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Résumé

Dans les problemes d’exploration pure pour les bandits stochastiques a bras multiples,
l'objectif est de répondre a des questions concernant un ensemble de distributions inconnues
(modélisant par exemple l'efficacité d"un traitement) a partir desquelles nous pouvons collecter
des échantillons (mesurer son effet), et de fournir ensuite des garanties sur la réponse proposée.
L'exemple archétypal est le probléme de l'identification du meilleur bras, dans lequel I’agent
cherche a identifier le bras étant le plus efficace en moyenne.

Cette these s’intéresse a la classe des algorithmes Top Two, dans lesquels un leader est
opposé a un challenger, ce qui oriente les efforts d’échantillonnage ultérieurs pour valider
la supériorité du leader. Nous avons introduit une définition unifiée de 1’approche Top Two,
mettant en avant quatre composants importants. Compte tenu de leur simplicité, de leur
interprétabilité, de leur généralisation et de leur polyvalence, les algorithmes Top Two sont
prometteurs pour étre adoptés pour différentes applications. Cette thése s’efforce d’établir
I"approche Top Two comme une méthodologie fondée sur des principes statistiques, offrant des

garanties théoriques quasiment optimales ainsi que des performances empiriques excellentes.

Nous abordons différentes formulations de bandits stochastiques a plusieurs bras, avec
des classes de distributions variées ou des hypotheses structurelles sur les moyennes. Nous
avons aussi étudié différents problémes d’exploration pure, notamment l'identification du
meilleur bras ou d"un bras de qualité acceptable. La principale contribution de cette these
réside dans I'obtention de garanties théoriques pour I'approche Top Two avec plusieurs mesures
de performance. Dans le cas ot un niveau de confiance est donné, les algorithmes Top Two
collectent un nombre moyen d’échantillons qui est asymptotiquement optimal (lorsque le
niveau de confiance tend vers un). Par ailleurs, nous proposons un algorithme Top Two qui
offre a tout moment des garanties sur la probabilité de se tromper dans 1'identification d'un

bras de qualité acceptable.

Mots-clefs : prise de décision séquentielle, probléme de bandit a plusieurs bras, exploration
pure, identification du meilleur bras.



Abstract

In pure exploration problems for stochastic multi-armed bandits, the objective is to answer
inquiries regarding a set of unknown distributions (modeling for example the efficacy of a
treatment) from which we can collect samples (measure its effect), and subsequently provide
guarantees on the candidate answer. The archetypal example is the best arm identification
problem, in which the agent aims at identifying the arm with the highest mean.

This thesis delves into the class of Top Two algorithms, wherein a leader is pitted against a
challenger, directing subsequent sampling efforts to validate the superiority of the leader. We
introduce a unified definition of the Top Two approach, putting forward four key components.
Given their simplicity, interpretability, generalizability, and versatility, Top Two algorithms are
promising for widespread adoption among practitioners. This thesis endeavors to establish the
Top Two approach as a principled methodology offering nearly optimal theoretical guarantees
alongside state-of-the-art empirical performance.

We address several stochastic multi-armed bandits settings, such as various classes of
distributions or structural assumptions on the means. We also study different pure exploration
problems, including the identification of the best arm or one of acceptable quality. The principal
contribution of this thesis lies in establishing theoretical guarantees for the Top Two approach
across several performance metrics. In the fixed-confidence setting, we prove that many Top Two
algorithms have an asymptotically optimal expected sample complexity (number of collected
samples when the confidence level goes to one). In the anytime setting, we propose a Top Two
algorithm that has guarantees on the probability of misidentifying a good enough arm at any
time.

Keywords: sequential decision making, multi-armed bandits, pure exploration, best-arm
identification.
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Chapter 1

Introduction

This manuscript concludes my doctoral thesis which started in October 2021 and took place
in the Scool team, hosted by Inria and the CRIStAL computer science lab at the University of
Lille. I had the honor of being supervised by Dr. Emilie Kaufmann and Dr. Rémy Degenne.

After introducing the context of this thesis, we formally present the setting of pure explo-
ration problems in stochastic multi-armed bandits. Then, we give an overview of the main
contributions of this thesis, and how they fit into the existing (and vast) literature. While
the contributions presented in this thesis are theoretical, the considered questions have been
motivated by practical considerations.

Contents
1.1 Contextand Scope . . . . . . .t i i e e 2
1.2 Stochastic Multi-Armed Bandits . . . ... ... ................. 4
1.3 Pure Exploration Problems . ... ......................... 6
1.4 Fixed-confidence Setting . .. ... ... ... ... ... ... . . .. 8
1.5 Beyond the Fixed-confidence Setting . . ... .................. 21
1.6 OutlineoftheThesis . ............ ... ... ... .. . . ... ... 29
1.7 Publications . . . . ... ... ... . e e 32




Introduction

1.1 Context and Scope

The stochastic multi-armed bandit problem has a rich history, initially conceived as a simple
model for sequential clinical trials [ Thompson, 1933, Robbins, 1952]. Imagine a clinical trial
where a physician seeks to evaluate the efficacy of K potential treatments for a novel disease.

Each treatment ¢ carries a certain probability p; of curing a patient upon administration.

£ 447

In phase III of a clinical trial, a central question emerges: which treatment distribution
yields the highest efficiency, meaning has the largest mean p;? Various methodologies have
been explored to address this query, depending on the intricacies of data collection. Sequential
hypothesis testing deals with situations where samples are collected without explicit con-
trol [Chernoff, 1959, Robbins, 1952]. Experimental design endeavors to predetermine the
data collection scheme [Chaloner and Verdinelli, 1995, Pukelsheim, 2006]. In the multi-armed
bandit [ Audibert et al., 2010, Jamieson and Nowak, 2014 ] and ranking and selection [Hong
etal., 2021] literature, an algorithm sequentially selects its sampling strategy based on past data.

As each patient enters the trial, the physician selects a treatment I,, € [K| for administration,
as well as a treatment i,, € [K| for recommendation since it is believed to be the best treatment.
The patient response to the treatment /,, , modeled as a binary random variable X, ;, drawn
from a Bernoulli distribution with mean pz, , guides subsequent decisions. The crux of the
matter lies in leveraging this feedback to craft a “good” allocation policy for future patients. The
policy’s nature depends on the physician’s objectives; in phase III trials, the goal is to identify
a viable treatment for large-scale production. Given the costs associated with clinical trials,
timely certainty regarding treatment efficacy is crucial. An “optimal” policy may thus prioritize
the swift identification of promising treatments, even at the expense of fewer patients cured
during the trial phase, hoping to accelerate the mass production of an efficacious treatment.

While clinical trials serve as a motivating example, the quest for identifying the most
efficient item permeates numerous domains. In the context of crop management for agriculture,
different fertilization policies (or planting dates) are applied to the fields to assess the yield
of the crop. In A/B testing for online marketing, several versions of the same webpage are
deployed to evaluate their conversion probability (e.g. buying products, spending time, etc). In
hyperparameter optimization, different hyperparameters are tested to measure the performance
of a model. In those domains, the random response observed when selecting an item (or arm)
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might not be binary, hence other classes of distributions will also be considered (e.g. bounded

distributions for crop management).

When identifying the most efficient item is too costly, the practitioner is often willing to
settle for a good enough item whose performance is close to the best one. For other applications,
the practitioner considers that an item is good enough when its average efficiency is above a
certain level. In outcome scoring from gene activity (transcriptomic) data (e.g. treatment of
encephalopathy of prematurity in infants), several protocols for the administration of stem
cells are tested and the goal is only to identify one protocol that yields a strong enough positive
effect on patients. Before testing the potency of a drug against other drugs, one should first
evaluate its toxicity. In a toxicity study, several criteria are evaluated, and the physician should
ensure that none of those toxicity levels are large enough.

Rather than focusing on individual applications, this thesis considers the mathematical
framework of pure exploration problems for stochastic multi-armed bandits. As statisticians,
we aim to design policies (or strategies) that simultaneously have good theoretical guarantees
and good empirical performance. To discern between strategies with comparable theoretical
and empirical merits, we must consider the end-user (i.e. the practitioner). Thus, we endeavor
to craft policies that are simple, interpretable, generalizable, and versatile. We believe that
those characteristics are key for a policy to become widely accepted and utilized.

Simple There is often a difference between the policy and the agent: the former suggests an
action and the latter can decide to perform it. Since rational agents will only follow a strategy
in which they believe, the policy should be simple for the practitioner to understand and
implement it (preferably efficiently). In this thesis, we assume implicitly that both notions are
the same, but in a real-world scenario, this is often not true.

Interpretable Transparency and accountability are paramount, especially in domains fraught
with ethical implications. Interpretability not only aids understanding but also justifies deci-
sions, which is crucial for gaining stakeholder trust and regulatory approval. For example, in
phase III of clinical trials, the treatment is administered to a patient in a pool of volunteers.
Interpretability is a requirement of health authorities and it is necessary to secure volunteers
since extrinsic motivation (e.g. sickness or money) might not outweigh the defiance towards a
black-box procedure. To address the ethical dilemma of curing fewer patients during the trials
to obtain a cure faster, the status (or purpose) of the allocated treatment should be made clear.
Either it is believed to be a good treatment or it is only administered to reduce uncertainty on
treatments that are believed to be sub-optimal.
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Generalizable Theoretical guarantees hinge on well-defined goals (e.g. identifying the best
item or a good enough one) and environmental assumptions (e.g. the class of distributions, or
the underlying structure). Yet, practitioners seek methodologies adaptable to varied scenarios,
removing the need to frequently learn a new methodology. Therefore, the design approach that
led to the policy should be generalizable to cope with changes in the goals and assumptions
with limited modifications.

Versatile Constraints in decision-making scenarios can fluctuate unpredictably. Policies must
withstand such dynamism, offering guarantees that remain robust across changing contexts.
For example, a physician might decide to stop earlier (resp. continue) the ongoing experiments
due to insufficient (resp. additional) funding. Therefore, a policy should be versatile enough

to obtain guarantees that hold at any time.

The Top Two approach In essence, the Top Two approach is pitting a leader against a chal-
lenger, and guiding subsequent sampling to verify the leader’s superiority. This thesis endeav-
ors to demonstrate the efficacy of the Top Two approach. It is a principled methodology that
meets the four aforementioned criteria, offering near-optimal theoretical guarantees and good

empirical performance.

1.2 Stochastic Multi-Armed Bandits

We study the stochastic multi-armed bandit problem [Bubeck and Cesa-Bianchi, 2012, Lattimore
and Szepesvari, 2020], which allows us to reflect on fundamental information-utility trade-
offs involved in interactive sequential learning. Specifically, in a bandit model, an agent is
interacting with an environment composed of K € N arms. Each arm i € [K]! is associated
with an unknown probability distribution over R denoted by v; € P(R) and having a finite
mean p; = Ex,,[X]. A bandit instance is uniquely characterized by its vector of distributions
v = (vi)ie|k) » which admits p = (u;),¢[k] as vector of means.

At each stage n € N, the agent chooses an arm /,, € [K] based on the samples previously
observed and receives a sample X, 7, , random variable with conditional distribution vy,
given I,, . It then proceeds to the next stage. An algorithm (or strategy) for the agent in this
interaction is specified by a sampling rule, a procedure that determines I,, based on previously
observed samples and some exogenous randomness. Formally, I,, is F,,-measurable with the
o-algebra F,, := o (U1, 11, X1,1,, -+, In—1, Xn-1,1, 1, Un) , where U,, ~ U([0,1]) materializes
the possible independent randomness used by the algorithm at time n . We call that o-algebra
history before time n . The empirical allocation over arms is denoted by N,, := (N, ;);c(x] where

![K] is a shorthand for {1,--- K} .
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Nii = Yiepony 1 (I = i) ,and wehave N, /(n—1) € Sgc := {w € RE |0 > 0, Ljepqws = 1}
where ¥ i denotes the probability simplex of dimension K — 1.

Depending on their objectives, agents should have different sampling strategies. In the
regret minimization problems [Auer et al., 2002], the agent aims at maximizing the reward
accumulated over time, or equivalently minimizing the regret. In the pure exploration prob-
lems [Even-Dar et al., 2002, Bubeck et al., 2009], the agent solely wants to answer a question
about the underlying distributions. The most well-studied pure exploration problem is best-
arm identification (BAI), in which the goal is to identify an arm with the largest mean Audibert
et al. [2010]. In this thesis, we focus solely on the pure exploration problems, for which we
provide more details in Section 1.3.

Class of distributions When modeling a bandit problem, one first needs to make an assump-
tion as regards the set of possible distributions D for the arms. The set of possible means is
denoted by Z := {m(k) | k € D} where m(x) := Ex.[X]. From the viewpoint of a practitioner,
D should be chosen as a simple set of distributions that provides a good approximation of the
real-world application. For example, parametric distributions are reasonable for applications
such as A/B testing [ Kaufmann et al., 2014 ], but they are unrealistic in other fields such as
agriculture. From the perspective of a theoretician, the choice of D is guided by the type of
research directions. For example, Gaussian distributions are a natural first step to study a new
phenomenon or provide new guarantees for an algorithm. Hopefully, the insights gained will
then be generalized to wider classes of distributions.

In this thesis, we mostly use the set Dy, of Gaussian distributions with known variance
o , and the set D, of o-sub-Gaussian distributions. A distribution x is o-sub-Gaussian if it
satisfies Ex [’ X (")) < 7**/2 for all A € R . Most of the methods used to study Dy,
can be transferred for the analysis of the set Dey, of a one-parameter exponential family. This
thesis will present more challenging extensions with a two-parameters exponential family,
e.g. the set Dy of Gaussian distributions with unknown variance (see Chapter 3), and a set of
non-parametric distributions, e.g. the set Dy p) of bounded distributions, whose support lies in
[0, B] where B > 0 (see Chapter 4).

Other classes of non-parametric distributions could have been considered, e.g. heavy-tailed
distributions with an upper bound on a non-centered moment [ Agrawal et al., 2020]. Classes of
shape-constrained distributions are also promising for future work, e.g. logarithmically concave
density functions.

Underlying structure To define a bandit problem, one also needs to make an assumption as
regards its underlying structure. By structure, we mean an encoding of some prior knowledge
on the vector of means y which should lie in a known subset S of the set ZX of possible vectors
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of means. The choice of the structure should be made according to the same trade-off as for the
choice of the class of distributions, both for the practitioner and the theoretician.

In this thesis, we mostly study the vanilla (or unstructured) bandit problem in which the
means are independent, i.e. S = TX . Despite the “simplicity” of the vanilla bandits, there
are still many open problems that remain to be answered. Since the structure can create new
information-utility trade-offs, we also explore one structured bandit problem in Part III. In
the linear bandit problem, each arm is associated with a known context vector a; € R? and
has a mean which is a linear function of unknown vector §# € M where M C R< is a bounded
set, i.e. i = (ai,0) . In the linear setting, y is fully characterized by the set of arms vector
A = {ai};ex) and the regression parameter 6, i.e. S = {u € I | 30 € M, Vi € [K], (a;,0)} .

Other structural assumptions have been studied in the literature: generalized linear bandits
[Filippi et al., 2010] such as logistic bandits [Jun et al., 2021], combinatorial bandits [Chen
et al., 2013], sparse bandits [Jamieson et al., 2015], spectral bandits [Kocak and Garivier, 2021],
unimodal bandits [ Combes and Proutiere, 2014, Trinh et al., 2020], Lipschitz [Magureanu et al.,
2014], partial monitoring [ Audibert and Bubeck, 2010], etc.

1.3 Pure Exploration Problems

In pure exploration problems, the goal is to answer a question about the unknown environment
by interacting with the set of K arms. In this thesis, we focus on questions whose answers are
a function of the unknown vector of means. However, similar questions could be formulated
on other functionals of the distribution [Wang et al., 2022], e.g. the conditional value at risk for
heavy-tailed distributions [ Agrawal et al., 2021b].

A wide range of questions Two types of questions about i have been studied in the literature,
either there is a unique correct answer or there are multiple correct answers. The set Z of
possible answers to a pure exploration problem can coincide with the set of arms, i.e. Z = [K]
, or have a more elaborate structure, e.g. answers can be subsets of arms (i.e. Z C 2[K] ). Its
cardinality is also assumed to be finite and we denote itby Z = | Z| .

The most studied topic in pure exploration is the best arm identification (BAI) problem,
which we tackle in Part I. In BAI, the agent aims at identifying an arm with the highest mean,
ie. i* € i*(n) = argmax;c(x) pi - In (exact) BAIL we consider S = {u € K | i*(p)| = 1}
, hence there is a unique correct answer i* and Z = [K] . In some applications such as
investigating treatment protocols, BAI requires too many samples for it to be useful in practice.
To avoid wasteful queries, practitioners might be interested in easier tasks that identify one
“good enough” option. We consider two relaxed identification problems that admit multiple
correct answers: epsilon best arm identification ( e-BAI) and good arm identification (GAI).

6
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In e-BAI [Mannor and Tsitsiklis, 2004, Even-Dar et al., 2006, Garivier and Kaufmann, 2021],
which is the focus of Chapter 5, the agent is interested in an arm whose mean is e-close to
the highest one p, 1= maxeg)pi , i.e.i € Zo(pu) := {i € [K] | i > psx — €} wheree > 0
and S = Z¥ . The larger ¢ is, the easier the task. In the multiplicative e-BAI problem, the
means are non-negative, i.e. S = {y € Z% | min;(x) pi > 0}, and one aims at returning an
armi € 7P (p) == {i € [K] | s > (1 — €)us} where € € [0,1) . The BAI setting is recovered
by taking ¢ = 0 and considering S = {u € Z¥ | |i*(u)| = 1} . In GAI, which we tackle in
Chapter 6, the agent wants to return an arm whose mean exceeds a given threshold - if it exists,
ie.i € I (p) := {i € [K] | ps > v} where y € R, else return § . In GAI we have Z = [K] U0,

and we consider S = {u € I | min;g [ — ] > 0} .

Other pure exploration problems have been studied in the literature: thresholding ban-
dits [Locatelli et al., 2016, Cheshire et al., 2021, Ouhamma et al., 2021], Top-k identification
[Katz-Samuels and Scott, 2019, Réda et al., 2021, Tirinzoni and Degenne, 2022], Pareto set
identification [Auer et al., 2016, Kone et al., 2023, 2024], identifying the whole set Z.(x) [Ma-
son et al., 2020, Marjani et al., 2022], best partition identification [Chen et al., 2017a, Juneja
and Krishnasamy, 2019, Kaufmann and Koolen, 2021], structured BAI [Huang et al., 2017],
Multi-Fidelity BAI [Poiani et al., 2022, 2024], etc.

Recommendation rule Since the goal of the agent is to answer a question, its strategy should
include a recommendation rule in addition to a sampling rule. At time n, the agent recommends a
candidate answer i,, based on the samples previously observed. The recommendation i,, is done
before pulling arm I,, , hence it is 7;,-measurable. Depending on the metric of performance,
the recommendation rule can only be specified at a fixed time 7" or when a data-dependent
stopping condition is met.

Performance metrics There are several ways to evaluate the performance of an algorithm
on a pure exploration problem. While those metrics are a function of the candidate answer,
they inherently depend on the sampling rule due to the data dependency. The two major
theoretical frameworks are the fixed-confidence setting [ Even-Dar et al., 2006, Jamieson and
Nowak, 2014, Garivier and Kaufmann, 2016], which is the main focus of this thesis, and the
fixed-budget setting [ Audibert et al., 2010, Gabillon et al., 2012]. In the fixed-confidence setting,
the agent aims at minimizing the number of samples used to identify a correct answer with
confidence 1 —§ € (0,1) . In the fixed-budget setting, the objective is to minimize the probability
of misidentifying a correct answer with a fixed number of samples 7" .

While the constraint on ¢ or 7" is supposed to be given, properly choosing it is challenging
for the practitioner since a “good” choice typically depends on unknown quantities. Moreover,
in medical applications such as clinical trials, the maximal budget is limited but might not be
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fixed beforehand. When the collected data shows sufficient evidence in favor of one answer, an
experiment is often stopped before the initial budget is reached, referred to as early stopping.
When additional sampling budgets have been obtained due to new funding, an experiment
can continue after the initial budget has been consumed, referred to as continuation. While
early stopping and continuation are common practices, both fixed-confidence and fixed-budget
settings fail to provide useful guarantees for them. Recently, the anytime setting has received
increased scrutiny as it fills this gap between theory and practice. In the anytime setting, the
agent aims at achieving a low probability of error at any deterministic time [Jun and Nowak,
2016, Zhao et al., 2023]. In this thesis, an anytime strategy should also have good guarantees
in the fixed-confidence setting. As such, an anytime strategy is versatile and can be used
both in fixed-confidence and fixed-budget settings without modification. When the candidate
answer has any time guarantees, the practitioners can use continuation or early stopping (when
combined with a stopping rule). The anytime setting is presented in more detail in Section 1.5,
as it will be the focus of Part II.

Instead of considering minimax guarantees (e.g. minimax optimality of uniform sampling
for the probability of error [Bubeck et al., 2011]), this thesis focuses on problem-dependent
guarantees on the considered metric of performance. The goal is to show that the strategy will
(optimally) adapt to the bandit instance v . In a nutshell, the contributions of this thesis are to
derive upper bounds on the performance of algorithms, which are themselves designed by

studying the theoretical lower bound.

1.4 Fixed-confidence Setting

In the fixed-confidence setting, the agent is given a parameter 6 € (0,1) . In addition to its
sampling and recommendation rule, the agent should define a stopping rule which is a stopping
time for the filtration (F,,),cn . Note that the recommendation needs only to be defined at the
stopping time in the fixed-confidence setting. The stopping time 75 is also called the sample
complexity of the algorithm. The main requirement that we impose on a fixed-confidence

identification strategy is to be d-correct.?

Definition 1.1 (6-correct). Given 6 € (0, 1), we say that an algorithm is 6-correct on the problem
class DX with set of means S if its probability of stopping and not recommending a correct answer
is upper bounded by § for all instances v € DX having mean p € S , i.e.

VweD st pes, P,({rs <+oo}NEM (1)) <4, (1.1)

2A stronger definition of §-correctness has also been studied by requiring the algorithm to stop almost surely.
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where £ (n) denotes the error event at time n , meaning that i, is not a correct answer for y .

Example 1.2. In e-BAI, we have £ (n) = {in & L ()} where T.(n) = {i € [K] | pi > ps — €}
. When e > 0, we will denote the stopping time by 7. 5 , and use the term (e, §)-PAC (Probably
Approximately Correct) instead of 6-correct. In GAI we have E5™ (n) = {4, € {DYU([K\Z*" (1))}
when T (p) = {i € [K] | pi >~} # 0, otherwise £ (n) = {i,, # 0} when T () = 0.

A fixed-confidence identification strategy is judged based on its expected sample complexity
E, [75] , i.e. the expected number of samples it needs to collect before it can stop and return a
correct answer with the required confidence. A “good” fixed-confidence algorithm should
minimize E, [75] . Historically, the sample complexity of the first fixed-confidence algorithms
was upper bounded with high probability. While there is no high probability lower bound
on the sample complexity, the expected sample complexity admits one (see Section 1.4.1).
Upper and lower bounds on the expected sample complexity are more informative than high
probability bounds. However, they only provide partial information as regards the behavior
of the algorithm. For example, we are still lacking a good understanding of the right tail of
the distribution of the stopping time 75 . It is not clear how fast it can decay, both in terms of a
theoretical lower bound and an upper bound for an algorithm.

First, we detail the lower bound on the expected sample complexity of any J-correct algo-
rithm (Section 1.4.1), which is known to be tight in the asymptotic regime of 6 — 0. Second,
we present the GLR (generalized likelihood ratio) stopping rule (Section 1.4.2), which en-
sures §-correctness regardless of the sampling rule when used with a well-chosen threshold.
Finally, we review several approaches to define a sampling rule reaching the lower bound
asymptotically (Section 1.4.3).

1.4.1 Lower Bound on the Expected Sample Complexity

To be §-correct on DX, an algorithm has to be able to distinguish problems in DX which disagree
on one of their correct answers. Garivier and Kaufmann [2016] show that this requirement
leads to a problem-dependent lower bound on the expected sample complexity incurred by
a 6-correct algorithm on any instance, which is tight in the asymptotic regime of § — 0. The
lower bound is obtained by using properties of the Kullback-Leibler (KL) divergence and
change-of-distribution arguments for alternative bandit instances. Change-of-distribution
arguments were also used by previous (less tight) lower bounds on the expected sample
complexity [ Mannor and Tsitsiklis, 2004, Kaufmann et al., 2016].
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Kullback-Leibler divergence For two probability distributions P and QQ on the same mea-
surable space X', the KL divergence (or relative entropy) is KL(P,Q) := Exp [log (%(X )} ,
when P < Q, and +o00 otherwise. % is the Radon-Nikodym derivative of P with respect to
Q. Given a distribution P(?) with cumulant generating function ¢ , defined on an interval Z,

, the one-parameter exponential families defined by P(“) is the set of distributions PV with

dP) Az—¢(N)
dp(0)

families, dxkr,(z, y) denotes the KL divergence between the distributions having means (z, y)

density with respect to P() given by () =e . For one-parameter exponential
. The KL divergence between two Bernoulli distributions (also known as binary relative en-
tropy) is denoted by k1, and satisfies kl(z,y) = xlog(x/y) + (1 — z)log (1 — z)/(1 —y)) . The
data-processing inequality (or contraction of entropy) is a useful tool to derive lower bounds. It
states that KL(P, Q) > KL(P/,Q/) where f : X — Y is a measurable function and P/ is the

push-forward measure of P by f .

Change of distribution A change of distribution relates the probability of an event £ under
two different probability distributions v and « with their log-likelihood ratio. Let

K(Xl,h’ e 7X77»—1,In—1; V>

Ly(v,k) =1lo 12
( ) : E(Xl,hv T 7X7’L*17[n—1;/$) ( )

denote the log-likelihood ratio of the observations collected before time n (i.e. in the history F,

). The data-processing inequality yields that, for any stopping time 7 and any event £ € .,
E,[L. (v, k)] = KL k) > KI(P,(E), Pu(E)), (1.3)

where F,, = (U1, L1, X115, s In—1, X1, ,,Uy) is such that F,, = o(F,) . When there is
a unique correct answer, (1.3) is enough to obtain a lower bound on the expected sample
complexity. However, when there are multiple correct answers, a “lower level” change of
distribution is required [Garivier and Kaufmann, 2021, Degenne and Koolen, 2019]. It features
the right tail of the log-likelihood ratio instead of its expectation. Direct manipulations yield
that, forallz € R, all timen € Nand all event £ € F,,,

P.(&) > e (P,(E) = Pu(Ln(v, k) > x)) . (1.4)

Both in (1.3) and (1.4), the event £ is chosen such that it is controlled under both distributions,
likely for one and unlikely for the other. Therefore, we want to find an alternative bandit model
k€ DX whose vector of mean A € S is close enough to p but under which the algorithm
should behave differently since v and & are disagreeing on their correct answers. Empirically,
different behaviors are reflected by a large log-likelihood ratio. As the log-likelihood ratio is
linked to the empirical allocation IV, , those change-of-distribution arguments will translate

into constraints on the sample complexity.

10
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Alternative set Given an answer 7 € Z , we define the alternative to i as the set —i of vectors of
means A € S such that ¢ is not a correct answer for A . When there is a unique correct answer,
the set Alt(v) of alternative bandit instances to v is defined as the set of bandit instances x € DX
such that the mean vector m(x) lies in the alternative to the correct answer associated with . .

Example 1.3. For BAI, we have —i = {\ € S | i & i*(\)} where X denotes the closure of X ,
hence Alt(v) := {k € DX | m(k) € —i*} where i* is the unique element of i* () . In e-BAI, we
have ~i = {\ € S| i ¢ I.(\)} . In GAI, we have —i = {\ € S | i ¢ It (\)} when i € [K],
otherwise ~i = {\ € S | i # I} (\)} when i = 0.

Lower bound For simplicity of exposure and since it covers BAI, we first consider the case
where there is a unique correct answer. The following elegant information-theoretic proof of
Theorem 1.4 was given by Garivier et al. [2019].

Theorem 1.4 ([Garivier and Kaufmann, 2016, Agrawal et al., 2020]). An algorithm which is
§-correct on all problems in DX satisfies that, for all v € DX with mean p € S,

B, [rs] > T*(v/) log (215) (1.5)

where T*(v) = minge o,1) 17 (v) is a characteristic time whose inverse is defined as

T5() = sup inf w; KL (v;, k;) . 1.6
,8( ) WES K, wix =P meAlt(V) Ze%{] ( ) ( )

Proof. When P, (75 < 4+00) < 1, we have E,[15] = 400, hence any lower bound will hold.
In the following, we suppose that 75 < +o0o0 almost surely. Let § € (0,1) , x € Alt(r) and
& = & (7s) - Since answers are unique, being correct on instance » implies that the algorithm
is not correct on the instance v , i.e. Emln) (T(;)E C & where X' denotes the complement of X .
This key argument does not hold when there are multiple correct answers. The d-correctness
property yields that P, (€5) < § and P, (&5) > 1 — 6 . Using (1.3) and Wald’s lemma, we obtain

Z E, [Ny i]KL(vi, ki) = E, [L15(v, £)] > KI(P,(&5), Pr(Es5)) > k1(,1 —0) > log (215>
1€[K]

where the last two inequalities use the monotonicity properties of kl and a known lower bound.
Then, we can normalize to factor E, [75] in the r./1..s. of the above equation. Taking the infimum

over k € Alt(r) and the supremum over w € ¥ concludes the proof. [ |

11
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The set w*(v) (resp. wj(v) ) of (resp. B-)optimal allocations is defined as the maximizer
of the outer supremum on Y x which defines T7*(v)~" (resp. Tj(v)~' ). The inverse of the
characteristic time quantifies the dissimilarity between v and the most confusing (or closest)
alternative bandit ~ . The notion of dissimilarity is a reweighted summation of KL divergence,

and the reweighting is chosen to maximize the dissimilarity.

In the asymptotic regime where 6 — 0, the lower bound (1.5) is known to be tight
since it is achieved by several algorithms. An algorithm is said to be asymptotically opti-
mal (resp. [-optimal) on DX if this asymptotic lower bound is matched on all instances v
, limsup,_,o B, [75]/log(1/6) < T*(v) (resp. Tj(v) ) for all v € DX with mean y € S. In
the non-asymptotic (or moderate confidence) regime where ¢ € (0, 1) is not necessarily close
to 0, the lower bound (1.5) only provides part of the picture and additional lower bounds
have been derived to account for different phenomenon. For example, lower bounds of order
S K A7 %loglog A;? (independent of § , but with a stronger dependence in the gaps) were
derived [Jamieson et al., 2014, Chen et al., 2017b, Simchowitz et al., 2017, Chen et al., 2017c¢].
Deriving a tight lower bound in the non-asymptotic regime is one of the main open problems
in the field of fixed-confidence pure exploration.

When there are multiple correct answers, the analysis relies on (1.4) and is purely asymp-
totic. The asymptotic lower bound features a characteristic time which is similar to 7*(v) , and
recovers it when there is a unique correct answer. While both characteristic times have a similar
interpretation, the most confusing alternative bandit « is now concerning one of the multiple
correct answers. The set iy () of furthest (or easiest-to-verify) answers is defined as the answers
that maximize the corresponding dissimilarity. For example, in e-BAI, we have

lim inf By lres] >T.(v) with T.(v)"':= max sup inf Z w;KL(v4, k)

5—0 log(1/6) — €T (1) wes o KEDK m(K)ei e[ ’ ’
(1.7)
and ip(v) is the maximizer of the outer maximization defining 7..(v) . We refer the reader to
Appendix G.1 for an asymptotic proof in the multiple correct answer setting, which is based on
techniques developed by Degenne and Koolen [2019].

Ilustrative example: BAI Characteristic times are ubiquitous in fixed-confidence pure explo-
ration since they are giving the full picture of the asymptotic regime. Therefore, they have been
extensively used as an inspiration for the design of an identification strategy. While the ideas
can often be transferred irrespective of the question of interest and the considered structure, we
will consider vanilla BAI as an illustrative example. To fully cover Part I, the set of distributions
could be either parametric (e.g. Gaussian with known or unknown variance) or non-parametric
(e.g. bounded distribution). Agrawal et al. [2020] was the first to study BAI for a class of
non-parametric distribution.

12
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Let w € Xk and i* be the unique correct answer of v, hence Alt(v) = U, {x € DE |
m(ki) > m(k;)} . Leveraging the independence between the means (i.e. S = 7K, we have

HE%{(V) Ze%q ’ll)iI(L(l/i7 K’i) = IZI;IZI} R€D27m(i,2g2m(ﬁi*) {’LUZ'*KL(I/Z'*, Iii*) + wiKL(l/i, KZ)}
= glélzr*l érzlﬁ {wi*lCi;f(z/i*,v) + wik e (vs, u)} ,

The last equality is obtained by re-parametrizing with means and taking the infimum over
distributions satisfying the mean constraint, hence it involves the function Ki,s which is defined

as an infimum over KL divergence

Kte(v,u) == inf{KL(v, k) | k € D, m(k) > u} (1.8)
and K ;(v,u) :=inf{KL(v,k) | K € D, m(k) < u} .

+

For one-parameter exponential families, we have IC; .

(v,u) = dgr,(m(v), max{m(v),u}) and
Kis(v,u) = dgr,(m(v), min{m(v), u}) . Depending on the class of distribution considered and
potentially additional constraints, Ki,r enjoys useful properties such as strong duality, mono-
tonicity, and strict convexity for its second argument. A detailed description of the assumptions
under which those properties hold is beyond the scope of this manuscript. Nonetheless, the
reader can be reassured that they hold for all the distributions considered in Part I. Using
monotonicity properties of Kj,¢ , we have
inf Z w;KL(v4, k;) = min inf {wi*IC._ (Vix,u) + ’LUi]Ci—;f(l/i, u)} ,

ReAl(v) £ iti* uel inf

where the infimum over Z could be restricted to [p;, pix] . Let
C(i,j;v,w) =1 (i > py) iIelg{wilCi;f(yi,u) + wle;gf(Vj,u)} (1.9)

be the transportation cost between answer ¢ and answer j with respect to the allocation w for the
bandit instance v . Intuitively, C(i, j; v, w) represents how far v is from a distribution where
arm j has a higher mean than arm ¢ given allocation w . Putting things together, we have that

T*(v)™' = sup minC(i*,i;v,w) .
weTy
Depending on the class of distribution considered, the characteristic times satisfy strong reg-
ularity properties that are useful to study algorithms inspired by this lower bound, e.g. see

1

Lemma 2.10. Interestingly, the optimization problem defining 7*(»)~" can be rewritten as a

simpler optimization problem that can be approximately solved with nested binary searches.

13
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When there is additional structure (e.g. linear bandit), C(i, j; v, w) will depend on (v, w)
as a whole instead of simply depending on (1, 115, w;, w;) . Moreover, it will not be possible
to use the quantities K, since the structural dependence between the distributions prevents
optimizing the distributions at the level of the arms.

When there are multiple correct answers, the transportation cost should be also adapted to

the question of interest. For example, in vanilla e-BAI, we have

T.(v)™' = max sup minC.(i,j;v,w),
ieIS(M) UJGEK J#Z

where C.(i,j;v,w) = 1 (p; > pj —€) infyez {wilCi;f(yi, u—¢) +wik (v, u)} .

1.4.2 The GLR Stopping Rule

Before designing a sampling rule that matches the asymptotic lower bound presented in Sec-
tion 1.4.1, one should specify a stopping rule. Given observations collected before time n , an
algorithm can stop as soon as it has collected enough statistical evidence that its recommenda-
tion is a correct answer with probability at least 1 — ¢ . This problem can be seen as an adaptive
hypothesis testing problem regardless of the sampling rule considered. The sampling rule
collects data sequentially by adapting to past observations. Sequential hypothesis testing refers
to the setting where the sampling rule follows a sequential allocation fixed beforehand. It has
been studied for several decades, e.g. Wald [1945] for two simple hypothesis, Robbins and
Siegmund [1974] and Lai [1988] for composite hypothesis.

Estimator Let v, be the empirical vector of distributions associated with the empirical estima-

tor of the vector of means y,, which maximizes the likelihood, i.e.

vp € argmax U( Xy, , Xpo11, 15K) .
KEDK m(r)eS

We have p,; = Nn_l1 >ten—1] L (It = 1) Xy; for all i € [K| when there is no structure. For
a parametric distribution, v, is the parametric distribution associated with the maximum
likelihood estimator (MLE) of the parameters uniquely characterizing the distribution. For
non-parametric distribution (and without structure), v, is the vector of empirical distributions
of the arms, i.e. v, ; = Nn_z1 Zte[n_l} 1 (I; = i) 6x,, where §, is the Dirac mass at = . While we
have v, € DX when D = Dy, p) , there are classes of non-parametric distributions such that v,

does not even belong to DX .

Parallel tests We use the generalized likelihood ratio (GLR) stopping rule, as done extensively
in the literature. The GLR stopping rule was first proposed in Garivier and Kaufmann [2016],

14
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then popularized by subsequent works [Kaufmann, 2020]. The idea is to run Z sequential
tests in parallel. Given an answer ¢ € Z , we consider the GLR test for the following two
non-overlapping hypotheses Hy; : (1 € —i) against H1; : (¢ € S\ —i) , and denote the
GLR statistic of answer i at time n by GLRy,(—i) = inf,.cpx n(x)e—i Ln(Vn, k) where Ly (v, k)
as in (1.2). Importantly, a high value of GLR,,(—%) indicates that we should reject Hy; . Let
i (v, Ny) be the set of instantaneous furthest (or instantaneous easiest-to-verify) answers which
maximizes the GLR, i.e. ip(vy, N,) = arg max,;c z GLR,,(—i) . When we need to recommend an
answer at any time n , it is natural to recommend i,, € ip(vy, N,,) since this is the answer for
which we have collected the most evidence that it is correct. The GLR stopping rule stops as
soon as one of these tests can reject the null hypothesis. In other words, it stops as soon as the
GLR statistic exceeds a given stopping threshold ¢ : N x (0,1) — R,

75 = inf {n | maZXGLRn(ﬂi) > c(n — 1,5)} , (1.10)
1€

and recommend i, € arg max;c z GLR,;(—%) since . is believed to admit ., as a correct answer.
When there are multiple correct answers, other tests could have rejected the null hypothesis if
provided with more samples, i.e. several answers could satisfy that GLR,,(—i) > ¢(n — 1,0) if
we don't stop.

Regardless of the sampling rule, the stopping threshold c(n, 0) is chosen to ensure d-correct
by using time-uniform concentration results. Namely, it is such that the probability that there
exists a time n such that GLR,(—i,) > ¢(n — 1,6) and %, is not correct is upper bounded by &
. While its exact formula depends on the considered class of distribution, the §-dependency
should be such that lims_,y ¢(n,0)/log(1/d) = 1, otherwise the algorithm is prohibited from
being asymptotically optimal. The asymptotic behavior as regards the n-dependency depends
on the considered class of distributions. While ¢(n, d) =, +00 O(loglogn) for the parametric
distributions considered in this thesis, the known thresholds for non-parametric distributions
only satisfy ¢(n, §) =, 100 O(logn) . It is still an open problem to know whether it is possible
to achieve a scaling in O(loglogn) for non-parametric distributions. Empirically, the known
stopping thresholds have been observed to be conservative since the empirical error rates are
orders of magnitude below the tolerated error of § . Avoiding this bottleneck on the expected
sample complexity is also an open problem, e.g. one could use a tighter stopping threshold or a
different stopping rule.

Contribution 1.1. In Section 3.3 of Chapter 3, we present several ways to define a threshold for
Gaussian with unknown variance, and derive one which scales as O(loglogn) when n — 400 . In
Lemma 4.2 in Chapter 4, we propose a threshold for bounded distributions which scales as O(logn)
when n — +o00 . In both cases, our thresholds ensure §-correctness for the corresponding class of
distributions and satisfy that lims_,o c(n,0)/log(1/d) = 1, hence reaching asymptotic optimality.
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When the stopping condition is not met, the sampling rule will return an arm I, to be
pulled next and we will update our belief based on this new observation. While examples of
sampling rules will be detailed in Section 1.4.3, we understand what a good sampling rule
should do. Since we want to stop as soon as possible, we should gather more evidence to verify
that 2, € ip(vy,, N,,) is a correct answer. Since this is the answer for which we have the most
evidence that it is correct, it is likely to be the easiest to verify with additional observations.

Contribution 1.2. In Chapter 7, the easiest-to-verify candidate answer is fundamental to reach
asymptotic optimality. For e-BAI in transductive linear bandits, we show how to use this concept in
the GLR stopping rule (Section 7.3), as well as in the sampling rule (Section 7.4).

Illustrative example: BAI The GLR statistic of answer 7 at time n can be written as

GLR,,(—i) = m;n Wy(i,7) with Wy (i,j) = C(i,J; Vn, Np) ,
j (A

where W, (i, j) denotes the empirical transportation cost between answer i and answer j .
It represents the amount of evidence we have collected so far to reject the hypothesis that
arm j has a higher mean than arm i . Moreover, we have ir(v,, N;,) = i*(i,,) , hence we are
recommending the empirical best (EB) arm ,, € i*(yy,) .

To better understand how to choose ¢(n, ) , one can rewrite the error event as

{75 < +oo} N & (15) = U Ui i(un), 151;111 C(i,J;vn, Np) > c(n—1,0)}
neN i#£*

C U U WVniKint(Wnis i) + Nuar Kibe (vn,in s pis) > e(n —1,6)} .
neN i+

Therefore, the stopping threshold is chosen to control a reweighted random deviation between

the empirical distributions v,, of the arms and their true mean x .

Both for additional structure (e.g. linear bandit) and multiple correct answers, the story
is similar as in Section 1.4.1 since W, (7, j) is an empirical version of the transportation cost

C(i, j; v, w) . For example, in vanilla e-BAI, we have
GLRN(_'ﬁi) = m;n Wa,n(i7j> with Wa,n<i7j) = Ca<i7j§ Vn, Nn) s
j#i

hence ir(v,w) = arg max;cz_(,) C= (i, j; v, w) .

Influence of the sampling Rule Importantly, one can notice that the GLR statistic is an
empirical version of the inverse of the characteristic time 7*(v) , where v is replaced by v, and
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1.4 Fixed-confidence Setting

the outer optimization over X is replaced by an evaluation at N,, , i.e.

T*(v)~' = max min C(i*, j;v,w) and GLR,(—4) = min C(4, j; vn, Ny) -
weS jEi* J#i
Letw € EOK where X denotes the interior of the set X . This allows us to understand what will be
the asymptotic behavior of an algorithm whose empirical allocation is close to w asymptotically,
ie. [[Np/n —w| o ®nostoo 0 for nlarge enough. For a minute, let’s assume we have access to
such a sampling rule. Then, for n large enough such that n < 75 , we will have 2, = * and
. kel — ; ;1) < — 1 1 I 1 .
nmin C(i*,i;v,w) + o(n) oo i Whi(i,j) < c(n,?) 50t 0g(1/0) 4+ o(n +log(1/4))
Therefore, we now have a sufficient property for a sampling rule to be asymptotically optimal:
the empirical allocation should be close to w*(v) , i.e. infyeyr () | Vn/n — wl| o, = 0 for n large
enough. For such a sampling rule, we obtain 75 < 7*(v) log(1/9) which will yield asymptotic
optimality. This argument is formalized in Section 2.3.2.

Other stopping rules  While (1.10) is the most common form of GLR stopping rule, one can
also leverage the fact that solving e-BAI can be done by comparing pairs of arms, i.e.

Tes = inf{n [ 3i € [K],Vj € [K]\ {i}, Wen(i,j) > ¢ij(Nn,0)} (1.11)

where ¢; ; : N x (0,1) — R, is a stopping threshold for the pair of arms (4, j) . In Chapter 3,
we use this expression of the GLR stopping rule. While this form of stopping time is often
provably smaller than (1.10), our experiments suggest that the expected sample complexities
are similar when paired with a good sampling rule.

While the GLR stopping rule has been extensively used for fixed-confidence pure exploration
problems in recent years, it is not yet the most used stopping rule. The two most studied
alternative stopping rules are the elimination-based one and the confidence-based one. The
elimination-based stopping rule stops when there is only one active answer left [Even-Dar et al.,
2006, Karnin et al., 2013]. The set of active answers is shrinking at the end of each phase (whose
length is increasing), and answers that have poor empirical mean compared to the empirical
best one are eliminated. The confidence-based stopping rule used stops when the LCB (Lower
Confidence Bound) of the candidate answer is not ¢ worse than the UCB (Upper Confidence
Bound) of all the alternative answers. For Gaussian distributions with known variance, the
main difference between the confidence-based stopping rule and the GLR stopping rule lies in
the concentration results that are used. While the latter considers the mean gaps directly, the
former relies on per-arm concentration, hence will be sub-optimal in the J-dependency (e.g. see
Chapter 3). It is easy to show that the GLR stopping rule is equivalent to a confidence-based
stopping rule when the same concentration results on the mean gap are used.
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1.4.3 Lower Bound Based Algorithms

The sampling rule is the last component to be defined to fully specify a fixed-confidence pure
exploration strategy. Since the GLR stopping rule ensures é-correctness of the algorithm, the
sampling rule should be designed to stop as soon as possible, i.e. minimize the expected sample
complexity. For the sake of space, we will only present three types of sampling rules which are
all inspired by the lower bound: Track-and-Stop, an online optimization-based approach, and
the Top Two approach. While those approaches have been generalized to other settings, they
have been introduced to tackle vanilla BAI for parametric distributions, as we will do below.

While all those algorithms aim at obtaining an empirical allocation that is close to w*(v) ,
they differ in the considered strategies. The Track-and-Stop algorithm has a high-level approach
that computes w*(v,,) at each time n, then forces the empirical counts to be close to 3¢, w* (1)
by using tracking. The online optimization-based algorithms view T*(v)~! as an optimization
problem, and they learn w*(v) sequentially with online optimization algorithms. A Top Two
sampling rule for bandit identification is a method that selects the next arm to sample from
among two candidate arms, a leader and a challenger. In light of our recent works, the Top
Two approach can be seen as a low-level approach that aims at increasing GLR,,(—i,,) the most.
Historically, it is interesting to notice that the first papers on Track-and-Stop and the Top Two
approach were both published at the 29" Annual Conference on Learning Theory (COLT
2016).

Track-and-Stop

The Track-and-Stop approach [Garivier and Kaufmann, 2016] appeared as an algorithmic
by-product of the theoretical lower bound on the expected sample complexity of any §-correct
algorithm.

At each time n , Track-and-Stop solves the optimization problem defining the characteristic
time of the empirical estimator v, of the distributions, i.e. it computes w,, = w*(v,) . Given
the vector w, € Xk , it uses a so-called tracking procedure to obtain an arm I,, to sample.
We describe and use the one called C-Tracking by Garivier and Kaufmann [2016]. On top
of this tracking, a forced exploration is used to enforce that all arms are sampled. This is
done here by projecting on 35, = {w € [, 1]¥ | > icii)wi = 1} for a well chosen e € (0,1/K]
. Defining wg" the (o, projection of w,, on X5 with ¢, = (K? + n)~/2/2 , C-Tracking pulls
I, € arg maxie[K]{Zte[n] wf’; —Npi}.

The forced exploration ensures that each arm is sampled enough for v, to converge towards
v . Using arguments of continuity, we obtain that w,, converge towards w*(v) , hence N,,/n
does too by tracking properties. Therefore, as detailed in Section 1.4.2, the Track-and-Stop
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1.4 Fixed-confidence Setting

algorithm can be shown to be asymptotically optimal when combined with the GLR stopping
rule.

Since it requires solving a difficult optimization problem, the computational cost of Track-
and-Stop algorithm is several orders of magnitude larger than previous algorithms, e.g. LUCB
which is based on confidence intervals [Kalyanakrishnan et al., 2012]. Finding alternative
approaches to Track-and-Stop that are asymptotically optimal without the need to compute the
optimal proportion in every round was an active line of research that has been addressed in
recent years with the Top Two approach and the game-based approach (among others).

Contribution 1.3. In Section 3.4 of Chapter 3, we study the Track-and-Stop approach in vanilla
bandits for Gaussian distributions with unknown variance and show its asymptotic optimality.

Variants of Track-and-Stop have also been analyzed. The EBS (Exploration-Biased Weights)
algorithm [Barrier et al., 2022] computes the optimal allocation for a modified mean parameter.
The intuition is to wrap the optimal weight vector from above, by ensuring that its minimal

value is never underestimated.

Online Optimization Based Approach

The online optimization approach aims at solving the lower bound with generic optimization
techniques, i.e.

sup F(w,v) with F(w,v)= inf w; KL(v;, k)
WEX i ( ) ( ) ﬁEAlt(V)ie%q ! (l Z)

where w — F'(w, v) is concave (but not necessarily smooth) and admits sub-gradients. Ménard
[2019] replaced the oracle call from Track-and-Stop with a one-step lazy mirror descent in
each round of the algorithm. Then, Ménard [2019] uses a tracking procedure that mixes the
target allocation with the uniform distribution to ensure forced exploration. Instead of using
lazy mirror descent, the FWS (Frank-Wolfe Sampling) algorithm [Wang et al., 2021] uses an
adapted Frank-Wolfe step at each round to update the target to be tracked and adds forced
exploration.

The game-based approach [Degenne et al., 2019] came from the interpretation of the lower
bound as the solution of a two-player game. The quantity

sup  inf w; KL(v;, k;
wEX i HGA“(V),L»EX[I:(] ’ (l Z)

is viewed as the value of a min-max game between the agent that chooses arms based on an
allocation w € Y and the nature that plays an alternative vector of distributions x € Alt(v)
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. The game-based approach plays two no-regret learning algorithms against each other and
uses optimism on the payoffs to remove the need for forced exploration. Since the resulting
saddle-point algorithm approximates 7*(v) ™! , it can be shown to be asymptotically optimal.

Contribution 1.4. In Section 7.4 of Chapter 7, we propose a Le BAI, which is a game based algorithm,
for e-BAI in transductive linear bandits with Gaussian distributions. LeBAI is asymptotically

optimal and has competitive empirical performance.

Top Two Approach

The Top Two approach [Russo, 2016] arose as an adaptation of the Thompson Sampling
algorithm for regret minimization [ Thompson, 1933] to best arm identification in multi-armed
bandit models, for parametric families of arms. The Top Two approach is the main topic of
this thesis, and many papers have been published on those algorithms since this thesis started.
Therefore, we only give a historical picture here and provide extensive details in Chapter 2.

At each time n , a Top Two algorithm defines two candidate answers, a leader and a challenger,
and samples the next arm among those two arms to verify that the leader is a better answer
than the challenger. As we will see in Chapter 2, many choices are possible when defining a
Top Two algorithm. Russo [2016] introduced Top Two Probability Sampling (TTPS) and Top
Two Thompson Sampling (TTTS). TTTS follows a simple idea: as vanilla Thompson Sampling
(TS) selects the optimal arm too much, with some probability 1 — 5, TTTS forces itself to select
an arm that is not the one selected by TS, by re-sampling the posterior until another arm has
the largest posterior sample. Adopting a Bayesian viewpoint, Russo studied the convergence
rate of the posterior probability that i* is not the best arm, under some conditions on the prior.

For Gaussian bandits, other Bayesian Top Two algorithms with frequentist components are
asymptotically S-optimal: Top Two Expected Improvement (TTEI [Qin et al., 2017]) and Top
Two Transportation Cost (T3C [Shang et al., 2020]). At the beginning of this thesis, there were
many open research directions as regards the Top Two approach. Some answers are given in
this thesis, and others have been given by concurrent works. Notably, an adaptive choice of 3
to achieve asymptotic optimality was analyzed in You et al. [2023].

In Section 8.3 of Chapter 8, we highlight that the Top Two algorithms can be seen as saddle-
point algorithms. Since they also aim at solving this min-max game between the agent and
nature, they bear similarities with the game-based algorithm.

Contribution 1.5. In Part I, we present the Top Two approach for BAI in vanilla bandits for
Gaussian distributions with known variance in Chapter 2, Gaussian distributions with unknown
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variance in Chapter 3 and bounded distributions in Chapter 4. In Chapter 2, we propose a generic
definition of a Top Two algorithm, which is specified by four choices, and propose several instances.
We provide a unified asymptotic analysis of the Top Two approach, which identifies desirable properties
on the choices of the leader and challenger answers to achieve asymptotic ( 3-)optimality. Then, we
give the first non-asymptotic analysis of a Top Two algorithm. In Chapter 5, we present the Top Two
approach for e-BAI in vanilla bandits. We propose the EB-TC. algorithm which has near-optimal
asymptotic and non-asymptotic guarantees on its expected sample complexity. In Chapter 8, we
present the Top Two approach for e-BAI in transductive linear bandits, and propose LeTT as an

extension of EB-TC. which enjoys competitive empirical performance.

Other Sampling Rules

While the algorithms described above aim at being asymptotically optimal, other approaches
were designed to obtain non-asymptotic guarantees (e.g. LUCB [Kalyanakrishnan et al., 2012],
UGapEc [Gabillon et al., 2012], KL-LUCB [Kaufmann and Kalyanakrishnan, 2013], Exp-
Gap [Karnin et al., 2013], lil'UCB [Jamieson et al., 2014], etc). The first BAI algorithms were
introduced and studied under the assumption that the observation has bounded support, with
a known upper bound [Even-Dar et al., 2006, Kalyanakrishnan et al., 2012, Gabillon et al., 2012,
Jamieson et al., 2014]. The sample complexity bounds proved for these algorithms scale as the

sum of the squared inverse gap, i.e.

H(p) := 2A;112n + Z 2(pix — M)—Q with A := (up — i) and  Apy i= £r71£12r*1 A;. (1.12)
i
It satisfies H () < T*(v) < 2H () where T*(v) is the characteristic time for Gaussian distribu-
tions with unit variance [Garivier and Kaufmann, 2016]. The usual non-asymptotic guarantees
that are obtained are of the order of O (H (p) log(H (1)/6)) . Unfortunately, the O(-) notation
often hides the large and non-explicit constants, except for LUCB [Kalyanakrishnan et al., 2012]
which satisfies E, [75] < 292H () log(H (p)/6) + 16 .

1.5 Beyond the Fixed-confidence Setting

Even though the fixed-confidence setting (see Section 1.4) is theoretically appealing as it is
well understood, the budget is often limited. In the fixed-budget setting (see Section 1.5.1), the
maximal budget is assumed to be known beforehand. While both fixed-confidence and fixed-
budget settings have been studied extensively, they rarely coincide with concrete experimental

setups. For example, they do not cope with early stopping and continuation (see Section 1.3).
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Therefore, one should strive to go beyond those two major theoretical frameworks, and consider

a more practical one.

Regardless of the objective of the agent, a good identification strategy should ideally come
with guarantees on its current candidate answer that hold at any time. This is exactly the
promise of the anytime setting (see Section 1.5.2) which solves the limitation of both the
fixed-confidence and the fixed-budget settings. Such an anytime identification strategy is
broadcasting (or producing) a stream of “good” recommendations (i, )nen -

We highlight here that, if made available to others, this stream could be used in parallel by
several actors each one having a different objective. Some actors might have different budgets
{T}re[n) or error parameters {dy }rc[n] , other might want to answer a similar yet different
question or simply maximize their cumulative gains. Taking a step back, it is not uncommon
for an agent to internalize the sampling cost of an identification procedure, and then broadcast
its recommendations. For example, a non-profit (or governmental) organization will provide
recommendations (e.g. on health or education) to the population for “free” since the cost is
paid with a donation (or taxes). For private companies, recommendations (e.g. latest fine-tuned
parameters for a large language model) might be sold to customers or other companies in
exchange for a fee or a subscription. Sometimes those recommendations are given for “free”
since the customers are targeted to sell their data (e.g. queries to a large language model) or
become clients of subsidiary brands.

1.5.1 Fixed-budget Setting

In the fixed-budget setting, the agent is given abudget 7' € N. The stopping rule is deterministic
since we stop after having collected 7" samples, and the recommendation rule needs only to be
defined at time 7" . A fixed-budget identification strategy is judged based on its probability of
error P, (E77(T')) at time T', i.e. the probability that the candidate answer i7 at time 7" is not a
correct answer. A “good” fixed-budget algorithm should minimize P, (€5 (")) .

Algorithms whose Error Decays Exponentially

As in Section 1.4.3, we will restrict ourselves to vanilla BAI, hence £ (T') = {ir ¢ i*(n)} -
Moreover, we use the set Dy 1) of bounded distributions to fix the ideas. The algorithmic ideas
described below have been generalized to other settings.

Uniform sampling rule Before introducing fixed-budget algorithms that leverage the knowl-
edge of T, one can first understand the performance of the uniform sampling rule. It pulls

arms in a round-robin fashion and recommends the empirical best arm, i.e. %, € i*(u,,) . Using

22



1.5 Beyond the Fixed-confidence Setting

Hoeffding’s inequality, for alln € N,

Pulin 7 (0) £ Y Bulins 2 pnsr) < 3 e (22| 2] )
igti* (n) igti* (u)

< (K — [i*(w)]) exp (—M> ’

with A; = p, — p; is the gap of arm ¢ ¢ i*(u) and A; = Apin(p) for all i € *(u) where
Ampin(p) := mingg;«(,,) A; is the smallest strictly positive gap. Asymptotically, we obtain that

I - < =
im sup ~ - =
n—+oo — 108 P, (in & 1*(1)) Amin(p)?

This inequality gives an asymptotic upper bound on the rate of the exponential decay.

As for the fixed-confidence setting, we will see that better fixed-budget algorithms can be
designed. Note that the uniform algorithm is the canonical example of an anytime algorithm,
i.e. independent of any parameter ( § or 7' ) and has theoretical guarantees at any time.

Elimination based The most popular algorithmic approach to fixed-budget BAl is the elimination-
based one. It has a round-based structure, and it recommends the last active answer. An
algorithm is then defined by its number of rounds and, for each round, the number of active
answers and the fixed allocation to the arms. The two most famous instances are Successive
Reject (SR [Audibert et al., 2010]) and Sequential Halving (SH [Karnin et al., 2013]).

SR uses K — 1 phases. Let logK = 1/2 4 3¢k 1/i and ny, = [ﬁ} withng =0.
During phase k , it samples all the remaining arms n;, — n;_ times and rejects one answer, the

one with the worst empirical mean. Audibert et al. [2010] proves that

. . K(K —-1) T-K
Py (ir ¢ " (1)) < fexp <—W> )

where Ha (i) = maxj¢ g ZA(_kQ) where (k) denotes the index of the arm with the k" highest
mean. Therefore, a sequence of SR algorithms would have Hs(u)logK as an asymptotic upper
bound on their rate of exponential decay. Recently, Wang et al. [2024] provided an improved
asymptotic rate for SR by using the large deviation principle (asymptotic arguments). Interest-
ingly, they introduce and analyze the CR (continuous reject) algorithm which can adaptively

discard an arm at any time.

In contrast, SH only uses log, K phases since it rejects half of the remaining answers, the
ones with the worst empirical mean. During phase £ , it samples all the remaining arms in Ay,
a number {WJ of times. Note that SH drops the observations collected in the previous
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phases. Karnin et al. [2013] proves that

Ao T
Py (ir ¢ i* (1)) < 3logy(K) exp <_8H2(u)logQK) .
Therefore, a sequence of SH algorithms would have 8 H (1) log, K as an asymptotic upper
bound on their rate of exponential decay. In recent years, improvements have been made on the
analysis of SH, e.g. better rate [ Zhao et al., 2023] and allowing to keep past observations [ Kone
et al.,, 2024]. Both SR and SH have an asymptotic rate which is better than the one achieved by
uniform sampling in most instances.

Prior knowledge based Several fixed-budget BAI algorithms assume that the agent has access
to some prior knowledge on unknown quantities to design upper/lower confidence bounds
(UCB/LCB), e.g. UCB-E [Audibert et al., 2010] and UGapEb [Gabillon et al., 2012]. While

this assumption is often not realistic, it yields better guarantees. For example, UCB-E uses the

25 T—-K

36 HQ) I order to achieve

knowledge of H(u) to set its exploration parameter to a =

T-K
P,(2 7 (u §2TKexp<— ) )
where H(u) = 3 ;1) 24, 2 . Therefore, a sequence of UCB-E algorithms would have 18 H (1)
as an asymptotic upper bound on their rate of exponential decay. Compared to SR and SH, the
log K term has been shaved off. In Section 1.5.1, we will see that this dependency is necessary
without assuming prior knowledge.

Lower Bound on the Probability of Error

As for the fixed-confidence setting, it is interesting to understand what are the limits on the
probability of error. Since lower bounds are only defined for a given class of algorithms, we will
assume that the sequence of algorithms (2(7)ren is consistent, i.e. limy_, o P, (i7 ¢ i* (1)) =0
forall v € DX .

Let &r = £7(T) and x € Alt(v) . Using consistency, we know that P (1) =7 400 1. As
in Section 1.4.1, we can use the data-processing inequality to show that

Z EH[NTJ]KL(F&Z‘, Vi) Z kl(IP)H(gT), ]P)l,(gT)) Z —IP),Q((C/‘T) log IP),/(ET) — log2 s
1€[K]
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where we used that kl(z,y) > —zlogy — log 2 . By re-ordering, taking the limit on 7" and the

infimum on « , we obtain

-1
lim inf — - > inf limsu ————KL(k;, 4 .
T—+oo —log P, (ip & i* (1)) (meAlt(V) Tﬁﬂfigq T ( ))

While E.[N7]/T € Xk , it depends both on the alternative ~ and on the budget 7', hence we

cannot take the supremum over Y . Let w € X . Considering the class of algorithms which
have static proportion w asymptotically, i.e. limp_, 4 o E.[N7;]/T = w; for all x , we obtain
T

lim inf > Hes ith Hes 1=  inf KL(ki, v5)
Mminf P Gr g () = e (vw) with - Hean(v,w) Heﬁ@)ig{]w (i, 14)

Let us define Hesp(v) = min Hesp (v, w) . Therefore, the characteristic time for the best

weZ}(
static allocation for a given instance v seems to be Hes»(v) . The difference between Hes» (v)
and T*(v) lies in the fact that the arguments of the KL divergence are swapped, i.e. KL(k;, v;)

instead of KL(v;, ;) .

While the above lower bound is instance-dependent, other lower bounds have been derived
in the literature with a worst-case flavor. By worst-case lower bound, we mean that for any
sequence of algorithms (A7) 7cn, there exists an instance v (or a sequence of instances (v7)ren )
with mean £ such that the probability of error is asymptotically lower bounded by C'(x) > 0. For
example, Audibert et al. [2010] show that, for Bernoulli distributions with mean y € [p,1 — p]¥

. T p(1 —p)
lim inf - . >
T—+o0 —logmaxy,ce, Pyor (ir ¢ i*(poT)) 5

HQ(M) )

where & denotes the set of permutation over [K] and v denotes the bandit instance with
mean vector ;7 obtained after permuting the arms according to 0 € &y . Carpentier and
Locatelli [2016] show that, for Bernoulli distributions with mean y € [1/4,3/4]%,

T log K
Jv, liminf > %8

T—+00 —log]P’l,(@T ¢ i*(ﬂ)) — 800 H(H) '

Komiyama et al. [2022] conjectured that no strategy might perform uniformly well under all
bandit instances, and Degenne [2023] proved this conjecture by using similar techniques as
in Carpentier and Locatelli [2016].

1.5.2 Anytime Setting

In the anytime setting, no fixed parameter is given to the algorithm to define its performance
metric. Compared to the fixed-confidence and the fixed-budget setting where a single real
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value should be minimized, an infinity of real-valued metrics should be minimized. Instead of
controlling the error and minimizing the budget or controlling the budget and minimizing the

error, an anytime strategy is judged based on how “good” its candidate answer is at any time.

The main advantage of an anytime strategy lies in its versatility. Ideally, it should be possible
to use it without modification for fixed-confidence and fixed-budget identification, i.e. only the
stopping rule should depend on the error ¢ or the budget 7" . Therefore, when combined with
the corresponding stopping rule, an anytime strategy should be judged on its expected sample
complexity at any confidence level ¢ , i.e. {E,[75] | 6 € (0,1)} , and on its probabilities of error
at any deterministic® time n , i.e. {P, (&5 (n)) [ n € N}

Importantly, when combined with the /-dependent stopping rule, the algorithm should
still be d-correct. Since the anytime strategy is independent of § , it means that the stopping
rule should ensure J-correctness regardless of the sampling rule. This property is satisfied by

the GLR stopping rule, hence we will use it in the following.

