The Pennsylvania State University
The Graduate School

NEW STATISTICAL TOOLS FOR HIGH-DIMENSIONAL DATA

MODELING

A Dissertation in
Statistics
by

Wanjun Liu

(©) 2019 Wanjun Liu

Submitted in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

August 2019



The dissertation of Wanjun Liu was reviewed and approved* by the following:

Runze Li
Eberly Family Chair Professor

Dissertation Advisor, Chair of Committee

Lingzhou Xue

Associate Professor of Statistics

Xingyuan (Ethan) Fang

Assistant Professor of Statistics

Tao Yao

Associate Professor of Industrial and Manufacturing Engineering

Ephraim Hanks
Associate Professor of Statistics
Chair of Graduate Studies

*Signatures are on file in the Graduate School.

11



Abstract

This dissertation consists of two parts. In the first part, we focus on the estimation
of linear functional and its application to projection test for high-dimensional mean
vector. We first study a general regularized quadratic programming with non-convex
penalty and linear constraint. Deterministic error bounds are established for any
stationary point that satisfies the necessary first order condition. We also propose
an ADMM algorithm with local linear approximation to solve such the non-convex
regularized quadratic programming. In particular, we study a special case of the
regularized quadratic programming: estimation of linear functional. Furthermore,
we apply the linear functional to perform projection test for high-dimensional data.
Two projection tests are proposed. The first one is a projection test based on a
data-splitting strategy, which achieves an exact t-test under normality assumption.
The second one is a projection test based on an online framework, which updates
the estimation of optimal projection direction when new observations arrive. This
online projection test improves the power the data splitting approach. We derive
the asymptotic normal distributions under both null and alternative for the online
projection test. We conduct numerical studies to compare the finite sample perfor-
mance of our proposed projection tests with several existing tests. The numerical
results show that the proposed projection tests can keep the type I error rate well
and are much more powerful than other existing tests.

In the second part, we focus on the model free feature screening for high-
dimensional data via projection correlation. The idea of feature screening is to
deliver a computationally efficient way to reduce the dimensionality of the feature
space from a very high scale to a moderate one while retaining all the important
features. The proposed method is based on ranking the projection correlations
between features and response variable. This screening procedure does not require
specifying any regression model and requires no moment conditions on both features
and response variable. The theoretical analysis demonstrates the proposed method
enjoys not only the sure screening property but also a stronger result called rank
consistency property. The extensive simulated experiments show the proposed
method wins the horse racing against its competitors on various scenarios.
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Chapter 1
Introduction

Rapid development of technology allows for a large number of features to be
measured and collected. It is increasingly important to be able to solve such
problems involving a very large number of variables. This type of data is typically
known as high-dimensional data, where the number of variables p can be much larger
than the sample size n. Such high-dimensional data arises in a broad spectrum
of real applications such as genomics, finance, medical imaging, sensor network,
etc. For example, advanced biotechnology now allows that thousands of genes or
proteins can be measured. Financial data is also of a high-dimensional nature.
Hundreds or thousands of financial instruments can be measured and tracked over
time at very fine time intervals in high frequency trading. In this dissertation, we

try to answer following two questions:
(1) Can we construct a powerful test for the mean of high-dimensional data?

(2) Can we select important features from thousands of variables without specifying

a regression model and without moment assumptions?

To answer the first question, we construct a sparse projection test via an online
framework for high-dimensional data. To answer the second question, we propose a

model free feature screening procedure based on projection correlation.

1.1 Linear functional and its applications

In the first part of this dissertation, we focus on the estimation of the linear

functional of the form B8 = ¥ 'n and apply it to perform projection test for



high-dimensional mean vector. This linear functional 3~ '7 has many interesting

statistical applications including

e (Projection test for mean vectors) Let us consider a one-sample mean
vector test problem in high-dimensional data. Let xi,...,x, be a random
sample from a p-dimensional distribution with mean vector g and covariance

matrix Y. Of interest is to test

Hy: p = p, verses Hy : o # p,

where p, is some given vector. Traditional methods such as Hotelling’s T
test is not directly applicable when p > n since the sample covariance matrix
is not invertible. The idea of projection test is to reduce the dimension by
projecting the high-dimensional vector x; to a space of lower dimension. Li
et al. (2015) shows that the optimal projection direction is £~ 'n with n = pu.
Then the high-dimensional x;’s can be projected to a 1-dimensional space by
left multiply (37'u)T. Similar conclusion holds for two-sample mean vectors
test where the optimal projection direction is 37'n with n = p; — p,, where
@, and p, are the mean vectors for the two populations respectively and 3

is the common covariance matrix.

e (Linear Discriminant Analysis (LDA)) Consider the linear discriminant
analysis for classification problem. Assume we have two p-dimensional nor-
mal distributions N(p,, ) (class 1) and N (g4, ) (class 2) with the same
covariance matrix. Let z be a random observation that is drawn from one
the these two populations with equal probabilities. The well-known Fisher’s
linear discriminant rule is characterized by the linear functional 3~'n with

N = p; — py. The new observation z is classified into class 1 if and only if
(7 — (1 + 1) /2) Z 7' > 0.

e (Markowitz portfolio allocation problem) We consider the Markowitz
portfolio allocation problem. Suppose we have p assets x = (X1,...,X,)" to
invest, where x have mean p and covariance matrix 3. For a given amount

of expected return m, we want find a allocation plan such that the investment



risk is minimized. The optimal portfolio allocation is proportional to ¥~ 'n
with 7 = p (Chen et al. 2015).

This linear functional is typically not directly applicable in real application as it
is usually unknown and needs to be estimated from data. To estimate 3, traditional
approaches take two steps: (i) we first construct an estimate 3 of ¥ and then (ii)
estimate 3 using iiln or iilﬁ if 1 is unobserved, where 7} is an estimator of 7.
Although the two-step estimator is usually asymptotically consistent in the low-
dimensional setting, it may no longer be a consistent estimator in high dimensions.
First, the estimate > is typically not invertible when p > n and thus the plug-in
estimator is not well-defined. A naive approach is ignoring the dependence among
the variables and replace by by some diagonal matrix such as identity matrix I
or diag(f)), where diag(i) is a diagonal matrix with elements being the diagonal
elements of 3. This approach works well when the true covariance matrix is
approximately a diagonal matrix but may fail when the correlation among the
variables are strong. In the setting of linear discriminant analysis, Mai et al. (2012)
pointed out that ignoring correlations among variables could produce misleading
feature selection and inferior classification.

Second, it is not possible to obtain a consistent estimator of X or its inverse
when the dimension is high unless structural assumptions such as sparsity or low
rank are imposed on X or its inverse (Fan, Liao and Liu 2016). To estimate the
covariance matrix, thresholding methods are proposed to obtain a sparse estimator
for 3 by setting small estimated elements to zero (Bickel and Levina 2008, Cai
and Liu 2011a, Rothman et al. 2009). Regularized methods are widely used to
estimate sparse precision matrix £, For example, Yuan and Lin (2007) and Lam
and Fan (2009) studied the estimation of sparse precision matrix using penalized
likelihood. Cai et al. (2011) and Yuan (2010) proposed to estimate the precision
matrix through column-by-column regressions.

Third, consistent estimation of 3 or its inverse does not automatically guarantee
the consistency of i_ln or f]_lﬁ. Fan and Fan (2008) demonstrated that even
in the ideal scenario where the true covariance matrix 3 is an identity matrix
and is assumed to be known, the classical Fisher’s classification rule is no better
than random guessing when p is sufficiently large, due to noise accumulation in
estimating p; and p,.

Instead of imposing structural conditions on X or its inverse, one can impose



sparsity structure on the linear functional 3 itself. This is a plausible assumption in
real applications such as portfolio selection, linear discriminant analysis and optimal
direction estimation for projection test, etc. Fan and Fan (2008) demonstrated that
the classification rule using all features can perform as poorly as the random guessing.
Thus it is necessary to select a subset of important features for high-dimensional
classification problem. Under the sparsity assumption, direct approaches based
on regularization methods can be applied to estimate the linear functional. Mai
et al. (2012) studied the linear discriminant analysis problem using the penalized
least squares with L; penalty. Dantzig-type selectors are also studied in linear
discriminant analysis, Markowtiz portfolio allocation problem and time series
settings (Cai and Liu 20115, Chen et al. 2015). However, the resulting estimators
by these methods are usually biased. Nonconvex penalties such as the SCAD
(Fan and Li 2001) and the MCP (Zhang 2010) attract more attention recently.
Comparing with the L; penalty, the estimator given by nonconvex penalties enjoys
more desirable statistical properties such as asymptotic unbiasedness and oracle
property. Penalized linear regression with nonconvex penalty has been well studied,
see Fan and Li (2001), Zhang (2010) and Wang et al. (2013). To avoid the drawbacks
of traditional methods and direct approaches using L, penalty and Dantzig selector,
we propose an approach to estimate the linear functional based on regularized
quadratic programming with nonconvex penalty and linear constraint.

In chapter 3, we study a general regularized quadratic programming with
nonconvex penalty and linear constraint. Under the assumption that the quadratic
form satisfies the restricted strong convexity (RSC) condition, we establish the
deterministic L; and Lo error bounds for our estimator. Our theory applies to
any stationary point that satisfies the first order necessary conditions to be a
local minimum. Further assuming the strict dual feasibility, we also show that
the stationary point is unique and establish the support recovery and L., error
bound. In addition, we consider three applications of the regularized quadratic
programming: (1) estimation of linear functional, (2) F-type test for regression
coefficients and (3) sparse linear discriminant analysis. We establish the convergence
rates in terms of L; and Ly norms for stationary points. It is quite challenging
to solve such noncovnex optimization problem especially in the high-dimensional
setting. We propose an ADMM algorithm with local linear approximation (LLA),

which approximates the nonconvex penalty function by its first order expansion.



It is guaranteed that the estimator converges to a local minimum and thus the
numerical solution fits in our theory. This ADMM algorithm can naturally handle
the linear equality constraint. A BIC-type criteria is proposed to select the tuning
parameter in the penalty function.

In chapter 4, we propose two projection tests for high-dimensional mean vector.
Assuming that the optimal projection direction is sparse, we apply the regularized
quadratic programming discussed in chapter 3 to estimate optimal projection di-
rection. The first test is the data splitting projection test. The entire dataset is
partitioned into two sets. We use the first set to estimate the optimal projection
direction and perform the test only using the data in the second set. This data
splitting projection test achieves an exact t-test under normality assumption. The
second test is the online projection test. We update the estimation of optimal
projection direction whenever a new observation arrives. We establish the asymp-
totic normal distribution of the proposed test statistic under both null hypothesis
and alternative hypothesis, based on which we derive the power function under
alternative. We also propose a mini-batch version of the online projection test,
which updates the estimation of the optimal projection direction when a batch of
new observations arrive and thus reduces the computational burden. Both of the
online projection tests improve the power of the data splitting projection test. We
also conduct numerical studies to compare the finite sample performance of our
proposed projection tests with several existing tests including sum-of-squares-type
tests, maximum-type tests and other projection tests. The numerical results show
that the proposed projection tests can keep the type I error rate well and are much

more powerful than other existing tests.

1.2 Robust and model free feature screening

Datasets with ultra-high dimensional features characterize many contemporary
research problems in machine learning, statistics, engineering, social science, finance
and so on. When the features contain redundant or noisy information, estimating
their functional relationship with the response can become quite challenging in
terms of computational expediency, statistical accuracy and algorithmic stability
(Fan et al. 2009). To overcome such challenges caused by ultra-high dimensionality,

Fan and Lv (2008) proposed a sure independence screening (SIS) procedure which



aims to screen out the redundant features by ranking their marginal Pearson
correlations. The SIS method is named after the sure independence screening
property which states that the selected subset of features contains all the active
ones with probability approaching one. The promising numerical performance soon
made SIS popular among ultra-high dimensional studies. The sure screening idea
has be applied to many important statistical problems including generalized linear
model (Fan and Song 2010), multi-index semi-parametric models (Zhu et al. 2011),
nonparametric models (Fan et al. 2011, Liu et al. 2014), quantile regression (He
et al. 2013, Wu and Yin 2015) and compress sensing (Xue and Zou 2011) among
others.

The idea of screening is to deliver a computationally efficient way to reduce the
dimensionality of the feature space from a very high scale to a moderate one. The
researchers will then benefit both computationally and statistically from learning
the data in a much reduced feature space. Besides the sure screening property, we
argue an appealing screening method should satisfy the following two properties.
First, the screening method should be model free, which means that the screening
method can be implemented without specifying a regression model. In ultra-high
dimensional regime, it is challenging if not impossible to specify a correct regression
model with existence of the huge number of redundant features. Hence the model
free property is desired as it guarantees the effectiveness of the screening method in
the presence of model mis-specification. The model free screening method becomes
a hot research topic in recent years, see Zhu et al. (2011), Li et al. (2012), Mai
and Zou (2015), He et al. (2013), Cui et al. (2015) and the references therein.
The second property is robustness which means the screening method should be
insensitive to outliers. Assumption like sub-Gaussianity is usually not realistic in
ultra-high dimensional applications. Even when the sub-gaussian assumption is
satisfied on the population level, they can be easily violated in the realized sample
simply due to ultra-high dimensionality. Therefore the screening method which is
sensitive to outliers may perform poorly in real applications. The robust screening
method also draws certain amount of attention recently. He et al. (2013), Wu and
Yin (2015) and Ma et al. (2017) among others considered quantile based screening
which adapts to heavy-tailed data. Wang (2012) and Fan, Ke and Wang (2016)
developed screening methods for strongly correlated features.

In chapter 5, we propose a model free feature screening method. The proposed



method is based on ranking the projection correlations between features and the
response. The projection correlation, proposed by Zhu et al. (2017), is a measure
of dependence between two random vectors which enjoys several nice probability
properties. For example, the projection correlation is well-defined for any two
random vectors of any dimensions and no moment conditions are required for the
two random vectors. In addition, the estimation is free of tuning parameters. The
proposed screening procedure does not require specifying any regression model and
is insensitive to outliers. As the projection correlation is dimension free to both
random vectors, the proposed screening method can be applied to multi-task learning
problems (Caruana 1997). The theoretical analysis demonstrates the proposed
method enjoys not only the sure screening property but also a stronger result called
rank consistency property. The only condition required is a minimum signal gap
between active and inactive features. The extensive simulated experiments show the

proposed method wins the horse racing against its competitors on various scenarios.

1.3 Organization of this dissertation

The rest of this dissertation is organized as follows. In chapter 2, we provide
literature review on topics that are related to this dissertation, including regularized
methods in high-dimensional linear model, hypothesis testing for high-dimensional
mean vector and feature screening for high-dimensional data. In chapter 3, we first
study a general regularized quadratic programming with nonconvex penalty and
linear constraint. Then we further three applications of the regularized quadratic
programming: (1) estimation of linear functional, (2) F-type test for regression
coefficients and (3) sparse linear discriminant analysis. In chapter 4, we propose
two projection tests for high-dimensional mean vector using the optimal projection
direction. One is based on a data splitting approach and the other one is based on
an online framework for such projection test. In chapter 5, we propose a model
free feature screening via the projection correlation. In chapter 6, we conclude this

dissertation and discuss future work.



Chapter 2
Literature Review

2.1 Variable selection via regularization

2.1.1 An overview

Variable selection has become a popular and fundamental problem in high di-
mensional regression where the underlying model has a sparse representation. A
large number of predictors are usually collected to reduce possible modeling biases.
However, sparse models are preferable because of the simplicity and interpretability.
In addition, identifying important predictors can improve the prediction accuracy.
Therefore, it is necessary to select important predictors and only include these
important predictors in the model. Over the past two decades, many model selection
methods have been developed. A majority part of them are based on the regularized
M-estimation including the Lasso (Tibshirani 1996), the SCAD (Fan and Li 2001),
th elastic net (Zou and Hastie 2005), and the Dantzig selector (Candes and Tao
2007), among others. These methods have attracted a large amount of theoretical
and algorithmic studies. See Meinshausen and Bithlmann (2006), Zhao and Yu
(2006), Fan and Lv (2008), Zou and Li (2008), Bickel et al. (2009), Zhang (2010),
and references therein.

Consider the linear regression model
y =XpB +e,

where y = (Y1,...,Y,)" € RP is the response vector, X = (xy,...,%,)’ € R**? is

the covariate matrix, 8 = (B1,...,8,)" € RP is the unknown regression coefficient,



and € = (g1,...,6,)" € RP are independent and identically distributed random

errors. When p < n, the ordinary least squares estimator is defined as
/6015 - (XTX)_ley'

In high-dimensional setting where p > n, B is not well-defined since X "X is not

ols
invertible. A common assumption is that the true parameter 8* = (57, .. ., B, )T s
sparse, meaning that most elements in 3* are zero. Regularized least squares are
widely used to select important variables and estimate the regression coefficient

simultaneously. The regularized least squares takes the following form
1 p
%Hy—XﬁHgﬂszA(Wﬂ), (2.1)
j=1

where p,y(+) is some penalty function. The regularized least squares estimator is
defined as the minimizer of (2.1). Various penalty functions have been proposed
and their theoretical properties and numeric performances are well studied, see
Tibshirani (1996), Fan and Li (2001), Zou (2006), Zou and Hastie (2005) and Zhang
(2010). These penalty functions can be categorized into two classes: convex penalty
and nonconvex penalty. Convex penalty such as Lasso penalty is very popular due
to its attractive computation advantage. However, the resulting estimator of the
Lasso penalty is usually biased. More recently, nonconvex penalties such as the
SCAD and the MCP attract more attention since it has more desirable statistical
properties (Fan and Li 2001, Zhang 2010, Xue et al. 2012, Fan, Xue and Zou 2014).
The computation with a nonconvex penalty can be very challenging since we need
to solve a nonconvex optimization problem. In the rest of this section, we will
focus on the two most popular penalties: the Lasso penalty and the folded-concave

penalty.

2.1.2 Variable selection with L; penalty

Tibshirani (1996) first introduced the Lasso regression, which minimizes the least

squares with L, penalty

~ 1 b
Bumo = argmin o -ly = XBIE + 3 15 (2:2)

J=1



The Lasso regression has the following attractive properties. The Lasso shrinks
the resulting estimator @Lasso towards 0, and some of the coefficients are estimated
exactly to be 0. Therefore, Lasso regression can select important variables and
estimate the coefficients simultaneously. Lasso regression is also computationally
attractive since it only needs to solve a convex optimization problem. The Lasso
estimator depends on the choice of the tuning parameter A, which controls the
amount of shrinkage applied to the estimator. A large A\ would shrink many elements
of the coefficient to be 0.

Before introducing the theoretical properties of the Lasso, we first introduce
some notations and definitions. Recall that 3* is the true regression coefficient and is
assumed to be sparse. Let A* = {j : 87 # 0} be the index set of nonzero components
in B*. Let B be an estimator of 8 and A(3) = {j : §; # 0} be the index set of
nonzero components in ,[Ai' An estimator B is (estimation) consistent if B — B in
probability. An estimator 3 is model consistent if lim,_« P(A(B) =A") =1 An
estimator 3 is sign consistent if P(sgn(,@) = sgn(B%)) — 1.

Under the conditions that €4, ..., e, are independent and identically distributed
random variables with mean 0 and variance o2 and %XTX — C, where C is a
positive definite matrix, Knight and Fu (2000) proved that the Lasso estimator
is estimation consistent when p is fixed. Without loss of generality, assume that
A*={1,2,...,s} and the complement set A* = {s+1,s+2,...,p}. Let

C C
C_ n Gl
Co Cy
where Cy; is a s x s matrix. If \/y/n — A\g > 0, then

\/ﬁ(//g\Lasso - ﬁ*> _d> arg min V(u)v

where i> means convergence in distribution, u = (uy, . .. 7up)‘l' e R,
p
V(u) = —20"W +u'Cu+ X\ Y [usgn(8)I(B; # 0) + |uy|1(8; = 0)],
j=1

W has a N(0,0%C) distribution and I(-) is the indicator function. This theorem

shows that the Lasso estimator is root-n estimation consistent. Under the same

10



conditions, Zou (2006) showed that

lim sup P(A(Bpae) = A7) < e < 1,
n—o00
where c is a constant depending on the true model. This result shows that when
A/y/n — Ao, the Lasso estimator is not model consistent. The optimal estimation of
Lasso regression is achieved only when A = O(y/n), however it leads to inconsistent
model selection. Zou (2006) and Zhao and Yu (2006) proposed a necessary condition
for Lasso estimator to be model consistent, which states that there exists some sign
vector d = (dy,...,ds)" with d; = 1 or —1, such that

[C1Criidl < 1.

This type of condition is referred to as the irrepresentable condition. The irrepre-
sentable condition closely resembles a regularization constraint on the regression
coefficients of the irrelevant covariates on the relevant covariates. This irrepre-
sentable condition is almost necessary and sufficient for a Lasso estimator to be
model consistent. However this irrepresentable condition is nontrivial. Zou (2006)
constructed an interesting example in which the irrepresentable condition fails.
Under the irrepresentable condition, Zhao and Yu (2006) showed that if A, /n — 0
and /\n/n% — oo for some 0 < ¢ < 1, then

P(sg0(Brasso) = sgn(B8")) = 1 — o(e™).

The Lasso regression forces all the coefficients to be equally penalized even when
87| is large. As a consequence, the Lasso estimator is usually biased and cannot
achieve the oracle property. Zou (2006) proposed the adaptive Lasso by assigning

different weights to different coeflicients
1 p
argﬁmiﬂ o N XB3+ 2D wilByl,
j=1

where w = (wy,...,w,)" is a known weight vector. The insight is that if |3}] is
large, it should be penalized less and if \5j*| is small, it should be penalized more.

Suppose B is a root-n consistent estimator of 3%, one can construct the weight
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vector by w = 1/|B|” with v > 0. In practice, the root-n consistent estimator
can be obtained from the ordinary least squares estimator. The adaptive lasso
is given by

estimator 3,4,

- 1 —~
Buan = argmin oo{ly - XBI3+ A @8-
j=1
With a proper choice of A, the adaptive lasso estimator enjoys the following (weak)

oracle property. Suppose that A/y/n — 0 and An(~Y/2 — oo, then

~

lim P(A(Bu.) = A") = 1,

n—o0

\/E(Bada,A* - 1821*) - N<0a 0201_11)7

where 3 4. represents the subvector of 3 corresponding to the subset A*. The oracle
property implies that the estimating procedure can estimate the zero coefficients as
exact zero with probability approaching one, and estimate the nonzero coefficients
as efficiently as if the true sparsity pattern is known in advance. The adaptive
Lasso is essentially a convex optimization with L; penalty and efficient algorithms
for solving the Lasso can be used to compute the adaptive Lasso estimator.
Theoretical properties of Lasso estimator in the high-dimensional setting are
studied in Bickel et al. (2009). In order to establish the error bound, Bickel
et al. (2009) imposed the following restricted eigenvalue (RE) assumption. This
assumption plays an important role in the analysis of Lasso estimator with high
dimension. For some integer s such that 1 < s < p and a positive number ¢, the

design matrix X satisfies RE(s, ¢o) condition if

- Xl

n ————— = k(s,cy) > 0. 2.3
JC{LphlJI<s 670,18 scll1<cod sl /T ][0 5|2 (5, ¢0) (2:3)

This condition is known to be relatively mild on the design matrix for high-
dimensional data and is much weaker than the irrepresentable condition. Let
condition RE(s, 3) be satisfied and standardize the X such that all the diagonal
elements of the matrix XX /n be equal to 1. Let A\ = Ac+/logp/n with A > 2/2,
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then with probability at least 1 — p*~4"/%, we have
~ 16 A logp
— 8, <
||/8Lasso /6 Hl = /4,(8,3)0_8 n

Dantzig selector proposed by Candes and Tao (2007) is also very popular when
p > n. The Dantzig estimator is defined as the solution to the following problem

min 8], -

subject to | X (y — XB)[|oe < A.

Clearly, the Dantzig selector can be efficiently solved by linear programming. If
assumption RE(s, 1) is satisfied and choose A = Acy/logp/n for some A > /2,

1-A2/2

then with probability at least 1 — p , we have

A " 8A /log p
HﬁDantzig _IB ”l < /1(8, 1)08 o

The Dantzig selector is closely related to the Lasso estimator and has similar

performance to the Lasso estimator under the sparsity scenario (Bickel et al. 2009).

2.1.3 Variable selection with nonconvex penalty

The Lasso estimator is usually biased, which motivates researchers to use other
type of penalty. Fan and Li (2001) argued that a good penalty function should

result in an estimator with the following three properties:

1. Unbiasedness: The resulting estimator is nearly unbiased when the true

unknown parameter is large to avoid unnecessary modeling bias.

2. Sparsity: The resulting estimator is a thresholding rule, which sets small

estimated coefficients to zero to reduce model complexity.

3. Continuity: The resulting estimator is continuous in data to avoid instability

in model prediction.

Note that none of the L, penalty px(|t|]) = A|t|? satisfy all the three properties.
When ¢ < 1, the resulting estimator is not continuous in data. When ¢ > 1, it
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does not produce a sparse solution. When ¢ = 1, the resulting estimator is usually
biased. Fan and Li (2001) proposed the Smoothly Clipped Absolute Deviation
(SCAD) penalty that satisfies all the three properties. The first derivative of the
SCAD penalty is given by

pheanath = {1 <3+ 2= > 0}, e

for some a > 2, where I(-) is the indicator function and a; = al(a > 0) is the

positive part of a. Consider the penalized least squares with the SCAD penalty

~ 1 P
= in —||y — X3||? ). 2.6
Bscap argImn o ly = XBl5+ D pscana(lB;) (2.6)

j=1

Fan and Li (2001) proved that the SCAD estimator BSC AD 1S root-n consistent and
has the oracle property when p is fixed. More specifically, if max{pgqap A(|5]]) :
B # 0} — 0, then

1Bscan — B3 = 0p(n12 + a,),

where pgoap 5 (+) is the second derivative of pscapa(+) and a, = max{pgseap A (|57]) :
5]* # 0}. Further assume

lim inf lim inf pscapa(¢)/A > 0,
A — 0 and y/n\ — oo as n — oo, then with probability approaching to 1, the
SCAD estimator enjoys the oracle property.

The nonconvex SCAD penalty brings extra computational burden since we need
to solve a nonconvex optimization problem. Fan and Li (2001) proposed a unified
algorithm using local quadratic approximation (LQA) to solve (2.6). The idea is to
approximate the penalty function py(-) by its second order Taylor expansion. If ;o

is close to j3;, then

pa(18,1) % pr(1B0l) + 5 (h (85010} (5 — ).

By the local quadratic approximation, the SCAD estimator can be obtained by

solving a quadratic programming. Instead of using the second order Taylor ex-
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pansion, Zou and Li (2008) proposed anther algorithm which approximates the
penalty function by its first order Taylor expansion. This algorithm is known as the
local linear approximation (LLA) algorithm. If 8 is close to (3;, then the penalty

function can be approximated by

pa(18;1) = pa(IBjol) + pA(1B501) (1851 — Bjol)-

The LLA algorithm is distinguished from the LQA algorithm in that the final
estimates naturally adopt a sparse representation. The LLA algorithm inherits the
good features of Lasso in terms of computational efficiency and can be solved by
efficient algorithms. In particular, Zou and Li (2008) proposed the one-step LLA
estimator and showed that this one-step LLA estimator enjoys the oracle property.
Let the initial estimate B8*) be ordinary least squares estimator. Then the one-step
LLA estimator is obtained by

1 p
B = argmin —ly — X8I+ >_rA(16” Il

J=1

Similar to the SCAD penalty, the minimax concave penalty (MCP) function is
defined as

Pucp([t]) = a™ (aX — [¢])+, (2.7)

for some a > 0. Zhang (2010) showed that the resulting MCP estimator is sign
consistent with high probability without assuming the irrepresentable condition
and attains the minimax rate. The penalized linear unbiased selection (PLUS)
algorithm was introduced in Zhang (2010) to obtain the MCP estimator. Fan, Xue
and Zou (2014) systematically studied the family of folded concave penalty function

pa(t) under a general framework. The p,(t) satisfies the following conditions
(1) pa(t) is increasing and concave in ¢ € [0, 00) with py(0) = 0;
(2) pa(t) is differentiable in ¢ € (0, 00) with p)(0) := py(0+) > a1 A;
(3) pi(t) > a1\ for t € (0, az\];
(4) p\(t) =0 for t € [a), 00) with a > ax,

where a, aq, as are fixed positive constants. The folded concave penalty includes
the SCAD and the MCP. Fan, Xue and Zou (2014) considered a general problem
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taking the following form,
P
min (8) + > pa(I8;1), (2:8)
j=1

where £,,(3) is a convex loss function and p,(-) is a folded concave penalty. Define

the oracle estimator as we know the true support set A* in advance,

~(0) ~(0) :
B = (B4, 0) =argmin {,(8).
ﬁ,ﬁA*c:O
For example, the oracle estimator in the linear regression setting with £, (8) =
>|ly — X3 is characterized by (,/B\EZZ, 0) with

(0 _
B = (X3 X)Xy,

where X 4+ consists of the columns from X indexed by A*. Fan, Xue and Zou
(2014) proved that the LLA estimator has the strong oracle property, that is the
LLA estimator equals the oracle estimator with high probability. Wang et al. (2013)
proposed the ConCave Convex Procedure (CCCP) algorithm to solve the penalized
linear squares with nonconvex penalty. The idea is based on the observation
that nonconvex penalties such as the SCAD and the MCP can be written as the
difference of two convex functions, or equivalently, the sum of one convex function
and one concave function. Let p,(|8]) be a nonconvex penalty and suppose it has

the following decomposition,

pa(181) = JA(181) + AlB,

where Jy(|3]) is a differentiable concave function. For example, for the SCAD,

2 _ A )\2
1o = - 52 < 151 < o
a 2y2
# (55 - ) 11> o),
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For the MCP,

(1B = 210 < (8] < a) + (aX*/2— FDI(] > ).

Then the penalized least squares in (2.1) can be written as
1 p p
%lly—XﬁﬂngZJA(WjD+>\Z|5j|- (2.9)
j=1 j=1

The concave function Jy(|3|) can be approximated by its tight convex upper bound.

Given a current estimator %), the tight convex upper bound of (2.9) is given by
QBIBY,\) = —||y XBl3 + ngn N I1871)8; + AZ 5, (2.10)

where J} is the derivative of J,. We update the current solution by
B = arg min Q(B|B", A).
B

The CCCP algorithm has the descent property, that is, the objective function
decreases after each iteration. Starting with the initial value B9 = 0, the calibrated

algorithm in Wang et al. (2013) consists of the following two steps:

Step 1. Let B(l)( A) = arg ming Q(B|BY, 7)) for some 7 > 0.

Step 2. Let B()) = arg ming Q(m[a“)(A),TA).

In step 1, a smaller tuning parameter 7\ is adopted to increase the estimation
accuracy. In practice, one can set 7 = A or 7 = 1/logn. Assume design matrix X

satisfies
X6 ]|2

min —_— =
avelli<3ldaslls v/nl[6.4x 2
7 =0(1), A = o(min{|3;] : j € A*}) and 755 = o(1),then for all n sufficiently

large

> 0,
50,

P(BN) = B7) > 1 — spexp{—nr2A?/(80%)}.
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Further assume nt?\? — oo and logp = o(n72)\?), then

P(B() = 8"

) — 1 asn— oo.

To select the tuning parameter A\, Wang et al. (2013) extended the BIC criterion to
the high-dimensional setting. For a given A, the high-dimensional BIC criterion
(HBIC) is defined by

1
HBIC(\) = log(62) + dfy 187
n

where df) = ||B()\)||0, the number of non-zero elements in B()\) and 73 = n 'SSE,
with SSE, = ||y — XB(A)H%, C,, is a sequence of numbers that diverges to oo, e.g.
C,, = loglogn. The tuning parameter is selected by

o~

A = arg min HBIC()).
A

Wang et al. (2013) proved that the resulting estimator selected by HBIC can recover
the true support with probability approaching to 1. Loh and Wainwright (2015)
studied the statistical properties of regularized M-estimators in which they allow
both the loss function and penalty to be nonconvex. In particular, the regularized

M-estimator is of the following form

B e argmin (,(8)+ > pa(lBi)), (2.11)
j=1

9(B)<R,BeQ

where ¢(-) is a convex function satisfying the lower bound ¢(3) > ||8||; for all
B3 € RP, R > 0 is a tuning parameter such that 8* is a feasible point and (2 is some
convex set containing 3*. In settings where such a constraint 2 is extraneous, one

can simply set 2 = RP. The penalty function p,(-) satisfies the following conditions:
(1) pa(0) =0 and is symmetric around zero.
(2) pa(t) is nondecreasing on the nonnegative real line.
(3) For t > 0, the function p,(t)/t is nonincreasing in ¢.

(4) pa(t) is differentiable for ¢ # 0 and lim; o+ p)(t) = AL.

18



(5) There exists p > 0 such that py,(t) := pa(t) + 5¢* is convex.

It is easy to see the standard L; penalty, the SCAD and the MCP satisfy all
these conditions. Loh and Wainwright (2015) requires the loss function /,, to be
differentiable, but does not require it to be convex. Instead, they impose a weaker
condition known as the restricted strong convexity (RSC), which involves a lower
bound on the remainder in the first order expansion of ¢,. In particular, they

assume

1
arl|All; - =2 AR, Al <1

(V0,(B"+ A) = VI,(8),A) > o
al|Allz — T2/ EE||All,  [[A]l2 > 1,

(2.12)

where the ;s are strictly positive constants and the 7;’s are nonnegative constants.
Suppose that ﬁ satisfies the first order necessary conditions to be a local minimum

of the program (2.11)
(V0,(8) + Vpa(B), B — B) >0, for all feasible 8 € R”. (2.13)

When B lies in the interior of the constraint set, this condition reduces to the usual

zero-subgradient condition

~ -~

Vi, (8) + Vpa(B) = 0.

