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ABSTRACT

High dimensional data analysis has become increasingly frequent and important in diverse
fields of sciences, engineering, genomics, and machine learning (ML), and it has quite evi-
dently spawned new complexities concerning modern problems ranging from variable selec-
tion, distributed learning, and computational efficiency, data privacy, and online decision-
making. To address these modern emerging statistical problems in data science, my research
focuses on the intersection of high-dimensional statistics and the above modern ML problems.

The first chapter studies the problem of exact support recovery for high-dimensional sparse
linear regression when the signals are weak, rare, and possibly heterogeneous. Specifically,
we broaden the theoretical understanding of model selection accuracy of best subset selec-
tion (BSS) and marginal screening (MS) under independent Gaussian design. Furthermore,
to overcome the computational bottleneck of BSS, we also propose an efficient two-stage
algorithm called “Estimate Then Screen” (ETS) which shares exactly the same asymptotic
optimality in terms of exact recovery as BSS.

The second chapter follows up on the work of the first chapter by considering correlated
features. In this chapter, we also study the model selection accuracy of BSS. We show that
apart from the separation margin between the true and noise variables, the complexity of
residualized signals and projections of spurious features also play intricate roles in character-
izing the model consistency of BSS. In this chapter, we demonstrate the interplay between
the margin separation and the two complexities through a simple margin condition which
further helps to understand the theoretical properties of BSS.

In the third chapter, we propose a differentially private algorithm for model selection
under the high-dimensional sparse regression setup. We adopt the well-known exponential
mechanism for designing a sampling scheme that can identify the true set of features under
desirable conditions on the signal. In fact, under low privacy regime, we show that the min-
imum signal strength requirement exactly matches the requirement under the non-private
setting. Moreover, to achieve computational expediency over the intractable exponential
mechanism, we design a Metropolis-Hastings chain that quickly mixes to the target distri-
bution to generate private estimates of the model.

In the final chapter, we propose a novel Thompson sampling algorithm for the high-

x1



dimensional sparse linear contextual bandit. We specifically use a sparsity-inducing prior
for Thompson sampling that exploits the low dimensional structure of the problem, and
we theoretically show that our algorithm enjoys desirable regret bound. Furthermore, for
computational speed-up, we adopt a variational inference framework and demonstrate the

superior performance of our algorithm over its competitors both for simulated and real data.
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CHAPTER 1
Introduction

High-dimensional data has become increasingly abundant in contemporary machine learning
(ML) problems across diverse fields of science including genomics, engineering, and computer
vision. However, the rapid growth of data and modern artificial intelligence (AI) technologies
have also presented new challenges related to data privacy, computational scalability, and
reliable decision-making. To resolve these important problems through the advancement of
responsible Al research and open science (Vicente-Saez and Martinez-Fuentes, 2018), two
key aspects of modern data science, my research has primarily focused on the intersection of
high-dimensional statistics and emerging ML problems in the areas of computation, model
selection, differential privacy, and online decision-making.
Over the last decade, differential privacy, on-
line learning, and algorithmic fairness have been ) m
@)

P ExplaabIeAI

.

Data privacy

at the forefront of ML research. However, statis-
tically principled investigations of these frame-
works for high-dimensional data are still rela-

tively rare. In the era of big data, this is par-

I

ticularly concerning as it questions the reliability = = = Data explosion “% 2

of existing ML frameworks that are being used in  online decision

Fairness

our everyday lives, thereby hindering the devel- Figure 1.1: Modern problems in high

opment of open science that advocates the shar-  jiension.

ing of scientific discoveries to all classes of com-
munity.

In my dissertation, I have made contributions to particularly address the issues related
to responsible ML research and open science by developing novel methodologies along with
theoretical justifications. Therefore, my dissertation paves the way to underpin modern Al
applications ranging from genetics and healthcare to computer vision and engineering. My

thesis touches upon the following important topics:



e Chapter 2: Scalable feature selection with optimal performance.

e Chapter 3: New theoretical insights on best subset selection (BSS).

e Chapter 4: Privacy protection in model selection.

e Chapter 5: Efficient Thompson sampling for high-dimensional bandits.

One recurrent theme in all of the above chapters is understanding the sparsity structure of the
underlying model. This is an important component of almost all high-dimensional learning
to battle the curse of dimensionality. In particular, it is imperative to avoid the polynomial
dependence of the ambient dimension in the learning rate, and there have been different
strategies to achieve this goal based on the different methodologies. Now, we will discuss

some of the strategies that have been used to induce sparsity in the learning mechanisms.

1.1 Sparsity inducing techniques

1.1.1 Frequentist methods

Over the past few decades, statisticians have developed a plethora of sparsity-inducing tech-
niques including LASSO (Tibshirani, 1996), SCAD (Fan and Li, 2001), and adaptive LASSO
(Huang et al., 2008). Essentially all these methods try to achieve a sparse estimate of the
parameter of interest by inducing a penalization term in the objective. For example, the
well-known LASSO method uses ¢1-penalty with the objective function to produce sparse
solutions. To be precise, in the case of high-dimensional linear regression, LASSO minimizes

the following loss function:
L(9) := |ly — X0+ A[|6]],

where X and y are the design matrix and response vector respectively.
However, all these approaches were developed as computational surrogates to the /(-

constrained problems where one solves the following optimization problem:

. 2
min ||y — X85, 1.1

min_ly = X0 (11)

where 5 is the sparsity budget. This is known as the best subset selection (BSS) prob-
lem. However, in general, the BSS problem is NP-hard, which is one of the reasons that
statisticians have been reluctant to use BSS. However, recent computational advancements
in Bertsimas et al. (2016); Bertsimas and Parys (2020) have rekindled the interest in ¢y

2



constrained problems both from practical and theoretical perspectives. In these works, the
authors developed a mixed-integer-optimization (MIO) framework for solving problem (1.1)
using commercial MIO solvers like GUROBI, CPLEX, and MOSEK. However, these meth-
ods do not scale very well with the ambient dimension. Therefore, significant effort has
been given to propose methods that have better performance with the scaling of the ambient
dimension. See Chapter 2 for more detailed discussion on this. However, there is another
family of first-order methods that also enjoys good performance under high-dimensional re-
gression settings. The well-known iterative hard thresholding (IHT) (Jain et al., 2014; Liu
and Foygel Barber, 2020) falls under this category which is essentially a projected gradient
descent method. Typically, such methods are way faster than the MIO solvers in high-

dimensional regimes.

1.1.2 Bayesian methods

In the Bayesian setting, the most important component of the learning method is to choose a
proper prior over the parameter space. If there is prior knowledge about the structure of the
parameter, then one can choose an appropriate prior on the parameter space to invoke that
structure. In the sparse regression case, one has to consider sparsity-inducing prior. Popular
choices are slab-and-spike prior (George and McCulloch, 1993a; Mitchell and Beauchamp,
1988) and horseshoe prior (Carvalho et al.,; 2010a; Piironen and Vehtari, 2017).

In the slab-and-spike prior approach, estimating the p-dimensional sparse parameter 3
begins with placing independent slab-and-spike prior on each component 3, for j € [p]. A

particularly appealing spike-and-slab prior has been

7(B; [ 75, A) = (1 =)0 +%4(B; [ A), 7 €0, 1] (1.2)

where ¢y is the Dirac distribution at zero and ¢ (- | A) is an absolutely continuous distribution
with hyperparameter X. If 7;’s are small, then prior (1.2) will induce more sparsity in the
model. Such prior structure can be alternatively viewed as placing prior on the space of
models and then placing prior (- | A) on the components of the selected model. Therefore,
posterior computation in such models leads to numerical bottlenecks as it takes account of
an exponentially large number of model candidates.

On the other hand, the horseshoe prior (Carvalho et al.,; 2010b), which is a continuous
shrinkage prior, takes a different approach: instead of placing prior directly on the model, it
models directly the posterior inclusion probability P(3; # 0 | D), where D is the observed
data. To illustrate this point, consider the normal means model: y; | 6; ~ N(6;,0?). If the

vector @ = (6,...,60,) is known to be sparse then one can construct the following prior on



0; | (\i, ) ~ N(0, \}7%), A} ~ Half-Cauchy(0,1),i=1,...,n.

Here the parameter 7 plays the role of the global shrinkage parameter. Under this model, the
posterior mean of ¢; turns out to be E(6; | v;) = {1 — E(x; | v;) }ys where r; = 1/(1 + \272).
Therefore, k; ~ 0 yields virtually no shrinkage on #;. On the contrary x; ~ 1 indicates high

shrinkage over 6;.

1.2 Minimum signal strength condition

A very important concept that will be revisited again and again throughout this thesis is
the minimum signal strength condition. Consider the linear model y = x'3 + ¢, where ¢
is random noise. Also, assume that 3 is sparse. Under such a model. it is well known
that each non-zero component of 3 needs to be large in absolute value to be identified by a
statistical procedure. In other words [y, == ming.g o ‘,Bj| needs to be large enough so that
a suitable method can distinguish them from zero. Otherwise, it is possible that no method
can recover the non-zero support of 8. For the past few decades, there has been ample
research in this direction (Rad, 2011; Wainwright, 2009a,b; Fletcher et al., 2009; Genovese
et al., 2012; Ndaoud and Tsybakov, 2020). There is also a long line of works that shows
certain phase transition phenomena on f3,,;, under the sparse regression setting. A detailed

discussion on this can be found in Ndaoud and Tsybakov (2020) and Chapter 2.

1.3 Thesis organization

Next, I provide brief descriptions of the individual chapters.

Chapter 2: Scalable feature selection with optimal performance. Feature selec-
tion is an important component of feature engineering in modern Al applications that aims
to find better representations of predictors (i.e., features) to improve the predictive perfor-
mance of ML models. In addition, feature selection is often used as a dimension reduction
scheme in various scientific fields ranging from genetics (Ang et al., 2015; Liu et al., 2018)
to signal processing (Lu et al., 2016; Alotaiby et al., 2015), which leads to more efficient
and explainable statistical models compared to other complicated neural network models.
However, the BSS approach (Miller, 2002), a classical feature selection method, has eluded
ML community for a long time mainly due to its computational inefficiency despite some
of the recent computational advancements (Bertsimas et al., 2016) and promising empirical
findings (Hastie et al., 2020). In our work Roy et al. (2022), we theoretically justify the



superior performance of BSS through a novel analytical framework, thereby broadening the
current understanding of BSS. Moreover, we propose a new computationally efficient feature
selection method that enjoys the same optimal performance as BSS in practice. Therefore,
our proposed algorithm can be used as a more reliable and efficient dimension reduction
scheme for much larger datasets, contributing to the promotion of responsible Al and open

science in contemporary data science practices.

Chapter 3: New theoretical insights on best subset selection. Over the past
decades, the BSS approach has received considerable attention due to its wide applicability
and intuitive nature. For example, in genetics research, BSS approaches have become the
“gold standard” for feature screening processes (Guo et al., 2023; Kong et al., 2023; Mat-
sumoto et al., 2023) to achieve more interpretable and transparent predictions. However, this
necessitates the need for awareness about the possible pitfalls of BSS in the ML community
from a safe and responsible ML research point of view. In our work Roy et al. (2023), we are
the earliest to theoretically explore and point out the intricate influence of feature correlation
on the performance of BSS using a novel topological argument. Through our research, we ex-
plicitly identify two fundamental geometric quantities that relate to the correlation structure
of the underlying feature space and help us understand the quality of the selected features
via BSS. As a consequence, our theoretical findings can be used in practice to qualitatively
assess the outcome of the BSS approach using the correlation structure of the design, even
before its deployment. Therefore, our research takes the initiative to raise awareness about

the possible drawbacks of BSS and pave the way towards safe ML research.

Chapter 4: Privacy protection in model selection. The rapid growth of Al and the
abundance of data collection from edge devices like cell phones, personal computers, and
smartwatches, have put the privacy of personal data at risk. Therefore, differential privacy
(DP) Dwork (2006), a mathematical framework that guarantees data privacy protection
by ensuring similar output irrespective of the presence or absence of an individual in the
database, has emerged as one of the leading research areas in the landscape of modern
AT (Dwork, 2008; Steil et al., 2019; Wei et al., 2020; Kim et al., 2019). Although, DP
algorithms have been used in several ML problems including risk minimization (Jain and
Thakurta, 2014; Kasiviswanathan and Jin, 2016; Wang et al., 2017), density estimation
(Wasserman and Zhou, 2010), and hypothesis testing (Dwork et al., 2015¢), theoretical
investigation of model selection under the DP framework remained somewhat scarce for high-
dimensional data. This is concerning as model selection methods are heavily used in high-

dimensional genetic data containing sensitive information that may compromise patient’s



privacy, thereby hindering data sharing and delaying scientific advancements. In our work
Roy and Tewari (2023), we propose a computationally efficient DP algorithm for model
selection that enjoys superior utility compared to the existing benchmarks. In particular,
we adopt the well-known Metropolis-Hastings algorithm that generates a private estimate of
the model (set of influential features) within polynomial time in the problem parameters.
Therefore, our research provides the first private algorithm for model selection that provably
achieves high utility along with computational efficiency, allowing efficient sharing of scientific

discoveries to a broader community to practice open science.

Chapter 4: Efficient Thompson sampling for high-dimensional bandits. Contex-
tual multi-armed bandit (MAB) has been one of the most active areas of interest in diverse
fields of research ranging from clinical trials (Villar et al., 2015), personalized healthcare

(Tewari and Murphy, 2017) to the autonomous driving (Ferdowsi et al., 2019). In such

Recommendation
(arm)
User Conttranxtol::allMAB
(environment) (agent)

L@User features (context) J

@ Implicit feedback such as click
(reward)

Figure 1.2: A schematic diagram of bandit.

applications, the learner sequentially takes actions based on their past rewards and high-
dimensional features (See Figure 1.2) to gradually improve the decision-making process.
However, quick and accurate decision-making is of utmost importance in such applications
due to safety concerns. Thompson sampling (TS), a widely used heuristics, is a more effective
algorithmic framework than greedy MAB algorithms in many such applications (Chapelle
and Li, 2011; Kaufmann et al.; 2012) under low-dimensional settings. However, a similar
TS framework was lacking for high-dimensional bandit problems. In our work (Chakraborty
et al., 2023), we provide the first TS algorithm for high-dimensional sparse linear bandit that
uses a novel sparsity inducing prior distribution to achieve an almost dimension-free regret
bound guarantee including minimax optimal performance in many practical regimes. In addi-

tion, we design an efficient Variational Bayes framework that achieves computational expedi-



ency under the high-dimensional setting. Our algorithm achieves superior performance than
previously existing benchmark algorithms, which we demonstrate by an online cancer identi-
fication task on the well-known Gravier’s breast cancer data (Gravier et al., 2010). Therefore,

our proposed algorithm enjoys quicker and more accurate decision-making, thereby advanc-

ing trustworthy Al research.



CHAPTER 2

High-Dimensional Variable Selection with
Heterogeneous Signals: A Precise Asymptotic

Perspective

In this chapter, we study the problem of exact support recovery for high-dimensional sparse
linear regression under independent Gaussian design when the signals are weak, rare, and
possibly heterogeneous. Under a suitable scaling of the sample size and signal sparsity, we
fix the minimum signal magnitude at the information-theoretic optimal rate and investigate
the asymptotic selection accuracy of best subset selection (BSS) and marginal screening
(MS) procedures. We show that despite the ideal setup, somewhat surprisingly, marginal
screening can fail to achieve exact recovery with probability converging to one in the presence
of heterogeneous signals, whereas BSS enjoys model consistency whenever the minimum
signal strength is above the information-theoretic threshold. To mitigate the computational
intractability of BSS, we also propose an efficient two-stage algorithmic framework called ETS
(Estimate Then Screen) comprised of an estimation step and gradient coordinate screening
step, and under the same scaling assumption on sample size and sparsity, we show that
ETS achieves model consistency under the same information-theoretic optimal requirement
on the minimum signal strength as BSS. Finally, we present a simulation study comparing
ETS with LASSO and marginal screening. The numerical results agree with our asymptotic

theory even for realistic values of the sample size, dimension, and sparsity.



2.1 Introduction

Consider n independent observations (x;,¥;)ici,) of a random pair (x,y) drawn from the

following linear regression model:

(x,w) ~ Py X Pu,

2.1
y=x'pB+uw, 2y

where P, is the p-dimensional isotropic Gaussian distribution N,(0,1,), and P, is the stan-
dard Gaussian distribution on R. In matrix notation, the observations can be represented
as

y=XB+w,

where y = (y1,%2,...,yn), X = [X1,X2,...,%X,]" and w = (wy,ws,...,w,) . We consider
the standard high-dimensional setup where n < p, and possibly n < p, and the vector
B is unknown but sparse in the sense that ||3]|, := >_"_, 1(8; # 0) = s, which is much
smaller than p. We denote by Pg (-) and Eg, (-) the probability measure and the expectation
with 3 = B, respectively. In this chapter, we focus on the variable selection problem, i.e.,
identifying the active set Sg := {j : ; # 0}. We primarily use the 0-1 loss, i.e., ]P’,g(g # Sg),
to assess the quality of a model estimator S.

The isotropic Gaussian design has been widely used to conduct precise analysis of variable
selection procedures (Fletcher et al., 2009; Genovese et al., 2012; Ndaoud and Tsybakov,
2020; Su et al., 2017; Kowshik and Polyanskiy, 2021). Specifically, these works either derive
the necessary and sufficient condition for exact model recovery (Fletcher et al., 2009; Aeron
et al., 2010; Rad, 2011; Jin et al., 2011; Akgakaya and Tarokh, 2009), or establish tight
asymptotic bounds of model selection error (Genovese et al., 2012; Ji et al., 2012; Su et al.,
2017). The isotropic Gaussian design is also used in compressed sensing to generate a
measurement matrix (Candeés et al., 2006; Candes and Tao, 2006; Donoho, 2006) so that
one can sense the sparse signals with few measurements of the high-dimensional signal.
Scarlett and Cevher (2016); Wang et al. (2010) considered the variable selection problem
and studied the information-theoretic limit of support recovery under non-Gaussian setup.
It is worth emphasizing that these works also assumed that the entries of X are independent

and identically distributed, which is also the setup of this chapter.

weak and rare signals: Recently there has been growing interest in the variable selec-
tion problem in the presence of weak and rare signal regimes (Genovese et al., 2012; Ji

et al., 2012) where the active signals are highly sparse with very low magnitude of the or-



der O(\/W), which is known to be the information-theoretic optimal rate necessary
to achieve model consistency. This regime is ubiquitous in modern data analytics such as
those in Genome-Wide Association Study (GWAS). There the genes that exhibit detectable
association with the trait of interest can be extremely few with weak effects (Consortium
et al., 2007; Marttinen et al., 2013). Moreover, the number of subjects n typically ranges in
thousands, while the number of features p can range from tens of thousands to hundreds of
thousands. Such a high dimension further adds to the difficulty of identifying weak signals.
Weak and rare signals also arise in multi-user detection problems (Arias-Castro et al., 2011)
where one typically uses linear model of the form (2.1). The signal received from user j is
B;X;. Thus 8; = 0 means that jth user is not sending any signal. It is a common practice
to model the mixing matrix X as random with i.i.d. entries. Under the presence of strong
noise, one might be interested in knowing whether information is being transmitted or not.
Typically, in some applications, it is reasonable to assume that a very few numbers of users
are sending signals. Also, due to strong noise environment, the signals become quite weak,
making them harder to detect. Therefore, from an application point of view, understanding
variable selection in weak and rare signal regimes is crucial. Despite its importance, typi-
cally most of the popular methods such as LASSO (Tibshirani, 1996), SCAD (Fan and Li,
2001), adaptive LASSO (Huang et al., 2008) have been extensively analyzed in terms of 0-1
loss when the signals are uniformly strong (Zhao and Yu, 2006; Guo et al., 2015; Zhang and
Huang, 2008; Huang et al., 2008; Zheng et al., 2014) in the sense that

_ log p 1/2

o gt (22)”

However, Wainwright (2009b) established a sharp phase transition for LASSO in terms of
exact recovery under a general combination of (n,p, s). Under some regularity conditions on
the design matrix, the author shows that a > {(log p)/n}'/? is necessary and sufficient for the
model consistency of LASSO in terms of 0-1 loss. Zhang and Huang (2008) proposed MC+
method based on minimaz concave penalty, which also achieves model consistency under the
optimal rate for a. Therefore, these works can accommodate weak and rare signal regimes,
and it is important to emphasize that the analyses presented in them are non-asymptotic.
Other works on weak and rare signal regimes include Genovese et al. (2012); Ji et al. (2012),

and Jin et al. (2014) that establish sharp asymptotic requirement on the signal strength.

Signal heterogeneity and marginal screening: Besides the weakness and rarity of
signals, heterogeneity in the signal strength is another important feature of modern data

applications that has not yet received sufficient attention. Roughly, heterogeneity in the
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signal allows the magnitude of the active 3;’s to differ in an arbitrary fashion, whereas
homogeneity restricts the magnitude of the active signals to be in the same order. One
limitation of the existing literature on variable selection in the weak and rare signals regime
is that it typically assumes that the true signals are homogeneous (Genovese et al., 2012;
Ji et al, 2012; Jin et al., 2014). Ji et al. (2012) refer to this setup as the Asymptotically
Rare and Weak (ARW) signal regime. Many popular approaches have been shown to enjoy
satisfactory variable selection properties under the ARW regime. For instance, Genovese
et al. (2012) showed that both LASSO and marginal screening enjoy model consistency in
terms of Hamming loss under independent random design. Ji et al. (2012) and Jin et al.
(2014) investigated the same problem under sparsely correlated design. They proposed two-
stage screen and clean algorithms that also exhibit model consistency in terms of Hamming
loss. However, their theory heavily relies on homogeneous signals and does not extend to
the heterogeneous case that is of interest to us. In reality, the ARW setup seldom occurs:
the signals almost always have different strengths (Li et al., 2019).

To underscore the contrasting effects of homogeneous and heterogeneous signals in terms
of exact model recovery, we study the variable selection property of marginal screening (see
Section 2.3). We show that under the presence of strong heterogeneity in the signal, marginal
screening fails to recover the exact model with probability converging to 1, whereas under
homogeneous signal it can recover the exact model asymptotically (Genovese et al., 2012).
It turns out that due to heterogeneity, the spurious correlations become large and create
impediment to selecting the exact model. In correlated design, a different problem known
as unfaithfulness (Wasserman and Roeder, 2009; Robins et al., 2003) prevents marginal
screening from achieving model consistency. Specifically, due to “correlation cancellation”,
the marginal correlation between y and X; becomes negligible even when §; is large and this
ultimately leads to false negatives. In this chapter, we study an independent random design
model in which correlation cancellation does not occur. Instead, we identify a different source
of the problem under the presence of signal heterogeneity that affects the exact variable
selection performance of marginal screening. Varying effect of signal heterogeneity in variable
selection was also identified in the case of LASSO by Su et al. (2017) and Wang et al. (2022b)
for i.i.d. Gaussian design under a special asymptotic setting. In particular, Su et al. (2017)
studied the tradeoff between power and type-I error of LASSO and showed that strong
heterogeneity in the signal helps to reduce the false discovery in the LASSO path. The
same effect was also analyzed in more detail in Wang et al. (2022b). These works use
approximate message passing (AMP) theory to obtain the exact asymptotic behavior of the
LASSO estimator in terms of variable selection and show that it is unable to achieve model

consistency under linear sparsity regime.
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Computational advancements: On the computational side, modern methods like
LASSO, SCAD, MC+ were initially motivated as alternatives to Best Subset Selection
(BSS). BSS is in general an NP-hard optimization problem and was believed to be prac-
tically intractable even for p as small as 30. Thanks to recent advancements in algorithms
and hardware, the optimal solution to the BSS problem can now be computed, sometimes
with approximations, for some practical settings. Jain et al. (2014) showed that a wide
family of iterative hard thresholding (IHT) algorithms can approximately solve the BSS
problem, in the sense that they can achieve similar goodness of fit with the best subset with
slight violation of the sparsity constraint. Liu and Foygel Barber (2020) studied the optimal
thresholding operator for such iterative thresholding algorithms, which manages to exploit
fewer variables than IHT to achieve the same goodness fit as BSS. Bertsimas et al. (2016)
viewed the BSS problem through the lens of mixed integer optimization (MIO) and showed
that for » in 100s and p in 1000s, the MIO algorithm can obtain a near optimal solution
reasonably fast. Bertsimas and Parys (2020) developed a new cutting plane method that
solves to provable optimality the Tikhonov-regularized (Tikhonov, 1943) BSS problem for n
and p in the 100,000s. Xie and Deng (2020) considered solving the Tikhonov-regularized BSS
via mixed integer second-order cone formulation and the largest problem instance they con-
sidered has p ~ 103. Most recently, Hazimeh et al. (2022) developed a Branch-and-Bound
method that solves the {;/fy-regularized BSS problem for p ~ 107. A recent work (Zhu
et al., 2020) proposed an iterative splicing method called Adaptive Best Subset Selection
(ABESS) to solve the BSS problem. They also showed that ABESS enjoys both statistical
accuracy and polynomial computational complexity when the design matrix satisfies sparse
Reisz condition and minimum signal strength is of order Q{(slogploglogn/n)'/?}.

Given these recent advances in solving BSS, there has been growing acknowledgment that
BSS enjoys significant statistical superiority over the aforementioned alternative methods.
Bertsimas et al. (2016) and Bertsimas and Parys (2020) numerically demonstrated higher
predictive power and lower false discovery rate (FDR) respectively of the BSS solution com-
pared to LASSO. Guo et al. (2020) and Zhu and Wu (2021) reported that the approximate
BSS solutions provided by IHT have much fewer false discoveries than LASSO, SCAD, and
SIS, especially in the presence of highly correlated design. They also theoretically showed
that the model selection behavior of BSS does not explicitly depend on the restricted eigen-
value condition for the design (Bickel et al., 2009; Van De Geer and Biihlmann, 2009), a
condition which appears unavoidable (assuming a standard computational complexity con-
jecture) for any polynomial-time method (Zhang et al., 2014). This suggests that BSS is

robust against design collinearity in terms of model selection.
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Main contribution: In this chapter, we mainly focus on the precise asymptotic bound,
i.e., the bound with the optimal constant for the minimum signal strength that allows BSS
to achieve model consistency. Under a specific asymptotic setup, we show that BSS achieves
asymptotic exact recovery of the true model once the minimum signal strength parameter
is above the information-theoretic lower bound, meaning that BSS is optimal in terms of
the requirement on the signal strength. In contrast, previous works such as Aeron et al.
(2010); Wainwright (2009a); Rad (2011) analyze BSS from a sample complexity point of
view: they show that BSS can achieve model consistency under the optimal rate of the
sample complexity and different asymptotic regimes. Later Ndaoud and Tsybakov (2020)
showed the existence of a polynomial-time method that achieves model consistency under
the same sufficient condition on n as BSS for i.i.d. Gaussian design. For general Gaussian
design, Wainwright (2009a) showed a similar result for BSS. However, the analyses of all these
works are non-asymptotic, and thus cannot yield the optimal constant in the minimum signal

strength. Next, we summarize the main contributions of in this chapter below:

1. Under suitable asymptotic scaling of the sample size and signal sparsity, we present
a sharp and novel asymptotic analysis of BSS that leverages results from Fan et al.
(2018) and achieves the optimal constant in minimum signal strength required for
model consistency of BSS (Theorem 2.4.1).

2. To establish the sharpness of Theorem 2.4.1, we first present a novel impossibility result
of BSS (Theorem 2.4.3) at the information-theoretic boundary which also relies on
asymptotic analysis of BSS. This result together with the impossibility result in Wang
et al. (2010), establishes the sharp optimality of the constant obtained in Theorem
2.4.1.

3. To achieve computational expediency, we propose a computationally tractable two-
stage algorithmic framework that also enjoys model consistency under the same con-

dition on the minimum signal strength as BSS (Theorem 2.5.2).

The rest of the chapter is organized as follows. Section 2.2 introduces the Asymptotically
Ultra-Rare and Weak Minimum signal (AURWM) regime that accommodates heterogeneous
signal strengths. In Section 2.3, we point out a potential adverse effect of signal heterogene-
ity on model selection under AURWM regime. For demonstration, we present an illustrative
example of marginal screening to substantiate our claim. In Section 2.4, we derive an im-
possibility result for BSS under the AURWM regime and show that BSS is optimal in terms
of the requirement on the minimum signal strength. In Section 2.5, we propose the afore-

mentioned two-stage algorithmic framework and establish its optimality property in terms
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of the constant in minimum signal strength. Finally, in Section 2.6, we carry out simulation
studies and numerically demonstrate the superiority of our method over other competing
methods.

2.2 Ultra rare and weak minimum signal regime

In this section, we focus on a specific asymptotic setup that allows heterogeneity among the
sparse signals in high dimension. Throughout our paper, we consider the following signal

class:

Mg = {B e R :||B]lo = s, min |B;| > a}.
J:B;#0

Here a denotes the minimum signal strength of 3. Note that the signal class M only imposes
a lower bound for the minimum signal strength and thus allows arbitrarily large magnitudes
across the true signals. This implicitly accommodates heterogeneity in the signal, which is
in sharp contrast with the homogeneous signal setup considered by Genovese et al. (2012).
Now we are in a position to introduce the Asymptotically Ultra Rare and Weak Minimum

signal regime (AURWM), in which we mainly consider the signal class above with

(2rlogp
a =
n

1/2
) and s = O(logp), (2.2)

where the parameter r controls the magnitude of the minimum signal strength. As we will
see in Section 2.4, the model consistency of BSS will depend on the value of r. Besides, we
set the sample size n as

n= kaj, 0<k<l.

The condition s < logp characterizes the ultra-rarity of the signals, which is common in
genetic studies such as GWAS (Yang et al., 2020). Unless stated otherwise, from now on our
statistical analysis follows the scalings of n, p, s, a in this AURWM regime. We say a support

estimator S achieves asymptotic consistent recovery in the AURWM regime if

lim sup Pg(S # Sg) = 0. (2.3)
P00 peMs
This paper mainly focuses on the criterion (2.3) to measure the quality of exact recovery
performance for an estimator S.
It is also worth mentioning that a relevant but different asymptotic setup is studied by
Genovese et al. (2012) and Ji et al. (2012). There the authors assumed a Bayesian model
such that all the signals are independent and identically distributed and that the sparsity
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s ~ pt= for some ¥ € (0,1). Under such a setup they obtained asymptotically tight phase
transition boundaries with respect to Bayesian Hamming risk, which partitions the r-1 plane
into three regions: (a) Region of exact recovery, (b) Region of almost recovery, (c) Region of
no recovery. We skip the details of these results for brevity. The major differences between
their setup and ours are twofold: (1) They essentially assume homogeneous signals; (2) They

assume s to grow in a polynomial fashion with respect to p.

2.3 Marginal screening under heterogeneous signal

Marginal screening (MS) is one of the most widely used variable selection methods in prac-
tice. It selects the variables with the top absolute marginal correlation with the response.
Formally, for any j € [p], write p; = X]Ty/n Given any possibly data-driven threshold

7(X,y), define the marginal screening estimator as follows:

S={jelpl: Iyl >7Xy)} (2.4)

Note that p; is essentially equivalent to the marginal correlation between X; and y because
of the isotropic nature of X. Marginal screening has been applied in various fields for feature
selection and dimension reduction, including biomedicine (Huang et al., 2019; Lu, 2005;
Leisenring et al., 1997), survival data analysis (Hong et al., 2018; Li et al., 2016), economics
and econometrics (Wang et al., 2022a; Huang et al., 2014).

Besides the broad applications, marginal screening has been shown to enjoy some desirable
statistical properties. Fan and Lv (2008) established the sure screening property of marginal
screening under an ultra-high dimensional setup, which serves as a theoretical justification for
MS to be used for dimension reduction in many applications. Later, Genovese et al. (2012)
showed that MS enjoys the minimax optimal rate under Hamming loss with homogeneous
signals. Nevertheless, as mentioned in Section 2.1, precise asymptotic characterization of the
0-1 loss of MS remains fairly underexplored under high dimension, especially in the presence

of heterogeneity in signal strength.

2.3.1 Failure of MS in the AURWM regime

In this section, we study the 0-1 risk of the MS estimator. Define T := {37 | 7 R"PxR" —
R, }, which is the class of all possible marginal screening estimators. Under the AURWM

regime, we show that MS fails to achieve exact model recovery in the minimax sense.
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Theorem 2.3.1. Under the AURWM regime with n = |p*| for some k € (0,1), none of the

MS estimators of the form (2.4) can achieve asymptotic exact recovery, i.e.,

lim inf sup IP’B(S’T #Sp) = 1.
PO S €T BEMY

To understand the main message of this theorem, it is instructive to compare it with the
parallel result in Genovese et al. (2012) with homogeneous signal. Specifically, Genovese
et al. (2012) considers a Bayesian setup where all the signal coefficients are independent
and identically distributed Bernoulli random variables (up to a universal constant). Under
the AURWM regime, s = O(logp), which implies that ¢ = 1 in Theorem 10 of Genovese
et al. (2012). Then Theorem 10 in Genovese et al. (2012) says that when r > 1, MS enjoys
consistency in terms of Hamming risk and thus 0-1 risk too. In contrast, when we broaden the
signal class to M? that embraces possibly heterogeneous signals, the same model consistency
fails to hold anymore for MS as shown in Theorem 2.3.1. This comparison clearly reveals
the curse of signal heterogeneity on MS. However, the above impossibility result does not
contradict Theorem 2 in Fletcher et al. (2009). The result therein states that asymptotically
r > (14 ||8]13) is sufficient for the model consistency of MS. However, in the AURWM
regime, r can be smaller than 1 + ||3]|2, which would violate the previous condition. In
fact, the proof of the above theorem essentially relies on constructing a sequence of signal
patterns that violates the condition r > (14 ||3]|2) asymptotically. Thus, in a way, the proof
techniques of Theorem 2.3.1 show that r > (1 + ||3]|3) is also necessary for MS to achieve
model consistency in the AURWM regime. Hence, this establishes the sharpness of Theorem
2 of Fletcher et al. (2009), at least in AURWM regime.

To see how signal heterogeneity hurts MS, for any j € [p], write y; as

1y = (By/m) X515+ X O XeBe +w) /n = i) + . (2:5)
Pz
©)

Here p;

sents the random error of ;; due to the cross covariance between X; and the other signals

=n"'p; HXng represents the marginal contribution from f; to p;, and Mgg) repre-

and noise. Suppose there are spiky signals among {5 }«;. Though E( ,uf)) = 0 regardless of

the magnitude of 3;, the spiky signals may incur large variance of u§-2) and overwhelm the
(1)
J
for weak signals, one cannot tell if 3; is a true variable based on only j; in the presence of

magnitude of p; ', which is the essential indicator of the significance of 3;. Consequently,
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spiky signals. For further understanding of this phenomenon, it is instructive to note that

1 1
pj | X5 ~N (ﬁ HXj”gBjaﬁ [ <1 +Zﬂ?)> :

]

If the non-zero components of 3 are arbitrarily large, then the variance of the above Gaussian
distribution becomes extremely large. Therefore, even if 8; = 0, there is a high probability
that the correlation p; will take larger values. Hence, there is a chance that the true variables
associated with weak signals would lose to a noise variable, thereby ultimately leading to false

discovery. To rigorously show these claims, we construct a specific example as mentioned
(2
J
index of a weak signal. While the asymptotic analysis of p;, is rather straightforward, we

before and we study the asymptotic limits of max;gs, p ) and i, Where jo denotes the

borrow some non-trivial results from Fan et al. (2018) to obtain the asymptotic properties of
MaX;¢s, ;1,5-2). Details of the proof can be found in Section A of the supplementary material.

In contrast, the AMP line of works on LASSO in Su et al. (2017) and Wang et al. (2022h)
show that under a certain asymptotic regime, signal heterogeneity helps LASSO in terms
of variable selection. Specifically, under i.i.d. Gaussian design and linear sparsity regime
(i.e. s/p — « for some constant o € (0,1)), Wang et al. (2022b) show that higher signal
heterogeneity delays the inclusion of false variables in the LASSO solution path whereas,
under signal homogeneity, false discovery occurs in a much earlier stage in the solution path.
The effect is somewhat opposite to what we discussed for MS. The reason perhaps lies in the
fact that LASSO tries to select the features that are highly correlated with the shrinkage
noise (see Su et al. (2017)), whereas, MS tries to select the features that have a higher
correlation with the response. In the case of LASSO, higher signal heterogeneity makes the
magnitudes of the correlations between features and shrinkage noise more distinguishable
compared to a homogeneous signal pattern, thus preventing early false discovery in the first
case. In the case of MS, higher signal heterogeneity increases the variance of ,u§-2), which
essentially dwarfs the influence of weak signals and leads to false discovery. However, these
two phenomena are not directly comparable as the asymptotic settings are different for the
two cases. In fact, when s = O(logp), the effect of shrinkage noise is much smaller (see
Section 3.2 in Su et al. (2017)) and such phenomenon does not occur for LASSO.

2.4 Best subset selection

Now we shift our focus to BSS, one of the most classical variable selection approaches. With

the oracle knowledge of true sparsity s, BSS solves for
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~ ' B )
Brest € arg MR |bl|,=s" ! |y — Xbl[;.

Define Pp := Xp(X;Xp) X, which is the orthogonal projection operator onto the column

space of Xp. The BSS above can be alternatively viewed as solving for
Shest = arg mianp]:m‘:Sn_lyT(]In —Pp)y = arg maXDgp]:|D|:8n_1yTPpy. (2.6)

Using a union bound as in Wainwright (2009a) or Guo et al. (2020), one can show that there
exists a universal positive constant ¢ (approximately equal to 0.618) such that whenever

r > 4/(1 — ), BSS achieves model consistency, i.e.,

lim sup Pﬁ(gbest # Sg) = 0.

P00 e Mg
We emphasize that the requirement on r here is more stringent than needed: we will show
that BSS achieves model consistency whenever r > 1. Moreover, a direct application of
Theorem 1 of Wang et al. (2010) tells us that » > 1 is necessary for model consistency in
AURWM regime. Therefore, our result (Theorem 2.4.1) essentially resolves the gap between
the existing necessary (r > 1) and sufficient (r > 4/(1 — ¢)) conditions on the parameter r

by showing that r > 1 is sufficient.

2.4.1 Exact support recovery of BSS

In the following theorem, we show that r > 1 is sufficient for BSS to achieve asymptotic

exact recovery. Recall that n = kaj with 0 < k < 1.

Theorem 2.4.1. Let v > 1 and write 6 = r — 1. Then there exists a universal positive

constant Cy such that whenever

52
1
{(1+0.750)172 + (1 + 0.56)1/2}2 } cep,

s < Cpmin {2I<:,

we have
lim sup Pﬁ(gbest # Sg) = 0.

P00 e Mg
In order for BSS to achieve model consistency, we need to ensure that the maximum
spurious correlation, i.e., the correlation between the spurious variables and the response, is
well controlled so that the best subset does not involve any false discovery. One important
ingredient of our analysis is the asymptotic distribution of the maximum spurious correlation

due to Fan et al. (2018), based on which we can derive the sharp constant in the minimum
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signal strength for BSS to be model-consistent. It is worth emphasizing that pursuing the
exact asymptotic distributions is crucial to obtain constant-sharp results; typically, standard
non-asymptotic analysis can only yield optimal rates rather than optimal constants. Detailed
proof can be found in Section B.1 of the supplementary material.

Note also that Theorem 2.4.1 requires s to grow slowly. Given that we have at least (p 25)
spurious models and that this number increases with respect to s when s is small, a larger s
implies a higher maximum spurious correlation due to randomness and thus a thinner chance

for the best subset to remain the true model.

Remark 2.4.2. The result of Theorem 2.4.1 can be extended to the sub-Gaussian case. In
particular, if the coordinates of x follow i.i.d. distribution with mean-zero and unite variance,
and w is also distributed as a mean-zero sub-Gaussian distribution with unit variance and
independently from x, then BSS is model consistent under a similar condition on sparsity s.

Details can be found in Section A.1.2 of the supplementary material.

In the next section, we show that r > 1 is the weakest possible requirement on the

minimum signal strength for BSS to achieve asymptotic model consistency.

2.4.2 Necessary condition for model consistency of BSS

In this section, we establish that under the AURWM regime, it is impossible for BSS to
achieve model consistency if » < 1, i.e., » > 1 is necessary for BSS to exactly recover the
true support of f. To begin with, Theorem 1 of Fletcher et al. (2009) in our setting yields
that whenever r < 1, i.e., 7 < 1 — 4y for some dy € (0,1), the 0-1 loss of BSS approaches to
1 as p grows to infinity. This immediately shows that if » < 1, BSS is not model consistent.
However, to the best of our knowledge, there is no existing research that has explored the
compatibility of the condition » = 1 with the model consistency of BSS. In the following

theorem, we answer this question negatively.

Theorem 2.4.3. Under AURWM regime (2.2) withr =1 andn = |p*| for some k € (0,1),

BSS is unable to achieve model consistency, i.e.,

~ 1
lim sup P(Spest # Sg) > —.
p%wﬁeﬁg (Sbest # Sg) 10

The above theorem together with Theorem 1 of Fletcher et al. (2009) shows that r > 1
is necessary for model consistency of BSS which is an improvement over the prior existing
necessary condition r > 1. Therefore, These results along with Theorem 2.4.1, provide a
complete characterization of model consistency of BSS in terms of the magnitude of r and

resolve the existing theoretical gap at r = 1.
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It is worth mentioning that a more general information-theoretic impossibility result is
true for the regime r < 1. In other words, if » < 1, all methods (including BSS) fail to
achieve model consistency. This claim is a direct consequence of Theorem 1 of Wang et al.
(2010) that states that the minimax 0-1 loss is bounded away from 0 as p diverges to infinity,
ie.,

lim inf sup ]P’g(g #Sg) > c,
pP—=0 S BeMa

where ¢ > 0 is a universal constant and the infimum is taken over the class of all possible
measurable functions S : (X,Y) — {D C [p] : |D| = s}. The above inequality suggests that
r > 1 is a necessary condition for exact support recovery. Combining this with Theorem
2.4.1 and Theorem 2.4.3, we can see that BSS is almost optimal in terms of the requirement
on the constant r in minimum signal strength to achieve model consistency. More discussion
on this can be found in Section A.1.3 and Section A.1.4 of the supplementary material.
Next, we briefly discuss the intuition behind the Theorem 2.4.3. In the regime r = 1,
the main difficulty for BSS arises from the fact that it gets confused between Sz and its
closest competitors. To be precise, let j, denote the index of a weak signal, i.e., 3;, =
{(2rlogp)/n}/? with r = 1. Due to the weak magnitude of 3;,, it becomes indistinguishable
from 0 and as a result, BSS confuses Sg with other candidate models {D C [p] : S\ D =
{jo},|D| = s} of size s that differ only at j, with non-negligible probability. To prove
Theorem 2.4.3, we also analyze the asymptotic distribution of an appropriate maximum
spurious correlation statistics using results from Fan et al. (2018). We point the readers to

Section A.1.3 of the supplementary material for further details of the proof.

Comparison with previous literature: As pointed out before, there is a sharp contrast
between the above results and the results in the previous works like Wainwright (2009a); Rad
(2011); Aeron et al. (2010), where the authors study the necessary and sufficient conditions
for model consistency of BSS in terms of sample complexity under different asymptotic
regimes. For example, under strong-noise regime, Aeron et al. (2010) showed that the
necessary and sufficient conditions for model consistency in terms of 0-1 loss are given by
n = Q(slog(p/s)) and a* = Q(log(p — s)), and BSS is optimal in the sense that it achieves
exact recovery under these conditions. For the fized noise-variance regime, the results are
different. Firstly, Wang et al. (2010) showed that the following condition is necessary for

any method to achieve exact recovery:

B slog(p/s) .  log(p —s)
=4 <log(1 + sa?) v log(1 + a2)) ’ (2.7)
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where u V v := max{u,v}. Under the restriction that « = O(1) and a = Q(1//s),
which represents strong-signal regime, Rad (2011) showed that BSS achieves model con-
sistency under the necessary condition (2.7). In the general case, that is with no as-
sumption on the joint behavior of (n,p,s,a), Wainwright (2009a) established that n =
Q(max{slog(p/s),a ?log(p — s)}) is a sufficient condition for model consistency of BSS.
One can check that the previous condition matches with the condition in (2.7) under the
weak signal regime a = O(1/4/s). This indicates that BSS is also optimal in this regime in
terms of sample complexity. It is interesting to note that the AURWM regime (2.2) also falls
under this regime as a = O(y/(logp)/n) < 1/4/s, and n =< p*. However, all of these results

fail to capture the precise dependence on a in terms of sharp requirement on the constant r.

