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ABSTRACT

We live in an uncertain world, intermittently making decisions based on the knowledge we
have accumulated so far. In such a world, how to make decisions to mitigate regrets is probably
one of the most pressing concerns. In today’s information-oriented society, such expectations
are not limited to people, but also to computers that are programmed to maximize gains. Given
such universal sequential decision-making problems under uncertainty, what decision-making
procedures would be desirable in order to minimize regret?

A bandit problem is one of the most fundamental models in the field of statistical machine
learning for dealing with such a sequential decision-making problem under uncertainty. In this
problem, the learner sequentially selects an action from a given set of actions under the assump-
tion the learner incurs and observes the loss for the selected action, and the goal of the learner
is to minimize the cumulative loss. Instead of the cumulative loss, it is typical to consider the
regret, which is the difference between the cumulative loss incurred by the learner and that of an
optimal action. The most basic model of the bandit problem, the multi-armed bandit problem,
was invented in the 1930s with clinical trial applications in mind. This model has been stud-
ied separately in two very different streams: the stochastic regime in which losses are obtained
according to a certain distribution, and the adversarial regime in which arbitrary bounded loss
vectors are given. Later, around 2010, with the rapid development of Internet technology and
its accompanying web advertising, the bandit problem and its algorithms have been extensively
investigated, broadening their scope of applications.

In the course of this development, it became clear that the simple multi-armed bandit problem,
which does not take into account the correlation between actions and the information available at
each time, cannot effectively make decisions in highly complex real-world problems. To address
this issue, a new framework, commonly called structured bandits that appropriately incorporates
the structure of the problem under investigation, has been actively investigated.

Adaptivity of algorithms is one of the most fundamental keywords in statistical machine learn-
ing, playing an important role in improving the performance of bandit algorithms. While bandit
algorithms have historically been designed for a certain worst-case scenario, recent adaptive al-
gorithms are based on the idea that performance can be improved by making decisions adaptively
to an underlying structure and loss sequences.

An important example of adaptability is adaptation to loss distributions in the stochastic
regime. While most existing algorithms aim to attain a favorable regret upper bound assum-
ing that the underlying distribution is the most unfavorable one to the learner, such distribution
is rarely encountered in real-world problems. Hence, an adaptive action selection procedure with
respect to the distribution behind losses is expected to yield better performance than an algorithm
that aims to improve performance for the worst-case distribution.

A second important example of adaptivity is data dependence in the adversarial regime. In
the adversarial regime, as well as in the stochastic regime, a large number of algorithms have been
developed that perform well for a loss sequence that is very annoying for the learner. However,
losses in real problems have good properties. For example, a loss vector has almost the same
value as in the previous time, or losses for the optimal action are close to zero. Therefore, it can
be expected that an algorithm that works adaptively to such quantities should perform well in
practice.

A third important example of adaptivity is best-of-both-worlds. When employing a bandit
algorithm in a real-world problem, it is often the case that the underlying environment is unknown.
Moreover, it is known that algorithms for the stochastic regime suffer from a linear regret in the
adversarial regime, and classical algorithms for the adversarial regime perform much worse in the
stochastic regime than algorithms for the stochastic regime. Therefore, it is desirable to achieve
optimality in both environments without knowing the underlying environment, and an algorithm
with such a property is called a best-of-both-worlds algorithm.

Despite the importance of such adaptability in applying the bandit algorithm to real-world
problems, it has not been sufficiently investigated in the structured bandit problem, which has
expanded its field of application significantly in recent years. In this dissertation, to overcome this
limitation, we aim to realize the three adaptive properties in several structured bandit problems.
We deal with the following problems: online learning with full information, multi-armed bandits,
combinatorial semi-bandits, and partial monitoring. The organization of this dissertation is as
follows.



In Chapter 1, we review the history of the bandit problem and then provide a concise back-
ground and contributions of this dissertation.

In Chapter 2, we present the fundamentals of the bandit problem, its algorithms, and the
detailed background of this dissertation. First, representative results for the stochastic and adver-
sarial regimes are presented, and in particular, the theoretical framework of the algorithm that
plays a major role in this dissertation is detailed. We then review the history of adaptivity in the
bandit problem, and in particular, the best-of-both-worlds property. Finally, we introduce some
important examples of structured bandits and their concrete applications.

Chapters 3 through 6 are the main results of this dissertation.

In Chapter 3, we consider partial monitoring in the stochastic regime. Partial monitoring
is the setting in which the learner can observe only abstract feedback symbols instead of losses
and includes many important problems as special cases, such as the multi-armed bandit problem,
dynamic pricing, and efficient label prediction. To further the applicability of partial monitoring,
we aim to construct an algorithm that is adaptive to distribution and empirically powerful. We
design an algorithm based on Thompson sampling, known for its splendid empirical performance
in some bandit problems, and show that the algorithm can achieve a logarithmic distribution-
dependent regret bound.

In Chapter 4, we continue to focus on partial monitoring and investigate best-of-both-worlds
adaptivity for it. Existing best-of-both-worlds algorithms have been constructed only for rela-
tively simple bandit problems, and it has been left unclear whether best-of-both-worlds can be
achieved in a setting where only abstract feedback can be observed. To obtain a best-of-both-
world algorithm for partial monitoring, we base our study on the follow-the-regularized-leader
framework, which was first established as an algorithmic framework for the adversarial regime
and emerged as a representative approach to constructing best-of-both-worlds algorithms. To ap-
ply this framework to partial monitoring, we advance the theory of adaptive learning rate and that
of determining the action selection probability by optimization, which is a technique for main-
taining the stability of the follow-the-regularized-leader. This development allows us to realize
best-of-both-worlds algorithms for partial monitoring.

In Chapter 5, we further develop the follow-the-regularized-leader, a powerful framework
for achieving adaptivity. Looking at the history of the adaptive learning rate of follow-the-
regularized-leader, one can see that it depends on only one of the terms that appear in a regret
upper bound, either the stability term or the term related to the strength of regularization. How-
ever, the induced property by adapting to each term is different from each other. Based on this
observation, we establish an adaptive learning rate framework that depends on each of these terms
simultaneously. We demonstrate that this allows us to simultaneously achieve best-of-both-worlds
and certain data-dependent bounds for multi-armed bandits and partial monitoring, whereas ex-
isting approaches can achieve only one of those adaptivities.

In Chapter 6, we construct an adaptive algorithm for the combinatorial semi-bandit problem in
which the action set involves a combinatorial structure. Existing regret bounds of the best-of-both-
worlds algorithms in the stochastic regime are called optimal, only focusing on the dependence on
the mean of the loss distribution. However, the bounds have a gap with the true optimality that is
determined not only by the mean but also by the higher-order information of the distribution. To
fill this gap and improve the performance of the best-of-both-worlds algorithms in the stochastic
regime by exploiting the higher-order information of an underlying distribution, we develop an
adaptive learning rate in the follow-the-regularized-leader that is adaptive to variances of the
underlying distribution. This allows us to derive a regret upper bound that depends on the action
variance in a stochastic regime and several data-dependent regret upper bounds in the adversarial
regime.

Finally, in Chapter 7, we summarize the contributions of this dissertation and discuss future
research challenges in sequential decision-making problems.
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Chapter 1

Introduction

‘We human beings live in an uncertain world, making decisions intermittently, consciously
or unconsciously, based on prior existing knowledge. Decision-making is not always de-
ductive. We often make decisions by inductively extracting knowledge that is approxi-
mately plausible from the limited information that we have received in the past. It is not
only humans who make decisions. In today’s highly information-oriented world, people
program computers to make desirable decisions. In this way, decision-making problems
under uncertainty are universal in the real world. But, can they be formulated mathemat-
ically in a form that is useful to people? Moreover, to what extent can we make decisions
“adaptively” to empirically available information? This dissertation aims to give partial
answers to these questions using the framework of the bandit problem, the most represen-
tative mathematical model of sequential decision-making problems under uncertainty.

1.1 Statistical Machine Learning and Sequential Decision Making under
Uncertainty

What is the ideal way to make decisions based on the finite amount of experience avail-
able so far? Statistical machine learning is a research field that aims to realize this goal
in mathematically grounded ways. There are three major frameworks in machine learn-
ing: supervised learning, unsupervised learning, and reinforcement learning. Supervised
learning is the problem of finding a function that takes an input as its argument and out-
puts a label as accurately as possible, given a finite number of inputs and labels obtained
according to certain rules. In general, it is common to evaluate the performance of the
function with respect to new inputs. For example, consider the problem of predicting
whether a new input image is a dog or a cat, given images of dogs and cats and labels
indicating which one an image is. This problem is called (binary) classification and is
an example of supervised learning. The problem of dividing a given set of inputs into
multiple sets is called clustering, and is an example of unsupervised learning. Reinforce-
ment learning, on the other hand, has characteristics that differ significantly from these
frameworks.

Reinforcement learning is a general framework of sequential decision-making under
uncertainty. Since there are various settings in reinforcement learning, let us consider one
fundamental formulation here. In this framework, there is an agent and an environment,
and we are initially given the set of states & in which the agent goes through transitions and
the set of actions A (|A| < o) that the agent can take. For each episode t € {1,...,T},
the environment has a function r;: 8 x A — [0, 1] that determines the reward according
to the agent’s state and action pairs, and a transition function P;: § x A — § that gives the
next state. In each episode, the agent sequentially determines what action to take in each
state based on policy : § — P4, receives a next state and reward from the environment,
and then moves to the next state. At the end of each episode, using the experience of the
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Figure 1.1: Overview of reinforcement learning.
previous episodes {1,...,7—1}, policy 7: 8§ — P4, the function that determines what

action to take in each state, is updated. Here, P} is the (k — 1)-dimensional probability
simplex. The overview of reinforcement learning is given in Figure 1.1. For example,
consider the problem where there are 3 x 3 integer lattice points each of which has an
unknown reward, and the agent moves from the start (lower left) to the goal (upper right),
choosing whether to move up or right at each lattice point, so as to obtain the reward as
much as possible. Then, one can see that this problem can be described as a reinforcement
learning problem by appropriately defining the functions given above. To summarize,
the framework of reinforcement learning deals with sequentially obtained data and is
thus considerably different from the framework of supervised learning and unsupervised
learning, in which we make inferences based on a finite amount of data given in advance.

This reinforcement learning framework is developing at an unprecedented rate, es-
pecially in its applications. In Othello, Go, and the computer game Atari, which have
been frequently used for assessing performance of reinforcement learning algorithms
since the early days of the field, it is now possible to achieve performance that far sur-
passes even that of human professionals. Other applications include robotics (Degrave
et al., 2022; Ibarz et al., 2021), machine translation (Wu et al., 2018), and even magnetic
control of tokamak plasmas (Degrave et al., 2022). Furthermore, at the time of writing
this dissertation (April 6th, 2023), ChatGPT, a large-scale language model using rein-
forcement learning from human feedback, demonstrated capabilities that could replace
search engines that have been the most basic means of obtaining information. As such,
the reinforcement learning framework as a sequential decision-making model has been
developed as a modern scientific and significantly powerful technology.

Bandit problems belong to the framework of reinforcement learning. In fact, the
problem corresponds to a reinforcement learning problem where there is only one state,
|8| = 1, and the number of action choices within each episode is one. Despite its seem-
ingly simple setup, the bandit problem can model a tremendous number of important
real-world problems. Because of its simplicity, its theory and algorithms are supported
by a very strong mathematical foundation, and theoretical advances in the bandit problem
are often strongly associated with its numerical performance. Informally, the most basic
model of the bandit problem, the multi-armed bandit problem, is a problem in which k
slot machines are presented and played for a total amount of 7" times to maximize the
cumulative reward. Formally, & arms (or actions) are given at the beginning, and the
learner (corresponding to the agent in reinforcement learning) selects one arm A; € [k]
from these arms. At the same time, the underlying environment (or adversary) deter-
mines losses (negative reward) ¢; = ({41, ... ,Etk)T € [0, 1]k . The learner then suffers
aloss ¢, 4, of the chosen arm and can observe only that loss. One of the most important
characteristics of the bandit problem is that the learner can only observe losses of the
selected arm, and thus there is an exploration and exploitation tradeoff: either to select



an arm that currently appears optimal or to select an arm that has the potential to become
truly optimal. The goal of the learner is to minimize the cumulative loss. Equivalently,
the learner aims to minimize a regret, which is a shifted metric of the cumulative loss,
namely, the expectation of a difference between the cumulative loss of the selected arms
and the cumulative loss of the optimal arm. If the regret of an algorithm is o(7"), then
the loss difference from the optimal choice suffered per round approaches 0 as 7" — oo,
meaning that the algorithm is “learning”.

The origin of the bandit problem dates back to the 1930s when it was invented with
its use in clinical trials in mind (Thompson, 1933). Here, the experimental conditions,
such as drugs and dosing regimen, correspond to the arms, the number of patients cor-
responds to the total round of samples, and the result corresponds to the loss for each
condition. Since then, the bandit problem has been developed in two different streams:
a stochastic regime (stochastic environment) and an adversarial regime (adversarial en-
vironment). The stochastic regime is a setting in which losses (¢;) are independently
and identically distributed (i.i.d.) by a certain distribution decided by the environment,
whereas the adversarial regime is a setting where (¢;) can be arbitrarily determined. The
achievable regrets in these regimes are rather different. For multi-armed bandits with loss
vectors £, in [0, 1]¥, it is possible to achieve O(log T') and O(+/T) regrets for the stochas-
tic and adversarial regimes, respectively, both of which are known to be optimal. While
a number of algorithms have been developed that can achieve these optimal bounds, their
underlying ideas for designing algorithms are rather different (Lai and Robbins, 1985;
Auer et al., 2002b,a), which we will see in the next chapter. An optimal algorithm for the
stochastic regime has the advantage of achieving a very small regret of O(log T') if the
underlying environment can be regarded as stochastic. In contrast, an optimal algorithm
for the adversarial regime can achieve a certain degree of regret even when the underlying
environment is highly unpredictable or can abruptly change. Thereafter, the bandit prob-
lem has been extensively studied since around 2010 due to the rapid advances in Internet
technology and the accompanying rapid development of web advertising.

Over the course of its development, it has become clear that the framework of the
vanilla multi-armed bandits introduced so far is not sufficient to apply it to real-world
problems. For example, consider the problem where users visit a website at regular in-
tervals and we recommend products that they would like to purchase. If we apply the
vanilla multi-armed bandits framework to this problem, each product is considered as an
independent arm, and the product with the highest estimated probability of purchase is
recommended. However, this model totally ignores the features of users and products in
its formulation and does not fully exploit the structure of the problem. Other important re-
alistic problems include the problem setup where the losses cannot be directly observed,
such as the spam/ham decision problem for e-mails, and the problem setup in which the
set of actions has a combinatorial structure, such as the problem of transporting data over
a network graph, both of which cannot be handled by the vanilla multi-armed bandits. To
address this issue, a framework has been investigated that captures the highly complex
real-world problems in a structured manner: structured bandits. The Structured bandit
is a class of problem that incorporates a specific structure into the vanilla multi-armed
bandit problem, it includes partial monitoring, combinatorial semi-bandits, and linear
bandits, which will be discussed in the following, as an instance. In this dissertation, we
focus on this concept that has become very important in recent years. A further detailed
background mentioned here is provided in Chapter 2.



1.2 Major Challenges in Bandit Problems

Adaptivity is an extremely important keyword in the field of statistical machine learn-
ing. Efforts to adaptively exploit the underlying structure of a given problem to improve
task performance can be found in a wide range of setups. These include Lasso (Tibshi-
rani, 1996) that exploits the sparsity of features in linear regression to improve prediction
performance and interpretability, and matrix completion (Candes and Plan, 2010) that
exploits the low-rank property of matrices to complement missing values.

Such adaptivity also plays an important role in the bandit problem to improve the
performance of algorithms. Adaptivity in the bandit problem is based on the principle
that if the sequence of losses has a certain benign structure, the algorithm should be
adaptive to it and achieve a small regret, which will be illustrated below. However, there
has been little amount of studies aiming to construct sufficiently adaptive algorithms for
structured bandits, which have been rapidly advancing in recent years. In this dissertation,
we consider how far we can go in pursuit of adaptivity mainly for structured bandits.

Environment Adaptivity in Bandits What kind of adaptivity can be considered in
the bandit problem? As mentioned above, it is known that in the bandit problem, given a
distribution of losses behind the stochastic regime, it is possible to achieve a distribution-
dependent bound of O(logT'). This type of bounds has been well studied in relatively
simple settings such as multi-armed bandits (Lai and Robbins, 1985; Burnetas and Kate-
hakis, 1996). However, such a distribution-dependent bound has not been sufficiently
studied for structured bandits with complex structures, while a minimax optimal bound
of O(v/T), which is optimal for the worst-case distribution, has been extensively inves-
tigated (Auer, 2002; Abbasi-Yadkori et al., 2011; Chu et al., 2011; Bartok et al., 2011).
Such distribution-dependent bounds that fully exploit the information of the underlying
distribution can be regarded as a certain kind of algorithmic adaptivity.

Another example of adaptivity is a data-dependent bound in the adversarial regime.
As mentioned above, the regret achievable in the adversarial regime is O(v/T'). However,
this bound is a very pessimistic result because one needs to consider all possibilities of
losses in the adversarial regime, and we rarely encounter such a worst-case scenario in
real-world problems. In a practical scenario, a loss vector ¢; at each time may often be
similar to that at the previous time, i.e., {;q >~ {411 4 for all a € [k] (Chiang et al., 2013;
Wei and Luo, 2018), or there could be a setting where the optimal arm a* suffers a loss
0 most of the time, i.e., £;,+ = 0 for almost all ¢ € [T] (Allenberg et al., 2006). Such
settings are clearly benign compared to the most pessimistic cases. In fact, it is known
that we can achieve regret upper bounds that depend on such quantities Zthz 1€: — 1]
O MiN e g] Zthl 444, and regret upper bounds that depend on such quantities are called
data-dependent bounds (Allenberg et al., 2006; Hazan and Kale, 2011; Wei and Luo,
2018; Bubeck et al., 2018).

Another very important example of adaptivity we investigate is the simultaneous op-
timality in stochastic and adversarial regimes. As mentioned above, bandit games are
classified into stochastic and adversarial regimes dependent on how losses are generated,
and in the case of multi-armed bandits, O(log T") for the stochastic regime and O(v/T)
for the adversarial regime are the best achievable bounds. However, in many real-world
problems, we often have no prior knowledge on whether the underlying environment is
stochastic or adversarial. Existing algorithms specialized for the stochastic regime suffer
a linear regret in the adversarial regime, while the classical algorithms intended for the
adversarial regime cannot achieve good performance in the stochastic regime. Hence,
the following question arises. Can we establish a single algorithm that is optimal in
both stochastic and adversarial regimes? Algorithms with such adaptivity are called



best-of-both-worlds algorithms and have been actively studied in recent years (Bubeck
and Slivkins 2012; Seldin and Slivkins 2014; Auer and Chiang 2016; Seldin and Lugosi
2017; Wei and Luo 2018; Zimmert and Seldin 2019, to name a few). What about the
intermediate environments between these two? Many of the real-world problems belong
to environments that are neither completely stochastic nor adversarial. Therefore, it is
desirable to construct an algorithm that achieves good performance in a setting in which
losses are essentially stochastic and some adversarial noise is added to the observed losses
or feedback. Such an environment is called stochastic regime with adversarial corrup-
tions (Lykouris et al., 2018). Despite the practical importance of developing best-of-both-
worlds algorithms with a favorable guarantee in the stochastic regime with adversarial
corruptions, most existing best-of-both-worlds algorithms have only been considered in
relatively simple settings such as the vanilla multi-armed bandits and have not been very
well studied in structured bandits. The precise definitions of the various concepts that
have appeared so far are given in Chapter 2.

1.3 Contributions of this Dissertation

This dissertation primarily explores adaptivity in structured bandits. The major research
results of this dissertation are as follows:

In several structured bandit problems, we can establish bandit algorithms with fur-
ther adaptive guarantees by exploiting properties behind the problem and an under-
lying environment through environment-adaptive regret analysis.

The contributions of each chapter are briefly presented in the following.

1.3.1 Chapter 3: Thompson Sampling for Partial Monitoring

Motivation We begin with partial monitoring, a very generic instance of structured
bandits dealing with limited feedback (Rustichini, 1999; Piccolboni and Schindelhauer,
2001). Partial monitoring is attracting broad interest because it includes a wide range of
problems such as the multi-armed bandit problem (Lai and Robbins, 1985; Auer et al.,
2002b,a), a linear optimization problem with full or bandit feedback (Zinkevich, 2003;
Dani et al., 2008), dynamic pricing (Kleinberg and Leighton, 2003), and label efficient
prediction (Cesa-Bianchi et al., 2005).

Several studies have investigated partial monitoring in the stochasitc regime (Barték
et al., 2012; Vanchinathan et al., 2014; Komiyama et al., 2015a). However, all of these
algorithms only have a guarantee with respect to a worst-case feedback distribution or
need to solve the optimization problem every round to deal with limited feedback, both
of which result in poor performance in a realistic number of rounds. Therefore, we
aim to design and analyze Thompson sampling, which is generally considered to have
the best performance in the stochastic regime, for partial monitoring, with an O(logT')
distribution-dependent bound.

Contribution Using the accept-reject sampling, we propose a new Thompson-sampling-
based algorithm for PM, which is equipped with a numerical scheme to obtain a posterior
sample from the complicated posterior distribution. We derive an O(log T") distribution-
dependent regret bound for the proposed algorithm on locally observable games for a
linearized variant of the problem. This is the first regret bound for Thompson sampling
on locally observable games. Finally, we compare the performance of the proposed al-
gorithm with existing algorithms in numerical experiments and show that the proposed
algorithm outperforms existing algorithms.



1.3.2 Chapter 4: Best of Both Worlds Algorithms for Partial Monitoring

Motivation While Thomson sampling is a very strong algorithm in the stochastic regime,
it is known that the algorithm suffers linear regret even in a slightly stochastic regime.
Recall that, as discussed in Section 1.2, it is not often the case that feedback is generated
in a completely stochastic manner. Hence, it is desirable to build an algorithm that per-
forms well not only in the stochastic regime but also in the adversarial regime and in the
stochastic regime with adversarial corruptions. Can we construct such a best-of-both-
worlds algorithm for partial monitoring, which is a very complex structured bandit?

Contribution We resolve this question affirmatively by establishing new best-of-both-
worlds algorithms for partial monitoring. Our algorithm is based on the follow-the-
regularized-leader framework, which was originally developed in the context of online
optimization and recently adopted to achieve a best-of-both-world guarantee in the vanilla
multi-armed bandits. We rely on two recent theoretical advances: a framework of ex-
ploration by optimization, a method for enhancing the stability of algorithms, which is
important in partial monitoring, and a method for adjusting the learning rate in follow-
the-regularized-leader when dealing with indirect feedback. We show that for easy partial
monitoring games, the regret is O((log T')?) in the stochastic regime and O(y/T logT)
in the adversarial regime. Moreover, we show that for hard partial monitoring games,
the regret is O((log T')?) in the stochastic regime and O((T"log T')?/3) in the adversarial
regime, both of which are nearly-optimal in their class of games. We also provide regret
bounds for the stochastic regime with adversarial corruptions.

1.3.3 Chapter 5: Stability-penalty-adaptive Follow-the-regularized-leader: Spar-
sity, Game dependency, Best of both worlds

Motivation As we see in Chapters 4 and 6, follow-the-regularized-leader is a power-
ful tool for exploiting loss adaptivity, which is made possible by properly designing the
learning rate, which is a component of the regularizer in follow-the-regularized-leader,
based on the observations observed so far. Still, looking at the history of adaptive learn-
ing rates, we notice that they are designed to depend on only one of the two components
that appear in the regret upper bound of follow-the-regularized-leader. Then, what if we
could construct the learning rate so that it depends on these components simultaneously?
Would it enhance the adaptivity of follow-the-regularized-leader?

Contribution We answer this question affirmatively by developing a generic adaptive
learning rate that jointly depends on the two components. This result yields algorithms
that have best-of-both-worlds guarantees and data-dependent bounds simultaneously. In
particular, leveraging the new adaptive learning rate framework, we establish the first
best-of-both-worlds algorithm with a sparsity-dependent bound that becomes small when
the underlying losses are sparse. Additionally, we explore partial monitoring and demon-
strate that the proposed learning rate framework allows us to achieve both a best-of-both-
worlds guarantee and a game-dependent bound that becomes small when the essential
difficulty of the underlying problem is easier than the worst-case game, which is often
the case in the practical scenario.

1.3.4 Chapter 6: Further Adaptive Algorithms for Combinatorial Semi-bandits

Motivation In this chapter, we consider combinatorial semi-bandits as one example of
structured bandits. Combinatorial semi-bandits include practically important problems
such as the online shortest path problem and online advertisement placement, and thus it



is important to develop adaptive algorithms for this structured bandit problem. Suppose
that in the ads allocation problem and the online shortest path problem, the losses are
generated in a stochastic manner. In the ads allocation problem, the user click rate is
very small, and in the shortest path problem, there is basically no significant change in
the time required to move from a start to a goal. Hence, variances of the distributions of
arms in each problem are considered to be very small. Can we exploit the smallness of
variances by constructing an algorithm with a variance-dependent bound? Meanwhile,
in the adversarial regime, we also consider what kind of data-dependent bound can be
achieved while guaranteeing the best-of-both-worlds performance.

Contribution We show that all of these can be accomplished simultaneously with a
single algorithm. In particular, we establish best-of-both-worlds algorithms based on
follow-the-regularized-leader as done in Chapters 4 and 5, establishing a new regularizer
and its learning rate leading to the desired properties. In the stochastic regime, we prove
a variance-dependent regret bound dependent with a tight suboptimality gap. Addition-
ally, in the adversarial regime, we show that the same algorithm simultaneously achieves
various data-dependent regret bounds. We also numerically test the proposed algorithm
and confirm its superior or competitive performance over existing algorithms, including
Thompson sampling under most settings.

1.4 Organization of this Dissertation

The organization of this dissertation is summarized as follows. In Chapter 2, we in-
troduce the fundamentals of the bandit problem and its algorithm and then provide a
detailed background of the dissertation. We also detail the follow-the-regularized-leader
and structured bandits, which are central subjects of this dissertation. Chapters 3 and 4
focus on partial monitoring, a very complex sequential decision-making problem. In
particular, in Chapter 3, we construct a numerically high-performance algorithm that
achieves a data-dependent regret bound in a stochastic regime based on Thompson sam-
pling. In Chapter 4, we construct best-of-both-worlds algorithms for partial monitor-
ing based on the follow-the-regularized-leader framework. In Chapter 5, we establish
a generic adaptive learning rate framework for follow-the-regularized-leader, which en-
ables us to achieve simultaneous adaptivity of best-of-both-worlds and data-dependent
bounds in multi-armed bandits and partial monitoring. In Chapter 6, we target combi-
natorial semi-bandits and construct an algorithm that simultaneously achieves best-of-
both-worlds, several important data-dependent bounds, and bounds adaptive to the arm
variance in a stochastic regime. Chapters 3 through 6, which provide the major contribu-
tions of this dissertation, provide sufficient information to be read on their own. Finally,
Chapter 7 concludes this dissertation. The organization of this dissertation can be found
in Figure 1.2.
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Chapter 2

Preliminaries: Foundations of Bandit Problems and
its Algorithms

In this chapter, we begin with formulating the most fundamental model in the bandit
problem, the multi-armed bandits. In the literature, the bandit problem has been studied
in two regimes: the stochastic regime and the adversarial regime. First, we introduce
the stochastic regime, the achievable lower bounds, and representative algorithms. Next,
we present the definition of the adversarial regime, its achievable lower bounds, and its
seminal algorithms. Furthermore, we review the definition and background of the best-
of-both-worlds property, which has been developed rapidly in recent years. Finally, a
formulation of structured bandits, which is a model incorporating a structure into multi-
armed bandits, is presented, as well as specific applications of each formulation.

2.1 Notation

Let R, R, N, and Z be the set of all real numbers, the set of all non-negative real num-
bers, the set of all natural numbers, and the set of all integers, respectively. For n € N,
define [n] = {1,...,n}. For an event A, we define the indicator function 1[A] to take the
value 1 if A occurs and 0 otherwise. Let ||z||, ||x||1, and ||z||« be the Euclidian, ¢;-, and
{so-norms for a vector x respectively, and let ||z|| 4 = Va T Az for a positive semidef-
inite matrix A > 0. Let ||A]| = max; j|A;;| be the maximum norm for a matrix A.
Let P, = {p € [0,1]% : ||]p|l1 = 1} be the (k — 1)-dimensional probability simplex.
A vector e, € {0, 1}* is the a-th orthonormal basis of R¥. 1 is the all-one vector. Let
H(p) = 22:1 palog (1/p,) be the Shannon entropy for a probability vector p € Py.
Let D (pllg) = 3°F_, palog(pa/qa) be the Kullback-Leibler divergence of p from g. For
a convex function ¢: RF — R, let Dy: R* x dom(1)) — R be the Bregman divergence

induced by ¢, i.e., Dy (p,q) = ¥(p) — ¥(q) — (V¥(@),p — q) -

2.2 Formulations of Multi-armed Bandits

This section formulates multi-armed bandits, which are one of the fundamental models
for all bandit models. Informally, the multi-armed bandit problem is a problem in which
k slot machines, called an arm or action, are presented and played for a total amount of T’
times to minimize the cumulative loss (or equivalently maximize the cumulative reward.)
Formally, let T' € N be horizon that is the number of time the learner can select arm. In
multi-armed bandits with k-arms, at each round ¢ € [T'], the environment determines the
loss vector £y = (441, 4s2, ..., £) " € [0, 1]%.1 The learner then chooses an arm A; € [k]

'In stochastic bandit problems, which will be introduced later, we sometimes consider the whole real
number R* as a domain of the loss, but this dissertation only deals with bounded losses.



Algorithm 2.1: The procedure of multi-armed bandits

1 input: horizon 7', number of arms k
2fort=1,2,...,T do

3 The environment determines the loss vector

by = (b1, b2, - . ,gtk)—r € [0, 1]k-
4 The learner chooses an arm A; € [k] == {1, ..., k} without knowing ¢;.
5 The learner incurs and observes the loss ¢; 4, for the chosen arm.

without knowing ¢;. After that, the learner observes only the loss ¢; 4, for the chosen arm.
This procedure of the multi-armed bandit problem is given in Algorithm 2.1.

The performance of the learner (or algorithm) 7 is evaluated by the regret®> Regy,
which is the difference between the cumulative loss of the learner and the single optimal
arm, that is,

T

tha] , (2.1)

t=1

Regt = E

T
Z(th — liar )] for a* =argminE

where the expectation is taken with respect to the internal randomness of the algorithm
and the randomness of the loss vectors (¢;)7_,. We omit the superscript 7 when it is clear
from the context. If the regret of an algorithm is o(T"), then the loss difference from the
optimal choice suffered per round approaches 0, meaning that the algorithm is learning.
Table 2.1 summarizes the notation used for multi-armed bandits.

One of the most important characteristics of the multi-armed bandit problem is that
we can only observe the loss for the taken arm. This characteristic causes the challenge
of exploration and exploitation tradeoffs: on the one hand, we want to select the arm with
the fewest losses incurred so far (exploitation), and on the other hand, we prefer to select
the arm with less information in order to look for an arm that can possibly have a smaller
loss (exploitation). These are not always possible at the same time, and it is necessary to
balance them effectively when selecting an arm.

Historically, two major regimes have been considered, stochastic and adversarial, de-
pending on the procedure by which loss vectors are selected. In the following sections, we
will introduce the definitions and achievable regrets of each regime and some fundamen-
tal algorithms for each regime. Since most of our contributions are based on algorithms

Table 2.1: Notation for multi-armed bandits

Symbol Meaning

keN number of arms

TeN horizon

by = (by1,... L) " €0,1]F loss vector at round ¢

A € [K] taken action at round ¢

a* € [k] optimal arm

v* underlying distribution of arms

p=Ey 0 [l] € RF loss mean

A, € (0,1] suboptimality gap for suboptimal arm a # a*
Apin = minge+ Ay minimum suboptimality gap

RegT (pseudo-)regret of algorithm 7 with horizon T’

There are several definitions of a regret, and the regret here is sometimes called pseudo-regret. We will
only focus on this definition of a regret in this dissertation.
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originally considered only for the adversarial regime, we will provide a more detailed
analysis of algorithms in the adversarial regime.

2.3 Stochastic Regime and its Algorithms

In this section, we formally define the stochastic regime for multi-armed bandits and
then discuss achievable regret bounds. We also briefly introduce the well-known algo-
rithms, the UCB algorithm and Thompson sampling, which are known to be optimal in
the stochastic regime.

2.3.1 Definitions and Achievable Regret for Stochastic Regime

In the stochastic regime, a sequence of loss vector £1, (o, . .. follows an unknown distri-
bution v* with mean p € [0, 1]* in an i.i.d. manner. Define the minimum suboptimality
gap by Apiy = mingq+ A, for Ay = Ey, o+ [(£ta —l1a+)]. In the literature, in stochastic
regimes, it is common in the literature to consider the reward, which corresponds to the
inverse sign of the loss plus an appropriate constant. Still, to clarify the correspondence
with the adversarial regime, we will proceed with the loss here.

Lower Bound Let RegT(v*) be the regret when the underlying distribution of arms
is v*. A bandit algorithm 7 is consistent if for any absolute constant & > 0 and any
loss distribution v* it holds that E[Reg7.(v*)] = o(T%). Then we have the following
distribution-dependent lower bound:

Theorem 2.1 (Lai and Robbins 1985; Burnetas and Katehakis 1996). Consider a multi-
armed bandit with Bernoulli distribution v* with mean p € [0, 1]*.3 Then for any con-
sistent algorithm T,

. Regh(v") Aq
1 f———= > E —_— 2.2
1m in = kl ) ( )

where kl (z,y) = xlog(x/y) + (1 —z)log((1 —x)/(1 —y)) is the KL divergence of the
Bernoulli distributions with mean x from that with mean y.

This implies that in the stochastic regime, by Pinsker’s inequality, k1 (z,y) > 2(z —
y)?, the optimal regret is approximately expressed as Regp = O(3_,. A,>0 %).

What is the favorable way to choose the arm at time ¢ from the information obtained
up to time ¢t — 1?7 Let N,(t) = |[{s <t —1: A; = a}| be the number of times arm
a is selected before the ¢-th round, and let ji;—1(a) = ﬁ(t) S ea1[As = a] be the
empirical expected loss of arm a at round ¢. One of the most naive ideas is to choose an
arm that minimizes the empirical expected losses so far, i.e., Ay = argmin, g w(a).
However, this only exploits and does not explore, and thus the learner suffers a linear
regret. In the following, we present the two most representative algorithms that achieve

the regret upper bound of O(log T').

2.3.2 UCB Algorithm

One of the most classical algorithms in the stochastic regime is the Upper Confidence
Bound (UCB) algorithm (Auer et al., 2002a). The UCB algorithm optimistically esti-
mates the expected value (p,) of the underlying loss distribution and selects arms based

3In fact, similar lower bounds can be shown for more general and unbounded distributions. See Lai and
Robbins (1985); Burnetas and Katehakis (1996); Lattimore and Szepesvdri (2020a) for details.
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on the estimates. Specifically, the UCB algorithm selects the arm at time ¢ by the follow-
ing procedure:

. 2logT
A; = argmin v;_1(a) —
AT Na(t)

The argument of arg max in the above expression represents the empirical mean of the

loss ;1 (a) minus the correction term 2]\[107%5, which increases as the number of times
a

it is chosen decreases and corresponds to an upper confidence bound of the expected re-
ward of each arm a. In other words, the procedure is to decide what arm to take optimisti-
cally based on the information obtained so far, and this idea called optimism in the face
of uncertainty is the basic design principle of algorithms for the stochastic regime (Auer
et al., 2002a; Abbasi-Yadkori et al., 2011). In fact, this enables us to deal with the ex-
ploration and exploitation tradeoff mentioned above: we exploit the knowledge so far by
basically relying on empirical average losses, but the correction term allows us to mod-
erately pull uninformed arms for exploration. It is known that this UCB algorithm can
achieve a regret upper bound of O (> ata* %) (Auer et al., 2002a). An extension of
this, the KL-UCB algorithm, is known to be able to achieve the theoretical limit of Theo-
rem 2.1 (Cappé et al., 2013). The UCB algorithm is relatively simple to analyze and has
been extended for many structured bandits such as combinatorial bandits (Kveton et al.,
2015) and linear bandits (Dani et al., 2008; Abbasi-Yadkori et al., 2011).

2.3.3 Thompson Sampling

Thompson sampling (Thompson, 1933) is another one of the most fundamental algo-
rithms for bandits and is known for its strong empirical performance in the stochastic
regime (Chapelle and Li, 2011).

The idea of Thompson sampling is very simple and based on Bayes statistics. First, we
determine an appropriate prior distribution as the distribution that each arm’s expected
108s (fta)qc|r) follows. We then sample from the current distribution of each arm and
select the arm with the smallest sampled value. Finally, we update the distribution of
each arm using the results observed at this round to obtain the posterior distribution.

Thompson sampling is one of the most promising algorithms for a variety of online
decision-making problems such as the multi-armed bandits (Kaufmann et al., 2012b),
linear bandits (Agrawal and Goyal, 2013b), and partial monitoring (Vanchinathan et al.,
2014; Tsuchiya et al., 2020), and the effectiveness of Thompson sampling has been in-
vestigated both empirically (Chapelle and Li, 2011) and theoretically (Kaufmann et al.,
2012a; Agrawal and Goyal, 2013a). It is known that Thompson sampling can achieve a
theoretical lower bound of Theorem 2.1 as KL-UCB (Kaufmann et al., 2012a; Agrawal
and Goyal, 2013a).

2.4 Adversarial Regime and its Algorithms

The stochastic regime we have seen so far assumes that the losses of each arm follow
a certain distribution in an i.i.d. manner, which is a relatively strong assumption for a
realistic problem. Can we formulate the bandit problem under weaker assumptions? In
this section, we formally define the adversarial regime for multi-armed bandits and then
discuss achievable regret bounds. We then introduce and analyze fundamental algorithms
in the adversarial regime, which is heavily exploited in this dissertation.
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2.4.1 Definitions of Adversarial Regime and its Lower Bound

In the adversarial regime (a.k.a. non-stochastic regime), we do not assume any stochastic
structure for the losses, and they can be chosen in an arbitrary manner only with the
assumption that they are bounded.. We only assume that the loss vector is bounded, and
for simplicity in this chapter we assume that ¢; € [0, 1]*.

In the adversarial regime, there are two types of loss-generating schemes: oblivious
adversary and adaptive adversary. The oblivious adversary determines the loss vectors
£; before the game starts, whereas the adaptive adversary can decide ¢; depending on the
past history until the (¢ — 1)-th round, (A,)._}. In the analysis of the regret we consider
(defined in e.g., (2.1) for multi-armed bandits), which we consider in this dissertation,
these differences do not make a difference in the analysis, as we only need to evaluate the
loss difference from a fixed arm a* € [k].

Lower Bound In the adversarial regime, the best possible upper bound is of Q(+/kT") (Auer
et al., 2002b). Formally, we have the following lower bound:

Theorem 2.2 (Auer et al. 2002b, Theorem 5.1). For any algorithm m for multi-armed
bandits, there exists a sequence of losses such that

RegT > %min{\/ﬁ, T}.

It is known that the follow-the-regularized-leader framework (explained later) with
(negative) Tsallis entropy regularization achieves O(+/kT')-regret bounds (Audibert and
Bubeck, 2009; Abernethy et al., 2015), which we will prove in Section 2.4.6.

2.4.2 Loss Estimation

Since the value of losses is arbitrarily determined in the adversarial regime, the empirical
expected losses ji, (t) used in the stochastic regime are almost useless. Instead, the inverse
weighted estimator ¢; € R* defined in the following is commonly used:

-~ biol[Ar=a

lra = M ] (2.3)

DPta

This estimator is also referred to as the inverse propensity score or inverse probability
score (IPS) in the field of economics (Wooldridge, 2002). This estimator is common in
the literature and useful for its unbiasedness, i.e.,

EAthi [Zﬁ ‘pt} =Y.

The downside of this inverse weighted estimator is that the worst-case variance can be
very large. This can be a major cause of suffering large regret in some algorithms.
Hence, with appropriately chosen m; € [0, 1]¥, we sometimes use the following
reduced variance estimator:
N (lta — mta)1[Ar = a]

big = +my, for a€[k].
Pta

One can see that this estimator is also unbiased. In this chapter, we will only focus on the
inverse weighted estimator in (2.3).
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2.4.3 Exp3 Algorithm

In the adversarial regime, the Exp3 (Exponential weight algorithm for Exploration and
Exploitation, Auer et al., 2002b) algorithm is one of the most representative and im-
portant algorithms. In the literature, Exp3 is called by various names, such as Multi-
plicative Weight Update (MWU), Hedge, or, more simply, exponential weight. A variety
of algorithms in the literature are based on the Exp3 algorithm; for example, the Exp4
algorithm for contextual bandits (Auer et al., 2002b), the Exp2 algorithm for adversar-
ial linear bandits (Dani et al., 2008; Bubeck et al., 2012), ComBand for combinatorial
bandits (Cesa-Bianchi and Lugosi, 2012), and exploration by optimization for partial
monitoring (Lattimore and Szepesvdri, 2020b; Tsuchiya et al., 2023a), to mention a few.

The Exp3 algorithm determines the arm selection probability p; € Py attime t € [T]
as follows:

exp (—m Sl Zsa)
2 bek] €XP (—m > zsb)

where 7, > 0 is the learning rate. The smaller the cumulative estimated loss, the greater
the probability of selection.

It is known that the Exp3 algorithm with 7, = ©(log(k)/(kT")) can achieve the
regret upper bound of O(v/kT log k) (proven in Theorem 2.3). The Exp3 algorithm is
a special case of the follow-the-regularized-leader framework, which will be presented
in a subsequent section, and its general analysis results will be used to prove this upper
bound.

Pta = for a € [K], 2.4)

2.4.4 Follow-the-Regularized-Leader

Follow-the-Regularized-Leader (FTRL) is a generalization of the Exp3 algorithm. In
the FTRL framework, we choose arm selection probability at time ¢ to minimize the

expectation of cumulative estimated loss so far <ZZ;11 Zs, p> plus a convex regularizer
1¢(p). In other words, a probability vector p; € Py, over the action set [k] is given as

t—1
pt € argmin <Z ls, p> +(p) |

PEPK s=1

where the vector Zg € R* is an unbiased estimator of ¢; and 1 is a convex regularizer. If
there were not a convex regularizer, the cumulative expected loss would be completely
trusted, and the arm selection probability would be a point on the border of the probability
simplex. However, an appropriately chosen convex regularizer prevents this situation and
allows us to tackle the exploitation and exploitation tradeoff.

Remark. Originally, FTRL and online mirror descent, which will be explained in the
next section, were not designed exclusively for the bandit problem but are closely related
to the history of online learning and online optimization. For further details, see e.g.,
Orabona (2019); Lattimore and Szepesvari (2020a).

Remark. Here we only consider the case using p; directly as the arm selection probabil-
ity, but when applying FTRL to the bandit problem, the output of FTRL are sometimes
transformed to compute the arm-selection probability. One of its roles is to reduce the
variance of the loss estimator E and in Chapters 4 and 5, we consider FTRL to perform
such a transformation.
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(a) negative Shannon entropy (b) negative Tsallis entropy with (c) log barrier
an exponent of 1/2

Figure 2.1: Contour maps of typical regularizers used in FTRL on two-dimensional probability
simplex

Regularizes Inthe following, we introduce several common regularizers used in FTRL.

The most common form of regularizer is the one that can be written as ¢, (p) = %qb(p)
with a certain learning rate n; and ¢: P, — R. The following functions are typical

examples of ¢.

* Negative Shannon entropy (a.k.a. negentropy, entropic regularizer) is defined by

k
=— 0 1 = — = "
o(p) = ;palg(pa) Hp) = 4" (p). @.5)

One can easily check that if we use negative Shannon entropy with learning rate
1, FTRL becomes the Exp3 algorithm, i.e., p; € Py is expressed as (2.4).

s Negative a-Tsallis entropy for a € (0, 1) (Tsallis, 1988) is defined by*

k
— 1_Za:1pg
11—«

(p) =Y (p) .-

Itis known that FTRL with negative a-Tsallis entropy using absolute constant o can
achieve the minimax regret of O(vkT') (Audibert and Bubeck, 2009; Abernethy
et al., 2015), which matches the lower bound in Theorem 2.2 and will be proven in
the following section (Theorem 2.4).

* Log barrier regularizer is defined by
k
¢(p) = — Y _log(pa) = "2 (p).
a=1

In the following, we will often omit “negative” and just write Shannon entropy and Tsallis
entropy.

What is the relationship between these three regularizers? One of the most important
facts when considering their application to the bandit problem is that the Tsallis entropy
interpolates the Shannon entropy and the log-barrier regularizer. To confirm this, con-
sider the second derivative of the regularizer, an important concept that determines the
behavior of FTRL. The Hessian of each of the Shannon entropy, a-Tsallis entropy, and
log-barrier regularizer is diag(©(1/p,)), diag(©(1/p2~)), diag(©(1/p2)). From this

“The definition of Tsallis entropy may be accompanied with a constant factor or linear term difference,
but these are mostly for the sake of brevity of description.
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Figure 2.2: Examples of “easy” loss data. Figures 2.2a, 2.2b, and 2.2c show that examples of ¢,
such that its first-order quantity, second-order quantity, and path-length quantity are
small.

fact, we can expect a-Tsallis entropy to behave like a Shannon entropy when o« — 1 and
a log-barrier regularizer when o — 0.° Figure 2.1 shows these regularizers on the two-
dimensional probability simplex. We can see that as the regularizers change from the
Shannon entropy to the log barrier, the contour lines of the regularizers become denser
around the boundary.

We sometimes use a hybrid regularizer that is a linear combination of the above
regularizers and their variants. The hybrid regularizer is introduced basically in order
to stabilize the behavior of the arm selection probability in the aim of achieving various
objectives (Bubeck et al. 2018; Luo et al. 2018; Zheng et al. 2019; Lee et al. 2020; Ito
2021a; Erez and Koren 2021; Ito et al. 2022b,a; Tsuchiya et al. 2023a,b, to name a few),
and will be heavily exploited in this dissertation (Chapters 4, 5, and 6).

It is worth noting that another common regularizer in FTRL is squared 2-norm ¢(p) =
llp||?. However, while this regularizer is sometimes used in the field of online optimiza-
tion, it is rarely used in bandit problems. In order for the bandit algorithm to be “stable”,
a regularizer must be Legendre, namely as it approaches the border of a feasible region
of FTRL (P, in multi-armed bandits), the norm of the gradient of the regularizer goes to
00, and this is why the squared 2-norm is basically not used in the bandit problem.

2.4.5 Data-dependent Bounds

The adversarial regime is a very pessimistic setting since it allows arbitrary loss se-
quences. As shown in Theorem 2.2, the best achievable bound is O(v/kT) in this regime.
But, what if the underlying losses are benign to handle? Can we improve the regret bound
for such loss sequences? Here, benign losses could be, for example, losses for an opti-
mal arm is O in almost all rounds or losses that have basically the same loss values as
the previous round. For these benign losses, the regret upper bound that depends on the
quantity measuring “easiness” is called the data-dependent bound.

Typical examples of data-dependent bounds are first-order bounds dependent on the
cumulative loss and second-order bounds dependent on sample variances in losses. Al-
lenberg et al. (2006) provided an algorithm with a first-order regret bound of O(v/kL* log k)
for L* = mingey Ele (¢, a). Second-order regret bounds have been shown in some

5In the o-Tsallis entropy if we let « — 1 directly and use L’Hopital’s theorem, one can see that it
coincides with the Shannon entropy except for a constant factor and a constant additive term. Also, in the
case of a — 0, by modifying the definition of regularizer only by a constant factor as done by Zimmert and
Seldin (2021), one can confirm that it agrees with log-barrier, up to a constant factor and a constant additive
term.
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studies, e.g., by Hazan and Kale (2011); Wei and Luo (2018); Bubeck et al. (2018). In
particular, Bubeck et al. (2018) provided the regret bound of O(1/Q2logk) for Q2 =
Zthl |6; — £]|?. Other examples of data-dependent bounds include path-length bounds
in the form of O(v/EV; Tog T) for Vi = Y. |6 — €441 ])1. Figure 2.2 shows examples
of the losses whose data-dependent quantities become smaller compared to the worst-
case quantity of ©(7"). We will investigate the first-order, second-order, and path-length
bounds for combinatorial semi-bandits in Chapter 6.

A sparsity-dependent bound is another important data-dependent bound (Kwon and
Perchet, 2016; Bubeck et al., 2019b, 2018; Wei and Luo, 2018; Zheng et al., 2019). The
study on a sparse-dependent bound was initiated by Kwon and Perchet (2016), who pro-
vided the algorithm achieving Regr = O(\/ﬁ ) and proved the matching (up to loga-
rithmic factor) lower bound of Regy = Q(+/sT'). We will further discuss and investigate
a sparsity-dependent bound for multi-armed bandits in Chapter 5.

2.4.6 Analysis of Follow-the-Regularized-Leader

In this section, we prove the bound of O(1/kT log k) for the Exp3 algorithm presented
above, the minimax optimal bound of O(v/kT'), and the first-order bound of O(\/kL* log T)
introduced in Section 2.4.5.

General Result for FTRL The regret analysis of FTRL boils down to the evaluation
of Zthl <Zt, Py — p>, which is bounded using the following lemma:

Lemma 2.1. Let X C R? be a convex body and g1, . .., g7 € R*. Let)y, ..., Y1, ¥riy
be convex and differentiable functions and

t—1
7 = argmin <Z 9 x> + (@)
s=1

zeX

Then, for any u € X it holds that

T T
D g we—u) < (Y(@en1) = P (@e41)) + Yra (u) — $a(@1)
t=1

t=1

penalty term
T

+ > (g w0 — wri1) — Dy, (w41, 210)) - (2.6)
t=1

stability term

We refer to the terms in (2.6) as penalty and stability terms following, e.g., Zimmert
and Seldin (2021). The first term of the stability term increases if the variation of FTRL
outputs in the adjacent rounds is large, whereas the penalty term comes from the strength
of the regularization. The proof of this lemma is standard in the literature and similar
results can be found in Lattimore and Szepesvari (2020a, Chapter 28) and Orabona (2019,
Chapter 7). In the following, we give representative results and their proof for multi-
armed bandits based on the above lemma. Before going into the main results, we provide
an auxiliary lemma for bounding the stability term.

