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Foreword

This thesis is divided into two parts. Chapter 2 to 7 concern bandits games and their extensions
while Chapter 8 and 9 discuss new results on clustering. Each chapter can be read independently
of others, introducing inevitably some redundancy. The organization is as follows:

Chapter 1 is a short presentation (in French) of the contributions of this thesis.

Chapter 2 is an introduction to the bandit theory. It presents the basic theoretical results
with (for some of them) improved constants and/or simpler proofs. In this chapter we also
review extensions of the basic multi-armed bandit game and highlight the contributions
of this thesis to some of them.

Chapter 3 presents two new algorithms for the multi-armed bandit game, MOSS (Min-
imax Optimal Strategy for the Stochastic case) and INF (Implicitly Normalized Fore-
caster). We prove that both algorithms are minimax optimal (up to a constant factor),
solving a decade-long open problem. We also apply INF to other games (full infor-
mation, label efficient, bandit label efficient, tracking the best expert), and improve the
minimax rates for the regret whenever it is possible.

Chapter 4 presents a new algorithm for the X'-armed bandit problem, HOO (Hierarchical
Optimistic Optimization). We prove that, for metric spaces X with a well defined (sort
of) metric dimension, HOO is minimax optimal (up to a logarithmic factor). We also
prove, under weaker assumptions than any previous works, that it is possible to attain a
regret of order y/n no matter the ambient dimension.

Chapter 5 deals with the extension of bandits to the problem of planning in discounted
and stochastic environments. We present a new algorithm, OLOP (Open Loop Optimistic
Planning), and prove its minimax optimality (up to a logarithmic factor). We also show
that OLOP attains much faster rate whenever the number of optimal sequences of actions
is small.

Chapter 6 introduces a new type of regret: the simple regret. In this chapter we study
the links between the cumulative and simple regret and analyze the minimax rate for the
simple regret.

Chapter 7 further the study of the simple regret and proposes two new algorithms, SR
(Successive Rejects) and UCB-E (Upper Confidence Bound Exploration). We prove that
both algorithms have an optimal distribution-dependent rate of convergence to 0 for the
simple regret up to a logarithmic factor.

Chapter 8 presents a statistical view on clustering and introduces a new algorithm, NNC
(Nearest Neighbor Clustering), which is the first provable algorithm to be asymptotically
consistent for (almost) any objective function.

Chapter 9 studies the ability of stability methods to select the number of clusters. In
particular we consider the k-means algorithm and propose a new analysis of a non-trivial
initialization scheme.
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CHAPITRE 1

Introduction

Ce travail de theése s’inscrit dans le domaine du machine learning et concerne plus parti-
culierement les sous-catégories de 1’optimisation stochastique, du online learning et du cluste-
ring. Ces sous-domaines existent depuis plusieurs décennies mais ils ont tous recu un éclairage
différent au cours de ces dernieres années. Notamment, les jeux de bandits offrent aujourd’hui
un cadre commun pour I’optimisation stochastique et 1’online learning. Ce point de vue conduit
a de nombreuses extensions du jeu de base. C’est sur I’étude mathématique de ces jeux que se
concentre la premicre partie de cette these. La seconde partie est quant a elle dédiée au clustering
et plus particulierement a deux notions importantes : la consistance asymptotique des algorithmes
et la stabilit¢é comme méthode de sélection de modeles.

Ce premier chapitre est I’occasion de présenter bricvement le contexte des deux parties qui
constituent le corps de la theése ainsi que de résumer les contributions des différents chapitres.

Contents
1. Les jeux de bandits 11
1.1. Vitesses minimax du jeu du bandit et de ses variantes 12
1.2. Le jeu du bandit stochastique avec une infinité de bras 13
1.3. Le probleme de la planification 14
1.4. Regret simple 14
2. Les fondations du clustering 16
2.1. Des algorithmes consistants 16
2.2. Lastabilité : une méthode de sélection de modeles 16

1. Les jeux de bandits

Le jeu du bandit a une longue histoire, il a été introduit pour la premiere fois par Robbins
[1952] dans un contexte stochastique puis par Auer et al. [2003] comme un jeu contre un adver-
saire malicieux. Les deux versions sont décrites en détails dans le Chapitre 2 et on les rappelle
brievement ici dans les figures 1 et 2. Le Chapitre 2 est aussi 1’occasion de rappeler les résultats
de base et d’en donner une version 1égerement améliorée dans la majorité des cas (soit au niveau
des constantes soit au niveau de la preuve).

Comme nous allons le voir tout au long de cette theése, le jeu du bandit et ses variantes
modélisent de nombreux problémes concrets en mathématiques appliquées. On peut citer par
exemple le placement de bandeaux publicitaires sur une page internet, la construction d’une in-
telligence artificielle pour le jeu de Go ou encore la recherche efficace d’une fréquence de com-
munication pour un dialogue entre téléphones mobiles. Dans la suite nous mettrons I’accent sur
I’analyse mathématique rigoureuse des différents jeux mais sans perdre de vue les applications
concretes. Ainsi les problemes réels donnent naissance a des questions mathématiques dont les
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Parameétres : nombre de bras (ou actions) K ; nombre de tours n avecn > K > 2.

A chaquetourt =1,2,...,n;

(1) le joueur choisit I; € {1,..., K}, éventuellement a I’aide d’une randomisation externe ;
(2) simultanément I’adversaire choisit un vecteur de gains g, = (g1, ..., 9x,t) € [0, I]K ;
(3) le joueur regoit la récompense gy, ; (sans voir la rfécompense des autres bras).

But : Maximiser les gains cumulés. De maniere (presque) équivalente on cherche & minimiser le regret
n n

(cumulé) R,, = {max , g Git — E g1,.+- Un objectif moins ambitieux est de minimiser le pseudo-
ie{l,...K
t=1 t=1

regret (cumulé) R, = {maXK}E E gip —E E 91, t-
ie{l,..., ' i
’ t=1 t=1

F1G. 1: Jeu du bandit.

Parametres connus : nombre de bras K ; nombre de tours n avecn > K > 2;
Parametres inconnus : K distributions de probabilités vq, ..., vk sur [0,1] (ayant pour moyennes
Hise.oy K )

A chaque tourt =1,2,...,n;
(1) le joueur choisit I; € {1,...,K};
(2) T’environnement tire la récompense Y; ~ v;, indépendamment du passé étant donné ;.

But : Maximiser en moyenne les gains cumulés. De maniere équivalente on cherche a minimiser le
n

pseudo-regret (cumulé) R, = E g {max , Wi — 1, -
i€{l,....K
t=1

FIG. 2: Jeu du bandit stochastique.

réponses (le plus souvent sous la forme d’algorithmes) doivent en retour aider a la résolution du
probleme intial. Cette association a double sens entre mathématiques et problématiques réelles est
au ceeur de cette theése et a guidé le choix de la majorité des sujets considérés.

1.1. Vitesses minimax du jeu du bandit et de ses variantes. Une problématique classique
en statistiques est d’obtenir des vitesses minimax exactes pour différents types de regrets. Concer-
nant le jeu du bandit on cherche a caractériser la quantité

inf sup R,,

ou inf représente I’infimum par rapport aux stratégies du joueur et sup le supremum par rapport
aux stratégies de 1’adversaire (ou par rapport au choix des probabilités dans le cas du jeu stochas-
tique). On sait depuis Auer et al. [1995] que cette quantité est plus petite que /2nK log(K) et
plus grande que %\/ﬁ (pour les deux types de jeu). Ainsi la vitesse minimax n’était connue
qu’a un facteur logarithmique pres, y compris dans le cas du jeu stochastique.

Dans le Chapitre 3 on propose deux nouveaux algorithmes, MOSS (Minimax Optimal Strategy
for the Stochastic case) pour le cas stochastique et INF (Implicitly Normalized Forecaster) pour le
jeu général, chacun d’eux atteignant un pseudo-regret de I’ordre de vn K (& une constante pres),
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Jeux de prédiction :
Parameétres : nombre de bras (ou actions) K ; nombre de tours n avec n > K > 2.

Achaquetourt =1,2 ... n;
(1) le joueur choisit I; € {1, ..., K}, éventuellement a 1’aide d’une randomisation externe ;
(2) simultanément 1’adversaire choisit un vecteur de gains g: = (g1, ..., 9x+) € [0,1]%;
(3) Le joueur regoit le gain gy, ; (sans forcement I’observer). Il observe
— le vecteur de gains (g1 4, . . ., gk,+) dans le jeu a information complete,
— le vecteur de gains (g1, - .., gx,) si il le demande en sachant qu’il n’est pas autorisé
a le demander plus de m fois pour un entier 1 < m < n fixé. C’est le jeu du label
efficient,
— seulement gy, ; dans le jeu du bandit,
— seulement gy, ; si il le demande en sachant qu’il n’est pas autorisé a le demander plus
de m fois pour un entier 1 < m < n fixé. C’est le jeu du bandit label efficient,
n

n
But : Minimiser le regret (cumulé) R,, = {max . git — Z gr1,,+ ou le pseudo-regret (cu-
ie{l,...K
t=1 t=1

n n
mulé) R, = max E 1 — E .
) Ry, el ey ;gl,t ;gm

FIG. 3: Quatre jeux de prédiction.

donnant ainsi la réponse a un probléme ouvert depuis plus d’une décennie.

Le Chapitre 3 est aussi I’occasion de discuter différentes variantes du jeu du bandit étudiées
dans Cesa-Bianchi et al. [1997], Auer [2002], Cesa-Bianchi et al. [2005] et Allenberg et al. [2006].
On les rappelle ici brievement avec la Figure 3. Pour I’ensemble de ces nouveaux jeux (a I’excep-
tion du jeu a information complete) nous améliorons les vitesses minimax connues grace a I’algo-
rithme INF et a un nouveau type d’analyse unifiée des différents jeux. Les résultats obtenus sont
résumés dans la table 1 (ou le jeu du bandit indifférent correspond a un jeu de bandit classique
ou I’adversaire doit choisir sa suite de vecteurs de gains avant que le jeu ne commence). Dans ce
méme chapitre on considere aussi un regret plus général ot on ne se compare pas au meilleur bras
mais a la meilleure stratégie qui change .S fois de bras, ou 0 < S < n est un entier fixé. Pour ce
regret aussi on améliore les vitesses minimax par rapport a I’état de I’ art.

1.2. Le jeu du bandit stochastique avec une infinité de bras. Une limitation majeure des
jeux décrits dans la section précédente est I’hypothese, a priori bénigne, n > K. Autrement
dit on suppose qu’il y a au moins autant de tours de jeu que de bras, et méme significativement
plus pour que les résultats deviennent intéressants. Cette hypothese est évidemment indispensable
quand on ne posséde aucune connaissance a priori sur le comportement des bras puisqu’il faut
au moins pouvoir tester chacun d’eux. Cependant dans de nombreux problemes pratiques il existe
une certaine structure sur les bras, une information sur 1’un peut donner des informations sur les
bras “proches”. Dans le Chapitre 4 on montre que sous des hypothéses convenable il est en fait
possible de gérer une infinité de bras, i.e., d’avoir un pseudo-regret sous linéaire (en le nombre
de tours) sans tester chaque bras. Plus précisément on s’intéresse au jeu du bandit stochastique
avec un espace mesurable de bras X" et tel que I’ensemble des probabilités sur les bras possede
une structure interne qui contraint la forme de la fonction moyenne (la fonction qui associe a



14 CHAPTER 1. INTRODUCTION

| inf sup R,, | infsupER,, R,

‘ Borne inf. ‘ Borne sup. ‘ Borne inf. ‘ Borne inf. Borne sup.

nlog(Ko~1)

Label Efficient ‘ ny /108K ‘ n\/ log K ‘ n\/logK ‘ . JloeK ‘ 1. log(Ks1)
m m m m

Bandit Indifférent ‘ vnK ‘ vnK ‘ vnK ‘ vnKlog(671)
Bandit | Ve | VaK | VaE | VoKlogK | |/ log(Ks )
Bandit Label Efficient ‘ ‘ n % ‘ ‘ n,/ KlfngK n,/ mli(gK log(Kdo—1)

TAB. 1: En rouge les résultat o nous améliorons par rapport a I’état de I’art. Ces bornes sont toutes
a une constante pres. Les bornes de la derniere colonne sont vraies avec probabilité au moins 1 — 4.

chaque bras sa récompense moyenne). Ces conditions s’appliquent par exemple au cas d’un espace
métrique compact X et aux fonctions moyennes 1-Lipschitz par rapport a cette métrique. Ce travail
fait suite a une série de papiers sur les bandits stochastiques avec infinité de bras. En particulier
on généralise les résultats de Kleinberg [2004], Auer et al. [2007], Kleinberg et al. [2008a]. Plus
précisément :

(i): On propose le premier algorithme pratique pouvant s’adapter a (presque) n’importe
quel espace : HOO (Hierarchical Optimistic Optimization).

(ii): On montre que HOO atteint la vitesse minimax (a un terme logarithmique pres) dans
de nombreux cas, par exemple si X = R” muni de la norme euclidienne et que 1’on
s . . . . .. D+1
considere les fonctions moyennes 1-Lipschitz. La vitesse minimax dans ce cas est n D+2

(a un terme logarithmique pres).

(iii): On définit une nouvelle notion de dimension de la fonction moyenne, la near-optimality
dimension, et on montre que le regret de HOO sur une fonction moyenne de dimension
near-opt d est en fait n%. En particulier pour le bon choix de la métrique on montre que
dans beaucoup de cas intéressant d = 0 quelle que soit la dimension ambiante.

(iv): On montre que seul le comportement de la fonction moyenne au voisinage de son
maximum est important pour obtenir les vitesses ci-dessus.

1.3. Le probleme de la planification. Le bandit stochastique avec infinité de bras couvre un
champ trés large d’applications. En particulier il inclut le probléme classique de la planification
ou le statisticien doit préparer un plan d’actions en ayant seulement une expérience limitée de
son environnement. Dans le Chapitre 5 on développe cette correspondance et on introduit 1’algo-
rithme OLOP (Open Loop Optimistic Planning), dérivé de I’algorithme HOO du Chapitre 4. Cela
nous permet d’obtenir le premier algorithme minimax optimal dans le cas d’un environnement
stochastique avec récompenses actualisées.

1.4. Regret simple. Les deux derniers chapitres de la premiere partie concernent a nouveau
le jeu du bandit stochastique avec un nombre fini de bras, mais vu sous un angle différent. Dans
le jeu classique le joueur doit a la fois chercher quel bras a la meilleure récompense moyenne et
dans le méme temps exploiter le bras qu’il pense €tre le meilleur afin de minimiser son regret.
Dans les chapitres 6 et 7 on s’affranchit de cette seconde contrainte et I'unique objectif du joueur
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Parametres connus : nombre de bras K ; nombre de tours n avecn > K > 2;
Parameétres inconnus : K distributions de probabilités vy, ..., vk sur [0, 1] (ayant pour moyennes
Py oy UK.

A chaque tourt =1,2,...,n;
(1) le joueur choisit I; € {1,..., K};
(2) T’environnement tire la récompense Y; ~ v;, indépendamment du passé étant donné I;.

A la fin du tour n le joueur choisit J,, € {1,..., K}.

But : Minimiser le regret simple r,, = max _ pu; — [, .
ie{l,...K} '

FIG. 4: Regret simple pour le jeu du bandit stochastique.

devient la découverte du meilleur bras. On introduit un nouveau type de regret, le regret simple,
qui permet de formaliser cette idée. Le jeu correspondant est décrit dans la Figure 4. On peut noter
que ce probléme correspond tout simplement a I’optimisation d’une fonction stochastique sur un
domaine discret.

La motivation initiale pour ce travail provient de considérations sur les problémes réels que
modélise le jeu du bandit. Par exemple dans la construction d’une intelligence artificielle pour le
jeu de Go on cherche un algorithme qui étant donné une position du Goban (i.e., du plateau de
jeu) va donner le meilleur coup a jouer. Pour ce faire on suppose que 1’algorithme peut estimer
(avec un bruit) la valeur d’un coup et qu’il dispose d’un nombre fini d’estimations. Ainsi durant le
temps imparti il peut tester les différentes options pour essayer de trouver la meilleure. Clairement
dans ce cas utiliser un algorithme minimisant le regret cumulé n’a pas de sens et seul le regret
simple est a prendre en considération. Pourtant I’une des meilleurs I.A. actuelle est basée sur un
algorithme pour le jeu du bandit classique, voir Gelly et al. [2006]. C’est dans ce contexte que se
place le Chapitre 6 ou I’on étudie les liens entre le regret simple et le regret cumulé. Le résultat
principal est une borne inférieure sur les performances en terme de regret simple étant données
celles du regret cumulé. Essentiellement le résultat peut s’énoncer sous la forme

(1.1) Yvi, ... vk, 3C > 0:Er, > exp(—C Ry).

Autrement dit, meilleur est le regret cumulé, moins bon sera le regret simple. Ce résultat est vrai
dans un sens distribution-dependent, c’est a dire quand on autorise les bornes a dépendre des dis-
tributions de probabilités sur les bras (ici sous la forme de la constante C'). On montre aussi dans
le Chapitre 6 qu’il est facile d’obtenir des algorithmes minimax optimaux pour le regret simple
(du moins a un facteur logarithmique pres), y compris pour des algorithmes ayant une vitesse de
convergence (du regret simple vers 0) sous optimal en distribution-dependent.

Motivés par ces résultats on développe dans le Chapitre 7 deux nouveaux algorithmes spécialement
congus pour minimiser le regret simple, SR (Successive Rejects) et UCB-E (Upper Confidence
Bound Exploration). On étudie leurs vitesses de convergence distribution-dependent et on prouve
I’optimalité de ces dernieres a un facteur logarithmique pres. En particulier, cette analyse nous
permet de prouver que pour trouver le meilleur bras, il faut un nombre de tours de jeu de I’ordre
de ZZ 1/Af, ol la somme se fait sur les indices ¢ sous-optimaux et A; = maxi<<r ftj — M
représente la sous-optimalité du bras ¢. Ce résultat généralise le fait bien connu qu’il faut de I’ordre
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de 1/A? tirages pour differencier les moyennes de deux distributions de probabilitiés ayant un
écart de A entre leurs moyennes.

2. Les fondations du clustering

Le clustering peut étre défini informellement comme la recherche de “groupes” dans un en-
semble de données. En général on cherche des groupes ayant un ou plusieurs des attributs suivants.
— Les groupes permettent une représentation compréhensible par un étre humain des données.

— Les groupes permettent de découvrir des catégories de données similaires” dans notre en-
semble.

— La création de ces groupes est une étape de traitement préliminaire de I’ensemble des
données pour ensuite utiliser un algorithme directement sur les groupes plutot que sur les
données brut. On veut alors que ces groupes améliorent I’efficacité de 1’algorithme.

Cette liste n’est pas exhaustive, mais elle est suffisante pour se rendre compte qu’un traitement
théorique unifié du clustering est une tache ardu.

2.1. Des algorithmes consistants. Dans le Chapitre 8 on adopte un point de vue dérivé de
I’apprentissage statistique. On se donne les éléments suivants : un ensemble mesurable X muni
d’une distribution de probabilité inconnue PP, un ensemble de données { X7, ..., X, } tirées i.i.d
selon P, un ensemble de fonctions F C {1,...,K}* représentant les types de groupes qu’on
s’autorise, et une fonction de qualité @ : F — R™ qui dépend de IP. Le but est alors de construire
un ensemble de groupes f,, € F qui optimise notre fonction de qualité (). Suivant la stratégie
classique de I’apprentissage statistique, on construit un estimateur (J,, de ) avec notre ensemble
de données et on choisit f,, qui optimise @),, (éventuellement sur un sous-ensemble F,, C F). On
se pose alors la question naturelle de la convergence de Q( f,,) vers le véritable optimum de Q).

Notre premiere contribution est un théoréme tres général qui donne des conditions suffisantes
sur Qn, Fn, Q, F et P pour que la procédure décrite précédemment soit (faiblement) consistante,
i.e., Q(fn) converge (en probabilité) vers I’optimum de (). Les résultats classiques de I’apprentis-
sage statistique ne peuvent pas s’ appliquer pour obtenir ce résultat, notamment car on doit autoriser
des fonctions de qualités () qui ne s’écrivent pas comme des espérances (i.e., Q(f) = E(Q(f, X)))
ainsi que des estimateurs biaisés de @ (i.e., EQ,, # Q). En effet ces conditions sont la normes
plut6t que 1’exception dans les travaux sur le clustering. De plus nous autorisons F,, a dépendre
des données. Ces hypotheses rendent les techniques classiques, tel que 1’étape de symétrisation,
plus difficiles a appliquer.

A partir de ce théoreme nous dérivons un nouvel algorithme, NNC (Nearest Neighbor Clus-
tering), qui peut étre vu comme un équivalent de la méthode des plus proches voisins dans le
contexte non-supervisé du clustering, et pour lequel nous prouvons sa consistance sur de nom-
breuses fonctions objectifs classiques, telles que k-means, Ratio Cut, Normalized Cut, etc.

2.2. La stabilité : une méthode de sélection de modeles. Dans le Chapitre 9 nous abordons
une question complétement différente, comment choisir le nombre de groupes K que contient
notre ensemble de données ? Pour simplifier la discussion nous nous plagons dans un cas ol on
veut utiliser 1’algorithme k-means pour construire les groupes. De plus, afin d’avoir une notion du
”bon” nombre de groupes, on supposera que nos données sont générées par une mixture de Gaus-
siennes (sur R%) suffisamment ecartées. Dans ces conditions, il a été suggéré expérimentalement
la procédure suivante : générer plusieurs ensembles de données et lancer 1’algorithme k-means
avec différents K. On choisit alors le nombre K pour lequel les résultats de k-means sont les plus
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stables.

Cette procédure a été étudiée dans un cadre idéal dans une serie de papiers, [Ben-David et al.,
2006, 2007, Shamir and Tishby, 2008a, Ben-David and von Luxburg, 2008, Shamir and Tishby,
2008b,c]. D’une maniere générale la conclusion de ces travaux est que la stabilité ne peut pas fonc-
tionner comme méthode de sélection du nombre de groupes (dans un cadre idéal et asymptotique).

Dans le Chapitre 9 nous nous plagons dans le cadre “réel”, et considérons 1’algorithme k-
means avec sa particularité de tomber dans des extremas locaux de la fonction objectif. Dans
une premiere partie nous prouvons (partiellement) que la méthode de stabilité fonctionne, du mo-
ment que 1’on initialise correctement 1’algorithme. La seconde partie est dédiée a I’analyse d’une
méthode non-triviale d’initialisation, PRUNED MINDIAM, pour laquelle nous prouvons qu’elle
satisfait nos conditions pour que la méthode de stabilité fonctionne.
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Bandits Games






CHAPTER 2

Multi-Armed Bandits

This chapter is meant to be an introduction to the bandit theory. We introduce the multi-
armed bandit problem in both stochastic and adversarial settings. We present different motivating
examples as well as the basic theoretical results. For some of them we propose a statement with
improved constants and/or simpler proofs. At the end of the chapter we discuss possible extensions
of this classical problem and highlight the contributions of this thesis to some of them.
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1. Bandits problems

The term bandit refers to the usual name of a Casino’s slot machine (“one-armed bandit”).
In a multi-armed bandit problem a player (or a forecaster) is facing a finite number of slot ma-
chines (or arms). He allocates sequentially his coins (one at time) on different machines and earns
some money (its reward) depending on the machine he selected. His goal is simply to earn as
much money as possible. As we will see below, the most important feature of this model is the
assumption on the slot machines’ reward generation process.

1.1. Stochastic multi-armed bandit. In its original formulation, Robbins [1952], each arm
corresponds to an unknown probability distribution on [0, 1]. At each time step ¢t € N the fore-
caster selects (or pulls) one arm I;, and then he receives a reward Y; sampled from the distribution
corresponding to the selected arm and independently from the past given that arm. The forecaster’s
goal is to maximize the sum of rewards > ;" | ¥; where n € N is the time horizon. The forecaster
does not necessarily know in advance the time horizon and in that case we say that his strategy is
anytime.
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Known parameters: number of arms K'; number of rounds n withn > K > 2.
Unknown parameters: K probability distributions v, . .., vk on [0, 1].

Foreachroundt =1,2,...,n

(1) the forecaster chooses I; € {1,..., K};
(2) the environment draws the reward Y; ~ v;, independently from the past given I;.

Goal: Maximize the cumulative gain ), Y;.

Figure 1: Stochastic multi-armed bandit game.

If the distributions were known, one would always pull the arm with the highest mean reward
in order to maximize the cumulative rewards. To analyze the behavior of a forecaster we compare
its performance with this optimal strategy. In other terms we study the regret of the forecaster
for not playing optimally. Let K > 2 be the number of arms and for i € {1,..., K} we note
v; the probability distribution of arm 7 and p; its mean. We also set p* = max;e(y,. k) pi and
" € argmax;eqq, . gy i Then the cumulative pseudo-regret (this terminology will be explained
in Section 1.2) of the forecaster is:

@D Ry=np* —E)
t=1

where the expectation is taken with respect to the random drawing of the rewards (which influence
the sequence I1, ..., I,). It represents the average regret of the forecaster with respect to the best
arm on average. In the following we refer to this problem as the stochastic multi-armed bandit, see
Figure 1 for a summary.

The historical motivation for this model was given by medical trials, Thompson [1933]. The
setting is as follows. A set of K drugs is at disposal to cure one disease, and patients are sequen-
tially presented without any side information. We assume that the effectiveness of each drug is the
same for any patient. More formally the actual success of a drug on a patient is a Bernoulli random
variable whose parameter depends solely on the drug. The objective is to maximize the number
of healed patients, or more precisely to perform almost as well as the best drug. In particular we
do not want to use suboptimal treatments too often but rather focus as soon as possible on the best
treatment. Thus a trade-off appears between the exploration of the different drugs to estimate their
performance and the exploitation of the results we have obtained so far to be the more efficient.
This is in fact one of the basic motivation for the stochastic multi-armed bandit game, it is the
simplest model in which an exploration/exploitation dilemma appears.

1.2. Adversarial multi-armed bandit. To motivate the adversarial bandit let us consider
again the initial example of gambling on slot machines. We assume now that we are in rigged
casino, where the owner (called the adversary) sets for each i € {1, ..., K'} the sequence of gains
(git)1<t<n € [0,1]™ for slot machine ¢. Note that it is not in the interest of the owner to simply
set all the gains to zero, since in that case one will eventually go to another casino! Now recall
that a forecaster selects sequentially one arm I; € {1,..., K} at each time step 1 < ¢t < n and
observes (and earns) the gain gy, ;. Is it still possible to be competitive in such setting ? As a first
step, and by analogy with the stochastic case, one considers the best single arm in hindsight and
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seek for a forecaster which earns almost as much rewards as this arm. More precisely we define
the cumulative regret of the forecaster as:

n n
2.2 R, = max oL ‘
- " iE{l,...,K}tZ:;gl’t tz:;glt,t

In the particular example of the rigged casino we say that the adversary is oblivious, because
the opponent’s strategy (represented by the sequence of gains) is oblivious to our actions. In a
more general framework, the adversary may depend on our actions, in that case the adversary is
non-oblivious. For instance the Casino’s owner may look at the forecaster’s strategy to design even
more evil sequences of gains. See Figure 2 for a summary of the general problem. Note that for a
non-oblivious adversary the interpretation of the regret is tricky and may be seen as unnatural. In
particular we can not evaluate the cumulative gain that we would have obtained by playing a single
arm for the n rounds since the only information available on the adversary is the sequence of gain
vectors that was produced against the forecaster’s strategy. Thus the regret can only be computed
on this sequence of gains.

In this setting the goal is to obtain bounds in high probability or in expectation (with respect
to both eventual randomization of the forecaster and the adversary) on the regret for any opponent.
In the case of a non-oblivious opponent this is not an easy task, and we usually bound first the
pseudo-regret:

2.3) R,= max E» g —EY g

which compares the forecaster’s average regret with respect to the best arm arm on average. Re-
mark that the randomization of the adversary is not very important since we ask for bounds which
hold for any opponent. However, by allowing this randomization, we recover the stochastic ban-
dit as a special case of the adversarial bandit, in particular for stochastic bandits equations (2.1)
and (2.3) coincide. On the other hand it is fundamental to allow randomization for the forecaster.
Indeed, given a deterministic forecaster, the oblivious adversary defined as follows

if I} #1, g1, = 1and g;; = 0 for all ¢ # 1;
if =1, goy =1and g;; = 0 forall ¢ # 2;

impose R,, > n/2. Note that this adversary is allowed (and oblivious) because the forecaster’s
strategy is deterministic.

1.3. Modern motivating examples. While the historical motivation for bandits was medical
trials, it has been realized in the past decades that bandits games model a number of more so-
phisticated and relevant applications. We describe here six examples, ranging from theoretical to
applied, where bandits algorithms have been used or are currently under investigation. Note that
most of these examples are better modeled by extensions of the basic game, see Section 4.

(1) Online learning with expert advice and limited feedback: The traditional statistical
point of view on learning is the following. The learner (or forecaster) has access to a
data set ({;)1<t<n € E™ and has to output a prediction f,, € F where F is a class
of functions usually defined by computational and statistical modeling considerations.
This prediction is evaluated by a loss function L : F — R™, and the forecaster’s goal
is to minimize the expected loss. A common example fitting in this framework is the
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Known parameters: number of arms K'; number of rounds n withn > K > 2.

Foreachroundt=1,2,...,n
(1) the forecaster chooses I; € {1,..., K}, eventually with the help of an external randomiza-
tion;
(2) simultaneously the adversary selects a gain vector g; = (91,4, - - -, 9k.t) € [0, 1]K , eventually

with the help of an external randomization;
(3) the forecaster receives (and observes) the reward g, ;. He does not observe the gains of the
other arms.

Goal: Maximize the cumulative gain Y ;" gr, -

Figure 2: Adversarial multi-armed bandit game.

one of pattern classification, where the forecaster faces pairs §; = (X;,Y;) € X x ),
drawn i.i.d. from an unknown probability distribution P. A prediction is a classifier,
that is, F C Y% and the loss of a classifier is the expected number of mistakes, that
is, L(f) = P(f(X) # Y). A limitation of this viewpoint is that the data set is fixed
once and for all. This assumption is not valid for many of the modern problems in
statistics. Indeed, whether we consider the Internet network, consumer data sets, or
financial market, a common feature emerges: the data are dynamic and continuously
evolving. The online learning model addresses this issue. Here the forecaster faces the
data sequentially, and at each time step a prediction has to be made. This prediction
incurs an instant loss given by a function £ : F x = — R™. More precisely at time step
t € N the learner already observed &1, ..., &1 and made the predictions fi,..., fi_1.
Then the learner makes the prediction f;, receives a new data point &; and suffers the loss
U(ft,&). Thus the cumulative loss of the forecaster after n steps is L, = >, | (ft, ).

One sub-model of this framework has attracted a lot of attention in the last years,
namely the one of online learning with expert advice: A set of K experts are playing the
online learning game described above and the forecaster selects at each time step which
expert’s prediction to follow, based on its past experience with the different experts. This
problem is now very well understood, see Cesa-Bianchi and Lugosi [2006]. One inter-
esting and challenging extension is the model of online learning with limited feedback.
Here the learner only observes the suffered loss ¢( ft, &) rather than the data point &;.
This model can be viewed as a bandit game, where the set of experts correspond to the
set of arms.

(2) Black-box stochastic optimization: Consider an algorithm with a parameter to tune,
and whose performance can easily be evaluated. Assume that either the algorithm has
some internal stochasticity, or that it can only be evaluated with an additional noise. By
viewing this problem as a stochastic bandit game, where the set of arms corresponds
to the set of possible parameter values, we obtain strategies to automatically tune the
parameter over time. We refer the reader to Chapter 4 for more details on this approach.

(3) Ads placement on a web-page: With the pay-per-click model, each click on an ad
proposed by a search engine earns some revenue. As users arrive, the search engine can
display ads sequentially in order to maximize the total revenue. This problem can be cast
as a bandit game, with the set of arms being the set of ads and each user corresponds
to a time step. Recent works to apply bandits in this framework include Pandey et al.
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[2007b], Pandey et al. [2007a], Liu and Zhao [2008] and Chakrabarti et al. [2009], see
also Section 4.3 for the bandit with side information and the references therein.

(4) Packets routing: Consider a network represented by a graph in which one has to send
a sequence of packets from one vertex to another. For each packet one chooses a path
through the graph and suffers a certain delay. Depending on the traffic, the delays on
the edges may change and the only information available is the delay on the path chosen
at a given time step. The goal is to minimize the total delay for the sequence of pack-
ets. This problem can be cast as a bandit game, with the set of arms being the set of
paths between the two vertices and each packet corresponds to a time step. Many works
have been done for this particular problem, including Awerbuch and Kleinberg [2004],
McMahan and Blum [2004], Gyodrgy et al. [2007], see also the references in Section 4.1
for combinatorial bandits and linear bandit optimization.

(5) Tree-search: A recent successful application of bandits algorithms is the MoGo program
of Gelly et al. [2006] which plays computer Go at a world-class level. With a Monte-
Carlo method to evaluate the value of a position it is possible to see the Go problem as a
hierarchy of bandits. The authors address this problem with the UCT strategy of Kocsis
and Szepesvari [2006] which is derived from the UCB strategy, see Section 2.2.

(6) Channel allocation for cellphones: During a communication between two cellphones,
the operator may change the channel several times. Here the set of arms corresponds to
the set of possible channels and a time step represents a time interval where the channel is
fixed. Opportunistic communication systems rely on the same idea and has been recently
studied in the more general framework of partially observable Markov decision process
in Zhao et al. [2005], Liu and Zhao [2008], Filippi et al. [2009].

2. Upper bounds on the cumulative regret

In this section we propose different forecasters both for the stochastic and adversarial bandit
game. We analyze the performance of the algorithms by proving upper bounds on their regrets. In
fact, we prove three different type of bounds, (i) on the pseudo-regret, (ii) on the expected regret,
and (iii) bounds on the regret which hold with high probability. The weakest statement and also
the easier to obtain is (i). In sections 2.1 and 2.2 we focus on this quantity. Then in Section 2.3 we
show how to extend these results to (ii) and (iii).

2.1. Pseudo-regret in adversarial bandits. As we said in Section 1.2, it is necessary to
consider randomized forecaster to obtain non-trivial guarantee on the cumulative regret in the
adversarial bandit game. We describe here the randomized forecaster Exp3 of Auer et al. [2003]
which is based on two fundamental ideas. The first one is that, despite the fact that only the gain
for one arm is observed, it is still possible to build an unbiased estimator of the gain for any arm
with a simple trick. Namely, if the next arm I; to be played is drawn from a probability distribution
pt = (P1ts-- -, PK,t), then g;; = %]llt:i is an unbiased estimator (with respect to the drawing
of I;) of g; ;. The second idea, which goes back to Littlestone and Warmuth [1994], is to use an
exponential reweighting of the cumulative estimated gain to define the new probability distribution
over the arm.

In recent works, Cesa-Bianchi and Lugosi [2006], this strategy has been described in a loss
setting, that is instead of maximizing the cumulative gain the goal is to minimize the cumulative
loss. With a linear transformation on the rewards we can reduce a gain game to a loss game and
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Exp3 (Exponential weights algorithm for Exploration and Exploitation) without mixing:

Parameter: a non-increasing sequence of real numbers (7;)¢en-

Let p; be the uniform distribution over {1, ..., K'}.
Foreachroundt =1,2,...,n
(1) Draw an arm I; from the probability distribution p;.
(2) Compute the estimated loss for each arm: Zi,t = 1;fZ’t 17,—; and update the estimated
cumulative loss: Ei,t = 22:1 lzs
(3) Compute the new probability distribution over the arms p;1 = (p1,4+41, - - - s PK,t+1)

where: B
exp <_77tLi,t)

ZkK:1 €xp (—mik,t>

Dit+1 =

Figure 3: Exp3 forecaster.

use the Exp3 strategy for losses. This way we obtain better bounds in terms of the constants '.
Moreover this modification has an other advantage, in the initial formulation the authors had to
consider a mixture of exponential weights with the uniform distribution on the set of arms, but as
it was already noted in Stoltz [2005], this mixing is not necessary to have bounds on the pseudo-
regret when Exp3 is working on losses >. Thus we can focus here on Exp3 without mixing, see
Figure 3.

We provide two different bounds. In (2.5) we assume that the forecaster does not know the
number of rounds n, that is we consider the anytime version of the algorithm. On the other hand,
in (2.4) we prove that we can achieve a better constant with the knowledge of the time horizon.
Moreover, we improve these constants with respect to previous results. In Auer et al. [2003]
equation (2.4) was proved with a constant 2y/e — 1 for the algorithm with mixing and gains, while
in Stoltz [2005] the constant was 2+/2 without mixing and with losses. Here we provide a constant
/2 for the algorithm without mixing and working with linear transformations of the gains.

2log K

THEOREM 2.1 (Pseudo-regret of Exp3). Exp3 without mixing and with ny = n = e

satisfies:

2.4) Ry < V2nKlog K.

On the other hand with n; = 21;}%1( it satisfies:

— 3
2.5 R, < ﬁ\/nKlog K.

PROOF. We will prove that for any non-increasing sequence (7;);cn, Exp3 without mixing
satisfies:

. K< log K
2 = n

I'The technical reason is that when Exp3 works on losses, it uses the exponential function on negative real numbers
where it enjoys a simple upper bound by a quadratic function, namely exp(z) < 1+ z + z2/2.

The mixing is necessary when working with gains to ensure that Exp3 is working with the exponential function on the
interval [0, 1], where it can also be easily bounded by a quadratic function, namely exp(z) < 1+ z + z2.
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Equation (2.4) then trivially follows from (2.6). On the other hand for (2.5) we use (2.6) and

"1 /” 1
— < —dt = 2/n.
;Ji 0o Vit

We provide now a proof of (2.6) in five steps.

First step: Useful equalities.

The following equalities can be verified very easily:

(2.7) ,

Eiplic =1-g1.6i  Ereplio =1-0i5;  Eiop 07, = (L= gr)”. Efoop— = K.
pIt,t p[tﬂf

In particular this implies

n n
(2.8) Z 9kt — Z 91t = Z ElNPt Z EItht
t=1 t=1

The key step in the proof is now to consider log-moment of Ei,t:

- 1 - ~ 1 -
29 Eipliy = 108 Einy, oxp (—m(&,t _ Ekwptzk,t)) ~ 108 Einy, oxp (—m&,t).
t t

In the next two steps we study the two terms of the right hand side in (2.9).

Second step: Study of the first term in (2.9).
We use the inequalities logz < # — 1 and exp(—2) — 1 + 2 < 22/2,Vz > 0

log Ej~p, exp <*77t (Zzt - Ek/\/ﬂZ’ﬁ,?ﬁ)) = logE;wp, exp (*ﬁt@,t) + UtEkijk,t
< Eiep, (exp (_ntzi,t) -1+ ntzi,t)
< 1~pt77t t/2
(2.10) < M
2p1t,t

where the last step comes from the third equality in (2.7).

Third step: Study of the second term in (2.9).
Let Zz‘,o =0, ®o(n) = 0and P.(n) = %log % Zfil exp (—nim). Then by definition of p; we
have:

1 ~ 1 SR exp (—mzz‘,t)
—— 10 Eirp, exp (—mplis) = ——log =
Mt M 3t exp <_77tLi,t—1)
2.11) = D 1(n) — Pe(m)-

Fourth step: Summing.
Putting together (2.8), (2.9), (2.10) and (2.11) we obtain

ngt - Zgh,t = 2p1t, + ;:‘I’t 1(ne) — D (me) ZEItNPt




28 CHAPTER 2. MULTI-ARMED BANDITS

The first term is easy to bound in expectation since by the tower rule and the last equality in (2.7)
n

we have:
=E E Er~ = — E
2p1t, firpe 22?1 -

For the second term we start w1th an Abel transformatlon.

n n—1
> (@a(m) — @e(n)) =D (Pelmera) — @e(ne)) — Pu(nn)
=1 =1

since ®o(n1) = 0. Remark that

=@y () = g X _ 1 log (Z exp < n E“")) ek L log (exp (_nnik”)>

n Tn i1 Tin Tin

N

_ log K n sz,t-

U =1
Thus
n n n IOgK n—1
B gkt —> gn1) < Zm +ED  Du(ner1) — o(me).
t=1 t=1 i t=1
To conclude the proof we show that ®}(n ) > 0 and thus since ;1 < 7 we obtain ®y(n41) —
®(n:) < 0. Let 7 be the uniform distribution over {1,..., K} and p}, = exp (L) , then:

Shyexp (—nLy,)

K Lisexp (—nL;
1 1 - 1211 it P(”z,t)
oi(n) = ——log (ZeXp (_nLi,t)> —

" ' YR exp (—nLi,t>

1 1 K ~ ~ 1 K ~
= ﬁ Z,K — ) Z exp (—ﬁLi,t) X (—nLi,t — log <K ; exp (—T]LM)))

g

2.2. Pseudo-regret in stochastic bandits. In this section, we describe a simple modification
proposed by Audibert et al. [2009] of the UCB1 policy of Auer et al. [2002], and the UCB-V pol-
icy of Audibert et al. [2009]. The main idea for both strategies is to measure the performance of
each arm by an index, and at each round, the forecaster chooses the arm having the highest index
(see Figure 4). This index is meant to be an upper confidence bound on the mean reward which
holds with high probability. This idea can be traced back to Agrawal [1995a]. For instance the fact
that UCB’s index is a high probability bound on the true mean is a consequence of Theorem 10.1.
For UCB-V it follows from Theorem 10.3. We only present the results for the anytime formulation
of both strategies, see Audibert et al. [2009] for UCB with known time horizon.

To describe properly the strategies in Figure 4 we need to introduce a few notations. It is
common for stochastic bandits games to introduce the random variable X; ¢ which represents the
gain obtained while pulling arm i for the s" time. In particular the law of X; ; is v;. We recall that
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UCB (Upper Confidence Bound), UCB-V (Upper Confidence Bound with Variance):
Parameter: exploration rate o > 0.

For an arm 4, define its index B; ;; by

log(t
UCB index: Bisi = fis+ a log( )7
S
~ 2aV; s log(t log(t
UCB-Vindex:  Bjyy = fiss + | og(t) | o los(®)
S s

for s,t > 1and B; g = +00.
At time ¢, draw an arm maximizing B; 7, ;1) ¢-

Figure 4: UCB and UCB-V policies.

w; 1s the mean of v; and we denote by a? its variance. Now let i; = % Zle X+ (respectively
Vis = % S (X — Jii.s)?) be the empirical mean (respectively the empirical variance) of arm i
after s pulls of this arm. Let T;(s) = >_;_, 17,—; denote the number of times we have drawn arm ¢
on the first s rounds. To state the results we define the suboptimality of an arm ¢ as A; = pu* — p;.
Thus the pseudo-regret can be written as:

K
(2.12) R, =) AET(n).
=1

We propose two different bounds on the pseudo-regret of UCB. Equation (2.13) is a distribution-
dependent bound while (2.14) is a distribution-free bound. In the former we have a logarithmic
dependency on the number of rounds while in the latter it worsens to the square root of the number
of rounds. As we will see in Section 3, this is not artificial and both bounds are almost optimal.
Note that we improve the analysis of UCB with respect to previous works. Indeed we prove that
we can take o > 1/2, while in Audibert et al. [2009] they had to use o > 1 (and the proof tech-
nique of Auer et al. [2002] also only works for o > 1). The technical idea to obtain this improved
result is actually borrowed from Audibert et al. [2009] °.

THEOREM 2.2 (Pseudo-regret of UCB). In the stochastic bandit game, UCB with o > 1/2

satisfies: *
— 4 4 a+1/2\2

. n S —~ 7 )

(2.13) R Z A log(n) + A <1+10g(a+1/2) <a_1/2> )
:A;>0
and
— 4 a+1/2\?

. » < | nK | 4al 1 .

(2.14) R n < alogn + +log(a+1/2) <a—1/2> )

3In fact one can propose another improvement of the analysis and show that the leading constant is of order of (1/v/2+
/a)? rather than 4a. To do this one has to introduce an additional free variable ¢ < 1 as a multiplicative factor of the
confidence term in (2.17). However this makes the final bound less readable and does not improve the constant in the
interesting regime where « tends to 1/2.

“4Note that the additive constant is not optimized, see Audibert et al. [2009] for ideas to improve the analysis for that
matter.
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PROOF. Both proofs of (2.13) and (2.14) rely on bounding the expected number of pulls for a
suboptimal arm. More precisely, in the first three steps of the proof we shall focus on proving that,
for any ¢ such that A; > 0,

4alog(n) 4 a+1/2\?
2.15 ET; < ———+1 .
(2.15) i) A? T log(a +1/2) \a—1/2
For ease of notations we introduce 3 = ﬁl/z and u = [%] Note that with these notations,

up to rounding, (2.15) is equivalent to ET;(n) < u + W.

First step.
We show that if I; = ¢, then it means that one the three following equations is true:
(2.16) By 1 t—1)¢ < 15,

or

—~ alogt

2.17 T ; —_—

( ) i, Ty (t—1) > i+ E(t — 1)7

or

dalogn
(2.18) Tyt —1) < AZg .

Indeed, let us assume that the three equations are false, then we have:

. alogt - alogt
B 1y6—1)0 > 0= pi +Ai = pi + 2 -1 Z IiTy(-1) + 4 f -1 = Bi1,t-1)t

which implies in particular that I; # 1.

Second step.

Here we bound the probability that (2.16) or (2.17) hold true. We use a peeling argument together
with Hoeffding’s maximal inequality. We recall that the latter is an easy consequence of Hoeffding-
Azuma inequality for martingales (see Theorem 10.1) which states that for centered i.i.d random
variables X1, Xs,...,and forany z > 0,¢ > 1,

S 2 2
P(Hse{l,...,t}, E Xt>a;) < exp (—f)
t=1

Now note that

_ log t
P((2.16) is true) < P<336{1,...,t}:m*,3+,/0‘Og <#*>
S

= P (Els e{l,...,t}: Z(Xi*yg —u) < —\/aslog(t)> .
(=1

We apply the peeling argument with a geometric grid over the time interval [1, ¢|. More precisely,

since § € (0,1), we note that if s € {1,...,¢} then3 j € {0,...,101;7%%} C T < s < Bt

Thus we get

P((2.16) is true) < P <E|s T < s < Bt Z(Xi*’é —u*) < —Vas log(t)>
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logt
logl/8 S

< > P (33 DT < s <P Y (N — 1) < - aﬁj“tlog(t)) .
j=0 =1

To bound this last term we use Hoeffding’s maximal inequality, which finally gives:

logt
l°g1/@ (/B 1talo
gt)? logt 1
P((2.16) is true) E exp ( Bt < <10g W 1) 280

Using the same arguments, one can prove

. logt 1
P((2.17) is true) < <1og 1/3 + 1> 12Ba

Third step.
Using the first step we obtain:

n n
—EY 15— < w+E > 1, a0d(2.18)is false
= t=u+1

N

ut+E Z 1(2.16) or (2.17) is true
t=u+1

= u+ Z ((2.16) is true) + P((2.17) is true).
t=u+1

Now using the second step we get:

n n
. . logt 1
g P((2.16) is true) + P((2.17) is true) < 2 (log 0 1) “2a
t=u-+1 t=u+1

oo/ logt 1
< 2 1 dt
/1 <log1/ﬂ+ >t2ﬂ02a
4

< ;
log(1/83)(28a — 1)
where we used a simple integration by parts for the last inequality. This concludes the proof of
(2.15).

Fourth step.
Using (2.12) and (2.15) we directly obtain (2.13). On the other hand for (2.14) we write:

R, = Y AWETL(n)VEL(n

3:A;>0
i\n . logln OK+1/2 i
S AZ>0 VET(n)y/dadog(n) + 1+ =75 <a—1/2)
1 4 a+1/2\?
< T Z Eﬂ(n)\/4alog(n)+1+log(a+1/2) (a—1/2>

:A;>0
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4 a+1/2\?
< nK <4alog(n)+1+log(a+1/2) <a—1/2> >7

where we used the concavity of the square root for the second step and Zfi 1 Ti(n) = n for the
last step. O

THEOREM 2.3 (Pseudo-regret of UCB-V). In the stochastic bandit game, UCB-V with o > 1
satisfies: >

(2.19) R, <8« Z U—ZZ+2 log(n) + A; | 2+ 12 at 1)’
' " A & ’ log(a+1) \a—1 '

:A; >0

PROOF. The proof follows the same scheme than the one of Theorem 2.2.

First step.
We show that if I; = ¢, then it means that one the four following equations is true:
(2.20) Bix 1 (t—1) < 1,
or
N 2aV; 1,(4—1) log logt
2.21 T (t— : - 3
(2.21) Wi, Ty (t-1) > Hi + \/ Ti(t—1) * aﬂ(t -1)
or
(2.22) Vi -1) > 0f + Ai/2,
or
8a(o? 4 2A;)1
223 Tt 1) < a(o? +24;) ogn.

A2

Indeed, let us assume that the four equations are false. We start with the following computations:

20“/1',Ti(t—1) logt 430 logt < 20’2Z-2 + A; & " 23A¢ & < ﬁ’
T%(t—l) Ti(t—l) 20i +4A; 2 402- + 8A; 2 2

where we used x + 1—;:2 < 1 for the last inequality. Then we have:
2aV; 1, 1-1)logt logt
Biem—nye > 1 =i + 0y = i +2 30—
R 20V; 1, 4-1) log logt
2 e st 3
M, Ty (¢ 1)+\/ Ti(t— 1) + aTi(t—l)

= Bir-1u

which implies in particular that I; # 1.

Second step.
Using the same reasoning than in the second step of the proof of Theorem 2.2, with an empirical

SIn the context of UCB-V it is interesting to see the influence of the range of the rewards. More precisely, if all rewards
gi,+ are in [0, b] and if one uses the upper confidence bound sequence B; s+ = [i,s + 1/ M + 3ba@, then

2
one can easily prove that the leading constant in the bound becomes % + 2b.
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Bernstein bound (see Theorem 10.3) instead of Hoeffding-Azuma, we obtain for any 5 € (0,1):

. logt 6
P((2.20) or (2.21) is true) < <10g W + 1> -

Now we want to prove that

P((2.22) is true and (2.23) is false) <

n

First note that
t ¢

Z(Xi,s —i)? = (Xis — flin)* = Z(ﬁi,t — 1) (2Xi g — i — Hiy) = (i — fig)? = 0.

s=1 s=1
Thus we have

Ti(t-1)
P(Virn) > 0r +8i/2) P Y (Xis— ) > 07 + A2
s=1

Moreover note that Var((X;; — p;)?) < o2. Hence, using a maximal Bernstein’s inequality (see

Theorem 10.2 and the remark at the beginning of the second step in the proof of Theorem 2.2), we
8a(0?+2A;)logn

obtain, with the notation © = N ,

l
P((2.22) is true and (2.23) is false) < P <3£ €{u, o th Y (Xis— i) > 07 + A /2)
s=1

N

nOé

N

Third step.
Mimicking step three of the proof of Theorem 2.2, we obtain (with 3 = O%rl)

ETi(n) < wu+ Z P((2.20) or (2.21) is true) 4+ P((2.22) is true and (2.23) is false)

t=u+1
1 - logt 6
< — 1) —
w2 (g )
12
< u+1+

(Bor = 1)*log(1/53)’

which ends the proof.

2.3. High probability and expected regret bounds. High probability bounds are interesting
for both stochastic and adversarial bandits. However for the former there exists only partial results,
see Audibert et al. [2009]. In this thesis we only deal with the latter. In particular in this section
we show how one can obtain a forecaster for the adversarial bandit game with high probability
guarantee on its regret.
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Exp3.P:
Parameters: n € R, v, 8 € [0, 1].
Let p; be the uniform distribution over {1,..., K}.

Foreachroundt =1,2,...,n
(1) Draw an arm I; from the probability distribution p;.
gitlr=i+p

(2) Compute the estimated loss for each arm: g; ; = o

and update the estimated

cumulative loss: Cji’t = 22:1 Gis-
(3) Compute the new probability distribution over the arms p; 1 = (p1,4+41, - - - s PK,t+1)
where:

exp (*néi,t)
S exp (—n@k,t>

_|_

=~

Pigr1 = (1 —7)

Figure 5: Exp3.P forecaster.

Let us consider the Exp3 strategy defined in Section 2.1. This forecaster works with an esti-
mate of the cumulative gain for each arm and this estimate is unbiased. However from the form of
the estimate, one can immediately see that no interesting high probability bounds can be derived.
This is obviously a trouble when one wants to get high probability bounds on the regret. One way
to deal with it is to modify the estimate, and in particular to introduce a bias which permits to
derive high probability statement on the estimate. More precisely, we want now an estimate of the
cumulative gain which is, with high probability, an upper bound on the true cumulative gain. This

. . C o~ o P . .
goal is achieved with g; ; = % as is shown with the next lemma.
~ il =i . . .
LEMMA 2.1. Let g;y = g’t;%w with 3 < 1. Then with probability at least 1 — 9.

n n
~ log (61
Zgi,t < Zgi,t + (ﬂ)
t=1 t=1
PROOF. Let [E; be the expectation resulting from I; ~ p;. Since exp(z) < 1+ z + 22 for
x < 1, we have for < 1
Giilp,—i + 5)

E; exp (591’,1& -3
Dit

g g 2 2
<{1+Et <6gi,t - g ) +E (ﬁg@-,t S e ) }exp <— ﬁ)
Dit Dit Dit

2 2
Pit Pit
<l
where the last inequality uses 1 + u < exp(u). As a consequence, we have
n

n
gitlr=i+ B
giz — By TS ><1.
t=1

=1 — pl,t

Eexp <ﬂ
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Moreover Markov’s inequality implies P (X > log(éil)) < 6EeX and thus with probability at
least 1 — 0

A -
B> gir—BY T < log(67Y).
=1 =1 Piyt
[l

We describe in Figure 5 the strategy corresponding to these new estimates, which is called
Exp3.P and was introduced by Auer et al. [2003]. Remark that here we directly work on the gains
rather than on the modification into losses as in Section 2.1. Moreover we add a mixing with the
uniform distribution ®. Note that for sake of simplicity we also focus on the version with known
time horizon, anytime results can easily be derived with the same techniques than in the proof of
Theorem 2.1

We propose two different bounds. In (2.24) the algorithm needs to have the confidence level
0 as a parameter. This is the usual type of bounds for Exp3.P. We slightly improve the constant
with respect to Theorem 6.10 of Cesa-Bianchi and Lugosi [2006] which already improved the
dependency on n with respect to the original result of Auer et al. [2003]. On the other hand (2.25)
is a new type of bound, where the algorithm satisfies a high probability bound for any confidence
level. This property will be particularly important to derive good bounds on the expected regret.

THEOREM 2.4 (High probability bound for Exp3.P). Ler § € (0,1). With § = /2880,

1N = 0.954/ % and v = 1.054/ Kl%(m, Exp3.P satisfies with probability at least 1 — §:
(2.24) R, <5.15y/nK log(Kd§1).

On the other hand with 3 = lof’l(lf), n = 0.954/ 10%% andy = 1.054/ Kl%(m, Exp3.P satisfies
with probability at least 1 — §:

(2.25) R, < /102([;() log(6~1) + 5.15v/nK log(K).

PROOF. We will prove that if v < 1/2 and (1 + 3)Kn < ~ then Exp3.P satisfies with
probability at least 1 — d:

log(K6—1)  log K
og( )+0g '

(2.26) R, < fnK +~yn+ (1+ B)nKn + 3 p

We provide a proof of (2.26) in three steps.
First step: Notations and simple equalities.

One can immediately see that E;p, ;+ = g1, + + SK and thus:

n n n n
(2.27) Z Gkt — Z g1t = PnK + Z Gkt — Z Eip.Git-
=1 t=1 =1 =1

OThe technical reason is that in terms of losses one would need a lower bound on the true cumulative loss which would
then be negative in some cases, thus Exp3.P would use the exponential function on all the reals (rather than just the
negative reals) where it does not enjoy a simple upper bound in term of a quadratic function. Now since we work with
gains and upper bounds on the gains we use the exponential on the positive reals and we need to mix the exponential
weights with the uniform distribution to ensure that in fact we use the exponential in the interval [0, 1].
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The key step is again to consider the log-moment of g; ;. However because of the mixing we

need to introduce a few more notations. Let U = (1/K,...,1/K) be the uniform distribution

pf:g be the distribution induced by Exp3.P at time ¢ without the mixing.

over the arms and w; =
Then we have:

~Einpgit = —(1—=7)Eicw,Git — YEinvgin
1 ~ ~ 1 N
(2.28) = (1-9) {77 log Ejw, €xp (1(Gi,t — Bt ht)) — p log Eju, €xp (ngi,t)}
—VEi U git-

Second step: Study of the first term in (2.28).
We use the inequalities logz < 2 — 1 and exp(x) < 1+ x + 22, Vo < 1 as well as the fact that
ngit < 1since (14 B)nK <

10g i, €xp (n(ﬁi,t - Ek~pt§k,t)) log Eiruw, exp (19it) = MEkrp, Ik

< Eivw, (exp (ngit) — 1 —nGis)
g Eint 772§i2t
14+
(2.29) < —= Z Gt
1=v i=1
where we used 2it < 1% for the last step.
Dit il
Third step: Summing.
Set éi,o = 0. Remark that wy = (w1 4,. .., wk,) with

exp <_776i,t71>
ke €xp (—n@k,m)
Then plugging (2.29) in (2.28) and summing we obtain (with (2.30) too):

(2.30) Wiy =

n n K 1— ~ n K
=BGz < @A+8MIDY Gi - o Z log (Z wi g exp (n%))
t=1 = i=

t=1 i=1

= (1+8) Zn:ff L (H Sois exp(1Gis) )
( ! t=1 i=1 - ° =1 eXP(Tlet 1)
< (14 B)nK max éj,n + log K 1-79 log (Z exp(né@n))
J n n =1
< —(1=-v—=(1+pP)nK) mjaxéjm + log7(7K)

log(K6~ 1)  log(K)
+ )
g U
where the last inequality comes from Lemma 2.1 and an union bound as well as the fact v — (1 +
B)nK < 1 which is a consequence of (1 4 5)nK < v < 1/2. Putting together this last inequality

n
< (== (L BmE) maxy g+
t=1
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and (2.27) we obtain:
log(K&§ 1) n log(K)

R, < nK +yn+ (1+ B)nKn + 3 m_—

which is the announced result.

(2.24) is then proved as follow. First, it is trivial if n > 5.15y/nK log(Kd~1) and thus in the
following we assume that this is not the case. In particular it implies v < 0.21 and 3 < 0.1 and
thus we have (1 + )nK < v < 1/2. Using (2.26) now directly yields the claimed bound. The
same argument can be used to derive (2.25). [l

We discuss now expected regret bounds. As the cautious reader may already have observed, in
the oblivious case, a uniform (over all oblivious adversaries) bound on the pseudo-regret implies
the same bound on the expected regret. This follows from noting that the expected regret against an
oblivious adversary is smaller than the maximal pseudo-regret against deterministic adversaries.
In the stochastic case, the following proposition allow to generalize theorems 2.2 and 2.3 to the
expected regret.

PROPOSITION 2.1. Fora givend > 0, let I = {i € {1,...,K} : A; < 6} be the set of
arms “0-close” to the optimal ones, and J = {1,..., K} \ I the remaining set of arms. In the
stochastic bandit game, we have

— nlog |I| 1 9
E n n< - A .
Ry — R <\ == +;2AieXp( nAy)

In particular when there exists a unique arm i* such that A, = 0, we have

PROOF. Let W) = maXier Y,y it — D41 gi*,+ and W = MaXjef1,. K} Dot Jidt —
maxier Yy git- We have ER,, — R,, = EW}ZI) + IEW7§2). First we prove that

(2.31) B < /" o8l
n ~ 2

Let A > 0, then by Jensen’s and Hoeffding’s inequalities, we have:

EI%XZW < E%logzexp </\§gi,t>

t=1 iel

% log Z E H exp(Agi )

el t=1

= llow S [TEep00

el t=1

1 - 5
 log EE; tHl exp(AEgi,) exp(A?/8)

N

N

log K
h A

Taking A = 21/ 225 ends the proof of (2.31).

n
An
ES g, + 2.
+ max ;gz,t+

8
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Now, thanks to Hoeffding’s inequality (see Theorem 10.1) and by using f;oo exp(—u?)du <

+ exp(—x?) for any z > 0, we have

+o00
EW® = / P(W ) > t)dt
0
+o00 n n
) ] D STAEES S T
i€J t=1 t=1
+o0 n n
<y P(zgi,t—zgﬁm)dt
icJ 70 t=1 t=1
+00 t A 2
< Z/ exp<—(+n z)>dt
X 0 n
i€J
1
< Z IA eXp(_nAzz)7
icJ T
which concludes the proof. O

In the case of a non-oblivious adversary the gain vector g; at time ¢ is dependent of the past
actions of the forecaster. This makes the proofs more intricate and to get bounds on the expected
regret we first prove high probability bounds. Following the method proposed in Audibert and
Bubeck [2009b], see Chapter 3, we derive a bound on the expected regret of Exp3.P using (2.25).

THEOREM 2.5 (Expected regret of Exp3.P). With 3 = 4/ 10%(}?)’ n = 0.95¢/ loi(lf) and

v = 1.054/ Kl%(m, Exp3.P satisfies

nK
2.32 ER, < 5.15y/nK log(K .
(2.32) n nK log(K) + Tog(K)
PROOF. One needs to integrate the deviations in (2.25) using the formula EW < fol %IP’(W >
a . . . log(K
log(671))dé for W a real-valued random variable. In particular here taking W = Oi(K ) (R, —
5.154/nK log(K)) yields EW < 1 which is equivalent to (2.32). O

3. Lower Bounds

It is natural to ask whether the guarantees that we have obtained in Section 2 are optimal. We
propose here two different lower bounds on the pseudo-regret of any forecaster. Theorem 2.6 be-
low, essentialy extracted from Auer et al. [2003], shows that up to a logarithmic factor the bounds
(2.4), (2.5) and (2.13) are minimax optimal. In Audibert and Bubeck [2009a] the authors bridge
this long open logarithmic gap between upper and lower bounds and propose a new forecaster
which enjoys a v/nK pseudo-regret, matching the lower bound of Theorem 2.6, see Chapter 3 for
more details. On the other hand, Theorem 2.7, extracted from Lai and Robbins [1985], shows that
the bounds (2.13) and (2.19) are essentially optimal up to a constant multiplicative factor.

Both proofs are based on information theoretic tools, more precisely the Kullback-Leibler
divergence, see Appendix A, Section 2 for definitions and properties.
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THEOREM 2.6 (Minimax lower bound). Let sup represents the supremum taken over all sto-
chastic bandits and inf the infimum taken over all forecasters, then the following holds true:

— 1
(2.33) inf sup R,, > %\/ nk,
and
infsupR, _ 1
2.34 SUp ——F—— = —.
( ) n,lI{) V nk 4

We present here a slightly simplified proof with respect to the version in Cesa-Bianchi and Lu-
gosi [2006]. The main ideas remain the same but we introduce the empirical distribution of plays
over the arm which compress the useful information of all rounds into one quantity. By doing
carefully the last optimization step in the proof we also get the new bound (2.34) which improves
the constant in the asymptotic regime. Since the exact dependency on n and K is known, Audibert
and Bubeck [2009a], the next step is to catch the best asymptotical constant for inf sup R,,/ VnK.
Thus (2.34) may be of interest for future work.

The general proof idea goes as follow. Since at least one arm is pulled less than n/K times,
for this arm one can not differentiate between a Bernoulli of parameter 1/2 and 1/2 + /K /n.
Thus if all arms are Bernoulli of parameter 1/2 but one with parameter 1/2 4+ /K /n, then the
forecaster should incur a regret of order n\/K/n = v/nIK. To formalize this idea we use the
Kullback-Leibler divergence, and in particular Pinsker’s inequality to compare the behavior of a
given forecaster on the null bandit (where all arms are Bernoulli of parameter 1/2) and the same
bandit where we raise by ¢ the parameter of one arm.

We prove a lemma which will be useful on its own to derive lower bounds in other contexts.
The proof of Theorem 2.6 then follows by a careful optimization over €.

LEMMA 2.2. Lete € [0,1). Foranyi € {1,...,K} let E; be the expectation under the
bandit with all arms being Bernoulli of parameter 15 5 but arm © has parameter 1+8 . Then for any

forecaster the following holds true:

1—1—5
E; E > 1———1/ v/
. Siup Git — 91,,t) nﬁ( 1—5 2K>

PROOF. We provide a proof in five steps by lower bounding % Zfir Ei > 1(9it — 91,.t)-
This will imply the statement of the lemma since a sup is larger than a mean.

First step: Empirical distribution of plays.

Until the fifth step we consider a deterministic forecaster, that is he does not have access to an

external randomization. Let ¢, = (q1,n, .- ., ¢k, ») be the empirical distribution of plays over the
arms defined by:
T;(n
dijn = l( )
n

Let J,, be drawn according to g,. We note IP; the law of J,, under the bandit with all arms being
Bernoulli of parameter £ but arm ¢ has parameter 1+5 (we call it the ¢-th bandit). Remark that
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we have P;(J,, = j) = E;T;(n)/n, hence,

E; Z Git — 9I,.t) —EnZIP’ (Jn =J) =en(l =Pi(J, =1))
J#i
which implies

1 K n 1 K
(2.35) D Ei) (91— gn1) =en (1 — D _Piln = z‘)) :

Second step: Pinsker’s inequality.

