y 5 \/: (8.57)
which leads to
A2 58
— > . 8.58
v? T 25694(1 + 20)* (8.58)
]
Claim 8.7. Let p > 1 be arbitrary. Then for all t > p we have
-1
t—In(t)— 1> (t - p)pT . (8.59)
Proof. In the following, let f : R>y — R denote the function given by
ft)y=t—1In(t) -1 (8.60)
for all t > 0, and let
1 t-1
fl)y=1-2=— (8.61)

denote the first-order derivative of f. Note that since f’ is strictly increas-
ing on R>( we have that f is strictly convex on Rso. Furthermore, let
g : R>y — R denote the tangent of f at point p, that is,

o) = F(p)+(E=p)f () = p=Tn(p) =1+ (1= p) . (362)

Since f is strictly convex and p —In(p) — 1 > 0 we know that for all t > 0
we have

F0) 2 9(0) 2 (6= ) (5.63)

]
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8 On the limits of using uniform sampling

As in the case of the Kullback-Leibler divergence, the proof of Lemma
can be easily generalized to the case of an arbitrary convex domain
X with smallest enclosing bounding box [\, v]¢. We already know from
Lemma that Dig is a (A?/v?)-similar Bregman divergence, provided
that A2/v? > 0 as is implied by Lemma(8.6] Hence, we obtain the following
corollary for the Itakura-Saito divergence.

Corollary 8.8. If the Itakura-Saito divergence Dyg is (y,0)-sampleable on
domain X with constants v,0 > 0, then we have that D;g on domain X is
p-similar for some constant p > 0.

8.3 Discussion

In this Chapter, we studied the properties of a sampleable Bregman di-
vergence D,. In particular, we have shown that if with high probability
a constant factor approximate solution of the 1-median problem can be
obtained by sampling a single point uniformly at random, then D, has no
singularities on its domain. In doing so, we have given strong evidence
that any sampleable Bregman divergences is also p-similar for some con-
stant p > 0.

We also have shown that the intuition above can be made explicit by
taking into account the concrete analytical properties of a given gener-
ating function ¢. Under the assumption of sampleability we provided
bounds on the domain of two concrete Bregman divergences, namely the
Kullback-Leibler divergence and the Itakura-Saito divergence. In doing
so we showed that their domain avoids all singularities, and that in the
case of the Kullback-Leibler divergence and the Itakura-Saito divergence,
sampleability indeed implies p-similarity.

However, we did not give a formal proof in the case of a general Breg-
man divergence with an arbitrary generating function . It remains an
open problem to prove an analogous result in this general setting. Nev-
ertheless, the author of this thesis is convinced that such a result can be
obtained in the case of a general Bregman k-median problem under only
mild assumptions on the second derivatives of ¢. Hence, based on the
observations made in this chapter, we state the following conjecture.

Conjecture 8.9. Let D, be a Bregman divergence on domain X such that
¢ 1s twice differantiable, and that the Hessian V2@(t) is symmetric positive
definite for allt € X. IfD,, is (7, 0)-sampleable on domain X with constants
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8.3 Discussion

7,0 > 0, then we have that D, on domain X is p-similar for some constant
> 0.

A related open problem is the question whether the observations that
lead to this conjecture can be generalized to the case of approximation
by sampling according to D,. It is remarkable that in algorithm BREG-
MEANS++ from Chapter [ as well as in all other publications addressing
this sampling technique (namely [Sra et al., 2008] and [Nock et al., 2008]),
p-similarity or equivalent properties are always assumed to obtain any
result. It is quite likely that the observations from this chapter can be
adapted to the case of sampling according to D, by a more sophisticated
analysis. Yet, it is still an open problem to prove this intuition.

Conjecture implies that the restriction on p-similar Bregman diver-
gences is, in fact, necessary for the uniform sampling techniques employed
in this thesis, and that this restriction can not be avoided. Unfortunately,
non-similar instances of the Bregman k-median problem occur quite fre-
quently in practice. For instance, in many text mining applications k-
median clustering by Kullback-Leibler divergence is considered. In this
context it is desireable that the underlying probability vectors are sparse
(that is, many entries of the vector have 0 probability). However, these
sparse vectors are singularities of the Kullback-Leibler divergence, such as
Dkr(p,q) = oo for p = (1,0,0,...,0)" and ¢ = (0,1,0,...,0)".

Hence, an interesting direction for further research is the development
of algorithms and techniques for the Bregman k-median problem in the
presence of singularities. As Conjecture implies, there is little hope
that this can be achieved by using uniform sampling alone to approximate
the cluster medians. Up to date, the only algorithm known that computes
an approximate solution for a non-similar Bregman k-median problem is
the O(log n)-approximation algorithm of [Chaudhuri and McGregor, 2008|
for the case of the Kullback-Leibler divergence on domain RZ,. This al-
gorithm makes use of a deterministic polynomial time reduction from the
Kullback-Leibler k-median problem to the Euclidean k-means problem and
does not rely on uniform sampling. It remains an open problem to give ap-
proximation algorithms with a provable approximation guarantee for other
non-similar instances, or the Bregman k-median problem in general.
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8 On the limits of using uniform sampling