Suppose the loss function ¢, satisfies the RSC condition (2.12) with 24 < oy and

consider any choice of A\ such that

4 . log p Qo
_ . — A A<
7 maX{HVEn(B M| oos 2 " } <\ < CRL’

and suppose n > 16 R?> max{7Z, 7} log p/a3. Then any vector B satisfying the first

order necessary conditions (2.13) has the following error bounds

6AL\/5

~ 24)\Ls
d — 3, <
e and B <

. s
1B -8 < e
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2.2 High-dimensional mean vector test

2.2.1 An overview

One-sample mean vector test or two-sample testing on the equality of two means is
a fundamental problem in high-dimensional statistics. These tests are commonly
encountered in genome-wide association studies. For instance, Chen and Qin (2010)
performed a hypothesis testing to identify sets of genes which are significant with
respect to certain treatments in a genetics research. Xu et al. (2016) applied
various tests to the bipolar disorder dataset from a genome-wide association study
collected by Consortium (2007) in which one would like to test whether there is
any association between a disease and a large number of genetic variants. In these
applications, the dimension of the data p is often much larger than the sample size
n. Traditional methods such as Hotelling’s T2 test (Hotelling 1931) either cannot
be directly applied or have low power against the alternative.

Consider a size n random sample X1, ...,x, from a p-dimensional population x
with finite mean g and positive definite covariance matrix 3. Of interest is to test

the following hypothesis

Hy:p=p, versus Hy:p# py, (2.14)

for some known vector p,. This problem is typically referred to as the one-sample
hypothesis testing problem in multivariate analysis and has been extensively studied
when p < n and p is fixed. Without loss of generality, we assume p, = 0 and the

one-sample problem (2.14) becomes
Hy:p=0 versus H;:p#0. (2.15)

In most of the cases, the test statistic constructed for one-sample problem can be
easily extended to two-sample problem and the theoretical results hold as well. For
this reason, we only focus on the one-sample problem (2.15) and assume g, = 0 in
this section.

Let x and S be the sample mean vector and the sample covariance matrix
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respectively,
n

x:%in, S=— Y i —%)x - (2.16)

n—14%
=1

The Hotelling’s T statistic for problem (2.14) is given by 72 = nx'S™'x. Assume

that xi,...,x, are normally distributed, under H,, we have
n—p PP

where F),,,_, is the I distribution with degrees of freedom p and n — p. For the one
sample problem (2.15), the Hotelling’s T2 test is equivalent to the likelihood ratio
test. The Hotelling’s T requires that the sample covariance matrix S is invertible
and cannot be directly used in high-dimensional setting where p > n. Despite the
singularity of S, it has been observed that the power of the Hotelling’s 72 test
can be adversely affected even when p < n, if S is nearly singular; see Bai and
Saranadasa (1996) and Pan and Zhou (2011).

Several one-sample tests for high-dimensional data have been proposed recently.
These tests can be roughly categorized into three types. The first type is based on
the sum-of-squares of the sample mean and can be regarded as modified versions
of the Hotelling’s T test. Since the sample covariance matrix S is not invertible,
these tests replace S by the identity matrix I or some other diagonal matrix leading
to a sum-of-squares test statistic. The second type is based on the maximum of a
sequence of tests. The third type is the projection test. The idea is to project the
high-dimensional vector x; onto a low-dimensional space and then we can apply the
traditional methods such as Hotelling’s 7 to perform the test. These types of tests
are powerful only against certain alternatives. For example, if the true mean p is
dense in the sense that there is a large proportion of small to moderate nonzero
components, then sum-of-squares type test is more powerful. In contrast, if the true
mean g is sparse in the sense that there are only a few nonzero components in p,
then the maximum-type test is more powerful. In practice, since the true alternative
hypothesis is unknown, it is unclear how to choose a powerful test. Furthermore,
there are intermediate situations in which none of these tests is powerful (Xu et al.
2016). Some recent work showed that the sum-of-squares-type test statistic and the
maximum-type test statistic are asymptoticly independent and hence combined the
two test statistics to boost the power, see Li and Xue (2015) and Li et al. (2018).
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2.2.2 Sum-of-squares-type Test

When p > n, the sample covariance matrix S is not invertible. To deal with the
singularity issue, one simple way is ignoring the dependence among the p variables
and replacing S by the identity matrix I.

Without assuming that data comes from normal distribution, Bai and Saranadasa
(1996) studied the hypothesis testing under a factor-like model structure. Let x be
a random vector from the factor-like model with mean g and covariance matrix
33, then x can be written as x = p + Pz, where P is a p x m matrix for some
m > p such that PPT =X, and z = (Z),...,Z,,)" consisting of m independent
and identically distributed random variables satisfying E(Z;) = 0, Var(Z;) = 1,
and E(Z;-‘) =my < oo, for 7 = 1,...,m. This factor-like model is also known as
independent component model. Bai and Saranadasa (1996) proposed a test for the
two-sample problem under the factor-like model and Srivastava (2009) studied its

one-sample version. The test statistic for one-sample problem is defined as
Tps = X' X — trS/n.

The test statistic Tzg can be regarded as unscaled distance X' x with offset trS /n.
If z satisfies that E(H;n:1 Z;j) equals 0 when there is at least one v, = 1 and
equals 1 when there are two v;’s equal 2, whenever Z;’;l v;j =4, p/n—c¢>0and
Amax(2) = o(VtrE?), then under the local alternative p” £~y = o(trS?/n),

n(n — 1)Var(Tgs) — 2tr(X?).

Under Hy, Tgs has mean 0. Therefore, the asymptotic null distribution is

Tps
V2tr(2%)/(n(n — 1))

— N(0,1).

The power function under local alternative that p" X 'u = o(trX?/n) is

n|| 3 )
(1) = ® =20 + B2 )
Pos (1) ( Vortrs?

where ®(-) is the cdf of standard normal distribution. Bai and Saranadasa (1996)
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also gave a consistent estimator of tr(X?),

e (n—1)?
") = D

(trS? — (trS)?/n).

Inspired by the observation that both the term Y 1 | x/x; in calculating X' x
and the term trS impose a restricted condition that p and n should be of the same
order, Chen and Qin (2010) proposed the following test statistic in which the term

x; x; is removed,

TCQ = ZX X
z;é]
Chen and Qin (2010) showed that if tr(2%) = o(tr?(2?)) and E(I]{_, Z*) =
i E(Z;*) for a positive integer ¢ such that b oy <8andly #,...,# 1, then
under the local alternative that p' X'y = o(tr2?/n), we have n(n— 1)Var(TCQ) —
2tr(X?). Under Hy, Teq has mean 0. Therefore, the asymptotic null distribution is

TCQ

V2tr(2%)/(n(n — 1))

and the power function is

— N(0,1),

o n||m|%).
5TCQ<I"’) ( 2 +\/ﬁ

Note that Tss and Tg share the same asymptotic distribution and power function.

In fact, we can show Tpg and T take exactly the same form
Tps =X'x — trS/n

n 1 -
= )‘(T)_(——g XZTX,'
n—1 nn—l ,

1 n
n—l (Zx x]—i—Zx xl> _W;XZXi

7]

1
T ok = T
i#]

The order of n and p is not explicatly controlled in Trq. Instead, tr(X*) = o(tr?(%?))
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is used to control the growth of p. The estimator for trX? is adapted from Bai and
Saranadasa (1996) by excluding the term Y7 | x,x;,

32 — i <Z;'l7ék(xj — X(j,0))%] (Xk — ’_‘07’“))’(2)
Sl n(n—1) ’

where X(; 1) is the sample mean after excluding x; and x;. Though Tsg and Teq
have exactly the same form, the estimators of variance for Tps and T¢( are slightly
different when performing the test.

Tpg and T are not invariant under different scales. To get rid of the unit
effect, Srivastava and Du (2008) and Srivastava (2009) constructed test statistics by
replacing S with diagonal matrix D, where D = diag(S), a diagonal matrix with
elements being the diagonal elements of S. The test statistic in Srivastava and Du

(2008) is defined as
Tsp =nx D'k — (n—1)p/(n — 3).

Assume that n = O(p®) for some £ < ¢ < 1, 0 < lim, o trR{/p < oo for
i = 1,2,3,4 and lim,_,, max;<j<, A;/\/p = 0 where Ry = D;/zED;/Q with
eigenvalues Ay < --- < A, and Dy is the diagonal matrix with diagonal elements

from the covariance matrix 3. Under Hy and normality assumption, we have

Tsp

V2R 20 - D)ens N0, D),

where R = D~Y/2SD~!/2 is the sample correlation matrix and ¢, , is an adjustment
coefficient that approaches 1 in probability as n and p tend to co. The adjustment
coefficient ¢, , is needed to improve the convergence of Tsp. The authors suggest
using

Cnp = 1+ tr(R?) /p*2.

Under local alternative that g = (n(n — 1))~'/28, where 6 is a constant vector, if
for any p, 5TD§16 is bounded by a constant that does not depend on p, then the

asymptotic power function S, is

np D3
/BTSD(IJ’) =9 (_Za + u .

V2trR3
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Srivastava (2009) removed the the adjustment coefficient ¢, , and normality as-
sumption in Srivastava and Du (2008). Under the same conditions except that ¢ is
relaxed to 0 < ¢ < 1, Srivastava (2009) showed that Var(Tsp) — 2trR2. Therefore,

under Hy
Tsp

V/2trRE
A consistent estimator of trRZ is trR? — p?/(n — 1). The condition 3 < ¢ <1 in

Srivastava and Du (2008) guarantees that the adjustment coefficient converge to 1.

— N(0,1).

Since adjustment coefficient is removed in Srivastava (2009) and thus the condition
can be relaxed to 0 < ¢ < 1.

2.2.3 Maximum-type Test

If the null hypothesis Hy : g # 0 is rejected, then there is at least one element
in p is not 0. Intuitively, one can construct a test for each of the p variables and
hopefully at least one of the p tests is rejected if the alternative is true. Based on
this observation, the maximum value of the p individual tests can be used as the
test statistic. This type of tests is particularly powerful against sparse alternatives.
Cai et al. (2014) introduced a test that is based on a linear transformation of
the data by the precision matrix £ = X' which incorporates the correlations
among the variables. Given that the precision matrix Q = (w;;),x, is known, the

test statistic is defined as 2
Terx =n max —=. (2.17)

1<j<p Wj;
Assume that € is sparse, Cai et al. (2014) used the CLIME estimator (Cai et al.
2011) to estimate €. Let Q; = (@};)pxp be a solution to the following optimization

problem
min ||Q2||; subjection to [|[SQ — I, < Ay,

where [|Qly = >0, >0 [wisls [|Qlee = maxi<i j<p |wigl, and A, = C/logp/n for
some sufficiently large constant C'. In practice, \,, can be chosen by cross validation,
see Cai et al. (2011) for more details. To ensure that the resulting estimator of the
precision matrix is symmetric, the final estimator of €2 is defined to be Q= (@i )pp
where

"A‘}ij = c/Dji = Ailjl{|@i1j| < @;u} +@J1zl{|&)\z1]| > |@]11|}

25



This estimator € is called the CLIME estimator and can be implemented by
linear programming. In practice, wj; in (2.17) is replaced by @w;;. Let D, =
diag(o11, ..., 0pp) and D, = diag(wi1, . .., wpy,), where 0;; and w;; are the diagonal
entries of ¥ and € respectively. The correlation matrix of x is T' = (7i5)pxp =
D,'’D,"* and the correlation matrix of Qx is R = (r;;),xp = Do/ 2QDS ",
To obtain the limiting distribution under Hy, Cai et al. (2014) imposed the following

conditions
(C1) ¢! < Apin(B) < Anax(E) < ¢ for some constant c.
(C2) maxi<; j<p |75 < r2 for some constant 0 < 7y < 1.

Suppose conditions (C1) and (C2) hold under Hy, Cai et al. (2014) showed that for
every r € R,

1
P(Torx —2logp + 2loglogp < ) — exp <—— exp(—g)) as p — oco. (2.18)

N

The right hand side in (2.18) is known as the type I extreme value distribution or

Gumbel distribution. Therefore, the null hypothesis is rejected at level o when

Terx > 2logp — 2loglogp + qa,

where ¢, is the 1 — a quantile of the type I extreme value distribution, i.e.,

Go = —log(7) — 2loglog(1 — a) .
Chen et al. (2014) proposed a test which removes components that are estimated
to be zero via thresholding. The motivation is that zero components are expected
to contribute little to the squared sample mean and those smaller than a given

threshold can be ignored. The test statistic with index s is defined as

P [ nX? nX?
TCLZ(S) = Z{ O-“J — 1} [{ 0-”] > >\p<8)} ,

j=1

where the threshold level is set to be A,(s) = 2slogp for some s € (0,1). If
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log p = o(n'/?), Chen et al. (2014) showed that for any s € (0, 1),
0c12(8)(Torz(s) — perz(s)) — N(0,1),

where pcorz(s) and 02, ,(s) are the expectation and variance of Trz(s). Therefore,

an asymptotic level « test rejects Hy if

Terz(s) > 2a0c120(8) + Hernzo(s),

where ocrz0(s) and ficrzo(s) are the estimators of ocrz(s) and perz(s) under
Hy, and z, is the upper o quantile of N(0,1). Chen et al. (2014) further proposed
the multi-level thresholding statistic, which is defined as

Terz = GT(I&E%X ){TCLZ(S) — lienzo(s)}/crnzo(s),
s L=

for some n € (0,1). The asymptotic null distribution of Trrz is the Gumbel
distribution. Under Hy,

P{a(logp)Tecrz — b(logp,n) <z} — exp{—e "},

where a(y) = (2logy)Y/? and b(y,n) = 2logy + loglogy/2 — log(v/7/(1 — 1n)).
Therefore, the multi-level thresholding test of asymptotic level a rejects Hy if

Terz > (ga + b(logy,n))/a(logp),

where ¢, is the upper a quantile of the Gumbel distribution. Due to the slow
convergence to the asymptotic null distribution, Chen et al. (2014) proposed to use

the parametric bootstrap to compute its p-value.

2.2.4 Projecton test

The idea of projection test is to project the high-dimensional vector x; onto a
space of low dimension and then traditional methods such as t-test or Hotelling’s
T? can be applied. Let P be a p x k matrix with k¥ < n and we can project the
p-dimensional vector x; to a k-dimensional space by left-multiplying the matrix

PT. More specifically, define y; = PTx;,i = 1,...,n, and thus yi,...,y, € R¥ are
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independent and identically distributed with mean P"p and covariance matrix
P"XP. The Hotelling’s T3 after projection is defined to be

T2 =nx P(PTSP) 'P'x,

which is equivalent to the Hotelling’s T2 test based on yi,...,yn.

Several methods have been proposed to determine the projection matrix P.
Lauter (1996) considered a test using the linear score z = (Zy,...,Z,)" = Xd,
where d is a p x 1 projection vector depending on X only through X"X and d # 0
with probability 1. Then one can perform the one-sample t-test based on 71, ..., Z,.
Lauter (1996) also proposed two different ways to obtain the projection vector d.

For example, d can take the form of
d = (diag(X'X))7"/?,

or be the eigenvector corresponding to the largest eigenvalue A.. for the following

eigenvalue problem
(XTX)d = diag(X " X)dApax-

Lopes et al. (2011) proposed a random projection test where the entries in P are
randomly drawn from the standard normal distribution. This random projection
test is an exact test if x;’s are normally distributed. Instead of using random
projection, Li et al. (2015) proposed a projection test using the optimal projection
direction. Li et al. (2015) showed that the optimal choice of k in P is 1 and the
optimal projection direction is @ = 3~ ' in the sense that the power of the test

T2 is maximized. Let y; = 0'x;,i=1,....n. The projection test statistic is
T2 =nx'6(0720)7'0 %,

which follows Fj ,_; distribution under Hy. It is equivalent to a one-sample ¢ test
based on yi, ..., y,. In order to control the type I error, Li et al. (2015) proposed a
data-splitting strategy to estimate the optimal direction and obtained an exact ¢-
test. They partition the random sample into two separate sets: D; = {x1,...,Xp, }
and Dy = {X,,41,...,X,}. They use D; to estimate the direction § = X' and
use Dy to construct the test statistic 72. To estimate 6, they proposed a ridge-type

estimator @ = (S + AD;)'x;, where %; and f]l are the sample mean vector and
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A~

the sample covariance matrix computed from D; and D; = diag(X;). The test
statistic Tg is constructed using aTme, . ,5Txn. Li et al. (2015) also derived
the asymptotic power function of the projection test Tg under the assumption
that 8 — @ in probability. However, there is no guarantee that the ridge-type
estimator is consistent. In order to obtain a better estimation of @, we assume the
optimal projection direction is sparse. Under the sparsity assumption, we estimate
0 using regularized quadratic programming and it can be shown that the resulting

estimator 1s consistent.

2.3 Feature screening of high-dimensional data

2.3.1 An overview

With the advent of modern technology for data collection, ultra-high dimensional
datasets are widely encountered in machine learning, statistics, genomics, medicine,
finance, marketing, etc. The ultra-high dimensionality causes challenges in both
computation and methodology. Scalability is the major challenge to ultra-high di-
mensional data analysis. Other issues such as high collinearity, spurious correlation,
and noise accumulation (Fan and Lv 2008, 2010) bring in additional challenges.
Therefore, variable selection and feature screening have been a fundamental prob-
lem in the analysis of ultra-high dimensional data. Over the past two decades, a
large amount of variable selection approaches based on regularized M-estimation
have been developed. These approaches include the Lasso (Tibshirani 1996), the
SCAD (Fan and Li 2001), the Dantzig selector (Candes and Tao 2007), and the
MCP (Zhang 2010), among others. However, these regularization methods may not
perform well for ultra-high dimensional data due to the simultaneous challenges of
computational expediency, statistical accuracy, and algorithmic stability (Fan et al.
2009). To improve the performance of regularized methods, a two stage approach
can be applied. In the first stage, we reduce the number of features from a very
large scale to a moderate size in a computationally fast way. In the second stage, we
further implement refined variable selection algorithms such as regularized methods
to the selected features from the first stage. Ideally, we select all the important
features and may allow a few unimportant features entering model in the first stage.

The first stage is referred to as the feature screening stage. We only focus on the
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feature screening stage in this chapter.

Suppose we have p features Xi,..., X, in the feature space and denote the
index set of true important variables by M,. The definition of M, may vary
across different models. For example, in a parametric model associated with true
parameters 3* = (8f,...,85)", M, is typically defined to be

M, ={1<j<p:pB #0}.

Our goal in the feature screening stage is to select a submodel M c {1,...,p}
such that M, C M with high probability. This is referred to as the sure screening
property. The sure screening property ensures that all the important features are
included in the selected submodel with probability approaching to 1 as the sample
size goes to infinity.

The most common feature screening method is the marginal screening, which
uses the marginal utility of individual feature to rank the importance of all features.
More specifically, the marginal feature screening procedure assigns an index, say
Wj, to each of features X;. This index &; measures the dependence between the
jth feature and the response variable. Then we can rank all features according to
the index and include the top important features in the submodel. For example, in
the setting of linear regression, the index @, is chosen to be the absolute value of
marginal Pearson correlation between the jth feature and the response (Fan and
Lv 2008). Features with larger values of ; are more relevant to the response and
thus have higher rankings. We rank all the features according to &; and include

the top d,, features in the submodel,
M\dn = {1 < j <p:; is among the top d, ones},

where d,, is some pre-specified threshold. Note that the marginal feature screening
procedure only uses the information of jth feature and the response without looking
at all other features and thus it can be carried out in a very efficient way. A
large amount of literature have studied the the sure screening property of various
marginal feature screening methods, see Fan and Lv (2008), Fan et al. (2009, 2011),
Li et al. (2012) and Fan, Ma and Dai (2014).

As pointed out in Fan and Lv (2008), the marginal feature screening procedure

may suffer from the following two issues:
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1. Some unimportant features that are highly correlated with important features
can have higher rankings than other important features that are relatively

weakly related to the response.

2. An important feature that is marginally independent but jointly dependent

on the response tends to have lower ranking.

The first issue says that the marginal feature screening has the chance to include
some unimportant features in the submodel. This is not too bad from a feature
screening’s perspective. The second issue is a bigger issue, which says that the
marginal feature screening may fail to include the important feature if it is marginally
independent of the response. It is well known that absence of any important feature
would lead to a biased estimation. To overcome the two aforementioned issues, one
can use an iterative feature screening procedure, which iteratively carries out the
marginal screening procedure. This iterative procedure was first introduced by Fan
and Lv (2008) and can be viewed as an extension of the marginal feature screening.
At the kth iteration, we apply marginal feature screening to the features survived
from the previous step. Let M\k be the selected index set of important variables at
the kth iteration and the final selected index set of important variables is given by
M=M 1 U M\Q U ..., the union of all selected index sets. For example, Fan and
Lv (2008) used the residual as the new response and iteratively applied marginal
feature screening based on Pearson correlation, where the residual is obtained from
the linear regression with features selected from the previous step. The iterative
feature screening can significantly improve the simple marginal screening, but it
can also be much more computationally expensive. Another approach to improve
the marginal screening is the sure joint screening, which utilizes all the features.
The joint screening approach approximates the objective function by its Taylor’s
expansion (Xu and Chen 2014, Yang et al. 2016) such that the optimization problem
can be solved in a fast manner. In many examples, one can obtain a closed form

for each update.

2.3.2 Linear model and generalized linear model
Let us consider the linear regression model,
y =0 +x B+e, (2.19)
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where f3 is the intercept, 3 = (81,...,3,)" is a p-dimensional regression coefficient
vector, and € is the error term. In the ultra-high dimensional setting, the true
regression coefficient vector 8% = (57, .. ., 5;)T is assumed to be sparse, meaning

most of the coefficients 57 are 0. The index set of the true model is defined as

The features with indices in the support M, are called important features. To
select the important features, Fan and Lv (2008) suggested ranking all features
according to the marginal Pearson correlation coefficient between each feature and
the response and select the top features which have strong correlation with the
response. For a pre-specified value v,(0 < v, < 1), the index set of selected features

is given by
M\Vn = {1 < j < p:|corr(x(j),y)| is among the top |v,n] largest ones},

where x(;) is the jth column of X, corr denotes the sample Pearson correlation, and
| vnn ] is the integer part of v,,n. This procedure achieves the goal of feature screening
since it reduces the ultra-high dimensionality down to a relatively moderate scale
|vpn]. This procedure is referred to as the sure independence screening (SIS).
Then appropriate regularized methods such as the Lasso, the SCAD and the
Dantzig selector can be further applied to the selected important features. This
feature screening procedure is based on Pearson correlation and can be carried
out in a extremely simple way at very low computational cost. In addition to the
computational advantage, Fan and Lv (2008) also showed that under fairly general
conditions, the SIS has the sure screening property. It can reduce from exponentially
growing dimension p down to a relatively small scale d,, = |v,n] = O(n'~%) < n,
while include all important features in the submodel with high probability. In
practice, one can set d,, = |n/logn]| or n — 1 as discussed in Fan and Lv (2008).
Since marginal Pearson correlation is employed to rank features, the SIS may
suffer from the potential issues with marginal screening. On one hand, the SIS
may fail to select an important feature when it is jointly correlated but marginally
uncorrelated with the response. On the other hand, the SIS tends to select
unimportant features which are jointly uncorrelated but highly marginally correlated

with the response. To address these issues, Fan and Lv (2008) also introduced
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an iterative SIS procedure (ISIS) by iteratively replacing the response with the
residuals obtained from the regression on the selected features survived the previous
step.

A natural extension of the SIS is to apply the feature screening procedure to
the generalized linear model. Assume that the response Y is from an exponential

family with the following canonical form

fy(y;0) = exp{yt — b(0) + c(y)},

for some known functions b(-), ¢(-) and unknown parameter ¢. Consider the

following generalized linear model
E(Y[x) =g (6 +x'B), (2.20)

where ¢(-) is the link function, 3y is a unknown scalar, and B = (3y,...,3,) " is
a p-dimensional unknown vector. The linear regression model (2.19) is a special
case of (2.20) by taking g(u) = p. Without loss of generality, we assume that all
the features are standardized to have mean zero and standard deviation one. Fan
and Song (2010) proposed a feature screening procedure for (2.20) by ranking the
maximum marginal likelihood estimator (MMLE). For each 1 < j < p, the MMLE
B;w is defined as

B)' = (B, BY)T = avemin © 3" U(¥i, o + B Xy), (2:21)
BjoBin TV D)

where ((y,0) = —yb + b(0) — ¢(y) is the negative log-likelihood function. The

minimization problem (2.21) can be rapidly computed and its implementation is

robust since it only involves two parameters. Such a feature screening procedure

ranks features according to their magnitude of marginal regression coefficients. The

set of important features is defined as
My, ={1<j <p: |8 > v},

where v, is some pre-specified threshold. As a result, we dramatically decrease
the dimension from p to a moderate size by choosing v, properly. In the linear

regression setting, the MMLE ranking is equivalent to the marginal correlation
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ranking. However, the MMLE screening does not rely on the normality assumption
and can be more easily to applied to other models (Fan and Song 2010).

Fan et al. (2009) extended SIS and ISIS to a general pseudo-likelihood framework
in which the aim is to find the parameter vector 8 = (fi,...,,)' that minimizes

an objective function of the form

n

Qo B) =~ S (Yo b + B,

i=1
This framework includes a lot of important applications such as

1. Generalized linear model: All generalized linear models, including the
logistic regression and the Poisson log-linear model, fit very naturally into

the framework.

2. Classification: Some common approaches to classification assume the re-
sponse takes values in {—1, 1} also fit the framework. For instance, support
vector machine (Vapnik 2013) uses the hinge loss function ¢(Y;, By + x; 3) =
(1 —Yi(Bo + x; B))+, while the boosting algorithm AdaBoost (Freund and
Schapire 1997) uses £(Y;, By + x; B) = exp{—Yi(f + x; B)}.

3. Robust fitting: Instead of the conventional least squares loss function,
one may prefer a robust loss function such as the ¢; loss £(Y;, By + x; B) =
|Y; — By — x; B| or the Huber loss (Huber 1964), which also fits into the

framework.

Fan et al. (2009) suggested using the marginal utility to rank the features. The
marginal utility of the jth feature X; is quantified by

L= miﬁn n! Zf(ymﬂo + Xi55)-

Bo,B;j Py

The idea is to compute the vector of marginal utilities L = (Ly,...,L,)" and
rank the features according to the marginal utilities: the smaller L; is, the more
important X is. Note that in order to compute L; , we only need to fit a model
with two parameters, 5, and 3;, so computing the vector L can be done very

quickly and stably, even for an ultra-high dimensional problem. The feature X is
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selected if the corresponding utility L; is among the d,, smallest components of L.
Typically, we may take d,, = [n/logn|. When d, is large enough, all important
features would be selected with high probability. Fan et al. (2009) also proposed

an iterative feature screening procedure, which consists of the following steps.

Step 1. Compute the vector of marginal utilities L = (L1, ..., L,)" and select the
set A\l = {1 <j <p:L;is among the first k; smallest ones}. Then apply a
penalized (pseudo)-likelihood, such as the Lasso and the SCAD, to select a
subset M.

Step 2. For each j € {1,... ,p}//\//T, compute

1 n
LY = min  — Z L(Y;, Bo + XZTM\B/Q + Xi8;), (2.22)
Bo.Bi Bz N im1 ’

where x; 7 denotes the sub-vector of x; consisting of those elements in M.
Then select the set

Ay ={je{l,....p}/M: L§2) is among the fist ky smallest ones}.
Step 3. Use penalized likelihood to the features in set MU ./21\2,

~ R
B, = argmin —Zf(Y},ﬁo—l—Xzﬂﬁﬂ—f—Xz&ﬁ,@)‘F Z pa(l851),

I N “ ——
BB, B i e

where p,(+) is some penalty function. The indices of ,/6\2 that are non-zero

yield a new estimated set M.
Step 4. Repeat Step 2 and Step 3 until ]/T/l\l =d,.

Note that L;g) can be interpreted as the additional contribution of feature X;
given the existence of features in M. The optimization problem in Step 2 is a
low-dimensional problem which can be solved easily. An alternative approach of
Step 2 is to substitute the fitted value 3 &1, from the Step 1 into (2.22). Then the
optimization in (2.22) only involves two parameters and is exactly an extension of
Fan and Lv (2008). To this end, let r; = Y; — XZMﬁ i denote the residual from the
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previous step and we choose the square loss function, then
(Y, Bo + XZﬂﬁﬂ + Xi585) = (ri = Bo — B; Xi5)*.

Without explicit definition of residuals, the idea of additional contribution can be

applied to a much more general statistical framework.

2.3.3 Nonparametric regression model

Fan et al. (2011) proposed a nonparametric independence screening (NIS) for

ultra-high dimensional additive model of the following form,
p
Y =Y mi(X;) +e, (2.23)
j=1

where m;(X;) is assumed to have zero mean for identifiability. The index set of

the true important features is defined as
M, ={1<j<p:Em}X;)>0}.

To identify the important features in model (2.23), Fan et al. (2011) considered the

following p marginal nonparametric regression problems

;i E(Y — f;(X;))% (2.24)
where P denotes the joint distribution of (x,Y") and Lo(P) is the family of square
integrable functions under the measure P. The minimizer of (2.24) is f; = E(Y'| X)),
which can be used as a population level marginal utility. With a random sample
{(x;,Y;))},i = 1,...,n, fj(z) can be estimated by a set of B-spline basis. Let
B(z) = (Bi(z),...,Br(z))" be the B-spline basis and 8; = (8;1,...,;.)" be the

corresponding coefficients. Consider the following least squares,

n

Bj = argmin n~*! Z(Y; — B;B(Xij))Q.

B; i—1

Thus f;(x) can be estimated by J?](x) = B;B(x) The index set of selected submodel
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is given by
M, ={1 <5 <p:filln = val,

where || ;]2 = n~t 1, f;(X;)? and v, is some prespecified threshold. This NIS
procedure enjoys the sure screening property. The larger the minimum signal level
or the smaller the number of basis functions, the higher the dimensionality that
the NIS can handle. However, the number of basis functions cannot be too small
since the approximation error would be too large if we only use a small number of
basis functions.

Varying coefficient model is another important nonparametric statistical model
that allows us to examine how the effects of features vary with some exposure

variable. Consider the following varying coefficient model,
p
Y = ZBJ(U)XJ +¢
j=1

where U is some observable exposure variable and the coefficient §;(-) is a smooth

function of variable U. The index set of true important features is defined as
M. ={1<j<p:EB}U)) >0}

with model size s = |M,|. For each feature X;,j7 = 1,...,p, Fan, Ma and Dai

(2014) considered the following marginal regression

min E[(Y — a; — b;X;)?|U]. (2.25)

aj,b;

Let a;(U) and b;(U) be the solution to (2.25). The marginal contribution of X; for

the response can be characterized by
w; = [la;(U) + b (U)X)|I* = llao (V)] (2.26)

where ao(U) = E[Y|U] and || f||* = Ef%. By some algebra, it can be seen that

e[S

The marginal utility w; = 0 if and only if Cov[X;,Y|U] = 0. Given a random
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sample {(x;,Y;,U;)},i = 1,...,n, we can estimate a;(U),b;(U) and aog(U) using
B-spline. Let B(U) = (By(U), ..., B.(U))" be the B-spline basis and consider the

marginal regression problem

(71;,8;) = min ™'Y (Y; = B(U)) 'n,; — B(U;)0,X;)?,

j
M9 i=1

7o = min n~" Z(Yz - B(Uy) 'ny)?,

o i=1

Where 170 = (7’]01, . 7770L)T7 ’I’]j = (7’]j1, . ,T]]‘L)T, and Oj = (le, . ,QjL)T. ThUS
a;(U),b;(U) and ag(U) can be estimated by

a,(U) = B(U)"7;,b;(U) = B(U)"8;, and @(U) = B(U) .
The sample marginal utility for screening is
0 = 1a;(U) + b (U)I; = a5

The submodel is selected by M\Vn ={1<j<p:w >v,}. Instead of using the
marginal utility w; in (2.26) to rank the features, Liu et al. (2014) proposed a
screening procedure based on conditional correlation for varying-coefficient model.
Conditioning on U, the conditional correlation between X; and Y is defined as the

conditional Pearson correlation

cov(X;, Y|U)
eor (%, XK, 0 )eon (Y, YI0)

E[p?(X;,Y|U)] can be used as a population level marginal utility to evaluate the
importance of X; and it can be estimated by the kernel regression (Liu et al. 2014).
The features with high conditional correlations will be included in the selected

submodel.

2.3.4 Model free feature screening

In previous sections, we have discussed model-based feature screening procedures
for ultra-high dimensional data, which require us to specify the underlying true

model structure. However, it is quite challenging to correctly specify the model
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structure on the regression function in high-dimensional modeling. In practice, one
may do not know what model to use until the dimensionality of feature space is
reduced to a moderate size. Therefore, model free feature screening is necessary for
high-dimensional modeling. In this section, we review several model free feature
screening procedures.

Recall that in parametric modeling, the index set of true important features
M, is defined as the indices of nonzero elements in B*. Since we do not assume any
underlying model, there is no such true parameter 8 and thus we need to redefine
the true index set of important features M,. Let Y be the response variable, which
can be univariate or multivariate and let x = (X1,...,X,)" be the p-dimensional

covariate vector. Define the index set of important features as
M, ={1 <j <p: F(y|x) functionally depends on X, for any y € ¥},

where F(y|x) = Pr(Y < y|x) is the conditional distribution function of ¥ given
x and W, is the support of Y. This indicates that conditioning on xaq,, Y is
statistically independent of x ¢, where x4, is a s-dimensional vector consisting of
all X; with j € M,.

Zhu et al. (2011) considered a general model framework under which F(y|x)
depends on x only through BT x,,, where B is a s x K parameter matrix. In other
words, we assume F(y|x) = F(y|B"xu, ). Note that B may not be identifiable.
What is identifiable is the space spanned by the columns of B. However, the
identifiability of B is of no concern here because our primary goal is to identify
important features rather than estimating B. This general framework covers a
wide range of existing models including the linear regression model, the generalized
linear models, the partially linear model (Hardle et al. 2012), the single-index
model (Hardle et al. 1993), and the partially linear single-index model (Carroll
et al. 1997), etc. It also includes the transformation regression model with a general
transformation h(Y").