Let Py be the law of .J,, under the bandit with all arms being Bernoulli of parameter 1 5= (we
call it the O-th bandit). Then Lemma 10.2 directly gives:

1
Pi(Jn = i) < Po(J, =4) + \/gKL(IP’g,]P’Z-).
Hence
1 &E 11
(2.36) = ZIP)Z-(Jn =i) < 2t Z \/fKL Py, P;

=1 Z:1

Third step: Computation of KL (P, IP;) with the Chain rule for Kullback-Leibler divergence.
Remark that since the forecaster is deterministic, the sequence of rewards W,, = (Y1,...,Y,) €
{0, 1}" received by the algorithm uniquely determines the empirical distribution of plays ¢,, in
particular the law of .J,, conditionnaly to W), is the same for any bandit. Thus if fori € {0,..., K}
we note P!’ the law of W,, under the ¢-th bandit then one can easily prove, with Lemma 10.4 for
instance, that

(2.37) KL(Py, P;) < KL(Pg, PY).
Now we use Lemma 10.4 iteratively to introduce the laws P of W, = (Y7, ..., Y;). More precisely
we have:
KL(Pg, P7')
n
— KLEL,PH+ 3 3 By (w1 ) KL(Bh(Jwi—1), P Jw-1))
t=2 w¢—1
- —ec 1+e¢
— 1 ml
= e e Y Y R ek (55
t=2 wi—1:1t=1

1 1
Y Pé‘l(wt_nKL( = “)

4 2 72
wtflilt;él

l—¢ 1
(2.38) = KL< 25, ;5>E0Ti(n)
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Fourth step: Conclusion for deterministic forecasters with the concavity of the square root.
By using that the square root is concave and combining (2.37) and (2.38) we deduce:

K K
1 1
?Z\/KL(PO,R) < ?ZKL(PO,R)
=1 =1
K
1 1—¢ 1+4+¢
< KZKL< R )Eoﬂ(m
=1

n l1—¢ 1+¢
2. = —KL )
- o (5759)

To conclude the proof for deterministic forecaster one needs to plug in (2.36) and (2.39) in
(2.35) along with the following simple computations:

KL <1;s’ 1;5) = (1—¢)/2log G:;) +(1+¢)/2log Gji)

(1—1—6)
= clog .
1—¢

Fifth step: Fubini’s Theorem to handle non-deterministic forecasters.

Now let us consider a randomized forecaster. Denote by [E,¢,,qrq,; the expectation with respect
to the reward generation process of the i-th bandit, E,.., the expectation with respect to the
randomization of the strategy and [E; the expectation with respect to both processes. Then one has
(thanks to Fubini’s Theorem)

1 K n 1 K n
? Z E; Z(gi,t - glt,t) = Erand? Z Ereward,i Z(gi,t - g[,«,,t)-
i=1  t=1 i=1 t=1
Now remark that if we fix the realization of the forecaster’s randomization then the results of the
previous steps apply and in particular we can lower bound % Zfil Ereward,i Y pq(9it — 91,.4) as
before. [l

The next theorem gives a distribution-dependent lower bound for the stochastic bandit game.
We provide a statement less general than the original version of Lai and Robbins [1985] but it suits
our purposes. The proof follows the exact same lines than the original. Moreover Lemma 10.3
enables us to compare Theorem 2.7 with (2.13) and (2.19).

THEOREM 2.7 (Distribution-dependent lower bound in the stochastic bandit game). Let us
consider a forecaster such that for any stochastic bandit, any arm i such that A; > 0 and any
a > 0, we have ET;(n) = o(n®). Then for any stochastic bandit with Bernoulli distributions, all
different from a Dirac distribution at 1, the following holds true:

lim inf > _—
n—+oo logn i:Azz;O KL(p;, p*)

PROOF. We provide a proof in three steps.
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First step: Notations.
Without loss of generality let us assume that arm 1 is optimal and arm 2 is suboptimal, that is
p2 < pp < 1. Lete > 0. Since x — KL(u2, ) is continuous one can find p}, € (u1, 1) such that

(2.40) KL(p2, t3) < (1 + )KL(p2, p).

We note E', P’ when we integrate with respect to the modified bandit where the parameter of arm
2 is replaced by p,. We want to compare the behavior of the forecaster on the initial and modified
bandits. In particular we prove that with a fair probability the forecaster can not distinguish be-
tween the two problems. Then using the fact that we have a good forecaster (by hypothesis in the
Theorem) we know that the algorithm does not make too much mistakes on the modified bandit
where arm 2 is optimal, in other words we have a lower bound on the number of times the optimal
arm is played. This reasoning implies a lower bound on the number of times arm 2 is played in the
initial problem.

To complete this program we introduce a few notations. Recall that X5 1,..., X5, is the
sequence of random variables obtained while pulling arm 2. For s € {1,...,n}, let

S
. Xog+ (1— po)(1— X
KL, = log <“,2 20+ (1~ 1)( 2’”) .
pot pp X+ (1= p5) (1 — Xoy)

In particular note that with respect to the initial bandit, ﬁTQ(n) is the (non re-normalized) empiri-
cal estimation of KL (us, 15) at time n since in that case (X ) is i.i.d from a Bernoulli of parameter
2. An other important property is that for any event A one has:

(2.41) P'(A) =E Texp <*KiT2(n)> :

Now to control the link between the behavior of the forecaster on the initial and modified
bandits we introduce the event:

(2.42) C, = {Tg(n) 1=-¢

<——"log(n) and KL ) < (1—¢€/2)log(n) ;.
ey o) a0 R < (1 2/2)log(n) |

Second step: P(C),) = o(1).

By (2.41) and (2.42) one has:

P'(Cy,) =E 1¢, exp (—ﬁTQ(n)> > exp (—(1 —¢/2)log(n)) P(Cy),
which implies by (2.42) and Markov’s inequality:
E'(n — Ty(n))

1—¢
P(C,) < n0—</2P(C,) < n(0-</DP! (T e LT om > < n(-/2

Now remark that in the modified bandit arm 2 is the unique optimal arm, thus our assumption that
for any bandit, any suboptimal arm ¢, any a > 0, one has ET;(n) = o(n®) implies that

]E/(Tl - TQ(”)) _ 0(1)
n KL(llzu’z) log(n)

P(Cn) < n(1—£/2)

Third step: P (Tg(n) A log(n)) = o(1).
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Remark that
P(Cy)
1— ~
> P|Tan) < %log(n) and max KLs < (1 —¢/2)log(n)
KL (p2, 1) 1<s< i~ log(n)
(n2,15)
1—¢
= P|Ta(n) < m——log(n)
< KL(p2, p15)
KL ! . 1—¢/2
(2.43) and SLAH2 1) o KL, < 1= KL (12, t1h)
(1 —¢)log(n) | <gc=2)log(n) l1—¢
SN KL(pg,uh)
1—e/2

Now using Lemma 10.5 since KL (p2, 145) > 0 and the fact that > 1 we deduce that

l—e

KL ! ~ 1—¢/2
o | BEW2m) gL L
n—too | (1 —¢)log(n) j¢ogU-slloatn L—e¢
SN KL(pg,uh)

KL(MQaMIQ) =1,

and thus by the result of the second step and (2.43):
1_
P (TQ(n) ¢

< KL(,ug,,u'Q)IOg(n)> = o(1).
Now using (2.40) we obtain:
1—¢ log(n)
1+ e KL(p2, 1)

which concludes the proof by (2.12). g

ET5(n) > (1 +0(1))

4. Extensions

In this section, we discuss some basic extensions of the multi-armed bandit problem, both in
stochastic and adversarial settings. Some of the concrete applications that motivate these exten-
sions were presented in Section 1.3. An exhaustive list of extensions is beyond the scope of this
introduction. We only cite papers introducing each specific extension (in the bandit context) and
papers with state of the art results.

4.1. Large set of arms. In this section we consider works which investigate the consequences
of enlarging the set of arms. At each time step the forecaster chooses an arm in a (possibly con-
tinuous) set X'. We still evaluate the performance of a forecaster through its regret with respect to
the best single arm. In the multi-armed bandit problem, one has X = {1,..., K'} and the number
of rounds is larger than the number of arms. Here we want to consider much larger sets X which
enjoy some internal structure. More precisely, in the stochastic version we assume some regularity
on the mean reward function (defined over X") and for the adversarial version we constraint the
choice of the rewards for the adversary.

Stochastic setting.

e X-Armed Bandits, Bubeck et al. [2009¢]. To have a gentle start let us consider a more
restrictive framework than the one described in Chapter 4 but which shall be enough
to convey the idea of an X'-armed bandit. Let us assume that X is a metric space and
that the mean reward function f (which maps arms to the average gain one receives by
pulling this arm) is 1-Lipschitz. In Kleinberg et al. [2008a] the authors defines a notion
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of intrinsic dimension d of f (which we call near-optimality dimension) and prove that
one can obtain a pseudo-regret of order nfi% In Chapter 4 we extend this result to
more general spaces than metric and we weaken the Lipschitz assumption. Moreover we
exhibit the minimax rate for the regret and show that our algorithm attains it.

Many Armed Bandits, Berry et al. [1997]. In this context the forecaster is facing a
countably infinite number of arms with Bernoulli’s distributions. The usual assumption
in this context is that the forecaster has a prior on the parameters of the arms. However
this assumption was recently weakened in Wang et al. [2009], where the authors assume
that each arm has a probability of order ” to be £ optimal. The authors then derive regret
bounds which depend on the parameter [3.

Adpversarial setting.

e Combinatorial Bandits, Cesa-Bianchi and Lugosi [2009]. In this setting the set of arms

is a subset of the hypercube, X C {0, 1}¢, and the adversary chooses a vector g; € [0, 1]%.
The gain of an arm z € X is then defined as the inner product g/ =. Let |X| = K and
B = max,cy ||z||1. The authors propose an algorithm achieving in most cases (see
Theorem 1, Cesa-Bianchi and Lugosi [2009], for the details) a pseudo-regret of order
By/ndlog(K). Remark that one could use naively the Exp3 strategy to get a pseudo-
regret of order B+/nK log(K). However we would like to handle very large K (typically
K is exponential in d). Thus the former bound is much more interesting. An example
of particular importance which fits in this framework is the online shortest path problem
described in Section 1.3.

Bandit Linear Optimization, Awerbuch and Kleinberg [2004]. This problem can be
viewed as a generalization of Combinatorial Bandits (though it was considered first).
Here the set of arms is a compact and convex set X C R?, and the adversary chooses
g € R% so that the reward of arm = € X is g/ @ € [—1, 1]. In Abernethy et al. [2008] the
authors propose a computationally efficient algorithm achieving a pseudo-regret of order
poly(d)y/nlogn. In the particular case of X being the unit euclidean ball the bound
is actually d+v/nlogn, and a matching lower bound (up to a logarithmic term in n) is
proposed in Dani et al. [2008]. Note that this problem has also been considered in a
stochastic setting, see e.g., Dani et al. [2008], Abbasi-Yadkori [2009] and Rusmevichien-
tong and Tsitsiklis [2009].

4.2. Different notions of regret. The behavior of the forecaster in the classical multi-armed

bandit problem is guided by its goal of minimizing the cumulative regret. By defining different
notions of regret one can dramaticaly change the type of optimal behavior for the forecaster. We
present here a few other notions of regret which has been recently studied.

Stochastic setting.

e Simple Regret, Bubeck et al. [2009a]. In Chapter 6 we introduce a new notion of regret

for the classical multi-armed bandit problem, called simple regret. We ask the forecaster
to output an arm J, based on the information collected during the n rounds of plays of
a classical stochastic bandit game. We evaluate the performance of the forecaster only
through the arm J,,, more precisely we consider the simple regret r, = p* — 15, . Thatis,
during the n rounds of plays the forecaster is not constrained by the goal of maximizing
his cumulative gain and can explore “freely” the set of arms to find the best one. We
argue in chapters 6 and 7 that this kind of regret is very relevant in many applications of
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bandits algorithms and we propose an almost complete analysis both in terms of upper
and lower bounds.

e Active Learning Regret, Antos et al. [2008]. Here one models a situation where we want
to estimate well the mean of all arms. More precisely the forecaster aims at minimizing
the objective function max;cy; . k) E(p; — ﬁi’Ti(n))Q with the notations of Section 2.2.
The regret on a particular bandit problem is then defined as the difference between the
best objective value one can obtain with a static allocation strategy (that is 7;(n) is not
a random variable but is fixed beforehand) and the actual value achieved by the fore-
caster. The authors propose an algorithm achieving an expected regret of order n /2
and conjecture that this rate is optimal.

e Max Regret, Streeter and Smith [2006a]. In this setting one aims at maximizing the
maximal reward obtained at the end of the n rounds. The regret is then defined as the
difference between the maximal reward one could have obtained by pulling only the best
single arm and the maximal reward actually obtained. In Streeter and Smith [2006b] the
authors propose a forecaster with a vanishing expected regret as the number of rounds
tends to infinity.

Adpversarial setting.

e Tracking the best expert regret, Auer [2002]. In the traditional cumulative regret we
compare the forecaster to the best fixed arm in hindsight. For some cases, bounds on this
regret are rather weak statement and we would like to be able to track the best arm at
different rounds. The tracking the best expert regret compares the gain of our strategy
with the gain of the best switching strategy allowed to switch S times between different
arms. For S = 0 we recover the classical regret, and for S > 0 we get a stronger notion
of regret. The best known bound was of order \/nKSlog(nk), Auer [2002], and in

Chapter 3 we improve it to /nK.S log(%).

o Expert Regret, Auer et al. [2003]. Here we assume that, in addition to a classical multi-
armed bandit problem we have a set of NV experts which give an advice on the arm to
be played at each round. The expert regret is then defined with respect to the best single
expert in hindsight. In Auer et al. [2003] the authors propose an algorithm, Exp4, which
achieves an expert regret of order /nK log N, whereas using naively the Exp3 strategy
on the set of experts would have a regret of order v/nN log N. Thus, in this framework
we can be competitive even with an exponentially large (with respect to the number of
rounds) number of experts.

¢ Internal Regret, Foster and Vohra [1997]. Here we study the regret of not having played
arm j instead of arm ¢. More precisely the internal regret is the maximum such regret over
the pair (7, 7). This notion of regret is particularly important in the context of Game The-
ory, because of its link with the convergence to correlated equilibria, see Cesa-Bianchi
and Lugosi [2006]. In Stoltz [2005] the author proposes an algorithm achieving an inter-

nal regret of order v/nK log K.

4.3. Additional rules. While the multi-armed bandit problem could potentially be applied
in a variety of domains, it suffers from lack of flexibility. For most real life applications a ban-
dit problem comes with some additional constraints or some prior knowledge. In this section we
present works which investige bandits problems with these additional features.

Stochastic setting.
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o Restless Bandits, Whittle [1988]. In its general formulation this problem considers a sto-
chastic multi-armed bandit where the distributions on the arms are changing over time.
By constraining the evolution process of the distributions one can compete with the strat-
egy playing the best arm at each single time step (on the contrary to the adversarial bandit
where we only compare to the best fixed arm). Recent works for this problem include
Garivier and Moulines [2008], Slivkins and Upfal [2008].

e Sleeping Experts, Kleinberg et al. [2008b], Mortal Bandits, Chakrabarti et al. [2009].
Theses works consider the case where the set of arms is varying over time. In the former
there exists a fixed set of arms but they are not all available at all rounds, the regret is
then defined with respect to a strategy pulling the best available arm at each time step. In
the latter each arm has a given budget and is replaced by a new arm once this budget is
exhausted. Assuming a prior distribution on the arm generation process one can define
the maximal average gain per round that any strategy can obtain in the asymptotic regime,
which in turns allow to define a notion of regret.

Adversarial setting.

e Full Information (FI) Game, Cesa-Bianchi et al. [1997]. Historically the adversarial
bandit is an extension of the full information game. Here at the end of each round the
adversary reveals the full gain vector g; rather than only the gain of the arm choosed by
the forecaster in the bandit game. In this setting the best expected regret one can obtain
is of order v/n log K, see Chapter 3 for details.

e Label Efficient (LE) Game, Cesa-Bianchi et al. [2005], Allenberg et al. [2006]. This is
an extension for both the full information (FI) game and the adversarial bandit. At each
round the forecaster can ask to see the reward(s) with the global constraint that he can
not ask it more than m times over the n rounds. In Chapter 3 we improve the expected
regret upper bound for the LE-FI game to n % (it was previously known for the

pseudo-regret, Cesa-Bianchi et al. [2005]) as well as the pseudo-regret bound for the LE

.

e Side Information, Wang et al. [2005]. In this setting at each round we are given an
additional information x € X. The game goes as usually, but we compare the forecaster
to the best fixed hypothesis h : X — {1,..., K} in a class H. In Ben-David et al.
[2009] the authors show that one can achieve a regret bound of order y/nLdim(H) where
Ldim(H) is the Littlestone dimension of H. In Lazaric and Munos [2009] it is proved
that if one makes a stochastic assumption on the side information (rather than adversarial
as in Ben-David et al. [2009]), then one can replace the Littlestone dimension by the
usual Vapnik-Chervonenkis dimension (which can be significantly smaller).

bandit game to n see Chapter 3 for details.

4.4. Planning, Reinforcement Learning. In most cases, by combining some of the previous
extensions, we obtain a Reinforcement Learning (RL) problem, see e.g., Sutton and Barto [1998]
and Kakade [2003]. The most commonly used model in RL is the Markov Decision Process
(MDP), which can be seen as a stochastic restless bandit with side information where the evolution
of the distributions is determined by our actions. More precisely, at each time step the forecaster
receives a state information x; and chooses an action a; among the set {1, ..., K'}. The forecaster
then receives a reward 7; drawn from a probability distribution depending on both a; and z; and
moves to a next state x4 (which is also generated from a probability distribution depending on
both a; and x;). The forecaster’s goal is to maximize his discounted sum of rewards Z;ff ~iry
where v € (0, 1) is a discount factor. One can then compute his regret with respect to an optimal
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strategy (which is a map between states and actions with highest expected discounted sum of
rewards from each state). Obviously in this setting one has to give some flexibility to the forecaster
to have a chance to find the optimal policy. The most simple assumption is that he can play several
sequences of actions, each time re-starting at the initial state .

In Chapter 5, we propose a new approach to this problem. We consider a weaker notion of
regret than the one which compares to the optimal policy. In control terminology, we compare
ourselves to the optimal open-loop policy (a mapping from time to actions rather than from states
to actions). In this context we propose new bounds, and prove in particular the minimax optimality
of our strategy OLOP (Open Loop Optimistic Planning).






CHAPTER 3

Minimax Policies for Bandits Games

This chapter deals with four classical prediction games, namely full information, bandit and
label efficient (full information or bandit) games as well as four different notions of regret: pseudo-
regret, expected regret, high probability regret and tracking the best expert regret. We introduce a
new forecaster, INF (Implicitly Normalized Forecaster) based on an arbitrary function ) for which
we propose a unified analysis of its pseudo-regret in the four games we consider. In particular, for
Y(x) = exp(nx) + 7, INF reduces to the classical exponentially weighted average forecaster
and our analysis of the pseudo-regret recovers known results while for the expected regret we
slightly tighten the bounds. On the other hand with ¢(z) = (<L)? + %, which defines a new
forecaster, we are able to remove the extraneous logarithmic factor in the pseudo-regret bounds
for bandits games, and thus fill in a long open gap in the characterization of the minimax rate for
the pseudo-regret in the bandit game.

We also consider the stochastic bandit game, and prove that an appropriate modification of the
upper confidence bound policy UCB1 (Auer et al., 2002) achieves the distribution-free optimal
rate while still having a distribution-dependent rate logarithmic in the number of plays.
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4.1. Label efficient game (LE) 57
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8. General regret bound 62
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This chapter is a joint work with Jean-Yves Audibert. It is based on the extended version
Audibert and Bubeck [2009b] (currently under submission) of Audibert and Bubeck [2009a] which
appeared in the proceedings of the 22nd Annual Conference on Learning Theory.

1. Introduction

We consider a general prediction game where at each stage, a forecaster (or decision maker)
chooses one action (or arm), and receives a reward from it. Then the forecaster receives a feedback
about the rewards which he can use to make his choice at the next stage. His goal is to maximize his
cumulative gain. In the simplest version, after choosing an arm the forecaster observes the rewards
for all arms, this is the so called full information game. Another classical example is the bandit
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The prediction games:

Parameters: the number of arms (or actions) K and the number of rounds n withn > K > 2.

Foreachroundt =1,2,...,n
(1) The forecaster chooses anarm I; € {1,..., K}, possibly with the help of an external
randomization.
(2) Simultaneously the adversary chooses a gain vector g; = (g1 4,...,9k,t) € [0, 1]K

(see Section 6 for loss games or signed games).
(3) The forecaster receives the gain gy, ; (without systematically observing it). He ob-

serves
— the reward vector (g1 ¢, . .., gk ¢) in the full information game,
— the reward vector (g1 ¢, . .., gk ) if he asks for it with the global constraint that

he is not allowed to ask it more than m times for some fixed integer number
1 < m < n. This prediction game is the label efficient game,

— only gy, + in the bandit game,

— only his obtained reward gy, ; if he asks for it with the global constraint that
he is not allowed to ask it more than m times for some fixed integer number
1 < m < n. This prediction game is the bandit label efficient game.

Goal : The forecaster tries to maximize his cumulative gain 2?21 91, t-

Figure 1: The four prediction games considered in this work.

game, described in Chapter 2, where the forecaster only observes the reward of the arm he has
chosen. In its original version, Robbins [1952], this game was considered in a stochastic setting,
i.e., the nature draws the rewards from a fixed product-distribution. Later it was considered in the
game-theoretic framework, Auer et al. [1995], where there is an adversary choosing the rewards
on the arms. A classical extension of these games is the label efficient setting, Cesa-Bianchi et al.
[2005] ,where you can ask for the feedback only a limited number of times. These four games are
described more precisely in Figure 1.

A natural way to assess the performance of a forecaster in these games is to compute his regret
with respect to the best action in hindsight (see Section 5 for a more general regret in which we
compare to the best switching strategy having a fixed number of action-switches):

n
R, = max E it — .
n =1 K v (gz,t g[mt)

A lot of attention has been drawn by the exact characterization of the minimax expected regret in
the different games we have described. More precisely for a given game, let us write sup for the
supremum over all allowed adversaries and inf for the infimum over all forecaster strategies for
this game. We are interested in the quantity:

infsupER,,,

where the expectation is with respect to the possible randomization of the forecaster and the ad-
versary. Another related quantity which can be easier to handle is the pseudo-regret:

n
i = i B 2 (o an)
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Despite numerous works, there were still several logarithmic gaps between upper and lower bounds
on the minimax rate, namely:
(1) y/log(K) (respectively \/log(n)) gap for the minimax pseudo-regret (respectively ex-
pected regret) in the bandit game as well as the label efficient bandit game.
(2) /log(n)/log(K) gap for the minimax expected regret in the label efficient full infor-
mation game,

To be more precise, we hereafter provide known results relative to these gaps. For sake of
completeness we also provide the results for the full information (respectively F.I. label efficient)
where there is no gap for the expected regret (respectively for the pseudo-regret). Apart from
the full information game, the bounds are usually proved on the pseudo-regret. Another type of
bounds which are not reproduced here are the high probability bounds on the regret. Usually in
this case the parameters of the algorithm depends on the confidence level § that we want to obtain.
Thus to derive bounds on the expected regret we can not integrate the deviations but rather we have
to take & of order 1/n, which leads to the gaps involving log(n). Note also that in the following
theorems we provide the parameters used in the corresponding papers.

THEOREM 3.1. We consider here the full information game. The exponentially weighted av-

erage forecaster with ) = \/8log K /n satisfies
supER,, < v/(n/2)log K.

Besides we have

. ER,
supinf sup ——=>1
n,K V/ (n/2)log K

The upper bound comes from the analysis in Cesa-Bianchi [1999], while the lower bound is
due to Cesa-Bianchi et al. [1997].

THEOREM 3.2 (Cesa-Bianchi et al., 2005). We consider here the label efficient full information

game. The label efficient exponentially weighted average forecaster with e = m/n and n =

7%:"5[{ satisfies
— 2log K
supR, <n ) .
m

Besides we have for alln > m > 14.6log(K — 1):

— log(K —1
infsup R, > 0.1n M.l
m

THEOREM 3.3 (Auer et al., 1995). We consider here the bandit game. The EXP3 policy with
n =1/ QZ’%(K and vy = min (1, I((elfig)[rf) satisfies

sup Ry, < 2v/(e — 1)nK log K.

Besides we have )
inf sup R,, > %\/nK.

THEOREM 3.4 (Allenberg et al., 2006). We consider here the label efficient bandit game. The
GREEN forecaster with e = m/n, n = 2,/ % and y = m satisfies

— Klog K Klog K +2 1 2
sup T, < dn | K log N n(Klog K + 2) L og(m + )
m m m

IThis bound does not give any information in the case K = 2. However one can modify the proof and replace Fano’s
lemma by the version of Birgé (2006), leading to a bound in log(K) instead of log(K — 1).
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B
= =3

General Bandit

| inf sup R,, | inf sup ER,, H.P. bound on R,,
‘ Lower bound ‘ Upper bound ‘ Lower bound ‘ Upper bound ‘ Upper bound
Full Information ‘ vnlog K ‘ Vnlog K ‘ Vnlog K ‘ nlog K nlog(Ko—1)
Label Efficient ‘ ny/ 108K n lngn K ny/ 08K n,/ K n\/i %
Oblivious Bandit? | vnK
|
|

| | |
| | |

VnK ‘ vnK ‘ VnK ‘ nKlog K
| | |

log K
L.E. Bandit ny/ % n Kll‘f’K n mlfnglog(Kofl)

Table 1: Bounds on the pseudo-regret, expected regret and high probability bounds on
the regret. In bold red, the cells in which we improve the best known bound. The high
probability bounds improve upon previous works because the proposed algorithms do
not depend on the confidence level 6.

Contributions of this work. We propose a new forecaster, INF (Implicitely Normalized Fore-
caster), for which we propose a unified analysis of its pseudo-regret in the four games we con-
sider. The analysis is original (it avoids the traditional but scope-limiting argument based on the
simplification of a sum of logarithms of ratios), and leads to the following new results:

(1) We fill in the long open gap of Theorem 3.3 and prove that INF with ¢(z) = (_iw)q + &
has a pseudo-regret of order v/nK (for well chosen parameters 7, v and ).

(2) With a careful analysis, we derive high probability bounds on the regret in each games
with algorithms independent of the confidence level. In particular, we can do this for the
well-known exponentially weighted average forecaster which corresponds in our setting
to ¢(x) = exp(naz)++. For the bandit game (respectively label efficient full information
and label efficient bandit), this allows us to derive a bound of order /nK log K on the

expected regret (respectively 74/ % andn KlfnigK) instead of the known /nK logn

(respectively 14/ 10% and n4/ %). In the label efficient full information, this bridges
the gap between the upper bound and the lower bound. We also conjecture that this
is the true rate for the expected regret in the bandit and label efficient bandit games
against a non-oblivous adversary?. Table 1 recaps the bounds for the pseudo-regret and
the expected regret in the different games we consider.

(3) We prove a regret bound of order {/nKS log(%) when we compare ourselves to a
strategy allowed to switch S times between arms while the best known bound was

VnKSlog(nK), Auer [2002].

We also consider the stochastic bandit game where we prove with a modification of UCBI,
Auer et al. [2002], that it is possible to attain the optimal distribution-free rate v/nK as well as the
logarithmic distribution-dependent rate.

Outline.

ZWe say that an adversary is oblivious if its choices of the rewards do not depend on the past draws and obtained
rewards.
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(1) In Section 2 we describe a new class of forecasters for prediction games. Then we present
two particular forecasters, Exp INF (which coincides with the exponentially weighted
average forecaster) and Poly INF (a new forecaster), for which we propose two general
theorems bounding their regret. A more general statement on the regret of any forecaster
in the class we consider can be found in Section 8.

(2) In Section 3 we prove that our forecasters and analysis recover the known results for the
full information game.

(3) Section 4 contains the main contributions of this chapter, namely all the regret bounds
for the limited feedback games.

(4) In Section 5 we consider a stronger notion of regret, when we compare ourselves to a
strategy allowed to switch between arms a fixed number of times.

(5) Section 6 shows how to generalize our results when one considers losses rather than
gains, or signed games.

(6) Section 7 considers a framework fundamentally different from the previous sections,
namely the stochastic multi-armed bandit problem. There we propose a new forecaster,
MOSS, for which we prove an optimal distribution-free rate as well as a logarithmic
distribution-dependent rate.

(7) Finally Section 9 contains most of the proofs.

2. The implicitly normalized forecaster

In this section, we define a new class of randomized policies for the general prediction game.
Let us consider a continuously differentiable function ¢ : R* — R’ satisfying

(3.1) Y >0, lim ¢(z) <1/K, lim P(x) > 1.

LEMMA 3.1. There exists a continuously differentiable function C' : Rf — R satisfying for
any r = (x1,...,Tx) € Rf,

. < . oh 1
(3.2) nax i < C(z) < Joax, & — 1) (1/K),
and
K
(3.3) > (ai - Cla) = 1.
i=1
PROOF. Considerafixedx = (21, ...,z ). The decreasing function ¢ : ¢ — Zfil Y(x;—c)
satisfies
lim  ¢(c) >1 and lim ¢(c) < 1.
c—»izrfl’?jﬁK T c—-+00

From the intermediate value theorem, there is a unique C'(x) satisfying o(C(z)) = 1. From the
implicit function theorem, the mapping x — C'(x) is continuously differentiable. g

The implicitly normalized forecaster (INF) is defined in Figure 2. Equality (3.3) makes the
fourth step in Figure 2 legitimate. From (3.2), C'(V;) is roughly equal to max;—; . x Vj:. Recall
that V; ; is an estimate of the cumulative gains for arm 4. This means that INF chooses the prob-
ability assigned to arm ¢ as a function of the (estimated) regret. Note that, in spirit, it is similar
to the traditional weighted average forecaster, see e.g. Section 2.1 of Cesa-Bianchi and Lugosi
[2006], where the probabilities are proportional to a function of the difference between the (esti-
mated) cumulative reward of arm 7 and the cumulative reward of the policy, which should be, for
a well-performing policy, of order C'(V;). However, the normalization by division (that weighted
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INF (Implicitly Normalized Forecaster):

Parameters:

e the continuously differentiable function ¢ : R* — R* satisfying (3.1)
e the estimates v; ; of g;; based on the (drawn arms and) observed rewards at time ¢
(and before time ?)

Let p; be the uniform distribution over {1, ..., K'}.

Foreachroundt =1,2,...,

(1) Draw an arm I; from the probability distribution p;.

(2) Use the observed reward(s) to build the estimate v; = (vig,...,vky) of
(g1t 90 and let: Vi =30 vy = (Vig, ..., Vicy).

(3) Compute the normalization constant C; = C(V}).

(4) Compute the new probability distribution p;1 = (p1,¢+1, ..., Pk t+1) Where

Dit+1 = w(Vi,t - Ct)~

Figure 2: The proposed policy for the general prediction game.

average forecasters perform) is fundamentally different from the normalization by shift of the real
axis (that INF performs). Nonetheless, we can recover exactly the exponentially weighted average
forecaster of Cesa-Bianchi and Lugosi [2006] because of the special relation of the exponential
with the addition and the multiplication.

e Let )(x) = exp(nr) + & withn > 0and v € [0, 1). Then conditions (3.1) are clearly
satisfied and equation (3.3) is equivalent to

|
exp(—nC(z)) = ———,
p(—=nC(x)) SE oxp(n1)
which implies
exp(nVit) N

Y exp(nViy) K
In other words, for the full information case (label efficient or not), we recover the expo-
nentially weighted average forecaster (with v = 0) while for the bandit game we recover
EXP3. For the bandit label efficient game, it does not give us the GREEN policy proposed
in Allenberg et al. [2006] but rather the straightforward modification of the exponentially
weighted average forecaster to this game. Theorem 3.5 below gives a unified view on
this algorithm for these four games. In particular, we recover all the upper bounds (up to
constant factors) of Theorems 3.1, 3.2, 3.3 and 3.4. In the following, we will refer to this
algorithm as the “exponentially weighted average forecaster” whatever the game is.

e Another fruitful choice of the function ¢ is ¥(x) = <i>q + 4 withg > 1,7 > 0 and

Pigr1 = (1 —7)

—T
~ € [0,1). Obviously, it also satisfies conditions (3.1). We will refer to this strategy as
the “polynomial INF”. Here the (normalizing) function C' has no closed form expression
(this is a consequence of Abel’s impossibility theorem). Actually this remark holds in
general, hence the name of the general policy. However this does not lead to a major
computational issue since, in the interval given by (3.2), C'(x) is the unique solution of
o(c) = 1, where ¢ : ¢ — 2K 4(x; — ¢) is a decreasing function. We will prove that
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the polynomial INF forecaster generates nicer probability updates than the exponentially
weighted average forecasteras as, for bandits games (label efficient or not), it allows to
remove the extraneous log K factor in the pseudo-regret bound.

Our main contribution is a uniform treatment of the Implicitly Normalized Forecaster for dif-
ferent functions 1 and different estimates of the gains g; ;, hence for different prediction games.
The general statement, Theorem 3.20, can be found in Section 8. The proof starts with an Abel
transformation and consequently is “orthogonal” to the usual argument. Then we use a Taylor-
Lagrange expansion and technical arguments to control the residual terms, see Section 8 for the
details. We propose here the specialization of Theorem 3.20 to the two functions we discussed
above.

THEOREM 3.5 (General regret bound for Exp INF). Let 1)(x) = exp(nz) 4+ & withn > 0
and vy € [0,1). Let (vi1)1<i<K, 1<t<n be a sequence of nonnegative real numbers,

B; = max Vit — Uj5 and B = max B;.
t 1<i<)< ’ 7, j,t’v i t
If’y = 0 then INF satisﬁes:

n

n K n
log K n 2
4 o iy < Lexp(2nB) S B2
(3.4) 12%(75:1 Vit tgl ;_lpz,tvz,t ; + 5 exp(2n );l :

Moreover if

7 o, nexp(2Bn) [1 + exp(2B1)]

(3.5) e 9 H%%Xputvi,t;
then INF satisfies:
n n K K ~ n K
LU D we stog ({2 )+ DI WA
l ’L

In the above Theorem, it is always trivial to upper bound the right hand side of (3.4) and (3.6).
Thus, to derive concrete bounds from it, most of the work lies in relating the left hand side with
the different notions of regret we consider. Note that in the case of the pseudo-regret this task
is also trivial. On the other hand for high probability regret bounds, we will use concentration
inequalities on top of (3.4) and (3.6). Expected regret bounds are then obtained by integration of
the high probability bounds.

q
THEOREM 3.6 (General regret bound for Poly INF). Ler ¢(z) = (%) + & withq > 1,7 >

xT
O0and~ € [0,1). Let (vi1)1<i<K, 1<t<n be a sequence of nonnegative real numbers,

By = max |vjy —vj|, and B = max B;.
1<i<j<K t

If v = 0 then INF satisfies:

n
_ Kla 4 o0t 1p 2
(3.7) max 1v@t ;1 Elpztvzt 177 +2nexp< E B;.
= 7

Moreover if v;y = 1,—1, where c; is a random variable independent of everythmg else, and

P
such that Ec; < 1, 3¢ > 0: ¢ € [0, c] and qn/c > ((q LK )1/, then

Uzt - ZZP@t%t)

=
-~
—
NE
&
Qx
3
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1 q 1 o ((g=DeKp*(1+p*)\*
3.8) < — {’yn + ——nKa+ ( ;
I qg—1 (- 1K 2vn

e () 1 () )

Note that (3.8) is weaker than its counterpart (3.6) in the sense that it holds only in expectation.
In fact, as we will see in the proof of Theorem 3.15, one can also prove a bound of the same form
without the expectation. However, the general statement is less readable, hence we decided to
provide here only the bound in expectation.

where

3. The full information (FI) game

The purpose of this section is to show how to use the Implicitly Normalized Forecaster in order
to recover known minimax bounds (up to constant factors) in the full information game. In this
section, we set v; ; = g; ¢, which is possible since the rewards for all arms are observed in the full
information setting. The proofs of Theorem 3.7 and Theorem 3.8 trivially follows from Theorem
3.5 and Theorem 3.6. We start with ¢)(x) = exp(nz) for which INF reduces to the exponentially
weighted average forecaster.

THEOREM 3.7 (Exponentially weighted average forecaster in the FI game). Ler ¢(z) =
exp(nx) withn > 0. Let v;y = g; 1. Then in the full information game, INF satisfies:

n n K
log K nm
(3.9) X D Gie = D> Pialit < -~ +exp(2n) 5
i=1 t=1 i=1
In particular with n = loi K e get

ER, < v/5nlog K

REMARK 3.1. This result has to be compared with Corollary 2.2 of Cesa-Bianchi and Lugosi
[2006] which derives the bound % + % Jfrom a more general theorem which can apply to other
forecasters. Moreover it is proved in Theorem 2.2 of Cesa-Bianchi and Lugosi [2006] that the
optimal bound is % + % (there the proof is specifically tailored to the exponential). While our
bound has the same shape (1) has to be thought as small, that is exp(2n) is close to 1), it does not
capture the best constant. It seems to be the price for having a general Theorem applying to a
large class of forecasters and various games.

q

Now we consider a new algorithm for the FI game, that is INF with ¢(x) = (i) .

—X

THEOREM 3.8 (Polynomial INF in the FI game). Let ¢)(x) = (_im)q withn > 0and q > 1.
Let v;y = g; . Then in the full information game, INF satisfies:

n n K
In particular with ¢ = 3log K and n = 1.8y/nlog K we get
ER, < 7y/nlogK.
REMARK 3.2. By using the Hoeffding-Azuma inequality, see Theorem 10.1, one can derive
high probability bounds from (3.9) and (3.10): for instance, from (3.10), for any 6 > 0, with
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probability at least 1 — 6, the polynomial INF satisfies:

4 log(d—1
Ry < %KY ¢ exp (ﬁ)@ 4 /"log(67h)
q—1 n/2n 2

4. The limited feedback games
4.1. Label efficient game (LE).

4.1.1. Soft constraint on the number of queried reward vectors. As in Section 3, the purpose
of this section is to show how to use the Implicitly Normalized Forecaster in order to recover
known minimax bounds (up to constant factors) in a slight modification of the LE game.

Let us consider the following policy. At each round, we draw a Bernoulli random variable Z,
with parameter ¢ = m /n, to decide whether we ask for the gains or not. Note that we do not fulfill
exactly the requirement of the game as we might ask a bit more than m reward vectors. We do so
in order to avoid technical details and focus on the main argument of the proof. The exact problem
will be addressed in Section 4.1.2, where, in addition, we will prove bounds on the expected regret
ER,, instead of just the pseudo-regret R,,.

In this section, the estimate of g; ; is v;; =
time ¢ for all arms are observed when Z; = 1.

g;’t Z, which is observable since the rewards at

THEOREM 3.9 (Exponentially weighted average forecaster in the LE game). Let ¢(x) =
7””2)%[(. Let viy = %7, with ¢ = M. Then in the (soft) LE game, INF

. e

exp(nx) with n =
satisfies:
T < 5log K

nXx N .
m

A similar result can be proved for the INF forecaster with 1(z) = (L)% 5 > 0 and g of
order log K. We do not state it since we will prove a stronger result in the next section.

4.1.2. Hard constraint on the number of queried reward vectors. The goal of this section
is to push the idea that by using appropriate high probability bounds, one can control the ex-
pected regret ER, = Emax;—1,.. x Y 1y (¢it — g1,+) instead of just the pseudo-regret R,, =
max;—1,..xk B> 11 (it — g1,+). Most previous works have obtained results for R,,. These re-
sults are interesting for oblivious opponents, that is when the adversary’s choices of the rewards
do not depend on the past draws and obtained rewards, since in this case a uniform (over all
oblivious adversaries) bound on the pseudo-regret R,, implies the same bound on the expected
regret ER,,. This follows from noting that the expected regret against an oblivious adversary is
smaller than the maximal pseudo-regret over deterministic adversaries. For non-oblivious oppo-
nents, upper bounds on R,, are rather weak statements and high probability bounds on R,, or
bounds on ER,, are desirable. In Auer [2002], Cesa-Bianchi and Lugosi [2006], high probability
bounds on R,, have been given. Unfortunately, the policies proposed there are depending on the
confidence level of the bound. As a consequence, the resulting best bound on ER,,, obtained by
choosing the policies with confidence level parameter of order 1/n, has an extraneous log n term.
Specifically, from Theorem 6.2 of Cesa-Bianchi and Lugosi [2006], one can immediately derive

ER, < 8n4/ w + 1. The theorems of this section essentially show that the log n term
can be removed.

Asin Section 4.1.1, we still use a draw of a Bernoulli random variable Z; to decide whether we
ask for the gains or not. The difference is that, if Zi;ll Zs = m, we do not ask for the gains (as we
are not allowed to do so). To avoid that this last constraint interferes in the analysis, the parameter
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of the Bernoulli random variable is set to € = % and the probability of the event >, | Z; > m

is upper bounded. The estimate of g; ; remains v; ; = %Zt.

THEOREM 3.10 (Exponentially weighted average forecaster in the LE game). Let ¢ (x) =
exp(nx) withn = 7Vming. Let viy = 227, with e = 3 Then in the LE game, for any § > 0,
with probability at least 1 — 0§, INF satisfies:

log K 27log(2 K51
Rn@n\/og +n\/“g<5>7

m m
and
log(6K
ER, < 8ny/ 28CK),
m
THEOREM 3.11 (Polynomial INF in the LE game). Let ¢)(z) = (-L)? with ¢ = 3log(6K)
and n = 2n4/ %. Let vy = ggt Zy with € = i%. Then in the LE game, for any § > 0, with

probability at least 1 — §, INF satisfies:

-1
R, <5n\/logK +n\/27log(2K(5 ),
m m

and

ER, < 11n log(6K)
m

4.2. Bandit game. This section is cut into two parts. In the first one, from Theorem 3.5 and
Theorem 3.6, we derive upper bounds on R, = maxi:17,,,7KEZ?:1 (gm — gIt’t). To bound
ER, = Emax;—1, K Z?:l (giyt — gIt’t), we will then use high probability bounds on top of the
use of these theorems. Since this makes the proofs more intricate, we have chosen to provide the
less general results, but easier to obtain, in Section 4.2.1 and the more general ones in Section
4.2.2.

The main results here are that, by using the INF with a polynomial function 1), we obtain an
upper bound of order vnK for R,,, which imply a bound of order vnK on ER,, for oblivious
adversaries (see the reasoning at the beginning of Section 4.1.2). In the general case (containing the
non-oblivious opponent), we show an upper bound of order /nK log K on ER,,. We conjecture
that this bound cannot be improved, that is the opponent may take advantage of the past to make
the player pay a regret with the extra logarithmic factor (see Remark 3.3).

it

4.2.1. Bounds on the pseudo-regret. In this section, the estimate of g; ; is v;; = oy L1=is

which is observable since the reward gy, ; is revealed at time ¢.

THEOREM 3.12 (Exponentially weighted average forecaster in the bandit game). Ler ¢)(x) =
exp(nz) + 7 with v = min (%, KI%QKU andn = 1/ k)gT(LiQKK). Let vy = gzii]ljt:i. Then in

the bandit game, INF satisfies:
R, < 1/20nK log(2K).
THEOREM 3.13 (Polynomial INF in the bandit game). Let ¢ (z) = (_i)q + & with v =

T

VE/n,n=3ynand q=2. Letv;; = %ﬂhzi- Then in the bandit game, INF satisfies:

R, <10VnkK.

We have arbitrarily chosen ¢ = 2 to provide an explicit upper bound. More generally, it is
easy to check that for any real number ¢ > 1, we obtain the convergence rate v nk, provided that
~ and 7 are respectively taken of order /K /n and vnK /K'/4.
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4.2.2. High probability bounds and bounds on the expected regret. Theorems 3.12 and 3.13
provide upper bounds on R, = max;—1,__ g E> (giyt—g[t,t). Tobound ER,, = Emax;—1,_ kY 1 (gi,t—
g Izi)» we will use high probability bounds. First we need to modify the estimates of g; ; by con-
sidering v; ; = i:i 17— + % with 0 < 8 < 1, as was proposed in Auer [2002]3.

THEOREM 3.14 (Exponentially weighted average forecaster in the bandit game). Let 1

(z) =
Let vy = 9407, + 2

exp(nx) + 7 with y = min (%, %g(zm) and n = 10;%?.
with 8 = log(QK) Then in the bandit game, for any § > 0, with probability at least 1 — §, INF
satisfies:
R, < 7v/nKlog(2K) + _nk log(671),
log(2K)
and

ER, < 8y/nKlog(2K).

This theorem is similar to Theorem 6.10 of Cesa-Bianchi and Lugosi [2006]. The main dif-
ference here is that the high probability bound holds for any confidence level, and not only for
a confidence level depending on the algorithm. As a consequence, our algorithm, unlike the one
proposed in previous works, satisfies both a high probability bound and an expected regret bound
of order /nK log(K).

THEOREM 3.15 (Polynomial INF in the bandit game). Let w(a;) = (L) '+ L withy = /&

n’

n=3ynandq=2. Let v; 4= 91, tILIt - + 6 with 3 = \/ iz Then in the bandit game, against
an oblivious adversary, for any 5 > 0, with probabllzty at least 1 — o, INF satisfies:

(3.11) R, < 10.7VnK + 1.5VnK log(671),

and

ER, < 12.2vnK.

Moreover in the general case (containing the non-oblivious opponent), with § =
satisfies with probability at least 1 — 6,

(3.12) < 8.6VnK +2.1y/nKlog(2K) + 1.5 é(K) log(671)

log(2K)

nkK it

and

n < 10VnK +2.1y/nK log(2K).

REMARK 3.3. We conjecture that the bound \/nK log K on ER,, cannot be improved in the
general case containing the non-oblivious opponent. Here is the main argument to support our
conjecture. Consider an adversary choosing all rewards to be equal to one until time n /2 ( say nis
even to simplify). Then, let k denote the arm for which the estimate V; , ;5 = ZKK” /2 p ]1 I=i
of the cumulative reward of arm i is the smallest. After time n/2, all rewards are chosen to be
equal to zero except for arm k for which the rewards are still chosen to be equal to 1. Since it can
be proved that max;c (1, gy Vin/o —minje1, . gy Vine 2 cynklog K for some small enough
c > 0, it seems that the INF algorithm achieving a bound of order /nK on ER,, in the oblivious

3The technical reason for this modification, which may appear surprising as it introduces a bias in the estimate of g; ¢,
is that it allows to have high probability upper bounds with the correct rate on the difference ;- | git — 1y Vit A
second reason for this modification (but useless for this particular section) is that it allows to track the best expert (see
Section 5).



60 CHAPTER 3. MINIMAX POLICIES FOR BANDITS GAMES

setting will suffer an expected regret of order at least \/nK log K. While this does not prove the
conjecture as one can design other algorithms, it makes the conjecture likely to hold.

4.3. Label efficient and bandit game (LE bandit). We consider the following policy. At
each round, we draw a Bernoulli random variable Z;, with parameter ¢ = m/n, to decide whether
the gain of the chosen arm is revealed or not. Note that we do not fulfil exactly the requirement
of the game as we might ask a bit more than m rewards (but, as was argued in Section 4.1.2, this
is just a technical detail that requires some extra computations to be taken into account). In this

. . . 17,
section, the estimate of g; ; 1S v; 4 = gi,t#%-
i,

THEOREM 3.16 (Exponentially weighted average forecaster in the LE bandit game). Let

Y(x) = exp(nr) + 4 with v = min (%, KI%QKO and n = % ml%gil(gl()' Let vy =
Qi,t%% with e = % Then in the LE bandit game, INF satisfies:
— 20K log(2K
B, < ny 2 10e2K)
m

THEOREM 3.17 (Polynomial INF in the LE bandit game). Let ¢(z) = (L) + % with
v = K n= 3n \/gand qg=2. Letvjy = gi,t%% with ¢ = % Then in the LE bandit

m’ K1/a
— K
R, <10n4/ —.
m

game, INF satisfies:
5. Tracking the best expert in the bandit game

In the previous sections, the cumulative gain of the forecaster was compared to the cumula-
tive gain of the best single expert. Here, it will be compared to more flexible strategies that are
allowed to switch actions. We will use the same algorithms as in Section 4.2.2, but with different
parameters. We thus use

L7, n B 7

Pit Pit

with 0 < 8 < 1. The 3 term introduces a bias in the estimate of g; ;, that constrains the differences
max;—1, . x Vip —minj—1 . i Vj to be relatively small. This is the key property in order to track
the best switching strategy, provided that the number of switches is not too large. A switching
strategy is defined by a vector (i1,...,i,) € {1,..., K}". Its size is defined by

Vit = Git

n—1

Sty yin) = Ly,

t=1
and its cumulative gain is

G, Zgu,

The regret of a forecaster with respect to the best sw1tch1ng strategy with S switches is then given
by:

RS = max Zg[
T ) By i o

THEOREM 3.18 (INF for tracking the best expert in the bandit game). Let s = Slog (enK ) +
log(2K) Wlth e = exp(1) and the natural convention Slog(enK/S) = 0 for S = 0. Let v;y =

gt L with B = 20/ Let ¢(w) = exp(na) + % with 7 = min (4,/52) and
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N = \/so.c- Then in the bandit game, for any 0 < S < n — 1, for any § > 0, with probability at

least 1 — 6, INF satisfies:
K
RS <9vVnKs+ \/ ne log(6~ 1),
s

ERS < 10vVnKs.

Note that for S = 0, we have R;? = R,, and we recover (up to a constant) the result of
Theorem 3.14.

and

REMARK 3.4. Up to constant factors, the same bounds as the ones of Theorem 3.18 can be
obtained (via a tedious proof not requiring new arguments than the ones presented in this work)

c3S
rthe orecaster using Y(r) = 7= | —— ’ + c2y/ =7, with s = S log + log
or the INF - o ((VanK = with s = Slog (2£) + log(2K

—T
and appropriate constants c1, co and cs.

6. Gains vs losses, unsigned games vs signed games

To simplify, we have considered so far that the rewards were in [0, 1]. Here is a trivial argu-
ment which shows how to transfer our analysis to loss games (i.e., games with only non-positive
rewards), and more generally to signed games (i.e., games in which the rewards can be positive
and negative). If the rewards, denoted now g;t, are in some interval [a, b] potentially containing

I —a

zero, we set g; y = ggi; € [0, 1]. Then we can apply our analysis to:

g o St (s - Yook

Note that a less stralghtforward analy51s can be done by looking at the INF algorithm directly
applied to the observed rewards (and not to the renormalized rewards). In this case, as it was
already noted in Remark 6.5 of Cesa-Bianchi and Lugosi [2006], the behavior of the algorithm
may be very different for loss and gain games. However it can be proved that our analysis still
holds up to constants factors (one has to go over the proofs and make appropriate modifications).

7. Stochastic bandit game

By considering the deterministic case when the rewards are g;; = 1if ¢ = 1 and g;; = 0
otherwise, it can be proved that the INF policies considered in Theorem 3.12 and Theorem 3.13
have a pseudo-regret lower bounded by v/nK. In this simple setting, and more generally in most
of the stochastic multi-armed bandit problems, one would like to suffer a much smaller regret.

We recall that in the stochastic bandit considered in this section, the adversary samples the
reward g; ; 1.i.d from a fixed distribution v; on [0, 1] for each arm i. The suboptimality of an arm
i is then measured by A; = max;_; . x ft; — j; Where y; is the mean of ;. We provide now a
strategy achieving a v/nK regret in the worst case, and a much smaller regret as soon as the A; of
the suboptimal arms are much larger than /K /n.

Let i; s be the empirical mean of arm ¢ after s draws of this arm. Let T;(¢) denote the number
of times we have drawn arm ¢ on the first £ rounds. In this section, we propose a policy, called
MOSS (Minimax Optimal Strategy in the Stochastic case), inspired by the UCB1 policy (Auer
et al., 2002). As in UCB1, each arm has an index measuring its performance, and at each round,
we choose the arm having the highest index. The only difference with UCB1 is to use log (KLS)
instead of log(¢) at time ¢ (see Figure 3). As a consequence, an arm that has been drawn more than
n/K times has an index equal to the empirical mean of the rewards obtained from the arm, and
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when it has been drawn close to n/K times, the logarithmic term is much smaller than the one of
UCBLI, implying less exploration of this already intensively drawn arm.

MOSS (Minimax Optimal Strategy in the Stochastic case):

For an arm 4, define its index B; by

. max( log(#),0
Bi,S — ,U”i78 +\/ ( (KS) ) .

S

for s > 1 and B; o = +o00.
At time ¢, draw an arm maximizing B; 7, ;1)

Figure 3: The proposed policy for the stochastic bandit game.

THEOREM 3.19. Introduce A = min A;. MOSS satisfies
ie{l,..,K}:A;>0

— 23K 110nA?
(3.13) Ry < =3 log <max (I’; 104>> ,
and
(3.14) ER, < 25vVnK.
Besides, if there exists a unique arm with A; = 0, we also have

23K 140nA?

(3.15) ER, < =3~ log (max (IZ 104>> .

The distribution-dependent bounds Inequalities (3.13) and (3.15) show the desired logarithmic
dependence in n, while the distribution-free regret bound (3.14) has the minimax rate v n .

REMARK 3.5. The uniqueness of the optimal arm is really needed to have the logarithmic
(in n) bound on the expected regret. This can be easily seen by considering a two-armed bandit
in which both reward distributions are identical (and non degenerated). In this case, the pseudo-
regret is equal to zero while the expected regret is of order \/n. This reveals a fundamental differ-
ence between the expected regret and the pseudo-regret.

REMARK 3.6. A careful tuning of the constants in front and inside the logarithmic term of
B; s and of the thresholds used in the proof leads to smaller numerical constants in the previous
theorem, and in particular to sup ER,, < 6v/nK. However, it makes the proof more intricate. So
we will only prove (3.13).

8. General regret bound

THEOREM 3.20 (General regret bound for INF). For any nonnegative real numbers v; 1, where
i€ {l,....,K} and t € N¥ we still use v; = (vig,...,vk) and V; = Zizl ve. Define
Vie, Vil = {AWViei + (1 = XNV A € [0,1]}. Let

By = max |vip — v,

1<i<j <K
/
, —C
— max max (0 (Uz (U))

I<t<n vwelVi1, Vi), 1<i<K Y (w; — C(w))’
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and .
Ay = min <32 D W o (pig), (14 p%)D o w-1<pi,t>vzt> .
i=1 i=1

Then the INF forecaster based on 1) satisfies:
(3.16)

n K 1/K p2 n

<1I<nza<)§( %n) Zzpz tvzt Z Di, n—&-lw pz,n—i—l) + / ¢_1(u)du +52At
t=1 i=1 i=1 Pin+t1 t=1

PROOF. In the following we set Vo = 0 € R and Cy = C(Vp). The proof is divided into
four steps.

First step: Rewriting 1" S°% 5, 10 .

We start with a simple Abel transformation:

Zzpztvlt—zzpzt it 'Lt 1)

t=1 =1 t=1 i=1
K K n
= Zpi nt1Vin + Z Z Via(Pit — Pi+1)
=1 i=1 t=1
K K n
Z zn—l—l pzn—i—l +C +ZZ pzt+1 +Ct)(pzt_pzt+1)
=1 i=1 t=1
K n
= +Zpi,n+11/1 (Pins1) + Y > i) (i — pies1)
i=1 i=1 t=1

where the last step comes from the fact that Zfi 1pig =1
Second step: A Taylor-Lagrange expansion.

For z € [0,1] we define f(z) = [, ¢~ *(u)du. Remark that f'(z) = ¢~ () and f"(z) =
1/4/(1p='(x)). Then by the Taylor Lagrange formula, we know that for any ¢, there exists p; ;11 €
[Dit, Pit+1] (With the convention [a, b] = [b, a] when a > b) such that

2
Dit — Dit+1 ~
Fpit) = fDit+1) + 0ig — pigs1) [ (Pigr1) + (Pie = Pier1)” QZH ) T (Digs1),

or, in other words:

Di,t ( . )2
it — Di s = ~L(w)dy — Pt ~ Pitrl)
(Pit = Pig+1)V™ (Pit+1) /pm+1 Y (u) 2 O Frsn))

Now by summing over ¢ the first term on the right hand side becomes f 1/ K w_l(u)du.

Moreover, since z — 1h(x — C(x)) is continuous, there exists W% ¢ [V, Vt+1] C R such
that ¢ (Wi(l’t) — C(W(i’t))) = Pii+1. Thus we have

= l/K L pzt pzt+1)2
ZZw (pit+1) pz,t_pi,t+1)22/ u)du — ZZ

i=1 t=1 i=1 Y Pin+1 PR 21/,/( (” C(W(i,t)))
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From the equality obtained in the first step, it gives

n 1/K
Cn — Z sz Vit S Z (pz n—&—lw pz,n—i-l) + / w_l(u)du>

t=1 =1 i=1 Pi,n+1

n

K pzt Di t+1)
2.2

== 2w (W - cwn))

Third step: The mean value theorem to compute (p; ¢ — pi7t)2.

It is now convenient to consider the functions f; and h; defined for any x € Rf by
filz) = Y(x; — C(x)) and hi(z) = (x; — C(x)).

We are going to bound p; 111 — pir = fi(Vy) — fi(Vi—1) by using the mean value theorem. To do
so we need to compute the gradient of f;. First, we have

gi( 7) = <1i—j - SZ@Q h(x).

Now, by definition of C, we have S5, f.(z) = 1 and thus Y1 ng’;(x) = 0, which implies

oC , . hj(=) ofi .« _(+ _  hilz) A
871:](:6) = — and D (z) = (]llj e ( )) hi(z).

>kt () o1 (T
Now the mean value theorem says that there exists yt) ¢ [Vi—1, V¢] such that

K

FVA) = filVie) = }j%ﬁﬁ ()

Thus we have
2

P .
h.(V(l7t)) .

) = vy [y — =11 hy (V1)

(Pi = Pit+1) ; N( LY (vED) V=

K i 2
= h(V(%t))2 Vi — ijl U%thj(v( :t))
Z ’ ZkK:I hy (V@) '

Fourth step: An almost variance term.

: hi(v)
We introduce p = max,, ,e[v;_;,Vi], 1<t<n, 1<i<K h;(w)' Thus we have

n

n ; i 2
SO g SRR ROVEOR (S (V)
JwGany \ 7 '

i=1 t=1 2¢/ ( @ C(W(“t))> o= 2 ry b (VD)

2 N

, 2
p i hlV, (U Y ’Uj,thj(V(”t)))
a z t—1 it ; .
2 5= ZkK:1 hi (VD)

N

S vy ehy (VD)
Sk h (VD)
1 is increasing we know that h;(x) > 0,Vz. Now since Vi, j |viy — vj¢| < By, we can simply
bound this last term by B?. A different bound can be obtained by using (a — b)? < a? + b? when

Now we need to control the term (vm — ) . Remark that since the function
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a and b have the same sign:
(Uit - Z]K:l vj’thj(v(i’t))>2 < U.Qt + <ZJK=1 Uj:thj(v(i’t))>2
T Xk (VD) " SR by (VG0
ZJ L V5 hy (V@)
>k hk<V< 0)
2 Zg 1 jt h;(Vi-1)

S b (Vi)

where the first inequality comes from the fact that both terms are nonnegative and the second
inequality comes from Jensen’s inequality. As a consequence, we have

2
< Ui +

< vzt+p

K S vjih; (V( it))
h'(v}fl) Vit — 2 X h; V;‘, 1 t+;0 h V;f 1
2" T v Z K Z
K
<@+ hi(Vi)ol,
i=1
We have so far proved
(3.17)
n K K 1/K P2 n
Co =D Pigvia < =) <pi,n+1w—1<pi,n+l> - / w—%u)du) + 234
t=1 i1=1 =1 Pin+1 =1
The announced result is then obtained by using Inequality (3.2). U

LEMMA 3.2. Let 1) be a convex function satisfying (3.1) and assume that there exists B > 0
such that Vi, j,t |viy — vj| < B. Then:

p = max max Yw=C) o exp( 1/’”( )).

1<t<n v,we[Vi—1,Vi), 1<K ¢/(wl C(w)) h z€(—00,h—1(1)] !
PROOF. Let h;(z) = ¢/ (z; — C(x)), m;(z) = " (x; — C(x)). For a € [0, 1] we note
(@) =log {hi(Vi1 + (Vi = Vi-1))} -

Remark that we should rather note this function ¢; () but for sake of simplicity we omit this
dependency. With these notations we have p = max, ge(0,1]; 1<t<n, 1<i<k eXP(¢(a) — ¢(8))-
By the mean value theorem for any «, 5 € [0, 1] there exists £ € [0, 1] such that p(a) — ¢(3) =
(a—B)¢'(£). Now with the calculus done in the third step of the proof of Theorem 3.20 and using
the notations h; := h;(Vi—1 + (Vi — Vi—1)), mi := m; (Vi1 + £(Vi — Vi—1)) we obtain

K h m K (v vj)h; m;
j % it ,t i
P& = (Vie—Vii1) <]1z‘j =y e ) T > —]F

j=1 k=1 1k j=1 Zk 1 P

Thus we get
wl/
¥ (&) < max |viy — sup (v — C(v)).
1<, <K ! ve[Vi—1,V4] '¢, '
Moreover, using that z — ¢ (z—C(x)) is continuous we know that there exists p; +11 € [pi ¢, i t+1)

such that p; ++1 = ¥(v; — C(v)) and thus v; — C'(v) = ¥~ (P; ¢+1). This concludes the proof. [J

LEMMA 3.3. Let o) be a function satisfying (3.1) and assume that there exists ¢ > 0 such that

0 < v < zTc,t]li: 1,- We also assume that 1)’ /1) is a nondecreasing function and that there exists
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a > 1 such that v (:1: + ﬁ) < ayp(x). Then:

1!}/1
oz olnco)

PROOF. We extract from the previous proof that p < maxee(o 1); 1<t<n, 1<i<k €XP(l¢'(€)])
where

/(5) K (Uzt vjt)h m;
vs)= § : K ,
j=1 Zk 1 B hz
Note that, since the functions 1) and v’ /1) are nondecreasing, the function ¢ is convex, hence

Y"” > 0 and m; > 0. Now using our assumption on v;¢ and since p;; = fi(Vi1), if ¢ # I we
have:

hi,
ft(Vt ) My
P () = S "
k:zlhk (]

L@l @) gy

Noticing that for any x, y in R* , ;’z},

) .
@G S FEu) Ve obtain

/ Jr(Vici + &V = Viz1))  my
' ()] <c (Vi) Y

where we note f; := f;(Vi—1 + (Vi — Vi—1)).
On the other hand if ¢ = I; then
C m;

[P (&)] < Vi) By

To finish we only have to prove that fr,(Vi—1 + £(Vi — Vi—1)) < afr,(Vi—1). Since 1 is
increasing it is enough to prove that f7,(V;) < afr,(V;—1) which is equivalent to

YV -1 + v — Cr) < ap(Vy, -1 — Ci—1).

—<1,=1, and C is an increasing function in each of its argument it is enough to

Since 0 < v <

Dit
prove
c
Vit—1 — Cy— < Vi,t—1 — Cy—
P < T,t-1 — Cr_1 + SV = Ct—1)> ap(Vr, 1—1 — Ce—1)
which is true by hypothesis on . U
LEMMA 3.4. Let v be a function satisfying (3.1) and assume that v;; = g“]l;;:tw with

git € 10,1] and p;y > v/ K. We also assume that |’ /1) is a nondecreasing function and that there
exists a > 1 such that i (ac + Hﬁ ) ay)(x). Then:

!
p< sup eXp< v (z) + —
1

ﬁK w/l)
z€(—o0,p~1 (S ‘

vy

PROOF. We extract from the previous proof that p < maxee(o 1); 1<t<n, 1<i<k eXP(l¢'(€)])
where

X (v vj¢)hj m;
! i,t — Ujt g
) = By a—

jgl ZkK:1hk hi
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For the second term we can apply the same reasoning than for Lemma 3.2 to bound it by
SUP e (—00,—1(1)] 5 7 w 7 () while for the first term we can use the proof of Lemma 3.3 to bound

it by SUD e (—oo,p—1(1)] wﬁw/ () which ends the proof. O

9. Proofs

Proof of Theorem 3.5. We make use of Theorem 3.20 and start with straightforward computations
to bound the ﬁrst sum in (3.16). We have ¢y~ (z) = 1 log(:r — 7/ K) which admits as a primitive
[y (u)du = [(u —v/K)log(u —v/K) — u. Thus one immediately gets

/K
— / Y Hu)du — pins1Y " (Pins1)

Pin+1
ML e () - 2 ( _1)
“a\K K K Pint1 = G 08 \Pim+1 = 37 ) |-

Summing over ¢ proves that

1/K
- Z <pz n+11/) pz n—l—l) / wl(u)du> = L= n 71 0og (> - 7 21/1 pz n+1

Pi,n+1
With the notations of Theorem 3.20, we need now to bound p and A;. For the former we use
Lemma 3.2 which directly shows:
p < exp(nB).
For the latter we distinguish two cases. If v = 0 we use

BZZw Y (pig) = nBY,

which concludes the proof of (3.4). On the other hand if v > 0 we use
K K
A < (14 p7) Z W o (pig)vi, < (1+p)n Zpi,tvit-
=1 =1
Now recall that, as seen in (3.17), Theorem 3.20 holds with the maximum replaced by C',. Thus,
if (3.5) is satisfied we have the following bound

n K
Ch — Z Zpi,tvz‘,t

t=1 i=1
K n n K
1—7 K ol nexp(2Bn) [1 + exp(2Bn)]
s () 25 (S c) B B
i=1 \t=1 t=1 i=1
1—
<—Tlog <> +Cn,
n 1—-

which concludes the proof of (3.6) by using Inequality (3.2).

