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Abstract

Martingale concentration is at the heart of sequential statistical inference. Due
to their time-uniform concentration of measure properties, martingales allow re-
searchers to perform inference on highly correlated data as it is adaptively collected
over time. Many state-of-the-art results in areas such as differential privacy, multi-
armed bandit optimization, causal inference, and online learning boil down to (a)
finding an appropriate, problem-dependent martingale and (b) carefully bounding
its growth. Despite the important roles martingales and time-uniform concentration
of measure play in modern statistical tasks, applications of martingale concentration
is typically ad-hoc. Often, poorly chosen martingale concentration inequalities are
applied, which results in suboptimal, even vacuous rates in sequential estimation
problems.

The focus of this thesis is twofold. In the first part of this thesis, we provide sim-
ple yet powerful frameworks for constructing time-uniform martingale concentration
inequalities in univariate, multivariate, and even sometimes infinite-dimensional set-
tings. The inequalities contained herein can be applied to processes with both light-
tailed and heavy-tailed increments, and follow from simple geometric arguments.
The second part of this thesis is focused on applying martingale methods and time-
uniform martingale concentration to practically relevant data science tasks. In par-
ticular, we show that, by appropriately applying martingale concentration, one can
obtain salient improvements over the state-of-the-art in both differentially private
machine learning and kernel bandit optimization tasks. In sum, the hope is to give
a reader a start to finish view of how to derive and apply time-uniform martingale
concentration in modern statistical research.
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Chapter 1

Introduction

Classical methodology for statistical inference fails to live up to the sequential nature of modern
data science. The rigidity of assumptions such as fixed sample sizes, i.i.d. data, and Gaus-
sian noise is fundamentally misaligned with how data is structured in real-world settings. For
instance, in contextual bandit learning tasks, a learner may want to sequentially estimate an
unknown reward function as data is adaptively collected over time. Likewise, in A/B testing
applications, a learner may stop experimentation early if there is sufficiently strong evidence of
the efficacy of a treatment. Naively using traditional concentration of measure machinery such
as finite sample or asymptotic confidence intervals may fail to yield valid coverage of the target
estimand.

For a concrete example, suppose an e-commerce platform wants to measure how the deploy-
ment of a new design of a webpage (version 1) impacts user engagement relative to an existing
control format (version 0). One way to measure this effect would be to conduct a randomized
control trial: fix a sample size of, say, 1,000 individuals and randomly assign participants to each
website version. If after measuring the level of interaction across all participants there is signif-
icant evidence to indicate that version 1 performs at least as well as version as version 0, it may
be preferable to roll out the new design. However, if the new design makes it significantly more
difficult for users to purchase goods, the company running the trial may experience significantly
decreased revenue from running the experiment. Thus, it is clearly desirable from the perspec-
tive of the company to develop testing approaches that allow for early stopping in the case of
sufficiently strong evidence against the new version.

How have researchers addressed the problem of calibrating confidence in the presence of
highly correlated data and data-dependent stopping conditions? The answer is that they have
largely turned to martingale methods. A stochastic process is a martingale if, given the history
of the process up to time n — 1, our best guess for the value of the process is at time n is simply
its value at time n — 1. In short, a martingale is just the generalization of an unbiased random
walk. Examples of martingales include sums of independent, mean zero random variables, com-
pensated Poisson processes, and geometric Brownian motion. Due to their central importance
throughout this entire thesis, we formally define martingales below.



Definition 1.0.1. Let (.5,,),>0 be a real-valued, discrete time process adapted to some filtration
(Fu)n>0." We say (S,,),>0 is a martingale with respect to (F,,),>o if

1. E(S, | Fno1) = Sy forallm > 1, and
2. E|S,| < 0.
We say (S,,)n>0 is a super-martingale if “=""in item 1 is replaced by “<”.

The definitions of martingales and super-martingales extend naturally to continuous time
processes (S;):>o through the first condition being replaced by E(S; | F;) = S; (resp. < Sy) for
all s < t. Likewise, a processes (.5, ),>o taking values in a normed space (B, || - ||) is said to be a
martingale if the second condition is replaced by E||S,,|| < oo for all n > 0.

Why are martingales so useful in sequential statistical tasks? The answer is that they of-
fer strong, time-uniform concentration of measure properties. Whereas fixed-time concentration
results for independent random variables are derived from Markov’s inequality, time-uniform
concentration results for observations with martingale dependence are derived from Ville’s in-
equality, stated below.

Theorem 1.0.2 (Ville’s Inequality). Let (S;)ic1 be a non-negative supermartingale with respect
to some filtration (F;)eT with E[So] = 1 and T = N or T = [0,00). Then, for any confidence
parameter § € (0, 1),

P(EteT:S >1/5) <.

This inequality ensures that the probability that a non-negative supermartingale ever crosses
the horizontal line with intercept 1/ is bounded above by J. While simple in statement, by care-
fully constructing a non-negative super-martingales, researchers have derived a variety of non-
trivial time-uniform concentration of measure results. In particular, natural analogues of classical
concentration results exist in the world of martingales. For instance Hoeffding’s inequality for
independent, bounded observations is replaced by Azuma’s inequality[10, 70]. Likewise, Bern-
stein’s/Bennet’s inequality is replaced my Freedman’s inequality [13, 64]. We present a detailed
discussion of existing martingale concentration inequalities in Chapter 2. In general, researchers
can mold Theorem 1.0.2 into an inequality that is useful for whatever scientific task is at hand.

There is thus a somewhat general recipe for performing time-uniform statistical inference.
The first step is to find an emergent martingale in the task at hand. For example, to study the
composition of differential private algorithms, it is natural to control the growth of privacy loss
martingales, processes that measure the log-likelihood of the observed sequence of outcomes
under two similar datasets. Likewise, in linear/contextual bandit problems, one can study the
convergence of ridge regression estimates of the unknown reward function by bounding a “resid-
ual process” defined in terms of the noise in observations and the multivariate actions chosen by
the learner. We talk about these processes respectively in Chapters 4 and 6. Often, finding the
specific martingale to study is a bit of an art form requiring domain expertise, and so we try to
provide insight in the chapters below.

We focus most our efforts on the second step of the process: appropriately controlling the
growth of emergent martingales via time-uniform martingale concentration. This step is often

'A filtration (F,,),>0 of a probability space (£2, F, P) is simply an increasing sequence of o-algebras satisfying
Foo =2 Fu C F.



poorly conducted, with statisticians either applying bounds that are not a good fit for the problem
at hand or bounds that are derived in ad-hoc manner. Sometimes, the constructed bounds result in
vacuous convergence rates, such as in the example of Chowdhury and Gopalan [30], who fail to
show that Gaussian process upper confidence bound (GP-UCB) attains sub-linear regret for the
practically relevant Matérn class of kernels. Other times, even in settings where researchers ob-
tain optimal rates of concentration, the constants present in inappropriately-optimized bounds are
typically prohibitively large. This is the case in Rogers et al. [133], who study the composition of
differentially-private algorithms with adaptively-chosen privacy parameters, and obtain a bound
with prohibitively large constants. From these few examples, it is clear that there needs to be a
unified, simple to apply treatment of time-uniform martingale concentration in both univariate
and multivariate settings. That is the goal of this thesis.

1.1 Contributions and Outline

This thesis is concerned with the development of a unified framework for time-uniform mar-
tingale concentration. In particular, we develop generic concentration inequalities for univari-
ate, multivariate, and even infinite-dimensional processes. These results all follows from first
principles and can applied to observations that are light-tailed (e.g. sub-Gaussian, sub-Gamma,
sub-Poisson), heavy-tailed (infinite variance, bounded pth moment for p < 2), or somewhere in
between (e.g. symmetric observations, observations lacking a moment generating function). A
complementary focus of this thesis is the application of time-uniform martingale concentration
to practically relevant tasks in statistics and machine learning. In particular, we find applications
of time-uniform martingale concentration in differential privacy, private machine learning, and
kernel bandit optimization. These applications aim to illustrate how to carefully and appropri-
ately apply generic martingale concentration inequalities (such as those derived in the first part
of the thesis) to machine learning tasks. A section-by-section enumeration of contributions is
provided below.

Part I: Foundations of Time-Uniform Martingale Concentration

The first part of this thesis focuses on the development of time-uniform concentration inequal-
ities for both finite and infinite-dimensional processes. In the finite-dimensional setting, the
general goal is to derive inequalities that link the growth of a process (.5,,),>0 to some measure
of accumulated variance (V},),,>¢ through a “sub-¢)” condition. Heuristically, 1) should roughly
be thought of as representing the cumulant generating function (or CGF) of the increments of
(Sn)n>0, but the presented results can handle some settings of heavy-tailed observations where
a CGF may not exist. In the infinite-dimensional setting, we study the problem of heavy-tailed
mean estimation instead of concentration, providing novel insight on how martingale methods
relate to handling heavy-tailed observations that may lack finite variance. We now provide a
more detailed description.

In the first half of Chapter 2, we study time-uniform, self-normalized concentration for
arbitrary univariate sub-i) processes. Self-normalized concentration, which aims to control the
growth a processes when appropriately normalized by some empirical measure of variance, gen-



eralizes the study of concentration inequalities that depend on the number of observed samples.
We prove a general self-normalized inequality that not only holds for processes admitting well-
defined CGFs (such as those with sub-Gaussian, sub-Exponential, or sub-Gamma increments),
but even holds for some heavy-tailed processes, such as those with finite variance or those with
infinite variance but symmetric increments. The time-uniform bounds we prove are tight in that
they asymptotically match the lower bound prescribed by the law of the iterated logarithm (LIL)
with the correct leading constant. Our results can be viewed as a generalization of the contri-
butions of Howard et al. [75], who prove a similar non-asymptotic LIL in the setting where the
underlying process has sub-Gamma increments.

In the second half of Chapter 2, we extend the above results to multivariate processes. In
particular, through leveraging a novel geometric argument, we are able to derive a time-uniform,
self-normalized bound on general multivariate sub-¢) process. The bounds we prove, which
depends on the condition number of the covariance matrix V,,, depart significantly from the
traditional “method of mixtures” approaches commonly used in online learning tasks [41, 3],
which only apply for sub-Gaussian processes. Using our bounds, we prove a corresponding law
of the iterated logarithm for vector-valued processes, and we also construct a counterexample
showing that this rate is, in general, tight.

Lastly, in Chapter 3, we study the problem of estimating an unknown mean associated with
heavy-tailed observations in infinite-dimensional Banach spaces. In particular, we study a sim-
ple truncation-based estimator influenced by Catoni and Giulini [23]. This estimator first uses a
small amount of data to construct a naive mean estimate, next projects the remaining observations
onto an appropriately-sized ball centered at the naive mean estimate, and finally averages these
truncated observations. The analysis of this estimator involves proving novel, time-uniform con-
centration results for bounded martingales in smooth Banach spaces, building upon foundational
results due to Pinelis [128, 129]. The estimator not only enjoys favorable convergence, matching
the rate attained by geometric median-of-means with small multiplicative constants [121], but
also obtains rapid empirical convergence in simulations.

Part II: Applications of Martingale Concentration

In the second part of this thesis, we pivot away from the theoretical underpinnings of martin-
gale concentration and instead focus on applying martingale methods to practically relevant data
science problems. In this part, we focus on problems related to differentially private machine
learning and online kernelized learning. Our the results covered below each involve (a) the
identification of martingale structure in the underlying problem and (b) the application and opti-
mization of an appropriately-chosen martingale concentration inequality.

In Chapter 4, we study the problem of fully-adaptive composition in differential privacy.
Differential privacy provides an information-theoretic framework for protecting the integrity of
an individual’s data when used in computation. If an algorithm if differentially private, it is
statistically hard for an attacker to use the output of an algorithm to determine if any given in-
dividual’s data was used during computation. Given that private algorithms are often run in
sequence, composition is perhaps the most important primitive in the study of differential pri-
vacy. Classical composition results assume that the privacy parameters (typically governed by
quantities € and ¢) are fixed prior to computation. This is a poor fit for modern data science
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tasks, in which a researcher may adaptively interact with a data set in order to answer relevant
statistical questions. The few results that concern fully-adaptive composition, wherein privacy
parameters may be adaptively selected by the statistician, indicate a significant price must be
paid for adaptivity [133]. Using advances in line-crossing inequalities for martingales [74], we
show that fully-adaptive composition can be obtained at no cost over traditional, fixed-parameter
composition.

Next, in Chapter 5, we study the problem of differentially private empirical risk minimiza-
tion under strict accuracy constraints. Traditional approaches to private risk minimization take a
“privacy first” perspective. Namely, algorithms first require the practitioner to fix privacy levels
in advance via parameters (¢, d). The algorithms then inject noise (often Gaussian or Laplace)
of appropriate variance to guarantee the target privacy levels are met. These approaches often
provide pessimistic, high-probability utility guarantees. In safety-critical regimes (e.g. medical
applications of private learning), practitioners may care primarily about accuracy, with privacy
being an important secondary desideratum. In short, for these applications, a learner would like
to know in advance the maximal variance of noise that should be added in order to guarantee
the strict accuracy targets are met, thus minimum individual information leakage. Using tools
from time-uniform martingale concentration alongside the theory of continuous-time stochastic
processes, we develop a simple algorithm called the Brownian mechanism for privately meeting
strict model accuracy requirements. Our algorithm involves first computing the true, risk mini-
mizing parameter associated with a dataset. Then, it adds multivariate Gaussian noise of a large
variance to this unknown parameter, iteratively stripping it away in a correlated manner until the
target accuracy is met. We show that, by running this algorithm, the learner can obtain an ex-post
privacy guarantee that matches the privacy loss had the optimal variance been known in advance
up to multiplicative logarithmic factors in the variance.

Finally, in Chapter 6, we consider the kernelized bandit problem, in which an agent must
sequentially learn the minimum of an unknown function while minimizing regret. This function
is assumed to be of known complexity, lying in a ball in some reproducing kernel Hilbert space
(RKHS). The simplest algorithm for the kernel bandit problem is Gaussian process upper con-
fidence bound (GP-UCB) algorithm, which involves maintaining a kernel ridge estimate for the
unknown function alongside a corresponding confidence ellipsoid. In the case of linear bandits,
this algorithm is optimal in terms of minimax regret [102]. In kernelized setting, existing re-
sults indicate that GP-UCBC obtains super-linear regret for commonly-used kernels, such a the
Matérn kernel family. Using improved self-normalized martingale concentration inequalities in
separable Hilbert spaces alongside a simple regularization argument, we show GP-UCB obtains
sub-linear regret for most commonly-used kernels, thus partially addressing an open question on
the topic due to Vakili et al. [155].

Part II1: Conclusions and Future Research Directions

In Chapter 7, we summarize the contributions, presents several interesting open problems, and
then then discusses the research direction the author will be pursuing after graduating. In par-
ticular, the future topics the author will work on lie at the intersection of causal inference and
machine learning, and mark a significant departure from the aforementioned completed work on
martingale methods.
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Foundations of Time-Uniform Martingale
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Chapter 2

Time-Uniform Concentration for
Self-Normalized Processes

Self-normalized processes arise naturally in many statistical tasks. While self-normalized
concentration has been extensively studied for scalar-valued processes, there is less work
on multidimensional processes outside of the sub-Gaussian setting. In this work, we con-
struct a general, self-normalized inequality for R%-valued processes that satisfy a simple
yet broad “sub-1” tail condition, which generalizes assumptions based on cumulant gen-
erating functions. From this general inequality, we derive an upper law of the iterated
logarithm for sub-i vector-valued processes, which is tight up to small constants. We
demonstrate applications in prototypical statistical tasks, such as parameter estimation in
online linear regression and auto-regressive modeling, and bounded mean estimation via
a new (multivariate) empirical Bernstein concentration inequality.

2.1 Introduction

The first Concentration inequalities are employed in many disparate mathematical fields. In
particular, time-uniform martingale concentration has proven itself a critical tool in advancing
research areas such as multi-armed bandits [88, 3, 102], differential privacy [163, 162], Bayesian
learning [33], and online convex optimization [108, 83]. While martingale concentration in-
equalities have historically been proved in a largely case-by-case manner, recently Howard et al.
[74] provided a unified framework for constructing time-uniform concentration inequalities. By
introducing a single “sub-1)” assumption that carefully controls the tail behavior of martingale
increments, Howard et al. [74, 75] prove a master theorem that recovers (in fact improves) many
classical examples of concentration inequalities, for example those of Blackwell [16], Hoeffding
[70], Freedman [64], Azuma [10], de la Pefia et al. [40].

Despite the generality of the framework of Howard et al. [74, 75], their results have not been
extended to understanding the growth of “self-normalized” vector-valued processes. If (.S,)n>0
is a process evolving in R? and (V},),,>0 is a process of d x d positive semi-definite matrices mea-
suring the “accumulated variance” of (.S,,),>0, self-normalized concentration aims to control the

growth of the normalized process (||Vn_1/ 28, |Dnso. Self-normalized processes naturally arise in
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a variety of common statistical tasks, examples of which include regression problems [98, 99, 14]
and contextual bandit problems [3, 30]. As such, any advances in self-normalized concentration
for vector-valued processes could directly yield improvements in methodology and analysis of
foundational statistical algorithms.

In this work, we provide a new, general approach for constructing self-normalized concen-
tration inequalities. By naturally generalizing the sub-¢) condition of Howard et al. [74, 75] to
d-dimensional spaces, we are able to construct a single “master” theorem that provides time-
uniform, self-normalized concentration under a variety of noise settings. We prove our results by
first constructing a time-uniform concentration inequality for scalar-valued processes that non-
asymptotically matches law of the iterated logarithm and then extending this result to higher
dimensions using a geometric argument. From our inequality, we can derive a multivariate ana-
logue of the famed law of the iterated logarithm, which we show to be essentially tight. Lastly,
we apply our inequality to common statistical tasks, such as calibrating confidence ellipsoids
in online linear regression, estimating model parameters in vector auto-regressive models, and
estimating a bounded mean via a new “empirical Bernstein” concentration inequality.

2.1.1 Related Work and History

Martingale concentration arguably originated in the work of Ville [157], who showed that the
growth of non-negative supermartingales can be controlled uniformly over time. This result,
now known commonly referred to as Ville’s inequality, acts as a time-uniform generalization
of Markov’s inequality [50]. This result was later extended to submartingale concentration by
Doob [47] in an eponymous result, now called Doob’s maximal inequality. From these two
inequalities, a variety of now classical martingale concentration inequalities were proved, such
as Azuma’s inequality [10], which serves as a time-uniform, martingale variant of Hoeffding’s
inequality [70] for bounded random variables, and Freedman’s inequality [64], which serves as
a martingale variant of Bennett’s inequality [13] for sub-Poisson, bounded random variables.

Of particular note are the various self-normalized inequalities of de la Pefa [42, 40, 41, 43],
which provide time-uniform control of the growth of a process (5, ),>0 in terms of an associ-
ated accumulated variance process (V},),>0. In particular, the authors derive their results using
a technique first presented by Robbins called the method of mixtures [38, 37], which involves
integrating over a family of parameterized exponential supermartingales to obtain significantly
tighter (in terms of asymptotic behavior) inequalities than those mentioned earlier. Bercu and
Touati [14] also investigate self-normalized concentration in the style of de la Pefa, deriving
bounds when the increments of (S,,),,>0 may exhibit asymmetric heavy-tailed behavior and, in
later work, [15] study the effects of weighing predictable and empirical quadratic variation pro-
cesses in deriving self-normalized concentration results.

Recently, Howard et al. [74] presented a single “master” theorem that ties together much of
the literature surrounding scalar-valued concentration (self-normalized or not). Inspired by the
classical Cramer-Chernoff method (see Boucheron et al. [18] for instance), which provides high
probability tail bounds for a random variable X in terms of its cumulant generating function (or
CGF) 1, the authors present a unified “sub-v)” condition on a stochastic process. This condition
relates the growth of a process (S,),>0 to some corresponding accumulated variance process
(Vi)n>0 through a function ¢ which obeys many similar properties to a CGF. In particular, the

10



authors prove “line-crossing” inequalities for sub-i) processes, giving a bound on the probability
that (.S,,),>0 will ever cross a line parameterized by 1) and the accumulated variance (V},),>o.
By strategically picking ¢ and (V},),,>0, the master theorem in Howard et al. [74] can be used to
reconstruct, unify and even improve a variety of existing self-normalized concentration inequal-
ities (such as those in the preceding paragraph), as well as to prove several new ones. Using
these ideas in a followup work, Howard et al. [75] prove a time-uniform concentration inequality
for scalar-valued processes whose rate non-asymptotically matches the law of the iterated loga-
rithm (LIL) [50]. The only caveat to this result is that the concentration inequality only applies
to sub-v) processes when 1) is either the CGF of a sub-Gaussian (denoted 1) or sub-Gamma
(denoted ¢ ) random variable. While any CGF-like function ¢ function can be bounded by
aq . for some choice of a,c > 0 (see Proposition 1 of Howard et al. [75]), this conversion
could in general result in loose constants. As a stepping stone toward proving our multivariate
concentration inequalities, we generalize the non-asymptotic LIL results of Howard et al. [75] to
arbitrary sub-v process, greatly increasing the applicability of the obtained results.

To the best of our knowledge, there are relatively few existing results on the self-normalized
concentration of vector-valued processes. De la Pefia [42] leverage the above-mentioned method
of mixtures alongside Ville’s inequality to bound the probability that the self-normalized ran-
dom vector Vn_l/ QSn € R? belongs to some mixture-dependent convex set. These bounds are,
in particular, not closed form, and their asymptotic rate of growth is unclear. Our bounds, in-
stead, directly provide time-uniform bounds on the process (||Vn_1/ 25, )nzo in terms of rela-
tively simple function of the variance process (V},),>o. In particular, we use our bounds to derive
a multivariate law of the iterated logarithm that is tight in terms of dependence on V,, and the
ambient dimension d up to small, absolute, known constants. While de la Pefia et al. [41, 42] do
provide an asymptotic LIL for vector processes, it hides an unknown constant and lacks explicit
dependence on the dimension d.

In the case where the increments of (.5,),,>o satisfy a sub-Gaussian condition, significantly
more is known about vector-valued self-normalized concentration. Abbasi-Yadkori et al. [3]
provide a clean bound on ||Vn_1/ ?S,|| in terms of log det(V},) using an argument that directly
follows from an earlier, method-of-mixtures based argument of de la Pefia et al. [41]. First, our
bounds are significantly more general than those of Abbasi-Yadkori et al. [3] and de la Pefia et al.
[41], because ours apply to general sub-1) processes. Additionally, our bounds grow proportion-
ally to log 1og Ymax(Vs) and log £(V},) (Ymax and k represent maximum eigenvalue and condition
number respectively, defined later). Thus, even in the setting of sub-Gaussian increments with
predictable covariance, our results are not directly comparable in general. We believe deriving
log-determinant rate inequalities for general sub-1) processes is an interesting open problem, but
leave it for future work.

There exist other concentration inequalities for vector-valued data that are not directly re-
lated to the self-normalized bounds presented in this paper. First, there are several existing
time-uniform concentration results for Banach space-valued martingales [128, 129, 74]. These
results are obtained by placing a smoothness assumption on the norm of the Banach space, and
in turn provide time-uniform control on the norm of the martingale. We note that although we
are working in a Banach space, we are not trying to control the norm of the underlying process

1S, Vi 28,

In particular, the

, and instead want to control the self-normalized quantity ’
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process (V{l/ QSn)nzo is not in general a martingale, so the above results cannot be directly ap-
plied. Second, there are many concentration results that involve bounding the operator norm of
Hermitian matrix-valued martingales using the matrix Chernoff method [8, 31, 151, 152]. Once
again, it does not seem like these bounds for matrix-valued processes can be readily applied to
obtain vector-valued concentration of the form presented in this paper. Third, in their work on es-
timating convex divergences, Manole and Ramdas [116] derive a self-normalized concentration
inequality for i.i.d. random vectors drawn from some distribution on R?. The form of this bound
resembles that of the central concentration inequality presented in this paper. However, we note
that our result allows for arbitrary martingale dependence between the increments of the process
(Sn)n>0- Furthermore, the argument used in Manole and Ramdas [116] cannot be generalized to
the setting of arbitrary dependence, as the authors derive their results using certain reverse mar-
tingale arguments which must be conducted with respect to the exchangeable filtration generated
by a sequence of random variables, which implies the increments of (S,,),>¢ must, at the very
least, be exchangeable random variables.

2.1.2 Our Contributions

We now provide a brief, illustrative summary of our primary contributions. For now, when we
refer to a process (5,,) being sub-i) with variance proxy (V,,), the reader should think of the
increments of .S,, having associated CGF v with weights proportional to V,,. This is not precise,
but will be made exact when we provide rigorous definitions of the sub- condition for both
scalar and vector-valued processes in Section 2.2 below. We present the primary contributions in
the order they appear in the paper.

1. First, in Section 2.3, we show that if (5,,),>¢ is a scalar (i.e. R-valued) sub-1) process with

variance proxy (V;,)n>0, then, with high probability, it holds that

S, =0 (vn () (Vi log log(Vn)>)

n

for all n > 0 simultaneously. In the case where ¥(\) = g (N) := 2(%1)\) is the CGF as-

sociated with a sub-Gamma random variable (see Boucheron et al. [18]), our bound reduces

to
Sy =0 (x/Vn log log(V;,) + clog log(Vn)> :

Thus, this result can be reviewed as a direct generalization of the primary contributions of
Howard et al. [75], who only provide time-uniform, self-normalized concentration results
for sub-Gamma processes (Note that in the special case ¢ = 0, sub-Gamma concentration
reduces to sub-Gaussian concentration).

2. Next, in Section 2.4, we show that if (Sn)nZO is a vector valued process that is sub-v) with
variance proxy (V;,)n>0, then, with high probability, simultaneously for all n > 0,

V28, = 0 ( N TARCLE (;

i R 08 (V2)) + dlog (3]} ).
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where Yimin(Vy,) and vmax (V) refer, respectively, to the minimum and maximum eigenval-

ues of the (proxy) covariance matrix V,,, and x(V},) := amex(Vn) ¢ the condition number of

’Ymin(vn)
matrix V,,. We can compare our bounds to existing results [41, 3] in the subGaussian case
where () = Yy (N) = ’\72 is the CGF of a standard normal random variable. In this case,

our bound simplifies to

1V, 28,01 = O (V/1og 10g (mex((V2) + dlog £(V2) )

Existing results on the self-normalized concentration for processes with sub-Gaussian in-
crements provide upper bounds of the form HV{I/ ’Sull = O (\ /log det(Vn)), which are,

in general, incomparable to our bounds. When «(V},) is small, our bounds may be tighter,
but if Yimax (Vi) > Ymin(V4), the determinant-based bounds may be tighter.

3. Lastly, in Sections 2.5 and 2.6, we apply our vector-valued self-normalized concentration
results to statistical tasks. In Section 2.5, we create non-asymptotically valid confidence
ellipsoids for estimating unknown slope parameters in online linear regression with sub-1)
noise in observations. In particular, these results can be viewed as extending the confidence
ellipsoids of Abbasi-Yadkori et al. [3], which hold only in the sub-Gaussian setting. We
further specialize these bounds to model estimation in vector autoregressive models (i.e.
in the VAR(p) model), generalizing a result of Bercu and Touati [14]. In Section 2.6, we
prove a multivariate, self-normalized empirical Bernstein inequality, generalizing a result
of Howard et al. [75] to d-dimensional space.

In sum, we provide time-uniform, self-normalized concentration inequalities for both scalar
and vector-valued processes that hold under quite general noise conditions. Not only are these
bounds of theoretical interest, but they are in fact applicable to common statistical tasks — in
particular those that can be framed in the online linear regression framework.

2.2 Background and Sub-i) Processes

In this section we discuss the key sub-1) condition leveraged in deriving self-normalized concen-
tration results for vector-valued processes. We arrive at our vector sub-t) condition by extending
the eponymous condition defined in the setting of scalar-valued processes [74, 75], to high di-
mensional spaces. We first summarize some notation that will be used ubiquitously.

Notation: Throughout, we define N = {0, 1,2, - - - } to be the set of natural numbers, which we
assume to begin at 0. We let (x,y) = ="y denote that standard Euclidean inner product on R,
Additionally, we let S9! := {z € R? : ||z|| = 1} denote the unit sphere and B, := {z € R? :
|z|| < 1} the unit ball in R%. By £, (R?), we denote the set of all d x d positive semi-definite
matrices, with I; € £, (R?) denoting the d-dimensional identity matrix. For V € £, (R%), let
Ymax (V') denote the largest eigenvalue of V', 4y, (V') the smallest eigenvalue of V, and let

_: 'VmaX(V)
. ’Ymin(v)
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denote the condition number of V. Each such V' admits a spectral decomposition of the form V' =
Zle 7 (V)vv, where (v;(V));eqq is the non-increasing sequence of eigenvalues associated
with matrix V" and (v;);c|q is the corresponding sequence of unit eigenvectors, which we know
forms an orthonormal basis for R?. For p > 0, let

d
VVoply:=Y (u(V)V o/,

i=1

where for scalars a,b € R, a VV b := max{a, b}.

For a strictly increasing, differentiable convex function ¢ : [0, Apax) — R we let ©* :
[0, Umaz) — Rxo denote its convex conjugate, given by /" (u) := sup,¢( ,,...) YA — ¥(A), where
Umax = liMypa,,, ¥'(A). In the sequel, we will always assume sup,p »,...) ¥'(A) = oo, and
hence will have u,,,, = 00. Some key properties of convex conjugation are that (a) ©* is convex,
(b) (4%)* = o, and () (*)' = ().

Let (Z, p) denote a metric space, and let 7" C Z. For ¢ > 0, we say that a set X' C Z is an e-
covering for 7" if, for any z € T, there exists a point 7(z) € K satisfying p(z, 7(2)) < e. We call
7w :T"— K a‘“projection” onto the covering, which maps each point in 7" onto the nearest point
in K (or an arbitrary one if not unique). If K C 7', we call K a proper e-covering of 1. We will
exclusively consider proper coverings in the sequel. We define the e-covering number N (7', ¢, p)
of T' to be the cardinality of the smallest proper e-covering of 7". Any proper e-covering of 7’
obtaining this minimum will be called minimal. In the special case (Z,p) = (R, - ||) and
T = S9!, we denote the e-covering number of 7' by Ny_1(¢).

Lastly, if (S5,),>0 is some process evolving in a space X and n > 1, we define the nth
increment of (S,),>0 to be AS,, = S, — S,—1. If a filtration (F,,),>o is understood from

context, we may use the notation E,[-] = E (- | F,,) for easing notational burden. By default, we
take Fo := {0, Q} and F,, = o(S1, ..., Sn)-

Sub-1) Processes: We now describe in more detail a condition that links the growth of a process
(Sn)n>0 evolving in R? to a corresponding “accumulated variance process” (Vi)n>o taking values
in £, (R?). This linking will occur through the consideration of a family of exponential processes
in which a scaled version of (.S,),>0 along any fixed direction is compensated by (V},),>o and
a function ¢/ that measures the heaviness of the tails of AS,,. 1 should be thought of as acting
like the cumulant generating function (or CGF) of AS,, — we will make this notion precise in
our later discussion of CGF-like functions. These exponential processes will behave like non-
negative supermartingales, and thus will allow us to apply powerful time-uniform concentration
results to bound the growth of an appropriately normalized version of (.S,,),>¢. Due to the central
of role ¢ in connecting the growth of (S,,),>0 and (V},),>0, we will adopt the terminology of
Howard et al. [74, 75] from the scalar case and refer to the condition as the “sub-t) condition”.
Before formally defining the sub-¢) condition, we must briefly discuss the properties of the
heretofore vaguely defined function . i) will be a cumulant generating function-like (or CGF-
like) function, which roughly means it behaves like the CGF of some random variable. More
explicitly, by a CGF-like function, we mean a twice continuously-differentiable function ) :
[0, Amax) — Rsq satisfying (a) ¢ is strictly convex, (b) ¢(0) = ¢'(0) = 0, and (c) ¥"(0) > 0.
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Notable examples of CGF-like functions include ¢y (\) := ’\72, the CGF of a standard normal

random variable;
—log(l —cA) — cA
b)) = o= A X

C

the CGF of a (centered) exponential random variable; {p.(\) := % , the CGF of a centered
Poisson random variable; and

)\2
V() = =N

a bound on the CGF of a centered Gamma random variable. Note that, in particular, ¥¢ o = ¥n.
Basic theory regarding CGF-like functions is discussed in detail in Appendix 2.A. While we will
use many nontrivial properties of CGF-like functions freely hereinafter, we will always make the
proper forward reference to Appendix 2.A.

We now present the sub-1) condition for scalar processes, and later for vector processes. First
introduced in Howard et al. [74], the sub-v) condition very heuristically states that, for each
n > 0, the cumulant generating function for S,, is dominated by V/, - 1), where 1 is some CGF-
like function per the above definition. More precisely, the sub-¢ condition for scalar-valued
processes is as follows.

Definition 2.2.1. Let ¢ : [0, Ayax) — R>o be CGF-like, let (S,),,>0 and (V},),>0 be respectively
R-valued and R~ -valued processes adapted to some filtration (F,,),,>o. We say that (S, V,,)n>0
is sub-1) (or equivalently that (S, ),,>o is a sub-¢) process with variance proxy (V},),>o) if for every
A € [0, Amax ), the exponential process exp {AS,, — ¥)(A)V,, } is (almost surely) upper bounded by
some non-negative supermartingale (L))),,>o with respect to (F,),>0:

M) = exp {A\S, —v(\)V,} < L), for all n > 0.

As an easy example, consider the case where (X,),>1 is a sequence of i.i.d. mean zero
random variables with CGF ¢()\) = log Ee***. Letting S,, := > _, X,, and V}, := n, it is easy
to see that M is a non-negative martingale with respect to the natural filtration generated by the
X,,’s (and thus we can take L = M?)).

Definition 2.2.1 generalizes the above example to a setting where the random variables may
have more complicated dependence structures, and “nonparametric” tail conditions, including
settings where V, can itself be adapted to (F,,),,>0 (as opposed to constant or predictable variance
processes), a key ingredient in self-normalized bounds. Recently, Howard et al. [74] compiled a
rich selection of examples of such sub-i) processes. For more examples, one can specialize each
of the multivariate sub-1) processes following Definition 2.2.2 below to the setting d = 1.

The above definition for scalar-valued processes suggests a straightforward means of gener-
alizing the sub-1 condition to the setting where (.S,,),,>0 is R%-valued and (V},),>¢ is £, (R%)-
valued. Namely, (S, Vn)nzg should be sub-v if, for any direction v € S?-1, the scalar-valued
process ((v,S,), (v, V,v))n>0 is sub-tb. We formalize this in the following definition, which
recovers Definition 2.2.1 in the case d = 1.

Definition 2.2.2. Let ¢ : [0, Apax) — R>( be CGF-like, and let (S,,),>0 and (V},),>0 be respec-
tively R?-valued and £, (R?)-valued processes adapted to some filtration (F,),>o. We say that
(S, Vi )nso is sub-1) if, for every v € S%1, the projected process ((v, Sy), (v, Vo) )0 is sub-¢)
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in the sense of Definition 2.2.1. In other words, (S, V},)n>0 is sub-# if, for any v € S¢=1 and
A € [0, Amax), there is a non-negative supermartingale (L"), >o with respect to (F,),>0 such
that

MM = exp {\v,S,) — v\ {v,V,v)} < LY,  foralln > 0.

It is straightforward to confirm that if (S,,V},),>0 is sub-¢, then (S,,V,, + pli)n>o0 and
(S, Vi V pla)n>o are sub-1p as well. Furthermore, it is also straightforward to check that the
rescaled process (S, /+/p, Vi/p)n>o is sub-¢),, where 1, : [0, \/pAmax) — Rxg is given by

bp(A) == p (A V/p).

These transformations are important as they will allow us to exclusively study processes satisfy-
ing V; > 1 in the sequel. For the sake of completeness, we prove that 1), is in fact CGF-like in
Proposition 2.A.2 in Appendix 2.A. We codify the above observations into the following propo-
sition for ease of reference.

Proposition 2.2.3. Suppose (S,,, Vy,)n>0 is sub-1) with (inherently with respect to some filtration
(Fn)n>0)- Then, for any fixed p > 0,
1. (Sn, Vi + pla)n>o is sub-1y) with respect to (F,,)n>o0,

2. (Sn, Vo V plg)n>o is sub-1) with respect to (Fy,)n>o0, and
3. (Su/\/Ps P Vi)nso is sub-1h, with respect to (Fy,)n>0, where 1,(X) := ptb(N/\/p).

As we will see, Definition 2.2.2 will prove to be the “right” generalization of the sub-v
condition to high-dimensional settings. In more detail, from the condition, we will derive a
general, time-uniform bound on the self-normalized process (||V, "/ 25, )nzo that will be tight
up to small, multiplicative constants.

Four Examples of Sub-i) Processes: We now provide four practically-relevant examples of
multivariate sub-1) processes — one for each of the aforementioned CGF-like functions ¢, ¥p, Vg .,
and ¢¢ .. In each of the examples below, we assume we are studying some process (X,,),,>1 that

is adapted to some filtration (F,),>0.

1. If X,, =4 —X,, | Fn_1 (that is, the X, are conditionally symmetric), Lemma 3 of de la
Pena et al. [41] can be used to show that S,, := ZZLZI X, 18 sub-1y with variance proxy
Vo, = >0 X, X,. This provides salient example of how the sub-i) condition can be
leveraged to provide meaningful concentration for processes whose increments may even
lack a well-defined mean (e.g. take the X, to be i.i.d. Cauchy random variables).

2. If || X,,|| < c almost surely, a standard Bennett-style argument (see the proof of Theorem
2.9 in Boucheron et al. [18]) shows that S,, := > " _ {X,, — E,,_1X,,} is sub-¢)p. with
variance proxy V,, :=> " _ E, 1 X, X,

3. Aswill be seen in Section 2.6, if || X,,|| < 1/2 almost surely', then S,, := > " _ {X,, —E,,_1X,,.}
is sub-1)p; with variance proxy V,, := > " _ (Xy, — 1) (X — im—1)". In the above,

Note that the the assumption || X, | < % can be replaced by any constant by appropriately changing the scale
parameter of the sub-Exponential CGF.
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Ly = % > _, Xy is the time-average mean given the first n samples. From this condition,
one can derive a multivariate, self-normalized “empirical Bernstein” inequality. This type
of inequality is useful in statistical applications [161] due to the fact its tightness adapts to
the observed (i.e. empirical) variance within the samples witnessed.

4. Lastly, if E,_|(v, X,)|* < 2cF2E,_;(v, X,,)? for all directions v € S?~! and some
constant ¢ > 0, a standard application of the Bernstein condition in each direction v € S%~1
(see Theorem 2.10 of Boucheron et al. [18]) yields that S,, == " _ {X,, — E,,_1X,,} is
sub-1)¢ . with variance proxy V,, := 22:1 Em_leX;.
Super-Gaussian CGFs: We draw attention to super-Gaussian 1:
a CGF-like function v is super-Gaussian if % is an increasing function of \.
In words, 1) is super-Gaussian if it grows at least as rapidly as vy, the CGF of a N'(0, 1) random
variable. Most notable examples of CGF-like functions are super-Gaussian, with particularly
important examples being ¥'n, Vg ¢, Y, and Yp.. Informally, one typically needs to use a
super-Gaussian CGF if the underlying random process is heavier tailed than a sub-Gaussian
process.

One example of a CGF that is not super-Gaussian would be ¢ ,(\), the CGF of a centered
Bernoulli random variable X with P(X = 1) = p. We discuss equivalent definitions and prop-
erties of CGF-like functions in detail in Appendix 2.A. While our bounds will hold in the case
where (S, V,,)n>0 is sub-¢ for arbitrary 1), they are particularly clean when 1) is super-Gaussian,
and we emphasize this case going forward.

2.3 A General Non-Asymptotic LIL for Scalar Processes

In this section, we prove a high-probability, time-uniform bound on the growth of a scalar process
(Sn)n>0 normalized by some measure of accumulated variance (V},),>o. In particular, in The-
orem 2.3.1 below, we show that if (S, V},),>0 is @ sub-1) process, then, with high probability,
simultaneously for all n > 0,

S, =0 <vn (@) (Vin log log(Vn)>) |

where we have omitted dependence on several user-chosen parameters and constants for the sake
of exposition. Dividing both sides by +/V}, yields a result in “self-normalized” form that looks
more akin to the results in subsequent sections, but we adopt the above form for consistency with
existing results [74, 75]. Since (¢*) ! (u) ~ v/2u as u | 0 whenever 1()\) ~ %2 as A | 0 (asis
the case for all CGF-like functions addressed in the previous section), for large values of V,,, the
above high probability bound can be written as

Su = 0(V/Valoglog(V2,)),

thus allowing our results in this section to be viewed as a non-asymptotic (i.e. finite sample)
version of the law of the iterated logarithm. We further describe connections between our scalar-
valued bound and the law of the iterated logarithm in Subsection 2.3.2 below.

17



While we construct the bounds in this section as a requisite for deriving self-normalized
concentration inequalities for vector-valued processes, we believe the results are of independent
interest. In particular, our results are significantly more general than those of Howard et al. [75],
whose bounds serve as the current state-of-the-art for scalar-valued self-normalized concentra-
tion. Unlike the results of Howard et al. [75], which only hold for sub-i¢ . (i.e. sub-Gamma)
processes, our results hold for general sub-i) processes. While Howard et al. [74] show that
any CGF-like function 1) can be bounded pointwise by at¢ . for appropriately chosen constants
a,c > 0, this comparison can be loose. We illustrate this in Figure 2.1 in Appendix 2.D, which
shows that the time-uniform boundary presented in Theorem 2.3.1 (applied in the sub-Poisson
setting ¢ = ¢p ) can offer improved concentration over the main theorem of Howard et al. [75],
which requires converting sub-1p . process to sub-1)¢ . processes in order to be applied. This
case is of particular interest, as straightforward calculation shows ¢ p.(\) < ¢ (A) for all A.
Other examples demonstrating this disparity in bounds can be readily constructed as well. Fur-
thermore, even in the case of sub-1)¢ . processes, our bounds are essentially flush with those of
Howard et al. [75] in the sub-Gamma case, being multiplicatively looser by a vanishingly small
factor as certain tuning parameters are appropriately selected, as illustrated in Figure 2.2, also in
Appendix 2.D. We further discuss comparisons between our bounds and those of Howard et al.
[75] following the proof of Theorem 2.3.1.

Before presenting the main theorem of this section, we discuss heuristically how we are able
to generalize the results of Howard et al. [75]. Much like the “stitching” technique of the afore-
mentioned authors, our argument proceeds, roughly, by breaking “intrinsic” time into geometric
epochs of the form {a* < V,, < o**1} and then optimizing a tight linear inequality in each pe-
riod. The key difference in our argument is in how we optimize this linear boundary for (.S,),>0
in each epoch. The techniques leveraged by Howard et al. [75] yield a boundary that is defined
in terms of zﬂg}c, the inverse of the CGF-like function associated with a Gamma distribution.
From our understanding of the classical Chernoff argument, we know that if a mean zero random
variable X has associated CGF () := log Ee*¥, then we have PP (X > (¢*)~! (log (3))) < 0.
Thus, although the Chernoff argument doesn’t directly apply in this time-uniform setting, we at
the very least expect to obtain a boundary defined in terms of (¢*)~!. By coupling this intuition
with the time-uniform line crossing inequalities of Howard et al. [74], we are able to obtain an
extremely general inequality for sub-t) processes with a surprisingly straightforward argument.

With the above discussion in mind, we present Theorem 2.3.1.

Theorem 2.3.1. Suppose (S,,, V,,)n>0 is a real-valued sub-1) process for some CGF-like function
Y 1 [0, Amax) — Rso satisfying limygy,,, ¥'(A) = oo. Let v > 1,p > 0, and § € (0,1) be
constants respectively representing the stitching epoch length, the minimum intrinsic time, and
the error probability. Let h : R — R be an increasing function such that ), h(k)~! <1,
representing how the error is spent across epochs. Define the function £, : R>o — R>( by

£,(v) = log (h (loga (%))) +log (%) |

where we have suppressed the dependence of (,(v) on «, h for brevity. Then, we have

P (Ht >0:8, > (V,Vp)- (") <Vnivpz,,(vn))> <.
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We provide a full proof of Theorem 2.3.1 in Section 2.7 below. Except for the unavoidable
error probability J, we briefly elaborate on the other user-specified constants that appear in the
statement of the theorem:

1. @ > 1 controls the spacing of “intrinsic time” or accumulated variance of the process
(Sn)n>0. Heuristically, Theorem 2.3.1 will be obtained by optimizing tight, linear bound-
aries on events of the form {* <V, < o*1}.

2. p > 0 gives the first “intrinsic time” at which our boundaries start depending on the variance
process (V},)n>0. When 0 <V, < p, the boundary will only depend on p.

3. h:R — R is a function satisfying Y, ., h(k)~! < 1. h defines how much of the overall
probability mass associated with failure (determined by §) to allocate to each event of the
form {a* <V, < aff1}.

In the above, we view the parameters p, and h as critical, since they directly affect the shape
and validity of the bound, whereas we view « as less critical, as any small variation in o will
only minimally affect the tightness of the bound in terms of constants. For example, a reasonable
choice of this temporal spacing parameter is & = 1.05. Howard et al. [75] discuss reasonable
choices for the function h, and we emphasize in the sequel the choice of h(k) := (k + 1)5¢(s),
where s > 1 is a tuning parameter and ( is the Riemann zeta function. This choice is of particular
theoretical interest as it yields non-asymptotic rates that depend on log log(V},) (up to constants),
thus allowing our bound to be viewed as a general, non-asymptotic version of the LIL. We in
particular use this choice of / in the proof of Corollary 2.3.2 in Subsection 2.3.2 below.

2.3.1 Comparison With Existing Bounds

We compare our results to those presented in Theorem 1 of Howard et al. [75], who provide time-
uniform, self-normalized concentration for scalar processes in the sub-v¢ . case, where we recall
Ya(A) = 2(%20)\) is the CGF-like function associated with a sub-Gamma random variable. We
start by analyzing the special case ¢ = 0, in which ¢g o = ¥y is the CGF of a (0, 1) random
variable. In our notation, the authors show that if (S, V},),>0 is a sub-iyy process, then, with
probability at least 1 — ¢, simultaneously for all ¢ > 0,

S, < \/ (0‘1/4+—ﬂo‘_1/4)2 (Vi V 9)E,(Va).