Lemma 2.2. Let X C R< be a convex body and 1: X — R be a convex and twice
differentiable function in the interior of X. Then for any g € R® and z,y € X there
exists o € [0, 1] such that z = ax + (1 — o)y and
Lo
(9,2 —y) — Dy(y,z) < §||9||(v2¢(z))71 :
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Proof. By Taylor s theorem, there exists o € [0, 1] such that z = ax + (1 — )y and
Dy(z,y) = %[z — vagqﬁ . Using this, we have

IN

1
(g0 —y) — Dw(y,x) HgH(v%(z))—l |z — y”v%(z) - 5H$ - y\|2v2¢(z)

IN

Lo
§H9H(v2¢(z))ﬂ )
where the first inequality follows by Cauchy—Schwarz inequality and the last inequality

takes the worst-case with respect to ||z — yH%V%/}(z))' O

Remark. In this chapter, we will use Lemma 2.2 to bound the stability term in (2.6) in
order to illustrate the effect of the Hessian of the regularizer on the regret upper bound,
but we do not necessarily need to use this lemma. In fact, in our analysis in Chapters 4
to 6, we will simply take the worst-case for y (corresponding to psy1). This analysis has
the advantage that a tight upper bound can sometimes be obtained, and a straightforward
analysis can be performed, especially when we use a hybrid regularizer.

FTRL with negative Shannon entropy regularizer (Exp3) We first show that the
Exp3 algorithm achieves nearly optimal regret bounds in the adversarial regime:

Theorem 2.3. Consider the multi-armed bandit problem with ¢; € [0,1]¥. Then FTRL
with the negative Shannon entropy 1(p) = H (p) and n = \/2log k/(kT) achieves

Regy < \/2kT logk .

Remark. In the analysis of the Exp3 algorithm, it was more common to use the potential-
based proof (Auer et al., 2002b). Since the analysis based on FTRL is more straightfor-
ward, we here provide the proof based on it.

Proof. It holds that
T T T
E Zﬁmt _tha* _E[Z <€t7pt_€a*>] =K
t=1 t=1 t=1

where the last equality follows by E [Zt ‘ pt} = /;. Then using Lemma 2.1,

zT: <E,Pt - €a*> < Hp1)

t=1

Regr = i <Zt7pt - ea*>] )

t=1

!

(<pt _pt+1’a> = Dy, (pt+1,pt)> .
—1

since the entropy is bounded by log k.

Hence in the following, we consider the stability term. When p; 4, < pi41,4,, itis
trivial that the stability term is bounded by 0 since Zt > 0. Hence we consider the case
of pta, > pt+1,4, in the following. Using Lemma 2.2, the stability term is bounded as

k
Z Z? S ptAt EtAt 3

1\3\3

(pi=pi1.00) = Dy (o1, m0) < ||£tudlag o

where g = apt + (1 — a)py41 for some o € [0, 1] and the last inequality follows by
DtA, > Pi+1,4, and the definition of /;. Summing up the above arguments,

T
log k log k kT
Regr < E i + gzptAt@?At < i 772 2kT logk ,
t=1
which completes the proof of Theorem 2.3. O
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FTRL with negative Tsallis entropy regularizer The Exp3 algorithm is suboptimal
compared to the minimax optimal bounds by only log £ multipcalitive factor. Can we
improve this? This can be done by balancing the penalty and stability terms in terms of
their dependence on the arm selection probabilities, which can be made possible by the
Tsallis entropy regularizer.

Theorem 2.4. Consider the multi-armed bandit problem with {; € [0,1]*. Then FTRL
with the negative Tsallis entropy Vi (p) = —% Zszl V/Pa and 1y = ff achieves

Regr < 2V2ET.

Remark. The same results can be obtained for the Tsallis entropy with an exponent of
any absolute constant o € (0, 1), while here we only consider the case of v = 1/2 for
notational simplicity.

Proof. It holds that

T T T T
Regr = E Z@At - tha* =E [Z Ce,pr — €a*>] =E Z <€t7pt - €a*>] )
t=1 t=1 t=1 =
where the last equality follows by E [Et ‘ pt} ¢. Then using Lemma 2.1,
T 4y o T R
Z <€t,pt - 6a*> < ==l Z << pt+1,£t> — Dy, (pt+1>pt)> :
t=1 =1

The penalty term is bounded by % by Cauchy-Schwarz inequality.

In the following we consider the stability term. We rely on a similar argument as that
of the proof of Corollary 2.3. When p;4, < pi41,4,, it is trivial that the stability term
is bounded by 0 since E > 0. Hence we consider the case of p;4, > pi41,4, in the
following. Using Lemma 2.2, the stability term is bounded as

<pt - pt+1,ft> — Dy, (pt+1,1t)

_n 3/272 N 3/27
3/2 o) Z / gta = 2 tI{xtgtAw

< L)
-2 b diag((nq;,”)

where ¢t = apt + (1 — a)pi41 for some a € [0, 1] and the last inequality follows by
DtA, > Pi+1,4, and the definition of /;.
Summing up the above arguments and using Cauchy-Schwarz inequality,
Wk  nTVk
Regr <E|— —|— Z ?ﬁ?At] < T + WT 2V2KT |

which completes the proof of Theorem 2.4. O

FTRL with log-barrier regularizer

Theorem 2.5. Consider the multi-armed bandit problem with ¢, € [0,1]*. Then FTRL
with the log-barrier regularizer 1 (p) = —%@Z)LB(p) and

n = c with ¢ = +/klogT

1
1‘*‘22 1@14

achieves

Regr < 4y/klogT (1 + L*) + k,

where L* = min, e[ Zthl Ly
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This upper bound is the first-order bound explained in Section 2.4.5, and when the cu-
mulative loss of the optimal arm is of a constant order, the regret is bounded by O(+\/k log T+
k), which is much smaller than the worst-case bound of kT

=1 K —1-11
b = Tea* T

Then, using the definition of the algorithm,

T
E|> (6, p* — ear)
t=1

where the inequality follows from IE[E }pt] = /{;, the definition of p*, and Cauchy-

Proof. Define p* € Pj, by

T

Regr = E [Z <€t7pt -

t=1

T

Z <€t7pt >

+k,

Schwarz inequality. Then using Lemma 2.1,

T LB T
Z <£At,pt — ea*> v ( + Z <<pt pt+17€t> - D’l/Jt(pt-i—lapt)) .
t=1

=1 nr+1

Since p; > 1/T, the penalty term is bounded as

77T+1 77T+1 p— nr+1

LB loeT
G Zlog 1/p; <kog :

In the following we consider the stability term. We rely on a similar argument as that
of the proof of Corollary 2.3. When p;a, < pi41,4,, it is trivial that the stability term
is bounded by 0 since Zt > 0. Hence we consider the case of p;a, > pi41,4, in the
following. Using Lemma 2.2, the stability term is bounded as

<pt — D41, €t> — Dy, (P41, pt)

k 2
1 Mt 2 <Mt o 7o Nelia,
§”£t||dlag( (maa)a) ~ 2 Z falta < HPiabA = 5T

where ¢ = ap; + (1 — a)pi41 for some a € [0, 1] and the last inequality follows by
DtA, > Pi+1,4, and the definition of ;.
Taking the summation over ¢ € [T'] and using the definition of 7, , the stability term
is further bounded as
d 2 T C@At T OgtAt
Z Nelia, = Z 1 <2
t=1 =11+ 30 By, \/Zs 124, +\/ZZ 1624,

T t t—1
=2e) | ([ D284, [ DG, Z li, -
t=1 s=1 s=1

(Note that the case of Zizl Ef 4, = Ois trivially bounded, although the precise argument
is omitted for simplicity.) Summing up the above arguments,
| ) “k.

Combining this with E{Zle @AJ < Regp + mingepy Zthl li, = Regp + L* and

the fact that z < v/az + b for a,b > 0 implies z < a + 2v/b completes the proof of
Theorem 2.5. O

T

> Ui

t=1

klogT
& +

Regr < E
nTr+1

T
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Figure 2.3: Contour maps of the Bregman divergence D, (p, p+—1) induced by the log-barrier
regularizer with different ¢; on two-dimensional probability simplex

2.4.7 Online Mirror Descent

Online mirror descent (OMD) can also be regarded as a generalization of the Exp3 al-
gorithm. In the OMD framework, a probability vector p; € P over the action set [k] is

computed so that it minimizes the expected loss <l7t_1, p> based on the estimated loss
vector at the previous round plus Bregman divergence Dy, (p, p;—1), namely

p¢ € argmin <€t—1, p> + Dy, (p,pi-1),
pEPy

where the vector Zt € R is an unbiased estimator of ¢; and 1 is a convex regularizer.
It is common to consider a form of ¢y = %Tb with a learning rate ;. When 1y = 7
for all t € [T, one can confirm that OMD with (negative) Shannon entropy regularizer
in (2.5) coincides with the Exp3 algorithm. Figure 2.3 shows the contour maps of Breg-
man divergence induced by the log-barrier regularize on the two-dimensional probability
simplex.

When 1, = n for all ¢ € [T, the regularizer is Legendre, and the feasible region
satisfies the appropriate conditions, OMD coincides with FTRL. There are also several
important differences. Since OMD only considers only the loss Zt of the previous round,
it is known that OMD can achieve good performance when the learner needs to track
abrupt changes in the loss vectors. For example, it can achieve the path-length bounds
introduced in Section 2.4.5 with an optimal order of O(v/kV) (Bubeck et al., 2019a).
In contrast, FTRL is known to have an advantage over OMD in that it is more robust in
the stochastic regime with some adversarial noise (Amir et al., 2020). This dissertation
mainly aims to achieve a good performance in such an environment and thus heavily relys
on FTRL.

2.5 Best of Both Worlds: Simultaneously Achieving Optimality for Both
Stochastic and Adversarial Regimes

Motivation As we have seen, the regret upper bound achievable in the stochastic and
adversarial regimes are different: in the stochastic regime, O(logT") can be achieved by
the UCB algorithm and Thompson sampling, and O(+/7T) in the adversarial regime by the
Exp3 algorithm or more generally by FTRL. While algorithms for the stochastic regime
is based on estimating the underlying expected loss based on the empirical average loss,
algorithms for the adversarial regime basically does not involve such a thing.
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Figure 2.4: Idea of best-of-both-worlds

We now consider formulating a real-world problem as a bandit problem. Then we
realize that it is unclear which regime’s algorithms are better suited to practical appli-
cations. In fact, it is known that algorithms specialized for the stochastic regime suffer
a linear regret even in the almost stochastic environment (Zimmert and Seldin, 2021).
In contrast, classical algorithms for the adversarial regime work poorly in the stochastic
regime since the algorithm needs to consider the worst-case scenarios. Since it is dif-
ficult to know the underlying regime in practical scenarios, it is desirable to obtain an
algorithm that obtains an O(log T') regret for the stochastic regime and an O(y/T') regret
for the adversarial regime without knowing the underlying environment.

Definition To achieve this goal, particularly in the classical multi-armed bandits, the
Best-of-Both-Worlds (BOBW) algorithms that perform well in both stochastic and adver-
sarial regimes have been developed. The concept of a best-of-both-worlds algorithm in
the stochastic and adversarial regimes is illustrated in Figure 2.4. We formally define the
BOBW algorithm as follows:

Definition 2.1 (Best-of-both-worlds algorithm for multi-armed bandit problems). Con-
sider a multi-armed bandit problem and ¢; € [0, 1]* for all ¢ € [T)]. A bandit algorithm
7 for multi-armed bandits has the best-of-both-worlds property if the (pseudo-)regret in
the adversarial regime satisfies Reg? < O(v/T) and in the stochastic regime satisfies
RegT. < O((log T)?) for some absolute constant o > 0.

For more general problem class P, we define the best-of-both-worlds propoerty as
follows:

Definition 2.2 (Best-of-both-worlds algorithm for general bandit problems). Consider a
bandit problem P. Suppose that the optimal dependence on horizon 7" is f(T") for the
adversarial regime and g(7") for the stochastic regime. Then a bandit algorithm 7 for
P has the best-of-both-worlds property if the (pseudo-)regret in the adversarial regime
is bounded as Regh = O(f(T)) and in the stochastic regime is bounded as Reg}. <
O(g(T)), where O(-) ignores the logarithmic factors.

2.5.1 History

BOBW for multi-armed bandits The study of the BOBW algorithm started with a
seminal paper by Bubeck and Slivkins (2012) and was followed by several other stud-
ies (Seldin and Slivkins, 2014; Auer and Chiang, 2016; Seldin and Lugosi, 2017). The
basic idea of the approaches by Bubeck and Slivkins (2012); Auer and Chiang (2016) is

%1n the literature, the best-of-both-worlds algorithm has not been formally defined.
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to first run the algorithm for stochastic regime assuming that the underlying environment
is stochastic. Then, if a precisely designed hypothesis test shows that this assumption
does not hold, it switches to the algorithm for the adversarial regime. On the other hand,
the approaches by Seldin and Slivkins (2014); Seldin and Lugosi (2017) first assume the
adversarial regime, and when the environment is found to be stochastic, it switches to
an algorithm for the stochastic regime. However, their performance guarantees are sub-
optimal and not adaptive enough due to the lack of realistic performance caused by the
explicit switching of algorithms. Therefore, it would be desirable if it is possible to obtain
the BOBW guarantee without switching explicitly between the algorithms specialized for
the stochastic and adversarial regimes. It would be further desirable if we could obtain
the BOBW guarantee by a simple algorithm.

This desire was accomplished by an OMD-based algorithm by by Wei and Luo (2018).
Following this work, the celebrated Tsallis-INF algorithm, which is FTRL with the Tsal-
lis entropy regularization, was proposed by Zimmert and Seldin (2019, 2021). This
Tsallis-INF algorithm achieves a O(\/ﬁ ) regret bound for the adversarial regime and
O usar loAgaT) for the stochastic regime, and importantly empirically performs signif-
icantly well compared to the previous BOBW algorithms. The use of Tsallis entropy is
not considered to have any information-theoretic meaning, and Tsallis entropy was just
considered to achieve a minimax optimal regret upper bound O(v/AT) in an adversarial
regime, as discussed in 2.4.6. In fact, as described below, by allowing a certain loose
of regret of the logarithmic factor in the adversarial regime, the BOBW guarantees are
obtained with FTRL with log-barrier and that with Shannon entropy regularizer.

In the multi-armed bandit problem, the regret upper bound that can actually be achieved
isnot O(>] ata* I(E:F) but (2.2). Hence, one might wonder if it is possible to achieve the
truly optimal regret upper bound given by (2.2) in the stochastic regime while maintain-
ing good performance in the adversarial regime. This is an important open problem as
discussed in Chapter 7. Howeyver, as a first step toward this, there is an algorithm that
takes into account the variance (Ito et al., 2022b). In particular, the algorithm therein

achieves a regret bound of O() ata* (% + 1) log T') for loss variances 2 of arm a.

BOBW beyond bandits Very recently, BOBW algorithms have been extensively in-
vestigated in many online-decision making problems beyond the multi-armed bandits.
For structured bandits, BOBW algorithms have been developed for the problem of pre-
diction with expert advice (de Rooij et al., 2014; Gaillard et al., 2014; Luo and Schapire,
2015; Mourtada and Gaiffas, 2019), online learning with feedback graphs (Erez and Ko-
ren, 2021; Ito et al., 2022a; Rouyer et al., 2022), online linear optimization (Huang et al.,
2017), online submodular minimization (Ito, 2022), dueling bandits (Saha and Gaillard,
2022), linear bandits (Lee et al., 2021), combinatorial semi-bandits (Wei and Luo, 2018;
Zimmert et al., 2019; Ito, 2021a; Tsuchiya et al., 2023b), position-based model (Chen
et al., 2022a), contextual bandits (Pacchiano et al., 2022), partial monitoring (Tsuchiya
et al., 2023a,c), and episodic Markov decision processes (Jin and Luo, 2020; Jin et al.,
2021). There are also a decoupled setting, in which a different arm can be selected for
exploration and exploitation (Rouyer and Seldin, 2020), a setting with switching cost,
where we incur certain losses when the learner changes the arm to choose in addition to
the regret (Rouyer et al., 2021; Amir et al., 2022), delayed feedback setting, where there
is a delay until the loss of the selected arm is observed (Masoudian et al., 2022), and a
setting where the underlying loss distributions are heavy-tailed (Huang et al., 2022).
Very recently, there have been several numbers of studies that aim to achieve BOBW
and data-dependent bounds simultaneously. Wei and Luo (2018) devised an algorithm
to achieve BOBW and first-order bounds simultaneously, Ito (2021c); Ito et al. (2022b);
Tsuchiya et al. (2023b) to achieve BOBW and first-, second-, and path-length bounds,
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Tsuchiya et al. (2023c) to achieve BOBW and sparsity-dependent bounds.

2.5.2 Self-Bounding Technique

It is becoming very common to use FTRL to realize BOBW algorithms, and a self-
bounding technique is one of the key techinques to prove a BOBW guarantee (Gaillard
et al., 2014; Wei and Luo, 2018; Zimmert and Seldin, 2021). In the self-bounding tech-
nique, we first derive upper and lower bounds of regret using a variable depending on
the arm selection probability and then derive a regret bound by combining the upper and
lower bounds.

In the following, we introduce one of the strategies to give an intuition. Suppose that
we can derive the upper and lower bounds of regret using a random variable P € [0, 7]
satisfying Regy < O(polylog(T')v/P). The bound for the adversarial regime of O (v/T')
can be directly obtained by taking the worst-case with respect to P in the last inequality.
For the stochastic regime, suppose that we have a lower bound of Reg > O(P), which
can often be readily obtained in stochastic regimes by the definition of regret. We then
can derive the (poly-)logarithmic regret bound from these bounds as

Regr = 2Reg; — Regy < O(polylog(T)V'P — P) < O(polylog(T)) .

We can prove a BOBW guarantee in a similar way as above by deriving different types
of upper bounds depending on desirable properties we want in the regret upper bound.

2.5.3 Intermediate Regime between Stochastic and Adversarial Regimes

So far, we have discussed BOBW algorithms, which achieve optimality simultaneously
in both stochastic and adversarial regimes. However, both regimes have extreme char-
acteristics. The stochastic regime assumes that losses are obtained in an i.i.d. manner,
which is a somewhat strong assumption in a practical scenario. In contrast, the adver-
sarial regime assumes arbitrary bounded losses, which is a very pessimistic assumption.
Then, a natural question arises. Is there an intermediate regime between these regimes,
or is there a regime that interpolates between them? In this section, we first introduce the
stochastic regime with adversarial corruptions and the stochastically constrained adver-
sarial regime as intermediate regimes between the stochastic regime and the adversarial
regime. We then present the adversarial regime with a self-bounding constraint, which
includes all the regimes introduced so far as special cases.

Stochastic Regime with Adversarial Corruptions One of the most representative in-
termediate regimes is the stochastic regime with adversarial corruptions (Lykouris et al.,
2018). In this regime, a temporary loss ¢, € [0,1]* is sampled from an unknown dis-
tribution ~*, and then the adversary corrupts ¢} to ¢;. We define the corruption level
C € [0,T] by

C=E

T
> lle - 52||oo] :
=1

If C = 0, this regime coincides with the stochastic regime, and if C' = T, this regime
corresponds to the adversarial regime. Figure 2.5a shows an example of the stochastic
regime with adversarial corruptions.

Stochastically Constrained Adversarial Regime The stochastically constrained ad-
versarial regime was first considered by Wei and Luo (2018) and also discussed in Zim-

mert and Seldin (2021) in the context of the multi-armed bandit problem. We say that a
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Figure 2.5: Examples of intermediate regimes between stochastic and adversarial regimes with
k = 2. Figures 2.5a and 2.5b are the examples of stochastic regimes with adversar-
ial corruptions and stochastically constrained adversarial regimes, respectively. The
black crosses and red circles denote (¢41); and (¢42)¢, respectively.

regime is the stochastically constrained adversarial regime if for any a # a* there exists
Ay q+ > 0 such that

E&NI/* [eta - Eta* |£17 s 7£t—1] > Aa,a* .

From a practical standpoint, this setting is modeling a case where, for example, the dif-
ferences of probabilities of purchasing products are always the same for all the time, but
the willingness to buy varies uniformly with the weather. Figure 2.5a shows an example
of the stochastically constrained adversarial regimes.

Adversarial Regime with a Self-Bounding Constraint The following adversarial
regime with a self-bounding constraint, developed originally in the multi-armed ban-
dits (Zimmert and Seldin, 2021), includes the regimes that appeared so far.

Definition 2.3. Let A € [0, 1]* and C' > 0. The regime is in an adversarial regime with
a (A, C,T) self-bounding constraint if it holds for any algorithm that

T

d Ay -C

t=1

Regr > E

One can see that the regimes that have appeared so far are included in the adversarial
regime with a self-bounding constraint. Note that these regimes can also be defined for
structured bandits and formal definitions of them are given in the following chapters. For
multi-armed bandits, the optimal robustness of this regime has been investigated by Ito

(2021b). They showed that Reg; = € Alfi + ACk ) under a certain condition, where

min

Apin = Mingq+ A, with A in Definition 5.1.

Remark. Importantly, most FTRL-based BOBW algorithms can achieve a near-optimal
regret in an adversarial regime with a self-bounding constraint without knowing C, and
in fact, most of the algorithms introduced in Section 2.5 can do so (Zimmert and Seldin
2021; Ito 2021c; Jin et al. 2021; Masoudian and Seldin 2021; Tsuchiya et al. 2023a, to
mention a few). This can be easily proven by a slight modification of the self-bounding
technique. BOBW algorithms that achieve good performance in the intermediate regime
are sometimes called best-of-three-worlds algorithms or best-of-all-algorithms. In fact,
however, algorithms with best-of-three-worlds or best-of-all-worlds properties are often
simply called best-of-both-worlds, and we will follow this convention in this dissertation.
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Figure 2.6: An example of feedback graphs GG used in the problem of online learning with feed-
back graphs.

2.6 Structured Bandits

In this section, we introduce several structured bandits, which is a model of multi-armed
bandits with structure. In particular, we discuss online learning with feedback graphs,
partial monitoring, and combinatorial bandits. Not only do they have many interesting
theoretical properties, but more importantly, they have applications to many real-world
problems, which will also be discussed.

2.6.1 Full Information Setting

We start by introducing the full information setting before discussing structured bandits.
In the full information setting, the entire loss vector £; = ({1,..., ;)" can be observed
independently of which arm the learner takes, whereas in the multi-armed bandits setting,
only the loss for the selected arm ¢ 4, is observed.

One of the most representative algorithms in the full information setting is the Hedge
algorithm (Freund and Schapire, 1997). This corresponds to the Exp3 algorithm de-
scribed above in which the estimated vector ¢, is replaced by the actually observed vector
4s. (Note that historically, the Hedge algorithm was developed before the Exp3 algo-
rithm.)

Using this Hedge algorithm, we can achieve a regret upper bound of O(v/T log k)
in the adversarial regime, which matches the lower bound (Freund and Schapire, 1997;
Cesa-Bianchi and Lugosi, 2006). One can confirm that this bound holds by checking that
the stability term, which appeared in the analysis of Section 2.4.6, is reduced to a smaller
value since the entire loss vector is observed. It is also known that we can achieve an

optimal regret of O( loik) in the stochastic regime (Mourtada and Gaiffas, 2019).

2.6.2 Online Learning with Feedback Graphs

We next introduce online learning with feedback graphs (Mannor and Shamir, 2011)
(a.k.a. bandits with feedback graphs), which interpolates between multi-armed bandits
and online learning (in fact, even extrapolating!). In this problem, we are given a directed
feedback graph G = (V, E), where V' = [k] is the set of arms (or actions), and £ C
V' x V is the structure of feedback for choosing arms. Ateachroundt =1,2,..., T, the
learner chooses an action A; € V and the adversary simultaneously selects a loss function
¢ V — [0, 1]. The learner then incurs the loss of ¢;(A;) and observes feedback of ¢;(a)
for all @ such that the feedback graph G has an edge from A; to a.

The model of online learning with feedback graphs includes a variety of sequential
decision-making problems. If G consists of only self-loops, i.e., if E = {(a,a): a € V'},
the problem corresponds to the multi-armed bandit problem. If GG is a complete directed
graph with self-loops, i.e., ' = V' x V, the problem corresponds to the full information
setting.
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Algorithm 2.2: The procedure of partial monitoring game § = (£, @)

1 input: horizon 7', number of actions k, number of outcomes d, set of feedback
symbols X

2 The learner observes £ and ®.

3fort=1,2,...,Tdo

4 | The learner chooses an action A; € [k].

The opponent simultaneously chooses an outcome x; € [d].

The learner suffers an unobserved loss £ 4,,, and receives a feedback
symbol oy = @ 4,4, .

5
6

Online learning with feedback graphs was initiated by Mannor and Shamir (2011)
and was given a very important characterization by Alon et al. (2015). In particular,
Alon et al. (2015) classified the difficulty of problems according to the structure of the
feedback graph and revealed the regret achievable in each problem class (see Alon et al.
2015 for details). Their algorithm is based on the Exp3 algorithm, which again indicates
the usefulness of the Exp3 algorithm.

Application An amusing application is the newsvender problem. In this problem, one
can choose the amount of newspapers to print from [k], and the goal is to maximize the
profit by appropriately choosing the amount of newspapers to print on each day. An
important characteristic of this problem is that it has a structure where the more copies
one prints, the more information one gains. For example, if you print 100 newspapers,
you do not know how much profit you get for printing 200 newspapers, whereas if you
print 200 newspapers, you know how much profit you get for printing 100 newspapers.
The feedback graph corresponding to this problem is shown in Figure 2.6.

2.6.3 Partial Monitoring

Partial monitoring (PM) is a general sequential decision-making problem with limited
feedback, which can be seen as a generalization of the bandit problem and online learning
with feedback graphs. A PM game § = (£, ®) is defined by the pair of a loss matrix
L € [0,1]%*9 and feedback matrix ® € X**?, where k is the number of actions, d is
the number of outcomes, and ¥ is a set of feedback symbols. The game is sequentially
played by a learner and opponent for 7" rounds. At the beginning of the game, the learner
observes £ and ®. At every round ¢ € [T, the opponent chooses an outcome z; €
[d], and then the learner chooses an action A; € [k], suffers an unobserved loss £ 4,4,,
and receives a feedback symbol o, = ®4,,,, where L, is the (a, x)-th element of L.
The procedure of a PM game is given in Algorithm 2.2. In general, the learner cannot
directly observe the outcome and loss, and can only observe the feedback symbol. As
in the case of online learning with feedback graphs, all PM games are classified into
four disjoint classes based on how much information the feedback matrix gives about the
loss matrix, and achievable regrets are different in each class. In particular, PM games
can be classified into trivial, easy, hard, and hopeless games, for which their minimax
regrets are 0, ©(v/T), ©(T?/3), and O(T), respectively (Bartok et al., 2011; Lattimore
and Szepesvari, 2019b). Further detailed descriptions and many properties of PM are
given in Chapters 3, 4, and 5.

Application Partial monitoring includes many online decision-making problems as a
special case. Here, we introduce several important examples.
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* Multi-armed bandits: PM includes the vanilla multi-armed bandits with finite loss
support as a special case. For example, k-armed Bernoulli bandits is expressed
as k x 2% loss and feedback matrices, and in particular, when k& = 2, they can be

expressed as
0101 0101
L= (O 01 1>  ®= (0 01 1) '

It is known that the multi-armed bandit belongs to the class of easy games.

* Apple tasting, matching pennies: Suppose that we sequentially need to determine
whether a product (apple) flowing on a conveyor belt is P (positive) or N (negative).
As commodity inspectors, we have three choices of actions: (i) determine that the
commodity is P, (i) determine that the commodity is N, or (iii) disassemble and
inspect the commodity and determine whether it is P or N. Note that the commod-
ity cannot be determined whether it is P or N without actually disassembling it. If
P (resp. N) is wrongly determined to be N (resp. P), the learner suffers a loss of
cpN > 0 (resp. cp—n > 0). Suppose that decomposition and inspection costs
cq = 0. How should the learner choose action so that they can minimize the cost
as much as possible? This problem, called apple tasting or matching pennies, can
be defined using the following loss matrix £ and feedback matrix ®:

0 CN—P None None
L=\ cpsnN 0 , and & = | None None
Cq Cq P N

Many other problems can be formulated in the same manner. For example, in the
problem of determining whether a large number of e-mails sequentially delivered
to a mailbox are ham or spam, a certain cost is incurred when we misclassify them,
and it is impossible to tell whether they are actually ham or spam without asking a
human. It is known that this problem falls into easy or hard games depending on
the parameters in £. For example, when cn_p = cp_,N = 1, the problem is easy
if ¢, € (0,1/2), hard if ¢, > 1/2, and trivial if ¢, = 0 (Lattimore and Szepesvari,
2020b).

* Dynamic pricing: Dynamic pricing is another important example of PM games.
In the dynamic pricing game, the learner corresponds to a seller, and the opponent
corresponds to a buyer. At each round ¢t € [T, the seller sells an item with a
specific price of A; € [k], and the buyer comes with an evaluation price x; € [d]
for the item, where the selling price and the evaluation price correspond to the
action and outcome, respectively. The buyer buys the item if the selling price Ay
is smaller than or equal to z; and not otherwise. The seller can only know if the
buyer bought the item (denoted as feedback 0) or did not buy the item (denoted
as 1). The goal of the seller is to minimize the cumulative loss, and there are two
types of definitions for the loss, where each induced game falls into the easy and
hard games. We call them dp-easy and dp-hard games, respectively.

In both cases, the seller incurs the constant loss ¢ > 0 when the item is not bought
due to the loss of opportunity to sell the item. When the item is not bought, the loss
incurred to the seller is different between these settings. The seller in the dp-easy
game does not take the buyer’s evaluation price into account. In other words, the
seller gains the selling price A; as a reward (equivalently incurs —A; as a loss). In
particular, the loss for selling price A; and evaluation price x; is given by

'C‘Atxt == _At]]-[At S xt] + C]]_[At > l't] .
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Figure 2.7: Anexample of network routing formalized as combinatorial bandits. In this example,

d=|E| =12.

In a matrix form, the loss matrix £ € R*** and feedback matrix ® € R¥*¥ of the
dp-easy game are given by’

-1 -1 ... -1 0 O 0

c -2 ... =2 1 0 ... 0
L: . . . . and @Z . . . . I

c ... ¢ =k 1 ... 1 0

where the feedback 0 (resp. 1) denotes the events that the buyer do (resp. does
not) buy products. This setting can be regarded as a generalized version of the
online posted price mechanism, which was addressed in, e.g., Blum et al. (2004)
and Cesa-Bianchi et al. (2006), and an example of easy games.

On the other hand, the seller in the dp-hard game does take the buyer’s evaluation
price into account when the item is bought. In other words, the seller incurs the
difference between the opponent evaluation and the selling price x; — A; as a loss
because the seller could have made more profit if the seller had sold at the price
x¢. Namely, the loss incurred at time ¢ is given by

Lave, = (2 — Ag) L[Ay < 4] + cl[Ay > 2] .

In the matrix form, the loss matrix and feedback matrix of the dp-hard setting is

given by
0 1 k—1 0 0 0
c 0 k—2 1 0 0
L = and ¢ = . )
c c 0 1 1 0

This setting is also addressed in Cesa-Bianchi et al. (2006) and belongs to the class
of hard games.

2.6.4 Combinatorial Bandits

In combinatorial bandits, the learner and environment play the game sequentially. The
learner is given an action set A C {0,1}%, where d € N is the dimension of the ac-
tion set.® For every round ¢ € [T, the environment chooses a loss £(t) € [0, 1]¢, and

7L € [0,1]" is not satisfied here, but we present a loss matrix following the convention. Dividing by
is enough to get £ € [0, 1]*.

%Here, d corresponds to the number of arms k in multi-armed bandits. In this dissertation, d is used
instead of k, following the convention.
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the learner then chooses an action a(t) € A (also called a super-arm), incurs a loss
(£(t),a(t)). In the combinatorial bandit problem, there are two types of feedback for
the learner: semi-bandit feedback and full-bandit feedback. In the semi-bandit setting,
the learner observes ¢;(t) for all @ € [d] such that a;(t) = 1, whereas in the full-
bandit setting, the learner observes only the sum of losses for the taken action, that is,
> icld)a; (t)y=1 Li(t). We refer to each index i € [d] as base-arm i. Further detailed de-
scriptions of combinatorial semi-bandits are given in Chapter 6.

Application One of the representative problems of combinatorial bandits is the ad-
vertisement placement problem. Consider the following setup: a company managing a
website has d advertisements at hand that can be placed on the web, and selects m < d
of them to place on the web (Anantharam et al., 1987; Chen et al., 2013). Suppose that
the company can observe whether the placed ads are actually clicked or not, and based on
the results they determine a strategy for ad placement for the next time period. The goal
of the company is to maximize its cumulative reward by properly selecting and placing
the ads. This problem can be viewed as a combinatorial semi-bandits problem with the
action set A = {a € {0,1}? : ||a|ly = m}. This problem belongs to a class of m-set
problems among combinatorial bandits.

Another representative example is the online shortest path problem used for network
routing (Gai et al., 2012). Figure 2.7 illustrates this problem. In this problem, we are
given a connected directed weighted graph G = (V, E) with start s € V and goal g € V.
Here E corresponds to the set of base-arms, and thus | E| = d. Under these conditions, we
consider how to minimize the cumulative transportation cost when sending packets from
S to G sequentially. This problem can be viewed as a combinatorial bandits problem by
setting the action set to A = {a € {0,1}? : @ € E}. Here, a € E means that if a; = 1
then edge ¢ is included in E. This corresponds to a semi-bandits setting if the weights
of each edge are observed individually and to a full-bandits setting if only the sum of the
weights of each edge can be observed.

The combinatorial semi-bandit problem also includes many practical problems such
as multi-task bandits (Cesa-Bianchi and Lugosi, 2012), crowdsourcing (ul Hassan and
Curry, 2016), learning spectrum allocations (Gai et al., 2012), and recommender sys-
tems (Qin et al., 2014).
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Chapter 3

Analysis and Design of Thompson Sampling for
Stochastic Partial Monitoring

In this chapter, we investigate finite stochastic partial monitoring, which is a general
model for sequential learning with limited feedback. While Thompson sampling is one
of the most promising algorithms for a variety of online decision-making problems, its
properties for stochastic partial monitoring have not been theoretically investigated, and
the existing algorithm relies on a heuristic approximation of the posterior distribution.
To mitigate these problems, we present a novel Thompson-sampling-based algorithm,
which enables us to exactly sample the target parameter from the posterior distribution.
Besides, to theoretically justify the proposed algorithm, we consider the linearized vari-
ant of the partial monitoring problem with local observability. For this problem, we prove
that a special case of the new algorithm achieves the logarithmic distribution-dependent
expected pseudo-regret O(log T'). This result is the first regret bound of Thompson sam-
pling for partial monitoring, which also becomes the first logarithmic regret bound of
Thompson sampling for linear bandits.

3.1 Introduction

Partial monitoring (PM) is a general sequential decision-making problem with limited
feedback (Rustichini, 1999; Piccolboni and Schindelhauer, 2001). PM is attracting broad
interest because it includes a wide range of problems such as the multi-armed bandit
problem (Lai and Robbins, 1985), a linear optimization problem with full or bandit feed-
back (Zinkevich, 2003; Dani et al., 2008), dynamic pricing (Kleinberg and Leighton,
2003), and label efficient prediction (Cesa-Bianchi et al., 2005).

A PM game can be seen as a sequential game that is played by two players: a learner
and an opponent. At every round, the learner chooses an action, while the opponent
chooses an outcome. Then, the learner suffers an unobserved loss and receives a feedback
symbol, both of which are determined from the selected action and outcome. The main
characteristic of this game is that the learner cannot directly observe the outcome and
loss. The goal of the learner is to minimize his/her cumulative loss over all rounds. The
performance of the learner is evaluated by the regret, which is defined as the difference
between the cumulative losses of the learner and the optimal action (i.e., the action whose
expected loss is the smallest).

There are mainly two types of PM games, which are the stochastic and adversarial
settings (Piccolboni and Schindelhauer, 2001; Bartok et al., 2011). In the stochastic set-
ting, the outcome at each round is determined from the opponent’s strategy, which is a
probability vector over the opponent’s possible choices. On the other hand, in the ad-
versarial setting, the outcomes are arbitrarily decided by the opponent. We refer to the
PM game with finite actions and finite outcomes as a finite PM game. In this chapter, we
focus on the stochastic finite game.
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One of the first algorithms for PM was considered by Piccolboni and Schindelhauer
(2001). They proposed the FeedExp3 algorithm, the key idea of which is to use an unbi-
ased estimator of the losses. They showed that the FeedExp3 algorithm attains O (73/4)
minimax regret for a certain class of PM games, and showed that any algorithm suffers
linear minimax regret €2(7") for the other class. Here 7 is the time horizon and the no-
tation O(-) hides polylogarithmic factors. The upper bound O(73/%) is later improved
by Cesa-Bianchi et al. (2006) to O(TQ/ 3), and they also provided a game with a matching
lower bound.

In the seminal paper by Bartdk et al. (2011), they classified PM games into four
classes based on their minimax regrets. To be more specific, they classified games into
trivial, easy, hard, and hopeless games, where their minimax regrets are 0, é(\/T )s
O(T?/3), and O(T), respectively. Note that the easy game is also called a locally ob-
servable game. After their work, several algorithms have been proposed for the finite
PM problem (Bartok et al., 2012; Vanchinathan et al., 2014; Komiyama et al., 2015a).
For the problem-dependent regret analysis, Komiyama et al. (2015a) proposed an algo-
rithm that achieves O(log T') regret with the optimal constant factor. However, it requires
solving a time-consuming optimization problem with infinitely many constraints at each
round. In addition, this algorithm relies on the forced exploration to achieve the optimal-
ity, which makes the empirical performance near-optimal only after prohibitively many
rounds, say, 10° or 106.

Thompson sampling (TS, Thompson, 1933) is one of the most promising algorithms
on a variety of online decision-making problems such as the multi-armed bandit (Lai
and Robbins, 1985) and the linear bandit (Agrawal and Goyal, 2013b), and the effec-
tiveness of TS has been investigated both empirically (Chapelle and Li, 2011) and the-
oretically (Kaufmann et al., 2012a; Agrawal and Goyal, 2013a; Honda and Takemura,
2014). In the literature on PM, Vanchinathan et al. (2014) proposed a TS-based algorithm
called BPM-TS (Bayes-update for PM based on TS) for stochastic PM, which empirically
achieved state-of-the-art performance. Their algorithm uses Gaussian approximation to
handle the complicated posterior distribution of the opponent’s strategy. However, this
approximation is somewhat heuristic and can degrade the empirical performance due to
the discrepancy from the exact posterior distribution. Furthermore, no theoretical guar-
antee is provided for BPM-TS.

Our goals are to establish a new TS-based algorithm for stochastic PM, which al-
lows us to sample the opponent’s strategy parameter from the exact posterior distribu-
tion, and investigate whether the TS-based algorithm can achieve sub-linear regret in
stochastic PM. Using the accept-reject sampling, we propose a new TS-based algorithm
for PM (TSPM), which is equipped with a numerical scheme to obtain a posterior sam-
ple from the complicated posterior distribution. We derive a logarithmic regret upper
bound O(log T') for a variant of the proposed algorithm, TSPM-Gaussian, on the locally
observable game under a linearized variant of the problem. This is the first regret bound
for TS on the locally observable game. Moreover, our setting includes the linear bandit
problem and our result is also the first logarithmic expected regret bound of TS for the
linear bandit, whereas a high-probability bound was provided, for example, in Agrawal
and Goyal (2013b). Finally, we compare the performance of TSPM with existing algo-
rithms in numerical experiments, and show that TSPM and TSPM-Gaussian outperform
existing algorithms.

3.2 Preliminaries

A PM game with k actions and d outcomes is defined by a pair of a loss matrix £ € R¥*9
and a feedback matrix ® € X¥*?, where ¥ is a set of feedback symbols. In this chapter,
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Table 3.1: List of symbols used in this chapter.

Symbol Meaning

k,d e N number of actions and outcomes

% set of feedback symbols

m number of feedback symbols

L € RFxd loss matrix

o ¢ nhxd feedback matrix

p* € Py opponent’s strategy

S, €{0,1}™*%  signal matrix of action a

Ay € [k action taken at round ¢

x¢ € [d] outcome chosen by opponent at round #

or€EX feedback symbol observed at round ¢ in discrete setting

y(t) € {0,1}™  feedback symbol vector observed at round ¢ in linear setting

N, (%) number of times action a is taken before time ¢ € [T]

C, C Py cell of action a

Fi(p) unnormalized posterior distribution in (3.1)

fe(p) probability density function corresponding to F}(p)

Gi(p) unnormalized proposal distribution for F;(p) in (3.2)

g:(p) probability density function corresponding to G;(p)

qt(lt) € Py empirical feedback distribution of action a by time ¢

Gan € Pa empirical feedback distribution of action a after the action is taken n times
we let ¥ = [m] = {1,..., m} without loss of generality.

A PM game can be seen as a sequential game that is played by two players: the learner

and the opponent. At each round t = 1,2,...,T, the learner selects action A; € [k],

and at the same time the opponent selects an outcome based on the opponent’s strategy
p* € Py, where P,, = {peR" :p;, >0,> ;_,pr =1} is the (n — 1)-dimensional
probability simplex. The outcome z; of each round is an independent and identically
distributed sample from p*, and then, the learner suffers loss £ 4,,, at round ¢. The
learner cannot directly observe the value of this loss, but instead observes the feedback
symbol oy = ® 4,,, € [A]. The setting explained above has been widely studied in the
literature of stochastic PM (Barték et al., 2011; Komiyama et al., 2015a), and we call
this the discrete setting. In Section 3.4, we also introduce a linear setting for theoretical
analysis, which is a slightly different setting from the discrete one.

The learner aims to minimize the cumulative loss over T rounds. The expected loss
of action a is given by L, p*, where L, is the a-th column of £. We say action a
is optimal under strategy p* if (L, — L)' p* < 0 for any b # a. We assume that the
optimal action is unique, and without loss of generality that the optimal action is action
1. Let A, = (Lo — L) "p* > 0 for a € [k] and N, (t) be the number of times action a
is selected before the ¢-th round. When the time step is clear from the context, we use n,
instead of N, (t). We use the (pseudo-)regret to measure the performance:

T k
Reg, = E [RegT] for Regr =Y Au =Y ANJ(T+1).
t=1

a=1

This is the relative performance of the algorithm against the oracle, which knows the
optimal action 1 before the game starts.

We introduce the following definitions to clarify the class of PM games, for which we
develop an algorithm and derive a regret upper bound. The following cell decomposition
is the concept to divide the simplex P; based on the loss matrix to identify the optimal
action, which depends on the opponent’s strategy p*.
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&

Figure 3.1: An example of cell decomposition. The points e correspond to Pareto-optimal ac-
tions. Cells C; and G5 are neighbors.

Definition 3.1 (Cell decomposition and Pareto-optimality). For action a € [k], cell a

C, = {pG‘Pd: (Lo — L) p <0, Vb7éa}

is the set of opponent’s strategies for which action a is optimal. Action a is Pareto-optimal
if there exists an opponent’s strategy p* under which action a is optimal.

Each cell is a convex closed polytope. Next, we define neighbors between two Pareto-
optimal actions, which intuitively means that the two actions “touch” each other on their
surfaces. An example of cell decomposition is given in Figure 3.1.

Definition 3.2 (Neighbors and neighborhood action). Two Pareto-optimal actions a and
b are neighbors if C, N Cp is an (d — 2)-dimensional polytope. For two neighboring
actions a, b € [k], the neighborhood action set is defined as

N, ={cek: Cane CC} .

Note that the neighborhood action set N;rb includes actions a and b from its definition.
Next, we define the signal matrix, which encodes the information of the feedback matrix
® so that we can utilize the feedback information.

mXxd

Definition 3.3 (Signal matrix). The signal matrix S, € {0,1} of action a is defined

as

Note that if we define the signal matrix as above, S,p* € R™ is a probability vector
over feedback symbols of action a. The following local observability condition separates
easy and hard games, This condition intuitively means that the information obtained by
taking actions in the neighborhood action set N;b is sufficient to distinguish the loss
difference between actions a and b. ’

Definition 3.4 (Local observability). A partial monitoring game is said to be locally
observable if for all pairs a, b of neighboring actions, L, — Ly € & N, ImS,),

T
L,— Ly € GBCGN:J) ImS, ,

where Im V' is the image of the linear map V', and V' & W is the direct sum between the
vector spaces V and W.
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We also consider the concept of the strong local observability condition, which im-
plies the above local observability condition.

Definition 3.5 (Strong local observability). A partial monitoring game is said to be strongly
locally observable if for all pairs a, b € [k],

Lo—LycImS] @Ims, .

This condition was assumed in the theoretical analysis in Vanchinathan et al. (2014),
and we also assume this condition in theoretical analysis in Section 3.4. Note that the
strong local observability means that, for any a # b, there exists z,, # 0 € R?™ such
that L, — Ly = (SJ, Sl;r) Za,b-

Notation Let ||-| and ||-||, be the Euclidean norm and p-norm, and let ||z|| 4 = Va T Ax
be the norm induced by the positive semidefinite matrix A = 0. The vector ¢; € R?
is the i-th orthonormal basis of R?, and 1,, = [1,...,1]" is the n-dimensional all-

one vector. Let qt(lt) be the empirical feedback distribution of action a at round ¢, i.e.,

Qt(zt) = [Na1/Na, - anam/na}—r € Pm, where Nay = Zi:l L[As = a,05 = y] and

Nq = >_y" 1 Nay. The notation used in this chapter is summarized in Table 3.1.

Methods for Sampling from Posterior Distribution We briefly review the methods
to draw a sample from the posterior distribution. While TS is one of the most promising
algorithms, the posterior distribution can be in a quite complicated form, which makes
obtaining a sample from it computationally hard. To overcome this issue, a variety of
approximate posterior sampling methods have been considered, such as Gibbs sampling,
Langevin Monte Carlo, Laplace approximation, and the bootstrap (Russo et al., 2018,
Section 5). Recent work (Lu and Van Roy, 2017) proposed a flexible approximation
method, which can even efficiently be applied to quite complex models such as neural
networks. However, more recent work revealed that algorithms based on such an approx-
imation procedure can suffer a linear regret (Phan et al., 2019), even if the approximation
error in terms of the a-divergence is small enough.

Although BPM-TS is one of the best methods for stochastic PM, it approximates the
posterior by a Gaussian distribution in a heuristic way, which can degrade the empirical
performance due to the distributional discrepancy from the exact posterior distribution.
Furthermore, no theoretical guarantee is provided for BPM-TS. To address this issue, we
mitigate these problems by providing a new algorithm for stochastic PM, which allows us
to exactly draw samples from the posterior distribution. We also give theoretical analysis
for the proposed algorithm.

3.3 Thompson-sampling-based Algorithm for Partial Monitoring

In this section, we present a new algorithm for stochastic PM games, where we name the
algorithm TSPM (TS-based algorithm for PM). The algorithm is given in Algorithm 3.1,
and we will explain the subroutines in the following.

3.3.1 Accept-Reject Sampling

We adopt the accept-reject sampling (Casella et al., 2004) to exactly draw samples from
the posterior distribution. The accept-reject sampling is a technique to draw samples
from a specific distribution f, and a key feature is to use a proposal distribution g, from
which we can easily draw a sample and whose ratio to f, that is f/g, is bounded by a
constant value R. To obtain samples from f, (i) we generate samples X ~ g; (ii) accept
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Algorithm 3.1: TSPM Algorithm
Input: prior parameter A > 0

1 Set By < M 4,bg < O.

2 Take each action for n > 1 times.

3fort=1,2,...,T do

4 Sample p; ~ 7(p | {As, 05}2;11) based on the accept-reject sampling
(Algorithm 3.2).

5 Take action Ay = arg min ¢y L, p; and observe feedback o;.

6 Update Bt — Bt—l + S;lrt SA“ bt — bt—l + Sgteat.

Algorithm 3.2: Accept-Reject Algorithm 3.3: Sampling from
Sampling 9:(p)
Input: constant R € [07 1] 1 Compute Bt, Et from Bt, bt.
1 while true do 2 repeat
2 Sample p; ~ g:(p) 3 Sample
(Algorithm 3.3). (@ ~ N(Bt_ll;ty Bt_l)'

Sample @ ~ U([0, 1]).
if Ru < Ft(ﬁt)/Gt(ﬁt) then
5 L return p;.

4 until p(o‘) € Py_1;
5 return

)T

p=p 1= p@),).

X with probability f(X)/Rg(X). Note that f and g do not have to be normalized when
the acceptance probability is calculated.

Let 7(p) be a prior distribution for p. Then an unnormalized density of the posterior
distribution for p can be expressed as

Fy(p) = m(p) ﬁ exp (—naD (qff)HSap» , 3.1)
a=1

the detailed derivation of which is given in Section 3.6.1. We use the proposal distribution
with unnormalized density

k
1
Gi(p) = w(p) H exp (—Qna\q((f) — SapH2> : (3.2)
a=1

Based on these distributions, we use Algorithm 3.2 for exact sampling from the poste-
rior distribution, where U([0, 1]) is the uniform distribution over [0, 1] and g¢(p) is the
distribution corresponding to the unnormalized density G(p) in (3.2). The following
proposition shows that setting R = 1 realizes the exact sampling.

