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ABSTRACT

Modern machine learning is increasingly applied to make reliable decisions from lim-
ited, noisy, high-dimensional, or privacy-constrained data. This dissertation studies several
mathematical problems that arise from this demand, with an emphasis on sequential deci-
sion making, sparse high-dimensional inference, differential privacy, and global testing. The
chapters address several distinct statistical settings, which share a common theme: how to
design procedures whose algorithmic behavior is guided by the geometry of the underly-
ing statistical problem and whose performance can be certified by sharp non-asymptotic or
asymptotic guarantees, and how do you make better decisions or selections when information
is noisy, incomplete, or costly to gather?

The first part of the dissertation concerns stochastic convex hull membership, a pure-
exploration problem in which one sequentially samples from a finite collection of distributions
in order to decide whether a target point belongs to the convex hull of their unknown
means. We first give a complete solution in one dimension, deriving the information-theoretic
characteristic time and developing Thompson-CHM, an asymptotically optimal sampling
algorithm whose allocation matches the lower bound. We then further extend the whole
theory to the higher-dimensional Gaussian setting, where FEuclidean geometry makes the
least favorable alternatives explicit. The resulting formulas reveal a distinction between
sparse geometric certificates, as guaranteed by Carathéodory’s theorem, and statistically
optimal sampling allocations, which must guard against all low-cost alternatives.

The second part starts from solving differentially private high-dimensional sparse regres-
sion using iterative hard thresholding, and further develops an alternative differentially pri-
vate procedures for the Dantzig selector in high-dimensional linear regression explicitly using
the geometry of Dantzig selector. We start by proposing a oneshot private sparse-regression
method based on a noisy iterative hard-thresholding oracle. The algorithm preserves sparsity
by construction and satisfies privacy, parameter-error, and population excess-risk guarantees,
with the main error rate matching the known differentially private minimax benchmark up
to logarithmic factors. We then introduce a complementary active-set method that priva-
tizes the Dantzig score more directly: it privately identifies violated score coordinates, refits

on a restricted support, and prunes to exact sparsity. This second approach is closer to the



defining feasibility constraint of the Dantzig selector and provides an alternative route to
private sparse estimation under stronger sparse-design conditions.

The final part studies sparse-signal detection in high-dimensional regression by combining
two classical ideas: knockoffs and higher criticism. Knockoffs provide dependence-adaptive
negative controls, while higher criticism is designed to detect rare and weak alternatives
near the sharp sparse-mixture boundary. We introduce a multi-knockoff higher-criticism
statistic based on Lasso entry times in an augmented design containing multiple knockoff
copies per feature. In the orthogonal-design regime, the proposed statistic attains the classi-
cal higher-criticism detection boundary for sparse alternatives against the global null. This
result suggests a new way to use knockoff constructions beyond false discovery rate con-
trol: as a mechanism for calibrating global tests in high-dimensional models with structured

dependence.
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CHAPTER 1

Stochastic Convex Hull Membership Problem in the
One-dimensional Case

In this chapter, we study the convex hull membership (CHM) problem in the pure explo-
ration setting where one aims to efficiently and accurately determine if a given point lies in
the convex hull of means of a finite set of distributions. We give a complete characterization
of the sample complexity of the CHM problem in the one-dimensional case. We present
the first asymptotically optimal algorithm called Thompson-CHM, whose modular design
consists of a stopping rule and a sampling rule. In addition, we extend the algorithm to
settings that generalize several important problems in the multi-armed bandit literature.
Furthermore, we discuss the extension of Thompson-CHM to higher dimensions. Finally,
we provide numerical experiments to demonstrate the empirical behavior of the algorithm

matches our theoretical results for realistic time horizons.

1.1 Introduction

The multi-armed bandit (MAB) problem is a fundamental problem in sequential decision
making where an agent is required to make a series of decisions to pull an arm of a K
slot machine in order to maximize the total reward. Each of the arms is associated with a
fixed but unknown probability distribution [Auer et al., 2002, Lai et al., 1985]. An enormous
literature has accumulated over the past decades on the MAB problem, such as clinical trials
and drug testing [Bastani and Bayati, 2020, Durand et al., 2018], recommendation system
and online advertising [Bouneffouf et al., 2012, 2014, Nguyen, 2021, Tang et al., 2013, Zhou
et al., 2017], information retrieval [Bouneffouf et al., 2013, Losada et al., 2017], and finance
[Huo and Fu, 2017, Misra et al., 2019, Mueller et al., 2019, Shen et al., 2015]. The MAB
problem was first studied theoretically in the seminal work [Robbins, 1952] and followed by
a vast line of work in two canonical settings: regret minimization [Agrawal and Goyal, 2013,
Auer, 2002, Auer et al., 2002, Chapelle and Li, 2011, Chu et al., 2011, Dudik et al., 2011,
Langford and Zhang, 2007, Li et al., 2010, Srinivas et al., 2009, Valko et al., 2013] and pure
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exploration [Chen et al., 2017, Garivier and Kaufmann, 2016, Locatelli et al., 2016, Russo,
2016].

In this chapter, we study the convex hull membership (CHM) problem in a pure explo-
ration setting: testing whether a fixed target point lies in the convex hull of the unknown
mean vectors of K distributions as efficiently and accurately as possible. Following the multi-
armed sampling model, where each distribution corresponds to an arm, and pulling an arm
reveals an independent sample from the distribution. Unlike classical reward-maximizing
bandit setting, our goal is to resolve a geometric decision problem under limited stochas-
tic feedback. Pure exploration problems are usually studies in one of two settings: fixed-
confidence of success or fixed-budget of samples. We work in the former. The usual non-
stochastic version of the CHM problem is well studied in Filippozzi et al. [2023] and has
attracted significant attention in different scientific areas and proven its crucial applications
in image processing [Jayaram and Fleyeh, 2016, Yang and Cohen, 1999], robot motion plan-
ning [Lengyel et al., 1990, Streinu, 2000] and pattern recognition [Katzin, 2018, Roy et al.,
2008].

The stochastic CHM problem arises in important applications including fairness [Martinez
et al., 2020] and multi-task learning [Lin et al., 2019], where we consider the instance to
determine whether a given point 8* € © C R? lies on the Pareto frontier of a collection
of m objective functions (Fy,---, Fy,,). A point 6* is said to be Pareto optimal if no other
0 € O exists such that F;(0) < F;(0*) for all ¢ € [m], with strict inequality in at least one
coordinate. In is well known that, under differentiability, any Pareto optimal point satisfies
a first-order condition: there exists a convex combination (Ay,---, ;) with summation
equal to 1 such that >, \;VF;(6*) = 0, or equivalently, 0, € Conv({VFEF;(6*)}™,). In
a multi-task learning setup, VF;(0) = Ep[V[;(0)] where P;’s and [;’s are the underlying
distributions and loss functions of the i-th task for ¢ € [m]. Since P;’s are unknown, we
utilize the empirical version of VF; which follows distributions with different means and fits
in our stochastic CHM setting. Nevertheless, there is almost no literature on the stochastic
convex hull membership problem where we have to sample in order to estimate the positions
of the means. Recently, Niss et al. [2022] provided the first theoretical bounds for the CHM
problem. Unfortunately, their results have significant gaps between the upper and lower
complexity bounds. To the best of our knowledge, this fundamental primitive of developing
the complexity bounds and an (asymptotically) optimal algorithm for the CHM problem
remains open in the literature before this work.

To tackle the aforementioned problem, we introduce Thompson-CHM, a Thompson-
Sampling-based algorithm that has asymptotic sample complexity matching the information-

theoretic lower bound proved in Garivier and Kaufmann [2016]. The sample complexity lower



bound is modeled as a function of the characteristic time [Garivier and Kaufmann, 2016],
which can be captured by the value of a zero-sum pure exploration game between two play-
ers [Chernoff, 1959, Degenne et al., 2019]. As discussed in Section 1.4, any successful pure
exploration player needs to solve this pure exploration game, and therefore, the intuition
behind the game is essential to our algorithm design. The design of the strategy to match
the lower bound is based on the individual confidence interval for each of the K arms so that
any algorithm using this stopping time can ensure an output of a correct decision with high
probability (at least 1 — d) no matter what sampling rule the algorithm applies.

We remark that Kaufmann et al. [2018] first proposed an active sequential testing pro-
cedure to study the lowest mean of a finite set of distributions, and provide a conditional
modification of the popular heuristic Thompson Sampling (named as Murphy Sampling)
to tackle the limitations of the Lower Confidence Bound algorithm (LCB) and standard
Thompson Sampling in different settings. However, a major challenge in extending Thomp-
son Sampling to our CHM problem is to study the extreme means (largest and lowest mean
in one-dimensional setting) simultaneously. To tackle this challenge, we borrow a two-arm
sampling construction proposed in the Best-Arm Identification setting. Russo [2016] pointed
out that Thompson Sampling can have a poor asymptotic performance and this defect can
be improved by a top-two arm sampling modification to prevent the algorithm from sampling
the arm of interest too frequently. This modification automatically controls the measurement
effort of each arm and ensures that the long-term asymptotic behavior is closely linked to
the optimal allocation of the algorithm. To the best of our knowledge, conditional Thompson
sampling and two-arm sampling have never been combined before.

Our novel sampling rule is independent of the confidence parameter ¢ and ensures the
sampled proportion of each arm asymptotically matches the estimated-best allocation de-
sign derived by the pure exploration game in the one-dimensional setting. Therefore, it
automatically adapts exploration for both feasible and infeasible cases in the CHM problem.
We provide a theoretical analysis of the asymptotic optimality and extend it to two more
important settings: interval CHM problem (identifying if an interval (v, ™) intersects with
the convex hull of the means of K arms) and the d-dimensional CHM problem when d > 2.
The first extension generalizes the CHM problem and reproduces the state-of-art results for
several important MAB problems in the literature, including thresholding bandit [Locatelli
et al., 2016] and sequential test for lowest mean [Kaufmann et al., 2018]. Moreover, the
stochastic CHM problem in d-dimensional setting has several important applications but its
complete solution remains open.

To highlight and summarize our results, our contribution in this chapter is threefold:

e We prove the information-theoretical lower bound on the sample complexity of the



one-dimensional convex hull membership (CHM) problem and reveal an oracle allocation of
different arms for algorithm design.

e We introduce a novel Thompson-Sampling-based algorithm that automatically adapts
the right exploration and oracle allocation for both feasible and infeasible cases and we
rigorously prove the algorithm is asymptotically optimal and its complexity exactly matches
the theoretical lower bound.

e Our final contribution is two important extensions of the Thompson-CHM algorithm.
First, we extend the algorithm to the one-dimensional interval CHM problem by presenting
the sample complexity bounds and the analogous asymptotically optimal algorithm, and
discuss how this extension generalizes several fundamental BAI problems in the literature.
We also investigate the potential extension to the d-dimensional CHM problem (d > 2) by
showing the sample complexity bound which shares the same behavior as the one-dimensional
case, and defer more details including the variant of the Thompson-CHM algorithm to the

appendix.

1.2 Related Work

In this section, we briefly discuss some works and applications that motivate our work and
are closely related to the convex hull membership problem in the literature.

Thresholding Bandits: One closely related previous work is a popular combinato-
rial pure exploration bandit problem known as the thresholding bandit problem where the
learner’s objective is to find the set of arms whose means are above a threshold. It was first
introduced in Chen et al. [2014] and has been extensively studied in both fixed-confidence
and fixed-budget settings [Chen et al., 2014, Garivier et al., 2017, Kano et al., 2019, Locatelli
et al., 2016, Tao et al., 2019]. Compared to the thresholding bandit problem, the convex
hull membership problem only requires a boolean decision and needs the existence for both
arms above and below the threshold to guarantee feasibility. A naive approach using the
thresholding bandit problem to solve the CHM problem is to find the set of arms with means
above and below the threshold by applying a thresholding bandit algorithm twice, and use
the results to build a conclusion on if the threshold lies in the convex hull of the set of the
arm means. Compared to the proposed Thompson-CHM algorithm, this two-step procedure
is sub-optimal and expends unnecessary samples to determine the true sets of arms with
means above and below the threshold.

Fair Sampling and Minimax Pareto Fairness: A recent series of works on fairness
sampling and minimax Pareto fairness [Abernethy et al., 2020, Anahideh et al., 2022, Mar-

tinez et al., 2020, Nargesian et al., 2021] share similar frameworks with the fair data sampling



procedure that is related to the CHM problem. As discussed in Niss et al. [2022], the main
challenge of fair data sampling is to collect data of desired distribution requirements, there-
fore it reveals an appropriate representation of majority and minority groups in the data.
In Anahideh et al. [2022], authors propose a fair active learning framework to balance the
trade-off between model accuracy and fairness, in order to avoid discrimination in machine
learning models. In Martinez et al. [2020], group fairness is formulated as a multi-objective
optimization problem and proposes conditions for the classifier to be Pareto-efficient and

achieve minimax risk, which is closely related to the stochastic CHM setting.

1.3 Problem Setup and Formulation

We define the problem of efficiently and accurately identifying if a given point lies in (or if
a given interval/set intersects with, respectively) the convex hull of means of K probability
distributions v4,--- , vk in dimension d based on their stochastic sequential samples as the
d-dimensional convex hull membership (d-dim CHM) problem. In this chapter, we start
with the one-dimensional setting where the probability distributions are in the canonical
one-dimensional exponential family. In the canonical one-dimensional exponential family,

the marginal distribution of a value x given an unknown parameter 6 € R takes the form
P(x]0) = h(z) exp{n(z)0 — A(6)}

where h(z), n(x) and A(#) are known functions.

Throughout the chapter, we denote by p = (u1,--- , k) the vector of unknown true
means of the distributions v, - ,vg, and A will be used as possible alternatives of the
mean vector. The Kullback-Leibler divergence is a standard measure of how one probability
distribution P differs from another @) with the form ", P(x)In(P(z)/Q(x)). For the canoni-
cal one-dimensional exponential family, it induces a bijection between the natural parameter
and the mean parameter, and we define the Kullback-Leibler divergence of two distributions
with means p; and py as a function d : (ug, p2) — RT. Let Conv(p) = Conv(py, -+, k)
denote the convex hull of the mean vector, which is the smallest convex set that contains
all the means py,--- ,ug. At each time t = 1,2,---, a decision maker chooses one arm
A, €{1,---, K} and independently draws a reward from distribution X; 4, ~ v4,. Let F; de-
note the sigma algebra generated by (A1, X 4, -+, A, Xt.4,). We aim to design a sequential
hypothesis testing procedure that consists of a F;_i-measurable sampling policy m;, a stopping
rule T with respect to F;, and a F.-measurable decision rule I.(y) € {feasible, infeasible}.

We now state the formal definition of feasible and infeasible cases.



Definition 1.3.1. (feasibility and infeasibility) Given p = (1, -+ , ), where pu; € R for
i=1,---, K. For any set S, the problem defined above is S-feasible if the set SNConv () #
(), otherwise, the problem is S-infeasible. When the set only contains a single element

S = {v}, the problem is simply called ~-feasible and y-infeasible, respectively.

In the one-dimensional case, given a threshold v € R, our objective is to identify whether
the unknown mean vector p is v-feasible, which is equivalent to determining if v lies in the
closed interval between the smallest mean reward I,(p) = argmin; .,z p; and the largest
mean reward [*(p) = argmax; ., i f1; based on the sequential observations while minimizing
the expected stopping time 7 and maximizing the probability to correctly identify the result.
For simplicity, we assume the threshold « (and the extreme points of the set S, respectively)
does not equal to iy, (u) and pr(,). This aims to avoid infinite samples to distinguish the
maximum and minimum means of the distributions that are too close to the threshold.
This assumption can be easily relaxed by introducing a “precision” term ¢ to identify an e-
optimal design instead [Locatelli et al., 2016, Russo, 2016]. Additionally, we further assume
the extreme points (or the vertices) of the convex hull Conv(pu) are unique.

In the literature, two distinct settings have been extensively studied. In the fized-
confidence setting, given a fixed confidence parameter § € (0,1), the forecaster aims for
a strategy that achieves the confidence d about the quality of the decision rule while mini-
mizing the sample needed, and in the fixed-budget setting, the number of exploration rounds
is fixed, and the forecaster tries to maximize the probability of making the right decision. We

will focus on the fized-confidence setting in this chapter and introduce the d-correct strategy.

Definition 1.3.2. (§-correctness) Let D be a set of distributions on R?. Given § € (0, 1),
we call an identification strategy d-correct on the problem class v € DX if with probability
at least 1 — ¢, the strategy returns the correct underlying case in a finite expected stopping
time, i.e., P(E[r] < c0) = 1, and when p is feasible, P(I(y) = feasible) > 1 — 4, otherwise
P(I:(v) = infeasible) > 1 — §, here I:() is the decision rule of the strategy.

Before continuing, we pause to introduce some further notations here. We let N,(t) =
St_1{A, = a} be the number of selections of arm a up to round ¢, and S,(t) =

' X,1{A, = a} be the sum of the gathered observations from that arm and fi,(t) =
Sa(t)/N,(t) be their empirical mean.

1.4 A General Lower Bound

In this section, we extend the general information-theoretical sample complexity lower bound

proved in Garivier and Kaufmann [2016] to work for the one-dimensional convex hull mem-
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bership problem.

We define Alt() to be the set of bandit models where the identification result is different
from that in g, and A = {w = (w1, ,wg) € R¥|wy + -+ + wrx = 1} is a probability
simplex of dimension K. The following bound was proved by Garivier and Kaufmann [2016]
that E,[7] > T*(p)kl(6, 1—9), where kl(z,y) = xIn(%)+(1—2) In(}=%) denotes the Kullback-

z
Yy I-y
Leibler divergence in the binary reward case, and

T (p) ' =sup _inf > wed(a, Aa)-

weA AEAl (k)

Note that kl(6,1 — ) ~ In(1/§) as 6 — 0, the lower bound above directly implies

liminfs_,o 15(”1%) > T*(w). This max-min problem was first discussed in the seminal work

by Chernoff [1959], and the value of T*(u)™! can be viewed as the value of a zero-sum
simultaneous-move pure exploration game between two players. The player SUP aims to
choose an optimal proportion of allocations w as a mixed strategy, and the adversary player
INF tries to choose the worst-case alternative arm means that is hard to distinguish from
the underlying truth to mislead SUP to an incorrect answer.

This general information-theoretic bound was established to analyze the sample complex-
ity of the Best-Arm Identification problem [Garivier and Kaufmann, 2016], and was studied
in different settings [Degenne et al., 2019, 2020] along with its popular variant that tackles
pure exploration bandit problems with multiple correct answers [Degenne and Koolen, 2019].
To match this general lower bound, the sampling proportion E[N,,]/E,,[7s] must converge to
the minimizer w* € A of the pure exploration game as 6 — 0. This intuition inspires works
on different sampling rules and their corresponding threshold functions (¢, d) to ensure cor-
rect recommendation with high probability (at least 1 —§) [Degenne et al., 2019, Kaufmann
and Koolen, 2021], and novel sampling rules to match the lower bound N (¢)/t — w*, where
N (t) is the vector of selection counts [Kaufmann et al., 2018]. With these considerations
in mind, we can establish the sample complexity bound and the asymptotically optimal al-

gorithm for the CHM problem. Specifically, following Degenne et al. [2020], we say that a

d-correct algorithm is asymptotically optimal if for all p, lim sup;_,, lf("l[;g) <T*(w).
Without loss of generality, in the one-dimensional CHM problem, we assume that

< po < pz < --- < pgq < pg. The strict inequalities come from the aforementioned

assumption of unique extreme points of Conv{u}. We have the following lower bound of

any o-correct algorithm. The proof is provided in the appendix.

Theorem 1. Given a threshold v € R, the expected sample complexity E,[T] of any J-correct



1-dimensional CHM strategy satisfies liminfs_, Eﬁ[fg) > T*(u), where

1 1
T (p) = d(p1,7) + Ay | € Conv{p}

d1<i<K m v ¢ Conv{p}

and .

e T ey Y € Conv{p}

ie{l,If} d(pg,7y)

S v B v ¢ Conv{p}

1<i<K d(pg,)

wy(p) =

Surprisingly, the characteristic time and oracle weights that match the general
information-theoretic sample complexity show completely different behaviors in feasible and
infeasible cases. In the feasible case where 7 lies in the convex hull Conv(g), the algorithm
should only sample the arms with minimum and maximum means, while in the infeasible
case, the strategy should sample every single arm with specific fraction inversely proportional
to the Kullback-Leibler divergence between its mean and the threshold y. We remark that
the previous work on sequentially testing and learning the lowest mean [Kaufmann et al.,
2018] demonstrates a similar phenomenon. In essence, this commonality arises from the fact
that the one-dimensional CHM problem generalizes the problem of learning the smallest

mean (see section 1.6.1 for details).

1.5 Algorithm

In this section, we introduce an asymptotically optimal Thompson-Sampling-based algorithm

for the one-dimensional CHM problem for a given threshold v € R.

1.5.1 Stopping rule

From a learning point of view, the question of stopping at time ¢ is essentially a classical
statistical problem: does the past collected information allow us to assess that the threshold
7 lies in or outside the convex hull set Conv(pu) with risk at most 67 Inspired by Kaufmann
et al. [2018], a natural design of the stopping rule is to compare separately each arm to
the threshold v and stop when either one arm lies significantly below v and one arm lies
significantly above ~, or all arms lie significantly below 7, or all arms lie significantly above
.

We denote d(u,v) = d(u,v)1{u < v} and d (u,v) = d(u,v)1{u > v}. We define the



first stopping time 71 when all arms lie significantly above ~:
7 = inf{t € N*|Va, N,(t)d” (fia(t),y) > Thresh(d, N,(t))}.

Similarly, we define the second stopping time 7, when all arms lie significantly below ~:
7 = inf{t € N*|Va, N,(t)d* (fia(t),y) > Thresh(§, N,(t))}.

The third stopping time is when one arm is significantly below v and another arm lies

significantly above ~:

3 =inf{t € N*|Jay, ag, such that N, (t)d" (fia, (t),y) > Thresh(d, N,, (t))
and N, (t)d™ (fla,(t),v) > Thresh (6, Na,(t))}.

Here Thresh(d, N,(t)) is a threshold function to be specified later. Our algorithm stops if
any of the three cases happen, i.e., it stops at 7 = min{7, 7, 73} and returns feasibility or
infeasibility based on the case detected. The stopping rule and decision rule ensures that,
when the threshold function Thresh(d, N,(t)) is carefully designed and the sampling rule
guarantees the sampling allocation proportion converges to the solution w of the max-min

problem, the algorithm Thompson-CHM is J-correct.

Lemma 1.5.1. Let 75 be a stopping rule satisfying 75 < 7. T is a stopping rule whose
threshold function Thresh(d,r) is non-decreasing in r and satisfies the following: ¥r >
ro, Thresh(d,7) < In(r/d) + o(In(1/9)), then for any p and an anytime sampling strategy

such that §* — w*(p), we have lim sups_ i ST (1) almost surely.