2.5 Achieving information-theoretic optimality with

computational efficiency

Despite the optimality of BSS in terms of model selection, its NP-hardness seriously restricts
its practical applicability. To address the computational issue, we propose a two-stage algo-
rithm framework called ETS (Estimate then Screen) that combines an estimation step with
a follow-up coordinate screening step. Under this framework, one has the flexibility to use
any sensible algorithm in the first stage that outputs an estimate with a good estimation
guarantee for 8. For example, one choice could be the well-known iterative hard thresh-
olding (THT) algorithm (Blumensath and Davies, 2009) which is a computational surrogate
for BSS and enjoys a desirable estimation guarantee (Jain et al., 2014). Other choices may
include algorithms like pathwise calibrated sparse shooting algorithm (PICASSO) or prozx-
gradient homotopy (PGH) method that are known to produce good approximate solutions
for LASSO (see Zhao et al. (2018); Xiao and Zhang (2013)) in high-dimensional setup. We
show that in the AURWM regime, ETS enjoys the same selection optimality as BSS in terms
of the requirement on the minimum signal strength, i.e., ETS asymptotically achieves model
consistency whenever r is greater than the information-theoretic threshold 1, which is also
the the optimal requirement for BSS to achieve exact recovery.

The above framework is similar to the methodology introduced in Ndaoud and Tsybakov
(2020). In that paper, the authors used the square-root SLOPE estimator (Bogdan et al.,
2015) for the estimation step, and under i.i.d. Gaussian design they showed that their
algorithm achieves model consistency under the same sample complexity as BSS. However,

they do not study optimal dependence on r, which is the main focus of this chapter.
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2.5.1 The ETS algorithm

In this section, we introduce our ETS algorithm (Algorithm 1) in detail. Given a partition
parameter 0 < v < 1, ETS first splits the full sample (x;,¥;)ic[) into two subsamples Dy, Dy
of respective sizes ny = |yn| and ny = n —ny. Then ETS performs two main steps on these

two sub-samples respectively:

1. Given an objective function f,,(-; D;) and a constraint set C C RP, in the estimation
step, ETS procures a close approximation to 3 by solving for an approximate solution

to the optimization problem
minimizegpec fon, (0; D7) (2.8)

via a suitable iterative algorithm A(-, -) that takes the objective function f,, (-; D1) and
a set of tuning parameters 74 as inputs. In particular, in this step, ETS outputs an
estimator B 1= A(fn, (-3 D1),Ta) of the true signal vector 3.

2. In the second step, ETS performs a coordinatewise screening based on Dy and B to

select the true variables.

Algorithm 1: ETS
Input: Data D = {(x;,y;)},, objective function f,, (-; D1), partition parameter v ,
threshold parameter g;
1. Randomly partition the whole dataset D into two disjoint subsets
D, = (X(l),y(l)) and Dy = (X(Q),y@)) :
2.Apply the algorithm A to compute an approximate solution B of the optimization
problem (2.8) ;

3. Construct the statistics {A;}7_; and thresholds {HC(XZ@)) P using (2.9)-(2.10);
4. Finally compute the selector (X, y);
Output: The selector (X, y).

To elaborate more on the method, for £ € {1,2}, let X € R™*? and y» € R™ denote
the design matrix and the response vector of the ¢th sub-sample respectively. ETS computes
3 based on the first sub-sample D; := (X&), y®) by finding an approximate solution the
optimization problem (2.8) via algorithm A. In practice, there could be several choices
for both the objective function f,,(-; D;) and the algorithm A. For example, one of the
most common choices is to consider the fy-constrained squared-error loss, i.e., f,,(0; Dy) =
niHly® — XW|2 with C = {6 € RP : ||6]|, < s}. In this case, a natural choice for A is
the IHT algorithm which is basically a projected gradient descent method. Another popular
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choice for the objective function is the well-known ¢;-regularized LASSO objective function
far(0; 0, D1) = ni 'ty —XD[|2+ ) |0, with C = RP and one can choose either PICASSO,
PGH or the composite gradient method proposed in Agarwal et al. (2012) as the algorithm
A. Besides these, another choice could be to solve the square-root LASSO problem (Bogdan
et al., 2015) via proximal-gradient descent algorithm proposed in Li et al. (2020).

Next comes the screening step of ETS. For each i € [p], define

2T 2) A
A X§ ) (y(2) - Zj;&i X§ )ﬁj> 99
o X2 .

: || || 21
a ||u ¢ 10g p
2 +
2 a||u||2

Ke(u) = Vu € R, (2.10)

where ¢ > 0 is specified later. ETS selects the ith variable if and only if |A;] > £ (X?). To

see why we can screen variables based on {A;};c[y, note that

X (2, XP8 - B) + w)
X1,

Ai = B|IXP, + . (2.11)

A straightforward argument shows that conditioned on D; and XZ@, A; is distributed as:

1/2
A (00X LI+ {14500 - )
JF#i
where g; ~ N(O 1) and is independent of X @ 1t estimation method performs well in the
sense that ||3— B||; is small, then for alli € Sg, B;|1X?||5 becomes the dominant term in A;.
In contrast, for all i ¢ Sg, B,HX )|l = 0 and we thus expect A; to be small. This suggests
the existence of a threshold t(-) on (A;);cpp that distinguishes the true support Sg from
the irrelevant variables. We follow Ndaoud and Tsybakov (2020) to choose the threshold
function in (2.10), which is shown to be a reasonable choice to identify the true variables.
For each i € [p], define 7;(X,y) := 1{]A;| > Hg(XZ@))} and write

ﬁ(X7 y) = (ﬁl(Xa Y)v s 7ﬁp(X7 y))T

The selector 7(X, y) is the final estimate of the support Sg produced by the ETS algorithm.
Algorithm 1 shows the detailed steps of the E'TS algorithm.
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2.5.1.1 Model consistency of ETS

In this section, we establish theoretical guarantees for ETS-IHT. First, we introduce a tech-
nical assumption that concerns how fast algorithm A can generate a good approximation of

the true signal 5.

Assumption 2.5.1. The following holds with a probability converging to 1 as p diverges to
nfinity:
For any given tolerance level € > 0, there exists a suitable set of deterministic tuning pa-

rameters Ty such that the algorithm A requires no more than T(e,p, 3) iterations to produce

a solution B := A(fn, (-3 D1),Ta) such that HB -0z <e.

The above assumption essentially tells that the T'(e, p, 3)th iterate of algorithm A is
already e-close to (3 in squared fo-distance with high probability for large enough p. If €
is small, then B is a good estimate of B and we can use it in the screening step to select
the variables. Typically, as € decreases towards 0, the iteration counts T'(e, p, 3) increases
to infinity as higher accuracy generally demands more computation. However, in many
examples, as we will see in Section 2.5.1.2, T'(¢, p, 3) depends only poly-logarithmically on
¢!, which alleviates the computational cost.

Next, we define the binary decoder of the true support Sg as ng := (1{5; # 0}, ..., 1{f, #
0})". The following theorem shows that ETS can achieve exact recovery under suitable

choices of tuning parameters.

Theorem 2.5.2. Assume the condition in Assumption 2.5.1 hold and the sample size n =
|p*| for some k € (0,1). Letr > 1 and write 6 = r —1. Then, under AURWM regime (2.2),
there exist universal positive constants Ay, Ay such that with overall iteration count no more
than T(A.0,p,B) for algorithm A, v € (0,5/(8 4+ 85)) and ¢ = (1 + Ay8)Y/2, we have that
limy, o0 sUpge s P () 7 1) = 0.

Note that as the signal strength parameter r approaches the information-theoretic bound-
ary, i.e., as 0 approaches 0, ETS may require more iterations to achieve model consistency
as T'(A16,p,3) generally increases as ¢ decreases to 0. This is not surprising: intuitively,
weaker signals are harder to identify than strong ones.

Besides, ETS does not require the knowledge of the true sparsity s, but requires the
knowledge of a in the second stage for accurate screening. If the true sparsity s is known,
then we can enforce ETS to select exactly s features as follows: Let [A[, ) denote the mth

largest value of {|A;|}icpy. For each i € [p], define
0i(X,y;8) = H{{Ai| = |A] )} (2.12)
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Hence 7)(s) := (M1(s),...,M,(s))" selects exactly s features and the knowledge of a is not
required in this case. The following corollary shows that under the same conditions of

Theorem 2.5.2, 7(s) achieves model consistency.

Corollary 2.5.3. Assume the condition in Assumption 2.5.1 holds and the sample size
n = |p*| for some k € (0,1). Let Ay be the same universal constant as in Theorem 2.5.2,
r > 1 and write 6 = r — 1. Then, under AURWM regime (2.2), with overall iteration
count no more than T(A10,p,3) for algorithm A and v € (0,6/(8 + 8J)) , we have that

Remark 2.5.4. The algorithm can be made adaptive to a in some certain regime of r. In
particular, if there exists a known positive constant o, such that r > 1+ 0., then a threshold
as in (2.10) can be constructed without the knowledge of a or r so that ETS still enjoys model
consistency. In this case, 0, can be arbitrarily small and as long as 6, is known, an adaptive

choice of threshold exists.

Detailed proofs of Theorem 2.5.2, Corollary 2.5.3 and Remark 2.5.4 can be found in
Section A.2 of the supplementary materials. Next, we will discuss some concrete examples

of ETS methods that enjoy model consistency.

2.5.1.2 Examples of ETS methods

In this section, will present a few examples of ETS methods. In particular, we will consider
the ETS methods with different choices for the base algorithm A: (1) the IHT algorithm
which solves the £y-constrained optimization problem, (2) the PICASSO and PGH algorithm
which solves the /;-regularized optimization problem. We will show that Assumption 2.5.1
is met in all these cases and we will explicitly derive the dependence of T'(¢, p, 3) on (e, p, B).
Hence, this will automatically establish the model consistency of these three variants of the
ETS method due to the result in Theorem 2.5.2. For clarity, depending on the algorithm
used in the estimation step, we will refer to these methods as ETS-THT, ETS-PICASSO, and
ETS-PGH. To be self-contained, we describe the steps of IHT in Algorithm 2. However, we
do not add the description of PICASSO and PGH as those are too involved to add in this
paper. Detailed description of PICASSO and PGH can be found in Zhao et al. (2018) and
Xiao and Zhang (2013) respectively. We remind the readers that throughout the discussion in
this section, we will consider the AURWM regime defined in (2.2) with sample size n = kaj
for some k € (0,1). More details and proofs related to the examples can be found in Section

A.2.4 of the supplementary material.
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Solving /y-constrained problem: As discussed in Section 2.5.1, In this case, the opti-

mization problem (2.8) takes the form
.. _ 2
minimizeg.||g(, <M L ||y(1) — X(1)0H2 ) (2.13)

We consider the ETS-IHT in this case which uses IHT (Algorithm 2) to obtain an ap-
proximate solution to the above optimization problem. In this case 74 = {3, h}, where
s is the sparsity level and h is the gradient step-size. Following the discussion of Sec-
tion 4 in Jain et al. (2014), in particular, using Theorem 3 of that paper we have that
the final output 3 of IHT satisfies I B— B3 < e with probability converging to 1, when
§ = 2592s,h < 8/27 and T'(e,p,B) = O(logp + log((1 + ||B||..)/€)).- Hence, the condi-
tions in Assumption 2.5.1 hold. Moreover, Theorem 3 of Jain et al. (2014) suggests that if
fm(B;Dl) —ming.|g|,<s fn, (0; D1) < (¢/16), then for large values of p, we have ||E—5H§ <e.
Hence, it is enough to output an estimator B which incurs a sub-optimality gap of the order

O(e).

Algorithm 2: [HT

Input: Objective function f, sparsity level §, step size h ;

B =o;

t=20;

while not converged do
BUHD = PY(BY — hV,f(B")), where P{(v) = argming, ) _s v — 2lly;
t—t+1

end

Output: B =B,

Solving /;-regularized problem: In this case, the objective function is
Jn (02, D1) =y [[y® = X8|, + A[6]], .

and C = RP. For brevity of discussion, we only consider PICASSO and PGH as the candidate
methods for solving the above optimization problem. We omit the details of the tuning
parameters for these algorithms in this paper, but details of those can be found in Zhao
et al. (2018) and Xiao and Zhang (2013) respectively.

e ETS-PICASSO: For ETS-PICASSO, Theorem 3.12 of Zhao et al. (2018) yields that
with T'(e,p, 8) < (logp)*(log p +log || 3], ) (loglog p + log(e ™' v C1))? and the regular-
ization parameter A\ = Cy{(log p)/n,}'/? for appropriate absolute constants Cy, Cy > 0,
the approximate solution 3 has the property frs (37 A, Dy)— fu, (BL; A, D) = O(e) with
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probability converging to 1, where

-~

B := argming,f,, (0; A, Dy).

Then, the strong convexity property of the Gram matrix XM TX® /n; and the good
estimation property of 3, yields that |8 — 8|2 < e.

e (ETS-PGH): For ETS-PGH, Theorem 3.2 of Xiao and Zhang (2013) yields that with
T(e,p,B) = O((logp + log ||B|.) loglog p + log(e ™' v C1)) and A = Ca{(logp)/ns }1/2
for appropriate absolute constants Cy,Cy > 0, the approximate solution [Ai satisfies
fm(B;)\, Dy) — fm(BL;)\,Dl) = O(e) with probability converging to 1. Then, again
by the strong convexity property of the Gram matrix XMTX® /n; and the good
estimation property of 3,, it follows that ||3 — 8|2 < e.

It is worth mentioning that the choice of PICASSO or PGH is not special for solving the
¢1-regularized problem. As long as the base algorithm A outputs B which enjoys a sub-
optimality gap of the order O(e) in the functional value, it follows that || B - B3 <e We

formalize this result in the next proposition.

Proposition 2.5.5. Consider the AURWM regime in (2.2) and let the sample size n = kaj
for some k € (0,1). Then, there exists a positive universal constant Cs such that for all

e € (0,C3), the following holds with probability at least 1 — 3p~%° for large enough p and
A = 8{(logp)/m}"/?*:

Fur(Bi X\, D1) = fur(Brs A\, Dy) < ¢/Cs  implies  ||B — B2 < e.

The proof of the above result is deferred to Section A.2.4 of the supplementary material.
The above proposition basically shows that in the case of solving the LASSO problem, if
B can be produced efficiently, then an optimality-gap of C5'e in the functional value is
enough to guarantee that B falls inside the €!/? neighborhood of the true parameter 3, i.e.,
the conditions in Assumption 2.5.1 hold with probability at least 1 — O(p~°?). Hence, this
provides us the flexibility to use any sensible algorithm for the ¢;-regularized problem such

as the composite gradient method proposed in Agarwal et al. (2012).

2.5.2 Discussion on information-theoretic optimality, statistical ac-

curacy and computational efficiency

In the previous section, we have shown that ETS achieves the model consistency under the

same information-theoretic optimal requirement on r with computational expediency. How-
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ever, the computational efficiency of ETS heavily depends on the magnitude of r. Theorem
2.5.2 suggests that as r approaches the information-theoretic boundary 1, the demand on the
number of iterations in the estimation step increases. It could be possible that the compu-
tational load of E'TS surpasses the computational load of BSS when r is extremely close to 1
for a fixed ambient dimension. Hence, even though ETS is able to recover the weak signals
asymptotically (as n approaches infinity) under the optimal requirement on r, it may suffer
from high computational costs. Moreover, as r approaches 1, it turns out that the decaying
rate of the error probability worsens. This fact can be verified from the rates obtained in
the proof of Theorem 2.5.2 in the supplementary material and we do not include those in
the main theorem for conciseness. This suggests that weak signals also hurt the statistical
power or accuracy of the ETS methods. Hence, both statistical accuracy and computational

efficiency suffer as the signals get weaker.

2.6 Numerical experiments

In this section, we first numerically investigate the probability for MS to achieve exact re-
covery of the true model with growing ambient dimension p under both homogeneous and
heterogeneous signal setups. Our results show that while MS exhibits model consistency
under the homogeneous signal regime, it completely fails to do so under the heterogeneous
signal regime, which is consistent with Theorem 2.3.1. We then conduct simulation exper-
iments to demonstrate the superiority of ETS methods over competing methods including
LASSO and MS as signal strength grows or signal heterogeneity grows. For ETS methods, we
only include ETS-IHT and ETS-PICASSO methods. For ETS-PICASSO, we used picasso
package in R which uses the PICASSO method for solving the LASSO problem. To this end,
we mention that we do not numerically compare exact BSS in this section mainly due to
computational issues. In most of our simulation setups, we consider p in thousands and exact
BSS suffers from high computational costs in such regimes, which is also a limitation of the
commercial solver Gurobi (Hastie et al., 2020). Bertsimas and Parys (2020); Hazimeh et al.
(2022); Xie and Deng (2020) have made efforts to overcome this computational bottleneck
by considering different methods for solving approximate versions of BSS. In particular, they
all consider different regularized versions of BSS which is beyond the scope of this paper, and
hence we do not include those in the numerical experiments. Instead, we focus on LASSO

and ETS, both of which are two different computational surrogates of the BSS problem.
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2.6.1 Exact recovery performance of MS

In Figure 2.1, we demonstrate the asymptotics of MS under both homogeneous and heteroge-
neous signal patterns. We consider p € {1000, 2000, ...,8000} and signal strength parameter
r € {2,3,4,5,6}. We set s = [2logp| and n = [p*?]. We let 7(X,Y) in (2.4) be equal to
the sth largest value of {|u1],...,|up|}, so that MS always chooses a model of size s. For
the homogeneous signal setup, we consider § with ||B]|, = s and 5; = a for all j € Sg,
where a is defined in (2.2). This implies that the SNR varies between 0.19 and 2.15 across
different choices of (r,p). For the heterogeneous signal setup, we consider 8 with (s — 1)
active coordinates equal to a and one “spiky” coordinate equal to {10 — (s — 1)a®}'/2. This
ensures that the SNR is fixed at 10 for all choices of r, p.

Figure 2.1(a) shows that under homogeneous signal MS is able to recover the exact model
with probability converging to 1 as p grows. In contrast, Figure 2.1(b) shows that under
heterogeneous signal MS never achieves exact model recovery: plots for all values of r are at
level 0. Such a contrast corroborates Theorem 2.3.1: signal spikes can give rise to substantial

spurious correlation and jeopardize the accuracy of MS.
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Figure 2.1: Asymptotics of MS with growing dimension p.

2.6.2 Effect of growing signal strength

Here we numerically compare the probability of exact support recovery of ETS with those
of LASSO and MS as signal strength parameter r grows. We investigate both homogeneous
and heterogeneous signal patterns. We set p = 2000, s € {13,52} and n = [p*?] = 935.
We set signal strength parameter r» € {1.5,2,2.5,...,9} in (2.2). The support § is chosen
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uniformly over all the size-s subsets of [p], and each support coordinate of g is chosen as
follows:
Bi=(1—=b)(1+Z/n)Pa+bp'? VjeS,

where (Z;)jes RS N(0, 1), and where (b;),es S Ber(7) with 7 € {0,0.2}. 7 = 0 corresponds

to the homogeneous signal pattern, and m = 0.2 corresponds to the heterogeneous signal
pattern, where spiky signals are present with probability 0.2. Each entry z;; of the design
matrix X is generated independently from N(0, 1).

In this experiment, we grant all the approaches with the knowledge of s, so that the
comparison is fair. Using this oracle knowledge, we only look at the solutions of the afore-
mentioned three methods with sparsity exactly equal to s. Specifically, for LASSO, we look
at the solution path and select the model of size exactly equal to s. For MS, we just select
the top s variables corresponding to the largest absolute values of u’s. For ETS, we do
not split data for estimation and screening separately; instead, we use the full data in both
steps. Specifically, we replace X" and y™ with X and y respectively in (2.13) and replace
X® and y® with X and y respectively in (2.9). We set gradient step size h = 0.5 in IHT.
We choose projection size § by cross-validation in terms of mean squared prediction error.
Lastly, for selecting exactly s features we use (2.12) in the screening stage of ETS. It is
worthwhile to mention that from an application point of view, incorporating data splitting
in ETS is not necessary as we are only interested in identifying the active signals, which is
akin to point estimation. Also, given the fact that n < p in high dimensional regime, using
full sample in both the estimation and screening step delivers greater sample efficiency and
provides better inference.

Next, for each choice of r, we run LASSO, MS, and ETS over 200 independent Monte
Carlo experiments to compute the empirical probability of exact recovery. Figure 2.2 presents

the results. We make the following important observations:

1. All three methods enjoy a higher chance of exact support recovery as the signal strength

gTOWS.

2. MS completely fails to achieve exact support recovery when s becomes large (compare

panels (a) and (c)) or the signal becomes heterogeneous (compare panels (a) and (b)).

3. LASSO and ETS algorithms are insensitive to the heterogeneity of the signal. However,
LASSO suffers from larger sparsity, while E'TS algorithms are much more robust against
it.

4. Overall, ETS is the best among all the three methods in terms of exact support recov-
ery. However, ETS-IHT is somewhat better than ETS-PICASSO, and the difference
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Figure 2.2: Plot of the proportion of exact recovery for varying r. (Gaussian case)

between their performance is more prominent when s is large.

Remark 2.6.1. Genovese et al. (2012) established model consistency of LASSO under rare
and weak signal regime for i.i.d. Gaussian design under a different asymptotic setting and the
scaling s = O(log p) is a special case of their setting. However, they assume a homogeneous
signal, and our simulation results in Figure 2.2(a) concur with their theoretical findings.
However, the performance of LASSO degrades significantly for larger sparsity, even under
homogeneous signal (see Figure 2.2(b)), which perhaps shows the limitations of the results in
Genovese et al. (2012) for realistic values of p and s. In contrast, Wainwright (2009b) obtains
the sharpest possible results for model consistency of LASSO under a very general setting.
To be precise, under i.i.d. Gaussian design and for general combination of (n,p, s), the paper
shows that LASSO achieves model consistency for a = Q(\), where X\ is the regularization
parameter and X 2> {(log p)/n}/%. Hence, it is also valid for rare and weak signal regimes and

also accommodates heterogeneity in the signal when A < {(log p)/n}'/2. However, those are
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tight only up to multiplicative constants. Moreover, as pointed out in Section B of Wainwright

(2009b), the model consistency of LASSO depends on whether or not the following is achieved:
n > slog(p — s) + A ?log(p — s).

The above condition is harder to satisfy if s becomes large keeping other parameters fized,
which could be a possible explanation for the phenomenon observed in the third point of the

prior observations.

2 1.0 ,,,—,Q-g-—.—ﬁ-g—-a—g—g—.—‘ 1.0 e e
o g - o .
> .5 o >
8 0.8 1 I"// /‘ 8 0.8 4
o i K ,/‘ o
e} ,’ll * 9]
@ 0.6 " ’ —-A- ETS-IHT & 0.6 —-Ak- ETS-IHT
X #,’ / -@- ETS-PICASSO x -@- ETS-PICASSO
2 qiy -k~ LASSO 2 ~%- LASSO
o041 pi - MS O 0.4 - MS
c ik * c
':—3 i) /! S
5% &/ 5 %]
S | ¥ s
L0/ B S
> 3 a4 5 & 1 8 9 > 3 4 5 & 71 8 9
r r
(a) Homogeneous signal pattern (7 = 0,s = (b) Heterogeneous signal pattern (m =0.2,s =
13) 13)
> >
2 1.0 Py o o o S S o S ) 2104 P e e = =
g Ap® g iz
S 08 s S 0s] K
g e 4 o s
I i
G i -A- ETS-IHT T v -A- ETS-IHT
@ 0.6 Joa - S 0.6 ;7 :
X s -@- ETS-PICASSO x * , -@- ETS-PICASSO
2 /& ~%- LASSO 2 Y ~%- LASSO
S 0.4 A , —- MS © 0.4+ 4 - NS
c 1 C 1 -
2 ) el S I -
£ 0.2 1 ! K k- %’ 0.2 I P
§_ l,’ —*/’* g //"/ /*’*,
o0l ol a-t -t ET bbbt b bbb Lol 6C % E bbbttt
> 3 4 5 & 71 8 9 > 3 4 5 & 71 8 9
r r
(c) Homogeneous signal pattern (7 = 0,s (d) Heterogeneous signal pattern (m =0.2,s =

52)

52)

Figure 2.3: Plot of the proportion of exact recovery for varying r. (non-Gaussian case)

To demonstrate the effectiveness of the ETS framework beyond Gaussian design, we also
evaluate the performance of ETS-IHT and ETS-PICASSO under the case where the entries
of X are generated from Unif (—\/g, \/§) in an i.i.d. fashion with the same choices of (n, p, s)

as in the Gaussian example. Based on Figure 2.3, in this case, ETS also enjoys superior per-
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formance than LASSO and MS. Moreover, we observe a similar effect of signal heterogeneity
and sparsity on the model recovery rate of the methods. This provides empirical evidence

in favor of the good model selection performance of ETS under sub-Gaussian design.

2.6.3 Effect of growing heterogeneity

In this numerical experiment, we study the effect of growing heterogeneity on ETS-IHT,
LASSO and MS. We set p = 2000,s = 13, n = |[p®?] = 935 and r € {2,6} in (2.2). Next,
we introduce ngpike, the number of “spiky” signals in S. We vary ngpie in {0} U [6]. The case
Nepike = 0 corresponds to the homogeneous signal setup where the true signals are set as a
uniformly. For ng,e > 0, we randomly set (s — ngpike) signals in S to be equal to a and the

remaining signals to be equal to agpike, Which is defined as

2 — sa? 1/2
Qspike += {—( ) + CL2} .

Nspike

Such a choice of agpike ensures that the SNR always equals 2 whenever ngyike > 0. We perform
ETS-IHT, LASSO, and MS over 200 Monte Carlo simulations for each choice of r and ngpixe
to obtain the empirical probability of exact support recovery. Similarly to the previous
sections, we assume that the true sparsity s is known and we apply the three methods in the
same fashion as before.

Figure 2.4 shows again the detrimental effect of heterogeneity on MS in terms of exact
recovery. In both panels we see a significant drop in the proportion of exact recovery for MS
when ng,ike changes from 0 to 1. This is consistent with the theory in Section 2.3. However,
in Figure 2.4(b) we see that the proportion of exact recovery is slowly increasing as ngpike
grows from 1 to 6. This is because as ngyke increases, aspie monotonically decreases, so that
the signals become more homogeneous. MS is then able to recover the exact model more
frequently. We do not see a similar phenomenon in Figure 2.4(a) because agpie is too large.
Another important observation is that while ETS-IHT and LASSO are both performing
nearly perfectly when r = 6, ETS-IHT significantly outperforms both LASSO and MS when
r = 2. Therefore, ETS-IHT is again the overall winner.

2.7 Conclusion

In this chapter, we studied the exact support recovery in high-dimensional sparse linear
regression with independent Gaussian design. We focus on the AURWM regime that not only

accommodates rare and weak signals as the ARW regime does but also allows heterogeneity
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Figure 2.4: Plot of proportion of exact recovery with varying ngpike.

in the signal strength. Our first theoretical result (Theorem 2.3.1) shows that marginal
screening fails to achieve exact support recovery under the AURWM regime. The main
reason is that the presence of “spiky” signals increases the maximum spurious marginal
correlation, thereby blinding the marginal screening procedure to weak signals. Therefore,
one needs to be cautious with usage of marginal screening for variable selection in practice.

In contrast, we show that BSS is robust to signal spikes and is able to achieve model
consistency under the AURWM regime with the optimal requirement on signal strength
(Theorem 2.4.1, 2.4.3). The primary reason behind this is that unlike MS, BSS takes into
account multiple features simultaneously and thus selects variables based on their capability
of fitting the residualized responses given the other variables rather than the responses
themselves. Therefore, spiky signals do not affect BSS: They are very likely to be in plausible
candidate models in the first place and their effect on the response has been removed in the
residualization procedure. Given the recent computational advancements in solving BSS,
our positive result on BSS makes it more appealing from an application point of view.

However, it is worth mentioning that even with modern advances in optimization, BSS
suffers from high computational costs when the ambient dimension is extremely high. To ad-
dress this issue, we propose a computationally tractable two-stage method ETS that delivers
essentially the same optimal exact recovery performance as BSS (Theorem 2.5.2). Similar to
BSS, ETS seeks for the features that exhibit high explanation power for the residuals from
the model that excludes these features themselves (see (2.9)). Therefore, ETS is robust to
spiky signals. This fact together with the slowly growing sparsity condition in (2.2) yields
the optimal exact recovery accuracy of ETS.

Our work naturally raises several important questions for future research. One question
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is whether similar optimality results hold for BSS and ETS when the sparsity s grows faster
than logp. The same question can also be asked for correlated random design. Another
direction of our interest is studying the problem of exact recovery in a distributed setting

where data are stored at different places and communication between them is restricted.
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CHAPTER 3

Understanding Best Subset Selection: A Tale of

Two C(omplex)ities

In the previous chapter, we extensively studied the properties of marginal screening and BSS
when entries of the design matrix are generated from i.i.d. Gaussian distribution. However,
in reality, it is often the case that the features are highly correlated with each other. For
example, in GWAS studies, the features carrying genetic information are highly correlated
with other genetic features. In such cases, multi-collinearity adds a further layer of difficulty
on top of high dimensionality of the data. However, recent simulation studies in Hastie et al.
(2020) shows that BSS achieves superior performance in terms of model selection compared
to its computational surrogates like LASSO, SCAD, and MCP. Recently, Guo et al. (2020)
theoretically validated this fact by showing that the model selection performance of BSS
depends on a certain identifiability margin that is robust to the design dependence, unlike
its computational surrogates such as LASSO, SCAD, MCP, etc.

To this end, in this chapter, we consider the problem of best subset selection under a
high-dimensional sparse linear regression model and add a new geometric perspective to
the BSS problem that unravels a deeper understanding of the model selection problem. In
particular, we show that the topological properties of the feature space are fundamental to
understanding the model selection property of BSS, i.e., the complexities of the residualized
signals and spurious projections (see Section 3.3.4) play fundamental roles in characterizing
the margin condition for model consistency of BSS. Furthermore, we establish both necessary
and sufficient margin conditions depending only on the identifiability margin and the two
complexity measures. We also partially extend our sufficiency result to the case of high-

dimensional sparse generalized linear models (GLMs).

36



3.1 Introduction

Similar to the previous chapter, we consider n observations {(x;,y;)}i, following the linear

model:
yi:Xz—'rﬁ"i_wi; ie{la-“?n}a (31)

where {X;}ic[, are fized p-dimensional feature vectors, {w;}ic,) are i.i.d. mean-zero o-sub-
Gaussian noise, i.e., Eexp(Aw;) < exp(A?0?/2) for all A € R and i € [n], and the signal
vector 3 € RP is unknown but is assumed to have a sparse support. In matrix notation, the

observations can be represented as

y=XB+w,

where y = (y1,...,y2)", X = [x1,...,%,]", and w = (wy,...,w,)". We consider the
standard high-dimensional sparse setup where n < p, and possibly n < p, and the vector
B is sparse in the sense that |8, := >__, 1(8; # 0) = s, which is much smaller than p.
We focus on the variable selection problem, i.e., identifying the active set S := {j : 5; # 0}
under the 0-1 loss.

One of the well-studied methods for variable selection in high-dimensional sparse re-
gression is to penalize the empirical risk by model complexity, thereby encouraging sparse
solutions. Specifically, consider

~pen

= arg mingcg, £(B) + pen,(8),

were L£() is a loss function and pen,(3) is the penalization term that controls the model
complexity. Classical methods such as AIC (Akaike, 1974, 1998), BIC (Schwarz, 1978),
Mallow’s C, (Mallows, 2000) use model complexity as penalty term, i.e., fp-norm of the
regression coefficient, to penalize the negative log-likelihood. Although these methods enjoy
nice sampling properties (Barron et al., 1999; Zhang and Zhang, 2012), such ¢, regularized
methods are known to suffer from huge computational bottleneck (Foster et al., 2015). This
motivated a whole generation of statisticians to develop alternative penalization methods
such as LASSO (Tibshirani, 1996), SCAD (Fan and Li, 2001), MC+ (Zhang, 2010), and
many others that have both strong statistical guarantees and computational expediency.
However, as discussed in Chapter 2, after recent computational advancements in solving
BSS (Bertsimas et al., 2016; Bertsimas and Parys, 2020; Zhu et al., 2020), there has been
growing acknowledgment that BSS enjoys significant statistical superiority over its com-
putational surrogates and has inevitably motivated statisticians to investigate the variable

selection properties of BSS. For example, through extensive simulations, Hastie et al. (2020)
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shows that BSS performs better than LASSO in a high signal-to-noise ratio regime in terms
of the prediction risk. On the theoretical side, Guo et al. (2020) showed that the model
selection behavior of BSS does not explicitly depend on the restricted eigenvalue condition
for the design (Bickel et al., 2009; Van De Geer and Biihlmann, 2009), a condition which
appears unavoidable (assuming a standard computational complexity conjecture) for any
polynomial-time method (Zhang et al., 2014). Specifically, they show that BSS is robust
to design collinearity. Under a particular asymptotic regime and independent design, Roy
et al. (2022) further established information-theoretic optimality of BSS in terms of precise

constants for the signal strength parameter under weak and heterogeneous signal regimes.

Main contribution: In this chapter, we also study the variable selection property of BSS
and identify novel quantities that are fundamental to understanding the model consistency
of BSS. Specifically, we take the geometric alignment of the feature vectors {X;};cp, into
consideration to produce a more refined analysis of BSS, and show that on top of a cer-
tain identifiability margin (Guo et al., 2020), the following two geometric quantities also
control the model selection performance of BSS: (a) Geometric complexity of the space of
residualized signals, and (b) Geometric complexity of spurious projections. We show the
explicit dependence of these two complexity measures in our main results and demonstrate
the interplay between the margin condition and the underlying geometric structure of the
features through some illustrative examples. In the process, we also point out the existence
of a design that is more favorable to BSS than the orthogonal design, which is commonly
believed to be the easiest case for model selection. To the best of our knowledge, this is
the first work that identifies the underlying geometric complexity of the feature space as a
governing force behind the performance of BSS.

The rest of the chapter is organized as follows. In Section 4.3 we discuss the preliminaries
of BSS. Section 3.3 is devoted to the discussion of the key quantities, i.e., identifiability
margin and the two complexities. In particular, Section 3.3.1-3.3.3 carefully introduce the
notion of identifiability margin discussed in Guo et al. (2020) and the two novel complexity
measures. In Section 3.3.4, we build intuition for understanding the effect of these two
complexities with varying correlation. In Section 3.4, we present both sufficient (Section
3.4.1) and necessary (Section 3.4.3) conditions for model consistency of BSS. We also partially
extend our result to GLMs and present a similar sufficiency result for model consistency in

Section S2 of the supplementary material.
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3.2 Best subset selection

We briefly review the preliminaries of best subset selection (BSS), one of the most classical

variable selection approaches. For a given sparsity level 5, BSS solves for

~ —~ . 2
Bhrest () == arg mingegy 5, <5 ||y — X85 -

For model selection purposes, we can choose the best fitting model to be Shest (s) = {7 :
[Bresi(3)]; # 0}. For a subset D C [p], define the matrix Xp := (X;;j € D). Let Pp :=
Xp (X} Xp)1X], be orthogonal projection operator onto the column space of Xp. Also,

define the corresponding residual sum of squares (RSS) for model D as
Rp = yT(]In —Pp)y.
With this notation, the gbest (5) can be alternatively written as

gbest (/S\) = arg mlan[p]|D|§§ R’D (32)

Given any candidate model D C [p], we can rewrite the model (3.1) as

y = XsBs +w =PpXsBs+ (I, — Pp)Xs\pBs\p + W.

The term (I, — Pp)Xs\pBs\p is the residual part of the signal that can not be linearly
explained by Xp. We refer to this part as the residualized signals. We can thus measure
the discrimination between the true model § and a different candidate model D through the
quantitz n~t (I, — PD)XS\D/BS\DH;

Let ¥ := n~ !X "X be the sample covariance matrix and for any two sets Dy, Dy C [p],
EDLDQ denotes the submatrix of 3 with row indices in D; and column indices in D,. Next,
we define the collection &% := {D C [p] : D # S, |D| = 5}, and for D € % write

~ ~ ~_] ~
['(D) = Zs\p,s\p — Xs\D,pXp p2D,5\D-

Then, it follows that n~! H(]In - PD)XS\DBS\DHE = BE\DF(D),BS\D. Intuitively, if
BE\DI‘(D),BS\D is very close to zero, then there exists b € R/l such that XsBs ~ Xpb.
Hence, S and D have similar linear explanatory power, and the true model S becomes prac-
tically indistinguishable from D. In fact, the following lemma shows that Bg\DF (D)Bs\p
needs to be at least bounded away from 0 for all D € % to make S identifiable.

Lemma 3.2.1. If there exists a D € o such that BE\DF(D)@S\D = 0, then there exists
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b € R® such that XsBs = Xpb. Hence, both XsBs and Xpb generates the same probability

distribution fory, and S8 becomes non-identifiable.

Now we are ready to introduce the identifiability margin that characterizes the model

discriminative power of BSS and the two complexity measures.

3.3 Identifiability margin and two complexities

3.3.1 Identifiability margin

The discussion in Section 4.3 motivates us to define the following identifiability margin:

7.(3) = min BE\DF(D)@S\D
AT e T D\ S

(3.3)

If we define @4y, := {D € % : |D\ S| = k}, then the above can be rewritten as

~ : : IBE\’DF(D)/BS\D
7.(S8) = min min .
k€E[5] Des k

As mentioned earlier, the quantity 7.(S) captures the model discriminative power of BSS.
To add more perspective, note that if the features are highly correlated among themselves
then it is expected that 7,.(5) is very close to 0. Hence, any candidate model D is practi-
cally indistinguishable from the actual model S which in turn makes the problem of exact
model recovery harder. On the contrary, if the features are uncorrelated then 7,(5) becomes
bounded away from 0 making the true model S easily recoverable. For example, Guo et al.
(2020) showed that under the condition

1
r(s) 2?2 (3.4)
n

BSS is able to achieve model consistency. In general, Condition (4.6) is less restrictive than

the well known [S-min condition which demands

logp) 1/2

a: rjrgg\ﬂﬂwa( -

To see this, let N, = Minpey, Amin (I'(D)), and note that 7.(s) > \,a?. Thus a sufficient

condition for (4.6) to hold is a > o{log p/(nAmy)}/2. In comparison, Zhang and Zhang (2012)

showed that the {y-regularized least square estimator is able to achieve model consistency
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when a 2> o{logp/(nr_)}"/?, where k_ := minp.p|<spc[y) )\min(i'p). The latter condition is
very sensitive to the feature correlation as k_ can vary drastically depending on the degree of
correlation between the features. In contrast, A is Tobust against design dependence; rather,
it reflects how spurious variables can approximate the true model, which implies much less
restriction than that induced by x_. For more details on the identifiability margin, we point
the readers to Section 2.1 of Guo et al. (2020). From now on, unless otherwise mentioned,
we will assume that 7.(5) > 0 to avoid the non-identifiability issue as pointed out in Lemma
3.2.1.

Next, we will shift focus on the underlying geometric structures of two spaces that govern
the difficulty of the BSS problem (4.4). We essentially identify the complexities of two types
of sets that control the hardness of BSS: (i) the set of residualized signals, and (ii) the set
of spurious projections. We discuss these two sets and the associated complexities in detail

below.

3.3.2 Complexity of residualized signals

We start with the definition of the residualized signal. For a candidate model D € o, define

vp =n""*(I, — Pp)Xs\0Bsp;

and the corresponding unit vector 3 := vp/ | ¥pll,- Note that 7 is well-defined as ||ypl|5 >
T+(5) > 0. As mentioned before, v, represents the part of the signal that can not be linearly
explained by the features in model D. Note that the margin condition (4.6) essentially tells
that the vectors vy, are well bounded away from the origin. However, this property does not
quite capture the degree of their radial spread in R™. It may happen that despite being well
bounded away from the origin, the vectors are clustered along one common unit direction.
To capture this notion of separation within the vectors {vp}peq., we also need to capture
the spatial alignment of their corresponding unit vectors {¥p}pes.. This motivates us to
consider the geometric complexities of this set of unit vectors. Specifically, for a set Z C S,

we define

T = {Fp:Dec o SND=1I} CR",

which is the set of all the normalized forms of the residualized signals corresponding to the

models D € o with Z as the common part with true model S. To capture the complexity
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of these spaces, we look at the scaled entropy integral

15 Jlog N (T, 1l 2) e
log [ 727

é}z(g) =

The numerator in the above display is commonly known as entropy integral which captures
the topological complexity of Tz(g). In literature, this quantity has a connection to the well-
known Talagrand’s complezity (Talagrand, 2005), which often comes up in controlling the
expectation of the supremum of Gaussian processes (Krahmer et al., 2014; Lifshits, 1995;
Adler et al., 2007). In this chapter, we look at the above scaled version of the entropy integral
which allows us to compare the quantity with the diameter and minimum pairwise distance
between the elements of the set TI@. To elaborate on this point, define the diameter and

minimum pairwise distance of 'Tz(g) as follows:

D

= max [u—v|,, and d
u,vETIs

min_[ju—v|,.

(5) =
Tz u,vETIS

o
Now notice the following two simple facts:

og N (TS, 1, D7) = 0, Tog N (TS, 1], dr) = log |7

Noting that log N/ (TZ@; ||, ,6) is a decreasing function over §, we finally get

This shows that the quantity @(OTI@’ roughly captures the average separation of the set Tz(g).
In our subsequent discussion, we will show that o@TI(g) heavily influences the margin condition
for exact recovery. This is indeed an important observation, as the complexity of the set of
residualized signals depends heavily on the association between the features. For example,
they can differ vastly for highly correlated designs compared to almost uncorrelated designs.
Hence, the effect of éaTI(g) on the exact model recovery also varies significantly across different

classes of distributions and leads to sharper margin conditions for exact model recovery.

3.3.3 Complexity of spurious projections

In this section, we will introduce the space of projection operators that also controls the

level of difficulty of the true model recovery. Similar to the previous section, for a fixed set
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Z C S, we consider the set
G = {Pp—P;:Dec o SND =TI} CR™™

It is a well-known fact that every projection operator of the form Pp — Pz € gf) has a
one-to-one correspondence with the subspace col(Xp)Ncol(Xz)*+. Thus, Qf) can be thought
of as the collection of all linear subspaces of the form col(Xp)Ncol(Xz)*, which is essentially
the set of spurious features that can not be linearly explained by the set of features in model
Z C S. To capture the proper measure of complexity of the set Qf), it is crucial to induce the
space of projection operators with a proper metric. It turns out that Grassmannian distance
is the correct distance to consider in this context. Specifically, for two linear subspaces L1, Lo

we look at their mazimum sin-theta distance:

d(LbL?) = HHLl - HL2H

op’

where II; ,II;, are the orthogonal projection operators of Ly, Lo respectively. It turns out
that d(Lq, Ls) evaluates the trigonometric sine function at the maximum principal angle
between the subspaces L; and Ls. We point the readers to Ye and Lim (2016) for a more
detailed discussion on this topic.

Under this distance, we define the scaled entropy integral as

T 108 NG, oy ) de

\/1og |GY]

Note that, unlike &, the complexity measure 59@ has no dependence on 3 or the resid-
v v

ggf) .

ualized signal. Thus, &, roughly captures the geometric complexity of only the spuri-
T

g
ous features. In fact, via a similar argument as in Section 3.3.2, it can be shown that
dgf) < éf’gf) < Dgf)a where
dgf> = min_[[U- V], Dgf> = max_[[U-V].

u,veg U,vegt

Thus, 5g(s) only captures the separability in the set of subspaces generated by the spurious
v
features. The main motivation behind considering such quantity is to capture the influence
of the effective size of the set {gf) }zcs in the analysis of BSS. A naive union bound only
gf) = (EP:é') as a measure of complexity of the set Qf). This is rather loose, as
the effective complexity of the set is much smaller if cg’g(g) is small. Thus, taking @“’g@ into
s e

uses

account unravels a broader picture of the effect incurred by the underlying geometry of the
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feature space.

3.3.4 Correlation and complexities

From the discussion on the two complexities, it is quite evident that both of the complexity
measures heavily rely on the alignment of the feature vectors {X; : j € [p]}, which directly
depends on the correlation structure among the features in the model. Below, we discuss

how these two types of complexities may vary with correlation among the features.

Correlation and spurious projection operators: We first focus on the set gf), as it is
relatively easy to understand its behavior across different correlation structures. Recall that
for a fixed choice of Z, the set (]f) is the collection of all the projection operators of the form
Pp — Pz for all D € &%, which can be thought of as the collection of different subspaces
generated by the spurious features. If the spurious features are highly correlated then it
is expected that these subspaces are essentially indistinguishable from each other, i.e., the
mutual distance between the projection operators {Pp — Pz}pey. is significantly smaller
compared to the case when they are weakly correlated. As an example, let us consider the
equi-correlated Gaussian design, i.e., the row vectors {;};cp, of X in (3.1) follows i.i.d.

mean-zero Gaussian distribution with covariance matrix
-
Y=01-7,+r1,1,.