Proposition 3.1. Let f(p) be the distribution corresponding to the unnormalized density
Fy(p) in (3.1). Then, the output of Algorithm 3.2 with R = 1 follows fi(p).

This proposition can easily be proved by Pinsker’s inequality, which is detailed in
Section 3.6.1.

In practice, R € [0, 1] is a parameter to balance the amount of over-exploration and
the computational efficiency. As R decreases from 1, the algorithm tends to accept a
point p far from the mode. The case R = 0 corresponds to the TSPM algorithm where
the proposal distribution is used without the accept-reject sampling, which we call TSPM-
Gaussian. As we will see in Section 3.4, TSPM-Gaussian corresponds to exact sampling
of the posterior distribution when the feedback follows a Gaussian distribution rather than
a multinomial distribution.
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TSPM-Gaussian can be related to BPM-TS (Vanchinathan et al., 2014) in the sense
that both of them use samples from Gaussian distributions. Nevertheless, they use differ-
ent Gaussians and TSPM-Gaussian performs much better than BPM-TS as we will see
in the experiments. Details on the relation between TSPM-Gaussian and BPM-TS are
described in Section 3.6.3.

In general, we can realize efficient sampling with a small number of rejections if the
proposal distribution and the target distribution are close to each other. On the other
hand, in our problem, the densities in (3.1) and (3.2) for each fixed point p exponentially
decay with the number of samples n, if the empirical feedback distribution qc(f) con-
verges. This means that F;(p) and G(p) have an exponentially large relative gap in most
rounds. Nevertheless, the number of rejections does not increase with ¢ as we will see
in the experiments, which suggests that the proposal distribution approximates the target
distribution well.

3.3.2 Sampling from Proposal Distribution

When we consider Gaussian density N(0, \I;) truncated over P as a prior, the proposal
distribution also has the Gaussian density N(B; 'b;, B; ') over P, where

k k
By=My+Y naS] Sa=Bi1+S4,Sa,, bi=> _naS) q{ =b;_1+54,e0, . (3.3)

a=1 a=1

Here note that the probability simplex Py is in an (d — 1)-dimensional space and a sam-
ple from N(0, A\I;) is not contained in Py with probability one. In the literature, e.g.,
Altmann et al. (2014), sampling methods for Gaussian distributions truncated on a sim-
plex have been discussed. We use one of these procedures summarized in Algorithm 3.3,
where we first sample d — 1 elements of p from another Gaussian distribution and deter-
mine the remaining element by the constraint Zle p; = 1.

Proposition 3.2. Sampling from g.(p) is equivalent to Algorithm 3.3 with
By=Cy—2D;+ filaal] ., b= fila1 —ge+ b 0@ 141,

.
5% ?ﬂj for Gy € REIXA=1 g c RL £ e R by = b, 0i]T €
t

R x R, and Dy = Y(g:1] | +14-10]).

where By = {

We give the proof of this proposition for self-containedness in Section 3.6.2.

3.4 Theoretical Analysis

This section considers a regret upper bound of the TSPM-Gaussian algorithm. In the
theoretical analysis, we consider a /inear setting of PM called linear partial monitoring.
In the linear PM, the learner suffers the expected loss LL p* as in the discrete setting,
and receives feedback vector

y(t) = Sap"+e for e ~N(0,I1y), (3.4)

instead of o, whereas the one-hot representation of y(¢) is distributed by the probability
vector S,p* in the discrete setting. In general, the linear PM setting considered in (3.4)
does not include discrete PM. However, if we allow ¢; to be an action-dependent sub-
Gaussian distribution instead of a Gaussian distribution, then linear PM includes discrete
PM as a special case, and such a formulation is recently investigated (Kirschner et al.,
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2023). It is worth noting the linear PM also includes the linear bandit problem, where
the feedback vector is expressed as L/ p* + ;.

In the linear PM, G (p) in (3.2) becomes the exact posterior distribution rather than
a proposal distribution. The definition of the cell decomposition for this setting is largely
the same as that of discrete setting and detailed in Section 3.6.5. Therefore, T'S with exact
posterior sampling in the linear PM corresponds to TSPM-Gaussian. In the linear PM,
the unknown parameter p* is in R? rather than in P4, and therefore we consider the prior
7(p) = N(0, M) over R%, where the posterior distribution becomes N(B; 'b;, B; *).

There are a few works that analyze TS for the PM because of its difficulty. For ex-
ample in Vanchinathan et al. (2014), an analysis of the TS-based algorithm (BPM-TS)
is not given despite the fact that its performance is better than the algorithm based on a
confidence ellipsoid (BPM-LEAST). Zimmert and Lattimore (2019) considered the the-
oretical aspect of a variant of TS for the linear PM in view of the Bayes regret, but this
algorithm is based on the knowledge on the time horizon and different from the family
of TS used in practice. More specifically, their algorithm considers the posterior distri-
bution for regret (not pseudo-regret), and an action is chosen according to the posterior
probability that each arm minimizes the cumulative regret. Thus, the time horizon also
needs to be known.

Types of Regret Bounds We focus on the (a) problem-dependent (b) expected pseudo-
regret. (a) In the literature, a minimax (or problem-independent) regret bound has mainly
been considered, for example, to classify difficulties of the PM problem (Barték et al.,
2010; Barték et al., 2011). On the other hand, a problem-dependent regret bound often
reflects the empirical performance more clearly than the minimax regret (Bartok et al.,
2012; Vanchinathan et al., 2014; Komiyama et al., 2015a). For this reason, we consider
this problem-dependent regret bound. (b) In complicated settings of bandit problems, a
high-probability regret bound has mainly been considered (Abbasi-Yadkori et al., 2011;
Agrawal and Goyal, 2013b), which bounds the pseudo-regret with high probability 1 — 4.
Though such a bound can be transformed to an expected regret bound, this type of analysis
often sacrifices the tightness since a linear regret might be suffered with small probability
0. This is why the analysis in Vanchinathan et al. (2014) for BPM-LEAST finally yielded
an O(v/T) expected regret bound whereas their high-probability bound is O(log T).

3.4.1 Regret Upper Bound

In the following theorem, we show that logarithmic problem-dependent expected regret
is achievable by the TSPM-Gaussian algorithm.

Theorem 3.1 (Regret upper bound). Consider any finite stochastic linear partial mon-
itoring game with Gaussian noise. Assume that the game is strongly locally observable
and A, = (Lg— Ll)Tp* > 0 forany a # 1. Then, the regret of TSPM-Gaussian satisfies
for sufficiently large T that

mk?dmax iy Ag logT
Regr = O( A€2[ ] ) )

where A == ming21 Ag for Ao = Ao/ ||21,a]| with 21, defined after Definition 3.5.

Remark. In the proof of Theorem 3.1, it is sufficient to assume that L1 — L, € Im S @
Im S for a € [k], which is weaker than the strong local observability, though it is still
sometimes stronger than the local observability condition.
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The proof of Theorem 3.1 is given in Section 3.6.5. This result is the first problem-
dependent bound of TS for PM, which also becomes the first logarithmic regret bound of
TS for linear bandits.

The norm of 2, in A intuitively indicates the difficulty of the problem. Whereas we
can estimate (S,p, Spp) with noise through taking actions a and b, the actual interest is
the gap of the losses p' (Ly — Lp) = (Sap, Sop) " zap- Thus, if ||24]| is large, the gap
estimation becomes difficult since the noise is enhanced through z .

Unfortunately, the derived bound in Theorem 3.1 has quadratic dependence on k,
which does not seem tight. This quadratic dependence comes from the difficulty of the
expected regret analysis. In general, we evaluate the regret before and after the conver-
gence of the statistics separately. Whereas the latter one usually becomes dominant, the
main difficulty comes from the analysis of the former one, which might become large
with small probability (Agrawal and Goyal, 2012; Kaufmann et al., 2012a; Agrawal and
Goyal, 2013a).

In our analysis, we were not able to bound the former one within a non-dominant
order, though it is still logarithmic in 7". In fact, our analysis shows that the regret after
convergence is O(3_, ,; Aq 3z log T') as shown in Lemma 3.10 in Section 3.6.5, which
will become the regret with high probability. In particular, if we consider the classic
bandit problem as a PM game, we can confirm that the derived bound after convergence

becomes the best possible bound
log T’
(0]
(%)

a#l a

by considering A, depending on each suboptimal arm a as the difficulty measure in-
stead of A. Still, deriving a regret bound for the term before convergence within an
non-dominant order is an important future work.

3.4.2 Technical Difficulties of the Analysis

The main difficulty of this regret analysis is that PM requires consideration of the statistics
of all actions when the number of selections N, (t) of some action a is evaluated. This is
in stark contrast to the analysis of the classic bandit problems, where it becomes sufficient
to evaluate statistics of action a and optimal action 1. This makes the analysis remarkably
complicated in PM, where we need to separately consider the randomness caused by the
feedback and TS.

To overcome this difficulty, we handle the effect of actions of no interest in two dif-
ferent novel ways depending on each decomposed regret. The first one is to evaluate
the worst-case effect of these actions based on an argument (Lemma 3.4) related to the
law of the iterated logarithm (LIL), which is sometimes used in the best-arm identifica-
tion literature to improve the performance (Jamieson et al., 2014). The second one is
to bound the action-selection probability of TS using an argument of (super-)martingale
(Theorem 3.4), which is of independent interest. Whereas such a technique is often used
for the construction of confidence bounds (Abbasi-Yadkori et al., 2011), we reveal that
it is also useful for evaluation of the regret of TS.

We only focused on the Gaussian noise ¢, ~ N(0, I;), rather than the more general
sub-Gaussian noise. This restriction to the Gaussian noise comes from the essential diffi-
culty of the problem-dependent analysis of TS, where lower bounds for some probabilities
are needed whereas the sub-Gaussian assumption is suited for obtaining upper bounds.
To the best of our knowledge, the problem-dependent regret analysis for TS on the sub-
Gaussian case has never been investigated even for the multi-armed bandit setting, which
is quite simple compared to that of PM. In the literature of the problem-dependent regret
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analysis, the noise distribution is restricted to distributions with explicitly given forms,
e.g., Bernoulli, Gaussian, or more generally a one-dimensional canonical exponential
family (Kaufmann et al., 2012a; Agrawal and Goyal, 2013a; Korda et al., 2013). Their
analysis relies on the specific characteristic of the distribution to bound the problem-
dependent regret.

3.5 Experiments

In this section, we numerically compare the performance of TSPM and TSPM-Gaussian
against existing methods, which are RandomPM (the algorithm which selects action ran-
domly), FeedExp3 (Piccolboni and Schindelhauer, 2001), and BPM-TS (Vanchinathan
etal., 2014). Recently, Lattimore and Szepesvari (2019a) considered the sampling-based
algorithm called Mario sampling for easy games. Mario sampling coincides with TS
(except for the difference between pseudo-regret and regret with known time horizon)
mentioned in the last section when any pair of actions is a neighbor. As shown in Sec-
tion 3.6.6, this property is indeed satisfied for dp-easy games defined in the following.
Therefore, the performance is essentially the same between TSPM with R = 1 and Mario
sampling. To compare the performance, we consider a dynamic pricing problem intro-
duced in Chapter 2, which is a typical example of PM games. We conducted experiments
on the discrete setting because the experiments for PM has mainly focused on the discrete
setting.

In the dynamic pricing game, the player corresponds to a seller, and the opponent
corresponds to a buyer. At each round, the seller sells an item for a specific price Ay, and
the buyer comes with an evaluation price x; for the item, where the selling price and the
evaluation price correspond to the action and outcome, respectively. The buyer buys the
item if the selling price A; is smaller than or equal to x; and not otherwise. The seller
can only know if the buyer bought the item (denoted as feedback 0) or did not buy the
item (denoted as 1). The seller aims to minimize the cumulative “loss”, and there are two
types of definitions for the loss, where each induced game falls into the easy and hard
games. We call them dp-easy and dp-hard games, respectively.

In both cases, the seller incurs the constant loss ¢ > 0 when the item is not bought
due to the loss of opportunity to sell the item. In contrast, when the item is not bought,
the loss incurred to the seller is different between these settings. The seller in the dp-easy
game does not take the buyer’s evaluation price into account. In other words, the seller
gains the selling price A; as a reward (equivalently incurs — A; as a loss). Therefore, the
loss for the selling price A; and the evaluation x; is

LAt:Bz - 7At]]~[At S xt] + Cl[At > l‘t] .

This setting can be regarded as a generalized version of the online posted price mecha-
nism, which was addressed in, e.g., Blum et al. (2004) and Cesa-Bianchi et al. (2006),
and an example of strongly locally observable games.

On the other hand, the seller in dp-hard game does take the buyer’s evaluation price
into account when the item is bought. In other words, the seller incurs the difference
between the opponent evaluation and the selling price x; — A; as a loss because the seller
could have made more profit if the seller had sold the item at the price x;. Therefore, the
loss incurred at time ¢ is

LAzxt = (.%'t — At)]]_[At < mt] + Cﬂ[At > IIZt] .

This setting is also addressed in Cesa-Bianchi et al. (2006), and belongs to the class of
hard games. Note that our algorithm can also be applied to a hard game, though there is
no theoretical guarantee.
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Figure 3.2: Regret-round plots of algorithms. The solid lines indicate the average over 100 in-
dependent trials. The thin fillings are the standard error.
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Figure 3.3: The number of rejected times by the accept-reject sampling. The solid lines indicate
the average over 100 independent trials after taking moving average with window
size 100.

Setup In both dp-easy and dp-hard games, we fixed k = d € {3,5,7} and ¢ = 2. We
fixed the time horizon 7" to 10000 and simulated 100 times. For FeedExp3 and BPM-TS,
the setup of hyperparameters follows their original papers. For TSPM, we set A = 0.001,
and R was selected from {0.01,1.0}. Here, recall that TSPM with R = 1 and R = 0
correspond to the exact sampling and TSPM-Gaussian, respectively, and a smaller value
of R gives the higher acceptance probability in the accept-reject sampling. Therefore,
using small R makes the algorithm time-efficient, although it can worsen the performance
since it over-explores the tail of the posterior distributions. To stabilize sampling from
the proposal distribution in Algorithm 3.3, we used an initialization that takes each action
n = 10m times. The detailed settings of the experiments with more results are given in
Section 3.6.7.

Results Figure 3.2 is the empirical comparison of the proposed algorithms against the
benchmark methods. This result shows that, in all cases, the TSPM with exact sampling
gives the best performance. TSPM-Gaussian also outperforms BPM-TS even though
both of them use Gaussian distributions as posteriors. Besides, the experimental results
suggest that our algorithm performs reasonably well even for a hard game. It can be
observed that the proposed methods outperform BPM-TS more significantly for a larger
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number of outcomes. Further discussion for this observation is given in Section 3.6.3.

Figure 3.3 shows the number of rejections at each time step in the accept-reject sam-
pling. We counted the number of times that either Line 4 in Algorithm 3.2 or Line 4
in Algorithm 3.3 was not satisfied. In the accept-reject sampling, it is desirable that the
frequency of rejection does not increase as the time-step ¢ and does not increase rapidly
with the number of outcomes. We can see that the former one is indeed satisfied. For
the latter property, the frequency of rejection becomes unfortunately large when exact
sampling (R = 1) is conducted. Still, we can substantially improve this frequency by
setting R to be a small value or zero, which still keeps regret tremendously better than
that of BPM with almost the same time-efficiency as BPM-TS.

3.6 Deferred Discussion and Proofs

3.6.1 Posterior Distribution and Proposal Distribution in Section 3.3

In this section, we discuss the representation of the posterior distribution and its relation
with the proposal distribution.

Proposition 3.3. F;(p) in (3.1) is proportional to the posterior distribution of the oppo-
nent’s strategy, and Fy(p) < G(p) for all p € Py.

Proof. The posterior distribution of the opponent’s strategy parameter 7 (p | {4;,05 }221)
is rewritten as

77(2? ‘ {ASaas}izl) X W(pa {A&Us}gzl)

x (p) [] Blos | Asp)
s=1

kK A
= 7(p) H H(Sa,yp)nay

a=1y=1
rt) [Lexp(—nad (41500)).
=1

}m><d

empirical feedback distribution of action a at time ¢, that s, qc(f) = [na1/Nas - -« s Nam/ na]T €

Py for ngy = S 1[As = a,05 = y] and n, = >yt May-
Next, we show that Fy(p) < G¢(p) holds for all p € P4. Using Pinsker’s inequality,
the unnormalized posterior distribution F}(p) can be bounded from above as

where S, , is the y-th row of the signal matrix S, € {0, 1 , and note that q[(f) is the

k
Fy(p) ==(p) [] eXp(—naD (q((f) HSap>>
a=1
k
< m(p) H exp(—%nqu[(f) — SapH%) (by Pinsker’s inequality)
a=1 1 .
= rlp)exp (=5 X nallel? )

k
1
< 7(p) exp(—5 D nallal” = Sapl?)  (by Ia¥ = Saplls = llaf? = Sup|)
a=1

= Gy(p) .
]
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Remark. The unnormalized density G(p) is indeed Gaussian. Recalling that B; and b;
are defined in (3.3) as

k t k
= 1S, Sa =Y Si.Sa,=Bi1+S54,54, bi=> 1S, q") =b_1+ 54e0,

a=1 s=1

we have

k

> nalla ~ Supl* = Zna (0 — 5up) (4l ~ Sap)

a=1

T(ZnaSaTSa) 9 (ZnaSTq(t)> p+zna\lq(”ll2
a=1
Bt bt ct

—=p' Bip—2b/p+c
= (p — B;lbt)TBt(p — B;lbt) + Ct — b:B;lbt .

Therefore, we have
k
1 1 _ _
exp(—i Z nallgl) — Sasz) x exp<—§(p — B ') " Bi(p — B, 1bt)> .
a=1

3.6.2 Proof of Proposition 3.2

We will see that the procedure of sampling p; from g;(p) and Algorithm 3.3 are equiva—
lent. First, we derive the Gaussian density of g;(p) projected onto {p € R : ZZ 1Di =
1}.

For simplicity, we omit the subscript ¢ and write, e.g., B instead of B;. We define
p= [p(a)T,pd]T € R xR. Leth = B~ b, and define h = [h(“)T, hq]T € RI-1xR.

Let B = [g(’; ﬂ, where C € R¥1xd-1 g ¢ R4! and f € R. Also, let b =
B pOT ¢ R-T xR,

Using the decomposition
(p— B ') B(p—B~'b)=p ' Bp—2h"Bp+h' Bh.
(@ (b)
a

We then rewrite each term by restricting the domain of p so that it satisfies the condition
Z?Zl p; = 1. Now the first term (a) is rewritten as

(@ = p@ " Cp@ 4 2p@  gpy + fp3
d—1

p@ " Cp@ 4 2p(@ (1—2%)”( ; >

(al) (a2)

2

The term (al) is rewritten as

d—1
T T
@) =p® g—p g3 p,
=1
T T
=p@ g —p g1j_p®

T T 1
_ p(a) g — p(a) Dp(a) <D = 3 <g1;lr71 + ldlgT)) )
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and the term (a2) is rewritten as
-1,
@ = (1->"n)
i=1
d—1 -1,
—1-2Y i+ (Xn)
i=1 i=1

.
=1-21] pl@ +p@ 14417 p(®)

Therefore,

.
@=p"" (C=2D+ fla15) '™ = 2(fla1—9) P + [

B

With regard to the term (b), we have
) =b"p
— p(@ @ 4 p(@)y,
= (b —p D1, 1) Tpl@) 4@
Therefore,
(p—B~'0)"B(p—B~'0)
= p@ Bp® —2(f1, 4 — g+ 5@ —5@1, ) Tp® 4 f — 26 + 1T BA

(=l

= (@ -~ B %) TBR@ — B1b) + f — 2b@ — T B 1h 4+ 5T B,

where the last equality follows by h"Bh = b" B~'b. From the above argument, the
density N(B~'b, B~!) is the Gaussian distribution of g;(p) on {p € R%: Zgzl pi =1}
Therefore, the p = [p(o‘)T, 1-— 22;11 (p'@);]T for p'@ ~ N(B~b, B~1) is supported
over {p € R¢: fo:lpi =1} )

If the sample p'® from N(B~'b, B~')isin P,_;, then we can obtain the last element
p@D by p@ =1 — 3971 (p(®)),. Otherwise, the probability that p(®) is the first (d — 1)
elements of the sample from g,(p) is zero, and hence, [p(o‘)T, p(d)]T cannot be a sample
from g;(p). Therefore, sampling p; from g;(p) and Algorithm 3.3 are equivalent.

3.6.3 Relation between TSPM-Gaussian and BPM-TS
In this section, we discuss the relation between TSPM-Gaussian and BPM-TS (Vanchi-
nathan et al., 2014).

Underlying Feedback Structure Here, we discuss the underlying feedback structure
behind TSPM-Gaussian and BPM-TS.

We first consider the underlying feedback structure behind BPM-TS. In the following,
we see that the feedback structure

y(t) = SAtp =+ SAtG, € N(07 Id)

induces the posterior distribution in BPM-TS. Under this feedback structure, we have
y(t) ~ N<SAtp7 SAtSXt)'
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When we take the prior distribution 7 (p) as N(0, 03 1,), the posterior distribution for
the opponent’s strategy parameter can be written as

(p ‘ {AS’ )}s 1)
]__[7T ) | As, p)

= 7(p) H PyNN(SASp,SASSXS) {y=uy(s)}

s=1
=ep( 58 ) e (5000 ~ 547 (50.50) 006) ~ 51
:exp<_; <pT <8Id+;SXS(SAsSA ) SAS)p>

-2 <Z y(s SA SA )~ 15,45]9) + (a term independent of p))
o exp <—;(pTB?PMp - 2b?PMTP)>
- exp(—;(p _ BtBPM—lePM)TBtBPM(p _ BFPM—lb?PM)> 7
where

BPPM — QId—l—ZSA (Sa,S4.) 1 Sa, = BPEM + 51 (S4,54,) 1S4, ,
70 s=1

BB 3™ ST, (54,50 u(s) = -+ ST, (54,5T) (0.
s=1

Therefore, the posterior distribution 7 (p | {4, y(s)}i,:l) is

1 1 1 -1
— exp( 5 (p BBPM bBPM) BBPM (p BFPM b?PM)) )
\/(2‘ )d|'EPP |

and this distribution indeed corresponds to the posterior distribution in BPM-TS (Vanchi-
nathan et al., 2014) with BPPM = »-1,
Using the same argument, we can conﬁrm that the feedback structure

yt:Sap+67 GNN(O')Id)'

induces

1 1
ai(p) = exp(—2 Ip -~ BtlthZ) 7
(2m)| B,

which corresponds to the posterior distribution for TSPM in linear partial monitoring.

Covariances in TSPM-Gaussian and BPM-TS In the linear partial monitoring, TSPM
assumes noise with covariance I, which is compatible with the fact that the discrete set-
ting can be regarded as linear PM with I;-sub-Gaussian noise. On the other hand, BPM-
TS assumes covariance SOLS;r , and in general I; < SaSaT holds. Therefore, BPM-TS
assumes unnecessarily larger covariance, which makes learning slow down.
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3.6.4 Preliminaries for Regret Analysis

In this section, we give some technical lemmas, which are used for the derivation of the
regret bound in Section 3.6.5. Here, we write X > Y to denote X — Y > 0. For
a,b e R, leta Abbeaif a < botherwise b, and a V b be b if a < b otherwise a. We use
h(a) =P X2 {X > a} to evaluate the behavior of the posterior samples, where x? is
the chi-squared distribution with d degree of freedom.

3.6.4.1 Basic Lemmas

Fact 3.2 (Moment generating function of squared-Gaussian distribution). Let X be the
random variable following the standard normal distribution. Then, the moment generat-
ing function of X? is E[exp(£X?)] = (1 — 26)~1/2 for € < 1/2.

Lemma 3.1 (Chernoff bound for chi-squared random variable). Let X be the random
variable following the chi-squared distribution with k degree of freedom. Then, for any
x>0and0 < E<1/2,

P{X >a} <e €1 —2¢)73,
Proof. By Markov’s inequality, the LHS can be bounded as

k
P{X >z} = P{ZXE > m} (X1, ..., Xe "= N(0,1))

=1

= P{exp(ﬁi){f) > exp(fa)}

i=1
k
< e e <E [egX 12} ) (by Markov’s inequality)
=e %1 - 25)_5 (by Fact 3.2) ,
which completes the proof. O

3.6.4.2 Property of Strong Local Observability

Recall that A, = (L, — L1) "p* > 0 for a € [k], which is the difference of the expected

loss of actions a and 1. Using this define
1 . Aa > < . 4 >
min A | min =|lp — p*|| | , 3.5
(57 min ) A (min gl = (3.5)

which is used throughout the proof of this section and Section 3.6.5. The following
lemma provides the key property of the strong local observability condition.

€=

Lemma 3.2. For any partial monitoring game with strong local observability and p €
R? any of the conditions 1-3 in the following is not satisfied:

1. LlTp > Lgp (Worse action a looks better under p.)
2. ||Sip = Sip*|| < e

3. ISap — Sap*|| <€ .

46



Proof. We prove this by contradiction. Assume that there exists p € R? such that con-
ditions 1-3 are simultaneously satisfied.
Now, by conditions 2 and 3, we have

[S1p — S1p*| =2 el
|Sap - Sap*| =e€l,,.

Here, | - | is the element-wise absolute value and < means that the inequality < holds for
each element. Therefore,
S1 "
(5 )w-»

On the other hand, by the strong local observability condition, for any k # 1, there exists
21,4 # 0 € R*™ such that

< eloy, . (3.6)

(L — La)T =2/, ( gl > . (3.7)

Now, we have

< ||z1.all (by Cauchy-Schwarz inequality)

’( gi )(p—p*)

< V2me||z14| (by (3.6)) , (3.8)

S .
le,a<Si )(p—p)

= (L1 = La) (p—p") (by B.7)
= (L1 - La)Tp + (La — L1>Tp*
> A (by Condition 1 & def. of A,) . 3.9

and

Therefore, from (3.8) and (3.9), we have
Ag < V2mel|z1 4] -

This inequality does not hold for all @ # 1 for the predefined value of €, since we have

< 1 VAN
€ min .
= 2 oAt Teral

Therefore, the proof is completed by contradiction. O

Remark. The similar result holds when the optimal action 1 is replaced with action a # b
such that A, j, == (L, — Lp) "p* > 0 by taking e satisfying

< 1 . Aa,b
€ —— min —_— .
T 2y/M a#b:Ag >0 || Zap|

From Lemma 3.2, we have the following corollary.

Corollary 3.1. For any p € R? satisfying p € Cq and ||S1p — S1p*|| < €, we have

| Sap — Sap™|| > €.

47



Proof. Note that p € C, is equivalent to (L; — Lo) "p* > 0 for any a # 1. Therefore,
the desired result directly follows from Lemma 3.2. 0

The next lemma is the property of Mahalanobis distance corresponding to g:(p).

Lemma 3.3. Define T, = {p € R%: ||S,p — Sup*|| > €}. Assume that N,(t) > n,,
1Sape — Sap™|| < €/4. Then, forany 0 < § < 1/2

. /2, vz o 9.5  oe\—d/2
(g 15!~ 5017 < exp(—freein) (1~ 26) .

Proof. To bound the LHS of the above inequality, we bound HBt1 /2 (p—pt)||? from below
for p € J,. Using the triangle inequality and the assumptions, we have

[Sa(p —pe)l| = 1Sap — Sap™ || — [1Sapt — Sap||
>e—€/4>0. (3.10)

Therefore, we have

1B (0= B)lI? > S No()lISo(p — Be)|>  (by def. of By)
be (k]

ZnaHSa(p_ﬁt)”Q (Na(t) Zna)

9 5
—€"n, 1 .
> g€ M (by (3.10))

By the Chernoff bound for a chi-squared random variable in Lemma 3.1, we now have
h(z) < et (1 —26)2,

forany a > 0 and 0 < £ < 1/2. Hence, using the fact that HBt1/2(p — pr)||? follows the
chi-squared distribution with d degree of freedom, we have

h< inf || B}/*(p —ﬁt)\|2) < h(—g én, )
pETa
e _ 9g)—d/2
< exp ge“ng | (1 —2¢) ,
16
which completes the proof. O

3.6.4.3 Statistics of Uninterested Actions

For any a # i and n, € [T, define

Zna - naHQa,na Sap*H2 )
Zy; = max Zp
py nqa€[T]

In this section, we bound E [Z\i] from above. Note that Z\; is independent of the ran-
domness of Thompson sampling.

Lemma 3.4 (Upper bound for the expectation of Z\;).

E[2,] < 4k(10gT+ %logZ—i— 1) .
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Proof. Recall that in linear partial monitoring, the feedback y(¢) € R™ for action a is
given by

yr = Sap* + €, e ~N(0,I,,)

atroundt € [T'], Therefore, y(t)—Skp* ~ N(0, I;,). Since gg n, = n—la > se[T):A,=a Y(5)
for any n, € [T], we have

* 1 *
Qan, — Sap” = — Z (y(s) — Sap ) ~ N(Oa Im/na) :

Mta se[T):As=a
Therefore,
Va(Gan, = Sap™) ~ N0, Inn) ,
and thus

| ame — Sab*1? = [Iv/7a(dame — Sap™)I* ~ X -

Therefore, for any 0 < £ < 1/2,
o
E[max Zna] :/ }P’{ max Zp, > az}dm
naE[T} 0 nae[T]
o0
< / [IAT-P{Z; > z}]dz (by the union bound)
0

o0
< / [1 AT e %(1 - 25)_%} dz  (by Z1 ~ x2, and Lemma 3.1)
0

*

:/ dx+/ T-e (1 —2¢) 2 da
0 T

*

Sw*—i—T-/ e (1—2¢) 2 da

where z* == %{log — Zlog(1 — 2€) }. Therefore, taking £ = 1/4, we have

aFi
< (k- l)é{logT - %log(l —2¢) + 1}

< 4k<logT+ %logQ—F 1) ,

which completes the proof. O
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3.6.4.4 Mahalanobis Distance Process

Discussions in this section are essentially very similar to Abbasi-Yadkori et al. (2011,
Lemma 11), but their results are not directly applicable and we give the full derivation
for self-containedness. To maximize the applicability here we only assume sub-Gaussian
noise rather than a Gaussian one.

Let ¢; be zero-mean 1-sub-Gaussian random variable, which satisfies

A 2
}E|:e>\T€ti| §e_H |

for any \ € R

Lemma 3.5. For any vector v € R® and positive definite matrix V. € R*™? such that
V=1

v 2
. [e leg+ |V1] _ VIVl STWD
€t = .

2
V-1
Proof. For any 2 € R?

2, _q
T Vv
EANN(O,Vfl) [e)‘ x} =e 2

Therefore, by letting x = €¢; + v we see that

lleg+ollf \T
e 2 = E/\NN(O,V—I) [e (q—&-v)] .

As aresult, by the definition of sub-Gaussian random variables, we have

2
leg+oll2,_q

eg] By o [Eet [e/\T(Et-i-v)H

= E)\NN(O,V_I) |:e)\T'U]E€t |:e)\TEt:|i|
ATveuAn%z}

E,

< Exnio,v-1) {e

1
N
- 1 /
CenPyvS

_ VIV =1 o 3 (V=D )T (V=D (V=D) 1)~ T (V-1)"10) g
(2m)d2\/[V-HV - I

e S — MG%UT(V_I)il’U 3
VIV =1

/ ATl 26=INIE /29 )

7%(>\T(V7[)>\72vT)\)d)\

Lemma 3.6.

1 ~ * ~ * -~ Bt
E [GXP (2 (Hpt — %, — 1P —p ||2Bt_1)> ‘ pt—1, Bi-1, Sz‘(t—l):| < ’gt ‘1’ :

Proof. Let Z; := —Ap* +>_._, S} e, and we have
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* Bi=A+3Y. S} Sa,,
« by =31 S}1y(s) = Bp* + Z.
« pr=B; b =p*+ B 'Z,.

In the following, we omit the conditioning on (p;—1, Bi—1, Sa, ,) for notational

simplicity. We also define Sy := S4, for notational simplicity only in the proof of this
lemma.

Let us define Cy == S;B; 1S, and d; == StBt__lth_l = S¢(pr — p*). Then, using
the Sherman-Morrison-Woodbury formula we have

1B = 213, — 1P —p" 15,
=7/ B 'Z; — 2\ B\ Z1—
= (Zy+ el SOB = BAS (I + 8BS T S B (Zia + S @) = 211 B Zia
= (Zy+ el SOB N (Zi1 + S ) = 2By 2
—(Z1 + ¢l S)B LS (I + 58,18 )\ B, L (Zi-1 + S e)
=¢ SB 1S e, +22" B S €
— (2 1+ ¢ S)B NS (T4 5B 1S )7 8B (Zi1 + S/ 1)
=€ Crer +2d] e, — (d] + €/ C)(I + Cy) 7 (dy + Cyer)
= ¢/ C(I — (I +C)7 C)er + 2d] (I — (I + C) 7 Ch)er — d)f (I + C)~Ldy
= ¢/ Co(I+Cy)ep +2d] (I+Cp)Lep —d) (I+Cp)~dy
= et + C7 il g cyr — i (1 +C) 7O — d] (1 + C) ™y
= |e + CfldtHQct(Hct)—l —dl (I +C)~NI + 7y

Therefore, Lemma 3.5 with V == (Cy(I + Ct)_l)_l = (I +C)C7 Y vi=Cdy
yields

1 ~ *(12 -~ 2
e [ex (5 (1=l ~ 15— #°1, ) )

1
I(I+C Ct | ok d] CTH(THC)C D10 dy = ST (T+C) H(1+C; )
\/ (I +CCF
T

(I +C)Cy | b dl OO 71O e~ ST (I4+C)~ (I+C; ) de
[

V]I +CY)|

| Bt|

|Bi-1|’
where see, e.g., Abbasi-Yadkori et al. (2011, Lemma 11) for the last equality. H

3.6.4.5 Norms under Perturbations

In the following two lemmas, we give some analysis of norms under perturbations.
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Lemma 3.7. Let A be a positive definite matrix. Let a € R® and € > 0 be such that
€ < |la|| /3. Then

min  max {(a +z+a2) Ala+x+ x/)} = min {(a +2")T A(a + x/’)} :

z:||z]| <2e a':|2' ]| <e 'l |z <e

Proof. By considering the Lagrangian multiplier we see that any stationary point of the
function (a 4 ") " A(a 4 ) over {(z,2') : ||z|| < 2¢, ||2/|| < €} satisfies

Ala+z+2") =Mz =0,
Ala+z+2")— X' =0,

!z = 4é ,

2T =é, (3.11)

and therefore Az = A\oa’. Considering the last two conditions of (3.11) we have Ay =
421, implying that

2 =—(34 —2X\1)Aa (3.12)
or

¥ = (A—-2\I)Aa (3.13)
for \; satisfying 2/ 2/ = €2.
Note that it holds for any positive definite matrix B that

2

e ’

B+A)"%a=a(B+A)"a = ||(B+ )2’

which is positive almost everywhere, meaning that a(B + AI)~2a is strictly convex with

respect to A € R. Therefore, there exists at most two \)’s satisfying (3.12) and 2’2’ =

€2, and there exists at most two \}’s satisfying (3.13) and 2’ T 2’ = €. In summary, there
at most four stationary points of (a+z") T A(a+2") over {(x,2) : ||| < 2¢, ||2'|| < €}.

On the other hand, two optimization problems

min  min {(a+:ﬂ+$/)TA(a+x+$/)} = min {(a+$/,)TA(a+$/,)}

z:|x||<2e 2|2’ || <e ||z’ ||<3e

and

max  max {(a +x+a2) Ala+x+ x')} = max {(@ +a") T Ala+ 33”)}

x|z || <26 ;|| 2! || <e ||z || <3e

can be easily solved by an elementary calculation and the optimal values are equal to
those corresponding to (3.12).
Therefore, the optimal solutions of the two minimax problems

max  min {(a +z4+2) A+ + m')} (3.14)
x:||x|| <26 z':|| 2! || <e

and

min  max {(a—l—x+x')TA(a+x+x’)} (3.15)
x|z || <26 z':|| 2! || <e
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correspond to two points corresponding to (3.13).
We can see again from an elementary calculation that the optimal solutions for two
optimization problems

min {(a + 2T A(a + z”)}
|| <e

max {(a + 2T A(a + ZL‘H)}

'l ||z ]| <e
have the same necessary and sufficient conditions as (3.13) and we complete the proof

by noticing that (3.14) is less than (3.15). ]

Lemma 3.8. Ler A > nSir S1 be a positive-definite matrix with minimum eigenvalue at
least A\ > 0. Then, for any p € R% and € > 0 satisfying ¢ < ||p — p*|| /3,

—~ . ~12 ~
Ip—p*||Z, —  inf sup  ||p — Pl > eVnA[[Si(p—pY)| -
Pillp—=p*{|<2¢€ pr:||p/ —p||<e

Proof. Let a = p — p*. By Lemma 3.7, we have
. 12
inf sup Hp’—pHA

Pillp=p*l|<2€ pr||p—pl|<e

- ‘ 1112
= x:HlxrﬁfSQE Z,:ﬁglﬁge HCL +x+x HA

= inf |la+z|* .
WHZHSH [

Now define 8. 4 = {z : |||, < €'}. Then, we see that §_ 5 , C {z : [|z]| < €}
Therefore, an elementary calculation using the Lagrange multiplier technique shows

i ! ~[|2 . 2
m =il < nf o= 5%

= (lall 4~ V)"

As a result, we see that

I =l int s =Bl 2 el (Jalla )
= VX (llally + lall 4 — V%)
> VX (lall o + llall VA - V%)
= VA (lally + VA(lall = )
> VA a4
> eV/nA||Sial -

O

For the subsets of R, X and Y, let X+Y = {z + y : z € X, y € Y} be the Minkowski
sum, and let B)'(p) be the n-dimensional Euclidian ball of radius r at point p € R" (the
superscript n can be omitted when it is clear from context). We also let €’ be

¢ = ‘ (3.16)

1 Li—Lq|\’
(16maxl€[k]||SZH) vV (ﬁ maxl-e[k] HHzTHl)

which is also used throughout the proof of this section and Section 3.6.5 as ¢ in (3.5).
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Theorem 3.3. Let €’ € (0,€) be a constant for € defined in (3.5). Let p € €, + B%(0)
be satisfying || Sk(p — p*)|| < €. Then, there exists 6 > 0 satisfying for any n > 0 and
A= nSlTSl + M that

lp* = pl7, —  inf sup |9 — Bl = e0Vn.
Pillp=p*l1=2€ | pr—p| <e

Proof. Recall that ¢’ < ¢ < minpeee |[p — p*|| /3. It is enough from Lemma 3.8 to
prove that

0= _ min 1510 = p*)||
pe{peCi+BY (0):(Sk(p—p*)lI<e”}

is positive.

We prove by contradiction and the proof is basically same as that of Lemma 3.2 but
more general in the sense that the condition on pis not p € €, but p € C; + B%(0).
Assume that § = 0, that is, there exists p € € + B%(0) satisfying || Sk(p — p*)| < €”}
and [|S1(p — p*)|l = 0. Note that [|Sy(p — p*)[| = 0 implies [|S1(p — p*)[| < €”.
Therefore, we now have following conditions on p:

* D€ Cr+ BL(0)
c [Sip-p)I <€
s 1Sk —p)Il < €.

Following the same argument as the proof of Lemma 3.2, we have
S ~
2, ( Si > (B —p*) < V2me"|| 21 - (3.17)

On the other hand, since p € € + B%(0) we can take p € €y, such that ||p — p|| < €.
Hence,

(g )60 = - LG )
=—(Lp—L1) " (p—p) + (L1 — L) "p+ (Lx — L1) Tp*

> (L — L))" (p—p*) + Ar. (byp € Cj and def. of Ay)
(3.18)

From (3.17) and (3.18), we have
Ap— (L — L) " (0 —p*) < V2me"||z11] - (3.19)
Now, the left hand side of (3.19) is bounded from below as
Ay = (Lp = L)) (= D) = Ay, — || L — La|l[|p - 7]
> Ag = ||Ly — L€
= Ap = [|Lk — L]l —

Vm A T
A
e

1 .
ﬁ mai
=8k = 1 = Ll 7 2
Vm A%

n

> Ay — Ap/2.

On the other hand, using the definition of €”, the right hand side of (3.19) is bounded
from above as

V QmGNHZ’LkH < Ak/Q .

Therefore, the proof is completed by contradiction. O
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3.6.4.6 Exit Time Analysis

We next consider the exit time. Let A; be an event deterministic given JF, and B; be a
random event such that if B; occurred then Ay never occurs fort’ = ¢+ 1,t +2,....
Let P, t =1,2,...,T, be a stochastic process satisfying P, < P{B;|F;} a.s. and Pt_1
is a supermartingale with respect to the filtration induced by JF;.

Theorem 3.4. Let T be the stopping time defined as

(3.20)

min{t € [T]: As} if A occurs for some ¢ € [T].
T =
T+1 otherwise.

Then we almost surely have

T
Z 1A,
=1

We prove this theorem based on the following lemma.

E Ir

0 T=T+1.

{P;l r<T,
<

Lemma 3.9. Let (Q;)2, C [0, 1] be an arbitrary stochastic process such that (Q; )32,
is a supermartingale with respect to a filtration (9;)$°,. Then, for any o C Gy,

T )
E[S TI0-Q)|%| <E[Q'S] -1 as.

i=1 j=1
Proof. Let
Ne((Qi:$)i21, S0) =E | > T - @) | So
| i=1j=1 i
Ni((Qi: )21, 50) =E [ > JJ(1 - Q) [ Go| where Q; = Qy for j > k.
| i=1j=1 i

We show Ny ((Qi,5:)2;, So) < E[Q1[S0] — 1 as. for any (Q;, $i)321, S0 C 1
and k£ € N by induction. First, for £ = 1 the statement holds since

N1((@i, )21, S0) =E | D[]0 = Q1) | So

i=1 j=1
=E[Q;"—1]S0]
=E[Q;' ]S -1

Next, assume that the statement holds for all (Q;, Gi)¥_;, Go C G1 and k < ko. Then,
we almost surely have

Nip41((Qi:$)321, G0) =E [ (1= QUE |1+ > J[(1—@)) | S1] | So

i=2 j=2

=E [(1 - Q1)1+ N, ((Qi: 9)iZ2: S1)) | Go]
<E[(1- Q1)E[Qy* ’ 91] ‘ So]  (assumption of the induction)
<E [Qfl ’ 90] -1 (Q;l isa supermartingale.)
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We obtain the lemma from

koo
E Y T - @) | So| = Nel(@i, 5021, G0) < Nik((Qir i), So) - as.

i=1 j=1
O

Proof of Theorem 3.4. The statement is obvious for the case 7 = T'+ 1 and we consider
the other case in the following.

Let 7; be the time of the i-th occurrence of A;. More formally, we define 7; as the
stopping time 7; = 7 and

min {t e[0T 1[Ay] =i+ 1} ST LAY > i+,
Ti+1 =
' T+ 1 otherwise.

Then (P/) = (P;,) is a stochastic process measurable by the filtration induced by
(F}) = (F5,). By Lemma 3.9 we obtain

T T T
E|> 1[A]|F-| =E Zﬂ[Zﬂ[ﬂt]zn ¥,
t=1 n=1 t=1
A
<1+E Zn[Zn[ﬂt]zn -
Ln=2 t=1
[T
<1+E D JJa-P) | F
| i=1j=1
<1+E[(P) 197 -1

=pt.

3.6.5 Regret Analysis of TSPM Algorithm

In this section, we give the proof of Theorem 3.1. Note that the cells are defined for
the decomposition of R%, not P,. In other words, cell G, is here defined as G, =
{ p € R4 : action a is optimal}. For the linear setting, the empirical feedback distribu-

tion qét) and ¢, ,, are defined as

a1
qé)ZNa(t) >y,

s€[t—1]:As=a

Ja,n = the value of q((f) after taking action a for n times.

Recall that p; = B; by, which is the mode of g;(p).

3.6.5.1 Regret Decomposition

Here, we break the regret into several terms. For any ¢ € [k], we define events

~ " €
Az(t) {Hszpt Szp H > 4}7
Ai(t) = {[|Sipe — Sip™|| < €} .
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We first decompose the regret as

- T
Regr = Z Ay,

t=1
<3 (antl0] + o))
T T
=;Z [ 1(&%3@3;%211[ i(t)]
T
g; Z::<]1[At=i, A1), Ai()] + 1[A, :(é; Af(t)])Jr?é%cA];ﬂ[ H0)
(A)
3.21)

To decompose the last term, we define the following notation. We define for any
i € [k]

Pi(t) =P{p: € C; | F+} .
We also define
Cit == CiN Ber(pt),
where € is defined in (3.16), and

o = argmaxP{p; € C;s | F1}.
1€[k]

We define p; as an arbitrary point in €3, ;. Then, we define

Aitt) = {Isim — Sl < £}

Using these notations, the last term in (3.21) can be decomposed as

1[/15@)] < Il[ﬁt € ¢, fli(t)]

-

=1

1| € €, AS(t), AS(1)] + zk: 1| € €y, Ailt), A5 (1)
1 =1

Il

)

<

-

k
1[p € €5, L) +1 |51 € €1, A(D), AT + 3 1[5 € €, Ay(1)] -
1 1=2

)

(D)
© (B

We will bound the expectation of each term in the following and complete the proof of
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Theorem 3.1 as

1
Regr = ZAi <O <€210gT> +0 <52 logT>>

i#1
k id k
+ Héi[%}g]( Aj (ZO (62 logT) +0(1) + Z O(l))
J i=1 i=2
kD icm Qi k2d PREPAY
=0 (max { 2D EQ[k] ; mai S } log T)
€ €

mk2d max;ey Ailog T
- O A2 9

where the last transformation follows from the definition of ¢ in (3.5).

3.6.5.2 Analysis for Case (A)
Lemma 3.10. Foranyi # 1,

E

Zn[At =i, A1 (t), Ai(t)] < Mg 1202,
P 9e

To prove Lemma 3.10, we prove the following lemma using Corollary 3.1 and Lemma 3.3.

Lemma 3.11. Forany 0 < ¢ < 1/2,

3 9 _
B{p € V; | Ailt), Nilt) > ni} < exp( g6 ) (1= 267172,
where V; == {p € C; : ||Sip — S1p*|| < €}.

Proof. Since p; ~ N(p:, B, 1) for p = B; 1p,, the squared Mahalanobis distance

||Bt1 /2 (Pt — pv)||? follows the chi-squared distribution with d degree of freedom. There-
fore, we have

P €V, | Ai(t), Nilt) > ni} < h(g;HBS”@—@)H?) ,

where h(z) = Px oy {X > z}. Touse Lemma 3.3, we check the condition of Lemma 3.3
is indeed satisfied. First, it is obvious that the assumptions N;(t) > n; and ||.S;p; —
Sip*|| < €/4 are satisfied. Besides, p € V; implies p € T; = {p € R : ||S;p — S;p*|| >
e} from Corollary 3.1. Thus, applying Lemma 3.3 concludes the proof. O

Proof of Lemma 3.10. For any n; > 0,

t=1
T T
= u A =i Aa(e), A0, Ni(t) < i) + D0 1A= i A1), A(h), Ni(t) > i)
t=1 t=1
T
<ni+ ) 1 [At =i, A1(t), Ai(t), Ni(t) > nz}
t=1
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The second term is bounded from above as

ET:IL[At:i,fll(t),A( >n,]
J

E

:ZP{At:i, Ax(t), Ai(t), Ni(t) > n

< SB[ A =i, Aa(t) | Ailt), Nil#) > i}

—_

—_

To obtain an upper bound for P{p; € V; | Ai(t), Ni(t) > n;}, we use Lemma 3.11. By

taking n; = 9 £ - log T with £ = 1/4, we have

T
E[Z ]l[At =i, A1 (b), -Ai(t)]] <n;+ ZP{pt € Vi | Ai(t), Ni(t) > n;}
t=1 t=1

T
<n;+ Zexp(—%ﬁgni> (1—2¢)79?

16 —d/2
= 95210gT+(1 26)~

64 d/2

where the second inequality follows by Lemma 3.11. This completes the proof. O

3.6.5.3 Analysis for Case (B)
Lemma 3.12. Foranyi # 1,

Z [A; =4, AS(t)]

The regret in this case can intuitively be bounded because as the round proceeds the
event A; = i makes S;p; close to S;p*, which implies that the expected number of times
the event AS(t) occurs is not large.

Before gomg to the analysis of Lemma 3.12, we prove useful inequalities between

t t ~ .

[ ¢\ — Sipl, ipr — Sip*||-

Lemma 3.13. Assume N;(t) > 0. Then,

_ 256k (logT + Zlog2+1) 1642
2 + 2

€ €

Dell” < - Sip"|)*.

(t)

Proof. Recall that p; is the maximizer of g, (p), and we have

pr = arg max g¢(p)
pER

1
= arg maxHexp{—i Z(t)HqZ( Z]9”2} = argmmZN Hqi(t) — Sipl|*.
pe]R i=1 pER i=1
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Using this and the definition of Z\;, we have

Ni®lla? — Swel? < Y- Nalt)llgl — Sapell®

aclk]

< > Na®lla? = Sap”|I?

ack]
< Zy+ Ni(0) g = Sip*|?.