1.5.2 Sampling rule

Our contribution is a sampling rule that extends and generalizes a variant of Thompson sam-
pling (called Murphy Sampling) introduced in Kaufmann et al. [2018] to the one-dimensional
CHM problem that ensures the algorithm allocates the optimal proportion to each arm
asymptotically, therefore guarantees the asymptotical optimality by Lemma 1.5.1. The sam-
pling rule can automatically adapt the asymptotic optimality for both feasible cases and
infeasible cases.

We denote by II; = P(-|F;) the posterior distribution of the mean parameters after ¢
rounds. Inspired by Kaufmann et al. [2018] that introduces Murphy Sampling after Murphy’s
Law, as it performs some conditioning to the “worst event” to learn the smallest mean, we
introduce Thompson-CHM (Algorithm 1) to tackle the one-dimensional CHM problem.



Algorithm 1 Thompson-CHM

Input: stopping rule 7 with threshold function Thresh(d, ), risk d, threshold ~, Bernoulli
distribution parameter ;.
Output: decision rule I.(p) € {feasible, infeasible}
fort=1,--- do
if stopping rule 7 holds then
if 7 = 73 then
return [, (pu) = {feasible}
else
return I, (p) = {infeasible}
end if
end if
Sample 0; = (011, , 0 k) ~ IL,_1(-|p feasible).
Sample B ~ Bernoulli (5;)
if B =1 then
Play arm A, = argmin(6,)
else
Play arm A; = argmax(6,)
end if
end for

Note that the top-two Thompson Sampling conditions the standard Thompson Sampling
on the event argmax p # argmax 0; with pre-specified probability 5 [Russo, 2016], and the
Murphy Sampling conditions on min(u) below the threshold [Kaufmann et al., 2018]. In
contrast, Thompson-CHM conditions on the “feasibility” of the underlying mean vector p
and in each round ¢, the algorithm proceeds to pull an arm in the sample 6, = (6,1, - ,0; k)
with largest or smallest mean based on the previous information F;_ ;. The posterior is com-
puted explicitly using Bayes’ rule with tractable priors (e.g. Beta or uniform). To implement
the conditioning, we adopt reject sampling: we repeatedly sample from the unconditioned
posterior until a sample satisfying feasibility is obtained. The next theorem guarantees that
following this sampling procedure, the algorithm Thompson-CHM can ensure the sampling
proportion of each arm converges to the optimal allocation w* asymptotically, regardless of
the position of v with respect to the convex hull Conv{u}. Therefore, we can conclude that

the algorithm Thompson-CHM is asymptotically optimal in sample complexity.

Theorem 2. If 3, = d(minet"iir;f?f’;&;iem),l, then the algorithm Thompson-CHM ensures

that % — w*(p) almost surely for any p, and is §-correct for the CHM problem.

We let 1,(t) be the posterior probability of sampling arm a at time ¢, i.e. 1,(t) = P(A; =
alFi_1), and define W, (¢) and 9),(t) as the summation and mean of 1,(t) over time ¢.

For the feasible case, the first step of the sampling rule performs the same as Thompson
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Sampling, and the probability of drawing the first arm at time ¢ can be written as a weighted
sum (with weights 3, and 1 — /3;) of the posterior probabilities that the first sample in 6; is
the maximum and minimum. The asymptotic convergence of sample proportions Ny (t)/t —
wi () can be derived by the combination of facts that the former probability converges to 1
and (3; converges to wi(w). The proof of N (t)/t — wi (p) is symmetric.

For the infeasible case when the lowest mean is larger than threshold v or the largest
mean is smaller than v, the core idea of the proof is based on the following proposition,
and the complete proofs of Theorem 1, Lemma 1.5.1, and Theorem 2 are deferred to the

appendix.

Proposition 1.5.2. (Simplified version of Lemma 12 of Russo [2016]) Consider any sam-
pling rule, if for any arm a € [K] and all ¢ > 0, 3, 0. (1) 1{the(t) > w + ¢} < oo, then
U(t) = w*.

The above result gives a sufficient condition in which ?ﬂ(t) converges to the optimal
allocation w*, and implies that for any arm a that meets th,(t) > wy + ¢, the arm has
been over-allocated compared to the optimal proportion w}. Hence the total measurements
the arm gets must be bounded in order to reduce towards w; for optimality. The rest
of the proof is to establish the condition holds for Thompson-CHM algorithm. We de-
velop the conclusion by showing that, if arm a has been over-allocated compared to w;,
then I1;(0:, < v < 0:4) is exponentially small compared to max,,[1;(6;, < v < 04p).
Based on the known result, for any open set 0 c O, the posterior concentrates at rate
Ht(é) = exp (—t miny g >, @a(t)d(,ua,)\a)), where x; = y; means %ln% — 0. Combined
with the properties of 7*(u) in the pure exploration game and the concentration rate of the

posterior, we can show that there exists ¢’ > 0 such that,

where ¢, is a sequence converging to 0. This implies for any arm a such that @a(t) > w; +c,
14(t) has an exponential decay rate, and Proposition 1.5.2 immediately yields () — w*.
It is worth mentioning that one can tackle the one-dimensional CHM problem by first
checking if ~ is smaller than the minimum mean and then checking if ~ is larger than
the maximum mean. Using the results in Kaufmann et al. [2018], this strategy’s sample
complexity is at most two times the sample complexity stated in Theorem 1. However,
this procedure has obvious drawbacks compared to our solution. First, this procedure does
not generalize to higher dimensions since minimum and maximum means have no analogs

in higher dimensions. Moreover, even in the one-dimensional case, this procedure incurs
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sub-optimality in its sample complexity in the infeasible case. By sequentially checking the
one-sided setting twice, the arm that is farthest away from ~ will be sampled more than the
optimal w* () (and all other arms will be sampled less than w™* (), respectively), especially
when the arms are not spread out significantly. This demonstrates the sub-optimality of this
easy solution as our main results indicate an algorithm matching the theoretical lower bound

should follow the optimal allocation w*(u). More details are discussed in the appendix.

1.6 Extensions of the Thompson-CHM Algorithm

1.6.1 Interval CHM problem

In this section, we show that our results in Section 1.4 and Section 1.5 are fully generalizable
to the interval feasibility setting, where our goal is to determine if the open set (v, ™)
intersects with the convex hull set of . Here, we allow 7~ to be —oo and v to be +oo for

better generalization results.

1.6.1.1 Asymptotic Optimality and the Algorithm

We build the first result on the general sample complexity lower bound.

Theorem 3. Given thresholds —oc0 < = < 7 < +4oo, let (5 pu*) =

argmin, ¢~ .1 e, |7 — pl. The expected sample complexity E,[7] of any d-correct 1-

dimensional CHM strategy satisfies liminfs_q Eﬁ[/?) > T*(w), where

d(#lla’WL) + d(uKl,yf) (’7_774_) N OOnU{,LL} #* 0

T"(p) = ,
Yi<i<K m (v—,7T) N Conv{pu} =0
and
1 9 e 41 9 e
TSI (9 ) 0 Cono{a} 0
. d(p1 v ) dpgyT)
w,(p) =

1
d(pa,v*) . ('Y_, 7+) N COTLU{M} — @
1<i<K d(pg,v™)

The stopping rule is similar with minor adjustments. To be more specific, we again define

the first stopping time 7; when all arms lie significantly above ~v7:

7 = inf{t € N*|Va, N, (t)d™ (fia(t),y") > Thresh(d, N,(t))}.
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Similarly, we define the second stopping time 7, when all arms lie significantly below v~:
7y = inf{t € N*|Va, N,(t)d* (fia(t),7~) > Thresh(d, N,(t))}.

To identify the feasible case, the third stopping time is when one arm is significantly below

~* and another arm lies significantly above ~:

73 =inf{t € N*|Jay, ag, such that N, (t)d* (fia, (t),y") > Thresh(d, N, (¢))
and Ng, (t)d™ (fla,(t),7~) > Thresh(d, N,,(t))}.

Again, the algorithm stops if any of the three cases happens and 7 = min{r, 73, 73}, and
the following lemma ensures that the algorithm Thompson-CHM is d-correct in the interval

feasibility framework.

Lemma 1.6.1. Let 75 be a stopping rule satisfying 7s < 7. T is a stopping rule whose
threshold function Thresh(d,r) is non-decreasing in r and satisfies the following: ¥Vr >
ro, Thresh(d,7) < In(r/d) + o(ln(1/4)), then for any p and an anytime sampling strategy

such that 5t — w*(p), we have lim sups_, i < T*(u) almost surely.

The sampling rule in the interval CHM problem remains the same and we have the next

theorem.
- d(min9t7’}’+)71
Theorem 4. [f ﬂt " d(min 0 ,yt) " +d(max 8;,7)

that % — w*(w) almost surely for any p, and is 0-correct for the CHM problem.

—, then the algorithm Thompson-CHM ensures

1.6.1.2 Connections with Other State-of-art Results

We comment on some important connections of Section 1.6.1 with the previous state-of-art
results in the MAB literature. Trivially, when v~ = 4", we immediately derive the same
results as the CHM problem, implying a direct generalization to the regular CHM problem.
If we set v~ = —o0, the Bernoulli parameter 5; becomes 0, and this reproduces the same
Murphy Sampling results from the state-of-art sequential test paper for learning the minima
mean [Kaufmann et al., 2018].

On the other hand, by setting v© = +o00, the interval CHM problem shares the same setup
with the thresholding bandit problem with the threshold y~. In the infeasible case when v~
is larger than the largest mean in p, testing if there exists an arm with a mean above the
threshold is essentially equivalent to finding all arms with means above the threshold since to
identify both questions, one needs to traverse all arms to conclude that the means of all arms

are actually below the threshold, and our complexity bound exactly matches the state-of-art
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optimal bound of thresholding bandit [Locatelli et al., 2016]. When p is feasible, the CHM
problem is strictly easier than the thresholding bandit, and our complexity is strictly smaller
than the state-of-art result. Notably, the Thompson-CHM algorithm adapts both feasible
and infeasible cases for the thresholding bandit problem without knowing any information

on the threshold as a priori.

1.6.2 Convex hull membership problem in higher dimensions

We now investigate and discuss the extensions of the Thompson-CHM to d-dimensional
setting where d > 2. Before proceeding, we define the vertices set (or extreme point set)
Vert(S) of a convex set S to be the union of points that do not fall on any line segment
connecting any two unique points in set S. The following theorem states that the lower
bound for the CHM problem exhibits a shared behavior in all dimensions: in the feasible
case, the optimal strategy should only sample arms whose means are extreme points, and in

the infeasible case, it should sample all arms.

Theorem 5. Let Vert(Conv{p}) = (psy, -+ , pis,,) be the vertices set of Conv{p}. Giveny €
R? where 2 < d < oo, the expected sample complexity E,[t] of any d-correct d-dimensional
CHM strategy satisfies liminfs_,q % > T*(w), where

folptsys =+ s ths,v) v € Conv{p}

T (p) = . :
d1<i<K ) v & Conv{p}
and
“() iy fillsys s fsy, V) La=s;y 7 € Conv{p}
wh(p) = 1 .
pO—— 7 ¢ Conv{p}
Here fo, f1,-++ , fm are non-negative real-value functions, and Y-, fi(fsy, -+ 5 is,,,v) = 1.

Using Theorem 5, we can generalize the Thompson-CHM algorithm to higher dimensions
by simply replacing the Bernoulli distribution with a categorical distribution with parameters
Bi = fillsy, -+, is, ) and assuming oracle access to the functions f; for 1 < i < k. We
discuss more details of the Thompson-CHM algorithm in d-dimensional setting (d > 2) in
the appendix.
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1.7 Numerical Results

The chapter’s main results are reflected in some numerical experiments in this section. We
consider 7 Bernoulli bandits with means g = (0.1,0.2,--- ,0.7) and § = e~3, and we consider
Beta(1,1) prior and different v’s to compare the sample complexity and sample weights to
the theoretical results in both feasible and infeasible cases. We use the threshold function
developed in Kaufmann et al. [2018]: Thresh(d,r) = In(1 + In(r)) + T'(In(1/0)) and T :
R — R is a function defined by T'(z) = 2h~! (1 + w» where h(u) = u—In(u)
for w > 1 and ((s) = Y02, n~°. We also adopt the empirical implementation of T'(z) from
Kaufmann et al. [2018] in our experiments. The property of the threshold function is verified
in Kaufmann et al. [2018].

We first pick different values of v to compare the theoretical sample complexity and the
sample complexity of Thompson-CHM in both feasible and infeasible cases. We choose 7 to
be (0.15,0.25,0.35,0.45,0.55,0.65) for the feasible case and (0.75,0.8,0.85,0.9,0.95) for the
infeasible case. Figure 1.1 demonstrates the efficiency of the algorithm Thompson-CHM. In
both feasible and infeasible cases, the sample complexity of Thompson-CHM matches the

theoretical results proved in Theorem 1 well for realistic time horizons.

3 s
87 —— Thompson-CHM 21 —— Thompson-CHM
—— theoretical lower bound

—— theoretical lower bound

sample complexity/log(1/delta)

sample complexity/log(1/delta)
100 200 300 400 500
. . . . .

gamma gamma

Figure 1.1: Sample complexity for different v’s in feasible cases (left) and infeasible cases
(right).

Figure 1.2 provides insights into the asymptotic convergence performance of the sampling
proportions N, (7)/7 in Thompson-CHM in both feasible and infeasible cases. In the feasible
case when v = 0.25, we note that Thompson-CHM spent the most fraction of time sampling
the side arms (especially the minimum arm since 7 is much closer to the arm with minimum
mean compared to the arm with maximum mean). In the infeasible case when v = 0.9, we
can observe that the sampling proportion of the algorithm almost matches the theoretical

optimal w*(p) in Theorem 1.
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Figure 1.2: Empirical proportion of samples compared to optimal allocation w* () in feasible

arms

weight of arms

—— Thompson-CHM
—— theoretical optimal allocation

arms

cases (left) and infeasible cases (right) estimated using 100 repetitions.

We further investigate how the sample complexity of Thompson-CHM scales with the
confidence parameter 9, as motivated by the logarithmic dependence predicted by our the-
oretical results. We choose v = 0.4 for feasible case and v = 0.9 for infeasible case, and a
varying range of —log(d) to evenly range between 1 to 5. For each §, we run 100 indepen-
dent trials and report the average sample complexity. As shown in Figure 1.3, the empirical
sample complexity grows linearly with log(1/4), closely tracking the theoretical lower bound
up to a constant factor. This supports the sharpness of our bound and confirms that the

Thompson-CHM algorithm achieves asymptotic optimal sample complexity in terms of its ¢

dependence.

27 — Thompson-CHM
—— theoretical lower bound

Mean Sample Compl

Figure 1.3: Sample complexity for different ¢’s in feasible cases (left) and infeasible cases

(right).
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1.8 Discussion and Conclusion

This chapter thoroughly investigates the convex hull membership (CHM) problem in the
pure exploration setting and mostly focused on 1-dimensional setting. We propose a novel
asymptotically optimal algorithm to tackle this problem, which we refer to as Thompson-
CHM algorithm. The sampling rule combines the ideas of top-two Thompson sampling
[Russo, 2016] and Murphy sampling [Kaufmann et al., 2018], and it can automatically guar-
antee the sampled proportion of each arm converges to the optimal allocation derived by
the information-theoretical lower bound in the one-dimensional setting, regardless of relative
position between the threshold and the arm mean set. Moreover, we extend our results to
the interval CHM setting that generalizes some important MAB problems in the literature
and investigate the extensions of the Thompson-CHM algorithm in higher dimensions.

In the next chapter, we will attempt to derive a complete solution to d-dimensional CHM
problems with broader settings when d > 2. We conjecture that the sample complexity
bounds and the asymptotically optimal algorithm are identical to the one-dimensional case.
The current theoretical results reveal challenges in the feasible d-dimensional setting due to
the complex geometric structure in the “alternative” set. We will fully understand the CHM

problem in d-dimensional case when d > 2 for the Gaussian case.
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CHAPTER 2

Generalization of Stochastic Convex Hull Membership
Problem to the Higher-Dimensional Case

This chapter extends the stochastic convex hull membership problem discussed in Chap-
ter 1 to dimensions d > 2. We focus on the Gaussian case with known identity covariance,
where the information-theoretic game admits closed geometric forms. In the feasible case, the
characteristic time is governed by an optimal design problem over separating hyperplanes,
and non-vertex arms are dominated. In the infeasible case, the least confusing alternative is
obtained by moving a small convex combination of arms to the target, yielding a genuinely
higher-dimensional barycentric game. These formulas clarify the role of Carathéodory’s the-
orem: a feasibility certificate may use at most d + 1 arms, but an asymptotically optimal
sampling allocation need not be supported on a single certificate. We then give a high-
dimensional generalized likelihood-ratio stopping rule, an oracle Track-and-Stop algorithm
that is asymptotically optimal under standard regularity assumptions, and a Thompson-
CHM extension whose feasible-case optimality follows directly and whose infeasible-case
optimality reduces to a geometric large-deviation gap condition.

The motivation of the generalization comes from the fixed-confidence pure exploration
program initiated by Chernoff’s sequential design viewpoint and developed in modern bandit
identification through information-theoretic games, Track-and-Stop procedures, and game-
based pure exploration algorithms [Chernoff, 1959, Garivier and Kaufmann, 2016, Degenne
et al., 2019, 2020]. The geometric decision problem considered here is also closely connected
to deterministic convex hull membership and to recent stochastic formulations of convex

feasibility sampling [Filippozzi et al., 2023, Niss et al., 2022].

2.1 Introduction

The one-dimensional CHM problem conveys a particularly transparent solution because con-
vex hull membership reduces to two scalar comparisons: whether the target is below the

largest mean and above the smallest mean. This total ordering is precisely what makes
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the optimal allocation explicit. In the feasible case, the two extreme arms are the only
statistically relevant arms; in the infeasible case, every arm must be protected against the
possibility that it alone crosses the threshold. Chapter 1 develops a complete lower bound,
stopping rule, and Thompson-sampling algorithm based on this observation.

In dimension d > 2, the same feasible/infeasible dichotomy survives, but the mechanism
behind it changes. Feasibility is no longer witnessed by a pair of ordered extremes, it is
witnessed by a convex combination. Infeasibility is no longer witnessed by all means lying
on one side of a scalar threshold, it is witnessed by a separating hyperplane. Thus the natural
replacement for the two one-dimensional sides of 7 is the dual pair of certificates furnished
by convex geometry: barycentric certificates for feasibility and separating certificates for
infeasibility. This is why the higher-dimensional characteristic time is best written as a
game over either directions u € S or convex weights ¢ € Ay, rather than as a formula
involving only arm-wise distances to the target.

This chapter develops the Gaussian distribution case in detail. In this case, KL pro-
jections are Euclidean projections and the geometry is visible without additional notation.
The resulting formulas should be viewed as the higher-dimensional analogue of the one-
dimensional inverse-KL expressions. They also clarify the precise role of Carathéodory’s
theorem and the separating hyperplane theorem, two classical tools in finite-dimensional
convexity [Rockafellar, 1997, Barvinok, 2025]. Carathéodory’s theorem guarantees that a
feasible point has a sparse certificate involving at most d + 1 arms, but the statistical design
problem is more demanding: an optimal allocation must gather evidence against all low-
cost alternatives. Consequently, a single sparse feasibility certificate need not determine the
asymptotic sample complexity.

The contribution of the chapter is organized as follows. Section 2.2 fixes notation and
regularity. Section 2.3 derives the exact Gaussian characteristic-time game. Sections 2.4
and 2.5 interpret the feasible and infeasible sides of the game. Section 2.6 gives the general-
ized likelihood-ratio stopping rule. Section 2.7 gives an asymptotically optimal Track-CHM
benchmark. Finally, Section 2.8 returns to the Thompson-CHM philosophy of Chapter 1
and identifies the remaining large-deviation gap needed for a complete higher-dimensional

Thompson proof.

2.2 Setup and Regularity

We begin with a formulation of the problem in translated coordinates. The translation by ~ is
not merely a notational convenience: it makes the two alternatives geometrically symmetric.

The feasible case becomes the statement that the origin belongs to a convex hull, while
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the infeasible case becomes the statement that the origin can be strictly separated from
that convex hull. This convention will be used throughout the chapter and in the appendix
proofs.

We consider the d-dimensional stochastic convex hull membership problem with d > 2.

There are K arms. Pulling arm ¢ produces an independent observation
Y;L,s ~ N(,u’h[d)a /J"L S Rd;

where I; is the d x d identity matrix. The target point is denoted by v € R% As in the

one-dimensional problem, the goal is to determine, with fixed confidence, whether
v € Conv(py, ..., K)-
Throughout this chapter we translate the target to the origin. Define
Ti = i — 7, 1=1,..., K.
Then the problem is equivalent to deciding whether
0 € Conv(zy,...,xTK).

We write
X = (21,...,2x) € (RHE.

The feasible and infeasible sets are
F= {X € (RH® .0 € Conv(wy,... ,:L‘K)},

and
7= {X c (RHK:0¢ Conv(a:l,...,xK)}.

The Gaussian KL divergence between two arms with means u, v € R? is
1
da(u,0) = 5 Ju — ol

Therefore the information-theoretic characteristic time is

T ()™ = sup mf sz lge: — Nall” (2.1)

wGAK XAl (1
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where .
AK:{wGRf:Zwizl},
i=1
and Alt(u) is the set of mean vectors whose convex hull membership answer is different from
that of p.

The expression above is the direct analogue of the lower-bound game used throughout
fixed-confidence pure exploration literature [Garivier and Kaufmann, 2016, Degenne et al.,
2019, Degenne and Koolen, 2019]. The allocation vector w represents the asymptotic pro-
portions, whereas the alternative vector A represents the least distinguishable instance with
the opposite answer. Thus T (i) is not only a lower-bound constant, it is the object from
which the target sampling proportions are read.

We call an instance regular if either
0 € int Conv(zy, ..., Tx), (2.2)

or

0 ¢ Conv(zxy,...,TK). (2.3)

The boundary case
0 € 0Conv(xy,...,Tx)

is excluded. This is the higher-dimensional analogue of excluding the one-dimensional case
where the threshold equals an arm mean. At such boundary instances the decision is not
locally stable and the characteristic time may degenerate.

The regularity assumption is the higher-dimensional version of a positive margin condi-
tion. In the feasible case it asks that the target be surrounded by the convex hull in all
directions; in the infeasible case compactness gives a positive Euclidean distance from the
target to the convex hull. This distinction is important because the generalized likelihood-
ratio statistic below has a positive linear growth rate exactly away from the boundary.

Remark 2.2.1. If the observations are Gaussian with known positive definite covariance X,

1/2

one may apply the whitening map z — X7"/“z. All statements remain valid after replacing

the Euclidean norm by the Mahalanobis norm
J2ll = 275

We keep the identity-covariance assumption in the main statements to avoid obscuring
the main ideas. For exponential-family arms, the same variational formulas hold with the

corresponding KL divergence, but the projections that appear below become KL projections

21



rather than Euclidean projections. The Gaussian model is therefore the cleanest setting in

which to see the new geometry.

2.3 Exact Gaussian Characteristic Time

The central object in higher dimensions is not an ordering of arms but a pair of dual geometric
certificates. Feasibility is certified by a convex combination, while infeasibility is certified by
a separating hyperplane. This leads to two different explicit games.