Noting that (¢%) ! (u) = v/2u, our results yield that, with probability at least 1 — §, simultane-
ously for all n > 0,

Su < \/20(V V )L, (Va).

all4pq—1/4

2
A straightforward computation yields that, for all o > 1, (T) < 2a, showing that the

bounds of Howard et al. [75] are (slightly) tighter than our own. However, for o < 2.06, we have
a2

200 < 2 <a1/4+—\/%‘1/4> , showing that our bounds are looser than those of Howard et al. [75] by a

multiplicative factor of no more than v/2 in this regime. In particular, as « is decreased towards
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1, the multiplicative factor by which our bounds are suboptimal to those of Howard et al. [75]
vanishes to 1.

In the general case of ¢ > 0, Theorem 1 in Howard et al. [75] yields that with probability at
least 1 — 4, we have

S, < J (%)2 (Vv )6, (Vi) + (\/a; 1)2ep(vn) +e <@> 0, (Vo).
(2.3.1)

Meanwhile, noting that (1 )" (x) = v/2z + cx (this can be readily checked, or see Boucheron
et al. [18] e.g.), our results yield that, with probability at least 1 — J, we have

Su <20V V 0)0,(Va) + cal (Vs).

In this situation, a general comparison between the resulting bounds isn’t clear. Our second
term is larger, but it is a lower order term. Regarding the first term, for small V,, and «, we
may expect our bound to be tighter, as we don’t suffer from the second additive term inside of
the square root. On the other hand, for any @ > 1 and moderate to large V,,, by our analysis
in the sub-Gaussian case of ¢y = 1 (which is recovered when ¢ = 0), we expect the bound
from Howard et al. [75] to be tighter for the same reason. We plot a detailed comparison be-
tween Theorem 2.3.1 applied in the sub-t¢ . case and Equation 2.3.1 in Figure 2.2, found in
Appendix 2.D.

We emphasize that the bounds of Howard et al. [75] hold only in the sub-Gamma case. While
sub-Gamma concentration can be applied to sums of sub-Exponential and sub-Poisson random
variables, this approximation is far from tight, especially in small sample sizes. Our results hold
directly for any CGF-like function %, including all listed in Section 2.2.

2.3.2 Asymptotic Law of the Iterated Logarithm

In the preceding paragraphs, we derived time-uniform bounds for general scalar-valued sub-v
processes. In particular, we argued our presented results generalized those of Howard et al. [75],
who show a similar result for the case 1) = ¢, = 2(%&) (i.e. when v is the CGF-like function
associated with a sub-Gamma random variable). As noted above, for any fixed step size o > 1,
in the case ¢ = 0 (i.e. when ¢ = v is the CGF of a standard Gaussian random variable), the
bounds of Howard et al. [75] dominate ours, albeit by a vanishingly small multiplicative factor
asa | 1.

This begs the following question: are our bounds “optimal” in the sense that, by appropriately
selecting the tuning parameters, they recover the asymptotic (upper) law of the iterated logarithm
with the correct constant. In Corollary 2.3.2 below, we show that this exactly the case, and thus
derive a law of the iterated logarithm for sub-v) processes.

Corollary 2.3.2. Let (S,,) >0 be sub-1) with variance proxy (Vy,)n>o, and suppose that )(\) ~ x

2
as A} 0andV,, —— oo. Then,

n—o0

n

lim sup <1 almost surely.

noo 1/2V, loglog(V,)
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Corollary 2.3.2 follows as a direct consequence of Corollary 2.4.6, which provides an asymp-
totic law of the iterated logarithm for vector-valued sub-1) processes, noting that the dependence
of the bound on the condition number of V;, vanishes in the scalar case.

We provide some brief intuition for our proof of Corollary 2.3.2. In the proof, we consider
a sequence of bounds (indexed by n > 1), with tuning parameters (i )>1, (0¢)e>1, and (hy)e>1
satisfying a; | 1, 6; | 0, and h(k) := (k + 1)*((¢¢), where ¢; | 1. We assume p := 1, as by
assumption the variance (V,,),>o Will grow towards infinity and thus the initial time at which the
bound is valid will not matter. Heuristically, smaller values of the aforementioned parameters
(being v, 04, ;) imply that the ratio between our bounds and \/ 2V}, log log(V},) will be closer to
1 for large values of V,,, but will suffer from an increased “bias” or additive penalty for small
values of V;,. Since we assume V,, grows towards infinity almost surely, the effect of the additive
bias becomes negligible in the large intrinsic time limit (i.e. as V,, — 00).

In more detail, for any ¢ > 1, we show that for large values of time n > N, (N; may be

random), we have V,,-(¢*) ™! (V&nﬁl(Vn)> < (141)Ci\/2V, loglog(V,,), where C; | Lasn — oo
and n > 0 is some pre-fixed parameter. Given we have such a bound for all ¢ > 1, we can apply

the first Borel-Cantelli lemma (which describes when certain sequences of events will happen
either “infinitely often” or only “finitely often”) to show that lim sup,, ., ——=2— < (1 +

\/ 2V loglog(Vy,) —

n). Since n > 0 was arbitrary, the desired bound follows.

2.4 Main result

We now present the main result of this paper: a time-uniform, self-normalized concentration
inequality for a general class of processes evolving in R?. We now discuss the intuition for our
argument. Our results follow by coupling our scalar-valued self-normalized inequalities, pre-
sented in the previous section, with a simple but careful geometric covering argument. At a high
level, our results in the previous section could be seen as controlling the growth of the process
(Sn)n>0 over various scales of “intrinsic time”, determined by the accumulated variance process
(Vi)n>0- Analogously, to handle the multivariate nature of results in this section, we need to
carefully control how the accumulated variance process (this time a matrix-valued process), dis-
torts the geometry of R across various scales. In this setting, the level of distortion is controlled
by £(V3) = Ymax(Vn)/Ymin(Vi), the condition number of the positive semi-definite matrix V;,
(Gf Ymin (Vi) = 0, k(V},) = oo by convention).

Theorem 2.4.1. Suppose (S,,)n>0 is a sub-1p process with variance proxy (V,,)n>o taking values
R Leta>1,3>1,p>0,e€(0,1),and d € (0,1) be constants, and let h : R — R be an
increasing function such that y_, _ h(k)™" < 1. Define the function® L, : 8¢ — Rxq by

s (=575)) s )

+ log (5\/5(1/ Vply) - Ng—q (5\/m>> )

2Recall N;_1(€) was defined to be the e-covering number of S¢~1.
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If 1 is super-Gaussian, meaning 1 (\)/(\?/2) is an increasing function of \, then

B (Vo V ply) 3 «
P|3In>0:[|(V,Vpl) %8, > Vmin(Va (W) ————=L,(Va) | | <6
(302 0c o vona s = YD oy () ) <

In addition to the parameters «, p, and h from Theorem 2.3.1, there are two new user-specified
constants that govern the geometric aspects of our bound presented in Theorem 2.4.1.

1. B > 1 controls the spacing of how the action of the sequence of matrices (V},),>o distorts
the geometry of R¢. Heuristically, Theorem 2.4.1 will be obtained by optimizing self-
normalized inequalities on events of the form {3* < \/k(V,) < B*™'} and carefully
performing a union bound.

2. € € (0,1) controls the “mesh” or level of granularity at which we approximate the geometry
of the unit sphere S~! in the covering argument we make.

In the vocabulary of our preceding results, we view neither /3 nor € as being critical parameters
in optimizing our boundary. In particular, for simplicity, reasonable default choices would be
B=2ande=3.

Before proving Theorem 2.4.1, we comment that a result similar to the above holds even
in the setting where the CGF-like function v is not super-Gaussian. In particular, en route to

proving the above, we will show that, if (.5, V},)n>0 is sub-1 for any CGF-like v, we have

P<3n20rH(anpfd>—1/2SnHz sup —””’W«w*)—l( L (m)) <.

yesi-1 1 —e€ (v, Vv) ’

The assumption that v is super-Gaussian merely allows us to compute the supremum over v €
S9! in the above expression, giving the result a cleaner form. This assumption is not restrictive,
as many reasonable examples of CGF-like functions are super-Gaussian (e.g. ¥n, Vg, VE.c
and ¢ p . to name a few encountered earlier).

To simplify the above bound further (at the cost of introducing some looseness) we can
plug in upper bounds on N, 1(€) into Theorem 2.4.1. We prove the following lemma in Ap-
pendix 2.C, and it follows from a simple geometric argument. The following bound is not tight,
but suffices for subsequent asymptotic analysis. We use the bound presented in Corollary 2.4.2
over the bound Ny _(e) < (%)d (which follows from Lemma 5.7 of Wainwright [158]) due to
slightly improved dependence on d in the exponent. If desired, one could obtain an analogue of
Corollary 2.4.3 using the aforementioned bound as well, or even any bound on N;_1(¢).

Lemma 2.4.2. Let € € (0,1) be arbitrary and d > 1. Then,

Na-1(€) < Cy (§>d_1 :

€

where Cy is a constant that does not depend on e.

With the above bound on the covering number of S%~!, we have the following corollary.
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Corollary 2.4.3. Assume the same setup as in Theorem 2.4.1. Define Ly’ : L. (RY) — Ry by

Llc)ov(v) = log (h (loga (M))) +log <ﬁ)
+ dlog (%W) .

Then,

_ min Vn\/ I *\ — cov
P <E|n >0: H(Vn\/pfd) 1/2SnH > \/7 1(_ c pla) () (m[/p (Vn))> <.

Proof. The result immediately follows by applying Theorem 2.4.1 and noting the bound

. € 3BV E(Va Vpla) (3B\E(V V pla) -
BV EV V plg) - Ny (ﬁ\/m) < ; ( ; )

(35\/,-@0/ , p]d)>d

which holds for all positive semi-definite matrices V' € £, (R?). [ |

Treating the tuning parameters v, 3, €, p as constants and selecting h : R~y — R satisfying
h(k) = O(log(k)) (which, as noted by Howard et al. [75], holds when h(k) := (k + 1)°((s) for
any s > 1), Corollary 2.4.3 yields that, with high probability, simultaneously for all n > 0,

V28, = 0 (Wn<vn> () (m

We now specify (in terms of big-Oh notation) our bounds to the setting of two common CGF-
like functions. First, we consider the case ¥)(\) = ¢ (A) = A*__ for which we recall that

2(1—cn)’
(V&) ' (2) = V22 + cx, and so our bounds yield that

log log (e (Va) + dlogmwm)) |

HVH_I/ZSnH =0 <\/log 10g(Ymax (Vi) + dlog k(V,,) + Vo)) + dlog R(Vn)]>

- log log(Vmax
Tin(Vn)[ & 108 (Vmax

Further specifying to the case ¥)(\) = ¥n(N) = ’\72 (which is equivalent to the case ¢ = ¢ .
with ¢ = 0), the above bound reduces to the form:

||Vn_1/25nH =0 (\/log 10g(Ymax (Vi) + dlog K,(Vn)> ) (2.4.1)

The bound (2.4.1), in particular, captures the asymptotic growth rate of very general classes of
sub-1) process when () ~ ’\2—2 as A | 0 (in a sense that we will make fully precise soon).
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2.4.1 Comparison With Existing Bounds

Now that we have presented the main result of the paper in Theorem 2.4.1 and examined the
dimensional dependence of the bound in Corollary 2.4.3, we can compare our bounds to existing
results in the literature. As a warm up (and sanity check), we ensure our bound presented in
Theorem 2.4.1 recovers the results presented in Theorem 2.3.1, up to multiplicative or additive
constants.

Comparison with Scalar Bounds: If (S5,,,V},),>0 is sub-¢) and taking values in R, we note
that for any ¢ € (0,1), No(¢) = 2. Thus, Theorem 2.4.1 yields that, with probability at least
1 — ¢, simultaneously for all n > 0 (assuming V,, > p for simplicity),

S"s%ﬁ«ﬁﬂ<3%m@

Vs Ve
= i E\/Vn_ ()1 (% [ZP(Vn) + log (1 _151) + log(25)])
— T ) (Gl )

where we have defined ' = ﬁ and C5 := log (#) + log (2/3) for convenience. On the
other hand, Theorem 2.3.1 yields that, with probability at least 1 — 4, simultaneously for all n > 0

such that V,, > p,
S «
n < / . *\—1 _ ]

As expected, the bound yielded by Theorem 2.4.1 is looser than the that of Theorem 2.3.1,
due to the extra union bound needed in the covering argument. However, the looseness is only
by an absolute multiplicative factor C; and an additive factor of C5 inside (*)~!. Since the
No(e) = 2 for all € € (0,1), the multiplicative factor can be forced to be arbitrarily small by
appropriately choosing the covering parameter € (e.g. sending € | 0 yields C; | 1). Likewise,
the impact of the additive factor becomes vanishingly small as V,, — oc.

Method of Mixtures Bounds: Next, we compare our multivariate, self-normalized bounds to
the “method of mixtures” bounds for sub-Gaussian concentration, in particular the following
bound that follows from Example 4.2 of de la Pena et al. [41] and Theorem 1 of Abbasi-Yadkori
et al. [3] and has become a staple in constructing confidence sets in online learning tasks [95,
165, 48]. We rephrase their sub-Gaussian result in the setting of “sub-tx”” concentration to ease
comparison with our results.

Fact 2.4.4 (de la Pefia et al. [41], Abbasi-Yadkori et al. [3]). Let (S, V;)n>0 be an R-valued
sub-1)y process where V,, = " K, 1AS,,AS!. Then, for any § € (0,1) and any p > 0,

m=1

with probability at least 1 — ¢, simultaneously for all n > 0,

[(Vao + pla) 7 25,| < \/2 o8 (%wet o+ plv”))'
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We note that the above bound holds only in the case where the process (.S,,),>o has sub-
Gaussian increments, and it is not obvious whether or not a similar result holds for other tails,
for more CGF-like functions v, and adapted (not predictable) V,,. In the case ¥ = ¥, as noted
in (2.4.1), our bound is of the form HV{I/zSnH =0 (\/log 10g(Ymax (Vi) + dlog R(Vn)> )
These two bounds (those based on the determinant of the variance proxy and those based on
the condition number of the variance proxy) are fundamentally incomparable. When V, is well-
conditioned, we expect our bounds to be tighter than the bound in Fact 2.4.4, as our bounds will
be of order ~ \/ log10g(Ymax (Vi) + d. If (V) & Ymax(Vs), we may expect the determinant
rate bound in Fact 2.4.4 to be tighter, as the bound provided by Theorem 2.4.1 will be of or-
der ~ \/1og 10g(Vmax (Vi) + d10g(Ymax(V)), and dlog ymax(Vn) > logdet(V;,) (ignoring the
shift p in the covariance matrix). One particularly useful feature of our bounds is that the do
not require a shift in variance proxy as the bound in Fact 2.4.4 does. It is an interesting open
problem to derive determinant-rate self-normalized bounds under more general tail conditions
and for adapted (not predictable) V.

Backwards Martingale Bounds: As a last point of comparison, we relate our bounds to the
recent bounds constructed by Manole and Ramdas [116] using backwards or reverse martingale
techniques. We note that the bounds of Manole and Ramdas [116] hold for any fixed norm on
R? (e.g. ¢, norms, for instance), but we only present the result in the case of the ¢, norm, as this
is the setting in which our bounds are comparable. The authors leverage the following bounds in
estimating an unknown, multivariate mean from i.i.d. data. In our statement below, we center all
observations so that the unknown mean always takes value zero for ease of comparison.

Fact 2.4.5 (Corollary 23 of Manole and Ramdas [116]). Let S,, := > " _| X,,,, where (X,,)n>0

are i.i.d. with mean 0. Let h : R — Rxq satisfy Y po o h(k) ™t < 1, and let 1 : [0, Apax) — R

be CGF-like. Suppose that, for any \ € [0, Amax) and n > 0, sup, cga—1 log EeMXn) < qp(N).
Then, for any 6 € (0, 1), with probability at least 1 — 0, simultaneously for all n > 0,

n 1 [ 2 1
s/l < 225 0 (2 [rsttton o) +0g (3 ) + o 6] )

It is clear that the process (.S, ),>0 is sub-t) with variance proxy (V;,),>o given by V,, := nly,
and so Theorem 2.4.1 (taking p = 1) applied to this setting yields that, with probability at least
1 — 0, simultaneously for all n > 1,

I,/ < 2 (0 (2 [roethiog ) + o (5 ) + 1o Naca(a) )

In this particular setting, our bound is almost equivalent to that of Manole and Ramdas [116],

being looser is a vanishingly small additive factor log ( ) due to the covering argument

_B
-1
needed to control the geometric “distortions” induced by the variance proxy (V},),>o. However,
we note that our bound is significantly more general, as it allows for arbitrary martingale de-
pendence between observed random variables. This is in contrast to the bound of Manole and
Ramdas [116], as this bound is only valid if the data are known to be i.i.d. (or, at the very least,

exchangeable). The argument used by Manole and Ramdas [116] does not readily generalize
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to general dependence structures because they leverage reverse martingales in the exchangeable
filtration, thus requiring that the data be exchangeable.

2.4.2 Vector Laws of the Iterated Logarithm

In Corollary 2.3.2, we discussed how our scalar bounds can be used to derive a version of the
law of the iterated logarithm for scalar sub-i) processes. In particular, this bound obtained the
optimal constant matching the case of i.i.d. random variables (see Durrett [50], Chapter 8 or
Howard et al. [75]), showing that our bounds are unimprovable asymptotically.

In the multivariate setting, our bounds do not just depend on loglog(vmax(V5)), but also
on log k(V,,). This dependence is not simply an artefact of our analysis, as de la Peiia et al.
[41] show an example of a 2-dimensional process (.5,,),>0 and (V},),>o satisfying ||Vn_1/ Sl ~

log k(V,,) almost surely.

In this section, we aim to show that our results are asymptotically optimal in the following
sense. First, we show that, under a simple set of assumptions, if (S, V;,)n>0 is a sub-1), then

—1/2
lim sup,,_, Ve __Sul < 1 almost surely. Secondly, we show that this bound
00\ /210g log(Ymax (Vn))+d log (Vi)

is “tight” in the sense that there exists a sub-1) process (Sy, V;,)n>0 such that ||Vn_1/ Sl =
O(y/10g10g Vmax (Vi) + dlog k(V;,)) almost surely.

We start by presenting the first result, which can be viewed as an “upper law of the iterated
logarithm”. We prove this result in Section 2.7.

Corollary 2.4.6. Let (S,),>0 be an R-valued sub-ip process with variance proxy (V,)n>o.

Suppose that (a) P(\) ~ %2 as X L 0, (b) Ymin(Vn) —— o0 almost surely, and (c) and
n—oo

10g(Ymax(V))/Ymin (Vi) = o(1) almost surely. Then,

. Vi %Sl
lim sup <
n—s00 \/2 log 10g Ymax (Vi) + dlog k(V,)

almost surely.

We can compare the above corollary to the discussion at the beginning of Section 3 of de la
Pefia et al. [41], where the authors show that when (S,,),>¢ and (V},),,>0 satisfy certain assump-
tions based on finiteness of pth moments, one has

| [Vt V)25,
lim sup
n—soo /102108 Ymax(V + V,,) + log 5(V,, + V)

=0(1) almost surely,

where the constant masked by the “Big-Oh” notation maybe be random. Our bound is more
precise than their bound in that (a) we obtain an explicit constant in our asymptotic bound, (b)
the bound recovers the LIL in the case d = 1 (see the earlier discussed Corollary 2.3.2), and (c)
our bound elicits explicit dependence on the ambient dimension d.

The remaining question is if the above law of the iterated logarithm is tight. As afore-
mentioned, de la Pena et al. [41] show the existence of a two-dimensional process satisfying

||Vn_1/ ?S,|| ~ log k(V,) almost surely. We first describe this example, and then show how to
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extend it to higher dimensions. In particular, we will construct a process that attains the same
rate as the upper bound presented in our Corollary 2.4.6, up to a small, absolute constant. We
start by describing the example of de la Pena et al. [41].

Example 2.4.7. Let (¢,),>1 be a sequence of i.i.d. N'(0, 1) random variables, and let (F,,),>0 be
the natural filtration associated with (¢, ),,>1. First, define the regressors (U,,),>1 by U; = 0 and
Ups1 := U, + &,, where for a sequence (y,),>1 we define 7, := %(yl + Y2+ -+ + yn). Then,
embed these regressors into R? by defining the process (X,,),>1 as X,, := (1,U,)". Clearly, by
construction, the process (X, ),>1 is (F,)n>o-predictable.

With these sequentially constructed regressors, one can construct a martingale (.S,,),,>o with
respect to (F;,)n>0 given by S, := > " | €,X,, and a corresponding predictable covariance
process (V;,)n>0 given by V,, = 22:1 XanTT de la Pefia et al. [41] show that the following
hold almost surely:

L Ymax (V) ~n (L + 327 s ep),
2. Ymin (Vo) ~ a8 and

3 m™em”

3. ||V 28, || ~ /log(n).
Noting that log £(V,) = 10g(Ymax (V) /Ymin(Va)) ~ log(n), we see that we have ||Vs /%S, || ~
log k(V,,) almost surely. Further, it is easily checked that (S, V,),>¢ is sub-ty, per Defini-
tion 2.2.2. Thus, this example shows that the logarithmic dependence on x(V},) in Theorem 2.4.1
cannot, in general, be dropped.

While the above example demonstrates the inevitability of having log x(V,,) appear in non-
asymptotic, self-normalized concentration for vector-valued processes, it does not capture de-
pendence on dimensionality. In the next example, we show that there exists sub-i) processes
(Sn, Vi)n>0 such that HV{I/ 28| ~ 21og x(V},), showing our upper bounds are within a mul-

tiplicative factor v/2 of optimal.

Example 2.4.8. Suppose d is even. Let (S,(LI)),LZO, e (57(;1/2))”20 be i.i.d. copies of the pro-

cess constructed in Example 2.4.7, (Vn(l))nzo, ce (Véd/ 2))@0 the corresponding predictable co-
variance processes, and (F,,),>o the smallest filtration for which (653’)”21, e (e%d/ 2))@1 are
adapted, i.e. the filtration given by F,, := F\" V-V FY? | where F \/ G denotes the “join”
of g-algebras F, G, i.e. the smallest o-algebra containing both.

Define the R%-valued process (S, ),>0 by S, = (ngl), e ,Sfld/ 2)>, and the corresponding

covariance process (V,),>o by

vV o 0
o v

V, =
0 o .yl

Clearly (S,,)n>0 i (Fn)n>o-adapted and (V},),>0 is (Fy)n>o-predictable. Moreover, it can
readily be checked that (.S,,, V},),>0 is a sub-1)y process.

27



Since V,, is a block-diagonal matrix, we clearly have Ymax(V5) = max;epq o) ’ymaX(Vn(i)) and
Ymin(Vn) = mingepy ’Ymin(vn(z)). Thus, using the reasoning on the almost sure behavior on

ymax(Vn(i)) and ymm(Vn(i)) presented in Example 2.4.7, we see that log x(V},) ~ log(n) almost
surely. Further, it isn’t hard to see that

||Vn71/2SnH2 = S;Lrvnilsn
d
— (SONT(yy=1gW) 4 .. 4 (gUd/2NT (1/(d/2)y=1g(d/2) , 2 V).
(5,7) (Vo) 85 4 -+ (S77) (V) 5, 5 10g £ (Va)
Thus, we have shown that, up to small constants, the dependence on log x(V},) and d in Theo-
rem 2.4.1 (and thus the corresponding dependence in Corollary 2.4.6) is unimprovable.

2.5 Applications to Online Linear Regression

We now use our self-normalized bounds to construct confidence ellipsoids for slope estimation
in online linear regression. In online linear regression, a statistician interacts with an environ-
ment over a sequence of rounds. At the beginning of each round, he adaptively (perhaps using
observations from previous rounds) selects a point X,, € R?, and then observes noisy feedback
Y, = (X,,0") + €,, where ¢, represents some mean zero noise variable and 0* is a fixed slope
vector. The goal of the statistician is to produce a confidence sequence for the unknown slope
vector — that is, a time indexed sequences of sets that all simultaneously contain the unknown
parameter with high probability. We formalize the online linear regression model as follows.

Model 2.5.1 (Online Linear Regression). Let (F,,),>o be a filtration and 0* € R? a fixed (un-
known) slope vector. The online linear regression model is characterized by three processes:
(a) a (F,)n>o-predictable R%-valued sequence (X,,),>1 representing adaptively-chosen covari-
ates, (b) a (F,,)n>o-adapted scalar-valued processes (€,,)n,>1 representing noise, and (c) (Y,)n>1
given as Y, = (X,,0%) + €, representing noisy responses. We assume the residual process
Sp = >0 | €mXum is sub-p with (predictable) variance proxy V,, == > " _, X X,!, where 9
is a super-Gaussian CGF-like function.

For a fixed regularization parameter p > 0, we consider the sequence of least squares esti-
mates with shrinkage given by

O, = (XIX,Vpl) ' XTY,, n>1,

where X,, € Rt hasAX 1,...,X, asits rows and Y,, € R?is a column vectors with Y, ..., Y,
as its entries. Clearly 6,, reduces to the standard least-squares estimator when ymm(XI X,) > p.

The assumption that (S,,V},) is sub-¢ is often mild. For example, it is satisfied (a) if
logE,_1exp{Ae,} < ¥n(A) for all A € R (i.e. €, is conditionally sub-Gaussian), or (b) if
| X, < 1foralln > 1 and logE, _;exp{tAe,} < ¥(A) for some super-Gaussian ¢ and
all A € [0, Amax). We prove this in Proposition 2.B.1 in Appendix 2.B. The assumption that
| Xy || < 1forall n > 1 in the above can be replaced with the assumption that || X,|| < R for any
fixed R > 0 by appropriate rescaling. This type of boundedness assumption is regularly made in
the mult-armed bandit literature [3, 30, 102], and thus has practical relevance.
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2.5.1 Time-Uniform Confidence Ellipsoids

We briefly discuss how confidence ellipsoids are constructed in classical least-squares regression.
In this setting, one observes a matrix of covariates X € R"*¢ and a response vector Y € R"
given by Y = X60* + ¢, where ¢ ~ N(0,021,). If X" X is full rank, it is well-known [136, 91]
that the least-squares estimate for 6*, given by 0= (XTX)"1XTY, satisfies

o (XTX)V2(0 - )| ~ X,

where x2 denotes the Chi-squared distribution with g degrees of freedom. Letting z, 5 denote its
dth upper quantile? it follows that the set

C:={0cR: o (X X)2(H - 0)|| < 2qs}

forms an exact 1 — § confidence ellipsoid for 6* centered at 0.

The above confidence ellipsoid fails to be valid when X is no longer fixed or when the added
noise variables are no longer i.i.d. Gaussian, which is the case presented in our heuristic model
above. To circumvent this failure of classical statistical machinery, we can leverage our self-
normalized bounds for vector-valued processes to construct confidence ellipsoids for 6* that are
valid across all time steps uniformly. We do exactly this in the following theorem.

Theorem 2.5.2. Consider Model 2.5.1, let § € (0,1) be arbitrary and set V,, := X!X,, =
S _ XX, Then, with probability at least 1 — 6, simultaneously for all n > 1, we have

o * Vmin(vn \/P]d) *\ — Q *
Vvl 725, 0)) < Y VO oy AV ALZAU) KV L

where the parameters €, 3, h and the function L, (which partially masks parameter depen-
dence) are as outlined in Theorem 2.4.1.

The dependence on the norm of the unknown slope vector in Theorem 2.5.2 may be a mild
irritant, but note that the indicator function multiplying it ensures that the term necessarily disap-
pears for large n. Also note that assuming a known bound on ||6*|| is common in many statistical
tasks, in particular those related to bandit optimization [3, 30, 102]. Nonetheless, this depen-
dence can be fully removed by sacrificing validity of the bound above bound when the minimum
eigenvalue of X,) X,, is small. This is made precise as follows.

Corollary 2.5.3. Assume the same setup as Theorem 2.5.2. Then, we have

~ (Vi) o
> . 1/2 _p* > 'Ymm( n %\ —1 . <.
P <E|n >0:[|V,,2(0, — 09| > T () <—’Ymin(vn) Lp(Vn)> and V,, = pld) <0

We can similarly derive a result for the ridge estimators of the unknown slope parameter,
which are given by 0, := (X! X,, + pl;) !X Y ,. We prove the following in Appendix 2.B.

3that is, ¥, 5 > 0 is the unique value satisfying P(X > z,5) = d, where X ~ X:
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Corollary 2.5.4. Assume the setup outlined in Theorem 2.5.2 above. Consider the sequence of
ridge estimates (0,,),>1 given by

0, = (XX, + ply) ' XY,

Set V,, := X' X,,. With probability at least 1 — 6, simultaneously for all n > 1, we have

f)/rnin(vn + P[d)

Vit 2,07y < Y2mnle

*\—1 o *
. L,(V, + pl, )—i— 0%,
W (g LoV + ola) )+
where the parameters «, €, 3, h and the function L, (which partially masks parameter depen-
dence) are as outlined in Theorem 2.4.1.

Comparison with Existing Bounds: Many results concerning finite-sample properties of re-
gression estimators are based either in the setting of fixed design [158, 5] or in the the case
of independent covariates [96, 97]. Moreover, these results are more often than not concerned
with bounding the /5-error of the estimator, i.e. the quantity ||¢,, — 0*||, as opposed to the self-
normalized quantities we study.

The main points of comparison for our results have been derived in the online learning/regression
literature. We compare our results to those of Abbasi-Yadkori et al. [3]. In their work, Abbasi-
Yadkori et al. [3] construct a confidence sequence for estimating an unknown slope vector 6*
by utilizing self-normalized concentration for sub-Gaussian processes (in particular, leveraging
a Gaussian mixture technique that dates back to Example 4.2 in de la Pefa et al. [41]). While
subsequent confidence sequences have been derived in the setting of regression with variance
estimation [48], semiparametric regression with bounded confounding [95], and ridge regres-
sion in reproducing kernel Hilbert spaces [165, 2], we focus just on the original contributions of
Abbasi-Yadkori et al. [3] since all subsequent results exhibit the same rate and hold only in the
setting of sub-Gaussian noise.

Fact 2.5.5 (Theorem 2 of Abbasi-Yadkori et al. [3]). Let (F,,)n>0 be a filtration, let (X,,)n>1
be an (F,)n>o-predictable sequence in RY, and let (€,)n>1 be a real-valued (F,),>1-adapted
sequence such that conditional on F,_1, logE,_1 exp{Ae,} < n(A) forall X € R. Then, for
any p > 0and 6 € (0,1),

~ 1
P (Eln >0 ||(Vo + pLa) %0, — 07)|| > \/2 log (5\/det(ld + p—an)> + \/EHG*H) <,

where 5n is the ridge regression estimator outlined in Corollary 2.5.4 and V,, :== >"" _, XX,

We compare our results to Fact 2.5.5 in the setting ¥ = 1y, as this is the only setting
in which the results of Abbasi-Yadkori et al. [3] are valid. We first qualitatively compare the
above confidence sequence to the one presented in Corollary 2.5.4. Both bounds suffer the same
dependence on the norm of the unknown slope vectors and differ only in the first term. Namely,
as noted earlier, (%) " (u) = 15" (u) = V/2u, 0 in this setting our bound reduces to the form

1V + pI) (00— 67)] < \/2aLp(Vn +pla) + /o0
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=0 (\/Iog 108 Ymax (P~ Vi + 1) + dlog k(V,, + p[d)>

simultaneously for all n > 0 with probability at least 1 — §. Thus, the same comparison made
in Subsection 2.4.1 applies in this setting — when the (shifted) covariance V,, + pl; is poorly
conditioned, the bound presented in Fact 2.5.5 would be expected to be tighter. Likewise, when
V.. + pl4 is well-conditioned, Corollary 2.5.4 may be tighter.

A more interesting comparison is between Fact 2.5.5 and Theorem 2.5.2 (more specifically,
Corollary 2.5.3 following the theorem statement). Whereas the above fact provides conver-
gence guarantees for ridge regression estimates, Corollary 2.5.3 applies directly to the unreg-
ularized, least-squares estimates of the unknown slope vector. In particular, the bound does not
depend on ||¢*||, the norm of the unknown slope vector. This may be desirable in many sta-
tistical settings in which either advanced knowledge of such a bound is unavailable or only a
loose bound on the quantity is known. Moreover, this bound is interesting in itself as no shift
in covariance is required in constructing the confidence ellipsoids. The rate given by Corol-
lary 2.5.3 is essentially the same that provided by Corollary 2.5.4 modulo the presence of a shift
in the covariance matrix, i.e. the corollary yields that with high probability, uniformly in time,

[Vi2(B, = 0%)]| = O (V1081080 (0 Vi) + dlog 5(1) )

2.5.2 Applications to Vector Autoregressive Models

We now show how to apply our confidence ellipsoids from Subsection 2.5.1 in the section to
a vector autoregressive model. We take inspiration from Bercu and Touati [14], who leverage
self-normalized concentration results for scalar-valued processes to measure the convergence of
least-squares and Yule-Walker estimates for a simple one stage autoregressive model (i.e. an
AR(1) model). We focus solely on the least-squares estimates in the sequel. We provide a brief,
high-level qualitative comparison between these results and our own. The following results may
be of practical interest as autoregressive models and other time series models are frequently
applied to problems in econometrics [5, 137] and finance [126, 39].

The results we provide in this section are more general than those of Bercu and Touati [14] in
three ways. First, these authors assume that all noise variables are Gaussian, whereas we allow
the noise to be instead conditionally sub-Gaussian. Second, we handle a vector autoregressive
model, whereas Bercu and Touati [14] only handle the univariate case. Lastly, we handle the
problem of general autoregression with p-stages of lag, whereas Bercu and Touati [14] only
handle the case p = 1. Our bounds are also different than those of Bercu and Touati [14] in that
they are derived in terms of the predictable covariance associated with observations, whereas
those of Bercu and Touati [14] are stated in terms of total number of observations. With these
comparisons in hands, we now describe the p-stage vector autoregressive model (hereinafter
referred to as VAR(p) for short).

Model 2.5.6. A p stage vector-valued autoregressive model, denoted by VAR(p), is an R%-
valued process (Yy,)n>—_pi1 such thatY_,.q1,..., Yy € Rt and Y, = S 7 | A;)Y, i + €, where
(a) A; € R4 are fixed matrices for all i € [p), and (b) €, satisfies 1ogE,_1 exp{\ (v, €,)} < ’\2—2,
where v € ST and \ € [0, Apax). In the above, E,,_1[-] :== E (- | F_1), where (F,,)n>o is the
filtration given by F,, == (Y, : —p+1 < m < n), foranyn > 1.
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For more details on vector autoregressive models, see [68]. In words, a process (Y,)n>0
satisfies the conditions of a p-stage autoregressive (or VAR(p)) model if Y, is a linear function
of Y,,_1,...,Y,_, plus mean zero noise. In the above, the values Y_,.,,..., Y are treated as
fixed nonrandom vectors, as is typical in much of the time series analysis literature. However,
all results in the sequel still hold if Y_,,,4,...,Y} are random variables that are independent of
the noise sequence (¢,),>1. Typically, the VAR (p) model also admits a vector mean parameter
1 € R? having the relationship Y, = u+ >0 | A,Y,—, + €, for all n > 1, but we omit this to
simplify exposition.

The goal of the statistician running an autoregressive model is twofold: (a) to estimate the
unknown matrix parameters Ay, ..., A,, and (b) to calibrate confidence in his estimates. Before
discussing classical approaches to estimating these parameters, we simplify notation. We define
the “stacked” transition matrix IT € R and process vectors (X,,),>1 € R% by

Il := (Al,...7Ap) and Xn = (Yn—hYn—Qv"'?Yn—p)T’

For i € [d], we denote by 7(i) € R the ith row of the stacked matrix II. We likewise denote
by €,(i) € R the ith component of the noise vector €, and X,,(7) the ith component of the state
vector X,,. Let X,, € R™ % be the matrix with X7, ..., X,, as its rows, and let Y,, € R"*? have
Yi,...,Y, asitsrows. Fori € [d], let Y,,(i) € R" denote the ith column of Y.

If (€,)n>1 areii.d. N(0, 021,) with known standard deviation o, it is well-known (see Hamil-
ton [68], Chapter 11) that the maximum likelihood estimate for II at time n > 1, for now denoted
I1,,, has rows 7, () that are just the least-squares estimates given by

Toli) = (XIX,) " XTY,0(0). (2.5.1)

It thus makes sense to study the convergence on these row-wise estimates in the remainder of
this section. We focus on studying the convergence of a single row estimate, as the general case
follows from union-bounding over the validity of the d row estimates. The proof of the following
is a straightforward consequence of Theorem 2.5.2, and we provide the brief proof of the result
in Appendix 2.B.

Corollary 2.5.7. For a fixed coordinate i € [d], let (7,(i)),>1 be the sequence of estimates
outlined in (2.5.1). Let p > 0 and 0 € (0, 1) be arbitrary. Define the covariance process (V,,)n>1
by V,, := X' X,,. Then, with probability at least 1 — 0, simultaneously for all n > 1, we have

~ : 1 .
(Ve v pLap) 2 (Fon (i) = (@) < 77—/ 20Lp(Va) + VIO [ L)<

where the parameters «, €, 3, h and the function L, (which partially masks parameter depen-
dence) are as outlined in Theorem 2.4.1.

We now compare Corollary 2.5.7 to traditional asymptotic analyses of equation estimation in
the VAR(p) model. First, note that, in Model 2.5.6 and Corollary 2.5.7, we place no assumptions
on the matrices A, ..., A, € R%9, This is in contrast to typical asymptotic analyses, which
must assume that all solutions z € C to the equation

det(Iq+ Arz + Az” + -+ Ap2P) =0 (2.5.2)
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have modulus |z| > 1 (which we assume holds for validity of the following comparison). In
the setting of independent Gaussian noise, as discussed above, the stacked process (X,,),>1 is
ergodic and admits some stationary distribution 7 over R%_ It is known is known that, for any i €
[d], VRVY2(7, (i) — 7(i)) = N(0,0%14,), where V = E; [ X, X1] = lim, o0 = >0 X X
(the final equality comes from the ergodicity of (X,,),,>1). For large n, one would thus expect
that || V,'/?(Fa(4) — 7(i))|| < +/dp with high probability.

We compare our non-asymptotic bounds to this rate. Observe that, Corollary 2.5.7 yields
that, with high-probability, simultaneously for all n > 1,

[V, (n) = 7(i))]| = O (V/dplog K(Vy) + 108108 (max(Va) )

If lim,, 00 % 22:1 XmX,Z = V for some fixed positive-definite matrix V' (as will be the case
if the €, are 1.1.d.) and n is a sufficiently large “target round”, we can view the above as stat-
ing ||an/2(/7?,-(1€) — 7(i))]| is bounded above by a term growing like O(y/log10g Yimax(Vs) + dp)
(since k(V,,) = k(V) = O(1) for large n, almost surely). As expected in time-uniform con-
centration, the bounds presented in Corollary 2.5.7 are looser than those provided by the central
limit theorem by a doubly logarithmic factor.

Comparison with Existing Bounds: We lastly make a brief comparison with the bounds of
Bercu and Touati [14] in the univariate case. In this case, the autoregressive model is parame-

terized by a scalar a € R instead of a sequence of matrices. We thus denote the least-squares

. . . n L Xno1Xn
estimator of a at time n > 1 as @, = Zazte1Xn

m=1"n—1

was relevant for estimating a row in a stacked matrix. We state the bound of Bercu and Touati
[14] for convenience.

, departing from our notation of 7,,, which

Fact 2.5.8 (Corollary 5.2 of Bercu and Touati [14]). Suppose a € R is fixed. Further, suppose
(Yo)n>o is given by Yoy ~ N(0,1) and Y, := aY,,_1 + €,, where (€,)n,>1 are a sequence of i.i.d.
N(0, 1) random variables independent of Y. Then, for any fixed v > 0 and n > 1, we have

—’I'L..'E2
P(|a, —a| >z) < 2expd —— b
(- a > @) < xp{Q(H%)}

where y, is the unique solution to the equation Vp(y.) = 22, where we recall Ypi(u) =
(1+wu)log(1l+u) — u.

We draw several high-level comparisons between the bounds. First, the bound in Corol-
lary 2.5.7 is self-normalized, being defined in terms of the empirical variance V,, = > _ V2 .
The bound in Fact 2.5.8, on the other hand, depends just on the number of samples used to con-
struct the least-squares estimator, and thus is not self-normalized. Another difference between
the conclusions of Fact 2.5.8 and Corollary 2.5.7 is that Fact 2.5.8 holds only for an individual,
fixed sample size n > 1 whereas Corollary 2.5.7 is valid for all n > 1 simultaneously. To use
Fact 2.5.8 to obtain a time-uniform guarantee, one would need to use a union bound argument
to allocate the total failure probability over many rounds. The setting Fact 2.5.8 is also highly
parametric, assuming that both the noise and initial state are i.i.d. Gaussian random variables.
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Corollary 2.5.7, on the other hand, makes no such assumptions, allowing an arbitrary initial state
and conditionally sub-Gaussian noise variables.

An explicit comparison of the above bounds is difficult, but we can empirically compare the
bounds by simulating a simple AR(1) model. We provide such a comparison in Figure 2.3 in
Appendix 2.D, which plots, for a fixed failure probability 6 € (0, 1) the autoregressive guarantee
from Corollary 2.5.7 against the corresponding guarantee provided by Fact 2.5.8. In Subfig-
ure 2.3a we plot the bound from Fact 2.5.8 without providing a union bound correction. We thus
emphasize that, as plotted, the boundary is only valid point-wise, and not for all n > 1 simulta-
neously or for arbitrary stopping times. In Subfigure 2.3b, we make a union bound correction.
Figure 2.3 indicates that Corollary 2.5.7 performs similarly to Fact 2.5.8 when specified to the
scalar setting. We believe our bound may be preferable in application over that of Fact 2.5.8 as it
is not only significantly more general, but it also inherently adapts to the variance of the observed
autoregressive iterates.

2.6 A Self-Normalized, Multivariate Empirical Bernstein In-
equality for Bounded Vectors

We construct a multivariate empirical Bernstein inequality, extending the Theorem 4 of Howard
et al. [75] to higher dimensions. Empirical Bernstein-style bounds serve as a useful tool in
common statistical tasks such as forming confidence sequences for estimating unknown means
[161]. These bounds are of practical importance as they inherently adapt to the variance of a
sequence of observations. If actual observations are tightly clustered, the resulting confidence
bounds will be tighter. Likewise, if observations are well-dispersed, the resulting confidence set
will be more conservative. To apply empirical Bernstein these bounds, a statistician must only
know that the observations belong to a some bounded set.

To the best of our knowledge, we provide the first multivariate, self-normalized empirical
Bernstein. Existing bounds either only hold in the scalar setting [161, 75], or do not normalize
the quantity being estimated by the accumulated variance process (See, for instance, the work
of Cutkosky [36] in the case of Hilbert space-valued variables). Providing confidence ellipsoids
for mean estimation is desirable as it allows the confidence sets to reflect the “total amount of
information” gathered in any given direction.

We now present the primary result of this section. In our result, we focus on the case where
all observations have norm bounded above by 1/2 for simplicity. This is mostly for theoretical
convenience. While the more general setting where (X, ),,>; belongs to some bounded, convex
set is of interest, it can be readily analyzed by reducing to the case where observations lie in
1p4.

AIf (X1n)n>1 lies in some arbitrary convex, bounded set K C R?, we can first compute the outer John ellipsoid
E of K, which is the minimal volume ellipsoid containing the convex set K [82]. In many settings, such as in
the setting where K belongs to certain families of polytopes, there are computationally efficient algorithms that
compute E [34, 149]. With E at hand, we can “recenter” our observations by defining a new sequence (X, ),>0 by
X/ := X, —p, where p := fE xdz is the center of mass of . We then have the equality £ —p = %Al/QIB%d, where
A is some positive semi-definite matrix. We thus transform our observations into a final sequence (X)), >¢ defined
by X!/ := A~Y/2(X,, — p), which lies almost surely in 3B.
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For the remainder of this section, we adopt the notation Kf, and Lf, instead of ¢, and L, to
explicitly make known the dependence on the confidence parameter . We make this depen-
dence explicit as we will be union bounding in the sequel, and thus it will be useful to track the
dependence.

Theorem 2.6.1. Let (X,,),> be a sequence of random vectors in R? such that || X,| < 1/2
almost surely, for all n > 1, and let (F,,)n>0 be a filtration to which (X,,),>1 is adapted. Then,
the process (Sp)n>0 given by S, == > " _ (X, — E;1X.,) is sub-1g 1 with variance proxy

(Vi)nso given by Vi, =S _ (X — fim—1)(Xpn — lm—1) ", where i, :=n">"" _ X,,.. Thus,
by Theorem 2.4.1, for any fixed choice of parameters p, o, 6, 3, €, h, we have

0
. <3n >0 H(Vn y p)_1/2SnH > ’Vmin(vn V p) . (¢E,1)_1 (M)) <46

1—e¢ ’Ymin(vn V /0)

In particular, since a sub-1i, 1 process is sub-1q 1, this implies that, with probability at least
1 — 0, simultaneously for all n > 0,

osz,(Vn)
P)/min(vn V P)
We now compare the bound presented in Theorem 2.6.1 to existing empirical Bernstein-style

results. In particular, our main point of comparison will be the following, scalar-valued bound
from Howard et al. [75].

Proposition 2.6.2 ([75, Theorem 4]). Suppose (X,,)n>1 satisfies X,, € [—1/2,1/2] almost surely
foralln > 1, and let (Sy,)n>0, (Tin)n>0, and (V,,)n>0 be as in Theorem 2.6.1. For any choice of
parameters «, 0, h, p, we have with probability at least 1 — 0, simultaneously for all n > 1,

1V v p) 28,01 < (/2 L5(V2) +

Sul < (Vi v ) (V2 + BB (Vi)2 4+ Bal23(V7),

where ky := a1/4+—\/%71/4, ko = \/3;1, and Ei is as given in Theorem 2.3.1.

Note that éi‘; appears as opposed to 62 in Proposition 2.6.2 due to an application of a a union
bound in controlling both the upper and lower tail of S,. In the case d = 1, Theorem 2.6.1

yields that, with probability at least 1 — 4, |S,| < 1= [\/QQ(VH V p) LS (Vi) + Lp(Vn)]. This
serves as a sanity check, showing that up to small constants, the univariate bound presented
in Theorem 2.6.1 is equivalent to that in Proposition 2.6.2. While one may expect the bound
from Proposition 2.6.2 to be tighter for large values of V), (as discussed in Section 2.3.1), this
multiplicative gap can be made arbitrarily small by appropriately selecting tuning parameters.