Pareto front on the performance Since an anytime algorithm can be used in the fixed-
confidence and fixed-budget settings, the lower bounds of those settings also apply (see
Sections 1.4.1 and 1.5.1). As we will see on some specific pure exploration problems, it is
not possible to achieve the best performance in both settings. The impossibility of having a
“best-of-both” world algorithm opens an interesting research avenue that aims at understanding
the Pareto front of the performance. This would help understand what is the fundamental
trade-off between optimizing for the expected sample complexities or the probability of errors.
While the lower bound aspect of this open problem is beyond the scope of this thesis, Part I
presents elements of answer for the upper bound aspect both in e-BAI and GAL

Contribution 1.6. In Chapter 5, we prove anytime guarantees for the EB-TC. algorithm. This
algorithm simultaneously achieves near asymptotic optimality when combined with the GLR.
stopping rule, and has an anytime exponential decay of its probability of é-error (for any slack
€ > 0 ) which is theoretically comparable to the one of uniform sampling. In Chapter 6, we prove
anytime guarantees for the APGAI algorithm. When there are no good arms, APGAI simultaneously
achieve asymptotic optimality when combined with the GLR stopping rule, and has an anytime
upper bound on its probability of error exhibiting an exponential decay which is better than the
known upper bound on the exponential decay for uniform sampling. When there are good arms, the
theoretical guarantees are less satisfying, and experiments suggest that a better theoretical rate could

be achieved.

Jun and Nowak [2016] propose the anytime exploration setting, in which they control the
error probability I, (i, # i,) for exact best arm identification. Interestingly, the authors build

*In contrast to a random stopping time 75 , a deterministic stopping time n is independent of the history F, .
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on an algorithm for the fixed-confidence setting, LUCB [Kalyanakrishnan et al., 2012], whose
sampling rule depends on the risk parameter ¢ , which they replace by a sequence 6,, . However,
it has since been discovered that there is an error in their analysis.

Different Downstream Tasks

While an anytime algorithm can be straightforwardly used to tackle the same identification
problem in fixed-confidence and fixed-budget settings, the stream of recommendation and
the associated guarantees can also be leveraged for different downstream tasks. We refer the
reader to Chapter 5 for more details on the following practical examples.

For example, the observations collected by an e-BAI algorithm, as well as its recommended
answers, could be used to tackle &-BAI with & € {e;},en) - Given & # ¢, this information
can be leveraged in the fixed-confidence setting, i.e. {E,[7:5] | 0 € (0,1)} , or the fixed budget
setting, i.e. {P, (2, ¢ Zs(p)) | n € N} .

Introduced in Audibert et al. [2010], the expected simple regret is defined as E, [, — 3,] ,
and is independent of any parameter ¢ . Simple regret is typically studied in an anytime setting:
Bubeck et al. [2011] contains upper bounds on the simple regret at time n for any n € N* . Since
Ey[ps = p13,] = Jr, Pu(in ¢ Z-(1))d e, anytime guarantees on the expected simple regret can be
obtained for an algorithm with anytime guarantees on the uniform e-error probability [ Zhao
etal., 2023],i.e. {Py(in, & Zc(1)) | (n,e) e N xRy}

Finally, to minimize its cumulative regret, an agent could simply pull the recommended arm
in attime n . Attime 7', the regret of the induced policy would be defined as 3°,, (7 Ev [1x — 13, ]
. The idea of decoupling exploration and exploitation when minimizing the regret in the
multi-armed bandits literature was introduced by Avner et al. [2012]. Naturally, anytime
guarantees on the expected cumulative regret of the induced policy can be obtained when the

recommendations are associated with any time guarantees on the expected simple regret.

For other identification problems (e.g. GAI), it might be less clear how to define relevant
downstream tasks both in terms of related pure exploration problems or in terms of regret for
an induced policy. The specifics highly depend on the task tackled by the algorithm which
does the data collection and streams the recommendations.

Anytime Guarantees on Existing Algorithms

Before designing algorithms tailored to the anytime setting, one could attempt to leverage
existing fixed-budget and fixed-confidence algorithms, e.g. modify them and/or derive addi-
tional guarantees. For the sake of example, we restrict ourselves to vanilla BAI and bounded
distributions Dy y) in the following.
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Uniform sampling rule As we saw in Section 1.5.1, the uniform algorithm is the canonical
example of an anytime algorithm. When combined with the GLR or fixed-budget stopping
rule, it satisfies that

: E, |75 vk ! . n K
imsup 2 75 < (i 6% i i/ 10 and limsup — oo <
In addition to being minimax optimal for the probability of error [Bubeck et al., 2011], uniform
sampling is versatile and it has any time guarantees in both settings. However, in terms of
instance-dependent guarantees, uniform sampling is worse than existing fixed-confidence and
fixed-budget algorithms. As such it is often the default choice for an identification strategy
when the downstream objective is not clearly defined beforehand.

From fixed-budget to anytime algorithms The doubling trick [Jun and Nowak, 2016, Zhao
et al., 2023] allows the conversion of any fixed-budget algorithm into an anytime algorithm,
i.e. an algorithm that does not depend on a budget 7" fixed beforehand. It considers a sequence
of algorithms that are run with increasing budgets {7} }1rcn , and recommends the answer
outputted by the last instance. When considering 7j1 = 27}, for SR (resp. SH) and T} =
2K [log, K1 , it is possible to show that the rate of decays is only impacted by a multiplicative
factor 4 . When combined with the fixed-budget stopping rule, it satisfies that

n
lim sup = -
n—+oo log PV(ZH ¢ Z*(M))

< 4Hy(p)logK  (resp. 32Hz(u)logy K ) .

The major weakness of the doubling trick lies in the fact that it resets its history when it starts a
new algorithm, i.e. it drops observations from the runs with a smaller budget.

By using the doubling trick, we only provide one side of the guarantees that are desired for
an anytime algorithm. Namely, it does not an provide upper bound on the expected sample
complexity that this procedure entails. Using an analysis similar to the one we developed
in Azize et al. [2023], it is possible to define a d-correct stopping rule for this procedure. First,
the GLR stopping rule should only be evaluated when the current instance runs out of the
intermediate budget. Second, instead of considering the total allocation NV, , the allocation
collected by the current instance should be used in the GLR stopping rule since only those
observations are used to update the candidate answer. While the analysis of this procedure is
beyond the scope of this manuscript, we showed in Azize et al. [2023] that the price of doubling
and forgetting for the GLR stopping rule is also a multiplicative 4 factor. Intuitively, in the
asymptotic regime, the arms will be eliminated by decreasing the gap value, i.e. the arms with
the smallest true mean will be rejected before the others. For the SR algorithm, we conjecture
that

lim s ]Ez/[Té] <4 < . C(* . )> -1
im su min C'(¢7, 4 v, w ,
o Tog(1/8) = \ider SR
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where wgp () = (klogK) ! forallk > 1, and wgp 1) = (2logK)~* . A similar conjecture could
be made for the SH algorithm.

From fixed-confidence to anytime algorithms In Section 1.4.3, we presented three approaches
to design a fixed-confidence sampling rule which is independent of § . When combined with
the GLR stopping rule, they satisfy

. Ey [7s] .
e Togt1/a) < )

As above, this only provides one side of the desired guarantees, and we still need to upper
bound the probability of error at any time. Unfortunately, it is known that algorithms that
have optimal asymptotic guarantees in the fixed-confidence setting can be sub-optimal in terms
of error probability. Indeed Komiyama et al. [2022] prove in their Appendix C that for any
asymptotically optimal (exact) BAI algorithm, there exist instances in which the error probabil-
ity cannot decay exponentially with the horizon, which makes them worse than the (minimax
optimal) uniform sampling strategy [ Bubeck et al., 2011]. Their argument relies on the sparsity
of the optimal allocation also appears in BAI when considering the limit of A, — 0. Since
the optimal allocation is not asymptotically sparse in e-BAI, the story is different. This allowed
us to obtain good anytime guarantees for EB-TC. (see Chapter 5 for more details).

1.6 Outline of the Thesis

After this introductory Chapter 1, this thesis is organized into three parts corresponding to the
type of pure exploration problems that we studied. Figure 1.1 summarizes the outline of this
thesis in a diagram.

In Part I, we study the vanilla BAI problem in the fixed-confidence setting through the
lens of the Top Two approach and generalize it for multiple classes of distributions. While
our contributions are theoretical, they are driven by practical considerations: (1) the Top Two
algorithms are easy to understand (and implement) and most of them are computationally
efficient and (2) more general distributions can better approximate real-world distributions.

e In Chapter 2, we illustrate the Top Two approach with the set Dy, of Gaussian distribu-
tions with known variance o2 . We show how a Top Two algorithm is defined by four
choices (leader answer, challenger answer, targeted allocation, and mechanism to reach
it) and propose several instances. We present a unified asymptotic analysis of the Top
Two approach, which identifies desirable properties for each of those four choices. More-
over, we give the first non-asymptotic analysis of a Top Two algorithm, which identifies
sufficient properties of the leader (seen as a regret-minimization algorithm) for it to hold.
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Chapter 3 Chapter 2 Chapter 4
Dealing with ~ (------1 Gaussian with [ ------~ Beyond Parametric
Unknown Variances Known Variances Distributions
Chapter 6 Chapter 5
Good Epsilon Best
Arm Identification Arm Identification
Chapter 7 Chapter 8
Choosing the ¥ s Extending the
Furthest Answer Top Two Approach

Figure 1.1 — Outline of this thesis. Part I studies best arm identification in the fixed-confidence setting.
considers relaxed notions of arm identification in the anytime setting. Part III tackles transductive
linear bandits.

While different Top Two algorithms have similar empirical performance, they tend to
outperform other algorithms.

e In Chapter 3, we consider the set Dy of Gaussian distributions with unknown variance.
We introduce and analyze two approaches to deal with unknown variances, either by
plugging in the empirical variance or by adapting the transportation costs. To calibrate
our two stopping rules, we derive new time-uniform concentration inequalities, which are
of independent interest. Then, we illustrate the theoretical and empirical performances
of our two sampling rule wrappers on Track-and-Stop and on a Top Two algorithm.
Moreover, by quantifying the impact on the sample complexity of not knowing the
variances, we reveal that it is rather small.

o In Chapter 4, we tackle the set Dy 5 of bounded distributions with support in [0, B]
with B > 0. We extend the Top Two instances proposed in Chapter 2 for this class of
non-parametric distributions and show that the desirable properties are satisfied. We
illustrate the good empirical performance of those algorithms on the DSSAT real-world
data.

In Part II, our goal is to study the impact of having multiple correct answers and understand
if algorithms can have good anytime guarantees. Therefore, we consider two relaxed identifica-
tion problems in the anytime setting: e-BAI and GAL Likewise, our contributions are motivated
by practical considerations: (1) easier problems that better fit the goal of practitioners and (2)

“universal” algorithms that have good guarantees in different experimental setups.
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e In Chapter 5, we tackle e-BAI in the anytime setting. We propose EB-TC,, which is the
first instance of the Top Two algorithm analyzed for e-BAI. EB-TC. is an anytime sampling
rule that can therefore be employed without modification for fixed confidence or fixed
budget identification (without prior knowledge of the budget). We provide three types of
theoretical guarantees for EB-TC. . We prove bounds on its expected sample complexity
in the fixed confidence setting, notably showing its asymptotic optimality in combination
with an adaptive tuning of its exploration parameter. We complement these findings with
upper bounds on its probability of error at any time and for any error parameter, which
further yields upper bounds on its simple regret at any time. Finally, we show through
numerical simulations that EB-TC, performs favorably compared to existing algorithms,
in different settings.

e In Chapter 6, we study GAI in the anytime setting. We propose APGAI, an anytime and
parameter-free sampling rule for GAl in stochastic bandits, which can be straightforwardly
used in fixed-confidence and fixed-budget settings. Our upper bounds on its probability
of error at any time show that adaptive strategies are more efficient in detecting the absence
of good arms than uniform sampling. When APGAI is combined with a stopping rule,
we prove upper bounds on the expected sampling complexity, holding at any confidence
level. We illustrate the good empirical performance of APGAI on real-world data from
an outcome scoring problem, as well as on synthetic instances.

In Part III, we aim to understand the impact of the structure in pure exploration problems
which have multiple correct answers. To that end, we study e-BAI for transductive linear
bandits in the fixed-confidence setting. Similarly, our contributions are motivated by a practical
consideration: the linear assumption can be more realistic than the independence assumption
of the vanilla setting.

e In Chapter 7, we study the importance of the choice of the candidate answer for e-BAI in
transductive linear bandits. Using an instantaneous easiest-to-verify answer as a candidate
answer, we propose a simple procedure to adapt existing BAI algorithms for e-BAL
Leveraging it in the sampling rule as well, we propose a game-based algorithm (named
LeBAI) which is asymptotically optimal and has competitive empirical performance.

e In Chapter 8, we extend the Top Two approach to tackle structured bandits such as e-
BALI for transductive linear bandits. Among other Structured Top Two algorithms, we
propose the LeTT algorithm which recovers EB-TC. for vanilla BAI (see Chapter 5). We
highlight the challenges in the analysis of the expected sample complexity and perform an
empirical study showcasing the good empirical performance of LeTT. The contributions
in Chapter 8 are currently unpublished since most challenges are not solved yet.
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1.7 Publications

During my PhD thesis, I had the opportunity to conduct several research projects with different
collaborators, including my supervisors, other PhD students, and researchers. Based on those
projects, we published several papers which are detailed below.

Publications in international conferences with proceedings

o Choosing answers in e-best-answer identification for linear bandits, by Marc Jourdan and
Rémy Degenne. International Conference on Machine Learning (ICML), 2022. See Chapter 7.
[Jourdan and Degenne, 2022].

o Top two algorithms revisited, by Marc Jourdan, Rémy Degenne, Dorian Baudry, Rianne De
Heide, and Emilie Kaufmann. Advances in Neural Information Processing Systems (NeurIPS),
2022. See Chapters 2 and 4. [Jourdan et al., 2022].

o Dealing with unknown variances in best-arm identification, by Marc Jourdan, Rémy Degenne
and Emilie Kaufmann. International Conference on Algorithmic Learning Theory (ALT), 2023.
See Chapter 3. [Jourdan et al., 2023a].

e Non-asymptotic analysis of a ucb-based top two algorithm, by Marc Jourdan and Rémy De-
genne. Advances in Neural Information Processing Systems (NeurIPS), 2023. See Chapter 2.
[Jourdan and Degenne, 2023].

o An e-best-arm identification algorithm for fixed-confidence and beyond, by Marc Jourdan,
Rémy Degenne and Emilie Kaufmann. Advances in Neural Information Processing Systems
(NeurlIPS), 2023. See Chapters 2 and 5. [Jourdan et al., 2023b].

o On the complexity of differentially private best-arm identification with fixed confidence, by Achraf
Azize, Marc Jourdan, Aymen Al Marjani and Debabrota Basu. Advances in Neural In-
formation Processing Systems (NeurIPS), 2023. [ Azize et al., 2023]. We do not detail this
work in this thesis, as it involves the differential privacy framework. In a nutshell, we
formalize the global differentially private best-arm identification problem and design
a Top Two algorithm to solve it nearly optimally. Our algorithm ensures privacy by
considering private estimators which can be computed by using adaptive phases. When
there is no privacy constraint, our algorithm achieves asymptotic near-optimality (up to

a multiplicative 4 factor) with O(K log(T™(v)log(1/6)) rounds of adaptivity.

Preprints

o An anytime algorithm for good arm identification, by Marc Jourdan and Clémence Réda. See
Chapter 6. [Jourdan and Réda, 2023].
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o Differentially private best-arm identification, by Achraf Azize, Marc Jourdan, Aymen Al
Marjani, and Debabrota Basu. [Azize et al., 2024]. Journal extension of [Azize et al.,
2023], which we do not detail in this thesis. In a nutshell, we study the local differentially
private best-arm identification problem, with a lower bound and a near-matching upper
bound. Then, we propose an improved Top Two algorithm for global differentially private

BAI, which improves on our previous work.
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Chapter 2

A Pedagogical Example: Gaussian with
Known Variances

In Chapter 2, we study the vanilla BAI problem for Gaussian distributions with known
variance in the fixed-confidence setting, as described in Chapter 1. This chapter unifies results
that were published in Jourdan et al. [2022], Jourdan and Degenne [2023], Jourdan et al. [2023b].

A Top Two sampling rule for bandit identification is a method that selects the next arm to
sample from among two candidate arms, a leader and a challenger. Due to their simplicity and
good empirical performance, they have received increased attention in recent years. In this
chapter, we propose a generic definition of the Top Two approach that requires making four
choices (leader answer, challenger answer, targeted allocation, and mechanism to reach it) and
provide several instances for each choice. We present a unified asymptotic analysis of the Top
Two approach, which identifies desirable properties for each of those four choices. Moreover,
we give the first non-asymptotic analysis of a Top Two algorithm, which identifies sufficient
properties of the leader (seen as a regret-minimization algorithm) for it to hold. Empirically,
different Top Two algorithms have similar performance, and they tend to outperform other

algorithms.
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A Pedagogical Example: Gaussian with Known Variances

2.1 Introduction

Despite the restricted scope of its applications, studying the identification task for Gaussian
distributions is a natural first step. As we shall see, the insights gained will then be generalized
to wider classes of distributions.

We consider the set Dy, of Gaussian distributions with variance ¢ , and assume that o; = 1
for all i € [K] by scaling, hence DX = Df\([l . Let v € DX which is uniquely defined by its mean
vector y € RE such that the set of arms with largest mean i*(u1) := arg max;e g1 fi is reduced
to a singleton denoted by i* (or i*(11) by abusing notation), i.e. S = { € R¥ | |i*(u)| = 1} .

A fixed-confidence algorithm is defined by a sampling rule, a recommendation rule and
a stopping rule. At time n , we denote by i,, the candidate answer and by I,, the arm to pull.
The stopping rule (and stopping time 75 ) using a fixed confidence level 1 — ¢ € (0,1) should
ensure J-correctness, i.e. P, (15 < +00, i, # i*(u)) < § for all instances v € DX with mean
1 € S . As explained in Section 1.4.1, the §-correctness requirement leads to a lower bound on
the expected sample complexity on any instance.

Lemma 2.1 (Garivier and Kaufmann [2016]). An algorithm which is §-correct on all problems
in DK satisfies that, for all v € DX with mean y € S, B, [r5] > T*(v)log(1/(2.49)) , where
T*(v) = minge(o,1) Tj () and, for all g € (0,1),

(i — MJ)Q
(1/w; + 1/w;)

TE(V)*1 = weEI;r(l%u};:ﬂgléii? C(i*, j;v,w) with C(i,j;v,w) =1 (5 > pj) 5

When considering the sub-class of algorithms allocating a fraction j of their sample to
the best arm, we obtain a lower bound as in Lemma 2.1 with 7}(v) instead of 7*(v) . An
algorithm is said to be asymptotically optimal (resp. S-optimal) if its sample complexity
matches that lower bound asymptotically, that is if lim sups_, E, [75]/ log(1/0) < T*(v) (resp.
T;(v) ) forallv € DX with mean 1 € S . Russo [2016] showed the worst-case inequality
Ty /2(1/) < 2T*(v) for any single-parameter exponential family. Therefore, the expected sample
complexity of an asymptotically S-optimal algorithm with 8 = 1/2 is, at worst, twice higher
than that of any asymptotically optimal algorithm. Leveraging the symmetry of Gaussian
distributions with unit variance, a tighter worst-case inequality could be derived (see Lemma
C.6 in Jourdan and Degenne [2023]). The allocations w*(v) and wj(v) realizing 7*(v) and
Tj(v) are known to be unique, and satisfy min;e (g min{w*(v);, wj(v);} > 0. Barrier et al.
[2022] showed that 2 < w*(v);:' < /K — 1 4 1 (Proposition 10 in Barrier et al. [2022]). Let
H(p) := 2A;’1i2n + D iz 287 2 where A; = pj« — p1; and Apin = min;;+» A; , which satisfies
H(p) < T*(v) < 2H(p) [Garivier and Kaufmann, 2016].

38



2.1 Introduction

Contribution 2.1. In Chapter 2, we illustrate the Top Two approach with the set of Gaussian
distributions with unit variance.

o We propose a unified perspective on the class of Top Two algorithms that puts forward four
choices (leader answer, challenger answer, target allocation, and mechanism to reach it) and
propose several instances (Section 2.2).

o We present a unified asymptotic analysis of the Top Two approach (Section 2.3), which
identifies desirable properties on the choices of the leader and challenger answers to achieve
asymptotic ( -)optimality (Theorem 2.8).

o We give the first non-asymptotic analysis of a Top Two algorithm (Theorem 2.24), which
identifies sufficient properties of the leader (seen as a regret-minimization algorithm) for it to
hold (Section 2.4).

o While different Top Two algorithms have similar empirical performance, they tend to outperform
other algorithms (Section 2.5).

2.1.1 GLR Stopping Rule

For an arm i , we denote its number of pulls before time n by Ny ; = 3 c,—17 1 (I = @) and its
empirical mean by i, ; = > ycp—q) L (L = 1) X -

For the recommendation rule, we use %,, € i*(j,,) as candidate answer, i.e. the empirical
best (EB) arm. For the stopping rule, we use the GLR stopping rule (see Section 1.4.2 for more
details). For Gaussian distributions, the GLR can be written as min;;, W, (i,,7) , where the

empirical transportation cost between arm i and arm j is defined as

. . (fn,i — Mn,‘>2
Wa(i, §) = C(i, 5 vny Nn) = 1 (pni > ting) 5 N+ 1/jN 3 (2.1)
n, n,j

Given a threshold function ¢(n, §) , the GLR stopping rule is
75 = inf {n eN| n;ﬁip Wi (in,j) > c(n — 1,5)} . (2.2)
J7in

Lemma 4.2 gives a threshold ensuring that the GLR stopping rule is J-correct for all § € (0,1)
, independently of the sampling rule. Its proof relies on an elegant martingale construction
proposed by Kaufmann and Koolen [2021], and is detailed in Appendix B.1.
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Lemma 2.2. Let § € (0,1) . Given any sampling rule, using the threshold
c(n,d) = 2Cq(log((K —1)/6)/2) + 4log(4 + log(n/2)) (2.3)

with the stopping rule (2.2) yields a é-correct algorithm for Gaussian distributions with unit
variance and mean in S . The function Cq is defined in (B.1). It satisfies Cq(x) ~ x + log(x) .

2.1.2 The Greedy GLR-based Sampling Rule

Before presenting the Top Two approach for the sampling rule (see Section 2.2), we present
an intuitive sampling rule inspired by the GLR stopping rule. Since it is too greedy in practice,
we refer to it as the greedy GLR-based sampling rule. The Top Two approach is based on this

intuition.

Assume that we did not stop at time n , i.e. n < 75 . Then, we have a candidate (or
leader) answer defined as i, € i*(i,,) , and an alternative (or challenger) answer defined as
Jn € argmin;; Wi, (in, j) . Since the stopping condition has not been met yet, i.e. W, (i, jn) <
c(n — 1,6) , the collected observations do not provide enough evidence to reject the null
hypothesis that i, is worse than 7,, with probability at least 1 — ¢ .

Since the algorithm has not stopped, the sampling rule should define a next arm to pull
I, . An intuitive idea is to collect additional observation to verify that i, is better than j,
. Due to the lack of underlying structure and the fact that answers are armes, it is enough
to collect observations from an arm I,, € {i,,j,} . There are many ways to define which
arm to choose among both options, and it could be done randomly or deterministically (see
Section 2.2). For example, a data-independent choice could be to pull the leader half of the
time. A more sophisticated data-dependent choice could be to pull the leader a fraction of
the time that depends on how often this challenger was sampled compared to the leader,
i.e. Npj,/(Nni, + Nnjn) -

In regret minimization, the greedy sampling rule is also an intuitive sampling idea that
pulls the arm with the highest empirical mean. It known that the greedy algorithm can incur
linear regret since it is not able to recover from unlucky first draws. To circumvent this problem,
the two most well-known approaches are to use randomization or to apply the principle of
optimism in the face of uncertainty.

Due to similar reasons, this intuitive sampling rule based on the GLR stopping rule is also
too greedy. To see this, let us consider hard instances u = (0, —A, —A) where A > 0. Thereis a
non-negligible probability that the three observations collected during initialization are unlucky.
By unlucky first draws, we mean that the true best arm is believed to be significantly worse than
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2.2 Generic Top Two Sampling Rule

the two sub-optimal arms, i.e. X;1 < min{—A, X9, X33} . Then, we have 1 ¢ {i4, j4} hence
the algorithm will sample one of the two sub-optimal arms. Itis possible to repeat the arguments
since X1 < —A . There is a large probability that the additional collected observations will
ensure that 1, 1 = X1 < min{—A, pp 2, pin 3} and |pin 2 — pin 3| = 0. Therefore, the best arm
will never be sampled after initialization, i.e. 1 ¢ {i,, ,} for all n > 3. Both randomization
and optimism can be used to add implicit exploration, hence solving the limitations of the
GLR-based sampling rule (see Section 2.2).

2.2 Generic Top Two Sampling Rule

Numerous Top Two algorithms have been proposed in recent years. In this section, we propose
a unified perspective on this class of sampling rules which puts forward four choices to define
a Top Two algorithm: the leader answer (Section 2.2.1), the challenger answer (Section 2.2.2),
the target allocation (Section 2.2.3) and the mechanism to reach the target (Section 2.2.4). The
Top Two approach is summarized in Algorithm 2.1, and we will present several instances for
each choice (see Section 2.2.5 for a naming convention).

Input: Mechanisms to choose the leader answer LB the challenger answer £e,

[y

the target allocation £7" and how to reach the target £ .

N

Output: Next arm to sample 7, .

3 Get B, € [K] from LB . // Leader answer
1 Get C,, € [K]\ {B,} from L® ; // Challenger answer
5 Get 3,(By,Cy) € [0,1] from LT ; // Target allocation
6 Get I,, € {B,,C,} from Lh using By, (B, Cr) ; // Reaching the target

Algorithm 2.1: Generic Top Two sampling rule.

As initialization, we start by sampling each arm once. In the following, the conditioning on
the history ., is denoted by E.,, and IP.},, for the expectations and probabilities.

2.2.1 Leader Answer

Based on the intuitive GLR-based sampling rule, the only requirement for the leader answer
is to be a good estimator of the correct answer, i.e. an arm with the highest mean i*(p) . As
such, there are many ways to define it, both with a frequentist or a Bayesian approach, and we

summarize some of them in Table 2.1.

41



A Pedagogical Example: Gaussian with Known Variances

Table 2.1 — Choices for the leader answer: EB (Empirical Best) (LUCB in Kalyanakrishnan et al. [2012]
and EB-TC in Jourdan et al. [2022]), UCB (Upper Confidence Bound) (TTUCB in Jourdan and Degenne
[2023]), TS (Thompson Sampling) (TTTS in Russo [2016]), EI (Expected Improvement) (TTEI in Qin
etal. [2017]), PS (Probability Sampling) (TTPS in [Russo, 2016]). Let i, = max;c(k] fin,i -

Definition Approach  Computational requirements
BEB ¢ arg MAaX,e (K] Mn,i Frequentist None

BYCB ¢ arg max;c (x| Un,i Frequentist Efficient UCB indices

BES € arg max;c (g 0y, with 6, ~ 11, Bayesian Efficient sampler II,,

BE! ¢ arg maxX;e (k] B, ~11,n[(Oni — 1) ]  Bayesian Efficient approximation Eyy |,
BFS € arg maX;e (g Pg, ~11,1n (0 € *(0n)) Bayesian Efficient approximation Py, |,,

Frequentist approach With a frequentist perspective, one can consider the MLE (Maximum
Likelihood Estimator) that is our candidate answer i,, . The EB leader chooses the arm with
highest empirical mean [Kalyanakrishnan et al., 2012, Jourdan et al., 2022], i.e. BEB = 4,, €
arg max;c(gj fin,i - 1he EB leader is by far the least computationally demanding choice, and it is
agnostic to the underlying class of distributions.

As mentioned above, combining the EB leader with a greedy challenger (i.e. TC challenger
defined in Section 2.2.2) yields a sampling rule that is too greedy. Therefore, additional
exploration could be enforced (implicitly or explicitly) when defining the leader. The principle
of optimism in the face of uncertainty was designed to cope with this limitation. As a proxy for
the unknown means p , we consider UCB indices such that, with high probability, U, ; >
for all (n,7) € N x [K] . From a computational perspective, those indices should be efficient to
compute. For Gaussian distributions with unit variance, using a bonus functiong : N — R,

we obtain

Up,i = max {u ER | NpiKite(vpiyu) < g(n)} = ni +1/29(n)/Np , (2.4)

where the last equality uses that K (k, u) = (m(x) — max{m(k),u})?/2 for k € Dy, . Using
concentration inequalities, we can set g(n) = O(logn) . The UCB leader [Jourdan and Degenne,
2023] sets BYCB ¢ arg max;e (i) Un,i - By adding a bonus to the empirical mean, we are optimistic
since we consider that the means are better than suggested by our observations.

Many other frequentist approaches can be used to define the leader answer. For example,
we could build on the IMED (Indexed Minimum Empirical Divergence) algorithm [Honda
and Takemura, 2015], and define the IMED leader as

B;MED € arg min {leCi‘flf(yn’i, wr) + log Nn,i} = arg min {Nn’i(,u,n,i — ,u:l)2 + 2log Nn’i} ,
i€[K] i€[K]
(2.5)
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where ji;; = max;¢ (] fn,; is the largest mean, and the second equality holds for Gaussian
distributions with unit variance. The IMED leader is also efficient in computing.

Bayesian approach When adopting a Bayesian perspective, we need to have access to a
posterior distribution II,, based on the history F,, . For vanilla bandits, the posterior distribution
has a product form: II,, = Il,1 x ---II, x where I, ; leverages H,,; := (X1,4,..., XN, ..i) .
which is the history of samples from arm i before time n . The choice of the prior distribution
I1; ; is tightly connected to the underlying class of distributions, e.g. conjugate prior of the
likelihood function for an exponential family of distributions. For Gaussian distributions with
unit variance, using the improper prior Il ; = N (0, +00) yields I, ; = N (uni,1/Np;) as

posterior distribution of arm ¢ before time n .

The TS (Thompson Sampling) leader was introduced in Russo [2016]. It selects an arm with
the highest coordinate for a vector drawn from the posterior distribution, i.e. BIS € i*(6,,) where
0y, ~ II,, . The TS leader is a randomized choice, yet deterministic choices of the leader have also
been proposed with a Bayesian flavor. The EI (Expected Improvement) leader [Qin et al., 2017]
chooses an arm with the highest expectation (for the posterior) of improving upon the highest
empirical mean, i.e. BE' € arg maxX;e () g, 11, |n {(9,” — ) JJ . The PS (Probability Sampling)
leader [Russo, 2016] returns an arm that has the highest probability (for the posterior) of
having the highest mean, i.e. BYS € arg max;e (g Po,~11,|n (0 € 7*(6n)) -

From a computational perspective, the posterior distribution should be easy to sample from
(TS leader) or yield formulas that are efficient to compute after integration (EI and PS leader).
For Gaussian distributions with unit variance, it is efficient to sample from II,,, and we have
explicit formulas (except for the PS leader), e.g.

Bp ety [Oni — 113 ] = Nyt F (/N Gy = 1)) (26)

where f(z) = —2®(—x) + ¢(—z) ~ exp(—2?/2) , ® and ¢ are the cdf and pdf of N'(0, 1) .

Other Bayesian approaches, which have been considered for regret minimization, could
be used to define the leader answer. For example, we could build on the VBOS (Variational
Bayesian Optimistic Sampling) algorithm [O’Donoghue and Lattimore, 2021] that was intro-
duced for regret minimization, and define the VBOS leader as

BYBOS 1. with m, € argmax > w (,Un,z' +(27,,) "' (~ log wl)) ’ (27)
wWEX i i€[K] 7

where (@} ;)~! is the inverse of the convex conjugate of the empirical cumulant generating
function. Recall that the cumulant generating function of a distribution x € D is ®,,(\) =
log Ex~ exp({\, X —m(k))) and the convex conjugate of a function f is f*(y) = sup,{(z,y) —
f(z)} . While there are no explicit formulas for m,, , it is the solution of a concave maximization
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problem, which is computationally tractable so long as each ®,, ; is readily accessible (which is
the case for Gaussian distributions).

Regret minimization approach The terminology Top Two was first used to describe the TTTS
algorithm, which arose as an adaptation of Thompson sampling to best arm identification in
multi-armed bandit models [Russo, 2016]. In the above choices of leader answer, we recognize
other regret-minimization algorithms, e.g. UCB, EI, IMED, VBOS. Based on those remarks, we
can see that: the Top Two method can be used as a generic wrapper to convert any regret minimization
algorithm into a best arm identification strategy.

Let Alg be a regret minimization algorithm which is independent of the horizon n . The
Alg leader [Jourdan and Degenne, 2023] is defined as the sampling recommendation of Alg at
time n (i.e. given the history F,, ). While this allows us to design of many Top Two algorithms,
there are Top Two algorithms that do not fall into this category, e.g. PS and EB leaders.

2.2.2 Challenger Answer

Based on the intuitive GLR-based sampling rule, the challenger answer should be taken as
an alternative (or confusing) answer that challenges our belief that the leader is a correct
answer, i.e. an arm that might have a higher mean. There are many ways to define it, both with
a frequentist or a Bayesian approach, and we summarize some of them in Table 2.2. When
the aim is to design an asymptotically ( /-)optimal algorithm, the choice of the challenger
becomes quite restrictive. Since we know that there exists a unique (resp. 3-)optimal allocation
w*(v) (resp. wj(v) ), the challenger should be chosen to ensure convergence towards those
allocations, without computing them explicitly. While the leader should identify i* , the choice
of the challenger should optimally balance between all the remaining arms [K] \ {i*} .

Frequentist approach With a frequentist perspective, one can consider the most confusing
alternative answer compared to the leader answer. The TC challenger [Shang et al., 2020]
chooses the arm with minimal empirical transportation cost compared to the leader, i.e. CIC €
argmin, g Wy (Bn,1) .

As mentioned above, the TC challenger might be too greedy when no additional exploration
is enforced (implicitly or explicitly) in the choice of the leader. Similarly, as for frequentist
choices of leader, optimism can be used by adding a bonus to the empirical transportation
cost, i.e. our belief that the leader answer is the best arm will be larger than suggested by the
observations. There are several ways to define the bonus. To foster exploration implicitly, the
bonus should penalize arms that are sampled the most. Intuitively, the penalization should be
large enough to cope with the randomness of the empirical transportation cost (i.e. be upper

44



2.2 Generic Top Two Sampling Rule

Table 2.2 — Choices for the challenger answer given a leader B,,: TC (Transportation Cost) (T3C in Shang
et al. [2020]), TCI (TC Improved) (EB-TCI in Jourdan et al. [2022]), KKT (Karush-Kuhn-Tucker) (TS-
KKT(p) in You et al. [2023], RS (Re-Sampling) (TTTS in Russo [2016]), PPS (Posterior PS) (TS-PPS
in You et al. [2023]), EI (Expected Improvement) (TTEIL in Qin et al. [2017]), PS (Probability Sampling)
(TTPS in Russo [2016]).

Definition Approach  Computational requirements

CTC ¢ arg min, , g Wi (B, 1) Frequentist Efficient empirical TC

CTCT ¢ arg min, g AWn(Bn,1) +log Ny} Frequentist Efficient empirical TC

CXKT ¢ arg min, g {Wn(Bn,1) Frequentist Efficient empirical TC
—plog (1/Ny, B, + 1/Ny.i) /n} with p > 0

CR € arg max;e g bn,i Bayesian Highly efficient sampler II,,
with 6,, ~ II,, until B,, ¢ i*(6,)

CFPPS (Pn.i)ie(x] With p, B, = 0 and Bayesian Efficient approximation Py, |,,
Pnyi X Po, 11, jn (Oni > On.B,)

CEl ¢ arg max;zp, Eg, 11,n [(Oni — On,B,)+] Bayesian Efficient approximation Eyy, |,

CPS ¢ arg max; g Py, i1, |n(i € *(0n)) Bayesian Efficient approximation Py, ,

confidence bound), yet not too large to prevent the choice of the challenger answer from
being close to the uniform one. Using concentration inequalities, we can show that, with high
probability,

Walid) = [Clisgin V)| = O(iogm).

hence it is natural to use a logarithmic penalization. Based on those considerations and in-
spired by the IMED algorithm, the TCI challenger [Jourdan et al., 2022] chooses CI! ¢
argmin, ;g {Wy(By, i) +log Ny ;} . A slightly different choice was made by You et al. [2023]
with the KKT challenger, i.e. CX*T € argmin, g {Wy(Bn,i) — £1log (1/Npp, +1/Npj)} -

While the Top Two terminology was introduced in Russo [2016], the first sampling rule to
have a Top Two structure is the greedy sampling strategy in LUCB1 [Kalyanakrishnan et al.,
2012], which selects the EB leader and the UCB challenger, i.e. CV<P € arg min, . p Un; . Then,
it samples them both. Instead of using the GLR stopping rule, LUCB1 stops when the LCB
(lower confidence bound) of the leader exceeds the UCB of the challenger.

Bayesian approach Using a Bayesian perspective, one can re-sample vectors from the posterior
distribution until the leader is not among the arms with the highest mean, i.e. we are sampling
with rejection. The RS challenger [Russo, 2016] is based on this resampling strategy, i.e. CX> €
arg maxX;e g1 On,i with 60,, ~ I1,, until B,, ¢ i*(6,,) . Given that II,, concentrates towards the Dirac
in {u} , it will become computationally expensive to sample until B,, ¢ i*(6,,) when B,, = i*
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(since the probability of this event converges towards zero). Therefore, the sampler should be
highly efficient for the RS challenger to be tractable for large time n .

Other choices of challenger have been proposed with a Bayesian flavor. The EI chal-
lenger [Qin et al., 2017] chooses an arm with the highest expectation (for the posterior) of
improving upon the leader answer, i.e. CE! € arg max;zp, Eg, 11, jn [(Oni — On,B,)+] - Given
the posterior distribution defined in Section 2.2.1, we have

n,Bn, n,i

where f(z) = —2®(—z) + ¢(—2) ~ exp(—2?/2) , ® and ¢ are the cdf and pdf of the stan-
dard normal distribution. The PS challenger [Russo, 2016] returns an arm that has the high-
est probability (for the posterior) of having the highest mean (excluding B, ), i.e. Ct° €
argmax,p Py, 1, n(i € i*(6y)) . The PPS challenger [You et al., 2023] samples an arm pro-
portionally to the probability (for the posterior) that its mean exceeds the one of the leader,
i.e. BEPS ~ (pni)ieix) With png, = 0and pri o< Py, i1, jn (Oni > On,B,,) -

Similarly, we could define other Bayesian challenger answers. For example, a VBOS chal-
lenger could ne defined as CVBOS (Tni)ieix] With Tp g, = 0and T, ; = mpi/(1 — T B,)
where 7, is the VBOS policy [O’'Donoghue and Lattimore, 2021 ] defined as in (2.7).

Why will the allocation be balanced optimally ? Assume that the leader answer identifies
the best arm, i.e. B, = * for n large enough. Given the posterior distribution defined in
Section 2.2.1, we can approximately show that, for n large enough,

Vi 7& i*a PGnNHHM(i S Z*(en) \ {Z*}) = ]P)GnNHnm(i € Z*(en)) ~ ]P)anﬂnm (en,l > Hn,i*) .

A crucial step in the analysis of Bayesian approach for the challenger is to control the prob-
ability that the drawn vector is such that i* is believed to be worse than another arm i ,
ie. Py, 11,n (On,i > Oyix) . Therefore, we need both concentration results (i.e. upper bounds)
and anti-concentration results (i.e. lower bounds), the former being often easier to derive than
the latter. Qin et al. [2017] showed that Py, 11,5 (0n,i > Onix) = exp(—W,,(i*, 7)) for Gaussian
distributions with unit variance. Directly using (2.8), we see that Eg, i1, n [(0n,i — On,ix)+] =
exp(—Wy(i*,7)) . Asymptotically, this implies that the Bayesian approach for the challenger
will coincide with the TC challenger.

Similarly, all the frequentist challengers proposed above are approximately equivalent to
the TC challenger, except for the UCB challenger that is an asymptotically sub-optimal choice.
Therefore, it is enough to understand why the TC challenger balances optimally between the
remaining arms [K] \ {i*} .

46



2.2 Generic Top Two Sampling Rule

Let us assume that there is sufficient exploration to ensure that 1, =~ p for n is large enough.
Let w, = N,,/(n — 1) € ¥k be the empirical proportions. Then, we have

Whp(i*,i) = (n — 1)C(i*,i,v,w,) hence C, € ar%émin C>i*, i, v, wy) .
ki
At this point, we need to make an assumption as regards the choice I,, € {i*,C,,}, i.e. the target
allocation over arms that will be discussed in Section 2.2.3. For the sake of exposure, we discuss
the fixed design of sampling the leader a fixed fraction 3 € (0, 1) of the time, hence wj, ;« ~ 3 .
Asymptotically, the empirical proportions will reach the S-equilibrium, i.e. w;, ~ wj(v) , which
is the unique allocation w € X i with w;» = 8 such that

Vi i, C(*i,v,w) =T;w)".

To see that, we can suppose towards contradiction that there exists ¢ > 0 and ¢ # *, such
that w,; > wg(u)i + ¢ . Then, there exists j ¢ {i,7*} such that w,; < w;(u)i — ¢, and we
can show that C(i*, 4, v, wy,) > C(*, j, v, wy,) by using the monotonicity of transportation costs
as a function of their allocation. Intuitively, an arm that overshoots its S-optimal allocation
will cease to be sampled until it gets close enough to it. By formalizing this intuition, we can
show that the empirical allocation converges towards the -optimal allocation. Therefore, by
going back to the GLR stopping rule, we have 75 < Tj5(v) log(1/d) which yields asymptotic
p-optimality (see Section 1.4.2).

To reach asymptotic optimality, we should ensure that the best arm is sampled with the
optimal proportion, i.e. wy, + ~ f* = w*(v);= . This was one of the main open problems for Top
Two algorithms until it was solved recently by You et al. [2023] (see Section 2.2.3).

2.2.3 Target Allocation Over Arms

To define the target allocation over arms, we leverage the fact that there is no underlying
structure and that answers are arms, hence it is enough to collect observations from an arm
I, € {B,, C,}. Conditioned on the leader/challenger pair (B,,, Cy,) , defining a target allocation
over those two arms is equivalent to defining a target for the leader B,, , which we will denote
by 5,.(Bn,Cy) € [0,1] . A running average of those targets represents the fraction of time the
leader B, should be pulled when selecting (B,,, Cy,) as the leader/challenger pair.

Fixed design approach While they are doomed to be sub-optimal, choosing the target alloca-
tion according to a fixed design arose out of convenience until a provably better choice was dis-
covered. The first approach is to fix the target allocation to a given proportion 5 € (0, 1) [Russo,
2016], i.e. B, (B, Cy) = B for all n . While this design will be at most asymptotically S-optimal

47



A Pedagogical Example: Gaussian with Known Variances

(i.e. reaching T7(v) ), it enjoys good empirical performance on most instances for the moderate
value of § . Theoretically, the fixed design is near optimal and, for 5 = 1/2, it is at most twice
worse than the asymptotic optimal algorithm, i.e. T’ /2(1/) < 2T*(v) . LUCB1 [Kalyanakrishnan
et al., 2012] pulls both arms, which approximately corresponds to taking 5 = 1/2.

While considering a fixed 3 has some benefits, it has the main weakness of being agnostic to
the considered challenger. To cope with this limitation while constraining the design, another
natural choice is to pull the least sampled arm, i.e. 5,(B,,Cy,) = 1(N,.B, < Ny,.c,) . For
Gaussian with unit variance, this is equivalent to the best challenger heuristic policy (e.g. BC
[Garivier and Kaufmann, 2016, Ménard, 2019]) that selects the arm with the largest gradient
of the empirical transportation cost. It is also equivalent to taking the arm which, if sampled,
increases the empirical transportation cost the most would the estimator 1,, be unchanged
(e.. greedy choice in LinGapE [Xu et al., 2018]), i.e.

0C(By,, Cp;vp, N,
argmin Ny, ; = argmax C(Bp, Cp; vn, Ny + 1;) = arg max (B, Cni v, No) )
i€{Bn,Cn} i€[K] i€lK] Ow;

where 1; = (1 (j = 7)) ¢[x] and ties are broken arbitrarily at random. Asymptotically, the BC-TE
algorithm [Lee et al., 2023] is equivalent to using the TS leader and the TC challenger with
this rule, even though it is not a Top Two algorithm per se. Lee et al. [2023] shows that BC-TE
achieves another notion of asymptotic near-optimality, which is problem-dependent instead of
being problem-independent as 3-optimality. It involves a characteristic time 7'(v) defined as

Tw) ! = sup 11171,5111*1 C(i*,i;v,w) , (2.9)
"(2
weZKvwl*_;'(_uz(2>:

where (2) is the second best arm and + is the best ratio between the best arm and the second
best arm to distinguish them, i.e.
OC(i*, (2);v, (1 =Nlix +71z))  0C(E*, (2);v, (1 — )1 +71(g)

= . 21
awi* aw(z) ( 0)

For Gaussian distribution with unit variance, it simplifies to v = 1/2.

Even though fixed designs reach asymptotic near-optimality, finding the optimal design for
the target allocation was an active area of research.

Optimal design IDS You et al. [2023] propose the IDS (Information Directed Selection)
choice for the target allocation, defined as ,,(B,,, Cy,) with 3, (4, j) = 1/2 when p,, ; < i, j and

otherwise OC (i, jvn,No)
(g = i G N iRy (Vs i (v, M) (211)
’ W (i, 7) Wi, 5) ’
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where we used Lemma 2.3 for the second equality with w; j(v,, N,,) is a minimizer realizing
W, (4, j) defined therein. The proof of Lemma 2.3 is detailed in Appendix B.2.

Lemma 2.3. Let u; j(v,w) € argmin,cp{wK; ;(vi,u) + w;jK:(v;,u)} be a minimizer of
C(i,j;v,w) forall i # j. Then, forall j # i*,

oC (1%, j; v, w)

8wi*

oC (1%, js v, w)

oy Kt (v, us (v, w)) . (2.12)

= Kine(vir, ugr i (v, w)) - and

For Gaussian with unit variance, we have
Bn(,J) = Nnj/(Nni+ Npj) if  pini > pn; and  pp(i,j) =1/2 otherwise. (2.13)

Crucially, the IDS proportions are independent of the empirical means for Gaussian with

known variance.

The IDS proportions are obtained by simplifying the dual formulation of the optimization
problem T*(v)~! = maxyex, min;z;+ C(i*,4; v, w) which can be seen as the following convex

optimization problem

T*(v)~1 :max{¢| > wi=1,Vi€[K], w; >0, Vi#i*, ¢—C*,i;v,w0) go} . (214)

1€[K]

Lemma 2.4 gives a necessary and sufficient condition for optimality in (2.14), which
features a dual allocation vector v € Yg_; . Intuitively, the dual variable 7; should be
thought of as the conditional probability of selecting arm i as challenger given that the
leader is i* . Moreover, 3(i*,i; v, w) represents the conditional probability of pulling arm
i given that the leader/challenger pair of answers is (i*,4) . Therefore, it is intuitive to take
Bn(i,j) = B(1*,4;vn, Ny) . The proof of Lemma 2.4 is detailed in Appendix B.3, and it was
known in the literature (e.g. Proposition 4 in Qin and You [2023]).

Lemma 2.4. A feasible solution (¢, w) is optimal for (2.14) if and only if = T*(v)~* and there
exists a dual variable v € Y _y such that, v;(¢ — C(i*,i; v, w)) = 0 for all i # i* , and

Siie B v,w) ifi= it . w;: 2]
w; = ,  where B(i*,i;v,w) = —————.
v (1 — B(i*,i;v,w))  otherwise C(i*,i;v,w)
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Optimal design BOLD In the fixed-budget setting, Chen and Ryzhov [2023] proposed the
BOLD (Balancing Optimal Large Deviations) choice for the target allocation. Adapted to the
fixed-confidence setting (by swapping the arguments in the KL), BOLD selects

K, (vn, N,
In=B, if 3 mi(an’UBnﬂ(yn, ) >1 and [,=C, otherwise, (2.15)
i#Bp, Kinf(yi’ uBn,’i(Vna Nn))

where u; j(v, w) is defined in Lemma 2.3. For Gaussian distributions with unit variance, the
BOLD choice can be written as

I, =B, if NTQL’BH < Z Nii, and I, =C, otherwise, (2.16)
i#Bn

which coincides with the approach proposed in Shin et al. [2018] for the fixed-budget setting.

Lemma 2.5 gives a necessary and sufficient condition for optimality in (2.14). While it still
features the information balance from Lemma 2.4, it introduces the concept of overall balance
between arms. Since the L.h.s. of the overall balance is a decreasing function of w;« , it is intuitive
to sample the leader when the empirical version of the L.h.s. is larger than 1 . The proof of
Lemma 2.5 is detailed in Appendix B.4, and it was known in the literature (e.g. Proposition 3
in Qin and You [2023]).

Lemma 2.5. An allocation w is optimal for T*(v) =1 if and only if it satisfies

Information balance: Vi # %, C(>i*,i;v,w) = T*(v) !,

Z Ki:lf(yi* 5 ui*,i(yy U}))

Overall balance:
i ’Cfﬁf(”uui*,i(’/,w})

=1,

where wix (v, w) is defined in Lemma 2.3.

Recall that the dual variable +; in Lemma 2.4 represents the conditional probability of

selecting arm ¢ as challenger given that the leader is i* . The proof of Lemma 2.4 implies that it
OC (i* ji;v,w)
Ow; :

k3

is inversely proportional to

Compared to IDS, BOLD is independent of the challenger answer. Compared to IDS, BOLD
is a binary decision (i.e. 8, (B, Cy) € {0,1} ). This makes the proof of sufficient exploration
harder (see Section 2.3.3), and the generalization to linear bandits less clear (see Section 8.2.1
of Chapter 8).

Recently, Bandyopadhyay et al. [2024] show that combining the leader/challenger pair
EB-TC (or EB-TCI) with the optimal design BOLD yields an asymptotically optimal BAI al-
gorithm for any one-parameter exponential family of distributions Dey;, . Their algorithms
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(AT2 and IAT2) rely on an additional polynomial forced exploration step. Compared to other
lower bound-based algorithms (see Section 1.4.3), the Top Two approach is amenable to anal-
ysis without a forced exploration step since it ensures sufficient exploration provided some
properties hold on the leader, the challenger and the target (see Section 2.3.3). We conjecture
that the BOLD target also satisfies such a property. When studying the Top Two approach
(without forced exploration) for one-parameter exponential family [Jourdan et al., 2022], an
assumption on the tail distributions (e.g. sub-exponential distributions) is needed to prove
sufficient exploration.

2.2.4 Mechanism to Reach the Target Allocation

Equipped with a target 3, (B, Cy) € [0,1] for the leader, we need a mechanism to reach this
target. When £,,(B,,C,) € {0,1} , one can simply sample the corresponding arm. When
Bn(Bn,Cr) € (0,1) , one needs to convert a proportion 3, (B, C,) € (0,1) into a decision to
pull either I,, = B,, or I,, = C,, .

Randomized approach Historically, the TTTS algorithm used randomization to make this
choice. Namely, it will set I,, = B,, with probability 3, (B, Cy) , and set I, = C,, otherwise,
e, Pl = i | (BuyC) = (i,)) = Bulis ) and Piu(Ly = 5 | (BasCa) = (1,3)) = 1= Bulis ) -
Therefore, we have

IP)\n(ln = Z) = Zﬁn(%ﬂ)lp\n((Bn; Cn) = (Zvj)> + Z(l - /Bn(j7z)>P\n((Bn; Cn) - (.77 Z)) : (217)
J#i J#i

Tracking approach Inspired by the success of C-Tracking [Garivier and Kaufmann, 2016]
for Track-and-Stop, in Jourdan and Degenne [2023] we replace this randomization step with a
tracking step. Given that the target allocation is defined as conditioned on the leader/challenger
pair, we use K (K — 1) independent tracking procedures, i.e. one per pair (i, ) € [K]? such that
i # j . As we will see, the tracking procedure is relevant mostly when the leader/challenger
pair is deterministic. We do not study tracking for randomized leader/challenger choices.

All the following notations use the event that the leader/challenger pair is (i, j) , which is ob-
tained by a deterministic mechanism (e.g. EB-TCI). Let T,,(4, j) := >ycf—1) 1 (B, Ct) = (i, §))
be the number of times it occurs, the averaged target allocation of the leader be 3,,(i, j) :=
T (i, §) " Xtepo1) L ((Br, Cr) = (i,5)) Be(4, §) and N}, ; = Yyepuo 1 (B, Cr) = (4,5), It = )

be the number of pulls of arm j when ¢ is the leader. Then,
I, =0C, if Nfgﬂ < (1= Bus1(Bn,C)Tpi1(Bp, Cy), and I, =B, otherwise. (2.18)

Using Theorem 6 in Degenne et al. [2020b] for each tracking procedure yields Lemma 2.6.
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Lemma 2.6. Using the K(K — 1) tracking procedures as in (2.18), we obtain that —1/2 <
Ni = (1= Bn(i,)Tn(i,§) < 1foralln > K ,alli € [K] ,all j #i.

In Jourdan et al. [2023b], we proposed the tracking procedure in (2.18) to cope for an adap-
tive target which depends on { B,,, C,,} . When the target is agnostic to the leader/challenger
pair, i.e. B (B, Cy) = [, it is sufficient to define K tracking procedure, i.e. one per possible
leader. In Jourdan and Degenne [2023], we set

I, =B, if Nf%n <g Z Twi1(Bn,i), and I, =C, otherwise. (2.19)
1#Bnp,

Similarly, using Theorem 6 in Degenne et al. [2020b ], we obtain Lemma 2.7.

Lemma 2.7. Using the K tracking procedures as in (2.19), we obtain that —1/2 < N ; —
B3 i Tnli,j) < 1foralln > K andalli € [K] .

Deterministic or randomized Among the four choices to define a Top Two sampling rule,
the mechanism to reach the target allocation has the least impact by far. Empirically, we
observe very little difference when using one over the other. Except for a fully deterministic
Top Two algorithm, I,, is a random variable due to the randomness in B,, , C;,, or the random
selection between both. It is direct to show that N,, ; — E[N,, ;] is a martingale with mean 0 and
sub-Gaussian increments. Therefore, with high probability, we have | N,, — E[N,,]|| . = O(y/n).

Using a fully deterministic Top Two sampling rule over a randomized one is motivated
by practical and theoretical reasons. First, the practitioner might be only willing to use a
deterministic algorithm. While this holds for some specific applications, this is not the case
in clinical trials. Second, in the analysis, it is easier to control deterministic counts since it
removes the need for martingale arguments to cope with the randomness of the algorithm
itself (i.e. random counts). Therefore, it simplifies the non-asymptotic analysis.

2.2.5 Naming Convention

Since a Top Two algorithm is defined by four choices and each one has several possibilities, there
is a combinatorial number of possible instances. To ease the understanding, we propose to use
{leader}-{challenger}-{target} as naming convention, which extends the ones from Jourdan
etal. [2022] and You et al. [2023]. Importantly, the fourth choice is not mentioned since it is a
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direct consequence of the three previous choices. Namely, we use randomization when either
the leader or the challenger is randomized. Otherwise, we use the tracking (2.19) for fixed
design (3, and the tracking (2.18) for optimal design IDS. To refer to a pair of leader/challenger
answers (regardless of the target considered), we use {leader}-{challenger} as the naming

convention.

To familiarize the reader with this naming convention, we detail some examples. The
greedy GLR-based sampling rule from Section 2.1.2 refers to EB-TC. As regards the Top Two
algorithms which were introduced with a different naming convention, we explicit mention
their names in this convention: LUCB [Kalyanakrishnan et al., 2012] is (almost) EB-UCB-1/2,
TTTS [Russo, 2016] is TS-RS-/3, TTPS [Russo, 2016] is PS-PS-3, TTEI [Qin et al., 2017] is EI-EI-3
, T3C [Shang et al., 2020] is TS-TC- , TTUCB [Jourdan and Degenne, 2023] is UCB-TC-/3 , AT2
(resp. IAT2) [Bandyopadhyay et al., 2024 ] is EB-TC-BOLD (resp. EB-TCI-BOLD) with forced

exploration.

2.2.6 A Simple, Interpretable and Generalizable Approach

There are many reasons behind the success of the Top Two algorithms. For statisticians, the Top
Two algorithms are appealing since they simultaneously have good theoretical guarantees and
empirical performance. Throughout this thesis, we will illustrate those two characteristics with
theorems and experiments. For practitioners, the Top Two algorithms are attractive since they
are simple, interpretable, generalizable, and versatile. While the versatility of this approach will
be made clear in Section 5.4 of Chapter 5, we can already motivate the first three characteristics.

Simple The Top Two approach (see Algorithm 2.1) is defined by four choices having a simple
intuition. While the leader answer aims at identifying i* , the challenger answer attempts to
confuse the belief of the agent that the leader is i* . The target corresponds to the fraction of
samples we want to allocate to the leader answer. Then, we need a mechanism to convert this
targeted proportion into an actual arm to pull among the leader and challenger.

As a direct consequence of its simplicity, the Top Two approach is also easy to implement
(four functions to code). The computational (and memory) cost of Top Two approach depends
on the choices of the leader answer (see Table 2.1) and the challenger answer (see Table 2.2).
We will not delve into the pros and cons of each choice. Importantly, the EB-TC algorithm
has no additional computational cost since the EB leader is the recommendation rule, and the
TC challenger is already computed by the GLR stopping rule. However, Bayesian approaches
require either an efficient sampler (TS leader, RS challenger when highly efficient) or explicit

formulas (EI leader and EI challenger).
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Interpretable Since we can grasp the role of each of those choices, the sampling strategy
enforced by a Top Two approach is interpretable. While additional samples are always collected
to gather more information, the status of the next arm to be pulled is clear with the Top Two
approach. It is believed to be a good arm when sampling the leader and a sub-optimal arm
when sampling the challenger.

In domains fraught with ethical implications such as phase III of clinical trials, it is possible
to enforce some constraints on the sampling strategy a priori. For example, a Top Two approach
with fixed design /5 will attempt to cure a fraction § of the volunteers. Therefore, the target 5
could be chosen by an ethical board a priori.

Generalizable When describing the possible instances for each choice (leader, challenger,
and target), we used a generic notation that is amenable to changes in the goals and assump-
tions with limited modifications. For example, the empirical transportation costs are easily
modified when considering BAI for Gaussian with unknown variance (Chapter 3) or bounded
distributions (Chapter 4). Similarly, it is direct to adapt the Top Two approach to tackle e-BAI
(Chapter 5). Finally, the Structured Top Two generalizes the Top Two approach for structured
settings (e.g. linear bandits).

2.3 Asymptotic Sample Complexity Upper Bound

In BAI for Gaussian distributions with known variance, Theorem 2.8 shows the asymptotic
( B-)optimality of many Top Two sampling rules when combined with the GLR stopping
rule. We present a unified asymptotic analysis of the Top Two approach, which identifies
desirable properties on the choices of the leader and challenger answers to achieve asymptotic
( B-)optimality. The proof is detailed in the rest of this section.

Theorem 2.8. Let (3,6) € (0,1)2. Combined with the GLR stopping rule (2.2) using the
threshold (2.3), the Top Two sampling rule (Algorithm 2.1) using (i) any leader in Table 2.1,
(it) any challenger in Table 2.2, (iii) the fixed design (3 or the optimal design IDS (2.11), and
(iv) randomization (or tracking for a deterministic leader /challenger pair, see Section 2.2.4) yields

an algorithm which is §-correct and satisfies that, for all v € DX with mean p € RX such that
Amin (1) := ming; | — pj >0,

[IDS] lim sup E,[7s] <T*(v) and [fixed 8] limsup E, {73

PP Tog(1/6) D Tog(1/6) < 10
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Distinct means Restricting to instances such that Ay, (1) > 0 (which implies |i*(u)| = 1) is
an uncommon assumption in BAL. However, prior Top Two algorithms [Russo, 2016, Qin et al.,
2017, Shang et al., 2020] have been analyzed on those instances. Our generic analysis reveals
that it is solely used to prove sufficient exploration (see Section 2.3.3). Experiments suggest
that the greedy EB-TC is the only Top Two algorithm that has poor empirical performance
when Ay (1) = 0 and |i*(u)| = 1. For e-BAI with € > 0 (see Chapter 5), the EB-TC. will not
suffer from this issue thanks to the implicit exploration of the TC. challenger. As mentioned in
Section 2.1.2, the greediness of EB-TC in BAI can be alleviated by considering randomization or
optimism that fosters implicit exploration. In the asymptotic analysis, we will not formalize
this concept explicitly with sufficient property on the leader or the challenger. However, for
the non-asymptotic analysis of the UCB-TC-/3 algorithm (see Section 2.4), the UCB leader has
the property of identifying the best arm except for logarithmic number of rounds with high
probability (Lemma 2.27).

Beyond Gaussian distributions Theorem 2.8 can be readily adapted for Gaussian with known
homogeneous (non-unit) variance o2 > 0 . Moreover, it also holds for o-sub-Gaussian random
variables thanks to direct adaptations of concentration results. However, it is ( 5-)optimal in a
distribution sense only for Gaussian distributions.

While it is an open problem to analyze IDS for more general distributions than Gaussian with
known variance, our analysis of the fixed design 3 can be generalized. In Jourdan et al. [2022],
we show the asymptotic S-optimality of deterministic Top Two algorithms for one-parameter
exponential family of sub-exponential distributions, as well as the one of randomized Top Two
algorithms for Bernoulli distributions. In Chapter 3, we prove the asymptotic S-optimality
of deterministic Top Two algorithms for Gaussian distributions with unknown variance. In
Chapter 4, we show the asymptotic S-optimality of deterministic and randomized Top Two
algorithms for bounded distributions.

Proof outline After restating known regularities on the characteristic times (Section 2.3.1),
the asymptotic analysis is split into three parts. In Section 2.3.2, we derive a sufficient condition
on any sampling rule to obtain the desired asymptotic upper bound when combined with the
GLR stopping rule. In Section 2.3.3, we highlight how the Top Two sampling rules are exploring
the arms sufficiently. In Section 2.3.4, we show how the Top Two sampling rules are balancing
the empirical allocation to ensure its convergence towards the ( 3-)optimal allocation. In each
step of the analysis, we focus on the analysis of IDS, then highlight how to cope for a fixed
design 8 with tracking as in (2.19). The asymptotic analysis follows the unified analysis of
Jourdan et al. [2022], which was inspired by Qin et al. [2017] and Shang et al. [2020], then
extended by Jourdan and Degenne [2023] for tracking and by You et al. [2023] for IDS.
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The randomness comes from the observations and, potentially, the use of randomization
in the leader, challenger, or the mechanism to reach the target. Lemma 2.9 is a standard
concentration result of the empirical mean for sub-Gaussian observations, which has been used
for the asymptotic analysis of Top Two algorithms (e.g. Lemma 3 in Qin et al. [2017], Lemma 5
in Shang et al. [2020], Lemmas 5 and 14 in Jourdan et al. [2022]) hence we omit its proof.

Lemma 2.9. There exists two independent sub-Gaussian random variables W,, and W such that
almost surely, for all i € [K] and all n such that N, ; > 1,

log(e + Np;)

o and || No — E[Na]loo < Wicy/(n + 1) log(e +n) .

|,Ufn,i — pi| < Wy

In particular, any random variable that is polynomial in (W, W) has a finite expectation.

2.3.1 Characteristic Times

Lemma 2.10 restates some fundamental results on the characteristic time and the optimal
allocation, which were shown by Russo [2016] for any one-parameter exponential family.

Lemma 2.10 ([Russo, 2016]). If i*(p) is a singleton and 3 € (0, 1) , then w*(v) and wi(v) are
singletons, i.e. the optimal allocations are unique, and w*(v); > 0 and wj(v); > 0 forall i € [K].

Tl*/z(y) < 2T*(v) and with * = w} (v) , ;‘28 < max {%, %} . Moreover, for all i # i*,

T*(v)~! = C6*, i v, w*(v)) and Tg(y)_1 = C(i, i v,wi(v)) . (2.20)

The functions (k,w) — C(i,j;k,w) and k — *(m(k)) are continuous. The function k —
C(i,j; k, 1 i) is continuous with strictly positive value for (i, j) such that m(x); > m(x); . The
function w — C(3*,4; k, w) is increasing.