182



A Applications

Clustering with Bregman divergences is a problem that arises in many
different disciplines of computer science, such as machine learning, data
compression, data mining, speech processing, image analysis, or pattern
recognition. To provide a small overview, in this appendix, we give a brief
introduction into three different practical applications that benefit from
efficient Bregman clustering algorithms. These applications feature the
Bregman k-median problem with respect to three different Bregman di-
vergences, namely the Mahalanobis distances (Section , the Kullback-
Leibler divergence (Section[A.2)), and the Itakura-Saito divergence (Section
. These three dissimilarity measures are also our canonical instances
of Bregman divergences throughout this thesis.
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A Applications

A.1 Estimating mixtures of identical
Gaussian sources

One of the main tasks in statistical inference is to estimate the unknown
parameters of the underlying model of a random source. Usually, such a
source can only be perceived through examination of the features of a finite
number of repeatable observations. The nature of these features may vary
widely from application to application. For example, the height and body
weight of people may be collected in a survey; in digital image process-
ing the pixel-wise color values of digital images may be considered; or in
experimental chemistry the molecular composition of synthesized chemical
solutions may be studied. For the sake of this exposition, we will always
assume that an observation is described as a vector of real valued features.
These feature vectors are also called the sample data.

When the goal is to estimate the underlying regularity of a source, it
is inevitable to make some assumptions on the general structure of the
random process that generates the sample data (cf. [Bishop, 2008]). First of
all, it is convenient to assume that the observations made are the outcome
of an independent and identically distributed random experiment. Second,
we have to fix the model of the experiment. That is, we have to select
a parameterized family of probability distributions that are assumed to
describe the outcome of the random experiment. The parameters of this
model are to be inferred from the sample data.

One particular choice of model for random variables over the reals that
is justified in many real world scenarios is the Gaussian distribution, also
known as the normal distribution. The Gaussian distribution is a unimodal
distribution which is parameterized by its mean (which also happens to
be the mode of the distribution) and its standard deviation. Formally, we
write X ~ N (u,o?) if random variable X takes values from R according to
a Gaussian distribution with mean ¢ € R and variance 0 € R,.. The prob-
ability density function p : R — [0,1] of random variable X ~ N (u, 0?) is
given by

p(a|po?) = (; exp (—M) (A1)

2m) 20 202
for all @ € R. When the observations yield feature vectors over R¢, the

d-dimensional Gaussion distribution is parameterized by its means p € R?
and a symmetric positive definite covariance matrix ¥ € R4, formally
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A.1 Estimating mixtures of identical Gaussian sources

X ~ N4(u, ). In this case, the probability density function p : R? — [0, 1]
of an X ~ N4(u,Y) is denoted by

pleln®) = o e (—5la -0 S a-))  (42)

for all a € R%

The choice of the Gaussian distribution as model is justified since it
arises quite naturally in many different contexts. Most prominently, it
is known from the central limit theorem that the sum of n identical and
independently distributed random variables is distributed according to a
Gaussian distribution for n — oo (see [Chung and AitSahlia, 2006]). Fur-
thermore, the distribution that maximizes the differential entropy of a ran-
dom variable is the Gaussian distribution (cf. [Bishop, 2008]). However, on
the downside, the d-dimensional Gaussian distribution is always unimodal,
and this might not reflect the nature of the random source we are out to
model.

One particular choice of model which is frequently used under the as-
sumption of a k-modal source distribution is the mizture model of Gaussian
distributions. In the Gaussian mixture model, it is assumed that the source
distribution is the convex combination of k Gaussian distributions. That
is, probability density function p : R? — [0, 1] is given by

k
p(a‘ﬂ-)/ublw .. 7:uka217 v 7216) = Zﬂ-zp(a‘luuzz) (A?))
i=1
for all a € RY, where © = (7, m2,...,m) with 7; > 0 and Zle mo=1

describes a discrete probability distribution between the k Gaussian distri-
butions. Hereby, each Gaussian distribution is parameterized by their own
mean j; € R? and covariance matrix ¥; € R¥?. It is known that by using
a sufficiently large number of Gaussians even relatively complicated source
distributions can be approximated using the mixture model of Gaussian
distributions (see [McLachlan and Basford, 1988]).

If all k& Gaussians employ the same covariance matrix ¥ € R4 the
model is called the mizture model of identical Gaussian distributions. We
will concentrate on the case of identical Gaussian sources for a fixed co-
variance matrix X throughout the rest of this section. The free parameters
of this model that have to be estimated are the means u1, uis, . . ., pix € RY
as well as the mixture component distribution 7 € R%,.
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We now show how estimating these parameters of the mixture model
of identical Gaussians is related to finding the k-medians of a Bregman
k-median problem. To this end, let us focus on the case k£ = 1. In the
sequel, we assume covariance matrix > to be an arbitrary fixed constant.
A particular heuristic frequently applied when estimating the parameters
of a model is the maximum likelihood principle. This principle states that
if @ has been observed then among all parameters the parameters should
be chosen that maximize the likelihoodﬂ function p (a| u, X). Now, assume
that a number of n feature vectors ai, as, . .., a, € R? have been observed.
Let p(ay,az,...,a, |1, X) denote the probability density function of the
joint distribution of these observations. Since we assume the source to be
identically and independently distributed, we obtain

n

p(alaaQ?"')a’R‘/’L?Z):Hp<ai‘:u’2) . (A4)

=1

From the fact that the natural logarithm is strictly increasing we know
that maximizing equation ({A.4)) is equivalent to maximizing

hlp(al)a/%"'aan‘ljﬂ 2)

n 1 1 ] -
- ;m ((%)d/2 det(x)12 P (—5(% —p) 57 (@i — u))) (A.6)
=G (Cm @) - 53 - S ) (AT)

Since n, d, and ¥ are fixed we obtain the maximum likelihood if and only if
the sum on the right-hand side of is minimized. But this, of course,
is equivalent to finding the 1-median of P = {ay,as,...,a,} with respect
to the Mahalanobis distance D4 where A = ¥~ since

n

cost (P i) = 3 Da(aip) = 3 _(ai = ) 27 (a5 — ) (A.8)

i=1

!Note that if 4 and X are fixed and a is variable the term p (a | u,Y) is called the prob-
ability density function, while when a is fixed and the parameters pu, > are variable
the term p (a|u, X) is called the likelihood function of observation a.