2.7 Proofs of Main Results

In this section, we provide the proofs of what we view as the primary two results of this paper:
Theorem 2.3.1 and Theorem 2.4.1. We additionally prove Corollary 2.4.6, which, while not a
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primary contribution of this work, has a proof that is similar in spirit to the other two results
derived in this section. We start with the proof of Theorem 2.3.1, as the scalar bounds derived
will play an integral role in the proof of Theorem 2.4.1

Proof of Theorem 2.3.1. First, observe that it suffices to show that, in the case (S, V;,)n>0 is
sub-y and V,, > 1,Vn > 0, we have

P <3n >0:8, >V, ()" (%el(vn))) <, (2.7.1)

because, in the general case, we can consider the rescaled process (5;,,V,)) := (Sn/\/p: (Vo V
p)/p)n>0 and apply the concentration result from the case where p = 1. In more detail, clearly
by construction V; > 1 for all n > 1, and by Proposition 2.2.3, we know (.5, V.!),,>¢ is sub-1),,
where we recall ¢,(-) = pt(-//p). Thus, noting that (¢*)~"(z) = \/p(¢>*)~"(x/p) (Proposi-

tion 2.A.2), we have
_ « ,
)~ (Wfl(v’n))>

22 (2 ()
e (am)
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=P(3dn>0:
which demonstrates the claimed bound in the theorem statement. Thus, going forward, we just
prove the bound presented in (2.7.1).

For k € N, define the “intercept and slope” pair (z, my) by

log(h(k)/o
e -1 N
and define gr - RZO — RZO by
[y— xk J—
ge(v) ‘=z + 8 (—mk) (v —my),

where s is the “slope transform” outlined in Appendix 2.A. Since we have assumed limy,,.. ¢'(A) =
oo, we can apply Lemma 2.A.5 to obtain

P(3n>0:S, > gu(Vy)) < exp {—mkw* <%)} =

Now, since s(u) < u (Proposition 2.A.6), observe that for aF < v < o*t!, we have

. xr
min g (0) < o) = au-t s (25 ) (0= )
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<+ %(v —my) = v;—z (2.7.2)
log(h(k
= ()7 ( og( Ofk)/é))

v
o
=v- ()7 (S0a).
where the third inequality comes from the fact k£ < log, (v), h is increasing, and v < aFt1, Now,
observe that we have, by a union bound
P (Eln >0:8, >V, (") ? (aél(vﬂ))) <P (Eln >0:5,> mingk(Vn))
V. keN
=P (U {In>0:85, > gk(Vn)})
keN
< Z]P’(Eln >0:S5,>ag(V,)
keN
<6y h(k)h <,
keN

completing the proof. |

We now go about proving Theorem 2.4.1. Before proving the theorem, we state a simple
geometric lemma that will be needed in proving our result. In short, the following lemma states
that a certain change of variables on S~ does not increase the distance between points of a
covering to a significant degree. We prove the following in Appendix 2.C.

Lemma 2.7.1. Let K be a proper e-cover of S%!, and let m : S™™' — K be a projection mapping
onto the cover K. Let I be a positive-definite matrix, and let xk = Ymax(T)

: 1) denote its condition

12 Ymin (1)

. Qd-1 d—1 . TV n(w) d—1 .

number. Let mp : S~ ' — S be defined as mr(v) := 7o) Where w € S+ is the unique

element satisfying
T2y

= —||T1/2w|| ) (2.7.3)

14

Then, for any v € S1 we have
v = mr (@)l < Vie.
With the above lemma we can now prove the main result of the paper.

Proof of Theorem 2.4.1. Observe that if (S, V,,),>0 is a sub-¢) process (in the sense of Defini-
tion 2.2.2), then so is (S,, V,, V ply), so it suffices to assume V,, > pl,; going forward.
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For j € N, let K; be a fixed, minimal proper %—cover of the unit sphere S, and let

N; = N(S“ e/, | - ||). Let £ : Rug — Ry be the function ¢, defined in Theorem 2.3.1
with ¢ set to the value ¢; defined by

1— 1
5j = ( ﬁj )5/]\[]

That is, Egj ) is the function given by

sormve oo ())) ()
o (52) i)

Now, since (S, V3, )n>0 18 an R?-valued sub-1) process, by Definition 2.2.2, we know that, for
any fixed v € S¥1, ({1, S,.), (v, V) )n>0 is sub-1 in the scalar sense of Definition 2.2.1. Hence,
by applying Theorem 2.3.1, for any fixed v € S~!, we have

(07

: 1—-p3"1
P (an >0 (1, 8) > (v, V) - (47) ! ( A vnu>>)) < ( - ) 5/N;.
(2.7.4)
Noting that (v, V;,v) < Ymax(V;,) for all v € S and that (¢)*)~! is an increasing function
of its argument, we see that (2.7.4) still holds with Egj ) ((v, V,,v)) replaced by eﬁ,f ) (Yanax (Vi)
Now, for each 5 € N, define the “bad” event B; as

Byi= {302 00 € K;5 018) 2 Vi) 007 (5t G ) .

A straightforward union bound over the N; elements of the cover K; alongside (2.7.4) yields that
P(B;) < 17;@_1 0. Defining now the global “bad” event B as

- ; . *\—1 - ] —
Bf{%eNjye&ﬂnzowm&ﬂﬂu%w-w) Q%%wwwmﬂw»O}_kyg
An additional straightforward union bound over indices j € N yields

(o) -2 () < S rm) < - Y-
jEN JEN jJEN
Now, for j € Nand n > 0, let ¥ )= 7y, be the projection mapping from S?~! onto the finite

set K;(n) := {an/21//||an/21/H ‘v E KJ} C S%1, as in Lemma 2.7.1. Note that while K;(n)
is a random subset of the unit sphere (through its dependence on the “accumulated variance”
operator V,, at time n), the underlying é-cover K; of S%! is fixed. Further, for j € N and
n > 0, define the event E;(n) by

Emw:{ﬁéw@W5<@“}
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On the event E;(n), for any j € Nand n > 0, we have

HV 12q. H = sup <w, Vn’1/25n> = sup {<w - JH)(w), Vn*1/25n> + <7T,(1j+1)(w), Vn’1/25n>}
wesd—1 weSd-1
< sup Hw — )H : !!Vn’1/25n|| + sup (w,V, v-izg, )
wesd-1 weKjti1(n
/K 1/2 Vl/QV ~1/2
- 5]+1 HV S H + Su]p+l ||Vn1/2 ||’Vn Sn
(v, Sp)

< e|V.7V28, ]|+ sup .
| I+ 5 v

In the above, the first equality comes from the variational representation of the norm || - || and

the second equality comes from adding and subtracting <7T(] i )(w), Y 25n>. Further, the first

inequality comes from splitting the supremum and applying Cauchy-Schwarz to the first term,

the second inequality comes from applying Lemma 2.7.1 to Hw — gt (w) H and applying the

definition of K;1(n), and the final inequality comes from simplifying the second term and from
observing that, on the event F;(n), \/k(V,,) < 87
Further, observe that, on the event E](n) we have the inequality

e

o (o (o, (0 ) V) g ()

ot (v (55 )

= L,(V,).
In the above, the inequality follows from observing that 57 < \/k(V,,). From this, rearrang-

ing, we see that, for any j € N and n > 0, on the event E;(n) N B® we have

HV 1/25 ” < 1 sup (v, Sn)

— € I/GK]+1 <I/, VnV>

s VT )7 (V) )
(

<
]- — € I/GKJ'+1

L sup (v, Vou) - ()71

1—ce€ veK;11

L s Vi 07 (s L))

1—€U€Sd 1

<

<
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If (j,)nen is any sequence of natural numbers, and we define GU) .= Mnso { £, (n) N B},
it is clear that, on the event GUn) | the inequality

(67

sup / (v, Vyu) - ()71 <—Lp(vn)) (2.7.5)

1 —€,egit (v, Vov)

V28| <

holds simultaneously for all n > 0. Noting that we have the identity B¢ = &J( in)men GUn) yields
that (2.7.5) actually holds simultaneously for all n > 0 on the event B°. What we have done in
the above is break the “good” event B¢ into geometric buckets based on the condition number
at each time, and then noted that the regardless of the realized sequence of condition numbers
(k(Vi))n>0, the target inequality holds.

This proves the claim for arbitrary CGF-like functions v, which is presented following The-
orem 2.4.1. Now, if we further assume v is super-Gaussian, on the event B¢ defined above, we
have

(0%

s VTl 0 (e L))

- vEe (Cnw).

]- — € IE["/min(Vn)y’YmaX(Vn)]

V28| <

Now, by Lemma 2.A.3, we know the assumption that 1 is a super-Gaussian CGF-like function
implies that ¢)* is a sub-Gaussian CGF-like function. Moreover by the same proposition, we
see that ¢*(C") is a sub-Gaussian CGF-like function for any positive C' > 0. Consequently,
by Proposition 2.A.3, we see that (¢*)~'(Cu)/+/u is an increasing function of u, and thus by
making the change of variable x := %, that /z(*)~? (%) a decreasing function of x. Thus, we
have that, on the event B¢ (which, we recall, occurs with probability at least 1 — )

V28| <

— s Ve (S00)

1 — € xe['}/min(vn)y’}/max(‘/n)]

simultaneously for all n > 0, proving the desired result. A symmetric argument holds in the case
that the CGF-like function v is instead sub-Gaussian, with Yy, (V},) replacing vyin(V5,) in the
final inequality.

[

Lastly, we prove Corollary 2.4.6, which in turn can be used to derive Corollary 2.3.2. While
we do not consider this corollary a primary contribution of our work, we include the proof in this
section due to its closeness (in spirit) to the previous two proofs.

Proof of Corollary 2.4.6. Recalling that (%) '(u) = +/2u, the assumption that )()\) ~ ’\2—2
implies there, for any 1 > 0, there exists an u € R~ such that

(")) < L+ @x) " () = (L+9)V2u
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for all u € [0,u). Let (c¢)i>1, (¢t)i>1, (€1)t>1, and (B¢)¢>1 be such that oy, ¢, B | 1 and € | 0
monotonically and let (J;);>; be such that (a) d; | 0 monotonically and (b) > _,°, §; < co. Define
the sequence of functions h; : N — R by hy(s) := ((¢¢)(1 + s)". Let N; be the (almost surely
finite) random time given by

N, := inf {n >0: — % L(Vw)<T Vn'>n, and

Vmin(vn’>
Cal (1 By Lt
ot (gt =) + 4 () < oelosromtti)

Theorem 2.4.1 instantiated with the covering number bound in Lemma 2.4.2 implies that, with
probability at least 1 — ¢;, simultaneously for all n > V;, we have

~1/2 Yonin(Vn) (=1 Qy
s < ) ey (S vy

T+mn ( CdC(Lt) > 30 /f(vn)
< 20 | 14 loglog(V,) + lo — +dlog | ———~
SToa)\ ™ [ slogla) +108 \ Sogtan -5 0) T\ T«

1 1
< : +? \/2atbt (1 + ;) log 1og(Ymax (Vn)) + cdlog k(V;,).

- &t

Thus, for ¢t > 1, define the event A,, by

1 1
A = {Eln > N, HVn—1/2SnH > : +n \/Z(ItLt (1 + ;) loglog(V,,) + axdlog m(Vn)} ,

and observe that by the above argument P(A;) < §;. Note that, for arbitrary v > 1, we have

A = {an_l/QSn“ > (14 77)\/'7 [2loglog(V},) + dlog k(V,,)] i.o.} C limsup A; := ﬂ U Ay,

t—o0 t>1 k>t

where i.0. denotes an event occurring infinitely often. By the first Borel-Cantelli lemma (see
Durrett [50], Chapter 2) we have

P(A,) <P (ﬂ U Ak> =0,

t>1 k>t

since Y~ P(A4;) < >7.7, & < co. Thus, with probability 1, we have

lim sup Sn
noo (14 n)y/7[2loglog(V,) + dlog k(V,,)]

— Y

but since > 0 and v > 1 where arbitrary, the result follows.
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2.8 Conclusion and Discussion

Self-normalized quantities arise naturally in a variety of high-dimensional statistical tasks, with
online learning [4, 2, 165, 30, 33], time series analysis [14, 137], and hypothesis testing [142,
143, 130, 161] being several notable examples. Despite their crucial role in common statistical
tasks, very little has been explored in terms of self-normalized concentration outside of the sub-
Gaussian setting. In this paper, we present a time-uniform, self-normalized concentration for
sub-1) processes, i.e. processes whose increments, roughly, have cumulant generating function
bounded by ). Our results are closed form, have small constants, and have parameters that can
be fine-tuned for a statistician’s desired application. Moreover, with our bounds, we can establish
an asymptotic law of the iterated logarithm for vector-valued processes that recovers the law of
iterated logarithm for scalar sub-v) processes first established by Howard et al. [75].

Along with our primary result on the self-normalized concentration of vector-valued pro-
cesses, we make variety of additional contributions. En route to proving Theorem 2.4.1, we prove
a non-asymptotic law of the iterated for sub-i) processes, generalizing the results of Howard
et al. [75] beyond just the sub-Gamma setting. Likewise, we demonstrate how to leverage our
self-normalized inequalities in several practical statistical settings. In particular, we derive non-
asymptotically valid confidence ellipsoids for online linear regression, describe how to construct
confidence sets for vector autoregressive models, and prove a multivariate empirical Bernstein
inequality. There are undoubtedly many more settings in which our bounds can be applied, and
we leave the exploration of these applications for interesting future work.

While the results presented in this paper are quite general, there are still many interesting
questions about self-normalized concentration to be answered. As a first example, existing re-
sults on the self-normalized concentration of sub-Gaussian random vectors yield a bound that is

proportional to O ( log det(Vn)> [41, 42, 3]. This is in contrast to the results discussed in this

work, which provide bounds of the form O <\/ log 10g Ymax (Vi) + dlog n(Vn)>. As discussed

in Section 2.4, neither form of bound uniformly dominates the other. In particular, when V,, is
well-conditioned, our concentration results may be preferable, but for poorly-conditioned V/,,
determinant rate bounds may be desirable. A major open question is whether determinant rate
bounds can be obtained for general sub-1) processes, or if the determinant rate is just attainable
in the sub-Gaussian setting. The techniques discussed in this paper do not seem directly applica-
ble to this setting, and so we thus leave obtaining determinant rate bounds as compelling future
work.

This work demonstrates that simple, closed-form bounds on self-normalized processes can
be established under very general distributional assumptions. While existing works consider a
setting in which the increments of processes are sub-Gaussian, concentration of measure should
not be viewed as a “one size fits all” phenomenon. For instance, the noise observed in taking
real-world may not be sub-Gaussian, but rather perhaps sub-Exponential, sub-Gamma, or even
heavy tailed. Overall, our bounds provide a means by which the statistician can properly calibrate
confidence in these more delicate settings.
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2.A Properties of CGF-like Functions

The cumulant generating function (or CGF) of a random variable plays an integral role in un-
derstanding concentration of measure phenomena, such as through the classical Chernoff style
of argument [74, 18]. Suppose X is a random variable such that EX = 0, Ee** < oo for all
A € [0, Apax)> and limygy,,, Ee* = oo. The cumulant generating function of X, which can
be thought of as “compressing” all of the moments of X into a single function, is the mapping
¥ 2 [0, Amax) — Rsg given by ¢(\) := log Ee*¥,

In this appendix, we study properties of cumulant generating function-like (or CGF-like)
functions, which are functions that may not be the CGF of any random variable, but display
similar analytic properties to CGFs. If ¢ : [0, Ayax) — R> is the CGF of a random variable,
straightforward calculation yields that ¢/(0) = ¢’(0) = 0, "(\) > 0, and ¢ is strictly convex.
As such, we say a twice continuously differentiable function ¢ : [0, Apax) — R is CGF-like
if it obeys these aforementioned properties. We study various properties of CGF-like functions
in the sequel, as these properties form the foundation of our results studying the self-normalized
concentration of sub-i) processes.

Proposition 2.A.1. Suppose 1) : [0, Amax) — Rso is CGF-like. Then convex conjugate 1)* :
[0, Umax) — R defined by " (u) = supygjo ,..0) AU — Y(u), is also CGF-like, where . =
SUP \g[0,Amax) V'(A).

Proof. Clearly v* is convex and twice continuously-differentiable. Next, observe that

¢*(0) = sup {=p(A)} =(0) =0

AE[0,Amax)
Further, using the fact that (1/*)" = (¢')~!, we have that
(¥7)'(0) = (¥/)7(0) = 0.
Lastly, we have that

B 1 1
—"(()710)  ¢(0)
Thus, ¢* is also CGF-like. |

> 0.

(¥")"(0) = (") 7)'(0)

If ¥ : [0, \max) — Rs¢ is CGF-like, then for any p > 0, the “rescaled” function 1, :
[0, v/PAmax) — Rxg given by 9,()\) := pi(A/,/p) is also CGF-like. These rescaled CGF-like
functions arise naturally in studying processes that have been re-normalized to have V,, > idy
for all n > 0. These rescaled functions 1), exhibit the following properties.

Proposition 2.A.2. Let ¢ : [0, Amax) — Rso be CGF-like, and let 1, : [0, \/pAmax) — Rxq be
as above. The following hold.
1. v, is a CGF-like function.

2. 3 (u) = p*(u//p).
3 () @) = Vo) (%),
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Proof. The validity of the first claim follows immediately by the definition of a CGF-like func-
tion.
To see the validity of the second claim, note that

() (A
= _sw fu-mw ()}

Differentiating the inner expression on the right-hand side and setting equal to zero furnishes that
the supremum is obtained at A = \/p(¢") ' (u//p). Plugging this back into the above expression
yields

o3 = vl (Z2) = (007 (%))
oo (@)oo ()
()

which proves the second item.
Laslty, the third item can be readily checked as

o (ot (2)) = o) (\%w*rl (£))=st=a

Applying (%) " to both sides thus yields the desired result.
|

Throughout our work, we are especially interested in studying sub-v) processes whose incre-
ments exhibit tail behavior that is either “heavier” or “lighter” than that of a Gaussian random-
variable. More concretely, we study processes where 1 is a super-Gaussian (respectively sub-
Gaussian) CGF-like function, i.e. a CGF-like function where % is a non-decreasing (respec-
tively non-increasing) function of \. In words, a CGF-like function ¢/ is super-Gaussian (or sub-
Gaussian) if it increases more rapidly (less rapdily) than the CGF of a standard normal random
variable. We focus on super-Gaussian CGF-like functions in the sequel, but exactly analogous
results hold for sub-Gaussian CGF-like functions. Super-Gaussian CGF-like functions enjoy a

number of convenient properties and equivalent definitions, which we enumerate below.

Proposition 2.A.3. Suppose 1 : [0, Amax) — Rsq is a CGF-like function. The following hold.
1. 1 is super-Gaussian if and only if ' (\) > %()‘)
2. If 9 is super-Gaussian, then so is ¢ = ap(b-) : [0, Apax/b) — Rsq for any a,b > 0.

3. If Y is super-Gaussian, then % is a decreasing function of x € [0, 00).

4. 1 is super-Gaussian if and only if its convex conjugate )* is sub-Gaussian.
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Proof. 1. Differentiating via the product rule yields

() -

Consequently, we have

2 (M)
)\ Y

<w§j>

),20 & PN >

proving the desired result.

2. This result follows from the equivalent condition presented in the first part of the proposi-
tion. In particular, observe that we have
(A 20N

/ /
— > frng
©'(A) = aby)’ (bA) > 2ab o o

proving the desired result.
3. Straightforward calculus yields

(W(w))’ W@ 1v(w) 1 1y (@)
N .

Vi 2@ T e () 2 o

Next, the assumption of ¢ being super-Gaussian yields

| 2¢(¢_1($))_ 2z
Sy 2 ) 2

Combining these two panels furnishes

(W(x))’ _ L i) _197(@) 1vTie)
Ve VIU(Tie) 2 @32 T2 a2 g

which is what we wanted.

4. We prove the forward direction as the proof of the reverse direction is exactly analogous.
Recall that the super-Gaussianity of ¢ implies that for all A € [0, Apax), we have ¢/(\) >
%(A). In particular, taking A = (¢*)'(u) for u € [0, Umax) fOr Umax 1= sup, ¢'(A) yields:

_ 20 (") (w))
u=' () (W) =¥ (") (w) > — 55
(¥*)' (u)
Rearranging and noting that ¢ = (¢)*)* yields

20((6") (1) _ 25UDuelpumen) (W) (1) = ()
2 {u(¥")/(u) — () ()} ()

u u

(") (u) =

v
Il
DO
—~
<
—
£
|
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Now, subtracting 2(1)*)'(u) from both sides yields

u

Multiplying both sides by —1 furnishes the desired result.
|

We conclude this section by discussing the slope transform, a recently proposed transform
of a CGF-like function that can be used to construct time-uniform, line-crossing inequalities for
martingales [74].

Definition 2.A.4. Suppose ¢ : [0, \yax) — Rsg is a CGF-like function. The slope transform
associcated with ¢ is the mapping s : [0, Umax) — R>¢ given by

Y (@) (w)
() ()

The slope transform, while abstract and perhaps a bit unintuitive in nature, is of great utility
in optimizing our time-uniform, scalar-valued inequalities in the main body of this paper. In par-
ticular, we will leverage the following inequality in the proof of Theorem 2.3.1. In the following,
recall that for a fixed CGF-like function v : [0, Apmax) — R>o, we defined the quantity ., as
Umax ‘= sup, ¥’'(A). For most examples considered in this paper (in particular in the case of
super-Gaussian 1), Upax = 00.

Lemma 2.A.5 (Howard et al. [74]). Suppose ¥ : [0, Amax) — Rso is CGF-like, and suppose
(Sns Vi )n>o is a sub-1 process, per Definition 2.2.1. Then, for any m > 0, § € (0,1), and any
x € (0, MUnay ), we have

P<3n20:5n2x+5(£> (Vn—m)> geXp{—mw* (%)}

m

s(u) ==

While the slope transform s(u) may be a generally complicated function, the following upper
bound allows us to greatly simplify our analysis. It is proven in Howard et al. [74].

Proposition 2.A.6. Suppose ¢ : [0, Apax) — Rso is CGF-like. Let 5 : [0, umax) — R>o be the
associated slope transform. Then, for any u € [0, Unax), §(u) < .

2.B Proofs of Results from Sections 2.5 and 2.6

In this appendix, we provide proofs for all results related to applications of Theorem 2.4.1. We
start by proving the regression-based results from Section 2.5, and then move on to proving
our empirical Bernstein bound, as discussed in Section 2.6. We begin by providing practically-
relevant examples of when the residual process S,, = 22:1 €mXm defined in Model 2.5.6 is
sub-¢) with variance proxy V,, = > " _ X, X} .

Proposition 2.B.1. Suppose (X,)n>1, (€n)n>1, and (Fp)n>0 are as outlined in Model 2.5.1.
Let us define the residual process (Sy)n>0 by Sp = > | € X and the covariance process
(Vidnso by V=30 X;n X, Then, (Sy,)n>0 is sub-1 with variance proxy (Vy,)n>o if either
of the following conditions is satisfied.

46



1. (€,)n>1 satisfies log E,,_1 exp {\e,} < Yn(A) foralln > 1and X > 0.
2. || X, < 1 almost surely for all n > 1 and (€,,),>1 satisfies log E,_1 exp {Ae, } < (A) for

alln > 1and X € [0, Myax), where ¥ : [0, Apax) — R>g is some super-Gaussian CGF-like
function.

Proof. The proof of 1 is straightforward, so we just prove 2. Observe that, from the assumption
that ¢ : [0, Amax) — R>¢ is a super-Gaussian CGF-like function, we have that, for any \; <
A2 € [0, Anax),
v(d) _ (M)
Al A

Consequently, for any direction v € ST!, X € [0, Amax)> and ||z]| < 1, we have

PO _ oY)
(v, z)2 — N

<

Combining this with with the CGF bound on the noise variable ¢,, presented in Proposi-
tion 2.B.1 (along with the assumption that || X,,|| < 1), we have

log E (X | Fy) <My, Xa)) < (v, Xa) (V)

where in the above we have used the fact that X,, is F,,_;-measurable. This immediately yields
that, for any \ € [0, Ay ) and v € ST71, the process (M),>o given by

MM = exp {/\ Z em(V, Xm) — W(A) Z(V, Xm)Q} =exp{\v, Sp) — v\ (v, V,v)}

m<n m<n

is a non-negative supermartingale. Consequently, the scalar-valued process ((v, S,,), (v, V,v/) )n>0
is sub-¢) for any v € S?"!. Thus, by definition, the vector process (Sy, V;,)n>0 is sub-1) in the

vector-valued sense provided in Definition 2.2.2.
|

We now prove Theorem 2.5.2.

Proof of Theorem 2.5.2. For a Hermitian matrix A € R%*? Jet A A pl, be defined equivalently
to AV pl; except with the eigenvalue being set to v;(A) A p versus v;(A) V p. Observe that we

have the identity
A:AVpId—i—A/\pId—pId. (2B1)

Note that we can write the difference between our estimate and the true slope parameter as

O — 0" = (Vo V pLa) "X (X0 + 1) — 0°
= (Vv ply) M (X)X, v ply + X)X, A ply — plg)0* + (Vv ply) S, — 60*
= (Vo v pla) ™ (X0 X A ply — pla) 67 + (Vo V pla) 'Sy,

where in the above we have defined the “residual process” (.S,,)n>0 as S, = Zzl:l EmXm €

R?. In the above, the second line follows from the first by applying the equality outlined in
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Equation (2.B.1), the third follows from the second by recalling V,, = XX, and noting a
cancellation between the first and last term.
Thus, applying the triangle inequality gives us

(Vv pla) (8 = 69)| < [|(Va v pla) ™ (X Xou A pla = pla)6° || + (| (Ve V pla) 28, |

< VIO L x| (Ve V pLa) 72801,
where the second line follows from the first via straightforward algebraic manipulation and
bounding. What remains is to bound ||(V}, V pI;)~/2S,,||. But since we have assumed (.S,,),,>0 is

sub-1) with variance proxy (V},),>0, Theorem 2.4.1 implies that, with probability at least 1 — 0,
simultaneously for all n > 1, we have

_ min Vn\/p[d) - @
" L) V28, || < v/ Yomin (W) ————=L,(Vi
(Vo pla) 25, < Y0 ) (s (T )

which finishes the proof. L

We now prove Corollary 2.5.4. The proof below is almost identical to the proof of Theo-
rem 2.5.2, modulo slight modifications, so omit many details.

Proof of Corollary 2.5.4. Using a similar line of reasoning, we see that we have the (determin-
istic) inequality

1V + pIa) > (0 = 0| < pll(Va + pLa) ™26 + (Vs + pla) 2S5
< VRO + (Ve + pLa) =25,

where (S,),>0 is the residual process outlined in the proof of Theorem 2.5.2. The result now
follows by noting that (S,,, V},),>0 is sub-1 in the vector-sense of Definition 2.2.2. [ |

What remains is to prove Corollary 2.5.7, which concerns the estimation of model parameters
in the VAR(p) model. The proof of the corollary just involves casting the estimation of model
parameters in terms of the online linear regression model, i.e. Model 2.5.1. By the assumption
that 1) = 1, per the discussion following the statement of Theorem 2.5.2, it is not necessary to
assume || X, || < 1foralln > 1.

Proof of Corollary 2.5.7. Let (F,),>0 be the filtration outlined in Model 2.5.6, i.e. F, :=
(Y : —p+1 < m < n). Note that the R¥-valued sequence (X,,),>1 is (F,)n>1-predictable
and the R%-valued noise sequence (¢,),>1 is (F,)n>0-adapted. Further noting the identity

Yn(z) = <7T(i)v Xn> + €n,

we see that we are exactly in the setting of Model 2.5.1. Thus, applying Theorem 2.5.2 yields
the desired result. u

Lastly, we prove Theorem 2.6.1, which provides a self-normalized, time-uniform empirical
Bernstein inequality for multivariate processes. In the proof of Theorem 2.6.1, we will need the
following lemma, which can be extracted from the proof of Theorem 4 in Howard et al. [75],
which in turn generalizes a result by Fan et al. [59].
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Lemma 2.B.2 (Theorem 4 of Howard et al. [75]). Let (X,,),>0 be a real-valued sequence of
random variables adapted to some filtration (F,,),>o. Suppose that | X,| < 1/2 almost surely
foralln > 1. Then, for any \ € [0, \), the process

Lz = exp {/\ Z(Xm —E,—1Xn) — ¥E1(N) Z (Xom — ﬁm—1)2}

m<n m<n

is a non-negative supermartingale with respect to (Fy, ) n>o. Consequently, (3" (X — Ep1Xm)), <0
is sub-\ 1 with variance proxy (3 _ (X, — ﬁm,l)z)wo.

We now prove Theorem 2.6.1. All we need to do in the proof is check that the process
(Sn, Vi)n>o is sub-¢g in the sense of Definition 2.2.2. This boils down to checking that the pro-

jection of (S, V;,),>0 onto any direction vector is sub-tg in the scalar sense. With Lemma 2.B.2
in hand, checking this condition becomes trivial.

Proof. To prove the result, it suffices to check that (S, V) is sub-¢g 1, per Definition 2.2.2.
Thus, we show that, for any v € S, ((, S,.), (v, V,,) )n>0 is sub-tp 1 in the sense of Defini-
tion 2.2.1. Clearly, (v, S,,) € [—1/2,1/2] almost surely. Further, we have

n

(W, Vav) =Y (0 (X = 1) (X = Fnr) )

m=1

= <V7 Xm — ﬁm—1>2
m=1

= > (1 Xm) — (v, fim-1))*.
m=1

Thus, Lemma 2.B.2 implies that ((v, S,,), (v, V,v/) )n>0 is sub-tg 1, so the first claim follows.
The second claim follows from Theorem 2.4.1. Finally, for any A € [0, 1),

)\2

Yp1(A) = —log(l —A) =A< m

= wG’,l(C)a
80 (S, Vi )n>o is sub-t) 1 also. Noting that

(&) () = V2u +u

yields the final claim. Proofs of these two facts surrounding ¢z ; and ¢, can be found in
Boucheron et al. [18]. [ |

2.C Proofs of Technical Lemmas

In this section, we provides proofs for the technical lemmas used in proving the main results of
this paper. We start by proving Lemma 2.7.1, which is used in the proof of Theorem 2.4.1.
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Proof of Lemma 2.7.1. Let v € S?~! be arbitrary and let w € S%~! be the unique vector satisfy-
ing (2.7.3). By the definition of w and 7, we have

B H T2 TV 27 (w)
|

v T [T7r(w)
T1/2W T1/2 T1/2 T1/2 w
<
= m{‘ T2~ T T R(w)] H}
’YmaX(Tl/Z)

lo = m(w)|| < Vke.

— ATV AT 2R (W)

Above, the second inequality follows from pulling out the denominator in each term of the
maximum and bounding [|T"?(w — 7(w))|| < Ymax(T"?)||w — 7(w)| and the last inequality
follows as || TV %w]| A |TY?7(w)|| > Ymin(T"?), and ||w — m(w)|| < € by definition of projec-
tion onto a cover. The first inequality follows from a simple calculation. To elaborate, assume
|T2w]|| # ||T"?m(w)]|, as in the case of equality there is nothing to prove in the inequality.
Notice that if ||7"/%w|| < |77 (w)||, then ¢ := T*/?w/||T"/?w|| lies on the surface of the unit
ball, and p := T'27(w)/||T"/?w|| lies outside of the unit ball (i.e. has norm greater than 1).
The projection of p onto the unit ball is exactly 7"/?7(w) /||T*/?7(w)||, which is closer to ¢ than
p since projections onto convex sets decrease Euclidean distance to all points. The maximum
above comes from handling the case ||T"/2w|| > ||T"/?x(w)||, which is analogous. This shows
the desired result. u

We now prove Lemma 2.4.2, which is leveraged in the proof of Corollary 2.4.6 and Corol-
lary 2.4.3.

Proof of Lemma 2.4.2. We start by providing an upper bound on the proper e-covering number
for S&1 = {z € R : ||z||o := max;eq |z;| = 1}. Note that we can write

d

-1 _ U Fz'+ U Fi_a

i=1

where /" :={z € R : z; = 1, |[|[z_i]|oc < 1} and F, = {x € R?: 2; = —1,[|z_i]|0o < 1},
where z_; € R%! is the vector = with the ith component omitted. For any i € [d], s € {+, —},
there is a natural isometry between F° and the (d — 1)-dimensional /., ball defined as B®, :=
{r € R ||z]| < 1} given by x € RY +— z_; € R?"L. In particular, this implies the proper
e-covering number of £;° under the /,-norm is bounded as

Volg_1 (B ;) (3)‘“
N(E e, |- ND=NBZ, el ) < —< | - ’
(Erel-D=NEBFel 1)< G mo e

where the last inequality follows from Lemma 5.7 of Wainwright [158]. From this, we see that
we have the bound

) Volg_1(B3,) (3 ! N
N (Sé-1 ) <2dd—— (S =Gl
(S5 e 1) < 2y (2 e
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where we have summed over the 2d different (d — 1)-dimensional faces Fy', Fy , ..., Ff Fy

and defined the constant C,; := Qd%.

Let K now denote a minimal proper e-covering of S%!, and let 7 : S&' — K denote the
projection onto the covering. Further, let p : R? — B, denote the /5 projection onto the unit ball.
We claim that the set K’ := {p(z) : * € K} is a proper e-covering of S?~! under the ¢, norm.
The fact that p(z) € S~ is immediate. Next, note that for any y € S9!, there is some x € S%1
such that p(x) = y. Observe that z := p(7(z)) € K'. Since p is an {5 projection, we know that

ly =zl = llp(z) — p(x(2)[| < llz —7(2)]| <€

so we have shown that K’ is a proper e-covering.
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2.D Figures

= sub-Poisson boundary, this paper -
70 4 === sub-Gamma boundary, Howard et al -
60
50
40
30
20
10
D 0 4 &0 100
Variance proxy V
(a) o = 1.01
60 . . -
= sub-Poisson boundary, this paper -
=== sub-Gamma boundary, Howard et al _
50
40
30

20

10

D 0 0 &0

Variance proxy V
(c)a=1.25

Figure 2.1: Comparing the boundary of Theorem 2.3.1 in the case ) = ¢p. with the boundary
of Theorem 1 in Howard et al. [75], recapped in (2.3.1). Note that to apply the boundary of
Howard et al. [75], we need to leverage the fact that a sub-t)p . process (S,,),>o is also sub-9¢ .
with the same variance proxy (V},),>0. We have made the parameter selection ¢ = 1, § = 0.01,
p = 1,and h(k) = (1 + k)?C(2), and have correspondingly varied « over several values. We
see that for reasonably small choices of intrinsic time spacing > 1, our boundary is tighter
than that of Howard et al. [75]. Thus, we see that although a sub-1)p . process can be viewed as a
sub-t¢ . process, this conversion introduces looseness, making our time-uniform concentration

result generally preferable in this setting.
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Figure 2.2: Comparing the boundary of Theorem 2.3.1 in the case ¢ = 1) . with the boundary of
Howard et al. [75] (presented in Equation 2.3.1). We have made the parameter selection ¢ = 1,
§ = 0.01, p = 1, and h(k) = (1 + k)?¢(2), and have correspondingly varied o over several
values. As expected from our discussion, our boundary is looser than that of Howard et al. [75]
for all values of «, with the gap between the boundaries vanishing as the geometric spacing «
of variance/intrinsic time is decreased towards 1. Since o = 1.01 or o = 1.05 are reasonable
choices for applying our concentration inequalities, our bounds are just as applicable as those of
Howard et al. [75] even in the sub-Gamma setting.
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(a) Fact 2.5.8 vs. Corollary 2.5.7 without union bound (b) Fact 2.5.8 vs. Corollary 2.5.7 with union bound

Figure 2.3: A comparison of the bounds on |a,, — a| provided by Fact 2.5.8 and Corollary 2.5.7.
In plotting both bounds, we have fixed the failure probability as 6 = 0.01. We have numerically
solved for x such that the right hand side of Fact 2.5.8 is equal to the target failure probability.
When applying Corollary 2.5.7, we have set o = 1.5, h(k) = (1 + k)?¢(2),p = 1, and note
that dependence on ¢ and 3 can be removed in the univariate case. In Subfigure 2.3a, we plot
Fact 2.5.8 point-wise (i.e. we set the failure probability to be ¢ for each sample size n), and in

Subfigure 2.3b, we take a union bound over samples, setting the failure probability to be —52

—— for
each t.
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Chapter 3

Mean Estimation in Banach Spaces Under
Infinite Variance and Martingale
Dependence

We consider estimating the shared mean of a sequence of heavy-tailed random variables
taking values in a Banach space. We revisit and extend a simple truncation-based mean
estimator by Catoni and Giulini. While existing truncation-based approaches require a
bound on the raw (non-central) second moment of observations, our results hold under
a bound on either the central or non-central pth moment for some p > 1. In particu-
lar, our results hold for distributions with infinite variance. The main contributions of the
paper follow from exploiting connections between truncation-based mean estimation and
the concentration of martingales in 2-smooth Banach spaces. We prove two types of time-
uniform bounds on the distance between the estimator and unknown mean: line-crossing
inequalities, which can be optimized for a fixed sample size n, and non-asymptotic law
of the iterated logarithm type inequalities, which match the tightness of line-crossing in-
equalities at all points in time up to a doubly logarithmic factor in n. Our results do not
depend on the dimension of the Banach space, hold under martingale dependence, and all
constants in the inequalities are known and small.

3.1 Introduction

Mean estimation is perhaps the most important primitive in the statistician’s toolkit. When the
data is light-tailed (perhaps sub-Gaussian, sub-Exponential, or sub-Gamma), the sample mean
is the natural estimator of this unknown population mean. However, when the data fails to have
finite moments, the naive plug-in mean estimate is known to be sub-optimal.

The failure of the plug-in mean has led to a rich literature focused on heavy-tailed mean
estimation. In the univariate setting, statistics such as the thresholded/truncated mean estima-
tor [153, 78], trimmed mean estimator [125, 113], median-of-means estimator [124, 81, 9], and
the Catoni M-estimator [22, 159] have all been shown to exhibit favorable convergence guaran-
tees. When a bound on the variance of the observations is known, many of these estimates enjoy
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sub-Gaussian rates of performance [110], and this rate gracefully decays when only a bound on
the pth central moment is known for some p > 1 [19].

In the more challenging setting of multivariate heavy-tailed data, modern methods include the
geometric median-of-means estimator [121], the median-of-means tournament estimator [112],
and the truncated mean estimator [23]. We provide a more detailed account in Section 3.1.2.

Of the aforementioned statistics, the truncated mean estimator is by far the simplest. This
estimator, which involves truncating observations to lie within an appropriately-chosen ball cen-
tered at the origin, is extremely computationally efficient and can be updated online, very desir-
able for applied statistical tasks. However, this estimator also possesses a number of undesirable
properties. First, it is not translation invariant, with bounds that depend on the raw moments of
the random variables. Second, it requires a known bound on the pth moment of observations for
some p > 2, thus requiring that the observations have finite variance. Third, bounds are only
known in the setting of finite-dimensional Euclidean spaces — convergence is not understood in
the setting of infinite-dimensional Hilbert spaces or Banach spaces.

The question we consider here is simple: are the aforementioned deficiencies fundamental
to truncation-based estimators, or can they be resolved with an improved analysis? The goal of
this work is to show that the latter is true, demonstrating how a truncation-based estimator can
be extended to handle fewer than two central moments in general classes of Banach spaces.

3.1.1 Our Contributions

In this work, we revisit and extend a simple truncation-based mean estimator due to Catoni
and Giulini [23]. Our estimator works by first using a small number of samples to produce a
naive mean estimate, say through a sample mean. Then, the remaining sequence of observations
is truncated to lie in an appropriately-sized ball centered at this initial mean estimate. These
truncated samples are then averaged to provide a more robust estimate of a heavy-tailed mean.

While existing works study truncation-based estimators via PAC-Bayesian analyses [23, 32,
100], we find it more fruitful to study these estimators using tools from the theory of Banach
space-valued martingales. In particular, by proving a novel extension of classical results on the
time-uniform concentration of bounded martingales due to Pinelis [128, 129], we are able to
greatly improve the applicability of truncation-based estimators. In particular, our estimator and
analysis improves over that in [23] in the following ways:

1. The analysis holds in arbitrary 2-smooth Banach spaces instead of just finite-dimensional
Euclidean space. This not only includes Hilbert spaces but also the commonly-studied L
and / spaces for 2 < a < o0.

2. Our results require only a known upper bound on the conditional central pth moment of
observations for some p > 1, and are therefore applicable to data lacking finite variance.
Existing bounds for truncation estimators, on the other hand, require a bound on the non-
central second moment.

3. Our bounds are time-uniform and hold for data with a martingale dependence structure. We
prove two types of inequalities: line-crossing inequalities, which can be optimized for a
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target sample size, and non-asymptotic law of the iterated logarithm (LIL) type inequalities,
which match the tightness of the boundary-crossing inequalities at all times simultaneously
up to a doubly logarithmic factor in the sample size.

4. We show that our estimator exhibits strong practical performance, and that our derived
bounds are tighter than existing results in terms of constants. We run simulations which
demonstrate that, for appropriate truncation diameters, the distance between our estimator
and the unknown mean is tightly concentrated around zero.

Informally, if we assume that the central pth moments of all observations are conditionally
bounded by v, and we let j1,, denote our estimate after n samples, then we show that

i — pl| = O <vl/p(10g(1 /6) /nﬁl) with probability > 1 — 0.

As far as we are aware, the only other estimator to obtain the same guarantee in a similar setting
is Minsker’s geometric median-of-means [121] (while he doesn’t state this result explicitly, it is
easily derivable from his main bound). Minsker also works in a Banach space, but assumes that it
is separable and reflexive, whereas we will assume that it is separable and smooth. While we ob-
tain the same rates, we feel that our truncation-style estimator has several benefits over geometric
median-of-means. First, it is computationally lightweight and easy to compute exactly. Second,
our line-crossing inequalities do not require as many tuning parameters to instantiate. Third, we
handle martingale dependence while Minsker does not. Finally, our analysis is significantly dif-
ferent from Minsker’s—and from existing analyses of other estimators under heavy-tails—and
may be of independent interest.

3.1.2 Related Work

Section 3.1.1 discussed the relationship between this paper and the two most closely related
works of Catoni and Giulini [23] and Minsker [121]. We now discuss how our work is related to
the broader literature, none of which addresses our problem directly, but tackles simpler special
cases of our problem (e.g., assuming more moments or boundedness, or with observations in
Hilbert spaces or Euclidean spaces).

Heavy-tailed mean estimation under independent observations. Truncation-based (also called
threshold-based) estimators have a rich history in the robust statistics literature, dating back to
works from Tukey, Huber, and others [78, 153]. These estimators have either been applied in
the univariate setting or in R? as in Catoni and Giulini [23]. A related estimator is the so-called
trimmed-mean estimator, which removes extreme observations and takes the empirical mean of
the remaining points [125, 113]. For real-valued observations with finite variance, the trimmed-
mean has sub-Gaussian performance [125].

Separately, Catoni and Giulini [22] introduce an approach for mean estimation in R? based
on M-estimators with a family of appropriate influence functions. This has come to be called
“Catoni’s M-estimator.” It requires at least two moments and fails to obtain sub-Gaussian rates.
It faces the the additional burden of being less computationally efficient. A series of followup
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works have improved this estimator in various ways: Chen et al. [26] extend it to handle a p-
th moment for p € (1,2) for real-valued observations, Gupta et al. [67] refine and sharpen the
constants, and Mathieu [120] studies the optimality of general M-estimators for mean estimation.

Another important line of work on heavy-tailed mean estimation is based on median-of-
means estimators [124, 81, 9]. These estimators generally break a dataset into several folds,
compute a mean estimate on each fold, and then compute some measure of central tendency
amongst these estimates. For real-valued observations, Bubeck et al. [19] study a median-of-
means estimator that holds under infinite variance. Their estimator obtains the same rate as ours
and Minsker’s. Most relevant for our work is the result on geometric median-of-means due to
Minsker [121], which can be used to aggregate several independent mean estimates in general
separable Banach spaces. In Hilbert spaces, when instantiated with the empirical mean under a
finite variance assumption, geometric median-of-means is nearly sub-Gaussian (see discussion
in Section 3.1.1). We compare our threshold-based estimator extensively to geometric median-
of-means in the sequel and demonstrate that we obtain the same rate of convergence.

Another important result is the multivariate tournament median-of-means estimator due to
Lugosi and Mendelson [112]. For i.i.d. observations in (R<, || - ||2) with shared covariance ma-
trix (operator) Y, then Lugosi and Mendelson [112] show this estimator can obtain the optimal
sub-Gaussian rate of O(+/Tr(3)/n++/[|Z]|op log(1/5)/n). However, this result requires the ex-
istence of a covariance matrix and does not extend to a bound on the p-th moment for p € (1, 2),
which is the main focus of this work.

While the original form of the tournament median-of-means estimator was computationally
inefficient (with computation hypothesized to be NP-Hard in a survey by Lugosi and Mendelson
[110]), a computationally efficient approximation was developed by Hopkins [72], with followup
work improving the running time [28]. Tournament median-of-means was extended to general
norms in R? [111], though the authors note that this approach is still not computationally feasible.
Median-of-means style approaches have also been extended to general metric spaces [77, 29].
Of the above methods, only the geometric median-of-means estimator can handle observations
that lack finite variance.

Sequential concentration under martingale dependence. Time-uniform concentration bounds,
or concentration inequalities that are valid at data-dependent stopping times, have been the focus
of significant recent attention [74, 75, 166]. Such results are often obtained by identifying an
underlying nonnegative supermartingale and then applying Ville’s inequality [157], a strategy
that allows for martingale dependence quite naturally. This approach is also used here. Wang
and Ramdas [159] extend Catoni’s M-estimator to handle both infinite variance and martingale
dependence in R, while Chugg et al. [32] give a sequential version of the truncation estimator in
R?, though they require a central moment assumption and finite variance. The analyses of both
Catoni and Giulini [23] and Chugg et al. [32] rely on so-called “PAC-Bayes” arguments [21, 33].
Intriguingly, while we analyze a similar estimator, our analysis avoids such techniques and is
much closer in spirit to Pinelis-style arguments [128, 129].

Howard et al. [74, 75] provide a general collection of results on time-uniform concentra-
tion for scalar processes, which in particular imply time-uniform concentration results for some
heavy-tailed settings (e.g. symmetric observations). Likewise, Whitehouse et al. [166] provide
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a similar set of results in R%. While interesting, we note that these results differ from our own
in that they are self-normalized, or control the growth of a process appropriately normalized by
some variance proxy (here a mixture of adapted and predictable covariance). The results also
don’t apply when only a bound on the pth moment is known, and the latter set of results have
explicit dependence on the ambient dimension d.