Zhu et al. (2011) proposed a unified screening procedure for this general frame-
work. Without loss of generality, assume E(X;) = 0 and Var(X;) = 1. Define
Q(y) = E[xF(y|x)]. It then follows by the law of iterated expectations that
Q(y) = EXE(1(Y < y|x))|x] = cov(x,1(Y < y)). Let ©;(y) be the jth element of
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Q(y) and define
wi(y) =EQ(y). j=1,....p.

w; can be regarded as the marginal utility which measures the dependence between
feature X; and the response Y. If X; and Y are independent, so are X; and
1(Y < y). Consequently Q;(y) =0 for all y € ¥,, and w; = 0. On the other hand,
if X; and Y are dependent, then there exists some y € ¥, such that ;(y) # 0, and
hence w; must be positive. Based on this observation, one can employ the sample
estimate of w; to rank the features. Given a random sample {(x;,Y;)},i=1,...,n,
and assume the features are standardized in the sense that n=' > " | X,; = 0 and

n !y X2 =1for all j. A natural estimator for w; is

,__Z{ ZX” Y<Yk)}2.

It is easy to see that @W; = n?/(n —1)(n — 2)w; is the corresponding U-statistic of @,

and we can use W; to select important features. The selected submodel is given by
M, ={1<j<p:@;>u}

Zhu et al. (2011) established the consistency in ranking (CIR) property of their
procedure, which means that &; always ranks important features above unimportant
ones with high probability. This procedure is referred to as the sure independent
ranking screening (SIRS). Provided an ideal cutoff is available, this property would
lead to consistency in selection in the ultra-high dimensional setup. In practice,
one can choose the cutoff value by introducing extra artificial auxiliary variables to
the dataset (Zhu et al. 2011). Lin et al. (2013) proposed an improved version of
the SIRS for a setting where the relationship between the response and individual
feature is symmetric.

Li et al. (2012) proposed a model free feature screening procedure based on the
distance correlation (Székely et al. 2007). Let u € R% and v € R% be two random

vectors. The squared distance covariance is defined as

dcov?(u,v) = S; + Sy — 253,
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where S;,j = 1,2, 3 are defined as

S1 = Efflu = alla, v = vla.},
Sy = Efflu —alla, }E{[lv = v]la,},
S3 = E{E([[u —ull4, [W)E(lv = ¥]la,[v)},

where (@1, v) is an independent copy (u,v). The distance correlation (DC) between

u and v is defined as

dcorr(u,v) = deov(u, v) :
V/deov(u, u)dcov(v, v)

The distance correlation has many appealing properties. For two univariate normal
random variables U and V', the distance correlation dcorr(U, V') is strictly increasing
in |p|, where p is the Pearson correlation between U and V. This property implies
that the DC-based marginal feature screening procedure is equivalent to the SIS in
Fan and Lv (2008) for linear regression if features and errors are normally distributed.
The second appealing property is that dcorr(u,v) = 0 if and only if u and v are
independent (Székely et al. 2007). Note that two univariate random variables U and
V' are independent if and only if U and T'(V'), a strictly monotone transformation
of V', are independent. This implies that a DC-based feature screening procedure
can be more effective than the Pearson correlation based procedure since DC can
capture the nonlinear relationship between U and V. In addition, DC is well-defined
for any random vectors, thus DC-based screening procedure can be directly used
for grouped predictors. These remarkable properties make distance correlation a
good candidate for feature screening.

Given a random sample {(u;,v;)},i = 1,...,n from (u, v), the squared distance

_— 9 ~ ~ —~
covariance between u and v is estimated by dcov (u,v) = 57 + Se — 253, where

1 <
Si= =23 I = wyllavi = il

i=1 j=1

S2=—3 ZZ s = wjfla, ZZ Ivi = jlla,,
=1 j=1 =1 j=1

R 1 n n n

Sy = D3l — willa, 1v; = Villa,.
i=1 j=1 k=1
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and ||al|; stands for the Euclidean norm of a € R?. Similarly, we can define the
sample distance covariances d/ca/(u, u) and dc/o\v(v7 v). Accordingly, the sample

distance correlation between u and v is defined by

—_

— dcov(u, v)

deorr(u, v) = —— — :
\/dcov(u, u)dcov(v, V)

Lety = (Y7,...,Y,)" be the response vector with support ¥,,, and x = (X1,..., X,)"
be the covariate vector. Here we allow the response to be multivariate and assume
q is a fixed number. For each j = 1,...,p, we can calculate the sample distance
correlation (@(Xj,y). Based on the fact that dcorr(X;,y) = 0 if and only if
X; and y are independent, (go\rr(X ;,¥) can be regarded as a marginal utility to
measure the importance of X;. Therefore, the set of important variables is defined

as
M, = {1 <j <p:deor(X;,y) > v}

with v, = en™" for some pre-specified constants ¢ and x. This model free feature
screening procedure is known as DC-SIS, which allows for arbitrary regression
relationship of Y onto x, regardless of whether it is linear or nonlinear. It also
permits univariate and multivariate responses, regardless of whether it is continuous,
discrete, or categorical. This DC-SIS is completely model free and it does not
require a model assumption on the relationship between features and the response.
Since distance correlation is well defined for any random vectors, it can be directly
utilized for screening grouped variables and multivariate responses. An iterative
procedure for DC-SIS was proposed by Zhong and Zhu (2015) to address the issues

of marginal independent learning.
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Chapter 3
Regularized Quadratic Program-
ming and its Applications

In this chapter, we consider the regularized quadratic programming with nonconvex
penalty and linear constraint. This regularized quadratic programming has many
statistical applications including penalized linear regression, linear discriminant
analysis, estimation of precision matrix, etc. We study the theoretical properties of
the resulting estimator of a general regularized quadratic programming. Under the
assumption that the quadratic form satisfies the so-called restricted strong convexity
(RSC) condition, we establish the deterministic L; and Lo error bounds for any
stationary point. Under slightly stronger condition, we also show that the stationary
point is unique and establish the support recovery and L., error bound using the
primal-dual witness (PDW) technique. Furthermore, we consider two applications
of the regularized quadratic programming: (1) estimation of linear functional, (2)
F-type test for regression coefficients and (3) sparse linear discriminant analysis.
To solve the regularized quadratic programming, we propose to use the ADMM
algorithm with local linear approximation. We also propose a BIC-type criteria to

select the regularization parameter.

3.1 Motivation

The work of regularized quadratic programming is motivated by the estimation of
functional of the form 3~ 'n, where ¥ € RP*? is a non-singular matrix and 1 € R?
is a p-dimensional vector. For example, 32 can be the covariance matrix and 7 can

be the mean vector or the difference of two mean vectors. Consider the following
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quadratic programming

1
mﬂin 5@25 —-n'B. (3.1)

Clearly, the solution to (3.1) is 8 = 3 'n. Alternatively, we can reformulate (3.1)

as a quadratic programming with linear equality constraint,
1
mﬁin §5T2ﬁ subject ton' B = 1. (3.2)

The solution to (3.2) is B* = X7'n/(n"="'n). Note that the reformulation (3.2)
rules out n = 0 since B* is not well-defined when nn = 0. With the equality
constraint, the solution 3* is not exactly the same as X~ '7 but proportional to it.
In many statistical applications, such as projection test for mean vector and linear
discriminant analysis, the magnitude of the linear functional is not important, it is
the direction of the functional that matters.

In high-dimensional data setting where p > n, it is well known that consistent
estimators for B cannot be achieved unless additional structural assumptions are
imposed on the model. Following the standard assumption in literature of high-
dimensional statistics, we assume that the linear functional 8* = ¥~ 'n is sparse,
i.e., most of the elements in 8* are 0. To obtain a sparse solution, we consider the

following regularized quadratic programming without linear constraint,
min 58758 0" 5+ PA(8), 3.3
or with linear constraint
mﬁin %,BTE,B + P\(B) subject ton' B =1, (3.4)

where P,(+) is some penalty function we will discuss later. In practice, ¥ and n
are usually unknown and need to be estimated from data. Replacing 3 and n by

their sample counterparts 3 and 7, (3.3) and (3.4) become
N PP -
min 58'38 - 7' B+ PA(B), (3.5)

and
1 -~
mﬁin §ﬂTEB + P,(B) subject to ' B = 1. (3.6)
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Both (3.5) and (3.6) are special cases of the following regularized quadratic pro-

gramming with linear constraints,

min 58TWB — "B+ Py(8),

subject to C3 < b,

(3.7)

where 3 € R? is the p-dimensional unknown parameter of interest, W € RP*? is
a symmetric matrix, q € R? is a p-dimensional vector, C € R"*? is a matrix and
b € R" is a r-dimensional vector. Typically, W, q and C are unknown and can
be estimated from data and b is typically a known constant vector. Note that
(3.7) also includes the cases where no constraint is imposed. Simply set C = 0 and
b =0, (3.7) is reduced to the case without constraint. Besides the estimation of the
functional, the regularized quadratic programming also includes other applications.

We list a few examples here.

Example 3.1: Consider the linear regression model y = X3 + €, where y is the
vector of response and X is the design matrix. The penalized least squares

estimator is given by
1
in —|ly — X85 + PA(8). 3.8
min o fly — XBll> + £(8) (3-8)

We can reformulate the penalized least squares in the form of (3.7) by setting
W = %XTX, q= %XTy7 C =0 and b = 0. Then the penalized least squares

(3.8) becomes

%ngTxg + %(XTy)Tﬁ + PA(B).

Example 3.2: Consider the Gaussian graphical model. Let xi,...,x, be n
independent copies of x ~ N(u,X). Since the conditional independence
among X is characterized by the pattern of the precision matrix 37!, inferring
the component of the unknown precision matrix 7' is often of interest.
Denote the kth column of 7' as 3,, and the estimator of 3, based on the

following column-wise loss function is proposed by Liu and Luo (2012),

By = min 58758 — o[ B+ PA(8), 3.9
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where 3 is the sample covariance matrix and ey is a vector with its k-th
element being 1 and all other elements being 0. The objective function in
(3.9) is a special case of (3.7) with choices of W = Y. q=-e; C=0and
b =0.

3.2 Theoretical results

3.2.1 Notations and assumptions on penalty function

In this chapter, we study the theoretical results for a regularized quadratic program-
ming with nonconvex penalty and linear constraint. Under the assumption that
the quadratic form satisfies the restricted strong convexity (RSC) condition, we
establish the deterministic L; and Ly error bounds for our estimator. Our theory
applies to any stationary point that satisfies the first order necessary condition
to be a local minimum. Under the strict dual feasibility assumption, we also
show that the stationary point is actually unique with the help of the primal-dual
witness technique and establish the support recovery and L., error bound. In
addition, we consider three applications of the regularized quadratic programming:
(1) estimation of linear functional, (2) F-type test for regression coefficients and
(3) sparse linear discriminant analysis. We establish the convergence rate of our
estimator under the sub-Gaussian assumption. Direct computation of the global
solution to the nonconvex optimization problem is quite challenging when p is large.
We propose an ADMM algorithm with local linear approximation (LLA). The
nonconvex penalty function is approximated by it first order expansion and thus
becomes convex. It is guaranteed that the solution converges to a local minimum
and thus the theoretical results hold for the numerical solution. The ADMM algo-
rithm can naturally handle the liner constraint. A BIC-type criteria is developed
to choose the tuning parameter in the penalty function.

We first introduce some notations. For a vector v = (vy,...,v,)", its ab-
solute value is defined to be |v| = (Jvi],...,|v,|)". We use |v]l, (p > 1) to
denote L, norm of the vector v, i.e., [|[v], = (|v1[P+, ..., —|—|vp|p)%; we use ||[v]|e =
max{|v1|,...,|vp|} to denote its infinity norm and ||v|lo = #{j : v; # 0} to denote
its Ly norm, where #S5 denotes the cardinality of the set S. For a p x p matrix
A, let ||All = max{|a;;|,1 <i,57 < p|} and let [|A| 1. = sup|Av|w/||V] be
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the corresponding infinity norm induced from the infinity norm for a vector. As
a result, [|A||L,, = max; Y 7_, |a;;| the maximum absolute row sum of the matrix.
Let a A b denote smaller one of a and b and let a VV b denote the larger one of a and
b. Let B* denote the true parameter of interest and s = #{5; D BF # 0} be the
number of nonzero elements in 3*.

A random variable X is sub-exponential if there exists some constant K > 0 such
that P(|X| > t) < 2exp(—t/K) for all t > 0. A random variable X is sub-Gaussian
if there exists some constant K > 0 such that P(|X| > t) < 2exp(—t*/K?)
for all t > 0. If X is sub-exponential, its sub-exponential norm is defined as
| X[y, = sup,sy p '(E[X[P)VP. If X is sub-Gaussian, its sub-Gaussian norm is
defined as || Xy, = sup,>, p~/*(E|X|?)"/P. Then X is sub-exponential if and only
if || X ||y, < oo and X is sub-Gaussian if and only if ||.X||4, < co. A random vector
x = (Xi,...,X,)" is sub-Gaussian if sup |y, [V %y, = K < oo and its norm is
defined to be ||x||4, = K, which implies each component X; is also sub-Gaussian
with sub-Gaussian norm at most K.

Following Loh and Wainwright (2015), we assume P, (-) satisfies the following

conditions.

(i) P,(0) =0 and P,(t) is symmetric around 0.
(ii) Pa(t) is differentiable for ¢ # 0 and lim; ,o+ P5(t) = .
(iii) Py(t) is a non-decreasing function on ¢ € [0, 00).
(iv) Py(t)/t is a non-increasing function on ¢ € [0, 00).
(v) There exists > 0 such that Py(t) + £¢* is convex.

(vi) There exists a > 0 such that P5(t) = 0 for all t € [a), 00).

Such conditions on Py (t) are relatively mild and are satisfied for a wide variety of
regularizers. Examples include the SCAD (Fan and Li 2001) and the MCP (Zhang
2010). Fan, Xue and Zou (2014) imposed similar conditions on P,(¢) and such
penalties are known as folded concave penalty functions. More specifically, the first
derivative of the SCAD is defined by

P = {re < 2+ 21D 1> )
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for some a > 2, where I(-) is the indicator function and b, stands for the positive
part of b, that is by = bI(b > 0). It is recommended to use a = 3.7 by Fan and Li
(2001). The first derivative of the MCP is defined by

P([t]) = a™ (aA = [t)+ a>0.

The standard L; penalty is not in this family of regularizers since it only satisfies
conditions (i)-(v). The L,(0 < ¢ < 1) bridge penalty (Frank and Friedman 1993) is
excluded by condition (ii) since its derivative at 0 is unbounded. The capped-L;
penalty is also excluded because it has points of non-differentiability on the positive
real line. Condition (v) is known as weak convexity and is a type of curvature
constraint that controls the level of nonconvexity. Although this condition is
satisfied by many regularizers of interest, it is again not satisfied by the capped-L;
penalty for any © > 0. Appendix A provides more details on the properties of the

regularizers.

3.2.2 Main results

We consider the following penalized quadratic optimization problem with linear

constraint,
. T
min 58'WB —q' B+ FA(6)

s.t. CB8 < b,

(3.10)

where 3 € RP? is the unknown parameter, W € RP*? is a symmetric matrix, q € RP,
C e R b e R and P\(B) = 1;:1 Py\(B;) is the penalty function. We allow
C = 0, that is there is no constraint on 3.

We impose the following restricted strong convexity (RSC) condition on the

matrix W,

1
8TWé > a|d|2 -+ inu(sul for all ||d]], > 1, (3.11)

where o > 0 is a strictly positive constant and 7 > 0 is a nonnegative constant.
If W is positive definite, then the RSC condition in (3.11) naturally holds with
a = Apin(W) and 7 = 0, where A\y,i, (W) denotes the minimum eigenvalue of W. In
the high-dimensional setting where p > n, the matrix W in general is not positive

definite or not even semi-positive definite, the RSC condition can still hold with
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strictly positive o and 7. In fact, if W is semi-positive definite (but not positive
definite), then § ' W& > 0 for any 8 € R?, thus the RSC condition holds trivially

for {0 : ||6]|1/[|8]|5 > ¢}, where ¢ = £, /os5- As a result, we only require the RSC

condition holds in the set {8 : ||8]|1//16]|3 < ¢, ||d]1 > 1}. Note that the RSC

condition in (3.11) is slightly different from the RSC conditions proposed in Loh
and Wainwright (2015), in which they stated two separate RSC inequalities for
different ranges of ||6]|2. Though we impose the RSC condition on W only for
|6]]1 < 1, the following lemma shows that the inequality (3.11) holds for all § € R?.

Lemma 3.1. If the RSC condition (3.11) holds, then

(i) For all § € RP, § TW§ > af|d]|3 — 71/ 2|5 ]];.

(ii) For all & € RP, §"W& > o83 — 74/"%2| 8%

Proof. We first prove part (ii). For any d € R?, the L; norm of §/||6||; is 1 and
hence satisfies the RSC condition. We have

5" 0 19113 logp ||4]],

W > itz g, [2oPICN
[ Fom 1 P n 18]
8" 0 19113 log p [|9]3

\%\% >« T
[l lloll — llo]fF n |67

log p
§TWé > alld|; — 7 16]]3.

n
If |8]]; < 1, then ||8]|? < ||6]]1, implying
1
6TW5 > al|83 /) =F 6],
n
which completes the proof for part (i). O

We establish the deterministic error bounds for any B that satisfies the first-order

necessary condition to be a local minimum of program (3.10)
(WB—q+VP(B),8—B) >0, for all feasible 8 € R”. (3.12)

This condition (3.12) is even weaker than the first order KKT condition to be a

local minimum of program (3.10). When B lies in the interior of the constraint
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set {3 : CB < b}, this condition reduces to the usual zero-subgradient condition
WB —q+ VP,\(B) = 0. We first state a theorem that provides guarantees on
the error bounds B — (3" as measured in L; and Ly norms, where 3* is the true

parameter.

Theorem 3.1. Assume that W satisfies the RSC condition in (3.11) with 3y <
a and B* satisfies the equality constraint CG* = b. Let ,@ be any vector that
satisfies the first-order necessary condition (3.12) with the choice of \ satisfying

A > dmax{mingso |[WB* — q+ CT€||,7+/logp/n}. Then we have

(i) 18— B < 225 and ||B — 87|, < 2

da—3p doa—3p°

(i0) (B=B)W(B -8 < s (25 + ).

Remark. Loh and Wainwright (2015) established similar error bounds in L; and

Ly norms for M-estimators under the following general framework,

E € argmin £,(8) + P\(8), (3.13)
9(B)<R,BeQ

where £,,(8) is some differentiable loss function and is not necessarily convex, g(3)
is some convex function satisfying the lower bound g(3) > ||8||1, and R is a tuning
parameter that needs to be chosen carefully to make sure 3* is in the feasible set.
In our case, /,(8) is a quadratic form
. T
((8) = 38" WB—da' B,

The constraint g(3) < R guarantees the existence of global minimum and the L,
norm of any stationary point is bounded by R. The error bounds established in
Loh and Wainwright (2015) relies on the fact that ||3[; < R and the choice of
tuning parameter A also depends on R. However, it is not clear how to choose
R in practice. On one hand, to ensure 3" is in the feasible set, one needs to
choose a relatively large R such that ||3*]|; < R. On the other hand, they require
the tuning parameter A satisfies 4|V, (8%)||cc < A < «/6R and the sample size
satisfies n > 16 R?7%logp/a. If R is too large, then a relatively large sample size n

is needed and it is possible that no such \ exists. We modify the RSC condition in
Loh and Wainwright (2015) such that the constraint g(3) < R is no longer needed.
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Consequently, we do not require a lower bound on the sample size. In addition, we
take advantage of the linear constraint such that a possible smaller lower bound can
be found for A since mingso [WB* — g+ C"€||oc < [WB* — dlloe = [|VLi(8)]] co-

A smaller A leads to narrower L; and Ly error bounds. Similar error bounds can be
established under the so called restricted eigenvalue (RE) condition, more details
can be found in Appendix C.

Next, we establish the support recovery and L., error bound of B We borrow
the primal-dual witness (PDW) technique introduced in Loh and Wainwright
(2017). This technique is based on the construction of ,5 provided the true support
A ={j: B # 0} is known in advance. In particular, we consider the restricted

optimization program

_ _ 1
Ba€  argmin §BTW,6' —q' B+ P(B), (3.14)
BAERA,B 4c=0,CB<b

where R* = {3, : B € R’} and B, is a subvector of 3 consisting of elements in
set A. We restrict the solution B 4 in the subspace R* such that supp(B 1) C A
We partition W, q, C in the following way

\\% W 4 4e
W — AA AA q= q4 ,C: (CA CAC) .
WA(‘_A WACAC qAc

By construction, ,Zi' satisfies the first order KKT condition of (3.14), that is, there
exists v € R" > 0 satisfying v;(b — C484); = 0 for all 1 < j <r such that

WaaB4 —au+ VP(By) + Chy = 0. (3.15)
Define J)(t) = A|t| — Px(t). Then zero-gradient condition (3.15) can be rewritten as
(WB)a — au— (VI(B)a+ Mo + Cly = 0,

where 8 = (BA, 04c) and zy4 € 8||BA||1. Then we can find a vector z 4 such that

the zero-gradient condition holds in R?,

WB—q—VJ(B)+ \z+CTy =0, (3.16)

ol



where z = (z4,Z4c). The next theorem shows that if ||Z 4¢ || < 1, then all stationary
points B satisfying condition (3.12) are supported on A when A is properly chosen
and n is larger than some lower bound. If the submatrix W 44 is invertible and
Amin(Wa4) > 5, then the restricted program (3.14) is actually convex and the
constructed estimator 3 is unique. Then we can show the stationary point 3 is
also unique and agrees with constructed estimator ,B and the oracle estimator
,@(O) = (,@E:), 04c), where BEZ) is the solution to the unpenalized the quadratic

programming restricted on the true support A,

~(0 1
[354) € arg min ~B'"WpB —-q'B.
BACRA B ,c—0,CA<b 2

<

oo =

Theorem 3.2. Assume that W satisfies the RSC condition in (3.11). If ||z e
2
1 —v for some v € (0,1], A > 277\/10% and n > <aTTS) (% + 2)4logp, then

m

(i) For any B satisfying condition (3.12), we have EAC =0.

(3) If Amin(Wa4) > &, then the stationary point a is unique and
18 = B*[loe < 11824 + W2L(Chy — au)lloe + W2kl

(i4) Let B}, = min{|G5], j € A} and further assume
Brain = Aa+ [[Wihlloo) + 184 + WZL(CLy — a) .

then B agrees withe the oracle estimator B(O) and

18 = Bl < 1185+ Wu(Cavy — @) -

3.2.3 Application 1: estimation of linear functional

Let x1,...,x, be independent and identically distributed random vectors with
mean vector g and covariance matrix 3. Of interest is to estimate the estimate
the the linear functional of the form 8* = X /("X 'u). Let x and 3 be the
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sample mean vector and sample covariance matrix,

We can apply the regularized quadratic programming (3.10) to estimate the the
linear functional B8*. Simply set W = i, q=0,C=x",b =1 and take the
equality linear constraint, then (3.10) becomes
. 1 T
mﬁln 5,6 X6+ P\(B),

st.x'B=1.

(3.17)

Many problems can be formulated in the form of (3.17), including one-sample
projection test for mean vector and Markowitz portfolio allocation problem. To
apply the results in Theorem 3.1, the true parameter 3* needs to satisfy the
equality constraint. However in our case, the true linear functional 8* doest not
necessarily satisfy the linear equality constraint X' 3 = 1. To this end, we define
B = X' u/x"S ' p, which is proportional to the true linear functional 8* but also
satisfies the linear constraint )’(Tﬁ = 1. In many applications, the magnitude of the
linear functional does not matter, it is the direction of the linear functional that
plays the key role. In other words, the two linear functionals 3* and ,B’ has exactly

the same performance in these applications. Define @ = X' . The next theorem
states the L; and Ly error bounds for B — B and ,B\ - 3.

Theorem 3.3. Suppose X1, ...,X, are identically and independently distributed
sub-Gaussian vectors with finite sub-Gaussian norm K and the sample covariance
matriz 3 satisfies the RSC condition in (3.11). Let a be a stationary point of the
program (3.17) with A\ = sM\/W for some large constant M. Assume that
there exists C1,Cy > 0 and 0 < € < 1 such that p' X' > C, 10| < Cy and
O\ < 1 — €. Then with probability at least 1 — cp~! for some absolute constant c,

we have
(i). I8 =Bl = O(s)) and |B - Bll2 = O(/5)).
(ii). |8 = Bl = O(s\) and ||B— B*[» = O(\/5)).
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The error bounds between B and B can be regarded as a direct application of
Theorem 3.10 since B satisfies the equality constraint. The error bounds depend on
the the sparsity level s and the choice of A\. Note that B =X 'u/x"S 'y, The
conditions ,u,TEflu > (1 and Cy9\ <1 — € are needed to ensure that )‘(TEflu is
close enough to 'S 'y and thus X" X' is bounded away from 0. The error

bounds between B and B* is based on the triangle inequality,

18— B*Ilx < 118 = Bllx + |18 — B||x, for k=1,2.

The conditions MTE*I pn > Cp and Co\ < 1 — € also ensure that B is close enough
to 3.

We may also consider the unconstrained version of (3.17)
1 ~
mﬁin 553:5 —x'B+ P\(B). (3.18)

Similarly, we can also establish the error bounds for 0 — 0 with 0 being any

stationary point of the program (3.18).

Theorem 3.4. Suppose Xi,...,x, are identically and independently distributed
sub-Gaussian vectors with finite sub-Gaussian norm K and the sample covariance
matriz 3 satisfies the RSC condition in (3.11). Let 0 be a stationary point of the
program (3.18) with A = sM\/m for some large constant M. Assume that
10|l < Cy for some Cy > 0. Then we have

16 — 8]; = O(s\) and |8 — 6] = O(/5)).

1

with probability at least 1 — cp™" with some absolute constant c.

The proof of Theorem 3.4 is very similar to that of Theorem 3.3 and is omitted
here. Theorem 3.4 characterizes the L; and Ly error bounds for ® — 6 under
weaker conditions. Since @ = X', we do not need to worry about the scale
y=1/p"2 'y and 7 = 1/x"S ' and thus we can get rid of the assumptions
p' St > € and Col < 1 — € in Theorem 3.3. As a result, Theorem 3.4 also
holds even when p = 0. However, based on our empirical study, solving program
(3.17) is less time consuming than solving program (3.18).

The conditions in Theorem 3.3 and Theorem 3.4 are relatively mild. To bet-
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ter understand the conditions, we examine two examples with commonly used

correlation structures.

Example 3.3: In this example, we consider the compound symmetry correlation
structure 3; = (1 — p)I + pE, where I € RP*? is the identity matrix and

E € RP*P is a matrix with all its elements being 1. It is inverse can be written

1 1
2112—(1——}3).
1—p 1/p+p—1

In order to have an approximately sparse projection direction, we assume

as

p is also sparse g = (pi1,. .., s, 0,...,0)T with s < p. For example, with
the choice pu; = a for all j = 1,...,s, one can see that ' p is dominated
by its first s components and the rest (p — s) components converge to 0 as

p — 00. As p — 00, ———F degenerates to 0 and thus 3, ' is dominated by

’ 1/p+p 1
i1 As a result [TADSIRITRS sllpll3. The condition p' 27 > C) becomes
/l)||u||§ > (', which imposes the minimal signal condition on the mean vector.
The condition [|0||s < C is roughly || X7 p|e0 = 1%p”,u,”oo < (Cy, which says

that the largest magnitude in g should be bounded.

Example 3.4: In this example, we consider the autocorrelation structure 3, =

(0ij)pxp With o = pli=il. Tts inverse is a banded matrix and can be written as
3= (1+ ") pF — p°G,

where F = (f;j)pxp with f;; = 1if |i — j| = 1 otherwise 0 and G =
diag{1,0,...,0,1}.

p'S = (140’ Zu] P iy — (i + )

li—j]=1
p—1
= (1+p" —2p) Zuﬁp P2 = g
7=1 Jj=2 |i*j|=1

+ (o= P°) (15 + 113)
Z/“LJ +p Z

i—j=1
> (1-p)? |Iu||2-
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Therefore, p~ '3, ' > C) is satisfied if ||p]|2 > Cy. We can also verify that
125" 1t]|oo is bounded if the largest magnitude in g is bounded.

Since the magnitude of the projection direction does not matter, we can measure
the distance between the estimator and true linear functional in terms of cosine

similarity. The cosine similarity between two vectors u and v is defined by

uTV

cos(u,v) = —————.
[all2[lv]]2

If u and v are of the same direction, i.e., u = av for some a > 0, then the cosine

similarity is 1. In other words, if the cosine similarity is close to 1, then the two

vectors are close to each other. If we can obtain good estimators 3* or 0, we can

show that the cosine similarity converges to 1. We state the results in Corollary 3.1

and Corollary 3.2.

Corollary 3.1. Let ,@ be a stationary point of the program (3.17) with A =
sM+/logp/n for some large constant M. Suppose the conditions in Theorem
3.3 hold and further assume \/s\/||B"||l2 = o(1), then we have cos(B, 3*) — 1.

Corollary 3.2. Let 0 be a stationary point of the program (3.18) with A =
sM+/logp/n for some large constant M. Suppose the conditions in Theorem
3.4 hold and further assume \/sA\/||0]]2 = o(1), then we have cos(@, 0) — 1.

These results can be easily extended to the two-sample problem. Let xgl), ceey x%ll)

be identically and independently distributed random vectors with mean vector

), e ,X%) be identically and independently

@, and covariance matrix ¥ and xf
distributed random vectors with mean vector g, and common covariance matrix
3. Of interest is to estimate the functional 8; = X 'u, or its scaled version
B =",/ ()X ), where p; = pu; — o, is the difference of the two popu-
lation mean vectors. Let X; and X, be the sample means of the two populations,
X4 be the difference of the sample means and 3 be the pooled sample covariance

matrix,

A~

Xy = X1 — 5(2, Y= (nlil + nngQ)/(nl + n2).
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Consider the constrained quadratic programming with W = f], q=0,C=x]
and b =1, (3.17) becomes

min %ﬁTfJB + P\(B),

B (3.19)
st.x;08=1.
Or its unconstrained version
1 -~
mﬁin 5@25 —x, 8+ P\(B). (3.20)

The resulting estimator from problem (3.19) or (3.20) can be applied to projection
test for two-sample mean vector test, linear discriminant analysis, etc. Let s4 =
104llo = ||B5]lo and n’ = min{ny,ns}. We simply list the results in the following

theorems.

Theorem 3.5. Suppose ng), e ,xﬁfk) are tdentically and independently distributed

sub-Gaussian vectors with finite sub-Gaussian norm K for k = 1,2 and the pooled
sample covariance matrix by satisfies the RSC condition in (3.11). Let ,@d be a
stationary point of the program (8.19) with A = de\/m for some large
constant M. Assume that there exists C1,Cy > 0 and 0 < € < 1 such that
i Sy > Cr ||0d]lee < Cy and Co)\ < 1 — €. Then with probability at least

1 —cp~! for some absolute constant c, we have
(i)- 11Ba = Balls = O(s\) and 1By~ Bull: = O(/5N).
(ii). |Bq— Bills = O(s\) and 1B, — Bill2 = O(v/5)).

Theorem 3.6. Suppose ng), e ,xﬂ? are tdentically and independently distributed
sub-Gaussian vectors with finite sub-Gaussian norm K for k = 1,2 and the pooled
sample covariance matrix )y satisfies the RSC condition in (3.11). Let ,[Aid be
a stationary point of the program (3.20) with \ = SM\/W for some large

constant M. Assume that ||04]|cc < Co for some Cy > 0. Then we have
164 — 041 = O(s)) and (|84 — B4l = O(v/5)).
with probability at least 1 — cp~! with some absolute constant c.
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3.2.4 Application 2: F-type test for Hy: AB=Db

Consider the linear regression model

y = X0+ ¢, (3.21)
where X = (X1,...,%,) € R™P is the matrix of covariates, y € R" is the response
vector, and € = (g1,...,&,)" is the error term with each &; having mean 0 and
variance o2 and is independent of X. 8 = (1,...,5,)" is the vector of unknown

regression coefficients. Of interest is to test if the linear combination of the coefficient

is equal to a known vector b,
Hy: AB=Db verses H;:AB +#b, (3.22)

where A € R™*? is a constant matrix and b € R™*! is a known vector. A special
case of (3.22) is to test whether a subset of 3 is 0 or not,

Hy:B,=0 verses H;:8,#0,

where A is a subset of {1,...,p}. A F-type test can be constructed to test whether
AB =Db. Let Bo and Bl be the estimators for the coefficient under Hy and Hy,
respectively. The F-type test statistic is defined as

i RSS(By) —RSS(B))
RSS(B))

Y

where RSS(BO) and RSS(BI) are the residual sum squares under Hy and H; re-
spectively. Under the high-dimensional setting where p > n, we assume the true
regression coefficient 3* is sparse. Under H;, we consider the following penalized

least squares
~ . 1
By = argmin ol — X8I + PA(8). (3.23)

where P,(+) is some nonconvex penalty function. The penalized least squares in

(3.23) can be rewritten as
2 N P LT T
3, = arg min 2—,3 X'XB-—-(X"y) B+ P\(B),
B n n
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which is in the form of (3.7) with W = 1X'X q = 1X"y, C=0and b = 0.

n

Similarly, under Hy, B can be estimated by

By = aigﬁrfgn %ﬂTXTXﬂ - %(XTY)TE + P\(B), (3.24)
which is in the form of (3.7) with W = XX, q = 1 X"y and linear constraint
A3 =hb.