Let v € DX with mean p € R such that i*(u) = {i*} . Let 8 € (0,1) . Let w* and wj be
the unique optimal allocation and $-optimal allocation, i.e. w*(v) = {w*} and wj(v) = {wj}
where w*(v) and wj(v) are the maximizer of T*(v)~! and 13 (v)~! defined in Lemma 2.1.

The property (2.20) is a necessary condition for optimality, it means that there is equality
of the transportation cost at the equilibrium, hence is referred to as the information balance [ You
et al., 2023]. Another necessary condition for optimality is the overall balance, which means

that the allocations are balancing the contribution of each arm to the transportation cost,
: ’Ci_nf(yi*vu(i*vjvl’)w*))
Bl D it Tk (i i)
Gaussian distribution with known variance, the overall balance has a convenient expression,

= 1 where u(i*, j, v, w*) is the minimizer of C(i*,; v, w*) . For

which does not depend explicitly on v, i.e. (w})? = Dizir (WF )2,
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2.3 Asymptotic Sample Complexity Upper Bound

2.3.2 Asymptotic ( 5-)Optimality

The first step of the asymptotic analysis is to show that the convergence towards the ( 5-)optimal
allocation is a sufficient condition to obtain asymptotic ( 8-)optimality when using the GLR
stopping rule (Lemma 2.11), as discussed in Section 1.4.2.

Convergence time Lety > 0and w € X . Let us define the convergence time T, (w) , which
is a random variable quantifies the number of samples required for the empirical ratios of
allocation (Nyi/Nn,i+); ;. to stay y-close to (w;/wi+); ;. forever, ie.

Np i wj

T, (w) := inf {T >1|VYn>T, n;éax
1FL*

< fy} . (2.21)

ng* Wi

Proven in Appendix B.5, Lemma 2.11 also holds for a broader class of thresholds (see the
asymptotically tight threshold defined therein), whose (n, §) dependencies is sufficient to ensure
asymptotic ( 3-)optimality.

Lemma 2.11. Assume that the sampling rule satisfies that there exists -y, > 0 such that: for all
v € (0,%], B[ (w*)] < 400 (resp. B, [T, (wp)] < +oo ) with T, (w) as in (2.21). Using the
threshold c(n, 6) as in (2.3) in the GLR stopping rule (2.2), this sampling rule yields an algorithm
such that, for all v € DX with mean p € RX such that |i*(u)| = 1,

lim sup Evlrs] <T*(v) (resp. T5(v) ) .

50 log(1/9)

Using Lemma 2.11, the proof of Theorem 2.8 for the optimal design IDS (resp. fixed design
$ ) boils down to showing that E, [T, (w*)] < 400 (resp. E, [T, (w})] < +00 ). In Section 2.3.3,
we will show sufficient exploration for all the arms, e.g. min;e(x) Nni > /n/K for n large
enough. In Section 2.3.4, we will prove that the expectation of the convergence time is finite.

2.3.3 Sufficient Exploration

In this section, we identify properties on the leader (Property 2.14) and the challenger (Prop-
erty 2.15) under which the Top Two algorithm ensures sufficient exploration (Lemma 2.16)

dNps.t. E,[Ng] < 400, ¥n > Ny, min N, ; > /n/K and argmaxpu,; = {i*}. (2.22)
i€[K] i€lK]
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Effective leader and challenger For an algorithm to alleviate the under-sampling of some
arms, it should have a strictly positive probability of sampling them. In the Top Two algorithms,
the choice of the arm to pull I, is defined by the leader B,, and the challenger C,, . When
there is randomization, it is not trivial to manipulate B,, and C,, . Therefore, we define the
effective leader answer B,, and the effective challenger answer C,, as the answers maximizing the
respective probability of being selected, i.e.

B, € argmaxP,(B, =i) and C, € argmaxP,(C,, = i|B, = B,,), (2.23)
i€[K] i£Bn

where CA'n is defined conditioned on the effective leader En . We assume that ties are broken
uniformly at random. Note that they are fully determined by the mechanisms to choose the
leader and the challenger. When the choices of the leader/challenger pair are deterministic
ones, we have (En, (7“) = (B,,C,) foralln.

Target allocation A good target allocation should ensure that the allocations are balanced
between arms. Lemma 2.12 states that the target allocation of the least sampled arm in the
effective leader/challenger pair is strictly positive.

Lemma 2.12. There exists Bmin > 0 such that, foralln > K , ,Bn(En, @n) > Bmin ian 5 =
Nn G o and 1 — Bn(ﬁn, én) > Bmin Otherwise.

Proof. 1t is direct for fixed design 5 € (0, 1) by taking fmin = min{f,1 — §} and for optimal
design IDS by taking fmin = 1/2 respectively. [ |

While Lemma 2.12 holds for fixed design /5 and optimal design IDS, it seems difficult to
prove it for the optimal design BOLD as defined in (2.16). When both the leader and the
challenger are deterministic, we have (Bn, CA}',L) = (By,Cy) . Since N, g, < N, ¢, implies that
NZp, < Yizp, N7, the leader will be sampled if it is the least sampled arm among those
two. However, the condition N, g, > NN, ¢, does not necessarily imply that the challenger
will be sampled with a strictly positive probability. For a randomized leader or challenger, the
situation is even more intricate. We conjecture that the optimal design BOLD satisfies another
type of property to obtain sufficient exploration. As it does not fit perfectly in our unified
analysis, we leave this question for future work. In Bandyopadhyay et al. [2024 ], the forced
exploration step removes the need to show that the optimal design BOLD ensures sufficient

exploration.
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2.3 Asymptotic Sample Complexity Upper Bound

Proof strategy Given Lemma 2.12, sufficient exploration can be proven if we show that either
B,, or C,, is among the under-sampled arms if some still exist. Before formalizing the properties
required by the leader and challenger pair to ensure sufficient exploration, we introduce the
relevant notation.

Given an arbitrary threshold L € R* , we define the sampled enough set and its arms with

the highest mean (when not empty) as

Sk.={ic|[K]|Ny;>L} and I} :=argmaxy;, (2.24)

ieSk
where T is a set with potentially multiple values. At time n, SX can only be non-empty for
L < n, hence it depends explicitly on n . Assumption 2.13 ensures that 7 is unique. As
mentioned above, this distinct means assumption will only be used for the proof of sufficient

exploration, and it could be lifted with a more detailed analysis leveraging additional properties
on the leader/challenger pair (e.g. as for UCB-TC-/3) or in e-BAI (thanks to the TC, challenger).

Assumption 2.13. All the arms have distinct means, i.e. Ayin (1) := min;z; [p; — pj| > 0.

To prove sufficient exploration, we aim at finding a time N; with E,[N;] < 400 and a
threshold L(n) such that SEm — [K] forn > Ny ,ie L(n) = /n/K in (2.22). We proceed by
contradiction. The idea is to show that if some arms are still highly under-sampled, then either
B, or C,, will be mildly under-sampled. Since they have a strictly positive probability of being
sampled (Lemma B.3), this will yield a contradiction by the pigeonhole principle. We define
the highly and the mildly under-sampled sets

UL .= {ie[K]|Nyi<VL} and VI :={ie|K]|N,;<L*%}. (2.25)

The choice of L and L3/ is arbitrary, and we could take L' and L*? with0 < oy < ap < 1.

Leader answer A good leader should first identify the best arm among the arms that are
sampled enough (Property 2.14). Property 2.14 states that if B, is sampled enough, then B,
is an arm with highest mean among the sampled enough arms. In Section 2.3.5, we show
Property 2.14 for the EB leader and explain why it also holds for other choices of leader answer
as in Table 2.1.

Property 2.14. There exists Lo with E,[(Ly)®] < 400 for all « > 0 such that if L > Lg , for all n
such that SE # 0, B, € S implies B, € T .
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Challenger answer Given a good leader, a good challenger should enforce exploration on the
arms that are not sampled enough yet when the leader does not do it already (Property 2.15).
Property 2.15 states that if some arms are still highly under-sampled, i.e. UL # (), then having
sampled B,, enough implies that C,, is mildly under-sampled or has highest true mean among
the sampled enough arms. In Section 2.3.5, we show Property 2.15 for the TC challenger and
explain why it also holds for other choices of challenger answer as in Table 2.2.

Property 2.15. Let B, be an effective leader satisfying Property 2.14 and C,, the associated effective
challenger. Let J = arg max, 7z M - There exists Ly with E,[L1] < +oo such that if L > Ly,

for all n such that UX 0, B, ¢ VX implies C,, € VL' U (j,fj \ {En}) .

Lemma 2.16 shows (2.22), i.e. all arms are sufficiently explored for n large enough.

Lemma 2.16. Suppose that Assumption 2.13 holds. Using randomization (or tracking for a
deterministic leader /challenger, see Section 2.2.4), a Top Two algorithm with leader and challenger
satisfying Properties 2.14 and 2.15 is such that there exists Ny with E,[No| < 400 such that, for

all n > No , mine(r) Nn,i > /n/K and arg max;c() pn,i = {i*} .

The proof of Lemma 2.16 is detailed in Appendix B.6, and the intuition is sketched below.

Proof. Suppose towards contradiction that there are still arms that are sampled less than
v/n/K . Combining Properties 2.14 and 2.15, we obtain that either the effective leader or the
effective challenger is still an undersampled arm. Using Lemma 2.12, we know that there is a
strictly positive probability of sampling the least pulled arm among those two arms. Therefore,
after a long enough time, this undersampled arm will be sampled enough. Repeating this
argument, it is possible to show that all arms are sampled enough, otherwise we will have a

contradiction. [

2.34 Convergence Towards the ( -)Optimal Allocation

In this section, we identify properties on the leader (Property 2.17) and the challenger (Prop-
erty 2.20) under which we prove that the Top Two algorithm ensures that the convergence time
has finite expectation (Lemma 2.21), i.e.

I, >0, Vy € (0,7], Eu[T(w")] < +oo  (resp. E [T, (wj)] < +00), (2.26)

with T, (w) as in (2.21). In the following, we suppose that (2.22) holds, i.e. all arms are suffi-
ciently explored for n large enough. While Lemma 2.16 shows it under certain conditions, we
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“forget” them to highlight specific properties and show that Assumption 2.13 is not needed
once we have sufficient exploration. Since there is a unique best arm * , (2.22) implies that
arg maxieSW wi = {i*} for alln > Ny, with SL asin (2.24) and Ny as in (2.22).

Leader answer A good leader should simply identify the best arm :* . Property 2.17 states
that the probability that the leader is not the unique best arm vanishes. In Section 2.3.5, we
show Property 2.17 for the EB leader and explain why it also holds for other choices of leader
answer as in Table 2.1.

Property 2.17. Suppose that (2.22) holds. Let g1 be a function s.t. 3=;c 1,17 91(t) =400 O(nl=o)
with aq > 0. There exists N1 with E,[N] < 400 such that, for alln > Ny, IP|n(Bn #1*) <

g1(n).

Target allocation A good target allocation should ensure that the allocations are ( 5-)optimally
balanced between arms. For the optimal design IDS, it means that the overall balance equation
is approximately satisfied by the empirical allocation.

Lemma 2.18. Suppose that (2.22) holds. Assume that the leader satisfies Property 2.17. Let v > 0
. There exists Ny with E, [Na] < +o00 such that, for alln > Ny,

1
(n—1)?

[IDS]

2 2
Npy =Y Nij

gt

<~ and [fixed3] |Npi+/(n—1)—p8<7.

For fixed design 3 € (0,1) , it is straightforward to see that Lemma 2.18 holds both when
using randomization (or tracking for a deterministic leader/challenger). For the optimal
design IDS defined in (2.13), we can also show that Lemma 2.12 holds when using tracking
or randomization. Intuitively, the property is satisfied if the increments are small enough for
their summation to be small enough. Using informally the differential d notation, we have
dNpi+ = Bp(i*,Cy) and AN, ; = 1 (j = Cy) (1 — Bn(i*,Cy)) . Therefore, we obtain

d (Ng -y Nij) = 2N, i+ B (i*, Cn) — 2Np.c, (1 — Bu(i*,Cp)) =0,
JFi*

where the last equality holds since 3, (i*,j) = Ny j/(Nnix + Npj) @S fingr > MaXjsix fin; -
Summing those small increments will yield the result. The proof of Lemma 2.18 is detailed
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in Appendix B.7 for randomization (or tracking for a deterministic leader/challenger, see
Section 2.2.4).

The optimal design BOLD in (2.16) is precisely defined to ensure that [N2 . — >, ;. N ||
remains small. Therefore, it is straightforward to show that the property of IDS in Lemma 2.18
also holds for BOLD. The convergence towards the optimal allocation when using BOLD has
been shown in Bandyopadhyay et al. [2024]. In addition to holding for any one-parameter
exponential family of distributions, their analysis greatly differs from the one presented in
this thesis. The asymptotic path followed by the algorithm is described by a series of ordinary
differential equations satisfied by limiting fluid dynamics of the allocations.

Lemma 2.19 is a corollary of Lemma 2.18: the best arm is sampled linearly, and the empirical
reweighted overall balance equation is approximately satisfied when using the optimal design
IDS. The proof of Lemma 2.19 is detailed in Appendix B.8.

Lemma 2.19. Suppose that (2.22) holds. Let v > 0. Using optimal design IDS, there exists Ny
with E,[Ny] < +oo such that for all n > Ny, (4y/2(K —1))7! < Npio/(n — 1) < 3/4 and
1 - Ei;éi* (Nn,i/Nn,i*)Q | <7.

Challenger answer Given a good leader, a good challenger should balance each sub-optimal
arm with the ( 5-)optimal allocation. In other words, when the ratio of their empirical propor-
tions exceeds the ratio of their ( 3-)optimal allocation, this arm should have a small probability
of being sampled again (Property 2.20). In Section 2.3.5, we show Property 2.20 for the TC
challenger and explain why it also holds for other choices of challenger answer as in Table 2.2.

Property 2.20. Suppose that (2.22) holds. Assume that the leader satisfies Property 2.17. Let
v € (0,70] where g > 0 is a problem dependent constant. Let g3 be a function s.t. such that
tefn—1] 93(t) =+o0 o(n'=%3) with ag > 0. There exists N3 with E,[N3] < +oo such that, for
alln > Nz andall i # 7~
Np,i wi/wi. [IDS] . .
>y =  Pp(Chn=i|B,=1i")<gs(n). (227)
wp,/wp . [fixed 5]

Lemma 2.21 shows (2.26), i.e. the convergence time have a finite expectation.
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Lemma 2.21. Suppose that (2.22) holds. Using randomization (or tracking for a deterministic
leader /challenger, see Section 2.2.4), a Top Two algorithm with leader and challenger satisfying
Properties 2.17 and 2.20 is such that there exists ~,, > 0 such that, for all v € (0,7, ],

[IDS] E, [T, (w*)] < +oo and [fixed 3] E, [T (wj)] < +oo.

The proof of Lemma 2.21 is detailed in Appendix B.9, and the intuition is sketched below.

Proof. Using Property 2.17, we know that the leader will be i* . Using Property 2.20, we also
know that an arm ¢ # ¢* will not be chosen as challenger if the ratio of the empirical allocation
Ny,i/Ny i+ exceeds the ratio of the (resp. 3-)optimal allocation (by some constant). Since it
is not a challenger anymore, it will not be sampled, hence the empirical ratio will decrease
again. Leveraging Lemma 2.18, the allocation of the arms i # * will balance themselves (
-)optimally for n large enough. Therefore, the convergence time has finite expectation. W

Suppose that Assumption 2.13 holds, combining Lemmas 2.11, 2.16 and 2.21, we obtain
Theorem 2.8 for a Top Two algorithm with leader satisfying Properties 2.14 and 2.17 and
challenger satisfying Properties 2.15 and 2.20.

2.3.5 A Pedagogical Example: EB-TC

In the unified analysis presented above, the proofs were only done for two choices of the target
allocation, i.e. fixed 8 and optimal design IDS, as well as the randomized and the tracking
approach (for deterministic leader/challenger pair) to reach the target. When studying a
specific Top Two algorithms, it remains to show that the leader satisfies Properties 2.14 and 2.17
and that the challenger satisfies Properties 2.15 and 2.20. For the sake of space, we will not
detail the analysis of each possible choice of the leader and challenger as detailed in Tables 2.1
and 2.2. We present the proof for the EB leader and the TC challenger and refer to Appendix D
in Jourdan et al. [2022] for more details on the other choices.

EB leader answer Using concentration arguments (Lemma 2.9), it is straightforward to show
that the EB leader answer will be the arm with the highest true mean among arms that are
sampled enough (i.e. Property 2.14 holds). Provided that (2.22) holds, the EB leader answer
will be i* , hence P,,(B,, # i*) = 0 (i.e. Property 2.17 holds). Both proofs are detailed in
Appendix B.12.
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Other leader answers Given the formulas of the UCB leader in (2.4) and the EI leader
in (2.6), it is straightforward to show that Properties 2.14 and 2.17 also hold for those leader
answers. For randomized leaders, the effective TS leader answer matches the effective PS leader,
hence the proof is the same, i.e. arg max; IP’M(BES = 1) = argmax; Py 11,1, (i € i*(0,)) =
arg max; ]P’|n(BTI;S =1). Leti # j, then PGnNHnm(i € i*(6)) < ]P)Qnrvl'[n\n(en,i > en,j) . For

Gaussian distributions, we need to use the following concentration result (e.g. Qin etal. [2017])
Po, 11, n(Oni = Onj) < exp(=Wy(i,5))/2 when  pn; > pin- (2.28)

This allows us to conclude that Properties 2.14 and 2.17 hold for the TS and PS leader answers.

TC challenger answer The proof of Property 2.15 relies on comparing the growth of the em-
pirical transportation costs. Given two arms (4, j) which are sampled enough and satisfies that
i > 15 , the empirical transportation cost is strictly positive and increases linearly (Lemma 2.22
proved in Appendix B.10).

Lemma 2.22. Let SE and T} as in (2.24). There exists Ly with E,[(L4)®] < +oo for all a > 0
such that, for all L > L4 and all n with SL A0, Wa(i,j) > LC, forall (i,j) € I} x (Sﬁ \I;) ,
where C,, > 0 is a problem dependent constant.

Given two arms (4, j) such that only arm i is sampled enough, the empirical transportation
cost is linearly upper bounded (Lemma 2.23 proved in Appendix B.11).

Lemma 2.23. Let SE as in (2.24). There exists Ly with E,[(L5)*] < +oco for all a > 0 such
that for all L > Ls and alln € N, Wy,(i,7) < L(D, + DOW#)Qfor all (i,7) € Sk x ST%, where
D, > 0 (resp. Doy > 0 )is a problem (resp. in)dependent constant and W, as in Lemma 2.9.

Combining Lemmas 2.22 and 2.23, it is direct to see that all the empirical transportation costs
between two sampled enough arms will exceed any empirical transportation costs between a
sampled enough leader and an undersampled challenger. Therefore, using Property 2.14, the TC
challenger answer will be undersampled when the leader is sampled enough (i.e. Property 2.14
holds).

To prove Property 2.20, we will compare empirical transportation costs more precisely. We
only sketch the proof of the optimal design IDS (similar proof for fixed design /5 ). Let i be
an arm such that N, ; /N, i« > v + w} /w}. . Using Lemma 2.18, there exists an arm j ¢ {i*, i}
such that N, j/Np i+ < w}/wy. . Using that w — C(i*,4; k, w) is increasing and the equality at
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equilibrium (Lemma 2.10), we obtain that

>1.

" 2
Wh (Z*, Z) > Hni* — Hng Hgx — Hj 1+ U);l /w: ~ 1+ w;* /w;k
Wia(i*,5) =\ Wi — i Hngir — png ) 1+ (Wi /wi +7) 71 notoo 1+ (wf/wi + )71

Since W, (i*,i) > W, (i*,j) , we conclude that C,, # i (i.e. Property 2.20 holds).

Both proofs are detailed in Appendix B.13.

Other challenger answers Given the formulas of the TCI challenger, the KKT challenger, and
the EI challenger in (2.8), it is straightforward to show that Properties 2.15 and 2.20 also hold for
those challenger answers. For randomized leaders, the effective RS challenger answer matches
the effective PS leader, hence the proof is the same, i.e. arg max, 4B, IP’|n(C’fS =i|B,=B,) =
argmax, g Po,, 11, n (i € i*(0n)) = arg max, 5 P, (CF% =i| B, = B,) . While the effective
PPS challenger can be different, the proof is also similar. The proof of Property 2.15 relies
on (2.28), and on a coarse anti-concentration result, i.e. Py, |, (Jn € i*(601)) > Py, n(0n,7, >
uy,) /25! for a well chosen u,, and J,, . The proof of Property 2.20 relies on (2.28), and on a
tight anti-concentration result, i.e. Py, 11, n(0n,i > Onix) £ exp(=Wy (1)) .

24 Non-asymptotic Sample Complexity Upper Bound

While the literature provides a detailed understanding of the asymptotic regime, many interest-
ing questions are unanswered in the non-asymptotic regime. Recent works [Chen et al., 2017c,
Simchowitz et al., 2017, Mason et al., 2020, Marjani et al., 2022 ] have shown that the sample
complexity is affected by large moderate confidence terms (independent of ¢ , see Section 1.4.1
in Chapter 1 for more details). The asymptotic analysis presented above applies to EB-TC
algorithm whose empirical stopping times are orders of magnitude larger than its competitors
for 6 = 0.01 . Since the proof of asymptotic optimality hides design flaws, non-asymptotic
guarantees should be derived to understand which Top Two algorithms will perform well in
practice for any reasonable choice of J (not necessarily close to 0 ). We tackle this problem in
this section.

The UCB-TC-{ algorithm (see Algorithm 2.2) is a specific instance of Algorithm 2.1 which
uses the GLR stopping rule and combines the UCB leader, the TC challenger, the fixed 3
target and K tracking procedures as in (2.19) to reach it. In Jourdan and Degenne [2023], we
proposed TTUCB that is the first fully deterministic Top Two algorithm. Adopting the naming
convention from Section 2.2.5, TTUCB is exactly UCB-TC-5.

In Section 2.3, the guarantees hold only for arms having distinct means. Moreover, an
asymptotic result provides no guarantees on the performance in a moderate regime of § . We
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-

Input: (3,0) € (0,1)?, threshold ¢ : N x (0,1) — RT and function g : N — R .
Pull once each arm i € [K] ;forn > K do
3 Set i,, € arg maX;e(x) Un,i // Candidate answer

4 | Ifmin;g, \/% > /2¢(n —1,0) thenreturni,, ; // GLR stopping

5 Set By, € arg max¢g] {Mn,i + w/g(n)/Nm} ; // Leader

N

6 Set Cp, € argmin, p, \/(1“/’;\713713;’1"11/);% ; // Challenger
7 Set I,, = B, if Nf%n < BLp+1,B, ,otherwise I,, = C, ; // Tracking
8 Pull I, , observe X, 1, and update (y,,, Ny,) ;

9 end for

Algorithm 2.2: UCB-TC-3 (or TTUCB) algorithm.

address those two limitations. We prove a non-asymptotic upper bound on the expected sample
complexity holding for any instance having a unique best arm.

Bonus for the UCB leader For notational simplicity, we denote by L,,; = > ot T,(i,7) the
number of times arm ¢ was the leader. Let & > 1 and s > 1 be two concentration parameters.
The choice of g(n) in the UCB leader should ensure that we have an upper confidence bound
on y; holding with high probability: with probability 1 — Kn~*, for all t € [n'/® n] and
all arms ¢ € [K], pi € [ £ 1/9(t)/Ny;i] . For Gaussian distribution with unit variance,
a function g that is sufficient for our proof can be obtained by a union bound over time,
giving g,(n) = 2a(1 + s) log n . We can improve on g, with mixtures of martingales, yielding
gm(n) = W_1 (2salog(n) + 2log(2 + alogn) + 2) with W_;(z) = —W_y(—e %) forallz > 1,
where W_ is the negative branch of the Lambert W function, and W_;(z) ~ = + log(z) (see
Appendix A). A UCB leader with go(n) = 0 recovers the Empirical Best (EB) leader. Choosing
g is central for empirical performance and non-asymptotic guarantees but not for asymptotic
ones. Lower g yields better empirical performance since larger g are more conservative. In our

experiments with o = s = 1.2, we use g,, since g,,(n) < g,(n) for n > 50 .

Non-asymptotic upper bound Theorem 2.24 gives an upper bound on the expected sample
complexity holding for any § and any instance having a unique best arm. The proof of Theo-
rem 2.24 is sketched in Section 2.4.1, and we refer the reader to Appendix D in Jourdan and
Degenne [2023] for more details.

Theorem 2.24. Let § € (0,1) . Using the threshold c(n, ) as in (2.3) in the GLR stopping
rule (2.2) and g, with s = o = 1.2, the UCB-TC-1/2 algorithm satisfies that, for all v € DX with
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mean pi € RE such that |i*(u)| =1,

E, [rs] < max {T2(8, wo), Cp2, Ce(wo)®, (2/) 2} + 12K ,

inf
(wo,g)€[0,(K—1)—1]x(0,1]

where C,, = hy (26H (1)), Ce(wp) = 2/(eay (wo)) +1,
.6, wn) = sup {n | 1 — 1 < 20,(0)(1 + (1 = wo) ™)y fe(n = 1,6) + vATogm)? }

with a,(wo) = (1 — wo)% () max{min, ;- (,) wy (V)i wo/2} and dy(wo) = [{z # *(p) |
w} (V)i < wo/2}| . The function hy(z) := aW _4 (log(m) -+ %) is positive, increasing for
x > 2+ 2K , and satisfies hy(z) ~ z(logx + loglogz) .

The UCB-TC-1/2 sampling rule using g, satisfies a similar upper bound. Since Theorem 2.24
holds for any instance having a unique best arm, this corroborates the intuition that assuming

min,; | — pj| > 01s an artifact of the existing proof to obtain asymptotic S-optimality.

The upper bound on E, [75] involves several terms. The §-dependent term is 7. (9, wp) . In the
asymptotic regime, we can show that lim sup;s_, 76(6,0)/log(1/9) < 217 ), (v),ie. taking wy = 0
and letting € go to zero. While there is (sub-optimal) factor 2 in 7(6,0) , Section 2.3 shows
that UCB-TC-1/2 is asymptotically 1/2-optimal. This factor is a price we paid to obtain more
explicit non-asymptotic terms, and removing it would require more sophisticated arguments
to control the convergence of the empirical proportions N, /(n — 1) towards w7 /2(V) .

In the regime where H (1) — +00 , the upper bound is dominated by the J-independent
term C}-? (when a = 1.2 ) with satisfies C;, = O(H (p)log H(1)) . Compared to the best-
known upper and lower bounds in this regime (see discussion below), our non-asymptotic
term has a sub-optimal scaling in O((H (u) log H(p))®) with o > 1. While taking o ~ 1 would
mitigate this sub-optimality, it would yield a larger dependency in C.(wg)*/(®~1) . Empirically,
Figures 2.2(b) hints that the empirical performance of UCB-TC-1/2 has a better scaling with
H(p) than H(p)“ .

For instances such that min;; wy ,(v); is arbitrarily small, taking wo = 0 yields an arbi-
trarily large C.(0) . By clipping with wy/2 > 0, we circumvent this pitfall and ensure that
C-(wog) = O(K/e) . Since it yields a larger 7.(6, wp) , we are trading off asymptotic terms
for improved non-asymptotic ones. We illustrate this with two archetypal instances. For the
“1-sparse” instance, in which p; > 0 and p; = 0 for all ¢ # 1, we have by symmetry that
2wy )y (v)i = 1/(K — 1) for all i # 1. Therefore, we have C.(wy) = O(K/e) since d,, (wo) = 0
for all wy € [0,1/(K — 1)] . The “almost dense” instance is such that ;1 = 1, ux = 0 and
pi =1—~foralli ¢ {1, K} . By symmetry, there exists a function h : [0,1) — [0, (K — 1)71)
with lim, o ~(y) = 0, such that 2w’1*/2(1/)K = h(v) and 2wf/2(y)i = (1—=h(v))/(K —2) for
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Table 2.3 — Upper bound on the sample complexity 75 in probability ( § ) or in expectation ( ¥ ). The
notation O displays the dominating term when ¢ — 0 for the asymptotic regime and when H (y) — +oc0
(or A; — 0) for the finite-confidence one. The notation O hides polylogarithmic factors. (**) Upper
bound on E, [751 (£)] where P[EC] < 4. (*) The asymptotic upper bound holds for instances having
all distinct means, while the non-asymptotic one doesn’t require this assumption. Ordered references:
Kalyanakrishnan et al. [2012], Karnin et al. [2013], Jamieson et al. [2014], Degenne et al. [2019], Katz-
Samuels et al. [2020], Wang et al. [2021], Barrier et al. [2022], Jourdan and Degenne [2023].

Algorithm  Asymptotic behavior Finite-confidence behavior

LUCB1{  O(H(p)log(1/6)) O (H(p)log H(p))

Exp-Gap§ O (H(u)log(1/3)) O(Zisis A~ loglog A7)

lil" UCB§ O (H(p)log(1/6)) O(Xizw A; 2 loglog A7)

DKM T*(v)log(1/6) + O(y/log(1/0)) O (KT*(v ) )

Peace§ O (T(v) log(1/4)) O (H(p )log(K/Amm))

FWSt T*(v) log(1/8) + O(loglog(1/0)) O (X H(u)'*/?)

EBSt ** T*(v)log(1/6) + o(1) O (KH( 4/wmm) )

UCB-TC*  T3(v)log(1/6) + O(loglog(1/8)) O (maX{H )log H(p), K&7}*) for a > 1

all i ¢ {1, K} . While lim,,0 C-(0) = +o00 , we obtain lim,_,o C:(wy) = O(K/e) by taking
wo = (1 —h(v))/(K —2) since d,(wp) = 1.

Comparison with existing upper bounds Table 2.3 summarizes the asymptotic and non-
asymptotic scaling of the upper bound on the sample complexity of existing BAI algorithms.
Among the class of asymptotically ( 3-)optimal algorithms, very few also enjoy non-asymptotic
guarantees, e.g. the analyses of Track-and-Stop and prior Top Two algorithms are asymptotic.
The gamification approach of Degenne et al. [2019] is the first attempt to provide both. Their non-
asymptotic upper bound on E, [75] involves an implicit time T} (§) which scales with KT™(v)?
and is only valid for log(1/0) 2 KT*(v) (see Lemma 2, with constants in Appendix D.7). Let
Ty :=T*(v)log(1/d) . As a first order approximation, they obtain 7' () =~ Ty + © (/T3 log T¥)

, and we obtain Tj(d) ~ O (T} + log Ty) . Wang et al. [2021 ] were the first to obtain an upper
bound on E,[75] of the form ©(T} + loglog(1/§)) . While they improved the second-order -

19/2 (see their Theorem 2 for e =1 >

dependent term, the §-independent term scales with e’ H (u)
T*(v) , with constants given by Appendix N). The algorithm proposed by Barrier et al. [2022]
has a non-asymptotic upper bound on E, [751 (£)] of the form (1 +¢)7T5 + f(u, 6) which is valid
for log(1/4) = w;u?nK/Amin , where € is such that IP’Z,(é’C) < . Since f(u,d) =50 o(1) , they
obtain a better J-dependency. However, f(u, §) is arbitrarily large when wyy := min;e g w*(v);
is arbitrarily small since it scales with K H(u)* /w2, . Therefore, they suffer from the pitfall
which we avoided by clipping. In light of Table 2.3, UCB-TC-f enjoys the best scaling when

H(p) — +o0 in the class of asymptotically ( 3-)optimal BAI algorithms.
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2.4 Non-asymptotic Sample Complexity Upper Bound

The LUCBI algorithm [Kalyanakrishnan et al., 2012] is the first algorithm that resembles a
Top Two algorithm, with the difference that LUCB samples both the leader and the challenger
instead of choosing one. As LUCBI1 satisfies E, [75] < 292H (1) log(H(p)/d) + 16 , it enjoys
better scaling when H (1) — 400 than UCB-TC-f. Since the empirical allocation of LUCB1 is
not converging towards w} /Q(V) , it is not asymptotically 1/2-optimal. The Peace algorithm
[Katz-Samuels et al., 2020] has a non-asymptotic upper bound on 75 of the form O((T§ +
v (1)) log(K/Amin)) holding with probability 1 — ¢ . The term *(p) is a Gaussian width that
originates from concentration on the suprema of Gaussian processes, and v*(u) = O(H (u)) .

Another class of BAI algorithms focuses on the dependency in the gaps A; := p;» — p; , and
derive non-asymptotic upper bound on 75 holding with high probability. Karnin et al. [2013],
Jamieson et al. [2014], Chen et al. [2017b,c] gives 6-PAC algorithms with an upper bound of
the form O(H (1) log(1/6) + 32,4« A;%loglog A; '), and Jamieson et al. [2014] shows that for
two arms the dependency A~2loglog A™! is optimal when A — 0. While those algorithms
obtain the best scaling when H (;1) — +o0 , they are not asymptotically ( 3-)optimal.

2.4.1 Proof Sketch of Theorem 2.24

Existing analyses of the Top Two algorithms are inherently asymptotic and require too much
control of the empirical means and proportions to yield meaningful information in the finite-
confidence regime. Therefore, we adopt a different approach that resembles the non-asymptotic
analysis of Degenne et al. [2019]. We first define concentration events to control the deviations
of the random variables used in the UCB leader and the TC challenger. For all n > K, let

En = Nierr) Niepns/o n (€1 N EZ;) where

Etl,i = {\/Nt,i|,ult,i — il < \/610gt} and 53,1- = {(Nt’i* — ) = (i — i) > — 8logt} .

V1N + 1/Ny

Using concentration results, it is straightforward to show that P, (&,) < (2K — 1)n~12 for all
n > K . Using Lemma 2.25, the proof boils down to constructing a time 7'(5) after which
En € {m5 < n} forn > T(9) since it would yield that E, [75] < T'(§) + 12K .

Lemma 2.25. Let (£,)n>K be a sequence of events and T'(6) > K be such that for n > T'(9),
En C {75 < n}. Then, By [r5] < T(8) + nsi Pul(EL).

Let n > K such that £, N {n < 75} holds, and ¢ € [n°/%, n] such that BY“ = i* . Using that
t <n < T75,under (Mizix St%i , the stopping condition yields that

2e(n—1,8) > (i+ — pore) (1/Nis +1/Njpre) /2 — /Blogn)..
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Let w} , be the unique element of w} ,(v) . Lemma 2.26 links the empirical proportions
Nt‘*z /(t —1) tow] Ja; fori € {i*,CJC} . Tt is the key technical challenge of our non-asymptotic
proof strategy. Its proof is sketched below.

Lemma 2.26. Let ¢ € (0, 1]. There exists T), > 0 such that for all n. > T}, such that £, N {n < 75}
holds, there exists t € [n%/®, n] with BHCB = i* , which satisfies

(n— DA/NF3 +1/Nigre) < (1+ €22+ 1/ o) /B

First, we conclude the proof of Theorem 2.24. Let ¢,7), and ¢ as in Lemma 2.26 and

2
T(6) := sup {n | n =1 < T ()1 +¢)? <\/c(n —1,0)+ \/4logn> /6} .
For all n > max{T},,T(1)} , we have

ve(n—1,6)+ y/4logn > \/5(n - 1)T1*/2(,u)—1(1 +e)2,

Therefore, we have proven the result since £, N {n < 75} = 0 for all n > max{7},,T()} .

Provided that B; = i*, the above only used the stopping condition and TC challenger, and

no other properties of the leader. Lemma 2.27 shows that BP“B =

i* , except for a sublinear
number of times. Its proof in Appendix B.14 uses classical tools from the regret analysis of the
UCB algorithms. Section 2.4.1 exhibits sufficient conditions on a regret minimization algorithm

to obtain a result similar to Lemma 2.27, hence achieving a non-asymptotic upper bound.

Lemma 2.27. Under the event (Vi) Nieins/s n) iy, » Wehave Ly = > n—1-24H (u) logn—2K.

*
1/2,Ccf¢ -

We adopt the approach used in the analysis of the APT (Anytime Parameter-free Thresholding)

Proof sketch of Lemma 2.26 The key technical challenge is to link Nti*cTC /(n—1) with w
"t

algorithm [Locatelli et al., 2016]: consider an arm being over-sampled and study the last
time this arm was pulled. Its empirical transportation cost will be simultaneously large (over-
sampled) and the smallest (chosen as TC challenger) and can be related to the one at time n
(last time it was sampled). By the pigeonhole principle, at time n,

Z‘*
n,k1

Jky # 4, s.t. > 2(Lnir — Ny )Wl g, - (2.29)

Let ; be the last time at which BY“® = i* and CJ¢ = k; , hence Nt";kl > Nf:kl — 1. Using
Lemmas 2.7 and 2.27, we show that Ntzl* ky 2 Wi 2.k (n—1),hencet; > n3/8 forn large enough.
) sR1

~
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Then, we need to link Nfl*,i* with (n—1)/2. When w7 /21 issmall, (2.29) can be true att; = n5/6

, hence there is no hope to show that t; = n — o(n) . To circumvent this problem, we link NV}
with Nt’: », thanks to Lemma 2.7, and use that

1 7i*

n—1 n-—1 n—1 Ny *,k
N + N, < (2 + fo,k1> <N:11 + 1> <2(14+)*(2+ 1wl gy, ),
forn > T, (w-) with T),(w_-) < maX{C}L'Q, (2/(cw=)+1)5,(2/e)"?}, where w_ = min; W
is a strictly positive lower bound on w7, ;. . This concludes the proof for wy = 0. The (sub-
optimal) multiplicative factor 2 in Ty (6, 0) comes from the inequality (2.30). To remove it, we
need to control the deviation between the empirical proportion of arm i and w7 /2. foralli € [K]
. Nevertheless, UCB-TC-1/2 is asymptotically 1/2-optimal (see Section 2.3).

Refined analysis For wy € (0, (K — 1)7'], we clip min;z;+ w} /2,; By wo /2 (see Jourdan and
Degenne [2023] for more details). Our method could be used to analyze APT with threshold
v € R and precision € = 0 [Locatelli et al., 2016] in the fixed-confidence setting while clipping
| — v| when this gap is too small. It can also be used for the non-asymptotic analysis of other
algorithms, e.g. EB-TC. in Chapter 5 and APGAI in Chapter 6.

Beyond Gaussian distributions Theorem 2.24 hold for 1-sub-Gaussian random variables
thanks to direct adaptations of concentration results. The situation is akin to the regret bound
of UCB: it holds for the class of 1-sub-Gaussian distributions, but it is close to optimality in
a distribution-dependent sense only for Gaussian distributions. However, if the focus is on
asymptotically S-optimal algorithms, then it is challenging to express the characteristic time
T*(v) for the non-parametric class of o-sub-Gaussian distributions.

The UCB-TC-4 algorithm can also be defined for more general distributions such as single-
parameter exponential families or bounded distributions. It is only a matter of adapting the
definition of the UCB leader and the TC challenger. For bounded distributions, we refer the
reader to Chapter 4. We believe that non-asymptotic guarantees could be obtained for more
general distributions, but it will come at the price of more technical arguments and less explicit
non-asymptotic terms. In particular, it is challenging to prove a counterpart of Lemma 2.26.

Regret Minimization Leader

Our non-asymptotic analysis highlights that any regret minimization algorithm that selects the
arm i* except for a sublinear number of times (Property 2.28) can be used as leader with the
TC challenger. The UCB leader satisfies Property 2.28 by Lemma 2.27.
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Property 2.28. There exists (E,), with 3, PH(S,E) < +o0 and a function h with h(n) = O(n?)
for some ~y € (0,1) such that under event &, , Ly ;» > n — 1 — h(n).

Since the concentration events (&,,),, only control the choice of the leader, we still need to
control the random variables used in the TC challenger. This is straightforwardly done by
considering &, = &£, N (Nier) Nigns/s ) &};) which satisfies that 3, ]P’M(SE) < 400.

For asymptotic guarantees, the sufficient properties on the leader described in Section 2.3 are
weaker since they are even satisfied by the greedy choice B,, = %,, . While Top Two algorithms
were introduced by Russo [2016] to adapt Thompson Sampling to BAI, we have shown that other
regret minimization algorithms can be used for the choice of the leader. The Top Two approach
can be used as a wrapper to convert any regret minimization algorithm into a best arm identification
strategy by combining it with the TC challenger.

The regret of an algorithm at time n, R, = Zi#* A;Ny, i, is almost always studied through
its expectation E[R,,] . However, this is not sufficient for our application. We need to prove that
with high probability, V,, ; is small for all arms i # * . We showed those guarantees for UCB,
and they are known for ETC [Lattimore and Szepesvari, 2020], yet unknown for Thompson
Sampling. We cannot in all generality obtain a good enough bound on N, ; from a bound on
E[R,] . However, we can if we have high probability bounds on R,, . Suppose that a regret

minimization algorithm Alg, satisfies Property 2.29 and is independent of the horizon n .

Property 2.29. There exists s > 1,y € (0,1), (En5)(n,6) With 3, ]P’M[Eg’n,s] < 400 and a
function h with h(n,n=*) = O(n") such that under event £, 5 , R, < h(n,§) .

Let Alg, be the algorithm Alg, used in a Top Two procedure, but which uses only the
observations obtained at times n such that I,, = B,, and discards the rest. Let &,, = s
and Apin = min;+ A; . Then, under &, Alg, satisfies >, ;. N;” < h(n,n™%)/Amin and
Lemma 2.7 yields Nf:’i* > fB(n—1) — h(n,n™°%)/Amin — K/2 . Therefore, Property 2.28 holds
for &, and h(n) = (h(n,n"*)/Amin + K/2 + 1)/ . Given a specific algorithm, a finer analysis
could avoid discarding information by using Alg, with every observation.

2.5 Experiments

In the moderate regime ( 6 = 0.1 ), we assess the empirical performance of several instances of
the Top Two approach. For the leader/challenger pair, we consider the following benchmarks:
TTTS [Russo, 2016] (i.e. TS-RS), TTEI [Qin et al., 2017] (i.e. EI-EI), T3C [Shang et al., 2020]
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Figure 2.1 — Empirical stopping time on the “1-sparse” instance (K, u*, A) = (35,0,0.5) . Top Two
algorithms use optimal design IDS unless specified otherwise: “-F” is the fixed design 8 = 1/2 and “-B”
is the optimal design BOLD. The lower bound is T*(v) log(1/9) .

(i.e. TS-TC), EB-TCI [Jourdan et al., 2022], TTUCB [Jourdan and Degenne, 2023] (i.e. UCB-
TC) with a bonus g, and concentration parameters s = o« = 1.2 . For the target allocation,
we compare the fixed design § = 1/2 with the optimal designs IDS and BOLD. We recall
that the mechanism to reach the target is defined implicitly by the first three choices (see
Section 2.2.5). While TS-RS and TS-TC will use randomization, the three other algorithms will
use tracking (2.18) (resp. (2.19)) for optimal (resp. fixed) design. In addition, we consider
Track-and-Stop (TaS) [Garivier and Kaufmann, 2016 ], FWS [Wang et al., 2021], DKM [Degenne
etal., 2019], LUCB [Kalyanakrishnan et al., 2012] and uniform sampling. At the exception of
LUCSB, all algorithms use the stopping rule (2.2) with the heuristic threshold ¢(n, §) = log((1 +
logn)/d) . Even though this choice is not sufficient to prove J-correctness, it yields an empirical

error that is orders of magnitude lower than ¢ . To allow for a fair numerical comparison, LUCB

uses \/ 2¢(n —1,60)/Np; as a bonus, which is too tight to yield valid confidence intervals. For
supplementary experiments and implementation details, we refer the reader to Appendices I
in Jourdan et al. [2022] and G in Jourdan and Degenne [2023].
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Figure 2.2 - Empirical stopping time on (a) random instances ( K = 10 ) and (b) “1-Sparse” instances.

“1-sparse” instances The ratio 77, (v)/T™(v) seems to reach its highest value rx = 2K/(1 +
VK — 1) for “1-sparse” instances (Lemma C.6 in Jourdan and Degenne [2023]), i.e. j1; = p1—A
for all i # 1 with A > 0. To best observe differences between the Top Two algorithms using
fixed design 8 = 1/2 and the ones using optimal designs IDS and BOLD, we consider such
instances with K = 35 (rg ~ 3/2 ) and (1,A) = (0,0.5) . We average our results on 1000

runs.

Figure 2.1(a) showcases that Top Two algorithms are significantly better than existing BAI
algorithms. The best performance among the Top Two algorithms is reached by TS-TC since
EI-EI suffers from numerous outliers. UCB-TC is slightly better than TS-RS, which outperforms
EB-TCI. In Figure 2.1(b), we observe that Top Two algorithms using the optimal design IDS
instead of the fixed design = 1/2 have a smaller empirical stopping time. In Figure 2.1(c),
we see similar performance between the Top Two algorithms using the optimal design IDS or
the optimal design BOLD.

Random instances We assess the performance on 1000 random Gaussian instances with
K =10 such that p; = 0.6 and p; ~ 4(]0.2,0.5]) for all 4 # 1.

Figure 2.2(a) confirms the ranking between algorithms observed in Figure 2.1(a). Top Two
algorithms have similar performance, and they outperform their competitors. On random
instances, EB-TCI is better than UCB-TC and TS-RS.

Larger sets of arms We evaluate the impact of a larger number of arms. As in Jamieson and
Nowak [2014], we use the “1-sparse” instances (p1, A) = (1/4,1/4) with varying K for which
H(p) = 32(K — 1) . We restrict ourselves to algorithms with low computational cost and good
empirical performance and average our results on 100 runs.

In Figure 2.2(b), all algorithms have the same linear scaling in K (i.e. in H () ). Faced with
an increase in the number of arms, the TS leader used in TS-TC appears to be more robust than
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the UCB leader in UCB-TC. This is a common feature of UCB algorithms that have to overcome
the bonus of sub-optimal arms.

EB-TC algorithm As hinted in Section 2.1.2, the EB-TC algorithm performs poorly empirically.
Its greediness is reflected by the large empirical stopping time, i.e. it gets stuck due to unlucky
first draws. While this situation is particularly apparent for the “1-sparse” instances (i.e. the
algorithm does not stop), we can also observe it for random instances. In the setting of
Figure 2.2(a), EB-TC-IDS has an average empirical stopping time of 5.7 - 103 , a standard
deviation of 12535 , and a maximum at 95426 .

2.6 Discussion

In Chapter 2, we provided a detailed overview of the Top Two approach. We proposed a
unified perspective on the class of Top Two algorithms that are defined by four choices (leader
answer, challenger answer, target allocation, and mechanism to reach it) and presented several
instances (Section 2.2). We introduced a unified asymptotic analysis of the Top Two approach
(Section 2.3), which identifies desirable properties on the choices of the leader and challenger
answers to achieve asymptotic ( 8-)optimality (Theorem 2.8). Moreover, we gave the first
non-asymptotic analysis of a Top Two algorithm (Theorem 2.24), which identifies sufficient
properties of the leader (seen as a regret-minimization algorithm) for it to hold (Section 2.4).
While different Top Two algorithms had similar empirical performance, they outperformed
other algorithms (Section 2.5).

While asymptotic S-optimality was first shown for the Top Two approach in Shang et al.
[2020], the proof was only done for TS-TC-/3 and TS-RS- for Gaussian with known variance.
While this chapter proposed a unified analysis for other Top Two algorithms, the presentation
was only done for this specific class of distributions. Extension to a more general class of
distributions is also possible. We note that the extension to other classes of a one-parameter
exponential family is relatively straightforward (see Appendix H in Jourdan et al. [2022]).
Therefore, we will focus on more challenging classes, e.g. Gaussian with unknown variance
(see Chapter 3) or non-parametric distributions (e.g. bounded distributions as in Chapter 4).

Even though IDS has been introduced by You et al. [2023] for general one-parameter
exponential families, it is still an open problem to show asymptotic optimality for distributions
other than Gaussian distributions. While an extension of IDS was proposed for more general
classes of distributions, deriving guarantees for them is also challenging. Even though those
extensions are only heuristics (at the moment), they tend to perform better than using a fixed 3 .
Using BOLD as a target and a forced exploration step, Bandyopadhyay et al. [2024 ] have shown
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asymptotic optimality of some Top Two algorithms for general one-parameter exponential

families.
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Chapter 3

Dealing with Unknown Variances

In Chapter 3, we study the vanilla BAI problem for Gaussian distributions with unknown
variance in the fixed-confidence setting, as studied in Chapter 2 for known variance. The

presented results were published in Jourdan et al. [2023a].

The problem of identifying the best arm among a collection of items having Gaussian
rewards distribution is well understood when the variances are known. Despite its practical
relevance for many applications, few works studied it for unknown variances. In this chapter,
we introduce and analyze two approaches to deal with unknown variances, either by plugging
in the empirical variance or by adapting the transportation costs. To calibrate our two stopping
rules, we derive new time-uniform concentration inequalities that are of independent interest.
Then, we illustrate the theoretical and empirical performances of our two sampling rule wrap-
pers on Track-and-Stop and on a Top Two algorithm. Moreover, by quantifying the impact on

the sample complexity of not knowing the variances, we reveal that it is rather small.
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Dealing with Unknown Variances

3.1 Introduction

As detailed in Chapter 1, the motivation to study BAI for Gaussian distributions with unknown
variance comes from practical consideration. Surprisingly, and despite its practical relevance,
this problem has received little attention in the bandit literature. Gaussian distributions could
be used to model the revenue generated by different versions of a website in the context of
A/B testing or some biological indicator of the efficiency of treatment in the context of an
adaptive clinical trial comparing several treatments. In both cases, assuming known variances
is a limitation.

We consider the set D of Gaussian distributions with unknown variance, hence DX = Df\(/ .
The distributions are denoted by v, ,2 = N(z, 0?) . Recall that the set of Gaussian distributions
with known variance is denoted by Dy, . We denote the Kullback-Leibler (KL) divergence
2 by KL((21,0%), (22,03)) . Let v € DX which is uniquely defined by
its mean and variance vectors (p,0%) € R x (R%)" such that the set of arms with largest mean

between v,, ;2 and v, ,
i*(u) := arg max;¢ g p; is reduced to a singleton denoted by * (or i*(u) by abusing notation),
ie.S={ucRE||i*(n) =1}.

A fixed-confidence algorithm is defined by a sampling rule, a recommendation rule, and a
stopping rule. At time n , we denote by i,, the candidate answer and by I,, the arm to pull. The
stopping rule (and stopping time 75 ) using a fixed confidence level 1 — ¢ € (0, 1) should ensure
§-correctness, i.e. P, (15 < +00, i, # i*(u)) < 6 for all instances v € DX withmean € S .

In this chapter, we follow the approach pioneered by Garivier and Kaufmann [2016] and ini-
tially introduced for one-dimensional parametric models (e.g. Gaussian with known variance).
They derived lower bounds on the expected sample complexity of -correct algorithms and
introduced algorithms inspired by the maximization of those lower bounds. As it is common
in previous work for the stopping rule, we will compare a Generalized Likelihood Ratio (GLR)
to a well-chosen threshold [Kaufmann and Koolen, 2021].

Related work Algorithms based on GLR stopping rules and aimed at matching a sample
complexity lower bound were either studied for one-parameter exponential families [ Degenne
etal., 2019] or under generic heavy tails assumption [ Agrawal et al., 2020]. Other algorithms are
either based on eliminations or confidence intervals and have been analyzed for sub-Gaussian
distributions with a known variance proxy [Even-Dar et al., 2006, Kalyanakrishnan et al., 2012,
Jamieson et al., 2014]. For the special case of bounded distributions, confidence intervals
based on the empirical variance have been used [Gabillon et al., 2012, Lu et al., 2021], yet the
resulting algorithms cannot be applied to unbounded distributions as they rely on the empirical
Bernstein inequality [ Maurer and Pontil, 2009]. In the fixed budget setting, in which the size of
the exploration phase is fixed in advance, it is possible to upper bound the error probability of
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the Successive Reject algorithm of Audibert et al. [2010] when the variances are unknown, as
we only need to upper bound the probability that one empirical mean is smaller than another,
see also Faella et al. [2020]. However, in the fixed-confidence setting elimination thresholds,
confidence intervals or GLR tests need to be calibrated in a data-dependent way, which calls
for the development of new time-uniform concentration inequalities provided in this chapter.

In the related literature on ranking and selection [Hong et al., 2021], the problem of finding
the Gaussian distribution with the largest mean has been studied for unknown variances. This
literature mostly seeks to design algorithms that are -correct whenever the gap between the
best and second best arm is larger than some specified indifference zone [Kim and Nelson,
2001]. However, the work of Fan et al. [2016] does not consider an indifference zone, and
their algorithm is comparable to ours. They propose an elimination strategy that features the
empirical variances and whose calibration is done based on simulation arguments (resorting to
continuous-time approximations) and justified in an asymptotic regime only (when § goes to
zero). Our algorithms have better empirical performance and stronger theoretical guarantees.

Contribution 3.1. In Chapter 3, we propose two approaches to deal with unknown variances:
plugging in the empirical variance or considering the transportation costs for unknown variance.
This allows us to easily adapt existing algorithms.

e By extending the lower bound of Garivier and Kaufmann [2016] to our two-parameters setting,
we quantify the impact on the expected sample complexity of not knowing the variances.

o Our two approaches yield the Empirical Variance GLR (EV-GLR) stopping rule, which plugs
in the empirical variance in a GLR assuming known variance, and the GLR stopping rule,
which corresponds to a GLR assuming unknown variance. Our main technical contribution
lies in the derivation of (near) optimal stopping thresholds that ensure the §-correctness of
both the GLR and the EV-GLR stopping rules, regardless of the sampling rule.

o When considering the sampling rule, each approach yields a wrapper which is a simple
procedure that can be applied to any BAI algorithm for known variances. We illustrate
each wrapper with the Track-and-Stop and the Top Two approach. We show that algorithms
obtained by adapting the transportation costs enjoy stronger theoretical guarantees than the
ones plugging in the empirical variance and obtain the first asymptotically optimal algorithms

for Gaussian bandits with unknown variances.

Empirically, both wrappers have comparable performance when applied to multiple BAI algorithms.
Our findings show that not knowing the variances has a small impact on the expected sample

complexity.
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Dealing with Unknown Variances

3.2 Lower Bound and GLR Stopping Rule

3.2.1 Lower Bounds

As discussed in Section 1.4.1, the §-correctness requirement leads to a lower bound on the
expected sample complexity on any instance.

Lemma 3.1 (Garivier and Kaufmann [2016]). An algorithm which is 6-correct on all problems
in Dy satisfies that, for all v € DY, with mean p € S, E,[15] > T*(v;0)log(1/(2.40)) . An
algorithm which is §-correct on all problems in DX satisfies that, for all v € DX with mean p € S,
E,[75] = T*(v) log(1/(2.49)) .

For Gaussian with unknown (resp. known) variances, Lemma 3.1 shows that 7*(v) (resp.

T*(v;0) ) is the asymptotic complexity of the BAI problem on the instance v := ( )i , Where

Vi o?

T*(v;0)~t = sup minC(4,5;v,w;0) with

WEX K J#1
o 1 . (i — u)2 (pj — U)2
C(i, j;v,w;o) = 511(/% > Nj)igﬂfg{wi -2 + w; 72 ,

T*(v)"! = sup minC(i,j;v,w) with
WEX K J#i

C(i,jsv,w) =1 (s > py) {wilCi;f(yi,u) + wleiJ;f(l/j,u)} ,

inf
u€R

where the function ;s over the class Dr has the following closed-form expression
1 — )2
Kff(y$027u):*1($>u)log 1+M and
in s B 02
1 — )2
K$f<V1027u):§ﬂ($<u)log <1_‘_("E2u)> )
’ g

The maximizers over the simplex ¥ in these complexities are denoted by w*(v) and w*(v; o)

respectively.

When deriving Kijflf(ux,ﬂ, u) for Dy, we note that the minimizer x € D has mean v and
variance 02 + (x — u)?. Thus, even if we want to identify the arm with the largest mean, the
closest alternatives have an increased variance. When considering the transportation costs as
an information criterion, the closest alternative for unknown variance is harder to differentiate
from v, ,» than the closest alternative would we assume o2 to be known, i.e. C (i, j; v, w; o) >

C(i,7;v,w) hence T*(v;0) < T*(v).
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3.2 Lower Bound and GLR Stopping Rule

When the variances are known, the transportation cost has a convenient closed form,
1 (pi—py)?

2 U?/wﬂra?/wj
mean parameter )\ in the transportation cost for unknown variance has no simple analytic form

ie. C(i,j;v,wyo) =1 (; > py) . On the contrary, the infimum in the alternative
since it is a real root of a cubic polynomial. Still, comparing the two types of transportation
costs (and using properties of the mapping x +— log(1 + z)/x ) permits to establish a link
between T*(u; o) and T*(v) (resp. T7(u; o) and T5(v) ), hence to quantify the impact of not
knowing the variances.

e )2
Lemma 3.2. Let d(v) = ;na(x)% . Then,
ii* (u Ti995% ()

1<

T _d) T5) _
T*(u0) = log (1 +d(v)) T5(vio) = log (1 +d(v)

Proof. Using that z — log(1 + z)/x is decreasing for z > 0 and = — log(1 + x) is concave, we
can obtain the result directly. See Lemma 4 in Jourdan et al. [2023a]. |

When d(v) is small, say d(v) < 1, the two complexities are close since we then have
T*(v;0)/T*(v) € [log2,1) . Observe that a small d(v) also implies that the BAI problem is

hard: if d(v) < ¢ € R, then forall: € [K], % > ¢! . Since that ratio is roughly
the number of samples needed to distinguish the two arms, the problem is hard when it is
large. Still, there exist instances with an arbitrarily large complexity ratio 7*(v) /T*(v;0) . We
conjecture that they always correspond to easy problems, for which both 7*(v; o) and 7% (v)
are small. Lemma 3.2 is not sufficient to prove this conjecture as there exist hard instances with

a large value of d(v) and instances for which the upper bound in (3.1) is not tight.

Asymptotic ( f-)optimality We say that an algorithm is asymptotically optimal (resp. S-
optimal) on DY if it is §-correct and its sample complexity matches that lower bound, i.e. for all
v € DX suchthatu € S, limsups_,o E, [75]/ log(1/8) < T*(v) (resp. T3(v) ). For g € (0,1), the
definition of 75 (v) is the same as T™(v) with the additional constraint on the outer maximization
that w;» = 8, hence 7™ (v) = minge(o,1) 75 (v) . Recall that T)5(v) < 2T*(v) [Russo, 2016]. The
j-optimality on DY involves T%(p; o) , which is similarly related to 7% (p; o) . While there is a
rich literature on asymptotically ( 5-)optimal algorithms for Gaussian with known variance,
we are the first to derive algorithms with those guarantees when the variances are unknown.
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3.2.2 GLR Stopping Rules

Foralli e [K] P let Nn,i - Zte[n—l} 1 (It = Z) rVni = N(um, O'2

n,t

), fin,i and o ; be the empirical

count, distribution, mean and variance of arm ¢ after time n , defined as

pni =N, > 1(L;=i)Xy; and  op; =N > LT =10) (Xei — pni)” -
te[n—1] te[n—1]

As a candidate answer, we use i, € i* (i) , i.e. the empirical best arm (EB). For the stopping
rule, we use GLR stopping rules (see Section 1.4.2 for more details). For Gaussian with unknown
variances, the GLR can be written as min;;, W, (in, %) , where the empirical transportation cost

between arm ¢ and arm j is defined as

W (i 7) = - o . Nn,k (Mn,k - u)2
n(l,j) —C(Z,j,l/n,Nn) 7]1(/’[/771#‘ >Mn,j) HelIfK Z Tlog 1+T :
= ketig) n.k

For Gaussian with known variances o2 , the GLR can be written as min,;, C(in, j; Vn, Npi o)
When o2 is unknown, we can replace it with its empirical estimate o2 . The EV-GLR can be
written as min;z;, WEV(4,,,1) , where the plug-in empirical transportation cost between arm i

and arm j is defined as

(M = ping)?
(02 i/ Nni+ 02 i /Nnj)

WEV(%]) = C(i7j;7/naNn;o'n) =1 (Mn,i > ,Un,j) 5

Let (cij) (i jyex)2 such that ¢; ; : N x (0,1] — Ry . The GLR stopping rule is defined as

V]
75 :=inf {n € N | Vi # &, Wy, (in,7) > ¢, i(Nn,6)} . (3.2)
The EV-GLR stopping rule given a family of thresholds (c; ;)(; j)c[x]2 is defined as

7V = inf {n € N | Vi # iy, WEY(in,3) > 3,0 (Nn, 0) } - (3.3)

The (resp. EV-)GLR stopping rule is a good candidate to match 7% (v) (resp. T™*(v;0)
). Indeed, it is easy to prove that sampling arms from w*(v) (resp. w*(v;0) ) and using
the threshold ¢; j(Ny,d) = log(1/d) , the lower bound would be matched. However, such a
threshold is too good to be d-correct (Section 3.3). Moreover, w*(v) (resp. w*(v;0) ) needs to

be estimated since it is unknown (Section 3.4).
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3.3 Calibration of the Stopping Thresholds

We present ways of calibrating the thresholds used by the GLR stopping rule by leverag-
ing concentration arguments. Under any sampling rule, to obtain a j-correct GLR stopping
rule it suffices to show that the family of thresholds is such that the following time-uniform
concentration inequality holds for all v € D¥. with mean p € S: with probability 1 — ¢,

Nn n,k 2
nENYi£ (), > 2o (1 + W) < i (y (N 8) - (3.4)
n,k

ke{ii* (1)}

Aiming at matching the lower bound, we want to derive a family of thresholds satisfying

¢ij(w,8) ~5_0 log (1/0) . As regards the time dependency, generalizations of the law of the

iterated logarithm suggest we could achieve O(loglogn) . Both dependencies are achieved for

known variances [Kaufmann and Koolen, 2021], and we are the first to show it for unknown

variances (Theorem 3.5). While simple ideas yield J-correct thresholds (Section 3.3.1), obtaining
the ideal dependency in § requires sophisticated concentration arguments (Section 3.3.2).

Similar arguments can be used to calibrate the thresholds used by the EV-GLR stopping
rule. Moreover, §-correct thresholds for the EV-GLR stopping rule can be obtained by using
the ones calibrated for the GLR stopping rule, and vice-versa (see Jourdan et al. [2023a]).

3.3.1 Simple Ideas

As per-arm concentration results are easier to obtain, we control each term of the sum in (3.4).

Student thresholds Since (yi,; — j4;)/0n,i is an observation of the Student distribution 7y, , 1
, a first simple approach involves the quantiles of Student distributions with n degrees of
freedom. A direct union bound over time and arms yields a d-correct family of thresholds.

Lemma 3.3. Let s > 1 and ¢ be the Riemann  function. Let a family of thresholds c; ;( Ny, §) with
value 400 if n < maxyey; ;1 th(6) and otherwise ¢ ;(Ny, ) = max {CS(NM, 8), ¢ (Nn.j, 5)} .
Taking

1 5 2
cs(n,é) = nlog (1 + HQ (1 - 4(K _ l)C(S)ns;%_l) ) (35)

yields a 5-correct family of thresholds for the GLR stopping rule on instances v € DY with mean
w € S . The stochastic initial times are

1/s
Vi € [K], t(0):=inf {n € N| N,; > max {2, (4(K—51)§(s)) }} . (3.6)
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Box thresholds As illustrated in Figure 3.1, the Student threshold suffers from a probably
sub-optimal dependence in both log(1/0) and n . This is why we propose an alternative
method where the union bound is replaced by time-uniform concentration (which has proved
useful to improve both dependencies in different contexts) and the Student concentration by
concentration on the mean and the variance separately. The resulting time-uniform upper
and lower tail concentration inequalities for the empirical variance (Corollary C.8) are of
independent interest. The confidence regions defined by those concentration results have a
product form, i.e. (ji,,,02) € C,, with C, = (®i€[K] CﬁfJ X (®z’e[K} C,‘fz) where C} ; and cgi are
intervals such that y,,; € Cly; and 07, ; € C;‘:i for all i € [K] . Thanks to these “box” confidence
regions on (i, 02) , Lemma 3.4 yields a §-correct family of thresholds. The proof of Lemma 3.4

is detailed in Appendix C.1.

