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Abstract

Trustworthy interactive learning, a story of fairness, robustness and safety

Romain Camilleri

Chair of the Supervisory Committee:

Professor Kevin Jamieson

Department of Computer Science and Engineering

In an era characterized by the rapid evolution and widespread adoption of machine learning, the imper-
ative to balance innovation with responsible deployment has never been more pressing. This thesis embarks
on a multifaceted exploration of efficient and interactive machine learning deployment, with a focus on ad-
vancing methodologies for the development of trustworthy and reliable models. Beginning with an in-depth
analysis of high-dimensional experimental design and kernel bandits, it investigates the nuances of modeling
smooth reward functions in Reproducing Kernel Hilbert Spaces (RKHS) and introduces novel algorithms
for regret minimization and pure exploration tasks. This exploration extends to level set estimation in ker-
nel bandits, shedding light on nearly optimal algorithms and their performance characteristics. Building on
these foundational principles, the thesis progresses to examine selective sampling for online best-arm iden-
tification, enabling to leverage unlabeled and labeled data optimally. Further, it delves into the challenge
of non-stationary linear bandits, emphasizing robustness in dynamic environments. Additionally, the thesis
explores integrating safety and fairness constraints into the active learning paradigm, empowering the align-
ment of model development with ethical considerations and real-world constraints. This effort enhances the
reliability of machine learning models and contributes to the advancement of responsible Al. In conclusion,
this thesis offers a comprehensive exploration of efficient interactive learning deployment, presenting novel

insights, methodologies, algorithms, and perspectives to foster responsible innovation in the field.
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Chapter 1

Introduction

Artificial intelligence is witnessing an extraordinary surge, marked by unprecedented advancements span-
ning natural language processing, computer vision, speech recognition, and pioneering fields like protein
structure prediction and vaccine development (LeCun et al., 2015; Hannun et al., 2014; Jumper et al., 2021;
Keshavarzi Arshadi et al., 2020). This resurgence owes its momentum to groundbreaking strides in large-
scale models, notably deep neural networks and large language models. Leveraging the wealth of expansive
datasets, state-of-the-art machine learning architectures now empower Al systems to achieve remarkable
feats, from mastering strategic games like Go (Mnih et al., 2015; Silver et al., 2016) to facilitating robot-
assisted surgeries with unparalleled precision (Kassahun et al., 2016).

In an era defined by the rapid advancement and pervasive adoption of machine learning, striking a
delicate balance between innovation and responsible deployment has become an intellectual frontier that
demands our utmost attention. One of the primary challenges in this landscape lies in ensuring the avail-
ability, quality and integrity of the data upon which these machine learning systems rely. As these powerful
tools seamlessly integrate into our everyday lives, from automated decision-making in marketing (Schwartz
et al., 2017) and healthcare (Esteva et al., 2019) to autonomous vehicles (Kiran et al., 2021) and person-
alized recommendations (Bouneffouf et al., 2012), the need for efficient and informative data collection,
robust policies and models is more crucial than ever.

The scientific community has been urgently mobilized to combat the COVID-19 pandemic (Gurung
et al., 2021; Liu et al., 2021; Piccialli et al., 2021). Understanding COVID-19’s pathobiology could help
identify potent antivirals by revealing new viral pathways. Computational methods, particularly machine
learning-based models, have become invaluable for discovering candidate drugs and vaccines in silico.
These models can predict inhibitor candidates based on structural data, aiding the search for effective treat-
ments (Keshavarzi Arshadi et al., 2020; Mouchlis et al., 2021). As we will see next, advances in artificial
intelligence highlight its potential in developing COVID-19 therapeutics.

In the subsequent sections of this chapter, we will address the task of predicting whether a patient
will respond well to a therapeutic treatment (e.g., drugs, vaccines). Through this illustrative example of a
machine learning problem, we will explore the emerging challenges of data collection and the reliability
of contemporary machine learning systems. Additionally, we will outline how this thesis addresses these
challenges. Finally, we will conclude this chapter by summarizing the contributions made across different
chapters of this dissertation in confronting these pertinent issues.
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1.1 Two Challenges

1.1.1 Data collections

The challenge of data collection is multifaceted, encompassing the costs of acquiring data and ensuring its
quality and relevance. This section delves into the intricacies of effective data gathering, addressing the
complexities inherent in modern data collection processes.

Data collection often incurs substantial expenses, particularly when involving real-world experiments
or specialized expertise. For example, predicting whether a patient with SARS-CoV-2 will respond well
to a therapeutic treatment requires collecting extensive examples from medical trials, observing the effects
of administering the drug to patients. Tasks like medical image segmentation necessitate highly trained
professionals, further increasing data collection costs (Gao et al., 2012; Guo et al., 2019). Additionally, as
datasets grow in size, so do the associated expenses, as illustrated by monumental datasets like ImageNet,
which have driven recent advancements in machine learning (Russakovsky et al., 2015).

The study of data collection techniques traces back to the dawn of modern statistics. Optimal experi-
mental design, dating back at least a century, stands as a testament to the enduring quest for efficient data
gathering methodologies (Smith, 1918).

Exploring data collection requires a deep understanding of its complexities and potentials. This thesis
examines the increasing costs of data gathering and explores new techniques such as active learning within
the fields of contemporary machine learning and statistics. By delving into past knowledge, addressing
present challenges, and proposing pathways for improved data collection approaches, we aim to catalyze
significant progress in the field. This involves not only understanding the challenges but also embracing
opportunities for innovation and optimization.

1.1.2 Model reliability

As machine learning applications continue to evolve in complexity and scale, it becomes increasingly crucial
to exercise foresight and prudence. Policies and models crafted without meticulous consideration can give
rise to unforeseen vulnerabilities, such as the illusion of false confidence, unintended performance degrada-
tion, adoption of risky strategies, a propensity for false discoveries, and the perpetuation of social inequities.
These missteps not only undermine the trust placed in machine learning systems but also diminish the po-
tential benefits they can provide (House; Barocas and Selbst, 2016; Lum and Isaac, 2016; Buolamwini and
Gebru, 2018; Angwin et al., 2022). This dissertation aims to address these critical issues, contributing to the
development of more trustworthy machine learning.

Managing the illusion of false confidence is crucial, as model misspecification poses significant risks
(Camilleri et al., 2021a; Mason et al., 2021). Machine learning models, despite their remarkable capabilities,
are only as good as the data they are trained on and the assumptions they make. For example, consider the
modeling of the effectiveness of a COVID-19 vaccine. If the model incorrectly assumes that the vaccine’s
effectiveness is uniform across ages, it could lead to biased and potentially overestimated effectiveness
rates. This misspecification might occur if the model fails to account for varying immune responses among
different age groups, preexisting conditions, or genetic backgrounds. Consequently, public health decisions
based on such a flawed model could result in the misallocation of vaccine resources, underprotection of
vulnerable populations, and ultimately, catastrophic failures in managing the pandemic. We will see in
this work the importance of approaching model development with a healthy skepticism and a thorough
understanding of the limitations and potential biases that may be inherent in the data.

One of the key challenges lies in managing the decay of performance, ensuring that policies and models
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remain reliable and effective over time. A model that excels initially may stumble when confronted with
evolving data patterns or unanticipated scenarios. To prevent this degradation, more flexible and adaptable
strategies, robust and generalizable model designs, and continuous monitoring become paramount (Abbasi-
Yadkori et al., 2018; Xiong et al., 2024). For example, consider again the modeling of the effectiveness of a
COVID-19 vaccine. If initial models are built on early clinical trial data that do not fully capture the diver-
sity of the population or the virus’s potential to mutate, their predictions may become less accurate as new
variants emerge or as different demographic groups receive the vaccine. This time variation could lead to
overestimating the vaccine’s effectiveness in the general population or underestimating the need for booster
shots in specific groups. Such changes could result in misguided public health policies, where insufficient
resources are allocated to high-risk communities, leading to higher infection rates and preventable deaths.
Moreover, failing to anticipate a decline in vaccine effectiveness against new variants might delay necessary
updates to vaccination strategies, prolonging the pandemic and increasing the strain on healthcare systems.
Regular validation and updating of models with new data and insights are essential to maintain their reli-
ability and accuracy in guiding critical health interventions. Continuous monitoring and adaptation allow
for the detection of performance decay and enable timely adjustments (Abbasi-Yadkori et al., 2018; Xiong
et al., 2024), ensuring that health policies remain effective in protecting public health. These approaches
will be extensively covered in this work.

Managing the adoption of risky strategies in machine learning requires the incorporation of a risk func-
tion into the model development process. A risk function allows decision-makers to quantify and evaluate
the potential consequences and trade-offs associated with different courses of action. By explicitly con-
sidering the risks and benefits, this thesis demonstrates how decision-makers can make informed choices
regarding the deployment and utilization of machine learning models (Pacchiano et al., 2020; Wang et al.,
2022; Camilleri et al., 2022). For example, consider the modeling of the effectiveness of a COVID-19 vac-
cine. In this context, a risk function could help quantify the potential side-effects of the vaccine. Omitting
side-effects might lead to premature decisions, resulting in preventable deaths. By integrating a risk func-
tion, decision-makers can better assess the trade-offs between efficacy and risks, and implement strategies
that minimize negative outcomes while maximizing public health benefits. Incorporating risk functions into
model development ensures that potential adverse effects are systematically evaluated, enabling more robust
and responsible deployment of machine learning models. This approach will be extensively covered in this
work, highlighting its critical role in guiding effective and safe health interventions.

Additionally, controlling the False Discovery Rate (FDR) is essential in developing trustworthy machine
learning models. High FDR can lead to false positive errors with significant consequences, such as waste of
resources due to inflated scientific findings or misleading medical treatments. Therefore, employing method-
ologies to set appropriate decision thresholds, statistical adjustments, and validation strategies are crucial to
minimize the occurrence of false discoveries and enhance the reliability of machine learning systems (Jain
and Jamieson, 2020; Camilleri et al., 2022). For example, consider the modeling of the effectiveness of
a COVID-19 vaccine. If the FDR is not adequately controlled, the model might falsely identify a vaccine
as highly effective when it is not. This could lead to inappropriate decisions for vaccination. Such false
positives in vaccine efficacy modeling could result in wasted resources, incorrect public health strategies,
and ultimately, higher infection and mortality rates. By implementing advanced techniques to maintain a
low FDR, decision-makers can ensure that vaccine efficacy models are more accurate and reliable. This, in
turn, leads to better-informed public health policies, optimal resource allocation, and improved outcomes
in managing the pandemic. This dissertation presents advanced techniques for efficiently maintaining low
FDR in ML applications, highlighting their importance in ensuring the reliability and trustworthiness of
machine learning systems.
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Furthermore, addressing the ethical dimension of machine learning deployment and the potential per-
petuation of social inequities is crucial. Machine learning models can inadvertently inherit biases from the
data they are trained on, resulting in unjust outcomes and exacerbating existing disparities. Conscientious
efforts, such as the ones presented in this dissertation, must be made to curate diverse and representative
datasets, employ fairness metrics, and foster inclusivity throughout the model development process, ensur-
ing that these powerful tools align with the principles of justice and equality (Barocas et al., 2017; Camilleri
et al., 2023). For example, consider the modeling of the effectiveness of a COVID-19 vaccine. If the training
data used for the model predominantly comes from a specific demographic group, the resulting model might
not accurately reflect the vaccine’s effectiveness across diverse populations. This can lead to biased health
recommendations and unequal access to effective treatments. For instance, minority communities might be
unfairly deemed less in need of vaccination based on flawed model outputs, perpetuating health disparities
and increasing vulnerability to the virus. By curating diverse and representative datasets and applying fair-
ness metrics, we can develop more equitable vaccine efficacy models that ensure all populations are fairly
represented and protected. This approach not only improves the accuracy and fairness of the models but
also aligns with broader ethical principles of justice and equality. This dissertation explores these consci-
entious efforts, demonstrating how they can help mitigate bias and promote inclusivity in machine learning
applications.

In this pivotal moment of machine learning proliferation, we are presented with a unique opportunity
to shape the future of this transformative technology. By recognizing the potential pitfalls and challenges
that accompany its rapid advancement, and by actively engaging in the development of thoughtful models
and policies, this dissertation steers the trajectory of innovation towards a future where machine learning
empowers humanity while upholding our fundamental values. Prioritizing safety, robustness, and ethical
frameworks becomes paramount in this journey. Let this work embrace the challenges ahead, guided by a
shared commitment to responsible machine learning, ensuring a future that not only balances technological
progress but also safeguards the well-being of individuals and fosters inclusivity within society as a whole.

1.2 Contributions

The pure exploration problem originated within the framework of multi-arm bandits (MAB) (Robbins, 1952;
Even-Dar et al., 2002). In this problem, a learner sequentially selects an arm ¢ € [K| and receives a reward
from an unknown distribution specific to that arm of mean [f,];. The learner’s objective is to efficiently
allocate resources to identify the arm with the highest expected reward, represented as arg max;¢ ) E[[0.]:].
For example, consider the modeling of the effectiveness of different COVID-19 vaccines as a multi-armed
bandit problem. Each arm ¢ € [K| represents a different vaccine candidate, and the reward [6,]; corresponds
to the vaccine’s efficacy based on clinical trial data. The learner’s task is to determine which vaccine has
the highest expected effectiveness. Efficiently identifying the most effective vaccine is crucial for optimal
resource allocation, such as prioritizing manufacturing and distribution efforts. Misallocating resources
to a less effective vaccine could lead to higher infection rates and prolonged pandemic conditions. By
applying the principles of this sequential decision-making framework, we can systematically and effectively
determine the best vaccine candidate, ultimately guiding public health decisions and maximizing societal
benefits.

More recently, the stochastic linear bandit problem (LB), a variant of the MAB setup, has garnered
significant attention since its introduction by (Auer et al., 2002a). In the stochastic LB setting, the input space
X is a subset of R%. When the learner selects an arm x, they receive a noisy measurement ¥ of the reward
function f(x) that is a linear combination of - and an unknown parameter 6, € R, specifically y = f(z) +
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€ = ' 0, + & where ¢ is some centered gaussian iid noise. The linear structure of the problem implies that
pulling an arm provides information about the parameter 6, and, indirectly, about the values of other arms.
Consequently, rather than estimating the mean rewards for K arms, the task shifts to estimating the d features
of 0,. For example, consider the modeling of the effectiveness of different COVID-19 vaccines using a
stochastic linear bandit approach. Each arm « € X represents a different combination of demographic and
clinical features, such as age, preexisting conditions, and genetic backgrounds. The reward y corresponds to
the observed vaccine efficacy for those specific features, incorporating noise from clinical trial variability.
The unknown parameter 6, represents the true underlying factors influencing vaccine efficacy. By selecting
various arms (i.e., different demographic and clinical combinations), the learner gathers information about
0., improving the overall understanding of how different factors affect vaccine performance. This approach
allows for more efficient identification of which demographic groups benefit most from certain vaccines,
guiding targeted vaccination strategies and ensuring that public health resources are allocated effectively
and equitably.

Thus, MAB and LB strategies differ in their approach. In MAB, arms are discarded once their sub-
optimality becomes evident, while in LB, even sub-optimal arms provide valuable information about the
parameter vector 6, thereby improving estimation accuracy. LB focuses on refining estimates along di-
mensions that differentiate remaining arms. The works covered in this dissertation build on this framework
and explore the following directions: kernel bandits, robustness in bandits via model misspecification, best
of both worlds, safety and transductive bandits-based active learning for accuracy, and accuracy with false
discovery rate (FDR) or fairness constraints.

1.2.1 Kernel bandits

To address large or continuous domains, modern bandit approaches model and exploit the problem struc-
ture, often manifested as correlations in rewards of "similar" actions. This is particularly relevant in practical
scenarios like COVID-19 vaccine development, where understanding correlations between different demo-
graphic and clinical groups is crucial. The key idea of kernelized bandits is to consider only smooth reward
functions of a low norm belonging to a chosen Reproducing Kernel Hilbert Space (RKHS) of functions.
Specifically, let the reward function f be modeled in an RKHS H. Let ¢ : R? — H be the feature map
associated with the RKHS, such that f(x) = (0., ¢(z))y forxz € X.

Pure exploration and regret minimization. Although previous studies have addressed regret min-
imization for kernel bandits, our work (Camilleri et al., 2021a) introduced the pure exploration problem
specifically for this context. For instance, in the context of COVID-19 vaccine development, pure explo-
ration involves efficiently identifying the most effective vaccine by exploring different combinations of de-
mographic and clinical features. Previous works by (Srinivas et al., 2009) and (Valko et al., 2013) proposed
kernelized versions of the UCB algorithm (Auer et al., 2002a). In comparison to these works, we have
designed a regret minimization algorithm that demonstrates comparable worst-case performance in terms
of an information gain metric. Additionally, we have extended phased-elimination type algorithms (Fiez
et al., 2019; Lattimore et al., 2020) to the kernel space to establish instance-dependent guarantees for both
the regret minimization and pure exploration algorithms. For example, in vaccine development, this could
mean designing algorithms that ensure precise and effective allocation of trials across different groups to
maximize information gain. Notably, (Fiez et al., 2019) utilizes an optimal experimental design approach,
which provides continuous allocation that needs to be rounded for selecting measurements to query. How-
ever, this rounding introduces an additive term proportional to the dimension of the space, which can be
potentially infinite in our case. Therefore, extending instance-dependent optimal algorithms (Fiez et al.,
2019) necessitated the development of new tools for performing experimental design in Kernel space, also
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known as Bayesian experimental design (Derezinski et al., 2020; Alaoui and Mahoney, 2014). We establish
a performance guarantee for our proposed Kernel experimental design by relating it to the notion of effective
dimension introduced in (Derezinski et al., 2020; Alaoui and Mahoney, 2014).

Level set estimation. Our work (Mason et al., 2021) tackle the level set estimation problem for kernel
bandits. In the context of COVID-19 vaccine development, level set estimation involves identifying de-
mographic and clinical groups for which the vaccine efficacy exceeds a certain threshold, ensuring optimal
and equitable distribution. Given a threshold value o € R, the goal is to identify the set of points of the
measurement space for which the value is above «, that is G, := {z € X' : f(x) > a}. Level set estima-
tion is traditionally tackled by Bayesian optimization methods that typically use an acquisition function to
minimize learner uncertainty. (Bryan et al., 2005) introduced Gaussian processes and the Straddle heuristic.
(Gotovos, 2013) developed the LSE and LSE-imp algorithms with theoretical guarantees on sample com-
plexities. (Bogunovic et al., 2016) connected Bayesian optimization with level set estimation, considering
heteroscedastic noise. (Shekhar and Javidi, 2019) proposed an algorithm for the continuous domain, offering
improved computational complexity and tighter sample complexity bounds. (Zanette et al., 2018) treated
level-set estimation as a classification problem, introducing a new acquisition function. (Iwazaki et al.,
2019) extended this work to enhance model robustness in quality control applications. These heuristics are
known to work well in practice but often come with ad hoc guarantees and, at best, worst-case (minimax)
performance. In contrast to the more heuristic approaches of Bayesian optimization methods, our work
provides the first instance-dependent, non-asymptotic upper bounds on the sample complexity of level-set
estimation. These bounds match the information-theoretic lower bounds established by (Kaufmann et al.,
2016). To achieve these strong performances, we develop phased elimination algorithms with a general
structure related to the instance-optimal algorithm for pure exploration tasks (Fiez et al., 2019; Camilleri
et al., 2021a) and tailor the experimental design and elimination rule specifically for level set estimation.
This ensures that we can for example efficiently identify groups for targeted vaccine distribution, thereby
optimizing public health outcomes.

1.2.2 Bandits assumptions

Model misspecification. In certain real-life scenarios, such as the development of COVID-19 vaccines,
the mapping of feature representations can be more complex than a simple linear process. For instance,
accurately predicting vaccine efficacy might involve nonlinear interactions among demographic and clinical
features. In such cases, a linear feature representation can provide an approximation of the value or reward
functions, with a small and consistent error known as misspecification. Model misspecification is a com-
monly observed phenomenon and has been extensively studied in the context of regret minimization (Ghosh
et al., 2017; Lattimore et al., 2020; Takemura et al., 2021; Dong and Yang, 2023; Camilleri et al., 2021a)
and pure exploration (Camilleri et al., 2021a; Zhu et al., 2021; Mason et al., 2021; Réda et al., 2021), under
the framework of misspecified linear bandits.

(Du et al., 2020) have demonstrated that searching for an action that is O(e)-optimal in these scenarios
requires a minimum of Q(exp(d)) queries. Nevertheless, if we lower our objective to finding an action
that is not perfectly optimal but still reasonably close to it, there is still hope. (Lattimore et al., 2020) have
discovered that it is possible to find a suboptimal action with an error of at most O(e+/d) within poly(d/¢)
queries, where d represents the dimension of the feature vectors. In our work (Camilleri et al., 2021a),
we tackle the feature space of potentially infinite dimension as misspecified kernel bandits, and demonstrate
that the consequences of misspecification are comparable to the bias resulting from the necessary regularizer
terms in the covariate estimates.

For example, when developing COVID-19 vaccines, even if the model used to predict vaccine efficacy is
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not perfectly accurate (i.e., it is misspecified), we can still identify reasonably effective vaccines by account-
ing for the model’s misspecification. Identifying the best vaccine might not be feasible if the difference in
efficacy between two vaccines is smaller than the misspecification term. Our work (Camilleri et al., 2021a)
is the first to characterize the difficulty of e-good arm identification, directly extending the pure-exploration
task to accommodate misspecified models. This means that despite the inherent complexity and potential
inaccuracies in modeling vaccine efficacy, it is still possible to make informed and effective decisions about
which vaccines to prioritize for further development and distribution.

Robustness to non-stationary measures. In the context of COVID-19 vaccine development, it is cru-
cial to account for unknown variations in the reward distribution due to distribution shifts. For example,
vaccine efficacy might vary over time due to emerging variants or changes in population immunity. Bandit
applications that encounter such shifts require robust models to handle these dynamic conditions. Existing
literature primarily concentrates on minimizing dynamic regret, which measures the deviation between the
obtained reward and the reward of the best arm in each round ¢. (Garivier and Moulines, 2011) demonstrate
that methods like (Auer et al., 2002b) can achieve a dynamic regret of approximately 9] (V/LT) when the
number of distribution shifts, denoted by L, is known. A significant advancement is made by (Auer et al.,
2019), who introduce an adaptive approach with the same dynamic regret, but without requiring knowl-
edge of L. Recent contributions by (Chen et al., 2019) and (Wei and Luo, 2021) establish similar results in
contextual bandit settings.

Other measures of non-stationarity, beyond L, have also been considered. For example, in the context
of vaccine efficacy, non-stationarity might be quantified by total variation due to genetic drift of the virus, as
discussed by (Chen et al., 2019). Additionally, (Suk and Kpotufe, 2021) propose the concept of severe shifts,
which could correspond to significant changes in virus strains. While the aforementioned research focuses
on constructing precise models of non-stationarity and developing tailored regret minimization algorithms,
the "best of both worlds" (BOBW) approach that we cover next remains independent of such models.

The "best of both worlds" (BOBW) problem aims to design a bandit algorithm that can achieve optimal
performance in both stationary and non-stationary scenarios, even without prior knowledge of the environ-
ment. This approach is particularly relevant for vaccine development, where conditions can change unpre-
dictably. While most BOBW approaches focus on regret minimization (Bubeck and Slivkins, 2012; Seldin
and Slivkins, 2014; Seldin and Lugosi, 2017; Auer and Chiang, 2016; Lee et al., 2021), (Abbasi-Yadkori
et al., 2018; Xiong et al., 2024) specifically concentrate on BOBW for best-arm identification.

In (Xiong et al., 2024), we build on top of (Abbasi-Yadkori et al., 2018) by tackling the linear bandits
case, while (Abbasi-Yadkori et al., 2018) only focused on the MAB case. Our algorithm is a fixed budget
pure exploration algorithm—similar to the sequential halving (Karnin et al., 2013) and Peace
algorithm (Katz-Samuels et al., 2020)—mixed with a G-optimal design strategy known to perform well in
non-stationary settings (Lattimore and Szepesvari, 2020). This strategy is particularly useful in vaccine
development for efficiently identifying the most effective vaccine under changing conditions. To establish
the error rate bound, we use a set of virtual events based on the estimated gaps, related to (Abbasi-Yadkori
et al., 2018), and an analysis of the subroutine RAGE-Elimination, similar to the ones by (Fiez et al., 2019;
Katz-Samuels et al., 2020). This ensures that our approach remains robust even as the underlying conditions
affecting vaccine efficacy evolve.

Safety constraints. In the context of COVID-19 vaccine development, it is crucial to consider safety
constraints when identifying the most effective vaccine. Ensuring that a vaccine is not only effective but also
safe for the population is paramount. Despite its importance, only a few existing studies have addressed the
issue of identifying the best arm while considering safety constraints (Sui et al., 2015; 2020; Wang et al.,
2022; Lindner et al., 2022; 2023; Camilleri et al., 2022).
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The works by (Sui et al., 2015; 2020) tackle a general constrained optimization scenario, where the
learner aims to minimize a function f(x) over a domain z € D, while having access to noisy samples of
f(x), represented as f(x;)+wy, and ensuring that a safety constraint g(z;) < h is satisfied for every queried
point z;. Although they provide an upper bound on the sample complexity, they do not provide a lower
bound, and it has been demonstrated in (Wang et al., 2022) that their approach can be highly suboptimal.

On the other hand, (Wang et al., 2022) investigates the best-arm identification problem in multi-armed
bandits. In their setup, at each time step ¢, they query a value a; € A for a specific coordinate i; and
aim to identify the coordinate ¢* that satisfies a}.0; > max; a;0;, where a}. denotes the largest value
respecting the safety constraint: a}. = argmaxgea a;0; s.t. ap; < . Similar to (Sui et al., 2015; 2020),
they require that the safety constraint a¢p;, < v holds during the learning process. While they establish
matching upper and lower bounds and consider a slightly more general setting that allows for nonlinear (yet
monotonic) response functions, they treat each coordinate as independent and do not permit information-
sharing between coordinates, which is a key aspect targeted in the linear bandit setting.

In contrast, in (Camilleri et al., 2022), we allow the learner to query unsafe points during exploration
and only require that a safe decision is made at the end of the process. This approach is particularly relevant
in the development of COVID-19 vaccines. For example, during early stages of vaccine trials, some ex-
perimental conditions might initially seem unsafe but-in vitro-could lead to critical insights that ensure the
final vaccine is both safe and highly effective. By allowing for such exploration, our methodology ensures
a more thorough understanding of the vaccine’s efficacy and safety, ultimately leading to better-informed
public health decisions.

This approach ensures that the learner can explore a wider range of conditions, gathering valuable in-
formation that might otherwise be missed if constrained to safe queries only. By the end of the exploration
process, the final decision on the best vaccine candidate is made with a comprehensive understanding of both
its efficacy and safety, aligning with the stringent safety standards required in vaccine development. This
balance between exploration and safety is crucial for the rapid yet responsible development of vaccines,
especially in the face of a global health crisis like the COVID-19 pandemic.

Streaming setting. In the context of COVID-19 vaccine development, ensuring rapid and efficient
identification of the best vaccine candidate is crucial. This scenario can be modeled as a streaming setting in
linear bandits, where the decision-maker must balance between gathering enough evidence and minimizing
the time and resources spent on trials. In our work (Camilleri et al., 2021b), we explore this challenge by
adopting a novel online perspective for linear bandits best arm identification: instead of allowing the agent to
select the next measurement they sample, we restrict their choice to whether they query the label of a given
measurement, sampled independently and identically distributed (iid) at random from a given distribution.

The key difficulty of this selective sampling problem is to carefully trade off between the value of ob-
taining a label at the current time and waiting for a potentially more informative point to arrive in the stream.
For example, in vaccine trials, this could mean deciding whether to analyze the efficacy data of a partici-
pant with common characteristics now or waiting for data from a participant with unique characteristics that
could provide more insight. The agent faces a critical trade-off between the number of labeled samples they
obtain and the point at which they gather enough evidence to make the best decision and stop collecting
more samples. Efficiently managing this trade-off ensures that resources are optimally used, and crucial
public health decisions are made promptly.

In (Camilleri et al., 2021b), we provide key insights into this trade-off between labeled samples and
the duration of the sampling process. We establish an information-theoretic lower bound and propose an
algorithm that achieves nearly optimal results. This balance is vital in the context of COVID-19 vaccine
development, where delays in identifying the most effective vaccine can lead to prolonged health risks and
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economic impacts. Our approach ensures that sufficient evidence is collected to make a well-informed
decision while minimizing the time and resources expended.

We additionally provide experiments corroborating our findings, demonstrating the practical applicabil-
ity of our algorithm in real-world scenarios. These experiments show that our approach can significantly
reduce the number of samples needed while still accurately identifying the best vaccine candidate. This
efficiency is particularly important in a pandemic situation, where time is of the essence and resources are
limited. By applying our streaming setting methodology, we can expedite the vaccine development process,
ensuring that effective vaccines are quickly identified and deployed to maximize public health benefits.

1.2.3 Fairness

Fairness In the context of COVID-19 vaccine development, ensuring that the vaccine distribution is fair
across different demographic groups is crucial. Algorithmic fairness, which has gained significant interest
in recent years, plays a vital role in this process, as evidenced by recent surveys (Barocas et al., 2017;
Hort et al., 2022). Approaches to mitigate fairness disparities can be categorized into three lines of work:
pre-processing, in-processing, and post-processing. Pre-processing aims to remove disparate impact by
modifying the training data (Kamiran and Calders, 2012), while post-processing modifies already learned
classifiers to improve fairness (Hardt et al., 2016).

In our work, we focus on in-processing techniques for bias mitigation, which involve modifying the
learning process to build fair classifiers (Woodworth et al., 2017; Zafar et al., 2017b;a; Donini et al., 2020;
Kallus and Zhou, 2019; Pleiss et al., 2017; Berk et al., 2017; Joseph et al., 2016; 2018; Agarwal et al.,
2018; Cotter et al., 2018). Specifically, we are interested in approaches that treat fairness mitigations in
classification as a constrained optimization problem (Agarwal et al., 2018; Donini et al., 2018; Camilleri
et al., 2023). This focus is particularly relevant when determining the best vaccine candidate for various
demographic groups, ensuring that no group is disproportionately disadvantaged by the decision-making
process.

Fairness Violation Estimation A recent line of work has focused on developing the statistical foundations
of in-processing for bias mitigation, which we will discuss next. Several studies (Ji et al., 2020; Miller et al.,
2021; Barrainkua et al., 2023; Lum et al., 2022) have highlighted and proposed methods to address the issue
of large variance in fairness violation estimates. For instance, (Ji et al., 2020) suggests a Bayesian method
to obtain fairness measurements with reduced variance, and (Barrainkua et al., 2023) proposes a Bayesian
inference strategy for more stable fairness measurements estimates. Similarly, (Miller et al., 2021) presents a
multi-level modeling approach to construct tighter empirical confidence intervals for fairness measurements.

Notably, (Lum et al., 2022) identifies a potential statistical bias in fairness metrics commonly used in
the literature. Instead of directly addressing this bias, they suggest alternative fairness definitions that have
statistically unbiased estimators. In contrast, our work aims to tackle the bias issues directly for the fairness
metrics typically of interest. Building on these prior works, our study (Camilleri et al., 2023) establishes
concentration bounds on empirical fairness estimates in a rigorous manner and evaluates the performance of
fairness estimates through experimental analysis.

In the application to COVID-19 vaccine development, these fairness considerations are crucial. For
example, it is essential to ensure that vaccine efficacy is measured and reported fairly across different de-
mographic groups, such as age, race, and socioeconomic status. By addressing fairness violations directly
and providing reliable fairness estimates, our methodology helps ensure that vaccine distribution policies
are equitable and just, preventing any demographic group from being unfairly prioritized or neglected. This
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not only improves public trust in the vaccination process but also enhances overall public health outcomes
by ensuring a fair and effective distribution of the vaccine.

1.2.4 Active learning

In the context of COVID-19 vaccine development, active learning has proven to be an invaluable tool. The
high cost and logistical challenges associated with labeling vast amounts of clinical trial data make active
learning essential for efficiently identifying the most promising vaccine candidates. Active learning allows
for the strategic selection of the most informative data points to label, thus accelerating the development
process by producing precise hypotheses with fewer labeled samples (Settles, 2011).

Active learning has been extensively studied over the past five decades, as evidenced by various research
and surveys (Hanneke et al., 2014). Most active learning approaches select samples to label based on uncer-
tainty measures such as entropy of predictions, margin, and disagreement (Cohn et al., 1994; Beygelzimer
et al., 2009; Dasgupta, 2005; Balcan et al., 2006; 2007; Wang and Singh, 2015). These approaches have also
been subject to analysis (Castro and Nowak, 2007; Dasgupta et al., 2009; Hanneke and Yang, 2014; Muss-
mann and Dasgupta, 2022). In the case of vaccine trials, selecting data points with the highest uncertainty
helps identify the most informative patient responses, thereby optimizing the trial design and speeding up
the path to an effective vaccine.

Recent breakthroughs have connected best-arm identification for linear bandits with classification, open-
ing up new possibilities for active learning through experiment design (Katz-Samuels et al., 2021; Camilleri
et al., 2021b; 2022; 2023). These approaches are based on experimental design, aiming to maximize infor-
mation gain by querying points in the disagreement region. In the active learning algorithms described in
(Camilleri et al., 2022; 2023), the agent computes a design by utilizing classifiers that have been trained with
perturbed labels. This strategy is motivated by the randomized exploration approach introduced by (Kveton
et al., 2019), where they demonstrate that randomized exploration functions as a form of posterior sampling.

Active learning with FDR constraint. The investigation of precision constraints in the adaptive context
has received limited attention thus far. In COVID-19 vaccine trials, ensuring the precision of selected data
points under constraints such as False Discovery Rate (FDR) is crucial for reliable results. Prior to our
research (Camilleri et al., 2022), only a few studies, such as (Bennett et al., 2017; Jain and Jamieson, 2020),
have explored this area. Our work has contributed to this field by developing methods that ensure precision
in the adaptive sampling process, which is essential for making informed and accurate decisions during
vaccine development.

Fair active learning. Ensuring fairness in the distribution and efficacy of COVID-19 vaccines is another
critical challenge. Recent efforts have been devoted to achieving a favorable "fairness-error" trade-off in
classifiers, given a label budget. Some notable works in this area include (Anahideh et al., 2021; Sharaf et al.,
2022; Fajri et al., 2022). However, these works suffer from various limitations, such as poor generalization
in handling fairness violations, minimal accuracy improvements compared to baseline methods, or limited
capability to address standard group fairness metrics.

In (Camilleri et al., 2023), we propose a solution to the novel problem of reliably achieving fair active
classification. It is important to note that our objective is to produce a classifier with fairness violations below
a desired tolerance, as we recognize the significance of ensuring fairness in critical situations. In contrast, the
aforementioned works primarily focus on quantifying the trade-off between fairness and accuracy, without
guaranteeing that the resulting classifier falls within any specific tolerance level.
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Other related studies have addressed similar problems under different fairness constraints. For example,
(Shen et al., 2022; Cao and Lan, 2022a) focus on discovering classifiers that satisfy metric-fair constraints,
while (Abernethy et al., 2021; Shekhar et al., 2021; Cai et al., 2022; Branchaud-Charron et al., 2021) target
data collection methods for achieving min-max fairness. These metrics differ significantly from the group
fairness metrics we consider, necessitating distinct methodologies.

In conclusion, just as strategic sample selection was crucial in the rapid and fair development of the
COVID-19 vaccine, active learning principles and fairness considerations are critical in developing robust
and equitable machine learning models. By ensuring that our algorithms can operate efficiently and fairly
under various constraints, we can better handle real-world challenges like those encountered during the
pandemic.

1.3 Thesis Outline

This thesis is structured to delve into various dimensions of interactive learning deployment, focusing on ad-
dressing critical challenges and advancing methodologies for responsible and effective model development.
The following chapters outline the key contributions and findings of this research endeavor:

Chapter 1: Introduction

The introductory chapter sets the stage by delineating the landscape of machine learning deployment in
contemporary times, emphasizing the importance of balancing innovation with responsible practices. It pro-
vides a comprehensive overview of the challenges and opportunities inherent in the rapid advancement of
machine learning technologies.

Chapter 2: High-Dimensional Experimental Design and Kernel Bandits

This chapter explores the realm of high-dimensional experimental design and its application in kernel bandit
settings. It delves into the intricacies of modeling smooth reward functions in Reproducing Kernel Hilbert
Spaces (RKHS) and presents novel algorithms for regret minimization and pure exploration tasks.

Chapter 3: Nearly Optimal Algorithms for Level Set Estimation

Here, the focus shifts to the problem of level set estimation in kernel bandits, where the objective is to
identify sets of points with rewards exceeding a certain threshold. The chapter introduces nearly optimal
algorithms and analyzes their performance in terms of sample complexity and computational efficiency.

Chapter 4: Selective Sampling for Online Best-arm Identification

This chapter explores a novel perspective on online best-arm identification by introducing the concept of
selective sampling. It investigates the trade-offs between labeled samples and sampling duration, presenting
algorithms that achieve nearly optimal results in this context.

Chapter 5: A/B Testing and Best-arm Identification for Linear Bandits with Robustness to Non-
stationarity

Building upon the foundation laid in earlier chapters, this section focuses on A/B testing and best-arm iden-
tification for linear bandits, specifically addressing robustness to non-stationarity. It examines algorithms
that adaptively navigate dynamic environments while maintaining optimal performance.

Chapter 6: Active Learning with Safety Constraints
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This chapter bridges the gap between active learning methodologies and best-arm identification, leveraging
insights from the linear bandits problems addressed in previous chapters. It explores algorithms designed to
facilitate safe decision-making while effectively utilizing unlabeled data. By integrating safety constraints
into the active learning paradigm, this research endeavors to enhance the reliability and robustness of ma-
chine learning models in real-world applications.

Chapter 7: Fair Active Learning in Low-Data Regimes

The final chapter addresses the critical issue of fairness in machine learning, particularly in low-data regimes.
It explores methodologies for achieving fair classification outcomes while operating within constrained la-
bel budgets, offering insights into the intersection of fairness and efficiency in active learning settings.

Chapter 8: Conclusion, Impact and Future Directions

The concluding section summarizes the key findings and contributions of the thesis, reflecting on the impli-
cations for the field of machine learning.
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Chapter 2

High-Dimensional Experimental Design and
Kernel Bandits

2.1 Introduction

This chapter studies a non-parametric multi-armed bandit game through the lens of experimental design. Fix
a finite set of measurements X C R? and a function . : X — R. We consider the following game between
a learner and nature: at each time ¢t = 1... 7T, the learner requests z; € X and nature immediately reveals

Yt = pg, + &t

where {&}1, is a sequence of independent, mean-zero random variables with bounded variance. We are
interested in two objectives:

Regret minimization In this setting, we evaluate the performance of an algorithm choosing actions {z;}._,
by its cumulative regret: R = max,cxy Zthl (e — fay )-

Pure exploration in the PAC setting For a tolerance ¢ > 0 and confidence level § € (0, 1), the aim of the
learner in pure exploration is to sequentially take samples until a learner-defined stopping criterion is met,
at which time the learner outputs an arm r € X such that uz > max,ey p, — € with probability at least
1—29.

To aid us in our objectives, we assume some structure on the reward function .

Assumption 1. There exists a known feature map ¢ : R® — H that maps each x € X to a (possibly infinite
dimensional) Hilbert space H, and moreover, there exists a 0, € H and h > 0 such that max,cy |p, —

(0, p(2))m| < h.

Consequently, if h is not too big, the expected value of each of the observations y; is nearly a linear
function of its associated features ¢(x;). We say the model is misspecified when h > 0, and otherwise the
setting is well-specified and reduces to the classical stochastic setting when h = 0.

Assumption 2. Rewards are bounded max ¢y || < B.
Assumption 3. For every time t, the additive stochastic noise &, is independent, mean-zero with E[¢?] < 0.

While we assume the learner knows B and o2, we assume that the learner does not know the extent of
the model misspecification i > (. Note that we do not assume &; is bounded, indeed, it can even be heavy
tailed.
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2.1.1 Elimination algorithms and experimental design

Whether the model is misspecified (h > 0) or not (h = 0), a popular class of algorithms for both the
objectives of regret minimization and pure exploration is known as elimination algorithms. Elimination
algorithms proceed in stages, maintaining a set X C X of candidates that may achieve max,cx iy given
all previous observations. At the beginning of the stage ¢ > 1 the algorithm decides which measurements
to take, nature reveals the observations, and the stage ends by constructing an estimate i(.y of y (. and

removing all elements x € X" from X where max_,_ 3 [y — iz > €p. This process is repeated indefinitely

in the case of regret minimization, or until X’ contains a single element in the case of pure exploration. To
be as effective as possible at discarding as many candidates as possible in the elimination stage (without
discarding the best arm), a natural strategy of selecting how many and which measurements to take in the

beginning of the round is to select x1, ..., z, € X to accurately estimate the differences of the estimates
max (Hay — Ha) — (R — Ha) < €0 2.1)
z,x'€X

If z, := argmax,cx iy and z, € X at the start of the round, then we have that x, will not be eliminated at
the end since

MAaX iy — flz, < MAX flyr — iz, + €0 < €.

r'eX r'eX
And moreover, it is straightforward to show that after the discarding step of stage £, max__ 3 pz, —Hz < 26
To guide our choice of x1,...,x, € X to achieve (2.1), we exploit the assumed (nearly) linear model of

above.

2.1.2 Optimal experimental design and the problem of rounding continuous designs

This section introduces the method of experimental design with the goal of achieving (2.1) by taking as few
total samples as possible. Shortly, we will consider the case when h > 0 and ¢ is an arbitrary feature map.
But for now, let us make the simplifying assumption that & = 0, ¢ is the identity map so that p, = (0., x),
and & ~ N(0,0?). Thus, if at time ¢ we select z; € X C R we observe (0., ;) + &. Suppose we
observed pairs {(z,y)} 1) where each z; € X was chosen independently of any y, for s < t. If we
wished to achieve (2.1) for Xcx with i, = (x,0.,), perhaps the most natural way forward would be to
compute the least squares estimator HLS = arg ming Zt 1(yt (mt, 6))?2, and set i, = (§L5, x). Then
(2.1) is equivalent to maxveyw Ls — 04, v) < € wWith YV = X - X. By a standard sub-Gaussian tail-bound
(Lattimore and Szepesvari, 2020), we have with probability at least 1 — § that forall v € V C R¢

(0,05 — 6,)] < 19 (=7 )1/ 202 108 (2]V]/6), (2.2)

where we adopt the notation ||z[|4 = V2T Az for any z € R? and symmetric semi-definite positive A.
Note that this error bound only depends on those z; measurements that we choose before any responses
y; are observed. This allows us to plan, that is, choose the 7' measurement vectors to minimize the RHS
of (2.2). Unfortunately, this minimization problem is known to be NP-hard (Pukelsheim, 2006; Allen-Zhu
etal., 2017). As a consequence, approximation algorithms based on the relaxation

Y : T TV 1
A = argminycp ,, max v (Ypex Aazz’) v (2.3)

have been proposed. These first solve for A and “round” this to a discrete allocation of measurements.
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Deterministic rounding Perhaps the simplest scheme is to obtain a solution A of (2.3) and then sample
x € X exactly [A\,7'] times. In the worst case, this will result in |support())| additional measurements than
the intended 7'. Caratheodory’s theorem provides a polynomial-time algorithm for constructing e Ay
such that >, Apxx| = > sex Aozz | and support(A\)| < (d + 1)d/2. However, more sophisticated
rounding procedures exist. (Allen-Zhu et al., 2017) inflates the RHS of (2.2) by a constant factor while only
requiring that 7' = Q(d). When V = X, another strategy is to solve the optimization problem (2.3) with
a Frank-Wolfe style algorithm that is terminated only after O(d loglog(d)) iterations so that the rounding
according to the naive ceiling operation only inflates 7" by the number of iterations which is O(d loglog(d))
(Todd, 2016).

Stochastic rounding  Another basic rounding algorlthm 31mp1y samples 1, ...,z ~ \. Unfortunately,
using the least squares estimator 9, s, we may have that Zt 1 zyx] deviates dramatlcally fromT ) Aoz |
for moderate 7', thus any guarantees require 7' to be poly(d) and moreover, performance relies on the spec-
trum of ), Aezx | (Rizk et al., 2020). As a consequence, (Tao et al., 2018) proposed using the inverse
propensity score (IPS) estimator 9[ ps = (D pex Aoz )™ (T thl x4y¢). From (Tao et al., 2018), with
probability at least 1 — § we have for all v € V simultaneously

. 202 ||v]|% 5 1 log(2|V|/6 T AN !
o dms — S\/ ol Tos(2V1/8)  log(2VI/6)(1 + maxscn T A,

T T

where A(\) :=>" .y Azzz . The second term of (2.4) accounts for potentially rare but large deviations of
size max,ey [ A(A)~1z|. Sadly, this second term is cumbersome in analyses since it can dominate the first
term, and it cannot be removed in the worst-case. A final class of algorithms rely on proportional volume
sampling, or sampling from a determinantal point process (DPP), but are limited to specific optimality
criteria (Nikolov et al., 2019; Derezinski et al., 2020).

2.1.3 Main contributions

The main contributions of the work described in this chapter (Camilleri et al., 2021a) include a novel scheme
for experimental design and its application to kernel bandits.

* We propose an estimator 9\31 ps that overcomes many of the shortcomings of the prior art reviewed in
Section 2.1.2 for h = 0 and ¢ = identity. For any fixed 6, € R4V cRE X c RE N e Ay, and
T € N, if T samples are drawn randomly according to A to construct 9, RIPS, then with probability at
least 1 — § we have forallv € V

) c(o? + B2)log(2|V|/é
[(v,0rrps — 0x)] < |yv||(ZMAZmT)1\/ ( >Tg( VI/6)

for an absolute constant c. Note that our method puts no restrictions on 7' but matches the ideal
discrete allocation of (2.2) up to a constant by realizing that

infren, maxpey |Vl ThpeaT) -1 <1

ming, 47 ey maxvey [Vl s 4 0my

We also note that we only assume the stochastic noise has bounded variance and do not rule out
heavy-tailed distributions. The estimator §r;pg is a special case of our more general estimator.
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* We extend our estimator to the misspecified setting where i > 0 and to use feature maps ¢ : R? — H
for an RKHS #H. When H can represent a high or even an infinite dimensional space, restrictions on 7'
based on the dimension start to become paramount. For any fixed 6, € H,V C H, X C R\ e Ay,
T € N, and v > 0, if T' samples are drawn randomly according to A to construct §R 1ps(7), then with
probability at least 1 — ¢ we have for all v € V

~ c(o? + B2)log(2|V|/d
[0 0r1ps(7) = 0)] < W5 rvs(era)T 1) X (ﬁ\l9*||2+h+\/ =+ B s/,

Note that since H may be infinite-dimensional, the estimator é\RI ps(7y) is constructed implicitly and
is implemented through kernel evaluations only.

* We empirically compare 9, rrps(7y) to the sampling and estimator pairs of Section 2.1.2 and show that
Orrps(y) is competitive on both finite dimensional G-optimal design as well as its regularized RKHS
variant sometimes called Bayesian experimental design.

* We employ 531 ps(7y) in a novel elimination style algorithm for kernel bandits. Our regret bounds
match state of the art results in the well-specified setting, and are the first linear bounds that we are
aware of for the misspecified setting. In addition, we state an instance-dependent pure-exploration
result for identifying an e-good arm with probability at least 1 — § that compares favorably to known
lower bounds. One advantage of our algorithm over prior kernel bandits and Bayesian Optimization
algorithms (Srinivas et al., 2009; Valko et al., 2013; Frazier, 2018) is that our approach naturally
allows for taking batches of pulls per round.

2.2 Robust Inverse Propensity Score (RIPS) estimator

In this section we introduce the §R 7ps estimator. In finite dimensions, our estimator first constructs 51 PS
but then to avoid the large deviations term of (2.4) applies robust mean estimation on each (v, f,) to obtain
a §ij5 which is consistent with all of these estimates. When we move to an RKHS setting, we add
regularization to avoid vacuous bounds and account for the introduced bias. The bias of misspecification is
handled similarly. We begin with robust mean estimation.

Definition 1. Let X1,..., X, be i.i.d. random variables with mean & and variance v*. Let § € (0,1).
We say that j1(X, ..., X,) is a )-robust estimator if there exist universal constants c1,co > 0 such that if
n > c1log(1/0), then with probability at least 1 — &
N _ v?log(1/0)
XL - 7] < ey B2,
Examples of J-robust estimators include the median-of-means estimator and Catoni’s estimator (Lugosi

and Mendelson, 2019). This chapter employs the use of the Catoni estimator which satisfies |f({X:}}_;) —

7| < %gg((ll% for n > 2log(1/6) which leads to an optimal leading constant as n — co. We will use a

separate robust mean estimate for each v € V. In particular, to estimate (v, 8,) we use i({v" A (X)L (z)y } 1))
where

AN =Y Aepla)g(@) " + A1 (2.5)
reX

Our RIPS procedure for experimental design in an RKHS is presented in Figure 2.1. It has the following
guarantee.
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Algorithm 2.1. RIPS for Experimental Designs in an RKHS

Input: Finite sets X C R? and V C #, feature map ¢ : R* — 7{, number of samples 7, regularization
~ > 0, robust mean estimator i : R* — R

A= arg min max vll e s oo T ear) ! (20)
Randomly draw 1, ..., Z, from X according to \*
Set W) = fi({vT AP ()~ 'O(@1) 31 }i—1)
(6, 0) = W]

Set § := arg min max
vV [0ll(, cx Mo@o@ THyn 1
Return: {W®)} ¢y, 0

Figure 2.1: In this chapter, we assume each element in ) is a linear combination of ¢ o X which makes
all quantities well-defined and can be computed using kernel evaluations k(z,z') := (¢(x), d(x’))%.
Moreover, Equation 2.6 is convex with gradients that can be computed using kernel evaluations (See Sec-
tion 2.2.3).

Theorem 1. Fix any finite sets X C R% and V C H, feature map ¢ : R* — H, number of samples T and
regularization v > 0. If the RIPS procedure of Figure 2.1 is run with n(i—‘-robust mean estimator [i(-) and if

T > c1log(|V|/6) then with probability at least 1 — §, we have

W(U) O, v o
max— 00 B, 4 h o/ B bog(av0),
veV ([0l v Awd(@)bla) T+

Moreover, W) = fi({vT A (N\) Yo (x)y}7,) can be replaced by (@\, v) by multiplying the RHS by a
factor of 2.

Proof sketch. Due to the regularization and potential misspecification if A > 0, each v A (X)L (¢ )y
is biased. Thus, we apply the guarantee of W) = fi({v T A (X\)~ ¢ (x4 )y }7_,) to the expectation of its
arguments. The triangle inequality followed by repeated applications of Cauchy-Schwartz yields

W — o, 0.)] < W) —E[o T AP ) g(@)pn]| + Bl AN gzn)p] — (v, 0.)]
v2log(1/6)

<cp + /10«2 + R

where we obtain an upper bound on the variance v by
Var(v " AD V) g(a1)yn) < E[(v" AN d(a1)y1)?]
) |:(UTA(’Y)(/\)—1¢(1'1)) uil} +E [(UTA(V)()\)—1¢(:B1))2 Eﬂ

< (B> + )0l s
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2.2.1 Practical implementation of the algorithms

The construction of § in the algorithms may-—at first glance—look confusing in the infinite dimensional case.
In actuality, the equivalent dual representation § = Z'X‘ a;¢(x;) would be used. That is, the potentially
infinite dimensional object g is represented by a finite dimensional weight vector a € RI*I. With that, the
optimizations in the algorithms (e.g., to compute the RIPS estimator) are over the dual vector a € RI*l, and
inner products <§ V) = Zml a;{(¢(x;),v) are computed using the kernel matrix of X since in all instances
of v used in the algorithms, v is a linear combination of {¢(z)}.cx-

2.2.2 Comparison to IPS estimator

Note the difference between the bound of RIPS in Theorem 1 with the bound of the IPS estimator stated
in equation (2.4). Consider the setting of equation (2.4). Ignoring log factors and constants, the confidence

. . o2|lol% )~ TA)!
bound of the IPS estimator essentially scales as ?m - 4 Deex |UT ARQ)” 2]

, while the confidence

. [o2lloll% ) . . . .
bound of RIPS essentially scales as %Ml. It can be shown that in the instance in the experiment

T AN -1
corresponding to figure 2.2c, the term 22Xzex [v_AQ)

2 2
x|  d . o ”U”A(jqfl ~ \/E
R while 1|/ —7T  ~ Thus, the first

term dominates by a polynomial factor in the dimension until 7' > d, and the experiment shows that indeed
the IPS estimator has larger deviations than RIPS, as suggested by the above upper bounds.
2.2.3 Experimental Design optimization in an RKHS

We now discuss how to actually compute an allocation in a potentially infinite dimensional RKHS H. The
following lemma will be helpful and is proved in the appendix.

Lemmal. If Ay =Y, \od(2)p(x) T then for a,b € H
_ 1 1 _
a' (Ay +~I)"1h = ;aTb — §k,\(a)T(K,\ + 1 %) " ka(D)

with ky(-) € RI* so that for any c € H, [ka(c)]; = vV id(z;) Te, and Ky € RIM*IX 50 that
iy = ViV Ao(x) o)) = Vi Nk, vi).-
Forx € X, [kx(2)]; = VNid(z:) T o(x) = VNik(;, ).

If we call f()\) the argument of Equation 2.6 in Figure 2.1, and ¥ € argmaxycy v (Y, cx Aad(2)p(2) " + 1) 1y

then the computation of the gradient of A — f(\) equals

[Vaf(V) 7T (3" Aed(@)@) " + D) Lo(i))’.

zeX

Importantly, in this chapter }V will always be a linear combination of {¢(x)},cx (e.g. V = X — X), thus
the last quantity can be computed only using kernel evaluations thanks to Lemma 1. We use first order
optimization methods to minimize A\ — f(\) since it is convex.
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2.2.4 Project-Then-Round (PTR) for RKHS designs

To the best of our knowledge, the RIPS procedure of Figure 2.1 is novel and should be benchmarked.
To design a baseline, we take inspiration from previous works on experimental design in an RKHS. For
instance, (Alaoui and Mahoney, 2014) employ a sampling distribution related to statistical leverage scores
to construct a sketch of the kernel matrix using a Nystrom approximation. The objective in that problem
is closest to V-optimal design which aims to minimize the sum-squared error ), E[(z,6 — 0.)?] (note,
our work here is concerned with G-optimal-like objectives, or worst-case error over X’). The Nystrom
approximation to the kernel matrix effectively projects the problem to a low dimensional sub-space where
finite-dimensional rounding techniques like those reviewed in Section 2.1.2 can be applied. (Bach, 2015)
also relies on a sampling distribution to approximate integrals using kernels with an objective similar to V'
optimal.

We describe in Algorithm 2.2 the baseline procedure we call Project-Then-Round (PTR), that employs
the finite rounding technique of (Allen-Zhu et al., 2017) described in Section 2.1.2.

Algorithm 2.2. PTR for Experimental Designs in an RKHS

Input: Finite sets X € R? and V C H, feature map ¢ : R — H, regularization v > 0

Fix any A € Ay.

Compute [K]; ; = k(x;,zj) = (¢(z;), ¢(x;))2 the kernel matrix of the set of points X' = {z1,...,z,}.
Consider a decomposition K = P with ® € R™*" such that the rows of ® called (}5(561) € R"™ are used
to compute A(X) = 3" \id(i) ()T

Diagonalize A()) as A(A) = VDV T with D diagonal matrix with coefficients (d > da > ... > dy,).
Define the effective dimension as

d(\,v) =max{i € [n] : d; > ~v}.

Choose k = d(, \) € [n] and denote V}, as the top k eigenvectors of AN).
Compute the projections V,' ¢(z1), ..., V, ¢(z,) € R¥
Use the rounding procedure of (Allen-Zhu et al., 2017) to obtain the desired sparse allocation {Z; }7_;.

Return: {z;}7_,

This procedure enjoys the following guarantees.

Theorem 2. Consider the procedure of Algorithm 2.2. If the number of measurements T satisfies T =
Q(d(~, \)), then

2

2
max ||v|| (Soex PAed@)o(@) o)

4 < 2.1
vl p@p@omirry S max@ 1+ o max ]
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where Elv(’y, A) is defined in the algorithm.

We refer the reader to the appendix for the proof of Theorem 2. This procedure performs rounding
in a finite dimensional subspace which is a projection of the initial feature space of potentially infinite
dimension. With Theorem 2 one can obtain a guarantee similar to that of Theorem 1 up to a constant
whenever 7 = (d(A, v)). Though this effective dimension is rarely the dominating factor in analyses, it is
cumbersome to keep around and bound.

2.2.5 Empirical evaluation of allocation methods

We briefly describe illustrative experiments (see the supplementary material for more details).
G-optimal design experiment: We generate 1, ...,z by sampling Z; ~ N(0,%) with 3;; = 1 if
i <d-10,%;; = .1if ¢ > d — 10 and all other entries of ¥ set to 0. Then, we set x; = ”’g—lu We

use 0, = %1. We set d = 50 and n = %. We use mirror descent to solve the G-optimal design
problem. We compare RIPS with IPS, Caratheodory’s algorithm with the ceiling rounding technique (LS
Caratheodory), the rounding technique in (Allen-Zhu et al., 2017) (LS Regsel), and the random sampling
approach taken in (Rizk et al., 2020) (LS Sampling). Figure 2.2a depicts the results, and shows that RIPS
performs comparably to these other approaches. It also illustrates the shortcomings of the Caratheodory
rounding algorithm, which does not return an estimate for 7' < 1275, while the other algorithms have
already learned nontrivial estimates of 6, for much smaller values of 7T'.

G-optimal design in an RKHS: We let X = {0, (2)?,...,(™=1)2 1} with m = 500 and use the

RBF kernel K (z,2') = exp(—%) with bandwidth parameter ¢ = 0.025. Due to this being an infinite
dimensional kernel, the ambient dimension for m points is equal to m. We focus on the regime 7" < m
where standard rounding schemes do not apply and compare PTR with regularization ~y, 6rrps(y), and
é\IPS('y) = AN L(4 S°T_ | 4y:) where we set v = 0.005. Figure 2.2b depicts the results, showing that
PTR(7) does slightly better than IPS(y) and RIPS(y), and that all three algorithms have learned non-trivial
estimates of 0, using hundreds of samples fewer than standard rounding algorithms require to even output
an estimate.

RIPS vs. IPS: While IPS has similar performance to RIPS in the two previous experiments, RIPS
performs dramatically better in some settings. Let m € N and d = m? + m. Inspired by combinatorial
bandits, we consider a setting where the measurement vectors X = {\el, ..,eq} consist of the standard
basis vectors, #, = —1, and the performance metric for an estimator 6 is Esuple[mz] v, (9 — 6.)| where
v = E " | €+ €itm. We compare the performance of IPS against RIPS for m € {12, 14, 16} and estimate
the expected maximum deviation at 7" = 4m. Figure 2.2c shows that as m grows, the performance of IPS
degrades relative to RIPS, reflecting that IPS has large deviations in comparison to our proposed estimator
RIPS.

2.3 Algorithms for Kernelized Bandits

We now leverage our proposed RIPS estimator of Algorithm 2.1 for the kernel bandits problem in an elim-
ination style algorithm as introduced in Section 2.1.1. In this section we provide different algorithms to
solve the regret minimization and pure exploration problems. This section illustrates the benefits of using
our RIPS estimator. In particular, the estimator enables us to design a regret minimization algorithm that
trivially supports batching while enjoying state of the art performance in the well-specified setting. In addi-
tion, this same algorithm is robust to model misspecification, suffering only linear regret with respect to that
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approximation error without any prior knowledge on this error (guarantees that, to the best of our knowl-
edge, our novel). Last but not least, applying our RIPS estimator to pure exploration tasks leads to the first
best arm identification provably robust to misspecification.

2.3.1 RIPS for Regret minimization

As introduced in Section 2.1, our objective is to develop an algorithm that minimizes regret under the general
stochastic and misspecified setting (Assumptions 1-3). Specifically, when pulling arm x € X" at time ¢ we
observe a random variable 1, + & where &; is independent, mean-zero noise with variance o2, We assume
there exists a 0, € H and known feature map ¢ : X — H such that max,ex |1z — (O, d(z))| < h where
h > 0 is unknown to the learner. That is, y, is well-approximated by the linear function (6., ¢(x)) but may
deviate from it by an amount & > 0. Because of model misspecification in the case when h > 0, we should
not hope to obtain sub-linear regret if we seek a regret bound that grows only logarithmically in |X’| and
polynomial in d.

Algorithm 2.3 is a phased elimination strategy where at each round a (regularized) G-optimal design is
performed to minimize the variances of the estimates of all the arms and then arms are discarded if their
sub-optimality gap is deemed too large (under the assumed linear model). Due to model misspecification,
we should only expect this approach to work until hitting a kind of noise floor defined by the level of
misspecification h, as suggested from the guarantee from Theorem 1. The algorithm is a combination of our
RIPS estimator for the RKHS setting and the robust algorithm of (Lattimore et al., 2020).

Theorem 3. With probability at least 1 — 0, the regret of Algorithm 2.3 satisfies

T
D e — e, S e1log(|X1/0) + \ fmax F(V,7) (T(h+/76.]) + /(0 + BT log(|¥| log(T)/3))
t=1
2.7
— 3 2
where f(V,v) = AlenAfV Zlelg l(y) H(Zzex Aed(@)d(@) T +yI)~1

Choosing v = 1/T, § = 1/T yields an expected regret of

Zum o] < ¢\ fmax f(V, 1) (BT + /log(|X[T)T)

where ¢ = O(1/]|0«]|2 + 02 + B2). Note that the AT term due to model misspecification is comparable
to the one in (Lattimore et al., 2020). Prior works such as (Srinivas et al., 2009; Valko et al., 2013) have
demonstrated expected regret bounds in the well-specified (h = 0) setting that scale like /7T log(|X])
where

vr = max logdet(T A () +~1). (2.8)
AEA y

where A(®)()\) is defined as in (2.5). The following lemma shows that our own regret bound is never worse
than these results.

Lemma 2. Let yr be defined as in (2.8). Then

3

1y — 2
e F(V. 1) = max inf sup [|6(0) 0/m -1 < 57

31



Algorithm 2.3. RIPS for Regret Minimization

Input: Finite sets X C RY (|X| = n), feature map ¢, confidence level § € (0,1), regularization -,

sub-Gaussian parameter o, bound on maximum reward B.
Set X} +— X, £+ 1

while |X;| > 1 do
Let A\; € Ay be a minimizer of f(\; Ay, ) where

— inf f(\:
fV,7) ot FV,9)
_ 2
= ;ggfv ey oIS, ey oo T+rn1
—¢ (1)
Setep <275, q, 7 c1log(|X]/9)
Set qy”) « (B + o), 2 f( Xy, ) log(4¢2|X|/6)

Set 7y + [max {qél), qf) H

Use Algorithm 2.1 with sets Ay, Vy, = ¢ o X}, sampling 7, measurements x, ..

{W(”)}vew.

~ 0.v) — W@
Set 6, := arg min max 146, v) |
0 vV [lolls, o arwo@o(@ T
Update active set:

o = {o € X max (0(a') — 6(2).00) < der |

f+—0+1

Play unique element of X} indefinitely.

., Ty, to get

The quantity f(X,~y) can also be bounded by a more interpretable form:
— 2
Lemma 3. [f f(X,v) = )\énAfX max qu(y)H(A(o)()\)JWI),l then

F(X,7) < Tr (AQOD)AONp) +91)7H) = Tr (Ko, (Ko, +9D)7")

where \}, € argmaxyen , logdet (A(V)()\)).

Notably, the RHS of Lemma 3 is the notion of effective dimension that appears in (Alaoui and Mahoney,

2014; Derezinski et al., 2020).

2.3.2 RIPS for Pure Exploration

We consider a slight generalization of the pure exploration setting introduced in Section 2.1. Fix finite
sets ¥ C R? and Z C R% We may have X = Z but there are interesting cases in which X # Z
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Algorithm 2.4. RIPS for Pure Exploration

Input: Finite sets X C RY, Z c RY, feature map ¢, confidence level 6 € (0,1), regularization ~,
sub-Gaussian parameter o, bound on maximum reward B, bound on the misspecification noise h.

Let 21+ Z, 0+ 1

while | 2| > 1 do
Let Ay € Ay be a minimizer of f(\; Z;; ) where

fViv) = AienAfX fAV59)

= Jnf max [l9(v) = ()t st 40

Sete 27, q{") + ¢1log(|2]/9)
Set qi” ¢ c3e; 2 f(Z4:7)(B? + 02) log (262 2[2/6)
Set 7p [max {qél), qég) H

Use Algorithm 2.1 with sets X', V, = ¢ o Zy — ¢ o Z,, sampling 7, measurements z1, ..., T, to get
{W(’U) }’UEVZ'

—~ — W)
Set 6, := arg min max (6, v) = W
0 veVe [0, Aewdl@)o(@) T 41

Z={z€2: ;,ne%@(zl) — (2),00) < 2¢0}

L+ 041

Output: Z,

including combinatorial bandits and recommendation tasks (Fiez et al., 2019). We say a z € Z is e-good if
[y > MmaxX,/¢z i,y — €. In the pure exploration game, for e > 0 and § € (0, 1) the player seeks to identify
an e-good arm by taking as few measurements in X’ as possible. Just as in regret minimization games, we
assume that when the player at time ¢ plays x; € & she observes y; = p,, + & where &, is independent
mean-zero noise with variance 2. Finally, we assume the existence of a 6, € H such that

e o i — (62,0l g s = (6, 6] | <

for some h > 0 that is unknown to the player.