Suppose that €q,¢€9,...,¢, are independent and identically distributed sub-
Gaussian random variables with ||g;]|y, = K1 < oo and Xy, ...,X, are independent
and identically distributed sub-Gaussian random vectors with ||x;|y, = K2 < co.
The following theorem states the L; and L, error bounds for the estimators under

null and alternative.

Theorem 3.7. Let 31 be a stationary point of (3.23) and Bo be a stationary point
of (3.24) with the choice of A = M+y/logp/n for some large constant M. If %XTX
satisfies the RSC condition and logp < n, then we have

(1) 181 = B[l = O(As), 1B, = B2 = O(AV5).
(2) Under Hy: AB* = b, By — 8’| = O(\s), 1By = B]l2 = OW5).
with probability at least 1 — cp~!, where c is an absolute constant and rk = 4o — 3.

Remark. In the above theorem, we assume the covariate x; and error ¢; are
both sub-Gaussian random variables. In some settings, people assume the design
matrix X is fixed. Instead of the sub-Gaussian assumption on X, we assume X is
normalized in the sense that ||x(;)|l2/v/n < 1, where x(;) is the j-th column of X.
Terror bounds in Theorem 3.7 still hold, see Negahban et al. (2012).

3.2.5 Application 3: sparse linear discriminant analysis

In this section, we consider the linear discriminant analysis with a large number
of features. Let xgl), e ,XSR be identically and independently distributed random
samples from N(p,X) (class 1) and xgz), o ,x%) be identically and independently
distributed random samples from N(p,,3) (class 2) with the same covariance
matrix 3, respectively. Given a new observation z, we are interested in classifying

the new observation to one of the two classes. Let p; = gy — o, be the difference
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of the two population means and p = (p, + p,)/2. Fisher’s linear discriminant

rule classifies the new observation z into class 1 if and only if dz(z) = 1 where

50 (2) = 1 {(z W)=y log@} |
v

1

m and 7y are the prior probabilities for class 1 and class 2, and I(-) denotes the
indicator function. If we assume that the two classes have the same prior probability

T = Ty = %, then the Fisher’s discriminant rule becomes
Op(z) = I{(z — p) ="y > 0}.

However, this rule is not directly applicable in practice since the parameters in the
rule is typically unknown and needs to be estimated from samples. For any linear

discriminant rule associated with the classification direction 3

5(z) = {87 (z— p) > 0},

the theoretical misclassification rate of the classifier dg is
Wios) =1~ @ ( 367,/ (6758)).
and the empirical misclassification rate is
W (6a) = 1 - @ 5674/ (67E0)"2).

N a1

where x; = (V) —x® is the difference of the two sample means and ¥ = %(nlﬁ( ) +
~(2

ngE( )) is the pooled sample covariance matrix,

Nk

~(k 1
n=ntng S = — > - x M) — =T k=12,
(Ll

The theoretical misclassification rate of the Fisher’s discriminant rule is 1—@(%A11/ %),
where A, = p) X', However, for high-dimensional data, it is almost impossible
to achieve such a good performance empirically. In addition, when p > n, the

estimated sample covariance matrix > is typically ill-conditioned or not invertible.
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One possible solution is simply ignoring the dependence among variables. For
example, Bickel and Levina (2004) proposed an independence rule, which uses
a diagonal matrix with diagonal elements from the sample covariance matrix to
replace 3. To improve the performance of the independence rule, Fan and Fan
(2008) proposed the Features Annealed Independence Rule (FAIR), which consists
of two steps: (1) select important features by two-sample ¢-test and (2) apply the
independence rule to the selected features. Fan and Fan (2008) proved that using
all features may increase the misclassification rate due to the noise accumulation
and therefore feature selection is important for high-dimensional classification
problem. Another class of methods focus on estimating X', directly under
the sparsity assumption. Cai and Liu (2011b) used the Dantzig-type selector to
estimate the classification direction. Mai et al. (2012) proposed a penalized least
squares estimator by introducing some dummy variables as the response. Fan et al.
(2012) proposed the ROAD estimator which solves quadratic programming with
linear constraint and L, penalty.

This motivates us to apply the regularized method to estimate linear functional
> 'y, directly. Set W = f], q=0,C=x%x;and b=1in (3.7), we have

min 5 6788+ PA(8)

(3.25)
st. %, 8 =1.
Remark. The ROAD estimator in Fan et al. (2012) is given by
BROAD —argmin 828 s.t. x,B=1and |B]. <c (3.26)
B

It is equivalent to
Broap = argﬁmin B'EB B st.x;8=1,
where A depends on the parameter ¢ in (3.26). Therefore, the ROAD estimator

is equivalent to the estimator resulting from the first step of the two-step LLA

estimator, more details about two-step LLA estimator can be found in Section 3.3.

61



Let 3 be the LLA estimator for (3.25), then

~

1 e v
B = argmin §5T§3ﬁ +> N8,
j=1

%) B=1

where (A1,...,\,)" = (P)’\(|B§1)|), e P/’\(|BI(,1)|))T and B(l) is the estimator resulting

from the first step. It is equivalent to the following constraint version

@)

1 ~
= arg min —B'¥s.
SE_ 1 AIBjI<en, x4 B=1 2
The constant cy depends on A;’s. We consider the constraint version with population

parameters 3 and p,; using the same cy,

B = arg min 1BTZ,B. (3.27)

YE_ i NilBjl<en, pgB=1 2

Note that 1 = p1; 8 < [|Bl1]|Balloc, thus Ao < A_[IB[l1[|Kallec < exllttyloo, Where
A_ = min{|\;|, A; # 0}. The existence of a feasible solution for (3.27) dictates
that ¢y > A_/||ptylles- When ¢y > |A|T|3*|, the constraint Z?:l NGl < e
becomes redundant and it reduces to the Fisher’s discriminant rule. When c, is
small, we obtain a sparse solution and achieve feature selection by using covariance
information. To study the theoretical property of the LLA classifier based on B

We introduce an intermediate optimization problem for convenience:

1
= arg min —B'xg.
S A8y 1<en, XxTB=1 2

RI

Theorem 3.8. Let 5 = B, 5 = |80, = [Bllo and v = (13, v 18 v | Bl1).
Assume that Apin(E) > 02 > 0, [|Xa — yllee = O(ay) and | — || = O(b,). If
cx > (AT|B|/BT>_<d V AT|B\/BTud), then we have

(i) W(B) — W(B) = O(d,) and
(ii) Wn(B) - W(B) = O(Cn)7

where ¢, = (V?b, V a,V/3V 5) and d,, = ¢, V a,V's.
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Remark. Under the assumption that xq,...,x, are i.i.d sub-Gaussian, we can

logp

take a, = b,, = =

3.3 ADMM algorithm with local linear approxima-

tion

3.3.1 Local linear approximation

The nonconvex penalty function in (3.7) brings difficulty in solving the regularized
quadratic programming. Direct computation of the global solution to the nonconvex
optimization (3.7) is quite challenging, especially in high-dimensional settings. Liu
et al. (2016) developed a mixed integer linear programming that finds a provably
global optimal solution to a certain class of nonconvex learning problems. In terms of
solution quality, this mixed integer linear programming outperforms other out-of-art
algorithms such as gradient-based methods, which typically find a local minimum
solution. However, this mixed integer linear programming can be much more
computationally expensive than gradient methods. For practical data analysis, it is
critical to find an efficient procedure which can find a local solution with satisfactory
theoretical properties. Zou and Li (2008) proposed the local linear approximation
(LLA) algorithm to deal with nonconvex penalty in the setting of penalized least
squares. The idea of LLA is to approximate the nonconvex penalty function by its
first order expansion. According to Theorem 3.1, the error bounds we derive hold
for any stationary point, including all the local minimum. We propose an ADMM
algorithm with local linear approximation, which converges to a local minimum of
the regularized linear programming.

Suppose ;o is close to 3}, ignoring the constant that does not involve 3;, the

penalty function can be approximated by

Pr(1B51) = Px(18501) (1851 = Bjol)-

63



Given the current solution 8%, program (3.7) can be approximated by

Lo T = (k)
min -8 WB—q B+ ) w; |Bl,
B 2 ;;J ! (3.28)

s.t. CB < b,

where w](-k) = P{(] Bj(k) ). We summarize the details in Algorithm 1.

Algorithm 1 Local linear approximation (LLA) algorithm.

~(0
Initialize ﬁ( ) and compute the adaptive weights

w® = (W”, ..., T = (BB, ..., BB

p

For k= 1,2,... repeat the following steps till convergence:
1. Update 3 by solving the following optimization problem

~(k+1) 1 2
B8 = arg min éﬂTWﬁ -q'B+ ij(‘k)|ﬁj|-
=1

CpB<b

2. Update the adaptive weight by setting wj(.kﬂ) = Pf\(|§§k+l)|).

Fan, Xue and Zou (2014) showed that the LLA estimator finds the oracle
~(0
estimator after one iteration provided that the initial estimator B( ) is close to the

true parameter. Let
1 a X
QUBIBYW. N = 58"WB —a'B+_ P18 )IA.
j=1

Starting with initial value 0, we propose a two-step LLA estimator consisting of

the following two steps:

~(1
Step 1 :ﬁ( - argmin Q(8)0,7A),
CB<b

Step 2 :B = arg min Q(ﬁ|B(1), A).
CB<b

Remark. Note that in step 1, the tuning parameter we use is 7\. Starting with
the initial value 0 in Step 1, we have P/, (]|0]) = 7A. Therefore, the first step is
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essentially a regularized quadratic programming with L; penalty. A smaller tuning
parameter 7\ is adopted to increase the estimation accuracy such that we obtain a
good initial estimator for Step 2. Typically, we choose 7 to be small number such
as 7 =1/logn or 7 = A.

Wang et al. (2013) proposed the two-step SCAD-CCCP (CCCP stands for
ConCave Convex procedure) algorithm for high-dimensional linear regression model
with the SCAD penalty. This algorithm is based on the observation that the SCAD
penalty can be decomposed as the difference of two convex functions, or equivalently,
the sum of a convex function and a concave function. More specifically, the SCAD

penalty has the following decomposition,

Pa(IB51) = In(1851) + AlBil,
where Jy(|5;]) is a differentiable concave function of the following form,

B3 = 2X| B85 + N

I(185]) = — a—1) I(A < Bl < ad)
a+1)2)\2
+ (55 - sl ) 1081 > o),

Figure 3.1: The solid line in (a) is the SCAD penalty function with A = 0.9 and
a = 3.7 and the dashed line is its local linear approximation at ¢ = 2. In plot (b),
the solid line is the Jy function and the dashed line is its local linear approximation;
In plot (c), the solid line is the J, function and the dashed line is its tight convex
upper bound.

Given that (3 is close to 3}, the concave function Jy can be approximated by its
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tight convex upper bound sign(/5;0)J3(|5j0])3;. Thus the (3.7) can be approximated
by
. 1 T & . /
min 8" WS + > " sign(Bj0)J5(18j0])B; + MBI
A = (3.29)
s.t. CB <b,

which is a convex optimization problem. In fact, the LLA algorithm and the CCCP
algorithm are closely connected to each other. The LLA algorithm essentially
approximates the nonconvex penalty function by a clipped linear function (see
Figure 3.1(a)). It is easy to see that it is equivalent to approximate the function J)
by

BB = Tr(1Bs0l) + J1(18D) (1851 = B0l (3.30)

that is, a clipped linear function is used to approximate .J, as shown in Figure
3.1(b). Instead of approximating the nonconvex function J, by a clipped linear
function, the CCCP algorithm approximates Jy by its tight convex upper bound as

shown in Figure 3.1(c), which is a linear function.

3.3.2 ADMM algorithm for regularized quadratic program-

ming with linear constraint

Recently, the alternating direction method of multipliers (ADMM) has received
intensive attention from a broad spectrum of areas (Boyd et al. 2011, Fang et al.
2015). This algorithm can be applied to solve the regularized quadratic programming
after local linear approximation. Given the current solution 8%, (3.7) can be
approximated by
argmin ~8"WB — q" B+ w|8]
s 2 (3.31)
subject to C3 < b,

where w = (wy,...,w,)" = (P)’\(\ﬁ@\), . ,Pf\(\ﬁl()k)D)T. ADMM algorithm natu-
rally deals with equality constraint, thus we replace inequality constraint in (3.31)

with equality constraint by introducing an indicator function,

1
argmin §BTWB —q'B+w'|B|+I(y)
7y

subject to C3+y = b,

(3.32)

66



where y € R" and I(y) = >, I(y;) with

I(y;) = .
+oo ify; <O0.

In ADMM form, (3.32) can be written as

1
argmin ~BI WS, —a' B, +w'|8,] +1(y)
ﬁlvﬁ%y (333)

subject to C3; +y =b, B, = 03,.

The augmented Lagrangian for (3.33) is

1
Lp(ﬁp By, YY1 ’72) :iﬁIWﬁ1 - qTﬁ1 + WTW2’ + [<Y) + ’YlT(CIBl +y— b)"‘

p P
7;(/31 - ﬁz) + 5”51 - 52“3 + §Hcﬁ1 +y— b“%

Let u; = ~,/p, us = 7,/p be the scaled dual variables, we can express the

augmented Lagrangian as

1 P
LP(BlaBQa y,uy, UZ) :§IBIW/6]_ - qTﬁl + WT|182| + 5”051 +y—b+ u1||%—|—

L18, = 8o+ w3 = il = Sllusfl3 + 1(y).
(3.34)
Given the kth iteration (ng),ﬂgk), y (). ugk), ugk)), the ADMM algorithm for (3.34)
has the following procedures,

k 1 P k
B = argmin 58/ WB, — ', + 5ICB + ¥ — b+ a5+
1

p k k
S8 =B + w5,
k ; P k g
By = argmin w'|B;] + SI1BI"" - B, + w3,
2
y Y = argin 210 +y — b a3+ 1(y),
y

(3.35)

) _ ugk) + Cﬁgk—H) + y(k+1) N b,
=Y - g

(k+1
w

(k+1
Uy
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Fortunately, we can derive the closed forms for the updates of 3,3, and y. B;-

update is similar to a ridge-type regression with the following closed form
1
B = p (W +pCTC + pl) (q/p +CT (b —y® —u) + (8 — Ué“)) :

For B,-update, soft thresholding can be applied for each entry in B,. More

specifically, each entry in 3, can be updated as follows,

(k k k .
52 ) - wj p(ﬁ( ) +u§]))7 J = 1,2,---,]9-

where S) is the soft thresholding and defined to be
Sa(a) = (@ = A)y — (=a— ).
The introduced variable y is updated as follows,
y* ) = max{0, Cﬂng) +b-— ugk)},

where the max operator is taken element-wisely. This ADMM algorithm for
regularized quadratic programming with linear inequality constraint is summarized
in Algorithm 2. In many applications, the inequality constraint C3 < b in replaced
by equality constraint C3 = b. In that case, there is no need to introduce the
variable y. The ADMM procedures in (3.35) are reduced to

Algorithm 2 ADMM for regularized quadratic programming with linear inequality
constraint.

input: 8,8 y©® ul” u{” and p > 0.
while not Convergent do
1. B;-update: ﬁlk+1 _ (q/p+CT(b y(k) ( )) + (ng) _ugk)))’ where
W, = p(W + pCTC + pI)
2. Brupdate: B35 = Sy, (8570 +ulf)), j = 1.2, p
3. y-update. y(k""l) maX{O Cﬁ(k—i-l +b— ugk)}
4. u;-update: ugkﬂ) — 1 ) 4 CﬁlkH Ly _p,
5. up-update: ul™ = ul® 4 gt _ gy,
end while
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. 1 p K
(41 _ srgmin SBIWB, —a"8, + £1C8, —b+ul|3+
1

P k k

5181 =857 + w5
k+1 . p k+1 k .
$70 = argmin w8, + S8 — B, + uf |3 (3.36)

2
ugk+1) _ (k) n C/ngJrl) b,
u§k+1) _ u2 +ﬁ(k+1 (k+1)_
The ADMM algorithm for regularized quadratic programming with linear equality

constraint is summarized in Algorithm 3.

Algorithm 3 ADMM for regularized quadratic programming with linear inequality
constraint.

input: 61 : 20),u§0),u2 and p > 0.

while not convergent do
L. Byupdate: B = W;l(a/p + CT(b — i) + (8 — ug?)), where
W, =p(W+pC'C + pI)
2. By-update: szH = wj p(ﬁ(kH —|—u21)) j=1,2...,p.
3. uj-update: ung) = 1 —1—C,31k+1 b.
4. ug-update: ugﬁl) = uék) + ,ngﬂ) — gkﬂ).
end while

In chapter 4, we will study an application of the regularized quadratic pro-
gramming: the estimation of the linear functional, which can be formulated as

follows,
1 ~
é,BTE,B + Py(B) subject to X' B =1,

where % and ¥ are the sample mean and sample covariance matrix respectively.
In this application, we have W = f], q =0, C =x" and the corresponding dual
variable u; is a scalar. We summarize the ADMM algorithm for the estimation of

linear functional in Algorithm 4.

3.3.3 Choice of tuning parameter \

The performance of resulting estimator depends on the choice of tuning parameter

A and the optimal choice of A relies on some unknown parameter. In practice, we
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Algorithm 4 ADMM for estimation of linear functional.

input: 61, 0),u() 2 andp>0

while not convergent do
k &l E)\ < k k
1. ,Bl—uApdate: @5 ) Ep (1 - ug ))X+ ( é ) ug ))),
where 3, = p(X + pxx' + pl).
2. Byrupdate: 85, =S, (8 +ull)), i =1,2,...,p.
3. uj-update: ugkﬂ) =ul® 4 TﬁlkH) 1.
4. ug-update: ug”l) = uék) + ,ngﬂ) — ,6’;“1).
end while

consider a sequence of tuning parameters and select the one optimizes some criteria.
In the high-dimensional linear regression setting, Wang et al. (2013) proposed the
following high-dimensional BIC to choose the tuning parameter,

C,lo
HBIC(A) = 1og(62) + [|By[lo——22,

(3.37)

where 03 = n~!'SSE, with SSE, = ||y — Xﬁ/\Hg, and C, is a sequence of positive
scalars that diverges. The optimal tuning parameter is chosen by minimizing the
HBIC criteria

N = arginin HBIC()).

Motivated by this, we propose BIC-type criterion the estimation of linear functional
(3.17) and (3.19). To this end, we replace sample covariance matrix 3 by §¢ =
s+ ¢I, with a small positive number ¢ = \/W. Such a perturbation does
not noticeably affect the computational accuracy of the final solution and all the
theoretical results still hold when ¢ < \/W. For the one-sample problem
(3.17), we define

B 2
X ~ o~

S

7_|_A717 ¢6)\

SSE, , =
X 2¢ X

2

We propose the following BIC-type criterion for one-sample problem

C,logp

HBIC, (A) = SSEL , + [18, o
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The optimal choice of A is the one that minimizes HBIC; (). Similarly, for the
two-sample problem (3.19), we define

2

2 Xd S A
SSE}\7¢ — _TA_l_ - 2(}516)\ y
X, 2¢ X4 )

where X; = X; — X3. The BIC-type criterion for two-sample problem is given by

~ Cylo
HBIC,(\) = SSE2, + [|B, [l =22

3.4 Simulation studies

3.4.1 Comparison with ridge-type estimator

In this section, we compare the proposed LLA estimator for the linear functional
>~ 'p with the ridge-type estimator. We generate a random sample of size n from
N(p,X) with p = ¢+ (1],0,_,)" and s = 10. We set ¢ to different values to

represent different signal strengths of p. For p € (0,1), we consider the following

three covariance structures:

(1) Compound symmetry with ¥; = (1 — p)I, + p1,1], where I, is the p x p

PTp>
identity matrix;

(2) Autocorrelation with ¥y = (p'i_ﬂ)m-

Compound symmetry covariance structure 3; indicates that any pair of variables
(Xi, X;),1 # j, has equal correlation p. It turns out that ! is an approximately
sparse matrix and is diagonally dominant with the off-diagonal entries of order p—!.
As a result, the linear functional X" is also approximately sparse in the sense
that its first s entries dominate the rest entries. For the autocorrelation covariance
matrix, Xy can be well approximated by a sparse matrix and its inverse X, is a
3-sparse matrix, and thus the linear functional ;' is sparse too.

We compare the cosine similarity for the LLA estimator and the ridge estimator

proposed in Li et al. (2015). The cosine similarity between two vectors u and v is
defined by

(v u'v
cos(u,v) = ———
7 [ull2[|v]]2
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A large value of cosine similarity indicates that the two vectors share similar di-
rection. We set sample size n = 30, dimension p = 1000, ¢ = 0.5 and 1. We let
p vary from 0.1 to 0.9 with increasement 0.1. For each combination of (n,p, ¢, p),
we compute the cosine similarity under both compound symmetry structure and
autocorrelation structure. Figure 3.2 shows that the LLA estimator is closer to the
true direction than the ridge-type estimator in all the situations. For the compound
symmetry structure, Figures 3.2.(a) and 3.2.(c) show that we obtain more accurate
estimation as p increases. For the autocorrelation structure, Figures 3.2.(b) and

3.2.(d) show that the cosine similarity decreases as p increases.
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Figure 3.2: Comparison of cosine similarity for LLA estimator and ridge-type
estimator.
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3.4.2 Sparse discriminant analysis

In this section, we study the numerical performance of the proposed LLA estimator
when it is applied to high-dimensional linear discriminant analysis. Suppose we
have two classes with different mean vectors p; and p, and same covariance matrix
3. Without loss of generality, we set the mean vector of the first class p; to be 0.
Let n; and ns be the sample size for class 1 and class 2, respectively. The setup of
the simulation study is as follows. In all simulations, the number of variables is
p = 1000, and the sample size of the training and test data is n; = ny = 200 for each
class. Each simulation is repeated 100 times to test the stability of the proposed
method. We set p, = (IZ,OJ_S)T, where s = 10. We consider two difference
covariance matrix structure: ¥ (compound symmetry) and 3, (autocorrelation).
We use two different ways to choose the penalty parameter A, represented by
LLA-BIC and LLA-CV. We use the HBIC discussed in Section 3.3.3 to choose A
for LLA-BIC and use 5-fold cross-validation to choose A for LLA-CV. In particular,
we compare our LLA classifier with the ROAD classifier (Fan et al. 2012), the
FAIR (Fan and Fan 2008), the NSC classifier (Tibshirani et al. 2003) and the oracle
classifier. The oracle classifier is defined to be the discriminant rule using true
parameter X .

The simulation results for compound symmetry covariance structure with pair-
wise correlations ranging from 0.1 to 0.9 are shown in Table 3.1. Among all the
classifiers, the LLA-BIC has the best performance and its performance is very
close to the oracle classifier. The HBIC criterion works slightly better than cross-
validation. The LLA-CV and the ROAD have very similar performance. We can
see from Table 3.1 that the oracle misclassification rate decreases as p increases.
The LLA-BIC, the LLA-CV and the ROAD successfully captures the pattern
while the classifiers based on independence rule fail to capture this pattern. The
misclassification rates of the FAIR and the NSC increase as p increases. This huge
discrepancy demonstrates that employing the dependence among the variables will
boost the classification power. Table 3.2 shows the results for the autocorrelation
covariance structure, where the correlation among variables is not as strong as
that in compound symmetry structure. When the correlation is not very strong
(p <0.5), the LLA-BIC, the LLA-CV, the ROAD and the FAIR have very similar
performance and performs slightly better than the NSC. When p is small, X, can
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be well approximated by identity matrix, which explains why those independence
rule based classifiers also perform well when p is small. As p increases, the LLA-CV
and the ROAD outperform other classifiers. For the autocorrelation structure, the

cross validation criterion performs better than the BIC-type criterion.

Table 3.1: Average of the percentage of misclassification rates for different classifiers
under compound symmetry covariance structure.

ny = nNg = 200,]) = 1000

p LLA-BIC LLA-CV ROAD  FAIR NSC Oracle
0.1 6.9 (L5) 7.3(1.6) 7.3(14) 129 (1.6) 194 (9.6) 5.1(L1)
02 52(L1) 55(1.3) 55(12) 17.2(1.8) 26.1 (11.9) 3.8(1.1)
0.3 4.4 (10) 46(0.9) 4.7 (1.1) 20.6(2.1) 305 (12.2) 3.1(0.8)
04 3.0(0.8) 3.1(0.9) 3.3(0.9) 23.0(21) 332(12.7) 2.1(0.6)
0.5 2.0 (0.6) 2.1(0.8) 2.3(0.8) 25.0(22) 351 (12.8) 1.3(0.6)
0.6 1.0(0.5) 1.1(0.6) 1.3(0.7) 26.6(2.1) 36.5(12.9) 0.6(0.4)
0.7 0.3(0.3) 04(04) 05(04) 27.8(24) 378 (12.3) 0.2(0.2)
08 0.0(0.1) 02(0.3) 02(0.3) 29.1(2.4) 386 (12.0) 0.0(0.1)
0.9 0.0(0.0) 02(0.3) 0.2(0.3) 30.1(2.3) 39.5(11.9) 0.0(0.0)

Table 3.2: Average of the percentage of misclassification rates for different classifiers
under autocorrelation covariance structure.

ny = ng = 200, p = 1000

p  LLA-BIC LLA-CV  ROAD FAIR NSC Oracle
0.1 7.9(14) 80(14) 79(1.3) 74(14) 103 (1.5) 7.2 (13)
02 102 (1.6) 102 (1.4) 10.1(1.4) 9.6 (1.4) 12.2(1.8) 9.4 (1.4)
0.3 13.0 (1.9) 125 (1.7) 125 (1.8) 11.9 (1.8) 14.6 (1.9) 11.5 (1.6)
04 15.3(1.9) 146 (1.6) 147 (1.7) 141 (1.7) 16.7 (2.0) 13.1 (L.7)
0.5 186 (24) 16.9 (1.7) 169 (1.7) 16.6 (1.7) 19.3 (1.9) 15.0 (1.7)
0.6 21.8(3.8) 186 (2.3) 187 (2.3) 189 (2.0) 22.0 (2.5) 16.4 (1.9)
0.7 27.8(4.3) 20.3(2.3) 204 (2.2) 21.7(2.2) 247 (22) 17.3 (1.9)
0.8 32.0(3.2) 19.5(2.6) 205 (2.6) 24.9 (2.1) 27.7 (24) 16.6 (1.9)
0.9 30.2(2.6) 14.0 (2.0) 17.0(2.3) 28.2(2.3) 31.9 (2.8) 11.7 (L5)
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3.5 Proofs

Proof of Theorem 3.1.

Proof. Let 5 = B — 3*. Since (3" is in the feasible set, the first order necessary

condition (3.12) implies that
T ~ ~T ~ o~
-6 WB+46 q— (VP\(B),8) > 0.

By the RSC condition (3.11), we have

AT .~ ~ lo ~
5 W3 = af[d; — m\/ =31

Add (3.38) to (3.39), we have

~T L aT ~ ~ lo ~
5 WB +8 q— (VA(B). ) > al8]2 — 7/ —2L|I3]);.

n

Lemma A.1 shows that Py ,(8) = P,\(8) + 5[|8]|3 is convex, hence

Py (BY) — Pru(B) > (VPA(B) + 1B, B" — B),

which implies
—(VPA(B),8) < PA(B") = A(B) + 51313

Combining (3.40) and (3.41), we have

N logp T AT . - ~
alld]F = 7/ 2L 3] < 8 WS +3 a+ P(8) — P(B) + £33

n

(3.38)

(3.39)

(3.40)

(3.41)

Note that we assume 3* satisfies the equality of the linear constraint, hence
Co = C(B —B%) < 0. Let & = argmingso ||[WB* — q + C"€|| and we have

I6)



AT
6 CT¢" <0. Then we have

log

a8z - L3Il < —3 WB* +8 q—8 CT¢" + P\(B") — PA(B) + —H5H2

- 1
(0 = u/2)[8]3 < PA(B7) = PA(B) + [WB* — a+ CT€" |woll8]]s + 7/ —2L 18]

(o= 1/2)8]I3 < PA(B") — PA(B) + (HWB q+CT£*Hoo+T\/IOg >H5H1

By the assumptions of the theorem, we know |[WB* —q+ CT€"||o +71/ %2 < A/2.

Hence

(= p/2)[8]13 < PA(B") — PA(B) + —H5||1

< P(B") - PA(B) + PA( )+ ”5||27

~

where the second inequality is due to the inequality ||5 |1 < 1P\(0)
by Lemma A.1. By the subadditivity of P, we have P,\(d) = P,
p)\</6) + P,\(,B*) Then

L1013

+ 4
(B-pB) <

(0 1/2) 313 < P(8) — PA(B) + 5A(B) + 5PA(8) + 45113
1

(0~ 31/4) |13 < SPA(8Y) — S PA(B)

(2a — 31/2) ||8]2 < 3PA(8*) — PA(B).

By (iii) in Lemma A.1, we have 3)\H51H1 — >\||2‘5\ZCH1 > 3P\(B") — P,\(B) > 0, where
7 denotes the index set of the s largest elements of d in magnitude. Since o > 3u/4,

we have

0 < (2 —3/2) |[8]12 < 3X|[z]ly — Alldze 1. (3.42)

As a result, we have ”;S\Icl‘l < 3”31]\1 and

< 3|0zl < 3AV5][dz])a,

3
(m - —u) 1312 < 303l — A3l

from which we can conclude that

6A\/5
18]l < :
da — 3p

76



The L; norm bound follows immediately from the L, norm bound

—~ ~ 24 )\s
1 < A4[|0z]lr < 4Vs||oz]ls < —————
4oy — 3

Y

161 = [16z][x + (|07

which completes the proof of part (i).
For part (ii), note that

3 W3 = (WB—q+CT¢,8) — (W —q+CT¢"5).
Combine the first order condition (3.12), (3.41) and the fact ETCTE* < 0, we have
(WB—q+CT¢.8) < (WB—q.3) < P\(8") - PA(B) + 5133 (3.43)
Furthermore, Lemma A.1 implies that
(WB' —a+CT¢".0) < [WB" —a+C¢"| - 5]
< (n@®+L1512) (3.4

-2
1 * g2
< L(RB)+ P(8Y) + L 131
The last inequality is because of the additivity of Py(-). Combine (3.43) and (3.44),

we have

~T .~ 3
0 Wo < SP(B") - _P)\< )+ u|!5||2
3
< 5)\”51“1 - 5)‘H52¢H1 + ZIUH(SHQ
3 ~ 3 -
< S VaNB + Sl

9 27
< \2 .
= S<m~3u+ua—wv>

Proof of Theorem 3.2.

Proof. (i) We first show the support recovery. Define § = B-8, JA(t) = Mt|—Pa(t),
(.(8) = 3B"WB —q' B+ P\(B), and £,,(8) = £,(8) — JA(B). By Lemma 3.1, we

know
log

(VEu(B) = Vn(B),8) > o83 - o, k=1,2. (3.45)
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Lemma A.2 shows that Jy(t) — 4£t? is a differential concave function and thus its

derivative VJ,(t) — put is a decreasing function. Therefore,
(VIA(B) — u — (VIA(B) — ). 8) < 0
Rearranging (3.5), we have
(=VI(B) + VA(B). 8) = —ul|d]3. (3.46)
Adding (3.46) to (3.45), we have

10g

(VEu(B) = VIu(B),8) = (o — p)|18]3 — Lot (3.47)

B is a stationary point satisfying the first order condition (3.12) and B is a feasible
point by construction, hence we have (V{,(8) + VP\(8),8 — B8) > 0. Define
7z € 0 8||1 and we have

since an(B) + VPA(B) = V@n(a) + Az. The zero gradient condition (3.16) implies
that
(0a(B) + Xz + CT~, B8 - B) = 0. (3.49)

Subtracting (3.49) from (3.48), we have

(0a(B) = 1a(B), B — B) + A(@, B) = N|Bl + A B) — N|B] — (CT,B—B) >0

(00(B) = 0a(B), B — B) + A(@, B) — M|Bl + Mz B) — \|B|l: > 0.
(3.50)

The second inequality in (3.50) is because

(CTy,B-B)=~"CB—~"CB=~T(CB—b)—~"(CB—b) >0,
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Rearranging (3.50), we have

MBIl = Mz, B) < (6u(B) — 0u(8), B — B) + Az, B) — Al1BIh

< (a(B) — 0.(B), B - B) (3.51)
1
< T =8I — (o = w815
Set k = 2, we have
~ S 1
MBIl = Az B) < 7/ Z=L181F = (o = |63 (3.52)

We claim that if ||z 4
10]]1 < (4/v + 2)y/s||6]|2. From (3.51) with & = 1, we know

o < 1 —vfor some v € (0,1] and A > /182 then

n ?

5 log p 7oAy 7
(= w8115 =74/ = =118 < (2a(B) — 1(B). 8) (3.53)

We derive the upper bounds for A(z, 8) — A|| B |l and A(z, 8) separately. Note that
B,AC = 07

AZB) = MBI < MBI = MBI = A (1Bl = 1Bl = 1Bacll)
= A([[alls = [|6.4¢l1) -

(3.54)

For the term \(z, §), we have

Mz, 8) = N((Z4,0.4) + (Zac, 0.4c)) < A||Zallool|0allt + [|Zac ||oo][0.ac [|1)
SA[10allr + (1 = v)[|64¢ (1)

(3.55)
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Combining (3.53), (3.54) and (3.55), we have

log p
(a—p)6]3—7 " 161l < A2([10.4lly — v[|6 .4

1)

lo
—7 [ =2E 8 < A28l — vl da

1%
—5)\”5“1 < A2([[04llr — V][04

1)
1)-

1% 1%
2|| aellt < ( +2)|| All

The third inequality is due to the assumption that A > 277 10%. Then we have

18111 = 1I0.alls + 18.c[l1 < [[0.ally + (4/v + D[ 8alls < (4/v + 2)/5|8]2,

which proves the claim. As a result, equation (3.52) implies that

B ~ = log p
MBIl —Mz,8) <7 16[F = (a = w1813

n
logp (4 2
< 7oy 2E2 (2 2) 8l - (- o

2 ~ ~
Since n > (ﬁ) (4 +2)410gp, we have A||B]1 — A(z,3) < 0. On the other

hand, the Holder inequality implies that A(z, B> < A B||1 Then we must have
s~ < 1, we conclude that Bj =0 for j € A° as

(z.B) = [|Bl)1. By assumption [|Z.4
claimed.