Concentration in Hilbert and Banach Spaces. There are several results related to concen-
tration in infinite-dimensional spaces. A series of works has developed self-normalized, sub-
Gaussian concentration bounds in Hilbert spaces [164, 2, 30] based on the famed method of
mixtures [40, 41]. These results have not been extended to more general tail conditions. Signif-
icant progress has been made on the concentration of bounded random variables in smooth and
separable Banach spaces. Pinelis [128, 129] presented a martingale construction for bounded
observations, thus enabling dimension-free Hoeffding and Bernstein inequalities. Dimension-
dependence is replaced by the smoothness parameter of the Banach space, which for most prac-
tical applications (in Hilbert spaces, say) equals one. These results were strengthened slightly by
Howard et al. [74]. Recently, Martinez-Taboada and Ramdas [118] gave an empirical-Bernstein
inequality in Banach spaces, also using a Pinelis-like construction. Our work adds to this grow-
ing literature by extending Pinelis’ tools to the heavy-tailed setting.

3.1.3 Preliminaries

We introduce some of the background and notation required to state our results. We are interested
in estimating the shared, conditional mean y of a sequence of random variables (X,,),>; living
in some separable Banach space (B, || - ||). Recall that a Banach space is a complete normed
vector space; examples include Hilbert spaces, /* sequence spaces, and L* spaces of functions.
We make the following central assumption.

Assumption 1. We assume (X,,),>1 are a sequence of B-valued random variables adapted to a
filtration F = (F,,)n>0 such that

(1) E(X, | Fao1) = p, foralln > 1 and some unknown p € B, and
(2) sup,> E ([| Xy — pl|? | Frz1) < v < oo for some known constants p € (1,2] and v > 0.

The martingale dependence in condition (1) above is weaker than the traditional i.i.d. as-
sumption, requiring only a constant conditional mean. This is useful in applications such as
multi-armed bandits, where we cannot assume that the next observation is independent of the
past. Meanwhile, condition (2) allows for infinite variance, a weaker moment assumption than
past works studying concentration of measure in Banach spaces (e.g., [121, 128, 129]). In Ap-
pendix 3.A we replace condition (2) with a bound on the raw moment (that is, E(|| X,,||?|F,.-1))
for easier comparison with previous work. We note that other works studying truncation-based
estimators have exclusively considered the p > 2 setting where observations admit covariance
matrices [32, 23, 110]. We focus on p € (1, 2] in this work, but it is likely our techniques could
be naturally extended to the p > 2 setting. We leave this as interesting future work.

In order obtain concentration bounds, we must assume the Banach space is reasonably well-
behaved. This involves assuming that is it both separable and smooth. A space is separable if it
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contains a countable, dense subset, and a real-valued function f : B — R is (2, 5)-smooth if, for
allz,y € B, f(0) =0, [f(z +y) — f(2)] < [|y[|, and

Pa+y) + e —y) <2f(x) + 2687yl (3.1.1)

We assume that the norm is smooth in the above sense.

Assumption 2. We assume that the Banach space (B, || - ||) is both separable and (2, 3)-smooth,
meaning that the norm satisfies (3.1.1).

Assumption 2 is common when studying Banach spaces [128, 129, 74, 118]. We emphasize
that [ is not akin to the dimension of the space. For instance, infinite-dimensional Hilbert spaces
have § = 1 and L* and ¢ spaces have § = v/a — 1 for a > 2. Thus, bounds which depend on
[ are still dimension-free.

Notation and background. For notational simplicity, we define the conditional expectation
operator E,,_1[-] to be E,_;[X] := E(X | F,—1) forany n > 1. If S = (S,,),>0 is some
stochastic process, we denote the n-th increment as AS,, := S,, — S,,_; for any n > 1. For any
process or sequence a = (a,),>1, denote by a” the first n values: a" = (ay,...,a,). We say
the process S is predictable with respect to filtration F, if .S, is F,,_;-measurable for all n > 1.
Our analysis will make use of both the Fréchet and Gateaux derivatives of functions in a Banach
space. We do not define these notions here but instead refer to Ledoux and Talagrand [106].

Outline. Section 3.2 provides statements of the main results. Our main result, Theorem 3.2.1,
is a general template for obtaining bounds (time-uniform boundary-crossing inequalities in par-
ticular) on truncation-style estimators. Corollary 3.2.2 then instantiates the template with par-
ticular parameters to obtain tightness for a fixed sample size. Section 3.3 is dedicated to the
proof of Theorem 3.2.1. Section 3.4 then uses a technique known as “stitching” to extend our
line-crossing inequalities to bounds which shrink to zero over time at an iterated logarithm rate.
Finally, Section 3.5 provides several numerical experiments demonstrating the efficacy of our
proposed estimator in practice.

3.2 Main Result

Define the mapping
LA ]

]

Clearly, Trunc(x)x is just the projection of x onto the unit ball in B. Likewise, Trunc(\z)x
is the projection of x onto the ball of radius A=! in B. We note that the truncated observations
Trunc(X,,)X,, are themselves random variables, which are adapted to the underlying filtration
F.

As we discussed in Section 3.1.1, previous analyses of truncation-style estimators have relied
on a bound on the raw second moment. To handle a central moment assumption, we will center

Trunc : B — [0,1] by z +— (3.2.1)
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our estimator around a naive mean estimate which has worse guarantees but whose effects wash
out over time.
To formalize the above, our estimate of . at time n will be

~ 1 ~ ~ ~
fin(k) = fin(k, A, Z) = > {Trunc(\(Xpm — Z0)) (X — Zi) + Zi }, (3.2.2)

k<m<n

where 2k is a naive mean estimate formed using the first £ samples and A > 0 is some fixed
hyperparameter. Defining Z, = 0 when k = 0, we observe that /i,,(0) is the usual truncation
estimator, analyzed by Catoni and Giulini [23] in the fixed-time setting and Chugg et al. [32] in
the sequential setting. To state our result, define

1 p/q 1 1
K, = < p/4 ) where — + - =1, (3.2.3)
p/g+1\p/qg+1 P q

which depends on the Holder conjugate ¢ of p. Note that K, < 1 for all p > 1. In fact,
lim,,; K, = 1, lim,_,, K, = 0, and K, is decreasing in p. We also define the constant

p—1(e>=3 . Y .

¢,(B) = {22 (+1462)_,3 if (B, || ||) is a Hilbert space, (3.2.4)
[P (S2), otherwise,
which depends on the geometry and smoothness 3 of the Banach space (B, || - ||). In a Hilbert
space (for which 5 = 1), the variance of our supermartingale increments can be more easily
bounded. If the norm is not induced by an inner product, then &,(B) suffers an extra factor of
four. Note that ‘%T’:‘ < 1.1

Our main result is the following template for bounding the deviations of ji, assuming some
sort of concentration of Z; around .

Theorem 3.2.1 (Main result). Let X, Xo,... be random variables satisfying Assumption I
which lie in some Banach space (B, || - ||) satisfying Assumption 2. Suppose we use the first
k samples to construct Zy, which satisfies, for any § € (0, 1],

Pl — Zi|| > (8, k)) <6, (3.2.5)

for some function r : (0,1] x N — Rsq. Fix any 0 € (0,1]. Decompose § as § = 01 + 05 where
01,09 > 0. Then, for any \ > 0, with probability 1 — 6, simultaneously for all n > k, we have:

’ log(2/61)

An—k)

The guarantee provided by Theorem 3.2.1 is a line-crossing inequality in the spirit of [74].
That is, if we multiply both sides by n—k, it provides a time-uniform guarantee on the probability
that the left hand side deviation between jz,, and y ever crosses the line parameterized by the right
hand side of (3.2.6). If we optimize the value of \ for a particular sample size n*, the bound will
remain valid for all sample sizes, but will be tightest at and around n = n*. To obtain bounds
that are tight for all n simultaneously, one must pay an additional iterated logarithmic price in

(3.2.6)

Finlk, 2\, Z1) = 1) < (@ (B) + K2 ) (0 + (32, B)P) +
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n. To accomplish this, Section 3.4 will deploy a carefully designed union bound over geometric
epochs—a technique known as “stitching” [75]. However, for practical applications where the
sample size is known in advance, we recommend Theorem 3.2.1 and its corollaries.

Next we provide a guideline on choosing A in Theorem 3.2.1. The proof is straightforward.

Corollary 3.2.2. In Theorem 3.2.1, consider taking

B log(2/61) Vr
A= ((%(B) + 1,270 (n — k) (v + (5, k)p)) '

(3.2.7)

Then, with probability at least 1 — §; — 09, we have

10g(2/51)) (p—=1)/p

10 5) = sl < ((€(B) + K62 o + vl 1)) (P52

In particular, as long as k = o(n), r(6,k) = o(1) and 1, 95 = (), we have

(p—1)/
k)~ = O (/ (Feen)” ) . 328

This is the desired rate per the discussion in Section 3.1.1, matching the rate of other estima-
tors which hold under infinite variance. In particular, it matches the rates of Bubeck et al. [19] in
scalar settings and Minsker [121] in Banach spaces. R

Now let us instantiate Theorem 3.2.1 when we take Z; to be either the sample mean or
Minsker’s geometric median-of-means. The latter provides a better dependence on J, but at an
additional computational cost. As we’ll see in Section 3.5, this benefit is apparent for small
sample sizes, but washes out as n grows.

Corollary 3.2.3. Let (B, | - ||) satisfy Assumption 2 and X1, ..., X, satisfy Assumption 1. For

some k < n, let Zy, be the empirical mean of the first k observations. Given > 0, decompose it
as 0 = 01 + 09 for any 61,09 > 0. Then, with probability 1 — 9,

R log(2/61) (r=1)/p 1
”Mn(lf) _ M” < 2U1/PC;/P (m 1+0 5ok , (3.2.9)

where C, = €,(B) + K,2°'. If, on the other hand, 7y, is the geometric median-of-means
estimator with appropriate tuning parameters, then with probability 1 — 9,

N log(2/6,) \"~ log(1/8,)P
[7in (k) — ]| < 20M/7C217 <%) (1 +0 (%{—&)) . (3.2.10)

When Z; is the empirical mean, if k = k(n) = |log,(n)] (say), we have n — k(n) > n/2
for n > 2, so (3.2.9) recovers the rate in (3.2.8), since the additional factor of O(

SR
52]6(71)1’71
O(W) is o(1) and vanishes. When Z, is the geometric median-of-means, this error term
vanishes even faster.
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3.3 Proof of Theorem 3.2.1

We will prove a slightly more general result that reduces to Theorem 3.2.1 in a special case.
Throughout this section, fix two J-predictable sequences, (Z ) € BY and (\,) € RY. Define

&0 = &N Z27) = D A\ {Trunc(A, V) Yin + Z,} where Y, o= Xy — Zn,  (33.1)

m<n

If we take \,, to be constant and Zn — Z tobe JFo-measurable, then En = n\i,. We will make
such a substitution at the end of this analysis to prove the desired result. However, working with
the more general process (3.2.2) has advantages. In particular, it allows us to consider sequences
of predictable mean-estimates, if desired.

Our preliminary goal is to find a process (V},),>0 such that the process

— 1Y Al =V, ()\")} : (3.3.2)

m<n
is upper bounded by a nonnegative supermartingale; in other words; in recent parlance, it is
an e-process [131]. Applying Ville s inequality will then give us a time-uniform bound on the
deviation of the process ||(>_,, <, Am)”~ 1g, — || in terms of V(). We will let

M, (\") = exp { En

V() = (€,(B) + K,2°"H)G,,,

where Gy, = Gu(A\", Z2") = Y N (v+ || — Zu), (3.3.3)

m<n
is a weighted measure of the deviation of the naive estimates Zl, cee Zn from p. Since it is
difficult to reason about the difference between fn and p ) . Am directly, we introduce the

proxy
fn(A) = E,_1[Trunc(AY,)Y,] + Z,, (3.3.4)

and argue about ||§n =D men Ambn(Am) || @and Ay || fin (M) — 11| We then bound the difference
H@L — D <n Aml| using the triangle inequality.

3.3.1 Step 1: Bounding ||z,(\) — p|

We need the following analytical property of Trunc, which will be useful in bounding the trunca-
tion error with fewer than two moments. We note that the following lemma was used by Catoni
and Giulini [23] for &£ > 1. We prove the result for £ > 0.

Lemma 3.3.1. For any k > 0 and x € B, we have that

| Trane(e) < 215 (Y
runcx_k_l_1 .

kE+1
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Proof. Fix k > 0. It suffices to show that f(t) := 1 — ¢ < Lo (%)k =: gi(t) forall ¢ > 0.
For ¢t € [0, 1], the result is obvious. For ¢ > 1, we need to do a bit of work. First, note that
gr(1) > f(1) = 0, and that both g, and f are continuous. Further, we only have g;(t) = f(t)
precisely when ¢ = % Let this value of ¢ be t*. This immediately implies that gx(t) > f(¢) for

t € [1,t*]. To check the inequality for all ¢ > ¢*, it suffices to check that f'(t) < g;.(¢). We verify

this by direct computation. First, f'(t) = ;. Likewise, we have that gj () = " (#)Hl
Taking ratios, we see that

9r(t) — 4kt EOV > k1) BV -1

1) k+1 - k E+1 ’
proving the desired result. [ |

We can now proceed to bounding ||z, () — pl|-

Lemma 3.3.2. Let X be a B-valued random variable and suppose E,,_1|| X — ul|P? < v < oc.
Let Z,, be F, _i-predictable and ji,, be as in (3.3.4). Then:

I = T < K227 N0 + (12 = i)

Proof. Since Z\n is predictable, we may treat it as some constant z when conditioning on F,,_.
Using Holder’s inequality, write

2 = Bin ()| = I Eaos[X] = Eqi[Trunc(A(X,, — 2))(X, — 2) + 2]]
— B, [{1 — Trunc(A(X, — 2))}(X, - 2)]
< E[|1 - Trunc(A(X,, — )| E[|X, - =[/]'",

where 1/p + 1/q = 1. The second expectation on the right hand side can be bounded using
Minkowski’s inequality and the fact that || - || is convex for p > 1:

En [l Xn = 217 = B[ X0 = 1 4+ pp = 2|7)
< 27N (Ena [l X0 — ullP] + 12 = pllP)
< 27w+ ||z — plP). (3.3.5)

NIX —2F 7k
kE+1 kE+1 '

E,1[|1 = Trunc(A(X,, — 2))|7] < KJE,_1 [\]| X, — 2[]] < Kg)\p?’*l(v + ||z — ul?),

Next, by Lemma 3.3.1, we have for any £ > 0.

E,—1[|1 — Trunc(A (X, — 2))|?] < E,—4

In particular, selecting k = g, we have

where K, as defined in (3.2.3). Piecing everything together, we have that
E, 1[|1 — Trunc(A\(X,, — 2))|9"? < K /920~ D/2(y 4 ||z — p||?) 2.

Therefore, recalling that p/q = p— 1, we have || — fi,(\) || < Ky \P~1227 (v + ||z — p||P), which
is the desired result. u
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332 Step 2: Bounding [|£,(\") — 32, -, Adin (A

We can now proceed to bounding Hgn()\") =D men Ambtm (M) | = 180 (A", Z™)|| where
S, = S,(A", 2" : Z A {Trunc DY) Yon + Zon ﬁm()\m)} . (3.3.6)

and 1 is as in (3.3.4). Note that S is a martingale with respect to F. The following proposition is
the most technical result in the paper. It follows from a modification of the proof of Theorem 3.2
in Pinelis [129], combined with a Bennett-type inequality for 2-smooth separable Banach spaces
presented in Pinelis [129, Theorem 3.4]. We present the full result here, even those parts found
in Pinelis’ earlier work, for the sake of completeness.

Proposition 3.3.3. Let (X,):>1 be a process satisfying Assumption 1 and lying in a Banach space
(B, || - ||) satisfying Assumption 2. Then, the exponential process

Un (A", 2") = exp{ (A" 2")

— €,(B)Gn .

is bounded above by a nonnegative supermartingale with initial value 2, where G,, is defined
by (3.3.3).

Proof. Fix somen > 1 and let U, = U, (\", Zl) We first observe that
[AS, || = Al Trunc(A,Ys) Y, + Z, - fin (An) |
< || Trunc (A Yo) Yol + Al Zn = fin(An)]| < 2,

by definition of Trunc. Let 7,, = Trunc(\,Y,,)Y,. If (B, | - ||) is a Hilbert space with inner
product (-, -) (which induces || - ||), then

E, 1 |AS, ) = NMEw_ (T}, — B 1T}, Ty, — B i T3 < X2E,1 || T
Otherwise, we have

B 1| ASA|I? < AAEn 1 (I Tl + 1B T0l)*}
< QAZ{En—luTn”Q + ||]En—1Tn||2} < 4)‘31En—1||Tn||27

where the penultimate inequality uses that (a + b)? < 2a* + 2b* and the final inequality follows
from Jensen’s inequality. Therefore, we can write

where C' = 1if || - || is induced by an inner product, and C' = 4 otherwise. We note that this extra
factor of 4 is responsible for the two cases in the definition of €,(B) in (3.2.4). Carrying on with
the calculation, write

IE:%—lHASnH2 < CAiEn—l [HTanHTnH2_p}
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< C)‘szn—l HTan

< ONEq HYan

<ON2 v+ [l = Zal?), (33.8)
where the final inequality follows by the same argument used to prove (3.3.5) in Lemma 3.3.2.
We have shown that the random variable ||AS,, || is bounded and its second moment (conditioned

on the past) can be controlled, which opens the door to Pinelis-style arguments (see Pinelis [129,
Theorem 3.4] in particular). Define the function ¢ : [0, 1] — R by

©(0) :==E,_q cosh (||Sn—1 + 0AS,]]) .

In principle, the norm function need not be smooth, and so the same applies to ¢. However,
Pinelis [129] proved that one may assume smoothness of the norm without loss of generality (see
Pinelis [129, Remark 2.4]). Thus, a second order Taylor expansion yields

1
E,—1 cosh([|Sy]]) = (1) = ¢(0) 4+ ¢'(0) + / (1—0)¢"(0)do.
0
Observe that

£"(0) < FPEnc [[IAS, > cosh([[ S, eI
< 52 COSh(”Sn—ln)]En—l [HASRHQ} 6207
where the first inequality follows from the proof of Theorem 3.2 in Pinelis [129] and Theorem 3

in Pinelis [128], and the second inequality is obtained in view of ||AS, | < 2.
Next, by the chain rule, we have

, d

©'(0) = 7 (E,—1 cosh(||Sn—1 + tAS,]])) |t:0
d

~E,_, b cosh([|S_1 + tASnH)L:O}

d
=E, 1 {<Dfufy| [ S o cosh(m)’zzllsnllll

d
_ <Df||f|| \fzsnfl,En_lASn> eosh(@)],_yg
=0,

where (Drp(f) |f=g,y — =) denotes the Gateaux derivative of ¢ with respect to f at g in the
directon of y — . The final equality follows from the fact that (.S, ),,>0 is itself a martingale with
respect to (F,,),>1. Thus, leveraging that ¢'(0) = 0, we have

E,_1 cosh([[S,]]) = (0) + £'(0) + / (1 6)o"(6)d6
< cosh(||S,_1]]) (1 + BB [|AS, 7] /O (1— 9)62%19)
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i 2
(g)cosh(HSn,lH) <1 + B2 (6 1 3) E, [HASnHQD

(ii) ~

< cosh([|Sn_1]) (1 + &, (BN (v + || — anlp>)
(iid) o~

< cosh(|So-all) exp { &, (BN + [ln = Zu[1")

where (i) is obtained in view of fol(l — 0)e"?df = <=4=1, (ii) is obtained from (3.3.8) (and also
using that § = 1 in a Hilbert space), and (iii) follows from 1 + v < e* for all u € R. Since
n > 1 was arbitrary, rearranging yields that the process defined by cosh(||S,.||) exp {—€,(B)G.,}
is a nonnegative supermartingale. Noting that § exp (||S,||) < cosh(||S,||) yields the claimed
result. |

3.3.3 Step 3: Bounding M, (\")

We now combine Lemma 3.3.2 and Proposition 3.3.3 to write down an explicit form for the
supermartingale M,,(A\") in (3.3.2).

Lemma 3.3.4. Let (X,,),>1 and (B, || - ||) be as in Proposition 3.3.3. Then, the process (M, (\"))

defined by
3%

m<n

M, (\") := exp { )+ K,2P"HG, } :

is bounded above by a nonnegative supermartingale with initial value 2.

Proof. Recall that 1,,(\) = E,,_1[Trunc(\Y,,)Y,,] + Z,. Applying the triangle inequality twice
and Lemma 3.3.2 once, we obtain

_MZAm _Z)‘m/jm()‘ )

m<n m<n

< NSull + K227 D X0+ Nl = ZanllP) = 1S0ll + 5,277 G

m<n

+ 3 Mlliihn) — sl

m<n

Therefore,

MZA

m<n

M,(\") = exp{ )+ K,2P" NG, }

< exp {HSnH + Kp2p_1Gn - (Q:p(B) + Kp2p_1)Gn}
= exp {||Sh]| — €,(B)Gn}

which is itself upper bounded by a nonnegative supermartingale with initial value 2 by Proposi-
tion 3.3.3. |

We are finally ready to prove Theorem 3.2.1, which follows as a consequence of the following
result.
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Proposition 3.3.5. Let (B, || - ||) satisfy Assumption 2 and (X]),>1 satisfy Assumption 1 with

respect to some filtration (Gy,),>0. Suppose 7 is Go-measurable and there exists some function
r:(0,1) = Rsq such that, for any ¢ € (0, 1],

P(lln— Z|| > r(5)) < 4. (3.3.9)

Fix any § € (0,1]. Decompose 6 as 6 = §; + 62 where 01,09 > 0. Then, for any X\ > 0, with
probability 1 — 0, simultaneously for all n > 1, we have:

log(2/61)

3.3.10
Y ( )

i — pl] < AP7YH(E,(B) 4+ K,2°7 1) (v + 7(52)) +

where fi, = 137 {Trunc(\(X), — Z))(X}, — Z) + Z}.

Proof. Let By = {3n : M, (A\™) > 2/6;} where (M,,) is as in Lemma 3.3.4. By Ville’s inequality
(Section 3.1.3), P(B;) < 6;. Let B, = {||u — Z|| > r(6)}. By assumption, P(B,) < 4. Set
B = B1U By so that P(B) < §. We take the sequence of predictable values () in Lemma 3.3.4
to be constant and set A\, = A > 0 for all n. On the event B¢ we have log(M,,(A\")) < log(2/6;)
for all n > 1. That is, with probability 1 — 4,

1€, — Anpl| < (€,(B) + K21, + log(2/61), (3.3.11)

and
G =nX(v + || — Z|]P) < nAP(v + 7(85)P). (3.3.12)

Substituting (3.3.12) into (3.3.11) and dividing both sides by n\ gives the desired result. [

Proof of Theorem 3.2.1. Given (X,,),>1 as in the statement of Theorem 3.2.1 apply Proposi-
tion 3.3.5 with X = X,y and G,, = F,, . foralln > 0. [ |

3.4 Law of the Iterated Logarithm Rates

In the previous section, we derived a time-uniform, line-crossing inequality that controlled (with
high probability) the deviation between a truncated mean estimator and the unknown mean. This
inequality was parameterized by a scalar/truncation level )\, which, when optimized appropri-
ately, could guarantee a width of O(v'/?(log(1/6)/n)®P~Y/P) with probability at least 1 — ¢ for a
preselected sample size n. However, in many settings, one may not know a target sample size in
advance and may wish to observe the data sequentially and stop adaptively at a data-dependent
stopping time.

To generalize our bound to an anytime-valid setting (i.e., one where the sample size is not
known in advance and may be data-dependent), we use a technique known as stitching [75].
This involves deploying Theorem 3.2.1 once per (geometrically spaced) epoch, and then using a
carefully constructed union bound to obtain coverage simultaneously for all sample sizes.

The idea is to apply Theorem 3.2.1 once per geometrically spaced epoch with different
parameters k£ and A in each epoch. We then take a union bound over epochs. Due to the
time-uniformity of Theorem 3.2.1, the resulting estimator can be updated within the epoch,
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not only at their boundaries. The bound depends on a “stitching function” h which satisfies
>_j>1 1/h(j) = 1 and a parameter 1 which determines the geometric spacing of the epochs,
which are the intervals [/, 77 ™). For simplicity we take n = 2.

Theorem 3.4.1 (Stitching). Let (B, || -||) satisfy Assumption 2 and (X,,),>1 satisfy Assumption 1.
Suppose that for each k, Z, is a Fj,_1-predictable estimate such that

P(|lu— Zil| > r(5, k) <, (3.4.1)

for some r : (0,1) x N — Rsq. Given any n, let j, = |logy(n)]. Let h : N — Ry satisfy
>_js1 /() < 1. Fixany 0 € (0,1] and let [i,, be as in (3.2.2). Then there exist constants
(Aj);j>1 such that with probability 1 — 6, simultaneously for all n > 2, we have:

~ o . (»=1)/p
Ao g Z3,) — ill = O ((v ()2, 4a)) (M) ) L (342

n

A few words are in order before we prove Theorem 3.4.1. As we discussed above, the idea is
to apply a different estimator i, (j,) in each epoch [27, 2711). That is, the number of observations
we set aside for the naive estimate in epoch [27, 2711) is j. (One could replace j by any k() where
k(j) grows slower than 27.) The bound holds for all n > 2 so that we avoid various trivialities
about defining the naive estimate Zl. Finally, note that to get iterated logarithm rates, h can be
any polynomial which satisfies 3., h'(j) < 1 (e.g., h(j) = j(j + 1))

Proof of Theorem 3.4.1. We will apply Theorem 3.2.1 once in every epoch [27,2/F1) for j > 1.
In epoch [27,27%1) we apply the estimator 7i,(j) = fin(j, \j, Z;), where \; > 0 is fixed. For any
d; > 0, Theorem 3.2.1 provides the guarantee that

P(In € [27,27) : [[in(j) — pll = Win, j)) < 3,
where
log(4/4;)
Aj(n — )
(Here the two terms above have split §; into 0,/2 4 ¢;/2). Let §; = 6/h(j) so that »_,d; < 4.
Note that j,, corresponds to the epoch in which n belongs, i.e., n € [2/», 277+1), Therefore,

W(n, j) = N ~H(€,(B) + K207 (v +7(8;/2,5)7) + (3.4.3)

P(Hn > ng: Hﬁn<]n> - NH > W(”a]ﬂ))
< ZP(HN € [2j,2j+1) N (Gn) = pll = Wi(n, jn))

Jj=1

<> 5 <

Jj=1

It remains to select \; so that W (n, j,,) decreases at the desired rate. Choose

A = <1Og(4/5j) gj)l/p7

Dw+r%) 2

69



where D = €,(B) + K,2°~1, r; = r(d;/2,7), and ¢; = log(1/d;). With this choice, (3.4.3)
becomes

n— Jn

n

Now, since n — j,, = n — |logy(n)| > n/2 forn > 2, 2" < n,and ¢;, > 1, we have

2l NP q 9
05 N = jn = ni-i/p o(1)-

In

Further, 2/» > n /2 and log,(n) < j, + 1, so

(@)1‘1/1’ < (M)“W , (log(h(l_lng(n)J)/(S))1—1/p‘

2in n n

Noticing that log(4/4,,) = O(log(h(|logy(n)])/d)) by the same reasoning, we have

log A(|log,(n) ]) + log(1/6) ) />

n

W(n, j,) = O ((v + rfn)l/p (

as claimed. |

As was done with Theorem 3.2.1, one can initantiate Theorem 3.4.1 with particular esti-
mators to achieve specific rates. For instance, if Z is the plug-in mean estimate, then we can
take (6, k)P = O(55=), s0 1(6/2, jn )P = O(alog(UT> = o(1). If, in addition, we take say
h(j) = j(j + 1) for j > 1, we achieve a final rate of

o) (Ul/p <10g logn 4 log(1/ 5))1_1/p> , (3.4.4)

n

which loses only an iterated logarithm factor compared to the line-crossing inequality presented
in Section 3.2. For p = 2, this asymptotic width is optimal by the law of the iterated loga-
rithm [69, 132]. For 1 < p < 2, such a law does not necessarily exist—it depends on whether
the distribution is in the domain of partial attraction of a Gaussian [92, 115]. Thus, while we
cannot claim asymptotic optimality in this case, we note that our result extends and compliments
recent efforts to obtain confidence sequences with iterated logarithm rates to the case of infinite
variance (e.g., [75, 159, 32]).

For the purposes of constructing time-uniform bounds in practice, it’s worth tracking the
constants throughout the proof of Theorem 3.4.1. Doing so, we obtain a width of

o ; 1-1/p
W(n,jn>=<D<v+r<5/z,jn>P>>1/p((M) +nfl/p>a (3.45)

n
where D = €,(B) 4+ K,2°~! and j,, = |logy(n)].
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3.5 Bound Comparison and Simulations

In the above sections, we argued that the truncated mean estimator, when appropriately opti-
mized, could obtain a distance from the true mean of O (v'/? (log(1/6)/ n)P-D/p ) with high
probability. In particular, this rate matched that of the geometric median-of-means estimator due
to Minsker [121]. In this section, we study the empirical instead of theoretical performance of
our bounds and estimator.

Comparing Tightness of Bounds In Figure 3.1, we compare the confidence bounds obtained
for our truncation-based estimators optimized for a fix sample size (Corollary 3.2.3) against
other bounds in the literature. Namely, we compare against geometric median-of-means [121],
the sample mean, and (in the case a shared covariance matrix exists for observations) the tourna-
ment median-of-means estimator [112]. We plot the natural logarithm of the bounds against the
logarithm base ten of the sample sizes n for n € [102,10*°] and for p € {1.25,1.5,1.75,2.0}. We
assume § = 107% and v = 1. For truncation-based estimates, we assume k = |n/10] samples
are used to produce the initial mean estimate and the remaining n — k are used for the final mean
estimate. We plot the resulting bounds for when the initial mean estimate is either computed
using the sample mean or geometric median-of-means. For the tournament median-of-means
estimate, we assume observations take their values in R? for d = 100, and that the corresponding
covariance matrix is the identity ¥ = I;/d.

As expected, all bounds have a slope of —(p — 1)/p when n is large, indicating equivalent
dependence on the sample size. For all values of p, the truncation-based estimator using ge-
ometric median-of-means as an initial estimate obtains the tightest rate once moderate sample
sizes are reached (n = 10% or n = 10°). When p € {1.25,1.5}, much larger sample sizes are
needed for truncation-based estimates with a sample mean initial estimate to outperform geo-
metric median means (needing > 10'° samples for p = 1.25). For p = 2.0 (i.e., finite variance)
the tournament median-of-means estimate, despite achieving optimal sub-Gaussian dependence
on A\pax(X) and Tr(X) = v, performs worse than even the naive mean estimate. This is due to
prohibitively large constants. These plots suggest that the truncation-based estimate is a practical
and computationally efficient alternative to approaches based on median-of-means.

Performance of Estimators on Simulated Data In Figure 3.2, we examine the performance
of the various mean estimators by plotting the distance between the estimates and the true mean.
To do this, we sample n = 100, 000 i.i.d. samples X1, ..., X,, € R? for d = 10 in the following

way. First, we sample i.i.d. directions Uy, ..., U, ~ Unif(S?"!) from the unit sphere. Then, we
sample i.i.d. magnitudes Y7, . .., Y, ~ Pareto(a) from the Pareto II (or Lomax) distribution with
a = 1.75." The learner then observes X; = Y; - U;,..., X,, =Y, - U, and constructs either a

geometric median estimate, a sample mean estimate, or a truncated mean estimate.

To compute the number of folds for geometric median-of-means, we follow the parameter
settings outlined in Minsker [121] and assume a failure probability of 6 = 10~* (although we
are not constructing confidence intervals, the failure probability guides how to optimize the esti-
mator). Once again, we consider the truncated mean estimator centered at both the sample mean

'If Y ~ Pareto(a), the Y has inverse polynomial density o (1 + z) .
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Figure 3.1: For p € {1.25,1.5,1.75}, we plot the tightness of optimized bounds associated with
the sample mean, geometric median-of-means (Geo-MoM), truncation with initial sample mean
estimate, and truncation with initial Geo-MoM estimate. We assume n € [102,10'], v = 1.0,
=104 and k =n /10. In the case p = 2.0, we assume a shared covariance matrix ¥ exists so
we can plot the tournament median-of-means bounds assuming \,.x () = v/d and d = 100.

72



Performance of Mean Estimators A = 0.0005

0.18 0.0275 Performance of Mean Estimators A = 0.005
0.16- 002504 ° o
0.147 S 0.02251 = =
0.124 0.0200

0.10 8

=3
o
~
S

Distance from mean
°

]

0.06 8 ;

Distance from mean

0.0150
0.0125 1

o
L TP SR SR A
T \ ] \ | \ |
0.02 I 0.0075 1 1
= T T T €
0.00 T T T T 0.0050 T T T
Geo MoM Trunc. Naive  Trunc. Geo MoM  Sample Mean Geo MoM Trunc. Naive Trunc. Geo MoM
(a) A = 0.0005 (b) A =0.005
0,030 Performance of Mean Estimators A = 0.05 0,040 Performance of Mean Estimators A = 0.5
.03 . 7
0.035
0.0251
0.030 °
°
=] =]
< 0.0204 < °
g £ 0.025 ?
g g
i<} =}
& 0.015 & 0.020 e
5 8 ?
g ] e
K] 7 0.0154 3
2 0.0104 & E
0.010+ 8
0.005
0005 %
o o
0.000 T T T 0.000 T T T
Geo MoM Trunc. Naive Trunc. Geo MoM Geo MoM Trunc. Naive Trunc. Geo MoM
(c) A = 0.05 (A X=0.5

Figure 3.2: We compare the empirical distributions of distance between the mean estimate and
the true mean for a variety of estimators. We generate n = 10° i.i.d. samples in R'? as outlined
above, and use k£ = L\/l_OGJ samples to construct initial mean estimates. We compute these
estimates of 250 runs. For truncation-based estimates, we consider A € [0.0005, 0.005, 0.05, 0.5].
We only include the sample mean in the first plot for readability.

and a geometric median-of-means estimate. We always use k = |/n| samples to construct the
initial estimate, and produce a plot for hyperparameter A € [0.0005, 0.005, 0.05, 0.5].

We construct these estimators over 250 independent runs and then construct box and whisker
plots summarizing the empirical distance between the estimators and the true mean. The boxes
have as a lower bound the first quartile (1, in the middle the sample median M, and at the top
the third quartile ()3. The whiskers of the plot are given by the largest and smallest point falling
within M + 1.5 x (@3 — )2), respectively. All other points are displayed as outliers. We only
include the sample mean in the first plot as to not compress the empirical distributions associated
with other estimates.

As expected, the sample mean suffers heavily from outliers. For A € {0.0005,0.005} (cor-
responding to truncation at large radii), the geometric median-of-means estimate is roughly two
times closer to the mean than either truncation-based estimate. In the setting of aggressive trun-
cation (A € {0.05,0.5}), the truncated mean estimator centered at the geometric median-of-
means initial estimate offers a significantly smaller distance to the true mean than just geometric
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median-of-means alone. The truncated estimate centered at the sample mean performs similarly
for A\ = 0.05, but suffers heavily from outliers when A = 0.5. Interestingly, the recommended
truncation level for optimizing tightness at n = 100,000 samples is A ~ 0.0004 per Corol-
lary 3.2.2. Our experiments reflect that one may want to truncate more aggressively than is
recommended in the corollary. In practice, one could likely choose an appropriate truncation
level through cross-validation.

3.6 Summary

In this work, we presented a novel analysis of a simple truncation/threshold-based estimator of
a heavy-tailed mean in smooth Banach spaces, strengthening the guarantees on such estimators
that currently exist in the literature. In particular, we allow for martingale dependence between
observations, replace the assumption of finite variance with a finite p-th moment for 1 < p < 2,
and let the centered p-th moment be bounded instead of the raw p-th moment (thus making the
estimator translation invariant). Our bounds are also time-uniform, meaning they hold simulta-
neously for all sample sizes. We provide both a line-crossing inequality that can be optimized
for a particular sample size (but remains valid at all times), and a bound whose width shrinks to
zero at an iterated logarithm rate. Experimentally, our estimator performs quite well compared
to more computationally intensive methods such as geometric median-of-means, making it an
appealing choice for practical problems.

3.A Noncentral moment bounds

For completeness, we state our bound when we assume only a bound on the raw (uncentered)
p-th moment of the observations. This was the setting studied by Catoni and Giulini [23]. We
replace assumption 1 with the following:

Assumption 3. We assume (X,,),>1 are a sequence of B-valued random variables adapted to a
filtration (F,,)n>0 such that

(1) E(X, | Fuo1) = p foralln > 1 and some unknown p € B, and

(2) sup,>1 E([|[ X | Faz1) < v < 00 for some known p € (1,2] and some known constant
v > 0.

With only the raw moment assumption, we do not try and center our estimator. Instead we
deploy in(0,X,0) = 137 _ Trunc(AX,,)X,,. With this estimator we obtain the following
result, which achieves the same rate as Catoni and Giulini [23] and Chugg et al. [32].

Theorem 3.A.1. Let X1, X5, ... be random variables satisfying Assumption 3 which live in some
Banach space (B, || - ||) satisfying Assumption 2. Fix any § € (0,1]. Then, for any X > 0, with
probability 1 — 6, simultaneously for all n > 1, we have:

~ log(2/6
1702(0, X, 0) — ]| < 20AP"1(€,(B) + K,2°7") + %. (3.A.1)
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Moreover, if we want to optimize the bound at a particular sample size n* and we set

B log(2/0) Vr
A= (Qn*U(QP(IB) + Kp2p1)) ’

then with probability 1 — 9,

1-1/p
1752(0, X, 0) — ]| < (20(€,(B) + K,2P71))/? (M) . (3.A.2)

Proof. Apply Theorem 3.2.1 with £ = 0 and Z, = 0. Then note that we can take r(6,0) = v'/?
for all ¢ since ||| < (E||X||?)Y/? < v!/? by Jensen’s inequality. [ |
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Part 11

Applications of Martingale Concentration
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Chapter 4

Fully Adaptive Composition in Differential
Privacy

Composition is a key feature of differential privacy. Well-known advanced composition
theorems allow one to query a private database quadratically more times than basic pri-
vacy composition would permit. However, these results require that the privacy parameters
of all algorithms be fixed before interacting with the data. To address this, Rogers et al.
[133] introduced fully adaptive composition, wherein both algorithms and their privacy
parameters can be selected adaptively. They defined two probabilistic objects to measure
privacy in adaptive composition: privacy filters, which provide differential privacy guar-
antees for composed interactions, and privacy odometers, time-uniform bounds on pri-
vacy loss. There are substantial gaps between advanced composition and existing filters
and odometers. First, existing filters place stronger assumptions on the algorithms being
composed. Second, these odometers and filters suffer from large constants, making them
impractical. We construct filters that match the rates of advanced composition, including
constants, despite allowing for adaptively chosen privacy parameters. En route we also
derive a privacy filter for approximate zCDP. We also construct several general families of
odometers. These odometers match the tightness of advanced composition at an arbitrary,
preselected point in time, or at all points in time simultaneously, up to a doubly-logarithmic
factor. We obtain our results by leveraging advances in martingale concentration. In sum,
we show that fully adaptive privacy is obtainable at almost no loss.

4.1 Introduction

Differential privacy [55] is an algorithmic criterion that provides meaningful guarantees of in-
dividual privacy for analyzing sensitive data. Intuitively, an algorithm is differentially private if
similar inputs induce similar distributions on outputs. More formally, an algorithm A : X — Y
is differentially private if, for any set of outcomes G C ) and any neighboring inputs z, 2’ € X,

P(A(z) € G) < eP(A(2') € G) + 6, (4.1.1)

where € and ¢ are the privacy parameters of the algorithm.
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A key property of differential privacy is graceful composition. Suppose Ay,..., A, are al-
gorithms such that each A,, is (e, d,,)-differentially private. Advanced composition [57, 84]
states that, for any ¢’ > 0, the composed sequence of algorithms is (e, §)-differentially private,
where 0 = 0"+ > Om, and

c= |2log (%) S+ e (Z:;D 4.12)

When all privacy parameters are the same and small, we roughly have ¢ = O(y/ne,,). Hence,
analysts can make use of sensitive datasets with a slow degradation of privacy.

However, there is a major disconnect between most existing results on privacy composition
and modern data analysis. As analysts view the outputs of algorithms, the future manner in
which they interact with the data changes. Advanced composition allows analysts to adaptively
select algorithms, but not privacy parameters. In many cases, analysts may wish to choose the
subsequent privacy parameters based on the outcomes of the previous private algorithms. For
example, if an analyst learns, from past computations, that they only need to run one more
computation, they should be able to use the remainder of their privacy budget in the final round.
Likewise, if an analyst is having a hard time deriving conclusions, they should be allowed to
adjust privacy parameters to extend the allowable number of computations.

This desideratum has motivated the study of fully adaptive composition, wherein one is al-
lowed to adaptively select the privacy parameters of the algorithms. Rogers et al. [133] define
two probabilistic objects which can be used to ensure privacy guarantees in fully adaptive com-
position. The first, called a privacy filter, is an adaptive stopping condition that ensures an entire
interaction between an analyst and a dataset retains a pre-specified target privacy level, even
when the privacy parameters are chosen adaptively. The second, called a privacy odometer, pro-
vides a sequence of high-probability upper bounds on how much privacy has been lost up to any
point in time. While this work took the first steps towards fully adaptive composition, their filters
and odometers suffered from large constants and the latter suffered from sub-optimal asymptotic
rates.

We show that, as long as a target privacy level is pre-specified, one can obtain the same rate as
advanced composition, including constants. We also construct families of privacy odometers that
are not only tighter than the originals, but can be optimized for various target levels of privacy.
Overall, we show that full adaptivity is not a cost—but rather a feature—of differential privacy.

m<n

4.1.1 Related Work

Privacy Composition: There is a long line of work on privacy composition. The “basic com-
position” theorem states that, when composing private algorithms, the privacy parameters (both
e and 0) add up linearly [55, 54, 51]. The “advanced composition” theorem allows the total e
to grow sublinearly with a small degradation on ¢ [57]. Later work [84, 123] studies “optimal”
composition, a computationally intractable formula that tightly characterizes the overall privacy
of composed mechanisms.

More recently, several variants of privacy have been studied including (zero)-concentrated
differential privacy (zCDP) [20, 53], Renyi differential privacy (RDP) [122], and f-differential
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privacy (f-DP) [46]. These all exhibit tighter composition results than differential privacy, but
for restricted classes of mechanisms. These results do not allow adaptive choices of privacy
parameters.

Privacy Filters and Odometers: Rogers et al. [133] originally introduced privacy filters and
odometers, which allow privacy composition with adaptively selected privacy parameters. While
their contributions provide a decent approximation of advanced composition, their bounds suffer
from large constants, which prevents practical usage. Our work directly improves over these
initial results. First, we construct privacy filters essentially matching advanced composition. We
also provide flexible families of privacy odometers that outperform those of Rogers et al. [133].

Feldman and Zrnic [61] leverage RDP to construct Rényi filters, where they require individual
mechanisms to satisfy RDP. Since our proof establishes a new privacy filter for approximate
zCDP [20], our results also extend to approximate RDP [127], which directly generalizes their
Rényi filter. Even though it is also possible to obtain a privacy filter for (¢, §)-DP through Rényi
filters [61], this result requires a stronger assumption that algorithms being composed satisfy
probabilistic (i.e. point-wise) differential privacy [85]. Since converting from differential privacy
to probabilistic differential privacy can be costly (see Lemma 4.4.2), our filters demonstrate an
improvement by avoiding the conversion cost.

More recently, Koskela et al. [93] and Smith and Thakurta [146] provide privacy filters for
Gaussian DP (GDP) [46]. However, their results do not hold for more general mechanisms under
f-DP and therefore cannot handle algorithms with rare “catastrophic” privacy failure events, in
which the privacy loss goes to infinity. Both of our (e, §)-filter and approximate zCDP filters can
handle such events.

Feldman and Zrnic [61] and Lécuyer [105] construct RDP odometers. The former work
sequentially composes Rényi filters and the latter work simultaneously runs multiple Rényi filters
and takes a union bound. Neither odometer provides high probability, time-uniform bounds on
privacy loss, making these results incomparable to our own. We believe our notion of odometers,
which aligns with that of Rogers et al. [133], is more natural.

To prove our results, we leverage time-uniform concentration results for martingales [73,
76]. The bounds in these papers directly improve over related self-normalized concentration
results [40, 27]. These latter bounds were leveraged in Rogers et al. [133] to construct filters and
odometers.

4.1.2 Summary of Contributions

In this work, we provide two primary contributions. We present these results in full rigor follow-
ing a brief discussion of privacy basics and martingale theory in Section 4.2.

In Theorem 4.3.3 of Section 4.3, we construct privacy filters that match the rate of advanced
composition, significantly improving over results of Rogers et al. [133]. Our filter follows from a
more general approximate zCDP/RDP filter [20, 127] presented in Theorem 4.3.1. In particular,
this approximate zCDP/RDP filter greatly generalizes existing filters from the pure RDP setting
[61]. This extension allows us to capture a broader class of algorithms and avoids the conversion
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Figure 4.1: Figure 4.1a compares the lower order terms of advanced composition and our privacy
filter. Figure 4.1b compares the original odometer of Rogers et al. [133] with our odometers
(filter, mixture, and stitched).

loss when translating bounds between pure RDP and (e, §)-differential privacy. We state an
informal version of filter in the case of approximate differential privacy below!.

Informal 4.1.1 (Improved Privacy Filter). Fix target privacy parameters ¢ > 0 and 6 > 0, and
suppose (A, )n>1 is an adaptively selected sequence of algorithms. Assume that A,, is (€, 6, )-DP
conditioned on the outputs of the first n—1 algorithms, where €,, and 0,, may depend on outputs of

Ay, ..., A,_1. If a data analyst stops interacting with the data before \/2 log (%) Zm§n+1 €2 +

2> eni1 €o > € then the entire interaction is (¢, §)-DP.

In Theorem 4.4.5 of Section 4.4, we construct improved privacy odometers — that is, se-
quences of upper bounds on privacy loss which are all simultaneously valid with high probabil-
ity. Our three families of odometers theoretically and empirically outperform those of Rogers
et al. [133]. See Figure 4.1b for a comparison.

For both results, our key insight is to view adaptive privacy composition as depending not

on the number of algorithms being composed, but rather on the sums of squares of privacy

2

parameters, » . _ e . This shift to looking at “intrinsic time” allows us to apply recent advances

in time-uniform concentration [73, 76] to privacy loss martingales. Overall, our results show that
there is essentially no cost for fully adaptive private data analysis.