Consider the elimination style algorithm of Algorithm 2.4. The algorithm is a combination of our RIPS
procedure and the algorithm of (Fiez et al., 2019). While the algorithm is inspired by (Fiez et al., 2019),
their analysis only holds in the well-specified setting (h = 0), hence a new proof technique was necessary
to achieve the following result for general h > 0.
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Theorem 4. With z, € arg magc(z, 0.), fix any € > € where
ze

8minfe > 0: 4(y/76]l2 + h)(2 + V/9(e)) < e},

€ =
9() =, inf sup [6(22) = 62 Paior -
)\GAX ZeZ?<9*,¢(Z*)7¢(z)>§g A('Y)(A) 1

Then with probability at least 1—0, once the algorithm has taken at least T samples where 7 = O(c1 log(| Z]/6)+
log(e™1)c2(B? + 02)log(|Z|/8)p* (v, €)) we have that yz > max,ic z —e where % is any arm in the set Z;
under consideration after T pulls and

o 6(22) = (13
7009 = S a0 6(22) — 9027}

(2.9)

Note that if X = Z we have

JR— 3 - 2
g(e) o )\énAfX zeX:<9*,¢S(ljS—¢(2)>§s H¢(Z*) ¢(Z) ”A(’Y)(A)il

. 2
< 4AénAfX sup [6(@)[ %) ()1
<ATr((AQ(\) + 1) A (A%))

where the last line follows from Lemma 3. This means €, the limit on how well one can estimate the
maximizing arm, satisfies € < (]| + ) Tr((A@ (X)) +4T) T AQ (X%)))Y/2. Thus, if we seek an e-good
arm, we should choose 7 to make this right hand side less than e. Note that v = 0 and h = 0 implies € = 0.
If ¢ = identity so that X = R?% h = 0, and v = 0 then the sample complexity of Theorem 4 is known to
be optimal up to log factors to identify the very best arm (assuming it is unique) relative to any J-correct
algorithm over 0, € RY (Soare et al., 2014; Fiez et al., 2019).

2.3.3 Comparing to the alternative baseline procedure

In Section 2.2.4 we proposed a natural alternative to our RIPS procedure for experimental design in an
RKHS. This PTR baseline leveraged the fact that the added regularization v > 0 effectively made many
directions irrelevant. Thus, it projected the problem to a low dimensional subspace where it could apply any
of the standard rounding techniques for finite dimensions described in Section 2.1.2. The dimension of this
subspace, denoted d, scales like the number of eigenvalues of >_, . Aip(x)¢(z) " that are greater than v

where \* € argminyea , max,ey H’UH?Z Aeb@() A1) Any standard rounding algorithm would
z€ &

then require the number of samples taken from the design to be at least d. Relative to our results, this inflates
our regret bound and sample complexity by an additive factor of d scaled by some problem-dependent log
factors. Algebra shows that d < 2Tr((A(X5) +~I) L A(X%)). Though for regret this is a lower order term,
for pure-exploration with X’ ## Z, this term may potentially dominate the sample complexity because it does
not capture the interplay between the geometry of X and Z. Fortunately, our RIPS procedure demonstrates
it is unnecessary and avoids it.

2.4 Related work

There exist excellent surveys of experimental design from both a statistical and computational perspective
(Pukelsheim, 2006; Atkinson et al., 2007; Todd, 2016). This chapter is particularly interested in the task
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of converting a continuous design into a discrete allocation of 7' measurements. We reviewed a number
of works in Section 2.1.2 for completing this task in finite dimensions. To move to an RKHS setting we
considered a regularized design objective which is also known as Bayesian experimental design (Chaloner
and Verdinelli, 1995; Allen-Zhu et al., 2017; Derezinski et al., 2020). While most Bayesian experimen-
tal design works assume a low-dimensional ambient space and use simple rounding, one exception is the
work of (Alaoui and Mahoney, 2014) that performs experimental design in an RKHS for a different design
objective, which inspired our project-then-round procedure described of Section 2.2.4. And very recently,
(Derezinski et al., 2020) proposed a method of sampling from a determinantal point process (DPP) and
showed that they can approximate many continuous experimental design objectives up to a constant factor
it T 2 dess = Tr((A(N}) +vI) "L A(X})) with A}, defined in Lemma 3. However, according to Table 1
of (Derezinski et al., 2020) the method may not apply to G-optimal-like objectives!, which is the primary
objective of this chapter. To our knowledge, our proposed RIPS method is novel in that its performance is
directly comparable to the continuous design without requiring a minimum number of measurements with
some dependence on the (effective) dimension. However, our method does require the number of measure-
ments to exceed log(|V|). While we leveraged experimental design techniques for kernel bandits, many
prior works were able to obtain regret bounds and pure-exploration results using other methods.

Kernel bandits In the well-specified setting (h = 0) (Srinivas et al., 2009) propose a UCB style
algorithm (Auer et al., 2002a) for the RKHS setting. Independently, (Griinewilder et al., 2010) devel-
oped similar methods for minimizing simple regret. (Srinivas et al., 2009) established a regret bound of
ﬁ(HG*H\/*TT + vr) where 77 is defined in (2.8). (Valko et al., 2013) proposed another UCB variant to
obtain a regret bound that scales just as ||0,||/prT where pr is an algorithm-dependent constant that can
be upper bounded by 7, thus improving (Srinivas et al., 2009). We recall that our own regret bound of
Theorem 3 scales no worse than [|6,||\/y7T using Lemma 2, thus matching state of the art. (Chowdhury
and Gopalan, 2017) offer improvements in regret over GP-UCB when the action space is infinite. We also
note that our algorithm naturally allows batch querying, a property that UCB-like algorithms achieve only
through inelegant means (Desautels et al., 2012; Wu and Frazier, 2018).

Misspecified models Our approach to misspecified models draws inspiration from (Lattimore et al.,
2020) which addresses linear bandits in finite dimensions. Their regret bound scales quadratically in the
ambient dimension due to rounding effects. Our RIPS procedure extends this work to an RKHS. The mis-
specified model setting is related to the corrupted setting where an adversary can choose to corrupt the
observed reward by c¢; in each round ¢. Any algorithms for this adversarial setting can also be used to solve
kernelized multi-armed bandit in the misspecified setting with total amount of corruption equal to at most
Cr = Zthl c¢; = hT'. Using this reduction, the regret bound for the corrupted setting of (Bogunovic et al.,
2020) scales like C+/~y7T. Unfortunately, if we take C7 = AT this bound is vacuous. Whether robust
algorithms like (Gupta et al., 2019) can be extended to our kernel bandit setting is an open question. Con-
currently, (Lee et al., 2021) independently proposed a very similar estimator and algorithm for the related
task of solving adversarial bandits.

Constrained linear bandits If we assumed that ||0. |2 < R for some explicit, known R > 0 then this
setting is known as constrained linear bandits, tackled in (Degenne et al., 2020) for the pure-exploration and
(Tirinzoni et al., 2020) for the regret setting, respectively. There, a lower bound on the sample complexity
of identifying the best arm can be computed. The lower bound is infieca, Sup,/,, infy>o G\ z,7)
where
max{(e’ — ) (AN 70 TANGL0 Y () 1o )
+3 (||0*||(A(/\)+»yl)—1A()\) - R ) :

G\, z,7y) =
202" = 2allanyyny o

'Our Theorem 2 with the fact d < 2dc gy suggests k only needs to be at least d for G-like objectives, which adds to their table.
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which is close to our upper bound p* from equation 2.9. See Corollary 4 for the proof of this lower bound.
(Degenne et al., 2020) propose an algorithm with an asymptotic upper bound in the sense that as § — 0, the
dominant term matches the lower bound. However, while (Degenne et al., 2020) and (Tirinzoni et al., 2020)
are tight asymptotically, they suffer from large sub-optimal dependencies on problem-specific parameters.

2.5 Conclusion

In this chapter, we have brought to the non-parametric learning setting an estimator that relies on continuous
designs while enjoying state of the art - theoretical and experimental - guarantees for both the well-specified
and the misspecified settings. We leveraged this estimator in a novel elimination style algorithm for kernel
bandits. For the most part we have ignored computation. However, the computational cost of the RIPS
estimator scales linearly in |V|. An interesting avenue of research is designing an estimator that leverages
multi-dimensional robust mean estimation that has the same properties as RIPS but has no dependence on
|V|. Such an estimator would be of considerable interest in problems such as combinatorial bandits where
|V| is potentially exponential in the dimension (e.g., see (Katz-Samuels et al., 2020; Wagenmaker et al.,
2021)).
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Chapter 3

Nearly Optimal Algorithms for Level Set
Estimation

3.1 Introduction

The level-set of a function is a subset of its domain where it exceeds a specific value. Level set estimation
is the problem of identifying a subset that approximates the true level-set based on a finite set of potentially
noisy function evaluations. As an example, consider the goal of detecting a region in a body of water, such
as a channel, that is at least 20m deep for ships to safely pass. Given that we can obtain noisy estimates of
depth using a sonar device at the locations of our choosing, where should we measure in order to acquire the
most accurate level-set estimation while using as few total measurements as possible? Level-set estimation
can also be interpreted as a kind of classification rule. For example, using as few total experiments as
possible, we may want to identify all compounds among a given finite set under consideration that have
some property (e.g., binding affinity) that exceeds some target threshold.

While level-set estimation is somewhat of a well-studied problem, to date there is a lack of theoretical
understanding of the limits and tradeoffs of estimation accuracy and number of measurements. Most algo-
rithms proceed by sequentially and greedily optimizing an acquisition function that is constructed using all
the measurements observed up to the current time. These heuristics are known to work very well in practice,
but their guarantees are ad hoc and, at best, worst-case (minimax). In this chapter we are interested in un-
derstanding the instance-dependent sample complexity of level-set estimation. That is, we would like for an
algorithm to output a satisfactory estimate of the level-set as fast as any algorithm could for this particular
instance, not some worst-case instance.

In contrast to prior works that propose a sampling heuristic—usually based on identifying an informative
point—and bound its sample complexity, we work backwards. Namely, we first consider an information
theoretic lower bound for the level-set estimation problem that suggests an “optimal” sampling strategy.
Because this ideal sampling strategy is a function of the true (unknown) function, it is a priori impossible to
realize. Instead, we propose a series of sampling strategies, based on experimental designs, that mimic this
optimal sampling strategy given the information available at the current time. By the end, these strategies
provably achieve the optimal sample complexity with minimal overhead. Furthermore, we show that our
sampling strategy leads to an upper bound on the sample complexity that is tighter than those in the existing
literature. In what follows, we first formally state the problem and our desired objectives. We then review the
related work in context before proceeding to our lower bounds and algorithms. We finish with experiments
contrasting with existing work.
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3.1.1 Problem Statement

We assume there exists an unknown function f : R? — [—~B, B] and a subset of allowable sampling
locations X C R? which span R%. Though the function f is unknown, we may query its value for any
r € X and receive a noisy estimate f(z) + 1 where 7 is iid, E[n] = 0, and E[n?] < o2. We define two
objectives.

Explicit Level Set Estimation: Given a specified threshold o € R, the goal is to identify G, := {z €
X f(x) > al.

Implicit Level Set Estimation: Let z, € argmax,cx f(x). Given € > 0, the goal is to identify
Ge={reX:f(x)>(1—ef(xs)}l

Consider an algorithm that at each time ¢ selects an arm z; € X that is measurable with respect to a
o-algebra F;_1 = o(x1,y1, -+ ,T—1,y¢—1) and receives a value y; = f(x;)+n;. To be precise, we say that
an algorithm is PAC-6 for the explicit (respectively implicit) level set problem if it stops at a time 75 which is
measurable with respect to the filtration (F3)¢>; and returns G, (and in the implicit setting returns G) with
probability at least 1 — 4. If f(x) is very close to the threshold, it may take an enormous number of samples
to determine whether it is above or below the threshold, so in practice we introduce a 5 > 0 tolerance that
ensures that any learner has a finite sample complexity (see theorems) and allows for misclassification of
points very near to the threshold. But in the discussion that follows, assume that f(x) is bounded away from
the threshold.

Our approach is based on modeling f in a Reproducing Kernel Hilbert Space (RKHS) H. Let ¢ : R¢ —
H be the “feature map” associated with the RKHS. Since |f(z)| < B for all z € X, there exists a 0, € H
and a scalar h > 0 such that max,cy | f(z) — (0«, &(z))x| < h. When h = 0, f € H, and in general we
allow h > 0 (typically small) in the interest of generality. Our sample complexity bounds will depend on
h and ||0.||% which we denote ||0.||. If h is small, then f is well approximated as a linear function of the
feature maps ¢(x). We refer to the case when h > 0 as being misspecified and otherwise when h = 0 as
being well-specified. This class of functions is frequently used for level-set estimation because it is often
sufficiently rich to model real-world functions but also contains enough structure to quantify the uncertainty
of generalizing a learned function to unmeasured locations. One note of departure from the existing literature
is that we do not assume the unknown function is precisely captured by a function in an RKHS, only that it
is well approximated by one (i.e., the misspecified setting). In the discussion that follows, we additionally
assume | X'| < oo for simplicity since in practice given an arbitrary bounded domain we can replace X’ with
a finite cover.

3.2 Related Work

The level-set estimation problem naturally connects to several related ideas in Bayesian optimization and
multi-armed bandits. In the former setting, methods tend to sample greedily according to an acquisition
function that seeks to minimize the uncertainty of the learner about the level set. The first work on level
set estimation that employed the use of Gaussian processes and introduced the Straddle heuristic is due to
Bryan et al. (2005). These ideas were further developed in Gotovos (2013) which proposed the LSE and
LSE-imp algorithms for explicit and implicit level set respectively. They provide a theoretical guarantee on
the sample complexities of LSE and LSE-imp, and as we will show below, our sample complexity is always
at least as good as their stated bounds. Bogunovic et al. (2016) further connected Bayesian optimization
with level set estimation and considered the setting of heteroscedastic noise. The work of Shekhar and Javidi

"For ease of exposition, we assume f(x.) > 0. This is easily removed by taking ¢ < 0 if f(z.) < 0.
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(2019) focuses on the level-set problem in a continuous domain, and provides an algorithm that maintains a
notion of uncertainty over regions, providing a potentially improved computational complexity, along with
tighter sample complexity bounds compared to LSE for certain kernels and smoothness assumptions. The
work of Zanette et al. (2018) reposes level-set estimation as a classification problem and introduces a novel
acquisition function. Iwazaki et al. (2019) extends the work of Zanette et al. (2018) to improve model
robustness in quality control applications. Bogunovic (2019); Vakili et al. (2021a) demonstrate frequentist
guarantees for Gaussian process algorithms. (Bect et al., 2012; Azzimonti et al., 2021) employ a sequential
experimental design approaches for estimating failure probability given a threshold form a density that is
expensive to evaluate. (Chevalier et al., 2014) proposes a kriging-based approach for the same problem.
This line of work is also related to Gaussian Process Bandits, namely the GPUCB algorithm and improved
variants (Srinivas et al., 2009; Chowdhury and Gopalan, 2017; Valko et al., 2013). Ha et al. (2020) introduces
a Bayesian Neural Network approach for active level set estimation using Monte Carlo dropout techniques.
Table B.1 in the appendix summarizes the results we are aware of in the Gaussian process setting.

In the multi-armed and linear bandit setting, the explicit level set estimation problem is related to thresh-
old bandits where one seeks to find all arms above an explicit threshold (Locatelli et al., 2016; Jamieson and
Jain, 2018; Degenne et al., 2020). The approach of Degenne et al. (2020), would provide an asymptotically
optimal algorithm in the linear setting, however we are not aware of any other works that provide an optimal
finite-time guarantee. The implicit level set problem in the standard multi-armed bandit setting is equivalent
to the multiplicative all-e problem introduced by Mason et al. (2020). Algorithm 3.2 recovers the sample
complexities of the instance-optimal (ST)? algorithm given there. Finally, our experimental design tech-
niques are inspired by Soare et al. (2014); Fiez et al. (2019), and especially our work Camilleri et al. (2021a)
— presented in Chapter 2 — that introduces the RIPS estimator which we use to perform experimental design
in an RKHS.

3.3 Explicit Level Set Estimation

In recent years, adaptive experimental design has arisen as a popular paradigm for active learning in struc-
tured settings, for example in linear bandits and RKHS (Soare et al., 2014; Fiez et al., 2019; Camilleri et al.,
2021a), and we adapt these ideas for the level set problem. To motivate this paradigm, in the following ex-
ample we focus on the well-specified linear case where ¢(z) = z, 3 = 0, h = 0 where we recall & denotes
the misspecification and 5 denotes the error tolerance as defined in Section 3.1.1. Imagine we have access
to a collection of n-measurements {(z;,y;)};" , and let = arg mingepa > vy (y; — ;' 0)? be the least
squares estimator. Standard results show that with probability greater than 1 — §, we have for all x € X
simultaneously

21og (2] X]/3)

(Siymal) ™ no

where the additional factor of |X'| in the logarithm arises from a union bound over X. In particular, if our
data is chosen so that for eacharm z € X

|27 (6~ 6.)] < ||z

 [2loa2]X]/5) o

T
270, —al > g ) =
1= L g

we see that for any x such that z'0, > a,
10 = 0, + xT(QA— 0.) > ' 0, — ]:UTH* —al > a.
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The first inequality stems from equation (3.1) where we have sampled such that the error x! (5— 0,) is less
that the margin to the threshold |2 "6, — a|. Hence, if #76, > « then 270 > «. This same argument may
be repeated for - : 216, < a. Therefore {z : 70 > a} = {z : 76, > a} = G, i.e. we have a high
probability guarantee that we return the correct set of arms above the threshold. Letting A, = n,/n be the
proportion of times we sample x € X, we see see that equation (3.1) is equivalent to

I
> x€ z
"= 0]z — a)? -2

In particular, this implies that to achieve a good sample complexity we can minimize the right side of this
expression over all possible distributions A € Ay where Ay = {\ € RI¥ : Yozex Az = L, Az > 0Va}.
Indeed as the following theorem shows, this gives a lower bound on this problem.

Theorem 5. Assume 1, YN (0, 1) Vt. In the well-specified linear setting when ¢(x) = x and f(x) = 0] x,
for any 6 > 0, any PAC-0 algorithm with stopping time Ty that returns the set G, with probability at least
1 — 0 must satisfy

E[T3] 5 mi ||33H?4()\)71
— min max —————
log(1/2.40) = xeAx prpY 0]z —a)?

where A(X) := 3",y Apzz

Remark. We prove this result for completeness in the appendix using ideas from Fiez et al. (2019).
A similar result has appeared previously in the Appendix of Degenne et al. (2020) which also shows its
tightness.

As a concrete interpretation of the lower bound, consider the case where x; = e;, the ith standard basis
vector. Then the mean of arm i is 6, e; = [6.];, the i entry of 6. This setting removes all structure by
making the mean of each point independent of the others, and we may solve the optimization in Theorem 5
in closed form. Namely, the fraction of samples given to arm 4, denoted A(*) o ([6,]; — o) ~21og(1/5) is
proprotional to its inverse gap squared. This leads to a lower bound of E[75] > >""_ ([0.]; — o)~ log(1/9)
with matches the known lower bounds from (Jamieson and Jain, 2018; Locatelli et al., 2016) which are
specific to this setting.

We now operationalize this lower bound to provide an algorithm for level set estimation that has a
nearly matching upper bound. In the following sections, we will explain our algorithm and the adaptations
necessary to handle the general setting of the RKHS.

3.3.1 Algorithm

Motivated by this lower bound, we now provide an experimental design approach in the general case. In this
setting, we recall the feature map ¢ : R% — H and h > 0 represents the possibly nonzero misspecification
level. Despite these changes, the same intuition from the linear case in Theorem 5 applies. We have a set of
vectors ¢(z)1, .. ., ¢(x,) € H and an unknown parameter vector 6, € H such that f(z) ~ 0, ¢(x). Ideally,
we would sample according to a distribution A, that achieves the minimum in the lower bound in Theorem 5,
however this is not possible since )\, depends on the a priori unknown 6,. Instead, we approximate this
distribution by solving a series of designs based on the information we have thus far. Furthermore, we allow
for a tolerance 3 > 0 reflecting the fact that depending on the setting, practitioners may be satisfied with an
approximate solution if it requires fewer samples to learn.
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Our approach, MELK (Misspecified Explicit Level set via Kernelization), for the generalized RKHS
setting is given in Algorithm 3.1. MELK proceeds in phases. To keep track of the points it has identified so
far, MELK maintains two sets: 1) G is the set of all points that up to round ¢ have been declared as being
in G, by MELK, that is f(z) > a. 2) By is the set of all points declared as being in G¢,.. The remaining,
uncertain points are active and in the set .4,. Motivated by the lower bound from the linear setting, it
then computes the experimental design: \; = argminyea , maxgc4, ||¢(x )HA(W)(/\ _, with AD()) =

> sex Aa®(x)¢(x) " + vI where ~ is a necessary regularization in the kernelized (infinite-dimensional)
||¢>(90)||124<V)(A)_1
272
from );. This guarantees that at the end of the round, A; 1 C {x € X : 6]z — a| < 27D} and, we can
interpret our design as an approximation to the lower bound on the points that are remaining. MELK declares
that x € G, if §T<z5( ) — 27t > a and adds x to the set G. Similarly, MELK adds z to declares = € G¢ and
adds x to By if T o(x) + 2_t < «a. Finally, MELK terminates when either all arms have been added to the
sets G¢ or B; or when t 2, log2(1 / ﬁ) and it has achieved the practitioner’s desired tolerance of 3.

setting. Indeed, the number of samples taken in each round equals NV; ~ miny maxg;c .4,

MELK leverages a Robust Inverse Propensity Scoring (RIPS) estimator introduced in Camilleri et al.
(2021a) presented in Chapter 2 and further reviewed in Appendix B.2. Previous works in linear bandits have
utilized rounding procedures for sampling followed by ordinary least squares that are not applicable in the
infinite dimensional setting. Instead, the RIPS estimator appeals to an inverse propensity score estimator
plus robust mean estimation. We remind the guarantee of the RIPS estimator below, as it is important for
understanding the behavior of the algorithms we present, but the experimental designs we propose are not
consequences of that work.

Theorem 6 (Rephrasing of Theorem 1). Consider the model y = (¢(x), 0.)3 + Cx + n for misspecification
|Ce| < h where it is assumed that |(¢p(z),0:)3 + (| < B, E[n] = 0, and E[n?] < o?. Fix any finite sets
X C R*and V C H, feature map ¢ : R — H, number of samples T, regularization v > 0, and distribution
A€ Ax. If T > 2log(|V|/d) then with probability at least 1 — 6, RIPS returns 9 satisfying

9,v) — (0,
max (0, v) — (0., )] <2/7/16«|| +2h+4\/(32j02) log (%)

veV o]l g a1

Computational Considerations. We note briefly that while we state the optimal design in terms of the
potentially infinite dimensional ¢(x) for clarity, we never explicitly compute ¢(x) and instead resort to the
kernel trick (see Appendix B.6). Furthermore the design can be computed using first order optimization
methods, such as Frank-Wolfe (Lattimore and Szepesvari, 2020; Todd, 2016). The total computational cost
of each design is poly(|X|). Though these designs can be expensive to compute, this is done very rarely by
the algorithm. In particular, for T total samples drawn by MELX, the design is computed O(log, (7)) times
leading to an overall computational cost of O(poly(|X'|) logy(T")) for computing the design. By contrast, any
algorithm that computes an acquisition function at every sample suffers computational complexity Q(7") for
the design. Furthermore, for Gaussian process approaches, the added cost of computing posterior means and
variances leads to an overall computational cost of either Q(poly(|X'|)T") or 2(|X'|poly(T")) depending on
implementation for computing acquisition functions. We focus on the complexity of computing the design
and acquisition functions as this is frequently the core computational bottleneck of algorithms for level set
estimation and the complexity of drawing samples is usually negligible by comparison. Hence, when many
samples are drawn, MELK can be significantly more efficient than past approaches.
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Algorithm 3.1. MELK: Misspecified Explicit Level set via Kernelization

Input: Arms X, ¢, 0 > 0,6 > 0, > 0, threshold «, tolerance 5
1t 1,G = 0,B; <0, A « X N
2: while |G; U By| < |X|and t < [log,(4/5)] do
3: Op (5/2t2
4: Let \; € Ay minimize g(\; Ay; ) where

.- . 2
9(x; V3 ) = max [[o(2) [ 46 (3)-1

50 g 1622 g(N; Ay ) (B? + 02) log (2% X[?/6)

6:

7: Set Ny < [max{q:;,2log(|X|/0)}]| and sample x1,--- ,zy, observing noisy function values
Y1, -+, Yn, according to At.

8: et < RIPS( Ay, {AD (N) Yo (xi)yi}2¥t,), Alg B.1 in Appendix B.2

9: for x € A; do

10: if ] ¢(x) < a —2- 27" then

11: By« By U {ZL‘}

12: ./4t+1 < At\{l’}

13: else if 6, ¢(x) > a +2- 27" then

14: Gy < Gr U {:E}

15: .At+1 — .At\{:C}

16: tt+1
return R := X \ By

3.3.2 Optimal Sample Complexity for Explicit Level Set Estimation

Next we state MELK’s complexity, deferring constants and doubly logarithmic factors to the appendix for
readability.

Theorem 7. Fix 6 > 0, threshold o > 0, tolerance B, and regularization v > 0. Define Apin() =
mingey |¢(x)70, — a|. Define also

(a) = min {5 >0 4(/716.] +h)(2+ min max 1620 ) < 5}.

AEAx zeX:|p(x) T O —a|<B
With probability at least 1 — §, MELK returns a set R at time T such that
R2{zeX:f(z) >a+pla)}andRC{z € X: f(z) > a—F~fla)}

and for any «, 8 such that max(Amin(at), B) > B(a)

o ()]
Ts < (B? + %) min max A

AeX z€X max{(¢(z)T0, — a) , 32} log((Auin(a) v ) log (|X’5_1) '

We now contextualize the result of our theorem. In the well-specified linear setting with ¢(z) = =,
h =0, =0, and v = 0 MELK will terminate and return GG, in a time

. lzl? -1 ¥
Ty 5 (B 40 minmax g0 log(A ) los (1)
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samples which nearly matches the rate suggested by the linear lower bound in Theorem 5. The added
factor of log(|X'|) stems from a union bound, while the dependence on log(A ;) is an additional overhead
incurred as MELK builds up an estimate of the optimal sample allocation over rounds. We visualize this
estimation process in Figure 3.1 in the experiments.

In the more general misspecified setting when h > 0, we cannot expect to return G, exactly and
B(a) characterizes the limit of how well one can estimate f(x). Hence, 2’s with gaps smaller than 3(«)
cannot reliably be detected by MELK. To better understand this quantity, note that for any 7/ € R if we
run MELK with v = +//T, Lemma 2 (also Lemma 2 of Camilleri et al. (2021a)) can be used to show that
B(e) S (VAll«]l + h)v/Tr where T'r := sup, g log det(TAO)(X) 4 4'T) is the maximum information
gain as defined by Srinivas et al. (2009); Gotovos (2013); Bogunovic et al. (2016). Additionally, it can
be shown that I'r < d.f, where dcs¢ is the effective dimension of ¢(x1),...,¢(x,) € H as defined in
Alaoui and Mahoney (2014); Derezinski et al. (2020). In particular, to ensure that MELK correctly identifies
all points that are at least some gap A > h away from the threshold, then we can choose v so that A >
(v716«]| + h)v/T7. In practice we find that v = 1/T works well. Finally, the user may additionally
set a tolerance E > 0. In this case, we err on the side of potentially returning extra arms that are not
in G, and show that the returned set R contains all z such that f(x) > a + B(a) and none such that
f(z) < a — B — B(a). If however, a more selective criteria is desired, the following remark characterizes
the output if ét is returned instead.

Remark. If MELK instead returns R = G, then with probability at least 1 — § R D {z € X : f(z) >
a+B+pB()}and andR C {z € X : f(z) > a— B(a)}.

Contrast with Existing Approaches. The experimental design based sampling approach is a departure
from past work on level set estimation. As opposed to constructing an acquisition function and then bound-
ing the sample complexity of the resulting algorithm as past works have done, we instead begin with an
oracle sampling scheme that arises from a lower bound and attempt to design a practical sampling scheme
that matches it as more data is collected. In what follows, we compare the guarantees of MELK to the prior
art such as Gotovos (2013); Shekhar and Javidi (2019); Bogunovic et al. (2016). As a technical point, we
note that these past results are specialized to the Gaussian process setting where a prior on f is known. By
contrast, our work presented in this chapter makes no assumption of a prior distribution. Bogunovic (2019);
Vakili et al. (2021a) achieve similar guarantees for the frequentist setting. Ignoring these technicalities, our
results are tighter than what were previously known.

The past state of the art sample complexities all guarantee that algorithms terminate at the smallest time
T satisfying T 2 T'pAmin(a) =2 up to log factors (cf. Thm 1 of (Gotovos, 2013), Cor. 3.1 of (Bogunovic
etal., 2016), Thm 1 of (Shekhar and Javidi, 2019), etc.). If we run MELK with v = ~//T then

(@)% 31 max, ||¢(z)||? 1

. N . z (AN)+~D) 2
— - 7 K < 3r Amin
)\rggﬁ( max (p(2)T0, — )2 — Arélgfy ming (¢p(z)T0, — )2 — Str (o)

where the final inequality follows from Lemma 2 and the definition of A, («).

Remark. Combining the above analysis with the result of Theorem 7 highlights that MELK likewise
terminates at or before a time 7 satisfying T > T'7Ain () 2, though it may stop long before this as the
above bound employing I'r is only tight in the pathological case when |¢(2)7 0, — a| = Apin (o) Vo € X.

Remark. The lower bounds of Scarlett et al. (2017); Cai and Scarlett (2021) show that a dependence
Q(v/T'r) is necessary in the worst case for functions living in an RKHS. Hence, MELK is instance optimal
in the linear regime by Theorem 5 and at least minimax optimal in general.
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3.4 Implicit Level Set Estimation

In the implicit level-set problem, for an € > 0 we seek to identify the set G. = {z : f(z) > (1 —€)f(x4)}.
Note that unlike the explicit setting where the threshold o was a given input to the algorithm, now the
equivalent notion of a threshold value « is equal to (1 — €) f(z,), an unknown quantity since it relies on
knowledge of the unknown function f. A naive strategy would be to attempt estimate (1 — €) f(z,) directly
and then apply explicit level-set estimation techniques using this estimated threshold value. Indeed, this is
precisely the strategy of past works (Mason et al., 2020; Gotovos, 2013). Perhaps surprisingly however, it
turns out that estimating the threshold is unnecessary and potentially wasteful. Towards developing lower
bound to guide an experimental design, we begin with a simple but powerful observation.

Lemmad. x € G. < Va' € X : f(x) > (1 —¢)f(2'). Conversely, x € G¢ <— T’ : f(x) <

(1—e)f(z").
Proof.
r€G. = A (1—e)f(2) > f(z) &= Va': (1 -¢€)f(2) < f(x)

where the second equivalence holds by definition since -, maximizes (1 —¢€) f(x’) and we have that f(z) >
(1 —€)f(zs) for any € G. The statement for z € G¢ holds via the negation O

The following corollary specializes the previous lemma to the well specified case.
Corollary 1. In the well specified setting where h = 0,
reG = Vo' e X:0] (¢(zx) — (1 —€e)o(z) >0

and conversely,

r€GE = In': HI(cj)(:Jc) — (1 -e)p(2))) <.
This lemma highlights that to determine if x € G, one need only check if
0] (p(x) — (1 —€)p(z')) > 0 forall 2’ € X.

In particular, this does not require any estimate of the threshold (1 — €) f(z*). Instead, it is only necessary
to maintain estimates of ordered pairs of points (x, 2') without searching for z, directly. Next, to guide our
algorithm design we look to an information-theoretic lower bound.

Theorem 8. In the well-specified linear setting when ¢(x) = x and f(x) = 0]z, for any 5 > 0, any
algorithm that returns the set G, with probability at least 1 — § must satisfy

E[T5]
log(1/2.45)

lz—(—e)z'|I% , _y lz—(—e)z’|12 | _1
> 2 min max < max max AR max min AR
T OXEAy z€Ge x'EX (0 (z—(1=€)a’))? ’acEGg r’'eX (0. (z—(1—€)a’))?

where Ts denotes the random stopping time.

Notably, the directions ¢(x) — (1 — €)@ (") naturally arise in the lower bound. This suggests an optimal
sampling distribution A* that achieves the minimum of the inequality in 8. As was the case in explicit level
set estimation, this sampling distribution also depends on the unknown 6,.

44



3.4.1 Algorithm

Motivated by the lower bound, we propose Algorithm 3.2 called MILK (Misspecified Implicit Level set via
Kernelization) which proceeds in phases where we attempt to progressively match the optimal distribution
from the lower bound as was done by MELK for the explicit setting. The key difference, however is that
MILK instead computes a design to optimally estimate 6, (¢(x) — (1 — €)¢(2')) rather than 0, ¢(x) as in
MELK. Given active set A C X' x X of pairs of arms define,

Y(A) = {o(x) — (1 - e)¢(a') : (z,2) € A}.

The active set in round 1 is initialized as A4; = X x X. MILK keeps track of sets @t C X and Et C X of
arms it believes to be in G and G¢ and makes use of the RIPS procedure to robustly estimate means. As
the algorithm proceeds, in each round ¢ an optimal design is computed over remaining difference vectors in
V<(A;) and the number of samples NN is sufficient to ensure that | (6, —8) T (¢(z) — (1 —€)p(a’))| < 27+1.
Then for every arm that has not been added to (A}t or Et, MILK does the following:

it 32’ 07 ((p(x) — (1 — €)p(a')) < 27

then x is added to Et. In our proof, we show this condition occurs if and only if there exists a 2’ such that
0] (p(z) — (1 — €)pp(a’)) < 0. If this occurs, all pairs of the form (z,2’) or (2, ), ' € X are removed
from A;2. Semantically, if MILK can ensure that x is not in G, then z is never sampled again. Otherwise,
for any 2’ if 1 (¢(x) — (1 — €)¢(a) > 27, the single pair (,2') is removed from A;. An arm  is only
ever added to Gy if {(z,2'), 2’ € X} N A, = () which occurs when

Va' : 3t such that 8, ((p(z) — (1 — e)p(a')) > 27

In our proof, we show that this occurs if and only if 6, (¢(z) — (1 — €)¢(2')) > 0 for all 2’ € X which
is both necessary and sufficient by Lemma 4. Note that even if = has been added to Gy implying that all
pairs (z, z") have been removed from A;, © may be present in other pairs (2, 2) which can be necessary to
determine if 2’ € G. Finally, the algorithm terminates when either every arm has been added to either Gt
or B, or it has reached a round ¢ > log,(1//3) when the desired tolerance 3 is achieved.

3.4.2 Theoretical Guarantees

Next we state MILK’s complexity, again deferring constants and doubly logarithmic factors to the appendix
for readability.

Theorem 9. Fix § > 0, € > 0, tolerance 3, and regularization v > 0. Define Amin(€) = min, |0 (¢(z) —
(1 —e)pp(z*))|. Define also

/3’(6)—mm{ (VN0 + h) <2+ /if;?”( B)) <B}

v(AB) = max 18] (¢(x) = (1 = €)p(@))[% (5

(x,2")eXxX
104 (6(2)—(1—€)(z'))|<B

>We assume that pairs are ordered, i.e. (z, ') # (2/,z) for x # 2.
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Algorithm 3.2. MILK: Misspecified Implicit Level set via Kernelization

Input: Arms X, ¢, 6 >0, € > 0,7 > 0, tolerance E
lt<—1G1—>(Z)Bl<—®A1<—{(xa; xmeX}
2: while |G, U By| < |X|and t < [logy(4/5)] d
3: Op (5/2t2
4: Let \; € Ay minimize g(\; Ay; ) where

g Vi7) = max [[6(@) — (1 - )o@}

(z,z')eV
5. g+ 16-22"g(\; Ags ) (B? + 0?) log (28%| X[ /6)
6:
7: Set Ny < [max{q:,2log(|X|/0)}]| and sample xi,--- ,zy, observing noisy function values
Y1, -+, Yn, according to M.
& 0 RIPSO(A,), {AO () L)y 1)
9: for (z,2') € A; do
10: if 9“[(¢>(x) — (1 —e)p(z)) < —2- 2" then
11: §t+1 — T
12: x-pairs < {(z,2’) and (2, x)|2’ € X'}
13: Aip1 +— Ay \ x-pairs
14: it (p(z) — (1 — €)p(2')) > 227 then
15: At+1 +— A \ {(ac, ac’)}
16: if {(z,2)]2' € X} N Ay = () then
17: @t+1 — @t U {.CI}}

18: t+—t+1
return R := X \ B

With probability 1 — §, MILK returns a set R at a time T such that

R2{zeX: f(x)>(1—ef(x.)+B(e)} and
RC{zeX: f(z)>(1—e)f(zs)—B—Ble)}

and for any e, gsuch that max(Ampin(€), B) > (e

—
~—

Ts <(B* +0*) H"™ (0, )log,(Aumin(€) v B) " log (%)

for HYTPX(9,) = T\Iél)% {Hﬁ\ﬂLK—GE (6,) v Hﬁ\ﬂLK—Gg (0*)}, where

o o |12
H,\MILK?GS(H*) = max max ||¢(~T) (1 6)¢(x)”14(7)(/\)71

reGex'eX max{((d)(l‘) — (1 — €)¢(5L’,))T9*)2> 32},

c [p(z) — (1 =)o) %) )
and Hf\ULK*Ge (6,) := max max AM ()1

zeGSe max{((¢($) — (1 — 6)¢($*))T0*)27§2}‘
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_ The statement of Theorem 9 for MILK is similar that of 7 for MELK. In the well specified case when
£ =0, MILK returns G, exactly at a time T} that satisfies

Ts < (B® + o) H" (6, ) logy (Amin(€)) log (|X]67)

In this case, however, H"*%(6,) is a maximum of two different complexity terms. H %ILK*GE represents the

complexity of identifying all z € G,. Similarly, Hy "~ represents the complexity of identifying all z €

G¢. Similar to the explicit setting, in the misspecified case when h > 0, B(¢) similarly represents the limit
of how well we can estimate f(x) for any x € X and (3 allows for an additional tolerance such that MILK
detects all z for which f(z) > (1 — €)f(z.) + B(€) and none worse than f(z) < (1 — €) f(zx) — B(e) — .
The following remark addresses the setting where MILK returns @t instead.

Remark: If the algorithm instead returns R = (A?t, then with probability at least 1 — §

R2{zeX: fx)>(1-ef(x)+B+B(e)} and
RC{zeX: f(x)>(1—ef(x.)—Ble)}

Comparison with the Lower Bound

The complexity term H™ (4, naturally breaks into two terms. H*%~C¢ (. ) represents the complex-
ity of finding arms in G and it matches a corresponding term in the lower bound. H"*“%-G<(§,) represents
the complexity of removing arms in G but is slightly different than the term in the lower bound. As a con-
sequence of Theorem 4.1 of Mason et al. (2020) however, one can show the term given in the lower bound
for z € G¢ is not achievable except asymptotically as 6 — 0 in general. Instead, the problem of implicit
level set estimation reduces to the problem of all e-good arm identification in multi-armed bandits studied
by Mason et al. (2020) when ¢(x) = x, h = 0, and z; = e;. We show in the appendix that MILK’s sample
complexity matches the optimal finite time rate up to logarithmic factors as shown in Mason et al. (2020).

Contrast with Existing Results

As was shown in the explicit setting, we can show that the sample complexity bound in Theorem 9
improves on the current state of the art. Take v = +//T for any 7' € R. Then we may bound H" ™*~C<(g,)

as
_ lé(x) = (1= )é(2) %) 2y
e me | ((6a) — (1— e>¢<x'>>T9*>2

(2)4 N (1_6)2”¢(x> HA("/ v 62H¢( )HA(W) -1
e ((¢<x>—<1—e>¢< >>T9*> (6(x) — (1 - ol >> BE
) (1+e)?

AeX zz
< 4m ;fg?”?%% {Héf)(xl) - ¢($)||?4(w(,\)—1 \ ||¢(»’U)H?Am@))—1 }

8(1 + €)?

< T 2
< A ey i max 60 oy

<2 12(1 + €)?
o Amin(€)2

where (a) follows by the triangle inequality, (b) by definition of Ap,iy(€) and (¢ ) follows by Lemma 2. A
similar computation follows for "M% ~C<(¢, ) Hence, MI LK is at most O(T'7A_ 2 ) though it can be much
tighter as inequality (b) is tight only in the worst case when all gaps are equal. In particular, the result of
Theorem 9 is tighter than Theorem 2 of Gotovos (2013).

I'r
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Figure 3.1: Allocations across rounds for a function f(z,y) with a threshold of &« = 0 shown in black.
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Figure 3.2: Performance of MELK and MILK versus Gaussian process baseline.

3.5 Experiments

In this section, we compare our algorithms to existing baselines in the literature. Additional details of these
methods and our experiments are in the Appendix.

Warm-Up: Optimal Sampling. In Figure 3.1 we illustrate the sampling behavior of MELK. We let
X = {(35.45)}3%_, and considered the squared exponential kernel k(w,z') = exp(—|z — ='|?/2(?)
with parameter £ = 0.1. We also chose 6, ~ N(0, Igg) and show a contour plot of f(x) = 6, ¢(x).
The black curve represents the boundary of the @ = 0 level set. We plot the sample allocations as the
algorithm progresses (taking v = 0). The initial distribution is mostly uniform with several sampling
modes. In later rounds, the points nearest to the boundary of the level set, given by the black curve are
sampled, and eventually, only the points with the smallest gaps (the most difficult regions) receive samples.
As the number of samples in round ¢ is proportional to 2%, we compute the sum of the designs weighted by
the 2! to show the overall sampling design. Additionally, we plot the asymptotic allocation suggested by
Theorem 5, namely \, = arg miny max,¢ x H<75(5'9)“124(7)(,\)_1/(9I¢($) — «)?. In particular, the weighted
sum of the designs taken by MELK is nearly identical to \..

Gaussian Process Level Set Estimation. For our main empirical evaluation, we focused on the Gaus-
sian Process setting for the explicit level set problem. In the explicit level-set case we compare to LSE (Go-
tovos, 2013) and TruVar (Bogunovic et al., 2016). We drew a function f : [0,1] — R from the Gaussian
process N (0, k(x, ")) where the kernel is a squared exponential kernel with parameter £ = .05 and [0, 1]
was uniformly discretized into 200 points. We assumed that the noise variance was o> = 1 (high noise) and
the threshold was chosen so that 10% of the function values were above it. In this setting, we implement a
batched version of MELK that draws a fixed batch size of samples each round (namely 10) and then recom-
putes the design. This reflects the practical constraint that experimenters may wish to collect a fixed number
of samples at a time rather than a potentially growing amount. To provide a fair comparison to the GP-based
methods, we computed a posterior distribution on f in each round. For each point we replaced our theoreti-
cally justified confidence intervals in the RKHS setting with confidence intervals arising from the posterior,
namely ji;(x) + 8Y/26,(x) where ji;, 5; are the posterior mean and standard deviations respectively. As
in past works, we take 51/2 = 3 as theoretically justified choices of 8 (eg. Theorem 1 of (Srinivas et al.,
2009)) tend to be overly conservative. We also took « dropping like 1/i on the i-th round we computed the
design. We ran 25 repetitions drawing a new choice of f each run. Figure 3.2b shows the average F1 score
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of the set of points each algorithm declares to be in G, respectively with bars denoting 1 standard error. Our
algorithm performs very similarly to TruVar - an algorithm whose acquisition function samples in a way
to reduce the average variance, unlike our method which tries to reduce the maximum variance.

Our second comparison is in Figure 3.2¢c: we took f(x) = cos(8mx), £ = .1, 0 = .2 (low noise regime)
and chose the threshold so that 30% of points were above it. We then considered 700 points uniformly in
[0, 1]. In the appendix, we vary the underlying parameters of £, o2 to demonstrate the performance of these
algorithms in different regimes.

Linear Implicit Case. We additionally compare against LSE—1imp in the linear setting where ¢(x) = x
on a benchmark example from the linear bandits literature designed to test the effectiveness of adaptive
sampling algorithms (Soare et al., 2014). For xy,--- ,x, € R?, we take 1 = x, = 0, = e; and
X2 = eg. The remaining x3, - - - , x, are set so that their first two coordinates are cos(w/4(1 + £))e; and
sin(m/4(1 4 £))ea for & ~ Unif(—.2,.2). We set the threshold o = 0.5, n = 100, and d = 25. Though
it is far below «, sampling arm x2 provides the most information about which arms exceed the threshold.
In this setting, we ran both algorithms with the exact confidence intervals as specified by their respective
theoretical guarantees leading to large sample complexities, and we include further details in the appendix.
Indeed, we see in 3.2a that MI LK outperforms LSE—imp.

3.6 Conclusion

In this chapter, we provide the first instance optimal algorithms for explicit and implicit level set estimation
and provide theoretical and empirical justification for our algorithms.

49






Chapter 4

Selective Sampling for Online Best-arm
Identification

4.1 Introduction

In this chapter we consider selective sampling for online best-arm identification. In this setting, at every
time step ¢t = 1,2, ..., Nature reveals a potential measurement z; € X C R? to the learner. The learner
can choose to either query z; (§; = 1) or abstain (§; = 0) and immediately move on to the next time. If
the learner chooses to take a query (§; = 1), then Nature reveals a noisy linear measurement of an unknown
0, € R%, je. Y+ = (x+, 04) + € where ¢; is mean zero sub-Gaussian noise. Before the start of the game, the
learner has knowledge of a set Z C RY. The objective of the learner is to identify z, := arg max.¢ z(z, 6,)
with probability at least 1 — ¢ at a learner specified stopping time /. It is desirable to minimize both
the stopping time ¢/ which counts the total number of unlabeled or labeled queries and the number of
labeled queries requested £ := Zt”:l 1{& = 1}. In this setting, at each time ¢ the learner must make the
decision of whether to accept the available measurement z;, or abstain and wait for an even more informative
measurement. While abstention may result in a smaller total labeled sample complexity £, the stopping
time U may be very large. This chapter characterizes the set of feasible pairs (U, £) that are necessary
and sufficient to identify z, with probability at least 1 — § when z; are drawn IID at each time ¢ from a
distribution v. Moreover, we propose an algorithm that nearly obtains the minimal information theoretic
label sample complexity £ for any desired unlabeled sample complexity U/.

While characterizing the sample complexity of selective sampling for online best arm identification
is the primary theoretical goal of the work presented in this chapter, the study was initially motivated by
fundamental questions about how to optimally trade-off the value of information versus time. Even for this
idealized linear setting, it is far from obvious a priori what an optimal decision rule &; looks like and if it can
even be succinctly described, or if it is simply the solution to an opaque optimization problem. Remarkably,
we show that for every feasible, optimal operating pair (4, £) there exists a matrix A € R?*? such that the
optimal decision rule takes on the form & = 1{x " Az > 1} when x; ~ v iid. The fact that for any smooth
distribution v the decision rule is a hard decision equivalent to z; falling outside a fixed ellipse or not, and
not a stochastic rule that varies complementarily with the density of v over space is perhaps unexpected.

To motivate the problem description, suppose on eachday ¢ = 1,2, ... afood blogger posts the Cocktail
of the Day with a recipe described by a feature vector 2; € R. You have the ingredients (and skills) to make
any possible cocktail in the space of all cocktails Z, but you don’t know which one you’d like the most, i.e.,
Zy = argmax,cz(z, 0x), where 0, captures your preferences over cocktail recipes. You decide to use the
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Cocktail of the Day to inform your search. That is, each day you are presented with the cocktail recipe
x; € R? and if you choose to make it (¢ = 1) you observe your preference for the cocktail y; with
E[y:] = (a4, 64). Of course, making cocktails can get costly, so you don’t want to make each day’s cocktail,
but rather you will only make the cocktail if x; is informative about 6, (e.g., uses a new combination of
ingredients). At the same time, waiting too many days before making the next cocktail of the day may mean
that you never get to learn (and hence drink) the cocktail z, you like best. The setting above is not limited to
cocktails, but rather naturally generalizes to discovering the efficacy of drugs and other therapeutics where
blood and tissue samples come to the clinic in a stream and the researcher has to choose whether to take a
potentially costly measurement.

Our results hold for arbitrary 6, € R?, sets X € R? and Z C RY, and measures v € A +! for which we
assume x; ~ v is drawn IID. The assumption that each x; is IID allows us to make very strong statements
about optimality. To summarize, our contributions are as follows:

* We present fundamental limits on the trade-off between the amount of unlabelled data and labelled
data in the form of (the first) information theoretic lower bounds for selective sampling problems that
we are aware of. Naturally, they say that there is an absolute minimum amount of unlabelled data
that is necessary to solve the problem, but then for any amount of unlabelled data beyond this critical
value, the bounds say that the amount of labelled data must exceed some value as a function of the
unlabelled data used.

* We propose an algorithm that nearly matches the lower bound at all feasible trade-off points in the
sense that given any unlabelled data budget that exceeds the critical threshold, the algorithm takes no
more labels than the lower bound suggests. Thus, the upper and lower bounds sketch out a curve of
all possible operating points, and the algorithm achieves any point on this curve.

* We characterize the optimal decision rule of whether to take a sample or not, based on any critical
point is a simple test: Accept z; € R? if 2/ Az; > 1 for some matrix A that depends on the desired
operating point and geometry of the task. Geometrically, this is equivalent to z; falling inside or
outside an ellipsoid.

* Our framework is also general enough to capture binary classification, and consequently, we prove
results there that improve upon state of the art.

4.1.1 Related Work

Selective Sampling in the Streaming Setting: Online prediction, the setting in which the selective sam-
pling framework was introduced, is a closely related problem to the one studied in our work and enjoys a
much more developed literature (Cesa-Bianchi et al., 2009; Dekel et al., 2012; Agarwal, 2013; Chen et al.,
2021). In the linear online prediction setting, for ¢ = 1,2, ... Nature reveals z; € RY, the learner predicts
yr and incurs a loss £(9z, y¢), and then the learner decides whether to observe y; (i.e., & = 1) or not (§; = 0),
where y; is a label generated by a composition of a known link function with a linear function of z;. For ex-
ample, in the classification setting (Agarwal, 2013; Cesa-Bianchi et al., 2009; Dekel et al., 2012), one setting
assumes y; € {—1,1} with E[y|2;] = (24, 0,) for some unknown 0, € R?, and ¢(5;,v:) = 1{U: # wi}.
In the regression setting (Chen et al., 2021), one observes y; € [—1, 1] with E[y;|z:] = (¢, 6,) again, and
(W, y¢) = (G — ye)?. After any amount of time I/, the learner is incentivized to minimize both the amount
of requested labels Zztil 1{& = 1} and the cumulative loss Zg{zl 2(yt, i) (or some measure of regret

"'We denote the set of probability measures over X as A x.
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which compares to predictions using the unknown 8,). If every label y; is requested then £ = U/ and this is
just the classical online learning setting.

These works give a guarantee on the regret and labeled points taken in terms of the hardness of the
stream relative to a learner which would see the label at every time. Most do not give the learner the ability
to select an operating point that provides a trade-off between the amount of unlabeled versus labeled data
taken. Those few works that propose algorithms that do provide this functionality do not provide lower
bounds that match their given upper bounds, leaving it unclear whether their algorithm optimally negotiates
this trade-off. In contrast, our work fully characterizes the trade-off between the amount of unlabeled and
labeled data through an information-theoretic lower bound and a matching upper bound. Specifically, our
algorithm includes a tuning parameter, call it 7, that controls the trade-off between the evaluation metric
of interest (for us, the quality of the recommended z € Z), the label complexity £, and the amount of
unlabelled data U/ that is necessary before the metric of interest can be non-trivial. We prove that each
possible setting of 7 parametrizes all possible trade-offs between unlabeled and labeled data.

Our work is perhaps closest to the streaming setting for agnostic active classification (Dasgupta et al.,
2008; Huang et al., 2015) where each x is drawn i.i.d. from an underlying distribution v on X, and indeed
our results can be specialized to this setting as we discuss in Section 4.3. These papers also evaluate them-
selves at a single point on the tradeoff curve, namely the number of samples needed in passive supervised
learning to obtain a learner with excess risk at most €. They provide minimax guarantees on the amount of
labeled data needed in terms of the disagreement coefficient (Hanneke et al., 2014). In contrast, again, our
results characterize the full trade-off between the amount of unlabeled data seen, and the amount of labeled
data needed to achieve the target excess risk e. We note that using online-to-batch conversion methods,
(Dekel et al., 2012; Agarwal, 2013; Cesa-Bianchi et al., 2009) also provide results on the amount of labeled
data needed but they assume a very specific parametric form to their label distribution unlike our setting
which is agnostic. Other works have characterized selective sampling for classification in the realizable
setting that assumes there exists a classifer among the set under consideration that perfectly labels every
y: (Hanneke and Yang, 2021)—our work addresses the agnostic setting where no such assumption is made.
Finally, our results apply under the more general setting of domain adaptation under covariate shift where
we are observing data drawn from the stream v, but we will evaluate the excess risk of our resulting classifier
on a different stream 7 (Rai et al., 2010; Saha et al., 2011; Xiao and Guo, 2013).

Best-Arm Identification and Online Experimental Design. Our techniques are based on experimental
design methods for best-arm identification in linear bandits, see Chapter 2 or (Soare et al., 2014; Fiez et al.,
2019; Camilleri et al., 2021a). In the setting of these works, there exists a pool of examples X and at each
time any x € X can be selected with replacement. The goal is to identify the best arm using as few total
selections (labels) as possible. Their algorithms are based on arm-elimination. Specifically, they select
examples with probability proportional to an approximate G-optimal design with respect to the current
remaining arms. Then, during each round after taking measurements, those arms with high probability of
being suboptimal will be eliminated. Remarkably, near-optimal sample complexity has been achieved under
this setting. While we apply these techniques of arm-elimination and sampling through G-optimal design,
the major difference is that we are facing a stream instead of a pool of examples. Finally, (Eghbali et al.,
2018) considers a different online experiment design setup where (adversarially chosen) experiments arrive
sequentially and a primal-dual algorithm decides whether to choose each, subject to a total budget. (Eghbali
et al., 2018) studies the competitive ratio of such algorithms (in the manner of online packing algorithms)
for problems such as D-optimal experiment design.
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4.2 Selective Sampling for Best Arm Identification
Consider the following game: Given known X', Z C R? and unknown 6, € R? at each time t = 1,2,...:

1. Nature reveals z; -~ v with support(v) = X
2. Player chooses @Q); € {0, 1}. If Q; = 1 then nature reveals y; with E[y;] = (¢, 0.)
3. Player optionally decides to stop at time ¢ and output some z € Z

If the player stops at time U/ after observing £L = ZZ;{ZI @ labels, the objective is to identify z, =
arg max,c z(z, 0,) with probability at least 1 — § while minimizing a trade-off of U/, L.

This chapter studies the relationship between ¢/ and £ in the context of necessary and sufficient condi-
tions to identify z, with probability at least 1 — §. Clearly &/ must be “large enough” for z, to be identifiable
even if all labels are requested (i.e., £ = U). But if U is very large, the player can start to become more
picky with their decision to observe the label or not. Indeed, one can easily imagine scenarios in which it is
advantageous for a player to forgo requesting the label of the current example in favor of waiting for a more
informative example to arrive later if they wished to minimize £ alone. Intuitively, £ should decrease as U
increases, but how?

Any selective sampling algorithm for the above protocol at time ¢ is defined by 1) a selection rule
P, : X — [0,1] where Q; ~ Bernoulli(P;(x)), 2) a stopping rule ¢/, and 3) a reccommendation rule z € Z.
The algorithm’s behavior at time ¢ can use all information collected up to time ¢

Definition 2. For any 6 € (0,1) we say a selective sampling algorithm is 0-PAC for v € Ay if for all
0 € R? the algorithm terminates at time U which is finite almost surely and outputs arg max.c z(z,0) with
probability at least 1 — 4.

4.2.1 Optimal design

Before introducing our own algorithm, let us consider a seemingly optimal procedure. For any A € Ay =
{p: er)(pz =1, pp > 0 Va € X} define

2
A) := max Iz - Z*||EX~A[XXT]’1

2€2\{zs} (O, 2 — 2)?

4.1

Intuitively, p(\) captures the number of labeled examples drawn from distribution X to identify z,. Specifi-
cally, for any 7 > p(\)log(|Z1/6), if x1, ...,z ~ Aand y; = (x;,0,) + €; where ¢; is iid 1 sub-Gaussian
noise, then there exists an estimator § := 67({(:31, ¥i) }7_;) such that <§, Z) > MaX ¢ 2\, (5, z) with proba-
bility at least 1 — 0 (Fiez et al., 2019). In particular, 7 > p(\) log(|Z|/d) samples suffice to guarantee that
arg maxzeg(g, z) = argmax ez (0x, 2) =: 24

Thus, if our 7 samples are coming from v, we would expect any reasonable algorithm to require at
least p(v) log(| Z|/0) examples and labels. However, since we only want to take informative examples, we
instead choose to select the tth example x; = x according to a probability P(x) so that our final labeled
samples are coming from the distribution A\ where A(z) o< P(z)v(z). In particular, P(z) should be chosen
according to the following optimization problem

||z*_ZHIQE‘: P(X)XXT]-1
P =argminp. y_,j01j7Ex~[P(X)]  subject to zerge{)i } E X:VLT 9( >; ] Bs <1 (4.2)
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for 85 = log(|Z]/d) where the objective captures the number of samples we select using P*, and the
constraint captures the fact that we have solved the problem. Remarkably, we can reparametrize this result
in terms of an optimization problem over A € Ay instead of P* : X — [0, 1] as
TEx W [P*(X)] = )\neaiAn (N)Bs  subjectto T > [|N/V|leop(N)Bs
X

where |\/V|cc = maxzex A(z)/v(x), as shown in Proposition 4. Note that as 7 — oo the constraint
becomes inconsequential. Also notice that p(v)3s appears to be a necessary amount of labels to solve the
problem even if P(z) = 1 (albeit, by arguing about minimizing the upperbound of above).

4.2.2 Main results

In this section we formally justify the sketched argument of the previous section, showing nearly matching
upper and lower bounds.

Theorem 10 (Lower bound). Fix any § € (0,1), X, Z C R% and 0, € R% Any selective sampling
algorithm that is 6-PAC for v € Ay and terminates after drawing U unlabelled examples from v and
requests the labels of just L of them satisfies

< U] > p(v) log(1/5), and
* E[L] > )\IéliAIL p(N)log(1/9) subjectto EU] > ||A/v]cop(N)log(1/6).

The first part of the theorem quantifies the number of rounds or unlabelled draws U/ that any algorithm
must observe before it could hope to stop and output z, correctly. The second part describes a trade-off
between U and £. One extreme is if E[l{] — oo, which effectively removes the constraint so that the
number of observed labels must scale like minyea ,, p(A) log(1/d). Note that this is precisely the number
of labels required in the pool-based setting where the agent can choose any x € X that she desires at each
time ¢ (e.g. (Fiez et al., 2019)). In the other extreme, E[U{] = p(v)log(1/J) so that the constraint in the
label complexity E[L] is equivalent to p(v) > [|A\/v]|cop(X). This implies that the minimizing A must either
stay very close to v, or must obtain a substantially smaller value of p(\) relative to p(v) to account for the
inflation factor ||A/v||~. In some sense, this latter extreme is the most interesting point on the trade-off
curve because its asking the algorithm to stop as quickly as the algorithm that observes all labels, but after
requesting a minimal number of labels. Note that this lower bound holds even for algorithms that known v
exactly. The proof of Theorem 10 relies on standard techniques from best arm identification lower bounds
(see e.g. (Kaufmann et al., 2016; Fiez et al., 2019)).

Remarkably, every point on the trade-off suggested by the lower bound is nearly achievable.

Theorem 11 (Upper bound). Fixanyd € (0,1), X, Z C R% and 0, € R Let A = Min, e z\(,} (2 —2, 0x)
and Bs o log(log(x )| Z|/8) where the precise constant is given in the appendix. For any T > p(v)[s there
exists a §-PAC selective sampling algorithm that observes U unlabeled examples and requests just L labels
that satisfies with probability at least 1 — §

« U <logy(%) 7, and
« £ < 3logy(%) )\IéliAn p(N) Bs  subjectto T > ||A/V]cop(N) Bs.
X
Aside from the log(%) factor and the log(|Z|) that appears in the (35 term, this nearly matches the lower

bound. Note that the parameter 7 parameterizes the algorithm and makes the trade-off between U and £
explicit. The next section describes the algorithm that achieves this theorem.
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4.2.3 Selective Sampling Algorithm

Algorithm 4.1 contains the pseudo-code of our selective sampling algorithm for best-arm identification.
Note that it takes a confidence level 6 € (0, 1) and a parameter 7 that controls the unlabeled-labeled budget
trade-off as input. The algorithm is effectively an elimination style algorithm and closely mirrors the RAGE
algorithm for the pool-based setting of best-arm identification problem (Fiez et al., 2019). The key differ-
ence, of course, is that instead of being able to plan over the pool of measurements, this algorithm must plan
over the x’s that the algorithm may potentially see and account for the case that it might not see the z=’s it
wants.

Algorithm 4.1. Selective Sampling for Best-arm Identification

I: Input Z C R%, 5 € (0,1),7

2: while | Zy| > 1 do

3 Let P, iﬁé +OPTIMIZEDESIGN (2,274, 7) /I iﬁg approximates Ex,[P/(X)XX]
4: fort=((—-1)7+1,...,¢7do
5
6
7

Nature reveals x; drawn iid frgm v (with support R%)
Sample Q;(z;) ~ Bernoulli(Py(x;)). If Q; = 1 then observe y; Il Elyi|ze] = (Ox, z4t)

Let 6, <—RIPS({§]§;Q5($5)zsys}§;(€_l)7+l, Zx 2) /0, approximates 6,
Zp1 =2\ {z € 2 max(z' — z,0,) > 274}
z'eZy

o

In round 4, the algorithm maintains an active set Z, C Z with the guarantee that each remaining z € 2,
satisfies, (z, — 2,60,) < 8-27¢. In each round, on Line 3 of the algorithm, it calls out to a sub-routine
OPTIMIZEDESIGN(Z, €, T) that is trying to approximate the ideal optimal design of (4.2). In particular,
the ideal response to OPTIMIZEDESIGN(Z, €, 7) would return a P} and X ps = Ex., [P(X)X X '] where
P? is the solution to Equation 4.2 with the one exception that the denominator of the constraint is replaced
with max{e?, (0, z. — 2)?}. Of course, 6, is unknown so we cannot solve Equation 4.2 (as well as other
outstanding issues that we will address shortly). Consequently, our implementation will aim to approximate
the optimization problem of Equation 4.2. But assuming our sample complexity is not too far off from this
ideal, each round should not request more labels than the number of labels requested by the ideal program
with € = 0. Thus, the total number of samples should be bounded by the ideal sample complexity times the
number of rounds, which is O(log(A~1)). We will return to implementation issues in the next section.

Assuming we are returned (ﬁg, 5 ]3[) that approximate their ideals as just described, the algorithm then
proceeds to process the incoming stream of x; ~ v. As described above, the decision to request the label
of x; is determined by a coin flip coming up heads with probability ﬁg(mt)—otherwise we do not request the
label. Given the collected dataset {(z, y¢, Q¢, Pr(¢)) }4, line 7 then computes an estimate 6 of 6, using the
RIPS estimator of Figure 2.1 (Camilleri et al., 2021a) which will satisfy

(20 = 2,80 = 001 < O (112 = 2llg_ e poyxr)1 VI08RPIZR/E)) < 27

for all z € Z, simultaneously with probability at least 1 — 4. Thus, the final line of the algorithm eliminates
any z € Z; such that there exists another z’ € Z (think z,) that satisfies (6, 2" — z) > 2=, The process
continues until Z, = {z,}.
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4.2.4 Implementation of OPTIMIZEDESIGN

For the subroutine OPTIMIZEDESIGN passed (Zy, €, 7) the next best thing to computing Equation 4.2 with
the denominator of the constraint replaced with max{e?, (0., z. — 2)?}, is to compute
|z — 2

/HQ B
S B ()

Pe = argminp, y_, |y 1) Ex [P(X)] subject to Jmax ;

and ¥ p, = Ex.,[P.(X)X X "] for an appropriate choice of 85 = ©(log(|Z|/d)). To see this, firstly, any
z € Z with gap (0., z,. — z) that we could accurately estimate would not be included in Zy, thus we don’t
need it in the max of the denominator. Secondly, to get rid of z, in the numerator (which is unknown, of
course), we note that for any norm max, ||z — /|| < max, 2||z — z,|| < max, . 2||z — 2’||. Assuming
we could solve this directly and compute ¥ p, = Ex.,[P.(X)X X "], we can obtain the result of Theorem
2 (proven in the Appendix).

However, even if we knew v exactly, the optimization problem of Equation 4.3 is quite daunting as it is
a potentially infinite dimensional optimization problem over X. Fortunately, after forming the Lagrangian
with dual variables for each z — 2’ € Z X Z, optimizing the dual amounts to a finite dimensional optimiza-
tion problem over the finite number of dual variables. Moreover, this optimization problem is maximizing
a simple expectation with respect to v and thus we can apply standard stochastic gradient ascent and results
from stochastic approximation (Nemirovski et al.). Given the connection to stochastic approximation, in-
stead of sampling a fresh T ~ v each iteration, it suffices to “replay” a sequence of z’s from historical data.
Summing up, this construction allows us to compute a satisfactory P, and avoid both an infinite-dimensional
optimization problem and requiring knowledge of v (as long as historical data is available).

Meanwhile, with historical data, we can also empirically compute Ex.,,[P.(X)X X ']. Historical data
could mean offline samples from v or just samples from previous rounds. In this setting, Theorem 2 still
holds albeit with larger constants. Theorem 25 in the appendix characterizes the necessary amount of his-
torical data needed. Unfortunately (in full disclosure) the theoretical guarantees on the amount of historical
data needed is absurdly large, though we suspect this arises from a looseness in our analysis. Similar as-
sumptions and approaches to historical or offline data have been used in other works in the streaming setting
e.g. (Huang et al., 2015).

4.3 Selective Sampling for Binary Classification

We now review streaming Binary Classification in the agnostic setting (Dasgupta et al., 2008; Hanneke
et al., 2014; Huang et al., 2015) and show that our approach can be adapted to this setting. Consider a binary
classification problem where X is the example space and )) = {—1, 1} is the label space. Fix a hypothesis
class H such that each h € H is a classifier h : X — ). Assume there exists a fixed regression function
n: X — [0, 1] such that the label of x is Bernoulli with probability n(z) = P(Y = 1|X = z). Being in the
agnostic setting, we make no assumption on the relationship between H and 7. Finally, fix any v € Ay and
m € Ay. Given known X', H and unknown regression function 7, at each time t = 1,2,...:

1. Nature reveals x; ~ v
2. Player chooses @Q; € {0, 1}. If Q; = 1 then nature reveals y; ~ Bernoulli(n(z;)) € {—1,1}

3. Player optionally decides to stop at time ¢ and output some heH.
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Define the risk of any h € H as Rx(h) := Px oy nx)(Y # h(X)). If the player stops at time U after
observing £ = Zzt”:l Q); labels, the objective is to identify h, = argminpey R, (h) with probability at
least 1 — & while minimizing a trade-off of I/, L. Note that h, is the true risk minimizer with respect to
distribution 7 but we observe samples z; ~ v; 7 is not necessarily equal to v. While we have posed the
problem as identifying the potentially unique h*, our setting naturally generalizes to identifying an e-good
h such that R (h) — Rx(h«) < e.