(ii) By Lemma A.2, we know £¢* — J,(t) is convex and hence %ﬁ;ﬁA — L\(BL)
is convex too. Since Amin(Wa4) > 4§, we know ﬂ;WAABA — %ﬁ;ﬂA is strictly
convex. Therefore By W auB4 — JA(B4) = BaAWauB 4 — MIB.llL + Pr(B) is also
strictly convex. Consequently, B;W 4484 — a8 + Pr(B,) is strictly convex.
Therefore the solution B 4 to the restricted program (3.14) is unique. From part
(i), we know all stationary points B are supported on A and can be written as
,@ = (,@ 1, 0.4¢). It is easy to verify that ,CAi' 4 1s also a stationary point of the restricted
program (3.14). Since the restricted program is strictly convex, the stationary

point B 4 1s unique and so is B We know that ,B 4 also satisfies the zero-gradient
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condition in (3.15),

WauB4— aa+ VP(Ba) + Chy = 0.
Subtracting W 4437 on both sides, we have
Waa(Ba = B) = —WauBli +au — VRA(BL) — Cly
Bu—Ba= B4+ Wil(aa—Cly) = WLVR(B,)
184 =Bl < 182+ WL(Chy = au)lloo + WLV PA(B )|

< 184 + W2L(Chy — aa)lloe + MW Zyloo:

The last inequality is because ||VP,\(B )lleo < A Furthermore, we have B A =
B% = 0 and thus

18 = 8"l < 18 + WL (Chy — a)lloo + MW 1 yloo-
(iii) From part (ii), we know for any j € A,
18; = 351 < 1185+ WL(Chy = aa)lloo + AW [l

Since |31] 2 Fian 2 Ma + [Wiklloo) + [Wik(as + Gy — B2 e, we have
|B;| > aX for all j € A. By condition (vi) in assumption 1, we know VP5(8,) =0
and hence

18 — B*[le < 8% + WZL(Chy — a)]|oe-

Since VP,\(B 1) = 0, the zero-gradient condition (3.15) reduces to
WauBy —aa+Chy =0.

Since the restricted program (3.14) is strictly convex on R4, this zero-gradient

condition implies that ,@ 4 1s the unique global minimum, hence B 4= BE:) and

B = B(O), as claimed.

O
Proof of Theorem 3.3.

Proof. Let @ = 7', then we have 8* = ~0 and ,[~3 =730, where v = 1/u' S 'p
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and ¥ = 1/x"X ' . 7 is chosen such that B satisfies the equality constraint, i.e.,
XTB = 1. According to Theorem 3.1, it suffices to show that with probability at

least 1 — cp~!, we have
126 — 7=l = 31 - 56 — x|l < Ms\/logp/n.
We first deal with Hf]@ — X||oo- By triangle inequality, we have
126 — %[l < 26 — palloo + % = p2]loc-

Since x is sub-Gaussian random vector with norm K, we know that x is also

sub-Gaussian random vector with norm K/+/n. Therefore for any ¢ > 0, we have
_ nt?
P(% — el > 1) < 2pexp {—c—} |
Take t = M;+/logp/n for some large M; > 0, we have

P(||x — pt]joo < Mi/logp/n) > 1—2p 1. (3.56)

From Lemma B.2, we know that there exists My > 0 such that

P(|£ = Sl < Myy/logp/n) > 1—2p",
Then with probability at least 1 — 2p~!, we have

126 — plloc =[50 — 26| < [|% = X011

_ (3.57)
< |8 = Bas6lloc < MaCasy/log p/n.

Combine (3.57) and (3.56), we know that with probability at least 1 — 4p~!, we

have
1260 — x| < sM’'+/log p/n,

with M’ = M; + CyM,. Next we show that 7 is bounded from below. Note that

_ _ lo lo
%70~ n76] < 1% — plloc 0 < M1y =2E 0] < MiCosy [ 22E.

n
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By assumption, we know Cy\/C; < 1—e with the choices of M = max{M;, M'/(Cie)}

and A = sM+/logp/n. Thus M;Cys+/logp/n < (1 —€)C; and |x'0 — pu'6| <
(1 — €)Cy. Consequently,

[%76] > || 6] — %70 — p 6] > |CL — (1 = €)Cu| = eCh.
Thus |§] = 1/|x"70] < 1/(eC}). Therefore

I8 — %[ = ] - |20 — |00 < sM\/logp/n,

According to Theorem 3.1, by the choice of A = sM+/logp/n, the L; and Ly error
bounds in part (i) hold.

Now we move to part (ii). Note that ||3*|| is bounded too since
18" loc = 18lloc/p" 27 0 < Co/Cy := C*.
Again by the triangle inequality, we have

1B = BNl < 1B = Bllx + 1B — B*|lg, for k =1,2.

The first term is bounded by the result in part(i). To bound the second term,
~ 1 1
— 3* < |l@ _
Bl o0 (g~ )
* (5( — H’)TG
< 1B« Qe
X'¥

2M, log p
“11x110
o, 187 Mlel8lly/ =

. lo
< 250,078/ —2F

with probability at least 1 —2p~!. When k = 1,

k

IN

~ |
18 — B*[l, < 2M,C"2s” % — O(s)),
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When k£ = 2,

3 1
18 = Bl < 2M,C™5V/5y % -

which completes the proof of part(ii).

Proof of Corollary 3.1.

Proof. From the proof of Theorem 3.3, we know || — 8%l = O(y/sA). By
assumption, v/sA/(k||8%||2) = o(1), or equivalently, k||3*||2/+/sA — co. We have
flBlz _ w1812 = I8 =B"l2) _ &8Nz = O(/5A) _ Kl1B"l2

= — O(k) — o0,

VA T ND) B VA ND)

or equivalently, \/E)\/(/@'HBHQ) = 0(1). Note that cos(B,ﬁ*) = cos(,/B\,,@7 we only
need to show COS<B, B} — 1. cos(,z\i7 [‘3) can be decomposed as follows,

AT~ AT~ ~T~ ~T~
cos(fﬁ',f3> = AB B;v = ,\ﬁ é — ,\ﬁ 'q + AB B;v :
1Bll2118ll2 18121812 18211812 8121812

On one hand,

1Blls =118 = Bll2 _ I8l2 _ 1Bll2 + 118 = Blls

1812 HﬁHz HBHz
Hﬁlb HﬁHz HﬁHz
[EIB
1—0(1) < <1+ o(1)
1812
As a result, we know that ”ﬁHQHBHQ — 1Bl — 1. One the other hand,
B3 1Bl
AT ~ ~T ~ ~ ~
Aﬁ S Aﬁ B _ _(B-PB)B Hﬁ:ﬁHiHﬁHz
18121182 181211812 18208l ~ 18112118112
IIﬁ B2 _ 13 — Bl2 1181l (3.59)
=18l 1Bl 18Il

O(V/s)/(k]1Bll2)) = o(1).
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Combine (3.58) and (3.59), we know COS(,B’,B*> = cos(B,,B) — 1.

Proof of Theorem 3.7.

Proof. Without loss of generosity, we assume E(x;) = 0. We first show with

probability at least 1 — 2p~!, we have
1 T *
=X (y = XB")|| < My/logp/n.
n o0

Note that 1XT(y — XB%) = 1XTe = 1 7 xe,. Since [| Xy, < Ko, lleillus <

T n

Ky, we have || X;;eilly, < K where K = KK, then

1 ¢ 2t
P(ﬁzleUéfz >t> S2€Xp{—01’n (ﬁ/\?)},

where c; is some absolute constant. By the union bound inequality,
P(|
- Xi&
i
Take t = M y/logp/n with M > 2K /c; V \/2K?/¢;, we have

1
P — i€ >t < 2pt.
(o] o) =

>t <2 752/\t
< 2pexpq —cin N .

(3.60)

(3.61)

Therefore, P(|2X T (y — X8")[| < M+/logp/n) >1—2p~'. By Theorem 3.1, we

know part (i) holds. For part (ii),

15— "> = /(B - B)XTX(B - B7) = O(vimsA/w).

by Theorem 3.1.
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Chapter 4
Sparse Online Projection Test

4.1 Introduction

One-sample mean vector test or two-sample test on the equality of two means is
a fundamental problem in high-dimensional statistics. These tests are commonly
encountered in genome-wide association studies. For instance, Chen and Qin (2010)
performed a hypothesis testing to identify sets of genes which are significant with
respect to certain treatments in a genetics research. Xu et al. (2016) applied
various tests to the bipolar disorder dataset from a genome-wide association study
collected by Consortium (2007) in which one would like to test whether there is
any association between a disease and a large number of genetic variants. In these
applications, the dimension of the data p is often much larger than the sample size
n. Traditional methods such as Hotelling’s T test (Hotelling 1931) either cannot
be directly applied or have low power against the alternative. The Hotelling’s 7
requires that the sample covariance matrix is invertible and this is typically not
true in high-dimensional setting where p > n. Despite the singularity of the sample
covariance matrix, it has been observed that the power of the Hotelling’s T test
can be adversely affected even when p < n, if the sample covariance matrix is nearly
singular, see Bai and Saranadasa (1996) and Pan and Zhou (2011).

Several tests for high-dimensional data have been proposed recently. These
tests can be roughly classified into three types. The first type is known as the
sum-of-squares-type test or modified Hotelling’s 7 test. These tests simply replace
the sample covariance matrix by some diagonal matrix such as identity matrix,

leading to a sum-of-squares-type test statistic, see Bai and Saranadasa (1996) and
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Chen and Qin (2010). To get rid of the unit effect, Srivastava and Du (2008)
suggested replacing the sample covariance matrix by its diagonal matrix. These
tests are typically asymptoticly normally distributed under null hypothesis. The
second type is the maximum-type test. The idea is performing p individual tests
and choose the most significant one as the final test statistic. For example, Cai
et al. (2014) introduced a test that is based on a linear transformation of the data
by the precision matrix which incorporates the correlations among the variables.
Such a maximum-type test converges to a certain extreme value distribution. The
third type test is the projection test. The idea is to project the high-dimensional
vector x onto a space of low dimension and then traditional methods such as
Hotelling’s 7% can be applied. Lauter (1996) proposed a test which projects
high-dimensional data to a one-dimensional space by some weight vector. Lopes
et al. (2011) proposed a test based on random projection where the the entries in
the projection matrix are randomly generated from standard normal distribution.
Instead of using random projection, Li et al. (2015) proposed a projection test
based on the optimal projection direction.

Different types of tests are powerful only against certain alternatives. For
example, if the true mean is dense in the sense that there is a large proportion
of small to moderate nonzero components, then sum-of-squares-type test is more
powerful. In contrast, if the true mean is sparse in the sense that there are only
few nonzero components in the mean, the maximum-type test is more powerful.
In practice, since the true alternative hypothesis is unknown, it is unclear how to
choose a powerful test. Furthermore, there are some intermediate situations in
which neither type of test is powerful (Xu et al. 2016).

Consider a random sample xq, ..., X, from a p-dimensional population x with
finite mean E(x) = p and positive definite covariance matrix cov(x) = X. Of

interest is to test the following hypothesis

Hy:p=p, versus Hy:p# py, (4.1)

for some known vector p,. Without loss of generality, we assume p, = 0 and the

one-sample problem (4.1) becomes

Hy:p=0 versus Hy:u#0. (4.2)
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In most cases, the test statistic constructed for one-sample problem can be easily
extended to two-sample problem. For this reason, we only focus on the one sample
problem (4.2) and assume p, = 0. Let x and 3} be the sample mean vector and

the sample covariance matrix respectively,

}_(:lZXZ-7 SIEEIE o SR TR (4.3)

When p < n, the Hotelling’s T test statistic for problem (4.2) is given by
2 To 1
T°=nx ¥ X

Under the normality assumption, it is well known that the test statistic (n —
p)/((n—1)p)T? ~ F,,,_,(n¢), which is a non-central F-distribution with degrees of
freedom (p,n — p) and non-centrality parameter n¢, where ¢ = p 27 . Without
the normality assumption, 72 asymptotically follows a y2-distribution with degree
of freedom 1 as n — oo with p being fixed. When p > n, the Hotelling’s T2
is not well defined since the sample covariance matrix 3 is not invertible. The
idea of projection test is to project the high-dimensional vector x; onto a space
of low dimension and then traditional methods such as t-test or Hotelling’s T
can be applied. Let P be a p x k matrix with £ < n and we can project the
p-dimensional vector x; to a k-dimensional space by left-multiplying the matrix
P'. More specifically, define y; = P'x;,i = 1,...,n, and thus y;,...,y, € R¥ are
independent and identically distributed with mean P"p and covariance matrix
P"XP. The Hotelling’s T3 after projection is defined to be

T2 = nx'P(PTEP) 'P'x,

which is equivalent to the Hotelling’s T2 test based on yi,...,yn.

Several methods have been proposed to determine the projection matrix P.
Lauter (1996) considered a test using the linear score z = (Zy,...,2,)" = Xd,
where d is a p x 1 projection vector depending on X only through X"X and d # 0
with probability 1. Then one can perform the one-sample t-test based on 71, ..., Z,.

Lauter (1996) also proposed two different ways to obtain the projection vector d.
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For example, d can take the form of
d — (diag(X X)),

or be the eigenvector corresponding to the largest eigenvalue A, for the following
eigenvalue problem
(X"X)d = diag(X " X)dApay-

Lopes et al. (2011) proposed a random projection test where the entries in P are
randomly drawn from the standard normal distribution. This random projection
test is an exact test if x;’s are normally distributed. Instead of using random
projection, Li et al. (2015) proposed a projection test using the optimal projection
direction. Li et al. (2015) showed that the optimal choice of k in P is 1 and the
optimal projection direction is @ = X' in the sense that the power of the test

T2 is maximized. Let y; = 0'x;,i=1,...,n. The projection test statistic is
T2 =nx'0(0'%0)'0"x,

which follows Fj ,_; distribution under Hy. It is equivalent to a one-sample ¢ test
based on yi, ..., y,. In order to control the type I error, Li et al. (2015) proposed a
data-splitting strategy to estimate the optimal direction and obtain an exact t-test.
They partition the random sample into two separate sets: D; = {xy,...,X,, } and
Dy = {Xn,41,---,X,}. They use D, to estimate the direction @ = X'y and use
D, to construct the test statistic Ty. To estimate 6, they proposed a ridge-type
estimator = (S + AD;)"!x;, where %; and 21 are the sample mean vector and
the sample covariance matrix computed from Dy, D, = diag(il) is the diagonal
matrix of f)l. The test statistic Tg is constructed using 0 Xy 1 - - ,5 X,. Liet al.
(2015) also derived the asymptotic power function of the projection test Tg under
the assumption that @ — @ in probability. However, there is no guarantee that the
ridge-type estimator is consistent. In order to obtain a better estimation of 8, we
assume the optimal projection direction is sparse. Under the sparsity assumption,
we estimate @ using regularized quadratic programming and it can be shown that

the resulting estimator is consistent.
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4.2 Sparse online projection test

4.2.1 Sparse projection test with data splitting

Let 8 =X 'pand 8" = X 'u/u" =7y be the optimal projection direction. We
assume 6 and B* are sparse and have s nonzero elements, i.e., ||0|o = ||3"]|o = s.
Under the assumption that the optimal projection direction is sparse, we propose a
new estimation vis the following regularized quadratic programming with nonconvex

penalty and linear constraint,

-~

N QPP

(3 = arg min §BTZB + Py(B). (4.4)
%1 B=1

We may follow the data splitting procedure proposed in Li et al. (2015). Given

the dataset D = {x1,...,X,}, we partition the dataset into D; = {x1,...,Xp,}

and Dy = {xp,41,...,X,}, where ny = |7n]. We use the first subset to estimate

the optimal projection direction by the regularized quadratic programming

~

B = argmin 28758+ P\(8). (45)

%] B=1

where X; and f]l are the sample mean and sample covariance matrix estimated
from D;. Then we project the high-dimensional data in D, to a 1-dimensional space
using E, ie., y; = X:E fort =mny + 1,...,n. Note that the estimated projection
direction B is independent from D, and thus y,,+1,...,y, are independent and
identically distributed with mean 0 and variance @TEB under Hy. As a result,
we can perform one-sample t-test based on the new dataset {y,,11,...,yn}. The
advantage of the data splitting procedure is that we achieve an exact t-test and
the type I error can be well controlled. However, we perform the ¢-test only using
the data from D, and the data in D; is discarded, which may lead to some loss in

power. Define

g:,n% Z Yi, S§:n21_1 Z (yl_g>27

i=ni1+1 1=n1+1
where ny = n — n; This sparse projection test with data splitting procedure is
summarized in Algorithm 5 and is referred to as SPT-DS. The ridge projection test
with data splitting procedure in Li et al. (2015) is referred to as RPT-DS. Based on
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the empirical study in Li et al. (2015), one may set 7 € (0.4,0.6) to achieve high

power.

Algorithm 5 Sparse projection test with data splitting
Input: D = {x;,...,x,} and 7 € (0, 1).
1. Partition data Dy = {x1,...,X,, } and Dy = {X,, 41, ..., X, } where ny = |tn].
2. Compute sample mean X; and sample covariance matrix ¥, based on D;.
3. Solve

N 1~
B = argmin= 87,8+ P\(8).
“Tg_q 2
X, B=1
4. Compute yp, 41, .. .,Yn Where y; = xini,i =ny+1,...,n.
5. Compute the test statistic T, = \/n — n1y/s,.
6. Reject Hy whenever [T, > z4/.

We also derive the asymptotic power function for the proposed SPT-DS.

Proposition 4.1. Suppose the conditions in Theorem 3.3 hold. Let B be a station-
ary point of program (4.5) with A\ = Ms+/logp/n,. Assume that s*/%\/logp/n, =

o(1) and both ny and ny go to infinity, we have

Bi(p) = ®(=za/2 + /Mo 57 ) = 0,

Bi(p) = P(|T,| > zas2) is the power function for the SPT-DS and ®(-) is the cdf

for the standard normal distribution.

Unlike RPT-DS which assumes that the ridge-type estimator is consistent,
we can show our estimator is consistent under the conditions of Proposition 4.1

and thus the power function we derive is reliable. With a sample of size n, one
may expect the power function is of order ®(—z4/2 + v/ p X' ). With the

choice of ny = |7n], the power of the projection test with data splitting becomes

D(—2z42++/(1 — T)ny/ T 1) and is less powerful than the test using the whole
dataset.

4.2.2 Sparse online projection test

To improve the power of data splitting projection test, we propose a sparse projection

test via an online framework. Pretending the data arrives one by one in a temporal
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manner (though it is not necessary), we keep updating the estimated projection
direction when new observations arrive. Suppose we have x1,...,X; at time ¢ and

we use the current ¢ data points to estimate the optimal projection direction

B, — are min%,@Titﬁ + P(8), (4.6)

%] B=1

where x; and f]t are the sample mean and sample covariance matrix estimated from
{x1,...,%;}. When a new data point x;,1 arrives, we project the new data point
to a scalar by 1.1 = X;:_l,@t and update the estimation of 3* by (4.6) with X,
and thH. Given an integer k,, < n, we can obtain an initial estimator ,[A")kn based
on the first k,, observations. As a result, we obtain a sequence of new data points
{Ykp+1, - - -, Yn } and we can carry out one-sample test based on {y, +1, ..., yn}. This
sparse online projection test is summarized in Algorithm 6. Since this algorithm
updates ,@t whenever we have a new observation and we refer it as Sparse Online
Projection Test - One by one (SOPT-O). This algorithm can be computationally
expensive especially when n is large because we need to solve a regularized quadratic
programming whenever a new observation arrives. To reduce the computational
burden, we also propose a mini-batch version of Algorithm 6. We update the
estimated projection direction only when a batch of observations arrive. More
specifically, suppose we have x1,...,x; at time ¢ and obtain ,/B\t using xq,...,X;.
When the next b observations x;11, ..., X arrive, we project the b observations to
1-dimensional space by multiplying Bt, Le., Y1 = XIHE“ ey Yy = xtTerBt. Then
we update the estimation of 8% based on {x1,...,X¢4}. This mini-batch version
is summarized in Algorithm 7 and the corresponding test is referred to as Sparse
Online Projection Test - mini Batch (SOPT-B).

Remark. In Algorithm 6 and Algorithm 7, instead of using the regularized
quadratic programming to estimate 3%, one may also use the ridge-type estimator.
In order to achieve stable numerical performance, we also standardize the ridge-type
estimator by Bt — Bt/X:Bt, ie., Bt satisfies the linear constraint X:Bt = 1. The
corresponding tests are referred to as Ridge Online Projection Test - one by one
(ROPT-0) and Ridge Online Projection Test - mini Batch (ROPT-B). Note that
the data splitting projection test can be regarded as a special case of the mini-batch

online projection test where there is only one single batch.
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Algorithm 6 Sparse online projection test - one by one

Input: D = {x3,...,x,} and integer k, > 2.

fort=Fk,+1tondo R
1. Compute sample mean X;_; and sample covariance matrix 3;_; based on
X1y ooy Xp—1-

2. Update B,_; by

. 1 e
B;_; = argmin §,3T2t—16 + P/\(ﬁ)-

BT xi—1=1

3. Compute y; = X:Bt—l'
end for
Compute the test statistic T, = v/n — k,y/s,.
Reject Hy if |T,)| > 2zq)2.

Algorithm 7 Sparse online projection test - mini batch

Input: D = {x3,...,x,}, integer k, > 2 and batch size b.

fort=0to B=|(n—k,)/b] do
1. Compute sample mean X; and sample covariance matrix f]t based on
X1,..n ,an_tl,t.

2. Update B, by
- 1 -
B, = arg mméﬁTEtﬁ + P\(0).

BTxi=1
if t < B then R
Compute Y, 11p+i = xgﬁtlﬂriﬁt fori=1,...,0.
else R
Compute yi, 1p5+i = X;—n+b3+iﬁt fori=1,...,n—k, — bB.
end if
end for

Compute the test statistic T, = v/n — k,y/s,.
Reject Hy if |T,| > 24/

4.2.3 Asymptotic normality for sparse online projection test

In this section, we establish the asymptotic normality of the proposed test statistic
under both null hypothesis and alternative hypothesis. Let z; be the centralized

version of y,, i.e., z; = (x; —M)T,/B\tq fort = k,+1,...,n. Note that {zx, 11,...,2n}
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is actually a martingale difference since

E(zt11l2e, 261, ) = E((%¢41 — M)TBt|Zta Z-ts---)

= B((xee1 — ) DEBy|2, 211, ) = 0.

The second equality is due to the fact that the new observation x;,; is independent
from Bt. Similarly, we know that {yk, 41,...,yn} is also a martingale difference
under Hy. Next we establish the asymptotic null distribution using the technique

of central limit theorem for martingale difference. Let z and s? be the sample mean

and sample variance based on {zk, t1,..., 2.}, L.€.,
n n
_ 1 2 1 2
zZ= E 2 and s = g 2.
n—k, n—k,
t=kn+1 t=kn+1

Theorem 4.1. Suppose the conditions in Theorem 3.3 hold. Let ,B’t be a stationary

point of program (4.6) with X = Ms+/logp/t. Assume that s\/logp/ns = o(1) for
some 7 € (0,1), then with the choice of k, = n", we have

(i) (Normality under alternative) T, = /n — k,z/s, — N(0, 1).

(ii) (Power function) Further assume ||p|os®\/ 252 = o(1), then

Bo(p) — ®(—za/2 + VvV /T TE ) — 0,

where fa(p) = P(|T,| > 24) is the power function for the proposed SOPT-O.

Theorem 4.1 establishes the normality of the proposed test statistic under the
alternative "3 'y > C) for some C; > 0 (see conditions in Theorem 3.3), and
based on which we derive the power function. Clearly, we have Sa2(p) > 81(p).
The SOPT-O improves the performance of SPT-DS in the following two ways:
(1) SOPT-O keeps updating the estimation of 8* and obtains a more and more
accurate estimation of 8% as more observations arrive. (2) Less observations is
discarded in SOPT-O than SPT-DS when performing the test. For SOPT-O, only
k., = o(n) data points is discarded and is negligible when deriving the asymptotic
power function. However, the results in Theorem 4.1 does not hold for Hy: p =0

since the condition p" X' > € is not satisfied. In order to establish the central
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limit theorem for martingale difference, according to Lemme D.1, we need to show

2

s7 converge to some positive constant. Under the conditions of Theorem 4.1, we

can show that the estimated direction Bt at time t is close enough to the true

direction 3* for t = k, +1,...,n and thus 332/ converges to (u' X '), Thanks to

2
Y

diverge and consequently the martingale difference central limit theorem does not

the fact that ,@t does not converge to 3* = 0, otherwise the the variance s would
hold. Actually, this also explains why we do not use the unconstrained version to
estimate the projection direction. In the unconstrained version, we dot not require
p' X7ty > O and thus we have ,@t — 0 under Hj, which is problematic. In fact,
the linear equality constraint B: X; = 1 forces that Bt cannot be too close to 0.
We establish the normality under H, assuming that Bt lies in the neighborhood of

some nonzero constant vector. We have the following theorem.

Theorem 4.2. (Normality under null) Let Bt be a stationary point of program
(4.6) with A = Ms\/w for some large M > 0. Under Hy, assume that there
exists By, # 0 € R? such that HBt — Bolli = O(ay) for some sequence a, and all
t>ky. If ||,30||%\/@ = o(1) and a,logp(||Byll1 V1) = o(1), then we have

n

T
VEZEY N0, 1).
Sy

The proof of Theorem 4.2 is the same as the proof of part (i) in Theorem
4.1 by substituting 3, for 8" and thus is omitted. Theorem 4.2 shows that the
asymptotic null distribution is the standard normal distribution. Thus we reject the
null hypothesis (4.1) if and only if |T,| > z,/2, Where z,/5 is the upper «/2 quantile
of standard normal distribution. We also numerically examine the normality under
both Hy and H;. We consider two covariance matrix structures: (1) Autocorrelation
structure where 3 = (0y;) with o;; = pl"=9l and (2) compound symmetry structure
where ¥ = (0y;) with 0;;, = pif i # j and 0;; = 1 if i = j. We set n = 160,
p =400, 1600 and p = 0.5. Figure 4.1 shows the distributions of the test statistic
T, under the null hypothesis g = 0. The upper two panels are the histograms for
autocorrelation structure and the lower two panels are the histograms for compound
symmetry structure. The red curves are the probability density function of standard

normal distribution. Figure 4.1 shows that the distribution of the test statistic
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Figure 4.1: The distribution of test statistic T, under Hy,. We set n = 160, p =
0.5 and consider p = 400,1600. The upper two panels are the histograms for
autocorrelation structure and the lower two panels are the histograms for compound
symmetry structure. The red curves are the probability density function of standard
normal distribution.

is very close to standard normal distribution under Hy when n,p are relatively
large. Figure 4.2 shows the distributions of the statistic T, under the alternative
hypothesis g = 0.5(119,0,-10). It shows that the distribution of the T, is very close

to standard normal distribution under H; as claimed in Theorem 4.1

4.3 Numerical studies

4.3.1 Choice of k&,

According to Algorithm 6, we use the first k,, = n” data to obtain an initial estimate
of the optimal projection direction 8* and update the estimate when new data

arrives. In order to obtain a good initial estimate of 8*, a large value of k, is
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Figure 4.2: The distribution of test statistic 7, under H;. We set n = 160, p =
0.5 and consider p = 400,1600. The upper two panels are the histograms for
autocorrelation structure and the lower two panels are the histograms for compound
symmetry structure. The red curves are the probability density function of standard
normal distribution.

preferred. However, the value of k, cannot be too large since the first £, data
points are discarded when we perform the online projection test. A large choice
of k, may lead to a significant loss in power. In this section, we examine how
the choice of k, or equivalently the choice of parameter 7 affect the power of the
proposed online projection test. We consider k, = n” with 7 = (0.2,0.25,...,0.95).
We set (n,p,c) = (100, 1600, 0.25) and (40, 1600, 0.5) for both autocorrelation and
compound symmetry covariance matrix structures with p € {0.25,0.50,0.75,0.95}.
Figure 4.3 depicts the power against the choice of 7. The upper two panels are
the power for autocorrelation structure and the lower two panels are the power
for compound symmetry structure. Figure 4.3 shows that the power of the test
increases very slowly as 7 increases and then drops quickly as 7 further increases.

In other words, the power of the online projection test is not very sensitive to the
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choice of 7 when 7 is relatively small (7 < 0.8). When £k, is large, we perform the
online projection test only based on a dataset with a relatively small sample size
and expect to see some loss in power. In practice, we suggest choosing 7 € [0.4,0.8]

and we simply set 7 = 0.6 in the rest of this chapter.

n=100, p=1600, c=0.25 n=40, p=1600, c=0.5
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Figure 4.3: Power of the online projection test against the choice of 7. We
set (n,p,c) = (100, 1600,0.25) and (40, 1600,0.5) for both autocorrelation and
compound symmetry covariance matrix structure with p € {0.25,0.50,0.75,0.95}.
The upper two panels are the power for autocorrelation structure and the lower
two panels are the power for compound symmetry structure.

4.3.2 Size and power comparison for multivariate normal dis-

tribution

In this section, we conduct numerical studies to examine the finite sample per-
formance of different tests for one-sample high-dimensional mean vector problem.

These methods include the proposed projection tests using the online framework,
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data splitting projectio tests, the sum-of-squares-type test, the maximum-type
test as well as the random projection test. We consider two methods to estimate
the optimal projection direction: the proposed sparse estimator using regularized
quadratic programming with linear constraint and the ridge-type estimator pro-
posed in Li et al. (2015). For ease of presentation, we use the following notations

to denote the proposed online projection tests.

e SOPT-0O: Sparse Online Projection Test with One-by-one update. The
projection direction is estimated by regularized quadratic programming and

is updated according to Algorithm 6.

e SOPT-B: Sparse Online Projection Test with mini-Batch update. The pro-
jection direction is estimated by regularized quadratic programming and is
updated according to Algorithm 7. The batch size is set to be 10.

e ROPT-O: Ridge Online Projection Test with One-by-one update. The pro-
jection direction is estimated by the ridge estimator and is updated in a

one-by-one manner.

e ROPT-B: Ridge Online Projection Test with mini-Batch update. The pro-
jection direction is estimated by the ridge estimator and is updated in a

mini-batch manner.

e SPT-DS: Sparse Projection Test with Data Splitting. The projection direction

is estimated by regularized quadratic programming with data splitting.

e SPT-DS: Ridge Projection Test with Data Splitting. The projection direction
is estimated by the ridge estimator, i.e., the test proposed in Li et al. (2015).

The sum-of-squares-type tests include D1958 test (Dempster 1958), BS1996 test
(Bai and Saranadasa 1996), CQ2010 test (Chen and Qin 2010). Srivastava and Du
(2008) considered two versions of their test, one with modification and one without
modification, and we denote them by SD2008w and SD2008wo, respectively. The
maximum-type test we compare with is the one from Cai et al. (2014) without

data transformation. We also include two other projection tests L1996 test (Lauter
1996) and LWJ2011 test (Lopes et al. 2011).
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We generate a random sample of size n from N(cpu,X) with g = (1], 0;—5)T

and s = 10. We set ¢ = 0,0.5 and 1 to examine the Type I error rate and the power

of these tests. For p € (0,1), we consider the following two covariance structures:
(1) Compound symmetry with ¥; = (1 — p)I + p117.
(2) Autocorrelation with 3y = (pli=il), .

We consider p = 0.25,0.5,0.75 and 0.95 to examine the influence of correlation on
the power of these tests. We set sample size n = 160, 40 and dimension p = 400, 1600.
For SOPT-0O, SOPT-B, ROPT-O and ROPT-B, we set k, = |n”| with 7 = 0.6,
where |-] is the rounding operator. For SPT-DS and RPT-DS, we split the data
set by setting ny = |n7| with 7 = 0.4. To this end, we replace sample covariance
matrix 3 by §]¢ =3+ oI, with a small positive number ¢ = \/W. Such a
perturbation does not noticeably affect the computational accuracy of the final
solution and all the theoretical properties hold when ¢ < \/m. We set the
type I error rate o = 0.05 and use 2,2 as the critical value. All simulation results
are based on 10,000 independent replicates. Tables 4.1 and 4.2 summarize the type
I error rate and power for compound symmetry structure when n = 160 and n = 40,
respectively. Tables 4.3 and 4.4 summarize the type I error rate and power for
autocorrelation structure when n = 160 and n = 40, respectively. In order to obtain
a good estimate of 8%, we assume the optimal projection direction B* is sparse.
When ¥ = X1, the compound symmetry structure, 3" is an approximately sparse
matrix in the sense that the off-diagonal entries are of order p~! and are dominated
by its diagonal entires. The corresponding optimal projection correlation X'y
is also approximately sparse in the sense that the first s entries dominate the rest
entries. When 3 = X,, the autocorrelation structure, X! is a 3-sparse matrix,
meaning that only the diagonal and the first off-diagonal entries are nonzero, and
optimal projection direction 37! is sparse too.