Proof of Theorem 3.6. We make use of Theorem 3.20 and start with straightforward computations
to bound the first sum in (3.16). We have 1)~ ! (z) = —n(x—~/K )~ /4 which admits as a primitive
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S Hu)du = = 1/q(u — v/K)'~1/4. Thus one immediately gets
/K
_ n 1 _
/ (=) (u)du < T 1jgK Vs N(pimsr —7/K) 1
Pin+1
and N
Pint1 (=0 ) Pimt1) = =7 Pim1) + 0Pins1 — v/ K)

Summing over ¢ proves that

VK 5
_Z (pz n+l'¢ pz n+1) / 1/1 ( )du> < —— q—1 Kl/q Z@Z) pz n+1

Di,n+1

With the notations of Theorem 3.20, we need now to bound p and A;. First we deal with the case
~v = 0. Lemma 3.2 implies p < exp(B(q + 1)/n) since we have %(m) = % = %@/}(x)l/q.
The proof of (3.7) is concluded by ¢/’ = Qw(q“)/q, and

K
q 1
BQZw v (pie) Lpariia < Ip2,
1177 n

Unfortunately the case v > 0 is much more intricate. In this case we consider a specific form for
the estimates v; ¢, see the assumptions in Theorem 3.6. We start by using lemma 3.3 to prove that
p < p. First we have w,/ = q“ (Y —y/K)1 < q“wl/q Besides, for any a > b > ¢ we have
7 < 7= and thus for any z < O we have

w($+w(x) 1/’(3”'@0(6))_%_ c —4 c ((g— 1K (a-1)/q\ ¢
o< ) <la ()

Thus lemma 3.3 gives us

(a=1)/q _ (a-1)/q\ ¢
3.18) ,,@Xp{wnc <K> (1_ 13 (<q1>K> ) }:M'
n Y qan Y

Next we use ¢/ = L (¢ — ~v/K)(@+1)/4 and the form of v; ; to get

2 & I | 2 q(1+ p?) o (g+1)/q, 2 q(1+ p?) i 1/q
A < (1 +p )Zl/f o (pi,t)%',t < T Zpi,t Uit < T ZP” Vi tCt-
i=1 i=1 i=1

We note E; for the expectation with respect to ¢; and the random draw of I; from p;. Using that
¢t < ¢, Epv; ¢ < 1 and Holder’s inequality, we obtain

(¢—1)/
1 2 K 1 2 K
EA; < qc(n—’_M)Engéthvm < (]C(n-f-M)E (Z(Etvi,t)q/(q1)>
J i=1

o1+ (¢-1)/q
M (Z Eiv; t) .

Now recall that, as seen in (3.17), Theorem 3.20 holds with the maximum replaced by C),, thus
we have

K
C Zzpztvzt\inKl/q"i_’yC +72At szi,t'

t=1 i=1 t=1 i=1



9. PROOFS 69

By taking the expectation we obtain

n K
E (Cn -> Zpi,t'ui,t>

t=1 i=1

n (¢=1)/q K
c 1 +
7613 177K1/q+’yECn+E E q ,u ) ( g Et%t) - g Eivi ¢
=1 i=1

N

cu” (1 + g=1
< %177 K94 9RC, + nma (W“ + ;_u>
o ((g=1)eKp(1+p?)\*
< nKl/q+nyC + < .
q-— (¢—1K 2vn

The proof of (3.8) is concluded by using Inequality (3.2).

Proof of Theorem 3.9. We make use of (3.4). Since we have B; < Z;/¢ and v;; = g;’t Zy, We
obtain

n n K

Zy Zy logK exp(2n/e)n

) _ i Zy,

<1r£z‘zg( port it g > ; , 1pz £t n 2e? Z
= =1 1=

hence, by taking the expectation of both sides,

o S Z rE Z log K exp(2n/e)n
R, = <max ]EZg@t;) _Ezzpi,tgi,t?t <8R p(2n/e)nn
t=1

1<K 2e
NS =1 i=1 n

Straightforward computations conclude the proof.

Proof of Theorem 3.10. We start by noting that, since R,, < n, the result is trivial for § <

log(2K6~1)
m

2K exp(—m/27) so that we consider hereafter that § > 2K exp(—m/27), or equivalently <
1

277.
From (10.3), we have

= m?/16 m 0
1 P(> 7z ) VAL I L )
(5-19) (tzl t” m) P ( 3m/2 + m/6> P ( 27) 4

So with probability 1 —§/4, we have ) ;' | Z; < m, so that the rewards received by the forecaster
are equal to the rewards which would receive the forecaster that uses Z; to decide whether he asks
for the gains or not, whatever Zi;ll Z is. This will enable us to use (3.4) (which holds with
probability one).

From the concentration of martingales with bounded differences, see Theorem 10.1, with prob-
ability at least 1 — /4, we also have

(3.20) —Zgh,t\ Zme%ﬁ ”log(;é D)

t=1 k=1

From Theorem 10.2, if exp(2n€_1) < 2¢ (which will be true for our particular 7, see below), for
afixedi € {1,..., K}, with probability at least 1 — 0 /(2K), we have

n

exp(2ne 1) Z. 2nlog(2K 51 21log(2K§ L
Z(gi,t A= p d Zpktgkt>(1—t><2 i )—i- it )-

3
P € €
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From the union bound, we obtain that with probability at least 1 — §/2, we have
(3.21)

nexp(2ne—") 2178 b Zy 2nlog(2K6—1) 2log(2Ké~1)
§ " (gii— § 1-2t) <2
lgl,ai( <gz t Dk,t9k t> < > - + 32

By combining (3.20) and (3.21), we obtain that with probability at least 1 — 34 /4,

n n
max Z Git — Z 9t S nlog(45 + _max Z git — Z Zpk t9k,t
T =1 t=1

t=1 k=1
K

nlog(245 + _max Zgzt*—zzpktgkt*

t=1 k=1

N

5

3e

. Z nexp(2ne 1) | Zy i 2nlog(2Ko—1) . 2log(2Kd~
€ €

Now, by using (3.19) and (3.4), with probability at least 1 — §, we have

n n
nlog(46-1) log K nnexp(2ne!)
nax, tz Git — > Gn < st o

8log(2K45—1) N 8nlog(2K5~1)

2
+an 3m I9m

)

1

hence, from the inequalities m < n, K > 2 and log(2K971) 3>

m

N

2710g(2K61) log K = 2nn?exp(8nn/(3m
max Zg”_zgmgn g(2K071) | log K 2qn® exp(Sin/(3m))

m n 3m

The inequality for n = 7””;%1( is then obtained by noticing that the result needs to be proved
only for (2 + v/27)y/(log K)/m < 1. This inequality is used to bound the exponential term
(and in particular to check nexp(2ne~!) < 2¢). The second inequality is obtained by inte-
grating the deviations using the standard formula EW < fol (W > log(671))ds with W =

ﬁ{ max (0, R, —2n %) }2 — log(2K).

Proof of Theorem 3.11. The proof goes exactly like for Theorem 3.10. Using (3.7), one can prove
that for any ¢ > 1, with probability at least 1 — §, INF satisfies:
16gn\ 2gn* 27log(2K 61
qn) n® . [2Tlog(2K671)
3mn

R, < LnKl/“reXp(
q—1 3mn m

Proof of Theorem 3.12. One simply need to note that for v > 3Kmn, (3.5) is satisfied (since
B = K/7), and thus (3.6) rewrites

9 Zn 1 K ~
it
EAILE - <1 .
1211122%( tzlpi»t Ii=1 ra 9ot 1 og (1 — fy) + . _,Yn

By taking the expectation, one can see that the same bound holds for R,. The numerical ap-
plication is proved by noticing that the bound is trivial for /20K log(2K) > +/n, whereas for

/20K 1log(2K) < y/n, ituses 1 — > 1 — (20)~'/2 and straightforward computations.
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Proof of Theorem 3.13. The inequality is trivial when \/K/n > 1/10. So we now con-
sider that /K /n < 1/10 and apply (3.8). For the chosen values of ¢,  and v, we have
%(%)(q—l)/q = (&)1 ¢ 3\ﬁ hence 1 < 2.1, and, R,, < 9/0.9vnkK.

Proof of Theorem 3.14. Note that for v > 3Kn(1+20), (3.5) is satisfied (since B = (1+3)K/7),
and thus (3.6) rewrites

1
e Zgzt =i+ 0 Zgb, — BnK <

IisK Dit

K
W(n + pnK) + log <1—’7> .

Let [E; be the expectation resulting from I; ~ p;. Since exp(z) < 1+ 2 + 22 forz < 1, we
have for 3 < 1 and a fixed 7
girlr=i + ﬂ)

E: exp <5gz‘,t - B
Pit
Git L= giilr—i\? 32
<L+ Ee| Bgiy — B———— | + E¢| Bgiy — B—/——— exp| — —
Dit Dit Dit
2
{Hﬁm}e p(_ ﬁ)
pz,t Dit

<1,

where the last inequality uses 1 + u < exp(u). As a consequence, we have

& — giilr,=i+ 0
1
EeXp<ﬁZgi,t—ﬁZW><l
t=1 t=1

Dit

Moreover Markov’s inequality implies P (X > log(d _1)) < 6Ee*X and thus with probability at
least 1 — §/K

(3.22) B g -5y PIETE Clog(KsT).
t=1 t=1 pit
From a union bound, this implies that with probability at least 1 — J, we have
n n —1
gitlr=i + log(Kd™7)
2 i — ’ < )
(3.23) X <;gz,t ; o 5

Thus we get, with probability at least 1 — 4,

(y+BK)n 1 ( K ) 1 <K>
Ry < L2 L Pop (2 ) 4 Z10g ().
L—v n l—v) B 0

The numerical application is proved by noticing that the bound is trivial for \/K log(2K)/n >
1/7, whereas for \/K log(2K)/n < 1/7,ituses 1 —~ > 1 — /2/7 and straightforward com-
putations. The inequality on ER,, is then obtained by integrating the deviations using EW <
I ! sP(W > log(6~1))dé for W a real-valued random variable.

Proof of Theorem 3.15. Actually we prove the following result. Forp > 0, ¢ > 1 and v € (0, 1)
such that gn > (1 + ﬂ)((q L )(qfl)/q. Introduce

[t = exp {W( [(Z{)l/q (1 1 ;;75 ((q —Wl)K)(q—l)/q> 4 s
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and
qa(l +p)(1 +26)
¢= 2
Ui
We assume (9K 91 < 4971 Then in the bandit game, for any § > 0 and any i € {1,..., K},
with probability at least 1 — §, INF satisfies:
n n 1
1 gnKs  yn(1+B9K) (¢ —1)KC\?
Gig = ) 9Lt S Y+ BK)n + +

;” ; o 1—7{( T (- DK a7y
2log(26~ 1) n log(26~1)

3 Ié) ’

(3.24) + 1i’y {\/271 max (v, K¢?)log(20—1) +

Besides, for any § > 0, with probability at least 1 — ¢, INF satisfies:

o oo Lt - oy

1 q—1 (g— DK
(3.25) + 1—17 {\/Qn max (v, K(2)log(20—1) + 210g(325 )} + 10g(2§5 )’

The starting point of the proof is similar to the one of Theorem 3.6. We make use of Theorem
3.20 (and its notations) and straightforward computations to obtain, since v; ; = ;f*i 17—+ p_it,

n

. _
Cl gft,t n < 7’[7[( 1/ —|—7<C S E § Z,ttl)

=1 =1i=1 Pt
2
qp (1+,0 gig(L+28)11,—; +
(3.26) RER LA A ;z; S :
(A

where we used (g; 117,—; + 3)* < gi.+(1 + 28)11,—; + (3 for the last equation. Now note that for

any a > b > c¢ > 0 we have § < 7=¢ and thus for any < 0, we have

b—
9= —-q
Vet i) v +;(+f)> R (1o ) 1ot <(q_1)K>;
v(@) T () - —ap(z)) qn g
Besides we have ﬁ,/ = + (1 — v/ K)1 < q+11/11/‘1 and thus lemma 3.4 gives us

_ (¢-1)/a\ 1

Let us introduce { = %W, and Gy, = >, gp forafixedk € {1,..., K},
Dl = Cn - Gk,na

1 8l 17—
X = Z (Cgi,tpiéq - nggt) <p:tl - 1>7
=2 X
=1
=323 (¢oarll o
it K it |

t=1 i=1

}_
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and

ZZ( 128" Zléq_ﬂ)m

t=1 i=1
Plugging (3.27) into (3.26), we obtain

n
(3.28) (1-7) (D1 n Gk,n) =3 gn. < Bk + q%’anl/q 4 Do+ Sy + Ss.
t=1

We will now provide high probability bounds for D; and D3, and upper bounds with probability

one for S7 and Sy. Hereafter, we consider a confidence level § > 0.

9kt lr,=k+0
Pkt

the argument which lead to (3.22), we have with probability at least 1 — §/2, we have

Lower bound on Dy: By using Inequality (3.2), we have Dy > > " | — G . From

(3.29) BGm — Zw < log(2671),
Pkt

hence | .
og(206~

Upper bound on Dy: To apply the Bernstein inequality given in Theorem 10.2, we need to upper
bound |X;| and EtXtQ, where E; still denotes the expectation resulting from I; ~ p;. Since we
have

/g _ ~ K
Cgft tPr, + — K9t 1/ ¥
(330) Xp=—— "Z( [ o)
t D, — Cgi tP;, ng t
we have X; < g(%)(qfl)/q +y<l4+yand X; > -1 -¢K 1p214q >—1-—(Kl@D/a>_2

where we have used Holder’s inequality and Zi:l pi+ = 1. Therefore, we have | X;| < 2
From (3.30) and the inequalities v < 1 < K, CK(q_l)/q < 'y(q_l)/q, we have

1
Cgft,tp[t/g - %g[ht ) 2

EX}? = VarX; < IE(
Pl t

=romas {1 (e(e) - ) (e ) = e )

Theorem 10.2 implies that with probability at least 1 — 6/2, we have

2log(26~ 1)
— G

ZXt V/2nmax(y, K¢2)log(26—1) +

Upper bound on Sy: Followmg the same arguments as in the proof of (3.8), that is essentially
Holder’s inequality followed by an optimization with respect to the value of Y ;" | g; +, we have

g=1 1K q
5133 (comlt o) < (0% o) = - 2 (22

t=1 i=1
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Upper bound on So: We have

B %1_7u>:’wn<@—iﬂﬂﬁ>q<vmﬂn<@—1ﬂq>q
428" K q—1\ (1+28)gy q—1 @y
Putting the previous bounds into (3.28), we get the first inequality of the theorem. The second

inequality is obtained by replacing (3.29) by

5nKmax (C

8 max, G <0, max, Z W +1og(2K67Y) < BC, + log(2K57Y),
which, from a union bound, also holds with probability at least 1 — ¢/2.

The numerical application (3.12) is proved by using 2/log(20—1) < 1 + log(207!) as well
as noticing that the bound is trivial for 10.7vV/nK > n, whereas for 10.7v/nK < n, one can
successively check that v = /K /n < 1/10.7, § = /log(2K)/nK < 1/4.2, i < 2.92 and
¢ < 5.63/+/n, which leads to the desired result after straightforward computations. The same rea-
sonning leads to (3.11). The inequalities on ER,, are then obtained by integrating the deviations
using EW < [, ! $P(W > log(6~1))dé for W a real-valued random variable.

Proofs of Theorem 3.16 and Theorem 3.17. The proof of Theorem 3.16 goes exactly like for
Theorem 3.12, for yve > 3K7n we have

_ K
Rn<10g< >+ T .
n 1—7 1—x

The proof of Theorem 3.17 is also trivial.

Proof of Theorem 3.18. We prove that for any 7 > 0 and v € (0, 1) such that v > 3Kn(1 + 2)
and yp < K3 with p = 1;“52/6 exp ((1+ 3) Ify"), INF satisfies:

+BK)n 1 K 1 K
RﬁéQQ———+fb <>+b<>
-y n B\1=7) "8 %\

1 enK 1 Jo ~
+sigion (%) - e (3 7) + )

First note that, as we have already seen in the proof of Theorem 3.14, (3.6) gives

M e (K
(g vin) - Zgu\ — taeeli )

Y n

Let {& = max;—1,. g Viy —minj—1 g Vj: and { = max;—1 ., &. Consider a fixed switching
strategy (i1, ..,4n) € {1,..., K}", andlet Vi;, ;= > ", v; . One can easily check that

1%?}( Vi n = V(il,...,z'n) - fS(ih e 7in)-

Let M = Zf:o (”;I)K (K — 1)7 be the number of switching strategies of size not larger than S.
The argument which leads to (3.22) can be used to prove that with probability at least 1 — §/M,
we have

BGiy,iin) = BViir i) S log(M&™1).

By putting the three previous inequalities together, we obtain that with probability at least 1—4§ /M,

G+pE)n 1. [ K : 1o (M
Glir,....in) Zglht\ 1 +nlog T +f$(21,...,zn)+ﬁlog 5 )
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From a union bound, with probability at least 1 — §, we have

n
(y+ 8K 1 K\ L (M
Glinsnin) — D10t < My Sog (<2 ) 4 Zlog (- )+ SE,
) 80 oy s i) = 2 90 S T e\ 0 e glos {5 ) 58

(117 B =1

which is the desired result up to appropriate upper bounds on M and €. We have

s S s
=3 (1 ey <y (1) s ()
=0~ J =0~ 7
where the second inequality comes from Sauer’s lemma. Now, by contradiction, we will prove

~ 1 I] 'y)
3.31 <p—-1 =—— = .
( ) £/ n0g<p K

To this end, we start by bounding C; — C;_;. By the mean value theorem, with the notations of
the third step of the proof of Theorem 3.20, there exists W € [V;_1, V{] such that

Ci—Ci1 =C(Vy) = C (Vi)

= hi(W)  giilp,—i + B
_;ZK hi(W) fi(Vig—1)

7=1
Gitlr,—i + 0
ZW

Zj;n(f]( —/K) hi(Vig—1) + /K
K
1 ]lI =i+ /8 p 1+ K/B
hi( L < 1= +08)=p .
"}/ ; 1 ‘/t 1) 1 _ ’Y ;( t=1 ) 1 _ ’7
From Lemma 3.2, we have p < exp ((1+/) K") hence C;—C;—y < exp ((1+) K”) 1+§6
If (3.31) does not hold, then from Lemma 3.1, there exist T € {1,...,n} and { € {1 , K} such
that Cr—1—Ver—1 < “YB/p)and Cr—Vyr > p—1h~ (ﬂ/ﬁ) (notethatwehave Co—‘/g’o =

11/K)<p—- w (ﬁ/ﬁ) since K3 < p). In particular, we have (V7 — Cr + p) < %,
hence
_ 8 y 3
per YVer—1—Cr—1) ~ v(Ver — Cr+p)
which contradicts the inequality Cr_1 — Vy 71 < C7 — V1. This ends the proof of (3.31), and
consequently of the first inequality of the theorem.
The numerical application given in the second inequality is proved by noticing that the bound

is trivial for 9V Ks > /n, whereas for 90VKs < /n,ituses1 —v > 8/9, p < V3, 3 < 2,
%log(ﬁ) V20log(2K), 5 i )log( ) < % log(K671), wa \gx/nK/s —flog(f—

%) < 3Slog (%) /™ and straightforward computations. The last inequality follows by inte-
grating the deviations.

Vir —Ver—1 2 >p=>Cr—Cr_y,

Proof of Theorem 3.19. We may assume 17 > ... > ug. Using the trivial equality Zfi 1ETi(n) =
n, we have

Rn: :laX EZ 9it — gIt,)
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t=1
. t=1 «
= < Z EE (n)) (Z_I{laX Mz) E Z Nz z Z AZET’Z (n)
i=1 i=1

First step: Decoupling the arms. For an arm kg, we trivially have Zszl ApTi(n) < nlAg, +
ZkK:ko+1 AgTi(n). Let Ay = 400, 2 = p1 — % for kg < £ < K + 1 and 2z, = +o0.
Let Z = minlgsgn Bl,s and Wng = ]]'ZG[Z]‘+1,ZJ‘)(AI€ — Ako)Tk(n)- By using EZZ():l Tk(n) =
n—E Yy 1 Tr(n), we get

K K
Ry =B AyTi(n) <nlp +E > (Ag — Agy)Ti(n).
k=1 k=ko—+1
We have
K
(332) ) (Ak— Ag)Tk(n Z ijk_z Z W,HZ ZWM
k=ko+1 k=ko+1 j=ko Jj=ko k=ko+1 Jj=ko k=j+1

An Abel transformation takes care of the first sum of (3.32):

K
65 3 Y Wt 3 b A a3 ansy A
j=ko k=ko+1 Jj=ko Jj=ko+1

To bound the second sum of (3.32), we introduce the stopping times 7, = min{t : By < z}
and remark that, by definition of MOSS, we have {Z > z;.} C {Tk(n) < 71}, since once we have
pulled 7 times arm £k its index will always be lower than the index of arm 1. This implies

K K K k-1 K K
(3.34) DD Wik= D D Win= D Lz MTe(n) < > Tl
j=ko k=j+1 k=ko+1 j=ko k=ko+1 k=ko+1
Combining (3.32), (3.33) and (3.34) and taking the expectation, we get
K K
(3.35) Ry<nli+ > MEmc+n Y P(Z < 2) (A — Apoy).
k=ko+1 k=Fko+1

Let g = \/% and set ko such that Ap, < dp < Ag,41. If kg = K, we trivially have
R, < néy < V75nK so that (3.13) holds trivially. In the following, we thus consider ky < K.

Second step: Bounding E7;, for by + 1 < k£ < K.
Let log () = max(log(z),0). For £y € N, we have

“+o00
(3.36) Ery — Lo =Y P(r > £) — Lo
£=0
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—+o00 oo
< ZP(Tk > E) = ZP(VLL < g,Bkjt > Zk)

{={y =Ly
“+o00
) Ay [log, (/KD
< IR Y s AUELOR
< ;e: P (Mk,z e 2 i
X0

Now let us take £y = [7log (£ AZ) /AZ] with [x] the smallest integer larger than x. For £ > (o,
since k > kg, we have

n n nA2 LAZ (N2
— )< — )< k)< kg K
log.y (KZ) S logy <K€0> S logy < 7K> ST ST

Ay [log, (n/(KE)
2 V4

> cAyg, with ¢ = % — L. Therefore, by using Hoeffding’s inequality

hence 7

and (3.36), we get

+oo
Ery — Lo < Y P (fike — i = cAy)

=4y
+oo 2 2
exp (—20p(cAy)?) exp(—14c¢*log(75))
3.37 < —20(cA)?) = < ,
(3-37) gejo exp (~20(cAy)’) 1 —exp(—2(cAr)?) = 1—exp(—2c2A3)

where the last inequality uses EOA% > Tlog(75). Plugging the value of ¢j, we obtain
Tlog (A7) | | Apexp(—14c? log(75))
A2 1 —exp (—2c2A2)
log (£A?) N exp(—14¢? log(75))
Ak 202(1 — CQ)Ak
where the last step uses that, since 1 — exp(—z) > x — 22/2 for any = > 0, we have

1 1 1
< <
1 —exp (—2c2A2) ~ 2c2A7 — 22 A} T 22A2(1 - 2)

Third step: Bounding anfszH P(Z < zi)(Ax — Agk_1).

ArET, < Ag (1 +

(3.38) <147

Let X; denote the reward obtained by arm 1 when it is drawn for the ¢-th time. The ran-
dom variables X7, Xs,... are i.i.d. so that we have the maximal inequality [Hoeffding, 1963,
Inequality (2.17)]: forany z > O and m > 1,

P(Hs € {1,...,m},t§;(m - X)) > x) < exp <—2m2> .

m

Since zj, = p1 — Ay/2 and since u — P (Z < p; — u/2) is a nonincreasing function, we have

K 1
u
(339) Y P(Z < z)(Ak — Apo1) < Agy1P(Z < 2ko41) +/ P (Z < pp— —) du.
k=ko+1 Akg+1 2

We will now concentrate on upper bounding P (Z < p1 — %) for a fixed u € [do, 1]. Let f(u) =
8log (y/7u)/u?. We have

1
]P’(Z<u1—2u>

> n SUu
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< P <31 <8< f(u): ) (m—Xe) > [slog, <f?3>)

+ ]P’(Elf(u)<s<n:2(,u1—Xt)>s2u>.

For the first term, we use a peeling argument with a geometric grid of the form 24% flu) < s <
2—1[ f(u). The numerical constant in dy ensures that f(u) < n/K, which implies that for any

s < f(u),log, (4%) =log (7). We have

P (31 << f(w) ) (= Xp) >4 [slog (I?s>>

t=1

1 S U n2¢
< Z}p( 2€+1f u) < s<7f(U)2 l(ﬂl—Xt)>\/gé(—i-l)l()g([(f(u)))

2
£ f () 5 log ( K’}Z(Z)) IXKfu)1 16K n

< — = _— = — — .

< Lee| o 2 T e 8 <\/;“>

For the second term we also use a peeling argument but with a geometric grid of the form 2° f (u) <
s < 2001 £ (u):

<E|s e [f( L} Z p — Xy) > )
ZP <32€ ) < s <2 f(u) ZS:(M - X)) > 2€—1f(u)u)
3o (2 S
- Zz_%exp (—26 Flu)u? /4)

—+00

gZexp( (L+1)f(u)u 2/4)

£=0

1 o
exp (f(u)u2/4) =1  nu2/K —1°

Putting together the last three computations, we obtain

Pz < 1 16K1 n n 1
p1 ot a2 e\ K" nu?/K —1

Plugging this into (3.39) gives

N

K

> P(Z < z) (A — Apy)
k=ko+1

16 K n Ako+1
< I v =A —0
nAgy11 o < K k0+1> i HA% /K=

I g (e ) + log(gli)

+

Agg+1
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K nA? L JK—1 VE D1 — 1
16K enA? K
< 6 log ( k0+1) + (75 + V75 >

16K enA? A [K SN, 1+ 1
< 6 log < k°+1> + Fot1 + %log <K Fotl >

= Nk +1 K 74 V75 =1 ) nAgyt1

where the penultimate inequality uses Ay 1 > 1/ % and log(1 + z) < « for any = > 0.
Gathering the results of the three steps, we get

K o )
§7] 1 A _
Ry < nl\g, + § (1 L7 (%A7) n exp(—14c log(75))>

201 _ 2
kg1 Ak 2c (1 C )Ak
enA?
+ 16K log <k°+1> + (75+ V7o ) K
ko+1 K T4 T5—1) Akett
log (L A2
<nly, + K + (16 + 7)KM + (16 + 16)
Akyt1 Akgt1
log (2 A2 K
< noolacs, + 28K~ (A1) 433
Aggt1 Agg+1
< 23Klog (% max(A, d)?) N 108K
max (A, do) max (A, do)
< 23Klog (222 max(A, 6)?) ’
max (A, dp)

which implies (3.13) and also R, < 24v/nK. Since Proposition 2.1 implies ER,, — R, < VnK,
we have proved (3.14). For (3.15), Proposition 2.1 also implies

£ vnK o K75
207 2 = 2max(A, 5y)’

ER, — R, < min

which implies
log (% max (A, 50)2)
max (A, dp)

ER, < 23K






CHAPTER 4

X -Armed Bandits

We consider a generalization of stochastic bandits where the set of arms, X, is allowed to be
a generic measurable space and the mean-payoff function is “locally Lipschitz” with respect to a
dissimilarity function that is known to the decision maker. Under this condition we construct an
arm selection policy whose regret improves upon previous results for a large class of problems.
In particular, our results imply that if X is the unit hypercube in a Euclidean space and the mean-
payoff function has a finite number of global maxima around which the behavior of the function
is locally Holder with a known exponent, then the expected regret is bounded up to a logarithmic
factor by 1/n, i.e., the rate of the growth of the regret is independent of the dimension of the space.
We also prove the minimax optimality of our algorithm when the dissimilarity is a metric.
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This chapter is a joint work with Rémi Munos, Gilles Stoltz and Csaba Szepesvari. It is
based on the extended version Bubeck et al. [2009d] (currently under submission) of Bubeck et al.
[2009c] which appeared in Advances in Neural Information Processing Systems 22.

1. Introduction

In the classical stochastic bandit problem, described in Chapter 2, a gambler tries to maximize
his revenue by sequentially playing one of a finite number of slot machines that are associated
with initially unknown (and potentially different) payoff distributions [Robbins, 1952]. Assuming
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old-fashioned slot machines, the gambler pulls the arms of the machines one by one in a sequen-
tial manner, simultaneously learning about the machines’ payoff-distributions and gaining actual
monetary reward. Thus, in order to maximize his gain, the gambler must choose the next arm by
taking into consideration both the urgency of gaining reward (“exploitation”) and acquiring new
information (“‘exploration”).

Maximizing the total cumulative payoff is equivalent to minimizing the (total) regret, i.e.,
minimizing the difference between the total cumulative payoff of the gambler and the one of
another clairvoyant gambler who chooses the arm with the best mean-payoff in every round. The
quality of the gambler’s strategy can be characterized as the rate of growth of his expected regret
with time. In particular, if this rate of growth is sublinear, the gambler in the long run plays as well
as the clairvoyant gambler. In this case the gambler’s strategy is called Hannan consistent.

Bandit problems have been studied in the Bayesian framework [Gittins, 1989], as well as in
the frequentist parametric [Lai and Robbins, 1985, Agrawal, 1995a] and non-parametric settings
[Auer et al., 2002], and even in non-stochastic scenarios Auer et al. [2003], Cesa-Bianchi and
Lugosi [2006]. While in the Bayesian-case the question is how to play optimally (i.e., the problem
is really a computational problem), in the frequentist case the question is how to achieve low rate
of growth of the regret in the lack of prior information, i.e., it is a statistical question. In this
chapter we consider the stochastic, frequentist, non-parametric setting.

Although the first papers studied bandits with a finite number of arms, researchers have soon
realized that bandits with infinitely many arms are also interesting, as well as practically sig-
nificant. One particularly important case is when the arms are identified by a finite number of
continuous-valued parameters, resulting in online optimization problems over continuous finite-
dimensional spaces. Such problems are ubiquitous to operations research and control. Examples
are “pricing a new product with uncertain demand in order to maximize revenue, controlling the
transmission power of a wireless communication system in a noisy channel to maximize the num-
ber of bits transmitted per unit of power, and calibrating the temperature or levels of other inputs
to a reaction so as to maximize the yield of a chemical process” [Cope, 2004]. Other examples
are optimizing parameters of schedules, rotational systems, traffic networks or online parameter
tuning of numerical methods. During the last decades numerous authors have investigated such
“continuum-armed” bandit problems [Agrawal, 1995b, Kleinberg, 2004, Auer et al., 2007, Klein-
berg et al., 2008a, Cope, 2004]. A special case of interest, which forms a bridge between the case
of a finite number of arms and the continuum-armed setting, is formed by bandit linear optimiza-
tion, see [Dani et al., 2008] and the references therein.

In many of the above-mentioned problems, however, the natural domain of some of the op-
timization parameters is a discrete set, while other parameters are still continuous-valued. For
example, in the pricing problem different product lines could also be tested while tuning the price,
or in the case of transmission power control different protocols could be tested while optimiz-
ing the power. In other problems, such as in online sequential search, the parameter-vector to be
optimized is an infinite sequence over a finite alphabet [Coquelin and Munos, 2007].

The motivation for this chapter is to handle all these various cases in a unified framework.
More precisely, we consider a general setting that allows us to study bandits with almost no re-
striction on the set of arms. In particular, we allow the set of arms to be an arbitrary measurable
space. Since we allow non-denumerable sets, we shall assume that the gambler has some knowl-
edge about the behavior of the mean-payoff function (in terms of its local regularity around its
maxima, roughly speaking). This is because when the set of arms is uncountably infinite and ab-
solutely no assumptions are made on the payoff function, it is impossible to construct a strategy
that simultaneously achieves sublinear regret for all bandits problems. When the set of arms is a
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continuous metric space previous works have assumed either the global smoothness of the payoff
function [Agrawal, 1995b, Kleinberg, 2004, Kleinberg et al., 2008a, Cope, 2004] or local smooth-
ness in the vicinity of the maxima Auer et al. [2007]. These smoothness assumptions are indeed
reasonable in many practical problems of interest.

In this chapter, we assume that there exists a dissimilarity function that constraints the behavior
of the mean-payoff function. In particular, the dissimilarity function is assumed to locally set a
bound on the decrease of the mean-payoff function at each of its global maxima. We also assume
that the decision maker can construct a recursive covering of the space of arms in such a way that
the diameters of the sets in the covering shrink at a known geometric rate when measured with this
dissimilarity.

Our work generalizes and improves previous works on continuum-armed bandits. Kleinberg
[2004] and Auer et al. [2007] focused on one-dimensional problems. Recently, Kleinberg et al.
[2008a] considered generic metric spaces assuming that the mean-payoff function is Lipschitz
with respect to the (known) metric of the space. They proposed a novel algorithm that achieves
essentially the best possible regret in a minimax sense with respect to these environments. The
goal of this chapter is to further these works in a number of ways:

(i): we allow the set of arms to be a generic measurable space;

(ii): we propose a practical algorithm motivated by the recent successful tree-based op-
timization algorithms Kocsis and Szepesvari [2006], Gelly et al. [2006], Coquelin and
Munos [2007];

(iii): we show that the algorithm is able to exploit higher order of smoothness.

In particular, as we shall argue in Section 5, (i) improves upon the results of Auer et al. [2007],
while (i), (ii) and (iii) improve upon the work of Kleinberg et al. [2008a]. Compared to Kleinberg
et al. [2008a], our work represents an improvement in the fact that just like Auer et al. [2007] we
make use of the local properties of the mean-payoff function around the maxima only and do not
assume a global property, such as Lipschitzness in the whole space. This allows us to obtain a
regret which scales as 6(\/5) ! when, e.g., the space is the unit hypercube and the mean-payoff
function is locally Holder continuous with known exponent in the neighborhood of any global
maximum (these global maxima being finite in number) and bounded away from the maxima out-
side of these neighborhoods. Thus, we get the desirable property that the rate of growth of the
regret is independent of the dimensionality of the input space. We also prove a minimax lower
bound that matches our upper bound up to logarithmic factors, showing that the performance of
our algorithm is essentially unimprovable in a minimax sense. Besides these theoretical advances,
the algorithm is anytime and easy to implement. Since it is based on ideas that have proved to be
efficient in search and planning [Gelly and Silver, 2007, 2008, Schadd et al., 2008, Chaslot et al.,
2008, Finnsson and Bjornsson, 2008], we expect it to perform equally well in practice and to make
a significant impact on how online global optimization is performed.

Outline.

(1) In Section 2 we formalize the X—armed bandit problem.

(2) In Section 3 we describe the basic strategy proposed, called HOO (hierarchical optimistic
optimization).

(3) We present the main results in Section 4. We start by specifying and explaining our as-
sumptions (Section 4.1) under which various regret bounds are proved. Then we prove

'We write 1, = O(v,) when u,, = O(vy,) up to a logarithmic factor.
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a distribution-dependent bound for the basic version of HOO (Section 4.2). A prob-
lem with the basic algorithm is that its computational cost increases quadratically with
the number of time steps. Assuming the knowledge of the horizon, we thus propose a
computationally more efficient variant of the basic algorithm, called truncated HOO and
prove that it enjoys a regret bound identical to the one of the basic version (Section 4.3)
while its computational complexity is only log-linear in the number of time steps. The
first set of assumptions constrains the mean-payoff function everywhere. A second set
of assumptions is therefore presented that puts constraints on the mean-payoff function
only in a small vicinity of its global maxima; we then propose another algorithm, called
local HOO, which is proven to enjoy a regret again essentially similar to the one of the
basic version (Section 4.4). Finally, we prove the minimax optimality of HOO in metric
spaces (Section 4.5).
(4) In Section 5 we compare the results of this chaper with previous works.

2. Problem setup

A stochastic bandit problem B is a pair B = (X', M), where X" is a measurable space of arms
and M determines the distribution of rewards associated with each arm. We say that M is a bandit
environment on X. Formally, M is an mapping X — M;(R), where M;(R) is the space of
probability distributions over the reals. The distribution assigned to arm « € X is denoted by M.
We require that for each arm x € X, the distribution M, admits a first-order moment; we then
denote by f(x) its expectation (“mean payoff™),

f(z) = / y dMa(y)

The mean-payoff function f thus defined is assumed to be measurable. For simplicity, we shall
also assume that all M/, have bounded supports, included in some fixed bounded interval?, say, the
unit interval [0, 1]. Then, f also takes bounded values, in [0, 1].

A decision maker (the gambler of the introduction) that interacts with a stochastic bandit
problem B plays a game at discrete time steps according to the following rules. In the first round
the decision maker can select an arm X; € X and receives a reward Y; drawn at random from
Mx,. Inround n > 1 the decision maker can select an arm X,, € X based on the information
available up to time n, i.e., (X1,Y7,..., X1, Y,—1), and receives a reward Y;, drawn from My,
independently of (X1,Y7,..., X,,—1,Y,_1) given X,,. Note that a decision maker may randomize
his choice, but can only use information available up to the point in time when the choice is made.

Formally, a strategy of the decision maker in this game (“bandit strategy”) can be described
by an infinite sequence of measurable mappings, ¢ = (1, ¢2,...), where ¢, maps the space of
past observations,

M, = (X x [0,1])" ",
to the space of probability measures over X. By convention, ¢; does not take any argument. A
strategy is called deterministic if for every n, ¢, is a Dirac distribution.

The goal of the decision maker is to maximize his expected cumulative reward. Equivalently,
the goal can be expressed as minimizing the expected cumulative regret, which is defined as fol-
lows. Let

fr=sup f(x)

zekX

“More generally, our results would also hold when the tails of the reward distributions are uniformly sub-Gaussian.
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be the best expected payoff in a single round. At round n, the cumulative regret of a decision
maker playing B is

Ry=nf"=> f(X).
t=1

Note that this definition differs from the ones in Chapter 2 and 3. Indeed, in stochastic bandits
games the distinction between regret and pseudo-regret is rather unnatural. From now we shall
call E[R,,] the expected regret (rather than the pseudo-regret) and focus on this quantity.

REMARK 4.1. As it is argued in Chapter 6, in many real-world problems, the decision maker
is not interested in his cumulative regret but rather in its simple regret. The latter can be defined
as follows. After n rounds of play in a stochastic bandit problem B, the decision maker is asked to
make a recommendation Z, € X based on the n obtained rewards Y1, ...,Y,. The simple regret
of this recommendation equals

rn:f*_f(Zn)
In this chaper we focus on the cumulative regret R, but all the results can be readily extended to
the simple regret by considering the recommendation Z, = Xr,, where T}, is drawn uniformly at
randomin {1,...,n}. Indeed, in this case,
E[Ry]
-

E ['rn] <

3. The Hierarchical Optimistic Optimization (HOO) strategy

The HOO strategy (cf. Algorithm 1) incrementally builds an estimate of the mean-payoff func-
tion f over X'. The core idea (as in previous works) is to estimate f precisely around its maxima,
while estimating it loosely in other parts of the space X'. To implement this idea, HOO maintains a
binary tree whose nodes are associated with measurable regions of the arm-space X such that the
regions associated with nodes deeper in the tree (further away from the root) represent increasingly
smaller subsets of X’. The tree is built in an incremental manner. At each node of the tree, HOO
stores some statistics based on the information received in previous rounds. In particular, HOO
keeps track of the number of times a node was traversed up to round n and the corresponding
empirical average of the rewards received so far. Based on these, HOO assigns an optimistic es-
timate (denoted by B) to the maximum mean-payoff associated with each node. These estimates
are then used to select the next node to “play”. This is done by traversing the tree, beginning
from the root, and always following the node with the highest B—value (cf. lines 4—14 of Algo-
rithm 1). Once a node is selected, a point in the region associated with it is chosen (line 16) and is
sent to the environment. Based on the point selected and the received reward, the tree is updated
(lines 18-33).

The tree of coverings which HOO needs to receive as an input is an infinite binary tree whose
nodes are associated with subsets of X'. The nodes in this tree are indexed by pairs of integers
(h,i); node (h,i) is located at depth h > 0 from the root. The range of the second index, i,
associated with nodes at depth A is restricted by 1 < i < 2. Thus, the root node is denoted by
(0,1). By convention, (h + 1,2i — 1) and (h + 1, 27) are used to refer to the two children of the
node (h, ). Let P ; C X be the region associated with node (h, 7). By assumption, these regions
are measurable and must satisfy the constraints

(4.1a) Po1 =X,

)

(4.1b) Pri = Pni1.2i-1 Y Pri1.2i, forall h > 0and 1 <4 < 2™
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As a corollary, the regions P}, ; at any level h > 0 cover the space X,

2h
X =] P,
=1

explaining the term “tree of coverings”.

In the algorithm listing the recursive computation of the B—values (lines 28—33) makes a local
copy of the tree; of course, this part of the algorithm could be implemented in various other ways.
Other arbitrary choices in the algorithm as shown here are how tie breaking in the node selection
part is done (lines 9-12), or how a point in the region associated with the selected node is chosen
(line 16). We note in passing that implementing these differently would not change our results.

To facilitate the formal study of the algorithm, we shall need some more notation. In particular,
we shall introduce time-indexed versions (7y,, (Hy, I5,), Xy, Yy, [ini(n), etc.) of the quantities
used by the algorithm. The convention used is that the indexation by n is used to indicate the value
taken at the end of the n—th round.

In particular, 7, is used to denote the finite subtree stored by the algorithm at the end of round
n. Thus, the initial tree is 7o = {(0, 1)} and it is expanded round after round as

Ty =Ty U{(Hn, In)},

where (H,, I,,) is the node selected in line 16. We call (H,,, I,) the node played in round n. We
use X, to denote the point selected by HOO in the region associated with the node played in round
n, while Y,, denotes the received reward.

Node selection works by comparing B—values and always choosing the node with the highest
B-value. The B-value, By, ;(n), at node (h, i) by the end of round 7 is an estimated upper bound
on the mean-payoff function at node (h, 7). To define it we first need to introduce the average of
the rewards received in rounds when some descendant of node (h, %) was chosen (by convention,
each node is a descendant of itself):

n,i(n) = Tm( ;Y}H{ (Hy,I)EC(hyi)} -

Here, C(h, i) denotes the set of all descendants of a node (h, ¢) in the infinite tree,
C(h,i) = {(h,1)} UC(h+1,2i — 1) UC(h + 1,2i),

and T}, ;(n) is the number of times a descendant of (A, ) is played up to and including round n,
that is,

Thi(n ZH{Ht,It yeC(hyi)} -

A key quantity determining By, ;(n) is Uh,i( ), an initial estimate of the maximum of the mean-
payoff function in the region P}, ; associated with node (h, i):

2lnn

Fin(n) + +u1pl, i Ty i(n) > 0;

(4.2) Upi(n) = Thi(n)
400, otherwise.

In the expression corresponding to the case T} ;(n) > 0, the first term added to the average of

rewards accounts for the uncertainty arising from the randomness of the rewards that the average

is based on, while the second term, v ph, accounts for the maximum possible variation of the
mean-payoff function over the region Py, ;. The actual bound on the maxima used in HOO is
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Algorithm 1  The HOO strategy

Parameters: Two real numbers 1 > 0 and p € (0, 1), a sequence (Pp,;), >0 1<i<2n Of subsets
of X satisfying the conditions (4.1a) and (4.1b).
Auxiliary function LEAF(7): outputs a leaf of 7.
Initialization: 7 = {(0,1)} and B 3 = By = +0c.

1: forn=1,2,...do > Strategy HOO in round n > 1
2: (h,i) < (0,1) > Start at the root
3: P — {(h,i)} > P stores the path traversed in the tree
4: while (h,i) € 7 do > Search the tree 7
5: if By 12i—1 > Bpi1,2; then > Select the “more promising” child
6: (h,i) «— (h+1,2i — 1)

7 else if Bh+1,2i—1 < Bh+1,2i then

8: (h,i) < (h+1,2i)

9: else > Tie-breaking rule
10: Z ~ Ber(0.5) > e.g., choose a child at random
11: (h,i) «— (h+1,2i — Z)

12: end if

13: P — PU{(h,i)}

14: end while

15: (H,I) < (h,i) > The selected node
16: Choose arm X in Py ; and play it > Arbitrary selection of an arm
17: Receive corresponding reward Y

18: T —TU{(H,I)} > Extend the tree

19: for all (h,i) € P do > Update the statistics 7" and /i stored in the path
20: Thi<—Th;+1 > Increment the counter of node (h, i)
21: fh,i — (1 — 1/Th7i)ﬂh7,~ +Y/Th; > Update the mean /iy, ; of node (h, 1)
22: end for

23: for all (h,i) € 7 do > Update the statistics U stored in the tree
24: Uni < fni ++/2Inn) /Ty ; + v ph > Update the U—value of node (h, i)
25: end for

26: Bri121-1 « +00 > B—values of the children of the new leaf
27: Bpi1or «+ +00

28: T T > Local copy of the current tree 7

29:  while 7’ # {(0,1)} do > Backward computation of the B—values
30: (h,i) <« LEAF(7) > Take any remaining leaf
31: B — min{UM, max{Bh11,2i1, Bh+172i}} > Backward computation
32: T —T'\{(h,i)} > Drop updated leaf (h, 1)
33: end while

34: end for

defined recursively by

min{ U i(n), max{By1,2i-1(n), Bri12i(n)} |, if (hy1) € To;

By,i(n) = '
+00, otherwise.

The role of By, ;(n) is to put a tight, optimistic, high-probability upper bound on the best mean-
payoff that can be achieved in the region Py, ;. By assumption, Py ; = Phry12i-1 U Phy1,2.
Thus, assuming that By, 1 2;—1(n) (resp., By41,2i(n)) is a valid upper bound for region Pp, 11 2;—1
(resp., Phy1,2i), we see that max{BhH,gi,l(n), Bh+172i(n)} must be a valid upper bound for
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/ Followed path

/ Selected node
(H,.1,)

X / Pulled point X,

| | | | I | |
[ [ [ [ [ [ |

Figure 1: Ilustration of the node selection procedure in round n. The tree represents 7,. In the
illustration, Bjy12;—1(n — 1) > Bpi1.2i(n — 1), therefore, the selected path included the node
(h 4 1,2i — 1) rather than the node (h + 1, 27).

region Py, ;. Since Up ;(n) is another valid upper bound for region P}, ;, we get a tighter upper
bound by taking the minimum of these bounds.

Obviously, for leafs (h, ) of the tree 7,,, one has By, ;(n) = Upi(n), while close to the root
one may expect that By, ;(n) < Uy, ;(n); that is, the upper bounds close to the root are expected to
be less biased than the ones associated with nodes farther away from the root.

Note that at the beginning of round n, the algorithm uses By, ;(n — 1) to select the node
(Hp, I,) to be played (since By, ;(n) will only be available at the end of round n). It does so
by following a path from the root node to an inner node with only one child or a leaf and finally
considering a child (H,, I,,) of the latter; at each node of the path, the child with highest B—value
is chosen, till the node (H,, I,,) with infinite B—value is reached.

Hlustrations. Figure 1 illustrates the computation done by HOO in round n, as well as the corre-
spondence between the nodes of the tree constructed by the algorithm and their associated regions.
Figure 2 shows trees built by running HOO for a specific environment.

Computational complexity. At the end of round n, the size of the active tree 7,, is at most n,
making the storage requirements of HOO linear in n. In addition, the statistics and B—values of
all nodes in the active tree need to be updated, which thus takes time O(n). HOO runs in time
O(n) at each round n, making the algorithm’s total running time up to round n quadratic in n. In
Section 4.3 we modify HOO so that if the time horizon ng is known in advance, the total running
time is O(ngInng), while the modified algorithm will be shown to enjoy essentially the same
regret bound as the original version.



4. MAIN RESULTS 89

l
il
I
[

i 1 i
LT T L1

i 'i"ﬂ}" T
" "’ LTI yl

/ &"“ MWM i &W %ﬁa' B

Figure 2: The trees (bottom figures) built by HOO after 1,000 (left) and 10,000 (right)
rounds. The mean-payoff function (shown in the top part of the figure) is x € [0,1] —
1/2(sin(13z) sin(27z) + 1); the corresponding payoffs are Bernoulli-distributed. The inputs of
HOO are as follows: the tree of coverings is formed by all dyadic intervals, v; = 1 and p = 1/2.
The tie-breaking rule is to choose a child at random (as shown in the Algorithm 1), while the points
in X to be played are chosen as the centers of the dyadic intervals. Note that the tree is extensively
refined where the mean-payoff function is near-optimal, while it is much less developed in other
regions.

4. Main results

We start by describing and commenting the assumptions that we need to analyze the regret of
HOQO. This is followed by stating the first upper bound, followed by some improvements on the
basic algorithm. The section is finished by the statement of our results on the minimax optimality
of HOO.

4.1. Assumptions. The main assumption will concern the “smoothness” of the mean-payoff
function. However, somewhat unconventionally, we shall use a notion of smoothness that is built
around dissimilarity functions rather than distances, allowing us to deal with function classes of
highly different smoothness orders in a unified manner. Before stating our smoothness assump-
tions, we define the notion of a dissimilarity function and some associated concepts.

DEFINITION 4.1 (Dissimilarity). A dissimilarity ¢ over X is a non-negative mapping { : X? —
R satisfying {(z,x) = 0 forall z € X.
Given a dissimilarity ¢, the diameter of a subset A of X as measured by ¢ is defined by

diam(A) = sup {(z,y),
T,YyeA

while the {—open ball of X with radius € > 0 and center x € X is defined by
B(z,e)={yeX : lx,y)<e}.

Note that the dissimilarity ¢ will be mostly used in the theoretical analysis of HOO; however, by
carefully choosing the parameters of HOO (the tree of coverings and the real numbers v; > 0 and
p < 1) for the (set of) two assumptions below to be satisfied, the user of the algorithm effectively
chooses a dissimilarity. He however does not have to construct it explicitly.
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Assumptions Given the parameters of HOO, that is, the real numbers v; > 0 and p € (0,1)
and the tree of coverings (P}, ;), there exists a dissimilarity function £ such that the following two
assumptions are satisfied.

Al. There exists v5 > 0 such that for all integers h > 0,
(a) diam(Pp,;) < viphforalli=1,...,2"
(b) foralli =1,...,2", there exists z}, ; € P ; such that

def °
B = B(x5, 5, v2p™) C Ph;
(©) BpiNBp;=0forall 1 <i<j<2m
A2. The mean-payoff function f satisfies that for all x,y € X,

4.3) 5= fy) < = flo) + max{f* — f(z), {(z,y)} .

Assumption A1 ensures that the regions in the tree of coverings (P4 ;) shrink exactly at a
geometric rate. The following example shows how to satisfy A1 when the domain & is a D—
dimensional hyper-rectangle and the dissimilarity is some positive power of the Euclidean (or
supremum) norm.

EXAMPLE 4.1. Assume that X is a D-dimension hyper-rectangle and consider the dissimi-
larity ¢(z,y) = b||lx —y
norm. Define the tree of coverings (P ;) in the following inductive way: let Py 1 = X. Given a
node Py, ;, let Pp112i—1 and Pp1,2; be obtained from the hyper-rectangle Py, ; by splitting it in
the middle along its longest side (ties can be broken arbitrarily).

We now argue that Assumption Al is satisfied. With no loss of generality we take X = [0, 1],
Then, for all integers u > 0and 0 < k< D — 1,

diam(PuD+k’1) =b <21UHD — 2]6) <b (é?) .

It is now easy to see that Assumption Al is satisfied for the indicated dissimilarity, e.g., with the
choice of the parameters p = 27D and vy = b (2\/5)af0r HOO, and the value vy = b/2°.

9, where a > 0 and b > 0 are real numbers and || - ||2 is the Euclidean

EXAMPLE 4.2. In the same setting, with the same tree of coverings (P, ;) over X = [0,1]%,
but now with the dissimilarity {(x,y) = bl|lx — y||%, we get that for all integers v > 0 and

a
o’

2u
This time, Assumption Al is satisfied, e.g., with the choice of the parameters p = 2~%P and
v1 = b2 for HOO, and the value vy = b/2°.

1 a
diam(Pyp4k,1) = b ( ) .

The second assumption, A2, concerns the environment; when Assumption A2 is satisfied, we
say that f is weakly Lipschitz with respect to (w.r.t.) £. The choice of this terminology follows
from the fact that if f is 1-Lipschitz w.r.t. , i.e., forall z,y € X, one has | f(z) — f(y)| < £(z,y),
then it is also weakly Lipschitz w.r.t. /.

On the other hand, weak Lipschitzness is a milder requirement. It implies local (one-sided)
1-Lipschitzness at any global maximum, since at any arm x* such that f(z*) = f*, the criterion
(4.3) rewrites to f(z*) — f(y) < £(z*,y). In the vicinity of other arms x, the constraint is milder
as the arm = gets worse (as f* — f(x) increases) since the condition (4.3) rewrites to

VyeX,  f(z)- fly) <max{f" - f(z), {(z,y)}.
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Figure 3: Illustration of the property of weak Lipschitzness.

Here is another interpretation of these two facts; it will be useful when considering local
assumptions in Section 4.4 (a weaker set of assumptions). First, concerning the behavior around
global maxima, Assumption A2 implies that for any set A C X’ with sup,c 4 f(z) = f*,

(4.4) f* — inf f(2) < diam(A).

Second, it can be seen that Assumption A2 is equivalent® to the following property: for all z € X
ande > 0,

4.5) Bla, [" = f(@) +€) C Xy i) se

where
X-={zeX:f(x)>f" —¢}
denotes the set of e—optimal arms. This second property essentially states that there is no sud-
den and large drop in the mean-payoff function (note that this property can be satisfied even for
discontinuous functions).
Figure 3 presents an illustration of the two properties discussed above.

Before stating our main results, we provide a straightforward, though useful consequence of
Assumptions Al and A2, which should be seen as an intuitive justification for the third term in
(4.2).

For all nodes (h, i), let

fri= suwp flz) and  Api=f"—fh;.
z€Ph
Ay, ; is called the suboptimality factor of node (h,7). Depending whether it is positive or not, a
node (h, ) is called suboptimal (A, ; > 0) or optimal (A, ; = 0).

LEMMA 4.1. Under Assumptions Al and A2, if the suboptimality factor Ay, ; of a region Py, ;
is bounded by cv1 p" for some ¢ > 0, then all arms in Py, are max{2c,c+ 1} vy pl—optimal, that
is,

Ph,i C Xmax{Qc,c+1}V1ph :
PROOF. For all § > 0, we denote by z} ,(6) an element of P, ; such that
f@hi(0) = fri—06=[f"—Api—90.
3That Assumption A2 implies (4.5) is immediate; for the converse, it suffices to consider, for each y € X, the sequence

e = (tay) = (5 = 1)), +1/n,

where (- )4 denotes the nonnegative part.
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By the weak Lipschitz property (Assumption A2), it then follows that for all y € Py, ;,

= F) < S = F(@,00)) + max{ £ = £(w7,40)), £(5,400), v) }
< Api+ 0+ max{Ay; + 6, diamPp; } .

Letting 6 — 0 and substituting the bounds on the suboptimality and on the diameter of Py, ;
(Assumption A1) concludes the proof. O

4.2. Upper bound for the regret of HOO. Auer et al. [Auer et al., 2007, Assumption 2]
observed that the regret of a continuum-armed bandit algorithm should depend on how fast the
volumes of the sets of e—optimal arms shrink as ¢ — 0. Here, we capture this by defining a
new notion, the near-optimality dimension of the mean-payoff function. The connection between
these concepts, as well as with the zooming dimension defined by Kleinberg et al. [2008a], will be
further discussed in Section 5. We start by recalling the definition of packing numbers.

DEFINITION 4.2 (Packing number). The e—packing number N (X, {,¢) of X w.rt. the dis-
similarity ¢ is the size of the largest packing of X with disjoint {—open balls of radius €. That
is, N(X,L,¢) is the largest integer k such that there exists k disjoint {—open balls with radius €
contained in X.

We now define the c—near-optimality dimension, which characterizes the size of the sets X.
as a function of €. It can be seen as some growth rate in € of the metric entropy (measured in terms
of ¢ and with packing numbers rather than covering numbers) of the set of ce—optimal arms.

DEFINITION 4.3 (Near-optimality dimension). For ¢ > 0 the c—near-optimality dimension of
fwrt £ equals
In N (Xee, 0, €
max {0, lim sup (ce)} .

=0 ln(a—l)

The following example shows that using a dissimilarity (rather than a metric, for instance)
may sometimes allow for a significant reduction of the near-optimality dimension.

EXAMPLE 4.3. Let X = [0,1]P and let f : [0,1]P — [0, 1] be defined by f(x) = 1—||z||* for
some a > 1 and some norm ||| on RP. Consider the dissimilarity { defined by {(z,y) = ||z —y||%
We shall see in Example 4.4 that f is weakly Lipschitz w.r.t. £ (in a sense however slightly weaker
than the one given by (4.4) and (4.5) but sufficiently strong to ensure a result similar to the one of
the main result, Theorem 4.1 below). Here we claim that the c—near-optimality dimension (for any
c > 0)of fwrt is 0. On the other hand, the c—near-optimality dimension (for any ¢ > 0) of f
w.rt. the dissimilarity ¢’ defined, for 0 < b < a, by /'(z,y) = ||z — y||> is (1/b — 1/a)D > 0. In
particular, when a > 1 and b = 1, the c—near-optimality dimension is (1 — 1/a)D.

PROOF. (sketch) Fix ¢ > 0. The set X, is the || - ||-ball with center 0 and radius
(cs)l/ ¢ that is, the /-ball with center 0 and radius ce. Its e—packing number w.r.t. ¢
is bounded by a constant depending only on D, ¢ and a; hence, the value 0 for the
near-optimality dimension w.r.t. the dissimilarity ¢.

In case of ¢/, we are interested in the packing number of the || - ||-ball with center
0 and radius (c£)'/® w.r.t. #/~balls. The latter is of the order of

D
((05)1/a> _ CD/a(gil)(l/bfl/a)D _
2176 ’

hence, the value (1/b — 1/a)D for the near-optimality dimension in the case of the
dissimilarity ¢’
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Note that in all these cases the c—near-optimality dimension of f is independent of
the value of c. ]

We can now state our first main result. The proof is presented in Section 6.1.

THEOREM 4.1 (Regret bound for HOO). Consider HOO tuned with parameters such that As-
sumptions Al and A2 hold for some dissimilarity (. Let d be the 411 /va—near-optimality dimension
of the mean-payoff function f w.r.t. £. Then, for all d’ > d, there exists a constant y such that for
alln > 1,

E [Rn] <~ (@ +1)/(d+2) (m n) 1/(d'+2)

Note that if d is infinite, then the bound is vacuous. The constant - in the theorem depends on
d’ and on all other parameters of HOO and of the assumptions, as well as on the bandit environment
M. The next section will exhibit a refined upper bound with a more explicit value of ~y in terms of
all these parameters.

REMARK 4.2. The tuning of the parameters of HOO is critical for the assumptions to be
satisfied, thus to achieve a good regret; given some environment, one should select the parameters
of HOO such that the near-optimality dimension of the mean-payoff function is minimized. In the
lack of knowledge of the mean-payoff function This might be difficult to achieve. Thus, ideally,
these parameters should be selected adaptively based on the observation of some preliminary
sample. For now, the investigation of this possibility is left for future work.

4.3. Improving the running time when the time horizon is known. A deficiency of the
basic HOO algorithm is that its computational complexity scales quadratically with the number
of time steps. In this section we propose a simple modification to HOO that achieves essentially
the same regret as HOO and whose computational complexity scales only log-linearly with the
number of time steps. The needed amount of memory is still linear. We work out the case when
the time horizon, ng, is known in advance. The case of unknown horizon can be dealt with by
resorting to the doubling trick.

We consider two modifications to the algorithm described in Section 3. First, the quantities
Uh,i(n) of (4.2) are redefined by replacing the factor In n by In ng, that is, now

Unhi(n) = fipi(n) +

(This results in a policy exploring somewhat more uniformly the arms.) The definition of the B—
values in terms of the U, ;(n) is unchanged. A pleasant consequence of the above modification
is that the B—value of a given node changes only when this node is part of a path selected by
the algorithm. Thus at each round n, only the nodes along the chosen path need to be updated
according to the obtained reward.

However, and this is the reason for the second modification, in the basic algorithm, a path at
round n may be of length linear in n (because the tree could have a depth linear in n). This is why
we also truncate the trees 7,, at a depth D,,, of the order of Inng. More precisely, the algorithm
now selects the node (H,,, I,,) to pull at round n by following a path in the tree 7,,_1, starting from
the root and choosing at each node the child with the highest B—value (with the new definition
above using Inng), and stopping either when it encounters a node which has not been expanded
before or a node at depth equal to

[ (nng)/2 —In(1/v1)
n, = [
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(It is assumed that ng > 1/v? so that D,,, > 1.) Note that since no child of a node (D,,,, i) located
at depth D,,, will ever be explored, its B—value at round n < ng simply equals UDnO,Z-(n).

We call this modified version of HOO the truncated HOO algorithm. The computational
complexity of updating all B—values at each round 7 is of the order of D,,, and thus of the order
of Inng. The total computational complexity up to round nyg is therefore of the order of ng In ng,
as claimed in the introduction of this section.

As the next theorem indicates this new procedure enjoys almost the same cumulative regret
bound as the basic HOO algorithm.

THEOREM 4.2 (Upper bound on the regret of truncated HOO). Fix a horizon ng such that
Dy, = 1. Then, the regret bound of Theorem 4.1 still holds true at round ng for truncated HOO
up to an additional additive 4./nq factor.

4.4. Local assumptions. In this section we weaken somewhat the weak Lipschitz assump-
tion and require it only to hold locally around the maximum. For the sake of simplicity and to
derive exact constants we also state in a more explicit way the assumption on the near-optimality
dimension. We then propose a simple and efficient adaptation of the HOO algorithm suited for
this context.

4.4.1. Modified set of assumptions.

Assumptions Given the parameters of (the adaption of) HOO, that is, the real numbers 1, > 0
and p € (0,1) and the tree of coverings (P, ;), there exists a dissimilarity function ¢ such that
Assumption A1 (for some 5 > 0) as well as the following two assumptions hold.
A2’. There exists g > 0 such that for all optimal subsets A C X (i.e., sup,c 4 f(z) = f*)
with diameter diam(.A) < &,
= ;gﬁ‘f(m) < diam(A).
Further, there exists L > 0 such that for all z € X, and € € [0, £,

Bz, /"~ fa)+e) Yoo e te) °
A3. There exist C' > 0 and d > 0 such that for all ¢ < &,
N(Xee, €, €) < Ce4,
where ¢ = 4Lvy [vs.

When f satisfies Assumption A2’, we say that f is eg—locally L-weakly Lipschitz w.r.t. £.
Note that this assumption was obtained by weakening the characterizations (4.4) and (4.5) of weak
Lipschitzness.

Assumption A3 is not a real assumption but merely a reformulation of the definition of near
optimality (with the small added ingredient that the limit can be achieved, see the second step of
the proof of Theorem 4.1 in Section 6.1).

EXAMPLE 4.4. We consider again the domain X and function f studied in Example 4.3 and
prove (as announced beforehand) that f is eg—locally 2°~'—weakly Lipschitz w.r.t. the dissimilarity
¢ defined by {(x,y) = ||z — y||*s which, in fact, holds for all ¢.

PROOF. Note that * = (0,...,0) is such that f* = 1 = f(«*). Therefore, for
allz € X,

[P =) = =z* = 4", ),
which yields the first part of Assumption A2’. To prove that the second part is true for
L = 21 and with no constraint on the considered &, we first note that since a > 1, it
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holds by convexity that (u +v)® < 2%~ (u® + v?) for all u, v € R. Now, forall e > 0
andy € B(z, ||z[|* +¢€), i.e., y such that {(z,y) = ||z — y||* < |lz]|* +,

=1 =yl < (=l + llz =l < 227 (el + llz = yl®) < 2072l +¢),
which concludes the proof of the second part of A2’. U

4.4.2. Modified HOO algorithm. We now describe the proposed modifications to the basic
HOO algorithm.

We first consider, as a building block, the algorithm called z—HOO, which takes an integer z
as an additional parameter to the ones of HOO. Algorithm z—HOO works as follows: it never plays
any node with depth smaller or equal to z — 1 and starts directly the selection of a new node at
depth z. To do so, it first picks the node at depth z with the best B—value, chooses a path and then
proceeds as the basic HOO algorithm. Note in particular that the initialization of this algorithm
consists (in the first 2% rounds) in playing once each of the 2% nodes located at depth z in the tree
(since by definition a node that has not been played yet has a B—value equal to +00). We note in
passing that when z = 0, algorithm z—HOO coincides with the basic HOO algorithm.

Algorithm local HOO employs the doubling trick in conjunction with consecutive instances
of z—HOO. It works as follows. The integers r > 1 will index different regimes. The r—th regime
starts at round 2" — 1 and ends when the next regime starts; it thus lasts for 2" rounds. At the
beginning of regime r, a fresh copy of z,~HOO, where z, = [log, ], is initialized and is then
used throughout the regime.

Note that each fresh start needs to pull at least once each of the 2*~ nodes located at depth
zr (the number of these nodes is =~ r). However, since round r lasts for 2" time steps (which is
exponentially larger than the number of nodes to explore), the time spent on the initialization of
z,—HOO in any regime 7 is greatly outnumbered by the time spent in the rest of the regime.

In the rest of this section, we propose first an upper bound on the regret of z—HOO (with exact
and explicit constants). This result will play a key role in proving a bound on the performance of
local HOO.

4.4.3. Adaptation of the regret bound. In the following we write hg for the smallest integer
such that
211 pho < €p
and consider the algorithm z-HOO, where z > hg. In particular, when z = 0 is chosen, the
obtained bound is the same as the one of Theorem 4.1, except that the constants are given in
analytic forms.