We will now reduce selective sampling for binary classification problem to selective sampling for best
arm identification, and thus immediately obtain a result on the sample complexity. For simplicity, assume
that X' and 7 are finite. Enumerate X' and for each h € # define a vector z(") € [0,1]/*! such that
2= 7(z)1{h(z) = 1} for z(") = [zg(ch)}xex. Moreover, define 0* := [6%],cx where 0% := 2n(x) — 1.
Then

R(h) = Ex ey o) [L{Y # R(X)}]= ) w(2)(n(2)1{A(z) # 1}+(1 — n(z))1{h(z) # 0})

zeX

=Y w@n) + Y w(@)1 - 2n(x)1{h(x) =1} = c — (=), 07)

reX reX

where ¢ = 3 1 m(z)n(z) does not depend on h. Thus, if Z := {2("},cy then identifying h, =
arg minyey Rr(h) is equivalent to identifying z, = arg max.cz(z, 6*). We can now apply Theorem 11 to
obtain a result describing the sample complexity trade-off. First define,

ne): Iz = 2ellEy ypxxmr Exer [L{A(X) # W'(X)}55)
pr(A €)= ze%&{z*} max{ (0, z. — z)2,€2} hegl\a{)l{z*} max{(R.(h) — R, (h*))2,£2}

An important case of the above setting is when X ~ v and m = v, i.e. we are evaluating the performance
of a classifier relative to the same distribution our samples are drawn from. This is the setting of (Dasgupta
et al., 2008; Huang et al., 2015; Hanneke et al., 2014). The following theorem shows that the sample
complexity obtained by our algorithm is at least as good as the results they present.

Theorem 12. Fixany § € (0, 1), domain X with distribution v, finite hypothesis class H, regression function
n:X — [0,1). Sete > 0and Bs = 20481log(41log3(4/€)|H|/S). Then for T > pr(v,€)Bs there exists a
selective sampling algorithm that returns h € H satisfying R;(h) — Rr(h*) < e by observing U unlabeled
examples and requesting just L labels such that

s U <logy(4/e)T
e L < 3log2(§) min pr(A\,e)Bs st T > || A/V|eopr(A €)Bs
AEAy

with probability at least 1 — §. Furthermore when v = w and if T > 16p(v, €) 35 we have that

L < 36logy(4/€) < By (h)* —|—4> sup 0" (2R, (h*) + &, v)Bs

£>e
where 0% (u, v) is the disagreement coefficient, defined in Appendix C.5.

Note that if 7 is sufficiently large then the labeled sample complexity we obtain minyea ,, p(A, €) could
be significantly smaller than previous results in the streaming setting, e.g. see (Katz-Samuels et al., 2021).
The proof of Theorem 12 can be found in Appendix C.5.
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4.4 Solving the Optimization Problem

Recall that in Algorithm 4.1, during round ¢, we need to solve optimization problem (4.3). Solving this opti-
mization problem is not trivial because the number of variables can potentially be infinite if X" is an infinite
set. In this section, we will demonstrate how to reduce it to a finite-dimensional problem by considering its
dual problem. To simplify the notation, let J, = {z — 2’ : 2,2’ € 24,z # 2}, and rewrite the problem as
follows, where ¢, > 0 is a constant that may depend on round /.

minp Ex., [P(X)]
subjectto 3 Ex., [P(X)XXT]_1 y < C?, Yy € Y, 4.4)
0<Px)<1l, VredkX.

Using the Schur complement technique, we show in Lemma 47 (Appendix C.3) the following equivalence:
Yy Ex [P(X)XXT] - y<c = Ex., [P(X)XX'] = c%ny. This transforms a constraint involv-
ing matrix inversion into one with ordering between PSD matricees. Then, we remove the bound constraints
0 < P(x) < 1, Vx € X by introducing the barrier function —log(1 — x) — log(x). That is, instead of
working with the objective Ex ., [P(X)] directly, we consider the following problem.

minp  Ex~,[P(X) — py(log(l — P(X)) + log(P(X)))] 45

subjectto Ex~, [P(X)XXT] = c%yy—r, Yy € V. (4.5)
(4

Here, 1, € (0, 1) is some small constant that controls how strong the barrier is. Intuitively, a smaller 1 will

make problem (4.5) closer to the original problem. We now show that unlike the primal, the dual problem is

indeed finite-dimensional. For each constraint of y € ), let the matrix A, = 0 be its dual variable. Further,

let A =3 cy Ayand A = (Ay) . The corresponding Lagrangian is

ISAZ)
L(A, P) = Exey [ P(X) ~ iy (l0(1~P(X) +log(P(X))) - P(X) X TAX] + 2 Sy Ay
yeVp

The dual problem is maxy -0 vyey, minp £ (A, P). Notice that minimization over P : X' + [0, 1] can be
done via minimizing P(x) point-wise for each € X. To do this, we take the gradient with respect to each
P(x) and set it to zero to get

Ho Hb

T _
1—P(1’)_P($)_x Az =0. (4.6)

1+

Solving this equation and defining gz () = 2" Az — 1, we get

1w \/(2/% —aa(2))” + dpaa (x)

Py(z) = = — + : 4.7
A(@) =3 ax (@) 2qx (2)
Note that if 1, = 0 (no barrier), the above reduces to the “threshold” decision rule Py (z) = % + |2q$\ (Q)l ,

which gives 0 when g (x) < 0 and 1 when g (z) > 0.2 This is exactly the hard elliptical threshold rule
mentioned before, in which whether to query the label for z depends on whether it falls inside (z ' Az < 1)
or outside (" Az > 1) of the ellipsoid defined by the positive semidefinite matrix A. A visualization of the
decision rule P, is given in Figure C.1 in the Appendix.

2When ga (z) = 0, Pa(z) is undetermined from the dual.
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Now, by plugging in Py(x), our dual problem becomes maxp oy, D(A) := L (A, Py). This is

a finite-dimensional optimization problem, and can be solved by projected gradient ascent (or projected
stochastic gradient ascent when we have only samples from v/). The gradient of D(A) is

.
b b T T Y
D(A) =Ex., | (1 _ _XTAX PA(X)—Py(X)XXT|+22
Va,D(A) = Ex [(+1_PA(@ e )vAy )~ PO XXT |+
yy ' T
=& —Ex. [PA(X)XX ] . (Since Py (X) solves Eq. (4.6))

[4

The algorithm to solve the problem has been summarized in Algorithm 4.2, in which the gradient during kth
T

iteration is replaced by its unbiased estimator yc% — Piw (:rk):rkx; The adaptive learning rate is chosen
(4

by following the discussion in chapter 4 of (Orabona, 2019). Optimizing the assignment of Ay to each y in
line 9 ensures that the re-scaling step in line 10 increases the function value in an optimized way. Finally,
the re-scaling step is used to ensure that the output primal objective value Ex ., [P(X)] is bounded well,
which will be explained in more details in Appendix C.3.

Algorithm 4.2. Projected Stochastic Gradient Ascent to Solve OPTIMIZEDESIGN

Dok ey =

. return A = 5* - 3 A

: Input: Number of iterations K; number of samples u; barrier weight p;, € (0, 1)

(0)

. Initialize f\y =0 foreachy € ),
:fork=0,1,2,..., K —1do

Sample z;, ~ v
Set gry = ygTT — Piy (xk)xkx,j, where P, is defined in Eq. (4.7)
14

Set f\?(,kﬂ) — f\ék) + Nk Gk,y for each y € Y, where g, =

1
V2 ey, llgsull3
~ (k+1) ~ (k+1) o .
Update Ay — HSi (Ay ") for each y € ), a projection to the set of d x d PSD matrices

: Let Ay = = 3K AP foreachy € Yy and A = Y yey, Ay
: Update (Ay)ycy, ¢ argmaxp 3, cy, ¥ Ayy, subjectto 3 oy, Ay = A, Ay = 0,Vy € V.

yeEYe 1Y

: Find s™ <— arg max (g 1 Dpg(s- A), where Dy empirically evaluates D using w i.i.d. samples

A

yEYe *Y

Let A* be an optimal solution for D(A). Intuitively, as long as we run this algorithm with sufficiently

large number of iterations K and number of samples u, we can guarantee that D(A) and D(A*) are close
enough with high probability, which in turn guarantees that the primal constraints are violated by only a tiny
amount and Ex ., [PK(X )] is close enough to the optimal value. Specifically, we can prove the following
theorem.

Theorem 13. Suppose ||z||, < M for any x € supp(v) and & = Ex.~, [XX "] is invertible. Let A* €

>\max(2)

argmaxy »ovyey, D(A) and k(X) = Sy be its condition number. Assume |A*||z > 0 and define

. 2 . . .
W = minpesd, || =1 Ex~v [(XTFX) ], where S is the set of d x d symmetric matrices.

Then, A* =}, oy, A} is unique. Further, for any e > 0 and 6 > 0, ifit holds that p, < O (VA p k(Z)M)-

V(1 +¢€)/eand

o o VR PIAT A Clog(1/8) 14\ ()AL M Slog(1/6)| (146
- w?pd e )~ w?pd € ’
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then, with probability at least 1 — 9, Algorithm 4.2 will output A that satisfies
-1
c Yy Ex [Px(X)XXT] y< (146, Vye

e Ex. [PK(X)] < Ex~u [ﬁ(X)} + 4./, where P is the optimal solution to problem (4.4) with
barrier constraint repaced by 0 < P(x) < 1 — pp,Vz € X.

The proof is in Appendix C.3. Although P is not exactly the same as the optimal solution of the
original problem (4.4), when p, is sufficiently small, they will be very close. Meanwhile, it should be noted
that Theorem 13 mainly reveals that with sufficiently large number of iterations and number of samples,
Algorithm 4.2 can output sufficiently good solution. In future work, we plan to examine how much this
bound can be improved via a tighter analysis.

Finally, notice that Algorithm 4.2 needs to maintain | V,| d> = O(| 2| d?) variables, which can be large
when we have a large set Z,. Therefore, as an alternative, we also propose Algorithm C.1 that only needs
to maintain d? variables but requires more computational power in each iteration. The details are given in
Appendix C.3.

4.5 Empirical results

In this section we present a benchmark experiment validating the fundamental trade-offs that are theoreti-
cally characterized in Theorem 10 and Theorem 11. We take inspiration from (Soare et al., 2014) to define
our experimental protocol:

* d = 2, atwo-dimensional problem.
* Z = [ep, e, (cos(w),sin(w))] for w = 0.3, where e, e are canonical vectors.
* 0, =2e;andy = x'0, +n, where n ~ N(0,1).

* The distribution v for streaming measurements x; "2 1 is such that z, = (cos(2yw/N),sin(2Lyw/N))
where I; € {0,..., N — 1}, P(I; = i) o cos(2in /N)?, and N = 30.

In this problem, the angle w is small enough that the item (cos(w),sin(w)) is hard to discriminate from
the best item e;. As argued in (Soare et al., 2014), an efficient sampling strategy for this problem instance
would be to pull arms in the direction of +e5 in order to reduce the uncertainty in the direction of interest,
e; — (cos(w), sin(w)). However, the distribution v is defined such that it is more likely to receive a vector
x; in the direction of £e; rather than +-e,. Thus, if one seeks a small label complexity, then P should be
taken to reject measurements in the direction of +e;y.

In the benchmark experiment, we compare the following three algorithms which all use Algorithm 4.1
as a meta-algorithm and just swap out the definition of ]3g. Naive Algorithmusesno selective sampling
so that Py(z) = 1 for all z; the Oracle Algorithmuses ]35 = P, where P, is the ideal solution to (4.2),
and Our Algorithm uses the solution to (4.5) for ﬁg, where we take i, = 2 x 107°. We swept over
the values of 7 and plotted on the y-axis the amount of labeled data needed before termination, as shown in
Figure 4.1.

We observe in Figure 4.1 that the algorithms using non-naive selection rules require far less label com-
plexity than the naive algorithm for all 7. This reflects the intuition that selection strategies that focus on
requesting the more informative streaming measurements are much more efficient than naively observing
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Figure 4.1: (left) For each value of 7, we plot the average label complexity over 50 repeated trials. (middle)
Visualization of P,(z) and v(x) v.s. , where x is indexed by [ such that z; = (cos(2/7/N),sin(2I7/N)).
Here, P, is solved with 7 = 4 x 10° and distribution v is not normalized. (right) A heat map of P, (z) along
with the setting of experimental protocol.

every streaming measurement. Meanwhile, the trade-off between label complexity £ and sample complex-
ity U characterized in Theorem 10 and Theorem 11 is precisely illustrated in Figure 4.1. Indeed, we see the
number of labels queried by the two selective sampling algorithms decrease as the number of unlabeled data
seen in each round increases.

4.6 Conclusion

In this chapter, we proposed a new approach for the important problem of selective sampling for best arm
identification. We provide a lower bound that quantifies the trade-off between labeled samples and stopping
time and also presented an algorithm that nearly achieves the minimal label complexity given a desired
stopping time.

One of the main limitations of the work presented in this chapter is that our approach depends on a
well-specified model following stationary stochastic assumptions. In practice, dependencies over time and
model mismatch are common. Ultilizing the proposed algorithm outside of our assumptions may lead to
poor performance and unexpected behavior with adverse consequences. While negative results justify some
of the most critical assumptions we make (e.g., allowing the stream z; to be arbitrary, rather than iid, can
lead to trivial algorithms, see Theorem 7 of (Chen et al., 2021)), exploring what theoretical guarantees are
possible under relaxed assumptions is an important topic of future work.
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Chapter 5

A/B Testing and Best-arm Identification for
Linear Bandits with Robustness to
Non-Stationarity

5.1 Introduction

Data-driven decision-making and A/B testing enable businesses to evaluate strategies using real-time cus-
tomer data, offering insights into customer tendencies. As the use of these methods has increased, these
technologies are being utilized to determine problems with smaller effect sizes, while also targeting smaller
audiences. These two competing trends of smaller effect sizes and smaller sample sizes make it increasingly
challenging to obtain statistical significance and correct inference since the absolute number of observations
is limited. Consequently, there is a rising trend in using adaptive sampling like multi-armed bandits to obtain
the same statistical insights using fewer total observations.

However, using adaptive experimentation schemes can come with many pitfalls. Most algorithms that
are effective in practice (e.g., Thompson Sampling) are developed with the assumption that the environment
is stationary and that rewards from treatments are stochastic. However in practice this is far from the case.
Non-stationarity can be introduced from a variety of sources such as user populations that change from
hour to hour, customer preferences which vary over the course of a year, changes in one part of a platform
that lead to latency and higher bounceback, site-wide promotions and sales, interference from competitors,
macroeconomic shifts, and many other disruptions. Many of these issues are often totally unobservable, and
therefore cannot be controlled, modeled, or accounted for by an experimenter. Under such an environment, it
is also possible for the underlying performance of treatments to wildly change, and as a result, the treatment
that is best performing on any given day may change. This makes the concept of “the best-performing arm”
poorly defined.

Instead, in time-varying settings, the goal of an experimenter is to identify the “counterfactual best
treatment” at the end of the experimentation period. That is, the treatment that would have received the
highest total reward had received all the samples. However, in the absence of being able to predict or model
time-variation, predicting precisely how a treatment would behave at every time point, at which time at most
one treatment can be evaluated, is impossible. Fortunately, randomization is a powerful tool to provide the
next best thing: unbiased estimates of how a treatment would behave as if it had been used at every time in
the past. These methods are well-understood in the causal-inference and online learning literature and are
commonly known as inverse-propensity score (IPS) estimators. The idea is simple: consider a sequence of
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evaluations from n treatments at each time {x;}7_; C R™. Note that a procedure can only observe at most
one treatment per time denoted as I; € [n], which is drawn from a distribution p; over the n treatments.

Then X; = % Zle 1{16’:1} x,; is an unbiased estimator of the cumulative gain % Zthl xt,; by

[1{1'5_1} ] Z[[D 1{‘7 — Z}x ti = Zpt,jl{‘;:i}xt,i = Tt , (6.1

Dbt Dty = t,i

as long as ming; p;; > 0. Of course, there is no free lunch, and the variance of )?Z behaves like
% Zle 1/p¢ . Intuitively, to maximize efficiency of the samples we do take for inference, we should try
to minimize the probabilities on poor performing treatments and prioritize mass for the high performing
treatments. However, if the treatment performances vary over time, it can be challenging to determine how
one might do this optimally. Fortunately, Abbasi-Yadkori et al. (2018) proposes a novel solution to defining
these probabilities in a dynamic way that achieves a “Best of Both Worlds” (BOBW) guarantee, which is
an algorithm called P1 that manages to achieve near-optimal rates regardless of whether the environment is
stochastic or arbitrarily non-stationary (adversarial). This seminal work is the gold standard for A/B testing
in unpredictable non-stationary settings.

If the number of treatments is small (<10 in practice), BOBW provides a robust solution for practitioners.
However, there are many situations that practitioners are interested in for which the number of treatments
is very large and intractable for traditional A/B testing. For example, multivariate testing Hill et al. (2017)
aims to identify not just a single best item, but a set or bundle of items, such as the best 6 pieces of content
to highlight on a home screen. Given n possibilities, this results in (g) total distinct treatments for the A /
B test! Given this combinatorial explosion, practitioners have made structural parametric assumptions, such
as the expected value of a set of items behaves like

0 4+ Z@moz, —i—ZZ@ ooy,

=2 j<1

where o € {0,1}" with )", «; = 6 indicates whether an item was included in the set or not. Note that
these sums can be succinctly written as (x, 6) for § = (90,91, 92T ¢ R™+(3) and an appropriate
z € {0, 1}1“”(2). This can reduce the overall number of unknowns, and dimension, to just O(n?) versus
O(n%). But now the vectors x € X, each associated with a particular bundle, are overlapping and can
share information. A similar situation arises if we have features or covariates that describe each possible
treatment. For example, a particular song comes with lots of metadata including artist, genre, beats per
minute, etc. which can encode the useful properties about the song.

In these kinds of scenario—whether it be multivariate testing or items with feature descriptions—we
would like to perform adaptive experimentation in the presence of time-variation. Recall that without co-
variates, we have solutions like P1 that are near-optimal for time-variation. And without time-variation,
there are many methods that take covariates into account and are known to be near-optimal. The work pre-
sented in this chapter aims to develop an algorithmic framework for handling covariates with time variation.

The remainder of the chapter is organized as follows. We discuss the related work in Section 5.2 and
presents detailed problem formulations in Section 5.3. In Section 5.4, we propose a simple algorithm for
general non-stationary environments and then in Section 5.5, we propose a robust algorithm that can simul-
taneously tackle stationary and non-stationary environments. Experiment results are presented in Section
5.6 and our conclusions in Section 5.7.
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5.2 Related Work

The problem of identifying the best arm in linear bandits is a well-established and extensively researched
problem. (Soare et al., 2014; Karnin, 2016; Xu et al., 2018; Fiez et al., 2019; Katz-Samuels et al., 2020; De-
genne et al., 2020; Jedra and Proutiere, 2020; Wagenmaker and Foster, 2023). Notably, Katz-Samuels et al.
(2020); Azizi et al. (2021); Yang and Tan (2021) focus on the fixed-budget setting and are closely related
to our work. One notable limitation of these algorithms is their reliance on (unrealistic) stationary settings,
which leads to their critical failure when applied in non-stationary scenarios. This motivated increasing in-
terest in studying models for non-stationarity in bandits problems and algorithms agnostic to non-stationary
settings, which we review next.

Models for non-stationarity in bandits. A reasonable approach in bandit problems with distribution
shifts is to provide tight models for unknown variations in the reward distribution. Most literature in this
setting focuses on minimizing the dynamic regret, which compares the reward obtained against the reward
of the best arm in each round ¢. (Garivier and Moulines, 2011) demonstrates that existing methods such as
Auer et al. (2002b) could achieve a dynamic regret of 5(\/ﬁ) when L, the number of distribution shifts,
is known. Then, Auer et al. (2019) makes a significant advancement by introducing an adaptive approach
with the same dynamic regret but without the knowledge of L. More recently, (Chen et al., 2019; Wei
and Luo, 2021) establish analogous results in the contextual bandits settings. Measures of non-stationarity
other than L are also considered. In particular, Chen et al. (2019) measures the non-stationarity by total
variation and Suk and Kpotufe (2021) proposes the novel notion of severe shifts. Note importantly that
while this extensive body of work focuses on building tight models of non-stationarity and developing regret
minimization algorithms tuned to them, our work is agnostic to such models.

Agnostic non-stationary bandits (Best of both worlds). Bubeck and Slivkins (2012); Seldin and
Slivkins (2014); Seldin and Lugosi (2017); Auer and Chiang (2016); Abbasi-Yadkori et al. (2018); Lee et al.
(2021) focus on the “best of both worlds” (BOBW) problem: design a bandit algorithm that agnostically
achieves optimal performance in both stationary and non-stationary scenarios, even without prior knowledge
of the environment. While most BOBW work focus on regret minimization goals, Abbasi-Yadkori et al.
(2018) focuses on BOBW for best-arm identification. In this work, as in Abbasi-Yadkori et al. (2018), we
focus on the agnostic setting.

A/B testing. As discussed in the introduction, our work is closely related to non-stationary A/B testing.
In settings with non-stationarity and adaptive sample allocations, non-stationarity can lead to Simpson’s
paradox if the sample means are used to estimate arm means Kohavi and Longbotham (2011). It is com-
mon in large-scale industrial platforms to assume that means vary smoothly (Wu et al., 2022), or that the
differences between them are constant; i.e., all arms are subject to the same random exogeneous shock (Op-
timizely, 2023). The recent work Qin and Russo (2022) models time-variation as arising from confounding
due to a context distribution and aims to find the arm with the best reward on average under this context
distribution. Their goal is similar to ours, but, unlike them, we do not assume a context distribution.

5.3 Preliminaries

Notation. Let [a : b] = {a,a+1,...,b} fora,b € Nwith b > a and [a] = {1,...,a}. For a vector
x € R? and symmetric positive semi-definite (PSD) matrix A € S, we use ||z|| 4, = V2" Az to denote the
Mahalanobis norm. For a finite set X C R and distribution A\ € Ay over X, we use AN) =Ezon [m?T]
to denote the covariance matrix under .
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5.3.1 Linear Bandits Problem Formulation

General stationary/non-stationary environments. In our work, we assume a standard stationary/non-
stationary linear bandits model with fixed horizon T". In particular, let X C R¢ be a finite arm set with
|X| = K such that span(X) = R%. Ateachtimet = 1,..., T, the learner will pick some arm z; € X and
receive some noisy reward r; = a:tT 0, + €, where ¢, € [—1,1] is some independent zero-mean noise. All
parameters {Ht}z;l are chosen and fixed by the environment before the game starts.! The ultimate goal of
the learner is to find the optimal arm arg max, . y x " 0p, where 07 = % 23:1 0; is the average parameter.
This protocol is summarized in Figure 5.1.

Input: time horizon, T'; arm set, X C R¢
Fort=1,...,T

The learner plays arm z; € X

The learner receives reward r; = x;r 0; + €, where ¢, is independent zero-mean noise
The learner recommends arm x 7,

Figure 5.1: General protocol of fixed-budget best-arm identification (BAI) for linear bandits.

For simplicity, we further assume that V¢ € [T], Vo € X, x'6; € [~1,1] and the optimal arm
arg max,c y x "0 is unique. Meanwhile, similar to Abbasi-Yadkori et al. (2018), we use the subscript
(k) to denote the index of k-th best arm in X', which means to have x(Tl)gT > x(TQ)gT > 2> x(TK)gT. For
each arm k € [K]|, we define its gap Ay, as

Ay = (z(y —ap) 0 ifk# (1),

That is,we have A(l) = A(Q) < A(g) < ... < A(K). As a slight abuse of notation, for unindexed arm
r € X, we will use A, to denote the gap of x. The performance of the learner is measured by its error
probability P5 _(Jr # (1)), where Jr is the index of the learner’s recommendation and the probability
measure is taken over the randomness inside the learner and the reward noise. Finally, we note that when the
setting is stationary, we simply have #; = - - - = 67 = 6" and everything else is then defined accordingly.

Remark (Comparison to the adversarial setting). The traditional oblivious adversarial setting can be viewed
as a special case of our non-stationary setting, in which we simply pick ¢, = 0 for all t (Abbasi-Yadkori
etal., 2018).

5.3.2 BAI for Linear Bandits in Stationary Environments

In this section, we briefly review the well-studied best-arm identification problem for linear bandits in sta-
tionary settings. This problem’s complexity, first proposed in Soare et al. (2014), is defined as

2
r—z B
p*(0) = H () = inf max H (1)HA(>\) !

AEA x;ﬁx<1) A% ’

(5.2)

!"Theoretically, this non-stationary setting has no essential difference with the adversarial setting. We choose this non-stationary
setting mainly to keep our presentation concise.
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where the optimal arm index (1) and gaps Ay are defined based on the input parameter 6. As discussed
in Soare et al. (2014), this complexity is approximately equal to the number of samples required (up to
logarithmic terms) to find the best arm by running an oracle algorithm. Later in Fiez et al. (2019), this
complexity is proved to be the optimal sample complexity that a BAI algorithm can possibly achieve in a
fixed-confidence setting. Recently, Katz-Samuels et al. (2020) proposes algorithm Peace in fixed-budget

setting that achieves error probability Py (Jp # (1)) < O (exp (—W) ) 2

5.4 Best Arm Identification for Linear Bandits in General Non-Stationary
Environments

In this section, we present a simple algorithm G-BAl for the general non-stationary environment and analyze

its theoretical guarantee. The algorithm is based on the G-optimal design, which refers to the distribution
A* € Ay such that

N = arg inf max||z|% 1. 53

g, i max 2] x)-1 (5.3)

Intuitively, G-optimal design allows us to estimate unknown parameter ; uniformly well over all directions
of the arms in X’ (Soare et al., 2014). which is suitable for addressing non-stationarity since 6; may change
arbitrarily and each z € & may become the optimal at time ¢. Meanwhile, to make sure the estimation of 6,
is unbiased in a non-stationary environment, we use an IPS estimator.

Therefore, briefly speaking, at each time ¢, G-BAI simply samples x; based on G-optimal design and
estimate #; through an IPS estimator, whose details are summarized in Algorithm 5.1.3

Algorithm 5.1. G-optimal Best-arm Identification (G-BAI)

. Input budget, T € N; arm set X C R¢

: Compute G-optimal design A* based on Eq. (5.3)
cfort=1,2,...,Tdo

Sample z; ~ A* and receive reward r;

. Estimate §T — % Ethl E,ox+ [a:a:T] -1 TyTy

. Return arg max, . z ' 07

By the famous Kiefer-Wolfowitz theorem, an important property of the G-optimal design is that max,¢y H:cHi( A1 =

d (Lattimore and Szepesvéri, 2020). With this property, the variance of estimator @ can be easily controlled.
We can then bound the error probability of G-BAl by this fact and the result is summarized in the following
theorem.

Theorem 14 (Error probability of G-BAl). Fix time horizon T, arm set X C R with |X| = K and arbitrary
unknown parameters {Gt}thl. If we run Algorithm 5.1 in this non-stationary environment and obtain x j,.,
then it holds that

T — d
- where Hg.ga; (017) = ——.
12Hggai (07) )’ (0) A%
(1
2Rigorously speaking, the error probability of Peace contains another complexity term called v*(6), which is defined as the
minimum of a Gaussian width term. However, as argued in Katz-Samuels et al. (2020), v* () is roughly in a same order of p*(0).

Py, (Jr # (1)) < Kexp (

3We can see exactly becomes the more commonly-seen IPS estimator examined in Eq. (5.1) if we apply it to the multi-armed
bandits setting, in which we have K = d arms and X = {11,...,e4}.
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The proof of Theorem 14 is deferred to Appendix D.2. Here, we briefly compare this result with the one
in multi-armed bandits, which can be treated as a special case of linear bandits by taking X = {ey,...,ex}
to be the canonical vectors (standard basis) with X = d.

In particular, Abbasi-Yadkori et al. (2018) shows that in multi-armed bandits setting, a simple uniform
sampling algorithm reaches complexity Hynir (@T) = ﬁ and it is optimal in non-stationary environ-
ments. Meanwhile, based on Theorem 14, we can see the complexity of G-BAl is Hg.gai (07) = A‘(é .
which is exactly Hynjr(f7) if we treat multi-armed bandits as a special case of linear bandits since d = K.
Furthermore, if we directly apply G-BAI to multi-armed bandits, meaning to use X = {ey,...,ex}, then
A* is exactly the uniform distribution over X’. That is, in multi-armed bandits, G-BAIl exactly recovers the
optimal complexity in non-stationary environments, which shows that G-BAl is minimax optimal for linear

bandits.

5.5 A Robust Algorithm for Stationary/Non-Stationary Environments

In this section, we present and analyze a new robust linear bandits BAI algorithm called P1-RAGE, which
performs comparable to G-BAl in non-stationary environments but much better than it in stationary environ-
ments. We will show that it attains good error probability in both stationary and non-stationary environments
simultaneously, without knowing a priori which environment it will encounter. We first discuss some intu-
itions behind the algorithm design.

Stationary environments. The development of our algorithm P1-RAGE is largely inspired by the high-
level idea of the robust algorithm P1, proposed in Abbasi-Yadkori et al. (2018), and the allocation strategy
of RAGE, proposed in Fiez et al. (2019). In particular, as discussed in Abbasi-Yadkori et al. (2018), in
multi-armed bandits, to minimize the error probability in stationary environment, we need to control the
estimation variance of the optimal arm well enough. Therefore, at each time step, algorithm P1 pulls the
current estimated best arm with the highest probability (unnormalized “probability one”), then subsequently
the second best arm with second highest probability (unnormalized “probability half””) and so on. We can
notice that it actually matches the allocation strategy of the successive halving algorithm in Karnin et al.
(2013), which is proved to be near-optimal for BAI in stationary multi-armed bandits. Therefore, we design
our probability allocation based on the allocation strategy of RAGE, which is proven to be near-optimal
for fixed-confidence BAI in stationary linear bandits (Fiez et al., 2019) In particular, with the estimated
parameter Ht, we first find the estimated best arms &} = argmax, .y T Gt Then, we use a subroutine to
repeatedly and virtually eliminate arms with estimated gaps larger than certain threshold and compute X' Y-
allocation of the (virtually) remaining arms.* Then, we average over the allocation probabilities computed
during each iteration.

Non-stationary environments. Finally, to address the potential non-stationarity in environments, we
uniformly mix the allocation probability computed above with a G-optimal design. With such a mixture, the
variance over all arms can be controlled well and thus the algorithm will be robust for both stationary and
non-stationary environments. The details of P1-RAGE are summarized in Algorithm 5.2 and the subroutine
to compute the allocation probability, called RAGE-Elimination, is summarized in Algorithm 5.3.

We bound the error probability of P1-RAGE under both stationary and non-stationary settings in the
following theorem and its proof is deferred to Appendix D.3.

“The elimination is virtual because no samples are collected during the elimination subroutine.
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Algorithm 5.2. P1-RAGE

1: Input: budget, T € N; arm set ¥ C R%; maximum number of virtual phases, m
2: Compute G-optimal design A\* based on Eq. (5.3) and initialize A\; = \*
3fort=1,2,...,Tdo

4: Sample z; ~ \; and receive reward 7
5 Estimate 0; 1 S Eeen, (227 ] 1,
6
7

~

Update A1 +RAGE-Elimination(6;, m)
: Return arg max, . y xTé\T

Algorithm 5.3. RAGE-Elimination

1: Input: arm set X C R%; current estimate é\t; maximum number of virtual phases, m
2: Find &} < argmax, .y 7' 0;
3: Initialize X\*) + X and i < 0
. while | 7| > 1and i < m do
. (2) : 1112
5: A;  arginfyen, max, () [z — 2[4

0 (a7 — o) <271}

~

@

2 da ezl
1+ 1+1

: Return (A + \*)/2, where A, = % Zﬁ/_:lo )\gi,)

Theorem 15 (Error Probability of P1-RAGE). Fix arm set X C R? with |X| = K and budget T. For

a stationary environment with unknown parameter 0, if m > ig = [log, (1 / A(l))] + 1, then there exists
absolute constant ¢ > 0 such that the error probability of P1-RAGE satisfies

o

cr
Py (J- 1)) <2igKTexp| ———— |,
o (Jr 7 (1)) <2io p< HP1-RAGE(9))
2
mig . H‘r_x(l)HA(/\)*l mvd
here Hp;. 0) = f + f — .. (54
where Hpq.page(0) A Agkﬂgﬁ(}; A, A Aérgxxgj(’f)“ﬂ? fC(l)HA(A) - G4

For a non-stationary environment with unknown parameter {Ht}le, there exists absolute constant ¢ >
0 such that the error probability of P1-RAGE satisfies

c’TA%l)
Py, (Jr # (1)) < Kexp (- p) ) :

We can immediately see that in non-stationary environments, the error probability of P1-RAGE matches
(up to a constant) with G-BAl, showing that P1-RAGE is minimax optimal for linear bandits under non-

stationarity. On the other hand, because of the ﬁ factor, we can see that in stationary environments,

Hp1-rage(f) = Hig(0) (defined in Eq. (5.2)), which implies that P1-RAGE is suboptimal in stationary
settings. However, this should be expected since even for multi-armed bandits, as proved in Abbasi-Yadkori
et al. (2018), it is impossible for an algorithm to achieve H\g(f) while being robust to non-stationarity, let
alone linear bandits.

Nevertheless, when applying Theorem 15 to multi-armed bandits (X = {e1,...,ex}), as long as we
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choose m =~ ig, we can show that (Corollary 5 in Appendix D.3)

~/ 1 k ~
Hp1.race(0) = O (Au) tnax A(k)) = O (Hos(f)) ,
where Hpop(#) is the best-of-both-worlds complexity proposed in Abbasi-Yadkori et al. (2018). In par-
ticular, Abbasi-Yadkori et al. (2018) proves that Hgop(f) is the best complexity that any algorithm can
possibly achieve if it is constrained to be robust to non-stationarity. That is, again, our algorithm P1-RAGE
retains the near-optimal complexity for stationary multi-armed bandits if it is constrained to be robust in
non-stationary environments.

Remark. Here, we do not elaborate the proof details of Theorem 15 mainly because we do not recognize
them as widely applicable techniques. However, we do want to emphasize that this proof is by no means
a simple extension of the analysis of the algorithm P1 in Abbasi-Yadkori et al. (2018). In particular, our
proof uses a different set of virtual events based on the estimated gaps. Meanwhile, the analysis of subroutine
RAGE-Elimination is intricately tailored to the unique characteristics of being a virtual elimination strategy,
which is not presented in neither RAGE nor P1 (Abbasi-Yadkori et al., 2018; Fiez et al., 2019).

Theoretical limitations of P1-RAGE. Despite being near-optimal in multi-armed bandits, Hp1.rage(0)

. mVd - .
includes an extra low-order term iy infyen, MaXy Ly ) Hx —x(1) H AQ)-1° This term appears because

the Bernstein’s inequality requires a bound of the estimator’s magnitude, which can be removed if the
concentration bound only scales with the estimator’s variance. Although this can often be accomplished by
using Catoni’s robust mean estimator (Wei et al., 2020), it requires a concrete confidence level to be specified
before estimation, which is not feasible in our fixed budget setting. Finding an approach to circumvent this
difficulty and remove this extra term, or alternatively, demonstrate that it is necessary, is an open question.

Remark. The question of whether the extra term is removable naturally relates the instance-dependent
lower bound of this problem. However, proving an instance-dependent lower bound for our setting requires
constructing both stationary and non-stationary counterexamples. This task is thereby more challenging
compared to proving an instance-dependent lower bound for the fixed-budget best-arm identification prob-
lem in linear bandits within a purely stationary setting, an open question that persists (see Yang and Tan
(2022) for a minimax lower bound). We thus leave establishing such instance-dependent lower bounds for
future work.

Parameter choice of P1-RAGE. Although P1-RAGE requires a user-specified parameter m > [log(1/A )]+

1 to bound the total number of virtual phases, it is not difficult to choose a reasonable value for this param-
eter in a practical implementation. On the one hand, since its dependence on A(*S is only logarithmic,
taking some moderate value such as m = 25 should safely satisfy m > ¢y for most practical scenarios;
on the other hand, in most real-world applications, a sub-optimal arm should always be acceptable as long
as its gap is small enough. Indeed, if we take € to be the largest acceptable sub-optimality gap and take
m > [log(1/€)] + 1, then P1-RAGE will output arm s, that satisfies A7, < max {€, A(;)} with high
probability in pure stationary environments (Corollary 6 in Appendix D.3). That is, the output arm will
either be an optimal arm if ¢ < A ;) or an arm with an acceptable suboptimality gap e otherwise.

5.6 Experiments

In this section, we present our experiment results on several stationary/non-stationary environments. Since
to the best of our knowledge, we are the first to propose best-arm identification algorithms that tackle non-
stationarity in linear bandits, the algorithms from other works that we compare with are all specifically
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designed for stationary environments. In particular, we will compare our algorithms with Peace, which is
the first fixed-budget algorithm for linear bandits and also inspires our algorithmic design (Katz-Samuels
et al., 2020), and OD-LinBAI, which is the most recent algorithm of this kind and is claimed to be minimax
optimal (Yang and Tan, 2022).

Meanwhile, we also examine two additional heuristically designed algorithms for non-stationary envi-
ronments. The first one is P1-Peace, which has the same design spirit as P1-RAGE but uses a different
Peace-based virtual elimination subroutine; the second one is Mixed-Peace, which is a naive mixture of
Peace and the G-optimal design. In particular, while P1-RAGE/P1-Peace combines G-optimal design
with what RAGE/Peace would sample in a full run, Mixed-Peace simply mixes G-optimal design with
what Peace in a stationary environment samples at each time step. The details of these two additional al-
gorithms are summarized in Algorithm D.1 and D.3 in Appendix D.1.1, respectively. More implementation
details and additional experiments can be found in Appendix D.4.>

Error Probability vs. T Under Soare et al. (2014)'s Example Experiments under Yahoo! News Article Example

100 4 10° 4

1071 4

G-BAI
Peace
P1-Peace
P1-RAGE
OD-LinBAI
Mixed-Peace

EERRE

error probability
error probability

—o— G-BAI
Peace
—@— P1-Peace
—8— P1-RAGE
10~* { —@— OD-LinBAI
—®— Mixed-Peace

0 1000 2000 3000 4000 5000 0 500 1000 1500 2000 2500 3000
budget (T') repeat durations (L)

(a) Each error probability is estimated through at least (b) Each error probability is estimated through 1000 in-
2 x 10* independent trials. dependent trials.

Figure 5.2: The vertical axis is on log scale and the shaded area represents the 95% confidence interval.

Stationary benchmark example. First, as a sanity check, we consider the famous stationary bench-
mark example proposed in Soare et al. (2014). In particular, we have X = {ey,...,eq, 2'}, where
2’ = cos(w)ej + sin(w)ey with some small w > 0, and f7 = 6* = 2e; so that x(;y = e1. An effi-
cient algorithm should pick e frequently to reduce the variance in the direction of e; — 2. In this example,
we pick d = 10 and w = 0.1.

The results are shown in Figure 5.2a. We can see that both our algorithms, P1-RAGE and P1-Peace,
perform better than G-BAl and comparably with Peace, showing that our algorithms maintain good per-
formance in stationary environments. Meanwhile, we also notice that Mixed-Peace has performance only
comparable to G-BAIl, showing that naively mixing the allocation strategy with the G-optimal design can
downgrade the performance in stationary environments.

Non-stationary multivariate testing example. We consider a multivariate testing example from Fiez
et al. (2019), which is also similar to the one discussed in Introduction. Considering a webpage with D

>Code repository is available at https://github.com/FFTypeZero/bobw_linear.
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Error Probability vs. Oscillation Scale Error Probability vs. Oscillation Period
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Figure 5.3: Each error probability is estimated through 1000 repeated trials. The bottom two plots give the
minimum gap Ay of each instance as a function of oscillation scale s and oscillation period L.

distinct slots and suppose each slot has two content choices, where we represent each layout as an element
weW={-1, 1}D . We hope to maximize the click-through rate and we assume it linearly depends on a
layout-determined arm = € X in a form of

D D-1 D
T
x 0" =05+ o Ze;fwj + Z Z szw,@wg.
i=1 k=1 t—k+1

Here 6 is the common bias, 67 is the weight of j-th slot and 6y , is the weight of the interaction between
k-th and ¢-th slots. Because of the periodic nature of people’s life cycle, it is very likely that the real-
world weights will periodically change. Therefore, to construct a non-stationary environment, we randomly
oscillate the weights with scale s and period L to get

2rt

Oy ; = 07 I|6* i
o= 04107 s (2

+ qﬁi) , where I ~ Unif({0,1}), ¢; ~ Unif([0, 27]).

Here, in the first series of instances, we fix L = 900 and take values s € {0, 1,...,9}, and in the second
series of instances, we fix s = 2 and take values L € {300, 600,...,3000}. Finally, we take a1 = 1,
ay = 0.5, sample each component of 6* uniformly in [—0.1,0.1] and guarantee that 7 has the same
optimal arm as #*. We take 7' = 10 for all settings and the results are shown in Figure 5.3.
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From the plots, we can see that the error probabilities of Peace and OD-LinBAI, algorithms designed for
stationary environments, can range from near O to 1 in different non-stationary environments, which is quite
unstable. Meanwhile, we can see that the performance of the other four algorithms, which all in certain way
contain a G-optimal design, is relatively much more stable.® Furthermore, among these four algorithms, we
can see that our algorithms P1-RAGE and P1-Peace consistently outperform (never worse than) G-BAIl and
Mixed-Peace.

Non-stationary click-through example. To create an instance using real-world data, we use the Yahoo!
Webscope Dataset R6A (Yahoo!, 2011).7 This dataset contains a fraction of user click log of Yahoo!’s news
article from May 1st, 2009 to May 10th, 2009. For each click, we take the outer product between user and
article features to get a vector in R36 and then we run a principle component analysis to get arm set Z C R?4,
To create a non-stationary example, we take data from May 1st to May 7th and for each day’s data, we fit a
ridge regression with regularization 0.01, obtaining 07, . . ., 67, which can be used to simulate user’s weekly
periodic behavior. Suppose we receive L visits each day, then, we can define a non-stationary environment
where each period consists of 07,...,07,...,07,...,07 and each 0] repeats for L times. Finally, we form
our arm set X by picking the optimal arm from Z plus 23 randomly picked arms with gap at least 0.05
so that span(X) = R?%. We take T' = 2.1 x 10* and the results are shown in Figure 5.2b. Again, we
can see that the performance of Peace and OD-LinBAl is very unstable and the performance of P1-RAGE
and P1-Peace consistently outperforms the other two naive G-optimal-design-based algorithms, G-BAl and
Mixed-Peace.

5.7 Conclusion and Future Work

We present in this chapter the first two novel robust linear bandits algorithm for fixed-budget best-arm iden-
tification, P1-RAGE and P1-Peace, that tackle stationary and non-stationary environments simultaneously
while being agnostic to the environment. Theoretically, we prove error probability bounds of P1-RAGE
in both stationary and non-stationary environments. Empirically, we show that in stationary settings, both
P1-RAGE and P1-Peace perform comparably with algorithms designed for such environments, and in non-
stationary settings, they consistently outperform naive algorithms based on G-optimal design.

Finally, several questions still remain open. Is the extra term in Hpq.rage (), as discussed in Section 5.5,
necessary? What is the optimal complexity for this mixed stationary/non-stationary settings? Answering
these questions can serve as promising future directions.

8 All algorithms fluctuate in the upper right plot mainly because the minimum gaps also have large fluctuation.
"https://webscope.sandbox.yahoo.com/
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Chapter 6

Active Learning with Safety Constraints

6.1 Introduction

In many problems in online decision-making, the goal of the learner is to take measurements in such a way
as to learn a near-optimal policy. Oftentimes, though the space of policies may be large, the set of feasible,
or safe policies could be much smaller, effectively constraining the search space of the learner. Furthermore,
these constraints may themselves depend on unknown problem parameters.

For example, consider the problem of bidding sequentially in a series of auctions where the bidder bids
a price wy, the value of winning an item ¢ is denoted v, and the utility of winning that item and paying
price p; is v¢ — p¢. The goal of the bidder is to choose an optimal strategy amongst bidding strategies
s € 5,5 : R — R. When a bidder is deciding how to choose these strategies, they often face constraints:
they may have a budget B they must abide to; they may wish to have those auctions they win be well-
distributed across time (e.g. in the case of advertising campaigns); they may want to ensure the set of
items they win satisfy some other property (e.g. for advertisements, they might want to ensure they are not
over-targeting any demographic group).

As another example, inventory management systems may face similar issues of deciding amongst strate-
gies, where there is some objective function (such as revenue) and a variety of constraints at play in this
choice (e.g. capacity of a set of warehouses, employee scheduling constraints, or limits on the duration of
delivery lag). They also operate in markets with changing demand and other uncertainties, leading to uncer-
tainty about which strategies are feasible or safe (satisfy constraints) and uncertainty about the revenue they
generate.

Both of these scenarios motivate understanding the sample complexity of selecting an action or strategy
which approximately maximizes an objective while also satisfying some constraints, where samples are
needed to both learn the objective value of actions and whether or not they satisfy said constraints. In this
chapter, we study the active sample complexity of this task—if the learner can choose which examples to
observe and have labeled, how many fewer samples might they need compared to the number needed in a
passive setting? We pose this as a best-arm identification problem in the setting of linear bandits with safety
constraints, where the goal is to estimate the best arm, subject to it meeting certain (initially unknown)
safety constraints. We propose an experiment design-based algorithm which efficiently learns the best safe
decision, and show the efficacy of this approach in practice through several experimental examples. To the
best of our knowledge, ours is the first approach to handle best-arm identification in linear bandits with
safety constraints.
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6.1.1 Linear Bandits with Safety Constraints

Letd € (0,1) be a confidence parameter, X', Z C R< be finite known sets of vectors, and assume there exists
0, € R?, p, € R™*? unknown to the learner. For simplicity, we assume that ||, ||z < 1, and || paill2 <
1,7 € [m]and ||z]2 < 1,|z|l2 < 1,Vz € X,z € Z. The learner plays according to the following protocol:
at each time step ¢ the learner chooses some action z; € X, observes (r¢, {s¢;}/*,) where r; = )z, + wf

and s;; = u;rixt +w}', forall i € [m], where wY, w}'; are i.i.d. mean zero 1-subGaussian noise. The choice

of action z; is measurable with respect to the history F; = {(x;,;, {sj,i}ﬁl)};l. The learner stops at a
stopping time 75 which is measurable with respect to the filtration generated by F;<,, and returns z; € Z.
In general, when referring to any expectation E or probability [P, the underlying measure will be with respect
to the actions, observed rewards, and internal randomness of the algorithm.

We are interested in the safe transductive best-arm identification problem (STBAI), where the goal of
the learner is to identify

2y 1= arg max 210, st ZTM*,,' < ,Vi € [m)]
z2€EZ

for some (known) threshold «. In words, our goal is to identify the best safe arm in Z, z,, where we say
an arm z is safe if it satisfies every linear constraint: z' txi < 7y,Vi € [m]. We are interested in obtaining
learners that take the fewest number of samples possible to accomplish this. In practice, we will consider a
slightly easier objective. Fix some tolerance ¢ > 0 and let

Zo={2€2Z : 270> 210, —¢, 2T i <y+eVic[m]})
Then our goal is to obtain an (¢, §)-PAC learner defined as follows:

Definition 3 ((¢, 0)-PAC Learner). A learner is (€, 6)-PAC if for any instance it returns z; such that P[z; €
ZJ]>1-4.

We define the optimality gap for any z € Z as A(z) := 0, (2. — z), and the safety gap for constraint i
as Al ¢ (2) :== v — ;2. Note that either A(z) or A ¢ (z) can be negative. If A(z) < 0, it follows that
2 has larger value—z " §,—than the best safe arm 2., which implies it must be unsafe. If AZ ; (2) < 0 for
some ¢, then arm z is unsafe. We also define the e-safe optimality gap as:

A(z) =max(2 —2)"0, st min Al (2) > (6.1)

ez i€[m] safe B

A(z) is then the gap in value between arm z and the best arm with minimum safety gap at least €.

Mathematical Notation. Let ||z||} = 2 Az and p(x) := max{z,0}. O(-) hides factors that are loga-
rithmic in the arguments. < denotes inequality up to constants. We denote the simplex as Ay = {\ €

RS cxde = 1),
6.2 Safe Best-Arm Identification in Linear Bandits

6.2.1 Algorithm Definition

The main challenge in algorithm design for the safe best-arm identification problem is ensuring that we are
efficiently balancing our exploration between refining our estimates of both the safety gaps, as well as the
optimality gaps. Our approach is given in Algorithm 6.1, BESIDE.
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Algorithm 6.1. Best Safe Arm Identification (BESIDE)

1: input: tolerance ¢, confidence §
2: 1 + [log(2)], A% (2) « 0,A%z) « Oforall z € Z
3: for/=1,2,...,..do
4 € +—20-27¢

// Phase 1: Solve design to reduce uncertainty in safety

constraints
5: Define

R N Ne—1
co(2) = min |AG ()] + maxp(-A%E () + (A7 (2)

6: Let 7, be the minimal value of 7 € R which is greater than 4 log 74m|52|£2 such that the objective to

the following is no greater than €,/100, and A\, the corresponding optimal distribution

1 2
i 1 B2 loe(AmIELE
Jnf max — 700 (Cé(z)+€é)+\/7 1215 -1 - log(5=)

7: Sample x; ~ Ay, collect 7, observations { (¢, ¢, S¢.1, - - - » St.m) }1ioq
// Phase 2: Estimate safety constraints
8: {ﬁz’e ;11 A RIPS({(xta St,i) Zézlﬂ z, 27242)

N Tt 1 4m| 2|2
o BE(2) ey — 2T 4 [zl a1y log(MIELL)
// Phase 3: Refine estimates of optimality gaps

100 {A%(2)}.ez + RAGE (z,yg, €6, 10 { Asate(2) + max; p(_ﬁg';ffe(z))}zez)

// Perform final round of exploration to ensure we find e-good arm
11 Vend ¢ {2 € Z 1 c(2) SAY (2) + €}

safe

A A NI
12: {Aend(z)}zeyend A RAGEe(yendv yend? €, 67 {Asafe(Z) — man p(_A?afe(Z))}ZEZ)
13: return z = argmin,cy, A (2)

BESIDE relies on a round-based adaptive experimental design approach. In each round BESIDE consists
of three phases. In the first phase, it solves an experimental design over A\, € Ay, with the goal of refining
our estimates of the safety gaps. It then takes 7, samples from A. In the second phase these samples are
used to estimate the safety constraints, /i, and the safety gaps of each arm, A;ffe(z). Finally, in Phase 3,
an additional experimental design is solved which now aims to refine our estimates of the optimality gaps,
and the estimates of the optimality gaps A* (z) for each z € Z are then computed. We encapsulate Phase
3 in a subroutine, RAGE®, which we outline in the following. We now carefully describe each phase—we

begin with Phase 2 to explain how our estimator works.

Phase 2: In Phase 2 the algorithm would like to use the 7, samples drawn from the design )\, to estimate the
constraints for each 2 € Z: z ' . ; for each i € [m)]. Past works using adaptive experimental design in the
linear bandits literature have utilized the least-squares estimator along with complicated rounding schemes
(Fiez et al., 2019) which may require an additional poly(d) samples each round (this poly(d) factor could be
prohibitively large—for example, in active classification problems, d is the total number of data points). We
instead utilize the RIPS estimator described in Chapter 2 (Camilleri et al., 2021a) which gives us a guarantee
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of the form: with probability greater than 1 — 9, for all z € Z,

-~ — Z|0?
T @ — )] S ol a1 - V77 log (M2, 62)

We describe the RIPS estimator in more detail in Section E.2.

Phase 1: By our definition of the experimental design on Line 6, our safety gap estimation error bound in
(6.2) satisfies, for each z € Z:

—~i _ m 2
T (@ — i) S el - V7 log(EE) < 6y(2) + ©63)

Note that our design chooses an allocation that minimizes the variance in our estimate of each safety con-
straint (up to some tolerance), which scales as HzHi( -1+ This can be thought of as a form of X'Y-design—a
design of the form infye a, maxyey [ly[|% ( A)_l—where here ) < Z is chosen to reduce our uncertainty
in estimating the safety value for each 2 € Z. We refer to such a design objective henceforth as X Vate.
Assume that at round £ — 1, we can guarantee

co(z) = min |[AL ()] + maxp(— AL (2) + p(ATL(2)) + e
J J

safe safe
< min | A, (2)] + max p(= Al () +p(A“1(2)) +er. (6.4)
J J

Then combining the above inequalities, we see that the experiment design on Line 6 aims to minimize the

uncertainty in our estimate of zT,u*,i up to a tolerance that scales as the maximum of the four terms in (6.4).

It follows that if any of these terms is large, we will only allocate a small number of samples to refining our

estimate of arm z. Each one of these terms can be intuitively motivated by thinking through what is needed

to prove that an arm z # z,.

* z has small safety gap min; |Agafe(z)\: if this term is large, it implies that minimum safety gap for
z is large. To show an arm is safe or unsafe, it suffices to learn each safety gap up to a tolerance a
constant factor from its value—regularizing by this term ensures we do just that.

* z fails some safety constraint max; p(—Agafe(z)): if this term is large, it implies that arm z is very
unsafe for some constraint. In this case, we can easily determine z is unsafe, and therefore do not
need to reduce our uncertainty in the safety gap any more.

* 2 is sub-optimal p(A-1(z)): if this term is large, it implies that z is very suboptimal compared to
some safe arm with safety gap at least €y_1. In this case, we do not need to estimate z’s safety gap, as
we will have already eliminated it.

It remains to ensure that (6.4) holds. As we show in Section E.4 through a careful inductive argument,
combining (6.3) with our guarantee on the estimates of the optimality gaps obtained in Phase 3, AY(2), is
sufficient to guarantee (6.4) holds. In particular, if any gap is greater than ¢, it is estimated up to a constant
factor, and otherwise it is estimated up to O(ey). This ensures that our gaps are estimated at the correct rate
while guaranteeing we do not collect too many samples in each round.
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Phase 3: In this phase we estimate the suboptimality gaps using RAGE®. RAGES is inspired by the RAGE
algorithm of (Fiez et al., 2019) for best-arm identification. In the interest of space, we defer the full definition
of RAGE® to Section E.3 but provide some intuition here. After Phase 2, by (6.3) the set of arms )y := {z €
Z ¢ co(z) < AB5(2),Vi € [m]} for s < £ are precisely the ones that we can certify are safe (note that we do
not need to ever explicitly construct such a set—we can instead maintain an implicit definition through the
constraints). RAGE® uses an adaptive experimental design procedure to sample in such a way as to optimally
estimate the gaps (z — ) ' 6.,Vz € Z and some § € ), up to some (sufficient) tolerance. In particular,
it also solves an X'Y-design, but now on the set ) <— {z — y : z € Z}. Thus, rather than minimizing
HzHi( A)-1» We minimize |z — ¥ Hi( »)-1- This design reduces uncertainty on the differences between arms,
which allows us to refine our estimates of their optimality gaps. Henceforth we refer to such a design as
X Vaig. We describe the importance of the choice of design in more detail in Section 6.2.4. Ultimately, if
an arm z has value within a factor of €; of the best safe arm in )/, and if we have not yet shown arm z is
unsafe, then we will estimate its optimality gap up to a constant factor of ¢y. If we were maintaining arm
sets explicitly (similar to the original RAGE algorithm of (Fiez et al., 2019)) we would eliminate arms at
this point.

Remark (Computational Complexity). The main computational challenge in BESIDE and RAGE® is the
calculation of the experimental designs (i.e. Line 6 and the corresponding design in RAGE®). In gen-
eral, the presence of the square root implies that the resulting optimization problem may not be convex in
A. To handle this issue we note that 2,/Ty = ming>o ax + ﬂ—thus we can replace the existing design
with infyea , max.ez Mingso — a5 (ce(2) + €7) + aHzHA(A o+ log(%)/(ow). By appropriately
discretizing the space we search over for T and o we can then apply the Frank-Wolfe algorithm to minimize
over \. While computationally efficient in theory, this procedure is quite complicated and impractical for
large problems. In the experiments section we provide a practical heuristic that is motivated by the above
algorithm and is computationally efficient for larger problems.

6.2.2 Main Result

BESIDE achieves the following complexity.

Theorem 16. BESIDE is (¢, §)-PAC. In other words, with probability at least 1 — 0, BESIDE returns an arm
z € Z such that

270, > 20, —e, min Al (2) > —¢
i€[m]

and terminates after collecting at most

12012 0y - Tog("E))

C -sup inf max — 3 (safety)
e Aehx 262 (ming |AL g (2)] + max; p(=AL ¢ (2) + p(AT(2)) +¢)
Z
Iz = 2% 0y - log(15)) .
+ C -sup inf max 5 + Co (optimality)

5
e el 262 (max; p(—A ¢ (2)) + p(A%(2)) +8)°
samples for some C = poly log( 6) and Cy = poly log( .| Z|) - log %.

The complexity bound given in Theorem 16 may, at first glance, appear rather opaque, yet it in fact
yields a very intuitive interpretation. The first term in the complexity, the safety term, is the complexity
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needed to show each arm is safe or unsafe, if they have not otherwise been eliminated. As described in the
previous section, if p(A¢(2)) is large, this implies we have found an arm better than z, so learning its safety
value is irrelevant.

The second term in the complexity, the optimality term, corresponds to the difficulty of showing an arm
is worse than the best arm we can guarantee is safe. Note that we can only guarantee an arm is suboptimal
if we can find a safe arm with higher value. Recall the definition of Ag(z) given in (6.1). Intuitively,
Ag(z) denotes the gap in value between arm z and the best arm with safety gap at least €. As we make €
smaller, we can show additional arms are safe, which increases A€(z). While this makes it easier to show
z is suboptimal, it comes at a cost—the extra samples necessary to decrease our safety tolerance, given by
the first term in the complexity. BESIDE trades off between optimizing for each of these terms—gradually
decreasing its tolerance on both the safety and optimality terms to more easily eliminate suboptimal arms,
while not allocating too many samples to guarantee safety.

To help illustrate this complexity, we consider a simple example with orthogonal arms, i.e. a multi-armed
bandit example.

Example 1 (BESIDE on Multi-Armed Bandits). In the multi-armed bandit setting, we have X = Z =
{e1,...,eq}. Let m = 1, d = 3, and consider the settings of 0, and . given in Figure 6.1. Here we see
that arm ey is safe and has value much higher than any other arm, so z, = e1, and can be shown to be safe
relatively easily; arm ez has near-optimal value but is very unsafe; and arm es is unsafe with very small
safety gap, but has the smallest value.

0.50 ° o 0.50 °
E
g o
50.25 v
T 0.25 :“?
. 4 ’
0.00 : 0.00 :
[0.]1 [0.]2 [0.]3 (1441 (1] [10]3

Figure 6.1: Multi-Armed Bandit Instance

Showing es is Suboptimal. As es has near-optimal value, A(e3) is very small and it is very difficult to
show ey is suboptimal. However, —Ag,ge(e2) = O(1), so it is very easy to show ey is unsafe. It follows that
p(—Agate(e2)) = O(1) so both denominators in our complexity will always be O(1) for z = e;—BESIDE
does not attempt to show ez is suboptimal, but instead shows it is unsafe, and therefore does not pay for the
small optimality gap of A(ez) in the complexity.

Showing e3 is Suboptimal. Recall the definition of A®(z) = max_ia_, (+/)>e 0] (' — 2). In this case,
for e = O(1), we will have ANgate(e1) > €, which implies that A(e3) = 0, (e1 — e2) = A(e3) = O(1).
To show es3 is suboptimal, we could either show it is unsafe (which is very difficult) or suboptimal (which
is very easy). Observing the sample complexity of Theorem 16, we see that the denominator of both terms
will always be O(1) for z = e3 since A(e2) = O(1)—BESIDE never pays for the small safety gap of es, it
instead takes advantage of the fact that e3 can easily be shown to be suboptimal, and uses this to eliminate
it.

In both of these cases we see that BESIDE does the “right” thing, always using the easier of the two
criteria—either showing an arm is unsafe or suboptimal—to show that z # z.. Combining the above
observations, for € ~ min{A(es), —Agate(€2), Asate(€1)}, it follows that on this example the total sample
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complexity of BESIDE given by Theorem 16 scales as:

~ 1 1 1 1
Jog =
° <(Asafe(e1)2 B Ao 8 5)

where the 1/ Agape(e1)? arises because we must also show ey is safe.

6.2.3 Optimality of BESIDE

Optimality in Best-Arm Identification. Consider applying BESIDE to a problem instance where m = 1,
t«1 = 0, and v = 1. In this case, every arm is safe, and the safety constraints are essentially vacuous—
every arm can easily be shown safe. We can therefore think of this as simply an instance of the best-arm
identification problem. In this setting, we obtain the following corollary.

Corollary 2. Consider running BESIDE on a problem instance where m = 1, p,.1 = 0, and v = 1, and
set € = %maxz¢z* 6] (2« — z). Then with probability at least 1 — 0, BESIDE returns z, and has sample

complexity bounded by:

Iz = 2% 5y 12| 12|

-log — + inf max||z||124(/\)_1 -log >

5 it
O( Ehy 2E2 0  Xelx z2€Z 0

NeAy 2€Z A(z)?
Up to lower-order terms, this exactly matches the lower bound on best-arm identification given in (Fiez
et al., 2019). Thus, in settings where the safety constraint is vacuous, BESIDE hits the optimal rate.

Worst-Case Performance of BESIDE. We next consider the worst-case performance of BESIDE in set-
tings when X = Z. We have the following result.

Corollary 3. Assume that X = Z. Then for any 0, and (fu+;)]",, the sample complexity of BESIDE

necessary to return an e-good and e-safe arm is bounded as (9(}2 - (log(m|X|) + log })).

Theorem 2 of (Wagenmaker et al., 2022a) shows a worst-case lower bound of £2(d?/¢?) on the sample
complexity of identifying an e-optimal arm in the standard linear bandit setting. Safe best-arm identification
problems in which the safety constraint is vacuous are at least as hard as the standard best-arm identification
problem, since at minimum we need to find the best arm out of every safe arm. Thus, Q(d?/€?) is also a
worst-case lower bound for the safe best-arm identification problem. The hard instance of (Wagenmaker
et al., 2022a) has |X'| = O(2%), so it follows that on this instance, BESIDE achieves a complexity of (’)(g2 .
(d + log %)), and therefore BESIDE has optimal dimensionality dependence. In addition, this also implies
that safe best-arm identification, in the worst-case, is no harder than the standard best-arm identification
problem—it is no harder to find the best safe arm, regardless of the number of safety constraints, than to
find the best arm, ignoring safety constraints.

6.2.4 The Role of Experiment Design

We can think of the safe best-arm identification problem, in some sense, as an interpolation of the standard
best-arm identification problem, as well as the level-set estimation problem, where the goal is to identify
z € Z satisfying z "1, < ~ (Mason et al., 2021). In the former problem, (Fiez et al., 2019) shows that
the instance-optimal rate can be attained by running a round-based algorithm and at every round solving
an instance of the X' )Vg4ig experiment design, as defined in Section 6.2.1. In the latter problem, (Mason
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etal., 2021) also show that a round-based algorithm can hit the instance-optimal rate, but instead solving the
X Vsate problem at each round. It is natural to ask whether either of these strategies could be applied to the
safe best-arm identification problem directly, or if it is necessary to alternate between them. The following
results show that, on their own, each of these designs is unable to hit the optimal rate.

Proposition 1. Fix some small enough € > 0. Then there exist instances of the safe best-arm identification
problem, T; = (0%, u%, X', Z"), i = 1,2, withd = |X"| = |2'| = 2, m = 1, such that:

» OnT', any (e, 68)-PAC algorithm which plays only allocations minimizing X Yqig must have E[7s] >
Q (6% -log %) while BESIDE identifies an e-optimal arm after (’)(}2 -log 1/6) samples.

s OnT? any (e, 0)-PAC algorithm which plays only allocations minimizing X YVsate must have E[rs) >
Q 63% -log %) while BESIDE identifies an e-optimal arm after (5(% -log 1/6) samples.

Proposition 1 implies that, to solve the safe best-arm identification problem optimally, more care must
be taken in exploring than either standard experiment design induces—we must trade off between X' Vg
and X Vsare as BESIDE does. We remark briefly on the instance Z 1. On this instance we have X = {e1,e2}
and Z = {z1,22} with 21 = [1/4,1/2] and 2o = [3/4,1/2 + a]. We set 6 = [1,0], ul = [0,1], and
v = 1/2 4+ «/2. Here z; is unsafe while z; is safe, so it follows that z, = z;. As zg—ei > leQi, to show
zo # 24, we must show it is unsafe. However, if we solve the design X Vg;s, we see that it places nearly all
of the mass on the first coordinate. While this would be optimal if both z; and z, were safe and we simply
wished to determine which has a higher value, to show z; is unsafe, the optimal strategy places (roughly) the
same mass on each coordinate, since each coordinate could contribute to the safety value. This is precisely
the allocation BESIDE will play, so it is able to show that z5 is unsafe much more efficiently than a naive
X Vaige approach.

6.3 Experiments for Safe Best Arm Identification in Linear Bandits

We next present experimental results on BESIDE to demonstrate the advantage of experimental design—
especially combining X Vg and X Vg designs. As there are no existing algorithms that consider safe
best-arm identification, as a benchmark we consider the naive adaptive approach BASELINE that first solves
the problem of finding the safe arms up to a desired tolerance, and then solves the problem of finding the
best (safe) arm among the arms that were found to be safe. We first describe instances on which we test
BESIDE. Our experimental details and precise implementation of BESIDE using elimination are described
in Section E.6.

Multi-Armed Bandit. We consider a best-arm identification problem in which every arm is safe, but the
arm with highest value is very difficult to identify as safe, while the second-best arm can easily be shown
safe. We vary the total number of arms and run BESIDE and BASELINE with ¢ = 0.5 and § = 0.1. From
Figure 6.2, we observe that the sample complexity of BESIDE is smaller (up to about two times for 100
arms) than the sample complexity of its baseline.

Linear Response Model. Random Instance: We also consider the more general setup where X', Z C R,
6 € R? and ;1 € RY are randomly generated from independent Gaussian random variables with mean 0 and
variance 1. We set |X'| = 50 and vary the size of | Z|. In Figure 6.3, we see again that BESIDE significantly
outperforms the baseline.
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Hard Instance: We last consider the instance of Proposition 1 and benchmark against the strategy playing
only allocations minimizing X' Vgig. In Figure 6.4, we see again that BESIDE significantly outperforms this
baseline, corroborating the theoretical result of Proposition 1.