186



A.2 Model reduction for data compression

This observation can be extended to the mixture model with & > 1 (see
Chapter 9 of [Bishop, 2008| for an detailed description). We learn that, for
fixed covariance matrix X, estimating the parameters of a mixture of iden-
tical Gaussian sources is equivalent to solving the Mahalanobis k-median
problem. In particular, the means p, po, . . ., g are given by the k-medians
of P, and the mixture component distribution 7 is obtained from the rel-
ative size of the optimal clustering Pi, Ps, ..., Py, i.e. m; = |B|/|P].

Note that the approach given above assumes covariance matrix > to
be a constant known in advance. In a more general setting, we are also
interested in estimating Y from the sample data. The task of simul-
taneously estimating g and X is solved by the famous EM algorithm
[Dempster et al., 1977]. However, in the context of the EM algorithm,
the corresponding clustering computed is a so-called soft clustering. That
is, points are not assigned to a single cluster but are rather provided with
a discrete probability distribution on the k different clusters. Please note
that the notion of soft clusterings is not considered in this thesis.

A.2 Model reduction for data compression

Lossless data compression is an indispensable tool of modern data trans-
mission and modern data storage systems. Here, the objective is to find an
encoding of a given piece of data — usually called the message — that uses
a smaller representation than the original data. The size of such a repre-
sentation is measured in terms of information-bearing units, such as bits
or computer words. Compression is achieved by assigning shorter code-
words to the more likely messages, and (necessarily) larger codewords to
the less likely messages. Furthermore, the encoding has to guarantee that
any message can be uniquely recovered by a matching decoding scheme.
Usually, the compression of a message takes place in two phases. The
first phase is known as modeling. In the modeling step, the encoder seeks to
obtain a simple yet accurate statistical model of the message. In particular,
the message can be modeled as a random stream of symbols from a finite
symbol alphabet A = {aj,as,...,a4}. The j-th symbol of the stream is
given by a random variable X, distributed among the symbols from A
according to a discrete probability mass function p; : A — [0, 1], such that

p;j(a) =Pr[X; = d (A.9)

for all @ € A. This probability distribution is also called the prediction of
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the j-th symbol. Models that are used in practice include the memory-
less source model, as well as the Markov model. In a memoryless source
model, the same fixed probability distribution is used for each symbol of
the stream, independent of the actual symbols encountered in the stream.
In a Markov model of order ¢ € N, the predictive distribution of the j-th
symbol of the stream depends on the last ¢t symbols of the stream. These
past symbols are also called the context of the current symbol. Further,
more sophisticated context based models are used in practice, such as pre-
diction by partial matching (PPM, cf. [Cleary and Witten, 1984]).

The second phase of data compression is referred to as coding. In this
step, a description of the model and a description of the actual message
in terms of the given model is stored. For instance, assume that each
symbol of the stream is stored as a uniquely decodeable bit string. For
each position j of the stream, let the codeword in the case that a € A
occurs as the j-th symbol be given by C;(a) € {0,1}*. To achieve a good
compression of the data, the length of the codeword |C;(a)| is determined
by probability p;(a). The famous source coding theorem from the seminal
work of [Shannon, 1948] states that an optimal compression is achieved if

Cj(a) has a bit length of
1
(a)] = log —— . Al
C5(a)| = log —— (A.10)

Please note that this is an idealized simplification of Shannon’s result since,
obviously, a codeword consists of an integral number of bits. However, for
simplicity of exposition, we will ignore this inaccuracy. Also note that there
exist binary encoding schemes such that the codeword length of a message
symbol with probability p comes asymptotically arbitrary close to log(1/p)
(e.g., the arithmetic coding scheme due to the American information the-
orists Peter Elias, cf. [Abramson, 1963] or [Jelinek, 1968]).

Assuming that p; is indeed an accurate model of X, we obtain that the
expected codeword length E[|C;(X;)|] of the j-th symbol is given by

1
pj(ai)

E[|C;(X;)]] = ij(ai)log : (A.11)

Here, the term H(X;) = 3%, p;(a;) log ﬁ is also known as the (binary)

a;

entropy of X;. In the following, let
C(Xl, XQ, cee 7Xn> == Cl<X1) 9) CQ(XQ) ©0...0 Cn(Xn) <A12)
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denote the encoding of a sequence of n symbols of the source stream, that
is, the concatenation of the codewords of the symbols of the source stream.
Then the expected encoded length of the n symbols using an accurate
model of the stream is given by

BIC(X1, Xa,. o, Xa)l] = 3 E[IGH(X)] (A13)

n d 1
= (a;)log —— . A.14
>3 e log s (A14)
However, in addition to the encoded symbols, a description of the under-
lying model has to be stored with the compressed data in order to let the
decoder regain the compressed message. For instance, assume a stream
features a source distribution according to a Markov model of a very large
order t and a symbol alphabet of size d. Then the Markov model consists
of d' different contexts, each represented by a different probability distri-
bution on the symbol alphabet. The space required to store this model
alone can easily outweigh any compression achieved by the encoding of the
message.