Dividing by N;(t) on the both sides completes the proof. O

Lemma 3.14. Assume that A(t) and N;(t) > 0 hold. Then,

1 AV
lg" — Sip*|| > (6 —\/ ) : (3.22)

2\4 N;(t)
Proof. By the triangle inequality,

1" — Sip*|| > 11550 — Sip*|| — 14 — Sipn|
€ AV

> —_
4 N;(t)

4 VN

— Sip*|I?  (by A{(t) and Lemma 3.13)

—l¢ = Sip*||  (by VI Fy < VT +Jyforz,y>0),

v

which is equivalent to (3.22). 0

Proof of Lemma 3.12. We first bound the expectation conditioned on Z, ;, and then take
the expectation for Z\;. Now,

B> 1A =i, AS(B)] | Zy
t=1
642, ;
—E Z]l[At i, AS(t), Ni(t) < 62\] 7
t=1
642
E|> 1A =i, Af(t), Ni(t) > = Z\;
t=1
6421 £l 642,;
\ Z]l[ Ai(t), Ni(t) > 62\ ] Z\i|  (Ag=iforallt € [T]) .
t=1

The first term becomes 256k (logT + 5 log2 + 1) /€2 by taking expectation over AV
using Lemma 3.4. Then, we bound the second term. From Lemma 3.14, A¢(t) and
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642y,

v

N;(t) > —= imply ||q§t) — Sip*|| > €/16. Therefore,
T
o 642,

E ;ﬂ{At:z, AL (), Ni(t) > — ] ‘Z\i]

kS ®) €

. t %

< = v g, _
<E|> 1[4 =i g - 5l > 16}]

& ®) ¢ |
<E[D 1A=, {J (g”)y— (Siyp| >

=1 velA) 16v/m |

[(m T © . ]
<E ZZE[AF@ (g;")y = (Si)yp"| > ]

_yzl t=1 16\/m |

[m T T
<EN Y Y1 [At =i, Ni(t) = ns, |[(¢)y — (Si)yp*| >

_y:l n;=1 t=1

[T T

. t %

=8| 3257 1 {U =i M = )~ (S0 >

y=1n;=1 t=1

exp <8€TQ@> —1
1
8m
16m?
=2

(bye” > 1+ x)

€

By summing up the above argument, the proof is completed.

3.6.5.4 Analysis for Case (C)

)|

Before going to the analysis of cases (C), (D), and (E), we recall some notations. Recall

that

Pz(t) = P{ﬁt S G, | EFt},

Cit = €N Bu(py), iy = arg MaX;e|y) P{p: € C;+|F+}, and p; is an arbitrary point in

C;, +- Also recall that

Ailt) = { IS - sl < £}
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Lemma 3.15. For any i € [k],

k (25dlogT g2 ( 1 L\Y? 1
o < B (22dlogT | 2L LN 1
~ po ( z e T aN) 1o |

> 1l € €, AS(D)

t=1

where L = max; {/trace(S; S;) = max; ||S;||p-
Before proving the above lemma, we give two lemmas.

Lemma 3.16.
P{p: € €, | Fi} > P{pr € C;,, | F1} > po/k,
where pg =1 — h((A\e')?).
Proof. First, we prove
Pepre | Ciu | Fip =1 —h((A)?).
1€[k]

This follows from

P py & U Cit | Tt :P{ﬁtGBe'(ﬁt)\?t}

1€[k]
. 1/2 Py
<if ot 1B -l
pE{p:llp—ptll>€'}
< n(Xlp - 7ul?)
< h((A)?).
Using the definition of 7; completes the proof. 0

Lemma 3.17. Forany i € [k), the event AS(t) implies || S;pr — Sip*|| > €/16.
Proof. Using the triangle inequality, we have
1Sipe — Sip™|| = [|Sipr — Sip™|| — [|Sipr — Sipt|
> ¢/8 — ||Sillllpe — Pl
€

>¢€/8 — ||Sill ——=—

z e/8 =15 16 max, || S;]|
>€e/8—¢€/16 =€/16.

Proof of Lemma 3.15. For any ng, which is specified later, we have

E

T
Z ﬂ[ﬁt € G, ﬂf(t)]]
t=1 .
Z ]l[ﬁt € G, f[lc(t), Nz(t) > no]
t=1

=E [Z 1[p; € €, AL(L), Ni(t) <nol| +E

t=1
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The first term can be bounded by (po/k) ™! -ng from Lemma 3.16. The rigorous proof
can be obtained by the almost same argument as the following analysis of the second term
using Theorem 3.4.

Then, we will bound the second term. Specifically, we will prove that for ng =
dlogT

(e/16)%

1[p: € €;, Af(t), Ni(t) > no] | = O(1).

W

-
Il
—

First we have

E Z ﬂ[ﬁt € G, ‘/_lf(t), Nz(t> > ’17,0]
Lt=1

<y E[Zl[pt € €, AL(t), Nilt) =m]] -

m=nog Lt=1
Let
T=min{t:p; € C;, Af(t), N;i(t) =m} A (T +1)
be the first time such that p; € C;, flf(t) and N;(t) = moccur. Letting A; := {ﬁt € G, flf(t), N;(t) = m}
By == {A; =i} and P, := py/k in Theorem 3.4, we have

E

T
D 1[pr € €, AS(t), Nit) = m}] < ;P{T <T}. (3.23)
t—1 0

Here 7 < T implies that

IB- = p*ll, = Br — )T | M+ > N;(7)S]S; | (B- —p*)
El

> m(p. —p*) " (S7S:) B =)
=m |8;(B- — p")|* = m(e/16)*,
where the last inequality follows from Lemma 3.17. Therefore we have
Elexp(|p- = p"lI5,/2)] > E[1[r < T]exp(|p- — p"lI%, /2)]
> exp(m(e/16)%/2)P{r < T}. (3.24)
Note that | B;| < |Br| < (1+TL/d)? for L = max; {/trace(S;' S;) = max; ||S;||p by

Lemma 10 of Abbasi-Yadkori et al. (2011), where ||-|| is the Frobenius norm. Therefore
we have

Elexp(||lpr — p*llB./2)] <E

1 eallp: p*HQBT/m]
VIBT S

< (1+TL/d)¥E [eXp(”ﬁT - p*HQBT/2)]

V1B

o~ k|12 2
< (14 TL/O"E exp(|lpo — p*|%,/2) (3.25)
V| Bol
/2
_ (Hflf) A1z (3.26)
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. exp(||lpe—p*I|%, /2)
where (3.25) holds since ——F—t—
(3.25) B

bining (3.23), (3.24), and (3.26), we obtain

is a supermartingale from Lemma 3.6. Com-

E 1|p Gi/_ﬁt N;(t) = < = - p*||¢/2 —m(e/16)2/2
d/2 —nge? /2
k(L TINT aprpa_ T2
T po \A dA 1 — e—(€/16)2/2
B : _ dlogT .
y choosing ng = (/162 We obtain the lemma. 0

3.6.5.5 Analysis for Case (D)

Lemma 3.18. Foranyi € [k],

E

ET: 1 [ﬁt € G, Ai(t), Af(t)}

=1 9 @ p

]<48d+2k

Remark. To prove the regret upper bound, it is enough to prove Lemma 3.18 only for
i = 1. However, for the sake of generality, we prove the lemma for any i € [k].

Before proving Lemma 3.18, we give two following lemmas.
Lemma 3.19. For any i € [k], the event A;(t) implies A;(t).
Proof. Using the triangle inequality, we have

1Sip™ — Sipell < [|Sip™ — Sipel| + || Sipe — Sibi

€
< /8151 Tgmanrs < /4
1 7

which completes the proof. 0

Now, Lemma 3.18 can be intuitively proven because from Lemma 3.19, A, (¢) implies
A;(t), and the events A;(t) and A¢(t) does not simultaneously occur many times.

Lett = oy,. .., 0 be the time of the first m times that the event {p; € C;, A;(t), N;(t) =
n;} occurred (not {p; € C;, A;(t), N;(t) = n;}). In other words, we define

* 0y : the first time that p; € C;, A;(t) and N;(t) = n; occurred
* 0y : the second time that p; € C;, A;(t) and N;(t) = n; occurred

Now we prove the following lemma using Lemma 3.3.

Lemma 3.20. Forany 0 < ¢ < 1/2,
P{Ag(t) ( A1), o = t} < exp (—196&%) (1-20)%2.  (327)

Proof. Recall that T; = {p € R?: ||S;p — S;p*|| > €}. We follow a similar argument
as the analysis for Lemma 3.11. Since p; ~ N(B; *b;, B; '), the squared Mahalanobis

distance ||Bt1 / 2(p — pt)||? follows the chi-squared distribution with d degree of freedom.
Hence, for h(z) = Px 2 {X > x}, we have

PLAD) | Aums v =t} <1 (g 1510 - 5017
PET;
Then, (3.27) directly follows from Lemma 3.3. ]
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Proof of Lemma 3.18. From Lemma 3.19, the event A;(t) implies A;(t). Hence, it is
enough to derive the upper bound for

E

St [m e e, Aile), AL0)]

t=1

instead of the bound for

T

S [p e e, Aue), ALe)]

t=1

E

Using Lemma 3.20, we can bound the term for case (D) from above as

S 1fp € € a0, )]

T T
=E[Y Y1 [Ai(t), AS(t), Ni(t) = m}]
n;=1t=1
T T ~
= 30 Do r{Ain), (), Nutt) =i}
n;=1t=1

T T T
=3 Ce ™S P{A(L), o =t}
n;=1 t=1 k=1
T T
< Ce ™t Z Z P{oy =t}
n;= t=1 k=1

T

< Ce ™t ZP{ak exists }
T T Do b1

SZCe’WZ(l—?) (by Po, & Cifors =1,... k1)

n;=1 k=1

_dsdi2k
9 € po

where ¢ = 9%2 ,C=(1-2¢ )_%, and in the last inequality we select the optimal £ and

use 1 +x < e”. OJ
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3.6.5.6 Analysis for Case (E)
Lemma 3.21. Foranyi # 1,

25d/2+7r(d/2+ 1) A2||p* || /2
52¢d+2 )\d/2+1 ’

T
Z [Be € €, As(t)] | < (3.28)
=1

where ¢ is defined in (3.5) and satisfies ¢ < mineee |p — p*|| /3, and

8= min SiF—p)| .
F:(L1—Ls)Tp>0, |[Ss (h—p*)||<e/8 151 ( )|

We prove Lemma 3.21 using Lemma 3.6 and Theorem 3.4.

Remark. The upper bound in (3.28) goes to infinite when we set A = 0, that is, a flat
prior is used. However, this is not the essential effect of the prior but just comes from
the minimum eigenvalue of B;. In fact, we can see from the proof that a similar bound
can be obtained for A = 0 if we run some deterministic initialization until B; becomes
positive definite.

Proof. We evaluate each term in the summation using Theorem 3.4 with
Ar =A{pr € Cy, [|Si(pe — p7)|| < €/8, Ni(t) =n},
By = {pr € C1}.

for n € [T']. Recall that

1 1 .
) = ————cxp (5 o~ 5l )
(om)B;

is the probability density function of p; given F; = { By, b;}. Using 7 defined in (3.20),
it holds for any 7 € [T] that

P{B.|F,} = P{p. € €, | F,}

=/ G- (p)dp

p€eCy

> / g-(p)dp
p:|lp—p*||<3e

> sup / g-(p')dp’ (3.29)
p:llp—p*||<2e Jp':||p' —p|| <€

> sup inf — g-(p)Vol({p" : [|p" — p|| < €})

pillp—p*||<2¢ P[P’ —pll<e

_(ma? o

= sup inf g (p
T(d/2+ 1) pjpopt || <2 ¥ I pli<e 2

:(d¢)xﬂBA@m{_1< .

! ~ 112
m sup ||p —p

>(d¢%ﬂﬂBA@m{M%—pW£-f&ﬂn}

= T2+ 1) 2 (3-30)

where (3.29) follows since {p : ||[p — p*|| < 3¢} D {p' : ||p) — pol| < €} for any pyg

such that ||pg — p*|| < 2e, and the last inequality follows from Theorem 3.3. To apply
Theorem 3.3, we used Lemma 3.19.
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Now we define a stochastic process corresponds to (3.30) as

CNVWVIB {_H@ Sl —e&M} |

T(d/2 + 1) 2
~ * (12
_ U(d/2+1) _s/5m/0 1 15t — p*[I’5,.,,
E[P l‘fft] < —L ‘e € n2p | = p| —
. (e/v2)4 V| Bit1] 2
cLA2+Y) _ovmmeg [ 1 exp (”ﬁt _p*H2Bt>
~ (e/V2)d | Bt 2
=

P, =

Then, by Lemma 3.6,

E [ex ?t, Sl(t)

F

which means that Pt_1 is a supermartingale. Therefore we can apply Theorem 3.4 and
obtain

T
E Z 1[p; € €, [|Si(pe — p*)|| < €/8, Ni(t) =n]| <E[1[r < TP/ ']
t=1
<E[P]
<E[P]
_ /2 + 1)eXlIp*I?/2 Yy
(ey/A/2)¢

Finally we have

T
Z [pe € Ci, [[Si(pr — ")l < 6/8]]

i

* (|2 o0
I(d/2 + 1)eXlP*I/2 Ze—eémﬂ

Z 1pe € G, [1Si(pe — p¥)|| < €/8, Ni(t) = n]]

t=1

T(d/2 + 1)eXlIPI/2 /oo e 2y
(e/A/2)4 0

I'(d/2 + 1)eXIe*I7/2 2
(ev/A/2)4 (e0vV/A/2)?

24/2437 (/2 + 1) IP7IIP/2
- 52¢d 12 )\d/2+1 ’

(2)

which completes the proof. O

3.6.6 Property of Dynamic Pricing Games

In this section, we investigate a property of dp-easy games.

Proposition 3.4. Consider any dp-easy games with ¢ > —1. Then, any two actions in
the game are neighbors.
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Remark. Insection 6.6, we considered dp-easy games with ¢ > 0, but this can be relaxed
to ¢ > —1 to prove Proposition 3.4.

Proof. Take any two different actions a, b € [k] such that a < b. From the definition of
the loss matrix in dp-easy games, we have e, € C, and ¢, € Cp.
First, we will find @ € [0, 1] such that

aeqg+ (1 —a)e, € CaNCy. (3.31)

From the definition of the loss matrix, the i-th element of L(«e, + (1 — a)ep) € Py
is

—i (1<i<a)
ac+(1—a) (=) (a+1<i<b). (3.32)
c b<i<k)

It is easy to see that the indices which give the minimum value in (3.32) is a or b. Thus,
to achieve the condition (3.31), the following should be satisfied,

—a=ac+ (1—a)-(-b),
which is equivalent to

b—a .
a—c+b(_.a).

Note that we have 0 < o < 1 for any ¢ > —1.
Next, we introduce the following definitions.

(a,b)

D = a’e, + (1—04*)61, €C,NCy,

Ball® = {p € Pa: p—p“V) < ¢},
L@ = L(p@¥ 4+ z) e RF.
To prove the proposition, it is enough to prove the following: there exists € > 0,

Ball'™? c €, U €,
To prove this, it is enough to prove that, there exists € > 0,

‘ in ((LW); = (L)a ) v (L) = (LW)) > 0. (333
xEREI}1|T;\\§ei€[I£R1~{I}1,b}<( Ji = ( )> (( )i — ( )b) (3.33)

We will prove (3.33) in the following. Take any i € [k]\{a,b} and

1 a—1 A mi 1(1—04*)(()—@')/\ .1 c¢+a
€ = T — mm ———7F mim ————777.
i 1<z<a 2 ||L —L; || i:a<i<b 2 HLz — Lb” ib<i<k 2 ||La — L1||
Note that the € used here is different from the one used in the proof of the regret upper
bounds.

Case (A): When 1 < ¢ < a, using Cauchy—Schwarz inequality, we have

(i = (L)) v (L) = (L)) = (@), = (L),

= (- z—i—LT) (—a+LTx)
=(a—i) = (La— L)
> (a—1i) = |[La — L[|l
> (a—1i) — €l|Lqa — Li|
1 ‘
2 5(a—1)
>0.
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The arguments for cases (B) and (C) follow in the similar manner as case (A).
Case (B): When a < i < b, we have

(L = (£D)a) v (L) = (L))

> (L) — (L),

=qa'c+(1—-a")- (—i)+LZ—»rm} — {a*c—i—(l —a’)- (—b)+L;m}
=(1—a*)(b—i)—(Li— L) 'z

>(1—a)(b—i)—e(Li—Ly)"

Z%ﬂ—a)@—ﬂ>0.

Case (C): When b < 7 < k, we have

=(c+L'z)— (—a+ L)
> c+a— Lo — Lifl[| =]
>c+a—¢€||Ly — Ly

\%
o

Summing up the argument for cases (A) to (C), the proof is completed. ]

3.6.7 Details and Additional Results of Experiments

Here we give the specific values of the opponent’s strategy used in Section 6.6 and show
the extended experimental results for performance comparison. Table 3.2 summarizes
the values of opponent’s strategy used in this section and Section 6.6. Figure 3.4 shows
the empirical comparison of the proposed algorithms against the benchmark methods,
and Figure 3.5 shows the number of the rejected times. We can see the same tendency
as Section 6.6, that is, TSPM performs the best and the number of rejections does not
increase with the time step .

Table 3.2: The values of the opponent’s strategy.

# of outcomes d  opponent’s strategy p*

2 0.7,0.3]
0.5,0.3,0.2]
0.3,0.3,0.3,0.1]
0.2,0.3,0.3,0.1,0.1]
0.2,0.2,0.3,0.1,0.1,0.1]
0.2,0.2,0.3,0.1,0.1,0.05, 0.05]

N O Uk W

3.7 Conclusion

This chapter investigated Thompson sampling (TS) for stochastic partial monitoring from
the algorithmic and theoretical viewpoints. We provided a new algorithm that enables
exact sampling from the posterior distribution, and numerically showed that the pro-
posed algorithm outperforms existing methods. Besides, we provided an upper bound
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Figure 3.4: Regret-round plots of the algorithms. The solid lines indicate the average over 100
independent trials. The thin fillings are the standard error.

for the problem-dependent logarithmic expected pseudo-regret for the linearized version
of the partial monitoring. To our knowledge, this bound is the first logarithmic problem-
dependent expected pseudo-regret bound of a TS-based algorithm for linear bandit prob-
lems and strongly locally observable partial monitoring games.

There are several remaining questions. As mentioned in Section 3.4, Kirschner et al.
(2020) considered linear partial monitoring with the feedback structure y(t) = Sa,p* +
€t, where (e;)]_, is a sequence of independent sub-Gaussian noise vector in R9. This
setting is the generalization of our linear setting, where (et)thl are i.i.d. Gaussian vec-
tors. Therefore, a natural question that arises is whether we can extend our analysis on
TSPM-Gaussian to the sub-Gaussian case, although we believe it would be not straight-
forward as discussed in Section 3.4. It is also an important open problem to derive a
regret bound on TSPM using the exact posterior sampling for the discrete partial mon-
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Figure 3.5: The number of rejected times by the accept-reject sampling. The solid lines indicate
the average over 100 independent trials after taking moving average with window
size 100.

itoring. Although we conjecture that the algorithm also achieves logarithmic regret for
the setting, there still remain some difficulties in the analysis. In particular, we have to
handle the KL divergence in f;(p) and consider the restriction of the support of the op-
ponent’s strategy to P;, which make the analysis much more complicated. Besides, it is
worth noting that the theoretical analysis of TS for hard games has never been theoreti-
cally investigated. We believe that in general TS suffers linear regret in the minimax sense
due to its greediness. However, we conjecture that TS can achieve the sub-linear regret
for some specific instances of hard games in the sense of the problem-dependent regret,
as empirically observed in the experiments. Finally, it is an important open problem to
derive the minimax regret for anytime TS-based algorithms. This needs more detailed
analysis on o(log T') terms in the regret bound, which were dropped in our main result.

71



Chapter 4

Best of Both Worlds Algorithms for Partial
Monitoring

This chapter continues to consider the partial monitoring problem with k-actions and
d-outcomes. In the previous chapter, we constructed an algorithm that achieves good
performance in the stochastic regime, but the underlying environment is not necessarily
stochastic. To address this issue, in this chapter, we aim to construct the first best-of-both-
worlds partial monitoring algorithms that performs well not only in the stochastic regime
but also in the adversarial regime. In particular, we show that for non-degenerate lo-
cally observable games, the regret is O(m?2k* log(T) log(knT)/Amin) in the stochastic
regime and O(mk3/2,/T log(T') log kr7) in the adversarial regime, where 7" is the num-
ber of rounds, m is the maximum number of distinct observations per action, A, is the
minimum suboptimality gap, and krj is the number of Pareto optimal actions. Moreover,
we show that for globally observable games, the regret is O(cé log(T) log(knT)/A2 . )
in the stochastic regime and O((cé log(T) log(knT))Y/3T?/3) in the adversarial regime,
where cg is a game-dependent constant. We also provide regret bounds for a stochas-
tic regime with adversarial corruptions. Our algorithms are based on the follow-the-
regularized-leader framework and are inspired by the approach of exploration by op-
timization and the adaptive learning rate in the field of online learning with feedback
graphs.

4.1 Introduction

Partial monitoring (PM) is a general sequential decision-making problem with limited
feedback, which can be seen as a generalization of the bandit problem. A PM game
G = (L, ®) is defined by the pair of a loss matrix £ € [0,1]**¢ and feedback matrix
d € Yk*d where k is the number of actions, d is the number of outcomes, and ¥ is a
set of feedback symbols. The game is sequentially played by a learner and opponent for
T > 3 rounds. At the beginning of the game, the learner observes £ and ®. At every
round ¢ € [T, the opponent chooses an outcome x; € [d], and then the learner chooses
an action A; € [k], suffers an unobserved loss £ 4,,,, and receives a feedback symbol
or = P4z, where L, is the (a,x)-th element of £. In general, the learner cannot
directly observe the outcome or loss, and can only observe the feedback symbol. The
learner’s goal is to minimize their cumulative loss over all rounds. The performance of
the learner is evaluated by the regret Reg, which is defined as the difference between
the cumulative loss of the learner and the single optimal action a* fixed in hindsight,
that is, a* = argmin ¢ E[ZtT:l Laz,] and Regy = E[Z?zl (Lae, — Laray)] =
E [ Z?zl (La, — Lo~ €q,) ], where /, € R? is the a-th row of £, and e, € {0,1}¢ is the
x-th standard basis of R%,

PM has been investigated in two regimes: the stochastic and adversarial regimes.
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In the stochastic regime, outcomes ()7, are sampled from a fixed distribution v* in
an i.i.d. manner, whereas in the adversarial regime, the outcomes are arbitrarily decided
from the set of outcomes [d] possibly depending on the history of the actions (A) _].

Some of the first investigations on PM originate from the work by Rustichini (1999);
Piccolboni and Schindelhauer (2001). The seminal work was conducted by Cesa-Bianchi
et al. (2006); Bartok et al. (2011), the latter of which showed that all PM games can be
classified into four classes based on their minimax regrets. They classified PM games into
trivial, easy, hard, and hopeless games, for which their minimax regrets are 0, (:)(\/T),
O(T?/3), and ©(T), respectively. The easy and hard games are also called locally ob-
servable and globally observable games, respectively.

PM algorithms have been established for both the stochastic and adversarial regimes.
In the adversarial regime, the most common form of algorithms is an Exp3-type one (Fre-
und and Schapire, 1997; Auer et al., 2002b). Recently, Lattimore and Szepesvéri (2020b)
showed that an Exp3-type algorithm with the approach of exploration by optimization
obtains the aforementioned minimax bounds. Notably, they proved the regret bounds of
O(mk3/%\/Tlog k) for non-degenerate locally observable games, and O((cgT)?/3(log k)*/?)
for globally observable games, where m < min{|3|, d} is the maximum number of dis-
tinct observations per action and cg is a game-dependent constant defined in Section 4.5.
PM has also been investigated in the stochastic regime and some algorithms exploiting
the stochastic structure of the problem can achieve O (log T') regret bounds (Vanchinathan
et al., 2014; Komiyama et al., 2015a; Tsuchiya et al., 2020).

Algorithms assuming the stochastic model for losses can suffer linear regret in the
adversarial regime, whereas algorithms for the adversarial regime tend to perform poorly
in the stochastic regime. Since knowing the underlying regime is difficult in practice,
obtaining favorable performance for both the stochastic and adversarial regimes without
knowing the underlying regime is desirable.

To achieve this goal, particularly in the classical multi-armed bandits, the Best-of-
Both-Worlds (BOBW) algorithms that perform well in both stochastic and adversarial
regimes have been developed. The first BOBW algorithm was developed in a seminal
paper by Bubeck and Slivkins (2012), and the celebrated Tsallis-INF algorithm was re-
cently proposed by Zimmert and Seldin (2021). BOBW algorithms have also been devel-
oped beyond the multi-armed bandits (e.g., Gaillard et al. 2014; Luo and Schapire 2015;
Erez and Koren 2021; Zimmert et al. 2019; Lee et al. 2021; Jin and Luo 2020; Huang
et al. 2022; Saha and Gaillard 2022), whereas they have never been investigated in PM.

Some BOBW algorithms are known to perform well also in the stochastic regime with
adversarial corruptions (Lykouris et al., 2018), which is an intermediate regime between
the stochastic and adversarial regimes. This regime is advantageous in practice, since the
stochastic assumption on outcomes is too strong whereas the adversarial assumption is
too pessimistic. Therefore it is also practically important to develop BOBW algorithms
that cover this intermediate regime.

4.1.1 Contributions of this Chapter

This study establishes new BOBW algorithms for PM based on the Follow-the-Regularized-
Leader (FTRL) framework (McMahan, 2011). We rely on two recent theoretical ad-
vances: (i) the Exp3-type algorithm for PM developed with the approach of exploration
by optimization (Lattimore and Szepesvari, 2020b) and (ii) the adaptive learning rate for
online learning with feedback graphs (Ito et al., 2022b), for which BOBW algorithms
have been developed (Erez and Koren, 2021; Ito et al., 2022a; Rouyer et al., 2022; Kong
et al., 2022). Note that it is known that the FTRL with the (negative) Shannon entropy
regularizer corresponds to the Exp3 algorithm.

The regret bounds of the proposed algorithms are as follows. We define the number
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Table 4.1: Regret upper bounds for PM. The constant C' > 0 is the corruption level, and R'°¢ and
R#l° are the regret upper bounds of the proposed algorithm in the stochastic regime
for locally and globally games, respectively. “observ.” means observability. TSPM is
the bound by Tsuchiya et al. (2020); refer to the paper for the definition of A’. ExpPM
is by Lattimore and Szepesvari (2020b). PM-DEMD is by Komiyama et al. (2015a),
and D(v*) is a distribution-dependent constant.

observ.  algorithm stochastic (stoc.) adversarial stoc. w/ corruptions
mk2dlog(T)
locally ~ TSPM O (gD - -
obs. ExpPM — O(mk?/?\/TTogk) -
Proposed O (m2k4 logg?ijog(k“m) O(mk>/?\/Tlog(T)log k1) Rloc 4 /CRloc
globally PM-DMED O(D(v*)logT) - -
obs. ExpPM - O((egT)?/3(log k)*/3) -
2 8
Proposed O (M) O((cgT)2/3(log(T) log (knT))/3)  REl 4 (C2Rele)1/3

of Pareto optimal actions by ki1 < k, and the minimum suboptimality gap by A, =
mine (g {o+} Da» Where Ay = (g — Lo=)Tv* > 0 for a € [k] is the loss gap be-
tween action a and optimal action a*. We show that for non-degenerate locally observ-
able games, the regret is O(m?k* log(T) log(knT)/Amin) in the stochastic regime and
O(mk3/%,/T1og(T) log k1) in the adversarial regime. We also show that for globally
observable games, the regret is O(c log(T') log(knT')/A%,) in the stochastic regime
and O((cgT)?/3(log(T) log(knT))'/?) in the adversarial regime. In addition, we also
consider some intermediate regimes, such as the stochastic regime with adversarial cor-
ruptions (Lykouris et al., 2018), which we define in PM based on the corruptions on
outcomes. To our knowledge, the proposed algorithms are the first BOBW algorithms
for PM. Table 5.2 lists the regret bounds provided in this study and summarizes compar-
isons with existing work. Our algorithm is not the best in the strict sense. For example
in the stochastic regime, compared to Komiyama et al. (2015a), the dependence on 7' of
their bound is log T', whereas that of ours is (log T')2. Nevertheless, this kind of looseness
often appears in the BOBW literature (Bubeck and Slivkins, 2012; Seldin and Slivkins,
2014; Seldin and Lugosi, 2017; Ito et al., 2022a) and it is an important future work to
close this gap as was done by Zimmert and Seldin (2021) in the case of multi-armed
bandits.

4.1.2 Technical Summary

For locally observable games, we develop the algorithm based on the approach of explo-
ration by optimization (Lattimore and Szepesvéri, 2020b) with the Shannon entropy reg-
ularizer. This approach is promising especially in locally observable games for bounding
a component of regret, in which we consider a certain optimization problem with respect
to the action selection probability. To obtain BOBW guarantees, we consider using a
self-bounding technique (Zimmert and Seldin, 2021). In the self-bounding technique,
we first derive upper and lower bounds of regret using a random variable depending on
the action selection probability, and then derive a regret bound by combining the upper
and lower bounds. However, using the exploration by optimization may make some ac-
tion selection probabilities extremely small, preventing derivation of a meaningful lower
bound. To handle this problem, we consider an optimization over a restricted feasible
set. This restriction enables us to lower bound the regret such that the self-bounding
technique is applicable, and we show that even with the optimization over the restricted
feasible set, the component of regret is favorably bounded. In addition, we consider the
upper truncation of the learning rate developed by Ito et al. (2022a) to collaborate with
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the theory of exploration by optimization.

For globally observable games, we develop the algorithm using the Shannon entropy
regularizer as for locally observable games. To derive BOBW guarantees, we use the
technique of adaptive learning rate developed in online learning with feedback graphs
by Ito et al. (2022a), but in a modified way. Their work uses a regularization called hy-
brid regularizers, which combines a Shannon entropy of the compensation of the action
selection probability with typical regularizers (Zimmert et al., 2019; Ito et al., 2022b,a).
We think that naively applying this regularization also yields BOBW guarantees, but it
loses the closed form of the action selection probability in FTRL updates and requires
solving an optimization problem each round. This study shows that we can obtain the
BOBW guarantee even only with the standard Shannon entropy regularization, and con-
sequently, the proposed algorithm does not need to solve the optimization problem every
round and can be implemented efficiently.

4.1.3 Related Work

In the adversarial regime, FeedExp3 is a first Exp3-type algorithm, which has a first non-
asymptotic regret bound (Piccolboni and Schindelhauer, 2001) and is known to achieve
a minimax regret of O(T%/3) (Cesa-Bianchi et al., 2006). Since then, Exp3-type algo-
rithms have been used in many contexts. Barték (2013) relied on an Exp3-type algorithm
as a subroutine of their algorithm. Lattimore and Szepesvéri (2019b) showed that for a
variant of the locally observable game (point-locally observable games), an Exp3-type al-
gorithm achieves an O(+/T') regret. Recently, Lattimore and Szepesvari (2020b) showed
that an Exp3-type algorithm using exploration by optimization can obtain bounds with
good leading constants for both easy and hard games. There are also a few algorithms
that are not Exp3-type (Bartdk et al., 2011; Foster and Rakhlin, 2012).

PM has also been investigated in the stochastic regime, although less extensively
than the adversarial regime (Bartok et al., 2012). One study (Komiyama et al., 2015a)
is based on DMED (Honda and Takemura, 2011), in which the algorithm heavily ex-
ploits the stochastic structure, and the algorithm was shown to achieve an O(logT") re-
gret with a distribution-optimal constant factor for globally observable games. Two other
approaches (Vanchinathan et al., 2014; Tsuchiya et al., 2020) are based on Thompson
sampling (Thompson, 1933). They focus on another variant of locally observable games
(strongly locally observable games), and the algorithms presented a strong empirical per-
formance in the stochastic regime with an O(log T') regret bound (Tsuchiya et al., 2020).

It is worth noting that PM has been studied in a variety of contexts with somewhat dif-
ferent settings, e.g., with feedback graphs (Alon et al., 2015) or with linear feedback (Lin
etal., 2014). While our focus in this chapter is the locally and globally observable games,
there has been some literature for hopeless games; we basically cannot do anything with
the current definition of the regret, but some research has been done by modifying the
definition of the regret (Rustichini, 1999; Mannor and Shimkin, 2003; Perchet, 2011;
Mannor et al., 2014).

4.2 Background

Notation Let ||z||, ||z]]1, and ||z| s be the Euclidian, ¢1-, and ¢,-norms for a vector
x respectively, and || Al = max; j|A;;| be the maximum norm for a matrix A. Let
Pr = {p € [0,1]% : ||p|l1 = 1} be the (k — 1)-dimensional probability simplex. A vector
ea € {0, 1}* is the a-th standard basis of R¥, and 1 is the all-one vector.

Partial Monitoring Consider any PM game § = (£, ®). Let m < |X| be the max-
imum number of distinct symbols in a single row of ® € X¥*< over all rows. In the
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following, we introduce several concepts in PM. Different actions a and b are duplicate
if £, = £,. We can decompose possible distributions of d outcomes in P; based on the
loss matrix: for every action a € [k], cell €, = {u € Pg : maxyep(ly — €) 'u < 0}
is the set of probability vectors in P, for which action a is optimal. Each cell is a convex
closed polytope. Let dim(@,) be the dimension of the affine hull of C,. If C, = (), action
a is dominated. For non-dominated actions, if dim(C,) = d — 1 then action a is Pareto
optimal, and if dim(C,) < d — 1 then action a is degenerate. We denote the set of Pareto
optimal actions by II, and the number of Pareto optimal actions by kr; = |II|. Two Pareto
optimal actions a, b € II are neighbors if dim(C, N Cp) = d — 2, and this notion is used
to define the difficulty of PM games. It is known that the undirected graph induced by
the above neighborhood relations is connected (see e.g., Bartdk et al. 2012, Lattimore
and Szepesvari 2020a, Lemma 37.7), and this is useful for loss difference estimations
between distinct Pareto optimal actions. A PM game is called non-degenerate if it has no
degenerate actions. An example of cell decomposition is given in Figure 3.1 in Chapter 3.
From hereon, we assume that PM game § is non-degenerate and contains no duplicate
actions. The following observability conditions characterize the difficulty of PM games.

Definition 4.1. Neighbouring actions a and b are globally observable if there exists func-
tion we : [k] x ¥ — R such that

k
Zwe(c, Do) = Law — Ly forall z € [d]. 4.1
c=1

Neighbouring actions a and b are locally observable if there exists w. = wy; satisfy-
ing (4.1) and we(c,0) = 0 for ¢ & {a,b}. A PM game is called globally (resp. locally)
observable if all neighboring actions are globally (resp. locally) observable.

It is easy to see from the above definition that any locally observable games are glob-
ally observable, and this chapter assumes that G is globally observable.

Loss Difference Estimation Next, we introduce a method of loss difference estima-
tions used in PM. Let J{ be the set of all functions from [k] x ¥ to R%. In the following,
we show that for globally observable games we can estimate loss differences between any
Pareto optimal actions using some G € H based on (4.1).

Lemma 4.1 (Lattimore and Szepesvari 2020b, Lemma 4). Consider any globally ob-
servable game. Then there exists a function G € H such that for all b, ¢ € 11, we have

k
D (G(a, @ag)p — G(a, Paa)e) = Ly — Lo forall € [d]. (4.2)

a=1

This result straightforwardly follows from the fact that the graph induced by the set of
Pareto optimal actions is connected. Let .7 be a tree over IT induced by the neighborhood
relations. Lattimore and Szepesvari (2020b) provides the following example of G:

G(a,0)p = Z we(a,o) for a €11, (4.3)
e€path 5 (b)

where path 5 (b) is the set of edges from b € II to an arbitrarily chosen root ¢ € II on
7.
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Intermediate Regimes between Stochastic and Adversarial Regimes Here, we dis-
cuss intermediate regimes between the stochastic and adversarial regimes: the stochastic
regime with adversarial corruptions and an adversarial regime with a self-bounding con-
straint.

The stochastic regime with adversarial corruptions was originally considered by Lyk-
ouris et al. (2018) in the classical multi-armed bandits. We define this regime in PM
by considering the corruptions on the sequence of outcomes (xt)le. In this regime, a
temporary outcome z; € [d] is sampled from an unknown distribution v*, and the ad-
versary then corrupts x} to z; without knowing A;. We define the corruption level by
C=E[X] |Les, — Leg o] > 0. If C = 0, this regime corresponds to the stochas-
tic regime, and if C' > T, this regime corresponds to the adversarial regime. As we
will see, the proposed algorithms work without knowing the corruption level C. We also
define another intermediate regime, a stochastically constrained adversarial regime, in
Section 4.6.1.

In this work, we consider an adversarial regime with a self-bounding constraint, de-
veloped in the multi-armed bandits (Zimmert and Seldin, 2021) and includes the regimes
that appeared so far.

Definition 4.2. Let A € [0,1]¥ and C > 0. The environment is in an adversar-

ial regime with a (A, C,T) self-bounding constraint if it holds for any algorithm that
Regr > E[Ele Ay, —C.

We can show that the regimes that have appeared so far are included in the adversarial
regime with a self-bounding constraint; the details are discussed in Section 4.6.1.

In this study, we assume that there exists a unique optimal action. This assumption
has been employed by many studies aiming to develop BOBW algorithms (Gaillard et al.,
2014; Luo and Schapire, 2015; Wei and Luo, 2018; Ito, 2021a; Zimmert and Seldin,
2021).

4.3 Follow-the-Regularized-Leader

This section recalls the FTRL framework, which was introduced in Chapter 2, and pro-
vides some fundamental bounds used in the analysis. We recall that 11 is the set of Pareto
optimal actions. In the FTRL framework, a probability vector p; € Py over the action
set [k] is given as

t—1
¢ € argmin <Z Ys: Q> +i(q), pe=Tilar), (4.4)

where the set P(B) := {p € Py : p, = 0fora ¢ B} for B C [k] is a convex closed
polytope on the probability simplex with nonzero elements at indices in B, 7, € R¥ is an
estimator of the loss at round ¢, ¢, : Py, — R is a convex regularizer, and T; : P(II) — Py,
is a map from ¢; to an action selection probability vector p;. We use the Shannon entropy
for v, which is defined as

1

H(p). 4.5
o () 4.5)

k
o) = = palog(pa) =
Mt a=1

We can easily check that if we use the Shannon entropy with learning rate 7, ¢ € P(II)
is expressed as

1a € MW exp (~n Y42} o

2 el €XP (‘nt 22;11 ﬂsb>

Qta = fora € [k]. (4.6)
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We set an estimator to y; = G¢(A¢, 01)/pra, (Lattimore and Szepesvari, 2020b), where
for locally observable games, G; is obtained by minimizing a certain optimization prob-
lem, whereas for globally observable games G is set to (4.3). The regret analysis of
FTRL boils down to the evaluation of Zthl 25:1 Pta(Yta — Ytar ). We can decompose
this quantity into

T k

T
DY ptalfia — Guar) < Z(%(Qtﬂ) - ¢t+1(Qt+1)) +¢rii(ear) — Yi(a)

t=1 a=1 t=1

T k
+ Z((% — gt+1, §t> - Dt(Qt+1a Qt)> + Z Z(Qt,a - pta)@ta - @\ta*) 4.7

=L t=1 a=1

where the inequality follows from the standard analysis of the FTRL framework as given
in Lemma 2.1 in Chapter 2, and D; : R* x R* — R, is the Bregman divergence induced

by i, i.e., Di(p,q) = i(p) — Ui(q) — (Vi(q),p — q). We refer to the terms with

terms, respectively.

We use a self-bounding technique to bound the regret in the stochastic regime, which
requires a lower bound of the regret. To this end, we introduce parameters Q(a*) and
Q(a*) given by

T
Q) =) (1-qe) and Q") =E[Q(a")] . (4.8)

t=1

Note that 0 < Q(a*) < T for any a* € [k]. Based on the quantity Q(a*), the regret
in the adversarial regime with a self-bounding constraint can be bounded from below as
follows.

Lemma 4.2. In the adversarial regime with a self-bounding constraint, if there exists
c € (0,1] such that pra > cqrq for t € [T and a € [k], the regret is bounded as
Regr > c Anin@Q(a*) — C'.

All omitted proofs are given in Section 4.6. This lemma is used to derive poly-
logarithmic regret bounds in the adversarial regime with a self-bounding constraint.

4.4 Locally Observable Case

This section provides a BOBW algorithm for locally observable games and derives its
regret bounds.

4.4.1 Exploration by Optimization in PM

We first briefly explain the approach of exploration by optimization by Lattimore and
Szepesvdéri (2020b), based on which our algorithm for locally observable games is de-
veloped. In locally observable games, the achievable regret is generally smaller than in
globally observable games. Hence, we need to exploit this easiness to achieve small re-
gret, for which we rely on exploration-by-optimization. Intuitively, in locally observable
games, a loss estimator may suffer a large variance because an informative action might
not be selected due to its large losses. To overcome this issue, Lattimore and Szepesvari
(2020b) proposed exploration-by-optimization, which improves regret bound by optimiz-
ing the stability that corresponds to the variance.
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The key idea behind the approach is to minimize a part of a regret upper bound of an
Exp3-type algorithm (equivalently, FTRL with the Shannon entropy). In particular, they
consider the optimization on variables G : [k] x ¥ — R” and p € Pj. Their algorithm
computes every round the function G and the action selection probability vector p by
optimizing a part of the regret upper bound of FTRL, expressed as

7 : . k
minimize max [(p 9) Lo + bias,(G; z) + iz Zp“ <q’§ <77Gm’q)“‘”)> >] ’
n

GEH,pePy,  z€[d] n n Pa

a=1

(4.9)

where {(z) = e~ * + 2 — 1 (we abuse the notation by applying £ in an element-wise
manner), and

k k
bias,(G; ) = <q, Lez— > Gla, @az)> + max (Z Gla, Paz)e — ch>(,4.10)
a=1 a=1

is the bias function. In the optimization problem (4.9), the first term corresponds to
the transformation term, the second term corresponds to the regret for using a biased
estimator, and the third term comes from a part of the stability term. Note that the bias
term does not appear when G satisfies (4.2). Note also that the optimization problem
in (4.9) is convex and can be solved numerically by using standard solvers as discussed
in Lattimore and Szepesvari (2020b).

4.4.2 Proposed Algorithm

This section describes the proposed algorithm for locally observable games. Although
exploration-by-optimization significantly improves the regret bound for locally observ-
able games, they only consider the adversarial regimes, and some modification is required
for making it valid also for the stochastic regime. To obtain BOBW guarantees, we often
rely on a self-bounding technique, which requires a certain lower bound on the action
selection probability p (Gaillard et al., 2014; Wei and Luo, 2018; Zimmert and Seldin,
2021). However, solving the optimization problem (4.9) may result in p, = 0 for a certain
a € [k], which precludes the use of the technique. The proposed algorithm considers the
minimization problem over a restricted feasible set for p instead of over Pj. Let P} (q)
for ¢ € P(II) be P (q) = {p € Pr : pa > qa/(2k) foralla € [k]} C Pr. We then

consider the following optimization problem:

_N\T : . k
minimize  max (p—4q) Lea + bias,(G; ) + ks Zpa <q,§ <17G@,<I>ax)>>] :

GEX,peP () weld n n n? = Pa

@.11)

which implies that the solution p of the optimization problem (4.11) satisfies p > ¢/ (2k).
This property is useful when applying the self-bounding technique to bound the regret
in the stochastic regime (possibly with adversarial corruptions). We define the optimal
value of the optimization problem (4.11) by optf](n) and its truncation at round ¢ by

V{ = max{0, opty, (n:) }.

Regularizer and Learning Rate We use the Shannon entropy with learning rate 7,
in (4.5) as a regularizer. The learning rate 7 is defined as follows. Let 3] = ¢; > 1 and

1

B£+1 = /32 + a ) ﬁt = max {B7ﬁi/§} ; and N = E
1+ (ogkm) ' 24 Higy) :
(4.12)
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Algorithm 4.1: BOBW algorithm for locally observable games

1 input: B

2 fort=1,2,...do

3 Compute 7; using (4.12) and ¢; using (4.6)

4 | Solve (4.11) with ) < 7; and q <= ¢; to determine V;/ = max{0, opt, (1)}
and the corresponding solution p; and G;.

Sample A; ~ p, observe oy € X, compute gy = G¢(Ay, 0¢)/pra,, update S
using (4.12).

(9]

for ¢; > 0 (determined in Theorem 4.1). The fundamental idea of this learning rate was
developed by Ito et al. (2022a), and we use its variant by the upper truncation of ;. The
truncation is required when applying the following lemma to bound opt;(n).

Lemma 4.3. For non-degenerate locally observable games and n < 1/(2mk?), we have

opt}(17) = sup opt(n) < 3m*k>.
qEPy

This lemma is a slightly stronger version of Lattimore and Szepesvari (2020b, Propo-
sition 8), in which the same upper bound is derived for the minimum value over larger
feasible set P, D ?;C(q) in (4.9) instead of (4.11). Since the objective function of (4.9)
and (4.11) originally comes from a component of the regret, this lemma means that the
restriction of the feasible set does not harm the regret bound. Algorithm 4.1 provides the
proposed algorithm for locally observable games.

4.4.3 Regret Analysis for Locally Observable Games

With the above algorithm, we can prove the following regret bound for locally observable
games.

Theorem 4.1. Consider any locally observable non-degenerate partial monitoring game.
If we run Algorithm 4.1 with B > 2mk? and c¢; = @(mk:3/2 V/(log T)/(log krr)), we
have the following bounds. For the adversarial regime with a (A, C,T) self-bounding
constraint, we have

21.4 214
Regy O<m k logiT).log(k:nT) . \/C’m k logA(T.) log(kHT)>’ @i

and for the adversarial regime, we have

Reg, = O(mk3/2 T'log(T)log kn) + Blog kry .

Note that (4.13) with C' = 0 yields the bound in the stochastic regime. The bound for
the adversarial regime is a factor of /log(7T) log(krr)/ log k worse for large enough T
than the algorithm by Lattimore and Szepesvari (2020b). This comes from the difficulty
of obtaining the BOBW guarantee, where we need to aggressively change the learning
rate when the environment looks not so much adversarial. Note that exactly solving the
optimization problem (4.11) is not necessary, and we discuss regret bounds for this case
in Section 4.6.11. In the rest of this section, we provide a sketch of the analysis.

We start by decomposing the regret as follows.

Lemma 4.4. Regy <E [ZtT=1 (ny = n7Y) Hgesr) + H(q) /m + S eV | -
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This can be proven by refining the analysis of the penalty term of Theorem 6 in Lat-
timore and Szepesvdri (2020b), in which we rely on the standard analysis in (5.2), and
the first and remaining terms correspond to the penalty term and the sum of the transfor-
mation and stability terms, respectively. As will be shown in the proof of Theorem 4.1,
the RHS of Lemma 4.4 can be bounded in terms of ZtT:l H(q), for which we have the
following bound.

Lemma 4.5. For any a* € [k, we have 31—, H(q:) < Q(a*)log(eknT/Q(a*)).

We can show this lemma similarly to Ito et al. (2022a, Lemma 4) by noting that
gt,o = 0 for a & II. Finally, we are ready to prove Theorem 4.1. Here, we only sketch
the proof and provide the complete proof can be found in Section 4.6.6.

Proof sketch of Theorem 4.1. We prove this theorem by bounding the RHS of Lemma 4.4.

(Bounding the penalty term) Since (;_, is non-decreasing and 5; < f3; from the
definition of learning rate in (4.12), it holds that

T T

c1v1og kit H(q
E (1t = ) H(qes) < E (Bio1 — BH(qr41) = E 1 A (gu+1)
t=1 =1 \/logkn—i—zs 1 H(gs)

2H
Vlog kit kn (ge+1) < 2¢1v/log knt ZH (g1 )4.14)
— \/2t+1 +\/Zs lH QS —1

where the second inequality follows from 0 < H(g:+1) < log k1, and the last inequality
follows by sequentially applying b/(v/a + b + y/a) = vVa+b — /a for a,b > 0, the
telescoping argument, v/a + b — v/b < Vafora,b>0,and H(qr4+1) < H(q1)-

(Bounding the sum of the transformation and part of stability terms) It holds that

T

T T T
3m2k3(1 +logT) 1
V! < max V/ < 3m?k3 < 1+ H(q),
;m / < max ;1 e < d “m < - oy ; ()

(4.15)

where the second inequality follows from Lemma 4.3 and the last inequality follows since

t
the lower bound /Bt =c + Zu 1 \/1+ logkn)ql v H \/1+(logkn)011 ZS L H(gs

implies that

T T T T
1 1 1 1+logT 1
< — — H(gs) < ———, |1 H .
21 2 S i\ ok 210 i 21

~ <

(Summing up arguments and applying a self-bounding technique) By bounding the
RHS of Lemma 4.4 by (4.14) and (4.15) with ¢; = © (mk*/2,/log(T)/log k), we have

Regr = O(mk3/2\/log(T) Zthl H(q;) + mk3/%,/1og(T) log kn) + 2mk?log ki .

Since Zle H(q;) < Tlogkp, the desired bound for the adversarial regime is ob-
tained. We consider the adversarial regime with a self-bounding constraint in the fol-
lowing. Here, we only consider the case of Q(a*) > e, since otherwise we easily ob-
tain the desired bound. Note that Lemma 5.2 with Q(a*) > e implies 3.7, H(gq;) <
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Algorithm 4.2: BOBW algorithm for globally observable games

1 fort=1,2,...do

2 Compute g; using (4.6).

3 Compute ay, b in (4.17), 74, y; in (4.16), and p; from ¢; by (4.18).

4 Sample A; ~ py, observe oy € X, compute yy = G(A¢, 0¢)/pra,, and update
B¢ using (4.16).

Q(a*)log(krT). Hence, for any A > 0
Regr = (1 + A\)Regy — ARegp

< E[(1+X)0 (mk*? log(T) log(knT)Q(a")
< O(R + AR +C) +75/)),

_ )\AminQ (a*)

AC
ok T

where the first inequality follows by Lemma 4.2 with ¢ = 1/(2k), and the second inequal-
ity follows from a/z—bz /2 < a%/(2b) fora, b,z > 0 and R°¢ = m2k* log(T) log(knT)/Amin-
Appropriately choosing A gives the desired bound. 0

4.5 Globally Observable Case

This section proposes an algorithm for globally observable games and derives its BOBW
regret bound. We use G defined in (4.3) and let cg = max{1, k||G||o} be the game-
dependent constant.