'In Appendix 4.D, we provide an alternative proof for our privacy filter result through reductions to generalized
randomized response. While it gives the exact same rates, we believe it could be of independent interest. For
example, it may be useful for obtaining filters with rates like the optimal composition [123, 84], which used a
similar reduction to randomized response in their analysis.
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4.2 Background on Differential Privacy

Throughout, we assume all algorithms map from a space of datasets X’ to outputs in a measurable
space, typically either denoted (), G) or (Z,H). For a sequence of algorithms (A,,),,>1, we often
consider the composed algorithm A, := (Ay,...,A,). For more background on measure-
theoretic matters, as well as on the notion of neighboring datasets, see Appendix 4.A.

We start by formalizing a generalization of differential privacy in which the privacy param-
eters of an algorithm A, can be functions of the outputs of A;,..., A, ;. In particular, we
replace the probabilities in Equation (4.1.1) with conditional probabilities given relevant random
variables.

Definition 4.2.1 (Conditional Differential Privacy). Suppose A and B are algorithms mapping
from a space X’ to measurable spaces (), G) and (Z, H) respectively. Suppose €, : Z — R
are measurable functions. We say the algorithm A is (¢, 0)-differentially private conditioned on
B if, for any neighbors z, ' € X and for all measurable sets G € G, we have

P(A(z) € G | B(z))
< e BOIP(A(2)) € G | B(z)) + §(B(x)).

For conciseness, we will write either € or €(x) for ¢(B(x)) and likewise 0 or §(z) for §(B(z)).

In the nth round of adaptive composition, we will set A := A, and B := A;.,,_1. In this
setting, the analyst has functions €,,d, : V"' — R, and takes the nth round privacy parame-
ters to be €, (A1.,—1(x)) and 6,,(A1.,—1(x)). In other words, the analyst uses the outcome of the
first n — 1 algorithms to decide the level of privacy for the nth algorithm, ensuring that A, is
(€n, 6, )-differentially private conditioned on Aj.,,_;.

We will also leverage the notion of zero-concentrated differential privacy (zCDP) [20], which
often provides a cleaner analysis for privacy composition. First, we will recall the definition of
Rényi divergence.

Definition 4.2.2. The Rényi divergence from P to @) of order A > 1 is defined as

(P(Y) ) A—1
Q(Y) '
The notion of zCDP bounds the Rényi divergence from A(x) to A(z") for any neighbors x
and z’. We will focus on a conditional version of a more general definition called approximate
zCDP [20, 127] that permits a small probability of unbounded Rényi divergence. The conditional
approximate zCDP definition we provides uses the convex mixture formulation adapted from
Papernot and Steinke [127], since it is more convenient for our proof. In Appendix 4.C.1, we will

show that in the case ¢ and p are constant, this definition is equivalent to the original definition
in Bun and Steinke [20].

1
Dy(P||Q) :== \

1 log (EYNP
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Definition 4.2.3 (Conditional Approximate zCDP). Suppose A : X x Z — Y with outputs in a
measurable space (), G). Suppose d, p : J — R>(. We say the algorithm A satisfies conditional
d(z)-approximate p(z)-zCDP if, for all z € Z and any neighboring datasets z, ', there exist
probability transition kernels? P, P, Q', Q" : Z x G — [0, 1] such that the conditional outputs
are distributed according to the following mixture distributions:

A(z;2) ~ (1= 6(2)P'(- | 2) + 6(2) P"(- | 2)
A’ 2) ~ (1= 0(2))Q'(- ] 2) +6(2)Q"(- | 2),

where for all A > 1, Dy(P'(- | 2)||Q'(- | 2)) < p(2)X and DA(Q'(- | 2)||P'(- | 2)) < p(2)A for
all z € Z.

We will also use the notions of filtration and martingales.

Filtration and Martingales: A process (X,,),cn is said to be a martingale with respect to a
filtration (F,),en if, for all n € N, (a) X, is F,,-measurable, (b) E|X,,| < oo, and (c) E(X,, |
Fn_1) = X,_1. Correspondingly, (X, )en is a supermartingale if E(X,, | F,—1) < X,_1.
In our context, we will consider the natural filtration (F,,(z)),en generated by (A, (z))p>1. In
our proofs, we construct the appropriate (super)martingales so that we can leverage the optional
stopping theorem and time-uniform concentration to obtain privacy filters and odometers [157,
73, 76]. We present a full exposition of the mathematical tools in Appendix 4.A and 4.B.

4.3 Privacy Filters

We now provide our main results on privacy filters. In general, a privacy filter is a function NV
that takes the privacy parameters of a sequence of private algorithms as input and decides to
stop at some point so that the composition of these algorithms satisfies a pre-specified level of
privacy. We will first present a privacy filter for approximate zCDP (Theorem 4.3.1), which will
immediately imply the privacy filter result for (e, d)-DP (Theorem 4.3.3). Since approximate
zCDP bounds Rényi divergence of all orders A, our proof for Theorem 4.3.1 also directly implies
a privacy fiter for approximate RDP [127], which generalizes the RDP filter by Feldman and
Zrnic [61].

Our (¢, §)-DP filter improves on the rate of the original filter presented in Rogers et al. [133]
and matches the rate of advanced composition that requires pre-fixed choices of privacy param-
eters. Even though it is also possible to obtain an (e, §)-DP filter through the result of Feldman
and Zrnic [61], our privacy filters avoid their conversion costs and provide a tighter bound.?

We can now state our general privacy filter in terms of approximate zCDP.

Theorem 4.3.1 (Approximate zCDP filter). Let (A,,),>1 be an adaptive sequence of algorithms,
where A, : X x Y — Y. Assume that b, p, : V"' — Rso. For any n > 1, assume that

2 A probability transition kernel P' : Z x G — [0, 1] is a mapping such that P(- | z) : G — [0, 1] is a probability
measure for each z € Z.

3Feldman and Zrnic [61, Section 4.3] apply Rényi filters to algorithms which satisfy (conditional) probabilistic
differential privacy (pDP). In general, a lossy conversion from (¢, §)-DP to (¢, §)-pDP is required to apply their filter.
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An(55Y1:m—1) is conditionally 6, (y1.,—1)-approximate p,(y1.,—1)-zCDP for any prior outcomes
Y1.n_1. We define the function N : Y*° — N where

n+l n+1
N(y1,y2,---) = inf {n : Z Pm(Y1m—1) > p} A Inf {n : Z Om(Y1:m—1) > 5} )
m=1 m=1

Then Ay.n(.(-) is 6-approximate p-zCDP, where N (x) = N ((An(2))n>1)-

We note that the argument used to prove the above theorem immediately implies a privacy
filter for approximate RDP, and thus Theorem 4.3.1 can be viewed as a strict generalization
of the work of Feldman and Zrnic [61]. Further, Theorem 4.3.1 implies a privacy filter under
(€, 0)-differential privacy. To show this implication, we will use the following conversion results.

Lemma 4.3.2 ([20]). If A satisfies (¢,5)-DP, then A satisfies 6-approximate 3€*-zCDP. If A
satisfies §-approximate p-zCDP, then A satisfies (p + 2+/pIn(1/0"),6 + (1 — §)¢")-DP.
We can now obtain our (e, §)-privacy filter by a conversion of individual approximate differ-

ential privacy parameters to approximate zCDP ones, application of the approximate zCDP filter,
and the conversion of approximate zCDP back to approximate differential privacy.

Theorem 4.3.3 ((¢, §)-DP filter). Suppose (A,,)n>1 is a sequence of algorithms such that, for any
n > 1, A, is (en, 0,)-differentially private conditioned on Ay.,_1. Let ¢ > 0 and 6 = §' + " be
target privacy parameters such that ' > 0 and " > 0. We define the function N : Y — N
where

n+1 n+1
N(y1,y2,--+) = inf {n : Z € (Yrm—-1)/2 > p} A inf {n : Z Om (Y1im—1) > 5} .
m=1

m=1

Then, the algorithm Ay.n(y(-) is (p + 2+/plog(1/9),0)-DP, where N(x) := N ((An(2))n>1)-

Proof of Theorem 4.3.1. In our proof, we assume that >~ 0, (y1.,—1) < d for all sequences
(Yn)n>1 Without loss of generality. Let P, and ()1.,, denote the joint distributions of (A4, ..., A,)
with inputs z and 2/, respectively. We overload notation and write Py.,,(y1, . - ., Yn) and Q1., (Y1, - - -, Yn)
for the likelihood of y, ..., y, under input x and z’ respectively. We similarly write P, (y, |
Y1:n—1) and Q,,(yYn | y1.n—1) for the corresponding conditional densities.

By Bayes rule, for any n € N, we have

Pl:n(yh e 7yn) = H Pm(ym ‘ yl:m—l)a
m=1

Ql:n(yb e ayn) = H Qm(ym | yl:m—l)-
m=1

By our assumption of approximate zCDP at each step n, we can write the conditional likeli-
hoods of P, and (), as the following convex combinations:

Pn(yn | yl:n—l) - (1 - 6n(y1:n—1))P7;(yn | yl:n—l) + 5n(y1:n—1)P7;,(yn | yl:n—1>7
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Qn(yn | yl:n—l) - (1 - 5n(y1n—1))Q{n(yn | yl:n—l) + 6n(y1:n—1)Q;fL(yn | yl:n—1)7

such that for all A > 1 and all prior outcomes y;.,_1, we have both

D)\ (P,,/l( ‘ yl:nfl) H Q{n( ‘ yl:nfl)) < pn(yl:n—l))\, (431)

Dy (Q;L( | yl:n—l) H Pr/L( ‘ yl:n—l)) < pn(ylsn—l))\- 4.3.2)

Now, from Lemma 4.C.5, we can then write these distributions as a convex combination of
“good” distributions for which Rényi divergence is small, and “bad” distributions for which the

divergence may be unbounded. In more detail, using the assumption that >~ >~ 0,,(y1.n-1) < 0
for all seqeunces (y,,),>1, we have, for all n > 1,

Pro(ys,- yn) = (1=0) [] Pr(mlyrm 1) +6PL(y1, -+ yn) (4.3.3)

J/

Pl (Y1, yn)

len(yla T 7yn) = (1 - 5) H Q;n(ymwl:m—l) +5Q/1/:n(yla U 7yn)' (43'4)
m=1

-

o (Y1, )

From the above, if N : > — N is the time outlined in the theorem statement, it follows that
the joint densities* P,y of A;(x), - - ANy () and Qq.y of Ai(2'),- - An(ry(2'), and both can
be written as a convex combination of distributions (Pj., P ) and (Q).x, Q). n):

N
Pin(y1,y2,-++ syn) = (1= 9) H By (Ynlyrin—1) +0 Pl (Y1, y2, -+ yn)
n=1
Pl (092 )
N
Qun (Y1, Y2, yn) = (1 =) H Qn(Ynlyrn—1) +0Q N (Y1, Y2, -+, Yn)
n=1

Q1. Ny W1,y2, ,UN)

In the above, we notate quantities in terms of “/N” instead of “N(z)” or “N(2’)” since N only
depends on the underlying dataset x or ' through the observed sequence of iterates (yy,)n>1.
What remains now is to bound the Rényi divergence between P}, and )’y,. We do this using an
optional stopping argument for non-negative supermartingales (Lemma 4.B.1). Suppose (Y,!),>1
is a process whose nth finite-dimensional distribution is given by P.. For any fixed A > 1, define

the process (M,(IA))HZO by:

MW = exp {()\ -1 {log (P;”(Y’;l | Yl,”"—l)) - )\pm(Y{:ml)} } . (4.3.5)

Q@ (Yo | Yiip)

m<n

“We ignore measure-theoretic concerns about specifying which dominating measures these densities are defined
with respect to.
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Itis clear that MV is a non-negative supermartingale with respect to natural filtration (F},),,>1
given by F) := o(Y,) : m < n), a fact that we confirm in Lemma 4.C.4. We emphasize that
(F;)n>1 is not in fact the data generating filtration, but rather a tool used for theoretical anal-
ysis. In more detail, we consider this filtration because, heuristically, approximate zCDP aims
at bounding the moment generating function of a “good” portion of the joint distribution — the
true joint distribution may allow some probability of catastrophic failure (i.e. unbounded privacy
loss). We adopt the same convention that N := N (yy, 4o, . .. ) with the explicit values of (y,,),>1
clear from context. Observe that N((Y),,>1) is a stopping time with respect to (F,),>o. We
now invoke optional stopping (Lemma 4.B.1), which yields

[ N(vayz'v---)] s 1 = exXp ( - ) (Z: | 0g O (Y’ | Y/ 1) - pn( 1:n—1> >
n<N(Y{,Yy, nATn n=

B (Yo | Yie _
— E |exp | (A—1) Z log (Q’ A Yl’. 1))) < AO-p
L n<N (Y], Y],) n\-n lin—1

el (e ()

What we have just showed is precisely that

D)\ (P{:N ’ Qll:N) < p)‘>

which is precisely the desired result. A symmetric argument yields an identical bound on
Dy\(Q}.n | P|.5). Thus, we have showed the desired result. [

4.4 Privacy Odometers

Previously, we constructed privacy filters that matched the rate of advanced composition while
allowing both algorithms and privacy parameters to be chosen adaptively. While privacy filters
require the total level of privacy to be fixed in advance, it is desirable to track the privacy loss
at all steps without a pre-fixed budget [109]. We now study privacy odometers which provide
sequences of upper bounds on accumulated privacy loss that are valid at all points in time simul-
taneously with high probability.

4.4.1 Background on Privacy Loss and Odometers

To formally introduce privacy odometers, we will first revisit the notion of privacy loss, which
measures how much information is revealed about the underlying input dataset. For neighbors
z,r’ € X, let p® and p* be the densities of A(x) and A(x') respectively. The privacy loss
between A(z) and A(z') is defined as

L(z,2') :=log <}%) . 4.4.1)
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By Equation (4.4.1), a negative privacy loss suggests that the input is more likely to be 2/, and
likewise a positive privacy loss suggests that the input is more likely to be . We now generalize
privacy loss to its conditional counterpart.

Definition 4.4.1 (Conditional Privacy Loss). Suppose A and B are as in Definition 4.2.1. Sup-
pose z, 2’ € X are neighbors. Let p®(-|-),p” (-]-) : I x Z — Rx be conditional densities for
A(z) and A(2') respectively given B(z).> The privacy loss between A(z) and A(x’) conditioned

n B is given b
o Cate ) o g (LLAIZED)
)= los @)

Suppose A, is the nth algorithm being run and we have already observed Aj;.,_1(x) for some
unknown input x € X. If we are trying to guess whether x or a neighbor z’ produced the data,
we would consider the privacy loss between A, (z) and A, (z") conditioned on Ay.,,_1(z). It is
straightforward to characterize the privacy loss of a composed algorithm A;., in terms of the
privacy loss of each constituent algorithm Ay, - - - , A,,. Namely, from Bayes rule,

Lin(z,2) Z Lo (x, x") (4.4.2)

where L,,(x, ') is shorthand for the conditional privacy loss between A,,(z) and A,,(z") given
At.m—1(x), per Definition 4.4.1. Equation (4.4.2) also holds at arbitrary random times N (x) that
only depend on the dataset x € & through observed algorithm outputs.

The simple decomposition of privacy loss noted above motivates the study of an “alternative”,
probabilistic definition of differential privacy. Intuitively, an algorithm should be differentially
private if, with high probability, the privacy loss is small. More formally, an algorithm A : X —
Y is said to be (¢, §)-probabilistically differentially private, or (€, d)-pDP for short, if, for all
neighboring inputs z, 2’ € X, we have P (|L(z,2")| > €) < 4. In the previous line (as well as in
the remainder of the section), the randomness in £(z, 2’) comes from the randomized algorithm
A.

Unfortunately, as noted by Kasiviswanathan and Smith [85] (in which pDP is called point-
wise indistinguishability), pDP is a strictly stronger notion than DP. In particular, if an algorithm
is (¢, 0)-pDP, it is also (e, §)-DP. The converse in general requires a costly conversion.

Lemma 4.4.2 (Conversions between DP and pDP [85]). If Ais (€,0)-pDP, then A is also (e, 0)-
DP. Conversely, if A is (e, 6)-DP, then A is (2¢, 2 )-pDP.

We note that that Guingona et al. [66] have recently shown that other possible conversion rates
from probabilistic differential privacy to approximate differential privacy are possible. However,
we note that these conversions require trading off tightness in the approximation parameter e
and the approximation parameter J. In particular, a fully tight conversion from probabilistic
differenial privacy to approximate differential privacy is not possible. We will work with the
conditional counterpart of probabilistic differential privacy (pDP).

5To ensure the existence of conditional densities, it suffices to assume that ) and Z are Polish spaces under
some metrics dy and dz, and that G and ‘H are the corresponding Borel o-algebras associated with dy and dz [50].
These measurability assumptions are not restrictive, as Euclidean spaces, countable spaces, and Cartesian products
of the two satisfy these assumption.
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Definition 4.4.3 (Conditional Probabilistic Differential Privacy). Suppose A : X — ) and
B : X — Z are algorithms, and ¢,6 : Z — R5( are measurable. Then, A is said to be (¢,0)-
probabilistically differentially private conditioned on B if, for any neighbors z, 2’ € X, we

have
P(|Lp(z,2")| > e(B())|B(x)) < 6(B(z)).

While in Theorem 4.3.3 we assumed that the algorithms being composed were conditionally
differentially private, here, we need to assume conditional probabilistic privacy. This is because
our goal is not differential privacy, but rather tight control over privacy loss. We conjecture that
a version of our privacy odometer (in Theorem 4.4.5) that replaces pDP by DP and leaves all
else identical does not hold. Our intuition for this conjecture is that there exist simple examples
of algorithms satisfying (¢, §)-DP that don’t satisfy (¢, §)-pDP (see Appendix 4.F, for instance).
We believe that, by sequentially composing such algorithms and using anti-concentration results,
one can show that some odometers fail to be valid. We leave this as potential future work. In
sequential composition, we would assume the nth algorithm A, is (e,, d, )-pDP conditioned on
Aj.,—1. The privacy parameters would be given as functions of Ay, ;(z). Now we state the
definition of privacy odometer, which provides bounds on privacy loss under arbitrary stopping
conditions (e.g. conditions based on model accuracy).

Definition 4.4.4 (Privacy Odometer [133]). Let (A4,),>1 be an adaptive sequence of algorithms
such that, for all n > 1, A, is (€,, §,)-pDP conditioned on A;.,, ;. Let (u,),>; be a sequence
of functions where u,, : RZ;' x RZ;' — Rsg. Let § € (0,1) be a target confidence parameter.
Forx € X,n > 1, define U, () := tn(€1.0—1(2), 01.n_1(2)). Then, (u,),>1 is called a 6-privacy
odometer if, for all x, 2’ € X neighbors, we have

P(En>1: Lyy(x,2") > Uy(x)) <.

4.4.2 Improved Privacy Odometers

We construct our privacy odometers in Theorem 4.4.5. Our technical centerpiece is time-uniform
concentration inequalities for martingales [157, 73, 76]. For a martingale (M, ),en and confi-
dence level § > 0, time-uniform concentration inequalities provides bounds (U, ),y satisfying
P(3n € N : M,, > U,) < 6. Thus, if we can create a martingale from privacy loss, we can
use time-uniform concentration to construct odometers. Our proof first considers the case where
each A, is (e,,0)-pDP and the privacy loss martingale (M,,),en [57] is given by My = 0 and:

My, = My(2,2') = Lin(z,2) = > E(Ln(z, )| Foo1(2)) (4.4.3)
m<n
We then extend to the case of §,, > 0 via conditioning.
To construct their filters and odometers, Rogers et al. [133] use self-normalized concentration
inequalities [40, 27]. We instead use advances in time-uniform martingale concentration [73, 76],
which yields tighter results.

Theorem 4.4.5. Suppose (A,)n>1 is a sequence of algorithms such that, for any n > 1, A,
is (€,, 0, )-pDP conditioned on Ay., 1. Let § = &' + 0" be a target approximation parameter
such that & > 0,0" > 0. Define N := N((6,)n>1) = inf{n eN:6" <> _ . 0y} and
Vi := 3 cn € Define the following:
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2
1. Filter odometer. For any ¢ > 0, let y* := ( \/2log (% 2log 5i —i—e) . Define
functions (ul),>1 by

n>N

F -
Uy, (Elzna(sl:n) = \/Qy* log i, \/210g 6, Vo4 1V otherwise

2. Mixture odometer. For any v > 0, define the sequence of functions (u}), >, by

00 n>N

\/2 log ( V"—7> (v+ Vo) + 3V, otherwise.

uilw(el:na(slzn) =

3. Stitched odometer. For any vy > 0, define the sequence of functions (u2),>1 by

00 n> N orV, <
ui(elznaélzn) =
1.7\/V <log log (Wn) + 0.721og (%—?)) + %Vn else.

Then, any of the sequences (uf),>1, (UM),>1, or (u),>1 is a §-privacy odometer.

The proof of Theorem 4.4.5 can be found in Appendix 4.E. We now provide intuition for
our odometers, which are plotted in Figure 4.3. Our insight is to view odometers not as func-
tions of the number of algorithms being composed, but rather as functions of the intrinsic time
> m<n €m- This reframing allows us to leverage the various time-uniform concentration inequal-
ities discussed in Appendix 4.B. The filter odometer is the tightest odometer when the value
Zm<n €2 is close to a fixed accumulated variance y*, but the tightness drops off precipitously
when > <n €2 is far from y*. The mixture odometer, which is named after the the method of
mixtures [132, 45, 76], sacrifices tightness at any fixed point in time to obtain overall tighter
bounds on privacy loss. This odometer can be numerically optimized, in terms of p, for tightness
at a predetermined value Y _ 2. The stitched odometer, whose name derives from Theo-
rem 4.B.4, is similarly tight across time. This odometer requires that Zm<n e;, exceed some
pre-selected “variance” v, before becoming nontrivial (i.e. finite). Larger values of vy will yield
tighter odometers, albeit at the cost of losing bound validity when accumulated variance is small.
With this intuition, we can compare our odometers to the original presented in Rogers et al.

[133].

Lemma 4.4.6 (Theorem 6.5 in Rogers et al. [133]). Assume the same setup as Theorem 4.4.5,
and fix 6 = 8 + 6", where é > §' > 0and §" > 0. Define the sequence of functions (u%),>, by

,

n>N
\/ Vo (log(110¢) + 210g (542 )) + 1, n< N Vo€ |G
u (Elnaéln) - ?
\/ (% ) (1+ 2log (1 + |z|*V,)) loglog (5 logy(|z]))  +3Va,
otherwise

\

where || denotes the number of elements in dataset x. Then, (u%),> is a §-privacy odometer:
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Figure 4.2: Comparison of filter, mixture, and stitched odometers plotted as functions of
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tially private for simplicity.
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Figure 4.3: Figure 4.3a compares our odometers to the original. Figure 4.3b compares them
with advanced composition optimized point-wise. The curve plotted for advanced composition
is valid at any fixed time, but not uniformly over time. Our odometers nevertheless provide a
close approximation.

Our new odometers improve over the one presented in Lemma 4.4.6. First, the above odome-
ter has an explicit dependence on dataset size. In learning settings, datasets are large, degrading
the quality of the odometer. Secondly, the tightness of the odometer drops off outside of the

interval [#, 1} . If any privacy parameter of an algorithm being composed exceeds 1, the bound

becomes significantly looser. Lastly, and perhaps most simply, the form of the odometer is com-
plicated. Our odometers all have relatively straightforward dependence on the intrinsic time
D < €

We now examine the rates of all odometers. For simplicity, let v := > _ €2 . The stitched
odometer has a rate of O(1/vloglog(v)) in its leading term, asymptotically matching the law of
the iterated logarithm [132] up to constants. Both the original privacy odometer and the mixture
odometer have a rate of O(4/v log (v)), demonstrating worse asymptotic performance. The filter
odometer has the worst asymptotic performance, growing linearly as O (v). This does not mean
the stitched odometer is the best odometer, since target levels of privacy are often kept small.

To empirically compare odometers, it suffices to consider the setting of pure differential pri-
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vacy, as the odometers identically depend on (6,,),>1. Each presented odometer can be viewed
as a function of v, allowing us to compare odometers by plotting their values for a continuum
of v. Figure 4.3a shows that there is no clearly tightest odometer. All odometers, barring the
original, dominate for some window of values of v. While the stitched odometer is asymptot-
ically best, the mixture odometer is tighter for small values of v. Likewise, if one knows an
approximate target privacy level, the filter odometer is tightest. This behavior is expected from
our understanding of martingale concentration [73, 76]: there is no uniformly tightest bound-
ary containing (with probability 1 — ¢) the entire path of a martingale; boundaries that are tight
early must be looser later, and vice versa. In fact, we conjecture that our bounds are essentially
unimprovable in general — this conjecture stems from the fact that the time-uniform martin-
gale boundaries employed have error probability essentially equal to 6, which in turn stems from
the deep fact that for continuous-path (and thus continuous-time) martingales, Ville’s inequality
(Theorem 1.0.2)—that underlies the derivation of these boundaries—holds with exact equality.
Since we operate in discrete-time, the only looseness in Ville’s inequality stems from lower-order
terms that reflect the possibility that at the stopping time, the value of the stopped martingale may
not be exactly the value at the boundary.

In Figure 4.3b, we compare our odometers with advanced composition optimized in a point-
wise sense for all values of v simultaneously. This boundary is not a valid odometer, as advanced
composition only holds at a prespecified point in intrinsic time v. Our odometers are almost tight
with advanced composition for the values of v plotted. Our filter odometer lies tangent to the
advanced composition curve, as expected from Section 5.2 of Howard et al. [73].

4.5 Future Directions

There are many open problems related to fully adaptive composition. For example, even though
privacy filters have been studied under the notion of Gaussian DP [146, 93], privacy filters and
odometers have not been studied for general f-DP [46]. It also has not been investigated whether
adaptivity in privacy parameter selection improves the performance of iterative algorithms such
as private SGD. Intuitively, it should be beneficial to let the iterates of an algorithm guide future
choices of privacy parameters. Optimal composition results [84, 123, 170] have yet to be consid-
ered in a setting where privacy parameters are adaptively selected. In Appendix 4.D, we provide
another proof of Theorem 4.3.3, which leverages a reduction of private algorithms to generalized
randomized response. Since such a reduction was used in the proofs of Kairouz et al. [84] and
Murtagh and Vadhan [123], we believe this proof can be useful for optimal composition with
adaptively chosen privacy parameters.

4.A Measure-Theoretic Formalism

Below, we provide some measure-theoretic formalisms and details regarding datasets and neigh-
boring relations.
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Neighboring Datasets: Roughly speaking, an algorithm is differentially private if it difficult to
distinguish between output distributions when the algorithm is run on similar inputs. In general,
this notion of similarity amongst inputs is defined as a neighboring relation ~ between elements
on the input space X. In particular, if two inputs (also referred to as datasets or databases)
x,x’ € X satisfy the neighboring relation x ~ 2/, the we say x and x’ are neighbors.

There are several canonical examples of neighboring relations on the space of inputs X'. One
example is where X = X" for some data domain X. The data domain can be viewed as the
set of all possible individual entries for a dataset, and the space X" correspondingly contains all
possible n element datasets. In this setting, databases x, 2’ € X may be considered neighbors
if x and 2’ differ in exactly one entry. Another slightly more general setting is when X' = X*,
i.e., all possible datasets of finite size. In this situation, the earlier notion of neighboring still
makes sense. However, in addition, we may say input datasets x and x’ are neighbors if x
can be obtained from 2’ by either adding or deleting an element. This is a very natural notion
of neighboring, as under such a relation an algorithm would be differentially private if it were
difficult to determine the presence or absence of an individual. Our work is agnostic to the precise
choice of neighboring relation. As such, we choose to leave the notion as general as possible.

Algorithms and Random Variables: We will consider algorithms as randomized mappings
A X — Y taking inputs from X’ to some output space ). To be fully formal, we consider
the output space ) as a measurable space (), G), where G is some o-algebra denoting possible
events. Recall that a o-algebra S for a set S is simply a subset of 2° containing S and () that is
closed under countable union, intersection, and complements. When we say A is an algorithm
having inputs in some space X, we really mean A(z) is a )J-valued random variable for any
x € X. The space X need not have an associated o-algebra, as algorithm inputs are essentially
just indexing devices. Given a sequence of algorithms (A, ),>1, (A.(2)),>1 is a sequence of
Y-valued random variables, for any » € X.°

Since we are dealing with the composition of algorithms, we write Ajy.,,(x) as shorthand for
the random vector of the first n algorithm outputs, i.e. Ay.,(x) = (Ai(x),...,A,(z)). For-
mally, the random vector A;.,(z) takes output values in the product measurable space (Y™, G¥")
where G®" denotes the n-fold product o-algebra of G with itself. Likewise, since the num-
ber of algorithm outputs one views in fully-adaptive composition may be random, if NV is a
random time (i.e. a N-valued random variable), we will often consider the random vector

ALN(.CL') = (A1<l'>, . ,AN<$>>

Filtrations and Stopping Times: Since privacy composition involves sequences of random
outputs, we will use the measure-theoretic notion of a filtration. If we have fixed an input z € X,
we can assume the random sequence (A, (z)),>1 is defined on some probability space (2, F, P).
Given such a probability space, a filtration (F,,),cn of F is a sequence of o-algebras satisfying:
(1) F, C Fpyqforalln € N, and (ii) F,, C F foralln € N. Given an arbitrary )-valued discrete-
time stochastic process (X, ),>1, it is often useful to consider the natural filtration (F,,)nen given
by F, = o(X,, : m < n)and Fy = {0,Q}. Intuitively, a filtration formalizes the notion

®Even if algorithms have different types of outputs (maybe some algorithms have categorical outputs while others
output real-valued vectors), ) can still be made appropriately large to contain all possible outcomes.
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of accumulating information over time. In particular, in the context of the natural filtration
generated by a stochastic process, the nth o-algebra in the filtration F,, essentially represents the
entirety of information contained in the first n random variables. In other words, if one is given
Fn, they would know all possible events/outcomes that could have occurred up to and including
timestep n.

Lastly, we briefly mention the notion of a stopping time, as this measure-theoretic object is
necessary to define privacy filters. Given a filtration (F,,),cn, a random time N is said to be a
stopping time with respect to (F,, )en if, for any n, the event {N < n} € F,. In words, a ran-
dom time N is a stopping time if given the information in F,, we can determine whether or not we
should have stopped by time n. Stopping times are essential to the study of fully-adaptive com-
position, as a practitioner of privacy will need to use the adaptively selected privacy parameters
to determine whether or not to stop interacting with the underlying sensitive database.

4.B Martingale Inequalities

In this appendix, we provide a thorough exposition into the concentration inequalities leveraged
in this paper. First, at the heart of supermartingale concentration is Ville’s inequality [157], which
was stated in Theorem 1.0.2.

We do not directly leverage Ville’s inequality in this work, but all inequalities we use can
be directly proven from Theorem 1.0.2 [73, 76]. In short, each inequality in this supplement is
proved by carefully massaging a martingale of interest into a non-negative supermartingale.

Another useful tool we will leverage is Doob’s optional stopping theorem.

Lemma 4.B.1 (Optional stopping theorem [49]). Let (X,,)nen be a nonnegative supermartingale
with respect to some filtration (F,)nen. Then E [X.] < E[Xy| for all stopping times T that are
potentially infinite.

For our alternative proof of the privacy filter (in Section 4.D), we leverage the following
special case of a recent advance in time-uniform martingale concentration [73]. The following
Theorem 4.B.2 is just a special case of the main result in Howard et al. [73], and we include the
proof for completeness. When we say a random variable X is o?-subGaussian conditioned on
some sigma-algebra G, we mean that, for all A > 0,

E (e,\X | g) < No?/2,

In particular, if X is o2-subGaussian as above, this does not imply that — X is o-subGaussian
(because the condition is only assumed for A > 0). In general, X can have different behaviors in
its left and right tail, see for example the discussion of the differing tails of the empirical variance
of Gaussians in Howard et al. [76].

Theorem 4.B.2. Let (M,,),en be a martingale with respect to some filtration (F,,)nen such that
My = 0 almost surely. Moreover, let (0,,)n>1 be a (F,)nen-predictable sequence of random
variables such that, conditioned on F,_i, AM, = M, — M,_, is Ui—subGaussian. Define
V., = Zm<n Ufn. Then, we have, for all a,b > 0,

IP’HGN-M>b+bV <e b
MER M =y Ve ) =P )
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Proof of Theorem 4.B.2. Let (M,),cn be the martingale listed in the theorem statement. Ob-
serve that, for any a, b > 0, the process (X, ),en given by

Xn::exp< Mn—ﬁZU )

m<n

is a non-negative supermartingale. As such, applying Ville’s inequality (Theorem 1.0.2) yields

b? b?
P (Eln eN: X, >exp (—)) < exp (——) .
2a 2a

Now, on such event, taking logs and rearranging yields

b
EM"—z 2a2z m

m<n
Multiplying both sides by 3 finishes the proof. |

The predictable process (V},)nen is a proxy for the accumulated variance of (M,,),en up
to any fixed point in time. In particular, the process (V},),en can be thought of as yielding
the “intrinsic time” of the process. The free parameters a and b thus allow us to optimize the
tightness of the boundary for some intrinsic moment in time. This is ideal for us, as, for the sake
of composition, the target privacy parameter ¢ can guide us in finding a point in intrinsic time
(that is, in terms of the process (V},),en) to optimize for. We discuss how to apply this inequality
to prove privacy composition results both in this supplement and in Section 4.3.

We also leverage the following martingale inequalities from Howard et al. [76] in Section 4.4,
where we construct various families of time-uniform bounds on privacy loss in fully-adaptive
composition. These inequalities take on a more complicated form than Theorem 4.B.2, but we
explain the intuition behind them in the sequel. The first bound we present relies on the method
of mixtures for martingale concentration, which stems back to Robbins’ work in the 1970s [132].
There are many good resources providing an introduction to the method of mixtures [45, 87, 76].

Theorem 4.B.3. Let (M,),cn be a martingale with respect to some filtration (F,,)nen such that
My = 0 almost surely. Moreover, let (0,),>1 be a (]:n)neN—predictable sequence of random
variables such that conditioned on F,_i, AM,, := M, — M,_, is o2-subGaussian. Define
V, = Zm<n o;, and choose a tuning parameter7 > 0. Then, for any 6 > 0, we have

P(3neN: M, >,|2V, +7)10g<6 Vj”) <.

The next inequality relies on the recent technique of boundary stitching, first presented in

Howard et al. [76]. Intuitively, the technique works by breaking intrinsic time — that is, time

according to the accumulated variance process (V},),en — into roughly geometrically spaced

pieces. Then, one optimizes a tight-boundary in each region and takes a union bound. The actual
details are more technical, but are not needed in this work.
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Theorem 4.B.4. Let (M,,),en be a martingale with respect to (F,,)nen such that My = 0 almost
surely. Moreover, let (0,,)n,>1 be a (F,,)nen-predictable sequence of random variables such that,
conditioned on F, 1, both AM,, = M, — M, _; and —AM,, are o>-subGaussian. Define

V. =3, . 02 and choose a starting intrinsic time vy > 0. Then, for any § € (0, 1), we have

2 2
P(Hn eN: M, > 1.7\/Vn (10g log (ﬁ) +.72log (%)) and 'V, > vo) <.
Vo

Note that the original version of Theorem 4.B.4 as found in Howard et al. [76] has more free
parameters to optimize over, but we have already simplified the expression to make the result
more readable. The free parameter vy > 0 in the above boundary gives the intrinsic time at
which the boundary becomes non-trivial (i.e., the tightest available upper bound before V,, > v,
18 00).

We qualitatively compare these bounds in Section 4.4, wherein we construct various time-
uniform bounds on privacy loss processes. For now, Theorem 4.B.2 can be thought of as pro-
viding a tight upper bound on a martingale at a single point in intrinsic time, providing loose
guarantees elsewhere. On the other hand, Theorems 4.B.3 and 4.B.4 provide decently tight
control over a martingale at all points in intrinsic time simultaneously, although at the cost of
sacrificing tightness at any given fixed point.

4.C Details in Proof of Approx-zCDP Filter

4.C.1 Equivalence of Approximate zCDP Definitions

We will show that our definition of approximate zCDP is equivalent to the original definition of
approximate zCDP due to Bun and Steinke [20]. Let us first restate their definition as a condition
on a private algorithm A.

Condition 4.C.1 (Original definition of Bun and Steinke [20]). For any neighboring datasets
x, x', there exist events F and E’ such that for all A > 1,

Di(A(z) | E|A(2") | E) < pA,

Dyr(A(') | E'|A(z) | E) < pA,

P(A(z) € E) > 1 -4, and

P(A(z") e E') > 1—4.

Our definition is adapted from the approximate Rényi differential privacy definition due to
Papernot and Steinke [127]. We restate the (unconditional) definition below.

Condition 4.C.2 (Adapted from Papernot and Steinke [127]). For any neighboring datasets x, 2,
there exist distributions P’, P”, Q)’, Q" such that the outputs are distributed according to the fol-
lowing mixture distributions:

A(x) ~ (1 =08)P +6P", A(z") ~ (1 -6)Q + Q"
with forall A > 1, D,(P'[|Q") < pAand D) (P'||Q") < pA.
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Theorem 4.C.3. Conditions 4.C.1 and 4.C.2 are equivalent.

Proof of Theorem 4.C.3. Fix any neighbors x, 2’. Suppose an algorithm A satisfies Condition
4.C.1 for some events F/, E’. Then we could let P’ and Q' be the conditional distributions
P(A(x) € - | A(z) € E)and P(A(2') € - | A(2') € E’) respectively. Then let

PI() = (n»(A(x) € | Alz) € E)P(A() € B

() (P(A(x) € B) = (1-9)),
(]P A(z') € E*)P(A(«) € E°)
() (P(A(') € >—<1—5>>).

Then A(x) is distributed according to the mixture (1 — §)P" + JP”, and A(z') is distributed
according to the mixture (1 — §)Q’ + 0Q”. Thus, A also satisfies condition 4.C.2 given that
D\(P'||Q") < Apand Dy(Q'||P") < Ap by our assumption of Condition 4.C.1.

Now suppose A satisfies Condition 4.C.2 for some pairs of distributions (P’, P”) and (@', Q").
Then we can view the output distribution of A(x) as generating a Bernoulli random variable C
such that with probability (1 — ), C' = 1 and A(z) draws an outcome from P’ and with prob-
ability C' = 0 and A(z) draws an outcome from P”. Similarly, we can view A(z’) as flipping
a coin C’ such that A(z’) draws an outcome from (' when C’ = 1. Then letting the events F
be all the randomness of A(z) such that C' = 1 and E’ be all the randomness of A(x’) such that
('’ = 1 satisfies condition 4.C.1. |

c@@;l»—t’“U@;»—t

4.C.2 Missing Proofs
The following proof technique was used in prior works, including [24, 61]

Lemma 4.C4. Let (MT(L/\))nzl be as defied in Equation (4.3.5). Then, (MT([\))nzl is a non-
negative supermartingale with respect to its natural filtration (F),)n,>1 given by F,, = o(Y :
m < n).

Proof. For any k > 1,

P(Y'| Y], _ , ,
M, exp <<A - Do (20 <A = 0 a) | f]
n\*n 1:n—1
Py | Vi, D\ :
(Q/ (Y’ | YI/ 1)) | ‘Fn—l ' eXp(_/\()‘ - 1):0n(Y1m—1))
n\'n 1in—1

< MY, exp(AN — 1)pa(YY,_1)) exp(=AA = Dpa (Vi)
- M(—)b

E[M | 7] = E

- Mr(;\—)l K

where the last inequality follows from the Renyi divergence bound due to approximate zCDP.
|
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Lemma 4.C.5. Let the distributions Py.,, Q1.n, P|.,,, Q\.,, be defined in (4.3.3), (4.3.4) for any
n > 1. Then there exists distributions P/, and QY. such that

Proof. We will show the decomposition for P;.,, and the proof follows identically for the de-
composition of Q)1.,,. First, we can express Pi.,(y1,- - ,y,) for any 3, - - - y,, as follows:

n

Pl:n(yla T 7yn) = H Pm(ym ’ yl:mfl)

=1
n

H [(1 - 6m(y12m—1))P1£n,(ym ’ yl:m—l) + 5m(y1;m—1)P&<ym | yl:m—l)}

m

=1
= Z (H O (Y1m—1) H (1- 5m(y1:m—1))> : H B m | Y1im—1) H By (Y | Ym—1)
Sg[n]\ meS meSe | meS m<n,m¢S
ws (1) Fs (W1om)

It suffices to show that wy(y;.,,) > 1 — ¢ for all yy.,,,. To see this, we have the following by
assumption

wo =[] (1= 6mrm) 21 =D lgram—) =16,

m<n m<n

4.D An Alternative Proof for Theorem 4.3.3

We begin by providing an alternative statement to Theorem 4.3.3, which is fully stated in terms
of €’s and ¢§’s. Straightforward calculations can confirm the equivalence of the two statements.

Theorem 4.D.1. Suppose (A,,),>1 is a sequence of algorithms such that, for any n > 1, A,, is
(€n, 0y )-differentially private conditioned on Ay.,_1. Let € > 0 and 6 = §' + §” be target privacy
parameters such that ' > 0,0" > 0. Consider the function N : RS, x R, — N given by

N((€n)n>1, (0n)n>1) :==inf ¢ m:e < |2log (é) Z egn—l—% Z e or &< Z Om

m<n+1 m<n+1 m<n+1

Then, the algorithm Ay.n(y(-) : X — V> is (¢,0)-DP, where N(x) := N((€n(2))n>1, (6n(2))n>1)-
In other words, N is an (¢, §)-privacy filter.

We first prove Theorem 4.D.1 under a stronger assumption on the algorithms being com-
posed.
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Lemma 4.D.2. Theorem 4.D.1 holds under the stronger assumption that, for any n > 1, A, is
(€n, 0n)-pDP conditioned on Ay.,,_1.

To prove Lemma 4.D.2, we need to following bound on the conditional expectation of privacy
loss, which can be immediately obtained from the bound on expected privacy loss presented in
Bun and Steinke [20].

Lemma 4.D.3 (Proposition 3.3 in Bun and Steinke [20]). Suppose A and B are algorithms such
that A is e-differentially private conditioned on B. Then, for any input dataset x € X and
neighboring dataset x' ~ x, we have that

E(L(z,2")|B(r)) < % (e(B(2)))*.

Now, we prove Lemma 4.D.2.

Proof of Lemma 4.D.2. To begin, we assume that the algorithms (A,),>1 satisfy (e, 0)-pDP
conditioned on A;., ;. We will show how to alleviate this assumption on the approximation
parameter in the second half of the proof. Fix an input database x € X. For convenience,
we denote by (F,(z))nen the natural filtration generated by (A,,(x)),>1. Since we have fixed
x € X, for notational simplicity, we write ¢, for the random variable ¢, (A;.,_1(x)) and define
d,, similarly. Additionally, by N we mean the stopping time N ((€,)nen, (0n)nen). Recall that we
have already argued that, for any neighboring dataset =’ ~ x, the process

M, = My(z,2") = Ly (z,2") — Z E (Lon(z, 2" )| Fno1(x))

m<n

is a martingale with respect to (F,,(z)),en. Further observe that its increments AM,, :== L, (x,z')—
E (L, (x,2")|F,_1(x)) are €2-subGaussian conditioned on F,, ().
Thus, by Theorem 4.B.2, we know that, for any b, a > 0, we have

b b —b?
P(IneN:M,>=-+—V, | <exp|— |,
2 2a 2a

where the process (V,)nen given by V,, := > _ €2 is the accumulated variance up to and

m<n ~m
including time n. Thus, it suffices to optimize the free parameters a and b to prove the result.

To do this, consider the following function f : R>y — R>( given by

fly) =4/ 2log (%) Yy + %y

Clearly, f is a quadratic polynomial in ,/y which is strictly increasing. In particular, one can

readily check that
2
x 1 1
y =1 —4/2log 5 + 4/2log 5 + € (4.D.1)

solves the equation f(y) = €, where € > 0 is the target privacy parameter.
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As such, setting a := y* and b := 4 /2log (%) y* yields

—b? —2y*log (&
exp (_) — exp (#M) — 51'
a )

Furthermore, expanding the definition of (M,,),cn, we see that for the selected parameters
the parameters yield, with probability at least 1 — ¢’, for all n < N we have:

b
Lin(w,2') < 5+ 5 Vot > E(Lm(z,a) | Frno1)

Thus, we have proven the desired result in the case where all algorithms have 9,, = 0.
Now, we show how to generalize our result to the case where the approximation parameters
0, are not identically zero. Define the events

A={In < N: Ly,(z,2") > €}, and
B:={3dn < N: L,(z,2') > e,}.

Our goal is to show that, with N defined as in the statement of Theorem 4.3.3, that P(A) < 0.
Simply using Bayes rule, we have that

P(A) =P(ANB°)+P(ANB) <P(A|B°) + P(B) < ¢ + P(B),

where the second inequality follows from our already-completed analysis in the case that §,, = 0.
Now, we show that P(B) < §”, which suffices to prove the result as we have, by assumption,
0=209+19". B

Define the modified privacy loss random variables (L, (x, z'))nen by

- . {Ln(x,x’) n<N

0 otherwise

Likewise, define the modified privacy parameter random variables ¢,, and gn in an identical man-
ner. Then, we can bound P(B) in the following manner:

P(E3n < N: L,(z,2') >¢€,) =P <3n eN:L,(z,2) > En)
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NE

IP’(Z (x,2') > (—:n> Z]EIP)( z,2') > €, | Fn 1)

n=1
<) Ej, =E Zlin > 6| <0
n=1 n=1 n<N
Thus, we have have proven the desired result in the general case. ]

Our key insight above is to view filters as functions of the “intrinsic time” determined by
privacy parameters, ), €.,. Lemma 4.D.2 can also be obtained leveraging the analysis for
Rényi filters [61]. However, our approach to proving Lemma 4.D.2 has the advantage that it
does not require reductions between different modes of privacy. While Lemma 4.D.3, which
bounds expected privacy loss, does require some complicated analysis, we only ever need to
apply Lemma 4.D.2 to instances of randomized response, in which case computing the privacy
loss bound is trivial.

We now use Lemma 4.D.2 to prove Theorem 4.D.1. Recall that Lemma 4.4.2 shows that algo-
rithms that satisfy pDP also satisfy DP, but the converse is not true and may require a conversion
cost. To avoid this cost, we define following generalization of randomized response.

Definition 4.D.4 (Conditional Randomized Response). Let R := {0,1, T, L} and 2% be the
corresponding power set of R. Then, R taking inputs in {0, 1} to outputs in the measurable
space (R,27%) is an instance of (e, d)-randomized response if, for b € {0, 1}, R(b) outputs the
following:

b with probability (1 — )5

R(b) = 1 —b with probability (1 — 5)@
T with probability ¢ if b = 1

L with probability § if b = 0.