The next theorem starts from the standard information game and eliminates the infinite-
dimensional alternative set by two elementary geometric projections. When the true instance
is feasible, the adversary tries to make the empirical convex hull miss the origin, by separa-
tion, this means pushing all arms into a common closed halfspace. When the true instance is
infeasible, the adversary tries to make the origin enter the convex hull, by barycentricity, this
means finding a convex combination that can be moved to zero. The two resulting formulas

are the exact higher-dimensional analogues of the one-dimensional lower-bound expressions.

Theorem 6. Assume d > 2, let Y; s ~ N (i, Ia), and write x; = p; — 7.

(i) Feasible case. Assume

0 € int Conv(xy, ..., xK).
Then
Th(p) ™t = sup inf lfzw (—uTx»>2 (2.4)
Glu _wGApKUESd712i:1 7 3 +- .

The vector u is the normal vector of a separating hyperplane through the target.

(ii) Infeasible case. Assume
0 ¢ Conv(xy,...,TK).

Then
2

Zi]il qiT;
Th(p) ™t = sup inf H, 2.5
(1) S S E (2.5)
with the convention that ¢? /w; = +oo when q; > 0 and w; = 0. Under this convention, a

denominator equal to +00 gives value zero.

A useful way to read (2.4) is as a continuous optimal-design problem. Each direction u
represents a possible separating certificate against feasibility, and one chooses w to maximize
the weakest accumulated evidence over all such directions. Formula (2.5) has the dual

flavor: each q represents a possible convex-combination certificate that would make the
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target feasible, and the denominator records how expensive it is to distribute the required
movement across arms that are sampled with proportions w;. The appearance of ¢?/w; is
the usual quadratic price of moving arm ¢ when arm ¢ receives information at rate w;.

It is important to emphasize what is new in dimension d > 2 compared to the one-
dimensional case. In one dimension, an infeasible instance has all translated means x; on
the same side of the origin. Then the adversary’s cheapest feasible alternative is obtained
by moving one arm to the threshold. In higher dimensions, the adversary may move several
arms jointly so that their convex combination reaches the target. Thus the variable ¢ in (2.5)
is not merely a technical artifact, it is the barycentric certificate of the adversarial feasible

alternative.

2.3.1 Reduction to the one-dimensional formula

Before developing the new geometry, we verify that the barycentric game is consistent with
the formula already obtained in Chapter 1. This step shows that the higher-dimensional
expression is not an unrelated relaxation, but an exact extension of the original inverse-KL
allocation.
The exact game above reduces to the one-dimensional result in Chapter 1. Suppose d = 1
and the instance is infeasible with z; > 0 for all 4. For fixed w, (2.5) becomes
inf (X qiwi)” .
a€AK 2, q'?/wi
Let

My, = min wzxf
1<i<K

Since ¢; > 0 and z; > 0,

2
(San) =X e? S,
(A 1 1

Hence the infimum is at least m,,/2, and equality is attained by choosing ¢ = e;, where

J € argmin, w;z?. Therefore

)2 2
inf M = min wiﬂ = min w;dg (i, 7y)-
4€dk 23, ¢2 w; i 2 i

23



Maximizing over w € Ak gives

with optimal allocation proportional to dg(us,y)~!. The case x; < 0 for all i is identical.
Thus the inverse-KL allocation in the one-dimensional infeasible case is a special case of
the barycentric game (2.5), attained when the least-cost convex-combination certificate is a

single arm.

2.4 Geometry of the Feasible Case

Theorem 6 shows that the feasible case is an optimal design problem over separating di-
rections. This section records two consequences: non-vertex arms are dominated, and the
optimizer is characterized by a dual distribution over separating hyperplanes.

The feasible case is the side on which the higher-dimensional problem most visibly differs
from the one-dimensional problem. In the one-dimensional case, there are only two sepa-
rating directions, corresponding to the two sides of the threshold. In dimension d > 2, the
adversary may choose any direction on the unit sphere. Therefore, one must build a design
that is robust to a continuum of possible separating hyperplanes. The results in this section
explain which arms can matter and how the optimal design balances the worst separating

directions.

2.4.1 Non-vertices are dominated

Let
V' = Vert Conv(xy,...,Tk)

be the set of vertices of the convex hull.

The next statement formalizes the extreme-point principle. If an arm lies in the convex
hull of other arms, then along every separating direction its squared negative projection is
no larger than the corresponding convex combination of the squared negative projections of
the vertices. Sampling such an interior arm therefore never improves the worst-direction evi-
dence. This is the exact higher-dimensional analogue of the fact that, in the one-dimensional

feasible case, only the minimum and maximum means need be sampled.

Proposition 2.4.1. Assume

0 € int Conv(zy,...,Tk).
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In the Gaussian feasible game (2.4), there exists an optimal allocation w* supported on
the vertices of Conv(xy,...,xk). Equivalently, every non-vertex arm can be assigned zero

sampling mass without decreasing the value of the game.

Remark 2.4.2. This proposition gives the precise mathematical intuition of the qualitative
statement that, in the feasible case, the optimal strategy samples only extreme points. It
does not say that every vertex must be sampled. Which vertices are sampled is determined

by the saddle point of the separation game.

We note that the statement is an existence theorem for optimal allocations, not a pre-
scription to sample every vertex. A vertex may still be irrelevant if it is never active in a least
favorable separating direction. Conversely, in symmetric configurations many vertices may
be simultaneously active, even though only a small number of them are needed to certify

feasibility in the deterministic sense.

2.4.2 Dual form of the feasible game

The feasible game admits a useful dual interpretation. One player chooses an allocation
over arms, the adversary chooses a separating direction. Equivalently, the adversary may
randomize over separating directions.

The following dual form is a useful diagnostic for optimality. It is a finite-arm, continuous-
direction minimax identity in the spirit of classical zero-sum design problems, the exchange
of sup and inf is justified by Sion’s minimax theorem [Sion, 1958]. The dual distribution p
should be interpreted as a least favorable distribution over separating hyperplanes. At an op-
timum, every sampled arm has the same average exposure to this least favorable distribution,

while p concentrates on directions that are tight for the chosen allocation.

Proposition 2.4.3. Let

1 T \2
li(u) = 5 (—u ZL‘Z)
Then
K
o at St = et e [ 600 plda) 26

where P(STY) denotes the set of probability measures on the unit sphere. Moreover, if w*

and p* form a saddle point and the value is V', then

/d 1 li(u) p*(du) =V for every i with w; > 0, (2.7)
S
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and p* is supported on directions u satisfying

;w?&(w =V. (2.8)

The equalization conditions (2.7)—(2.8) play the same conceptual role as the equalization
of inverse-KL terms in the one-dimensional lower bound. In the one-dimensional case, the
saddle point makes the two sides of the threshold equally difficult to refute. In higher
dimensions, the saddle point equalizes a family of directional risks. This viewpoint is often
the most convenient way to reason about any implementations, because it separates the arm

weights from the least favorable geometry.

Remark 2.4.4. Let sq,...,s, be the indices of the vertices of Conv(zy,...,zk). In the
Gaussian feasible case, the oracle functions f; appearing in the higher-dimensional lower-

bound statement can be identified as any measurable optimizer of the game

w”(z) € argmax,en ueigdf—l 5 ; w; (_UT$i)i , (2.9)
By Proposition 2.4.1, there is an optimizer with
wi(z) =0 whenever z; ¢ Vert Conv(zy,...,zk).
Thus one may take
fj(msl,...,xsm,()):wi(x), j=1,....m.

When the optimizer is not unique, f; should be interpreted as a choice of measurable selector.

2.4.3 Carathéodory certificates and optimal designs

We next separate two notions that are easily conflated. A deterministic certificate of feasibil-
ity answers the yes/no geometric question: can the target be written as a convex combination
of observed means? An optimal sampling design answers a different statistical question: how
should evidence be collected so that every nearby infeasible alternative becomes distinguish-
able? Interestingly, Carathéodory’s theorem solves the first question by giving a sparse
certificate, but it does not solve the second question by itself.

Carathéodory’s theorem says that, if

0 € Conv(xy,...,xk),
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then there is a subset S C [K] with
S| <d+1

such that
0 € Conv{z; :i € S}.

This gives a small deterministic certificate of feasibility. However, the optimal sequential
sampling problem is not merely to find one feasible certificate, it is to collect evidence
against all separating hyperplanes. Consequently, a single Carathéodory certificate need not
be statistically optimal.

This phenomenon is a real departure from the one-dimensional theory. In the one-
dimensional case, the feasible certificate necessarily consists of the two extremes, and these
are also the statistically optimal arms. In higher dimensions, there may be many differ-
ent simplices containing the target. The optimal allocation may be better understood as a
mixture over such local certificates, chosen so that no separating direction remains weakly
protected.

For a subset S C [K], define the restricted feasible value

1 2
V(S) = 2w nf S ;9 w; <_“Tx">+ , (2.10)
where A(S) = {w € Ak : supp(w) C S}.

The following proposition is a concrete example to show that a Carathéodory certificate
need not be optimal. The regular hexagon example below is deliberately elementary. Its pur-
pose is to rule out the tempting conjecture that asymptotic optimality can always be reduced
to identifying one favorable simplex of size d + 1. The example shows that statistical opti-
mality may require averaging information over more vertices than any single Carathéodory

representation uses.

Proposition 2.4.5. There exists a feasible instance in dimension d = 2 for which the optimal
allocation uses more than d + 1 = 3 vertices. In particular, a single Carathéodory certificate

need not achieve the optimal characteristic time.

Remark 2.4.6. Carathéodory’s theorem is a statement about the existence of a feasibility cer-
tificate. The characteristic time is instead a robust certification quantity. It asks how much
evidence must be gathered so that every separating hyperplane is ruled out. In asymmetric
instances, the optimal design may indeed concentrate on one small simplex. In symmetric
or nearly symmetric instances, the optimal design may mix over many local certificates and

sample many vertices.
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For algorithm design, this suggests that a higher-dimensional CHM method should not
first commit to a single simplex unless additional structure is known. A simplex-based rule
can be locally valid but globally sub-optimal. The separation game avoids this premature

commitment by optimizing directly over all separating directions.

2.5 Geometry of the Infeasible Case

The infeasible game has a different structure. The adversary tries to create feasibility by
moving the means so that the origin becomes a convex combination. The variable ¢ in (2.5)
is precisely this attempted convex combination.

The infeasible case reverses the roles of sparsity. The least confusing alternative may
be witnessed by a sparse convex combination, but one cannot know in advance which arm
or small group of arms will form the most dangerous certificate. Therefore, the adversary’s
witness may be sparse while one’s optimal allocation must have full support. This is the same
qualitative phenomenon as in the one-dimensional infeasible case, now expressed through
barycentric geometry.

The next proposition proves a fundamental fact that every arm is needed in the infeasible
case, which coincides with the one-dimensional case. This fact is intuitive, since we only
need the additional of one arm to make an infeasible case to become feasible. Therefore, in
order to identify an infeasible case, we need to traverse all arms.

More precisely, if an arm receives zero asymptotic mass, then the information cost of mov-
ing that arm is zero in the lower-bound game. The adversary can exploit this by using that
unsampled arm as a cheap route toward a feasible alternative. Full support is therefore not a

numerical artifact of the formula, it is forced by the logical structure of proving infeasibility.

Proposition 2.5.1. Assume
0 ¢ Conv(zy,...,Tk).

Then every optimizer w* of the Gaussian infeasible game (2.5) has full support:

The next result gives the complementary side of the story. Although one must sample
every arm, the adversary does not need to move every arm to create a feasible alternative.
Carathéodory’s theorem implies that, once feasibility is created, it can be certified by at
most d + 1 moved means. Thus higher dimension produces an asymmetry: full support on

the learning side, sparse certificates on the adversarial side.
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Proposition 2.5.2. In the infeasible Gaussian game, the infimum over ¢ € Ak in (2.5)

may be restricted to convex combinations supported on at most d + 1 arms. That is,

2 2
inf 132 i inf 1225 qii |

qeAK 2 ZZ qf/wi N qEAK 2 Zz q,?/wi .
| supp(q)|<d+1

(2.11)

Remark 2.5.3. Proposition 2.5.2 is the correct higher-dimensional role of Carathéodory’s
theorem in the infeasible case: the least confusing alternative can be witnessed by at most
d + 1 moved arms. This does not contradict Proposition 2.5.1. The adversary may use
a sparse certificate at any fixed alternative, but one must sample every arm because any

unsampled arm could be moved at zero information cost.

This sparse-adversary/full-support contrast is a useful organizing principle for the rest
of the chapter. It explains why the stopping statistic involves an infimum over ¢, while an
optimal infeasible allocation still assigns positive mass to every coordinate. It also anticipates
the difficulty of the Thompson proof: rare posterior feasibility is indexed by small barycentric

certificates, not by individual crossing events.

2.6 A High-dimensional Stopping Rule

The one-dimensional stopping rule has three explicit cases: all arms above the threshold,
all arms below the threshold, or one arm on each side. In higher dimensions these cases are
replaced by convex and separating certificates. The natural stopping statistic is a generalized
likelihood ratio.

The stopping rule is where the geometric reduction becomes operational. Rather than
maintaining separate confidence statements for the minimum and maximum arms, we ask
whether the empirical instance can be separated from the opposite decision region by like-
lihood evidence. This is the same principle underlying Chernoff-style stopping and modern
Track-and-Stop algorithms [Chernoff, 1959, Garivier and Kaufmann, 2016], but the alterna-
tive set is now a convex-geometric object.

Let N;(t) be the number of samples from arm ¢ up to time ¢, and let

> Yi

s:As=1

be the empirical mean. Define
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The empirical decision is

- |feasible, 0 € Conv(Zi(t),...,Tx(t)),
infeasible, 0 ¢ Conv(Z;(t),...,ZTk(t)).

=

Define the GLR statistic

Z(t)= inf ZN ) () — Nl (2.12)
MIN#L 2 5
By Theorem 6, this statistic has explicit forms.

These two forms are the empirical counterparts of the two population games. Equation
(2.13) asks for the least costly separating hyperplane against empirical feasibility. Equation
(2.14) asks for the least costly empirical convex combination that would reverse empirical
infeasibility. In this sense, the stopping rule does not introduce a new object, it simply plugs
empirical means and sample counts into the same geometry that defines the lower bound.

If the empirical instance is feasible, then

Z(t) = inf ZN ( w' Z(t ))2 (2.13)

ueSd—1 +

If the empirical instance is infeasible, then

Z(t) = inf HZ% 1 4iilt H

N 2T @NE) (214)

The threshold assumption below abstracts the concentration inequality needed for correct-
ness. One may obtain such thresholds from Gaussian mixture martingales or related anytime
confidence sequences, the use of mixture martingales in sequential tests and confidence in-
tervals is developed, for example, by Kaufmann and Koolen [2021]. For the asymptotic
statements in this chapter, the essential requirement is that the leading term be log(1/4),

matching the information-theoretic lower bound.

Assumption 7. The threshold (¢, 0) satisfies, for every Gaussian instance p,

B (302 1 MO 10 - P 2 5(0)) < (2.15)

and, as 6 | 0,
B(t,6) =log(1/d) + o(log(1/4)) (2.16)
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along stopping times of order log(1/4).

The stopping and decision rules are
s =1inf{t > 1: Z(t) > B(t,0)}, (2.17)

and

I, =1,

The next theorem is the correctness part of the stopping argument. It says that the
GLR statistic is compatible with any anytime threshold controlling the Gaussian likelihood
confidence set. The proof is purely set-theoretic: if the algorithm stops and returns the
wrong answer, then the true parameter itself is an alternative to the empirical decision and

must therefore have been excluded by the confidence set.

Theorem 8. Under Assumption 7, the stopping rule (2.17) with decision I, = fm is 0-

correct.

Correctness alone does not determine the sample complexity. The next lemma identifies
the linear growth rate of the GLR statistic under any sampling rule whose empirical allocation
converges. This is the bridge between allocation design and stopping time: once N(t)/t
approaches a target vector w, the stopping statistic grows at rate exactly equal to the inner

value C(w, i) of the characteristic-time game.

Lemma 2.6.1. Let p be a regular instance. Suppose an anytime sampling rule satisfies

Nit)

" — w; almost surely

for every i, and N;(t) — oo for every i. Then

Z(1
i) — C(w, p) almost surely, (2.18)

where C(w, p) is the inner value of the corresponding game:

1 2
ueiéldffl 5 Zi:wi <—uTxi)+ , 0 €intConv(xy,...,rx),
Clw, p) =
(. 1) 1> %%‘HQ

inf

0¢C )
GEAK QZZ q’?/wla gé OnV(,Il’ 7$K)

The following corollary is the high-dimensional analogue of the stopping-time upper bound

in Chapter 1. It shows that the stopping rule is asymptotically sharp provided the sampling
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rule tracks the optimizer of the lower-bound game. Thus the remaining algorithmic task is

not to redesign the stopping rule, but to construct a sampling rule whose allocation converges

to w*(u).

Corollary 2.6.2. Assume the conditions of Lemma 2.6.1, and suppose
C(w, ) > 0.

Then the GLR stopping rule satisfies

1
lim sup 7 almost surely. (2.19)

<
slo - log(1/0) = Clw, p)
In particular, if w = w*(u) is an optimizer of the characteristic-time game, then

. 75
limsup ———— < T%, almost surely.

2.7 An asymptotically Optimal High-dimensional Track-
CHM Algorithm

The exact characteristic-time formulas suggest a direct oracle algorithm: estimate the current
instance, solve the corresponding game, track the estimated optimal allocation, and stop
using the GLR statistic.

This section gives a benchmark algorithm rather than the final Thompson-style construc-
tion. Track-and-Stop algorithms show that, once the characteristic-time game is known and
regularity holds, asymptotic optimality can be obtained by tracking the plug-in estimate of
the optimal allocation [Garivier and Kaufmann, 2016, Degenne et al., 2019, 2020]. In the
present problem, the novelty lies in the form of the game, after that game is identified, the
tracking principle follows the established pure-exploration technique.

Let

W(n) = argmax,ca,, C(w, 1)

be the set of optimal allocations. In this section we assume that the optimizer is unique at
the true instance and denote it by w*(u).

The local uniqueness assumption is standard in asymptotic optimality statements for
tracking rules. It rules out discontinuities caused by several equally good saddle-point alloca-
tions. When uniqueness fails, one can still work with set-valued tracking or approachability-

type arguments, but the statement becomes heavier and obscures the main geometric mes-
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Algorithm 2 HD-Track-CHM

Input: target «, confidence §, threshold S(t, 9)
1: Pull each arm once.
2: fort=K, K+1,...do
3:  Compute empirical means fi;(¢t) and translated means Z;(t) = f;(t) — 7.

4:  Compute Z(t) from (2.13) or (2.14), according to the empirical answer.
5. if Z(t) > B(t,9) then
6: Stop and return feasible iff 0 € Conv(Zy(t),...,ZTx(t)).
7 end if
8:  if there exists i with N;(t) < v/t then
9: Pull such an arm 4.
10:  else
11: Compute a measurable selector
B(t) € W((H)).
12: Pull .
At+1 € argmaXiE[K] {Z @Z(s) - Nz(t)} .
s=K
13:  end if
14: end for
sage.

Assumption 9 (Local uniqueness and continuity). The true instance p is regular. The opti-
mizer w*(u) is unique, and there exists a neighborhood U of p such that a measurable choice

w*(v) € W(v) is continuous at p.

The tracking lemma records the deterministic part of the allocation argument. Forced
exploration guarantees consistency of all empirical means, while cumulative tracking prevents
the realized counts from drifting linearly away from the estimated target proportions. This
separation between statistical estimation and deterministic tracking is exactly the reason

Track-and-Stop methods are robust across many pure-exploration problems.
Lemma 2.7.1 (Tracking). Under Assumption 9, HD-Track-CHM satisfies

N(t
i) — w*(p) almost surely.

The following theorem combines three ingredients established above: the GLR rule is
correct, the tracking rule converges to the optimal allocation, and the GLR statistic grows
at the value of the game. In this sense, HD-Track-CHM gives a complete higher-dimensional

asymptotic solution for regular Gaussian instances, conditional only on the usual continuity
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of the game optimizer.

Theorem 10. Assume Assumptions 7 and 9. Then HD-Track-CHM is d-correct. Moreover,

) Ts
limsup ——— < TX almost surely. 2.20
510 plOg(l/(S) = G(:u) Yy ( )
If, in addition, the family

{75/ log(1/0) : 6 € (0,1/2)}

is uniformly integrable under P, then

E, [75]

1 Tog(1/0) — Te (1) (2.21)

Remark 2.7.2. The Track-CHM algorithm is not intended to replace Thompson-CHM as
the conceptual algorithm. Rather, it gives a clean benchmark theorem: once the higher-
dimensional game is solved, tracking the estimated saddle-point allocation and using the GLR
stopping rule yields an asymptotically optimal fixed-confidence procedure. The Thompson

construction below is the natural analogue of the algoriothm in Chapter 1.

This distinction is useful for exposition. HD-Track-CHM proves that the characteristic-
time formulas are operationally meaningful. HD-Thompson-CHM, discussed next, is closer
to the algorithmic philosophy of the previous chapter: rather than solving only the empirical
game, it samples from a posterior conditioned on the event whose rare fluctuations determine

the optimal allocation.

2.8 A Higher-dimensional Thompson-CHM Rule

The Appendix A proposes a higher-dimensional Thompson-CHM algorithm with categorical
weights f;. The Gaussian game identifies the feasible-case version of these weights.

The sampling rule in Chapter 1 is motivated by two related Bayesian ideas: top-two
Thompson sampling for best-arm identification [Russo, 2016] and Murphy sampling for test-
ing the lowest mean [Kaufmann et al., 2018]. Both methods use posterior conditioning to
force samples from the statistically relevant alternative event. The same principle is natu-
ral here: draw a posterior instance conditioned on feasibility, then sample according to the
optimal feasible allocation of that posterior draw.

The following definition is the promised identification of the functions f;. In one dimen-
sion, a feasible posterior draw has a sampled minimum and maximum, and the Bernoulli

parameter in Thompson-CHM balances these two extremes. In higher dimensions, the sam-
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pled feasible instance has a set of vertices and a continuum of separating directions, the

correct categorical distribution is therefore the optimizer of the feasible separation game.

For a feasible parameter vector § = (64,...,0k), write
Define
F (g mf LS %)’ 2.22
w (f) € argmax,,ca . nf 5 ;wi (—u zi>+. (2.22)

By Proposition 2.4.1, one may choose w’ (#) supported on the vertices of
Conv(th —7,...,0k — 7).

This is the higher-dimensional analogue of choosing the sampled minimum or sampled max-
imum in the one-dimensional Thompson-CHM rule.

Thus the algorithm does not choose an arbitrary vertex of the posterior convex hull. It
chooses according to the posterior instance’s own optimal design. This is important because,
as the regular hexagon example shows, the statistically relevant vertices need not coincide
with one preselected Carathéodory simplex.

The procedure below is the literal high-dimensional analogue of Thompson-CHM. The
posterior conditioning event remains feasibility, while the binary top-two choice is replaced
by a categorical draw from w®(#;). The stopping rule is unchanged from Section 2.6, all

geometric novelty is contained in the sampling distribution.