For the sake of simplicity, we also assume that the true model is a singleton set. In particular,
we consider § = {1} and set § = 1. Also, note that in this case % = {j € [p] : j # 1} and
T = @. Under this setup, we have G5 = {X;X]/ X505 : 7 ¢ S} and n~' |X; — X |5 ~
2(1 — ), for all j,k # 1. If r is very close to 1 in the above display, then it follows that
the vectors {X;/y/n};+1 are extremely clustered towards each other, and as a result, the
spurious projection operators are also very close to each other in operator norm. Due to
this, the complexity measure &) becomes extremely small and the subspaces become almost
indistinguishable. In contrast, vffhen the features are approximately uncorrelated, i.e., r =~ 0,

the scaled features {X;/\/n};«1 are roughly orthogonal. In that case the
n X, — Xk||§ ~ 2, foralljk+#1.

This suggests that the linear spans generated by each of the set of features {n=1/2X;},4 are
well separated and &) is well bounded away from zero. Thus, it follows that the features

are well spread out in R"™. This phenomenon indicates that a higher correlation may aid the
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model recovery chance for BSS by reducing the search space over the features. As we will
see in our subsequent discussion in Section 3.4.2, the correlation between noise variables can
significantly help BSS to identify the correct model. Specifically, we construct an example
where the true variables are uncorrelated with the noise variables and show that a high
correlation among noise variables helps BSS to identify the correct model. The intuition is
that under the presence of correlation, the diversity of the elements in Qf) gets reduced as

éag(g) becomes small. Thus, BSS needs to search on a comparatively smaller feature space
v

rather than searching over all possible (p 3

5—|7|
finding the correct model out of the other candidate ones. Thus, the smaller complexity of

) models, which in turn aids the probability of

Qf) counteracts the adverse effect of correlation to some degree, and it may improve the

model recovery performance of BSS.

Correlation and residualized signals: Now we shift our focus to understanding the
behavior of the set of normalized residualized signals denoted by TI(E). Recall that for a fixed
Z, the set 7'I(§) denotes the collection of all the unit vectors 4, (defined in Section 3.3.2)
such that D NS = Z. Similar to gf), the complexity of the set 7}@ also depends on the
correlation structure among the features. To elaborate more on this, we revisit the example
of equi-correlated Gaussian design with correlation parameter » and S = {1}. We denote by
P; the orthogonal projection operator onto the span of Xj, i.e., P; = X;X [/ HXJH§ . Similar
to the previous section, in this case also the set 7;(1) consists of the scaled residualized signals
that take the following form for large n with high probability:
~ (Hn - Pj)Xl X1 —1X;

Y= ~ , forall j#1.
D@ =P Xally X =X,

Also, note that
T 1—2r2 4¢3

Since, f(r) is a strictly decreasing function on [0,1), and ||7; — :)\'kHz =2(1 - '7;'71@)’ it

follows that dr, > 1/2 when r is very close to 1. On the contrary, when r ~ 0, the above

display suggests that D ~ 0, i.e., for uncorrelated design, the complexity 5’T<1> of the set

T
7?0(1) is smaller compared to the highly correlated case which is in sharp contrast with the
behavior of &.).

However, itgis worth pointing out that the above property of 5,7_[;1) is very specific to the
above considered model. There may exist a correlated structure where higher correlation
among noise variables does not increase é"Tg(l) (see Section 3.4.2), and improves the chance

of identifying the correct model via BSS. However, understanding such a phenomenon for a
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more general design could be significantly more challenging.

3.4 Theoretical properties of BSS

3.4.1 Model selection consistency of BSS under known sparsity

This section illustrates the interaction between the identifiability margin (4.5) and the two
complexities that characterize the sufficient condition for the exact model recovery. From
here on, we assume that the true sparsity is known, i.e., we set § = s in (4.4), and BSS
searches the best model out of all possible models of size s. We now introduce a technical
assumption that essentially prevents the noisy features from becoming highly correlated with

the true features:

Assumption 3.4.1. The design matriz X enjoys the following property:

: ~1/2
min é"g<15> > {log(ep)} /=

The above assumption ensures that the noisy features are distinguishable enough from the
active features in order for BSS to identify the active features. To see this, consider the case
when the noise variables are highly correlated with the true features {X;},cs. In this case,
the projection operator Pp — Pz can be written as (I, — P7)Pp for all D € Qés), whenever
T # &. As the features in {X; : j € D\ S} are highly correlated with Xz, it follows that
|Pp — Pz|,, = 0 and by triangle inequality it follows that ||Pp — Pp||,, ~ 0 for any two
candidate models D and D’ such that DNS = D' NS = Z. Thus, Assumption 3.4.1 gets
rid of such cases by indirectly controlling the correlation between the active features and
noisy features. Secondly, the assumption also enforces diversity among the noise variables
in the following sense: If the features {X, : j ¢ S°} are too similar to each other, then also
dg"g(;) shrinks towards 0. Thus, Assumption 3.4.1 prevents the noise variables from becoming
extremely correlated with each other.

Assumptions with similar spirits are fairly common in the literature on high-dimensional
statistics. For example, the well-known Sparse Riesz Condition (SRC) Zhang and Huang

(2008) assumes that there exist positive numbers k_, x, and ¥ > 1 such that

X 2
Ko < w < kg, forallve{ueR":|u|,=1]ul, < Us}. (3.5)

The above SRC condition controls the maximum and minimum eigenvalues of all the models

of size s, which essentially prevents the features from becoming extremely correlated with
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each other. In comparison, Assumption 3.4.1 is much weaker than SRC condition in two
aspects. First, unlike the SRC, Assumption 3.4.1 imposes conditions only over (2° — 2)
models, whereas SRC imposes conditions on Q((p/s)¥*!) many models. Second, the lower
bound requirement in Assumption 3.4.1 is rather weak as the bound decays with increasing
ambient dimension and allows a higher degree of correlation among the features. In other
words, SRC condition (3.5) implies the condition in Assumption 3.4.1, and we formalize this

claim in the following proposition.

Proposition 3.4.2. Let the columns of X be normalized, i.e., || X;||, = /n. Also, assume
that there exist positive constants k_, k. such that the SRC condition (3.5) holds with ¥ = 2.
Then the condition in Assumption 3.4.1 also holds for large enough p, i.e., minzcs é"gés) >
Kk_/ky > {log(ep)}~Y2. Furthermore, the implication in the other direction is not true in

general.
Now we are ready to state our main sufficiency result.

Theorem 3.4.3 (Sufficiency). Under Assumption 3.4.1, there exists a positive universal

constant Cy such that for any 0 < n < 1, whenever the identifiability margin 7.(s) satisfies

T:(s)
o2 =
3.6
Co max { max &2..,, max &2, » + log(es) V loglog(ep) | log(ep) (3.6)
(1 —n)? 1cs T 1cs Ty log(ep) n
we have

S8 . _
{S (Sl =s5,Rs < min Rp+n777*(s)} {S},

with probability at least 1 — O({s Vlogp}~t). In particular, setting n = 0, we have S =
arg minpe ., Rp with high probability.

The proof of the above theorem is present in Section B.1.3 of the supplementary material.
The above theorem gives a sufficient condition for BSS to achieve model consistency.

Moreover, note that the margin condition (3.6) involves the identifiability margin 7, (s) and
the two complexities associated with the sets of residualized signals and spurious projection
operators. This condition reveals an interesting interplay between the identifiability margin
and the two complexities. To highlight this phenomenon, it is instructive to consider the
case when the true model S = {1} and X; is orthogonal to the spurious features {X;},
but the spurious features may be extremely correlated to each other. As mentioned in the
independent block design example in Section 3.4.2, in this case, both of the two complexities

are small for higher correlation among the spurious features, whereas 7,(s) remains roughly
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unaffected by the strength of correlation. Thus, the margin condition (3.6) becomes less
stringent with increasing strength of correlation, and the performance of BSS should improve.
To illustrate this phenomenon, we consider a simulation setup with p = 2000,n = 500,
and s = 1. We generate X from independent Gaussian block design mentioned in Section
3.4.2 with the cross-correlation ¢ = 0, and r € [0, 1) being the correlation within the noise
variables. Thus, r = 0 corresponds to the independent Gaussian design. We set B =
(0.1,0,...,0)" € R?, and the errors {w; };e[, are generated in ii.d. fashion from N(0,1).
Finally, the response y is generated according to model (3.1). Assuming s is known, we
use ABESS (Zhu et al., 2020) as a fast computational surrogate for BSS. The left panel
of Figure 3.1 shows that the mean model recovery rate of ABESS (across 20 independent
runs) increases as the correlation between the noise variables increases to 1, which validates
the findings in Theorem 3.4.3. The right panel of Figure 3.1 also shows that a similar

phenomenon is true even for s > 1.

s=1 s=5
o o
- | S
(4] © ] [ee)
g 31 § 3
> © > ©
2 o7 ¢ S 7
[} o
3 < g < |
- © =~ ©
o [}
g o g o
[} o [} o
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00 02 04 06 08 1.0 00 02 04 06 08 10

r r

Figure 3.1: Model recovery rate of ABESS under independent block design.

On the other hand, as mentioned in Remark 3.4.6, under equicorrelated model with
S = {1} and high correlation, 57251) remains strictly bounded away from 0 and it dominates
&_1). However, the identifiability margin 7.(s) becomes very small due to the high correlation
be“zween the true and noise variables. Hence, the margin condition (3.6) becomes harder to
satisfy with increasing correlation. In the case of independent design, it turns out &, is
the dominating complexity measure. This is not surprising as under independent designr,a the
features are more spread out in the feature space compared to correlated design, whereas
the residualized signals are more concentrated towards a single unit direction, making é"Tél)
smaller compared to @@gg).

The above discussion shows that apart from the quantity 7.(s), the complexity of residu-

alized signals and the complexity of spurious projection operators also play a decisive role in
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the margin condition of the best subset selection problem. Specifically, the set with higher
complexity characterizes the margin condition in Theorem 3.4.3.

We can further represent the condition (3.6) in terms of the diameter of the sets ’TI(S) and
g;s). To see this, recall that 57}(3) < DTI(S) and éagés) < Dgés) for all Z C §. Under the light of

this fact, we have the following corollary:

Corollary 3.4.4. Let the condition in Assumption 3.4.1 hold. Then there exists a positive

universal constant Cy such that for any 0 < n < 1, whenever the identifiability margin .(s)

satisfies
n(s)
o =
3.7)
Co : : log(es) v loglog(ep) | log(ep) ¢
=) lmax{r?é‘?%s”???[’g? + log(cp) m—
we have

{§: S| =5, Rg < min Rp+mm(8)} ={S},

with probability at least 1 — O({s V logp}~1). In particular, setting n = 0, we have S =
arg minp, ,, Rp with high probability.

Corollary 3.4.4 essentially conveys the same message as Theorem 3.4.3, only under a
slightly stronger margin condition (3.7). However, in some cases, it could be comparatively

easier to give theoretical guarantees on the diameters D D gl rather than their corre-
T

7-1(8) ;

sponding complexity measures éaT(s),é"g@) respectively. Now in the next section, we will
v A

discuss a few illustrative examples to further elaborate on the effects of two complexities.
3.4.2 Illustrative examples

In this section, we will discuss a few illustrative examples to highlight the effect complexities
of the two spaces described in Section 3.3.2 and Section 3.3.3.

Block design with a single active feature

Consider the model (3.1) where the rows of X are independently generated from p-

dimensional multivariate Gaussian distribution with mean-zero and variance-covariance ma-

s_ [ ! 1)
C]_pfl (1 — T)]Ipfl + Tlpfl]_;;l

trix
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where ¢ € [0,0.997],r € [0,1). We need to further impose a restriction

1—r

2
<
c 7“—|—p_1

to ensure positive definiteness of 3. In this case, we also set the true model S = {1} and the
noise variance o = 1. Recall that in this case the sets of residualized signals and spurious
projection operators are denoted by 7?5(1) and QS) respectively. Under this setup, we have

the following lemma:

Lemma 3.4.5. Assume that logp = o(n). Then under the above setup, there exist universal

positive constants C, L, M such that the followings are true with &, , = C{(logp)/n}/?:

(a) For large enough n,p we have

Tl Py m) L (etey)
P l+en, | = B2 — P 1—enp

=1+o0(1/p).

(b) For large enough n,p we have

2¢%(1 —
P {max{y—lzsnyp,()} < d?

— 2

=1+o0(1/p).
(¢) For large enough n,p we have

P [max{(l — %) = Me,,, 0} <d%) <D < (1—1%)+ Me,,

gy gi1) =
=1+o0(1/p).

From part (b) and (c) of the above lemma, it follows that the complexity &) ~ 0 when
¢ = 0. For any fixed ¢ > 0 and r € [0, 1), we have

2¢3(1 —r)
52(1) ~

u = and éa;m ~ (1 —7r% for large n, p. (3.8)
2] — C 2

A detailed derivation of the result is present in Section B.1.5 of the supplementary material.
Left panel of Figure 3.2 shows the partition of c-r plane based on the dominating complexity.
It is worthwhile to note that a high value r, i.e., a high correlation among the noise variables

results in a smaller value of the complexity terms in (3.6). However, Lemma 3.4.5(a) suggest
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Figure 3.2: (left) Partition of c-r plane showing dominating regions for the two complexities.

The color gradient indicates the value of & 70— é"g(l). (right) The plot of two complexities

for varying r under equicorrelated design.

that 7.(1)/8? ~ (1 — ¢?), i.e., higher correlation between true and noise variables shrinks
the margin quantity 7.(1) towards 0. This suggests that a smaller value of ¢ and a higher
value r is more favorable to BSS than other possible choices of (r,¢). We now discuss these

phenomena through some selected examples.

Independent design: In this case ¢ = r = 0. In this case (3.8) suggest that éag%) ~ 1.
On the other hand, we see that &2,) ~ 0. Thus, the complexity of spurious projections
Tz

is dominant in this case. Also, in this case, 7.(1) &~ 3? which suggests that higher signal

strength results in a better performance in terms of model selection.

Independent block design: In this case, we set ¢ = 0 and we vary 7 in (0, 1). Note that
(3.8) tells that (5"2(1) ~ 0, and &2 it has a decreasing trend with r € (0, 1). This suggests that
the independent block design Wlth a high value of r is more favorable for BSS to identify
the true model compared to the independent random design model in the previous example.
Finally, noting the fact that 7.(1) ~ %, we can conclude that for high values of r, the

sufficient condition in Theorem 3.4.3 becomes less stringent.

Equicorrelated design: Here we set ¢ = r and vary r in the interval [0, 1). Let o be the

unique positive solution to the following equation:

2r2

—(1—=7r%)=0.
14r ( ")
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Calculation shows that ry ~ 0.675. Using (3.8), it follows that for r € [0, ry) the complexity
of spurious projection operators is dominating, i.e., (5;2{(;) > 572_2(’1). In contrast, for r € (ro, 1),
we have the complexity of the residualized signals to be dominating, i.e., é%n > égg). Right
panel of Figure 3.2 indicates the phase transition between the two complexities. Since the
identifiability margin 7.(1) roughly behaves like 87(1 — r?), the margin quantity becomes

very small for a high value of r. Hence, for model consistency, we need a high value for 3.

Remark 3.4.6. In the example of equi-correlated design with S = {1}, the effect of correla-
tion parameter r on the complexities éa,rél) and (%[(31) are complementary to each other. In the
case of the set of residualized signals, increasing correlation among the features increases the
overall complexity of the set ’Tél) and vice versa. In contrast, higher correlation decreases
the complezity (o("gg), thus shrinking the effective size of g,(;). Thus, in this case, the two

complexities act as two opposing forces in the margin condition (3.6).

3.4.3 Necessary condition

One question that arises from the preceding discussion is whether the margin condition in
Theorem 3.4.3 is necessary for model consistency or not. Specifically, it is natural to ask
whether the complexities of residualized signals and spurious projections also characterize
the necessary margin condition. In this section, we show that a condition very similar to
(3.6) is essential for model consistency of BSS, which is also governed by a similar margin
quantity and complexity measures.

For j, € S, we define the set €, := {D : S\ D = {jo},|D| = s} C 1. We consider the

maximum leave-one-out identifiability margin for j, € S as

- Bs\ol'(P)Bso 2
TR T s nR TP 39

Consider the set Zy := S\ {jo} for a fixed index j, € S. We capture the complexity of 7'1(05)
through the following quantity:

(3.10)

o P03y flB MO (g s )
7L = s ’
“ Vlog |75,

The above display immediately shows that &7, ) > d_ /2. Also, from the property of packing
Zo

and covering number, it follows that

M, A zuggy biese I-l2) S N(0/2, {710 Hiese, [1ll)-
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As N(6/2, {77,051 tieses [I°]l,) is a decreasing function over § € (0,00), we have the follwing

inequality:

) — o ~
sup 2\ 108 N (8/2, (A0 gese: [1-]l2) < / VIoe N (e (Ao biess 1) de.

6>0
s) . Hence similar to Cga s
’7’(0> b 7‘(0) )

the alternative complexity measure é‘;’i<s> also captures the average separation among the
Zo

The above inequality further shows that 57*.@ < é"T(s) <D
Ty Zo

elements in ’TZ(OS).

Next, we focus on the set gg) which is the collection of all the spurious projection operators
of the form Pp—P7, for all D € 6,. If D = ZyU{j} for some j € S, then the corresponding
spurious projection operator takes the form

Pp — Pz, =u;u;, (3.11)
where U; denotes the unit vector along the residualized feature vector u; := (I, — Pz,)X;.
Thus, the above display basically shows that the Pp — Pz, is the orthogonal projection

operator onto the linear span generated by the residualized feature u;. Similar to (3.10), we

define the complexity measure of Qg)) as

- supyg 5y/log M(6.G5). |1,

gl = B
o /log |gé0)‘

(3.12)

Hence, combining the

By a similar argument, it also follows that dg(s)/Q < &%) < D).
Zo gzo glo
above observation with (3.11), it also follows that é”g*(s) captures the angular separation
Zo

among the elusive features {u,};ecse.
Next, we introduce some technical assumptions that are crucial for our theoretical analysis

of the necessity result.

Assumption 3.4.7. The complexities of the Qg)) and ’TI(OS) are not too small, i.e.,
5*3@) > 16{log(ep)} ", and &) > 16{log(ep)} ™
Ty Zo

for allZy C S and |Zy| = s — 1.

Assumption 3.4.7 combined with the observation (3.11) essentially tells that the set of
elusive features {U; }jesc and the scaled spurious signals {¥p } peg;, are not too identical with

each other, as 5;(5) and @@;(s) would be typically small otherwise. Thus, Assumption 3.4.7
o T,
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induces diversity in 7'1(03) and Qg).

Condition 3.4.8. There exists a constant o € (0,1) such that & ) /&) € (a,1).
Io Zo

The condition essentially tells that the set 7'1(08) has a somewhat regular geometric shape in
the sense that both the lower and upper complexity are of the same order. This essentially
implies that minimal separation and maximal separation of the set ’TI(OS) are of the same
order.

Now we present our theorem on the necessary condition for model consistency of BSS.

Theorem 3.4.9 (Necessity). Assume w ~ N(0,0%L,), p > 16e*® and s < p/2. Also, let the
Assumption 3.4.7 hold and write J ={Z C S : |Z| = s — 1}. Then the following are true:

(a) If &* ol ¢ (& T4, T(s)) for all Ty € J, then there exists a universal constant Cy > 0
)
such that

2

R o log(e

7(s) < Cymax { max &2, max &>, —g( P)
Toeg T1y Toeg Yz, n

implies that

~ 1
>
IED(Sbest( ) 3& ’S) =10
(b) If there exists Ty € J such that &* g ((5"*T<s>,<§T(S)), then under Condition 3.4.8,
Ty Ly T

there exists a constant C, depending on «, such that

7(s) < O, max { max &2, max &*2,
(5) < Ca {Ioej Tr(o)’IoeJ gé())

} 0?log(ep)

implies that
P(Spet() # 8) > 1o

The detailed proof can be found in Section 3.4.3 of the supplementary material. The above
theorem essentially says that if the maximum leave-one-out margin 7(s) < o?(logp)/n then
the BSS fails to achieve model consistency with positive probability. However, the interesting
part of the above theorem is to understand the effect of the term involving complexity
measures. Similar to Theorem 3.4.3, here also, we see that the dominating complexity
characterizes the necessary condition for model consistency. However, we reiterate a few
major differences between the above theorem and Theorem 3.4.3. First, Theorem 3.4.3
needs 7, (s) to be lower bounded, which is much stronger than the required condition on 7(s)
in Theorem 3.4.9. Second, Theorem 3.4.9 involves the alternative complexity measures &* Tz(;)
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and & o) which are typically smaller than the complexity measures used in Theorem 3.4.3.
Third, the resulting complexity in Theorem 3.4.3 involves the maximum over all possible
subsets of S, whereas Theorem 3.4.9 involves the maximum only over the subsets of S of size
s—1. These three facts are the main reasons that the requirement in Theorem 3.4.9 is weaker
compared to the margin condition (3.6). Nonetheless, Theorem 3.4.9 is still interesting as it
shows that the two types of complexities are indeed important quantities to understand the
model selection performance of BSS.

Theorem 3.4.9 can also be stated in terms of the diameter and minimum separability of
the sets T(S and Q’Is Recall that &* ) > dT(s) and &* ot > dg<s> Hence, it follows that

under the same conditions in Theorem 3 4.9, the margin condition

2

~ o“log(e

7(s) 2 max { maxd? ), maxd? ., o”log(ep)
ToeJ ’TIO Toed gIO n

is necessary for model consistency of BSS.

3.5 Extension to GLM

In this section, we will focus on the best subset selection problem under generalized linear

models (GLM). Similar to the linear regression setup, we will also adopt the fixed design

setup in this case. In particular, given the data matrix X := (x1,...,%,)" € R™P we observe
the responses y := (y1,...,¥y,)' coming from the distribution
T * T *
yx B7) —b(x' B yn — b(n
frpe(y) = h(y) exp{ x #) 5 ( )} = h(y) exp {% : (3.13)

Here n = x' 3" is linear predictor and B* is true parameter with ||3||, = s and support S.
The functions b : R — R and A : R — R are known and specific to modeling assumptions.

Examples include several well-known models such as

1. Linear regression: Consider the linear regression model y = x'3* 4+ w, where w ~
N(0,0?). In this case h(y) = exp{—y?/(20?)} and b(u) = u?/2.

2. Logistic regression: In this model y ~ Ber(1/(1+exp(—x'3*))). Standard calculations
show that A(y) = 1 and b(u) = log(1 + €*).

For the purpose of model selection, we choose the loss function to be the scaled negative
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log-likelihood function

(/6 {(Xzayz ze[n = Zﬁ Xzyyz

z€ [n]

where £(8;(x,y)) = —y(x'B) + b(x'B). Furthermore, for a candidate model D € 7,
and B € R, define the restricted version of the scaled negative log-likelihood function as
Lo(B: {(x0. 9)hiete) = (1/2)7 Sy ColB: (x50, 00)) with £o(B: (x0,9)) = —~y(xhB) +
b(xp03). Let Bp be the unique minimizer of Lp(8; {(Xi,p, ¥i) iepmy)- Under the oracle knowl-
edge of sparsity s, BSS solves for

Sbest - n_larg minD:|D|:s£D</3D; {(Xi,Da yl)}lé[n])

Next, we will introduce the quantities that capture the degree of separation between the true
model § and a candidate model D € &7, and characterize the identifiability margin for model

selection consistency. Let Pp 3 be probability measure corresponding to the joint density
Hie[n] fxlp,fj(yz> and define

2
An(D) = 2¢ min KL (Ps g

n ,BGRS

Dﬁ

n

X 2 ~ . -
== Z { sﬁs W' (x 353) b(x 553 } gleglik}f . Z {(XZDIB)Z)/(XZS/BS) - b(XZDﬂ)} .
i=1
The above quantity can be thought of as the degree of model separation as it measures the
minimum KL-distance between the likelihood generated by the data under (S, 3%) and the
likelihood generated by D and all possible choices of 3 € R? with the support in D. Let Bp

be the minimizer of the optimization problem in the above display, i.e.,

BD = arg minBeRsKL (PS,ﬂg H PD,B) :

By definition it follows that Bs = Bs. Also, note that for Pp s the natural parameter
of the density function is XpB3p. Thus, one can also measure the separation between two
models through the mutual distance between the corresponding natural parameters. This
motivates the definition of the second measure of separability between the true model § and

candidate model D: o
HXS/B‘*S - XDIBD”Q
n

Apar(D) =

Note that, under the linear regression model with isotropic Gaussian error, both Ay (D)
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and Ap, (D) becomes equal to the quantity ,Bg\DF(D),BS\D. To see this, recall that
for linear regrﬁessi;m model b(u) = u?/2 and the KL—di\iergence KL(Psgs || Ppa,) =
HXS/B‘*S — XDBDH 5/ (20?). Thus, from the definition of Bp, it immediately follows that
XpBp = PpXsBs. Later, we will see that these two notions of distances are equivalent

under certain regularity conditions on the link function b(-).

3.5.1 Identifiability margin and two complexities

In this section we will introduce the identifiability margin and the two complexities similar

the case of linear model. We consider the following identifiability margin:

Aw(D)
D\ S|

Te(8) == })%ij;

We assume that 7,(s) > 0 to avoid non-identifiability issue. Next, we consider the trans-
formed features as follows:

Xp = A} *Xp,

where Ap = diag(b”(xlT,DBD), ., 0"(x) pBp)). Let Pp be orthogonal projection matrices
onto the columnspace of XD. Let 151|D be the orthogonal projector onto the columnspace of

[XD]I. Now we define the following sets of residualized signals and spurious projections:

Fe) _ { XpBp — X535
|

— - :D € o7y,
’ XpBp — X5 }

2

G"és) = {f)p — f)ﬂp :D e fQ{I} .

The complexity measures for these two sets are 6’%@) and &5 “ respectively, which are defined
T z(s

in the same way as the complexity measures in Section 3.3.

3.5.2 Main results

In this section, we will state the main result analogous to the Theorem 3.4.3. We begin with

some standard assumptions necessary for the theoretical analysis of GLM models.
Assumption 3.5.1 (Features and parameters). We assume the following conditions:

(a) There exists positive constants xg and Ry such that max;cp, ||xi]|,, < o and ||B7]|; <
Ry.
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(b) There exists a constant ko > 0 such that

i Amin (X EX > K.
b=, Mmin (XoXo/m) 2 o

(¢) There exists constant M > 0 such that

1
max — E Xip ® X;p @ X;p < M.
DC[p]:|D|=s || N

i€[n] op

(d) There exists a constant R > 0 such that maxpe, MaX;ey) |XZDBD| < zoR.

(e) The design matriz X enjoys the following property:
22 -1
min &) > {log(ep)}™".

Assumption 3.5.1(a) is very common in high-dimensional literature. Assumption 3.5.1(b)
basically tells that the sparse-eigenvalues of X are strictly bounded away from 0. Assump-
tion3.5.1(c) tells that the third order empirical moment of Xp is bounded. A stronger
version of Assumption 3.5.1(d) is present in Pijyan et al. (2020); Zheng et al. (2020), where
the authors assume that ||BDH1 is bounded uniformly over all D € 7. Finally, Assumption
3.5.1(e) allows diversity among the spurious features. Next, we will assume some technical

assumptions on the link function b(-).
Assumption 3.5.2 (b(-) function). We assume the following conditions on b(-) function:

(a) There exists a function 1 : Ry — Ry such that for any n € R and any w > 0,
b"(n) > (w) whenever |n| < w.

(b) There exists constants B >0 and B > 0 such that |V"|| < B and |b"||, < B.

These assumptions on the link function are pretty common in analyzing high-dimensional
generalized models. Assumption 3.5.2(a) basically assumes that b(+) is strongly convex within
a compact neighborhood of 0. It is straightforward to check that this assumption is satisfied
by standard GLM setups like linear regression and logisitc regression. In particular, one can
choose ¥ (w) = 1 for linear regression, and ¢ (w) = (3+¢“)! in the case of logistic regression.
Furthermore, from (3.13) it follows that E(y) = V/(x' 8*) and var(y) = ¢b”(x"8") > ¢(w),

whenever }XTB* <w.
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Finally, Assumption 3.5.2(b) tells that the second and third derivatives of b(-) are
bounded. This guarantees the first convergence rates of the maximum likelihood estima-

tor. Moreover, this assumption guarantees sub-Gaussianity of y as

E(exp{t(y — b'(n)})

_ et /_ h(y) exp { (n+ ¢t)j = b(n)} i

_ b(n + ¢t) — b(n) — teb'(n)\ [ (0 + ét)y — b(n + 6t) (3.14)
= exp < 5 ) / h(y) exp{ 5 } dy

= explo™ {0l + 90) - i) ~ et Y] < xp (25 ).

[e.9]

Under Assumption 3.5.2, we can compare between the margin quantities Ay(D) and
Apar(D). To see this, we first focus on Ay(D) . Recall that

A (D Z { 1553 b/ zsﬁs zSﬁS } . Z { mﬁb 2,3,32‘) - b(XiT,DBD)}
= Z {b X; ’DIBD X; sﬁs) (x ID/BD - XZsﬁg)b/(XZsﬁTs)}
~n Z b (XZTS'B«*S + t(XiT,DBD - X:Sﬁ:;‘)) {Xz‘T,DBD - XZsﬁZ}Q,
i=1

where ¢t € (0,1). Due to Assumption 3.5.1(a) and Assumption 3.5.1(d), we get

|X;|:SIB<*S + t<XiT,DBD - Xszﬁfks) < zo(Ry + R).

Finally, strong convexity and smoothness of b(-) (Assumption 3.5.2(a), 3.5.2(b)), we have
BApar(D) Z Akl(,D) Z 7yb(xORO + IOR)Apar(D). (315)

This established the equivalence between Ay (D) and A, (D). Now, we present the main

below.

Theorem 3.5.3 (Sufficiency). Under Assumption 1, there exists a positive constant C' de-
pending on gzﬁ,B,B,xo,R, Ry, ko, M and the function ¢(-) such that for any 0 < n < 1,
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whenever the identifiability margin T.(s) satisfies

Te ()

>
¢B —
(3.16)
¢ log(es) V log] !
e max < max éa7~2,<s),max cg’g(s) + og(es) V log Og(ep)’tg}mp’tg)l’p og(ep)
n) Ics Tz Ics Y9z log(ep) .
, s2(logn)2 $3/2(log 1n)3/2
for a specified tg,lr)hp = O(s{log s V loglog p}/logp) and t(s?,)zyp = O( Tglloggp) \}%lig; ), we
have

{84181~ s. iy £(Bs) < LalBo) +mi(s) | = (5,

with probability at least 1 — O({s V logp}~' + n~"slogp). In particular, setting n = 0, we
have S = arg minge%ﬁg(ﬁg) with high probability.

The proof of the above theorem is deferred to Section B.2. The above theorem is the
generalization of Theorem 1, and (3.16) also involves the two complexities related to the
sets of residualized signals and spurious projection operators. However, condition (3.16) also
involves two extra terms tS)L,p and tg%,p, the exact forms of which can be found in Section
B.2. It can be shown that both of these terms are exactly 0 for linear modelsasy =1, B =1

and B = 0.

Remark 3.5.4. If p = Q(e®") for some universal constant co > 0 and s(logn)/n — 0 as
n — oo, then both tg}%,p and tg%,p are negligible compared to the complexity term in (3.16).
Hence, in this case, we witness roughly a similar phenomenon involving the two complexities

as in the linear model.

3.6 Conclusion

In this paper, we establish the sufficient and (nearly) necessary conditions for BSS to achieve
model consistency in a high-dimensional linear regression setup. Apart from the identifiabil-
ity margin, we show that the geometric complexity of the residualized signals and spurious
projections based on the entropy number and packing numbers also play a crucial role in
characterizing the margin condition for model consistency of BSS. In particular, we establish
that the dominating complexity among the two plays a decisive role in the margin condi-
tion. We also highlight the variation in these complexity measures under different correlation
strengths between the features through some simple illustrative examples. Moreover, in the
supplementary material, we extend the results in Theorem 3.4.3 to the high-dimensional

sparse generalized linear models. To be precise, we identified that a margin quantity based
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on the KL distance between the true distribution and a candidate distribution governs the
model selection performance of BSS. Moreover, we showed that in the GLM case, two com-
plexity measures of the transformed feature space are fundamental to understanding the
quality of model selection od BSS. However, it is an open problem to find the analogs of the
two complexities in more general settings, e.g., the low-rank matrix regression problem or

multi-tasking regression problem.
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CHAPTER 4

On the Computational Complexity of Private
High-dimensional Model Selection

The rapid development of Al technologies has pushed the frontiers of data processing power.
Large amount data are constantly being collected and processed in various ML domains
ranging from engineering, computer vision to genetics and neuroimaging. This poses serious
concerns related to privacy protection of sensitive user data. That is why data-privacy has
emerged as one of the important aspects in the landscape of modern Al applications, and
differential privacy (DP) has become a popular mathematical framework to analyze privacy
loss in modern ML tasks.

In this chapter, we consider the problem of model selection in a high-dimensional sparse
linear regression model under privacy constraints. We propose a differentially private best
subset selection method with strong utility properties by adopting the well-known exponen-
tial mechanism for selecting the best model. We propose an efficient Metropolis-Hastings
algorithm and establish that it enjoys polynomial mixing time to its stationary distribution.
Furthermore, we also establish approximate differential privacy for the estimates of the mixed
Metropolis-Hastings chain. Finally, we perform some illustrative experiments that show the

strong utility of our algorithm.

4.1 Introduction

In this chapter, we consider the problem of private model selection in high-dimensional
sparse regression. Once again, to clarify the mathematical model, we consider n observations
{(xi,9:)}1-y € X x Y following the linear model:

yz:X::B_l_wza Z€{177n}a (41)
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where {X;};c[ are fized p-dimensional feature vectors, {w;};c, are i.i.d. mean-zero o-sub-
Gaussian noise, i.e., Eexp(Aw;) < exp(A?6?/2) for all A € R and i € [n], and the signal
vector 3 € RP is unknown but is assumed to have a sparse support. In matrix notation, the

observations can be represented as
y=XB+w,

where y = (y1,...,yn), X = (X1,...,%X,) ", and w = (w1, ..., w,)". The main goal, in this
case, is to identify the support v* := {j : 8; # 0} without violating the user’s privacy.
Despite these theoretical and computational advancements related to BSS (see Chapter
2 and Chapter 3), to the best of our knowledge, there is no computationally efficient private
algorithmic framework for BSS for high-dimensional sparse regression setup (4.1). This
is especially surprising as the private model selection is important in many contemporary
applications involving sensitive data including genetics (He and Lin, 2011), neuroimaging
(Mwangi et al., 2014), and computer vision Zhang et al. (2018). One major reason for this
could be the lack of DP mechanisms for MIO problems which restricts us from exploiting
the MIO formulation of BSS introduced in Bertsimas et al. (2016). Secondly, the apparent
computational burden stemming from the requirement of exponentially large numbers of
search queries in private BSS has eluded the majority of the machine learning and statistics

community.

Main contribution: In this chapter, we address the latter issue by mainly focusing on
the utility and computational complexity of BSS under privacy constraints. To be specific,

we make the following contributions listed below:

1. We adopt the exponential mechanism (McSherry and Talwar, 2007) to design a DP BSS

algorithm, and we establish its good statistical or utility guarantee under high-privacy
Bl Z o{(slogp)/n}"/>.

2. Under the low-privacy regime, we show that accurate model recovery is possible when-

regime whenever [,,;, := min;c,-

ever Boin 2 0{(logp)/n}'/?, which is the minimax optimal S,,;, requirement for model

recovery under non-private setting. Therefore, this paper points out an inflection phe-
nomenon in the signal strength requirement for the model consistency across different

privacy regimes.

3. In addition, we design an MCMC chain that converges to its stationary distribution
that matches the sampling distribution in the exponential mechanism. As a con-
sequence, the model estimator generated by the MCMC also enjoys (approximate)

DP. Furthermore, under certain regularity conditions on the design, we show that the

63



MCMC chain enjoys a polynomial mixing time in (n, p, s) to the stationary distribution

with a good utility guarantee.

In summary, this chapter proposes a DP version of BSS that generates a private model
estimator of v* with strong model recovery property within polynomial time in the problem
parameters n, p, s. In the next section, we will discuss some prior related works on DP model

selection and discuss some of their limitations.

4.1.1 Related Works

In the past decades, there has been a considerable amount of work studying differentially pri-
vate sparse regression problems. However, most of these works focus either on empirical risk
minimization (Jain and Thakurta, 2014; Talwar et al., 2015; Kasiviswanathan and Jin, 2016;
Wang et al., 2017) or establishing ¢5-consistency rate (Wang and Xu, 2019; Cai et al., 2021)
which are not directly related to the task of model selection. To the best of our knowledge,
there are only three works considering the problem of variable selection in sparse regression
problems under the DP framework: Kifer et al. (2012), Thakurta and Smith (2013), and
Lei et al. (2018). Table 4.1 shows a clear comparison between this work and all of the prior
works. Kifer et al. (2012) proposed two algorithms under sparse regression setting. One of
them is based on the exponential mechanism, which is known to be computationally inef-
ficient. However, they do not analyze the algorithm under the model selection framework.
Moreover, for the privacy analysis, they assume that the loss functions are bounded over the
space of sparse vectors, which is generally not true for model (4.1). In comparison, our paper
provides a solid model recovery guarantee (Theorem 4.3.5) for a similar exponential mech-
anism without using the bounded loss assumption. Furthermore, under a slightly stronger
assumption, we design a computationally efficient MCMC algorithm that also enjoys de-
sirable utility similar to the exponential mechanism (Theorem 4.4.3) under DP framework.
The other algorithm in Kifer et al. (2012) is based on the resample-and-aggregate frame-
work (Nissim et al., 2007; Smith, 2011). Although computationally efficient, this method
requires sub-optimal (,,;, condition compared to Theorem 4.3.5. In Thakurta and Smith
(2013), the authors introduced two concepts of stability for LASSO and proposed two PTR-
based (propose-test-release) algorithms for variable selection. However, these methods have
nontrivial probabilities of outputting the null (no result), which is undesirable in practice.
Also, the support recovery probabilities for these methods do not approach 1 with a growing
sample size which could be problematic. In Lei et al. (2018), the authors proposed to use the
Akaike information criterion or Bayesian information criterion coupled with the exponential

mechanism to choose the proper model. However, the runtime of this algorithm is exponen-
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tial and also requires stronger [(3,,;, condition. As mentioned earlier, in this paper, we show
that our proposed MCMC algorithm is both computationally efficient and produces approx-

imate DP estimates of v* with a strong utility guarantee under a better (,,;, condition.

Table 4.1: Comparison of DP model selection methods.

Paper Method Bmin cond. failure prob. — Ofruntime

Exp-Mech NA NA exp

Kifer et al. (2012)
Lasso + Samp-Agg Q( thf%p) yes poly
Lasso + Sub-samp. stability Q( 512%) no poly

Thakurta and Smith (2013)
s slogp e 3/2
Lasso + Pert. stability Q(max{4/ =88, £—1) no poly
Lei et al. (2018) Exp-Mech Q(y/max{1, f}m%) yes exp
Exp-Mech Q(y/max{1, g}lo%) yes exp
This paper

Approx. Exp-Mech via MCMC| Q(y/max{1, £ 1(’%) yes poly

4.1.2 Chapter Organization and Notations

The remainder of the chapter is organized as follows. In Section 4.2, we introduce the
notion of differential privacy and briefly discuss some standard DP mechanisms. Section
4.3 is devoted to a brief discussion on BSS and the development of the differentially private
BSS algorithm. In particular, Section 3.3.1 discusses the notion of identifiability margin
introduced in Guo et al. (2015), and Section 4.3.1 presents the exponential mechanism along
with its utility guarantee (Theorem 4.3.5). Next, in Section 4.4, we provide some background
on MCMC and mixing time followed by the main mixing time result (Theorem 4.4.3) and
the result of the approximate DP property of MCMC samples (Corollary 4.4.4). Finally, in
Section 4.5, we perform some numerical experiments on synthetic data to demonstrate the
usefulness of our proposed algorithm. The concluding remarks are provided in Section 4.6.

The proofs of the main results are relegated to the appendix sections.

4.2 Differential Privacy

Differential privacy requires the output of a randomized procedure to be robust with respect
to a small perturbation in the input dataset, i.e., an attacker can hardly recover the presence

or absence of a particular individual in the dataset based on the output only. It is important
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to note that differential privacy is a property of the randomized procedure, rather than the

output obtained.

4.2.1 Preliminaries

In this section, we will formalize the notion of differential privacy. Consider a dataset D :=
{z1,...,2n} € Z™ consisting of n datapoints in the sample space Z. A randomized algorithm
A maps the dataset D to A(D) € O, an output space. Thus, A(D) is a random variable on
the output space O.

For any two datasets D and D', we say they are neighbors if |[DAD’| = 1. We can now

formally introduce the definition of differential privacy.

Definition 4.2.1 ((¢,0)-DP, Dwork (2006)). Given the privacy parameters (¢,0) € Rt xR™T,
a randomized algorithm A(-) is said to satisfy the (¢,8)-DP property if

P(A(D) € K) < e P(A(D) € K) + 6 (4.2)

for any measurable event IKC € range(A) and for any pair of neighboring datasets D and D'.

In the above definition, the probability is only with respect to the randomness of the
algorithm A(+), and it does not impose any condition on the distribution of D or D’. If
both € and § are small, then Definition 4.2.1 essentially entails that distribution of A(D)
and A(D’) are essentially indistinguishable from each other for any choices of neighboring
datasets D and D’. This guarantees strong privacy against an attacker by masking the
presence or absence of a particular individual in the dataset. As a special case, when ¢ = 0,

the notion of DP in Definition 4.2.1 is known as the pure differential privacy.

4.2.2 Privacy Mechanisms

For any DP procedure, a specific randomized procedure A must be designed that takes a
database D € Z™ as input and returns an element of the output space O while satisfying
the condition in (4.2). Several approaches exist that are generic enough to be adaptable
to different tasks, and which often serve as building blocks for more complex ones. A few
popular examples include the Laplace mechanism (Dwork et al., 2006b), Gaussian mechanism
(Dwork et al., 2006a), and Exponential mechanism (McSherry and Talwar, 2007). We discuss

each of them in detail below.

Laplace mechanism: Let f: Z" — R be a non-private mechanism. Laplace mechanism

preserves privacy by perturbing the output f(D) with noise generated from the Laplace dis-
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tribution Lap()), whose density is (2\) ! exp(— |z| /A). The scale A > 0 should be calibrated
to the sensitivity of the statistic f, defined as follows:

Af = sup |f(D) = f(DY)].

D,D':D, D’ are neighbors

In particular, for any non-private mechanism f with global sensitivity Af < oo, we have the

following result:

Lemma 4.2.2 ((Dwork et al., 2006b)). Laplace mechanism A (D) that outputs

preserves (e,0)-differential privacy, where Z ~ Lap(Af/e).

Intuitively, sensitivity quantifies the effect of any individual in the dataset on the outcome
of the analysis. In this mechanism, Laplace noise with a magnitude proportional to the
sensitivity has the effect of masking the characteristics of any individual, thereby preserving

privacy.

Gaussian mechanism: Let f : Z* — R be a non-private mapping that takes a dataset D
of size n as input and outputs a vector. Gaussian mechanism preserves privacy by perturbing
the output f(D) with noise generated from the Gaussian distribution N(0, 02I,). The noise
scale 0 > 0 should be calibrated to the fy-sensitivity of the statistic f, defined as follows:

Ao(f) = sup 1/ (D) = F(DO)]I;-

D,D’:D, D’ are neighbors

In particular, for any deterministic mapping f with global sensitivity As(f) < oo, we have

the following result:

Lemma 4.2.3 (Dwork et al. (2014)). Gaussian mechanism Ag(D) that outputs

preserves (g, 8)-differential privacy, where Z ~ N(0,0%1;) with o = /210g(1.25/80)As(f) /<.
Exponential mechanism: The exponential mechanism is designed for discrete output

space, Suppose . = {a; : i € I} for some index set Z, and let u : ¥ x Z™ — R be score
function that measures the quality of a € .. Denote by Au the global sensitivity of the
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score function u, i.e.

Ay := max max lu(er, D) — u(ar, D).
a€? D, D’ are neighbors
The score function u(-,-) is called data monotone if the addition of a data record can either
increase (decrease) or remain the same with any outcome, e.g., u(a, D) < u(a, D U {z}).