THEOREM 4.3 (Regret bound for z—HOO). Consider z—HOO tuned with parameters v and p
such that Assumptions Al, A2’ and A3 hold for some dissimilarity ¢ and the values vo, L, €y, C, d.
If, in addition, z > hg and n > 2 is large enough so that

1 In(4Lvin) —In(ylnn)

"Ndte n(1/p) ’
where 4
_ 4CLvwy 16
7T W -1 (u%;ﬁ " 9) ’

then the following bound holds for the expected regret of 2—HOO:

BlR] < (14 25z ) (400an) V4D 09 4 (2 1) (B4}
1
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The proof, which is a modification of the proof to Theorem 4.1, can be found in Section 6.3
of the Appendix. The main complication arises because the weakened assumptions do not allow
one to reason about the smoothness at an arbitrary scale; this is essentially due to the threshold
€o used in the formulation of the assumptions. This is why in the proposed variant of HOO we
discard nodes located too close to the root (at depth smaller than hg — 1). Note that in the bound
the second term arises from playing in regions corresponding to the descendants of “poor”” nodes
located at level z. In particular, this term disappears when z = 0, in which case we get a bound on
the regret of HOO provided that 2v; < ¢¢ holds.

EXAMPLE 4.5. We consider again the setting of Examples 4.2, 4.3, and 4.4. The domain is
X = [0,1]P and the mean-payoff function f is defined by f(x) = 1 — ||x||%,. We assume that
HOO is run with parameters p = (1/4)Y/P and vy = 4. We already proved that Assumptions Al,
A2’ and A3 are satisfied with the dissimilarity {(x,y) = ||z — yl||%, the constants vy = 1/4,
L=2d=0,and* C = 128D/2, as well as any €9 > 0 (that is, with hg = 0). Thus, resorting to
Theorem 4.3 (applied with z = 0), we obtain

32 x 128072

41/D — (42/D + 9)

and get

E[R,] < (1 +42/D)\/32’ynlnn = \/exp(O(D)) nlnn.

Under the prescribed assumptions, the rate of convergence is of order \/n no matter the ambient
dimension D. Although the rate is independent of D, the latter impacts the performance through
the multiplicative factor in front of the rate, which is exponential in D. This is, however, not an
artifact of our analysis, since it is natural that exploration in a D—dimensional space comes at
a cost exponential in D. (The exploration performed by HOO combines an initial global search,
which is bound to be exponential in D, and a local optimization, whose regret is of the order of

vn.)

THEOREM 4.4 (Regret bound for local HOO). Consider local HOO and assume that its pa-
rameters are tuned such that Assumptions Al, A2’ and A3 hold for some dissimilarity £. Then the
expected regret of local HOO is bounded (in a distribution-dependent sense) as follows,

E[R,] = 6(n(d+1)/(d+2)> .

4.5. Minimax optimality in metric spaces. In this section we provide two theorems showing
the minimax optimality of HOO in metric spaces. The notion of packing dimension is key.

DEFINITION 4.4 (Packing dimension). The {—packing dimension of a set X (w.r.t. a dissimi-
larity £) is defined as
i InN (X, 4, ¢)
imsup ———————=.
G ey

For instance, it is easy to see that whenever ¢ is a norm, compact subsets of R” with non-
empty interiors have a packing dimension of D.

Let Fx , be the class of all bandit environments on A" with a weak Lipschitz mean-payoff
function (i.e., satisfying Assumption A2). For the sake of clarity, we now denote, for a bandit

“To compute C, one can first note that 4Lv4 /v2 = 128; the question at hand for Assumption A3 to be satisfied is

therefore to upper bound the number of balls of radius /¢ (w.r.t. the supremum norm || - || ) that can be packed in a

ball of radius v/128¢, giving rise to the bound C' < v/ 128”7,
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strategy  and a bandit environment M on X, the expectation of the cumulative regret of ¢ over
M at time n by Epr [ Ry ()]

The following theorem provides a uniform upper bound on the regret of HOO over this class of
environments. (The constant -y appearing in the statement depends only on X, vy, p, ¢, vo, D'.)

THEOREM 4.5 (Uniform upper bound on the regret of HOO). Assume that X has a finite {—
packing dimension D and that the parameters of HOO are such that Al is satisfied. Then, for all
D’ > D there exists a constant y such that for all n > 1,

MeFx

The next result shows that in the case of metric spaces this upper bound is optimal up to a
multiplicative logarithmic factor. Note that if X is a large enough compact subset of R” with non-
empty interior and the dissimilarity ¢ is some norm of R, then the assumption of the following
theorem is satisfied.

THEOREM 4.6 (Uniform lower bound). Consider a set X equipped with a dissimilarity ¢ that
is a metric. Assume that there exists some constant ¢ € (0, 1] such that for all ¢ < 1, the packing
numbers satisfy N'(X,0,e) = ce™P > 2. Then, there exist two constants N(c, D) and y(c, D)
depending only on c and D such that for all bandit strategies @ and all n > N(c, D),

sup By [Rn(e)] = v(c, D) nPH/(DH2)
EFx.e

The reader interested in the explicit expressions of N (¢, D) and (¢, D) is referred to the last

lines of the proof of the theorem in the Appendix.

5. Discussion

In this section we would like to shed some light on the results of the previous sections. In
particular we generalize the situation of Example 4.5, discuss the regret that we can obtain, and
compare it with what could be obtained by previous works.

5.1. Example. Equip X = [0, 1]” with anorm || - || and assume that the mean-payoff function
f is locally equivalent to a Holder continuous function with degree o € [0, 00) around any global
maximum z* of f (these maxima being in addition assumed to be in finite number); that is,

f(x™) — f(x) :@(Hx—x*Ho‘) as x — z*.
This means that there exist c1, c2, d > 0 such that for all  satisfying ||z — 2*|| < 4,
collz —2*|* < f(27) - flz) <erllw — 27|

In particular, one can check that Assumption A2’ is satisfied for the dissimilarity defined by
lep(z,y) = c|lz — y||’, where B < a (and ¢ > ¢; when 8 = a). We further assume that
HOO is run with parameters vy and p and a tree of dyadic partitions such that Assumption Al is
satisfied as well (see Examples 4.1 and 4.2 for explicit values of these parameters in the case of
the Euclidean or the supremum norms over the unit cube). The following statements can then be
formulated on the expected regret of HOO.

¢ Known smoothness: If we know the true smoothness of f around its maxima, then we
set 3 = avand ¢ > ¢;. This choice /., , of a dissimilarity is such that f is locally weak-
Lipschitz with respect to it and the near-optimality dimension is d = 0 (cf. Example 4.3).
Theorem 4.4 thus implies that the expected regret of local HOO is 0] (v/n), i.e., the rate
of the bound is independent of the dimension D.
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¢ Smoothness underestimated: Here, we assume that the true smoothness of f around
its maxima is unknown and that it is underestimated by choosing 3 < « (and some c).
Then f is still locally weak-Lipschitz with respect to the dissimilarity £ g and the near-
optimality dimension is d = D(1/8—1/«), as shown in Example 4.3; the regret of HOO
is 5(n(d+1)/(d+2))_

e Smoothness overestimated: Now, if the true smoothness is overestimated by choosing
8 > aora = (and ¢ < c1, then the assumption of weak Lipschitzness is violated
and we are unable to provide any guarantee on the behavior of HOO. The latter, when
used with an overestimated smoothness parameter, may lack exploration and exploit too
heavily from the beginning. As a consequence, it may get stuck in some local optimum
of f, missing the global one(s) for a very long time (possibly indefinitely). Such a be-
havior is illustrated in the example provided in Coquelin and Munos [2007] and showing
the possible problematic behavior of the closely related algorithm UCT of Kocsis and
Szepesvari [2006]. UCT is an example of an algorithm overestimating the smoothness of
the function; this is because the B—values of UCT are defined similarly to the ones of the
HOO algorithm but without the third term in the definition (4.2) of the U—values. This
corresponds to an assumed infinite degree of smoothness (that is, to a locally constant
mean-payoff function).

5.2. Relation to previous works. Several works [Agrawal, 1995b, Kleinberg, 2004, Cope,
2004, Auer et al., 2007, Kleinberg et al., 2008a] have considered continuum-armed bandits in
Euclidean or, more generally, normed or metric spaces and provided upper and lower bounds on
the regret for given classes of environments.

e Cope [2004] derived a 5(\/ﬁ) bound on the regret for compact and convex subsets of R?
and mean-payoff functions with a unique minimum and second-order smoothness.

e Kleinberg [2004] considered mean-payoff functions f on the real line that are Holder
continuous with degree 0 < o < 1. The derived regret bound is @(n(o‘+1)/ (O‘+2)).

e Auer et al. [2007] extended the analysis to classes of functions with only a local Holder
assumption around the maxima, where the allowed smoothness degree is also larger:
a € [0, 00). They derived the regret bound

1+a—af
@ (n 1+2a—af > ,

where the parameter 3 is such that the Lebesgue measure of e—optimal arm is O(£?).

e Another setting is the one of Kleinberg et al. [2008a], who considered a metric space
(X, £) and assumed that f is Lipschitz w.r.t. £. The obtained regret bound is 0) (n(d+1)/ (d+2) ),
where d is the zooming dimension. The latter is defined similarly to our near-optimality
dimension, except firstly, that covering numbers instead of packing numbers are used and
secondly, that sets of the form A;\ X, /5 are considered instead of the X... When (X', /) is
a metric space, covering and packing numbers are within a constant factor to each other,
and therefore, one may prove that the zooming and near-optimality dimensions are also
equal.

Our main contribution compared to Kleinberg et al. [2008a] is that our weak Lipschitz assumption,
which is substantially weaker than the global Lipschitz condition imposed in Kleinberg et al.
[2008a], enables our algorithm to work better in some common situations; for instance, when
the mean-payoff function is locally smoothn with a smoothness order larger than 1.
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For an illustration, consider again the example of Section 5.1. The result of Auer et al. [2007]
shows that for D = 1, the regret is O(y/n) (since here 5 = 1/«, with the notation above). Our
result extends the /n rate of the regret bound to any dimension D.

Now, we compare this result with the bounds that result from Kleinberg et al. [2008a]. The
case when o < 1 lead to identical rates; however, this is no longer the case when a > 1. Multiple
issues arise indeed in the latter case. First, the analysis of Kleinberg et al. [2008a] assumes globally
Lipschitz functions with respect to the chosen metric. Now, a function that is globally Lipschitz
w.r.t. £, is constant; furthermore, in this case, /,, is not even a metric, while the results of Kleinberg
et al. [2008a] rely crucially on the use of a metric.

To avoid these issues one may attempt a fall-back to (say) the Euclidean metric, so that the
requirement that f is Lipschitz with respect to the metric is satisfied. The zooming dimension
then becomes (1 — 1/a)D (see Example 4.3), while the regret bound of Kleinberg et al. be-
comes O (n(P(@=1+a)/(Dla=1)+2a))  Note that this regret is strictly worse than O(y/n) and in

fact becomes closer to the slow rate 5(n(D+1)/(D+2)) as a — 00.

6. Proofs

6.1. Proof of Theorem 4.1 (main upper bound on the regret of HOQO). We begin with
three lemmas. The proofs of Lemmas 4.3 and 4.4 rely on concentration-of-measure techniques,
while the one of Lemma 4.2 follows from a simple case study. Let us fix some path (0, 1), (1,4}),
(2,43%), ... of optimal nodes, starting from the root. That is, denoting i, = 1, we mean that for all
j = 1, the suboptimality of (j,4}) equals Ajix =0and (j, 1) isachild of (j — 1,i_;).

LEMMA 4.2. Let (h,i) be a suboptimal node. Let 0 < k < h — 1 be the largest depth such
that (k,i}) is on the path from the root (0, 1) to (h, ). Then for all integers u > 0, we have

E[Thi(n)] u+ Y P{[Upis(t) < " forsome s € {k+1,....t ~1}]
t=u+1

or [Th;(t) >u and Up,(t) > f*]}

PROOF. Consider a given round ¢ € {1,...,n}. If (Hy,I;) € C(h,i), then this is be-
cause the child (k + 1,4') of (k,:}) on the path to (h,7) had a better B—value than its brother
(k + 1,45, ). Since by definition, B-values can only increase on a chosen path, this entails that
Bk+1’il’;+1 < Biy1,i7(t) < Bpi(t). This is turns implies, again by definition of the B—values, that
Bk+1,i]’;+1 (t) < Uh,i(t). Thus,

{(Ht,ft) S C(h, ’L)} C {Uhyi(t) > Bk+1vi2+1 (t)} C {U}w’(t) > f*}U{Bk+1,iZ+1 (t) < f*} .

But, once again by definition of B—values,

{Brsiz,, () < f'} HUpsrz,, () < 3U{Braosz ,(8) < 7}

and the argument can be iterated. Since up to round ¢ no more than ¢ nodes have been played
(including the suboptimal node (h, 1)), we know that (¢,7;) has not been played so far and thus
has a B—value equal to +o00. (Some of the previous optimal nodes could also have had an infinite
U-value, if not played so far.) We thus have proved the inclusion

(4.6)

{(Hi, 1) € C(h,i)} € {Uni(t) > £} U ({Ukﬂ,%(t) <FIU L U{Us (1) < f*}) .
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Now, for any integer u > 0 it holds that

Th,Z (n) = Z H{(Ht,lt)EC(h,i), Thvz(t)gu} + Z H{(Ht,lt)e(,’(h,i), Th7i(t)>u}
t=1 t=1

n
< u + Z H{(Ht7lt)ec(hvi)v Th,i(t)>u}7
t=u+1

where we used for the inequality the fact that the quantities T}, ;(t) are constant from ¢ to t + 1,
except when (Hy, I;) € C(h, i), in which case, they increase by 1; therefore, on the one hand, at
most u of the T}, ;(¢) can be smaller than v and on the other hand, 7}, ;(t) > u can only happen if
t > u. Using (4.6) and then taking expectations yields the result. O

LEMMA 4.3. Let Assumptions Al and A2 hold. Then, for all optimal nodes (h, i) and for all
integers n = 1,

P{Up;(n) < f*} <n™?

PROOF. On the event that (h, i) was not played during the first n rounds, one has, by conven-
tion, Uy, ;(n) = +oc. In the sequel, we therefore restrict our attention to the event {7}, ;(n) > 1}.
Lemma 4.1 with ¢ = 0 ensures that f* — f(z) < v p" for all arms = € Ph.i- Hence,

n

> (FX0) + 1" = ) Lt nyectnin = 0

t=1
and therefore,

P{Up;(n) < f* and Tj;(n) >1}

2lnn
- P P oand Thu(n) > 1
{ A < }
= P{Thﬂ n) fip,i(n) + Thi(n )(leh— —+/2T}hi(n)Inn and Tj,(n /1}
< P{Z (X)L, zt>ec<m>}+Z F(Xe) +vip" = ), necnin
t=1 t=1

2Ty i(n)Inn and Tp,(n) > 1}

g P {Z(f(Xt) - Y;f)H{(Ht,It)GC(h,i)} Z w/QTM(n) Inn and Thﬁ-(n) Z 1} .
t=1

We take care of the last term with a union bound and the Hoeffding-Azuma inequality for martin-
gale differences, see Theorem 10.1.

To do this in a rigorous manner, we need to define a sequence of (random) stopping times
when arms in C(h, 7) were pulled:

T; =min{t: Th(t) =4}, j=12,....

Note that 1 < T < T3 < ..., hence it holds that T; > j. We denote by X j = XTj the j—th arm

pulled in the region corresponding to C(h, 7). Its associated corresponding reward equals }N/J =Yy,
and

P {Z(f(Xt) — Y;f)]I{(Ht,It)GC(h,i)} Z 2Th,i(n) Inn and Thyi(n) 2 1}

t=1
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Th L(n
) 2T}:(n)Inn and T)(n) > 1
=1

.

P (5(%) %) > v

t=1 =

where we used a union bound to get the last inequality.

We claim that
t

7= 3 (1X) - ))
j=1
is a martingale (with respect to the filtration it generates). This follows, via optional skipping (see
[Doob, 1953, Chapter VII, Theorem 2.3]), from the facts that

n

> (F(X0) = Yo La, yecnin

t=1
is a martingale w.r.t. the filtration 7; = o(X1,Y1,...,X;,Y;) and that the events {T; = k} €
Fr_qforallk > j
Applying the Hoeffding-Azuma inequality for martingale differences (see Theorem 10.1), us-
ing the boundedness of the ranges of the induced martingale difference sequence, we then get, for
eacht > 1

2
¢ ~ ~ 2 (\/2 tln n)
PO (F(X) = Y)) = V2tlan b <exp| ———— | =n7",
j=1
which concludes the proof. O

LEMMA 4.4. For all integers t < n, for all suboptimal nodes (h,i) such that Ap; > 11 o™,

and for all integers u > 1 such that
w> 8Inn
T (Apy —1ph)?’
one has

P{Up;(t) > f* and Tp;(t) >u} <tn *.

PRrROOF. The u mentioned in the statement of the lemma are such that

— /21 [2Int Ay h
ylp nn thus n n leh hyi “2‘ vip
U

<
Therefore,
P{Upn;(t) > f* and Tj;(t) > u}
2Int
— { 1/T +V1p >th+A;” and Tp,(t) > }
hz
v1p"
< P{Mhz( >fh7, f and Thl()>u}

. . Ap;—v1ph
< P Thi(t) (1ng(t) — fri) > — 5 —u and Thi(t) > u
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t
% Ahi — U h
= P {Z(Ys — fh,i)H{(Hs,Is)EC(h,i)} > ’71pu and Th’i(t) > u}

2
s=1
t
Api —vph
< P{Z(Y; — f(Xs))H{(HS,IS)EC(h,i)} > 7h’ 9 ! u and Thﬂ‘(t) > u}
s=1

Now it follows from the same arguments as in the proof of Lemma 4.3 (optional skipping, the
Hoeffding-Azuma inequality, and a union bound) that

t
A ;s — UV h
P {Z(Ys — [(X9) Lm, 1yecniy > hflp w and Tj,;(t) > U}

s=1
t 2
2 ((Api—vipM)u 1 2 _
< Z exp (s (’22 < texp 7§U(Ah7i7V1ph) <tn 4,
s=u+1
where we used the stated bound on u to obtain the last inequality. U

Combining the results of Lemmas 4.2, 4.3, and 4.4 leads to the following key result bounding
the expected number of visits to descendants of a “poor” node.

LEMMA 4.5. Under Assumptions Al and A2, for all suboptimal nodes (h, i) with Ay, ; > 11 o

we have, for alln > 1,

S1lnn
E|T}, ; <——+4.
i) (Ap; —viph)? *

PROOF. We take u as the upper integer part of (8 Inn)/(Ay,; — v1p")? and use union bounds
to get from Lemma 4.2 the bound

8Inn
E|T}, ; <—r—— +1
[ hﬂ(n)] (Api— 1 ph)2 +

n t—1
+ Z (P{ThJ(t) >u and Up;(t) > f*} + ZP{Us,i;(t) < f*}> .
s=1

t=u+1
Lemmas 4.3 and 4.4 further bound the quantity of interest as

81 B t—1 -
E[Thi(n)] < & _n:ph)? +1+ E <tn 44 E t 3>
i s=1

and we now use the crude upper bounds

n t—1 n
1+ > (tn‘4+zlt‘3) <1+Y (nP+t7?) <2+ 7/6<4
s=

t=u+1 t=1
to get the proposed statement. U

PROOF. (of Theorem 4.1) First, let us fix d’ > d. The statement will be proven in four steps.

First step. For all h = 0,1,2,..., denote by Z;, the set of those nodes at depth h that are
2v1 ph—optimal, i.e., the nodes (h, ) such that fhi = 7 - 2u1p". (Of course, Zg = {(0,1)}.)
Then, let Z be the union of these sets when h varies. Further, let 7 be the set of nodes that are not
in Z but whose parent is in Z. Finally, for h = 1,2, ... we denote by J} the nodes in 7 that are
located at depth h in the tree (i.e., whose parent is in Z;_1).
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Lemma 4.5 bounds in particular the expected number of times each node (h, i) € Jj, is visited.

Since for these nodes Ay, ; > 2v1 P, we get
8lnn
E[Thi(n)] < ey 4.

Second step. We bound the cardinality |Zj | of Zj,. We start with the case h > 1. By definition,
when (h, i) € I, one has A ; < 2V1ph, so that by Lemma 4.1 the inclusion P}, ; C X4V1ph holds.
Since by Assumption Al, the sets P, ; contain disjoint balls of radius v p", we have that

IZn] < N (Uniyez, Phis £ v2p”) SN (X, s € v20") = N (X, jn) wapis £ v20") -
We prove below that there exists a constant C' such that for all € < v,

4.7) ./\/’(X(41,1/V2)5, L, 6) <ce .

Thus we obtain the bound |Z;| < C (Vgph) - for all h > 1. We note that the obtained bound

IZ4| < C (vaph) ™ is still valid for i = 0, since |Zy| = 1.
It only remains to prove (4.7). Since d’ > d, where d is the near-optimality of f, we have, by
definition, that

In V(X €
lim sup ( Uri/ra)e )
e—0 1n (8_1)
and thus, there exists €4 > 0 such that for all € < g4/,
1nN(X(4V1/V2)E, 6, 6)
In (5—1)
which in turn implies that for all € < 4/,
N(X(llul/uz)m 6, 8) < E_d .
The result is proved with C' = 1 if ey > 5. Now, consider the case e < v5. Given the definition
of packing numbers, it is straightforward that for all € € [sd/, 1/2] ,

N(X(4V1/l/2)57 Ea 8) g Uq dng(Xa e? 8(1') )

therefore, for all € € [Ed/, 1/2],

<d,

<d,

d/

V.
N (X jo)er € €) < ua 53,

— e

for the choice C' = max{ 1, ug 1/5” } Because we take the maximum with 1, the stated inequality
also holds for ¢ < e~ which concludes the proof of (4.7).

Third step. Let H > 1 be an integer to be chosen later. We partition the nodes of the infinite
tree 7 into three subsets, 7 = 71 U 72 U 73, as follows. Let the set 7! contain the descendants
of the nodes in 7y (by convention, a node is considered its own descendant, hence the nodes of
Ty are included in 71); let 72 = Uggp<p Zp; and let 73 contain the descendants of the nodes in
Uich<ta Jh. Thus, T 1 and 73 are potentially infinite, while 72 is finite.

We recall that we denote by (Hy, I;) the node that was chosen by HOO in round ¢. From the
definition of the algorithm, each node is played at most once, thus no two such random variables
are equal when ¢ varies. We decompose the regret according to which of the sets 77 the nodes
(Hy, I}) belong to:

n

> (- f(X»)] =E[Rn1] + E[Ry2] +E[Rn3],

t=1

E[R,] =E
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where Z = f(Xy) ]I{(Ht’lt)ep}, fori =1,2,3.

The contribution from 7! is easy to bound. By definition any node in Zp is 21 p—optimal.
Hence, by Lemma 4.1, the corresponding domain is included in &, ,#. By definition of a tree of
coverings, the domains of the descendants of these nodes are still included in X, .. Therefore,

IE[R”J] < 41/1pHn.

For h > 0, consider a node (h,4) € 72. It belongs to Zj, and is therefore 2v; p"—optimal. By
Lemma 4.1, the corresponding domain is included in &}, ,». By the result of the second step of
this proof and using that each node is played at most once, one gets

H-1

Z4V1p |Zn| < 4C’1/11/2d Zp (1=d’)
h=0

We finish by bounding the contribution from 73. We first remark that since the parent of any
element (h,i) € Jj is in Zp,_1, by Lemma 4.1 again, we have that Pp, ; C X, ,n-1. We now use
the first step of this proof to get

H
81
] <Z4V1ph’1 Z E[Thi(n) Z4leh [Tl < 2;12:""4)
h=1

i (h i)ejh
Now, it follows from the fact that the parent of 7}, is in Z;_ that | 7;,| < 2|Z_1| when h >
Substituting this and the bound on |Zj,_1 | obtained in the second step of this proof, we get

u ' 8lnn
Z4I/1ph_1 <2C (Vgph_l)_d ) (22]1 + 4>
h=1

vip

H
< 8Oy ? Z =) =1 <8 Inn . 4)
h=1 vip*h
Fourth step. Putting the obtained bounds together, we get

H-1 H
' ’_ 81lnn
EIR] < g i Y00 st 300t ()
h=0 h=1

H
4.8 = O(np + (Inn) Zp (1+d") ) = O(an + p A0+ n)

h=1
(recall that p < 1). Note that all constants hidden in the O symbol only depend on v1, v», p and
d.

Now, by choosing H such that p~ is of the order of n/ Inn, that is, p* is of the order
of (n/Inn)~1/(@+2) we get the desired result, namely,

E[R,] = O (n(d’+1>/(d’+2) (In n)l/(d’+2)) .

H(d'+2)

6.2. Proof of Theorem 4.2 (regret bound for truncated HOQ). The proof follows from an
adaptation of the proof of Theorem 4.1 and of its associated lemmas; for the sake of clarity and
precision, we explicitly state the adaptations of the latter.
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Adaptations of the lemmas. Remember that D,,, denotes the maximum depth of the tree,
given horizon ny. The adaptation of Lemma 4.2 is done as follows. Let (h,i) be a suboptimal
node with b < Dy, and let 0 < k£ < h — 1 be the largest depth such that (k, i} ) is on the path from
the root (0, 1) to (h, 7). Then, for all integers u > 0, one has

IE[T;” no <u+ Z { < f* for some s with k +1 < s <min{Dn0,no}]
t=u+1

m[n4w>umdw¢ﬂ>ﬁ§.

As for Lemma 4.3, its straightforward adaptation states that under Assumptions Al and A2,
for all optimal nodes (h, ) with h < D,,, and for all integers 1 < ¢ < ny,

P{Up(t) < f*} < t(no)* < (no)?.
Similarly, the same changes yield from Lemma 4.4 the following result for truncated HOO.

For all integers ¢ < ny, for all suboptimal nodes (h, i) such that h < Dy, and Ay ; > v p", and

for all integers u > 1 such that
81Inng

~ (Api —viph)?’

u

one has
P{Up(t) > f* and Tp,;(t) > u} <t(nog)~*.
Combining these three results (using the same methodology as in the proof of Lemma 4.5)
shows that under Assumptions Al and A2, for all suboptimal nodes (h, ) such that b < Dy, and
Ap; > vip", one has

Snn no min{DnO,no}
0 4 -3
E|Ty, ; < 1 t
[Th,i(no)] (i — mph? 5+ +tzu;1 (o)™ + ; (n0)
8 Inng

(Ap; —viph)? 9

(We thus even improve slightly the bound of Lemma 4.5.)

Adaptation of the proof of Theorem 4.1. The main change here comes from the fact that
trees are cut at the depth D,,,. As a consequence, the sets Z;, Z, J, and [J}, are defined only by
referring to nodes of depth smaller than D,,,. All steps of the proof can then be repeated, except
the third step; there, while the bounds on the regret resulting from nodes of 7' and 72 go through
without any changes (as these sets were constructed by considering all descendants of some base
nodes), the bound on the regret R,, o associated with the nodes 72 calls for a modified proof since
at this stage we used the property that each node is played at most once. But this is not true
anymore for nodes (h, i) located at depth D,,,, which can be played several times. Therefore the
proof is modified as follows.

Consider a node at depth h = D,,;. Then, by definition of D,,,

1 2 —In(1 1
(Inno)/2 = In(1/v1) that is mpht < —.

W(i/p) ’ N

Dn,

h> Dy, =

Since the considered nodes are 2v1 p Dro_optimal

by Lemma 4.1, thus also 4/,/np—optimal. The instantaneous regret incurred when playing any of
these nodes is therefore bounded by 4/ /n¢; and the associated cumulative regret (over ng rounds)

—optimal, the corresponding domains are 41/ p
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can be bounded by 4.,/ng. In conclusion, with the notations of Theorem 4.1, we get the new bound

H-1 H-1

E[Rn2] < Y Avip" [T + 4y/no < 4y/ng + 4Cvvy @ D ph=4)
h=0 h=0

The rest of the proof goes through and only this additional additive factor of 4,/ng is suffered in

the final regret bound. (The additional factor can be included in the O notation.)

6.3. Proof of Theorem 4.3 (regret bound for :~HOQ). We start with the following equiv-
alent of Lemma 4.1 in this new local context. Remember that hg is the smallest integer such
that

211 pho < é€g.

LEMMA 4.6. Under Assumptions Al and A2’, for all h > hy, if the suboptimality factor Ay, ;
of a region Py, ; is bounded by cvy p" for some c € (0,2, then all arms in Py, ; are L max{2¢, ¢ +
1}y ph—optimal, that is,

Phji C XL max{2e, e+ 1} ph -
When ¢ = 0, i.e., the node (h,1) is optimal, the bound improves to

Ph,i C Xylph .

PROOF. We first deal with the general case of ¢ € [0, 2]. By the hypothesis on the subopti-
mality of Py, ;, for all & > 0, there exists an element z € X, 45 N Pp;. If § is small enough,

e.g., 6 € (0, eg — 2v1p™], then this element satisfies z € X.,. Lety € Py, ;. By Assumption Al,
l(z,y) < diam(Pp;) < v1p", which entails, by denoting ¢ = max{O, v ph — (f*— f(m))},

Uz, y) <viph < f*— fz) +e, that is, y € B(z, f*—f(ac)+6).
Since z € X, and £ < v1p" < v1p"0 < &g, the second part of Assumption A2’ then yields

y € B(z, f*— flz)+¢e) C XL(Q(f*—f(w))+5) ’

It follows from the definition of € that f* — f(x) + ¢ = max{ = f(z), n ph}, and this implies

Yy c B(l’, f* _ f(l’) + 5) C XL(f*—f(:E)—O—maX{f*—f(-T),l/lﬁh}) .

Butz € X, n s ie, f*— f(z) < cv1p" + 6, we thus have proved

cv1p

ye XL(max{ZC, c+1}1/1ph+26) ’

In conclusion, P C X7 ax{2e, c+1}mph+2rs for all sufficiently small § > 0. Letting 6 — 0
concludes the proof.

In the case of ¢ = 0, we resort to the first part of Assumption A2’, which can be applied since
diam(Pp, ;) < 11 p" < ep as already noted above, and can exactly be restated as indicating that for
ally € Py ;,

f* = fly) < diam(Pp;) < vip";
thatis, Pp; C X, ph. O

We now provide an adaptation of Lemma 4.5 (actually based on adaptations of Lemmas 4.2
and 4.3), providing the same bound under slightly more restrictive conditions.

LEMMA 4.7. Consider a depth z > hg. Under Assumptions Al and A2’, the algorithm z—
HOO satisfies that for all n > 1 and all suboptimal nodes (h, 1) with Ay, ; > vipland h > z,

8lnn
E|T},; <—-———+4.
[ hﬂ(n)] (Api— v ph)2 +
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PROOF. We consider some path (z,4%), (2 + 1,45, ,), ... of optimal nodes, starting at depth
2. We distinguish two cases, depending on whether there exists z < ¥’ < h — 1 such that
(h,i) € C(K',i},) or not.

In the first case, we denote &’ the largest such k. The argument of Lemma 4.2 can be used
without any change and shows that for all integers u > 0,

E[Thi(n)] Su+ Y P{[Upis(t) < f* forsome s € {k+1,....t ~1}]
t=u+1

or [Th;(t) >u and Up,(t) > f*]}

In the second case, we denote by (z, ;) the ancestor of (h, i) located at depth z. By definition
of 2-HOO, (Hy, I;) € C(h,i) at some round ¢ > 1 only if B, ;x(t) < B. ;, (t) and since B—values
can only increase on a chosen path, (Hy, I;) € C(h,i) can only happen if B, ;:(t) < By (t).
Repeating again the argument of Lemma 4.2, we get that for all integers v > 0,

E[Thi(n)] <u+ Z ]P’{ [Usi:(t) < f* forsome s € {z,...,t — 1}]
t=u+1

or [Thi(t) >u and Up,(t) > f*]}

Now, notice that Lemma 4.4 is valid without any assumption. On the other hand, with the
modified assumptions, Lemma 4.3 is still true but only for optimal nodes (h,i) with h > hy.
Indeed, the only point in its proof where the assumptions were used was in the fourth line, when
applying Lemma 4.1; here, Lemma 4.6 with ¢ = 0 provides the needed guarantee.

The proof is concluded with the same computations as in the proof of Lemma 4.5. U

PROOF. (of Theorem 4.3) We simply follow the four steps in the proof of Theorem 4.1 with
some slight adjustments. In particular, for h > z, we use the sets of nodes Z; and 7}, defined
therein.

First step. Lemma 4.7 bounds the expected number of times each node (h, i) € Jj, is visited.
Since for these nodes Ay, ; > 214 ot we get

8lnn
E[Thi(n)] < 2t +4.

Second step. We bound here the cardinality |Zj|. By Lemma 4.6 with ¢ = 2, when (h, i) € Z},
and h > z, one has Pp,; C Xyp,, pn-

Now, by Assumption A1 and by using the same argument than in the second step of the proof
of Theorem 4.1,

T S N (Xaran fo) ot € v20") -

Assumption A3 can be applied since vop" < 2v1p" < 2v1p" < g¢ and yields the inequality
IZ4| < C(vap") ™.

Third step. We consider some integer H > z to be defined by the analysis in the fourth step.
We define a partition of the nodes located at a depth equal to or larger than z; more precisely,

e 7! contains the nodes of Zj; and their descendants,
o 72 = U Th,
2<h<H—-1
e 73 contains the nodes U Jn, and their descendants,
z2+1<h<H
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e T4 is formed by the nodes (z,4) located at depth z not belonging to Z,, i.e., such that
A ; > 2v1p?, and their descendants.

As in the proof of Theorem 4.1 we denote by R,, ; the regret resulting from the selection of nodes
in7¢ fori € {1,2,3,4}.
Lemma 4.6 with ¢ = 2 yields the bound E R, 1] < 4L p"n, where we crudely bounded by
n the number of times that nodes in 7' were played. Using that by definition each node of 72 can
be played only once, we get
H— H-1
Z 4L1/1p 1Ty| < 4CLvyvy @ phi=d).
h=z
As for R, 3, we also use here that nodes in T3 belong to some Jj,, with z + 1 < h < H; in partic-
ular, they are the child of some element of 7;,_; and as such, firstly, they are 4LV1 ph !_optimal
(by Lemma 4.6) and secondly, their number is bounded by || < 2|Zj,—1| < 2C (v2p"~ )_d.
Thus,

H
81
BlRu € 3 (10nd ) Y BlTuw)] < 0L 3 p-00-0 <V%Z;Z+4),

h=z+1 i:(h3)ETn h=z+1

where we used the bound of Lemma 4.7. Finally, for 7 4 we use that it contains at most 2% — 1
nodes, each of them being associated with a regret controlled by Lemma 4.7; therefore,

1
E[Ra] < (27 1) (82“2” +4> .

vip
Fourth step. Putting things together, we have proved that

1
E[Ra] <4Lvip™n +E[Ryz2] +E[Rug] + (2° — 1) (8p + 4) |
1
where (using that p < 1 in the second inequality)
E[Ry2] + E[Ry 3]

H-1
81
< 4CLU1V2_d ,oh1 d)+8CLU11/ d Z )(1-d) < 2H2Z+4)
h=z+1 vip

h=z
—d = h(1—d) —d — h(1—d) 8 Inn
= 4CLvv, p + 8C Ly, Zp 55 o, T4
h=z h=z le Y

H-1
8 Inn 4
< ACLuyvy! Zp’” Y 8CLnyy Y M ( 22 % +2h>
h=z h=z e P
H-1
4
= CLny* ( P 1+d> (36+ 6 lnn) .
h=z ,0
Denoting

_ 4ACLvnwy " (16 o
ERODEEE AV |

it follows that for n > 2
E[Rnz2] +E[Ry3] <vp 7@ Inn.
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It remains to define the parameter H > z. In particular, we propose to choose it such that the
terms
4LvpHn and p_H(d+1) Inn

are balanced. To this end, let H be the smallest integer k such that 4Lv; p"n < vp~*@+D Inn; in
particular,

H vlnn 1/(d+2)
P <
4L1/1n
and
AL > 4p=HDE D g implying yp 7Y Inn < 4Ly pfn pm @D

Note from the inequality that this H is such that
1 In(4Lvin) —In(yInn)
~d+2 In(1/p)

and thus this H satisfies H > z in view of the assumption of the theorem indicating that n is large

enough. The final bound on the regret is then

81
E[R.) < 4Lvip"n+~yp "D Inn 4 (27 - 1) (1/2;122 " 4)
1

1 " 8Inn
1P

1 vInn 1/(d+2) 8lnn
< 1+—— )4L 22— 1) | — +4
(14 g an i)+ D) 2

1 (d+1)/(d+2) d 2 81nn
= (1 + pd+2> (4Lvin) (yInn) /@2 4 (22— 1) R +4) .

This concludes the proof. O

6.4. Proof of Theorem 4.4 (regret bound for local HOO).

PROOF. We use the notation of the proof of Theorem 4.3. Let rg be a positive integer such
that for » > r(, one has

T T
P [logy ] = ho and @S i 5 ln(4LV1?n)(1/[l)r)1(7 n2’) ;
we can therefore apply the result of Theorem 4.3 in regimes indexed by r > ry. For previous
regimes, we simply upper bound the regret by the number of rounds, that is, 2" — 2 < 2. For
round n, we denote by 7, the index of the regime where n lies in (regime r,, = [logy(n + 1)]).
Since regime 7, terminates at round 2rntl _ 9 we have

E[Ra] < E[Rymti_s)]

T = 1 m (d+1)/(d+2 r z 8 In27
< 204 Y (14 ) (GEn2) VD me ¢ ) (5 a)

r=ro
Tn

< 294 C (Inn) Z (2(d+1)/(d+2))7" L2/

r=rg

g 27"0 + 02 (11'1 n) <(2(d+1)/(d+2)>r’ﬂ I . (2/p2)2rn> — (11'1 n)Q O(n(d+1)/(d+2)) ’
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where C'1, Cy > 0 denote some constants depending only on the parameters but not on n. Note
that for the last equality we used that the first term in the sum of the two terms that depend on n
dominates the second term. O

6.5. Proof of Theorem 4.5 (uniform upper bound on the regret of HOO against the class
of all weak Lipschitz environments). Equations (4.4) and (4.5), which follow from Assump-
tion A2, show that Assumption A2’ is satisfied for L = 2 and all 5 > 0. We take, for instance,
€9 = 3vi. Moreover, since X has a packing dimension of D, all environments have a near-
optimality dimension less than D. In particular, for all D’ > D (as shown in the second step
of the proof of Theorem 4.1 in Section 6.1), there exists a constant C' (depending only on ¢, X,
€9 = 3v1, V9, and D’) such that Assumption A3 is satisfied. We can therefore take 2y = 0 and
apply Theorem 4.3 with z = 0 and M € Fy y; the fact that all the quantities involved in the bound
depend only on X, /, v9, D', and the parameters of HOO, but not on a particular environment in
F, concludes the proof.

6.6. Proof of Theorem 4.6 (minimax lower bound in metric spaces). Let K > 2 an integer
to be defined later. We provide first an overview of the proof. Here, we exhibit a set A of envi-
ronments for the {1, ..., K 4 1}-armed bandit problem and a subset 7/ C Fy ¢ which satisfy the
following properties.

(i): The set A contains “difficult” environments for the {1, ..., K + 1}-armed bandit prob-
lem.

(ii): For any strategy @'/ suited to the X'—armed bandit problem, one can construct a
strategy (5 +1) for the {1, ..., K + 1}—armed bandit problem such that

VMeF, JveA, Eas [Rn(go(x))] —F, [Rn(w(KJrl))] '

(X)

We now provide the details.

PROOF. We only deal with the case of deterministic strategies. The extension to randomized
strategies can be done using Fubini’s theorem (by integrating also w.r.t. the auxiliary randomiza-
tions used).

First step. Let n € (0,1/2) be a real number and K > 2 be an integer, both to be defined
during the course of the analysis. The set A only contains K elements, denoted by v/!, ..., v and
given by product distributions. For 1 < j < K, the distribution 2/ is obtained as the product of
the yij when i € {1,..., K + 1} and where

i Ber(1/2), ifi # j;
' Ber(1/2+mn), ifi=j.

Rephrasing Lemma 2.2 in the context of this chapter we obtain:

LEMMA 4.8. For all strategies 5V for the {1, ..., K + 1}—armed bandit (where K > 2),

one has
1
max E,; [Rn(w(KH))] >nn|1—— —ny/41n(4/3) ).
j:17"'7K K K

Second step. We now need to construct F’ such that item (ii) is satisfied. We assume that
K is such that X contains K disjoint balls with radius n. (We shall quantify later in this proof a
suitable value of K.) Denoting by x1, ...,z the corresponding centers, these disjoint balls are
then B(z1,7), ..., B(zk,n).
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With each of these balls we now associate a bandit environment over X, in the following way.
For all z* € X, we introduce a mapping g,+ , on X defined by

9o () = max{0, n— l(z,z*)}

for all z € A'. This mapping is used to define an environment M~ , over X, as follows. For all
T e X,

2
Let f.+ , be the corresponding mean-payoff function; its values equal

M, () = Ber <1 + gx*m(x)> .

fernlw) = 5+ max{0, n— f(a,2°)}

for all x € X. Note that the mean payoff is maximized at x = z* (with value 1/2 + 7)) and is
minimal for all points lying outside B(z*, n), with value 1/2. In addition, that ¢ is a metric entails
that these mean-payoff functions are 1-Lipschitz and thus are also weakly Lipschitz. (This is the
only point in the proof where we use that ¢ is a metric.) In conclusion, we consider

F'={My -, Mayn} CFry.

Third step. We describe how to associate with each (deterministic) strategy o) on X a
(random) strategy (K1) on the finite set of arms {1,..., K + 1}. Each of these strategies is
indeed given by a sequence of mappings,

gpgx), @éx), o and

where for ¢ > 1, the mappings @EX) and @ZJISKH) should only depend on the past up to the beginning

¢§K+1)7 wéK-‘rl)

P

of round ¢. Since the strategy ¢(*) is deterministic, the mapping gogx) takes only into account the
past rewards Y1, ..., Y; 1 and is therefore a mapping [0, 1]~ — X (In particular, @Y‘) equals a
constant.)

We use the notations I] and Y} for, respectively, the arms pulled and the rewards obtained by

the strategy 15 t1) at each round ¢. The arms I are drawn at random according to the distributions
K+1
KD (L YY),

which we now define. (Actually, they will depend on the obtained payoffs Y7, ...,Y/ ; only.) To
do that, we need yet another mapping 7' that links elements in X’ to probability distributions over
{1,..., K + 1}. Denoting by ¢, the Dirac probability on k € {1,..., K + 1}, the mapping T is
defined as

O0K11, if z¢ U B(xj,m);
T(ZL‘) — . . 7j=1,...K
(1 - W) d; + W&KH, if © € B(xj,n)forsomeje{1,...,K},

for all z € X. Note that this definition is legitimate because the balls B(x;,n) are disjoint when j
varies between 1 and K.
Finally, 1»(5+1) is defined as follows. For all ¢t > 1,

§K+1) (Ii, e 7?—1? Yll, ey tl_l) = wt(K—H) (Ylla s 7Y;5/—1) = T((pg){) (Yll? T 7Y;f/—1)> ’

Before we proceed, we study the distribution of the reward Y’ obtained under v (for i €
{1,..., K'}) by the choice of a random arm I’ drawn according to 7'(x), for some x € X. Since
Y’ can only take the values O or 1, its distribution is a Bernoulli distribution whose parameter f;(z)
we compute now. The computation is based on the fact that under »*, the Bernoulli distribution
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corresponding to arm j has 1/2 as an expectation, except if j = i, in which case it is 1/2 + 7.
Thus, forall z € X,

2 2

Thatis, p; = fz,, on X.

Fourth step. We now prove that the distributions of the regrets of (%)

under My, , and of
5+ under 17 are equal for all j = 1,..., K. On the one hand, the expectations of rewards
associated with the best arms equal 1/2 + 7 under the two environments. On the other hand, one
can prove by induction that the sequences Y1, Y>,... and Y{,Y5, ... have the same distribution.
(In the argument below, conditioning by empty sequences means no conditioning. This will be the
case only fort = 1.)

For all t > 1, we denote

X
X[ =Y, Y.
Under +/ and given Y7, ...,Y]/ ;, the distribution of Y} is obtained by definition as the two-step

random draw of I{ ~ T'(X{) and then, conditionally on this first draw, Y/ ~ v7,. By the above
t
results, the distribution of Y} is thus a Bernoulli distribution with parameter 1;(X7).
At the same time, under M, i and given Y7, ..., Y;_1, the choice of

Xy =o' (M,. Vi)

yields a reward Y; distributed according to M, ,,(X¢), that is, by definition and with the notations
above, a Bernoulli distribution with parameter f;, ,(X¢) = p;(Xy).

The argument is concluded by induction and by using the fact that rewards are drawn indepen-
dently in each round.

Fifth step. We summarize what we proved so far. For n € (0,1/2), provided that there exist
K > 2 disjoint balls B(xj,n) in X', we could construct, for all strategies 0 for the X—armed
bandit problem, a strategy )51 for the {1,..., K + 1}-armed bandit problem such that, for all
j=1,...,Kandalln > 1,

En,,, [Ro(#™)] = By [Ra(p"D)] .

But by the assumption on the packing dimension, there exists ¢ > 0 such that for all n < 1/2,
the choice of K,, = [c n~P7] > 2 guarantees the existence of such K, disjoint balls. Substituting
this value, and using the results of the first and fourth steps of the proof, we get

max By, [Rn(cp(x))} = max_ E, [Rn(l/J(KH)ﬂ > nn (1 — KL —nv41n(4/3), /;) .
n "

j=1,.... Ky j=1,...K,

The proof is concluded by noting that

o the left-hand side is smaller than the maximal regret w.r.t. all weak-Lipschitz environ-
ments;

e the right-hand side can be lower bounded and then optimized over 7 < 1/2 in the fol-
lowing way.

By definition of K, and the fact that it is larger than 2, one has

- (1—;”—77@@)
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1 1
= N1 (1 57 n 4111(4/3)\/TD) =nn (2 _ C??H_D/z\/ﬁ)
cn
where C' = /(41n(4/3)) / c. We can optimize the final lower bound over ) € [0, 1/2].

To that end, we choose, for instance, 7 such that C'n'TP/2,/n = 1/4, that is,
L \VA+D2) N\ 1(14D/2)
. _ (1 n-1/(D+2)
10V 4C

This gives the lower bound

1 1\ 1/(1+D/2) 1 1\ /(1+D/2)
( ) W1-1/(D42) ( ) n(D+1)/(D+2)

4 \aC ~ 1 \ac
= 'Y(C:D)

To ensure that this choice of 7 is valid we need to show that 7 < 1/2. Since the latter requirement

1\ 1/(1+D/2) D+2
2 2(-— )
" ( (40) >

it suffices to choose the right-hand side to be N (¢, D); we then get that 7 < 1/2 indeed holds for
alln > N(c, D), thus concluding the proof of the theorem. O

is equivalent to






CHAPTER 5
Open-Loop Optimistic Planning

We consider the problem of planning in a stochastic and discounted environment with a limited
numerical budget. More precisely, we investigate strategies exploring the set of possible sequences
of actions, so that, once all available numerical resources (e.g. CPU time, number of calls to a
generative model) have been used, one returns a recommendation on the best possible immediate
action (or sequence of actions) to follow based on this exploration. The performance of a strategy
is assessed in terms of its simple regret, that is the loss in performance resulting from choosing the
recommended action instead of an optimal one. We first provide a minimax lower bound for this
problem, and show that a uniform planning strategy matches this minimax rate (up to a logarithmic
factor). Then we propose a UCB (Upper Confidence Bounds)-based planning algorithm, called
OLOP (Open-Loop Optimistic Planning), which is also minimax optimal, and prove that it enjoys
much faster rates when there is a small proportion of near-optimal sequences of actions. Finally, we
compare our results with the regret bounds one can derive for our setting with bandits algorithms
designed for an infinite number of arms.
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This chapter is a joint work with Rémi Munos. It is based on the paper Bubeck and Munos
[2010] published in the proceedings of the 23rd Annual Conference on Learning Theory.

1. Introduction

We consider the problem of planning in general stochastic and discounted environments. More
precisely, the decision making problem consists in an exploration phase followed by a recommen-
dation. First, the agent explores freely the set of possible sequences of actions, using a finite
budget of n actions. Then the agent makes a recommendation on the first action a(n) (or sequence
of actions) to play. This decision making problem is described precisely in Figure 1. The goal of
the agent is to find the best way to explore its environment (first phase) so that, once the available
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Exploration in a stochastic and discounted environment.

Parameters available to the agent: discount factor v € (0, 1), number of actions K, number of
rounds n.

Parameters unknown to the agent: the reward distributions v(a), a € A*.

For each episode m > 1; for each moment in the episode ¢ > 1;

(1) If n actions have already been performed then the agent outputs an action (or a se-
quence) a(n) and the game stops.

(2) The agent chooses an action a}" € A.

(3) The environment draws Y;™ ~ v(al%) and the agent receives the reward 'Y;™.

(4) The agent decides to either move the next moment ¢ + 1 in the episode or to reset to
its initial position and move the next episode m + 1.

Goal: maximize the value of the recommended action (or sequence): V' (a(n)) (see (5.1) for
the definition of the value of an action).

Figure 1: Exploration in a stochastic and discounted environment.

resources have been used, he is able to make the best possible recommendation on the action to
play in the environment.

During the exploration of the environment, the agent iteratively selects sequences of actions
and receives a reward after each action. More precisely, at time step ¢ during the m!” sequence,
the agent played af’, = a* ... a* € A" and receives a discounted reward v'Y;™ where v € (0,1)
is the discount factor. We make a stochastic assumption on the generating process for the reward:
given a7, Y; is drawn from a probability distribution v(a7%) on [0,1]. Given a € A’, we write
(a) for the mean of the probability v(a).

The performance of the recommended action a(n) € A (or sequence, in which case a(n) €
AM) is assessed in terms of the so-called simple regret r,,, which is the performance loss resulting
from choosing this sequence and then following an optimal path instead of following an optimal
path from the beginning:

=V —V(a(n)),
where V' (a(n)) is the (discounted) value of the action (or sequence) a(n), defined for any finite
sequence of actions a € A" as:
(5.1) V()= sup > y'u(urs),

UEA®:uy.p=a t>1
and V is the optimal value, that is the maximum expected sum of discounted rewards one may
obtain (i.e. the sup in (5.1) is taken over all sequences in A°°).

Note that this simple regret criterion will be extensively studied in the context of multi-armed
bandit in Chapter 6 and Chapter 7.

An important application of this framework concerns the problem of planning in Markov De-
cision Processes (MDPs) with very large state spaces. We assume that the agent possesses a
generative model which enables to generate a reward and a transition from any state-action to a
next state, according to the underlying reward and transition model of the MDP. In this context,
we propose to use the generative model to perform a planning from the current state (using a finite
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budget of n calls to a generative model) to generate a near-optimal action a(n) and then apply
a(n) in the real environment. This action modifies the environment and the planning procedure
is repeated from the next state to select the next action and so on. From each state, the planning
consists in the exploration of the set of possible sequences of actions as described in Figure 1,
where the generative model is used to generate the rewards.

Note that, using control terminology, the setting described above (from a given state) is called
“open-loop” planning, because the class of considered policies (i.e. sequences of actions) are only
function of time (and not of the underlying resulting states). This open-loop planning is in general
sub-optimal compared to the optimal (closed-loop) policy (mapping from states to actions). How-
ever, here, while the planning is open-loop (i.e. we do not take into consideration the subsequent
states in the planning), the resulting policy is closed-loop (since the chosen action depends on the
current state).

This approach to MDPs has already been investigated as an alternative to usual dynamic pro-
gramming approaches (which approximate the optimal value function to design a near optimal
policy) to circumvent the computational complexity issues. For example, Kearns et al. describe a
sparse sampling method that uses a finite amount of computational resources to build a look-ahead
tree from the current state, and returns a near-optimal action with high probability.

Another field of application is POMDPs (Partially Observable Markov Decision Problems),
where from the current belief state an open-loop plan may be built to select a near-optimal imme-
diate action (see e.g. Yu et al. [2005], Hsu et al. [2007]). Note that, in these problems, it is very
common to have a limited budget of computational resources (CPU time, memory, number of calls
to the generative model, ...) to select the action to perform in the real environment, and we aim at
making an efficient use of the available resources to perform the open-loop planning.

Moreover, in many situations, the generation of state-transitions is computationally expensive,
thus it is critical to make the best possible use of the available number of calls to the model to
output the action. For instance, an important problem in waste-water treatment concerns the con-
trol of a biochemical process for anaerobic digestion. The chemical reactions involve hundreds of
different bacteria and the simplest models of the dynamics already involve dozens of variables (for
example, the well-known model called ADM1 Batstone et al. [2002] contains 32 state variables)
and their simulation is numerically heavy. Because of the curse of dimensionality, it is impossi-
ble to compute an optimal policy for such model. The methodology described above aims at a
less ambitious goal, and search for a closed-loop policy which is open-loop optimal at each time
step. While this policy is suboptimal, it is also a more reasonable target in terms of computational
complexity. The strategy considered here proposes to use the model to simulate transitions and
perform a complete open-loop planning at each time step.

The main contribution of this chapter is the analysis of an adaptive exploration strategy of the
search space, called Open-Loop Optimistic Planning (OLOP), which is based on the “optimism
in the face of uncertainty” principle, i.e. where the most promising sequences of actions are ex-
plored first. The idea of optimistic planning has already been investigated in the simple case of
deterministic environments, Hren and Munos [2008]. Here we consider the non-trivial extension
of this optimistic approach to planning in stochastic environments. For that purpose, upper confi-
dence bounds (UCBs) are assigned to all sequences of actions, and the exploration expands further
the sequences with highest UCB. The idea of selecting actions based on UCBs comes from the
multi-armed bandits literature, see Lai and Robbins [1985], Auer et al. [2002]. Planning under
uncertainty using UCBs has been considered previously in Chang et al. [2007] (the so-called UCB
sampling) and in Kocsis and Szepesvari [2006], where the resulting algorithm, UCT (UCB applied



118 CHAPTER 5. OPEN-LOOP PLANNING

to Trees), has been successfully applied to the large scale tree search problem of computer-go, see
Gelly et al. [2006]. However, its regret analysis shows that UCT may perform very poorly because
of overly-optimistic assumptions in the design of the bounds, see Coquelin and Munos [2007].
This work is close in spirit to BAST (Bandit Algorithm for Smooth Trees), Coquelin and Munos
[2007], the Zooming Algorithm, Kleinberg et al. [2008a] and the strategy HOO described in Chap-
ter 4. Like in these previous works, the performance bounds of OLOP are expressed in terms of a
measure of the proportion of near-optimal paths.

However, as we shall discuss in Section 4, these previous algorithms fail to obtain minimax
guarantees for our problem. Indeed, a particularity of our planning problem is that the value of a
sequence of action is defined as the sum of discounted rewards along the path, thus the rewards
obtained along any sequence provides information, not only about that specific sequence, but also
about any other sequence sharing the same initial actions. OLOP is designed to use this property
as efficiently as possible, to derive tight upper-bounds on the value of each sequence of actions.

Note that our results does not compare with traditional regret bounds for MDPs, such as the
ones proposed in Auer et al. [2009]. Indeed, in this case one compares to the optimal closed-loop
policy, and the resulting regret usually depends on the size of the state space (as well as on other
parameters of the MDP).

Outline. We exhibit in Section 2 the minimax rate (up to a logarithmic factor) for the simple regret
in discounted and stochastic environments: both lower and upper bounds are provided. Then in
Section 3 we describe the OLOP strategy, and show that if there is a small proportion of near-
optimal sequences of actions, then faster rates than minimax can be derived. In Section 4 we
compare our results with previous works and present several open questions. Finally Section 5
gathers the proofs.

Notations To shorten the equations we use several standard notations over alphabets. We collect
them here: AY = {)}, A* is the set of finite words over A (including the null word ), for a € A*
we note h(a) the integer such that a € AM®), a A" = {ab,b € A"}, fora € A" and b/ > h we
note a.py = ald ... 0 and a1.9 = 0.

2. Minimax optimality

In this section we derive a lower bound on the simple regret (in the worst case) of any agent,
and propose a simple (uniform) forecaster which attains this optimal minimax rate (up to a loga-
rithmic factor). The main purpose of the section on the uniform planning is to show explicitly the
special concentrations property that our model enjoys.

2.1. Minimax lower bound. We propose here a new lower bound, whose proof can be found
in Appendix 5.1 and which is based on the technique developed in Auer et al. [2003]. Note that
this lower bound is not a particular case of the ones derived in Kleinberg et al. [2008a] or Bubeck
et al. [2009c] in a more general framework, as we shall see in Section 4.

THEOREM 5.1. Any agent satisfies:

log1/y

0 (logn) log K > if 7\/E> 1

n
sup Er,, =

v 0 1/bgn) i WE < 1.
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2.2. Uniform Planning. To start gently, let us consider first (and informally) a naive version
of the uniform planning. One can choose a depth H, uniformly test all sequences of actions in
AH (with (n/H)/K" samples for each sequence), and then return the empirical best sequence.
Cutting the sequences at depth H implies an error of order v, and relying on empirical estimates
HEKH

with (n/H)/K* samples adds an error of order ~— leading to a simple regret bounded as

(0] <7H + HZ(H) Optimizing over H yields an upper bound on the simple regret of the naive

uniform planning of order:

1 I Igf;lm 1/
og og1/v
(5.2) ()( ( ogn> ),
n

which does not match the lower bound. The cautious reader probably understands why this ver-
sion of uniform planning is suboptimal. Indeed we do not use the fact that any sequence of actions
of the form ab gives information on the sequences ac. Hence, the concentration of the empirical
mean for short sequences of actions is much faster than for long sequences. This is the critical
property which enables us to fasten the rates with respect to traditional methods, see Section 4 for
more discussion on this.

We describe now the good version of uniform planning. Let H € N be the largest integer
such that H K < n. Then the procedure goes as follows: For each sequence of actions a € A¥,
the uniform planning allocates one episode (of length H) to estimate the value of the sequence a,
that is it receives Y* ~ v(a14), 1 <t < H (drawn independently). At the end of the allocation
procedure, it computes for all € A", h < H, the empirical average reward of the sequence a:

. 1 b
i0) = Y. Y
beAH by, ,=a
(obtained with K—" samples.) Then, for all a € A, it computes the empirical value of the
sequence a:

R H
V(@)=Y ~'flars).
t=1

It outputs a(n) € A defined as the first action of the sequence arg max,c su V(a) (ties break
arbitrarily).

This version of uniform planning makes a much better use of the reward samples than the
naive version. Indeed, for any sequence a € A", it collects the rewards Y}i’ received for sequences
b € aAH=" to estimate u(a). Since |aA”~"| = KH~", we obtain an estimation error for 1 (a)
of order vV K"~ _ Then, thanks to the discounting, the estimation error for V(a), with a € AH,
is of order K—H/2%" {l{:l(v\/f ). On the other hand, the approximation error for cutting the
sequences at depth H is still of order v/, Thus, since H is the largest depth (given n and K)
at which we can explore once each node, we obtain the following behavior: When K is large,
precisely yv/K > 1, then H is small and the estimation error is of order v, resulting in a simple
regret of order n—(°81/7)/108 K " On the other hand, if ~ is small, precisely vv/ K < 1, then the
depth H becomes less important, and the estimation error is of order K~ /2, resulting in a simple
regret of order n~'/2. This reasoning is made precise in Appendix 5.2 (supplementary material
section), where we prove the following Theorem.
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THEOREM 5.2. The (good) uniform planning satisfies:

log 1/~
O( logn (10%) ot ) if YWK >1,
Er, <{ O (log”)2> if WK =1,
Jn
logn .
O 2% > if YWK < 1.

REMARK 5.1. We do not know whether the \/log n (respectively (log n)3/2 inthe case yW K =
1) gap between the upper and lower bound comes from a suboptimal analysis (either in the upper
or lower bound) or from a suboptimal behavior of the uniform forecaster.

3. OLOP (Open Loop Optimistic Planning)

The uniform planning described in Section 2.2 is a static strategy, it does not adapt to the
rewards received in order to improve its exploration. A stronger strategy could select, at each
round, the next sequence to explore as a function of the previously observed rewards. In particular,
since the value of a sequence is the sum of discounted rewards, one would like to explore more
intensively the sequences starting with actions that already yielded high rewards. In this section we
describe an adaptive exploration strategy, called Open Loop Optimistic Planning (OLOP), which
explores first the most promising sequences, resulting in much stronger guarantees than the one
derived for uniform planning.

OLOP proceeds as follows. It assigns upper confidence bounds (UCBs), called B-values, to
all sequences of actions, and selects at each round a sequence with highest B-value. This idea of
a UCB-based exploration comes from the multi-armed bandits literature, see Auer et al. [2002].
It has already been extended to hierarchical bandits, Chang et al. [2007], Kocsis and Szepesvari
[2006], Coquelin and Munos [2007], and to bandits in metric (or even more general) spaces, Auer
et al. [2007], Kleinberg et al. [2008a], Bubeck et al. [2009c].

Like in these previous works, we express the performance of OLOP in terms of a measure
of the proportion of near-optimal paths. More precisely, we define k. € [1, K| as the branching

. h+1 . . .. .
factor of the set of sequences in A" that are ¢ — ';—v -optimal, where c is a positive constant, i.e.
N 1/h
(5.3) ke = lim sup Ha cA": V)=V -c }
h—o0 1- Y

h+1
-
the perfect knowledge of the discounted sum of mean rewards 2?21 vt u(ar.¢) is not sufficient to
decide whether a belongs to an optimal path or not, because of the unknown future rewards for
t > h. In the main result, we consider ko (rather than x1) to account for an additional uncertainty
due to the empirical estimation of Z?:l Ytu(ar.¢). In Section 4, we discuss the link between x
and the other measures of the set of near-optimal states introduced in the previously mentioned
works.

Intuitively, the set of sequences a € A" that are T—-optimal are the sequences for which

3.1. The OLOP algorithm. The OLOP algorithm is described in Figure 2. It makes use of
some B-values assigned to any sequence of actions in A”. At time m = 0, the B-values are
initialized to 4+o0co0. Then, after episode m > 1, the B-values are defined as follows: For any
1<h<L,foranya € Al let

Ta(m) =) _1{a},, = a}
s=1
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Open Loop Optimistic Planning:
Let M be the largest integer such that M[logM/(2logl/y)] < n. Let L =
[log M/(2log 1/7)].
For each episode m = 1,2, ..., M,;

(1) The agent computes the B—values at time m — 1 for sequences of actions in A” (see

Section 3.1) and chooses a sequence that maximizes the corresponding B—value:
a™ € argmax B,(m — 1).
acAL

(2) The environment draws the sequence of rewards Y, ~ v(af}),t =1,..., L.

Return an action that has been the most played: a(n) = argmax,c 4 T,,(M).

Figure 2: Open Loop Optimistic Planning

be the number of times we played a sequence of actions beginning with a. Now we define the
empirical average of the rewards for the sequence a as:

1 m
ﬁa(m) = TN Y1 as: = a}7
Ta(m) ; h { 1:h

if T,(m) > 0, and 0 otherwise. The corresponding upper confidence bound on the value of the
sequence of actions a is by definition:

h
. 2log M AL
Ua(m) = ~'fay, (m) ++* + :
; e Tal;t (m) 1- v

if T,(m) > 0 and +o00 otherwise. Now that we have upper confidence bounds on the value of
many sequences of actions we can sharpen these bounds for the sequences a € A” by defining the

B-values as:
Ba(m) = Inf s, (m).
At each episode m = 1,2, ..., M, OLOP selects a sequence a™ € A with highest B—value,
observes the rewards Y, ~ v(al?,), t = 1,..., L provided by the environment, and updates the

B-values. At the end of the exploration phase, OLOP returns an action that has been the most
played, i.e. a(n) = argmax,c 4 T,(M).

3.2. Main result.

THEOREM 5.3 (Main Result). Let ko € [1, K| be defined by (5.3). Then, for any £’ > ka,
OLOP satisfies:

~ _logl/y

O(n Tos ) if WK >1,
Er, = _ )
O n_2> if WK <1

(We say that u, = 5(%) if there exists o, 8 > 0 such that u,, < a(log(vy,))Pvy)

REMARK 5.2. One can see that the rate proposed for OLOP greatly improves over the uniform
planning whenever there is a small proportion of near-optimal paths (i.e. k is small). Note that this
does not contradict the lower bound proposed in Theorem 5.1. Indeed r provides a description
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of the environment v, and the bounds are expressed in terms of that measure, one says that the
bounds are distribution-dependent. Nonetheless, OLOP does not require the knowledge of k, thus
one can take the supremum over all k € [1, K|, and see that it simply replaces r by K, proving
that OLOP is minimax optimal (up to a logarithmic factor).

REMARK 5.3. In the analysis of OLOP, we relate the simple regret to the more traditional

cumulative regret, defined at round n as R,, = Z%Zl (V — V(am)). Indeed, in the proof of

Theorem 5.3, we first show that r,, = 19) (%) and then we bound (in expectation) this last term.
Thus the same bounds apply to ER,, with a multiplicative factor of order n. In this chaper, we
focus on the simple regret rather than on the traditional cumulative regret because we believe that
it is a more natural performance criterion for the planning problem considered here. However
note that OLOP is also minimax optimal (up to a logarithmic factor) for the cumulative regret,
since one can also derive lower bounds for this performance criterion using the proof of Theorem
5.1

REMARK 5.4. One can also see that the analysis carries overtort = V-V (argmax,¢ o To(M)),
that is we can bound the simple regret of a sequence of actions in A rather than only the first
action a(n) € A. Thus, using n actions for the exploration of the environment, one can derive a
plan of length L (of order log n) with the optimality guarantees of Theorem 5.3.