Algorithm 3 HD-Thompson-CHM

Input: target v, confidence 0, threshold 5(t, )
1: Pull each arm once.
2: fort=K, K+1,...do

3:  Compute Z(t) from (2.13) or (2.14).

4: if Z(t) > p(t,0) then

5: Stop and return feasible iff 0 € Conv(fii(t) — 7, ..., ix(t) — 7).
6: end if

7. Draw

915 ~ Ht,1 ( ‘ Y S Conv(@l, R ,QK)) .

8:  Compute w’ (0;) from (2.22).
9:  Draw A; ~ Categorical(w” (6;)), and pull arm A;.
10: end for

The feasible case is the clean part of the Thompson analysis. Since the true instance lies

in the interior of the feasible region, conditioning the posterior on feasibility is asymptotically
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harmless: the conditioning event has posterior probability tending to one. The algorithm

therefore behaves like a plug-in rule using the feasible-game optimizer at the true parameter.

Proposition 2.8.1 (Feasible-case consistency of HD-Thompson-CHM). Assume
0 € int Conv(xy,...,xx).

Assume further that the optimizer w” (0) in (2.22) is unique and continuous at @ = u. Then
HD-Thompson-CHM satisfies

1) almost surely.

Consequently, with the GLR stopping rule, HD-Thompson-CHM is asymptotically optimal

in the feasible case.

2.8.1 The infeasible Thompson problem

In the one-dimensional infeasible case, a conditioned feasible posterior sample is produced
by an arm crossing the threshold. The rare event is therefore indexed by arms. In higher
dimensions, the rare event is produced by a convex combination reaching the target, and
the indexing object is the barycentric vector ¢q. This shift from arm-indexed crossings to
certificate-indexed crossings is the main technical obstacle.

The infeasible case is the genuinely new higher-dimensional difficulty. In one dimension,
conditioning on feasibility forces one arm to cross the threshold. In higher dimensions, a

feasible posterior draw may be produced by a joint movement of several arms:

Thus rare feasible posterior samples are indexed by barycentric certificates ¢, not only by
arms.

The following conditional theorem isolates the missing geometric ingredient. We state the
result conditionally because it identifies exactly what remains to be proved for a complete
Thompson theory. The required condition is a large-deviation gap: if an arm has already
been sampled more often than its target allocation, then feasible posterior samples that would
select that arm must be exponentially less likely than the dominant feasible posterior samples.
This is the higher-dimensional counterpart of the over-allocation argument used in the one-
dimensional proof and in related Thompson-sampling analyses [Russo, 2016, Kaufmann et al.,
2018].
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Let

be the categorical selection function in HD-Thompson-CHM. For an allocation vector o €

Ak, define the posterior large-deviation rate

0) = Ly 0,|*
R ( )—§Zaillm— i (2.23)
=1

Let
F = {9 Ty € COHV(Qla--'aeK)}'

For each arm i, define
Fi={0€ F:g(0) >0}.

The first assumption is a posterior large-deviation principle with the empirical allocation
as the rate multiplier. For Gaussian arms, this is the natural quadratic analogue of the KL
large-deviation rates appearing in exponential-family bandit identification. It says that, on
the exponential scale, the posterior mass of a set is governed by the cheapest way to move

the true means into that set under the current sampling proportions.

Assumption 11. For every compact set B C (R%)X uniformly over allocation vectors « in

compact subsets of Ay,

I1,(B) = exp <—t inf R%)(e)) , (2.24)
where .
00 = § ().

and a; = b, means

1
; log(at/bt) — 0.

The second assumption is the geometric heart of the idea. The set F; consists of feasible
posterior instances for which the categorical rule would assign positive probability to arm i.
The gap condition says that, once arm i is over-allocated, the most likely feasible posterior
samples no longer belong to this active set. In other words, over-sampling an arm makes all

feasible certificates that continue to use that arm exponentially unattractive.

Assumption 12. Let w*(u) be the unique optimizer of the infeasible game (2.5). For every

arm ¢ and every € > 0, there exists ¢ = ¢(i,&) > 0 such that, for every o € Ak satisfying

a; > wi () + <,
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one has

. S
6616111(%) R,(0) > Qllel]f; R.(8) + c. (2.25)

The next lemma is the allocation mechanism behind the Thompson proof. It is a Russo-
type over-allocation criterion: to prove convergence of the empirical allocation, it is enough
to show that every arm receives only summably many conditional pulls after it has exceeded
its target proportion by a fixed margin [Russo, 2016]. The lemma separates the probabilistic

large-deviation estimate from the deterministic consequence for sampling proportions.

Lemma 2.8.2. Let 9;(t) =P(A; =i | Fi_1) and

(0= § Yo

If for every arm i and every € > 0,

Z% YL{i(t) > wi(n) + e} < oo, (2.26)
then
P(t) = w* (),
and hence
Nt(t) — w* () almost surely.

The conditional theorem now follows the same logical structure as the one-dimensional
Thompson-CHM analysis. Posterior large deviations convert the active-certificate gap into
exponential decay of over-allocated pulls. The Russo-type criterion converts this decay into
allocation convergence. The GLR stopping rule then converts allocation convergence into

asymptotic optimality.

Theorem 13. Assume the true instance is infeasible:
0 ¢ Conv(zy,...,Tk).

Assume that the infeasible optimizer w*(u) is unique, and that Assumptions 11 and 12 hold.
Then HD-Thompson-CHM satisfies

N(t
i) — w*(p) almost surely.

Consequently, with the GLR stopping rule, HD-Thompson-CHM is asymptotically optimal

in the infeasible case.
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We record the remaining geometric statement as a conjecture. It is deliberately phrased
at the level of certificates rather than algorithms: the issue is not the stopping rule, nor the
form of the feasible-game optimizer, but the comparison of posterior rates among different

barycentric ways of making an infeasible instance appear feasible.

Conjecture 14 (Geometric gap for the infeasible Thompson rule). For regular Gaussian infea-
sible CHM instances with unique saddle point, the active-certificate gap in Assumption 12

holds for the selection function g; = w! induced by the feasible separation game.

Remark 2.8.3. The conjecture is the precise higher-dimensional analogue of the key large-
deviation comparison in the one-dimensional proof. In one dimension, a rare feasible poste-
rior draw is indexed by the identity of the arm crossing the threshold, and the gap follows
from the explicit inverse-KL allocation. In higher dimensions, rare feasible posterior draws
are indexed by barycentric certificates q. The conjecture asserts that, when an arm has
been over-allocated relative to the saddle point of the infeasible game, all feasible posterior
certificates that would cause the Thompson rule to select that arm become exponentially

less likely than the dominant feasible certificate.

2.9 Discussion

We close this chapter by summarizing the conceptual message of the higher-dimensional
extension. The one-dimensional theory is not wrong in higher dimension, rather, it must be
reinterpreted through the two dual languages of convex geometry. Extremes become vertices
and supporting directions. Threshold crossings become barycentric certificates. The lower-
bound game remains the organizing principle, but its explicit solution is no longer a scalar
inverse-KL calculation. The higher-dimensional problem preserves the qualitative dichotomy
of the one-dimensional CHM problem but changes its geometry.

In the feasible case, the relevant alternatives are separating hyperplanes. This leads to

the separation game

i 1 2
sup inf = Z w; (—uTa:i) .
WEAK ueSd—1 2 i +

Non-vertex arms are dominated, so an optimal allocation exists on the vertices of the con-
vex hull. However, Carathéodory’s theorem does not imply that the optimal allocation is
supported on only d + 1 arms. A small simplex may certify feasibility, but one must gather
evidence against all separating hyperplanes. The regular hexagon example shows that the
optimal design may use strictly more than d 4 1 vertices.

In the infeasible case, the relevant alternatives are feasible convex combinations. The
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exact game is

sup inf M

weAx €8k 237, ¢F Jw;
The adversary’s certificate can be chosen with support at most d + 1, but one must sample
every arm. This is the higher-dimensional analogue of the one-dimensional inverse-KL allo-
cation, with the important difference that the least confusing alternative may move several
arms jointly.

The GLR stopping rule based on convex and separating certificates gives a rigorous high-
dimensional analogue of the three-case one-dimensional stopping rule. Combined with track-
ing of the exact saddle-point allocation, it yields an asymptotically optimal high-dimensional
algorithm under standard uniqueness and continuity assumptions. The Thompson-CHM ex-
tension is equally natural: condition the posterior on feasibility, then sample according
to the feasible-game optimizer of the posterior draw. Its feasible-case optimality follows
directly. The infeasible case reduces to a geometric large-deviation gap over active barycen-
tric certificates; proving this gap appears to be the central remaining step toward a full
Thompson-sampling theory in dimensions d > 2.

This stochastic convex hull membership problem leads to important and interesting real
world applications. For example, in quant finance, one way to view the problem is as testing
whether an observed price, return, or strategy profile lies inside an attainable set generated
by a collection of uncertain expected-return distributions. In that sense, the framework can
be thought of as a statistically principled way to reason about whether an observed pattern is
explainable by an existing opportunity set, or whether it may reflect a potential inefficiency
that may point to a possible arbitrage opportunity. More broadly, the topic is also about
adaptive sampling and efficient allocation of research effort when one is trying to resolve an
uncertain but economically meaningful decision as quickly as possible.

From a broader perspective, the chapter suggests a useful plan for future work. First, one
may seek sharper structural descriptions of the saddle points in (2.4) and (2.5), especially
conditions under which the feasible optimizer is supported on a small number of vertices
or, conversely, must spread over many vertices. Second, one may develop efficient numerical
procedures for the two games, using either explicit best responses or no-regret dynamics.
Third, and most directly connected to Thompson-CHM, one may prove the active-certificate
gap by analyzing the geometry of least-cost barycentric perturbations. A proof of this final
statement would turn the conditional Thompson theorem into a complete higher-dimensional

analogue of the one-dimensional result.
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CHAPTER 3

A Oneshot Differentially Private NIHT Algorithm for
High—Dimensional Sparse Linear Regression

Iterative Hard Thresholding (IHT) is a simple yet powerful routine for obtaining sparse
coefficients in linear regression. In this chapter we consider the differentially private version
of IHT. We introduce a one-shot mechanism that injects calibrated Laplace noise once per
iterate into the magnitude vector, selects the top s coordinates, and then hard-thresholds
after a gradient step. Compared to the existing private THT algorithms that peel off the
maximum element at each iteration, our approach selects the top coordinates in a oneshot
style, which is much more computational efficient. We refer to the resulting procedure as
Oneshot DP-NITHT with Sparsifier. The algorithm keeps its output ezactly s—sparse
without requiring oracle knowledge of s. Theoretically we establish (e, §)—differential privacy
and show that the estimator achieves the minimaz parameter-error rate up to logarithmic
factors. We also provide a matching excess-risk bound and illustrate the empirical perfor-
mance of Oneshot DP-NIHT with Sparsifier on synthetic data.

3.1 Introduction

Feature selection is a fundamental topic in pattern recognition, statistics and machine learn-
ing, which aims to find a subset of the most useful features from the given feature set. A
common challenge in this domain is when the sample size is much smaller than the number
of features, i.e. p > n. A large body of work has developed tools for feature selection with
large p in the literature, most prominently the Lasso Tibshirani [1996], Yuan and Lin [2006],
Zou [2006], Meinshausen [2007], Wang et al. [2007], Chen et al. [2013], the elastic net Zou
and Hastie [2005], least angle regressionEfron et al. [2004], and the Dantzig Selector Candes
and Tao [2007].

Although feature-selection methods are widely used in real-world data analysis, mod-
ern deployments increasingly involve sensitive covariates such as genomics, mobility traces,

clinical logs, and financial records; in such settings, releasing even a support set can leak
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personal information. In this context, the successful privacy-preserving framework differen-
tial privacy Dwork et al. [2006a,c] provides a principled safeguard: it ensures that any single
sample has limited influence on the released output, is preserved under post—processing, and
composes across multiple releases.

Differentially private feature selection has been widely studied Talwar et al. [2015], Cai
et al. [2021], Dandekar et al. [2018], Zhang et al. [2012], Thakurta and Smith [2013], Li
and Lu [2024], nevertheless, a rigorous exploration of a differentially private procedure for
the high-dimensional sparse regression has received little attention in the literature. While
several differentially private ERM algorithms exist Chaudhuri et al. [2011], Bassily et al.
[2014], most produce dense outputs and rely on generic gradient perturbation, incurring
privacy noise that scales with the ambient dimension d. In high dimensions this leads to
sub-optimal error or calls for post-hoc sparsification that is not privacy-accounted. Our goal
is to design an efficient explicitly sparse, high-dimensional DP estimator whose noise depends
only on the target sparsity s.

In this chapter, we introduce Oneshot DP-NIHT with Sparsifier, a differentially private,
hard—thresholding based procedure. At a high level, Oneshot DP-NIHT with Sparsifier runs
a noisy iterative hard-thresholding oracle that applies an efficient one-shot top-s mechanism
to the magnitudes of the gradient-updated iterate, and projects onto an ¢; ball and retains
the top coordinates. This design keeps the output sparse by construction and avoids the well-
known tendency of generic DP solvers for linear programs to yield dense solutions. On the
theory side, we rigorously establish the privacy results of the procedure and provide finite-
sample guarantees. Our main statistical result is a finite-sample parameter-error bound
that is minimax-optimal up to logarithmic factors under standard RE/RSC conditions and
sub-Gaussian noise, matching the (e,6)-DP lower bound of Cai et al. [2021]. In parallel,
we establish a nonasymptotic population excess-risk bound with the expected structure: the
non-private fast rate plus an explicit privacy penalty that decays as n~2 and scales linearly
with the target sparsity.

We remark that a practical challenge in sparse feature selection is that the target sparsity
is rarely known in advance. A common approach is to estimate the sparsity using cross
validation, which can be computationally expensive in large data sets. To address this
challenge, motivated by Khanna et al. [2023], we privatize the model sparsity via a clipped
count with double-geometric noise (a “Sparsifier”) and apply the privatized sparsity to the
hard-thresholding oracle. The Sparsifier is simple to implement, in the utility theory below
its role is privacy accounting, while the estimation bound is stated conditional on the released
sparsity lying in the overspecified regime required for IHT contraction. Empirically, we show

that adding the “Sparsifier” generally outperforms the hard-thresholding oracle without this
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step.

We summarize and highlight our main contributions below.

o We introduce a novel one-shot hard-thresholding based algorithm. The algorithm
privately estimates the sparsity level to avoid relying on oracle sparsity information

and returns a sparse output. We also provide the privacy results for the algorithm.

o Under standard conditions, we prove a non-asymptotic parameter error bound that
matches the known (g, d)-DP minimax rate for high-dimensional sparse regression up

to logarithmic factors.

o We establish a population risk bound that matches a non-private fast rate up to the

provable privacy penalty and a vanishing optimization tail.

3.2 Related Work

Differential privacy for ERM and regression. Differentially private empirical risk
minimization (ERM) traces back to objective/noise-perturbation schemes Chaudhuri et al.
[2011], with subsequent advances yielding tighter rates and efficient algorithms for smooth
losses Bassily et al. [2014], Kifer et al. [2012], Abadi et al. [2016]. In high-dimensional
linear models, a central theme is quantifying the cost of privacy relative to the non-private
minimax rates. For sparse regression, the benchmark lower bounds showing that privacy
induces an additive penalty on the order of (slogd)?/(n*?) (up to logarithmic factors) were
established by Cai et al. [2021]. Most DP-ERM procedures, however, produce dense outputs
or require post hoc thresholding that is not aligned with their privacy accounting. By
contrast, Oneshot DP-NIHT with Sparsifier maintains sparsity at each iterate and calibrates

privacy noise exactly at the support-selection step.

Private feature selection and private top-k. Closer to support recovery, there is a line
of work on differentially private selection and filtering, including the sparse-vector technique
and its refinements, as well as mechanisms for privately selecting (and releasing) the top
coordinates of a vector. Of particular relevance is the one-shot differentially private top-k
mechanism Qiao et al. [2021], which adds a single Laplace vector for support selection and
fresh value noise on the chosen coordinates, achieving (e, §)-DP with a sharp scale. Peeling-
based private hard-thresholding procedures form a complementary approach by iteratively
selecting small batches. Oneshot DP-NTHT with Sparsifier intentionally avoids peeling in fa-
vor of a single-shot calibration that composes cleanly across iterations and preserves sparsity

throughout.

43



3.3 Preliminaries

Differential privacy In modern data analysis, differential privacy Dwork et al. [2006a,b]
provides quantifiable guarantees that the outcome of a computation reveals minimal informa-
tion about any single individual’s data. It ensures that the output of a randomized algorithm
keeps almost unchanged when a single entry in the dataset is modified. We start with some

basic concepts in differential privacy.

Definition 3.3.1. Data sets D, D’ are said to be neighbors, or adjacent, if they differ in

exactly one record

Consider neighboring datasets D, D’ € Z", each containing n data points from the sample
space Z. A randomized algorithm M takes a dataset as input, and differential privacy

requires the output distributions under D and D’ to be nearly indistinguishable.

Definition 3.3.2 (Differential privacy Dwork et al. [2006a,b]). A randomized mechanism M
is (g, §)-differentially private if for all adjacent D, D’, and for any subset of possible outputs
S: P(M(D) € S) < efP(M(D') € S) + §. Pure differential privacy is the special case of

approximate differential privacy in which ¢ = 0.

Definition 3.3.3 (Sensitivity). Let f = (fi, -, fm) be m real valued functions that takes
a database as input. The sensitivity of f, denoted as s, is defined as

Sf = 1lax 1nax |fi(D) — fi:(D')],

DD 1<i<m
where the maximum is taken over any adjacent data sets D and D’'.

We use the following notation throughout. We observe (z;, ;) € RI x Rfori=1,...,n,

and the design matrix X € R™? is the collection of rows z;, and y € R" denotes the

response. For v € R? we use ||v]|, to denote its £, norms. We use [d] := {1,...,d}, denote
the support of v by supp(v), and for T' C [d] let v be the vector such that vy matches v on
indices in 7" and 0 elsewhere. For C' > 0, IIo(-) denotes the Euclidean projection onto the
¢y ball {6 : /0|1 < C}. The hard-thresholding operator at a set 7" is Hy(v) := (vr, Orc), its
size-s version H(v) keeps the s largest entries of |v| and zeros the rest. Finally, the clipping
map clipp : R — R is given by clipy(¢) := sign(¢) min{|¢|, R}, and clipy on a vector means

applying the clipping map coordinate-wise to the vector.

44



3.4 Omneshot DP-NIHT Algorithm

In this section, we introduce Oneshot DP-NIHT, an (e, d)-DP hard-thresholding procedure
motivated by high-dimensional sparse regression. We start from a one-shot differentially
private algorithm for top-k selection Qiao et al. [2021] as an oracle. Next, we show how
we can derive a one-shot version of differentially private iterative hard thresholding (IHT)
algorithm, which we refer to as Oneshot DP-NIHT. Taking Oneshot DP-NTHT as a key step,
we build the Oneshot DP-NTHT with Sparsifier. Finally, we provide privacy results for both
Oneshot DP-NIHT and Oneshot DP-NIHT with Sparsifier.

3.4.1 Oneshot DP top-k algorithm

Qiao et al. [2021] proposed an efficient one-shot algorithm for privately selecting the top-k
elements. By adding a single i.i.d. Laplace vector g ~ Lap(\)? to z, select the indices of
the k largest coordinates of z 4 g, and then add freshly sampled, independent Laplace noise
to the values released on the selected support. In Qiao et al. [2021] it is proved that, by
choosing

A s k log(d/d)

€

the algorithm ensures (¢, )-DP for the selection-and-release in a single shot. This mechanism
serves as a building block of the algorithms we will propose: we use this mechanism inside
each iteration, applying it to the magnitudes of the gradient-updated vector. We denote the
output of the oneshot top-k algorithm applied to a vector v € R% as TOPy(v; ¢, 6, \), where
g, 0 are privacy parameters and A is the parameter of the Laplace noises in the algorithm. All
details and theoretical results for the oneshot top-k algorithm are deferred to the appendix

(see also the discussions and technical details of Algorithm 1 and Theorem 2.2 in Qiao et al.

2021]).

3.4.2 Oneshot DP-NIHT algorithm and the Sparsifier

In this section, we describe the privatized hard-thresholding oracle ONESHOT DP-NIHT
and how it builds into ONESHOT DP-NIHT WITH SPARSIFIER that releases a sparsity level
before calling the oracle. We assume coordinate-wise bounded design ||z;||cc < Zmax and
project all iterates onto the ¢; ball of radius C. We first introduce the Oneshot DP-NTHT
algorithm. Given s € {1,...,d}, define the top-s index set of v by

: " il
Ss(v) € arngdH]{agl:s |lvr|le  (ties broken arbitrarily)
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The hard-thresholding map is H,(v) := Hg, (jo))(v), i.e., selection by magnitude with signed
values retained. We will apply the oneshot DP top-s mechanism to |v| with scale A and then
add freshly sampled noise to the reported values on the selected support, this is the only
privacy-consuming step per iteration. Finally, we project onto the ¢; ball: § — Il (6). As a

post-processing step, the projection incurs no privacy cost.

Algorithm 4 Oneshot DP-NIHT (Oneshot Noisy Iterative Hard Thresholding)

Input: Data X, y, sparsity s, privacy level ¢, d, number of iterations M, truncation level R,
noise scale rule B, step size n > 0, projection level C.

Initialize () = 0 € RY.
form=0,...,M —1do
OUmH08) = g —py (VL0 | X, clipp(y))).
g(m+1) — TOP, <0(m+0'5); e/M, 6/M, nB/n) , where TOP, selects the support using
|0(m+0-9)| and returns the signed selected coordinates with fresh value noise.
6:  Euclidean project onto || - ||; < C:

gimt1) Hc(é(mﬂ))

7. end for
8: return 6 = M),

In Oneshot DP-NIHT, each iteration takes a gradient step using yfhp = clipg(y;) to
control sensitivity, then performs a oneshot private top-s selection on the magnitudes of the
pre-thresholded iterate, and finally projects back to {||0||; < C'}. The oneshot operator adds
a single i.i.d. Laplace vector to select a support and then adds fresh independent Laplace
noise to the reported values on that support.

To formulate a differentially private algorithm for the high-dimensional sparse regression,
a practical difficulty is that most algorithms take the sparsity s as prior knowledge and use
it directly. This is not available in many applications. To address this issue, motivated
by the Sparsifier in Khanna et al. [2023], we add a private sparsity-estimation step. The
Sparsifier releases a privatized sparsity level via clipped counting plus double-geometric
noise. ONESHOT DP-NIHT WITH SPARSIFIER first releases a privatized sparsity ¢ (via
a clipped count with double-geometric noise), runs ONESHOT DP-NIHT with s = ¢, and
post-processes by keeping the ¢ largest entries in magnitude.