> MAB hard instance > safe linear bandits o LB hard instance
E>: ) = - Baseline ‘i xy desian
9 —— Baseline 9105 BESIDE © 6000 - Xy g
Q. o oy
€ 10000 BESIDE € € 2000 BESIDE
o} o 4 o
O o 10 S
9 Q 22000
[eX o 3 [eR
£ £ 10 £
g 0 50 100 & & 0
b f 10 20 30 40 1 2 3 4
number of arms size of Z epsilon

Figure 6.2: Total arm pulls 0 pjoyre 6.3: Total arm pulls to ~ Figure 6.4: Total arm pulls to
termination vs. number of arms 200 oo 1Z| termination vs. €

6.3.1 Practical Algorithms for Active Classification Under Constraints

Next, we provide an application of the above ideas to pool-based active classification with constraints—
namely, adaptive sampling to learn the highest accuracy classifier with a constraint on the false discovery
rate (FDR). We first explain how this problem maps to the linear bandit setting. Precisely, let X be the
example space and )) = {0, 1} the label space. Fix a hypothesis class H such that each h € H is a classifier
h: X — ). We represent each h with an associated indicator vector z;, € {0, 1}*| where z,(z) = 1 <=
h(x) = 1. Similarly, let € [0, 1]l represent the label distribution, i.e. n(z) = P(Y = 1|X = z). Then
the risk of a classifier R(h) := Eyunif(x),y ~Ber(n(x)) [1[A(2) # Y]] = z! (27 — 1) and the FDR is defined
as FDR(h) := (1 —n)"2/17 2. In the case when 5 € {0, 1}/*l, FDR(h) is the proportion of examples that
h incorrectly labels as 1 out of all examples h labels as 1. Our goal is to solve the following constrained best
arm identification problem:

h = min R(h) st. FDR(h) <q <= 211171{1 zin st (1—-n)" —q1")Tz<o0. (6.5)
€

The main challenge in running BESIDE on this problem directly is a potentially high computational cost
from computing a design over an extremely large hypothesis class H (e.g. neural networks of a bounded
width). In this section we provide an alternative approach motivated by BESIDE. Algorithm 6.2 follows a
similar design as BESIDE and relies on an oracle, CERM, that can solve (6.5), i.e. given a dataset it returns the
highest accuracy classifier under an FDR constraint. Such oracles are available in, for example in (Agarwal
et al., 2018; Cotter et al., 2018). In each round of Algorithm 6.2 we perform randomized exploration by
perturbing the labels on our existing dataset with mean zero Gaussian noise, and then training & classifiers
ﬁi,i € [k], on the resulting datasets. Implicitly, we are making the assumption that the loss function in
the training of ERM can handle continuous labels, such as the MLE of logistic regression. As described
in (Kveton et al., 2019), randomized exploration emulates sampling from a posterior distribution on our
possible set of classifiers. We then use the labels generated from these classifiers to compute safe classifiers
hi,i € [k]. Finally, mimicking the strategy of BESIDE, we compute X Vsate and X' Vgig designs on these k
safe classifiers and repeat (note that the designs computed on Line 5 are equivalent to X' Vafe and X Vgig in
the classification setting).
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Algorithm 6.2. Active constrained classification with randomized

exploration
. o e 0 0 .
Input: Batch size n, initial (labeled) data :cg ), ey x% ), number of rounds L, number of classifiers per
round k, perturbation variance o
1: for{=1,...,Ldo
2 fori=1,...,kdo
N 6 () i i i.i.d. 9
3 hi = BRM({(x”, 5" + ") }y), where {e{” }1<i<n "R N (0,02)
4 hi = CERM({ (2, hi(z)) }zex)
. . 1 hi x 0
5 Compute designs: Asafe = arg minyea , Maxi<;< er Py %, Adiff =
. 1{h;(z)#h;(x)
argminyeA , MAX|<jtj<k Y cx %
{4 {4 . .
6: Sample acg ), .. ,x%) from a uniform mixture of Agafe, Agiff
. 4 {4
7 Observe corresponding labels yg ), e y,(l)
7 l l
return hr = CERM({ (2", 51" ) b <v<n0<e<1)
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To validate Algorithm 6.2, we experiment against a passive baseline that selects points uniformly at
randoms from the pool of examples X, retrains the model using the same Constrained Empirical Risk
Minimization oracle (CERM) as Algorithm 6.2 on its current samples, and report the accuracy and FDR. We
evaluate on two real world datasets and on one synthetic dataset next and provide an additional details on
the experiments in Section E.6.

Adult dataset. We evaluate on the adult income data set (Lichman, 2013) (48,842 examples) where the
goal is to predict whether someone’s income is above $50k per year. We set the constraint to be FDR <
0.15 and report in Figure 6.5a the accuracy and the FDR obtained when varying the number of labels
given to each method (batch size is set to 25 and initial number of queried labels is 50). We observe that
for any desired accuracy Algorithm 6.2 allows us to provide a classifier with lower FDR. Also, for any
chosen number of total labels—such as 500, 750, 2000 as reported in Figure 6.5a—the Algorithm 6.2 gives
a classifier with higher accuracy and lower FDR. In general we found that the active method needed half the
number of samples as the passive sampling to achieve a given FDR. This demonstrates the effectiveness of
Algorithm 6.2 to learn simultaneously the objective (risk) and the constraint (FDR), in a similar favorable
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way as characterized by our theoretical findings.

We consider the German Credit Dataset originally from the Staflog Project Databases (Keogh et al.,
1998). The goal is to predict whether someone’s credit is bad’ or *good’. We report in Figure 6.5b the
recall (TPR) and the precision (1 — FDR) obtained when varying the number of labels given to each method.
We observe that for any desired precision Algorithm 6.2 allows us to provide a classifier with higher recall.
Also, for any chosen number of total labels—such as 170, 270, 330, 450, 600 as reported in Figure 6.5b—
the Algorithm 6.2 gives a classifier with higher precision and higher recall. As for the Adult dataset we
found that the active method needed half the number of samples as the passive sampling to achieve a given
precision.

Half circle dataset. We consider a two-dimensional half circle dataset, visualized on Figure 6.6. We
report in Figures 6.7 and 6.8 the precision and (respectively) the recall obtained when varying the number
of labels given to each method. The confidence intervals are obtained over 25 repetitions. We observe that
Algorithm 6.2 allows us to provide a classifier satisfying a given recall or precision in far fewer queries. This
is in line with the results of (Jain and Jamieson, 2020) on One Dimensional Thresholds, where the sample
complexity of the active strategy is O(log(n)) while the sample complexity of the passive strategy is at least
of order n.

Half circle dataset

Half circle Half circle
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Figure 6.6: Half circle dataset. Figure 6.7: Precision Figure 6.8: Recall

6.4 Related works

Constrained Bandits. A growing body of work seeks to address the question of safe learning in interactive
environments. In particular, the majority of such works have considered the problem of regret minimization
in linear bandits with linear safety constraints. Here, the goal is to maximize online reward, x: 0., by
choosing actions x; € X C R?, while ensuring a safety constraint of the form x| 1, < +y is met at all times
(either in expectation or with high probability). A variety of algorithms have been proposed, including
UCB-style (Kazerouni et al., 2017; Amani et al., 2019; Pacchiano et al., 2020), and Thompson Sampling
(Moradipari et al., 2019; 2020). While these works show that v/7" regret is attainable, they only provide
worst-case bounds (while we obtain instance-dependent bounds) and do not study the pure-exploration best-
arm identification problem. To our knowledge, the only work to offer instance-dependent guarantees is
(Chen et al., 2022), yet they focus exclusively on the regret setting, and offer a relatively coarse notion of
instance-dependence — analogous to O(d - poly log 7'/ Apin) bounds in the unconstrained linear bandits
setting — in contrast to the more fine-grained notion of instance-dependence we provide.

To our knowledge, only several existing works consider the question of best-arm identification with
safety constraints (Sui et al., 2015; 2018; Wang et al., 2022; Lindner et al., 2022). The most related to ours
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is (Lindner et al., 2022) which focuses on the easier problem of safe best arm identification with known
rewards and unknown constraints. Since the reward is known, the main challenge in the setting of (Lindner
et al., 2022) is to learn constraints via G-optimal designs. The key and novel challenge of our framework is
to carefully balance between G and X'} designs: naively spending enough budget to either learn the reward
model (via a X)) design) or to learn the safety constraints (via a G design) will fail catastrophically (see
Example 2.1 and Proposition 1). (Sui et al., 2015; 2018) consider a general constrained optimization setting
where the goal of the learner is to minimize some function f(x) over a domain = € D, while only having
access to noisy samples of f(x), f(z:) + w;, and guaranteeing that a safety constraint g(z;) > h is met for
every query point x;. While they do provide a sample complexity upper bound, they give no lower bound,
and, as shown in (Wang et al., 2022), their approach can be very suboptimal. (Wang et al., 2022) considers
the setting of best-arm identification in multi-armed bandits. In their setting, at every step ¢ they query a
value a; € A for a particular coordinate 7, and their goal is to identify the coordinate ¢* such that a}.6;« >
max; a; 0;, where a; is the largest value respecting the safety constraint: a; = argmax,¢ 4 at; s.t. ap; < 7.
Similar to (Sui et al., 2015; 2018), they require that the safety constraint a;u;, < -y must be met while
learning. Though they do show matching upper and lower bounds, and in addition consider a slightly more
general setting that allows for nonlinear (but monotonic) response functions, they treat every coordinate
as independent, and do not allow for information-sharing between coordinates—the key generalization the
linear bandit setting targets. We remark as well that in our setting, unlike these works, we allow the learner
to query unsafe points during exploration, and only require that they output a safe decision at termination.

Best-Arm Identification in Linear Bandits. The best-arm identification problem in multi-armed bandits
(without safety constraints) is a classical and well-studied problem (Bechhofer, 1958; Paulson, 1964; Even-
Dar et al., 2002; Bubeck et al., 2009), and near-optimal algorithms exist (Jamieson et al., 2014; Kaufmann
et al., 2016). More recently, there has been a growing interest in understanding the sample complexity
of best-arm identification in linear bandits (Soare et al., 2014; Karnin, 2016; Xu et al., 2018; Fiez et al.,
2019; Katz-Samuels et al., 2020; Degenne et al., 2020). We highlight in particular the work of (Fiez et al.,
2019) which proposes an experiment-design based algorithm, RAGE, that our approach takes inspiration
from. While much progress has been made in understanding best-arm identification in linear bandits, to our
knowledge, no existing works consider the setting of best-arm identification in linear bandits with safety
constraints, the setting of this work.

Active Classification under FDR constraints We finally mention one other related body of work—the
problem of actively sampling to find a classifier with high accuracy or recall under precision constraints.
Motivated by the experimental design approach of our main algorithm, BESIDE, we provide a heuristic
algorithm for this problem with good empirical performance in Section 6.3.1. There is an extensive body
of work on active learning (see the survey (Hanneke et al., 2014)) but only recently have works made the
connection between best-arm identification for linear bandits and classification (Katz-Samuels et al., 2021;
Jain and Jamieson, 2020; Camilleri et al., 2021b). Precision constraints has been less studied in the adaptive
context, we only know of (Jain and Jamieson, 2020; Bennett et al., 2017).

6.5 Conclusion

In this work we have shown that it is possible to efficiently find the best safe arm in linear bandits with
a carefully designed adaptive experiment design-based approach. Our results open up several interesting
directions for future work.
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Instance Optimality. While BESIDE is worst-case optimal, in Section E.1 we show an instance-dependent
lower bound which BESIDE does not, in general, seem to hit. We conjecture that this lower bound may be
loose—addressing this discrepancy and showing matching instance-dependent upper and lower bounds is
an exciting direction for future work.

Safety During Exploration. Though there are many interesting applications where we may not require
safety during exploration (i.e. only querying safe arms), in other cases we may need to ensure safety is met
during exploration. Extending our work to this setting is an interesting open problem.
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Chapter 7

Fair Active Learning in Low-Data Regimes

7.1 Introduction

As machine learning models proliferate and are used in an ever-increasing number of applications with soci-
etal ramifications, it has become increasingly important to have robust methods for developing models that
do not perpetuate existing social inequities. Over the last few years, a plethora of works in fair classification
have provided a principled toolkit to develop classifiers and quantify their performance under various fair-
ness metrics. These metrics, including equal opportunity and equalized odds, give a natural way to ensure
that favorable outcomes such as model performance or predicted positive rates are equalized across different
groups for a given protected feature. More precisely, given a distribution v on X x A x ) (where X is the
feature space, A the protected attribute space and ) the label space), a hypothesis class #, a fairness metric
Miair, @ measure of its violation L"#ir (h), and a fairness violation tolerance «; the goal in fair classification
is to return arg minpey Ky o )~ [1(7) # y] subject to L' (h) < o

In practice, as v is unknown, solving an empirical analog of this constrained classification problem on a
training set is a natural approach to learning classifiers that generalize well to a test set, while maintaining
fairness guarantees. Indeed, the focus of much of the fairness literature has been to develop optimization
methods to solve such a problem (Agarwal et al., 2018; Donini et al., 2018; Cotter et al., 2018). While this
is a reasonable approach when a large amount of labeled training data is available, in many applications
such large amounts of data are not available, and it can be prohibitively expensive to collect more. In such
settings existing approaches may not be able to guarantee accurate classifiers, or may return classifiers that
are in fact unfair on the population distribution.

A promising approach to handle such low-data regimes and maximize the effectiveness of small amounts
of labeled data is active learning. Active learning methods aim to minimize the amount of labeled training
data needed by only requesting labels for the most informative examples, thereby significantly reducing the
label complexity while ensuring similar accuracy of the learned classifier. While active learning methods
have been applied to fair classification before, existing works either require large labeled datasets for pre-
training, thereby eliminating the primary benefit of active learning, or are unable to satisfy the goal fairness
constraint.

In this chapter we aim to overcome these challenges and develop methods for fair active learning which
do not require large pretraining datasets—truly operating in the low-data regime—and ensure fairness con-
straints are met. Our contributions are as follows:

1. We propose a novel approach to fair active learning, FARE, which chooses which points to label by com-
bining a posterior sampling-inspired randomized exploration procedure that aims to improve classifier
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accuracy, with a group-dependent sampling procedure to ensure fairness is met. Notably, our approach
does not require a large pretraining dataset, and is able to produce accurate and fair classifiers in the very
low data regime.

2. We evaluate our proposed method on a variety of standard benchmark datasets from the fairness commu-
nity, and demonstrate that it yields large label complexity gains over passive approaches while ensuring
fairness constraints are met, and also significantly outperforms the existing state-of-the-art approaches
for fair active learning.

To the best of our knowledge, our proposed approach is the first active learning procedure able to ensure
fairness constraints are reliably met without requiring large amounts of labeled data.

7.2 Related Work

Fairness. Algorithmic fairness has garnered significant interest in recent years (see Barocas et al. (2017);
Hort et al. (2022) for recent surveys). Approaches to mitigate fairness disparities can be grouped into three
lines of work: pre-processing, in-processing, and post-processing. Pre-processing aims to remove disparate
impact by modifying the training data(Kamiran and Calders, 2012), while post-processing modifies already
learned classifiers to improve fairness (Hardt et al., 2016). Of particular interest to our work is in-processing
for bias mitigation, where the focus is on modifying the learning process to build fair classifiers (Zhang et al.,
2018). Most relevant to us within in-processing bias mitigation techniques are works that have approached
fairness mitigations in classification as a constrained optimization problem (Agarwal et al., 2018; Donini
et al., 2018). Our fairness metrics of interest—equal opportunity and equalized odds—were introduced as
operationalizations of fairness concurrently by Hardt et al. (2016); Kleinberg et al. (2016); see also (Kearns
et al., 2018).

Active learning. The expense associated with labeling data has emerged as a significant obstacle in the
practical implementation of machine learning methods. Motivated by this, there has been growing attention
towards the concept of active classification, which involves presenting the learner with a set of unlabeled
examples, and tasking them with producing a precise hypothesis after querying as few labels as possible
(Settles, 2011). Active learning has been studied extensively over the past five decades (see the survey
Hanneke et al. (2014)). Most active learning approaches select samples to label based on some notion
of uncertainty (e.g., entropy of predictions, margin, disagreement (Cohn et al., 1994; Beygelzimer et al.,
2009)). Recent breakthroughs have connected best-arm identification for linear bandits with classification,
opening up new possibilities for active learning via experiment design (Katz-Samuels et al., 2021; Camilleri
etal., 2022; 2021b).

Fair active learning. The problem of fair active classification has been previously considered by recent
efforts to reach a classifiers with good “fairness-error” trade-off given a label budget, including Anahideh
et al. (2021); Sharaf et al. (2022); Fajri et al. (2022). As we will see experimentally, these works suffer from
a variety of shortcomings: for example, poor generalization of their fairness violation, minimal accuracy
gains over baseline methods, or limited ability to handle standard group fairness metrics. Furthermore,
their objective is somewhat different than ours. While we aim to return a classifier with fairness violation
below a desired tolerance (motivated by situations where it is critical to ensure our classifier satisfies a given
fairness constraint), these works instead aim to quantify the general tradeoff between fairness and accuracy,
without ensuring the returned classifier is below any tolerance. Last, these works assume the existence of
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large, pre-existing, labeled datasets: namely for their experiments on the Adult income dataset Anahideh
et al. (2021); Sharaf et al. (2022); Fajri et al. (2022) assume respectively that 2000, 15000, 3000 labels are
accessible. We will see that the gains from our active learning algorithms are instead visible after collecting
100 labels. Other works, such as Cao and Lan (2022b) focuses on fair active learning for decoupled models
and Shen et al. (2022); Cao and Lan (2022a), have focused on the analogous problem of finding classifiers
that meet metric-fair constraints, while Abernethy et al. (2021); Shekhar et al. (2021); Cai et al. (2022);
Branchaud-Charron et al. (2021) have focused on data collection for min-max fairness. The nature of min-
max fairness does not explicitly constrain the differences in quantities between groups, instead improving
the quantity for the worst-off group as much as possible. These, alongside the metric fairness constraints, are
significantly different than the group fairness metrics we consider, and as such motivate an entirely different
set of methods.

Another related line of work is that of bandits with constraints (Sui et al., 2015; Kazerouni et al., 2017;
Pacchiano et al., 2020; Wang et al., 2022; Camilleri et al., 2022). As noted, classification can be modeled
as a bandit problem and in some cases bandit algorithms can be applied to active learning for classification.
Furthermore, imposing unknown constraints in bandit problems is similar to imposing fairness constraints
in classification. To the best of our knowledge, however, existing work on constrained bandits does not
consider constraints expressive enough to encode standard fairness metrics such as equalized odds and equal
opportunity.

7.3 Preliminaries

In the work presented in this chapter, we focus on a binary classification scenario where each data point con-
sists of three elements (z, a,y). Here, z € X C R? represents a d-dimensional feature vector, a € {0, 1} in-
dicates a binary protected attribute which partitions our data into two groups, and y € {0, 1} denotes a label.
In the general classification paradigm, we assume that the training set D = {(x1,a1,91), - -, (Tn, an, Yn)} ~
v € Axx{0,1}x{0,1} is a set of n examples sampled from a target distribution v. The objective is to learn
from the training set D a classifier » : X +— {0,1} among a hypothesis set H (e.g. linear classifiers or
random forests) which has the lowest risk R, (h) possible on the target distribution. Here the risk is defined
for any distribution v € Ay, (0.11x{0,1} a8 Ru(h) := E(y a0 [1{R(7) # y}].

7.3.1 Definitions of Fairness

In this work we consider in particular two well-known definitions of fairness: Equal Opportunity—also
called True Positive Rate Parity (TPRP)—and Equalized Odds (EO), though our method extends to other
notions of fairness as well. We formally define these here.

Definition 4 (Fairness Definitions (EO, TPRP)). Given a tolerance o € [0, 1] and target distribution v, a
classifier h € H satisfies True Positive Rate Parity up to o on v if

‘P(:E,a,y)Nu(h(w) = 1|CL = 07y = 1) - P(:v,a,y)fvl/(h(‘r) = 1|a’ = 17y = 1)| <o (7.1)

A classifier satisfies Equalized Odds up to o on a distribution v if, in addition to satisfying (7.1) it also
satisfies

‘P(x,a,y)Nl/(h(l') = 1|a =0,y = 0) - P(:v,a,y)wu(h(x) = 1|CL =ly= 0)| <o (7.2)



If « = 0, EO states that the prediction h(x) is conditionally independent of the protected attribute a
given the label y. With these definitions of fairness in mind, we also define the fairness violation of a given
classifier as the left-hand sides of equations (7.1) and (7.2).

Definition 5 (Fairness violation). We define the EO (resp. TPRP) violation of classifier h on distribution v
as

LEO(h) .= Zr&g)ﬁ |Plz,ay)v(h(x) = 1la =0,y = 2) — Pgqy(h(z) =1a =1,y = 2)|,

Lgp(h) = |P(a:,a,y)wu(h(x) = 1|a =0,y = 1) - P(J:,a,y)wu(h(x) = 1|a =1ly= 1)‘

Given some threshold «, a fair classifier is a classifier with fairness violation below c.

7.3.2 Problem Statement

Classical machine learning typically deals with the setting where the learner has access to a fixed, labeled
dataset, Dy, and must learn as accurate a classifier as possible from this data. In this work, we are interested
in the active setting where the goal of the learner is to train on as few labeled data points as possible to
obtain a desired accuracy. In particular, in the pool-based active learning setting, the task of fair active
classification is the following sequential problem. First, the learner is given an unlabeled training pool of
data Dt\ry C X x A and some fairness metric mg,;,; € {EO, TP} with target fairness violation «. At each

time ¢ = 1,2,...,T the agent then chooses any unlabeled point from the pool (z, a;) € Dbry and requests
its label y; € {0,1}. After requesting 7" labels, the agent outputs a classifier h € H. Its performance
is evaluated via the two following metrics: error loss R, (h) and fairness violation L}'ir(h), for v the
population distribution. Note that we assume that the learner may see the true protected attribute before
querying the label for a point—see (Awasthi et al., 2020) for a discussion of the case when the protected
attribute is noisy.

7.4 Fair Active Learning

In this section, we present our approach to fair active classification, FARE.

7.4.1 Fair Learning with Fixed Datasets

Before considering the active setting, we first consider the question of finding a fair classifier on a fixed
dataset. As the general classification paradigm (i.e. classification without fairness constraints) is known to
potentially cause disparities when applied to sensitive tasks (Barocas and Selbst, 2016), significant effort has
been invested to develop effective algorithms that balance the goal of classification (learn the most accurate
classifier) with fairness (learn a classifier with low fairness violation) on static datasets. Given a target
distribution v, a fairness metric denoted my,;, € { EO, T P} and a fairness violation tolerance « € [0, 1], this
fair classification problem can be stated as the following:

minimize R, (h) subjectto L)' (h) < a. (7.3)
heH

In practice, one cannot solve (7.3) directly, as the population, v, which R, (h) and L!'=ir(h) depend on,
is unknown. Instead, we consider empirical estimates of the risk and fairness constraint. As is standard
throughout machine learning, we rely on the plug-in estimate of the empirical risk, Rp(h) := = 3% | 1{h(z;) #

T n
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y; }. Similarly, throughout the fairness literature, a plug-in estimator is typically also used to estimate the
fairness violation (Agarwal et al., 2018; Donini et al., 2018; Cotter et al., 2018). As an example, consider
the case of estimating TPRP. Let D = {(z1,a1,41),- ., (Tn, an,yn)} denote a set of data and recall that
the True Positive Rate (TPR) of each group z € {0, 1} can be written as

E(ay)w[1{h(z) =1,y =1,a = Z}]'
By a0)~[1{y =10 = 2}]

A natural approach to empirically estimate the TPRP is then to simply replace the population quantities with
the empirical quantities in (7.4) to estimate the TPR for each group, and then compute the absolute value
of the difference of these TPRs. This yields the following empirical estimate of the TPRP violation of a
classifier h on the data D:

Play(h(z) =1la=zy=1)= (7.4)

~ " 1{h(x;) = 1,y; = 1,a; = 1} 1{hl’z—1yz—1ai:0}
Ly (h) = . .S
o () ; Yot Hyi=1,a; =1} Z Yoy =1,a; =0}

We can estimate the false-positive rate parity (FPRP), E%P(h), analogously to (7.5) but with y; = 1 replaced
by y; = 0, and estimate the EO violation as the maximum of the empirical estimate of the TPRP violation
and the empirical estimate of the FPRP violation, LE° (h) = max{LEF (), LEF (h)}.

Empirical fair classification. Equipped with these empirical estimates, we return to the fair classification
problem, (7.3). Given a training set D = {(z1,a1,91),- ., (Tn,an,yn)} ~ v sampled from a distribution
v € Axxqo,1}x{0,1}- @ fairness metric denoted my,;; € {EO, TP} and fairness tolerance a € [0, 1], one
can use the empirical estimates of the risk and the fairness violation to approximate (7.3) with the following
empirical fair classification optimization problem:

migier;l{ize Rp(h) subjectto L% (h) < a. (7.6)
Note that solving such a problem is a common approach to fair classification, and can be solved efficiently
(Donini et al., 2018; Agarwal et al., 2018). This optimization problem will form the starting-point of our
proposed approach, and our algorithms will assume access to a solver for it, which we call the empirical fair
oracle—EFO. In our experiments we take an approach analogous to Agarwal et al. (2018) to solve (7.6).

7.4.2 Estimation Error and Sampling Bias

In this section we address two additional issues that arise in ensuring our returned classifier is fair. First,
estimation error in the fairness constraint, and second, bias introduced by sampling data points in a non-
uniform fashion.

Conservative fairness estimates. Since fg fair () is only an empirical estimate of L])"»ir (h), ensuring that
L7%*(h) < a does not guarantee that L}"=*(h) < c, our end goal. The following result gives a precise
quantification of the deviation between L™ (k) and L}= (h) in the case where my,;, = FO.

Proposition 2. Let the train set be D = {(z1,a1,Y1), - - -, (Tn, an,Yn)} ~ v. Then it holds with probability

1 — 9§ that, with c5 := 8/21og(2/9):

L0 (h) —

LEO)| < G max +0 () )
b (W] < Vo 0<ik<t 570 1y, =k a; = j} n
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Analogous results hold for TPRP. This bound inspires two important aspects of our approach. First,
to ensure fairness is met, it suggests setting the tolerance in (7.6) to a conservative value less than «, in
particular subtracting a O( \F) term off of o. Adjusting « by this margin has been demonstrated in the
past to produce fair classifiers (Woodworth et al., 2017; Thomas et al., 2019), and we show in Figure 7.10
that it is also critical in our active setting. Second, Proposition 2 suggests that in order to estimate the
fairness, we need to collect samples for each protected attribute, since our estimation error scales inversely
with the minimum number of samples collected for either protected attribute. This observation is critical in
motivating our active sampling procedure, as we outline in the following section.

Sampling bias correction. In the active learning paradigm, at every step the learner samples a data point

(z4,a¢) € Dt\f from some (chosen) distribution, vf* € ADt\ﬁ” (w¢,a¢) ~ vi*. For example, the learner

may place higher weight on points that are informative, increasing the number of samples from around the
decision boundary. While this will ultimately improve the learner’s ability to classify, the distribution of
the sampled dataset no longer matches that of the original training dataset. This will result in the plug-in
estimator for the fairness constraint, for example (7.5), to be biased. We correct for this mismatch using
importance weights. For the risk, we recall the definition of the well-known IPS estimator (empirical risk
re-weighted with importance weights): EDVVtHV( =1 Zz 1 Vtrl{h(xz) # y; }, for (z;,a;) ~ v'" and y;

and associated label, and v; the population weight of point i' and vi* the probability v samples point 7. It
is straightforward to see that this is an unbiased estimator of the true risk. We define the estimator for EO
with importance weights next.

Definition 6 (Empirical EO violation with importance weights). Consider a dataset drawn i.i.d from V%,
D :={(z1,a1,Y1)s- -+ (Tn,Qn, yn)} ~ V™. The empirical estimate of the EO violation of a classifier h on
the target distribution v can be evaluated as

7RO Siiith@) =1 yi=za=1 3L () =1,y;=2 =0}
D,ytr,z/( )_zler‘l{%v}i} ZZ: l/.r 1{yz = Z,0; = 1} ZiZI Ttlrl{yl =z,a; = 0}

We define the importance-weighted TPRP violation analogously, but only for z = 1. While this estimate
is not truly unbiased, both the numerator and denominators are unbiased, leading to accurate estimates of
the fairness. In the following, when applying our fairness oracle EFO in the active setting, we assume it is
applied on the importance-weighted fairness and loss estimates.

7.4.3 Fair Active Learning

We now provide our algorithm for fair active classification, Algorithm 7.1. Algorithm 7.1 proceeds in
rounds. In each round, we choose data points to label by sampling from two distributions: Ag;g, Which
focuses on improving the accuracy, and Mgy, which focuses on improving the fairness estimates. We
describe our choice of each of these distributions below.

Improving accuracy via randomized exploration. In each round of Algorithm 7.1, to determine which
points are most likely to improve accuracy, we perform randomized exploration by training a set of k fair
classifiers ﬁi,i € [k], on perturbations of the training data already collected. In particular, to generate
these perturbations, while training each classifier h; we flip the label of each data point with probability o.

'In general this is unknown but, assuming Dt ~ v, it suffices to simply set v; = 1/ |D Y|
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Figure 7.1: Sampling distributions of FARE when k = 2. The oscillating dotted lines are used to represent
the support of the sampling distributions (areas where the sampling distribution is non-zero). Aq;g¢ places
mass on disagreement region of learned classifiers in order to collect points increasing accuracy. Ag,i; places
equal amounts of mass on each group in order to learn fairness value.

Algorithm 7.1. FARE (Fair Active Randomized Exploration)

Input: Batch size n, number of rounds L, classifiers per round k, perturbation rate o, fairness metric Mgy,

ALy =

e

o0

9:
10:
11:
12:
13:

fairness tolerance o, unlabeled data Dt\f

(0) (0)> ( (0) (0))

: Sample (ml , . Tn, an
Dy (@0, O,

0
DY e DI (@, )
cfor/=1,...,L —1do

// Compute Adiff

fori=1,...,kdo
h; = EFO(Dy_1, «

Compute \g;g allocation:

// Sample points and update classifier

al) ~ Dhaigr + Dhair i = 1,

Observe corresponding labels yig), ey yg)
4 4

Dl D0 {0 u )l

O\1n
DY « D\{(=!”,al)}r,

Sample (:Ul(-é) ,

Return 7, = EFO(DL, o — )

Vn-L

(Dt\ry ), request labels for sampled points

— \/%) where 154_1 generated by flipping each label of Dy_; w.p. o

; 1{hi(x hi(x
Adiff <— argminy . o " 1<m;x<k Z {hi( ))\7’5 i(z)}
Dy IX7F)S (m’a)ept\y T
// Compute Agjr
Mair = 5U({(w.0) € DY+ a=0}) +3U({(x.a) € DY : a=1})

Given these classifiers, we compute Agisr, Which aims to sample unlabeled training points that effectively
distinguish between the k classifiers.

As described in a variety of works (Osband et al., 2016; 2018; Russo, 2019; Osband et al., 2019; Kveton

et al., 2019; Camilleri et al., 2022), randomized exploration emulates sampling from a posterior distribution
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Protected | Dataset

Dataset ) .
Attribute Size

Drug Consumption

(Fehrman et al., 2017) Gender 1885

Education
Level

Gender 1,000

Bank (Moro et al., 2014) 11,162

German Credit (Hofmann,

1994)

Adult Income (Lichman,

2013) Gender 48,842
Compas (Lichman, 2013) Gender 5,278

Community and Crime

(Redmond and Baveja, 2002) | X3¢© 1,902

Table 7.1: Benchmark datasets
over the optimal classifier. The sampling distribution Ags is such that the weights will be large for the
points x about which the k classifiers disagree most. Indeed, taking k£ = 2 for illustration, we have Agif =
argminyeAy Y rex %fhz(’”)} If hi(x) = ha(z) then %ﬁf’”(z)} = 0 for any \; > 0. In order to

minimize %ﬁf@(w)}’ one can set A, to be very small at regions of X where h; = hy and very
large at regions of X where hy 7# ho. See Figure 7.1a for an illustration of this. Given this, if we can ensure
hi,i € [k] disagree on points close to the true decision boundary, then our sampling procedure will ensure
that we sample such points, which will enable us to effectively learn an accurate classifier. With this in
mind, we hope to create k classifiers that have a decision boundary close to the true decision boundary, yet
this is precisely what will be created by posterior sampling, which our procedure mimics. As we will see in
the experiments, this sampling strategy effectively collects labels that are informative, increasing accuracy
of the learned classifier.

Improving fairness via attribute-dependent exploration. In addition to learning the decision boundary
to obtain a classifier with high accuracy, we must also learn the value of the fairness constraint to ensure our
final classifier is fair. While Aq;g ensures that we sample points close to the decision boundary, it makes no
guarantee that we sample points which allow us to accurately estimate our fairness constraint—our choice
of Mg, ensures that we do sample enough to accurately estimate the fairness.

As shown in Proposition 2, if we wish to estimate the fairness value of a given classifier, we must ensure
that we have collected sufficiently many data points from each group j € {0,1}. Aqig is not guaranteed
to sample such points—for example, if we have severe group imbalance, the overall accuracy may be max-
imized by ignoring the group with many fewer samples, in which case Aq;¢ will focus on only sampling
the larger group. To address this, we choose Ag,;, to sample an equal number of samples from each group,
which will ensure that our fairness estimate will converge to the population fairness, as guaranteed by Propo-
sition 2. See Figure 7.1b for an illustration of this. As we demonstrate in Section 7.5.3, this sampling is
absolutely critical if our goal is to learn a fair classifie—without this attribute-dependent sampling, naive
active learning methods fail to produce fair classifiers.
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7.5 Experiments

Finally, we demonstrate the effectiveness of FARE experimentally on standard fairness datasets.

Implementation details. For all experiments, we use logistic regression classifiers without regularization
and partition the dataset into a 75%/25% train/test split. We ran a grid-search over the hyperparameters of
FARE to set o = 0.1 and & = 10. We set the fairness tolerance to &« — 1/+/n to account for estimation error
in the fairness constraint. All experiments were run on a Intel Xeon 6226R CPU with 64 cores.

Datasets. In our experiments, we consider six datasets commonly used in the fairness literature, listed in
Table 7.1. To ensure consistency, we standardized the data to have a mean of zero and a variance of one.

7.5.1 Baselines Methods

In order to benchmark FARE, we conduct experiments comparing it against state-of-the-art algorithms
(Anahideh et al., 2021; Sharaf et al., 2022; Fajri et al., 2022) for fair active learning, and a passive baseline.

1. PANDA (Sharaf et al., 2022): PANDA aims to learn a data selection policy via meta-learning. This
algorithm formulates the problem as a bi-level optimization task, where the inner level involves training
a classifier with a subset of labeled data, while the outer level focuses on updating the selection policy to
strike a balance between fairness and accuracy in the classifier’s performance.
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Accuracy (% labeled correctly) Fairness (TPRP, goal fairness = 0.1)

FARE | PANDA | FAL | FALCUR | Passive || FARE | PANDA | FAL | FALCUR | Passive

Drug 83.1 79.0 83.2 82.2 82.5 0.098 0.131 0.144 0.160 0.100
+0.2 +21 | £02 +0.2 +02 +0.006 | +0.017 | £0.0065 | +0.006 | =+0.005

Bank 81.5 80.1 81.3 79.2 81.3 0.042 0.054 0.047 0.032 0.047
+0.1 +04 | +£0.1 +0.1 +0.1 +0.003 | £0.009 | £0.003 | +0.002 | =+0.001

German 66.8 66.4 67.2 63.7 66.6 0.097 0.069 0.124 0.130 0.104
+0.3 +14 | £04 +04 +0.3 +0.007 | £0.016 | £0.010 | +0.010 | =+0.007

Adult 83.6 76.6 83.2 80.8 83.1 0.065 0.109 0.102 0.097 0.068
+0.0 +20 | £0.1 +02 +0.0 +0.007 | £0019 | £0.013 | +0.008 + 0.006

Compas 64.3 57.8 66.6 66.8 64.6 0.088 0.110 0.304 0.334 0.099
+0.1 +13 | £02 +02 +0.2 +0.006 | +0.026 | +£0.023 | +0009 | =+0.007

Crime 95.9 914 95.5 94.7 95.0 0.055 0.145 0.066 0.107 0.074
+0.1 +1.7 +0.1 +0.1 +0.1 +0.004 | £0.019 | +0.004 +0.005 | +0.005

Table 7.2: Final accuracy and TPRP values for each method and dataset. Blue indicates fairness threshold
met, while red indicates threshold not met. Best accuracy among fair methods is indicated by bold font.
Confidence intervals are standard errors based on 100 trials.

2. FAL (Anahideh et al., 2021): FAL uses a sampling rule that blends between two selection criteria: one
based on uncertainty and another based on assessing fairness, which estimates the potential disparity
impact when labeling a specific data point (by calculating the expected disparity across all potential
labels). FAL chooses which data points to label in order to strike a balance between model accuracy and
equity.

3. FALCUR (Fajri et al., 2022): FALCUR incorporates an acquisition function that assesses the representa-
tive score of each sample under consideration. This score is calculated by taking into account two key
factors: uncertainty and similarity. By carefully balancing these elements, FALCUR selects samples that
contribute to accuracy improvement and ensure that fairness is maintained.

\y

tr

4. Passive + fair oracle: This passive baseline randomly selects points from the pool of examples D" and
1

trains the model using the EFO oracle with the same o — 7n constraint as FARE on its current samples.

Each of these methods with the exception of the passive baseline assumes access to a pretraining dataset.
As we are interested in the low-data regime, when we do not have access to a pretraining dataset, we simulate
the pretraining dataset by allocating, for each method, some percentage of the label budget to uniform
sampling to collect a “pretrain” dataset, and then run the algorithm in standard fashion from there. For each
method, we sweep over the size of the pretrain dataset and plot performance for the best one. For all other
hyperparameters, we use the values recommended by the original work.

7.5.2 Performance Evaluation

We first consider the case when the fairness constraint is TPRP with o« = 0.1, and illustrate the accuracy
and fairness vs. number of samples for our method and all baselines. For all methods and datasets, with
the exception of PANDA, results are averaged over 100 trials—for PANDA results are averaged over only 50
trials, due to its large computational cost. Shaded regions denote one standard error. Note as well that the
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Accuracy (% labeled correctly) Fairness (TPRP, goal fairness = 0.1)
FARE FARE FAL | FALCUR | Passive || FARE FARE FAL FALCUR | Passive
W/0 Afair W/O Afair
Synt. 58.8 57.5 90.0 89.9 61.1 0.095 0.123 0.402 0.303 0.123
+ 0.6 +0.8 + 1.7 +13 +0.8 +0.009 | +£0.016 | £0.022 | 40013 | +£0.013

Table 7.3: Ablation on the role of group-dependent sampling, A¢,;,, on the synthetically generated dataset.
Note that PANDA does not converge on this dataset, so we have omitted it from the table. Confidence
intervals are standard errors based on 100 trials.

performance of PANDA starts at a later step since this method requires a large pretrain dataset to perform
effectively, and in pretraining does not produce a classifier.

Our results are given in Figures 7.2 to 7.7, and we state the accuracy and fairness values obtained at
the final step in Table 7.2. As these results illustrate, FARE consistently outperforms or matches the passive
baseline, as well as all existing approaches to fair active classification. We highlight several key features of
these results.

First, note that the only methods able to consistently produce classifiers which meet the fairness con-
straint of & = 0.1 are FARE and the passive baselines. While all other methods frequently return classifiers
that are unfair, both FARE and the passive baseline return classifiers that, by the final step, are fair on each
dataset. We observe that, for very small number of labels, even FARE and the passive baselines produce
classifiers which do not meet the fairness constraint—this is to be expected since, for a very small number
of samples, it is difficult to estimate the fairness accurately enough to return a fair classifier. We emphasize
that, though in some cases the accuracy of FARE is exceeded by baseline approaches, in most situations the
baselines do not meet the fairness constraints. Since we are interested in fair classification, accuracy values
can only be compared in the regime where each classifier is fair.

Second, we highlight the difference in the number of samples required to achieve a given accuracy for
FARE as compared to the passive baseline. In particular, on the Drug, Adult, and Crime datasets, FARE
requires between 1.4-2x less samples than passive to achieve the final accuracy achieved by passive, while
ensuring the fairness constraint is still met. While this gain is not present on every dataset—for Bank and
Compas the performance of FARE and the passive baseline are comparable—these results illustrate that ac-
tive learning can yield substantial gains over passive approaches for fair classification, while simultaneously
ensuring fairness constraints are met.

Fairness Constraints Beyond TPRP. The previously considered results illustrate the performance of each
method when the fairness constraint is TPRP. To illustrate the generality of our approach, in Figure 7.8 we
also consider the performance of each method when the fairness constraint is equalized odds. As with
TPRP, we see that FARE produces a fair classifier while existing approaches fail to, and yields a marked
improvement over the passive baseline in terms of accuracy.

Model Selection Beyond Logistic Regression. The aforementioned findings demonstrate how FARE per-
forms when the model is a logistic regression classifier. To showcase the versatility of our method, in
Figure 7.9, we compare FARE with passive when the model selection is a decision tree. Similar to logistic
regression, we observe that FARE generates a fair classifier and yield a significant accuracy gain compared
to the passive baseline.
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7.5.3 Ablation Experiments

In this section, we illustrate the critical nature of two features of FARE. First, in Figure 7.10, we compare
the performance of FARE with the fairness tolerance aw — 1/4/n, with the 1/y/n term correcting for the
estimation error in the fairness constraint, to the performance with the fairness tolerance simply set to o.. As
shown, with the 1//n correction, the classifier returned by FARE is unfair, while with the correction it is
fair. We remark as well that, though the 1/+/n correction is not precisely what is justified by Proposition 2,
this value nonetheless consistently produces fair classifiers.
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Figure 7.10: Ablation on fairness tolerance correction on Drug dataset
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Figure 7.11: Performance on the Drug Consumption dataset for logistic regression and decision trees
model

Lastly, in Table 7.3, we compare the performance of FARE with and without Ag,;, and additionally
compare to the performance of the other baselines methods. We evaluate this on a synthetically generated
dataset for which there is a large group imbalance—one group has significantly more examples in the dataset
than the other. In this setting, if points are not explicitly sampled from the group with the smaller number of
examples, virtually all samples will be taken from the larger group, which will cause the fairness estimates to
be inaccurate, the resulting classifier unfair. This is illustrated in Table 7.3, where we see that without Ag,i;,
FARE produces an unfair classifier, similar to existing approaches. However, with Ag.;;, FARE successfully
achieves fairness. In conclusion, the inclusion of A¢,;, in FARE effectively ensures fairness constraints are
met, especially when dealing with a significant group imbalance in the dataset.

Generality of FARE. Finally, we delve into the versatility of our proposed method, FARE, by conducting
experiments across different machine learning models, specifically comparing its performance on decision
trees with that on logistic regression. Our objective is to demonstrate the general applicability of FARE and
highlight its consistent effectiveness in guaranteeing fairness fairness across various model architectures.
To assess the generality of FARE, we compare results from experiments conducted on both decision
trees and logistic regression models. In Figure 7.11, we showcase the performance of FARE on decision
trees compared to logistic regression. Notably, the observed gains in accuracy and the fairness guarantees
achieved by FARE on decision trees closely parallel those attained on logistic regression, compared to the
passive baseline. This emphasizes the validity of our proposed method across different model types.

7.6 Conclusion

In conclusion, this chapter introduces a novel active learning framework designed to tackle the challenges of
bias reduction and accuracy improvement in data-scarce environments critical to machine learning applica-
tions. By combining an exploration procedure inspired by posterior sampling with a fair classification sub-
routine, our proposed approach effectively maximizes accuracy while ensuring fairness constraints in very
data-scarce regimes. Through comprehensive evaluations on established real-world benchmark datasets, we
demonstrate the efficacy of our framework, highlighting its superiority over state-of-the-art methods. This
work contributes to advancing the development of fair models in situations where collecting large labeled
datasets is impractical, offering a promising solution for critical applications in machine learning.
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Chapter 8

Conclusion

8.1

Impact

This dissertation has had significant impacts across several domains in the field of machine learning, par-
ticularly in active learning and bandit problems. Our work has influenced a range of subsequent studies,
demonstrating the relevance and applicability of our methods.

8.2

Catoni’s Estimator for Bandits (Camilleri et al., 2021a): Our use of Catoni’s estimator has extended
its application beyond freeing RAGE from its rounding procedure, enabling the development of algo-
rithms for kernel bandits (Camilleri et al., 2021a; Mason et al., 2020), online bandits (Camilleri et al.,
2021b), and reinforcement learning (Wagenmaker et al., 2022b).

Gaussian processes: Our work on Kernel bandits (Camilleri et al., 2021a; Mason et al., 2021) has
inspired numerous follow-up studies in Gaussian processes and Bayesian optimization. These studies
have improved the handling of infinite action spaces and computational efficiency (Bogunovic and
Krause, 2021; Li and Scarlett, 2022; Dai et al., 2024; Zhou and Ji, 2022; Iwazaki et al., 2024; Zenati
et al., 2022; Hong et al., 2023; Bogunovic et al., 2022; Shekhar and Javidi, 2022; Shi et al., 2023;
Takemori, 2022; Losalka and Scarlett, 2023). Note though that most of these works restrict themselves
to regret minimization.

Constrained Bandits: Our contributions to constrained bandits have prompted further exploration by
other researchers (Lindner, 2023; Chen, 2024; Tang et al., 2024; Hutchinson et al., 2024; Lindner
et al., 2024; Carlsson et al., 2024).

Recent and Ongoing Influence: Some of our more recent works are too recent to have been extensively
cited yet but are expected to influence future research, such as (Xiong et al., 2024; Camilleri et al.,
2023).

Future Directions

The potential for future research based on this dissertation is vast, with several key areas identified for further
exploration:

Matching Upper and Lower Bounds: Future work should aim to match the upper and lower bounds
in several problems addressed by our studies. This is particularly relevant for for Best of Both World
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algorithms (Xiong et al., 2024) and Kernel optimization problems (Camilleri et al., 2021a; Mason
et al., 2020), the latter being recognized as an open problem (Vakili et al., 2021b).

* G-Design Optimization: Expanding on the optimization of G-designs in infinite spaces for kernel
bandits is a promising direction, expanding on the initial findings of this dissertation (Camilleri et al.,
2021a; Mason et al., 2020).

* Improving Computational Efficiency: Better optimization formulations are needed to reduce com-
putational costs, particularly in active learning algorithms for streaming settings (Camilleri et al.,
2021b).

* Improving Optimization results: Enhancing the guarantees of the optimization subroutine of our on-
line bandits algorithm may drastically improve the computational efficiency of optimal online bandits
algorithms (Camilleri et al., 2021b)

* Understanding Randomized Exploration Procedures: A better understanding of randomized explo-
ration procedures will be crucial for advancing experimental design based active learning algorthims
(Camilleri et al., 2022; 2023).

» Extending Fair Active Learning to Streaming Settings: Adapting our fair data collection methods
(Camilleri et al., 2023) to the streaming data settings will enhance their applicability in real-time
decision-making environments.

8.3 Closing words

Throughout our exploration, we encountered various aspects of machine learning and sequential decision
making challenges, from high-dimensional experimental design to fairness-aware active learning in low-
data regimes. Each chapter presented unique insights and state-of-the-art methodologies, contributing to a
comprehensive understanding of the complexities involved in deploying data-driven algorithms responsibly.

Our investigation into high-dimensional experimental design and kernel bandits shed light on the impor-
tance of modeling smooth reward functions in Reproducing Kernel Hilbert Spaces (RKHS) and provided
crucial insights into novel and nearly optimal algorithms and their performance characteristics, for regret
minimization, pure exploration tasks and level set estimation.

Building upon these foundations, our examination of selective sampling for online best-arm identifica-
tion highlighted the potential of trading-off labeled and unlabeled data in online decision-making processes.
We also enabled to ensure safe and efficient model deployment through constrained bandits. Additionally,
our exploration of best-arm identification for non-stationary linear bandits underscored the importance of
robustness in dynamic environments.

Moreover, our investigation into active learning methodologies integrated with safety and fairness con-
straints underscored the necessity of aligning model development with ethical considerations and real-world
constraints. By integrating safety and fairness constraints into the active learning paradigm, we aimed to
enhance the reliability and trustworthiness of machine learning models, ultimately contributing to the ad-
vancement of responsible Al

In conclusion, this thesis represents a concerted effort to navigate the complexities of machine learning
deployment, offering insights, methodologies, algorithms, and perspectives aimed at fostering responsible
innovation. As we look to the future, it is imperative that we continue to prioritize ethical considerations
and societal impacts in the development and deployment of machine learning technologies. By embracing
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a holistic approach that encompasses both technical rigor and ethical responsibility, we can strive towards a
future where machine learning empowers humanity while upholding our fundamental values.
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Appendix A

Appendix for Chap. 2

Outline

The appendix is organized as follows. We first provide the proofs for the concentration bound of RIPS
(Theorem 1), the computation of the inverse of the bilinear form (Lemma 1), the guarantees of the PTR
procedure (Theorem 2), the regret bound of the RIPS regret minimization algorithm (Theorem 3), the sample
complexity of the RIPS pure exploration algorithm (Theorem 4). We also establish the regret bound and the
sample complexity guarantees of the PTR procedure. Then, we provide the proofs of the comparison of
our variance term f(X,1/7T) with the information gain of (Srinivas et al., 2009) (Lemma 2) and with the
effective dimension of (Alaoui and Mahoney, 2014) (Lemma 3) and prove a corollary of Theorem 1 of
(Degenne et al., 2020). Last, we complete the details of the experiments.

A.1 Concentration of RIPS, Proof of Theorem 1

Proof. First note that

0.v) — 0.v) — W® (v) —
B =l [0 = WO LW — (., 0)]
veVY HUHA(W)(A)A veV HUHAW)()\)*
(6, v) — W) (W) — (6., v)|
<max ——— 4+ max ————
veV |l g (a1 veV vl 4 (a)-1
0 W ®) _ (p,
i LEBE) =W W — (0, v)
0 wveV HUHA("Y)()\)—l veY HUHA(“/)()\)—l
—ww
< 9 [0 0) =W

veV ol

which completes the second part of the lemma, so it suffices to show that each | (6., v) — W ()| is small.
We begin by bounding the variance of v A (\)~1¢(z, )y, for any t € N which is necessary to use the
robust estimator. Note that

Var(v " AN (20 )y) = El(0TAD N T d(z)y)?] — Bl A (V) (a0 )yi)?

which means we can drop the second term to bound the variance by

[ (v A0 () plawr) T = BI (0T AD () p(ar) (9l) O+ e+ )
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= E[(vTA("Y)()\)’%(xt)(cz)(:ct)TG* + m))g] + E[(UTAW)(A)*(ﬁ(:ct))Q &)
< BE[(vTAD () 6()) ] + 0Bl (T AD(N) (1)) ]

= (B + 0®)E[v" AV (\) " o(ze)p(ay) TAD (X))
< (B®+ 02)HU||,24<7>(A)—1-

Recalling that

log(2)
T

B{o T AN ey ) — Elo TAP () T glan)u]| < Co\/Var(vTA(”(A)1¢($1)y1)
we have
(0., 0) = WO = (0, 0) = E[oT AD(N) (1)) + EfoT AN p(1)y1] — W]
< {0, v) = BT AN T g(@)pn]] + [A{o AP N T o)y ) — Elo TAD () T glan)un])-

We now recall that y; = (¢(z¢), 0«) + & + 1z, where &; is a mean-zero, independent random variable with
variance o2, and |1, | < h. Thus,

(6, 0) —E[0" AP N g(21)yi]l = (8, 0) — EfoT AV N (@) (1) "] — Efo" AV (N dl1)ns, ]|
< (0, 0) = E[wT AP (V) h(21)d(21) " 0.]| + [E[p TAD (N) T p(a1 ), |
which we bound separately. Firstly,
(6.,0) — BT AP () p(a1)glwn) )] = [(8.,v) — 0T AV () ARG
=0 TAD (A) 710,
=120 (AN + D)2 AN) [y + 1)V,
<A 2T AN + 1)1,
< 72 [1ol] g (-1 1165
and secondly,
EfoTADN) o))l < Elle" AV 6l |
< hy/E[T AO (N1 g(a1) ]
— i JuT A (N) AN A (A) o

< hjvll 4 (ay-1-

Thus, putting it all together we have

log(2/9)

(65, 0) = WL < (All6sll2 + o + 60\/(15’2 +0?) vl g ay-1-
Union bounding over all v € V completes the proof. O
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A.2 Inverses and bilinear forms, Proof of Lemma 1

Proof of Proposition 1. The following manipulations are well-known, but we include them from complete-
ness. Define

© = [g(z1) .., ar)T]T
Holds
TP +4I) = (T +~N)D" .
And thus
@D+~ =0T (®D" +~1)7L.
Now we use the expansion
(<1>T<1> + w) a="®a+a

to write

-1
a (<I>T<D + ’yI) (@Téa + ’ya)

-1 -1
(@ch + 71) o da + (@ch + 71> ~a
(I)T

T -1 T -1

(qmp +w) <I>a+7<<13 <1>+71) a.

Then multiplying on the left side by b leads to
-1 -1

bla=b o' (cpch + 71) Da+ b7 (chcb + w) a.
So
g 1 1
b <Z o) ()T + 71> a=-bTa— b ®T (<I><I>T n 71) da
v v
z’'eX

= b= k(o) (K417 k().

We now simply repeat with the same calculations with

cI>/\ = [\/E¢($1)Ta ) \/Z¢($T)T]T ’

K\ =0,0] = [\/E\/Tﬂ(xi)%(xj)}

1<ij<r

and

k)\(x) = <I>>\¢>(x) cR"™.
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A.3 Guarantees of the PTR procedure, Proof of Theorem 2

We establish the proof in a finite dimension case where ¢ is the identity map and then extend it to any feature
map ¢. In both cases, we fix X C R? and consider A € Ay to be the design we wish to round.

A.3.1 Finite dimension

Lemma 5. Let VDV be the eigenvalue decomposition of the matrix Y oex \exx |, and denote D =
diag(dy,...,dq). Forany z € V, as long as T = Q(k/€), we can find an allocation {z;}_, C X such that

- -1 -1
z7 (Z T+ 77Id> z <max{l+e2}z" (T Z ez + T")/Id> z,

=1 zeX
where we defined k = max{i : d; > ~}.
Proof. Start by also denoting V' = [v1, ..., v4]. Then
2 (1 Z Moz + 7y )Lz = 2T VDV 4+ 1yI) 72
zeX
=z (rVDVT +7VV 1) 'z
=2'"V(rD+7my)7'V2
d 1

— T ]
_. (; Tdﬁm) :

Now, for any k = max{i : d; > v} we have

d k d
1 1 1
z (g Viv; Tdi+7’y>z—z (E ViV, Tdi+7_’y>z+z ( E ViV Tdi—f—’]"y)z

1=1 =1 i=k+1

i 1 1 d 1
T T T T
Z z (Z Viv; W) z+ 52’ ( Z Vi; m) z

i=1 i=k+1

-1
1
=W )"y <7‘ Z Aoz + T’)/Id) Vi(V[ 2) + =27 ij) z

reX

1 1
=W 2)" <7‘ Z Ae(V ) (V)T + T’}/Ik> (V) 2) + izT ( Z UWZTT> z.
TEX ]
where we denote Vj, and V_;, as the top k and bottom d — k eigenvectors, respectively. But now we notice
that for this first term, we have max{dim(span({V,' 2}.cy)),dim(span({V,' z},cx))} < k which now
means that thanks to (Allen-Zhu et al., 2017) we can find an allocation {Z;}7_; C X such that

T

—1 -1
(Vi'2)! (T > (Vo) (Vla) T + TW) (W) 2 ()T (Z(VJ%)(VJ%)T + m&) (Vi)
reX i=1
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as long as 7 = Q(k/e). Putting it altogether we have

-1
.
z' <Z 7T + 77]d> z

—1 -1
(Vi Z)(Vi T) T + T’YVkTVk> (Vi 2) + (VD2)" (Z(V I (VT T+ VIV k) (V2)

=1 =1

(3
(Z:1 Vk, T;) Vk z
(3
(5

~1

)’ > (

—1

V) Z) (V)" +T’}/Ik> (V'
—1

)

—|—7”y[k

i=k+1
1
vT 2T U
K 2) T2z (sz;rlv ‘ T’Y+Td>
d 1
T T T
<(A+eWV 2 ( ZA (Vi 2)(V z) " +T’Yfk> (Vi 2) + 22 (Z v T,YJFTdZ)Z

zeX i=k+1

Vi 2)
i=1
)

Z Vk Q:Z Vk) 17@ +T’}/Ik-

-1
+ (V)T (mV_TkV_k) (V72)
-1

-1
< max{l +¢2}z" (7’ Z Az + T’yId> z.

zeX

O

Oftentimes & can be much smaller than min{d, |X'|}, especially for large ~y. For instance, for X = Z =
{aei1} U{e; :i € [d]} witha > v =1, even as d — oo we have that k = 1 since A* will be the majority of
its mass on ej.

A.3.2 Connection to kernels

We now get back to our initial setting. Consider K the kernel matrix of X = {1, ..., z,}. Take P € Rxn
such that K = ®® 7T (can easily done by diagonalizing K'). Consider the rows of &) and name these qb(xz)
Then, we have by definition ¢(z;) " ¢(x;) = [K];; and we have by construction qb(xl)Tqb(wj) = [K];;,
which importantly leads to ¢(z;) " ¢(z;) = 5(%)%(%)

Fix v € V C X. We have from Lemma 1

-1
(Z d(:)p(ai) " + ml> $(v) = ¢(v) T ¢(v)/(T7) = P(v) DT (PR + 7791,,) "' DB(v) /(T7) -

This only involves scalar products of the form ¢(x;) " ¢(x;), such that the property ¢(x;) T ¢(x;) = 5(%)%(3:])
allows us to write the variance as

-1
(Z d(xi)p(ai) " + T’Y—’) $(v) = B(v) T B(v)/(T7) = B(v) 'O T (DD + TyI,) T BP(v)/(7)
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6(0) 6(v)/(r7) = T ST (@D + 7yLn) "' BG(v) /(77)
. -1
(0)" (Z d(@i)d(ai)T + Wh) o(v) .

=1

Il
SR

The same trick allows us to write

—1 -1
( > Aet(z +mI> ) ( > Xed(@)d(2) " + I, ) 3(v) .

reX TeEX

Let VAV T be the eigenvalue decomposition of the matrix Y, . A (2)p(x) T, and denote A = diag(dy, . . . , dy).

We know from lemma 5 that with 7 = Q(d(),~)/€) and d(), v) = max{i : d; > ~} we can find an alloca-
tion {Z;}]_; C X such that

-1 —1
<Z¢xz (%) +mI> $(v) < max{l + ¢, 2}g(v) ( Y Ad(@)o +mf) (v)

rzeX

which yields to the following result.
Forany v € V C X, as long as 7 = Q(d(X,)/e), we can find an allocation {z;}]_; C & such that

-1 -1
<Z o(T)o(F) T + T’)/Id> d(v) < max{l +¢,2}¢p(v) < Z Az d(x T4 T’)/Id> o(v)
rzeX
and d()\,~) = max{i : d; > v}

And we can take the suppremum over v € V to get to the result of Theorem 2.

A.4 Main regret argument, Proof of Theorem 3

In this section, we can consider without loss of generality that ¢ is the identity map. Indeed, the features of
the actions - thus denoted x here and ¢(z) in the rest of the paper - appear in this proof only through scalar
products.
Define f(V;7) = infrea, maxpey [v]f
Define the event

ey Ay T +4I) 1 and f(Xa 7) ‘= maxycy f(va /Y)

e~ N {108 - 01 < o (VAL + w0y T |

{=1z€X,
Lemma 6. We have P(£) > 1 — 0.

Proof. Forany V C X and x € V define
Eve(V) = {|(2,80(V) = 0.)] < e0 + (VAI6: |2 + W)/ F(X;7)}
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where é\g(V) is the estimator that would be constructed by the algorithm at stage ¢ with X, = V. For fixed
V C X and ¢ € N we apply Theorem 1 with 7 = 7 so that with probability at least 1 — == we have that

202[X]
forany z € V
~ log(402|X|/6
200%) = 0] < el acoa -+ (VNN + b+ cO\/ (52 + 1) B D)
< VIV (VAllO:lz + h+ €/ VFVi) )
< e+ (YAl + )y F(5)
Noting that £ := ;2 e, Ex.e(Xe) we have
P{U Uy | <> P ( GRGHED)
(=1xeXy /=1 zeX
Sy (U (g5, 0}, = v)
/=1 VCx eV
Yy (wa}) P = V)
/=1 VCxX zeV
<Y BalVP@E=V)
=1 VCx
<Y D P =V) <6
(=1 VCX

Lemma 7. For all { € N we have maxycx, fix — ftz < max{16es, 32(\/7[|0« |2 + )/ F(X;7)}

Proof. Anarm x € X is discarded (i.e., not in X4 1) if max,ex, (2, 5) — (x, [9\) > 4ep. Let £ := max{/ :

€0 > 2(/AN|04]l2 + )/ F(X;7)}. If 2, = arg maxgex i then z, € Xy Now if 2, € Ay for some £ < /,
then for any 2’ € X we have

~ ~ —

(@', 0) = (e, 0) < (@' — @, 0.) + 260 + 2(VF0ull2 + 2)1/ F(X57)

< iy — fa, + 20+ 260 + 2(/ |0 |2 + R) A/ F(X;7)
< 2e0 + A(vAl10«l2 + h)\/ F(X57)
< 4ey

which implies x, € Xy1. Moreover, suppose that ¢ < £ and there exists some = € X} such that ji, — 1, >
8¢y, then

~ ~

max (2, 0) — (z,0) > (x,0) — (z,0)
xIEXg
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> <$* - x70*> — 2¢7 — 2(\ﬁ||9*”2 + h) .f()(vfy)

> e — o — 2h = 260 = 2(/7||0l|2 + R)y/ f(X37)

> i — pz — 260 — 41012 + R)\/ F(X59)
> i — fro — deg
> 4ep
which implies maxzex, | px — ptz < 8e¢ = 16€411. Because Xy C Ay we have for £ > ¢ that

MAX by — flg < MAX [ly — [lg

TEX, IEXZ+1
< 16ez;,
< 32(y1104ll2 + )/ F(X57).
Thus, maxgex, fs — Ha < max{16e, 32(\/7||0]|2 + h)\/f(X;7)}. O

We now compute the final regret bound. After T steps of the algorithm, let T, denote the number of
times arm z is played. Let I' = (,/7/|0x]|2 + h)\/f(X;~). If L is the final round reached after T steps, we
have

L

D (e = )T < Y max(ae — i) e
zeX /=1 vt

L
< ZT@ max{16¢p, 32(/7||0x|l2 + h)\/ F(X;7)}
=1

L
<" 7ymax{16¢,, 32I'}
(=1

< Z 32I'ty + Z €0TY

L:epg<2D L:ep>20

< N swn 16T+ Y 16w
L:ep<2I L:eg>2I'V

< > 3+ 16vT+ > 1667
L:epg <20 Lepg>v

<c|[TT+uT+ Y e (co(B> + 0%)e; > f(Xei ) log (46| X /8) + ey log(|X]/5))

liep>v

<c|TT+vT + - (co(B* + ) f(Xy;v) log(4€%|X|/8) + c1 log(|X|/5)) Z €

Leg>v
<c(PT +vT + v eo(B?* 4 02) f(X;7) log(4[logy(1/v)]?| X[ /) + c1 log(|X|/6)) -
Choosing v = /co(B2 + 2) f(X;y) log(|X|/d)/T and plugging I" back in yields

S (e = ) o < ) F(X57) (TN + B) + /(B2 + 02) log (X Tog(T) /0)T ) + 1 log(1X]/5).
TEX
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Choosing v = 1/T yields

S = )T = /) (1 JTTOT 00+ 0%) o AT Tog(TI/A1T ) -+ To( |/

zeEX

A.5 Main robust pure exploration result, Proof of Theorem 4

Forany V C Z define f(X,V;v) = minyea, max, ey [[v — U/”%ZIGX Az (@) (@) T+~I) 1

Lemma 8. Define

€= 8min{e > 0: 4(yll6sll2 + h) (2 + V(X {z € Z: (d(2) — 6(2),64) < €e};7)) < €}

Then max ez, ftx — p, < 8max{ey, €} for all £ > 0 with probability at least 1 — §.

We use Theorem 1 again, with here V ¢ Z c R%:

6. _ @)
ma AP OON =W o st/ B log(2V)0)
veV [[0(0) (5, 4 Ae(@)d(@) T 4411

which motivates the choice
70 = cheg 2 f(X, Z67)(B? + 0?) log (26| 22 /)
Define the event
£= N {I6() = 6(=). 8 = 0)] < e+ (VAo + W)V F (X, Z67) }
t=122'cZ,
Lemma 9. We have P(£) > 1 — 6.

Proof. This proof follows the analogous result for regret almost identically. We include it for completeness.
Forany V C Z and z € X define

Ert(V) = {[(0(2) — 6(2), 0:(V) = 0.)] < er + (VAN0ull2 + W)V F (X, Z6;7)}

where é\g(V) is the estimator that would be constructed by the algorithm at stage ¢ with Z, = V. For fixed
VY C Z and ¢ € N we apply Theorem 1 with 7" = 7y so that with probability at least 1 — ﬁ we have that

forany z,2' € V

log(2€2\212/5))

Te

(B(2) = ¢(2), 0e(V) = 0.)] < 16(2) = B(= ) aem (g1 (VANO: |2 + P+ co\/ (B2 +0?)
< VTV (VAlloulla + h+ e/ TR V)

<eo+ (V0sllz + )V F(X,V37)
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Noting that £ := (2, (. ez, £2,2¢(Z¢) we have

U U &z <

l=1zz2'€Zy

Pl U (€020}
z,2' €2y

>

VCZ

d P ( U {5§,z/,e(V)}) P(Z,=V)
cz

z,2' €V

< i et <|12})P(Ze =V)

]P)( U {gzz’é }Zf

z,2' €V

O]

Lemma 10. Define S1 = Z and Spy1 = {z € Sp : (9(2+)—0(2), 0x) < 3ee+(\/7||0x]|2+h)\/ f(X, Se; )}
Define

€ =max{l: (V70«2 + h)(2+ V/ f(X,S67)) < e}
For all ¢ € N we have max ¢z, j1x — . < 8max{ey, €;}.