Lemma 3.4. Let g > 0, s > 1, ¢ be the Riemann ( function and, for i € {0,—1} , W;(z) =
~Wi(—e™®) for x > 1 where (W;);cq0,—1y are the branches of the Lambert W function. Define

eulm, 0) = %W_l (1 + 2log <4(K51)C(5)> + 25 + 2slog <1 I lo;;;z)) ,

e =T (1 20 :770) (log (4(K - 1)<<s)> +slog (14 10g1+n0(n>))) L

1) n

The family of thresholds c¢}5* (N, 6) with value 400 if n < maxye; jy tp™(8) and otherwise

N. €4(Np g, 0)
Box 5 I
Box (N, 8) = —, log |1 7
i (N, 0) kE%:j} 2 % ( TI= e—o(Nn g — 1’5)> o)

yields a &-correct family of thresholds for the GLR stopping rule on instances v € DX with mean
w € S . The stochastic initial times are

L (24720t g (14 ST ) ) o)

(3.8)

Vi, tB%(§) = inf {n | Npi>1+e

To derive the Box threshold, we leverage a lower bound on the empirical variance that is
strictly positive (hence informative) thanks to the initial time condition (3.8). As Wy(z) €
[—1,+00) , it also yields that N, ; > 2. Using that Wy(z) ~ log(z) — loglog(z) , it is asymp-

. . 2(1 log(1/d
totically equivalent to %&{)

stopping time is asymptotically equivalent to 7*(v) log (1/0) , the condition (3.8) has a vanish-

. Since the lower bound in Lemma 3.1 suggests that the
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ing influence compared to the stopping time. For the parameters used in our simulations (see
Section 3.3.3), (3.8) is empirically satisfied after sampling each arm 16 times for § = 0.1 and 20
times for § = 0.001 . Recall that W_1(z) =~ = + logz and Wy (z) = e "¢ " (see Appendix A).

3.3.2 Beyond Box

While being simpler to derive by controlling each arm independently, the above thresholds
have a worse § dependency than a more sophisticated approach controlling the joint term (3.4).
Since it is challenging to deal with (3.4), we consider as a proxy the KL divergences for which is
easier to construct martingales, which can improve on the § dependency. To do so, we “remove”
the minimization step over variances, i.e. consider KL instead of Ki,s . Then, we apply the
arguments used to obtain (3.4). Under any sampling rule, to obtain a d-correct GLR stopping
rule, it suffices to show that the family of thresholds is such that the following time-uniform
concentration inequality holds for all v € D¥. with mean p € S: with probability 1 — ¢,

Vn € N,VZ 7é Z*(,LL), Z Nn,]KL((,U’n,]7O-7217])7 (/’L])O-_?)) < Ci,i*(u)(Nn7 5) . (39)
je{ivi*(ﬂ)}

KL thresholds First, we derive time-uniform concentration results on the summation of KL di-
vergences. Then, applied to our setting, it yields a é-correct family of thresholds (Theorem 3.5).

Theorem 3.5. Letn; > 0,v,s > 1. Lete, ,e_ , as in Lemma 3.4 with 5= g and (tf‘”‘)i asin
(3.8), and define 1 + 4 5(n,0) =

W_y (1 + 2(1n+m) (log (12(1(_(51)4(3)) + slog (1 +10g14n, (n)))) - %

Forall nand all i € [K]|, define ny,; = vuogw Nnil | tni =inf{n | Np;i=mnni},

2
€ (n 7" 5)
Ni+,n,i = max (Mt_n,ivi + 20%,1‘#\/ e 1, 5)) ’

1- 5—,0(77%,2' -

2 2
. Ui,n,if‘f‘ (g(a+,n,i7 H++,n,i))

l+ey o(nn;—1,6
: ; Sl ) and Ry ;(9) = 3 » 2
O-—,n,if* (g(a—,n,i’ M—l——&—,n,i))

o =07
+,n,i tn,it 1 ES 5¥,a(nn,i _ 1’ 5)

)
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where fy(x) = lif Vglc*x and g(z,y) = m The family of thresholds cKL(N 9) with value

+o0 if n < maxpeg; ;1 max{t2%(5/3), ¥ ()} and otherwise

QC( 2((s)*

1
1 + Z ( log(1 + log, Ny k) + 2log(’an,k(5)))

— 1
CKE(Nn,6) = 4W 4 (1 i
ke{ig}

(3.10)
yields a &-correct family of thresholds for the GLR stopping rule on instances v € DX with mean
w € S . The stochastic initial times are

(i) s/ (log (S o L)

L+mno ’ I+m

I
¢/ 108 e

Vi, t'(0) = inf S n | Npp; > 1 4 max

(3.11)

AsW _;(z) =~ x+log(x) , Theorem 3.5 proves that we can obtain §-correct threshold with the
dependencies ¢(Ny,, d) ~5_0 log (1/9) and ¢(N,, 6) ~p— 400 Cloglogn , which are widely used
in practice for BAI problems. While this dependency is justified for known variances [ Kaufmann
and Koolen, 2021], Theorem 3.5 legitimates its use for unknown variances.

To control the KL divergence between the true parameter and the MLE for Gaussian with
unknown variances, our threshold combines two concentration results and is obtained by
covering N with slices of times with geometrically increasing size (referred to as the “peeling”
method). First, we use a crude per-arm concentration step to restrict the estimated parameters
to a region around the true mean and variance. Then, a second result uses the knowledge of
the restriction to get a finer concentration on the weighted sum of KL. It is proved for generic
exponential families by approximating the KL divergence by a quadratic function on this
crude confidence region. In (3.10), R, ;(6) represents the cost of this approximation, while
log(1 + log, N, ) is the cost of time-uniform. The initial time condition (3.11) ensures the
monotonicity of the preliminary concentration, and it is of the form N,,; > 1 + ¢¢(6) where
co(0) > 0. In our simulations (see Section 3.3.3), (3.11) is empirically satisfied after sampling
each arm twice for all considered ¢ . The detailed proof is omitted for the sake of space, and
we refer the reader to Appendices F and G in Jourdan et al. [2023a] for more details.

Degenne [2019] derives concentration on the KL divergence of sub-Gaussian d-dimensional
exponential families defined on the natural parameter space ©p = R? . This doesn’t include
Gaussian with unknown variance, but our proof builds on his method. The main challenge
was to tackle ©p # R?, and we solved it by truncation on the sequence of crude confidence
regions. In generalized linear bandits, truncated Gaussian distributions were also used to derive
tail-inequalities for martingales “re-normalized” by their quadratic variation [Faury, 2021]. For
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3.3 Calibration of the Stopping Thresholds

general d-dimensional exponential families, Chowdhury et al. [2023] derives concentrations
on the KL divergence between the true parameter and a linear combination of the MLE and
the true parameter. As we are interested in the KL divergence between the true parameter and

the MLE, we cannot leverage their result.

BoB thresholds While the KL thresholds reach the desired dependency in (n, §) , using (3.9)
instead of (3.4) yields larger thresholds due to additive constants. To overcome this hurdle, we
maximize (3.4) under the per-arm box constraints (Lemma 3.4) and the pairwise non-linear
constraint (Theorem 3.5). The resulting family of thresholds is denoted by BoB (Best of Both)
thresholds. While the BoB thresholds have no closed-form solution, they can be approximated
with non-linear solvers, e.g. Ipopt [Wéachter and Biegler, 2006].

Corollary 3.6. Let f(z,y) = (1 +y)z — 1 — log(z) for all (z,y) € (R%)?. Let (t8*); and
()i as in (3.8,3.11). Let &, » as in Lemma 3.4 and (c}]") ; jye[x)2 a5 in (3.10). The family of
thresholds cf"}-B(Nn, d) with value +00 if n < maxyey; 3 max{tE%(5/6), ¥ (5/2)} and otherwise

solution of the optimization problem

1
maximize = Y Ny log (1 + yp)
ke{i,g}
such that Vk € {i,j}, yr >0, Tpyr < eu(Nn g, 6/2), 2 21— e 5(Npp — 1,0/2)

1
Hnd 5 Z Nn,kf (Ikvyk‘) S CE]L(Nnv(S/2) 9
kefig}

yields a &-correct family of thresholds for the GLR stopping rule on instances v € DX with mean
HES.

Proof. The proof is obtained by combining the concentration results used to prove Lemma 3.4
and Theorem 3.5, and maximizing the empirical transportation costs under the constraints

imposed by concentration. [ |

Since (3.4) is smaller than (3.9), the KL constraint is an upper bound on the BoB thresh-
old. Compared to the box threshold, the maximization underlying the BoB threshold has an
additional constraint. Therefore, we have cE?B(Nn, J5) < min{cE?X(Nn, 5/2), cE]L(Nn, 5/2)} . In
particular, the BoB threshold combines the best of both thresholds for the (n, d) dependencies.

3.3.3 Simulations

We perform numerical simulations to compare the family of thresholds introduced above.
Taking K = 2, we consider the instance z = (0,—0.2) and 0 = (1,0.5) . Since we are not
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interested in observing the influence of the sampling rule, the stream of data is uniform between
both arms. For the thresholds, we set the parameterstos =2,y = 1.2and ny = m = log (1/0 )

140 + Student ! Student
Box 60T 4 Box
— — KL —— KL
120 |—pBoB ——BoB

100 50

4 .._.-...-....-...........--‘.
0
60

a0 Tl :
: 30 -

10 20 30 40 0 1.0x10* 2.0x10* 3.0x10
log(1/6) t

Figure 3.1 — Thresholds for (3.2) as a function of (a) log (1/§) for n = 5000 and (b) n for 6 = 0.01 .

Figure 3.1 plots the dependency of the thresholds in log (1/6) and n . In Figure 3.1(a),
we are interested by the slopes, and smaller slopes imply better dependency in log (1/0) . As
expected, Student thresholds have poor performance for both variables. While box thresholds
improve in n , they suffer from a worse dependency in log (1/6) . KL thresholds circumvent this
issue with the best dependency in log (1/6) so far. However, they incur a large constant cost
that is worse than the box threshold. As hoped, BoB thresholds combine the good performance
in n of the box threshold and the asymptotic dependency in log (1/6) of the KL threshold.

The improved theoretical dependency of the BoB threshold comes at the price of a higher
computational cost: on average 400, 600, and 800 times larger than the KL threshold, the
Box threshold, and the Student threshold. When the computational cost is a major concern,
the Box threshold should be used since it has low computational cost and good empirical
performance. Alternatively, we could use the BoB threshold and evaluate the stopping rule
only on a geometric grid of times. This “lazy” stopping rule is still §-correct.

3.4 Sampling Rule Wrappers

After calibrating the stopping threshold to ensure J-correctness, we need to design a sampling
rule that requires a few samples before stopping. Given any BAI algorithm for Gaussian with
known variances, we propose two wrappers that can adapt the algorithm to tackle unknown
variances: plugging in the empirical variance or adapting the transportation cost.

When the variances are unknown, a natural idea is to plug in the empirical variances instead
of using the true variances which are now unknown. We can apply this wrapper to any BAI
algorithm. Section 3.2.1 discusses the differences and links between the transportation costs for
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3.4 Sampling Rule Wrappers

known and unknown variances. Leveraging this interplay, we can adapt a BAI algorithm to use
the transportation costs for unknown variances instead of the ones for known variances. We
can apply this wrapper to any BAI algorithm relying on transportation costs. We illustrate how
to instantiate each wrapper (Section 3.4.1), derive guarantees on their asymptotic expected
sample complexity (Section 3.4.2), and assess their empirical performance (Section 3.4.3).

3.4.1 Instantiating the Wrappers

As initialization, we start by pulling each arm ny > 2 times.

Track-and-Stop The Track-and-Stop (TaS) algorithm [Garivier and Kaufmann, 2016] com-
putes at each time n > ngK the optimal allocation for the considered transportation costs,
i.e. wy, = w*(vp;0) for Gaussian with known variances. Given the vector w,, in the simplex,
it uses a so-called tracking procedure to obtain an arm I,, to sample. We describe and use
the one called C-tracking by Garivier and Kaufmann [2016]. On top of this tracking, a forced
exploration is used to enforce convergence towards the optimal allocation for the true unknown
parameters. Let ¢ € (0,1/K] and X5 = {w € [, 1]¥ | Yic(k) Wi = 1} . Defining wy, the o
projection of w,, on X5 , C-Tracking pulls I, € arg max;c g {> i,k Wi; — Nni} -

Plugging in the empirical variance yields the EV-TaS (Empirical Variance Track-and-Stop)
algorithm which computes w,, = w*(u, 0y,) . Adapting the transportation cost yields the TaS
algorithm which uses w,, = w*(v,,) . Computing w*(vy; o,,) and w*(v,,) can be done by solving
an equivalent optimization problem with one bounded variable, which can itself be numerically

approximated with binary search.

The two resulting sampling rules are summarized in Algorithm 3.1.

1 Input: Per-arm initialization count ng > 2.
2 Output: Next arm to sample I,, and next recommendation i, .

3 Set i, € arg MaX;c(g] bn,i // Candidate answer
w*(vy) if TaS,

4 Set w, = ; // Optimal allocation
w*(vp;0p) if EV-TaS

5 Set w;, as the /o, projection of w, on X% ; // Forced Exploration

6 Set I, € argmax;c(x{> t2nox Wi — Nnji} ; // C-Tracking

Algorithm 3.1: Track-and-Stop and Empirical Variance Track-and-Stop algorithms.
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Top Two algorithm At each time n > noK , the Top Two algorithm -EB-TCI [Jourdan et al.,
2022] pulls the EB leader BEP = i,, with probability 3 . If BEP is not sampled, then it pulls
the TCI challenger CIC!, ie. CTC! € arg min, , grs {C (BEB s vy, Npy; o) + log N, ;} for Gaussian
with known variance.

Plugging in the empirical variance yields the S-EB-EVTCI algorithm which uses

CEVIC ¢ argmin {W,EV(BEB, i) + log Nn,i} .
i BEB

Adapting the transportation cost yields the 3-EB-TCI algorithm which computes

CTCl ¢ arg min {Wn(BEB, i) + log Nn,i} .
i#DBEB

The two resulting sampling rules are summarized in Algorithm 3.2.

1 Input: Proportion 5 € (0, 1) , per-arm initialization count ny > 2.

2 Output: Next arm to sample I, and next recommendation i, .

3 Seti, € arg maX;e(g] Hn,i and B, =1, ; // Candidate and leader answer
arg min; W, (BEB i) 4+ log N,, ; if TCI ,

4 SetC), € 8 #BEB{ n(Ba"9) 8 N} ; // Challenger
arg min,  ges {WEV(BEB i) +log N,,;} if EVTCI

B,, with probability 3,
5 Set I, = { " P yp ; // Randomized fixed design f3

C,, otherwise
Algorithm 3.2: 3-EB-TCI and 8-EB-EVTCI algorithms.

The two wrappers could be used similarly on other Top Two algorithms (see Section 2.2).
It is straightforward to plug in the empirical variance and to adapt the transportation costs.
For the Bayesian approach, a posterior distribution over Gaussian with unknown variance is
required (see Honda and Takemura [2014], Cowan et al. [2017]), yet it is unknown if they
satisfy the “good” properties to obtain asymptotic ( 5-)optimality. For the frequentist approach,
it is simpler since we adapt the transportation costs. For example, the UCB indices can be
written as U, ; = ftn,; + an,i\/exp(Qg(n)/Nm) — 1. Itis an open problem to study IDS for other
distributions than Gaussian with known variance. For Gaussian with unknown variance, it is

defined as 3, (¢, j) = 1/2 when p,, ; < py, j , and

.. Npi (/’an _Uij(VnuNn))Q .
Bn(i,j) = (i) 2 _log [ 1+ -4 : otherwise ,
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3.4 Sampling Rule Wrappers

with u; j(v, w) defined in Lemma 2.3 as the minimizer of the transportation cost (see Section 3.2.2
for a discussion on how to compute it numerically). Similarly, the optimal design BOLD is
defined as in (2.15), i.e.

- . N,
I,=B, if Y. 1n+f(VBnaUBn,Z(Vna n))>1 and I~ C otherwise.
By King(VisuB, i(Vn, Nu))

3.4.2 Sample Complexity Upper Bound

Definition 3.7 introduces the notion of asymptotically tight family threshold [Jourdan et al.,
2022], which corresponds informally to ¢; j(N, ) ~5_0 log(1/0) . As hinted in Figure 3.1(a),
the KL and the BoB thresholds are asymptotically tight, but not the Student and Box thresholds.

Definition 3.7. A family of thresholds (c; j) i j)e[x]? is said to be asymptotically tight if there exists
a€0,1),60 € (0,1}, functions f,T : (0,1] — Ry and C independent of § satisfying: (1) for all
(i,7) € [K]?,6 € (0,80] and N € N¥ such that | N||; > T(6), then ¢; ;(N,8) < f(8) +C||N||$
, (2) lim supg_,o £(8)/log(1/6) < 1 and limsups_,, T(5)/log(1/8) = 0.

Combined with the GLR stopping rule using the KL or the BoB thresholds, Theorem 3.8
shows that TaS (resp. 8-EB-TCI) is a §-correct and asymptotically optimal (resp. S-optimal)
algorithm.

Theorem 3.8. Using the GLR stopping rule with an asymptotically tight family of thresholds,
TaS (resp. B-EB-TCI with ng > 4) satisfies that, for all v € DX with mean y € RX such that
()| =1 (resp. mingz; |pi — pj| > 0),

. E, [Té] s *
hr;ljélp Tog(1/0) < T*(v) (resp. T5(v) ) .

Proof. For Gaussian with unknown variance, it is possible to show similar regularities of the
characteristic times as for the case when the variance is known. In other words, we prove that a
similar result as Lemma 2.10 holds for Gaussian with unknown variance. The main reason is
that the [Ci,¢ functions are closely connected, up to a function x +— log(1 + z) which preserves
the desired properties. Among other things, Lemma 2.10 in Chapter 2 also holds for Gaussian
with unknown variance.

As regards 3-EB-TCI, the proof follows along the same lines as the one in Section 2.3 of
Chapter 2, which was written in sufficient generality to cope for many distributions. Similarly
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as in Appendix B.12 (resp. Appendix B.13), for Gaussian with unknown variance, the EB leader
(resp. the TCI challenger) answer satisfy the Properties 2.14 and 2.17 (resp. Properties 2.15
and 2.20).

As regards TaS, the proof uses similar arguments as the ones used in Garivier and Kaufmann
[2016]. The sole technical modification lies in the definition of the concentration event which
should also control the empirical variance. This can be done with the same concentration
results that yield the family of Box thresholds (Lemma 3.4).

In both cases, we refer the reader to Appendix H in Jourdan et al. [2023a] for more details.
|

Using the same arguments as in the proof of Theorem 3.8, it is also possible to derive a
similar result involving T*(v; o) (resp. Tj(v; o) ) for EV-TaS (resp. 8-EB-EVICI with ng > 6 )
combined with the EV-GLR stopping rule using an asymptotically tight threshold. However,
since T*(v;0) < T*(v) and Tj(v;0) < Tj(v) , neither of these algorithms can be é-correct.
Otherwise, it would yield a contradiction with the lower bound in Lemma 3.1. Moreover,
as there exist instances for which the ratios 7*(v) /T*(v; o) and T} (v) /T (v; o) are arbitrarily
large, multiplying the thresholds by a problem independent constant is not sufficient to obtain
d-correctness, as expressed in Theorem 3.9.

Theorem 3.9. There exists a sampling rule such that: for all asymptotically tight family of thresholds
(¢ij) @i, j)e[k)2 and problem independent constant ag > 0, combining this sampling rule with the
EV-GLR stopping rule using (aoci ;) j)e[xk)2 Yields an algorithm which is not 6-correct.

Inspired by Section 3.3, we could also propose families of thresholds (EV-Student, EV-Box,
and EV-BoB) which are §-correct for the EV-GLR stopping rule but are not asymptotically tight
(Theorem 3.9). Still, in our experiments, the empirical proportion of error is lower than ¢ even
when using a heuristic, asymptotically tight threshold.

Based on Theorems 3.8 and 3.9, algorithms obtained by adapting the transportation costs
enjoy stronger theoretical guarantees than the ones plugging in the empirical variance.

3.4.3 Experiments

We compare the empirical performance of the two wrappers for different BAI algorithms
in the moderate regime ( 6 = 0.01 ). As benchmarks, we consider FHN2 (procedure 2 in
Fan et al. [2016]), uniform sampling, and “fixed” sampling which is an oracle playing with
proportions w*(v) . FHN2 is an elimination strategy that repeatedly samples all arms until

only one arm is left. Its elimination mechanism is calibrated by resorting to continuous-time
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Figure 3.2 - Empirical stopping time on Gaussian (top) random instances with X = 10, (left) standard
instance (u, 02) = ((1.0,0.85,0.8,0.7,0.65) , (1.0,0.6,0.5,0.4,0.35)) and (right) easy instance (u,0?) =
((1.0,0.2,0.15,0.1,0.05) , (1.0,0.05, 0.05,0.05,0.05)) . Lower bound is T* () log(1/5) .

approximations. Therefore, FHN2 is only asymptotically j-correct and has no guarantees on
the sample complexity. Based on Degenne et al. [2019] and Wang et al. [2021 ], plugging in the
empirical variance yields EV-DKM and EV-FWS, while DKM and FWS refer to the algorithms
using the transportation costs for unknown variances. Even though those instances are not
analyzed, we believe that similar guarantees on the sample complexity can be shown.

Algorithms obtained by plugging in the empirical variance use the EV-GLR stopping rule,
while the GLR stopping rule is used by the ones with adapted transportation cost and uniform
sampling. We consider the stylized stopping threshold c¢(n,d) = log ((1 +logn)/d) , which
was proposed in Garivier and Kaufmann [2016]. While it doesn’t ensure §-correctness of the
stopping threshold, it is asymptotically tight and yields an empirical error that is orders of
magnitude lower than § . Top Two algorithms use 3 = 0.5.

We assess the performance on 1000 random instances with K = 10 such that (u1,0%) = (0,1)
. Fori # 1, we set (u;,02) = (=A;,r;) where A; ~ U([0.2,1.0]) and r; ~ U([0.1,10])
. To illustrate the two regimes for T*(v)/T*(v;0) , we consider a standard instance with
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T*(v)/T*(v;0) ~ 1.015 and an easy instance with T*(v)/T*(v;0) ~ 1.384 . We average over
5000 runs.

In Figure 3.2, we observe that algorithms obtained by plugging in the empirical variance
yield similar results as the ones using the adapted transportation cost, and slightly better
performance on the easy instance. Moreover, those wrapped BAI algorithms outperform
uniform sampling and are on par with “fixed” sampling. On random instances, FHN2 has
similar performance to the wrapped BAI algorithms, but it wastes precious samples on easy
instances.

3.5 Discussion

In Chapter 3, we presented two approaches to deal with unknown variances, either by plugging
in the empirical variance or by adapting the transportation costs. New time-uniform concen-
tration results were derived to calibrate our two stopping rules. Then, we showed theoretical
guarantees and competitive empirical performance of our two sampling rules wrappers on two

existing algorithms.

While the literature abounds with designs of sampling rules, the optimal calibration of
stopping rules is a most pressing issue as it leads to lower empirical stopping time. While
calibrated thresholds have been derived with (near) optimal dependency in § , those thresholds
are known to be too conservative in the moderate confidence regime where their empirical error
rate is orders of magnitude lower than ¢ . Avoiding this bottleneck on the expected sample

complexity is an interesting open problem.

In the fixed-budget setting, characterizing the impact of not knowing the variances on the
probability of misidentifying the best arm is still an open problem. While similar approaches
might be used to deal with the unknown variances, the resulting algorithms might not enjoy

similar theoretical guarantees and empirical performance.

Finally, while this chapter goes beyond the class of one-parameter exponential families
used in Chapter 2, it still considers a parametric class of distributions. In many applications,
this is too restrictive, and non-parametric classes of distributions should be considered. It is
natural to wonder whether the approach of adapting the transportation costs can be extended.
In Chapter 4, we will answer in the affirmative for the class of bounded distributions.
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Chapter 4

Beyond Parametric Distributions

In Chapter 4, we study the vanilla BAI problem for the non-parametric class of bounded
distributions, as studied in Chapters 2 and 3 for parametric distributions. The presented results
were published in Jourdan et al. [2022].

The Top Two algorithms arose as an adaptation of Thompson sampling to best arm identifica-
tion in multi-armed bandit models [Russo, 2016] for parametric families of arms. Despite their
good empirical performance, theoretical guarantees for fixed-confidence best-arm identification
are only known for parametric distributions. In this chapter, we are interested in (near) optimal
and computationally efficient strategies when the distributions belong to a non-parametric
class of distributions. As an example motivated by applications in agriculture, we consider
the set of bounded distributions. We instantiate several Top Two algorithms introduced in

Chapter 2 for this class and prove their asymptotic 3-optimality.
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4.1 Introduction

As detailed in Chapter 1, the motivation to study BAI for Gaussian distributions with non-
parametric distributions comes from practical consideration. For applications to online mar-
keting such as A/B testing [ Kaufmann et al., 2014, Russac et al., 2021] assuming Bernoulli
or Gaussian arms is fine, but more sophisticated distributions arise in other fields such as
agriculture. In Section 4.4, we consider a crop-management problem: a group of farmers
wants to identify the best planting date for a rainfed crop. The reward (crop yield) can be
modeled as a complex distribution with multiple modes, but upper bounded by a known yield
potential. Therefore, sequentially identifying the best planting date calls for efficient best-arm
identification algorithms for the class of bounded distributions with a known range.

We consider the set Dy p) of bounded distributions with support in [0, B] with B > 0,
hence D" = Df§ 5, . Importantly, all distributions in x € D have a finite mean denoted by m(«)
. In the following, we assume that the set Z = {m(x) | k € D} of possible means is such that
T C (0,B), i.e. we exclude the Dirac distributions in {0} and {B} . Let v € DX with mean
p = m(v) such that the set of arms with largest mean i*(u) := arg max; ¢ pi is reduced to a
singleton denoted by i* (or i*(11) by abusing notation), i.e. S = {1 € (0, B)X | |i* ()| = 1} .

A fixed-confidence algorithm is defined by a sampling rule, a recommendation rule, and
a stopping rule. At time n , we denote by i,, the candidate answer and by I,, the arm to pull.
The stopping rule (and stopping time 75 ) using a fixed confidence level 1 — ¢ € (0, 1) which
should ensure d-correctness, i.e. P, (15 < +00, i, # i*(u)) < 6 for all instances v € DX with
meanpu € S.

As discussed in Section 1.4.1, the §-correctness requirement leads to a lower bound on the

expected sample complexity on any instance.

Lemma 4.1 (Garivier and Kaufmann [2016] and Agrawal et al. [2020]). An algorithm
which is §-correct on all problems in D[fé p) satisfies that, for all v € D[I({ p) With mean i € S,
E,[r5] > T*(v)log(1/(2.40)) .

For bounded distributions, Lemma 4.1 shows that 7*(v) is the asymptotic complexity of
the BAI problem, where
T*(v)™' = sup minC(i,j;v,w) with
weg J#

C(i,j;v,w) =1 (i > py) uei(r(l)fB) {wilCi;f(yi,u) + wleiJgf(Vj,u)} .

For one-parameter exponential families or Gaussian with unknown variance, the Cj,¢ functions
have a closed-form expression that can be computed efficiently. For bounded distributions,
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this is not the case, yet the dual formulation obtained by Honda and Takemura [2010] offers a

more explicit expression, i.e.

Kt ek, u) =1 (m(k) <u) sup Exo [log (1 - )\X - uﬂ and (4.1)
A€[0,1] B —u

K

i) = L(m(s) 2 0) sup Exe flog (1425 )]
A€[0,1] U

which are computationally expensive to evaluate when & is a continuous distribution.

As in previous chapters, we say that an algorithm is asymptotically optimal (resp. (-
optimal) on DX if it is §-correct and its sample complexity matches that lower bound, i.e. for all
v e D[I&B} such that p € S, limsups_,o E,[75]/ log(1/6) < T*(v) (resp. T5(v) ). For g € (0,1)
, the definition of Tj(v) is the same as T*(v) with the additional constraint on the outer
maximization that w;» = 8, hence T*(v) = minge(o,1) 75 (v) . For bounded distributions, we
show that 77 /2(1/) < 2T*(v) holds (Russo [2016] showed it only for one-parameter exponential

families).

Contribution 4.1. In Chapter 4, we propose a calibration of the GLR stopping rule and a concrete
instantiation of the Top Two algorithms based on a Dirichlet sampler for the randomized variants.

o We prove in Theorem 4.3 that those algorithms are asymptotically S-optimal. The proof follows
the unified analysis provided in Chapter 2, hence showing that the sufficient properties of the
leader and the challenger are satisfied. In particular, this requires deriving strong properties
on the Kins functions for bounded distributions and on the Dirichlet sampler, which are of
independent interest.

o We report results from numerical experiments on a challenging non-parametric task using
real-world data from a crop-management problem for various members of the Top Two family
of algorithms. Most of them perform significantly better than the baselines.

4.1.1 GLR Stopping Rule

For an arm i , we denote its number of pulls by Ny,; := >2,cp,—1) 1 (It = i) , its empirical
distribution by v, ; := Nn_z1 > tefn—1] 0x, ,, 1 (It = i) and its empirical mean by fi, ; := m(vy,;) -
Recall that F,, denotes the whole history before time n , which includes internal randomization
of the algorithm at time n . For all F,,-measurable sets A, let P,[A] := P[A | F,] be its
probability.

As a candidate answer, we use i,, € i*(uy,) , i.e. the empirical best arm (EB). For the stop-
ping rule, we use the GLR stopping rule (see Section 1.4.2 for more details). For bounded
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distributions, the GLR can be written as min;;, Wy, (in, ) , where the empirical transportation

cost between arm 7 and arm j is defined as

Wn(l’]) = C(Zij Vn, Nn) =1 (Nn,i > ,un,j) inf {Nn,ilci;f(yn,ia U) + Nn,j’C;;f(Vn,jvu)} .

u€(0,B)
(4.2)
Given a threshold function ¢(n, §) , the GLR stopping rule is
Ts = inf {n eN| 1'1712}’1 Wi (in, j) > c(n—1, 5)} . (4.3)
J#in

Lemma 4.2 gives a threshold ensuring that the GLR stopping rule is d-correct for all 6 € (0,1)
, independently of the sampling rule. Its proof relies on an elegant martingale construction
proposed by Agrawal et al. [2021b], and it is detailed in Appendix D.1.

Lemma 4.2. Let § € (0,1) . Given any sampling rule, using the threshold
c(n,d) =log(1/9) +2log (1 + n/2) + 2 + log(K — 1) (44)

with the stopping rule (4.3) yields a §-correct algorithms for the set of bounded distributions with

mean in S .

Empirical transportation costs Evaluating the stopping rule requires the computation of the
empirical transportation costs W, (7, j) defined in (4.2). As discussed above, the Ki,¢ functions
for bounded distributions are more expensive to compute than their counterparts for one-
parameter exponential families or Gaussian with unknown variance. Fortunately, we only

evaluate those functions on empirical distributions, which are supported on a finite set, i.e.

X, —
No i Kig(vngsu) =1 (pnj <w) sup 37 1 (I = j)log (1 - A”“> and
AE[0,1] 4 ln1] B—u

Xy —
N i (Unjisw) = 1 (fins > u) sup Z 1(I; =1)log <1 NI Wl u> .
A€[0,1] te[n—1] u

The minimization in A can be computed using a zero-order optimization algorithm (e.g. Brent’s
method Brent [2013]). The same optimizer can be used to compute the minimization in u €
(0, B) featured in W), (i, j) . By nesting those optimizations of univariate functions on a bounded
interval, the computation of I, (4, j) in the stopping rule dominates the computational cost of
our Top Tow algorithms (except the RS challenger, see below). Our experiments suggest that
using (4.3) is twice as computationally expensive as the LUCB-based stopping rule. It is a mild
price for improving the empirical stopping time. Algorithms for non-parametric distributions
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are bound to be computationally more expensive than their parametric counterpart, where a
vector of sufficient statistics can summarize the history 7, .

4.2 Top Two Sampling Rules

As recalled in Algorithm 4.1, a Top Two sampling rule is defined by four components: leader
answer, challenger answer, target allocation, and mechanism to reach it. We refer the reader to
Section 2.2 for more details on specific instances of those four choices, which were written in a
generality that includes non-parametric classes of distributions such as bounded distributions.

Dirichlet sampler The TS leader and RS challenger require a sampler II,, (see Section 2.2).
Our proposed Dirichlet sampler for bounded distributions in [0, B] has a product form: II,, =
Iyq % --- x I, ¢ where I1,, ; leverages H,,; := (X14,...,Xn, i) , which is the history of
samples from arm 7 collected in the first n — 1 rounds. Let 7, ; denote the empirical cdf of H,, ;
augmented by the known bounds on the support, i.e. {0, B} . For each arm ¢, II,, ; outputs a
random re-weighting of 7, ; . Concretely, letting (w1, ..., wn, ,+2) be drawn from a Dirichlet
distribution Dir(1y,, ,42) , a call to the sampler I, ; returns

Z w Xy + BwNn,i""l .
te[Nn,i]

This sampler is inspired by that used in the Non Parametric Thompson Sampling (NPTS)
algorithm proposed by Riou and Honda [2020] for regret minimization in bounded bandits,
with the notable difference that we have to add both 0 and B in the support, while NPTS only
adds the upper bound B . Since adding 0 is only necessary to ensure that the re-sampling
procedure stops (i.e. RS challenger), the TS leader could use a sampler based directly on H,, ; .

Leader answer The EB leader selects BEB = by € argmaX;e(g Hn,i - The UCB leader uses
BYCB ¢ arg maX;e(g) Un,i With

Un,i = {u € [Mn,in] ‘ Nn,z‘lc;f(Vn,uU) < g(n)} )

where g(n) = O(logn) . In the regret minimization setting, the /C;,-UCB algorithm was
introduced by Cappé et al. [2013], then analyzed by Agrawal et al. [2021a] for g(n) = logn +
loglog n. Using the Dirichlet sampler, the TS leader chooses B,{S € 1*(0,) with 6,, ~ II,, .
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-

Input: Leader answer L7 (e.g. EB, UCB or TS with Dirichlet sampler), challenger
answer L® (e.g. TC, TCI or RS with Dirichlet sampler), target allocation £
(e.g. fixed, IDS or BOLD) and how to reach the target £ (e.¢. randomized
or tracking).

2 Output: Next arm to sample I, .

3 Get B, € [K] from LB . // Leader answer
1 GetC,, € [K]\ {B,} from L® ; // Challenger answer
5 Get 3,,(Bp, Cy) € [0,1] from cr o // Target allocation
6 Get I, € {B,,C,} from LF using 5, (By, Cy) ; // Reaching the target

Algorithm 4.1: Top Two sampling rule for bounded distributions.

Challenger answer The TC and TCI challengers consider

CIC ¢ argmin W,,(B,,,i) and CI! € argmin {W,,(B,,7) + log N,.;} .
i#By, i#Bp,

Using the Dirichlet sampler, the RS challenger takes i.e. C’ES € arg maX;e(g| O, with 6, ~ II,,

until B, ¢ i*(6,,) .

Target allocation over arms In terms of fixed design, one can either fix the proportion to 3 or
sample the least sampled arm. Note that

0C(B,,, Cy; vp, N,
argmin N, ; # arg max C(By,, Cp; v, N + 1;) # arg max (Bn, Cni v, Nn) ,
i€{Bn,Cn} i€[K] ie[K] ow;
for distributions other than Gaussian with unit variance, hence other fixed designs could be
defined. It is an open problem to study IDS for other classes of distributions than Gaussian with
known variance. For bounded distributions, it is defined as /3,,(¢,j) = 1/2 when pi5,; < fin 5 ,

and B
Nn,i’Cinf(Mn,ia Ui,j(Vna Nn))
Wi (i, j)

with u; j(v, w) defined in Lemma 2.3 as the minimizer of the transportation cost (see Section 4.1.1

otherwise ,

ﬁn(%]) =

for a discussion on how to compute it numerically). Similarly, the optimal design BOLD is
defined as in (2.15), i.e.

in \Fny Nn .
I, =B, if Z ICmi(VB”’uB"7 (v ) >1 and I, =C, otherwise.
i1#Bn ,Cinf(y’iﬂ uBn,i(Vna Nn))

Mechanism to reach the target allocation Both randomization and tracking can be used since
they yield similar empirical performance and theoretical guarantees.
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4.3 Asymptotic Sample Complexity Upper Bound

In BAI for bounded distributions with known support [0, B] , Theorem 4.3 shows the asymptotic
B-optimality of many Top Two sampling rule when combined with the GLR stopping rule.

Theorem 4.3. Let (83,6) € (0,1)2. Combined with the GLR stopping rule (4.3) using the thresh-
old (4.4), the Top Two sampling rule (Algorithm 2.1) using (i) any leader in {EB,UCB, TS}, (if)
any challenger in {T'C, TCI, RS}, (iii) the fixed design (3 , and (iv) randomization (or tracking
for a deterministic leader /challenger pair, see Section 2.2.4) yields an algorithm which is -correct
and satisfies that, for all v € DE with mean p € RX such that A (1) := ming; [u; — pji| >0,

E,
lim sup 73]

n P g (1/8) = 1P

Choosing a Top Two algorithm Choosing our favorite Top Two instances requires further
empirical and computational considerations. Computing the EB leader has a constant com-
putational cost, while the TS leader is computationally costly for large time n since it requires
sampling from a Dirichlet distribution with N,, ; + 2 parameters for each arm i . On the chal-
lenger side, the RS challenger is computationally very expensive for large time n as the sampler
becomes concentrated around the true mean vector. On the contrary, by leveraging computa-
tions done in the stopping rule (4.3), the TC and TCI challengers can be computed in constant
time. Based on these computational considerations, the most appealing Top Two algorithm for
bounded distribution appears to be EB-TC-/3 . But experiments performed in Section 4.4 reveal
its lack of robustness, and for bounded distributions the best trade-off between robustness and
computational complexity is EB-TCI-3 . More generally, TS-TC-3 can also be a good choice

provided access to an efficient sampler.

Proof outline The proof of Theorem 4.3 follows from the same unified analysis as presented
in Section 2.3 of Chapter 2. In Jourdan et al. [2022], we proposed the unified analysis for
fixed design (3 precisely to tackle bounded distributions. We present important regularities
properties (Section 4.3.1), mention why the analysis still works for EB-TC-3 (Section 4.3.2),
and explain why the Dirichlet sampler has the desired properties for bounded distributions
(Section 4.3.3).
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4.3.1 Regularity Properties

For detailed proof of the following properties for bounded distributions Dy g; , we refer the
reader to Appendix F in Jourdan et al. [2022].

The Ki,¢ functions When studying a class of non-parametric distributions (such as bounded
distributions), we need to derive strong regularity properties on the K;,s functions. This is a
key challenge to tackle BAI with classes of non-parametric distributions. It is an open problem
to clearly define what is the minimal set of regularity properties on the class of non-parametric
distribution D to obtain sufficient regularity to study BAI algorithms, such as Track-and-Stop
or Top Two algorithms.

Since K._¢(k,u) = K}

inf

(kB=X, B—u) where k%=X is the pushforward measure of  through

+

x — B — x, we can restrict the analysis to studying K. .

First, it is required to show the dual
formulation of the K;' - asin (4.1), which was done by Honda and Takemura [2010]. Leveraging
this dual formulation, we obtain that (x,u) — Ki(k,u) is continuous on Dy g1 % [0, B) (by
adapting a method proposed by Agrawal et al. [2021b] in a slightly different setting) and

convex on Dy g} x [0, BJ .

Lemma 4.4 (Theorems 5 and 6 in Honda and Takemura [2010]). Let s € Dy p) . Then,
u — Ko (1, u) is differentiable on (m(k), B] and

inf
+
SHIGD) =M (k,u) with M (k,u) = argmax Ex..[log(l —\X —u))]. (45)
du A€[0,(B—u)~1]

Let uT (k) = B —Exx[(B—X)™ 17 > m(k) . Then, (i) A} (k,u) = 0 if and only if u < m(k)
, (i) u € (m(k), u™ (k)] implies that Ex.[(1 — A} (k, u)(X — )~ = Land (iii) \} (k,u) =
(B —u)~tifand only ifu > ut (k).

Our key novel result on the regularity of u — K" (k, u) is its strict convexity on (m(x), B]
(Lemma 4.5). The proof of Lemma 4.5 is detailed in Appendix D.2 and it differs from the proof
strategy proposed by Agrawal et al. [2021b] in a slightly different setting.

Lemma 4.5. Let k € Dy g . The function u — K (k,w) is strictly convex and increasing on
(m(k), B] , and null on [0, m(k)] .

Characteristic times Leveraging the regularity properties on the K, functions, we obtain
regularity properties on the transportation costs and on the characteristic times. In a nutshell,
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we proved similar properties for bounded distributions as the ones detailed for Gaussian with

known variance in Lemma 2.10.

4.3.2 A Pedagogical Example: EB-TC

In Section 2.3.5, we presented the proof for the EB leader and the TC challenger. It is straight-
forward to see that the same arguments can be applied for the EB leader to obtain both Proper-
ties 2.14 and 2.17.

For the TC challenger, the regularity properties of the transportation costs (see Section 4.3.1
for details) will allow to prove an equivalent of Lemma 2.22. To prove an equivalent of
Lemma 2.23, we rely on similar arguments and use that ;! (k,u) < —log(1 — u/B) for all
(k,u) € Dy,p) x [0, B) (Lemma 14 in Honda and Takemura [2010]). Combining those two
lemmas on the growth of the empirical transportation costs, we can show that Property 2.14
holds. Thanks to the equivalent of Lemma 2.10, the proof of Property 2.20 is similar. Let i
such that N, ; /Ny, i+ > +w;7i/6 ,and j ¢ {¢*,i} such that N,, /N, i~ < wgJ/,B (which exists).
Using that w — C(i*, i; k, w) is increasing and the equality at equilibrium, we obtain that

W (3%, 4)

>
WH(Z*>]) B

C@* isvm,ws +vB1ly) CUS v wh +981)
C(i*, jivm,wh)  motoo  C(i%, jiv,wh)
Ci*, i v, wh +1B81)

= — > 1
C(i*,1i; v, wg)

Since W, (i*,i) > W,,(i*, j) , we conclude that C,, # i (i.e. Property 2.20 holds).

The generalization to the UCB leader or the TCI challenger is straightforward. We refer the
reader to Appendix D.1 in Jourdan et al. [2022] for more details.

4.3.3 Dirichlet Sampler
As in Section 2.3.5, we prove the desired properties for the TS leader and RS challenger. Since

maX{PHnM(emi > u) HPHn\n(anJ < u)} < ]P)Hn|n(i € Z*(en)) <1- ma’XPHn|n(9n,i < 9n7j) )
ueR A J#i
we need to control (i) the Boundary Crossing Probability (BCP) of an arm, i.e. Py, |, (0,5 < u)
and Py, |, (0, > u) where u is a fixed threshold, and (ii) the probabilities that the empirical
ordering is reversed, i.e. Pry,, |, (0,i < 0y, ;) when p; > 1; . Lemma 4.6 shows that we can obtain

guarantees on Py |, (05,i < 0, ;) by using BCP (see Lemma 64 in Jourdan et al. [2022]).
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Lemma 4.6. Let x € argmax,cg Py, (62 > ©)Py, (01 < u) and g(u) = u(1l — log(u)) for all
u € [0, 1] . Then, Pﬁz ((92 > SU)IP),ﬂ (91 < l’) < ]P)(nl,ng) (92 > (91) < g (PHQ (92 > £)IP,$1 (91 < LB)) .

Combining Lemma 4.6 with the proof technique of Lemma 15 in Riou and Honda [2020] to
derive an upper bound on the BCP, we show the following concentration result

Py, ~tt,n(Onj = Oni) < f (C(i,j;Vn,Nn +2- 1[K])) ; (4.6)

where f(z) = (1 +z) exp(—=z) . Using (4.6), we can show that Properties 2.14 and 2.17 hold for
the TS leader answer. Property 2.15 is proven by using (4.6) and the coarse anti-concentration
result, i.e. Py, or1, n(0ni > u) > (1 —u/B)N»i+! | Property 2.20 is proven by using (4.6) and
a tight anti-concentration result, i.e. Py, w11, n(0n,i = Onix) Z exp(—W,(i*,7)) . We refer the

reader to Appendices D.2 and G in Jourdan et al. [2022] for more details.

4.4 Experiments

We assess the empirical performance of our Top Two algorithms on the DSSAT simulator?
[Hoogenboom et al., 2019] and on Bernoulli instances in the moderate regime ( 6 = 0.01 ).
The set D of Bernoulli distributions is an example of a one-parameter exponential family
contained in Djg ;] . The stopping rule (4.3) is used with the threshold c(n, §) defined in (4.4)).
As the Top Two sampling rules, we present results for EB-TC-1/2 , EB-TCI-1/2, TS-TC-1/2, and
TS-TCI-1/2 . We will omit the target 5 = 1/2 in their names.

As benchmarks for the sampling rule, we use KL-LUCB with Bernoulli divergence [Kauf-
mann and Kalyanakrishnan, 2013] (whose theoretical guarantees extend to any distribution
bounded in [0,1] ), “fixed” sampling that is an oracle playing with proportions w*(v) and
uniform sampling. We also propose a heuristic adaptation of the DKM algorithm [ Degenne
et al., 2019] (which is asymptotically optimal for one-parameter exponential families) to tackle
bounded distributions, which we denote by K,;-DKM, and uses forced exploration instead of
optimism. Inspired by the regret minimization algorithm K;,;-UCB [Agrawal et al., 2021a], we
propose its LUCB variant Kalyanakrishnan et al. [2012], named K;,s-LUCB. The upper/lower
confidence indices are obtained by inverting of K, , i.e.

Vi # iy, Upsi = max {u € [pin,i, B] | NM'IC.Jr (Friyu) <c(n—1, 6)} ,

inf

Ln s = min {u € [0, ing,] | N, Ko (Fsysw) < e(n —1,8)} .

inf

'DSSAT is an Open-Source project maintained by the DSSAT Foundation, see https://dssat.net.
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Arm 1
—— Arm 2
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EB-TC EB-TCI Ts-TC TS-TCI  Kinf-DKM Kinf-LUCB  Fixed Uniform 0.00 0.25 0.50 0.75 1.00

Figure 4.1 - Empirical stopping time (a) on scaled DSSAT instances with their density and mean (b).
Lower bound is T*(v) log(1/4) . “stars” equal means.

LUCB-based algorithms [Kalyanakrishnan et al., 2012] use their own stopping rule, namely they
stop when L,, 5; > max;;, Uy, ;. For Bernoulli distributions, K,s-LUCB recovers KL-LUCB.
While being asymptotically optimal for heavy-tailed distributions [ Agrawal et al., 2020] with
an adequate stopping threshold, the Track-and-Stop algorithm is computationally intractable
for bounded distributions as it requires to compute w*(v,,) at each time n (or on a geometric
grid). We hence omit it from our experiments.

Crop-management task In DSSAT, each arm corresponds to a choice of planting date and
fixed soil conditions. To illustrate the problem’s difficulty, we represent an empirical estimate
(independent of the runs of our algorithms) of the yield distributions in Figure 4.1(b). Since the
gaps between means are small, the identification problem is hard. Moreover, K,y computations
for non-parametric distributions are costlier than Bernoulli ones, so we only present the results
for 100 runs.

In Figure 4.1, EB-TCI, TS-TC, and TS-TCI slightly outperform /C;,;-DKM and the fixed (oracle)
sampling rule. Moreover, Kj,;-LUCB performs significantly worse than uniform sampling. Due
to the small number of runs, we don’t observe large outliers for 5-EB-TC. KL-LUCB performs
ten times worse than Ki,s-LUCB, hence we omit it from Figure 4.1.

Bernoulli instances Next we assess the performance on 1000 random Bernoulli instances
with K = 10 such that p; = 0.6 and p; ~ U([0.2,0.5]) for all ¢ # 1 , where we enforce that
Apin > 0.01. We also study the instance 1 = (0.5, 0.45,0.45) , in which Ap,;, = 0, and perform
1000 runs.

In Figure 4.2(a), we see that EB-TCI, TS-TC, and TS-TCI outperform other algorithms. While
this gain is slim compared to Cine-DKM, the empirical stopping time is twice (resp. three times)
as large for KL-LUCB (resp. uniform sampling). Even when A,;, = 0, Figure 4.2(b) hints that
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Figure 4.2 — Empirical stopping time on Bernoulli (a) random instances with K = 10 and (b) instance
= (0.5,0.45,0.45) .

their empirical performance might be preserved. Figure 4.2 confirms the lack of robustness of
EB-TC, which is prone to large outliers. For the symmetric instance in Figure 4.2(b), uniform
sampling outperforms KL-LUCB and performs on par with the “fixed” sampling.

4.5 Discussion

In Chapter 4, we instantiated several Top Two algorithms introduced in Chapter 2 for the
class of bounded distributions and proved their asymptotic S-optimality. In experiments on
distributions coming from a real-world application, several Top Two variants (in particular
TS-TC-g and EB-TCI-$3 ) proved to be more effective than all baselines. Furthermore, EB-TCI-/3
is computationally not costlier than computing the stopping rule.

This chapter goes beyond the class of parametric distributions used in Chapters 2 and 3,
yet it is considered a specific non-parametric class of distributions. An interesting direction of
research lies in extending the analysis of Top Two algorithms to other classes of non-parametric
distributions by extracting sufficient (and minimal) conditions on the class D . As discussed
in this chapter, those conditions should yield enough regularity on the ;s functions and the

characteristic times.

Finally, the Top Two algorithms are promising algorithms to tackle the setting of fixed-
budget identification, in which the algorithms have to stop at a given time and should then
make as few mistakes as possible. As their sampling rule is anytime (i.e. independent of § ),
Top Two algorithms might also have theoretical guarantees for BAI in the fixed-budget setting,
or even the anytime one, in which guarantees on the error probability should be given at all
times. In Chapter 5, we will prove such guarantees in vanilla e-BAI for Gaussian distributions

with known variances.
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Chapter 5

Epsilon Best Arm Identification

In Chapter 5, we study the e-BAI problem for vanilla bandits in the anytime setting, as
described in Chapter 1. The presented results were published in Jourdan et al. [2023b].

We propose EB-TC,, a novel sampling rule for e-best arm identification in stochastic bandits.
It is the first instance of the Top Two algorithm analyzed for approximate best arm identification.
EB-TC. is an anytime sampling rule that can therefore be employed without modification for
fixed confidence or fixed budget identification (without prior knowledge of the budget). We
provide three types of theoretical guarantees for EB-TC.. First, we prove bounds on its expected
sample complexity in the fixed confidence setting, notably showing its asymptotic optimality
in combination with an adaptive tuning of its exploration parameter. We complement these
findings with upper bounds on its probability of error at any time and for any error parameter,
which further yields upper bounds on its expected simple regret at any time. Finally, we
show through numerical simulations that EB-TC. performs favorably compared to existing
algorithms in different settings.

Contents
51 Introduction . ... ... ... ... .. .. ... i e 110
5.2 Anytime Top Two SamplingRule . .. ... ... ... ... ... .. ..... 112
5.3 Fixed-confidence Guarantees . . . . . ... ... .. ... 114
5.4 Anytime Guarantees on the Probability of Error . ... ............ 119
55 Experiments . .. .. ... ... . ... e e 124
56 Discussion . . ... ... ... e e e e 126

109



Epsilon Best Arm Identification

5.1 Introduction

As detailed in Section 1.5, the motivation for the anytime setting comes from practical consid-
erations. Practitioners might have different predefined constraints, e.g. the maximal budget
might be fixed in advance, or the error made should be smaller than a fixed admissible error.
However, in many cases, fixing such constraints in advance can be challenging since a “good”
choice typically depends on unknown quantities. Moreover, while the budget is limited in
clinical trials, it is often not fixed beforehand. The physicians can decide to stop earlier or obtain
additional funding for their experiments. In light of those real-world constraints, regardless
of its primal objective, any strategy for choosing the next treatment should ideally come with

guarantees on its current candidate answer that hold at any time.

As described in Chapter 1, the motivation of the e-BAI problem stems from the sampling
cost of the BAI problem. If several arms have means very close to the maximum, finding the
one with the highest mean might be difficult. In practice, we are often satisfied by any good
enough arm, in the sense that its mean is greater than p, — ¢, where p, = max;¢c(x) #; and
£ > 0. This is the e-BAI task, in which S = R¥ whene > 0. Let Z. (i) = {i € [K] | jt; > ps — €}
be the set of e-good (or e-close) arms, which are the multiple correct answers. Our results can
also be adapted to multiplicative e-BAI for ¢ € [0,1) , in which all means are non-negative,
ie.S={ucRE| min;e(x) i > 0}, and we want to find an arm with mean ju; > (1 — &) s .

We consider the set D, of o-sub-Gaussian distributions and assume that o; = 1 for all
i € [K] by scaling, hence DX = DK . Let v € DX with mean vector u € RX . Let i*(u) :=
arg max;e (x| ti be the set of arms with largest mean (i.e. i*(u) = Zo(p) ). Let A; == pe —
denote the sub-optimality gap of arm 4 .

Performance criteria An anytime algorithm is defined of by a sampling rule and a recom-
mendation rule. At time n , we denote by %, the candidate answer and by I,, the arm to pull.
Let P, (i, ¢ Z. (1)) be the probability of e-error of the recommendation at n , E, [, — p;, | be its
the expected simple regret which is independent of any parameter ¢ . As detailed in Section 1.5.2,
there are several ways to evaluate the performance of an anytime algorithm for e-BAI.

e Fixed confidence: given a known parameter § € (0,1) , we augment the algorithm with a
stopping rule (hence a stopping time 7. 5 ) which ensures that the algorithm is (¢, §)-PAC,
ie.Py(1e5 < +00,ir 5 ¢ T(n)) < 0 for all v € DX with mean p € S . The goal is to
minimize the expected sample complexity E[7. 5| , defined as the expected number of
samples it needs to collect before it can stop and return a good arm with confidence 1 — 6.

e Fixed budget: given a known budget 1" € N, the algorithm is ran until a predefined time
T , and we evaluate it based on the probability of error at 7" . This setting has been mostly
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studied for ¢ = 0 [Audibert et al., 2010, Karnin et al., 2013], but Zhao et al. [2023] present
the first bounds for ¢ > 0 for an algorithm that is agnostic to this value.

e Simple regret minimization: we evaluate the expected simple regret at a known budget
T € N [Bubeck et al., 2011, Zhao et al., 2023 ].

The anytime algorithm that we propose in this chapter is motivated by the fixed-confidence
e-BAI problem. We shall analyze its expected sample complexity in the fixed confidence setting,
and thanks to the anytime property, we will also be able to prove guarantees on its probability
of e-error for every ¢ > 0 and its expected simple regret at any time.

Fixed-confidence c-BAI Lete > 0and d € (0, 1) be fixed error and confidence parameters. The
(¢, 0)-PAC requirement leads to an asymptotic lower bound on the expected sample complexity.

Lemma 5.1 (Theorem 1 in Degenne and Koolen [2019]). Let ¢ € (0,1)ande > 0. Forall (¢, §)-
PAC algorithms and all instances v = N (u, 1) with p € RE | liminfs_,o E, [7. 5]/ log(1/8) >
T.(v) where T.(v) = min,ez. (,) Minge 0,1y 1t (v, 7) with

1 (i — pj +¢)?

T.p(v,i)"' = max min-

5.1
werg,wi= j#i 2 1/8+ 1/'U)j &)

An algorithm is asymptotically optimal (resp. S-optimal) if its sample complexity matches
that lower bound, that is if limsups_,o E,[7- 5]/ log(1/8) < T.(v) for all v € DX with mean
€ RE (resp. T 3(v) = min;ez, () Tz,5(v, ) ). As in BAI we can show that T} 1 »(v) < 27%(v)
[Russo, 2016]. The asymptotic characteristic time 7.(v) is of order > | min{e=2, A2} . 1t
is computed as a minimum overall e-good arms i € Z.(u) of an arm-specific characteristic
time, which can be interpreted as the time required to verify that i is a correct answer (i.e. e-
good). Each of the times ming¢ (g 1) Tt 5(v, i) correspond to the complexity of a BAI instance
(i.e. e-BAI with ¢ = 0 ) in which the mean of arm i is increased by ¢ . Let w. g(v, i) be the
maximizer of (5.1). In Garivier and Kaufmann [2021], they show that 7. (v) = T} g« (v, i)
and 7; g(v) = T: g(v,7*) , where i* € i*(u) and B*(i*) = arg minge g 1) 1z, 5(v,7*) . Note that the
characteristic time for o-sub-Gaussian distributions (which does not have a form as “explicit”
as (5.1)) is always smaller than the ones for Gaussian having the same means and variance o .
Lemma E.1 in Appendix E.1 gives a reduction of a e-BAI problem to a BAI one on a modified

instance.

Any time and uniform e-error bound In addition to the fixed-confidence guarantees, we will
prove a bound on the probability of error for any deterministic time n and any error € , similarly
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to the results of Zhao et al. [2023]. That is, we bound P, (i, ¢ Z (1)) for any deterministic n and
any ¢ . This gives a bound on the probability of error in e-BAI, and a bound on the expected
simple regret of the sampling rule by integrating: E, [p. — p;,] = fR+ P, (in ¢ Zo(p))d e .

Contribution 5.1. In Chapter 5, we propose the EB-TC., algorithm, with a slack parameter 9 > 0
, originally motivated by ey-BAL It is the first Top Two algorithm for the e-BAI problem when € > 0
. We study its combination with a stopping rule for fixed confidence e-BAI (possibly with g # € )
and also its probability of error and expected simple regret at any time.

o EB-TC., performs well empirically compared to existing methods, both for the expected sample
complexity criterion in fixed confidence e-BAI and for the anytime simple regret criterion. It
is easy to implement and computationally inexpensive in our regime.

o We prove upper bounds on the expected sample complexity of EB-TC., in fixed confidence
e-BAI with 1-sub-Gaussian distributions, both asymptotically (Theorem 5.4) as 6 — 0 and
for any § (Theorem 5.5). In particular, EB-TC. with ¢ > 0 is asymptotically optimal for
e-BAI with Gaussian distributions.

o We prove a uniform e-error bound valid for any time for EB-TC.,. In particular, this gives a
fixed budget error bound and a control of the expected simple regret of the algorithm at any
deterministic time n (Theorem 5.9 and Corollary 5.10).

5.2 Anytime Top Two Sampling Rule

We propose an anytime Top Two algorithm, named EB-TC., and summarized in Figure 5.1.
This is an instance of the Top Two algorithm, see Chapter 2.2 for more details on those methods.

We start by sampling each arm once. Let IV, ; and p, ; be the empirical count and empirical
mean of arm ¢ € [K] before time n . At time n > K , we recommend the Empirical Best (EB)
arm i, € i*(un) (Where ties are broken arbitrarily). At the time n > K, a Top Two sampling
rule defines aleader B,, € [K]and a challenger C,, # B, . It then chooses the arm to pull among
them. For the leader/challenger pair, we consider the Empirical Best (EB) leader BEP = i,, and,
given a slack eg > 0, the Transportation Cost (TC;, ) challenger

. Myp,BEB — lni+ €
CECEO € arg min ——==

. (5.2)
i#BEB \/1/Nn7B£B + 1/Nn’i

The TC,, challenger seeks to minimize an empirical version of a quantity that appears in the
lower bound for €9-BAI (Lemma 5.1), hence it is a natural extension of the TC challenger used
in the T3C algorithm [Shang et al., 2020] for g =0 .
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5.2 Anytime Top Two Sampling Rule

1 Input: Slack 9 > 0, proportion 3 € (0,1) (only for fixed proportions).
2 Output: Next arm to sample I, and next recommendation i, .

3 Set i, € arg maX;e(x) Un,i // Candidate answer
:U'n,Bn_H/n,i"l‘a()
\/]-/Nn,BnJF]-/an
5 Set [fixed] (3, (B, Cy) = B or [IDS] 5,(By,Cpn) = Npc,,/(Nn,B, + Nnc,,) , then

update Bn+1(Bn7 Cpn) and T, 11(Bp, Cr) // Target allocation
C, if NP, < (1-=38,11(Bn,Cn))Ths1(Bn,Cy
6 Set I, — it Ne, < (1= Bl ) Tn+1( )
B,, otherwise
Algorithm 5.1: EB-TC, algorithm with fixed or IDS proportions.

4 Set B, =1, and C), € arg min, g,

; // Leader and challenger

; // Tracking

Weselect I,, € {B,,, C,, } thanks to the tracking procedure associated with the leader/challenger
pair (B, Cy,) , hence we have K (K — 1) independent tracking procedures. The tracking pro-
cedure ensures that the proportion of times the algorithm pulled the leader i remains close
to a target average proportion 3,(i,j) € (0,1) . We define two variants of the algorithm
that differ in the way they set the proportions f3,(i,5) . Fixed proportions set (3, (i,j) = 3
for all (n,i,j) € N x [K]?, where 3 € (0,1) is fixed beforehand. Information-Directed
Selection (IDS) [You et al., 2023] defines 3,(i,j) = Ny j/(Nni + Ny ;) and sets B3, (i, ) :=
To(i 1) Srepuo 1 (Bs Cr) = (3,7)) Bili, ) where To(i,5) = Yreguy 1 ((Bi Co) = (i, ) is
the selection count of arms (4, j) as leader/challenger. Importantly, the IDS proportions are
independent of the slack ¢ for Gaussian with known variance. Empirically, we observe slightly
better performances when using IDS.

Let N; ; := Y cpn-1) 1 ((B:, Ct) = (i,4), It = j) be the number of pulls of arm j at rounds
in which ¢ was the leader. We set I, = C,, if Nf’én < (1 = Bpi1(Bn, Co))Ti1(Bn, Cy) and
I, = By, otherwise. Using Theorem 6 in Degenne et al. [2020b] for each tracking procedure
(i.e. each pair (4, j) ) yields Lemma 5.2.

Lemma 5.2. Foralln > K ,i € [K], j # i, we have —1/2 < wa- — (1= B3, ) Tn(i,§) < 1.

Choosing g Jourdan et al. [2022] shows that EB-TC (i.e. EB-TC,, with slack g9 = 0 ) suffers
from poor empirical performance for moderate ¢ in BAI (see Appendix D.3 in Jourdan et al.
[2022] for a detailed discussion). Therefore, the choice of the slack gy > 0 is critical since it
acts as a regularizer which naturally induces sufficient exploration. By setting €y too small, the
EB-TC,, algorithm will become as greedy as EB-TC and perform poorly. Having ¢ too large
will flatten differences between sub-optimal arms, hence it will behave more uniformly. We
observe from the theoretical guarantees and our experiments that it is best to take ¢y = ¢ for
e-BAIL but the empirical performance is only degrading slowly for ¢9 > ¢ . Taking ¢ < ¢ leads

113



Epsilon Best Arm Identification

to poor performance. When tackling BAI, the limitation of EB-TCj can be solved by adding an
implicit exploration mechanism in the choice of the leader/challenger pair.

Anytime sampling rule EB-TC,, is independent of a budget of samples 7" or a confidence
parameter 0 . This anytime sampling rule can be regarded as a stream of empirical means/counts
(ttns Np)n>k (which could trigger stopping) and a stream of recommendations &, = i* (i) -
These streams can be used by agents with different kinds of objectives. The fixed-confidence
setting couples it with a stopping rule to be (e, )-PAC. It can also be used to get an e-good
recommendation with a large probability at any given time n .

5.2.1 Stopping Rule for Fixed-confidence c-Best-arm Identification

In addition to the sampling and recommendation rules, the fixed-confidence setting requires a
stopping rule. Given an error/confidence pair, the GLR. stopping rule [Garivier and Kaufmann,

2016] prescribes to stop at the time

7.5 = inf ¢ n > K | min Hnsin — Hni + € > 1/2¢(n —1,9) with i, € i*(pn), (5.3)
i#in \/1/]\7”’% + I/Nn,z

where ¢ : N x (0,1) — R is a threshold function. Lemma 5.3 gives a threshold ensuring that
the GLR. stopping rule is (¢, §)-PAC for alle > 0 and 6 € (0, 1), regardless of the sampling

rule.

Lemma 5.3 ([ Kaufmann and Koolen, 2021]). Let ¢ > 0 and 6 € (0,1) . Given any sampling
rule, using the threshold

c(n,d) =2Cq(log((K —1)/6)/2) + 4log(4 + log(n/2)) (54)

with the stopping rule (5.3) with error/confidence pair (e, ) yields a (e, 0)-PAC algorithm for
1-sub-Gaussian distributions with mean in R . The function Cg is defined in (B.1). It satisfies
Co(x) = x + log(x) .