We choose a clipping level R > 0 and a projection radius C' > ||0*||;, and we set a step
size n € (0,2/L] at the appropriate sparsity level k. These choices enforce a uniform
sensitivity bound for the vector fed to the oneshot oracle and yield the restricted contraction

inequalities used later in the error and risk analyses.
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Algorithm 5 Oneshot DP-NIHT with Sparsifier

Input: Data Xy, privacy level €1, €9, d, number of iterations M, truncation level R, noise

scale rule B, step size n > 0, projection level C, clipping parameters «, 3, precision

parameter p > 0.

wyp < Nonprivate pilot estimator

¢ < Count Nonzero Components(wyp)

¢ < Clip(c, o, B)

¢ c+ Z,where P(Z = z) o< exp{—e1]z| /(6 — )} for z € Z

¢ « Clip(c, o, B)

¢ « round(c)

¢ < Clip(c- p,0,d)

¢ < round(c)

Choose B = B(c) satisfying (3.2) with s = ¢, or use a fixed B calibrated with Syay =

min{d, [pf1}.

10: 0p < Omneshot DP-NIHT (X, y, ¢, 2,0, M, R, B,n,C)

11: 0 + Keep NOHZGTO(§p7C), here Keep Nonzero operation keeps the ¢ largest entries in
magnitude and zeros the rest

12: OQutput 6

3.4.3 Privacy guarantees

The oneshot top-k mechanism operates under a per-coordinate /., sensitivity bound. For the

pre-thresholded vector v(™ = g™ —p VL<9(m) ‘ X, clip R(y)), replace-one adjacency yields

2
[0 (D) = " (Dlos < e (R4 maxC) =+ e (31)

We allocate per-iteration budgets (eo/M, /M) and use A = nB/n for both the selection and
the fresh value noise. The calibration of B below is precisely what is required by the one-shot
DP theorem when applied to |[v(™)]|. First, we present the privacy result for Algorithm 4 and
provide a proof sketch. We leave the full proof to the appendix.

Theorem 15 (Privacy of ONESHOT DP-NIHT). Let M > 1, e5 > 0, 0 € (0,1), and we
assume o /M < 0.2, 6/M < 0.05 and ||;||cc < Tmax- If the Laplace scale is A = nB/n with

16 M Zpox ( R+ TmaxC') 1/ log(dM /0
5 - ( ) /5 oganijo) )
€2

then Algorithm 4 is (e2,0)-differentially private.

Proof sketch. By (3.1), the input to the selection step has per-coordinate sensitivity sq.
Adding i.i.d. Lap(\) to |[v(™)], selecting the top s, and then adding freshly sampled Laplace
noise Lap(\) to the reported values on the selected coordinates yields (e2/M, /M )-DP for
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iteration m when A meets the oneshot condition, and (3.2) is equivalent to that condition
with A = nB/n. Notice that the projection onto the ¢; ball is a post-processing step, therefore
basic composition over the M iterations ensures (g2, d)-DP.

We continue to state the following theorem for the privacy guarantee of Algorithm 5.

Theorem 16 (Privacy of ONESHOT DP-NIHT WITH SPARSIFIER). Algorithm 5 is
(€1 + €9, 0)-differentially private, provided that the Oneshot DP-NIHT noise scale is cali-
brated either to the realized private sparsity ¢ after the private sparsity release, or to the

deterministic upper bound smax := min{d, [pS]}.

Note that by (3.1), the clipping of y and the ¢; projection together bound the per-iteration
sensitivity by s, enabling a single Laplace draw to determine the support. The requirement
of fresh value noise is essential for the privacy guarantee and the one-shot proof and is the
only place where the value-level noise appears, all subsequent operations are post-processing.
Algorithm 5 exposes only ¢ and the private estimate. Choosing p > 1 in Algorithm 5
avoids underspecifying the sparsity relative to the contraction regime used later in the utility
analysis. The proofs and technical details of Theorem 15 and Theorem 16 are left to the
Appendix.

3.5 Error bound for Oneshot DP-NIHT with Sparsifier

In this section, we study the theoretical properties of Algorithm 5. The first fundamental
result of this chapter is that Algorithm 5 achieves a minimax-optimal error bound up to
logarithmic factors. Some key quantities and conditions are needed to establish the result.

We use the conventional restricted eigenvalue constants of X := %X TX:

hTSh hTSh ®(k
h20 IRl 20 Al r(k)
hllg<k Al <k

and assume the following standard conditions:

(A1) Restricted strong convexity/smoothness. k(ky) > 0 and ®(ky) < oo for ky =
2s + s*.

(A2) Gradient at the truth is sub-Gaussian coordinatewise. There is g > 0 such
that |[VL(6*)

loss used by the algorithm. For the un-clipped linear model with sub-Gaussian noise

< g with probability at least 1 — ai;, where L is the clipped empirical

[

and ||z;|| ., < Zmax, the usual choice g < axmax\/(Zlog@d/ozl))/n is valid on the event
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that no response is clipped; equivalently, the probability of clipping is included in the
failure probability.

(A3) Adequate sparsity fed to Oneshot DP-NIHT. The s used by the algorithm satis-
fies s > s* and s > C k(ko)? s* for a universal Cj (the usual overspecification condition

ensuring contraction).

(A4) Privacy scales. A\ = nB/n with B satisfying the oneshot calibration (as stated in
the privacy section), and the per-iteration budgets lie in the regime required by the
oneshot top-k theorem. If the sparsity is random as in Algorithm 5, this calibration is

imposed conditionally on the realized private sparsity or uniformly over s < $p.x.

We write byay for any deterministic upper bound on ||6*||1; one may take byax = C.

We work on the intersection of the following events and union-bound at the end.

Ev =A{lIVL(O")] . < g}
2dM

Eeel 1= {OinachHg(m)H < )\T} with 7 :=log P
<m o0 2

2 2sM
< D% 7'5} with 7¢ := log? i ,
2 a3

o<m<M
(A1) holds at level kg = 2s + s*},
(A3) holds}.

Ersc

Eval := { max Hfg:ll
1
E=A{

Here c; > 0 is a universal constant. The Laplace tail P(|Lap(\)| > t) = e~/* gives P(ES,) <

sel
as by a union bound over the dM selection-noise coordinates. Conditional on the selected
supports, the released value noises are independent Laplace variables; hence another union

bound gives

m) 112 2sM
IP’( max Hﬁ(Tm)H > cesA? 10g2a3> < as.

0<m<M

This is the only concentration statement needed for the squared Laplace value noise. In par-
ticular, we do not use a sub-exponential claim for ¢2. Finally, let a = a5 + as + as.
The stochastic bounds above give failure probability at most «a for &y, &, and &
The restricted-eigenvalue event Ergc and the sparsity-adequacy event &. are treated as
conditioning events unless verified separately. Thus, all upcoming statements hold on
E = E v N&ea N & NErsc NE if P(Efsc) < arsc and P(ES) < a., then the final failure
probability is enlarged by arsc + .. Throughout this subsection we abbreviate k = x (ko)
and recall that A = nB/n. We also keep the auxiliary quantities 7 > 0 and 7¢ > 0 generic
inside the theorem (they will be instantiated immediately after the proof). We now state

the parameter-error bound for the output of Algorithm 5.
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Theorem 17. Assume (Al)-(A4) and condition on EgscNE,.. Letn = % and A =nB/n.
If M > ¢ok(ko) log(b2 n) for a universal constant co > 0, then, with probability at least

max

1—a over the gradient and privacy-noise events, the ONESHOT DP-NIH'T' WITH SPARSIFIER
output 0 = H,(0M)) satisfies

- < 2+ lt)d

- PUNE + Csr(ko)?s N 7% + Cor(ko)® s N7, (3.3)
K(Ko

for suitably large universal constants Cy,Cs5,Cg > 0.

Corollary 3.5.1. On the event €& we may take

T = log(Qng), Te = Cr log2<2‘2€”>

With these substitutions and M =<

for a universal ¢, > 0, and set A = nB/n =
k(ko) log(b2,.n), the bound (3.3) becomes

e Lo BT o ml s PR ) o)
< -+ O+ O [log?( 22 ) - log?| 2
= - + C1 ﬁ(/fo)Q + E(k0)2 nZ og o + log o )

B
2%(ko)n

where Cy,C > 0 are universal constants. This is the same form as the usual noisy-IHT

bound, with the one-shot selection and value-release errors collected in the final bracket.

Remark 3.5.2. The rate in Theorem 17 is minimax optimal up to logarithmic factors after
the privacy-calibrated scale is substituted. Under the standing RE/RSC assumptions, take
n < 1/R(ko), choose R 2 Tmax||0*||1 + o4/log(n/a) so that response clipping is negligible
with high probability, take C' > ||#*||1, and choose the actual one-shot scale according to

Theorem 15, namely

M Zpax (R + ZmaxC)r/ s log(dM /6
o M )/sTos(ani/o)

€2

If s < s* the restricted condition number is bounded, and ZTyax(R 4+ TmaxC) <

o polylog'/?(n,d,1/a), then (3.3) gives

R 2 *] d 2 *] d2
ooy < 708D BT tonn,d, 1/6,1/a),
2
statistical privacy

with high probability. Passing to the ¥, -norm gives the same rate up to the restricted eigen-

value constants. This matches the (¢, 0)-DP minimax lower bound presented as Theorem 4.3
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in Cai et al. [2021] for high-dimensional regression, 0%{s*logd/n + (s*logd)?/(n*c3)}, up to
logarithmic factors. See also Theorem 4.1 and Appendix E.2 in Chakraborty et al. [2024] for

an upper bound of this form under a related private IHT model.

3.6 Excess Risk Bounds

In this section, we analyze the excess risk bound of Algorithm 5. The argument is a direct
conversion of the parameter bound in Theorem 17 through restricted smoothness of the
population risk. This keeps the empirical optimization event, which drives the IHT recursion,
separate from the population quantity appearing in the risk.
Let
F0) =E[(y—="00]/2,  Tpop :=Elaz],

so that F(0) — F(6*) = 3(0 — %) " Sy05(0 — 6*) under the correctly specified linear model.
Define the population restricted smoothness constant
pop . _

-
e = max U Ypoplh.
ull2=1, [[ullo<k

The empirical restricted eigenvalues are those in Section 5; to avoid ambiguity in this section
we write
- O 2 e

Throughout this section we continue to work on the event £ from Section 5 and assume
s > s*, so that kg = 2s + s* < 4s.

Lemma 3.6.1 (Population risk from parameter error). If 8 and 0* satisfy |6 — 0*||o < k,
then

Ly :
F(6) ~ F(#) < 25 o — 0°[3

3.6.1 Main Result

The following result is our main result on the excess risk bound of Algorithm 5.

Theorem 18 (Excess risk of ONESHOT DP-NIHT WITH SPARSIFIER). Let A = nB/n be

the per-iteration Laplace scale used by the oneshot selection oracle, let n = 1/(2Lfg)), and

take M > cg mf{? log(b?,.n). Assume the hypotheses of Theorem 17 hold with the empirical
2 %

restricted eigenvalue constants evaluated at level 4s; in particular, s > Co(/-zfg)) s*. Then,

on the same event as in Theorem 17, the ONESHOT DP-NIHT WITH SPARSIFIER output 6
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satisfies

~ LPOP 1 d Lpop

F(e) - F(Q*) S Cstat (n) . i max Og( /a) +Opr1v Lpop ( ) S>\2 (7’ —+ 7 ) -+ C(()Lj
(/1’45 )2 n n

(3.4)

for universal constants Cgat, Cpriv, Copt > 0, where 7 and ¢ are the oneshot selection and

value-noise envelopes from Section 5.

A full proof of Theorem 18 is provided in the Appendix C. Additionally we have the

following corollary.

Corollary 3.6.2. Under the hypotheses of Theorem 18, take

1 B B 2dM 2sM
n= n)’ )\:L:T, T:10g<>, T§:@<10g i )
2L, n 2L,.n o Q
Then
=R LPOP 2,.2 1 d
F( ) - F(H*) S Ostat (4:) : ad xmax Og( /a>
(:u4s )2 n

. B? 2dM 2sM Clop LEP
+ CpI‘lV Lp p( ))2 fn) N [1Og2( ) + 1Og2< i >‘| -+ 4pt7'

(Lay")*n? a o n

for universal constants Cgat, Cpriv, Copt > 0.

We note that the first term matches the non-private fast rate up to restricted-eigenvalue
constants under a sub-Gaussian gradient at 6*, and the second term is the privacy penalty
stemming from the one-shot selection and value noises. Once the scale B is chosen according
to the privacy theorem and M = logn, this privacy term has the same n2e;? behavior as

the private sparse-regression benchmark, up to logarithmic factors.

3.7 Experiments

We implement a controlled synthetic study on logistic classification using Algorithm 5.

Data generation. We draw features X € R™*? with entries X;; ~ N(0,1), standardize
each column, and then clip the resulting matrix to [—Zmax, Tmax| before applying the private
mechanism. We fix a s*-sparse ground truth #* € R by sampling a support of size s*

uniformly at random and setting nonzeros to magnitude 2.0 with random signs. Labels are
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sampled from the logistic model

y| X ~ Bernoulli(a(X@*)), o(z) =

where Ny = 4000, nese = 1000, d = 300, s* = 20, and x,.« = 1. Both methods iterate a
single gradient step (logistic loss) followed by hard thresholding on magnitudes and Euclidean
projection onto the ¢; ball {||6]; < C'} with C' = 1.2|#*||;. For the gradient step we use
step size n = 1/(2L) with L = 0.25 Amax<(1/n)XTX), the standard Lipschitz constant for
the logistic gradient.

Privacy calibration. At each release we apply the oneshot top-s mechanism to the magni-
tudes, adding (i) a single i.i.d. Laplace vector for selection and (ii) fresh independent Laplace
noise to the values on the selected support, coordinates not selected are set to zero. We allo-
cate per-iteration budgets (g,,, 0 ) = (£2/M,§/M) and set the Laplace scale by Theorem 2.2
of Qiao et al. [2021]:

8 o0 m
L slog(d/6 )7 o
Em n

where s is the f sensitivity of the map D +— 6 — nV/lgstic(6; D) under replace-one
adjacency (because |(p — y)| < 1 and ||z;||cc < Tmax). We employ basic composition across
iterations of M releases. For the reported runs we fix M = 1 so that the per-release ¢,
is not unduly small, this keeps the oneshot mechanism in a practically informative regime
while preserving a clean link to theorems.

ONESHOT DP-NIHT WITH SPARSIFIER uses the same oneshot mechanism at each release
and projects onto the ¢; ball. ONESHOT DP-NIHT WITH SPARSIFIER privatizes the sparsity
via the Sparsifier: we clip an initial count to [a, 3], add two-sided geometric noise with
parameter 1 — exp{—e;/(f — «)}, re-clip/round, then run ONESHOT DP-NIHT with s =
¢ and finally keep the top-c¢ magnitudes. To isolate the effect of count privatization, we
initialize the count at s* (oracle) before adding noise, and take (a, ) = (1, 3s*) and a
precision factor p = 1 (applied after noising and rounding, then clipped to [1,d]). We sweep
total privacy budgets a1 € {0.5,1,2,4} with § = 1075, For ONESHOT DP-NIHT WITH
SPARSIFIER we set £1 = min(0.2, 0.25 gyoa1) and e = €qotal — €1, While ONESHOT DP-NIHT
uses €9 = ot and €1 = 0. (When ¢, > 0.2 we use the same scale formula as a practical
extrapolation beyond the small-e regime of the theorem.) We report test Accuracy and
ROC/AUC, averaged over 5 independent seeds per eiqta1; the table shows mean + standard

deviation. The column “Avg s used” records the average sparsity level actually used by each
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Etotal Accuracy AUC Avg s used
0.5 0.514 4+£0.019 0.531 £0.025 6.6

1.0 0.542+£0.033 0.562 £ 0.044 4.8
2.0 0.61140.034 0.659 £0.049 5.8
4.0 0.664 +0.060 0.714 +0.078 4.8

Table 3.1: Synthetic logistic classification. Test Accuracy and ROC-AUC (mean + sd over
five seeds). Nirain = 4000, N = 1000, d = 300, s* =20, M =1, § = 107°.

method (for ONESHOT DP-NIHT WITH SPARSIFIER, this is s*).

Results Table 3.1 shows that performance improves overall as €4, increases for ONESHOT
DP-NIHT wITH SPARSIFIER, with ROC-AUC rising from = 0.53 at eta = 0.5 to ~ 0.71
at £iotal = 4. The oneshot selection noise dominates the single update when egya (hence
€m) is small, and in this regime ONESHOT DP-NIHT and ONEsHOT DP-NIHT wiITH
SPARSIFIER are both near chance. For moderate budgets (g¢ta1 > 1), ONESHOT DP-
NIHT wITH SPARSIFIER typically outperforms ONESHOT DP-NIHT. The column “Avg
s used” reflects the privatized count c¢; at small budgets the counting noise (and the post-
noise precision factor) can push ¢ below s* or inflate it, illustrating the same bias—variance
tradeoff that underpins the analysis of the Sparsifier. Using M = 1 keeps the per-release
calibration at a meaningful scale under simple composition; increasing M would require
tighter accounting (e.g., moments accountant or zCDP) or larger n to avoid swamping the

signal with selection noise, which we leave for follow-up experiments.

3.8 Discussion

In this chapter, we study the feature selection problem in high-dimensional sparse linear
regression under the differential privacy framework. A natural approach is to view the
problem as a LP, and apply a developed private LP algorithm, which typically does not
preserve sparsity, which is the core spirit of sparsity. Rather than privatizing a generic
linear-programming solver, in this chapter we propose Oneshot DP-NIHT with Sparsifier,
an efficient hard-thresholding-based procedure that returns sparse estimates and attains a
minimax-optimal parameter-error rate up to logarithmic factors. The method uses a one-shot
private top-s mechanism instead of a peeling step, together with a Sparsifier that privately
releases a data-dependent sparsity level. We proved the privacy result of Oneshot DP-
NIHT with Sparsifier, and additionally, we also provide a population excess-risk upper bound

obtained from the parameter-error guarantee through restricted population smoothness.
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CHAPTER 4

A Differentially Private Dantzig Selector Algorithm

4.1 Introduction

In this chapter, we aim to explore explicitly on a differentially private Dantzig Selector
algorithm. In chapter 3, we develop a private sparse-regression procedure through a noisy
hard-thresholding oracle, which can be directly applied to solve Dantzig selector differentially
privately. The present chapter takes a more literal route. It returns to the score constraint
that defines the Dantzig selector, namely the requirement that the empirical correlations
between the residual vector and all covariates be uniformly small, and asks whether this
score geometry can be privatized directly while retaining exact sparsity. This point of view
is close in spirit to the original Dantzig selector of Candes and Tao [2007] and to the sparse-
recovery intuition behind compressed sensing and high-dimensional model selection Donoho
[2006], Candes et al. [2006], Bickel et al. [2009].

The difficulty is that the Dantzig selector is naturally written as a high-dimensional linear
program. Generic private linear-programming methods protect the optimization output, but
they do not exploit the sparse statistical structure of the regression model and need not return
a sparse vector Hsu et al. [2014], Mangasarian [2011]. Sparsity is not merely a computational
preference in this problem, it is part of the statistical meaning of the estimator. The selected
support is the interpretable object in feature selection, and the sharp high-dimensional rates
depend on controlling errors on sets whose cardinality is comparable to the true sparsity.

The construction below therefore separates the Dantzig selector into two operations. First,
it privately identifies the coordinates on which the empirical Dantzig score is most strongly
violated. This is done with the one-shot top-k mechanism Qiao et al. [2021], which is well
suited to sparse support selection because its noise depends logarithmically on the ambient
dimension. Second, after forming a small private active set, the algorithm releases only the
restricted score map on this active set and performs a low-dimensional Dantzig-score refit.

A final hard-pruning step guarantees exact sparsity. Thus the procedure is neither a private

%)



linear-programming solver nor a private hard-thresholding oracle for the squared loss, it is
an active-set method driven directly by the Dantzig score.

The theoretical guarantees follow the same structure. The privacy proof uses adaptive
composition: one part of the budget is spent on private score-violation identification and the
other on a Gaussian release of the restricted Gram-score pair. The statistical proof shows
that, under a sparse-RIP condition, the privately selected violated score coordinates capture
the part of the current error outside the active set. The restricted refit then contracts the
estimation error up to the ordinary stochastic score error and the two privacy errors. Under
the standard sparse-row normalization, the resulting parameter rate matches the known
high-dimensional differentially private sparse-regression benchmark of Cai et al. [2021] up to

logarithmic factors.

4.2 A Direct Private Active-Set Dantzig Selector

The procedure analyzed in Chapter 3 is built from a private hard-thresholding oracle. In
this chapter, we develop a complementary construction which starts more directly from
the Dantzig selector itself. Recall that, for the clipped response vector yf* = clipg(y), the

empirical Dantzig score is
Lot/ R Lot r LT
qp(0) == —-X"(y" — X0) =z — G0, z:==-X"y", G:=-X'X. (4.1)
n n n

The classical Dantzig selector controls ||¢p(f)]|s- Instead of solving the full linear program
privately, the method in this chapter privately searches for the largest violated Dantzig score
coordinates, forms a small active set, and solves a private restricted Dantzig-score refit on
that active set. The active-set restriction is essential: it keeps the output sparse and avoids
releasing either a dense coefficient vector or the full d x d Gram matrix.

The algorithm will be called DP-ASDS, for differentially private active-set Dantzig se-
lector. It is not a generic private linear-programming routine. The only high-dimensional
private operation is a one-shot top-k search over the Dantzig score coordinates, and the only
matrix quantity released is a low-dimensional score map on a privately selected active set.
This is the main structural distinction between DP-ASDS and a black-box differentially
private solver for the Dantzig linear program.

This distinction is useful to keep in mind throughout the chapter. The active set is chosen
because the Dantzig score itself reveals where the residual remains correlated with the design.
The refit is then performed only on the coordinates that the private score comparison has

judged statistically relevant. In this way, the method combines a Dantzig-type feasibility

56



principle with the active-set philosophy familiar from sparse approximation: the algorithm
searches for a small set on which the score equation should be enforced, rather than solving

all d score inequalities at once.

4.2.1 Notation and standing normalization

The notation in this section is chosen to make explicit which objects are global and which
are released only after restriction to a private active set. The full score vector gp(f) is a
d-dimensional object, but the algorithm never releases it. Instead, it uses the score only to
select a support and then releases a low-dimensional pair (Gyy, zy) on that support. The
restricted-isometry notation below is used to formalize the principle that, on sparse subsets,
the empirical Gram matrix behaves like a well-conditioned identity perturbation.

For T C [d], we write X7 for the submatrix of X with columns indexed by T, Gpr =
X7 Xp/n, and 2r = X}yf/n. We use H,(v) for the vector obtained by keeping the s
largest coordinates of |v| and setting the rest to zero. All ties are broken deterministically.
Throughout this section, s is the target sparsity level used by the algorithm and s* = ||6*||o
is the true sparsity.

For the utility analysis we use the sparse restricted-isometry constants of the empirical

Gram matrix. For an integer k, let ; be the smallest number such that
(1= dn)lullz < u'Grru < (14 6)llull3 (4.2)
for all T' C [d] with |T| < k and all u € RT. We also define the sparse row bound

Ksq = max TC[I;%%(S?)S |z 72 (4.3)
The quantity K3, is the natural sensitivity parameter for the restricted Gram-score release.
In the usual normalized sparse-regression regime, K3, = O(1), if one assumes only a coordi-
natewise bound ||7;]|sc < Tmax, then Ksg < v/35 Tiay, and the private release of a restricted
Gram matrix becomes correspondingly more expensive.