Proof. Anarm z € Z; is discarded (i.e., notin Zp1) if max,¢z, (p(2') — ¢(2), 55) > 2¢y.

We will show {z. € Z,} N{Z, C Sp} N{l <t} = {z. € Zp11} N {241 C Se41}. Noting that
{2z« € Z¢} N {2y C Sy} holds for £ = 1, we will assume an inductive hypothesis of this condition for some
(<L

First we will show {z. € Z,} N{Z, C S} N{l < 0y = {z.€ 21} On{z. € Z}N{Z C
Se} N {€ < ¢}, we have for any 2’ € Z; that

(8(2') = (), 00) < (D(2') = B(2), 0:) + e + (V02 + W)V F (X, Z457)
< iz = prz, + 20+ e+ (V1102 + )V (X, Z657)
< e+ (Vllslla +h)(2+ VF(X, Z657))
< e+ (Vlslla +h)(2+ V£ (X, 567))

< 2¢

which implies z, is not eliminated, that is, z, € Z;,1. The second-to-last inequality follows from

(X, 205 )—AglAszffgé lo(2) = ()75 S ex Aed(@)(2) T +T) 1
< 3t max 190) = 6 ig. consowmserm o
= f(X,567).
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Now we will show {z, € Z,} N {2, C S} N{¢ <} = {2441 C Sp41}. Forany z € Z,N S5,
we have

~ ~

max (¢(2') — ¢(2),0r) = (¢(2) — 6(2), 00)

ZIeZ,
2 (@(2:) = 9(2),04) — e = (VIO ll2 + h)V (X, Z657)

> 3eo + (VANO«ll2 + W)V F(X, Se7) — ee — (VAN 0sll2 + D)V F(X, Ze57)
> 2¢y

v

which implies z € Zy.1, and Zy11 C Sp11.
Thus, for ¢ < ¢ we have

* 2 < *) T 79* 2h
MAX fre — i gé%@(z) ¢(2),04) +

< %};w(z*) — ¢(2),0x) +2h

<3er1 + 2h + (V0«2 + h)V (X, Se—157)

< Ber1 + (VA2 + 1) (2 + VF(X, Sp—157))

< 4ey_1 = 8ey.

And because Z,41 C Z, we always have that max,cz, .« — itz < 8 max{es, e;}. Note that

= max{€: (/|62 + )2+ V/F(X,557)) < e}
> max{l : (VAll0ull2 + 7)(2+ VF(X, {2z € Z: (d(2.) — 9(2),0.) < der};7)) < e}
= max{l : 4(7||0:]l2 + B) 2+ (X, {2 € Z: (p(2) — B(2),0.) < der};7)) < der}
= =2+ max{€: 4(\A0ull2 + 1) (2 + V (X, {z € Z: (d(2:) — 6(2),0.) < er};7)) < e}
> —3 —logy(minf{e > 0 : 4(y/A[0:l2 + B) (2 + V(X {z € Z : (¢(2.) — d(2),0.) < €}57)) < €})
which defines €. ]

The sample complexity to return an 8(A V €)-good arm is equal to

[log (8(AVE)™1)] [logy(8(AVE)™1)]
oooom= ) [max{clog(|2]/6),coe, 2 f(X, Z57)(B? + %) log(20%| 2 /6) }]
/=1 /=1

[logy(8(AVE)™1)]
<c (01 log(|Z|/6) loga (8(A V&)™) + co(B* 4 0°) log(2[log, (8(A v &)~ )]%|2[?/9) > & f(X, Zp; 7))
/=1
[logy(8(AVE)™1)]
c | c1log(|Z]/6) logs(8(A V€)™ 1) + co(B? + %) log(2[logs (8(A Vv €)"1)]?| 2|?/6) Z €, 2 f(X, Se37)
/=1
< ¢ (c110g(|2]/3) loga(8(A V&)™) + 16[logy (8(A V &)™) ]eo(B2 + 0?) log (2[log,(8(A v &) )% 2[2/6)p* (. €))
where the last line follows from

. 2
p*(v,€) = inf sup o) ¢(Z)H(ermz¢( Yo(@)T+1) "

AEAXx ez max{€2, <¢(Z*) ¢( )7 0*> )}
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l¢(2:) — ¢(2)1I7

= inf sup sup (Tocx Aad(@)d(@) T+7I) "
D < flogy (s(ave) 1)) se8,  max{eZ, (@(z) — 6(2)) T0,)?
|

[ogy (8(Ave)~1)] l6(2:) — o(2)||7

1

1

Az z)T 1)
= 22K, Tlog, B Va1 ; 25, max{@,(( (< - Tzf)ﬁ 5*;;)
y | flosa(8(2v9 ] inf sup 602) = e oo san
“TomBAvVaD] L AT mad@ (00 — 6() 6.7}
1 [log,(8(Ave)~1)] | ,
S ifeg,Bava ] & P W, s l19(z0) = 0= ssoio +ar)™
1 [logy (8(AVE)~1)] Ny -
WomGAva D] 2 2, R 196 0@ s
1 [log, (8(AVe)~1)] Ny
S WmE@ve T 2 2@,

(=1

A.6 Proofs for the regret bound and the sample complexity of the alternative
baseline

Note importantly that in this section the stochastic noise is sub-gaussian.

A.6.1 Concentration of the sparse estimator

Lemma 11. Fix a finite set YV C H, finite set X, and let ¢ : X — H. Fix any x1,...,x7 and assume
Yt = (¢(x1), 04) + & + i where each & is independent, mean-zero, sub-gaussian with parameter o2, and
each ny satisfies |n;| < h. If 6 is the regularized least squares estimator with regularization v > 0 then

max — WO = OO s 1 T+ /207 Tog@V19))

eV [[0lls=T ey T

with probability at least 1 — 0.

Proof. Recall first the definition of regularized least squares estimator b:
f=G"a"Yy
where G, := ZZT:l gb(xi)qb(xi)T + ~I. Defining £ := (&1,...,&7) and n := (1,...,77), holds
vT(@\— 6.) = UTG;1®TY —v'0,
=0 G;'®T (PO, +£+n) —v' 0,
=0 Gl 00, — v b, +0 G 0GRy
We study each term separately:

0T Gre Tl < [Inllsol| @G5 Mol
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< WT|| DG 0|5
< VT ||oll gz

_ 2
|UTG71®T€| < ”’UHG;1”20'2 log <6> ,

UTG;1<I>T<I>0* —v', = —’va(<I>T<I> + 7])_10*

with probability at least 1 — §

and

is bounded using Cauchy-Schwarz inequality:

(@ ® + 1) 716,

< A0\ T (@TP + 3D) 1 L(@TE + 1)

= 0.]1/0T(@T® 4 41) 1y T(@T 4 4T)

< A0\ 0T (@T® + D) (L + DTR)(@T 4 A1)

R N[ P

=7"2|6:lllvll =1 -

So
~ 2
0T (@~ 0.)] < VAl allollgor + vl o1y 202 0g (5) N
2
= ol (ﬁ\IG*Ilz FIVT 4 (207108 (5)> .
Union bounding over all v € V completes the proof. O

A.6.2 Regret bound

For the same reason as in section A.4, we can consider without loss of generality that ¢ is the identity map
in this section. Indeed, the features of the actions - thus denoted = here and ¢(x) in the rest of the paper -
appear in this proof only through scalar products.

Theorem 17. With probability at least 1 — 0, the regret of Algorithm A.1 satisfies

T
>t < (cim + /max FV.7) (T(/A0:]l2 + h) + /(0% og (| X 0g(T)/5)) T))

where f(V7 7) = Xiéngy SIGI]I}) ”?/H%Zrex Agxx T +yI)~1 and d(f}/) = maxy<y, d(’)/u AZ) < maxycy SuPxeay, d(’% )‘)
y :
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Algorithm A.1. PTR for Regret minimization

Input: Finite sets X C RY (|X| = n), feature map ¢, confidence level § € (0,1), regularization -,
sub-gaussian parameter o.

Set X1 +— X, 0+ 1

while |A;| > 1 do
Let \; € Ay, be a minimizer of f(\, Xy, ) where

fVivy) = Aienﬁfv fV,y) = Aielgv max ||¢(”)”?Zy€v Ayd(y)d(y) T+yI) -1

Set ¢, = 27 and 74 := [max{202¢, % f(Ay;7) log(4¢%|X|/6), d(v, o)}
Use the PTR procedure of section 2.2.4 to find sparse allocation {Z;};*, C Xy from A,.
Take each action « € {Z;},*, with corresponding features ® and rewards Y’

Compute 6 = (@T® + 7y ) 1OTY
Update active set:

Xoy = {3: € Xg,?€a£<¢(x’) — o(x), 5@) < 86(}

L+ 041

Play unique element of X, indefinitely.

Recall the definition of f(V;7) = infyea,, maxyey Hv||?zyev Ay T y1)-1 and f(X;7y) == maxypcy F(V;7).

Define the event
£i= () ) {108 01 < 20+ 2 (/10 + 1) i) |
(=1xzeXy
Lemma 12. We have P(£) > 1 — 4.
Proof. Forany V C X and x € V define

o = {|xT@<v> 0] < 260+ 2(A6u]12 + 1) f<»m>}

where gg(V) is the estimator that would be constructed by the algorithm at stage ¢ with Xy = V. For fixed
Y C X, l € N, 14 actions are taken. Thus we apply Lemma 11 with 7 = 7, and with regularization factor

T4, SO that with probability at least 1 — %QLIX\ we have for any x € V

27 B = 01 < 2l e 7 oryt (VAN + By + /207 o (AP X173)

< 22l re A 47irny 1 (VAN Nl2 + b7 + /207 Tog(41X]75))

202 log(402|X|/9)

¢

= 2llzll A +yn-1 | VANONl2 +h+ \/
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< 2V/F0V5) (VA + b+ e/ VFVi) )

< 2e0 + 24/ F(X37) (VAl10sl2 + 1)

Noting that £ := ;2 (e, Ex.e(Xe), the rest of the proof with the robust estimator applies here. O

The next lemma is similar to the one for the robust estimator, and the proof will follow the same argument
as for the robust estimator.

Lemma 13. For all { € N we have max,cx, ft« — flz < max{32¢p, 32(4/7|0x]|2 + 6h)+/ f(X;7)}.

Proof. Anarm x € X is discarded (i.e., not in Xy 1) if max, /ey, (2/, 5) — (=, 5) > 8¢y. Let £ := max{/ :

€0 > (4/7)|0«]]2+6R)\/ f(X;7)}. If 2, = arg maxgex fip then 2, € X1. Now if z, € A for some ¢ < 7,
then for any 2’ € X, we have

~ ~ —

(@, 0) — (s, 0) < (&' — 24, 0.) + deg + 4012 + )/ F(X57)

< iy — fa, + 20+ deg + A0z + R) A/ F(X5)
< deg + (4y/7]10x )12 + 6h)\/ F(X; )
< 8¢y

which implies z, € X; 1. Moreover, suppose that / < £ and there exists some = € X} such that ji, — 1, >
16¢y, then

~ ~ ~

' 0) — (2,0) > (24,0) — (z,0
;pea)é@m (2,0) > (z4,0) — (,0)

> (22— x,04) — deg — A(VA[|0sl2 + h)/ F(X37)
> fi = pp — 2h — deg — A(VA[10u|2 + h)\/ F (X3 )

> iy — o — deg — (/7|02 4+ 6R)/ F(X57)

> s — Hg — B€g
> 8¢y

which implies maxgex, ,, p — fz < 16€; = 32€/11. Because Xy C X, we have for ¢ >  that

max by — fhe < MAX Ly — Ug

TEX, TEXG,
< 32¢p44
< 32(4\/7[104 )12 + 6h)\/ f(X3 7).
Thus, maxgex, fs — fa < max{32¢, 32(4/7[|0. (|2 + 6h)\/ f(X;7)}. O

We now compute the final regret bound. After T steps of the algorithm, let T, denote the number of
times arm z is played. Let I' = (4,/7||0x||2 + 6h)+/ f(X;~). If L is the final round reached after 7" steps,
we have

L

D (= )Ty <y max(pus — pra)7y
zE€X =1 TE
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L
<) mrmax{32¢, 32(4/76x |2 + 6h)\/ F(X;7)}

/=1

L

< Z T max{32¢, 32"}

/=1
< Z 32ty + 32 Z €0Ty

Lep<I L:ep>T

< Y srm+swT+ Y 32w

L:ep<T L:ep>TV

< ) U +3wT + Y 32emy

Lep<T Lieg>v

<c (FT +uvT + Z €r - (20’2622]0()(@;’}/) log(402|X|/8) + d(v, )xg)))

Lieg>v

<e (rT+uT+ (202 (25 Vo4 o (1/) 21X1/8) + d) ) S eﬁ)

liep>v

< ¢ (YT + T + 07" (202 ](X;7) log (410gy (1/v) 12X /9)) + 32d() ).

Where we denote d(vy) = maxy<y, d(7y, A¢). Choosing v = \/(202f()(; 7v)log(]X|/6)) /T and plugging I
back in yields

S (e — ) Te < (éi(w +\[F) (T(AN0. 2+ h) + (0 og (¥ Iog(T)3) T)) .

reX

Choosing v = 1/T yields

> (e = ) < () s/ 1) (T + T+ o2 R A ogT/DIT) )

reX

A.6.3 Sample complexity bound

Forany V) C 2 define (X, V;) = mimes, max. ey [6(2) = 6P\ oo o

Theorem 18. With z, € arg mag’((z, 0.), fix any € > € where
ze

€= 8min{e > 0: 4(/[l0ull2 + 1) (2 + /(X {z € Z: (8(2.) — 6(2),6s) < e};7)) < e}

Then with probability at least 1 — 0, once the algorithm has taken at least T samples where
7 < ¢ (d()oga(8(A V&)™) + [logy(8(A v &)™) |02 log(2loga(S(A V &) )P Z12/0)p*(+,0))
we have that iz > max,c z —e where Z is any arm in the set Z; under consideration after T pulls and

. . l¢(2) =B (21 3y ()1
pr(7,€) _)\IGHAX 222 max{e2, (0., p(z) — b(2))2)}
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Algorithm A.2. PTR for Pure exploration

Input: Finite sets X C RY, Z c RY, feature map ¢, confidence level 6 € (0,1), regularization ~,
sub-gaussian parameter o, norm of model parameter B, bound on the misspecification noise h.

Let 21« Z, 0+ 1

while | 2| > 1 do
Let A\y € Ay be a minimizer of f(\, Z;, ) where

fViy) = /\ienAfX fAV,y) = /\ielgx UIE,%/ [¢(v) — ¢(”/)H%Zmex Ayo(z)p(z) T +yI)~1

Set ¢, = 27 and 7y := [max{202¢, > f(2;7) log(4¢?| 2| /), d(v, M)}
Use the PTR procedure of section 2.2.4 to find sparse allocation {z;}.*; C A} from \,.
Take each action « € {Z;},*, with corresponding features ¢ and rewards Y’

Compute Oy = (&7® + 7pyI) 1 TY

Zpp1 < Z\{z € Z: %%<¢(z’) - qﬁ(z),é\g} > e}

L+—10+1

Output: Z,

and d(7y) = max,<[iog, (8(Ave)-1)] A(7, Ar) < maxycx supyea,, d(7, A).
We first prove the following intermediate result.
Theorem 19. Recall that we defined
e = 8minfe > 0: 4(/7)0.]l2 + W) (2 + VF(X,{z € Z : (9(z) — 6(2),0) < e}:7)) < €}

Then max,cz, ftx — p < 16 max{es, €} for all £ > 0 with probability at least 1 — 6.

Define the event

e=( N {I6() = 6= 8 = 0.)] < 26+ 2 (VAN 12 + h) VF (X, Zi7) }
l=1z2'€Zy

Lemma 14. We have P(£) > 1 — 0.
Proof. Forany V C Z and x € define

ExreV) = {1(0(2) = 6(),80) = 0] < 20+ 2 (VA0 | + ) VIR Vi) }

where @(V) is the estimator that would be constructed by the algorithm at stage ¢ with Z, = V. For
fixed V C Z,¢ € Nand ¢ € V, 7y actions are taken. Thus we apply Lemma 11 with 7 = 7y and with
regularization factor 7,7, so that with probability at least 1 — %Z’LIZI we have for any 2,2’ € V

(6(2) = $(=)) T (B — 6.)]
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< 206(2) = 6 e ymyaaymery (VT2 + b7 + /207 105 (4 2] )
< 206(2) = O maysrinn+ (VAANB:ll2 + hy/Tz + /207 Tog (A Z]/5))
202 log (42| 2| /5))

e

= 2[l¢(2) = ()Ml ar)++1)- (fe Ja+ 5+ \/

V) (VAllbullo + b+ e/ VX Vi)
= 26+ 2/ (X, V) (/3612 + 1)

Noting that £ := (2, (. ez, €-.2/ ¢(20), the rest of the proof with the robust estimator applies here. [
Lemma 15. For all ¢ € N we have max.cz, jt« — 1. < 16 max{ey, €7}.

Proof. Anarm z € Z is discarded (i.e., not in 2,4 1) if max,¢cz, (¢(2') — ¢(2), §> > 4ey.
Define S = Z and Sy = {2 € S : (0(24) — ¢(2),04) < 6ep 4 2(\/7||0x]|2 + h)\/ f(X, Se; )}
Define

7= max{l: (0. ]2 + h)(2 + /T (X, S5 ) < e}

We will show {z. € Z,}N{Z, C S} N{l <0} = {2. € Zp11} N{Z¢s1 C Sey1}. Noting that
{z« € Z¢} N {2y C Sy} holds for £ = 1, we will assume an inductive hypothesis of this condition for some
<@

First we will show {z. € Z,} N{Z, C S} N{l < 0y = {z.€ 21} On{z € Z}N{Z C
Se} N {¢ < ¢}, we have for any 2’ € Z, that

~

(0(2) = d(2:),0) < (B(2) — B(24), 0s) + 260 + 2(\/7|| 0|2 + )N/ F(X, Z57)
< et = e, + 20+ 260 + 2(3/A]0cll2 + R)V (X, Z05y)
< 20+ 2(Al0ll2 + 1) (2 + (X, Z67))
<2+ 2(v0:ll2 + 1) (2 + V f(X,S657))

< 4ey
which implies z, is not eliminated, that is, z, € Zy1. The second-to-last inequality follows from

f(X, 257) = lgfzglg, lo(2) = ()17 e Aed(@)d(@) T 1)L

< inf max. 16(2) = ST, rwdt@ys@) 401

= f(X,Se7).

Now we will show {z, € Z,} N {2, C Sy} N{¢ <} = {2441 C Sp41}. Forany z € Z,N S5,
we have

o~ o~

max(¢( ") = (2),0) > (d(z) — ¢(2),0)

z'eZy
2 (@(2:) = ¢(2),04) — 260 = 2710 ]l2 + )V f(X, Z57)
> g + 2(y/A110: 12 + W)/ FIX, 557) — 266 — 20716012 + W)/ T (X, Z7)
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> 4ey

which implies z & Zy.1, and Zy11 C Sp11.
Thus, for ¢ < ¢ we have

. L < — , 0, 2h
WAX fr — J1 géazf(cﬁ() #(2), 0:) +

< magx(9(=) — 9(2),0.) + 2

< 6ep1 + 20 + 2(/A|0kll2 + )\ f(X, Se—157)

< 6ep—1 + 2(v/]|0«l2 + h)(2 + \/M)

< 86,1 = 16¢,.

And because Z,4; C Z; we always have that max.cz, jt« — f1. < 16 max{ey, €7}. Note that

=max{l : (7]|b«ll2 + 1) (2 + V/[(X,S;7)) < e}
> max{l: (V02 + 1) 2+ VF (X, {z € Z: (9(2) — #(2),04) < der}; ) < e}
= max{l : 4(y7ll0cll2 + 1)(2 + V (X, {z € Z: (d(2) — 8(2),04) < der};)) < dec)
—2+ma><{f A(VAl0ll2 + W2+ V(X {2 € Z: (d(2) — 6(2),04) < e}s7)) < e}

— logy(min{e > 0: 4(/7[|6:ll2 + h)(2 + /(X {2 € Z: (d(2) — 6(2),6:) < ;7)) < €})

which defines €. UJ

Denoting J(fy) = MaX/<[log,(8(Ave)~1)] J(fy, A¢), the sample complexity to return an é-good arm is
equal to

Mogy (8(AVE)~1)]

Te
=1
[log, (8(Ave) )] N
< (26, 2 (N (X, Zi57)0% og (202|212 /8) + d(y, M)
=1

~ [logs (3(Ave) )]
<c (d(v) logs(8(A V&)™) + o?log(2[logy (B(A V)P |Z17/8) Y eﬁf(X,Ze;v))
/=1

[log, (8(Ave)~1)]

<c (5(7) logy(8(A v &)™1) + % log(2[log, (8(A v &)71)1%|2[?/4) > €e2f(?t’75@;7))

=1
< (J(’Y) logy (8(A V&)™) + [logy(8(A v &)™) ]0” log(2[logy (8(A V &) ) ?|Z[2/6)p" (v, é))
where the last line follows from

. 2
p*(v,€) = inf sup o) ¢(Z)H(ermz¢( Yo(@)T+41) "

AEAXx ez max{€2, <¢(Z*) ¢( )7 0*> )}
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l¢(2:) — ¢(2)1I7

= inf sup sup (Soex Aad(@)o(@)T+41) "
NeAx p<flogy(8(Ave)—1)] ze5,  max{e, ((d(z) — ¢(2)) 6:)?
|

[ogy (8(Ave)~1)] l6(2:) — o(2)||7

1

. 1 (Cpex Aed(@)p(@)T+y1) "
> inf su oeX
S TnEAVaT & R @ (00 - o) 07
o €)1
. flogs (8(Ave) )] 166 = s ot +an)

Vv

inf sup

[logy(8(A V€)= ; Aedwzes,  max{e ((d(z) — ¢(2)) 16.)%}

Mogy(8(Ave)~1)]

v L TR 1) 0N i)
1 [log,(8(AVE)~1)] Ny -
WomGAva D] 2 2, R 196 0@ s
1 Mogy(8(AVE)~1)]

= 16[log, B3(AV &) 1)] ; 2 F(X, 507 -

A.7 Related work results
Lemma 16. If \* € argmaxyen,, f(A) where f(\) = log (det (3 ,cx Aa@(z)d(z) " + 1)), then

0D 6(2) Py ey 1 = D X100 o

TEX
— Trace (A(N)(A(N*) + 1))
= Trace (K (Kx- +~1)7")

Proof. We first state that

D Ale@) e = D Asbla) AT ()

reX TEX
(ZA* z) T A (X))ol >>
reX

Z)\* TA’y<)\*) >

zeX
= Trace (A()\*)(A()\*) + 71)_1)

= Trace

= Trace

This implies

Sgg\w( W ooy = D Aallé(@) % ary-1 = Trace (AN (AN*) + 1))
z zeX

Further, one can compute that
[Vaf(A*)]s = Trace (A(v)(,\*)_lmT> = H¢(x)|yiw(m,1
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And last, \* satisfies the first order conditions on f: for any A € Ay
0> (Vaf(X), A = X")
=D Xallo(@) %y = D Aell9@) s aeyr

TEX TeEX
= 3 Al 6@y (ney-1 — Trace (AN YA + 1))
reX

Choosing ) to be a Dirac at arg max,ex ||¢(x) Him()\*)—l’ we get to
e [6(2) s ae) 1 < Trace (AQN)(AKN) +71)7).

Hence the result of the lemma. O]

Lemma 17. We can lower bound ~r the notion of information gain from (Srinivas et al., 2009) as

2
max inf sup |¢(z)]? —1+ [X]log(7) -

>
= 35E% ey heb (Saey Aed(@)é(@) T+7/T1)

Proof. Recall the definition of (Srinivas et al., 2009) notion of information gain:

~vr := sup log(det (T Ky + ~I))
AEAx

where Ky is defined in Section 2.2.3. Note that the case where we have an infinite dimensional RKHS and
é is any feature map reduces to the finite one with ¢ being the identity map by computing ®, € RI¥|*I¥|
such that Ky = @ A(I)I and then looking at the (finite dimension) columns of ®,. So we can write without
loss of generality

~yr = sup log (det <T Z Aoz + ’YI>>

AELx reX

Thus

~vr = sup log (det <T Z Aozz | + 7[)) > sup sup log (det (TZ Aozz | + 7]))

AN cex VCX AEAy =
Fix for now V C X and let \* € /Ay, be such that

* T _ T
A\* € arg /{reli)é log (det (TZ Azxx + 7[)) =arg /{reli)é log <det (Z Azxx + 7/TI>>

eV eV

Inspired from equation 19.9 of (Lattimore and Szepesvari, 2020), we write for some xzg € V

det (T Z Nexx' + 7[)

eV

=det | T Z Nexa 4+ T + T)\;';Oxoa:oT
zeV\{zo}
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—-1/2 -1/

=det | T Z Nexx! +~I | det | I+ [T Z Nexal + 1 T)\;Oxoxg T Z Nexx 4T
z€V\{zo} ze€V\{zo} z€V\{zo}
=det | T Nexxt 4T | [ 14+ TA: ||lzol? -
x@%{:zo} : " (T 2eeV\{zo} A;'Z:BLET-H’I)
* T * 2
>det | T Z Aexx + vyl <1 + TAZ, llzol| (50 /\;mT-s—wI)l)
z€V\{zo}

We can now iterate with all the remaining x € V' \ {x¢}, to get

det (T > Naw! + ’VI> > det (v1) ] <1 + T, ”xOH?szev A;mwwl)_l)

z€Y o€V

equivalent to

* T * 2
log det (T z;}Axxx + 7]) > logdet (v1I) + Z;log (1 + T)\m|’xH(Terv )\;me—l-'yI)_l)
xe xre

We know that if # > 0 holds log(1 + x) > 22 /(2 + ). Note that HxH?Zz/ev Ara T o 71) < 1 always
holds:

2 2 2
1= == 1 = 1 <1.
”xH(Zz’EV )\z/I/I/T"r’Y/TI) 1 HxH(Zz’EV\{z} /\z/x’z’T—i-'y/TI—i-ch) 1 o « /( + Oé) Oé/( + Od) —

where we used Sherman—Morrison formula and defined o = HxH?Z At T 1) Thus holds
z/eV\{z} 2/ T T v

2
0< TA;';HxH(Tzwlevkzlm,xﬁw)_l <1.So

2
* 2 * 2
S log (1 +T)\m||xH(TZxEV AWTW)_I) Z 5 TAZIIJ:H(TZM N T4 1) !
ey ey

And thus

det (T Neax ! I
310g< ot (T Xpev Nozz | +7 )) > 3TN |

2 det(~T) = (T ey /\SiarscT+71)_1

2
= D>_Nllelts, gt 1y
eV

_ 2
= igg ||93H(erv Nyzz T+ /T~

Where the last equality comes from lemma 16 with \* € arg maxyea,, log (det (3, oy, Aszz " 4+ v/T1)).
So to summarize

yr := sup log (det (T Z Aed(x)p(2) " + 7[))

A€lx rzeX
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> sup sup log (det (sz\xgzﬁ Yo(z) T +7I>>

VCX AEAy, !

(det (0500 Xed(@)0(a) T +71)
det(~1)

= sup log

) + log(det(y1))
vcx

2
> - . log(det(~v/
sgggsupl\wll Ay~ 7)1+ log(det(y1))

2
2 5508 5, 50 el s+ dlos()

O]

Corollary 4 (Consequence of Theorem 1 of (Degenne et al., 2020)). Let 75 be the expected number of
sample needed to find the best arm with probability at least 1 — 6. For any 0, € £ we have

Ey, [75]
li f 2 > T%0,
it e (1/6) (6.)

where
T 10,) = f F(\, .0,
(0.) = max inf sup (A 2',7,0.)
max{(z' — z,) T (A\) +vI)"TAN)6,,0}2  ~
F(\2',v,0.) = i ) (A% )~ A8, 0} +5 (”‘9 [ (\41)~1A(N) _RQ)

200’ = 2ullEa -2

Proof. Recall theorem 1 of (Degenne et al., 2020). For any 0, € £ we have

lim inf 0. 170]

minf sy 2 70

where we define the characteristic time through

T7*71(6,) := max inf |0 — 6, ||(

AeAx 98, rex )‘ZJWT)

with Sy, = {0 € £ s.t. 32" # 2,07 (2' — 2,) > 0} and with here £ = {# € R?: ||9||3 < R?}.

We can now start the proof by writing 7*~1(6) as

TH0) = inf inf 0 — 0,2 .
( ) ){22}; x’lgx* 965,6T1(1;’—a:*)>0 H *H(Z cx /\zxxT)
Then, instead of
inf 0—0,|>
96570T(x/7x*)>0 H H(Z cx AIIIT)

we use y = ' — x, to write

nf 1
9cRd 0Ty>0 |0]2<R2 2 H Oullacy

145



We introduce the Lagrangian of this convex program

1 ¥
L6, v,v) =56 - Ol —v(0'y) + 5(HGH§ — R?).
and solve

e 1 0
f L(0,v,v) = inf =0 — 6.]|% — (6" (116112 — R?
GlenR (0,v,v) = eleanQH Aoy —v(0 y) + 2(II lz — R7)

0 — L(0,~,v) is differentiable and convex so we compute the gradient
VoL(0,v,v) = (A\) +~v1)8 — A(N)0. — vy
and set it to zero to get

0 =arg min L(,7,v) = (A(A) + V) THANG + vy) = 0.+ (AN) + 1)~ (vy —~6.)

The cross term of both norms has absolute value y0,(A()\) +~vI)~' A()\)y, and they cancel. So we get

L7, v) = S[I(A(\ ) +0) " (wy =00 A0 — vy (AN + D)7 (AN + vy))

A0 30 08 )l = )

—i—l\D\

1\3“2

= A +2D)7 0. sy + LIAR) + 90 AW = 182 = 0T (AW) + 2D A,
2 1/2
5”(/1@) +D) Aoy — vy (AN +4D) Ty + %H(A(A) +0) "yl
2

B v
= (10120170110 = F2) = v (AQ) + D) A0, = 2940

MN +

SO

(max{y " (A(N) + 1)~ A(N)0:,0})°
2H3/||%A(A)+»y])—l

> _ " 2 _ P2
sup L0, = 5 (16:acryon 1400 ~ 7) +

Conclusion:

: 1 2 (max{y " (A(\) + 1)~ " A(N)b4,0})?
inf S - HA(,\ = sup
0cR4,0T y>0,]|0]|2<R? 2

1 2 P2
29145y + 5 (184090400 R)}

Then for any 6, € £ we have

. g [15] .
>
it 7y = 1 0
B 1
. (maxc{(a’~2) T (AN +71) "1 A(A)0..0})2
maxyeay iz, S“p“/z(’{ 2w’ w*H(A(;ml +3 (”9*”?A<A>+v1>1A<A>_RQ)}

1
= f f ——m
AlenAX ;zg ;20 F(X\ ', 7,04)
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With
max{ (2 — z.) " (A(\) +~vI)"LA(N)6,, 0}

202" = 2allanyyny o

-
F(\a',v,0,) = Ty (”9*”?A<A)+vl>-1A<A) B R2>

O

Note that this result and its proof can be written in the case where ¢ is any feature map without any changes.

A.8 Experiments details

We briefly provide some additional details on the experiments. We used Python 3 and parallelized the
simulations on a 2.9 GHz Intel Core i7. We computed the designs in each of the three experiments using
mirror descent. We repeated the G-optimal design experiment 16 times, the kernels experiment 40 times, and
the IPS vs. RIPS experiment 16 times. The G-optimal design experiment and the IPS vs. RIPS experiment
used noise 7 ~ N (0, 1) while in the kernels experiment used noise 17 ~ N (0, 0.05). The confidence bounds
in our plots are based on standard errors.
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Appendix B

Appendix for Chap. 3

B.1 Summary of Gaussian Processes Approaches for Level Set Estimation

In Table B.2, we briefly summarize past algorithmic approaches to level set estimation. In general, past
methods center around the design of an acquisition function which at each time ¢ tells the algorithm which
point to go sample. By contrast, the algorithms in this paper both use experimental design to to select
batches of samples to go gather at one time.

Algorithm | Acquisition Function \ Theoretical guarantee

Straddle argmax; u;(t) — 7 AT — {;(t) None, u;(t) and ¢;(t) are set as 1.96 - o4_;.
LSE argmax; u;(t) — 7 AT — {;(t) n-approximate solution in 7' < %&n/é)
TruVar arg ming, » iy af_lm (z5) n-approximate solution in 7" < %W

RMILE arg max{E Z(PG Pla; (f(zj) > 7) similar to A-optimality, no complexity guarantee
x;

—Pap(f(z)) > 1)),0%(2:)}
MELK G-optimal design Matching upper and lower bounds in the linear case.

Table B.1: Algorithms and theoretical guarantees for explicit LSE

B.2 Robust estimators for function means

In order for the algorithm to declare whether points x belong in G, (or G, in the sequel) or not, we require
an estimator of the function values f(z). As we have introduced structure by assuming that f is well
approximated by a function 6, in the RKHS H, we seek an estimator that leverages this structure to provide
accurate estimates of many arms given samples of only a few. As a warmup, in the linear case where qb(l
is the identity map, one could form the least squares or regularized least squares estimate of §, denoted 6
and estimate the mean of any point x as 07z, To sample to estimate 6,, optimal design procedures first

Algorithm | Acquisition function \ Theoretical guarantee
LSE-imp  argmax; o2(x;) n-approximate solution in 7' < %&"5)
MILK XY optimal design over ¢(z) — (1 — €)¢(2’) Nearly matching upper and lower bounds.

Table B.2: Acquisition functions and theoretical guarantees for implicit level set estimation
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compute a design A € Ay. Then for a specified number of samples IV, it is common to use an efficient
rounding procedure such as (Allen-Zhu et al., 2017) to compute an allocation of the /N samples to the arms
X such that x; gets roughly \; - N samples (Fiez et al., 2019; Jun et al., 2020). Efficient rounding procedures
require that N = Q(d), and while this is a minor assumption in the case of a linear RKHS where ¢(x) = z,
in general ¢(x) may be infinite dimensional, and naive rounding is not possible. Instead of performing
rounding given design A, one may instead sample from A directly and use inverse propensity scoring (IPS)
which avoids bad dimensional factors but can have high variance.

In this work, we leverage the RIPS estimator from (Camilleri et al., 2021a) which combines IPS with
robust mean estimation and regularization to control variance and is presented in Algorithm B.1. RIPS
requires a robust mean estimator for its performance and theoretical guarantees. In Theorem 6, we state the
guarantee of this estimator.

Algorithm B.1. RIPS: Robust IPS estimator

Input: Finite sets ¥ € R% and V C H, feature map ¢ : R? — 7, number of samples 7, regularization
~ > 0, robust mean estimator 1z : R* — R

Ve v o)
1: Randomly draw z1, ..., Z; from X according to \*
2 Set W = i({v T AW (X)) 71 6(Z1)ge 1)
(v)
return 0 := arg ming maXycy Miw‘
A (-1

We next state the complete theoretical guarantee of the RIPS estimator.

Theorem 20 (Theorem 1, (Camilleri et al., 2021a)). Consider the model y = {(¢(x),0%)y + (» + 1 for
misspecification |(;| < h where it is assumed that |y| < B, E[n] = 0, and E[n?] < o2. Fix any finite sets
X C R and V' C H, feature map ¢ : R* — H, number of samples T and regularization v > 0. If the RIPS
procedure of Algorithm B.1 is run with %—robust mean estimator [i(-) and if T > ¢1log(|V'|/9) then with
probability at least 1 — 6, we have

W) — (0., o?
ma W= O i 4 g e/ B og(a1v] )
veV HUH(A(»Y)()\))*I
Moreover, W) = fi({vT A (N) Yo (x)y:}7_,) can be replaced by (6, v) by multiplying the RHS by a

factor of 2.

For RIPS, we leverage Catoni’s estimator (Lugosi and Mendelson, 2019) for which ¢; = 2 and ¢ = 4
suffice.
B.3 Proofs for Explicit Level Set Estimation

B.3.1 Lower Bound

Proof of Theorem 5. Recall that we have assumed that h = 0 and ¢(z) = x. We begin with a result of (Fiez
et al., 2019) that will be useful here.
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Lemma 18 ((Fiez et al., 2019), Remark 2). The projection onto the closure of the set {0 € R? : 6Tz < o}
under the || - || 5(x) norm is given by

0Tz —a)A(N) 1z

Hx”?q()\)—l

0, :=6—

By (Kaufmann et al., 2016), we have that the any J-PAC algorithm for all-« requires
) KL(1-46,0)
min ; 7
A mingcap,) 107 — il an)

where Alt(6,) is the set of alternates such that G, (0,) # G, (') for any 6’ € Alt(6.). The set of alternates
may be decomposed as

Alt(6,) = U {0/:2¢Ga0)} | U U {0:zeGa(0)}

2€Go(0.) TEG o (0.4)°

Note that z € G, (0x) <= 60z > a. Hence, the set of alternates for any x € G,(6.) such that
x € GS(0') for any 6’ € Alt(6,) is given by

Ay :={0ecR: 0Tz < al.

Next note that z € G¢(6.) <= 6Tz < . Hence, for any z € G¢(0.) the set of alternates such that
x € Go(0) for any 6" € Alt(,) is given by

Ay ={0eR: 0Tz > al.
Next, we discuss how to project onto A,. As this set is open, to be precise, we should take a point in the

interior and consider the limit for a sequence approaching the boundary. For brevity, we simply project onto
the closure and consider the closures of the A, sets. Using the decomposition of Alt(6,) we have that

min ||§' — 0 = min min ||6' — 0 = min minmin ||§' — 4 .
0 EAIL(0,) | +llagy = min toin | Alacy S€{Ca,G5) €5 9EA, | llaey

For z € G(0.), using Lemma 18 and recalling the definition of the set 6,, therein,

in ||6' — 6. = j 0 — 0. = || — 0. :
FER N = 0o = ol 197 Ol = 10 = Oelacy

The statement for points in G¢, follows identically. Hence,

. 9 — 0, — min [|0, — 6,
0/ EAL(0,) | lay) = min | lan

Note that
(07 (2 —x) — )?

2l

02 — 0]l a0y =

by Theorem 2 of (Fiez et al., 2019). Hence, any J-PAC algorithm requires at least

. ]I 01
2m/\1nm;1x WKLG —9,9)

samples in expectation. Noting that the binary entropy K L(1—46, ) > log(1/2.49) completes the proof. [J
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B.3.2 Upper Bound

Next, we restate Theorem 7 that bounds the complexity of MELK.

Theorem 21. Fix § > 0, threshold o > 0, tolerance B, and regularization v > 0. Define Apin() :=
min |¢(x)T0. — al. Define also

Blar) = min{B > 0 : 4(\/All0.]| + h)(2 + \/f(?(, {()x € X, |¢(2)T0. — a| < B};7)) < B}
With probability at least 1 — 8, MELK returns a set R = (X \ By) at time Ty such that
{reX:f@)>a+p@)} CRC{zeX: f(z)>a—F-pa)}

and for any a, Esuch that max(Ampin (@), B) > B(a)

Ty < 256(B8 + o) minmax D)1 A ry 1yry 1 log (4])(2[log2(4(Amin(a)Vee§)112)
AeX #€X max{(¢(z)" 0, — a)?, 52} 0

+ 21og(|X|/8)[1oga (4(Amin(a)Vees) ]
Recall the definition of the set G, := {z € X' : f(x) > a}.

Lemma 19. Forany V C X define f(X,V;~) = minyea , max,cy HUH?Z ex Aed(@)p(z) THyI)

In each round t, define the event

B = (a7 (0 — 0.)] < 27+ (VAlI0.]| + 1) VIX, Aiy) Vo € A}

Holds P(U°, (E¢)°) < 6.

Proof. Using Theorem 6, for any = € A; we have that with probability at least 1 — &;/|X|?

T 0= 001 = Dl o ory s (VIO 5 e/ T o )
< VI A7) (Al + b+ 27! VX A7)

<270+ (VA0 + h) V F(X, A )

Since |A;| < |X|?, Ef holds for all z € A; with probability 1 — §; via a union bound. Taking a second
union bound over rounds, we have that

P(G t><ZIP ((Ef)° <Z<5t Z%Q_a

t=1

Define

t = max{t : (\/7||0]l2 + h)(2 + \/f(X, {reXx: 270, —a| <2712} :v)) <271}
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As we will see in Lemmas 22 and 23,
A C {:U cX: ]a:TH* —al < 2_t+1}.
Thus for ¢ < ¢, holds on ), E that
Vo € Ay, |27 (6 — 6,) <227,
Lemma 20. On (), Ef, when t < t holds Gy CGY = {x : ¢(x)T0, > a).
Remark: If h = 0, Gﬁ = G,.
Proof.

2€G — I <t: ¢p@) 0y >a+2-277
— W<t @) Oy —0,)+ )0, >a+2-27"

nt:Ej (m)TH* >

— reG?.

Lemma 21. On (), E¢, when t <t holds, B; C (G3)°.
Proof.

xeﬁt — 3 <t: d)(:z)Té\tgoz—ZQ_t/
<t @) O —0.)+ o), <a—2-277

c

rgt (ac)TG* <«

— 2 (G

Lemma 22. On the event (), Ef, when t <t holds,

AmGﬁc{xeGﬁ

|6(2)76, — o] < 2t+2} _; gpbore
Proof. Forany z € G% such that ¢(2)70, > a + 27+ if t > log(4(a — ¢(2)76,) ") and t < 7, then
o(2)70, = ()T (0, — 0.) + ¢(2)T60, > 27" rat 27 =a > a

which implies that z € @t. Noting that A; N @t_l = () completes the proof.

Lemma 23. On the event (", Ef, when t <t holds,

AN (G2 {x e (G2)¢

|6(2)7 0. — af < 2”2} =: Spelov
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Proof. The proof follows identically as that of Lemma 22 O

Remark: Lemmas 22 and 23 jointly imply that A; C {z|p(2)70, — a| <272} = S, fort < 1.
Furthermore, f(X, As,v) < f(X, S, 7).

Remark: B
The algorithm stops on either of two conditions. On one hand if ¢ > [log,(4/8)] =: tg, then it has achieved
precision E as desired and it terminates. Otherwise, it terminates if @t U Et = X. This occurs when E is
very small. Define A, () := min |¢(z)7 6, — al. Recall

F=max{t : (Vl0ulla + B2+ /7 (X, {e € X :[6(2)70, — o] <4-21} 7)) <27}
= max{t : 4702 + )@ + /(X {x € X2 9(2)T0, — o <4-2-1)39)) <427
— 24 max{t s 4(AN0 o + B2+ A {x € X o(2)T6, — a] <271} 37)) <271}

= 3~ logy(min{ > 0 A(yF[0u|2 + )2+ \/F(X, {z € X : |6(2)T0. — a| < B}37)) < B)).
This defines

B =min{B > 0: 4,0 ]l2 + 12+ \/F(X. {& € X : [6(2)T6, — o] < B} 7)) < B}.

Let t,.x denote the random variable of the last round before the algorithm terminates. The following
Lemmas give a guarantee on the set X' \ B; at termination.

Lemma 24. On the event (\,2, Ef, MELK returns a set (X \ By,..) such that {z : f(z) > a + B(a)} C
(X \ Btmax)'

Proof. Take any z such that f(x) > o + () and recall that by assumption |f(x) — ¢(z)T6.| < h for all
T e X. VZe consider two cases. In the first case, assume that ¢, < t. We claim that in this case At such
that € B;. We prove this by contradiction. Assume not. Then 3¢ such that

07 ¢(x) <a— 271 = ¢()T (0 — 0.) + $(2)7 0. < o — 27!
= 27t (A0 + ) VX A) + $(2)T6, < a - 27t
— =27 = (All0-]l + B) VI (X, Si57) + ¢(2) 70, < =27
— — (VA0 + h) VF(X,Si57) + f(z) —h <a—27"
= f(z) <a—2""+h+ (A0 +h) VX, S57).
Recalling that we have assumed that f(z) > a + 3(c). Hence, this implies that
Bla) < =27+ h+ (VA0 + h) / F(X, St 7).

Note that 3(cr) > 0. As we have assumed that, ¢ < tmax < t, wehavethat27" > (\/7]|64]] + h) /f (X, Si;7)
using the definition of ¢. Hence, we have that

h > B(a) > 4h

which is a contradiction where the final inequality follows from the definition of B(a) for v > 0. Hence, in
this case we have shown that {x : f(z) > a + S(a)} C (X' \ Bi,..)-
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In the second case, assume that ¢,y > £ and take = such that f(z) > o + B(c). We claim that z € G5
and hence = € A, for any ¢ > ¢ and thus is never added to B;. This occurs if

() 0 > a+ 27 = o) (0 — 6,) + p(x)T0, > a+ 27

Eo ot ()] + 1) VI A ) + 6(0)70, > a+ 27
= 27— (A0:]| + W) VF(X,S557) + ¢(2)T 0, > a + 271
= ¢@)T0, > a+ 27 27+ (A6 + h) VX, S5 )

Recall that f(x) > a + (). Furthermore, we have by the definition of  that

270 > (A0 + h) (X, S5 ).

Hence, the above is implied by B(a) —h >4-27" = 0.55(c) where the final equality holds by definition
of B(c). Noting that 3(cx) > 4h proves this claim. In summary, we have shown that for any x such that
f(x) > a+ B(a), if tmax < t, then x is never added to B; and hence is contained in the set X' \ B; at

termination, and if otherwise that t.x > ¢, then T is added to the set (A?t before round ¢ + 1 and hence
is removed from the active set and never added to B;. Applying this argument to any z such that f (z) >
a + B(«) completes the proof. O

Lemma 25. On the event (\,2, Ef, MELK returns a set (X \ By,..) such that (X \ By,,..) C {z : f(z) >
a—f(a) = B}
Proof. Take any x such that f () < a— § (o) — 3. We claim that there exists a ¢ < pay such that z is

added to B; which implies that x ¢ (X \ By,,..). Suppose for contradiction that this is not the case. Then
for all t < tnax,

07 ¢(x) > a =27 = @) (0, — 0.) + $(2)7 0. > a — 27"
= 270 4 (VA0 + ) VXL A ) + d(@) 0 > a — 27
— 27" 4 (18] + 1) VIR, S57) + d(@) 6, > a — 27
= (VA + ) VIR S + f(x) +h > a -2 ot
= f(2) > a -2 27— b (A0 + ) VTR S ).
Plugging in f(z) < a — B() — f3, the above implies
Bla) + B < 27 427" + h 4 (A1l + h) VF(X, Si57) (B.1)

Next, recall that MELK terminates either on the condition that ¢ = [log,(4/f)] or that G; U B, = X. Using
this, we brake our analysis into cases.

Case 1: tmax = [logy(4/6)] <t.
In this case, MELK stops due to the (3 tolerance in a round before . For ¢ < ¢, we have that 27t >

+ (V0] + B) \/f(X, Sk 7). Hence, the above implies that
Bla)+ B <272 1 h.
As we have assumed this condition for all ¢ < t,4x, We may plug in ¢y Which implies

B(a)+ B < B+h.
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As B(a) > h, this is a contradiction. Hence there must exist a ¢ such that x € B,

Case 2: tmax < t < [logy(4/5)].

In this case, MELK terminates before round ¢t = [logy(4/ B )]. Hence, it does so on the condition that
Gy U B; = X. Note that for f(z) < o — () — 3, we have that z € (G%)¢ since () > hand 8 > 0. If
we terminate before round ¢, we have by Lemma 21 that (G’(z’) C By which implies that x € gtmax‘ This
contradicts the assumption that At : x € B,.

Case 3: t < tmax.

In this case, MELK terminates at a round after ¢. In this setting, we argue that z € Eg. Recall that for
any t < t, (B.1) simplifies to

(@) +8 <2724 h

B
Plugging in £, and noting that 2~ +2 = % B(«), the above implies

Bla) + 5 < 5B(a) +h

Noting that 3(cv) > 4h, shows that the above is a contradiction. Hence, there existsat < t such that z € B,.
Therefore, in all cases we have shown that for any z such that f(z) < a— () — B, © € By. Therefore,
for the returned set X' \ By, we have that

(X \ By,..) C {z: f(z) > a— B(a) - B}.
O

Proof of Theorem 7. Throughout, assume the high probability event (), Ef. By Lemmas 24 and 25 in
conjunction with the high probability event (] Ef we have correctness. It remains to control the sam-
ple complexity of MELK. Recall that we have assumed that max(Amin(ct), 8) > B(a). This implies
that min{[logy(4/Amin()], [logy(4/8)]1} < t. Applying Lemmas 22 and 23, we have that fj,a.x <
min{ [logs(4/Amin()], [logy(4/8)]} < t and that A; C S, for all rounds ¢. Now we proceed by bounding
the total number of samples drawn.

tmax

T < ZNt
t=1

min{t>[logy (4/ Amin(a))],t>[logy (4/8)1}
< > N
t=1
[logs (4(Amin (@) VeeE)*l]
= max {01 log(|X]/6), 2% f(As;v)(B? + %) log(2t2\X|2/5)}

t=1
i Nlogs (4(Amin (@) VeeB) 1]
< e110g(%]/8) [logy (4 Amin(@)VeeB) ™ + A(B* + o%) 3 22 f(Ay;) - log(212]X 2/5)
t=1
= c1 log(|X|/0) [logy (4( Amin () Vee ) ]+
ﬂog2(4(Amm(a)VeeB) 1

(B% 4 ¢?) 2% min max || z||? 1 - log (22| X% /96)

nex zedi (T pex M@)o (@)¢(@)T+1)

i
!
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< ¢110g(|X|/8) 10gy (4(Amin () Vee) 1]+
(B2 + 0% log <4|X 2 ﬂog2<4(Ar§m<a>Veeﬁ>—112)

[10g (4(Amin () VeeS) 1]

22t ~
im)? ey Il (S M(@)d()d(@)T+41) "

t=

—

A CSt It
< e1log(|X]/6) [1ogy(4(Amin () VeeB) ™1+

4|X|2nog2<4<Amm<a>VeeB>—112)

?(B? + 0?) log < 5
|—10g2(4(Amin(a)veeg)_l]

2% min max ||z

=1 rex 7es | (Shex M@)d(@)o(@) 1)

It remains to control the final summation. To do so, note that

[logs (4(Amin (oc)VeeE) -1

1
= 22t min max ||z -
ot (4 Bin(@)VeeH) ] = I oo
< max min 2% min max ||z 1

t<logy (4(Amin(@)VeeB) 1T AEX  AeX PE€St  (Daex M(@)é(2)¢(x)T+71)

< min max 22t min max ||z

)\G)? t§[10g2(4(Amin( )Veeg)_ 1 )\GX €S (ZIGX At(m)¢(x)¢(x)T+’yI)71

o)1 . -
< 16 min max Erex M@)dlm)pla) 1D
reX max{(¢(x)T0, — a)?, 52}

Plugging this along with ¢ = 4 and ¢; = 2 for Theorem 20 from RIPS with the Catoni estimator in completes
the proof. O

B.4 Proofs for Implicit Level Set Estimation

B.4.1 Lower Bounds

Proof of Theorem 8. Recall that in this setting, h = 0 and ¢(x) = x. By (Kaufmann et al., 2016), we have
that the any §-PAC algorithm for all-e requires

. KL(1-9,9)
min - ;
A MINg AL (9,) 10" — Q*HA(,\)

where Alt(6,) is the set of alternates such that G¢(0.) # G¢(0') for any 6’ € Alt(6,.). The set of alternates
may be decomposed as

Alt(0) = (J {0:z¢G(0)}|U U {0 :zeq(0)}

@eGe(0) xeGe(0:)°
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By Lemma 4, x € G, <= Vz': 0L (x — (1 — €)x’) > 0. Hence, the set of alternates for any & € G(6,)
such that & € G¢(¢') for any 0’ € Alt(6,) is given by

Ay = U {0 eR: 0T (. — (1 —€)a’) <0}
x'eX
Furthermore, by Lemma 4 x € G¢ <= 3z’ : 01 (x — (1 — ¢)2’) < 0. Hence, for any = € G¢(0,) the set
of alternates such that x € G(0") for any §' € Alt(0,) is given by
Ag = ({0 R :0T(x — (1-e)a’) > 0}.
xr'eX

Next, we discuss how to project onto A,. As this set is open, to be precise, we should take a point in the
interior and consider the limit for a sequence approaching the boundary. For brevity, we simply project onto
the closure and consider the closures of the A, sets. Using the decomposition of Alt(6,) we have that

min ||0' — 6, min min ||¢' — 0 min  min min ||6' — 6,
g || 4y = mi Jnin | lagy = selpin, | min min | A

Reminiscent of Lemma 18, we define

AV M= (1 - 9x)

0 o (V) = 0. — [07 (2 — (1 — ')

2
Jlz—(1— e):c’HA(A),I
For ¢ € G¢(0.), using Lemma 18,
0 — 0, i 0 — 0, =min||05, ... (\) — 0,
(}}GHjlw | llac eleuw@({OGR({%letmi(lie)leo} | llac min 10 2 (M) lacx

where the latter equality follows since projecting onto a union of hyperplanes is achieved by the projection
onto the closest constituent.

For ¢ € G¢(6,) note that A, is an intersection of half spaces {§ € R? : 67 (x — (1 — €)x) > 0} for
&' € X. Asitis not in general possible to give a closed form expression for projection onto an intersection
of convex sets. However, we may at a (possibly very loose) minimum note that the projection onto the
union of the hyperplanes is at least as far as the projection onto the furthest hyperplane. Therefore, for any

x € G(0,)C,

in |6 — 6, — i 0 — 0, < max |65, -0,
FERIT =00 = e toentila-1-gays 1 Ol S Ml () = llacy

Hence we have that
i 9 — 0, < mi i in ||6 0, 0 — 0. .
i 6 0.lLaay < min { i min 65,00 = 0. gy, i e 16500 0) — . L

Note that
(0f (z — (1 - e)z))?

& — (1 — 93
by Theorem 2 of (Fiez et al., 2019). Hence, any §-PAC algorithm requires

) o — (1 - /| Jle—-0eln) oo
min m m. m , In min
N e e 0T (@ — (1 — ox))? el o (0T (z — (1 — o)z /))

[0 2 (A) = Oxllacn) =

samples in expectation. Noting that KX L(1 — 9, 9) > log(1/2.46) completes the proof. OJ
p p g ) g p p
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B.4.2 Comparison to the lower bound of (Mason et al., 2020)

Here, we compare the sample complexity given in Theorem 9 to the result of Mason et al., (Mason et al.,
2020) studying the problem of finding all e-good arms in multi-armed bandits. Our setting captures this
problem in the special case that ¢p(x) = x, x; = ¢; € R'X‘, h =0, and 5 = (. Additionally, take v — O.
For consistency with the notation of (Mason et al., 2020), let u; = f(«;) and |X| = n. In this setting, the
problem of implicit level set estimation reduces to identifying the set {4 : y; > (1 — €)1 } where we assume
without loss of generality that the means are sorted in descending order such that p; > po > -+ > py,.

Lemma 26. The term H"'" (0,) = cH gy for a constant c where H gy is the complexity parameter of
the (ST)? algorithm from (Mason et al., 2020).

In particular, (Mason et al., 2020) show in Theorem 4.1 that a complexity of Hg7)2 is optimal up to
logarithmic factors for any fixed § via a moderate confidence bound. This exceeds the lower bound given in
Theorem 8 specialized to this case. In particular, this highlights that the lower bound given in Theorem 8 is
not achievable except possibly as 6 — 0. Instead, we show that MILK achieves the optimal non-asymptotic
sample complexity for finding all e-good arms.

Proof of Lemma 26. First, we recall some notation from (Mason et al., 2020) necessary for this lemma. Let
G = minjeg, p; — (1 — €)ug and let S = miniegg(l — €)1 — p;. For brevity, we let k = arg min;eq, p;
and k + 1 = argmax;ecge j1; where we take n > k. If this condition does not hold the same argument

= H 16766'

as below suffices ignoring all terms in G¢. Hence we have that % = iy + f‘je
Furthermore, (Mason et al., 2020) restrict to the case of € € [1/2, 1).
We begin by lower bounding the complexity parameter H"'“*(6,.). We analyze the two terms given in

Theorem 9, HY*X! and H™ 52 separately. H" " ! reduces to

HEk+1
and T

Hej - eiH,%\()\)—l

/A +1/X;
= max max [P +1/%

max max
eicCe e (1 — (1= €)py)?

eicCe e (pi — (1= €)py)?

> ma ma, 1/)\i ma; 1/)\j
X X , X
- ei€Ge (i — (L= e)p1)?’ ey (f£ — py)?
1/)\1 , max /)\J

= max{ max ————

{eieGe (11— pi —€)?7 e }
where the final step follows by the definition of &.. The penultimate step follows by first maximizing over
i € G, which introduces a factor of z;. Then we may multiply the denominator by (1 — €)?/(1 — €)? and
upper bound (1 — €)? < 0.25 < 1 since € > 1/2 to achieve the result.

(p1 + f‘fg — pj)?

HMILK2 reduces to
||ej_ei||124()\)—1 1/)\1+1//\J
max max 5 = Inax max 3
fece b (L—Op — )2 acee e (- Ot — i)
1/\; 1/X;
Zmax{max / ! 3, INax max /j 2}
eieGe (1 =€) — pi)? eicGe i ((1—€)pr — pq)
1/ 1/X;
zmax{max /A 5> max /j 2}
eicGe (1 =€) — pi)* e (1= €)pr — pip41)

1/\

1/

max

> max
- {G (= — miP?
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= max { max , nax

eieGe (1 —€)pr — pi)* e ((/u — 15_6€> — m>2
1//\1 1/)\

- max &meaGX (1 =e)p — i) ,ngx ((Hl + 13_6:) - N1)2
1/\ 1/A

> max { max max
- i Ge 1 — — 27 . 2
eicte (1 =€) — pi)* e (<u1+ m) m)

;Vi and p; < pq. The third inequality follows by the same
approach as taken for H"**! of multiplying the denominator by (1 — €)2/(1 — ¢).
Hence, we have that

1 €1 1
H(6,) > min max max Ai , A 2
' (L= pr = pa)?" (o1 + 25 = 1) (g + L= — pa)?
Solving for A gives
1 1 1
H(Q*) > Zmax = =1 'H(ST)2

(U= e)pn = pa)*" (1 + 125 — 1) (g +

)?

1 €

for a constant ¢1. To upper bound H"*%(6,,), we may choose a specific A. Choosing

o max{((L— g — )7 (gt — )7 P — )%
1 T ~ I
> max{ (1 — e — )2, (1 + £ — )2, (1 + 25 — 1)~2)
a similar computation shows that H""*(6,) < c2 H g2 for a constant ca. O

B.4.3 Upper Bound

First we restate Theorem 9 bounding the sample complexity of MILK.

Theorem 22. Fix § > 0, threshold o > 0, tolerance B and regularization v > 0. Define the quantities
AQLove (€) = mingeq, ming 0, (¢(a)—(1—€)p(a')) and ABL (€) = mingece MaXy, (4(z)— (1—e)o(2)) T 0. <0(¢ () —
(1 —€)p(x') "0, and Apin = min { A2 (€), ABlow(€)}. Define also

min min

Ble) = min{B > 0: 4(FN6. +h)(@+ [ F(X. {y € V(X x X) : [yT6.] < 5}:7)) < 6.

With probability 1 — 6, MILK returns a set R = (X \ By) at a time T such that

{zeX:f@)>(1-ef(@)+fO} CRC{zeX: f(@) > (1—¢)f(x.) — § - B(e)}
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and for any «, B such that max(Amin(€), 8) > B(e)

0

Ty <256(B2 + o2) HY (0, log <4|X [*logs (4(Amin(€) V 5 ﬁﬂ?) +2log <|§) Mogy (4(Amin(e) V B)™H)]

for a sufficiently large constant ¢ where H"*(,) = minyc , max { HY**51(6..), H{™*(0,)} and

[p(x) — (1 - e)p(a')]|? -
Hﬁ\ﬂLKi (6,) := max max | (AN)+AI) !

=G a’eX max{((¢(@) — (1 - )g(’)) T0.)%, 52}

lé() — (1= e)(a")||? -

HYE2(9,) := max max AN

zede 2 max{((¢(z) — (1 - €)p(z+)) " 0.)% 52}
Now we show a high probability concentration result that we will use for the remainder of this section.
Lemma 27. ForanyV C V(X x X) define f(X,V;7) = minyea , MaXyecy H’U”?Z

In each round t, define the event

& ={y" (0 — 0.) < 27"+ (VIO + 1) V/F (X, Y (V(A))i7) V iy € V(A)}

zEX )\md)(x)‘b(x)T+'YI)7l'

Holds P(J;2, &) < 4.

Proof. Using Theorem 6, for any y € Y¢(A;) we have that with probability at least 1 — §; /| X'|?

Y76 =01 < 18l simrotmrron) <ﬁH€*\ T bt oy B 1og<zt2|xr2/6>>
< VI YA (VAO-Nl+ b+ 27T V(A7)

<270+ (WAlIO| + h) V(X V(A7)

Since |V¢(A;)| < |X|?, & holds for all y € Y¢(A;) with probability 1 — &; via a union bound. Taking a
second union bound over rounds, we have that

Define

F=max{t: (VA0 2 + 02+ \/F (X, {y € V(X x ) £ [y70.] < 27142} 1)) < 271,
As we will see in Lemmas 30 and 31,
V(A) C{y e V(X x X): |yTo,| <271},
Thus for ¢ < ¢, holds on ), & that

Yy € V(A , [yT (0, —0.) < 2-27%
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Lemma 28. On (), &, whent < holds G, C G2 := {z : (¢(x) — (1 — )p(x))T0, >0V a' € X},
Proof.
xe Gy <= Vo' 3ty <1 : (¢p(x) — (1—e)op(x)) 76, >2 274

= Vo' 3ty <1 (0(x) — (1— (@) (B, — 0.) + (6(x) — (1 — e)p(a)) 0, > 2. 27"

D& v . (d(a) — (1 — (@) T0s > 0
— xcG?

Lemma 29. On (), &, whent < € holds B; C (G?)°.
Proof.

we B — 3ty <l : (¢p(x)— (1—e)p(ax)Th <227
= 3o te <1 ($(x) — (1 - (@) (0 — 0.) + (@) — (1 — )(a)) 0. < —2- 27"

02 52+ (o) — (1 - Oo(@)T6, > ¢
— x e (G%".

Lemma 30. On the event (", & fort <1,

{(z, ') : (z, o),z € G‘f} C{(:I),.’L‘/)

(61a) ~ (1= ()70 < 2712 = s
Proof. On (), & fort <t forany y € A,
978 > 1970, — |y (B~ 0.)] 2 ly"0. — 22"
For y such that |y76,| > 2-27*1, the above implies that
y76, > 227,
By the elimination condition, this implies that y is removed from .4;. Hence
A1 C{ly e V(X)) |y"0, —¢| <2271,

Specializing this argument to {(x, 2') : (z,2'),x € Gf} C A; completes the proof. O

Lemma 31. On the event (), & fort <1,

((.a) s @.2)2 < (2} < { (@2 [(0(e) — (1~ Go@))"b. — ] <2742
and {((x) — (1 — €)p(zs)) 0.} > —27112} = Spelow
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Proof. The guarantee that |(¢(x) — (1 — €)d(x'))T 0, — €| < 2712 for any (x,2') € A, follows by the
same argument as Lemma 30. For the additional statement, that (¢(x) — (1 — €)p(x4))7 0, > —27+2 note
that if

(p(x) — (1 - 6)¢(a:*))Té\t < g tHl

then the pair (x, ) is eliminated from A;. If

(B(x) — (1 — €)p(a)) 70 < —27F2,

then using this and the event (), &

~

(¢(@) — (1= )p(@.)) b = ($(@) — (1 — )p(@.))" (B — 6.) + (1 — ) p(.)) 0, < =27+,

Hence, the only pairs (, . ) that remain in A; where x, € (GZ)® are such that (¢(z)—(1—€)¢(x,)) 76, } >
—27%+2 We conclude by noting that the above argument for x, could be repeated for any z’ such that

(d(x) — (1= )o(x)) "0, <. O

Remark: Lemmas 30 and 31 jointly imply that A; C SAPe U SBelow —: S, for ¢ < . Furthermore,
f(‘)(v ye(-At)v 7) < f(X7 ye(st)’ 7)'

Remark:
The algorithm stops on either of two conditions. On one hand if ¢ > Dog2 (4 /B )1 =: tg, then it has achieved
precision ﬁ as desired and it terminates. Otherwise, it terminates if Gt U Bt X. This occurs when B 1s
very small. Define the quantities AAYV®(¢) = mingeg, ming 0, (¢(x) — (1 — €)¢(z’)) and ABW(¢) =

min min

MiNgege MKy ((e)—(1—0)b(x)) T 0. <0(P(@)—(1—€)p(')) T b, and Apyin (€) = min {ALPYe(€), ABelow(e) |
Recall

E=max{t s (V0. +B) 2+ F(X {y € V(X x X) 1 [y, <4-27139) <271
= max{t : (/A0 l2 + W)@+ F(X, {y € V(X x X) s [y, <4-2)57)) <4-271)
= —2-+ max{t : 402+ W)@+ /£ {y € V(X < X) T, <2)59)) <271}

= 3+ logy(min{8 > 0: 4(yF)0ul12 + M) +/F(X, {y € V(X x X) : [yT0.] < 8}:7) < ).
This defines

B(e) = min{B > 0: 4(/A0ulla + W2+ /£ (X {y € V(X x X) : [y0.] < 5}:7)) < ).

Let tmax denote the random variable of the last round before the algorithm terminates. The following
Lemmas give a guarantee on the set X' \ By at termination.

Lemma 32. On the event ;2 &, MILK returns a set (X \ By, ) such that {z : f(z) > (1 —€)f(zs) +
/8(6)} C (X \ Btmax)‘

Proof. Take any x such that f(x) > (1—e¢) f(z.)+[5(a) and recall that by assumption | f(z) —p(x)7 0, | <
hforall x € X. Vy\e consider two cases. In the first case, assume that t,,,x < . We claim that in this case
At such that € B;. We prove this by contradiction. Assume not. Then 3¢ and a ’ such that

07 (p(x) — (1 — e)p(x)) < —271
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= (0(@) - (1= 6(@) (B~ 0.) + (6(@) — (1 - Jo(a)Th. < —27*!
TS 97 4 (6(2) — (1 - Qo(@)b. < —27!