5.3 Fixed-confidence Guarantees

To study e-BAI in the fixed-confidence setting, we couple EB-TC,, with the GLR. stopping
rule (5.3) using error ¢ > 0, confidence ¢ € (0, 1) and threshold (5.4), hence this algorithm
is (¢, 0)-PAC. We derive upper bounds on the expected sample complexity E, 7. 5] both in the
asymptotic regime of § — 0 (Theorem 5.4) and for finite confidence when € = ¢y (Theorem 5.5).
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Theorem 5.4. Let ¢ > 0, g9 > 0and (3,6) € (0,1)? . Combined with GLR. stopping (5.3),
the EB-TC., algorithm is (e, 8)-PAC and it satisfies that, for all v € DX with mean p such that
(W =1,

limn sup E, [7: 5] < Do (i) T:,(v)  [IDS] 7
’ Te, 5(v) [fixed ]

where De (1) = (1 + maspie (0 — €)/ (e — pi +))2

Proof. The proof follows along the same lines as the one in Section 2.3 of Chapter 2, which
was written in sufficient generality to also cope for e-BAI. We have shown that the EB leader
satisfies the Properties 2.14 and 2.17 in Appendix B.12. As for the TC challenger studied in
Appendix B.13, the TC,, challenger satisfies the Properties 2.15 and 2.20. Interestingly, the
proof also holds when € # ¢ at an extra cost of D. (1) since we approximate empirically (
B-)optimal allocation for 9-BAI while stopping for e-BAIL. We refer the reader to Appendix D
in Jourdan et al. [2023b] for more details. We also note that Theorem 5.4 is not conflicting with
the lower bound of Lemma 5.1, as shown by Lemma E.2 in Appendix E.1. [ |

While Theorem 5.4 holds for all 1-sub-Gaussian distributions, it is particularly interesting for
Gaussian ones, in light of Lemma 5.1. When choosing € = ¢q (i.e. D¢, ¢, (1) = 1), Theorem 5.4
shows that EB-TC,, is asymptotically optimal for Gaussian bandits when using IDS proportions
and asymptotically S-optimal when using fixed proportions 3 . By direct computation, one
can show that Theorem 5.4 is not conflicting with the lower bound of Lemma 5.1. Empirically,
we observe that the empirical stopping time can be drastically worse when taking g < ¢, and
close to the optimal one when gg > €.

Until recently [ You et al., 2023], proving asymptotic optimality of Top Two algorithms with
adaptive choice 3 was an open problem in BAL In this chapter, we prove that their choice of
IDS proportions also yields asymptotically optimal algorithms for e-BAI. While the proof of
Theorem 5.4 assumes the existence of a unique best arm, it holds for instances having sub-
optimal arms with the same mean. This is an improvement compared to existing asymptotic
guarantees on Top Two algorithms that rely on the assumption that the means of all arms are
different [Qin et al., 2017, Shang et al., 2020, Jourdan et al., 2022]. The improvement is possible
thanks to the regularization induced by the slack eg > 0 .

While asymptotic optimality in the e-BAI setting was already achieved for various algo-
rithms (e.g. e-Track-and-Stop (TaS) [Garivier and Kaufmann, 2021], Sticky TaS [Degenne and
Koolen, 2019] or LeBAI [Jourdan and Degenne, 2022]), none of them obtained non-asymptotic
guarantees. Despite their theoretical interest, asymptotic results provide no guarantee of the
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performance for moderate ¢ . Furthermore, asymptotic results on Top Two algorithms require
a unique best arm regardless of the considered error ¢: reaching asymptotic ( 8-)optimality
means that the algorithm eventually allocates samples in an optimal way that depends on the
identity of the unique best arm, and that requires the unique best arm to be identified. As our
focus is e-BAI, our guarantees should only require that one of the e-good arms is identified
and should hold for instances having multiple best arms. The upper bound should scale with
—2

€0 2 instead of A, when Ay, is small. Theorem 5.5 satisfies these requirements.

Theorem 5.5. Let 6 € (0,1) and eg > 0. Combined with GLR., stopping (5.3), the EB-TC.,-1/2
algorithm is (g9, §)-PAC and satisfies that, for all v € DX with mean i € R¥,

Ey[7eps) < inf max{T,.,(0,€) +1, Sue(€)}+ 2K?
£€[0,e0]

where T), ., (0,€) and S, ¢, (§) are defined by

Tiueo(6,6) =sup{n [n =1 <201 +79)* Y Top1p,i)(y/e(n —1,8) + v4logn)’}

1€Z(p)
3 16(1+~7Y) . 14+ HK?
Spe@=h | ————LH, .. (), ————— +1] ,
MEO( ) ( a%so(g) %80( ) au,so(e)
 minger. () T, (v,1) . .
Gole) = ———E =0 min _ we, 1/5(v,);

; n
ZiGIg(u) Tag,l/?(ya i) i€Z(p)ji

where «y € (0,1/2] is an analysis parameter and hi(y, z) ~ z + ylog(z + ylog(y)) . Tz, 1/2(p %)
and wy, 1/2(v, 1) are defined in (5.1) and

2|7 ()|
Apu(8)?

Hyeo(8) = +(IZe(m) \ *(0)])Crueo () + Y max{Cpeo(é), V2AT'Y, (55)

i¢ Tz (1)

with A, (8) = minggr. () Ak and Cy e, (8) = max{2A,(8) "1 — et 5"}

Proof. The proof follows along the same lines as the one in Section 2.4 of Chapter 2, which was
written in sufficient generality to cope for e-BAI. While we detail some key lemmas below, we
refer the reader to Appendix E in Jourdan et al. [2023b] for more details. |

The upper bound on E, 7., ;] involves a §-dependent term T}, . (d, ¢) and a /-independent
term S, -, (€) . The choice of ¢ influences the compromise between those, and the infimum over
€ means that our algorithm benefits from the best possible trade-off. In the asymptotic regime,
we take &€ = 0 and v — 0 and we obtain lims_.o E,[7., 5]/ log(1/5) < 2|i*(u)|T., 1/2(v) - When
|i*(1)| = 1, we recover the asymptotic result of Theorem 5.4 up to a multiplicative factor 2 .

116



5.3 Fixed-confidence Guarantees

For multiple best arms, the asymptotic sample complexity is at most a factor 2|i*(u)| from the
p-optimal one.

Given a finite confidence, the dominant term will be S, ., (&) . For € = 0, we show that
H,0(0) = O(K min{Amin, £0} %) , hence we should consider & > 0 to avoid the dependency
in A - For € = gg, there exists instances such that maxier, () Teo1 /2(v, 1) is arbitrarily large,
hence 7}, ¢, (8, c0) will be very large as well. The best trade-off is attained in the interior of
the interval (0,9) . Proven in Appendix E.2, Lemma 5.6 yields that, for ¢ = ¢3/2, we have
Teo1/2(vyi) = O(K/eg) foralli € I, j5(p) and H,, o (0/2) = O(K/e3) . Therefore, we obtain
an upper bound O(|Z, /5(1) |Keyg2logegt) .

Lemma 5.6. Let ¢ > 0and u € RX . Then, forall i € I 2(p) , we have T, 1 (v, i) < 32K /e?
and min;; w, 1 2(v,1); > (16(K —2) +2)7".

While the dependency in a,, -, (£0/2) is milder in e-BAI than in BAI (as it is bounded away
from 0 ), we can improve it by using a refined analysis. Introduced in Jourdan and Degenne
[2023], this method allows to clip min«; w., 1/2(v,4); by a fixed value z € [0, (K —1)~] for all
1€ Ig(u) .

Comparison with existing upper bounds The LUCB algorithm [Kalyanakrishnan et al.,
2012] has a structure similar to a Top Two algorithm, with the differences that LUCB samples
both the leader and the challenger and that it stops when the gap between the UCB and LCB
indices is smaller than ¢y . As LUCB satisfies E, [, 5] < 292H,, (1) log(He,(1)/9) + 16 where
H., (1) = Y;(max{A;,e0/2})~?, it enjoys better scaling than EB-TC,,-1/2 for finite confidence.
However, since the empirical allocation of LUCB is not converging towards w,, 1 /2(1) , it is not
asymptotically 1/2-optimal. While LUCB has better moderate confidence guarantees, there is
no hope to prove any time performance bounds since LUCB indices depend on ¢ . In contrast,
EB-TC,,-1/2 enjoys such guarantees (see Section 5.4).

Key technical tool for the non-asymptotic analysis We want to ensure that EB-TC.,-1/2
eventually selects only e-good arms as leader, for any error € > 0. Our proof strategy is to
show that if the leader is not an e-good arm and empirical means do not deviate too much from
the true means, then either the current leader or the current challenger was selected as leader
or challenger less than a given quantity.

To conclude the proof, we rely on the key observation that the number of times one can
increment a bounded positive variable by one is also bounded (Lemma 5.7). As a result, we obtain a
bound on the total number of times the leader is not an e-good arm. The proof of Lemma 5.7 is
detailed in Appendix E.3.
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Lemma 5.7. Let 0 € (0,1] andn > K . Let Ty (i) := 3, +;(T0(i, 5) + Tn(3, 7)) be the number
of times arm i was selected in the leader /challenger pair. Assume there exists a sequence of events
(A¢(n, 6)) K <t<n and positive reals (D;(n, 0));c|x) such that, forall t € {K +1,...,n} , under
the event Ay(n,0),

Y, € [K], Ty(it) < Di,(n,8) and Ty1(is) = Ty(ie) + 1. (5.6)

Then, we have Y-i_ 1 1 (A¢(n,6)) < ¥iex) Di(n, ) .

To control the deviation of the empirical means and empirical gaps to their true value, we

use a sequence of concentration events (&, 5)n~7 defined as £, 5 = 57117 s NE2 s with
571%5 = {Vk € [K],Vt <mn, ’Ht,k — pg| <

£2 5= {V(i, B) € [K)2sit.i £k, vt < n, \Pta = Her) = (i Z )l e 5)} :

\/1/Nei +1/Ny g

where fi(z,0) = log(1/) + (1 + s)logx and fo(x,d) = log(1/6) + (2 + s) log(x) . It satisfies
that IP’,,(EE’(;) < K?6n~* where s > 0and § € (0,1] .

2f1 (n, 5)
Ni ’

For the EB-TC,,-1/2 algorithm with fixed 8 = 1/2, we prove that, under &, 5, { Bf® ¢ Z.(u)}
is a “bad” event satisfying the assumption of Lemma 5.7 with

> Dj(n,8) = 8H, ¢, (¢) f2(n,8) + 3K (K —1)/2.
1€[K]

To prove this result (Lemma E.4 in Appendix E.4), we distinguish between two cases. When
CtT Co ¢ i*(pv), we compare the empirical means of the leader and the challenger. When
C’tT Ceo ¢ i*(u), we compare the empirical transportation cost of (BFE, C’,;r CEO) to the one of

(BFB,4) with i € i*(u) .

Since 3-iez. () 2o In(i, ) =n—1-31 ki 1 (BFB ¢ T.(u)), this yields Lemma 5.8, which
essentially says that the leader is an e-good arm except for a logarithmic number of rounds.
The proof of Lemma 5.8 is detailed in Appendix E.4.

Lemma 5.8. Let § € (0,1] ,n > K and ¢ > 0. Under the event &, 5 , we have

> N Tu(i,j) =n—1—-8H,.(e) f2(n,8) — 3K?,
i€Ze (1) J
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where fa(n,d) =log(1/0) + (2 + s)lognand H, ., (¢) is defined in (5.5).

Noticeably, Lemma 5.8 holds for any ¢ > 0 even when there are multiple best arms. As
expected, the number of times the leader is not among the £9-good arms depends on H,, (o) =
O(K /&) . The number of times the leader is not among the best arms depends on H,, ., (0) =
O(K (min{Amin,0})72) .

Time-varying slack Theorem 5.4 shows the asymptotic optimality of the EB-TC_-IDS algo-
rithm for £9-BAI (where g > 0 ). To obtain optimality for BAI, we consider time-varying slacks
(en)n , where (e,,),, is decreasing, €, > 0 and ¢,, =~ 0. Thanks to a direct adaptation of our
asymptotic analysis on E, [y 5] , regardless of the choice of (¢,),, , one can show that using GLRg
stopping, the EB-TC . ), -IDS algorithm with IDS is (0, §)-PAC and is asymptotically optimal in
BAL Its empirical performance is sensitive to the choice of (&),

5.4 Anytime Guarantees on the Probability of Error

Could an algorithm analyzed in the fixed-confidence setting be used for the fixed-budget or
even anytime setting? This question is natural for EB-TC,,, which does not depend on the confi-
dence parameter ¢ . Yet its answer is not obvious since algorithms that have optimal asymptotic
guarantees in the fixed-confidence setting can be sub-optimal in terms of error probability.
Indeed Komiyama et al. [2022] prove in their Appendix C that for any asymptotically optimal
(exact) BAI algorithm, there exist instances in which the error probability cannot decay ex-
ponentially with the horizon, which makes them worse than the (minimax optimal) uniform
sampling strategy [ Bubeck et al., 2011].

Their argument also applies to S-optimal algorithms, hence to EB-TC, with § = 1/2 . Since
their argument relies on the sparsity of the optimal allocation when considering the limit of
Apmin — 0, it will not apply to e-BAI as the optimal allocation is not asymptotically sparse
(Lemma 5.6). However, whenever ¢ is positive, Theorem 5.9 reveals an upper bound on the
error probability of EB-TC,,-1/2 which always decays exponentially, hence redeems the use of
optimal fixed-confidence algorithms for a relaxed BAI problem in the anytime setting. This
result provides an anytime bound on the probability to recommend an arm that is not e-optimal,
for any error € > 0. This bound involves instance-dependent complexities depending solely on
the gaps in . To state it, we define C), := [{y; | i € [K]}| as the number of distinct arm means
in g and let C, (i) := {k € [K] | px — i = A;} be the set of arms having mean gap A; where
the gaps are sorted by increasing order 0 = A1 < Ay < --- < Acu .Foralle >0,leti,(e) =1
if e € [Ai, Ajy1) (with the convention A¢, 11 = +00 ). Theorem 5.9 shows that the exponential
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decrease of P, (i,, ¢ Z.(11)) is linear. The proof of Theorem 5.9 is detailed in Section 5.4.1 (see
also Appendix F in Jourdan et al. [2023b]).

Theorem 5.9. Let g > 0. The EB-TC.,-1/2 algorithm satisfies that, for all v € DX with mean
pe€RE foralle >0, foralln >5K2/2,

T 2
P, (in ¢ Zo(11)) < K2e2(2 + logn)? exp (‘p <w(€5)f&/jo)>> |

where p(z) = = — log x and (H;(u, €0))ic[c,—1) are such that Hy(u,e0) = KQ2ALL +3¢01)?
Aj/&‘()—‘rl

and K/A;ﬁl < Hi(p, €0) < K minjep maX{QAjjl, 2Ai+1*Aj + 3¢y Y2 foralli > 1.

This bound can be compared with the following uniform e-error bound of the strategy

using uniform sampling and recommending the empirical best arm:

2 _
P, (I ¢ Z.(w) < Y ew (—W) < K exp (—"A_QK) .
T () KA (o1
Recalling that the quantity H;(y, €9) in Theorem 5.9 is always bounded from below by 2K A, Jrll
, we get that our upper bound is larger than the probability of error of the uniform strategy,

but the two should be quite close. For example for ¢ = 0, we have

Py, (i & 1% (1)) < exp <_@<K(Amilnn+ 801)2>> > Py (ig ¢ i*(,u)) < exp <_@ (I(Xm?n>> '

Even if they provide a nice sanity check for the use of a sampling rule with optimal fixed-

confidence guarantees for £g-BAI in the anytime regime, we acknowledge that these guarantees
are far from optimal. Indeed, the work of Zhao et al. [2023] provides tighter anytime uniform
g-error probability bounds for two algorithms: an anytime version of Sequential Halving
[Karnin et al., 2013 ] using a doubling trick (called DSH) and an algorithm called Bracketting
Sequential Halving, that is designed to tackle a very large number of arms. Their upper bounds
are of the form P, (i, ¢ Z. (1)) < exp (—O (n/H(¢))) with H(e) = m MaX;> g ()41 AL? where

g(e) = |{i € [K] | i > p* — €}| . Therefore, they can be much smaller than K Ai_uz )41 -

The BUCB algorithm of Katz-Samuels and Jamieson [2020] is analyzed for any level of error ¢
,butin a different fashion. The authors provide bounds on its (¢, §)-unverifiable sample complexity,
defined as the expectation of the smallest stopping time 7 satisfying P(Vt > 7,4, € Z.(1)) > 1—0
. This notion is different from the sample complexity we use in this chapter, which is sometimes
called verifiable since it is the time at which the algorithm can guarantee that its error probability
is less than ¢ . Interestingly, to prove Theorem 5.9 we first prove a bound on the unverifiable
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sample complexity of EB-TC,,-1/2 which is valid for all (¢, §) , neither of which are parameters
of the algorithm. More precisely, we prove that P, (Vn > Ui, (e),5 (15 €0), Bn € Ia(,u)> >1-90
for U; 5(p,€0) =s5—0 8H;(,€0)log(1/6) + O(loglog(1/0)) . As this statement is valid for all
6 € (0,1), applying it for each n to d, such that U; () s, (11, €0) = n , we obtain Theorem 5.9.
We remark that such a trick cannot be applied to BUCB to get uniform e-error bounds for any
time, as the algorithm does depend on ¢ .

Expected simple regret As noted by Zhao et al. [2023], uniform e-error bounds easily yield
expected simple regret bounds. We state in Corollary 5.10 the one obtained for EB-TC,
. As a motivation to derive expected simple regret bounds, we observe that they readily
translate to bounds on the expected cumulative regret for an agent observing the stream of
recommendations (i,,) and playing arm %,, . An exponentially decaying expected simple regret
leads to a constant expected cumulative regret in this decoupled exploration/exploitation
setting [ Avner et al., 2012, Rouyer and Seldin, 2020].

Corollary 5.10. Let eg > 0. Let p(z) and (H;(, €0))ic(c, 1) be defined as in Theorem 5.9. The
EB-TC.,-1/2 algorithm satisfies that, for all v € DX with mean u € RX | foralln > 5K2%/2,

—5K2/2
E, [, — pi | < K26%(2 + logn)? A1 —Aj)exp | — oo /2 .

Proof. Using Ey [p — pi,,] = [g, Pu(in & Zc(p))d e, it is a direct corollary of Theorem 5.9. W

Following the discussion above, this bound is not expected to be state-of-the-art, it rather
justifies that EB-TC,, with ¢y > 0 is not too much worse than the uniform sampling strategy. Yet,
as we shall see in our experiments, the empirical story is different. In Section 5.5, we compare
the simple regret of EB-TC.,-1/2 to that of DSH in synthetic experiments with a moderate
number of arms, revealing the superior performance of EB-TC,-1/2.

Lower bound The theoretical understanding of the fixed-budget setting with (asymptotic)
lower bounds on the probability of error is still an active area of research. We refer the reader
to Section 1.5.1 in Chapter 1 for a more detailed discussion. Up to a second order term, the
expected simple regret has the same asymptotic rate of convergence as the probability of error
since AminPy (in # i) < Ey[p* — p3,] < AmaxPy (in # %) .

A versatile algorithm In Section 2.2.6, we explained why the Top Two algorithms are simple,
interpretable, and generalizable. According to the requirements we set for ourselves in Sec-
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tion 1.1, versatility is the last characteristic of the Top Two algorithms that needs to be illustrated.
Based on the previous results, EB-TC,,-1/2 is a versatile algorithm that enjoys guarantees that
hold at any deterministic time. Moreover, EB-TC.,-1/2 can be used for different downstream
tasks, and we refer the reader to Section 1.5.2 for more details on this aspect.

5.4.1 Proof of Theorem 5.9

Let Apax = max;e(k) fix — i - Let (€1, 0) be analysis parameters, i.e. not the error/confidence
pairs from the stopping rule (5.3). When 1 > Apax , we have Z,, (u)c = 0, hence P, (i,, ¢
Z., (1)) = 0. In the following, we consider ;1 € [0, Apax) -

We first define concentration events to control the deviations of the random variables used
in the EB leader and the TC., challenger. Foralln > K and 6 € (0,1) ,let &5 = £} 5N E2
with

£l = {w € [K1, ¥t < n, s — il < /21 () 5>/Nt,i} ,

5376 — {V(l,]) c [K]2 s.t.i ?é j’ Vit < n, |(Nt,i - Mt7j) — (M’L - lu])’ < /2f2(n75)} ’

\/1/Nei +1/Ng 5

where fi(n,d) = W _1(2log(1/6) + 2log(2 + logn) + 2) with W_;(z) = —W_1(—e™?) for
allz > 1, and fo(n,d) = W_; (log (1/6) 4+ 2log (2 + logn) + 2) . We recall that W_;(z) ~
z + log(x) (see Appendix A), and one can show that f(n,8) < fa(n,d) . Using concentration

arguments, it is straightforward to show that IPV(SE, 5) <K 2.

Using Lemma 5.11, the proof boils down to constructing an infinite number of times
{T%,(9,€)}ccfo,e,) such that Ens C{in € T, ()} forn > inf.epo,c,) 7%, (9, €) since it yields that

P, (i, ¢ T, (1)) < K?inf{0 | n > inf T: (J,€)}.

e€[0,e1]

Lemma 5.11. Let e > 0and (£,.5)n> K 5¢(0,1) Stich that IP,,(EE’(S) < CéwithC > 0. Let T_(6) >
K such that £, 5 C {&, € ()} for n > T.(6) . Then, P, (2, ¢ Zo(pn)) < Cinf{d | n > T.(5)} .

Proof. Using P, (%, ¢ Z-(p)) < Py(é'g 5) < C6 for all n > T.(6) and taking the infimum. [ |

Lete € [0,¢1] . Since i,, = BEP , we will construct a time 7z, (4, ¢) such that &, s N { BEB ¢

T, ()} = 0 forall n > T, (d,¢) . Let us denote by U. ., +(n, ) the set of undersampled arms
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which are not ¢;-good, i.e.

2
- minkezg(#) (Al — Ak)Z '

Lemma 5.12 shows that for n large enough, a necessary condition for an error to occur is to
have an undersampled leader. The proof of Lemma 5.12 is detailed in Appendix E.5.

Lemma 5.12. Let e > Oand e € [0,e1] . Let H,, () as in Lemma 5.8 and define

1 2|7,
He e, (p,€0) == Hpeole) + |Ze (1)

: . (5.7)
mln(i?j)el's(u) xTe, (1)C (A] — AZ)Q

Se e1,00,(0) , under the event &, 5 , we have BEB ¢ T () implies that BEE € U. ., »(n,d) .

Let us define S; ¢, ¢0,.(6) = sup {n |n < Mfg(n, 5+ (3/2+ l/ﬁ)KQ} . Forall n >

Lemma 5.13 shows that, if there are still undersampled arms which are not £;-good, then
either the leader or the challenger was not often selected as leader or challenger. The proof of
Lemma 5.13 is detailed in Appendix E.6.

Lemma 5.13. Let &1 > 0 and ¢ € [0,e1] . Let Ay(e) = minggr () Ak ,
_ Aj/eot1 _
Cucol€) = 2/Au(e) — €5' , Cueole,er) = 2maxer, (o minkelj(/;o(ArAk) + e

and Aceieoi = max{2/A, ()% Cpueole,e1)?} for all i € i*(n) , Acercoi
max{C), ¢, ()% Cpeo(€,61)%} for all i € (Zo(w) \ *(w)) U ([K] \ Ze, (1)) , and otherwise
Ace o = max{Cl . (€)?, Cheyl(e,61)%,2/A2} forall i € I, (u) \ Ze(p) . Foralln > K,
under event &, 5, for all t € [n] \ [K] such that U. ., +(n, ) # 0, there exists i, € [K| such that

4f2 (’I’L, 5)

0= o 1= 5

As,ahso,it + 3(K - 1)/2 and ,I’tJrl (Zt) = ,I%(Zt) +1.

Combining Lemma 5.7 and 5.13, Lemma 5.14 shows that, for n large enough, there is no un-
dersampled arms which are not €;-good. The proof of Lemma 5.14 is detailed in Appendix E.7.

Lemma 5.14. Let ey > Oand e € [0,e1] . Let A, (e), Cpey(e,€1) and C, ¢, (€) as in Lemma 5.13
and

He e, (p,€0) = |i* (1) max{v2A,(e) ™", Cpeo(c,61)}
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+ 1(Ze (1) \ *(1)) U (IK]\ Ze, (1)) max{Clu,e (€), Cpieo (€, 1)}

+ Z max{Cl,eo(€), Cu,eo(€:€1), \/§Ai_1}2 : (5.8)
1€y (u)\Ze (1)

Let us define T. ., c,u(0) = sup {n | n < g&aﬁli(l“_’?}?fz(n,é) —|—3K2/2} . Forall n >

T: e co.u(0) , under the event &, 5 , we have U ¢, n(n,8) = 0.

Taking 3 = 1/2 and combining Lemmas 5.12 and 5.14, one can show that &, s N {BEP ¢
T, (w)} =0 foralln > E., ., () with

E.| cou(0) :=sup {n |n <8 inf max{ﬁa,gl(u,so), fIE,El(,u, Eo)}fz(n, 9) + 5K2/2} .

e€(0,e1]

Direct manipulation yields that H; ) (¢, €0) > infogjo ] max{He ., (11,€0), He ey (1, €0)} - An
inversion formula allows us to conclude the proof (Lemma E.5 in Appendix E.8).

5.5 Experiments

We assess the performance of the EB-TC,, algorithm on Gaussian instances both in terms of its
empirical stopping time and its empirical simple regret, and we show that it performs favorably
compared to existing algorithms in both settings. For the sake of space, we only show the
results for large sets of arms and a specific instance with |i*(p)| = 2.

Empirical stopping time We study the impact of large sets of arms (up to K = 1000 ) in
e-BAl for (,d) = (0.1,0.01) on the “av = 0.3” scenario of Jamieson and Nowak [2014] which
sets i =1 —((i —1)/(K —1))* for all i € [K]. EB-TC.,-IDS with slack ¢y = ¢ is compared
to existing e-BAI algorithms having low computational cost. This precludes algorithms such
as e-Track-and-Stop (TaS) [Garivier and Kaufmann, 2021], Sticky TaS [ Degenne and Koolen,
2019] or e-BAI adaptation of FWS [Wang et al., 2021] and DKM [Degenne et al., 2019]. We also
compare EB-TC.-IDS to those algorithms on benchmarks with a smaller number of arms (see
Appendix J.2.2 in Jourdan et al. [2023b]). We show that EB-TC. performs on par with e-TaS
and e-FWS, but outperforms e-DKM. As Top Two benchmarks with fixed 5 = 1/2, we consider
T3C [Shang et al., 2020] (i.e. TS-TC-1/2 ), EB-TCI-1/2 [Jourdan et al., 2022] and UCB-TC-f3
(i.e. TTUCB [Jourdan and Degenne, 2023]). To provide a fair comparison, we adapt them to
tackle e-BAI by using the stopping rule (5.3) and by adapting their sampling rule to use the TC.
challenger from (5.2) (with a penalization log IV, ; for EB-TCI. ). We use the heuristic threshold
c(n,d) =log((1+41logn)/J) . While it is too small to ensure the (e, §)-PAC property, it still yields
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Figure 5.1 — (a) Empirical stopping time on “a = 0.3” instances for varying K of EB-TC.-IDS
with stopping rule (5.3) using (¢,6) = (0.1,0.01) . (b) Empirical simple regret on instance p =
(0.6,0.6,0.55,0.45,0.3,0.2) of EB-TC.,-1/2 with slack gy = 0.1 .

an empirical error that is several orders of magnitude lower than ¢ . Finally, we compare with
LUCB [Kalyanakrishnan et al., 2012] and uniform sampling. For a fair comparison, LUCB uses

\/ 2¢(n —1,60) /Ny ; as bonus, which is also too small to yield valid confidence intervals. Our
results average over 100 runs, and the standard deviations are displayed. In Figure 5.1(a), we
see that EB-TC. performs on par with the e-T3C heuristic, and significantly outperforms the
other algorithms. While the scaling in K of e-EB-TCI and LUCB appears to be close to the one
of EB-TC., UCB-TC, and uniform sampling obtain a worse one. Figure 5.1(a) also reveals that
the regularization ensured by the TC. challenger is sufficient to ensure enough exploration,
hence other exploration mechanisms are superfluous (TS/UCB leader or TCI, challenger).

Anytime empirical simple regret The EB-TC,-1/2 algorithm with ¢y = 0.1 is compared to ex-
isting algorithms on the instance x = (0.6, 0.6, 0.55,0.45, 0.3, 0.2) from Garivier and Kaufmann
[2021], which has two best arms. As benchmarks, we consider Doubling Successive Reject
(DSR) and Doubling Sequential Halving (DSH), which are adaptations of the elimination-
based algorithms SR [Audibert et al., 2010] and SH [Karnin et al., 2013]. SR eliminates one
arm with the worst empirical mean at the end of each phase, and SH eliminates half of them
but drops past observations between phase. These doubling-based algorithms have empir-
ical error decreasing by steps: they change their recommendation only before they restart.
In Figure 5.1(b), we plot the average of the simple regret over 10000 runs and the standard
deviation of that average (which is too small to see clearly). We observe that EB-TC,,-1/2
outperforms uniform sampling, as well as DSR and DSH, which both perform worse due to
the dropped observations. The favorable performance of EB-TC,-1/2 is confirmed on other
instances from Garivier and Kaufmann [2021], and for “two-groups” instances with varying
|i*(1)| (see Figures 10 and 12 in Jourdan et al. [2023b]).
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Supplementary experiments Extensive experiments and implementation details are available
in Appendix J of Jourdan et al. [2023b]. In Appendix ].2.1, we compare the performance of EB-
TC., with different slacks ¢ for IDS and § = 1/2 . In Appendix ].2.2, we demonstrate the good
empirical performance of EB-TC,, compared to state-of-the-art methods in the fixed-confidence
e-BAI setting, compared to DSR and DSH for the empirical simple regret, and compared to SR
and SH for the probability of 0-error in the fixed-budget setting (Figure 13). We consider a
wide range of instances: random ones, benchmarks from the literature [Jamieson and Nowak,

2014, Garivier and Kaufmann, 2021] and “two-groups” instances with varying |i*(u)] .

5.6 Discussion

In Chapter 5, we proposed the EB-TC,, algorithm, which is easy to understand and imple-
ment. EB-TC, is the first algorithm to be simultaneously asymptotically optimal in the fixed-
confidence £o-BAl setting (Theorem 5.4), have finite-confidence guarantees (Theorem 5.5), and
have also anytime guarantees on the probability of error at any level ¢ (Theorem 5.9), hence on
the expected simple regret (Corollary 5.10). Furthermore, we demonstrated that the EB-TC.,
algorithm achieves superior performance compared to other algorithms in benchmarks where

the number of arms is moderate to large.

While our results hold for general 1-sub-Gaussian distributions, the EB-TC,,-IDS algorithm
with slack ¢9 > 0 only achieves asymptotic optimality for £o-BAI with Gaussian bandits. It
would be interesting to have similar guarantees for other classes of distributions (see Chapters 3
and 4) Likewise, our non-asymptotic guarantees on E, 7., 5| and E, [p1,, — 11;,] were obtained
for the EB-TC,-1/2 algorithm. Since better empirical performance is observed when using
IDS, deriving similar (or better) non-asymptotic guarantees for IDS is an interesting avenue for

future work.

The EB-TC,, algorithm is a promising method to tackle structured bandits. While heuristics
exist for some structured bandits such as Top-k , it would be interesting to efficiently adapt
Top Two methods to deal with a sophisticated structure, e.g. linear bandits. In Part III, we
will provide some elements of answer for e-BAI in linear bandits. In particular, we extend the
EB-TC,, algorithm in Chapter 8.

In this chapter, our initial motivation stems from a practical consideration, namely that we
are often satisfied by any “good enough” answer if it avoids the wasteful queries required by
BAI (see Part I). The e-BAI problem is a natural setting in which the answer is good enough
compared to the other answers. This instance-dependent goodness is defined relative to other
answers. Studied in Chapter 6, the good arm identification (GAI) problem is another possible
setting in which the answer is good enough compared to a fixed threshold. This instance-
independent goodness is defined globally, i.e. agnostic to the other arms.
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Chapter 6

Good Arm Identification

In Chapter 6, we study the GAI problem for vanilla bandits in the anytime setting, as
described in Chapter 1. The presented results are online see Jourdan and Réda [2023] for a

preprint version.

In good arm identification (GAI), the goal is to identify one arm whose average performance
exceeds a given threshold, referred to as a good arm, if it exists. Few works have studied
GALI in the fixed-budget setting, when the sampling budget is fixed beforehand or in the
anytime setting when a recommendation can be asked at any time. We propose APGAI,
an anytime and parameter-free sampling rule for GAI in stochastic bandits. APGAI can be
straightforwardly used in fixed-confidence and fixed-budget settings. First, we derive upper
bounds on its probability of error at any time. They show that adaptive strategies can be
more efficient in detecting the absence of good arms than uniform sampling in several diverse
instances. Second, when APGAI is combined with a stopping rule, we prove upper bounds
on the expected sampling complexity, holding at any confidence level. Finally, we show good
empirical performance of APGAI on synthetic and real-world data. This chapter offers an
extensive overview of the GAI problem in all settings.
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6.1 Introduction

As described in Sections 1.5 and 5.1, the motivation to study the anytime setting comes from
practical considerations. Properly choosing the constraint on d or 7" for the fixed-confidence and
fixed-budget settings is challenging for the practitioner since a “good” choice typically depends
on unknown quantities. Moreover, in medical applications (e.g. clinical trials or outcome
scoring), the maximal budget is limited but might not be fixed beforehand. When the collected
data shows sufficient evidence in favor of one answer, an experiment is often stopped before
the initial budget is reached, referred to as early stopping. When additional sampling budgets
have been obtained due to new funding, an experiment can continue after the initial budget has
been consumed, referred to as continuation. While early stopping and continuation are common
practices, both fixed-confidence and fixed-budget settings fail to provide useful guarantees for
them. Recently, the anytime setting has received increased scrutiny as it fills this gap between
theory and practice. When the candidate answer has any time guarantees, the practitioners
can use continuation or early stopping (when combined with a stopping rule).

As described in Chapter 1, the motivation for the GAI problem stems from the sampling
cost of the BAI problem. To avoid wasteful queries, practitioners might be interested in easier
tasks that identify one “good enough” option. While Chapter 5 tackled the e-BAI problem, we
address the good arm identification (GAI) problem in this chapter. The agent aims to obtain a
good arm, which is defined as an arm whose average performance exceeds a given threshold v,
i.e. u; > vy . For instance, in our outcome scoring problem (see Section 6.5), practitioners have
enough information about the distributions to define a meaningful threshold beforehand. GAI
and variants have been studied in the fixed-confidence setting [ Kaufmann et al., 2018, Kano
et al., 2019, Tabata et al., 2020], but algorithms for fixed-budget or anytime GAI are missing
despite their practical relevance. In this chapter, we fill this gap by introducing APGAI, an
anytime and parameter-free sampling rule for GAI that is independent of a parameter 7" or §
and can be used in the fixed-budget and fixed-confidence settings.

We consider the set D, of o-sub-Gaussian distributions and assume that o; = 1 for all
i € [K] by scaling, hence DX = D . Let v € DX with mean vector 1 € RX . Given a threshold
v € R, the set of good arms is defined as Ifyhr(,u) :={i € [K] | ui >~} , which we shorten to
It when 1 is unambiguous. In GAI we consider S = {y € R* | min;eg [ — | > 0} . Let
the gap of arm i compared to vy be A, ; := |p; —y| > 0. Let Ay min = min,e(g) A, ; be the
minimum gap over all arms. Let

Hi(p):= > A} and Hy(p):= > A7 (6.1)
i€ (K] i€ (1)
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At time n , we denote by i, € [K] U {0} the candidate answer and by I,, € [K] the arm to
pull next. The probability of error P75 (n) := P, (€7 (n)) of algorithm 2l on instance v at time
n is the probability of the error event £ (n) = {i, € {0} U ([K] \ Zt™ (1))} when T (1) £ 0,
otherwise £ (n) = {i,, # 0} when " (1) = 0.

Fixed-confidence GAI For fixed-confidence GAI, the algorithm is augmented by a stopping
rule (and a stopping time T,tyf‘ér ) using a fixed confidence level 1 — § € (0,1) which ensures
d-correctness, i.e. P, ({74 < +o00} N ET(7!Y)) < § for all instances v € DX with mean i € S .

That requirement leads to a lower bound on the expected sample complexity in any instance.

Lemma 6.1 (Theorem 1 in Degenne and Koolen [2019]). Let 6 € (0,1) and v €

R . For all é-correct algorithms and all instances v = N (u,1x) with mean p € S,
lim infs_o By [7}§]/ log(1/8) > T3 (v) , where T} (v) = 2 min ey, AZF when T () # 0

, and T (v) = 2H, () otherwise.

A fixed-confidence algorithm is said to be asymptotically optimal if it is )-correct, and its ex-
pected sample complexity matches the lower bound, i.e. lim sup;_,o E, [71'4]/log(1/8) < T2 (v)
for all instances v € DX with mean € S .

Contribution 6.1. In Chapter 6, we propose the APGAI algorithm, an anytime and parameter-free
sampling rule for GAI in stochastic bandits, which is independent of a budget T or a confidence ¢ .
APGALI is the first algorithm that can be employed without modification for fixed-budget GAI (and
without prior knowledge of the budget) and fixed-confidence GAL Furthermore, it enjoys guarantees
in both settings. As such, APGAI allows continuation and early stopping.

o We show an upper bound on P} pca;(n) of the order exp(—O(n/Hi(p))) which holds for
any deterministic time n (Theorem 6.2). Adaptive strategies can be more efficient in detecting
the absence of good arms than uniform sampling (see Section 6.3).

o When combined with a GLR stopping rule, we derive an upper bound on E,, [T%r | holding at
any confidence level (Theorem 6.12). In particular, APGAI is asymptotically optimal for GAI

with Gaussian distributions when there is no good arm.

o APGALI is easy to implement, computationally inexpensive, and achieves good empirical
performance in both settings on synthetic and real-world data with an outcome scoring
problem for RNA-sequencing data (see Section 6.5).

This chapter offers an overview of the GAI problem in all settings.
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6.1.1 Related Work

GAT has never been studied in a fixed-budget setting or anytime setting. In the fixed-confidence
setting, several questions have been studied which are closely connected to GAI Given two
thresholds v, < 7y , Tabata et al. [2020] studies the Bad Existence Checking problem, in
which the agent should output “negative” if Tt (1) = () and “positive” if T8 (1) # 0 . They
propose an elimination-based meta-algorithm called BAEC, and analyze its expected sample
complexity when combined with several index-policy to define the sampling rule. Kano et al.
[2019] considers identifying the whole set of good arms Z!"" (1) with high probability and
sequentially returns the good arms. We refer to that problem as AIIGAI In Kano et al. [2019],
they introduce three index-based GAI algorithms named APT-G, HDoC, and LUCB-G, and
show upper bounds on their expected sample complexity. Many algorithms from previously
mentioned works bear a passing resemblance to the APT algorithm in Locatelli et al. [2016] that
tackles the thresholding bandit problem in the fixed-budget setting. The latter should classify
all arms into Ifyhr(,u) and Ifyhr(u)c at the end of the sampling phase. This resemblance lies in
that those algorithms rely on an arm index for sampling, yet the arm indices in BAEC [Tabata
etal., 2020], APT-G, HDoC, and LUCB-G Kano et al. [2019] are different.

Degenne et al. [2019] tackle the “any low arm” problem, which is a GAI problem for
threshold —« on instance —y . They introduce Sticky Track-and-Stop, which is asymptotically
optimal in the fixed-confidence setting. In Kaufmann et al. [2018], the “bad arm existence”
problem aims to answer “no” when f“_hvr(— p) =0, and “yes” otherwise. They adapt Thompson
Sampling by conditioning on the “worst event” (named Murphy Sampling). The empiri-
cal pulling proportions are shown to converge towards the allocation realizing Tt (v) in
Lemma 6.1. Another related framework is the identification with high probability of k£ arms
from Ifyhr( ) [Katz-Samuels and Jamieson, 2020]. They introduce the unverifiable sample complex-
ity. It is the minimum number of samples after which the algorithm always outputs a correct

answer with high probability. It does not require to certify that the output is correct.

6.2 Anytime Parameter-free Sampling Rule

We propose the APGAI (Anytime Parameter-free GAI) algorithm, which is independent of a
budget T or a confidence ¢ and is summarized in Algorithm 6.1.

Recommendation rule Let Ny ; = > "ycp—1) 1 (It =) and pin; = N;ZI Y- L (L =14) Xns
be the empirical count and empirical mean of arm ¢ € [K] before time n . At time n > K , the
recommendation rule depends on whether the highest empirical mean lies below the threshold
7 or not. When max;¢ (g tin,i < v, we recommend the empty set, i.e. i, = () . Otherwise, our
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1 Input: Threshold ~ .
2 Output: Next arm to sample I, and next recommendation i, .
3 Seti, € {0} if max; pun; <y
argmax; /Ny i(tn,i — )+ otherwise
arg min, ) /Nui (7 — pn,i)+  if maxie(g ping <
4 Set I, €
{in} otherwise
Algorithm 6.1: APGAI algorithm.

; // Recommendation

; // Arm to pull

candidate answer is the arm which is the most likely to be a good arm given the collected
evidence, i.e. 7, € arg maX;e[g] \ /Nyi(fni —7)+ -

Sampling rule The next arm to pull is based on the APTp indices introduced by [Tabata et al.,
2020] as a modification to the APT indices [Locatelli et al., 2016]. At time n > K , we pull arm
I, € arg max;c(| /Nn,i(fin,; — ) - To emphasize the link with our recommendation rule, this
sampling rule can be written as I, € arg min,¢x VNni(v — pini)+ when max;e(k] fni < Y,
and I,, € arg max;e(g) /Nu,i(tn,i — 7)+ otherwise. Ties are broken arbitrarily at random, up
to the constraint that 2, = I;, when max;¢ () ;i > 7 . This formulation highlights the dual
behavior of APGAI. When max;¢ (g fin,i < v, APGAI collects additional observations to verify
that there are no good arms, hence pulling the arm which is the least likely to not be a good
arm. Otherwise, APGAI gathers more samples to confirm its current belief that there is at least
one good arm, hence pulling the arm that is the most likely to be a good arm.

Differences to BAEC While both APGAI and BAEC(APTp ) rely on the APT p indices [ Tabata
etal., 2020], they differ significantly. BAEC is an elimination-based meta-algorithm that samples
active arms, and discards arms whose upper confidence bounds (UCB) on the empirical
means are lower than vy . The recommendation rule of BAEC is only defined at the stopping
time, and depends on lower confidence bounds (LCB) and UCB. Since the UCB/LCB indices
depend inversely on the gap v — 71 > 0 and on the confidence ¢ , BAEC is neither anytime
nor parameter-free. More importantly, APGAI can be used without modification for fixed-
confidence or fixed-budget GAIL In contrast, BAEC can solely be used in the fixed-confidence
setting when vy > v, , hence not for GAl itself (i.e. v = vz, ).

6.3 Anytime Guarantees on the Probability of Error

To allow continuation or (deterministic) early stopping, the candidate answer of APGAI should
be associated with any time theoretical guarantees. Theorem 6.2 shows an upper bound of
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the order exp(—O(n/H1(u))) for PS5 (n) that holds for any deterministic time n . The proof of
Theorem 6.2 is sketched in Section 6.3.3.

Theorem 6.2. Let p(x) = v — 0.5log z . The APGAI algorithm A satisfies than, for all v € DX
with mean p € S , for all n > K + 2|7 ()|,

Ithr
oo (1 ) < Kev/2log(e? n)exp( p< —2 ) )

20[,7qu

where Hy(p) as in (6.1), (a1, 04) = (9,2) and n, =1+ (v — 1)1 (Ithr( ) # @)

Theorem 6.2 holds for any deterministic time n > K + 2]I§hr( 1)| and any 1-sub-Gaussian
instance v . In the asymptotic regime where n — 400, Theorem 6.2 shows that APGAI satisfies

l:lrgig(})) —logﬁﬂ(n) < 2ay,Hi(p) with  (a1,0y) =(9,2).

Comparison with uniform sampling Despite the practical relevance of anytime and fixed-
budget guarantees, APGALI is the first algorithm enjoying guarantees on the probability of error
in GAI at any time n (hence at a given budget 7' ). As a baseline, we consider the uniform
round-robin algorithm, named Unif, which returns the best empirical arm at time n if its
empirical mean is higher than v, and returns () otherwise. Let n such that (n — 1)/K € N, the
recommendation of Unif is equivalent to the one used in APGAI, i.e. arg max;c () /Nni(tn,i —
Y)+ = argmax;c(k] fin,i - As the two algorithms only differ by their sampling rule, we can
measure the benefits of adaptive sampling. It is possible to derive anytime upper bounds on
Pinis(n) (see Theorem 4 in Appendix C of Jourdan and Réda [2023]). In the asymptotic regime,
when Z" (1) = 0, and 4K Minezne () AZY
otherwise. While the latter rate is better than 2H; (1) when arms have dissimilar gaps, APGAI

the upper bound for Unif has a rate in 2K A7 in
has better guarantees than Unif when there is no good arm. Our experiments show that APGAI
outperforms Unif on many instances (Figures 6.1 and 6.2), and is on par with it otherwise.

Worst-case lower bound Degenne [2023] recently studied the existence of complexity in
fixed-budget pure exploration. While there is a complexity 7' (v) as in Lemma 6.1 for the
fixed-confidence setting, Theorem 6 from Degenne [2023] shows that a sequence of fixed-
budget algorithms (7)r (where 27 denotes the algorithm using fixed budget 7" ) cannot have
a better asymptotic rate than K Tﬁhr(u) on all Gaussian instances

Jv e DX, limsup

- > KT™(1). 6.2
PP Tog pg, ) = ) ©2)
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6.3 Anytime Guarantees on the Probability of Error

Unif achieves the rate K Tvthr(y) when Ifyhr( p) # 0, but suffers from worse guarantees other-
wise. Conversely, APGAI achieves the rate in 7" (v) when Z!* (1) = 0, but has sub-optimal
guarantees otherwise. It does not conflict with (6.2) e.g. considering p with I;hr # () and such
that there exists an arm i € [K] with A, ; < max;czume(,) Ayi/ VK/2 =1 . Experiments in
Section 6.5 suggest that the sub-optimal dependency when I,tyhr( w) # 0 is not aligned with the
good practical performance of APGAI Formally proving better guarantees when I,tyhr( w) # 0is
a direction for future work.

In fixed-budget GAI, a good strategy has different sampling modes depending on whether
there is a good arm or not. Since wrongfully committing to one of those modes too early
will incur higher error, it is challenging to find the perfect trade-off adaptively. Designing an
algorithm whose guarantees are comparable to (6.2) for all instances is an open problem.

6.3.1 Benchmark: Other GAI Algorithms

To go beyond Unif, we propose and analyze additional GAI algorithms. A summary of the
comparison with APGAI is shown in Table 6.1.

From BAI to GAI Algorithms

Since a BAI algorithm outputs the arm that is believed to have the highest mean, it can be
adapted to GAI by comparing the mean of the returned arm to the known threshold. We study
the GAI adaptations of two fixed-budget BAI algorithms: Successive Rejects (SR) [ Audibert
etal., 2010] and Sequential Halving (SH) [Karnin et al., 2013]. SR-G and SH-G return iy = {)
when i, i, < v and iy = i7 otherwise, where ir is the arm that would be recommended for
the BAI problem, i.e. the last arm that was not eliminated.

It is possible to derive an upper bound on P (7)) and Py g(T) at the fixed budget T
(see Theorems 5 and 6 in Appendix C of Jourdan and Réda [2023]). In the asymptotic regime,
their rate is in 4log(K)AZ 2. when I;hr(,u) = (), otherwise

~y,min

O(log(K) max{irenggg A7 max k(max s = ) "))
with I* = |arg mMaX,c (K] pil and pi() be the kth largest mean in vector p . Recently, Zhao et al.
[2023] have provided a finer analysis of SH. Using their results yields improved rates. Those
rates are better than 2H (1) when there is one good arm with a large mean and the remaining
arms have means slightly smaller than v . However, APGAI has better guarantees than SR-G
and SH-G when there is one good arm with a mean slightly smaller than the largest mean.
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Table 6.1 - Asymptotic error rate C(y) of algorithm 2 on v, i.e. limsup,,_, . nlog(1/Pg%(n)) ™" < C(u)
. () Fixed-budget algorithm ,, , with prior knowledge on v . H;(u1) asin (6.1), A, min := min;ex) Ay 5
-2

L, A2 = max{maxiez%hr(“) A%,L-,IHan>[* k(max;e(x pi — ,u(k))’2} L A 1= MaX;e7ehs () Ay, IF =

| arg maXiE[K] ,uz| and A := maxiez%hr(u) A’y,i + mining{hr(u) A'y,i .

Algorithm 2 () =0 I (p) #0
APGALI [Th. 6.2] 18H1(p) 4H, (1)
Unif [Th. 4 in Jourdan and Réda [2023]] 2K A;?nin 4K Z;lix
DSR-G [Th. 5 in Jourdan and Réda [2023]] 16 log KA;%nin 4log KA™2
DSH-G [Th. 6 in Jourdan and Réda [2023]] 16 log K A;’fnin Alog KA—2
PKGAI( ) [Th. 7 in Jourdan and Réda [2023]]f 2H, (1) 2H1 ()
PKGAI(Unif) [Th. 8 in Jourdan and Réda [2023]]7 2H, (1) 2K A2

Doubling trick The doubling trick allows the conversion of any fixed-budget algorithm into
an anytime algorithm. It considers a sequence of algorithms that are run with increasing
budgets (T})r>1 , and recommends the answer outputted by the last instance. Zhao et al.
[2023] shows that Doubling SH obtains the same guarantees as SH in BAI at the cost of a
multiplicative factor 4 in the rate, and similar results would hold for its GAI counterpart DSH-G
(as well as for DSR-G). Empirically, our experiments show that APGAI is always better than
DSR-G and DSH-G (Figures 6.1 and 6.2).

Prior Knowledge-based GAI Algorithms

Several fixed-budget BAI algorithms assume that the agent has access to some prior knowledge
on unknown quantities to design upper/lower confidence bounds (UCB/LCB), e.g. UCB-E
[Audibert et al., 2010] and UGapEb [Gabillon et al., 2012]. While this assumption is often not
realistic, it yields better guarantees. We also investigate those approaches for fixed-budget GAI
by proposing an elimination-based meta-algorithm for fixed-budget GAI called PKGAI (Prior
Knowledge-based GAI, see Appendix D of Jourdan and Réda [2023]). As for BAEC, PKGAI(
) takes as input an index policy * that is used to define the sampling rule. The main difference
to BAEC lies in the definition of the UCB/LCB since they depend both on the budget 7" and on
knowledge of H;(u) and H,(p) .

We provide upper confidence bounds on the probability of error at time 7" holding for any
choice of indices and uniform round-robin sampling (Theorems 7 and 8 in Appendix D of
Jourdan and Réda [2023]). The obtained upper bounds on P;Bca (1) are marginally lower
than the ones obtained for APGAI, while APGAI does not require to know Hi (u) or H(p) .
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6.3 Anytime Guarantees on the Probability of Error

6.3.2 Unverifiable Sample Complexity

The unverifiable sample complexity was defined in Katz-Samuels and Jamieson [2020] as the
smallest stopping time Tf]h; s after which an algorithm always outputs a correct answer with
probability at least 1 — 6 . In GAI, this means that algorithm 2 satisfies P, ( UnZT(t}?;T& El(n)) <6
. Compared to the fixed-confidence setting, it does not require to certify that the candidate
answer is correct. Zhao et al. [2023] notice that anytime bounds on the error can imply an
unverifiable sample complexity bound. It is possible to derive a deterministic upper bound on

the unverifiable sample complexity T(t]h; 5 of APGAI i.e. T(t]h}; s < Us(p) almost surely, with

Us(p) =50 20, Hi(p) log(1/6) + O(loglog(1/9)) ,

withn, =1+ (y-1)1 (I;hr(u) + (Z)) and (a1, o) = (9,2) (see Theorem 3 in Appendix B.3 of
Jourdan and Réda [2023]). While such upper bounds are known in BAI [Katz-Samuels and
Jamieson, 2020, Zhao et al., 2023, Jourdan et al., 2023b ], this is the first result for GAI.

6.3.3 Proof of Theorem 6.2

To prove Theorem 6.2, we use a similar technique as the one detailed in Section 5.4.1 of Chapter 5.
Instead of relying on Lemma 5.7, the key technical tool is Lemma 6.3 (proven in Appendix F.1).

Lemma 6.3. Let § € (0,1] and n > K . Assume there exists a sequence of events (A¢(n, 0)) k<t<n
and positive reals (D;(n, 6));c|x) such that, forall t € {K +1,---n} , under the event Ai(n,0),

di; € [K], Nt,it < Dit (n, 6) and Nt—i—l,it = Nt;jt +1.

Then, we have 3=}k 1 1 (At(n, 6)) < Xicx) Di(n, 0) -

We first define concentration events to control the deviations of the random variables used
by APGAL Foralln > K and ¢ € (0,1), let

gn,é = {VZ S [KLVt S n, ‘,U/n,z _Hl’ < \V 2];1(”75)/]\]71,7,} )

with fi(n,8) = LW _;(2log(1/6) + 2log(2 + logn) + 2) with W_y(z) = —W_1(—e*) for all
x> 1. Werecall that W_(z) = z + log(x) (see Appendix A). Using concentration arguments,
it is straightforward to show that IP’V(SE 5) S K6

Using Lemma 5.11 in Chapter 5, the proof boils down to constructing a time 7),() such
that &, 5 C & (n) for n > T),(6) since it yields that Py (n) < Kinf{d [ n > T,(5)} .
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Instances where Z!"*(1) = () In that case, we have £5™(n) = {i, # 0} . Lett < n. Letus
denote by U;(n, d) = {2 € [K]| Nei < 2f1(n, 5)A;f} the set of undersampled arms at time ¢ .
Lemma 6.4 shows that a necessary condition for an error to occur at time n is that there are
undersampled arms.

‘ Lemma 6.4. Under the event gn,g , in # 0 implies that U,,(n,0) # 0.

Proof. Not recommending () happens when the largest empirical mean exceeds 7 . Let i,

arg max;c (g V/Nni(tn,i — 7v)+ which satisfies p,,;, > v . Under gmg , we have v < i, ;, <
i, +1/2f1(n,8)/ Ny, hence i, € Uy, (n,?) . [ |

Lemma 6.5 shows that if there are still undersampled arms at time ¢ , then I; has not been
sampled enough. The proof of Lemma 6.5 is detailed in Appendix F.2.

Lemma 6.5. Under event émg , for all t < n such that Uy(n,8) # 0, we have Ny, <

18f1(n, 0)AZ% and Nyy1 1, = Ny, +1.

Lemma 6.6 provides a time after which all arms are sampled enough, hence no error will
be made. The proof of Lemma 6.6 is detailed in Appendix E.3.

Lemma 6.6. Let us define T,,(5) = sup<n | n < 18H; (1) fi(n,d) + K} . Foralln > T,(0),
under the event f‘fn,(g , we have Up(n,0) =0 .

Combining Lemmas 6.6 and 6.4, an inversion formula (Lemma E.5 in Appendix E.8) yields

Py (in # 0) < Kinf{3 | n>T,(6)} < Kev2(2+ logn)\/me)(p (—%) .

Instances where Z'"" (1) # () In that case, we have £2"(n) = {i, € {0} U ([K2] \ Z8 (u))}
. Lett < n. Let us denote by U;(n, ) = {z € [K]| Ny, < (\/2f1(n, 5)A;§ + 1) } the set of

undersampled arms at time ¢ . Lemma 6.7 shows that a necessary condition to recommend () at

time n is that all the good arms are undersampled and that a necessary condition to recommend
an arm in Z%( 1) at time n is that this arm is undersampled and will be sampled next.
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6.3 Anytime Guarantees on the Probability of Error

Lemma 6.7. Under the event &, 5 , i, = 0 implies that I () C Un(n,d) , and i, € If,hr(;t)c
implies that i, = I, € T (1)® N Up(n, ) .

Proof. Suppose that 2, = 0 , hence max p,; < 7. Then, for all i € Ifyhr(u) , we have v >

fini > pi —+/2f1(n,8)/N,.; , hence It () C Up(n,d) . Suppose that i, € I;hr(u)c , hence
max; fln; > 7y . Since @, = I,, € arg maX;e(x] /Nni(fni —v)+ , we have i, 5, > v . Then, we

have v < i1, < pir, +\/2f1(n,6)/Nn,1, , hence iy, = I, € T (11)6 N U (n, 0) . u

Lemma 6.8 shows that having all the good arms undersampled implies that the next arm
we will pull has not been sampled enough. The proof of Lemma 6.8 is detailed in Appendix F.4.

Lemma 6.8. Under the event £, 5 , for all t < n such that I;hr(,u) C Ui(n,d) , we have Ny j, <

2
Dy, (n,0) and Nyi1., = Nyg, + 1, where Di(n,8) = (A;%/Zfl(n, ) + 1) for all i € T8 (1)
and D;(n,8) = 2f1(n, 6)A;§for all i ¢ T8 () .

Lemma 6.9 shows that having a good arm that is sampled enough is a sufficient condition
to recommend a good arm at time n . The proof of Lemma 6.9 is detailed in Appendix F.5.

Lemma 6.9. Under the event &, 5 , ™ (1) N Un(n, )¢ £ 0 implies that 3, € T8 () .

Lemma 6.10 provides a time after which there exists a good arm that is sampled enough,
hence no error will be made. The proof of Lemma 6.10 is detailed in Appendix F.6.

Lemma 6.10. Let us define S,,(§) = sup {n | n < 4H)(p)fi(n,8) + K + 2|I§hr(,u)|} . Forall
n > S,(8) , under the event &, 5 , we have I (1) N Up (n, S £ Pandi, € I () .

Combining Lemmas 6.10 and 6.7, an inversion formula (Lemma E.5 in Appendix E.8) yields

P, ({in = 0} U {in € T8 ()%}) < Kinf{3 | n > S5,.(8)}

n— — 9|Zthr n — — 9|7 thr
< Kev2(2 +log n)\/ K4H12(‘,u; () exp <— K4H12(‘,u; (,u)|> .
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6.4 Fixed-confidence Guarantees

In some applications, the practitioner has a strict constraint on the confidence ¢ associated
with the candidate answer. This constraint simultaneously supersedes any limitation on the
sampling budget and allows early stopping when enough evidence is collected (random since
data-dependent). In the fixed-confidence setting, an identification strategy should define a
stopping rule in addition to the sampling and recommendation rules.

Stopping rule We couple APGAI with the GLR stopping rule [Garivier and Kaufmann, 2016]
for GAI, which coincides with the Box stopping rule introduced in Kaufmann et al. [2018]. At

fixed confidence  , we stop at T;flg = min(7s 5, 7< 5) Where
T = inf {n | lng[z% A/ Nni(pni — )+ > 1/2¢(n —1, 5)} ,

(6.3)

T<s = inf {n | min /Ny (7 — pn,i)+ > 1/2¢(n — 1,5)} ,
’ i€[K]

and c¢: N x (0,1) — Ry is a threshold function. Lemma 6.11 gives a threshold ensuring that
the GLR stopping rule (6.3) is d-correct for all 6 € (0, 1) , independently of the sampling rule.
The proof of Lemma 6.11 is detailed in Appendix E.7.

Lemma 6.11. Let W_1(z) = —W_1(—e %) forall x > 1, where W_; is the negative branch of
the Lambert W function. It satisfies W _1(z) ~ x + logx . Let § € (0,1) . Given any sampling
rule, using the threshold

2¢(n,8) = W_1(2log(K/8) + 4loglog(e*n) + 1/2) (6.4)

in the GLR stopping rule (6.3) yields a §-correct algorithm for 1-sub-Gaussian distributions with

mean in S .

Non-asymptotic upper bound Theorem 6.12 gives an upper bound on the expected sample
complexity of the resulting algorithm holding for any confidence ¢ . The proof of Theorem 6.12
is detailed in Appendix F.8.

Theorem 6.12. Let § € (0,1) . Combined with GLR stopping (6.3) using threshold (6.4), the
APGAI algorithm is 6-correct and it satisfies that, for all v € DX with mean p € S ,

E,[7] < Cu(6) + Kn? /6 + 1,
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wheren, :=1+ (y— 1)1 (ZTth(,u) = (/)) and

C,(6) :=sup {n |n—1<2H,, (1) (\/ )+ \/310gn) + Dy, (1 } ,

with Hy(p) and Hy(p) as in (6.1). Di(u) and D.(p) satisfy Di(p) ~ D~(p)
O(Hi(p)log Hi(p)) . In the asymptotic regime, we obtain limsups_,oE, [ ]/log(l/&) <
2H,;, (1) since C,(6) =50 2Hy, () log(1/6) + O(loglog(1/9)) .

Most importantly, Theorem 6.12 holds for any confidence ¢ € (0, 1) and any 1-sub-Gaussian
instance v . Theorem 6.12 shows that lim sup;s_,o E, [T, th”] /log(1/0) < 2H,, () in the asymptotic
regime. This implies that APGAI is asymptotically optimal for Gaussian distributions when
I = (. When there are good arms, our upper bound scales as H. (1) log(1/d) , which is
better than the scaling in H;(p) log(1/d) obtained for the unverifiable sample complexity.

However, when Ifyhr(u) # (), our upper bound is sub-optimal compared to 2 min,¢x; A;f
(see Lemma 6.1). This sub-optimal scaling stems from the greediness of APGAI when Ifyhr (1) #
() since there is no mechanism to detect an arm that is easiest-to-verify, i.e. arg MaX;egehr(y) Do -
Empirically, we observe that APGAI can suffer from large outliers when there are good arms
with dissimilar gaps and that adding forced exploration or randomization (with Thompson
Sampling) circumvents this issue. Intuitively, a purely asymptotic analysis of APGAI would
yield the dependency 2 max;c 7, )A which is independent from |[Z'"" ()| . Compared
to asymptotic results, our non-asymptotic guarantees hold for reasonable values of § (not
necessarily close to 0 ), with a §-independent scaling of the order O(H; () log H1(p)) -

Comparison with existing upper bounds Table 6.2 summarizes the asymptotic scaling of
the upper bound on the expected sample complexity of existing GAI algorithms. While most
GAl algorithms have better asymptotic guarantees when Z'" (1) # (), APGAL is the only one
of them which has any time guarantees on the probability of error (Theorem 6.2). However,

Table 6.2 — Asymptotic upper bound 2C (1) on the expected sample complexity of algorithm 2 on v,
ie. limsups_,o E,[t! 51/ 1og(1/6) < 2C(u) . (§) Requires an ordering on the possible answers [K] U {0}

. Hi(p) and H, (p ) asin (6.1), Ay max == maX;ezine Ay .

Algorithm 2 I,tyhr(u) =0 Ifyhr(u) +
APGAI[Th. 6.12] Hy(p) H, (1)
S-TaS [Degenne et al., 2019] § Hy(p) A ax
HDoC [Kano et al., 2019] Hy(p) Z;fnax
APT-G, LUCB-G [Kano et al., 2019] Hy(p) —
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we emphasize that APGAL is not the best algorithm to tackle fixed-confidence GAI since it
is designed for anytime GAI. Sticky Track-and-Stop (S-TaS) is asymptotically optimal for the
“any low arm” problem [Degenne et al., 2019], hence for GAI too. Even though GAI is one of
the few settings where S-TaS admits a computationally tractable implementation, its empirical
performance heavily relies on fixed ordering for the set of possible answers. This partly explains
the lack of non-asymptotic guarantees for S-TaS that is asymptotic by nature, while APGAI
has non-asymptotic guarantees. For the “bad arm existence” problem, Kaufmann et al. [2018]
proves that the empirical proportion (N, ;/(n — 1));¢[x] of Murphy Sampling converges almost
surely towards the optimal allocation realizing the asymptotic lower bound of Lemma 6.1. While
their result implies that lims_, T;f‘({ /log(1/6) = Tﬁhr(v) almost surely, the authors provide no
upper bound on the expected sample complexity of Murphy Sampling. Finally, we consider
the AlIGAI algorithms introduced in Kano et al. [2019] (HDoC, LUCB-G, and APT-G) that
enjoy theoretical guarantees for some GAI instances. When I,tyhr( w) = 0, all three algorithms
have an upper bound of the form 2H; () log(1/d) + O(loglog(1/6)) . When I;hr(u) # (0, only
HDoC admits an upper bound on the expected time to return one good arm, which is of the
form 2 min;ezine,,) A;f log(1/0) + O(loglog(1/6)) .

The indices used for the elimination and recommendation in BAEC [Tabata et al., 2020]
have a dependence in O(—log(yy — 1)) , hence BAEC is not defined for GAI where vy = 7y, .
While it is possible to use UCB/LCB that are agnostic to the gap 7 — vz > 0, these choices
have not been studied in Tabata et al. [2020]. Extrapolating the theoretical guarantees of BAEC
when 77, — v, one would expect an upper bound on its expected sample complexity of the
form 2H () log(1/8) + O((log(1/6))%/3) .