4.5.1 Proposed Algorithm

In the proposed algorithm for globally observable games, we use the regularizer v
in (4.5) as used in the locally observable case, but with different parameters. We de-
fine B¢, v: € R by 1 = max{cg,2cg} and

1 c1b cob c
V== =t , o By =B+ 2 ) %Z%‘Fi,
4 ¢ b 13 t—1 bsa 1/2 2615
1+ (Zs:]_ s) ,72 (Cl + E :521 s’ysl:rl)
(4.16)

where ¢; and ¢y are parameters satisfying ¢; > max{1, log k11 }, and a; and b; are defined
by

ar = H(q) = — Z qtalog(gre) and b =1—maxgq:.,. 4.17)
aell a€cll

Note that we have ¢,(0) = 0, and using 5; > 1 > 2c¢g and by < 25:1 Gta < 1 we
have vy, < e1by/(4c1) + ¢g/(2¢g) < 1/2. We use the following transform from ¢, to p;:

pe=Tilq) = (1 —w)q + %1. (4.18)

Algorithm 4.2 presents the proposed algorithm for globally observable games.
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4.5.2 Regret Analysis for Globally Observable Games

With the above algorithm, we can prove the following regret bound for globally observ-
able games.

Theorem 4.2. Consider any globally observable partial monitoring game. If we run

Algorithm 4.2 with ¢; = @((C% log(T) log(k:HT))l/g) and c; = O, /cé logT) , we
have the following bounds. For the adversarial regime with a (A, C,T) self-bounding
constraint, we have

2 2 2 1/3
Reg; — O(Cg log(T") log(knT) N (C‘ cg log(T )log(kHT)> ) @4.19)

A2 A2

min min

and for the adversarial regime, we have
Regr = O((c log(T) log(knT))/*12/3) ,

where in the last big-O notation, the terms of o(poly(k, cq)(T log T)?/3) are ignored.

Note that (4.19) with C' = 0 yields the bound in the stochastic regime. The bound for
the adversarial regime is a factor of (log(T")log(knT)/log k)'/3 worse than the algo-
rithm by Lattimore and Szepesvari (2020b). This comes from the difficulty of obtaining
the BOBW guarantee, where we need to aggressively change the learning rate when the
environment looks not so much adversarial.

We begin the analysis by decomposing the regret as follows.

Lemma 4.6. The regret of Algorithm 4.2 is bounded as

Regr < E Z

T
Z (@t a4t — qe+1) — Di(qet1, q))
t— =1

T
1
+ Z ¢t qe+1) 1/%+1(Qt+1)) + Yri1(eqr) — Y1(qr)

t=1

This lemma can be proven based on the fact that we can estimate loss differences be-
tween Pareto optimal actions, and boundedness of £, combined with the standard analysis
of FTRL given in (5.2). Note that the first, second, and last terms correspond to the trans-
formation, stability, and penalty terms, respectively. We can bound the stability term on
the RHS of Lemma 4.6 as follows.

Lemma 4.7. If ¢, is given by (4.5) and b, is defined by (4.17), then we have

E[(@r, at — 1) — Di(qes1, a¢)] < E[2¢8be/(Beve)] - (4.20)

Remark. Globally observable PM is a generalization of the weakly observable setting in

online learning with feedback graphs (Alon et al., 2015). For this online learning prob-

lem, the regularizer in the form of —H (p) — H(1 — p) rather than (4.6) is introduced

in Ito et al. (2022a) to make the LHS of (4.20) easy to bound. However, FTRL with this

regularizer requires solving a convex optimization every round. This study shows that

the LHS of (4.20) can be favorably bounded without the regularization of —H (1 — p).

The key to the proof of this lemma is that for any «’ € [k] it holds that (7, ¢t — qt41) —

Di(gr41, @) = (Tt — Gear L, @t — Ge1)— D@1, @) < B Yony @t.a€ ((Tea — Gt )/ Br)
which enables us to bound the stability term with b, in (4.17), leading to the regret upper

bound depending on Q(a*) in Proposition 4.1.
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Using the definition of 3; and ~; in (4.16) with Lemmas 4.6 and 4.7, we can bound
the regret as follows.

Proposition 4.1. Assume 5; and ~; are given by (4.16). Then, the regret is bounded as
Reg, = O(E {clBi/B + 5\/6% + (log kit + Ar) (cl + B:1F/3>] + By log kzn> , where

Ar = ZZ;I a;, Br = Z?:l by, and ¢ = O <ﬁ (cé lcc;gT + cz)) = O<m).

The proof of this lemma is similar to Proposition 2 of Ito et al. (2022a). Now we
are ready to prove Theorem 4.2, whose proof is sketched below and completed in Ap-
pendix 4.6.10.

Proof sketch of Theorem 4.2. We first consider the adversarial regime. In the ad-
versarial regime, Proposition 4.1 with Ay < T'log kr and By < T immediately leads
to

Regy = O(C1T2/3+ 6\/c% + (log kit + T'log krp) (e + T1/3))
= O((c1 + &/log k) T%3) . @21

We next consider the adversarial regime with a self-bounding constraint. Here, we
only consider the case of Q(a*) > max{e, c3 }, since otherwise we can easily obtain the
desired bound. Note that Ar < Q(a*)log(knT) by Lemma 5.2 with Q(a*) > e and
Br = Zthl (1 — maxgen qra) < Zthl (1 — gtq+) = Q(a*). Then, Proposition 4.1
with these inequalities and Q(a*) > ¢} gives

Regp < O(E [le(a*)Q/?’ + 6\/Iog(kHT)Q(a*)4/3]>
< O((e1 + &/log(knT)) Q(a™)*3) . (4.22)

By (4.21) and (4.22), there exists ¢ = 0(01 +c log(kHT)) satisfying Regp <
¢T?/3 for the adversarial regime and Regy < @Q(a*)?/3 for the adversarial regime
with a self-bounding constraint. Recalling the definitions of ¢; and co, we have ¢ =
0 ((C% log(T) log(knT))Y %), which gives the desired bounds for the adversarial regime.

2/3

For the adversarial regime with a self-bounding constraint, using Reg; < ¢Q(a*)?/3 and

Lemma 4.2 with ¢ = 1/2 for any X € (0, 1] it holds that
Regr = (14 A)Regy — ARegp < (14 A)e- Q(a*)?? — AMpinQ(a*)/2 + A\C' .

Taking the worst case of this with respect to Q(a*) and taking A € (0, 1] appropriately
gives the desired bound for the adversarial regime with a self-bounding constraint.  [J

4.6 Deferred Discussion and Proofs

4.6.1 Intermediate Regimes between Stochastic and Adversarial Regimes in Par-
tial Monotoring

This section details the discussion on intermediate regimes between stochastic and ad-
versarial regimes given in Section 4.2. This section first defines the stochastically con-
strained adversarial regime in PM, and then shows that the stochastic regime, adversarial
regime, stochastically constrained adversarial regime, and stochastic regime with adver-
sarial corruptions are indeed adversarial regimes with a self-bounding constraint defined
in Definition 5.1.
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The stochastically constrained adversarial regime was initially considered by Wei and
Luo (2018) and also discussed in Zimmert and Seldin (2021) in the context of the multi-
armed bandit problem. We say that the environment is the stochastically constrained
adversarial regime if foE any a # a* there exists Aa,a* > 0 such that E;, .« [Laz, —
Lorz, ’1'17 ceey mtfl] > AOL,LL*-

Next, we show that the stochastic regime, adversarial regime, stochastically con-
strained adversarial regime, and stochastic regime with adversarial corruptions are indeed
included in the adversarial regime with a self-bounding constraint. We first consider the
stochastic regime. Indeed, if outcomes (x;); follow a distribution v* independently for
t=1,2,...,T, we have Regy = max ¢ B[ (L a0, — Lava,)] = B[S 1) Au,ls
where we define A € [0,1]* by A, = Egpr [Laz — Lo o). This implies that the stochas-
tic regime is in the adversarial regime with a (A, 0, T') self-bounding constraint. We next
consider the stochastic regime with adversarial corruptions. In fact, using the definition
of the corruption level C', we have

Z LAtIt - a l‘z)
t=1
T

Z(LAtx - a*x’)

Regr =

]S (60— )

t=1

E Z (LAtIEt - LAt$£>

t=1

T

B2 A

which implies that the stochastic regime with adversarial corruption with corruption lev-
els C' is an adversarial regime with a (A,2C,T) self-bounding constraint. It is also
easy to see that adversarial regimes are the adversarial regime with a (A, 27, T) self-
bounding constraint, and the stochastically constrained adversarial regime are the ad-
versarial regime with a (A, 0,T) self-bounding constraint by defining A € [0, 1]* by
Ay = Ay ar.

4.6.2 Proof of Lemma 4.2

Proof. Note that the environment is the adversarial regime with a self-bounding con-
straint with A € [0, 1]¥ such that A, > A, for all a € [k] \ {a*}. Hence, the regret is
then bounded as

~C=E

T
> A -

t=1

T k
> E [Z Z th,aA
t=1a

=1

Regr > E

T k
DD Pl
t=1 a=1

-C > CAminQ(a*) - Ca

where the first inequality follows from Definition 5.1, the equality follows from A; ~
D¢, the second inequality follows from the definition of p; given in (5.1), and the last
inequality follows from the assumption py, > cqtq for all t € [T],a € [k] and the

definition of Q(a*) given in (4.8). This completes the proof of Lemma 4.2. U

4.6.3 Proof of Lemma 4.3

Before proving Lemma 4.3, we review the definition and property of the water transfer
operator W, introduced by Lattimore and Szepesviri (2019¢). We refer to .7 C [k] x [k]
representing the edges of a directed tree with vertices [k] as in-tree with vertex set [k and
define & = {(a,b) € [k] x [k] : a and b are neighbors}.
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Lemma 4.8 (Lattimore and Szepesvari, 2019¢). Assume that partial monitoring game G
is non-degenerate and locally observable and let v € P,. Then there exists a function
W, : Px. — Py such that the following hold for all ¢ € Py (a) (W, (q) — q)—r Lv <0
(b) W (q)a > qa/k for all a € [k]; and (c) there exists an in-tree F C & over [k] such
that W, (q)q < W, (q)p for all (a,b) € .

Using this, we prove the generalized version of Lattimore and Szepesvari (2020b,
Proposition 8), where the proof follows a quite similar argument as their proof therein.
Proof of Lemma 4.3. We define the set of functions that satisfy (4.2) by

k
H, = {G ey — €)' Y Gla,Bag) = Lyy — Ly forall byc € Mand z € [d]} .

a=1

Take any g € Py. By Sion’s minimax theorem, we have

l(p qT£V+ZV$Zp“<q’ < C]LD(I)M)>>]

Ui

. 1 T (a <I>ax)
= - L ) T a )
VEPy GEIar pE) (a) [n(p Dy ZV Zp <q £< >>]

where the first inequality follows since we added the constraint that G € X, which
makes the bias term zero. Take any v € P4 and let .7 be the in-tree over [k]| decided
based on Lemma 4.8. Using these variables, we define the action selection probability
vector p € P}.(q) by

opt’ min max
p (77) GEFHo,peP; (q) vEP4 [

k?2
p:(l—fy)u—&—%l, where u=W,(q), and = 7777; .
Here, W, : P, — Py, is the water operator. It is worth noting that from the assumption
that n < 1/(mk2) we havey < 1/2and p, > uq/2 = W, (q)a/2 > qa/(2k), where the

last inequality follows from Part (b) of Lemma 4.8, and this indeed implies p € P} (q).

We take G € 3, defined in (4.3), where werecall that G(a, o)y = - ccpatn, (v) we(a, o).
By Lattimore and Szepesvari (2020b, Lemma 20) and the assumption that G is non-
degenerate, w, can be chosen so that |we|lcc < m/2. Since paths in T have length at
most k, we have |G||oc < km/2. From the above definitions, for any = € [d] we have

nG(a, Pyy) - _nmk2

Pa 2y

Hence, using Parts (b) and (c) of Lemma 4.8, we have

o Zpa< q, <77C;C;aq)aac)>> < zk: lf:% (G(a, Paz)p)”

= 1.

a= b=1
k k
<2) " —> 4 (Gla, Pax)s)’
a=1 "% b=1
i 2
b
YO e
b=1la=1 ¢ e€path(b)
m? g 2
b
2SSy e S ey
b=1 a=1 e€pathg(b)
< 2m?k3



where the first inequality follows from
f(x) =exp(—z)+z—1<a?forz> -1, (4.23)

the second inequality follows since p, > u, /2, the third inequality follows since ||we |00 <

m /2, and the last inequality follows from Part (b) of Lemma 4.8 to implying that ¢, < kuy
and Part (c) implying that u, > uy for a € pathy(b). Finally,

1 T 1 T v (1 ! 7 (1 ' 2
H(p—q) Luzﬁ(u—q) Ly—i—g %l—u Lugg %l—u Lv < mk*,

where the first inequality follows from Part (a) of Lemma 4.8. Summing up the above
arguments, we have optg(n) < 3m2k3, which completes the proof of Lemma 4.3.  [J

4.6.4 Proof of Lemma 4.4
We first analyze the stability term in (5.2) for 1), defined in (4.5).

Lemma 4.9. If v is given by (4.5), it holds for any { € R* and p,q € P}, that

k
(t.p—q) = Dilg,p) < Bt Y paé <£52> :
a=1

where we recall that £(x) = exp(—z) + = — 1.

Proof. For any z,y € (0,1), we let d(y,x) > 0 be the Bregman divergence over (0, 1)
induced by ¥ (x) = zlogz, i.e.,

d(y,z) = ylogy — xlogz — (logz + 1)(y — z) :ylog%ﬂc—y-

Using this, the Bregman divergence induced by v:(p) = (1/m) ZZ=1 Palog(pa) =
Bt Za 1 Palog(pg) in (4.5) can be written as

k
Di(q,p) = ¢1(p) = ti(q) — (Vor(9), 0 — @) = Bt >, d(a, Pa) -
a=1

From this, we have

k
(t,p—q) = Di(q,p) <Y (ta(pa — ¢a) — Bid(qa, Pa)) - (4.24)
a=1
We show
L
Ea(pa - Qa) - Btd(Qaapa) < Btpaé </8t> . (4.25)

As Uy (pa — 9a) — Btd(qa, pa) is concave in ¢, its maximum subject to ¢ € R is attained
when the derivative of it is equal to zero, i.e.,

0
0qq

(la(Pa — qa) — Btd(gasPa)) = —a — Pt (log go —logpa) = 0.
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This implies that the maximum is attained when ¢, = ¢} = pgexp (—¢,/F;). Hence,
we obtain (4.25) by

la(Pa — qa) — Btd(qa, Pa) < la(Pa — qz) — Brd(qy; Pa)
= éa(pa - QZ) - ﬁt (QZ 1Og QZ — Pa Inga - (1nga + 1)((]2 - pa))

= Llapa — Bt (C]Z log pa — palogpa — (logpa + 1)(612 - pa))
£,

* — X e a
= Eapa + Bt(Qa p“) - Btpa <e P ( Bt) + ﬁt 1)

lq
- Btpag (515) )

where the second equality follows from log ¢} = log p, — ¢4/ :, and the fourth equality
follows from ¢ = p, exp (—£4/5¢). Combining (4.24) and (4.25) completes the proof.
O

Proof of Lemma 4.4. Let a* = argmin, ) E [S°71 Laz,] € II be the optimal action
in hindsight. We have

T T
RegT =E Z(LAta:t - 'C‘a*zt) =EK [Z Zptb(ﬁbxt [Ja*a:t)
t=1 t=1 b=1
T k T k
Z Z ptb —qth (Lb:rt - La xt + Z ZQt,b met - a mt)](4 26)
t=1 b=1 t=1 b=1

The first term in (4.26) is equal to E [ZtT:l(pt — )" Leg,|. The second term in (4.26)
can be bounded as

k k
E [Z Qt,b(bet - La*xt)] =E Z QtTLext - La*mt]
k k
Z%Tﬁ‘eact 4 ZGt a q)a;tt ZGt(a7 (I)aact>a* - [Ja*:vt
a=1

b=1
k
;r Z Gt(a7 (I)axt) - Z Gt(aa (I)aa:t)a*
a=1 a=1

Elbias,, (G;20)] + E g 5 — Giar] (4.27)

where in the last inequality we used the definition in (4.10) and Lemma 4.1 with a* € 11
and ¢; o = 0 for a ¢ II. The sum over ¢ € [T'] of the last term in (4.27) can be bounded
using (5.2) and the definition of the regularizer (4.5) as

T k
B> aun(n — gm]
t=1 b=1
(1 1 H(q) N
<E _; (77t+l — 77t> H(gi+1) + " + ;(@ — Qt41,Ut) — Dt(‘]t—f—lv‘]t))
(1 1 H(q) | = (a0, E000))
<E 2 \H 2\ e, S\ )]
o _; <7]t+1 7]t> (Qtﬂ) * m + ; m
(/1 1 Hig) =1 ¢ mG(a, or)
—E 2 \H il @, 9t)
; (m+1 m) @en)+ =) Z:: m Z:: <q“ ( Pta >> ’

(4.28)



where in the second inequality we used the following inequality obtained by Lemma 4.9:

(%a) _ {a, €Eniye))
t e

Using the definition of the optimization problem (4.11) and V' = max{0, opty, (1)},
we have

Ut ¢t — 1) — De(@rr1,q) < By ZQt a§
a=1

G (a, o)

(pt — at) " Leg, + biasg, (G; ) me <Qt7 < -~

>> < 1 V;(4.29)

Summing up the arguments in (4.26), (4.27), (4.28), and (4.29), we have

T
1 1 C_I1
Regr < E ( — > H 1) + v/,
g [; Ne+1 e (4 Z "
which completes the proof. O

4.6.5 Proof of Lemma 5.2

Proof. For any g € P(II) and a* € II, we have

1 1 — gg»
anlog— Z qalog+qa*log(1+ g )

acll acT\{a*} a 9o
1 1- qa*
< (kl_[ - 1) Z p— qa log + qa*
I — qax*
a€ll\{a*}
Za a* q(l k - 1 1 — (q*
< (kyp — 1) - el 2 g + o —2
ki —1 2 et {a*} a a

— (1= ga) (tog P 1) < (1 = gur) log —M0 (4.30)
= qa* gl—qa > Ga* gl—qa* 5 .

where the first inequality follows from log(1 4+ x) < x for z > 0, the last inequality
follows from Jensen’s inequality, and the last equality follows from » g, = 1. Us-
ing (4.30), for any a* € [k]| we have

T
Zat ZH ) SZ 1 — gia~) log ki
=1 —

1- Gta*

T

1 ekn
T3 (1~ g log
=1 1- qt,a*

1 ekn
(1—q a*)) log
< Z?:l % (1 - qt,a*)
T (a* ekHT _ O(a) ( ekHT> ’

IN
N~

% Qa¥) ®Qa)
where in the second inequality we used Jensen’s inequality since f(x) = xlog(1/x) is
concave, and in the third inequality we used the definition of Q(a*) in (4.8). O

4.6.6 Proof of Theorem 4.1

Proof. We prove this theorem by bounding the RHS of Lemma 4.4.
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(Bounding the penalty term) Letty = min{t € [T] : 3, > B}. Then, the definition
of the learning rate (4.12) gives that

T,y ) T
Z <7h+1 - m) (qt+1) ; (Be+1 — Be) H(ge41)
to—2 T
= (Bey1 = B) Hges1) + (Bro — Bro—1) H(gp1) + D (Beyr — Be) H(qes1)

t=1 t=to

T
<0+ (@0 - 52071) H(qiy1) + Z (ﬁ£+1 - ﬂé) H(gt41)

t=to

T
Z Bit1 — Bi) H(gs41),
=1

where in the first inequality we used the fact that 3;_, is non-decreasing, 3;,1 = 3 for
t <to—1,p; < B and 3, = 5 for t > ty. Using this inequality, we have

11 d
< - > (qe41) Z By — Bt) H(qr+1)
"t =1

Nt+1

M=

t=1
T

2. -

t=1 \/1 + (log k‘]‘[)fl Zizl H(Qs)

T

= 2c1+/log kr Z A(g-+1)

t=1 \/log b+ > H(gs) + \/IOg i+ >4, H(gs)
H(gt+1)
< 2c14/log k‘HZ \/zt—i-l H(gs) + \/Zizl H(gy)

t+1

“seriogkn S (S ) — || Ha)
t=1 s=1 s=1

: H(Qt—i—l)

T+1

:261\/10g7kl‘[ \ZH<QS)_\/M

T+1

< 2¢1+/log kry Z H(qs) | <2c1/logkp
s=2

T
> Hla), 431)
=1

where the second inequality follows from 0 < H(gi+1) < log ki, the third inequality

follows from the inequality v/a + b — Vb < y/a that holds for a,b > 0, and the last
inequality follows since H(qr+1) < H(q1).

(Bounding the sum of the transformation and part of stability term) Using the
definition of (3} in (4.12), we can bound [3; as

c1 Clt
Bi=c1+ .
Z log kn) Zs 1 H QS \/1 log kn Zs 1H(QS)
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Using this inequality, we have

t T

T "1 1 1 1+logT 1
; Z::g Z@ 1+1ngHZJLJ(qS)siCl 1+10ngZH(qt).

-~

t=1 t=1

4.32)

s=1

Further, we have

Zth < maxV Zn = (né%max{O opt (ns) >Zm < 3m?k3 2@33)

where in the last inequality we used Lemma 4.3 with n; < 1/(2mk?).

(Summing up the above arguments with a self-bounding technique) By bounding
the RHS of Lemma 4.4 using (4.31), (4.32), and (4.33), we have

1+logT

Reg, < 3m2k’E
C1

T
+ (log k)1 2 H(q)| +2c1y/]logkn E
=1

T
=0 | mk®? log(T ZH (@) +mk3/2\/10g( T)logkr | + 2mk?logkr,
t=1

(4.34)

where we set ¢; = © (mk3/2 \/&I;).

The desired bound is obtained for the adversarial regime, since 3., H (q:) < T log kpy.
We consider the stochastic regime in the following. If Q(a*) < e, Lemma 5.2 implies
SL H(q:) < elog(knT) since kT > e, and otherwise we have S 7, H(q) <
Q(a*)log(krT). In the former case, we can trivially obtain the desired bound immedi-

ately from (4.34). For the latter case, using the inequality Zthl H(q) < Q(a*)log(knT), (4.33),

and Lemma 4.2 with ¢ = 1/(2k), we have for any A > 0 that
Regr = (1 4+ A\)Regr — ARegp
E[(l + )0 (mk3/2\/log(T) log(kHT)Q(a*)> .

(14 \)2m%k* log(T) log(knT)
)\Amin

)\Amin
2k

Q(a*)] +AC

IN

@) >+>\C

n log k1

m

Amin Amin A Amin

(4.35)

where the second inequality follows from a\/z — bz /2 < a?/(2b), which holds for any
a,b,r > 0. Taking

o ( \/m2k4 S <m2k;4 logéT).log(knT) +c>>

completes the proof. 0

91

274 274 274
0 (m k*log(T) log(knT) L (m k*log(T) log(kuT) N C) N 1m?*k* log(T) log(kHT)> ’



4.6.7 Proof of Lemma 4.6

Proof. Let a* = arg min, g, E[>>/_, Laz,] be the optimal action in hindsight, where
ties are broken so that a* € II. Note that since action a with dim(C,) < d — 1 cannot be
uniquely optimal, one can see that we can take action b € II instead of such a with the
same loss. We have

s

Regr =E Z (LAt,xt — Lo~ It
t=1

T

Z ea*,Lext>]

=1

1
<Qt - ea*7L€It> + Z’yt <k‘1 - qt7[’636t>
T k T
<Wﬂw%+24= Y g m%mwzq
t=1

[M]=

=K

t=1

IA
=
M=

Lt=1 t=1 t=1 a=1
- X . .

=E ZZQt,a Yta — Yta -I-Z% = [Z qt_e“*’§t>+27t] ,
Lt=1 a=1 —1

where the inequality follows from the boundedness of £, the fourth equality follows since
a* € 1I, ¢t = 0 for a ¢ II, and Lemma 4.1, and the fifth equality follows from the
definitions of i and ¢:, = O for a ¢ II. Combining the above inequality and (5.2)
completes the proof. 0

4.6.8 Proof of Lemma 4.7
Proof. We first bound the stability term. Using Lemma 4.9, for any a’ € A it holds that

We>at — qi+1) — Di(qi+1, @) = Ut — Ve 1, @6 — Q1) — D@41, 1)
k U
< Y anat (P50
a=1 ’Bt

We evaluate the RHS of this inequality. As we define p; by (4.18), we have p;, > 7 /k for
any a € [k]. We first show that | (Jzq — Uiar)/Bt| < 1forall a,a’ € [k]. Let 7 = ||G||co-
Recall that cg = max{1, k7}. Then we have

@ _ Gl(a,Pqr) o __T
Bt Bivta, — Bipea,

where the inequalities here are element-wise, the first inequality follows from the defini-
tion of 7, and in the last inequality we used p, > V¢/k > cg/(28:k) > 7/(25;) for all
a € [k]. In a similar manner we have

%:G(a’q)‘”)g T 1§11.

B Bt pra, Bt pra, 2
These arguments conclude that |(Gia — Utar)/Bt] < |Uta/ Bt +|tar /Bt] < 1foralla,a’ €
[k]. Hence, we have

12—11,
2

~ Yta — Y
@ts @t — ar+1) — D@41, ) < mlﬂ B ZQta (ata)

& ;rél[g] ZQta Uta — Jia)*

— min , 4.36
t o El[k] Z Qt a yta yta ) ( )
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where the inequality follows from (4.23). Now, for any a € A we have

(G(At, D A,0,) )2 Z -

ptAt
where the last inequality follows from p;, > 7;/k. Hence, using (4.37) it holds that

<E

kuGuZ c
< Z %(4.37)

IIGH2
t

a

2 &
— 1n <E|— min —
5t a’'e Z tta (o = Fia')*| < Bt a'€lk] ;, e 7t
(2 min,, 1 — G )2 2¢2b
) ae[k]( ta’) S| g gOt 38)
i Bt Bt
Combining (4.36) and (4.38) yields
- 2c3by
E[(t, gt — qt+1) — Di(ge+1,¢)] < E ;
Beve
which completes the proof. 0

4.6.9 Proof of Proposition 4.1

Proof. Note that the penalty term can be rewritten as

(Ve(qe41) — Ye1(qe+1)) + Yra(ea) — ¥1(q1)

W

~~
Il

MﬂH

T
— Ber1) (—H(qir1)) + BiH(q1) = D> (Berr — Bi) ar1 + Braa
t:l t=1

where we recall that the definition of a; in (4.17). Combining this with Lemmas 4.6
and 4.7, we have

T 2 T
C 2c bt
Regr <) <7£+ 2;) Z 59 + > ((Begr — Brarsr) + Pras, (4.39)
Py t — P
~———
transformation term stability term penalty term

where the first, second, and remaining terms correspond to the transformation, stabil-
ity, and penalty terms, respectively. We bound each term of the RHS in (4.39) in the
following.

Note that b; < 1 and

by =1~ Hlan t,a > —IMaX gt q log (max qt,a’ ) < - Z qt,a log Gta = at < log ki1 ,
el el '€l pert

(4.40)

where the first inequality follows from the inequality 1 — x < —xlogx for x > 0. We
define z; = at%}bt and Z; = Zizl Zs.
t
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(Bounding the penalty term) From the definition of +;, we can bound z; from below
as

agr1by  4ap
1t T
Yt C1

5= (e + B*) = darsa > dbi, (4.41)

where the second inequality follows from b; < a; in (4.40). Further, we can bound z;
from above as

t—1 1/3
4a
= Tt“ <61 n Btl/?’) <4 (cl + Bt1/3> <4de+ <b1 + Zzs> <8(e1+Zp-1)
1 s=1

(4.42)

where the first inequality follows from a;4; < log ki and ¢; > log ki1, and the second
inequality follows from B; = by 4+ S2'21 bey1 < by 4+ Y2121 24, and the last inequality

follows from b; < 1 < ¢;. From this, since j3; satisfies 811 — 5t = at+1 (:1+Z6721)1/2’
t

we can bound the penalty term in (4.39) as

T

Z1
B — Ee
tzl(ﬁtﬂ e 2tzm 224\/61+Zt1+\/61+2t1
7 T
< 5¢ t—1 5¢ (c+Z— C+Z—)<5C Zy
22\/01+Zt+\/c1+zt1 2; \/1 t \/1 1) < 2\/7

(4.43)

where the first equality follows from the definitions of (3; and z;, and the first inequality
follows since

Ver+Zy < e+ Zy + Va <AV + Zi,

where the last inequality follows from (4.42).

(Bounding the stability term and transformation terms) We define w; = % and
t

Wy = 22:1 ws. From the definition of +;, we have
b
wy = - =4 ( + 31/3) 1. (4.44)
Vi 1
Using b; < 1, we can confirm that w; satisfies

1
w1 S 8, W41 = 4 <1 + Bg_{_?) < <1 + a(Bt + 1)1/3> S 2wt, Wt S 4(1 +t1/3) .
(4.45)

Then ; can be bounded as

-1 -1
Wg C2
Bt > co + ¢ > 1+ w
;\/61+Zsl ver+ Zy ; °
2

- Vel + Zy 1+ W) 40

> Cgt
T Vel + 2y ’

where the second inequality follows from (4.44).

4.47)
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Using the above inequalities, we can bound the stability term in (4.39) as

ZT: & < ET: bt < ETI \/m Wy m Z
Z Z
<0 (m log (1 + WT)> <0 <m 10gT> : (4.48)
(&) ca

where the first inequality follows from (4.46), the last inequality follows from (4.45), and
the fourth inequality can be shown by taking the sum of the following inequality:
1+ W, Wy ) 1 Wy
log(1+ W) —log(l+Wiy)=log———=log|1l+ ——FF~+— | > = —————,
&l t) &l =) g1+Wt71 g( I+Weq) =2 1+ Wiy
where the inequality follows from the fact that log(1 + z) > 4z holds for any = € [0, 2]
and that (4.45) implies 73t — < 70t5 < 2forallt € [T7.
Using (4.47), we can bound the second part of the transformation term in (4.39) as

T
Zﬁt Z\/Cl-l-Zt_\/Cl—l-ZTZl:O(\/Cl—i-ZT

C2 t (&)

log T> . (4.49)
t=1 t=1

In addition, from the definition of +;, we can bound the remaining part of the transfor-
mation term in (4.39) as

T b 3 T 3
Sy S e < M s

where the first inequality follows from y/® —2%/3 > Z(y—x)y~'/3, which holds for any

y > = > 0. Combining (4.43), (4.48), (4.49), and (4 50), we can bound the right-hand
side of (4.39) as

r 2C2bt
Z (% + %9& + (Bry1 — ﬂt)atﬂ) + Bray

T CS 2C2b
:Z 72"'27&"‘ e + (Bi+1 — Be)agy1 | + fran

cglogT
=0 <C1B%/3 + <9g + 62) Ve + Zr+ 51(11)

C2

czlog T L
=0 <C1B:2r/3 + (902 +c2 c1+ Z % <C1 + Bt1/3) + Brax
t=1

1 c2 logT
=0 <clB%/3+\/a (902+02> \/c%—i- (log ki1 + Ar) (cl +B ) +Bllogkn> ,

where in the third inequality we used (4.41) and in the last equality we used ar41 =
O(log k). O

4.6.10 Proof of Theorem 4.2

Proof. We define c; and ¢z by

=0 ((cg log(T) 1og(kHT))1/3) and ¢, =0 (, /2 1ogT) . (45D
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which implies that ¢ = ¢;/+/log(knT"). We have

T

T
BT:Z<1—maxqta> Z 1 —qtar) = Qa"). (4.52)
t=1

t=1

We first consider the adversarial regime. Since Ay < Tlogkp and By < T, using
Proposition 4.1 we have

Reg, = O <C1T2/3 + c\/c1 + (log kr1 + T'log k) (1 + TY/3) + By log kn>

-0 (cl +&y/log kn) T2/3 4 M SPTU2 4 _a Bilogkr | -

(4.53)

We next consider the adversarial regime with a self-bounding constraint. When Q(a*) <
¢} we can show that the obtained bound is smaller than the desired bound as follows.
When Q(a*) < e < ¢}, using Lemma 5.2 and (4.52), we have A7 < elog(knT) and

Br < e. Hence, from Proposition 4.1, we have

Reg, = O <01 + 6\/0% + log(knT)ey + B log /-cH)

2
=0 (Cl—i—ﬁllong) =0(c}) .

log(knT)

When e < Q(a*) < ¢}, using Lemma 5.2 and (4.52) we have A7 < ¢} log(knT) and
Br < c:f . Hence, from Proposition 4.1, we have

Regr = O (c:l)’ + E\/ + (log k1 + 3 log(knT)) ¢1 + f1log kn>
= O (c&log(T) log(knT)) = O (c}) .

Hence, we only need to consider the case of Q(a*) > ¢3 in the following. Since Q(a*) >
ewehave Ap < Q(a*)log(knT). Using Proposition 4.1 with this inequality, Lemma 5.2,
and (4.52), we have

Reg; = O (E [le(a*)z/3 + E\/c% + (log ko + Q(a*) log(kHT)) (01 + Q(a*)l/?’)} + 51 log kn>

<0 < [le )23 4 c\/Q ) log kHT)Q(a*)l/BD
<0 ((cl . log(kJHT)) Q(a*)2/3> , (4.54)

where the first inequality follows from @Q(a*) > ¢}, and the second inequality follows
from Jensen’s inequality. Hence, by (4.53) and (4.54), there exists ¢ = O <01 +é log(k:HT)>

satisfying and Regy < EQ(a*)Q/ 3 for the adversarial regime with a self-bounding con-
straint and Regp < ¢T2/3 for the adversarial regime.
Now, by recalling the definitions of ¢ and cg in (4.51), we have

R 1 c2logT
c=0 ((cé log(T )1og(kHT))1/3 ﬁ (902 + 02> log(kHT)>

-0 ((cg log(T) log(kHT))1/3) , (4.55)
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which gives the desired bounds for the adversarial regime.

For the adversarial regime with a self-bounding constraint, from the above inequality
Regy < €Q(a*)?/3 and Lemma 4.2 with ¢ = 1/2 < 1 — ~;, we have for any A € (0, 1]
that

Regr = (1 4+ A\)Regy — ARegp < (1+ A)e- Q(a*)2/3 — gAminQ(a*) + \C
(14 2)3¢ 1y @&
<0 (AW ) a0 =0((1453) 5o ) +2C, (4.56)

where the first inequality follows from the inequality az/% — b(z/2) < 16a3/(27b?) for
a,b > 0, and the last equality follows since A € (0, 1]. Combining (4.55) and (4.56), and

2
taking A = O (W), we have the desired result for the adversarial regime
with a self-bounding constraint. O

4.6.11 Regret Bounds when the Optimization Problem is Not Exactly Solved

This section discusses the regret bound when the optimization problem (4.11) is not ex-
actly solved, on which a similar discussion is given in Lattimore and Szepesvari (2020a,
Chapter 37). We say that the optimization problem (4.11) can be solved with precision
€ > 0, if we can obtain G € J{ and p € P} (¢) such that

. k
(p—q) " Ley + biasy(G;x) | 1 < (nG(a, q)az)) > ,
max + — a4, _— < opt + €.
me ; 7 ;p 2 Pty (1)

Then if we run Algorithm 4.1 solving (4.11) with precision €, one can see that we can
obtain the following regret bounds. For the adversarial regime with a (A, C,T) self-
bounding constraint, we have

(mk2 + €2/ (mk))” log(T) log(knT) N \/C(mk2 + €2/ (mk))* log(T) log(kuT)

RegT =0 Amin Amin

and for the adversarial regime, we have

T log (k) log(T
RegT:O<mk3/2 TlOg(T)long—l—e\/ og (k) log( ))

mk3/2

Here, we give an overview of the analysis. Considering that the optimization problem
in (4.11) can be solved with precision ¢ > 0, the RHS of (4.29) can be replaced with
3m?2k3 + €. Then a similar analysis as the proof of Theorem 4.1 leads to

3/2 €
Regr < O | (mk*? + —C ) | [log(T) ;H (@)

Using ZtT:l H(q) < Tlogkry gives the bound for the adversarial regime. Replacing

€

m2k* with (mk? + ﬂ)z in (4.35) and appropriately choose A (note that we can take
A depending on €), we obtain the desired bound for the adversarial regime with a self-
bounding constraint.

97



4.7 Conclusion

In this chapter, we considered PM and provided the first best-of-both-worlds algorithms
for both locally and globally observable games, both of which are based on the FTRL
framework. For non-degenerate locally observable games, we showed that the regret is
O(m2k*1og(T) log(kiT)/Amin) in the stochastic regime and O (mk3/2 /T log(T)) log ki)
in the adversarial regime. To obtain this bound, we advanced the technique of exploration

by optimization, which is a technique for bounding the stability component of regret, by
considering the optimization problem over the restricted feasible set. This enabled us

to use the self-bounding technique to prove the BOBW guarantee. We also show for
globally observable games, the regret is O(cg log(T) log(knT)/A2 . ) in the stochastic
regime and O((c3 log(T') log(knT'))"/3T%/3) in the adversarial regime. To obtain this
goal, we modified the technique of adaptive learning rate developed in online learning
with feedback graphs. Moreover, we developed a novel analysis to circumvent the opti-
mization problem in computing the FTRL, which enabled us to implement the proposed
algorithm efficiently.

98



Chapter 5

Stability-penalty-adaptive Follow the Regularized
Leader: Sparsity, Game dependency, and Best of
Both Worlds

Adaptivity to the difficulties of a problem is a key property in sequential decision-making
problems to broaden the applicability of algorithms. Follow-the-regularized-leader has
recently emerged as one of the most promising approaches for obtaining various types of
adaptivity in bandit problems. In fact in the previous chapter, we observed that the follow-
the-regularized-leader is a quite strong framework to achieve the best-of-both-worlds
guarantee, which aims to achieve a near-optimal regret in both the stochastic and adversar-
ial regimes. Aiming to further generalize this adaptivity, we develop a generic adaptive
learning rate, called stability-penalty-adaptive learning rate for follow-the-regularized-
leader. This learning rate yields a regret bound jointly depending on stability and penalty
of the algorithm, into which the regret of follow-the-regularized-leader is typically de-
composed. With this result, we establish several algorithms with three types of adap-
tivity: sparsity, game-dependency, and best-of-both-worlds. Sparsity frequently appears
in real-world problems. However, existing sparse multi-armed bandit algorithms with
k-arms assume that the sparsity level s < k is known in advance, which is often not the
case in real-world scenarios. To address this problem, with the help of the new learning
rate framework, we establish s-agnostic algorithms with regret bounds of O(\/ST) in the
adversarial regime for 7' rounds, which matches the existing lower bound up to a loga-
rithmic factor. Furthermore, leveraging the new adaptive learning rate framework and a
novel analysis to bound the variation in follow-the-regularized-leader output in response
to changes in a regularizer, we establish the first best-of-both-worlds algorithm with a
sparsity-dependent bound. Additionally, we explore partial monitoring and demonstrate
that the proposed learning rate framework allows us to achieve the best-of-both-worlds
and game-dependent bounds simultaneously.

5.1 Introduction

This study considers the Multi-Armed Bandits (MAB) and Partial Monitoring (PM). In
the MAB problem, the learner selects one of k£ arms, and the adversary simultaneously
determines the loss of each arm, ¢y = ({;1,...,4) " in [0,1]% or [~1,1]*. After that,
the learner observes only the loss for the chosen arm. The learner’s goal is to minimize
the regret, which is the difference between the learner’s total loss and the total loss of an
optimal arm fixed in hindsight. PM is a generalization of MAB, and the learner observes
feedback symbols instead of the losses.

One of the most promising frameworks for MABs and PM is Follow-the-Regularized-
Leader (FTRL) (Auer et al., 2002b; Cesa-Bianchi et al., 2006), which determines the arm
selection probability at each round by minimizing the sum of the cumulative (estimated)
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losses so far plus a convex regularizer. Note that the well-known Exp3 algorithm devel-
oped in Auer et al. (2002b) is equivalent to FTRL with the (negative) Shannon entropy
regularizer. FTRL is also known to perform well for the classic expert problem (Freund
and Schapire, 1997) and reinforcement learning (Zimin and Neu, 2013). Furthermore,
when the problem is “benign”, it is known that FTRL can exploit the underlying structure
to adaptively improve its performance. Typical examples of such adaptive improvements
are (i) data-dependent bounds and (i) Best-of-Both-Worlds (BOBW).

Data-dependent bounds have been investigated to enhance the adaptivity of algo-
rithms to a given structure of losses in the adversarial regime, where feedback (e.g.,
losses in MABs) is decided in an arbitrary manner. There are various examples of
data-dependent bounds, and this study considers sparsity-dependent bounds and game-
dependent bounds.

A sparsity-dependent bound is an important example of data-dependent bounds, as
sparsity frequently appears in real-world problems. For example, in online advertisement
allocation, it is often the case that only a fraction of the ads is clicked. Although there
are some studies for sparse MABs (Kwon and Perchet, 2016; Bubeck et al., 2018; Zheng
et al., 2019), all of them assume that (an upper bound of) sparsity level s > ||¢;]|o =
[{i € [k] : €y # 0}| is known beforehand, which in many practical scenarios does not
hold.

The concept of a game-dependent bound was recently introduced by Lattimore and
Szepesvari (2020b) to derive a regret upper bound that depends on the game the learner
is facing. As the authors suggest, one of the motivations for the game-dependent bound
is that previous PM algorithms are “quite conservative and not practical for normal prob-
lems”. For example, whereas the Bernoulli MAB is expressed as a PM, algorithms for
PM do not always achieve the minimax regret of MAB (Auer et al., 2002b). The game-
dependent bound enables the learner to automatically adapt to the essential difficulty of
the game the algorithm is actually facing.

The BOBW algorithm aims to achieve near-optimal regret bounds in stochastic and
adversarial regimes, where the feedback is stochastically generated in the stochastic regime.
Since we often do not know the underlying regime, it is desirable for an algorithm to si-
multaneously obtain a near-optimal performance both for the stochastic and adversarial
regimes. Bubeck and Slivkins (2012) developed the first BOBW algorithm, and Zimmert
and Seldin (2021) proposed the well-known Tsallis-INF algorithm, which achieves the
optimal regret for both regimes. The Tsallis-INF algorithm also achieves favorable regret
guarantees in the adversarial regime with a self-bounding constraint, which interpolates
between the stochastic and adversarial regimes.

To realize the aforementioned adaptivity in FTRL, the adaptive learning rate (a.k.a. time-
varying learning rate) is one of the most representative approaches. This approach adjusts
the learning rate based on previous observations. In the literature, adaptive learning rates
have been designed to depend on stability or penalty, which are components of a regret
upper bound of FTRL. The stability term increases if the variation of FTRL outputs in
the adjacent rounds is large, and stability-dependent learning rates have been used in
a considerable number of algorithms available in the literature, e.g., McMahan (2011);
Lattimore and Szepesvdri (2020b); Orabona (2019) and references therein. In contrast,
the penalty term comes from the strength of the regularization, and recently penalty-
dependent learning rates were considered to achieve BOBW guarantees (Ito et al., 2022a;
Tsuchiya et al., 2023a). However, existing stability-dependent (resp. penalty-dependent)
learning rates are designed with the worst-case penalty (resp. stability), which could po-
tentially limit the adaptivity and performance of FTRL. (There are numerous studies
related to this chapter and we include additional related work in Section 5.7.2.)
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5.1.1 Contributions of this Chapter

In this chapter, to further broaden the applicability of FTRL, we establish a generic frame-
work for designing an adaptive learning rate that depends on both the stability and penalty
components simultaneously, which we call a Stability-Penalty-Adaptive (SPA) learning

rate (Definition 5.2). This enables us to bound a regret approximately by O (\ / Zthl zthtH)

for a stability component (z;) and a penalty component (), which we call a SPA regret
bound (Theorem 5.1). With appropriate selections of z; and hy, this result yields the
three important adaptive bounds mentioned earlier, namely sparsity, game-dependency,
and BOBW. In particular, our contributions are as follows (see also Tables 5.1 and 5.2):

* (Section 5.5.1) We initially provide new algorithms for sparse MABs as prelim-
inaries for establishing a BOBW algorithm with a sparsity-dependent bound. In
Section 5.5.1.1, we propose a novel estimator of the sparsity level, which is linked
to a stability component and induces Ly = Zle |€:]|3 < sT. We demonstrate
that a learning rate using this estimator with the Shannon entropy regularizer and
O((kT)~2/3) uniform exploration immediately results in an O(y/Ly log k) regret
bound for ¢; € [0, 1]*. In Section 5.5.1.2, we investigate possibly negative losses
s € [-1,1]*. We employ the time-invariant log-barrier proposed in Bubeck et al.
(2018) and control the stability term. This allows us to achieve an O(/Lz log k)
regret bound for losses in [—1, 1)* even without the ©((kT')~2/3) uniform explo-
ration. This is a key factor for the BOBW property that we discuss next. Note that
Section 5.5.1 serves as preliminary findings for the subsequent section.

* (Section 5.5.2) We establish a BOBW algorithm with a sparsity-dependent bound.
In order to achieve this goal, we make another major technical development: we an-
alyze the variation in the FTRL output when the regularizer changes (Lemma 5.8),
which holds thanks to the time-invariant log-barrier and may be of independent
interest. This analysis is necessary since we use a time-varying learning rate,
whereas Bubeck et al. (2018) uses a constant learning rate. This technical devel-
opment successfully allows us to achieve the goal (Theorem 5.2) in combination
with the SPA learning rate developed in Section 5.4 and a technique for exploiting
sparsity in Section 5.5.1.2.

* (Section 5.6) We show that the SPA learning rate established in Section 5.4 can
also be used to achieve a game-dependent bound and a BOBW guarantee simulta-
neously, which further highlights the usefulness of the SPA learning rate.

5.2 Setup

This section introduces the preliminaries of this study. Sections 5.2.1 and 5.2.2 formulate
the MAB and PM problems, respectively, and Section 5.2.3 defines regimes considered
in this chapter.

Notation Let ||z||, ||x||1, and ||z||~ be the Euclidian, ¢;-, and {,-norms for a vector x,
respectively. Let ||z||o be the number of non-zero elements for a vector z. Let Py, = {p €
[0,1]% : ||lp|ly = 1} be the (k—1)-dimensional probability simplex. A vectore; € {0, 1}*
is the i-th orthonormal basis of R¥, and 1 is the all-one vector. Let Dy : R x RF — R,
be the Bregman divergence induced by ¢: R¥ — R, i.e., Dy(p,q) = ¥(p) — ¥(q) —

(Vi(q),p — q).
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Table 5.1: Regret upper bounds with sparsity-dependent bounds. 7" is the time horizon. s < k
is the level of sparsity in losses. We define Ly = ZZ;IHE,gH% and ||4:]|o < s implies

Ly, = ZthlHEtH% < 8T since |[l|loc < 1. Apin is the minimum suboptimality

gap. Adv. and Stoc. are the abbreviations of the adversarial and stochastic regime,
respectively.

Reference s-agnostic? Range of ¢;; Regime Regret bound

Kwon and Perchet (2016) - 0,1] Adv. Q(VsT)

Kwon and Perchet (2016) No
Ours (Sec. 5.5.1.1, Cor. 5.1)  Yes

0,1] Adv. 2v/er/sT log(k/s)

0,1] Adv. 2v2\/Lalogk + O((kT log k)*/?)

Bubeck et al. (2018) No
Ours (Sec. 5.5.1.2, Cor. 5.2)  Yes
Ours (Sec. 5.5.2, Thm. 5.2)  Yes

—1,1] Adv. 104/ L2 log k + 20k log T
—1,1] Adv. 4v2+/Lylogk + 2k log T
~1,1

] Adv. 4+/LalogklogT + O(klogT)

Stoc. O(klog(T)log(kT)/Amin)

[
[
[
[
[
[

)

Table 5.2: Regret bounds for non-degenerate local PM games. Vi, V/, and V' are game-
dependent quantities satisfying V; < V/ < V (see Section 5.6 for definitions). H (g:)
is the Shannon entropy for FTRL output ¢;.

Reference Game-dependent? BOBW?  Order of regret bound
Many existing studies on PM No No -

Lattimore and Szepesvari (2020b)  Yes No \/ Z?:l Vilogk

Tsuchiya et al. (2023a) No (only game-class-dependent)  Yes Vv Z;‘F:l H(qgi41)

Ours (Sec. 5.6, Cor. 5.3) Yes Yes \/Zthl V/H (gt+1)log T

5.2.1 Multi-armed Bandits

In MAB with k-arms, at each round ¢ € [T] := {1,2,...,T}, the environment de-
termines the loss vector ¢, = (¢y1, 42, ..., %y) " in [0,1]¥ or [~1,1]*, and the learner
simultaneously chooses an arm A; € [k]| without knowing ¢;. After that, the learner
observes only the loss ¢;4, for the chosen arm. The performance of the learner is eval-
uated by the regret Reg,, which is the difference between the cumulative loss of the
learner and of the single optimal arm, that is, a* = argmingcpy, E[Zle Eta] and
Regr = E [ Zthl (bra, — lra )] , where the expectation is taken with respect to the inter-
nal randomness of the algorithm and the randomness of the loss vectors (¢;)L_;.

5.2.2 Partial Monitoring

Formulation A PM game § = (£, ®) with k-actions and d-outcomes is defined by
a pair of a loss matrix £ € [0,1]**? and feedback matrix ® € X**9, where X is a
set of feedback symbols. The game is played in a sequential manner by a learner and
an opponent across 1" rounds. The learner begins the game with knowledge of £ and
®. For every round ¢ € [T'], the opponent selects an outcome z; € [d], and the learner
simultaneously chooses an action A; € [k]. Then the learner suffers an unobserved
loss £ 4,., and receives only a feedback symbol oy = ® 4,,,, Where L, is the (a, z)-th
element of £. The learner’s performance in the game is evaluated by the regret Reg
as in the MAB case: a* = argmin, ) E [ ST Laz,] and Regy = E| ST (LA, —
Lara)] = E[Zthl (La, — La*, €q,) |, where £, € R? is the a-th row of £.