= (9(@)— (1 - )o(@))f. <0

— @)~ (1= 9f@) <h+(1-h

Recall that we have assumed that f(x) > (1 — €)f(z+) + B(c) and B(e) > 4h by definition. Hence, this
implies that

(1—e)f(xs) = (A=) f() <h+(1—e)h—pla) <0

which is a contradiction since f(z.) > f(2') by definition. Hence, we have shown in the case that tyax < 7,
{z: f(x) > (1 =) f(zs) + B(e)} T (X Btyp)- _
In the second case, assume that tyax > ¢ and take @ such that f(x) > (1 —€) f(2«) + B(a). We claim

that © € C:’; and hence (z,x’) ¢ A; for any ¢ > ¢ and thus x is never added to B;. This occurs if for every

o(x')

(6(@) — (1= o(a’)) By > 274! _
= (0(@) — (1= 9@ (B = 0.) + (6() = (1= Jo(a))"0. > 27

& 27 4 (p(@) — (1— e)g(a)) 0. > 271
= (p(x) — (1 - e)p(a)) 0, > 272
= () — (1—e)p(a’)T8, > 0.55(e)

where the penultimate step follows by definition of 3(¢). Recall that f(x) > (1 — €) f(x) + B(a). Hence,
the above is implied by

(1= f(z:) +B(a) = (1 =) f(z') > 0.53(e) + h+ (1 = €)h
< B(e) >0.58(c) +h+ (1 —e)h

where the final step follows by noting that f(z.) > f(x') for any x’. The final statement is true since B(e)
and thus implies the claim. Therefore, we have shown that x € Gy and is therefore not added to By in a later
round. These two cases together complete the proof. O

Lemma 33. On the event ( ;2| &, MILK returns a set (X \ By ) such that (X \ B, ) C {x: f(z) >

(1= €)f(zs) = Ble) — B}

Proof. Take any z such that f(z) < (1 —€)f(zx) — B(e) — B. We claim that there exists a t < tyay such
that & is added to B; which implies that ¢ (X' \ By,,.. ). Suppose for contradiction that this is not the case.
Then for all ¢t < tax,

0F (¢(x) — (1 — e)p(x)) > —27" 1
= (B(x) — (1— o)) (B — 0.) + (B(z) — (1 — )(a)) 0. > —27"H!
=L 270 4 (Al + ) VIR A ) + (d@) — (1 — )d(x,)) 6, > —27tH
= (VIO + 7) V(X A) + f(@) — (1= € f(ma) + h+ (1 —e)h > —27 T — 27!
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= f(z)— (1—e)f(xs) > 27" =27 —h — (1 — e)h — (\Al|0:]| + h) V/ F(X, St 7).
Plugging in f(x) < (1 — €) f(z.) — B(€) — 3, the above implies
Ble)+ B <27 427 4 g (1= Oh + (VAll6]l + h) V(X Si7) (B.2)

Next, recall that MILK terminates either on the condition that ¢ = [log,(4/3)] or that Gy U B, = X. Using
this, we brake our analysis into cases.

Case 1: tmax = [logy(4/8)] < £

In this case, MILK stops due to the 3 tolerance in a round before . For ¢t < f, we have that 27¢ >

+ (V64| + R) V/f(X,Si;7). Hence, the above implies that
Bla)+ B <272 4+ h4 (1 - e)h
As we have assumed this condition for all ¢ < t,x, We may plug in ¢y Which implies
B(a)+B < B+h+(1—eh.

As B(a) > 4h, this is a contradiction. Hence there must exist a ¢ such that x € Et.

Case 2: tmax < T < [logy(4/8)]. _

In this case, MILK terminates before round ¢t = [log,(4/8)]. Hence, it does so on the condition that
Gy U B, = X. Note that for f(x) < o — B(c) — 3, we have that = € (G%)° since 3(a) > hand 3 > 0. If
we terminate before round ¢, we have by Lemma 29 that (Gﬁ)c C B which implies that x € Etmax- This
contradicts the assumption that At : © € Et.

Case 3: t < tpmax.

In this case, MILK terminates at a round after ¢. In this setting, we argue that x € Eg. Recall that for
any t < t, (B.2) simplifies to

Bl@)+B <272 4 h+ (1 —e)h.

Plugging in Z, and noting that 2~ +2 = % B(), the above implies

m@+ﬁ<%mm+h+u—on

Noting that B (a) > 4h, shows that the above is a contradiction. Hence, there exists a t < t such that
T € Et.

Therefore, in all cases we have shown that for any @ such that f(x) < a— () — E , @ € By. Therefore,
for the returned set X"\ Etmax, we have that

(X \ Bt,,.) C {z: f(z) > a— Bla) - B}.
O

Proof of Theorem 9. Throughout, assume the high probability event (), &. By Lemmas 32 and 33 in
conjunction with the high probability event (| &, we have correctness. It remains to control the sam-

ple complexity of MTLK. Recall that we have assumed that max(Apyin(€), 3) > B(e). This implies that
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min{[log,(4/Amin(€))], [log, (4/5)] } < t. Applying Lemmas 30 and 31, we have that ¢, < min{[logy(4/Amin(€))], [1
t and that A; C S, for all rounds t. Now we proceed by bounding the total number of samples drawn.

IA
M
=

= max {1 log(|X]/6), 2% f(V(Ar); 7)(B? + 0°) log (22| X [* /) }

Nlogs (4(Amin ()VB) )]
< ¢11og(|X|/8) [loga(4(Amin(e) v B) )] + A(B* + %) > 22 f(VE(Ae);y) - log (22| X[?/5)
t=1
= c1log(|X|/8)[1oga (4(Amin(e) V B) ™)1+
Nlogs (4(Amin (OVB) )]

2 2 2 2t : 2
B 2 el
A(B? + 0?) ; join - max Yty - <108

< c110g(|X]/6) Mgy (4(Auin(€) V B) )1+
2B+ %) log (4\»«1 [logs (4(Amin(e) V 5)~ ﬂ)

2t°|X[?/5)

5
[0g2(4(Amin(€)VB) 1)1
; 92t min x| IIyII(A Ay
< c1log(|X[/0) [logy (4(Amin(€) V B) )]+

2B+ %) log <4|Xr logy (e VB3I )

[oga (4(Amin (€)VB) 1)1

22t -
Yo e

t
:cllog(|X|/5)Dog2( (Amin(e )\/B) )-‘

2(B” + %) log <4|Xr gy (4Amn(e VB )
082 (4(Amin(€)VA) )]
. 3 22t 22t 2
; )\réliri( max{ Eyrenngbove H H A)+1) b yeyr?(%?elow H H M)+~

where the final equality follows by partitioning S; = S{APove U SPelov,
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Focusing on this final summation, note that

1 [ogs (4(Amin (€)VB) 1]
2% min max{ max HyH%A(A)ﬂI)ﬂ, max HyH?A(k)—i-WI)*l

[0ga (4(Amin(e) v B)1)] =1 AL yespe yesper
< max min 2% max{ max ||yH , max Hy|| -

t<[logo (4(Amin (e)VB)~1)] A€DX {yESAb"Ve A+~ yeSBelow AN D
< min max max{ max 2 Hy|| _,, max 2? ||yH 1

AEA x t< ]—logQ( ( mln( )\/B) )-‘ { SAbove +'YI) yesf elow +’\/I)
= min max max max 2% ¢(x) — (1 — e)p()|? “1,

AEAX 1< Mogy (4(Amin (e)VE)~1)] {(m’m/)e‘gé\bove (AN)+A1)

e 22t‘|¢(m) _ (1 — e)gb(ﬂ@/)H%A(/\)Jrvl)l}
Lemmas 30, 3115

(m7m1)€5‘felnw
[p(x) — (1 —€e)p(a')|]7
< 16 min max max max I ( Jo(x’) (AN D)t ’
A <o iBun@ ] | @e)eSs max{((6(x) — (1 - )o(a!)T6.)2, 52)
‘2

- lp(z) = (1 = )P(®) (a2 41)- }
@a)esp™ max{((¢(z) — (1 - €)p(zx)) 0. — €)?

{ [6(2) — (1 = DS 437011

< 16 min max
AEA x

max max

zeGe o max{((qﬁ(a})—(l—f) ( )) ) 52}’

o 9@) — (= 98@) gy sr- }
xeGe x! max{(((b(x)—(l—E)(b( *))TQ*_E) 762}

Plugging this in with ¢ = 4 and ¢; = 2 from Theorem 20 for RIPS with the Catoni estimator completes the
proof. 0

B.5 Additional Experiment Details

In this section we discuss additional experimental details not covered in the main paper. We first give an
overview of the algorithms implemented in the following section. All code was written in python and run
on a 64 core cluster machine. We have included implementations of all methods and a demo file showing
how to call and run the various algorithms.

B.5.1 Algorithms Implemented

In this section we briefly discuss the algorithms implemented and the hyper-parameters used in the algo-
rithms. The algorithms implemented are s follows:

Gaussian Process Experiments For all the algorithms in this section we assumed a GP Prior N (0, k(z, 2'))
where k(x, ') was the RBF kernel given by k(z, 2") = exp(— ||z — 2'||?/2¢2).

At every time step we builds the confidence interval

Q@) = [pe-1(@) £ 5001 ()]
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where p;—1, and o¢_1 is the posterior mean and variance function over the observed points. For an observa-
tion y; at time ¢t we define p;—1, and o;—1 as follows:

p(x) = k()" (K + 0’21)_1 Y

ky (a:,x’) =k (ac, ac’) — k()T (Kt + UQI)_I ki(x)
o2(x) = ki(zx, x)
where, k;(x) = [k (z1,2), ...,k (2, )" and K, is the kernel matrix over the observed points.

1. LSE: We implemented the LSE algorithm by (Gotovos, 2013). This algorithm maintains an active set
of unclassified points defined as U; and the super-level set H; and sub-level set L;.

At every round LSE selects the most ambiguous point, where the ambiguity is defined as

at(x) = min {max (Q¢(x)) — o, — min (Q¢(x))}

that is, the points LSE is most unsure to classify into H; or L;. Note that in contrast to this approach
MELK follows the optimal allocation over the active set to select the next sample.

2. TruVar: We also implemented a modified version of TruVar(Bogunovic et al., 2016) with zero cost
and homoscedastic noise. TruVar samples in such a fashion to ensure the maximum decrease of the
posterior variance. As above, we maintain a Gaussian Process Posterior and we sample the arm

argmax 3 02(7) = 3 02, ()

zEeX TEA,; TEA;
where atz_”w(.f) is the posterior variance of Z if we sample x.

3. MELK: As described in the text, we compute the means and variances of the arms using a Gaussian
posterior (identical to above) and eliminate arms when their lower/upper bound is below/above the
specified threshold 7. We implemented a batched sampling algorithm where we compute the design

. 2
min max [|2[[¢y )12
ever 10 samples and then sample from it. At the i-th calculation, v = 1/(10 * i). We also use
the Frank-Wolfe method to compute the optimal allocation over the active set before every round as
described in Section B.6. We set the step-size of Frank-Wolfe method as 1 and cap the maximum
number of iteration to converge for Frank-Wolfe to 500.

Linear Bandits Examples

Additionally, we also consider comparing algorithms exactly as written using theoretically justified con-
fidence widths in all cases. This presents a challenge as MELK and MILK are designed for the frequentist
regime and LSE and TruVar are Bayesian in nature. To level the playing field, we consider all algo-
rithms in the frequentist regime. For this experiment, we focused primarily on comparing MELK to LSE and
MILK to LSE-imp LSE can naturally be adapted to the frequentist setting with the tight RKHS confidence
bounds from (Chowdhury and Gopalan, 2017). These bounds scale with the maximum information gain
I'7. To make the comparison fair, we consider all algorithms in the linear regime where I'r = O(d log(T")).
By contrast, for the squared exponential kernel, I'r = O (log(T)d), and this leads to overly pessimistic
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confidence widths preventing a meaningful comparison of the algorithms. Indeed, even for moderate d such
as d = 4, LSE had confidence widths that were more that an order of magnitude wider for the squared
exponential kernel. Hence, we focus on the case of the linear kernel for our experimental comparison where
the differences are not so stark. Below, we describe all algorithms in this regime.

LSE follows the same acquisition function described in the previous section. We provide additional
details about MELK, MILK, and LSE~-imp in this setting.

1. MELK: We implement the MELK algorithm as defined in Algorithm 3.1. Recall that |f(z)| < B,
and for the experiments we set B = 1. We set the confidence parameter § = 0.1, the regularization
parameter v = le — 7. Note that we use the original confidence width of (B2 + 02) log(2t%|X|?/6)
as stated in our algorithm, where o2 is the noise parameter specific to the environment. We also use
the Frank-Wolfe method to compute the optimal allocation over the active set before every round. We
set the step-size of Frank-Wolfe method as 0.5 and cap the maximum number of iteration to converge
for Frank-Wolfe to 2000.

2. LSE-imp: We implement the LSE-Implicit algorithm as stated in (Gotovos, 2013). LSE-Implicit
proceeds quite similarly to LSE by constructing the confidence region C;(x) (as defined above) and
classifying points to the sub-level set L; or super-level set H;. We set the confidence width as in
LSE for calculating the confidence region. Note that LSE-Implicit works in the implicit level set
estimation setting and so constructs an estimate of the function maximum to classify points into Hy
or L;. It builds an optimistic and pessimistic estimate of the function maximum as

Pt — maxmax (Cy(2)), fF*° = maxmin (Cy(z))
xelU; xzeUy

respectively. A point x is classified into H; if min (Cy(x)) > (1 — €)f" or classified into L; if
max (Cy(x)) < (1 — €) fP°. Finally, LSE-Implicit selects the next point with the largest confidence
region width, defined as follows:

wi(x) = max (Cy(x)) — min (Cy(x))

such that this leads to more exploration. Again, note that in contrast MILK in Algorithm 3.2 uses the
optimal allocation proportion over the active set to sample the next point.

3. MILK: We implement the MILK algorithm as stated in Algorithm 3.2. Note that MILK proceeds as
similarly to MELK but with the allocation calculated over the difference of vectors )¢(.A) over the
active set and a different elimination condition depending on €. For MILK we set a similar hyper-
parameters like MELK. We set the confidence parameter § = 0.1, the regularization parameter v =
le — 7, and the confidence width of (B? + o2)log(2t?|X|?/). We use the Frank-Wolfe method
to compute the optimal allocation over the active set of points and set the step-size of Frank-Wolfe
method as 0.5 and cap the maximum number of iteration to converge for Frank-Wolfe to 2000. Note
that we set € depending on specific environment setting.

B.5.2 Additional Experiments

All experiments were done with 25 repetitions. We consider the f1-scores on three environments considered
below.
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Figure B.1: f drawn randomly from a squared exponential kernel N (0, k(x, z’)). o denotes the standard
deviation of the noise and / denotes the bandwidth of the kernel (i.e., k(x, y) = exp(—||z — y||/2¢2)).
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Figure B.2: f(z) = cos(87mz). o denotes the standard deviation of the noise and ¢ denotes the bandwidth

of the kernel (i.e., k(x, y) = exp(—||z — y||/20?)).
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Figure B.3: f(x,y) = cos(2nz) sin(27y). o denotes the standard deviation of the noise and ¢ denotes the

bandwidth of the kernel (i.e., k(x,y) = exp(—|x — y||/2¢?)).

Linear Examples with true confidence widths
Finally we compare the performance of the methods using exact confidence widths.
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0-25 ‘ —— MILK
0.005 5000 10000 0.09 5000 10000
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(a) Linear, explicit (b) Linear, Implicit

Figure B.4: Comparison of algorithms using theoretically justified confidence widths on a linear bandit
setting.

For the Linear kernel experiments in Figures B.4a and B.4b, we run all algorithms with exact confidence
intervals as specified by theoretical guarantees and use the theoretical upper bound on information gain 7
shown in (Srinivas et al., 2009) for the confidence widths from (Valko et al., 2013) needed for LSE. We

compare the methods on a benchmark example from the linear bandits literature. For 1, - - - , z, € RY, we
take 1 = x, = 6, = e and 2 = eo. The remaining x3, - - - , x,, are set so that their first two coordinates
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are cos(m/4(1+&))e; and sin(7/4(1+&))es for £ ~ Unif(—.2,.2). We set the threshold o = 0.5, n = 100,
and d = 25. Figure B.4a shows that MELK outperforms LSE when both algorithms are run with their exact
confidence widths.

In the implicit setting, this example is especially informative and highlights the importance of designing
to choose which arms to sample. Though it is far below «, sampling arm @2 provides the most information
about which arms exceed the implicit threshold. Indeed, we see in B.4b that both MILK greatly outperforms
LSE-imp respectively.

B.6 Reducing Experimental Design in an RKHS to a finite dimensional op-
timization

In this section we describe the use of the kernel trick and Frank-Wolfe to compute the design

A) = mi _
FA) = min max [$(x)] 47 (-2
where C C X.
Since this is a convex optimization problem on the finite dimensional simplex A y we employ the Frank-
Wolfe algorithm. Note that ); is at most ¢-sparse. The primary challenge is in the computation of the

Algorithm B.2. Frank-Wolfe to minimize f
Input: Arms &, iterations T’

1: Ao = e (first standard basis vector)

2: for x € A; do

3 Tt <~ argmaXgex ”¢(w)||,24w(,\)—1

£ =V, 6@ %y

5 jt = arg maxi<j<|x| eZTgt

6: e = 154%2

7: A= (1 —=n)N—1+m
return \p

gradient of f. To do so we leverage a small modification of Lemma 1 of (Camilleri et al., 2021a).

Lemma 34. Assume that ) is s-sparse and (without loss of generality) with its support corresponding to
z1, - ,xs € X. Then,

o) AN o(y) = k(“fy’ v _ immﬂm L) ha(y)

where kx(-) € R® with [kyg)]i = VXik(xi, ) for i < s and Ky € R¥® with [Ky]ij = \/Aidjk(xi, ;).
Now, identifying X with an indexing of its entries, i.e. X = {x!, -, i ‘} a computation shows that

e/ [9:] = —(¢(x) A7 (\) ("))’

which can be computed by the above lemma. Note that computationally, the most difficult step is the
inversion of a £ X ¢ matrix at iteration ¢. For a small number of iterations (<2000), this is not prohibitive.
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Appendix C

Appendix for Chap. 4

C.1 Selective Sampling Lower Bound

First, we review the standard argument for best-arm identification lower bounds applied to linear bandits.
Fix 0, € R? and let z, = argmax,cz(z,0,). Definethe set C = {§ € R% : 3z € Zs.t. (A, 2 — z.) > 0}
as those 6 in which z, is note the best arm under §. We now recall the transportation lemma of (Kaufmann
et al., 2016). Under a §-PAC strategy for finding the best arm for the bandit instance (X, Z,0,), let T,
denote the random variable which is the number of times arm z is pulled. In addition let /\/'97,5 denote the
reward distribution of the arm z of X, i.e. Ny, = N(x "6, 1). Then for any -PAC algorithm

log(1/2.46) < min Y E[T,JKL(Ny, », No.x)
oeC
reX
. 1 2
= min 3" BIT] 56, — 612,
zeX
= min 1|6, — 0|2 T
9eC 2 (Zze/’\f E[Tm}mx )

. 1 2
< Zénzl\nZ* §||«9* - ez(e)”(zzexﬁ[m zzT)

where
(2 = 2) 70 + &) (e ElTal e ) Mz = 2)T
(2« = 2) T (e x ElTo] 22 T) " (2h — 2)

for some small e. This is a valid choice since for all z € Z \ z, we have (2, — 2)T0,(¢) = —¢ < 0 and thus
6.(e) € C. A straightforward calculation shows that

0.(c) =0, —

({zx — 2, 64) + )

|2 = "‘”?zzex E[T;] 2z T)~1

16 = =g, oy Bl am) = |

so that after rearranging and lettering ¢ — 0 we have that any §-PAC algorithm satisfies

. 2
. 2”2* zH(erX ]E[Tx]:mv—r)71

z€Z\z <z — 2.0 >2 10g(1/245) <1. (C.1)

This series of steps will be applied for each bullet point of the theorem.
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C.1.1 Proof of Theorem 10, part I

We use the consequence of Lemma 19 of (Kaufmann et al., 2016). Consider a §-PAC algorithm that sets
P(z) = 1forall x € X for all time until it exits at time ¢/ after this many unlabelled examples have been
observed. If T}, denotes the number of times z € X was observed before stopping time ¢/, then by Wald’s
identity we have that

u

> 1{a = x}] = v(z)E[U].

t=1

E[T,] = E

Plugging this into Equation C.1 and rearranging we conclude that

2]z«

— 2t @ aar)
ElU] > max st

1
= ax o = 2.0.)2 log(1/2.46) =: p(v)log(1/2.45)

which concludes the proof of the first bullet.

C.1.2 Proof of Theorem 10, part I1

By definition, the (random) number of times we measure x is

u

L, = Zl{xs =u1z,Qs(z) =1}

s=1
and we want to show that E[L,] = v(x)E [szzl Pg(a:)} . To do so, we define

t

My=> ({z, =2,Qs(z) = 1} — v(z)Ps(x))

s=1
It is easy to check that P € F; := {(zs,ys, Qs)}'_; and that
E[Mpi1|Fi) = My + E[l{zs = z,Qq(x) = 1} — v(x) Ps(z)|F] = M,

Applying Doob’s equality E[M;,] = E[Mj] = 0. Consequence:

u
ElL,] =E | Yz, =z,Qu(x) = 1}] = v(v)E

u
Define o(z) := W and note that each o, € [0,1]. Then E[£,] = E[U]a(x)v(z) so applying

equation (18) of (Kaufmann et al., 2016) again, we have

log(1/2.45) <min S " E[£. KL
og(1/ 5)_%33;( [£.]KL(Ng, 2, No.)

— mi E[L,] |6 — 6.2 + /2
min (L] ] e/

= min (6, 2 — 2)°

2€2\zx 2”2 — Z*H%Ezex E[Ly]zzT)~1
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= min (O, 2 — 2)°

2€2\zx 2||Z - Z*H%erx v(z)a(z)zz )1

EU)].

Rearranging, and applying the identity Ex, [o(X)XX "] =3 _ 1 v(z)a(z)zz ", the above implies that

2[|z — 2l -
E[U] > max Exny [((X)XXT] 7
2€Z\z« <9*, Zy — Z>2

log(1/2.40).

Noting that the total expected number of labels is equal to
E[L] = ) E[L,] =) Ef]a(z)v(z) = EU] Ex[a(X)]
TEX zeX

we conclude that

E[£] > min  EU] Exla(X)]

a:X—[0,1]

— 2|l .
subjectto E[U] > max Ex~uv[a(X)XXT]-!

2€2\{z.} (0,, 22 — 2)2 log(1/2.49).

The second bullet point result follows by denoting « as P and applying Proposition 4.

C.2 Selective Sampling Algorithm for Known Distribution v

C.2.1 Proof of Theorem 11, upper bound

At each round ¢ we assume an implementation such that ﬁg, ) B, < OPTIMIZEDESIGN(Zy, 2t T) returns

the solution of Equation 4.3 with e = 27¢, essentially. More explicitly, let ¢, := 27¢, B < oo such that
max,ex |(7,0x)| < B, and o < oo such that E[(ys — (0., x5))?|zs] < o2 If

Bs. == 16(B” + o) log (2(*| 2|2 /)
then ﬁg = Py where

. . HZ - z/H[% P(X)XXT]—-1
Py := argminp, y_, [ 1] Ex~ [P(X)] subject to 32@2 xwe[; (X) ] Bsy <1
’ L

and S5 = Ex, [P(X)X X ]
We first provide an intermediate lemma on the correctness of Algorithm 4.1 that relies on the feasibility
of P, which we will show shortly.

Lemma 35. With probability at least 1 — § we have for all stages ¢ € N such that Py is feasible, that z, € 2
and max,cz,(z« — 2, 0x) < 4eq.

Proof. Define the event & as
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By Lemma 36, we know that P(£) > 1 — §. Then, the rest of the proof is the same as the one in (Fiez
et al., 2019), but we include it here for completeness. Assume that £ holds. Then for any 2’ € Z,

<Z/ _ Z*,é\[ _9*) + <Z/ _ Z*,0*>
<Z/—Z*,§g—9*>
<e€

(2 — z*,é})

so that z* would survive to round 2, 1. And for any z € Z; such that (z* — z,0%) > 2¢,, we have
max (' = 2, 00) > (2" — 2,0,)
= (2" — 2,0, — 0) + (2" — 2,6%)
> —€p + 2¢
=€

which implies this z would be kicked out. Note that this implies that max.cz, (2" — 2,0%) < 2¢ =
46[4_1. ]

We can now prove Theorem 11. After L := [logy (% )] rounds Z; = {z.} by the above lemma. Thus, the
total number of labels requested after L rounds is equal to £ := ) 5:1 Zf;(g_l)T +1 Qe(w¢). By Freedman’s

inequality (c.f., Theorem 1 of (Beygelzimer et al., 2011)) we have that

T L

L
> Qu(y) <2 TEx[Pe(X)| 2] + log(1/6)

(=1 t=(b—1)7+1 =1

We can now bound the expected sample complexity of this algorithm.

L
> TExw[Po(X)| 2]
=1
L Iz — Z/HI2E1 [rP(X)XXT]-1
— Z min  7Ex.,[P(X)] subjectto  max A Bse<1|.
— P:X—[0,1] z,2'€Zy €

Using Lemma 37, we have

Iz — 2'||2 - Iz — 2'[I3 -1
max IEXN,,[QTP(X)XX ] Bs¢ < Bsp max EXNV[QTP(X)XX ]
2,2/ €2y € 2,2/ €2y €
1z — 2l P(X)XXT]-1
< 64 max X [TP(X) ]
B ﬁ67L 2€2\ 2z« <Z — Zx, 0*>2
2
—. max Il — z*HlExNu[TP(X)XXT]*lBa
) 2€2Z\zx <Z — Zx, 9*>2

Note that the last line also describes a condition for which a P, is feasible. Indeed, at round ¢, a suf-
ficient condition for a feasible P (i.e., the RHS < 1) is if 7 exceeds p(v)Bs with 35 := 1024(B? +

llz—2x12 _
0?)log(2L?|Z]?/6) and p(v) = max,cz\,, <ZE_XZ:”9[S§T] ", which holds by assumption in the theo-
rem.
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Plugging this constraint back into above we have

ZTEXW Pi(X)|Z]

||Z_Z*||]2E P(X T1-1
< in  TEyx,[P(X biect t X [rPOXX T <1
<D |pmin TEx[P(X)] subjectio  max ——— BT NaT——p; <

< L min p(A\)Bs subjectto [|A/v|lecop(N)Bs < T
AEAy

where the last line follows by applying the reparameterization of Proposition 4.

High-probability Events
Lemma 36. We have P(£) > 1 — 0.

Proof. Forany V C Z and z, 2’ € V define
Eoere(V) = {l(z = 2,0,(V) — 0.)] < &}

where é\g(V) is the estimator that would be constructed by the algorithm at stage ¢ with Z, = V. For fixed
Y C Z and ¢ € N we apply Proposition 3 so that with probability at least 1 — ﬁ we have that for any
2,2 eV

(2 — 2, gE(V) — 0| <z — Z/H]EXNV[TPZ(X)XXT]*l \/16(32 + 02) log (202 2]2/0)
<€

Noting that £ := (2, (., ez, £2.2¢(Z¢) we have

U U €20y | <

l=12,2"€Z

( 2 e(Z0)}
Z]P U {gzz’é )} Ze =

VCZ z,2'€V

P U {gz 2! Z P(Z,=V)
(=1 VCZ z,2' €V

= 1%
SZZ@Q\%P |2 P(Z,=V)
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C.2.2 Technical Lemmas

The following definition characterizes the RIPS estimator we used in Algorithm 4.1.

Definition 7. Let X1,...,X,, be i.id. random variables with mean % and variance v?. Let § € (0,1).
We say that [i(X1, ..., Xy) is a 0-robust estimator if there exist universal constants c1,co > 0 such that if
n > c¢11og(1/0), then with probability at least 1 — &

~ _ v2log(1/4)
[E({Xetz) = 2] < co\f — =
Examples of §-robust estimators include the median-of-means estimator and Catoni’s estimator (Lugosi and
Mendelson, 2019). This work employs the use of the Catoni estimator which satisfies |({X;}}_;) — 7| <
jf;foigg((ll% for n > 2log(1/d) which leads to an optimal leading constant as n — oo. See (Camilleri

et al., 2021a) or (Lugosi and Mendelson, 2019) for more details.

Proposition 3. Let z1, . .., x, be drawn IID from a distribution v. Assume that |(0,z5)| < B and E[|(0, z4)—
ys|?] < 0% Let P : X — [0,1] be arbitrary. Let Q(xs) ~ Bernoulli( P(x)) independently for all s € [n).
For a given finite set V C R? define for any v € V

Wy = Catoni({<v,EXN,,[P(X)XXT}_lQ(xs)xsys>}?:1).

If 0 = arg ming max, ol [y = (9:0)] and n > 4log(2|V|/0), then with probability at least 1 — 9, it
X

P(X)XxxT]—1
holds that

~vl

(0,6 = 0)] < [vllgy ., mpe)xxT-1 VI6(B2 + 02) log(2[V]/9)

Proof. Inspired by (Camilleri et al., 2021a), we note that

[(0,v) = {0,v)] (0, v) — wy + wy — (0,0)]
max = Imax
veV vllgy mpyxxTr eV [VllEg o mp(x)x XTI
e O —wi = (9,0
veV HUHIEXN,,[nP(X)XXT}—l veV HUHEXN,,[nP(X)XXT}—l
= min max (6, v) — w,l -+ max el G
0 vey HU”EXM,[nP(X)XXT]—l vey HU”EXM,[nP(X)XXT]—l
< 9 max (0, v) — w,|

veV V|l g, () x x T

So it suffices to show that each |(8,v) — w,| is small. We begin by fixing some v € V and bounding
the variance of v Ex.,[P(X)X X "]7'Q(zs)xsys for any s < n which is necessary to use the robust
estimator. For readability purposes, we shorten E, ., o(z,)~P(z,) @ Ez, @ In the rest of this proof. Note
that

VarmsNV,Q(ws)NP(ms)(UTEXNV[P(X)XXT]ilQ(JUs)fs?/s)
:E:rs,Q[(UTEX~V[P(X)XXT]ilQ(xs)l‘sys)ﬂ
- Ems,Q[UTEXNV[P(X)XXT]_IQ($S)xSQS]2
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which means we can drop the second term to bound the variance by
2
Ev.ql((0 Exm [P()XX T Q(, )y ) |
2
= Ep. ol (v Exu [P XX T Q()ay (2] 0+ €,)) |
2
= E,. ol (v Ex [P(X)XX 7' Q(w )y (2]6)) |
2
+ e ol (v Exa [P XX T Q(a)a,) €]
2
< B%E,, [ (v Ex [P(X)X X7 Q(w,)z,) |
2
+ 0By, ol (v Ex [P(X)XX T Q(w), ) |
= Ep. |(B2 + 09)Bq(e,)mp(on) [0 Ex s [P XX T Q()0,0] Qo) Exns [P(X) X X710
C By [(B2 + 0% B gy (e [0 Ex s [P(X) X X7 Q)] B [P(X) X X T 710
gE%M{Uﬂ+U%JEXMM%XLKYWAP@@mﬂD&“APuﬁXXW_%ﬂ,
where we used that Q(z5)? = Q(x;) in equality (i) above. Thus, we have
Var(v Ex [P(X) XX T]71Q(s)75ys)
<(B? + 0?0 (Exaw[P(X)XX | By, [P(25) 752 (Exaw [P(X)XX T o
=(B" + ") lv ey, ooy xxm
By using the property of Catoni estimator stated in Definition 7, we have ¢y = v/2 and
(0, v) — wy
=|Catoni({{v, Ex~y[P(X)XX ] Q(s)sys) Yomy) — El(v, Exos [P(X) XX 1] Q(xs)2sys)]]
log(3)
n/2
(with probability at least 1 — § if n > 41og(2/4))

gﬁ\/ (Var((v, Exp [P(X) X XT)71Q(25)75Ys)))

4(B? + o?) log(%)
SH”H(]EXNV[P(X)XXT}*l n

=[[vllgy ., mpx)xxT]1 VA(B? + 02) log(2/9).

Finally, the proof is complete by taking union bounding over all v € V. O

Lemma 37. Holds

Iz — 2| 1= 2 — 2l -1
Xen[TP(X)XXT]-1 Ex o [TP(X)XXT]

max < 64 max
2,2/ €2y 6% B 2EZ\ 2z« <Z — Rx, 9*>2

Proof. Let Sy ={z € Z: (2. — z,0,) < 4¢;}. We have

/(12 /(12
e |z -2 HIEXW[TP(X)XXTr1 < max |z —2 H]EXN,,[TP(X)XXT]*
z,2'€2Zy 6% z,2' €Sy 6%
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2

=16 max I=— Z,H[EXNV[TP(X)XXT]j

2,2/ €Sy (466)2

2

< 64 max ||Z B Z*HEXNV[TP(X)XXT]fl

z€Sy (4€€)2

2

= 64 max Iz~ Z*HEXW[TP(X)XXT}H

2€8,\z. max{(4es)?, (z — 24, 0,)%}

[EREAE T-1
< 64 max ]EXNV[TP(X;XX It
2€2\ 2 (z — 24, 04)

O
Reparameterization
Proposition 4. Fix v € Ay and any A\ € Ay. Define |\/V|oo = sup,ex AMx)/v(z) and p(A) =

llz—z|2 _
max,£,, <i’j ;f;j;ﬁ] " For any t, 8 € R the following optimization problems achieve the same
value
e min tEx.,[P(X)] subject to max 22l tpon ot B<t
s / el (o202 =

* min p(A)B  subjectto || A/V|oop(N)B <t
AEAy

Let us first prove a simple lemma.

Lemma 38. Let P denote the set of all functions P : X — [0,1]. And for any v € A x with support X let
P ={rXs/Vz : AN E Nx,k>0: kN /v, €[0,1]}. Then P =P

Proof. Fixany P € P.If \, = P,v,/||Pov|iand k = ||Pov|; then k)\/v € P’ and is equal to P. This
implies P C P'.

For the other direction, fix any A € Ay and x > 0 such that k\; /v, € [0,1] for all z. If P = rk\/v
then P € P which implies P’ C P and concludes the proof. O

Proof of Proposition 4. Using the above lemma we have that

Iz =

| _
min tEx.,[P(X)] subjectto max Ex oy [POXXT] 7

<t
P:X—[0,1] 2# 24 (25 — 2,04)? =

is equivalent to

12 = 2l o o xx
. . ~UV <
Hzég\lél&x tEx~,[kA(X)/v(X)] subject to rzgix (o — 2,02 B<t

rA(z)/v(z) <1 VeeX

which is equal to, after simplifying,

. . HZ_Z*|’I2EX~/\[XXT]71
min ¢tk subjectto max
k>0, €Ay 2F£ 2y <Z* — Z, 0*>2

p <tk
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kXz)/v(z) <1 VreX
which is equal to

min u  subject to ANE < u
u>0, €A x ! pPNB =

t
AV|oo < —.
A/l < -

Note, there exists a feasible (\, u) precisely when there exists a A € Ay such that || A\/v|.cp(A) < ¢, in
which case the optimization problem is equal to

min p(A)S  subjectto  ||[A/v|cop(N)B <t
AEAx

C.3 Analysis of the Optimization Problem

C.3.1 Proof of Theorem 13

For simplicity, we will use u instead of y; to denote the number that controls the intensity of barrier function.
The proof relies on analyzing another function D : R‘if)d — R. For simplicity, first, we define

ha(z) = Py(z) — p (log(1 — Pp(x)) + log(Pa(x))) — Pa(x)z " Ax. (C2)

Recall that our dual objective is D(A) = Ex., [ha(X)] + C% > ey, y' Ayy. Since the first term in
(4

Ex~y [ha(X)] only depends on A =) Ay, we can consider the following optimization problem.

JISRZ)

J(A) = maxy, Zyeyg y Ay
subject to Zyey[ Ay=A (C.3)
Ay =0, Vy S yg.

Then, the alternative dual objective D(A) is defined as D(A) = Ex ., [ha(X)] + C% f(A). We can immedi-
(4

ately see that maximizing D(-) is equivalent to maximizing D(-). In particular, let A* € argmax,, o D(A)
and (AZ)yGyg be the set of PSD matrices that solve problem (C.3) and evaluate f(A*). We can see that

(AZ)yeyl also maximizes i)() Conversely, for A* = (AZ)yGyg € argmax, .oy, D(A), we also have
> ey, Ay € argmaxy, o D(A).

Further, we also define their empirical version D and Dy with extra i.i.d. samples 1, ..., T, as
Dp(A) 1zu:h( )+1Z TA d Dg(A) 1zu:h( )+1f(A) (C.4)
= - T - an = - T - . .
FE u o A\Lq C? yeyey yY E u g A\Lg C?

Recall that the problem Algorithm 4.2 tries to solve is

ming Ex [P(X) — ulog(1l = P(X)) + log(P(X)] s
subject to Ex~, [P(X)XXT] = Lyy™, vy € . (C.5)

We will restate a more precise version of Theorem 13 and then prove it.
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Theorem 23. Suppose ||z||, < M for any x € supp(v) and ¥ = Ex~, [XX ] is invertible. Let

A* € argmax, .oy, D(A) and k(X)) = /\mai"((z)) be condition number. Assume ||A*||p > 0 and de-

fine w = minpegap) =1 Ex~v [(XTFX) }, where S is the set of d x d symmetric matrices. Let

4
VI CE = & Sy, ol
Then, A* = Zyeyg A} is unique. Further, for any € > 0 and § > 0, suppose it holds that

3k(2) ||A* M2 1 4 1
< i [N e oy L
8 2V/3

_ 2885(2) [ HA*H%M4<M4+O§> (2[|A% ] M2 + 1) log(6/6) <1+6>2
= w26

€

€

_ ST6R(Z)? A5 M® - (2]|A%p M + 1) log(6/0) (1 + e)2
= w26

Then, with probability at least 1 — 9, Algorithm 4.2 will output A that satisfies
-1
* Y Exe [PR(X)XXT] y<(14ecf, Vye.
e Ex~ v [PT\ (X)] <Ex-v [ﬁ(X)} + 4./11, where P is the optimal solution to problem (C.13).

Proof. First Bullet Point. Fix some ¢ > 0. Let A and corresponding A= Zye)}g Ay be the parameters
obtained by Algorithm 4.2 just before the re-scaling step, which means that at line 9 of Algorithm 4.2,
the assignment of Ay to each y € ), has been optimized by solving problem (C.3). That is, we have
D(A) = D(A) and Dg(A) = Dg(A). Let A and A be the ones after the re-scaling step. Then, by
Theorem 3.13 of (Orabona, 2019), with probability at least 1 — g, it holds that

D(A7) — D(A) = D(A") — D(A) < Reg(K +2\/2Klog 6/5

where Reg(K) is the regret of running projected stochastic gradient ascent for K steps with 7, specified in

Algorithm 4.2. Meanwhile, by Theorem 4.14 of (Orabona, 2019) also, we have Reg(K) = /282 \/2le Zyeyg 9K,y ||§,
. T
where B = +/|V| || A*|| » bound the norm of A* = (AZ)yeyz‘ Since g, = % — Py (zg) gz, we can

easily get ), .y, 2 <20V M+ % > yey, Iyl = 2| Vel M* + 2|V C?. Thus, we have
Reg(K) < 2|Vl A" %/ 1Vel M1+ %4 C2 - VE = CregVE (C.6)
_ o Cheg +2/210g(6/5
— D(A) - D(h) < LRes ﬁog( /9 (C.7)

We now consider the effect of using w i.i.d. samples in the re-scaling step. First, since re-scaling always
increases the function value, we must have Dg(A) < Dg(A). Meanwhile, since D(A) = Dg(A), by
Lemma 44, we have D(A) = Dy (A), which together implies DE(A) < Dg(A).

By Lemma 39, we know that A* is unique and as long as p < 3 \/g’ D(A) is G-strongly concave with

respect to £ norm over S = {A > 0: ||A||p < 2||A*||z}, where G is defined in Eq. (C.14). Thus, by
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Lemma 45, if K is large enough such that

E(A*) _E(A) S CReg+2v 210g(6/5) S GHA ||F7
VE 2

- < ||A*|| 7, which implies HAHF < 2||A*|| . That is, A € 8. Then, under this condition,

then HA — A"
by using Lemma 42, when p < % |A*|| M* and

65(3) [IA"| - M* (2 + /210g(6/0)) e

> :
u > G . , (C.8)
for A after re-scaling, with probability at least 1 — %, it holds simultaneously that
Dr(A) - DA)| < Gp? and |Dp(A) — D(A) Gp* ‘ (C.9)
L = 3M2K(S) 14 F = 3M25(S) 1+e ‘
— D(A*) = D(A) < D(A*) — D(A) + D(A) — D(A)
< D(A") -~ D(A) + D(A) ~ Di(A) + De(A) — D(A)

(Since Dg(A) < Dp(A))

2
< CReg + 2\\//731%% + 2Gp € (By Eq. (C.7) and (C.9))

3M26(Z) 1+4€

Since A is a smaller re-scaling of A, we have A € S, which implies § HA* - KHF < D(A*)—D(A) by
property of strongly concave function (Bertsekas, 2009). Therefore, by Lemma 46, to guarantee an at most
e multiplicative constraint violation, it is sufficient to choose K such that

G - _ _

- * < *) —

- | AHF < D(A*) — D(A)
< CReg + 24/21og(6/0) N 2G 12 €
- VK 3M2k(X) 1+e€

: AGp® e GANg
< .
= T { 3M2e(Z) 1+e 2

4G 2 € \/3N(2)||A*|| M2
= . . If o < o/ 28220 Tpf77 | 1te
3M2k(X) 1+e€ ({fp = 8 )

An algebraic rearrangement gives us

. 31 () M2 (CReg+2\/210g(6/5)) 14e
> .
- 2Gp? €

(C.10)

Second Bullet Point. We then prove the upper bound for primal objective value Ex .., [PX(X )] , which

explains the reason why an extra re-scaling step is needed. Define g(s) = Dg(s - A). By construction, we
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know that g(s) is maximized at s = 1 because A = s*- A, where s* = arg maXe(o,1] Dg(s-A). Therefore,
we have ¢’(1) > 0, which in turn gives us

QZy AyffZP~ ;)T TAz; > 0.

€ yey,

By the concentration inequality in Lemma 42, we know that when

2|1 M2 (A7 M2 4 /210 (6/9))

u> 7 : (C.11)
with probability at least 1 — %, it holds that
1 u
Exo [PA(X)XTAX} — =" Paei)a] Az| < Vi
u
i=1
.

7 Z y Ay — Exo [P~(X)X AX] + i > 0. (C.12)

¢ yey,

Now, let P be the optimal solution of problem (C.13) and P be the optimal solution of the same problem
with bound constraint 4 < P(z) <1 —p

minp Ex, [P(X)]
subjectto y Ex~, [P(X)XXT]‘1 y<ci Vyel, (C.13)
0<Plx)<l—p, VYVrxelX.

Then, we can notice that

Ex~v [PK(X)]
<Ex~, [P5(X) — u(log(1 — Py(X)) + log(P5(X)))]
<Exn~y [PK(X) — p(log(1 — Px(X)) + log(P;(X)))]

7 Sy Ry — Exey [Pr(0OXTAX] + v (By Eq. (C.12))
“ yeYe
= iII})f L(P, 1~X) + i (By definition of Lagrangian function and how we solve for Py)

< fL(P,A
o max ) EL(PA)+ i

Ex [P (X) — pu(log(1 — Pa (X)) + log(Pa- (X)))] + v/

<Ex~, [P(X) — plog(1l — ]S(X))] wlog ( (X )) + /i (Since P is feasible to problem (C.5))
<Exv [P(X)] + 31, (Since —alog(a) < y/afora € (0,1))
<Ex-. []5(X )] +4/1. (Since P(x) can have at most 1 more contribution than ]3)

Therefore, in summary, Suppose K and u satisfy conditions specified in Eq. (C.10), (C.8) and (C.11)

and ;¢ < min {\/W e, g |A* )5 M4 }, where CReg and G are defined in Eq. (C.6) and

72\f
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(C.14), respectively. Then. by applying a simple union bound, with probability at least 1 — §, the output
of Algorithm 4.2 A satisfies y' Ex., [P(X)XXT]_1 y < (1+€)ci,Vy € Yo and Ex, [P;(X)] <

Ex.oy [ﬁ(X)} + A /R. O

C.3.2 Relevant Lemmas

Strong Concavity of D(A)

=, D(A) is G-strongly concave with respect to {3-norm on the bounded
| *|| o} with coefficient

Lemma 39. As long as p < 2
region S = {A = 0:||Al|p <2

—3

2
a min Ex., {(XTI‘X> } . (C.14)
2(2||A*]| M2 +1)? ' Pesi: 7| p=1

Because of this, as a corollary, A* will be unique.

Proof. By Lemma 40, since f(A) is concave in A, it is sufficient to prove that Ex ., [ha(X)] is G-strongly
concave on S, where h (z) is defined in Eq. (C.2). Then, we have

~V2Ex [ha(X)] = Exon [A(X)Vec (XXT> vec (XXT)T] .

dga
Since ||z|, < M, for any A € S, we have gp(z) = ' Az — 1 < 2||A*||p M? + 1. By Lemma,
48, we know that if 12/QL2 < (2 ||A*||F M? + 1)2, which can be done by choosing y < ﬁ, we have

dPy > K
dga(x) = 2@ 1) for any x € X and A € S. Therefore, we have

V2B [ha(X)] = 7 - Exon [vec (XXT) vec (XXT)T]

Now, let S be the set of all d x d symmetric matrices. It is obvious that S is a subspace of the vector
space of all d x d matrices and S C S. Thus, by applying Lemma 41, we can conclude that Ex ., [ (X)]
is G-strongly concave on S with respect to £5 norm and

H T T ™"
min  vec(I') Ex., |vec XX " )vec XX vec(T)
2(2 || A*]| p M2 + 1) ' Pesd:|T =1
2
= a min Ex~, [(XTFX> ] )
2(2[|A*|[p M2+ 1)° restir] =1

Thus the proof is complete. O
Lemma 40. f(A) defined in Eq. (C.3) is concave in A.

Proof. To show its concavity, consider A(l) > 0, A¥) > 0 and some v € (0,1). Let (Ag(/i))yeyg be the
optimal solution obtained by evaluating f(A®) for i € {1,2}. Then, we can notice that

YFAW) + (1 =) fAD) =4 >y TADy + (1 -7) Yy APy

SN yeVe
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=Y yT (AP + (1= y)AP)y
IS

< f(yAW + (1 —7)A®).

The last inequality above holds because } 5, Az(/i) — A® fori € {1,2} and thus D yev, (’yAg(Jl) +(1- 7)A52)> =

~A® + (1 = 4)A®, which means that (yASY + (1 — fy)Ag))yey/Z is a feasible solution for problem (C.3)
with parameter YA 4 (1 — ) A(2). Therefore, we can conclude that f(A) is concave in A. O

Lemma 41. Let f : R? — R be a convex and twice differentiable function in R%. If for some subspace
S C RY, we have Milye s: ||, =1 wTV2f(z)w > o >0,V € S, then f is o-strongly convex with respect
to Y9-normon S.

Proof. Suppose S has dimension m and let vy, . .., v, be a set of orthonormal basis that span S. Then, for
each z € S, there exists unique z € R™ such that z = Vz, where V. = [v; ... wvy,]. Thatis, there is
one-to-one correspondence between S and R™.

Now, we define g : R™ — R as g(z) = f(Vz). Itis easy to compute V2g(z) = V V2 f(V2)V. Then,
notice that for any w’ € R™ such that |||, = 1, we have Vw' € S and |[Vu'||y, = VW' TV VW =
vVw'Tw' = 1. Thus, we have

min W' Vig(2)w' = min W VIV (V)
w' €R™:||w’ || ,=1 w eR™:||w'|[,=1
= min w' ViV2)w>o.
weS:||wlly=1

Therefore, g is o-strongly convex with respect to {2 norm. Then, for any x1,x2 € S, there exists unique
21,22 € R™ such that 21 = V21 and 29 = V' 2o. Notice that ||z — 22|, = [|x1 — 22|, since V preserves
the norm. Further, by definition of strong convexity, for any « € [0, 1], we have

glazi + (1 —a)z) + %04(1 —a) |21 — 223 < ag(zr) + (1 — a)g(z2)
= faVz1+ (1 —a)Vz) + ga(l —a) |z — 223 < af(Var) + (1 — o) f(Va)
— Flom + (1 - a)ea) + Za(l - a) o — ol < afer) + (1 - o) (za).

Thus, f is also o-strongly convex with respect to £ norm on S. O

Concentration Inequalities

Lemma 42. Let x1,...,7, ~ v be i.i.d. samples. IfHAHF < 2[A*| g |lz|ly £ M for any x € X and

p< 3 |A*||% M*, then with probability at least 1 — %‘5, it holds for any A € © = {s A:selo, 1]}
simultaneously that

v 2[|A*|| o M? (24 \/210g(6/6)
EXNV[hA(X)]_%ZhA(xi) - F (ﬁ\/T)
=1
. 2[|A* || M2 (A" M2 + pr/210g(6/9)
e [PAOOXTAX] < L3 ol < ( o /21679,
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Proof. To prove the first inequality, first, notice that we have hp () = — Py (z)ga(z)—p (log(1 — Py(z)) + log(Pa(x))),
where ga (z) = 2T Az — 1. Since Py (x), defined in Eq. (4.7), explicitly only depends on ¢ () instead of

directly, we can treat h as a function of g5 and define a function class F = {x ol (s- A)a: :s€[0,1] }

It is well-known that if hy is L;-Lipschitz in gz and |hp(x)| < R for any A € © and = ~ v, then, with

probability at least 1 — g, it holds simultaneously for all A € © that (Bartlett and Mendelson, 2002; Mohri

et al., 2018)

1 — 21og(6/9)
Ex~ [ha(X)] — — ha(z;)| <2L1 - Ry R\ ———"—=, C.15
‘X [ha(X))] u; INED) 1 Ru(F) + By " (C.15)
where R, (F) is the Rademacher complexity of F.
To find L;, we can compute
dhp d Py dPy ( 1 1 )
T = — 7 4An — A - - 5
dQA dQA dQA 1— Py Py
dP, dP,
— A qgrn — Py + “TA gA (Since P, satisfies Eq. (4.6))
d-ga dga

Therefore, we have ih/‘ € [ 1, —%] by Lemma 48. Therefore, we can set L1 = 1.

Let hg be the value of hy when g4 = —1, which means xTAz = 0. To find R, notice that since

?122 € [—1, —%] we must have —gp + hg < hpy < —%q/\ + hg. By Lemma 48, we know that hy €

[0,2/7]. Therefore, we have —z" Az < hp(z) < —42TAz + 3,/f forany 2 € X and A € ©. Since
Al < [A] < 2170 5. we have [a ()] < 2 [A%] M = Ry, which holds when i < 3 ||A%]3 M.

Then, by Lemma 43, we know that R, (F) < W Thus, plugging in values of L1, R; and R (F)

into Eq. (C.15) gives our first concentration inequality.

We can basically follow exactly the same strategy to prove the second concentration inequality. In
particular, define iLA(x) = Pp(x)x" Az = Py(x)qa(x) + Pa(z). Then, with probability at least 1 — g, it
holds simultaneously for any A € © that

. 1 < 21log(6/6
Exay [a(X)] = = D ha(@)| < 2L - Ru(F) + Ry 210g(6/9) (C.16)
u U
where ‘BA(CC)‘ < Ryforanyz € X, A € © and hy is Ls-Lipschitz in g .
To find Lo, we can compute

dh dP,
A Py A 2T Az,
dga dgr

By Lemma 48, we know that dP A € [O, 8#} Thus, we have ‘dh" <1+ % = L. Itis obvious that

ha(z) < 2||A%|| M? = RQ. Thus, by plugging the values of Lg, R2 and R, (F) into Eq. (C.16), we can
obtain the second concentration inequality.

Finally, both concentration inequalities hold simultaneously with probability at least 1 — %5 by a simple
union bound. O
Ex~ [XTAXP?] - 2A*| oM

u - Vu

Lemma 43. IfHAHF < 2||A%| > Wwhere F =

> then, we have R, (F) <
{x = (s-Nx:selo, 1]}
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Proof. Let o1, ...,0, be i.i.d. Rademacher random variables, which are uniform over {—1,+1}. Let
Z1,...,Ty ~ v beiid. samples. Then, by definition of Rademacher complexity, we have

(By definition of F)

a1 R n ~
0 EE [1 {Z UimZTAxi > O} ZUMZTAM
=1 =1
1 u
1y [
u .
=1

2
u
E <Z al:z;r/&xz> (By Jensen’s inequality)

IN

] Az

IN
NS

S

— —
E Z (.%‘IA.I'Z) (Since 0;’s are i.i.d. and E [o;] = 0)
Li=1

Rl G P

u - Vu
Here, the equality (i) holds because when ;" ; aia:in\a:i < 0, the supremum over s € [0, 1] will be
obtained by taking s = 0; otherwise, it will be obtained by taking s = 1. O

Other Lemmas

The following lemma basically shows that f(A) is linear in scalar multiplication.

Lemma 44. If Dp(A) = Dp(A), with A = 37 ), Ay, then, for any s > 0, it holds that D(s - A) =
Dpg(s- A) where D, and D, are defined in Eq. (C.4).

~

Proof. It suffices to show thatif ) y'Ayy = f(A), then D yev, y' (s-Ay)y = f(s-A) forany s > 0.
By definition, we have

f(s- A) = maxy, Zyeyé ?/TAyy A

subjectto > oy Ay =s5-A
Ay = 0, Vy S yg.

For the above optimization problem, we can do a change of variable by setting A; = %-Ay == Ay = s-A;.
Then, we have

f(s-A) = maxa, D_,cy, y'(s- Ay A
subjectto >,y s+ Ay =s-A
s-A, =0, Yy
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— f(S . A) = maXAy S Zyey[ ;JA
subjectto  >- ) Ay = A
N=0, Vye

— fls-A)=s-f(A)=s- D y A= y'(s-A

yEVe yeVe

Thus, the proof is complete. O

Lemma 45. Let f : R? — R be a concave function with maximizer x* over the convex set C. Further, as-
sume that f is G-strongly concave with respect to {3 norm in region SNC, where S = {z : ||z — z*||, < A}.
If f(z*)— f(z) < % andc € C, thenx € S.

Proof. By property of strong concavity, we know that, f(z*) — f(z) > g |z — a*||, forany x € SNC.
Now, suppose ' satisfies f(z*) — f(2') < A#, 2’ € Cand 2’ ¢ S. Then, we must have ||z’ — z*||, > A.

Lety € (0,1) be some number such that z = vz’ + (1 — )z* lies on the boundary of S. By convexity,
we also have z € C. Then, since f is concave, we have f(z) > ~vf(2') + (1 — ) f(z*) > f(2'), where the
second inequality is strict because f is strongly concave in a region around z*. Since f(z*) — f(2') < A—ZG,
f is G-strongly concave on S and z lies on the boundary of S, we have

B = T le -l < 7 - 1) < ) - S <

This is a contradiction and thus we must have 2’ € S. O]

The following lemma quantitatively describes how close A and A* needs to be to ensure an at most €
multiplicative constraint violation.

Lemma 46. Assume ||z||, < M foranyx € X. Let © = Ex., [XX "] = 0and A* = argmax,, o D(A).
Then, for any € > 0, if we have

8162 Amin (X) €
F = 3M2\pax(X) 1+¢€’

HK—A*

then it holds that y " Ex ., [PK(X)XXT] -1 y < (1+€)c? forany y € V.

Proof. Fix some € > 0. First, notice that if we regard Py as a function of g (z) = 2" Az — 1, it then holds

that
dPA

dgp

M2
=S

[VAPA ()], = AQA(x) M?

)

H dPy

dP,

=[5
xx

H dga

where we obtain the last inequality by using Lemma 48. Therefore, for any x € X and A = 0, we have
2 A *
[Py(@) = Pa-@)] < 4 - [A -]

by mean value theorem and Cauchy-Schwartz. inequality.

Therefore, if we have HK — A* ’F < §, then
M25 M25
| Px(z) — Pa-(z)| < — Pile) 2 Pae(o) = -
T T M25 T
— By [PROOXXT] = By [P (X)XXT] - s xx7].
7

189



By Lemma 47, we know that

T

-1
T 3 T < 2 3 T WY ' ‘
Y Exay [PRX)XXT| gy < (1 +6) = Exuy |[PR(X)XXT| = T (C.17)

Let X* = Ex~. [PA* (X)XX T]. Therefore, to guarantee the condition in Eq. (C.17), it is sufficient to

T . . .
guarantee that X* — Né—ffﬁl = Y which is equivalent to

(1+e€)c2’
M26 T,)\2
w! S*w — w! Yw > (;Uiy), Vunit vector w € R?
8u c;(1+e)

1 T M?25§
= = w' [ T* - % w > ——, Vunit vector w € R%.
w' Xw (1+e)c; 8
Therefore, it is sufficient to choose § such that
T T

M?5 1 Yy 1 T vy
< min (2F— 52— | < mi : D L AR
81 Amax(D) m< c§<1+e>> = wilwly=1 wTDw +ag)"

Since Py~ satisfies the constraint defined in problem (C.5), we have >* > yi’;. Meanwhile, by Lemma

(4
48, we know that Py~ (x) > % for any x € X, which means that X* > % - 2. That is, for any unit vector
w € R?, we have

T \2
w
fwTE*w > ( 2y) and ’LUTE*’U) > g)\min (E)a
C
{4

A } Therefore, it holds that

(wTy)Q} C(wTy)”

T H
Sw— L > B (2
w w (1+6)C%_max{3 mln( )7 Cg (1+6)C§

T \2 T \2
— max{ 2 (%) — (w y)z,e(w y)2
3 (1+e€)c; (1+€)c
EQ
> “ Amin (X
~3(1+¢) (=)
T
* vy el
— >\min ¥ — > ')\min ).
( c§(1+e)> 3(1+¢) (%)

Therefore, to guarantee the condition in Eq. (C.17), it is sufficient to have

MZ(S . G,U)\min(Z) _ 8M2/\mm(2) €

f— e .
8 3(1+ ) hmax(D) AT VE3 W 65) B

Thus, the proof is complete.

The following lemma is a result of standard Schur complement technique.
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Lemma 47. IfEx ., [P(X)XX "] is invertible and c; > 0, then

-1 T
Y Exy [P(X)XXT] y < <= Ex., {P(X)XXT} -
7

Proof. For simplicity, let A = Ex.,, [P(X)XX "] - 0. Then, we consider the block matrix [;r yQ] €

R+ x(d+1) 1 et [u a T € RH1 with u € RY be some vector.
Now, for one direction, suppose yTA_ly < c% holds. Consider

[u al {yf}r Cy%} [Z] =" Au + 2au'y + 2c2a® = r(u, a).

If we minimize r(u, a) over u, which means to treat a as fixed, we can get (by taking gradient and setting it

to zero)
*

uw = —aA"ly = r(u*,a) = a2(c§ — yTA_ly).

) ) T
Since y T A~y < c?, we know that r(u*, a) > 0, which means 7(u, a) > 0 for any [u a] € R+,
Then, if we minimize r(u, a) over a, we can get

T \2

u
a*:—u:r(ua) uTAu—( y)
c i

T N2
Since r(u, a) > 0 for any [u a] T € R, we know that u " Au — % > 0 for any v € R% That is, we
14
have A > %
e

The other direction simply takes the above calculation in a reversed way and thus the proof is complete.
O

Properties of Py

A visualization of P, is given in Figure C.1.

Lemma 48. The function Py (x) defined in (4.7), if regarding as a function of qp(x) = 2" Az — 1 > —1,
satisfies

o limg, 0 Pr = & forany p € (0,1)

« Whenqy = —1, Py = 5+ p— 1+4 > & and Py — p(log(1 — Py) +log(Py)) < 2./p for any
€ (0,1).
. APy my/ax+ap -2’ dPa 1 ]
i = g \/%TW decreases as qA increases. Further, ag € [0, SM] Thus, Py increases

monotonically as qy increases and Pp(x) > %for anyr € X and A = 0.

dp, dP
° dqu\\’CIA +1 > {5 and oy = 3% whenq > 12u2.
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Heatmap of Py (z) Py (z) with different p

2.0 1.0
1.0 1
L5
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10 ’
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—2.0 0.0 T T T T T T T
-20 -15 -10 -05 00 05 1.0 15 20 ~1 0 1 2 3 4 5

g (z) =2 Az —1

Figure C.1: (left) A heatmap of some P, when problem dimension is d = 2, which shows that P, is
approximately an O-1 threshold rule characterized by an ellipsoid. (right) A plot of Py as a function of
qa(x) = =T Az — 1, which shows that the change of Py near the boundary of ellipsoid is sharper when the
barrier weight p is smaller.

Proof. For simplicity, we will drop the subscript A and just treat P as a function of g. That is, we have

1 M%_¢@u—®2+ﬂm

Plg)=--E
(@) =3 . 5
We prove each bullet point separately.
* Since P(q) also satisfies Eq. (4.6), which in simpler form is %P(q) - % = ¢, we can easily see

that P(q) =  satisfies this equation when ¢ = 0.

* By direction computation, we can get P(—1) = % + - 7”—54“2. To show this is greater than £
for any p € [0,1], consider £(u) = P(—1) — &. It is easy to check that £(0) = 0 and £(1) > 0.

. ’ _ 2 2 C .
Then, since ¢'(y) = 3 o is initially greater than O and then smaller than 0, we know £(1)
first increases and then decreases on [0, 1]. Thus, £(x) > 0 on [0, 1] and thus P(—1) > & for any

w e [0,1].
For the second part, define #(u) = 2,/i — P(—1) + pu (log(1 — P(~1)) + log(P(—1))). Then, by

utilizing the fact that P satisfies Eq. (4.6), we can compute its derivative and get f}—fz = ﬁ +log(1 —

P(—1))+log(P(—1)). We can check that on the domain (0, 1), we have 37257 = SR —

— 2“3/2 E ,714-4“2 .

2/ (14+4p2)—4p3/2 —y /1442 . ;. . .
pFap®) Ay o < 0 on (0, 1), which means that g—ﬁ is monotonically decreasing. To see
2N3/2 /1+4M2 )

why the second derivative is smaller than 0, we can compute

<4,u3/2 ++v1+ 4p2) —dp (1 +4p®) = (1 - 2)? + 8132\ /1 + 4p2 > 0.

Thus, g—fz is initially greater than O anc} then smaller than O on (0, 1). Itis easy to verify that lim,,_,¢ (=
0 and ¢(1) > 0. Therefore, we have ¢(x) > 0 for any p € (0,1).
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2+4p2—2p2 . . . . . .
* We can get %—]; = EVT 21" by direct computation. To show it is decreasing as g2 increasing, we

q2 /q2+4'u2
. 3 4u2—2u2 " . . .
consider f(z) = BVERI 2T and it is sufficient to show that % < 0 for any z > 0. Again by direct

24/ z+4pu?

computation, we have

s )
dz 22 (2 4 4p2)*? ’

By direct computation, We can show that (z + 4,u2)3 — (83 + 3uz)2 = 23 4+ 3222 > 0 for any
z > 0and p € [0, 1]. Thus, % < 0 and thus % is decreasing as ¢? increases.

It is obvious that ‘é—]; > 0 for any ¢> > 0 and u € [0, 1] since we always have p\/q2 + 4u? > 2u2.
Thus, the maximum value could potentially happen is when ¢> — 0, which can be evaluated by using

L’Hospital’s rule. A direct computation gives us limg2_, % = i. Thus, we can conclude that
% € [0, i] Therefore, P increases monotonically as ¢ increases, which implies that Py (z) > %

for any x € X and A.

» By direct computation, we have fi%m:ﬂ = pu (1 — VﬁT;ﬁ) > <1 — %) > {5 for any

1 € [0, 1]. The reason is that we can easily see —=£— is increasing in /.

\ 1+4p2

Finally, notice that when 2t < 3+/¢? + 442, which is equivalent to ¢> > 124:%, we have

dP V@ + 4 =27 pV @ A = SV 4

3"

N e @+ Ap? 24

Thus, the proof is complete. O

C.3.3 An Alternative Approach to OPTIMIZEDESIGN

Based on the analysis in Section C.3.1, we know that maximizing D(-) is equivalent to maximizing D(-).

Therefore, as an alternative to Algorithm 4.2, which maximizes D(-) through stochastic gradient ascent, it

is natural to have an algorithm that directly maximizes D(-). Here, we will consider subgradient ascent.
Recall that D : S¢ — R is defined as

_ 1
D(A) = Exey [PACX) — u(log(1 — PA(X)) + log(Pa(X))) = PAC)XTAX] + 5 - F(A),
v
where f(A) is defined in problem (C.3). The subgradient of D(A) is
¥a) _ 1% O E T . T Of(A)
OD(A) =Ex., [(H— = Pa(@) Pa(X) X AX) VPA(X)—Py(X)XX ] +7c§
(The first term is differentiable)
= 8f(2A) —Ex., {PA(X)XXT} . (Since Py (X)) solves Eq. (4.6))
G
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Therefore, to run subgradient ascent, we only need to find an element in 0 f (A), which can be obtained
by solving the following optimization problem as claimed by Lemma 49.

minp (', A)
subjectto T'>=yy', Vye, (C.18)
L =<2y, vy’

As a result, we have Algorithm C.1 as an alternative to solve OPTIMIZEDESIGN. Compared to Al-
gorithm 4.2, which needs to maintain |),| d> number of objective variables, Algorithm C.1 only has d?
variables. However, each iteration of Algorithm C.1 is computationally more intensive since finding a sub-
gradient needs to solve the problem (C.18).

Algorithm C.1. Projected Stochastic Subgradient Ascent to Solve OPTIMIZEDESIGN

1: Input: Number of iterations &'; number of samples w; barrier weight p, € (0,1)
2: Initialize A® =0
3 fork=0,1,2,..., K —1do
4: Sample z; ~ v
5:  Solve problem (C.18) with current A¥) to get I'(¥)
6  Setgp =L — P T
: elgr = =2 ~Hiw (zk)zRT),
7. Set Akt « AK) 4 gy, where nj, = 1

k 2
V22 llgsllz

8: Update A*+1) HSi (A+1) | a projection to the set of d x d PSD matrices
o LetA = 3 AW B B
10: Find s* «— argmax,c|o 1) Dp(s - A), where D is the empirical version of D, evaluated using u i.i.d.

samples
11: return A = s* - A

A result similar to Theorem 23 can also be obtained for Algorithm C.1, which is given in Theorem 24.
The bounds are almost identical except that the old lower bound for K depends on |J/g]3 while the new one
depends on |))|. Steps identical to the proof of Theorem 23 will be skipped in the proof of Theorem 24.