6.5 Experiments

We assess the empirical performance of the APGALI in terms of empirical error, as well as
empirical stopping time. Overall, APGAI performs favorably compared to other algorithms
in both settings. Moreover, its empirical performance exceeds what its theoretical guarantees
would suggest. This discrepancy between theory and practice paves the way for interesting
future research. Extensive experiments and implementation details are available in Appendix I
of Jourdan and Réda [2023].

Outcome scoring application Our real-life motivation is outcome scoring from gene activity
(transcriptomic) data. This application focuses on the treatment of encephalopathy of prema-
turity in infants. The goal is to determine the optimal protocol for the administration of stem
cells among K = 18 realistic possibilities. Our collaborators tested all treatments and made
RNA-related measurements on treated samples. Computed on 3 technical replicates, the mean
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Figure 6.1 — Fixed-budget empirical error on our outcome scoring application.

value in [—1, 1] corresponds to a cosine score computed between gene activity changes in treated
and healthy samples, i.e. 1 = (0.8,0.791, 0.676, 0.545, 0.538, 0.506, 0.36, 0.329, 0.306, 0.274, 0.241
,0.203,0.112,0.084,0.081,0.007, —0.018, —0.120) . When the mean is higher than v = 0.5, the
treatment is considered significantly positive. Traditional approaches use grid search with a
uniform allocation. We model this application as a Bernoulli instance, i.e. observations from
arm ¢ are drawn from a Bernoulli distribution with mean (y;)+ (which is 1/2-sub-Gaussian).

Fixed-budget empirical error The APGAI algorithm is compared to fixed-budget GAI al-
gorithms: SR-G, SH-G, PKGAI, and Unif. For a fair comparison, the threshold functions in
PKGAI do not use prior knowledge. Several index policies are considered for PKGAI: Unif,
APTp , UCB, and LCB-G. At time n , the latter selects among the set S,, of active candidates
I, € argmax;cs, \/NniLCB(n,i) , where LCB(n, i) is the lower confidence bound on ; —
at time n . For a budget 7" up to 200 , our results average over 1,000 runs, and confidence
intervals are displayed. On our outcome scoring application, Figure 6.1 first shows that all
uniform samplings (SH-G, SR-G, Unif, and PKGAI(Unif)) are less efficient at detecting one of
the good arms contrary to the adaptive strategies. Moreover, APGAI performs as well as the
elimination-based algorithms PKGAI( ), while allowing early stopping. In Appendix 1.3 of
Jourdan and Réda [2023], we confirm the good performance of APGALI in terms of fixed-budget

empirical error on other instances.

Anytime empirical error The APGAI algorithm is compared to any time GAI algorithms:
DSR-G, DSH-G (see Section 6.3.1) and Unif. Since DSH-G has poor empirical performance,
we consider the heuristic DSH-G-WR in which each SH instance keeps its history instead of
discarding it. On two Gaussian instances ( Z!"(n) # 0 and Z'" (1) = 00 ), Figure 6.2 shows that
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Figure 6.2 — Anytime empirical error on Gaussian instances (a) p € {0.55,0.45}'° where \Ifyhr(u)\ =3
fory=0.5and (b) p = —(0.1,0.4,0.5,0.6) forv = 0.
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Figure 6.3 — Empirical stopping time ( § = 0.01 ) on Gaussian instances u € {0.5, —0.5}'% where
[ ZEr ()| € {5k} peqig) fory = 0.

APGALI has significantly smaller empirical error compared to Unif, which is itself better than
DSR-G and DSH-G-WR. Our results average over 10,000 runs, and confidence intervals are
displayed. In Appendix 1.4 of Jourdan and Réda [2023], we confirm the good performance of
APGALI in terms of anytime empirical error on other instances, e.g. when I,tyhr( w) # 0 and when
|Zth7 ()| varies. Overall, APGAI appears to have better empirical performance than suggested
by Theorem 6.2 when Z™" (1) # ().

Empirical stopping time The APGAI algorithm is compared to fixed-confidence GAI algo-
rithms using the GLR stopping rule (6.3) with threshold (6.4) and confidence § = 0.01: Murphy
Sampling (MS [Kaufmann et al., 2018]), HDoC, LUCB-G [Kano et al., 2019], Track-and-Stop
for GAI (TaS [Garivier and Kaufmann, 2016]) and Unif. In Figure 6.3, we study the impact of
the number of good arms by considering Gaussian instances with two groups of arms. Our
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results average over 1, 000 runs, and the standard deviations are displayed. Figure 6.3 shows
that the empirical performance of APGAI is invariant to varying |Z4"*(11)| , and comparable to
the one of TaS. In comparison, the other algorithms have worse performance, and they suffer
from increased ]Ifyhr( )| since they have an exploration bonus for each good arm. In contrast,
APGALl is greedy enough to focus its allocation to one of the good arms. While APGAI achieves
the best performance when there is no good arm, it can suffer from large outliers when good
arms have dissimilar means. To circumvent this problem, it is enough to add forced exploration
to APGAI or randomization (with Thompson Sampling). While APGAI was designed for any
time GAI it is remarkable that it also has theoretical guarantees in fixed-confidence GAI and
relatively small empirical stopping time.

6.6 Discussion

In Chapter 6, we proposed APGAI, the first anytime and parameter-free sampling strategy for
GALI in stochastic bandits, which is independent of a budget 7" or a confidence ¢ . In addition
to showing its good empirical performance, we also provided guarantees on its probability
of error at any deterministic time n (Theorem 6.2) and on its expected sample complexity at
any confidence 6 when combined with the GLR stopping time (6.3) (Theorem 6.12). As such,
APGALI allows continuation and early stopping. We reviewed and analyzed a large number of
baselines for each GAI setting for comparison.

When there are good arms, the optimal allocation in GAI is supported solely on i* (1) . This
sparsity of the optimal allocation also appears in BAI when considering the limit of Ay, — 0
, i.e. allocation supported on the arms with the two highest means. Since the arguments in
Appendix C of Komiyama et al. [2022] mainly rely on this sparsity, we conjecture that, for
any asymptotically optimal GAI algorithm, there exist instances in which the error probability
cannot decay exponentially with the horizon. Given that e-BAI has dense optimal allocation
(even asymptotically for A, — 0 ), their argument does not apply, hence we could provide
strong anytime guarantees for the EB-TC, algorithm (Chapter 5). However, in GAIL we do
not believe an algorithm could have such strong any time guarantees. This explains why the
APGALI algorithm appears to be less satisfactory in tackling GAIL

While we considered unstructured multi-armed bandits, many applications have a known
structure. Investigating the GAI problem on e.g. linear or infinitely-armed bandits would be
interesting subsequent work. In particular, working in a structured framework when facing a
possibly infinite number of arms would bring out more compelling questions about how to
explore the arm space in a tractable and meaningful way. While linear bandits are the topic of
Part III, we will discuss e-BAI instead of GAI

143






Part 111
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Chapter 7

Choosing the Easiest-To-Verify Answer

In Chapter 7, we study the e-BAI problem for linear bandit in the fixed-confidence setting,
as described in Chapter 1 and studied in Chapter 5 for the vanilla setting. The presented results
were published in Jourdan and Degenne [2022].

While best-arm identification for linear bandits has been extensively studied in recent
years, few works have been dedicated to identifying one arm that is e-close to the best one
(and not exactly the best one). In this problem with several correct answers, an identification
algorithm should focus on one candidate among those answers and verify that it is correct. We
demonstrate that picking the answer with the highest mean does not allow an algorithm to
reach asymptotic optimality in terms of expected sample complexity. Instead, an easiest-to-verify
answer should be identified. Using that insight to choose the candidate answer carefully, we
develop a simple procedure to adapt best-arm identification algorithms to tackle e-best-answer
identification in transductive linear stochastic bandits. Finally, we propose an asymptotically
optimal algorithm for this setting, which is shown to achieve competitive empirical performance
against existing modified best-arm identification algorithms.
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7.1 Introduction

Since e-BAI for linear bandits is the focus of Part I1I, we recall the problem described in Chapter 1.
In the linear bandit problem, each arm i € [K] is associated with a known context vector a; € R?
and has a mean which is a linear function of unknown regression parameter § € M where
M C R?is a bounded set, i.e. j1; = (a;,0) . In the transductive setting [Fiez et al., 2019], each
answer j € [Z] is associated with a known context vector z; € R and the mean is also linear,
ie pj = (z;,0) . Taking Z = A recover the linear bandits setting. We assume that 4 spans
R and by denote L 4 (resp. Lz and L, ) is the maximum /»-norm of vectors in A (resp. Z
and M ), i.e. Lx := maxgex ||x||2 where || - |2 is the fo-norm. Note that p is fully characterized
by the regression parameter 0 , the set of arms vector A = {a;};c|x] and the set of answers
vector Z = {z;}je[z) - Moreover, we will use their context vectors to refer to arms a € A and
answers z € Z instead of using their integer indices. The focus of this chapter is to highlight a
phenomenon that is orthogonal to the class of distributions. Therefore, we restrict ourselves
to the set Dy, of Gaussian distributions with known variance and assume that o2 = 1 for all
a € Aby scaling, hence DX = DX . Let v € DX with regression parameter § € M .

At time n , we denote by I, € A the next arm to pull and by 2, the candidate answer.
Conditioned on I,, , the observation X, ;, satisfies that X,, ;, ~ N((I,,6),1) . Recall that
the history is defined as the o-algebra F,, := o (U1, I1, X1.1,, s In—1, Xn—1.1, 1, Un) , where
Un ~ U([0, 1]) materializes the possible independent randomness used by the algorithm at

time n . However, in this chapter, we present a deterministic algorithm.

In the e-BAI for transductive linear bandits, the agent aims at identifying an answer whose
mean is e-close to the highest one, i.e. z € Z.(0) := {z € Z | (#,2) > max,cz(0,2) — ¢}
where ¢ > 0. In the multiplicative e-BAI problem, the means are non-negative and one
aims at returning an answer z € Z"(0) := {z € Z | (0,2) > (1 — ) max,cz(0, z)} where
e € [0,1) . The set of greedy answers is defined as the set of answers with the highest mean,
ie z*(0) := argmax, (0, z) . While most of our contributions (and statements) will hold
for both the additive and the multiplicative settings, we note that the additive e-BAI has
received more scrutiny [Garivier and Kaufmann, 2021, Kocak and Garivier, 2021]. Taking
¢ = 0 recovers the BAI problem, in which there is a unique correct answer. As we extensively
mentioned in previous chapters, e-BAl is seen as a more practical objective than BAI in cases
where getting an answer close to optimal is enough. While a BAI algorithm will spend many
samples distinguishing between the answer with the highest mean and an e-close one, an e-BAI
algorithm will be able to stop quickly.

We consider the fixed-confidence setting (see Section 1.4). Let § € (0,1) be given to the
agent, and 7. s denote the stopping time. A strategy is said to be (e, §)-PAC if, for all v € DX
with regression parameter § € M , P, (75,5 < +00, % 5 & ZE(G)) < 6 . Among the class of
(¢,0)-PAC algorithms, our goal is to minimize the expected sample complexity E, 7. 5] .
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Contribution 7.1. The contributions of Chapter 7 are the following.

o We provide an analysis of e-BAI for transductive linear bandits and highlight a phenomenon
that was overlooked by previous work. The choice of the candidate answer is crucial to reach
asymptotic optimality in terms of expected sample complexity: one should identify the easiest-
to-verify (or furthest) answer instead of using the greedy answers.

e By carefully choosing the candidate answer and leaving the sampling rule unchanged, we de-
velop a simple procedure to adapt BAI algorithms to be (e, §)-PAC and empirically competitive
for e-BAI in transductive linear stochastic bandits.

o By leveraging the concept of the easiest-to-verify answer in the sampling rule, we propose an
asymptotically optimal algorithm that has competitive empirical performance.

7.2 Comparing Correct Answers

7.2.1 Lower Bound

For any w € (RT)X , we define the design matrix V,, := > ,c 4 wqaa’™ € R¥? | which is
symmetric and positive semi-definite, and definite if and only if Span({a € A | w, # 0}) = R?.
For any symmetric positive semi-definite matrix V € R4 , we define the semi-norm ||z||y :=
Vo™V for x € R? , which is a norm if V is positive definite.

Alternative set Given an answer z € Z , the alternative to z is defined as the set of parameters

A € M for which z is not a correct answer for A, i.e. 7.2 = {A € M | (A, z) < max,cz(\, z) — ¢}
. For multiplicative e-BAIL we have -z = {A € M | (\,z) < (1 — ) max,ez (A, 2)} .

Asymptotic lower bound Lemma 7.1 gives an asymptotic lower bound on the expected
sample complexity of any (e, §)-PAC strategy for both additive and multiplicative e-BAI This is
a corollary of Theorem 1 in Degenne and Koolen [2019], which holds for any multiple answer
instance and o-sub-Gaussian distributions.

Lemma 7.1 (Theorem 1 in Degenne and Koolen [2019]). Let 6 € (0,1) and ¢ €
R . For all (¢,5)-PAC strategy, for all v € DX with regression parameter § € M,
liminfs o E, [ 5]/ log(1/d) > To(v) with To(v) = min,ez, g) Te(v, 2) and T.(v, S —

maXyey inf)\e—\sz %”9 - )‘H%/w o
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An (g,0)-PAC algorithm is said to be asymptotically optimal if the bound is tight: for all
v € DX with regression parameter § € M, limsup;s_,q E, [7. 5]/ log(1/8) < T.(v) . We refer the
reader to Section 1.4.1 for more details on lower bounds on the expected sample complexity.

As noted by Chernoff [1959], the complexity T.(v)~! is the value of a zero-sum game
between two players. The agent chooses a correct answer and a pulling proportion over arms,
(z,w) € Z.(0) x X . The nature plays the most confusing alternative A\ € —.z for a reweighted
Kullback-Leibler divergence (|| - ||, for Gaussian) to fool the agent into rejecting this answer.
Our algorithm, named LeBAI (Linear ¢-BAI), is based on this formulation. Even for known 6,
computing 7. ()1 is in general intractable due to the non-convexity of —.z and the additional
maximization over Z.(f) . When ¢ is large enough to have Z.(0) = Z for all § € M, then
T:(v) =0, i.e. it is so easy that no sample is needed.

Since T.(v) < Ty(v) for all v € DX such that § € M (because —.z C =gz ), e-BAl is easier
than BAI There exist arbitrarily hard BAI instances that can be solved if seen as an ¢-BAI
problem, e.g. when the gap between the best and the second best arm is arbitrarily small.

7.2.2 Easiest-To-Verify Answer

The contributions in this chapter are linked with the concept of easiest-to-verify (or furthest)
answers: it should be leveraged in the recommendation-stopping pair (see Section 7.3) and in
the sampling rule (see Section 7.4). In a nutshell, to reach asymptotic optimality in terms of
sample complexity one should identify the unique easiest-to-verify answer instead of simply
using the greedy answers: all correct answers are not equivalent.

The set z(v) of the easiest-to-verify (or furthest) answers is defined as the answers which
maximize the dissimilarity involved in the definition 7. (v)~! , when using an optimal allocation
over arms wr(v) € Yk . Introduced in Degenne and Koolen [2019] and Garivier and Kaufmann
[2021], it is defined as

1
(zr(v),wp(v)) :=  argmax inf —|6 — )\||%/w . (7.1)
(2w)EZ. () xS NETez 2
Both zp(v) and 2*(#) are subsets of Z.(0) , however they might differ. In BAI with a unique
best arm, the set Z.(0) is a singleton, hence those two notions coincide.

We assume there is a unique easiest-to-verify answer for the unknown 6, i.e. |zp(v)| = 1
. When |zr(v)| > 1, some function of § has to have the same value for all answers of the set.
This happens with probability 0 if 6 arises from an absolutely continuous distribution. Almost
all BAI algorithms make the assumption that [2*(6)| = 1, which implies |zr(v)| = 1 in the BAI
case. Since the easiest-to-verify answer is assumed unique, we abuse notation and denote by
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zr(v) that answer and the singleton containing it as in (7.1). z*(6) denotes a set as we do not
assume that |2*(#)| = 1. The dependence of zr(v) and wr(v) on ¢ is omitted.

Asymptotic sub-optimality of z*(§) An (e, 0)-PAC strategy is said to be asymptotically greedy
if the only correct answers for which the algorithm will stop asymptotically are the greedy
answers 2*(f) , i.e. for all v € DX with regression parameter § € M,

lim P, (e < +00,25., € Z.(0)\ 2*(0)) = 0. (7.2)

Lemma 7.2 shows that any asymptotically greedy (e, §)-PAC strategy is asymptotically
sub-optimal whenever zp(v) ¢ 2*(0) , i.e. it can only reach T}, . (v) which is strictly higher than
T.(v) . The proof of Lemma 7.2 is detailed in Appendix G.1.

Lemma 7.2. For all asymptotically greedy (e, §)-PAC strategy, for all v € DX such that € M,

.. e EylT ) .
lpiat 02 5y 2 Tael®) with ) = min T.0:2),

where Ty . (v) > T.(v) ifand only if zp(v) ¢ 2*(6) .

Lemma 7.3 shows that any (¢, §)-PAC strategy recommending any greedy answers 2, ; €
2*(0:. ;) which succeeds in identifying 2*(0) is asymptotically greedy. Since 0 — z*(0) is
continuous and Z is finite, it is sufficient to have a sampling rule ensuring that lim,,_, o 6, = 0

Lemma 7.3. Any (g, §)-PAC strategy recommending 2._, € z*(0-_ ;) is asymptotically greedy if
the sampling rule ensures that lims_,o P, (7. 5 < +00,2*(0 ;) = 2*(0)) = 1.

Asymptotic optimality of z(v) The easiest-to-verify answer has a central role in the char-
acteristic time. Among the oracles that first choose an answer z € Z.(#) and then sample
according to the optimal proportions to verify that § ¢ —.z , the only one achieving asymptotic
optimality is the one picking zr(v) . To be asymptotically optimal, an e-BAI algorithm has to
implicitly identify zp(v) .

The definition of zr () comes from an asymptotic lower bound, and no finite time lower
bounds are available for e-BAI It could be that for larger § (hence small stopping times),
identifying 2 (v) among Z. () is too costly to be done before stopping. In that regime, it could
be that an algorithm cannot do better than picking any e-optimal answer. Strong moderate
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Figure 7.1 - Influence of ¢ on (left) the proportion of draws where zr(v) ¢ 2*(6) , (right) the median
(and first/third quartile) of (top) T.(v)/Ty,(v) and (bottom) T (v) /T (v) , when zp(v) ¢ 2*(0) .

confidence terms (independent of § ) affecting the sample complexity have been shown in
different settings [ Katz-Samuels and Jamieson, 2020, Mason et al., 2020].

Numerical simulations We compare the easiest-to-verify and the greedy answers for additive
and multiplicative e-BAL. We consider d = 2, M = R? and Z = A with K = 4. We use
6 = (1,0) and generate 25000 random instances. In each one of them, we consider z; = 6 and
draw uniformly at random z3 € {(cos(¢),sin(¢)) | ¢ € [—¢e, ¢c]} and z3, z4 € {(cos(¢), sin(¢)) |
¢ € (—m,—¢ps) U (¢pe, ]} , where ¢, := arccos(1l — ¢) . This yields z; = 2*(6) , z2 € Z.(0) and
23,24 € Z\ Z:(0) . To approximate (7;(v), zp(v)) , we discretize A4 with 10000 vectors. This is
repeated for several values of ¢ . We never observed |2*(6)| > 1 or |zp(v)| > 1. For a specific
hard instance such that z*(6) # zp(v), we refer to Figure 7.2(b).

Figure 7.1 reveals that the proportion of draws where 2*(6) # zr(v) is not negligible. On
those instances, Figure 7.1(b) shows that T.(v) /T, - (v) and T™"(v) T;lgﬂ(y) is on average 0.95
and 0.9 . Therefore, when they are different, the easiest-to-verify answer has a 5% and 10%

lower characteristic time than greedy answers.
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7.3 From BAI to c-BAI Algorithms

We propose a simple procedure to convert any BAI algorithm into an (e, §)-PAC algorithm.
While leaving the original sampling rule unchanged, the stopping-recommendation rule is
carefully chosen thanks to the concept of the easiest-to-verify answer.

Structure Since e-BAl s easier than BAI, the stopping rule of BAI algorithms has to be modified
for e-BAI Instead of stopping whenever a single best arm is identified, it is enough to stop
when we know that an answer is e-close to the ones with the highest mean. In most ( e-)BAI
algorithms, the stopping-recommendation pair, and the sampling rule can be thought of as two
independent blocks. There exist stopping/recommendation pairs that guarantee the strategy
to be (¢, 0)-PAC regardless of the sampling rule (e.g. see Lemma 7.4). Therefore, we can take
the sampling rule from a BAI algorithm and couple it with a stopping/recommendation pair

with this property.

We will now describe such a stopping-recommendation pair for e-BAI in transductive
linear Gaussian bandits. Due to its generality, this procedure can be adapted to tackle general
distributions (e.g. o-sub-Gaussian) and different structures (e.g. spectral bandits) by simply
adapting the stopping rule and its associated threshold.

7.3.1 Recommendation and Stopping Rules

Estimator Let [V, be the empirical allocation before time n , i.e. N, , = Zte[n,l] 1(I; =a).
We denote the Ordinary Least Square (OLS) estimator by 6,, = V]in > tem—1) Xt,1, 1t - When
0, € M, this is also the Maximum Likelihood Estimator (MLE). We denote by 1, a bandit
instance with regression parameter 0, .

GLR stopping rule As detailed in Section 1.4.2, we adopt the GLR stopping rule. Given a
candidate answer %,, € Z.(6,) , the algorithm stops as soon as

/\elzlsfzn 65, — )\H%/Nn > 2¢(n—1,0) . (7.3)
Computing infye—_z, || — )\||%,Nn = mingz, C:(2n, T;Vp, Np) can be done with Z — 1 calls
to the oracle computing the empirical transportation cost C. (2, ¥; vy, Ny,) . When M = R?
, the transportation cost has a closed-form formula, see e.g. Section 8.1 of Chapter 8. When
M={0€R| |z(0)| =1, [|0]] < L} , Degenne et al. [2020a] showed that Co(z, o; v, w) can
be computed numerically as a univariate optimization problem.

In Lemma 7.4, we show that combining a recommendation rule such that 2,, € Z.(6,,) and
this stopping rule is sufficient to obtain a (¢, §)-PAC strategy regardless of the sampling rule.
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This holds even when the stopping criterion is checked only on an infinite subset of N . The
proof leverages the concentration inequalities of Kaufmann and Koolen [2021].

Lemma 7.4. Let T C N with |T| = oo . Given any sampling and recommendation rule such that
Zn € Z:(0p) forall n € T, then evaluating the stopping criterion (7.3) at each time n € T with
the threshold

¢(n,d) =2Klog (4 +log (n/K)) + KCq (log (1/9) /K) (7.4)

yields an (e, §)-PAC strategy for linear Gaussian distributions with unit variance and regression
parameter in M . The function Cq is defined in (B.1). It satisfies Cq(z) ~ = + log(x) .

Proof. The proof is the same as the one detailed in Appendix B.1. u

Since this result holds for any sampling and recommendation rules satisfying one mild
requirement, 2, € Z.(6,) for all n € T, this leaves open the question on how to design those
two rules to stop as early as possible. Algorithms that are agnostic to the choice of the candidate
answer might have a higher expected sample complexity than the ones aiming at identifying

the easiest-to-verify answer.

Recommendation rule Taking a greedy answer Z,, € 2*(0,,) is a direct choice. Thanks to its
efficient implementation, using a greedy answer is the only computationally feasible recommen-
dation rule for combinatorial or continuous answer sets. Unfortunately, when zp(v) ¢ 2*(0)
, this approach leads to sub-optimal algorithms in terms of asymptotic sample complexity
(Lemmas 7.2 and 7.3).

When Z is not too large or when we disregard the computational cost, a more careful choice
than the greedy one alleviates this sub-optimality. The set of correct answers for which the
GLR (L.h.s. of (7.3)) is maximized are the instantaneous easiest-to-verify answers (or instantaneous
furthest)

2p(Un, Ny) := argmax _inf |6, — )\H%/N . (7.5)

2E€Z:(0) N2 "

By definition, zp (1, Ny,) is the set of answers for which we have the most evidence that they
are correct at time n . Solving (7.5) can be done with |Z.(6,,)| calls to the oracle computing
infye_, [|0n — /\H%/Nn , whose computational cost is discussed above. At a lower computational
cost than using an easiest-to-verify answer for the current estimator 2, € zp(vy,) , we will
see that using an instantaneous easiest-to-verify answer enjoys similar empirical performance
(sample complexity). For all the above sets of candidate answers, the ties are broken arbitrarily.
Empirically, we only observed singletons.
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Dependence in K In linear bandits, when K is large, dependencies in K can be replaced by
d [Lattimore and Szepesvari, 2020]. The focus of this chapter is to highlight the importance
of carefully choosing answers, and having K instead of d is a price we are willing to pay for
simpler arguments. Prior works removed the K dependency in the analysis of game-based
algorithms [Degenne et al., 2020a, Tirinzoni et al., 2020, Réda et al., 2021].

7.3.2 Modified BAI Algorithms

Modification procedure Given any BAI algorithm for transductive linear Gaussian bandits,
we modify it to use (7.3) as a stopping rule while leaving the sampling rule unchanged. By
Lemma 7.4, the resulting algorithm is an (e, §)-PAC strategy. For the recommendation rule,
theory (Lemmas 7.2-7.3) and experiments (Figure 7.2) both suggest to use 2,, € zp(vy, Ny,)
instead of Z,, € 2*(6,,) . We do not prove any theoretical guarantees on the sample complexity
of the modified algorithms since such results depend heavily on each sampling rule.

BAI benchmarks Lots of algorithms have been designed to tackle the BAI setting. We mention
below the ones used in the experiments as benchmarks. Soare et al. [2014] proposed a static
allocation design X' Y-Static and its elimination-based improvement X' Y-Adaptive, which are
linked to a G-optimal design. In Xu et al. [2018], LinGapE was introduced as the first gap-based
BAI algorithm. All the above BAI algorithms are not shown to be asymptotically optimal and
depend on ¢ (except X' Y-Static). Algorithms such as DKM [Degenne et al., 2019] and LinGame
[Degenne et al., 2020a] are asymptotically optimal, and their sampling rule does not depend
onog.

Other stopping rules For all BAI algorithms using a GLR stopping rule, the stopping con-
dition (7.3) is a natural extension. Some other stopping rules (not based on the GLR) have a
direct extension to e-BAIL This is the case for the gap-based stopping rule for additive e-BAI
employed by LinGapE, where we can stop when the gap is smaller than ¢ instead of stopping

when it is negative.

7.3.3 Experiments

We perform experiments to highlight the empirical performance of the modified BAI algorithms
on additive e-BAI problems. Moreover, we show that using 2,, € zp (v, Ny,) in (7.3) achieves
lower empirical stopping time compared to %, € 2*(6,) , and outperforms the e-gap stopping
rule with 2,, € 2*(6,,) . We consider linear bandits ( A = Z ), M = R%and (g, §) = (0.05,0.01),,
and perform 5000 runs. The stopping-recommendation pair is updated at each time n .
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Figure 7.2 — Empirical stopping time of the modified BAI algorithms with 2,, € z¢(v,,, N,,) on the hard
instance displayed on the right (star is mean). “-G” denotes 2,, € z*(6,,) . “-O” denotes the e-gap
stopping rule for 2,, € z*(6,,) .

Hard instances We adapt the usual hard instance studied in BAI for linear bandits to enforce
that there are multiple correct answers and that the easiest-to-verify answer differs from the
greedy answer, i.e. |Z:(0)| > 1 and 2*(0) # zr(v) . Taking 6 = e1 with e; = (1 (j = 7)) ;¢|q , the
answers set is defined as Z = {e1, -, eq, g1, aq+2} where ag1 = cos(¢1)er + sin(¢)es €
Z.(0) and agy2 = cos(¢a)er + sin(p2)es ¢ Z.(0) . Considering d = 2, we use ¢ = r.¢. and
¢2 = (1 + re)pe with ¢ = arccos(1 — ) and r. = 0.1, as displayed in Figure 7.2(b).

In this instance, the BAI algorithms without modification require in average 545 times more
samples than compared to their modified version. The discrepancy is particularly striking since
the hard instance for e-BAI is even harder for BAL

Figure 7.2(a) reveals that, for all modified BAI, considering an instantaneous easiest-to-
verify answer instead of a greedy answer leads to lower empirical stopping time. Their ratio
is 0.92 on average. This matches the asymptotic observations when computing 7. (v) /Ty - (v)
for additive e-BAI (as done in Figure 7.1 for multiplicative e-BAI, see Jourdan and Degenne
[2022]). The modified LinGapE using 2,, € zp(vy, N;,) outperforms the e-gap extension of the
original stopping rule, which is equivalent to using (7.3) with 2,, € 2*(6,,) . While guided by
the asymptotic regime, using zp (v, N,,) instead of 2*(6,,) for the stopping-recommendation
pair has practical utility in the moderate confidence regime with a 10% speed-up in terms of
sample complexity.

7.4 LeBAI Algorithm

Leveraging the concept of the easiest-to-verify answer in the sampling rule, we present LeBAI
(Linear e-BAI), an asymptotically optimal algorithm for (e, §)-PAC best-answer identification
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7.4 LeBAI Algorithm

1 Input: Learner £# and Z-oracle £Z .

2 Pull once eacharma € A, setng = K and Wy,41 = 1 ;

3 forn > ng do

4 Get 2, € zp(un, Ny) // Candidate answer

5 If infye 5, ||0n — AH%/N > 2¢(n —1,6) then return 2, ; // GLR stopping rule

6 Get (mef“) from £Z x LA ; // Learner plays

7 Set w, = #IK + (1 — %) ng and Wy, 11 =W, +w, ;// Forced exploration

8 Set \,, € argminyc_ 5 |0, — A}, // Closest alternative
2

9 SetUp, = (Hen — Mllagm + /Cn,a) foralla € A ; // Optimistic gains

10 Feed £A with gain g, (w) = (1 — Lyw,Up) ; // Update learner

11 | Pull [, € argmin,c 4{Ny, o — Wy}, observe X,, ;. and update (6,,, N,,) ;
12 end for
Algorithm 7.1: LeBAI algorithm.

in transductive linear bandits. It deals with both the multiplicative and the additive e-BAI
problems. Similarly to works on linear bandits [ Abbasi-Yadkori et al., 2011, Soare et al., 2014],
we assume that the set of parameters is bounded, i.e. Ly < +00.

Structure After pulling each arm once, at each round n > ng , if the stopping condition (7.3)
for the candidate answer 2,, € zp(6,, N,,) , we return 2, ; else, the sampling rule returns an
arm I, to pull. Then, the statistics are updated based on this new observation.

Sampling rule The algorithmic ingredients used in the sampling rule of LeBAI build upon
the ones in LinGame [Degenne et al., 2020a]. It is a saddle-point algorithm approximating a
two-player zero-sum game. At each round n > ng, if the algorithm hasn’t stopped yet, the
agent chooses a candidate answer and a pulling proportion over arms (571, wﬁA> € Z.(0y) x

Yk , where Z, can be different from 2, . A mild logarithmic forced exploration is added,

ie w, = -=1g + (1 - %) w,fA . The agent will play by combining a no-regret learner on X
(e.g. AdaHedge of de Rooij et al. [2014]), denoted by LA, and a Z-oracle, denoted by LZ .
While Theorem 7.5 was proven for Z,, € zp(vy,) , we obtain similar empirical performance with

the heuristic 2, € zp(vp, N;,) at a much lower computational cost.

Given (Z,,wy) from £Z x L4, the nature plays the most confusing alternative parameter
Ap € argminye_ s [|0, — )\H%/Wn . To update £ , the agent uses gains g, (w) = (1 — LY (w,Uy)

2
where the optimistic gains are defined for alla € Aas U, , = (||9n — Ml ga™ F /cma) with

Cnq = Min {20 (n27 n2/3) Ha\%/NlAL?\ALil} . Under a good event, the quantity (w, Uy,) is an
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upper bound on the unknown infc . .., [|6 — All3;, . Finally, I, is obtained deterministically
by tracking, i.e. I, € argmin,c 4{Ny.q — Wna} -

To obtain efficient implementations for combinatorial or large arms sets K, LeBAI should
be modified by using existing improvements for game-based algorithms [Tirinzoni et al., 2020,
Réda et al., 2021, Jourdan et al., 2021 ]. When ¢ = 0, LeBAl is close to LinGame but uses one
learner instead of Z learners. Other differences are that LinGame uses regularization in the
estimator and a stopping threshold featuring d .

7.4.1 Sample Complexity Upper Bound

For both the multiplicative and the additive e-optimality, Theorem 7.5 shows that LeBAI yields
an (e, 6)-PAC and asymptotically optimal algorithm. The proof sketch of Theorem 7.5 is inspired
by the one of LinGame [Degenne et al., 2020a ], hence we will only highlight the novel technical
difficulties that had to be addressed.

Theorem 7.5. Let L4 with sub-linear regret (e.g. AdaHedge) and LZ returning z, € zr(vy,) .
Using (7.4) as stopping threshold c(n, ) , LeBAI yields an (e, §)-PAC algorithm which satisfies
that, for all v € DX such that € M and |zp(v)| = 1, limsupy_,o E, [7.5] /log (1/8) < T-(v) .

Technical difficulties Since the proof of Theorem 7.5 is inspired by the one of LinGame
[Degenne et al., 2020a ], we highlight the novel technical difficulties that had to be addressed.
In BAI, we have |2*(0)| = 1. The key property used in BAI proofs which does not hold in
e-BAl is that, for all z # 2*(0) , 0 belongs to the alternative -z . The consequence of this
is that whenever the answer used by the sampling rule Z, is wrong, the correct parameter
belongs to =z, , hence the algorithm will sample to try and exclude that true parameter, which
cannot succeed and will at some point correct the mistake. In e-BAI we can have z,, # zp(v)
while having 6 ¢ —.Z, and there is a priori no such self-correction mechanism to enforce that
Zn = zp(v) after a while.

Our analysis reveals that a similar self-correction mechanism can be obtained for LeBAI
Let -z be the easiest-to-verify alternative (or furthest alternative) to z , i.e. the set of parameters
for which z is not the unique easiest-to-verify answer. Intuitively, as it uses Z,, € zp(vy,) , LeBAI
samples to asymptotically exclude —r2Z, . Leveraging the logarithmic forced exploration, this
cannot succeed when Z,, # zp(v) . Those two choices yield a self-correction mechanism for e-
BAIL More formally, we show that, under a good concentration event, the event {Z; # zr (V) }1epn)
only happens sub-linearly in n .
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Related work Tackling e-BAIin MAB for additive e-optimality, e-TaS [ Garivier and Kaufmann,
2021] recommends zp (vp, N,,) and uses the associated GLR as stopping rule. The sampling
rule computes wr(v,) and then tracks it with added forced exploration. Addressing additive
spectral bandits, SpectralTaS [Kocdk and Garivier, 2021] recommends z*(6,,) and uses the
GLRT associated with zp (v, Ny,) for the stopping rule. For the sampling rule, a mirror ascent
algorithm is run based on a super-gradient of a function depending on any e-optimal answer.
While the choice of the answer is not discussed, it is our understanding that a greedy answer is
used (matching their candidate answer). When considering e-BAI on the unit sphere, Jedra
and Proutiere [2020] recommend z*(6,,) and use the associated GLRT, however, their sampling

rule is uniform over a spanner.

Designed for the multiple-correct answers setting, Sticky TaS [ Degenne and Koolen, 2019]
is a modified Ta$S algorithm: at round n , they compute ... 2r(x) where C, is a continuous
confidence region around v, , and stick to one of those (given an arbitrary order). For some
identification problems (e.g. GAI), it rewrites as computing a finite number of easiest-to-verify
answers. There is no such rewriting for e-BAI, hence Sticky TaS is not computationally feasi-
ble. Experiments suggest that it performs on par with e-TaS at a higher computational cost,

i.e. solving the same optimization for each parameter in a confidence region.

7.4.2 Proof Sketch of Theorem 7.5

The proof scheme sketched below is inspired by the game approach studied in Degenne et al.
[2020a]. First, we derive a non-asymptotic one, then take the limit § — 0. Having multiple
e-optimal answers is a key difficulty in several arguments.

Let f(n) := 2¢(n — 1,n'/*) with ¢(n, §) asin (7.4) and s > 1. Let
Eni={¥t <n, [0 = 0I},, < f(n)} . (7.6)

Using concentration arguments, we have P, (L) < ¢(s) where ( is the Riemann ¢ function.
Using Lemma 2.25 in Chapter 2, the proof boils down to construct a time 7,,(6) > K such
that &, C {r.5 < n} for n > T,(9) since it yields that E,[7. 5] < T,(6) + K((s) . Then, a
sufficient condition to conclude the proof is to show that lim sups_,, 73, (6)/log(1/0) < T.(v) .
To construct such a 7,,(9) , it is sufficient to show that under &, , if the algorithm does not stop
at time n, then n7.(v)~! <log(1/6)+ O (nkﬁl + log (1/6)1_/32) where (51, 32) € (0,1)2.

The analysis distinguishes between two independent components. Under &, , if the algo-
rithm does not stop at time n , we can show that the stopping-recommendation pair satisfy

_ : _ 2 e 1-51 1—p52
2c(n—1,6) > max inf [0~ |, O (n'=" +10g (1/6)' ) . (7.7)
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The r.h.s. only features the empirical counts, and the proof is independent of the sampling rule
itself. Then, it is possible to show that the sampling rule satisfy
_ N (,1-5 1-B2
max inf [0~ A, > 2nT:()"" O ('~ +1og (1/6) ) . (7.8)
Due to the similarity with existing proof techniques [ Degenne et al., 2020a] and the fact that
the Top Two approach is the main focus of this manuscript, the proofs of (7.7) and (7.8) are

omitted. For more details, we refer the reader to Lemma E.5 in Appendix E.2 [Jourdan and
Degenne, 2022] for (7.7) and to Lemmas E.6 and E.7 in Appendix E.3 for (7.8).

7.5 Experiments

We show that LeBAI has competitive empirical performance compared to existing e-BAI algo-
rithms, which are computationally expensive, and that using an instantaneous easiest-to-verify
answer is efficient both in terms of computational cost and sample complexity. Moreover, LeBAI
performs on par with the modified BAI algorithms, which are not asymptotically optimal, on

hard and random instances.

As heuristic with lower computational cost (not supported by Theorem 7.5), the Z-oracle in
LeBAI returns an instantaneous easiest-to-verify answer, i.e. Z, € zp(6,,, N;,) . The experiments
below are considering the multiplicative e-optimality. Similar experiments can be done in
the additive setting (see Jourdan and Degenne [2022]). We use the same experimental setup
as in Section 7.3.3. On the 5000 runs, we report the standard deviation of means by using

sub-samples of 100 runs.

e-BAI and candidate answer Even when K is small, algorithms based on solving the optimiza-
tion problem (zr(v), wr(v)) are intractable, i.e. e-TaS or recommending the easiest-to-verify
answer. We evaluate their performance empirically on the hard instance with A = {ej, ez},
and discretize uniformly Ay with 500 vectors.

Table 7.1 — Empirical stopping time ( + standard deviation) on the hard instance with A = {e1, ez} .

*(en) ZF(Vn) ZF(Vn; Nn)

LeBAI 416 (£13) 383 (£16) 381 (£17)
eTaS 400 (£14) 371 (£15) 371 (£15)
Fixed 401 (£14) 374 (£14) 374 (+14)
Uniform 492 (£16) 450 (£17) 449 (£17)
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Figure 7.3 — Empirical stopping time on the hard instance with A = Z . The modified BAI algorithms
use (7.3) with 2,, € zp(v,, Ny,) .

In Table 7.1, we combine and compare four e-BAI sampling rules with three candidate
answers for the stopping rule (7.3). Comparing the rows of Table 7.1 reveals that LeBAI
performs on par with e-TaS and the “oracle” fixed algorithm, which tracks the unknown optimal

allocation wr(v) . It also consistently outperforms uniform sampling ( ~ 85% ).

Based on Table 7.1, a greedy answer is consistently worse than a (instantaneous) easiest-to-
verify answer, with a ratio of stopping time being on average 0.92 (coherent with Figure 7.1(b)).
Moreover, it highlights that using an instantaneous easiest-to-verify answer achieves similar
performance as an easiest-to-verify answer at a lower computational cost. In the following
experiments, the stopping-recommendation pair is (7.3) combined with 2,, € zp(vy, Ny,) .

Modified BAI algorithms Figure 7.3 compares LeBAI with the modified BAI algorithms,
all using the same stopping-recommendation pair. We see that LeBAI slightly outperforms
the modified LinGapE and X'Y-Adaptive, performs better than the modified LinGame and
X Y-Static and is on par with the “oracle” fixed algorithm. Uniform sampling and the modified
DKM perform poorly.

Random instances To assess the impact of higher dimensions, random instances are con-
sidered (one per run). For the answer set, 19 vectors (ax)re19) are uniformly drawn from
St .= {a eRY: lallz = 1} and set § = a; . To enforce having multiple correct answers, a mod-

1= [|61[3+p3 —ree
2%
where ig = arg min,; ¢4 ¢; and r. = 0.1 . Those instances are motivated by a practical BAI ex-

ification of the greedy answer is added such that asg ; = a1 ; for i # ipand agg;, =
ample where a modified/corrupted version of the unique correct answer exists. Seeing the

problem as an e-BAI one allows to return an e-optimal answer while avoiding wasteful queries
required by BAI algorithms.
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Figure 7.4 — Empirical stopping time on random instances ( A = Z ) for d € {6,12} (from top left to
bottom right). The modified BAI algorithms use (7.3) with 2,, € zp(vy,, N,,) .

In Figure 7.4, LeBAI shows similar empirical performance with modified BAI algorithms.
Even though it is outperformed by the modified LinGapE, LeBAI is almost twice as fast as the
modified X')-Adaptive and appears to be slightly more robust than the modified LinGame to

increasing dimension.

7.6 Discussion

In Chapter 7, we showed that the choice of the candidate answer is important for the sample
complexity in fixed-confidence e-BAI. Using an instantaneous easiest-to-verify answer as a
candidate answer, we proposed a simple procedure to adapt existing BAI algorithms for e-BAI
problems. Leveraging it in the sampling rule, we introduced LeBAI that is asymptotically
optimal and has competitive empirical performance.

Computing the easiest-to-verify answer requires solving the closest alternative sub-problem
| Z-(0y,)| times. While that number is small (in particular much less than Z ) in the examples
we considered, that computation can become an issue if many different answers are close. If
we extend the setting to continuous answers, the computation of the easiest-to-verify answer
by iterating becomes unfeasible. Finding an e-close point of a reward function in a non-finite
set is the general question of optimization, which is central to many areas of machine learning.
Extending the problem-dependent approach of the bandit framework to that setting is an

interesting research direction.

Since the existence of a tight finite-time lower bound for multiple-correct answer setting
is still an open problem, it remains unclear how to assess the theoretical performance of
algorithms in this regime. Once derived, this lower bound would reveal the existence of
moderate confidence terms (independent of ¢ ) affecting the sample complexity, which could
then be used to design e-BAI algorithms with theoretical guarantees in both regimes.
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7.6 Discussion

The approach of adapting the transportation costs to tackle the underlying structure in linear
bandits is successful, as it was for general class for distributions (see PartI) or for problems with
multiple correct answers (see Part IT). While most of the algorithms presented in this thesis are
inspired by the Top Two approach, we built upon the game approach in Chapter 7. Compared
to the Track-and-Stop approach, the game-based approach is less computationally expensive.
However, it is still more costly than the Top Two approach, which is easier to implement and
interpret. Understanding how to adapt the Top Two approach for linear bandits is the topic of
Chapter 8.
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Chapter 8

Extending the Top Two Approach

In Chapter 8, we also study the e-BAI problem for linear bandit in the fixed-confidence
setting, as done in Chapter 7. The presented results are currently unpublished since the
challenges of the theoretical analysis have not been solved yet.

Given the recent success of the Top Two approach for the vanilla e-BAI problem, it is
natural to wonder whether this approach extends to linear bandits. The transductive setting is
particularly relevant to understanding the different roles played by the arms and the answers.
The arms should be pulled to verify that an answer is better than another one. Therefore, the
Top Two algorithms should be seen as defining a candidate answer and the associated most
confusing alternative answer (i.e. which challenges the most our current belief) and collecting
additional observations to compare those top two answers. We propose LeTT that extends
the Top Two approach to tackle e-BAI for transductive linear bandits. Before performing an
empirical study showcasing the good empirical performance of the resulting algorithms, we
highlight the challenges in the analysis of the expected sample complexity.
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8.1 Introduction

We consider the same setting as in Chapter 7. We refer the reader to Section 7.1 for a detailed
problem statement and to Sections 7.2 and 7.3 for additional notation. The unknown regression
parameter is denoted by § € R?, the finite set of known arms .A C R? and known answers
ZCRY. Let 2.(0) = {2z € Z| (0, 2) > max,cz (0, z) — €} be the set of e-good answers for ¢ > 0
. For multiplicative e-BAI, the means are non-negative and ¢ € [0,1) and Z"(0) = {z € Z |
0,2) > (1 —e)max,cz(0,2)} .

Characteristic times When M = R?, the inverse of the characteristic times can be written as

To(v,2)"' = max min C.(z,z;v,w) and T™W(v,2)"' = max min C™W(z,z;v,w),
weL g reZ\{z} weX g reZ\{z}

(8.1)
with the transportation costs between (z, z) with allocation w € ¥k on instance v are

(e+(0,z — x>)2
20z - ]2,
0,2 — (1 —¢)x)?

C;mﬂ Z, TV, W) = 1({0,z—(1—¢)x) >0),

Ce(z,z5v,w) = Le+(f,z—x)>0),

where V,, = 3 c 4 weaa™ and VT denotes the Moore-Penrose pseudo-inverse of V' .

GLR stopping rules Let v, denotes a bandit instance with regression parameter 0,, =
Vﬁnl >ten—1) Xt,1, It where Ny o = 37,411 (It = a) . The empirical transportation costs
are defined as

Wen(z,2) = Ce(2,2;vp, Ny)  and Wg‘;l(z,x) =™ (2 250, N,)

Using the instantaneous easiest-to-verify answer, the GLR. stopping rule can be written as

Tes = inf {n | zeréli)gn)xelgl\?z} Wen(z,2) > c(n —1, 6)} , (8.2)

and a similar formula would give 7-215“1 for multiplicative e-BAI The threshold function ¢(n, §)
can be chosen as in (7.4) to ensure that the algorithm is (¢, §)-PAC regardless of the sampling
rule (see Lemma 7.4 in Chapter 7).
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Contribution 8.1. The contributions of Chapter 8 are the following.

o We extend the Top Two approach to tackle structured bandits by proposing the Structured
Top Two approach, which is specified by four choices (leader answer, challenger answer, target
allocation and mechanism to reach it). We propose several instances for e-BAI in transductive
linear bandits with Gaussian distributions, including LeTT which generalizes the EB-TC.
algorithm studied in Chapter 5.

o We highlight the challenges in the analysis of the expected sample complexity to obtain the
asymptotic optimality of LeTT. When there is no randomness in the collected observations,
LeTT can be written as a saddle-point algorithm to solve T-(v) =1 . While the analysis is still
an open problem, this draws a connection between the Structured Top Two approach and the
game-based approach.

o Our empirical study showcases the competitive empirical performance of LeTT.

8.2 Linear Top Two Algorithm

As summarized in Algorithm 2.1, a Top Two sampling rule is defined by four components: leader
answer, challenger answer, target allocation, and mechanism to reach it. Extending the Top
Two algorithms to tackle structured bandits such as transductive linear bandits requires some
modification. While we still want to verify that the leader answer is better than the challenger
answer, we cannot simply define a target allocation (5, (B, Cy,), 1 — B (Bn, Cy)) € [0, 1]? for the
leader/challenger pair (B, Cy) : (1) sampling any arm will reveal information on the vector ¢
and (2) an answer might not be an arm that can be pulled. Therefore, given a leader/challenger
pair, we need to define a target allocation that might be supported on the whole set of arms A,
i.e. Bp(Bn,Cp) € L . While we focus on e-BAI in transductive linear bandits, it is possible to
propose a Structured Top Two sampling rule in general, which is summarized in Algorithm 8.1.

As done in Chapter 7, we initialize by sampling each arm once, even though a smarter
initialization is possible for linear bandits (e.. sample a set of arms that covers R? ). While we
present the details for the additive setting, the formulas can straightforwardly be adapted to
tackle the multiplicative setting.

Naming convention Asin Section 2.2.5, we use {leader}-{challenger}-{target} asnaming
convention. Recall that the mechanism to reach the target allocation (Section 8.2.2) is defined
by the first three choices: using tracking if the leader/challenger pair is deterministic and
randomization otherwise. Note that the formulas for those four choices explicitly depend on
the considered structured bandits.
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1 Input: Mechanisms to choose the leader answer LB the challenger answer £e,
the target allocation £7" and how to reach the target £ .
2 Output: Next arm to sample I, .

3 Get B,, € Z from LB ; // Leader answer
1 GetC, € Z\ {B,} from L® ; // Challenger answer
5 Get 5,,(By, Cy) € Xk from £t // Target allocation
6 GetI, € Afrom LE using 5, (By, Cr) ; // Reaching the target

Algorithm 8.1: Structured Top Two sampling rule.

Leader answer In Section 2.2.1, we presented several choices of leader answer which can be
straightforwardly adapted to identify i*(¢) . The EB leader selects BEP € argmax, .z (0, z) .
The UCB leader answer uses BY“P ¢ arg max, .z U, , with

Un,z = (On, 2) +1/g(n)|z[ly,-1,

where g(n) = ©(logn) . Given a sampler IT,, on R? , the TS leader answer chooses B° € i*(\,)
with A\, ~ II, . For Gaussian distributions with unit variance, using the improper prior
I, = N (04, +00ly) yields II,, = N (0., V]in) as posterior distribution before time n .

However, Chapter 7 advocates that one should identify the easiest-to-verify (or furthest)
answer zp(v) defined in (7.1) instead of the greedy answer 2*(0) = arg max,. (6, z) , which is
doomed to be a sub-optimal choice when zp(v) # 2*(0) . Therefore, we should not use the EB,
UCB, or TS leaders when the goal is to achieve asymptotic optimality. Inspired by Chapter 7,
we could use the F. (Furthest) leader answer, meaning BFe € 2p(v,), or the IF. (Instantaneous
Furthest) leader answer, defined as

BY¥e c argmax min We. ,(2,2) = 2r(vn, Ny)  with zp (v, N,,) as in (7.5). (8.3)
ZEZ& (en) IGZ\{Z}
Since the F. leader answer has a high computational cost, we advocate using the IF. leader
answer. Those two choices will be asymptotically equivalent provided that the sampling rule
ensures convergence towards the set of optimal easiest-to-verify allocation wg(v) .

As for the EB leader, the IF, leader might be too greedy when no additional exploration
is enforced (implicitly or explicitly). While one could derive an optimistic version of the IF.
leader (by deriving concentration results), it is not clear how to use a sampler to obtain a
randomized version of the IF. leader. Fortunately, Chapter 5 advocates that there is no need
for additional exploration when considering e-BAl since € > 0 acts as a regularizer.
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Remark 8.1 (Expected Simple Regret). When the goal is to have a vanishing expected simple
regret on the candidate answer (as for EB-TC.-1/2 in Chapter 5), the instantaneous easiest-to-
verify answer is doomed to be sub-optimal on some instances. On instances 6 such that zp(v) ¢
2*(0) + Span({6})*, we have limy,_, o0 E, [(0, 2*(0) — 2,,)] > O for candidate answers (2,,),, such
that limy,—, 4 o 2n, = zp(v) (since (0, 2*(0) — zrp(v)) > 0 ). Therefore, we should use a leader that
identifies z*(6), e.g. the EB, UCB, or TS leaders.

Challenger answer In Section 2.2.2, we presented several choices of challenger answers which
can straightforwardly be adapted. The TC. and TCI. challenger consider

CTC ¢ argmin W, ,(B,,2) and CI% ¢ argmin {W. ,(B,,z2) +log Ny} .
2€Z\{Bn} 2€Z\{Bn}

The RS, challenger takes i.e. CX> € arg max,c z(\,, z) with \,, ~ II,, until B, ¢ Z.(\,) . The
resampling step is even more computationally expensive when e > 0.

Historically, LinGapE [Xu et al., 2018] extends the LUCB algorithm to the linear bandit
setting. As such, it is the first Top Two algorithm for structured bandits. LinGapE uses the EB
leader and a UCB challenger, i.e. CY<P € arg maxzez\{Bn}{(én, z— Bp)+g(n)||lz — Bn||V§1}
where g(n) is a bonus calibrated with concentration results and 6, is the regularized leanst—
squared estimator, i.e. 0, = (V, + M)~ ! Poten—1] Xer L - Xuet al. [2018] proposed several
target allocations given this pair of leader/challenger. While it remains a heuristic, the target
allocation achieving the best empirical performance is a greedy (deterministic) choice, which
samples I, € argmin,c 4 || By, — Cy|| (Vi +aa™)1 ° It stops when the empirical gap between the
LCB of B,, and the UCB of C,, is lower than ¢ .

8.2.1 Target Allocation Over Arms

Due to the underlying structure, it is possible to collect information on any arms to verify that
the leader is better than the challenger. Conditioned on (B,,, Cy,) , one should define a target
allocation over arms, which we will denote by 3,,(By,,C,) € ¥k . As in Section 2.2.3, we first
present several fixed designs, which arose out of convenience yet are doomed to be sub-optimal.
Then, we extend the optimal design of IDS to the transductive linear bandit setting.

Fixed design approach Since answers are not arms that can be pulled, it is neither possible to
sample both the leader and the challenger answers, nor possible to sample the leader with a
fixed proportion 3 . Moreover, even when § is known, it is not clear which arm is informative

enough to allocate a fixed proportion § to it.
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It is straightforward to generalize the idea of sampling the arm that yields the largest
empirical transportation cost would the estimator 6,, be unchanged, i.e.

I, € argmax C.(By,, Cp;vp, Ny + 1,) .
acA
For Gaussian distribution, only the denominator of C.(z, x; v, w) depends on the allocation w ,
and the means are “decoupled” from the allocation. Therefore, we obtain that

<VJ\7n1a,Bn — Cp)?
= arg max
acA 1+ ||a||2]\71

n

I, € argmin || B;,, — CnH( , (8.4)
acA

|4 +aa’ )~

-1 _ g4-1_ A lw' AL
14v" A1y
. The choice (8.4) is made by the greedy version of LinGapE [Xu et al., 2018]. Similarly, one can

where the second equality uses the Sherman-Morrison formula (A+ uvT)

sample the arm for which the gradient of the empirical transportation cost is the largest, i.e.

0C: (B, Cyp; vp, N,
I, € argmax e(Bn, Cni ¥n, N) = argmax(Vy'a, B, — Cy)?, (8.5)
aeA Ow, aeA "

where the second equality uses Lemma 8.2 (proved with standard linear algebra). While (8.5)
differs slightly from (8.4), there are asymptotically equivalent since Ha||%/_1 —n—s4o00 0.
Nn

Lemma 8.2. Let w such that V,, is invertible. Forall z € Z.(0) ,x # zanda € A,

0C(z,z;v,w)
owy,

(Vola,z —z

2 0C:(z, x;v,w
= C(z,z; v, w)]u;—xHZ> and Z way

D, =C.(z,x;v,w) .

(8.6)

The choice (8.5) is made by BC-TE [Lee et al., 2023]. For vanilla bandits, BC-TE [Lee et al.,
2023] is shown to be near optimal with a characteristic time 7'(v) defined in (2.9). Compared
to T*(v) , the optimization over the simplex in T'(v) is constrained with a problem-dependent
condition, namely w(y) / (w;= +w(2)) = ¥ where v is defined implicitly in (2.10). For transductive
linear bandits, using (8.5) also yields a constraint on the asymptotic allocation. Providing an
explicit formula for this constraint is beyond the scope of this thesis. Let ', (v, z) be the character-
istic time defined as 7. (v, z) in (8.1) where the optimization over the simplex is restricted by this
(conjectured) problem-dependent condition. We conjecture that (1) T’ (v, 2*(0)) /T (v, 2*(6))
is not too large, and (2) that 7', (v, 2*(¢)) can be reached asymptotically by using the EB-TC
algorithm with (8.5). While the greedy LinGapE [Xu et al., 2018] relies on the UCB challenger,
this might explain the good empirical performance of the greedy LinGapE [Xu et al., 2018] and
pave the way to a theoretical analysis of this heuristic algorithm (which has state-of-the-art
empirical performance).
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In both (8.5) and (8.4), the ties are broken arbitrarily at random. Therefore, it is equivalent
to using a randomized mechanism to reach the target allocation 3,,(By, C,,), which is a vector
uniformly supported on the set of maximizers of the r.h.s. of each equation.

Optimal design IDS  Similarly, as in Section 2.2.3, it is possible to simplify the dual formulation
of T-(v, 2) ! to obtain a target allocation over arms extending IDS [You et al., 2023] for linear
bandits. By computing the contribution of an arm a to the empirical transportation cost between
(z,2) , we define 5, o(z,2) = 1/K foralla € Aife + (0,2 — z) <0, and

OC¢(z,2;vn,Np)

Vaec A /871 a(Z SL') = NTLa O = Nna
’ ' ’ C&‘(Z?x; I/naNn) ’

<V1\7n1a, z — )2

2
z X _

otherwise , (8.7)

where the second equality uses Lemma 8.2 which also yields that ,,(z,z) € ¥ . As for the
vanilla setting, the IDS proportions are independent of the empirical means and the slack ¢ for
Gaussian with known variance.

Likewise, the IDS proportions are obtained by simplifying the dual formulation of the
optimization problem T; (v, 2) ™! = maxyey, mingez\ (.} Ce(2, x; v, w) which can be seen as the

following convex optimization problem

T.(v,2)" ! = max{gb ] Z we=1,Va €A, wy >0,Vr € Z\{z}, ¢ — Ce(z,2;v,w) < O} .
aceA

(8.8)

Lemma 8.3 gives a necessary and sufficient condition for optimality in (8.8), which features

a dual allocation vector v € ¥z_; . Intuitively, the dual variable v, should be thought as
the conditional probability of selecting answer z as challenger given that the leader is z .
Moreover, (,(z, z; v, w) represents the conditional probability of pulling arm a given that
the leader/challenger pair of answers is (z,z) . Therefore, it is intuitive to take 3, (z,z) =
B(z,x;vp, Ny) . Lemma 8.3 recovers Lemma 2.4 for vanilla bandits (see proof in Appendix H.1).

Lemma 8.3. Let z € Z.(0) . A feasible solution (¢,w) is optimal for (8.8) if and only if ¢ =
T.(v, 2)~! and there exists a dual variable v € X z_1 such that, v, (¢ — Ce(z, x;v,w)) = 0 for all
T#z,amdw =73 cn ) Y2 B(z, x; v, w) where B(z, x; v, w) € X is such that

Wq 0C(z,x;v,w)

Vae A, Bolz,z;v,w) = Oz o) o
g ) ) ) a

171



Extending the Top Two Approach

ACC algorithm In a concurrent work, Qin and You [2023] introduced the Adaptive Culprit
Curbing (ACC) and ACC-TS sampling rules for general pure exploration problems. Those
algorithms are particular instances of Algorithm 8.1, which rely on randomization and use the
IDS target allocation defined above. For the choice of the leader/challenger pair, ACC considers
EB-TC, and ACC-TS uses TS-RS. As for Algorithm 8.1, it is an open problem to analyze ACC
and ACC-TS for linear bandits, yet they have good empirical performance.

While both ACC and Algorithm 8.1 were designed concurrently, we emphasize that Algo-
rithm 8.1 arose by studying transductive linear bandit while ACC was aimed to tackle pure
exploration problems in general. Due to its generality, ACC can tackle many interesting pure
exploration problems. For example, ACC-TS recovers the Murphy sampling algorithm [Kauf-
mann et al., 2018] when considering GAI (see Chapter 6). Therefore, the analysis of these
generic algorithms is an interesting research direction in the field of pure exploration problems.

Optimal design BOLD Similarly as in Section 2.2.3, one could attempt to generalize the
BOLD target [Chen and Ryzhov, 2023, Bandyopadhyay et al., 2024 ] defined for vanilla BAI
in (2.15), i.e.

OC(Bn,i;Vn,Nn)

. . owp,, . .
In = Bn if Z m >1 5 and In = Cn otherwise .

Lemma 8.4 recovers Lemma 2.5 for vanilla bandits (see proof in Appendix H.2).

Lemma 8.4. Let z € 2.(0) . An allocation w is optimal for T (v, z) ™' if and only there exists a
dual variable v € ¥z _1 such that

Information balance: Vo € 21, Coz,z;v,w) =Te(v,2)7 !,
Owerall balance: Vae A, T:(v,2) > % 86’5(2’ B =1,
w
TEZY @

where Ay = {a € A|wg >0} and 21 ={x € Z\ {z} | 7= > 0}.

As in Lemma 2.5, Lemma 8.4 also features an information balance and an overall balance,
which are expressed slightly differently. First, the information balance (or equality at equilib-
rium) will only holds for a subset of answers z , and we have C.(z, z;v,w) > T (v, z)~! for
the others. Intuitively, some answer directions might be redundant (or dominated by other
directions). The situation is akin to the offline-online paradigm studied in Agrawal et al. [2023]
where some answer directions are already saturated due to offline data. Second, the dual
7 € ¥z—1 has not been removed, and it is now defined implicitly as a solution of a system of
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8.2 Linear Top Two Algorithm

|supp(w)| linear equations. The specificity of linear bandits lies in the fact that the support of
an optimal allocation might not be dense (i.e. [supp(w)| < K ). Intuitively, some arms might be
redundant (or dominated by other directions) when collecting information on 6 to return a
correct answer z € Z.(6) . In the vanilla setting, there are also K equations to define v € X
. Solving the first K — 1 equations specifies v, and plugging it in the last equation yields the
overall balance (single) equation. Compared to the vanilla setting, it is less straightforward to
derive a BOLD target out of the empirical version of the overall balance. There is no longer a
one-dimensional condition to be checked, and it is not straightforward to derive an empirical
version of the dual parameter.

8.2.2 Mechanism to Reach the Target Allocation

As in Section 2.2.4, we need a mechanism to reach the target allocation 3,,(By,,C;) € Xk . The
randomized approach will sample arm I,, ~ (B, Cy,) , i.e.

Vae A, P,(In=al(BnCy)=(2,7)) = Bnalz,) .

Note that the fixed design approaches presented above rely on randomization. When the
leader/challenger pair is deterministic, we can rely on the tracking approach when using the
optimal design IDS. More precisely, we consider Z(Z — 1) tracking procedures, one per pair of
answers (z,r) € Z? such that z # = . Given the leader/challenger pair of answers (B, C,,) at

time n , the next arm to pull is

Iy, = argmin{ Ny, o(By, Cn) — Tnt1(Bn, Cn)Brt1,0(Bn, Cn) } (8.9)
acA

with T (2, @) = Yycpn-1 L ((Bt, Ct) = (2, %)), Nna(z,2) = Yiepn-1 1 (B, Ct) = (2,2), It = a)
and B,,(2,7) = Tu(z,2) "' Xyepno1) 1 ((Br, Ct) = (2,2)) Bra(2,x) . Using Theorem 6 in De-
genne et al. [2020b] for the tracking procedure yields Lemma 8.5.

Lemma 8.5. Foralln > K ,allz € Z ,allx € Z\ {zx}and all a € A, we have — fiz% <
Nn,a(zax) - Tn(zaw)ﬁn,a(zvx) S 1.

8.2.3 LcTT Algorithm

The LeTT algorithm (see Algorithm 8.2) is a specific instance of Algorithm 8.1 which combines
the IF, leader, the TC. challenger, the IDS target over arms and tracking to reach it. Using our
naming convention, LeTT is IF.-TC.-IDS. For ¢ = 0, we recommend using the TCI challenger to
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1 Input: Slacke > 0.