Several concepts in PM  Let m < |X| be the maximum number of distinct symbols in
a single row of ® € Ykxd Different actions a and b are duplicate if £, = ¢;,. We can
decompose possible distributions of d outcomes in P4 based on the loss matrix. For every
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action a € [k], cell €, = {u € Py : maxyepy(la — £p) "u < 0} is the set of probability
vectors in P, for which action a is optimal. Each cell is a closed convex polytope.

Define dim(C,) as the dimension of the affine hull of C,. Action a is said to be
dominated if C, = (). For non-dominated actions, action a is said to be Pareto optimal if
dim(€,) = d— 1, and degenerate if dim(C,) < d— 1. Let II be the set of Pareto optimal
actions. Two Pareto optimal actions a,b € II are called neighbors if dim(C, N Cp) =
d — 2, which is used to define the difficulty of PM games. A PM game is said to be non-
degenerate if it has no degenerate actions. We assume that PM game § is non-degenerate
and contains no duplicate actions.

The difficulty of PM games are characterized by the following observability condi-
tions. Neighbouring actions a and b are locally observable if there exists wgp, : [k] X X —
R such that wgy(c,0) = 0 for ¢ & {a,b} and 3% wep(c, @) = Law — Loy for all z €
[d]. A PM game is locally observable if all neighboring actions are locally observable,
and this study considers locally observable games.

Loss difference estimation Let J{ be the set of all functions from [k] x X to R
For any locally observable games, there exists G € JH such that for any b,c € 1I,
Zizl(G(a, Do)y — G(a, Pog)c) = Ly — Loy for all z € [d] Lattimore and Szepesvari
(2020b). For example, we can take G = G defined by Gy (a, o), = Zeepathg(b) we(a, o)
for a € II, where .7 is a tree over II induced by neighborhood relations and path 5 (b)
is the set of edges from b € II to an arbitrarily chosen root ¢ € II on .7 (Lattimore and
Szepesvari, 2020b). See Section 5.7.2 and (Lattimore and Szepesvdri, 2020a, Chapter

37) for a more detailed explanation and background of PM.

5.2.3 Considered Regimes

We consider three regimes on the assumptions for losses in MABs and outcomes in PM.
In the stochastic regime, a sequence of loss vector (¢;) in MAB and that of outcome vector
(x¢) in PM follow an unknown distribution »* in an i.i.d. manner. Define the minimum
suboptimality gap in A, = minge+ A, for Ay = Ey, [(Eta - fta*)] in MAB and
Aq =Eg - [(la — La») "€, ] in PM. Note that the definitions of £ in MAB and PM are
different.

In contrast, the adversarial regime does not assume any stochastic structure for the
losses or outcomes, and they can be chosen in an arbitrarily manner. In this regime, the
environment can choose ¢; for MAB and x; for PM depending on the past history until
the (t — 1)-th round, (A,)._].

We also consider a general regime, adversarial regime with a self-bounding con-
straint (Zimmert and Seldin, 2021).

Definition 5.1. Let A € [0,2]* and C > 0. The environment is in an adversar-

ial regime with a (A, C,T) self-bounding constraint if it holds for any algorithm that
Regr > E[Y]_, Aa, — O]

One can see that the stochastic and adversarial regimes are indeed instances of this
regime, and that well-known stochastic regimes with adversarial corruptions (Lykouris
et al., 2018) are also in this regime (see Zimmert and Seldin (2021) and Tsuchiya et al.
(2023a) for definitions in MAB and PM, respectively).

We assume that there exists a unique optimal arm (or action) a*, which was employed
by many studies aiming at developing BOBW algorithms (Gaillard et al., 2014; Luo and
Schapire, 2015; Wei and Luo, 2018; Zimmert and Seldin, 2021).
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5.3 Preliminaries

This section provides preliminaries for developing and analyzing algorithms. We first
introduce FTRL, upon which we develop our algorithms, and then describe the self-
bounding technique, which is a common technique for proving a BOBW guarantee.

Follow-the-regularized-leader In the FTRL framework, an arm selection probability
py € Py atround ¢ is given by

t—1
¢ € argmin Z@\S, q)+v(q) and pr = T(q), (5.1
acPy s=1

where 7, € R is an estimator of loss ¢ at round ¢, ¥ + P — R is a convex regularizer,
and T; : P, — Py is a map from the output of FTRL ¢; to an arm selection probability
vector p;.

In the analysis of FTRL, it is common to evaluate ZZ;I (Yt,pe — p) = Zle (Ut qt — p)+
ZtT:1 (Ut, pt — q¢) for some p € Py. Asintroduce in Lemma 2.1 in Chapter 2, it is known
that quantity Zle (Ut, q¢ — p) is bounded from above by

T T

> (Wielgesr) = Yera(g1)) + v (p) — vila) + > (@ — e, Ge) — Dy, (@141, 1)) -

t=1 penalty term t=1 stability term

5.2)

We refer to the terms in (5.2) as a penalty and stability terms, and to the quantity (g;, p — q¢)
as a transformation term. Note that, though this study focuses on example in which
®7.41(p) is not dominant, this term may be dominant dependent on the choice of regu-
larizers.

Self-bounding technique A self-bounding technique is a common method for proving
a BOBW guarantee (Gaillard et al., 2014; Wei and Luo, 2018; Zimmert and Seldin, 2021).
In the self-bounding technique, we first derive regret upper and lower bounds in terms of
a variable dependent on the arm selection probability, and then derive a regret bound by
combining the upper and lower bounds. We use a version proposed in Ito et al. (2022a).
We consider Q(i), Q(i), P(i), and P(i) for i € [k] defined by Q(i) = 21, (1 — q1),
Q) = E[Q(0)], P(i) = X7, (1 — pus), and P(i) = E[P(i)] . Note that Q(i), P(i) €
[0,T] for any i € [k]. In terms of Q(i) or P(i), we can obtain the lower bound of the
regret for the adversarial regime with a self-bounding constraint as follows:

Lemma 5.1 (Lemma 4.2 in Chapter 4). In the adversarial regime with a self-bounding
constraint (Definition 5.1), if there exists ¢ € (0, 1] such that py; > c @i forallt € [T

and i € [k], then Regy > ApinP(a*) — C > ¢ ApinQ(a*) — C'.
It is known that the sums of the entropy H (-) of (p;) is bounded by P(7) as follows:

Lemma 5.2 (Ito et al. 2022a, Lemma 4). Let (qt)thl be any sequence of probability
vectors and define Q(i) = Z?zl(l — qii). Then for any i € [k, Zthl H(g) <
Q(i) log(ekT/Q(i))-

Based on Lemmas 5.1 and 5.2, it suffices to show Reg, < E [\/Zthl H(q) polylog(T)

to prove a BOBW gurantee in MAB. This is because, for the adversarial regime, using
H(q:) < logk implies a O(v/T) bound, and for the stochastic regime, using Lemmas 5.1
and 5.2 roughly bounds the regret as Reg; = 2Regy — Regy < +/Q(a*) polylog(T) —
ApinQ(a*) < polylog(T) /A,
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5.4 Stability-Penalty-Adaptive Learning Rate and Regret Bound

This section proposes a new adaptive learning rate, which yields a regret upper bound de-
pendent on both the stability component z; and penalty component h; for various choices
of z; and h;. When we use a learning rate 7, the analysis of FTRL boils down to the eval-
uation of

T T

—SP 1 1

Reg, = E ( — > hiv1 + A E m 2z forsome A > 0. (5.3)
o \Th+1 T —

In particular, when we use the Exp3 algorithm, h; is the Shannon entropy of the FTRL
output at round ¢. This can be confirmed by checking the existing studies (e.g., Ito et al.
2022a; Tsuchiya et al. 2023a) or the proofs in Sections 5.7.5, 5.7.6, 5.7.7.2, and 5.7.8.

—SP
To favorably bound Regr , we develop a new learning rate framework, which we call
the jointly stability- and penalty-adaptive learning rate, or the Stability-Penalty-Adaptive
(SPA) learning rate for short:

Definition 5.2 (Stability-penalty-adaptive learning rate). Let ((hy, 2, %)), be non-
negative reals such that hy > hy for all ¢t € [T], (zZh1 + Zizl z5h5+1)tT:1 is non-
decreasing, and z;hy > zihyyq for all ¢t € [T]. Let ¢1,c2 > 0. Then, a sequence of
(n:)L_, is a SPA learning rate if it has a form of

C1zt
= h t—1 h
ca+ Ztht + Y1 zshstt

Remark. To the best of our knowledge, this is the first learning rate that depends on
both the stability and penalty components. Note that when we set the penalties to their
worst-case value, that is, h; = hy for all ¢t € [T] (recalling h; < hq), the SPA learning
rate in (5.4) becomes equivalent to the standard type of the learning rate, which depends

1
, and n=—. (5.4

B1>0, Br1=p+ 3,

only on the stability and has the form of 8; = 1/n; ~ \;71171 \/zZ1 + 22;11 zs . On the other

hand, when we set the stabilities to be their worst-case value, that is, z > maxye[r) 2t, the
SPA learning rate in (5.4) corresponds to the learning rate dependent only on the penalty
in Ito et al. (2022a); Tsuchiya et al. (2023a).

—sp
Using the learning rate (7)) in (5.4), we can bound Reg;> as follows.

Theorem 5.1 (Stability-penalty-adaptive regret bound). Let (1;)._, be a SPA learning

_—~sp
rate in Definition 5.2. Then Regp in (5.3) is bounded as follows:
(D If ((hes 22, 2t) )iy in (1) satisfies

Ve + Zihy

- (Bi+B) > etz forallt € [T]
1

for some € > O (stability condition (S1)), then

T T
—SP A Zu _
Regr <2 <61 + a log (1 + E e)) co + Ziht + E zeheg1 (5.5

u=1 t=1

() If hy = hy forallt € [T), ca = 0, and ((he, 2, 2))Ly in () satisfies By >

\C}%\ / Zi:l zs for some a > 0 (stability condition (S2)), then

T
—SP A
Re <2fc —i—) h g 2.
gr <1 acy lt,1 t
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The proof is given in Section 5.7.3. Note that the component Regy of the regret
often becomes dominant when we use the Shanon entropy regularizer, and bounding it
immediately leads to the regret bound in our framework. In Part (I) of Theorem 5.1, we

—SP
can see that Regy is bounded by 4/ Z;f:l z¢ht41, which will enable us to obtain BOBW
and data-dependent bounds simultaneously.

5.5 Sparsity-dependent Bound

This section establishes several sparsity-dependent bounds. We use the FTRL framework
in (5.1) with the inverse weighted estimator 7j; € R¥ givenby j;; = £4;1[As = i]/p;. This
estimator is common in the literature and is useful for its unbiasedness, i.e., Ea,~p, (Ui | pt] =
£:. We first propose algorithms that achieve sparsity-dependent bounds using stability-
dependent learning rates in Section 5.5.1 as preliminaries for the subsequent section. Fol-
lowing that, in Section 5.5.2, we establish a BOBW algorithm with a sparsity-dependent
bound based on the SPA learning rate. More specific steps are summarized as follows.

» Section 5.5.1.1 discusses the case of ¢; € [0,1]* and shows that appropriately
choosing z; in the SPA learning rate (5.4) with the Shannon entropy regularizer and
O((kT)~2/3) uniform exploration achieves a O (/L log k) regret for £; € [0, 1]*
without knowing L.

* Section 5.5.1.2 considers the case of ¢, € [—1,1]¥, which is known to be more
challenging than ¢; € [0, 1]*. We show that the time-invariant log-barrier enables
us to choose a “tighter” z; in (5.4), which removes the uniform exploration used
in Section 5.5.1.1. This not only results in the bound of O(y/Lslogk) for ¢; €
[—1, 1]* but also becomes one of the key properties to achieve BOBW.

* Section 5.5.2 presents a BOBW algorithm with a sparsity-dependent bound using
the technique developed in Section 5.5.1 and Theorem 5.1. While Theorem 5.1
itself is a strong tool leading directly to the result for PM (Section 5.6), its ap-
plication does not lead to the desired bounds. In particular, in this setting the

0, (\ / 23:1 Ztht+1) term derived through Theorem 5.1 does not immediately im-
ply a BOBW guarantee with a sparsity-dependent bound. To solve this problem,
we develop a novel technique to analyze the variation in FTRL outputs q; in re-
sponse to the change in a regularizer (Lemma 5.8), and prove a BOBW bound

with a sparsity-dependent bound of O (/L log klogT).
5.5.1 Parameter-agnostic Sparsity-dependent Bounds
This section establishes s-agnostic algorithms to achieve sparsity-dependent bounds for

the adversarial regime, which are preliminaries for Section 5.5.2.

5.5.1.1 Ly-agnostic algorithm with O(\/L; log k) bound for ¢; € [0, 1]*

kl/S(logk)l/B

Here, we use py = T¢(q¢) for T(q) = (1 —v)g + 71 and v = —— 773" and assume
~v € [0,1/2] (this holds when T > +/8k log k), which implies 2p; > ¢;. We use the
Shannon entropy regularizer 1;(p) = —%H(p) = %wns(p) = % ’.“:1 p; log p; with

the following learning rate:

2c¢1 |k C1wt E?At
B N and fee1 = fe + i1 [k t—1 =
1 v Iog k; ; + 25:1 Ws ptAt

A
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which corresponds to the learning rate in Definition 5.2 with h; < H(q1) = logk, z; <
wy, Zt < k/7, and ca < 0. The uniform exploration is used to satisfy stability condition
(S2) in Theorem 5.1, the amount of which is determined by balancing the regret coming
from the uniform exploration and stability condition (S2). Theorem 5.1 immediately
gives the following bound.

Corollary 5.1. When T > +/S8klogk, the above algorithm with ¢, = 1/v/2 achieves
Regr < 2v/2v/Lalogk + (2v/2 + 1) (kT log k)Y/? without knowing Ly. In particular,
when T > Tk?/s?,

Regy < (4V2+1)y/sTlogk.

The proof is given in Section 5.7.5. The most striking feature of the algorithm is its
Lo (or s)-agnostic property. This is essentially made possible by the learning rate using
the data-dependent quantity w; in (5.6), which satisfies

g?i:\/‘[;‘

k
=1

T T T
E Zwt S Z]E[wt] = Z ‘

= t=1 14

The leading constant of the bound is better than the existing bounds, as shown in Ta-
ble 5.1, despite its agnostic property.

Remark. If /; € [0, 1]%, the first-order bound by Wei and Luo (2018) implies sparsity
bounds. This, however, does not hold when ¢, € [—1, 1]k. In fact, let us consider the
case where /; is a zero vector except that only one arm’s loss is —1 for some t € [T7].
Then the sparsity-dependent bound becomes O(\/T ). On the other hand, the first-order
bound in Wei and Luo (2018) is not directly applicable, and we need to transform losses
to range [0, 1]. This implies that the first-order bound becomes O(v/kT), which is worse
than the sparsity-dependent bound.

We will see in Section 5.5.1.2 that this assumption can be totally removed by adding
a time-invariant log-barrier regularization.

5.5.1.2 Ly-agnostic algorithm with O(\/Lylogk + klog T') bound for ¢; € [—1, 1]

Here, we consider the case of ¢, € [—1,1]*. It is worth noting that the negative loss
cannot be handled by simply shifting the loss since it removes the sparsity from the losses
(£1); see Kwon and Perchet (2016); Bubeck et al. (2018) for further details. We directly
use the output g; as py, that is, pr = ¢:. We use the hybrid regularizer consisting of the
negative Shannon entropy and the log-barrier function, ¢ (p) = i@b”s(p) + 208 (p),

where ¢'B(p) = Zle log(1/x;). We use the learning rate given by

c2 c1vy

Bi = - and By = B +

8 Viegky/ v + 22;11 Vg

where w; is defined in (5.6). Learning rate (5.7) corresponds to that in Definition 5.2
with hy < H(q1) = logk, z; < v, Z; < 14, and c2 < 0. We then have the following
bound:

for v; == w; min {1, Pea; }(5.7)
20y

Corollary 5.2. If we run the above algorithm with ¢; = \/2,
Regy < 4v2y/Lologk 4 2klogT + k +1/4,

which implies that Regy < 4v/2+/sTlogk + 2klogT + k + 1/4.
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The proof is given in Section 5.7.6. Corollary 5.2 removes the assumption of 7" >
7k? /s in Corollary 5.1, and it also improves the leading constant of the regret in Bubeck
et al. (2018). Note that one can prove a bound of the same order, but with a worse leading
constant, by setting 5; > 15k and combining the analysis similar to that in Section 5.5.1.1
and the stability bound in Bubeck et al. (2018). We successfully remove the assumption
of T > 7k?/s3 thanks to the following lemma, which serves as one of the key elements
in achieving a BOBW guarantee with a sparsity-dependent bound (The proof is given in
Section 5.7.6.):

Lemma 5.3 (Stability bound for negative losses). Let ¢, € [—1,1]* and §; = €4;1[A; = 1) /Pt
be the inverse weighted estimator. Assume that ¢ < dp; for some § > 1. Then the sta-
bility term of FTRL with the hybrid regularizer 1y = id)“s + 28 B is bounded as

2
<Qt - Qt+1,Zt> — Dy, (Gr+1,q¢) < 0y fiag min {17 DA, } = Onvy .
DtA, U
Remark. We can observe from Lemma 5.3 that the stability term is bounded in terms
of v4, and the most important observation is that this 4 is bounded by the inverse of
the learning rate 1/(21;) = [:/2, i.e., vy < (/2. This enables us to guarantee the
stability condition (S2) in Theorem 5.1 without needing to mix the ©((k7")~2/3) uniform
exploration used in Section 5.5.1.1. Moreover, this will be a key property to prove a
BOBW with a sparsity-dependent bound in the next section.

As a minor contribution, by directly bounding the stability component, the RHS of
Lemma 5.3 has a smaller leading constant than the bound obtained by using the bound
in Bubeck et al. (2018).

5.5.2 Best-of-both-worlds Guarantee with Sparsity-dependent Bound

Finally, we are ready to establish a BOBW algorithm with a sparsity-dependent bound
and derive its regret bound. We use p; = Ty(q;) = (1 — 7)q + F1 withy = £ (ie,
©(1/T) uniform exploration) and assume v € [0,1/2], which implies 2p; > ¢; and
vy < T. We use the hybrid regularizer ¢, = %@Z}“s + 49)'B with the following learning
rate depending on both the stability and penalty components:
vy

B1 =15k and Bi41 = Bt +

, 1
1 with ht = :l_jH(pt) y
\/816% + vihyy1 + Zs:l Vshsi1

N

(5.8)

where 14 is defined in (5.7). This corresponds to the SPA learning rate in Definition 5.2
with z; < vy, 2y < vyhyt1/h1, and co < 81c2. One can see that stability assumption
(S1) in Part (I) of Theorem 5.1 are satisfied thanks to 1, < ; (see Section 5.7.7 for the
proof). We then have the following bound.

Theorem 5.2 (BOBW with sparsity-dependent bound). Suppose that T' > 2k. Then the
above algorithm with c; = /2log (1 4+ T/g,) (Algorithm 5.2 in Section 5.7.7) achieves

Regy — 0 | F1o8(D)Iog(kT) | \/Ck:log(T) log(KT)

Amin Amin

for the adversarial regime with a (A, C, T) self-bounding constraint, and

Regy < 4+v/Lolog(k)log(1 4 T) + O(klog T)

for the adversarial regime.
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The proof is given in Section 5.7.7. This is the first BOBW bound with the sparsity-
dependent bound. The bound in the stochastic regime is suboptimal in two respects: its
dependence on A, and (log 7). Concurrently, two separate studies improve each sub-
optimality (Jin et al. 2023 for A, and Dann et al. 2023 for (log 7')?), but it is highly
uncertain if we can prove a BOBW with a sparsity-dependent bound based on their ap-
proach, and it is an important future work to investigate this problem.

Key elements of the proof In the following, we describe some key elements of the
proof of Theorem 5.2. We need to solve one remaining technical issue. Using Part (I) of

Theorem 5.1, we can show that the regret is roughly bounded by E [\ / ZtT:1 Vtht+]_:| <

Zle E[vihiy1]. However, this quantity cannot be straightforwardly bounded since

h¢+1 depends on v4.

To address this issue, we analyze the behavior of arm selection probabilities when
the regularizer changes. In particular, we first prove in Lemma 5.8 that hy11 < h +
k (Be+1/8, — 1) hy41. This lemma can be proven by a novel analysis evaluating the changes
of the FTRL outputs when the learning rate varies (given Sections 5.7.7.1 and 5.7.7.2),
which is not considered and required when we use a time-invariant learning rate (e.g.,
Bubeck et al. 2018). Using the last inequality, we have

T T
> Elvihisa] S 4[> Elvhd + kY E {ut <5g1 - 1) ht+1}
t=1 t=1

t=1

T T
S ZE[Vtht] +k ZE[(ﬁtH = Bt) hey]

t=1 t=1

T T

T T
< Z E[Vtht] + k Z E Z Vtht—H 5 Z E[Vtht] + kJ,
t=1 t=1

~Y
\ t=1 t=1

which holds thanks again to 14 < (3; and based on the fact that x < v/a + bx fora, b, x >
0 implies = < v/b 4 a (here we ignore some logarithmic factors). This combined with
the self-bounding technique leads to a BOBW guarantee in the stochastic regime.

Implementation One may wonder how to compute ;. satisfying (5.8) since hy+1 =
hi+1(Bi+1) depends on B,y 1. In fact, this can be computed by defining F} : [5Gy, fi+T1] —
R as Fi(a) = a — (575 + Cth/\/Slcf + vihiga (@) + 3001 ushsﬂ) and setting ;41 to be a
root of Fy(a) = 0. Such « can be computed using the bisection method because F; is
continuous (proved in Proposition 5.2 in Section 5.7.7.3). The detailed discussion can be

found in Section 5.7.7.3.

5.6 Best-of-both-worlds with Game-dependent Bound for Partial Monitor-
ing

This section discusses the result of a BOBW guarantee with a game-dependent bound for
PM. We also consider full information (FI) and MAB as well as non-degenerate locally
observable PM (PM-local), and let M be a such underlying model. The desired bound is
obtained by direct application of the SPA learning rate and Theorem 5.1, which highlights
the usefulness of the SPA learning rate.
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5.6.1 Exploration by Optimization and its Extension

Exploration-by-optimization Werely on the Exploration by Optimization (EbO) by Lat-
timore and Szepesvdri (2020b). which is a strong technique to bound the regret in PM
with local observability. The key idea behind EbO is to minimize a part of a regret upper
bound of the FTRL with the Shannon entropy. Recall that JH is the set of all functions
from [k] x ¥ to RY. Then in EbO we consider the choice of (p;, G;) € Py x H to mini-
mize the sum of the stability and transformation terms for the worst-case outcome given
as follows:

. k
(p—qr) " Ley biasg, (G;z) 1 (ntG(a, (I)ax)>
ST(p,G; qt,m:) = max + +—§ Vo | ———————= .
(p qt 77t) eld] 77t " 77152 Pa*q, Da

5.9

a=1

Note that the first and third terms in (5.9) corresponds to the stability and transformation
terms (divided by the learning rate 7)), respectively. We define the optimal value of the
optimization problem by opt, () = min(, ¢)ep, x3 ST(p, G; qi,n) and its truncation at
round ¢ by V; = max{0, opt,, (1:)} (appeared in Table 5.2). Note that this optimization
problem is convex and can be solved numerically by using standard solvers (Lattimore
and Szepesviri, 2020b).

Extending exploration-by-optimization While the vanilla EbO is a strong tool to de-
rive a regret bound in PM-local, it only has a guarantee for the adversarial regime. Recall
that in the self-bounding technique, we require a lower bound of the regret expressed in
terms of ¢; (see Lemma 5.1). However, when we use the vanilla EbO, it may make a
certain action selection probability py, for some action a become extremely small even
when the output of FTRL ¢y, is far from zero (Lattimore and Szepesvéri, 2020b), which
makes it impossible for us to use the self-bounding technique.

To solve this problem, the vanilla EbO was recently extended so that it is applicable
to the stochastic regime (and the adversarial regime with a self-bounding constraint) for
PM-local in Chapter 4. We define P} (¢, M) for a class of games M by

p=q if M is FI or MAB

P (g, M) = {p € P, : cond(q, M with cond(q, M) =
b0, M) = {p € Py (@20} (@30 {pzq/(%z) if M is PM-local .

We then consider the following optimization problem, which can be seen as a slight gen-
eralization of the approach developed in Chapter 4:

(pt7Gt) = argmin ST(p7 G7 qt777t> ) (510)
pEP; (q:, M), GEXH

where the feasible region P}, of p is replaced with P} (¢, M). We define the optimal value
of (5.10) by opt;, (1, M) and its truncation at round ¢ by V;/ (M) = max{0, opt, (1, M) }.
We will abbreviate M when it is clear from a context. The following proposition shows

that the component of the regret in (5.9) can be made small enough even if the feasible
region is restricted to P} (¢, M) C Py

Proposition 5.1. Let M be an underlying model. If M is FI, MAB, or PM-local with
n < 1/(2mk?),
12 if M is FI
opt, (1) == sup opt,(n) < V(M) =< k/2 if M is MAB
P
B 3m2k3  if M is PM-local .

One can immediately obtain this result by following the same lines as (Lattimore and
Szepesvari, 2020b, Propositions 11 and 12) and Lemma 5 in Chapter 4.

110



Algorithm 5.1: BOBW algorithm with a game-dependent bound for locally
observable games

1 input: B

2 fort=1,2,...do

3 Compute ¢; using (5.1).

4 Solve (5.10) to determine V' = max{0, opty, (1:)} and the corresponding
solution p; and G;.

Sample A; ~ p; and observe feedback o; € X..

Compute y; = G¢(A¢, 01)/pea, and update 5; using (5.11).

A W

5.6.2 Algorithm

We use the negative Shanon entropy regularizer v, = %wns for (5.1) with a learning
rate given by

log(1+ 1)
log k

C1 Vt,
\/ Vhi+ 3,23 Vihen
with B = 1/2 for FI, B = k/2 for MAB, and B = 2mk? for PM-local, which corre-

sponds to the learning rate in Definition 5.2 with hy < H(q:), 21 < V/, zZx < 0, and
c2 < 0. Algorithm 5.1 summarizes the proposed algorithm.

pr=B

and  Sp41 = [ + ) (5.11)

5.6.3 Main Result

Let ry be 1 if M is FI or MAB, and 2k if M is PM-local. Then we have the following
bound.

Corollary 5.3. Let M be FI, MAB, or PM-local. Then the above algorithm with ¢y =

V0og(1+T)/2 (Algorithm 5.1) achieves

Regr < E

+ O(B+/log(k) log(T))

T
2> " V/log(k)log(1+ T)
t=1

for the adversarial regime, and

V 1og(T) log(kT CryV log(T) log(kT
RegT:O<TM OgA(?Og( )+\/ al Oi(.)og( )i log(k)log(T)>

for the adversarial regime with a (A, C,T) self-bounding constraint.

The bound for the adversarial regime with a self-bounding constraint with C = 0
yields the bound in the stochastic regime, which is optimal up to logarithmic factors in
FI and MAB, and has the same order as the bounds Theorem 6 in Chapter 4.

The bound for the adversarial regime has a form similar to Lattimore and Szepesvari
(2020b) and is game-dependent in the sense that it can be bounded by the empirical
difficulty V/ of the current game. In addition, we can also obtain the worst-case bound
by replacing V/ with its upper bound V. This bound is optimal up to log(T’) factor in FI
and log (k) log(T) factor in MAB, and is a factor of y/logT worse than the best known
bound in Lattimore and Szepesvari (2020b), which can be seen as the cost for the BOBW
guarantee (see also Table 5.2).
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5.7 Deferred Discussion and Proofs

5.7.1 Notation

Table 5.3 summarizes the symbols used in this chapter.

Table 5.3: Notation

Symbol Meaning
Pr (k — 1)-dimensional probability simplex
TeN time horizon
keN number of arms (or actions)
Ay € k] arm (or action) chosen by learner at round ¢
s<k max|| €], sparsity level of losses
T
Ly Zt:ﬂlﬁt!P
L €[0,1]%*¢  loss matrix
by set of feedback symbols
o c pkxd feedback matrix
deN number of outcomes
meN maximum number of distinct symbols in a single row of ®
xy € [d] outcome chosen by opponent at round ¢
q: € Py, output of FTRL at round ¢
pr € Py arm selection probability at round ¢
Py P — R regularizer of FTRL at round ¢
ne =1/B; >0 learning rate of FTRL at round ¢
PnS: Ri — R Zle x; log z;, negative Shannon entropy
YtB:RE 5 R Zle log(1/z;), log-barrier
"R, - R zlog(l/z)
#B: Ry - R log(l/z)
hy penalty component at round ¢
2z stability component at round ¢
Wy stability component 2; introduced in (5.6) (Section 5.5.1.1)
vy stability component z; introduced in (5.7) (Section 5.5.1.2)
v/ stability component z; introduced in (5.11) (Section 5.6)
Cc>0 corruption level

5.7.2 Additional Related Work

This section provides additional related work, some of which has never mentioned in this
chapter.

Multi-armed bandits In the stochastic regime, it is known that the optimal regret is
approximately expressed as Regy = O(klogT/Amin) (Lai and Robbins, 1985). In
the adversarial regime (a.k.a. non-stochastic regime), it is known that the Online Mir-
ror Descent (OMD) framework with the (negative) Tsallis entropy regularizer achieves
O(VET) regret bounds (Audibert and Bubeck, 2009; Abernethy et al., 2015), which
match the lower bound of Q(v/ET) (Auer et al., 2002b).

In the adversarial MAB, algorithms with various data-dependent regret bounds have
been developed. Typical examples of such bounds are first-order bounds dependent on the
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cumulative loss and second-order bounds depending on sample variances in losses. Al-
lenberg et al. (2006) provided an algorithm with a first-order regret bound of O (v/kL* log k)
for L* = mingey Zle (£, a). Second-order regret bounds have been shown in some
studies, e.g., by Hazan and Kale (2011); Wei and Luo (2018); Bubeck et al. (2018), In
particular, Bubeck et al. (2018) provided the regret bound of O(/Q2 log k) for Q2 =
Zthl |4 —£]|. Other examples of data-dependent bounds include path-length bounds in
the form of O(y/EV; Tog T) for Vi = S221|0; — €441]|1 as well as a sparsity-dependent
bound, which have been investigated by Kwon and Perchet (2016); Bubeck et al. (2019b,
2018); Wei and Luo (2018); Zheng et al. (2019).

The study on a sparsity-dependent bound was initiated by Kwon and Perchet (2016),
who showed that when ¢; € [0, 1]¥, the OMD with Tsallis entropy can achieve the bound
of Regp < 2y/ey/sT log(k/s)) and prove the matching (up to logarithmic factor) lower
bound of Reg; = Q(v/sT) when T > k3/(4s%). Bubeck et al. (2018) also showed
that OMD with a hybrid-regularizer consisting of the Shannon entropy and a log-barrier
can achieve Regy < 10v/Lzlogk + 20k log T when ¢; € [—1,1]*. Zheng et al. (2019)
investigated the sparse MAB problem in the context of the switching regret. Although
their result is not directly related to our study, they show that sparsity is useful in some
cases. Note that all of these algorithms assume the knowledge of the sparsity level and
do not have a BOBW guarantee.

The stability-dependent learning rate is quite ubiquitous (see Orabona 2019 and the
references therein). To our knowledge, the literature on the penalty-dependent bound is
quite scarce in bandits and considered in the context of BOBW algorithms (Ito et al.,
2022a; Tsuchiya et al., 2023a), both of which consider the Shannon entropy regularizer.

Best-of-both-worlds  Since the seminal study by Bubeck and Slivkins (2012), BOBW
algorithms have been developed for many online decision-making problems. Although
they have been investigated mainly in the context of an MAB (Seldin and Lugosi, 2017;
Zimmert and Seldin, 2021), other settings have also been investigated, Gaillard et al.
(2014); Wei and Luo (2018); Jin et al. (2021), to name a few.

FTRL and OMD are now one of the most common approaches to achieving a BOBW
guarantee owing to the usefulness of the self-bounding technique (Gaillard et al., 2014;
Wei and Luo, 2018; Zimmert and Seldin, 2021), while the first (Bubeck and Slivkins,
2012) and earlier work (Seldin and Slivkins, 2014; Seldin and Lugosi, 2017) on BOBW
do not rely on the technique. Most of the recent algorithms beyond the MAB are also
based on FTRL (to name a few, Wei and Luo 2018; Jin et al. 2021; Saha and Gaillard
2022).

Our BOBW algorithm with the sparsity-dependent bound can be seen as one of the
studies that aim to achieve BOBW and data-dependent bound simultaneously. There is
not so much existing research, and we are only aware of Wei and Luo (2018); Ito (2021c¢);
Ito et al. (2022b); Tsuchiya et al. (2023b). They consider first-, second-order, and path-
length bound, and we are the first to investigate the sparsity-dependent bound in this line
of work.

Log-barrier regularizer and hybrid regularizer The log-barrier regularizer has been
used in various studies (to name a few, Foster et al. 2016; Wei and Luo 2018; Luo et al.
2018; Pogodin and Lattimore 2020; Erez and Koren 2021). The time-invariant log-barrier
(a.k.a. constant amount of log-barrier Lee et al. 2020), whose properties are extensively
exploited in this chapter, was invented by Bubeck et al. (2018) and has been used in
several subsequent studies (Zheng et al., 2019; Lee et al., 2020).
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Partial monitoring Starting from the work by Rustichini (1999), PM has been investi-
gated in many works in the literature (Piccolboni and Schindelhauer, 2001; Cesa-Bianchi
etal., 2006; Bartdk et al., 2011). It is known that all PM games can be classified into four
classes based on their minimax regrets (Bartdk et al., 2011; Lattimore and Szepesvari,
2019b). In particular, all PM games fall into trivial, easy, hard, and hopeless games,
for which its minimax regrets is 0, ©(v/T), ©(T?/3), and O(T), respectively. PM has
also been investigated in both the adversarial and stochastic regimes as for MAB. In the
stochastic regime, there are relatively small amount of works (Bartdk et al., 2012; Vanchi-
nathan et al., 2014; Komiyama et al., 2015a; Tsuchiya et al., 2020), some of which are
proven to achieve an instance-dependent O(log T") regrets for locally or globally observ-
able games. In the adversarial regime, since the development of the FeedExp3 algo-
rithm (Piccolboni and Schindelhauer, 2001; Cesa-Bianchi et al., 2006), many algorithms
achieving the minimax optimal regret have been developed (Bartdk et al., 2011; Foster
and Rakhlin, 2012; Bart6k, 2013; Lattimore and Szepesvari, 2020a).

5.7.3 Proof of Theorem 5.1
Proof. We first prove (5.5) in Part (I).

(Penalty) First, we consider the penalty term Ethl ( mlﬂ — —) h¢+1. By the defini-
tion of 3; in (5.4),

T

I 1 1 I c1zihis
> < - ) hesr = (Ber1 — B heyn = Y L
=1 =1

e+t T t=1 \/02 + Zthy + 22;11 zshsi1

2h Siyzhep
<quf+1<q/ e =2
t
t=1 1/ > o q Zshst1

where the first inequality follows from z;hq > z:h;41 and the second inequality follows
by Lemma 5.9 given in Section 5.7.9.

T
> zhe,  (5.12)
t=1

(Stability) Next, we consider the stability term Zle 1:z¢. Using the definition of 3;

in (5.4) and defining U; = \/02 + Zithy + Zi;ll zshsy1 for t € {0} U [T'], we bound S,
from below as

t—1 t—1 t—1
c12 c1z c1
—51+§ = =ﬁ1+g u251+75 Zu
= u—1 Uu UT
u=1y/Co + Zyh1 + Zs:l Zshst1 u=1 u=1

where the inequality follows since (U;) is non-decreasing. Using the last inequality, we
can bound ZtT:1 N2t as

M'ﬂ

ZmZt QZ/Bt‘i‘ﬂt

_ QUT ZT:
+61+ Zi;llzs =1 /6t+,81)+25 125.
(5.13)

Since we have %(61 + B) > 762:12”“ (81 + Bt) > €+ z by the assumption, a part of
the last inequality is further bounded as

T 6+ZT7 2t T
2t / t=1%t ] 2t
E §E — < —dx <log 1+E — 1,
UTB“‘B) Zslzs t=1 . € t ( t—16>

1 € + Zs:l Zs
(5.14)
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where the second inequality follows by Lemma 5.9. Combining (5.13) and (5.14) yields

d 2Ur T 2 2 T ) T
Zmztg—log 1—1—2— = —log 1—1-2* 02+2Th1+22tht+1.
=1 “ =1 © “ =1 © =1

(5.15)

Combining (5.12) and (5.15) completes the proof of (5.5) in Part (I).
We next prove Part (II). For the penalty term, setting hy = hy forall ¢t € [T]in (5.12)
gives

T
Z (1 — ) hivr < 2c14 | Zzt

Mt+1 Ui P

For the stability term, since there exists a > 0 such that 3, > 2 \/ <1 Zs for any
t € [T] by the assumption,

T 9 T
D = Z Z SR\ GPILE
t=1 25:1 Zs t=1
Summing up the above arguments completes the proof of Part (II). O

5.7.4 Basic Facts to Bound Stability Terms
Here, we introduce basic facts, which is useful to bound the stability term. We have

1.2
£(z) = exp(—z) +z— 1< {f forz =0 (5.16)

T forx > —1,

((z) =z —log(1+2) <a® forz € [—;, ﬂ . (5.17)

We also have the following inequalities for ¢">(z) = zlogx and ¢-B(z) = log(1/x),
which are components of the negative Shannon entropy and log-barrier function:

g?ﬁ( {a(x —y) — Dyus(y,z) } = 2€(a) fora € R, (5.18)
1
_ D > .
r;leaﬂéi{a r—y) = Dye(y,v z)} = ((az) for a > . (5.19)

It is easy to prove these facts by the standard calculus and you can find the proofs of (5.18)
and (5.19) in Lemma 15 in Chapter 4 and Ito et al. (2022b, Lemma 5), respectively.

5.7.5 Proof of Corollary 5.1

Let Regp(a) = E[ Zle(ﬁt A, — lia)] for a € [k]. Here we provide the complete proof
of Corollary 5.1.

Proof of Corollary 5.1. Fix i* € [k]. Since p; = (1 — 7)g; + %1, it holds that

T
Z@At thz Z<ftapt—€'*>
T
=K Z by qr —

t=1
t=1

Regy(i*

+E +~T,

e
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where the last inequality follows by E[y; | ¢;] = ¢; and the Cauchy-Schwarz inequality.
Then, using the standard analysis of the FTRL described in Section 5.3, the first term in
the last inequality is bounded as

T

o - H(q1) -
> G — Z < - > H(qt+1) + e + > (e — a1, 5) — Dy (@41, 1)) -
=1

—1 i \Thte+1 T

By (5.16) and (5.18) given in Section 5.7.4, the stability term (g — q¢41, Yt) — Do, (Ge+1, )
in the last inequality is bounded as

~ . 1
(9t — @141, Ut) — Dy, (@11, a1) = (@ — Qet1, Yt) — EDwHS(Qt—i-LQt)

= Z <ytz Gti — qt+1, z) - 7D¢n5 (Qt—f—l I3 Qm)>

=1

1 ~
< Z e & (i) < 277t quytz < Miwt

where the first inequality follows from (5.18), the second inequality follows by (5.16)
with g; > 0, and the last inequality holds since Zle @iv5 < Zle 20105 = 2w

We will confirm that the assumptions for Part (II) of Theorem 5.1 are indeed satisfied.
Using the definition of /3; in (5.6), We have

1 = Clwy 2¢1 = Wy,
B = B1+ =p1+
RS Frre RS rvrros iires
+ i ws
u—1
ﬁ%—Zws
s=1

> i\ 2

s=1

where the last inequality follows since 81 = \2/‘1 < and k > w. Hence, stability
condition (S2) in Theorem 5.1 is satisfied with a = 2, and one can see that the other

assumptions are trivially satisfied. Hence, by Part (II) of Theorem 5.1,

T T
1 1 H
g (Ue, qr — SE <—> H(Qt+1)+§ Newy + 7(7(111)
=1

=1 i \Th+1 T
T
log k
<2l —|—> hi wy + ,
(g ) e

02 T k T
)= 323 - | Sl - v
¢ = t=1



Summing up the above arguments and setting ¢; = 1/+/2, we have
log k
Regy < 2v2+/Lalogh + 8% 4 AT = 2v/2/Talogk + (V2 + 1) (kT log k)13 |
m

which completes the proof of Corollary 5.1. O

5.7.6 Proof of Corollary 5.2
We first prove Lemma 5.3.

Proof of Lemma 5.3. Recall that ¢, (p) = %wns(p)—i—%wm(p). Since Dy, = %Dwnﬁ-

20D e and Dyys (2, y) = S0y Dyas (4, ) and Dye (2, y) = o1y Dys (w7, 3i), we
can bound the stability term as

(@ — qi+1, Y1) — Dy, (qe41, qt)

- 1
<A{qt — q+1,Yr) — max {anan(Qt—Ha @), 20Dyre(qe+1, Qt)}
t

k
~ 1
< E <yti(Qti - Qt+1,z‘) — max {mD¢nS(Qt+1,i, Qtz‘), 25D¢LB(Qt+1,ia %z‘)})
i=1

< me{ @i & (NeYti) » 26 € ( Qtzytz>} ; (5.20)

where in the last inequality we used (5.18) and (5.19) with
L
26 7 20pu — 26(qu/0) T i
where the first inequality follows by the definition of 7; and the second inequality follows

by pri > qti /9.
Next, we will prove that for any i € [k],

(1 _ 2 ; .
min {Qti & (M), 20C < Qtzytz> } < §mp— min {1 pt} 1[A; = 1] (5.21)
U Dti 2m

Fix i € [k]. By qi < dpu,
1 1 1
%Qtiyti = iptiyti < R

Using this and ((z) < 2? for z € [—3, 3] in (5.17), it holds for any p;; € [0, 1] that

) )
25C ( qnym) > < Qtzytz> §£%Z]1[At = Z] 5 (522)

where in the last inequality we used ¢;; < dpy;. In particular, when p;; < 1y, i.e., the

probability of selecting arm ¢ is small to some extent, the last inequality can be further
bounded as

Nt 0 o . E?i ;
26 ¢ q,gzytZ < Efftz [Ay =] < 577tEIl[At =1]. (5.23)

On the other hand when py; > 7, we have n.y;; > —1. Hence, using the inequality
&(x) < 22 forz > —11n (5.16), we have

1 . 1 . 2 .
— 1€ (i) < —0pri(mes)? = oL 1A, = 1] . (5.24)
Up Uz Pti
Hence, combining (5.22), (5.23), and (5.24) completes the proof of (5.21). Finally, by
combining (5.20) and (5.21) we completes the proof of Lemma 5.3. ]
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Remark. When /; can be negative, the Shannon entropy regularizer alone cannot bound
the stability term if the arm selection probability is small, i.e., py; < 1. Introducing a
time-invariant log-barrier regularizer enables us to bound the stability term even when the
arm selection probability is small. This idea was proposed by Bubeck et al. (2018), who
analyzed the variation of arm selection probability for the change of cumulative losses.
Unlike their analysis, our proof directly analyses the stability term, enabling us to obtain
the tighter regret bound. More importantly, we will utilize the property v, < O(1/n)
many times, which directly follows from Lemma 5.3 in the subsequent sections to prove
the BOBW guarantee with the sparsity-dependent bound.

Now, we are ready to prove Corollary 5.2.

Proof of Corollary 5.2. Fix i* € [k]. Define p* € Py by

k 1

Then, using the definition of the algorithm,

T T T
RegT(i*) =E Z(tAt — thz* =E Z Et,pt €% ]

Lt=1 t=1 t=1
A T

=K Z<£t,pt—p*> +E Z<€t,p*—ez*>]
Lt=1 t=1
A

<E Z@t,Pt—p*) +k,
Lt=1

where the inequality follows from the definition of p* and the Cauchy-Schwarz inequality.
By the standard analysis of the FTRL, described in Section 5.3,

T
Z <Z//\t7pt
t=1

||Mﬁ

(Zf)t Per1) (I)t+1(pt+1)) + @11(p*) — P1(p1)

T

+ Z((pt — P41, Yt) — Doy, (pt+1,pt)> :
t=1

For the penalty term, since ¢(p) = %wns(p) + 2B (p),

M~

(1/% Pty1) <I>t+1(pt+1)) + @11(p") — P1(p1)

-
Il

1

T
1
(D s (4)
Z;(ﬁtﬂ t> (pe1) _ b;
<ZT:(—)H( LS
R AU DPt+1 " g

where in the last inequality we used the fact that p; > 1/7 for all ¢ € [k].
For the stability term, by Lemma 5.3 with § = 1 (since p; = qy),

T

Z((pt = P41, Yt) — Dy, (Pe41, Pt ) Zﬁtlft

t=1
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We will confirm that the assumptions for Part (II) of Theorem 5.1 are indeed satisfied.
By the definition of the learning rate in (5.7),

C1lUy

=1+ > P+
1 Z\/»/ 311/5 1 hluz:l / sll/5+ /231V8

C1 — 1
28; = By + > 2y + + — Ve > 24/ 201y + —
Bt = B + Bt > 2v + P N Zs_ Biv

where the first inequality follows by v, < /2 and the above inequality, the second in-
equality follows by the AM-GM inequality, and the last inequality follows from 2+/25, >
\/C;Tl and \/x + /y > y/x +y for z,y > 0. Dividing the both sides by 2, we can see
stability condition (S2) in Theorem 5.1 is satisfied with a = 1/2. One can also see that

the other assumptions are trivially satisfied. Hence, by Part (I) of Theorem 5.1,

T 1 1 T 5 T
Z(—)H(pt+1)+z77tl/t§2<01+> hlZVt-
it =1 “ =1

=1\l

Using the last inequality with E [\ / 23:1 I/t:| <E [\ / Z?zl wt} < /Lo, and setting

¢1 = /2, we have

9 T
Regr(i*) <E|2 (Cl + ) hi
c1
t=1

1
§4\/§\/Lglogkz+2klogT+k+Z,

which completes the proof of Corollary 5.2. O

5.7.7 Proof of Results in Section 5.5.2

Section 5.7.7.1 provides preliminary results, which will be used to quantify the difference
between ¢; and ¢;4+1 in Section 5.7.7.2 and will be used to prove the continuity of F} in
Section 5.7.7.3. Section 5.7.7.2 proves Theorem 5.2 and Section 5.7.7.3 discusses the
bisection method to compute ;1.

5.7.7.1 Some stability results

Before proving Theorem 5.2, we prove several important lemmas. Consider the following
three optimization problems:

p € argmin (L — e1,p’) + By (p),
p'EPy

g € argmin (L,q") + B (q), (5.25)
q'€Pk

r € arg min <L, r'> + By’ (r")
r’'ePy
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with L € R%, 0 < £ < min;epy Ly, and 3, 8 > 0 satisfying 8’ > f,

k k k

k
U(g) = (giloggi — q) — %Zlogqi and  ¢'(q) =) (giloggi — ) — ézlog g
i=1 =1

i=1 i=1

for ¢ > 0. Note that the outputs of FTRL with v(¢) and with —H (q) — (¢/5) Zle log q;
are identical since adding a constant to i) does not change the output of the above opti-
mization problems.

In the following lemma, we bound H (¢) by H (p).

Lemma 5.4. Consider p and q in (5.25). Then, undern =1/ < 15%

H(q) <3H(p).

Proof. By Bubeck et al. (2018, Lemma 8) we have ¢; < 3p; for all i € [k]. Using this
inequality and the concavity of entropy, H (¢) is bounded by a linear approximation as

H(q) < H(p)+(VH(p),q —p) = i (pi log (;) + <log (1> - 1) (gi —m))

3 p’L

where the last inequality follows by ¢; < 3p; O
In the following lemma, we investigate the relation between g and r in (5.25).
Lemma 5.5. Consider q and r in (5.25). Then,
r; < qiﬁ /8
Proof. From the KKT conditions there exist yu, 1’ € R such that
L+B8VY(q)+pl=0 and L+ B (r)+x1=0,

which implies, by (V(q)); = log ¢; — Fq;» that
Li—i—ﬁlogqi—g—i-uzo and n’Li—i-Blogm—;—i-u':O (5.26)
7 7
for all ¢ € [k]. This is equivalent to

1 c 1 c
g=exp|——5|(Li——+ >> and 7r; =exp (— (Li—+ ’>> .
< B < qi a ﬁ/ Ti H

Removing L; from these equalities yields that

/ 1 1 1
ri=q"" exp (;, <r = q)) exp <5,(M - u’)) : (5.27)

We will prove g—g > 0. Taking derivative with respect to 5 of (5.26), we have

1 c\ dg; dp
logqi+<+> — =0.
% ¢)ds  dp
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-1
Multiplying (q% + q%) and summing over 7 € [k] in the last equality, we have

1 c\ 1 du
| =+ log(1/q;) + < + ) =0,
<Qi qZ) 8(1/a:) Z ¢ g dg

)

which with the fact Zl 1 ‘(iiqﬁ’ = 0 implies dg > 0. Hence, since § < ' we have u < p/.

When r; < g;, it is obvious that we get r; < qﬁ /¢
When r; > g;, using (5.27) with the inequalities 6 < B and p < 4/,

B/Bl C 1 1 >> ( 1 > 8/8/
rz 3 € ILL /*‘L S 1 9
q ::p <l8/ < : e::p ﬁ/( ) q

which is the desired bound. L]
Lemma 5.6. Consider p, q, and r in (5.25). Then, undern =1/ < 15% we have

r < Spf /8 .
Proof. By Bubeck et al. (2018, Lemma 8) we have ¢; < 3p; for all i € [k]. Using this

with Lemma 5.5, we have

TiSQ?/B quiﬂ/ﬁ_

5.7.7.2 Proof of Theorem 5.2

In this section, we will provide the proof of Theorem 5.2. We first see that the ratio
Bt/ Bi+1 is close to one to some extent.

Lemma 5.7. The learning rate (3, in (5.8) satisfies

B
1-g € (0,1/10] .