Theorem 24. Let A* € argmax,, D(A) and take other settings the same as that in Theorem 23.
Then, A* is unique. Further, for any ¢ > 0 and 6 > 0, suppose it holds that

3k(2) IA*]| - M2 1 4 1
p < min V”(” L1 St L
8 e 9 2V/3

K>%MEWWHMMHMM@WWMMM“U%%W)C+ﬁ2
= w26

€

o DT6R(2)? |A%)|% M8 - (2| A%[| 5 M2 + 1) 1og(6/6) <1 +6>2

w2 b €

Then, with probability at least 1 — 9, Algorithm 4.2 will output A that satisfies
-1
© Y Exe [PR(X)XXT] y<(1+ec, Yyel

* Ex [P5(X)] <Ex [ﬁ(X)} + 4,/11, where P is the optimal solution to problem (C.13).
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Proof. First Bullet Point. Similar to the proof of Theorem 23, let A be the parameter obtained by Algorithm
C.1 just before the re-scaling step (line 10). Then, by Theorem 3.13 of (Orabona, 2019), with probability at

least 1 — 8, it holds that
_ — . R 2\/21(1 (6/9).
D(A) — D(A) < eg(K) + 0g(6/9)

where Reg(K) is the regret of running projected stochastic subgradlent ascent for K steps with 7 spec-

ified in Algorithm C.1. Meanwhile, by Theorem 4.14 of (Orabona, 2019) also, we have Reg(K) =

K % (k)
V2B2 D ket Hgk||§,whereB ||A || 7. Since gi, = —% Py (:ck):ckxg and HF(’“)HF <2 sze)&z yy

we can easily get ||gx||3 < 2M* + 3 > yey, lylly = 2M* + 8| V| C?. Thus, we have

Reg(K) < 2||A*|[5 /M4 + 4|V C} - VK := Creg VK (C.19)

_ — . C 2+/2log(6/d
. D(A") = D(A) < Tres+2v/2108(6/0) (C.20)
VK
We now consider the effect of using w i.i.d. samples in the re-scaling step. Since re-scaling always
increases the function value, we must have Dg(A) < Dg(A).
Then, after exactly the same steps of analysis, we can get the following same lower bound for K,

35(2) M Crrag + 2/21og 6/5) Lt
K>

- 2G 2 € ’

(C.21)

with a different value of CRreg.
Second Bullet Point. We then prove the upper bound for primal objective value Ex .., [PK(X )} , which

explains the reason why an extra re-scaling step is needed. Let A= (f\ )yey, be a set of PSD matrices

~

that solves problem (C.3) with parameter Aand A = s* - A, where s* = arg MaXscfo,1] Dp(s A). Since

the constraint in problem (C.3) requires Ay = A, we have > = A, which is the output of
Algorithm C.1. _

Define g(s) = Dg(s - A). By construction, we know that g(s) is maximized at s = 1 because Dp(s -
A) = Dg(s - A) for any s > 0 as shown in Lemma 44, which means that s* = arg max,cp,1) DE(s - -A).

Therefore, we have ¢’(1) > 0, which in turn gives us

yeYe yey

g (1) =2 ZyTAyy——ZP zi)x] Az > 0.
0 yey, i=1

Then, after exactly the same steps of analysis, we can get Ex ..., [PK(X )} <Ex~v []3(X )] +4,/p, where
P is the optimal solution of the problem (C.13). 0

Technical Lemmas

Lemma 49. The optimal value of the optimization problem (C.18) with parameter A = 0 is equal to f(A).
Further, let T*(A\) be an optimal solution to (C.18). Then, it holds that T*(A) € 0f(A) and |T*(A)| <

:
?[Soe]
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Proof. Alternatively, we first consider the following optimization problem.

maxa, s ZyEye i (Ay —2%)y
subjectto A = Zyeyg -3, (C.22)
x>0, A >~ 0 Vy e V.

Since y "Xy > 0 forany y € )V, and ¥ > 0, it is clear that problem (C.22) has the same optimal value as
problem (C.3). Then, let I' € R?*? be the dual variable for the equality constraint in problem (C.22). We
can have its dual problem to be

. T
3 A —22> TA+Z- > A

>0 yeY, =
= min max A > —2 T < > .
r Ayto,Vyeye,< ’ >+< ' Z vy > Z Yy
>0 yEYy YyEYy
In order for the above optimization problem to have finite value, we must have I' < 2 Zyeyz yy| and

I' = yy' for any y € V,. Therefore, we obtain the following dual problem.

minp (I, A)
subjectto T'>=yy', VYye, .
L=<2% cyuy'

This is exactly the problem (C.18). Then, we can notice the Slater’s condition is clearly satisfied by problem
(C.18), which means the strong duality holds. Therefore, problem (C.18) has the same optimal value as
(C.22), which is the same as (C.3).

Since f(A) is concave in A as shown in Lemma 40, to show that I'*(A) € 0f(A), consider arbitrary
A, A’ = 0. Then, we have

A)+ (T*(A), N — A) = (T*(A), A) + (T*(A), A’ — A) = (T*(A), ') > f(A).

The first equality holds because the optimal value of problem (C.18) is f(A) as just shown above. The last
inequality holds because I'*(A) is a feasible solution to the problem (C.18) with parameter A’. Therefore,
we have I'*(A) € Of(A).

Finally, since the constraint of problem (C.18) requires I'*(A) =23~ 5, yy ', we can obtain ||T*(A)||» <

2 sze)}g yy " HF as a direct consequence of Lemma 50. ]

Lemma 50. For A, B € S¥™% if A = B = 0, then | Al » > || B

Proof. Let A\q,..., g and 71, ...,74 be eigenvalues of A and B, respectively. Let vy,...,vq be a set of
orthogonal unit eigenvectors of matrix A. Then, we have

|A||z = /tr (AA) = ((Zm )(Z/\v, )): g)\f.

Similarly, we have || B||, = y/Zle 2. By Corollary 7.7.4 in (Horn and Johnson, 2012), since A = B =
0, we know that A\; > ~; > 0 for each i. Therefore, we have || Al > || B|| z-

O
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C.4 Selective Sampling Algorithm for Unknown Distribution »

C.4.1 Statement and proof of Theorem 25

Consider now the case where we do not know v exactly, and are returned (ﬁg, ) 13[) that only approximate
their ideals. Algorithm 4.1 can still be employed to solve this case where v is unknown, but at the cost of
sampling some historical data. Note that compared to the case where v is know, it assumes the knowledge
of an upper bound on SUP,cgupport(v) 17/ - It also relies on a multiplicative factor change in the constraint
of the optimization problem, in order to account for the possible constraint violation of the output of the
subroutine. The last difference is the use of an approximation of the covariance matrix to compute the
estimator. The covariance matrix is empirically approximated by injecting additional unlabeled samples
(historical data). With that, although we do not know v but we can approximate the relevant quantities, such
as the covariance matrix Ex ., [X X T].

Let us detail the properties of the implementation of ﬁg, iﬁl < OPTIMIZEDESIGN(Z;, 2%, 7) we use at
each round /.

First, ]3@ has the properties described in Theorem 13 (by using Algorithm 4.2). More explicitly, let
¢r := 27%, B < oo such that max,cx |(z,04)| < B, and ¢ < oo such that E[(ys — (0« 2,))?|zs] < o2 If

2
Bso = 4(1 +¢)? <4 B2+ o2+ 1) log(4¢2| Z|2/6)

then ﬁg is such that

/H2

=2l 1P xxT)—1
> B

¢ max; ,cz, 0,0 <l+e

€
e Ex., [ﬁ[(X):| <Ex~, {ﬁg(X)} + 4, /1y, where P, is the optimal solution to problem (C.23).

minp Ex., [P(X)]
- l==="lg, irpooxxT)-1
subject to max; ,cz, Ao s, Bsi <1, (C.23)
4

0<P(x)<1—pp VrxeX.

where p, > 0. The quantity Ex ., [ﬁg(X )} that uses i > 0 is easily related to the value when pp = 0
through a simple scaling factor of 1_1% (see proof below).

s p, is the empirical covariance matrix of X5 := E x~v|Po(X)X X ] using historical data and is such

that
(1-7)Ep X5 2 (1+7)3p,

where v > 0.

Again, while we think of historical data as independent data collected offline before the start of the
game, in practice this historical data could just come from previous rounds (which is not technically correct
since its use may introduce some dependencies).

Theorem 25 (Upper bound). Fixany ¢ € (0,1). Let A = min ¢ z\, (24« — 2, 6.) and set
2 2 204 2
Bs = 256(1 + ¢) (4 B2+ 02 + 1) log(41og2(4)|2|2/5).
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Forany T > p(v)[s there exists a -PAC selective sampling algorithm that collects T historical data before
the start of the game, observes U unlabeled examples, and requests just L labels that satisfies

e UKL logQ(%)T,

e L <L l%w minyea, p(A)Bs + lizb,/ub subjectto T > || A/V]|cop(A) Bs, and

o T <logy(x)(K + u+ ks)

with probability at least 1 — 4.
Here, the sample complexity for estimating the covariance matrix is bounded by k5 = [2K 12&2 (v/dIn9/c1+

%) max{1, 20|60z, _, xxT1}] (Where the sub-gaussian norm Ky, = max; p || P(fs)E;l/Zszw

), and the contributions from the optimization problem to compute { P}y are

ko [[ELAEPIATEMC) (1+e\* 5 (AP ATE M) 1€\
N w?pd € ’ N w?pd € ’

Naturally, we have a trade-off on the subroutine tolerance . In order to get a better solution of the
optimization over the selection rule P (and thus get a smaller 252(571)7 41 P(x¢) term), the subroutine

needs more unlabeled samples. However, it suffices to take p;, = 7—12 to make U/, and £ roughly match those
of the case when v was known.
The proof of this theorem is established through several results, which we provide in Section C.4.2.

C.4.2 Lemmas for the correctness

We first state here the correctness of Algorithm 4.1 in the case where v is unknown.

Lemma 51. With probability at least 1 — 0 we have for all stages ¢ € N, we have that z, € Zy and
max,ez, (2« — 2,04) < 4dey.

The proof of the correctness lemma is established though several lemmas. First we provide Lemma 52
guaranteeing concentration of empirical covariance matrices, which is obtained by sampling « additional
measurements. Then we show in Proposition 5 that the RIPS estimator does not suffer from using that
empirical covariance matrix.

Lemma 52. Forany P : X — [0,1], let ¥p = Ex. o, [P(X)XXT], Sp = L% P(3,)%:&.. Define
Ky, = max; ||\/P(§i)2;1/2§5||¢2 . With probability at least 1 — Zexp(—cth/Kin) holds

(1—c)z'Spr<z Spr < (1+c)z Spa

2
where ¢ = max {C%f, (%) } C= KiQ VIn9/ci and cy is an absolute constant.

Consequently for k > ¢5 := K iQ(N/dln 9/c1 + %), holds with probability at least 1 — §
1-— < xTpr < xTipa: < |1+ < a:Tpr.
NG - - NG
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Proof. Let A € R**?% whose rows A; are independent sub-gaussian isotropic random vectors in R¢ and
define Ky, = max; ||A;]|y,. We can apply Theorem 5.39 of (Vershynin, 2011) on A to have that with
probability at least 1 — 2 exp(—c1t%/K 32) holds

CVd+t CVd+t
1-— T < O-min(A) < JmaX(A) <1+ Ta
where C' = K fpz \/In9/¢; and ¢; is an absolute constant.

With Lemma 5.36 of (Vershynin, 2011), this implies that with probability at least 1 —2 exp(—cpt?) holds

cva+t (ovi+i\
Ve T\ VR

Recall p = Ex o, [P(X)XX ], s0Y = \/P(X)S5"/2X satisfies E[YY ] = E[£5/2P(X) XX 5,17 =
21—31/22132]—31/2 = I. So we can apply (C.24) to get \|E_1/2§p2_1/2 — I|| < c. Thus for any y € R,

|ATA — I|| < max

=:c (C29)

l—c< y' 2‘1/2§p2 1/2 Y <14e

SO0 setting y = 2}3/237
(1-c)z'Spr <z Spr < (1+c)z' Spa.

_1 2~

Also, the sub-gaussian bound becomes Ky, = max; ||/ P(z;)Xp :vl||¢2 O

Proposition 5 (RIPS guarantees on empirical covariance matrix). Let z1, ..., %, and 1, ..., T be drawn
IID from a distribution v. For s = 1,...,n , assume that |(0,25)] < B and E[|{0,zs) — ys?] < 02
Fors = 1,...,r, assume that E[|{0, z5) — ys|*] < 02, Let P € [0,1] be arbitrary and let Qs(xs) ~
Bernoulli(P) independently for all s € [n). Let Sp = Ex., [P(X)XX | and Sp = LS P(T,)%sT
Assume that S p is invertible and that there exists v > 0 such that (1 — y)Xp < Sp < (14 v)Sp. Fora
given finite set V C R define

w,, = Catoni({(v, f]_ng(xs)xsys>}?:1)7

If0 = arg ming max, W andn > 41log(2|V|/9), then with probability at least 1 — 4, it holds that

~ B2 +0—2
(v,0 —0)] <4 ( (e + \/n'YHH*HEXN,,[XXT]) [vllex.. mpo)xxT]-1V108(2 V] /6)

We first state an intermediate matrix lemma before the proof of Proposition 5.

Lemma 53. Assume that Sp is invertible and that there exists v € [0,1/2] such that (1 —v)Sp < Sp =<
(1+~)Xp. Then foranyv € V

2 2
”UHf];,lEpf);l < WHU” =

and

2 1
ol _si/os 121/2)2_%— + gzl < ViBilole

1+ (1
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Proof. We know that taking the inverse of two ordered positive definite matrices will flip the order, so here

1 a 1
Yo X¥p

-1
T+y)" SN

1 —~7)Yp < 5 p implies that for all u € R% holds u T X pu < 1/(1 — v)u' S pu. So taking u = S50, we
(1-7) p v g P
getv' S 8pY v < 1/(1 — 4)v TS5 0. Conclusion

vTifglEpZA];,lv = v YXpv< ﬁvTEglv

hence the first result of Lemma 53.
For the second one, we get

~ 2
=" (1- S5 n%)

:||v||§—2vTEl/2iflEl/2v A Spb 3 St LTt

2
HDH<172}!22 121/2)

@ 2 T 1/28— 1/2
< ol - 1+7HH2 T SR
1
2
< ol = g ol + = ol (Since £p < 1 2p)
2 1 5

<|1- + v

(-5 (1_Vf)uu2
(i)
< 107 [|v]l3.

The inequality (i) above holds because ﬁZl_f =< 53]31 and (1 —9)Xp 2 ¥p = Xp =< ﬁip. The
inequality (ii) above holds because for v € [O, %] , we have

2 1
— + <1—-2(1—7)+(1+27)* <10y.
R T ( )+ ( )

Taking square root on both sides gives us the results. 0

Proof of Proposition 5. This proof is analogous to the proof of Proposition 3. We first note that

max |<9,’U> B <07U>’ — max ‘<va> — Wy +w’v - <97U>|
veY HUHEEI veY HU”21—31
< R
ve v E;l ve v E};l
0, v) — — (¢
:%wm%unm wA+m%uWH<mH
ve v Z;l ve v Z;,l
< oo 00
ve v 2;1
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So it suffices to show that each |(#,v) — w,| is small. We begin by fixing some v € V and bounding the
variance of UTEEIQS(xS)xSys for any s < n which is necessary to use the robust estimator. Note that

Varg Q. (ws)~P(zs) (UTEI_DIQS (s)7sys) =B, Q. ()~ P(s) [(UTilngs ($S)$Sy8)2]
- E[L'SNV,QS (zs)~P(zs) [UTE]_DlQS (xs)xsys}2

which means we can drop the second term to bound the variance by

~ 2

Exswu,Qs(Is)wP(azs) [((UTE]_DIQS(-%'S)-%'SZ/S) ]
~ 2
= Earswu,Qs(xS)NP(ars) [<UTE;1QS(xS)xS($I0 + fs)) ]

I ~ 2 ~ 2
= Evonw |EQuanor(on (v 25! Qul@)2s(]6)) )+ Equempion (v 55! (o) sﬂ}

i ~ 2 ~ 2
< Egoow BQEQs(mS>~P(ss>[(UTE?QS(%)%) ]+02EQS<xs)~P<ss>[(UTE?QS(%)%) ]]

v [(B2 4 00)Eq, ()b (o) [0 S5 Qs (@) 2] Q) 5510

E
=FEy.w (32 + UQ)EQS(IS)NP(SS)[vTings(xs)xsxsTil_glv]}
E

(B? + az)vTiglp(azs)xsti}lv} ,
where we used that Q?(z;) = Qs(xs). Thus, we have with Lemma 53
Var(vTif,le(xs)xSys) < (B*+ 02)vTi;1Ex3NV[P(a:s)xsa:;r]f‘,;,lv
= (B*+0)|lvl
B% + o2

< |wll2-s.
= (1 — 7)2 anzpl

T |
p XPYp

‘We have
(0, 0) = wy| = {0, v) — B0 S5 P(a1)awiyn] + Elo S5 Pzn)aiy] — w,|
< [(Bu,v) — B[ S5 Par)ziy]|
+ [Catoni({(v, 55" Qs(ws)24ys) }ioy) — Exmu v S5 P(X)XY]|.

We now recall that we can write y; = /0, + & where & is a mean-zero, independent random variable with
variance at most 2. Thus, using Cauchy-Schwarz and applying Lemma 53, we get

(0., 0) — E[o " S P(z1)zaun]] = [0 0. — v S5 5 p0,]
= [0 (I - S5'2p)0.]
= WS AT - PSS e e,
—1/2 1/2
S HEP ’UH ”EP 0*”([72})/22]—312;/2)2

—1/2 1/2
< V1Y 20|l 226,
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= V10t 60

By using the property of Catoni estimator stated in Definition 7, we have
(0, 0) — wy
<[Catoni({(v, Exnu [P(X)XX "] 7' Qs(s)xsys) imt) — E[(v, Exou [P(X) XX T] 71 Qs (ws)25y5)]|
+ V310V0ulle o ix x Ty 10l B g P X X T

log(3)
n/2

§\/§\/(Var(<v, Exw[P(X)XXT|71Qs(xs)xsys)))

+ V310910l xx TV B P X X T2
(with probability at least 1 — § if n > 41og(2/0))

B? + g2 log(3)
(f a=-2 + 1/ 10n7]|0. H]EXNV[XXT]) vl &y, [POX) X XTI nd

B2 4+ 02
(f e + 1/ 10n7]|0. H]EXNV[XXT]) [Vl np(x)x xT]1 V108(2/6).

Finally, the proof is complete by taking union bounding over all v € V. O

Proof of Lemma 51. Most of this proof is exactly the one of Section C.2.1 and Section C.2.1 so we only
state the concentration bound. For any V C Z and z, 2/ € V define

Eamre(V) = {|(z = 2, 0,(V) — 0.)] < e}

where @(V) is the estimator that would be constructed by the algorithm at stage ¢ with Z, = V. Naturally
we want to apply Proposition 5 with 7 labeled samples to obtain that &£, ./ ¢()) holds with probability at
least 1 — ﬁ. Note that as Lemma 48 gives P(x) > 11/3 so

Sp = Ex o [P(X)XXT] > %EXN,,[XXT]

> p is invertible.

Defining 6y := 4e2|2|2 and setting k > 2c¢s, max{1, 20||0. HEX }} where we recall that was

JXXT
defined c5 = K3, (v/dIn9/c, + 10g(2/6)) Lemma 52 leads to

1 1
o < —min< 1, 3
kT2 QOHH*HEXW[X)(W

so that we can set 7 = ¢5,/(7+) in the bound of Proposition 5 to get

1
V3I0TY[|0ul[gy , (xxT) < 5

and
2 2
B —1—02 <9
(1-7)
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So for §g = MQ‘ ZP the event Ecov defined as

& €5 T T €50 T
SCOV::{<1—O 2 Y¥pr<z'Tpr<|1+=2 )z Epx;.
NG NG

happen with probability at least 1 — dg.
Now, let us for now condition on Eeoy. For fixed V C Z and ¢ € N we apply Proposition 5, instantiating
the arbltrary P to Pg (obtained with OPTIMIZEDESIGN, recall Section C.4.1) so that with probability at

least 1 — Zgl Z[ We have that for any z, 2z’ € V holds that the event 5R1Ps z,» defined as

Fatps ot i {|<z 2 B) —6)

< 2|z~ ZIHJEXW[TPZ( )XXT]- (‘h/ﬁ—i— 1) log 4£2]Z]2/5)}

happen with probability at least 1 — 50
So with probability at least 1 — IP(ERIPS o)~ P(ES

4
cov) = LT aezE 4€2|Z\ both events
hold and we have that for any z, 2/ € V holds

J
z=1— 22|22

e =2, Be(V) = 8] < 21z~ Zllg,_pcoyxaryr (4VB2 + 02 +1) ViogdPIZ /o)

<2(1+¢) (4\/32+a +1) 2= gy phcoxxr1 VIB(AE[Z2/0)
< €y.

where we used the property of ﬁg as detailed in Section C.4.1 to conclude. 0

Proof of Theorem 25. The total number of labels requested after L rounds is equal to S&, 747 (—1)7+1 Py(a).
Again by Freedman’s inequality we have that

T L

L
> o(10) <2 TEx[Po(X)| 2] + log(1/0)
=1 t=({—1)7+1 =1

From Theorem 13, it holds for any ¢ that E .., [P/(X)] < Ex.[P(X)] + 4,/pn where P, is the optimal

solution to problem (C.13). So now, for some 7, we want to relate E x ., [7P;(X )] to Ex., [rP;(X)] where
P, is the solution of problem (4.4). To do so, we rewrite problem (4.4) and problem (C.13) as

minp Ex., [TP(X)]
subjectto  y Ex., [7’P(X)XXT]_1 y < c?, Yy € Ve, (C.25)
0<7P(x)<T, VrelX.

and
minp Ex., [TP(X)]
subjectto y Ex o, [TP(X)XX |7ty <c?, Vye, (C.26)
0<7P(z)<7(1—pp), VYxekX.
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where problem (C.25) is equivalent to problem (4.4) and problem (C.26) is equivalent to problem (C.13).
Thus taking 7 = 1%% problem (C.26) becomes

5 P(X)]
subject to yTEXNV[l_T#bP(X)XXT]*ly <cl, Yye,
(x) <7, VzelX.

minp EXNV|: -

which, using Q) = —— 1s equivalent to

ming Ex~, [TQ(X)]
subjectto y Ex o, [TQ(X)XX |7ty <c?, Vye, (C.27)
0<7Q(z) <1, VxelX.
And we can now see that (C.27) and (C.25) are the same optimization problem. And ()j the solution of
(C.27) is equal to L |:7‘Pe( )} — Exo, [rPo(X)].
Remains to bound Z v TEx -~ [Pr(X)] where

L
> TEx[Pi(X)| 2]
(=1
L . 2 = #'lEy L rpooxx)
= Z min 7Ex.,[P(X)] subjectto  max =5 Boe <1
— P:X—0,1] z,2'€Zy €

where 35 is defined in Section C.4.1 as

By = 4(1 + €)? (4\/BQ+02+1> log(402|Z2/6).

. llz—2"||2 T
As in the case where the distribution v is known (Section C.2.1), we use Lemma 37 to bound max, /¢ z, Ex N”[;P(X)XX
14
lle—z12 (P(X)xxT)~1 . o .
by max.cz\ ., 2; ) 6435,1,. Last, the reparameterization of Proposition 4 also applies

here.

In the unlabeled sample complexity, we get an additional Lx = L[2K 32( dIn9/ci+4/ log@/ 9) max {1, 20(|0xlg, _, [x
term from the estimation of the covariance matrix. Last, we get an additional L(K + u), where K and u are
such that

oo o [LEEREPINIEMN (1N s (R IAISMI  (1+e)?
- g e ) "= s e )

from the sample complexity of the subroutine. O

C.5 C(lassification

In this section we adopt the implementation described in Section C.2.1. As described in the text, given a
distribution 7 € Ay, and a class of hypothesis /, we can reduce classification to linear bandits by setting

0 = [0%]sen, Where 05 = 2n(z) — 1, and Z := {2}, 5 C [0, 1]1¥] where 2 = 7(x)1{h(xz) = 1}.
With the quantities computed in Section 4.3, we now prove Theorem 12.

204



Proof of Theorem 12. We consider a slightly modified version of Algorithm 4.1 where we stop at round L
where Le = [logy(4/€)] and return arg max, o)z, (z(M _8,). By an identical analysis to that in the proof
of Theorem 2, we are guaranteed that h € Sy, i.e. R, (h) — R, (2*) = (2* — 2,6,) < 4¢/. In addition the
analysis of the sample complexity given there immediately gives the first part of the theorem.

It remains to bound the sample complexity in terms of the disagreement coefficient. The total sample
complexity is given by,

L Iz = zI3 -
g [ min 7Ex.,[P(X)] subjectto max Ex o [TPX)XXT] 7T Bs < 1]
€

— | Px—[0.1] 2€8y 2
where we recall 35 = 2048 log(2L?|H|/§) since we can take B = 1 and o = 1.

We recall the proof of Theorem 2. From the proof, we see that with probability greater than 1 — §, our
sample complexity is obtained by summing up to round L

. T )
Z min 7Ex.,[P(X)] subjectto max EX’“”[;P(X)XXT} 165 <1
= P:x—[0,1] 2€8p €
By proposition 2 this is equivalent to
L Iz — 2l -
Z [mln pe(N)Bs  subject to HAH pe(N)Bs < 7':| , where p;(\) := max ]EXQNA[XXT} !
— |reax Vil 2€5; e
Define
AE = {:C € X :dh, h(CC) 7& h*(l‘),Ry(h) - Ru(h*) < 46@}7€ <L
1{z € Ay}v(x) A 1
dlet \p = 2 €Aovta) (WA 2
MM T 1w € 41 v E[1{z € A;}]

We first argue that )y is feasible for the previous program. Note,

1{h(z)#h*(x
e me B lEE
iRy (h)— Ry, (h*)<4e €

O pr1(e € A Ex[L{h(z) # b*(z)}]

h:Ru(h)EnRau)%h*)S‘lﬁé 6%
16E x . [1{h(z )#h*( )H
< ]E[l{:c < AZH h:R,,(h)I—HI%,)%h*)S%é maX{Gg,( v(h) = Ry(h ))2}
- 16Ex~p [1{h(z) # h*(x)}]
he Ry (h) Tty (h*) < ey max{ (4€0)2, (Ry(h) — Ry (h*))2}
i 16Ex~,[1{h(z) # h*(x)}
Ry (h)— Ru(h*)<4ee max{e2, (R, (h) — R, (h*))?}
16Ex ~y [1{h(z) # h*(2)}]
<E{z € A hern rnax{)e(2 (Ry(h) — R, (h*))?}
< 16E[1{z € A}]p(v, €)

< E[1{z € Aj]

< E[l{x S Ag}]

where the equality (i) holds because the following is true when we only consider h such that R, (h) —
Ry(h*) S 46@

L{h(x) # I (x)} (e £
1{z : 3h, h(z) # h*(z), (R, (h) — R,(h*)) < 4e,} 1{h(z) # h*(z)}.
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The inequality (ii) above is true because 4¢y > €. Thus we see that py(A¢)||A/V||coBs < 16p(v,€)Bs < 7. It
remains to argue about the disagreement coefficient. Firstly note that for any / such that R, (h) — R, (h*) <
dey.

Ay (h, 1) = Ex [L{R(X) # h*(X)}] € Exon[1{h(X) # Y} + Ex[1{h*(X) £Y}]  (C28)

< Ry(h) + Ry(h*) (C.29)
< 2R, (h*) + e, (C.30)
Using this we see that,
E\nigpg()\) subject to pg(N)||[N/v||cofBs < T
€
< pe(Ne)Bs (since )y is feasible.)
Ex~,[1{h h*
< E[l{x c AZ}] max X [ { ( ) 7é ( )}] Bs
h:Ry(h)— Ry (h*)<4ep Eé

(imitating the above computation)
< (2R(h*) + 4e))Ex,[1{3h : h(X) ;é h*(X),d,(h,h*) < 2R(h*) + 464}]

5
(Equation (C.28))
{9R(h*)2 Ex o [1{3h:h(X)£h* (X),dy (h,h*)<2R(h*)+4e,}] de; < R(hY)
< Bs B

2R(h*)+465
144F ., [1{Fh:h(X );&g(é*)zr4ez(hh Y<2R(h*)+4e)] dey > R(W)
. * * < *
< (980 2 1ag) Bxes[L(3h  h(X) £ H(X) dy (b 1) <2R(W) +4e)]
2R(h*) + 4ey

EZ

L
> [min e subjeetto |2 gy < 7]

L * . * * *
SZ<9R(h) +144>]EXN,,[1{3h.h( ) #1(X), dy(h, 1%) < 2R(H) +der)]

— € 2R(h*) + 4ey
4 9R(h*)? Exo [L{3h  h(X) # I(X), dy (1) <2R(7) + )] o
S log, <e> s < g 144) 2R(h*) + deg
4\ [36R(h*)? Ex [L{3h  h(X) £ H(X), dy (1) <2R() + der)]
< log, <6> <€ + 144> sup SR e

< 361log, <6> <R(h*) + 4> sup 0*(2R(h*) + &, v)Bs

€2 £>e

from which the result follows.
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Appendix D

Appendix for Chap. 5

D.1 Additional Algorithms in Implementation

D.1.1 A Peace-based Robust Algorithm

In this section, we briefly explain how we design P1-Peace based on intuition similar to P1-RAGE and
make it computationally efficient. First, we propose another subroutine, called Peace-Elimination, based on
the elimination strategy in Peace Katz-Samuels et al. (2020), which has the same spirit as RAGE. Similar to
RAGE-Elimination, Peace-Elimination also repeatedly computes &X' )-allocation, but (virtually) eliminate
arms so that the value of the remaining arms’ optimal X'Y-design is halved. In addition, in P1-Peace, we
only update the sampling distribution \; after a period of time. The intuition is that if the environment is
stationary, then we do not need to update our allocation probability frequently just like RAGE and Peace;
if the environment is non-stationary, then the non-stationarity is handled by the mixed G-optimal design \*,
which is fixed from the very beginning. Therefore, updating \; in a low frequency should not severely harm
the performance. The new algorithm and elimination subroutine are summarized in Algorithm D.1 and D.2.
For convenience of presentation, for arm set Z C R? and distribution A € Ay, we define

p(Z,\) = xr’g/agiz Haz - x/HQA(A)—l i (D.1)

Algorithm D.1. P1-Peace
1: Input: budget, 7' € N; arm set X C R?

. T

2: Compute epoch length R « LIng(infxeAX p(X)\))J

3: Compute G-optimal design \* based on equation (5.3) and initialize A\; = \*
4: fort=1,2,...,T do

5: Sample z; ~ \; and receive reward 1,

6: Estimate 0; < % Zi:l Ezx, [mxT] -1 TsTs

7T: )\t+1 — N\

8: if { — 1 = cR for some integer c then

9: Update Ay «Peace-Elimination(6;)
10: Return arg max, ¢ y mTaT
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Algorithm D.2. Peace-Elimination

1: Input: arm set X C RY; current estimate 0,

: Find index (k), such that x .. 0, >al 6> >z
(1), (), (K),

N

3: Tnitialize X" < X and i < 0
4: while | XY > 1 do
5: Compute Aﬁ” — arginfyen, p(Xt(Z), A)
6: Find the largest index k; such that
inf p({xA e T }) < L inf p(X(i) A)
Y Wk, T2 aeny
. (i+1) { . e }
7: [‘dea.te X, — :L'(l)t, .. ,:U(ki)t
8: 14—1+1

9: Return (\; + A*)/2, where \; = Zz,;lo )\gi/)

D.1.2 A Naive Baseline Mixed Algorithm

In this section, we present a naive mixture of Peace and the G-optimal design, called Mixed-Peace, which
eliminates arms and computes design )\, during each epoch exactly the same as Peace. The only differences
are that Mixed-Peace uses IPS estimator and when pulling an arm, it will pull an arm by following x; ~
(Ax + A*)/2, where \* is the G-optimal design defined in equation (5.3). Its details are summarized in
Algorithm D.3.

Algorithm D.3. Mixed-Peace

1: Input: budget, 7' € N; arm set X C R?

2: Tnitialize R + [log, (infaen p(X, )], N | L], X ¢ X, 00 + Oand t < 1
3: Compute G-optimal design A\* using equation (5.3)

4: forr=0,...,Rdo

5 Find \, + (arginfyea, p(X, A) + 2*)/2
6 while ¢ < min {7, (r + 1)N} do
7: Sample x; ~ A, and receive reward r;
8 Estimate §t — % -@571 + % “Egpon, [ZB$T]71 TyTt
9: t+—t+1
10: if |X,.| > 1 then
11: Reindex X, such that xf@t > x;@ >0 > :):,1@5 where n, = |A} |
12: Find the largest index k, such that
inf ({1, 7k} A) < - inf p(X,\)
AeAy " T 2 Xely
13: Update X1 < {z1,..., 7, }

return arg max, .y v ' 0
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D.2 Error Probability of Algorithm 5.1 In Non-Stationary Environments

Recall that Theorem 14 states the following: Fix time horizon T, arm set X C R? with || = K and
arbitrary unknown parameters {Ht}thl. If we run Algorithm 5.1 in this non-stationary environment and
obtain x j,., then it holds that

T

P5. (Jr # (1)) < Kexp <_1QIJG—BAI(9T)

> s where HG-BAI (gT) = i
(1)

Proof. Based on the recommendation rule x 7, = arg max, .y z ' O, we have

P (Jp % (1)) = (er[z K] s.t. 2y 0r > (T)éT)

. AN . i Ag
<P <3k; €[2: K]s.t. :EE;)QT - :I:(Tk) T > ; ) or :E(Tl) T — :L‘(Tl)HT < —2()>
T2 1o AwY seplTa T Am
k=2

The above terms can be bounded by Bernstein’s inequality. In particular, for the first term, we have

" _ A d TA
T T (1) T ) @

Since IPS estimator is unbiased, :):(Tl) (A()\*) TeTy — Gt) i1s a zero-mean random variable. Based on our
bounded reward assumption, we have

‘x(Tl) (A()\*)—lxtrt - Ht)‘ < ‘x(Tl)A()\*)_lxt‘ +2< Hx(l)HA(/\*)_l ||thA()\*),1 +2<d+2<3d,

where we use the property of G-optimal design max,¢cx \|x||?4( »)-1 < d. We can similarly bound its
variance by

2 2
E [(x(Tl) (AN gy — et)) ] <E [(x(l)A()\ )~ :):t) }
:x(Tl)A()\*)_lE [wtxﬂ A()\*)_lx(l)
=z AN)TTAN)AN) ey (Since z; ~ A” by algorithm)
2
= Hx(l)HA(/\*),l <d

Thus, by Bernstein’s inequality, we have

R N A2 /8 TA2
P (2 0r —aly0r < ——2 ) < - W < @
(%) TP =T ) =P T arrda g2 ) =P\ T 12a )

where the last inequality uses the assumption that A(;) < 1. By similarly applying Bernstein’s inequality to
other terms in (D.2), we can then have

A 2 1 A
P (Jr # (1)) <P (x(Tl)HT —ay)0r < —”) Z]P’ ( \Or — afyr > ; )>
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D.3 Error Probability of Algorithm 5.2

D.3.1 Stationary Environments

We first prove an error probability of Algorithm 5.2 in stationary environments that contains unspecified
parameters from the virtual phases. Without loss of generality, assume that the arms x1, . ..,z are ordered
suchthat 0 a; >0 2 > - >0 Tzgand Ay = Ay < Az < --- < Ag.
Throughout this section, we will the following definitions: iy = [logy(1/A1)]+1, 4; = {z € X | A, <2-277},
i(k) =max {i € [ip—1] | Ay <27} and
. "2
FA) = min max, flo = lag
Theorem 26. Let D = {a € [0,1]°" [0 =ag < a; < az < ... < ay, = 1}. Then, if m > io, The error
probability of Algorithm 5.2 in a stationary environment with parameter 0 is bounded as

IP)Q (JT 75 1) SQ’ioKTeXp <—T> s
ff1-HAGE(9)
48m Zifi)l(ai/ — ay_1) f(Av—2) + 8(m/df (X) + 1)az) A

Hpy.page(#) = min max

D.3
acD ke(K) 3a%(k:)A% (D.3)

Proof. With0 =ng <ni1 <ng <...<ny, = T.! we define the event & with ¢ > 1 as follows: after n;
samples all the arms with true gap smaller than 2 - 2~¢ are estimated with precision 27%/2, which is

& ={Vt > n;,Vk € [K]st. Ay <2-270 = |A, — Al < 277/2},

where ﬁl(f) = (z1— mk)Tg(t) for k > 1 and ﬁgt) = (21— xQ)Ta(t). We first show how these events {¢; ;:0:1
relate the correctness of Algorithm 5.2.
Correctness. If ();°; & holds then the algorithm successfully identifies the best arm. Indeed, if we

~

assume it does not, then there must exist non-optimal arm kg such that A,(C? < 0. As ﬂz(’zl ; holds, for
some 7 < ig, it holds that 277 < Ay, < 2-27" and then |Ay, — ﬁl(c?] < 277 /2. Therefore, we have
2= < Agy < Ag, — ﬁg) < |Ak, — ﬁg)| < 2_i//2, which is a contradiction.

Thus, the error probability is upper bounded by P (Uz(’zl f) which gives us

io io i—1 io i—1
P(JT#)gP(USf):P Uls\Ug ) <D rleNUg
j=1 i=1 j=1

i=1 =1

"We do not specify the values of n1, ..., n;,—1 for now.
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1 10 1—1
=S rlaen{Ug] |=2rlen|Ng
j i=1 j=1

i=1 j=1

%0 i—1
<> Pl

i=1 j=1

Bernstein’s inequality. Now, we just need to find an upper bound of P (§f
ni, 3k € [K] s.t. Ay, < 2-27%2 Then, we have

ﬂ;;ll fj). Assume 3t >

P(|A, — AP > 277/2)
=P(|(0 — 0;) " (1 — )| > 27/2) (D.4)

Z 6 AN xsrs) (x1 — ) 22"%/2)

(By Bernstein’s inequality for martingale dlfferences (Freedman, 1975))

@) 272142 /8

<2exp )
2Tl - anlisy s+ (VAmax,eg o — 2llag,y o 1) 273

§2exp<

9- 21t2/8>

term 1

7 ;! t
where term I =2 Z Z |lz1 — :Ek||124(;\s),1 +2 Z |z — kai(;\s),l
!=1s=ny_;+1 s=n;+1

27"
i (\/gsr?ﬁ?t(] by = illag -+ 1) T3

Here, to use Bernstein’s inequality for martingale differences in the inequality (a) above, we need to bound

-1

the variance and magnitude of (0 —A(X) 'z ST‘S)T (x1 — xy) condition on \s.> In particular, we have

((9 A aary) | (21 — xk)‘ < ‘(xl — ) TAN)

+ Ay

<z =zl g0y sl agngy -1 +2
<2Vd |y — zgl g5, 1 + 2
(Since Ay = (As + A*)/2and A + ||z — :pkHi()\),l is convex in \)

((0- a0 xsrs)T(xl—:L'k))Q\/\s
e[ |

2Otherwise, ¢; is vacuously true and P (£5) = 0.
3Since IPS estimator is unbiased and ), is determined by the history prior to time s, we have

E [(9 - A(AS)’lwsrs)T (1 — 1) | Hsfl] = 0, which implies that it is a martingale difference sequence.
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<k | (o1 - )40 2. 0]
(21 — @) TA) TE [wsa] | A] AT w1 — )

= |lz1 - xk”i(xs)fl
<2y — @kl i) - (Since Ay = (X5 + \*)/2)

Single-term error probability. Now, we need to use the property of the subroutine RAGE-Elimination

(Line 5.3 of Algorithm 5.2) that generates \;. That is, by Lemma 56, since z;, € A; C Ay fori < ¢ and
. . def
m > ig, for s € [ny_1+1,n;y], we have ||z — J:kHi(;\S),l <minfyen, maxg gren, , |2 —2 ||A (-1 =

mf(Ay_z). Thus, we have

P(|A, — Al > 271/2)
27242 /8
<2exp
( mz, 1 (i — 1) f(Ai—2) +2m(t — ng) f(Ai—1) + (m/df (X) + 1)t2- Z/3)
( 27%n2/8 )
<2exp - )
2m Y5y (nir — ny 1) f(Ay—2) + (ma/df (X) + 1)n;277/3

where the last inequality above holds because of ¢ > n; and a simple fact that ¢ —
function when ¢t > 0ifa > O and b > 0.

Final error probability. Then, with the union bound over all ¢ > n; and k € [K], it holds for any
0<ng <ng...<n; <T that

t2
atsb is an 1ncreasmg

P& ﬁg <2KTexp| — 27%n; /8
N 2m 3 (i — nir_1) f(Av_a) + (mA/df (X) + 1)n2-7/3
3n2 A2
< 2KT maxexp | — k) K )
kelK] 48m Z/ 1( i — ni—1) f(Ap—2) + 8(m/df (X) + 1)njp) Ak

where i(k) = max {i € [iop — 1] | Ay < 27'}. Here, the last inequality use the same simple fact that ¢
atj—b is an increasing function whent¢ > 0if a > Oand b > 0.

With values of 0 = ng < np < ng < -+ < ny, = T, we can define a; = %, which implies
0=ap <a; <az <--- <ay, = 1. Since the choice of values a € D is arbitrary, the final error probability
can be bounded as

0 i—1
P(r#1) <> Pl&I&
i=1 j=1

3Ta?
< 249 KT min max exp

()AQ
acD ke K| ( 18m SN (a — ay_1) F(Av_s) + 8(m\/df (X) + 1)a k)Ak>

which completes the proof O
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Properties of RAGE-Elimination

In this section, we prove some properties of the RAGE-Elimination algorithm that will be useful for proving
Theorem 26.

Lemma 54. Assume t > n;. Then, under ﬂ;;ll &;, when running RAGE-Elimination (line 5.3 in Algorithm
5.2), it holds that

2 c{oex | AP <27} c A
Proof. To show Xt(iﬂ) C {ZE € x| AQ) < 2_i}, let v~ = argmax,y <§t, x> Then, for some arm z,

1),
if we have <5(t),m(/1\) — x> < 27" it holds that
t

<§(t),x1 — CB> = <§(t),:c1 — $(A1)z> + <§(t)’xAt _ x> <o

<0 <o-i

which implies z € {x € X | AY < 274,

To show {x eX| &(Bt) < 2*1} C A,;, let AS) < 27 for some z and assume for the sake of a contra-
diction that A, > 2 - 27" As A, > 2-27% there must exist ¢ < i — 1 such that sz <A, <2 9=, Then
A, — Agf)| < 27%/2 since event & holds. Meanwhile, we have Agct) <271 < 271/2gince s < i — 1. Now,
this leads to the contradiction

7'7 7'7 7'7 o~ ~ t 7'7
27 /2=27 2712 < A, — AV < |A, — AV <272,
Thus, under ﬂz;ll &;, we have

{xe)([ﬁgf)§2*i}g{a:eX]Aw§2-2*i}:Ai.

O]

Lemma 55. Assume t > n;. Then, under ﬂ;;ll &;, when running RAGE-Elimination, if x € A;, then
(i-1)
re X .

Proof. If & € A;, then {0, 71 — x) < 2-27% Again, let Ty, = AIgMaXgey <§t,x> and we have

(050 ) =B, ) (0
:<At,as(/1\)t —:E1> + <§t — 0,71 —x> +(0,x1 — x)
<2.9—i
< <At,g;®t - :c1> +]AY AL 2270
< <At, 35, — z1> yo iy 0.9 (Since &_; holds)
=—Al 4274 2.07

<9 t4 97 4 9.7
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=4.927%

The last inequality above holds because under ﬂ —1 &, by Lemma 54, we have x ~ € A;, meaning that

(1)
NG, NGO, -
|Ax®— z®]<21:>Ax® >Ax®t—2z>—2 i O

Lemma 56. Assume t > n; and (\;_} &; holds. When running RAGE-Elimination, If zj, € A;, then

2 . 1|2
o1 = iling s <m min max flw— 2|3

Proof. By Lemma 55, we have x1, 2, € A; = x1,11 € X(i_l) which means that ‘Xt(i_l)’ > 2 and

Yo 1
=% z ) for some 1y satisfying ¢ — 1 < 4, < m. Thus, We have

2
|1 *kaA(Xt)*l <m ||lzy — f%|| A(EY

sz@}él;“?71) H-’IJ — _'B/HIQ4<>\7(51'—1)>—1 (Since r1,TE € Xz(j)l)
2 min m H _ /HQ
_m/\eAX :p,m’eilal)j_z L= g(n)-1 -

Here, the above inequality (i) holds because by Lemma 54, we have Xt(i_l) C A;_5 and by algorithm

. (i-1) . 12
construction, we have A, 7 € argminycp , max_ 26D [ — &[4 n)-1- O

Simplified Stationary Complexity and its Relation to Multi-armed Bandits

In this section, we simplify the complexity of Algorithm 5.2 obtained in Theorem 26 by appropriately
choosing values a € D. In particular, we have the following theorem.

Theorem 27. For Hps.page() defined in equation (D.3), we have

2
— 1024mio [z —z1llany—  16mvd 1
Hprpace(0) < —x— Inf max A, T 5a, i, maxle = @l g5

Proof. Fori € {1,.. — 1}, wetake a; = AA<) where k(i) = min{k‘ €K]| A > 2—_1} Then, since

i(k) = max {z € [ip — 1] | A <27 }, for any k € [K], we have 2 l< ) < Ak( k) < Ay, which further

implies

Aq
a;(k)Ak = A— - . Ak Z Al.
k(i(k))

Then, for Hp1-rage(6) (defined in equation (D.3)), we have

{167”23/(?( i —ai—1)f(Ay_2)  8(m+/df(X)+1) }

z(k)A2 3a1(k)Ak

i(k)
_ 16m FAZY) s (Al 1 )f(Ai/_g) 8(m/df(X) +1)

By Dr@—1) 341

Hp1-pace(9) < max
ke[K]

(Since ag = 0 by definition)
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For the second term, using the definition of f(X), we simply have

8(my/df (X)+1) 8mvd , 1
SR Rt 5 Y
16mv/d 1
< inf — _ — D.5
ST3a, A28, I etllao * g ®3
For the first term, by fixing arm index k € [K] and defining j € arg maxcx), ! (A“‘:;(;)Q), we have

ik
f(A) 1 1
+ — f(A;_
Aray S\ PRy Bk (Ar—2)
S iya) R S (Avs) = F( A
AfGik)) et Ay
i(k)—1
@ f(Aj—2) 14 f(Ay_2) — f(Air_1)
AV bt f(Ai—2)
_ A .
< (k‘)f(A] 2) (Since f(Ay_2) > f(Ai_1))
k(3)
<ip max f(Ar2) (Since i(k) < ig forany k € [K])

tefi(k)] Ao

2
) . H»’U—fHA(,\)*l
=jp max inf max ————~—

Leli(k)] Nehx z,2'€Ap_2 A];(é)
112
.. |z — = HA()\)*l o .
<ip inf max max ——————— (By the weak duality inequality)
AEAy Lefi(k)] x @' €Ar—2 A/}(g)

2
. Hx—a:1||A(/\),1 . . .
<64ip inf max max _ (By reasoning similar to equation (D.5))
NEA x L€[i(k)] ZEAL—2,z#T1 16AW)

® Iz — 1%
<64ip inf max max ————
NEAx 0€[i(k)] ZEAL_2,z#T1 Ay

2 — 21|50y
<64iy inf maX—A()‘)
AEAx x£71 JANS

J(A—2)
Ak =
ﬂgij(‘_f). The inequality (b) above holds because by definitions of k(¢) = min {k K| Ay > 2 1} and
J
Ap_o = {3: EX|A, <2 2*(5*2)}, we have 16A7€(€) > A, forany xz € Ap_o.
Therefore, by plugging the bound of both terms back, we have

Here, the inequality (a) above holds because f(A;_2) > f(Ay—1) and by definition of j, we have

2

1024msi r—T - 1 1
024mio inf max | HA(/\) ' + 6mvd inf max||x—x1||A(>\)71+3T-
1

Hp1. 0) <
pr-mace (0) < A1 Al y z#a Ay 3A1  AeAy z#my
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In the following corollary, we show that the above simplified complexity is in a same order (up to
logarithmic factors) of Hpop proposed in Abbasi-Yadkori et al. (2018).

Corollary 5. In multi-armed bandits, meaning d = K and X = {ey,...,ex}, for Hp1.page(0) (defined in
equation (5.4)), if m = ig, we then have
2i0 (io log(2K) + 1) k

= 96 (i log(2K) + 1) Heop(6).
Ao max A io (10 log(2K) + 1) Hpog(0)

Hpi.page(0) <

Proof. When in multi-armed bandits, for the first term in Hp1.rage(#), we have

2
Hx_‘r(l)HA(A)*l S| k
inf <25 < 2log(2K =
it e Tk S 20y < 2los(2K) s

=

where the first inequality above comes from Soare et al. (2014) and the second inequality comes from
Audibert et al. (2010). For the second term in Hpq.page(f), we have

1 1
inf max,/— + — = V2K,

inf max ||z —x =
NeAx a1 (1) H (I)HA(A) Lodedxkz) | Ay Mk
which then gives us YA VZE 2K o 2 o L
& Any = Bpdx) = B k€K A

Finally, by plugging these inequalities back into Hp1.page(#) (defined in equation (5.4)), we have

2
miy . Hx_x(l)HA(/\)—l mvVd
Hp1. 0) =— inf f —
p1-race (¢) A1) Aebx o A, TR Ahyatey e =2l 4 -2
2i2log(2K 2
< % 0g(2K) max i + ‘0 max L

Apy  kelK]Ag)  Bqy kelk] B
210 (io log(2K) + 1) k
= max —.
A kelk] Aw)

Approximate BAI of Algorithm 5.2

Corollary 6. Fix arm set X C R% with |X| = K and budget T. For a stationary environment with unknown
parameter 6, if m > ig(e) = [logy (1/€)] + 1 for some € > Ay, then there exists absolute constant ¢ > 0
such that the error probability of P1-RAGE satisfies

By (Jr ¢ A(0)) < 2i0()KT exp (—HP,HAZE(M) |

where A(e) = {x € X | Ay < €} and Hpi.page(0, €) is defined as replacing ig by ig(€) in Hps.page(0)
(defined in Eq. (D.3)).

Proof. The proof is the same as Theorem 15 through simply replacing ig by ig(€). O
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D.3.2 Non-stationary Environments
In this section, we prove the error probability of Algorithm 5.2 in general non-stationary environments.

Theorem 28. Fix time horizon T, arm set X C R? with |X| = K and arbitrary unknown parameters
{Gt}thl. If we run Algorithm 5.2 in this non-stationary environment and obtain x j., then it holds that

2
3TA2,

]P)éT (Jr # (1)) < Kexp <_64d> .

Proof. The proof will basically resemble the one for Theorem 14. In particular, by the same reasoning to
obtain equation D.2, we have

—~ _ A ~ _ A
P (r # (1) < P (afy B — ol < =22 ) + 3 (s B — a0 = 22,

. _ A T TA
(1) - 1)
where P <I'E|1)9T — .I‘EE)HT S —72 > =P < E .'L’EE) (A()\t) 1xtrt - Ht) S - 92 ) .
t=1

Since \; = T2 and A HxHi(A)_l is convex in A, to use the Berstein’s inequality for martingale

differences (Freedman, 1975), we have

‘I‘El—l) (A()\t)_lﬂjtTt — Ht)‘ S 2 HLB( )71 H$t||A()\*)71 + 2 S 2d+ 2 S 4d,

1) HA(A*

2
E [(‘T(Tl) (AQ) gy — 9t)) | )‘t} = Hx(l)Hi(Atrl <2 H“”(UHZ(,\*)*I < 2d.

Therefore, we have

~ _ A TA? /8 3TA?
T T < _2m) _ (1) < _ 1) ‘
F <x<1>0T rafrs -7 ) sew | - 2dA/3 ) = P 64d

By applying the same inequality to other terms, we have

3TAY)
P(Jr# (1)) < Kexp <— )

64d

D.4 Implementation Details and Additional Experiments

In this section, we provide more implementation details and additional experiment results. Experiments are
executed through Python 3.10 and paralleled by a Mac M1 Pro chip with 6 cores.

First, we notice that an algorithm for stationary environments usually determines a batch of arms to pull
at once during each epoch, while in non-stationary environment, the order of pulling these arms will affect
the rewards it will receive. Therefore, when applying stationary algorithms (Peace and OD-LinBAl) into a
non-stationary environment, we use a random permutation to determine the order of pulling for each batch
of arms.
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When implementing P1-RAGE, to be computationally efficient, we update A; in the same frequency
as P1-Peace, which is summarized in Algorithm D.1. We take m = 15 for P1-RAGE, which, based on
Theorem 15, is valid as long as A(l) > 2713 &~ 1.22 x 10~*. Furthermore, when implementing Peace, for
simplicity, we use infyea, p(Z, A), defined in equation (D.1), to replace all v(Z) used in Katz-Samuels
et al. (2020). Since the paper of OD-LinBAl does not provide code, we implement it based on the pseudocode

1

in Yang and Tan (2022). Finally, we use Frank-Wolfe algorithm with stepsize 202 in ¢-th iteration to solve

all optimization problems in a form of infyc A , max,cy Hy||i( N1

As for code snippets reference, we use part of the code from Katz-Samuels et al. (2020) to implement
the rounding procedure used in Peace* and part of the code from Fiez et al. (2019) to generate the base sta-
tionary instance for the multivariate testing example.> We also use code from Xu et al. (2018) to preprocess
the Yahoo! Webscope dataset.®

D.4.1 Additional Experiments

Here, we provide experiment results on some additional examples to corroborate our theoretical findings.

Malicious non-stationary example Because of the nature of arm elimination, algorithms designed for
stationary environment can fail easily in some malicious non-stationary environments. Here, we pick the
same X as Soare et al. (2014)’s stationary benchmark example and set w = 0.5. Then, we take

T T
[0 11 ... 1} fort=1,...,2,
[2 00 .. 0} fort =L +1,...,T.

We can see that the overall best arm is still T() = er. However, because of the 6; in the first 1/3 rounds,
algorithms like Peace and OD-LinBAIl will eliminate e; in its initial phase; on the other hand, our algorithms
will be robust to this non-stationarity. Here, we take 7' = 10* and the results are shown in right plot of Figure
D.1.

Stationary multivariate testing example We also test the performance of these algorithms in multivariate
testing example when there is no non-stationarity, i.e. §; = 6* for all t. Here, we also take 7' = 10* and the
results are shown in Figure D.2. We can see that our robust algorithm P1-RAGE again performs better than
G-BAI and comparably with Peace.

Non-stationary benchmark example In this example, we add non-stationarity to Soare et al. (2014)’s
stationary benchmark example in a more structured instead of malicious way. In particular, we keep the arm
set X’ the same, take w = 0.5 and set

6, =[03 0 0 ... —ssin(2L)+05]",

where s is the oscillation scale and L is the oscillation period, In the first series of instances, we fix L =
200 and take values m € {0,1,...,9}; in the second series of instances, we fix m = 1 and take values
L € {300,600,...,3000}. All non-stationary instances have the same optimal arm as their stationary

*No license information.
SUnder MIT License.
®No license information.
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Experiments under Malicious Example
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G-BAI Peace P1-Peace P1-RAGE OD-LinBAI  Mixed-Peace

Figure D.1: The error probabilities are estimated through 1000 repeated trials and the error bars represent
95% confidence intervals.

Experiments under Stationary Multivariate Testing Example
0.05

0.04 4

=
=
&

error probability

e
=)
=

0.01 A

G-BAI Peace P1-Peace P1-RAGE OD-LinBAI  Mixed-Peace

Figure D.2: The error probabilities are estimated through 10* repeated trials and the error bars represent
95% confidence intervals.

counterparts and we take 7" = 10* for all of these instances. The results are shown in Figure D.3, from
which we can see similar phenomenon as in Figure 5.3. In particular, algorithms designed for stationary
environments, Peace and OD-LinBAI, are very unstable in face of non-stationarity. Meanwhile, among the
other four relatively robust algorithms, our algorithms P1-RAGE and P1-Peace consistently outperform the
other two.

219



Error Probability vs. Oscillation Magnitude Error Probability vs. Oscillation Period
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—8— G-BAI ~—@— Peace —@— P1-Peace —8— P1-RAGE —8— OD-LinBAI —@— Mixed-Peace

Figure D.3: The vertical axis (error probability) is in log scale. The shaded area represents the 95% confi-
dence interval. Each error probability is estimated through 1000 repeated trials. The bottom two plots give
the minimum gap A ) of each instance that algorithms run over
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Appendix E

Appendix for Chap. 6

E.1 Lower Bounds

E.1.1 Oracle Lower Bound

Theorem 29 (Oracle Lower Bound). Let T denote the stopping time for any (0, 9)-PAC algorithm for pure
exploration in safe linear bandits. Then

EO*,M[T} > mi . (E HA -1 |2 Z*”A(,\ HZ*HA
—rr min max< max min , )
o 2 in i ) mi win ) R R (T o

Comparing Complexity with Theorem 16. In the single-constraint setting, the complexity of BESIDE
reduces to

C -sup inf max 2
e ALy 262 (|Asafe(z)| + p(AE(Z)) + 6)

[EREA logU )
4+ C -sup inf max ARX)”
e AeAy 2€Z (p(_Asafe(Z))+p Ae A’)

Consider the case when A(z) is “smooth” in €, in the sense that Ae(z) > A(z) — €. This condition
corresponds to the case, for example, where z, has a large safety gap (in which case we simply have Ag(z) =
A(z) for moderate values of €), or where z, might have a small safety gap, but where there are arms placed
at even intervals so that, as we let the safety gap get smaller, we are always able to find better arms. Under
this assumption, the complexity can be upper bounded as

, 1213 )1 - log (™) _ 2 — 230y - log(Z))
C - inf max 5 +C - inf max 5 +
A€lx 2€Z (’Asafe( )’ +p( ( ))) AELx 2€2\ 2 (p(_ASafe(Z))+p(A( )))
23y - log("5) Iz = 2l 0y - log('F)
< (C- inf max | HA()\ 5 +C - inf max | ‘A(/\) i ° 5 +Co
ACLx 262 (‘Asafe(z)‘ +p(A (Z))) ACLx 2E2\ 2 (p(_Asafe(Z)) +p(A(z)))
which can be upper bounded as
12017 - Iz = 2l -1
Clog(™ZlY . £ ) f Cy.
T (*?A?« L M Bone ()%, PAGIPT A -5, max(p(—Boure(2))% p(A(2)7 ) T
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While this does not match the lower bound of Theorem 29 exactly, it scales in a similar manner. As in
Theorem 29, we pay only for the larger of the optimality gap, p(A(z)), and safety gap p(—Agate(2)) (if
the arm is unsafe). The primary difference between Theorem 29 and this complexity are the terms in the
numerator—in Theorem 29, the numerator scales as ||z — 2[4 (-1 only if an arm is easier to eliminate by
showing it is suboptimal, while in our complexity it could scale this way in either case.

The primary difficulty in hitting the lower bound exactly is that Theorem 29 is a verification lower
bound. It assumes knowledge of the best arm, and is told whether every other arm has smaller safety gap
(if the arm is unsafe) or optimality gap. It can therefore simply use this knowledge to focus all samples on
verifying an arm is either unsafe, or suboptimal.

In practice, we do not have access to such information. Without knowing whether it is easier to eliminate
an arm by showing it is unsafe or suboptimal, the best we can hope to do is to seek to estimate both the safety
value and reward value of every arm, until we have estimated one well enough to show the arm is suboptimal
or unsafe.

We conjecture that the lower bound of Theorem 29 is loose, and that Theorem 16 is nearly optimal.
We believe the gap arises because, as noted, lower bound proof techniques, such as those proposed in
(Kaufmann et al., 2016), which is what we rely on to prove Theorem 29, are lower bounding only the
complexity of verifying the optimal solution. In problem settings such as ours where the order matters—
where we will obtain a very different rate if we focus our attention on one arm versus another, to show it
is safe or unsafe—such techniques appear insufficient to obtain a tight lower bound. Indeed, we conjecture
that a “moderate-confidence” lower bound can be shown using techniques from (Simchowitz et al., 2017),
and that such a lower bound may have a complexity nearly matching that of Theorem 16. We leave proving
this for future work.

Proof of Theorem 29. Following the proof of Theorem 1 of (Fiez et al., 2019) and applying the Transporta-
tion Lemma of (Kaufmann et al., 2016), we have that any §-PAC algorithm must satisfy

1

inf -
ALz MiN (g yeCyy, Doper M KLV, )il lV(0,00),0)

1
> R
E E[T,] > log WE;
TEX

there 7, denotes the number of pulls to arm x, and C,y; is the set of alternate instances defined in Lemma 57.
As we assume that the noise is N(0, 1), and since the noise is independent for the safety observations and
reward observations, we have

1 1
KL o lV0,15) = 5 (] (0 = )% + 5 (00 — ).

Some algebra shows that
1 2 1 2
D KL (g, il M00.0) = 8 = Oacn) + 5llre = 1l
reX
The result then follows by applying Lemma 57 to compute

1 1
in = [6x — 04 + =l — pl/An-
e 5 | Fagy + 5llis = pllaen
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Lemma 57. Define the alternate set:
Catt = {(0, 1) s.t. pn" 2% > o} U{(0,p) s.2. 32 # 2*, "2 < 0,07 (z* — 2') <0},

Then the projection to the alternate is

T, N2 AT (5T — a)?
min 10— 6ul3 ) + [l — a3 ) = min { min p(z /é* ) n p((zs zg «) 7 (2, M*Q a)”
(0,1)ECare zFz* HZHA(A)A HZ - z*HA(A)*l HZ*”A(A)*1

Proof. For each arm x the associated and we want to solve

. 9 )
(9711;n)161(13a1t 19~ e*HzxeX Aoz T e = M*Hzxex Azl

To do so, we use that minge aup f() = mingega py Minges f(x) on the quadratic objective by defin-
ing the sets

A={0,p)st.pn'z">a}, B={(0,p)st. 32 £ 2" 12 <a,0"(z*=2) <0},

such that their union is A U B = Cy.
Note that we know from (Mason et al., 2021) that

(2 ps — @)

. 2 2
rnlnA H9 - H*HZIEX Agzz T - HU o M*szex AozxT =

(O.m)€ HZ*H,Qal(/\)fl '

We now lift B to a set lift(B) that is defined as
li6(B) = {[60,1] s 32" £ =%, [0, 1] T[(* — 2),0;0, 2] < [0, a]}.

Thus we can focus on D, = {k € R?" s.t. A,k < b} where A, = [(2* — 2/),0;0,2'] € R¥**". Now we
want to solve
min min |k — KsllT,
2€Z\{z+} KER2™ s.t. A;k<b

where I' = I, ® (X ,cx Aazz’).

Lemma 58. The optimal solution of

: |5 — Kl
min
KER2™ s.1. Ak<b 2

is ko = ke — T TPAT(ATYAT) Y Ak, — b}, and the optimal value is
1
P (A, — b) (AT AT) " p(Ak, — b),

where p(-) is applied element-wise to Ak, — b.

This translate to

Pz pe =) p((ze = 2)"6.)°

i

min He — 0*H2Zze)( ApzzT + HM - M*HQZ:EE/Y Apzz T = min

(0,u)EB zF2 ”ZH,24(,\)71 Iz — Z*H?A(A)*l

and we get the desired result.
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Proof of Lemma 58. Consider the Lagrangian

L) = 2 (5 — 1) T — k) + 1T (A — )

2
1
L(K' 1) = §E/TFKJI + 41" (AR — b+ Ark,)
minimized at k) = —' "1 AT ;.. We have

1
maxmin £(x, 1) = max ~(T YA u) "D YA p) + u T (—ADPA T — b+ Ak,
p=20 K p>0 2

1
=max ——pu AT YA T+ pu' (Ak, —b)
p>0 2

maximized at g = (AT "YAT) Y Ar, — b}, where {[b1,bo]}+ = [max{b1,0}, max{bs,0}]. Plugging
o back in the solution ), we get the solution kg

Ko =iy — D TAT (AT AT) Y Ak, — b},

and the optimal value follows. O

E.1.2 Proof of Proposition 1

Proof of Proposition 1.

Proof for Z'. Fix a € (0,0.1) and consider the following instance with m = 1:
X:{el,eg}, 22{21,22}, 21:[1/4,1/2], z2:[3/4,1/2—|—a]
0. = e1, M*:[Ovl}v y=1/2+ /2.

On this example, z; is safe and z3 is unsafe with Ag,ge(22) = —a/2.
Let A(\) = Ajere] + Azeaeq denote the design matrix. Then the allocation that minimizes X Vyig:

m [z~ #y = o+
z,2'€Z AN T 4)\1 )\2
is
1 20
A\ = D P .
" 1320 % 1424

Denote this allocation as .
Applying the Transportation Lemma of (Kaufmann et al., 2016), this implies that any J-PAC strategy
must have

1
E[T1KL(v4, oy lve,m,1) + ETe]KL(vg, w20 V06,0),2) = log CWh

for all (0, ) € Cay, where Cyy is defined as in Lemma 57. If a learner plays X for T steps, they will have
E[T1] = ME[T], E[T>] = X2T. In this case, the above can be rewritten as

1
240 MKL(vg, )1l 1V@o,m,0) + A2KL(vg, 2l 1V0,0),2)

E[T] > log
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1 2

= log

where the equality follows by the same calculation as in the proof of Theorem 29. Take (¢, 11) to be 6 = 6.,
=[0,1— | and note that (6, ;1) € Cyy; since with this choice of 1, arm 23 is now safe. Now,

T
a 9 20 203
e =1l = o) 1520 = (1+2a)3
This gives a lower bound of
1 2(1+2a)3 11
E[T] >1 >log — - —.
Tzlogg 5~ 205 21%8545 o

This lower bound is for best-arm identification (¢ = 0), but setting o <— 2¢ — a for a arbitrarily small,
identifying an e-optimal, e-safe arm is equivalent to identifying the best arm, so this therefore holds as a
lower bound on (e, §)-PAC algorithms.

The upper bound on the performance of BESIDE follows trivially since by setting A; = Ao, we can make
the numerator in both terms of the complexity O(1), and the denominator of each term will be at least €2.