We first examine the type I error rate. Among all these tests, SPT-DS, RPT-DS,
L1996 test and LJW2011 test are exact tests under the normality assumption and
thus control the type I error rate very well. All the sum-of-squares-type tests and
our proposed online projection tests (SOPT-O, SOPT-B, ROPT-O and ROPT-B)
have asymptotic normal distribution under H,. These online projection tests also
keep the type I error very well when n = 160 and may have slightly higher type

I error rate than 0.05 when n = 40. We also observe the same phenomenon for

100



Table 4.1: Size and power comparison for N(cu,3;) (values are in percentage).

c=0 c=0.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 075 0.95 0.25 0.5 075 095

n = 160, p = 400
SOPT-O  5.02 548 528 524  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SOPT-B 5.00 538 515 526  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-O 501 4.87 516 528  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-B 507 5.02 510 533  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SPT-DS 477 510 496 4.83  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
RPT-DS 497 489 4.80 4.99  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0

D1958  6.34 5.32 510 542 8748 20.32 1216 9.70  100.0 100.0 99.94 89.00
BS1996  5.64 524 532 598 8146 20.16 12.64 10.60  100.0 100.0 99.98 92.76
CQ2010  5.64 524 532 598 8144 20.16 12.64 10.60  100.0 100.0 99.98 92.80
SD2008w 249 0.68 0.09 0.0l 3348 246 045 008  100.0 73.10 4.11 0.64
SD2008wo  5.98 5.60 549 570  83.70 21.07 12.63 10.83  100.0 100.0 99.96 92.77

L1996 532 4.84 4.86 5.36 536 572 512  5.06 734 6.06 578 5.40
LIW2011 498 542 430 532  98.26 100.0 100.0 100.0  100.0 100.0 100.0 100.0
CLX2013  4.84 3.02 0.82 012  100.0 100.0 100.0 99.80  100.0 100.0 100.0 100.0

n = 160, p = 1600
SOPT-O 522 520 4.65 512  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SOPT-B 514 545 508 476  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-O 491 4.62 490 487  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-B 476 4.65 4.82 500  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SPT-DS  4.63 499 479 4.96  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
RPT-DS 491 543 540 474  98.84 99.92 100.0 100.0  100.0 100.0 100.0 100.0

D1958  6.14 558 528 494  11.14 6.88 6.44 6.04  92.62 1950 12.18 9.94
BS1996 546 5.54 556 538 1002 6.76 6.84 646  87.52 19.44 12.94 10.64
CQ2010 546 554 554 538 1002 6.78 6.82 646  87.54 1944 12.96 10.64
SD2008w  1.56 0.22 0.00 0.01 271 022 003 000 1753 058 0.03 0.0l
SD2008wo 571 5.32 542 541 1080 7.20 695 6.62  90.39 20.01 13.01 10.78
L1996. 530 526 518 4.92 498 444 518 526 526 536 546 542
LJW2011 524 580 508 532 3428 56.34 91.70 100.0  98.26 99.94 100.0 100.0
CLX2013 564 3.04 0.80 012  100.0 100.0 99.94 99.44  100.0 100.0 100.0 100.0

D1958 test, BS1996 test, CQ2010 test and SD2008wo. All these tests tend to have
slightly higher type I error rate than the online projection tests. SD2008w does not
control the type I error well and is very sensitive to the correlation level p. The
maximum-type test CLX2013 test converges to a type I extreme-value distribution
under Hj and may suffer from a slower convergence rate. It turns out that CLX2013
test cannot control the type I error and is also sensitive to the correlation level p.
The type I error rate of CLLX2013 test decreases as p increases and can be much
greater than the pre-specified level a when p is small. For example, the type I error
rate of CLX2013 test can be as large as 23.06% in the setting of autocorrelation
with (n,p) = (40, 1600).
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Table 4.2: Size and power comparison for N(cu,3;) (values are in percentage).

c=0 c=10.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 0.75 0.95 0.25 0.5 0.75 0.95

n =40, p = 400
SOPT-O 592 549 5.31 5.23 97.51 99.96 100.0 100.0 100.0 100.0 100.0 100.0
SOPT-B 5.71 5.73 5.61 5.73 91.38 98.46 99.89 99.99 100.0 100.0 100.0 100.0
ROPT-O 553 5.23 535 524 80.76 96.92 99.99 100.0 100.0 100.0 100.0 100.0
ROPT-B 541 5.81 5.04 5.54 66.37 85.71 98.65 100.0 99.98 99.95 100.0 100.0
SPT-DS 498 450 494 5.19 71.53 89.92 99.00 99.96 99.97 99.88 99.99 100.0
RPT-DS 5.16 4.47 4.88 4.90 50.22 70.74 94.04 100.0 98.61 99.53 100.0 100.0
D1958 6.36 5.74 520 4.96 13.14 810 6.86 6.28 81.56 23.18 13.56 10.60
BS1996 5.74 586 5.84 5.82 11.82 822 760 722 77.98 23.38 15.18 12.30
CQ2010 572 586 5.82 5.82 11.82 824 758 722 77.98 2340 1522 12.28
SD2008w 3.29 1.11 0.29 0.09 6.65 156 0.37 0.11 4552 440 076  0.17
SD2008wo 7.63 6.96 647 6.22 15.24  9.77 817 747 86.63 27.57 16.20 12.74
L1996 4.70 476 4.74 4.72 4.74 466 452 4.54 506 4.66 4.48 4.50
LJW2011 490 4.34 4.88 4.92 14.66 20.02 42.06 98.36 55.18 74.68 95.92 100.0
CLX2013 11.94 6.18 2.06 0.28 88.08 76.62 59.42 40.26 100.0 100.0 100.0 99.74

n = 40, p = 1600
SOPT-O 570 5.83 5.07 5.11 90.35 99.70 100.0 100.0 100.0 100.0 100.0 100.0
SOPT-B 6.11 5.74 5.68 541 77.18 9528 99.80 99.97 100.0 100.0 100.0 100.0
ROPT-O 520 5.03 5.27 5.05 15.82 28.90 82.01 100.0 97.97 99.79 99.99 100.0
ROPT-B 571 5.06 526 5.14 16.25 25.86 64.16 99.67 86.72 92.29 99.11 100.0
SPT-DS 522 499 521 5.08 50.43 79.97 9851 99.98 99.92 99.94 99.99 100.0
RPT-DS 5.01 4.71 5.06 4.94 14.62 23.71 54.68 98.14 71.49 81.98 95.74 100.0
D1958 6.82 6.16 5.64 5.38 792 6.62 596 5.60 1230 830 7.02 6.48
BS1996 6.08 6.20 6.22 6.22 728 6.72 6.8 6.50 11.18 846 7.70 7.34
CQ2010 6.02 6.14 6.14 6.12 730 6.62 6.54 6.46 11.18 846 7.58 7.32
SD2008w 2.29 0.56 0.11 0.01 2,50 058 0.12 0.01 4.06 072 0.14 0.01
SD2008wo 772 6.92 645 6.28 894 747 6.82 6.53 1430  9.30 795 732
L1996 516 5.18 5.14 5.16 504 5.06 5.08 5.06 512 5.08 5.02 5.02
LJW2011 512 524 5.04 4.90 6.88 8.00 11.78 51.76 14.56  20.94 42.22 98.38
CLX2013 15.64 7.50 2.56 0.22 78.46 64.74 46.54 28.60 100.0 100.0 99.96 99.08

Next we compare the power of these tests. Tables 4.1 - 4.4 show that the power
of these tests strongly relies on the covariance structure as well as the values of p
and c. We first examine the 6 tests based on the optimal projection, i.e., SOPT-O,
SOPT-B, ROPT-O, ROPT-0O, SPT-DS and RPT-DS. In summary, the one-by-one
online projection test is slightly more powerful than the mini-batch online projection
test and improves the power of data splitting projection test a lot. This is not
surprising since the one-by-one online projection test keeps updating the estimated
projection whenever a new data point arrives and thus in general has more accurate
estimation than the mini-batch version. The mini-batch projection test sacrifices

the accuracy a little bit to reduce the computation burden. The data splitting
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Table 4.3: Size and power comparison for N(cu, 3s) (values are in percentage).

c=0 c=0.5 c=1
P 0.25 0.5 0.75 0.95 0.25 0.5 075 0.95 0.25 0.5 075 095

n = 160, p = 400
SOPT-O 514 544 534 520  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SOPT-B 538 530 520 477  100.0 100.0 99.99 100.0  100.0 100.0 100.0 100.0
ROPT-O  4.97 493 502 544  100.0 99.98 98.27 99.98  100.0 100.0 100.0 100.0
ROPT-B 505 520 520 498  100.0 99.97 98.09 99.94  100.0 100.0 100.0 100.0
SPT-DS 510 494 482 503  100.0 99.97 99.37 99.98  100.0 100.0 100.0 100.0
RPT-DS 533 468 503 516  99.99 99.43 89.97 96.04  100.0 100.0 100.0 100.0

D1958 520 524 492 540  100.0 100.0 99.98 85.90  100.0 100.0 100.0 100.0
BS1996  4.82 4.96 4.52 448  100.0 100.0 99.98 82.52  100.0 100.0 100.0 100.0
CQ2010  4.82 4.96 450 4.46  100.0 100.0 99.98 82.54  100.0 100.0 100.0 100.0
SD2008w  4.15 3.80 2.96 145  100.0 100.0 99.92 61.45  100.0 100.0 100.0 100.0
SD2008wo  5.97 5.85 553 504  100.0 100.0 99.95 84.16  100.0 100.0 100.0 100.0

L1996 512 4.84 446 578  57.58 36.30 1924 7.32 9370 7374 39.54 11.26
LJW2011 500 5.02 584 496  89.76 86.02 80.22 98.60  100.0 100.0 100.0 100.0
CLX2013 572 590 530 238  100.0 100.0 100.0 99.98  100.0 100.0 100.0 100.0

n = 160, p = 1600
SOPT-O 551 535 541 521  100.0 100.0 99.94 99.99  100.0 100.0 100.0 100.0
SOPT-B 542 534 547 535 1000 100.0 99.92 99.98  100.0 100.0 100.0 100.0
ROPT-O 524 553 484 513  99.94 98.80 84.90 70.08  100.0 100.0 100.0 100.0
ROPT-B 538 560 499 525  99.89 9851 83.39 66.93  100.0 100.0 100.0 100.0
SPT-DS 485 504 492 479  100.0 99.94 97.61 9327  100.0 100.0 100.0 100.0
RPT-DS 524 483 497 501  97.18 88.69 61.66 35.37  100.0 100.0 100.0 99.60

D1958 518 4.56 4.78 592  100.0 99.94 94.74 4340  100.0 100.0 100.0 99.98
BS1996 552 4.72 4.90 4.82  100.0 99.80 91.82 35.86  100.0 100.0 100.0 99.98
CQ2010 552 470 490 4.84  100.0 99.80 91.82 3584  100.0 100.0 100.0 99.98
SD2008w  4.10 3.73 2.99 1.74  99.99 99.72 91.28 22.26  100.0 100.0 100.0 99.87
SD2008wo  7.07 6.37 5.67 547  100.0 99.90 9450 39.96  100.0 100.0 100.0 100.0

L1996  5.02 5.06 510 540  19.08 12.20 846 570  40.38 25.06 13.58 6.28
LIW2011 450 524 494 510  25.60 25.04 23.18 37.16  92.12 91.08 90.62 98.80
CLX2013  7.34 7.26 620 320  100.0 100.0 100.0 99.86  100.0 100.0 100.0 100.0

projection test is less powerful is because it discards too many data points comparing
to the online projection tests. Under the settings of compound symmetry and
autocorrelation, the optimal projection direction is sparse or approximately sparse,
thus the tests based on regularized quadratic programming are more powerful than
the tests using ridge-type estimators.

In the setting of 3 = 35, n = 40,c¢ = 0.5, SD2008wo test and CLX2013 test
cannot control the type I error and their type I error rate can be as high as
20%. Thus their high power are not reliable. SOPT-O is the most powerful test
among those who have control on the type I error rate. In the setting of compound

symmetry, the power of tests based on the optimal projection increases as p increases
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Table 4.4: Size and power comparison for N(cu, 3s) (values are in percentage).

c=0 c=0.5 c=1
p 0.25 0.5 0.75 095 0.25 0.5 075 0.95 0.25 0.5 075 0.95

n =40, p = 400
SOPT-O 5.82 588 5.73 6.09 91.05 77.42 54.81 43.46 100.0 100.0 100.0 100.0
SOPT-B 587  6.03 599 6.39 83.98 69.45 47.97 36.29 100.0 100.0 99.97 99.88
ROPT-O 570 6.36 6.07 6.04 73.80 55.54 33.10 22.50 100.0 100.0 99.02 95.32
ROPT-B 577  6.07 598 6.37 64.99 4791 28.92 19.00 100.0 99.93 97.89 87.22
SPT-DS 518 519 526 4.78 61.15 50.17 36.46 27.19 100.0 99.99 99.67 97.72
RPT-DS 5290 446 5.16 4.81 46.27 35.27 21.13 13.86 99.98 99.53 91.08 68.03
D1958 490 498 478 5.44 88.86 77.00 50.34 17.52 100.0 100.0 99.94 85.12
BS1996 516 4.64 4.66 4.72 83.98 69.96 43.02 14.66 100.0 100.0 99.86 82.12
CQ2010 5.24  4.68 4.62 4.70 84.00 69.96 43.02 14.82 100.0 100.0 99.84 81.98
SD2008w 691 566 384 192 89.91 75.60 43.69 7.14 100.0 100.0 99.84 60.80
SD2008wo 1436 1221 9.54 7.15 95.01 86.40 59.98 21.70 100.0 100.0 99.95 85.66
L1996 4.72 486 480 4.88 18.74 1226 7.70 5.18 40.40 24.78 1298  5.96
LJW2011 520 4.78 520 5.14 11.82 11.30 11.78 15.34 44.40 42.08 42.08 59.82
CLX2013 14.72 13.78 12.58 6.24 93.82 89.08 77.90 52.68 100.0 100.0 100.0 99.96

n =40, p = 1600
SOPT-O 587 599 576 5.88 74.33 59.22 40.02 25.12 100.0 100.0 99.98 99.84
SOPT-B 548 590 6.06 5.98 63.21 49.59 32.92 20.84 100.0 100.0 99.87 98.33
ROPT-O 6.14 545 596 547 32.44 2499 1573 8.37 99.89 98.48 84.55 40.02
ROPT-B 595 574 6.27 549 27.08 21.14 13.53 7.44 99.37 96.33 7747 32.85
SPT-DS 525 519 5.09 5.12 38.03 30.96 22.88 16.49 100.0 99.94 98.81 91.04
RPT-DS 461 495 530 4.92 17.85 1457 9.55  6.10 94.90 84.59 58.09 22.43
D1958 528 536 534 5.18 49.08 38.84 2440 11.12 100.0 99.98 94.56 42.64
BS1996 518 496 524 446 38.02 29.42 17.74 8.02 100.0 99.84 91.44 33.82
CQ2010 5.16 5.06 524 4.44 38.08 29.46 17.72 8.06 100.0 99.84 91.48 33.92
SD2008w 11.73 822 4.08 1.65 64.17 45.15 20.19 3.45 100.0 99.82 91.48 20.90
SD2008wo 32.71 25.60 16.07 9.19 85.92 71.63 45.15 15.73 100.0 99.98 98.15 51.92
L1996 490 466 520 5.10 870 642 594 514 14.64 948 698 5.36
LIJW2011 486 498 516 4.90 634 630 6.60 6.86 11.88 12.16 11.52 13.36
CLX2013 23.06 22.64 19.72 10.06 87.86 81.14 69.82 44.96 100.0 100.0 100.0 99.76

when ¢ = 0.5. As the value of ¢ increases from 0.5 to 1, the power of the these tests
increases dramatically. As the dimension p increases, there is a downward trend for
these tests. However, even in the most challenging case (n, p, c) = (40, 1600, 0.5),
the proposed SOPT-O has power between 90% and 100%. The sum-of-squares-type
tests tend to become less powerful when p increases. This is because theses tests
ignore the correlation among the variables and therefore their overall performances
are not satisfactory. In the setting of autocorrelation, the power of all the tests
decrease as p increases. We notice that some of the sum-of-squares-type tests may
have more satisfactory performance than the data splitting projection tests when p
is small. This is because ¥, is a 3-sparse matrix and it does not hurt too much if

the dependences among variables are ignored. It is also observed that the power of
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Table 4.5: Size and power comparison for tg(cp, 31) (values are in percentage).

c=0 c=0.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 075 0.95 0.25 0.5 075 095

n = 160, p = 400
SOPT-O 522 4.78 594 535  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SOPT-B 5.08 520 562 499  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-O 478 4.99 543 520  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-O  4.81 492 551 528  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SPT-DS 465 477 500 514  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
RPT-DS 503 506 472 496  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0

D1958 556 549 505 524 3656 1347 9.03 800  99.95 98.63 65.71 34.93
BS1996  4.83 543 524 568 3178 1342 9.61 862  99.95 98.78 69.46 38.23
CQ2010 535 5.60 531 574 3468 13.78 9.76 872  100.0 99.10 70.35 38.80
SD2008w  2.24 0.70 0.22 0.04 1287 162 022 007 9975 22.01 159 0.22
SD2008wo ~ 5.21 557 534 571 3533 14.04 976  8.63  100.0 99.00 71.08 38.39

L1996  4.68 5.16 5.00 5.16 558 550 511  5.03 670 558 577  5.08
LIW2011 440 4.13 445 442 9501 99.50 100.0 100.0  100.0 100.0 100.0 100.0
CLX2013 438 2.66 107 0.17  100.0 99.91 99.01 94.66  100.0 100.0 100.0 100.0

n = 160, p = 1600
SOPT-O 511 4.92 483 496  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SOPT-B 514 519 506 494  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-O  4.92 477 461 476  99.99 100.0 100.0 100.0  100.0 100.0 100.0 100.0
ROPT-B 474 475 461 480  99.92 100.0 100.0 100.0  100.0 100.0 100.0 100.0
SPT-DS 519 4.82 498 475  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0
RPT-DS 505 459 4.80 441 9594 99.61 100.0 100.0  100.0 100.0 100.0 100.0

D1958  5.64 525 528 5.14 893 6.67 5.62 587 3723 1327 874 T.52
BS1996  5.10 5.17 5.54 5.43 792 661 590 622 3138 13.15 922 8.12
CQ2010 542 534 562 545 859 6.77 598 629 3514 1348 940 8.17
SD2008w  1.37 0.15 0.03 0.00 202 024 004 0.00 659 0.38 0.02 0.00
SD2008wo  5.46 542 5.63 5.42 859 6.85 598 623 3582 1375 943 8.16

L1996 511 4.84 5.18 5.11 520 511 473 520 507 4.93 500 445
LIW2011 444 435 427 414  27.76 45.62 8550 100.0  94.92 99.58 99.99 100.0
CLX2013 441 2.08 0.71 0.09  99.99 99.60 97.52 90.55  100.0 100.0 100.0 100.0

these sum-of-squares-type tests decreases significantly as the correlation increases

and become less powerful than the data splitting projection tests when p = 0.95.

4.3.3 Size and power comparison for multivariate ¢-distribution

We also investigate the numerical performance of type I error and power of the
proposed online projection tests without the normality assumption. To this end,
we generate random samples from the multivariate t-distribution with degrees of
freedom 6. Again, we consider bothn compound symmetry and autocorrelation
covariance structures. We use the same critical values as those used with normality

assumption to examine the robustness of the online projection tests. Simulation
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Table 4.6: Size and power comparison for tg(cp, 31) (values are in percentage).

c=0 c=10.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 0.75 0.95 0.25 0.5 0.75 0.95

n =40, p = 400
SOPT-O 559 5.37 5.54 5.16 88.41 98.30 100.0 100.0 100.0 99.99 100.0 100.0
SOPT-B 5.89 5.62 5.52 5.30 78.57 94.22 99.50 99.96 100.0 99.97 100.0 100.0
ROPT-O 570 5.58 5.49 5.26 65.20 87.21 99.54 100.0 99.96 99.97 99.99 100.0
ROPT-B 6.03 5.63 5.42 540 52.33 73.24 95.99 99.97 99.59 99.75 99.98 100.0
SPT-DS 4.79 5.14 4.53 4.65 59.04 82.06 97.16 99.85 99.89 99.87 99.98 99.97
RPT-DS 5.02 5.10 4.59 4.78 38.22 5897 88.91 99.96 96.86 98.47 99.93 100.0
D1958 5.25 5.57 534 5.12 842 6.86 6.22 5.88 38.68 1442 9.83 8.23
BS1996 4.72 5.65 5.90 5.96 761 7.03 6.77 6.65 34.53 14.66 10.84 9.48
CQ2010 598 6.03 6.09 6.09 9.53 747 6.99 6.78 44.09 15.69 11.25 9.72
SD2008w 227 113 0.31 0.08 3.87 140 0.34  0.10 1770 293 0.60 0.14
SD2008wo 6.18 6.57 6.27 6.05 997 806 7.21 6.72 48.77 17.70 11.66  9.67
L1996 4.90 4.90 4.87 4.87 516 5.01 491 4.86 529 5.16 5.07 4.98
LJW2011 4.24 442 434 4.20 12.17 17.69 35.17 96.12 47.07 65.95 92.81 100.0
CLX2013 9.61 544 204 0.34 68.31 54.94 39.89 24.08 99.98 99.81 98.70 94.09

n = 40, p = 1600
SOPT-O 581 5.39 5.18 4.89 75.58 9594 99.90 100.0 100.0 100.0 100.0 100.0
SOPT-B 6.21 532 511 4.79 61.58 87.35 98.92 100.0 100.0 99.98 99.99 100.0
ROPT-O 493 479 4.75 5.74 12.71 22.99 67.67 99.95 89.86 96.65 99.74 100.0
ROPT-B 5.03 4.95 4.78 4.99 12.45 20.61 53.67 99.00 75.52 8593 97.51 100.0
SPT-DS 5.28 5.09 4.83 4.62 40.44 69.29 9549 99.97 99.82 99.83 99.99 99.99
RPT-DS 4.88 5.06 5.02 4.74 11.40 18.51 46.12 96.50 61.99 74.62 92.62 99.98
D1958 544 559 5.43 5.23 591 592 564 535 829 696 6.18 5.85
BS1996 492 575 5.93 5.98 545 6.03 6.09 6.12 748 713 6.82 6.65
CQ2010 6.16 6.19 6.18 6.13 6.75 6.44 6.31 6.28 942 757 T7.12 6.89
SD2008w 1.19 0.43 0.05 0.02 1.34 043 0.05 0.02 1.89  0.53 0.05 0.02
SD2008wo 6.24 6.51 6.34 6.05 7.07 6.89 6.56 6.20 992 822 732 6.80
L1996 495 497 493 4.96 4.98 495 497 4.96 4.97 493 492 491
LJW2011 4.43 4.61 426 4.15 571 7.08 9.87 44.45 12.53 18.11 35.10 96.15
CLX2013 11.57 5.67 1.71 0.14 55.24 4253 29.76 16.47 99.98 99.55 96.81 89.51

results are summarized in Tables 4.5 - 4.8, from which we observe that all the
online projection tests and the data splitting projection tests can retain the type I
error rate very well. This implies that these projection tests are not very sensitive
to the normality assumption. All other alternative tests except for the CQ2010
test fail to retain the type I error. The pattern of power is very similar to that of
multivariate normal setting. When the covariance matrix is compound symmetry,
the proposed SOPT-O is the most powerful test including those that cannot retain
the type I error. When the covariance matrix is autocorrelation structure, the
proposed SOPT-O is the most powerful one among those who can retain the type I

error rate.

106



Table 4.7: Size and power comparison for tg(cp, 3g) (values are in percentage).

c=0 c=0.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 075 0.95 0.25 0.5 075 095

n = 160, p = 400
SOPT-O 489 537 526 513  99.99 99.99 99.59 100.0  100.0 100.0 100.0 100.0
SOPT-B 4.97 533 514 519  99.99 99.98 99.56 100.0  100.0 100.0 100.0 100.0
ROPT-O  4.95 527 554 540  100.0 99.51 9275 99.31  100.0 100.0 100.0 100.0
ROPT-B 493 512 539 532  99.99 99.47 92.06 99.06  100.0 100.0 100.0 100.0
SPT-DS  4.68 494 429 4.69  100.0 99.58 94.11 99.66  100.0 100.0 99.98 100.0
RPT-DS  4.77 498 4.82 495  99.58 96.61 78.27 88.18  100.0 100.0 99.97 100.0

D1958  0.54 1.09 245 473  99.56 98.96 95.90 53.54  99.98 100.0 99.98 99.96
BS1996  0.28 0.56 1.75 3.87  99.36 98.61 94.01 48.96  99.98 100.0 99.98 99.95
CQ2010  4.77 4.80 491 453  100.0 99.96 97.68 52.31  100.0 100.0 100.0 99.99
SD2008w  0.21 0.35 1.04 127  99.31 98.38 91.41 26.90  99.99 100.0 99.98 99.78
DS2008wo  0.49 0.88 2.17 4.34  99.74 99.21 9530 52.32  100.0 100.0 99.98 99.97

L1996  4.69 527 475 525 4562 28.58 1471 644  87.08 63.57 33.20 9.76
LIW2011 411 4.61 468 423  82.77 7628 70.63 9551  100.0 100.0 100.0 100.0
CLX2013 530 514 474 1.99  100.0 100.0 99.85 97.34  100.0 100.0 100.0 100.0

n = 160, p = 1600
SOPT-O 514 523 495 472  100.0 99.96 98.67 99.53  100.0 100.0 100.0 100.0
SOPT-B 548 5.17 513 473 1000 99.94 98.37 99.17  100.0 100.0 100.0 100.0
ROPT-O 545 4.92 479 470 9887 92.61 70.22 5248  100.0 100.0 100.0 99.98
ROPT-B 528 4.93 521 503  98.72 91.84 6845 49.92  100.0 100.0 100.0 99.99
SPT-DS 519 508 535 4.85  99.95 98.95 89.73 79.71  100.0 100.0 100.0 100.0
RPT-DS 519 4.68 439 481  88.97 75.32 4568 27.00  100.0 100.0 99.90 97.5

D1958  0.00 0.04 049 3.10  43.79 40.97 33.62 17.27  99.68 99.66 99.56 96.05
BS1996  0.00 0.02 0.22 226  27.97 27.81 2273 12.69  99.50 99.60 99.43 93.99
CQ2010  4.92 5.17 535 497  97.87 9143 66.06 19.72  100.0 100.0 100.0 97.68
SD2008w  0.00 0.02 0.0 059 2142 21.18 16.14 490  99.20 99.38 98.86 81.67
SD2008wo  0.00 0.05 042 3.00  41.38 39.18 31.28 1592  99.85 99.84 99.73 94.36

L1996  4.97 5.09 555 4.95 1509 1091 7.08 533 3425 2143 11.64 5.99
LIW2011 446 4.24 448 445  20.00 19.15 19.03 30.21  84.8% 83.68 83.38 96.87
CLX2013 587 5.93 538 253  99.99 99.97 99.73 9536  100.0 100.0 100.0 100.0

4.3.4 Real data example

In this section, we apply the proposed sparse projection tests to a real dataset
of high resolution micro-computed tomography. This dataset contains the bone
density of 58 mice’s skull of three different genotypes (“T0A0”, “TOA1”, “T1A1”)
measured at different bone density levels in a genetic mutation study. For each
mouse, bone density is measured for 16 different areas of its skull. For each area,
bone volume is measured at density levels from 130 - 249. This dataset was collected
at Center for Quantitative X-Ray Imaging at the Pennsylvania State University.

See Percival et al. (2014) for a detailed description of protocols. In this empirical
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Table 4.8: Size and power comparison for tg(cp, 3g) (values are in percentage).

c=0 c=0.5 c=1
p 0.25 0.5 0.75 0.95 0.25 0.5 0.7 095 0.25 0.5 0.7 095

n = 40, p = 400
SOPT-O 6.19 582 6.00 574 76.39 62.21 4233 31.76 100.0 99.97 99.66 99.52
SOPT-B 6.04 589 568 6.23 68.29 55.25 36.58 27.53 100.0 99.95 99.37 98.20
ROPT-O 6.00 590 6.02 5.87 57.47 4344 25.83 18.85 99.98 99.61 94.46 84.48
ROPT-B 6.0 567 6.03 594 49.53 38.07 22.86 15.87 99.87 99.19 91.50 74.71
SPT-DS 4.74 444 481 5.19 46.94 38.23 27.23 19.02 99.95 99.52 96.50 91.21
RPT-DS 477 500 453 552 36.00 26.34 16.44 11.40 99.27 9597 79.71 55.13
D1958 0.03 0.16 085 3.63 9.72 10.63 10.93 8.87 92.90 91.23 84.55 47.77
BS1996 0.01 0.06 051 3.20 543 692 7.71 7.76 90.47 88.62 80.54 43.69
CQ2010 504 489 4.73 4.73 57.67 44.93 27.18 10.75 99.99 99.82 96.78 53.52
SD2008w 0.02 004 030 0.99 6.14 6.69 6.11 2.94 89.35 86.42 7520 24.96
SD2008wo 024 052 1.66 5.09 20.25 20.14 18.04 11.63 97.27 95.81 90.66 56.35
L1996 504 483 488 4.84 15.39 10.85 7.66 5.36 34.28 21.55 11.88 6.45
LIJW2011 3.99 458 453 4.20 9.89 9.84 10.32 1291 37.22 35.84 3541 52.02
CLX2013 11.38 10.96 9.60 4.58 75.57 69.57 57.40 34.03 100.0 100.0 99.86 97.08

n =40, p = 1600
SOPT-O 593 586 591 6.03 58.34 45.07 30.92 17.82 99.99 99.96 99.36 96.20
SOPT-B 546 582 6.02 6.24 48.12 36.98 26.30 16.15 99.99 99.90 98.59 91.16
ROPT-O 548 596 6.20 6.19 23.81 18.51 12.64 7.43 97.26 91.16 70.57 30.22
ROPT-B 554 552 581 5.82 20.15 16.04 1149 7.24 94.57 85.87 63.29 25.07
SPT-DS 489 4.61 485 4.77 28.90 2490 1790 12.35 99.89 99.19 94.29 7877
RPT-DS 524 458 5.08 5.37 13.82 11.03 8.69 5.40 83.00 69.65 44.60 17.05
D1958 0.00 0.00 0.02 1.28 0.01 001 015 225 6.76 762 896 9.62
BS1996 0.00 0.00 0.01 0.78 0.00 0.01 0.06 1.36 3.05 360 524 6.85
CQ2010 514 517 5.09 5.25 21.73 1747 1139 7.08 97.03 90.64 66.82 20.99
SD2008w 0.00 0.00 0.00 0.06 0.00 0.00 0.01 0.18 131 1.82 221 1.66
SD2008wo 0.00 0.00 0.15 2.31 0.08 0.22 085 4.14 21.14 21.05 21.04 16.37
L1996 507 512 476 5.09 772 6.65 5.08 527 1220 9.06 6.38 5.44
LJW2011 3.89 463 4.00 4.34 547 581 5.14 5.78 10.12 10.39 10.17 11.02
CLX2013 14.61 15.40 14.07 6.98 62.50 57.26 47.60 26.83 100.0 99.95 99.44 94.29

analysis, we are interested in comparing the bone density patterns of two different
areas in mice’s skull. We compare the performance of the proposed SOPT-O and
SPT-DS with several existing methods. To emphasize the high-dimensionality
nature of this dataset, we only use a subset of the dataset. We select the mice of
the genotype “T0OA1” and there are 29 observations available in the dataset, i.e.,
sample size n = 29. The two areas of the skull “Mandible” and “Nasal” are selected.
We use all density levels from 130 - 249 for our analysis, hence dimension p = 120.
We first take the difference of the bone density of the selected two areas at the
corresponding density level for each subject since the two bones come from the
same mouse. Then we normalize the bone density in the sense that % Z?il X?j =1
for all 1 <5 <120.
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Table 4.9: P-values of different tests for bone density dataset.

) 1.0 0.8 0.6 0.4 0.3 0.2
SOPT-O 0 0 46x1078 4.0x107° 1.6x10™* 0.0325
SPT-DS 7.9x 1079 67x107° 33x1077 99x10% 34x10~* 0.0418
RPT-DS 24x10® 51x1077 1.9x 1075 0.0014 0.0140 0.1462

D1958 9.0x 107 14x107% 1.7x107% 1.2x 1072 0.0697 0.2705
BS1996 0 0 0 1.2x10* 0.0763 0.7684
CQ2010 0 0 0 1.6x10* 0.0810 0.7717

SD2008w 0 0 20x107° 1.6x102 0.2494 0.7995
SD2008wo 0 0 0 69x107? 0.0056 0.5414

L1996 1.1x 107 31x10% 1.6x107® 0.1265 0.2625 0.4574
LIJW2011 38x107° 42x10® 45x10% 85x107%* 9.6 x 1073 0.2031
LCX2013 0 1.1x107" 64x10"% 4.3x10°3 0.1885 0.9651

We apply SOPT-O, SPT-DS and several other existing tests to perform the
one-sample test and compute the p-values. The p-values are reported in the firs row
in Table 4.9. The p-values of all methods are very small (< 0.05), implying that
the bone volume is significantly different. To compare the power of different tests,
we also compute the p-values of different tests as we decrease the signals. Let x be
the sample mean and r; = x; — X is the residual for the ¢th subject. Then a new
observation z; = X + r; is constructed for the ith subject. By the construction, a
smaller ¢ leads to a weaker signal and would make the test more challenging. Table
4.9 reports the p-values of all tests with § = 1,0.8,0.6,0.4,0.3,0.2. As expected,
the p-values all tests increase as § decreases. When 6 = 0.8 and 0.6, all the tests
perform well and reject the null hypothesis at level 0.05. When § = 0.4, the Lauter’s
test starts to fail to reject the null hypothesis. When § = 0.3, three projections
SOPT-0O, SPT-DS and RPT-DS are able to reject the null hypothesis while all
other tests except the LIW2011 test fail to reject null hypothesis. When § = 0.2,
only SOPT-O and SPT-DS reject the null hypothesis, which suggests that our
proposed projection tests can still perform well even though the signal is weak.
Among those tests that fail to reject the null hypothesis at § = 0.2, RPT-DS has
the smallest p-value.

We plot the histogram of absolute values of paired sample correlations among all
bone density levels in Figure 4.4. The histogram indicates that some bone density
levels are highly correlated. This may explain why the proposed projection tests
are more powerful than the D1958 test, the BS1996 test test and SD2008w test

since these tests do not take the dependence among variables into account.
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Figure 4.4: Histogram of absolute values of paired sample correlations among bone
densities at all different bone density levels.