One idea to avoid this problem is to derive a new model from the source
model which uses a far smaller number of probability distributions. To
this end, groups of similar probability distributions are represented by a
single prototypical distribution for each group. This approach is called
model reduction. In this case, of course, encoder and decoder are using
an inaccurate prediction of the j-th symbol of the stream to encode this
symbol. That is, if g; is the inaccurate model used to encode the j-th
symbol by using encoding function C7, we obtain

1
|C(a)] = log —— . (A.15)
! q;(a)
Hence, if p; is the accurate model of X, then the expected encoded length

of a sequence of n symbols of the source stream using the inaccurate model
g; to build the codewords is given by

BIC (X0, X, Xa)l] = DO B[IC(X))]] (A.16)

_ Zij(ai)log—). (A.17)

1
i=1 i=1 gj(ai
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Given the n probability distributions of the source model, the goal of
the model reduction problem is to find a number of k prototypical proba-
bility distributions that minimize the expected loss of compression when
using the inaccurate model given by the prototypes. This expected loss of
compression is given by

E[|C'(X1, Xa, ..., X,)|] = B[IC(X1, Xa, ..., X,,)]

n d n d
=33 @) log$ ~S°S pi(ar) logﬁ (A.18)

i=1 i=1 A i=1 i=1 p
n d (CL)

= E E pj(a;) logpj = (A.19)
i=1 i=1 ¢j(a)

where equation is nothing else but the Kullback-Leibler divergence
between probability vectors p; = (pj(al),pj(ag),...,]Oj(ad))T and ¢; =
(g5(ar), g5(az), . q5(aa)) " with 3L, pj(a;) = 1 and SL, gj(a;) = 1.
Hence, computing a set of representatives for probability distributions in a
statistical model immediately leads to a k-median clustering problem with
respect to the Kullback-Leibler divergence on the probability simplex

> a= 1} . (A.20)

=1

X: {(fL’l,fEQ,...,l’d}T GR(;O

A.3 Codebook generation for vector
quantization in speech processing

Audio signals, such as speech or music, are analog signals. In order to let
an analog signal be stored in digital form or be transmitted over a digital
channel it is necessary to find a digital representation of the signal. This
digitization process is also called quantization. Furthermore, the digital
data needs to be converted back into an analog signal in order to be heard
through analog devices like audio speakers.

To give a formal description of this quantization/reconstruction pro-
cess, assume that the range of magnitudes of an analog signal is given by
[—a,a] C R. An analog waveform is frequently given as a sequence of real-
valued waveform magnitudes which are called samples. For a fixed rate of b
bits per sample, quantization is obtained by encoding each waveform sam-
ple as a bit string of size b, using an encoding function f : [—a,a] — {0, 1}°.
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The digital bit strings are converted back into analog signals using a decod-
ing function g : {0,1}* — [—a,a]. In this context the set G = {g(z) |z €
{0, l}b} is also called the codebook of the quantization process.

Obviously, quantization is a lossy encoding of the original waveform.
This loss is measured by using a fitting distortion function § : [—a, a]* — R,
where §(z, ) denotes the distortion between an original sample x and
the reconstructed value z = g( f (9:)) Given a sequence of n samples

T1,L2y...,Tp, the average distortion A(l’l, Lo, ... ,l’n) 18 given by
1,42, 9 n pa

The main objective of the codebook generation problem is to find encoding
and decoding functions f, g that minimize the average distortion for a given
set of training data.

One classical method of quantization is pulse code modulation (PCM)
which was developed 1939 by the English inventor Alec H. Reeves (cf.
[Waggener, 1994]). PCM is the direct scalar digitization of a speech wave-
form given as a sequence of waveform magnitudes. To this end, the range
[—a, a] is partitioned into 2 intervals. The intervals are labeled using the
bit strings from {0,1}%, and f assigns each waveform sample to the bit
string label of the interval that contains the sample. Furthermore, each
g(z) is defined as the midpoint of the interval labeled by x € {0,1}°. The
distortion measure is assumed to be given by the squared error §(z, ) =
(r — )% Tt is easy to see that the optimal codebook of the PCM approach
is obtained by finding the 2*-medians with respect to the squared Euclidean
distance in dimension d = 1 [Max, 1960].

A one-dimensional approach like PCM is also referred to as scalar quan-
tization. Surprisingly, it turns out that the efficiency of such a quantization
scheme can be improved by a simple generalization to higher dimensions.
A fundamental result of Shannon’s rate distortion theory implies that, at a
fixed bit rate, d analog signals can be digitized with lower average distortion
if they are treated as one d-dimensional vector instead of d scalar values
separately. More precisely, this observation holds no matter whether the
d signals are correlated or independent. This leads to the following gen-
eralization: Instead of a single value, a sequence of d waveform samples
is considered as vector from [—a, a]?. For a rate of b bits per sample the
encoding function is given by f : [—a,a]® — {0, 1}* and the decoding func-
tion is given by g : {0,1}"¢ — [—a,a]¢. This form of digitization is called
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vector quantization. Again, the objective of the codebook generation prob-
lem is to find f, g that minimizes average distortion for n training vectors
from [—a,a]?. Furthermore, a straightforward generalization of the PCM
approach is applicable to vector quantization |Linde et al., 1980]. Again,
it is not difficult to see that for §(z, ) = ||z — ||* the optimal codebook is
obtained by finding the 2*%-medians with respect to the squared Euclidean
distance in dimension d.