Proof for Z2. Fix a € (0,0.1) and consider the following instance with m = 1:

X ={er,e2}, Z={21,2}, 21=[1/2+0%/2,0], 2z =[1/2,0/2]
=[1/2,0], p«=10,0], v=1

On this instance, both z; and 25 are safe, and z; is optimal.
The X Vsate design minimizes:

14+2a+a® 1 a2}

2 _ _ _
max 2l = max{ S VWb

Some computation shows that, for a small, the optimal settings are \; = O(1) and A2 = O(«) (where here
O(-) hides terms that are o(«)). Denote this allocation as A. Following the same argument as above, we
have

2
E[T] > log
2.45 6. = 0% + e = 1l 5,

for any (u,6) € Cy. Let @ = [1/2,2a] and note that (4, 6) € Cyy since zo is now the optimal arm with
this #. We then have

= 0(a?)

1 1
E[T] > Q (043 log 5)

This lower bound holds for the best-arm identification problem, but setting o <— \/2¢ — a for a arbitrarily
small, finding an e-optimal arm is equivalent to finding the best arm, so the lower bound applies in that
setting as well.

which gives a lower bound of
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To compute the sample complexity of BESIDE, we note that Ag,fe(21) = Agate(22) = 1, so the first
term in the complexity is negligible. We also have that A¢(z) = a?/2 = O(€) for € < 1. Thus, the second
term in the complexity scales as

Iz = 2120 ~1og1/6> ~(

=0
2 AEAx €2

6<a2~10g1/5>

€2

o (logl/é) '

O inf max inf (@*/A1+a?/X2) -1og1/d
ANeAy 2,2/€Z €

E.2 Robust Mean Estimation

In order to form estimates of z' 6, and 2" ft«,;» we will rely on the RIPS procedure proposed in (Camilleri
et al., 2021a), instantiated with the robust Catoni estimator (Catoni, 2012).

Catoni Estimation. The robust Catoni mean estimator proposed in (Catoni, 2012) is defined as follows.

Definition 8 (Catoni Estimator). Consider real values X1, ..., X1. Then the robust Catoni mean estimator,
cato [{ Xt }1_1], with parameter o > 0 is the unique root z of the function

log(14+y+y?) y>0

T
cat\ %3 Xi ZT: , = ca X — ca = .
feat(z3{Xi}iz1, @) ;¢ t(a(Xi —2)) for tcar(y) {log(l—y+y2) y <0

The Catoni estimator satisfies the following guarantee.

Proposition 6. Let X1, ..., X1 be independent, identically distributed random variables with mean ¢ and
variance 0% < co. Fix § € (0,1) and assume T > 4log(1/3). Then the Catoni estimator caty,[{ X;}1,]

with parameter
2log1/d
o= 280 (E.1)
satisfies, with probability at least 1 — 26,

ot (V] - o] < | S8

Notably, the estimation error given by Proposition 6 scales only with the variance of the random vari-
ables, and not with their magnitude.

Robust Inverse Propensity Score (RIPS) Estimator. We apply the Catoni estimator with the RIPS esti-
mator of (Camilleri et al., 2021a). In particular, consider running the following procedure.
We have the following guarantee on this procedure.
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Algorithm E.1. Robust Inverse Propensity Score Estimation (RIPS)

1: input: samples {(z, rt)}thl for z; ~ Xand r, = 0" z; + wy, active set )V, confidence &
2: For each y € ), set WY < caty[{y" A(A\)"tayr}_,], for a chosen as in (E.1) with § «+

AN = S pen Aaa T
3: Set

)
W, and

~ . 10Ty — WY
§ = argmin, max ———.
veY  lyllapy—

4: return 0

Proposition 7 (Theorem 1 of (Camilleri et al., 2021a)). If T > 4log @, then with probability at least

1 =46, forall z € Z, the RIPS estimator of Algorithm E.1 returns an estimate 0 which satisfies:

- 8log(2/Z/9)
57O 01 < Iyllagy-r - 2=
The use of the RIPS estimator allows us to avoid sophisticated rounding procedures often found in the
linear bandit literature. Note that the RIPS estimator can be computed in time scaling polynomially in |)
d,and T.

B

E.3 RAGEf

A note on constants. Throughout our algorithm definitions, in both this section and the following, we
use generic constants rather than precise numerical settings, and carry these generic constants through our
proofs. At various points in the proofs, we require that these constants satisfy certain constraints. The
following result shows that there exist suitable settings for all constants such that these constraints are
satisfied.

Lemma 59. There exist settings of c,, ¢y, Cq, Ce, Cf, Ce, Cg, C1, C2, €3, C4, CA and cq such that Equations (E.6),
(E.9), (E.10), (E.11), (E.12), (E.13), (E.14), (E.2), (E.3), and (E.4) are satisfied, and

c3(1+¢q)

<0.2, ¢4<0.2, ¢o=>0.0001.
1— C3

Proof. First, note that in addition to the conditions listed above, we must also have
c1 <cf, 3(eqg+ce) < co.

Furthermore, by Lemma 70, it suffices to always take cA = 3c4 + 3¢, — ¢,4. Direct computation then shows
that the following settings suffice, up to machine precision:

c1 = 0.05978841810030329
ca = 0.0600087370242953
c3 =0.1

cy = 0.1
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¢q = 0.0013004532984432395
cp = 0.41043329378840077

cqg = 0.01

c. = 0.01

ce = 0.0014065949472697806
cg = 0.178

cr=c

Given these settings, we can bound

c3(1 +¢y)

< 0.5.
1-— C3

E.3.1 Preliminaries

Assumptions and Definitions. For all y € ), Esafe(y) > —ca€e. We will also assume that ) C X'. We
define

Yy = argminyenyQ*

and

We will take v = 0, so we set A(\) =3 - Agza .

E.3.2 Algorithm and Main Results

At a high-level, RAGE® attempts to estimate the difference between the performance of each z € Z and the
best y € ). The safety gap estimate, ﬁsafe(z), acts as a regularizer: if ﬁsafe(z) < 0, then we do not seek to
estimate the gap of z with as high accuracy, since we can already eliminate it by showing it is unsafe. The
proof in this section follow closely the proof given in Section 6.4.4 of (Jamieson and Jain, 2022).

Theorem 30. With probability at least 1 — §, RAGES® will terminate after collecting at most

]—logQ/Cfe] 4|Z|2|—10g l"

||Z—y*”124(/\)71 422 2
C- inf max — -log YZPCY 4y log 2] log(— <<
; ANy 2€2 (p(_Asafe(z)) + ]J(A(Z)) + 64)2 ( ) ) ( fe~| ( 5 )

samples, for a universal constant C, and will output estimates of the gaps A(z) such that, forall z € Z,

A(2) = AE)| < 5 (e+p(AE) +p(-Bsre(2)))
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Algorithm E.2. RAGE®

1: input: active set Z, optimal set ), tolerance ¢, confidence &, safety gap estimate {ﬁsafe(z)}ze =z
2: Choose 3y arbitrarily from Y, set A?(2) < 0 forall z € Z

3 for{=1,2,...,[log(2/cre)| do

4: €p % . 2_4

5: Let 7, be the minimal value of 7 = 27 > 4log % such that the objective to the following is no

greater than c.ey, and )y the corresponding optimal distribution

| _ . Iz = G113 -1 - log( 1)
)\glAfX gleazx _Ca(p(_Asafe(Z)) + p(A (Z)) + 64) + - .

Sample z; ~ Ay, collect observations { (@, 7¢, S¢.1, - - -, St.m) Friq
We{z-2 22 ¢€Z}

0° < RIPS({(z4,7¢)}121. W, 55)

Set

R A

~ 4| 2|22
ly = Ge1ll 5,1 - log (1)

e

Y argminyeny@\g +38

., oy \\9_176“,24@[)4 'log(4|2;282>
A'(y) < (y—we) 0"+ '

¢

10: return {ﬁe(z)}zez

E.3.3 Estimating the Gaps

Lemma 60. Let Egsgre denote the event that for all £ and all z, 2’ € X, we have:

1 4| Z|2¢2
5
Ty

(@ 0.7z~ 2)] 3\/ 8z — /I -1 -

Then Pr[gRAGEE] Z ]. - 5

Proof. Since 7y > 4log 4|zg2e2 , we can apply Proposition 7 to get that, with probability at least 1 — §/2¢2,

forall w € W,

4)2)%¢?
log 75—

e

‘(é\g - 9*)Tw‘ < \/8"11)’124()%)—1 )

The result then follows by a union bound since
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Lemma 61. On Eragee, forall z € Z and all ¢,
R(2) — 67 (= — )] < Sea (A1) + B(—Bostel) + (A 5))) + 8(ce + € + 2eaca)er.

Proof. By construction, we have that

R 292
A o 2 = Ge1l - - log(A2EE)
Izneaé( _Ca(p(_Asafe(z)) + p(A (Z)) + 65) + 0

< cc€p.

This implies that, for all z € Z:

~

1) X
< Ca<p(_Asafe(z)> + p<A£_l(z>)) + (CC + Ca)ef'

|z — 374—1”2,40\@)4 -log(

e

On Egagre, We have

41 Z|2¢?
log(15-5)
e

Au(z) = 6] (== Go)| < \/ 8llz = Fellan-1 -

1 (4|Z|2€2 log(4|2§2€2)

~ ~ Y 5 ) ~ ~
S \/16”:961 - yf”i()\e)—l ' T + \/16“:961 - yf”i()\e)—l ' 7
< 8ca (p(~Buare(2)) + pAT(2)) + p(~Bare(i) + (A (5))) + 8(ce + ca)er

By construction we have that Esafe@g) > —ca€ > —2caey, SO p(—ﬁsafe(gjg)) < 2ca €y, which proves the
result. ]

Lemma 62. On Eg g and the event that Al-1 (yx) < cpep, we have
A(Ye) < 6(ce+ ca(l+ ep+2cn))ep.

Proof. By the definition of Egsgge and 7, we can bound

log(W)

07 @~ Te1) < O G~ Te-1) + \/ 8l — el

- log(*55)
J— 3 -7 -7 2 T o
— gg}(e ) (Y= be-1) +\/8lly = el -

log(1ZFE)

< (GZ)T(Q* — Y1) + \/8||y* - gﬁ—l”i()\e)fl : T;
2@2
_ _ log (125
< a;r(y* - yé—l) + 2\/8||y* - y€—1||124()\2)—1 : 7'766
By the definition of 7, and )y, we have
~ 2[2
R - 2 = Ge—11% 5,1 - log(1E5)
Ce€e 2 I?gazx —Ca(P(—Asafe(2)) + p(Aeil(z)) +€0) + : e:'e
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_ o 19 = G130y -1 - log(AEEE)
> _Ca(p(_Asafe(y*)) + p(A (y*)) + 63) + 0
N 2[2
(@) ~ e = Ge-1l1% 5,1 - log(1EF5)
2 e (p(B )+ (1+ 2ea)er) +J e
J4
®) log(w)
_ = 2 ) )
> —ca(l+cp+2cn)er + \/Hy* yf—lHA()\é)fl P

where (a) uses that Asate(yx) = —cae > —2caey, by definition, and (b) follows by our assumption on
A1(y,). This implies that

412|202
s log(1£15) < ) 5
19 = Ue—1 01 - — = (ce + ca(1+cp + 2cn))er.

Combining this with the above we have that
GI@ —¥r-1) < 93(% — Y1) + 6(cc + ca(l + cp + 2ca))ee.
Rearranging this proves the result. O

Lemma 63. Forall z € Z and all ¥, on the event Eg agge,
A=) = A)] < 5 (e +PIAE)) +P(—Buare(2)))

Proof. We prove this by induction. Assume that at £ — 1, for all z € Z,

A (2) = A2)] < ¢ (em +p(A(2) + p(—ﬁsafe(z») :
On Eragee and by Lemma 61 we can bound
|AY(2) — A(2)] = |A'(2) — (R(2) — R(Ge) + R(Ge) — R(y.))
< |A%2) = (R(2) — R(G0))| + A@r)
< 8¢, (pw—l(z)) + p(—Agare(2)) + p(&f—l(gg))) + 8(ce + Cq + 2¢aca)er + A(T).

By the inductive hypothesis, we can bound

PAT(2)) < (14 cp)p(A(2)) + erp(—Agare(2)) + creet
PAT @) < (1+ ep)p(A@0)) + crp(—Dsate(T)) + cpept.

~

By construction p(—Agae(Yr)) > —ca€ > —2cae€y, SO

|Af(2) — A(2)] < 8ca(l + c)p(A(2)) + 8cal(l + cp)p(Asate(2)) + (8ca(L + ¢5) + 1) A7)
+ 8(cact(1 4+ ca) + cc + ca + 2c4cn )€y
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It remains to bound A(yy) = R(yr) — R(y,). On the inductive hypothesis, we have that

B () = A < 7 (e +PAE)) +P(-Bare(s:))

By definition, A(y,) = 0 and ﬁsafe(y*) > —ca€ > —2ca€y, which implies that ﬁg_l(y*) < 2cp(1+ca)e
It follows that the conditions of Lemma 62 are met as long as

2c(1+ca) < o, (E.2)
so we can bound A(yy) < 6(ce + co(1 + ¢ + 2¢a))ep. Thus,

IAY(2) — A(2)] < 8cqa(1 + cr)p(A(z)) + 8ca(1 + Cf)p(ﬁsafe(z)) +8(cacr(1+ca) + cc + ca + 2cqcn)ep
+ (8ca(1+¢f) +1)(6(ce + ca(l + cp + 2ca)))er

which proves the inductive hypothesis as long as

8(cacr(1 4 ca) + cc + ca + 2caca) + (8ca(l + cf) + 1)(6(ce + ca(l + cp + 2¢ca))) < cy
8cq(1 + Cf) <cy (E.3)

For the base case, we need to show that
A°(=) = A=) < e (e0 +P(AE)) + p(-Buare(2)))

By construction A%(z) = 0 for all z, and p(A(2)) > 0, p(—Asae(z)) > 0. Thus, it suffices to show
|A(2)] < creo. However, by construction [A(z)| < 1, and cgeg = 1, which proves the base case. O

E.3.4 Bounding the Sample Complexity

Lemma 64. On the event Egagre, RAGE® will terminate after collecting at most

Mog(2/c )] - B
C- Zf inf max - =~ vl log(MEFE) 1 8[log 2] log(w)
= €8x €2 (p(—Asare(2)) + P(A(2)) + €0)? e

samples, for a universal constant C.

Proof. 1f, forall z € Z,

_ 2
> _ IE yé—iHA()\)—l -10g(4lzg2e2)
(ca(p(—Dsafe(2)) + P(AT1(2)) + ) + ce€r)?

we will have that the objective on Line 5 of RAGE is less than c.€;. Since we can take the best-case A € Ay,
and since we have that 7, will be at most a factor of 2 from the optimal 7, it follows that

2012 = Ge-11%x)-
70 < inf max — AN 'log(4|z| £ )V 8log w
AELx 2€2 (Ca(p(_Asafe(Z)) + p(Aé_l(Z)) + 65) + Ccef)Q

< f 2”2 - @\K—lni()\)fl
< inf max —~ —
AeAy 2€2 (Ca(p(_Asafe(Z)) + p(Af_l(z)) + 62) + CCGZ)Q

4| 2|2¢? 4| 2|62
(|| ) |g

-log + 8log
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. 42|22 e - 4z|2e?
where the additional 8 log ==— factor arises since we always require 7, > 4log ==5—.

We can upper bound

Iz — ??671”,24(,\)—1 <2||z - y*\li@)—l +2([y — ngluzx(/\)—l-

~

By construction, p(—Agafe(Ye—1)) < 2caeq, so for any z, p(—ﬁsafe@g_l)) — 2cpaep < p(—ﬁsafe(z)).
Furthermore, by definition,

AN (Gey) =0
SO p(ﬁé_l(z)) > p(ﬁe_l@e—ﬁ)- Thus,
inf max — il /y\e;l Hi()\)_l
NeBx 2€Z (cap(—Asate(2)) + cap(AL1(2)) + (cq + co)er)?
< inf max = 2”2_3/1”,24()\)4
- AEAx 262 (cgp(—Dsate(2)) + cap(AT(2)) + (ca + cc)er)?
201Ge—1 = yull%p)-
(cab(—Dsate (Fe-1)) + (A1 (Fe-1)) + (ca + = 2eaca)er)?
< inf max = 4”2/\_ y*Hi(/\)il :
T AEAx 262 (cop(—Agate(2)) + cap (AF1(2)) + (caq + e — 2¢qcn)er)?

+

By Lemma 63, we can lower bound
ANz) 2 AGz) = epler+ pA(R)) + p(—Aaare(2)))

SO

-~

caP(—Baate(2)) + cab (A (2)) + (ca + cc — 2eqca )
> ca(l = cp)p(—Asate(2)) + ca(1 = cp)p(A(2)) + (ca + cc — 2caca — cacCy)eg.
The result follows by combining these inequalities and as long as
ca(l —cf) > co, Ca + Cc — 2CqCA — CaCf > Cp. (E4)
O

Proof of Theorem 30. Theorem 30 follows directly from Lemma 64 and Lemma 63 since, by Lemma 60,
Eracee holds with probability at least 1 — 9. O

E.4 Safe Best-Arm Identification

E.4.1 Preliminaries

In general we want to consider multiple safety constraints, and let m denote the number of constraints. In
such settings, we will denote A’ ¢ (z) the safety gap for safety constraint i.
Define

Alz) =0z — min 6] y.
(2) =0,z min .y
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E.4.2 Algorithm and Main Result

Theorem 31 (Full version of Theorem 16). With probability at least 1 — 20, Algorithm 6.1 returns an arm
Z such that

ETQ* > (Z*)TQ* — € Asafe(/'??) > —€ (E.5)

and terminates after collecting at most

4m| 2|62
log(AmIZICy

. e
O 2ot e :
=1 (ming |82, ()] + max; p(~ A1, (2)) + pA“(2) + e )

Le ”z — 2’*”?4 ]Og(g‘ZPlOg (1/6))

—|—Clogl-z inf max + Co
€ (o AeAx €2 (max; p(—A safe( z)) +p(A%(z)) + €)?

samples for a universal constant C, Cy = poly log(1, |Z]) - log %.

E.4.3 Estimating the Safety Value

Lemma 65. Let &yt denote the event that, for all {, z € Z, i € [m]:

o ' 1 (4m|2|£2)

|2 (1" — pl)] < \/8"2“,24()\5)—1 Tj

Then Pr[€gage] > 1 — 0.

Proof. This follows directly from Proposition 7 and a union bound, as in Lemma 60. O

Lemma 66. On &, forall z € Z, i € [m], and all ¢,

[AL(2) =~ Alue(2)] < 3eq (ngn|Azﬁ;< )|+ maxp(~AL (=) +p<ﬁ“<z>>) +3(ca + co)er

Proof. By construction, we have that

4m|Z|6?
12120,y -1 - los(™E1E)

¢

e Z safe safe S Ce€y-

max —cg (mm \A] f_l(z)] + mjaxp( A 1( ) —|—p(3é_1(z)) + eg) +

This implies that, for all z € Z,

Z|0?
12120, - log(*ELE)

Te

< min cg| A5 (2)] + max cap (AT (2)) + cap(AT(2)) + (ca + co)er
J J

safe safe

On &gz, We have

m 2
12120, - log(AEIE)

Te

‘Abafe( ) éafe( )’ < 8
< min 3eq| A1 (2)] + max 3egp(— AL (2)) + 3eap (AT (2)) + 3(ca + co)er
J J

safe safe

which proves the result. O
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E.4.4 Tying Together Safety Estimation with Optimality Estimation

Definition 9 (Optimality Good Event). Let Sﬁ
epoch, and Egpgpe = Uggﬁ AGEE-

e denote the success event of RAGE® when called at the (th

Lemma 67. On the event g1 N ERagre, We have that:
1. Foralll < i,y € Yy andi € [m], yT,u*,Z- <.
2. Forall land = € Z, A" 1(z2) < Al(z).

Proof. By Lemma 66, we have that

At

safe

(2) =~ ea (min B2 ()] + maxp(- B2 () + B 6D ) = 3lea + e < Al )

safe safe

Thus, if the inclusion condition of ) is met, it must be the case that A’ ; () > 0 for all i.
The second conclusion follows directly since )y_1 C V. ]

Lemma 68 (Key Estimation Error Bound). On the event Egut N Eraces, for all z € Z, 4, and i, we have

B - B < o (04 p(A )+ maxp(~ A (4) )

AGk(2) = M (2)] < e (ee + p(AY(2)) + min AL, (2)] + m;»xp(—Aiafe<z>>) -

Proof. We prove this by induction. Assume that the above inequalities hold at epoch ¢ —1. On Egate NER AGES s
by Lemma 63 and Lemma 66, we have

safe

[A(z) = A(2)] < ealer + p(A%(2)) + macp(— AL (2)))

]ﬁ“

safe

(2) = Alare(2)] < ealer +p(A1(2)) + min | AL ()| + maxp(=A% (2)-

] safe safe

By the inductive hypothesis, we can bound

p(ﬁzfl(z)) <p <£51(z) + c3(er—1 + P(Aefl(z)) + mjaxp(—Agafe(Z))O

< (1+e3)p(A1(2)) + czer g + max esp(— AL ()
J
< (14 c3)p(AL(2)) + 2c3e0 + maxezp(—AL . (2))
J

where the last inequality follows since, by Lemma 67, A™1(2) < Af(z).
Furthermore, again applying the inductive hypothesis,

safe safe

AP (2) < Al (2) + caler + p(AT1(2)) + min |AT (2)] + maxp(~AL; (2)))
J J

< Alage(2) + 2cseq + cap(A’(2)) + mineg| AL (2)] + max eap(— AL (2))
J J

safe

< Aéafe(z) + 2cq460 + c4p(£f(z)) + 64‘Aéafe(z)‘ + mjax c4p(_Agafe(Z))'
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Similarly,

p(-ALL(2)

IN

p (- Aa(e) + 20se + cp(BU2) + min e AL 4] + map(-Ae(2))

IN

p <_ 7élaufe( ) + Hljln C4’Asafe( )’) + 2cq€0 + c4p(ge(z)) + mjaX C4p(_Agafe(z))

IN

p (_ safe( + C4’Asafe< )D + 2cq4e0 + C4p(££('z>) + mjf.iXC4P(—Agafe(z))-

Note that if A’ ; (z) < 0, then

p(_ safe( )+ C4‘Asafe( )’) - p( safe( ) C4Asafe( )) = (1 + C4)p(_ éafe(z))

and if Al ; (2) > 0, then for cs < 1, —AL . (2) + cs] AL (2)] <0, s0
p( safe( ) + C4‘Asafe( )’) =0= (]' + C4)p(7A;‘afe(Z))'
Thus,

P(=ALE () < (14 ea)p(=Alus(2)) + 2eser + eap(A(2) + max cap(—Ad (2).

Combining these inequalities, it follows that

B(2) ~ Al (0] < o (-4 p(B1) 4 min B )]+ (- B2 2
< ea(1+ 265 + dea)e + e(1+ e + 2¢4)p(A4(2))

+CQ(1+C3+3C4)maXP( ( ))+02(1+C4) mln’Asafe< )’

safe

and

A%(2)] < exler +p(AY(2)) + maxp(-AL (=)

< er(1+2e0)er + e (1 + ca)p(Ah(2)) + er (1 + 2¢4) m?XP( Al g (2))-

INOE

This proves the inductive hypothesis, as long as
c1(142¢4) < ez, ca(142c3+4cq) < ey. (E.6)
For the base case, we need to show that
|A%(2) = A%(2)| < es(eo + p(A%(2)) + max p(— Al (2)))

|A%ute(2) = Dsate(2)] < 04(60+P(50(2))+mmlﬁsafe( )|+ maxp(— Al (2))-

By construction, 30(2) = ﬁgafe(z) = 0. Thus, it suffices to show |A%(2)| < csep and |Agage(2)] < caco.
However, both of these are true by our choice of €. O
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Lemma 69. On the event Egare N Erages, for all z € Z and all £, we will have

Al(2) > A%(2) where A%(z) = max y' 0, —2"0,.
YyEZ : ¢g<min; A!_; (v)

Proof. By definition, we will have z € )y if

8¢y <min AT ()] + max p(— AT (2) + p(&“(z))) + 8(cq + ce)er < A, (2).
J J

safe safe safe
The following claim allows us to obtain a sufficient condition to guarantee z € ).
Claim 1. On the event Egage N ERaGES
min [AZ ()] 4+ maxp(— A4 (2) + p(ATH(2))

safe safe

< 2(cs + 2ca)e + (1 + ¢34 2c4)p(A(2)) + (1 + 2¢4) min | AL (2)] + (1 + 3 + 2¢4) max p(—AL ¢ (2)).
J J

safe
Proof of Claim 1. By Lemma 67 and Lemma 68, we can bound

min |AZ (2)] < (14 ea) min |AL g (2)] + 2caer + cap(AL(2)) + camax p(— AL ()
J J J

safe safe

safe Late(2)) + 2¢ae0 + eap(A(2)) + min AL 5o (2)]

max p(—ALe " (2)) < (1+ ¢a) maxp(—A]
J J
P(AI1(2) < (1 + ea)p(B(2)) + 2eser + ca max p(— Ay, (2)).
The claim follows by summing these upper bounds. O

Thus, by Claim 1, we can bound

safe safe

3cq (min |AZE ()| 4+ max p(— AT (2)) + p(ﬁél(z))) + 3(cq + ce)er
j J
< 3(ca+ ce + 2cacs + deqea)ee + 3ea(l + 5+ 2e0)p(A(2))
+ 3cq(1 4 2¢4) min |A? . (2)] + 3ca(1 + ¢34 2¢4) maxp(—Agafe(z)).
J J

safe

Furthermore, by Lemma 68,

Aln(z) - <6£ T p(AY(2) + min| AT ()] + maxp(Ag‘afe@))) < R ()
J J

It follows that a sufficient condition for z € )y is

safe

(3cq + 3ce + 6¢qcs + 12¢4c4 + ¢4) (eg + p(&f(z)) + min |Aj (2)] + maxp(—Agafe(z))> E7)
J J )
S Aéafe(z)’ Vi € [m]

If yo = argmax,cz . ¢, <min, A () y "0, is in ), then we are done. Assume then that y, & ). By

construction, since A% ; (y¢) > 0 forall i, max; p(—A/ . (2)) = 0. Using that (E.7) is a sufficient condition
for inclusion in )/, this implies that

di € [m] st (3cqg+ 3ce + 6cqes + 12¢qcq + c4) <64 + p(ﬁg(yg)) + mjin |Agafe(y4)|> > Aéafe(yg).
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which implies
Ji e [m] st (3cg+ 3ce + 6cqcs + 12¢4¢4 + c4) (6@ + p(AY(y0)) + \Aéafe(yg)\) > Al (ye). (E.8)
By construction, though, A? . (y¢) > €. If we assume that
3cq + 3ce + 6cqcs + 12¢qc4 + ¢4 < 1/4, (E.9)
then (E.8) can only hold if p(ﬁﬁ (y¢)) > 0. This implies that max,cy, y' 0, > y;rﬁ*. Thus, in this case,

Al(z) = maxyTH — 270, > y) 0 — 270, = A%(2)
yeVe

which proves the result. O
Lemma 70. On &gt N Erages, for all z € Yeng we have
fafe(2) = —cge, Vi € [m],
A;;fee( ) > (3ca + 3ce —cg)e,  Vie [m].

Furthermore, z, € Yenq.

Proof. Recall that
Yend = {2z € Z :3cq <mm AL+ max p(— ALi(2) + p@“(Z)))

+ 3(cq + ce)e — cqe < A (2),Vi € [m]}

safe

On &afe, We have

Bl(2) < Alua(e) + 30 (in |25 ()] + map(- B2 (2) + p(B*(2) ) + 3(ea + e
so it follows that if 2 € YVenq, then
—Cg€ = < Asafe( )

To see that 2, € YVenq, note that by definition of Ve, 4, using a calculation analogous to (E.7), a sufficient
condition for z € YV.,q is

(3cq + 3ce + 6¢4c3 + 12¢qcq + c4 — ¢g)€ + (3cq + 3cqes + 6egeq + c1)p(A(2))
+ (3cq + 6cqcq + c4) rn1n |Asafe( 2)| 4 (3cq + 3cqes + 6eqeq + c4) m]axp( Agafe( )

< Asafe( )7 Vi e [m}

By definition of z, and since, by Lemma 67, all z € })/,_ are safe, we have A%< (z,) < 0. Furthermore, by
definition we also have Agafe(z*) > 0 forall j, so p(— Safe( z4)) = 0. Thus, assuming that

3cq + 3ce + bcges + 12¢cqcq +c4 —cg <0 (E.10)
a sufficient condition to guarantee z, € Vepq is that

(8¢q + 16¢q4cq + ¢4) mln |Asafe(z*)| <Al (z), Vie[m)].

However, as long as
3cqg + 6cgeq +c4 < 1, (E.11)

this is true, since by definition A’ . (z,) > 0. O
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E.4.5 Algorithm Correctness and Sample Complexity

Lemma 71 (Correctness). On Egase N Eragre, We will have that

1 .
/Z\Te* > (Z*)Tg* - cgi_—i_czg) ’ ;afe(z\) > _0967Vi € [m]

Proof. We choose Z to be any z € YVenq such that A™(z) = 0. By Lemma 70, we have that A’ . ()

>
—cge forall i € [m]. If And(Z) < 0, we are done, since by Lemma 70, z, € Vend, 50 21 0, > (2,) 76,
Assume that A®4(2) > 0. By Lemma 68, we have that

A(2) < cse + esp(A™(2)) + csmaxp(— A (2)).
By Lemma 70, since Z € Vend, p(— Agafe( Z)) < cg4e for all j, so we can bound

Aend( Z) <ec3(l+cge+ cgp(Aend( 2)) = ca(1 4 ¢cg)e + c3£end( )
We can rearrange this as

1+¢y)
Aend < 3( g
()_71_03 €

which proves the result, since, by Lemma 70, A°™(2) = max ey, ¥ 0« — 2 0 > (24) 10 — 270

Lemma 72. On Egagee N Esate, the total complexity of Line 6 is bounded by

z 1211251 - log(AZEY
C’-Z inf max AN~

AeAx 2€2
=1 Xz

5 + du, log(4m\Z\L )
(ming |82, (2)] + max; p(— A, (2)) + p(A%1(2) + &
for an absolute constant C

Proof. Applying the same argument as in Claim 1 but in the opposite direction, we have
min |£gff;1(z)| + max p(—AZE1
J J

safe ( ))er(&e_l(z))

> —2(cg+ 2c4)ep + (1 — c3 — 204)]3(&5( )+ (1 —2¢4) mm ’Asafe( 2)| + (1 —c3 — 2¢4) mjaxp( Agafe( ).
We assume that c3, ¢4, and cg are chosen such that
1 —2c3 —4eyq > o, (E.12)
which allows us to bound:

¢ N -1 N
Ao, max —ea (m st (2)] + maxp(

N 212,y - lo 4m|Z|¢?
safe (Z)) + P(Ae*l(z)) + 5€> + \/” HA()‘) g( 0 )

T
<

inf max —cgco

m 2
1 HZH,24(>\)—1 -log(%)
(mln|A5afe( )| + max p(—AL . (2) + p(AH(2) + &
)\EAX zEZ Vi J

safe

T
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It follows that if, for all z € Z,

||Z”?4(,\)71

: — 2
(cdco min; |A7 - (2)] + caco max; p(— A7 (2)) + cacop(A1(2)) + (caco + ce)eg)

2
> Am|Z|¢

-log

we will have that this is less than c.e,. Since we can take the best-case A € /Ay, and since 74 is always
within a factor of 2 of the optimal, it follows that

4m| Z|0?
2|22y - log AIEIE

<
TS \Inf max j N ?
(cdco min; ’Asafe( z)| + cacomax; p(—A7 . (2)) + cacop(A~1(2)) + (cqco + ce)eg)

+ 4log 4m|Z\£

The result then follows by summing over epochs and lower bounding A~(z) by A®~1(z) using Lemma 69,
and assuming that

C4co + ce > Cp. (E.13)
]

Proof of Theorem 31. By Lemma 65 we have that &, holds with probability at least 1 — §. By Lemma 60,
we have that Sﬁ acee holds with probability at least 1 — 0/ (4£2). Tt follows then that Egage U (Ugé’ﬁ holds
with probability at least

AGEE)

)
1-6-— —>1-26
402 —
Assume henceforth that Egage U (U gé’ﬁ AGEF) holds. Equation (E.5) follows by Lemma 71. The total number of

samples collected on Line 6 can be bounded by Lemma 72. It remains to bound the total number of samples
used by RAGE®.

By Lemma 64, at epoch ¢ RAGE® will collect at most
8|2\210g (1/6)) 412|2 2 12
T |Z|*[log 21
+8[log 2] log(———5—)

)2
z2—y 10g

ohoglw inf max - *HA(? T (
cree Aebx 2€Z (max; p(—AN (2 ) + p(Az)) + €)?

safe

samples, where 3¢ = arg max, ey, y'0.. Assume that max; p(—Agafe(z)) > 0, then we can upper bound
min; |Asafe( z)| < max; p(— AJ

Jafe(2)), and by Lemma 68 we can lower bound

maxp(~A% 1 (2)) = (1 — 2eq) maxp(= A7 (2)) — eap(B(2)) — caeror.
J J

Assume instead that max; p( —Agafe(z)) = 0. Then again by Lemma 68:
mjaxp( Agjfel( ) >0= mjaxp( Agafe( ) > (1 — 2¢q) mjaxp( Agafe( ) — eap(A(2)) — caep.
By Lemma 67, it follows that

maxp(—AL (2)) + p(AY(2)) + e

j safe
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> (1= 24) maxp(—AL, (2)) + (1 = e)p(A() + (1 = 2e)e

By definition and Lemma 67 and Lemma 70 for all £ including ¢ = end, we can bound p(— Aéafe( 4)) < cqe.
Furthermore, by definition p(Af(y%)) = 0. Putting all of this together, we have:

8| Z|2 log?(1/€
f ma llz — Z/f”,%l(/\)_l . Iog(w)
11 max

Aehx 2€2 (max; p(—AL 1 (2) + p(AL2)) + )?
8|Z|? log (1/5))

12 = yill% -1 - log(
< inf max XA

A€Lx 2€Z ((1 — 2cq) max; P(—Aﬁafe(Z)) +(1- C4)P(N(2)) + (1 = 2c4)e0)?
8\Z|21%g4(1/6))

2z — 23 5y1 - log(

< inf max =
S (e ey (=B () + (1~ W R £ (L= 2emr?

(SIZI log* (1/6))

2
4 inf 2|z — y*HA()\)q -log

AeAx (1= 2¢4) max; p(—A . (y)) + (1 — ca)p(AL(y!)) + (1 — 24 — cg)er)?
(8|Z|210g (1/6))

< inf 4”2_2*”,4()\) -log
inf max
Aelx z€Z ((1 — 2¢4) max; p(— Agafe( )+ (1 — C4)]J(A€(Z)) + (1 — 2¢c4 — ¢g)€p)?

As long as

1 —2¢c4 — ¢4 > co, (E.14)
summing over the epochs and lower bounding ﬁe(z) by A¢(z) via Lemma 69 gives the result. Finally, the
settings of the constants follows from Lemma 59. U
E.4.6 Proofs of Corollaries to Theorem 16

Proof of Corollary 2. If m =1, pi,1 = 0, and v = 1, then we have Ag,s(2) = 1 for each z, and A%(z) =
A(z) for € < 1. The result follows directly from this and some algebra. O

Proof of Corollary 3. We can trivially upper bound the complexity given in Theorem 16 by

Z|

12123y - To( 2 = 2% 51 - log(12])

C' - inf max AR~ + C - inf max AN~ + Cy
AeAy 2€2Z 62 AeAy 2€2 €2

m\Z|)

1201551 - log (5~
< (C- inf max AN

+ C).
AeAy 262 €2

In the case when X = Z, we can bound infyea , max.cz ||2[? (-1 < d by Kiefer-Wolfowitz (Lattimore
and Szepesvdri, 2020), which proves the result. 0

E.5 Computationally Efficient Optimization

Throughout, we will let R(z; &1, ..., &,) denote some generic weighted risk estimate of the form
R(z 615 6n) th €1y ) T{2(we) # v}
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for some weights f;(&1,...,&,) and observations (u, v;). The exact setting of R will change from line to
line—we simply use it as a stand-in for an objective that a cost-sensitive-classification oracle can efficiently
minimize. We will also use f(&1,...,&,) to refer to some generic function (the particular form of which is
not important).

Lemma 73. Consider some z,z € Ay. Denote

(W) £ KON _
e IR

pA(h, 1) = By [
and overload notation so that z = ), .4, z,h denotes the feature vector for the mixed classifier z. Then,

| = 1= gy
AO)/D)

S sndonttt) = Bue |

h,h'€H

Proof. Note that

n_ Z{h(U) # ' (U)}] _ h(U) = M (U)I] _ (h(U) — I (U))?
ottty =y [ A | = [ | =B [
where the final equality holds because |h(U) — h/(U)| is always either O or 1. Thus,
=~ / - (h(U) = W'(U))?
znzp pa(hy b)) = zhzp By
thH e thH S [ A(O)/v(0) ]
— Ry, Zh,h’e?—t 22w (W(U) = 1'(U))?
- AU)/v(U)
> naen 2w (R(U) + B'(U) = 2h(U)K (U))

= v AO)/D) (19

However,

> amEh(U) =Y zh(U) = 2(U), > zpZwh!(U) = Z(U)

h,h'€H heH h,h/€H
and
> (U)W (U) = (Y znh(U))( D 2wl (U)) = 2(U)Z(V),
h,h/eH heH h'eH
Thus,

(2(U) - z(U))T
AU)/v(U)

which proves the first equality. To prove the second, recall that [h], = v(u)h(u), s0 [2]y = D pepy 2nlhlu =

v(u)z(u). It follows that,

(E.15) =Epy~y [

I = 2Wayor = 3 2 o) - 20))? = B [
ANTT 2\ () LA/
which proves the second equality. O
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E.5.1 Computational Efficiency of RAGE®

RAGE® requires solving the optimization

- o ~ log (2| Z|?|.A[¢*/3)
Jnf max min —co(p(—Auare(2)) + PATH(2)) + ) + allz = T f -1 + or :

(E.16)
Here we take 7 to be fixed, and recall that

2log(2| Z[?|A|£/9)

Ty

Ye < argming ey min Ry (y) — Ry (1) + 20|y — o115

| log(2|ZPIAIR/9)

Ty

Afly) + min B (y) = B @) + elly = 5el3,)

Furthermore, ) will be a set of the form
Z/

Unzu&eﬂdwmﬁﬂ»@%mAm%mgw%ﬁwwA&Wwaﬁ
k=1

Recall also that

TZ{h(U) £ W' (U)} ] _y : )V(U)2 T{h(U) £ W(U)}

Ih =B+ = Evew [(9/\(U)/10 +1/10d)/u(U) U)/10 +1/10d

and

e

RE () = -~ T{hlun) £ ).
t=1

For z € Ay, we denote Eg‘(z) =D hen zhﬁg‘(h) and R(z; ) = D5 ey 2R (h; ). Finally, we assume
that Agage(2) = mingea R(z; @) + f(«).

Solving for 7,

Using Lemma 73, we can write the optimization for 7y as

Te

1 v(U)? /
— A
g{l{}}};gﬁgggntzwﬂr th {h(u #Ut}‘FOKh;Hyhyé 1 Z 93(T)/10 1 Lytoa > V) # W (U}
~ log(2|2 A€2 )
i A
‘We can rewrite
2 [Fe—1llolX]
/ . . .
Z yhyé 1,n' Z 9)\ /10+1/10d { ( #h }_ th Z wlz{h(ul)#vl}
hh/EH heH i=1
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for some weights w;. It follows that if ||7y—1]|o is polynomial in problem parameters then the optimization
for gy can be written as

min min min R(y; o) + f(«

Lo oin mig (y;a) + f(@)
for R(y; ) a CSC loss over only polynomially many points (as well as linear in y and convex in «), and

f () convex in a.. Note also that, for any y, we can upper bound R(y; ) < O(L + da). Here Yy, a set of
the form

{z € Ay Z zhc(ek + p(AF 1 (R)) + m?ﬁp(—ﬁgﬁgl(h)) + m%n] |Ag§;1(h)|) < Z Zhﬁsze(h)aw € [n]}
heH Jen Jen heH

y¢ will be the element in ), minimizing the, for the &k achieving the minimum. The dual of this problem has
the form

min min min max R(z;a)+ f(a)
ke[l'] zeAy a€A p;>0,i€[n]

n
A k— Nik—1 IR Gk Nk
+ Z M Z th(ek + p(Ak l(h)) + maxp(_Agafe (h)) + min |Agafe (h)’) - Z ZhA;afe(h) :
P hen j€n] j€n] her

Note that we can swap the min over o and z without issue. Furthermore, for a fixed p, the objective is linear

in z, and for a fixed z, the objective is linear in x. By the minimax theorem, we can then swap the min and
max to obtain the equivalent optimization:

min min  max min R(z;a) + f(a)
kE[l'] e A 1;>0,i€[n] z€ Ay

n
+ > (z zne(ex + (A1 (1) + maxp(~ALET () + min |AZE (1)) = 3 zhA;;ﬁe(m) :
i=1  \heH i€ln] i€t heM
We can simply enumerate over k and «, as there are a finite number of each of these constraints. For a
fixed k and a, to solve the inner maxmin problem, we can apply the approach proposed in (Agarwal et al.,
2018). In particular, we alternate between running the exponential gradient algorithm for the u player, and
computing the best-response for the z player. The update to the p player is trivial, as the problem is simply
linear in p (in practice, as in (Agarwal et al., 2018), we will also upper bound the domain of u; by some
value B, to ensure this is finite).

Computing the best-response for the 2 player (with y fixed) is slightly trickier. Ignoring all other param-
eters, which are all currently fixed, the minimization over z can be written as

min zZ a;Z{h(u o
ZGAH% hzt: tZ{h(ut) # ot}

+ p (Z zhc(ek + p(AFY(h)) + maxp(—A2E "1 (h)) 4+ min |£g';§;1(h)\) -3 zhzgffe(h)> .

=1 \hen Feln] €l

AN

= min zh<2at1{h(ut) # o}

+ > il e+ p(AF(R)) + masp(— AT (1) + min |AZL ()] - Agffe(h)))

b i€l safe jeln] safe
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, o ) . . k—1
Now note that max; |y p(— A2 (2)) = sups 3 e Ap(—=AL (2)), and similarly for minje () [AZ (2)].
Using this, we can rewrite the above optimization as

min _ max _  min Z zh<2at1{h(ut) # o}

ZELH XINEN  heH N2hen hEH | =7, 7
N k— 1 h k 1 Y2h k 1 k
+ Z Cz(ek +p A + Z )‘1 Agafe Z A ‘Agafe )’ B A;afe( )>>
i€[n] J€n] J€Eln]

We also have:

p( safe ()) ﬂ%{%ﬁ] /8 safe (Z)’ | safe ()| ﬁg[l_afuﬁ Safe ()

So we can further simplify the above to:

min _ max min . max Z zn ( Z arZ{h(us) # o}
t

2€Au Nhe Ny heH N2he A heH Bh,BE €[0,1],809 €[-1,1],heH her

#3 cew AHER 0 - Y RSPALL )+ 30 WAL ) - Alk) )

1€[n] JjE€[n] JjE€[n]

Note that the objective is linear in 3 and XQ, and both have continuous, compact, convex constraint sets, so
we can swap the min and max to get that the above is equivalent to

min _ max . max _ min Z Zn < Z arZ{h(us) # ot}

Z€0H Nhe N heH BT84 €[0,1),85 €[~ 1,1, heH N2heAn heH =5, 7
~ ~ k 2N k k
+> o (ek + BEARTY(h) = ST NPBY AT (h) + Y X BY AZE T (h) - Agafe(h))).
i€[n] j€n] j€n]

We can write this in the form

min max g(z; \', 8) (E.17)
ZEA/H Al ﬁ

for

g(z AL, 8) ;== min Z Zh(zt: aZ{h(us) # o}

A2he Ny, heH heH
+) e (ek + BPARTY(h) = 3T NPBY AT (h) + Y B AZE T (h) — A;jfe(h)))
1€[n] JjE€[n] JjE€[n]

To solve this, we will apply a version of Frank-Wolfe that handles adversarial losses to the outer player
(see Section 4.2 of (Hazan and Kale, 2012)), and will play best response for the inner player.

From the perspective of the outer player, at iteration ¢ of the algorithm given in (Hazan and Kale, 2012),
they must optimize the function

fi(2) = g(z: ML B) = Y znen(N, Br)

heH
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for some ¢, (AL, B;). Note that this is L = maxy, [c, (AL, 8;)| Lipschitz in the £;-norm, and that we can
bound this L for all ¢ by something like O(é + da+ n). The algorithm introduced in Section 4.2 of (Hazan
and Kale, 2012) computes the standard FW update

Z = argminzeAHVFt(zt)Tz, 1= (1=t Yz + 7147

for
1 t
Fi(z) = ¥ Zl va(zT)TZ + oz — ZlH%

for o; = (L/D)t~Y/* for D = max,, .,en,, |21 — 22||1 (note that in that work, the function seems to be
Lipschitz in the 2 norm while here we use ¢£;—this does not seem to change their result at all). It is shown
in (Hazan and Kale, 2012) that running this procedure we obtain the bound, for any z € Ay,

T

S (fulze) — filz)) < 5TLDTY/,

t=1

It follows that if we are able to compute z; efficiently, and if the max player plays best response (and the
best response can be computed efficiently), using analysis similar to that in (Agarwal et al., 2018), we can
show that an approximate solution to (E.17) will be found in a polynomial number of iterations.

Computing the Best Response for Xl, 5. For the inner player, they must solve

Illan(Zt;X17/B).
A1718

Assume that ||Z|lo < m for each ¢, and that ||z1|lo = 1. Then z; will be (mt + 1)-sparse, so the sum in
g(z; AL, B) will contain at most (mt + 1) values. Note that the optimization over 3 and A" is completely
independent, so to compute the best-response, we need to solve the following problem at most (m¢ + 1)
times:

Xfilgz gh the[éri?;{hje[*l 1] nglgii “ (B?Ak_l(h) B Z )‘;hﬁg]Agﬁgl(h) + Z )‘ihﬁi}”UAiﬁgl(h))'

"Rz =R ’ " i€(n] j€(n] Jj€(n]

The optimization over the first two terms is trivial and can be solved by enumerating. The third term now

is a maxmin problem, however, this can also be solved trivially as it is equivalent to min ¢, |ﬁga]§;1(h)|

Note that each of these gap terms is themself the solution to an optimization over a € A, but that can be

solved easily for each (since there are at most polynomial of them), so they can be regarded as constants.
Thus, we conclude that the best response for A', 3 can be computed efficiently, assuming that m is

polynomial in problem parameters. Note that the values of 5" and A'* do not matter for h ¢ support(z;)

do not matter to compute the best response, so we can set them to the same value for all & ¢ support(z;).

Computing z;. It remains to show that we can efficiently find a near-optimal z; such that ||Z;||o < m. The
optimization for z; will have the form

t
Z = argmin, e a Z VfT(zT)Tz + 204 (2 — zl)Tz

T=1
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for
[V fr(z0)]n = Ch(Xl Br)
= min Zajl{h uj) # o5} + Z Cz(ek’ +517Ak (h) - Z le h]Agakfe ‘()

Xheny, i€[n) j€(n]
2 V’"‘ﬁ%éffe Y(h) — ALk m).
Jj€ln]
Let C C H denote the classifiers supported on z; and assume that z; is only supported on a single classifier

ho. Note from our discussion on computing the best-response for the Al and 3 player, we have that 3 and
A" are identical for all h ¢ C;. We can therefore rewrite the above objective as (dropping the 7 subscript

and denoting, e.g. B = L, Bl ):

min Z Zh(ZaJI{h u;) # o} + Z cl(ek + HAk L Z AlB]Ag?ﬁe 1 ()

X2he A heH heH\C, j i€[n]
3 WAL ) - Bi))
j€ln]
+ > <Zaj:f{h<Uj> £osb+ > eilen+ B AR (h) = 30 XA ATE (n)
heCly J i€[n] JEn]
+ Z >\2hﬁthga]¥e 1( ) A;ffe(h)) + 20't2t) — 20’ch0.
JEM]

We will focus first on the sum over 7\ C;. Note that AF~1(h) and ﬁgﬁe(h) are both of the form

min
acA 7 Wt +

T{h(u) # ot} + Y @I {h(ur) # o} + 2

Given this, we can rewrite the minimization over the first term as (where the & correspond to the gaps that
have negative coefficients, which is where the max comes from):

min _ min min max Z zn [ R(h; o, a" A2h) + f(ah,)\zh) —|—g(&h,)\2h)
2€EA3 N2he A, heH ahe AR heH ahe AR heH heH\C.
t

for R convex in «, and concave in «, f convex in «, and g concave in &, and all functions are linear in A2,
Normally A is a discrete set, but if we let A be a continuous relaxation of it, we can rewrite the above as

: : : . b ~h Y2h h Y2h ~h Y2h

B s B 0, B, 3 4 (U5 T 7 ) 40 ).
w heH\Ct

To solve this we can again apply the FW algorithm of (Hazan and Kale, 2012) with the max player playing

best-response. As before, as long as 3; (where 3, denotes the update for this inner optimization) is sparse,

we can efficiently compute the best-response for the & player, since we only need to compute it for h € 3;.

The FW-style update will then have the form

min _ min min Z Zh (R(h;ah a2y 4 f(ah, N —i—g(&f,XZh))
2€A3 X2he A, heH aEAF heH her\C
t
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Y2h h Y2h ~h Y2h
= A?'LenAnnheH aherﬂrzeﬂ hén?[l{la R(h;a™ &l M) 4 f(al, N2 + g(al, 32h)
where the equality follows since we can always swap min, and since there will always be an optimal solution
supported on a single h. We can solve the inner min using a CSC oracle that is able to optimize over a set
H\C}, and by enumerating A2 and o (since we can always find an optimal solution supported on a single h,
we can set A2, o identical for all h and will arrive at the same minimum).

This will converge in polynomially many steps, and will produce some 3 which is m-sparse (for m
polynomial in parameters). It follows that 3 is the near-optimal value for z; supported on H\C}. To pick a
final value for z;, we can simply enumerate over the (polynomially many) h € C;, compute their loss values,
and then pick the minimum out of those and the value achieved by 3. This procedure will always return
some Zz; supported on at most polynomially many A, so m can be chosen suitably to make the best-response
of the max player efficient.

Putting all of this together, we can efficiently solve for .

Solving for )\,

We turn now to solving the optimization (E.16). Using arguments similar to what we have already shown,
we have that

(E.16) )\énAx rzneag oaeA,oglf-r-l,apeA 51,{?%3563 R(z’ o o o ; )
v20 Y A T0) £ 5 U)) + Flvan B )
£ 9MU)/10 +1/10d ’

As before, we can simply enumerate over all possible choices of a and 3. For a fixed setting of « and S,
to solving the inf over A, we can apply Mirror Descent. In this case we choose the mirror map to be the
negative entropy, which is strongly convex with respect to the ¢; norm.

Given this, to solve this in a computationally efficient manner, all we need is that the objective is con-
vex (which it is) and Lipschitz with respect to the ¢; norm. Let g(\) denote the objective of the above
optimization. By the Mean Value Theorem,

9N = gV = Vg((1 = A +eX) T(A = N)
for some ¢ € [0,1]. So, for any A, X € Ay, we can bound

lg(\) —g(V)| < ( sup [|[Vg(A /)Hoo> A =N

NeNy

We have,

d v(U)? ~
dt Z < OA(U)/10 +1/10d + 9t)\0(U)/1OI{Z(U) 7 Z-1(U)} o

)
UZE;X INU 0/10+1/10d)2 Z{2(U) # zi-a(U) }-

It follows that

sup [[Vg(X)||oo < 100d°
NeNy

so we can apply Mirror Descent to optimize the above with computational complexity scaling only polyno-
mially in problem parameters.
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E.5.2 Computational Efficiency of BESIDE

The primary computational cost of BESIDE is incurred by calling RAGES, and solving the optimization on
Line 6 of Algorithm 6.1. We have already shown that RAGE® can be run in a computationally efficient
manner. The optimization on Line 6 has a form very similar to the optimization we solve in RAGE®, so
the same argument and solution approach (applying Mirror Descent) allows us to compute the optimal
distribution, Ay, here as well.

E.6 Experimental details and additional results

E.6.1 Experimental details

All code was written in Python and run on a Intel Xeon 6226R CPU with 64 cores.
Algorithm E.4 is the precise implementation of BESIDE using elimination. It largely resemble to Algo-
rithm 6.1, with the difference that it explicitly eliminates arms.

249



Algorithm E.3. Best Safe Arm Identification (BESIDE, defined with generic constants)

10:

11:

12:
: return Z = argmin, oy, A®4(2)

1: input: tolerance e, confidence 0 R

2 e+ [log(r2—v=)], A (2) «+ 0,A%z) < Oforall z € Z
3:
4

min{cs,ca}-€
for/=1,2,...,1.do
2 —L
€ min{cz,ca}
// Solve experiment to reduce uncertainty on safety constraints
. 2
Let 7, be the minimal value of 7 = 27 > 4log WTZM such that the objective to the following is no

greater than c.€y, and ), the corresponding optimal distribution

4m| Z|0?
—5 )

AJ A A 211301 - los
inf max —cq <m.in|N’Z_1(Z)|+maxp(—N’Z‘1(z))+p(A“(2))+ee> +\/ AL
J J

AeAy 262 safe safe T

Sample x ~ Ag, collect 74 observations {(x¢, 74, St.1, - - - St.m) ey
{E4m, « RIPS({(t, st4)}ieq, 2, ﬁ) // Estimate safety constraints

am|Z|e?
f)

ﬁsze(z) =z bt + 2] arg) -1 \/7'[1 log( // Safety gap estimates

// Form set of arms guaranteed to be safe

Ve { € 2 :8cg((min |AZ ()] + maxp(-ALL ! (2)) + (A (2)))
J J

safe safe

safe

1 8(cq+ ce)er < A, (2),Vi € [n]} U1
// Refine estimates of optimality gaps
[A%(2)}hoez  RAGES(Z, V€0, 7 {Buate(2) < mary p(~AL () }ez)

// Form set of arms guaranteed to be at most e-unsafe

~

Vona = {2 € 2 8ca{min | B2 (4} + mxp(~ B2 () + p(B(2)
J J

safe safe
safe

+ 8(cq + ce)e — cge < Akt (2),Vi € [n]}

// Find e-good arm out of e-safe arms
{Aend(z)}zeyend < RAGEe(yenda yend, €, 6)
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Algorithm E.4. Best Safe Arm Identification with Elimination

1: input: tolerance ¢, confidence §
2 Le < ﬂOg(%)-I’ Zz?ctive — Z, Zs(:ife 0
3: for/=1,2,...,t.do
4: €r — 2t
5 Compute allocation X Vs,¢e on Zec_ﬁie and sample from it 7y = O(X ysafe(ch_ﬁie) / e%) times
6 [’ RIPS({(z1, 500}, 2, o3)
7 Set ﬁﬁafe(z) -zt forall z € ch_mlze and
Zz{ctive = {Z € ch:i}/e : Ai’a‘fe(z) € [_657264]} ngafe = {Z € Z:fc:i\lle : zgafe(z) > 26&}

l
Z safe

8: zt

£ ives o RAGE-ELIM€<ZZ

active

l l y4
U Zsafe? Zactive U Zsafe’ 65)

70 -1 ¢ /—1
U Zsafe U Zsafe ’ Zsafe U Zsafe 765)

Nel

active

. Zfinal, ) <~ RAGE-ELIM® (Z"
10: return Any arm in Zgp,.

Algorithm E.5. RAGE-ELIM®

1: input: active set Z, optimal set ), tolerance ¢

2 1 ¢ [log(1)], 20+ 2,00« Y

3: for{=1,2,...,1.do

4: €p — 2t

s Compute allocation XYgig on (Z~1 U V=1, Y1) and sample from it , = O(Z! U
VEL Y /e2) times

6: 0"« RIPS({(zt,5t:) 1151, 2, 53)

7: Set Af(z) Max, ¢ ye-1 yT0' — 270" forall z € ZUY and

Zofzez R <a) V={yey ' My <a)

8: return Z¢ , %
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Appendix F

Appendix for Chap. 7

F.1 Datasets description

Adult income dataset (Lichman, 2013): This dataset comprises 48, 842 examples with demographic
information. The task is to predict whether an individual’s income exceeds 50k$ annually. We chose the
protected attribute to be binarized gender.

Compas dataset (Lichman, 2013): This dataset, which was released by Angwin et al. (2022), encom-
passes 5, 278 data related to juvenile felonies. It includes details such as marital status, ethnicity, age, prior
criminal history, and the severity of the current arrest charges. In our analysis, we identify binarized gender
as a sensitive attribute. In line with established conventions (Corbett-Davies et al., 2017; Anahideh et al.,
2021), we adopt a two-year violent recidivism record as the ground truth for assessing recidivism.

Drug consumption dataset (Fehrman et al., 2017): This dataset consists of 1, 885 entries contain-
ing information about individuals, where each entry includes five demographic characteristics (such as Age,
binarized Gender, or Education), seven measurements related to personality traits (such as Nscore indicating
neuroticism and Ascore representing agreeableness), and 18 descriptors detailing the subject’s most recent
consumption of a specific substance (like Cannabis). We chose the task of predicting whether an individual
consumed Cannabis in the last year and chose the protected attribute to be (binarized) Gender.

German Credit dataset (Hofmann, 1994): The German Credit dataset classifies people as good or
bad credit risks using the profile and history of 1,000 clients. We set the binarized gender as the sensitive
attribute.

Community and Crime dataset (Redmond and Baveja, 2002): The Crime and Community dataset
consists of 1,902 instances of crimes with 128 attributes related to the crime and the corresponding commu-
nity. It uses ‘violent crimes’ as the target variable and combines ‘percentage of non-white’ as the protected
attribute. The target variable is binarized to categorize communities as high or low crime based on a thresh-
old of 500. The protected attribute is also binarized, separating communities with non-white residents below
20%.

Bank dataset (Moro et al., 2014): The task is to predict whether the client has subscribed to a term
deposit service based on 11, 162 data points with features such as marital status and age. We set the client
having tertiary education as the sensitive attribute.

Synthetic dataset: We created the synthetic dataset in the following manner. It is depicted in Fig-
ure F.1. The dataset consists of two dimensions, and data for group O is generated by randomly sampling
10,000 data points from a Gaussian distribution with a mean of (0, 0), while group 1 comprises 100 data
points sampled from (10, 10). For group 0 (and group 1), labels are assigned a value of 1 if the x-coordinate
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Figure F.1: Synthetic dataset

(or y-coordinate) of the data point is greater than 0, and O otherwise. This ensures that each group is linearly
separable, but their combination is not.

F.2 Performance of baseline algorithms with different pre-trained dataset
sizes

We report the results of the sweeps over the size of the pretrain dataset in Figures F.2 to F.13. Due to its
large computational cost, we compared the performance of PANDA for two sizes of pretrain datasets.

F.3 Theoretical results - proof of Proposition 2
F.3.1 Full theorem
We have the following result.

Theorem 32. Let the train set be D = {(x1,a1,91),..., (Tn,san,yn)}. If D ~ v, then it holds with
probability 1 — § that:

ILEO(h) — LEP(h)| < Copo + Coa + Ci + Cha,
ILEP(h) — LE (h)] < Coq1+ Ch1,
ILEP (h) — L (n)] < Coo + Cip,

with confidence terms

53(2) log(2/8) | log(2/6)

Civ=|p o()108(2/0) | log(2/0) Y T

ik = | Dik T2V} - + =T —
(>3, Yy = k,ai = j})

n

217](1]3 10g(3/5) 4 log(2/9)

n

+ .
LS Yy =k,a; =5}
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for label k € {0,1} and protected attribute j € {0,1}, where pjj, = 2 >°" | 1{h(2;) = 1,y; = k,a; = j}
and the empirical variances defined as

Vi =y 2 (WA@) =1y =kiae =} = Hh(ze) = Ly = kae = 3%
’ n(n—1) 1<e<t/<n
p@_ b _ o o Ay
Bk n(n _ 1) Z (1{y€ k,ap J} l{yg k,ap ]}) .

1<0<l'<n
This theorem provides a confidence bound on the concentration rate of the empirical fairness violation.

Proof. Let us start by proving the statement for TPRP. Recall

LTP(h) _ P(x7a,y)~1/(h($) = 1,CL = O,y = 1) _ P(m,my),vy(h(x) = La = 1’y — 1)
14 P(ac,a,y)wz/(a = O,y = 1) P(:v,a,y)wu(a = ]_7 y = 1)

7 1{h(z) =1,y = 1,ai =1} = 1{h(z;) =1,y; = 1,a; = 0}

Ly (h) = _
o () ; Y Hyi=1la; =1} Z Yo Hyi=1,a;, =0}

and write these for short
LT (h) = |numg /deng — num; /den; |,
LEF (h) = |numy /deng — fumy /den |,
with for protected attribute j € {0, 1},

num; = P(x,a,y)NV(h(x) = 17 a = ja Yy = 1)

n

_— 1 )
num; = > 1{h(w) = Ly =1,0; = j}

=1
denj - P(oaa,y)wy(a = jv y= 1)

— 1 <& .
den; = ;1{% =1,a; = j}.
1=

Applying Bernstein’s concentration bound it holds that for j € {0, 1} with probability at least 1 — §

n

1 . )
n Z 1{h(xz) =Ly =14 = j} - ]P)(m,a,y)rwl/(h(x) =lLy=1a= j)
=1

|num; — num,| =

QV 10g(2/5) 10g(2/5) _. a(-num)

n n B ’
where we defined
$1¢)) 1 ) s
= o —1 1 =1 = — -1 ) =1 — ;) — .
V’k n(n — 1) Z ( {h(.l‘g) Yo =k, ag ]} {h(:tg ) s Yo k,ap ]})

1<e<0'<n

Also applying Bernstein’s concentration bound it holds that for j € {0, 1} with probability at least 1 — ¢

n

1 . .
E Z 1{,% =1l,a; = J} - P(x,a,y)wl/(y =la= .])
=1

|d/6;1j — denj| =
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< /29 log(2/9)  log(2/0) _. alten),
’ n n
where we defined
52 _ 1 _ _
Vie = nn=1) > (Hye=k,ar=j}

1<6<t/'<n
— Uyo = k,ap = j})*

Then, as soon as for both j = 1 and 5 = 2, ag.den) < (fc\nj /2, holds the inequality
d
1 1 g en)
- S —~ 2
den; den; den;

so that for j € {0, 1}, we have

numj _ numj

denj den j

numj _ numj _ numj _ numj

= = = don.
den; den; den; j

numj _ numj numj _ numj

den; den;

den; den;

) a§num) nuijéden)
== —3
den; den;
(num) (num) \ - (den)
<al-\ N (o —l—anrnJ)a
denj den

Note that C; 1 is exactly the last upper bound above,

n

. 2
LS Uy =10 = j})

n

5(2) log(2/9) log(2/6)
~ ~(1)log(2/8 log(2/8 2];,7 2/0) |
Cj1 = (pj,l + ZVJ(.}I) g(n/ ) + g(2/ )) _ ( .1

2§(1)1og(2/5) + log(2/4)

+ 7,1 n n
%2?21 1{yz‘ =1l,a; = J}

where pj1 = + 3" | 1{h(x;) = 1,y; = 1,a; = j}. Putting it together

ILTP(h) — LEP (k)| = ||num /deng — numy /den; | — |Atmg /deng — aumy /den; ||,
< |numg/deng — num; /den; — rﬁfno/&z\no + Iﬁlr\m/(ﬂe\nﬂ,

< |numy/deny — aumg/deno| + |Aum; /den; — num /den |,
<Cop1+Cr.

which is the conclusion for TPRP.
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As E%P(h) was defined as the empirical estimate of the FPRP violation by conditioning on 1{y; = 0}
(instead of 1{y; = 1} for TPRP), the proof for the concentration bound on FPRP is analogous to the one of
TPRP, with the exception of the conditioning on 1{y; = 0} instead of 1{y; = 1} for TPRP.

We defined the empirical estimate of the EO violation as the maximum of empirical estimate of the
TPRP violation and the empirical estimate of the FPRP violation, E%O(h) = maX{E%P( ) LF P(h)}, so
holds

LE2(h) < LY (h) + Ly (h),

which immediately leads to the conclusion of Theorem 32. O
F.3.2 Proof of Proposition 2

We first state the full result that leads to the statement of Proposition 2.

Proposition 8. Let the train set be D = {(z1,a1,y1),.--,(Tn,an,Yn)}. If D ~ v, then it holds with
probability 1 — ¢ that:

2
log(2/6) log(2/9) log(2/9) log(2/6)
L 2 + 2 +2

RS (I o e alll W B e s il B

JEt n iz Hyi = 1,0 = 7} v i Hyi = 1,a; = 5}

2
L0 (h) — LE2 (k)] < 4 losCI0)  lox(2/t ) JoR2]E) | plos(2/s)
V ok T\ FE = ha=g) | T\ IXLw=ka=3) ) |

Proof of Proposition 2 and 8. We use Theorem 32 and for label £ € {0,1} and protected attribute j €
{0,1} we bound Cj .

We first have that the empirical variances are such that V( ) < 1and V(Z,C) < 1. Also,
1 n
Djk = ﬁzl{h(xi) =1,y = k,a; = j}
i=1

n

1
< - 1 Z’—_k,i——'.
_nE {y ai =j}

i=1
Thus, we can bound

2) lo 1 lo 4
log(2/5) 1og(2/5)>_ 2V s2/0) . losl2/9)
(

2
" %Zi:l Hyi =k, a; = J})

QV( )log(2/5) + log(i/ﬁ)

%Zz‘:l 1{% =k,a; =j}

[ylos(2/3) _, log(2/8) 5 108(2/5) 5 log(2/0)

<2 — | + -
LSy = k,a; = 5} LSy = k,a; = j}

With that result, we conclude for TPRP that

_l’_

LY (h) — LE (h)| < Co1+Cia

259



<2 max Cj;
j€{0,1}

210g(5/5) + 10%(3/5)
<2 max <2 m :
ety |\ 5 X My =1 ai = j}

YIoRC/D) | oloE(2/5) ?
+ _ ,
LSy =1,a; = j}

S lo8(2/0)

1
=4 max - —+ O <> .
je01} 3 Wy = 1,a; = 5} n

Analogous bounds conclude for EO:

ILEO(h) — LEC(R)| < Cop + Cio+ Coy1 + C11 < 4 max Cik

7€{0,1}
5 108(2/5) l0a(2/0)
<4 max ¢2| 7=n z . -
0<j k<1 Sy Hyi = k,ai = j}

p1s/0) | lest2/s) ) °
+ [ 5 ,
LSy = k,a; = 5}

210g(2/6)
=8 max L +0
0<5k<1 23 1{y; = k,a; = j} (
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