This distinction between x,,,x and K3, is one of the few new normalization issues intro-
duced by the direct Dantzig construction. The score-identification step is coordinatewise
and is governed by xn.c. The restricted refit, however, releases a small Gram matrix, and
its sensitivity is governed by the Euclidean size of sparse rows. The minimax discussion
later should therefore be read under the sparse-row normalization K3, = O(1), or under an
equivalent normalization that keeps the restricted Gram release from dominating the privacy

cost.
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4.2.2 Algorithm

The algorithm has two private primitives. The first is a support-search primitive: it asks
which Dantzig score coordinates are currently too large. The second is a restricted refitting
primitive: after a small active set has been selected, it privately releases the score map needed
to refit on that active set. This division is important because it prevents the algorithm from
paying privacy cost for the full Gram matrix and, at the same time, prevents the output
from becoming dense.

We now specify the two privacy budgets used by the algorithm. The first budget, (¢, d5),
is used to identify large Dantzig-score coordinates. The second budget, (¢, ), is used to

release the restricted score map on the active set. Let

2 max max 2K s/ Kzs + R2
A, = Tmax(R + @ C), A — i : (4.4)

n n

For M iterations, set

8A,y/2slog(dM/ér)
n 8[/M ’

 Apy/2log(1.25M/6r)

br: :
! or €F/M

(4.5)

The scale by is the one-shot top-2s scale from Qiao et al. [2021], the scale o is the Gaussian

mechanism scale for the restricted Gram-score query.
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Algorithm 6 DP-ASDS: private active-set Dantzig selector
Input: Data (X, y); sparsity s; privacy parameters (e7,07) and (ep, 0r); iterations M; clip-

ping level R; radius C'; bounds pay, K3s-
. Set y'' = clipg(y), G = X" X/n, 2 = X "y /n, and initialize () = 0.
2: form=0,1,...,M —1do

Compute the Dantzig score

—_

@

"™ =z — Go™.

4:  Run the one-shot top-2s mechanism on |¢™)| with privacy budget (¢;/M,&;/M) and
Laplace scale b;. Retain only the selected support and denote it by .J,,.

5. Form the active set
Uy, = supp(8"™) U J,,,.

6:  Release the restricted score map on U,,:

Gm = G(UmUm + Wma :va = ZUn, + U,

where the entries of W,,, and v, are independent N (0, 0% ) random variables.

7. Compute the private restricted Dantzig-score refit

Bm € argmingegum. 51, <c HEm — GmﬁH2 .

8. Embed §,, into R? by setting coordinates outside U, to zero; call the embedded vector
e_(m—&-l)‘

9:  Prune to sparsity s:

9(m+1) — Hs (e_(m+1) ) )

10: end for
Output: 0 = 4,

Before continuing to the analysis, we discuss several features of Algorithm 6. First,
the support J,, is selected from the empirical Dantzig score, not from a gradient-updated
coefficient vector. Second, the active set U, has size at most 3s, so the subsequent private
matrix release is low-dimensional. Third, the final pruning step is part of the algorithm
rather than an afterthought, it ensures that the released estimator is exactly sparse, which
is the central structural feature inherited from the Dantzig selector and the Lasso Tibshirani
[1996], Candes and Tao [2007].

The refit in line 6 is a least-violation version of the Dantzig score equation on the privately
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selected active set. One could replace the displayed ¢, score norm by an /., score norm to
obtain a still closer finite-dimensional Dantzig program. The ¢, refit is used here because
it yields a stable perturbation analysis under a constant sparse-RIP condition; an £, refit
introduces an additional /s factor in the cross-correlation term unless one imposes a stronger
incoherence condition.

The use of the ¢y score residual should not be interpreted as abandoning the Dantzig
viewpoint. The Dantzig selector is fundamentally a score-based method: it asks the residual
to be nearly orthogonal to the design. The present refit enforces this score equation on a
private active set in a norm that is stable under Gaussian perturbation of the restricted
Gram-score pair. The selected-score feasibility theorem below makes this interpretation

precise.

4.2.3 Exact sparsity and active-set interpretation

Algorithm 6 returns an exactly sparse estimate. Indeed, if the input sparsity is s, then every
iterate satisfies [|0™]|o < s by induction, because the only step that produces the next public
iterate is 0"+ = H, (A1), The restricted refit may temporarily live on a set of size at
most 3s, but this intermediate vector is not the final iterate. The hard-pruning step restores
the sparsity budget before the next score computation and before the final release.

This exact sparsity guarantee is more than a presentational feature. In high-dimensional
regression, the statistical analysis is local: restricted eigenvalue, restricted smoothness, and
sparse-RIP assumptions are meaningful only when all relevant error vectors have small sup-
port. Exact pruning keeps the entire trajectory within this sparse regime. It also preserves
the feature-selection interpretation of the output, which is one of the main reasons for study-

ing the Dantzig selector rather than a generic private convex program.

4.2.4 Privacy guarantee

The privacy result and its proof follows the usual two principles of differential privacy:
sensitivity calibration and adaptive composition Dwork et al. [2006a,b,c]. The only point
requiring care is that the active set is itself private and data-dependent. The argument
conditions on the transcript already released, proves privacy of the next step uniformly over
all possible active sets of the allowed size, and then composes the resulting guarantees over
the M iterations.

Theorem 19 (Privacy of DP-ASDS). Assume ||Zi]|oo < Tmax and |yF| < R. Since the refit

is constrained to the €1 ball of radius C' and pruning preserves the {1 norm, every iterate of
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Algorithm 6 satisfies |07 ||, < C. Suppose e;/M < 0.2, §;/M < 0.05, and ep/M < 1. If by
and o are chosen as in (4.5), then Algorithm 6 is (e + ep, 01 + O0p)-differentially private.

The theorem separates the two sources of privacy loss. The budget (g;,0;) protects the
identity of the violated score coordinates, while (e¢p,dp) protects the restricted empirical
score map used in the refit. Once these noisy objects have been released, the optimization
step and the pruning step are pure post-processing. This is why the privacy accounting does

not depend on the numerical method used to solve the small refitting problem.

4.2.5 FError bound

The error analysis is organized around a simple contraction principle. If the current error is
R(m) = @™ — g% then the Dantzig score satisfies ¢™ = e — Gh{™ on the no-clipping event.
Under sparse RIP, the coordinates of ¢(™ with large magnitude reveal the coordinates on
which 2™ has not yet been captured by the active set. The private top-2s step therefore
acts as a noisy active-set discovery step, and the restricted refit contracts the remaining error
up to stochastic and privacy perturbations.

We now prove a parameter error bound. The theorem is stated conditionally on a fixed
design matrix satisfying the sparse-RIP and sparse-row bounds. For random designs, the
probability of these design events can be added to the final failure probability.

Assume the linear model
yi = 0" + &, 10%]lo = %, 1071l < C, (4.6)

where ¢; are independent mean-zero o-sub-Gaussian variables, conditionally on X. Let &g

be the no-clipping event {y = y}. On g, write

1
e:=—X"'e. (4.7)
n
For a failure probability a,, € (0, 1), define
2log(4d/a,
A, = Oy M. (4.8)

n

Then |le|loo < A, with probability at least 1 — «,, conditionally on X

The privacy-noise envelopes are

) . wpi=cn(1+C)op <\/§+ log <4M>> , (4.9)

ap

4d M

ay

wy = brlog (
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where cp > 0 is a sufficiently large universal constant. We will also use

Vp = CpOFp <\/§+ log (tM>> ) (4.10)

F

The condition vp < (1 — d35)/2 ensures that each noisy restricted Gram matrix remains

well-conditioned.

Theorem 20. Assume the linear model in (4.6), s > s*, 045 < o for a sufficiently small
universal constant &y, and vp < (1—034)/2. Suppose M > cqlog(C?n) for a sufficiently large

universal constant cg. Then, on the no-clipping event Eg, Algorithm 6 satisfies
~ 1
10 — 0%[]3 < — + C18A\2 + Cyswi + Csw, (4.11)
n

with probability at least 1 — o, — ay — ap, where C1,Cy, C3 > 0 are universal constants. If

P(&5,) < ag, the same bound holds with probability at least 1 — ar — o, — ay — ap.

The three terms in (4.11) have distinct interpretations. The term sA? is the ordinary
non-private high-dimensional score error. The term sw? is the price of privately identifying
the active coordinates. The term w% is the price of privately releasing the low-dimensional
restricted refit problem. This decomposition is useful because it isolates the new cost of the
direct Dantzig construction: unlike the hard-thresholding oracle of Chapter 3, the present
method releases a restricted Gram-score map, and the sensitivity of that release is measured
by Kjs.

The proofs of the following lemmas are placed in the appendix. The statements are kept in
the main chapter because they describe the mechanism of the argument: first a noisy score-
comparison lemma, then an active-set identification lemma, then a restricted refit lemma,
and finally the elementary pruning inequality.

The proof is deterministic on three high-probability events. First,
En = {llellsc < An}-

Second, if g™ denotes the Laplace vector used in the one-shot score selection at iteration

m, then
&= { max [|g" e < wl}.

0<m<M
Since P(|Lap(br)| > t) = exp(—t/bs), a union bound gives P(£5) < «;. Third, standard

Gaussian concentration and a union bound over m =0,..., M — 1 give, with probability at
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least 1 — ap, the event

Er = {[valls+ ClWallop < wr.  [Winllop Swp, 0<m <M},  (412)
Indeed, for p < 3s, if v ~ N(0,0%1,) then

P{ljvll: > or(yp+1)} < e,

while if W is a p x p matrix with independent N(0,0%) entries, then
P{|Wlop > op(2y/p+1)} < 2¢772.

Taking ¢ of order y/log(4M/ar) proves (4.12) after increasing cp.

We now give the deterministic part of the proof.

The first deterministic ingredient records two standard consequences of sparse RIP. On
sparse sets, the empirical Gram matrix is close to the identity; between disjoint sparse sets,
the cross-Gram block is small. These two facts are repeatedly used to convert score infor-
mation into coefficient-error information, a familiar step in sparse recovery analyses Candes
et al. [2006], Bickel et al. [2009].

Lemma 4.2.1 (Restricted consequences of sparse RIP). If (4.2) holds at level k, then for
every T C [d] with |T| < k,

[(Grr — Dulls < dellulla, — we R
Moreover, if A, B C [d] are disjoint and |AU B| < k, then
IGapvllz < Sillvfls, v eRE

The next lemma is a deterministic abstraction of the private support-selection step. If the
top-k comparison is made after adding bounded coordinatewise noise, then the unselected
part of any competing k-sparse set cannot have much larger score mass than the selected
part. This is the precise place where the one-shot top-k mechanism enters the estimation

proof.

Lemma 4.2.2 (Noisy score comparison). Let a € R?, let g € RY satisfy ||g|lee < w, and let
J be the indices of the k largest coordinates of |a|+g. Then, for every T C [d] with |T| < k,

lagvsllz < llanzllz +2VEw. (4.13)
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The private identification lemma translates the preceding score comparison into a state-
ment about the coefficient error. Since ¢(™ = e — Gh(™ large missed components of h(™
would create large score coordinates unless they are hidden by stochastic noise, privacy noise,
or the sparse-RIP distortion. Thus the private active set captures all but a controlled tail of

the current error.

Lemma 4.2.3 (Private identification of violated Dantzig coordinates). We work on Eg N
E,NEr and assume 045 < 1. Let

A = glm) — g, U,, = supp(0"™) U J,,.

Then, for every m,

1R l2 < c18asl| B [ls + cav/s(An + wr), (4.14)

where ¢y, co > 0 are universal constants.

After the active set has captured the relevant coordinates, the restricted refit solves the
selected score equation with a privately perturbed Gram-score pair. The following lemma is
the stability statement for that refit. Its conditioning assumption on G,, is indispensable:
without it, a small perturbation of the restricted score map could be amplified by an ill-

conditioned active-set Gram matrix.

Lemma 4.2.4 (Restricted private Dantzig-score refit). we work on EgNE,NER. Let U = Uy,
\U| < 3s, and let 0V be the embedded unpruned refit produced in line 7 of Algorithm, 6. If
[ Winllop < (1 — 635)/2, then

16D — 672 < cs05

9 4 4/ S\ + CswE, (4.15)

where c3, ¢y, c5 > 0 are universal constants.

The final deterministic ingredient is the standard best-s approximation inequality. It is
included to make explicit why the algorithm may refit on a set of size at most 3s and still

return to the sparse parameter space without losing the order of the error.

Lemma 4.2.5 (Pruning). If s > s*, then for every b € R?,
[Hy(b) — 6"[|2 < 2[|b — 67| (4.16)
Combining these lemmas gives the one-step recursion

10THD — g% ||y < pl|0™ — % ||y + CV/5(An + wr) + Cuwp,
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with p < 1 when d,45 is sufficiently small. Iterating the recursion produces Theorem 20. The
proof is deliberately parallel to classical active-set sparse-recovery arguments, except that

the score comparison and the restricted refit are both privatized.

4.2.6 Expanded rate and minimax comparison

The abstract error bound is most informative after substituting the privacy scales. This
substitution also clarifies the relationship between the direct Dantzig construction and the
minimax theory for private sparse regression. The target benchmark is the usual non-private
sparse rate plus the privacy penalty identified in the cost-of-privacy literature Cai et al.
[2021].

Substituting (4.5) and (4.9) into Theorem 20 gives the following explicit bound:

22
17— 0|2 < i N o xmaxslzg(éld/an)

S2M?22 . (R + TpaxC)? dM o (4dM
log log

_|_ C max

n2e? Or ay
1 K2 (K2 HM? 1.25M AM
+C’( +0) 382 . +R) 10g< > ) (s + log ()) . (4.17)
n €F 5F ap

The first line is the usual non-private sparse-regression term. The second line is the privacy
cost of identifying the large Dantzig-score coordinates. The third line is the privacy cost of
releasing the restricted score map used for refitting.

The second line has the same qualitative form as the privacy term in sparse private se-
lection: the ambient dimension appears only through logarithms, while the leading sparsity
dependence is quadratic after squaring the support-identification noise. The third line is
specific to the direct active-set Dantzig approach. It is lower order in the sparse-row nor-
malized regime, but it records the fact that a Dantzig-score refit must learn a local Gram
map, not only a coefficient vector.

In the sparse-row normalized regime K3; = O(1), with Zp.(R + TmaxC) of constant or
logarithmic order, s < s*, M < logn, and €; < ep < ¢, the dominant privacy term in (4.17)
: “log d)2

<Sn(2)§2> - polylog(n,d, 1/4,1/a).
Thus DP-ASDS attains
o%s*log d N (s*log d)?

166713 5 -

- polylog(n,d, 1/4,1/«), (4.18)
up to restricted-isometry constants and logarithmic factors. This is the same high-
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dimensional private sparse-regression benchmark established by Cai et al. [2021]. If one
assumes only [|2;]|cc < Tmax With Zyax = O(1), then K3, may grow as /s and the restricted-
Gram release in the third line of (4.17) may be larger. The minimax comparison above is
therefore a statement for the standard sparse-row normalization under which private high-
dimensional regression upper bounds are usually

Consequently, the active-set Dantzig method attains the same benchmark as Chapter 3
when the restricted matrix release is statistically inexpensive. If the design rows are only
coordinatewise bounded and no sparse-row normalization is imposed, the restricted Gram
release may introduce an additional sparsity factor. The result should therefore be read as a
sharp theorem for the normalized sparse-design regime, not as a claim that arbitrary design

scalings can be privatized at no cost..

4.2.7 Selected Dantzig-score feasibility

The parameter bound is the primary statistical guarantee, but it is also useful to record what
the algorithm achieves at the level of the Dantzig score itself. Because the final pruning step is
imposed to guarantee exact sparsity, the strongest score statement is naturally stated for the
unpruned restricted refit. This is analogous to active-set methods in numerical optimization:
the refit enforces the optimality equations on the current working set, while the pruning step
enforces the structural constraint.

The next statement records the sense in which the method directly enforces the Dantzig

m+1

score equations. It concerns the unpruned refit 7"+ because pruning is imposed for exact

sparsity and may slightly perturb the selected score residual.

Theorem 21 (Selected Dantzig-score feasibility). Under the assumptions and on the event
of Theorem 20, for everym=0,..., M —1,

lan(0™ D). |, < ColIAT™ 2 + CV/5(An + wi) + Curp. (4.19)
Consequently, for the final refit, if M > colog(C?n) and d4s < &g is sufficiently small,

HQD (g(M))UIM—l

, < CVs(Ay +wr) + Cup + Cn~Y2. (4.20)

This result is not the same as global exact Dantzig feasibility, which would require a
uniform bound on ||gp(A)||e over all coordinates after pruning. Instead, it captures the
active-set nature of the method: the score equations are enforced on the coordinates that

have been privately identified as relevant. Together with the error theorem, this gives a
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statistically meaningful Dantzig-type guarantee without solving or privatizing the full linear

program.

4.2.8 Population excess risk

The population risk bound is a direct consequence of the parameter error bound. This is
the natural route in the well-specified squared-loss model: once the estimator is close to 6*
in Euclidean norm and the error vector is sparse, restricted population smoothness converts
estimation error into excess prediction risk. No separate stability argument is needed for
this quadratic risk.
Let
F(6) = SE{(y— 2707}, Spup=Elux"].

Under the correctly specified linear model,
* 1 * *
F(0) = F(0") = 5(0— 0) Spupl0 — 0°).

Define the population restricted smoothness constant

pop ._ T
Ly." = max U Ypopl.

ull2=1, [lullo<2s

Since both # and 6* are supported on at most s coordinates, [|§ — 6*|o < 2s. Therefore

Theorem 20 immediately implies the following bound.
Theorem 22 (Population risk of DP-ASDS). Under the assumptions of Theorem 20, on
the same event,

pop

~ L 1
F(B) - F(#) < 22 (n +CusA2 + Cosw? + 03%%) . (4.21)

The factor L5 appears because the final estimator and the truth are both sparse. Hence
the risk conversion only needs population smoothness on 2s-sparse directions. This is con-
sistent with the local nature of the entire chapter: privacy, optimization, and statistical

curvature are all measured on sparse subsets rather than on the full ambient space.

4.2.9 Discussion

This chapter aims to demonstrate that the Dantzig selector can be privatized in a way that

respects its score geometry and its sparsity structure. The preceding results show that this is
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possible without using a generic private linear-programming algorithm and without treating
the hard-thresholding oracle of Chapter 3 as a black box.

The construction above gives a differentially private procedure that is closer to the Dantzig
selector than the hard-thresholded gradient oracle analyzed in Chapter 3. The iteration is
driven by the empirical score gp(6) = X " (y® — X0)/n, and the selected coordinates are
precisely the coordinates with large private Dantzig-score violations. The restricted refit
then approximately solves the score equation on the private active set. Thus the algorithm
follows the geometry of the Dantzig constraint rather than the geometry of a generic gradient
projection step.

The proof also explains the statistical price of this more direct Dantzig construction. The
private score-identification term has the same order as the top-s privacy term in private sparse
regression. The additional restricted-refit term is harmless under sparse-row normalization,
but it should not be ignored: if the row normalization is weakened so that K3, grows with
s, then privately releasing the restricted Gram matrix may become the dominant cost. This
distinction is intrinsic to direct Dantzig-score refitting, since the Dantzig score depends on
the Gram matrix X ' X /n.

Finally, the algorithm can be combined with the private Sparsifier step from Section 4
when s is unknown. The privacy proof is unchanged by composition and post-processing.
The utility theorem should then be read on the event that the privatized sparsity lies in the
adequate regime s > s* and d45 < 9, exactly as in the conditional sparsity treatment of the
main ONESHOT DP-NIHT WITH SPARSIFIER result.

From a methodological perspective, DP-ASDS gives a second route to private sparse esti-
mation. Chapter 3 follows an iterative hard-thresholding path and obtains broad RE/RSC-
type guarantees. The present chapter follows a more direct active-set Dantzig path and
obtains a clean selected-score interpretation under a stronger sparse-RIP condition. These
two procedures therefore complement each other: the former is closer to the modern private
sparse-regression algorithmic toolkit, while the latter is closer to the defining constraint of
the Dantzig selector. This distinction also suggests several possible refinements. One may
replace the /5 restricted refit by an /., refit under stronger incoherence assumptions, use a
private Sparsifier as in Chapter 3 when s is unknown Khanna et al. [2023], or investigate
adaptive stopping rules based on privately monitored selected-score residuals. The analysis
in this chapter isolates the essential ingredients needed for such extensions: private score
identification, stable restricted refitting, exact pruning, and sparse-design curvature.

The novel active set approach introduced bridges the last missing piece among privacy
cost independent of d, exact sparsity, and minimaz risk: existing differentially private sparse

regression algorithms either add d-dimensional noise at every step, return a dense estimate
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that still requires post-processing, or lose a factor in sample size through data partitioning.
By contrast, DP-ASDS keeps the linear program geometry of the classical Dantzig selector
and marries it with a dimension-free privacy mechanism: each iteration releases only a 3sx 3s
sub-Gram matrix and a length 3s score vector, so the privacy noise scales with the target
sparsity s rather than the ambient dimension d. This design achieves the minimax rate
o?s logd/n + o(s log d)?/(n*e?) while preserving exact s-sparsity, something the literature
did not offer. In addition, the oneshot top-2s selection plus noisy restricted refit constitutes
a reusable template for other LP-based estimators, showing that privacy can coexist with
fast, geometry-aware algorithms instead of forcing generic quadratic objectives or heavy
sample splitting. For these reasons, DP-ASDS is not simply “another DP algorithm”, it
demonstrates a qualitatively new way to pay privacy only where information is concentrated
and thereby advances both the theoretical frontier and the practical toolbox for DP high-

dimensional inference.

69



APPENDIX A

Appendix for Chapter 1

A.1 Proofs and Supplementary Materials

A.1.1 Proofs for one-dimensional v-CHM problem

We provide proofs of Theorem 1, Lemma 1.5.1 and Theorem 2 in this Section. As discussed
in Section 1.6.1.2, the interval CHM problem fully generalizes the regular CHM problem,
and the analogous results in the interval CHM problem follow the exactly same proofs and
can be derived by properly adjusting v to v~ and 4" in this section. Therefore, we only
prove Theorem 1, Lemma 1.5.1 and Theorem 2 for the ease of extensions to the Gaussian

bandit setting with unknown variances.

A.1.1.1 Proof of Theorem 1

We recall 1y = min{puq, -+, px} and px = max{py, -, ug}. In the one-dimensional case,
the v~-CHM problem is to test if v € Conv(u). For the feasible case,

Alt(p) = {A|I;(X) = infeasible} = { | max Ai <y or 121%}( Ai >}

Therefore,
T ()t = p
()77 = 0 i 2 e )
= maxmin [ > wed(ie,”), Y. Wad(tta,)
weA a:frg <7y a:fha >y

= max min (wid(p1, ), wrgd(px, 7))

witwg =1
d(per, v)d(px, )

Cd(p,y) + d(pk, )
1

d(,uh 7)_1 + d(/“K) 7)_1
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From the derivation, we can see the optimization problem derives its optimal solution

when the strategy only samples arms with maximum and minimum mean with proportions

d(p1,y) 71 d(pg,y)~?
d(pa,y) " d(px Y d(p1,y) " d(pr )~

Without loss of generality, we assume p; > 7 (the case when px < 7 can be proved in the

Now we consider the infeasible case.

w; = = and wrg =

same way due to symmetry). In this case,
Alt(p) = {A|I:(X) = feasible} = {A|\ <7 < Ak}

and

* —1_
T = e i 2 et Ao

= max min w,d
weA 1<a<K (#ta,7)

1
> 1<a<K d(pta, )™t

We can see from that in the infeasible case, the decision-maker should sample all arms, and
1

for each arm a € {1,--- , K}, it should be sampled with proportion w, = %
L<i<K i)

A.1.1.2 Proof of Lemma 1.5.1

Now we proceed to prove Lemma 1.5.1. We will make use of the following proposition.