Next, we have the following result.

Lemma 4.2.4 ((Durfee and Rogers, 2019)). Ezponential mechanism Ag(D) that outputs

samples from the probability distribution

P(Ap(D) = a) x exp {%} (43)

preserves (2e,0)-differential privacy. If u(-,-) is data monotone, then we have (g,0)-

differential privacy.

In general, if the . is too large the sampling from the distribution could be computa-
tionally inefficient. However, in the prequel, we show that the special structure of the linear
model (4.1) allows us to design an MCMC chain that can generate approximate samples

efficiently from an appropriate distribution similar to (4.3) for privately solving BSS.

4.3 Best Subset Selection

We briefly review the preliminaries of BSS, one of the most classical variable se-
lection approaches. For a given sparsity level 5, BSS solves for Bbest (5) =
arg Mingeps |9)|,<3 1Y — X@||5. For model selection purposes, we can choose the best fitting
model to be Fhest(5) = {J 1 [Bpest(5)]; # 0}. For a subset v C [p]|, define the matrix
X, = (Xj;j € 7). Let @, := X, (X]X,) 'X] be orthogonal projection operator onto the
column space of X,,. Also, define the corresponding residual sum of squares (RSS) for model
v as L,(y,X) :=y' (I, — ®,)y. With this notation, the Jies(5) can be alternatively written

as

:Y\best(/s\) = arg Inin,ygp]:|,y|§§L,y(y, X) (44)

Let X, be the matrix comprised of only the columns of X with indices in v, and ®,
denotes the orthogonal projection matrix onto the column space of X,. In addition,

let & := n~ XX be the sample covariance matrix and for any two sets vi,72 C ],

A~

2’717’72
nally, define the collection <% = {y C [p] : v # 7" |y| = s}, and for v € <% write

denotes the submatrix of 3 with row indices in v; and column indices in ~,. Fi-
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[(v) = gv*\%v*\v — iv*\%vi;;imv*\v' Then, it follows that ’61—*\“{1—‘(7)’67*\7 is equal to the
residualized signal strength n="[|(I, — ®,)X,\B, -, |l5. Therefore, ﬁ;\,yl“(y)ﬁw*\7

fies the separation between v and the true model v*. Ideally, a larger value of the quantity

quanti-

will help BSS to discriminate between v* and any other candidate model v. More details
on this can be found in Roy et al. (2023). Now we are ready to introduce the identifiability
margin that characterizes the model discriminative power of BSS. We recall the identifiablity

margin:

-
L N
m,(S) := min Byma1 ()8, 7 (4.5)
e Y\

As mentioned in Chapter 3, the quantity m, () captures the degree of separation between

the true model v* and any candidate model vy # v*. It turns out m,(s) is a pivotal quantity
to understand the model recovery quality of BSS. For example, Guo et al. (2020) showed

that under the knowledge of true sparsity, i.e., when s = s, the condition

1
n(5) 2 071222, 15)

is sufficient for BSS to achieve model consistency. If we define A\, = min,eq, Anin(F(7)),
Bi| 2 o{(logp)/(nA.)}/? in order to satisfy condition (4.6).

then it suffices to have min;c.-

4.3.1 Differentially Private BSS and Utility Analysis

In order to privatize the optimization problem in (4.4), we will adopt the exponential mech-

anism discussed in Section 4.2.2. In particular, for K > 0, we consider the score function

X, y) = — i - X,0|>
ur (7 X,y) eeRfﬁT}aﬂng”y L0115

, and for a given privacy budget € > 0, we sample v € % from the distribution

) cexp { KT by € o o)) (4.7)
As we are concerned with the exact recovery 7v*, we assume s = s. The above algorithm is
essentially the same as Algorithm 4 in Kifer et al. (2012); however, they do not introduce
the extra ¢; constraint on the parameter space. Instead, their algorithm needs the loss-term
(y — XIH)2 to be bounded by a constant for every possible choice of x,y,~v and 6. This
assumption is not true in general for the squared error loss, and to remedy this issue, we
introduce the extra ¢; constraint in the score function. This is a common truncation strategy

that is used to guarantee worst-case sensitivity bound and similar methods also have been
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adopted in Lei et al. (2018) and Cai et al. (2021) to construct private estimators. Next,
we present the following lemma that shows the data-monotonicity of the proposed score

function.
Lemma 4.3.1. The score function ug(y;-) in (4.7) is data monotone.

Therefore, Lemma 4.2.4 automatically guarantees that the above procedure is (¢, 0)-DP.
However, in practice, we need an explicit form for Aug to carry out the sampling method,
and it is also needed to analyze the utility guarantee of the exponential mechanism. To
provide a concrete upper bound on the global sensitivity of ug(+;-), we make the following

boundedness assumption on the database:

Assumption 4.3.2. There exists positive constants r,Tmax such that supyey\y| <

T, SUDxcx HXHOO S Lmax-

Under this assumption, the following lemma provides an upper bound on the global

sensitivity of the score function.

Lemma 4.3.3 (Sensitivity bound and DP). Under Assumption 4.3.2, the global sensitivity
Aug is bounded by Ag = (7 + TpmaK)?. Therefore, the exponential mechanism (4.7) with
Aug replaced by Ak satisfies (€,0)-DP.

The above lemma provides an upper bound on the global sensitivity of the score function
rather than finding the exact value of it. Therefore, to guarantee (¢,0)-DP property of
exponential mechanism, it suffices to use the upper bound of Aug in (4.7). Now we will
shift towards the utility analysis of the proposed exponential mechanism. First, we require

some technical assumptions.
Assumption 4.3.4. We assume the following hold:

(a) There exists positive constants 1, Tmax and bmax such that sup,cy [y| < 7, sup,ey %] <
Tmax and || Bl < bmax-

(b) There exists positive constants k k. such that
e < Amin (X X,/n) < Amax (X] X, /n) < kg (4.8)

for all v € o7, U {v*}.

n

(c) The true sparsity level s follows the inequality s < oep-
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Assumption 4.3.4(a) tells that the true parameter 3 lies inside a ¢;-ball. Similar bound-
edness assumptions are fairly standard in privacy literature (Wang, 2018; Lei et al., 2018;
Cai et al., 2021). Assumption 4.3.4(b) is a well-known assumption in the high-dimensional
literature (Zhang and Huang, 2008; Huang et al., 2018; Meinshausen and Yu, 2009) which
is known as the Sparse Riesz Condition (SRC). Finally, Assumption 4.3.4(c) essentially as-
sumes that the s = o(n), i.e., sparsity grows with a sufficiently small rate compared to the

sample size n.

Theorem 4.3.5 (Utility gurantee). Let the conditions in Assumption 4.3.2 and Assumption
4.8.4 hold. Set K > {(K+/K_)bmax + (8Tmax/k—)o}\/s. Then, under the data generative

model (4.1), there exist universal positive constants ¢y, Cy such that whenever

, (4.9)

o

A 1
m.(s) > Cio” max{l —K} in

2 —2

with probability at least 1 — c;p~* we have w(y*) > 1—1p

Theorem 4.3.5 essentially says that whenever the identifiability margin is large enough,
the exponential mechanism outputs the true model +* with high probability. Note that
Ag/c* = Q(s). In the low privacy regime, i.e., for ¢ > Ag/0? we only require m,(s) >
o?(log p)/n to achieve model consistency and this matches with the optimal rate for model
consistency of non-private BSS. In contrast, in a high privacy regime, i.e., for ¢ < Ay /o2,
Condition (4.9) essentially demands m,(s) 2 o2(slogp)/(ne) to achieve model consistency.

Thus, in a high privacy regime, we pay an extra factor of (s/¢) in the margin requirement.

Remark 4.3.6. The failure probability in Theorem 4.3.5 can be improved to O(p=™) for any
arbitrary integer M > 2. However, we have to pay a cost in the universal constant Cy in

terms of a multiplicative constant larger than 1.

Remark 4.3.7. Under Assumption 4.3.4(b), it follows that N\, > k_. Therefore, it suffices
to have minje.- 7 > (CW ) max {1, Ag/(ec?)} 1"% in order to hold condition (4.9). There-
| 2 o{(slogp)/(ner-)}"?. In

contrast, under the low-privacy regime, we retrieve the optimal requirement min;c.-
o{(logp)/(nr_)}'.

fore, in high-privacy regime, our method requires min ;e

| ~Y

4.4 Efficient Sampling through MCMC

In this section, we will propose an efficient sampling method to generate approximate samples

from the distribution (4.7). One of the challenges of sampling methods in high-dimension is
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their high computational complexity. For example, the distribution in (4.7) places mass on
all (i’) subsets of [p|, and it is practically infeasible to sample ~ from the distribution as we
have to essentially explore over an exponentially large space. This motivates us to resort to
sampling techniques based on MCMC, through which we aim to obtain approximate samples
from the distribution in (4.7). Past works on MCMC algorithms for Bayesian variable
selection can be divided into two main classes — Gibbs sampler (George and McCulloch,
1993b; Ishwaran and Rao, 2005; Narisetty et al., 2018) and Metropolis-Hastings (Hans et al.,
2007; Lamnisos et al.,; 2013). In this chapter, we focus on a particular form of Metropolis-
Hastings updates.

In general terms, Metropolis-Hastings random walk is an iterative and local-move based

method involving three steps:

1. Given the current state v, construct a neighborhood N (7) of proposal states.

2. Choose a new state 7' € N () according to some proposal distribution F(v,-) over the
neighborhood N (7).

3. Move to the new state 7/ with probability R(v,7’), and stay in the original state ~y
with probability 1 — R(,7’), where the acceptance probability is given by

L T()FE(W )

R(v,7) = mln{l, —_——

) TG, 7)
where 7(+) is same as in Equation (4.7).

This procedure generates a Markov chain for any choice of the neighborhood structure N ()

with the following transition probability:

F(v,7)R(v,7), if v € N(7),
PMH(%V’) =q1- 27/7&7 PMH(% ’Y')» if v/ =7,
0, otherwise.

The specific form of Metropolis-Hastings update analyzed in this chapter is obtained by
following the double swap update scheme to update ~.

Double swap update: Let v € o, U {7*} be the initial state. Choose an index pair
(k, ) € v x~° uniformly at random. Construct the new state 7' by setting v = vU{¢}\ {k}.
The above scheme can be viewed as a general Metropolis-Hastings update scheme when

N (7) is the collection of all models 7/ which can be obtained by swapping two distinct
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coordinates of v and ¢ respectively. Thus, letting dg(v,7') = |[v \ ¥'| + |7\ 7| denote the
Hamming distance between ~ and 7/, the neighborhood is given by N'(v) = {7 | dy(v,7') =
2,3 (k,0) € v x v°such that v =y U {¢} \ {k}}.

With the above definition, the transition matrix of the previously described Metropolis-

Hastings scheme can be written as follows:

pramin{L 38} iy €N (),
Pun(7.7) =4 1= Pun(v,7), if+ =7, (4.10)
0, otherwise.

4.4.1 Mixing Time and Approximate DP

Let C be a Markov chain on the discrete space . with a transition probability matrix
P ¢ RIXI¥I with stationary distribution v. Throughout our discussion, we assume that
C is reversible, i.e., it satisfies the balanced condition v(v)P(v,v") = v(v)P(v/,~) for all
7,7 € . Note that the previously described transition matrix Pyy in (4.10) satisfies
the reversibility condition. It is convenient to identify a reversible chain with a weighted
undirected graph G on the vertex set ., where two vertices 7 and ' are connected if and
only if the edge weight Q(v,v") := v(y)P(v,7’) is strictly positive. For v € . and any
subset S C .77, we write P(v,5) = >, cgP(7,7/). If 7 is the initial state of the chain, then
the total variation distance to the stationary distribution after ¢ iterations is

A4 = [P, ) = vy 1= max [P1(, 8) = ()]

The n-mixing time is given by

Ty 1= ma}(min{t e N| Ay(t/) < for all t' > ¢}, (4.11)
vE

which measures the number of iterations needed for the chain to be within distance n € (0, 1)

of the stationary distribution.

Privacy of MCMC estimator: Now, we will show that once the MH chain in (4.10) has
mixed with its stationary distribution m(-) defined in (4.7), the model estimators at each
iteration will enjoy approximate DP. To fix the notation, let 7; be the tth iteration of the
MH chain in (4.10). Then, we have the following useful lemma:

Lemma 4.4.1. The model estimator ., is (¢,6)-DP with § = n(1 + ¢°).
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The above lemma shows that smaller 7 entails a better privacy guarantee for a fixed level
€ as 0 decreases with 7. Therefore, allowing more mixing of the chain will provide better
privacy protection. However, this raises a concern about how long a practitioner must wait
until the chain archives n-mixing. In particular, it is important to understand how 7, scales
in the difficulty parameters of the problem, for example, the dimension of the parameter
space and sample size. In our case, we are interested in the covariate dimension p, sample
size n, sparsity s, and the privacy parameter €. In the next section, we will show that the
chain with transition matrix (4.10) enjoys rapid mixing, meaning that the mixing time 7,

grows at most at a polynomial rate in p, s and the sample size n.

4.4.2 Rapid Mixing of MCMC and Approximate DP

We now turn to develop sufficient conditions for Metropolis-Hastings scheme (4.10) to be
rapidly mixing. To this end, we make a technical assumption on the design matrix. Essen-
tially, the following assumption controls the amount of correlation between active features

and spurious features.

Assumption 4.4.2. For every v € o/, \ {v*}, there exists k ¢ v* U~ such that

X1, — ®.,)X
max| ](n v) k}gb;;x
jev\r |[(Ly — @) X[,

\/(570102/2) log p,

where C is the same universal positive constant as in Theorem 4.3.5.

First, note that Assumption 4.4.2 basically controls the length of the projection of the
feature X; on the unit vector u, := (I, — ®,/)X;/ ||(I, — ®,/)Xy||,. Therefore, the above
inequality restricts the correlation between an active feature X;3,. and the spurious scaled
feature u, from being too large. To this end, we emphasize that stronger assumptions on
model correlation (on top of the SRC condition) are common in literature for establishing the
computational efficiency of Bayesian variable selection methods involving MH algorithm. For
example, to show the computational efficiency MH algorithm under Zellner’s g-prior, Yang

et al. (2016) assumes

XIX)XIX P =0 [ — 412
’\/:I|I’)%|a§)§o H( Y 7) v \7||op slogp ’ ( )
where sy (larger than s) is a specific tuning parameter of their algorithm that controls the
model size. The assumption in the above display is akin to the well-known irrepresentability
condition Zhao and Yu (2006) which is a very strong assumption on the design. On a high

level, at any given current state vy, Assumption 4.4.2 or Condition (4.12) helps to identify
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a good local move towards the true model v* in the MH algorithm via deletion of the least

influential covariate in v. Now, we present our main result for the mixing time of MCMC.

Theorem 4.4.3 (Rapid mixing time). Let the conditions in Assumption 4.3.2, Assumption
4.8.4 and Assumption 4.4.2 hold. Then, under the data generative model (4.1), there exists

a universal constant C1 > 0 such that under the margin condition

, (4.13)

A 1
m,(s) > Cjo? max{l, K } o8P

(ko AN1)eo? )] n

there ewist universal positive constants ca, Cy such that the mizing time 7, of the MCMC

chain (4.10) enjoys the following with probability at least 1 — cop™2:
7y < Cops® {ne¥ 'k, b2 +1og(1/n)}, (4.14)

where ¥ = {7’ + (K+/H—>bmaxxmax + (O-/’%—>xr2nax}2'

First note that the margin condition (4.13) is slightly stronger than the margin condition
in Theorem 4.3.5. Under that condition, the above theorem shows that the n-mixing time of
the MCMC algorithm designed for approximate sampling from the distribution (4.7) grows
at a polynomial rate in (n, p, s). Recall that according to the previous definition (4.11) of the
mixing time, Theorem 4.4.3 characterizes the worst-case mixing time, meaning the number
of iterations when starting from the worst possible initialization. If we start with a good
initial state — for example, the true model v* would be an ideal though impractical choice -
then we can remove the n term in the upper bound in (4.14). Therefore, the bound in (4.14)
can be thought of as the worst-case number of iterations required in the burn-in period of
the MCMC algorithm. Furthermore, it is important to point out that Assumption 4.4.2 is
only needed to ensure the “quick” mixing time of the MCMC chain. It is possible to relax
this assumption, however, in that case, the MCMC chain is not guaranteed to mix under
polynomial time. Nonetheless, given enough iterations, the chain will indeed converge to the
distribution (4.7) as MH algorithm always generates an ergodic chain that eventually mixes
to its stationary distribution.

It is interesting to note that Theorem 4.4.3 suggests that in a large € regime, the chain
mixes slower compared to the small € regime. The main reason for this is that Theorem 4.4.3
only relies on worst-case analysis. The intuition is the following: When ¢ is very large, then
the target distribution is essentially fully concentrated on 7* (assuming the score for v* is
highest). Now, the current analysis of Theorem 4.4.3 does not assume any condition on the
initial state of the MCMC chain. It treats the initial state 7, as if it is chosen in a completely

random manner, i.e., it is the worst case. From this point of view, it is hard for a completely
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uninformative distribution to converge to a target distribution that is concentrated on a
single subset (very informative), and resulting in a longer mixing time. Finally, Theorem

4.4.3 leads to the following corollary:

Corollary 4.4.4. Let 7, denote the distribution of the tth iterate v of the MCMC
scheme (4.10). Then, under the conditions of Theorem 4.3.5 and Theorem 4.4.3, there
exists a universal constant c3 > 0 such that for any fized iteration t such that t >
Cops? {neVU 1k, 02 +log(1/n)}, we have m(v*) > 1 —n — p~2 with probability at least
1 —c3p2.

The above corollary is useful in the sense that it provides a quantitative choice of n that
yields high utility of the estimator ;. For example, if we set n = p~2 and € = O(1), then for

an s*(ne + lo e resulting sample v, will matc with probabili — c3p~ 2.
vt 2 ps’( logp) th Iting ple v, will match * with probability 1 p2

Remark 4.4.5. Similar to Remark 4.5.6, the failure probability in Theorem 4.4.3 and Corol-
lary 4.4.4 can be improved to O(p~™) for arbitrary large M > 2, but at the cost of paying

higher values for the absolute constants C7 and Cs.

4.5 Numerical experiments

1. To compare the quality of

In this section, we will conduct some illustrative simulations
the DP model estimator, we compare F-score (Hastie et al., 2020) of the estimated model
with that of the true model v* and the BSS estimator. As the actual BSS is computationally
infeasible, we use the adaptive best subset selection (ABESS) algorithm (Zhu et al., 2022) as
a computational surrogate to BSS. Throughout this section, we assume that the true sparsity
s is known, i.e., we provide the knowledge of s to the algorithm.

We consider a random design matrix, formed by choosing each entry from the distribution
Uniform(—1,1) in i.i.d. fashion. In detail, we set n = 900, p = 2000, and the sparsity level
s = 4. we generate the entries of the noise w independently from Uniform(—0.1,0.1), and
consider the liner model (4.1). We choose the design vector 8 with true sparsity s = 4 and
the support set v* = {j : 1 < j < 4}. We set all the signal strength to be equal, taking
the following two forms: (i) Strong signal: 3; = 2{(slogp)/n}'/2, and (ii) Weak signal:
B; = 2{(log p)/n}'/? for all j € v*.

Under these setups, we consider the privacy parameter ¢ € {0.5,1,3,5,10} which are
acceptable choices of ¢ (Near and Darais, 2022). Moreover, similar (or larger) choices of
e are common in various applications including US census study (Garfinkel, 2022), socio-

economic study (Rogers et al., 2020), and industrial applications (Apple, 2017; Young et al.,

LCodes are available online: Github link.
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Table 4.2: Comparison of mean F-score’s across chains for K = 2. (%) denotes that the
chain has mixed reasonably.

Privacy F-score
Strong signal | Weak signal

e=0.5 0.025 0.00
e=1 0.15 0.05
e=3 1.00* 0.15
e=5 1.00* 0.40
e=10 1.00%* 1.00*
Non-private 1.00 1.00

2020). For the Metropolis-Hastings random walk, we vary K € {0.5,2,3,3.5} and initialize
10 independent Markov chains from random initializations and record the F-score of the
last iteration. We also track the qualities of the model through its explanatory power for
convergence diagnostics. In particular, we calculate the scale factor R, :==y ' ®.y/ ||y||§ for
each model update along the random walk and compare those with R, to heuristically
gauge the quality of mixing. More details and a set of comprehensive plots can be found in
Appendix C.1 where we also discuss more about the effect of ¢ and K on the utility. For
K = 2, Table 4.2 shows that F-score increases as ¢ increases both in the cases of strong
and weak signals. In fact, for € > 3, the performance of the algorithm is on par with the
non-private BSS. This is consistent with the inflection phenomenon pointed out in Theorem

4.3.5 and Corollary 4.4.4. Furthermore, as expected, we see that for a fixed ¢, the F-score

is generally higher in the strong signal case.

4.6 Conclusion

In this paper, we study the variable selection performance of BSS under the differential pri-
vacy constraint. In order to achieve (pure) differential privacy, we adopt the exponential
mechanism and establish its high utility guarantee in terms of exact model recovery. Fur-
thermore, to overcome the computational bottleneck of the sampling step in the exponential
mechanism, we design a Metropolis-Hastings random walk that provably mixes with the sta-
tionary distribution within a mixing time of the polynomial order in (n,p, s). We also show
that the samples from the Metropolis-Hastings random walk also enjoy approximate DP with
a high utility guarantee. Finally, we carry out a few illustrative simulation experiments to

demonstrate the good performance of our algorithm. In summary, as discussed in Section
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4.1.1, we establish both high utility and efficient computational guarantee for our model
selection algorithm under privacy constraints, which is in sharp contrast with the previous
works in DP model selection literature.

To this end, we also point out some of the open problems and future directions that
naturally arise from this research. One limitation, of our main result Theorem 4.3.5 is that
B;] = Q(y/(slogp)/n) in high-privacy regime. It is still an

open question whether the extra /s factor is necessary for model selection. Future research

it required the condition minje,-

along this line could focus on solving BSS through DP mixed integer optimization (MIO).
This would mean an important contribution in this field as commercial solvers like GUROBI
or MOSEK would be capable of solving the BSS problem with high computational efficiency

using a general DP framework via objective perturbation.
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CHAPTER 5

Thompson Sampling for High-Dimensional

Sparse Linear Contextual Bandits

Online learning has emerged as one of the important fields of research in machine learn-
ing, with applications ranging from recommendation systems and robotics to personalized
medicine and clinical trials. In such applications, the learner needs to take quick and accurate
actions. However, in the modern era of big data, both processing of the data and learning
tasks have become increasingly difficult due to the curse of dimensionality. One special case
of the online learning problem is the contextual linear bandit problem where each action is
associated with a context that carries information about the users. For example, it could
be the user’s search history, and based on this context information the bandit learner (the
browser) can recommend the next set of actions that will maximize the reward (the clicks)
for the learner. This problem has been studied extensively both in low and high-dimensional
settings. However, exploration of the Thompson sampling algorithm in high-dimensional
settings remained somewhat limited.

In this chapter !, we consider the stochastic linear contextual bandit problem with high-
dimensional features. We analyze the Thompson sampling algorithm using special classes of
sparsity-inducing priors (e.g., spike-and-slab) to model the unknown parameter and provide
a nearly optimal upper bound on the expected cumulative regret. To the best of our knowl-
edge, this is the first work that provides theoretical guarantees of Thompson sampling in
high-dimensional and sparse contextual bandits. For faster computation, we use variational
inference instead of Markov Chain Monte Carlo (MCMC) to approximate the posterior dis-
tribution. Extensive simulations demonstrate the improved performance of our proposed

algorithm over existing ones.

'First authorship of the paper is shared between Saptarshi Roy and Sunrit Chakraborty.
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5.1 Introduction

Sequential decision-making, including bandits problems and reinforcement learning, has been
one of the most active areas of research in machine learning. It formalizes the idea of selecting
actions based on current knowledge to optimize some long-term reward over sequentially
collected data. On the other hand, the abundance of personalized information allows the
learner to make decisions while incorporating this contextual information, a setup that is
mathematically formalized as contextual bandits. Moreover, in the big data era, the personal
information used as contexts often has a much larger size, which can be modeled by viewing
the contexts as high-dimensional vectors. Examples of such models cover internet marketing
and treatment assignments in personalized medicine, among many others.

A particularly interesting special case of the contextual bandit problem is the linear
contextual bandit problem, where the expected reward is a linear function of the features
(Abe et al., 2003; Auer, 2002). Under this setting, Dani et al. (2008), Chu et al. (2011)
and Abbasi-Yadkori et al. (2011) showed polynomial dependence of the cumulative regret on
ambient dimension d and time horizon 7" in low dimensional case. Specifically, Dani et al.
(2008) and Abbasi-Yadkori et al. (2011) proved a regret upper bound scaling as O(dv/T),
while Chu et al. (2011) showed a regret upper bound of the order O(v/dT). It is worthwhile
to mention that all of the aforementioned algorithms fall under a certain class of algorithms
known as upper confidence bound (UCB) type algorithms that rely on the construction of
a specific confidence set for the unknown parameter. In contrast, Thompson Sampling (TS)
maintains uncertainty about the unknown parameter in the form of a posterior distribution.
The first TS algorithm under this setting was proposed by Agrawal and Goyal (2013) where
they established a regret bound of the order O(d26~'/T1+9) for any ¢ € (0, 1).

There is also a large body of work present in high-dimensional sparse linear contextual
bandit setup, where the reward only depends on a small subset of features of the observed
contexts. This area has recently attracted considerable attention due to its abundance in
modern reinforcement learning applications (e.g, clinical trials, personalized recommendation
systems, etc.) and has quite naturally spawned theoretical research in this direction. Some
of the important references include Bastani and Bayati (2020); Wang ct al. (2018); Hao et al.
(2020); Chen et al. (2022); Ariu et al. (2022); Kim and Paik (2019); Li et al. (2022); Oh et al.
(2021); Li et al. (2021) among others. A more detailed discussion on existing literature in
the high dimensional bandit field is provided in Section 5.3.3. However, there has been very
limited work dedicated to analyzing TS algorithms in high-dimensional sparse bandit setups.
Hao et al. (2021) proposed a sparse information-directed sampling (IDS) algorithm which

under a special case reduces to a TS algorithm based on a spike-and-slab Gaussian-Laplace
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prior. However, the regret bound of IDS scales polynomially in d, which is sub-optimal in the
high-dimensional regime. In related work, Gilton and Willett (2017) proposed a linear TS
algorithm based on a relevance vector machine (RVM) which again suffers from sub-optimal
dependence on d.

In this chapter, we specifically focus on the high-dimensional sparse linear contextual ban-
dit (SLCB) setup and propose a T'S algorithm based on a sparsity-inducing prior that enjoys
almost dimension-independent regret bound. While TS algorithms have been known to em-
pirically perform better than optimism-based algorithms (Chapelle and Li, 2011; Kaufmann
et al., 2012), theoretical understanding of these is challenging due to the complex dependence
structure of the bandit environment. Moreover, posterior sampling in high-dimensional re-
gression (which is the crucial step for TS in high-dimensional SLCB), using MCMC, generally
suffers from computational bottleneck. Our work overcomes all these challenges and makes
the following contributions:

1. We use the sparsity inducing prior proposed in Castillo et al. (2015) for posterior

sampling and establish posterior contraction result for non-i.i.d. observations coming

from bandit environment and for a wide class of noise distributions.

2. Using the posterior contraction result, we establish an almost dimension free regret
bound for our proposed TS algorithm under different arm-separation regimes param-
eterized by w. The algorithm enjoys minimax optimal performance for w € [0,1). To
the best of our knowledge, this is the first work that proposes a novel TS algorithm

with desirable regret guarantees in high-dimensional and sparse SLCB setup.

3. Our algorithm does not need the knowledge of model sparsity level, unlike other algo-
rithms such as LASSO-bandit, MCP-bandit, ESTC, etc.

4. Finally, the prior allows us to design a computationally efficient TS algorithm based

on Variational Bayes.

The rest of the chapter is organized as follows. In Section 5.2, we introduce the problem
formally and discuss the assumptions and prior distribution. In Section 5.3, we present the
crucial posterior contraction result and the main regret bound for our proposed algorithm.
In Section 5.4, we discuss the challenges of drawing samples from the posterior in such
problems and present a faster alternative relying on variational inference. In Section 5.5,
we present simulation studies under different setups comparing our proposed method with
existing algorithms. Detailed proofs of results and technical lemmas are deferred to the

appendix.
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5.2 Problem Formulation

We consider a linear stochastic contextual bandit with K arms. At time t € [T, context
vectors {z;(t) }ie(x] are revealed for every arm i. We assume z;(¢) € R? for all i € [K], ¢ € [T]
and for every i, {z;(t)}cr are ii.d. from some distribution P;. At every time step ¢, an
action a; € [K] is chosen by the learner and a reward r(t) is generated according to the

following linear model:
r(t) = x4,(t) T B° + €(t) (5.1)

where 3* € R? is the unknown true signal and {e(t)},c(r) are independent sub-Gaussian
random noise, also independent of all the other processes. We assume that the true parameter
B* is s*-sparse, i.e., [|[3*]|, = s*. We denote by S* the true support of §*, i.e., S* = {j : 3} #
0}.

The goal is to design a sequential decision-making policy 7 that maximizes the expected
cumulative reward over the time horizon. To formalize the notion, we define the history H;

up to time t as follows:

Hye = {(ar, 7(7), {2i(T) Yier)) = 7 € [t]}

and an admissible policy 7 generates a sequence of random variables aq, as, ... taking val-
ues in [K] such that a, is measurable with respect to the o-algebra generated by the pre-
vious feature vectors from each arm, observed rewards of the chosen arms till the previ-
ous round and the current feature vectors, i.e., measurable with respect to the filtration
Fi =0 (2o (7),r(7),2:(t);7 € [t — 1],i € [K]).

Thus, an algorithm for contextual bandits is a policy 7, which at every round ¢, chooses
an action (arm) a; based on history H; ; and current contexts. We note that although
contexts of the previous round corresponding to arms that were not chosen are in F;, however,
they do not provide useful information on the parameter, since we do not observe rewards
corresponding to them under the bandit feedback, and hence are not included in the history
‘H:. To measure the quality of performance, we compare it with the oracle policy 7* which
uses the knowledge of the true 5* to choose the optimal action a; := arg maxie[K]xi(t)Tﬁ*.
Define A;(t) to be the difference between the mean rewards of the optimal arm and ith arm
at time ¢, i.e., Ai(t) = xqr(t) T 5% —x;(t) " 5. Note that under the random-design assumption,
a; is also random. Then the regret at time ¢ is defined as regret(t) = A, (¢) and the objective
of the learner is to minimize the total regret till time 7', defined as R(T') = >_, 7 regret(?).
We also define the matrix X; = (x4, (1),...,7,,(t))". The time horizon T is finite but
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possibly unknown, but much smaller compared to the ambient dimension of the parameter,
i.e. d> T. Hao et al. (2021) refers to this regime as “data-poor" regime; such a regime adds
an extra layer of hardness on top of the difficulty incurred by the sparse structure of 5. We

also assume that K is fixed and much smaller compared to both d and T'.

5.2.1 Assumptions
In this section, we discuss the assumptions of our model.

Definition 5.2.1 (Sparse Riesz Condition (SRC)). Let M be a d x d positive semi-definite
matriz. The mazximum and minimum sparse eigenvalues of M with parameter s € [d] are
defined as follows:

ST M6
(bmin(s; M) = m o2 0
8:520,[18llp<s [|8]|;
ST M6
(bmax(s; M) = sup

5620, l6ll,<s 1015
We say M satisfies the SRC if 0 < dpin(s, M) < ¢max(s; M) < 0.

Now we are ready to state the assumptions on the context distributions, which are as

follows:

Assumption 5.2.2 (Assumptions on Context Distributions). We assume that
(a) For some constant Tmax € RY, we have that for all i € [K], Pi(||z||, < Tmax) = 1.

(b) For all arms i € [K], the distribution P; is sub-Gaussian, i.e., there exists a constant
¥ > 0 such that maxick) ||zi(t)ll,, <0 for all t € [T].

(c) There exists a constant & € RY such that for each u € S N {v € R?: |jv||, < Cs*}
and h € RT P;((z,u)* < h) < £h, for alli € [K], ,where C' € (2,00).

(d) The matriz 3; = Egop[rz'] has bounded mazimum sparse eigenvalue, i.e.,
Gmax(Cs*, %) < ¢y < 00, for all i € [K], where C is the same constant as in part
(c).

Assumption 5.2.2(a) basically tells that the contexts are bounded; such assumptions are
standard in the bandit literature to obtain results on regret bound that are independent
of the scaling of the contexts (or parameter). Assumption 5.2.2(b) says that all the arm-
contexts are generated from sub-Gaussian distributions with a common bound of the order
O(¥?) on the proxy-variance, for all time point ¢. This is indeed a very mild assumption

on the context distribution and a broad class of distributions enjoys such property. For
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example, truncated multivariate normal distribution with covariance matrix I;, where the
truncation is over the set {u € R? : ||ul|,, < 1} is a valid distribution for the contexts.
In comparison, most of the previous literature such as Kim and Paik (2019); Oh et al.
(2021); Li et al. (2022) assume that ||z;(t)||, < L, for some constant L > 0. This condition
automatically implies that Assumption 5.2.2(b) holds with ¥ = (L/log2)'/2. As a result, the
theory in Kim and Paik (2019); Oh et al. (2021); Li et al. (2022) can not accommodate the
aforementioned truncated multivariate normal distribution as in this case ||z;(t)], = ©(v/d)
and their analysis yields O(v/d) dependence in the regret bound. Assumption 5.2.2(c) talks
about anti-concentration condition that plays a critical role in controlling the estimation
accuracy of £*. This condition is also assumed by Li et al. (2021) and a variant (diverse
covariates) of this condition is assumed in Ren and Zhou (2020). Intuitively, this condition
prohibits the context features to fall along a singular direction. When u is not constrained
to be sparse, this condition implies that the distribution of the contexts is not supported on
a lower dimensional sub-space, allowing diversity and in the contexts and leading to inherent
exploration. Assumption 5.2.2(c) captures this notion using the weaker condition where u is
only sparse. Existing works like Oh et al. (2021); Kim and Paik (2019) try to capture this
notion via compatibility /RE condition which is a somewhat stronger assumption and cannot
be easily checked in practice. Assumption 5.2.2(c) is more interpretable - under the mere
existence of bounded density for u'z;(t) (for all sparse u ), the condition holds. Moreover,
The entire Assumption 5.2.2 does not need any existence of pdf, whereas Oh et al. (2021);
Ariu et al. (2022) need the relaxed symmetry assumption which requires the existence of pdf.
Lastly, from the discussion in Section 2.3 of Ren and Zhou (2020), it follows that minimum
sparse eigenvalue assumption and relaxed symmetry assumption (both used in Ariu et al.
(2022)) implies diverse covariate property when K = 2. This suggests that Assumption
5.2.2(b) is very mild. Lastly, Assumption 5.2.2(d) imposes an upper bound on the maximum
sparse eigenvalue of 3J; which is a common assumption in high-dimensional literature (Zhang
and Huang, 2008; Zhang, 2010).

Next, we come to the assumptions on the true parameter 3*

Assumption 5.2.3 (Assumptions on the true parameter). We assume the followings:
(a) Sparsity and Soft-sparsity: There exist positive constants s* € N and bnax € RT such
that 8°]l, = 5* and |6°], < bras.

(b) Margin condition: There exists positive constants A,, A and w € [0, 0], such that for

he [A\/log(d) IT, A*} and for all t € [T),

P (xat* ) p* < rlglé%?a:i(t)Tﬁ* + h> < (Ah*>w
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The first part of the assumption requires boundedness of the true parameter 5* to make
the final regret bound scale free. Such an assumption is also standard in bandit literature
(Bastani and Bayati, 2020; Abbasi-Yadkori et al., 2011).

The second part of the assumption imposes a margin condition on the arm distribu-
tions. Essentially, this assumption controls the probability of the optimal arm falling into
h-neighborhood of the sub-optimal arms. As w increases, the margin condition becomes
stronger as the sub-optimal arms are less likely to fall close to the optimal arms. As a result,
it becomes easier for any bandit policy to distinguish the optimal arm. As an illustration,
consider the two extreme cases w = oo and w = 0. The w = oo case tells that there is a
deterministic gap between rewards corresponding to the optimal arm and sub-optimal arms.
This is the same as the “gap assumption” in Abbasi-Yadkori et al. (2011). Thus, quite ev-
idently it is easy for any bandit policy to recognize the optimal arm. This phenomenon is
reflected in the regret bound of Theorem 5 in Abbasi-Yadkori et al. (2011), where the regret
depends on the time horizon 7" only though poly-logarithmic terms. In contrast, w = 0
corresponds to the case when there is no apriori information about the separation between
the arms, and as a consequence, we pay the price in regret bound by a VT term (Hao et al.,
2021; Agrawal and Goyal, 2013; Chu et al., 2011).

The margin condition with w = 1 has been assumed in Goldenshluger and Zeevi (2013);
Bastani and Bayati (2020); Wang et al. (2018) and will be satisfied when the density of
z;(t)"B* is uniformly bounded for all i € [K]. Li et al. (2021) also discusses an example
where the margin condition holds for different values of w.

The final assumption is on the noise variables:

Assumption 5.2.4 (Assumption on Noise). We assume that the random variables {€(t) }+eim
are independent and also independent of the other processes and each one is o— Sub-Gaussian,
i.e., E[e®®] < e7%*/2 for all t € [T] and a € R.

Various families of distribution satisfy such a requirement, including normal distribution
and bounded distributions, which are commonly chosen noise distributions. Note that such

a requirement automatically implies that for every ¢ € [T], E[e(t)] = 0 and Var[e(t)] < 0.

5.2.2 Thompson Sampling and Prior

We discuss the basics of Thompson sampling and introduce the specific structure of the prior
that we use and analyze. Typically, we place a prior II on the unknown parameter (5 in our
case) along with a specified likelihood model on the data, and do the following: while taking
action, we draw a sample from the posterior distribution of the parameter given the data

and use that as the proxy for the unknown parameter value, hence in our case at time ¢,
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we draw a sample 3, ~ II(8|H,_1) and choose a; = arg max; x;(t)' 3, as the action. While
simple enough to describe, Thompson sampling has been difficult to analyze theoretically,
particularly because of the complex dependence between the observations due to the bandit
structure. The choice of prior plays a crucial role, as we shall see, in providing the correct
exploration-exploitation trade-off. In the high-dimensional sparse case that we are dealing
with, this choice is specifically important since we do not wish to have a linear dependence
on the dimension d in our regret bound - which would be incurred if we use the normal
prior-likelihood setup of Agrawal and Goyal (2013), which analyzes Thompson sampling in
contextual bandits.

While there is a rich literature on Bayesian priors for high dimensional regression, includ-
ing horseshoe priors and slab-and-spike priors among others, we shall be using the complexity
prior introduced in Castillo et al. (2015). Specifically, we consider a prior IT on § that first
selects a dimension s from a prior 74 on the set [d], next a random subset S C [d] of size
|S| = s and finally, given S, a set of nonzero values s := {f; : i € S} from a prior density

gs on R®. Formally, the prior on (S, 3) can be written as

(5. 5) = maIS]) e gs(B5)00(Bs-). (5.2)

(5
where the term dq(5sc) refers to coordinates fsc being set to 0. Moreover, we choose gg as a
product of Laplace densities on R with parameter \/o, i.e., 5; — (20) " 'Xexp (—\|3;| /o) for
all © € S. Note that, here we assume that the noise level ¢ is known. In practice, one can
add another level of hierarchy by setting a prior on ¢ but in this chapter we do not pursue
that direction.

The prior 74 plays the role of expressing the sparsity of the parameter. This is in contrast
to other priors like product of independent Laplace densities over the coordinates (typically
known as Bayesian LASSO), where the Laplace parameter plays the role of shrinking the
coefficients towards 0. However, in our case, the scale parameter A of the Laplace does not
have this role and we assume that during the ¢th round we use A € [(5/3))\;, 2)\], where
A = /tlogd, which is the usual order of the regularization parameter used in the LASSO.

The choice of the prior 7y is very critical; it should downweight big models, but at the
same time give enough mass to the true model. Following Castillo et al. (2015), we assume
that there are constants Aj, As, A3, Ay > 0 such that Vs € [d]

Ardma(s — 1) < ma(s) < AgdMmy(s —1). (5.3)

Complexity priors of the form my(s) o< ¢*d~* for constants a, ¢ satisfy the above require-
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ment. Moreover, slab and spike priors of the form (1 —7)dy + rLap(A/o) independently over
the coordinates satisfy the requirement with hyperprior on r being Beta(1, d").

Finally, we specify the data likelihood that is crucial for the TS algorithm. At each time
point ¢ € [T, given the observations coming from model (5.1), we model the {e(7)},<; as
i.i.d. N(0,0?). We emphasize that this Gaussian assumption is only required for likelihood
modeling and our main results hold under any true error distribution satisfying Assumption
5.2.4. The same strategy is also used in Agrawal and Goyal (2013) for the LinTS algorithm

in low-dimensional setting.

5.3 Main Results

5.3.1 Posterior contraction

Now, we present an informal version of the main posterior contraction result for the estima-
tion of 5. A more detailed version of the result with exact rates, along with the measure

theoretic details, is in Appendix D.3.

Theorem 5.3.1 (Informal). Write v, = (r(1),...,7(t))", and let the Assumption 5.2.2-
5.2.4 hold with C = O(¢,9%*¢K1logK), and K > 2,d > T. With A\ < xma(tlogd)'/? and
eras = s {(logd + logt)/t} }'/2, the following holds as t — oco:

E,II (HB — 8, 2 ozvas

Iy, Xt) a;s)' 0.

The above result is similar to Theorem 3 in Castillo et al. (2015) under classical linear
regression setup with i.i.d. observations and Gaussian noise. However, we generalize their
result under bandit setup and sub-Gaussian noise by carefully controlling the correlation

between noise and observed contexts, which is crucial for our regret analysis.

5.3.2 Algorithm and regret bound

In this section, we introduce the Thomson sampling algorithm for high-dimensional con-
textual bandit, a pseudo-code for which is provided below in Algorithm 3. Similar to the
Thompson sampling algorithm in Agrawal and Goyal (2013), in the tth round Algorithm 3
sets the a specific prior on 8 and updates it sequentially based on the observed rewards and
contexts. In particular, it chooses the prior described in (5.2) with an appropriate choice

of round-specific prior scaling \; and updates the posterior using the observed rewards and
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contexts until (¢ — 1)th round. Then a sample is generated from the posterior and an arm
a; is chosen greedily based on the generated sample.

Now, we show that the Thompson sampling algorithm achieves desirable regret upper
bound.

In this section we introduce the Thomson sampling algorithm for high-dimensional con-
textual bandit, a pseudo-code for which is provided below in Algorithm 3. Similar to the
Thompson sampling algorithm in Agrawal and Goyal (2013), in the ¢th round Algorithm 3
sets the a specific prior on  and updates it sequentially based on the observed rewards and
contexts. In particular, it chooses the prior described in (5.2) with an appropriate choice
of round-specific prior scaling A\; and updates the posterior using the observed rewards and
contexts until (¢ — 1)th round. Then a sample is generated from the posterior and an arm
a; is chosen greedily based on the generated sample.

Now, we show that the Thompson sampling algorithm achieves desirable regret upper
bound.

Theorem 5.3.2. Let the Assumption 5.2.2-5.2.4 hold with C = O(¢,9*¢Klog K), and
K > 2,d > T. Define the quantity x(&,9, K) := min{(4c3 K&9?)™1,1/2} where c3 is a

universal positive constant. Also, set the prior scaling Ay as follows:

(5/3)Xt <A < an A = xmax\/Qt(logd +logt).