The fidelity of a restored signal can be further improved through pre-
processing of the waveform samples, especially through predictive filtering.
In predictive filtering, the aim is to give a description of the magnitude
of the next sample through the values of the recent samples as well as a
fixed number of real-valued model parameters. Instead of the waveform
sample magnitudes, these model parameters are to be transmitted over
the digital channel. One particular model that is frequently used is linear
predictive coding (LPC). Here a linear predictor of order m of the next
sample magnitude z,, is given by the linear combination

m
i‘n = Z Q;lp—; (A22)
i=1
of the recent sample magnitudes x,,_ ., Tn_mi1, - - -, Tn_1 and the real-valued
model parameters aq,as,...,a,. Since the model parameters are real-
valued, again, this calls out for vector quantization analogously to the case
when transmitting waveform samples.

However, in speech processing, careful consideration has to be given to
the choice of the distortion function. To be of any value, a distortion
measure has to be “analytically tractable, computable from sampled data,
and, most important, subjectively meaningful” [Buzo et al., 1980]. If the
analog signal is given as waveform samples, usually the squared Euclidean
distance is the distortion measure of choice because of its tractability and
computability, and because of its interpretation in the context of maxi-
mum likelihood estimation for waveform samples. Unfortunately, to take
into account the perceivable quality of a speech signal, it is not only impor-
tant how much distortion is induced on the waveform by applying vector
quantization. It is also of great importance to minimize the effect of the
quantization on the frequency spectrum of the signal, that is, to minimize
the distortion of the spectrum when applying a quantization of the para-
meters. Here, the squared Euclidean distance does not necessarily provide
a subjectively meaningful distortion measure if the signal is given as the
parameters of a discrete all-pole model of the spectral parametres in LPC.
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To overcome this problem, Itakura and Saito proposed a new distortion
measure in [[takura and Saito, 1968] that has proven to be subjectively
meaningful with respect to the spectral properties of LPC parameters.
This distortion measure, today known as the Itakura-Saito divergence, is
given as

Dis (2, 2) i(——l ——1> (A.23)

=1

for z = (21,29,...,24) and 2 = (21, 22,...,24), where z and Z are the
Z-transformﬂ of the LPC model parameters a and a, respectively, evalu-
ated at d fixed points from the frequency spectrum. It has been shown in
[Itakura and Saito, 1968| that the Itakura-Saito divergence arises as an ap-
proximation to the maximum likelihood estimator in LPC. Furthermore,
the Itakura-Saito divergence asymptotically results from the discrimina-
tion information minimization principle [Gray et al., 1981]. If we consider
the optimal codebook generation problem for vector quantization of LPC
parameters minimizing the average Itakura-Saito divergence as spectral
distortion measure, we obtain an instance of the Itakura-Saito k-median
problem.

2The Z-transform is the discrete version of the Laplace transform, which transforms a
discrete time series of sample points (from the so-called time domain) into a contin-
uous spectral representation in the frequency domain.
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B Mathematical fundamentals

In this appendix we give a short summary of the mathematical fundamen-
tals assumed to be common knowledge in this thesis. Results are stated in
brief to support the argumentation given in this thesis, and without any
intention of completeness. The formal proofs to these fundamental results
are omitted. The interested reader is directed to the provided references
for rigorous proof of the statements given in this appendix.

B.1 The vectorspace R

B.1.1 Vector arithmetic and inner product

For z,y € R? and A € R we define an addition x + y on R? as the compo-
nentwise addition of the coordinates of x and y, and a scalar product X -
as the componentwise product of the coordinates of x by factor A. That

is, for & = (21, 22,...,24)" and y = (y1,%2,...,%4) " we have
$+y:(a:1+y1,a:2+y2,...,xd—|—yd)TERd, (Bl)
Aoz = Az, Axg, ..., Axg) T € RT. (B.2)
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Since (R? +,-) forms an R-vectorspace these operations are associative,
commutative, and obey the distributive law

AMr+y) = r+ Ay . (B.3)

Furthermore, for x,y € R? the inner product of x and vy, denoted by
x 'y, is defined as

d
rly=> sy eR. (B.4)

i=1

Using this inner product, we denote the (Euclidean) l3-norm on R by

lz|| = VaTa = (B.5)

B.1.2 Distances and metrics

Let X C R? be arbitrary. A function D : X x X — R is called a distance if
the following conditions are satisfied.

a) Non-Negativity: For all z,y € X we have D(z,y) > 0.
b) Identity of indiscernibles: We have D(z,y) = 0 if and only if x = y.
c) Symmetry: For all z,y € X we have D(z,y) = D(y, x).