4. Discussion

In this section we compare the performance of OLOP with previous algorithms that can be
adapted to our framework. This discussion is summarized in Figure 3. We also point out several
open questions raised by these comparisons.

Comparison with Zooming Algorithm/HQOO: In Kleinberg et al. [2008a] and Bubeck et al.
[2009c¢], the authors consider a very general version of stochastic bandits, where the set of arms
X is a metric space (or even more general spaces in Bubeck et al. [2009c]). When the underly-
ing mean-payoff function is 1-Lipschitz with respect to the metric (again, weaker assumption are
derived in Bubeck et al. [2009c]), the authors propose two algorithms, respectively the Zooming
Algorithm and HOO, for which they derive performances in terms of either the zooming dimen-
sion or the near-optimality dimension. In a metric space, both of these notions coincide, and the
corresponding dimension d is defined such that the number of balls of diameter ¢ required to cover
the set of arms that are e-optimal is of order e~%. Then, for both algorithms, one obtains a simple
regret of order O(n~'/(4+2)) (thanks to Remark 5.3).

Up to minor details, one can see our framework as a A°°-armed bandit problem, where the
mean-payoff function is the sum of discounted rewards. A natural metric ¢ on this space can be
defined as follows: For any a,b € A, {(a,b) = Vh(la_’b;ﬂ , where h(a, b) is the maximum depth
t > 0 such that a;.; = b1;. One can very easily check that the sum of discounted reward is 1-
Lipschitz with respect to that metric, since 7~ v'|p(a1:t) — p(b1:)| = D ispapy+1 7 I1(ar) —
p(b1:)| < €(a,b). We show now that k9, defined by (5.3), is closely related to the near-optimality

h(a)+1
1 17— Thus, from the

dimension. Indeed, note that the set ¢ A°° can be seen as a ball of diameter

.. . h+1 . h+1 .
definition of k9, the number of balls of diameter le required to cover the set of 271_7 -optimal
paths is of order of ", which implies that the near-optimality dimension is d = llog . Thanks to

og1/y

this result, we can see that applying the Zooming Algorithm or HOO in our setting yield a simple
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regret bounded as:
(5.4) Ery = O(n~Y/(@2)) = O~ wantotosira).

Clearly, this rate is always worse than the ones in Theorem 5.3. In particular, when one takes
the supremum over all s, we find that (5.4) gives the same rate as the one of naive uniform planning
in (5.2). This was expected since these algorithms do not use the specific shape of the global reward
function (which is the sum of rewards obtained along a sequence) to generalize efficiently across
arms. More precisely, they do not consider the fact that a reward sample observed for an arm (or
sequence) ab provides strong information about any arm in ¢ A°°. Actually, the difference between
HOO and OLOP is the same as the one between the naive uniform planning and the good one (see
Section 2.2).

However, although things are obvious for the case of uniform planning, in the case of OLOP,
it is much more subtle to prove that it is indeed possible to collect enough reward samples along
sequences ab,b € A* to deduce a sharp estimation of y(a). Indeed, for uniform planning, if each
sequence ab, b € A" is chosen once, then one may estimate yi(a) using K" reward samples. How-
ever in OLOP, since the exploration is expected to focus on promising sequences rather than being
uniform, it is much harder to control the number of times a sequence a € A* has been played.
This difficulty makes the proof of Theorem 5.3 quite intricate compared to the proof of HOO for
instance.

Comparison with UCB-AIR: When one knows that there are many near-optimal sequences of
actions (i.e. when k is close to K'), then one may be convinced that among a certain number of
paths chosen uniformly at random, there exists at least one which is very good with high prob-
ability. This idea is exploited by the UCB-AIR algorithm of Wang et al. [2009], designed for
infinitely many-armed bandits, where at each round one chooses either to sample a new arm (or
sequence in our case) uniformly at random, or to re-sample an arm that has already been explored
(using a UCB-like algorithm to choose which one). The regret bound of Wang et al. [2009] is
expressed in terms of the probability of selecting an e-optimal sequence when one chooses the
actions uniformly at random. More precisely, the characteristic quantity is § such that this proba-
bility is of order of €. Again, one can see that y is closely related to 3. Indeed, our assumption
says that the proportion of e-optimal sequences of actions (with € = 2%) is O(k"), resulting in
x = K~ Thanks to this result, we can see that applying UCB-AIR in our setting yield a simple
regret bounded as:
{ 6(7@7%) ifk > Ky
Er, =

~ 1 ~ 7 log1l/~

O(n" 1T48) = O(n TeK/stlel/v)  if kK < K7y
As expected, UCB-AIR is very efficient when there is a large proportion of near-optimal paths.
Note that UCB-AIR requires the knowledge of § (or equivalently «).

Figure 3 shows a comparison of the exponents in the simple regret bounds for OLOP, uniform
planning, UCB-AIR, and Zooming/HOO (in the case Kv? > 1). We note that the rate for OLOP
is better than UCB-AIR when there is a small proportion of near-optimal paths (small ). Uniform
planning is always dominated by OLOP and corresponds to a minimax lower bound for any al-
gorithm. Zooming/HOO are always strictly dominated by OLOP and they do not attain minimax
performances.
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_ log (bound orrp ) logl/y
logn log K
12 OLOP UCB—_AIB

logl/y |Uniform
logK |77 S T

\ / HOO, Zooming
logl/y logl/y

logKk+logl/ly  logK+2logl/y

Figure 3: Comparison of the exponent rate of the bounds on the simple regret for OLOP, (good)
uniform planning, UCB-AIR, and Zooming/HOO, as a function of € [1, K], in the case K2 >
1.

Comparison with deterministic setting: In Hren and Munos [2008], the authors consider a de-
terministic version of our framework, precisely they assume that the rewards are a deterministic
function of the sequence of actions. Remarkably, in the case x7? > 1, we obtain the same rate
for the simple regret as Hren and Munos [2008]. Thus, in this case, we can say that planning
in stochastic environments is not harder than planning in deterministic environments (moreover,
note that in deterministic environments there is no distinction between open-loop and closed-loop
planning).

Open questions: We identify four important open questions. (i) Is it possible to attain the per-
formances of UCB-AIR when & is unknown? (ii) Is it possible to improve OLOP if « is known?
(iii)) Can we combine the advantages of OLOP and UCB-AIR to derive an exploration strategy
with improved rate in intermediate cases (i.e. when 1/7? < x < vK)? (iv) What is a problem-
dependent lower bound (in terms of x or other measures of the environment) in this framework?
Obviously these problems are closely related, and the current behavior of the bounds suggests
that question (iv) might be tricky. As a side question, note that OLOP requires the knowledge of
the time-horizon n, we do not know whether it is possible to obtain the same guarantees with an
anytime algorithm.

5. Proofs

5.1. Proof of Theorem 5.1. Let ¢ € [0,1/2]. For h > 1 and b € A" we define the envi-
ronment v, as follows. If a ¢ A" then v(a) = o. If a € AP\ {b} then v,(a) = Ber (152).
And finally we set 1;,(b) = Ber (11£). We also note 14 the environment such that if a ¢ A"
(respectively a € A") then vy(a) = &y (respectively vp(a) = Ber (152)). Note that, under v, for
anya € A\ {b;}, we have V — V(a) = ex".
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We clearly have

1
sup B, 7, = sup ey"P,, (a(n) #by) =" [1— 70 Z Py, (a(n) = by)
be Al be Ak beAh

Now by Pinsker’s inequality we get

Py, (a(n) = by) < Buy(a(n) = ) + || 5KL (B, Poy).

Note that

1 1
or O Bula(n) =b) = .
be Al
Using the chain rule for Kullback Leibler’s divergence (see the third step of the proof of Lemma

2.2) we obtain

1—¢ 1+4¢
(IP’,,O,}P’Vb)gKL< 5 >EVOTb(n).

=
e

2 . .
, %) < % < 4¢? and thus by the concavity of the square root we obtain:

l—¢

2

1 1 n
ir 2 VBT < [ 2 BuTh(n) < Vi

beAh

1 n
E,r,>~"e(1-—= — — .
o Earn 22" (1= =\ )

Taking ¢ = § min(1, \/hK"/n) yields the lower bound 7z7" min(1, /hK"/n). The proof is
concluded by taklng h = log(nlog(1/~%)/logn)/log(1/4?)if yv/K < 1and h = log(nlog K/logn)/log K
if yVK > 1.

Note also that KL (

So far we proved:

5.2. Proof of Theorem 5.2. First note that, since H is the largest integer such that H K <
n, it satisfies:

logn log(nlog K/ logn
5.5) lg > g > loe(nlog K/logn) |
og K log K
Leta = argmax,csn V(a) and a* € AH be such that V(a*) = V. Then we have
Er, = V —EV(a(n))
< V-E V(Ei)
H
< 1 — "(u(ais) — Bu(ars))
H
< hE p(ai.,) — p(arg)) +Z’y E (fi(a1:n) — p(arn)) -
Now remark that
H A~ A~
> " E(ilaty) - @) = E (Vi (@) - Vi (@) <0.
h=1

Moreover by Hoeffding’s inequality,

R log K*
— < ==
B max (fi(a) — (@) <\ 3w
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Thus we obtain

H+1 H
vy Hlog K h
. Er, < 1/ E VK
(5.6) T 1=~ + oK H h_l(’y )

Now consider the case ’y\/F > 1. We have

Hlog K 1 ho_ \/E(V\/E)H _ H
Vg LoV _O<\/EH ) = oA,

Plugging this into (5.6) and using (5.5), we obtain

log1/y

Er, = O(VH~YY) = O(x/logn <10in> o )
In the case 7\/> =1, we have
Hlog K H3/? 3/ H
I v = o( 1) - o

Plugging this into (5.6) and using (5.5), we obtain:

Er, = O(H~") = o<(1°\g/g)2>.

Finally, for fy\/f < 1, we have

Plugging this into (5.6) and using (5.5), we obtain:

ol ) o)

5.3. Proof of Theorem 5.3. The proof of Theorem 5.3 is quite subtle. To present it in a gentle
way we adopt a pyramidal proof rather than a pedagogic one. We propose seven lemmas, which
we shall not motivate in depth, but prove in details. The precise architecture of the proof is as
follows: Lemma 5.1 is a preliminary step, it justifies Remark 5.3. Then Lemma 5.2 underlines
the important cases that we have to treat to show that suboptimal arms are not pulled too often.
Lemma 5.3 takes care of one of these cases. Then, from Lemma 5.4 to 5.7, each Lemma builds
on its predecessor. The main result eventually follows from Lemma 5.1 and 5.7 together with a
simple optimization step.

We introduce first a few notations that will be useful. Let 1 < H < L and a* € AL such that
A(a*) = 0. We define now some useful sets forany 1 < h < Hand0 < h' < h;
h+1

To = {0}, I) = {aEAh:A(a) < 2

1_7}, jh:{aEAh:al;h_l € 7Zn_1 and agZIh}.

Note that, from the definition of x5, we have that for any ' > ko, there exists a constant C'
such that forany h > 1

(5.7) IT0| < Cr
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Now for 1 < m < M, and a € A? with t < h, write
8 /
Php(m) = {b € aA"tn gy, : Ty(m) > ?UL +1)292 =M 1og M + 1} :
Finally we also introduce the following random variable:

8 /
Thp(m) =1 {Ta(m -1)< ﬁ(h +1)22W =P jog M 41 < Ta(m)} .

LEMMA 5.1. The following holds true,

2K~HHL 3K A A
'n X 11—~ +MZZ ’yTa(M)
h=1a€Jn

PROOF. Since a(n) € argmax,ea To(M), we have T,y (M) > M/K, and thus:

% <V - V(a(n))) < (V — V(a(n))>Ta<n) (M) < mf: V= V(a™).

=1

Hence, we have, r, < % 2%21 V — V(a™). Now remark that, for any sequence of actions

a € AL, we have either:

o argr € Tyy: which implies V — V(a) < 42
e or there exists 1 < h < H such that ay., € Jp; which implies V — V(a) < V —
h h
V<a1:h71) + ﬁﬁ < %

Thus we can write:

M M
Y V-V@m) = > (V-V(m) (n{am €Iy} +1{31<h<H:dl € jh})
m=1 m=1
9y H+1 H b
< M T 1o (M),
RS IEE) 3 ppam Yy
h=1a€Jy
which ends the proof of Lemma 5.1. O

The rest of the proof is devoted to the analysis of the term E >, - T, (M). In the stochastic
bandit literature, it is usual to bound the expected number of times a suboptimal action is pulled
by the inverse suboptimality (of this action) squared, see for instance Auer et al. [2002] or Bubeck
et al. [2009¢]. Specialized to our setting, this implies a bound on ET, (M), for a € Jp, of order
~~2k. However, here, we obtain much stronger guarantees, resulting in the faster rates. Namely
we show that E 3 . T, (M) is of order (' )% (rather than (x')"~~2" with previous methods).

The next lemma describes under which circumstances a suboptimal sequence of actions in Jp
can be selected.

LEMMA 52. Let 0 < m < M — 1,1 < h< Land a € Jy. If a™t' € aA* then it implies
that one the three following propositions is true:

(5.8) <A <L Ua;h/(m) <V,

or

h h 2log M
(5.9) > A'hiar,(m) > V(a) + Z’Wm’
t=1 t=1 G1:
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or

h
2log M 0%

(5.10) 2 § A > .
t=1 Tal:t (m) 1 - 7

h+1

PROOF. If a1 € aA* then it implies that U,(m) > infi<p<r, Uar (m). That is either
(5.8) is true or ‘
h+1

h
. 2logM  ~
= V' ay, (m) + 7" + >V.

Talzt (m) 1 - ,‘Y

In the latter case, if (5.9) is not satisfied, it implies

21oe M h+1
(5.11) +2Z Og + 1 s
al t ) 1- Y
. h+1 ARt
Since a € J, we have V — V' (a) — 71_7 P Wthh shows that equation (5.11) implies (5.10)
and ends the proof. U

We show now that both equations (5.8) and (5.9) have a vanishing probability of being satis-
fied.

LEMMA 5.3. The following holds true, for any 1 < h < Land m < M,
P(equation (5.8) or (5.9) is true) < m(L + h)M_ 5(M_3)

h+1

PROOF. Since V < S0 At u(at ) + 1= we have,
PE1<h<L:Uy, (m)<V)

h h
R 2log M .
< IP’(EI 1<h<L: nyt (Nait(m) T o (m)> < Z*yt,u(al:t) and T,: (m) > 1)
t=1 ay.¢

2log M

< PlI1KtLS L figr —_—
( lu’a’lzt (m) + Ta’l‘:t (m)

< platy) and Ty (m) > 1)

- 2log M .
< ;ﬂm(ua;t(m) [ < i) and T (m) > 1),
Now we want to apply a concentration inequality to bound this last term. To do it properly we
exhibit a martingale and apply the Hoeffding-Azuma inequality for martingale differences (see
Theorem 10.1). Let

S;=min{s : Toy (s) =j}, j > 1
If S; < M, we define )7] =Y 5 , and otherwise Yj is an independent random variable with law
v(aji.;). We clearly have,

- 2log M .
P (s 0m) + m < las) and Tig, (m) > 1)
1:t
Toia 2log M
- P < plaj. andT»«m}l)
(7o g 7oy < i) and T ()
m u
1 2log M
ZP(UZYM/ < (o)
u=1 j=1
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Now we have to prove that 17] — p(at.,) is martingale differences sequence. This follows via
an optional skipping argument, see [Doob, 1953, Chapter VII, Theorem 2.3]. Thus we obtain

2log M
P(equation (5.8) is true) Z Z exp ( o8 ) = LmM™4.
t=1 u=1

The same reasoning gives
P(equation (5.9) is true) < mhM 4,

which concludes the proof. O

The next lemma proves that, if a sequence of actions has already been pulled enough, then
equation (5.10) is not satisfied, and thus using lemmas 5.2 and 5.3 we deduce that with high
probability this sequence of actions will not be selected anymore. This reasoning is made precise
in Lemma 5.5.

LEMMA 5.4. Let1 < h < L,a € J, and 0 < h' < h. Then equation (5.10) is not satisfied if
the two following propositions are true:

8
(5.12) VO <t <K, Ty, (m) > 7(h+1)2 7= 1og M,
and

(5.13) To(m) > jz(h+ 1)252( =1 10g M.

PROOF. Assume that (5.12) and (5.13) are true. Then we clearly have:

2logM 210gM ot 2log M
2 = 21y \ / —|— 2 —_—
Z al t m) =0 Z 7 01 t ;ﬁ-l Tal:t (m)

St

<
h+1 h+1 Z 7
t=h'+1

h+1

’Y h/—‘-i
h+1 1—7
°

)

N

N

L—n
which proves the result. O

LEMMA 55. Let 1 < h < L, a € Jpand 0 < ' < h. Then 7{,,(m + 1) = 1 implies that
either equation (5.8) or (5.9) is satisfied or the following proposition is true:

(5.14) 30 << 1 [P (m)] < 20,

PROOF. If 7{*,,(m+1) = 1 then it means that ™+ € aA* and (5.13) is satisfied. By Lemma
5.2 this implies tﬁat either (5.8), (5.9) or (5.10) is true and (5.13) is satisfied. Now by Lemma 5.4
this implies that (5.8) is true or (5.9) is true or (5.12) is false. We now prove that if (5.14) is not
satisfied then (5.12) is true, which clearly ends the proof. This follows from: For any 0 < t < I/,

8 " 8 .
Tay, (m) = Z Ty(m) = 4" )ﬁ(h +1)272 W= jog M = ?(h +1)2420"M) 10g M.
bEaLtAh—t

g



130 CHAPTER 5. OPEN-LOOP PLANNING

The next lemma is the key step of our proof. Intuitively, using lemmas 5.2 and 5.5, we have
a good control on sequences for which equation (5.14) is satisfied. Note that (5.14) is a property
which depends on sub-sequences of a from length 1 to /'. In the following proof we will iteratively
”drop” all sequences which do not satisfy (5.14) from length ¢ onwards, starting from ¢ = 1. Then,
on the remaining sequences, we can apply Lemma 5.5.

LEMMA 5.6. Let 1 < h < L and 0 < h' < h. Then the following holds true,

E|Py (M) = O ( o’ ]lh'>oz KM >

PROOF. Let i’ > 1 and 0 < s < h/. We introduce the following random variables:

<
= min (M, min {m >0 [Py (m)] = ’yz(Shl)}) .

We will prove recursively that,

S

(5.15) P (m)] < 32T 4+
t=0 CLGIS

Phw \ Ui Pl (i) -

The result is true for s = 0 since Zy = {0} and by definition of m},

Pl (m) <72+ (PR (m) \ PR, (mb)].

Now let us assume that the result is true for s < h'. We have:

> PR (m)\UiLoPrii(mit)| = > [P (m) \ UiZgPpbs (mg)

a€Zls a€Zs41
< Z ’Y2<s+1hl)+’7)ﬁ,h’( )\Us+1 }C:l}:li(m‘tllzt)
a€Zls41
PO+ 3T P m) \ U PR (m ),

a€Zls41

which ends the proof of (5.15). Thus we proved (by taking s = h/ and m = M):

|Phh’ ZVW "L + Z

Pit e (M) \ Ui Pyt (mi™)

aEIh/
I
ST 3 [P (M) UEPE ()
t=0 a€Jh

Now, for any a € Jp, let m = maxo<i<py my**. Note that for m > m, equation (5.14) is not
satisfied. Thus we have

<
L

Ph \ USHP,CZ”ht, Ft) Z Thp(m+1) = Th  (m =+ 1) 1{(5.14) is not satisfied }

N
X 3
D

T (m + 1) 1{(5.8) or (5.9) is satisfied}.

m=0
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where the last inequality results from Lemma 5.5. Hence, we proved:

h' M-—1
PRl <D ML+ YT Y 1{(5.8) or (5.9) is satisfied}.
t=0 m=0 a€Jp

Taking the expectation, using (5.7) and applying Lemma 5.3 yield the claimed bound for h’ > 1.

Now for A’ = 0 we need a modified version of Lemma 5.5. Indeed in this case one can directly
prove that 77/ O(m + 1) = 1 implies that either equation (5.8) or (5.9) is satisfied (this follows from
the fact that T,‘j}o(m + 1) = 1 always imply that (5.12) is true for »’ = 0). Thus we obtain:

M-1 M-1
PLul=Y" Y mom+1)< DY Y 1{(5.8) or (5.9) is satisfied} .

m=0 a€Jp m=0 a€J},

Taking the expectation and applying Lemma 5.3 yield the claimed bound for A’ = 0 and ends the
proof. U

LEMMA 5.7. Let 1 < h < L. The following holds true,

h
E > T.(M)=0 (wh S+ ()1 + 72hM2)> :

a€Jp h'=1

PROOF. We have the following computations:

h—1
Z To(M) = Z To(M) + Z Z To(M) + Z To(M)

A€ a€T\PY,_, W=laep? \PO ., a€Py
8 g
h—1—h K —1—h
< ﬁ(;ﬁu 1220 7+ ?(m 12920 1= 1og MIPY | + M|PY |
h'=1

h—1
= 0 ((a’)h Y PR+ M|7>2,0|) .
h'=1
Taking the expectation and applying the bound of Lemma 5.6 gives the claimed bound. U
Thus by combining Lemma 5.1 and 5.7 we obtain for x/v? < 1:
ETTL _ 6 (,YH + ,nyMfl + (H/>H’)/7HM73) ’
and for x'y2 > 1:
Erp = O (v + (5" M~ + ()17 M2)
Thus in the case 'y < 1, taking H = |log M/(2log1/v)] yields the claimed bound; while

for k’v? > 1 we take H = |log M/log x'|. Note that in both cases we have H < L (as it was
required at the beginning of the analysis).






CHAPTER 6

Pure Exploration in Multi-Armed Bandits

We consider the framework of stochastic multi-armed bandit problems and study the possibil-
ities and limitations of forecasters that perform an on-line exploration of the arms. A forecaster is
assessed in terms of its simple regret, a regret notion that captures the fact that exploration is only
constrained by the number of available rounds (not necessarily known in advance), in contrast to
the case when the cumulative regret is considered and when exploitation needs to be performed at
the same time. We believe that this performance criterion is suited to situations when the cost of
pulling an arm is expressed in terms of resources rather than rewards. We discuss the links between
the simple and the cumulative regret. The main result is that the required exploration—exploitation
trade-offs are qualitatively different, in view of a general lower bound on the simple regret in terms
of the cumulative regret.
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This chapter is a joint work with Rémi Munos and Gilles Stoltz. It is based on the extended
version Bubeck et al. [2009b] (currently under submission) of Bubeck et al. [2009a] which ap-
peared in the Proceedings of the 20th International Conference on Algorithmic Learning Theory.

1. Introduction

Learning processes usually face an exploration versus exploitation dilemma, since they have
to get information on the environment (exploration) to be able to take good actions (exploitation).
A key example is the multi-armed bandit problem described in Chapter 2. The usual assessment
criterion of a forecaster is given by its cumulative regret and typical good forecasters, like UCB of
Auer et al. [2002], trade off between exploration and exploitation.
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Our setting is as follows. The forecaster may sample the arms a given number of times 7 (not
necessarily known in advance) and is then asked to output a recommended arm. He is evaluated
by his simple regret, that is, the difference between the average payoff of the best arm and the
average payoff obtained by his recommendation. The distinguishing feature from the classical
multi-armed bandit problem is that the exploration phase and the evaluation phase are separated.
We now illustrate why this is a natural framework for numerous applications.

Historically, the first occurrence of multi-armed bandit problems was given by medical trials.
In the case of a severe disease, ill patients only are included in the trial and the cost of picking
the wrong treatment is high. It is important to minimize the cumulative regret, since the test and
cure phases coincide. However, for cosmetic products, there exists a test phase separated from the
commercialization phase, and one aims at minimizing the regret of the commercialized product
rather than the cumulative regret in the test phase, which is irrelevant. (Here, several formulz for a
cream are considered and some quantitative measurement, like skin moisturization, is performed.)

The pure exploration problem addresses the design of strategies making the best possible use
of available numerical resources (e.g., as CPU time) in order to optimize the performance of some
decision-making task. That is, it occurs in situations with a preliminary exploration phase in which
costs are not measured in terms of rewards but rather in terms of resources, that come in limited
budget.

A motivating example concerns recent works on computer-go (e.g., the MoGo program of
Gelly et al. [2006]). A given time, i.e., a given amount of CPU times is given to the player to explore
the possible outcome of sequences of plays and output a final decision. An efficient exploration of
the search space is obtained by considering a hierarchy of forecasters minimizing some cumulative
regret — see, for instance, the UCT strategy of Kocsis and Szepesvari [2006] and the BAST strategy
of Coquelin and Munos [2007]. However, the cumulative regret does not seem to be the right way
to base the strategies on, since the simulation costs are the same for exploring all options, bad and
good ones. This observation was actually the starting point of the notion of simple regret and of
this work.

A final related example is the maximization of some function f, observed with noise. When-
ever evaluating f at a point is costly (e.g., in terms of numerical or financial costs), the issue is to
choose as adequately as possible where to query the value of this function in order to have a good
approximation to the maximum. The pure exploration problem considered here addresses exactly
the design of adaptive exploration strategies making the best use of available resources in order to
make the most precise prediction once all resources are consumed.

As aremark, it also turns out that in all examples considered above, we may impose the further
restriction that the forecaster ignores ahead of time the amount of available resources (time, budget,
or the number of patients to be included) — that is, we seek for anytime performance. We refer the
reader to Chapter 7 for an in-depth study of strategies making use of the time horizon.

We end this introduction with an overview of the literature. The problem of pure exploration
presented above was referred to as “budgeted multi-armed bandit problem” in the open problem
Madani et al. [2004] (where, however, another notion of regret than simple regret is considered).
Schlag [2006] solves the pure exploration problem in a minimax sense for the case of two arms
only and rewards given by probability distributions over [0, 1]. Even-Dar et al. [2002] and Mannor
and Tsitsiklis [2004] consider a related setting where forecasters perform exploration during a
random number of rounds 7" and aim at identifying an e—best arm. They study the possibilities
and limitations of policies achieving this goal with overwhelming 1 — § probability and indicate
in particular upper and lower bounds on (the expectation of) 7.
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Parameters: K unknown probability distributions for the rewards of the arms, v4, ..., vk.

Foreachroundt =1,2,...,

(1) the forecaster chooses I; € {1,..., K};

(2) the environment draws the reward Y; for that action (also denoted by X 1,.T1, () with the
notation introduced in the text);

(3) the forecaster outputs a recommendation J; € {1,..., K};

(4) if the environment sends a stopping signal, then the game takes an end; otherwise, the next
round starts.

Figure 1: The anytime pure exploration problem for multi-armed bandits.

2. Problem setup, notation

We consider a sequential decision problem given by stochastic multi-armed bandits. K > 2
arms, denoted by ¢ = 1,..., K, are available and the ¢—th of them is parameterized by a fixed
(unknown) probability distribution v; over [0, 1], with expectation denoted by ;. At those rounds
when it is pulled, its associated reward is drawn at random according to v;, independently of all
previous rewards. For each arm ¢ and all time rounds n > 1, we denote by T;(n) the number
of times arm ¢ was pulled from rounds 1 to n, and by X1, X2, ..., X; 1;(n) the sequence of
associated rewards.

The forecaster has to deal simultaneously with two tasks, a primary one and an associated one.

The associated task consists in exploration, i.e., the forecaster should indicate at each round ¢
the arm I; to be pulled, based on past rewards (so that I; is a random variable). Then the forecaster
gets to see the associated reward Y, also denoted by X 1Ty, (1) with the notation above. The
sequence of random variables (I;) is referred to as an allocation strategy.

The primary task is to output at the end of each round ¢ a recommendation J; to be used in
a one-shot instance if/when the environment sends some stopping signal meaning that the explo-
ration phase is over. The sequence of random variables (.J;) is referred to as a recommendation
strategy. In total, a forecaster is given by an allocation and a recommendation strategy.

Figure 1 summarizes the description of the sequential game and points out that the information
available to the forecaster for choosing I, respectively J;, is formed by the X; s fori =1,..., K
and s = 1,...,T;(t — 1), respectively, s = 1,...,T;(t). Note that we also allow the forecaster to
use an external randomization in the definition of I; and J;.

As we are only interested in the performances of the recommendation strategy (.J;), we call
this problem the pure exploration problem for multi-armed bandits and evaluate the forecaster
through its simple regret, defined as follows. First, we denote by

pt = pis = max
i=1,...,
the expectation of the rewards of the best arm ¢* (a best arm, if there are several of them with
same maximal expectation). A useful notation in the sequel is the gap A; = u* — u; between the
maximal expected reward and the one of the i—th arm; as well as the minimal gap

A= min A;.
:0;>0
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Now, the simple regret at round n equals the regret on a one-shot instance of the game for the
recommended arm J,,, that is, put more formally,

'n = ,UJ* — K, = AJn .

A quantity of related interest is the cumulative regret at round n, which is defined as

n
Ry=> p* = pp, -
t=1

A popular treatment of the multi-armed bandit problems is to construct forecasters ensuring that
ER,, = o(n), see Chapter 2. The quantity 7, = p* — p11, is sometimes called instantaneous regret.
It differs from the simple regret r; and in particular, R, = ] + ... + r/, is in general not equal to
r1 4+ ...+ ry. Theorem 6.1, among others, will however indicate some connections between 7,
and R,,.

Goal and structure of the chapter. We study the links between the simple and the cumula-
tive regret. Intuitively, an efficient allocation strategy for the simple regret should rely on some
exploration—exploitation trade-off. Our main contribution (Theorem 6.1, Section 3) is a lower
bound on the simple regret in terms of the cumulative regret suffered in the exploration phase,
showing that the trade-off involved in the minimization of the simple regret is somewhat different
from the one for the cumulative regret. The full consequences of this result are derived in Chapter
7 where we propose new strategies specifically designed for the simple regret. In this chapter,
and precisely in Sections 4 and 5, we show how, despite all, one can fight against this negative
result. For instance, some strategies designed for the cumulative regret can outperform (for mod-
erate values of n) strategies with exponential rates of convergence for their simple regret. Finally
in Section 6 we briefly investigate the X'-armed bandit presented in Chapter 4. In this setting we
use the simple regret as a tool to characterize the topological spaces X for which it is possible to
have a sublinear cumulative regret.

3. The smaller the camulative regret, the larger the simple regret

It is immediate that for well-chosen recommendation strategies, the simple regret can be upper
bounded in terms of the cumulative regret. For instance, the strategy that at time n recommends
arm ¢ with probability T;(n)/n (recall that we allow the forecaster to use an external randomiza-
tion) ensures that the simple regret satisfies Er,, = ER,, /n. Therefore, upper bounds on ER,, lead
to upper bounds on Er,,.

We show here that, conversely, upper bounds on ER,, also lead to lower bounds on Er,: the
smaller the guaranteed upper bound on ER,,, the larger the lower bound on Er,, no matter what
the recommendation strategy is.

This is interpreted as a variation of the “classical” trade-off between exploration and exploita-
tion. Here, while the recommendation strategy (.J,,) relies only on the exploitation of the results of
the preliminary exploration phase, the design of the allocation strategy (I;) consists in an efficient
exploration of the arms. To guarantee this efficient exploration, past payoffs of the arms have to be
considered and thus, even in the exploration phase, some exploitation is needed. Theorem 6.1 and
its corollaries aim at quantifying the needed respective amount of exploration and exploitation. In
particular, to have an asymptotic optimal rate of decrease for the simple regret, each arm should be
sampled a linear number of times, while for the cumulative regret, it is known that the forecaster
should not do so more than a logarithmic number of times on the suboptimal arms.
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Formally, our main result is as follows. It is strong in the sense that we get lower bounds for all
possible sets of Bernoulli distributions {v1, . .., vk} over the rewards. Note that the stated result
requires in particular that there is a unique best arm.

THEOREM 6.1 (Main result). For any forecaster (i.e., for any pair of allocation and recom-
mendation strategies) and any function € : {1,2, ...} — R such that

for all (Bernoulli) distributions vy, . . . , Vi on the rewards, there exists a constant C >
0 withER,, < Ce(n),

the following holds true:

for all sets of K > 3 distinct Bernoulli distributions on the rewards, with parameters
different from 1, there exists a constant D > 0 and an ordering v1, ...,V of the
considered distributions such that

Er, > e P |

COROLLARY 6.1 (General distribution-dependent lower bound). For any forecaster, and any
set of K > 3 distinct, Bernoulli distributions on the rewards, with parameters different from 1,
there exists v > 0 such that, up to the choice of a good ordering of the considered distributions,

Er, >e ™.

Theorem 6.1 is proved below and Corollary 6.1 follows from the fact that the cumulative regret
is always bounded by n. To get further the point of the theorem, one should keep in mind that the
typical (distribution-dependent) rate of growth of the cumulative regret of good algorithms, e.g.,
UCB described in Section 2.2 (and which we recall in Figure 2), is €(n) = Inn, see Theorem 2.2.
This, as asserted in Theorem 2.7, is the optimal rate. But a recommendation strategy based on
such allocation strategy is bound to suffer a simple regret that decreases at best polynomially fast.
The next result follows from noting that UCB (with exploration parameter «) actually achieves a
cumulative regret bounded by a large enough distribution-dependent constant times €(n) = a/Inn.

COROLLARY 6.2 (Distribution-dependent lower bound for UCB). The allocation strategy (I)
given by UCB ensures that for any recommendation strategy (J;) and all sets of K > 3 distinct,
Bernoulli distributions on the rewards, with parameters different from 1, there exists v > 0 (inde-
pendent of o) such that, up to the choice of a good ordering of the considered distributions,

Er, >n .

PROOF. The intuitive version of the proof of Theorem 6.1 is as follows. The basic idea is
to consider a tie case when the best and worst arms have zero empirical means; it happens often
enough (with a probability at least exponential in the number of times we pulled these arms) and
results in the forecaster basically having to pick another arm and suffering some regret. Permu-
tations are used to control the case of untypical or naive forecasters that would despite all pull an
arm with zero empirical mean, since they force a situation when those forecasters choose the worst
arm instead of the best one.

Formally, we fix the forecaster (a pair of allocation and recommendation strategies) and a
corresponding function € such that the assumption of the theorem is satisfied. We denote by
P, = (P1,ns - - -, DK n) the probability distribution from which J,, is drawn at random thanks to an
auxiliary distribution. Note that p,, is a random vector which depends on Iy, ..., I,, as well as on
the obtained rewards Y71, ...,Y,. We consider below a set of K > 3 distinct Bernoulli distribu-
tions, satisfying the conditions of the theorem; actually, we only use below that their parameters
are (up to a first ordering) such that 1 > pq > po 2> p3 = ... 2 px = 0and pg > pg (thus,
2 > 0).
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Step 0 introduces another layer of notation. The latter depends on permutations o of {1, ..., K}.
To have a gentle start, we first describe the notation when the permutation is the identity, o =
id. We denote by P and E the probability and expectation with respect to the original K-tuple

V1i,...,vk of distributions over the arms. For i = 1 (respectively, ¢ = K), we denote by IP; iq
and [E; ;q the probability and expectation with respect to the K-tuples formed by dg, 12, ..., vk
(respectively, dg, 1o, ..., Vg _1, dg), where dg denotes the Dirac measure on 0.

For a given permutation o, we consider a similar notation up to a reordering, as follows. P,
and E,, refer to the probability and expectation with respect to the K -tuple of distributions over the
arms formed by the v/5-1(y), . .., Us—1(). Note in particular that the i—th best arm is located in the
o (i)—th position. Now, we denote for i = 1 (respectively, i = K) by P; , and E; , the probability
and expectation with respect to the K -tuple formed by the v,-1(;), except that we replaced the best
of them, located in the o (1)-th position, by a Dirac measure on O (respectively, the best and worst
of them, located in the o(1)-th and o (K )—th positions, by Dirac measures on 0). We provide now
a proof in six steps.

Step 1 lower bounds the quantity of interest by an average the maximum of the simple regrets
obtained by reordering,

1 —
max Esry, > ¥l Z Eyry, = MK!M ZEJ [1 —pg(l),n] )
o o

where we used that under PP, the index of the best arm is o(1) and the minimal regret for playing
any other arm is at least u; — uo.

Step 2 rewrites each term of the sum over o as the product of three simple terms. We use
first that IP; , is the same as [P, except that it ensures that arm (1) has zero reward throughout.
Denoting by

(n)
Cin= Z Xit
t=1
the cumulative reward of the i—th arm till round n, one then gets
Eo[1=pon] > Bo|(1=Potyn) hicy =0}]
= E, |:1 — Po(1),n ‘ Ca(l),n = 0:| x P, {Ca(l),n = O}
= El,a [1 - pa(l),n] Py {Ca(l),n = 0} .
Second, iterating the argument from Py , to Pg ,,
Eio[l = pPoyn] = Eio [1 — Po)n | Cotkyn = 0] P10 {Cox)n =0}
= EK,G [1 - po-(l),n] Pl,a {CJ(K),n = 0}
and therefore,

(6.1) Eo[1 = Poyn] 2 Exo [l = Po)n] Pro{Co)n = 0} Po{Co)n =0} .

Step 3 deals with the second term in the right-hand side of (6.1),

Pio {Coryn = 0} = B | (1= ) 7000 | > (1 = puge)Bre oo )

where the equality can be seen by conditioning on Iy, ..., I, and then taking the expectation,
whereas the inequality is a consequence of Jensen’s inequality. Now, the expected number of times
the suboptimal arm o (K) is pulled under P, ,, (for which o(2) is the optimal arm) is bounded by
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the regret, by the very definition of the latter: (p2 — purc) E10T5(x)(n) < Eq Ry Since by
hypothesis (and by taking the maximum of K'! values), there exists a constant C' such that for all
o, Ei,R, < Ce(n), we finally get

IP)laff{CU(K),n = 0} = (1 — MK)CE(”)/(,UQ—MK) .

Step 4 lower bounds the third term in the right-hand side of (6.1) as
Po{Copiyn =0} = (1 — py) 52

We denote by W,, = (I1,Y1,...,1,,Y,) the history of pulled arms and obtained payoffs up to
time n. What follows is reminiscent of the techniques used in Mannor and Tsitsiklis [2004]. We
are interested in realizations w,, = (i1, Y1, - . ., in, Yn) of the history such that whenever o (1) was
played, it got a null reward. (We denote above by ¢;(¢) is the realization of 7};(¢) corresponding to
wp, for all j and ¢.) The likelihood of such a w,, under P, is (1 — ,ul)tU(l)(") times the one under
P1,5. Thus,

Po{Co(iyn =0} =Y Py {W, = wy}

- Z (1-— 0(1) (n) Py {Wyn = wn}t =E14 |(1— 1) Ty (1y(n)
where the sums are over those histories w,, such that the realizations of the payoffs obtained by the
arm o (1) equal z,(1) s = O forall s = 1,...,¢5(1)(n). The argument is concluded as before, first

by Jensen’s inequality and then, by using that 2 By ;7 1)(n) < E1 R, < Ce(n) by definition
of the regret and the hypothesis put on its control.

Step S resorts to a symmetry argument to show that as far as the first term of the right-hand

side of (6.1) is concerned,
K
Z EK o [ Po(1), n} Z = 9"

Since Pk , only depends on 0(2), ..., (K — 1), we denote by P? the common value
of these probability distributions when (1) and o(K) vary (and a similar notation for the associ-
ated expectation). We can thus group the permutations o two by two according to these (K — 2)—
tuples, one of the two permutations being defined by (1) equal to one of the two elements of
{1,..., K} not present in the (K — 2)-tuple, and the other one being such that o (1) equals the
other such element. Formally,

ZEK,apau)m = Z 720K =1 Z Pjn
ag

J2yeJK -1 JE{L,. . K\ {j2,- K -1}

(2),....0(K—1)

L K!
< Z EJ2r-iK -1 [1] — 7 ,
J2se-JK—1
where the summations over jo, . .., jx—1 are over all possible (K — 2)—tuples of distinct elements

in{l,...,K}.
Step 6 simply puts all pieces together and lower bounds max E,r, by
H1 — p2
1 2 B[l = Poq)n] Po {Coym =0} Pro{Copyn =0}
g

H1 ;MQ <(1 B MK)C/(MQ*,U,K) (1 o Ml)C/ug)E(n) .

WV
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Uniform allocation (Unif) — Plays all arms one after the other
Foreachroundt =1,2,...,
pull I; = [t mod K], where [t mod K] denotes the value of ¢ modulo K.

UCB — Plays at each round the arm with the highest upper confidence bound
Parameter: exploration factor o > 1
For eachroundt =1,2,...,

(1) foreachi € {1,...,K},if T;(t — 1) = 0 let B; ; = +00; otherwise, let
alnt 1 net

)
Bt = i (- —_— h i T (t—1) = ———— Xis;
t=Pne-n ey e Fnen =gpog 2 X

(2) Pull I; € argmax B, ;
i=1,...,.K
(ties broken by choosing, for instance, the arm with smallest index).

Figure 2: Two allocation strategies.

4. Upper bounds on the simple regret

In this section, we aim at qualifying the implications of Theorem 6.1 by pointing out that is
should be interpreted as a result for large n only. For moderate values of n, strategies not pulling
each arm a linear number of times in the exploration phase can have a smaller simple regret.

To do so, we consider only two natural and well-used allocation strategies. The first one is
the uniform allocation, which we use as a simple benchmark; it pulls each arm a linear number of
times (see Figure 2 for its formal description). The second one is UCB, also described in Figure 2.
It is designed for the classical exploration—exploitation dilemma (i.e., it minimizes the cumulative
regret) and pulls suboptimal arms a logarithmic number of times only.

In addition to these allocation strategies we consider three recommendation strategies, the
ones that recommend respectively the empirical distribution of plays, the empirical best arm, or
the most played arm. They are formally defined in Figure 3.

Table 1 summarizes the distribution-dependent and distribution-free bounds we could prove
(the difference between the two families of bounds is whether the constants in the bounds can de-
pend or not on the unknown distributions v;). In particular, it indicates that while for distribution-
dependent bounds, the asymptotic optimal rate of decrease for the simple regret in the number n
of rounds is exponential, for distribution-free bounds, this rate worsens to 1/4/n. A similar situa-
tion arises for the cumulative regret, see Theorem 2.7 (optimal In n rate for distribution-dependent
bounds) versus Theorem 2.6 (optimal /7 rate for distribution-free bounds).

REMARK 6.1. The distribution-free lower bound in Table 1 directly follows from the proof of
Theorem 2.6. Indeed one can see that the proof goes through for any random variable J, which is
measurable with respect to the history of the forecaster. Thus, one obtains forn > K > 2,

1 /K
I sup Iry, 20 o

where the infimum is taken over all forecasters while the supremum considers all sets of K distri-
butions over [0, 1].
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Parameters: the history Iy,...,I, of played actions and of their associated rewards Yi,...,Y,,
grouped according to the arms as X 1,..., X; ry(n), fore =1,...,n

Empirical distribution of plays (EDP)
Recommends arm ¢ with probability T;(n)/n, that is, draws .J,, at random according to

g (B0, T

n n

Empirical best arm (EBA)
Only considers arms ¢ with T;(n) > 1, computes their associated empirical means

- ] = = XZ 5
M4, T (n) Tq(n) ; ’

and forms the recommendation

Jy € argmax [i; 1, (n)
1=1,...,

(ties broken in some way).

Most played arm (MPA)
Recommends the most played arm,

Jp, € argmax T;(n)
i=1,....K

(ties broken in some way).

Figure 3: Three recommendation strategies.

4.1. A simple benchmark: the uniform allocation strategy. As explained above, the com-
bination of the uniform allocation with the recommendation indicating the empirical best arm,
forms an important theoretical benchmark. This section studies briefly its theoretical properties:
the rate of decrease of its simple regret is exponential in a distribution-dependent sense and equals
the optimal (up to a logarithmic term) 1//n rate in the distribution-free case.

Below, we mean by the recommendation given by the empirical best arm at round K |n/K |
the recommendation Jg|,,/rc| of EBA (see Figure 3), where |z] denotes the lower integer part
of a real number x. The reason why at round n we prefer Jy |,/ to J, is only technical. The
analysis is indeed simpler when all averages over the rewards obtained by each arm are over the
same number of terms. This happens at rounds n multiple of K and this is why we prefer taking
the recommendation of round K |n/K | instead of the one of round n.

We propose first two distribution-dependent bounds, the first one is sharper in the case when
there are few arms, while the second one is suited for large K.

PROPOSITION 6.1 (Distribution-dependent; Unif and EBA). The uniform allocation strategy
associated to the recommendation given by the empirical best arm (at round K |n/K |) ensures
that

Er, < Z A e~ /K] foralln > K ;
2:;>0
and also, for any n € (0,1),

(L=n)?*|n 2 2ln K
< . I/ VA > P
Er, < (in{%%i(KAO exp< . LKJ AF) foralinz (14 = 5xs ) K
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Distribution-dependent

EDP EBA MPA
Uniform Qe’on (Pr.6.1)
UCB O(alnn)/n (Rk.6.2) On~© (Rk.6.3) On?1=% (Th.6.2)
Lower bound Qe O™ (Cor6.1)

Distribution-free

EDP EBA MPA

Uniform DQ/KIHK (Cor.6.3)
n
UCB D,/QK " Rk62) 9 Rk63) D,/O‘K nn - mes)
n vV n n

In
K
Lower bound O o (Rk.6.1)

Table 1: Distribution-dependent (top) and distribution-free (bottom) upper bounds on the expected
simple regret of the considered pairs of allocation (rows) and recommendation (columns) strate-
gies. Lower bounds are also indicated. The [ symbols denote the universal constants, whereas
the () are distribution-dependent constants. In parentheses, we provide the reference (index of the
proposition, theorem, remark, corollary) where the stated bound is proved.

PROOF. To prove the first inequality, we relate the simple regret to the probability of choosing

a non-optimal arm,
Er, =EA;, = Z A P{J, =i} < Z AiP{ﬁi,\_n/K] = ﬁz*,Ln/Kj}
:0;>0 1:0;>0

where the upper bound follows from the fact that to be the empirical best arm, an arm ¢ must
have performed, in particular, better than a best arm ¢*. We now apply Hoeffding’s inequality,
see Theorem 10.1. We use the fact that we have 2|n/K | random variables in [0, 1]. Thus, the
probability of interest is bounded by

- - 2 n/K|* A2
P{fii, (/1) — Fixn/xc) = 0} < exp <_2Ln/KJ ’

which yields the first result.
The second inequality is proved by resorting to a sharper concentration argument, namely the
Mc Diarmid’s inequality, see Theorem 10.4. The complete proof can be found in Section 7.3. [J

The distribution-free bound of Corollary 6.3 is obtained not directly as a corollary of Propo-
sition 6.1, but as a consequence of its proof. (It is not enough to optimize the bound of Proposi-
tion 6.1 over the A;, for it would yield an additional multiplicative factor of K.)

COROLLARY 6.3 (Distribution-free; Unif and EBA). The uniform allocation strategy associ-
ated to the recommendation given by the empirical best arm (at round K |n/ K |) ensures that

2K In K
sup Er, <2 tama ,
Vi VK n

where the supremum is over all K-tuples (v1, . .. ,v) of distributions over [0, 1].
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PROOF. We extract from the proof of Proposition 6.1 that

. 11 n
P{J, =i} < exp (-2 L?J A%) :
we now distinguish whether a given A; is more or less than a threshold ¢, use that Y P{J,, =
i} = 1and A; < 1 for all 4, to write

K
(6.2) Erp =Y AP{J,=i} < e+ > AP{J, =i}
=1 A >e
1| n
< e+ A; exp <— — A?)

1 n
< v veen (4[]
€+ ( )66Xp< 5¢ K)’
where the last inequality comes by function study, provided that ¢ > 1/|n/K|: for C > 0,
the function = € [0,1] — z exp(—Cz?/2) is decreasing on [1/v/C, 1]. Substituting ¢ =
v/(2InK)/[n/K | concludes the proof. O

=

4.2. Analysis of UCB as an allocation strategy. We start by studying the recommendation
given by the most played arm. A (distribution-dependent) bound is stated in Theorem 6.2; the
bound does not involve any quantity depending on the A;, but it only holds for rounds n large
enough, a statement that does involve the A;. Its interest is first that it is simple to read, and
second, that the techniques used to prove it imply easily a second (distribution-free) bound, stated
in Theorem 6.3 and which is comparable to Corollary 6.3.

THEOREM 6.2 (Distribution-dependent; UCB and MPA). For o > 1, the allocation strategy
given by UCB associated to the recommendation given by the most played arm ensures that

K
4Kalnn
A2

The polynomial rate in the upper bound above is not a coincidence according to the lower
bound exhibited in Corollary 6.2. Here, surprisingly enough, this polynomial rate of decrease is
distribution-free (but in compensation, the bound is only valid after a distribution-dependent time).
This rate illustrates Theorem 6.1: the larger «, the larger the (theoretical bound on the) cumulative
regret of UCB but the smaller the simple regret of UCB associated to the recommendation given
by the most played arm.

K 2(1-a)
Bro < B (1)
a—1

for all n sufficiently large, e.g., such that n > K + andn > K(K + 2).

THEOREM 6.3 (Distribution-free; UCB and MPA). For o > 1, the allocation strategy given

by UCB associated to the recommendation given by the most played arm ensures that, for all
n>K(K+2),

K

2(l—«
4Kalnn K (n 1) ( ):O< Kalnn) ’

Ul,ee, VK n—K a—1 n

where the supremum is over all K-tuples (v1, ... ,v) of distributions over [0, 1].

4.2.1. Proofs of Theorems 6.2 and 6.3. We start by a technical lemma from which the two
theorems will follow easily.
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LEMMA 6.1. Let a1,...,ax be real numbers such that a; + ...+ ax = 1 and a; = 0 for
all i, with the additional property that for all suboptimal arms i and all optimal arms i*, one has
a; < agx. Then for o > 1, the allocation strategy given by UCB associated to the recommendation
given by the most played arm ensures that

1 _
Er, < 1 Z(am —1)20-e)
1F£T*
for all n sufficiently large, e.g., such that, for all suboptimal arms 1,
4dalnn

am}l—i—T and an> K+ 2.
i

PROOF. We first prove that whenever the most played arm J,, is different from an optimal arm
i*, then at least one of the suboptimal arms i is such that 7;(n) > a;n. To do so, we prove the
converse and assume that 7;(n) < a;n for all suboptimal arms. Then,

K K
<Zai> n=n= Zﬂ(n) < Zﬂ*(n) + Zam
i=1 i=1 i* i

where, in the inequality, the first summation is over the optimal arms, the second one, over the

suboptimal ones. Therefore, we get
S aen < YT
i* i

and there exists at least one optimal arm ¢* such that T;«(n) > a;«n. Since by definition of the
vector (a1, ...,ax), one has a; < a;+ for all suboptimal arms, it comes that T;(n) < a;n <
a;=n < T+ (n) for all suboptimal arms, and the most played arm .J,, is thus an optimal arm.
Thus, using that A; < 1 for all 4,
Er, =EA;, < Z IP’{TZ(n) > am} .
:A; >0
A side-result extracted from the proof of [Audibert et al., 2009, proof of Theorem 7], see also [Auer
et al., 2002, proof of Theorem 1], states that for all suboptimal arms ¢ and all rounds ¢ > K + 1,
dalnn
A2
Note that this result is weaker than the one proved in Section 2.2 but it is easier to manipulate. We
denote by [x| the upper integer part of a real number x. For a suboptimal arm ¢ and since by the
assumptions on n and the a;, the choice ¢ = [a;n] — 1 satisfies ¢ > K +1and £ > (4alnn) /A2,
P{Ti(n) > ain} = P{T;(n) > [a;in]}

n

< ¥ IP’{Ti(t—l):[am]fl and It:i}

(6.3) IP’{It — i and T,(t—1)> z} <2672 whenever (>

t=[a;n]
n 00 1
6.4) <) 2t g / 172 dy < (agn — 1)2079)
t=[a;n] f[ain]—1 a—1

where we used a union bound for the second inequality and (6.3) for the third inequality. A
summation over all suboptimal arms ¢ concludes the proof. O

OF THEOREM 6.2. It consists in applying Lemma 6.1 with the uniform choice a; = 1/K and
recalling that A is the minimum of the A; > 0. g
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OF THEOREM 6.3. We start the proof by using that Y P{J,, = i} = 1 and A; < 1 for all 4,
and can thus write

K
Br, =BAy, =Y AP, =i} <e+ > AP, =i}.
=1 1A >e

Since J,, = ¢ only if T;(n) > n/K, we get

n
Er, <e+ Z AiP{Ti(n) > ?} .
A >e
Applying (6.4) with a; = 1/K leads to
A; n 2(1-a)
Ern<€+z O{—]_(E_l) y

1A >
where ¢ is chosen such that for all A; > ¢, the condition
(>n/K —12> (4alnn)/A?
is satisfied (n/K — 1 > K + 1 being satisfied by the assumption on n and K). The conclusion

thus follows from taking, for instance,

e=+v/(daKnn)/(n - K)

and upper bounding all remaining A; by 1. g

4.2.2. Other recommendation strategies. We discuss here the combination of UCB with the
two other recommendation strategies, namely, the choice of the empirical best arm and the use of
the empirical distribution of plays.

REMARK 6.2 (UCB and EDP). We indicate in this remark from which results the correspond-
ing bounds of Table 1 follow. As noticed in the beginning of Section 3, in the case of a recommen-
dation formed by the empirical distribution of plays, the simple regret is bounded in terms of the
cumulative regret as Er,, < ER,,/n. Thus the bounds on Er,, for UCB and EDP directly follows
from Theorem 2.2.

REMARK 6.3 (UCB and EBA). We can rephrase the results of Kocsis and Szepesvari [2006]
as using UCB as an allocation strategy and forming a recommendation according to the empir-
ical best arm. In particular, [Kocsis and Szepesvari, 2006, Theorem 5] provides a distribution-
dependent bound on the probability of not picking the best arm with this procedure and can be
used to derive the following bound on the simple regret of UCB combined with EBA: for alln > 1,

4 [1)\PeRi2
= 25 ()
s n

2:;>0
where p,, is a positive constant depending on v only. The leading constants 1/ /A\; and the distribution-
dependent exponent make it not as useful as the one presented in Theorem 6.2. The best distribution-
free bound we could get from this bound was of the order of 1/+/ps Inn, to be compared to the
asymptotic optimal 1/+/n rate stated in Theorem 6.3.

5. Conclusions: Comparison of the bounds, simulation study

We first explain why, in some cases, the bound provided by our theoretical analysis in Lemma 6.1
(for UCB and MPA) is better than the bound stated in Proposition 6.1 (for Unif and EBA). The
central point in the argument is that the bound of Lemma 6.1 is of the form O n21=®), for some
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distribution-dependent constant (), that is, it has a distribution-free convergence rate. In compar-
ison, the bound of Proposition 6.1 involves the gaps 4A; in the rate of convergence. Some care is
needed in the comparison, since the bound for UCB holds only for n large enough, but it is easy
to find situations where for moderate values of n, the bound exhibited for the sampling with UCB
is better than the one for the uniform allocation. These situations typically involve a rather large
number K of arms; in the latter case, the uniform allocation strategy only samples |n/K | times
each arm, whereas the UCB strategy focuses rapidly its exploration on the best arms. A general
argument is proposed in Section 7.4 as well as a numerical example, showing that for moderate
values of n, the bounds associated to the sampling with UCB are better than the ones associated to
the uniform sampling. This is further illustrated numerically, in the right part of Figure 4).

To make short the longer story described in this chapter, one can distinguish three regimes,
according to the value of the number of rounds n. The statements of these regimes (the ranges
of their corresponding n) involve distribution-dependent quantifications, to determine which n are
considered small, moderate, or large.

e For large values of n, uniform exploration is better (as shown by a combination of the
lower bound of Corollary 6.2 and of the upper bound of Proposition 6.1).

e For moderate values of n, sampling with UCB is preferable, as discussed just above (and
in Section 7.4).

e For small values of n, little can be said and the best bounds to consider are perhaps the
distribution-free bounds, which are of the same order of magnitude for the two pairs of
strategies.

We propose two simple experiments to illustrate our theoretical analysis; each of them was
run on 10% instances of the problem and we plotted the average simple regret. This is an instance
of the Monte-Carlo method and provides accurate estimators of the expected simple regret Er,,.

The first experiment (upper plot of Figure 4) shows that for small values of n (here, n < 80),
the uniform allocation strategy can have an interesting behavior. Of course the range of these
“small” values of n can be made arbitrarily large by decreasing the gap A. The second one (lower
plot of Figure 4) corresponds to the numerical example to be described in Section 7.4. In both
cases, the unclear picture for small values of n become clearer for moderate values and shows an
advantage in favor of UCB-based strategies.

REMARK 6.4. We mostly illustrated here the small and moderate n regimes. This is because
for large n, the simple regret is usually very small, even below computer precision. Therefore,
because of the chosen ranges, we do not see yet the uniform allocation strategy getting better than
UCB-based strategies, a fact that is true however for large enough n. This has an important
impact on the interpretation of the lower bound of Theorem 6.1. While its statement is in finite
time, it should be interpreted as providing an asymptotic result only.

6. Pure exploration for X-armed bandits

This section is of theoretical interest. We consider the A'-armed bandit problem, of Chapter
4 and (re)define the notions of cumulative and simple regret in this setting. We show that the
cumulative regret can be minimized if and only if the simple regret can be minimized, and use this
equivalence to characterize the metric spaces X in which the cumulative regret can be minimized:
the separable ones. Here, in addition to its natural interpretation, the simple regret thus appears as
a tool for proving results on the cumulative regret.
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Figure 4: K = 20 arms with Bernoulli distributions of parameters indicated on top of each graph.
x-axis: number of rounds n; y-axis: simple regrets Er,, (estimated by a Monte-Carlo method).

6.1. Description of the model of X—armed bandits. We consider a bounded interval of R,
say [0, 1] again. We denote by P([0, 1]) the set of probability distributions over [0, 1]. Similarly,
given a topological space X', we denote by P(X) the set of probability distributions over X'. We
then call environment on X’ any mapping E : X — P([0,1]). We say that F is continuous if the
mapping that associates to each x € X’ the expectation u(x) of E(x) is continuous.
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Parameter: an unknown environment E : X — P([0, 1])

Foreachroundt =1,2,...,

(1) the forecaster chooses a distribution ¢; € P(X) and pulls an arm [; at random
according to y;
(2) the environment draws the reward Y; for that action, according to E(I;).

Goal:
Find an allocation strategy () such that the cumulative regret

R, =nsup u(z) = > _ p(l)
zeX =1

is small (i.e., o(n), in expectation).

Figure 5: The anytime &X'—armed bandit problem.

Parameter: an unknown environment £ : X — P([0, 1])

Foreachroundt =1,2,...,

(1) the forecaster chooses a distribution ¢; € P(X) and pulls an arm I; at random
according to y;

(2) the environment draws the reward Y; for that action, according to F(I;);

(3) the forecaster outputs a recommendation 1, € P(X);

(4) if the environment sends a stopping signal, then the game takes an end; otherwise,
the next round starts.

Goal:
Find an allocation strategy (¢;) and a recommendation strategy (¢;) such that the simple
regret
o= supla) = [ pla) dv(z)
TEX X
is small (i.e., o(1), in expectation).

Figure 6: The anytime pure exploration problem for X'—armed bandits.

The X' —armed bandit problem is described in Figures 5 and 6. There, an environment £ on X
is fixed and we want various notions of regret to be small, given this environment.

We consider now families of environments and say that a family F of environments is explorable—
exploitable (respectively, explorable) if there exists a forecaster such that for any environment
E ¢ F, the expected cumulative regret E?,, (expectation taken with respect to £ and all auxiliary
randomizations) is o(n) (respectively, Er,, = o(1)). Of course, explorability of F is a milder
requirement than explorability—exploitability of F, as can be seen by considering the recommen-
dation given by the empirical distribution of plays of Figure 3 and applying the same argument as
the one used at the beginning of Section 3.
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In fact, it can be seen that the two notions are equivalent, and this is why we will henceforth
concentrate on explorability only, for which characterizations as the ones of Theorem 6.4 are
simpler to exhibit and prove.

LEMMA 6.2. A family of environments F is explorable if and only if it is explorable—exploitable.

The proof can be found in Section 7.1. It relies essentially on designing a strategy suited
for cumulative regret from a strategy minimizing the simple regret; to do so, exploration and
exploitation occur at fixed rounds in two distinct phases and only the payoffs obtained during
exploration rounds are fed into the base allocation strategy.

6.2. A positive result for metric spaces. We denote by P ([0, 1])* the family of all possible
environments E on X, and by C(P([0, 1])*) the subset of P([0, 1])* formed by the continuous
environments.

EXAMPLE 6.1. Previous sections were about the family P([0,1])* of all environments over
X ={1,..., K} being explorable.

The main result concerning X'—armed bandit problems is formed by the following equivalences
in metric spaces. It generalizes the result of Example 6.1.

THEOREM 6.4. Let X be a metric space. Then C(P([0,1])%) is explorable if and only if X is
separable.

COROLLARY 6.4. Let X be a set. P([0,1])* is explorable if and only if X is countable.

The proofs can be found in Section 7.2. Their main technical ingredient is that there exists a
probability distribution over a metric space X’ giving a positive probability mass to all open sets if
and only if X is separable. Then, whenever it exists, it allows some uniform exploration.

7. Technical Proofs
7.1. Proof of Lemma 6.2.

PROOF. In view of the comments before the statement of Lemma 6.2, we need only to prove
that an explorable family F is also explorable—exploitable. We consider a pair of allocation (¢;)
and recommendation (v, ) strategies such that for all environments E € F, the simple regret satisfy
Er,, = o(1), and provide a new strategy (¢}) such that its cumulative regret satisfies ER], = o(n)
for all environments F € F.

It is defined informally as follows. At round ¢t = 1, it uses ¢} = ¢ and gets a reward Y.
Based on this reward, the recommendation v (Y1) is formed and at round ¢ = 2, the new strategy
plays ¢4 (Y1) = 11(Y1). It gets a reward Y5 but does not take it into account. It bases its choice
¢5(Y1,Y2) = po(Y1) only on Y] and gets a reward Y3. Based on Y] and Y3, the recommendation
19(Y7,Y3) is formed and played at rounds ¢ = 4 and t = 5, i.e.,

Sozl(Yla}/Qa}/})) = 80,5(Y1ay2,Y37Y4) — wQ(}/l,n) .

And so on: the sequence of distributions chosen by the new strategy is formed using the applica-
tions

P1, Q;Z)b
P2, 1;[)27 T;Z)27
P35 ¢37 Q/)37 Qp37

P4, g, Ya, Ya, Pa,
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5, U5, Y5, Y5, Vs, Ps,

Formally, we consider regimes indexed by integers ¢ > 1 and of length 1 + ¢. The t—th regime
starts at round

t—1
1+Z(1+s):t+t(t2_1) zt(t;”.
s=1

During this regime, the following distributions are used,

Pt ((1/:9(5-‘,-1)/2)8:17“.715_1) if k=0;
¢t<(Ys<s+1>/z)s:1,...,t71) ifl1<k<t.

Note that we only keep track of the payoffs obtained when k£ = 0 in a regime.
The regret R], at round n of this strategy is as follows. We decompose n in a unique manner

90;(t+1)/2+k =

as

(6.5) n= t(n)(t(;)le) + k(n) where k(n) € {0,...,t(n)} .

Then (using also the tower rule),
ER], < t(n) + (Erl +2Ery + ...+ (t(n) — 1) Erypy—1 + k(n) Ert(n))

where the first term comes from the time rounds when the new strategy used the base allocation
strategy to explore and where the other terms come from the ones when it exploited. This inequal-
ity can be rewritten as

ER, _t(n) , k() Bry + S sEr
n n n

which shows that ER], = o(n) whenever Ery = o(1) as s — o0, since the first term in the right-

hand side is of the order of 1/+/n and the second one is a Cesaro average. This concludes that the

exhibited strategy has a small cumulative regret for all environments of the family, which is thus

explorable—exploitable. 0

7.2. Proof of Theorem 6.4 and its corollary. The key ingredient is the following character-
ization of separability (which relies on an application of Zorn’s lemma); see, e.g., [Billingsley,
1968, Appendix I, page 216].

LEMMA 6.3. Let X be a metric space, with distance denoted by d. X is separable if and only
if it contains no uncountable subset A such that

p:inf{d(x,y) TR A} >0.

Separability can then be characterized in terms of the existence of a probability distribution
with full support. Though it seems natural, we did not see any reference to it in the literature and
this is why we state it. (In the proof of Theorem 6.4, we will only use the straightforward direct
part of the characterization.)

LEMMA 6.4. Let X be a metric space. There exists a probability distribution \ on X with
AV') > 0 for all open sets V' if and only if X is separable.
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PROOF. We prove the converse implication first. If X is separable, we denote by x1, z2,... a
dense sequence. If it is finite with length N, we let
1 i 5
A= — i
N i=1
and otherwise, .
A=) 50 -
i>1
The result follows, since each open set V' contains at least some x;.

For the direct implication, we use Lemma 6.3 (and its notations). If X" is not separable, then
it contains uncountably many disjoint open balls, formed by the B(a, p/2), for a € A. If there
existed a probability distribution A with full support on X, it would in particular give a positive
probability to all these balls; but this is impossible, since there are uncountably many of them. [

7.2.1. Separability of X implies explorability of the family C(P([0,1])). The proof of the
converse part of the characterization provided by Theorem 6.4 relies on a somewhat uniform ex-
ploration. We reach each open set of X’ in a geometric time.