Proof. Recall that 8; = 51+Zt L b, withb, = e ~wand Uy = \/02 + Zihq + Zi;ll Zshst1
fort € {0} U [T]. It suffices to show

B Bt 9
= > — & > 9b
Bi1 Bi+b — 10 & b

This indeed follows since using v; < (3;/2 we have

C1l¢ < C1l¢ 4 Bt

— 2 N
\/8].61 + Zs 1 Zsh + Ztht+1 8161 9

O

Finally, we are ready to prove one of the key lemmas for proving the BOBW regret
bound with the sparsity-dependent bound. Recall that we have py = (1 — £) ¢, + %1 and
hy = 171 T (pt). Using the result in Section 5.7.7.1, we will show that A4 is bounded

in terms of h;.
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Lemma 5.8. Suppose that B; is defined as (5.8). Then,

20k [ Biy1 T
< — == —1]1 — | h .
hit1 < 3hy + 9 ( 3, og | % 1

Proof. Let us recall that ¢; and g; are defined as

t—1
¢t € arg min <Z Us, q > +¢¢(q) and ¢ 41 € argmin <Z Us, q > + ®141(q),

qePy s=1 q€Py s—1

which corresponds to optimization problems (5.25) withp = ¢, L = 22:1 Us» & = Yt A, »

Y =1/Br,n=1/Bt. 1 = qey1, ¥ = Ppy1/Beyr, and ' = 1/By1.

Since H is concave, by py; = (1 — %)qti + % and Jensen’s inequality we have

(1 — k) hy = H(p) > <1 — ;) Hiq:) + ;H <]11> > <1 - ;) H{(qt),

which implies h; > H(q;). By Lemma 5.6 we also have g;41,; < Sqﬁ t/Be+1 , which
implies that

k 1 k Be/B B:/8
Dit1,i = (1 - T) Gi+1, + T < (1 - T) 3¢, + T < 6p,;

The last inequality follows since when (1 — £) 3q6 t/Bre1 < 1

Bt/Br+1

k Be/Bes1 1 2 1\ Pe/Bea k 1 B/Bit
— ; — < = — < 1— = i+ = =2

<1 ) 3(]15Z + T T = <2 T 2 T gti + T P )

and otherwise

Bt/Br+1
(1 . ;) 3q§t/6t+l L 1 < 6< ;{:) qtzt/ﬁt+l < 6p5/5t+1‘

Using these inequalities, we have

1
hit1 — 3hy = 1k (H (pt+1) — 3H (p))
T
1
< % (H(pt) + (VH(pt), pt+1 — pt) — 3H(py))
- T
i 1
= L Z DPt41,i — 3ptz log < )
TT =1 Pri
k 1
< Z G+1,i — 3qti) log <pt ) ; (5.28)
=1 v

where the first inequality follows by the concavity of H, the second inequality follows
since pyy1,; — 3pi < (1 - *) (@t+1,i — qui)- Defining Qp = {i € [k] : 1414 —3qu > 0},
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(5.28) is further bounded as

b 1
Z Qt+1z SQtz log( >
Dti

i=1
1 1
= (@1 — 3qu) log + > (g1 — 3g) log
1€Qy Dti 129, Dti
Bt+1 1
<N (g4 — 3qu) log +0
B Dyl
1€Q4
10 1
< n (Gt+1, — 3qu) log ( >
1€Q; pt+l’l
10 1
<3 (Qt+1 i~ Qfﬁlz/ﬁt) log ( )
1€Q¢ pt+1’l
10 Bt41 1 1
=3 2 QL (1 — gt ) log ( ) : (5.29)
: Pt+1,
1€Q

where the firstinequality follows by p; 1 ; < pr t/Br , the second follows by Lemma 5.7,

and the last inequality follows by ¢;11; < 3qt;/ Pt Since for any € > 0,z € [0, 1], and
v € [0, 1], it holds that

s3] ()
€ <<logf1y - 1) (x —7) —i—’Vlog,ly) < elog <i> (v + (1 — 7)45.30)

setting v = k/T in (5.30) implies that the RHS of (5.29) is further bounded as

ht+1 — 3h

Bi+1 k k 1
<% (ﬁt - 1) log(T/F) <T * (1 - T) q) log <p>

i€Qy

10k (Bin L1 k | 1
< 9 <ﬁt - 1> log(T'/k) ; (T + <1 - T> Qt+1,z> log <pt+1,i>

20k
< (BHI - 1) log(T/k)hi1,
9 B
where the second inequality follows by Lemma 5.7 and the last inequality follows by the
definition of ;4. ]

Finally we are ready to prove Theorem 5.2.

Proof of Theorem 5.2. Fix i* € [k] and define p* € P}, by

S R P
p = Te'L*T-
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Then, using the definition of the algorithm,

lia, = Y e

1 t=1

=E

N

Regr (i) = E

T
> (pi— 61*)]

t=1
1
<€t> %1 - Qt>]

t

+E

I
B

(e, qr — €j+) Y

M-

L=1
[T T
<SE|D (g —p")| +E|[D (lp" —eir)| +7T
Lt=1 t=1
[T
S]E Z<:/y\t7Qt_p*> +2k7
Lt=1

where the first inequality follows since p; = (1—7)g; + 7.1 and the last inequality follows

by the definition of p* and v = % By the standard analysis of the FTRL described in

Section 5.3,

T

Z (Ursqt —p*) <

t=1 t

N

(¢t(%+1) - ‘I’t+1(Qt+1)> + @11 (p*) — P1(q1)

I
—

+ Z<<Qt — qt+1, Ut) — Dy, (qr+1, q’f)) :
=1

We first consider the penalty term. Since 1; = iz/;”s + 498,

Ejﬂ

Ve(qr41) — ‘I’t+1(Qt+1)> + O (p*) — Pi(qr)

o~
I

1
T k
11 H(q1) 1
< — — — | H(g4+1) + +4 ) log | —
tz:; (77t+1 77t> (1) m ; D;
T
1 1 log k
< — - — | H + —— +4klogT,
Z <77t+1 77t) (@11) m &

t=1

where in the last inequality we used the fact that p} > 1/7 for all : € [k].
For the stability term, by Lemma 5.3 with § = 2,

T

T
Z(<Qt = G415 Ut) — Dy (g1, Qt)) <2)

t=1 t=1

We will confirm that the assumptions for Part (I) of Theorem 5.1 are indeed satisfied.
By the definition of the learning rate in (5.8) and vy < 3;/2,

f(ﬁl +6t) > 981+ 1) > B+

Hence stability condition (S1) of Theorem 5.1 is satisfied and one can also see that the
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other assumptions are trivially satisfied. Hence, by Part (I) of Theorem 5.1,

S T+1
Z<77t+1_t> +2Z77t’/t<2(01+ log (14—25 >> 62+Zytht+1

t=1 t=1 t=1

9 T2 T+1
§2<C1+10g (1+>) 02+2Vtht+17
1 fG31 p

T2 T+1
=24/2log <1—|—5> CQ+ZVtht+1,
1 t=1

where in the last inequality we used vy < T and in the equality we setc; = 4/2log (1 + %12) .

By summing up the above arguments and Jensen’s inequality, we have

T2 T+1 logk
Regr(i") <E|2 2log<1+ﬂ> ot Y viheyr | + 2k + 4klog T + ;
! t=1 1

T+1

T2
_2\/210g (1+51>\02+E

Z vihig
T2
2\/210g (l—i- 51)\ E

t=1
(Adversarial regime) We first consider the adversarial regime. Recall that E [\ / 2321 Vt] <

+ 2k + 4klogT + 15k logk

+O(klogT). (5.31)

T
g vihiia

t=1

E [\ / Zthl wt] < /L9 as was done in the proof of Corollary 5.2. Hence (5.31) with
hy < 2logk (since T' > 2k) yields that

2
Regy < 4\/L2 log(k) log (1 + g) + O(klogT).
1

(Adversarial regime with a self-bounding constraint) Next we consider the adver-
sarial regime with a self-bounding constraint. We will bound a component of (5.31). By

Lemma 5.8, \/E [Zthl Vtht+1i| is bounded as

> w <ﬁt+1 - 1> hm]

A
Lt=1
T

\3E _Z Vtht_ + %log (Z) E Z Bi+1 — Bt) ht+1]

IN

Lt=1

civihy g

=

N———
=

M=~

Lt=1 i | t=1 \/CQ + Zt 1 Vshsyt



Algorithm 5.2: BOBW algorithm with a sparsity-dependent bound in Sec-
tion 5.5.2

1fort=1,2,...,Tdo

2 Compute ¢; using (5.1).

3 Sample A; ~ py, observe ¢4, € [—1, 1], and compute ;.

4 Update (3; using (5.8) based on the bisection method (Algorithm 5.3).

IN

. -
20k T
3E Zutht +i1 <k>E
Li=1

- T -
20k T
:\3E Zl/tht +910g<k>Xt,
Li=1 J

where the first inequality follows by Lemma 5.8, the second inequality follows by vy <
Bt/2, the last inequality follows by Lemma 5.9. Since z < v/a + bz for z > 0 implies

x < 24/a + b, we have
+20k‘1 T
e [ =
9 ®\%

X <2

T
E Z Vtht
t=1

T
20k T
+5 1o (k> -2 3EL;E[W | pe| ot

20k T
+—log <k>

T
<2,|6kE [Z H (p;)

t=1

We consider the case of P(a*) > e, since otherwise Lemma 5.2 implies ZtT:1 H(py) <
elog(kT') and thus the desired bound is trivially obtained. When P(a*) > e, Lemma 5.2
implies that 23:1 H(p;) < P(a*)log(kT). Then from the self-bounding technique, for
any A € (0, 1] it holds that

Regr = (1 4+ A)Regr — ARegp
[ 1+ X0 <\/l<: log(T") log(kT)P(a )) - )\AminP(a*)} +AC 4+ O(klogT)

2
- O((l +A) kAloAg(f) log(kT) AC)

o <k10g<c£> log(KT) A(k:k)g(:g) log(KT) C) . iklog(? 19g<kT>> |

where the first inequality follows by Lemma 5.1 and the second inequality follows from
a\/x — bz /2 < a?/(2b) for a,b, x > 0. Setting A € (0, 1] to

5= \/klog(T) log(kT)/ <klog(T) log(kT) +C>

Amin Amin

gives the desired bound for the adversarial regime with a self-bounding constraint.  [J

5.7.7.3 Discussion on Bisection Method for Computing ;|

This section describes the bisection method to compute ;4 described in Section 5.5.2.
Recall that F : [5;, B + T] — R is defined by the difference of the both sides of the
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Algorithm 5.3: Bisection method for computing S 1

1 input: F;
left < B, right <+ 8¢ +T
while true do
center < (left + right)/2
if F;(center) < O then
‘ left <— center
else if F;(center) > 0 then
‘ right < center
else
L break

DTN REEN B L7 B N R

[
=

return center

[
[

update rule of (3;) in (5.8):

C1lt

Ft(Oé)ZOé— B + —
\/02 + vihirr (@) + D o) Vshsy

, (5.32)

where hy41(a) = H(piy1(e)), and ppy1 () is the FTRL output with the regularizer

1
1—kE

T
Py = oa/)”s + 41/)'-8. Note that Cl”t/\/c2 +uihis(a) + S vehe < g /eg < T'/9 since
Vi < T.

Assume that F} is continuous. Then we can see that there exists « € [3¢, 8y +T'| such
that F;(«) = 0. In fact, if p;4, = 0 then 8,11 = (i, and otherwise, we have F;(5;) < 0
and F; (B, +T) > 0. Using the intermediate value theorem with the assumption that Fj is
continuous, there indeed exists o € [y, B¢ + T satisfying Fi(a) = 0. We can compute
such « by the bisection method. In particular, we first set the range of « to [3, 5 +
T1, and then iteratively halve it by evaluating the value of F; at the middle point. Such
bisection method (binary search) are also used in Wei et al. (2016), although the computed
target is different. The whole BOBW algorithm with the sparsity-dependent bound in
Section 5.5.2 is given in Algorithm 5.2, and the concrete procedure of the bisection given
in Algorithm 5.3.

Now, all that remains is to show that F} is continuous. To prove this, it suffices to
prove that b1 (o) = ﬁH (pt+1(c)) is continuous with respect to «.

T

Proposition 5.2. F; in (5.32) is continuous with respect to c.

Proof of Proposition 5.2. Take any « € [f;,5; + T and then consider the following
optimization problem:

¢
@i+1(v) = argmin <Z Ys, Q> + Piv1(q),

a€Pk s=1

where &1 = ay" + 41'B. Now using Corollary 8.1 of Hogan (1973) with the fact
that the solution of the above optimization problem is unique, ¢;+1(«) is continuous
with respect to .. This completes the proof since p:y1 is continuous with respect to
qt+1, 1/T < pr1,i(e) <1 —k/T, and H(p) is continuous in a neighborhood of p =
pry1(a). O
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5.7.8 Proof of Corollary 5.3

This section proves Corollary 5.3. Recall that B = 1/2 for FI, B = k/2 for MAB,
and B = 2mk? for PM-local, and 7y is 1 if M is FI or MAB, and 2k if M is PM-
local, which are appeared in Section 5.6. Let Regy(a) = E[ 31 (L 4z, — Laz,)] =

E[Z?ﬂ (L4, — la, €q,) ] for a € [k].
Proof. Fix i* € [k]. From Lemma 7 in Chapter 4, if 7, > 0, we have
T

; <1 - 1) H(qi41) +

Reg(i*) < E
Br(i) < Nyl M

T
V|, (533)

We will confirm that the assumptions for Part (I) of Theorem 5.1 are indeed satisfied.
Since

\/02+2th1(5+ 2V log k op 10g1+T

= o . > V4V
log(1+T) logk V2(V+ )

stability condition (S1) is satisfied. One can also see that the other conditions are trivially
satisfied. Hence, using Part (I) of Theorem 5.1, we can bound the RHS of (5.33) as

1

T
Regr (i) < E <2c1+ log (1+Z )) VH(@) + Y Vi ) | + T
t=1

Z V{H(gt+1)
L0 <\/ ¥ log(k) log(T) + B+/log(k) log T>

Z V/H (g1+1)

1
< <2c1 + . log (1 + T))
1

=+/2log(14+ 1)

+0 (B\/log(k:) 1og(T)) . (5.34)

where the second inequality follows from V;//V < 1 and in the equality we set ¢; =
A/ M and used V'V < B.

(Adversarial regime) For the adversarial regime, since H(q;) < logk, (5.34) imme-
diately implies

Regr <E 22 V/log(k)log(1+T)+ O (B log(k) log(T)> ,

which is the desired bound.

(Adversarial regime with a self-bounding constraint) Next, we consider the adver-
sarial regime with a self-bounding constraint. We consider the case of Q(a*) > e,
since otherwise Lemma 5.2 implies Zthl H(p;) < elog(kT) and thus the desired
bound is trivially obtained. When Q(a*) > e, Lemma 5.2 implies that Zthl H(q) <
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Q(a*)log(kT). Then from the self-bounding technique, for any A\ € (0, 1]

Regr = (1 + A\)Regy — ARegp

< E[(l + )0 <\/v log(T) log(k:T)Q(a*)> - AA“‘:;M} +AC
< (1+ )0 <\/f/ log(T) log(kT)Q(a*)) - W L AC

2
<0 ((1 + ) Tj\;[\lAOg(T) log(kT)

+ AC)

_0 <7“MV10g(T) log(kT) A <TMV10g(T) log(kT) n C’) N lerflog(T) log(kT)

Amin Arnin A Amin
where the first inequality follows by (5.34) and Lemma 5.1 with ¢/ = 7 and the second

inequality follows from a+/x — bx/2 < a?/(2b) for a, b,z > 0. Setting A € (0,1] to

V log(T) log(kT V log(T)1 T
)\:\/ij[v ogA( ?og(k )/<TMV ogA( ')og(k )—I—C>

gives the desired bound for the adversarial regime with a self-bounding constraint. [

5.7.9 Basic Lemma

Lemma 5.9 (Orabona 2019, Lemma 4.13). Let ag > 0, (at)thl be non-negative reals
and f : Ry — Ry be a non-increasing function. Then,

Z?:o at

T t
Zatf <a0+2a3> S/ flx)dz.
t=1 s=1 a

0
We include the proof for the completeness.

Proof. Let A; = 22:0 as. Then summing the following inequality over ¢ completes the
proof:

At At

arf <a0 + Zas> = arf(4) = F(A)dz < flz)da.
s=1

Atfl Atfl

5.8 Conclusion

In this chapter, we established the framework for designing a learning rate that jointly
depends on the stability and penalty components (Theorem 5.1). This result combined
with a novel stability analysis enables us to achieve BOBW and data-dependent bounds
(sparsity- and game-dependent bounds) simultaneously in MAB and PM. There are some
remaining questions. First, while we only used the Shannon entropy as a dominant regu-
larizer, it might be interesting to consider the other regularizers, such as negative Tsallis
entropy. Second, we only considered the PM game with local observability, and it is an
interesting open question to investigate if game-dependent bound with BOBW guarantee
is possible in PM only with global observability.
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Chapter 6

Further Adaptive Best of Both Worlds Algorithm
for Combinatorial Semi-Bandits

There are numerous sequential decision-making problems with combinatorial structures
in our daily lives, such as the online advertisement placement problem and the online
shortest path problem. While most of these problems can be formulated as a partial
monitoring game, such a formulation sometime fails to sufficiently model the combina-
torial structure inherent in these problems. In this chapter, we investigate the combinato-
rial semi-bandit problem that involves such a combinatorial structure in its formulation.
We first present a new algorithm with a best-of-both-worlds regret guarantee, in which
the regrets are near-optimally bounded in the stochastic and adversarial regimes. In the
stochastic regime, we prove a variance-dependent regret bound depending on the tight
suboptimality gap introduced by Kveton et al. (2015) with a good leading constant. In the
adversarial regime, we show that the same algorithm simultaneously obtains various data-
dependent regret bounds. Our algorithm is based on the follow-the-regularized-leader
framework with a refined regularizer and adaptive learning rate. Finally, we numerically
test the proposed algorithm and confirm its superior or competitive performance over
existing algorithms, including Thompson sampling under most settings.

6.1 Introduction

The combinatorial semi-bandit problem is an online decision-making problem, and it
includes many practical problems such as multi-task bandits (Cesa-Bianchi and Lugosi,
2012), crowdsourcing (ul Hassan and Curry, 2016), learning spectrum allocations (Gai
et al., 2012), shortest path problem (Gai et al., 2012), and recommender systems (Qin
et al., 2014). In combinatorial semi-bandits, the learner and environment play the game
sequentially. The learner is given an action set A C {0,1}%, where d € N is the di-
mension of the action set. For every round ¢t € [T] := {1,...,T}, the environment
chooses a loss £(t) € [0,1]9, and the learner then chooses an action a(t) € A (also
called a super-arm), incurs a loss (£(t), a(t)), and observes ¢;(t) for all i € [d] such that
a;(t) = 1. We refer to each index i € [d] as base-arm i. The goal of the learner is to
minimize their cuamulative loss over all rounds. The performance of the learner is evalu-
ated based on regret Reg defined as the difference between the cumulative losses of the
learner and the single optimal action a* fixed in terms of the expected cumulative loss,
ie,a” =argmin,c, E[Zthl (£(t),a)] and

T
Z <£(t)a a(t) - CL*>] ;
t=1

where the expectation is taken w.r.t. the randomness of £(¢) and the internal randomness
of the algorithm.

Regr =E
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The combinatorial semi-bandit problem, or more broadly, a variety of online-decision
making problems, have been investigated within mainly two regimes: stochastic and ad-
versarial regimes. In the stochastic regime, the sequence of losses (£(¢))7_, is sampled
from a fixed distribution D in an i.i.d. manner with mean y = Ey_p[¢]. In the adver-
sarial regime, the losses are arbitrarily decided from [0, 1]¢ (Kveton et al., 2015; Neu,
2015; Wang and Chen, 2018) or more generally from S¢ for some bounded S C R (Wei
and Luo, 2018; Zimmert et al., 2019) possibly depending on the past history of learner’s
actions.

There have been a considerable number of studies on combinatorial semi-bandits for
both adversarial and stochastic regimes. In the adversarial regime, the regret bound of
O(v'mdT') was proved for m = max,c4llal|1 (Audibert et al., 2014), which matches
the lower bound of Q(+/mdT') (Audibert et al., 2014). In the stochastic regime, many al-
gorithms have been shown to achieve logarithmic regrets depending on the minimum
suboptimality gap, which is defined by A = min{u'(a — a*) : a € A\ {a*}}.
Kveton et al. (2015) and Wang and Chen (2018) derived gap-dependent regret bounds
given by O(dmlog(T)/A) for general action sets and O((d — m)log(T)/A) for ma-
troid semi-bandits. Furthermore, Kveton et al. (2015) derived a refined bound given
by O(Zi:az‘:l(m/Ai,min) log T') depending on A; yyin = min{(p,a —a*) : a € A\
{a*}, a; = 1} > A of each base-arm i rather than on A.

It is unclear which regime’s algorithms are better suited to practical applications. Al-
gorithms specialized for the stochastic regime occasionally suffer a linear regret, whereas
algorithms for the adversarial regime work poorly in the stochastic regime. Because it is
difficult to know it in practice, it is desirable to obtain a near-optimal performance both
for the stochastic and adversarial regimes without knowing the underlying environment.

To this end, particulary in the classical multi-armed bandits, the Best-of-Both-Worlds
(BOBW) algorithm has been developed, which performs near-optimally both in the stochas-
tic and adversarial regimes. In a seminal study, Bubeck and Slivkins (2012) developed
the first BOBW algorithm, and the celebrated Tsallis-INF algorithm was recently pro-
posed by Zimmert and Seldin (2021). For combinatorial semi-bandits, we are aware of
the works by Wei and Luo (2018), Zimmert et al. (2019), and Ito (2021a). Some BOBW
algorithms achieve favorable regret guarantees also in the stochastic regime with adver-
sarial corruptions (Lykouris et al., 2018), which is an intermediate regime between the
stochastic and adversarial regimes. This intermediate regime is advantageous in prac-
tice since the stochastic assumption on losses often fails to hold, whereas the adversarial
assumption is excessively pessimistic.

Adaptive algorithms that exploit the characteristics of a sequence of losses have been
actively developed for both the adversarial and stochastic regimes. In the adversarial
regime, data-dependent regret bounds have been recently investigated to enhance the
adaptivity of the algorithm to a given structure of the loss data. Well-known examples are
the first-order bounds depending on the cumulative loss L* = mingc 4 E[ZL (e(t), a)l,
second-order bounds depending on the empirical variations of losses Qo = B[S, [|£(t)—
?||?] defined with £ = T_IIE[ZtT:1 £(t)], and path-length bounds depending on the vari-
ation of losses V; = E| Z;HM(t) — £(t + 1)||1]. For the semi-bandit problem, Wei
and Luo (2018) presented the first-order regret bound of O(y/dL* log T, second-order
bound of O(1/dQ21og T), and the path-length bound of O(y/dV; log T'). Note that the
data-dependent bounds developed by Wei and Luo (2018) cannot be achieved using the
same algorithm. Table 6.1 summarizes notation used in this chapter.

In the stochastic regime, one of the most promising approaches to making an algo-
rithm more adaptive is to estimate and use distributional information. In the multi-armed
bandit problem, algorithms that exploit the variance of losses have been developed (Au-
dibert et al., 2007; Ito et al., 2022b), and (co)variance-aware algorithms for semi-bandits
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Table 6.1: Notation used in this chapter

Symbol Meaning

A €{0,1}¢  Action set

deN Dimensionality of action set

m<d m = maxXqeallal1

a* €A Optimal action

I* C [d] {i € [d] : af = 1}, set of optimal base-arms
J* C [d] [d] \ I*, set of sub-optimal base-arms

wi € [0,1] E[¢;], mean of base-arm 4

02 €[0,1/4] E[(¢; — pi)?), variance of base-arm i

A € (0,m] min{{y,a —a*) :a € A\ {a*}}

Ajmin > A min{(u,a—a*):a€ A\ {a*}, a; =1}
Al in 2 A min{(g,a—a*)ra€ A\ {a*}, a; =0}
w(A) <m Action-set-dependent constant (Section 6.5)
L mingeq B[, (€(0),0) ]

Q2 B JleC) - CP) (€= TR, ()
Vi B =y [16() — £ + D]

Cel0,T]  E[X_,4(t) — £ (t)] ), corruption level

have also been investigated (Komiyama et al., 2015b; Degenne and Perchet, 2016; Merlis
and Mannor, 2019; Perrault et al., 2020; Vial et al., 2022; Liu et al., 2022). The variance-
aware algorithm is highly advantageous in real-world applications since the variances of
losses for each base-arm i, 07 = Eyp[(¢;—pi)?] € [0, 1/4], are extremely small in many
real-world applications, whereas the variance can be 1/4 in the worst case scenario. For
example, for a search engine, the click-through rate is usually below 0.05 (Komiyama
et al., 2017), implying that the variance of the base-arm is much smaller than 1/4. Ad-
ditionally, in the shortest path problem (Gyorgy et al., 2007), the congestion level of the
road does not change substantially in many cases, and hence the variance is expected to
be much smaller than in the worst-case scenario also of this problem. Indeed, variance-
aware algorithms are known to be highly effective in the problem of online eco-routing
for electric vehicles (Chen et al., 2022b). Accordingly, we aim to achieve a variance-
dependent regret bounds in the stochastic regime with multiple data-dependent regret
bounds simultaneously in the adversarial regime by the same algorithm.

Contribution of This Chapter In this study, we establish a new BOBW algorithm for
the combinatorial semi-bandit problem. The proposed algorithm is based on the Opti-
mistic Follow-the-Regularized-Leader (OFTRL) framework (McMahan, 2011; Rakhlin
and Sridharan, 2013b,a) with a refined regularizer and adaptive learning rate inspired
by Ito et al. (2022b). Let I* = {i € [d] : af = 1} and J* = [d] \ I*. OFTRL has
a component called an optimistic prediction and the proposed algorithm considers two
methods for its estimation: the Least Square (LL.S) and Gradient Descent (GD) based on
past observations. Let w(A) < m be an action-set-dependent constant defined in Sec-
tion 6.5. We drop A when it is clear from context. The regret of the proposed algorithm
with the LS and GD is then bounded as follows.

Theorem 6.1 (Informal). For the stochastic regime, the proposed algorithm with LS
achieves

2
wao;

Reg; < (Z max{4Awgi2 +clog(1+A' : ),2(1+e)}+2(1+e)|]*|) logT

: 7,min
ieJ* ’

+o(log T) =: RS,
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Table 6.2: Regret upper bounds for combinatorial semi-bandits. w = w(A) < m is an action-
set-dependent constant. Some terms are omitted due to the space constraint.

Reference Regime Regret bound
Audibert et al. (2014)  Adv. O(vdmT)
Kveton et al. (2015)  Stoc. 534 Z Azm log T + O(dm)
i€J* ’
Zimmert et al. (2019)  Adv. O(vdmT)
d
Stoc. (0] <Zl log T> = RZLS
Stoc. w/adv.  RZS 1 O(V Cm®RZLS)
Ito (2021a) Adv. O(y/dmin{L*,Qq,V;}log T)
Stoc. O dfm log T> = R!
Stoc. w/adv.  R! + VCmR!
Proposed (LS) Adv. VAadmin{L*, mT — L*,Qs} log T
4wo? wo? LS
Stoc. (igmax{ - +0(Ai,min ), O(e) p | logT =R
Stoc. w/ adv.  R™ 4 O(VCmRLS)
4d 2V d
Proposed (GD) Adv. (min{L*, mT — L*, Qq, —1} + > logT
1 =27 1 U
1 dwo? wo? _.0GD
Stoc. 1217<i€ZJ*max{ o~ +O<A1’,,min ) ,O(€) ¢ |logT=R

Stoc. w/adv.  REP + O(VCmRED)

where ¢ € (0,1/2] is an input parameter for the algorithm and ¢ = O((loge 1)?).
Further, for the adversarial regime, the algorithm achieves

Regr < \/4dmin {L*,mT — L*,Q>}log T
+O(dlog T) + d* + d(1 + 29) .

Additionally, for the stochastic regime with adversarial corruptions, we have Regp <

RS+ O(VCmRLS),

Theorem 6.2 (Informal). For the stochastic regime, the proposed algorithm with GD
estimations with a step size 1) € (0,1/2) achieves

1 wo? wo?
Regr < max{4 ' +clo (1+ z ),21+6}+21+6 I*| | logT
eT 1- 277 (zezj:* Ai,min & Ai,min ( ) ( )| | &

+ o(log T') =: REP .

For the adversarial regime, the algorithm achieves

4d 2 d
Regr<{\/—— (min{L*,mT—L*, Q2, Vl}—i—) logT
1 —2n n) n

+ O(dlogT) + d* + d(1 + 26) .

Additionally, for the stochastic regime with adversarial corruptions, we have Regp <

RED 4 O(vVCm®RGD),
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A comparison with existing bounds is given in Section 6.5.

The proposed algorithm is inspired by the algorithm proposed by Ito (2021a); how-
ever, their bound depends on A and not either on UZ-Q or on A; min. The proposed algo-
rithm takes care of the characteristics of the instances, and specifically, we modify the
regularizer and optimistic prediction in OFTRL and refine the analysis. As a result, the
bounds of the proposed algorithm depend on aiz and A; 1in, and a leading constant of
our bounds are at least 81 times better than their bound. The resulting regret upper bound
in Theorem 6.1 is at most approximately twice as large as the achievable lower bounds
(Section 6.5). Note that one can prove the same order of upper bounds as in Theorem 6.2
for the algorithm in Ito (2021a) by using the analysis given in Section 6.5. Table 6.2
lists the regret bounds provided in this study and summarizes comparisons with existing
work.

Our regret bounds are favorable compared to those reported in existing studies in that
enjoying following properties:

1. Our algorithm enjoys BOBW guarantees and works well even in the stochastic
regime with adversarial corruptions.

2. The leading constant of the regret bound in Theorem 6.1 (resp. Theorem 6.2) for
the stochastic regime is only twice (resp. 2/(1 —n)) as large as an achievable lower
bound.

3. The regret bounds in the stochastic regime depend on the tighter suboptimality gap
A min rather than the minimal suboptimality gap A.

4. The regret bounds in the stochastic regime depend on the variances of base-arms,
which can be tremendously small value under certain practical scenarios.

5. The regret in the adversarial regime enjoys data-dependent regret bounds.

Note that the first and fifth properties are already realized in existing studies, (e.g., Zim-
mert et al. 2019; Ito 2021a.) We consider using a self-bounding technique (Zimmert and
Seldin, 2021) to obtain BOBW guarantees. In the self-bounding technique, we first derive
upper and lower bounds of the regret using a variable depending on the (base-)arm se-
lection probability, and we then derive a regret bound by combining the upper and lower
bounds. For bounding the regret with the tight suboptimality gap A; 1,y in the stochastic
regime, we derive a new regret lower bound.

To prove the variance-dependent regret upper bound, we consider an algorithm in-
spired by the learning rate and regularizer developed by Ito et al. (2022b), which focuses
on the classical multi-armed bandit problem. However, their theoretical analysis is based
on the fact that the sum of the arm selection probabilities equals 1, which does not hold
in the semi-bandit problem. Our analysis uses a new approach to handle this problem by
deriving a regret upper bound that collaborates well with the new regret lower bound.

Further, we empirically investigate the performance of the proposed algorithm, whereas
experiments are often missing in studies on the BOBW algorithm such as Wei and Luo
(2018), Lee etal. (2021), and Ito (2021a). The results of this study show that the proposed
algorithm empirically works the best in the adversarial regime and as well as Thompson
sampling in the practical stochastic regime.

6.2 Related Work

Gyorgy et al. (2007) and Uchiya et al. (2010) initiated research on the combinatorial
semi-bandit problem for the adversarial regime, and since then, many algorithms with
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O(\/T)—regret bounds have been developed (e.g., Neu and Barték 2013; Audibert et al.
2014; Neu 2015; Wei and Luo 2018).

Combinatorial semi-bandits have been also investigated in the stochastic regime, and
algorithms in the literature are significantly different from those in the adversarial regime.
Most are based on index-based approaches, where the algorithm estimates the loss means
for each base-arm and pessimistically predicts the true value of the losses. Kveton et al.
(2015) and Wang and Chen (2018) prove gap-dependent regret bounds depending on
A; min rather than A, and they also consider special action sets such as the size-invariant
and matroid semi-bandits.

Since the seminal study conducted by Bubeck and Slivkins (2012), BOBW algorithms
have been developed for many online-decision making problems beyond the multi-armed
bandits (Zimmert and Seldin, 2021; Seldin and Lugosi, 2017; Rouyer and Seldin, 2020;
Huang et al., 2022): the problem of prediction with expert advice (Gaillard et al., 2014;
Luo and Schapire, 2015), dueling bandits (Saha and Gaillard, 2022), online learning
with feedback graphs (Erez and Koren, 2021; Ito et al., 2022a), linear bandits (Lee et al.,
2021), and episodic Markov decision processes (Jin and Luo, 2020; Jin et al., 2021). For
combinatorial semi-bandits, we are aware of the works by Wei and Luo (2018), Zimmert
et al. (2019), and Ito (2021a).

6.3 Preliminaries

This section introduces the preliminaries for this study. Let ||z||, ||z||1, and ||z||~ be the
Euclidian, ¢1, and ¢~,-norms for vector x, respectively, and 1 be the all-one vector.

6.3.1 Combinatorial Semi-Bandits

We consider the combinatorial semi-bandit problem with action set A C {0, 1}¢, where
each element a € A is called an action. We assume that for all ¢ € [d], there exists a € A
such that a; = 1. Define m = max,callal|;.

In the combinatorial semi-bandit problem, the learner observes entry-wise bandit
feedback. At each step ¢t € [T'], when the learner takes action a(t) € A, they observe the
elements in I; = {i € [d]: a;(t) = 1}, whereas the elements in J; = [d] \ I; are not
observed. We assume that 7' > max{d, 55}.

This study also considers the special cases of action sets: size-invariant semi-bandits
and matroid semi-bandits. For size-invariant semi-bandits, the size of action ||a||; is fixed
tom, i.e, A C {a € {0,1}%: ||a|l; = m}. For the matroid semi-bandits, a special case
of size-invariant semi-bandits, an action set A corresponds to the bases of a matroid. The
well-known m-set semi-bandits, in which A = {a € {0,1}¢: ||a|j; = m}, is an example
of the matroid semi-bandit problem.

In this study, we assume that there exists a unique optimal action a* € A. This
assumption has been employed by many studies aiming at the development of BOBW
algorithms (Gaillard et al., 2014; Luo and Schapire, 2015; Wei and Luo, 2018; Zimmert
and Seldin, 2021).

6.3.2 Considered Regimes

We consider three regimes as the assumptions for the losses. In the stochastic regime, the
loss vectors (£(t)) follow an unknown distribution D in an i.i.d. manner for all ¢ € [T.
We define the expectation of the losses by . = Eyup[].

By contrast, the adversarial regime does not assume any stochastic structure for the
losses and the losses can be chosen in an arbitrarily manner. In this regime, the envi-
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ronment can choose £(¢) depending on the past history until the (¢ — 1)-th round, i.e.,
{(6(s), ()}

We also consider an intermediate regime between the stochastic and adversarial regimes.
One of the most representative intermediate regimes is the stochastic regime with adver-
sarial corruptions. In this regime, a temporary loss ¢'(t) € [0,1]¢ is sampled from an
unknown distribution D, and then the adversary corrupts ¢'(t) to £(t). We define the
corruption level by C' = E[Zthl [£(t) = €'()]|oo] = 0. If C' = 0, this regime coincides
with the stochastic regime, and if C' = T, this regime corresponds to the adversarial
regime. We will see that the proposed algorithm works without the knowledge of the
corruption level C.

6.3.3 Optimistic Follow-the-Regularized-Leader

We establish the algorithm based on the Optimistic follow-the-regularized-leader (OFTRL)
framework, which has occasionally been used in the development of BOBW algorithms (Wei
and Luo, 2018; Tto, 2021c). Let X = conv(A) be the convex hull of the action set A.
OFTRL maintains z(t) € X, and it then chooses a(t) € A so that E[a(t)|z(t)] = z(t).
The OFTRL update rule is expressed as

t—1

x(t) € argmin ( m(t) + Z U(s),z ) + (), (6.1)
zeX o—1

where m(t) € [0, 1]¢ corresponds to an optimistic prediction (also known as a hint vector)

of the true loss vector £(t), the vector £(t) € R is an unbiased estimator of £(t), and v);

is a convex regularizer function over X.

6.4 Proposed Algorithm

This section describes details of the proposed algorithm (Logarithmic Barrier Implicit
Normalized Forecaster considering Variances for semi-bandits; LBINFV) by specifying
the optimistic prediction m(t), estimator ¢(¢), and convex regularization v in (6.1).
We consider two different methods for estimating optimistic predictions; these meth-
ods result in regret upper bounds that differ by a constant factor in the stochastic regime
and have different data-dependent bounds. One method is a least square (LS) estimation

based on the losses thus far, i.e., we define m(t) = (m1(t),...,mq(t))" € [0,1]¢ by

t—1
mi(t) = 1+N1(H> (; 3 als) zi<s>) , 62)

s=1

where N;(t) is the number of times the base-arm 7 is chosen until the ¢-th round, i.e.,
N;(t) = |{s € [t] : ai(t) = 1}|. The other method is based on the gradient descent
(GD), where we define m(t) by m;(1) = 1/2 and

(L =m)mi(t) +nti(t) ifi e I(t)

(6.3)
m;(t) otherwise

for i € [d] with a step size n € (0,1/2).

Let a(t) € A be an action selected at round ¢ and I(t) = {i € [d] : a;(t) = 1} be the
set of base-arms selected at round ¢. Note that {a;(t) = 1} is equivalent to {i € I(¢)}
and Pr[i € I(t)|z;(t)] = Prla;(t) = 1]|z;(t)] = z(t).

The design of LS is to reduce the leading constant in the regret, and GD is to derive
a path-length bound. LS was developed by Ito et al. (2022b). The original idea of GD
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comes from online learning literature (Herbster and Warmuth, 2001), and Ito (2021a)
developed the idea in semi-bandits.

We use an unbiased estimator £(t) = (¢1(t), ... ,l?d(t))T € R? of £(t) given by
—~ it
0i(t) = my(t) + Z‘Et; (4i(t) —mi(t)) (6.4)

~

for ¢ € [d]. This is indeed an unbiased estimator of £(¢) since E[¢;(t)|x(t)] = m;(t) +

izgg (4;(t) — my(t)) = £;(t). The optimistic prediction m(t) in (6.4) plays a role in

reducing the variance of £(t); the better m(t) predicts £(t), the smaller the variance in
£(t) becomes.
The regularizer function vy : R? — R is given by

d
Yi(x) =D Bilt)p(wi) (6.5)
=1

where ¢ : R — R is defined as
d(z)=z—1—logz+v(z+ (1 —2)log(l — 2)) (6.6)

with v = logT and regularization parameters (3;(¢) > 0. Our regularizer in (6.5)
comprises the logarithmic barrier — log x; and the (negative) Shannon entropy (1 —
x;) log(1 — x;) for the complement of x; € [0, 1]. Such a regularizer is called a hybrid
regularizer, and this type of regularizer was employed in existing studies for bounding a
component of the regret (Zimmert et al., 2019; Ito et al., 2022b,a). The affine part of the
regularizer in (6.6), z — 1 + %, is introduced to simplify the analysis and yields smaller
constant factors, which is also used by Ito et al. (2022b).
Regularization parameters J;(t) are defined as

t—1
1
Bit) = |1+ €2+ =D auls), (6.7)
v s=1
where € € (0,1/2] is an input parameter and

N ) — (V2 2(1—xz‘(t))}
a;(t)=a;(t)(4;(t) — m;(t)) mm{ 1, PR . (6.3)
We design «;(t) in (6.8) so that it corresponds to an upper bound of the component of
regret, which appears when we use a standard analysis of (O)FTRL with regularizer (6.5).
We can introduce a 2(1 — x;(t))/(x;(t)?y) part in a;(¢) thanks to the Shannon entropy
part in regularizer (6.5). This part allows us to bound the regret corresponding to optimal
base-arms. The (¢;(t)—m;(t))? partof o;(t) comes from the use of optimistic predictions
and can be related to the base-arm variances by using the LS and GD methods to estimate
m(t). Algorithm 6.1 summarizes the proposed algorithms.

From the intuitive viewpoint, «;(¢) determines the strength of the regularization, and
as «;(t) increases, the algorithm further explores base-arm i. Since (£;(t) — m;(t))?
in (6.8) represents the squared error of the optimistic prediction, the algorithm becomes
more explorative when the loss is unpredictable or has a high variance. Also note that
i =~ 1 corresponds to the base-arm with the almost worst expected loss with the least
variance. The factor (1 — x;(¢)) in (6.8) contributes to a fast elimination of such a base-
arm since the regularization does not become strong when z;(t) = 1 is observed.
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Algorithm 6.1: LBINFV for semi-bandits

1 input: action set A, time horizon T’

2 fort=1,2,...,Tdo

3 Compute z(t) € X by (6.1) with ?(t) in (6.4) and ¢ in (6.5).

Sample a(t) such that E[a(t)|z(t)] = x(t).

Take action a(t) and observe feedback ¢;(t) for i such that a;(t) = 1.

Update the regularization parameters (3;(t) in (6.7) and optimistic prediction
m;(t) using (6.2) or (6.3).

A v &

6.5 Regret Analysis

This section derives the regret upper bounds of the proposed algorithm. We define the
minimum suboptimality gaps that contain and do not contain base-arm 7 by

Ajmin = min{(p,a —a*) :a € A\ {a"}, a; = 1};

Al i =min{(u,a —a*) :a € A\ {a*}, a; =0}.

4,min

We define constants v(A) and w(A) depending on the action set A by

2 A is a matroid
v(A) = :
2min{|I*|,d —m} otherwise
and
2 A is a matroid
w(A) = ¢ 2min{m,d — m} A is size-invariant
2min{m, |J*|} otherwise .

6.5.1 Regret Upper Bounds

This section introduces regret upper bounds of the proposed algorithm for each optimistic
prediction method.

Theorem 6.3 (Formal version of Theorem 6.1). Consider Algorithm 6.1 using the least
square method in (6.2) for optimistic predictions. Then, for the stochastic regime,

A)o? A)o?
Reg, < <Z max{élwA(‘ ).UZ +clog(1 + wA(' )?Z >, 2(1 —i—e)} +2(1 +e)]I*]> log T

+0 (Z Av,(A) Vog T) +o(y/log T), (6.9)

ic* —t,min

where ¢ € (0,1/2] is an input parameter for the algorithm and ¢ = O((loge 1)?).
Further, for the adversarial regime,

Regy < v/4dmin {L*, mT — L*, Qo }log T
+O(dlogT) + d* + d(1 + 26) . (6.10)

Additionally, in the stochastic regime with adversarial corruptions, we have Regp <

RS + O(VCOmRLES), where RS is the RHS of (6.9).
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Theorem 6.4 (Formal version of Theorem 6.2). Consider Algorithm 6.1 using the gradi-
ent descent method with a step size ) € (0,1/2) in (6.3) for optimistic predictions. Then,
for the stochastic regime,

1 w(A)o? w(A)o? .
Reg, < o, (i;:*max{ll -~ + clog<1+ Avmin ), 2(1+ e)} +2(1+¢e)|I*| | logT

+O<<Z v,(“q) + d )MlogT) + o(y/log T) . (6.11)

iel* Ai,min 77(1 - 277)

Further, for the adversarial regime,

4 2
Regr < d (min{L*,mT—L*,QQ,%}—Fd) logT
L—=2n n U

+O(dlogT) + d* + d(1 + 26) . (6.12)

Additionally, in the stochastic regime with adversarial corruptions, we have Regr <
REP L O(VCmRED), where REP is the RHS of (6.11).

Note that the proposed algorithm does not require any prior knowledge on 0?, Ay, LF Qoo
and C. Theorem 6.4 indicates that the leading constant worsens by a factor of 1/(1 —2n)
in the stochastic regime compared to the bound in Theorem 6.3. This is at the expense
of the path-length bound depending on V; in the adversarial regime.

6.5.2 Comparison with Existing Regret Bounds

The regret upper bounds for the stochastic regime in Theorems 6.3 and 6.4 improve on
the existing regret upper bounds in three aspects: (i) dependence on the tight subop-
timality gap A; min, (i) the dependence on the variance of base-arms 01-2, and (iii) the
leading constants particularly in the stochastic regime. For the suboptimality gap, our
upper bounds are of the same order as the regret upper bound by Kveton et al. (2015),
which is an algorithm specialized for the stochastic regime, and our bounds are up to d
times better than the regret upper bounds by Zimmert et al. (2019) and Ito (2021a). For
the variance dependency, in the stochastic regime, bounds in Theorems 6.3 and 6.4 im-
prove the results in Ito (2021a) by replacing a constant in their bound with variance JZ-Q,
which can be considerably small under certain practical scenarios such as ad allocations.
Finally, it is worth noting that the leading constants are also significantly improved. The
leading constant of our bounds are at least 81 times better than the bound by Ito (2021a).
Moreover, the resulting regret upper bound in Theorem 6.3 and (resp. Theorem 6.4) are
approximately at most twice (resp. 2/(1 — 2n)) as large as the achievable lower bounds,
which can be confirmed by comparing the bounds with Ito et al. (2022b, Proposition 1).

6.5.3 Key Technique and Analysis

To obtain the regret bound depending on A; 1.,;, in the stochastic regime and the stochastic
regime with adversarial corruptions, we prove the following regret lower bound.

Lemma 6.1. In the stochastic regime with adversarial corruptions, for any algorithm
and any action set A, the regret is bounded from below as

T
Regr > E [Z (U(lf[) Z A} (1 —ai(t)) + w(lﬂ) Z Ai,minai(t)>] —2Cm.
t=1

S iceJ*
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Note thatif a* € A is unique, i € I* implies that A} ; > 0,and 7 € J* implies that
A min > 0. This regret lower bound improves Ito (2021a Lemma 4) for general action
sets.

To prove the variance-dependent regret bounds, we make use of the learning rate
inspired by Ito et al. (2022b), in which the classical multi-armed bandit problem is con-
sidered. However, their theoretical analysis is based on the fact that the sum of the arm
selection probabilities equals 1, which does not hold in the semi-bandits. To handle this
problem, we introduce a technique developed in Ito (2021a) and sophisticate the analysis
to derive a regret upper bound that collaborates well with the regret lower bound.

In the following, we provide a sketch of analysis commonly used to prove Theo-
rems 6.3 and 6.4, and see that that the regret lower bound in Lemma 6.1 indeed helps
us obtain the desired regret bound. In the subsequent analysis, we will mainly focus on
terms that are dominant for sufficiently large 7', and will not include the other terms.
Let v = logT. Using the similar analysis given by Ito et al. (2022b), we first show in
Lemma 6.3 that the regret of the proposed algorithm is roughly bounded as

d

Regr = O <72E [B:(T + 1)] ) Z lvgai(t)]

Define (F;) and (Q;) by

P=E

T T
in(t)] ; Qi=E [Z(l - xi(t))] ;
t=1

t=1

which will be used in the self-bounding argument in the following. Using this and com-
bining the analysis given by Ito et al. (2022b) and Ito (2021a), we can show that the regret
is further bounded as

RegT o> y/e2+ + 3 3/2 . (6.13)

ieJ* *el*

For the stochastic regime, using the upper bound (6.13) and lower bound (Lemma 6.1
with C' = 0), the regret can be further roughly bounded as

Regr B RegT RegT

Y Y

O'P
0 Z ﬁO 73/2 -

ieJ* iel*

IN

1
( (A) Z zm]nQ’L Z AZ mm Z>

iel* zGJ*

1
5
o2P; A Q;
O 2 1, min ) ( Hlll’l A ) )
(ié(vo : -

(A) v
w(A)o? o 1 v(A
O<Z S 1 \M()>

. 7,111
ieJ* ’

IN

where the first inequality follows by (6.13) and Lemma 6.1 with C = 0, and in the
last inequality we considered the worst case in terms of (P;);c - and (Q;)ier+. This
result corresponds to the desired bounds in Theorems 6.3 and 6.4. A more complete and
detailed analysis are deferred to the following sections.
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Figure 6.1: Regret-round plots of algorithms used for synthetic and semi-synthetic data. The
solid lines indicate the average over 20 independent trials. The thin fillings represent
the standard error.

6.6 Experiments

This section presents the results of the numerical investigation of the empirical per-
formance of the proposed LBINFV algorithm with ¢ = 0.2. The proposed algorithm
with LS and GD (with n = 1/4) estimations for the optimistic predictions are denoted
by LBINFV-LS and LBINFV-GD, respectively. We use the following baselines. The al-
gorithms for the stochastic regime are CombUCB1 (Kveton et al., 2015) and Thompson
sampling (TS) (Komiyama et al., 2015b; Wang and Chen, 2018). The algorithms with
BOBW guarantees are HYBRID (Zimmert et al., 2019) and LBINF (Ito, 2021a).

To compare the performance, we consider the m-set semi-bandits with 7' = 10%. In
the m-set semi-bandit setting, it is known that we can sample a(t) satisfying Ela(t)|z(t)] =
x(t) at an O(dlog d) computational cost (Zimmert et al., 2019, Appendix B.2), and we
employ this sampling technique. We repeat the simulations 20 times.

6.6.1 Setup

Synthetic data In the synthetic data experiments, we set d = 5 and m = 2 and con-
sider the stochastic regime and stochastic regime with adversarial corruptions. In the
stochastic regime, we consider two instances, where each base-arm is associated with a
Bernoulli distribution. We set expectations . for each instance to (0.5,0.5,0.9,0.9,0.9)
and (0.5,0.5,0.6,0.6,0.6), respectively. In the stochastic regime with adversarial cor-
ruptions, we consider an instance considered by Zimmert et al. (2019). The environment
alternates between two stochastic settings, (i) and (ii), where the losses are sampled from
Bernoulli distributions with the following time-varying loss means. In setting (i), the ex-
pected losses are 0 for the optimal base-arms ¢ € I*, and A’ for the suboptimal base-arms
1 € J*. In setting (ii), the expected losses are 1 — A’ for the optimal base-arms, and 1
for the suboptimal arms. We set A’ = 0.1. The number of rounds between alternations
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Table 6.3: Reward means for the semi-synthetic data.