Furthermore, a distance D is called a metric, if the following additional
condition is satisfied.

d) Triangle inequality: For all z,y,z € X we have
D(z,2) < D(z,y) + D(y,2) . (B.6)

Distances and metrics express the intuitive notion of dissimilarity be-
tween elements from R?. Many different distances and metrics are used to
measure this dissimilarity, varying from application to application. Most
notably, it is easy to check that the well-known Fuclidean distance

Dy, (2,y) = llz = yll = (B.7)

of two points x = (z1,72,...,74) € R and y = (y1,92,...,y4) € R is a
metric on R%. Here, || - || denotes the £y-norm of R%.
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B.1.3 Convex sets

Intuitively, a subset from the vectorspace R? is said to be convex if for every
pair of points within the subset we have that the line segment that joins
them is also within the subset. More precisely, a non-empty set X C R? is
called conver if for all z,y € X and for all A € [0, 1] we have

A+ (1-NyeX. (B.8)

Following this definition, we find that any convexr combination
Yy = Z AiT; (B-9)
i=1

of points x1,zs,...,z, € X with positive \; and > | A\; = 1 lies within
X. In particular, it follows that for any finite subset P C X the arithmetic
mean of P (also known as the centroid or the center of gravity)

cp = |—113’Zp (B.10)

peEP

lies within X.

B.1.4 Relative interior

From time to time, it is convenient to distinguish between the points “on
the border” and the points that lie “inside” of a convex set X. To this end,
the relative interior ri(X) of convex set X gives the interior of the affine
hull of X. Formally, we define

rX)={zreX|VWyeX3IzeXI0<A<l:z=Ay+(1-N)z}.
(B.11)

Note that if X is non-singleton, then ri(X) is non-empty.

B.2 Inequalities

B.2.1 Triangle inequality of the reals
The subadditivity of the absolute value of real numbers x,y € R yields

|z +y| < x|+ y| . (B.12)
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Inequality (B.12)) is called the triangle inequality of the reals. Using this
triangle inequality, we also find that

n
D
i=1

for any number of elements x1,zs, ..., 2, € R.

<l (B.13)
1=1

B.2.2 Bounds to the binomial coefficient

For n, k € Ny with n > k the binomial coefficient

(Z) - (n—L/L)'k' (B.14)

denotes the coefficient of the monomial z* in the polynomial expansion of
the binomial power (1 + z)". It is a well-known fact from combinatorics
that (Z) equals the number of distinct subsets of size k from a superset of
size n. It is easy to see (for instance, cf. [Graham et al., 1994]) that the
binomial coefficient is bounded from above by

k
(Z) < % <t (B.15)

and from below by

(Z) > Z—: . (B.16)

B.2.3 Bounds on the harmonic number

The harmonic series is the infinite series

o0

1 1 1
S T B.1
Z@, +5tgt (B.17)

i=1

It is known that the harmonic series diverges to oo, although rather slowly.
The n-th partial sum of the harmonic series

"1
H,=>" - (B.18)
=1
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is called the n-th harmonic number. It is a classical observation by Swiss
mathematician Leonhard Euler that the growth of H,, is approximately as
fast as the growth of natural logarithm In(n). In particular, it is known
(cf. [Graham et al., 1994]) that for all n € N we have

In(n) < H, <lIn(n)+1. (B.19)

B.2.4 Chebyshev's sum inequality

Let ay,as,...,a, and by, bs, ..., b, be ordered sequences of non-decreasing
real numbers, i.e., a1 < ay < ... < a, and by < by < ... < b,. Then we
have

nzn:aib,- > (i a,) (i bz-) ) (B.20)

Inequality is called Chebyshev’s sum inequality, named after the
Russian mathematician Pafnuty Chebyshev. A formal proof of this inequal-
ity can be found in [Hardy et al., 1952]. If both sequences are identical,
that is, a; = b; for all t = 1,2, ..., n, we obtain

nzn:af > (i ai> (B.21)

as a special case of Chebyshev’s sum inequality.

B.3 Calculus

B.3.1 Partial derivatives

For a continuous function f : X — R with X C R¢ and any direction vector
v € R? with |lv]| = 1 the term

0 . . flt+ )= f()
g0/ = lim A

(B.22)

is called the partial derivative of f in direction v, provided that the limit
exists. The function f is called differentiable if this limit exists for all £ € X
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and for all v € R? with ||v]| = 1. If the partial derivative is obtained in
direction of a unit vector e; = (0,...,1,...,0) € R? we also write
0 0
— f(t) = t B.23
ST ) = 5110 (B.23)

for t = (t1,t9,...,t5) € X. The vector V[ of the partial derivatives of
f with respect to the unit vectors is called the gradient of f, that is, we

define

f(t)
f(t)

1
Vi) ="
.
3c. (1)
It is an important observation that the partial derivative in direction
v € R? can be expressed in terms of the gradient, i.e.,

SIS

(B.24)

9 T
%f(t) =Vfit)'v. (B.25)
Furthermore, for v,w € R? we call
0? Df(t+ 2w) — 2 f(t)
= lim 2 Oy B.2
awavf(t) A0 A (B.26)

the second order partial derivative of f in direction v and w. The function
f is called twice differentiable if this limit exists for all ¢t € X and for all
v,w € R? with ||v]| = |Jw|]| = 1. The second order partial derivatives in
direction of the unit vectors form the so-called Hessian matriz of f, that
is, for all t = (t1,t2,...,tq)" € X we define

%f (t) 8t?;t2f ) - 8t?;tdf (2)
_0° 22 .o 0

VQf(t) _ 8t26t1'f(t) 8t§f(t) dt28tq f@) (B.27)
8;3;1 f(t) 815129152 f(t) e g_%f(t)

By Clairaut-Schwarz’s theorem (cf. [Courant and John, 1974]), it is known
that if f has continuous second order partial derivatives, then the partial
derivatives of f commute, that is

0? 0?
t) = t B.28
55710 = g S (B.28)

for any 1 < 4,7 < d. Thus, in this case, V?f(t) is a symmetric matrix.
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B.3.2 Mean value theorem

The mean value theorem is one of the central theorems of calculus. Intu-
itively, it is equivalent to the geometric observation that for any differen-
tiable function f and for any two distinct preimages =,y € X there is an
intermediate point £ on the line segment through x and y where the slope
of the graph of f (i.e., the partial derivatives in direction z — y) equals the
slope of the chord from (z, f(z)) to (y, f(y)).