4.4 Proofs

Proof of Theorem 4.1

(i) Define X, = x; — u, thus z;, = ;(:Bt_l and let m,, = n — k,,. Since k, =
n” = o(n), we have m,,/n — 1. By the construction, we know that {z, 11,...,2n}
is a martingale difference. According to the central limit theorem for martingale
difference in Lemma D.1, we need to show (1) min >t 11 % — o for some ¢ > 0

and (2) \/;m—nE(manantgn |z¢|) — 0. Note that
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t=kn+1 t=kn+1
1 - i * *
— > (/B -xB +% )
mpy
t=kn+1
1 < . L S
- > HB. -]+ Y ® )R B8]+
Mtk 1 "=kl

We first deal with term (3). Let

~ 1 1 —
>=_— XX, = —

(Xt — p,)(xt — ,LL) .
n my,
t=kn+1 t=kn+1

Since x, is sub-Gaussian, by Lemma 4.3 we have || — 2||o < Ms/log p/my, for
some M, > 0 with high probability. Therefore

~ Ing 1
* * * * * (]2
=063 (X2 -X)3"+ 03 X3" < M. B + ——
@ ( ) = 2 m, H HZ TE—I

log p 1
2
< C5Mss - + Mioaln

The last inequality is because of the assumptions ||8%|¢ = s and ||3*[|cc < Cb.
Since sv/logp/m,, =~ s\/logp/n = o(1), we have 3) — (u'='u)~' > 0. Now
we deal with term (1). Since X; is sub-Gaussian, we know ||X¢||.c < M;+/logp for
some M; > 0 with high probability. From the result of Theorem 3.3, we have
18, — B, =0 (%@) for t =k, +1,...,n. With the choice k, = n", we
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further have HBt =B = ( \/kffp). As a result,

T - ~ 2]
% By — B < Kl Bos — Bl = O ( ng) — (1),

/{nT/Q

implying that (1) — 0. As for term (2), note that

X, B < Xl B*]l1 < M1Cssy/log p.

Hence we have

2 3 3/2
U stlogp s°(log p) B
o S0 () —o (M)

M t=kn+1

Combine (1), (2) and (3), we have

_— - Tﬁ ;
t - X; B-1) TEfl
M p—kp+1 M= kn+1 K
1

We next show ﬁE(maxkn+1§t§n |z¢|) — 0. Note that

1
N (m 'Zt')
1 ~T _
= —mnE o max |8, %]
1 1 ~
< * | =~ _ *TN
<o mox 197%) 4B ( max By - 8)7R)

Since X, is a sub-Gaussian random vector with variance proxy o2, then 8*' X, is also

a sub-Gaussian random variable with variance proxy ||3*||3¢%, which is bounded

by sC202. From Lemma B.1, we know that

1 T~ . 2log(2my,) slogn
< - =
\/m_nE (knﬂi§< 8 Xt') < a5 = O\ — )20 @D

From the result of Theorem 3.3, we have HBt_l — B3 =0 <M>_ Again by

K2ZnT
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Lemma B.1, we have

1 T _ s3logp [logn
ﬁE <f§fg§l|<,@t 1 —B) Xt|) =0 ( 2 o Bt 0. (4.8)

Combine (4.7) and (4.8), we know \/;man<mann+1§t§n |zt]) — 0. According to

vn—nTz

Sz

Lemma D.1, we conclude

— N(0,1).

(ii) We derive the power function for the proposed test statistic 7,. We first

show Sz and s? are asymptotically equivalent. By definition, we have

3_ :_Zyt_y_s

™= kn+1
=— Z x{ Bi)? — i — 8
"tk +1

JR— S
T Z (xe—m) Bor+p Bia) =y —s

™ t=kp+1

1 ¢ 5w 2, 2 = AT TR
= Z (B Bi1)” =7 +m_ Z Bioip(xe — ) Byy-

" t=kp+1 ™ t=kp+1

We will show both of the terms (4) and (5) converge to 0 in probability. Before we
show (4) — 0, wee first show 4 — 1. Note that u"3* = 1, we have

Y- :—Z?/t p' B

™= kn+1
:m_n Z Xy /Bt 1M B (4.9)
t=kn+1
1 . T2 1 - T/ *
=— > - Bt — D n (BB
™ k1 " t=kn+1
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For the second term of the right hand side of (4.9), we have

IR = .
— Z /Bt =B < o Z [1ellocll By — B7(1a
" t=kn+1 t=kn+1 (4.10)

1
~0 (H,J,Hooﬁ ‘;ﬁp> 0.

Let X, = an > ik 41 Xt, then the first term of the right hand side of (4.9) can be

written as
J - s
I (Xt - N) By
" t=kn+1
1 < i .
=— > )1 (Bia=B)+— > (xi—p)'B
" t=kn+1 S|
1 - A * = *
=— (xt =) By = B7) + (R, —11)' B (4.11)
" t=kn+1
- ~ . B .
< > e = wlloollBioy = B+ 1%, — plllIB* 114
" t=kpn+1

2] 1
“o (1) o ( ng) o
nr/? M
The last equality is due to the fact the x; and X,,,, are sub-Gaussian random vectors

and |3, , — 8", = O( ,/logp) Combine (4.9), (4.10) and (4.11), we have
7 —1 — 0 and hence > — 1. In order to show (4) — 0, it suffices to show that
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~ 2
an Z?:kn+1 (MT,@t_1> — 1. To see this,

~ 2 9 n ~
IlloclBros = B11) = > lptlocl By = 87l +1

t=kn+1 " t—kn+1

The last equality is due to

2 * 2 * log p
n' (B = BY) < pllwllBioy = B =0 <||M||oo=92 > > =0 (412)
Thus we have (4) — 0. Now we deal with term (5), which can be rewritten as
2 2 T T2 T2
®=— > {Bir -8 nlx— ) By + (5 — 1) Biy |
== > B -8 - ) B}
According to (4.12) and (4.11), we know that

®=2 3 om0 wB} o

t=kn+1

As a result, we have s} /s? — 1 and hence

VMnZ 1
VIZ L N(0,1) -

and s, — .
Sy S TAD Y

Note that §j —z = -=>"" | B, (4.12) also implies that g — z = 1 4 o(1).
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Therefore, we have

myY
AT 2 o) =P (|2 2 0
y

=P ( Tnd > Za/2) +P < Ty < _Za/2)
Sy Sy

QP( Mn® >Za/2— mn)
S, S,

~ P ( Mn? > Zap — V/np' S 1#)
Sz

where ®(-) is the cumulative distribution function of standard normal.
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Chapter 5
Model Free Feature Screen-
ing via Projection Correlation

5.1 Introduction

The technological development has made the data collection and storage easy and
cheap in diverse fields. Datasets with ultra-high dimensional features characterize
many contemporary research problems in computational neuroscience, machine
learning, statistics, engineering, social science, finance and so on. When the features
contain redundant or noisy information, estimating their functional relationship with
the response can become quite challenging in terms of computational expediency,
statistical accuracy and algorithmic stability (Fan et al. 2009). To overcome such
challenges caused by ultra-high dimensionality, Fan and Lv (2008) proposed a
sure independence screening (SIS) method which aims to screen out the redundant
features by ranking their marginal Pearson correlations. The SIS method is named
after the sure independence screening property which states the selected subset of
features contains all the active ones with probability approaching one. The promising
numerical performance soon made SIS popular among ultra-high dimensional studies.
The sure screening idea has be applied to many important regression problems
including generalized linear model (Fan and Song 2010), multi-index semi-parametric
models (Zhu et al. 2011), nonparametric models (Fan et al. 2011, Liu et al. 2014)
and quantile regression (He et al. 2013, Wu and Yin 2015) among others.

The idea of screening is to deliver a computationally efficient way to reduce

the dimensionality of the feature space from a very high scale to a moderate
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one. The researchers will then benefit both computationally and statistically from
learning the data in a much reduced feature space. Besides the sure screening
property, we argue an appealing screening method should satisfy the following two
properties. First, the screening method should be model free which means it can
be implemented without specifying a regression model. In ultra-high dimensional
regime, it is challenging if not impossible to specify a correct regression model
with existence of the huge number of redundant features. Hence the model free
property is desired as it guarantees the effectiveness of the screening method in
the presence of model mis-specification. The model free screening method becomes
a hot research topic in recent years, see (Zhu et al. 2011, Li et al. 2012, Mai and
Zou 2015, He et al. 2013, Cui et al. 2015) and the references therein. The second
property is data adaptive which means the screening method should be insensitive
to the assumptions like independence, sub-Gaussianity and uni-variate response.
Such assumptions are usually not realistic in ultra-high dimensional applications.
Even when the assumptions are satisfied on the population level, they can be easily
violated in the realized sample simply due to ultra-high dimensionality. Therefore
the screening method which is sensitive to such assumptions may perform poorly in
real applications. The data adaptive screening method also draws certain amount
of attention recently. He et al. (2013), Wu and Yin (2015) and Ma et al. (2017)
among others considered quantile based screening which adapts to heavy-tailed
data. Wang (2012) and Fan, Ke and Wang (2016) developed screening methods for
strongly correlated features.

Unfortunately, none of the aforementioned screening methods enjoy sure screen-
ing, model free and data adaptive properties simultaneously. For example, the SIS
is tailored to the linear regression and depends on the Gaussian assumption. Li
et al. (2012) developed a sure independence screening procedure based on the dis-
tance correlation which is model free. However its sure screening property requires
sub-exponential assumptions for features and response. The Kolmogorov distance
based screening method proposed in Mai and Zou (2012) is robust against heavy
tailed data but only works for binary classification problems. Pan et al. (2016)
proposed a pairwise sure screening procedure for linear discriminant analysis which
requires balanced categories and is sensitive to the tail behavior of the features.

In this chapter, we propose a model free and data adaptive feature screening

method. The proposed method is based on ranking the projection correlations
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between features and the response. The projection correlation, proposed by Zhu
et al. (2017), is a measure of dependence between two random vectors which
enjoys several nice probability properties. Assume that two random vectors have
continuous joint and marginal densities, the projection correlation equals zero if
and only if the two random vectors are independent and is invariant to orthogonal
transformations. The proposed screening procedure does not require specifying any
regression model and is insensitive to the moment conditions of the dataset. As
the projection correlation is dimension free to both random vectors, the proposed
screening method can be applied to grouped features and multivariate response.
For instance, we can find a parsimonious set of features that are jointly dependent
with multivariate response. The theoretical analysis demonstrates the proposed
method enjoys not only the sure screening property but also a stronger result called
rank consistency property. The only condition required is a minimum signal gap
between active and inactive features. The extensive simulated experiments show the
proposed method wins the horse racing against its competitors on various scenarios.

The rest of chpater is organized as follows. The Section 5.2 introduces the
projection correlation and its properties. We study the sample projection correlation
and demonstrate its non-asymptotic properties. In Section 5.3, we propose a
screening procedure based on the projection correlation. We show the proposed
screening method satisfies sure screening and rank consistency properties under
very mild conditions. The Section 5.4 provides various simulated experiments to
assess the performance of the proposed screening procedure. The Section 5.5 further

demonstrates the proposed screening method by a real data example.

5.2 Projection correlation

To begin with, we give some background on the projection correlation and its
properties introduced in Zhu et al. (2017) to pave the way for the proposed
screening procedure. Let x € RP and y € R? be two random vectors. The

projection correlation is elicited by the following independence testing problem.

Hy : x and y are independent versus H; : otherwise.
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The null hypothesis holds if and only if U = a™x and V = 8"y are independent
for all unit vectors e and 3. Let Fyy (u,v) be the joint distribution of (U, V'), and
let Fy(u) and Fy(v) be the marginal distributions of U and V. We can define the

squared projection covariance as follows

Pcov(x, }’)2 = ///(FU,V(U7U> - FU(“)FV(U))2 dFyy(u,v)dadB

(5.1)
_ / / / Cov?{I(a"x < u), 1(8%y < v)} dFyy(u,v) da dB,
where I(-) is the indicator function and Cov(-,-) is the Pearson covariance. Fur-

thermore, we define the projection correlation between x and y as the square root

of
Pcov(x,y)?

PC(x,y)? =

~ Pcov(x,x)Pcov(y,y)’ (5:2)

and we follow the convention 0/0 = 0. In general 0 < PC(x,y) < 1, testing whether
x and y are independent amounts testing whether PC(x,y) = 0. The following
lemma in Zhu et al. (2017) presents some appealing properties of the projection

correlation at the population level.

Lemma 5.1. Let (x,y) belong to the class of random vectors with continuous joint

and marginal probability densities. Then we have
(1) PC(x,y) = 0 if and only if x and 'y are independent.
(2) PC(x,x) =0 if and only if x = E(x) almost surely.

(3) Let Dy € RP*P and Dy € RY*? be two orthonormal matrices, a; € RP and

a, € R? be two vectors, and by and by be two scalars. Then PC(x,y) =
PC(a1 + b1D1X, as + b2D2y).

Remark. The first two properties state that the projection correlation is a measure
of dependence between two random vectors. The third one indicates the projection
correlation is invariant with respect to orthogonal transformations. The first
property in Lemma 5.1 does not hold in general without the assumption that (x,y)
is jointly and marginally continuous random vectors. Hoeffding (1948) constructed

a counterexample in which x and y are two dependent discrete random variables
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but PC(x,y) = 0. However, our numerical results show that the PC may still work
well and serve the purpose of screening when the response is discrete.
Zhu et al. (2017) gives an explicit formula for the squared projection covariance

n (5.1). Let (x1,y1), ..., (X5,¥5) be 5 independent random copies of (x,y), then

Pcov(x,y)? =51 + Sy — 253

=F arccos{ (Xl — X3)T(X4 - XS) }arccos{ (Y1 - Y3)T(Y4 — Y3) }
Ix1 — x3||||x4 — x3]| ly1 — ysllllys — ysl|

e \T (e
+E aI'CCOS{(Xl X3) " (X4 X3)}arccos{(Y2 ys)" (ys — Y3)}
lIx1 — x3||||x4 — x3]| vz — valll[ys — vall

—9F al"CCos{ (Xl - XS)T(X4 - XS) }arccos{ (Y2 YS) (Y4 - Y3) }
lIx1 — x3||||x4 — x3]| v — vslll[ys — vl

?

(5.3)
where Sy, S and S3 are defined in an obvious manner and || - || represents the Ly
Euclidean norm. Equation (5.3) shows that the projection covariance only depends
on the vectors through (x; — x;)/||xx — x;|| and (yx — y1)/||yx — y:|| whose second
moments are unity. This gives us the intuition that the projection covariance is
free of the moment conditions on (x,y) which are usually required by some other
measurements, such as distance correlation (Li et al. 2012).

Let X = (x1, ... ,x,)T and Y = (x1, ... ,yn)T be an observed sample of
(x,y). Equation (5.3) leads to a straightforward empirical estimate of Pcov(x,y)?
based on U-statistic, yet it is difficult to calculate (Székely and Rizzo 2010). An
equivalent form of the U-statistic is given in Zhu et al. (2017). In particular, the

sample projection variance and covariance of X and Y can be calculated as

1/2
PCOV(X Y { -3 Z Akerklr} 5

k,l,r=1

1/2
PCOV(X X) { -3 Z Ale} , and (5.4)

k,l,r=1

1/2
PCOV(Y Y) { -3 Z Bklr} :

kJlor=1
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where for k. l,r =1, --- ,n,

(xk — XT)T<XI —X;)

1k = %[l = %]

aklr:arccos{ }, apr =0ifk=rorl=r,

n

n n n
e | | ~ -2
Agr =N Ailr, Qpp =N Aklr, Q.p =T Qklr,
k=1

=1 k=1 I=1
Agir = gy — Qg — Qgr + oy

(v —y-) " (yi — yr)
lyx — yelllly: — vl

n n n n

n -1 T 1 - —2

bpr =1 E beir, b =mn E btr, b =n E E biir,
=1 k=1

k=1 =1

bklr—al“CCOS{ }, b =0ifk=rorl=r,

By = bpir — by — by + b

Then the sample projection correlation between X and Y is defined as the square

root of .
Pcov(X,Y)?

Peov(X, X)Peov(Y,Y)

PC(X,Y)? = (5.5)

Based on (5.4), the sample projection correlation can be computed in O(n?).
We first provide exponential-type deviation inequalities for sample projection

covariance and correlation.

Theorem 5.1. For any 0 < € < 1, as long as n > 107%/e, there exists positive

constants ¢y and cq, such that
Pr {]PT(:af(X,Y)2 — Peov(x,y)?| > E} < ¢; exp{—cyne?},

and

Pr {]P/’E(X,Y)2 — PC(x,y)? > 5} < 5¢; exp{—cyone®},

where 0 = min{olo; /AM*, 0207 [AM*, 0,0,/4}, 0, = Peov(x,x)?, 0, = Pcov(y,y)?

2Ty
and M = (27)%.

The proof of Theorem 5.1 is based on an exponential-type deviation inequality
for U-statistic and can be found in Section 5.6. The above exponential-type
inequalities do not depend on the dimensionality and moment conditions of both
random vectors. The exception probability decays exponentially with sample size

n which guarantees good finite sample performance of the proposed estimators.
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5.3 A model free feature screening procedure

In the section, we propose a model free screening procedure utilizing the nice proper-
ties of projection correlation. Let y = (Y7, ...,Y;)T be vector of ¢ response variables
and x = (X1,...,X,)" be a vector of p features. To avoid the trivial discussion, we
restrict ourselves to the random designed case, i.e. min<y<, Pcov(X}, X;)? > o2
and min; <<, Pcov(Yy, Y;)? > o for some o > 0.

Denote by F(y|x) the conditional distribution function of y given x. Without
specifying any regression model on y and x, we define the index set of active

features by
A = {k: F(y|x) functionally depends on Xy, k=1,...,p}.

The number of active features is s = |.A|, where |.A| denotes the the cardinality of A.
The features that do not belong to A are called inactive features. We use A°, the
complement of A, to denote the index set of all inactive features. The above setting
abstracts a large number of sparse regression problems including linear model,
generalized linear model, additive model, semi-parametric model, non-linear model
and so on. In addition, it allows multivariate response and grouped predictor.

In practice, one observes a random sample {(x;,¥;)}, i = 1,...,n of (x,y)
and let X = (x1, ... ,x,)" and Y = (xy, ... ,y,)T. In ultra-high dimensional
regime, it is natural to assume that the number of features p greatly exceeds the
sample size n but the number of active features s is smaller than n. For a given
feature Xy, k =1,...,p, a sufficient condition for X} to be an inactive feature is
the independence between X} and y. This intuition together with Theorem 5.1
encourages us to screen out the features whose projection correlations with y are

small. As a result, we select a set contains active features as follows
A(8) = {k : PC(X),,Y) > 0,1 < k < p},

where J is a pre-specified threshold value, X;, is the kth column of X. With a
proper choice of 9§, we show that the proposed feature screening procedure enjoys
the sure screening property, which states that with probability approaching to 1,
all active features are selected in A(5). We first impose the following minimum

signal strength type conditions.
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Condition 1 (Minimum signal strength)
Denote wy, = PC(X4,y)? the population squared projection correlation between

the kth feature and the response.

(a) For some ¢3 >0 and 0 < Kk < 1/2, minge 4wy, > 2c3n~".

(b) For some ¢3 > 0 and 0 < k < 1/2, minge4 wy, — MmaxXge 4 Wy > 2c3n" ",

Remark. The Condition 1 (a) is a minimum signal strength condition that assumes
the squared projection correlations between the active features and response should
be uniformly lower bounded and do not converge to zero too fast as n diverges.
The Condition 1 (b) puts an assumption on the gap of signal strength between
active and inactive features. Condition 1 (a) is implied by Condition 1 (b) since wy,
is always non-negative.

The following two theorems state the sure screening property and rank consis-
tency property of the proposed screening procedure. We refer the proposed feature

screening procedure as PC-SIS.

Theorem 5.2 (Sure screening property). Under Condition 1 (a), choose 6 <

Mminge 4 wy/2, then we have
Pr(.A C ﬁ(é)) >1- O(s exp{—c4n52}>, (5.6)

where ¢4 1S a positive constant.

Remark. In Theorem 5.2, if we set & = c3n™", which satisfies the condition

§ < minge g wg/2, then we have

Pr (.A - .Z(5)> > 1 — O(sexp{—cican'2"}). (5.7)

K

From equation (5.7), we know that with the choice 6 = c3n™", all active features

are selected with probability approaching to 1 as n — oo. In fact, any choice of
0 < c3n™" leads to the sure screening property. With the same choice of § = c3n™",
Li et al. (2012) showed that the distance correlation based screening method

(DC-SIS) satisfies

Pr (A C .,2(5)) > 1 — O(sexp{—cyn' 2T} 4 nexp{—cn"}),
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where ¢}, ¢} and n are positive constants. Our PC-SIS achieves a faster rate since
it does not have the extra second term nexp{—cjn"} and the extra n in the power
of the first term. The faster rate of PC-SIS is due to the fact that projection

correlation does not require the existence of any moments.

Theorem 5.3 (Rank consistency property). Under Condition 1 (b), we have

Pr ( min &y — max @, > 0] > 1 — O(pexp{—csn'~#}),
(keA kT nax Wy ) (pexp{—cs 1)
where c5 is some positive constant. If logp = o(n'™2%) with 0 < k < 1/2, then we
have

liminf, . [ min @p — max &y | > 0, almost surely.
ke A ke Ac

Remark. The rank consistency in Theorem 5.3 is a stronger result than sure
screening property. When the signal gap between active and inactive features
satisfies Condition 1 (b), the active features are always ranked ahead of the inactive
ones with high probability. In other words, there exists a choice of § on the solution

path that can perfectly separate the active and inactive sets with high probability.

5.4 Simulated experiments

In this section, we asses the finite sample performance of the proposed projection
correlation based feature screening procedure and compare it with sure independence
screening (Fan and Lv 2008), distance correlation based screening (Li et al. 2012)
and the bias-corrected distance correlation based screening (Székely and Rizzo 2014)
under various scenarios. We denote our method by PC-SIS and the competitors
by SIS, DC-SIS and beDC-SIS respectively. In the following regression models,
we set n = 100 and p = 5000, 10000 to mimic the ultra-high dimensional setting.
For each scenario, we repeat 200 replications. For each replication, we rank the
features in descending order by the above four screening criteria and record the
minimum model size that contains all active features. The screening performance
is measured by the 5%, 25%, 50%, 75%, 95% quantiles of the minimum model size
of each screening method. Throughout this section, we denote 3 = (0;)pxp, Where

;5 = 05|Z_J|
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5.4.1 Linear and generalized linear model

Consider the following linear model
Y =x'8+e¢,

where B = (13,0, _;)". We generate covariates x = (X1,..., X,)" and € from the

following 4 scenarios.
Model 1l.a: x ~ N(0,X) and ¢ ~ N(0,1).
Model 1.b: x ~ N(0,X) and € ~ Cauchy(0, 1).
Model 1.c: u ~ Cauchy(0,I), x = X/?u and € ~ N (0, 1).

Model 1.d: u ~ Cauchy(0,I), x = ¥'?u and e ~ Cauchy(0, 1).

Cauchy (0, 1) stands for the standard Cauchy distribution. The Cauchy distribution
is a heavy-tailed distribution and does not have any finite moment. In Model 1.a,
both covariates and error are normally distributed and no heavy-tailed distribution
is involved. In Models 1.b - 1.d, at least one of x and € is a heavy-tailed distribution,
i.e., Cauchy distribution, making the task of feature screening more challenging.

We also consider the following two generalized linear models
Model 1.e: Y = exp{x'3} + ¢, where e ~ N(0,1).
Model 1.f: (Poisson regression) Y ~ Poisson(exp{x'3}).

We generate x from N(0,X) and set 3 = (25,0, 5)". Model 1.e is the well known
Poisson regression model in which the response Y is the count data. The difference
between Model 1.e and Model 1.f is the that the response in Model 1.e is continuous
while the response in Model 1.f is discrete. Notice that the property PC(X,,Y) =0
if and only if X; and Y are independent may not hold if X, and Y are discrete
random variables (see Lemma 5.1). The numerical results show that the proposed
PC-SIS still has good performance when the response is discrete.

There are 5 active features in all the scenarios. The different quantiles of
minimum model size are summarized in Table 5.1. For Model 1.a, all the four

methods can select all active variables almost perfectly since both covariates x and
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error term e are normal distribution. For Models 1.b-1.d, PC-SIS outperforms all
other 3 methods. The SIS completely fails at the presence of Cauchy distribution
since the Pearson correlation requires the existence of first and second moments.
The beDC-SIS has a better performance than DC-SIS. The 75% and 95% quantiles
of minimum model size of PC-SIS is roughly half of that of bcDC-SIS. Even for
the most challenging scenario where both x and e are Cauchy distribution, the
PC-SIS still works reasonably well which indicates that the PC-SIS is more robust
to heavy-tailed distribution and outliers. For the generalized linear models 1.e and
1.f, the PC-SIS performs much better than the other three methods. The PC-SIS
can recover the true active set with a model size close to 5 while the other three

methods perform as bad as random guesses.

5.4.2 Nonparametric model

Consider the following four non-linear models
Model 2.a: Y =5X; + 2sin(nXy/2) + 2X31{X;5 > 0} + 2exp{5 X4} + €.
Model 2.b: Y =3X; +3X35 +3X;' +51{X, >0} +e.
Model 2.c: Y =1—5(X, + X3)? exp{5H(X; + X3)} + €.
Model 2.d: Y =1 —5(X5 + X3) 3 exp{l + 10sin(7X;/2) + 5X4} + €.

Models 2.a - 2.b are also known as additive model and Models 2.c - 32.d are more
general nonparametric models. We generate x ~ N(0,3X) and ¢ ~ N(0,1). The
number of active features in the four models are 4 and the simulation results
are summarized in Table 5.2. For Model 2.a, the median of the minimum model
size of the PC-SIS is exactly the same as the number of active features while the
other three methods need a much larger model size to recover the active set. The
PC-SIS performs slightly worse for Model 2.b due to the high intrinsic difficulty
of the model, but still outperforms other three methods by a big margin. For the
nonparametric models 2.c - 2.d, the PC-SIS performs reasonably well while the
other methods fail to effectively screen out the inactive features. The 95% quantile
of SIS, DC-SIS and beDC-SIS are almost as large as p. This shows, in the worst
case scenario, SIS, DC-SIS and beDC-SIS are hopeless to reduce the dimensionality

without screening out active features.
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Table 5.1: The quantiles of minimum model size for linear and generalized liner
models out of 200 replications.

Model 1.a Model 1.b
5% 25% 50% 5% 95% 5% 25% 50% 5% 95%
p = 5000
PC-SIS 5.0 5.0 5.0 5.0 8.0 5.0 5.0 6.0 14.0 125.0
DC-SIS 5.0 5.0 5.0 5.0 6.0 5.0 5.0 10.0 81.2 1305.0
beDC-SIS 5.0 5.0 5.0 5.0 6.0 5.0 5.0 6.0 20.5 2314
SIS 5.0 5.0 5.0 5.0 5.0 6.0 238.0 1833.0 3878.5 4915.0
p = 10000
PC-SIS 5.0 5.0 5.0 5.0 7.0 5.0 5.0 8.0 23.0  233.5
DC-SIS 5.0 5.0 5.0 5.0 6.0 5.0 6.8 21.0 204.2 3511.2
beDC-SIS 5.0 5.0 5.0 5.0 6.0 5.0 5.0 10.0 43.2  T718.8
SIS 5.0 5.0 5.0 5.0 5.0 16.0 703.2 3418.5 7432.0 9651.0
Model 1.c Model 1.d
5% 25% 50% 5% 95% 5% 25% 50% 5% 95%
p = 5000
PC-SIS 5.0 5.0 6.0 8.0 50.9 5.0 5.0 6.0 10.2  139.9
DC-SIS 5.0 8.0 42.5  143.0 7225 5.0 16.0 54.0 189.0 701.6
beDC-SIS 5.0 5.0 6.0 14.2 80.4 5.0 5.0 8.0 21.8  156.8
SIS 5.0 39.0 81.5 374.0 3244.4 5.0 45.8 130.5 523.5 3241.0
p = 10000
PC-SIS 5.0 5.0 6.0 8.0 92.4 5.0 6.0 6.0 13.0 176.2
DC-SIS 5.0 18.2 78.0 2775 1567.5 5.0 30.8 113.0 410.0 2036.5
beDC-SIS 5.0 5.0 7.0 19.2  179.1 5.0 5.0 10.0 27.0 412.6
SIS 6.0 58.8 180.5 773.2 4189.0 8.9 73.0 244.5  959.8 5H777.7
Model 1.e Model 1.f
5% 25% 50% 5% 95% 5% 25% 50% 5% 95%
p = 5000
PC-SIS 5.0 5.0 5.0 5.0 17.2 5.0 5.0 5.0 5.0 7.0
DC-SIS 90.3 396.0 897.5 1762.5 3787.3 76.3 396.0 893.5 1764.8 3471.8
beDC-SIS 22.7 82.2 259.5 669.2 2358.7 15.0 87.2  266.5 821.2 2471.5
SIS 178.6  604.8 1137.0 2319.8 4303.4 186.0 606.2 1210.5 2253.0 4261.6
p = 10000
PC-SIS 5.0 5.0 5.0 6.0 23.0 5.0 5.0 5.0 5.0 12.0
DC-SIS 138.0 788.8 1878.5 3301.0 6831.9 154.2  729.2 1725.5 3424.0 6832.8
beDC-SIS 45.7 163.5  534.5 1520.5 5415.2 30.0 175.8 509.0 1513.2 5580.0
SIS 462.8 1276.8 2460.0 4164.5 8622.5 512.6 1271.2 2484.5 4281.0 8416.3
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Table 5.2: The quantiles of minimum model size for nonparametric model out of
200 replications.

Model 2.a Model 2.b

5% 25% 50% 5% 95% 5% 25% 50% 5% 95%

p = 5000
PC-SIS 4.0 4.0 4.0 5.2 19.1 4.0 5.0 9.5 26.5 2619
DC-SIS 600.0 1880.2 2994.5 4052.2 4701.3 4.0 7.8 61.0 541.5 2310.9
beDC-SIS 488.4 1480.8 2863.0 3967.8 4855.9 4.0 6.0 21.5 88.0  893.8
SIS 709.0 2065.8 3062.5 4160.0 4869.4 54.0 658.5 2692.5 4213.0 4829.1

p = 10000
PC-SIS 4.0 4.0 4.0 5.0 31.0 4.0 5.8 13.0 48.8  393.9
DC-SIS 664.0 3162.5 5655.5 7605.8 9490.1 4.0 13.8 86.0 843.2 5529.2
beDC-SIS 663.4 2605.8 5578.5 T7745.2 9208.4 4.0 8.0 24.5 150.5 1403.9
SIS 986.2 4048.2 6068.0 8298.5 9752.6 64.5 1193.8 4488.0 8139.5 9725.6

Model 2.c Model 2.d

5% 25% 50% 5% 95% 5% 25% 50% 5% 95%

p = 5000
PC-SIS 4.0 4.0 4.0 6.0 21.3 4.0 5.0 9.5 36.0 1694
DC-SIS 397.6 1536.8 2750.5 3930.0 4721.8 1639.1 3138.5 3851.5 4434.8 4902.4
beDC-SIS 196.5 1267.5 2774.0 4236.0 4986.2 605.5 1251.8 2073.5 2972.5 4209.1
SIS 421.2 1615.8 2920.0 4057.0 4761.0 2065.0 3487.8 4083.5 4659.0 4950.3

p = 10000
PC-SIS 4.0 4.0 4.0 7.2 25.0 4.0 5.0 13.0 62.5 2974
DC-SIS 668.8 3628.2 6243.5 7920.5 9531.6 3409.6 6380.8 7705.0 8756.5 9790.6
beDC-SIS 288.2 2006.5 4714.5 7370.2 9869.9 776.4 2567.8 4154.5 5517.8 8251.0
SIS 760.9 3609.5 6155.5 8129.8 9577.1 3333.4 6387.8 8007.5 9252.8 9847.2

5.4.3 Multivariate response model

In the last experiment, we investigate the performance of the PC-SIS for a multivari-
ate response problem. Here we ignore the the SIS as it cannot be directly applied
to multivariate response problem. We generate y = (Y7,Y3)T from a bivariate
normal distribution with conditional mean gy, = (tu, o)™ and covariance matrix
Ey\x = (Uij)2x27 where 011 — 0929 — 1 and 019 — 0921 — O'(X), a function of x.

Following the settings in Li et al. (2012), we consider the following two models.
Model 3.a: p; = exp{2(X; + X5)}, po = X3 + X4 and o(x) = sin(x19).

Model 3.b: iy = 2sin(7X/2) + X5 +exp{l + Xy}, po = X;? + X, and
o(x) = (exp{xT0} — 1)/(exp{xT0} + 1).

We set 6 = (24,0, _4)". The above two models allow y1 and ji; to depend on

different active sets and the union of their active sets contains 4 features. We also
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Table 5.3: The quantiles of minimum model size for multivariate response model
out of 200 replications.

Model 3.a Model 3.b
5%  25% 50% 5% 95% 5% 25% 50% 5% 95%
p = 5000
PC-SIS 4.0 4.0 4.0 4.0 6.0 4.0 4.0 6.0 18.0 1144
DC-SIS 53.0 463.0 1211.0 2349.0 3774.2 641.1 2308.8 3307.0 4257.8 4838.0
beDC-SIS 24.0 2155 758.5 1965.0 3999.8 225.2 1270.2 2494.5 3596.8 4709.0
p = 10000
PC-SIS 4.0 4.0 4.0 4.0 9.0 4.0 4.0 8.0 30.2  302.9
DC-SIS 136.8 978.5 2237.5 4506.0 8106.6 1804.7 4510.5 6445.5 8153.5 9707.6
beDC-SIS 83.0 546.0 1828.5 4264.5 7711.3 444.4  2217.0 4695.0 7122.5 9076.4

allow the covariance matrix 3y« to depend on the covariates. The simulation
results are summarized in Table 5.3. Again, the PC-SIS method performs strikingly

well compared to the other methods.