Proposition A.1.1. (Lemma 22 of Kaufmann et al. [2016]) For every 3,n >0, if

L (eln(1/sm)
T2 5! ( B )

ran(i)ooo()

Now for the feasible case, on the event that

then we have

MO i), o) -

and

Ni(t) = wie(p), fir(t) = px,

for any € > 0, there exists ty > 0, such that for any ¢t > t3, we have

Ni(#)d" (fu(t), ) = (1 — e)twi(p)d(p, 7).
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and

Following this,

T< T3
< inf{t|Ny(t)d*(fi1(t),y) > Thresh(d, Ny (t)) and N (t)d (fix(t),y) > Thresh(d, Nx(t))}
< inf {t{ Ny (£)d* (i (t),7) > Thresh(d,t) and Nic(t)d" (fu(t),7) > Thresh(s,t)}
<inf {t|(1 — e)tw] (p)d(p1,7y) > Thresh(d,t) and (1 — e)twy (p)d(pg,y) > Thresh(d, )}

< inf {101 = &)t min (w3 (e)d(pr,), wic (e, 1)) = 1 (5 ) +0 (10 (5)) )
< inf {t|(1 )T () > In (;) +o (m (;))} |

Hence we have 7(1 — &)T*(u) ™! < ln( ) +o0 <ln (%)) By setting 8 = (1 — &)T* ()™ !
x =7 and n = 9, Proposition A.1.1 directly yields

1 eln (g7t
TS " ( (1 )T ()15

S (EEEmE (1“ ((1 = e>;*<u>—1> +a (5) + o <<1 = 8)T1*(u)‘15>>

S - 5);@)1 In ((15) o (hl (35))

Notice that ¢ is arbitrary, we have

lim sup T ().

-

<
For the infeasible case, WLOG we assume p; > « (proof of the symmetric case ux < 7 is
identical). On the event that for any arm a € {1,--- , K'},

B0 i), ) >

and for arbitrary € > 0, similarly, there exists ¢y, and for any ¢ > ¢y, we have the following

inequality to hold:
Na(O)d (1a(t),7) = (1 — &)t ()d(pta, 7):
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Using a parallel statement of the feasible case,

7 < 13 < inf{t|Va, No(t)d(1a(t),v) > Thresh(d, Ni(t))}
< inf {#[Va, Nu(t)d" (jia(t),7) > Thresh(d,t)}

)
< int {11va, (1 = i (wd(ae ) = 0 (£) 10 (m (3))]}
< inf {tl(l — o)t min {wy(#)d(ke,7)} 2 In (f;) to (m (<15>>}

< inf {t|(1 T () > In (f;) I (m (é))} |

Following the same statements and by applying Proposition A.1.1, we have

TS0 5);*(u)—1 h ((15) o (ln ((15)) '

Thus, in the infeasible case,

lim sup <T*(w)

T
50 In(1/9)
also holds.

A.1.1.3 Proof of Theorem 2

We again consider feasible and infeasible cases separately. We recall the following notations

t

Galt) = P(A = alFia), Wat) = (i), and () = 70 (0).

=1

Our proof is based on a classic result (see Corollary 1 of Russo [2016]) that for any arm

a € [K], if ¥,(t) — oo, then
wa(t) _ Na(t)

%( ) \Ija(t)

and the following result from Kaufmann et al. [2018].

—1 a.s

Proposition A.1.2. (Theorem 12 of Kaufmann et al. [2018]) Given a threshold v, for any
o= {(u, - pr)pn < - < pg, and pyp < v} If we sequentially sample as follows: for
any t € NT, sample 0; ~ T, (-| miny<;<x pt; < 7y), then play the arm A, with lowest mean

in 0;. Then the sampling procedure ensures that the sampling frequencies satisfy

M)

— 1,
t
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and for any 2 < a < K,

almost surely.

Back to our proof, now we consider the feasible case first. In this case, we have p with

property py <y < pg. For any n € NT,
Uy (t) = Bl <9t71 < rjr;gl O, feasible) + (1 — By)IL, (Hm > I?Qf( 0.l feasible) )
Notice that {argmin, 6, = 1} and {ux > v} are independent events,
I, (0,5,1 < rjnéllq 0. il feasible) —1 a.s..
And IT; (6;1 < min; 4 6, j|p feasible) + I1; (6,1 > minj 4 6, ;|p feasible) < 1 directly yields
I1, (9,571 > r?;?f( 0. il feasible) —0 a.s..

MWy (). Similarly,

. . d~(p17)
Combine with the fact that 5, — T rd Ty We get

Vi (t) = Bl (91‘/7;{ < H;gl 0.l feasible) + (1 — By)IL, <9t,K > mjfi 0. feasible) )
J J

With the facts that II; (0:,x < minj 0, ;|p feasible) — 0 and

II; (0 k > max;; 0, j|p feasible) — 1 almost surely, this leads to Nﬁ(t) = wi(p).

Notice that wj(p) + wj () = 1, we have shown that NT(t) — w*(p) almost sure in the
feasible case.

For the infeasible case, we use the following proposition.

Proposition A.1.3. (Simplified version of Lemma of Russo [2016]) Consider any sampling
rule, if for any arm a € [K] and all ¢ > 0,

Zwa )1{tha(t) > w} + ¢} < o0,

then (t) — w*,

By applying a similar proof strategy in Russo [2016] and Kaufmann et al. [2018], we aim

to prove the precondition in Proposition 1.5.2. For any a € [K] and ¢ > 0, consider any
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round n where 1), (t) > w? + ¢, we have

balt) = B II;1(a = argmin, 6; ;, b = argmax; 6; ;, min; 0; ; < v < max; 6 ;)
“ ;1 (min; 0, ; < v < max; 6, ;)
(1- Bt)Ht,l(a = argmax; 0;;, b = argmin; 0, ;, min; 6, ; < v < max; 0 ;)
IT; 4 (min; 0 ; < v < max; 6;)
i1 (0 < v < 6ip) +(1-8) i1 (Orp < v < 0pa)
tmaXa,b 1 (0ra < v < Oip) ' maxgp 1 (O <7 < 0pa)

Following Russo [2016], recall we use z; = y; to denote that ¢t~!ln (z;/y;) — 0. Based
on any known posterior concentration rate result (for example, Proposition 5 in Russo
[2016]) that for any open set © C ©, the posterior concentrates at the rate II,(©) =
exp (—t miny g 3 Yo (t)d(fta, Aa)) . Moreover, for any a,b € [K],

(00 <7y < Op) =exp < t min Z@/}a d(fia, 9t,a)>

0, feasible

= exp (—tmin< > aOd(pa ), > talt) mﬁ)))

a:fla <7y @il >y

This means, there is a sequence €, — 0 such that for any ¢,

Ht(9a<7<9b)€eXp< <m1n< Yo Ya()d(pa,y), > Calt)d(pta; ))>i6t>,

a:pha <7y afha >y

which implies
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I 1(0ra <y < 01p) I 1 (Orp < v < 0r4)

o t < 9 i 1 _ i ) .

w ( ) o ﬂt maXg p Htfl(et,a <7< et,b) T ( ﬁt) maXeg.p Ht71<9t,b <7< 6t,a>
(

_ exp (—t (min ( D aijia<n @Ea(t)d(ﬂm V)5 2 o>y Q'Ea( t)d(pra; 7))> B gt)
max, exp <_t (min ( Daipta<y &a(t)d(ua, V) s> ¢a(t)d Ha ’Y))) + gt)

:exp{ [mm( Yo Calt)d(pia,y), D Ca(t)d(pa,y )

apa<ry aipia >y
- minmin( Z 7ﬁa(t :UJm Z % /vLa’ ))] - 25t}
“ Qifla <7y Q:ifla >y

S (i + ), S (i + (s ) )

< eXp{—t lmin(

a:fg <7y Q:pha >y
—min< > wad(pa, ), Y wid(ua,v))] —2&}.
a:fiq <7y a:fhg >y
Sexp{ [cmln< > dlpay), Y, dpta;y) )—2&”
a:fra <7y :fla>"

When ¢; — 0 the 9,(t) is bounded by an exponential decay term, therefore
Z% )1{tha(t) > w]; + ¢} < o0.
Therefore, we have (t) — w*, and by the conclusions above, N (t)/t — w*.

A.1.2 d-dimensional CHM problem when d > 2

In this section, we provide further details and discussions about potential extensions of
Thompson-CHM algorithm to the higher dimensional case. Before moving forward, we first

prove Theorem 5, which gives insight into how to generalize our algorithm.

A.1.2.1 Proofs of Theorem 5

For the infeasible case when v ¢ Conv(u), the proof is identical to the one-dimensional case
and we omit it here.
For the feasible case when v € Conv(p). We assume A* € Alt(p) is the opti-

1 = supyen infacatt(u) Yo Wad(fta, o). For any p; €
{1, , ur }\Vert(Conv{p}), we consider two different cases.

mal solution in the game T™*(u)

o Case 1: if u; € Conv(A), then we have \; = u;, and therefore w; = 0.
o Case 2: if yu; € Conv(wm)\Conv(A), in this case, \; # p;, WLOG we assume
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W1, fo, - -+, lbs are the means that differs from those in the optimal solution A*, i.e.
{1,2,--- s} = {jluy # Aj}, s0 1 < < s. If w; # 0, then d(u;, A7) > d(p;, A}) for all
je{1,2,---,s}\{i}, this contradicts with the fact that p; € Conv{py, -, ts, A1, -+, As}-

Combining the statements above, we can see that for all u;’s that is not one of the

1

vertices of Conv{u}, in order to win the optimization game T*(u)~", no proportion of the

corresponding arm should be sampled.

A.1.2.2 Potential extension of Thompson-CHM algorithm

As discussed in Section 1.6.2, the Thompson-CHM algorithm outperforms the trivial solution
(first checking if « is smaller than the minimum mean and then checking if v is larger than
the maximum mean) in both generalizability and optimality. For the generalizability part,
the Thompson-CHM can possibly generalize to higher dimensional cases and we will discuss
more details in this section. For the optimality part, by the results in Kaufmann et al.
[2018], the allocations of different arms in the trivial solution are not in align with the
optimal w*(u) and therefore, lead to a sub-optimal sample complexity compared to the
Thompson-CHM algorithm. For example, in the infeasible case when v < pu; < -+ < ug,

by utilizing the result in Kaufmann et al. [2018] twice, sampling proportion of arm K is
2d(prc ) !

Sy d(piy) " d ()
d(.ujv’)')_l

S d(piy) " d (g )t

to the CHM problem in the one-dimensional case.

and for arm j satisfying 1 < 5 < K — 1, its sampling proportion is

This is a direct example of the sub-optimality of the trivial solution

Theorem 5 demonstrates an important phenomenon that shares in all dimensions: in the
feasible case, the optimal strategy should only sample arms whose means are extreme points,
and in the infeasible case, it should sample all arms. And if we can prove analogs of the
results for the stopping rule, it is possible to fully extend Thompson-CHM algorithm to higher
dimensions. We call A\* the point that is on the boundary of Conv(p) that minimizes the Iy
distance between v and v*, and we vertically project all the means 1, - - - , g to the line that
connects v and v*, and denote the projected points to be pu7, - - -, i}, then the d-dimensional
distributions with means p,- - , ux are feasible (infeasible) with respect to v if and only if
the 1-dimensional distributions with means uf,--- , uj are feasible (infeasible) with respect
to v on the line that connects v and v*. With this important fact, it is possible to prove
our conjecture that the analog of Thompson-CHM (described below) is also asymptotically
optimal in higher dimensions using similar techniques in the one-dimensional case.

We now generalize the Thompson-CHM algorithm to higher dimensions by replac-
ing the Bernoulli distribution with a categorical distribution with parameters §; =

filpesys -+ 4 ths,,,7y). Assuming oracle access to the functions f; for 1 < i < k, the analog
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of Thompson-CHM algorithm in d-dimensional case is stated below. The future work is to

find the exact form of functions f; and prove the asymptotic optimality of d-dimensional
Thompson-CHM algorithm.

Algorithm 7 d-dimensional Thompson-CHM (d > 2)

Input: stopping rule 7 with threshold function Thresh(d,t), risk §, threshold ~, Categor-
ical distribution parameter 5y, --- , Bk.
Output: decision rule I (p) € {feasible, infeasible}
fort=1,--- do
if stopping rule 7 holds then
if 7 = 73 then
return [, (pu) = {feasible}
else
return I, (p) = {infeasible}
end if
end if
Sample 0; = (0,1, , 0, k) ~ IL,_1(-|p feasible).
Sample B ~ Categorical (51, -+, fx)
if B =1 then
Play arm A; =14
end if
end for
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APPENDIX B

Appendix for Chapter 2

B.1 Proofs and Supplementary Materials

B.1.1 Proof of Theorem 6

We prove the two cases separately.
Feasible case. Let y; = \;—~. The closure of the infeasible set in the translated coordinates
1S
A= U {(y1,...,yK) culy; >0, 0= 1,...,K}. (B.1)
ueSd-1

Indeed, if 0 ¢ Conv(yi,...,yx), the strong separating hyperplane theorem gives a vector
u € S9! such that u'y; > 0 for all i. If 0 lies on the boundary of the convex hull, the
supporting hyperplane theorem gives u'y; > 0 for all i. Conversely, if such a u exists,
then replacing y; by v; + cu gives u' (y; + u) > 0 for all i, hence the perturbed instance is
infeasible. Therefore the original point is in the closure of the infeasible set.

Since the objective in (2.1) is continuous in A, the infimum over the alternative set equals

the infimum over its closure. For fixed u, the least-cost way to move x; into the halfspace
HF ={zeR:u"2 >0}
is the Euclidean projection of x; onto H; . Thus

. 1 s 1 T \2
inf 3 |z — uil|” = 5 (—u x,-)+.

yiu y; >0

Summing with weights w;, and then taking the infimum over u € S !, gives (2.4).

Infeasible case. Now the alternative set is the feasible set. A translated mean vector
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Y = (y1,...,yxk) is feasible if and only if there exists ¢ € Ak such that

K
> gy = 0.
=1

For fixed ¢, write y; = x; + h;. We must solve

.....

K K
mf { Zwl Ilh; H Zqihi = —Z%’ﬂ?z}- (B.2)
i=1 i=1

Assume first that w; > 0 for all 7. Let

K
= Z q;iZs-
i=1

The Lagrangian is

1 K K
L(h §sz 1hall* + 0" (ZQihi+m(Q)>'
i=1
The first-order conditions give
_ G
w;h; + qin = 0, h; = ——n.
W

Substituting into the constraint yields

and therefore
m(a)

z 1 4; /U)Z
The optimal value of (B.2) is

L [Jm(q)|”
2 ZzK 147 [wi
Taking the infimum over ¢ € A gives (2.5) when w has full support. If some w; = 0, the
same formula follows by continuity from allocations w® = (1 —e)w +¢(1/K,...,1/K), with

the convention stated in the theorem. This completes the proof.
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B.1.2 Proof of Proposition 2.4.1

For a fixed direction u € S, define

The feasible game is

sup inf sz i

wEA K UES d—1

Let x; be a non-vertex. Then there exist vertices x, € V and coefficients a,, > 0,
> ey @ = 1, such that

T = Z Qy Ty

veV

The map

is convex on R. Hence, for every u € S¢ 1,

Ej(u:< TZavxv>2<Zav (~u2)’ = 3 avkulu)

veV + veV veV

Therefore, if an allocation w assigns mass w; to arm j, we may remove this mass and

redistribute it to the vertices by adding w;a, to each vertex v. The quantity
i

does not decrease for any u. Thus the infimum over u does not decrease. Repeating this

argument for all non-vertices gives an optimal allocation supported on vertices.

B.1.3 Proof of Proposition 2.4.3

For any probability measure p € P(S%1), define

Z w; / li(u) p(du).
Since the infimum over u € S?! equals the infimum over point masses p = d,, we have

inf Zw“ = inf O(w,p).

ueSd-1 pEP(S4-1)
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The function @ is bilinear in (w, p), and both Ax and P(S?1) are compact convex sets

under the usual weak topology. By Sion’s minimax theorem,

su inf  ®(w,p)= inf sup ®(w,p).
weApK/JEP(Sd‘I) (w.p) pGP(Sd‘l)weApK (w.p)

For fixed p,
sup P(w, p) = max /d 1 li(u) p(du),
-

wed 1Si<K

which proves (2.6).
Let w*, p* be a saddle point with value V. Then

O(w, p*) <V < d(w*, p) Yw € A, p € P(STH).

The left inequality implies
max / Ci(w)p*(du) = V.

Since

Sl [ () (du) =V,

any arm with w} > 0 must satisfy (2.7). The right inequality, applied to point masses p = 4,
implies

S wit(u) >V Vu € S

Since

[ S witi(w)p(du) = V.

p* can put mass only on directions for which equality holds. This proves (2.8).

B.1.4 Proof of Proposition 2.4.5

Let v = 0, d = 2, and let the six arms be the vertices of the regular hexagon on the unit

k k
xk:<cos7rsin7r>, k=0,...,5.

circle:
3’ 3
Consider the uniform allocation wy = 1/6. For any unit vector w, the six vertices form three

antipodal pairs. From each antipodal pair, exactly one squared projection contributes to
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and the three representative directions 0, 7/3,27/3 satisfy

2
S oe] =5t

Therefore .
Z (—uTxk)Q = — Vu € St
k=0
Thus .
o1 1 T 2 1

No allocation can achieve value larger than 1/8. Indeed, if U is uniform on S!, then for

E {(—U%)ﬂ _ i

every fixed unit vector z,

Hence, for any allocation w € Ag,

2 13 T \2 1
ulélel — Zwk ( U xk) < Ey [2;—%10;{ (—U xk)J =3
Combining this upper bound with (B.3), the uniform allocation over all six vertices is optimal.
Now consider any Carathéodory certificate S with |S| < 3. If |[S| < 2, or if 0 lies on the
boundary of Conv{z; : i € S}, then there exists a direction u for which u"z; > 0 for all
i € S, and hence V(S) = 0. The only three-point subsets of the regular hexagon containing
the origin in their interior are the two equilateral triangles. For such a triangle and any
allocation w € A(S), choose j € S with w; = max;esw; > 1/3, and take u = ;. The other
two vertices have inner product —1/2 with u, while u"z; = 1. Therefore
1 1 1-—

S wi () =5 (- w) =

€S

Thus V(S) < 1/12 for every full-dimensional Carathéodory certificate S. Since 1/12 < 1/8,

no single Carathéodory certificate is statistically optimal.

B.1.5 Proof of Proposition 2.5.1

Let
p = dist(0, Conv(zy, ..., zx)).

Since the instance is infeasible and the convex hull is compact, p > 0.
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The uniform allocation w; = 1/K has strictly positive value. Indeed, for every ¢ € Ay,

=y

Z qiT;

and )
4 _ 2
};1/ K}i:ql <K.

Therefore

> 0.

inf 1% gzl | > .
€k 232/ (1/K) — 2K

Thus the optimal value is positive.
Now suppose w; = 0 for some arm j. In (2.5), choose ¢ = e;. Then the denominator
contains q]?/wj = +00, so the value is zero. Hence C'(w, ) = 0, and such a w cannot be
optimal because a strictly positive value is achievable. Therefore every optimal allocation

has full support.

B.1.6 Proof of Proposition 2.5.2

It is enough to argue at the level of the original variational problem. For fixed w, the

infeasible-to-feasible cost is

1
W)izwi\w—mu? (B.4)

in
A:0€Conv(A1—7,..., A g —

For any feasible A, Carathéodory’s theorem gives a vector ¢ € Ax with
[supp(q)| <d +1, 3 (N =) =0.

Thus every feasible alternative is feasible through a certificate supported on at most d + 1
arms. Therefore the infimum in (B.4) is unchanged if one restricts to such certificates.

Applying the fixed-¢ calculation from the proof of Theorem 6 gives (2.11).

B.1.7 Proof of Theorem 8

Let
K
£ = {w > 10 YN ()l < ﬁ(t,é)} .
i=1

By Assumption 7,
P.(&)>1—0.
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On &5, suppose the algorithm stops at time ¢ and makes an incorrect decision. Then the true
mean vector p belongs to the alternative set relative to the empirical answer I,. Therefore,
by definition of Z(t),

1 & )
)< 5 LN 13:(0) = gl < B(2.9).

This contradicts the stopping condition Z(t) > (5(t,d). Hence no error occurs on &, and the

error probability is at most 9.

B.1.8 Proof of Lemma 2.6.1

ince N;(t) — oo, the strong law of large numbers gives
fi(t) — almost surely

for every arm. Hence Z;(t) — ;.

If the true instance is feasible and regular, then 0 € int Conv(zy, ..., zx). Since the em-
pirical points converge to the true points, the empirical instance is feasible for all sufficiently
large t. Therefore (2.13) applies eventually, and

Z(t) _ 1« Ni(t)

- = inf Zi:t(—uTa?i(t))i

ueSd-1 2

The functions inside the infimum converge uniformly over the compact sphere S*~!, because
they are continuous in u and the coefficients and empirical means converge. This proves
(2.18) in the feasible case.

If the true instance is infeasible, then
dist(0, Conv(zy, ..., zk)) > 0.

Again by convergence of the empirical means, the empirical instance is infeasible for all

sufficiently large ¢. Formula (2.14) applies eventually. If w has full support, then

2t _ o ISan)
0 b 23, /(N0

The objective converges uniformly over the compact simplex Ay, giving (2.18). If some
w; = 0, the same conclusion holds in the extended sense induced by the convention of

Theorem 6; for the optimal infeasible allocation this issue does not arise by Proposition 2.5.1.
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B.1.9 Proof of Corollary 2.6.2

By Lemma 2.6.1,
Z(t) = tC(w, ) + o(t) almost surely.

For every ¢ > 0, eventually
Z(t) 2 t(C(w, p) — ).

Combining this with the asymptotic property (2.16) of 5(t, d), the stopping condition holds
for all .
+ e
t>_————log(1/d
= Ol e E

when ¢ is sufficiently small. Letting ¢ | 0 gives (2.19).

B.1.10 Proof of Lemma 2.7.1

The forced-exploration rule guarantees N;(t) — oo for every arm. Hence
ai(t) — almost surely
for all 7. By Assumption 9,
w(t) — w*(p) almost surely.