Then there exists a universal constant Cy > 0 such that we have the following regret bound
for Algorithm 3:

E{R(T)} S 1b + Lo,

where,

I { bmaxxmax¢u192£(K 10g K)
b p—

min {x%(§, 9, K),log K} } s"log(Kd),

( 14w (log d) 20 T2
Pltw s (OgA):j ) ., forwe[0,1),
*2
;o (I)Q <s [10gd+Alc:gT]logT) : fOTCL) _ 1’
w *2
=y ( uogﬁfbgﬂ> = forw € (1,00)
*2
\(IDQ (—S [IOgAdlegT]) ; forw = oo,

and ® = ox?

max max

EK (2440471 + CoKéxt ALY
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Discussion on the above result: The regret bound provided by Theorem 5.3.2
shows that the regret of the algorithm grows poly-logarithmically in d, i.e., E{R(T)} =
O((log d)HTw), when w € [0,1); logarithmically in d, i.e., O(logd) when w € [1,00]. Mean-
while, the expected cumulative regret depends polynomially in 7', i.e., E{R(T)} = O(T=")
when w € [0,1); ploy-logarithmically in T i.e., E{R(T)} = O((logT)?), when w = 1. In
w € (1, 00] regime, the expected cumulative regret depends poly-logarithmically in both the
time horizon T" and ambient dimension d. As T' < d, the expected regret ultimately scales as
O(log d). Comparing our upper bound result with minimax regret lower bound established
in Theorem 1 of Li et al. (2021), it follows that our algorithm enjoys optimal dependence on
both ambient dimension d and time-horizon 7" when w € [0,1). In w = 1 region, the regret
upper bound in the above theorem is optimal up to a O(logT) term. To the best of our
knowledge, there does not exist any result on minimax lower bound in the regime w > 1 in
the high-dimensional linear contextual bandit literature. It is worth mentioning that this is
an upper bound on the expected (frequentist) regret, as compared to Bayesian regret which

is often considered for Thompson sampling based algorithms.

Algorithm 3: TS algorithm
Ho = 2.
fort=1,---,T do
if t <1 then
Choose action a; uniformly over [K].
end if
if t > 1 then
Set \; = mmax\/Qt(logd +logt) and choose \; € (5)\¢/3,2);).
Generate sample 8; ~ II(- | Hy—1) with prior IT in (5.2)-(5.3), A = \; and Gaussian
likelihood.
Play arm: a; = arg max;¢ (] z:(t) T By.
end if
Observe reward r(t).
Update H; < Hi—1 U{(at,7q,(t), zq,(t))}
end for

Intuitively, the initial term [, in regret upper bound in Theorem 5.3.2 describes the regret
caused by the “burn-in” period of exploring the space of contexts and it does not contribute
to the asymptotic regret growth. Note that we consider running Thompson sampling from
the very beginning, without an explicit random exploration phase, in contrast to most of
the existing algorithms; the distinction between the burn-in phase and the subsequent phase
is only a construct of our theoretical analysis. Furthermore, the constant A, plays the role
of gap parameter which commonly appears in a problem-dependent regret bound (Abbasi-

Yadkori et al., 2011). Note that, for w = 0, we get a problem-independent regret bound of
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the order O(s*\/T logd). The appearance of the VT, term is not surprising, as the condition
w = 0 poses no prior knowledge on the arm-separability, Thus, in the worst case, the context
vectors may fall into each other, making the bandit environment harder to learn. In contrast,
as w increases the optimal arm becomes more distinguishable than the sub-optimal arms and
the bandit environment becomes easier to learn. As a result, the effect of the time horizon
becomes less and less severe as w increases. In particular, when w € [1, o0], the time horizon
does not affect the asymptotic growth of the regret bound. Finally, as we mainly focus on
the case when the number of arms is very small, the quantity ® roughly has an inflating
effect of O(1) on the regret bound.

Sketch of the proof of Theorem 5.3.2: While a self-contained and detailed proof of
the above result is given in the Appendix, here we go through the main steps and ideas of

the proof. The proof is broadly divided into 3 parts for clarity:

(i) In Section D.2.1 we will first show that the estimated covariance matrix 3 := X, X, /¢
enjoys SRC condition with high probability for sufficiently large ¢. In our analysis, we
carefully decouple this complex dependent structure and exploit the special temporal

dependence structure of the bandit environment to establish SRC property of f]t.

(i) Next, in Section D.2.2 we will establish a compatibility condition for the matrix &;,. We
use a Transfer Lemma (Lemma D.2.9) which essentially translates the uniform lower

bound on ¢, (C's*, it) to a certain compatibility number.

(iii) Finally, in Section D.2.3, under the compatibility condition we use the posterior con-

traction result in Theorem 5.3.1 to give bound on the per round regret A, (t).

5.3.3 Comparison with existing literature

Over the past few years, the problem of high dimensional stochastic linear contextual bandit
has attracted significant attention and has quite evidently generated a large body of work in
this field under different problem settings. However, there are mainly two types of settings
that have been considered in high-dimensional linear bandit literature: (S1) Each arm has
different parameters 8F for i € [K] and only one context vector x(t) is generated at every
time point ¢, (S2) K different contexts x;(t) are generated for each arm i € [K]| at every
time point ¢ and all of the arms have one common parameter 5*, which is also the setting of
this chapter.

There has been an ample amount of work in both of these settings. To mention a few,
Wang et al. (2018); Bastani and Bayati (2015); Wang and Cheng (2020) consider the setting
in (S1), whereas Kim and Paik (2019); Li et al. (2021); Oh et al. (2021) consider the setting
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Table 5.1: This table compares the regret bounds and working assumptions of this chap-
ter with existing works under different SLCB settings. We focus four most important as-
sumptions: (1) ‘Margin’ - similar to Assumption 5.2.2(b) with w € {0,1}, (2)‘Comp/RE’-
Compatibility or RE condition, (3) ‘¢2-bound’- boundedness of contexts in fo-norm, (4) ‘Pdf
exst’- existence of pdf. v symbol indicates that the corresponding condition is assumed in
the chapter. v'(x) symbol indicates that Chen et al. (2022) assumes that the coordinates of
the contexts are i.i.d and the second moments are lower bounded, which is typically much
stronger than compatibility or RE condition.

Set- Paper Regret Bound Margin fo-bound Pdf
ting Comp/RE exists
Bastani and Bayati  O(s**[logd + log T]?) v v
(s1)|(2019)
Wang et al. (2018) O(s**[logd+ v v
logT]logT)
Wang and Cheng  O(s*?[logd + log T)?) v v
(2020)
Kim and Paik (2019) O(s*V/T log(dT)) v v
Oh et al. (2021) O(y/s*T'log(dT)) v v v
O(s*v/T'logd
(S2) Li et al. (2021) { ( 84)
O(s*?[logd + v
logT)logT)
Li et al. (2022) O(s*1/3172/3 /log(dT)) v v
O(s*?logd + V/s*T v v
Ariu et al. (2022) { ( & )
O(s*%logd + s*1log T) v v v
Chen et al. (2022) O(s*VTlog?(Td)) v (%)
O(s*y/T'logd
This chapter { ( gd)
O(s**[logd+ v
log T logT)

in (S2). It is worth mentioning that most of these works assume very strong compatibility
or restricted eigenvalue (RE) conditions on the feature distribution, which is in general hard
to check in real-world applications. Instead, in this chapter we show that TS algorithm
enjoys desirable regret bound under much weaker and easily interpretable assumptions on
the feature distribution. There is also a parallel line of work that considers the set of features
or contexts to be infinite but fixed (Hao et al., 2020, 2021; Jang et al., 2022), which is in sharp
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contrast to the setting considered in this chapter. Moreover, in the setup of these works, the
optimal arm remains the same for every round. On the other hand, in our setting, due to
the randomness of the observed contexts, the optimal arm does not necessarily remain the
same in every round. Lastly, Hao et al. (2021) and Hao et al. (2022) study the properties of
information-directed sampling and provide a guarantee for Bayesian regret, which is much
weaker than the result in Theorem 5.3.2.

Now we compare the results and assumptions of this chapter with existing literature in
SLCB setting. Table 5.1 shows the comparison of regret bound and working assumptions
of different papers under both (S1) and (S2) settings. Under the setup of (S1), Bastani
and Bayati (2015) and Wang et al. (2018) proposed the LASSO-bandit algorithm and MCP
bandit algorithm respectively, and under the margin condition w = 1, they established a
regret bound of the order O((s*log T)2)%. However, Theorem 5.3.2 accommodates a broader
range of w and our method does not need the knowledge of w, but enjoys the same regret
upper bound for w = 1. Moreover, unlike LASSO-bandit or MCP-bandit, our method does
not require forced sampling which could be expensive in certain marketing applications.

Under the setting in (S2), Kim and Paik (2019) and Ariu et al. (2022) proposed Doubly-
robust LASSO and Threshold LASSO bandit algorithms respectively. Under strong com-
patibility or RE condition they established 6(\/T ) regret bound. With margin condition
w =1, Ariu et al. (2022) improved their bound to O(log T). Li et al. (2022) proposed “Ex-
plore Structure then Commit” framework and established regret bound of the order 5(T 2/3),
However, all of these algorithms require the knowledge of true sparsity s*, and as mentioned
before, also need some type of compatibility /RE conditions or some other strong conditions
on the covariance structure and density functions of the contexts. In comparison, our theory
does not assume any strong compatibility /RE condition on the context distribution and the
TS algorithm also does not require the knowledge of true sparsity but still enjoys better
or comparable regret bound. In some recent works, Oh et al. (2021); Li et al. (2021) also
proposed LASSO-based algorithms which do not require the knowledge of true sparsity s*.
It is worth mentioning that under a similar set of assumptions as in this chapter, Li et al.
(2021) showed that the LASSO-L1 confidence ball algorithm enjoys similar regret bounds as
in Theorem 5.3.2 for different values of w. However, the Sparsity Agnostic LASSO algorithm
proposed in Oh et al. (2021) needs strong RE and balanced covariance assumptions. Lastly,
Chen et al. (2022) recently proposed Sparse LinUCB and SupLinUCB algorithm which relies
on best subset selection and showed that it enjoys 6(\/7 ) regret bound. However, they as-
sume that the contexts are sub-Gaussian with independent coordinates, which is far stronger

than the compatibility condition and even unrealistic in most real-world applications.

20(-) hides the logarithmic dependence on d or T.
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5.4 Computation

In this section, we discuss the computational challenges and how these are overcome by
using Variational Bayes (VB). While priors as (5.2) have been shown to perform well, both
empirically and in theory, the discrete model selection component of the prior makes it
challenging to allow computation and inference on the posterior. For 8 € R?, inference using
the slab and spike prior requires a combinatorial search over 2% possible models, which in
the case of high dimension is computationally infeasible. Fast algorithms are known only in
the special diagonal design case and traditional Markov Chain Monte Carlo methods have
very slow mixing in such high dimensional cases. Thus, following Ray and Szabo (2021)
we use Variational Bayes to make computations faster. Specifically, in the sampling step of
Algorithm 3, we consider the VB approximation of the posterior II(- | H;_1) arising from

slab and spike prior with Lap(A/o) slab in the mean-field family

d
{@[%’N(M?U?) + (1 —75)d0] : (4, 05,7;) € R} :
j=1
where R = R x R* x [0,1]. We use the sparsevb package (Clara et al., 2021) in R to use
the Coordinate Ascent Variational Inference (CAVI) algorithm proposed in Ray and Szabo
(2021) to obtain the VB posterior. This makes the Thompson sampling algorithm much
faster as one can efficiently obtain samples from the VB posterior due to its structure. The
details of the algorithm for the Variational Bayes Thompson Sampling (VBTS)? are in the
appendix (see Section D.5).

5.5 Numerical Experiments

In both simulations and real data experiments, we present results corresponding to \; = 1
for all t € [T]. Recall that Theorem 5.3.2 suggests that in ¢th round )\, < /tlogd is a
reasonable choice for the exact Thompson sampling algorithm. However, in practice, we
noticed that such choices of \; lead to numerical instability. Some recent findings in Ray
and Szabo (2021) suggest that \; in the order of O(y/tlogd/s*) should be an appropriate
choice, which is smaller than the predicted order of \; in our main theorem. Motivated by
this, we also present the simulation results for synthetic data experiments with A\, = A/t
for A, € {0.2,0.3,0.4,0.5} in Section 5.5.3. We found the performance of VBTS to be robust

with respect to the choice of the tuning parameter \,.

3Codes are available online: Github link.
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5.5.1 Synthetic data

In this section, we illustrate the performance of the VBTS algorithm on a simulated data
set. As a benchmark, we consider, DR-LASSO (Kim and Paik, 2019), LASSO-L1 confidence
ball algorithm (Li et al., 2021), ESTC (Li et al., 2022), sparsity agnostic (SA) LASSO (Oh
et al., 2021), thresholded (TH) LASSO (Ariu et al., 2022), and TS algorithm based on
Bayesian LASSO (Park and Casella, 2008) (BLASSO TS) to compare the performance of
VBTS (Algorithm ??). In this section, we only include the methods that are designed for the
high-dimensional linear contextual bandit. Simulation results for LinUCB (Abbasi-Yadkori
et al., 2011) and LinTS (Agrawal and Goyal, 2013) can be found in Appendix D.1.

Equicorrelated (EC) structure

We set the number of arms K = 10 and we generate the context vectors {z;(t)}£, from
multivariate d-dimensional Gaussian distribution Ng4(0, %), where %;; = pli=/"t and p = 0.3.
We consider d = 1000 and the sparsity s* = 5. We choose the set of active indices S*
uniformly over all the subsets of [d] of size s*. Next, for each choice of d, we consider two
types generating scheme for f:

e Setup 1: {U;};cs- ES Uniform(0.3,1) and set 3; = U;(Y,cq- UZ)V?1(j € S7).

e Setup 2: {Z}lics: "~ N(0,1) and set §; = Z;(3,eq Z2)"V21(j € S%).

We run 40 independent simulations and plot the mean cumulative regret with 95% con-
fidence band in Figure 5.1a-5.1b. In all the setups, we see that VBTS outperforms its

competitors by a wide margin.

Autoregressive (AR) structure

We consider the same setups as in the EC structure above, with the exception of the context
distribution. Here we generate the context vectors {z;(¢)}1£, from N4(0, ) where ¥;; = ¢/*7!
and ¢ = 0.3. VBTS also enjoys superior empirical performance under this setup (see Figure
5.1c-5.1d). Table 5.2 shows the mean execution time (across Setup 1 and 2) of all TS
algorithms for both EC and AR structure simulations. Among the class of TS algorithms,
VBTS outperforms its other competing algorithms.

5.5.2 Real data - gravier Breast Carcinoma Data

We consider breast cancer data gravier (microarray package in R) for 168 patients to

predict metastasis of breast carcinoma based on 2905 gene expressions (bacterial artificial
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Figure 5.1: Cumulative regret of competing algorithms.

chromosome or BAC array). (Gravier et al., 2010) considered small, invasive ductal carci-
nomas without axillary lymph node involvement (T1T2N0) to predict metastasis of small
node-negative breast carcinoma. Using comparative genomic hybridization arrays, they ex-
amined 168 patients over a five-year period. The 111 patients with no event after diagnosis
were labeled good (class 0), and the 57 patients with early metastasis were labeled poor
(class 1). The 2905 gene expression levels were normalized with a log, transformation.
Similar to Kuzborskij et al. (2019); Chen et al. (2021), in our experimental setup we
convert the breast cancer classification problem into 2-armed contextual bandit problem as
follows: Given the gravier data set with 2 classes, we first set Class 1 as the target class. In
each round, the environment randomly draws one sample from each class and composes a set
of contexts of 2 samples. The learner chooses one sample and observes the reward following

a logit model. In particular, we model the reward as

P(Selected class = 1)
P(Selected class = 0)

r(t) := log
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Table 5.2: Time comparison among the competing algorithms.

) Mean time of execution (seconds)
Type Algorithm

Equicorrelated| Auto-regressive

LinTS 1344.39 1346.46
TS BLASSO TS 1511.68 1455.53
VBTS 29.33 27.65

where a; € {1,2} is the selected arm at round ¢. Thus, small cumulative regret insinuates
that the learner is able to differentiate the positive patients eventually. Such concepts can
be used for constructing online classifiers to differentiate carcinoma metastasis from healthy
patients based on gene expression data. However, in practice, we can not measure the regret
defined in (5.2), unless we have the knowledge of 5*. To resolve this issue, we first fit a
logit model on the whole gravier data set and consider the estimated B as the ground truth
and report the expected regret with respect to the estimated S. As reported in Gravier
et al. (2010), 24 (out of 2905) BACs showed statistically significant difference (comparing
Cy3/Cyb values) between the two groups, motivating the use of a sparse logit model in our
case. The estimated S* in our sparse logistic model on the dataset had a sparsity of 18 using
the dataset. In addition to this, we also treat the estimated noise variance from the fitted

logit model as the true noise variance of the error induced by the environment in each round.

Breast cancer data

80
—— DRLasso
70 4 Lasso L1
— ESTC
601 — vBTS

19,1
o
1

Cumulative Regret
s &

0 50 100 150 200 250 300 350 400

Time Horizon
Figure 5.2: Cumulative regret plot for breast cancer data set.
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Table 5.3: Classification accuracy of competing algorithms.

Algorithm

DR-LASSO

LASSO-L1|ESTC

VBTS

Accuracy (%)

65.63

81.20 73.32

81.88

5.5.3 Siumlation for different choices of )\

As discussed in the first paragraph of Section 5.5, for each of these simulation settings,
we tried a few choices for the tuning parameter )\;. In addition to the default choice of
At = 1 (for all time points t), we also explored the performance of the algorithm under
growing ), as required by our theoretical results. In particular, we tried A\, = A/t for
A« € {0.2,0.3,0.4,0.5}. For comparison, we only kept the faster optimism based methods
DRLasso, Lasso-LL1 and ESTC. We found the results to be roughly robust to the choice
of this tuning parameter. The results are summarized in Figure 5.3 and Figure 5.4 below.
However, we found that larger values of A, lead to numerical issues, we conjecture that
this is an artifact of the variational Bayes approximation, rather than the prior itself. For
our simulation settings, the choice v/flogd/s* ~ 0.5y/t and hence by the findings in Ray
and Szabo (2021), values of A, higher than this may yield inaccurate Variational Bayes

estimation.
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Figure 5.3: Regret bound for equi-correlated design for different tuning parameter choices
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Figure 5.4: Regret bound for auto-regressive design for different tuning parameter choices

5.6 Conclusion

In this chapter, we consider the stochastic linear contextual bandit problem with high-
dimensional sparse features and a fixed number of arms. We propose a Thompson sampling
algorithm for this problem by placing a suitable sparsity-inducing prior on the unknown
parameter to induce sparsity. We also develop a crucial posterior contraction result for
non-i.i.d. data that allows us to obtain an almost dimension independent regret bound for
our proposed algorithm. We explicitly point out the dependences on d and T for different
arm-separation regimes parameterized by w, which is also minimax optimal for w € [0, 1).
Moreover, the choice of prior allows us to devise a Variational Bayes algorithm that enjoys
computational expediency over traditional MCMC. We demonstrate the superior perfor-
mance of our algorithm through extensive simulation studies. We finally perform an exper-
iment on the gravier dataset, for which our method performs better compared to other
existing algorithms.

Now we point the readers toward some of the natural research directions that we plan to
cover in our future works. The regret analysis, similar to most of the recent works in high
dimensional contextual bandits, relies on upper bounding the regret through estimation of
the parameter, i.e., we rely on the estimation of 5* to be able to provide meaningful regret
bound. However, this should not be required - as an example, consider the case where the first
coordinate of x;(t) is 0 for all i € [K],t € [T]. Then the first coordinate of 5* is not estimable,
however, this does not pose any problem to designing a sensible policy since this coordinate
does not appear in the regret. Unfortunately, Assumption 5.2.2(c) is not satisfied for such

degeneracy in the contexts and as a result, it would require a modified analysis of the regret
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bound. Secondly, we underscore the fact that in our setup we adopt the Variational Bayes
framework only to sidestep the computational hurdles of MCMC arising from a myriad of
challenges such as slow mixing times of the chains, lack of easy implementation, etc. However,
in high-dimensional regression setup Yang et al. (2016) has proposed Metropolis-Hastings
algorithms based on truncated sparsity priors that do not meet the above roadblocks. It
could be very well possible that some other prior structure will allow us to design more
efficient MCMC algorithms with faster mixing times in the high-dimensional SLCB setup

along with theoretical guarantees.
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CHAPTER 6
Summary and Future Works

In this thesis, we address the modern emerging problems at the intersection of contemporary
ML and high-dimensional statistics. In particular, we studied the problem of feature selection
both from statistical and computational perspectives. In fact, we propose computationally
efficient methods that enjoy the same statistical properties as BSS under the weak signal
regime. Moreover, we provide a novel theoretical perspective on the model selection property
of BSS that unravels the effect of the intrinsic topological structure of the design. In addition,
we theoretically study the model selection performance of BSS under the setting of differential
privacy. More importantly, we proposed a computationally efficient Metropolis-Hastings
method that enjoys polynomial mixing time to its stationary distribution and produces a
DP model estimator with a high utility guarantee. Therefore, our algorithm enjoys the
best of three worlds: privacy, utility, and computation. Finally, we also propose a novel
Thompson sampling algorithm for high-dimensional sparse linear contextual bandit that has

regret scaling poly-logarithmically with the ambient dimension.

Future research vision and goals

As a researcher in the big-data era, my long-term vision is to promote the practice of “open
science” (Vicente-Saez and Martinez-Fuentes, 2018) across diverse fields of ML and make
reproducible scientific findings accessible to broader communities through relevant research.
However, there are several pressing challenges: (i) the recent data explosion has necessi-
tated statistical learning under distributed frameworks where large-scale data are distributed
across several or even a large number of sites, restricting seamless communication between
data sites, (ii) the paucity of scalable algorithms in various ML domains that can process and
analyze complex data to produce reproducible results without excessive time and resource
consumption, and (iii) alongside the escalation in data scale, there is a continuous accumu-
lation of sensitive information in diverse formats, which also restricts data sharing across

different studies. Hence, the need to construct scalable and privacy-preserving algorithmic
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frameworks has become imperative to encourage data sharing in the landscape of modern
AT and domain science applications. To address these emerging concerns, I plan to focus my

future research at the juncture of the following areas:

Objective 1: Private mixed integer programming and large scale data sharing

Integer programming (IP) and mixed integer programming (MIP) are mathematical opti-
mization problems where all or some of the decision variables are restricted to be integers.
IPs and MIPs are critical for solving discrete and combinatorial optimization problems in
various applications, including production planning, scheduling, and vehicle routing (Pochet
and Wolsey, 2006; Malandraki and Daskin, 1992). In many of these applications, the pri-
vacy protection of the user is of utmost interest (Atmaca et al., 2021; Tong et al., 2017).
However, currently, there does not exist any user-friendly private algorithmic framework that
can leverage the computational power of commercial MIP solvers such as GUROBI, CPLEX,
and MOSEK. This is a huge bottleneck in industrial-level applications where efficient and
accurate algorithms are important requirements. To address this issue, I plan to do research
related to developing DP frameworks that would provide seamless integration of modern MIP
solvers to facilitate efficient and high-quality solutions to modern problems. For example,
an immediate relevant statistical application could be to obtain an approximate DP solution
to the BSS problem using the MIP formulation introduced in Bertsimas et al. (2016). This
methodology could be used in statistical genetics to make quick and meaningful discoveries
that can be shared with other studies to advance the scientific understanding of the field

while maintaining user privacy.

Objective 2: Designing robust algorithm for reproducible results

Modern AI algorithms hold considerable promise in various ML domains encompassing
healthcare, computer vision, and engineering. However, their dissemination and adoption
have been slow, owing partially to unpredictable AI model performance once deployed in
real-world applications such as digital healthcare, that involve extremely high-dimensional
data. A recent study in Berisha et al. (2021) points out the “dataset blind spot”, a phe-
nomenon due to the curse of dimensionality, as the potential reason behind the failure of
the AT algorithms - algorithms that achieve high performance in their training phases suf-
fers much higher error rates when deployed for use. Similar issues regarding false discoveries
have been pointed out in Dwork et al. (2015a,b), and the authors propose a robust algorithm
based on perturbation that leverages the idea of DP to learn about the training data as a
whole, i.e., the data distribution instead of individual entries. I plan to propose a similar
approach for general high-dimensional analysis that will facilitate a robust and scalable algo-

rithmic framework. In particular, I plan to use the privatized version of the low-dimensional
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sufficient statistics for the training phase which needs relatively less amount of noise. This
will allow us to produce reproducible and reliable results in a computationally efficient way

which is an important requirement in open science.

Objective 3: Distributed learning in neuroimaging using summary statistics

Neuroimaging data are often complex and high-dimensional, and they are typically dis-
tributed across different sites or hospitals. Therefore, neuroimaging analysis require advanced
ML methods to enhance precision, facilitating detection of subtle brain changes critical for
understanding neurological disorders. However, there are two conflicting challenges: on the
one hand, increasing sample size is necessary for neuroimaging research because its effect
size is known to be small (Marek et al., 2022), and it is becoming more common to inte-
grate neuroimaging studies from multiple sites; and on the other hand, there are privacy
related challenges (White et al., 2022) that need to be addressed before such an integration,
which causes unwanted delays in research and hinders reproducibility of scientific studies.
Therefore, it is important to build Al-assisted statistical framework for promoting “open
science” in neuroimaging research, enabling the integration of multimodal data and foster-
ing a more comprehensive understanding of the brain. To achieve this goal, I intend to
put forth summary-statistics methodologies rooted in high-dimensional ML techniques that
inherently safeguard data privacy, as third parties are not granted access to sensitive neu-
roimaging data. Consequently, this approach will facilitate the aggregation of multiple sum-
mary statistics within the distributed framework, thereby amplifying the statistical power
of the methodology for detecting subtle changes in the brain structure with better sample
efficiency under more economic budget constraints. In particular, I will propose summary
statistics akin to polygenic risk scores, as seen in the field of statistical genetics, that can
be aggregated under the distributed framework to accurately forecast the likelihood of brain

disorders using high-dimensional multivariate ML methodologies.
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APPENDIX A

Appendix for Chapter 2

A.1 Proof of Theorem 2.3.1

Consider a MS procedure S, eT. Now, there are mainly two steps of the proof:

1. Upper bound the probability of recovery in terms of the probability of an event de-

pending only on max;ese |¢;| and minjegs |-

2. Find the asymptotic limits of the above random variables and find the limiting prob-

ability of the aforementioned event.

To start with note that
N — ) < mi 1) < ) ; 1.
Pa(S: =Sp) =Pg (gg%%luﬂ <7(X,y) < min !M) <P <ggg>§\ug| < min Iuy\)
Recall that for for j € [p] we have

Bi X115 /n+w;i X1, 95/n if j € Sp
wj [ X5, g5/ if j ¢ Sg,

where w? = 1 + 2 okt B and g; = XJT(Z,C# XieBr+w)/(wj | X;]|,) ~ N(0,1). Thus we have

Pa(S, = 5) < Pa (e Il o/ (20w ) < i 65 113+ 1 gy /(20 o))
(A1)
The right-hand side of Equation (A.1) does not depend on :S\'T hence the above inequality
is valid uniformly over the class 7. Now choose a sequence {¢,}2 such that lim, . c3/r > 1

. Next construct a sequence of 8% in the following manner:

e Consider the set Sp ={1,...,s} C [p] with s = O(logp).
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e Set 8% = ¢,. For all other i € So\{1} set 8% = a = (2r(logp)/n)'/2.
o Set P =0ifi ¢ S,.

In this setup we have w; ~ (1+¢2)"/2 for all j # 1. Now fix ko € So \{1} (say ko = 2). From
Equation (A.1) it can be concluded that

sup Py (:S\’T =3So)
S,eT

<Py (mxw 111, |91/ (2 1og )72 < 1B, [ X2 + on, HXkOHQgkO\/@nlogp)W) .

Also note that w; > (1+ ¢2)V/2 for all j € Sf. Using these facts, we get

1 15[, |9 X, 1951
s I i PAEC 1SN .
(1+c2)12 e (2nlogp)l/? ~ jess nl/? jess (2log p)Y/2

Now, note that for j € S5, we have all w? =1+ ||8]|5 and

Xsz
g; = )
X,

where z = (3 cs, Xl + W)/w; ~ N,(0,L,) and it is independent of {X;};jese. Thus,
g]2- = ||sz||§, where P; is the orthogonal projection operator onto the subspace span{X,}.
This shows that the random quantity max;ese g]2~ is the scaled version of maximum spurious
correlation (defined in Section 7.2 of Fan et al. (2018)) between {X;};csc and the noise z

with sparsity level 1, i.e., maxjese 9]2- = nﬁi(l,p — s), where

-~ ZXZ c
Rn(17p_8) = Sup _Z S

aclall,=Lllal,=1 " = (aT%, sea)l/2

with ﬁmsg =n 'y, Xi,SSXz‘T,sg- Thus, following the arguments of Fan et al. (2018), in
particular, using Theorem 3.1 and Remark 3.3 of Fan et al. (2018) we have,

19,1 P
ax —— B
Jest (2logp)'/?

Using the above fact and Lemma 3 from Fletcher et al. (2009), we get

HXJ'HQ max |gj| P

1 15115 1951 > min n

(1 +C§)1/2 g%é%(wj—(inogp)lﬂ = jes; n'/?2 jess (2logp)l/?
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r1/2

V1+r

Now, recall that 3, = {2r(logp)/n}'/? and and define u, := %(1 +
the following;:

) < 1 .Thus we have

P(1Br, 1 Xkoll5 + wr [ Xkolls grol /{1 + ) (2n1log p)}'/2 < wp) — 1.
This tells that,

lim sup inf Pg(S, =Sz) < lim sup Pap (S, = Sg) = 0.
p%ngEI;ﬁe ¢ al ﬂ)_pémgfgr o ( 0)

This finishes the proof.

A.1.1 Proof of Theorem 2.4.1

In this proof, we reparametrize § by 8d, for algebraic convenience. The main result can be
salvaged by back substituting 8y by ¢ in all the main equations in this section. Also, for
brevity of notation, in this proof we use S and S to denote that oracle BSS estimator and

S respectively. We highlight the three main steps of the proof:

1. Convert the BSS problem in the problem of selecting the model with maximum spurious

correlation.

2. Use results from Fan et al. (2018) to find the asymptotic distribution of the maximum

spurious correlation statistics.

3. Use the asymptotic distribution along with non-asymptotic concentration inequalities

to upper bound the error probability.

Recall that BSS is defined as

S =arg MaXp p|=s HPDYH§ = arg minD:\D\:s (L, — PD>YH§ ‘

Thus from the above definition we have the following equality:
S 2 2
S #5) ~ P (IPayll < max o)

Now we will try to understand how the quantity ||P5y\|§ behaves asymptotically. First
it is easy to see that Psy = >, ¢ X;08; + Psw. Note that >, ¢X;8; = [|B]|,€ where
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€ ~ N,(0,I,) and independent of the noise z. Hence we up with the following:

2 T T
2—i—2w Ps ;X]ﬁj +w Psw
J

2
[ Sxin o (08 ) +wipow
JjeS 2 JjeSs

2 (=12 ~
=Bl €z +211Bll, w'e + w Psw.

IPsyll; = || Y-x,8,
jes

Recall that |3,| > {2r(logp)/n}"/? for all j € S. This is presumably the hardest setup as
increasing signal strength can only decrease the error probability. Then ||,8||§ > (2rslogp)/n.
also note that w'Psw ~ x%. Hence we have,

2 ~112
Pyl g0 615 4o

o \"?&Tw w' Psw
slogp n

slogp nl/2 slogp o

Thus lim, P(S #£8) <P (2r <limsup,_,,, maxp.s Pyl /(slogp)). The limiting be-
havior of the obtained maximal process turns out to be very challenging to analyze and hence
we do not directly study this maximal process. Instead we focus on a related maximal process
(will be defined shortly) derived from the earlier one and we use the results from Fan et al.
(2018) to study its asymptotic behaviour. Now let us denote the set SND by Zy and D\ S
by Iy, i.e., D = ZoUZ;. Next define the class Jz, = {Z; C [p] : Z: NS = &, |71 UZy| = s}
for each Zy C S. Note that 0 < |Zy| < s — 1 from the construction (if |Zy| = s then D = S).

The random variable of interest can be rewritten as follows:

2 2

[Poylly _ Pz, 0z, ¥l

max ——— = Inax max ————.
D£S slogp  ZoZoCS TvheJz,  slogp

Using union bound we get,

2 2
B3 £8) < ZP( o IPrunyly ||Psy||2>. (A2)

I, T, eJz,  slogp slogp

Now fix a subset Z; of the true support S. Similar to previous section define y =y —Xz,87,

and this independent of the features in Zo UZ;. Also we have

2 ~ 112 2 ~

HPIO UI1Y||2 - ||PIO UIlY||2 + HXIO/BIOHQ + QBEOXZOya
2 ~ 112 2 ~
||PSY||2 = ||PSY||2 + HXIOIBZQHQ + 2ﬁ:—z_|—0XIOy'
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Thus the summands in the right hand side of (A.2) can be written as the probabil-
ity of the event {male:zlejzo HPIOUZIgH;/(slogp) > ||P5gH§/(slogp)}, where g :=
1+ HBS\IOHz)_I/QSI. Note that g ~ N,(0,TI,,) and is independent of the features in D.

Now fix a specific Zy. In the analysis we encounter the maximal process

2
max HPIOUIlgHQ
Zl:Zlejzo S lng

Now consider the set of indices Fr, = ({1,---,p} \ S) UZy. Hence it is easy to see that
p = ]FIO\ = p— s+ |Zo|. Without loss of generality, let Fr, = {1,...,p}. Also define
§:=s— |Ty|. Let the set V7, = {a € R? : ||a||, = s, |||, = 1,Z C S(a),apfo = 0}. Here
a; denotes the sub-vector of a corresponding to the indices in J C [p]. Next we will focus

on the random variable,

T T 1 - T(gzxz)
L, :=L,(5,p) = oLsup 73 Z (aTE )2 (A.3)

here &, = + =30 xx; . Now recall that D = Ty UZ, for all D # S with |D| = s. To see the

connection, first note that the above optimization problem can be viewed as the following:

I — max max aZ—E(Z?:lgiXi,D/nlﬂ)
n

T1eJz, €V, U1, {ag(in DD)OCD}UQ

1/2
= E 1/ § : 1 /2
I?é%}io { g D/n n DD g D/n }

= max {g XD(XTXD) IX g}t/

71 EJIO

= P
A |[Pruzgll

Thus it is essential to study the asymptotic property of Zn. Now we define the standardized

version of L,, as follows

L, :=L,(5p) = sup 1/2 Za (9:x:)-

GVIO i—1

Let Z = (Zy,--- , Z35) be p—variate Gaussian random variable with covariance matrix I; and

define the random variable T := T"(8, p) = supaey,, a;IOZ :
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Lemma A.1.1. There exists universal constants Ky, K1 such that for any 6; € (0, KoK,
L, — T*| < n~tet/2(5,p) + KoKin~32c2(5,p) + &, (A.4)
holds with probability at least 1 — CA,(s,p;61) where ¢, (s,p) = slog(ep/s) V logn and

A5 61) = (Kol LGP e e o {505, PP

§3n1/? din
with b,(8,p) = log(p/3) V logn.

Lemma A.1.2. Assume that the sample size satisfies n > Cy (Ko V Ky)c,(3,p). then with

probability at least 1 — Con='2c)/*(3, p),

Lo — Ln| < (Ko V K1) KoK in ¢, (3,5), (A.5)

where ¢, (8,p) = §log(ep/3) V logn.

Proof of the above two lemmas are omitted as it is in the same line of the proofs of Fan
et al. (2018). Now applying Lemma A.1.1 and A.1.2 with

81 = 01(s,p) = (KoK1)** min[1,n~"/*{3b, (5, p)*/*}]
yields that with probability at least 1 — C(KoK;)**n=1/8{sb,(s,p)}"/®,

L, — T*| < (KoK, )4 n=Y®{5b,(5,p)}*/*.

Together with Lemma 2.3 from Chernozhukov et al. (2014) we can conclude that

sup |P(L, < t) — P(T* < t)‘ < (KoK ) 'n~ Y3 {5b, (5, )78, (A.6)

teR

Next by the definition of 7™ it follows that

T = max || Zz,uz, |5 = Z Z? + max Z 77

I.1€eJ71, VEYNE 5
0 j€Lo 0 ke,

Let W ~ N, (0,I,—s)) be a Gaussian vector independent of Z. Thus it follows that
p—s

*2 i 2 2 2 2
™= Z ZJ' - Z W(k:p—s) < Z Zj +(s— ’IODW(pfS:p*S)'

Jj€Lo k=p—2s+|Zo|+1 J€ZLo
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From Equation (A.6) it also follows that
sup |P(L2 < t) — P(T*2 < t)| < C(KoK:1)**n~3{5b, (5, p)} /5. (A7)

Now from the assumption, we have r = 1 + 80y. Assume that

262

s < 0.5 min{do, 76072+ (15 450>1/2}2}10gp (A.8)

Hence |Zo| < s —1 < 0.5 logp < dglog p. Thus we have,

P(T** > 2(1 4 46¢)(s — |Zo|) log p)
=P Z7 + (s = |To)W(, sy > 2(1 + 460) (s — [Zo|) log p)

J€ZLo

<P (Z ZJ2 > 460(s — |Zo|) logp> +P ((s — |IO|)W(2p—s:p—s) > 2(1 + 2600)(s — |Zo|) logp)
Jj€To

@ b [ Lsez Zi — ol

- |Zo]

<) P Zjelo Z]2 o |IO’

- |Zo]

(p—s:p—s)

> (400 logp — |Zol)/ ‘Io|> +P (W > 2(1 + 24p) log p)

—~
=

> (360 logp)/ ’IO|> + P (W(prs:pfs) > 2(1 + 250) logp)

< exp(—0.7580 log p) + (p — )P (W} > 2(1 + 25;) log p)

—250
—0.7580 L O b

Viogp’

Inequality (a) uses s — |Zo| > 1 and inequality (b) uses |Zy| < s < dplogp (Condition (A.8)).
Also, the first probability bound in (b) follows from Equation (56) in Wainwright (2009a)
and the fact that (3dglogp)/|Zy] > 6 > 4. The last inequality in (b) follows from tail
bound of standard Gaussian distribution. Now define the event £z, := {||Psgl|3 /(slogp) >
2(1 4 469) Rz, } where Rz, := (s — |Zy|)/s. Recall that

Sp

2 H 2jes\zo XiBitPsw H2
IPsglls ||~ 0B 297l
slogp — slogp

(A.9)

(A+IBs\ 7, 13)'/2 (1+1Bs\ 7, 13)1/2

slogp

{ 15es 2, X584, IPswll,

} _ (T11/2 _ T21/2)2.
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where
2
2

L (14 ]|Bs\n|P)slogp 1+ 2r(s — 1 Zol)(logp)/n 0

1>, X813
and V,, ;= =I5 Lo TITI 2

QTRIO Vn

Y

is an x2 random variable. Also we have

185\ 7,13
Psw|
ym PVl vy a0g)
(1+ Bz l,)s log p
where V, := |Psw]|; is an x2 random variable independent of Xg. Next, we state the

following simple algebraic relationship:

do

1 1/2 -
(1 +63) (14 600)/2 4 (1 + 460)'/2

> (1 + 460)"2.

In light of Equation (A.9) and using the above algebraic inequality we have the following:
€5, € {Th < 2(1+ 600) R, }  J{To > 265{(1 + 600)'/* + (1 4 480)"/*} Rz, }

Next, we have

Vi, 1466
P(T, <2(1 <P|—< 1+ 2rsl .
(11 < 201+ 0 ) < P (22 < 01 4 2rslogpi) )

Now choose large n such that (1 + 660)(1 + 2rslogp/n)) < (1 4 7). Then for large n we

have,

5 J
B(T, < 2(1 <P — 1= S e
( L < ( +650)RZO)— <|Vn/n ’_ 1+860) NeXp{ C (1+850)2n}7

where C* is a universal constant. Now we analyze the quantity 75. We have the following
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inequalities:

262

PT2 2 {(1+6060)1/2+ (1+ 450)1/2}2RI°)
<P(Vy/s > 0 +650)1/22+5(2’(1 +450)1/2}2Rzo log p)
2
<P(V; > {(1+650)1/22f°(1 a5 o)
<P(|Vi/s—1] > 0.5{(1 +650)1/22f§(1 +450)1/2}2(10gp)/8)
< e><p(—C'{(1 TADE 2453(1 TADEE logp) (Using Condition (A.8))

i 263
=p {a+es)/2rata59)/22 (O > () is universal constant).

2
) 263

el
Ultimately it shows that P(£7)) < exp {—C’*(lé—%opn} +p  {0+660) 2401445017212 - Now we
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are ready to show that the error probability goes to 0.

IiTheJr,  Slogp slogp

P 2 Povl?
S%S Zp ( ax I Iouzly||2> [ 3y||2>

ZoCS
s—1 9 )
< Z Ps A 1Pz, uz,¥l)5 - IPsyll5
20 To ol hihiedz,  slogp slogp
s—1 9
< Py |  max IPz,orylls  IPsylls o) dre)
a s
¥=0 ToZol=k I1:TeJz,  Slogp slogp ’ 0
s—1 9
< Pol max [ Fzouzmgly IPsgl? o) dre)
s c P\rizicrs,  slogp slogp ’ Zo
5" IPzungl
< Ps . nax 01—12 > 2(1 4 460) Rz, | +P(£5,)
k=0 To:|Zo|=k 1:11€J 1y slogp
(a) s—1
IS [P (T** > 2(1 + 469)sRz, log p) + P(£5,) + C(KoK:1)*/*n=3{sb,(s,p)}"/¥]
k=0 Zo:|Zo|=k
s—1 —260 52 o 26(2)
< _07560 + C p + ex C*— + - {(1+650)1/2+(1+450)1/2}2
- g Viogp TP asaey T
k=0 Zo:|Zo|=k

+ nil/S{Sbn(Sa p)}7/8
252

s—1 2 ,
< (8) [p—0_7560 + exp {—O*<1 505 )2n} _{_p*c {(14650) /21 (1+489)1/232 —|—n_1/8{sbn(8,p)}7/8]

k 8
0

B
Il

2 , 252
< 28 [p_0'755° + exp{ C’*—( 685 B } +p—c {<1+650)1/2+?1+450)1/2}2 + n‘l/s{sbn(s,p)}7/8] .
0

Inequality (a) uses $b,(3,p) < sb,(s,p) for large p. Thus if

2
s < (A 20 k logp
~ {(1+650)1/2 (1+450)1/2}2

B 262 k |
— \{(1+660)172 + (+450)1/2}2 0g P,

then error probability goes to 0 uniformly over 3 € M.

A.1.2 Model consistency of BSS for sub-Gaussian model

In this section, we will show that Theorem 4.1 also holds beyond the Gaussian model. We

assume that the entries of the design matrix X are i.i.d. mean-zero and sub-Gaussian with
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unit variance. We also assume that the entries of w are also i.i.d. mean-zero and sub-
Gaussian with unit variance and independent of X.

In this setup, the results of Theorem 3.1 in Fan et al. (2018) are also valid and the proof
steps follow exactly the same steps as the proof of Theorem 4.1 until the introduction of the
random variables V,, and V.

We note that Gaussianity was only used to characterize the distributions of V,, and V.
In particular, due to Gaussianity, we have V,, ~ x2 and V; ~ x% However, under the
sub-Gaussian case, V,, is the sum of n independent sub-Exponential random variables with
unit-mean. Hence, the probability bound for T} shown in the original proof is also valid.

Next, for Vi, we can use Theorem 1.1 of Rudelson and Vershynin (2013). Note that, there
exists a constant Ky, > 1 such that |||, < Ky,, where |||, := infiso{t : Eexp(e?/#?) <
2}. By Theorem 1.1 of Rudelson and Vershynin (2013), we can obtain the same probability
bound for Ty if s < (0.5/K7,) min{dy, T 2%

14+600)1/2+(1+400)1/2}2
is verbatim to the proof in the Gaussian case.

} log p. Hence, the rest of the proof

A.1.3 Proof of Theorem 2.4.3

In this section, we will show that BSS fails to recover the exact support when r = 1. We

highlight three main steps of the proof:

1. Convert the BSS problem in the problem of selecting the model with maximum spurious

correlation.

2. Use results from Fan et al. (2018) to find the asymptotic distribution of the maximum

spurious correlation statistics.

3. Use the exact form of the asymptotic distribution along with scaling and centering

parameters to approximate the recovery probability.

Recall the linear model y = X3 + w with § := Sg as the set of active features and s =
|S| = O(logp). As r = 1, there exists jo € S such that 8;, = {(2logp)/n}/2. WLOG , let
us assume that jo = 1 and define Zy = S\ {1}. In order for BSS to recover the exact support

S, it is necessary that

r?ngHPIOU{j}YHE < HPS}’H;

12 N .
A I?gsx HPZoU{J'}sz < ||PSY||§ (where y = X 51 + w)

2

)

2 .
<[P

& max ||Py
j¢S H Y
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where P; is the orthogonal projection operator onto the sub-space span{f(j} for all j €

S¢U {1}, where X; = (I, — Pz,)X;. Due to Gaussianity, it follows that
Now, note that

2
~ V2
) 9 Xn—s—l—l'

o2 2 - Tt
HPlY — 2K w HP1WH2
_ o2
X/ w
= (2logp) 2 +2(2log p)"/* 2= + HPT
\/_
Next, define the events
Ixil = X7 :
& = — 1| <1/y/logp Ey = ~1W <-—-1,, &:= HPJ{WH <163.
n—s—l— 1 HXI 2
2

When p > 4, by Bernstein’s inequality, we have P(Ef) < e “'Toer oer . where ¢; > 0 is a unlversal
constant. Recall that n =< p*, which tells that lim,_,,, P(€f) = 0. Next, note that || ||
1

N(0,1). Next, we introduce a useful lemma.