€
1+-e€

More generally, suppose B : {0,1} — Z is a randomized algorithm. For functions €,¢ :
Z — R, we say R is an instance of (¢, d)-randomized response conditioned on B if, for
any true input b’ € {0, 1} and hypothesized alternative b € {0, 1}, the conditional probability
P(R(b) € -|B(V) = z) is the same as the law of (¢(z), d(z))-randomized response with input bit
b.

Conditional (¢, d)-randomized response satisfies both conditional (e, §)-DP and conditional
(€¢,9)-pDP. We will leverage the fact that it satisfies both privacy definitions with the same pa-
rameters. A surprising result in the nonadaptive setting is that any (e, §)-DP algorithm can be
viewed as a randomized post-processing of (e, d)-randomized response [84]. We generalize this
result to the adaptive conditional setting below. In the language of Blackwell’s comparison of
experiments [17], instances of randomized response are “sufficient” for instances of arbitrary DP
algorithms, and we prove that the same is true for conditional randomized response and condi-
tionally DP algorithms. In what follows, by a transition kernel v, we mean that for any b € Z
and r € R, v(-,r | b) is a probability measure on (), G).

Lemma 4.D.5 (Reduction to Conditional Randomized Response). Let A and B map from X to
measurable spaces (), G) and (Z,H), respectively. Suppose A is (e,0)-differentially private
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conditioned on B. Fix neighbors xo,x1 € X, and let R be an instance of (e, 0)-randomized
response conditioned on B', where B’ : {0,1} — Z is the restricted algorithm satisfying B'(b) =
B(xy). Then, there is a transition kernel v : G x R x Z — [0, 1] such that, for all b,V € {0, 1},
P(A(xy) € - | B'(V)) = vy, where vy =E (v(-, R(D) | B'(V)) | B'(V)).”

Lemma 4.D.5 tells us that the conditional distribution obtained by averaging the kernel
v(-, R(b) | B'(V')) over the randomness in R(b) matches the conditional distribution of A(x).
To prove Lemma 4.D.5, first recall the important fact that any differentially private algorithm can
be viewed as a post-processing of randomized response [84], as stated in Lemma 4.D.6 below.

Lemma 4.D.6 (Reduction to Randomized Response [84]). Let algorithm A : X — )Y be (¢, §)-
DP. Let R be an instance of (€, 0)-randomized response. Then, for any neighbors ro,x; € X,
there is a transition kernel v : G X R — [0, 1] such that for b € {0, 1}, we have P(A(x) € ) =
vy, where® v, = Ev(-, R(D)).

In Lemma 4.D.5 of Section 4.3, we generalized Lemma 4.D.6 to the case of conditional dif-
ferential privacy. To do this, we introduced conditional randomized response in Definition 4.D 4.
In conditional randomized response, on the event { B = z}, the conditional laws of R(0) and
R(1) just become that of regular randomized response with some known privacy parameters €(z)
and 6(z). We now prove Lemma 4.D.5.

Proof of Lemma 4.D.5. Let b,b' € {0,1} be arbitrary. For any outcome {B'(V') = z}, let
P,(A(x) € ) be the probability measure P(A(z,) € -|B'(') = z). In particular, this mea-
sure does not depend on the input bit ¥'. By the assumptions of conditional differential pri-
vacy (Definition 4.2.1), it follows that under the probability measure P,, A(xy) is (e(2),d(z))-
differentially private. Moreover, it also follows that R is an instance of (€(z), d(z))-randomized
response under P,. Consequently, Lemma 4.D.6 yields the existence of a kernel v, such that
P,(A(xp) € -) = E,v,(-, R(D)), where the averaged measure is as defined in Footnote 8. Setting
v(-, R(b)|z) := v.(-, R(b)), we see that

P(A(zp) € - | B'(V) = 2) = E(v(-, R(b) | 2) | B'(t) = 2),

"By v (-) :==E (v(-, R(b) | B'(b)) | B'(V)), we mean that 14,  is the (random) averaged probability measure:

v (1) =P(R(b) = 1| B'(t)v(-, 1] B'())
+P(R(b) =0| B'(t)v(-,0| B'('))
+P(R(b) = L | B'(M)v(-, L | B'(Y))
+PRO) =T | B'(®)v(, T | B'(Y)).

8 By v4(+) := Ev(-, R(b)), we mean v, is the averaged probability measure given by

vp(+) = P(R(b) = v (-, 1) + P(R(b) = 0)v(-, 0)
+P(R(b) = L) (-, L)+ P(R(b) = T)v(-, T).
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which thus yields
P(A(zy) € - | B'(V)) = E (v(-, R(b) | B'(t)) | B'(b)),

where the conditionally averaged measure is as described in Footnote 7 in the main body of the
paper. This proves the desired result. |

Lastly, before proving Theorem 4.D.1, we need the following lemma. This lemma essentially
tells us that if A is (¢, d)-pDP conditioned on B, and A’ is a randomized post-processing algo-
rithm, then releasing the vector (A, A’) is also (e, §)-pDP conditioned on B. Note that this is not
in contradiction with the converse direction of Lemma 4.4.2, as releasing the output of A" alone
may not satisfy conditional (¢, §)-pDP. But once we observe A, since A’ is a post-processing, we
can gleam no more information about the true underlying dataset.

Lemma 4.D.7. Suppose A, B are algorithms with inputs in X and outputs in measurable spaces
(V,G) and (Z,H) respectively. Assume A is (¢,0)-pDP conditioned on B. Let (S,S) be a
measurable space and suppose i : S x Y x Z — [0,1] is a conditional transition kernel.
Suppose A' : X — S is an algorithm satisfying

P(A'(z) € - [AW) =y, B(a) = 2) = u(y | 2), (4.D.2)

forally € Y,z € Z, and x,2' € X. Then, the joint algorithm (A, A’) : X — Y x S is also
(€,0)-pDP conditioned on B.

Proof of Lemma 4.D.7. Let x,z' € X be arbitrary neighboring datasets. Let ¢%,¢% be the
corresponding conditional joint densities of (A(x), A’'(x)) and (A(z’), A’(z")) given B(x) re-
spectively. Likewise, let p%, p% be the corresponding conditional densities of A(z) and A(x')
respectively conditioned on B(x), and g% 4, qj"; 4 the conditional densities of A’(z) and A’(z’)
given A(z) and B(x). Let CS;’AI) (x,z") denote the joint privacy loss between (A(z), A’(z)) and
(A(2"), A’(2")) given B(x), while £4(z,2") denotes the privacy loss between A(x) and A(z')
given B(z). We have, using Bayes rule,

The first equality on the second line follows from the assumption outlined in Equation (4.D.2).
More specifically, since we have

P(A'(z) € -|A(z), B(z)) = p(-, A(x) | B(x)) =
P(A'(2) € |A(x), B(z)),

it follows that the conditional densities ¢f, 4 and q]‘g” 4 are equal almost surely. Since A is (¢, §)-
pDP conditioned on B, the result now follows. |
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We now can prove Theorem 4.D.1 using these tools.

Proof of Theorem 4.D.1. Fix arbitrary neighbors zo,z; € X. Let (R,),>1 be a sequence of
algorithms such that R, is an instance of (e, d,,)-randomized response conditioned on A’ _; :
{0,1} — Y™ !, where A/, : {0,1} — ) is the restricted algorithm given by A’ (b) := A,,(zp),
for all m > 1. Lemma 4.D.5 guarantees the existence of a sequence of transition kernels (v, ),,>1,
Vn: G xR x Y"1 — [0,1] such that, forall n > 1 and b,0’ € {0, 1}, we have P(A4,,(b) € -
A, () = é? almost surely. Here, VIET;} is the averaged conditional probability, as defined
in terms of v, in Lemma 4.D.5 and Footnote 7. This equality means we can find an underlying
probability space (i.e. a coupling) such that the random post-processing draws from the kernel
Un(+, Rn(D) | AY.,,_1(V')) equal A/ (b) almost surely, for all n > 1.

Now, for any n > 1, since R, is an instance of (¢, d,, )-randomized response conditioned on
Al.,._q, it follows that R, is in fact (e,, d, )-pDP conditioned on A’ ., _,. Moreover, this also im-
plies that R,, is (€, 0,,)-pDP conditioned on (A’.,,_, R1.,—1), since, by definition, ¢,, and J,, only
depend on the realizations of R;.,_; through the outputs of A}, ;. By Lemma 4.D.7, it follows
that for all n > 1, the algorithm (R,,, A,) is (€, d,,)-pDP conditioned on (Ry.,_1, A}.,_;)- Thus,
by Lemma 4.D.2, it follows that the composed algorithm (R1.vv()(+), A y(y(+)) is (€,6)-DP,
where N'(b) := N(xz;) and €, § and N, are as outlined in the statement of Theorem 4.3.3.

Lastly, since differential privacy is closed under arbitrary post-processing [52], it follows that
Al N,(,)(-) is (¢, 0)-differentially private. Since z and x; were arbitrary neighboring inputs, the
result follows, i.e. Ay.n()(+) : X = Y is (¢, §)-differentially private. |

4.E Proof for Privacy Odometers in Theorem 4.4.5

We now show the formal proof for our privacy odometers presented in Theorem 4.4.5 in Sec-
tion 4.4.

Theorem 4.4.5. As in the proof of Theorem 4.D.2, we first consider the case where §,, = 0 for all
n > 1. In this case, fix an input dataset z € X" and a neighboring dataset 2’ € X. Let (M,,),en
be the corresponding privacy loss martingale as outlined in Equation (4.4.3), where we implicitly
hide the dependence on x, 2/, which are fixed. Let (u,,),>1 be one of the sequences outlined in
the theorem statement, and define U,, := w,,(€;.,, 01.,) for all n > 1, where once again we write
€, and ,, for €,(Ay.,,—1(x)) and 9,,(A;.,—1(z)) respectively. It follows from Theorems 4.B.2,
4.B.3, and 4.B.4 that

P(3IneN: M, > B,) <4,
for B, = Up — 5 u<p - Recalling that M, = 35 { L (x,2") — E(Lm(x, 2)| Foa ()}

and that E(L, (2, 2)|F,—1(z)) < 3€2 forall n € N, it thus follows that
P(3neN: Ly, (z,2") > U,) <9,

where (F,(z)),>1 is again the natural filtration generated by (A,,(x)),>1. Thus, since x ~ 2’
were arbitrary, we have shown that (u,),>; is a d-privacy odometer in the case d,, = 0 for all
n > 1.

To generalize to the case where §,, may be nonzero, we can apply precisely the same argument
used in the second part of the proof of Lemma 4.D.2, thus proving the general result. |
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4.F An Algorithm Satisfying (¢, §)-DP but not (¢, ¢)-pDP

In this appendix, we construct a simple algorithm taking binary inputs that satisfies (e, §)-DP but
not (¢, )-pDP. In particular, this provides intuition as to why we conjecture our odometers con-
structed in Section 4.4 would not hold under the assumption that the algorithms being composed
satisfy (¢, )-DP in general.

To this end, fix a privacy parameter ¢ > 0 and an approximation parameter € (0, 1). Let
A :{0,1} — {0,1, T, L} be an instance of (¢, §)-randomized response, and let B : {0,1} —
{0, 1} be defined by

0 otherwise.

B(b) — {1 if A(b) € {1, T},

Since differential privacy is closed under arbitrary post-processing, it follows that the constructed
algorithm B is (e, §)-differentially private. On the other hand, setting z = 1, ' = 0, we note that
on the event { B(1) = 1},

,CB(LO) = log (]iP;(B(T

we see that B does not satisfy (¢, d)-pDP.
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Chapter 5

Brownian Noise Reduction: Maximizing
Privacy Subject to Accuracy Constraints

There is a disconnect between how researchers and practitioners handle privacy-utility
tradeoffs. Researchers primarily operate from a privacy first perspective, setting strict pri-
vacy requirements and minimizing risk subject to these constraints. Practitioners often
desire an accuracy first perspective, possibly satisfied with the greatest privacy they can
get subject to obtaining sufficiently small error. Ligett et al. [109] have introduced a “noise
reduction” algorithm to address the latter perspective. The authors show that by adding
correlated Laplace noise and progressively reducing it on demand, it is possible to produce
a sequence of increasingly accurate estimates of a private parameter while only paying a
privacy cost for the least noisy iterate released. In this work, we generalize noise reduc-
tion to the setting of Gaussian noise, introducing the Brownian mechanism. The Brownian
mechanism works by first adding Gaussian noise of high variance corresponding to the
final point of a simulated Brownian motion. Then, at the practitioner’s discretion, noise
is gradually decreased by tracing back along the Brownian path to an earlier time. Our
mechanism is more naturally applicable to the common setting of bounded (5-sensitivity,
empirically outperforms existing work on common statistical tasks, and provides customiz-
able control of privacy loss over the entire interaction with the practitioner. We comple-
ment our Brownian mechanism with ReducedAboveThreshold, a generalization of the
classical AboveThreshold algorithm that provides adaptive privacy guarantees. Overall,
our results demonstrate that one can meet utility constraints while still maintaining strong
levels of privacy.

5.1 Introduction

Over the past decade, differential privacy has seen industry-wide adoption as a means of pro-
tecting sensitive information [58, 65]. By injecting appropriate amounts of noise, differentially
private algorithms allow the computation of population-level quantities of interest while guar-
anteeing individual-level privacy. Of the private mechanisms used in industry, those relating
to private empirical risk minimization (ERM) are perhaps the most impactful, in part due to
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their application in machine learning tasks [1, 148]. Researchers have developed many private
ERM mechanisms, ranging from least squares minimzation [138, 25] to subsampled gradient de-
scent [1, 11, 160]. Despite this vast literature, most existing results take the same broad approach:
they aim to minimize error (statistical risk) subject to strict privacy guarantees. While this strict
adherence to privacy constraints may be necessary in some applications, it often provides weak
utility guarantees [63] and can make some learning tasks impossible [56]. Industry applications
of differential privacy may desire an accuracy first perspective, setting desired risk requirements
for models used in production. Privacy may still be a desirable aspect of computation, but it is
by no means the only goal; minimizing risk may take center stage.

The main existing approach to this accuracy-oriented perspective on privacy was given by
Ligett et al. [109]. These authors introduce a noise reduction mechanism for gradually releasing
a private, high-dimensional parameter. By leveraging a Laplace-based Markov process [94], they
construct a mechanism for which the privacy loss of releasing arbitrarily many estimates of a pa-
rameter only depends on the privacy loss of the least noisy parameter viewed. This is in contrast
to results about the composition of private algorithms, in which privacy degrades according to
the total number of parameters witnessed [57, 84, 123]. The authors also demonstrate how to pri-
vately query the utility of observed parameters on private data by coupling their Laplace-based
mechanism with AboveThreshold, a classical differentially private algorithm [52, 114].

While the above mechanism provides significant privacy loss savings over a baseline method
that doubles the privacy loss each round, Laplace noise is unfit for many settings in which /-
sensitivity is used for calibrating noise. Since converting from /,-sensitivity to ¢;-sensitivity'
incurs a dimension-dependent cost, it is important to develop a noise reduction technique with
Gaussian noise.

Contributions and paper outline. We introduce the Brownian mechanism, a novel approach
for privately releasing a parameter vector subject to accuracy constraints. The Brownian mecha-
nism adds correlated Gaussian noise to a risk-minimizing parameter through a Brownian motion.
Noise is then iteratively stripped by moving adaptively backwards along the random walk until a
suitable stopping condition is met, such as meeting a target accuracy on a public dataset. In Sec-
tion 5.3, we define the Brownian mechanism and characterize its privacy loss. Using machinery
from martingale theory, we construct privacy boundaries for the Brownian mechanism — upper
bounds on privacy loss that hold simultaneously with high probability. In particular, the failure
probability of these bounds does not depend on the number of outcomes observed, overcoming
a seeming need for a union bound faced by Ligett et al. [109]. These privacy boundaries yield
provable, high-probability bounds on privacy loss under data-dependent stopping conditions.

If private data is used to evaluate risk, then the data-dependent stopping conditions can them-
selves leak information. To counter this, we introduce Reduced AboveThreshold in Section 5.5,
a generalization of the classical AboveThreshold algorithm for privately querying accuracy on
sensitive data. We show how to couple Reduced AboveThreshold and the Brownian mechanism
so that a data analyst only ever incurs twice the privacy loss they would incur if they had queried
accuracy on a public dataset. This is in contrast to the results in Ligett et al. [109], which note
that the privacy loss of AboveThreshold often dominates the privacy loss incurred from using
noise reduction.

IThe ¢, sensitivity of f is defined as sup, ., || f(z) — f(z')]|, for p > 1.
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Figure 5.1: An example of running the Brownian mechanism to gradually release a statistic f(x).
First, a very noisy version of the hidden parameter BM; () is viewed. Then, loss is measured, ei-
ther on a public dataset, or on a private dataset using a method such as Reduced AboveThreshold.
If a target loss is met, the process stops. Otherwise, noise is removed and the process repeats.

We empirically evaluate the Brownian mechanism and ReducedAboveThreshold in Sec-
tion 5.6, finding that the Brownian mechanism can offer privacy loss savings over the Laplace
noise reduction method introduced by Ligett et al. [109]. In our view, these results demonstrate
that the Brownian mechanism is a practical, intuitive mechanism for meeting accuracy require-
ments in private ERM.

Lastly, we derive other new mechanisms for noise reduction, of independent interest. We
generalize the Laplace process of Koufogiannis et al. [94] to continuous time in Section 5.4,
thus making the Laplace noise reduction mechanism of Ligett et al. [109] more flexible and
adaptive to data-dependent privacy levels. We also briefly mention a noise reduction mechanism
for Skellam noise in Section 5.4, a discrete distribution used in count queries [6].

5.2 Preliminaries

Differential privacy, privacy loss, and ex-post privacy. An algorithm A : X — Y is (¢,0)-
differentially private if, for any measurable set £ C ) and any neighboring inputs x ~ x/,

P(A(z) € E) < eP(A(2) € E) + 6. (5.2.1)

In the above [55], ~ denotes some arbitrary neighboring relation. Typically x ~ 2’ indicates
x and 2’ differ in one entry, but any other relation suffices. While differential privacy has proven
itself a mainstay of private computation, condition (5.2.1) is too rigid to allow data analysts to
achieve a minimum desired accuracy. In other words, it embraces a privacy first perspective,
fixing a strict condition in terms of parameters € and ¢ that must be met. We are interested in
the accuracy first perspective, setting a target accuracy and correspondingly optimizing privacy
parameters.

The above definition of differential privacy is qualitatively focused on bounding the information-
theoretic quantity of privacy loss [55, 57, 52].
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Definition 5.2.1 (Privacy Loss). Let A : X — ) be an algorithm, and fix neighbors z ~ z’ in
X. Let p® and p* be the respective densities of A(z) and A(z’) on the space )V with respect to
some reference measure?. Then, the privacy loss between A(z) and A(z') is the random variable

£loa) = tog (L),

We think of A(z) as the true outcome, and L£(z,2") measures how much more likely this
outcome is under the true input x versus an alternative x’. Privacy loss provides a probabilistic
definition of privacy. Namely, A is (¢, §)-probabilistically differentially private if, for all neigh-
bors z ~ a/,

P(L(z,2") > €) <. (5.2.2)

While probabilistic differential privacy is not equivalent to differential privacy [85], (¢, d)-
probabilistically differential privacy implies (e, §)-differential privacy. Probabilistic differential
privacy emerged as a means for studying privacy composition, and has been leveraged in proving
many results [84, 123, 133, 163]. A natural extension of privacy to the accuracy-oriented regime
is ex-post privacy, which allows the bound in condition (5.2.2) to depend the observed algorithm
output.

Definition 5.2.2 (Ligett et al. [109]). Let A : X — ) be an algorithm and £ : V — Ryp a
function. We say A is (€, §)-ex-post private if, for any neighboring inputs = ~ z’, we have

P (L(z,2") > E(A(z))) < 6.

While any algorithm is trivially ex-post private with £(A(z)) := oo, the goal is to make
E(A(x)) as small as possible. We describe theoretical tools for obtaining ex-post privacy guar-
antees in Section 5.3, and empirically compute the ex-post privacy distributions of various mech-
anisms in Section 5.6.

Background on Noise Reduction. Heuristically, a noise reduction mechanism allows a data
analyst to view multiple, increasingly accurate estimates of a risk minimizing parameter while
only paying an ex-post privacy cost for the least noisy iterate observed. Pinning down a general
definition of a noise reduction mechanism is difficult, as any definition would need to depend
on how the released parameter estimates were produced. In this paper, we consider the relevant
case of additive noise mechanisms. Below, we provide an explicit definition of noise reduction
mechanisms for this setting.

In the following definition, we let (A;);>o be some collection of potentially correlated noise
variables. In particular, A; should be thought of as marginally having either a multivariate normal
distribution A/ (0, ¢/;) or multivariate Laplace distribution Lap(¢). The index ¢ can be viewed as
either “time” or “variance”, with larger values of ¢ indicating greater variance of noise added.
Further, when we refer to a sequence of time functions (T,),>1, we mean a sequence of functions
T, : (RY)"~1 — R, such that, for all n > 1 and S;., € (R9)",

Tn—i—l(ﬁl:n) S Tn(ﬂl:n—l)- (523)

2For instance, if y1, and p, are the laws of A(x) and A(x’) respectively, the reference measure can be taken to
be g + pgr
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Intuitively, the nth time function gives the adaptively chosen variance of noise that will be added
to the nth parameter based on the first n — 1 observed parameters.

Let M : X — Y be an algorithm mapping databases for sequences of outputs. Let M, :
X — ) give the nth element of the sequence and My, : X — )" the first n elements. We
assume M, (z) := f(x) + Ag,(z), where f : X — ) is some function that should be thought
of as producing a true, risk-minimizing parameter, (7},),>1 is a sequence of time functions, and
T, (z) := To(Myp1(x)).

Definition 5.2.3 (Noise Reduction Mechanism). Let (A;);>0 and M : X — Y be as above,
a € Y any constant, and suppose A; + a has marginal density p. We say M is a noise reduction
mechanism if, for any n > 1 and any neighboring datasets x ~ z’, we have

PR (M ()

n

Pr oy (M ()

T (z

El:n<x7 1:/) =

where L1.,,(x, z") denotes the privacy loss between M., (x) and M., (2').

The only noise reduction mechanism in the literature uses a Markov process with Laplace
marginals [94] to gradually release a sensitive parameter [109]. As originally presented, this
Laplace Noise Reduction mechanism is nonadaptive, requiring a data analyst to fix a finite se-
quence of privacy parameters (€, )nc[x] in advance. Instead of presenting this method as back-
ground, we describe it in Section 5.4, in which we construct an adaptive generalization of this
mechanism. We then leverage this generalization as a subroutine in ReducedAboveThreshold,
a generalization of AboveThreshold with adaptive privacy guarantees.

Background on Brownian Motion. We now provide a brief background on Brownian mo-
tion, perhaps the best-known example of a continuous time stochastic process [104].

Definition 5.2.4. A continuous time real-valued process (B;);>¢ is called a standard Brownian
motion if (1) By = 0, (2) (By);>0 has continuous sample paths, (3) (B;) has independent in-
crements, i.e. B;.s — B is independent of B; for all s,¢ > 0, and (4) B; ~ N(0,t) for all
t > 0.

We say a process (B;);>q is a d-dimensional standard Brownian motion if each coordinate
process is an independent standard Brownian motion.

We use many properties of Brownian motion to construct the Brownian mechanism and an-
alyze its privacy loss in Section 5.3. One important property of Brownian motion is that it is a
continuous time martingale. This property allow us to use time-uniform supermartingale concen-
tration to characterize and bound the privacy loss of the Brownian mechanism at data-dependent
stopping times [73, 76]. We do not go into detail about martingale concentration in this back-
ground section, but rather defer it to Appendix 5.A. Additionally, (B;):>o is a Markov process.
This tells us that if we inspect the Brownian motion at times 0 < ¢t} < t, < --- < t,, then
By,, ..., B, can be viewed as a randomized post-processing of B;, that does not depend on B
for any s < ;. This property allows us to show that the privacy loss of the Brownian mechanism
— which adds noise to a parameter via a Brownian motion — only depends on the least noisy
parameter observed.
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5.3 The Brownian Mechanism: a Gaussian Noise Reduction
Mechanism

The Brownian mechanism works by simulating a Brownian motion starting at some multivariate
parameter; this parameter should be thought of as the risk-minimizing output if there were no
privacy constraints. The data analyst first observes the random walk at some large time. Then, if
so desired, the analyst “rewinds” time to an earlier point on the Brownian path, reducing noise to
obtain a more accurate estimate. Due to the Markovian nature of Brownian motion, the analyst
will only pay a privacy cost proportional to variance of the random walk at the earliest inspected
time.

Definition 5.3.1. Let f : X — R? be a function and (7},),>; a sequence of time functions. Let
(Bi)i>0 be a standard d-dimensional Brownian motion. The Brownian mechanism associated
with f and (7,,),>1 is the algorithm BM : X — (R%)> given by

BM(zx) := (f(@ + BTn(:B))n21 ’

where we set T, (z) := T, (f(z) + Bryw)s - - -, [ () + Br,_,(s)) With T}(z) being constant.

We have chosen T),(x) as indexing notation to denote dependence on z, even if this is only
through observed parameters. In the context of ERM, one can think of f as computing a risk
minimizing parameter associated with a private dataset z € X. The data analyst uses 7}, along
with the previous iterate to determine how far to rewind time to obtain the nth iterate.

The Brownian mechanism, as defined above, produces an infinite sequence of parameters. In
practice, a data analyst will only view finitely many iterates, stopping when some utility condition
has been met or a minimum privacy level is reached. We introduce stopping functions to model
how a data analyst adaptively interacts with noise reduction mechanisms.

Definition 5.3.2 (Stopping Function). Let M : X — Y be a an algorithm. For x € X, let
(F(Z))nen be the filtration given by F,,(z) := o(M;(x) : i < n).> A function N : Y> — Nis
called a stopping function if for any z € X', N(z) := N (M (z)) is a stopping time with respect
to (fn(l'))n21

A stopping function N is a rule used to decide when to stop viewing parameters that only
depends on the observed iterates of the noise reduction mechanism. /N could heuristically be
“stop at the first time a parameter achieves an accuracy of 95% on a held-out dataset.” Recall
from Figure 5.1 and equation (5.2.3) that the later iterations of BM correspond to smaller noise
variances, meaning that 7}, is a decreasing sequence in the number of iterations n. Further, the
filtration F defined above is quite different from the usual filtrations considered for Brownian
motions. In some cases, an analyst may want the stopping function to depend on the underlying
private dataset through more than just the released parameters, e.g. they may want their rule to
be “stop at the first time a parameter achieves an accuracy of 95% on the private dataset.” In this

3The notation o(X) denotes the o-algebra generated by X. N is said to be a stopping time with respect to (X,,)
if {N < n} € 0(X,, : m <mn)foralln € N. This definition can be extended to allow for N to depend on
independent, external randomization, but we omit this for simplicity.

112



case, additional privacy may be lost due to observing N (z). We detail how to handle this more
subtle case in Section 5.5.

Due to the Markovian nature of Brownian motion, we get the following lemma. We include
a proof in Appendix 5.B for completeness.

Lemma 5.3.3. Let x ~ 2’ be neighbors and (T,,),>1 a sequence of time functions. Then, for any
n > 1, letting LM (z, 2') denote the privacy loss between BM.,, (1) and BMy.,,(2"), we have

f(z)

Pr (o (BMy (2
L (z,2') =1og< %,))( ( ))>,

P, 2y (BMy ()

where pl' is the density of a N' (1, t1;) random variable. Furthermore, the above equality holds
if n is replaced by an almost surely bounded stopping function N (z).

Lemma 5.3.3 just tells us that the Brownian mechanism is a noise reduction mechanism, i.e.
that the privacy lost by viewing the first n iterates is exactly the privacy lost by viewing the nth
iterate in isolation.

The following theorem characterizes the privacy loss of the Brownian mechanism.

Theorem 5.3.4. Let BM be the Brownian mechanism associated with (1),),>1, a function f :
X — RY and stopping function N. For neighbors x ~ ', the privacy loss between BM. N ()
and BMy.y (o) (2') is given by

9% a9y = @ =SB 1) — 110"

IP
WT x)s
2T N (2) T () @ (@)

where (W;)i>o is a standard, univariate Brownian motion. Suppose f has {s-sensitivity at most
Ay. Then, letting a™ := max(0, a), we have
A2 Ay

LBN (z,2)) < + |8 )
L) (1) Wy (r) Ty (z) V@@

The above theorem can be viewed as a process-level equivalent of the well-known fact that
the privacy loss of the Gaussian mechanism has an uncentered Gaussian distribution [11]. We
prove the Theorem 5.3.4 in Appendix 5.B. Given the clean characterization of privacy loss above,
we now show how to construct high-probability, time-uniform privacy loss bounds. We define
privacy boundaries, which map the variance of BM to high-probability bounds on privacy loss.

Definition 5.3.5. A function ¢ : R>g — R is a d-privacy boundary for the Brownian mecha-
nism associated with time functions (75,),,>; if for any neighboring datasets x ~ z’, we have

P(3In>1: L0 (z,2)) > (Tu(z))) <6

Since the privacy loss of BM is a deterministic function of a Brownian motion, we can apply
results from martingale theory to construct general families of privacy boundaries.

Theorem 5.3.6. Assume the same setup as in Theorem 5.3.4. Let 6 > 0 and f be a function with
Uy-sensitivity Ns. The following classes of functions form 0-privacy boundaries.
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1. (Mixture boundary) For any p > 0, {)" given by

AZ A 1 [t+
zb/])\4(zf)::2—t2 72 Q(t—l—p)log(g Tp)

2. (Linear boundary) For any a,b > 0 such that 2ab = log(1/9), @Df,b given by

A
L (. 2
ap(t) : ; ( 5 T+ b) + Aqa.

We prove Theorem 5.3.6 in Appendix 5.B. In the same appendix, we plot the boundaries in
Figure 5.4.

Privacy boundaries serve a dual purpose for the Brownian mechanism. First, since time-
uniform concentration bounds are valid at arbitrary data-dependent times, that need not be stop-
ping times with respect to the standard forward Brownian Motion filtration [76], privacy bound-
aries provide ex-post privacy guarantees. Second, in many settings, it may be more natural for
a data analyst to adaptively specify target privacy levels instead of noise levels. This is, for in-
stance, the case in our experiments in Section 5.6. By inverting privacy boundaries, data analysts
can compute the proper amount of noise to remove at each step to meet target privacy levels.

We make the above precise in Corollary 5.3.7. In what follows, when we refer to a sequence
(En)n>1 of privacy functions, we mean a sequence of functions &, : (R%)"~! — R+, such that,

for all n and B1., € (RD)™, E,1(Brn) > En(Brn—1).

Corollary 5.3.7. Let N be a stopping function, as in Definition 5.3.2. If 1 is a d-privacy bound-
ary for BM, we have

sup P (Lx() (7, 2) > ¢ (T (2))) <6,

i.e. the algorithm BMi.y((+) is (¥(Tn(.)(+)), 6)-ex post private, where (-) denotes a positional

argument for an input x € X. Further, let (€,),>1 be a sequence of privacy functions, and define

Tn(ﬁl:n—l) ;= inf {t Z 0: w(t) Z gn(ﬁl:n—l)} .

Then BMi.n(y(+) is (En()(+), 0)-ex post private, where E,(x) is defined analogously to T,,(x).

Again, N should be thought of as a stopping rule based on parameter accuracy. &, should be
thought of as a rule for choosing the nth privacy parameter given BMy.,, 1 (z).

5.4 An Adaptive, Continuous-Time Extension of Laplace Noise
Reduction
Here, we generalize the original noise reduction mechanism of Ligett et al. [109], which will

be used as a subroutine in Algorithm 1 in the following section. We first describe the original
Laplace-based Markov process of Koufogiannis et al. [94]. Fix any positive integer K and any
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finite, increasing sequence of times (£, ),e[x]- Let ({,)5_, be the d-dimensional process given by
(o =0and

tn

2
o with probability (tn—l)

(o = (5.4.1)

(o1 + Lap(t,) otherwise.

Koufogiannis et al. [94] show that ¢,, ~ Lap(t,,) and that ((,)%_, is Markovian. Ligett et al.
[109] use the above process to construct a noise reduction mechanism. Namely, they define the
the Laplace Noise Reduction mechanism associated with f : X — R? and (¢, )nex) to be the
algorithm LNR : X — (R?)% given by LNR(z) := (f(2) + k., ..., f(x) + ). I t, := Ay /ey,
then releasing nth component LNR,, (z) in isolation is equivalent to running the classical Laplace
mechanism with privacy level ¢,

We now extend the process ((,)nc[x] t0 @ continuous time process with the same finite-
dimensional distributions. Let 7 > 0 be arbitrary, and let (/;);>, be an inhomogeneous Poisson
process with intensity function A(t) := % Forn > 1,let 7, := inf{t > n : P, > n} be the nth
jump of (P,);>, and set 7 := 7. Noting that P, must be a nonnegative integer, define the process
(Zt)i>n by

Z,:=Y Lap(Ty). (54.2)

It is immediate that (Z;);>, is Markovian. We show in Appendix 5.D that Z; ~ Lap(t). With
(Zt)>n, one can make LNR fully adaptive, meaning that the times (¢,,),¢[x] at which it is invoked
need not be prespecified, and can depend on the underlying input database = by using time
functions.

Definition 5.4.1. Let f : X — RY be a function and (7},),>; a sequence of time functions.
Let (Z;);>, be the process defined in Equation (5.4.2). The Laplace noise reduction mechanism
associated with f and (7},),,> is the algorithm LNR : X — (R¢)> given by

LNR(z) := (f(z) 4+ Z1,(2))n>1,

where again T),(z) := T,,(f(x) + Z1,(2), - - -, f(x) + Z1,_,(»)) and T1(x) is constant.

If the analyst would prefer instead to specify privacy functions (&,,),>1, they can do so by
leveraging the corresponding time functions 7,,(z) := A;/&,(x), where &,(x) is defined anal-
ogously to 7, (x). We leverage LNR in our experiments in Section 5.6 and the process (Z;);>o
as a subroutine in constructing ReducedAboveThreshold. An analogous argument to the one
used in proving Lemma 5.3.3 can be used to show LNR enjoys the following ex-post privacy
guarantee.

Proposition 5.4.2. Let LNR be associated with (T,,),>1 and a function f with (,-sensitivity ;.
If N is stopping function, the algorithm LNR1.x((+) is (A1/Tn¢y(+),0)-ex post private.

Skellam Noise Reduction. Last, we briefly discuss how to generate a noise reduction mech-
anism for Skellam noise [6]. Recall that a random variable X has a Skellam distribution with
parameters A\; and A, if X =; Y} — Y5, where Y} ~ Poisson()\;) and Y5 ~ Poisson(\,) are
independent Laplace random variables. For succinctness, we write X ~ Skell(Aq, \2).
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Let (P1(t))i>0 and (Pa(t)):>0 be two independent, homogeneous Poisson process with rates
A1 and )\, respectively. Observe that the continuous time process (X;):;>o given by X; :=
Py (t) — Py(t) is clearly Markovian, has independent increments, and has X; ~ Skell(tA;, t)Az).
Thus, (X;):>o can be used to define a Skellam noise reduction mechanism by releasing (f(z) +
X7, (2))n>1 for some sequence of time functions (7},),>1.

5.5 Privately Checking if Accuracy is Above a Threshold

In Section 5.3 we presented the Brownian mechanism, characterized its privacy loss, and showed
how to obtain ex-post privacy guarantees for arbitrary stopping functions. In particular, these
stopping functions could be based on the accuracy of the observed iterates on public held-out
data.

However, one may desire to privately check the accuracy of observed iterates on the dataset
x € X. [109] were able to accomplish this goal by coupling LNR with AboveThreshold,
a classical algorithm for privately answering threshold queries [52]. In the context of ERM,
AboveThreshold iteratively checks if the empirical risk of each parameter is below a target
threshold, stopping at the first such occurrence. The downside to AboveThreshold is that it
requires a prefixed privacy level. In empirical studies, Ligett et al. [109] found this fixed privacy
cost dominated the ex-post privacy guarantees, showing little benefit to using noise reduction.

Below, we construct Reduced AboveThreshold, a generalization of AboveThreshold which
provides ex-post privacy guarantees. We show how to couple BM with Reduced AboveThreshold
to obtain tighter ex-post privacy guarantees than coupling with AboveThreshold would permit.
In particular, if BM is run using parameters (¢, ),>; and Reduced AboveThreshold indicates the
N'th parameter obtains sufficiently high accuracy, the privacy loss of the net procedure will be at
most 2¢ y — only twice the privacy loss that would be accrued by testing on public data.

Algorithm 1 ReducedAboveThreshold (via Laplace Noise Reduction)

Input: Algorithm Alg : X — Y*°, parameter €,,,, > 0, threshold 7, database x € X, utility
u:)Y x X — R where u(f,-) is A-sensitive V3, privacy functions (&,),>1 With &, < €max
vn.
forn > 1do

€n = En(Algy.,_1(2)), T, :=2A /€y
G i= Zr,,, where (Z;)¢>,, in Eq. (5.4.2) defines the LNR mechanism with 77 := 2A /€ pax.
& ~ Lap (42
if u(Alg,(x),x) + &, > 7 + (, then
Print 1 and HALT
else
Print O

7 should be seen as a target accuracy, Alg as a mechanism for releasing a parameter (e.g. BM,
LNR), and u as evaluating the accuracy of Alg, () on x. €y, is an arbitrarily large constant,
representing the minimum level of privacy required, used to prevent the user from examining
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(Z;) at arbitrarily small times. The above generalizes to sequences of thresholds (7,),>1 and
sequences (uy,),>1 of functions u,, : Y™ x X — R that are A-sensitive in their second argument,
but the added generality yields only marginal benefits. When &, = e for all n, Algorithm 1
recovers AboveThreshold as a special case. The intuition behind Reduced AboveThreshold
is that by gradually removing Laplace noise from the threshold, a data analyst can ensure that
privacy of the whole procedure only depends on the magnitude of Laplace noise added when the
algorithm halts. The following characterizes the privacy loss of Algorithm 1.

Theorem 5.5.1. For any n > 1 and neighboring datasets = ~ ', let L£.5(x, 1) denote the
privacy between Alg,., (v) and Alg,.,(z'). For any x € X, define N(x) to be the first round
where Reduced AboveThreshold run on input x € X outputs 1, that is

N(z) := inf{n > 1 : ReducedAboveThreshold, (z) = 1}.

Then, the privacy loss between Reduced AboveThreshold(z) and Reduced AboveThreshold(z'),
denoted LRAT (x, '), is bounded by

LR (2,2") < L3% ) (0,07) + Eny (Algynm -1 ().

We prove Theorem 5.5.1 in Appendix 5.C, where we also provide a utility guarantee for
ReducedAboveThreshold. This utility guarantee, much like the utility guarantee for AboveThreshold,
is in practice weak as it derives from a union bound. Using Theorem 5.5.1, we can simply choose
Alg = BM as a means of adaptively generating parameters. The following corollary, which fol-
lows immediately from the above theorem, provides the ex-post privacy guarantees of combining
ReducedAboveThreshold and BM.

Corollary 5.5.2. Let BM be the Brownian mechanism associated with a function f, decreas-
ing time functions (T,,),>1, and a a §-privacy boundary 1. Let Reduced AboveThreshold be run
with privacy functions (V(T,)),>1, threshold T, and algorithm BM. Then, Reduced AboveThreshold

is (20(Tn()()), 0)-ex post private.

5.6 Experiments

Choice of tasks: We compare the performance of BM and LNR on the tasks of regularized
logistic regression via output perturbation [25] and ridge regression via covariance perturba-
tion [145]. For logistic regression, we leveraged the KDD-99 dataset [90] with d = 38 features,
predicting whether network events can be classified as “normal” or “malicious”. For ridge re-
gression, we used the Twitter dataset [89] with d = 77 features to predict log-popularity of posts.
In each case, we ran our experiments on n = 10, 000 randomly sub-sampled data points. In order
to guarantee bounded sensitivity, we normalized each data point to have unit /, norm. We note
that this aspect differs from the experimentation conducted by Ligett et al. [109], who normalized
by the maximum (5 norm, a non-private operation.

“The two tasks use the logistic loss £(y, z) := log(1 + exp(—yz)) and the squared loss £(y, 2z) = 1(z —y)~
The regularized loss on a dataset D := {(x,%:) }ien) is L(8, D) := £ 30, £(y;, BT x;) + %
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Figure 5.2: Privacy loss plotted against loss (respectively regularized logistic and ridge loss) for
the statistical tasks of regularized logistic regression and ridge regression.
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Figure 5.3: Empirical privacy loss distributions for logistic regression and ridge regression with
loss assessed either (left) on the training data treated as a public, held-out dataset, (middle) via
AboveThreshold, or (right) via Reduced AboveThreshold.

Experiments: For each task, we conducted two experiments. We discuss the specific param-
eter settings for these experiments in Appendix 5.E. In the first experiment, we plotted guaranteed
(in the case of LNR) or high-probability (in the case of BM) privacy loss on the x-axis against
average loss (either logistic or ridge) on the y-axis. We conduct such a comparison as proba-
bility 1 privacy loss bounds cannot be provided for the Gaussian mechanism. Likewise, adding
a probability 0 of minimally improves privacy loss for the Laplace mechanism. We computed
the average loss curve for each mechanism over 1,000 trials, and have included point-wise valid
95% confidence intervals.

In the second experiment, we plotted the empirical privacy loss distributions for BM and LNR
under the stopping conditions of loss being at most 0.41 for logistic regression and 0.025 for ridge
regression. For each mechanism, we evaluated this empirical distribution using three approaches
for testing empirical loss: treating the training data as a held-out dataset, using AboveThreshold,
and using our mechanism, Reduced AboveThreshold. In AboveThreshold, we set the privacy
parameter to be fixed at ¢ = 0.5. In ReducedAboveThreshold, we took the sequence of privacy
parameters to be the same as the sequence of privacy parameters used by BM and LNR. We once
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again computed these empirical distributions over 1,000 runs of each mechanism.

Findings: The findings of the two experiments are summarized in Figure 5.2 and Figure 5.3.
For both tasks, BM obtains significant improvements in loss over LNR near the privacy loss
level that was optimized for. For both tasks, the privacy loss distribution for BM has lower me-
dian privacy loss than that of LNR. In addition, the privacy loss distribution for BM is more
tightly concentrated around the median, indicating more consistent performance. The privacy
loss distribution for LNR has a heavy tail, demonstrating that many runs do not attain the tar-
get loss until high privacy loss costs are incurred. Comparing Reduced AboveThreshold and
AboveThreshold, we see that the privacy loss distribution for ReducedAboveThreshold has
higher variance than that of AboveThreshold. However, Reduced AboveThreshold attains a
significantly lower median level of privacy loss when coupled with BM. This latter point reflects
the observations of Ligett et al. [109], who note that when AboveThreshold is used to determine
stopping conditions on private data, it contributes the bulk of the privacy loss to the empirical
distributions. On the other hand, our figures demonstrate that Reduced AboveThreshold results
in a more mild privacy loss at target stopping conditions.

5.7 Conclusion

In this paper, we constructed the Brownian mechanism (BM), a novel approach to noise reduction
that adds noise to a hidden parameter via a Brownian motion. We not only precisely characterized
the privacy loss of the Brownian mechanism, but also bounded it through applying machinery
from continuous time martingale theory. We then demonstrated how the utility of the iterates
produced by BM can be assessed on private data via ReducedAboveThreshold, a generalization
of the classical AboveThreshold algorithm. This was itself accomplished by a continuous-time
generalization of the original Laplace noise reduction (LNR) mechanism. Last, we empirically
demonstrated that BM outperforms LNR on common statistical tasks, such as regularized logistic
and ridge regression.

We comment on several limitations and open problems related to our work. We considered
noise reduction mechanisms in the setting of one-shot privacy, in which only a single mechanism
is run on private data. Traditional composition results, such as those for fixed privacy param-
eters [57, 84, 123] or adaptively selected parameters [133, 62, 163] are not directly applicable
to algorithms satisfying ex-post privacy; additional machinery needs to be developed to handle
composition in this case. A naive approach to composition is possible, which involves summing
the ex-post privacy guarantees of composed algorithms and summing the corresponding 9’s, but
we expect this approach to be loose. Finally, noise reduction is currently only applicable to
output perturbation methods; it remains open to see how to combine noise reduction with other
prominent methods for private computation, such as objective perturbation.

5.A Background on Martingale Concentration

In this section, we provide a background on the basics of martingale concentration needed
throughout this paper. While standard Brownian motion (B;);>o is not a nonnegative super-
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martingale, geometric Brownian motion given by YtA = exp ()\Bt — %t) is a nonnegative mar-
tingale for any A € R, and hence Ville’s inequality (Theorem 1.0.2) can be applied. In fact, the
probability in the lemma above becomes exactly § when it is applied to a nonnegative martingale
with continuous paths like Y;*. From Ville’s inequality, the following line-crossing inequality for
Brownian motion can be obtained.

Lemma 5.A.1 (Line-Crossing Inequality). For 6 € (0,1) and a,b > 0 satisfying e~2% = §, we
have
P(3t>0:B;>at+b)=0.

A proof of the above fact can be found in any standard book on continuous time martingale
theory [104, 50]. The above also follows from a special case of the more general time-uniform
Chernoff bound presented in Howard et al. [73], as discussed earlier in this document.

The above inequality can be seen as optimizing the tightness of the time-uniform boundary at
one preselected point in time. However, due to the adaptive nature of the Brownian mechanism
presented in Section 5.3, it is sometimes desirable to construct a time-uniform boundary which
sacrifices tightness at a fixed point in time to obtain greater tightness over all of time.

The aforementioned method of mixtures provides one such approach for constructing tighter
time-uniform boundaries [86, 76]. We discuss this concept briefly in the context of Brownian
motion. Observe that, since (Y;*);>o is a nonnegative martingale, for any probability measure 7
on R, the process (X[ )¢>o given by

X[ = / Y m(d\)
R

is also nonnegative martingale. By appropriately choosing the probability measure 7 and apply-
ing Ville’s inequality, one obtains the following concentration inequality [76].

Lemma 5.A.2 (Mixture Inequality). Let p > 0 and § € (0, 1) be arbitrary. Then,

1
P EItZO:BtZ\/Q(t—I—p)log(5 t~|—_p> = 4.
p

We leverage Lemmas 5.A.1 and 5.A.2 to construct the privacy boundaries in Theorem 5.3.6
in Appendix 5.B.

5.B Proofs From Section 5.3

Here, we prove the results from Section 5.3. We start by showing that BM is in fact a noise-
reduction mechanism, which is claimed in Lemma 5.3.3. To prove the cited lemma, it suffices to
show the following result.