Therefore .
1 -~ *
7 > w(s) = wH(p). (B.5)
s=K
The number of forced-exploration rounds up to time ¢ is o(t), since each forced pull is
used only to keep N;(t) > +/t. On the non-forced rounds, the algorithm uses cumulative
tracking. The standard tracking argument shows that the discrepancy between the actual

number of pulls and the cumulative target allocation is o(t):

t

Ni(t) = Y wy(s)

s=K

max
(2

Indeed, at every non-forced round the arm with largest positive deficit is selected, so the
maximal deficit cannot grow linearly; the forced rounds contribute only o(t). Combining
(B.5) and (B.6) gives
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B.1.11 Proof of Theorem 10

Correctness follows from Theorem 8. By Lemma 2.7.1,

N(t
t() — w* () almost surely.

Applying Corollary 2.6.2 gives (2.20).

The information-theoretic lower bound gives, for every d-correct algorithm,

... Eu[m]
lim inf —# 000 > ).
it e 1/e) = Telw)

The almost-sure upper bound (2.20), together with uniform integrability, gives

: E,[7s]
| _TRUO <o .
D fg(1/0) = o)

Thus (2.21) follows.

B.1.12 Proof of Proposition 2.8.1
Since the true instance is feasible and belongs to the interior of the feasible set, the posterior
probability of the conditioning event tends to one:
I, (v € Conv(by,...,0k)) — 1 almost surely.
Thus the conditional posterior still concentrates at . By continuity,

w” (6) — w' ()

in posterior probability, conditionally on the past. Therefore the conditional sampling prob-
abilities
Vilt) = P(Ay =i | Fooy) = B [w](6,) | i1, 6 feasible]
satisfy
Vi(t) = wi (1) almost surely.

The martingale strong law for bounded martingale differences gives

zt: (1{As =i} —i(s)) =0 almost surely.

s=1

S
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Hence
Ni(t)
=

1 t
n > i(s) + o(1) = w; () almost surely.
s=1

The asymptotic optimality statement follows from Corollary 2.6.2.

B.1.13 Proof of Lemma 2.8.2

The first statement is the standard over-allocation criterion used in top-two Thompson sam-
pling and Murphy sampling analyses. Intuitively, (2.26) says that once an arm has been
sampled more often than its target proportion by a fixed margin, it receives only summably
many additional conditional pulls. This prevents persistent over-allocation of any coordi-
nate and forces 1(t) to converge to w*(u). The convergence of N(t)/t then follows from the

martingale strong law for bounded martingale differences:

S

Xt: (1{As =i} —i(s)) =0 almost surely.

s=1

B.1.14 Proof of Theorem 13

Fix an arm 7 and € > 0. Consider times t such that

i(t) > wi(p) + €.
By Assumption 12, there exists ¢ > 0 such that

. Ba0)> ot B 0) +

By the posterior large-deviation principle,
(F) < exp (—t | jnf Ry (6) + ¢+ o(1)]).

whereas
II,(F) = exp (—t ngjfT Ry (0) + 0(1)]) .

Therefore
PO, € Fi | 6, € F,Fi1) < exp(—ct+o(t)).

Since g;(f) = 0 outside F; and 0 < ¢g; < 1,
Vi(t) =Elgi(0;) | 0, € F, Fi_1] < exp(—ct + o(t)).
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Thus
sz YL{i(t) > wi(u) + €} < oo,

Lemma 2.8.2 gives

() = w*(p), Nt(t) — w*(p) almost surely.

The asymptotic optimality follows from Corollary 2.6.2.
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APPENDIX C

Appendix for Chapter 3

C.1 Proofs and Supplementary Materials

In this appendix, we include a more detailed introduction to the oneshot top-k selection

mechanism from Qiao et al. [2021].

C.1.1 the Oneshot Differentially Private Mechanism

We recall the one-shot differentially private mechanism Qjiao et al. [2021] and the theoretical

results needed for our analysis.

Algorithm 8 The oneshot Mechanism M for Privately Reporting Minimum & Elements

Input: database D, functions f = (f1,---, fi) With sensitivity s, parameter k, and the
noise scale \
Output: indices 4y, ..., and approximations to f;, (D), -, fi. (D)
: for 1 =1 to m do
set y; = fi(D) + g; where g; is sampled i.i.d. from Lap(\)
end for
sort y1,...,Ym from low to high, v;, <y, <--- <y,
return the set {4y, ...,4} and f;; (D) +gz’»j, where 1 < j < k and gz’»]_ are fresh independent
random noise sampled from Lap(\)

In Qiao et al. [2021], the authors provided the privacy guarantees for both pure differential

privacy and (g, §)-differential privacy for the mechanism as below.

Theorem 23. The oneshot mechanism is (e,0)-differentially private if we set X = 2ksy/e

or larger.
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Theorem 24. Given ¢ < 0.2, 6 < 0.05 and m > 2, the oneshot mechanism is (e,9)-
differentially private if we set

8sry/klog(m/9)

€

/\oneshot -

or larger.

The TOP;, operator is the oneshot differentially private top-k mechanism: it (i) adds
a single i.i.d. Laplace vector to |v| to choose the top-k support and then (ii) adds fresh
independent Laplace noise to the reported values on that support (remaining coordinates set
to zero). We denote the output of the oneshot top-k algorithm applied to a vector v € R?
as TOPg(v;e,d,\), where ¢, are privacy parameters and A is the parameter of the Laplace

noises in the algorithm.

C.1.2 Proof of Theorem 15 and Theorem 16

We begin by revisiting some of the setting and notations used in the algorithm statements.
The dataset is D = {(z;, y;)}?, with 7; € R? y; € R. We call two datasets adjacent D ~ D’
if they differ in exactly one record. We assume ||2;]|co < max for all i, and we use response

clipping v := clip r(Yi) € [-R, R]. The empirical squared loss and its gradient are

21 z;( clip _ ij)Q, VL) = —i ;(yfllp - xlTG) x

Within iteration m, DP-NIHT computes v = 0™ —nVL(6"™ | D), then applies the oneshot
DP TOP; operator to the magnitudes |v| using i.i.d. Laplace noise of scale \,, = nB/n,
and finally projects onto the ¢;-ball of radius C: #(™+1) = I15(#+Y). Throughout the M
iterations, per-iteration privacy budgets are (€,,,d,,) = (e2/M,0/M) with e9/M < 0.2 and
§/M < 0.05.

We present a few basic lemmas we will use in the proofs.

Lemma C.1.1 (Per-iteration /., sensitivity of the thresholding input). Fiz an iteration m
and assume |07 ||, < C. Then the map D — v(D) = ™ —nVL(0™ | D) obeys

2
||U(D) - U(D,)HOO < Soo fOT all D ~ Dl; Soo = #xmax(R—FxmaxC’)-

Lemma C.1.2 (Post-processing invariance). If a (possibly randomized) map M is (,6)-DP

and ® is any (possibly randomized) map, then ® o M is also (,9)-DP.
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Lemma C.1.3 (Basic composition). Suppose we run M mechanisms sequentially on the
same dataset D: for each m, conditional on all previous outputs, the m-th mechanism My,

i (Em, Om ) -DP. Then the joint mechanism (that outputs the entire transcript, or any function
thereof) is (Z%zl Emy DM 5m) -DP.

Proof of Theorem 15 (privacy of DP-NIHT). Fix any iteration m € {0,..., M —1},
by Lemma C.1.1, the vector fed to the oneshot mechanism has /., sensitivity at most s,, =
20 max (R + TmaxC). Because absolute value is 1-Lipschitz, the same so applies to [v]. By

construction, the oneshot mechanism in line TOP; uses \,, = nB/n. Under the calibration

nB 8 S0 1/ S log(d/dy) ‘ (52 5 )
> h — [ —
with (&m, 0m) = \ 37 37 )

n Em

By Theorem 24 we have that D +— 60"1) is (e,/M,§/M)-DP. The subsequent projection
gim+l) — HC(§(W+1)) is a post-processing step, so by Lemma C.1.2 the same per-iteration
privacy holds for #*+Y_ Applying Lemma C.1.3 over m = 0, ..., M — 1 yields that the joint
transcript (01, ..., 000) is (g5, 8)-DP. Finally, releasing only the last iterate fp = 09 is a
measurable function of the transcript, hence also (e2,d)-DP by post-processing invariance.

Hence we have proved Theorem 15. O

Proof of Theorem 16 (privacy of DP—DS). The DP-DS algorithm releases two objects:
a privatized sparsity level ¢ € Z and then a DP-NIHT estimate followed by a final keep—c
truncation. We prove Theorem 16 by three steps.

Step 1: privacy of ¢. Let c,,(D) € Z denote the nonprivate count (number of nonze-
ros) computed internally from a nonprivate estimator. Define the clipped count ¢(D) =
min{ 5, max{«, c,p(D)}} € [a, 5] NZ. For any D ~ D', |¢(D) — ¢(D')] < B — « trivially
because both values lie in [a, §]. Thus the global ¢; sensitivity of ¢(-) is at most A := 5 —a.
The mechanism releases ¢ = ¢(D) + Z, where Z is double-geometric (discrete Laplace) noise

with
1—e /A

=T oam A

Pr(Z = 2) z €7,

optionally followed by re-clipping and rounding. For any two integers ¢,

—exp{ =2 (1t = D) = |t = D)} < exp{TleD) (DI} < e,

where the last inequality uses |c¢(D) —c¢(D’)| < A. Therefore ¢ is (1, 0)-DP. Any subsequent

clipping/rounding of ¢ is post-processing and does not affect the privacy.
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Step 2: privacy of the DP-NIHT stage conditional on ¢. Condition on an arbitrary
realized value of ¢ (hence, of s := ¢ used inside DP-NIHT). By Theorem 15, provided the
8 S00 1/ S log(dM /)
R go/M
map D +— 0p is (e29,6)-DP for that fixed s. If B is fixed before the sparsity release, the same

oneshot scale satisfies \,,, = nB/n > with so, = %xmaX(R—i— TmaxC), the

conclusion holds by calibrating with sy, = min{d, [p5|}. If B is chosen after the private
sparsity has been released, it is a post-processing function of ¢ and the conditional guarantee
applies for every realized value.

Step 3: composition and truncation. We have now two sequential releases: first ¢ with
(£1,0)-DP, then Op with (g5,8)-DP (conditionally). By Lemma C.1.3, the pair (¢,0p) is
(g1 + €3,0)-DP. The final estimator § = Keep-Nonzero(fp, ¢) is a measurable function of

(¢, ép) and therefore enjoys the same privacy by Lemma C.1.2. ]

C.1.3 Proof of Theorem 17

C.1.3.1 A one-shot hard-thresholding inequality

For a vector z, let Sq(2) denote the indices of the s largest entries of |z|. If T" is the support

selected by the one-shot mechanism from the noisy scores |z;| + g;, write Hyp(z) = 2.

Lemma C.1.4 (Noisy hard-thresholding stability). Let z,t € R? with [[t|o < s* < s. Let T
be the size-s set selected from |z| + g, where |||l < u, and let & be any vector supported

onT. For any a,b,c > 0,
||HT(Z) + fT - t”% S A<a7 b= C) ||ZTUSHPp(t) - t”% + C(a7 b’ C) Su2 + (1 + CL)HfT“%,

where

Aa,b,c) = <1+i> [(1+b) + (1+2>(1+c)3*}

S

and C(a,b,c) > 0 depends only on a,b, c.

Proof. Let I =T Usupp(t) and let S be the exact top-s support of z;. Since || < s+ s*, the
standard deterministic top-s counting lemma for IHT (see, e.g., Chakraborty et al. [2024])

gives, for every ¢ > 0,
*

S
lznsllz < (1 +e)— ll2r = ¢]l3.

The noisy support 7' can only lose an element of S if it is replaced by an element whose

noisy magnitude is at least as large. Pairing indices in S\ T with indices in 7"\ S and using
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gllec < u gives
S*
lnells < (L+0llznslls + Cesu® < Cirllzr — 3 + Cosu®,
where the constants depend only on ¢. Now

1
Fr(2) = 8 = I(Fr(2) = 20) + (1 = OB < (L4 B)zr — B+ (1+ 3 ) lenal

Finally apply Young’s inequality to the fresh value noise,

1
IHr(2) + & =t < (142 )1 Hr(2) =+ (1 + @) e
and combine the preceding displays. O

C.1.3.2 Contractive recursion

Write S,, = supp(#™), S* = supp(#*), and T}, for the support selected at iteration m.
Put I, = Ty U S* and J,,, = I,, U S,,, so that |I,,] < s+ s* and |J,,,| < 2s + s* = k.

Lemma C.1.5 (One-step bound). Assume (A1)—(A4) and work on E. If s > Cyr(ko)?s*
for a sufficiently large universal Cy, then there exist universal constants c,C' > 0 such that

for all m,

He(m+1) —b* z+ CF&(]CQ)?]Z(QS 4 S*)§2

2 C
< _ (m) _ p*
L= (1 gy o o
+ Crilko)sA’7? + Crilko) €57

Tm,+ 1

(C.1)

2
5"

Proof. Because C' > ||0*||1, Euclidean projection onto the ¢; ball is non-expansive around 6*:

107D — 6% ||y < ||H,,, (00 FY2) 4 €7 — 07,

m—+1

Apply Lemma C.1.4 with z = v™*/2 ¢ = ¢* and u = A on E. Choose a = k(k)
and b =< 1/k(ko). Since s > Cok(kg)?s*, the coefficient A(a,b,c) in Lemma C.1.4 is at most
1 + ¢1/k(ko) for a sufficiently small numerical constant ¢; > 0 by taking Cy large enough.
Thus

100D — 972 < (1 + K(C; )> [ 72— 0¥12 + Cho) %7 + Cr(ko)JET 2. (C.2)
0

For the gradient step, the vector #™ — * is supported on S,, U S* C J,,. Since |J,,| < ko

94



and n = 1/(2r(ko)),

1
I—nE) (O™ —o* < (1= ——] 16" — 6.
7= 10"~ 0, < (1 5| 16 = ]

Moreover, on Ev, ||[VL(0*)r, |3 < [1.]|7* < (s+5*)g?. Hence, for a numerical constant C' > 0,

m * 3 m * *\ =
o™/ _ g2 < (1 _ 3o ) 1699 — 0°|2 + Crlho)®(s + 57,
r(ko)

with ¢; > 0 universal. Combining this display with (C.2), and taking ¢; small relative to ¢,
yields (C.1). O

Lemma C.1.6 (Unrolling). Under the conditions of Lemma C.1.5, for M > 1,

2 c \" ©) _ px
< (i) oo

+ Cri(ko)® [max HS(TZ)H

(s +5)9°
ﬁ(ko)Q

g (C.3)

o — o+ e + Crlk)2s\2r?

2

Proof. Tterate (C.1) and use Y ;50(1 — ¢/k)! < Ck. The gradient term is bounded as
k(ko)?n?(s + s%)g*> < C(s + s*)g*/k(ky)?. For the value-noise term, the additional factor
k in (C.1) and the geometric sum together give the multiplier k2 in (C.3). O

C.1.3.3 Proof of the main theorem

From (C.3) and ) = 0,

oo 2

2 AM o (s+ 595 2 .\2. 2 2 (m)
< (1) 10+ O+ O 4 O s,

2 J

where k = r(ky). Since ||6*]2 < [0%]7 < b?

max’

choosing M > cyk log(b?,.n) makes the

max

geometric tail at most 1/n. On &y,

2 < )\2
g = CeSA Te.

(m)
max H
0<m<M Tins

The projection of an s-sparse vector onto an ¢; ball remains supported on the same coordi-

nates, so the iterates are s-sparse and H,(#™)) = (™) Absorbing constants gives (3.3).
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C.1.4 Proof of Lemma 3.6.1

The lemma follows immediately from the quadratic form of the population risk. If h = 6 —6*
and ||h]jo < k, then

pop

N 1 L
F(Q) - F<9 ) = §hT2poph < %“h”%

C.1.5 Proof of Theorem 18

Since 6 is s-sparse and 6* is s*-sparse, the difference 0—0* is supported on at most s+s* < 4s

coordinates. Lemma 3.6.1 therefore gives

pop

* Ls n *
F()~ F(0) < 0 - 0]

Apply Theorem 17 with the empirical restricted eigenvalue constants taken at level 4s (which

is admissible since 2s + s* < 4s):

(s 4 5%)g?

n 1 n n
10— 672 < ~ C,y (2 + Cs (k)2 A272 + C(k{)2sA 2.
4s

Because s > s*, (s + s*) < 2s. Under the sub-Gaussian gradient event,

§2 < o222 log(d/a)

max :

n

Substituting this bound into the preceding display and multiplying by L} /2 yields (3.4).
The corollary follows by substituting A = B/ (2L§Z)n) and the displayed choices of 7 and
Te- ]
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APPENDIX D

Appendix for Chapter 4

D.1 Proofs and Supplementary Materials

D.1.1 Proof of Theorem 19

Fix an iteration m and condition on the transcript before the Dantzig-score selection step.

Then 6™ is fixed. For adjacent data sets D, D’ differing in one record,

lan(6™) = ap (0"™)|_ < i (Il = 2 0|2l oo + 195" — 2T 0™ 20 )

2xmax(R + mmaXO)
n

— A,

The absolute-value map is 1-Lipschitz in /., so the same sensitivity bound applies to
lgp(0™)]. The one-shot top-2s mechanism with scale b; is therefore (g;/M,;/M)-DP by
Theorem 6 of Appendix A.1.
Next condition on the active set U, produced by the previous private step. For this fixed
set, |Un| < 3s. The query
D — (Gu,,u,.,2u,,)

enjoys the /5 sensitivity bound

A

R / IR
Lium¥Yi — T30, Y5

2
T / / T
iU @i U LU L Urn HF + ’

o\ 1/2

)
1 2 2\ 1/2
< = o |1 AN R||x; R||z! )
< ((H:U Unllz + H%,Umllz) + ( 200, |2 + H%,Um\lz)

2K3,\/ K3, + R?

< F-
n

Thus the Gaussian mechanism with standard deviation op in (4.5) is (ep/M,ép/M)-DP

for the restricted score-map release. The restricted refit and the pruning step are post-
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processing.
By adaptive composition over M iterations, the full transcript is (¢; 4+ ep, d; + 0r)-DP.

Releasing only 6 is another post-processing step, completing the proof.

D.1.2 Proof of Lemma 4.2.1

The first display is exactly the operator-norm form of (4.2) on the principal submatrix Gpr.
For the second display, apply the first display on T' = A U B to a vector supported on B
and then restrict the result to the coordinates in A. Since A and B are disjoint, the identity

part contributes nothing on A.

D.1.3 Proof of Lemma 4.2.2

Let A=T\Jand B=J\T. Since |J| = k and |T| < k, we have |B| > |A|. Choose any
subset By C B with |By| = |A| and pair the elements of A and By so that each paired (j, )

satisfies the top-k ordering relation
la; + g; < |ai| + gi-
Hence |a;| < |a;| + 2w for every pair. Squaring and summing is not necessary; directly,
laall < llag,ll: + 2y/|Alw < [lag]> + 2VEw,

which proves the claim.

D.1.4 Proof of Lemma 4.2.3
Let A,, = supp(h(™). Since (™ is s-sparse and s > s*, |A,,| < 2s. On &g,
¢ =z —GO™ = e — Gh™.

Apply Lemma 4.2.2 to a = ¢™, T = A,,, k = 25, and J = J,,. With A = A,, \ J,, and
B=J,\ Apn,
15”2 < lag™ o +2v2swr. (D.1)

98



For the left-hand side, since A C A,,,

g5 ]l2 = llea — (GR™) 4]
> W5 s = lleallz — 11((G — DA™ ) 4]l
> WG [la — V25X — 05[] 5.

For the right-hand side, BN A,, = &, so hgn) =0 and

a5 l2 < lleslls + I(GR™) ]l
= |lesll2 + (G — )R™) 5|2
< V25N, + Gas| ™ 5.

Combining these bounds with (D.1) yields
IRV 1ls < 280 1Az + 2v/ 257, + 2V 2501,

Finally, supp(#™) C U,,, and therefore hgf%’ = —0f. . Moreover, Ug, N supp(h™) C A, \

Jm = A. Hence WZ) 2 < [|h§™]]s, proving the lemma.

D.1.5 Proof of Lemma 4.2.4

Let 5, = 63 Since ||0*||, < C, 5 is feasible for the refit problem. On &g,
2 — Guu By = Guuelye + eu.
By Lemma 4.2.1, valid because |U| + |supp(6}.)| < 4s,

||GUUCQEC

9 < 045|077

2.
Also |le|la < v/3s\,. Hence, on &,

||gm - émﬂl*f”2 < 543"9*6
S 543"6*6

2+ V35Ay + [[vmll2 + W55 2
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By optimality of Bon, its noisy residual is no larger than the preceding display. Therefore

Hém(gm - 5(?)”2 < Hgm - émBm”2 + Hgm - émﬁéHz
< 2 (Oual|O5ell2 + VB, + wr) .

The singular values of Gy are between 1 — d35 and 1 + d35. Since |[W,|lop < (1 — d35)/2,

~ 1 — 03,
3min<Gm) 2 11— 635 - HWmHop 2 > .

It follows that
1B = By ll2 < ¢ (dallOell2 + v/5An + wr) -

Adding the tail ||0}.||> gives (4.15); the constant ¢z absorbs the factor 1+ cdys.

D.1.6 Proof of Lemma 4.2.5

Let S be the support of Hy(b). Since H(b) is the best s-term approximation to b in Euclidean

norm and #* is feasible for the same approximation problem,
16— H; ()]l < [[b— 072
The triangle inequality gives

[Ha(b) = 0"[l2 < [[Ha(b) = blla + (b — 67|z < 2[|b — 672

D.1.7 Proof of Theorem 20

We work on Eg N E, NE; N Ep. Combining Lemmas 4.2.3, 4.2.4, and 4.2.5, we obtain

IR0y = [0 — 67|,
< 2[|9Y — 67
< Cl0gc |2 + CV/sAn + Cwp
= C|IAG |l + Cv/shn + Cup
< O0ge||R™ ||y + CV/5( A + wi) + Cwp.

Choose the universal constant dy in the theorem small enough that C'dys < 1/2. Then

1
[l < SR 2 4+ CV/5(An +wi) + Cur. (D-2)
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Unrolling (D.2) and using ) = 0 gives
1Rz < 27167l + CV/s(An + wi) + Cwp.

Since [|0*]|s < ||6*]]; < C, the choice M > ¢olog(C?*n) ensures 272M||6*]|2 < 1/n. Squaring
the preceding display and increasing constants yields (4.11). The probability statement
follows from the bounds for &,, &, and Ep, and from adding P(E%,) if clipping may occur.

D.1.8 Proof of Theorem 21
By the definition of 8™+ and the event Ep,
lan (0™ N N2 = 20, — Gut B2

< |Zm = Gl + [vmll2 + ClIWinllop

< Zm = Gy, |12 + wr
The same calculation as in the proof of Lemma 4.2.4 gives
|Zm — émG*UmHQ < §4SH9*7CRH2 + vV 3sA, + wp.

Using 67 = —hg;) and Lemma 4.2.3 proves (4.19). The final display follows by applying
the recursion (D.2) up to iteration M — 1.

D.1.9 Proof of Theorem 22

The claim follows from

L
0073

F(O) ~ F(0") = 50— 67) S0y (0 - 07) <

and Theorem 20.
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