Instance d Reward means 1 — p

(e) 8 (0.0370,0.0275, 0.0266, 0.0266, 0.0231, 0.0192,0.0143, 0.0107)

m
(d) 6 3 (0.0315,0.0208,0.0193,0.0182,0.0179,0.0177)
3
63) 10 3 (0.0774,0.0709,0.0669,0.0631, 0.0430, 0.0393, 0.0296, 0.0217,0.00797, 0.00219)

increases exponentially with a factor of 1.6 after each alternation. Note that this instance
also belongs to the stochastically constrained adversarial regime (Wei and Luo, 2018;
Zimmert and Seldin, 2021).

Semi-synthetic data In semi-synthetic data experiments, we consider the stochastic
regime. We used the KDD Cup 2012 track 2 dataset (Tencent Inc., 2012), which was used
in the studies on multiple-play bandit problem (Komiyama et al., 2015b; Lagrée et al.,
2016; Komiyama et al., 2017), which is equivalent to the m-set semi-bandit problem.
The dataset includes session logs of the Tencent search engine, soso.com. We use the
estimated reward means of Komiyama et al. (2017) although the rewards therein are
estimated under a different context, where the reward mean for base-arm ¢ is defined
by 1 — p; corresponding to the click-through rate for example. Table 6.3 lists the reward
means used in the experiments. One characteristic of this type of dataset is that the reward
mean for each base-arm is extremely small (smaller than 0.05 in most cases). Hence,
each o7 is supposed to be extremely small, and algorithms with adaptivity to variances
are desirable.

6.6.2 Numerical Results

Figure 6.1 shows an empirical comparison of the proposed algorithm against the base-
lines. The experimental results from the synthetic data in (a) and (b) indicate that the
proposed LBINFV-LS and LBINFV-GD algorithms achieve the best performance in the
stochastic regime, except for Thompson sampling. Further, under the setting in (a),
where the variances of the base-arms are small, the proposed algorithm shows a signif-
icant improvement compared to HYBRID. Additionally, these figures also confirm that
LBINFV-LS performs better in the stochastic regime than LBINF. This indicates that the
modification of the regularizer and the optimistic prediction contribute not only to the
better leading constant of the regret upper bound but also to the empirical performance.

The proposed algorithm achieves the best performance in the adversarial regime,
whereas CombUCB1 and Thompson sampling highly degrade their performance. We can
also see from (a) and (b) that the performance of LBINFV-GD becomes slightly worse than
that of LBINF-LS in most cases, as suggested by the theoretical results, whereas in (c) the
performance of LBINFV-GD is better than that of LBINFV-LS, which seemingly occurs
because the adversarial instance in this experiment is a regime with a small path-length
and the former algorithm has the path-length bound.

The experimental results using the semi-synthetic data in (d)—(f) indicate that LBINFV-LS
and LBINFV-GD perform comparably well to Thompson sampling. These results can be
attributed to the fact that the variance is small for semi-synthetic data. Furthermore, (d)—
(f), where the variances of the base-arms are extremely small, indicates that CombUCB1
performs significantly worse than the other variance-aware algorithms. This observation
indicates the importance of variance-aware algorithms in practical applications.
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6.7 Deferred Proofs

6.7.1 Common Analysis
In this section, we provide preliminary and common analysis used in the subsequent
sections.
6.7.1.1 General Regret Upper Bound
Define 5y = 1 + €. Let Dy be the Bregman divergence induced by ), i.e.,
Di(y, ) = Yu(y) — ve(x) — (Vipe(a),y — 2) .
Then, the regret for OFTRL is bounded as follows.
Lemma 6.2. If x(t) is given by the OFTRL update (6.1), for any x* € X N ]Rfi|r we have

T T
S (00, 2(t) 27y < wria (@) = a(D) + 3@t + 1) — G (e + 1))
t=1

t=1

penalty term

+ Z <<Z(t) —m(t),z(t) —y(t + 1)> — Di(y(t + 1)735@))) ’

t=1

~
stability term

(6.14)

where we define y(t) € argmin,cy {<Zi;11 s), x> + ¢t(x)}

This lemma is standard in the literature and can be found e.g., in Orabona (2019,
Chapter 7) and Ito et al. (2022b, Lemma 2). In the RHS of the above inequality (6.14),
we refer to the sum of the first three terms as the penalty term and the remaining term as
the stability term.

First, we prove the following lemma.

Lemma 6.3. The regret of the proposed algorithm is bounded as

d
Regr < fyZE [Qﬁi(T +1)—8i(1) + 20 log W] +d?® + d(1+ 26§6.15)
i=1 ’

where 6 > 0 is defined by

I+e 14+e 27 3 3 1
=(1+¢€)?°1 —(14¢)?%— <Zlog 2 —2=0(log-) .
d=(1+¢€)log - (1+e) 5 S glgy 5 O<0g6>

T T
RegTzE[Z (€(t),2(t) ~ o) | = E Z<z<t>,x<t>—x*>+Z<e<t>,x*—a*>]
t;l ] ;—1 t=1 i
—E[ (F0).2(0) = ")+ 5 > (0). w0 —a”) | <B |37 (Ht). () —a”) |+,
t=1 t=1 t=1
(6.16)
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where in the last inequality we used Z?Zl (l(t),xg —a*) <T|xg —a*|js < Td.

The first term in (6.16) is bounded by (6.14) in Lemma 6.2, the components of which
we will bound in the following. We first consider the penalty term. The remaining part
of the proof follows a similar argument as that in Ito et al. (2022b), and we include the
argument for completeness.

Bounding the penalty term in (6.14) Using the definition of the regularizer ¢ (x) =
Zle Bi(t)¢(p;) defined in (6.5), we have

d
(a%) =D Bit)p(x}) <
=1

(t) max{p(1/T), (1)},
(6.17)

max
xE[l/T,l]

i
=
”M:“

where the first inequality follows since the definition of z* implies =} > %(900)2‘ >1/T
for i € [d] and the second inequality holds since ¢ is a convex function. Further, from
the definition of ¢ in (6.6), we have

max{¢(1/T), (1)} = max {; —1+4+1logT +~ (; + (1 - ;) log (1 - ;)) ,7}

1
Smax{;fy—l%—logT,y} =,

where the last inequality follows from v = log T". From this and (6.17), we have

Yra(x <’VZ& T+1). (6.18)

Further, as we have 3;(t) < f;(t 4+ 1) from (6.7) and ¢(x) > 0 for any = € (0, 1], we
have

T
—r(y(1) + Y (@r(y(t+ 1)) — e (y(t +1)))
=1

d T
:—2@ p() + S (5 <t>>¢<yz-<t+1>>) <0. (6.19)

t=1

Combining (6.18) and (6.19), we can bound the penalty term in (6.14) as

Mﬂ

Yy (z*) — )+ y(t+1)) — eyt +1)))

t:l

<Y AT ). (6:20)

Bounding the stability term in (6.14) The Bregman divergence D;(z, y) is expressed

d
Di(w,y) =) (51’(15)17(1)(%‘7%) + 5i(t)7D(2)(iUi7yi))
i=1
d
> >~ max { B(H) DY (s, 0), (07D (i p) |
i=1
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where D) and D) are Bregman divergences induced by ¢V () = —log z and ¢(?) (z) =
(1 — x)log(1 — z), respectively. We hence have

(T = m(t), x(t) - y<t+1>>—Dt<y<t+1>,x<t>>
d

<3 (@) - mO)a(0) - e+ 1)

i=1

~ i(t) max {D“)(yi(t +1),i(1), DO (it + 1), () } )

PGt —mi() ) . G(t) — my(t)
(mm{ ( 5.0 ) , Bi(t)y(1 — z4(t)) R (7&(75) )}) ,

(6.21)

where the last inequality follows from the standard technique to boudn the staiblity term
(see e.g., Itoetal. 2022b, Lemma 5), and g and h are defined as

HM&

g(z) =x —log(x + 1) < 1$2 + 6|z)? (3} > —1> , (6.22)
2 Bo
h(z) =exp(z) —z—1<z* (z<1). (6.23)
Note that g(0) = h(0) = 0 and it holds from (6.4) that
7 oy — L G(E) —my(8)/5(t) if j e I(F)
£3(8) =my(t) = { 0 ’ ’ ’ otherwise . 6.24)

Therefore, the LHS of (6.21) is further bounded as
{8y = m(®), () = y(t + 1)) = Dily(t +1),2(1))

<3 min {Bj(t)g <W) B (1 — z;(0) h <W)—ma<t>) }

p 16,0, (0
L) —my(t)? | 8l ()—my ()3 .
) Zje[(t) (( 5 ( ;,Bj(t])( ) + \ ](B)j(t)g( )| ) 1f7xj(t) <1
= . i) —m;i(1)? | 81 —m;®)3 (A—z;(#)) (€5 () —m;(t))? .
Zjel(t) mm{ ’ 2,8]'(;) + = 5].@)2] ) Jyzj(t;?ﬁj(t)] } otherwise
() = my()* 614 () —my ()P (1 — () (4(E) — my(t))? }
< min + ,
je%) { 25(t) Bj(t)? vz (t)2B;(t)
1 0 . 2(1 — 24(t))
< + li(t) —m;(t Zmln{l,]
Z (Qﬁj@) 6j<t>2> (£58) = my (1)) DL

- Z (2@ 15) ) A1), (6.25)

where the first inequality follows from (6 21) and (6.24), the second inequality follows

from (6.22), (6.23), and the fact that \W| < % < 1, and the third inequality

holds since vyz;(t) < 1 means lwf(]t()? > ;(1/14 ;2 =~ —1> 144, which implies

(4;(t) — m;(t))? L Sl — mi@F _ (1= (1)) (&(t) — m;(t))?
203;(t) B;(t)? B v (t)2B3;(t) '

‘We hence have

T R T 5
> () = m(e),(t) =yt + 1)) = Duly(t +1),2() ) < > (2& W) ai(t).

(6.26)
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We can show that a part of (6.26) is bounded as

im(t) 5 1+1§:a(t) \/5271 <+ (BT +1) - Bo) (627)
4 i — —— | = P — M0 .
0 R 0

The first inequality in (6.27) holds since

IN
2

t t—1
ﬁ%—iﬁ;ai(s)— 53‘f1ﬁf1y;“i<3>
;(t)
(\/ﬁo Sts > ails +\//30 S+3 > s 1%())
O‘z() _ ;(t)
TR ir el DAO

v

where the inequality follows by «;(t) < 1. The second inequality in (6.27) follows from

1 1< 1 1 1< 1
B—=—+=> ailt)—[B——<\|B—=—+=> ailt) = Bo+ -
v S B v

Sﬂi(TJrl)—ﬁoJr,ly,

where the first inequality follows from /z—\/x —y < y/y/zforz >y > 0and By > 1.
Similarly, we can show

T T T
a;(t) a;(t) B a;(t)
Zﬁi<t>2‘zﬁg+;zi‘i T

L
)
—~

VA

¢ 1750"‘23 1041( )
Zai(t)> <2y logw +2. (6.28)

Bi(1)

The first inequality in (6.28) follows since

=
log< 50—12% >—log<1+/yﬁg_1;ai(s)>

— _log (1 i(t) ) > _log (1 a;(t) )
VB — 1+ Yoy cils) VB3 + 3L ails)

a;(t)
T8+ Y ails)

where the first inequality follows from «;(¢) < 1 and the last inequality follows from
—log(1 — x) > z for z < 1. The second inequality in (6.28) follows from

1 1+12T: (1) ] <1 ! XT: () ] +1 b’
% V60> =14 i % 7Bo? &= o VB3 — 1

t=1

Bi(T + 1)2) < 1 ) Bi(T+1) 2
=1 —_ 1 —_— log ———— + —
0g< 5(2) + log 1+%6(2)_1 < 2log 5o +’Y’
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where the last inequality follows from log(1+41/(x — 1)) > 2/x for x > 3/2. Bounding
the RHS of (6.25) with (6.27) and (6.28) yields

ZT: ((2) = m(®), 2(t) = y(t +1)) = Dily(t +1),2(1)))

t=1

d
SVE:QMT+U—BN)+WM il
=1

1) )
g ————— | +d(1+20). (6.29)
Bi(1) ( )
Finally, by bounding the RHS of (6.14) by sequentially using (6.16), (6.20) and (6.29),
we have

d
Reg, < 721@ [2Bi(T +1)—8:i(1) + 20 log B(ﬁ(l))] +d* +d(1 + 26),
i=1 ¢
which completes the proof. O

6.7.1.2 Proof of Lemma 6.1

Proof. We can bound the regret from below as

r T T T
Regr = E | ) ({(t),a(t) — =E > (f,a(t)—a*)+ > (6t) - 4, a(t) — a)
:t;1 . t=1 t=1
>E Y (walt) —a®) = Y [16(t) = ]lollalt) - a*!h]
t=1

t=1

v
&
B

T
(s alt) —a*) —2my_||e(t) - ﬁilloo]
t=1

t

I
—

>E

B

1

(u,a(t) — a*>] —2mC, (6.30)

t

where the first inequality follows from the Holder’s inequality and E[¢}] = u, the second
inequality follows since ||a(t) — a*||; < 2m, and the last inequality follows from the
definition of C' = 3.7 ||(t) — £}]| 0. We then bound E {Zthl (u,a(t) — a*)}.

We consider the case of general action sets and recall that [* = {i € [d] : a] = 1}
and J* = [d] \ I*. Since ), ;.(1 — a;(t)) < min{|I*|,d —m} and >, ;. a;(t) <
min{|J*|,m}, we have

<%Mﬂ—a>:§thﬂ—a>+§ﬂhﬂﬂ—a>
1
> t) —a*
_Qmmﬂphinﬁgg ) (s alt) — o)
2m1n{]J*] m} ;az {h,a(t) —a”)
1
> Al t
~ 2min{|I*|,d — m}%:* ismin ai(t))
1
_ A t
2m1n{m ’J*’}lg iminti{£),
where the last inequality follows since for any i € I* we have (i, a(t) —a*) > A} 4,
and forany ¢ € J* wehave (u, a(t) — a*) > A; min. Combining this inequality with (6 30)
completes the proof. O
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Note that in the stochastic regime with adversarial corruptions, from Lemma 6.1 it
holds that

Regr > E Z < Z A i Z Ajminai(t )] —2Cm
t=1 iel* icJ*
1
= m Z A; mm Z Az ,min z - m, (631)

iel* ZEJ*

where the equality follows from the law of iterated expectations.

6.7.2 Proof of Theorem 6.3
6.7.2.1 Preliminaries

Before proving the regret upper bounds in Theorem 6.3, we prepare some lemmas. We
bound the sum over ¢ € [d] in (6.15) by considering different upper bounds for the optimal
and sub-optimal base-arms. Recall that «;(¢) and m;(t) are given by (6.7) and (6.2),
respectively. We use a following lemma to bound Zthl «;(t) for sub-optimal base-arms
1€ J".

Lemma 6.4. I holds for any i € [d] and m} € [0, 1] that

T
> ailt) <
t=1

To prove this lemma, we use the following lemma.

1 .

14
&
.

T
2 < Zai(t)(gi(t) —m})? +log(1 + Ny(T)) +
=1

Lemma 6.5 (Ito et al. 2022b, Lemma 8). Suppose {(s) € [0, 1] for any s € [t] and define

m(t) € [0,1] by
11 &3
- E (2 +;€(s)> .

T
S () — m(0)? ~ (E(6) ~m*)) < - +log T

t=1

Then, for any m* € [0, 1] we have

Proof of Lemma 6.4. From the definition of «;(t), we have

Z ai(t) < 3 ailt)(:(t) — mi (1))

s
Mq

H
I
MR

IA
WE
)

T
i()(Gi(t) —mi)? + Z + log (1 + Z%‘(@)

t=1 t=1

a;(t)(Li(t) —m?)? + Z +log (1 + N;(T)) ,

I
[M]=

“
I
—

where the second inequality follows from Lemma 6.5 and the definition of m; () given
in (6.2). O
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From Lemma 6.4, in the stochastic regime it holds that
d 5
E > ait) 1
t=1
(6.32)

T
5}
> wi(t)o} +log(1+ Ny(T)) | + 15 0?P; +log(1+ P) +

t=1

<E

where the first inequality follows from Lemma 6.4 with m; = p; and in the last inequality
we define the expected number of times that the base-arm ¢ is chosen by

T T T
i€ I(t)]] =E [Z a(t)| =E ) xi(t)] .(6.33)
t=1

t=1 t=1
On the other hand, for the analysis of the optimal base-arms i* € I'*, we give a bound on
Z?zl «;(t) using the following lemma.

P, =E[N,(T)]=E

Lemma 6.6. It holds for any i* € [d] that

Elas-(t)] < 2E [min{:pi* t), Hﬁ(”}] < 9E [H\ﬁ“)] .

Proof. From the definition of «;(t) in (6.7), we have

Ela;(t)|zi(t)] = E [ai(t)(ﬂi(t) — mj;(t))? min {1, W} xz(t)}
2(1 —zi(t)
<2pomn S 0
= min {x 21 _xl(t))}
' yi(t)
W) <X a2
= { 2(1 \fz(t)) (zi(t) > %) < 7(1 —zi(t)),

where the first inequality follows from the condition of ¢;(t), m;(t) € [0,1] and the last
inequality is due to /7 > 2 that follows from the assumption of 7" > 55. 0

6.7.2.2 Proof for the Stochastic Regime

Proof of (6.9) in Theorem 6.3. We bound the RHS of (6.15) separately considering
sub-optimal and optimal base-arms.
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Sub-optimal base-arms side First, weleti € J* be a sub-optimal base-arm. From (6.32),
the component of the RHS of (6.15) is bounded as

/Bi(T""l)}

1 <& 1 &
=K (2 Bg—F*Zai(t)—ﬁoﬁ-dlog <1+52 Cli(t)>
Rt TP0 =1

1
< 2\/ﬂg+ 5 (U?B—Flog(l—i-Pi)—i-Z) — Bo + dlog <1+ <al~2Pi+log(1+Pi)+ i))

53
5 o?P; 1 < 5)
<24/8%+ Tt oa log(1 + P;) + Bo

2

2p, 5 5
51 ] P,
ot < 'yﬂo ) g oler <Og(1 TR+ 4)

2

, 2
— o g+ I 5 4 1o (1 P) §<1og(1+P) 5), (6.34)
v 50 4

where the first inequality follows from (6.32), the second inequality follows from \/x + y <
VT + L that holds for any 2 > 0 and y > 0, log(1 + z + y) < log( + ) + y that

holds for any x,y > 0, and in the last equality we define £ = /5 + 52 = 1i -+ ﬁ.

Optimal base-arm side Next, we let ¢ € I* be an optimal base-arm. We define the
complement version of P; by

il_mz ]

for i € [d]. Then from Lemma 6.6 we have

Bi(T + 1)]

1 & 1 &
=E |2 ﬁ(2)+zai(t)—ﬂo+5log<l+52 ai@))
Rt TP0 =

T
1
<E|2 63%—;20@@)—504-25 I+ —3 > ait)— 1
t=1 =

T
=2(fo+0)E 1+%Zai(t)_1 + Bo
5

<2(Bo +9) 1+

> (- ]—1 +Bo.

t=1

3/252

T
2(Bo +9) 73/22&2)15 !Z(l —zi(t)) | + bo-

t=1

| 2
20040 | @i+ o (6.35)
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where the first inequality follows from the inequality of log(1 + z) < 2(y/1 + z — 1) for
x > 0, the second inequality follows from Lemma 6.6, the third inequality follows from
V1+x —1 < /xforxz > 0, and the last inequality follows from [y > 1.

Putting together the upper and lower bounds and applying a self-bounding tech-
nique Bounding the RHS of (6.15) using (6.34) and (6.35) yields the regret upper
bound depending on (P;);c s+ and (Q;);er+ as

2 1+ = | log(1 + P;
> g; |+ = 50 + =~ (log(L+ ) + 1

2 o AP Hd(1+26
2040 Y[ Zgs i £
iel*

—Zfz< >+2 +0) ) 7z,?/2621-+ﬁo\l*|+i(d2+d(1+25)+ZélJ*!),

ieJ* iel*

(6.36)

where we define convex function f; : R, — R by

2
fi(x) =24/B2 + o2z + S log (1 - 0523:> + jlog(l +7x) —Bo.  (6.37)
0

In the stochastic regime, setting C' = 0 in (6.31) yields the regret lower bound de-
pending on (P;);c j+ and (Qi)iep« as

Regr > Z A in@i + s Z Aimin D (6.38)

zel* ZGJ*
Combining (6.36) and (6.38), we have

Regr _ Regr _ 2RegT _ Regr

logT — ~ v g
S 2 RegT _ ( Z A, nuan + N Z A’L ,min 'L>
v zEI* ZGJ*
< Z 2f 7 mlni + Z 4(1 + 5) 2 Qz A;,min%
25 T ww s )T & VA

+ 260| I + = N <d2 +d(1+26) + §|J*|>

~ Ai,min 2 Ai,min
< Z max {in(x) — W A) x} + Zz: max {4(1 +0) WUC - v(A) x}

ieJ* T

+2B|I*| + = <d2 +d(1+26) + §|J*|>

— Az min 16(1 + 5)2U(A)
< . )
‘ E [mllgox {sz(l‘) w(.A) SL‘} E f : {imin

eJ* iel* )

+ 20| T*| + = <d2+d(1+25)+ §|J*|) (6.39)

where the second inequality follows from (6.36) and the last inequality follows from
a\/z — bz < a?/(2b) for a, b,z > 0.
In the following, we evaluate the first term of (6.39).
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Bounding the first term of (6.39) We will prove the following statement:

max {sz( ) — ﬁ;("n;;x} <h (w(ﬂ) Ajim) +0 <1(¥g(1’y+,y)> . (6.40)

where h : R4 — Ris defined as

2650 if0 < 2 < 5ia
h(z)=
s z 5\ 1 B3 .
2 (1+41/1+22) —26+45 (log % +log(l+1/1+2D) +2—26y if 2 > zrLoa .
(6.41)

Let A; = Al min/W(A) for the notational simplicity. As f; , is concave, the maximum of
2fi(x) — Az is attained by =] € R satisfying 2f'(z}) = A,;. Define z; > 0 by

5 40Z
Z; = max —
A

We then have
20; 2002 2¢ A A A X
2;(&; - Lt <4+ <A
T ey A eeE T T2 e
Ay

which implies Z; > z. Hence, we have

rgrclgac {2fz Ai:z:} =2f;(zf) — Az}

2 2 % sz? E * A *
=4\/B5 +o;xf+20log 1+ 72 2;log(l+7xi)—Aixi—250
0
o

2 %
§4\/ﬁ2+03xf+25log(1+az O
0 58
2:6 6
<max 44/ B2 + o J;+25log< + ) Aa:}+210g 14+ ~%;) — 28
o {45 i £ log(1 + ) — 26
(0]

<log(1 —|—’y)> 6.42)
vy

2§ log(1 4+ ~vZ;) — Azl — 28

= max {g;(2) — Ajz} — 260 +

where we define

olx
gi(z) =44/ B% + o2z + 20 log (1 + 512 ) .
0

From (6.42) and (6.39), we have

lim sup
T—o00 Og

< Z <ri1§8({gz Asz} —250) +2BO|I*|'

2
72

In the following, we write z; = A As we have
202 26072 1 )
/ 7 7 2
gi(z) = + < 20; ( + ) )
' 82 1o2r Boroiz = \Bo o B
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2 . ~ . .
If z; = %Zi < 2(1/5015/53) = 2(1f§/60), the maximum of g;(x) — A;x is attained by

z = 0, implying

~ o? Bo
i(x) — Az =gi(0) =4 if 2= < _—= 4
mas {gi(x) — Ajr} = gi(0) = 4fo if = A Sa(itom) O
Otherwise, we have
~ olx ol B2A; olx 32
gi(r) — Ajr = 45804 [ 1 + <1+ : >— 0 <1+ : )—I— =
) B 7)o Ut )t

o2
= 4Py /1 +
50
From this, by setting y = 4 /1 + ﬁQ , we obtain

. B3 2\ B
() — Az < 4 451logy — 20 2o 44
mex {gi(z) z} rggg{ Boy + 46 logy A e (6.44)

We here use the following:

a + vVa? + 8be

1/a
rggéc{ay-l-b ogy —cy’} 5 (o latVa +8bc) —b) +blog ” ,

which holds for any a, b, ¢ > 0. We hence have

2
max {4ﬁoy + 46 logy — 5 y2}
y> 2

_ 1 [ 460z 388 ) _ 45 + a510g 2ot V/(4B0)° + 32053/=i

:2<zi (1—1—1/1—1—25) —6) + 46 <logzi+log (1—1—1/1—#25)) . (6.45)
2 Bo Z

Combining (6.42) with (6.43), (6.44), and (6.45), we obtain

s onte) =8 <0 () 0 () = (st T ) vo (2.

i gl
(6.46)

4Po + \/(4ﬂo)2 + 32

where h : Ry — R is defined by (6.41). From (6.39) and (6.46), we complete the proof
of (6.40).

Bounding i For z > m, h(z) in (6.41) is bounded as

h(Z)§2z<1+1+5>—25+45 log  + log 1+\/K ﬂ0.2(1+5>_250
z Bo Bo
1) 1
=4z 4+ 46 <1ogz+log <1+\/K>+2>
z

<4z +clog(1 + 2) (c =0(8*) =0 ((logf’l)Q)) :

153



where the last inequality follows from log(1+ z) = 2(1/4) that holds for z >
Hence, for any z > 0, h(z) is bounded as

Bo
2(148/po) "

h(z) < max {4z + clog(1 + 2),260} . (6.47)
From this and (6.46), recalling that 5y = 1 + ¢, we obtain
w(A) 01-2 w(A) 02-2 .
Reg; < <Zmax {4A + clog (1 + AN ) 21+¢€) p +2(1 +€)|I*| | logT

4, min 7,min

+ Z 16(12,5)21)% logT + o(+/logT),

iel* 4, min

which completes the proof of (6.9) in Theorem 6.3. O

6.7.2.3 Proof for the Stochastic Regime with Adversarial Corruptions

We here show a regret bound for the stochastic regime with adversarial corruptions given
in Theorem 6.3, which is the following regret bound:

Regy < RS +0 (v CmRLS> :

where RS is the RHS of (6.9) and C is the corruption level defined in Section 6.3.

Proof. In stochastic regimes with adversarial corruptions, using Lemma 6.4 with m; =
;i we have

T
E [Z ai(t)| <E | ai(t)(ti(t) = i) +log(L+ Ni(T)) | + Z
t=1 Li=1
r T
=B | S i0)(Eilt) — 0) + 6(6) — o) +log(1+ Ni(T) | + 7
Li=1
r T
=E | > @i(t) ((4i(t) — £4(1)* + 07) +log(1 + Ni(T)) | + Z
Li=1
< o?P, +log(1+ P+ - + P, (6.48)
where we define
T
Pl =F > xi(t)(t:(t) — e;@))?] : (6.49)
t=1

Hence, by a similar argument to that of showing (6.34), by using (6.48) instead of (6.32),
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we obtain

E [2@-(T 1) = Bi(1) + 26 log MBTJ)D}

T
=F 2J Zaz — Bo + dlog (1—}—7;220@@))

0 =1

o} P; oiP\ | ¢ 5 P P
<20+ _50+‘510g<1 B()) <log(1+P) 4>+2\/:+610g<1+%63)
2B 2P 5 5 P/

<25+~ _%+ﬁbg< Bo> 5@%“**” 4>+<2+&)VF

where the last inequality follows from log(1 + =) < /x for x > 0. Combining this
with (6.15) and (6.35), via a similar argument to that of showing (6.39), we have

RE;gT <> i <7> + BolI*| + = <d2+d(1+25)+ §|J*|> < ) 2

ieJ* ieJ*
(6.50)

where we recall that f; is defined in (6.37) by

2
fi(x) =24/82 + o2z + S log (11L Uéf) +§log(1+vx) — Bo -
0

‘We further have
£ |3 3 s - o]

/P’ Ty
|J | Pl
ZEJ* ieJ* t=1 ieJ*
m|J*|
E 14(2) Hoo] = c,
Y

B
T
<JmJ*E [Z’g ||2] \lmJ
v t=1
(6.51)

where the first inequality follows from the Cauchy-Schwarz inequality, the first equality
follows from the definition of P/ in (6.49), and the second inequality follows from the
fact that ) . ;. 2;(t) < m. Combining (6.50) and (6.51), we obtain

R 5 J*
S A (D) vl d (2 ransom s dg) + (24 1) M e
= A v Bo v

(6.52)

From (6.52) and Lemma 6.1, for any A € (0, 1], letting A; = A; nin/w(A) we have

Regr Regr Regr
= A -
log T ( ) g gl
. - (14+X)24(1 +6)%v(A)
§Zri1§8<{(1+)\)fi(:v)—)\Aix}+z . A
ieJ* eI+ K3 Hlln
+2<2+(5> m\J\C+2)\Cm
Bo gl
5
+(1+ ) <50u*\+7 <d2+d( +26)+4§J*\>> : (6.53)
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which can be shown in a way similar to the argument of (6.39). Further, we have

_ . L+ A : 2)0A;

max {A+ N fi(x) — Nz} = 5 X {2 i(#) = 7 + Ax}
1+ X, /(14 \)o2 log(1 + )

< T —

- 2 h < PAVAY +0

Y
1+ M2 o? o? log(1 +
Smax{(A)AZi+clog <1+ Ai@) a(1+)\)50}+0(g(7fy))

2 2 2
soff eom(os ) anf v (L) Fro(422)

(6.54)

where h(z) is defined as (6.41), the first inequality follows from (6.46), the second in-
equality comes from (6.47) and A € (0, 1], and the last inequality follows from
(1+N)? 1 1 1
——— = A+24+-<3+-=1 ——1
A et AT + A + A ’

o2 1 o2 o2 1
2 < — = )< - -
10g<1+)\AZ->_A10g<1+A->_10g<1+A7;>+< 1)

i A
Using (6.53), (6.54), and A < 1, we obtain

Regr o? o?
< 4= | 14+ =%1,2 28| 1"
logT_iEZJ:*maX{ A, Teloe(1+ R, )20 + 2517

+2<2+5> m|J|C+2A0m+(1+C)( 1> Ji
Bo v A e A

Bl

~
n Z (1+X)24(1+0)%v(A) Lo <log(17+ ’y)) ‘

(6.55)
iel* A \ﬁA;,min
o2
By choosing A = = , we have
Ve | & L) H20m
o2
v Zze]* <KZ + 1)
A<
2C'm
1 2C 2C
Ve (& +1) Y e (& +1)
which imply that

J m|J*| 22C'm 1 o? Cm o?
<+50> s Oty +(+C><A )ZA' ¢ Z(A*

ieJx Tt v ieJ* v

From this and (6.55), recalling that v = log T, By = 1 + e and A; = Ajmin/w(A), we
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obtain

o? .
Reg; < <Z max {4w Az o + clog <1 +w(A) Amﬁn) ,2(1+ e)} +2(1+¢)|I > logT

ieJ*

+0 C’mZ(

1) log T
ieJ* Z min

N Z (1 J;\)\)Q 16(1;5)%(/{)

iel* 7,min

Viog T + o(1/log T)
which completes the proof for the stochastic regime with adversarial corruptions. O

6.7.2.4 Proof for the Adversarial Regime

Proof of (6.10) in Theorem 6.3. First, we prove Regy < \/4dQ2logT + O(dlogT) +
d? + d(1 + 26). For any m* € [0, 1]%, bounding the RHS of Lemma 6.3 we have

Bi(T + 1)

2
S| A+

d
Regr <7 > E [mT +1) — Bi(1) + 20 log
=1

d
<2y) E[B(T +1)] + O(dy + d%)
=1

d T

:2721[5 Bg—%—}yZai(t) + O(dy + d?)

d T
<) E|,|B+ ,1y (Z a; () (¢i(t) —m})? + log(1 + Ny(T)) + Z) +0(dy + d%)

=1 L t=1
a [ L I
<2y) E ;Zaz(t)(&(t)—ml)Q + O(dy + d?)
=1 t=1
[ d T
< 2R \ dy Y 0> ai(t)(li(t) —mi)? | + O(dy + d°) (6.56)
i=1 t=1

T
<2E | |dy Y llet) = m*3| +O(dy + d°),

where the second inequality follows from 3;(7'4+1) = O(T'), the third inequality follows
from Lemma 6.4, and the fifth inequality follows from the Cauchy-Schwarz inequality.
Since m* is arbitrary, we obtain the desired results by m* = .

Next, we prove Regy < /4dL*logT + O(dlogT) + d? + d(1 + 26). By setting
m* = 0in (6.56), we have

Regy < 2F dfyZZﬁ t)2 +Od7+d2)
t=14el(t

<2E d’yZZﬁ + O(dy + d?)
t=14el(t)
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T
=2E || dy > _L(t)Ta(t)| + O(dy + d°)
t=1

T
_9R \ dy (Z () Talt) — L) Ta*) + Zz@ﬁm) + O(dy + d?)

t=1 t=1

<2 d’y(E

= 2/dvy (Regy + L*) + O(dy + d?),

T

>t

t=1

+E

T
> (L) Ta(t) — () Ta¥)

t=1

Ta* ) + O(dy + d?)

where the third inequality follows from Jensen’s inequality. By solving this inequation
in Reg, we obtain

Regy < 24/dyL* + O(dy + d?),

which is the desired bound.

Finally, we prove Regy < /4d(mT — L*)log T + O(dlogT) + d* + d(1 + 26).
By setting m* = 1 in (6.56) and repeating a similar argument as for proving Regr <
VAdL*log T + O(dlog T) + d? + d(1 + 26) we have

Reg; < 2E dﬂyz Z —1)2| 4+ O(dy + d%)
t=1 iel(t

< 9E dvzz (1—£4;1) | +O(dy +d*)

t=14el(t)

T T
<2E |, |dy <mT — ZE(t)Ta* - Z (e(t),a(t) — a*)) + O(dy + d?)

t=1 t=1

< 2v/dy (mT — L* — Regy) + O(dy + d?),

where the third inequality follows since ||a;(¢)||1 < m and the forth inequality follows
from Jensen’s inequality. By solving this inequation in Reg,, we obtain

Regy < 24/dy(mT — L*) + O(dy + d?),

which completes the proof. O

6.7.3 Proof of Theorem 6.4

We can prove Theorem 6.4 by using a similar argument as for Theorem 6.3. We first
discuss the key lemma for this argument, the very similar argument of which is given
in Ito (2021c).

6.7.3.1 Preliminary

Here, we present the key lemma for proving Theorem 6.4.
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Lemma 6.7. Assume that m;(t) is given by (6.3). Thenforanyi € [d] andu;(1), ..., u;(T) €
[0, 1] we have

T T
D ai(t) <) ai(t)(li(t) — ma(t))?
t=1 t=1

T , 1 =
g ) —ui(t)) a2 <4+2;|ui(7§+1)—ui(t)|) :
Proof. Take i € [d] satisfying a;(¢) = 1. Then it holds that
( i(t) = mi(t)* = (Gi(t) — (1))
<2(¢ ( ) = mi(t)) (ui(t) —my(t))
= 2(€i(t) = ma(8))(

mi(t +1) = my(t)) + 2(6i(t) — mi(t)) (ui(t) — mi(t + 1))
= 2(6i(t) — mq(t))* + i(mi(t + 1) = mi(t)) (ui(t) — my(t +1))

1
< 2n(4i(t) —mi(t))? + p (i) = m(1))? = (us(t) — mi(t +1))%) ,

where the inequalities follow from y? — 22 = 2y(y — ) — (z — y)? < 2y(y — x) for
x,y € R and the last equality follows from the definition of m(¢) in (6.3). Hence, we
have

1 1
(L) =mi()” < 75, ((@(t) = wi(®)” 4 o (i) = mi(t)” = (wi(t) = mi(t +1) )) :
(6.57)

From the definition of «;(¢) in (6.8) and (6.57), we have

T
> ailt)
t=1

T
< Z a; (t> (ez(t) - mz(t))z

t=1

1 < 1
) — s (£)2 wi(t) — s (V2 — (s (1) — ms 2
< 1_2n;<a<t> (1) H(l—%)é“ i(8) = mi(£)” = (wilt) = mi(t +1))°}
_ Ly Gt t))?
= 1_277;( i(t) —ui(t))
T
. —m 2 _ (i) — 21 4 (i (1) — s (1)2

T (;{(uz(tH) it + 1) = (i) = mi(t + 1)"} + (wi(1) z(1>>>
<! 3 0 2
<12 ;( i(t) —ui(t))

+ ! ZT:(u'(t—i—l)+u-(t)—2m-(t+1))(u-(t+1)—u'(t))—i-1

n(l—2n) \&= ' ' ' ' 1

<t T 14 2 ! ! 2T71 1
_1_277;%(:5)( i(t) — wi(t)) o lat S luilt+1) —wi(t)] ]

t=1

which completes the proof. O
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6.7.3.2 Proof for the Stochastic Regime

Proof of (6.11) in Theorem 6.4. From Lemma 6.7, setting u;(t) = u; for all i € [d]
and t € [T] in Lemma 6.7 and taking the expectation yield that

T
Zai(t)] =7 —277 [Zaz z N%)

t=1 t=1

1 1 1

E [
dn(1—2n)  1-2n""" " 4n(1-2n)’

where P; is defined in (6.33). By using this inequality instead of (6.32) and repeating the
same argument as that in Section 6.7.2.2, we obtain

! w(A) o7 < w(A) g2> }
max<4———* +clo 14+ —= ,21+6 +2(14€ T* log T
1- 2,,7 (Z; { Ai,min & Ai,min ( ) ( )’ ‘ g

log T 16(1
+O<d 77(0g>+z6(25\/10gT+0 V1ogT),

iel* 7,min

Regr <

which is the desired bound. O

6.7.3.3 Proof for the Stochastic Regime with Adversarial Corruptions

Here we show a regret bound for the stochastic regime with adversarial corruptions given
in Theorem 6.4:

Reg; < REP 1+ 0O (\/ CmﬂQGD> )

Proof. Letting u;(t) = p; foralli € [d] and ¢ € [T] in Lemma 6.7 and taking the
expectation yield that

T T
1 1
£[Se] = g[S oo -]+ gty
t=1 t=1
1 1
< ‘Pi+P 4+ ———
=127 it ’+417(1—277)’

where P; is defined in (6.33) and the last inequality is obtained by a similar argument as
for (6.48). By using this inequality instead of (6.32) and repeating a similar argument as
that in Section 6.7.2.3, we obtain

1 w(A) o2 w(A) o; .
Reg; < e (Z max{4A(i’min+clog< + A(z >,2(1+6)}—|—2(1+6)]1 ) logT

e min
w(A)o? >
+ola]—=2—-)+0| |Cm ( log T
( 77(127’)) l;; Az,rmn

logT
16(1 + )% (A
—i—z(z,)v() logT + o(+/logT),

ieI* 2, min

which completes the proof. 0
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6.7.3.4 Proof for the Adversarial Regime

Proof of (6.12) in Theorem 6.4. From Lemma 6.7, we immediately obtain

d T

T d
>3 ault) < 15 30 Yo aE) — u)
t=1

t=1 i=1 i=1

1 d -
T2 <4 e ;llu(t +1) - u<t>||1> (6.58)

for any u(t) = (u1(t),...,uq(t))" €[0,1]%.
First, we prove Regy < \/ﬁ (d+8V1) + O(dy + d?). Letting u(t) = £(t)

in (6.58) we can bound the regret as

RegT<2fyZE B+ = Zazt + O(dy + d?)

=1
T d
<2 |\ (7)) ait)| +O(dy + d?)
t=1 i=1
9 d T-1 )

2 2
< \/n(l o) (d+8V1) + O(dy +d7),
where the second inequality follows from the Cauchy-Schwarz inequality, the third in-
equality follows by setting u;(t) = ¢;(t) forall i € [d] and t € [T] in (6.58), and the
last inequality follows from Jensen’s inequality. This becomes the desired path-length
bound.

Next, we prove we prove Regp < \/

ﬁ min{L*, mT — L*,Q2} + O(dy + d?).
For any m* € [0, 1]¢, letting u(t) = m* for all t € [T] in (6.58), we have

d

T4 AN
ZZm(t) < 1—2n Zzai(t)(&(t) - dn(1—2n)°

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

Using this inequality, we have

d 1
£y ]él_m%;& {

t=1 i=1

T d ; p
Zzal ti( i)]}‘i‘w

t=1 i=1
1 d
< ——— min{R L*mT —-L*"—R —_—
— 1 _ 277 mln{ egT + ?m egT? QQ} + 477(1 _ 2,’7) )

where in the last inequality we set m* = 0 and (resp. m* = 1) and use the same argument
as that in Section 6.7.2.4 for deriving the term with Regy + L* (resp. mT" — L* — Regy),
and m* = / for deriving the term with )2, and this complete the proof. O

6.8 Conclusion

In this chapter, we considered the combinatorial semi-bandit problem and presented the
new BOBW algorithm with various adaptive guarantees. The new algorithm enjoys a
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variance-dependent regret bound depending on the tight suboptimality gap with a good
leading constant in the stochastic regime and multiple data-dependent regret bounds. We
numerically investigated the performance of the proposed algorithm and confirmed that
the proposed algorithm performs competitively to Thompson sampling and achieve the
best results in the adversarial regime.

One limitation of the proposed algorithm lies in its computational complexity: (i) sam-
pling action a(t) based on z(t) and (ii) efficiently computing z(¢) in (6.1). Limitation
(i) has long been a problem in semi-bandits using the (O)FTRL framework. Although
polynomial-time algorithms exist (e.g., Schrijver 1998, Corollary 14.1g), they are not
very practical. For limitation (ii), it is not easy to efficiently compute x(¢) in existing
studies, where Shannon entropy regularization for 1 — z; is combined with the typical
regularizers. If we can safely remove the Shannon entropy regularization for 1 — z;(¢),
x(t) then has a closed form, and an analysis for such a variant is important future work.
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Chapter 7

Conclusion and Future Direction

In this chapter, we summarize this dissertation and discuss important future research
prospects.

7.1 Summary

This dissertation was devoted to establish various adaptive algorithms mainly for struc-
tured bandits. This technological development allows us to choose more structure-capturing
and adaptive algorithms for solving real-world problems. The following summarizes the
contributions of each chapter.

Chapters 3 and 4 focused on partial monitoring. In particular, in Chapter 3, we in-
vestigated if we can construct a Thompson-sampling-based algorithm, which is known to
perform significantly well in practice, with a distribution-dependent bound. We answered
this question affirmatively by establishing the new Thompson-sampling-based algorithm
that theoretically achieves the distribution-dependent regret bound in the stochastic regime
in the linearized version of the game with local observability. Moreover, the proposed
algorithm significantly outperformed existing algorithms in the experiments. In Chap-
ter 4, we investigated if such a logarithmic guarantee for the stochastic regime can be ob-
tained while at the same time having the theoretical guarantee for the adversarial regime,
i.e., the BOBW guarantee. We provided a positive response to this question: we devel-
oped algorithms based on the follow-the-regularized-leader framework by extending the
framework of exploration by optimization and adaptive learning rate for online learning
with feedback graphs. In Chapter 5, we aimed to further improve adaptivity of follow-
the-regularized-leader. This was accomplished by constructing the learning rate so that
it adapts simultaneously to stability and penalty components, whereas existing learning
rates so far are adaptive to only one of the two components. This allowed us to achieve
BOBW and data-dependent bounds simultaneously, or more specifically, the sparsity-
dependent bound for multi-armed bandits and the game-dependent bound for partial mon-
itoring. Finally, in Chapter 6, we targeted combinatorial semi-bandits and constructed the
follow-the-regularized-leader-based algorithm that simultaneously achieves BOBW and
several data-dependent bounds (first-, second-order and path-length bounds) simultane-
ously with the tight suboptimality gaps by developing the novel adaptive learning rate
taking the underlying variances into account and deriving the tighter regret lower bound.

7.2 Future Direction

Throughout history and through the contributions in this dissertation, BOBW algorithms
have rapidly advanced beyond vanilla multi-armed bandits and this progression has led to
a vast accumulation of knowledge. Still, there are several important research questions to
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be addressed. The following section describes the future direction that will be important
for the further spread of BOBW algorithms, especially for real-world applications.

7.2.1 Improving Theoretical Understanding

One of the important future directions arises from the fact that the “best” of the BOBW
algorithms are in fact not truly the best in the stochastic regime. We discuss this from
two main perspectives in the following.

What is the achievable leading constant of a regret upper bound in the stochas-
tic regime while preserving a guarantee in the adversarial regime? In this disser-
tation, Definitions 2.1 and 2.2 are adopted as the definition of a BOBW algorithm in
the sequential decision-making problem. However, this definition only considers the
order with respect to 7" and does not consider the leading constant values. In fact, it
is still unknown whether the existing BOBW algorithms can achieve optimal leading
constants in the stochastic regime. For example, one algorithm in Zimmert and Seldin
(2021) can achieve regret upper bounds of Regy < 2v/kT in the adversarial regime and
Regr < ozar 1‘1{? + 28k log T + o(log T') in the stochastic regime. One can see that
the leading constant of the bound in the stochastic regime is approximately twice as worse
as that of the optimal regret in the stochastic regime (see Theorem 2.1).

An important question then arises: can we achieve the regret upper bound with opti-
mal leading constants in multi-armed bandits in the stochastic regime while guaranteeing
the regret upper bound of O(\/ﬁ ) in the adversarial regime? If not, how small a leading
constant can we obtain? This investigation is important for implementing BOBW algo-
rithms in real-world problems with almost stochastic environments. As we can see from
the experimental results of Zimmert and Seldin (2021) and Chapter 6, the BOBW algo-
rithms actually perform worse than Thompson sampling in the #ruly stochastic regime,
and thus it is difficult to determine whether to use Thompson sampling or BOBW algo-
rithms for real-world problems with a very high degree of stochasticity.

To what extent can we exploit distributional information in the stochastic regime
while maintaining guarantees in the adversarial regime? Another important aspect
is how much distributional information in the stochastic regime can be exploited. In
Chapter 6, we discussed variance-dependent regret upper bound with this motivation
and found that a significant performance improvement can indeed be obtained solely
by taking variances into account. However, the truly optimal regret bound is expressed
using the information on higher-order moments of an underlying distribution (Burnetas
and Katehakis, 1996), and whether this can be achieved while preserving the performance
guarantee in an adversarial regime is an important research question.

7.2.2 Performance Evaluation through Comprehensive Studies and Improvement
of User-Friendliness

Important future directions for the use of the BOBW algorithms in real-world problems
are not limited to theoretical aspects. There are two important future directions from ap-
plication aspects: comprehensive numerical studies and evaluation of existing algorithms
in real-world problems, and improving their user-friendliness.

Comprehensive numerical studies and evaluation of existing algorithms on real-
world problems It had been rare for BOBW algorithms to be compared by numeri-
cal experiments until the paper of the celebrated Tsallis-INF algorithm by Zimmert and
Seldin (2019, 2021). They conducted extensive numerical experiments on multi-armed
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bandits and demonstrated the usefulness of the Tsallis-INF algorithm, motivating fur-
ther investigation of BOBW algorithms. Subsequently, as discussed in Chapter 2, many
BOBW algorithms have been developed for various structured bandits and in various se-
tups. In the most recent example, at the time of writing this dissertation, a framework
that achieves a O(log T') regret upper bound in a stochastic regime for a wide range of
sequential decision-making problems, such as only learning with feedback graphs, linear
bandits, and episodic Markov decision processes, was established (Dann et al., 2023).
However, most of the recent BOBW algorithms for structured bandits do not include
numerical experimental evaluation, possibly because they are too computationally inten-
sive or do not have sufficient numerical performance. Therefore, it is desirable to conduct
comprehensive numerical experiments to investigate the numerical properties of each al-
gorithm that would shed light on what algorithms to use in practice.

In particular, the performance evaluation in the stochastic regime with adversarial
corruptions is an important challenge. As discussed in Chapter 2, this regime is a very
practical regime for real-world problems, and one of the major advantages of the BOBW
algorithm is in its adaptivity to this regime. However, numerical experiments in the ad-
versarial regime of existing BOBW methods are limited to the stochastically constrained
adversarial regime. In this regime, we only need to determine the expected difference
between the losses of arms and can evaluate the performance of the algorithm with the
same degree of freedom as in the stochastic regime. In contrast, in the stochastic regime
with adversarial corruptions, we need to determine how the adversarial noise is added,
which makes it difficult to evaluate the performance of the algorithm in a proper manner.

Improving user-friendliness of best-of-both-worlds algorithms Algorithms often used
in real-world problems tend to be the UCB algorithm or Thompson sampling. There ap-
pear to be several reasons for this, but the most likely reason is that they are relatively
easy to implement and do not involve highly complex optimization problems. As intro-
duced in Chapter 2, the UCB algorithm just needs to compute the UCB-index and selects
the arm with the maximum index, and Thompson sampling samples from the posterior
distribution and selects the arm with the lowest sampled losses. In contrast, most exist-
ing BOBW algorithms involve solving some form of convex optimization problem. For
instance, this occurs when computing an output of FTRL or when selecting an arm such
that the probability of that arm being selected aligns with the output of FTRL. Further-
more, the UCB algorithm and Thompson sampling are widely well-known, and there
are already a large number of books and web pages with their explanations and imple-
mentation instructions. In contrast, although many theoretically and empirically superior
bandit algorithms besides UCB and Thompson sampling have been developed, it cannot
be said that they are sufficiently applied in the industry. In light of such a situation, it
seems that several obstacles need to be overcome for BOBW algorithms to be accepted
and applied in the industry. Building an accessible environment for those who work on
sequential decision-making problems through survey articles, online explanations, and
the development of a library of BOBW algorithms will be an important research topic, as
well as evaluation through the comprehensive numerical experiments described above.
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