Lemma A.1.3 (Gordon (1941)). Let ®(-) denote the cumulative distribution function of

standard Gaussian distribution. Then for all x > 0, the following inequalities are true:

—z2/2 1 —x2/2

T e e
<1-—®(x) < (|- )

(1—1-372) Vor (r) = (SE) V2T

- 2
By the above lemma we can conclude P(E5) < Z\/lzf Finally, as HPIWH ~ X3, we
4 2

have P(£5) < 2e7®. Since n + 4 > 4s for large p, we have the following under & N &,:

X w _ X w y HXl 2 In—s+1 - _\/5{1 — (logp)~'/%}
N )5{1 Vn—s+1 no - 2 '
2

Here we used the fact that /1 — (logp)~1/2 > 1 — (logp)~*/2. We define the event & :=
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M3_,&;. Then, we have

~ 2
P(‘gbest - 8) < P (I?Q%X Pjy ) < HPIy

)

2 2
<P (max Piy|| < HPIy ,5> +P(E)
2 2

¢S
<P{max Ply 2<2logp (1+ ! )—(6logp)1/2 (1— ! >+16}+P(50).
= Lags Il Vlogp Viogp

We further note that g := y/(1+3%)"/2 follows a standard isotropic Gaussian distribution.
Using Theorem 3.1 of Fan et al. (2018) and the fact that 1+ 87 > 1, we get

P<§best = S)

1 1
<P{Z2 <2l 1+ ——) — (61 121 - 16 b + P(&° 1
= { (p—s:p—s) = ng( + 10gp> ( ng) ( lng) + }+ ( )+0( )

<SP Q7L s — 2log(p — ) + loglog(p — ) < — (\/5 - 2) (logp)"/? + loglog p + O(1)

[ J/
-~

=tp

+P(&°) + o(1).

where Z(prs:pfs) is the maximum order statistics of {Z7}jep—s With {Z}}efp—s being i.i.d.

standard Gaussian. Finally from Remark 3.3 of Fan et al. (2018), we know
d
28, sps) — 2log(p — ) + loglog(p — s) = A,

where P(A < t) = exp(—7~12exp(—t/2)). As t, — —oo, we have

—-1/2

: e — <1 _ -8 : c
lim P(Spe = §) < 1 Y7 e + lim P(€]) < 0.9

In other words, when r = 1, i.e., a = {2 x 1 x (log p)/n}'/2, we have

~ 1
lim sup P(Spest # S) > 1o

p—o0 BEM‘;

A.1.4 Minimax 0-1 loss under AURWM regime

We first present a result form Wang et al. (2010) which gives us the necessary condition for

asymptotic exact recovery.
Theorem A.1.4 (Wang et al. (2010)). Consider the model 2.1 with the design matriz X €
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R™ P be drawn with i.i.d elements from any distribution with zero mean and unit variance.

Let a := minjes, |B;l, i.e., it denote the minimum signal strength of B. Define the function

log (") — 1

fm(p787a) = 1 i 5 1§m§s
5 log (1 + ma?(1 — pfgjrm))
Then n > max{ fi(p,s,a),..., fs(p,s,a),s} is necessary for asymptotic exact recovery.

In the light of Theorem A.1.4 the proof of Proposition 4.4 follows immediately. To see
this note that if » < 1 then there exists o € (0,1) such that » = 1 — a. Also recall that
a = {2r(logp)/n}*/? s = O(logp) and n = |p*|. Note that fi(p,s,a)/n ~ . This shows
that asymptotically the necessary condition in the above theorem is violated and hence » > 1

is necessary.

A.2 Results related to ETS

A.2.1 Proof of Theorem 2.5.2

We first briefly describe the main steps of the proof:

1. We first establish the fo-error bound of 3, i.e., we show that Hﬁ — Bl < /2.
2. Next, we upper bound the 0-1 loss Pg(7) # 1) by decomposing it across the coordinates.

3. We analyze each of the terms separately and use ¢s-error bound along with Gaussian

tail inequalities to establish model consistency.

Now we are ready for the main proof. Due to Assumption 5.1, there exists a sequence
{a,}p>1 € [0, 00) converging to 0 such that with probability 1 — o, the following is true: A
requires no more than 7'(e, p, 3) iterations to output fi’ that satisfies ||B — Bz < /2

For notational brevity, we write 7 instead of ng. Define the event H = {HE — Bl < €V 2}

and we have P(H¢) < a,. Note that B is based on the subsample D;.
Next, for algebraic convenience we again reparametrize § as 85y and set € = 6y, ¢ =
(14 €)'/2. Now note that for any 8 € M3, we have

Pa(i #AnD1) < Y P(iy =1L H|D)+ > Paliy; #1,H|Di) +P(H | Dy)

J:8;=0 J:B;7#0
= 37 Pa(|Ay] > k(X)) HDY) + Y Pa(1A] < wo(XP), H | Dy) + P(HE | Dy)
B J KelAj ™), 1 B Jl > Rl Ay ), 1 1),
J:B;=0 J:8;7#0
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Using the fact that conditionally on ,@ and X, the random variable A; has the same

distribution as the random variable in (11) in the main paper, we conclude that for all

Jj & S(B),

o[

‘2 (14+¢)logp
e

P(n; =1L, H|Dy) <P [ (1+¢)"2[g;] > M| D

2
(2)

P P o[x?l, a+o
2(1+¢)l/2 a‘

Here ®(-) denotes the survival function of the standard Gaussian random variable. Now note

2
(2)
X; )
degrees of freedom. Thus we have

that for each j we have 4 Vi,, Where V,,, is a chi-squared random variable with ny

— aV,/? (14 ¢)?logp
IP’(TIjzl,H|D1)S2E{CI> (2(1+6)1/2+ R .

Analogous argument and the fact that |5;| > a for all §; # 0, leads to the fact that for
all j € S B

_ aV,/? (1+¢€)Y2logp
P(n; # 1 D) <2E<CP 2 — .
(nj #1,H|Dy) < { (max { 2(1 + €)1/2 aVn12/2 0

Now recall that e = 65y and v € (0, f&%o)' With this choice of tuning parameters, it is

easy to see that r(1 —~)/(1+¢€) > }iggg > 1 and hence as p — oo we have

—— 1 aVip!? (1+¢)?logp
ng +— (1ng)1/2 2(1 +€)1/2 CLVn12/2

1 1=\ 2 Lt e\ V2

P

— - > 0.
(2r)1/2 {r(ljte) 1—7

The above display uses the fact that ny/n — 1 —~ and V,,/ny = 1 as p — oo. Next let is

define the following quantity g¢:
1 11—\ 1+e\"?
= 0 = 14 860) [ —— = )
q Q(Ea 077) {2(14‘8(50)}”2 {( + U)(1+€) 1_7
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Due to the choice of € and ~ it is easy to show ¢ > 0. Now define the event G,, := {W,, >

q/2}. Before we proceed it is useful to note the following:

o LA C R (140" )
)7 T+ Vo (T = PP =) )

W, =

Next, define the function

. 1 1\ 114\

As 7 = 1+ 85 we have W,,, = H{V,,/(n(1 —~))}/?). It is also easy to see that H(-) is
strictly increasing function on (0,00) and H(1) = q. Hence )5, := H *(q/2) € (0,1). Now
Ge, = {Wn, < q/2} C{H{Vn,/(n(1 —~))}"?) < ¢/2}. Thus a straightforward calculation

shows that " .
P(Ge,) <P (ﬁ < u)\go) ‘

no U2

Choose p large enough such that ny/n > As, (1 — ) and hence we have,

Vi,
no

B(GE,) < P ( < m) < exp(=Ksyny),

where K5, = (1 — \s,)?/8. Note that ®(t) < e /2 for all ¢ > 0. Using this fact we have the

following;:

W2
Pl =1LH|D) < B {eXp {_ (1 - %) logp} ﬂcnz] +P(GE,) < pm S pexp(— Ksyno),
for all j ¢ Sg. Similarly,
P(n; # 1L H|D1) Sp*/5 + exp(—Kgna), Vje€S(B).

Remark A.2.1. Note that ¢* = Q(%) and it shows that the upper bound in the above
0
display deteriorates as 09 — 0. Also, as &g approaches 0, the term Ks, also approaches 0.

Hence, the rate of decay worsens as 09 — 0, and ETS continues to lose statistical power.
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A.2.2 Proof of Corollary 2.5.3

Similar to previous proofs, we reparametrize J by 8y and set € = 65,5 = (1 + €)'/2. Now

note that it is enough to prove the following:

lim inf Pg (maX\A | < mm 1A ])

p—o0 BEM
as p — oo. To this end first define the following quantity:

(2uzloen)' 2 2jogy
2 (2rn210gp)1/2'

t, =

We will show that lim,_, infge ye Pg (minjegﬂ |Aj] > tp, maxjgs, |A;] < tp) — lasp —
oo. For convenience let us define the events Gy = {minjes, [A;| > t,} and Guax =
{maxj¢3B |A;] <t,}. Let H be the event as defined in Section A.2.1. First we will analyze

Ps(GSn). Note that Pg(GS,) < Pg(GSin NH) + Pg(H¢). Now the second term goes to 0
uniformly over 3 € M?. Also using Equation (11) under the event H we get

sup Pg(Giyn NH)

Bee min
< sup Pg (mln X(Q)H +(1+6) gl <t )
BeM?

9] 1 @
< P > X 1,
B ﬁse%)ta . (?el%? (logp)t/2 = (1 + €)/2(log p)'/2 a]rrel}gn | 2

|gj| 1
< P > X —t
< sup Ps (“ a7 2 [T 7 (iog )72 122 171l

where {g;}jes, are non i.i.d. standard Gaussian. Note that |Sg| = O(log p). Hence

max |g;| = Op(loglog p),
]ESB

which tells that

max |g]| P
ieSp (logp)t/?

Also using lemma 3 from Fletcher et al. (2009) we have

1 X0 5 L (L) (L)
T+ 7ogpy? (O IXTle =t ) 5 oo 7 (e 1) [
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The right-hand side of the above display is at least ¢(e, do, v) (defined in Section A.2.1) which
is strictly positive. Again for compactness we use ¢ instead of ¢(e, dp, 7). The above display

motivates us to define the following event:

1
Ep = in [ XD, —t, ) >q/2
! {(1+6)1/2(10gp)1/2 (a?eu[ﬁu =t ) = a2

and it follows that P(£7) — 0 as p — oo. This leads to the following inequality:

1951
sup Pg(Grin NH) < sup P <max—2q2 + P&
BeMs sl ) BeM? o \Jesa (logp)*/2 / 2
< p_q2/8 logp +P(&;) — 0.
Thus we have supgepePp(Ghi,) — 0. Similarly it can be shown that

SUPge e Ps(GS i) — 0 as p — co. These two claims together complete the proof.

max

A.2.3 Discussion on Remark 2.5.4

As r > 1+ d,, by reparameterizing J, by 89, we have r > 1+ 85. Now we are basically back
to the setting of the proof of Theorem 5.1 and all of the proof steps are exactly the same as
that of Theorem 5.1 with 6 in place of . This allows us to choose the threshold using the
knowledge of J,, and we do not need the knowledge of a. In particular, one can construct
the threshold ng(ng)) with ¢ = (1 4+ Ay5,)"/2, where Aj is the same universal constant as
described in Theorem 5.2

A.2.4 Discussion on examples of ETS

Solving /y-regularized problem:

Proofs for ETS-THT:

We first introduce some standard assumptions for analyzing ETS-IHT.

Definition A.2.2 (RSC property). A differentiable function F : RP — R is said to satisfy
restricted strong convexity (RSC) at sparsity level s = s1+ sy with strong convezity constraint

U if the following holds for all 61,0 s.t. ||01]], < s1 and ||0s]], < sa:

ly
F(6)) — F(62) > (61 — 05, Vel (0,)) + ) 161 — 655
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Definition A.2.3 (RSS property). A differentiable function F : RP — R is said to satisfy
restricted strong smoothness (RSS) at sparsity level s = sy + so with strong smoothness
constraint L if the following holds for all 81,04 s.t. ||601], < s1 and ||62]|, < sa:

Ly
F(61) — F(0y) < (01— 0,,Vol'(0,)) + > 161 — ;.

Now we quote an important theorem from Jain et al. (2014) which quantifies the sub-

optimality gap of Algorithm 2.

Theorem A.2.4 (Jain et al. (2014)). Let F' has RSC and RSS parameters given by
losrs(F) = a and Loz +(F) = L respectively. Call Algorithm 2 with § > 32L*(2s and
h = 2/(3L). Also let B = argming g <, F'(0). Then tth iterate of Algorithm 2 for
t = O(LL  og(F(B™)/e)) satisfies:

F(BY) - F(B) <e

In our setup, the observations {x;}" ; are coming from i.i.d. mean zero isotropic Gaussian
distribution. Thus, lemma 6 from Agarwal et al. (2012) immediately tells that RSC and
RSS at any sparsity level m hold for f,,(-) with probability at least 1 — exp(—con,) with
l, = % — c¢1(mlogp)/ny and L,, = 2 4 c¢;(mlogp)/ny, where ¢y, c; are universal constants.
Now set m = 23 + s and recall that n; ~ ~p*. If n; > 4c¢1(25 + s)logp then we have
lp > 1/4 and L,, < 9/4, which means that L,,/(9¢,,) < 1. Thus to apply Theorem
A.2.4 it is enough to choose § = 2592s. Also by the assumption on n for large p we
have n; > 4c¢1(28 + s)logp. Let f,,(0) = ni'|y®™ — X19|2 for & € RP. Note that
Fur(0) = 07y @2 £ (14 ||8]1%)V,,, /n1, where V,,, is chi-square random variable with n,
degrees of freedom. Also by Bernstein’s type inequality it follows that |(V,,,/n1) — 1] <
1/2 with probability at least 1 — exp(—cyny), where ¢4 is a universal positive constant.
Thus if t = O(L,¢; log((1 + ||82)/€0)) = O(logp + log((1 + ||8]l..)/€0)), then we have
Fa(BYY = £ (,@) < €9. Thus by Theorem 3 of Jain et al. (2014) it follows that with
probability at lest 1 — exp(—coni) — exp(—cqny) — cop™ (¢, c3 are universal constants) we

have

1 1/2
I8 -l <C (S ng) + (8¢0)"? < (9¢0)'/?,  for large p.
n

C'is a positive universal constant in the above inequality. If we set € = 9¢p, then Assumption

5.1 holds with o, equal to exp(—coni) + exp(—cani) + cop™® and T'(e,p,8) = O(logp +
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log((1+[1Bll.c)/€)))-

Solving /;-regularized problem:

We start by recalling the definition of the loss function f,,, »(6) = ny'||ly® —=X®V0|3+X |0, ,
and define the minimizer of the loss function B ;= argming f,,, A(0). First, we will prove

Proposition 5.5.

Proof of Proposition 2.5.5:

Let us assume
fnl)\(/@) - fnl,)\(/BL) <€ < 1.
Now, we will establish the f5-error rate between 8 and 8. We write b = 8 — 8. Since,

B ;, 1s optimal, we have

Far(B) < fain(Br) + €0 < Furn(B) + €o.

Rearrangement of the above inequality yields

2WTX(1)B

1 N ~
0< -IIX®bl; < + A8l = 1B11) + o (A.10)

Since, HX§1)||§ ~ X2, we have

P | max nl_l/2 HX;I)
JEP]

<\/4/3 | >1-2p 2 for large p.

7

‘ 2

-~

=&
Using Gaussianity of X§1)Tw/||X§-1)||2, we have

(HT
J

v > /3logp | +P(E°)

2

X
P (ni HX(I)TWHOO > 2 lng) <P | max
1

nq Jj€lpl ‘XEI)

< 2p7 05 4 2p7 2

Setting A = 8{(logp)/ni}'/?, we have A > 2 ||X®Tw||_ /ny with probability at least 1 —

2p~ %5 — 2p~2. Now, since B3 is s-sparse with support on S, we have

1811, = 1Bl = 185l — || s + B

1

< i

~ |[ps:
1

1

122



Substituting this in the basic inequality (A.10) and using A > 2 HX(UTW”OO /ny1, we get

ETX®
n

1

1)+€0

) + € (A.11)

~12
0< - [x0B[] <2
ny 2

Bl +ades

< (\/2) HB

1 +>\(HBS

< 0213 ] s

- HbSC
1

} + €.
1
Hence, we have

2 8¢l
+ =
1

~12 ~
Bl = o i

[
1

7 < (4bs
1

1+ (260/0)? < 32 HBS
1

Now by Theorem 7.16 of Wainwright (2019), we have the following with probability at least
1 —2exp(—ny/32):

xXg|? ]
Xl o, o1z - 252 o) for every 0 €
nq ni

where ¢, co > 0 are universal constants. Using the above fact we have

~]12
HXu)b ,
. 1 12
L
ny 2 ny 2

logp , _a > o
€ > — ‘bH — €,
nl)\Q 0= 2 2 0

when 32cyslogp/(n1) < ¢;/2 and 8cylogp/(niA?) < 1. This is possible for large enough
values of p and A.
12
Case 1: If (¢1/4) HbH > €2, then using (A.11), we get
2

12 ~
%Il < 252 ], + o
4 2 2 2

; computing the roots of the quadratic form
2

This bound involves a quadratic form of HB

we get the following bound:
6M/5 NG
c TG
1 1
=0(+/(slogp)/n1)

1o[l; <

~112 ~
Case 2: If (¢1/4) HbH < €2, then HbH < 2¢p/+/c1 < 24/€p/c1. The last inequality uses
2 2
the fact that ¢y < 1.
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Combining the bounds obtained in Case 1 and Case 2 and with probability at least 1 —
2p~05 —2p~2—e~™/32(which is > 1 — 3p~*? for large p), we finally have ||8— 8]z < (Csep)"/?
for large enough p and C3 being an absolute constant. Now, using the reparameterization
e = Cs¢p, we have € < (3, and the initial sub-optimality gap turns out to be ¢/C5. This
finishes the proof.

Proof for ETS-PICASSO:

First, we will show that the estimator generated by the PICASSO algorithm is a good
~ picasso

estimate of 3. Let 3 be the estimator obtained by applying PICASSO for minimizing

fni (0; A, D). Now define the largest and smallest so-sparse eigenvalues of G := XM TX® /p,
as:
v Gv . Vv'Gv
p+(50) == max ———; and p_(sg) = min 5
vilvilo<s ||v][5 villvilo<s [|v]|;

Let §, = (484¢? + 100¢))s, where 1) > 0 is constant. An application of union bound and
Equation 4.22 in Vershynin (2018a) yields that

XX

logp —2
<
" ) >1-2p7, (A.12)

op

P max
D:|D|<s5+252

p

for large values of p. This ensures that for large values of p, we have
0.99 < p_(s + 255) < py(s+25) < 1.1. (A.13)

Defining x := p, (s + 253)/p_(s + 232), we have x < 2. Thus, Assumption 3.5 of Zhao et al.
(2018) holds with § = 8, > 5,. Also, (A.12) shows that for large p

P maxnll/ HX
JEl)

<V4/3 | >1-2p2

J/

-~

=&

Hence, we have

Lt log p Xj w
P n_HX ) WHOO>2 —= | <P | max|——|> /3logp | +P(&E°)
1

ny j€lp] HX

S 2p—0.5 + 2p—2‘
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Hence, Assumption 3.1 of Zhao et al. (2018) holds with high probability when Ay = A >
8{log p/n,}'/2, where N denotes the final iteration count of the outermost loop of PICASSO
and Ag denotes the regularization parameter at the Kth iteration of the outer loop. Also,
in this case, N = O(log(”X(l)Ty(l)/anm\/m)) which follows from the description of
PICASSO (see Algorithm 3 in Zhao et al. (2018)). From triangle inequality, it follows that

X(l)Ty(l)
ni

<NIGBl + XD Tw/mal

o0

and [|GB| ., < (|Gl 1Bl < VPGl 1Bl Note that

‘Xu)X(l)T
p

Gl = -

op
Thus, applying Equation (4.22) in Vershynin (2018a), we get |GB|, < (p"°/n) |18, with
probability at least 2exp(—n;). Hence, we have N = O(logp) with probability at least
1—2p7 %5 —2p~2 —exp(ny).

Now we will make sure that Assumption 3.7 of Zhao et al. (2018) also holds. Before,
going any further let us clarify some notations. At Kth outer iteration of PICASSO, Zhao
et al. (2018) denotes the inner and middle loop precision parameters as 7x and df, and the
active set initialization parameter is ¢. To be consistent with our notation we set ¢ = 0

for every K. Also, we choose the parameters in such a way so that

€0 <min{1/8,C5}, 7 < o ’0_21) —, ©<1/8, (A.14)

(3 is the same constant ad in Proposition 5.5. Using (A.13), one can set 7x = O(ey/+v/10gp)
which will be less than 1 for large p. So, under the above conditions, Assumption 3.7 in
Zhao et al. (2018) holds. Hence, part (iii) of Theorem 3.12 in Zhao et al. (2018) tells that

~picasso -~ 500)\23
Fu(B™7 A D) = f (Bs A Dy) < 6 .

11
If A =84/(logp)/ni, then for large p

~ picasso

fai (B

;)\7D1) - fnl(//B\L;)VDl) < 60/6(37

~ picasso

Hence, due to Proposition 5.5, we have ||3 — B3 < €. Also, using Theorem 3.12 and
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Lemma 3.13 of Zhao et al. (2018), we get that PICASSO needs no more than

T(eo,B.p) = O ((logp + log [|8]] ) (log p)*{log log p + log(%l)}) :

But the above facts are true when ¢y < min{1/8,C5}. In order to extend the above results
to a bigger range of ¢y we first define C. := min{1/8,C5}/2. If ¢ < C., then one can
get the same result by setting dx and 7x appropriately as prescribed in (A.14). If € >
C., then setting ¢y = C. and using (A.14), we again get ]|Bplcasso — B3 < € < e within
O((log p+log ||B]].) (log p)*{log log p+1log(C ') iterations. Thus, conditions in Assumption
5.1 is met with

(e, ) = O((ogp + Iog 18] log ) loglog -+ og(e™* v €. ),
and with probability at least 1 — O(p~?).

Proof for ETS-PGH:

Let Bpgh be the solution obtained by minimizing f,, (6; A, D;) via PGH method. For the
proof of this part we will use Theorem 3.2 of Xiao and Zhang (2013). To apply that theorem
we need to make sure that Assumption 3.2 of Xiao and Zhang (2013) is satisfied. To avoid
notational confusion, we use 7 and 4 to denote the parameters v,0" considered in Xiao and
Zhang (2013) respectively. Let 6 = 0.1 and 4 = 2. By a similar argument as before, it can
be shown that with probability at least 1 — 2p?

p+(s0) _ 1+v
= <
w(G o) p-(s0) = L—v’

where sg = [46(1 +7)s|,v = 0.1 and p is sufficiently large. Also, we choose
7+1 1/2 7+1 LT
A = 8max{2, - N — Hlogp/n > 4max{2, - - - HX w/n
B gy e ST ST /1
(A.15)

The last inequality of the above display shows that A > 8||w'X® /n|l. and it happens

with the probability at least 1 — O(p~°?). Hence, following the arguments of the second
bullet point on page 10 of Xiao and Zhang (2013), we can conclude that the Assumption
3.2 of Xiao and Zhang (2013) holds with § = |22(1 +7)s], Yine = 1.2 (see Xiao and Zhang
(2013)), Lmin = 1.32 and A. Using part 3 of Theorem 3.2 in Xiao and Zhang (2013), for a

126

e}



given precision level €y, we have

~pgh

[ (B 53X, D1) = [, (//B\L; A, D1) < O(egsy/(logp)/ny) < €y/C3, for large p.

(5 is the same universal constant as in Proposition 5.5. If ¢ = min{1,C5}/2 =: Cy, then

= pgh
1B°" = B2 < €, and the total iteration complexity is

O (logplog log p + log max{1, (\?/e3) logp}) ,

which for large value of of p, the the form O((logp + log||B|.)loglogp +
logmax{1, (1/€2)logp}) (as A < 1). If g < Cy, then the order becomes

O((logp + log||B]| ) log log p + log(1/€o)).

Otherwise, i.e., if ¢g¢ > C, one can set the tolerance level at ¢ = C4 and the overall order
in that case is O((logp + log ||3]|..) loglogp + log(1/C4)). Thus, for a given tolerance level
¢, the total iteration complexity is O((logp + log||8]|,.)loglogp + log(e~* v C;')). Thus,
Assumption 5.1 holds with probability at least 1 — O(p~®®) and T'(e,p,3) = O((logp +

log ||B||,) loglogp + log(e™* v C; ).
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APPENDIX B

Appendix for Chapter 3

B.1 Proof of main results under linear model

B.1.1 Proof of Lemma 3.2.1

First note that BE\DF(D)ﬂS\D =0+ (I,—Pp)Xs\pBs\p = 0. This shows that Xs\pBs\p €
col(Xp). Thus, we have XsBs = Xs\pBs\p+XsnpBsnp € col(Xp). This finishes the proof.

B.1.2 Proof of Proposition 3.4.2

In this section, we will show that the SRC condition (4.7) is strictly stronger than the
condition in Assumption 1. Recall that the features are normalized, i.e., [|X,||, = v/n for all

J € [p]. Now, we will prove the proposition.

Proof. SRC implies Assumption 3.4.1:

For a set Z C S, define o7 := {D € o/, : SND = TZ}. Now recall that éagés) e dgés) for large
p. Thus, it suffices to show that d gt is large for all choices of Z C S. Let Dy, Dy € @/ and
write M = D;NDy. Let m = | M| and consider the two subspaces L; = col(Xp, )Ncol(X )+
and Ly = col(Xp,) N col(Xp)*. Let {€;}7-, be an orthonormal basis of M. Let {a;}iZf"

be an orthonormal basis of L; and {§;}7_}" be the orthonormal basis of Ly such that
0]- = Z(Qj,éj), j S [k],

are the principal angles between L; and L, in decreasing order. Now, we construct the

matrix Z in the following way:

Z = [XDI\DQ ‘ XM | XDz\DJ :
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There exists matrix u, v € R*™" and wy, wy € R™ such that
o] = Xpl\p2u + Xpyw; and & = XD2\DIV + X Wo.
As oy L col(X ), we have

L= afan = af Xp,\p,u < kg [|ull, = [[ull; > 1/(nky).

T

By a similar argument, we have ||v||5 > 1/(ns;). Define the vectors n := (u',(w; —

wy) T, v T. Hence, ||n]]3 > |lull; + ||[v]|3 > 2/(nk, ). Due to SRC condition (4.7), we have

1Znllz = 7l ke > 2(k-/ks). (B.1)

1Znls = ller — 6.5

=2(1 -1 —sin*0;) (B.2)

S 2Sin017

where the last inequality follows from the fact that 1 — x < /1 —22 for all z € [0,1].
Combining (B.1) and (B.2), we have

op —

K_
|Pp, — Pp,ll,, > —-
K+

The above display shows that d ) 2 (k-/ry) > {log(ep)}~'/2 for all Z C S. Hence, the
z

~

claim follows.

Assumption 3.4.1 does not imply SRC:

In this case, assume S = {1} and e; be the jth canonical basis in R”. Under this setup,

Assumption 1 becomes

éf’gg) > {log(ep)} /2. (B.3)

Now assume that

2
2 < X5 — XI5 <

< , forall 5,5 € [p].
log(ep) n log(ep) pi el

Then, for large p, the condition in (B.3) holds but SRC fails with the choice of v = (e; —

ey)/V2. O
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B.1.3 Proof of Theorem 1

Recall that g = Xs8s , vp = n~*(I, — Pp)pu and
~ ~ ~—1 ~
Note that for D € o7, and 0 <17 < 1 we have the following:

nYRp — Rs) =n Yy (I, — Pp)y —y' (I, — Ps)y}
=n" {(Xs\pBs\p + w) (I, — Pp)(Xs\pBs\p + W) — w' (I, — Ps)w}
= U/@g\DF(D>55\D + +2_1(1 - n)BE\DF(D)IBS\D —2 {”_I(Hn - PD)XS\DBS\D}T (—w)

+27(1 = 1)Bs\pl'(D)Bsp — n~'w' (Pp — Ps)w.
(B.5)

Also, let w := (—w). Now, £ be an event under which the following happens:

{s +|S] = s, min Rg < Rs +m77*(8)} = {5}

Define the set o7 :== {D € o/, : SND =7I}. We also set |Z| = s — k for k € [s]. Then we
have .77 C </, ;. By union bound we have the following:

c : -1 _
P(&°) < E g P{é%}i}z” (Rp — Rs) < 777'*(3)} . (B.6)
k=1 ICS:|T|=s—k
Thus, under the light of equation (B.5) it is sufficient to show the following with high
probability:
1201 _
T~ _nFl-n) .
max ¥pW < T i ol (B.7)
1—n .

10T B 2

max ' {w' (Pp — Ps)w} < —— min [|ypll; (B.8)

for every k € [s]. We will analyze the above events separately. We recall the two important

sets below:
T = {Fp:Ded,DNS=1I}, and G :={Pp—P;:De o, DNS =TI}

To reduce notational cluttering, we will drop the s in the superscript, and use 7z and Gz

to denote the above sets.
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Linear term: Let fp :=3,w and || f|| := maxpe., fp. Since Dy, < v/2, Theorem 5.36 of
Wainwright (2019)tells that there exists a constant A; > 0 such that

P {11l > i (6 v/FTog(ep) + )} < Bexp (—%) , (B.9)

for all u > 0. Setting u = 2¢7+/klog(ep) in Equation (B.9) we get

P(|| f|| > Aro&r/klog(ep) + 2A cr0+/klog(ep)) < 3(ep) 27, (B.10)

Writing A; as ¢;, we get

P {max FpW > (&, + QCT)ax/klog(ep)} < 3(ep) 2", (B.11)

Dedtr

Quadratic term: Here we study the quadratic supremum process in Equation (B.8). First,
define the two projection operators Ppiz = Pp — Pz and Pg|z := Ps — Pz. For any number

cg € ({log(ep)}1,1), by union bound we have,

P {n_l max w' (Pp — Ps)w > o%u + O'2CQUO}
Dedtt

P {n‘l max w ' (Ppjz — Pgiz)w > ou + O'QCQUO} (B.12)
Dedtt

<P{n'(ko® — w'Pgzw) > c’upcg} + P {nl Zr)na(u;c(WTszvv — ko?) > aQu} .
e

Also, note that E(w Ppirw) < ko? and recall that &g, > {log(ep)} /2 for all Z C S. This
shows that vk < &G, \/W(ep). Furthermore, by the properties of projection matrices,
we have dop(Gr) = 1 and dp(Gr) = VE (defined in Section B.3). Also, it follows that the
quantities M,V and U (defined in Theorem B.3.2) have the following properties:

M < Qéagzzkzlog(ep), V <2y/klog(ep), and U =1.

Using these facts and Theorem B.3.2, we get that there exists a universal positive constants

Ay, Az, such that for ¢t = Azcgklog(ep), we get

P {gleg( w ' Pprw > Asd® (65 + CQ)klog(ep)} < (ep)~2E". (B.13)
€A1
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Due to Theorem 1.1 of Rudelson and Vershynin (2013), setting uo = klog(ep)/(2n) we can

show that there exists an absolute constant A4 > 0 such that

2’ > cgo’k log(ep)

P {n_l |WTPS‘IW — ko
n

} < 2exp {—Aycgklog(ep)}

— 2(ep)fA4Cgk’

(B.14)

Combining Equation (B.12), (B.13) and Equation (B.14) yields

k1
g {” max w' (Pp — Ps)w > ea(&Z, + W?%} < (ep) *F 42(ep) 47", (B.15)
SXe% 4

where ¢, is a universal constant. Now, if we have

s . Bspl(D)Bsp
T.(s) = min
p#s  [DAS (B.16)
64 9 5 a?log(ep)
> a—ne max < ¢ 1%13%((571 +2¢7)%, ¢o r%lcag(tfgz + ¢g) —

it will ensure that (B.7) and (B.8) hold with high probability. Finally, using (B.11) and
(B.15), we have

P(£°)

< Z > P{é@@@{én‘l(RD — Rs) < 777*(8)}

k=1 ICS:|I|=s—k

S Z > {(ep)‘zcgf’“ + (ep) 26k 4 (ep)—A4cgk}

k=1 ZCS:|I|=s—k

S zi: (Z) {(ep)—ZCQTk + (ep)—zcgk + (ep)_A4cgk}

ol
=

AN
MCJ:

(es)” {(ep)—Qc%k n (ep)—zcgk i (ep)_AMgk}

o

E

1

AN

exp [—k{2¢5 log(ep) — log(es)}] + exp[—k{2cZ log(ep) — log(es)}]

=1

+ exp [—k{Ascg log(ep) — log(es)}].

bl

Now, setting e = +/{log(es) V loglog(ep)}/log(ep) and cg = (2 V A;')er in the above
display, and using the identity (a + b)* < 2(a? + b?) we can conclude that the following is
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sufficient to hold (B.16):

(s) > log(ep)

64 _
a—ne max{8cy,c2(2V Ay )} {max {I%lcaéi &2, max 551} + CT}

and renaming the absolute constant 64 max{8ci,cy(2 VvV A; 1)} as Cj.

B.1.4 Proof of Theorem 2

Proof. First, we will show that ||vp||, has to be well bounded away from 0 for every D €
UjoesGj,- Again, to reduce notational cluttering, we drop the s in the superscript and use 7z,

and Gz, to denote the sets of scaled residualized signals and spurious projections respectively.

Ruling out the case minpey, v, [|7pll, < o/vn :

Let minpey; 5%, |vplly < 0/v/n, i.e, there exists D € €, for some jo € S such that

Vol < o/v/n.

Recall that y ~ N(Xs35,0%L,) and define w :=y — Xs3%. Hence, we have

P(Rp — Rs < 0) = P (|ly - PpXsBil5 < lly — XsB5]3)
2
=P (||lw + 0y, < Iwl3)

1 670.5

> =
22

> 0.1 (By Lemma B.4.2),

ie, P (S ¢arg minD:|D|:sRD) is strictly bounded away from 0. Hence, BSS can not recover

the true model. Hence, we rule out this case.

Under the case minpey, 57, [|[Vplly > o/v/n

We fix a jo € S.
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First decomposition:

min n~'(Rp — Rs) < DHEI;IKH {ﬁg\DF(D)ﬁS\D — o Pyl w —nT'w T (Pp — Ps)w}
60

DEngO
el ~T
< min vl {Ivoll, — 207 275w} — n~'wT (Pp — Pr,)w
€%, L
+n'w' (Ps — Pg,)w
< min [Ivoll {Ivpll, = 207 275w} |+ 0w (Ps - Pr)w
Al

(B.17)
We start with the quadratic term in the right hand side of the above display. First note
that w' (Ps — Pg)w/0® = (u, w)?/o? follows a chi-squared distribution with degrees of

freedom 1. Hence, Markov’s inequality shows that

20

P{n w' (Ps—Pz,)w > —} < (B.18)

N | —

n

Recall that

o
”'YDHQ > %, for all D € ngo.

Next, by Sudakov’s lower bound, we have

E (maX 'wa) > o0& Tz, V1og(p — s) \/log ep).

The last inequality uses the fact that s < p/2 and p > 16e®. Again, an application of
Borell-T1IS inequality yields

P { g 755 2 06, low(e) - eroouen | 2 1 (ep) (5.19)
G(«’jo

for any ¢y > 0. Choosing ¢; = &*7, (2772 — 271), and using the fact that 5*2710 >
16{log(ep)} ', we get

P {ir)n%X FpW > 08" 17, \/log(ep)/2} >1—et. (B.20)
S Jo

Let us define 7, = maxpeq,, A(D)S5,., and by construction we have 7(s) = max;,cs 7j,- If

?].10/2 < 067, \/log(ep)/(2n*/?), then we have

o’E* log(e
n [H’YDHQ{||vp\|2—2n—1/2,7;;v}] < T, Viog(e)

DEG;, 2n
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Thus, using (B.18) and the above display we have

. . 1 1 1
P(S ¢ arg mszlDl:SRD) =P (glgl%lo n 1(RD - RS) < 0) Z 1-— g — 5 Z E,

as we have &, y/log(ep) > 4 (Assumption 2). Thus the necessary condition turns out to

be )
R L o2 log(ep)
Ty > 410 . (B.21)

Second decomposition:

We again start with the difference of RSS between a candidate model D € 7 ; and the true
model S:

n~'(Rp — Rs)

=n"{y' (I, - Pp)y —y' (I, — Ps)y}

=n"' {(XS\DIBS\D +w) (I, — Pp)(Xs\pBs\p + W) — w' (I, — Ps)w}

= Bs\pl(D)Bs\p — 2 {n (I, — PD)XS\D,BS\D}T w—n"'w' (Pp — Ps)w.

(B.22)

First of all, in order achieve model consistency, the following is necessary for any k € [s]:

min n '(Rp — Rs) > 0. (B.23)

Det),

Recall that 7, = maxpey, I'(D)f; . Next we note that

Drgli):r;() n~'(Rp — Rs) < Zgrel(ié?o{,@g\pf(l?)ﬂs\p — o V2l — niw (Pp — Ps)w}

~ ~1/2 To -1 T
< T + 207" fax [ypW| —n max w' (Pp — Ps)w (B.24)
~ ~ AT~ - T
< T +2(F5, /n)"? Dmezgi ’wa) —nt Hé%i w (Pp — Ps)w.
Similar to the proof of Theorem 1, we define fp := J,w and || f|| := maxpey,, fp. Hence,
we have
max fy;vv\ — max fpo V (—fp) (B.25)
Devy, Devj,

By Borell-TIS inequality (Adler et al., 2007, Theorem 2.1.1), we have
w2
P71~ BN 2 o} < exp (-5 ).
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for all w > 0. Setting u = c7+/log(ep) we get

{11 - E(IF1) > eroy/log(en) } < (ep) 2

E(|f]) < 4V2&7, 0+/log(ep),

which ultimately yields
P{IIf = (4V267, +cr)o/loglen) | < (ep) ™2
Finally. using (B.25) we have the following for any ¢ > 0:

P< max
'DECKJ‘O

Next, we will lower bound the quadratic term in Equation (B.24) with high probability.

| > (1365, + er)o 1og<ep>} < 2(ep) 2. (B.26)

similar to the proof of Theorem 1, we consider the decomposition

1T _ A T(naT o T
max n~ w (Pp — Ps)w =maxn™"w (4;u; —u;u

)W
De%, J¢s JO)

For the maximal process we will use Theorem 2.10 of Adamczak (2015). We begin with

the definition of concentration property.

Definition B.1.1 (Adamczak (2015)). Let Z be random vector in R™. We say that Z has
concentration property with constant K if for every 1-Lipschitz function ¢ : R® — R, we
have E |¢(Z)| < oo and for every u > 0,

P (lp(2) — E(p(2))] = u) < 2exp(—u?/K?).

Note that the Gaussian vector w/o enjoys concentration property with K = +/2
(Boucheron et al., 2013, Theorem 5.6). Let Q1 := max;jgs w' (WU —U;, 0,

2.10 of Adamczak (2015) we conclude that

)w. By Theorem

P{n_l Q1 —E(Qy)] > t02} < 2exp{—lmin (ﬁ n_t) }

2 16 7 2

Setting t = 2d log(ep)/n in the above equation we get

P{n'|Q: — E(Q1)| > 260%log(ep)/n} < 2(ep)_g. (B.27)
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Next, we will lower bound the expected value of ();. First, note the following:

E(Q,) =E {mggx WT(ﬁjﬁjT — ﬁjoﬁjTo)W}
j

=F S5Tw) 2l 2
{r?ggx(uj w) } o (B.28)
2
T T 2
E{Er]%%z( (u;w) Vv ( ujw)} —0

Define the set
Uy :={1; : e SV U{—u; :jeSY}.
We denote by u; a generic element of Usy,,. Thus for any two elements u;, uy, we have

~ A~

10 — Wl > min {8 — lly, 1G5 + Tell, } > [J60; — Gty | -

By Sudakov’s lower bound, we have

~ ~ of)
Emax (8] w) V (~0]w) > sup T log M(5 oy, |
of) ~ ~
> sup - flog M3, {85 s )

& g1,
Eamm-

The last inequality uses the fact that p > 16e®. Finally, (B.28) yields

026"*210 log(ep)
4/3

- 0'2.

E(Q1) >

Thus, combined with (B.27) we finally get

P [Ql > (3/4)0*&™g, log(ep) — o — 240 log(ep)] > 1—2(ep) .

6&*2

Setting § = - :7'0 , we get

O.Qéa*é
F [Ql > —5—*log(ep) — 02] >1—2(ep)”
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Thus, finally combining the above with (B.24) and (B.26) we get

. —1 .
geip, e = 1)
02(9@*5 (B.29)

5 log(ep) — 02)

~ ~ log(e B
< T+ 27—3‘10/2(4\/557’10 +cr)o g?i ) —n! <

*2
& or

with probability at least 1 — 2(ep)~“7/2 — 2(ep)” 16 . Thus, for large p we have

2 %2
4 n

~ ~ log(e
< Tj, + 27';0/2(4\/5@@7’10 +cr)o gT(l ) —

&%
with probability at least 1 — 2(ep)“7/2 — 2(ep)_TIO. Now choose ¢ = 4/4/log(ep) and use
Assumption 2 to get

min nil(RD - RD)

Det,
2 %2
~ IR 4 1 o0& 1
<7 + 27 (4@6’710 e )) GO o log ep)
og(ep n n

2 %2
~ N 1 log(e Ugg log(e
< 7 +8V277 (gﬁo+—21 : ))U gflp)_ o gflp)
og(ep

*2
0*&* g, log(ep)
4 n

~ . log(e
<7, + 10\/57]10/2(5"7—100 gfl P _

with probability at least 1/5. Thus, in light of (B.23), the following is necessary:

2
R \/200(5"72—20 + é"*ézo — 10\/5(5"7’10 o2 log(ep)
Tjo Z .
2 n

(B.30)

Case 1: If &1, < &g, , then the right hand side of (B.30) is lower bounded by

*2
& Gz, o2 log(ep)
(V201 +10v2)2  n
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Thus (B.30) yields the necessary condition

*2
& Gz, o2 log(ep)

(V201 +10v2)>2  n

Tjo 2
Combining this with (B.21) we have the necessary condition to be

2
~ ~ *2 *2 g log(ep)
Tjo 2 Cl max{éa 7-10,5 gfo}—n s

for a universal constant C;.

Case 2: If &%g, < &, then using the inequality v1 +1 — Vit <1 forall t > 0, we can
conclude that the right hand side of (B.30) is always smaller than

g*ézo o2 log(ep)
4 n ’

which is further smaller than )
@@*TIO o2 log(ep)
4 n ’

Thus, combining this with (B.21) we have the necessary condition to be

*2
&7, a%log(ep)

= max{& %O,é" éIo}T'

Combining all these cases we finally have the following necessary condition for consistent

model selection with C7, Cy > 0 being some absolute constants:

}02 log(ep)

Tjo = Crmax{&°, , &G, , i &, ¢ (8, ), (B.31)

or,

2 21
if g*glo c (g*TZO , 57—10),
If there exists Zy € J such that "7, /&7 € (, 1), then in the preceding case it follows

that the last display can be simplified in the following form:

2
o~ 1 3
Tjo > CQ max{é”%—zo,flaégﬂ } Lm; if éa*gzo € (éa*TzongIO)a

9z, n
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where

a2

-1
2 10+/2
(6%

Thus, using the fact that A, < 1 and combining the previous three displays we have the

necessary condition to be

2
1
%o 2 CoAamax {6'%, 63, | %g(ep)‘ (B.32)

Since, (B.31) and (B.32) hold for all choices of jo and Zy depending on whether the &g, €
(6" 1, &77,) is satisfied or not, the claim follows. O

B.1.5 Correlated random feature model example

Consider the model (1). We assume that the rows of X are independently generated from
p-dimensional multivariate Gaussian distribution with mean-zero and variance-covariance

matrix

5 _ 1 c]lg_1

C]lp,1 (1 — T)prl + T]lpfl]l;,rfl

where ¢ € [0,0.997],7 € [0,1) and true model is S = {1}. We need to further impose the

restriction
1—r

p—1

to ensure positive-definiteness of 3. In this case

A <r+

XX /n)?
5% max (X, J/n)

7 = fimin — B max TS
" A/

{Hxluz e Xj/nV} B X 2
j _
n 1% /n

We start with providing an upper bound on the margin quantity 7. Using Equation (B.53)
and (B.54), for any ¢,, € (0,1) we get

<|| Xl >1+€np) < exp(—ne?  /16), Vi € [p]. (B.33)

(H JH2 <1 _5np> < exp(—n n’p/4), Vi € [p]. (B.34)
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Using Equation (B.33) and Equation (B.34), we also get the following:

P | max
A1

Let X; = (z1,...,2n ) forall j € [p]. Now note that [Tu1zully, < lTuilly, |Tuell, <

X |12
X0, .
n

> &tn,p> < 2pexp(—ne} ,/16). (B.35)

4. Thus, by Berstein’s inequality, we have

p1X%
n

> e,w) < exp (—Cn min{e, ,, 5,2%1)}) ,
where C' > 0 is a universal constant. Thus, we have

P (maX

J#1

Combining (B.34), (B.35) and (B.36) we have

pllie. (c—enp)? 7A' - (et
P 1 + gn,p 51 P 1 - En,p

Z 1— eXp(—n&“i’p/lfi) - 2p eXp<_n€n,p/4) - peXp(_CSEL,pn)
=1+ o0o(1/p),

X{X; .