Proposition 5.B.1. For v € RY, let (BY)i>o be a standard d-dimensional Brownian motion
starting at v. Let (T,),>1 be a sequence of decreasing time functions® T, : R4 5 R

5As before, T is implicitly a constant, independent of (BY);>o
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Figure 5.4: A comparison of the linear and mixture boundaries, both optimized for tightness
at e = 0.3 with § = 1075, The first plot directly plots the corresponding bounds as in The-
orem 5.3.6. The second plot inverts the boundaries, showing the variance necessary to meet a
target privacy level.

N : R* — N a bounded stopping function, and define T := T, (B%ly, ey B%Vil) and NV :=
N ((B%ﬁ)@l). Let pY.\ denote the joint density of (B%lu, ce B%JUVV) Then, with probability 1,

we have
(B;,, —v)?
» BY B exp | ——2——

.\ (Br, -2\’
PN o e

which is just the ratio between the density of a N (v, T%.) random variable and a N (u, T.)
random variable evaluated at B”IUVV.

A key part of proving the above proposition will be developing a strong Markov property
for Brownian bridges. Recall that a Brownian bridge is, in essence, a Brownian motion that
has been “pinned down” at some initial and terminating value. More rigorously, for a random
variable A € R? and a constant b € R%, a Brownian bridge (X;)o<;<7 with initial value X, = A
and terminating value X = b is a process that can be written in the form X; = %A + B, —
% (Br — b), where (B,)o<i<r is a standard d-dimensional Brownian motion that is independent
of A. The following properties of Brownian bridges follow from the definition.

Lemma 5.B.2 (Properties of Brownian Bridges). Let (X;)o<:<7 be a d-dimensional Brownian
bridge with X, = A, for A being a random vector in R?, and X, = b, with b € R? fixed. Then,
the following hold:

1. If A" € RY is independent of (X;)i>0, A and b’ € R is constant, the process (X})o<i<T given
by
T—t t
X =X, +—A + =V
t AT

is a d-dimensional Brownian bridge on [0, T| with initial value X, = A + A’ and terminating
value X, = b+ 0.
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2. u(t) =EX, = TEEA+ Lbforall 0 <t <T.

3. k(s,t) == Cov(Xs, Xy) = %COV(A) + (sAnt—2) I,

4. Forany C > 0, the process (X])o<t<cr given by X[ := \/EXt/C is a d-dimensional Brownian
bridge with initial point \/C A and terminal point \/Cb on [0, CT).

5. If A ~ N(u,X), then (X;)o<i<7 is a continuous Gaussian process on [0, T), and hence it’s
law is uniquely determined by v and k.

If (B;):>0 is a d-dimensional Brownian motion and 7 is a stopping time with respect to the
natural filtration (F;):>0, the strong Markov property for Brownian motion (see Theorem 2.20 of
Le Gall [104]) tells us that the process (B,1; — B );>o is also a d-dimensional Brownian motion
that is independent of F.. While we need to be a little more careful with scaling in the setting of
Brownian bridges, we can show a similar strong Markov property.

Lemma 5.B.3. Let (X;)o<i<1 be a standard d-dimensional Brownian bridge with X, = A and
X1 = b, and let (G;)o<t<1 be the corresponding natural filtration. Let T be a (G;) stopping time.

Let (Xt(T))ogtgl,T be the process defined by Xt(T) = Xy, — X, — 20, and define the

1—-7

rescaled process (Yt(T))OgtSl by
VO = VI=TX])
Then, (Y;)o<t<1 is a standard Brownian bridge with Y, =Y, = 0 independent of G..

Proof. Step 1: reduction to the case a = b = 0: First, we note that it suffices to prove the result
when A = a is a constant. If we prove the result in this case, we note we have by the tower rule
for conditional expectations that, for any event £/,

PYD eE)=E[P(Y" eE|A)]=EP(ZeE)=P(Zeck),

where (Z;)o<t<1 is a Brownian bridge with Z, = Z; = 0. Next, note it suffices to prove the
result in the case a = b = 0. Let (X;)o<:<1 be a Brownian bridge satisfying X, = a and X; = .
Define another process (X[);>o on the same probability space by X| := X; — (1 — t)a — tb. By
the first part of Lemma 5.B.2, (X]);>o is a Brownian bridge on [0, 1] with initial point X = 0
and X| = 0. Clearly, the natural filtration (G;)o<;<1 for (X;)o<i<1 is also the natural filtration for
(X])o<t<1. Further, a simple calculation yields that for any fixed 0 < s < ¢ < 1, Xt(s)l = Xt(s).
Thus it also follows that Yt(T)’ = Yt(T) for all (G;) stopping times 7 and all 0 < ¢ < 1.

Step 2: considering when 7 = 7' is deterministic: Thus, going forward we consider the
case where (X;)o<;<; is a Brownian bridge with X, = X; = 0. Clearly it suffices to consider
(X¢)o<t<1 to be one-dimensional in what follows, as in the multivariate case the coordinates of
X are independent one-dimensional Brownian bridges. We first consider the case where 7 = T’
is a constant time. In this case, the process (Z;)o<t<1 given by

X, for0 <t<T,
s orT <t<1
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is clearly a Gaussian process on [0, 1] that is continuous on [0, 7") and [T, 1]. To show the result,
we must show (1) for any s € [0,7),t € [T,1], k(s,t) := Cov(Zs, Z;) = 0 (this implies
X, and hence Y™ is independent of Gr), (2) u(t) := EZ, = 0 for all t € [T, 1], and (3)
k(s,t) == Cov(Zs, Zy) = (s —=T)N(t=T) — % for all s,¢t € [T, 1] (these final two
points show the law of X (™) is that of a Brownian bridge since we already have sample path
continuity).

We now check each of these properties. In what follows, recall that X; = B; — tB; for some
(now one-dimensional) Brownian motion (B;)o<;<1, and remember that Cov(By, B;) = s A t.

1. For s € [0,7) and ¢t € [0,1 — T, we have (assuming for now that E[Xt(T)] = 0, which we
confirm in a later point)
1-T—t
Cov(X., X;") = E {XS (X - ﬁX)]
1-T—t 1-T—t

=E [ XX — E XX, =s(1—-t-T 1-T
[ S t+T} 1 o T [ S t] 8( t ) _'_ 1 - T S( )
which confirms the first point.
2. Forany ¢ € [0,1 — T, we have
1-T—t 1-T—t
EPFW:EPMT—@+ﬂBp—1_T . 1_TZBJ:Q
proving the second point.
3. Lastly, using property 3 of Lemma 5.B.2, for s,t € [0,1 — T s.t. s < t, we have
1-T—s 1-T—t
Cov (XS(T), Xt(T)) =FE {(XSJFT — ﬁXT> (Xt+T — ﬁXT)}
1-T—1
1-T—s5s (1-T—t)(1-T—5s) 9
———{T-0t+17)T T-T
U -1y =1}
1
:T—T%+Tm—T—@a—n—Ta—T—@u—T—ﬂ
(1 -T—t)s st

T a-n) CTi-T

Since we have shown that, for any T € [0, 1], Y™ is independent of Gy, we have that, for
any I/ € G; and any bounded, any fixed times 0 < t; < ¢, < --- < ¢, < 1, and continuous
function F' : R — Ry,

ELF(V",..., ) = BAEF(Xy,. .., Xy,),

which is a fact we will use in the sequel.
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Step 3: generalizing to general stopping times:

We now emulate a standard proof of the strong Markov property for Brownian motion to
extend to the case where 7 is a (G;)o<;<1 stopping time (in particular, the proof of Theorem 2.20
in Le Gall [104]).

It suffices to show that, forany A € G, 0 < ¢ <ty <--- <t, < 1,and F : R — R>g
continuous and bounded that

ELF (Y7, .v\7)) = P(AEF(X,,...,X,,).

As noted in Le Gall [104], this not only proves the independence of (Yt(T)) and G, but
also demonstrates by taking A = 2 (where (2, F,P) is the underlying probability space) that
(Y;(T)) and (X;) have the same finite-dimensional distributions, and hence (Yt(T)) is a standard
d-dimensional Brownian bridge since sample paths are continuous.

For n a positive integer and 7' € R, define 7|, := min{k2™" : k € Z, k27" > T}, i.e.
T, is the smallest real of the form k2" that is greater than or equal to 7". A straightforward
("I") yields that, for any ¢ € [0, 1], we have ¥, —— ¥,{”), and thus bounded

n—oo

expansion of Y,

convergence yields

EL PV, Y7) = lim BLFYT, . v

v
= lim i]E]lAllEﬁF(Yt(f"), LY
k2_nO
= lim » E1 Al P20y
k2—nl
= lim Y P(ANEHEF(Y,™ ", y)

n—00
k=1

=P(A)EF(X,,,...,X,,),

where (X;)o<:<1 is a standard d-dimensional Brownian bridge, proving the desired result. In the
above, EF := {(k — 1)27™ < 7 < k27"}, and we use the identity IlEﬁF(Yt(lT'"), I ALy

<y Ly,

LgeF (}/;EkQ_”)’ . ,}/'tiw_n)). The second to last inequality follows from applying the result
where ¢ is a deterministic time, noting that the event A N E,’j is Gj.o-n-measurable.
Thus, we have shown the desired result. |

Corollary 5.B.4. Let (X;)o<i<1 be a d-dimensional Brownian bridge with Xo = A and X, = b,
where A is a random variable. Let (G;)o<i<1 be the corresponding natural filtration. Let T be
a (G:) stopping time. Then, for any G € G., the conditional law of the process (X;).<i<1 given
{r = T,X, = z} NG is that of a Brownian bridge on [T, 1] with initial value Xt = z and
terminal value X, = b, i.e.

PXe - |7=T,X,=2,G)=P(Se ),

where (S;)r<i<1 is a Brownian bridge on [T, 1] with Sp = x and Sy = b.
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Proof. Let (Z;)o<i<1 be a Brownian bridge wth Z, = Z; = 0. Applying the tower rule for
conditional expectation alongside Lemma 5.B.3 gives us, for all &/ € F,

PYDeE|nX,, 1) =E[P(YD e E|F)] =P(Z € E).
Thus, with probability one over the joint distribution of (X, 7, 1), we have
PYDeE|X,=2,7=tG)=P(Z € E).

With Lemma 5.B.2, we know that, since Y (7 is a Brownian bridge with YO(T) = Yl(T) = 0 on
this event, then, \/1+7TY£)_T) = X — ILTT’ L + 5b is a Brownian bridge with initial and
—t

terminal value 0 on [0,1 — 7T']. The remainder of the result follows by adding ‘==tz — b,
applying the first part of Lemma 5.B.2, and reindexing the process to be defined on [T, 1]. |

Lemma 5.B.3 and Corollary 5.B.4 above show that the conditional distributions of Brownian
bridges, even at stopping times, are very well-behaved — the conditional distributions are exactly
that of another Brownian bridge. We aim to apply these results to our analysis of the privacy loss
of the Brownian mechanism as follows. We will shortly that the distribution of the outputs of
the Brownian mechanism, which can be viewed as a Brownian motion being run in reverse, can
be equivalently viewed as a Brownian bridge with random (particularly, multivariate Gaussian)
initial state and fixed terminating state. Coupling this with the above strong Markov property, we
will show that even when an analyst picks arbitrarily complicated stopping functions, the privacy
loss looks as if the inspection times were fixed in advance.

First, we show that, for a fixed number n of time functions, the privacy loss is exactly as
outlined in the statement of Proposition 5.B.1.

Lemma 5.B.5. Let n € N be arbitrary, and let 11, ..., T, be decreasing (i.e. non-increasing)
time functions. Let p{,, denote the joint density of (Bfy,...,Bfy), where (BY)i>o is a d-
dimensional Brownian motion starting at v € R and T? := T, (B:'ffa e 73%”,1) Then,

forany y1, ...,y € R% we have®

v lyn — VI T- —[[Yym—1 = yml?
pl:n(yl) s 7yn) Xy €XP ( 2Tn H exXp Q(Tm—l — Tm) )

m=2

where T,, = T,,,(y1, . . ., Ym—1) for notational convenience and , indicates that the constant of
proportionality does not depend on v.

Proof. We prove the result by induction on n, with the base case of n = 1 being trivial. Assume
now the result holds for n. Recall that the first time function 77 is simply a constant. Define
the “backwards” process (X} )o<i<r, by X} := B7,_,, and let (G;)o<i<1, be the corresponding
natural filtration, i.e. G, := o(X! : s < 1) = o(By,_, : s < t). Inspection yields that (X} )o<;<r,
is a Brownian bridge with X§ ~ N (v, T11;) and X}, = v.

5Since we may have 7,, = T,,—1 for some m, we adopt the convention that when y,, = Ym—1,
2 2
exp (mizﬁfl))) = 1. Likewise, when ¥,,, # ¥m,m,—1 in this setting, we adopt exp <%) = 0. After
the proof of this lemma, only the former case will occur.
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First, we note that the strong Markov property (in particular Corollary 5.B.4) yields that, for
any (G;) stopping times 71 < --- < 7,, the law of of (X/),,<i1<1, conditional on the event
{XZ =w1,..., XY = yy} is that of a Brownian bridge with initial point X = y,, and terminal
point X7 = v. Applying this in the case 7, = Ty — T, this yields that the conditional law of

(XU)1 -1 <t<r, given {X§ = 41, X7 5, = ¥2,..., X}, 5 = Yn} is a Brownian bridge with
initial point X7, + = y, and terminal point X7 = v. But, this is equivalent to saying the
conditional law of (B} )o<i<r, given {B}, = yn,..., B}, = yi} is that of a Brownian bridge

with initial value By = v and terminal value By, = ys,.

Next, note that, on the event { BY, = ¥, ..., B}, = y1}, the time function T}, 11 = Thp1 (Y1, - - -, Yn)
is constant in value. Following the from the preceding paragraph, the conditional density pf., | (Yn41 |
Y1, - -, Yn) is just that of a Brownian bridge with initial value By = v and B, = y, inspected at
time 7},,,. That is, from using the covariance and mean expressions for a Brownian bridge along
with the fact it is a Gaussian process, we have by Lemma 5.B.2

Tn+1 2
, | =v =520 -0 1,
pl:n—i-l(ynJrl ‘ Yty - >yn) Xy 6Xp | — 2(jjn - Tn+1) . Tn

Thus, applying Bayes rule for densities alongside the inductive hypothesis, we have

Pt W1 Unt1) = DLW, - - Yn) P ot Ut | Y15 - Yn)
2

Tn
Iy =1 (] exp (2l =l s == =) 7,
X, exp | ———— | - ex ~exp | — .
P o7, L P @, =T P 2Ty — Toyt) T,
n+1
HynJrl _VH2) . (_Hyml _ymHQ)
= ex —_— | - €x )
P ( 2Tn+1 7:7!:[2 P 2(Tm—1 - Tm)
which proves the desired claim. |

With the above lemma, which shows that Proposition 5.B.1 holds when the number of time
functions is constant, we can now prove that Proposition 5.B.1 holds in full generality. The
idea behind the general proof is as follows. First, we consider the setting where an analyst has a
sequence of time functions 77, 75, . .. and uses a stopping function NV that satisfies N ((y,)n>1) <
n for all possible strings of inputs. We then construct a sequence of exactly n time functions
Si,...,Sy, such that pf (Bgf, ceey B§z> = N (B%l,,, cee B%]Vw). Then, in the general case
where we only assume N ((y,)n>1) < oo for all sequences (y,,)n>1, for any § > 0, € RY, there

is some nj such that P (N ((B{ﬁ) ) < ”146) > 1 — 6, which will allow us to apply our
n>1

n

argument from the setting where N is bounded alongside a limiting argument.
With the above brief description of our technique at hand, we now prove Proposition 5.B.1.
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Proof of Proposition 5.B.1. By assumption, for all sequences (y,,)m>1 of elements of R?, we
have N ((¢m)m>1) < n for some fixed natural number n € N. If (7},),>1 is the original
sequence of stopping functions, define a new sequence by S,,, := T,y for all m € [n].

It is straightforward to see that, for any p, v € R,

P (Bip o By ) = (B B ) =Pl (Bl B )

n

Moreover, Lemma 5.B.5 yields that

2

2 BY. —v
BY, —V’ TRy
sy exp _
eX - o 2Tl/
., (Bglu, . ,ng> P ( 257 ) X
n

Prn <B§1”"”’B§%> exp( ’Buz%”MH> exp

2 Y
B” L TH

ZTK,D

which is just the ratio between the density of a A (v, T ) random variable and a N (i, T%.)
random variable evaluated at B}, v, proving the desired result. |

We now prove Theorem 5.3.4, which gives a closed form characterization of the Brownian
mechanism. In what follows, we use the same notation for the density of Brownian motion as in
the above proof.

Proof of Theorem 5.3.4. The second statement of the theorem is trivial and follows from our
assumption of bounded ¢, sensitivity. Hence, we only prove the first statement below.
From the results of Lemma 5.3.3, we have

pcj;ff(l) (z) (BM,,(z))

LN (z,2') = log
(N (z)\ x/

TN (2)(2)
1 [IBrye, — F@IB 1Bryy, — S

Without loss of generality, and for the sake of simplicity, f(z) = 0. The privacy loss can be
written as

1
LiN(@,2) = m(—HBTW)H%HBM@—f<m’>||§)

1 1 /N2
= 7y Brscoton @) + g1
(

@)l /) L
= TN(z)( ) <BTN(m)($)7 ||f<£L")H2> + QTN(x)<5U)Hf( )HQ

"While N technically accepts an infinite sequence (y,)n>1 of vectors as input, by definition, checking
N ((yn)) < m only requires examining the first m elements of the sequence y1, . . ., Y.

ﬁ
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@)l F() e
= Ty @) <B Hf(x’>|! >+ ><x>”f< Iz
i@ e

Note that the last inequality follows from the fact that if (B;);>¢ is a d-dimensional Brownian
motion and z € R? s a unit vector under the ¢, norm, then the process W, := (z, By) is a standard
Brownian motion. Noting that (—W;);>¢ is also a Brownian motion furnishes the result. n

We now use the characterization of privacy loss in Theorem 5.3.4 alongside the time-uniform
concentration results for continuous time martingales found in Appendix 5.A to construct two
general families of privacy boundaries. We now prove Theorem 5.3.6.

Proof of Theorem 5.3.6. Recall from Theorem 5.3.4 that we have the following bound

A? A
- Wi (2)"
QTN(x)(iL‘) TN(x) (93) N(x)\®

‘Cl :N(z) (CL’, [E,) <

where AT := max(A,0). First, by leveraging Lemma 5.A.2, we see that, with probability at
least 1 — §, we have

A? A 1 [T )(x)—Fp
LY (2,2') < + Ty () + p)log | 24| @) TP

= ) (T (2)),

proving that @bf)” is a valid d-privacy boundary. Likewise, by Lemma 5.A.1, we have that

A? A A A
L£BM xx,m/ < + alyy(z)+b)=——— | =+D| +Aa
L@ () 2TN () (2) TN(z)@)( Ve () +0) T () (2 )

= Yy (Tna) (2)),

showing 1/)5 , 18 a valid d-privacy boundary.

5.C Proofs From Section 5.5

In this appendix, we provide proofs of the results in Section 5.5. We start by proving the privacy
guarantees for Reduced AboveThreshold.

Proof of Theorem 5.5.1. For ReducedAboveThreshold as described in Algorithm 1, on the
event { N(x) = n}, all information leaked about the underlying private dataset is contained in
Alg,.,, () and vy, (), where v, () is defined to be the nth bit output by Reduced AboveThreshold.
For any y € X, let ¢, denote the joint density of (Alg,.,(v), a1.,(y)), pl., the marginal den-
sity of Alg,.,(y), and pi, (- | -) the conditional pmf of ay.,(y) given the observed values of
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Alg,.,,(y). As such, for any neighboring datasets x ~ 2/, on the event { N (z) = n}, the privacy
loss of ReducedAboveThreshold, denoted by LRAT (z, 27), is given by

it o [ Toa(Alg(2). 00 (2)
Lo (2.2) 1g(qf:,xmgm(x),oq:n(a:)))
pal:n<Alg1n(x>) pfn<a1 TL(‘Z.) ‘ A1g1n<x>>
=log (p”ffn(Algm(iE))> +log (pf:mm(x) | A1g1:n<a:>>)
o (P () (P07 | Algy ()
= log (pf:,I(Algm(x») o (pf:nmnll | Algmu»)
= L0, a!) + Ly(z, '),

where 0”11 denotes the string of n — 1 0’s followed by a single 1. In the last line we leverage
the definition of the privacy loss between Alg, ., (z) and Alg,.,(2’) and define

pf:n(on_11 ’ Algln(m)))

Now, to finish the result, it suffices to prove that, for any n, L, (z,z") < &,(Alg,.,,_1(2)).
Without loss of generality, we can assume all thresholds take the same value 7 across rounds,
as we can always define the shifted function u/,(Alg,.,(z), z) := u,(Algy.,(z),x) — 7, + 7. To
prove our desired inequality, we proceed largely in the same way as the proof of AboveThreshold
found in Lyu et al. [114], noting that conditioning on Alg, ., () serves to fix the utility functions
uy(Algy (), ), ..., u,(Alg,.,(z),-) and the privacy levels

&1, E(Alg (), ..., En(Algy.,,_1(2)).

Ly(x,2') :=log <

For simplicity, going forward, we refer to the former quantities as u;(-), ..., u,(-) and the lat-
ter quantities just as €, ...,€,. The only remaining caveat that we must take care in handling
variable amount of noise on the threshold introduced by LNR. Going forward, let P;.,, denote
the conditional probability P(- | Alg,.,,(x)). First, observe that we can write the numerator of

L,(z,2) as
n—1
p* (07711 ] Algy,,(2)) = / 91n(S1,y -0, Sn) (H Py, (wi(z) + & < s,)) Pi., (un(z) + & > sp,) dS,
R i=1

where g7.,, represents the density for the joint distribution of (7+2(2A /e,,) )7, where (Z(t) )>y,
is as defined in Equation (5.4.2). We now need three inequalities. The first two are standard from
the analysis of Lyu et al. [114], so we do not provide a proof. The third inequality is a product of
our novel Reduced AboveThreshold mechanism, and hence we provide a proof. The inequalities
are:

1. For+ < n and fixed s;, Pln(u,(w) + 51 < Si) < Plzn(ui(x’) + 51 < S; + A),
2. fori =nand any s, Pp.,(u,(z) + &, > s,) < /2Py, (un(2) + &, > 5, + A), and
3. forany s;.,, € R, g7, (51,...,8,) < e/2g7 (s1+ A, ..., 5, +A).
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We now prove the third inequality. We have that

gi—:n(sh Tt 8”) — g;(sn)gi—:n—l(sla <oy Sn—1 | sn)
gI::zA('Sl? R Sn) ggiA(Sn)g‘lr;zél(sla <y Sn—1 | Sn)
g;(Sn) €n/2
= —— S e ,
gn =2 (5n)

where the first equality follows from applying Bayes rule to the joint densities of the noisy
thresholds, and the second equality follows from the fact that (Z(t)) forms a Markov process.
This in particular implies that the density conditional density given the nth threshold satisfies
g% (51, 8n-1 | sn) = g0, 1(S1,...,801 | sn) forall a,b € R. The last inequality
follows from examining the ratio of densities of Lap(7, 2A/¢,,) and Lap(T — A, 2A /¢, ) random
variables. Now, observe that by a simple shift of parameters we have

TP (51, 80) = gl (51 + A, s, + A).

Plugging this in, we have

p* (Onill | Algy., (z ))

— / 91815, (H Py (ui(z) + & < SZ)> Py (un(x) + &, > $,)dS
< een/2/ g{:n (S$1,...,8 (H Py (ui(z) + & < s )) Pip(un(z) + & > $,)dS
< ee”/ g{m S1,...,8 (HPM wi(2') + & < SH—A)) P(u,(2') + &, > s, + A)dS

—efn/ gln S1,...,8 (H]P)ln Uz +€z<3@)> ]P’lm(un( >+£n25n)d

= emp” (071 | Alg,,, (2)) .
Rearranging furnishes the desired result. |

We can also prove a corresponding utility guarantee for ReducedAboveThreshold. As men-
tioned earlier, this utility guarantee is naive in the sense that it is derived from a union bound.
Thus, instead of plotting the utility guarantee in our experiments in Section 5.6, we instead plot
empirically observed loss/accuracy. Additionally, for the utility guarantee to hold, the sequence
of privacy functions (&,),>; must be constant functions, i.e. £, = ¢, for each n. We now state
the formal, high-probability utility guarantee in the following proposition.

Proposition 5.C.1. Let (p,)n>1 be a sequence of non-negative numbers such that ) . p; = 1,
and let vy € (0, 1) be a confidence parameter. Define the sequence of parameters (1,),>1 by

N o= 45 (log (i) - log(pn)) :
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Then, if N (z) is the time defined in Theorem 5.5.1, with probability at least 1 — ~, we have

UN@) (T) > TN — 1N(@)-

Proof. The above utility guarantee follows from applying two simple union bounds. First, we
have

Second, we have that

P (U{Ién! > m/Q}) <Y CP(Ga] = mn/2) = Zexp< n”ﬂ) %Z

n>1 n>1 n>1
Thus, with probability at least 1 — 7, we have simultaneously for all n > 1 that |,,| < 7,,/2 and
|Ca| < 1y /2. Thus, with the same probability, on round N (z), we have

UN(2)(T) > TN @) — IN()-

5.D Proofs From Section 5.4

We first prove that the process defined in Equation (5.4.2) has Laplace marginal distributions.

Theorem 5.D.1. Let (Z;),>, be the process defined in Equation (5.4.2). Then, for any t > 1, we
have
Zy ~ Lap(t).

In what follows, we sometimes use the notation Z(t) interchangeably with Z; for conve-
nience.

Proof. Recall that if X ~ Lap(s), then X has characteristic function @, given by
1
s(\) = ———.
s(V) 1+ A2s2
Let ¢ denote the characteristic function of Z;, — Z,. Since Z, and Z, — Z,, are independent, to
show Z; ~ Lap(t), it suffices to show that

oA T+ NP
ep(N) 1 A2

Now, observe that the inhomogenous Poisson process (F;);>, can be written as (P(e/ %)) t>log(n2)
where P is a homogeneous Poisson process with rate A = 1 on [log(n?), 00). In terms of the
process P, we can consider the process (Z;);>10g(,2) given by

= 3 tan (7).

ngﬁt
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where 7, := inf{t > log(n?) : P, > n} and Ty = log(n?). It is easy to see that
Z(log(tQ)) - Z(log(nQ)) =q Zy — L.

Leveraging this identity, it follows that we have

0 2 1 t2 2 n A N
=y et / 1O, u) T E [0
n=0 t n log(n?) <u1<ug <-<up<log(t2) ey
(5> T
- T (5.D.1)
2 log(n?)<ui<uz<--<un<log(t?) ;- 1 + AZeui
In the above, (u1, Cey Uy = W is the distribution of the order statistics (U1, . . .

of ni.i.d. random variables that are uniform on [log(n?), log(¢?)]. Essentially, what we have done
is first conditioned of the number of Poisson arrivals that occur in the interval [log(n?), log(t?)].
Then, on the event { N (t) = n}, we condition again on the location of the n arrivals, which we
know to be uniformly distributed across the time interval. Once the arrival locations are known,
we can compute the conditional characteristic function, which is the the product of characteristic
functions as illustrated in the integral above.

Now, we show inductively that

n

1 1 21+ 222\ 1"
H s du = ) log | — 242
log(n2) <1 <ua<-<un<log(t2) 1 L T AZ€™ n: n* 14+ A%

The base case of n = 1 is trivially true. Now, we have that

n

1
—5 . du
log(n?) <uy <uz<--<u,<log(t?) ;4 1+ Aewi

log(tQ) 1 n 1
- ————du_iduy
/7;110g(772) 1 + >\2€U1 /ul<u2<"'<un g 1 + )\261’11
1 /1og(t2) 1 | t2 1+ /\2€u n—1 .
=71\ — |log | ——— u
(n - 1)' u=log(n?) 1 + )\2eu & ev 1 + >\2t2

1 log() d | 121+ AZev nd 1 | 21+ 222\ 1"
! Siog)  du Sl T e nl |\ T e

Leveraging this identity and picking up from the expression for ¢(\) in Equation (5.D.1), we

have that
2 © 4 214+ 222\ 1"
o= 35 e (e |
n? 21+ \n? 1+ \2n?
= e (s (T30 ) ) = T
This proves the desired result. |
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The above proof can also be leveraged to show that, for any finite fixed sequence of times
(tn)neix)> (Z(t1), ..., Z(tx)) has the same distribution as ((1,...,(x), where ((,)ne(x] is the
Laplace process associated with times (,,),¢c[x] as outlined in Equation (5.4.1). This justifies that
the process (Z(t));>, is in fact a continuous time generalization of the aforementioned discrete
time process.

5.E Additional Experimental Details

Parameter settings: We set the regularization parameter to be A = 0.05 and note that the
{5 and ¢;-sensitivity for the output perturbation of logistic regression are respectively % and

%g. Likewise, for covariance perturbation in ridge regression, the /5-sensitivities for privately
releasing X7 X and X7y are both 2.0, and the corresponding /;-sensitivities for releasing these
quantities are 2.0d and 2.0v/d respectively [109, 25]. We set the failure probability for BM to
be § = 1075, and in each task map privacy parameters (¢, ) to times (¢,) using the linear privacy
boundary w(i , optimized for tightness at € = 0.3.

Optimizing privacy boundaries: We provide a high level description of how one may set the
parameters associated with the privacy boundaries discussed in Theorem 5.3.6. Let us consider
the case of the mixture boundary 7,%” for illustrative purposes.

Suppose a data analyst desires that the final level of privacy loss obtained by interacting with
the Brownian mechanism should be approximately €. Then, intuitively, the analyst should want
to add the variance of the Gaussian noise added to be as small as possible when the privacy
boundary takes value e. In mathematical notation, the analyst wants to find a parameter p*
satisfying

p" = argmin(y})') " (¢),

where we note that the inverse function (wf,” )=t exists as wé” is strictly increasing. While this
inverse has no closed form in general, the parameter p* can be efficiently computed using a few
lines of code. A similar, even more straightforward computation can be conducted for the linear
privacy boundary.

Simulating Noise Reduction Mechanisms: We briefly describe how a data analyst can pro-
duce samples from the Brownian mechanism and the Laplace noise reduction mechanism. First,
since T} (z) is a constant, we have BM;(z) ~ N (f(z),Ti(x)). Then, given BMy.,_1(x), we

have BM,,,(z) ~ N ( f(x) + nirf—%(BTm_l(x) — f(x)), (Tm_l(?iﬁi?))m(x))_ Since simulat-

ing the Brownian mechnaism only requires normal samples, it can be efficiently computed.

Second, to sample from LNR, one can first generate the the points of arrival of the inhomo-
geneous Poisson process (F;);>, up to time 7' (z). Let 7,..., 7Ty denote these arrival times,
where we note that NV, the number of arrivals up to time 77 (z), is a random variable. Then, one
can generate Y, ~ Lap(7,,) for m < N. From this information, the process (Z;),<;<r, (z) can
be readily computed, as in Equation (5.4.2).
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Chapter 6

On the Sublinear Regret of GP-UCB

In the kernelized bandit problem, a learner aims to sequentially compute the optimum of
a function lying in a reproducing kernel Hilbert space given only noisy evaluations at se-
quentially chosen points. In particular, the learner aims to minimize regret, which is a
measure of the suboptimality of the choices made. Arguably the most popular algorithm
is the Gaussian Process Upper Confidence Bound (GP-UCB) algorithm, which involves
acting based on a simple linear estimator of the unknown function. Despite its popularity,
existing analyses of GP-UCB give a suboptimal regret rate, which fails to be sublinear for
many commonly used kernels such as the Matérn kernel. This has led to a longstanding
open question: are existing regret analyses for GP-UCB tight, or can bounds be improved
by using more sophisticated analytical techniques? In this work, we resolve this open ques-
tion and show that GP-UCB enjoys nearly optimal regret. In particular, our results yield
sublinear regret rates for the Matérn kernel, improving over the state-of-the-art analyses
and partially resolving a COLT open problem posed by Vakili et al. Our improvements
rely on a key technical contribution — regularizing kernel ridge estimators in proportion
to the smoothness of the underlying kernel k. Applying this key idea together with a largely
overlooked concentration result in separable Hilbert spaces (for which we provide an in-
dependent, simplified derivation), we are able to provide a tighter analysis of the GP-UCB
algorithm.

6.1 Introduction

An essential problem in areas such as econometrics [60, 71], medicine [117, 119], optimal con-
trol [12, 7], and advertising [107] is to optimize an unknown function given bandit feedback, in
which algorithms only get to observe the outcomes for the chosen actions. Due to the bandit
feedback, there is a fundamental tradeoff between exploiting what has been observed about the
local behavior of the function and exploring to learn more about the function’s global behav-
ior. There has been a long line of work on bandit learning that investigates this tradeoff across
different settings, including multi-armed bandits [144, 102, 168], linear bandits [3, 147], and
kernelized bandits [30, 139, 154].

In this work, we focus on the kernelized bandit framework, which can be viewed as an exten-

135



sion of the well-studied linear bandit setting to an infinite-dimensional reproducing kernel Hilbert
space (or RKHS) (H, (-, -) ). In this problem, there is some unknown function f* : X — R of
bounded norm in H, where X C R?is a bounded set. In each round n € [N], the learner uses pre-
vious observations to select an action X,, € X, and then observes feedback Y,, := f*(X,,) + €,,
where €, is a zero-mean noise variable. The learner aims to minimize (with high probability) the
regret at time 7', which is defined as

Rp = f*(@") = [*(X)

where x* := argmax,cy [*(z). The goal is to develop simple, efficient algorithms for the
kernelized bandit problem that minimize regret 2. We make the following standard assumption.
We also make assumptions on the underlying kernel k, which we discuss in Section 6.2.

Assumption 4. We assume that (a) there is some constant D > 0 known to the learner such that
| f*|z < D and (b) for every n > 1, €, is o-subGaussian conditioned on o(Y1.,—1, X1.1)-

Arguably the simplest algorithm for the kernelized bandit problem is GP-UCB (Gaussian
process upper confidence bound) [150, 30]. GP-UCB works by maintaining a kernel ridge re-
gression estimator of the unknown function f* alongside a confidence ellipsoid, optimistically
selecting in each round the action that provides the maximal payoff over all feasible functions.
Not only is GP-UCB efficiently computable thanks to the kernel trick, but it also offers strong em-
pirical guarantees [30]. The only seeming deficit of GP-UCB is its regret guarantee, as existing
analyses only show that, with high probability, R = O(VT\/T ), where ~yr is a kernel-dependent
measure of complexity known as the maximum information gain [150, 35]. In contrast, more
complicated, less computationally efficient algorithms such as SupKernelUCB [156, 135] have
been shown to obtain regret bounds of O(+/~v71), improving over the analysis of GP-UCB by
a multiplicative factor of ,/77. This gap is stark as the bound é(ﬁyT\/T) fails, in general, to

be sub-linear for the practically relevant Matérn kernel, whereas 6( vrT) is sublinear for any
kernel experiencing polynomial eigendecay [154].

This discrepancy has prompted the development of many variants of GP-UCB that, while
less computationally efficient, offer better regret guarantees in some situations [80, 140, 141].
(See a detailed discussion of these algorithms along with other related work in Appendix 6.A.)
However, the following question remains an open problem in online learning [155]: are existing
analyses of vanilla GP-UCB tight, or can an improved analysis show GP-UCB enjoys sublinear
regret?

6.1.1 Contributions

In this work, we show that GP-UCB obtains almost optimal, sublinear regret for any kernel
experiencing polynomial eigendecay. This, in particular, implies that GP-UCB obtains sublinear
regret for the commonly used Matérn family of kernels. We provide a brief roadmap of our paper
below.

1. In Section 6.3, we provide background into self-normalized concentration in Hilbert spaces.
In particular, in Theorem 6.3.1, we provide an independent, simplified derivation of a bound
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due to Abbasi-Yadkori [2], which concerns to self-normalized concentration of certain pro-
cess in separable Hilbert spaces. This bound has been largely overlooked in the kernel bandit
literature, so we draw attention to it in hopes it can be leveraged in solving further kernel-
based learning problems. As opposed to the existing bound of Chowdhury and Gopalan [30],
which involves employing a complicated “double mixture” argument, the bound we present
follows directly from applying the well-studied finite-dimensional method of mixtures along-
side a simple truncation argument [40, 41, 44, 3]. These bounds are clean and show simple
dependence on the regularization parameter.

2. In Section 6.4, we use leverage the self-normalized concentration detailed in Theorem 6.3.1 to
provide an improved regret analysis for GP-UCB. By carefully choosing regularization param-
eters based on the smoothness of the underlying kernel, we demonstrate that GP-UCB enjoys

sublinear regret of 9) (T %> for any kernel experiencing (C, 3)-polynomial eigendecay. As

. . . ~ [ vt2d
a special case of this result, we obtain regret bounds of O (T 2v+2d> for the commonly used

Matérn kernel with smoothness v in dimension d. Our new analysis improves over existing
state-of-the-art analysis for GP-UCB, which fails to guarantee sublinear regret in general for
the Matérn kernel family [30], and thus partially resolves an open problem posed by [155] on
the suboptimality of GP-UCB.

In sum, our results show that GP-UCB, the go-to algorithm for the kernelized bandit prob-
lem, is nearly optimal, coming close to the algorithm-independent lower bounds of Scarlett et al.
[135]. Our work thus can be seen as providing theoretical justification for the strong empirical
performance of GP-UCB [150]. Perhaps the most important message of our work is the impor-
tance of careful regularization in online learning problems. While many existing bandit works
treat the regularization parameter as a small, kernel-independent constant, we are able to obtain
significant improvements by carefully selecting the regularization parameter. We hope our work
will encourage others to pay close attention to the selection of regularization parameters in future
works.

6.2 Background and Problem Statement

Notation. We briefly touch on basic definitions and notational conveniences that will be used
throughout our work. If ay,...,a, € R, we let ay, = (ai,...,a,)". Let (H,(-,-)z) be a
reproducing kernel Hilbert space associated with a kernel £ : X x X — R. We refer to the
identity operator on H as idy. This is distinct from the identity mapping on R?, which we
will refer to as I,. For elements f,g € H, we define their outer product as fg' := f(g,)n
and inner product as f'g := (f,g)y. For any n > 1 and sequence of points zy,...,2, € X
(which will typically be understood from context), let ®,, := (k(-,z1),...,k(-,2,))". We can
respectively define the Gram matrix /K, : R" — R" and covariance operator V,, : H — H
as K, := (k(z;,25))ijepn) = ©n®,) and V,, := >0 k(- 20)k(-, 2) " = @) @,. These two
operators essentially encode the same information about the observed data points, the former
being easier to work with when actually performing computations (by use of the well known

kernel trick) and latter being easier to algebraically manipulate.
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Suppose A : H — H is a Hermitian operator of finite rank; enumerate its non-zero eigenval-
ues as A1(A),..., \x(A). We can define the Fredholm determinant of I + A as det(/ + A) :=
an=1(1 + Ai(A)) [103]. Forany n > 1,p > 0, and zy,...,2, € X, one can check via a
straightforward computation that det(I,, + p~*K,,) = det(idg + p~'V},), where K,, and V,, are
the Gram matrix and covariance operator defined above. We, again, will use these two quantities
interchangeably in the sequel, but will typically prefer the latter in our proofs.

If (H,(-,-)g) is a (now general) separable Hilbert space and (¢;);>1 is an orthonormal
basis for H, for any N > 1 we can define the orthogonal projection operator 7y : H —
span{¢1,...,on} C Hby nnf = Zi]il(f, i) npi- We can correspondingly the define the
projection onto the remaining basis functions to be the map 75 : H — span{ey,...,on}"
given by 7x f := f — wnf. Lastly, if A : H — H is a symmetric, bounded linear operator,
we let \yax(A) denote the maximal eigenvalue of A, when such a value exists. In particular,
Amax(A) will exist whenever A has a finite rank, as will typically be the case considered in this

paper.

Basics on RKHSs. Let X C R? be some domain. A kernel is a positive semidefinite map
k: X x X — R that is square-integrable, i.e. [, [, [k(z,y)|*dzdy < co. Any kernel k has an
associated reproducing kernel Hilbert space or RKHS (H, (-, -) i) containing the closed span of
all partial kernel evaluations k(-, z), z € X. In particular, the inner product (-, -) 7 on H satisfies
the reproducing relationship f(x) = (f, k(-,x))y forall z € X.

A kernel k can be associated with a corresponding Hilbert-Schmidt operator, which is the
Hermitian operator T}, : L*(X) — L*(X) given by (T;f)(x) := [, f(y)k(z,y)dy for any
x € X. In short, T} can be thought of as “smoothing out” or “mollifying” a function f accord-
ing to the similarity metric induced by k. T} plays a key role in kernelized learning through
Mercer’s Theorem, which gives an explicit representation for /1 in terms of the eigenvalues and
eigenfunctions of 7.

Fact 6.2.1 (Mercer’s Theorem). Let (H, (-,-)y) be the RKHS associated with kernel k, and let
(147)i>1 and (p;);>1 be the sequence of non-increasing eigenvalues and corresponding eigenfunc-
tions for Ty. Let (@;);>1 be the sequence of rescaled functions p; := Vi, ®i- Then,

H = {i&icpi : i@f < oo},
i=1 i=1

and (;)i>1 forms an orthonormal basis for (H, (-, ) g ).

We make the following assumption throughout the remainder of our work, which is standard
and comes from Vakili et al. [154].

Assumption 5 (Assumption on kernel k). The kernel k : X x X — R satisfies (a) |k(z,y)| < L
forall x,y € X, for some constant L > 0 and (b) |¢,,(x)| < B for all x € X, for some B > 0.

“Complexity” of RKHS’s. By the eigendecay of a kernel k, we really mean the rate of decay
of the sequence of eigenvalues (u;);>1. In the literature, there are two common paradigms for
studying the eigendecay of k: (C1, Cs, 5)-exponential eigendecay, under which Vi > 1, pu; <
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Ch exp(—Cgiﬁ ) and (C, 3)-polynomial eigendecay, under which Vi > 1, ; < Ci~?. For ker-
nels experiencing exponential eigendecay, of which the squared exponential is the most important
example, GP-UCB is known to be optimal up to poly-logarithmic factors. However, for kernels
experiencing polynomial eigendecay, of which the Matérn family is a common example, existing
analyses of GP-UCB fail to yield sublinear regret. It is this latter case we focus on in this work.

Given the above representation in Fact 6.2.1, it is clear that the eigendecay of the kernel &k
governs the “complexity” or “size” of the RKHS /. We make this notion of complexity precise
by discussing maximum information gain, a sequential, kernel-dependent quantity governing
concentration and hardness of learning in RKHS’s [35, 150, 154].

Letn > 1 and p > 0 be arbitrary. The maximum information gain at time n with regulariza-
tion p is the scalar v, (p) given by

1 1
Yn(p) := sup =logdet (idH + p_IVn) = sup =logdet (In + p_lKn) :
L1y, T E€EX 2 L1y, T €X 2

Our presentation of maximum information gain differs from some previous works in that we
encode the regularization parameter p into our notation. This inclusion is key for our results, as
we obtain improvements by carefully selecting p. Vakili et al. [154] bound the rate of growth of
7n(p) in terms of the rate of eigendecay of the kernel k. We leverage the following fact in our
main results.

Fact 6.2.2 (Corollary 1 in Vakili et al. [154]). Suppose that kernel k satisfies Assumption 5 and
experiences (C, 3)-polynomial eigendecay. Then, for any n > 1, we have

2.\ 1/8
Tn(p) < ((CB n) log~V/# (1 + @) + 1) log (1 + &> .
p p p

We last define the practically relevant Matérn kernel and discuss its eigendecay.

Definition/Fact 6.2.3. The Matérn kernel with bandwidth o > 0 and smoothness v > 1/2 is

given by
]ﬁyg(.i?,y) — 1 \/QVH‘T_yH2 B, VQVHI_yH? :
’ [(v)2v—1 o o

where 1 is the gamma function and B, is the modified Bessel function of the second kind. It is
known that there is some constant C' > 0 that may depend on o but not on d or v such that k,, ,
experiences (C’, 2"%1)—eigena’ecay [134, 154].

Basics on martingale concentration: If F is a o-algebra, and € is an R-valued random vari-
able, we say ¢ is o-subGaussian conditioned on F if, for any A € R, we have log [E (e)‘E | F ) <
%; in particular this condition implies that € is mean zero. With this, we state the following
result on self-normalized processes. To our understanding, the following result was first pre-
sented in some form as Example 4.2 of de la Pefa et al. [41] (in the setting of continuous local
martingales), and can be derived leveraging the argument of Theorem 1 in de la Pena et al. [44].
The exact form below was established (in the setting of discrete-time processes) in Theorem 1 of
Abbasi-Yadkori et al. [3], which is commonly leveraged to construct confidence ellipsoids in the

linear bandit setting.
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Fact 6.2.4 (Example 4.2 from [41], Theorem 1 from [3]). Let (F,,),>0 be a filtration, let
(X )n>1 be an (F,,)p>o-predictable sequence in R, and let (¢,),>1 be a real-valued (F,)n>1-
adapted sequence such that conditional on F,_1, €, is mean zero and o-subGaussian. Then, for
any p > 0, the process (M,),>o given by

1
— det(I;+ p 1V,

n -

1
) {3 Noota+ w7501

is a non-negative supermartingale with respect to (F,)n>0, where S, := > " _ €, X, and

Vo = > _ XmX,,. Consequently, by Theorem 1.0.2, for any confidence § € (0,1), the
following holds: with probability at least 1 — 0, simultaneously for all n > 1, we have

Wi+ L) 50, < ¢ 21og (1A T 5V ).

Note the simple dependence on the regularization parameter p > 0 in the above bound.
While the regularization parameter p doesn’t prove important in regret analysis for linear bandits
(where p is treated as constant), the choice for p will be critical in our setting. In the following
section, we will discuss how Fact 6.2.4 can be extended to the setting of separable Hilbert spaces
essentially verbatim (an observation first noticed by Abbasi-Yadkori [2]).

6.3 A Remark on Self-Normalized Concentration in Hillbert
Spaces

We begin by discussing a key, self-normalized concentration inequality for martingales. We use
this bound in the sequel to construct simpler, more flexible confidence ellipsoids than currently
exist for GP-UCB. The bound we present (in Theorem 6.3.1 below) is, more or less, equivalent to
Corollary 3.5 in the thesis of Abbasi-Yadkori [2]. Our result is mildly more general in the sense
that it directly argues that a target mixture process is a nonnegative supermartingale. The result
in Abbasi-Yadkori [2] is more general in the sense it allows the regularization (or shift) matrix
to be non-diagonal. Either concentration result is sufficient for the regret bounds obtained in the
sequel.