Theorem B.1 (mean value theorem). Let f : X — R be a differentiable
function on domain X C R?, and let x,y € X be two distinct points. Then
there exists an & € Ty on the line segment through  and y, i.e.,

Tg={2zeX|0< A<l 2=+ (1= Ny}, (B.29)
such that
VIE) (& —y) = flx) = f(y) . (B.30)

A proof of this theorem can be found in [Courant and John, 1974].

B.3.3 Taylor expansion

The Taylor series expansion gives a description of a function in terms of
evaluations of its derivatives at a fixed expansion point. In one dimension,
the Taylor expansion of an infinitely often differantiable function f : X — R
with X C R is given by

£ = 3" 5t~ 10) ) (B.31)

for any t € X and an arbitrary expansion point t; € X. Here f denotes
the i-th derivative of f.

A finite partial sum of series can be used to obtain an approxi-
mation of f(¢). There are several ways to express the error of this approx-
imation. One particular description is given by the Lagrange form of the
error term.

Theorem B.2 (Taylor expansion with Lagrange error in one dimension).
Let f : X — R with X C R be an (n + 1)-times differentiable function.
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Furthermore, let tg € X be arbitrary. Then for each t € X there exists an
& in the interval between t and ty such that

n

1

ft) = Z i to)'f @ (o) + Ru(&) (B.32)
where R, (&) is given by
O A ATAMIOR (B.33)

Equation is called the n-th order Taylor expansion of f(t) at point
to, and R, (&) is called the Lagrange error term.

A proof of Theorem can be found in [Courant and John, 1974]. The
Taylor expansion can be generalized to real valued functions f : X —
R with X € R? in arbitrary dimension d. For the sake of brevity we
omit a full description of this general case. The reader is directed to
[Courant and John, 1974] for an in detail discussion of this topic. We just
mention that in the case of n = 1, the first-order Taylor expansion of a
twice differentiable function f can be given in terms of the gradient and
the Hessian matrix of f.

Theorem B.3 (Taylor expansion with Lagrange error). Let f : X — R
with X C R be a twice differentiable function. Furthermore, let ty € X
be arbitrary. Then for each t € X there exists an & on the line segment
through t and ty such that

F(t) = flto) + Vf(to)" (t —to) + Ri(&) (B.34)
where Ry (&) is given by

1

Ri(&) = §(t —t0) ' V2f(&) (t —to) - (B.35)

B.3.4 Convex functions

Intuitively, a function f into the reals is called convex if for any line segment
within its domain the value at the midpoint of the line segment does not
exceed the arithmetic mean of the values at the ends of the line segment.
From a geometric viewpoint, this is equivalent to the observation that for
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any two preimages x,y the graph of f lies completely beneath the chord
from (x,f(x)) to (y,f(y))

Formally, we use the following definition. A function f : X — R on
convex domain X C R? is called conves if for all distinct points z,y € X
and all 0 < A < 1 we have

fz+ 1 =Ny) <Af(x) + (1 =N f(y) - (B.36)

We say f is strictly convez if inequality holds with strict inequality.
Furthermore, f is called (strictly) concave if —f is (strictly) convex.

It is an important property of convex functions that they are continuous
on the relative interior of their domain (cf. [Boyd and Vandenberghe, 2004]).

B.3.5 Positive definiteness

A matrix A € R¥9 is called positive semi-definite if for all x € R? we have
r"Ar>0. (B.37)

Furthermore, if inequality holds with with strict inequality for all
x € R?\ {0}, we say matrix A is positive definite on X.

In many ways, positive semi-definite matrices are the generalization of
non-negative real numbers. For instance, it is known from calculus in higher
dimensions that a twice differentiable function f : X — R with X C R?
is convex if and only if the Hessian matrix V2 f(¢) is positive semi-definite
for all ¢ € X (see [Boyd and Vandenberghe, 2004]).

Unfortunately, in the case of strict convexity, we only obtain the following
weaker implication: If the Hessian matrix V2 f(t) is positive definite for all
t € X, then f is strictly convex. In general, the converse of this implication
is not true, since even if f is a strictly convex function there may exist
t € Xand z € R\ {0} with 2z"V2f(t)x = 0. However, it is known that
the set of elements ¢t € X with this property forms at most a discrete subset
of X (again, see [Boyd and Vandenberghe, 2004] ).

Furthermore, it is a well-known fact from linear algebra that for all
positive definite matrices A € R%*9 there exists a non-singular matrix
B € R4 with A = B" B. Such a matrix B can be obtained by computing
the Cholesky decomposition of A (cf. [Trefethen and Bau, 1997]).

203



B Mathematical fundamentals

B.4 Probability theory

B.4.1 Probability, expectation, and variance

Let € be an arbitrary, discrete set of outcomes of a random experiment,
called a sample space. A probability distribution among these outcomes is
given by a real-valued function p : 2 — R with

a) Non-negativity: p(w) > 0 for all w € Q,
b) Normalization: ) o p(w) = 1.