PROOF. Since X is separable, there exists a probability distribution A on X with A(V) > 0
for all open sets V, as asserted by Lemma 6.4.

The proposed strategy is then constructed in a way similar to the one exhibited in Section 7.4,
in the sense that we also consider successives regimes, where the t—th of them has also length 1+¢.
They use the following allocations,

A ifk=0;

Pi(t+1)/2+k = { ifl<k<t

5Ik(k+1) /2
Put in words, at the beginning of each regime, a new point /;;,1)/2 is drawn at random in X
according to A, and then, all previously drawn points [ s(s+1)/25 for1 < s <t — 1, and the new
point J;;41)/2 are pulled again, one after the other.

The recommendations 1, are deterministic and put all probability mass on the best empirical
arm among the first played g(n) arms (where the function g will be determined by the analysis).
Formally, for all x € X" such that

n
T, (x) = ZH{b:x} >1,
t=1
one defines

~ IR
Ln(z) = (@) ;Ytﬂ{h:’r} :

Then,

Yn = 0x: where X € argmax fin(ly(s11)/2)
1<s<g(n)

(ties broken in some way, as usual; and g(n) to be chosen small enough so that all considered
arms have been played at least once). Note that exploration and exploitation appear in two distinct
phases, as was the case already, for instance, in Section 4.1.

We now denote

*=suppu(r) and o, = max Iy ;
= s e) and i = T



152 CHAPTER 6. SIMPLE REGRET

the simple regret can then be decomposed as

T o | R o = ) B
where the first difference can be thought of as an approximation error, and the second one, as
resulting from an estimation error. We now show that both differences vanish in the limit.

We first deal with the approximation error. We fix € > 0. Since y is continuous on X, there
exists an open set V' such that

VeeV. ' —p(a) <e.

It follows that

IP{,u* = Hy(n) > 5} < ]P’{Vs e{l,...,9(n)}, Lys41)2 & V}
< (=A™ —o0
provided that g(n) — oo (a condition that will be satisfied, see below). Since in addition, ug(n) <
w*, we get
limsup p* —E {u;(n)} <e.

For the difference resulting from the estimation error, we denote

I, € argmax M(Is(s+1)/2)
1<s<g(n)

(ties broken in some way). Fix an arbitrary £ > 0. We note that if for all 1 < s < g(n),

fin (Is(s+1)/2) — M(Is(s+1)/2)‘ <e,
then (together with the definition of X))
,U(X:;) > ﬁn(X:;) —€2 ﬁn(I:) —e2 M(I;) — 2.

Thus, we have proved the inequality

(6.6) E[u;(n)} - E[M(Xj;)} <2+ IP’{H s < g(n),

fin (Ls(s+1)/2) = M(Is(s—‘rl)/Q)} > 6} :

)

for 1 < s < g(n), where A, is the o—algebra generated by the randomly drawn points /. k(k+1)/2>
for those k& with k(k + 1)/2 < n. Conditionnally to them, i, (I s(s4+1) /2) is an average of a
deterministic number of summands, which only depends on s, and thus, classical concentration-
of-the-measure arguments can be used. For instance, the quantities (6.7) are bounded, via an
application of Hoeffding’s inequality, see Theorem 10.1, by

2 exp <—2 Th (IS($+1)/2) 52) .

We lower bound T, (Is(s+1) /2). The point Iy, 1)/2 Was pulled twice in regime s, once in each
regime s + 1,...,¢(n) — 1, and maybe in ¢(n), where n is decomposed again as in (6.5). That is,
T (Iigs1)2) 2 Hn) = s +1>V2n—1-g(n),

since we only consider s < g(n) and since (6.5) implies that

h < t(n) (t(n) + 3) . (t(n) +2)° |
2 2

We use a union bound and control each (conditional) probability

(6.7 P{ fin (Ls(st1)/2) — M(IS(SH)/Q)‘ > €

thatis, t(n) > v2n —2.
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Substituting this in the Hoeffding’s bound, integrating, and taking a union bound lead from (6.6)
to

E[“;(n)} - E[“(X;)} < 224+ 2g(n) exp (-2 (V2n —1 - g(n)) 52> )
Choosing for instance g(n) = /n/2 ensures that

lim sup E{M;(n)} - E|:/’I/(X:L)i| < 2.
Summing up the two superior limits, we finally get
limsup Er, < limsup p* — E[#Z(n)] + lim sup E[u;(n)] — E[N(X;)] <3e;

since this is true for all arbitrary € > 0, the proof is concluded. g

7.2.2. Separability of X is a necessary condition. We now prove the direct part of the char-
acterization provided by Theorem 6.4. It basically follows from the impossibility of a uniform
exploration, as asserted by Lemma 6.4.

PROOF. Let X be a non-separable metric space (with distance denoted by d). Let A be an
uncountable set and let p > 0 be defined as in Lemma 6.3; in particular, the balls B(a, p/2) are
disjoint, for a € A.

We now consider the subset of C(P([O, 1])* ) formed by the environments F, defined as
follows. They are indexed by a € A and their corresponding expectations are given by

d(x,a) ) +
pl2 )
Note that p, is continuous, that p,(x) > 0 for all z € B(a, p/2) but pa(x) = 0 forall x € X'\
B(a, p/2); that the best arm is a and gets a reward p; = u4(a) = 1. The associated environment
FE, is deterministic, in the sense that it is defined as E,(7) = 6, ()-

We fix a forecaster and denote by [E, the expectation under environment F, with respect with
the auxiliary randomizations used by the forecaster. By construction of i,

E,r, =1—E, [/ fia(2) dwn(x)] >1-E, [%(B(a,pm))] .
X
We now show the existence of a non-empty set A’ such that foralla € A’ andn > 1,
(6.8) Ea[tn(B(a, p/2))] =0

this indicates that E,r,, = 1 forall n > 1 and a € A’, thus preventing in particular C (P([0, 1])%)
from being explorable by the fixed forecaster.

The set A’ is constructed by studying the behavior of the forecaster under the environment
FE)y yielding deterministic null rewards throughout the space, i.e., associated to the expectations
x € X — pup(zr) = 0. In the first round, the forecaster chooses a deterministic distribution
©1 = ¢ over X, picks I at random according to ¢, gets a deterministic payoff Y7 = 0, and
finally recommends ¢/ (I1) = v (I1, Y1) (which depends on I; only, since the obtained payoffs
are all null). In the second round, it chooses an allocation 1/18 (I1) (that depends only on I, for
the same reasons as before), picks I at random according to 19(I1), gets a null reward, and
recommends 19 (11, I2); and so on.

We denote by A the probability distribution giving the auxiliary randomizations used to draw
the I; at random, and for all integers ¢ and all measurable applications

ua:xEX»—><1—

vi(xy,..., o) € X v(xy,..., 1) € P(X)
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we introduce the distributions A - v € P(X’) defined as follows. For all measurable sets V' C X,

A-v(V)=E, [/Xﬂvdy(h,...,lt)] .

Now, let B,, and C,, be defined as the at most countable sets of a such that, respectively, A - 0
and A - 10 give a positive probability mass to B(a, p/2); we recall that the latter is the support of
the expectation mapping 1i,. Then, let

A=A\({JB.u|JCn
n=1 n>1
be the uncountable, thus non empty, set of those elements of A which are in no B,, or C),.
By construction, for all @ € A’, the forecaster then behaves similarly under the environments
E, and Ej, since it only gets null rewards (a is in no B,); this similar behavior means formally
that for all measurable sets V' C X and all n > 1,

E, [Son(vﬂ =A- (P?L(V) and [E, [%(V)] =A- wg(v) .

In particular, since a is in no Cp, it hits in no recommendation v, the ball B(a, p/2), which is
exactly what remained to be proved, see (6.8). U

7.2.3. The countable case of Corollary 6.4. We adopt an “a la Bourbaki” approach and derive
this special case from the general theory.

PROOF. We endow & with the discrete topology, i.e., choose the distance
d(x7 y) = ]I{a:#y} :
Then, all applications defined on X" are continuous; in particular,
c(P([o,1)*) = P(l0.1))* .

In addition, & is then separable if and only if it is countable. The result thus follows immediately
from Theorem 6.4. 0

7.2.4. An additional remark. In this chapter, we mostly consider non-uniform bounds (bounds
that are individual as far as the environments are concerned). As for uniform bounds, i.e., bounds
on quantities of the form

sup ER, or sup Er,
EeF EeF

for some family F, two observations can be made.

First, it is easy to see that no sublinear uniform bound can be obtained for the family of all
continuous environments, as soon as there exists infinitely many disjoint open balls.

However one can exhibit such sublinear uniform bounds in some specific scenarios; for in-
stance, when & is totally bounded and F is formed by continuous functions with a common
bounded Lipschitz constant.

7.3. Proof of the second statement of Proposition 6.1. We use below the notations intro-
duced in the proof of the first statement of Proposition 6.1.

PROOF. Since some regret is suffered only when an arm with suboptimal expectation has the
best empirical performance,

Er, < A )P i |n/K| = Hix |n .
r <.ma>< ) {igﬁfoﬂ,t /K| > fiis,| /KJ}

i=1,...,
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Now, the quantity of interest can be rewritten as

i) (s o~ e ) =1 (% % )
for some function f, where foralls = 1,...,|n/K |, we denote by X, the vector (X1, XKs)-
(f is defined as a maximum of at most K —1 sums of differences.) We apply the method of bounded
differences, see 10.4. It is straightforward that, since all random variables of interest take values
in [0, 1], the bounded differences condition is satisfied with ranges all equal to 2. Therefore, the
indicated concentration inequality states that

. ~ ~ . 2|n/K|e?
, - _ : — i >ep < e e it
P { (i:A?;(O Hi\n/ K| — Hi ,Ln/m> E Lfgago Hij|n/K| — Hi ,Ln/Kj:| > 8} < exp < 1

for all € > 0. We choose

) 7; e > min A; — E s tw/ic| — Tlie 1 A,
c L:A?;(OM“L”/KJ Hi ’WKJ] 2R 1>0 LTR?;(O{M’L /K] T B /i) F }]

(where we used that the maximum of K first quantities plus the minimum of K other quantities is
less than the maximum of the K sums). We now argue that

~ —~ 2ln K
E ngo{m,m/m = i |n/x) Al}] S (/K]

this is done by a classical argument, using bounds on the moment generating function of the
random variables of interest. Consider

Zi = /K | (s |0/ k) — P |n/ 1| + D)

forallt = 1,..., K. Independence and Hoeffding’s lemma (see Lemma 10.1) imply that for all
A >0,

1
E [e)‘Zi] < exp <—2)\2 Ln/KJ)
(where we used again that Z; is given by a sum of random variables bounded between —1 and 1).

A well-known inequality for maxima of subgaussian random variables (see, again, [Devroye and
Lugosi, 2001, Chapter 2]) then yields

E[ maXKZi] <V2[n/K|InK,

i=1,...,

which leads to the claimed upper bound. Putting things together, we get that for the choice

~ ~ A 2In K
e = B | max sy = o k)| > ing A = | Ty >
(for n sufficiently large, a statement made precise below), we have
~ - 2 |n/K]|e?
P{i{g?foﬂi,tn/xj > Mi*,Ln/KJ} < exp <—4
2
< 1 L n J N 2In K
< exp|—xz|= min A; — | ——
PA T2 Lr] iR2o ™ 7\ /K]
The result follows for n such that
2In K
min A; — bl > (1—n) min A;;

i:8;>0 In/K| i:8;>0
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the second part of the theorem indeed only considers such n. (]

7.4. Detailed discussion of the heuristic arguments presented in Section 5. We first state
the following corollary to Lemma 6.1.

THEOREM 6.5. The allocation strategy given by UCB (with o > 1) associated to the recom-
mendation given by the most played arm ensures that

s < 1y 2 (1)

ii* i
for all n sufficiently large, e.g., such that
n da+1 K+2
R 2 d 2 A/ 2
where A' = max; A; and we denote by K* the number of optimal arms and
1
e —
K* 1
A2 A
ittt

PROOF. We apply Lemma 6.1 with the choice a; = (3/A? for all suboptimal arms i and
a;+ = 3/A? for all optimal arms i*, where 3 denotes the renormalization constant. O

For illustration, consider the case when there is one optimal arm, one A—suboptimal arm and
K — 2 arms that are 2A—suboptimal. Then
2 K-2 6+K
3-n Tt eAr T iAo

and the previous bound of Theorem 6.5 implies that

1 in 20-0) g9 n 2(1-a)
6.9 Er, < -1 -1
69 " a—1<6+K > +a—1(6+K )
for all n sufficiently large, e.g.,
6+ K
(6.10) n > max {(K+2)(6+K), (4o +1) <4+A?> lnn} .

Now, the upper bound on Er,, given in Proposition 6.1 for the uniform allocation associated to the
recommendation provided by the empirical best arm is larger than

Ae2’In/K]/2 , foralln > K.

Thus for n moderately large, e.g., such that n > K and

64+ K\ Inn
(6.11) /K] < (4a+1) <4AQ> a
the bound for the uniform allocation is at least

6+ K\ Inn _
2 _ da+1)(6+K)/8K
Aexp <—A (4o + 1) (W) 2K> _ AUt )(6+R)/SK

which may be much worse than the upper bound (6.9) for the UCB strategy whenever K is large,
as can be seen by comparing the exponents —2(« — 1) versus —(4a + 1)(6 + K)/8K.

To illustrate this numerically (though this is probably not the most convincing choice of the
parameters), consider the case when A = 0.4, K = 20, and o = 4. Then n = 6020 satisfies (6.10)
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and (6.11). For these parameters, the upper bound (6.9) for the UCB strategy is 4.00x 10~ 4, which
is much smaller than the one for the uniform allocation, which is larger than 1.45 x 107!,

The reason is that the uniform allocation strategy only samples |n/K | each arm, whereas the
UCB strategy focuses rapidly its exploration on the better arms.






CHAPTER 7

Pure Exploration in Multi-Armed Bandits 11

We consider the problem of finding the best arm in a stochastic multi-armed bandit game.
The regret of a forecaster is here defined by the gap between the mean reward of the optimal arm
and the mean reward of the ultimately chosen arm. We propose a highly exploring UCB policy
and a new algorithm based on successive rejects. We show that these algorithms are essentially
optimal since their regret decreases exponentially at a rate which is, up to a logarithmic factor,
the best possible. However, while the UCB policy needs the tuning of a parameter depending on
the unobservable hardness of the task, the successive rejects policy benefits from being parameter-
free, and also independent of the scaling of the rewards. As a by-product of our analysis, we
show that identifying the best arm (when it is unique) requires a number of samples of order
(up to a log(K) factor) >°.1/A2, where the sum is on the suboptimal arms and A; represents
the difference between the mean reward of the best arm and the one of arm ¢. This generalizes
the well-known fact that one needs of order of 1/A? samples to differentiate the means of two
distributions with gap A.
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This chapter is a joint work with Jean-Yves Audibert and Rémi Munos. It is based on the paper
Audibert et al. [2010] published in the proceedings of the 23rd Annual Conference on Learning
Theory.

1. Introduction

In the multi-armed bandit problem described in Chapter 2, at each stage, an agent (or fore-
caster) chooses one action (or arm), and receives a reward from it. In its stochastic version, the
reward is drawn from a fixed probability distribution given the arm. The usual goal is to maximize
the cumulative sum of rewards, see Robbins [1952], Auer et al. [2002] among many others. Since
the forecaster does not know the distributions, he needs to explore (try) the different actions and
yet, exploit (concentrate its draws on) the seemingly most rewarding arms. In this chapter, we
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Parameters available to the forecaster: the number of rounds n and the number of arms K.
Parameters unknown to the forecaster: the reward distributions v, . .., vx of the arms.

Foreachroundt =1,2,...,n;
(1) the forecaster chooses I; € {1,..., K},
(2) the environment draws the reward X I,T, (1) from v;, and independently of the past
given I;.

At the end of the n rounds, the forecaster outputs a recommendation J,, € {1,..., K}.

Figure 1: The pure exploration problem for multi-armed bandits.

adopt a different viewpoint, which we already investigated in Chapter 6. We assume that after
a given number of pulls, the forecaster is asked to output a recommended arm. He is then only
evaluated by the average payoff of his recommended arm. This is the so-called pure exploration
problem.

The distinguishing feature from the classical multi-armed bandit problem described above is
that the exploration phase and the evaluation phase are separated. Thus, there is no explicit trade-
off between the exploration and the exploitation while pulling the arms. The target of Hoeffding
and Bernstein races, see Maron and Moore [1993], Mnih et al. [2008] among others, is more
similar to ours. However, instead of trying to extract from a fixed number of rounds the best
action, racing algorithms try to identify the best action at a given confidence level while consuming
the minimal number of pulls. They optimize the budget for a given confidence level, instead of
optimizing the quality of the recommendation for a given budget size.

In addition to the applications described in Chapter 6 for this framework, we propose another
motivating with channel allocation for mobile phone communications. During a very short time
before the communication starts, a cellphone can explore the set of channels to find the best one to
operate. Each evaluation of a channel is noisy and there is a limited number of evaluations before
the communication starts. The connection is then launched on the channel which is believed to
be the best. Opportunistic communication systems rely on the same idea. Again the cumulative
regret during the exploration phase is irrelevant since the user is only interested in the quality of
its communication starting after the exploration phase.

2. Problem setup

A stochastic multi-armed bandit game is parameterized by the number of arms K, the number

of rounds (or budget) n, and K probability distributions vy, . .., vk associated respectively with
arm 1, ..., arm K. These distributions are unknown to the forecaster. For ¢ = 1, ..., n, at round
t, the forecaster chooses an arm I; in the set of arms {1,..., K}, and observes a reward drawn

from vy, independently from the past (actions and observations). At the end of the n rounds, the
forecaster selects an arm, denoted J,,, and is evaluated in terms of the difference between the mean
reward of the optimal arm and the mean reward of .J,,. Precisely, let ui1, .. ., ux be the respective
means of vy, ..., vk. Let p* = maxpeq1,.. k) #k- The simple regret of the forecaster is

*
Tn =K — K-
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For sake of simplicity, we will assume that the rewards are in [0, 1] and that there is a unique
optimal arm. Let i* denote this arm (so, u;+ = p*). For i # i*, we introduce the following
suboptimality measure of arm ¢:

Ai =" — i
For reasons that will be obvious later, we also define A;« as the minimal gap

We introduce the notation (i) € {1,..., K} to denote the i—th best arm (with ties break arbitrarily),
hence
N = A(l) = A(Q) < A(3) <... < A(K)
Let e,, denote the probability of error, that is the probability that the recommendation is not the
optimal one:
en = P(J, #1%).
We have Er,, = EZ# P(J,, = i)A,;, and consequently

Ajen < Erp < ep.

As a consequence of this equation, up to a second order term, e,, and Er,, behave similarly, and it
does not harm to focus on the probability e,,.

For each arm i and all time rounds ¢ > 1, we denote by 7;(¢) the number of times arm ¢
was pulled from rounds 1 to ¢, and by X; 1, X;0,... ,Xi’Ti(t) the sequence of associated rewards.
Introduce fi; s = %Zle X+ the empirical mean of arm i after s pulls. In the following, the
symbol ¢ will denote a positive numerical constant which may differ from line to line.

The goal of this work is to propose allocation strategies with small simple regret, and possibly
as small as the best allocation strategy which would know beforehand the distributions vy, .. ., vk
up to a permutation. Before going further, note that the goal is unachievable for all distributions
vi,...,VEi: apolicy cannot perform as well as the “oracle” allocation strategy in every particular
cases. For instance, when the supports of vy, ..., vk are disjoints, the oracle forecaster almost
surely identifies an arm by a single draw of it. As a consequence, it has almost surely zero simple
regret for any n > K. The generic policy which does not have any knowledge on the K distribu-
tions cannot reproduce this performance for any K-tuple of disjointly supported distributions. In
this work, the above goal of deciding as well as an oracle will be reached for the set of Bernoulli
distributions with parameters in (0, 1), but the algorithms are defined for any distributions sup-
ported in [0, 1].

We would like to mention that the case K = 2 is unique and simple since, as we will indirectly
see, it is optimally solved by the uniform allocation strategy consisting in drawing each arm n/2
times (up to rounding problem), and at the end recommending the arm with the highest empirical
mean. Therefore, our main contributions concern more the problem of the budget allocation when
K > 3. The hardness of the task will be characterized by the following quantities

K 4 L
H, = ; ZZQ and Hy = z‘e{r?,?.},{K} ZA(i) .
These quantities are equivalent up to a logarithmic factor since we have (see Section 8.1)

(7.1) Hy < Hy < log(2K)Hs.

Intuitively, we will show that these quantities are indeed characteristic of the hardness of the prob-
lem, in the sense that they give the order of magnitude of the number of samples required to find
the best arm with a reasonable probability. This statement will be made precise in the rest of the
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chapter, in particular through Theorem 7.2 and Theorem 7.4.

Outline. In Section 3, we propose a highly exploring policy based on upper confidence bounds,
called UCB-E (Upper Confidence Bound Exploration), in the spirit of UCB1 Auer et al. [2002].
We prove that this algorithm, provided that it is appropriately tuned, has an upper bound on the
probability of error e,, of order exp ( — cHll) The core problem of this policy is the tuning of
the parameter. The optimal value of the parameter depends on [y, which has no reason to be
known beforehand by the forecaster, and which, to our knowledge, cannot be estimated from past
observations with sufficiently high confidence in order that the resulting algorithm still satisfies a
similar bound on e,,.

To get round this limitation, in Section 4, we propose a simple new policy called SR (Suc-
cessive Rejects) that progressively rejects the arms which seem to be suboptimal. This algorithm

is parameter-free and its probability of error e, is at most of order exp ( — Since

R 73)-
Hy; < Hy < log(2K)Ho, up to at most a logarithmic term in K, the algorithm performs as well
as UCB-E while not requiring the knowledge of H;.

In Section 5, we prove that H; and Hs truly represent the hardness of the problem (up to a
logarithmic factor). Precisely, we consider a forecaster which knows the reward distributions of
the arms up fo a permutation. When these distributions are of Bernoulli type with parameter in
[p, 1 — p] for some p > 0, there exists a permutation of the distributions for which the probability
of error of the (oracle) forecaster is lower bounded by exp ( — m)'

Section 6 provides some experiments testing the efficiency of the proposed policies and en-
lightening our theoretical results. We also discuss a modification of UCB-E where we perform a

non-trivial online estimation of H;. We conclude in Section 7. Finally section 8 gathers the proofs.

Example. To put in perspective the results we just mentioned, let us consider a specific example
with Bernoulli distributions. Let v; = Ber (3), and v; = Ber (§ — 7) fori € {2,..., K}. Here,
one can easily check that H, = 2K ?X_ Thus, in this case, the probability of missing the best arm
of SR is at most of order exp ( — W) Moreover, in Section 5, we prove that there does
not exist any forecaster (even with the knowledge of the distributions up to a permutation) with a
probability of missing the best arm smaller than exp ( — [1(177}{) for infinitely many n. Thus, our
analysis finds that, for this particular reward distributions, the number of samples required to find
the best arm is at least (of order of) K2¥, and SR actually finds it with (of order of) log(K)K 2K

samples.

3. Highly exploring policy based on upper confidence bounds

In this section, we propose and study the algorithm UCB-E described in Figure 2. When a is
taken of order log n, the algorithm essentially corresponds to the UCB policy described in Section
2.2, and its cumulative regret is of order log n. In Chapter 6 we showed that algorithms having at
most logarithmic cumulative regret, has at least a simple regret of order n~7 for some v > 0. So
taking a of order logn is inappropriate to reach exponentially small probability of error. For the
simple regret, one has to explore much more and typically use a parameter which is essentially
linear in n. Precisely, we have the following result, which proof can be found in Section 8.2.

THEOREM 7.1. If UCB-E is run with parameter 0 < a < 2—2"131[{

2a

en<2nKexp<—25>.

, then it satisfies
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Parameter: exploration parameter a > 0.
Fori e {1,...,K}, let By s = fij,s + /% for s > 1 and B; o = +00.

Foreachroundt =1,2,...,n:
Draw I € argmax;cqy . gy Bir(t-1)-

Let Jn S argmaxie{lw,K} //J’LTz(n)

Figure 2: UCB-E (Upper Confidence Bound Exploration) algorithm.

In particular for a = % "E,IK, we have e, < 2nK exp ( —

fir,)-

The theorem shows that the probability of error of UCB-E is at most of order exp(—ca) for
a 2 logn. In fact, Theorem 7.5 in Appendix 8.3 shows a corresponding lower bound. In view
of this, as long as a < % ”;If( , we can essentially say: the more we explore (i.e., the larger a is),
the smaller the simple regret is. Besides, the smallest upper bound on the probability of error is
obtained for a of order n/Hj, and is therefore exponentially decreasing with n. The constant H;
depends not only on how close the mean rewards of the two best arms are, but also on the number
of arms and how close their mean reward is to the optimal mean reward. This constant should be
seen as the order of the minimal number n for which the recommended arm is the optimal one with
high probability. In Section 5, we will show that H; is indeed a good measure of the hardness of
the task by showing that no forecaster satisfies e,, < exp ( — %) for any distributions v, . .., Vg,
where we recall that H, satisfies Hy < H; < log(2K)Ho,.

One interesting message to take from the proof of Theorem 7.1 is that, with probability at
least 1 — 2nK exp ( — g—‘g), the number of draws of any suboptimal arm ¢ is of order aA; 2. This
means that the optimal arm will be played at least n — caH1, showing that for too small a, UCB-E
“exploits” too much in view of the simple regret. Theorem 7.1 does not specify how the algo-
rithm performs when a is larger than % ”;IIK . Nevertheless, similar arguments than the ones in the
proof show that for large a, with high probability, only low rewarding arms are played of order
aAi_Q times, whereas the best ones are all drawn the same number of times up to a constant factor.
The number of these similarly drawn arms grows with a. In the limit, when a goes to infinity,
UCB-E is exactly the uniform allocation strategy studied in Chapter 6. In general', the uniform
allocation has a probability of error which can be lower and upper bounded by a quantity of the
form exp ( — cn?;* ). It consequently performs much worse than UCB-E for a = 22 ”E,lK
H < K A;Q, and potentially H; < K A;Q for very large number of arms with heterogeneous
mean rewards.

, since

One straightforward idea to cope with the absence of an oracle telling us the value of H;
would be to estimate online the parameter H; and use this estimation in the algorithm. Unfortu-
nately, we were not able to prove, and do not believe that, this modified algorithm generally attains
the expected rate of convergence. Indeed, overestimating H; leads to low exploring, and in the
event when the optimal arm has given abnormally low rewards, the arm stops being drawn by the
policy, its estimated mean reward is thus not corrected, and the arm is finally not recommended
by the policy. On the contrary, underestimating /{1 leads to draw too much the suboptimal arms,

Iwe say “in general” to rule out some trivial cases (like when the reward distributions are all Dirac distributions) in
which the probability of error e,, would be much smaller.
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LetA1:{1,...,K},@(K):%+Zfi2%,n0:0andf0rke{1,...,K—1},

" 1 n—K -‘
ng = | = .
T | Tog(K) K +1—k
For each phase k =1,2,..., K — 1:
(1) Foreachi € Ay, select arm i during ny — nj_1 rounds.

(2) Let Ay = A \ argminge a, [ n, (We only remove one element from Ay, if there
is a tie, select randomly the arm to dismiss among the worst arms).

Let J,, be the unique element of A

Figure 3: SR (Successive Rejects) algorithm.

precluding a sufficiently accurate estimation of the mean rewards of the best arms. For this last
case, things are in fact much more subtle than what can be retranscribed in these few lines, and we
notice that keeping track of a lower bound on H; would lead to the correct rate only under appro-
priate assumptions on the decrease of the sequence Ay, k € {1,...,K}. In Section 6 we push
this idea and propose a way to estimate online H7, however we solely justify the corresponding
algorithm by experiments. In the next section we propose an algorithm which does not suffer from
these limitations.

4. Successive Rejects algorithm

In this section, we describe and analyze a new algorithm, SR (Successive Rejects), see Figure
3 for its precise description. Informally it proceeds as follows. First the algorithm divides the
time (i.e., the n rounds) in ' — 1 phases. At the end of each phase, the algorithm dismisses the
arm with the lowest empirical mean. During the next phase, it pulls equally often each arm which
has not been dismissed yet. The recommended arm J,, is the last surviving arm. The length of
the phases are carefully chosen to obtain an optimal (up to a logarithmic factor) convergence rate.

More precisely, one arm is pulled n; = (@} 5 "}K W times, one ny = (@% %) ’;{_[ﬂ times, ...,
and two arms are pulled ng_1 = {@1 %) ”;K W times. SR does not exceed the budget of n pulls,
since, from the definition log(K) = § + S, 2, we have

K-1
btk ko <K+ 2B (L !
ni+...+ng1+ng_1 < — = — | =n.
' o og(K) \2 & K+1-k

For K = 2, up to rounding effects, SR is just the uniform allocation strategy.

THEOREM 7.2. The probability of error of SR satisfies

K(K — 1) < n—K >
n < — = &XP | —Y——————— .
2 log(K)H>

PROOF. We can assume that the sequence of rewards for each arm is drawn before the be-
ginning of the game. Thus the empirical reward for arm ¢ after s pulls is well defined even
if arm ¢ has not been actually pulled s times. During phase k, at least one of the k worst
arms is surviving. So, if the optimal arm * is dismissed at the end of phase k, it means that
Hi* ny, < MAXje((K),(K—1),...,(K-+1—k)} Hing- By a union bound and Hoeffding’s inequality, the
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probability of error e,, = ]P’(AK # {i*}) thus satisfies

K-1
Z P( ,uz*,nk < //Z(z),nk)
=1 i=K+1-k
K-1 K
P(Li e — 15 + 11y — Biyne = D))
k=1 i=K+1-k
K-1 K
Z exp ( nkA ) Z k exp <—nkA%K+1ik)) .
k=1 i=K+1—k

We conclude the proof by noting that by definition of n; and Hs, we have
n—K 1 n—K

—_— > — .
log(K) (K +1—k)AGRZ,, ) log(K)H:

(7.2) e A 1 gy =

O

The following theorem provides a deeper understanding of how SR works. It lower bounds
the sampling times of the arms and shows that at the end of phase k, we have a high-confidence
estimation of A 1_) up to numerical constant factor. This intuition will prove to be useful in
Section 6, see in particular Figure 4.

THEOREM 7.3. With probability at least 1 — KTg exp ( — 41Oig"(ﬁ),for any arm j, we have
-K
(7.3) Ti(n) > ———
410g(K)H2A2.
With probability at least 1 — K3 exp ( — #) forany k € {1,. — 1}, the dismissed
arm Uy, = Agi1 \ Ay at the end of phase k satisfies
1 1

(7.4) EA(KH#C) < §Aek < max P — By < Aek 3A(K41-k)-

PROOF. We consider the event £ on which for any k£ € {1,..., K — 1}, for any arm ¢ in the

worst k arms, and any arm j such that 2A; < Ay, we have

lzzj»”k - //J/\gﬂlk > 0'

This event holds with probability at least 1 — %5 exp ( — ﬁ), since, from Hoeffding’s
inequality, a union bound and (7.2), we have
K—1

2 z IED(,aj,n;C - //Zﬂ,nk < O)

k=1 0e{(K),(K~1),...,(K+1-k)}

]:2A]‘<Aé

K-1
< Z exp ((— ng(Ag — Aj)Q)

k=1 (e{(K),(K—1),...,(K+1—k)}

‘]QAngg
K-1 AQ 3

_ K - K
k‘Kexp( M)gexp<—n).

— 4 2 4log(K)Ho

During phase k, at least one of the k£ worst arms is surviving. On the event &, this surviving arm
has an empirical mean at the end of the phase which is smaller than the one of any arm j satisfying
2A; < A(x41-k)- So, at the end of phase k, any arm j satisfying 2A; < A g1y cannot
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be dismissed. Now, for a given arm j, we consider two cases depending whether there exists
m e {1, K} such that A(m s QA A(m)

First case. If no such m exists, then we have A?Tj(n) > %A(K)nl > ﬁ, so that (7.3)
holds.

Second case. If such m exists, then, from the above argument, the arm j cannot be dismissed
before the end of the phase K + 2 —m (since there exists K + 1 —m arms £ such that A, > 2A;).
From (7.2), we get

AJQ- n—K n—K
>

A%T;(n) > A? m > — > = ;
iTi(n) 2 Ajnicra- A2 log(K)Hz ~ 4log(K)Hs

which ends the proof of (7.3). We have seen that at the end of phase k, any arm j satisfying
2A; < A(g4+1-k) cannot be dismissed. Consequently, at the end of phase k, the dismissed arm
O, = Agy1 \ Ay satisfies the left inequality of
(7.5) %A(K—H—k) <Ay <28k 41—k
Let us now prove the right inequality by contradiction. Consider & such that 2A g 1) < Ay,
Arm /j, thus belongs to the £ — 1 worst arms. Hence, in the first £ — 1 rejects, say at the end of
phase &/, an arm j with A; < A(k41-k) is dismissed. From the left inequality of (7.5), we get
Agy1-k) < 245 < Ay, On the event &, we thus have 1ij n,, — fig, n,, > 0 (since £} belongs to
the &’ worst arms by the previous inequality). This contradicts the fact that j is rejected at phase
k. So (7.5) holds.

Now let &’ be the event on which for any arm j, and any k£ € {1,..., K — 1} ‘ﬁj,nk — Hj‘ <
w. Using again Hoeffding’s inequality, a union bound and (7.2), this event holds with

probability at least 1 — 2K (K — 1) exp (— ﬁ) We now work on the event £ N £, which

holds with probability at least 1 — K3 exp ( — K&

m). From (7.5), the dismissed arm ¢, at

the end of phase k satisfies

AE41-k) < Do
8 4

‘ﬁék,nk - /’sz{ <
Besides, we also have

Akt1-k) o Ay,

}nrfleaxumnk—u(l)\é <=
Consequently, at the end of phase k, we have
~ 3
*A(KH k) < Aek < MAX fhnny, — Bty ng, < Aék < 3A(k41-k)-
meAyg

5. Lower bound

In this section we provide a very general and somewhat surprising lower bound. We prove
that, when the reward distributions are Bernoulli distributions with variances bounded away from
0, then for any forecaster, one can permute the distributions on the arms (before the game starts) so
that the probability of missing the best arm will be at least of order exp (—%) . Note that, in this
formulation, we allow the forecaster to know the reward distributions up to a permutation of the
indexes! However, as the lower bound expresses it, even in this relatively easier case, the quantity
Hj is a good measure of the hardness of finding the best arm
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THEOREM 7.4 (Lower Bound). Let v1,...,vg be Bernoulli distributions with parameters
in [p,1 —p|, p € (0,1/2). For any forecaster, there exists a permutation o : {1,..., K} —
{1,..., K} such that the probability error of the forecaster on the bandit problem defined by
v = (1))« - UK = Vo(K) satisfies

(5+ 0(1))n>
p(1—p)H2 )’
where the o(1) term depends only on K, p and n and goes to 0 when n goes to infinity (see the end
of the proof).

€n = exp (—

The proof of this result is quite technical. However, it is simple to explain why we can
expect such a bound to hold. Assume (without loss of generality) that the arms are ordered,

ie, g1 > pe = ... = pk, and that all rewards X, ¢, t € {1,...,n}, ¢ € {1,...,K},
are drawn before the game starts. Leti € {2,...,K}. If Xy, < X;,/,; < Xj,/; for all
j € {2,...,i — 1}, then it seems reasonable that a good forecaster should not pull arm 1 more

than n/i times, and furthermore not select it as its recommendation. One can see that, the prob-
ability of the event we just described is of order of exp(—c(n/i)A?). Thus, with probability
at least exp(—cn/ maxagi<k iAi_?), the forecaster makes an error, which is exactly the lower
bound we propose. However, note that this argument does not yield a reasonable proof strategy,
in particular we assumed a “good” forecaster with a “reasonable” behavior. For instance, it is
obvious that the proof has to permute the arms, since a forecaster could, despite all, choose arm 1
as its recommendation, which imply a probability error of 0 as soon as the best arm is in position 1.

The main idea of our proposed proof goes as follows. A bandit problem is defined by a product
distribution v = 11 ® - -+ ® vi. One can consider that at the beginning of the game, n K -tuples
of rewards is sampled from this product distribution. This defines a table of n K rewards. A fore-
caster will explore a subpart of this table. We want to find a permutation o of {1,..., K} so
that the indices of the best arm for v and v = v,(;) ® -+ ® Vy(k) are different and such that
the likelihood ratio of the explored part of the table of nK rewards under v and v is at least of
order exp(—cn/ Hs) with probability with respect to v®" lower bounded by a positive numerical
constant. This would imply the claimed bound. Remark that, the “likelihood cost” of moving dis-
tribution v; to arm 5 depends on both the (Kullback-Leibler) distance between the distributions v;
and v;, and the number of times arm j is pulled. Thus, we have to find the right trade-off between
moving a distribution to a “close” distribution, and the fact that the target arm should not be pulled
too much. To do this, we ”slice” the set of indexes in a non-trivial (and non-intuitive) way. This
’slicing” depends only on the reward distributions, and not on the considered forecaster. Then, to
put it simply, we move the less drawn arm from one slice to the less drawn arm in the next slice.
Note that the preceding sentence is not well defined, since by doing this we would get a random
permutation (which of course does not make sense to derive a lower bound). However, at the cost
of some technical difficulties, it is possible to circumvent this issue.

To achieve the program outlined above, as already hinted, we use the Kullback-Leibler diver-
gence, which is defined for two probability distributions p, p’ on [0, 1] with p absolutely continuous
with respect to p’ as:

Koo' = [ 1og (950) ) dote) = ey (52,000
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Another quantity of particular interest for our analysis is

¢

__ dp

KL;¢(p, p') = Zlog (dp’(X”)> :
s=1

In particular note that, if arm ¢ has distribution p, then this quantity represents the (non re-
normalized) empirical estimation of KL(p, p') after ¢ pulls of arm 7. Let P, and E,, the probability
and expectation signs when we integrate with respect to the distribution ™. Another important
property is that for any two product distributions v, 2/, which differ only on index 4, and for any
event A, one has:

(7.6) P,(A) =E,T4exp (_ﬁi,Ti(n)(Vz{a Vi)) ,

since we have HTi’” Wi (X, ) = exp (- I/(iini(n)(yl{, vi)).

s=1 dT;q’

PROOF. First step: Notations. Without loss of generality we can assume that v is ordered in the
sense that i1 > po > ... > px. Moreover let L € {2,..., K} such that Hy = L/AQL, that is for
allie {1,...,K},

(1.7) i/A2 < L/A2.

We define now recursively the following sets. Let k1 = 1,

) A
21:{Z3ML<M<ML+W}7

and for j > 1,

. Ar JAVS
Ej—{l./,LL—FLl/ij_l<,Ui<,UL+L1/2k],}7

where k; is the smallest integer (if it exists, otherwise set k; = +o00) such that [3;]| > 2|X,_;|.
Let ¢ = max{j : k; < +oo}. We define now the random variables Z1, ..., Z, corresponding to
the indices of the less sampled arms of the respective slices X1, ..., %, forj € {1,...,¢},

Zj € argmin T;(n).
iEEj

Finally let Zp1 € argminieqy 73\ (s} Zi(n).

Second step: Controlling 77, (n), j € {1,...,£+ 1}. We first prove that for any j € {1,...,¢},
(7.8) 35, > L' T
To do so let us note that, by definition of k1, we have
2% > Hl S+ AL/Ll/zkj < pi < pr+ AL/Ll/QkH1_1H
> Hz s < o+ AL/Ll/ij“_lH () ) S}
Now remark that, by definition again, we have |Zq|+...+|%; 1] < 270D 4. 42715 <

Y.;|. Thus we obtain 3|3;| > |37 : u; < up +Ap Ll/ijﬂi1 . We finish the proof of (7.8)
J J Hi & B p
with the following calculation, which makes use of (7.7). Forany v > 1,

Hi:pi <prp+Ap/vi =i Ay > Ar(1—1/v)}

{i : \/ZAL > Ar(l— 1/1;)}‘

>
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=[{i:i>L(01-1/v)*}] > <1 11/v))>L/v.

Now (7.8) directly entails (since a minimum is smaller than an average), for j € {1,... ¢},
1 4
(7.9) Tz, (n) < 3L2N+17" Z Ti(n)
ieEj

Besides, since Z; 1 is the less drawn arm among L — 1 arms, we trivially have

n
(710) TZéJrl (n) § ﬁ

Third step: A change of measure. Let v/ = 17, @15, ®- - - @V be a modified product distribution
where we replaced the best distribution by ;. Now let us consider the event

Cp = {Vt e{1l,....n},ie{2,....L}, je{l,....L},
ﬁi,t(Vi, vj) < t KL(v;,v5) + op and ﬁLt(l/L, vj) <t KL(vg,v)) + on},

where o0, = 2log(p~!)y/nlog(2L). From Hoeffding’s maximal inequality, we have P,/(C,,) >
1/2 (see Appendix 8.4). Wethushave 3=, 1 P (Cun{Z1 = 21, Zes1 = 2011 }) 2

1/2. Moreover note that Z, . .., Z; are all distinct. Thus there exists £ 4+ 1 constants 21, . .., Zp+1
such that, for A,, = C, N {Z1 = z1,..., Zy11 = z¢4+1}, we have
1
7.11 P(A,) > ——.
7.1D v (An) 2L x L!

Since, by definition Z,.1 # J,,, we have
(7.12) Ap CH{JIn # zo41}-

In the following we treat differently the cases zy4+1 = 1 and 2441 # 1. Let us assume in a first time
that zgy1 = 1. Then, an application of (7.6) and (7.12) directly gives, by definition of A4,

en(v) =Pu(Jn#1) = EV’]IJn;él eXp ( - IZil,Tl(n) (ve, Vl))
2 E,,/]lAn exp < — ﬁl,Tl(n) (Z/L, 1/1)>
> E 14, exp ( — 0y — TZHI(TL)KL(VL, V1)>

1 n
> e (o ke

where we used (7.10) and (7.11) for the last equation. Now, note that Lemma 10.3 implies
AL

KL(vp,11) < p(—p)
which concludes the proof in the case zp11 = 1.

Assume now that zp, 1 # 1. In this case we prove that the lower bound holds for a well
defined permuted product distribution v of v. We define it as follows. Let m be the smallest
je{l,...,£+ 1} such that z,,, = zp1. Now we set v as follows: v, = v1,0,, |, = Vs, -
Uy, = U, U1 = Uy, and v; = v; for other values of j in {1,..., K'}. Remark that  is indeed the
result of a permutation of the distributions of v. Again, an apphcation of (7.6) and (7.12) gives, by
definition of A,,,
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en(V) = Py(Jn # 2m)

m—1
= EV,]]‘Jn?ézm exp ( KL1 T (n VL7 Vzl Z K 2,z (n) sz ) Vz]+1) - KLzm,sz (n) (Vzmu VZ1))
Jj=1

m—1
ZE,/]IAH exXp <— (m+1)on—T1( )KL I/L,VZ1 Zsz KL VZ ,VZ )
J=1

(7.13)
— TZm (H)KL(VZW, ’/Zl)) .

From Lemma 10.3, the definition of >J;, and since the parameters of the Bernoulli distributions

p(l—p) L Vz..Vz,) & pi(l—p)’ and Ior any 7 <

1 AL )
KLlvz, vz,) S Sy <L1/2‘“j+1> '

Reporting these inequalities, as well as (7.9), (7.10) and (7.11) in (7.13) we obtain:

en(V) = Eyla, eXP<— (m + 1)on — 3p(1A_2< )+ Z 2 Tiln - 1)>>

Jj=114€e¥;

are in [p, 1 — p|, we have KL(vp,vz,) <

{1,...,m—1},

L o —ron—an Bl (14 L
oL x LI on A = p)L 3(L—1)

Since L < K and 2K x K! < exp (2K log(K)) and from the definitions of o, and L, we obtain

en(?) > exp <—2K log(K) = 2K log(p™!)/nlog(2K) — 55— > ’

which concludes the proof. O

6. Experiments

We propose a few simple experiments to illustrate our theoretical analysis. As a baseline
comparison we use the Hoeffding Race algorithm, see Maron and Moore [1993], and the uniform
strategy, which pulls equally often each arm and recommend the arm with the highest empirical
mean, see Section 4.1 for its theoretical analysis. We consider only Bernoulli distributions, and
the optimal arm always has parameter 1/2. Each experiment corresponds to a different situation
for the gaps, they are either clustered in few groups, or distributed according to an arithmetic or
geometric progression. In each experiment we choose the number of samples (almost) equal to H;
(except for the last experiment where we run it twice, the second time with 2H; samples). If our
understanding of the meaning of H; is sound, in each experiment the strategies SR and UCB-E
should be able to find the best arm with a reasonable probability (which should be roughly of the
same order in each experiment). We report our results in Figure 5. The parameters for the experi-
ments are as follows:

—Experiment 1: One group of bad arms, K = 20, f12.090 = 0.4 (meaning forany j € {2,...,20}, u; =
0.4)

— Experiment 2: Two groups of bad arms, K = 20, p2.6 = 0.42, pi7.20 = 0.38.

— Experiment 3: Geometric progression, K = 4, y; = 0.5 — (0.37)%, i € {2,3,4}.
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Parameter: exploration rate ¢ > 0.
Definitions: For k € {1,...,K — 1}, let nj, = [ == 2=], to = 0, t; = Kny, and for

log(K) K+1-k
k> l,tk:n1+...nk_1+(K—k+1)nk.
Forie {1,...,K}anda > 0,let B; s(a) = 11; s + \/gfor s> land B; g = +o0.
Algorithm: For each phase k = 0,1,..., K — 1:
Let Hyj, = K if k = 0, and otherwise

ﬁl k= max iA2
' K—kri<i<k = <

where A; = (maxy<j<r Xj1,(t,)) — Xizy(t,,) and < @ > is an ordering such that Ay <
e § A<K>.

Fort =1t +1,...,tk+1:
Draw I € argmax;cqy . gy Biri—1)(en/Hig).

Recommendation: Let J,, € argmax;c(y . g} [i 1y (n)-

Figure 4: Adaptive UCB-E algorithm. Its intuitive justification goes as follows: The time points
tx correspond to the moments where the Successive Rejects algorithm would dismiss an arm.
Intuitively, in light of Theorem 7.3, one can say that at time ; a good algorithm should have
reasonable approximation of the gaps between the best arm and the k£ worst arms, that is the
quantities A(g_p11), - - -, A (k). Now with these quantities, one can build a lower estimate of Hy
and thus also of 1. We use this estimate between the time points ¢, and f;_ to tune the parameter
a of UCB-E.

— Experiment 4: 6 arms divided in three groups, K = 6, us = 0.42, us.q4 = 0.4, pus.6 = 0.35.

— Experiment 5: Arithmetic progression, K = 15, u; = 0.5 — 0.0254, ¢ € {2,...,15}.

— Experiment 6: Two good arms and a large group of bad arms, K' = 20, pug = 0.48, ps.00 =
0.37.

— Experiment 7: Three groups of bad arms, K = 30, 2.6 = 0.45, p7.00 = 0.43, po1.30 = 0.38.

The different graphics should be read as follows: Each bar represents a different algorithm and

the bar’s height represents the probability of error of this algorithm. The correspondence between
algorithms and bars is the following:

— Bar 1: Uniform sampling strategy.

— Bar 2-4: Hoeffding Race algorithm with parameters 6 = 0.01,0.1,0.3.

— Bar 5: Successive Rejects strategy.

— Bar 6-9: UCB-E with parameter a = cn/H; where respectively ¢ = 1,2, 4, 8.

— Bar 10-14: Adaptive UCB-E (see Figure 4) with parameters ¢ = 1/4,1/2, 1,2, 4.

7. Conclusion

This work has investigated strategies for finding the best arm in a multi-armed bandit problem.
It has proposed a simple parameter-free algorithm, SR, that attains optimal guarantees up to a
logarithmic term (Theorem 7.2 and Theorem 7.4). A precise understanding of both SR (Theorem
7.3) and a UCB policy (Theorem 7.1) lead us to define a new algorithm, Adaptive UCB-E. It comes
without guarantee of optimal rates (see end of Section 3), but performs better than SR in practice
(for ¢ = 1, Adaptive UCB-E outperformed SR on all the experiments we did, even those done to



172 CHAPTER 7. SIMPLE REGRET II
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Experiment 3, n=2000
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Experiment 7, n=6000
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Figure 5: These results support our theoretical findings in the following sense: Despite the fact
that the experiments are very different, one can see that since we use a number of samples (almost)
equal to the hardness Hy, in all of them we get a probability of error of the same order, and
moreover this probability is small enough to say that we identified the best arm. Note that the
Successive Rejects algorithm represents in all cases a substantial improvement over both the naive
uniform strategy and Hoeffding Race. These results also justify experimentally the algorithm
Adaptive UCB-E, indeed one can see that with the constant ¢ = 1 we obtain better results than SR
in all experiments, even in experiment 6 which was designed to be a difficult instance of Adaptive

UCB-E.
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make it fail). One possible explanation is that SR is too static: it does not implement more data
driven arguments such as: in a phase, a surviving arm performing much worse than the other ones
is still drawn until the end of the phase even if it is clear that it is the next dismissed arm.

Extensions of this work may concentrate on the following problems. (i) What is a good mea-
sure of hardness when one takes into account the (empirical) variances? Do we have a good scaling
with respect to the variance with the current algorithms or do we need to modify them ? (ii) Is
it possible to derive a natural anytime version of Successive Rejects (without using a doubling
trick)? (iii) Is it possible to close the logarithmic gap between the lower and upper bounds? (iv)
How should we modify the algorithm and the analysis if one is interested in recommending the
top m actions instead of a single one?

8. Proofs

8.1 Proof of Inequalities (7.1). Letlog(K) = 143K, 1 Remark that log (K +1)—1/2 <
log(K) < log(K) + 1/2 < log(2K). Precisely, we will prove
H2 H1 log(K) HQ,

which is tight to the extent that the right inequality is an equality when for some 0 < ¢ < 1/V K VK,
we have A = ic for any i # i*, and the left inequality is an equality if all A;’s are equal.
Proof: The left inequality follows from: forany ¢ € {1,..., K},

K 1
_ —2 -2 -2
Hi=Y A2 A=A
k=1 k=1

The right inequality directly comes from
K

K

1
S A Z A2
— B = (2) —~ i ) < log(K )ze{I{l,.E.%.},{K} iR

8.2. Proof of Theorem 7.1. First step. Let us consider the event

|
¢ = {Vie{1,...,K},s€{1,...,n},\ﬁi7s—m] < \/Z}

From Hoeffding’s inequality and a union bound, we have P({) > 1 — 2nK exp ( ) In the
following, we prove that on the event £ we have J, = ¢*, which concludes the proof. Slnce Jn 1s
the empirical best arm, and given that we are on &, it is enough to prove that

1 a Al

- < —,Vie{l,...,K},

s\ T S 20 e '
or equivalently:

4 a .
Second step. Firstly we prove by induction that
36 a

(7.15) Ti(t) < — A2 +1,Vi # "

It is obviously true at time ¢ = 1. Now assume that the formula is true at time ¢ — 1. If I; # ¢ then
T;(t) = T;(t — 1) and the formula still holds. On the other hand, if I; = i, then in particular it
means that B; 7, ;— 1) > Bj« .. (1—1)- Moreover, since we are on §, we have By« 1., (;—1) = p* and
Bi 1, (1—1) < i + ¢ E4 /ﬁ Thus, we have & 51/ 7oy = Qi By using T;(t) =Ti(t — 1) + 1,
we obtain (7.15).
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Now we prove an other useful formula:
4 a 25 . -
With the same inductive argument as the one to get equation (7.15), we only need to prove that this
formula holds when I; = ¢*. By definition of the algorithm, and since we are on £, when [; = *
we have for all ¢:

*+§ a 4+% a
P Te— " " sV —1)
which implies
16 a

B (248 i)

We then obtain (7.16) by using u+v < 2max(u,v), T;(t) = T;(t—1) and Tj (t—1) = T« (t) — 1.
Third step. Recall that we want to prove equation (7.14). From (7.16), we only have to show that

25 a
(T -1 > —,
56 Trm =D > 3z
where we recall that A;+ is the minimal gap A;+ = min,.;« A;. Using equation (7.15) we obtain:
36 936 . _o
ﬂ*(n)—lzn—l—;E(n) >n—K—%a$*Ai > ozaA,
1F1 17F1

36

where the last inequality uses 52

Hia < n — K. This concludes the proof.

8.3. Lower bound for UCB-E.

THEOREM 7.5. Ifvs, ..., vk are Dirac distributions concentrated at % and if vy is the Bernoulli
distribution of parameter 3 /4, the UCB-E algorithm satisfies 4Er, = e, > 4~ (at1),

PROOF. Consider the event £ on which the reward obtained from the first m = [4a| draws of
arm 1 are equal to zero. On this event of probability 4=, UCB-E will not draw arm 1 more than
m times. Indeed, if it is drawn m times, it will not be drawn another time since By ,, < % < B
for any s. On the event £, we have J,, # 1. g

8.4. Application of Hoeffding’s maximal inequality in the proof of Theorem 7.4. Let: €
{2,...,L}and j € {1,..., L}. First note that, by definition of 2/ and since i # 1,
EV’KLi,t(Vi, l/j) =1 KL(VZ', I/j).
Since v; = Ber(p;) and v; = Ber(p;), with p;, 15 € [p, 1 — p|, we have
dv; (X;
log ( v ( Z7t>>
dvj (X )

From Hoeffding’s maximal inequality, see e.g. [Cesa-Bianchi and Lugosi, 2006, Section
A.1.3], we have to bound almost surely the quantity, with IP,/-probability at least 1 — ﬁ
have forall t € {1,...,n},

<log(p™).

we

log(L?)n
5
we have forall t € {1,...,n},

KL;(vi, v) — t KL(vi, v;) < 2log(p™")

1

Similarly, with P,/-probability at least 1 — 57,

log(L?)n

ﬁl,t(VLa vj) — t KL(vg,v;) < 2log(p™) 5
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A simple union bound argument then gives P,/ (C),) > 1/2.
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Clustering Foundations






CHAPTER 8

Nearest Neighbor Clustering: A Baseline Method for Consistent
Clustering with Arbitrary Objective Functions

Clustering is often formulated as a discrete optimization problem. The objective is to find,
among all partitions of the data set, the best one according to some quality measure. However, in
the statistical setting where we assume that the finite data set has been sampled from some under-
lying space, the goal is not to find the best partition of the given sample, but to approximate the
true partition of the underlying space. We argue that the discrete optimization approach usually
does not achieve this goal, and instead can lead to inconsistency. We construct examples which
provably have this behavior. As in the case of supervised learning, the cure is to restrict the size
of the function classes under consideration. For appropriate “small” function classes we can prove
very general consistency theorems for clustering optimization schemes. As one particular algo-
rithm for clustering with a restricted function space we introduce “nearest neighbor clustering”.
Similar to the k-nearest neighbor classifier in supervised learning, this algorithm can be seen as a
general baseline algorithm to minimize arbitrary clustering objective functions. We prove that it is
statistically consistent for all commonly used clustering objective functions.
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This chapter is a joint work with Ulrike Von Luxburg. It is based on the paper Bubeck and
von Luxburg [2009] published in the Journal of Machine Learning Research. A previous version,
von Luxburg et al. [2008], appeared in Advances in Neural Information Processing Systems 21.

1. Introduction

Clustering is the problem of discovering “meaningful” groups in given data. In practice, the
most common approach to clustering is to define a clustering quality function (), and then con-
struct an algorithm which is able to minimize (or maximize) @),,. There exists a huge variety of
clustering quality functions: the K-means objective function based on the distance of the data
points to the cluster centers, graph cut based objective functions such as ratio cut or normalized
cut, or various criteria based on some function of the within- and between-cluster similarities.
Once a particular clustering quality function @),, has been selected, the objective of clustering is
stated as a discrete optimization problem. Given a data set X, = {X1,..., X,,} and a clustering
quality function @), the ideal clustering algorithm should take into account all possible partitions
of the data set and output the one that minimizes (J,,. The implicit understanding is that the “best”
clustering can be any partition out of the set of all possible partitions of the data set. The practical
challenge is then to construct an algorithm which is able to explicitly compute this “best” clus-
tering by solving an optimization problem. We will call this approach the “discrete optimization
approach to clustering”.

Now let us look at clustering from the perspective of statistical learning theory. Here we
assume that the finite data set has been sampled from an underlying data space X according to
some probability measure P. The ultimate goal in this setting is not to discover the best possible
partition of the data set X),, but to learn the “true clustering” of the underlying space X. While it is
not obvious how this “true clustering” should be defined in a general setting [cf. von Luxburg and
Ben-David, 2005], in an approach based on quality functions this is straightforward. We choose
a clustering quality function () on the set of partitions of the entire data space X, and define
the true clustering f* to be the partition of X which minimizes (). In a finite sample setting,
the goal is now to approximate this true clustering as well as possible. To this end, we define
an empirical quality function @),, which can be evaluated based on the finite sample only, and
construct the empirical clustering f,, as the minimizer of (),,. In this setting, a very important
property of a clustering algorithm is consistency: we require that Q( f,,) converges to Q(f*) when
n — oo. This strongly reminds of the standard approach in supervised classification, the empirical
risk minimization approach. For this approach, the most important insight of statistical learning
theory is that in order to be consistent, learning algorithms have to choose their functions from
some “small” function space only. There are many ways how the size of a function space can
be quantified. One of the easiest ways is to use shattering coefficients s(F,n) (see Section 2 for
details). A typical result in statistical learning theory is that a necessary condition for consistency
is Elog s(F,n)/n— 0 (cf. Theorem 2.3 in Vapnik, 1995, Section 12.4 of Devroye et al., 1996).
That is, the “number of functions” s(F,n) in F must not grow exponentially in 7, otherwise one
cannot guarantee for consistency.

Stated like this, it becomes apparent that the two viewpoints described above are not compat-
ible with each other. While the discrete optimization approach on any given sample attempts to
find the best of all (exponentially many) partitions, statistical learning theory suggests to restrict
the set of candidate partitions to have sub-exponential size. So from the statistical learning theory
perspective, an algorithm which is considered ideal in the discrete optimization setting will not
produce partitions which converge to the true clustering of the data space.
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In practice, for most clustering objective functions and many data sets the discrete optimization
approach cannot be performed perfectly as the corresponding optimization problem is NP hard.
Instead, people resort to heuristics and accept suboptimal solutions. One approach is to use local
optimization procedures potentially ending in local minima only. This is what happens in the K-
means algorithm: even though the K-means problem for fixed K and fixed dimension is not NP
hard, it is still too hard for being solved globally in practice. Another approach is to construct a
relaxation of the original problem which can be solved efficiently (spectral clustering is an example
for this). For such heuristics, in general one cannot guarantee how close the heuristic solution is
to the finite sample optimum. This situation is clearly unsatisfactory: in general, we neither have
guarantees on the finite sample behavior of the algorithm, nor on its statistical consistency in the
limit.

The following alternative approach looks much more promising. Instead of attempting to solve
the discrete optimization problem over the set of all partitions, and then resorting to relaxations
due to the hardness of this problem, we turn the tables. Directly from the outset, we only consider
candidate partitions in some restricted class F,, containing only polynomially many functions.
Then the discrete optimization problem of minimizing @), over F,, is not NP hard—formally it
can be solved in polynomially many steps by trying all candidates in J,,. From a theoretical point
of view this approach has the advantage that the resulting clustering algorithm has the potential of
being consistent. In addition, this approach also has advantages in practice: rather than dealing
with uncontrolled relaxations of the original problem, we restrict the function class to some small
subset F,, of “reasonable” partitions. Within this subset, we then have complete control over the
solution of the optimization problem and can find the global optimum. Put another way, one can
also interpret this approach as some controlled way to approximate a solution of the NP hard
optimization problem on the finite sample, with the positive side effect of obeying the rules of
statistical learning theory.

This is the approach we want to describe in this chapter. In Section 2 we will first construct
an example which demonstrates the inconsistency in the discrete optimization approach. Then we
will state a general theorem which gives sufficient conditions for clustering optimization schemes
to be consistent. We will see that the key point is to control the size of the function classes the clus-
tering are selected from. In Section 3 we will then introduce an algorithm which is able to work
with such a restricted function class. This algorithm is called nearest neighbor clustering, and in
some sense it can be seen as a clustering-analogue to the well-known nearest neighbor classifier
for classification. We prove that nearest neighbor clustering is consistent under minimal assump-
tions on the clustering quality functions ),, and (). Then we will apply nearest neighbor clustering
to a large variety of clustering objective functions, such as the K-means objective function, nor-
malized cut and ratio cut, the modularity objective function, or functions based on within-between
cluster similarity ratios. For all these functions we will verify the consistency of nearest neighbor
clustering in Section 4. Discussion of our results, also in the context of the related literature, can
be found in Sections 5 and 6. The proofs of all our results are deferred to Section 7, as some of
them are rather technical.

2. General (In)Consistency Results

In the rest of this chapter, we consider a space X which is endowed with a probability measure
IP. The task is to construct a clustering f : X — {1,..., K} on this space, where K denotes the
number of clusters to construct. We denote the space of all P-measurable functions from X" to
{1,..,K} by H. Let Q : H — R™ denote a clustering quality function: for each clustering,
it tells us “how good” a given clustering is. This quality function will usually depend on the
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probability measure P. An optimal clustering, according to this objective function, is a clustering
f* which satisfies
¥ € argmin Q(f).
fer
where F C 'H is a fixed set of candidate clusterings. Now assume that PP is unknown, but that we
are given a finite sample X1, ..., X;, € X which has been drawn i.i.d according to P. Our goal is
to use this sample to construct a clustering f,, which “approximates” an optimal clustering f*. To
this end, assume that Q,, : H — R™ is an estimator of () which can be computed based on the
finite sample only (that is, it does not involve any function evaluations f(z) forz & { X1, ..., X;,}).
We then consider the clustering
fn € argmin Q,(f).
fe€Fn
Here, F,, is a subset of H, which might or might not be different from . The general question
we are concerned with in this chaper is the question of consistency: under which conditions do we
know that Q(f,) — Q(f*)?

Note that to avoid technical overload we will assume throughout this chapter that all the min-
ima (as in the definitions of f* and f,,) exist and can be attained. If this is not the case, one can
always go over to statements about functions which are e-close to the corresponding infimum. We
also will not discuss issues of measurability in this chapter (readers interested in measurability
issues for empirical processes are referred to Section 1 of van der Vaart and Wellner, 1996).

2.1. Inconsistency example. In the introduction we suggested that as in the supervised case,
the size of the function class F,, might be the key to consistency of clustering. In particular, we
argued that optimizing over the space of all measurable functions might lead to inconsistency. First
of all, we would like to prove this statement by providing an example. This example will show
that if we optimize a clustering objective function over a too large class of functions, the resulting
clusterings are not consistent.

EXAMPLE 8.1 (Inconsistency in general). As data space we choose X = [0, 1] U [2, 3], and
as probability measure P we simply use the normalized Lebesgue measure A on X. We define the
following similarity function between points in X:

1 ifzel0,1],y€0,1]
s(,y) =91 ifre(2,3], yel23]
0 otherwise.

For simplicity, we consider the case where we want to construct K = 2 clusters called C1 and Cs.
Given a clustering function f : X — {0,1} we call the clusters C, := {x € X | f(x) = 0} and
Cy :={x € X| f(z) = 1}. As clustering quality function Q) we use the between-cluster similarity
(equivalent to cut, see Section 4.2 for details):

Q(f) = / . / . s(X,Y) dP(X) dP(Y).

As an estimator of Q) we will use the function QQ,, where the integrals are replaced by sums over
the data points:

Qn(f) = n(nl—l) > s(X, X5).

1€C j€Co
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As set F we choose the set of all measurable partitions on X (note that the same example also
holds true when we only look at the set F of measurable partitions such that both clusters have
a minimal mass € for some € > 0). For alln € Nwe set F,, = F. Let Xq,..., X, € X be our
training data. Now define the functions

0 ifze{Xi, .., X,}n0,1]
@) = {o z:fxe [0,1] . f@) = 1 z:fﬂce [2,3] |
1 ifze[2,3] 0 ifzel0,05\ {X1,..., Xn}
1

ifz €[0.5,1)\ {X1, ..., X,}

It is obvious that Q(f*) = 0 and Qn(fn) = 0. As both Q and Q,, are non-negative, we
can conclude f* € argminger Q(f) and f, € argmingcz Qn(f). It is also straightforward to
compute Q(fn) = 1/16 (independently of n). Hence, we have inconsistency: 1/16 = Q(f,) #
Q) =0.

Note that the example is set up in a rather natural way. The data space contains two perfect
clusters ([0, 1] and [2, 3]) which are separated by a large margin. The similarity function is the
ideal similarity function for this case, giving similarity 1 to points which are in the same cluster,
and similarity O to points in different clusters. The function f* is the correct clustering. The
empirical clustering f,,, if restricted to the data points, reflects the correct clustering. It is just the
“extension” of the empirical clustering to non-training points which leads to the inconsistency of
fn. Intuitively, the reason why this can happen is clear: the function space F does not exclude
the unsuitable extension chosen in the example, the function overfits. This can happen because the
function class is too large.

2.2. Main Result. Now we would like to present our first main theorem. It shows that if f,,
is only picked out of a “small” function class JF,,, then we can guarantee consistency of clustering.
Before stating the theorem we would like to recall the definition of the shattering coefficient in a
K-class setting. For a function class F : X — {1,..., K} the shattering coefficient of size n is
defined as

s(F,n) = max_{(f(z1),...,f(zn)) | f € F}].