> En,p) < pexp(—Cn min{sn,p,sip}). (B.36)
n 9.

(B.37)

if £,,, < {(log p)/n}'/? and (log p)/n is small enough. Similarly, due to Bernstein’s inequality,

it can also be shown that

P <max

where r € [0,1) and with the same conditions on &, .

XX
n

r| < enyp) >1—p’exp(—Cnel ) =1+ o(1/p), (B.38)

Next, we will analyze the geometric quantities. In this case, we have

XTX1
X4 X
HX ||2

\/”XIH a ||x u

Note that

A5 = Aull, = 200 - 577)
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and

||X ||2/n . (X;rxl/n)z . (szl/n)Q (X;XI/”)(szl/n)(X;rxk/”)
575, = ! X /n Xk l?/n (X117 /) (1 Xk 1 /n)
J k=
X X;/n X Xi/n
\/”XIH /n =S et \/”X1“ /= St
Next, we consider the event
X, X/X; X/ X;
G, = maxw_l < €pp, MaAx | J c| < enp,max | Lyl <g, b
J€lp] n A n 4. k#£1 n ;

Due to (B.33), (B.34), (B.36) and (B.38) we have P(G,)) = 1+0(1/p). Also, for large n, p, the
value of &, ,, can be chosen such that ¢, , < 0.001 so that c+¢,,, < 0.998 for all ¢ € [0, 0.997].

Complexity of unexplained signals: Let u := (uy,us, uz) € R® and t := ({1, 5, t5) € R3.

Define the function

_uy — (t]/ug) — (13/us) + (titats)/(ugus)
u,b) = \/ul—t%/ug\/ul—tg/ug ’

where

(w1, s, Uz, 1, b, t3) € [0.999,1.001] x [0.999, 1.001] x [0.999, 1.001] x [0,0.998] x [0,0.998] x [0, 1]

J

=K

It is easy to see that the function ® is continuously differentiable on the compact set .

Hence, there exists a universal constant L > 0 such that
[©(u, t) — O(u', t)] < L(lu—afl;, + [t = t']],).

Noting the fact that

)

) ) 9 )
n n n n n n

_ X2 1% I1Xk|2 XX, XX, XX,
,Y;,m:@(n il 115 1Xcll; XTX; XX, X7,
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it follows that on the event G,, the following holds for all j, k € [p] \ {1} :

2 21 —7)
_ ’7k~||2 T = < 12Le,,p,
22(1 — 1) PR 2¢2(1—r)
= \/max{l_—CQ - 12L€n,p70} S H’}’J - ’)’kH2 S \/T + 12L€np'
Hence we have
@@Tz

202(1 T)

= {log(ep)} —1/2 /\/
V2SS H12Len

2
\/(w 12Lenp vo

12L5np VO
VIS N (e, Tor |I,) de

Ve N, Tou 1) de.

Applying Lemma B.4.4 on the second integral, it follows that

logp
log(ep)’

log p
log(ep)

<& < <wn,p + 24L5n7p)

1—c?

where wy, , = \/<202(1_T) — 12L5n7p> V 0. Thus, for ¢ = 0 we have 0 < &, < /24Le,, . For
any fixed ¢ > 0 and r € [0,1) we have
T,

z

22(1 — )\
~ {%} for large n, p. (B.39)
—c

Complexity of spurious projections: For j,k # 1, let 8, denote the angle between X;
and X,.

XTX, \

F Xy

|P; — Pyl =sin(0;r) = /1 —cos?(;p) = |1 — | o= | -
! P ’ ’ 15115 [1Xk I

By a similar argument as above, we can conclude that there exists a universal constant
M > 0 such that on the event G,, we have,

P, — Pk”ip — (1 =7%)| < Me,,, forall j ke [p]\{1}.
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Thus, for any fixed r € [0,1) we have

Eg, ~ (1 —1r)12, (B.40)

z

B.2 Proof of main results under GLM model

Let D € o7, such that SND = 1.

Strong convexity

We will start by showing the strong convexity of Lp(3; {x;, Yi }icfn))- For ease of presentation
we will just write LD(B) instead of ED(B; {xi,Yi}icm)). Given any r € (0, Ry A R] and
A € B;(0,r) define the function

5£D<BD + A? BD) = £D(BD + A) - £D(BD) - VﬁD(BD)TA

= %ATV2£D(,BD +tA)A  (for some t € (0,1))

1 - /! e
= Z b (Xz—'l,—D(ﬂ’D + tA))(XZDA)2
i1

> h(zoR + zor)ko |All;  (Using Assumption 3.5.1(a), 3.5.1(b), 3.5.1(d))
> (2o + 2o Ro)rio [| A5

Rate of convergence

Construct an intermediate estimator ,BD@ =0Bp+ a(ap — Bp) where

= min {1, %} ,
18p — Boll2
where r will be chosen later.

Write BD,Q — Bp as A, and note that

W(@oR + 2oRo) [ Aall} < 6Lp(Bp o Bp) < —VLo(Bp) Au < [|VLD(Bp)|, | Al -

Hence we have _ _
IVLoBo)ll, _ v3[VE(B)ll,

A,ll, < < .
|Aall, Y(roR + 20 Ro) Y(xoR + zoRy)

(B.41)
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Now, note that

VLo(Bp) == —— Z{yz zD/BD)}XlD
ze[n]
2 * 2 * ]
= == = VB bxin — — (Y (x[5B5) — b (xpBo) i
i€[n] i€[n]

Xi,D

26B)"2 o~ {ws — V(xisB5)}
R 2

=€

ZE[n] \

Note that E{exp(Ae;[xipl;) < exp(A\2x3/2)}, i.e., €[x;p]; is sub-Gaussian with parameter

xo. Hence, by an application of union bound and Hoeffding’s inequality we have

P (”VED(BD)H > 2txg (¢B)1/2) < 2sexp ( n2t2> : (B.42)

Setting ¢ = 4(logn/n)/? in (B.42) we get

P (IIV@(BD)HOO > 8x0<¢B>1/2\/1°$> < % (B.43)

Using the above fact and (B.41) we finally get that with probability at least 1 — 2n~" the

1AL, < 879(¢B)Y?  [slogn
all2 = 1/1(I0R+ I()Ro) n '

99”1%;031;/2 s6n - Hence, we have | A, |, < 7, ie., |All, < r. This shows

920(¢B)/?  [slogn 4slogp
P < ) B.44
(?&Z 27 Y(xzoR + xoRy) n -l ( )

By a similar argument, it can be shown that

~ . 920(¢pB)/?  [slogn 2
¥ (Hﬂs —Ps )~ (xoR + xoRy) n n’’ (B45)

following holds:

Now we set r =
that

B — B

IN

-3
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Expansion of likelihood estimate

Now that we have determined the rate of estimation, we can now write ZSD in terms of Bp.
To see this, note that

0= VED(BD) = VLp(Bp) + V2£D<BD)<BD — Bp) + RD(BD — Bp)*?,

where Rp = (1/2)V3Lp(Bp + tD(ED — Bp)) for some tp € (0,1). Thus, we have
B = B — [V2Lo(Bp)] ™" (VLo (Bp) + Ro(Bp — Bp)*?) (B.46)

Higher order Taylor’s expansion of loss function

Now we are ready to analyze the loss functions. We do so by expanding the Taylor series of
the loss function. Write BD — Bp ad Ap. Then, using (B.46) we have

Lo(Br)

= £o(Bp) + VELo(Bp) Ao + 3ApV Lo(Br)Ap + (1/3)ApRo(Bp © A)

— Lo(Bp) ~ VL(Bo) [V*Lo(Bp)) " (VLp(Bp) + Ro(Bp — Bp)™?)
+(1/2) (VLo(Bp) + Ro(Bp — Bp)*?)  [VLo(Bp) ™" (VLo(Bp) + Ro(Bp — Bp)*?)
+(1/3)ApRo(Ap © Ap)

= Lo(Bp) — 5 VLo(Bp) [V*Lo(Bp)) VLo(Bp) + 5 (RoA, ) [VLo(Bp)) " (RoAp)
+(1/3)ApRp(Ap @ Ap)

= % Z{_yi(XIDBD) + b(XZDBD)} - %(y - P(XDBD))TXD(XgiD)_IX;)(Y - P(XDBD)>

i€[n]
1 ~ ~®2 - -~ ®2 AT~ o~ -~
+5(RoAp ) [V2Lo(Bp)]  (RpAp ) + (1/3) ApRp(Ap @ Ap)

2 - 2 ~ 2 _
= —ﬁp(XSBZ)TXDBD + " Z b(XZDﬂD) - ﬁ(y - P(XSBZ))TXDBD

1€[n]

- %(y — p(Xs85)) Xp(XpXp) X (y — p(XsB5))

+ %(RDA?W%@D)]1<RDA?;2> +(1/3)ApRo(Ap ® Ap),

where Rp = (1/2)V3Lp(Bp + ip(Bp — Bp)) for some ip € (0,1).
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Thus, we have the following:
Bs)
(v = p(XsB5)" (XpBp — Xs85)

7

ED(BD) —Ls
= Au(D) —

S

(3 | o

-~
linear term

! (y — p(XsB5)) " {XD()Z;)N(D)_I)@ - XS(XEXS)_IXE} (y — p(XsB5))

n

J/

TV
quadratic term

+ = (RpAp) [V2Lo(Bo)] ' (RpAp) + (1/3)ApRo(Ap ® Ap)

(ReAS)T[V2Ls(B5)] " (RsAs ) — (1/3)ApRo(Ap ® Ap).

N~ N

Write ¢, = min{¢(xoR), ¥ (xoRy)}. By definition of Xp, we have
XpXp = XpApXp = 0. X Xp, where Ap = diag(t' (x| pBp),. .., 0" (X} pBp))-

Hence, we have (XLXp)™! < 5 (XpXp) ! = }D@gj(p)—ixg < LPp. Similarly,
Xs(XIXs) X5 = %PS. Also, recall that Pp = Xp(X,Xp) 1X], for any D € o, U {S}.
Let ISIID be the orthogonal projector onto the col([Xp)z). Using these facts, for any 7 € [0, 1),

the difference between the two losses can be lower bounded as follows:

Lp(Bp) — Ls(Bs)
> nAn(D)

+271(1 = n)Au(D)

Ly — p(Xs85) AR (Br — Prp)Ap (v — p(XsB3)

2 (y - p(XsB%)T (XpBp — Xs8%)

n

2711 —n) — —
+27 (1 =m) =
1 * - D D - *
+—(y — p(XsB3)) As*(Ps — Prs)As' (v — p(XsB5)) (B.4T)
>0
1 . 1 - .
— (v — P(XsB5) Ap"ProAp *(y — p(XsB5))
1 . 125 _ .
(v = p(Xs85) A PrsAs (y — p(XsB5)
BAM?2 ||~ 4 BXM?2 |~ 4 BM |~ |3 BMj~ |3
- = T, 8], = =5[], - =5~ [ A] -
4k, Plly 4k, Sy 6 Plly 6 Sy
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Now recall that

~(s) { XpBp — XsBs

= = :D e o,
z XoBp — X585 I}

2

G"és) = {f’p - f’ﬂp :D e %I}

Now we will handle the linear and the quadratic terms separately. We assume that
|Z| = s — k, where 1 <k <s.

Analysis of likelihood lower bound
Analysis of linear term

To analyze the linear term we will use the deviation bound for the supremum of the sub-
Gaussian process. In particular, we will use Theorem 5.36 of Wainwright (2019). First,
note that diam(?’z(s)) < v/2 and recall € = (ey,...,¢,)", where ¢; = %}jﬁ” Due to
1-sub-Gaussianity, we have max;cp, var(e;) < o? for some universal constant o, > 0. Also,

recall that B .

" XpBp — X585

Thus, using the aforementioned theorem we get

2

P {max ThE> Al(é’%zm Vklog(ep) + v/2k{log(es) V log log(ep)})}

Dedt <B48)
< 3{(es) Vlog(ep)} ",
for some universal constant A; > 0.
Analysis of quadratic terms
Now, we focus on the quadratic terms. Define the random vector &5 = ({1.p,---,6nD)s

where

{yi = V(xsB5)}

(6BY )2, 0/ (xTpBp)

Note that {&p}icpy are independent 1-sub-Gaussian. We will study the random quantity

&=

i € [n].

Qo = MaXpew, €;<f’p — f’I‘D)fp. Let us assume that max;ep, var(&ip) = o%. First, we
note that f’p — 131|D is a projection matrix of rank £ and hence it is idempotent. Also
note that E {Eg(f’p — f’I‘D)ED} = tr {(f)'p — f’I‘D)E(ﬁpég)} = ko2 < ko, where o} is

a universal constant. Now, to bound ()., we will use Theorem B.3.2. By the properties
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of projection matrices, we have dop(ég)) =1 and dF(,Qvés)) = Vk. Hence, equipped with
Assumption 3.5.1(e), the quantities M,V and U (defined in Theorem B.3.2) has the following

properties:
M < Qé%s)klog(ep), V <2+/klog(ep), and U =1.

Due to Theorem B.3.2, there exists a universal positive constant As, such that for

t = Azk+/log(ep){log(es) V loglog(ep)},

we get

P (CMI((SD) > Aggggg)klog(ep) + Agk\/log(ep){log(es) V log log(ep)}>

< {(es) Vlog(ep)} ™,

for a universal positive constant As. As maxpeu, E{fT(f’D - IN’I‘D)E} < ka(z) <

kagé"ggg> log(ep), we finally have

P (Q% < A4éa§(;)klog(ep) + Agkz\/log(ep){log(es) V log log(ep)}>

B.49
< {(es) v log(ep)} ", .

where A, is a universal positive constant.

Next, by construction, we have

n~U(y — p(XsB5)) " Ap*PrpAs (v — p(XsB5))
=Yy — p(XsB5)) ' Xz(X; X1) ' X (v — p(XsB%))
< n 'y — p(XsB%) " Prly — p(XsB%)).

Similarly,

n " y—p(XsB5) AL *PrpAL P (y—p(XsB5)) = n B~ y—p(XsB5) Py —p(XsBs)).

By Theorem 1 of Rudelson and Vershynin (2013), there exists a universal constant A5 > 0

such that 2
> t} < 2exp {—Ag)min{s — k,tH .

P{|e"Pre — (s — k)o?
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For t = 245" s{log(es) V loglog(ep)} and a universal constant Ag > 0, we get
P [e ' Pze > Ags max{log(es),loglog(ep)}] < {log(ep)} > for all D € o U{S}. (B.50)

Final 0-1 error bound

Define the event

2= { e [~ 5:

Deds U{S}

< 920(¢pB)/?  [slogn
2~ Y(xoR + xoRyp) n
By (B.44) and (B.45) we have P(Q2¢) < (slogp)/n”. Also, let £ be an event inside of
which the assertion of the theorem holds. It follows that

P(E°) =P(E°NQ) +P(E°NQ°)

S Z Z P (min Lo(Bp) — Ls(Bs) < 777'*(8)> . slogp

De.dy n’?
k=1ZCS:|I|=s—k

Now, assume the following

Tel (S) = min min{ Al%l(,D) Akl(D)}
glm D#S,|D|=s Apar<D) |D \ 8|7 |D \ S|

(v (¢B) log(ep)
Z (1 _ 77)2 max {Comph Comp27 tg?’r)l,,iﬂ tg?s,p} Tv
where ,
log(es) V loglog(ep)
C — éa"‘ s
omPy ( 7ot \/ log(ep) 7

log(es) V log log(ep)
_ [ o2
Comp, = ( ) + \/ log(ep) ;

s{log(es) V loglog(ep)}

th, =W =B

mr log(ep) ’
o (B Sllogn)® | ( BMa B2 (g )
P Kot nlogp 6 Vnlogp

where .. = Y(xoR + xgRy). Now, recall the property (3.15) of Ay(D). Thus, for the
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aforementioned condition to hold for Ty, (s), it is sufficient to have
_ . Au(D)
T.(s) := min
(5) D#5,[D|=s |D \ S|
_ (@B)(1V )
™ (Y AL =)

Under the above inequality and due to (B.48), (B.49), and (B.50), we can finally conclude

log(ep)
2
t7(7’7l7p }

- max {Comp,, Comp,, t{!) .

S7n7p,

S

PE) 5 3 () ) les) v ioglep)} 2 + 22T

n’
k=1

1 slogp

<
~ (s Vlogp) n’

B.3 Quadratic chaos process

Let A be a set of m x n matrices and & be a 1-sub-Gaussian random vector. The random

variable of interest is
Cu(€) = sup || Ag|l; — E | Ag])3].
AceA

This quantity is studied by Krahmer et al. (2014) and Banerjee et al. (2019). In the literature
of empirical process, this is known as order-2 sub-Gaussian chaos. Before we present the

main result for C'4(£€), we introduce some useful definitions.

Definition B.3.1. For a metric space (T,d), an admissible sequence of T is a collection of
subsets of T, {T, : v > 0}, such that for every r > 0, |T,| < 2% and |Ty| = 1. For a > 1,
define the v, functional by

[e.9]

Yo(T, d) := inf sup Z or/ed(t, T,).

teT r=0

The 7, functional can be bounded in terms of the covering numbers N (e, T,d) by the
well-known Dudley’s integral (See Talagrand (2005)). A more specific formulation for the
~9 functional of a set of matrices A endowed with the operator norm, the scenario which we

will focus on in this article, is

A lly) < [\l AT, de
0

We also define the two quantities do,(A) = sup e 4 [| 4], and dr(A) 1= sup e 4 /tr(ATA).
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Now, we present the main deviation bound for C4(&).

Theorem B.3.2 (Banerjee et al. (2019)). Let A be a set of m x n matrices and £ =

(&1,...,&)" be a random vector with independent 1-sub-Gaussian entries. Let

M =y (A, [|Dop {72(A; [op + dr(A)},
V= dop(A) {72(A, [ Dop + dr(A)},
U=d

Then, fort >0,

[ttt
P(Ca(§) > M +1t) <2exp (—02 min {W’ ﬁ}) 7

where ¢y, co are universal positive constants.

B.4 Technical lemmas

Lemma B.4.1 (Gordon (1941)). Let ®(-) denote the cumulative distribution function of

standard Gaussian distribution. Then for all x > 0, the following inequalities are true:

—22/2 1 —x2/2

Xz (& (&
<1—9(x) < | - .

<1+x2) Vor (z) < (x) V2T

Lemma B.4.2. Let w ~ N(0,0%L,) and pp € R™\ {0} such that ||p]|, < 06. Then

5 6—62/2

1462 Vor

P(llw + pll; < [lwly) >
Proof. By straightforward algebra, it follows that

2 2 2
po = B(|Iw + ul3 < [W]2) = B(uTw + ]2 < 0).
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Note that p'w 4 | el w, where w ~ N(0,0?). Hence, due to Lemma B.4.1 we have

]

Lemma B.4.3 (Laurent and Massart (2000)). Let W be chi-squared random variable with

degrees of freedom m. Then, we have the following large-deviation inequalities for all x > 0

P(W —m > 2v/mz + 2x) < exp(—x), and (B.51)
P(W —m < —2y/mz) < exp(—x). (B.52)

If we set © = mu in Equation (B.51) for w > 0, then we get
w
P{— —1>2Vu+2u) <exp(—mu).
m

Note that for v < 1, we have 2\/u + 2u < 4\/u. Thus, setting u = §2/16 for any § < 1, we
get

P (% -1> 5) < exp(—md?/16). (B.53)

Similarly, setting # = mu and u = §%/4 in Equation (B.52), we get

P (% -1< —5) < exp(—mé?/4). (B.54)

Lemma B.4.4. Let 6 € (0,00). Then for any x > 0 the following inequality holds:

0<Vz+6—+/(z—08)V0<V2.

Proof. 1t is obvious that fs(x) := v+ —/(x — &) V0 > 0. Now for the other inequality,

we will consider two cases:
Case 1: x <6 In this case fs(x) = Vo + 9 < V20.
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Case 2: £ >0 In this case we have

, _1 1 _ 1
f5(9£)—2 <\/x+5 vV —19

)<0 for all z > 6.

Hence f5(z) < f5(0) = v/20.
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APPENDIX C

Appendix for Chapter 4

C.1 More simulation details

Under the setup of Section 4.5, we consider the privacy parameter ¢ € {0.5,1,,3,5, 10}.
For the Metropolis-Hastings random walk, we vary K € {0.5,2,3,3.5} and initialize 10
independent Markov chains from random initializations and record the F-score of the last
iteration. We also track the qualities of the model through its explanatory power. In
particular, we calculate the scale factor R, := y ®.y/ |ly|l> for each model v € {7, };>1
along the random walks. Typically, a high value of R, will indicate the superior quality of
the model 7. Note that — ||y||§ (1 — R,) is proportional to the log of the probability mass
function function of 7. Thus, tracking R, is equivalent to tracking the log-likelihood of ~

along the random walks.

Strong signal: Under this setup, note that the model estimate of ABESS exactly matches
the true model. For ¢ > 3 and K > 2, Figure C.1 shows that all the chains have identified
a reasonably good estimate of the true model 7* within 50p iterations. This empirical
phenomenon validates theoretical findings in Theorem 4.4.3. However, for larger values of
K the performance is worse as the noise level is also large. On the other hand, for the case
of K = 0.5, the performance is also worse due to too much shrinkage that results in a bad
estimate of 3. The mean F-score’s also suggest the same phenomenon. For smaller values
of ¢, the performance is generally bad due to increased noise level. This is expected as higher

privacy usually entails a worse performance in terms of utility.

Weak signal: We perform the same experiments under a weak signal regime. As expected,
both Figure C.2 and Table 4.1 show that the performance of the proposed algorithm is
generally inferior to that in the strong signal regime for K > 2. However, note that our
algorithm enjoys a better utility for K’ = 0.5. In fact, performance is as good as the non-

private BSS for ¢ > 3. This is not surprising as K = 0.5 closer to ||8||; = 0.7 in the weak
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& Rysss(non — private) & Ryues(non — private) & + Ryns{non — private) & Ryues(non — private)
04 Ryess(€=0.5) 04 Rysssl€=0.5) 04 Ryess(€=0.5) 04 Rysss(€=0.5)
10° 10* 10° 10° 10 10° 107 10t 107 10° 10¢ 10° 10° 10* 10° 10° 10* 10° 107 10t 107 10° 10¢ 10°
iterations iterations iterations iterations,
(a) e=0.5,K =05 (b) e=0.5,K =2 (c)e=05K=3 (d)e=0.5,K =35
& ===+ Ry, (non — private) J% <& ===+ Ry, (non — private) <& === Ry, (non - private) <& ===+ Ry, (non — private)
0.4 Ryess(€=1) ‘ - 04 Ryes(e=1) 04 Ryess(€=1) 04 Ryess(€=1)
10° 10t 10? 10° 10* 10° 10° 100 107 10° 10¢ 10° 100 10t 10? 10° 10* 10° 10° 100 107 100 10¢ 10°
iterations iterations iterations iterations
()e=1,K=05 fle=1,K =2 (ge=1,K=3 (hye=1,K=35
& | - Ryuslnon - private) i & | - Ryulnon - private) e & | - Ryglnon—private) ¢ & | = Rymlnon - private)
04 Rysle=3) 04 Ryle=3) 04 Rysle=3) 04 Ryle=3)
10° 10t ? ? 10t 10% 107 10! 107 ? 104 10° 10° 10t ? ? 10t 10% 107 10t ? ? 104 10°
iterations iterations iterations iterations,
(i)e=3,K=05 (j)e=3,K=2 (k)e=3,K=3 )e=3,K=35
=F 3 1
o . ol o ol
& Ryesnon — private) I < Rysss(non — private) [ <& “ Ryess(non — private) < Ryss:(non — private) i
04 Ryesle=5) 04 Rypesl€=5) 04 Ryl =5) 04 Ryu(e=5)
100 10t 10% 10° 10* 10° 10° 10t 107 10° 10¢ 10° 100 10t 10% 10° 10* 10° 10° 10t 107 100 10¢ 10°
iterations iterations iterations iterations
(m)e=5K=05 (n)e=5K =2 (0)e=5,K=3 (p)e=5K =35
& | = Rylnon—private) & | = Rywlnon —private) & | = Rywslnon - private) i & | == Rywlnon - private)
04 Rysss(€=10) 04 Rysss(€ =10) 04 Rypssl€ = 10) 04 Ryyes(€ =10)
I o Ll | I T wop——L LI
10° 100 ? ? 10° 10° 107 10" 107 ? 104 10° 10° 100 ? 2 10° 10° 107 10" 2 ? 104 10°
iterations iterations iterations iterations

(q) e=10,K =0.5

Figure C.1: Metropolis-Hastings random walk under different privacy budgets and ¢; regu-

(r)e=10,K =2

larization. (Strong signal)
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signal case and results in better estimation for 3. On the contrary, larger values of K inject

more noise into the algorithm and the utility deteriorates.

C.2 Proof of Main results

C.2.1 Proof of Lemma 4.3.1

Recall that ug (v; X,y) = —Ly x(X,y) where L, x(X,y) := > (5 — x;,8)*. Therefore,
it suffices to show that L, k(-,-) is data monotone. Let D = {(x;,v;)}}~; and D' = D U
{Xn+1, Ynt1}- We define

~

n
L : T 2
Bry = argming, g, < ) (i — X0, B8)%

=1

n+1
2 o . Z T 2
=1

Therefore, we have the following inequalities:

n+1

L’Y:K(D/) = Z(yl n+1,y > Z Xz’y n+1'y 2 Z 2 = L’Y:K(D)'

=1

The above inequalities conclude the proof.

C.2.2 Proof of Utility Guarantee (Theorem 4.3.5)

Consider the notation in Section C.3.2 and recall the event Ex 1= Nyyew {8, xk = By os)-
We will For notational brevity, we use L. to denote L. (X,y). Now, we restrict ourselves to
the event £f. therefore we have L., i = L, for all 7. To establish a lower bound 7 (v*), we

make use of its specific form, thereby obtaining the following inequality:

1
13, exp { -2 )

T(v") =
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Figure C.2: Metropolis-Hastings random walk under different privacy budgets and ¢; regu-

larization. (Weak signal)
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Now we fix k € [s], and and consider any y € & . For any n € [0, 1], note that

n7 Ly = Ly) =n"H{y (I — @)y —y ' (I — ®5-)y}

=0 {(Xy1 By + W) (L — @) (X3 By + W) — W ([, — @)W}

= Uﬁj*\,yf(’y)ﬁ«,*\v +271(1 - 77)B;WF(7)BW*\7 -2 {n’l n—®.) 7*\757*\~,}T
+271(1 - 77)ﬁ;\,yF(fy)ﬁv*\7 —n'w (P, — )W

Consider the random variable Following the analysis of Guo et al. (2020), we have

P Lrgé}xk ‘Qn H(T, = @)X\, 8, - W‘ >271(1 - U)ﬂj*\,yr(’y)ﬂy*\v] < ¢~ 6klosp

and,

P [max nt |w <I> — <I> W| > 2—1(1 —77)5T* F(V)BW*\W} < 46—2klogp’

YEAs K B v\

whenever

min»ye,gz{&k /BI*\WF(V)/BV*\'Y > 00-2 bi
k - n(l - 77)

for large enough universal constant C' > 0. Setting n = 1/2, we note that whenever m,(s) >
2Ca*{(logp)/n}, we get

_ 1 km, (s
1(.[/7 — LPY*) Z éﬁ;r*\,yr(’}/)ﬁ,y*\,y Z ( ) for all Yy < %,
with probability at least 1 —2p~% —4p~2. Also, note that ,37 AL (7)B,\, < iy sbh,,. Hence,
if we have 16A0Y o logp
m,(s) > max {20 5 } )
eo n

the following are true:

5 eXp{_s(LMA—uLV*)}

v s
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Therefore, we have
-2

min 7w > >1-—
yedU{y} =7 pz 7

with probability 1 — 2p~® — 4p~2. Now by the discussion in Section C.3.2, we have P(Ex) >
1—2p2for K > /s {(:—f)bmax + (2 )axmax}. This finishes the proof.

K_—

C.2.3 Proof of Lemma 4.4.1

For clarity, we first specify some notations. Let 7 denote the model update of MH chain
run over dataset D. Let Tf be the corresponding n-mixing time. Let D and D’ be two

D

neighboring datasets, and 72 and 7" be the corresponding probability mass functions for

the exponential mechanism. Then, we have the following:

P(vE =) <7P(v) +1
< e (7)) +1
< GSPWE,D/’ =) +n(l+¢€°).

This finishes the proof.

C.2.4 Proof of Mixing Time (Theorem 4.4.3)

We again restrict ourselves to the event &k with K > /s {(:—j)bmax + (Ni_)aq:max}. For
the proof, let P denote the transition matrix of the original Metropolis-Hastings sampler
(4.10). In this case, the state space is . = o7, U {7*}. Now consider the transition matrix
P=P /2 + 1,,/2, corresponding to the lazy version of the random walk that stays in its
current position with a probability of at least 1/2. Due to the construction, the smallest
eigenvalue of P is always non-negative, and the mixing time of the chain is completely
determined by the second largest eigenvalue Ay of P. To this end, we define the spectral gap
Gap(P) = 1 — Xy, and for any lazy Markov chain, we have the following sandwich relation
(Sinclair, 1992; Woodard and Rosenthal, 2013)

1(1—Gap(P))

3 Gy Los1/(20) < 7, <

log[1/ min, e m(7)] +log(1/n)
Gap(P)

. (C.1)

Lower Bound on 7(-) :

To establish a lower bound on the target distribution in (4.7), we make use of its specific

form, thereby obtaining the following inequality:
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e(L, — L") }

= — .exp{—
LE Y e {_e(LwAULW )} Au

Now we fix k € [s], and and consider any v € 7.
Similar to the proof of Section C.2.2, we note that whenever m,(s) > 2Co?*{(logp)/n} for

a large enough universal constant C' > 0, we get

3 a7

N 1 km,(s)
5/87*\7”7)'37*\7 =40 1<L7 —Ly) 2 5'81*\“111(7)'87*\7 =z

for all v € 7,

with probability at least 1 —2p~% —4p~2. Also, note that 8., I'(7)B,., < kysb2,,. Hence,

if we have

16A 2]
m,(s) > max {20, 2u} ? ng,
eo n

the following are true:

v €,
nkem,(s)
< _
S e {10
bEA

and,

exp {_M} -~ exp {_3%@*@(7)@*\7}

Au 2Au
3nsek b
> _ max
= &P { 2Au }
Combining these two facts we have
1 3nsck b? 1 3nscky b

: > _ max > - _ max C.Q
emin | m(v) 2 17 -2 P { 27U } =P { 27U (C2)

with probability 1 — 2p=6 — 4p~2.
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Lower Bound on Spectral Gap:

Now it remains to prove a lower bound on the spectral gap Gap(P), and we do so via the
canonical path argument (Sinclair, 1992). We begin by describing the idea of a canonical
path ensemble associated with a Markov chain. Given a Markov chain C with state space .#,
consider the weighted directed graph G(C) = (V, E)) with vertex set V = .7 and the edge set
E in which a ordered pair e = (y,7’) is included as an edge with weight Q(e) = Q(v,7') =
(VP (v,7) iff P(v,7') > 0. A canonical path ensemble T corresponding to C is a collection
of paths that contains, for each ordered pair (v,7) of distinct vertices, a unique simple path
T, -+ connecting v and 7'. We refer to any path in the ensemble 7 as a canonical path.
Sinclair (1992) shows that for any reversible Markov chain and nay choice of a canonical

path ensemble T, the spectral gap of P is lower bounded as

1
Gap(P) > ———, C.3
= L) )
where ¢(T") corresponds to the length of the longest path in the ensemble T, and the quantity
p(T) == max.cp @ > yyeer. , T(V)T(Y') is known as the path congestion parameter.

Thus, it boils down to the construction of a suitable canonical path ensemble 7. Before
going into further details, we introduce some working notations. For any two given paths T}
and T5:

e Their intersection 77 N T denotes the collection of overlapping edges.

e If T, C Tj, then T} \ T, denotes the path obtained by removing all the edges of T5 from
T;.

e We use T to denote the reverse of T3.

e [f the endpoint of T} is same as the starting point of T, then 77 U T, denotes the path
obtained by joining 77 and 75 at that point.

We will now shift focus toward the construction of the canonical path ensemble. At a high

level, our construction follows the same scheme as in Yang et al. (2016).

Canonical path ensemble construction:

First, we need to construct the canonical path 7T’ - from any v € % to the true model 7*.
To this end, we introduce the concept of memoryless paths. We call a set T, of canonical

paths memoryless with respect to the central state v* if
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1. for any state v € . satisfying v # ~*, there exists a unique simple path T, .- in Ty

connecting v and v*;

2. for any intermediate state ¥ € .’ on any path T, .~ € Ty, the unique path connecting
7 and v* is the sub-path of T, .+ starting from ¥ and ending at +*.

Intuitively, this memoryless property tells that for any intermediate step in any canonical
path, the next step towards the central state does not depend on history. Specifically, the
memoryless canonical path ensemble has the property that in order to specify the canonical
path connecting any state v € . and the central state v*, we only need to specify the next
state from v € .\ {7*}, i.e., we need a transition function G : . \ {7y*} — . that maps
the current state vy to the next state. For simplicity, we define G(7*) = v* to make .7 as the
domain of G. For a more detailed discussion, we point the readers to Section 4 of Yang et al.
(2016). We now state a useful lemma that is pivotal to the construction of the canonical

path ensemble.

Lemma C.2.1 (Yang et al. (2016)). If a function G : &\ {y*} — .7 satisfies the condition
du(G(7),v*) < du(y,v*) for any state v € &\ {v*}, then G is a valid transition map.

Using the above lemma, we will now construct the memoryless set of canonical paths from
any state v € % to v* by explicitly specifying a transition map G. In particular, we consider

the following transition function:

o If v # ~* we define G(7v) to be 7/, whch is formed by replacing the least influential
covariate in v with most influential covariate in * \ 7. In notations, we have Vi =
for all j ¢ {4,k }, 7;, = 1 and fy,’w = ()2, where j, == argmax;c ., H(I)WU{]'}X’Y*/B’Y*

@0 X B |5 = 12 0im 0 Xy By

step involves a double flip which entails that dy (G(v),7*) = du(v,v*) — 2.

2
5 2
,- Thus, the transition

and k, 1= arg mingc.\ -

Due to Lemma C.2.1, it follows that the above transition map G is valid and gives rise to a
unique memoryless set Tj; of canonical paths connecting any v € . and ~*.

Based on this, we are now ready to construct the canonical path ensemble 7. Specifically,
due to memoryless property, two simple paths T, - and T, - share an identical subpath
to v* starting from their first common intermediate state. Let 7., denote the common
sub-path T)qy« N Tyays, and Ty = T 4+ \ Ty denotes the remaining path of 77, .- after
removing the segment T),,. The path T, is defined in a similar way. Then it follows
that T\, and T,, have the same endpoint. Therefore, it is allowed to consider the path
Ty U Tv’\v-
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We call v a precedent of +' if +' is on the canonical path T, ,- € T, and a pair of states
7,7 are adjacent if the canonical path T, . is e, s, the edge connecting v and +'. Next, for
v €., define

A)={7 17 €Ty} (C.4)

denote the set of all precedents. We denote by |T| the length of the path 7. The following
lemma provides some important properties of the previously constructed canonical path

ensemble.
Lemma C.2.2. For any distinct pair (v,7') € & x 7

(a) We have
|T%v*

<dg(v,7")/2<s, and
1 * *
Tl < S{du(y,7") +du (v, 7))} < 2s.

(b) If v and ~' are adjacent and ~y is precedent of of ', then
{(7.7) | ey € T3} C A7) X 5.

Proof. For the first claim, let us first assume that |7} .-

= k, ie., GF(y) = 7* for the
appropriate transition map G. Also, recall that |y| = |y*| = s. Hence, due to an elementary

iterative argument, it follows that
2s > du(v,7") = du(G(v),7") +2
= du(G*(7),7") +4
= 2k.

Also, note that |1, /| < |1} 4
equality.

+ | Ty

. Hence, the claim follows using the previous in-

For the second claim, note that for any pair (7,7%’) such that 75 5 > e, ., we have two
possible options : (i) e, € T55, or (ii) e,y € T5n5. As v is precedent of 4/, the only
possibility that we have is e, € T\,. This shows that v belongs to the path 75 ,- and
7 € A(y). O
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According to Lemma C.2.2(b), the path congestion parameter p(T') satisfies

1 e T[A(Y)]
T) < max E w(y)m = max , C.5
= r)er Qy,7) JEA(Y) A €S G)n7) (el Q(v,7) (©5)

where the set I', :=={(7,7) € & x S| T, =ey,,7 € A(7)}. Here we used the fact that
the weight function Q satisfies the reversibility condition Q(v,7") = Q(v/,7) in order to
restrict the range of the maximum to pairs (7, v") where v € A(Y/).

For the lazy form of the Metropolis-Hastings walk (4.10), we have

Q(v,7) =7(MP(7,7")

i

v
3

(7’)} > i {r(v), 7(v")}.

1
ps () ps

Substituting this bound in (C.5), we get

m(A(7))
p(T) < ps ('ygl’z)agr* min{~ (), 7(v)}

s max {max{l, ﬂ(”y)}‘ﬂ(A(v))}.

(4,7 €T (v (%)

(C.6)

In order to prove that p(T") = O(ps) with high probability, it is sufficient to prove that the

two terms inside the maximum are O(1). To this end, we introduce two useful lemmas.

Lemma C.2.3. Consider the event

-
A, = {vgj,lé);vw (@0 — By)W < 1202810gp}

Then we have P(A,) >1—p2.

Proof. First note that w'(®,,(y — ®,)w = (h],w)? for an appropriate unit vector h,,

depending only upon X, and X,. By Sub-gaussian tail inequality, we have

P{(hl,w)? >t} <2 57
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Setting ¢t = 1202slog p and applying an union bound we get

T 2 2 p —6s
P {7 erfﬂ;}g;w(h%evv) > 120 slogp} < 2(S> (p—s)p
S 2p—38

<p?

]

Lemma C.2.4. Suppose that, in addition to the conditions in Theorem 4.4.3, the event A,
holds. Then for all v # ~v*, we have

Moreover, for all ~,

<2

Therefore, both Lemma C.2.3 and Lemma C.2.4 give p(T) < 2ps with probability 1—p2.
Lemma C.2.2(a) suggests that ¢(7") < 2s. Therefore, Equation (C.3) shows that Gap(P) >
4])% with probability 1 — p~2. Finally, combining (C.2) and (C.1), we get the following with
1—8p2

2
max 5 +1log(1/n) |,

{T + (%)bmaxxmax + (f)x?nax}

where C5 > 0 is a universal constant. Finally, the proof is concluded by arguing that
P(E) < 2p~2.

nekyb
) S 02]932 <

C.3 Proof of Auxiliary Results

C.3.1 Proof of Sensitivity Bound (Lemma 4.3.3)

Let (X,y) and (X, ) be two neighboring datasets with n and n+1 observation respectively.
For a subset v € 7 U {7*}, consider the OLS estimators as follows:

2
. 2 p . ~ <7
B,k = argming g <x [|[y — X,0|[;, and B, x = argming, g <x Hy - X,0 )
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From the definition of the score function u(~; X,y), we have

“(73 X7 5’) = - Z(?Jz - XZWBW,K)z - (S’n+1 - 5(;+1,7B7,K)2‘

= (yi — XZV/BV,KF + (Jns1 — ir—zr+1,fyﬂ'y7l()2 - Z(yz - ijﬁy K)2
i=1 i=1

< (yz - XT ﬁ%K)2 + (?Jnﬂ - izﬂ,yﬁ%f{)z - Z(yz - XIV/B%K)Q

i=1 i=1
( Yn+1 — n+1 /B'y,K)2
<

T+ Tmax )2.

Similarly, we have u(v; X,¥) — u(7: X, y) < (7 + Zmax )2 Next, the (e,0)-DP follows from
Lemma 4.2.4. This finishes the proof.

C.3.2 Constrained problem to unconstrained OLS problem

Now we are ready to bound H 8., K|| .- Define the OLS estimator corresponding to the model

7y as
T T T T
5 X W XIXB | XX X w
v.0ls n n . .n n
::‘:11 1;:12

In this section, we will show that there exists a choice for K such that the event
Ek = Nyy=s{By0s = B, x} holds with high probability. By Holder’s inequality we
have [Jufl, < |[(X]X,/n) _1H XX, /nH 18,1, < (55)bmax. Hence, an application
of Cauchy-Schwarz inequality dlrectly yields that ||u1||1 < 2(%%)/sbmax. Next, note that

XX X 'w XX X w XX X Tw
huall, < (22| |22 < s | 2| |12 < s ey H |
n ) n ) n 9 n - n ) n 0o

Therefore, we get [Juy||, < = HXTW/TL”OO. In order to upper bound the last term in the

previous inequality, we define D; ; = X[i, j]w; for all (¢, j) € [s] x [n]. Using the sub-Gaussian
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property of w;, we have E(e*) < N a2, Therefore, due to Hoeffding’s inequality, we

P %‘ Z Di,j{ Z 80—1’max\[ 10% S 2]9_4‘
j€ln]

Note that HXTW/nHOO = maX;e[y] n*1| Zje[n] Di,j|. Hence, by simple union-bound argument,

it follows that

have

-
X,YW

n

1
P | max > 80X max -7 4 < 2p_4 < 2p_2.
yilvl=s n

2
Thus, Assumption 4.3.4(c) yields that ”B%KHf <s {(:_J_r)bmax + (%)awmax} . Therefore, if
K>s {(g—j)bmax 4 )Ua:max} then P(Ex) > 1 — 2p~2.

o0

K—

C.3.3 Proof of Corollary 4.4.4

Based on Theorem 4.4.3, we have ||m; — 7|1y < eta with probability at least 1 — cop™?
whenever ¢ is sufficiently large. Also, by Theorem 4.3.5, we know m(y*) > 1 — p~2 with
probability 1 — ¢;p~2. Therefore, we have m;(y*) > 1 —n — p~2 with probability at least
1 — (¢ + ¢c2)p~2. This finishes the proof.

C.4 Proof of Lemma C.2.4

part (a):

Let j,, ky be the indices defined in the construction of G(v). The we have v = vyU{j,} \{k,}.
Let vi = (®,ug,) — €)X-8,- and vy = (@0, — ®,)X»B,.. Then Lemma C.4.1
guarantees that

||V1||§ > nk_m(s), and ||V2||§ < nk_m.(s)/2. (C.7)

By the form in (4.7), we have

e R e

To show that the above ration is O(1), it suffices to show that y ' (®.,, — ®,)y is large. By
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simple algebra, it follows that

Yy (®y — @)y =y (®rug,y — D)y —y (Pougyy — vy
= vall; +2viw + W (@50, — D)W — {[[vall; + 2vs W+ W (®,045,) — By) W}
= [[vills + 2V (Br0g,) — B)W + W (Ry0p5,) — D)W
— {IIvall +2v3 (@500, — B)w + W' (D,005,) — By)w}
> [[villy (villy = 2 [[(®500,1 — @4)w][,) = [vally (Ivally + 2 [(@r00,) — B4)wW][,)
- H<(I’7U{jw} - (I)w’>WH§'

(C.8)

Now, we recall the event

A, = {vgﬂaf);v WT(Q,},U{g} —-¢, )w < 1202510gp} )

Let A% := nk_m,(s) > k_Cyo*logp. Then for Cj large enough so that x_Cy > (128 x 12)s,
Equation (C.8) leads to the following inequality under event A,,:
Y (@ — B,)y > A(A— A/4) — (A/V2)(A/VE + AJ4) — A[16 > AfS.