2 Output: Next arm to sample a,, and next recommendation 2,, .

3 Set Z, € arg max_cz_(g,) Milzez\ {2} Wen(z,x) // Candidate answer
4 Set B, = %2, and C,, € arg mingez\(B,} Wen(Bn,x) ; // Leader and challenger

<V_la,Bn*Cn>2
5 Set wn,a(Bn, Cn) = Nna [5—coz
n n V—l

Nn
Toi1(Bn,Cn) ; // Target allocation
6 Set ay, = argmin,c 4{ Ny o(Bn,Cpn) — Tnt1(Bp, Cp)Wnt1,a(Bn,Cn)} ; // Tracking
Algorithm 8.2: LeTT (or IF.-TC.-IDS) algorithm.

, then update (Wy,41,4(Bn, Cr))aca and

alleviate a greedy behavior by fostering an implicit exploration over arms. For vanilla bandits,
it recovers the EB-TC.-IDS algorithm studied in Chapter 5.

When the objective is to have vanishing expected simple regret, we recommend using
EB-TC.-IDS algorithm. Recall that the EB leader (or TS/UCB ones) should be used in that case
since the IF. leader answer is chosen to reach asymptotic optimality in the fixed-confidence
setting.

8.3 Towards an Analysis of a Saddle-point Algorithm

It is still an open problem to obtain any guarantees on any instances of the Structured Top Two
approach. Even without the structural assumption of linear bandits, we should keep in mind
that the asymptotic optimality of the Top Two approach in the fixed-confidence setting is only
proven for Gaussian with known variance. For other classes of distributions, our proof only
establishes asymptotic S-optimality. Likewise, anytime guarantees on the uniform probability
of e-error are only known for EB-TC.-3, but not for EB-TC.-IDS. Unfortunately, there is no
natural notion of fixed design 3 for linear bandits. Due to the use of the optimal design IDS,
there are still major challenges to solve before showing that, for e-BAI in transductive linear
bandits, (1) the LeTT algorithm is asymptotically optimal and (2) the EB-TC.-IDS algorithm
has any time guarantees on the expected simple regret.

A natural first step to understanding how to analyze a bandit algorithm is to consider the
deterministic setting, where there is no randomness in the observations. In other words, we
know the regression parameter ¢ exactly (i.e. 8, = 6 for all n ), hence we also know Z.(6) . In
the deterministic setting, the goal is now to solve the optimization problem 7% (v) ! with a fully
sequential algorithm. In other words, we would like to find a saddle-point of

T.(v)"' = max max min C.(z,2;v,w).
2€Z:(0) weX g z€Z\{z}
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Game based approach For instance, LeBAI in Chapter 7 can be seen as a saddle-point al-
gorithm. First, the deterministic LeBAI algorithm plays a leader answer z,, € Z (Outer-Max
player) using a Z-oracle. In the analysis of Theorem 7.5, we used the F. leader answer as
Z-oracle. Since 6 is known, the Z-oracle is fixed to be z,, € zp(v) . Second, LeBAI sequentially
learns the optimal allocation by playing an allocation over arms w,, € ¥ (Inner-Max player)
using a learner LA (i.e. an online optimization algorithm, e.¢. AdaHedge [ de Rooij et al., 2014]).
For the deterministic setting, the forced exploration by mixing with the uniform allocation is
not needed. Third, given w, , the nature (Min player) plays the best response parameter which
is the most confusing alternative regression parameter, i.e. A, € argminye_, .. ) |6 — /\H%/wn .
Since optimism is superfluous for the deterministic setting, the learner £ is updated with the
gain vector U,, € Rf where Uy, , = |0, — )\"HgaT for all a € A . Finally, the empirical allocation
is updated by using tracking, i.e. I;, € argminge 4{Nna — > tejn) Weat -

Since LeBAI uses the F. leader answer as Z-oracle, LeBAI requires to first compute zp(v) ,
hence to solve T;.(v) ! . Therefore, LsBAl is not a fully sequential saddle-point algorithm. As
heuristic, we proposed to use the IF. leader answer as Z-oracle, i.e. Z,, € zp(v, Ny,) . While the F.
leader is fixed, the IF, leader answer depends on the current allocation V,, . This heuristic LeBAI
is a fully sequential saddle-point algorithm which achieves competitive empirical performance.

Unfortunately, the proof still eludes us.

Structured Top Two approach The Structured Top Two approach can also be seen as a saddle-
point algorithm. First, the deterministic Structured Top Two approach plays a leader answer
B, € Z (Outer-Max player) using a leader mechanism £? . Since 0 is known, the leader
answer will belong to the set of correct answers, i.e. B,, € Z.(0) for all n, yet it might vary.
Second, given the leader B, , the nature plays a challenger answer C,, € Z \ {B,,} (Min player)
using a challenger mechanism £¢ . Third, given the leader/challenger pair (B,,C,) , the
Structured Top Two approach plays an allocation over arms 3, (B,,Cy) € Xk (Inner-Max
player) using a target mechanism £ . Finally, the empirical allocation is updated by using a

reaching mechanism £ .

Conceptually, the main difference with the game-based approach lies in the order in which
each player acts. While the game-based approach considers the players (Outer-Max, Inner-Max,
Min), the Structured Top Two approach uses the players (Outer-Max, Min, Inner-Max). In
both cases, the players are acting sequentially in the sense that they can leverage the knowledge
of the actions of the previous players. The idea of using (Min, Max) players instead of (Max,
Min) ones was introduced in Degenne et al. [2019]. For example, in Section 3.2 of Degenne
et al. [2019], the authors suggest using the Follow-The-Perturbed-Leader for the Min player,
followed by the best response for the Max player. It is worth noting that the (Max, Min) players
approach has received more attention in subsequent works than their (Min, Max) players

counterpart.
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8.3.1 A Case Study: LeTT Algorithm

Even though it is appealing to study the Structured Top Two approach with a unified analysis
as done in Chapter 2, a natural first step is to consider a specific instance. Due to its empirical
success (see Section 8.4) and its link with the EB-TC.-IDS algorithm (analyzed in Chapter 5),
we consider the LeTT algorithm in the deterministic setting.

Let |Z.(0)| = Z. . The optimization problem T.(v)~! can be written as

T-(v)"! = ma z min ma; 1(z,2)Ce(2, 25 v,0(2
6( ) peEi ze;g)p( ) (g(z)ezzl @(z)e)éKmeg\:{z}q( ) 6( ( )))

= max  min max Z Z Ce(z,m;v,w(2)) , (8.10)

PEXze g€(Bz-1) % DEEK)T ) pe 2\ (2}

where we used Sion’s lemma to swap the inner max-min in the first equality. Therefore, solving
T.(v)~! is equivalent to finding a saddle-point (p, §, W) € ¥z x (Xz-1)% x (Xk)?% of (8.10).

The LeTT algorithm attempts to find a saddle-point by learning (py,, ¢n, W, ) sequentially.
For z € Z.(0) , we define p,(z) = T, (2)/(n — 1) with T,,(2) = 32, Tn(z, x) hence p, € ¥z_;
forall x # 2z, Gu(z,2) = Ty(z,2)/(n — 1); and for all a € A, W,(2,a) = Ny(z,a)/(n — 1)
with Np(z,a) = 2,2, Nna(z,2) and Wy, (z,a) = L Yiem-1 1 (Bt = 2) Bra(z,Ct) . Using
Lemma 8.5, we have max ¢ z_(g) maxae 4 [Wn (2, a) — Wn(2,a)| = O(1) . Due to their closeness,
the convergence of (py,, Gn, W,) towards a saddle point should imply the one of (py, Gn, Wy) .
Intuitively, (p,, ¢n, W, ) can be viewed as a .A-continuous version of (py,, Gn, W, ) , where fractions
of samples can be allocated to arms. Even though the algorithm is learning a vector of allocations
overarmsw € (X )%, itis effectively playing an allocation over arms w € Y . Let us define the
A-continuous version of the empirical allocation N,,/(n — 1) as wy, , = ﬁ D tefn—1] Bt,a(Bt, Ct)
for all @ € A hence w, € X . Using Lemma 8.5, we have ||(n — 1)w,, — Ny|/cc = O(1) . For
simplicity, we consider the .A-continuous learning algorithm instead of its original version, which
could be referred to as .A-discrete since only one arm can be pulled at each time. Therefore, we
replace N, /(n — 1) by w, in the algorithm. Similarly, we marginalize over the leader answer,
ie. qn(r) =3 .cz (9) Gn(z,2) forallz € Z hence ¢, € ¥z .

At this point, we only used that the LeTT algorithm use tracking as in (8.9) to consider an
A-continuous optimization problem. As initialization, we have p; =1z /Z. , 1 = 1z/Z and
w1 =1g/K.InYz x ¥y x Xk ] the update step can be written as

Pn+1 1 Pn 1 1{Bn}
n+1 | = (1 - n) qn | T n 1{Cn}
Wn+41 Wn 571(0717 Bn)

!'Note the difference between those updates and the allocations (p, ¢, @) € Xz, x (Xz-1)% x (k)% defined
in (8.10).
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The Outer-Max player selects the IF, leader and the Min player uses the TC. challenger, i.e. B,, =
argmax,c z_(p) Mingez\ (-} Ce (2, 237, wy,) and ice. Cp, = argming e z\ () Ce (B, v, wy,) . Given
the current allocation w,, , this is a Frank-Wolfe step for the Outer-Max player and a best-response
step for the Min player. The Inner-Max player considers the optimal design IDS, i.e.

1

n Bna n) =
b ( ¢ ) Cs(BnaCmVnawn)

Wy O vaS(Bru Ch; v, wn) s

where ® denotes the coordinate-wise multiplication, i.e. + © y = (24Ya)ac.4 - Given the current
allocation w,, and the played leader/challenger pair (B,,, Cy,) , this corresponds to a gradient
step. More precisely, it is a convex combination between the current allocation w,, and a
gradient, which is reweighted coordinate-wise and normalized by the empirical transportation
cost.

Open problems In the deterministic setting, it is still an open problem to show that the above
online optimization algorithm converges towards a saddle-point of 7:(v)~! . One could also
attempt to study the special case where the Outer-Max player is removed, either by assuming
that we have access to the F. leader answer as Z-oracle or by considering ¢ = 0 in which case
Z.(0) = {z*} . Itis also an open problem to analyze either of those simpler cases that aims at
solving the optimization problem 7. (v, z) ™! sequentially.

Dealing with stochastic observations Once those open problems are solved in the deter-
ministic setting, one should still cope with the randomness of the observations if we want to
analyze LeTT. Adding a forced exploration step (i.e. mixing with the uniform allocation) will
yield an asymptotic analysis, i.e. we virtually know 6 for n large enough. However, in the Top
Two approach, we showed that the forced exploration is unnecessary. Adding it amounts to
worsening the performance of the algorithm to ease the analysis. The promise of the Structured
Top Two approach is that the combined choice of the leader, challenger, and target is enough to
ensure (1) sufficient exploration and (2) convergence towards an optimal allocation. While we
believe that the slack ¢ > 0 would be enough to foster implicit exploration, one could use other
approaches based on optimism or randomization.

8.4 Experiments

We show that LeTT has competitive empirical performance compared to existing e-BAI al-
gorithms on hard and random instances. The experimental setup is similar to the ones in
Sections 5.5 and 7.5, hence we refer to Chapters 5 and 7 for more details. In particular, we
consider the heuristic LeBAI which uses the IF. leader as Z-oracle instead of the F. leader (see
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Figure 8.1 — Empirical stopping time on the hard instance ( .A = Z ) for (top) ¢ = 0.05 and (bottom)

e = 0.1. All the algorithms use the GLR, stopping rule (8.2). “-G” denotes when the leader/challenger

(BEB, C7°*) is used both for the sampling and the stopping rules. On the right, LeoTT with gy €

{0.15,0.1,0.05} . “-O” denotes LinGapE with its original stopping rule.

Section 7.5). We consider linear bandits (. A = Z ) and § = 0.01 . Our results average over 5000

runs.

Hard instances As in Section 7.3.3, we use hard instances with multiple correct answers,
ie. |Z:(0)] > 1. Taking 6 = ey with e; = (1(j =1i));eq , the answers set is defined as
Z={ey, ,eq,a4+1,aq12} whereagi1 = cos(py)e1+sin(¢r)es € Z:(0) and agyo = cos(¢2)er1+
sin(¢o)es ¢ Z.(6) . Considering d = 2, we use ¢ = r.0: and ¢o = (1 + 7.)0. with 0. =

arccos(l —e)and r. = 0.1.

In Figure 8.1, we see that LeTT performs on par with LinGapE and LeBAI, and that it
outperforms other algorithms. Moreover, the performance is not too sensitive to the slack ¢
used by the TC,, challenger for e-BAI. As expected, we observe better performance when using
(B}ZFEO , C’ECEO) instead of (BEB, CZCED) . In Table 8.1, we observe that LsTT and LinGapE sample
the direction ay the most. In particular, it allocates more samples to (a3, a4) than LinGapE

which prefers to collect observations from a; .
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8.5 Discussion

Table 8.1 — Average number of pulls per arm and empirical stopping time ( £ ¢ ) on the hard instance (
A= Z ) fore =0.05. All the algorithms use the GLR. stopping rule (8.2). “-O” denotes LinGapE with
its original stopping rule.

aq a9 as a4 Total
LeTT 29 250 17 3 299 (£119)
L2eTT 35 243 22 4 304 (£120)
L3eTT 61 223 38 6 327 (£130)
LinGapE 48 250 1 1 299 (£119)
LinGapE-O 50 273 1 1 325 (£111)
LeBAI 77 229 13 3 322 (+126)
X Y-Adaptive 77 238 1 1 316 (£119)
X Y-Static 215 216 1 1 433 (£171)
LinGame 111 221 50 11 393 (£150)
DKM 170 219 167 170 725 (+286)
Uniform 212 212 211 211 845 (+£332)

Random instances As in Section 7.5, we use random instances to assess the impact of higher
dimensions. For the answer set, 19 vectors (ax)ie19) are uniformly drawn from Si-1 .=

{a eRY: lallz = 1} and set § = a; . To enforce having multiple correct answers, a modification

1|03 442, —ree

of the greedy answer is added such that asg; = a1 for i # ig and ag, = g where

io = arg min;e (g 0; andr. =0.1. K

In Figure 8.2, we see that LeTT is performing on par with LinGapE. Notably, it outperforms
the LeBAI. When the dimension d increases, we already observed in Figure 7.4 of Chapter 7
that the empirical performance of LeBAI was scaling poorly compared to LinGapE. Even in the
vanilla BAI setting, the empirical performance of the game-based approach is known to suffer
from increased dimension (despite being asymptotically optimal), see e.g. DKM [Degenne
etal.,, 2019] in Figure 2.2 of Chapter 2.

8.5 Discussion

In Chapter 8, we extended the Top Two approach to tackle structured bandits by proposing
the Structured Top Two approach, which is defined by four choices (leader answer, challenger
answer, target allocation and mechanism to reach it). In e-BAI for transductive linear bandits, we
proposed the LeTT algorithm which recovers EB-TC. for vanilla BAI (see Chapter 5). We drew
a connection between LeTT and a saddle-point algorithm aiming to solve T;(v)~! sequentially.
Even in the deterministic setting where there is no randomness, the analysis of this procedure
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Figure 8.2 — Empirical stopping time on random instances ( A = Z ) with d € {6, 12} (from left to right)
for (top) € = 0.05 and (bottom) £ = 0.1 . All the algorithms use the GLR, stopping rule (8.2). LeqTT
with g € {0.15,0.1,0.05} .

is still an open problem. Our empirical study showcased the good empirical performance of

LeTT.

This is one of the most exciting research directions as regards the Top Two approach. Solving

it would pave the way to the analysis of Top Two algorithms for other pure exploration problems

and other types of structure, hence obtaining computationally efficient algorithms with good

theoretical guarantees for any pure exploration problem.
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Conclusion and Appendices
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Chapter 9

General Summary and Perspectives

9.1 Summary on our Contributions

In this thesis, we have made contributions to the field of pure exploration problems for stochastic
multi-armed bandits. We endeavored to showcase the effectiveness of the Top Two approach
in addressing these problems. In addition to its simplicity, interpretability, generalizability,
and versatility, we have demonstrated that this principled methodology offers nearly optimal
theoretical guarantees alongside state-of-the-art empirical performance.

In Part I, we delved into the fixed-confidence vanilla BAI setting. We proposed a unified
perspective on the class of Top Two algorithms that put forward four choices: leader answer,
challenger answer, targeted allocation, and the mechanism to reach it. We presented a unified
asymptotic analysis of the Top Two approach, identifying desirable properties for each of
these four choices, alongside a non-asymptotic analysis. We extended the algorithms and the
asymptotic analysis to encompass other classes of distributions. For Gaussian distributions
with unknown variance, we introduced and analyzed two approaches to handle unknown
variances: plugging in the empirical variance or adapting the transportation costs. Notably,
we derived new time-uniform concentration inequalities to calibrate our stopping rules. For
the non-parametric class of bounded distributions, we proposed to adapt the transportation
costs or to use the Dirichlet sampler and derive new properties for the Ki,¢ functions and the

Dirichlet sampler.

In Part II, we studied the impact of having multiple correct answers and proved that
algorithms can have good anytime guarantees. In e-BAI, we introduced EB-TC, an anytime
sampling rule applicable without modification for fixed confidence or fixed budget identification
(without prior knowledge of the budget). We established bounds on its expected sample
complexity in the fixed confidence setting, notably demonstrating its asymptotic optimality
when combined with an adaptively tuned exploration parameter. Additionally, we provided
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upper bounds on its probability of error at any time and for any error parameter, which further
yields upper bounds on its simple regret at any time. In GAI, we proposed APGAI, which
simultaneously has any time upper bounds on its probability of error and non-asymptotic
upper bound on its expected sample complexity.

In Part III, we aimed to understand the influence of the structure in pure exploration prob-
lems with multiple correct answers. To this end, we considered e-BAI for transductive linear
bandits in the fixed-confidence setting. We emphasized the significance of the candidate answer
choice and advocated for using the instantaneous easiest-to-verify answer. We proposed a
straightforward procedure to adapt existing BAI algorithms for e-BAlI, as well as an asymptoti-
cally optimal game-based algorithm. Lastly, we extended our unified perspective on the class
of Top Two algorithms to address structured bandits. While the analysis of the Structured Top
Two approach remains challenging, we highlighted some obstacles and linked them with the
analysis of a saddle-point algorithm. Our empirical study underscored the favorable empirical
performance of the LeTT algorithm, which recovers EB-TC. for vanilla BAIL

9.2 Perspectives

Throughout this thesis, we have proposed potential avenues for future research. Below, we

highlight three particularly promising directions.

Structured Top Two approach Chapter 8 introduced a unified Structured Top Two approach.
Even within the confined scope of LeTT for transductive linear bandits in the deterministic
setting, we encountered challenges in the analysis. Solving this simplified scenario is crucial
for understanding how to study the Structured Top Two approach in linear settings, and it
would pave the way to analyze the Structured Top Two approach in diverse pure exploration
problems (e.g. , Top-k identification, Pareto set identification) and other types of structure (e.g.,
combinatorial bandits, generalized linear bandits). The objective is to develop computationally
efficient algorithms with robust theoretical guarantees for any pure exploration problem.

Anytime setting Thanks to its versatility, the anytime setting is a promising framework that
captures the fact that constraints in decision-making scenarios can fluctuate unpredictably. The
stream of recommendation can be leveraged by external actors on different downstream tasks,
and the induced policies will inherit good theoretical properties. To derive anytime guarantees
on existing algorithms, both their expected sample complexities and their probabilities of error
have to be controlled. Better characterizing the Pareto front on the anytime performance with
theoretical lower bounds would reveal the fundamental trade-off between achieving (i) a low

expected sample complexity or a low probability of error, and being competitive in (ii) the
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9.2 Perspectives

asymptotic regime (i.e. § — 0 or n — +o00 ) or the moderate regime (i.e. any ¢ € (0, 1) or any
n € N ). Hopefully, this understanding will help to derive better anytime algorithms.

Privacy, safety, and fairness Pure exploration problems are progressively used to model
data-sensitive applications, such as adaptive clinical trials or hyperparameter tuning. Given the
privacy concerns inherent in these applications, it is imperative to enforce privacy constraints
on algorithms. Although this manuscript did not delve into this area, we have proposed and
examined differential privacy variants (global and local) of the fixed-confidence BAI problem.
Extending these concepts to other pure exploration problems and structured bandits represents
an exciting avenue for future research. Furthermore, pure exploration problems are relevant to
applications involving safety and fairness constraints. Before human clinical trials, the safety
of a drug must be rigorously assessed on multiple criteria. During human clinical trials, fast
identification of promising drugs is essential while ensuring fair allocation.
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Appendix A

The Lambert 1V Function

The Lambert W function is defined implicitly by the equation W (z)e"V(*) = . It defines two
main branches W_; (negative) and W, (positive).

e W_;,defined on [-e71,0), is decreasing and W_;(—e™!) = —1.
e W, defined on [—e~!, +00) , is increasing and Wy(—e™!) = —1.

The function W), satisfies for all x > e, Wy (e*) < x and

log log(x)
2log(x)

< Wy(z) — (log(z) — loglog(z)) < - i ; W

Lambert’s branches are involved in the inversion of h(z) = = — log(xz) . When z > 1, it
involves the negative branch. When z < 1, it involves the negative part of the positive branch.
To make the notations clearer, we define forall z > 1

W_i(z) = -W_i(—e™™) and Wy(z) = —Wy(—e ). (A1)
Lemma A.1 gather useful properties on W_; and W, that we will use.
Lemma A.1. (1) For x > 1, let h(z) = = — log(z) . Then,

W_i(y) <z ifr>1

Vy>1, y<h(z) <= { ;
Wo(y) >z ifxe(0,1]

W_; (1+%log%) <z ifr>1

V6 > 0,Ve > 0, e~ch@-1) <5 — o ,
W()(l—I—%log%)Zx ifz e (0,1)

Vx> 1, exp (—z + e %) < Wy(z) < exp <—a: + elfﬂf) ,
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The Lambert W Function

_ 1 1
A 1 1 <W_ < 1 inqg-,—F—
x> 1, x +log(z) < 1(x) <z+ Og($)+mln{2,\/§} )

. 1 -1
Yu > 1,Vt > 1, W0<1+1:>>t <= tZexp<1+VV0<u€ ))

(2) The function W _y is increasing and strictly concave on (1, +00) . The function W is decreasing
and strictly convex on (1, +o00) . In particular,

_ 1\ a7 L
Ve > 1, (Wo)($):<1—wo(x)> and Wl””i(“w_l(x)) |

Proof. (1) Lety > 1and x € (0, 1] . We obtain

Wo(y) > T WO(—eiy) < —g &= —e ¥< —ge”

x

— y <z —log(x)

where the second equivalence uses that —e™¥ = Wy(—e¥)e"o(=¢™*) 4 1 ye¥ is increasing on
[~1, +00) and Wy(z) has values on [—1,0) for x € [-e~1,0) . Letz € (0,1),5,¢ > 0. Then,

— 1 1 1 1
Wo (1+010g6> > = 1+Elog5§h(:v) < exp(—c(h(z)—1)) <0

Letz > 1and f(x) € (0,1) . Then, we obtain

Wo(z) = f(z) <= 2z < f(z) —log(f(z))

For f(x) = e *"¢ " ,we have v < f(z) —log(f(z)) <= e % >0, hence this condition holds
and Wy (z) > f(z) . For f(z) = e *+¢"" ,we have z < f(z) — log(f(z)) < <1, hence
this condition doesn’t hold for z > 1, hence Wy (z) < f(x) .

For W_; (y) , the same arguments yield the three results, which were proven in Lemma A.1
and A.2 of Degenne [2019]).

We denote v = “T_l > 0. Since t > 1, direct manipulations show that

_ 1 1 1 —1
W0(1+1:>2t<:>1+1:§t—10g(t> <:>U+log(v)§10g<u>
e

u—1

+— ve’ <

= v < W (u_l) — tzui_lzelJrWo(“gl)
(&

()

The equivalence introducing W, uses that for oo = “Tfl >0, Wo(a)eWO(a) =a,yr ye¥is

e

increasing on [—1, +00) and v > 0. The last equality uses that eWolz) — Wﬁx) .
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(2) Let W denote Wy or W_1 and W (x) = —W (—e~%) . It is known (by implicit derivation)
that W'(z) T% for z # —e~! . Using that ¢V (*) = Wi - this yields that zIW'(z) =

(1 + eW(z))_l = (1 + #)_1 For x # 1, using the above with z = —e™* , we obtain
= W(z) . 7 g = ’

z

—
8
~—
I
|
—
=
|
(‘b

d e aror ey 1o\ 1\
r )= W) = (14 ) ‘(“w(@)

Since Wy(—e~®) € (—1,0) for all # > 1 (positive branch on (—e~!,0) ), we have W(x) € (0,1)
, hence Wy (z) < 0 for z > 1. Therefore, W is decreasing on (1, +o00] . Using that W' (z) =

—1
(1 — Wl(x)> for x # 1, we obtain that WE) is increasing on (1, +oc] , hence strictly convex.
The same arguments yield that W_; is increasing and strictly concave on (1, +o0] . |

Lemma A.2 was proven in Degenne [2019]. It is needed when using the peeling method.

Lemma A.2 (Lemma A.3 in Degenne [2019]). For a,b > 1, the minimal value of f(n) =
(1+n)(a+log(b+ %)) is attained at n* such that f(n*) <1—b+W_1(a+b). Ifb=1, then
there is equality.
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Appendix B

Complements on Chapter 2

B.1 Proof of Lemma 2.2

We build upon Theorem 9 of Kaufmann and Koolen [2021] that is restated below. While
Theorem 9 was stated for Gaussian distributions with variance 02 = 1, it is direct to notice that
the result also holds for o-sub-Gaussian distributions as mentioned by the authors.

Lemma B.1 (Theorem 9 of Kaufmann and Koolen [2021]). Consider a o-sub-Gaussian bandit
v with means p € RE . Let S C [K]and x > 0.

P, (Eln €N, Y

N, " D
oy (Hne = 1k)* > 3 2log (4 + log (Nu)) + ISICa ()) <e

kes kes 5]
where Cg is defined in Kaufmann and Koolen [2021] by Cg(x) = minygy 2,11 gG(i)” and
() = 2X — 22 log(4)) + log C(2A) — %log(l N, (B.1)

where ( is the Riemann ¢ function and Cg(z) ~ x + log(z) .

Using the computation from Section 1.4.2, for Gaussian with unit variance, we have

{rs < +00} NEM(15) € U U ANni(kni — 10)* + Noyir (pmyir — pix)* > 2c(n — 1,6)} .
neN isti*

By concavity of z — log(4+log ) , we have 3~y c g+ ;1 log (4 + log Ny, ;) < 2log(4-+log((n—1)/2))
for all i # ¢ and all n > K . Using Lemma B.1 and a union bound over i # 7* yields
P, ({75 < +o0} NEX (75)) < 4.
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Complements on Chapter 2

B.2 Proof of Lemma 2.3

Let hix j(v, w,u) = wirlCy ¢ (Vir, u) + w;Kt (v, u) and wis j(v,w) € argming,cp his ; (v, w,u) .

The optimality condition yields — Ok ~ (v, w,ux j(v,w)) = 0. By differentiating C(i*, j; v, w) =

hix (v, w, us j(w)) , we obtain

8ui* J

oC (7", jsv,w)  Ohyx j Ohx
Ow; Ow;x u (v, e 4 (w)) Ow+
8C(i*,j; z/,w) . 8hi*,j
8wj 0wj

(i*ai;y7w) )

Therefore, we have

oC(i*, ji v, w)

B~ Kint(Virs v (v, w) - and

B.3 Proof of Lemma 2.4

Since Slater’s condition holds, the KKT conditions are necessary and sufficient for global
optimality. Let A > 0, a € RE and v € R ! be the dual variables for the Lagrangian

i€[K] 1€[K] 1F£1*

Using the complementary slackness condition, we have v;(¢ — C(i*,4;v,w)) = 0 for all 7 # i* .
Combining it with the stationarity condition for arm i* , we obtain

0=X —041*—2% ) hence 0=- — ( i, )
i#i* 8'[1)7,* ¢ iz O, w) ;e
Multiplying by w;: and using that ;. wi: = 0yields that wis § = Y4 % ~cger ey ~ - Similarly,
one canshow that 0 = A—o;—; %{ﬁ;]’w) forall ¢ # * . Multiplying by w; , using that axw;x =
AC (i* isv,w)
G %1 0~ 4y, . Wi ™ Fw.
0 and wiw :C’(z*,l;l/,w)—wi*w,weobtamwi% =~ (1- M) for

all i # ¢* . By summing and using that 3, w; = 1 (since A > 0 ), we have A = ¢ 3=, v -
By scaling, we can consider 4; = i (32, 2 7)Y foralli #i*,ie. 7 € V1.

This completes the proof of the necessity of the conditions. Those conditions are also
sufficient since it is direct to construct dual variables such that the KKT conditions hold.
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B.4 Proof of Lemma 2.5

B.4 Proof of Lemma 2.5

The proof boils down to giving an explicit dual vector v € ¥ _; for Lemma 2.4 by using the
KKT conditions. It crucially relies on the fact that the optimal allocation can be shown to
have dense support (i.e. min;cgjw; > 0 ), hence a; = 0 for all i € [K] . Therefore, we have
A= %-%UZ”’M) foralli # i*, and A = 3,4 %%ﬁ”’“’) . Plugging in the last equation the
explicit formula of v given by the first Z — 1 equations allows us to conclude the proof by
using (2.12). This completes the proof of the necessity of the conditions. Those conditions are

also sufficient since it is direct to construct dual variables such that the KKT conditions hold.

B.5 Proof of Lemma 2.11

Definition B.2 introduces the notion of asymptotically tight threshold. All the thresholds proposed
in Kaufmann and Koolen [2021] for one-parameter exponential families are asymptotically
tight, including the stopping threshold (2.3).

Definition B.2. A threshold ¢ : N x (0, 1] — Ry is said to be asymptotically tight if there exists
a €[0,1),d € (0,1], functions f,T : (0,1] — Ry and C independent of § satisfying: (1) for all
§ € (0,80) and n > T(8) , then c(n,d) < f(8) + Cn®, (2) limsupy_,q f(8)/log(1/8) < 1 and
(3) limsups_,o T(8)/log(1/5) = 0.

We only sketch the proof of the first result involving 7*(v) , since the same argument will
yield the result involving T75(v) . Let v, > 0 such that: for all y € (0,7,] , E, [T}, (w*)] < 400
with T, (w) as in (2.21). Let 7'y (w) := inf {T'> 1 |VYn > T, ||N,, — w| ., <~} . Then, we have
E, [T, (w*)] < 4o fory € (0,v,/K] . Let ¢ > 0. By continuity of (k,w) — C(i, j; k, w) and
k — 1*(m(k)) , there exists 7¢ > 0 such that: max{[jw — w*| . ,|[|m(k) — pllo} < ~¢ implies
that i*(m(x)) = {i*} and min;.;» C(i*,i; k,w) > (1 — ¢)T*(v)~! . Since min;epr w} > 0 and
E, [T (w*)] < 400, arms are sampled linearly, hence the empirical means /,, converges towards
the true mean p . Therefore, there exists fv,g(w*) with E[fmg(w*)] < 400 such that

¥n > T, c(w*), i, =i and min Wy (in,i) > n(l — )T (v)" .

JFin

Leta €10,1),d € (0,1], functions f,T : (0,1] — R, and C as in the definition of an asymp-
totically tight threshold (Definition B.2). Let § < dy, ¢ € (0,1) and T > max{T, ¢(w*), T(8)}/¢
. By definition of the GLR stopping rule (2.2) with an asymptotically tight threshold, we have

T T
min {75, T} < T + Z 1(rs >n) <&T+ Z 1 (n;ian(i*,j) <c(n— 1,5))
n—=€T n=¢r M7
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T
<er+ Y 1 (n(1=QT* ()" < f(8) + CT?)

n=ET
<ET+T*(v)(1 = )7 (f(0) +CT).

Let T¢(6) = inf {T>1|T*(v)(1 =)A= &) (f(6) + CT*) < T} . Then, 75 < T for all
T> max{TC((S),fmg(w*)/{,f(d)/g} ,hence E, [15] < T¢(8) + E, [Ty ¢ (w*)] /€ 4+ T(5) /€ . Then,

im su ]EV [TS] lm su TC (5) T*(V)
L sp fog(1/0) = 5P 1og(1/6) = T O)(1— )

where the last inequality is a known inversion result (see e.g. Lemma 13 in Jourdan et al. [2022]).
Letting ¢ and £ go to zero concludes the proof.

B.6 Proof of Lemma 2.16

We start by presenting the result when using randomization to reach the target allocation, then
sketch the one when using tracking for a fully deterministic algorithm. The result has the same
proof for both optimal design IDS and fixed design  since they both satisfy Lemma 2.12.

Randomized When using randomization, Lemma B.3 gives a strictly positive lower bound
on the probability of sampling the least sampled arm in the effective leader/challenger pair.

Lemma B.3. Assume that the target satisfies Lemma 2.12. Then, for all n > K ,
» ) 2
e(B. 8.} M) = Buoin/ K.

7

Py, (In € argmin,

Proof. Assume that N g <N &, hence ,Bn(ﬁn, CA'n) > PBmin by Lemma 2.12. Then, using that
P(1,, = i) can be expressed as (2.17), we have

ﬁmin

P In:-én > nénv/\nPanzénPn TL:An n:/\n 2 )
i ) > Bu(Ba, G )i JPin(Cr = C | Br = Bn) 2 2

where the last inequality is obtained by using the definition of (B,,, C,,) in (2.23) as a maximizer
of probabilities that sum to one. The case N, 5 > N5 canbe done similarly. [ |

Let Bmin , Lo , L1 as in Lemma 2.12, Properties 2.14 and 2.15. Let Ly such that [L| > KL3/%
forall L > Ly . Let L > max{Lt/® Ly, Lo} .

Suppose towards contradiction that U LLK ke ). Forany 1 <n < |KL]|,wehave UL # ()
, hence V;/' N {B,,C,} # 0 by using Assumption 2.13 with Properties 2.14 and 2.15. Using
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B.6 Proof of Lemma 2.16

the pigeonhole principle, there exists some i € [K] such that N||; > L3/* . Thus, we have
‘Vﬁ; J‘ < K — 1. Our goal is to show that ’Vé 7 J‘ < K — 2. A sufficient condition is that one

arm in Vﬁ; | is pulled at least L3/* times between | L] and [2L| — 1. Using Lemma 2.9 and
VEn{B,,C, C VLLL | and , we obtain

[2L]-1 |2L]—1

S a(levh) = Y Py (I VEn{B., Cu}) - 2Wiy/(12L] + 1) log(e + [2L] + 1)
n=|L]| n=|L]|

> Bunin([2L] — [L))/K? = 2Wiey[([2L] + 1) log(e + [2L] +1) > KL/,

where the second inequality uses that {I,, € argmin, _ (B0 Ny} C{I, € VEN{B,,C,}}
and Lemma B.3. The last inequality is obtained for L > L3 + 1 with

L3 = sup {L €N | Buin(|2L] — |L])/K? — QWK\/(LQLJ +1)log(e+ [2L] +1) < KL3/4} ,

which satisfies that E, [L3] < 400 by Lemma 2.9 since it can be upper bounded by a polynomial
function of Wy . Therefore, we have shown that ‘Vé L ‘ <K-2.

By induction, there exists Ls with E,[L4] < +o0o such that, for all L > L, , we have
‘VL?CLJ‘ < K—kforanyl <k < K hence Ul = 0forall L > Ls = max{Ly'*, L1, Ly, s, L1}
. Defining Ny = KLs , we have E,[N;] < 400 . For alln > N; , taking L = n/K yields

Q/K = ULLKLJ = (), hence min;e(g) Nn,i > n/K .

Combining Lemma 2.9 with the above result, we have

il < Wi/ g+ /) < (e — i)

The last inequality holds for n > N which also satisfies E, [N2] < +o0 since it is defined as

Ny = st > 1| Wi (K /) lose 4 /n/K) > minG — )4}

Taking Ny = max{Nj, N2} concludes the proof for randomization.

Deterministic When the algorithm is fully deterministic, we have (B,,C,) = (Bn, én) .
Suppose that we have Zﬁﬂil 1 ({Bt, C} C VtL) > K34 . Then, ZtLiLLJLIl 1 (It c VLIZJ) >
K L3/4 . In the following, we consider that 322X~ 1 ({Bt, Ci} C VtL) < K L3* does not hold,

t=|L]
hence using that B; € V}L orC, € V}L
|2L]-1

S (1(Bevt g Vi) +1(B gV CieVE)) > [2L) - L] - KLY
t=|L]
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We distinguish between two cases.

|2L]—1

Case 1: Z ]I(BtEVtL,C't¢VtL>>(L2LJ—LLJ—KL3/4) /2,
t=|L)
120]-1

Case2 Y 1(B,¢VF.CreVH) > (12L) - L]~ KL¥Y) 2.
t=|L)

Using Lemma 2.12, we obtain 5¢(B;, Ct) > fmin when B; € ViE . Cy ¢ ViF ,and 1 — By(By, Cy) >
Bmin When By ¢ VtL ,C € V;L .

Case 1. Using Lemma 2.6 and the above, we obtain

[2L]—1 [2L]-1
Sor(nevil)= X > > 1(hi=i (Bi,C) = (i,))
t=|L| icVE  j#i t=|L]

LL]
2L]-1

L
> > > D BliHL((BLC) = (i) — K

ieVk i t=[L]

12L]-1
> > BuBLCL(Bie Vi, Cig Vi) - K*
t=|L|

> Bin (120) = |L) = KL¥/") j2 — K? > KL,
where the last inequality is obtained for L > Lg + 1 with
Lo =sup{L €N | fuin ([2L] = |L] - KL*/*) j2 - K? < KLY} .
Therefore, there exists i € VLLL | which is sampled L?/* times between | L| and |2L] — 1.
Case 2. Using Lemma 2.6 and the same argument as above, we obtain
|2L]-1 [2L] -1

S oi(nevh) > Y a-aBe (B¢ Vi, GieVE) - K
t=|L] t=|L]

> fuin (12L] — | L) — KL¥/1) 2 — K > KLY/,

where the last inequality is obtained for L > L¢ + 1. Therefore, there exists i € VL’}: | which is
sampled L3/* times between |L| and |2L] — 1.

Therefore, we have shown that ‘Vé L] ‘ < K — 2, and we conclude the proof similarly.
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B.7 Proof of Lemma 2.18

We start by presenting the result when using randomization to reach the target allocation, then
sketch the one when using tracking for a fully deterministic algorithm.

Randomized optimal design IDS Let Ny and (g1, V1) as in (2.22) and Property 2.17. Let
M > max{No, N1} and n > M . Using Lemma 2.9, max;¢(x) E[Nai] < M and P (B # %) <
g1(t) , we can show that

n—1 n—1
’Nn,i - Z (1= Be(i*,0))P((By, Cy) = (i%,4))| < M + Z g1(t) + WK\/(” + 1) log(e +n)
t=M t=M
n—1 n—1
Nog = 3 5 Bl DPU(Bi Cy) = (*,0)| < M+ Y g1(t) + Wicy/(n + 1) log(e +n) .
t=M j#i* t=M

Foralln > M ,let H, = NZ ;. — > i Ng’j and G,, =

2 n—1 2
(Z > B, J)PR((Br, Cp) = (*7j))) - (Z(l = Be(i*, )P ((By, Cr) = (i*>j))>

t=M j#i* G

Since |a? — b?| < 2max{|al, |b|}|a — b| , we obtain

|Hy| < |Hp — Gp| +|Gr| < |Gn| +2K(n—1) <M+ Z g1(t) + WK\/(n—i- l)log(e—i-n)) )
t=M

Since |G| < Zt i1 |Ger1r — G| + |Garg1] and |Gagq | < K, we study the increments,

Gn .

% (Z Bn 7] P\n Bn;C ) ) (Z Z 5,5 ,j ]P)\t Bt,Ct) ( 7J)))
JF t=DM j#i*

n—1
- Z (1= Bn(i*, 7) P|n((BnaCn) = (i, 7)) <Z (1- ﬁt(i*aj))P\t((Btth) = ('L*v]))>
JF#* t=M

JF* JE*

2
(Z B (i, ) Ppa((Ba, Cn) = (¥, ))) /2= 3 (1= Buli* D)P((Ban C) = (.9))) /2.

The optimal design IDS ensures that N, j+ 3, (i*, j) = (1 — Bn (%, j)) Ny, j since fi, i+ > i ; due
to (2.22). Leveraging the above results, a direct upper bound yields

n—1
|Gry1 — Gpl <4 <M+ Z g1(t) —|—WK\/(n+ 1)log(e+n)> +K.
t=M
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Therefore, we have shown that

|H,| <2(K+2)(n—1) (M—i— Z g1(t) +WK\/(n+1)log(e+n)) + Kn.
te[n—1]

Let v > 0. Therefore, this concludes the proof by taking N, = X + 1 with

X = sup {n | ;(([7;112)) < max{No, N1} +1+ te{%:ﬂ g1(t) + WK\/(n + 1) log(e + n)}

which satisfies E, [ X] < +o0 since itis at most a linear function of max{Ny, N1 } and polynomial
function of W, (Lemma 2.9).

For fixed design (3, the result is a direct consequence of the first upper bound on NV, ;» and
Be(i*,5) =P forall M <t <n-—1,and Z’;:_Jb P (B =) > n — Z’;:_J\l/j P (B # i*) — M by
Property 2.17.

Deterministic optimal design IDS Since the algorithm is fully deterministic, Property 2.17
can be rewritten: for n large enough, B,, = i* . Therefore, using Lemma 2.6, we obtain

n—1 n—1
max {II;&X Nn,i — Z (1 — Bt(l*ul))]]' (Ct = ’L) y Nn,i* — Z Bt(i*, Ct) } < 2M + K .
i t=M t=M

As above, we can show that |H,,| is small if |G,, 11 — G| is small, where
n—1 2 n-1 2
Gy = (Z @(z‘*,ct)) -y <Z (1= Be(i*,9)1 (Cy = i)) :
t=M j#* \t=M

It is direct to show that |G, 11 — Gn| < 2(2M + K + 3/2) by using that N, ;+3,(i*,j) =
(1 — B, (i*,7))Np; . This allows us to conclude the proof similarly.

For fixed design 3, the result is a direct consequence of the first upper bound on N, ;~ and
Bt(i*,Ct) :BforallM <t<n-1.

B.8 Proof of Lemma 2.19

Using Lemma 2.18 for v € {1/2, (32(K — 1))~!} yields the upper/lower bound.

1/2 > <N”2)2_Z <Nm>22 <Nn,z‘*>2_ <1_ Nn,i*)QZQNn,i* 1
n—1 n—1 n—1 n—1 n—1

ii*
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B.9 Proof of Lemma 2.21

<NM-*>2 1 1 ( Nm-*>2 1
2 > — + 1—-— Z oo -
n—-1) = 32(K-1 K-1 n—1) ~ 32(K —1)

Then, using Lemma 2.18 for m and Ny, ;+/(n — 1) > (4y/2(K — 1))
2 2
1oy (D)2 (2] (N"vi*>2_z<]\%>2
i Nmi* Nnﬂ'* n—1 T n—1

[E =
B.9 Proof of Lemma 2.21

< 32(K —1

y
SeE—n =

We only sketch the proof of the first result involving 7', (w*) , since the same argument yields
the one for T, (wj) . We start by presenting the result when using randomization to reach the
target allocation, then sketch the one when using tracking for a fully deterministic algorithm.

Randomized optimal design IDS Let Ny, (g1, N1), N2, (70,93, N3) and Ny as in (2.22),
Property 2.17, Lemma 2.18, Property 2.20 and Lemma 2.19. Let M > max{Ny, N1, N2, N3, N4}
;Y E (0770]1n> M

Vi# %, tni(y) =max{M,max{t € {M, -+ ,n—1}| Np;/Neix <w/wh +~v/4}} .

Combining (2.17), Properties 2.17 and 2.20 and the definition of ¢, ;(y) , one can show that

n—1 n—1
E[Nni] <E[Ny il + >, PuBe#i)+ Y. Pu(Ci=i| By =i
t=tn,i(v) t=tn,i(7)

w*
< E[Ntn,i('y),i*] max {M, (wi > } + Z gl + Z 93

i* te[n—1] te[n—1]

-1
Using |E[N,] — Nalleo < Wi y/n + 1log(e + n) (Lemma 2.9) and N, i+ /n > (4\/2(1( = 1))
(Lemma 2.19), we can show that

dN5 s.t. EV[N5] < 400, Vn > N5, Nn,i/Nn,i* < w;/w;i +7/2 .
Using this result with ’1 — D itin (Nn,z-/Nn’i*)Q‘ < 7/4 (Lemma 2.19), we can show that
dNgs.t. E)[Ng] < 400, VYn > Ng, Ny i/Npix > wi/wi — .

Therefore, we have T, (w*) < max{Ny, N1, N2, N3, N4, N5, Ng} , hence E, [T, (w*)] < 400 .
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Deterministic optimal design IDS Since the algorithm is fully deterministic, Properties 2.17
and 2.20 can be rewritten: for n large enough, B,, = i* and, for arm ¢ which is overshooting the
ratio optimal ratio, we have C,, # i . Therefore, we obtain directly that

* *
Nui < Niyi)i < Niy (), max {M, (;Ui + 7/4)} < Np i+ max {M, <;Ui + 7/4)} .

* *

Therefore, we can conclude similarly.

B.10 Proof of Lemma 2.22

Let SL and T as in (2.24) such that SL \ Z* # () . When SX \ Z* = (), the statement is true.
Suppose that SI \ T # 0 . Let v > 0. Using Lemma 2.9, there exists Ly = Poly(W,,) (hence
E,[(L4)?] < +oo forall @ > 0 ) such that forall L > Lyand all k € S, |, — px| < 7. Let
L>Lyand (i,5) € I (Sﬁ \I;) . By definition of W), (i, j) in (2.1), we obtain

Wy (i,5) > LC(i, j;vp, 1) > LC, , withC,, = min inf C(i,g; k1K),

(4,0):pi>p5 Kmaxge g5 5y [m (k) —pr| <y

where the last inequality takes the infimum. Since v — C(i, j; k, 1 k) is continuous with strictly
positive value for (4, j) such that m(x); > m(k); , there exists v such that C, , > 0.

B.11 Proof of Lemma 2.23
Let (i, j) € SE x SL . By definition and taking u = y,, ; yields

For Gaussian distributions with unit variance, we have

\/Q’Ciﬁf(Vwa [ing) = Hni — Png < i — pj + 2Wyy/log(e + 1),

where the inequality uses Lemma 2.9 and « — +/log(e + z)/x is decreasing.

B.12 EB Leader

Lemma B.4. The EB leader satisfies Properties 2.14 and 2.17.
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B.13 TC Challenger

Proof. Let Ly as in Lemma 2.22,and L > Ly . Let SL and T} as in (2.24) such that SZ \ Z* # ()
. When SE\ Z* = 0, the statement is true. Suppose that SE \ Z* # () and B,, € SL . Then,
Wh(i,j) > LC, for all (i,5) € T} x (S,f \Iﬁ) . Suppose towards contradiction that BEB ¢ 7*
. Therefore, W, (i, EEB) > LC, > 0foralli € T} . Since the leader is deterministic, we have
BEB — BEB Gince BEB ¢ arg max;e g1 Hn,i , we have W, (i, BEB) — 0. This is a contradiction,
hence BEB € T+ .

Let Ny as in (2.22), and n > Ny . Then, P, (BEP # i*) < Py, (i*(n) # {i*}) = 0. |
B.13 TC Challenger

Lemma B.5. The TC challenger satisfies Property 2.15.

Proof. Let Bn be an effective leader satisfying Property 2.14. Let Ly, L4 and L5 as in Prop-
erty 2.14, Lemmas 2.22 and 2.23, and L > max{Lé/ 3, Li/ 3, L%} . Let n such that UL # () and
Bn € VnL , hence En e Jr = arg max, vz Hi - When @TLC e JIr\ {En} , the statement is true.

Suppose that CTC ¢ 7* \ {En} . Then,

V(i) € T x (VENT), Wali ) = LG,
V(i,§) € UF x Uy, Wa(i,j) < VL(D, + DoW,).

Let Ls = C;4(D, + DOI/VM)8 + 1 which satisfies E,[Lg] < +oo by Lemma 2.9. Let L; =
max{Lé/ 3, Li/ 3, L2, Le} , which satisfies E,[L7] < +o0o . Then, for all L > L; , we have

V(i k,g) € T x Ul x (VENT), Waing) > Wa(i k) -
As B, € J*and CIC ¢ 7*\ {En} , the definition CTC ¢ arg minj 4B Wi(Bn, j) yields

that CTC e V,F . Otherwise, the strict inequality wields a contradiction. This concludes the
proof. [

Lemma B.6. The TC challenger satisfies Property 2.20.

Proof. We only sketch the proof of the optimal design IDS since the same argument yields the
one for fixed 5. Lety > 0. Let Ny, (g1, N1) , N2 and N4 as in (2.22), Property 2.17, Lemmas 2.18
and 2.19. Let n > max{Ny, N1, Na, Na} . Let ¢ # i* such that Ny, ; /Ny, i+ > w}/wh + 7.
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Suppose towards contradiction that N, j/Np i+ > w}/wy. for all j # i* . Then, we have

2 2 2
_ Ny j wr wr wr
¥ = E —= 1 —-12> | - . =7 +2—2].
i <NM> (wz'** (L ! wi

Taking 7 small enough, e.g. ¥ < v?, yields a contradiction. Therefore, there exists j ¢ {i,7*}
such that N, j/Np i+ < w}/wy . Since CTC ¢ arg min;zp Wi (By, j) and W, (i, j) as in (2.1),

C(i*7 Z7 VUn, Nn/Nn,Z*)
0(1*7]7 Vn, Nn/Nn,l*)

P (CaC =i|B,=i")=0 <= >1.

Using that w — C(i*, i; s, w) is increasing and the equality at equilibrium (Lemma 2.10),
C<i*7 15 Un, Nn/NnJ*)
C(i*a ja Unp, Nn/Nn,i*)

2
_ Hni* — Hng Hgx — Hj 1+ ’LUZ; /w:
Pix — i P — fnyg ) 1+ (wf/wh + )7t

C(i*, i vn, w* Jw} +71;) C(*, j; v, w* /w})
C(t*,i;v,wr/ws)  C>i*, j; vp, w* Jwk)

>

The equality holds for Gaussian distribution with unit variance. Using Lemma 2.9 and (2.22),

i — ptl]oo < WM(K/n)1/4\/log (e + \/n/K> . Therefore, there exists N5 = Poly(W,,) (hence
E,[N5] < 400 ) such that, foralln > N5,

~1/4
Pnjir = P Pir = 5 1+ wi /wy
fie = Wi i — Hng  \ 1+ (wf/whi +7)7!

This concludes the proof since

C(i*, i Vs N /Nuie) \/ Ltwsfwr

C(i*aj;ynaNn/Nn,i*) - 1+(w:(/’w;l +’7)71

B.14 Proof of Lemma 2.27

Let t € [n°/6 n] such that B; = k with k # i* . Then,

pir < puege +1/310g(t) /Neie < g g+ 1/31log(t) /Nyg < pg +/121og(t) /Ny

hence N;;, < 12log(n)(pus+ — )2 Using Lemma 2.7 with § = 1/2, the leader is sampled
half the time. Since IV, ;, is bounded and incremented by one-half of the time, this event can

not occur too often. Summing over k # ¢* concludes the proof.
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Appendix C

Complements on Chapter 3

C.1 Proof of Lemma 3.4

As in Section 1.4.2, for Gaussian with unknown variance, we have

{n <+oo}ngrm)c U U { S S o (1t (o — /%) s@,ﬂm,a)} .

neNi#i* | ke{i,i*}

The family of thresholds in (3.7) is obtained by solving an optimization problem at each
time n and for all i # i* solutions. Let C, D € (R*)%*and N € (N)?,

N,
maximize Z ?klog (1+ yg)
ke{1,2}

such that V& € {1,2}, yr > 0, Tpyr < Ck, T > Dy .

Since y — log (1 + y) is concave and increasing, y — > e 1,23 Nk log (1 4 yp) is concave and
increasing in each of its coordinates. Since the constraints and the objective are separate between
each coordinate, the maximum is achieved at C /Dy and has a value

Z % log (1 + gk) .

ke{1,2} k
Let n and i # * . The variables y;, and z; replace (un; — pi)*/o7; and o7, ;/o7 . Then, we
need to specify the constraint imposed by concentration, i.e. specify (Dy, Cj) . Combining the
lower tail concentration on the empirical variance (Corollary C.8) and the upper and lower
tail concentration of the empirical mean (Lemma C.9), we obtain that with probability greater
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than1 — 2%, fora €{t,7"} and all n > maxycyg; ;%1 tx(0) ,
h >, forall k € {i,i*} and all (i) th(6)

(e — )? < oren(Np g, 0)
0—31,7]4,‘ 2 Ji(l - 5—,0(Nn,k - 1,5)) .

where ¢, , e_, and t;, are defined as in Lemma 3.4. Using Lemma A.1, this initial time
condition ensures that 1 — e_ ;(N,, x — 1,6) > 0. Since W has values in (0, 1) , we obtain that

e_s(n,0) € (0,1) . Taking a union bound over ¢ # i* concludes the proof.

C.1.1 Sub-Exponential Processes

We prove time-uniform and fixed-time concentration results for 1-sub-¢g . process with vari-
ance process V; = ct and 1-sub-¢g _. process with variance process V; = ct . The concept
of sub-y) process (Definition C.1) was introduced in Howard et al. [2020]. This concept is
particularly useful for deriving time-uniform concentration results.

Definition C.1. Let (St)ieruioy and (Vi)ieTuqoy be two real-valued processes adapted to an
underlying filtration (Fi)ieuqoy with So = 0and Vo = 0a.s. and V; > 0 a.s. forallt € T . Fora
function 1 : [0, Amax) — R and a scalar ly € [1,+00) , we say that (S;) is lo-sub-1p with variance
process (Vy) if, for each X € [0, Amax) , there exists a supermartingale (Ly(\))ie7u0y With respect
to (Fy) such that Lo(\) < ly a.s. and

exp {AS: — Y (\)Vi} < Li(N) as. forallt € T .

Lemma C.2 (Ville’s inequality). Let Py[-] = Po[- | Fo] . Let T C N, such that |T| = oo . If
(Lt)teTUf0) is a non-negative supermartingale with respect to the filtration (Fi)ietuqoy , then

VYa > 0, PQ(HtGT:LtZ@)SLQ/(Z.

Since we aim at deriving one-sided bounds on scalar martingales, we have [y = 1. Using
Ville’s inequality (Lemma C.2) on a sub-¢) process yields time-uniform concentration results.
Let (S;) be a 1-sub-t) with variance process (V;) , then for all A € [0, Ayax) , with probability
greater than1 -4,

VteT, AS;—9(N)V; <log(1/) .
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C.1 Proof of Lemma 3.4

Let A € [0, Amax) - Direct manipulations show the above result,

P(3teT: S, — NV >1log(1/6)) <P (3t e T: L) >1/8) <54.

In the following, we are interested by 1-sub-¢ g . processes for ¢ € R , where 9 g . is defined
as
—log(1 —cA) — cA

YA€ [0,1/(cV0)), ¥re\)= 3

(C.1)

c

The derived upper and lower tails concentrations involve the positive (¢ = 0 ) and negative (
i = —1) Lambert’s branches W; solutions of W (z)e"V(*) = 2. We refer the reader to Appendix A
for mode details and corresponding technical results.

Upper tail concentration We derive time-uniform and fixed-time upper tail concentration for
1-sub-¢ g . process with variance process V; = ct . While the time-uniform result requires using
the peeling method, the proof of the fixed-time concentration is simpler. To use the peeling
method, we need to control the deviation of the process on slices of time (Lemma C.3).

Lemma C.3. Let ¢ > 0 and S; a 1-sub-yg . process with variance process V; = ct . Let N > 0.
Forall x > 1, there exists A\ = X(x) such that forallt > N,

N

(Si+1t>ta} C {)\St ~ ) >

(h(x) - 1)}

where \(x) = arg maxcjo.1/c) (CB)\ + M) and h(x) = x —log(x) forz > 1.

[

Proof. Defining 17 (\) = A+ cp.(A) = —M and A\(r) = argmax ¢ 1/¢) TA — Yu(A) , we
have zA(z) — Yy (A(z)) = ¢}, (z) where ¢7; is the convex conjugate of ;; . Note that ¢;; (z) > 0
(see below), hence tv;; () > Nvj; (z) for t > N . Direct computations yield

Sp+t>tr <= AS; — ctpp () > taX — (A + cpp (M)
= AS; — ctypc(N) > t(xX —Yu(N)) =ty (z)

s AS) — et e(N) > N (z) = % (h(z) — 1)

Note that for f(A) = Az + 280=A) wehave f/(\) = 2 — 1) = 0 < Az%(l—%)

[

and 1 (1 - %) €[0,1) < 2 >1.Since f"(\) = — oy < 0, the function is concave hence
this is a maximum. This yields that forallz > 1, ¢} (z) = f(2 (1 — %)) =1(z—-1-log(z)) =
1(h(z) — 1) > 0 where h(z) = 2 — log(z) . [ |
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Letn > 0. Applying Lemma C.3 on slices of time with geometric growth rate (IV;);eny with
N; = (1+mn)!, we obtain Lemma C.4.

Lemma C4. Let W_1(z) = -W_1(—e*) forz >1,5€(0,1),n>0,5s>1,c>0,and
be the Riemann  function. Let S; a 1-sub-y g . process with variance process V; = ct . Then, with
probability greater than 1 — 6 , forallt € N,

Sp+t <tW_y (1+c(1t—i—7]) (log (C(;)) + slog <1+10g1(()f(‘?77)>>) :

Proof. Let g(t,9) such that g(t,d) > z;(6) for t € [N;, Nj41) and z;(d) > 1. Using Lemma C.3
with z;(6) > 1 and g(¢,0) > x;(d) on [N;, Nit+1) , we obtain

P(3teN: S+t >tg(t,6) <D P(3t €[Ny, Nig1) : Sp+1t > ta(6))

ieN

< 3P (3 € (Vi Noyr) XS — etpah) 2 5 (1 (ai(6) 1))
ieN

< Ze*T (@i (@)=1)
ieN

where the last inequality uses that S; a 1-sub-¢g . process with variance process V; = ct .

Taking
g9(t,8) =Wy (1 + C(ljn) <1°g <<(58)) T slog (1 * m%fm)))

and z;(6) = W_4 (1 + «- log ( s ))) satisfies the required properties. First, we have z;(0) > 1

(Lemma A.1). Second, since W,l is increasing on (1, +00) (Lemma A.1), t € [N;, N;;1) and
=1 log(Ni)
r=1+ log(1+n)

, We obtain

clog <ls) +cslog (1+ OIOg(t) o s
g(t,0) > W_, (1+ ( g ) ( 1g(1+n)) >, <1+ ilog <z C(s)))

N; N; 0

Using Lemma A.1 for each i € N yields

P(IteN: S +t>tg(t,0) <3 e e h)-
€N

| /\

0 1
EROPEEL
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C.1 Proof of Lemma 3.4

Lower tail concentration We derive time-uniform and fixed-time lower tail concentration for

1-sub-1 g _. process with variance process V; = ct . Likewise, we use the peeling method and
control the deviation of the process on slices of time (Lemma C.5).

Lemma C.5. Let ¢ > 0 and —S; a 1-sub-yg__. process with variance process V; = ct . Let N > 0
. Forall x € (0,1), there exists \ = \(x) such that forallt > N,

{8 —t>—tx} C {/\(—St) — ctpp_e(N) >

C

= (h@) -1

Cc

where \(r) = arg maxyco 4o0) (—xA + M) and h(z) = x — log(x) for z € (0,1) .

Proof. Defining 11,(\) = —A+cpp,_c(A) = —M and \(z) = argmaxc[o o) —ZA—YL(A)

, we have —z\(z) — Y (A(z)) = ¥} (—x) > 0 (see below), hence ty} (—x) > N} (—z) for
t > N . Direct computations yield

=S —t> —tx <= AN—=S5t) — ctyp,_c(A) > —tzA —t(=A+ cp,_c(N))

= AN(=S5;) —ctp,—c(X) > t(—azX —Pr(N)) = Y] (—x)

— A=)~ e, (V) > NYj, () = = (h () ~ 1)

Note that for f(\) = —)\x+w,wehavef’()\) = —a:—I—H% =0 <= \=1 (%—1)

and 1 (% — 1) € [0,4+0) <= =z € (0,1). Since f"(\) = —rar <0, the function is
concave hence this is a maximum. This yields that for all z € (0,1) , ¢} (—z) = f(2 (% — 1)) =
1(z—1—-1log(z)) = 2 (h(z) — 1) > 0 where h(z) = z — log(z) for z € (0,1) . [ |

Let n > 0. Applying Lemma C.5 on slices of time with geometric growth rate (IV;);eny with
N; = (1 +n)"~!, we obtain Lemma C.6.

Lemma C.6. Let Wo(z) = —Wy(—e ) forz >1,5€ (0,1),n>0,s>1,¢c>0,and(be
the Riemann ( function. Let Sy a 1-sub-1 g _. process with variance process V; = ct . Then, with
probability greater than 1 — § , forallt € N,

Sy +t>tW, (14—6(1:—77) (log <C(;)> + slog <1+k)gb(f(i)n))>> .
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Proof. Let g(t, d) positive such that g(¢,0) < z;(9) for t € [N;, N;+1) and z;(d) € (0,1) . Using
Lemma C.5 with z;(§) < 1 and g(¢t, ) < z;(9) for t € [N;, N;+1) , we obtain

P(3teN: S +t<tg(t,0) =P(FteN: -5 —t>—tg(t,9))
<Y P(BteTi:—S —t>—tx(5))

1€N
<SP (3t € T M50 — et o) > S (i3 - 1)
1€EN

< ¥ e E k@)

1€EN

where the last inequality uses that —S; a 1-sub-yg . process with variance process V; = ct .

e (1 L :‘ n) (log (C(;)) + slog (1 + bggf%)))

and x;(6) = Wy ( log ( SC(S))) satisfies the required properties. First, we have z;(J) €
(0,1) and g(¢,6) > 0 (Lemma A.1). Second, since W is decreasing on (1, +00) (Lemma A.1),
t € [N;,Niz1)andi =1+ log(Ni) - ye obtain

Taking

log(1+n)
o clog £0s) +cslog (1 + Olog(t) . ;s
o(6.5) < o ( () reoloe (0 msfin) ) op, (11 2 10 (F40))

Using Lemma A.1 for each i € N yields

i 1
P(3teN: S +1<tg(t,6) <3 e ehE@)-1 L
€N

| /\

1)
) &

C.1.2 Univariate Gaussian

Empirical variance The empirical variance can be expressed as a function of a sub-exponential
process (Lemma C.7). This is obtained with manipulations derived in Appendix H of Howard
et al. [2021], in which they consider martingales with x? increments.

Lemma C.7. Let o} be the empirical variance of t i.i.d. samples from a Gaussian distribution with
2

variance o . Then, Z& = Si-1-1 — Ll with Sp 1 +t—1 = S 21 Y? where (Y;) are id.d. with

distributions N'(0,1) . In partzcular, Sy is a 1-sub-1 g o process and —S; is a 1-sub-1pg, _o process,

both with variance process V; = 2t .
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Proof. Let (X;);c[n) the n samples from a Gaussian distribution with parameters (1, 0?) . Let
fin, and 62 be the empirical mean and variance. Let Z; = % foralli€ [n], Z, =1 Yicin) Zi
and S,—1 =>i"1(Z; — Zn)Q —(n—1). Then, Sy = 0 and for all n > 2

n 2

1 N oy
Sp—1 = —QZ(Xi—un)2—(n—1) =n—5—(n—-1).
7" = g

Rewriting the increment of S, , we obtain for all n > 2

N n—1 N
=72 - nZ:+(n-1Z22,-1= - (Zn — Zn_1)? —1
Since S,,_1 = 7;:_11(83 — Ss—1) and Sy = 0 a.s., we obtain S,,_; = ;‘:_11(5/;2 — 1) where

Vo1 =1/"Y(Z, — Z,_1) . The (Y;) are i.i.d. with distribution (0, 1) and the CGF of (Y — 1)
is
log(1—2))

log ErY? -1 =
2

— A= QwE72(A) for \ € (—OO, 1/2) .

By Definition C.1, we have that S, is 1-sub-¢)g 2 and that —5,, is 1-sub-¢)g _» , both with
variance process V;, =2(n —1) . [ |

Thanks to Lemmas C.4-C.6-C.7, Corollary C.8 gives time-uniform upper and lower tails

concentrations on the empirical variance of Gaussian observation.