L1,y €X
To state our theorem, we will also require a pseudo-distance d between functions. A pseudo-
distance is a dissimilarity function d : X x X — R™ which is symmetric, satisfies the triangle
inequality and the condition f = g = d(f, g) = 0, but not necessarily the condition d(f,g) =
0 = f = g. For distances between sets of functions we use the standard convention d(F,G) =
inf fe £ geg d(f, g). Our theorem is as follows:

THEOREM 8.1 (Consistency of a clustering optimizing scheme). Let (X,)necn be a sequence
of random variables which have been drawn i.i.d. according to some probability measure P on
some set X. Let Fp, := Fp(X1,...,X,) C H be a sequence of function spaces, and F C H. Let
d: H x H — R be a pseudo-distance defined on H. Let Q : H — R™ be a clustering quality
function, and Q,, : H — R an estimator of this function which can be computed based on the

Fn = U Fn.
X1, XnERE
Define the true and the empirical clusterings as

f* € argmin Q(f),

fer

finite sample only. Finally let
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fn € argmin Q,,(f).

feFn
Assume that the following conditions are satisfied:

(1) Qn(f) is a consistent estimator of Q( f) which converges sufficiently fast for all f € Fp

Ve >0, s(Fn,2n) sup P(1Qu(f) — Q(f)| > ) =0,
feFn

(2) F, approximates F in the following sense:

(1) VfeF,d(f,Fn) — 0in probability,

(i) P(fn ¢ F)— 0.
(3) Q is uniformly continuous with respect to the pseudo-distance d between F and 3’-‘2
Ve > 036(¢) > 0 such thatVf € FNg € Fn: d(f,g) <5(e) = |Q(f) — Q9)| < e.

Then the optimization scheme is weakly consistent, that is Q(f,) — Q(f*) in probability.

This theorem states sufficient conditions for consistent clustering schemes. In the context
of the standard statistical learning theory, the three conditions in the theorem are rather natural.
The first condition mainly takes care of the estimation error. Implicitly, it restricts the size of the
function class F,, by incorporating the shattering coefficient. We decided to state condition 1 in
this rather abstract way to make the theorem as general as possible. We will see later how it can be
used in concrete applications. Of course, there are many more ways to specify the size of function
classes, and many of them might lead to better bounds in the end. However, in this chapter we
are not so much concerned with obtaining the sharpest bounds, but we want to demonstrate the
general concept (as the reader can see in appendix, the proofs are already long enough using simple
shattering numbers). The second condition in the theorem takes care of the approximation error.
Intuitively it is clear that if we want to approximate solutions in F, eventually F;,, needs to be
“close” to F. The third condition establishes a relation between the quality function @) and the
distance function d: if two clusterings f and g are close with respect to d, then their quality values
Q(f) and Q(g) are close, too. We need this property to be able to conclude from “closeness” as in
Condition 2 to “closeness” of the clustering quality values.

Finally, we would like to point out a few technical treats. First of all, note that the function
class F,, is allowed to be data dependent. Secondly, as opposed to most results in empirical
risk minimization we do not assume that (0, is an unbiased estimator of () (that is, we allow
EQ, # @), nor does @ need to be “an expectation” (that is, of the form Q(f) = E(Q(f, X)) for
some (). Both facts make the proof more technical, as many of the standard tools (symmetrization,
concentration inequalities) become harder to apply. However, this is necessary since in the context
of clustering biased estimators pop up all over the place. We will see that many of the popular
clustering objective functions lead to biased estimators.

3. Nearest Neighbor Clustering—General Theory

The theorem presented in the last section shows sufficient conditions under which clustering
can be performed consistently. Now we want to present a generic algorithm which can be used to
minimize arbitrary clustering objective functions. With help of Theorem 8.1 we can then prove
the consistency of its results for a large variety of clustering objective functions.

We have seen that the key to obtain consistent clustering schemes is to work with an appro-
priate function class. But of course, given quality functions () and @),,, the question is how such a
function space can be constructed in practice. Essentially, three requirements have to be satisfied:
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e The function space F,, has to be “small”. Ideally, it should only contain polynomially many
functions.

e The function space F,, should be “rich enough”. In the limit » — oo, we would like to be able
to approximate any (reasonable) measurable function.

e We need to be able to solve the optimization problem argmin .z, Q@ (f). This sounds trivial
at first glance, but in practice is far from easy.

One rather straightforward way to achieve all requirements is to use a function space of piece-
wise constant functions. Given a partitioning of the data space in small cells, we only look at
clusterings which are constant on each cell (that is, the clustering never splits a cell). If we make
sure that the number of cells is only of the order log(n), then we know that the number of cluster-
ings is at most K'°8(") = plog(K) which is polynomial in n. In the following we will introduce a
data-dependent random partition of the space which turns out to be very convenient.

3.1. Nearest Neighbor Clustering—The Algorithm. We will construct a function class F,,
as follows. Given a finite sample X1,...,X,, € R4, the number K of clusters to construct, and
anumber m € N with K < m < n, randomly pick a subset of m “seed points” X, , ..., Xs,,-
Assign all other data points to their closest seed points, thatis forall j = 1,. .., m define the set Z;
as the subset of data points whose nearest seed point is X;. In other words, the sets Z1, ..., Zy,
are the Voronoi cells induced by the seeds X, ..., X, . Then consider all partitions of &}, which
are constant on all the sets 71, ..., Z,,,. More formally, for given seeds we define the set F,, as the
set of all functions

Fo={f:X—={1,...,K}|Vji=1,....m:Vz,2 € Z;: f(z) = f(")}.

Obviously, the function class F,, contains K™ functions, which is polynomial in n if the number
m of seeds satisfies m € O(log n). Given F,,, the most simple polynomial-time optimization algo-
rithm is then to evaluate Q,,(f) for all f € F, and choose the solution f,, = argmin .z Qn(f).
We call the resulting clustering the nearest neighbor clustering and denote it by NNC(Q,,). The
entire algorithm is summarized in Figure 1. We have already published results on the empiri-

Nearest Neighbor Clustering NNC((),,), naive implementation

Parameters: number K of clusters to construct, number m € N of
seed points to use (with K < m <« n), clustering quality function
Q@n
Input: data set &, ={Xi,...,X,}, distances d;; = d(X;, Xj)
e Subsample m seed points from the data points, without
replacement.
e Build the Voronoi decomposition Zi,...,Z, of X, based on
the distances d;; using the seed points as centers
e Define Fp,:={f:X, —{l,...,K} | f constant on all cells Z;}
e For all feF, evaluate Qu(f).

Output: f, = argminfefn Qn(f)

Figure 1: Nearest neighbor clustering for a general clustering objective function Q,.

cal performance of the algorithm in von Luxburg et al. [2008], and more results can be found in
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Section 3 of Jegelka [2007]. We have found that on finite samples, the algorithm performs surpris-
ingly well in terms of quality function: using m = log n seed points, the objective function values
obtained at the solutions are comparable to these of K-means or spectral clustering, respectively.
Moreover, there exist efficient ways to compute f,, using branch and bound methods. Using these
methods, the running time of nearest neighbor clustering using m = logn seeds is roughly com-
parable to the one of the other clustering algorithms. See von Luxburg et al. [2008] and Jegelka
[2007] for details on the experimental results.

3.2. Consistency of Nearest Neighbor Clustering (General Statement). Now we want to
prove that nearest neighbor clustering is consistent. We will see that even though we can rely on
Theorem 8.1, the consistency proof for nearest neighbor clustering does not come for free. Let
f:&X —{1,..., K} be aclustering function. In the following, we will often use the notation fj
for the indicator function of the k-th cluster:

fe(@) ==L p)=¢-
This is a slight abuse of notation, as we already reserved the notation f;,, for the minimizer of the
empirical quality function. However, from the context it will always be clear whether we will refer
to fn or fx, respectively, as we will not mix up the letters n (for the sample size) and & (a cluster
index).
As distance function between two clusterings we use the 0-1-loss

d(f,g) ==P(f(X) # g(X)[X1,..., Xn).

Here the conditioning is needed for the cases where the functions f or g are data dependent. Note
that in clustering, people often consider a variant of this distance which is independent with respect
to the choice of labels, that is they choose d(f,g) := miny P(f(X) # n(g(X))|X1,...,Xn),
where 7 runs over all permutations of the set {1,..., K'}. However, we will see that for our
purposes it does not hurt to use the overly sensitive 0-1 distance instead. The main reason is that
at the end of the day, we only want to compare functions based on their quality values, which do
not change under label permutations. In general, the theorems and proofs could also be written in
terms of d. For better readability, we decided to stick to the standard 0-1 distance, though.

We will see below that in many cases, even in the limit case one would like to use a function
space JF which is a proper subset of 7. For example, one could only be interested in clusterings
where all clusters have a certain minimal size, or where the functions satisfy certain regularity
constraints. In order to be able to deal with such general function spaces, we will introduce a tool
to restrict function classes to functions satisfying certain conditions. To this end, let

d:H—-RT

be a functional which quantifies certain aspects of a clustering. In most cases, we will use func-
tionals ® which operate on the individual cluster indicator functions fj. For example, ®( f},) could
measure the size of cluster &, or the smoothness of the cluster boundary. The function class F will
then be defined as

F={feH|®(fx) >aforallk=1,..., K},

where a > 0 is a constant. In general, the functional ® can be used to encode our intuition about
“what a cluster is”. Note that this setup also includes the general case of F = H, that is the case
where we do not want to make any further restrictions on F, for example by setting ®(f;) = 1,
a = 0. As it is the case for (), we will usually not be able to compute ® on a finite sample only.
Hence we also introduce an empirical counterpart ®,, which will be used in the finite sample case.
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The following theorem will state sufficient conditions for the consistency of nearest neighbor
clustering. For simplicity we state the theorem for the case X = R?, but the proofs can also be
carried over to more general spaces. Also, note that we only state the theorem for the case d > 2;
in case d = 1 the theorem holds as well, but the formulas look a bit different.

THEOREM 8.2 (Consistency of nearest neighbor clustering). Let X = R% d > 2, Q : H —
R be a clustering quality function, and Q,, : H — R™ an estimator of this function which can
be computed based on the finite sample only. Similarly, let ® : H — R*, and ®,, : H — RT
an estimator of this function. Let a > 0 and (an)nen be such that a,, > a and a,, — a. Let
m = m(n) < n € N. Finally, denote d(f,qg) the 0-1-loss, and let NN,,(x) be the nearest
neighbor of x among X1, ..., X,, according to the Euclidean distance. Define the function spaces

F={f:R¥= {1,...,K} | f continuous a.e. andVk € {1,..., K} ®(fy) > a}
Fpni={f:R'={1,...,K}| f(z) = f(NNp(z)) andVk € {1,..., K} ®,(fi) > an}
Fn = U Fn

X1y, X €RY
Fo = {f: RY — {1,..., K} | 3 Voronoi partition of m cells: f constant on all cells}.

Assume that the following conditions are satisfied:

(1) Qn(f) is a consistent estimator of Q(f) which converges sufficiently fast for all

feF,:

Ve > 0, K™(2n) ™ sup B(1Qu(f) - Q)] > &) — 0,
feEFn
(2) @,(fx) is a consistent estimator of ®( fi) which converges sufficiently fast for all f €
Ve >0, Km(2n)(d+1)m2 sup P(|®n(fr) — ©(fr)| > ¢) — 0,
feFn
(3) Q is uniformly continuous with respect to the pseudo-distance d(f,g) between F and
j—";, as defined in Condition (3) of Theorem 8.1,
(4) @i(f) := ®(fr) is uniformly continuous with respect to the pseudo-distance d(f,g)
between F and j:;, as defined in Condition (3) of Theorem 8.1,
(5) ay, decreases slowly enough to a:
K™ (2n) 0™ sup P(®,(gk) — ®(g) > an —a) = 0,
g€Fn,k
(6) m — oo.
Then nearest neighbor clustering based on m seed points using quality function Q) is weakly
consistent, that is for f, € argmingcr Qn(f) and f* € argmin;cr Q(f) we have Q(fn) —
Q(f*) in probability.

This theorem is still rather abstract, but pretty powerful. In the following we will demon-
strate this by applying it to many concrete clustering objective functions. To define our objective
functions, we will from now on adopt the convention 0/0 = 0.

4. Nearest Neighbor Clustering with Popular Clustering Objective Functions

In this section we want to study the consistency of nearest neighbor clustering when applied
to particular objective functions. For simplicity we assume in this section that X = R<.
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4.1. NNC Using the K -means Objective Function. The K -means objective function is the
within-cluster sum of squared distances, called WSS for short. To define it properly, for a given
clustering function f : R? — {1,..., K'} we introduce the following quantities:

n K
WSS, (f) == %Z Z (XX — exnll? where

i=1 k=1
11 Lk
R en Z_; Ti(Xi) X and n = ; fu(X5)
K
WSS(f) = Eka(X>HX — el where c = W
k=1

Here, WSS,, plays the role of @),, and WSS the role of (). Let us point out some important
facts. First the empirical quality function is not an unbiased estimator of the true one, that is
EWSS,, # WSS and Ec;,,, # ¢ (note that in the standard treatment of K-means this can be
achieved, but not on arbitrary function classes, see below for some discussion). However, at least
we have Eny, = Ef(X) and EL Y% | f(Xi)X; = Efix(X)X. Moreover, one should remark that
if we define WSS(-, P) := WSS then WSS,, = WSS(+, P,,) where P,, is the empirical distribution.

Secondly, our setup for proving the consistency of nearest neighbor clustering with the WSS
objective function is considerably more complicated than proving the consistency of the global
minimizer of the K-means algorithm (e.g., Pollard, 1981). The reason is that for the K-means
algorithm one can use a very helpful equivalence which does not hold for nearest neighbor cluster-
ing. Namely, if one considers the minimizer of WSS,, in the space of all possible partitions, then
one can see that the clustering constructed by this minimizer always builds a Voronoi partition
with K cells; the same holds in the limit case. In particular, given the cluster centers ¢y, ,, one can
reconstruct the whole clustering by assigning each data point to the closest cluster center. As a con-
sequence, to prove the convergence of K-means algorithms one usually studies the convergence
of the empirical cluster centers ¢y ,, to the true centers c,. However, in our case this whole chain of
arguments breaks down. The reason is that the clusters chosen by nearest neighbor clustering from
the set J,, are not necessarily Voronoi cells, they do not even need to be convex (all clusters are
composed by small Voronoi cells, but the union of “small” Voronoi cells is not a “large” Voronoi
cell). Also, it is not the case that each data point is assigned to the cluster corresponding to the
closest cluster center. It may very well happen that a point = belongs to cluster C;, but is closer to
the center of another cluster C'; than to the center of its own cluster C;. Consequently, we cannot
reconstruct the nearest neighbor clustering from the centers of the clusters. This means that we
cannot go over to the convergence of centers, which makes our proof considerably more involved
than the one of the standard K -means case.

Due to these technical problems, it will be of advantage to only consider clusters which have
a certain minimal size (otherwise, the cluster quality function WSS is not uniformly continuous).
To achieve this, we use the functionals

Pwss(fr) == Efr(X), Pwss, (fx) = ni(f)-

and will only consider clusterings where ®(f;) > a > 0. In practice, this can be interpreted as a
simple means to avoid empty clusters. The constant a can be chosen so small that its only effect is
to make sure that each cluster contains at least one data point. The corresponding function spaces
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are
F:={f:R*—={1,...,K} | f continuous a.e. and Vk € {1,..., K} ®wss(fr) > a}
Foi={f:R*={1,....K} | f(x) = f(NNp(z))and Vk € {1,..., K} ®wss,(fx) > an}

Moreover, for technical convenience we restrict our attention to probability measures which have a
bounded support inside some large ball, that is which satisfy supp P C B(0, A) for some constant
A > 0. It is likely that our results also hold in the general case, but the proof would get even more
complicated. With the notation of Theorem 8.2 we have:

THEOREM 8.3 (Consistency of NNC(WSS)). Assume that a,, > a,a, — a,m — oo and

2
m*logn o

n(a — ay)?

Then for all probability measures on R® with bounded support, nearest neighbor clustering with

WSS is consistent, that is if n — oo then WSS( f,,) — WSS(f*) in probability.

This theorem looks very nice and simple. The conditions on a,, and m are easily satisfied as
soon as these quantities do not converge too fast. For example, if we define

an = a+ and m =logn
logn
then ) s
m*logn _ (logn) o
n(a, —a)? n

Moreover, it is straightforward to see from the proofs that this theorem is still valid if we
consider the objective functions WSS,, and WSS with || - || instead of || - ||2. It also holds for any
other norm, such as the p-norms || - ||,,. However, it does not necessarily hold for powers of norms
(in this sense, the squared Euclidean norm is an exception). The proof shows that the most crucial
property is

| X5 — cunll — | Xs — k]| < const- ||cppn — cil].
This is straightforward if the triangle inequality holds, but might not be possible for general powers
of norms.

By looking more carefully at our proofs one can state the following rate of convergence:

THEOREM 8.4 (Convergence Rate for NNC(WSS)). Assume that supp P C B(0, A) for some
constant A > 0 and that n(a, — a)* — oo. Lete < 1 and a* := inf, Eff(X) —a > 0. Then
there exists :

N = N((ap),a") € N,
Cy = Cy(a,a*,e, K, A) >0, Cy = Cy(a,a™,e, A, f*,P) > 0,
Cs3 = Cs(a,d,e, K, A) >0, Cy = Cy(a,d,A) >0
such that for n > N the following holds true:
P(| WSS(fn) — WSS(f)| > €)

At first glance, it seems very tempting to try to use the Borel-Cantelli lemma to transform the
weak consistency into strong consistency. However, we do not have an explicit functional form
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of dependency of Cs on e. The main reason is that in Lemma 8.3 (Appendix) the constant b(¢)
will be defined only implicitly. If one would like to prove strong consistency of nearest neighbor
clustering with WSS one would have to get an explicit form of b(¢) in Lemma 8.3.

For a general discussion relating the consistency result of NNC(WSS) in to the consistency
results by Pollard [1981] and others see Section 5.

4.2. NNC Using Standard Graph-cut Based Objective Functions. In this section we want
to look into the consistency of nearest neighbor clustering for graph based objective functions as
they are used in spectral clustering (see von Luxburg, 2007 for details). Let s : R x R* — R
be a similarity function which is upper bounded by a constant C'. The two main quantities we
need to define graph-cut based objective functions are the cut and the volume. For a given cluster
described by the cluster indicator function f; : R — {0, 1}, we set

cut(fy) == cut(fy, P) := Efp(X1)(1 — fr(X2))s(X1, Xa),

VOl(fk) = VOl(fk, P) = Efk(Xl)S(Xl, XQ).

For f € 'H we can then define the normalized cut and the ratio cut by

S eut(f)
Ncut(f) := Ncut(f,P) := 2 ol fy)’

S et
RatioCut(f) := RatioCut(f,P) := 2 Efo(X)

The empirical estimators of these objective functions will be Ncut(f, P,,) and RatioCut(f, P,),
in explicit formulas:

cutn(fi) = Z fr(X f(X5))s(Xs, X5),

i,j=1
L

vol (fr) = Z fr(Xi)s(Xi, Xj), g = > fr(Xi)

i,j=1 i=1

cutn(fi) ot (i)
Ncut,(f) := RatioCut,(f) = Y ——2%2
(f) Z oL (1) (f) ; o
Again we need to define how we will measure the size of the clusters. We will use
Peut(fr) = vol(fk), PNeut(fx) = vol(fk), PRatiocut (f&) = Efi(X).

with the corresponding empirical quantities ®cyt,,, Pncut,, ahd Pratiocut,,- Then, with the nota-
tions of Theorem 8.2, we have:

THEOREM 8.5 (Consistency of NNC(cut), NNC(Ncut) and NNC(RatioCut)). Assume that
the similarity function s is bounded by a constant C' > 0, let a,, > a, a, — a, m — oo and

m?logn
—— — 0.

n(a — ay)?
Then nearest neighbor clustering with cut, Ncut and RatioCut is universally weakly consistent,
that is for all probability measures, if n — oo we have cut(f,) — cut(f*), Necut(f,) —

Ncut(f*) and RatioCut( f,,) — RatioCut(f*) in probability.
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For these objective functions one can also state a rate of convergence. For sake of shortness
we only state it for the normalized cut:

THEOREM 8.6 (Convergence Rate for NNC(Ncut)). Assume that the similarity function s is
bounded by C > 0 and that n(a, — a)> — oco. Let e < 1 and a* := inf vol(f) — a > 0. Then
there exist

N = N((an),a”) €N,
Cy =Ci(a,a*, e, K,C) >0, Cy = Cy(a,a™,e,C, K, f*,IP) > 0,
Cs3 = Cs(a,e, K,C) >0, Cy=Cya,K,C) >0
such that for n > N the following holds true:
P(| Neut(fn) — Neut(f)| > ¢)

< Cle—sz + Km+1(2n)(d+1)m2 <C36_0452” n 8K@_w> '

4.3. NNC Using the Modularity Objective Function. A slightly different objective func-
tions for graph clustering is the “modularity”, which has been put forward by Newman [2006] for
detecting communities in networks. In this chapter, the modularity is formulated as an objective
function to find communities in a finite graph. However, as it is the case for Ncut or RatioCut, the
modularity cannot be directly minimized. Instead, a spectral relaxation has been developed to min-
imize the modularity, see Newman [2006] for details. Of course, the nearest neighbor clustering
algorithm can also be used to minimize this objective function directly, without using a relaxation
step. Using our own notation we define:

Mod,,(f) =
Z ka = QZ (X3, X0) Y s(X5, X0) — (X4, X;) |
=1 l;é] INEZ) LI#]

Mod(f)

Z//fk ) fe(Y (/s(X, Z)d]P’(Z)/s(Y, Z)dP(Z) — s(X, Y)> dP(X,Y).

In the proof we will see that as the limit function Mod(-) is uniformly continuous on H, we do not
need to quantify any function ® or ®,, to measure the volume of the clusters. The function classes
are thus

F:={f:RY—={1,...,K} | f continuous a.e.},
Fo=A{f R = {1,...,K}| f(z) = f(NNn(2))}.
THEOREM 8.7 (Consistency of NNC(Mod)). Assume that m — oo and

2
m~logn o
n
Then nearest neighbor clustering with Mod is universally weakly consistent: for all probability

measures, if n — oo then Mod( f,) — Mod(f*) in probability.

4.4. NNC Using Objective Function Based on the Ratio of Within-cluster and Between-
cluster Similarity. Often, clustering algorithms try to minimize joint functions of the within-
cluster similarity and the between cluster similarity. The most popular choice is the ratio of those
two quantities, which is closely related to the criterion used in Fisher linear discriminant analysis.
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Formally, the between-cluster similarity corresponds to the cut, and the within similarity of cluster
k is given by
WS = Ef(Xl)f(XQ)S(Xl, Xg)

Thus the ratio of between- and within-cluster similarity is given as

cut(fx)
WS(fx)

K
BWR(f) =)

k=1
Again we use their empirical estimations:

WS, () = s 30 XD SlX))s(X0X;),
ij=1
. K cuty, (fr)
BWR,,(f) := RTA)

To measure the size of the cluster we use

Ppwr(fx) = WS(fi)

and its natural empirical counterpart. This leads to function spaces
F:={f:R* = {1,...,K} | f continuous a.e. and Vk € {1,..., K} ®pwr(fi) > a},
Fo={f:R*'={1,...,K}| f(z) = f(NNp(z)) and Vk € {1,..., K} ®pwr,(fr) > an}.

THEOREM 8.8 (Consistency of NNC(BWR)). Assume that the similarity function s is bounded
by a constant C' > 0, let a,, > a,an, — a,m — oo and

m?logn
—— = 0.

n(a — ap)?
Then nearest neighbor clustering with BWR is universally weakly consistent, that is for all prob-
ability measure if n — oo then BWR( f,,) — BWR(f*) in probability.

5. Relation to Previous Work

In this section we want to discuss our results in the light of the existing literature on consistent
clusterings.

5.1. Standard Consistency Results for Center-based Algorithms. For a few clustering al-
gorithms, consistency results are already known. The most well-known among them is the K-
means algorithm. For this algorithm it has been first proved by Pollard [1981] that the global
minimizer of the K-means objective function on a finite sample converges to the global minimizer
on the underlying space.

First of all, we would like to point out that the consistency result by Pollard [1981] can easily
be recovered using our theorems. Let us briefly recall the standard K -means setting. The objective
function which K -means attempts to optimize is the function WSS, which we already encountered
in the last sections. In the standard K-means setting the optimization problem is stated over the
space of all measurable functions H:

f* = argmin WSS(f).
feH
It is not difficult to prove that the solution f* of this optimization problem always has a particular
form. Namely, the solution f* forms a Voronoi decomposition of the space, where the cluster
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centers ¢ are the centers of the Voronoi cells. Thus, we can rewrite the optimization problem
above equivalently as
f* = argmin WSS(f)
feldk
where G denotes the set of all clusterings for which the clusters are Voronoi cells. The optimiza-
tion problem for the finite sample case can be stated analogously:
fn = argmin WSS,,(f).

Jeli
So in this particular case we can set 7, = F = Gg. This means that even though the original
optimization problem has been set up to optimize over the huge set H, the optimization only needs
to run over the small set Gx. It is well known that the shattering coefficient of G is polynomial
in n, namely it is bounded by K% pld+)K* (cf. Lemma 8.2). Moreover, the uniform continuity of
WSS on G (Condition (3) of Theorem 8.2) can easily be verified if we assume that the probability
distribution has compact support. As a consequence, using similar techniques as in the proofs of
Theorem 8.3 we can prove that the global minimizer of the empirical K -means objective function
WSS,, converges to the global minimizer of the true K-means objective function WSS. By this
we recover the well-known result by Pollard [1981], under slightly different assumptions. In this
sense, our Theorem 8.1 can be seen as a blueprint for obtaining Pollard-like results for more
general objective functions and function spaces.

Are there any more advantages of Theorem 8.3 in the /{-means setting? At first glance, our
result in Theorem 8.3 looks similar to Pollard’s result: the global minimizers of both objective
functions converge to the true global minimizer. However, in practice there is one important dif-
ference. Note that as opposed to many vector quantization problems (cf. Garey et al., 1982),
minimizing the K-means objective function is not NP-hard in n: the solution is always a Voronoi
partition, there exist polynomially many Voronoi partitions of n points, and they can be enumer-
ated in polynomial time (cf. Inaba et al., 1994). However, the size of the function class G is still
so large that it would take too long to simply enumerate all its functions and select the best one.
Namely, we will see in Lemma 8.2 that the number of Voronoi partitions of n points in R? using
K cells is bounded by n(**1)K  which is huge even for moderate d and K. As a work-around in
practice one uses the well-known K -means algorithm, which is only able to find a local minimum
of WSS,,(f). In contrast, nearest neighbor clustering works with a different function class which
is much smaller than G it has only size n!°8 &
the global minimum of WSS,,(f). Consequently, our result in Theorem 8.3 is not only a theoreti-
cal statement about some abstract quantity as it is the case for Pollard’s result, but it applies to the
algorithm used in practice. While Pollard’s result abstractly states that the global minimum (which
cannot be computed efficiently) converges, our result implies that the result of nearest neighbor
clustering does converge.

. On this smaller class we are still able to compute

5.2. Consistency of Spectral Clustering. In the previous section we have seen in Theorems
8.5 and 8.6 that NNC is consistent for all the standard graph cut objective functions. Now we want
to discuss these results in connection with the graph cut literature. It is well known that the discrete
optimization problem of minimizing Ncut,, or RatioCut,, is an NP-hard problem, see Wagner and
Wagner [1993]. However, approximate solutions of relaxed problems can be obtained by spectral
clustering, see von Luxburg [2007] for a tutorial. Consistency results for spectral clustering al-
gorithms have been proved in von Luxburg et al. [2008]. These results show that under certain
conditions, the solutions computed by spectral clustering on finite samples converge to some kind
of “limit solutions” based on the underlying distribution. In the light of the previous discussions,
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this sounds plausible, as the space of solutions of spectral clustering is rather restricted: we only
allow solutions which are eigenfunctions of certain integral operators. Thus, spectral clustering
implicitly works with a small function class.

However, it is important to note that the convergence results of spectral clustering do not make
any statement about the minimizers of Ncut (a similar discussion also holds for RatioCut). The
problem is that on any finite sample, spectral clustering only solves a relaxation of the original
problem of minimizing Ncut,,. The Ncut,-value of this solution can be arbitrarily far away from
the minimal Ncut,-value on this sample [Guattery and Miller, 1998], unless one makes certain
assumptions which are not necessarily satisfied in a standard statistical setting (cf. Spielman and
Teng, 1996, or Kannan et al., 2004). Thus the convergence statements for the results computed by
the spectral clustering algorithm cannot be carried over to consistency results for the minimizers
of Ncut. One knows that spectral clustering converges, but one does not have any guarantee
about the Ncut-value of the solution. Here our results for nearest neighbor clustering present an
improvement, as they directly refer to the minimizer of Ncut. While it is known that spectral
clustering converges to “something”, for the solutions computed by nearest neighbor clustering
we know that they converge to the global minimizer of Ncut (or RatioCut, respectively).

5.3. Consistency of Other Clustering Schemes. To the best of our knowledge, apart from
results on center-based algorithms and spectral clustering, there are very few non-parametric clus-
tering algorithms for which statistical consistency has been proved so far. The only other major
class of algorithms for which consistency has been investigated is the class of linkage algorithms.
While single linkage can be proved to be “fractionally consistent”, that is it can at least discover
sufficiently distinct high-density regions, both complete and average linkage are not consistent and
can be misleading (cf. Hartigan, 1981, 1985). A more general method for hierarchical clustering
used in Wong and Lane [1983] is statistically consistent, but essentially first estimates the density
and then constructs density level sets based on this estimator.

Concerning parametric clustering algorithms, the standard setting is a model-based approach.
One assumes that the underlying probability distribution has a certain parametric form (for exam-
ple a mixture of Gaussians), and the goal is to estimate the parameters of the distribution from the
sample. Estimating parameters in parametric models has been intensively investigated in statistics,
in particular in the maximum likelihood framework and the Bayesian framework (for an overview
how this can be done for clustering see Fraley and Raftery, 1998, or the book McLachlan and
Peel, 2004). Numerous consistency results are known, but typically they require that the true un-
derlying distribution indeed comes from the model class under consideration. For example, in a
Bayesian setting one can show that in the large sample limit, the posterior distribution will con-
centrate around the true mixture parameters. However, if the model assumptions are not satisfied,
counter-examples to consistency can be constructed. Moreover, the consistency results mentioned
above are theoretic in the sense that the algorithm used in practice does not necessarily achieve
them. Standard approaches to estimate mixture parameters are the EM algorithm (in a frequentist
of MAP setting), or for example Markov Chain Monte Carlo sampling in a fully Bayesian ap-
proach. However, as it is the case for the K -means algorithm, these methods can get stuck in local
optima, and no convergence towards the global optimum can be guaranteed. Another way to tackle
model-based clustering problems is based on the minimum message length or minimum descrip-
tion length principle. The standard reference for MML approaches to learn mixtures is Figueiredo
and Jain [2002], for a general overview on MDL see Griinwald [2007]. Consistency results for
MML are quite similar to the ones for the Bayesian approach: if the true distribution indeed comes
from the mixture class and the number of components is known, then consistency can be achieved.
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For general results on consistency of MDL see Sections 16 and 17.11 in Griinwald [2007]. Often,
MML/MDL approaches are interpreted as a particular way to work with small function classes,
consisting of functions which can be described in a “compact” way. In this sense, this method can
also be seen as a way of achieving “small” function classes.

5.4. Sublinear Time Algorithms Using Subsampling. Some algorithms related to our ap-
proach have been published in the theoretical computer science community, such as Indyk [1999],
Mishra et al. [2001], or Czumaj and Sohler [2007]. The general idea is to use subsampling ap-
proaches to approximate clustering solutions, and to prove that these approximations are quite
accurate. Given a sample of n points, one draws a subsample of m < n points, applies some (ap-
proximate) clustering algorithm to the subsample, and then extends this clustering to the remain-
ing points. Using techniques such as concentration inequalities, Chernoff bounds or Hoeffding
bounds, one can then prove that the resulting clustering approximates the best clustering on the
original point set.

While at first glance, this approach sounds very similar to our nearest neighbor clustering,
note that the focus in these papers is quite a different one than ours. The authors do not aim for
consistent clustering solutions (that is, solutions which are close to the “true clustering solution”
of the underlying space ), but they want to find algorithms to approximate the optimal clustering
on a given finite sample in sublinear time. The sublinearity is achieved by the fact that already
a very small subsample (say, m = logn) is enough to achieve good approximation guarantees.
However, our main point that it is important to control the size of the underlying function class,
is not revealed in these papers. As the authors mainly deal with K-means type settings, they
automatically work with polynomial function classes of center-based clusterings, and the issue of
inconsistency does not arise. Moreover, subsampling is just one way of reducing the function class
to a smaller size, there can be many others. In this sense, we believe that our “small function class”
approach is more general than the subsampling approach.

Finally, one difference between our approach and the subsampling approach is the kind of
results of interest. We are mainly concerned with asymptotic results, and on our way achieve ap-
proximation guarantees which are good for large sample size n. The focus of the subsampling
papers is non-asymptotic, dealing with a small or moderate sample size n, and to prove approxi-
mation guarantees in this regime.

5.5. Other Statistical Learning Theory Approaches to Clustering. In the last years there
have been several papers which started to look at clustering from a statistical learning theory per-
spective. A general statistical learning theory approach to clustering, based on a very similar
intuition as ours, has already been presented in Buhmann [1998]. Here the authors put forward an
“empirical risk approximation” approach for unsupervised learning, along the lines of empirical
risk minimization for the supervised case. The setting under consideration is that the clustering
quality function is an expectation with respect to the true underlying probability distribution, and
the empirical quality function is the corresponding empirical expectation. Then, similar to the sta-
tistical learning theory for supervised learning, generalization bounds can be derived, for example
using VC dimensions. Additionally, the authors discuss regularization approaches and relate them
to annealing schemes for center-based clusterings.

A different approach has been investigated in Ben-David [2007]. Here the author formalizes
the notion of a “cluster description scheme”. Intuitively, a clustering problem can be described by
a cluster description scheme of size [ € N if each clustering can be described using / points from
the space (and perhaps some additional parameter). For instance, this is the case for center-based
clusterings, where the clustering can be described by the centroids only. Ben-David then proves
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generalization bounds for clustering description schemes which show that the global minimizer
of the empirical quality function converges to the global minimizer of the true quality function.
The proof techniques used in this chapter are very close to the ones used in standard minimum
description length results.

Another class of results about K-means algorithms has been proved in Rakhlin and Capon-
netto [2007]. After computing covering numbers for the underlying classes, the authors study the
stability behavior of K -means. This leads to statements about the set of “almost-minimizers” (that
is the set of all functions whose quality is € close to the one of the global optimal solutions). As
opposed to our results and all the other results discussed above, the main feature of this approach is
that at the end of the day, one is able to make statements about the clustering functions themselves,
rather than only about their quality values. In this sense, the approach in Rakhlin and Caponnetto
[2007] has more powerful results, but its application is restricted to K -means type algorithms.

All approaches outlined above implicitly or explicitly rely on the same intuition as our ap-
proach: the function class needs to be “small” in order to lead to consistent clusterings. However,
all previous results have some restrictions we could overcome in our approach. First of all, in the
papers discussed above the quality function needs to be an expectation, and the empirical quality
function is simply the empirical expectation. Here our results are more general: we neither require
the quality functions to be expectations (for example, Ncut cannot be expressed as an expectation,
it is a ratio of two expectations) nor do we require unbiasedness of the empirical quality func-
tion. Second, the papers discussed above make statements about global optimizers, but do not
really deal with the question how such a global optimizer can be computed. The case of standard
K-means shows that this is by no means simple, and in practice one has to use heuristics which
discover local optima only. In contrast, we suggest a concrete algorithm (NNC) which computes
the global optimum over the current function class, and hence our results not only concern abstract
global minimizers which are hard to obtain, but refer to exactly the quantities which are computed
by the algorithm. Finally, our algorithm has the advantage that it provides a framework for dealing
with more general clustering objective functions than just center-based ones. This is not the case
in the papers above.

Finally, we would like to mention that a rather general but vague discussion of some of the
open issues in statistical approaches to clustering has been led in von Luxburg and Ben-David
[2005]. This chapter partly solves some of the open issues raised there.

6. Discussion

This chapter is concerned with clustering algorithms which minimize certain quality functions.
Our main point is that as soon as we require statistical consistency we have to work with function
classes J,, which are “small”. Our results have a similar taste as the well-known corresponding
results for supervised classification. While in the domain of supervised classification practitioners
are well aware of the effect of overfitting, it seems like this effect has been completely overlooked
in the clustering domain.

We would like to highlight a convenient side-effect of working with small function classes. In
clustering, for many objective functions the problem of finding the best partition of the discrete
data set is an NP-hard problem (for example, this is the case for all balanced graph-cut objective
functions). On the other side, if we restrict the function class F,, to have polynomial size (in n),
then the trivial algorithm of evaluating all functions in F,, and selecting the best one is inherently
polynomial. Moreover, if the small function class is “close” to the large function class, then the
solution found in the small function class approximates the best solution in the unrestricted space
of all clusterings.
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We believe that the approach of using restricted function classes can be very promising, also
from a practical point of view. It can be seen as a more controlled way of constructing approximate
solutions of NP hard optimization problems than the standard approaches of local optimization or
relaxation. While the effects of the latter cannot be controlled in general, we are able to control
the effects of optimizing over smaller function classes by carefully selecting F,,. This strategy cir-
cumvents the problem that solutions of local optimization or relaxation heuristics can be arbitrarily
far away from the optimal solution.

The generic clustering algorithm we studied in this article is nearest neighbor clustering, which
produces clusterings that are constant on small local neighborhoods. We have proved that this
algorithm is statistically consistent for a large variety of popular clustering objective functions.
Thus, as opposed to other clustering algorithms such as the K-means algorithm or spectral clus-
tering, nearest neighbor clustering is guaranteed to converge to a minimizer of the true global
optimum on the underlying space. This statement is much stronger than the results already known
for K-means or spectral clustering. For K-means it has been proved that the global minimizer
of the WSS objective function on the sample converges to a global minimizer on the underlying
space (e.g., Pollard, 1981). However, as the standard K-means algorithm only discovers a local
optimum on the discrete sample, this result does not apply to the algorithm used in practice. A
related effect happens for spectral clustering, which is a relaxation attempting to minimize Ncut
or RatioCut. For this class of algorithms, it has been shown that under certain conditions the
solution of the relaxed problem on the finite sample converges to some limit clustering. However,
this limit clustering is not necessarily the optimizer of the Ncut or RatioCut objective function.

It is interesting to note that the problems about the existing consistency results for K -means
and spectral clustering are “reverse” to each other: while for K -means we know that the global
minimizer converges, but this result does not apply to the algorithm used in practice, for spectral
clustering there exist consistency results for the algorithm used in practice, but these results do not
relate to the global minimizer. For both cases, our consistency results represent an improvement:
we have constructed an algorithm which provably converges to the true limit minimizer of WSS or
Ncut, respectively. The same result also holds for a large number of alternative objective functions
used for clustering.

We believe that a big advantage of our approach is that both the algorithm and the statis-
tical analysis is not restricted to center-based algorithms only, as it has been the case for most
approaches in the literature [Buhmann, 1998, Ben-David, 2007, Rakhlin and Caponnetto, 2007].
Instead, nearest neighbor clustering can be used as a baseline method to construct clusterings for
any objective function. In von Luxburg et al. [2008] we have shown how nearest neighbor cluster-
ing can be implemented efficiently using branch and bound, and that in terms of quality, its results
can compete with algorithms of spectral clustering (for the Ncut objective function) or K-means
(for the WSS objective function). We believe that in particular for unusual objective functions for
which no state of the art optimizer exists yet, nearest neighbor clustering is a promising baseline to
start with. We have seen that for many commonly used objective functions, statistical guarantees
for nearest neighbor clustering can be obtained, and we expect the same to be true for many more
clustering objective functions.

Finally, it is a fair question how statistical consistency helps in practical applications. Is it
any help in solving the big open issues in clustering, such as the question of selecting clustering
algorithms for a particular data set, or selecting the number of clusters? In this generality, the an-
swer is no. In our opinion, consistency is a necessary requirement which any clustering algorithm
should satisfy. If an algorithm is not consistent, even with a high amount of data one cannot rely
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on a clustering constructed on a finite amount of data—and this is not due to computational prob-
lems, but to inherent statistical problems. Such an algorithm cannot be trusted when constructing
results on a finite sample; given another sample, it might just come up with a completely different
clustering. Or, the more samples one gets, the more “trivial” the solution might become (unnor-
malized spectral clustering is an example for such an algorithm). In this sense, consistency is just
one piece of evidence to discard unreliable clustering algorithms. In our opinion, it is very hard to
come up with sufficient conditions about “what a good clustering algorithm is”. The applications
of clustering are just too diverse, and 50 years of clustering literature show that people will not
agree on a unique definition of what a good clustering algorithm is. This is the reason why we
believe that it is very fruitful to start by studying necessary conditions first. This chapter is meant
as a contribution to this effort.

7. Proofs
In this section we concentrate all the proofs.
Proof of Theorem 8.1. The following lemma will be central in our analysis. It allows to take a
supremum out of a probability.

LEMMA 8.1. With the notation in Theorem 8.1 we have:

sup B(1Qu (f) — QU] > £/4)

—~ feEFn
P(fSEUJE)JQn(f) —Q(f)| =z ¢) < 2s(Fn,2n)fi€n£P(|Qn(f) o<

The proof technique is similar to the one in Devroye et al. [1996], Section 12.3. The unusual
term in the denominator originates in the symmetrization step. In a more standard setting where
we have EQ,, = @, this term usually “disappears” as it can be lower bounded by 1/2, for example
using Chebyshev’s inequality (e.g., Section 12.3 of Devroye et al., 1996). Unfortunately, this does
not work in our more general case, as we do not assume unbiasedness and instead also allow
EQ, # Q. However, note that the ratio in Lemma 8.1 essentially has the form u,, /(1 — u,,). Thus,
as soon as the term u,, in the numerator becomes non-trivial (i.e., u, < 1 or say, u,, < 3/4), then
the denominator will only play the role of a small constant (it is lower bounded by 1/4). This means
that in the regime where the numerator is non-trivial, the whole bound will essentially behave like
the numerator.

PROOF. First note that we can replace the data-dependent function class F;, by the class 3-:;
which does not depend on the data:

(fsup Qn(f) = Q) =€) <P(sup |Qn(f) — Q(f)| = ).

€Fn feFn
Now we want to use a symmetrization argument. To this end, let X7, ..., X, be a ghost sample
(that is a sample drawn i.i.d. according to IP which is independent of our first sample X1, ..., X},),

and denote by @/, the empirical quahty function based on the ghost sample.

Let f € F, be such that 1@Qn(f) ) —Q( f)| > ¢ if such an J does not exist then just choose
f as some other fixed function in ]-' Note that f is a data-dependent function depending on the
sample X1, ..., X,;. We have the following inequalities:

P(sup |Qn(f) = Qu(F)] > £/2)

FeFn

P(|Qn(f) — QL()] = ¢/2)
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> P(|Qn(f) - Q( NIz e 1Q.() - QI <&/2)

= E(l\Qn(f)_Q(A)@g)E ( inf P(|Q,(f) — Q(f)| <e/2Xq,... aXn)>

~ ~

= P(|Qn(f) = Q()] = ) inf P(|Qn(f) — Q(f) < /2)

f€Fn

= P(sup [Qn(f) = Q(f)] = ¢) inf P(|Qn(f) — Q(f)] < /2).
fEFn feFn
The last step is true because of the definition of f note that due to the definition of f the event
|Qn(f ) - Q(f)\ > ¢ is true iff there exists some f € F,, such that |Qn(f) — Q(f)| = e, which
is true iff sup .z |Qn(f) — Q(f)| = e (recall that we assumed for ease of notations that all
supremum are attained). Rearranging the inequality above leads to

P(sup |@n(f) — @n(f)] > /2)

_ fe€Fn
P(fsellj%@n(f) Q) =¢) < fien;]?(‘Q"(f) o<

Due to the symmetrization we got rid of the quantity Q)(f) in the numerator. Furthermore, using
the assumption of the theorem that @, (f) does not involve any function evaluations f(x) for

x ¢ {Xy,...,X,} we can apply a union bound argument to move the supremum in the numerator
out of the probability:
P(sup |Qn(f) — Qn(f) = €/2)
f€Fn

$(F2n) sup P(|Qn(f) — QL ()] > /2)

FeFn

§(Fn 2n) sup P(|Qu(f) — QA +1Q(f) — Qu(f)] > €/2)

feFn

25(Fn, 2n) sup P(|Qn(f) — Q(f)| > £/4).

f€Fn
This completes the proof of the lemma. O

We can now prove Theorem 8.1.

PROOF. Additionally to the functions f,, and f*, we will define

fn € argmin Q(f),
!

€Fn

f* € argmind(f, f*).
fE€Fn
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To prove the theorem we have to show that under the conditions stated, for any fixed € > 0 the
term P(|Q(fn) — Q(f*)| = €) converges to 0. We can study each side” of this convergence
independently:

PQ(fn) = QU = &) = P(Q(fn) — Qf) < —) + P(Q(fn) — Q(f7) = &)
To treat the “first side” observe that if f,, € F then Q(f,) — Q(f*) > 0 by the definition of f*.
This leads to
P(Q(fn) — Q(f") < —&) <P(fn ¢ F).

Under Assumption (2) of Theorem 8.1 this term tends to 0.
The main work of the proof is to take care of the second side. To this end we split Q(f,) —
Q(f*) in two terms, the estimation error and the approximation error:

Q(fn) = QU) = Q(fn) — Q) + QUfn) — Q)

For a fixed € > 0 we have

P(Q(fn) — Q) 2 ) <P(Q(fn) — Q(f7) 2 €/2) + P(Q(S) — Q(f7) = €/2).

In the following sections we will treat both parts separately.

Estimation error. The first step is to see that

Q(fn) — Q(fy) < 2sup |Qn(f) — Q)]

J€Fn
Indeed, since Q(frn) < Qn(f,) by the definition of f,, we have

Q(fn) = Q(fn) = QUfn) = Qu(fn) + @nlfn) — Qn(f7) + Qu(fr) — Q(S7)
< 2sup [Qn(f) — Q(f)I-

fE€Fn
Using Lemma 8.1 we obtain
sup B(|Qn(f) — Q(f)| > £/16)
fE€Fn

inf P(|Qn(f) = Q(f) <&/8)

fe€Fn

P(Q(fa) — Q(f) = £/2) < 25(Fn, 2n)

Now observe that under Assumption (1) the numerator of the expression in the proposition tends
to 0 and the denominator tends to 1, so the whole term tends to 0.

Approximation Error. By definition of f it is clear that
Q(fn) —Q(f") < Q") — Q(f).
Using Assumption (3) this leads to
PQ(f7) — QU") 2 £/2) <P(Q(F*) - Q") > £/2)
<P(f, [*) > 6(c/2)).
The right hand side clearly tends to 0 by Assumption (2). 0
Proof of Theorem 8.2. Before proving Theorem 8.2, we again need to prove a few technical lem-

mas. The first one is a simple relation between the shattering coefficients of the nearest neighbor
function classes.
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LEMMA 8.2. Let u € N and j—“; and .7-“; be the function sets defined in Theorem 8.2. Then

§(Frott) < 8(Fpyu) < KModH0m?

PROOF. The first inequality is obvious as we have j—"; C .7-"; For the second inequality
observe that
s(j—";,u) < Kms*(j:;,u)
where s*(j—";, u) is the maximal number of different ways u points can be partitioned by cells
of a Voronoi partition of m points. It is well known (e.g., Section 21.5 of Devroye et al., 1996)
that 5*(.7-"7\1, u) < w @)™ for d > 1. Note that for d = 1 a similar inequality holds, we do not
consider this case any further. U

The second lemma relates a function evaluated at a point x to the same function, evaluated at
the nearest neighbor of z in the training points. This lemma builds on ideas of Fritz [1975].

LEMMA 8.3. Let f : X — {1,..., K} be continuous almost everywhere and
Ly, :=P(f(X) # f(NNn(X))|X1,..., Xpn).

Then for every € > 0 there exists a constant by(e) > 0 independent of n such that

P(L, > ¢) < 2 mmbs(e),
9

PROOF. By B(z,d) we denote the Euclidean ball of center = and radius ¢. The first step of
the proof consists in constructing a certain set D) (depending on €) which satisfies the following
statement:

For all € > 0 there exists some §(¢) > 0, a measurable set D C R? and a constant 1 > u > 0
such that

(a)P(D) >1—¢/2

(b)Vz € D : P(B(x,0)) > u

(¢)Vx € D the function f is constant on B(x,0).

Assume we have such a set D. Then using Properties (c) and (a) we can see that

<P(X ¢ D|X1,....X3) +P(X € D,|X — NNpu(X)| > 0| X1,. ... Xy)

<E+PX €D, |X = NNy(X)| > 6|X1,...,X5).
Using the Markov inequality we can then see that

P(L, >¢) <PP(X € D,|X - NNu(X)|>0|X1,...,X,) > 5)
<2E(P(X € D,|X — NNu(X)| > 6X1, ..., Xp))
2
= 2P(X € D,|X — NNy, (X)| > 0)

=2 [, P(lz — NNy (z)| > 6) dP(z).
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Due to Property (b) we know that for all z € D,
P(lx = NNp(x)| >6) =PVie{l,...,m},z ¢ B(X;,0))

= (1 -P(B(z,9)))™

< (1 —u)™.

Setting b(e) := —log(1 — u) > 0 then leads to
2 2
P(Ly > €) < ZP(D)(1—u)™ < Ze7™0ED,

Note that this constant b(¢) will also be used in several of the following lemmas. To finish the
proof of the lemma we have to show how the set D can be constructed. By the assumption of the
lemma we know that f is continuous a.e., and that f only takes finitely many values 1, ..., K. This
implies that the set

C={zeR*:36>0:d(z,y) <d= flz)=fy)}
satisfies P(C') = 1. Furthermore, for any § > 0 we define the set

As={zeC:d(z,y) <d= f(x)=f(y)}

We have Us A5 = C, and for o > ¢ we have A, C Ajs. This implies that given some £ > 0 there
exists some 0(¢) > 0 such that P(As)) > 1 — /4. By construction, all points in Ay, satisfy
Property (c).

As the next step, we can see that for every 6 > 0 one has P(B(z,d)) > 0 almost surely (with
respect to ). Indeed, the set U = {z : 3§ > 0 : P(B(x,d)) = 0} is a union of sets of probability
zero. So using the fact that R? is separable we see that P(U) = 0. Thus, P(P(B(X,§)|X) > 0) =
1, which implies P(P(B(X, §)|X) > 1) — 1. This means that given ¢ > 0 and § > 0 there exists
aset A and a constant u > 0 such that P(A4) > 1 —¢/4 and Vo € A, P(B(x,0)) > u. So all points
in A satisfy Property (b).

Now finally define the set D = A[) Aj.). By construction, this set has probability P(D) >
£/2, so it satisfies Property (a). It satisfies Properties (b) and (c) by construction of A and As(e)s
respectively. U

Proof of Theorem 8.2. To prove this theorem we will verify that the conditions (1) - (3) of
Theorem 8.1 are satisfied for the function classes studied in Theorem 8.2.
Lemma 8.2 proves that Condition (1) of Theorem 8.2 implies Condition (1) of Theorem 8.1.
Moreover, it is obvious that Condition (3) of Theorem 8.2 implies Condition (3) of Theorem 8.1.
Thus we only have to prove Condition (2) of Theorem 8.1. We begin by proving that P( f,, ¢
F) — 0. As f,, € F, by definition we have that ®,,(f, ) > a, forallk = 1,..., K. A union
bound argument shows that

P(fn ¢ F) < ngpﬂ”(@(fn,k) < a).
Using the same techniques as in the proof of Lemma 8.1 we can see that

P((I)(fn,k) < a) < ]P)((I)n(fn,k) - (I)(fn,k) Z Qp — CL)

< P(sup @, (gx) — ®(gx) = an — a)
gEFn
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SURP((I)n(gk:) - (I)(gk) = (an - a)/4)
9g€Fn
ien}LP(%(gk) — ®(gx) < (an —a)/2)

< 23(.%,\1, 2n)

Moreover, we already proved in Lemma 8.2 that s(ﬁl, 2n) < K™(2n)@Dm*  Condition (5) of
Theorem 8.2 then implies that P(®( f,, ;) < a) tends to 0.

Now we have to prove that for f € F the term d(f,F,) := minger, d(f,g) tends to 0 in
probability. Let f(z) = f(NNy,(x)). If f € F, then d(f, F,) < d(f, f), so the following holds
true:

P(d(f, Fa) > €) <P(f ¢ Fu) +P(A(f, f) > ).
The second term on the right hand side tends to 0 because of Lemma 8.3. To deal with the first
term on the right hand side, observe that

P(}V¢ fn) < ngpp(q)n(fk) < an)'

Because of Condition (4), foralle > 0, f € Fand g € j-"; there exists () > 0 such that

d(f,g9) <d(e) = @(fx) — P(gx) < e

Define af;, := inf ®(fx) — a,. Since f € F there exists N such thatn > N = al, > 0. For
n > N we have the following inequalities:

P(®n(fi) < an)

= P((f) — ®u(fi) > O(f) — an)

= P(@(fi) = 2(fi) + O(fi) — ®ulfi) > (fi) — an)

<SP@(fi) = B(fi) = (D(fr) — an)/2) + P(O(fi) — Tu(Fi) > (D(fi) — an)/2)
<SP(B(fr) = B(fr) = an/2) + P(D(fi) — Pulfi) = ah/2)

<B(d(f, J) > 8(ah/2)) + B sup B(ge) — Dulge) > af/2)
gE€Fn

N

s ¢ ) 1 B(sup B(gr) — Palgr) > af/2).
5(an/2) =

gE€Fn
If m — oo then the first term goes to 0. Indeed, ¢ (a£ /2) and b(0 (a{; /2)) tend to positive constants
since f € F and thus af, — inf} ®(fr) — a > 0. For the second term, the key step is to see that
by the techniques used in the proof of Lemma 8.1 we get

P(sup ®(gk) — Pnlgr) 2 a}/2)
gEFn

sup P(®(ge) — ®n(g) > af,/8)

< 2K (2n)(d+)m? 970 :
(2n) inf P(®(gr) — Prn(gr) < aj,/4)
ge]'—n
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Under Condition (2) this term tends to 0. O

The Proofs of the Consistency Theorems 8.3, 8.5, 8.7 and 8.8. All these theorems are applica-
tions of Theorem 8.2 to specific objective functions (), and @ and to specific functions ®,, and ®.
For all of them, we individually have to check whether the conditions in Theorem 8.2 are satisfied.
In this section, we do not follow the order of the Theorems. This is only due to better readability
of the proofs.

In most of these proofs, we will use the McDiarmid inequality [McDiarmid, 1989], see Theo-
rem 10.4.

. . 2
Moreover, several times we will use the fact that a,, — a,m — oo and —21°8"

na—a? 0 implies

2
that n(a — a,)? — oo and % — 0.
Before we look at the “combined” objective functions such as Ncut, RatioCut, WSS, we will
prove some technical conditions about their “ingredients” cut, vol, F f;.(X) and WS.

LEMMA 8.4 (Conditions (2), (4), and (5) for cut, vol, Efi(X), and WS). Assume that

m?logn
Bt = R )
n(a — ap)?

then vol, cut, Efi.(X) and WS satisfy Conditions (2), (4) and (5) of Theorem 8.2.

PROOF. To prove Conditions (2) and (5) we are going to use the McDiarmid inequality. Ob-
serve that if one replaces one variable X; by a new one X7, then vol,, changes by at most 2C'/n,
cut,, changes by at most 2C'/n, WS( fi) changes by at most 2C'/n, and ny( f) changes by at most
1/n. Using the McDiarmid inequality, this implies that for all g € F,, and € > 0

n€2
P(] vol,,(gr) — vol(gr)| =€) < 2e™ 2¢Z,

n€2

B(| cutn (gy) — cut(gy)| > €) < 2¢7567,

’I’LE2

P(|WSn(gk) — WS(gr)| = ¢) < 2e 202,

2

P(|ni(g) — Ege(X)| > €) < 2727,

So to prove Condition (2) we have to show that

Ve > 0, K™(2n)dtm?e—ne _ .

) _n(mlog K+(d+1)m2 log(2n) +€)
This follows clearly from K™ (2n)@+1)m e—ne — ¢ o and
2 . .. .
% — 0. Moreover, since n(a — a,)? — oo Condition (5) is also true.

To prove (4) for each of the objective functions, let f, g € H and fi and g be the correspond-
ing cluster indicator functions for cluster k. Then we can see that

| vol(gk) — vol(fi)| = |//(fk(X) — 9x(X))s(X,Y) dP(X)dP(Y)|
C 0 dP(X)dP(Y) + C 1 dP(X)dP(Y)

{fe=9r} {fe=gr}°
= CP(fr # gr)

< 0d(f,9),

| cut(gg) — cut(fi)| = | / / S0 = fo0)s(X,Y) = ge(X)(1 — ge(Y))s(X,Y) dP(X)dP(Y) |
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C// 0 dP(X)dP(Y +0// 1dP(X)dP(Y)
{f 92 ({f=g}>)°

= C(1-P(f(X) = g(X))?)
=C(1—( —d(f,9))?)
<204d(f,9),

[Efi(X) — Ege(X)| < d(f,9),

| WS(fx) — WS(gk)| = |//(fk:(X)fk(Y) — gk(X)gr(Y))s(X,Y) dP(X)dP(Y) |
< / 0 dP(X)dP(Y) + C 1 dP(X)dP(Y)
{f=g}?

({f=g}?)°
=C(1-P(f =g)*)

=C(1—(1—-d(f,9))
<204d(f, g).
0

Now we are going to check that the “combined” objective functions Ncut, RatioCut, Mod,
WSS, BWR satisfy the conditions of Theorem 8.2. For many of the objective functions, one
important step in the proof is to separate the convergence of the whole term into the convergence
of the numerator and the denominator.

LEMMA 8.5 (Condition (1) for Ncut). Assume that

2
m logn_)O
n

then Ncut satisfies Condition (1) of Theorem 8.2.

PROOF. We first want to split the deviations of Ncut into the ones of cut and vol, respectively.
To this end we want to show that for any f € F,

{l cutn (fi) — cut(fe)| < Ge} (] voln(fi) — vol(fi)| < e}

cutn (fx) cut(fx)
- {| vol,, f:) vol f:) | 6}

This can be seen as follows. Assume that | cut,, (fi) —cut(fi)| < € and | vol,, (fx) —vol(fx)| < e.
If vol(fx) # 0 then we have (using the facts that cut(fx) < vol(fx) and that vol,(fx) > a, > a
by definition of 7,):

CUtn(}”k) cut(f)  _ cutn(fr) vol(fi)—cut(fx) voln (fk)

voln ( -

k) vol(fr) voln (fi) vol(fk)

(cut(fr)+e) vol(fr) —cut(fr)(vol(fi)—¢)
vol, (fx) vol(fx)

IN

_ e cut(fr)+vol(fr)
" voln(fk) vol(fx)

2%
=,

N
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On the other hand, if vol(f;) = 0 then we have cut(fx) = 0, which implies cut, (fx) < € by the
assumption above. Thus the following statement holds true:

cuty, (f) B cut(f) _ cuty, (f) <
voln(f)  vol(f) — volu(f) ~a = a’

cut(f) cuty, (fx) .
vol( f:) T voly( f:), which proves our set

2e

9
a

Using the same technique we have the same bound for
inclusion.

Now we apply a union bound and the McDiarmid inequality. For the latter, note that if one
changes one X; then cut,,(f) and vol,, (f) will change at most by 2C'/n. Together all this leads to

P(| Ncut(f) — Neut, (f)| > €)

ngupPﬂCUtn(fk) cut(fx)

PP o)~ vollf) | )

< Ksup (P(|eutn (/i) — cut(fi)| > 576) + B volu(fi) ~ vol(fi)] > 7€)

TLCL252
< 4Ke 8c?kZ,
To finish we have to prove that
Ve > 0, K™ (2n)@d+m?e=ne _

(m+1) log K+(d+1)m2 log(2n)
—n

- +
This follows clearly from K’”‘H(271)(‘”1)7”2(3_"8 =e n< E) and
m?2 :logn = 0. 0

LEMMA 8.6 (Condition (3) for Ncut). Ncut satisfies Condition (3) of Theorem 8.2.

PROOF. Let f € F,g € f; In the proof of Lemma 8.4 we have already seen that
|cut(f) —cut(ge)| < 2C4d(f,9),

| vol(fx) — vol(g)| < 2C4d(f,g).
If vol(g) # O then we have (using the fact that we always have cut(f) < vol(f)):

cut(fi) _ cut(ge) _ cut(fe) vol(gr)—cut(gw) vol(fx)
vol(fx)  vol(gx) vol(fx) vol(gx)
< (cut(g)+2Cd(f.9)) vol(f)—cut(gi) (vol(gr) —2Cd(f,9))

vol(fx) vol(gx)

__ 20d(f,g) vol(gx)+cut(gr)
— vol(fk) vol(gx)

< %d(fa g))
On the other hand if vol(g;) = 0 then we have | cut(fx)| < | vol(fx)| < 2Cd(f,g), in which case
the following holds true:

cut(fx) B cut(gr)  cut(fr) < 2Cd(f,9)

vol(fi)  vol(f)  vol(f)

So all in all we have

4C

4CK

Neut(f) — Neut(g) < d(f, 9).
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We can use the same technique to bound Ncut(g) — Ncut(f). This proves that Ncut is Lipschitz
and thus uniformly continuous. U

LEMMA 8.7 (Condition (1) for RatioCut). Assume that

2
m*logn 0
n

then RatioCut satisfies Condition (1) of Theorem 8.2.

PROOF. Using exactly the same proof as for Lemma 8.5 (just changing vol,,(fx) to ng and
vol(fx) to Ef(X) and using the fact that cut(f;) < CEf;(X)) we get

P(| RatioCut,,(f) — RatioCut(f)| > ¢)

< Ksup ( (| cutn(fi) — cut(f)] > ﬁs) + P(ng(f) — Ef3(X)] > W)) .

Now a simple McDiarmid argument (using again the fact that changing one X; changes cut,, by

at most 25/n) gives
a252

P(| RatioCut,(f) — RatioCut(f)| > ) < 2Ke~ T 4 oK e kT

We conclude the proof with the same argument as in Lemma 8.5. U
LEMMA 8.8 (Condition (3) for RatioCut). RatioCut satisfies Condition (3) of Theorem 8.2.

PROOEF. This follows by the same proof as Lemma 8.5, just changing vol,, (fx) to ng, vol(f)
to E fr(X) and using the fact that cut(f;) < CEfi(X). O

LEMMA 8.9 (Condition (1) for BWR). If m?logn /n — 0, then BWR satisfies Condition (1)
of Theorem 8.2.

PROOF. Let f € F,.Lete < a/2. 1 | WS, (fr) —WS(fk)| < € and [ cuty (fr) —cut(fi)| < e
then WS(fx) = a/2 > 0 (because WS, (fx) > a, > a since f € F,). This implies

cubn(fr) _ cut(fi) _ WS(fr) cutn (i) —WSn (fi) cut(fx)
WSn(fe)  WS(fx) WSn (fr) WS(fr)

< WS(fi)(cut(fr)+e) —(WS(fx)—e) cut(fy)
= WS (fi) WS(fx)

e WS(fr)+cut(fr)
WSn(fx) WS(fr)

2Ce
a? *

The analogous statement holds for %,lg(( 5\1;;2((&)) Thus, if ¢ < C/a then

{I WSn(fi) = WS(fi)| < a’e/(20)} N {| cutn(fi) — cut(fi)| < a’e/(20)}

cutn(fk) cut(fr)
“HWs. ()~ W] <

Sn(
As a consequence, if ¢ < CK/a we have

<
k)
)

B(|BWR,(f) — BWR(f)| > ¢) < K supP (
k

cutn (i) cut(fx)
WS, (f

5wl 7o)
< KSL;p (P(| WSn(fr) — WS(fi)| > a’e/(2CK)) + P(| cut,(fi) — cut(fx)| > a’c/(2CK))) .
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Using the McDiarmid inequality together with the fact that changing one point changes cut,, and
WS,, by at most C'/(2n), we get fore < CK/a:

TLLI4€2
P(|BWR,(f) — BWR(f)| > ¢) < 4Ke scTk?.
On the other hand, for ¢ > C'K/a we have
P(|BWR,.(f) = BWR(f)| > ¢)

P(|BWR,(f) = BWR(f)| > SK/a)

nu.4(SK/a)2

< 4Ke —8cik?

So all in all we have proved that

na4(min(8,CK/a))2

P(|BWR,(f) — BWR(f)| > ¢) < 2Ke  scix?

We conclude the proof with the same argument as in Lemma 8.5. U
LEMMA 8.10 (Condition (3) for BWR). BWR satisfies Condition (3) of Theorem 8.2.

PROOF. Lete >0, f € Fand g € 3—"71 We have already proved the two following inequalities
(in the proofs of Lemmas 8.4 and 8.6):

‘ Cut(fk) - Cut(gk)| < 2Cd(fa g)?

| WS(fr) — WS(gr)| < 2C4d(f,9).