A subset A of sample space € is called an event. We extend the definition
of probability distributions to all subsets A C 2 by

Pr(A] = pw) . (B.38)

w€EA

For any A C Q) the term Pr[A] is called the probability of event A. Event A
is assumed to be true if the random experiment yields an outcome w from
A. Otherwise, A is assumed to be false. Hence, set A is implicitly identified
with the truth assignment of a Boolean statement such as “w € A”, and
we also write Prlw € A] instead. In addition, the set theoretic operations
union, intersection, and complement are identified with the logic operations
disjunction, conjunction, and negation, respectively. If the event A is given
by a joint event A = A; A A, we sometimes write Pr[A;, Ay] instead of
Pr[A; A Ay for the sake of a concise notation.

Let X : € — R be an arbitrary function on sample space €. In this
context, X is called a random variable, and for all a € X (£2) we have

Pr[X(w) = a] = Prjw € X '(a)] . (B.39)

Usually, the argument of X (w) is omitted, and we simply write X instead.
Two random variables X,Y are called independent, if

Pr(X =a,Y =0b] =Pr[X =dq] - Pr[Y =0 (B.40)

for all a € X(2) and b € Y (Q).

The expectation of a random variable X is denoted by

EX]=) Prlw] - Xw)= Y Pr[X=ad]-a. (B.41)

weN aeX(Q)
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It is an important property that the expectation is linear. That is, given
linear combination a; X; + asXs + ...+ a,X,, of a finite number of random
variables X1, X5, ..., X, and coefficients a4, as, ..., a, € R, we have

E%iﬁﬂi:ﬁi%m&y (B.42)

Furthermore, the variance of random variable X is given by

wmm:E“X—mXW}. (B.43)

B.4.2 Law of conditional probability

The probability of an event A under the assumption that event B with
Pr[B] > 0 is true is denoted by
Pr[A, B]

Pr[A|B| = 51

(B.44)

This probability is called the conditional probability of A given B.
Furthermore, if Ay, As,..., A, are a finite number of arbitrary events
with Pr[Ay, Ay, ..., A,] > 0 then we have

PI‘[Al, AQ, PN ,An] = H Pr [Az ‘ Al, AQ, ce 7A7j—1] 5 (B45)

=1

which is known as the law of conditional probability (for a formal proof see
[Chung and AitSahlia, 2006]).

B.4.3 Law of total probability

It is easy to see (cf. [Chung and AitSahlia, 2006]) that for any partition of
the sample space () into a finite number of disjoint events By, Bs,..., B,
and for any event A C {2 we obtain

Pr[A] = iPr[Bi] Pr[A|B)] . (B.46)

Equation (B.46|) is called the law of total probability.
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B.4.4 Law of total expectation

In analogy to the definition of conditional probability, the conditional ex-
pectation gives the expectation of a random variable X under the assump-
tion that event B with Pr[B] > 0 is true. The conditional expectation is
denoted by

E[X|B]= ) PrlX(w)=alB] a. (B.47)

aceX(Q)

Using the definition of the expectation and the law of total probability, for

a finite number of disjoint events By, Bo, ..., B,, we obtain the law of total
expectation:
E[X] =) Pr[B|E[X|B] . (B.48)
i=1

B.4.5 Union bound

The union bound (which is also known as the Boole-Bonferroni inequality)
gives an upper bound on the probability that any of two events A, B is
true in terms of the sum of the individual probabilities of A and B. That
is,

Pr[AV B] < Pr[A] + Pr[B] . (B.49)
Moreover, for a finite number of arbitrary events Ay, A, ..., A, we obtain
PriA; V Ay V... VA, <) Pr[4)] . (B.50)

i=1

These bounds are an immediate consequence of the inclusion-exclusion
principle from combinatorics.

B.4.6 Markov’s inequality

Markov’s inequality gives a simple upper bound on the probability of the
event that a positive random variable exceeds its expectation by a given
factor. More precisely, let X > 0 be a positive random variable with finite
expectation E[X] < oco. Then for any constant ¢ > 1 we have

1

Pr[X > cE[X]] < . (B.51)
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Inequality (B.51) is named after the Russian mathematician Andrey Markov.
A formal proof can be found in [Chung and AitSahlia, 2000].

B.4.7 Chebyshev’s inequality

Another important probabilistic concentration bound is known as Cheby-
shev’s inequality: Let X be a random variable with finite variance, i.e.,
Var[X]| < co. Then for any constant p > 0 we have

Var[X]
P

Pr“X ~ E[X]| > p} < (B.52)

Chebyshev’s inequality is named after the Russian mathematician Pafnuty
Chebyshev. A formal proof can be found in [Chung and AitSahlia, 2006].

B.4.8 Chernoff bounds

Let X1, Xs,..., X, € {0,1} be a finite number of random variables of inde-
pendent and identically distributed random experiments with probabilities
PrX; =1 =pand Pr[X; =0=1—pforalli =1,2,...,n and for some
constant 0 < p < 1. Furthermore, let Y = X7+ X5 +...4+ X, be a random
variable with expectation E[Y] = pn.

The Chernoff bounds assure that with (very) high probability the random
variable Y is close to its expectation. In detail, for any constant p > 0 we
have

Pr[Y > (1+ p)E[Y]] < exp (—M E[Y]> , (B.53)
Pr[Y < (1-p)E[Y]] <exp (—%2 E[Y]) . (B.54)

These bounds are named after the American statistician Herman Chernoff.
A formal proof can be found in [McDiarmid, 1998].
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