The aforementioned corollary in [2], quite surprisingly, has not been referenced in central
works on the kernelized bandit problem, namely Chowdhury and Gopalan [30] and Vakili et al.
[154, 155]. In fact, strictly weaker versions of the conclusion have been independently rediscov-
ered in the context of kernel regression [48]. We emphasize that this result of Abbasi-Yadkori
[2] (and the surrounding technical conclusions) are very general and may allow for further im-
provements in problems related to kernelized learning.

We now present Theorem 6.3.1, providing a brief sketch and a full proof in Appendix 6.B.
We believe our proof, which directly shows a target process is a nonnegative supermartingale,
is of independent interest when compared to that of Abbasi-Yadkori [2] due to its simplicity.
In particular, our proof follows from first principles, avoiding advanced topological notions of
convergence (e.g. in the weak operator topology) and existence of certain Gaussian measures on
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separable Hilbert spaces, which were heavily utilized in the proof of Corollary 3.5 in Abbasi-
Yadkori [2].

Theorem 6.3.1 (Self-normalized concentration in Hilbert spaces). Let (F,,),>¢ be a filtration,
(fn)n>1 be an (F,)n>o-predictable sequence in a separable Hilbert space' H such that || f,|| g <
oo a.s. foralln > 0, and (€,),>1 be an (F,,),>1-adapted sequence in R such that conditioned on
Fn—1, €n is mean zero and o-subGaussian. Defining S, == > " _ | €mfmand Vy, = 3" . fnfr,
we have that for any p > 0, the process (M,,),>o defined by

M, = !
Vdet(idy + p~'V,

o {5 a2y 25,1,

is a nonnegative supermartingale with respect to (F,)n,>o0. Consequently, by Fact ??, for any
d € (0, 1), with probability at least 1 — ¢, simultaneously for all n > 1, we have

(Ve + pLa) ™28, |, < a\/ 2log (§¢det<idH + p—lm).

We can summarize our independent proof in two simple steps. First, following from Fact 6.2.4,
the bound in Theorem 6.3.1 holds when we project .S,, and V,, onto a finite number N of coor-
dinates, defining a “truncated” nonnegative supermartingale MM, Secondly, we can make a

limiting arugment, showing MM s “essentially” M, for large values of V.

Proof Sketch for Theorem 6.3.1. Let (¢,,),>1 be an orthonormal basis for H, and, forany N > 1,
let 7 denote the projection operator onto Hy := span{¢s, ..., @y }. Note that the projected
process (mnSy)n>1 is an H-valued martingale with respect to (F,,),>o. Further, note that the
projected variance process (mx V, 7\ )0 satisfies

n

TN Vary = > (v fon) (7 fn)

m=1

Since, for any N > 1, Hy is a finite-dimensional Hilbert space, it follows from Lemma 6.B.1
that the process (M,(ZN))@O given by

M,(LN) = L
VJdet(idy + p=imn V)

exp {% H(pldH + WNVnW]—\rf)l/27TNSnHiI} ’

is a nonnegative supermartingale with respect to (F,,),>o. One can check that, for any n > 0,

MT(lN) N—> M,,. Thus, Fatou’s Lemma implies
—00

E(M, | F,_1)=E (1115](1 inf MV | }'n_1>
—00
<liminfE (MM | Fy)

N—oo

'A space is separable if it has a countable, dense set. Separability is key, because it means we have a countable
basis, whose first [V elements we project onto.
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< liminf M T(L]X%

N—oo

n—1,

which proves the first part of the claim. The second part of the claim follows from applying
Ville’s inequality (Theorem 1.0.2) to the defined nonnegative supermartingale and rearranging.
See Appendix 6.B for details. [

The following corollary specializes Theorem 6.3.1 (and thus Corollary 3.5 of Abbasi-Yadkori
[2]) to the case where H is a RKHS and f,, = k(-, X,,), for all n > 1. In this special case, we can
reframe the above theorem in terms familiar Gram matrix /,,, assuming the quantity is invertible.
While we prefer the simplicity and elegance of working directly in the RKHS H in the sequel, the
follow corollary allows us to present Theorem 6.3.1 in a way that is computationally tractable.

Corollary 6.3.2. Let us assume the same setup as Theorem 6.3.1, and additionally assume
that (a) (H,{-,-)g) is a RKHS associated with some kernel k, and (b) there is some X -valued
(Fn)n>o-predictable process (X, )n>1 such that (f)n>1 = (k(-, Xp))n>1. Then, for any p > 0
and 0 € (0,1), we have that, with probability at least 1 — 0, simultaneously for all n > 0,

H(Vn + pidH)_l/QSnHH <o,|2log (\/é det(1,, + p‘lKn)> .

If, in addition, the Gram matrix K, = (k(X;, X;)); jein) is invertible, we have the equality
(7 + pE )™ Perallz = [(pida + Vi) ™28,

We prove Corollary 6.3.2 in Appendix 6.B. With this reframing of Theorem 6.3.1, we com-
pare the concentration results of Theorem 6.3.1 (and thus Abbasi-Yadkori [2]) to the following,
commonly leveraged result from Chowdhury and Gopalan [30].

Fact 6.3.3 (Theorem 1 from Chowdhury and Gopalan [30]). Assume the same setup as
Fact 6.2.4. Let n > 0 be arbitrary, and let K,, = (k(X;, X)) e be the Gram matrix
corresponding to observations made by time n. > 1. Then, with probability at least 1 — 0,
simultaneously for all n > 1, we have

(Gt mr) 4 1) 60|, < a\/ 2log (§¢det (T )l + Kn)).

To make comparison with this bound clear, we parameterize the bounds in the above fact in
terms of 17 > 0 instead of p > 0 to emphasize the following difference: both sides of the bound
presented in Theorem 6.3.1 shrink as p is increased, whereas both sides of the bound in Fact 6.3.3
increase as 7 grows. Thus, increasing p in Theorem 6.3.1 should be seen as decreasing 7 in the
bound of Chowdhury and Gopalan [30]. The bounds in Corollary 6.3.2 and Fact 6.3.3 coincide
when p = 1 and 7 | 0 (per Lemma 1 in Chowdhury and Gopalan [30]), but are otherwise not
equivalent for other choices of p and 7.
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We believe Theorem 6.3.1 and Corollary 3.5 of Abbasi-Yadkori [2] to be signficantly more
usable than the result of Chowdhury and Gopalan [30] for several reasons. First, the aforemen-
tioned bounds directly extend the method of mixtures (in particular, Fact 6.2.4) to potentially
infinite-dimensional Hilbert spaces. This similarity in form allows us to leverage existing analy-
sis of Abbasi-Yadkori et al. [3] to prove our regret bounds, with only slight modifications. This
1s in contrast to the more cumbersome regret analysis that leverages Fact 6.3.3, which is not only
more difficult to follow, but also obtains inferior, sometimes super-linear regret guarantees.

Second, we note that Theorem 6.3.1 provides a bound that has a simple dependence on p > 0.
In more detail, directly as a byproduct of the simplified bounds, Theorem 6.4.1 offers a regret
bound that can readily be tuned in terms of p. Due to their use of a “double mixture” technique
in proving Fact 6.3.3, Chowdhury and Gopalan [30] essentially wind up with a nested, doubly-
regularized matrix ((K, + nl,)~' + I,)~'/? with which they normalize the residuals €;.,. In
particular, this more complicated normalization make it difficult to understand how varying 7
impacts regret guarantees, which we find to be essential for proving improved regret guarantees.

We note that the central bound discussed in this section does not provide an improvement
in dependence on maximum information gain in the sense hypothesized by Vakili et al. [155].
In particular, the authors hypothesized the possibility of shaving a /7, multiplicative factor
off of self-normalized concentration inequalities in RKHS’s. This was shown in a recent work
(see Lattimore [101]) to be impossible in general. Instead, Theorem 6.3.1 and Corollary 3.5 of
Abbasi-Yadkori [2] give one access to a family of bounds parameterized by the regularization
parameter p > 0. As will be seen in the sequel, by optimizing over this parameter, one can
obtain significant improvements in regret.

6.4 An Improved Regret Analysis of GP-UCB

In this section, we provide the second of our main contributions, which is an improved regret
analysis for the GP-UCB algorithm. We provide a description of GP-UCB in Algorithm 2.
While we state the algorithm directly in terms of quantities in the RKHS H, these quantities
can be readily converted to those involving Gram matrices or Gaussian processes for those who
prefer that perspective [30, 169].

As seen in Section 6.3, by carefully extending the “method of mixtures” technique (originally
by Robbins) of Abbasi-Yadkori et al. [3], Abbasi-Yadkori [2] and de la Pefa et al. [40, 41]
to Hilbert spaces, we can construct self-normalized concentration inequalities that have simple
dependence on the regularization parameter p. These simplified bounds, in conjunction with
information about the eigendecay of the kernel k£ [154], can be combined to carefully choose p
to obtain improved regret. We now present our main result.

Theorem 6.4.1. Let T' > 0 be a fixed time horizon, p > 0 a regularization parameter, and
assume Assumptions 5 and 4 hold. Let § € (0, 1), and for n > 1 define

1
Then, with probability at least 1 — 6, the regret of Algorithm 2 run with parameters p, (Uy)p>1, D
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Algorithm 2 Gaussian Process Upper Confidence Bound (GP-UCB)

Input: Regularization parameter p > 0, norm bound D, confidence bounds (U, ),>1, and time
horizon 7T'.
Set% = 0, f() = 0, 50 = {f e H: Hf”H S D}
forn=1,...,7do
Let (X, fn) = argmaxyex res, o ([, k(- 2))n
Play action X, and observe reward Y,, := f*(X,,) + €,
Set V,, := V1 + k(-, X,,)k(-, X,,) " and f,, := (V;, + pidy) 1@ V1.,
Set &, :={f € H:|(Va+ pidu) *(fu — /|, < Un}

H

satisfies
Ry =0 (3(p)VT + /03 (0)T) .

where in the big-Oh notation above we treat d, D, o, B, and L as being held constant. If the kernel
k experiences (C, B)-polynomial eigendecay for some C' > 0 and 5 > 1, taking p = O(T'7+5)
vields R,, = 9) (T%)z, which is always sub-linear in T'.

While we present the above bound with a fixed time-horizon, it can be made anytime by care-
fully applying a standard doubling argument (see Lattimore and Szepesvari [102], for instance).
We specialize the above theorem to the case of the Matérn kernel in the following corollary.

Corollary 6.4.2. Definition 6.2.3 states that the Matérn kernel with smoothness v > 1/2 in

dimension d experiences (C, 2”;d)—e'igendecay, for some constnat C' > 0. Thus, GP-UCB obtains

~ v+2d
a regret rate of R,, = O (T 2v+2f1).

We note that our regret analysis is the first to show that GP-UCB attains sublinear regret for
general kernels experiencing polynomial eigendecay. Of particular import is that Corollary 6.4.2
of Theorem 6.4.1 yields the first analysis of GP-UCB that implies sublinear regret for the Matérn
kernel under general settings of ambient dimension d and smoothness v. A recent result by Janz
[79], using a uniform lengthscale argument, demonstrates that GP-UCB obtains sublinear regret
for the specific case of the Matérn family when the parameter v and dimension d satisfy a uni-
form boundedness condition independent of scale. Our results are (a) more general, holding for
any kernel exhibiting polynomial eigendecay, (b) don’t require checking uniform boundedness
independent of scale condition, and (c) follow from a simple regularization based argument. In
particular, the arguments of Janz [79] require advanced functional analytic and Fourier analytic
machinery.

We note that our analysis does not obtain optimal regret, as the theoretically interesting but
computationally cumbersome SupKernelUCB algorithm [135, 156] obtains a slightly improved

regret bound of 9] (TBT?) for (C, 5)-polynomial eigendecay and 9) (T;Ttr%i> for the Matérn
kernel with smoothness v in dimension d. Due to the aforementioned result of Lattimore [101],

which shows that improved dependence on maximum information gain cannot be generally ob-
tained in Hilbert space concentration, we believe further improvements on regret analysis for

2The notation O suppresses multiplicative, poly-logarithmic factors in T’
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GP-UCB may not possible.
To wrap up this section, we provide a proof sketch for Theorem 6.4.1. The entire proof, along
with full statements and proofs of the technical lemmas, can be found in Appendix 6.C.

Proof Sketch for Theorem 6.4.1. Letting, for any n € [T'], the “instantaneous regret” be defined
as r, = f*(z*) — f*(X,), a standard argument yields that, with probability at least 1 — 9,
simultaneously for all n € [T,

7 < 2Un 1 || (pidg + Vn—l)_l/Qk("Xn)HH'

A further standard argument using Cauchy-Schwarz and an elliptical potential argument yields

R, rn, < Up \/QT log det(idy + p~1Vr)

I
B

Il
—_

n

= (0\/2 log (g\/det(idg + p—lVT)) + p1/2D> /2T log det(idy + p=1Vr)
< (ov/2108(1/8) + 0/237(p) + 2D ) V/AT71(p) = O (10 ()VT + /12 (p)T )

which proves the first part of the claim. If, additionally, k experiences (C, 3)-polynomial eigen-
~ 1/8
decay, we know that v (p) = O (<Z> ) by Fact 6.2.2. Setting p := O(Tﬁ) thus yields

p

By =0 (1w(pWT + /oy (p)T) = 0 (T%%)

proving the second part of the claim.

6.5 Conclusion

In this work, we present an improved analysis for the GP-UCB algorithm in the kernelized bandit
problem. We provide the first analysis showing that GP-UCB obtains sublinear regret when the
underlying kernel k£ experiences polynomial eigendecay, which in particular implies sublinear
regret rates for the practically relevant Matérn kernel. In particular, we show GP-UCB obtains
regret 9) (T%> when k experiences (C, 3)-polynomial eigendecay, and regret O (T %> for
the Matérn kernel with smoothness v in dimension d.

Our contributions are twofold. First, we show the importance of finding the “right” concen-
tration inequality for tackling problems in online learning — in this case the correct bound being
a self-normalized inequality originally due to Abbasi-Yadkori [2]. We provide an independent
proof of a result equivalent to Corollary 3.5 of Abbasi-Yadkori [2] in Theorem 6.3.1, and hope
that our simplified, truncation-based analysis will make the result more accessible to researchers
working on problems in kernelized learning. Second, we demonstrate the importance of regu-
larization in the kernelized bandit problem. In particular, since the smoothness of the kernel k
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governs the hardness of learning, by regularizing in proportion to the rate of eigendecay of £k,
one can obtain significantly improved regret bounds.

A shortcoming of our work is that, despite obtaining the first generally sublinear regret
bounds for GP-UCB, our rates are not optimal. In particular, there are discretization-based algo-

rithms, such as SupKernelUCB [156], which obtain slightly better regret bounds of 9] <T%>

for (C, B)-polynomial eigendecay. We hypothesize that the vanilla GP-UCB algorithm, which
involves constructing confidence ellipsoids directly in the RKHS H, cannot obtain this rate.

The common line of reasoning [155] is that because the Lin-UCB (the equivalent algorithm in
RR%) obtains the optimal regret rate of O(d+/T) in the linear bandit problem setting, then GP-UCB
should attain optimal regret as well. In the linear bandit setting, there is no subtlety between esti-
mating the optimal action and unknown slope vector, as these are one and the same. In the kernel
bandit setting, estimating the function and optimal action are not equivalent tasks. In particular,
the former serves in essence as a nuisance parameter in estimating the latter: tight estimation of
unknown function under the Hilbert space norm implies tight estimation of the optimal action,
but not the other way around. Existing optimal algorithms are successful because they discretize
the input domain, which has finite metric dimension [139], and make no attempts to estimate the
unknown function in RKHS norm. Since compact sets in RKHS’s do not, in general, have finite
metric dimension [158], this makes estimation of the unknown function a strictly more difficult
task. In fact, recent work by Lattimore [101] demonstrate that self-normalized concentration in
RKHS’s, in general, cannot exhibit improved dependence on maximum information gain. This
further supports our hypothesis on the further unimprovability of the regret analysis of GP-UCB
past the improvements made in this paper.
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6.A Related Work

The kernelized bandit problem was first studied by Srinivas et al. [150], who introduce the GP-
UCB algorithm and characterize its regret in both the Bayesian and Frequentist setting. While the
authors demonstrate that GP-UCB obtains sublinear regret in the Bayesian setting for the com-
monly used kernels, their bounds fail to be sublinear in general in the frequentist setting for the
Matérn kernel, one of the most popular kernel choices in practice. Chowdhury and Gopalan [30]
further study the performance of GP-UCB in the frequentist setting. In particular, by leveraging
a martingale-based “double mixture” argument, the authors are able to significantly simplify the
confidence bounds presented in Srinivas et al. [150]. Unfortunately, the arguments introduced
by Chowdhury and Gopalan [30] did not improve regret bounds beyond logarithmic factors,
and thus GP-UCB continued to fail to obtain sublinear regret for certain kernels in their work.
Lastly, Janz [79] are able to obtain sublinear regret guarantees for certain parameter settings of
the Matérn kernel — in particular in settings where the eigenfunctions of the Hilbert-Schmidt
operator associated with the kernel are uniformly bounded independent of scale (Definition 28
in the cited work).

There are many other algorithms that have been created for kernelized bandits. Janz et al. [80]
introduce an algorithm specific to the Matérn kernel that obtains significantly improved regret
over GP-UCB. This algorithm adaptively partitions the input domain into small hypercubes and
running an instance of GP-UCB in each element of the discretized domain. Shekhar and Javidi
[141] introduce an algorithm called LP-GP-UCB, which augments the GP-UCB estimator with
local polynomial corrections. While in the worst case this algorithm recovers the regret bound
of Chowdhury and Gopalan [30], if additional information is known about the unknown function
f* (e.g. it is Holder continuous), it can provide improved regret guarantees. Perhaps the most
important non-GP-UCB algorithm in the literature is the SupKernel algorithm introduced by
Valko et al. [156], which discretizes the input domain and successively eliminates actions from
play. This algorithm is signficant because, despite its complicated nature, it obtains regret rates
that match known lower bounds provided by Scarlett et al. [135] up to logarithmic factors.

Intimately tied to the kernelized bandit problem is the information-theoretic quantity of max-
imum information gain [35, 150], which is a sequential, kernel-specific measure of hardness of
learning. Almost all preceding algorithms provide regret bounds in terms of the max information
gain. Of particular import for our paper is the work of Vakili et al. [154]. In this work, the authors
use a truncation argument to upper bound the maximum information gain of kernels in terms of
their eigendecay. We directly employ these bounds in our improved analysis of GP-UCB. The
max-information gain bounds presented in Vakili et al. [154] can be coupled with the regret anal-

ysis in Chowdhury and Gopalan [30] to yield a regret bound of 9) <T Vifff) in the case of the

Matérn kernel with smoothness v in dimension d. In particular, when v < g, this regret bound
fails to be sublinear. In practical setting, d is viewed as large and v is taken to be 3/2 or 5/2,
making these bounds vacuous [139, 169] The regret bounds in this paper are sublinear for any
selection of smoothness v > % and d > 1. Moreover, a simple computation yields that our regret
bounds strictly improve over (in terms of d and v) those implied by Vakili et al. [154].

Last, we touch upon the topic of self-normalized concentration, which is an integral tool for
constructing confidence bounds in UCB-like algorithms. Heuristically, self-normalized aims to
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sequentially control the growth of processes that have been rescaled by their variance to look,
roughly speaking, normally (or subGaussian) distributed. The prototypical example of self-
normalized concentration in the bandit literature comes from Abbasi-Yadkori et al. [3], wherein
the authors use a well known technique called the “method of mixtures” to construct confidence
ellipsoids for finite dimensional online regression estimates. The concentration result in the
aforementioned work is a specialization of results in de la Pefia et al. [40], which provide self-
normalized concentration for a wide variety of martingale-related processes, several of which
have been recently improved [74]. In a work that is largely overlooked in the kernel bandit com-
munity, Abbasi-Yadkori [2] extend their concentration result from Abbasi-Yadkori et al. [3] to
separable Hilbert spaces by using advanced functional analytic machinery. The bound we present
in this work is equivalent to the aforementioned bound in separable Hilbert spaces — we provide
an independent, simpler proof that avoids needing advanced tools from functional analysis. Per-
haps the best-known result on concentration in Hilbert spaces is that of Chowdhury and Gopalan
[30], who extend the results of Abbasi-Yadkori et al. [3] to the kernel setting using a “double
mixture” technique, allowing them to construct self-normalized concentration inequalities for
infinite-dimensional processes in RKHS’s. This bound has historically been used in analyzing
kernel bandit algorithms, although as we show in this work the bound of Abbasi-Yadkori [2]
(which we independently derive in Theorem 6.3.1) is perhaps better suited for online kernelized
learning problems.

6.B Technical Lemmas for Theorem 6.3.1

In this appendix, prove Theorem 6.3.1 along with several corresponding technical lemmas. While
many of the following results are intuitively true, we provide their proofs in full rigor, as there
can be subtleties when working in infinite-dimensional spaces. Throughout, we assume that the
subGaussian noise parameter is o = 1. The general case can readily be recovered by considering
the rescaled process (.S,,/0)n>0-

The first lemma we present is a restriction of Theorem 6.3.1 to the case where the underlying
Hilbert space (H, (-,)y) is finite dimensional, say of dimension V. In this setting, the result
essentially follows immediately from Fact 6.2.4. All we need to do is construct a natural isomet-
ric isomorphism between the spaces H and R", and then argue that applying such a mapping
doesn’t alter the norm of the self-normalized process.

Lemma 6.B.1. Theorem 6.3.1 holds if we additionally assume that H is finite dimensional, i.e.
if there exists N > 1 and orthonormal functions @1, . . ., o such that

H :=span{yi,...,pon}.

Proof. Let 7 : H — RY be the map that takes a function f = Zﬁ;l 0.0 € H to its natural
embedding 7f := (61,...,0x)" € RY. Not only is the map 7 an isomorphism between H and
R¥, but it is also an isometry, i.e. || f||z = ||7f||» for all f € H. Further, 7 satisfies the relation
T -1
T =T "
Define the “hatted” processes (S,)n>1 and (V,)n>1, which take values in RY and RY*N
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respectively as

W= enTh( X)) and Vo= (7h(, X)) (Th(, X))

m=1 m=1

)

It is not hard to see that, by the linearity of 7, that for any n > 1, we have S, = 78, and
Vo = 7V’ “We observe that (a) (Voo + pIn)"Y2 = 7(V,, + pidy) /27T and (b) that the
eigenvalues of V are exactly those of V..
Since the processes (Sn)n21 and (Vn)n21 satisfy the assumptions of Theorem 6.2.4, we see
1 1 ~ . _
M, = )exp{ﬁ(p[]v—i—vn)

that the process (M,,),>o given by
J
~ "ll2
\/ det (IN + o1,

is a non-negative supermartingale with respect to (F,),>0. From observation (a), the fact 7 is an
isometry, and the fact 77 = 771, it follows that

|Vt o) 28| = (Vi picin) 27w

= ||(Vn + pidy) Y2771 TSnHH
= ||(Va + pide) %S, , -

Further, observation (b) implies that
det (]N + p\7n> = det(idg + pV,).

Substituting these identities into the definition of (1,,),>o yields the desired result, i.e. that

1
- det(idy + 1V,

1
) exp {5 (Vi + p[d)l/QSanq} .

is a non-negative supermartingale with respect to (F,,),>o. The remainder of the result follows
from applying Ville’s Inequality (Theorem 1.0.2) and rearranging.
|

We can prove Theorem 6.3.1 by truncating the Hilbert space H onto the first N components,
applying Lemma 6.B.1 to the “truncated” processes (7y.Sy,)n>0 and (7x VT )n>0 to construct a
relevant, non-negative supermartingale M, and then show that the error from truncation in this
non-negative supermartingale tends towards zero as NV grows large. The following two technical
lemmas are useful in showing that this latter truncation tends towards zero.

Lemma 6.B.2. For any n > 1, let V,, be as in the statement of Theorem 6.3.1, and let 7y be as
in Section 6.2. Then, we have
TNVt —— Vy,
N—o0

where the above convergence holds under the operator norm on H.
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Proof. Fix € > 0, n > 1, and for m € [n], let us write f,, = >_° 6;(m)y;. Since we have
assumed || f, ||z < oo for all n > 1, there exists some N,, < oo such that, for all m € [n],

I7mn, fmllr = >oron. o1 0i(m)? < £. We also have, for any m € [n] and N > 1, that

fm is an eigenfunction of f,,f, 75 = fm{fm, ™% (:)) g with corresponding (unique) eigenvalue
| fn ST lop = Amax(frSmmn) = 78 fnll3r = Do n1 0i(m)?. Observe that, as an orthogo-
nal projection operator, 7y is self-adjoint, i.e. 7y = 5. With this information, we see that, for
N > N,,, we have

lmnVars = Valloy < O |an b = Fnfll,,
m=1
= Z H77mefrZ7TN — TN Sy + TN S — fmf;Hop
m=1
< Z ||7Tmefn:7TN - 71-mefn—l;Hop + HWmefr—ly; - fmfn—l;Hop
m=1

< Z ||7TNHop Hfmfn:WN - fmfanHop + HWmefrZ - fmfnT@HOp
m=1

n

= > 2| b, = D 2w full < e
m=1

m=1
Since € > ( was arbitrary, we have shown the desired result. [ |

Lemma 6.B.3. For any n > 1, let V,, be as in Theorem 6.3.1, p > 0 arbitrary, and 7y as in
Section 6.2. Then, we have

det(idH + p_lﬂNVan) m det(idH + p_IVn).

Proof. We know that the mapping A — det(idg + A) is continuous under the “trace norm”

| A]l1 == Y207, [ A (A)] [103]. Thus, to show the desired result, it suffices to show that || x V,,mn —

Vil N—> 0. Observe that both 7wy V,,mn and V,, are operators of rank at most n, so so their
—00

difference wnV,, mny — V,, has rank at most 2n. Thus, we know that
||7TNVn7TN — Vn”l S 27’L||7TNVn7TN — Vn”op e 07
N—oo

where the final convergence follows from Lemma 6.B.2. Thus, we have shown the desired result.
[ |

We now tie together all of these technical (but intuitive) results in the proof of Theorem 6.3.1
below.

Proof of Theorem 6.3.1. Let (¢;);>; be an orthonormal basis for H, and for N > 1, let my
denote the projection operator outlined in Section 6.2. Recall that 7y = 75. Further Hy :=
span{ep,...,on} C H is the image of H under 7y. Since (.S,,),>0 is an H-valued martingale
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with respect to (F,,),>0, it follows that the projected process (my .Sy, )n>0 is an H y-valued mar-
tingale with respect to (F;,),>o. Further, note that the projected variance process (7x V4 )n>0
satisfies

n

TN Vary = > (v fon) (7 fn)

m=1
Since, for any N > 1, Hy is a finite-dimensional Hilbert space, it follows from Lemma 6.B.1
that the process (MT(LN))nZO given by

o 1
\/&é:c(idHN + pflﬂ'NVnﬂ']—\r,

= 1 exp{% H(/OidH+7TNVn7TJT/)_1/27rNS”||12LI}’
\/det(idH + pleNVnW]—\r/)

M)

n

1
exp {5 (pidy +mn V) ™2 S "Hiﬁv}
)

is a non-negative supermartingale with respect to (F,,),,>o. In the above idy,, denotes the identity

id g restricted to Hy C H and det denotes the determinant restricted to the subspace Hy. The
equivalence of the second and third terms above is trivial.
We now argue that for any n > 1,

lim MW = M,. (6.B.1)

N—o0

If we show this to be true, then we have, for any n > 1

E(M, | F,_1)=E (111511 inf MV | }“n_1>
—00
<liminfE (MM | Fy)

N—oo

< liminf M, ,(leq

N—oc0

n—1,

which implies (M,,),>0 is a non-negative supermartingale with respect to (F,,),>o thus proving
the result. In the above, the first inequality follows from Fatou’s lemma for conditional expecta-
tions (see Durrett [50], for instance), and the second inequality follows from the supermartingale

property.
Lemma 6.B.3 tells us that det(idg + p~'nnV,mw) = det(idg + p~'V,) forall n > 1,
—00

so to show the desired convergence in (6.B.1), it suffices to show that

(pidss + 7 Vo) ™27 Sullr —— [l(pidss + Vo) ™25, for any n.
—00

Let V, := pidy + V,, and V,,(N) := pidy + mxV,my in the following line of reason for
simplicity. We trivially have

H|Vn(N)71/27TNSnHH - |’V;1/ZSHHH| < an(N)il/zﬂ'NSn - Vﬁl/QSnHH
= [|[Va(N) 2 an S = Va(N) 28, 4 Vo (N) 28, =V, 128,
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< VW)L, Nl Sl + Va2 = V]| DSl

— 0.
N—oo

as limy_,o ||7x f]| = O for any f € H of finite norm, and Lemma 6.B.2 tells us that ||V,, —
7 Varyllop ——— 0, which in turn implies that Va(N) 2=V 2|0 = [[(pid gy Vo ) ~1/2—
—00
(pidy + V) V2| ~—— 0. Thus, we have shown the desired result.
—00

The second part of the claim follows from a direct application of Theorem 1.0.2 and rear-
ranging.
|

As a final result in this appendix, we provide a proof of Corollary 6.3.2. This corollary allows
for a more direct comparison of Theorem 6.3.1 (and thus Corollary 3.5 of Abbasi-Yadkori [2])
with those of Chowdhury and Gopalan [30]. Our proof is a simple generalization Lemma 1 in
the aforementioned paper to the case of arbitrary regularization parameters.

Proof of Corollary 6.3.2. The first result is straightforward, and follows from the identity
det(idy + p~'V,) = det (1, + p ' K,,),

which we bring to attention in Section 6.2.

The second result follows from the following line of reasoning. Before proceeding, recall
that @, := (k(-, X1), ..., k(-, X)), Vo = @, @y, K, = ©,@) and S, = >0 enk(-, X)) =
@Ielm.

[(pida + Vi) 'Sl = €1, Pulpidy + 1 @,) D) ersy

= el 220) (i + (07 70) (071 °0)) (070 e

— L 0,07 (I + p ' 0,0]) €y

= €1 (P Ka) (Lo + p ' K) T ern

= el (In + pE) e

= [0+ oK) el
In the above, the second equality comes from pulling out a multiplicative factor of p form the
center operator inverse. The third inequality comes from the famed “push through” identity.
Lastly, the second to last equality comes from observing that (a) p~ ' K,, and (I,, + p ' K,,) ! are

simultaneously diagonalizable matrices and (b) for scalars, we have the identity (1 + a~*)~*
a(1 + a)~'. Thus, we have shown the desired result.

6.C Technical Lemmas for Theorem 6.4.1

In this appendix, we provide various technical lemmas needed for the proof of Theorem 6.4.1.
We then follow these lemmas with a full proof of Theorem 6.4.1, which extends the sketch
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provided in the main body of the paper. Most of the following technical lemmas either already
exist in the literature [30] or are extensions of what is known in the case of finite-dimensional,
linear bandits [3]. We nonetheless provide self-contained proofs for the sake of completeness.

Lemma 6.C.1. Let (f,)n>1 be the sequence of functions defined in Algorithm 2, and assume
Assumption 4 holds. Let 6 € (0, 1) be an arbitrary confidence parameter. Then, with probability
at least 1 — 6, simultaneously for all n > 1, we have

(Vi + pidar) 2 (fo = )]y <

1
a\/2 log (5\/det(idg + p‘lvn)) +p'/?D,

where we recall that the right hand side equals U,,.
Proof. First, observe that we have
— f* = (pidy + V,) '@, Vi — [
:<,01dH‘|‘V)1 ( nf —i_61:n>_f>k
= (pidy + Vi)~ D ( nf" + €1n) _f*j:p(/)idH"i‘Vn)ilf*
= (pidg + V,) 7', €1, — p(pidy + V)7L f*.

Applying the triangle inequality to the above, we have

H(pidH + Vn>1/2(fn — /")

i < (oid + V)20 el |, + o || (pidi + Vi)™

1
< a\/2 log (g\/det(idg + plvn)) + p'?D.

To justify the final inequality, we look at each term separately. For the first term, observe that
Vo= pidg + >0 k(- Xn)k(, X)) " and S, := @) €1, = D | €nk(:, X,,). Thus, we are in
the setting of Theorem 6.3.1, and thus have, with probability at least 1 — ¢, simultaneously for
allt > 0,

[(pide + Vi) Y20 €1, < a\/z log G\/det(idH ¥ p_IVn)>.

For the second term, observe that (a) A (pidy + V,,) > p and (b) by Assumption 4, we have
| f*lz < D. Thus applying Holder’s inequality, we have, deterministically

pll(pidi + Vo) ~2 £

i < o llids + V)] 1 L < 6215l < 02D,

These together give us the desired result.
|

The following “elliptical potential” lemma, abstractly, aims to control the the growth of the
squared, self-normalized norm of the selected actions. We more or less port the argument from
Abbasi-Yadkori et al. [3], which provides an analogue in the linear stochastic bandit case. We
just need to be mildly careful to work around the fact we are using Fredholm determinants.
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Lemma 6.C.2. Foranyn > 1, let V,, be the covariance operator defined in Algorithm 2, and let
p > 0 be arbitrary. We have the identity

det(ldH+p H <1—|— || (pidgr + V1) V%R0, H >

m=1

In particular, if p > 1V L, where L is the bound outlined in Assumption 5, we have

S pidsr + Vi) Y2k (-, X |, < 2log det(idpr + p7 V).

m=1

Proof. Let H,, C H be the finite-dimensional Hilbert space H,, := span{k(-, X1), ..., k(-, X,,)}.
Let dety, denote the determinant restricted to H,,, i.e. the map that acts on a (symmetric) oper-
ator A : H, — H, by dety, (A) :=[]"_, Am(A), where A\;(A), ..., \,(A) are the enumerated

m=1

eigenvalues of A. Observe the identity
det(idy + p~'Va) = det(idp, +p~'V2),

where we recall the determinant on the lefthand side is the Fredholm determinant, as defined in
Section 6.2. Next, following the same line of reasoning as Abbasi-Yadkori et al. [3], we have

%et(pidHn +V4)

= det(pidy, + Vo) det (idm, + (pidp, + Var) 72k, Xa)k( Xo) T (pid, + Vaea)™?)
. —-1/2

:(}Elt(pldHn+Vn 1 ( —I—H pidg, + Vio1) //f H >

= .. (Iterating n — 1 more times)

n

= det(pids) [ (14 I pida, + Vo)™ 72kC, X)[3)

1

m

:]:

:c}ﬁt(pidg) ( —i—H pidy + V1) 1/2k’ H )

1

3
I

where the last equality comes from realizing, for all m € [n],
(pidsr + Vi1)~Y2k(-, X,n)| 2. Thus, rearranging yields

(pids, + Vin—1) "V2k (-, X)) || m =

n

. -1 -1/2
det(idy, + p Vn)zl_ll(1+H pidsy + Vo)™ 2h(, X))
which yields the first part of the claim.
Now, to see the second part of the claim, observe the bound z < 2log(1 + z),Vz € [0,1].
Observing that, for all m € [n], ||(pidg + Viue1)™"/?k(-, X)||, < 1 when p > 1V L, we have

Z (pids + Vio1) ™72k, X[ <2210g (14 | picar + Vi) 72k, X))

m=1
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:2log<ﬁ< —i—H pidg + Vi_q) 1/2k H ))

m=1

= 2logdet(idy + p~'V,),
proving the second part of the lemma. |

With the above lemmas, along with the concentration results provided by Theorem 6.3.1, we
can provide a full proof for Theorem 6.4.1.

Proof of Theorem 6.4.1. We take the standard approach of (a) first bounding instantaneous re-
gret and then (b) applying the Cauchy-Schwarz inequality to bound the aggregation of terms. To
start, for any ¢ € [T, define the “instantaneous regret” as r,, := f*(z*) — f*(X,), where we
recall z* := argmax,cxy f*(z). By applying Lemma 6.C.1, we have with probability at least
1 — 0 that

ro = f* (") = f4(X0)
< fulXa) = f1(X,)
= fa(Xn) = fac1(Xn) + farr(Xn) = £7(X5)
= (fo = facro k(. X)) 1 = (facr = £ 6 G, X))
< [ (pid + Vi) ™2k, X | (|| ik + Vi) V2P = fuc)| |+ [ (pidis + V) V2 (fos = )
<2U, 1 ||(pidy + Vor)™2R(- X

)

olis

where ﬁl and f,_; are as in Algorithm 2. Note that, in the above, we apply Lemma 6.C.1
in obtaining the first inequality (which is the “optimism in the face of uncertainty” part of the
bound), and additionally in obtaining the last inequality. The second to last inequality follows
from applying Cauchy-Schwarz.

With the above bound, we can apply again the Cauchy-Schwarz inequality to see

Zrng TZ?"Q < Ur 2TZH pidg + Vo)) "V2k(-, Xo) | 5

n=1 n=1 n=1

< Up/2T logdet(idy + p~1V7)
1
- (a\/2 log (S\/det(idH + p—1VT)) + p1/2D> V2T log det(idy + p~1Vy)

< (o\/2log(1/5) +ov/29r(p) + me) ATyr(p)
= 0v7(p) V8T + D\/4pyr(p)T + /8T log(1/0)
=0 (VT + Vo (T

In the above, the second inequality follows from the second part of Lemma 6.C.2, the following
equality follows from substituting in Uy, and the final inequality follows from the definition of
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the maximum information gain 7 (p) and the fact that v/a + b < v/a + /b for all a,b > 0. The
last, big-Oh bound is straightforward. With this, we have proven the first part of the theorem.
Now, suppose the kernel & experiences (C, 3)-polynomial eigendecay. Then, by Fact 6.2.2,

we know that
B2\ /P LT LT
= ((Cp ) ot (1 ) e (1 7)

<(6))

1/
We aim to set p < (%) , which occurs when p = O(Tﬁ). When this happens, we have

1/8
<Z) VT = TT5t: — To5.
p

Applying this, we have that

Ry =0 (w(p)ﬁ + \/mT(p)T)
—0 (T%) ,

which, in particular, is sublinear for any 5 > 1. Thus, we are done.
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Chapter 7

Concluding Remarks and Open Problems

Modern machine learning and data science are inherently sequential. For many tasks, a learner
must estimate unknown statistical quantities as data is adaptively collected over time. This data
is typically highly-correlated, often being generated through some human-in-the-loop process.
For instance, when a learner runs statistical queries in sequence using differentially private al-
gorithms, they must bound the amount of information that is leaked in order to ensure a target
privacy level is met. Likewise, in bandit optimization tasks, a learner must estimate unknown
reward functions as data is adaptively collected according to some policy. Classical statisti-
cal methods, which provide convergence guarantees under i.i.d. assumptions, fail to allow the
learner to perform inference in these settings. Instead, to form valid conclusions, researchers
must turn to martingale methods.

Martingale methods are often treated as a “trick” or as a “means to an end”, with martingale
concentration results being applied in many machine learning papers in an ad-hoc, black-box
manner. Naive application of martingale concentration inequalities can lead to suboptimal con-
vergence rates, and thus often an inappropriate treatment of the topic at hand. We view mar-
tingales and martingale methods as an end in themselves. That is, we believe that they warrant
thorough, independent study.

In this thesis, we provided a “start-to-finish” treatment of martingale concentration. In the
first part of this work, we focused on the theory underlying martingale concentration. We proved
time-uniform bounds on the growth of self-normalized martingales in scalar and multivariate
settings, with our focus being on constructing bounds that can be readily tuned to almost any tail
assumptions. We also derived novel martingale concentration inequalities in infinite-dimensional
spaces and provided intrinsic links between these bounds and heavy-tailed mean estimation. The
proofs of our results in these sections were often simple and geometric, offering fundamental
insights into how martingales concentrate in a variety of settings.

In the second half of this thesis, we switched our focus to the application of martingale
methods in practically relevant data science and machine learning tasks. We focused on two
applications of time-uniform martingale concentration to differentially private machine learning.
These applications required the careful use martingale concentration inequalities to control the
growth of privacy loss martingales, and resulted in significant improvements over the current
state-of-the-art. Likewise, we also showed how applying improved self-normalized concentra-
tion inequalities in separable Hilbert spaces could lead to sublinear regret rates in online kernel-
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ized learning tasks where previously only vacuous rates existed.
We now conclude by discussing some interesting open problems related to the work covered
in this thesis. We enumerate several interesting directions in the following paragraphs.

7.1 Open Questions

While this thesis thoroughly covered both the foundations and applications of martingale meth-
ods, there are still many interesting open questions that remain to be answered. The questions
enumerated below aim to greatly extend the generality of the results contained within this docu-
ment. For instance, this includes removing dimension dependence in self-normalized bounds to
extend finite-dimensional results to infinite-dimensional settings. We are unsure if the questions
below can be answered in the affirmative, but nonetheless find it important to include them.

Time-Uniform Martingale Concentration under Dual Norms In Chapter 3, we showed that
a simple, truncation-based estimator could estimate a unknown, infinite-dimensional mean at
a rate that matched that of geometric median-of-medians estimator due to Minsker [121]. To
prove our results, we generalized classical results on the concentration of bounded observations
in smooth Banach spaces originally due to Pinelis [128, 129, 74]. The assumption of smoothness
is quite general, and examples of smooth Banach spaces include all separable Hilbert spaces, ¢
sequence spaces for > 2, and L function spaces for o > 2. Unfortunately, our results did not
apply for /“ and L“ spaces when o < 2.

In principal, one would expect a certain amount symmetry for /* and L® norms. In particular,
if we let 1) denote the Holder conjugate of « (i.e. the value 7 defined through 1/a + 1/n = 1),
one would hope that rates of concentration under the ¢7 and L" norms would be similar to that
of ¢* and L“ spaces. More broadly, if we assume that some reflexive Banach spaces (B, || - ||)
is smooth, can we expect to obtain similar rates of concentration in the continuous dual space
(B*, ]| - |+)? We make the following hypothesis, which may or may not be true.

Hypothesis 1. Let (S,,),>0 be a martingale taking values in the continuous dual (B*, || - ||.) of a
reflexive, smooth Banach space (B, || - ||). Further, suppose E,,_1||AS,||« < 1 almost surely. Let,
for a confidence parameter § € (0,1), (U2),>1 be a sequence satisfying

P(3n>0:|T,|| >U’) <6

for all martingales/filtration pairs (T,,,Gp)n>0 in (B, || - ||) with E,,_1||AT,|| < 1 almost surely.
Then, one has
P(3n > 0: ||S,]l. > U?) < 6.

Dimension-Independent Self-Normalized Concentration Next, we spend some time dis-
cussing open directions related to self-normalized concentration. The results presented in Chap-
ter 2 applied to general classes of self-normalized processes and served as a significant general-
ization of existing results due to de la Pena et al. [40, 41]. While the latter set of bounds could
only be applied under sub-Gaussian tail conditions, our bounds could be applied in both light-
tailed (sub-Gaussian, sub-Gamma, sub-Exponential, sub-Poisson) and heavy-tailed (symmetric
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increments, finite variance) settings. Even in settings where both types of bounds could be ap-
plied, the results were incomparable. The self-normalized results due de la Pefia, which relied
upon the method of mixtures [98, 99], depended on the accumulated variance (V},),,>o through a
term that looked like the log-determinant of V,,. On the other hand, our bound depended on the
logarithm of the condition number of V;,. In some settings, our bounds would be preferable, and
in others, those of de la Pefia would be tighter.

One advantage of the sub-Gaussian method of mixtures bounds is that they don’t explicitly
depend on the ambient dimension of the space. Rather, the ambient dimension is implicitly cap-
tured through the log-determinant term. Due to our derivation relying on a sequence of covers
of the unit ball, our bounds have explicit dependence on the ambient dimension d. We hypoth-
esize that, for general sub-i) processes, it is possible to construct time-uniform concentration
results that do not explicitly depend on the dimension of the space. In particular, these bounds
would be applicable in general separable Hilbert spaces, including ¢? sequence spaces, L? func-
tion spaces, and reproducing kernel Hilbert spaces (RKHS’s). We formalize this hypothesis as
follows, wherein u,(V;,, §) should be viewed as a time-uniform bound that depends on the un-
derlying CGF-like function v, the accumulated variance process (V},),>0, and the chosen failure
probability 6 € (0, 1), but not the dimension dim(H) of the separable Hilbert space (H, (-, -)).

Hypothesis 2. Let (S,,),>0 be a process in some separable Hilbert space (H, (-, -)) and assume
(Sy) is sub-1p with variance proxy (Vy,)n>o. Then, there exists some function u,,(V,,, ) such that,
forany é € (0, 1), we have

P(3n>0: ||V, "2S,] > uy(Va,0)) <.

Noise Reduction for Sequential Differentially Private Algorithms Finally, we return to the
problem of developing noise reduction algorithms for differentially private empirical risk min-
imization. In Chapter 5, we described the Brownian mechanism BM, which added correlated
Gaussian noise to a risk minimizing parameter, and then slowly stripped away this noise until
a target accuracy was met. We similarly described analogues of the Brownian mechanisms for
other additive noise distributions such as Skellam noise and Laplace noise. While our algorithm
was naturally applicable to lightweight statistical models, such as ridge and logistic regression,
it was not readily applicable to more complicated models such as deep neural networks.

Why was this the case? While is it straightforward to measure the sensitivity of the outputs of
simple regression algorithms, it is extremely difficult if not impossible to measure how much the
training trajectory of a neural network changes if a single data point is removed from the training
set. To get around this, researchers train neural networks not by using additive noise mecha-
nisms on the final trained model, but rather by injecting appropriately scaled Gaussian noise
during model training via stochastic gradient descent. The Brownian mechanism, as outlined in
Chapter 3, is just an additive noise mechanism. It is not clear how to couple such a mechanism
with iterative training methods such as private SGD. We leave it as interesting and high impact
future work to figure out how to combine the two algorithms.
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7.2 Future Directions

Over the course of my PhD, I have worked on problems in a variety of fields. I started my PhD
by working on problems in scheduling and queueing theory. Halfway through my second year, I
switched to working on problems related to differential privacy and differentially private machine
learning. I felt like I first really hit my stride in my fourth year, when I started working on more
abstract problems related to martingale concentration. I enjoyed the generality of the problems
and the broad applicability of the results. Luckily, it seems I was able to sew together the various
projects I've worked on into a relatively coherent thesis.

So, what’s next? In the final year of my PhD, I began studying the connections between causal
inference and model calibration [167]. I enjoyed the theoretical depth, room for experimentation,
and practical relevance of this new research direction. Motivated by this, I’1l soon begin a postdoc
focused on the intersection of causal inference and machine learning. Once again, this marks
a substantial departure from my previous line of work. While changes can always be a little
frightening, the excitement of learning something new is what drew me to the PhD in the first
place.
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