If 2Cd(f,g9) < a/2, then using that WS(fx) > a we get WS(gx) > a/2 > 0. By the same
technique as at the beginning of Lemma 8.9 we get

2CK
| BWR(f) = BWR(9)| < —3 (f.9).
Written a bit differently,
4C*K
d(f,9) < ;5 = [BWR(f) = BWR(9)| < —5—d(f, 9)-

Now recall that we want to prove that there exists 6 > 0 such that d(f,g) < 6 = |[BWR(f) —
BWR(g)| <€
If ¢ < CK/a then we have:

2 4cr2
e < — —
A(1,9) < Tomre < 155 = |BWR(S) — BWR(9)] < ~—d(f,9) <
On the other hand, if ¢ > C' K /a then
02K
so we have proved the lemma. U

LEMMA 8.11 (Condition (1) for WSS). If @ — 0 and that suppP C B(0, A), then
WSS satisfies Condition (1) of Theorem 8.2.

PROOF. Let f € j—'v . First note that

| WSS, (f) — WSS(f szk DX — cenl® — Eka )X — ckl?

zlkl



7. PROOFS 209

1 n K
<l > (X)X — cxnll? —*Zka IXi — el
=1 k=1 =1 k=1
1 n K
EZZ.}% DX — el = Eka X — el
1=1 k=1 k=1

Now we will bound the probability for each of the terms on the right hand side. For the second
term we can simply apply McDiarmid’s inequality. Due to the assumption that supp P C B(0, A)
we know that for any two points x y € supp P we have || — y|| < 2A. Thus if one changes one
variable X; then the term 237 , Zk:lfk( X)) || X; — cx||? will change by at most A2 /(4n). This

leads to
2n82
< 2e At

Now we have to take care of the first term, which can be written as

*szk ) (1 — ernl® = 1X: — cul) .

=1 k=1

Zka DX — el - Eka; X — el

zlkl k=1

The triangle inequality gives

16 — ernll® < (1K = crll + llewn — exl)?,
and together with the fact that supp P C B(0, A) this leads to

16 = crnll® = 11X — erl|* < 6A[lepn — el

So at this point we have

Zka DX = crnll® = 12X — en]?

< 6Asup |[cgpn — ekl
=1 k=1 k

We will denote the j-th coordinate of a vector X by X7. Recall that d denotes the dimensionality
of our space. Using this notation we have

2
Efr(X)X/ 11
||Ck,n—CkH2=Z Ié(i—**ka :
Z\ERX
Our goal will be to apply the McDiarmid inequality to each coordinate. Before we can do this, we
want to show that

{Ine — Efe(X)] < 257}

—d | <ek.

)

{r;;mxwxz ~Efiu(X)X7| < A“E

To this end, assume that |n; — Efx(X)| < € and |%ka(Xz)Xf —Ef(X)X7| <e.
In case Ef(X) # 0 we have
k k,n nkEfk( )

< (Efi(X) 4+ e)Efi(X) X7 — Efip(X)(Efr(X)X7 —¢)
h nixE fr(X)
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_ e Efi(X)X) + Efi(X)
oy Efe(X)
o (A+1)e

a

and similarly for c,i, n = c}g
On the other hand, in case Ef(X) = 0 we also have Ef;(X)X7 = 0 (as f; is a non-
negative function and | X| is bounded by A). Together with the assumption this means that

%Z?:Jk(Xi)Xij < e. This implies

ka ; f (A+1)e

a a

[ = Chn

which shows the inclusion stated above. The McDiarmid inequality now yields the two statements

P(|ng — Efe(X)| > €) < 2e727¢%,

1 " - 727152
Pl|= Tl >e ] <2 a7,
nzzl

Z Fe(X)X] — Efi(X)X

Together they show that for the coordinate-wise differences
2na252 2na252 2na252

P(|C]7€ _ Cljc,n‘ >e) <2 A7 42 A2 L 4o max(LAD@AFD?

This leads to

7

d
P(lex — cxnll > &) = B3 Il - ) < dsw (<]~ cf, | > </Vd
7j=1

2na2€2

< dde  dmax(1L,AZ)(A+1)?
Combining all this leads to a bound for the first term of the beginning of the proof:

P (|55 S A (1 = el = 11X = eal?)| > <)
<P (supy llonn — cull > £/(64))

< K supy, P(|leg,n — cxl > €/(64))

na252

< 4dKe 18dmax(1,A2)AZ(A+1)2

Now we combine the probabilities for the first and the second term from the beginning of the proof
using a union bound to get

na2€ 8n82

P(| WSS, (f) — WSS(f)| > ¢) < 4dKe 18dmax(1L,ANA2(A+1)2 4 e al

We conclude the proof with the same argument as in Lemma 8.5. U

LEMMA 8.12 (Condition (3) for WSS). Assume that suppP C B(0, A) then WSS satisfies
Condition (3) of Theorem 8.2.

PROOF. Let f € F,g € 3—'\; We begin with the following inequality, which can be seen
by splitting the expectation in the part where {f = g} and {f # ¢} and using the fact that
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suppP C B(0, A):
|WSS(f) = WSS(g)| = [EX 4y fiul X)X — cr(HI? = ge (X)X — exl9)]?|

<ARA(f.g) + [y SELSL) (1X = (DI~ X — al9)])
For the second term we have already seen in the proof of the previous lemma that || X — ¢ (f)||*> —

X — cr(9)]|? < 6A|cx(f) — cx(g)]|. So for the moment we have
| WSS(f) — WSS(g)] < 44%d(7, 9) + 6 Asup [lew(f) = ci(9)]l

Now we want to bound the expression ||cx(f) — cx(g)||. First of all, observe that |Ef(X) —

gr(X)| < d(f,g) and [[Ef (X)X — gp(X)X|| < Ad(f,9).
In case Egy(X) # 0 we have

lex(f) — ex(o)]) = MESECIEACOX — Efie(X)Egi(X) X]

E fi(X)Egr(X)
o Ege(X) (Efp (X)X — Egi(X)X) || + || (Bge (X) — Efi, (X)) Egi,(X) X]|
h Efr(X)Egr(X)
< Egp(O[ES(X)X — g5 (X) X]| + ABgy(X)[Egy,(X) — f3(X)]
h Efr(X)Egr(X)
2A
< Efk(x)d(f, 9)
%d(f,g)-

On the other hand, in case Eg;(X) = 0 we also have Eg; (X)X = 0 (as g is a non-negative
function and | X | is bounded by A). This leads to

Jen() — o)l = [Py — i el = [P el < Sllf.9) < (1),

Combining all results leads to
| WSS(f) — WSS(g)| < 4A4%(1 + 3/a)d(f, 9)
which proves the lemma. 0

LEMMA 8.13 (Condition (1) for Mod). If m?log n/n — 0, then Mod satisfies Condition (1)
of Theorem 8.2.

PROOF. Let f € f~’ Using McDiarmid inequality one can prove

|Z ka s(Xi, Xj) ZEfk )s(X,Y)| > €) < 2¢7 307K

Now for ease of notation let

K
Qn( ZZ Z S(Xi,Xl) Z S(Xj,Xl>,
k=1 i#£j Ll Li#j
K
Qn(f) Xj) | 8(Xi, 2)dP(Z) | s(Xj, Z)dP(Z),
EPDN, / [

_ F(X) oY) [ s(X, 2)dB(Z) [ s(Y,Z)dP(Z)dP(X,Y).
;/ [ s / /
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If we have an exponential bound for P(|Q,,(f) — Q(f)| = ) then with the above bound we would
have an exponential bound for P(| Mod,,(f) — Mod(f)| > ¢). Thus with the same argument than
the one at the end of Lemma 8.5 the current lemma will be proved.

First note that

P(Qn(f) = QNI > €) SP(Qn() = Qu(F)] > £/2) + B(IQn(f) = QNI > £/2).
Moreover E@;( f) = Q(f) and thus with McDiarmid one can prove that

P(GA() ~ Q)| > 2) < 20757,
The next step is to use the fact that for real numbers a, b, a,,, b, € B(0,C),
|ab — apby,| = |ab — apb + anb — anby| < C(la — an| + |b—by|).
This implies the following inequalities:

Qu(f) = Qu(/)]

K 1
S n(n—1) ; n—1)7 %3(&,&)1%8(&,&) - /s(Xi,Z)dIP’(Z)/s(Xj,Z)dIP(Z)
< 2CK sup nil D s(Xi, X)) —/s(Xi,Z)dIP’(Z) .

Ll#i
Hence the following:

P(Qu(f) ~ Gu()] > &) < Ploup | > s(X;, X1) - / s(Xi, 2)dP(Z)| > ¢/(2CK))

v 114
1
< nsquP’(\m Z s( X5, Xp) — /s(Xi, Z)dP(Z)| = ¢/(2CK)).
¢ 114

Now to bound the last term we condition on X; and use the McDiarmid inequality. Then taking
the expectation yields the exponential bound:

Pl Y s X0) — [ (X, 2)dB(2)] > £/(2CK))
1140
—E(P(- i D (X6, X)) - /S(XZ-, Z2)dP(Z)| > ¢/ (2CK)| X))

Li#£i
77.52
< E(2e 207K72)

77.52

= 2¢ 20%KZ
All in all we proved that
n52 n€2
P(| Mod,,(f) — Mod(f)| > €) < 2e 8¢2Kk% +2(n + 1)e 32c7K2.

The 7 in front of the exponential obviously does not matter for the limit, see end of the proof of
Lemma 8.5. O

LEMMA 8.14 (Condition (3) for Mod). Mod satisfies Condition (3) of Theorem 8.2.
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PROOF. Let f € F,g € .f7-:; Following the proof of Lemma 8.6 we have:

| Mod(f) — Mod(g Z//f e (C+C?

= K(C+C2)(1 - (1—d(f, )%
<2K(C +C?)d(f,g).
O

The Proofs of the Convergence Rates in Theorems 8.4 and 8.6 The following lemma collects
all the bounds given in the previous proofs for WSS . Whenever possible, we used the one-sided
McDiarmid inequality.

LEMMA 8.15. Assume that supp P C B(0, A) for some constant A > 0. Let o, := inf, Ef (X )—
an. Then ayy — a* := inf, Ef(X) — a > 0. For all n and € > 0 there exists a constant b(a}, /2)
which tends to a constant C' > 0 when n — oo, and a constant b(¢/(8A%(1+3/a))) (see Lemma
8.3 for more details about b) such that the following holds true

P(| WSS(fn) — WSS(f)| = ¢)

na?e £2 _
1—4dKe 308dmax(1,A2)A2(A+1)2 _9,~ Fyvs l—e~— 2 l—e 8

2 2 2 %2
— 1id £ __ne”_ n(an—a) nay,
2 616d max(1,A2)A2(A+1)2 ye! - ——35—
< 2Km+1(2n)(d+1)m ( 4dKe a ( +2e 324 Ke 8 — Ke

+%e—mb(a;/2) + (16A2(1 + 3/a)/€)e_mb(5/(8‘42(1+3/a))).

Proof of Theorem 8.4. First we take care of the last two terms. There exists N’ which depends
on the rate of convergence of a,, and on a* such that for n > N’ we have
a; <a*/2.

This implies b(a}, /2) < b(a*/4) (see Lemma 8.3 for details). Now let C} := b(e/(84%(1+3/a)))
and CY, := b(a*/4). Then for n > N’ we have:

AR —mb(ar/2) (1642(1 + 3/a) /e)e—mble/ (BA(1+3/a)

an
< 8Ka*e 2™ 4+ (16A%(1 + 3/a) /e)e~ €1
< Ope—Cam
with
Cy := max(8Ka*;16A%(1 + 3/a)/¢) and Cy := min(C}; CY).

(5 is a positive constant which depends on a, a*, A, e and P. C'y depends on K, a,a*, ¢ and A.

2

Since we assume n(a,, — a)® — oo there exists N” which depends on the rate of convergence

of a,, and on a* such that n > N” implies:

n(an a) na: _n(anfa)z

e <1/2 and e 2 <e

This means that for n > N :

_n(an—a)2 _nap?
Ke 8 Ke 32 _"(an—a)2
= + + <4Ke 5.

_n(an—a)® naf,

1—e¢ 2 1—e "3
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Finally let N = max(N’, N”) and

8dK
Cs = 5
_ Na“e Ne2
1 — 4dKe 308dmax(1,A2)A2(A+1)2 _ Qo™ ga%
2
. a 1
Cy4 := min(

616 max(1, A7) A2(A 12 3241

Since € < 1 we have with these notations for n > N:

_ na2£ n52
4dKe 616dmax(1,A2)A2(A+1)2 | 9e™ 3247 2
na2e ne? g (03/2)6 * n‘
1 — 4dKe 308dmax(1,A2)A2(A+1)2 _ 9o gal
All in all Theorem 8.4 is proved. O

The Proof of Theorem 8.6 works analogously, we just replace the above lemma by to follow-
ing one:

LEMMA 8.16. Assume that the similarity function s is bounded by C > 0. Let a, := inf}, vol(f;)—
apn. Then o} — infyvol(f}) —a > 0. For all n and € > 0 there exists a constant b(ay,/(25))
which tends to a constant C' > 0 when n — oo, and a constant b(ae /(8SK)) (see Lemma 8.3 for
more details about b) such that the following holds true

P(| Neut(f,,) — Neut(f*)| > ¢)

__ naZ2e? 7n(an—a)2 B nafb2

m+1 (d+1)m? de” 2048C2ZK2 e 3202 e 128C2
< 2K (27’1) _ _na2e2 + 7n(a,n—a)2 + na.i’,‘l2
1-4Ke 512C2K? 1—e 8C2 1—e 3202

_f_%e—mb(a:/(?C)) 4+ IGGC(;Ke—mb(aa/(SCK))‘



CHAPTER 9

How the initialization affects the stability of the £-means algorithm

We investigate the role of the initialization for the stability of the k-means clustering algo-
rithm. As opposed to other papers, we consider the actual £-means algorithm and do not ignore its
property of getting stuck in local optima. We are interested in the actual clustering, not only in the
costs of the solution. We analyze when different initializations lead to the same local optimum,
and when they lead to different local optima. This enables us to prove that it is reasonable to select
the number of clusters based on stability scores.
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This chapter is a joint work with Ulrike Von Luxburg and Marina Meila.

1. Introduction

Stability is a popular tool for model selection in clustering, in particular to select the number
k of clusters. The general idea is that the best parameter k for a given data set is the one which
leads to the “most stable” clustering results. While model selection based on clustering stabil-
ity is widely used in practice, its behavior is still not well-understood from a theoretical point of
view. A recent line of papers discusses clustering stability with respect to the k-means criterion
in an idealized setting [Ben-David et al., 2006, 2007, Shamir and Tishby, 2008a, Ben-David and
von Luxburg, 2008, Shamir and Tishby, 2008b,c]. It is assumed that one has access to an ideal
algorithm which can globally optimize the k-means criterion. For this perfect algorithm, results
on stability are proved in the limit of the sample size n tending to infinity. However, none of these
results applies to the k-means algorithm as used in practice: they do not take into account the
problem of getting stuck in local optima. In this chapter we try to overcome this shortcoming. We
study the stability of the actual k-means algorithm rather than the idealized one.
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D O® O

Figure 1: Different initial configurations and the corresponding outcomes of the k-means algo-
rithm. Figure a: the two boxes in the top row depict a data set with three clusters and four initial
centers. Both boxes show different realizations of the same initial configuration. As can be seen
in the bottom, both initializations lead to the same k-means clustering. Figure b: here the initial
configuration is different from the one in Figure a, which leads to a different k-means clustering.

Our analysis theoretically confirms the following intuition. Assume the data set has K well-
separated clusters, and assume that k-means is initialized with K’ > K initial centers. We conjec-
ture that when there is at least one initial center in each of the underlying clusters, then the initial
centers tend to stay in the clusters they had been placed in.

Consequently, the final clustering result is essentially determined by the number of initial
centers in each of the true clusters (which we call the initial configuration), see Figure 1 for an
illustration. In particular if one uses an initialization scheme which has the desired property of
placing at least one center in each cluster with high probability, then the following will hold: If
K’ = K, we have one center per cluster, with high probability. The configuration will remain
the same during the course of the algorithm. If K’ > K, different configurations can occur.
Since different configurations lead to different clusterings we obtain significantly different final
clusterings depending on the random initialization, in other words we observe instability (w.r.t
initialization) .

Note that our argument does not imply stability or instability for K’ < K. As we have less
initial centers than clusters, for any initialization scheme there will be some clusters with no ini-
tial center. In this setting centers do move between clusters, and this cannot be analyzed without
looking at the actual positions of the centers. Actually, as can be seen from examples, in this case
one can have either stability or instability.

The main point of this chapter is that the arguments above can explain why the parameter &k
selected by stability based model selection is often the true number of clusters, under the assump-
tion that the data set consists of well separated clusters and one uses an appropriate initialization
scheme.

Even though the arguments above are very intuitive, even individual parts of our conjecture
turn out to be surprisingly hard. In this chapter we only go a first step towards a complete proof,
considering mixtures of Gaussians in one dimension. For a mixture of two Gaussians (K = 2)
we prove that the k-means algorithm is stable for K’ = 2 and instable for K’ = 3. The proof
technique is based on our configuration arguments outlined above. We also provide some prelim-
inary results to study the general case, that is when the data space is R% and we do not make any
parametric assumption on the probability distribution. Then we have a closer look at initialization
schemes for k-means, when K’/ > K. Is there an initialization scheme that will place at least
one center in each true cluster w.h.p? Clearly, the naive method of sampling K’ centers from the
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data set does not satisfy this property except for very small K. We study a standard but not naive
initialization scheme and prove that it has the desirable property we were looking for.

Of course there exist numerous other papers which study theoretical properties of the actual
k-means algorithm. However, these papers are usually concerned with the value of the k-means
objective function at the final solution, not with the position of the final centers. As far as we know,
this work is the first one which analyzes the “regions of attractions” of the different local optima of
the actual k-means algorithm and derives results on the stability of the k-means clustering itself.

2. Notation and assumptions

In the following we assume that we are given a set of n data points X7, ..., X,, € R which have
been drawn i.i.d. according to some underlying distribution P. For a center vector ¢ = (c1, ..., Cx7)
with ¢; € R? we denote the cluster induced by center c;, with Ci,(c). The number of points in this
cluster is denoted Ny (c). The clustering algorithm we study in this chapter is the standard k-means
algorithm. We denote the initial centers by ¢;-07, ..., ¢)” with ¢=%> € R, and the centers after
step ¢ of the algorithm as ¢, ..., c”. By K we denote the true number of clusters, by K’ the
number of clusters constructed by the k-means algorithm. It attempts to minimize the k-means

objective function
W, R R, W, —1§n i ey
ot — R, Wy(c1,...,crr) = 32, min llex — Xil|”.
i=1"

We now restate the k-means algorithm:
Input: Xi,...X,eR? K'eN

Initialize the centers c¢f%7, .., ¢~ € RY
Repeat until convergence:
1. Assign data points to closest centers.
2. Re—adjust cluster means:
1
9.1 gt = ——— X;
©.D k Np(c<t>) Z t
i X;€CK(e<t>)
Output: c= (cffmab, ey cfjmab) .

Traditionally, the instability of a clustering algorithm is defined as the mean (with respect to
the random sampling of data points) minimal matching distance between two clusterings obtained
on two different set of data points. For the actual k-means algorithm, a second random process
is the random initialization (which has not been taken into account in previous literature). Here
we additionally have to take the expectation over the random initialization when computing the
stability of an algorithm. In this chapter we will derive qualitative rather than quantitative results
on stability, thus we omit more detailed formulas.

In the following we restrict our attention to the simple setting where the underlying distribution
is a mixture of Gaussians on R and we have access to an infinite amount of data from P. In
particular, instead of estimating means empirically when calculating the new centers of a k-means
step we assume access to the true means. In this case, the update step of the k-means algorithm

can be written as
C<tH> _ fck(c<t>) o f(z)de

k B fck(c<t>) f(x)dx
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where f is the density of the probability distribution P. Results in the finite data case can be
derived by the help of concentrations inequalities. However, as this introduces heavy notation
and our focus lies on the random initialization rather than the random drawing of data points we
skip the details. To further set up notation we denote ¢, , the pdf of a Gaussian distribution
with mean p and variance 0. We also denote f(x) = Zle Wk Ppu,,o Where K is the num-
ber of Gaussians, the weights wy, are positive and sum to one, the means 1.5 = (fi1, ..., fK)
are ordered, p1 < ... < ugx. The minimum separation between two Gaussians is denoted by
A = ming (ug+1 — px). For the standard normal distribution we denote the pdf as ¢ and the cdf
as .

3. The level sets approach

In this section we want to prove that if we run the k-means algorithm with K/ = 2 and K’ = 3
on a mixture of two Gaussians, then the resulting clustering depends exclusively on the initial
configuration. More precisely if we initialize the algorithm such that each cluster gets at least one
center and the initial centers are “close enough” to the true cluster means, then during the course
of the algorithm the initial centers do not leave the cluster they had been placed in. This implies
stability for K’ = 2 since there is only one possible configuration satisfying this constraint. On
the other hand for K’ = 3 we have two possible configurations, and thus instability will occur.

The following function plays an important role in our analysis:
H: RQ - R7 H(l’,y) = .ﬁUq)(—ZL' + y) - (P(—.T + y)
Straightforward computations show that for any yu, o, & and h one has

h
o h+a—
9.2) / (x —p+ a)puo(x)de =cH (, M) .
0 o o
We describe necessary and sufficient conditions to obtain stability results for particular “re-

gions” in terms of the level sets of H.

3.1. Stability in the case of two initial centers. We consider the square S, = [u1 — a, 1 +
a] x [ug — a, o + a] in R2, The region S, is called a stable region if
9.3) <> es, =P es,

PROPOSITION 9.1 (Stable region for K’ = 2). Equation (9.3) is true if and only if the follow-
ing four inequalities are satisfied:

9.4) ewnH (& 2 fum (CE2 2) 5
o’ 20 20
©.5) et (~2 2 ) puwn (T4FA A
o' 20 o 20
9.6) ow H (“‘A,—é> +woH (9,3) >0
o 20 o’ 20
©.7) oundl (‘“‘A,—§> +woH (—3,—§> <0
o 20 o 20

PROOF. Similar to the proof of Proposition 9.2, see below. g
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This proposition gives necessary and sufficient conditions for the stability of k-means in the
case K’ = 2. In the following corollary we show an example of the kind of result we can derive
from Proposition 9.1. Note that the parameters a and A only appear relative to o. This allows us
to consider an arbitrary o.

COROLLARY 9.1 (Stability for K’ = 2). Assume that min(wy,ws) = 0.2 and A = To.
Assume that we have an initialization scheme satisfying:

e with probability at least 1 — 6 we have one initial center within 2.50 of 111 and one within
2.50 of ue.

Then k-means is stable in the sense that with probability at least 1 — § it converges to a solution
with one center within 2.50 of p1 and one within 2.50 of L.

PROOF. We simply check numerically that for « = 2.50, A = 70 and w; = 0.2 (we also
check wy = 0.2) Equations (9.4) - (9.7) are true. Then by Proposition 9.1 we know that .S, is a
stable region which implies the result. O

3.2. Instability in the case of 3 centers. The case of 3 centers gets more intricate. Consider
the prism T, and its symmetric version sym(Ty ;) in R3:

Tupe ={c €R?:¢; <2 <3,
ce€fp—a,m+a—¢el X[ —a+e p+al x[p2—b, 2+ 0]}

sym(Tope) ={c € R® 1 ¢1 < ez < e,
c€u —bp1+0b] X [u2 —a,uz+a—e] X [ug —a+e, pz+al}.

If we have an initialization scheme such that each cluster gets at least one center and the initial
centers are close enough to the true cluster means, then we initialize either in T, p, - or sym(T5, p.¢).
Thus, if these regions are stable in the following sense:

(9.8) 0 €T pe = €Ty,

then the global k-means algorithm will be instable, leading either to a clustering in 7, . or
sym(Tgp.c). Expressed in the terms used in the introduction, the algorithm will be initialized
with different configurations and thus be instable.

PROPOSITION 9.2 (Stable region for K’ = 3). Equation (9.8) is true if and only if all the
following inequalities are satisfied:

A
9.9) .le(ﬂ,i)erzH ata € 5y
o’ 20 e 20
- — A
(9.10) .le( a+57i)+w2H Mji <0
o 20 o 20

.le(a—E’a—b—l—A—s)+w2H(a—E+A’a—b+A—E>
o o 20

©.11) >w1H(a7€,—i)+w2H (ﬂ,—i>
o o o 20

o H <_§7b—a—|—A>+w2H(—a:A7b—a+A>

20
—a+A
9.12) <wi H (—g—%) —|—w2H( “: ,_i>

20
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.le(bfA7bfafA+€)+w2H<bfA,bfafA+s>
o 20 o 20

(9.13) <b/o—wiA/o

.w1H<fbfA7afbfA>+w2H <_g’afbfA>

o 20 20
(9.14) > —b/oc —wiAjo

PROOF. (Sketch) Let ¢c<9> € T4 p,e. Note that the k-means algorithm in one dimension does
not change the orders of centers, hence ¢;°!'> < ¢3! < ¢73”. By the definition of 7}, to
prove that after the first step of k-means the centers ¢<'> are still in T,pe We have to check
six constraints. Due to space constraints, we only show how to prove that the first constraint

cf1> > p1 — ais equivalent to Equation (9.9). The other conditions can be treated similarly.

The update step of the k-means algorithm on the underlying distribution readjusts the centers
to the actual cluster means:

(<0> 4 (<0>
<1> 1 2
€1 - 0> 150> xf(ac)
4 2 —o0
oo 2 fl2)

Thus, ¢;*'> > 1 — a is equivalent to

<0> <0>
cq +32

/ T - mta)f@) >0

Moreover, the function h — fi‘oo(x — 1 + a)f(x) is nondecreasing for h € [ — a,+00).
Since ¢<%> € T,;. we know that (¢ + ¢5°7)/2 > puy — a + /2 and thus the statement
Ve<0> € Ty pe,ch > 1 — ais equivalent to

pi—a+e/2
/ (&~ +a)f(z) > 0.

We can now apply Eq. (9.2) with the following decomposition to get Eq. (9.9):

p1—a+te/2
[ (& — 1 + a)(x)

p1—a+e/2 p1—a+e/2
:wl/ (»’U—M1+a)80m,a+w2/ (-r_,u2+A+a)<Pu2,U-

— 00 — 00

A simple symmetry argument allows us to treat the stability of the symmetric prism.

PROPOSITION 9.3. If T}, . is stable for the pdf f(x) = wiQu, o + WoPu, o and f(x) =
W2 Pp, 0 + W1 Py o then the same holds for sym(Typ ).

PROOF. The k-means algorithm is invariant with respect to translation of the real axis as well
as to changes in its orientation. Hence if T, 1, - is stable under f (resp. f), so is sym(T, ) under
J?(x) = WoPpy 0 + W1Ppuy o (TESP. ). O

COROLLARY 9.2 (Instability for K’ = 3). Assume that min(wy,w3) = 0.2 and A = 14.50.
Assume that we have an initialization scheme satisfying:

e with probability at least (1 —0) /2 we have 2 initial centers within 2.50 of 1 and 1 initial
center within 2.50 of Lo
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e with probability at least (1 —0) /2 we have 1 initial centers within 2.50 of 1 and 2 initial
centers within 2.50 of pio

Then k-means is instable: with probability (1 —6) /2 it will converge to a solution with two centers

within 3.50 of 1 and with probability (1 — 0) /2 to a solution with two centers within 3.50 of p.

PROOF. We simply check numerically that for a« = 3.50, b = 2.50, ¢ = 0, A = 14.50 and
wy = 0.2 (we also check wy = 0.2) Equations (9.9) - (9.14) are true. Then by Proposition 9.2 and
Proposition 9.3 we know that 73 54250, and its symmetric sym(7354,2.50,,) are stable regions
which implies the result. 0

4. Towards more general results: the geometry of the solution space of k-means

In the section above we proved by a level set approach that in a very simple setting, if we ini-
tialize the k-means algorithm “close enough” to the true cluster centers, then the initial centers do
not move between clusters. However we would like to obtain this result in a more general setting.
We believe that to achieve this goal in a systematic way one has to understand the structure of the
solution space of k-means. We identify the solution space with the space R*X / by representing
a set of K/ centers ¢y, ...,cgr € R as a point ¢ in the space R Our goal in this section is
to understand the “shape” of the k-means objective function on this space. Secondly, we want to
understand how the k-means algorithm operates on this space. That is, what can we say about the
“trajectory” of the k-means algorithm from the initial point to the final solution? For simplicity, we
state some of the results in this section only for the case where the data space is one dimensional.
They also hold in R?, but are more nasty to write up.

First of all, we want to compute the derivatives of W,, with respect to the individual centers.

PROPOSITION 9.4 (Derivatives of k-means). Given a finite data set X1, ..., X,, € R. For
k,le{l,..,K'}andie {1,...,n} consider the hyperplane in RX" which is defined by

Hyi={ce RX: X; = (e + @1)/2}.
Define the set H := UkKl/:1 Uity Hg 5. Then we have:

(1) W, is differentiable on R¥ ' \ H with partial derivatives

) _ S (e X0,

aCk i: X;E€C
(2) The second partial derivatives of W,, on R , \ H are
v d ——— = Ny.
Oc0¢y a Ocidcy, g

(3) The third derivatives of W, on RE \ H all vanish.

PROOF. First of all, note that the sets Hy,; ; contain the center vectors for which there exists
a data point X; which lies on the boundary of two centers c; and ¢;. Now let us look at the first
derivative. We compute it by foot:

oW (c)

1
= lim +(Wa(ct, .., i) — Walet, oor
Bex lim h(W (c1y.yci) — Wi(er, ooy + hy oy CK))

When ¢ ¢ H we know that no data point lies on the boundary between two cluster centers. Thus,
if i is small enough, the assignment of data points to cluster centers does not change if we replace
c, by ¢ + h. With this property, the expression above is trivial to compute and yields the first
derivative, the other derivatives follow similarly. O



222 CHAPTER 9. STABILITY OF K-MEANS

A straightforward consequence is as follows:

PROPOSITION 9.5 (k-means does Newton iterations). The update steps performed by the k-
means algorithms are exactly the same as update steps by a Newton optimization.

PROOF. This proposition follows directly from Proposition 9.4, the definition of the Newton
iteration on W, and the definition of the k-means update step. This fact has also been stated (less
rigorously and without proof) in Bottou and Bengio [1995]. g

Together, the two propositions show an interesting picture. We have seen in Proposition 9.4
that the k-means objective function W, is differentiable on R¥ ' \ H. This means that the space
RE is separated into many cells with hyperplane boundaries Hy, ; ;. By construction, the cells are
convex (as they are intersections of half-spaces). Our finding means that each data set Xy, ..., X,
induces a partitioning of this solution space into convex cells. To avoid confusion, at this point we
would like to stress again that we are not looking at a fixed clustering solution on the data space
(which can be described by cells with hyperplane boundaries, too), but at the space of all center
vectors c. It is easy to see that all centers ¢ within one cell correspond to exactly one clustering of
the data points. As it is well known that the k-means algorithm never visits a clustering twice, we
can conclude that each cell is visited at most once by the algorithm.Within each cell, W, is qua-
dratic (as the third derivatives vanish). Moreover, we know that k-means behaves as the Newton
iteration. On a quadratic function, the Newton optimization jumps in one step to the minimum of
the function. This means that if k-means enters a cell that contains a local optimum of the k-means
objective function, then the next step of k-means jumps to this local optimum and stops.

Now let us look more closely at the trajectories of the k-means algorithm. The paper by Zhang
et al. [2008] inspired us to derive the following property.

PROPOSITION 9.6 (Trajectories of k-means). Let ¢c<t> and c¢<*1> be two consecutive so-
lutions visited by the k-means algorithm. Consider the line connecting those two solutions in
RE' and let ¢® = (1 — )c<*> + ac<"t'> be a point on this line (for some o € [0,1]). Then
W (c®) < Wy(e<t>).

PROOF. The following inequalities hold true:

(e} 1 = a2
Wale) =550 32 I1Xi— el

k=14€Cy(c®)

1 K
§§Z Z HXi_CgHZ

k=14€Cs(c?)

K

1

<52. D allXi— P+ (1 - a)llX — P
k:].ieck(ct)

< aWn () + (1 — )W, ()

For the first and third inequality we used the fact that assigning points in Cy(c) to the center cy, is
the best thing to do to minimize W,,. For the second inequality we used that z — ||z||? is convex.
The proof is concluded by noting that W,,(c<t>) < W,,(c<t+1>). O

We believe that the properties of the k-means objective function and the algorithm are the key
to prove more general stability results. However, there is still an important piece missing, as we
are going to explain now. Since k-means performs Newton iterations on W,,, one could expect
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to get information on the trajectories in the configuration space by using a Taylor expansion of
W,. However, as we have seen above, each step of the k-means algorithm crosses one of the
hyperplanes Hy,; ; on which W, is non-differentiable. Hence, a direct Taylor expansion approach
on W, cannot work. On the other hand, surprisingly one can prove that the limit objective func-
tion W := lim %Wn is almost surely a continuously differentiable function on R¥ " (we omit the
proof). Thus one may hope that one could first study the behavior of the algorithm for W, and
then apply concentration inequalities to carry over the results to W,,. Unfortunately, here we face
another problem: one can prove that in the limit case, a step of the k-means algorithm is not a
Newton iteration on W.

Proposition 9.6 directly evokes a scheme to design stable regions. Assume that we can find
two regions A € B C RE " of full rank and such that
9.15) max Wi () < min Wo(a).
Then, if we initialize in A we know that we will converge to a configuration in B. This approach
sounds very promising. However, we found that it was impossible to satisfy both Equation (9.15)
and the constraint that A has to be ’big enough” so that we initialize in A with high probability.

Finally, we would like to elaborate on a few more complications towards more general results:

e On a high level, we want to prove that if K’ is slightly larger than the true K, then k-means
is instable. On the other hand, if K’ gets close to the number n of data points, we trivially
have stability again. Hence, there is some kind of “turning point” where the algorithm is most
instable. It will be quite a challenge to work out how to determine this turning point.

e Moreover, even if we have so many data points that the above problem is unlikely to occur, our
analysis breaks down if K’ gets too large. The reason is that if K’ is much bigger than K, then
we cannot guarantee any more that initial centers will be in stable regions. Just the opposite
will happen: at some point we will have outliers as initial centers, and then the behavior of the
algorithm becomes rather unpredictable.

e Finally, consider the case of K’ < K. As we have already mentioned in the introduction,
in this case it is not necessarily the case that different initial configurations lead to different
clusterings. Hence, a general statement on (in)stability is not possible in this case. This also
means that the tempting conjecture “the true K has minimal stability” is not necessarily true.

5. An initialization algorithm and its analysis

We have seen that one can prove results on clustering stability for k-means if we use a ’good”
initialization scheme which tends to place initial centers in different Gaussians. We now show
that an established initialization algorithm, the PRUNED MINDIAM initialization described in
Figure 2 has this property, i.e it has the effect of placing the initial centroids in disjoint, bounded
neighborhoods of the means p1.x. This often rediscovered algorithm is credited to Hochbaum
and Shmoys [1985]. In Dasgupta and Schulman [2007] it was analyzed it in the context of the EM
algorithm. Later N.Srebro et al. [2006] used it in experimental evaluations of EM, and it was found
to have a significant advantage w.r.t more naive initialization methods in some cases. While this
and other initializations have been extensively studied in conjunction with EM, we are not aware
of any studies of PRUNED MINDIAM for k-means.

We make three necessary conceptual assumptions. Firstly to ensure that K is well-defined
we assume that the mixture weights are bounded below by a known weight w,,;,,. Assumptions.
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Algorithm PRUNED MINDIAM

Input: wypin, number of centers K’
(1) Initialize with L random points ¢.%~, L computed by (9.19)
(2) Run one step of k-means, that is
(a) To each center cj<0> assign region C, j = 1: L
(b) Calculate ¢}~ as the centers of mass of regions C?
(3) Remove all centers cj<1> for which P[C Jl] < po, where pg is given by (9.19). We are left with
i =11
J
(4) Choose K’ of the remaining centers by the MINDIAM heuristic
(a) Select one center at random.
(b) Repeat until K’ centroids are selected:
Select the centroid cq<1> that maximizes the minimum distance to the already selected cen-
troids.
Output: the K selected centroids ¢j !>, k= 1: K’

Figure 2: The PRUNED MINDIAM initialization

W = Wmin for all k. We also require to know a lower bound A and an upper bound A, on the

separation between two Gaussians, and we assume that these separations are “sufficiently large”.
In addition, later we shall make several technical assumptions related to a parameter 7 used in
the proofs, which also amount to conditions on the separation. These assumptions shall be made
precise later.

THEOREM 9.1 (PRUNED MINDIAM Initialization). Let f = Zf WP, 1 be a mixture of K
Gaussians with centers (11, [l < Pk+1, and unit variance. Let T € (0,0.5), Omiss > 0, dimpure
defined in Proposition 9.8. If we run Algorithm PRUNED MINDIAM with any 2 < K' < 1/wpmin,
then, subject to Assumptions 1, 2, 3, 4, 5 (specified later), with probability 1 — 20,,iss — Oimpure
over the initialization there exist K disjoint intervals ﬁk specified in Section 5.4, one for each

true mean i, so that all K' centers c,j,1> are contained in | J i A, and

(9.16) ifK' = K, each Zk will contain exactly one center c,j,b,
9.17) if K' < K, each gk: will contain at most one center c,j,b,
(9.18) if K' > K, each ﬁk will contain at least one center c,f,b.

The idea to prove this result is to show that the following statements hold with high probability.
By selecting L preliminary centers in step 1 of PRUNED MINDIAM, each of the Gaussians obtains
at least one center (Section 5.1). After steps 2a, 2b we obtain “large” clusters (mass > pg) and
“small” ones (mass < pg). A cluster can also be “pure” (respectively “impure”) if most of its
mass comes from a single Gaussian (respectively from several Gaussians). Step 3 removes all
“small” cluster centers, but (and this is a crucial step of our argument) w.h.p it will also remove all
“impure” cluster centers (Section 5.2). The remaining clusters are “pure” and “large”; we show
(Section 5.3) that each of their centers is reasonably close to some Gaussian mean pj;. Hence,
if the Gaussians are well separated, the selection of final centers c§1> in step 4 “cycles through
different Gaussians” before visiting a particular Gaussian for the second time (Section 5.4). The

rest of this section outlines these steps in more details.

5.1. Step 1 of PRUNED MINDIAM. Picking the initial centroids c<°>. We need to pick
a number of initial centers L large enough that each Gaussian has at least 1 center w.h.p. We
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formalize this here and find a value for L that ensures the probability of this event is at least
1—01miss, Where 0,55 18 a tolerance of our choice. Another event that must be avoided for a “good”
initialization is that all centroids cfo> belonging to a Gaussian end up with initial clusters C;-) that
have probability less than pg. If this happens, then after thresholding, the respective Gaussian
is left with no representative centroid, i.e it is “missed”. We set the tolerance for this event to
Othresh, = Omiss- Let t = 2®(—A/2) the tail probability of a cluster and Ay the symmetric
neighborhood of i, that has ¢, 1(Ag) =1 —t.

PROPOSITION 9.7. If we choose

1 1
. > < - min = 7
(9.19) L (ln 5misswmm>/<(1 t)w ) and pg I

then the probability over all random samplings of centroids ¢35 that at least one centroid cj<0>
with assigned mass P[C?] > po can be found in each A, k = 1 : K, is greater or equal to

1- 26miss-

The proof of this result is complicated but standard fare (e.g. Chernoff bounds) and is therefore
omitted.

After steps 1, 2a and 2b of PRUNED MINDIAM are performed, we obtain centers ci? situ-
ated at the centers of mass of their respective clusters C{.; . Removing the centers of small clusters
follows. We now describe a beneficial effect of this step.

5.2. Step 3 of PRUNED MINDIAM. Thresholding removes impure clusters. We introduce
the concept of purity of a cluster, which is related to the ratio of points from a certain Gaussian
w.r.t to the total probability mass of the cluster. Denote P, the probability distribution induced by
the k-th Gaussian ¢, 1.

DEFINITION 9.1. A cluster C is (1 —7)-pure if most of its points come from a single Gaussian,
i.e if wyPy[C] = (1 — 7)P[C], with T < 1/2 being a positive constant. A cluster which is not
(1 — 7)-pure is T-impure (or simply impure).

The values of 7 that we consider useful are of the order 0.001 — 0.02 and, as it will appear
shortly, 7 < win/2. The purity of a cluster helps in the following way: if a cluster is pure,
then it can be “tied” to one of the Gaussians. Moreover, its properties (like center of mass) will
be dictated by the Gaussian to which it is tied, with the other Gaussians’ influence being limited;
Section 5.3 exploits this idea.

But there will also be clusters that are impure, and so they cannot be tied to any Gaussian.
Their properties will be harder to analyze, and one expects their behavior to be less predictable.
Luckily, impure clusters are very likely small. As we show now, the chance of having an impure
cluster with mass larger than py is bounded by a d;y,pure Which we are willing to tolerate.

Because of limited space, we leave out the long and complex rigourous proofs of this result,
and give here just the main ideas. Let C; = [z, 22] be a 7-impure cluster, with P[C;] > po, ¢;
the centroid that generates C; (not necessarily at its center of mass) and c;_1, ¢j41 the centroids of
the adjacent clusters (not necessarily centers of mass). As one can show, even though an impure
cluster contains some probability mass from each Gaussian, in most of this section we only need
consider the two Gaussians which are direct neighbors of C. Let us denote the parameters of these
(consecutive) Gaussians by p1 2, w1 2.

For the purpose of the proof, we are looking here at the situation after step 2a, thus the cen-
troids ¢;_1 ;41 should be 0> but we renounce this convention temporarily to keep the

J_17J7J+1’
notation light. We want to bound the probability of cluster C; being impure and large. Note that
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Figure 3: Concrete example of a large impure
cluster [z1,22]; cl,¢, c2 represent the consecu-
tive cluster centers ¢5-°7, ¢°%%, ¢577 . We demon-
strate that if P[z1,22] > po then the interval
[c1, ¢2] (which is twice its length) must have mass
> p1 >> po. If L is large enough, having such
a large interval contain a single c; is improbable.
Numerical values: mixture with A = 10, wy,ipn =
0.15, impurity 7([21,22]) = 0.07, P[z1, 22]
0.097, Plcl, c2] = 0.24; using 0,niss = 0.02, 7
0.015 one gets L = 38,po = 0.095
P21, 22], p1 = 0.0105 < Plcl, 2], Simpure
0.016 >> (1 — PJcl,c2])X~1 = 0.00003

zl z2
clc c2

A

Step 2b of the PRUNED MINDIAM does not affect either of these properties, as it only acts on the
centers.

A simple observation is the following. Since z; = “=1"% and zp = “*1™% we have ¢; 11 —
cj—1 = 2(z2 —2z) = 2Az. The idea is to show that if an impure region has probability
larger than py, then the interval [c;_1, ¢j+1] has probability at least p, significantly larger than py.
On the other hand, the probability of sampling from P a single center C; out of a total of L in an
interval of length 2Az is Plcj_1, ¢j+1](1— Plcj—1,¢j+1))F~t < (1—p1)L~ L. If py and L are large
enough, then (1 — p;)=~! def dimpure Will be vanishingly small. We proceed in two steps: first
we find the minimum length Az of a cluster C; which is impure and large. Then, we find a lower
bound p; on the probabability of any interval [¢, ¢ + 2Azp] under the mixture distribution. The
following assumption ensures that the purity 1 — 7 is attainable in each Gaussian. Assumptions.

R ) (a local purity measure). Then

_ 1 (1—T)p0 T
etz 222 < —.
Z%’k < (2 + 2Wymin 1—71

K £k

Let ’yk7k/(x) =

The next assumption ensures that Azg > 0, i.e it is an informative bound. Assumptions.
2] 1

d (wrnin) < 2A
PROPOSITION 9.8 (Impure clusters are small w.h.p). Let w1, ws be the mixture weights of two

: : _ TPo TPo
consecutive Gaussians and define Azg = A —d (uT) —d (w—2)

A —2Az In &L A —2Az In 2
= @ — w2 (b _ w1
pr="1 ( 2 A—2Azo)+w2 < 2 A—2Azo>
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and Simpure = (1 — pl)Lfl. Let CJQ, 7 =1,..., L be the regions associated with ciof after step

2a of the PRUNED MINDIAM algorithm. If assumptions 5,5.2,5.2 hold, then the probability that
there exists j € {1,..., L} so that P[C?] > po and w1 Py [C?] > TP[CJQ], wng[C?] > TP[CJQ] is

at most Oimpure- This probability is over the random initialization of the centroids ci%>.

To apply this proposition without knowing the values of w;, ws one needs to minimize the
bound p; over the range w1, wy > Wpin, w2 + w1 < 1 — (K — 2)Winipn. This minimum can be
obtained numerically if the other quantities are known.

We also stress that because of the two-step approach, first minimizing Azp, then Plc,c +
2Az), the bound ;y,pure Obtained is not tight and could be significantly improved.

5.3. The (1—7)-pure cluster. Now we focus on the clusters that have P[C] > pg and are (1—
7)-pure. By Proposition 9.8, w.h.p their centroids are the only ones which survive the thresholding
in step 3 of the PRUNED MINDIAM algorithm. In this section we will find bounds on the distance
]cj<1> — | between C;’s center of mass and the mean of “its” Gaussian.

We start by listing some useful properties of the standard Gaussian. Denote by r(z) the center
of mass of [z, 00) under the truncated standard Gaussian, and by d(¢) the solution of 1 — ®(d) = t,
with 0 < ¢ < 1. Intuitively, d(t) is the cutoff location for a tail probability of ¢. Note that any
interval whose probability under the standard normal exceeds ¢ must intersect [—d(t), d(t)]. Let

a > 0 (in the following a as to be thought as a small positive constant).

PROPOSITION 9.9. (i) r(x) is convex, positive and increasing for x > 0 (ii) For w € [2a,0)
the function d(a/w) is convex, positive and increasing w.r.t w, and r(d(a/w)) is also convex,
positive and increasing.

PROPOSITION 9.10. Let C = [z1, z2] be an interval (with z1, zo possibly infinite), c its center
of mass under the normal distribution ¢, 1 and P|C] its probability under the same distribution.
If1/2 > P[C] > p, then |c — p| < 7(d(p)) and min{|z1 — pl, |20 — p|} < d(p) = = (p).

The proofs are straightforward and omitted. Define now wpq; = 1 — (K — 1)wpp, the
maximum possible cluster size in the mixture and
- (1 _T)po S 1 TW1 (1 —T)po
Rw)=r |- [ —2Z R =—¢ | ——+ P(d(—————-A
) =r [-o (=220 s, u) TEe PR T E
In the next proposition, we will want to assume that R > 0. The following assumption is
sufficient for this purpose. Assumptions. ——— < 1 — ®(—A/2)

Wmin

PROPOSITION 9.11 (The (1 — 7)-pure cluster). Let cluster C = [z1, 22| with zo > g, P[C] >
po and wi Py[C] > (1 — 7)PI[C] for some k, with T satisfying Assumptions 5.2 and 5.3. Let c, cy,
denote the center of mass of C under P, Py, respectively. Then
(9.20) ek — pk| < R(wg)

and, whenever k < K

(9.21) 20— pig, < —R(wg, wit1) < —R(Winags Winin)
PROPOSITION 9.12 (Corollary). If ¢, > pj and k < K then

9.22) ¢, < (L= 7)R(wy) + (A = R(w, wys1))

9.23) (1 = 7)R(Winaz) + 7(A = R(wnaz, Wnin))

<
(9.24) < (1 = 7)R(wWmaz) + TA
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else
(9.25) pk — ¢ < R(wg) < R(Wmas) ¢ — p < 7(A — R(wy, wgp1))

By symmetry, a similar statement involving pix—1, Wg—1, 4%, Wg and c holds when zo > pyg is
replaced by z1 < pg. With it we have essentially shown that an almost pure cluster which is not
small cannot be too far from its Gaussian center pi.

Proof of Proposition 9.11 (9.20) follows from Proposition 9.10. Now for bounding z3, in the
case k < K. Because (1 — 7)P[C] < wy (the contribution of Gaussian k to cluster C cannot
exceed all of wy) we have P, 1[C] < ;];_[g < (l_gﬁkﬂ and P, 1[C] = ®(20 — pga1) —
D(z1 — ppy1) = Pz — pg+1) — P(e1 — pg41) from which the first inequality in (9.21) follows.
The function R is increasing with wy, when wy_1 constant or wy,; = constant — w;, which gives
the second bound. O

Proof of the corollary First note that we can safely assume z; > ug. If the result holds for
this case, then it is easy to see that having z; < p only brings the center of mass c closer to p.
(9.26) c= wiFelClex + Zk/# wi P [Clew < (1 —7)eg + 720

P[C]
Now (9.22,9.23) follow from Proposition 9.11. For (9.24) Assumption 5.3 assures that R > 0. As
a consequence, this bound is convex in wy. If k = 1 and ¢; < py, or k = K and cx > py then
the second term in the sum (9.26) pulls c; in the direction of 1 (respectively cx in the direction
of p1x) and we can get the tighter bounds (9.25). O

In conclusion, we have shown now that if the unpruned center ¢ “belongs” to Gaussian k, then
¢ € Ap(wg) = [, — Ry (wy), g + BT (wy) ]

whith RZ (wi) = (1 — 7)R(wk) + 7(k — p—1), Bf (wy) = (1 = 7)R(wg) + 7(ptrs1 — i),
R (wy) = R(w), and R} (wgx) = R(w).

5.4. Step 4 of PRUNED MINDIAM. Selecting the centers by the MINDIAM heuristic. From

Section 5.2 we know that w.h.p all centroids unpruned at this stage are (1 — 7) pure. We want to

ensure that after the selection in step 4 each Gaussian has at least one cj<1> near its center. For

this, it is sufficient that the regions Ak are disjoint, i.e
(k1 — i) — (RE (wg) + R7 (wy41)) > Ry (wy) + RE (wy)
(k1 — pi) — (RE (wi) + Ry (wg1)) > Ry (wpsn) + R (wp1)

for all k. Replacing R (wy,) with their definitions and optimizing over all possible w1.x = Wymin
and for all Ap < pigr1 — pr < Ajpee produces

Avk = [Mk + (1 - T)R(wmax) + TAmax]
and Assumptions. (1 — 37)A — 7A0e > [BR(Wimaz) + R(Wmin)] (1 — 7).

6. Simulations

In this section we test our conjecture in practice and run some simulations to emphasize the
different theoretical results of the previous sections. We also investigate whether it is necessary to
look at the stability of k-means with respect to the random drawing of the data set. In the following
when we refer to randomization we mean with respect to the initialization while the resampling
corresponds to the random drawing of the data set.
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Figure 4: Simulation results. First row: data set “two dim four balanced clusters”. Second row:
data set “two dim four imbalanced clusters”. Third row: data set “ten dim ten clusters” (see text

for details).

Setup of the experiments. As distributions we consider mixtures of Gaussians in one, two,
and ten dimensions. Each mixture consists of several, reasonably well separated clusters. We
report the results on three such data sets:

e “Two dim four balanced clusters”: Mixture of four Gaussians in R? with means (—3.3), (0,0),
(3,3), (3, —3); the covariance matrix of all clusters is diagonal with entries 0.2 and 1 on the
diagonal; the mixing coefficients are uniform, that is all clusters have the same weight.

e “Two dim four imbalanced clusters”: As above, but with mixing coefficients 0.1, 0.5,0.3,0.1.

e “Ten dim ten clusters”: Mixture of ten Gaussians in R? with means (i,0,0,...) for i
1,...,10. All Gaussians are spherical with variance 0.05 and mixing coefficients are uniform.

As clustering algorithm we use the standard k-means algorithm with the following initializa-

tions:

Standard initialization: randomly pick K’ data points.
MINDIAM initialization, coincides with Step 5 in Fig. 2.
PRUNED MINDIAMinitialization, as analyzed in Section 5 (see Fig. 2
Deterministic initialization: K’ fixed points sampled from the distribution.

For a range of parameters K’ € {2, ..., 10} we compute the clustering stability by the follow-

ing protocols:

e Randomization, no resampling: We draw once a data set of » = 100 points from the distribu-

tion. Then we run the k-means algorithm with different initializations.

e Resampling, no randomization: We fix a set of deterministic starting points (by drawing them
once from the underlying distribution). Then we draw 100 data sets of size n = 100 from the
underlying distribution, and run k-means with the deterministic starting points on these data

sets.

e Resampling and randomization: we combine the two previous approaches.
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Then we compute the stability with respect to the minimal matching distance between the
clusters. Each experiment was repeated 100 times, we always report the mean values over those
repetitions.

Note that all experiments were also conducted with different data set sizes (n = 50, 100, 500),
stability was computed with and without normalization (we used the normalization suggested in
Lange et al., 2004), and the k-means algorithm was used with and without restarts. All those vari-
ations did not significantly effect the outcome, hence we omit the plots.

Results. First we evaluate the effect of the different initializations. To this end, we count how
many initializations were “good initializations” in the sense that each true cluster contains at least
one initial center. In all experiments we consistently observe that both the pruned and non-pruned
min diameter heuristic already achieve many good runs if K’ coincides with K or is only slightly
larger than the true K (of course, good runs cannot occur for K’ < K). The standard random
initialization does not achieve the same performance. See Figure 4, first column.

Second, we record how often it was the case that initial cluster centers cross cluster borders.
We can see in Figure 4 (second column) that this behavior is strongly correlated with the number
of “good initializations”. Namely, for initialization methods which achieve a high number of good
initializations the fraction of centers which cross cluster borders is very low. Moreover, one can
see in the third column of Figure 4 that centers usually do not cross cluster borders if the initial-
ization was a good one. This coincides with our theoretical results.

Finally, we compare the different protocols for computing the stability: using randomization
but no resampling, using resampling but no randomization, and using both randomization and re-
sampling, cf. right most plots in Figure 4. In simple data sets, all three protocols have very similar
performance, see for example the first row in Figure 4. That is, the stability values computed on
the basis of resampling behave very similar to the ones computed on the basis of randomization,
and all three methods clearly detect the correct number of clusters. Combining randomization and
resampling does not give any advantage. However, on the more difficult data sets (the imbalanced
one and the 10-dimensional one), we can see that resampling without randomization performs
worse than the two protocols with randomization (second and third row of Figure 4). While the
two protocols using randomization have a clear minimum around the correct number of clusters,
stability based on resampling alone fails to achieve this. We never observed the opposite effect in
any of our simulations (we ran many more experiments than reported here). This shows, as we had
hoped, that randomization plays an important role for clustering stability, and in certain settings
can achieve better results than resampling alone.

Finally, in the experiments above we ran the k-means algorithm in two modes: with restarts,
where the algorithm is started 50 times and only the best solution is kept; and without restarts.
The results did not differ much (above we report the results without restarts). This means that in
practice, for stability based parameter selection one can save computing time by simply running
k-means without restarting it many times (as is usually done in practice). From our theory we
had even expected that running k-means without restarts achieves better results than with restarts.
We thought that many restarts diminish the effect of exploring local optima, and thus induce more
stability than “is there”. But the experiments did not corroborate this intuition.
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7. Conclusions and outlook

Previous theoretical work on model selection based on the stability of the k-means algorithm
has assumed an “ideal k-means algorithm” which always ends in the global optimum of the ob-
jective function. The focus was to explain how the random drawing of sample points influences
the positions of the final centers and thus the stability of the clustering. This analysis explicitly
excluded the question when and how the k-means algorithm ends in different local optima. In par-
ticular, this means that these results only have a limited relevance for the actual k-means algorithm
as used in practice.

In this chapter we study the actual k-means algorithm. We have shown that the initialization
strongly influences the k-means clustering results. We also show that if one uses a “good” initial-
ization scheme, then the k-means algorithm is stable if it is initialized with the correct number of
centers, and instable if it is initialized with too many centers. Even though we have only proved
these results in a simple setting so far, we are convinced that the same mechanism also holds in a
more general setting.

These results are a first step towards explaining why the selection of the number of clusters
based on clustering stability is so successful in practice Lange et al. [2004]. From this practical
point of view, our results suggest that introducing randomness by the initialization may be suffi-
cient for an effective model selection algorithm. Another aspect highlighted by this work is that
the situations K’ < K and K’ > K may represent two distinct regimes for clustering, that require
separate concepts and methods to be analyzed.

The main conceptual insight in the first part of the chapter is the configurations idea described
in the beginning. With this idea we indirectly characterize the “regions of attraction” of different
local optima of the k-means objective function. To our knowledge, this is the first such character-
ization in the vast literature of k-means.

In the second part of the chapter we study an initialization scheme for the k-means algorithm.
Our intention is not to come up with a new scheme, but to show that a scheme already in use is
“good” in the sense that it tends to put initial centers in different clusters. It is important to realize
that such a property does not hold for the widely used uniform random initialization.

On the technical side, most of the proofs and proof ideas in this section are novel. In very
broad terms, our analysis is reminiscent to that of Dasgupta and Schulman [2007]. One reason
we needed new proof techniques lie partly in the fact that we analyze one-dimensional Gaussians,
whose concentration properties differ qualitatively from those of high dimensional Gaussians. We
loose some of the advantages high dimensionality confers. A second major difference is that k-
means behaves qualitatively differently from EM whenever more than one Gaussian is involved.
While EM weights a point “belonging” to a cluster by its distance to the cluster center, to the
effect that far away points have a vanishing influence on a center c;, this is not true for k-means. A
far-away point can have a significative influence on the center of mass c;, precisely because of the
leverage given by the large distance. In this sense, k-means is a more brittle algorithm than EM, is
less predictible and harder to analyze. In order to deal with this problem we “eliminated” impure
clusters in Section 5.2. Third, while Dasgupta and Schulman [2007] is concerned with finding the
correct centers when K is known, our analysis carries over to the regime when K’ is too large,
which is qualitatively very different of the former.



232 CHAPTER 9. STABILITY OF K-MEANS

Of course many initialization schemes have been suggested and analyzed in the literature for
k-means (for examples see Ostrovsky et al., 2006, Arthur and Vassilvitskii, 2007). However, these
papers analyze the clustering cost obtained with their initialization, not the positions of the initial
centers.
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1. Concentration Inequalities

We state here all the different concentration inequalities that we use throughout the text. We
start with the celebrated Hoeffding’s inequality (Hoeffding [1963]).

LEMMA 10.1 (Hoeffding’s Inequality). Let X be a real random variable with a < X < b.
Then for any s € R,

2 b— 2
log (Eexp(sX)) < sEX + S(Sa).

The second result is a consequence of Lemma 10.1 and Markov’s inequality. It concerns the
concentration of a sum of martingales differences.

THEOREM 10.1 (Hoeffding-Azuma’s inequality for martingales). Let 71 C --- C F, be a
filtration, and X1, . . . , X, real random variables such that X, is Fi-measurable, E(X|F;—1) =0
and X; € [As, Ay + ¢t] where A, is a random variable F;_1-measurable and c; is a positive
constant. Then, for any € > 0, we have

n 2e2
(10.1) P(;Xt >5) S exp <_w>

or equivalently for any § > 0, with probability at least 1 — 9, we have

n

(10.2) Y X< Og(;s)ch.
t=1

t=1

The next result is a refinement of the previous concentration inequality which takes into ac-
count the variance of the random variables. More precisely up to a second order term it replaces
the range (squared) of the random variables by their variances.

THEOREM 10.2 (Bernstein’s inequality for martingales). Let F1 C --- C JF,, be a filtration,
and X1, . .., X,, real random variables such that Xy is Fi-measurable, E(X¢|Fy—1) =0, | X¢| < b
for some b > 0 and E(X?|F;_1) < v for some v > 0. Then, for any € > 0, we have

2

n e
(10.3) P(;Xt >€> < exp <_2m/+2b£/3> ’
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and for any § > 0, with probability at least 1 — §, we have

blog(s~1)

(10.4) > X < /2nwlog(6T) + 2
t=1

PROOF. Both inequalities come from Result (1.6) of Freedman [1975]. The first inequality
then uses (1 + x)log(l +z) —x > %, while the other uses Inequality (45) of Audibert
et al. [2009]. This last inequality allows to remove the /2 factor appearing in Lemma A.8 of
Cesa-Bianchi and Lugosi [2006]. O

The next concentration inequality was proved by Audibert et al. [2009]. It allows to replace
the true variance by its empirical estimate in Bernstein’s bound.

THEOREM 10.3 (Empirical Bernstein bound). Let X1, ..., X, be i.i.d centered real random
variables in [0, b] for some b > 0. Then for any § > 0 and s € {1,...,n}, with probability at
least 1 — 6, we have

D Xy <V/2nVilog(3571) + 3log(351),
t=1

2
where Vo = 130 (X — 1370 Xo)™

The above concentration inequalities were concerned with sums of random variables. There
exists a vast litterature on the extension of these results to more general functionals of a sequence
of random variables, see e.g., Massart [2006]. We cite here a basic result in this direction which
shall be enough for our purposes, namely McDiarmid’s inequality (McDiarmid [1989]).

THEOREM 10.4 (McDiarmid’s inequality). Let X1, ..., X, be independent random variables
taking values in a set A. Let g : A™ — R be measurable and for any 1 < t < n assume that there
exists a positive constant c; such that

sup g(xh ) xn) - g(mla s 7$t717$,7xt+17 s 7‘/1:”) < Ct.
T1,..yTn,T' EA
Then

2¢2
]P(|g(X1, e 7XTL) — Eg(Xl, . ,Xn)| 2 6) < 26Xp (—EnCQ> .
t=1"t

2. Information Theory

We recall here some basic definitions and useful lemmas from Information Theory, see e.g.,
Cover and Thomas [1991]. If P and Q are two probability distributions defined over the same
sigma field and such that IP is absolutely continuous with respect to Q then we define the Kullback-
Leibler divergence as:

KL(P,Q) = /log <;g> dP.

In the case of Bernoulli distributions with parameters p and ¢ in (0, 1) we make a slight abuse of
notations and note:

p
KL(p,q) = plog=+ (1 — p)log .
(o) = plog? + (1= p)log T~

Here are three useful lemmas to compute bounds on the Kullback-Leibler divergence in dif-
ferent cases.
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LEMMA 10.2 (Pinsker’s inequality). For any measurable set A,

P(4) - Q(4)] < \/ JKL(P, Q).

LEMMA 10.3. Forany p,q € [0,1],
(r—a)°
q(1—q)
PROOF. The left hand side inequality is simply Lemma 10.2 for Bernoulli’s random variables.
The right hand side on the other hand comes from log x < z — 1 and the following computations:

2(p — q)> <KL(p,q) <

KL(p,q) = pk%<z>+(l—mk%<1:2>
P—q q—p
< pT+(1—p)ﬂ
_ (p—q)?
q(1—q)

g

LEMMA 10.4 (Chain Rule for Kullback-Leibler Divergence). Assume that P and Q are defined
over a finite product set A x B. Let P4, Q4 (respectively Py, Qpg) be the marginal distributions
over A (respectively B). Then:

KL&KQ):IGXPBx@By+/LKLGMJA><UﬁL(M-A><ﬂﬁ»dPBwy

3. Probability Theory Lemma

LEMMA 10.5 (A Maximal Law of Large Numbers). Let X1, Xo,... be a sequence of real
random variables with positive mean and satisfying almost surely

1
(10.5) lim — " X, =p.
Then we have almost surely:

1
10. lim — Xt = .
106) S 2 K=

PROOF. Let S, = Z?Zl X and M,, = maxigi<n S;. We need to prove that lim,, . % =
w. First of all we clearly have almost surely:
lim inf My, > liminf S =L
n—4+oo N n—+oo N
Now we need to upper bound the limsup. Let ¢ : N — N be an increasing function such that
©(n) is the largest integer smaller than n satisfying M,, = S,,). Thus

My, _ Sem)

n )
If ¢(n) — oo then one can conclude from (10.5) that
S,
lim sup o(n) <
n—+oo P(N)

On the other hand if ¢p(n) < N Vn then for any 7' > 0 we have Z?: ~N41 Xt < 0 and this event
has probability zero since P(X; < 0) < 1 (otherwise p would not be positive). O

w(n)
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Jeux de Bandits et Fondations du Clustering

Résumé : Ce travail de these s’inscrit dans le domaine du machine learning et concerne plus
particulierement les sous-catégories de I’optimisation stochastique, du online learning et du clus-
tering. Ces sous-domaines existent depuis plusieurs décennies mais ils ont tous re¢u un éclairage
différent au cours de ces dernieres années. Notamment, les jeux de bandits offrent aujourd’hui
un cadre commun pour 1’optimisation stochastique et I’online learning. Ce point de vue conduit
a de nombreuses extensions du jeu de base. C’est sur I’étude mathématique de ces jeux que se
concentre la premicre partie de cette these. La seconde partie est quant a elle dédiée au clustering
et plus particulierement a deux notions importantes: la consistance asymptotique des algorithmes
et la stabilité comme méthode de sélection de modeles.

Mots-clés : online learning, optimisation stochastique, jeux de bandits, apprentissage séquentiel,
regret minimax, prédiction avec information incomplete, bandits avec infinité d’actions, regret non
cumulé, exploration efficace, clustering, consistance, stabilité.

Bandits Games and Clustering Foundations

Abstract: This thesis takes place within the machine learning theory. In particular it focuses on
three sub-domains, stochastic optimization, online learning and clustering. These subjects exist for
decades, but all have been recently studied under a new perspective. For instance, bandits games
now offer a unified framework for stochastic optimization and online learning. This point of view
results in many new extensions of the basic game. In the first part of this thesis, we focus on the
mathematical study of these extensions (as well as the classical game). On the other hand, in the
second part we discuss two important theoretical concepts for clustering, namely the consistency
of algorithms and the stability as a tool for model selection.

Keywords: online learning, stochastic optimization, bandits games, sequential learning, minimax
regret, prediction with limited feedback, bandits with infinitely many arms, non-cumulative regret,
efficient exploration, clustering, consistency, stability.