Corollary C8. Fori € {0,—1}, let W;(z) = —W;(—e ) forx > 1,5 € (0,1), no,m >0,
s > 1 and ( be the Riemann ¢ function. Let o7, be the empirical variance of t + 1 ii.d. samples
from a Gaussian distribution with variance o . Then, with probability greater than 1 — & , for all
te N*,

oy <07 <W_1 (1 + 2(1t+771) (log (C(;)> + slog (1 + bg?f%))) — 1) .

Moreover, with probability 1 — ¢ , for all t > t,(9) ,

op1 >0 (Wo (1 + 21 -;770) <1Og (CE;)> + slog (1 + 10;?55%))) - 1) .
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where the initial time condition, which ensures the lower bound is positive, is

2(1+4ng) ¢(s) Jog(t) ~
tO((S) = inf {t ‘ t > 61+W0<fn0(10g( ) )+810g<1+10g(1g+7]0)))7€ 1)} ‘

Proof. Combining Lemmas C.4-C.6-C.7 yields the desired result. Using Lemma A.1, we know
that the upper bound is always positive. The initial time condition, after which the lower bound

is positive, is obtained by Lemma A.1

Wo <1+2(14t_770) (log<g(65)>+slog (1+1()g>1(01g$)77()))>) >% = t>10(9).

Empirical mean While time-uniform concentration results for the empirical mean of Gaussian
observations already exist in the literature, e.¢. Kaufmann and Koolen [2021], Lemma C.9 is
given to present unified concentration results involving W _; . For the sake of space, we omit
the proof and refer the reader to Appendix E in Jourdan et al. [2023a] for more details.

Lemma C.9. Let W_q(z) = —W_q(—e ®) forx > 1,6 € (0,1), s > 1 and ¢ be the Riemann
¢ function. Let p; be the empirical mean of t i.i.d. samples from a Gaussian distribution with
parameter (u,02) . Then, with probability greater than 1 — § , forallt € N,

4 1
|e — p| < \/O;W_l (1 + 2log <5> +2¢(s) + 2slog (2s + logt)> ,

where g(s) =log(¢(s)) + s(1 —log(2s)) .
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D.1 Proof of Lemma 4.2

As in Section 1.4.2, for bounded distribution, we have

{75 < +oo}NET (15) C U U {Np Kot Wnis i) + Ny Kb e (U ie s pin) > e(n —1,8)} .
neN i#i*

The key technical result from Agrawal et al. [2021b] is stated in Lemma D.1 without proof.

Lemma D.1 (Lemma E.1 in Agrawal et al. [2021b]). Let a compact and convex set A C R?
, and q be the uniform distribution on A . Let g; : A — R be any series of exp-concave functions.
Then,

n

n H (A
rilgf;gk()\) <logExq [ezk:lg ( )} +dlog(n+1)+1

For all (n,i) € N x [K], we denote by (X i)re[n, ,] the samples collected on arm i . Let
i* =9*(F)and i € [K]\ {i*} . Using the dual formulation obtained by Honda and Takemura
[2010], we have

Np oK (Fois, pix)) = max > log(l— M Xpir — par)) s
A€ [O,Bfui*} kE[N,, ;%]
Ny iKine(Foisp)) = max — » log(1+ A(Xpi — ) -
€ {OH k€[N, 4]
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Let ¢;” and ¢; be the uniform distributions over [O, B } and {0 1 } which are compact and
convex sets of R . Define

L,;= E,\Nq; IT (MK — ) | Xvr e X |
LEE[Nn,i]

Uni =By x| T (0= AKX =) [ Xugyo o X
k’G[Nn,i}

Y = Ny ZIClnf( n zy/h) log(Nn,i +1)—-1,
YnJr Ny, zlcmf( nzv,uz) log(Nn,i +1)—1.

With d = 1, using Lemma D.1 with the exp-concave functions 91:2‘()‘) = log(1 — AM( Xy — i)
for k € [Ny ] , and g,;i()\) = log(1 + A(Xy; — wi)) for k € [Ny, 4] , yields

Y. vyt
e i < L and e i <Up; a.s.

Furthermore, it is easy to verify that for each arm ¢ € [K], L, ; and U,,; are non-negative
martingales with unit initial value Lo; = 1 and Up; = 1 almost surely. The martingale
property is shown directly by the tower rule (conditioned on the arm sampled at time n )
and E {1 + MX N, m)} = 1. Furthermore, they satisfy E[U,, ;] < 1and E[L,,;] < 1. Thus,
Un,ix Ly i is a non-negative martingale with unit initial value.

By concavity of log and using _cy; +} Nnj < n—1, we have
K-1
c(n—1,0) > log 5 +2+ Z log (Np; +1) .
jefii*}

Taking a union bound over ¢ # i* and using Ville’s inequality, we obtain

P (Eln €N, 3i # ", Npilki ¢ (Fnis i) + Ny Z*lCmf( Fpix, pix) > c(n — 1,6))

K-1
SZP(EInENY +Y+*>log( 5 ))

i£i*

K-1
<ZIP><3neN Un,ivLni > — )gd.
1£1*

This concludes the proof.
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D.2 Proof of Lemma 4.5

D.2 Proof of Lemma 4.5

Using (4.5), u — K-

+ ¢ (K, u) is strictly convex on (m(k), B] if and only if A\ (x, u) is increasing
for u > m(k) . Using Lemma 4.4, we obtain that A} (x, ) is increasing on u € [u™(x), B) (since

u — (B —u)~!1is), and null on [0, m(k)] .

Suppose towards contradiction that v +— A} (k,u) is not increasing for (m(k),u*(k)) .
Therefore, there exists an open O C (m(k),u" (k)) , such that u — A} (k,u) is constant on
O , i.e. there exists co € [0, (B — up)~!] such that \] (k,u) = co and up = inf,co u . Using
Lemma 4.4, we know that co € (0,(B—up)™!). On O, u — A (k,u) is constant, hence
it is continuously differentiable with null derivative. Since © C (m(k),u"(x)) , we have
M (k,u) € (0,(B —up) ) and Ep [(1 — Af (k,u)(X —u))~!] = 1forallu € O. Therefore, the
function (z,u) — (1 — A (k,u)(z — u)) ! is bounded on [0, B] x O, hence integrable, and the

function u — (1 — A} (k, u)(z — u))~!

is continuously differentiable. Moreover, the function
z (1= (k,u)(z — u))_2 is strictly positive and bounded on [0, B] , hence integrable with
strictly positive integrable. Having checked all the conditions to interchange the derivative

with the expectation, differentiating the above yields

A+ _X 8/\ir(li,u)
0=FEp |- ) v w=X) 70— | - —coEp [(1 — (X - U)co)fﬂ <0,

(1 — (X —u)\ (k, u))2

where the strict inequality is obtained since we show that co > 0and Ex {(1 — (X — u)co)fz} >
0. This is a contradiction, hence such O C (m(x),u" (r)) doesn’t exist. Therefore, u — A} (k, u)

is increasing on (m(k),u" (k)) .

By convexity, we already knew that u — A} (k, u) is non-decreasing on (m(x), B] . Combin-
ing the above, we have shown that u — A\ (k, u) is increasing on (m(k), B], hence u — Kt (k, u)
is strictly convex on (m(k), B] . The fact that u — A} (k, u) is increasing on (m(x),u™ (k)) and
on [u"(k), B], yields that u — A (k, u) is increasing on (m(x), B] .

Since K¢ (k,u) = 0 for all u € [0,m(x)] and K ; is nonnegative and strictly convex for

+

u > m(k) , we obtain that v — K. ;

(K, u) is increasing on (m(x), B] .
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Appendix E

Complements on Chapter 5

E.1 Reduction of an e-BAI Problem to a BAI Problem

As detailed in Chapter 2, the ( 5-)characteristic time for the fixed-confidence BAI setting with
Gaussian bandits NV (p, 1) is defined as

)2
T*(y) = min T ith 27%(v)~1 = : M ) E.1
(v) Jmin 5(v)  wit 5) we A I T (E.1)

It satisties H(p) < T*(v) < 2H(p) where H(p) =23 ,¢(x A;? where Aj+ = Apy, - Using the
equality at equilibrium (2.20) (Lemma 2.10), one can show that

Buis(v); " = BTS() (e — pi)?/2 1. (E2)

Lemma E.1 gives a reduction of a e-BAI problem to a BAI one on a modified instance, which
is easier. Thanks to Lemma E.1, it is possible to leverage existing results on 7*(v) , Tj (v) , w*(v)
, wi(v) inorder to study 7z (v) , T p(v) , Tz s (v, i) , we(v) , we g(v) and we g(v,4) -

LemmaE.1. Let u € RE ;e > 0and & € [0,¢] and 3 € (0,1) . Forall i € Tz(u) , let v.(7) be the
instance with mean 1. (2) as pe(i); = pj — € forall j # i and p.(2); = p; . Then, for all i € Tz(p)
, T2 p(vyi) = T4 (ve (@) and we (v, i) = wi(ve(i)) . Moreover, for all i* € i*(u) ,

T(v) = T"(we(*) and T.p(v) = TH((")) -

Moreover, we have we (V) = Ujsgix () W* (Ve (i%)) and we g(v) = Ujsgir (u) wh (Ve () -
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Proof. For ¢ = 0, the result is direct by definition. Let ¢ > 0 and € € [0,¢] . The first part
is obtained by definition of 77 5(v, i) , wf 5(v,i) . Let* € i*(u) and p.(i*) defined as above,
hence i*(v.(:*)) = {i*} . Forall i € Z.(u) \ ¢* (1) , let us denote by k") be an instance with
mean A" such that )\g:l) = p; and /\S;Z) = pj —eforall j # 7. If pj= — p; = € then
i*(/\g*’i)) = {i} Ui (p) \ {i*}, otherwise i*( Q““) = {i} . We consider the permutation o that
swaps arm ¢ with arm ¢* . By symmetry, we have T*(/-cg*’i)) = T*(o(ng*’i))) . Moreover, we
have that the gaps of a(mg’i)) are all strictly smaller than the gaps of y. sincee > A; > 0
. Therefore, Lemma 11 of Barrier et al. [2022] yields that T*(a(ng*’i))) > T*(v:) . We have
proved that

Vi* € i*(p), T (w(i*)) < min TFkED).
(0. T < min T (6E)
By symmetry 7™ (v, (i*)) is constant for all i* € i*(x) , hence we have shown that

Vit € i*(p), Te(v) = T*(ve(i")) .

It also shows that w. (1) = U;xgx () w*(ve(7*)) . The same reasoning yields the result for T 5(v)
and w. g(v) . [

Lemma E.2 links the characteristic times for e-BAI where ¢ € {g¢,¢1} .

Lemma E.2. Let 1 € RX such that |i*(p)| = 1. Let ¢ > 1 . Then, forall € (0,1) , we have
Teo (V) (Amint€0)” > Tey () (Amint+e1)?  and  Too s(v) (Amin+eo)? > Te, 5(v) (Aminte1)°.
Let eg < €1 . Then,

Teo () (Amax +€0)° 2 Tey (v) (Amax +€1)2 and Teg (1) (Amax +0)° > Tey p(¥) (Amax +61)%.

Proof. Leti*(pu) = {i*} . Leteg > €1 . Using Lemma E.1, we have

with Aj(e) =" HiTE

Aj(e)?
2T (1) (Aumin + )2 = max min — ) N

wEXL ¢ jFAI* 1/’(1]1'* + 1/wj

To conclude the first part of the first result, a sufficient condition is to show that A jler) > A j(€0)
for all j # ¢* . Direct manipulations show that, for all j # *,

~ ~ o — €1 o — €1
Ai(e1) > Asile = 1-— >l — = — ->A',
J( 1) = ]( 0) [ — i +€0 Ammin + €0 Hx — Hj = Amin

hence the result holds. The same proof can be used to obtain the second part of the first result.
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E.2 Proof of Lemma 5.6

Let g < 1 . Using Lemma E.1, we have

_ Aj(e)? < s — pj + €
2T, YA max 2= I ith Aj(e) ==L —.
5(7/) ( @ + E) ul;Ié%)[{( ﬁr;}élln ]./U)z* + 1/U}J wi j(E) Amax +e

To conclude the first part of the second result, a sufficient condition is to show that A (1) >
Aj(so) for all j # i* . Direct manipulations show that, for all j # *,

Ajle1) > Aj(gg) = 14+ —1 %0 f17%0

_— —_— = — s <A s
M — Mg +e0 Amaux‘*’go o Hi = Smax

hence the result holds. The same proof can be used to obtain the second part of the second
result. n

E.2 Proof of Lemma 5.6

Leti € 7, /5(n) , hence ju; > py — /2 . Let ji.(i) as in Lemma E.1 which satisfies that i*(v.(i)) =
{Z} . Let Ai,j = Hi — Hj and Am = M — IMaXjA4; [y . Then, we have

T.1p2(v0) = Thyg(ve(i)) < 2T*(ve(i)) <8 D (Aij+€)~ Z (Aj+¢/2)”
JEIK] €lK]

where we used i € 7, j5(u) for the last inequality. Since A; > 0, we conclude that T; (v, i) <
32K /% . Then, we have

Teap2(vyi) = Tipo(ve(i)) = TH(ve(i)) 2 2 ) (A +e)72
JelK]

Likewise, using Lemma E.1 and (E.2), we obtain that, for all j # ¢,

we1/2(0); /2 = wi (e ()] /2 = T{ (v (D) (i — pj +)*/4 = 1

. 2
<2 Z <'UJ+€> +1

k(i) P+ €

where the last inequality uses what we proved above. When ji;, < p1; , the ratio is smaller than
one. When i, > pj , we have p,c > pg, > pj > p1 — €/2 , hence py, — pj < /2 and

Mi—Mj+€S1+ £/2 <
i — p + € [x — pi +€/2

Therefore, we obtain w, ; /Q(V)j_1 /2 < 8(K —2) + 1, which concludes the result.
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E.3 Proof of Lemma 5.7

Using the inclusion of events given by the assumption on (A 5(n, §))n>¢>K , We obtain

n

> 1 (Ay5(n,0)) Z 1 3k € [K], Ty(ki) < Dy, (n,0), Ter1(ks) = Ti(ke) + 1)
t=K+1 t=K+1
< >0 Y 1(Tu(i) < Di(n,8), Traa(i) = To(i) +1) < > Di(n,6).
ic[K]t=K+1 i€[K]

The second inequality is obtained by union bound. The third inequality is direct since the
number of times one can increase by one a quantity that is positive and bounded by D;(n, d) is
at most D;(n,d) .

E.4 Proof of Lemma 5.8
Lets>0.Foralln > Kandd € (0,1],letE,5 =&} s 525 with (5 s)n>K and (5 §)n>K as

2 5
55,5 = {Vk € KVt <n, |per — | < f1(n7)} ,

Nk

25— {V(i, B) € [K]2s.t.i & k, Wt < n, LWits —Her) = (i = )l 2f2(n,5)} ,

\/1/Ni +1/Nyy

where fo(x,0) =log(1/d) + (1 + s)log(z) and fa(x,d) = log(1/6) + (2 + s) log(x) .

Lemma E.3 shows that when there are arms with strictly higher true mean than the one of
the leader, then at least one of those arms is undersampled.

Lemma E.3. Under 571175 ,forallt € [n]\ [K] let BE® = k. Then,

8f1(n, (5) .

Vi#£k, 1(u > min{ Ny i, Ny i} <
7é (:U’ Mk) { tky iVt } (M’L_,uk)z

Proof. Under 5,1%5 ,forallt € [n]\ [K],let BF® = k. Then, for all i # k , we have

2f1 (n, 5) 2f1 (n 6) 2f1(n, 5)
. < — < < < —_—
i \/min{Nt,k, Nt = Hi — Nea Bei < pek S g+ Nk

2f1(n,0)
< _—
= Het \/min{Nnk, Nt,i}
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E.4 Proof of Lemma 5.8

Re-ordering the above equations for i such that y; > . yields the result. n

Lemma E4. Lete >0, Ay(e) = minggz () A and Cq,(€) = max{2A,(e) ! — ept 0 )2,
Let Acyei = 2/Au(e)? foralli € i*(n) , Aeyei = Cueo(€) forall i € T.(u) \ i*(u) , otherwise
Acyei = max{C, - (e),2/A?} . Foralln > K , under event £, 5 , forall t € [n] \ [K] such that
BFP ¢ T.(n) , there exists iy € [K| such that

4f2 (n, (5)

Tt(it) S m

A50757it + 3(K — 1)/2 and Tt+1(it) = Tt(lt) +1.

Proof. Let A = piy — p1; and Apax = max;e(g) A; . When e > Apax , we have IE(,u)E = (), hence
the above result holds trivially since the event BF® ¢ 7. (1) cannot happen. Let € € [0, Apax) ,
ie. T.(u)t # 0 . We will consider two distinct cases since

{B: ¢ Te(u)} = {Bt ¢ Zc(n), Cr € i* ()} U{ By ¢ Zc(n), Ct € i*(n)} -

Case 1. Let ¢ € [n] \ [K] such that (BFB, Cf<") = (i, j) with i ¢ Z.(u) and j € i*(u) . Using
Lemmas 5.2 and E.3, we obtain

8f1(n,d) < 8fa(n, 0)
A2 - A2 ’

K3 K3

min{f, 1 — 5} (min{T; (i), Ti(j)} — 3(K —1)/2) < min{Np;, Ny j} <

that can be rewritten as

8f2(n7 5)

min{T,(1), T4(j)} < +3(K —1)/2.

Let us define A, () = mingg¢z. () Ax , and
Vi ¢ T.(n), De;=2/A? and Vi€ i*(u), D.;=2/A,()?.

The above shows that there exists k; € Z.(11)¢ U i* (1) such that

4f2(7’L, 5)

) = S =5y

D&k;t + 3(K — 1)/2 and Tt+1(kt) = Tt(k‘t) —+ 1.

Case 2. Let ¢ € [n] \ [K] such that (BEB, C1°%0) = (i, 5) with i ¢ Z.(u) and j ¢ i*(u) . Let
ip € i*(u) . Using the TC challenger, we obtain

D8 fapa(n ) > i i T i g o

\/1/Nt,i +1/Neay \/1/Nt,i +1/Neig  \/1/Nei+1/Ni
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> 50\/min{Nt,z‘7 Nij}/2.

Using Lemma E.3, we obtain

1 . 8f1(n,d) _ 8f2(n,d)
< Niiy Ny < < .
1/Nt,i + 1/Nt72'0 - mln{ b b 0} AZQ A?

By distinguishing between g > A; and €9 < A; and using that A; > 0, we have

g0 — A +mgmax{2€o/Ai—l7l}m‘

V1/Nei + 1/ Ny,

Using Lemma 5.2 to lower bound min{N; ;, V; ;} and reordering, we have shown that

2 n
min{T3(0), T,(j)} < max { (2-2) 10} T R RECEY

Let us define C), ., (¢) = max{2A,(s)~! — g;',e5'}2 . The above shows that, there exists
k¢ ¢ i*(u) such that

A0) () 43K —1)/2 and Tya(hy) = Tu(k) + 1.

1) = g, 1= gy e

Summary. Let us define (AEO,EJ;)Z»E[ k] as in the statement of Lemma E.4. Under &, 5 , we
have show that, when B; ¢ Z.(u) , there exists i; € [K] such that

4f2(n, (5)

= G 15

Accoin +3(K —1)/2 and  Tyyq1(ky) = Ti(ke) + 1}
|

Foralln > K ,under event &, 5, combining Lemma 5.7 and E.4 for A;(n,d) = {BF? ¢ Z.(u)}
and D;(n,d) = MA%M + 3(K —1)/2 yields that

min {515
- 4f2(n,d)
t:;l 1 (B ¢ T.(p) < mh@m (e) + 3K (K —1)/2.

where we used that >°;cx) Aeg i = Hpeo(€) where Hy, . (€) is defined in (5.5). To conclude
the proof of Lemma 5.8, we use that

n

S (B EL() =n-1- > Y Tulij).

t=K+1 i€Zc(p) J
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E.5 Proof of Lemma 5.12

E.5 Proof of Lemma 5.12

Let |Z.(p)| = I and g ¢, (n,0) = #ﬁ)%}fg(n, d)+3K(K —1)/2. Using Lemma 5.8 and the

pigeonhole principle, there exists ig € Z.(u) such that

ZTn(iOaj) > (n -1- gs,eo(na 5)) /Is .
J

Therefore, we have

Nijig 2 B Tulio,5) = (K =1) > B(n =1 = gey(n,0)) /I = (K — 1)
J
Let S ¢, co,.(0) defined as in the statement of Lemma 5.12. Direct manipulations show that

I _
Se 1,60, (0) > sup {n |n—1<geeo(n,0) + é <4f2(n,6) ' I?ax Cei+ K — 1) } )
1¢Leg (B

Therefore, we have N, ;, > 4fa(n, ) max;gr, (u) Ceiforalln > Sqc, oo 4(0) .

Letn > S, c..(0) . Suppose that BEE =i ¢ 7., () . Using Lemma E.3, under the event

En,s , we obtain that

8f1 (n, 5)

min{Nnﬂ-, Nn,io} < (M' — ,U')Q < 405,if2(n, 5) .
io i

Suppose towards contradiction that min{ Ny, ;, Ny, ;o } = Ny, , then N, ;, < 4C.; fg(n, 0) . This

is a direct contradiction with N,, ;, > 4 fz(n, 9) MaX;¢7. (u) Ceisincen > Se ., c..(0) . Therefore,
we have shown that min{N, ;, Ny, i, } = Ny.; , hence i € U ., ,,(n,d) . This concludes the proof.

E.6 Proof of Lemma 5.13

We will be interested in three distinct cases since

{Us 11, 8) # 0} = {Us 1 1(n, 8) N {BEP, CFC) # 0
U {Ueer6(n,6) # 0, Ueiey(n, ) N {BEP, T} = 0, BI® ¢ ()}
U {US,EM‘/(TL? 6) 7& (Da U€,61,t(nv 5) N {BEBa CEC} = (Z)a BFB € IE(M)} )

Case 1. Let ¢t € [n] \ [K] such that {BFB, CIY N U. ., (n,0) # 0. Let k, € {BF8,CI¢} n
Ue e, t(n,0) . For this ky ¢ Z., (1) , we have T 11 (k:) = T;(k:) + 1 and, by combining Lemma E.3
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and Ny, < 4C.y, f2(n, ) , we obtain that

Nik, 3(K —1) 4f>(n,d)
< : < — .
L T S B ey ] L
Case 2. Lett € [n]\ [K] such that U.., 1(n,8) # 0, U.c, +(n,6) N {BFE,CI¢} = () and
BFB ¢ T.(u) . Let A, (e) and O, -, (¢) defined as in the statement of Lemma 5.13. Let D, . ; =
2/A,(e)? for all i € i*(n) , Deyei = Cueo(e) foralli € Z.(u) \ i*(n) , otherwise D,y .; =
max{C), ,(€),2/A?} . Using Lemma E.4, there exists k; € [K] such that

Ty (k) < 4f2(n, 9)

>~ mDE’EO,kt + 3(K — 1)/2 and Tt—i—l(kt) = ,_Tt(kt) +1.

Case 3. Let t € [n]\ [K] such that U. ., ;(n,8) # 0, U ¢, +(n,8) N{BFB, CI“} =  and BB ¢
Z.(u) . Let jo € Uz, +(n,8) \ {BF®, CI¢} , which is possible since U. ., +(n,d) N {BEB, CIC} =0
and U ., +(n,d) # 0 . Let us denote by (BF®, C) = (i, j) withi € Z.(u) and j # jo . Using the
TC challenger, under the event &, 5 , we obtain

i Mo TE0 L [ofy(n,5) > Hhi Z e T O Hai — Mg T €O

V1/Nei + /Ny, T JUNG 1Ny 1N+ 1N

> 80\/miﬂ{Nt,i7 Nijt/2.

Since p; — pj, + €0 > €0 > 0, we have

P . + E ~
B Fio TR0 < Ny o (i — g + 20) + \/ 2Fa(n, 6)
VU/Nei + /Ny

§<2 i ~ o + €0 )+1)\/2f2(n,6).

mingez, () (e — Hjo

Using Lemma E.3 to lower bound min{N;;, N¢ ;} and p; — pj, < Aj, for all i € Z.(u) , direct
manipulation yields that

4f~2 (TL, (5)

mqwo(s,sl)? +3(K—-1)/2.

min{T} (i), Ty () } <
where C), . (¢,€1) is defined as in the statement of Lemma 5.13. For all i ¢ 7., (i1) , it is direct
to see that Cy, ¢, (¢, 1) > max{1/e§, maxgz, () Cei} and Ce; > 2/A7 . The above shows that
there exists k; € [K] such that

4f2(n, 5)

Tt(kt) < m

0#750(8,51)2 + 3(K — 1)/2 and Tt+1(l€t) = Tt(k?t) + 1.

222



E.7 Proof of Lemma 5.14

Summary. Let us define (A. ¢, ,.i)ic|x] s in the statement of Lemma 5.13. Under (‘fn,(; , We
have show that, when U, ., +(n, ) # (), there exists i; € [K] such that

4f2 (n, 5)

0= G- 5y

A5751’507it + 3(K - 1)/2 and ,I;f+1(it) = ,I;‘/(Zt> +1

E.7 Proof of Lemma 5.14

Forall n > K , under event &, 5 , combining Lemma 5.7 and 5.13 for 4;(n,§) = {Us ¢, +(n, ) #
0} and D;(n, ) = MAS cre0i + 3(K — 1)/2 yields that

min{ 5.1 BT
S Afy(n,8) -
t:;l 1 (Ueer t(n,0) #0) < min{3,1— A} H. . (p,e0) +3K(K —1)/2.

where we used that Zie[K] Aceiei = 75751 (1, €0) where ﬁam (1, €0) is defined in (5.8).
Foralli ¢ Z., (i) , let us define

ti(n,8) = max {t € [n]\ [K] | i € Usee,4(n,8)} .

By definition, for all ¢ ¢ Z., (1) , we have i € U, +(n,d) for all t € (K,t;(n,0)] and i ¢
Ue e, t(n,6) for all t € (ti(n,d),n] . Therefore, for all ¢ € (K, max;gr. () ti(n,0)] , we have
Uee1,t(n,0) # 0 and Ue ¢, 4(n, 6) = 0 for all t > max;¢7. () ti(n, 0) , hence

i¢r£j}(<ll)( i : ;11 entln 0170
4 ) _
Smlnfﬁ(,nl—)ﬁ} 551(N,50)+3K(K /2.

Let 7. ¢, ,,.(0) defined as in the statement of Lemma 5.14. Direct manipulations show that

4f2 (n 5) —

> B Ry m—y
Ts,sl,Eo,,u((s) Z Sup {TL | n K - mln{ﬁ, 1-— 6}

681(M7€0>+3K( _1)/2} :
Letn > T. ., c,..(9) . Then, we have

4f2(n,6) H. o\ (j1,60) +3K(K —1)/2 > max (ti(n,d) — K),

n—K>-—2>"""7 _
min{f3,1 — 3} i e, (1)

hence n > max;gz_ () ti(n, ) . This conclude the proof that U ¢, n(n,0) = 0.
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E.8 Inversion Result

Lemma E.5 is an inversion result to upper bound a probability which is implicitly defined
based on times that are implicitly defined.

Lemma E.5. Let W _ as in Appendix A.Let A>0,B>0,C>0,E>0,a>0,3>0and

Dy pc(6) =sup{z| x < A(log(1/d) + Clogz) + B}
A
o

D4 B.c E,ap(0) =sup {:U | 2 < =W _1 (a(log(1/6) + Clog(B +logz) + E)) + B} .

Then,

inf{d |z > Dapc(d)} < z< exp (_x j43> ’
. 1/ - B
nf(6 | 2> Dapomas(d)} < P (ax AB) (B + log )¢ exp (fU - > )

Suppose that B/A +log A > 1and C(A,B) =sup{z | x < Alogxz + B} . Then, C(A, B) <
hi(A, B) with hi(z,y) = 2W _1 (y/z +log 2) .

Proof. Direct manipulations yield that

- B
x>Dypc(d) < x> A(log(1/6)+ Clogz) + B <+ 6<xcexp(—xA >

Likewise, using Lemma A.1, we obtain

z>DapcEapd) <= o > W_1 (a(log(1/d) + C'log(B + logz) + E))

r—B 1 < T —
— —log |«
e

A
r— B

1/e -B
E c T
— o<e (a " ) (B + logx) exp( " )

B) > log(1/6) + Clog(B +logz) + E

Since B/A +1log A > 1, we have C(4, B) > A, hence
C(A,B) =sup{z | x < Alog(z) + B} =sup{x > A| = < Alog(z) + B} .

Using Lemma A.1 yields that

T x B — B
> — — — | > — > 1= .
x> Alogr+ B — 1 log(A)_A—i—logA = x_AWl(A—HogA)



Appendix F

Complements on Chapter 6

F.1 Proof of Lemma 6.3

Using the inclusion of events given by the assumption on (A¢(n,0))x<t<n , We obtain

T T
Z 1 (At(na 5)) < Z 1 (Ntﬂ't < Dit(”? 6)5 Nt+1,it = Nt,it + 1)
t=K+1 t=K+1
T
<> > 1(Nii € Di(n,6), Neyri =Ny +1) < > Dy(n,6) .
ie[K] t=K+1 ie[K]

The second inequality is obtained by union bound. The third inequality is direct since the
number of times one can increment by one a quantity that is positive and bounded by D;(n, §)
is at most D;(n, d) .

F.2 Proof of Lemma 6.5

We will be interested in three distinct cases since

{Ut(nu 6) = @} = {Ut(n, 5) = @, max fi¢ ; > ’Y} U {Ut(n7 6) = ®7 max: i ; < 7}
i€[K] i€[K]

Case 1 Case 2
U{Ui(n,6) = 0, max pi;; = v}
i€[K]

Case 3

225



Complements on Chapter 6

Case 1. Let k = arg max;¢ (g fit v - Since I; € arg maXe| k] Vi =)+ and /Ny g (e i —
v)+ > 0, we obtain p 7, > v . Under émg , we have

0< Nt,lt (:U’t,ft - ’Y)Jr =\ Nt,lt (:ut,lt - ,}/) < \/ Nt,ft (:U’It - /7) + \V Zfl (n’ 6) )

hence N, 1, < 2f1(n, §)AZ2

e and Nt+1 I, = Nt,lt +1.

Case 2. Let I; € argmin;c (g /Nei(y — i)+ and i € Ug(n, ) . Under En.s , we have

Nep, (v — pr) — 2f1(n,8) < \/Not, (v — per,) =/ Not, (v — B+
Nii(v = pti)+ =/ Nea(v — pei) < 4/ Nea(y — uz+\/2f1n5 <2\/2f1n5

Using that /Ny 1, (7 — pe.1, )+ < /Nei(y — pe,i)+ , we have proven that Ny ;, < 18f1(n, 5)A7 QIt
and Nt+1,lt = Nt,lt +1.

Case 3. Then, argmin;c(x) /Nei(v — pit,i)+ = {i € [K] | p; = v} . Therefore, we have

per, = vhence vy = ur g, < pr, + 1/2f1(n, 9)/Nt.1, . Therefore, we have proven that Ny j, <
2f1(n, 5)A;§t and Nt+1,It = Nt,It +1.

Summary. Combining the three above cases yields the result.

F.3 Proof of Lemma 6.6

Combining Lemmas 6.5 and 5.7, we obtain 37 ;.1 1 (Us(n,§) # 0) < 18H1 (1) fi(n, ) . For
alli € [K], let us define t;(n,d) = max{t € (K,n]NN | i € Uy(n,d)} . By definition, we have
i € Ug(n,d) forallt € (K,ti(n,0)] and i ¢ Ui(n,d) for all t € (t;(n,0),n] . Therefore, for all
t € (K, max;c(k)ti(n,0)] , we have Uy(n,d) # 0 and Ui(n,d) = @ for all t > max;c(x) ti(n,0),
hence max;¢(ti(n,0) — K) = >3- e 1 (Ug(n, ) # 0) < 18H (1) fi(n, ) . Let T,,(8) defined
as in the statement of Lemma 6.6 and n > T),(d) . Then, we have

n— K > 18H;(u) fi(n,d) > max(t;(n,d) — K) ,
1€[K]

hence n > max;¢k) ti(n, 0) . This concludes the proof that Uy, (n,d) = 0 .

F.4 Proof of Lemma 6.8

Let t < n such that Z!"(u) C Uy(n,d) . When I; € I (u) , we have directly that Ny ;, <
2
( 2f1(n 0)A . I + 1) and Nyi1,1, = Ny, +1. In the following, we consider I; ¢ I,tyhr(,u) . We
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F.5 Proof of Lemma 6.9

will be interested in three cases since

{Ij;hr(ﬂ) - Ut(n75)> I ¢ I'F/hr(#)} = {Ij;hr(/'b) C Ut(n75)7 I §é If/hr(:u)a fg[%?] Mg > 7}

Case 1
UAZY™ () € Un(n,6), Iy & T (), max s < )
1€[K]
Case 2
U{Z (1) € Us(n,6), Iy & T (n), ma i =7} -
Case 3

Case 1. Letk = arg MaX;e(f] Ht,i - Since I; € arg maX;e[] VNei(pe —v)+ and /Ny g (pe ks —
v)+ > 0, wehave p 1, > v . Since I; ¢ I;hr(u) , under 57175 , we have

\/ Nt,ft (:ut,]t - ’7)4- = Nt,ft (/’Lt,lt - ’7) < \/ Nt,ft (luft - ’7) + V 2f1(n7 5) .

Using that /Ny 1, (pee.1, —v)+ > 0, we obtain N, 7, < 2f1(n 6)A71 and Nyp1 7, = Ny, + 1.

Case 2. Let I; € argmin;eg)/Nei(y — pei)+ - Since I ¢ I;hr(u) , under &, s , for all
i € I () , we have

Nt]t Y- /’L]t W Ny Tt ’7 273 It -\ Nt7]t(’)’—/1/t7]t)+
VLY — i)+ =/ Nea (v — pea) </ Nea(y — pa) + \/2f1(n, §) < \/Qfl(%(S) -

Combining both inequality by using that /N¢ 1, (Y—pee.1,)+ < /Nei(v—pe,i)+ yields /Ny 1, (v—
pr,) < 24/2f1(n,6) , hence Ny, <8f1(n,6)AT7 and Nyy1p, = Nip, + 1.

Case 3. Then, I; € argmin;c(x) /Nei(v — pit,i)+ = {i € [K] | pni = v} . Therefore, we have
Y = g, < pr, + 1/2f1(n,6)/Nn,1n . Since I; ¢ I;hr(,u) , we obtain IV; j, < 2f~’1(n,6)A;3t and
Nt+1,1t = Nt,ft +1.

Summary. Combining the three above cases yields the result.

F.5 Proof of Lemma 6.9

= 2 ~ ~
Let i € T (1) N Up(n, 6) . Then, Noi > (1/2f1(n,0)A52 +1) > 2fi(n,0)AS7 . Under &5,

we have max e fnj > fini > Hi — \/2f1(n,8)/Ny; > v, hence

in = I, € argmax \/ Ny i (tn,i —7)+ -

1€[K]
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Suppose towards contradiction that I,tyhr(,u)[3 N arg max;cx) /Nni(kni —7)+ # 0. Leti €
Ifyhr(u)c Narg max;c(x] /Nn,i(fini —7)+ # 0. Itis direct to see that p1,; > 7, otherwise there is
a contradiction. Then, using thati € ffyhr(u)c (ie. s <), wehave forall j € T8 () NU,(n, 5)0

V21(0,8) = \/Nui(ts = ) + /21 (0,8) > \/NoiCpin = 7) = /Nl = )+ -
Noj(tng = 1)+ = \/Naji(peg =) =\ Naji(ps =) = \/2f1(n,8) /Nn
> (VMg =1) (s =) > V/2a(n.0)

Since i # jand \/Npi(ftni—7)+ > /N (ftnj—7)+ , combining the above yields /2f1(n, §) >
\/2f1(n, d) which is a contradiction. Therefore, i,, € arg maxX;c (k] v/ Nn,i(ni —7)+ C f;hr(,u) .

F.6 Proof of Lemma 6.10

Let (D;(n,9));c[x) as in Lemma 6.8. Combining Lemmas 6.8 and 5.7, we obtain

n

> 1 () S Uiln,6)) < Y Di(n,6).
t=K+1 ie[K]
Foralli € Ifyhr(u) , let us define ¢;(n, §) = max{t € (K,n]NN|i € Ui(n,0)} . By definition, we
have i € Uy(n,d) for allt € (K,t;(n,d)] and i ¢ U(n,d) for all t € (t;(n,0),n] . Therefore, for
all t € (K, min;ezin(, ti(n, 0)] , we have I () C Uy(n, 6) and 8 (p) N Uy(n, 8)C # 0 for all
t> maxX;ec[K] ti(m 5) , hence

min (t(n,0) = K) = > 1(Z%(u) CUi(n,6)) < 3 Di(n,4).

; th
ZEIA/ lr(,U') t=K+1 IE[K]

Let S,,(6) defined as in the statement of Lemma 6.10and n > S,,(9) . Using that (a+1)? < 2a%+2,
we have S,(9) > sup {n |n < 3icrr) Di(n, 6) + K} . Then, we have n — K > 37, c1x Di(n,6) >
min; ez (ti(n, §) — K) , hence n > min;egyn ) ti(n, 8) and Z8* (1) N Un (n, 5)¢ +# 0. Using
Lemma 6.9, we obtain that 7,, € I;hr(,u) . This concludes the proof.

F.7 Proof of Lemma 6.11

Using Lemma C.9 for s = 2, we can show that

fng — pil >4/ 2¢(n — 175)> <d,

P (Hn €N, Ji € [K], \/Nn,
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where ¢(n,d) as in (6.4) since 2log(mw?/6) +5 — 4log(4) < 1/2.

For GAI we have £ (n) = {i, € {0} U ([K] \ Z'™ (1))} when Zt" (1) # 0, otherwise
E(n) = {in # 0} when Z"(11) = § . Using the stopping time 7"y := min(7s 5,7< ;) where
T> 5, T< s are defined in (F.7), it is direct to show that

{r thr<+oo}ﬂgerr thr U U {\/7“%11 il > (n—l,é)}.

neNie[K

This concludes the proof.

F.8 Proof of Theorem 6.12

When combined with the GLR stopping (6.3) using threshold (6.4), APGAI becomes dependent
of a confidence § € (0,1) . Let s > 1 and

£, = {w € [K],Vt < n, s — il < zfl(n)/Nt,i} , (F.1)

with fi(n) = (1 + s)logn . Using concentration arguments, we have ), P,(EL) < K((s)
where ( is the Riemann ¢ function. Using Lemma 2.25 in Chapter 2, the proof boils down
to construct a time 7),(6) > K such that &, C {Tf/hg < n} for n > T,(9) since it yields that
E,[71%] < T,(5) + K((s) . Taking s = 2 yields the result.

As for the proof of Theorem 6.2, our main technical tool is Lemma 6.3, and we distinguish
between instances y such that ffyhr( p) = 0 (Appendix F.8.1) and instances y such that ffyhr( w) #
) (Appendix F.8.2). It is direct to see that Lemmas 6.6 and 6.10 can be adapted to hold for &,
and fi(n) = (1 + s)logn . Using an inversion result (Lemma E.5 in Appendix E.8), we state
those results in a more explicit form and omit the proof for the sake of space.

Lemma F.1. Let i € R such that T () = O and p; # ~ forall i € [K]. Let s > 1. Let
T, = h1(18(1 + s)H1 (), K) where hy is defined in Lemma E.5. For all n. > T}, , under the event
En asin (E1), we have Ny, ; > 2f1(n)A;’%for alli € [K].

Lemma F.2. Let y € RY such that Ifyhr(u) # Oand p; # ~foralli € [K|. Let s > 1. Let
Sy = h1(4(1 + s)Hy(p), K + 2|Z8(p)|) where hy is defined in Lemma E.5. For all n > S,
, under the event £, as in (F.1), we have i, € T" (i) and there exists i € T (i) such that

Nii > (A7 ;v/2fi(n) +1)?

Theorem 6.12 is obtained by combining Lemmas F.4 and F.6.
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F.8.1 Instances Where Z'™ (1) = )

When If{hr(u) = (), we will have Tfﬁ{ = 7. 5 almost surely and, for T' large enough, i,, = () and

I, € argmin,c(g /Np.i(Y — tini)+ - Lemma F.3 formalizes this intuition.

Lemma F.3. Let s > 1. Let T, = hq(18(1 + s)H1(u), K') where hy is defined in Lemma E.5. For
alln > 1T, , I, € arg min, e g, V/Nui(v = pin i)+ and 2, = O . Moreover, we have 7-}:‘({ =T<s

almost surely.

Proof. LetT), asin Lemma 6.6. Let n > T}, . Using Lemma 6.6, we obtain that V,, ; > 21 (n)A;f
forall i € [K]. Then, under &, as in (F.1), ptn; < pi +1/2f1(n)/Ny,; < yforalli € [K], hence
max;e(g] Uni < ¥ - Using the definition of the sampling rule when max;c(x7 in,i < 7y, for all
n > T, ,we have I;, € arg min;¢ g VNii(y = pin,i)+ and 2, = 0. A direct consequence is that
755 = 400, hence 7 ; = 7! almost surely. [ |

When coupled with the GLR stopping (6.3) using threshold (6.4), Lemma F.4 gives an
upper bound on the expected sample complexity of APGAI when T (1) = 0.

LemmaF.4. Let ¢ € (0,1). Combined with GLR stopping (6.3) using threshold (6.4), the APGAI
algorithm is 5-correct and it satisfies that, for all v € DX with mean y such that I;hr(,u) = () and
Ay min > 0, By [T4] < C,(8) + K7°/6 + 1 with Hy () as in (6.1) and T,, = h(54H; (1), K)
with hy is defined in Lemma E.5 and

n— 2 2
Cu(0) = sup {nl 2H1(€“) < <\/C(n—1,5)+\/310gn> & (7—i€nl['l(ll]m> —310gTu}
=sup{n | n < 2H;(u)(y/c(n — 1,8) + /3logn)? + D1 (1)} ,

2
where Di(p) = T, + 2H1 () (,Y — min;e g m) — 6H1(p)logT), . In particular, it satisfies

lim sups_, E,,[T;fg]/log(l/é) < 2H;(p) .

Proof. Let T, as in Lemma F.3. Let n > T}, such that &, N {T&i{ > n} holds. Letw € Ak
such that w; = A;fH 1(p)~! for all i € [K] . Using the pigeonhole principle, at time n there
exists i1 € [K]such that N,,;, — Nr, 5, > (n —Tp,)w;, . Letn > T, + (min;e(r) wi) ™', hence
we have N, ;, — Nz, > wy, / min;egyw; > 1. Therefore, arm ¢; has been sampled at least
once in (T, n) . Lett;, € (T,,n) be the last time at which arm i; was selected to be pulled

next, ie Iy, =1 and N, ;, = Nt 41, = Ni + 1. Since t;, > T}, , Lemma F.3 yields that

iq901
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i1 = Iy, € argminge(g) /Ny, i(r— ,utz.l,i)Jr . Moreover, we have

2f1(T,) — T, Hi ()™
A2

751

Ny

= Nn,il —-1> (n — Tu)wil + NTuﬂ;l — 12> nw; + -2,

iq901

where we used that N7, ;; > N7, 114, — 1> 2 [T, + 1)Ai_12 and f is increasing. Under &, as
in (F.1), using that i; = I, € argmin;e gy /Ny, iy — ,util,l-p , we obtain

\ Ntil,il (’7 - /’Ltil,il)+ Ry Ntil,h (7 - :util,il) > \/ Ntil,il (’7 - Nil) - 2f1(n)

2\/(”“’11(7 ,un) +2f1(TM)_TH1( )_ _27 Nz1 \/2f1
= /(0 = T Hi(p)~! +21(T,) — 20y — )2 — /21 ()

Since i1 = Iy, € argmin;e(g) /Ny, i(7 — f1t;, i)+ , using that the condition of the stopping rule
is not met at time ¢;, yields

\/ c(n —1,6) \/ tiy ) > Jrél[ln] Ntzlyj Y- Mtn:] =/ Ntil,il (v — /Lt¢17i1)+ hence
V2e(n —1,6) WL— L 21(Ty) — 20y — )2 — /21 (n)

Using i, > min;c() pi , the above inequality can be rewritten as

2
n=T, <2 (yfeln — 1,8) 4 /i) Hiw) + 28 () (w min 1;)? fm)) .

€[K]

Let us define

2
C(6) = sup{n s < (V=19 + A ) + (= min ? - f@)} .

Itis direct to notice that 7}, + (min;e g w;) ™! = Tp,+ (v —minge ) ) *H1 (1) < C,(6) . Therefore,
we have shown that for n > C,(0) + 1, we have &, C {75 < n} = {7} thr < n} (by using
Lemma F.3). Using Lemma 2.25, we obtain E, [7, thr] < Cu(6)+ K((s)+1. Takmg s = 2, using
that ¢(2) = 72/6 and f1(n) = 3logn yields the second part of the result. Direct manipulations
show that

E thr
lim sup I 7’5} m sup Cuul9)

<limsup — "=

§—0 log(l/d) §—0 log(l/d)

According to Lemma 6.1, we have proven asymptotic optimality and Lemma 2.2 gives the
d-correctness of the APGAI algorithm.

< 2Hq ().
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F.8.2 Instances Where Z'™ (1) # ()

When I,tyhr( ) # 0, we will have Tth(;r = 7 5 almost surely and, for T"large enough, i, = I, €
Arg MaX;e7ehs(;,) | /Np.i(tn,i —7)+ . Lemma E.5 formalizes this intuition.

Lemma F.5. Let s > 1. Let S, = hi(4(1 + s)Hy(p), K + Q\I,tyhr(,u)D where hy is defined in
Lemma E.5. Foralln > S, , &, = I,, € arg MaX;c7thr(,,) V' Nn,i(fin,i — v)+ . Moreover, we have

T = 7o 5 almost surely.

Proof. Let S, as in Lemma F.2 Let n > S, . Using Lemma 6.10, there exists i € f;hr(,u) such
that N,,; > 2f; (n)A;f . Then, we have ji,, ; > p; — \/2f1(n)/Np; > v, hence maX;e|x] Hn,i > Y
. Using Lemma 6.9 and the definition of the recommendation rule when maX;e(g] Hn,i > 7Y , We
obtain that i, = I,, € Ifyhr(,u) . Using the definition of the sampling rule when max;cx] fini > v
,foralln > S, , we have i, = I, € arg MAX;eTthr () | /Np.i(tn,i —7)+ - A direct consequence is

thr

that 7. 5 = 400, hence 7. 5 = 7§ almost surely. [ |

When coupled with the GLR stopping (6.3) using threshold (6.4), Lemma F.6 gives an
upper bound on the expected sample complexity of APGAI when If{hr(u) #0.

LemmaF.6. Let 6 € (0,1). Combined with GLR stopping (6.3) using threshold (6.4), the APGAI
algorithm is 6-correct and it satisfies that, for all v € DX with mean y such that I;hr(,u) # () and
Ay min > 0, B, [T] < C\(6)+ K7? /641, where H, (i) as in (6.1) and S, = ha(12H1 (), K +
2\I§hr( )|) with hy is defined in Lemma E.5 and

n—5,—1 2 3log S
C,(0) =supin| ——t—— < (\/c(n—1,5)+\/3logn) - a }
%) { | 2H, (1) Hy (1) max; ez () A7 ;
= sup{n | n < 2H,(1)(y/c(n — 1,0) + v/3logn)? + D

where D.(p) = S, + 1 — __OlogSy In  particular, it satisfies

_ AZ,
e Tthr () S

lim sups_,o Ey 73]/ log(1/8) < 2H, () .

Proof. Let S, as in Lemma F.5. Let n > S, such that £, N {7 > n} holds. Using Lemma E.5,
we know that I; € I;hr(u) forall t € (S,,n|. Direct summatlon yields that

n=Sp= Y (Nai=Ns)+ > T(LgZMw)= > (Nui—Ng.).

i€T () te(Spn] i€T ()
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2f1(Su+1)

Attime S, +1,leti; € I;hr(u) as in Lemma F5, i.e. such that Ng, 1, > (s 23 - Using that
f1 is increasing, we obtain
2f1(S,+1 2f1(S
Z NSu:jZNSu+1’il_l>M_1Z ( éi) )2—1.
JEThT (1) Hiy =7 MaX;ethr () \Hi =Y
Therefore, we have shown that izt (uy Nni = n— g(S,) with g(S,) =S, — m%% +1

ax. A=
€T () i

. Let A, = [T (p)| and w € A4, such that w; = (u; — ) 2Hy(p) " with H,(u) as in (6.1).

Using the pigeonhole principle, there exists iy € I;hr(u) such that N, ;, > wi,(n — g(S,)) =

A%QHy(u)_l(n —g(5,)) . Let us define E,(6) = sup{n | n < ¢(S,) + 2H, (1) f1(n)} and let

n > E,(0) . Then, we have N, ;, > A;)ZHW(M)_I(R —g(Su)) > 2f1 (n)A;O2 , hence p,, 5, > 7.

Using that the condition of the stopping rule is not met at time 7", we obtain

2¢(n —1,6) > max Nii(kni = M+ = A/ N (Bnio — )+ =/ Nasio (Bnio — ) -

Then, we obtain

V2e(n = 1,6) > /N g (11ig — %) = \21(n) > \Jn = g(Sy)/wig (ig — 1) = /2f1(n)

= \Jn— g(S)H, (02 — 211 (n)

2
The above can be rewritten as n < 2 (\/c(n -1, ++Vh (n)) H, () + g(Su) . Using that
9(Su) = Sy — L“)z + 1, let us define

max . AZ .
iethr () Sy

n— B 2
Dy(8) = sup {” i < (Ve =1+ ne) - mﬁi(i;)w AQ} |

It is direct to see that D,(0) > E,(6) > S, . Therefore, we have shown that forn > D,(§) + 1,
wehave &, C {r> 5 <n} = {T;hg < n} (by using Lemma F.5). Using Lemma 2.25, we obtain
IEZ,[Tfolg] < D,(0) + K((s) + 1. Taking s = 2, using that ((2) = 7%/6 and f1(n) = 3logn yields
the second part of the result. Direct manipulations show that

E [Tthr

. v . D, (9)
lim su 107 < lim su K <2H .
P (og(1/6) = VRSP fog(1/5) = 2 (W)
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Appendix G

Complements on Chapter 7

G.1 Proof of Lemma 7.2

As explained in Section 1.4.1, change of measures with a low-level form (involving probabilities
and not expectation) is key to deriving a lower bound on the sample complexity of e-BAI
[Garivier and Kaufmann, 2021, Degenne and Koolen, 2019]. We use Lemma 19 in Degenne
and Koolen [2019], which is proven using (1.4).

Lemma G.1 (Lemma 19 in Degenne and Koolen [2019]). Let z € Z . Let w and

A1, -+, Ak be a minimax witness from Lemma G.2, and let us introduce the abbreviation

aq = |0 = Xperx) Wk |2+ forall a € A. Fix a sample size n, and consider any event A € F, .
—nTe(v,2)" 1= _ -2

Then, for any 8 > 0, maxye () Pa, (A) > e™" (v2)=" =5 (IP’Z,(A) exp (%maxaeA aa)) , where

To(v,2)"L = supyew, infrc—rs 10 — AlIZ, -

We rewrite Lemma 2 in Degenne and Koolen [2019] in the setting of (¢, §)-PAC BAI for
transductive linear bandits with Gaussian distribution.

Lemma G.2 (Lemma 2 in Degenne and Koolen [2019]). For any answer z € 2
, the divergence from v to —.z equals To(v,z)™' = sup,es, infrc-: [0 — Af. =
infp maxse 4 Exp {HH - )\HiaT} where the infimum ranges over probability distributions on —.z
supported on (at most) K points.

We will bound the expectation of the stopping time 75 through Markov’s inequality. For
alT > 0,E,[r5] > T (1 =P, (75 <T)). The event {75 < T'} can be partitioned depending
on the answer whether the answer is e-optimal or not, and then whether it’s z*(#) or not. By
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Complements on Chapter 7

hypothesis,

P, (15 <T,2¢ 2.(0)) <P, (15 < +00,2 ¢ Z:(0)) <0
0<UmP, (15 <T,% € 2.(0) \ 2*(0)) < im P, (15 < +00,5 € Z-(0) \ 2*()) = 0.
6—0 6—0

Then, it is direct to show that lims 0P, (75 < T) < > oear (6
z€2z5(0),wand Ay, ---
any 5 >0

hm(gﬁo]P) (T5 < T,2 = 2:) . Let
, A\ be a minimax witness from Lemma G.2. Then by Lemma G.1, for

T _ 32
P, (rs <T,2=2z) <exp (T(V 2 +5) ;IGI%P/\,C (16 <T,2=2z)+exp <6>
€ 9

2T maxgec A Qg
T —B?
<6 _ S
= 0O (Ta(w R ) e <2T max,e A aa>

where the second inequality uses that A\, € —.z for all k¥ € [K], hence z € 2*(0) C Z\ Z.(\x)
and that the strategy satisfies P) (75 < +00,2 ¢ Z.(\)) < d forall A € M . Let o« = max,ec 4 aq

Forn € (0,1), T = (1~ n) mitie.e o) To(v, 2) 108(1/8), B = 5 oo — oy loa(1/0)
and all z € 2*(0) ,

T, Z

)

n _Tlog(1/9) 4 exp " log(1/0)

VI=n\ min,c.p) T (v, 2) 8(1 = n) min,e.(g) T=(v, 2)ox
2

<(5exp( 1—n/2)log - )—i—exp( n”10g(1/9) )

\ A

t N

8(1 - 77) minzez*(@) TE(V7 Z)a
_ 57)/2 + 51 /( (1-m) min, ¢ *(g) Tg(u,z)a) —50 0

z) . Since we have shown lims_,o P, (15 < T') =0

where we used that min. ¢ .«(g) T2 (v, z) < Te(v,
) , we obtain

for T' = (1 — n) min ¢ «(p) T=(v, 2) log(1/d

E, [7-6] . .
il —— _(1- < > (1— — <
i fog(1/0) = i ogtizey LB (e = T) 2 (L—m) min Te(v2) <1 Hm Py (75 < T)>

—(1— in T, .
( n)zgy(l@) (v, 2)

Taking n — 0 concludes the proof.
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Appendix H

Complements on Chapter 8

H.1 Proof of Lemma 8.3

Since Slater’s condition holds, the KKT conditions are necessary and sufficient for global
optimality. Let A > 0, a € R and y € RZ ™! be the dual variables for the Lagrangian

L(g,w; N a,y) =+ A (Z W — 1) =Y aqwat Y. (¢ — Ce(z,ziv,w))
acA acA z€Z\{z}

Using the complementary slackness condition, we have v, (¢ — C.(z,z;v,w)) = 0forall z # = .
Combining it with the stationarity condition for arm a , we obtain

A= a, + Z %W hence (/Z\):O;;z+ Z & "Yx. )805(26,:6;1/,11;)‘
z€Z\{z} Wa ze2\{z} e\ TV, W Wq

Multiplying by w, and using that o,,w, = 0 yields that

Wq

A Z Wq 0C(z,z;v,w)
N e (z,x;v,w) Ow, '

¢ zeZ\{z} €

Weq 0C: (Z,x;u,w)
(z,z;v,w) Owg

Using that 3,c qwa = 1 (since A > 0) and > c4
equations yields that A = ¢ 3°,c 2\ 1.} 7= - By scaling, we can consider 7, = 72 (X, 2\ 12} Vo)t
forallz € Z\ {z},iey€ Xz 1.

, summing those

This completes the proof for the necessity of the conditions in the theorem for optimality.
Those conditions are also sufficient since it is direct to construct dual variables such that the
KKT conditions hold.
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H.2 Proof of Lemma 8.4

As in Lemma 2.5, the goal is to explicit the dual variable v € ¥7_; from Lemma 8.3 by using
the KKT conditions. The crucial difference lies in the fact that the optimal allocation has no
reason to be densely supported. Since min,c 4 w, = 0, some Lagrangian multipliers «, might
not be null while other Lagrangian multipliers 7, might be null.

Let Ay = {a€ A| a, =0}and Z; = {x € Z\ {2z} | 7% > 0}, hence we have
¢ = Ce(z,z;v,w) for all x € Z; and, foralla ¢ A; , w, = 0. Then, we obtain A =
>eez, %w for all a € A; . Multiplying by w, and summing over .4; yields that

A—vazwaﬂ > wCelzmvw) = Y no=0.

T€EZ ac A1 T€EZ T€EZ

This completes the proof of the necessity of the conditions. Those conditions are also sufficient
since it is direct to construct dual variables such that the KKT conditions hold.
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List of Notation

Acronyms and Abbreviations

a.s. almost surely

e.g. exempli gratia, means “for example”
ie. id est, means “that is”

iid. independent and identically distributed
Lh.s. left hand side

r.h.s. right hand side

s.t. such that

w.r.t. with respect to

BAI Best Arm Identification

GAI Good Arm Identification

GLR Generalized log-likelihood ratio

KL Kullback-Leibler

MAB Multi-Armed Bandits

General Notation

[K] Set of integers {1,--- , K}

X ~v The random variable X has distribution v

P,(&) Probability of a random event £ under distribution v
E,[X] Expectation of a random variable X under distribution v
1(&) Indicator function of an event £

e Complement of a set X

X Interior of a set X

0,0,0and © (6,0,Qand 6 ) Landau’s notation (up to polylogarithmic terms)

¢ Riemann ¢ function, {(s) := 37> n=* forall s > 1
Wo, W_q Positive and negative branches of the Lambert W function, W(x)ew(m) =z
Wo,W_4 Transform on the Lambert W function, W;(x) := —W;(—e~%) forall z > 1
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List of Notation

{ei}ie[d]
diag(r) € R4*4
Span(.A)

I, € RIxd

\Yal
Distributions
Yk

D
Dy

inf

KC

inf

P<Q

Function defined in (B.1)

Cartesian product between vectors, (z,y) = > ,c (g Ti¥i

Closure of set X

Boundary of set X

tynorm, eg. [lzlly = v/ (z, x) , el = ierq il 7]l = maxieqa [l
Positive part, max{z,0}

Cartesian product between sets or distributions (X;);c(x)

Design matrix, . 4 wq aa’

Indicator vector foraset A C [d] , 14 = (1 (i € A))ie[q)
Canonical basis of R, e; = (1 (j = 1)) je(a)

Diagonal matrix for a vector z € R?

Span of a set of vectors A

Identity matrix

Moore-Penrose pseudo-inverse of matrix V'

(K — 1)-dimensional probability simplex, Xk := {w eERE |w>0, Dielk] Wi = 1}
Set of distributions

Set of Gaussian distributions with unknown variance

Set of Gaussian distributions with variance o2

Set of o-sub-Gaussian distributions

Set of Bernoulli distributions

Probability distributions over R

Upper bound for bounded distributions

Set of bounded distributions on [0, B]

One-parameter exponential family

Dirac distribution at «

Kullback-Leibler divergence

Mean-parametrized Kullback-Leibler divergence

Mean-parametrized Kullback-Leibler divergence of the Bernoulli family
Mean operator, m(v) = Ex ., [X]

Infimum of KL divergence r.h.s., K (v, u) := inf{KL(v, k) | k € D, m(k) > u}
Infimum of KL divergence Lh.s. , K ;(v,u) := inf{KL(v, k) | K € D, m(k) < u}

Q absolutely dominates IP
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List of Notation

]P)X

Push-forward measure of a random variable X under probability P

Multi-Armed Bandits

KeN
i€ [K]
v; €D
ve DK
ITCR
MCR?
i €T
o? eR,
peIk
JzeRf
px €L
(1) € [K]

Number of arms

Arm

Distribution of arm i

Vector of distributions, v := ()|

Set of possible means for the arms, Z = {m(v) | v € D}

Set of possible mean vectors

Mean of arm ¢, p1; = Ex.p, [ X]

Variance of arm i , 02 = Ex ., [(X — 11;)?]

Vector of means, i := (ui)ic|x)

Vector of variance, 0 := (07);¢(x]

Largest mean, p, := max;c (k] Hi

Set of arms with highest mean, i* () := arg max; ¢k fi;

Arm with highest mean when unique (i.e. best arm), i*(u) = {i*}
Gapofarmi, A; := p1, — p;

Smallest strictly positive gap, Amin (1) := ming g« () (s — 110
Minimum gap between any arm, Anin(p) := min, ;i — ;]
Largest gap, Apax = maX;c(x) (s — 147)

Set of alternative parameters s.t. i is not a best arm, =i := {\ € ZK | i ¢ i*(\)}

T*(v), T5(v) € Ry Asymptotic ( 3-)characteristic time for BAI

w*(v) , wi(v) € Xk Asymptotic ( §-)optimal allocation for BAI

e € Ry
Z.(p) C [K]
™ (p) € (K]

Slack parameter for e-BAI (additive or multiplicative)
e-good arms (additive) for u, Z. (1) == {i € [K] | A; < e}

e-good arms (multiplicative) for p, Zm% () := {i € [K] | Ai < epy}

T:(v),T.5(v), Tc g(v,i) € R Asymptotic ( 3-)characteristic time for e-BAI (w.r.t. arm i € Z. (1) )

we (V) , we (V) , we g(v,1) € L Asymptotic ( 5-)optimal allocation for e-BAI (w.r.t. arm i € Z.(p) )

vyeR
¢ (n) C [K]

Threshold parameter for GAI

Good arms w.r.t. the threshold ~ for the vector of means

C(i,5;v,w), Ce(3, j; v, w) Transportation cost between arm ¢ and arm j w.r.t. (v, w)

ir(v),ip(v,w)

Strategies
n,TeN
5 €(0,1)

Set of (instantaneous) furthest answers for bandit instance v (resp. w.r.t. w )

Time or budget

Confidence atlevel 1 — ¢
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List of Notation

T5 ) Tes Tfyhg € N Sample complexity, i.e. stopping time at confidence level 1 — ¢ for ( e-)BAI and GAI

c(n,d) € Ry
I, € [K]
Np; €N
tni €R
B, € [K]
C, € [K]
Xnr, €R
Fn

in € [K]
T,(i,j) € N
T.(i) €N
N} ;€N
Be(01)

Stopping threshold function at time n at confidence level 1 — §

Arm sampled at time n

Number of pulls of arm i before time ., Ny ; := 3,y 1 (1t = 4)
Empirical mean of arm i before time n, p,, ; := N;} Zte[n—l] 1l =14) X,
Leader answer at time n

Challenger answer at time n

Sample observed at the end of time n , X,, 1, ~ vr,
History before time n , o-algebra 7,, :== o(U1, 11, X1,1,, -+ In—1, Xn.1,,_1,Un)
Answer recommended before time n

Counts of (B¢, C;) = (i, j) before time n , T,,(7, j) := Zte[n—l] 1((Bt, Ct) = (4,4))
Counts of i € {By, C} before time n, T, (i) := 3 ;¢ (,—1) 1 (i € {By, Ci})

Counts of (By, Gy, I) = (i, j, j) before n, Ny, . := 3", 11 ((Be, Co, It) = (4,5, 7))

Fixed proportion

Wi(i,5) , Wen(i,j) Empirical transportation cost for the pair of answers (i, j) before time n for ( e-)BAI

Bn(is j) € (0,1)
Un
Bn(i,j) € (0,1)
£ (n)

Linear Bandits
deN

0eM
ACR?

ae A

ZCRY
z€Z

Z eN

Ha , pz € R
2*(0) C Z

-z C M
zr(0) C Z
zr(0,w) C Z
I, e A

Zn€Z

6, € R4

LXGR:_

IDS proportion at time n for the leader/challenger pair (4, j)
Empirical estimator of v
Averaged IDS proportion, 3, (i, 5) := T}, (i,5) " Yteim—1 L (Bt Cr) = (i,5)) Be(4, )

error event at time n, i.e. 7,, is not a correct answer for p

Dimension

Regression parameter

Set of arm vectors

Arm vector

Set of answer vectors

Answer vector

Number of correct answers, Z = | Z|

Mean of an arm or an answer, u, := (0, a) and p, := (0, 2)

Set of answers with highest mean for the mean vector 6, z* () := argmax, z (0, z)

Set of alternative s.t. z is not an e-good answer, .z := {A € M | z ¢ Z.(\)}

Set of furthest answers for the mean vector 6

Set of furthest answers for the mean vector # and the allocation w

Arm sampled at time n

Answer recommended before time n

Ordinary Least Square (OLS) estimator before time n , 0,, := V]\;Ll Zte[n—l] Xt 0t

Maximum ¢3-norm of an arm vector in X', Ly := maxgcx [|al|,
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