This readily yields that

() < exp {—m—m(s)} <p”? (C9)

under the margin condition of Theorem 4.4.3.

Part (b):

From the previous part, the bound (C.9) implies that 7 (v)/7(G(vy)) < p~®. For each 5 €
A(7v), we have that v € T5., C T5,+. Let the path 75, be 790 = 71 — ... — 7, where
k = |T5 | is the length of the path, and vy = 4 and ~; =  are the two endpoints. Now note
that {v/}e<k—1 C 7, and (C.9) ensures that

Also, by Lemma C.2.2(a) we have k € [s]. Now, we count the total number of sets in A(y)
for each k € [s]. Recall that by the construction of the canonical path, we update the current
state by adding a new influential covariate and deleting one unimportant one. Hence any

state in .% has at most sp adjacent precedents, implying that there could be at most s¥p*
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distinct paths of length k. This entails that

C.4.1 Supporting lemmas

Recall the definition of j, and k.. The first result in the following lemma shows that the gain
in adding j, to the current model 7 is at least nrx_m,(s). The second result shows that the
loss incurred by removing k., from the model v U {j,} is at most nx_m,(s)/2. As a result, it
follows that it is favorable to replace Xy with the more influential feature X; in the current

model 7.

Lemma C.4.1. Under Assumption 4.5.4(b) and Assumption 4.4.2, the following hold for
all v € o;:

(a) || @0y Xy B 2 nk_m.(s), and

(0) || @0, X5 B,

~Je.x. 8,

2
, S nk_m(s)/2.

> — [ ®rog X By

Proof. For each £ € v* \ v, we have

@010 X8,

H(i) Xy By “2 '6 Xv*( yu{ey — 7)X7*ﬁw*
- BLXL (I, — )X, X/ (I, — ®,)X,-8,-
B X, (I, — ®.,)X,
Bv \7 v \’Y(]I q)V)XfXZ(Hn - q"y)X'y*\'Yﬁw*\v
n )

where the second equality simply follows from Gram-Schmidt orthogonal decomposition. By

summing the preceding inequality over ¢ € v* \ v, we get

:37 \«, oM \7(]1 B QW)X'Y*\"/X;F*\W(]IN B (Pv)Xv*\vﬁfy*\w
n

~ @ X8, >

Z ”‘ﬁvu{é}Xv*ﬁv* ;

ley*\y
<7
2 kK- '87 Ay Koy \’YOI” = ®) X 1By,
> |y \ " m(s)
= nk- [7"\ | m(s).
The last inequality follows from the fact that |y| = |y*| = s. Since j, maximizes
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H(I)VU{E}X’Y*IBW* ; over all £ € v*\ v, the preceding inequality implies that

2

@00, X5 B, = [|@4X-8,

2
5> nk_tm,(s).
Similarly, to prove the second claim, first note that for any k& € v\ 7*, we have

2 2
@0k X By || = | B4 Xe B[], = Bory Xy (Rrrigry — B) Xy B
By X (I — @) X X[ (I, — @4) X e\ B
X/ (I, — ®,)X},

(I, — )X, \’
= (I, — )X\ B,
<( X B o =@ )%,

T 2
< 8 | T S
= (I, — @) Xl
T 2
< B2 Xy (I — Bor) Xy,
[(Ln — @) X[

]

2 2
2 H(I)“/’XV*BV* 2

Since k, minimizes H<I>7/u{k}Xv*,87*

over all possible k € v\ ~v*, by

Assumption 4.4.2 we have

15003 X By |5 = B0 i X Be [ < mrima(s) /2.
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APPENDIX D

Appendix for Chapter 5

D.1 More simulations

We set the number of arms K = 10 and we generate the context vectors {x;(t)}X, from
multivariate d-dimensional Gaussian distribution N4(0, ¥), where ;; = pli=/I"t and p = 0.3.
We consider d = 1000 and the sparsity s* = 5. We choose the set of active indices S*
uniformly over all the subsets of [d] of size s*. Next, for each choice of d, we consider two
types generating scheme for [:

e Setup 1: {U;}ies+ "~ Uniform(0.3,1) and set 3; = Ui (3 es- UZ)7V21(j € 5%).

o Setup 2: {Z}ics: "% N(0,1) and set 3; = Zi(X s Z2)7V21(5 € 57).

We run 40 independent simulations and plot the mean cumulative regret with 95% confi-
dence band in Figure D.1. In all the setups, we see that VBTS outperforms its competitors
by a wide margin. VBTS also enjoys superior empirical performance under the autoregressive

(AR) model (see Figure D.2) with an auto-correlation coefficient 0.3.

Corr=0.3, d=1000, s=5, K=10 Corr=0.3, d=1000, s=5, K=10

—— LinUCB
800 A DRLasso
—— Lasso-L1
—— ESTC
6004 — VBTS
—— LinTS
BlLassoTS

—— LinUCB
800 4 DRLasso
—— Lasso-L1
—— ESTC
600 — VBTS
—— LinTS
BLassoTS

Cumulative Regret
Cumulative Regret

=

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time Horizon Time Horizon

Figure D.1: Regret bound for equi-correlated design: (Left) Setup 1, (Right) Setup 2
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AR=0.3, d=1000, s=5, K=10 AR=0.3, d=1000, s=5, K=10

—— LinucB —— LinuCB
800 4 DRLasso 800 DRLasso
- —— Lasso-L1 - —— Lasso-L1
o — ESTC o — ESTC
D 6001 — VBTS 9 6001 — vBTS
o — LinTS o — LinTS
g BLassoTS g BLassoTS
F= S
5 400 & 400
g g
>S5 >
O 2001 O 200 //
~
0+ 0

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time Horizon Time Horizon

Figure D.2: Regret bound for AR(1) design: (Left) Setup 1, (Right) Setup 2

D.2 Proof of Theorem 5.3.2

This section presents the detailed proof of Theorem 5.3.2. First, for clarity of presentation,
we introduce some notations. We use X; to denote the matrix (z,,(1),...,2,,(t))" € R

Given this, we denote the covariance matrix ﬁt = XtT X;/t. Next, we define the set
S s) 28N o+ ol < s

We also define the following:

Definition D.2.1. For a index set I C [d] and o € RT, we define the restricted cone as

Co(l) :={vER : Jure

y < aflorlly s or # 03

In high-dimensional literature one typically assumes compatibility condition on the design

matrix X, i.e.,
«11/2
16, 157"

comp(S™; X) =
Peomp( ) seCr(sr)  £/2 0],

> 0, (D.1)

where S* = {j : B; # 0}. This is mainly to guarantee the estimation accuracy of high-
dimensional estimators like LASSO (Bickel et al., 2009) or to show the posterior consistency
in Bayesian high dimensional literature (Castillo et al., 2015).

As discussed in the main paper, we prove the theorem in three parts, the subsequent

sections deal with each part separately.
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D.2.1 Proof of part (i)

In this section we will show that the matrix f]t enjoys the SRC condition with high proba-

bility. As a warm up, we recall the definition of Orlicz norms:
Definition D.2.2 (Orlicz norms). For random variable Z we have the followings:

(a) The sub-Gaussian norm of a random variable Z, denoted ||Z||,,, is defined as

1Z],, == inf{A >0 E{exp(Z%/)\%)} < 2}.

(b) The sub-Exponential norm of a random variable Z, denoted ||Z||,, , is defined as

1Z]],, = inf{A > 0: Efexp(|Z| /N)} < 2.

The details and related properties can be found in Section 2.5.2 and Section 2.7 in Ver-
shynin (2018b). The following is a relationship between sub-gaussian and sub-exponential

random variables.

Lemma D.2.3 (Sub-Exponential and sub-Gaussian squared). A random variable Z is sub-

Gaussian iff Z* is sub-Exponential. Moreover,

2 2
122, = 121l -
Proof. The proof can be found in Lemma 2.7.4 of Vershynin (2018b) ]

Lemma D.2.4 (Bernstein’s inequality). Let Zi,...,Zy be independent mean-zero sub-

exponential random variable. Then for every 6 > 0 we have
P > (5 < 26 P — i —2 - N
X Co 11NN

where Ko = maxie(n || Zil|, -
Proof. The proof can be found in Corollary 2.8.3 of Vershynin (2018b). O

N

1
N7

=1

Proposition D.2.5 (Empirical SRC). Let ¢ = min{1/4,1/(¢c¢,9*¢K log K + 3)} for some
universal constant ¢ > 0 and also define the quantity r(€,9, K) £ min{(4cs K€9?)~1,1/2} for

some universal positive constants cs. Then the followings are true for any constant C > 0:

co? ¢, log K

P 5, >
(¢max(cs ) t) = 1 _ 35

) < exp{—cstlog K + Cs"log K + Cs"log(3d/e)},
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N 1
P (gbmin(C’s*; ) < %) < 2exp{—cok?(&,9, K)t + Cs*log K + Cs* log(3d/e)}
+ exp {—cglog(K)t + Cs*log K + Cs*log(3d/e)} ,
where all ¢;’s in the above display are universal positive constants.

Proof. We will first show the SRC condition for a fixed vector v € Si~!(Cs*). Then, the
whole argument will be extended via a e-net argument.
Analysis for a fixed vector v: Let v € S&*(Cs*) be a fixed vector. Now note that

following fact:
0TS = Z{v Tq. (7))} > : Zzlne[lil(l]{v z;(1)}>.

We define Z,,, £ minex{v' z;(7)}? and note that for a fixed v € S§~'(Cs*), the random
variables {Z,,}._, are i.i.d. across the time points. Moreover, due to Assumption 5.2.2(b)

and Lemma D.2.3, we have

2
S 63192.
P2

”ZT,qupl =

1211?1 |v ZL‘Z(T)l

Thus, {Z.,}._, are i.i.d sub-exponential random variables. First we will show that E(Z, ,)

is uniformly lower bounded. Due to Assumption 5.2.2(c) we have

K
Z (v'xi(7))? < h} < KEh.

Thus we have the following:

/OOIF’ Zry > u) du
h
> P(Z
—/o o (D.2)
h
(1-K
2/0 §u) d
— h(1 — K¢h/2).

Setting h = 1/(K¢) in Equation (D.2) yields E(Z,,) > 2K£ Now, using Lemma D.2.4, we
have the following for a p € (0,¢1/ | Z1,],) and § > 0:
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1¢ 52 5
P{-» {Z.,—E(Z;,)} > | <2exp] —comin , t
(t 2 202, 120,

=1
< 2e Co in & d t
Xp 4 — —_— )

Now choose § = min{(4K¢)™!, c39?/2} to finally get

]P) (|% ;{Z’r,v - E(ZT,’U)}' 2 ﬁ) S 2€Xp {_C2I€2(£’ 19’ K)t} ? (D3>

where k(£,9, K) = min{(4c3K£9%)71,1/2}. Now recall that E(Z,,) > 1/(2K¢), which
shows that

1¢ 1 FIRPP
P{;ZZW > m} < 2exp {—er*(&, 0, K)t}, VoveSiH(Cs"). (D.4)

e-net argument: We consider a e-net of the space SI ' (C's*) constructed in a specific way
which will be described shortly. We denote it by N.. Let J C [d] such that |J| = C's* and
consider the set E; = S ! Nspan{e; : j € J}. Here e; denotes the jth canonical basis of
R?. Thus we have
silcs= | Es
J:|J|=Cs*

Now we describe the procedure of constructing a net for S&*(Cs*) which is essential for
controlling the parse eigenvalues.

Greedy construction of net:

e Construct a e-net of E; for each J of size C's*. We denote this net by A ;. Note
that |ANZ ;| < (3/)C" (Vershynin, 2018b, Corollary 4.2.13) for £ € (0,1) as E; can be

viewed as an unit ball embedded in R¢5".

e Then the net A; is constructed by taking union over all the N, j, i.e.,

No= U N

J:|J|=Cs*

Thus, from from the construction we have

i< (o) (§)C < exp{Cs" og(3d/2)}, (D.5)
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whenever € € (0,1). Now, we state an useful lemma on evaluating minimum eigenvalue on

e-net.

Lemma D.2.6. Let A be a m x m symmetric positive-definite matriz and € € (0,1). Then,

for e-net N, of Sg_l(s) constructed in greedy way, we have

Gmin(s; A) > Hl/l\rfl U AU — 3Pmax(5; A).
ueNe
The proof of the lemma is deferred to Appendix D.4.1. Note that from Equation (D.4)

and an union bound argument we get

PN 1

P (min v S > 4_K§> > 1 —2exp{—cok?(&,9, K)t + Cs*log K + Cs*log(3d/¢)}. (D.6)
ueNe

If Grmax(Cs™, it) is bounded with high probability, then for small ¢, then along with Lemma

D.2.6 we will readily have an uniform lower bound on ¢, (C's*, 3 5 t)-

Bounding ¢,.x(C's*, Et) Here we gain start with v € A.. Similar, to previous discussion

we have

0TS == Z{v To. (1)} < thax{v xi(T)}2.

1€[K]

We define W, £ max;c({v"2;(7)}? and note that for a fixed v € S§~'(C's*), the random
variables {W,,}._, are i.i.d. across the time points. Moreover, due to Assumption 5.2.2(b)
and Lemma D.2.3, we have

Wrolly, = HQ%{“T%(T)}Q < e K02,

P1

Thus, {W,,}._, are i.i.d sub-exponential random variables. Recall, that ¢y, (Cs*,%;) <
¢, for all i € [K]. The next lemma provides an upper bound on the moment generating

function (MGF) of sub-Exponential random variables.

Lemma D.2.7. (Vershynin, 2018b, Lemma 2.8.1) Let X be a mean-zero, sub-Exponential
random variable. Then there exists positive constants cs,cg, such that for any X\ with |A| <

cs/ X ||, the following is true:
E{exp(AX)} < exp(ce)® || X[y, )-

Equipped with the above lemma we have the following;
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P (% Z WT,’U - ¢u 2 5) =P (;{Wﬂv - ¢u} 2 5t>
=P (eXp {:u Z(Wﬂv - ¢U)} > eu6t> (D.7)

t
< e Hot H E{eﬂ(WT,U—%)}_
T=1

For a fixed 7 € [t] we note the following;

K
E{ey(Wr,vﬂﬁu)} < Z E{eﬂ[(’vai(T))Qfd)u]}

i=1

K
< S R{eH ) T Ely,
1=1

For brevity let x; £ |[{vT2;(7)}?|| . . If we choose 1 < ¢5/ max;e (x| ki, then by Lemma D.2.7
1 (K]

we have
E{etMWrv=0u)l < exp (CG[}? m&g}c K7 + log K) .
ic
Using the above inequality in Equation (D.7), it follows that

t
1
Pl - E Wiy — 0w >0 | <exp | —udt+ cetp® maxk? +tlog K | . (D.8)
te= ielk] "

The right hand side of Equation (D.8) is minimized at p = 6/(2¢co max;e(x] £7) with the

minimum value of

62t
exp <— 2+tlogK>.

dce maxe(k K;

If §/(2ce max;e(x] £7) > €5/ max;e(k] k7, then the right hand side of Equation (D.8) is mini-

mized at p = ¢/ max;e(x) K7 and we get

1o 5t
]P’(—ZWTU—qSuZé) < exp (— “ —I—cﬁcgt—l—tlogK).
t g ’ max; K;

Using the fact that §/(2cs max;e(x) k7) > ¢5/ max;ex) K7, the right hand side of the above
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display can be upper bounded by

exp (—65—& +t10gK) .

2 max; K;

Thus we have for all 6 > 0

1< 52t st
Py - v Pu 2 J S — mi y tl K. D.
t ; W, ¢ exp ( — {406 max;e|x| li? 2max; K; } tilog ) ( 9)

Next we set § = c;19?¢, log K for sufficiently large ¢; > 0. Then Equation (D.9) yields

=1

1
P (; Z WT,U - ¢u > 5) < €xXp (_C8t 1Og K) :
Finally taking union bond over all vectors in N, we get

P (‘v’v EMN. v S > g, log K) < exp{—cgtlog K + Cs*log K + Cs*log(3d/e)} .
(D.10)

Next, to prove the same for all v € S¢~!(C's*) we need the following lemma.

Lemma D.2.8 (maximum sparse eigenvalue on net). Let A be a m x m symmetric positive-
definite matriz and € € (0,1/3). Then, for e-net Nz of Si~'(s) constructed in greedy way,

we have

< max v Av.

maxv' Av < max v Av <
veN; vesd(Cs¥) 1 — 3¢ ven:

The proof of the above lemma is deferred to Appendix D.4.2. Now we set some ¢ €
(0,1/3). In light of the above lemma we immediately have that

- co¥? ¢, log K

P (gbmax(C's*; i]t) > ) < exp{—cstlog K + Cs"log K + Cs" log(3d/e)} .

1—3e
(D.11)
Finally using Equation (D.6), (D.11) and Lemma D.2.6 we have
- 1 3ecot? log K
P ~ ) > —
<¢m1n(05 ) t) - 4K€ 1 . 36 qbu
> 1—2exp{—cor”(§, 0, K)t + Cs" log K + Cs" log(3d/e)}
—exp {—cstlog K + Cs*log K + Cs*log(3d/e)} .
Now the result follows from taking ¢ = min{1/4,1/(24¢,0*¢K log K + 3)}. O
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D.2.2 Proof of part (ii)

In this section we will show that the matrix &; enjoys the compatibility condition (D.1) with

high probability. This is equivalent to showing that the quantity

- 578,06
U(S*:%,) £ inf * = Beomn(S™: X1 )2
o 5€é?<5*><u5u?>5 Prom

is bounded away from 0 with high probability. First we present the Transfer lemma (Oliveira,
2013, Lemma 5) below.

Lemma D.2.9 (Transfer lemma). Suppose S and 3 are matriz with non-negative diagonal

entries, and assume n € (0,1), m € [d] are such that
Vv € R with |Jv]|, < m, v S > (1—mn)' . (D.13)

Assume D 1s a diagonal matriz whose diagonal entries D;; are non-negative and satisfy
Djj > (X4)j5 — (L=n)%;;. Then

D2t

Ve eRL 2 TS > (1— n)ax' Y — | (D.14)

m—1

Condition (D.13) basically demands that it enjoys SRC condition with the sparsity pa-
rameter m. Then under the proper choice of diagonal matrix D with sufficiently large
diagonal elements {D;;}9_,, Equation (D.14) will yield the desired compatibility condition

for $,. We formally state the result in the following lemma:

Proposition D.2.10 (Empirical compatibility condition). Assume the conditions of Propo-
sition D.2.5 hold. Also assume that Assumption 5.2.2(d) holds with C' = Cy¢,9*EK log K
for some sufficiently large universal constant Cy > 0. Then there exists a positive constant

Cy such that the following is true:

=1 - 2exp{—cr*(&,9, K)t + Cs*log K + Cs*log(3d/e)}
—2exp{—cstlog K + Cs*log K + Cs*log(3d/e)}

with e = min{1/4,1/(¢¢,9*¢K log K + 3)} for the same universal constant ¢ > 0 in Propo-
sition D.2.5 and k(£,9, K) = min{(4c3 K€9?) 1, 1/2}.
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Proof. As suggested before we will make use of Lemma D.2.9. Towards this, we set ¥ = I,

1
2 e
and D = diag(3;). Next, we define the following two events:

- co? ¢, log K
= max C *72 < — 3
gt,l {¢ ( S t) 1_ 3¢

~ 1
Gio = {¢min(03*; ) > 8_K§} 3

where the constants € and c¢g are same as in Proposition D.2.5. Under G;; and G, the

inequality in Equation (D.13) holds with n = 1/2 and m = Cs*. Also, due construction of

D, we trivially have

Lastly, note that

S S P2, log K
max D;; = max(%,);,; = maxe] Sie; < oV ¢y log K

D.15
jeld 7 jeld] 7 jeld) 1 -3¢ ( )

under G;;. Equipped with Lemma D.2.9, under G;; and G, for all z € C;(S*) N ST we

have the following:

2
& 1 ||DY2]
T 8Ke T Os — 1

o (eTeE ) )
> _
— 8K¢ Cs*—1

1 <—09§21¢:u3l§gK) 64s*
> _
— 8K¢ Cs*—1

The last inequality follows form the fact that

L <8V ||lzgel, < 8Vs* (D.16)

”CL’Hl = ||JZS* 1 + HI(S*)C 1 S 8 ||IS*
Thus, if C' 2 “ng_# + L then 2783 > 1/(16K€). Also, note that from the choice of
¢ in Proposition D.2.5, we have € < 1/4. This further tells that if C' = Cy¢,9?¢K log K for
large enough Cjy > 0, then R
. 0150 1
inf 5 > )
seCr (%) ||4]15 16 K¢

Then, the result follows from Proposition D.2.5. Using this and Equation (D.16) we also

have
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- 1 578,68 1
U(S*¥,) > — inf >
( 1=z 64 seC;(5*) ||5||§ — CiéK

where C = 1024. Finally, the result follows from conditioning over the events G,; and G,
and using Proposition D.2.5.
O

D.2.3 Proof of part (iii)

In this section we will establish the desired regret bound in Theorem 5.3.2. The main tools
that has been used to prove the regret bound is the Bayesian contraction in high-dimensional
linear regression problem. In particular, we will use Theorem D.3.1 to control the ¢;-distance
between f; and §* at each time point ¢ € [T].

We recall that X; = (z4,(1),...,24,(t))". Also, note that the sequence {z, (1)} _, forms

T—1

an adapted sequence of observations, i.e., .. (7) may depend on the history {z,, (u), r(u)}/ 7.

Also, recall that {e(7)}._, are mean-zero o-sub-Gaussian errors.

Lemma D.2.11 (Bernstein Concentration). Let { Dy, Fi}32, be a martingale difference se-

quence, and suppose that Dy, is a o-sub-Gaussian in adapted sense, i.e., for all« € R, E[e“P* |

Fi_1] < €12 almost surely. Then, for allt >0, P (|ZZ:1 Dy| > 6) < 2exp{—6%/(2t0?)}.

Proof. Proof of Lemma D.2.11 follows from Theorem 2.19 of Wainwright (2019) by setting

ar = 0 and v, = o for all k. O

Lemma D.2.11 is the main tool that is used to control the correlation between ¢, :=
(e(1),...,¢e(t))" and the chosen contexts X; which is important to control the Bayesian
contraction of the posterior distribution in each round. To elaborate, let Xt(j ) be the Jth
column for j € [d] and define D, ; := €(t)x,, ;(t). Note that for a fixed j € [d], {D,;}._, forms
a martingale difference sequence with respect to the filtration {F, ’;;11 with F, := o(H,) is
the o-algebra generated by H, and F; = @. Also note that

E(@aDt’j ’ E—l) S E{€Q2U2xit7j(t)/2} S E{eoﬂo’?x%ax/Q}'
Thus, using Lemma D.2.11, we have the following proposition:

Proposition D.2.12 (Lemma EC.2, Bastani and Bayati (2020)). Define the event

etTXt(j)
Te(Xo(7)) = { max ——— < Ao(7) ¢,
Jj€ld] t
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where N\o(7Y) = Tmaxo\/ (72 + 2logd)/t. Then we have P{T;(Xo(7))} > 1 — 2exp(—+?%/2).

The proof of the above proposition mainly relies on the martingale difference structure and
Lemma D.2.4. It is important to mention that the proof does not depend on any particular
algorithm.

For notational brevity we define ||X;| := max;cig /(X{ X1);,;. Next, we will set y =
v: := v/2logt. Hence by Proposition D.2.12 we have P {7;(A\o(7:))} > 1 — 2t~1. Also recall

that, under G;; and G, 2, we have

1
< || Xl /VE < V/Acypu 92 log K. (D.17)

SKE =
Also, under Gy 5 N Ti(Ao(7:)) it follows that

:

etTXt(j)
max ———— < zmax\/Qt(log d+ 10g t) = Xt (D18)
j€ld] o

Now, we are ready to present the proof of the main regret bound.

Main regret bound

Recall the definition of regret is R(T) = 3.1, A, (t), where A, (t) = Tar (0)T 0" — x4, (1) T B*.
Next, we partition the whole time horizon [T] in to two parts, namely {t : 1 <t < Ty} and
{t : Ty <t < T}, where Ty will be chosen later. Thus, the regret can be written as

To T
R<T) = Z Aat (t) + Z Aat (t) .
fil P t=Tp+1 ,
R(‘frro) R?;)

All notations for expectation operators and probability measures are given in Appendix D.3.

Now by Assumption 5.2.2(a) and 5.2.3(a) we have the following inequality:
E{R(TO)} S 2xmaxbmaxTYO- (Dlg)

Next, we focus on the term R(T). First, we define a few quantities below:

= IXadlly IS
¢y(s) := inf {W 10 # (S5 < s ¢,

1,5 (D.20)
~ , X6,

= = - < .

gbt(s) Hgf{tl/2 H5||2 075 |Sg| =~ 8}
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Now set

128A

( max) |S’> |
U(S, %)
(( | 1284, 1x§m> |S|> |
U(S, )
) >4

5M/3 < A < 2\, (D.21)

Note that ¢;(s) > ¢ (s), hence ¥,(S
Recall that

under G, ; and G, 5. Also define the following events:

> « « [logd+logt
& = {\ Bir — B Hl < QuoTmac KE(D, + 5 W%}-

where D, = {1 + (40/A,) + 1284, '2?2

max

JU(S*,5)}s* and Q4 is large enough universal

constant as specified in Theorem D.3.1. Also we have

. . 40 644722 N
Ue(S) < o ((Q—I— A—4+W5\) |S|> ,and

~ ~ 40 6445 22,
Vi(S) < ¢ <<2+A_4+W)‘> S \)

Next, by Proposition D.2.10, the event

1
Qt,s = { (S* Zt) Cng}

holds with probability of at least 1 — 2 exp{—cok?(£, 9, K)t +Cs*log K + Cs*log(3d/e)} —
2exp {—cstlog K + Cs*log K + C's*log(3d/e)}. For, notational brevity, we define

C = CiéK.

Also, define the event
~ 1
— 2 * > - .
gt74 {¢t (S ) - 8K§ }

Noting that $2(S*) = G (Cis*; 5;) with

4 -
01—2+A—O+128A‘1 2 C,

L max
4
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an argument similar to the proof of Proposition D.2.5 yields

P (Gi4) > 1 — 2exp{—cor?(€,0, K)t + Ci5*log K 4 Cys*log(3d/e)}

. . (D.22)
— exp {—Cs log(K)t + C1s" log K + C}s* log(3d/5)} :

Finally, Using Proposition D.2.12 with v = =, and the result of Theorem D.3.1, we have
the following:

P(&) = ]EXtE (]lgC)
= ]EXt t,re {HX gc ‘ rt)}
= ]E’Xt t,re {HX gc | rt) 177: Ao(t)) ﬁgtz} + EXtEi(rt {HtX (gtc | rt) ﬂﬁC(AO(Vt))UﬂgﬁQ}

< 2{ + = 2 + 2exp{—cor?(€,0, K)t + Os*log K 4 Cs*log(3d/e)}

+exp{—08tlogK+C's log K 4+ Cs*log(3d/e)}

(D.23)
for some large universal constant M; > 0. Next, let G, = ﬂlegm. Under the event & N G;,
we have 40 128C, K¢

x
D* *< 9 = 1 max *7
+8_<+A4+—A4 >s
=p

and,

s*(log d + logt) }1/2
t )

where M5 is an universal constant depending on A;. Now we set

Bt = || < Mapowma K {

s*2(logd + logt) }1/2

8 = Mypox?® (K { "

It follows that under &_1 N G;_1, we have the following almost sure inequality:

< za || 15 = B + |20, )l 18 — B[4
< 20;-1.
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Finally define the event
M, = {x;ﬁ* > :r;azc xlﬁ* + ht—l} )
Under M; N &1 N G;_1, we have the following for any i # a;:

23 (OB = 2] (B, = (20 (8), 6= 5°) + {wa (t) = wit). 57) + (i), 8" = i)

> =01+ hi—y — 0.

Thus, if we set h;—; = 30;—; then x, ( )Bt MAaX;4qr xZT(t)Bt > 0;_1. As aresult, in tth round
the regret is 0 almost surely as the optimal arm will be chosen with probability 1. Thus,

finally using Assumption 5.2.3(b), we have

E(Aat (t)) E{Aat t) HM‘}

(
- E{Aat (t) ﬂMcﬂgt 1NGi— 1} + E{Aat( )1M50(5t7109t71)c}
< 2515 1]P)( ) + 2'Tmax max (SC U gt)
2A]\/[l-fljmaxbmax 2xmaxbmax (D24>
< 20, 1P(M
-1 P(M§) + pE + i
+ M3Zmaxbmax €xp{ —cor?(€,9, K)t + Ds*log K + Ds*log(3d/e)}
+ My maxbmax €xp { —cs log(K)t + Ds*log K + Ds" log(3d/e)},
where Ms, My are large enough universal positive constants and D = max{C, C’l} =
O(¢, % €K log K). Thus, if we set
1 1 . . D
Ty = M max e K) gk (Ds*log K + Ds*log(3d/¢)), (D.25)

for some large universal constant Mz > 0. Thus, we have

E{R(T)} < 2 Z 81— 1P(M) + M maxbmax €xp {—M7(Ds* log K + Ds*log(3d/e))}+O(log T).

t=Tpo+1
NS
~-

L,

Recall that

s*?(logd + logt) }1/2

6 = Mypoa?  EK { ;
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For w € [0, 1] we have

T w
O
IWSQ E 5t71 (BAt 1>

t=Tp+1
{3Mypoa2 K} T g*ltw /T e Lt
= logd+logu) 2 u 2 du
Ac TO( g gu) (D.26)
[38Mapoa?, k] T s 1w (logd) 27 T 2" ; c0.1)
or w
< , Aw ) s+
~ [SMgpcr:v%aXfK] s*2(log d+log T) log T f 1
A , orw = 1.

For w € (1,00) we have

- . 301\
I, <2 Z 01 min< 1, A ) (D.27)

t=Top+1
Note that
301 _ ) 2 s*2log d
A, <l=t>1 := [3M2p0‘xmax€K} Az + 1.
Thus. from Equation (D.27) we have
T T 35 w
I,<2 ) 6a+2 Y G ( A:l)
t=Top+1 t=T1+1
T *2(1o0 d 4 1 1/2 T 35, \“
<5 M2p0$2max§K{S (logd + ogU)} i 2y §t1< At 1)
T u =Ty +1 *

*2
< 4 [Mopoa?, K]’ {5 (logd + log T)} Lo,

A,

where J, := ZtT:TIH Op—1 <3‘Z:1> )
Finally, we give bound on the term J,:
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T 3(5 w
=> 6 ( AH) 1{36,1/A. < 1}
t=2 *

w 1+w

31 wM 2 K T w 1+w

< ( i QpC:xmaxg ) / {5*2(10gd+10gu)}1§ u Hu > T} du
Ai-ﬁ—w 1

w 1+w
3T+ M- 2 (K 4o [ 14w
S ( + 2P0£L’max§ ) {8*2(10gd+10gT)}-§/ u—% du
T

A liw
*

w 1+w
T+ M. 2 EK wT]
_ 9 (31+ 2pixmax€ ) {8*2(logd—|—logT)}l% 1
A+ w—1

_ | 6[Mypoa? K| (s logd
- ()

Finally, for w = oo it is easy to see that J, = 0. Hence, the result follows from combing
Equation (D.19), (D.26), (D.27) and (D.28).

(D.28)

D.3 Posterior contraction result

We briefly describe the probability space under which we are working. Given f3, the bandit
environment (along with the specific policy ) gives rise to the chosen contexts X, and
rewards r;. Here we note that the chosen contexts depend not only on the arm-specific
distributions, but also on the sequence of actions taken under 7 till time t. Let O, denote
the joint distribution of (3, Xy, r;) under 5 ~ II (prior) and (Xy,1;) | 8 ~ SLCB(8, 7, P.)
where the latter indicates the joint distribution of the observed contexts and rewards (till
time ¢) under the SLCB environment with policy 7, true parameter 8 and P, denotes the
noise distribution. We work under a likelihood misspecified regime, which we now discuss.

We assume that the true parameter is §* and the observations (X, r;) is generated from
Qr := SLCB,(p*, 7, PF), where 7 is the policy given by the TS and P} is an arbitrary sub-
Gaussian distribution. We denote by Qf)ft the conditional distribution of r; given X; arising
from the joint Q; and EY, to be the expectation under Q;7 . Furthermore, we denote by
QY, the marginal distribution of X; under the joint Q; and Ex, to be the corresponding
expectation.

For modelling purpose, we place prior IT on 5 and model the likelihood as (X;,r;) | 8 ~
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SLCBy(S, m, P.), where P, is taken to be N(0, c?). This gives rise to a joint distribution Qy,
as discussed above. Now, let IT¥ (- | r;) denote the posterior distribution of 3 given all others,
i.e. it is the conditional measure of 3 given X, r; arising from the joint Q.

Thus, given a measurable set B, [T (B|r;) is a random measure, whose randomness is due
to (X, 7¢). In the following result, we consider EX IT* (B|r;), which is the expectation of the
above under Q;‘ff . Thus, this quantity itself is a random variable, whose randomness is due
to X;. The following result shows that, for B taken as the complement of an appropriate

ball around the true 5*, this random variable is small, almost surely QY.

Theorem D.3.1. Consider the bandit problem in (5.1) and let Assumption 5.2.2-5.2.4 hold.

Also, assume that the prior on parameter 5 is modeled as (5.2) with

(5/3)A S A< 2N, A = Tmaxy/2t(log d + log t)

Then the following is true:

. . [logd—+logt e
IEt),(r,g {H;&X <||B - B ||1 > Q40ImaxK§<D* + s ) f rt> ﬂgtﬂTt(Ao(%))} 5 d )

almost sure X;, where Q4 is a universal constant and D, = Dis* + % with Dy =
comp )
1+ (40/A4) and Dy = 128A; ",

Proof. Without loss of generality we assume that 0 = 1 as the bandit reward model can be

viewed as

(re/0) = Xo(B%/0) + (er/0).

In this case \, = xmax\/Qt(log d+logt) =: \.
< /\} .

Next, define the event
By Lemma D.2.12 and condition (D.18), it follows that fro any measurable set B C R¢,

2
By 11X (B 1) < [Eer {TEF (B | 115 }] " +

Recall that the errors ¢; is modeled as isotropic standard Gaussian independent of the fea-

tures. Thus, conditioned on the matrix X;, model likelihood ration takes the following form:

X,8— X812
Lt pp-(re) == exp {_ A 92 Tl + (ry — Xtﬁ*)T(Xtﬁ - Xtﬁ*)} .
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Then by Lemma 2 of Castillo et al. (2015) it follows that

(%) iaen
/ﬁt,ﬁ,g*(rt) dli(p) > ;gs*)e ABl g L

where II is given by (5.2). The only change that is needed in their proof to run the argument
in our case is the following upper bound:

1XBly < 18Il 1 X1 < co? ¢ log K /(1 — 3¢).

The last inequality follows from the fact that we are on the event G,; by assumption. The
rest of the proof follows from the fact that A € (51/3,2\).
Thus by Bayes’s formula it follows that

X _ JsLippe(re) dII(B)
B v = e dTi(f)

ed™” AlB* | X:8 — Xtﬁ*H2 T *
< wd(s*)e /BeXp - 9 2+ (ry— Xo %) (X8 — Xy 8%) ¢ dII(B).

(D.29)

Using Holder’s inequality, we see that on 7y,
(rs — Xtﬁ*)TXt(ﬁ - B = €tTXt(B - B
< e/ Xef| 118 = B7Il, (D.30)
< A8 =B, -

Therefore, on the event 7y, the expected value under Eg- of the integrand on the right hand
side of (D.29) is bounded above by

o~ (L/2IXe(B=B7)I5+NIB—5"1l;

Thus, we have

*

2s 2., Y *
X (B | 1)1y < ep_*/eAllﬁ1—(1/2)||Xt(6—5*)||2+>\|B—B I qr1(). (D.31)
ma(s*) Js
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Now, by triangle inequality,

MBI+ X8 = Bl = M Bl + A8 = 57,
S G5 = Bl + My + Mflse = Bl + MMBs-ell - o)
= M| Bs<ll, + MIBseell, + (A + ) |Bs — By
= MBI+ X=X [1Bseell, + (A +A) 185+ = Baell, -
Case 1: Suppose 7||Bs — B4 ||, < [|Bs+]|l;- Then the following holds:
A+ [18s = Bs-ll, = (A = 3A/4) [|Bs- — Bl + (TA/4) [|Bs- — B5-1,
< (A =3M/4) [1Bs+ — Bg:lly + (A/4) || Bsell, -
Using the above inequality in (D.32) we get
MBl +MIB = B[l < MBI + (= 33/4) [|Bswell, + (X = 3X/4) [|Bs- — B (D33)
= MBIl + (A= 3X/4) (18 = 87,
Case 2: Now assume 7 ||Sg- — B ||, > ||Bs+||,- We again focus on the inequality (D.32),

ie.,

MBI+ X8 = 871l < MBI + (A

= AlIAl + (A

M) [|Bseelly + (X + X) | Bs= — B
M) [1Bse<lly + A= A) || Bse — B

1

1

2185 — B3Il (D.34)
= MBI+ A= 118 = 8, + 2 [|Bs- — 8-l
SAMBlL+ X =3X4) 1B = B[l + 21 [|Bs — Bs- 1l -
Finally, by compatibility condition and Young’s inequality we get
1Xe(8 = 87l 57 _ 1Xe(8 = 873 25"\
2M || Bss — Ba|| < 24 < )
Hﬁs ﬁS N t1/2¢comP<S*;Xt) N 2 tgbzomp(S*;Xt>
Using the above inequality in (D.34) we get
N 5 1X:(8 = 813 25"\
M| B* MB =0, <A A—3)\/4 - 0" :
1611, + X118 = 71l < MBl + (X = 33/4) 16 = B, + = X
(D.35)
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Thus combining (D.33) and (D.35) we can conclude

IXi(8 = 3lly , _ 2s°X
2 gbcomp(S)‘< Xt)
(D.36)

Using the above result and recalling that 5\/3 < A < 2\, we see that the right hand side of
(D.31) is bounded by

MIB M+ B = 871l < MBI+ (A= 3A/4) (18 = 87, +

ed?s” 25* A2
IX(B | r)ly < e t92omp (5™ X1) /e/\/glll()‘/4)ﬁﬁ*1 dT1(3)
B

7Td(8*)

Controlling sparsity: For the set B= {5 :|S3 > L} and L > s*, the above integral can

be bounded by
Z ma(s) (A s/e()\/4)||ﬁ55§
. () \2

S:s=|S|>L \s
< Z ma(s)4°
s=L+1
o [(AAN T SN 144,
<7Td<s >4 (dA4) dAs

Thus, we have

trt {HX (B | rt)ﬂ%}

25*\?2
tD2omp(S*; Xt)
45 AN
td2omp(S*; Xt)

< exp {4s*logd—|— —I—s*log4—(A4/4)(L+1—s*)logd}

§exp{5s*logd+ —(A4/4)(L+l—s*)logd}

Now recall that A = 2tx? . (logd + logt) < 4tz?_ logd. Using this inequality in the

above display we have

1 1
EX, {TIX(B | r)in} < exp {55* log d 4 0% (/) gn log . (Ay/4)(L + 1 — 5*) log d} .
' comp(S* Xt)
64144 s* a2

Thus, setting L > 40s* /A, + s* + W(A/)\) then there exists a universal constant
(21 > 0 such that
ES AT (B | r)ln} < Qud ™.
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Control on prediction: Recall that A\/A < 2. Using this and the result in the previous

part, we can conclude that the posterior distribution is asymptotically supported on the even

By = {8 :]Ss] < D.}, where D, = D;s* + % where Dy = 1+ (40/A4) and Dy =
'comp

128A;". By combining (D.29), (D.30) and the inequality A ||8*||, < 2X |18 — 8*[|, + A 18]I,

we can conclude that any Borel set B,

X ed?”’ 1X.8 — XoB |5 o~ .
I (B | ry)ly < a5 /BGXP {— 5 + 38 =B, + A ||5||1} dIL().

By the definition in (D.20) we have,
AN Xe(B = B |S5-pe1""
t126,(155-5-1)

1 16X2 1S5 5|
= |1X, —Z 12Ape]

A=D1 = 8, < =B =51,

(D.37)
= AMB =B, -

Since |Sp_p-| < |Ss| + s* < D, + s* on the event By, it follows that

X ed*” 162 (Dat-s*)/(£0,(S*)2
X (B | 1)Ly < — o168 (Dts?)/(10(5°)?)
mals") (D.38)
X/e(1/4)||Xt(55*)§Aﬁﬁ*lﬂﬁlll dII(B).
B

Now we set B = By := {8 € By : || X¢(8 — 5)||, > L}, where L will be chosen shortly. Recall
that m4(s*) > (A;p=3)* 7,(0). It follows that for set B, the right hand side of (D.38) is
upper bounded by

2s* . _ _
T 16N (D) [ (05,(57)) p—(1/4) L / e~ NB=51 #3181 gr ()
Ta(s*)

< J(2+As)s* A;S*emxg(Dﬁs )/(t,(5%)%) ,—(1/4)L? Z T4

o)

Hence by a calculation similar to previous discussion yields that for

16)° (D, + s%) Sszﬁ,ax(D*+S*)logd+logt 12

1
4L (34 A3)s™logd + [0,(57)? AL
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where ()2 > 0 is sufficiently large universal constant, then we have

1
ds

{HX BQ ‘ I ]176} ~

trt

Control on estimation: Similar to (D.37) we have

1/2

M| X (8 = Bz 1555
t12¢,(|Sp—p+|)

<1 X2 |Sp—p-
= || X .

B =8, <

On the event By, we thus have

logd 4+ logt

A 18 =6, < Q3% max(Ds + 57) Et(s*)z

Finally on the event By N G; we have A = may/2t(log d + logt) and ¢,(S*)? > (K&)™

it follows that
X « [logd—+logt
18 = 871l < QuE&max(Ds + 8"\ ————

D.4 Technical lemmas

D.4.1 Proof of Lemma D.2.6

As A is symmetric positive definite matrix, by Cholesky decomposition there exists as lower
triangular matrix L such that A = LLT. Let v € S¢*(s). Then there exists a index set .J of
size s, such that supp(v) C J. Hence we have v € E;. Now consider the net N; ; and let u
be the nearest point to v in N ;. Thus we have [[v —ul], <e <1 and [Jjv —ul|; < s. Then

we have the following:

v Av = (v —u)TA(v —u) +2(v —u) " Au +u" Au

(D.39)
> U Au — 3¢max(s; A).

The second inequality follows from the following facts:

(v = w)TAw = w)| < v = ully bmax(5;4) < Ebmax(s: A),
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|(v—u)"Au| = |(v —u) " LL u|
<V(w—=u)TLL (v —u)VuTLL u
=/ (v—u)TA(v —u)Vu' Au
< EPmax(s; A)

Then the result follows from taking infimum over u and v in both sides.

D.4.2 Proof of Lemma D.2.8

The lower bound result is trivial. Hence, we focus on the upper bound part. As A is sym-
metric positive definite matrix, by Cholesky decomposition there exists as lower triangular
matrix L such that A = LLT. Let v € S¢'(s). Then there exists a index set J of size s,
such that supp(v) C J. Hence we have v € E;. Now consider the net N ; and let u be the
nearest point to v in A ;. Thus we have ||jv — ul|, <e < 1/3 and ||v — u||, < s. By a similar

argument as in the proof of Lemma D.2.6, we can conclude that

v AV < 3e@max(s; A) + maxu' Au.

uE/\fs

Thus by taking supremum over v on the left-hand side of the above display, we get

_ . < T : < T .
(1 = 3¢)Pmax(s; A) < max u Au <= Prax(s; A) < T3 maxu Au

D.5 Pseudo code of VBTS and other tables

Algorithm 3: Variational Bayes Thompson Sampling
Set Ho = @;
fort=1,---,T do
if t <1 then
| Choose action a; uniformly over [K7;
end
else
Compute VB posterior II,_; from II(- | H,_) using CAVI ;
Generate sample Bt ~ T, q;

Play arm: a; = arg max;cg; ()T fBy;
end
Observe reward 7, (t);
Update Hy < Hi—1 U{(a¢, rq,(t), x4, (2)) }
end
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Table D.1: Time comparison among the competing algorithms.

Mean time of execution (seconds)
Type Algorithm
Equicorrelated| Auto-regressive
LinUCB 15.41 16.30
DR Lasso 3.12 3.13
Non-TS
Lasso-L1 3.57 3.59
ESTC 1.01 1.05
LinTS 1344.39 1346.46
TS BLasso TS 1511.68 1455.53
VBTS 29.33 27.65
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