5.5 Real data example

In this section, we apply the proposed PC-SIS to a microarray dataset, which is
from a transgenic mouse model of dilated cardiomyopathy. The mice overexpress a
G protein-coupled receptor, designated Rol, that is a mutated form of the human
kappa opioid receptor. The aim was to determine which are the influential genes for
overexpression of Rol in mice. The research is related to understanding different
types of human heart disease. The expression of Rol (the response) was measured
for n = 30 mice and p = 6319 genetic expression levels were obtained for each mice.
This dataset was also analyzed by Segal et al. (2003) Hall and Miller (2009) and Li
et al. (2012).

We apply both PC-SIS and DC-SIS to the dataset and rank the features
based on projection correlation and distance correlation respectively. PC-SIS ranks
Msa.5799.0 and Msa.21346.0 as the two most important features while DC-SIS ranks
Msa.21346.0 and Msa.28772.0 as the two most important features. Msa.21346.0
is shared by the two methods. In practice, we may choose the top [n/logn] =9
(Fan and Lv 2008) features as the important features for further analysis. Table
5.4 shows the top 9 features selected by PC-SIS and DC-SIS. Among the top 9

features, 6 features are selected by both methods. We fit linear regression model
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and nonparametric additive model with the selected 9 features for each method.
The adjusted R? is reported in Table 5.5, which shows PC-SIS works slightly better
than PC-SIS for both linear model and additive model with top 9 selected features

in terms of prediction.

Table 5.4: Top 9 features identified by PC-SIS and DC-SIS. The gene names in
bold are the common genes selected by both methods.

Ranking 1 2 3 4 5

PC-SIS Msa.5799.0 Msa.21346.0 Msa.702.0 Msa.11662.0 Msa.1545.0
DC-SIS Msa.21346.0 Msa.28772.0 Msa.2603.0 Msa.559.0 Msa.1591.0

Ranking 6 7 8 9

PC-SIS Msa.1591.0 Msa.1011.0 Msa.573.0 Msa.28772.0
DC-SIS Msa.11662.0 Msa.24000.0 Msa.1545.0 Msa.1011.0

Table 5.5: The adjusted R? for linear and additive models with the top 9 features
identified by PC-SIS and DC-SIS.

Linear model Additive model

PC-SIS 0.7780 0.7780
DC-SIS 0.7716 0.7720

Figure 5.1 gives the scatter plots for Msa.5799.0 and Msa.21346.0, the most
important features detected by PC-SIS. The left panel of Figure 5.1 clearly shows
that there is a nonlinear relationship between Rol and Msa.5799.0: when Msa.5799.0
expression level is relatively low (< 0.5), Rol expression decreases dramatically as
Msa.5799.0 increases; when Msa.5799.0 expression level is relatively high (> 0.5),
the Rol expression level stays roughly flat. DC-SIS misses Msa.5799.0 and only
ranks it as the 18th most important feature. The right panel of Figure 5.1 also shows
a clear nonlinear relationship between Rol and Msa.21346.0. In addition, Figure 5.1
indicates that there are potential outliers, that are marked in red triangles. The
red dash curves and blue solid curves are fitted regression lines by local polynomial
regression with and without potential outliers. After the removal of potential
outliers, the nonlinear relationships become more clear, see the blue curves in
Figure 5.1.

The existence of influential points motivates us to examine the robustness of
the PC-SIS and the DC-SIS. To see how the potential outliers affect the ranking of

Msa.5799.0, we remove one data point at one time and then obtain the ranking of
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Figure 5.1: Scatter plots for Msa.5799.0 and Msa.21346.0. The red triangles are the
potential outliers. The red dash curves and blue solid curves are fitted regression
lines by local polynomial regression with and without the potential outliers. The
gray shadows are the 95% confidence interval.

Msa.5799.0 by the PC-SIS and the DC-SIS respectively using the remaining 29 data
points. We repeat this procedure for n = 30 times and thus obtain 30 rankings of
Msa.5799.0 for each method. The left panel in Figure 5.2 shows the boxplot of the
30 rankings. As we can see, the PC-SIS always ranks Msa.5799.0 as the 1st or 2nd
most important feature while its rankings given by the DC-SIS varies from 5 to 35.
To further distinguish the PC-SIS and the DC-SIS, instead of removing one data
point, we contaminate one data point at one time for Msa.21346.0. More specifically,
for each i = 1,...,30, we replace the ith data point (X;,Y;) by (X/,Y/) where X! is
generated from Uniform(—1.5, —1) and Y/ is generated from Uniform(2.0,2.5) such
that (X/,Y/) is very likely to be a potential outlier. The right panel in Figure (5.2)
shows that the rankings given by the PC-SIS has less variance than the DC-SIS.
Both boxplots show that the PC-SIS is much more robust to potential outliers than

the DC-SIS.

5.6 Proofs

Before proving Theorem 5.1, we introduce two useful lemmas. The first lemma is
based on Theorem 5.6.1.A in Serfling (1980), which gives a probability equality for

U-statistics.
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Figure 5.2: Boxplots of rankings for Msa.5799.0 and Msa.21346.0.

Lemma 5.2. Let h(xy,...,X,,) be a kernel of the U-statistic U, and
0= E{h(x1,...,Xm)}. If a <h(X1,...,Xm) <b, then for any t >0 and n > m,

Pr(|U, — 0] > t) < 2exp{—2[n/m]t*/(b— a)?},
where |n/m] denotes the integer part of n/m.
Proof. By Theorem 5.6.1.A of Serfling (1980), we have
Pr(U, — 0 > t) < exp{—2|n/m|t*/(b — a)*}.
Due to the symmetry of U-statistic, we have
Pr(|U, — 0] > t) < 2exp{—2[n/m|t*/(b — a)*}.
[

The next theorem establishes the connection between the exponential-type

deviation inequalities for sample covariance and sample correlation.

Lemma 5.3. Suppose 71, 72 and 73 are estimates of parameters vi, Yo and

v3 based on a size-n sample, respectively. Assume v > 0, v3 > 0 and M >

2maX{717 Y2, 737:)/\17;}727 33} [f

Pr(Ax — | >¢) < a exp{—cgnSQ}, k=1,2,3,
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for some positive constants c1,co. Then we have

Pr{ \/% — \/% > 5} < 5ey exp{—caneyl,
where Yo = min{y373/4M*, 7375 /AM*, 7273/4}.
Proof. Since v1, 2,73, 71,72, 73 are bounded by M /2, it is easy to verify that
Pr([7293 — Y27ys| > 2¢) < 2¢; exp{—cone?/4M?}, and
Pr(!\/ﬁ — V27| > 2¢) < 2¢ eXp{—02n€27273/4M2}. (5.8)

Let v = /7273 and 7 = 1/7273. For any 0 < € < 1, we have

Pr{|1/3 — 1/7| > e} =Pr(|§ — 7| > [A7le)
<Pr{[y — [ > [7vle. Al = v/2} + Pr{[F] < ~/2}
<Pr{|7 — | > v%¢/2} + Pr{[ — 7 > ~/2}
<2Pr{|7 — 7| > min{y,v*}¢/2}.

From (5.8), we know
Pr{|1/7 — 1/9] > e} < 4c; exp{—cone®y' /16 M?},

where 7 = min{y3v3,7373}. As a result,

Pr{ %_@ - | } =Pr{[51/7 — /7| > ¢}
<Pr{[7/7 =%/vl>¢e/2} + Pr (7 /v — /7l > €/2}
<Pr{[1/7 =1/~ >¢e/M} + Pr{[h —n| > ev/2}
<4cy exp{—cone®y JAM*} + c1 exp{—cone®yyy3/4}
<5c¢;1 exp{—cone®yo},

where 7o = min{y3v3/4M*, 9573 /4AM*, yo73/4}. O
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Proof of Theorem 5.1

Let z; = (z;,y:),7 =1,...,n and define

hi (2,2, 71,) = :arccos { (i — %) () — %) } arccos { i = ye) 1, ﬁ H

i = xk[[[[x; = x| |vi = y;cllllyy

- B
ho(Zi, Z;, 21, 21, Zy) = arccos{<XZ Xk) (% Xk)}arccos{ Y = ¥i) (¥ = yk)H’

|
(

i = k|1 — x| ly; = kaHyr Yl
(

bt 23 21.) = [avccos { £ ) = %) arecos { 2 y) (i = i) b

i — x| |Ix0 — x| ly; — YkHHYI—YkH

Recall that the squared population projection covariance and correlation are defined

as
Pcov(x,y)? = S; + Sy — 255,

PC(x,y)? = Pcov(x,y)?/Pcov(x, x)Pcov(y,y),
where Sy, .55, 53 are defined in (5.3). Their sample counterparts are given by
Peov(X,Y)2 = S, + S, — 25,

o~

PC(X,Y)? = Peov(X, Y)2/Pcov(X, X)Pcov(Y,Y),

where §1, §2, §3 are defined as follows,

n
:n_?’ Z hl (Zi7 Zj7 Z]g)7

ijok=1
n
a _, -5 2 :
SZ =n hQ(Ziyzjazkazl7ZT>7
i,5,k,l,r=1
n
a —4 2 :
=n hg(Zz‘,Zj,Zk,Zl)-
ivjakvl:]-

Clearly §1,§2 and S; are V-statistics. Denote by 7(i1,...,im) the set of all
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permutations of (i, ...,%,). Define

1
~ n
* *
St = (3> > " hi(zi 25, 21),
i<j<k
2\ !
* *
SQ = (5> § h2<ziazjazkazl>zr)a
i<j<k<l<r
o\ !
* *
Sy = (4> g hi(z;, 25, 2k, 21),
1<j<k<l
where
hl(zlvzjazk‘ E hl Zlazjazk‘
. 7rzgk’)
*
hi(zi, 2,2, 2;,2,) = 5 g ho(zi, 2,2y, 21, 2,),
(i, kL)
1
h3(Z27Z]7Zk7Zl = _' E h3 Z17Z]7Zkazl>
T w(iygk,l)

By definition, we know :S'\i*, :S’\;‘, S3 are the corresponding U-statistics with associated
kernels ht, hi and A3, respectively. We have 0 < Sy, Sg, St < 72 and 0 < h} < 72,
k=1,2,3.

We first deal with §1. Note that

Zhl(zi7zj7zk‘) - Z hl(Zi,Zj,Zk),

0,5,k i#j#k

which implies n33; = n(n — 1)(n — 2)S;. For any given ¢ > 0, take n > 372/c such
that 351/n < e, we have

Pr(|S; — 4| > 2)
=Pr{|Si(n — 1)(n — 2)/n? — Si(n — 1)(n — 2)/n® = 51 (3n — 2)/n?| > 2¢}
<Pr{|S: — Si|(n — 1)(n — 2)/n? > 2¢ — $1(3n — 2)/n?}
<Pr{|S; — S| > ¢}.

Since 0 < h} < 7%, applying Lemma 5.2, we have
Pr(|S; — Si| > 2¢) < 2exp{—2|n/3]e?/7*}. (5.9)
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Now we move to the third term §3. Note that

> hs(zizjzem) = Y hs(zizi,zem)+ Y hs(zi 24,2, 7).

1,3,k iAjAk# i=j£k#l
Thus N R N
n*Ss =n(n —1)(n — 2)(n — 3)S; +n(n — 1)(n — 2)S;,
Sy =Si(n—1)(n—2)(n—3)/n® + Si(n— 1)(n — 2)/n°.
Take n > 67% /e, then §f(n— 1)(n—2)/n® < e and S3(6n* —11n+6)/n3} < e. We

have

Pr(|S; — S3| > 3¢)
=Pr{|Si(n — 1)(n — 2)(n — 3)/n® + St (n — 1)(n — 2)/n® — S| > 3¢}
<Pr{|Si(n — 1)(n — 2)(n — 3)/n® — S3| > 2¢}
§Pr{|§§ — S3|(n —1)(n —2)(n — 3)/n® > 2e — S3(6n? — 11n + 6)/n’}
<Pr{|S; — 85| > ¢}.

Since 0 < h} < 7%, applying Lemma 5.2 again, we have
Pr(|S; — S3| > 3¢) < 2exp{—2[n/4]e*/x*}. (5.10)
It remains to deal with the second term §2. Note that

> ha(zizgzziz) = Y holzi 2 2k 7, 2,) +

4,5,k Lr i£jAIEr#k

Z hQ(ZiaszZk‘7ZZ7ZT> +
i=jF£lF#r#£k

Z hQ(Zi,Zj,Zk,Z[,Z7«> +
i=r#j#lI#k

Z hQ(Zi,Zj,Zk,Z[,ZT) +
l=j#i#r#k

Z hQ(Zivzjuzkazlazr)‘

I=rtitjtk

137



Thus

n°S; =n(n —1)(n — 2)(n — 3)(n — 4)S% + 4n(n — 1)(n — 2)(n — 3)S%,
Sy =(n—1)(n—2)(n—3)(n—4)/n*S% + 4(n — 1)(n — 2)(n — 3)5 /n*.

Take n > 1072 /e, we have
A(n —1)(n —2)(n —3)S%/n* < e and

(1—(m—1)(n—2)(n—3)(n—4)/n*)S; <e.

As a result,

Pr(|S; — Sa| > 3¢)
=Pr{|Si(n — 1)(n — 2)(n — 3)(n — 4)/n* + 4(n — 1)(n — 2)(n — 3)S; /n* — So| > 3¢}
SPr{|§§(n —1)(n—=2)(n—-3)(n— 4)/714 — Sy| > 2¢}
<Pr{|S; — S3|(n — 1)(n — 2)(n — 3)(n — 4)/n* > &}
<Pr{|S; — Ss| > }.

Since 0 < hi < 7%, by Lemma 5.2, we have
Pr(|S; — Sa| > 3¢) < 2exp{—2|n/5]e?/7*}. (5.11)
Combining (5.9), (5.10) and (5.11), we have

Pr{](é'\l + §2 — 2§3) — (Sl -+ SQ — 25’3)‘ 2 116}
<Pr(|S; — S| > 2¢) + Pr(|Sy — Sa| > 3¢) + Pr(|S; — S5 > 3¢)
<6exp{—2[n/5]e*/7"}.

Therefore
PI‘{|(§1 + §2 — 2§3) — (Sl + 52 - 253>| Z 5} S C1 exp{—02n€2}, (512)

with choices ¢; = 6 and ¢y = 1/(3207*). For the second part, we apply Lemma 5.3
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to (5.12) with the choice M = (27)?, we obtain
Pr{]P/)a(X,Y)2 — PC(x,y)? > e} < 5y exp{—caney}.

where v = min{y3y; /AM*, g [AM?, 7.y, /4}.
Proof of Theorem 5.2
Recall that
wr = PC(X},y) and &, = PC(X},Y),

where X, is the kth column of X. By Theorem 5.1 and Condition 1 (a), we have
Pr(|@y — wi| > 6) < O(exp{—cyné®}),

where ¢, is some constant. We consider the compliment A ¢ le\(5), meaning that

there is at least one k € A such that k ¢ A(6). We have

Pr(A ¢ A(9)) = Pr(Uea{k ¢ A(0)})

keA
<Y Pr([@r — wil > 0)

keA
< O(sexp{—c4nd?}).

Thus Pr(A C A(0)) > 1 — O(s exp{—cand?}).
Proof of Theorem 5.3

Let k1 = arg minge4 @y, and ky = arg maxye4c Wg. For any 0 < k < 1/2, we have
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Pr{min &, — max @y, < 0}
ke ke Ac

<Pr{min &, — max &y < min wy — max wy — 2c3n” "}
keA keAc keA keAc

_p : N ~ > 9eanF
r{(rkrg‘l Wy I&lﬂwk)%—(gé%(wk Inin wi) > 2c3n” "}

<Pr{(wk, — @k, ) + (Wr, — Wr,) > 2c3n" "}
<Pr{|Wk, — wg,| > csn™ "} + Pr{|Wg, — wi,| > c3n "}

§2Pr{11£1’?<xp|&7k — wg| > e3n™"}

=cipexp{—csn' "},

where ¢, ¢t > 0 are positive constants. The first inequality follows Condition 1 (b)

and the last equality is implied by Theorem 5.1. Hence we have

Pr{min &, — o, >0}>1-0 —csnt ).
I‘{Igleljl Wp — max Wy } > (pexp{—csn ~"})

1—2&)

If we further assume logp = o(n , we know p < exp{csn'™2%/2} for large n.

Then we have
pexp{—csn' "} < exp{—csn' " /2} < exp{—2logn} < n7?

for large n. Thus for some ny, we have

o0 [e.9]
E ckpexp{—csne®} < ¢ E n? < oo.
n=ng n=no

Therefore, by Borel-Contelli Lemma, we obtain
. . S < _
Pr(lim Supn_mo{lglelil Wy — max &y, < 0}) =0,

AS a resul(
Pr(lim 1nf 00 min C/L\) — max C/J > 0
( " {kE.A k kel K })

=Pr([lim Supn%oo{lgleijl Wi, — max r < 0}])

=1.

140



Chapter 6
Summary and Future Work

6.1 Summary of the dissertation

In this dissertation, we study two fundamental problems for high-dimensional
statistics: mean vector test of high-dimensional data and feature screening for
ultra-high dimensional data. In the first part, consisting of chapter 3 and chapter
4, we focus on the estimation of linear functional and its application to projection
test for high-dimensional mean vector. In chapter 3, we study the regularized
quadratic programming with nonconvex penalty and linear constraint. Under the
assumption that the quadratic form satisfies the restrict strong convexity (RSC)
condition, we establish the L; and Ly deterministic error bounds for any stationary
point that satisfies the necessary first order condition to be a local minimum.
Further assuming the strict dual feasibility, we show that the stationary point
is unique and establish the support recovery and L., error bound. We propose
an ADMM algorithm with local linear approximation to solve the nonconvex
quadratic programming, which is guaranteed to converge to a local minimum. In
particular, we study three applications of the regularized quadratic programming:
(1) estimation of linear functional, (2) F-type test for regression coefficients and
(3) sparse linear discriminant analysis. Convergence rates in terms of L; and Ly
norms are established for the proposed estimator. In chapter 4, we apply the linear
functional, also known as the optimal projection direction, to perform projection
test for high-dimensional data assuming that the linear functional is sparse. We
propose two sparse projection tests. The first test is the sparse projection test with

data splitting. The entire dataset is partitioned into two sets. We use the first
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set to estimate the optimal projection direction and perform the test only using
the data in the second set. This data splitting projection test achieves an exact
t-test under normality assumption. The second test is the sparse online projection
test, which updates the estimation of optimal projection direction whenever a
new observation arrives. We derive the asymptotic normal distribution of the
test statistic under both null hypothesis and alternative hypothesis. This sparse
online projection test improves the power of data splitting projection test. A
mini-batch version of the online projection test is also proposed. This test updates
the estimation when a batch of new observations arrive and thus reduces the
computational burden a lot. In addition, we conduct numerical studies to compare
the finite sample performance of the proposed projection tests with several existing
tests. The numerical results show that the proposed projection tests can control
the type I error rate well and are much more powerful than other existing tests.
The second part of this dissertation, consisting of chapter 5, focuses on the model
free feature screening for ultra-high dimensional data. The proposed method is
based on ranking the projection correlations between features and response. This
projection correlation based screening procedure is model free in the sense that
it does not require specifying a regression model and can be applied to grouped
variables as well. This procedure is also insensitive to outliers since no moment
conditions are needed for the data. Theoretical analysis demonstrates the proposed
method enjoys not only the sure screening property but also a stronger result called

rank consistency property.

6.2 Future work

There are a lot of interesting topics we can continue to work on. In chapter 3, we
consider the regularized quadratic programming with linear constraint C3 < b and

achieve the following convergence rates (error bounds) under proper assumptions,

1B = Bl = O(s)/x), and [|B = B"[l2 = O(v/5\/k).

These convergence rates coincide with the results in Negahban et al. (2012) and
Loh and Wainwright (2015) where no such linear constraint is imposed. These

convergence rates are known to be optimal when no constraint exists (Raskutti
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et al. 2011, Negahban et al. 2012, Wang et al. 2014). Are they also optimal when
we have additional constraint? Suppose the rank of matrix C is m and assume
m < s, one interesting question is can we improve the convergence rate by taking
advantage of the linear constraint. For example, we may expect to achieve the

following convergence rate,

1B — B*|l = O((s — m)A/x), and ||B — B*||2 = O(v/s — mA/k).

In chapter 4, we propose the online projection test for high-dimensional mean
vector. Projection test under the online framework can improve the performance of
projection test using the data splitting technique. On one hand, the online projection
test keeps updating the estimated projection direction when new observations arrive,
thus we can obtain a more and more accurate estimation of the optimal projection
direction. On the other hand, only the first k, = n=7 = o(n) observations are
discarded when performing the test while the data splitting procedure discards
about half of the data. Hence the online projection test is more powerful than
the data splitting procedure. Though discarding the first k, data points does not
affect the asymptotic results, of interest is to develop a new projection test without
throwing away any data points. One possible approach is to pretend the discarded
k, observations come from the future and reuse them. Another approach is to
use the entire dataset to obtain an estimate of the projection direction and then
perform the projection test with the entire dataset. In both cases, we expect to
see some improvement on the test power since no observation is discarded. The
challenge is it can be very completed to derive the limiting null distribution since
the estimated projection direction and the data are no longer independent.

In chapter 5, we propose a feature screening procedures based on projection
correlation. Let @; be the sample projection correlation between the response and

the jth feature, the selected features are given by
M={j:@;>61<j<p},

or equivalently,

M = {j : @; are among the top d ones, 1 < j < p}.
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We show that with a proper choice of § or d, our feature screening procedure
enjoys the sure screening property, that is, all important features are selected
with probability approaching to 1. However, the proper choice of threshold ¢ or
d depends on unknown parameters. From a practical point of view, one may be
conservative and use a relatively large value of d such that all important features are
included. In that case, many unimportant features may enter the selected model as
well. Zhu et al. (2011) proposed a threshold rule by introducing a series of artificial
auxiliary variables. Based on our simulation study, this kind of threshold rule is
also conservative and allows a lot of unimportant features entering the selected
model. We are also interested in developing some data-driven method to find a
proper threshold ¢ or d such that not only the sure screening property is satisfied

but the number of unimportant features that are selected is well controlled.

144



Appendix A
Properties of Nonconvex Reg-
ularizers

We state several properties of the nonconvex penalty function P (t).

Lemma A.1. Assume penalty function P\(t) satisfies conditions (i)-(v) in Section
3.2.1, then

(1) |Pi(t1) — Pa(t2)| < Aty — to] for any t1,t, € R.
(2) For any B € RP, we have \||B]|1 < P\(B) + %H,@H%

(3) Suppose ||B*||o = s, then for any B € RP such that cP\(8*) — P\(8) > 0 with
¢ > 1, we have cPy\(B%) — P\(B) < A(c||04]l1 — ||6.4¢]]1), where d = B — B* and

A is the index set of the s largest elements of § in magnitude.

Proof. The proof can be found in Loh and Wainwright (2015). O

Lemma A.2. The function Jy(t) — 5t* = A|t| — P\(t) — 5¢* is concave and differ-

entiable.

Proof. When t > 0, Jy(t) — 5t* = At — P5\(t) — 4t>. By assumption, we know
Py(t) 4+ £¢* is convex and thus Jy(t) — £t* is concave when ¢ > 0. Similarly,
JA(t) — £t is concave when t < 0. As a result, the derivative of Jy(t) — 4t
is decreasing on (—o00,0) and (0,00). At t = 0, we have J'(0) = 0. Therefore,
JA(t) — £t* is differential and its derivative is monotonically decreasing. Hence

JA(t) — £t? is a concave function. O
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Appendix B
Sub-Gaussian Random Vari-
able

The following lemmas show some nice properties of sub-Gaussian random variable.

Lemma B.1. Let X, Xs, ..., X, be sub-Gaussian random variables with variance

proxy o2, then

E (maXXZ) < oy/2logn and E (fga<X|XZ|) < o4/2log(2n).

1<i<n

Proof. Let Z = max X;. By Jensen’s inequality, for any ¢ > 0

exp{tE[Z]} < Eexp{tZ} < Z Eexp {tX;} < nexp{t’c?/2}.

i=1
Taking the logarithm of both sides, we get

logn to?
AL
t 2

E[Z] <

Taking t = \/2logn/o yields the first inequality. The second inequality follows
trivially by noting that

max | X;| = max X;,

1<i<n 1<i<2n
with Xn+i:—XZ-,i:1,...,n. ]
Lemma B.2. Suppose x1,...,X, are independent and identically distributed sub-
Gaussian random vectors with |x;||ly, = K. Let & = (5i;)pxp be the sample
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covariance matriz. If logp < n, then there exists a constant M only depending on
K such that max; ; [0;; — 04| < M+/logp/n with probability at least 1 — 2p~*.

Proof. Let x = £ 3™ x; be the sample mean and S = LS (e — %) (xp — %) T

be the sample covariance matrix. The X can be decomposed as
1 n
X =— XpX, — XX .
E k
n
k=1

Without loss of generality, we assume E(x;) = 0. Therefore,

n

. 1 o
max [G;; — 0| < max|= Y XpXp; — 0] + max [X;%;].
Z7j 17] n k:1 17]

By the property of sub-Gaussian random variables, we know
ki llon < 201%killalXus 00 < 253,

and hence ||xpixy; — 0ii]lp, < 4K?. As a result,
n

- XkiXkj — Oij

. E j j

1 12 t
P >t| < 20° —cn—— % . 2p? —cen— 5 .
(HZ!%X - ) < max( D exp{ Cln16K4}’ D exp{ cm4K2})

It is easy to verify that ||X; |y, < v/¢/nK and [|XiX;[ly, < 2[1Xilly, [|Xjllwe < 2¢K?/n,

we have

_ 9 nt
P(HZL’E}X |x;%;| > t) < 2p°exp {_20K2} .

By the choice of t = /12 we have max;;[0;; — 0y < My/logp/n with
probability at least 1 — 2p~! whenever M > C, where C is a constant only
depending on K.

]
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Appendix C
Error Bounds Under the RE

Condition

Instead of imposing the restricted strong convexity (RSC) condition, here we state
some results on the error bounds and strong oracle property for the regularized
quadratic programming (3.7) under the restricted eigenvalue (RE) condition. We

say a matrix W satisfies the RE(q, x) condition with r > 1 if

-
W
min =0 (C.1)
B#0,1B 4l <18 4cll1 Hﬁ”z

where A is the support of true parameter 3*. By the definition, we know that if
¢ > q, then RE(¢/, k) implies RE(q, k). This type of restricted eigenvalue condition
was proposed in Bickel et al. (2009) when they studied the connection between
the Lasso and the Dantzig selector. Wang et al. (2013) also adopted this type of
condition to study the SCAD-CCCP estimator under a high-dimensional regression
setting.

It is natural to ask under what conditions a matrix W would satisfy the RE
condition. In many applications, W is of the form of W = X"X /n where X is a
n X p design matrix. If X has i.i.d. entries following a sub-Gaussian distribution,
then known results from random matrix theory implies that this RE condition
holds with a high probability. In statistical applications, we are more interested in
design matrix X with substantial dependency. Let x; denote the i-th row of X and
if x1,...,%, are i.i.d. random sub-Gaussian vectors, Rudelson and Zhou (2012)
showed that the RE condition holds with high probability when the sample size n is

larger than some constant depending on dimension p and sparsity level s. The RE
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condition is known to be a relatively mild condition for high-dimensional estimation
and is much weaker than the irrepresentable condition (Zhao and Yu 2006) which
is a necessary condition for Lasso estimator to be model selection consistent.

We consider the penalty function py(t) from the family Py (ag, a1, as, az) which is
a set of concave folded penalty functions and each element p,(t) in the set satisfies

the following conditions:

(1) pa(t) is symmetric on the real line and is non-decreasing and concave in
t € [0,00) with p,(0) = 0.

(2) pa(t) is differentiable in ¢ € (0, 00) with p)(04) = apA for some ag > 0.
(3) PA(t) > a1 A in t € (0, ax)| for some a; < ay.
(4) p\(t) =0if t € [asA, 00) for az > as.

This class of folded concave penalty functions Py(ag, a1, as, as) includes the two
most widely used nonconvex penalty functions: the SCAD (Fan and Li 2001) and
the MCP (Zhang 2010). In particular, the SCAD belongs to P,(1,1,1,a3) with
az > 2 and the MCP belongs to Py(1,1/2,a3/2, az) with some az > 0.

To establish the deterministic error bound for our proposed LLA estimator, we
specify a set of regularity conditions. Recall that ag, aq, as, asz are the parameters

in the folded concave penalty.

(C.A.1) The true parameter 3* satisfies the linear equality constraint C3* = b.
(C.A2) 7 <min{l, kas/(3ap\/50)}

(C.A.3) There exists a vector w such that 2||[WB* — C'w — q||lec < TAay.

Theorem C.1 (Deterministic error bounds). Let B be the LLA estimator to (3.7)
with pA(+) € P(ag, a1, a2,a3). Assume that W satisfies RE(max{1 + 2ay/ay,3}, k)
and conditions (C.A.1) - (C.A.3) hold, then we have

(1) B = B*|i < arso/k, B — B2 < (2a0 + a1)Ay/30/%,
(2) \J(B—B)TW(B - B") < (200 + a)A/s0/,

where a = 6ag + 2a1 + 4a}/a;.
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Proof. Let B be some estimator of 3 and denote A = B — B*. Let

QBN = 58"WB -~ "B+ \T|5. (©2)

where XA = (A1, g, ..., \,) | satisfying A; < agX for all j and \; > a;\ for j € A°.
We first claim that if X is chosen such that a;\ > 2||[WB* — CTw — ql|o and
Q(,@P\) < Q(B¥|A), then we have ||Ally < (2a0 + a1)A\/50/k and ||All; < also/k,

where a = 6ag + 2a; + 4a?/ay, To see that, notice
LT T3 T3 L ot * T % T a*
5B WB—q'B+ATIB < ;8 TWE —q' B + AT
Therefore
1T ~ . . ~ 1
5B WB—w'CB—a'B+AT|B] < ;8 WS —w'CB" —q' 8" + A8,
since Ca = CB = b. By rearrangement, we have

1 .
SATWA £ ATJB < AT(WS' — CTw —a) + AT
<Al - [[WB* = CTw — qlloc + AT (8]
a *
SNl
Now breaking 3* and E into B* = (8%, B%.) and B = (BA, EAC), we have
B 1+ AT

1 . 3
§ATWA + A48 = A AL+ ar\]|B e

1 o~ a a
SATWA  XB |+ AelBuacl < SN AUl + A A

a a N
V< DAL+ TA ALl +ATI8

%ATWA < (ag + %)/\||AA||1 - %AHAAC .
Using the fact that IATWA >0, we know [|A |1 < (1+2ag/a1)||A4l:. Under
the RE condition of the theorem, we know x||A|3 < (2ap + a1)A|Al; < (2a0 +
a1)A\y/5o0l|All2, hence [|[Alls < (2a9 + a1)\y/50/k. Therefore, ||Al1 = [|Aullr +
A 4lr < (24 2a0/a1)||Axlli < (2 + 2a0/a1)/50||Aullz < a)sy/k, where a =
6ag + 2a; + 4a?/a;. We prove the claim.

~a
By the definition of B( : and applying the claim with A; = (Tag), ..., Tap\) ",
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we have ||B(1) — B2 < (2a0 + a1)7A\/50/k < 3agTA\/s0/k, which implies that
B\](.l)| < apA since T < kas/(3ag+/So) - As a result, we have pA(|B\](.1)|) < apA
for all j € A and pa(|B}"]) > ai) for j € A% Let Ao = (pa(IB1"]),- ... oA (B3) T
and A, satisfies the condition of the claim. Let B be the LLA estimator. By the
claim, we have [|8 — 8*|la < (2a0 + a1)A/So/ and ||B — B*|l; < aAso/k, which
completes part (1). For part (2), note that

maneAc

ATWA < (2a0 + a1) M| Al

< (2ap + a1)\/Sol| A 4ll2
< (QCL() + a1)2)\250/"€'

Therefore \/(B — B)TW(B — B%) < (2a0 + a1)A\\/50/k- O

Remark. Negahban et al. (2012) established a similar error bound for a more
general loss function £(3) and a certain type of penalty function R(3) without the
linear constraint. They assume the loss function £(3) is convex and differentiable,
and satisfies the restricted strong convexity (RSC) condition. The penalty function
R(B) satisfies the decomposable condition. In our case, the quadratic loss % BTWB—
q' B satisfies the RSC condition. However, the folded-concave penalty functions do
not satisfy the decomposable condition. By local linear approximation, we replace
the folded concave penalty by weighted L; penalty, which satisfies the decomposable
condition. Furthermore, we allow linear equality constraint imposed on 3.

Next, we establish the strong oracle property of the LLA estimator. Let

W W 4 4e
wo | A A (M) oo (cA CAC). (C.3)
Wiea Woaese Qe

The oracle estimator is the estimator that we know the true support of 3* in
advance. Define the oracle estimator as B(o) = (EEZ), 0), where BE:) is the solution

to the following problem

o1
argmin _BXW.iB4 — a4
Ba (C.4)

If W44 is non-singular, we can derive the closed form solution of the oracle

151



estimator. As a result, we have BEZ) =W (qa — Cly), where
v = (CaW4CL) (CaW s — b). (C.5)

To establish the strong oracle property, we further specify the following conditions

(C.B.1) (minimal signal condition) The minimal signal of 3* satisfies

Ijrélfrll‘ﬂ;‘ > (as + ag) A (C.6)

(C.B.2) There exists a 7 x 1 vector u such that
~()
W48 + Clulle < agh, (C.7)

where W_Ac = (W.AC.A W_ACAC).

Theorem C.2 (Strong oracle property). Let B(A) be the LLA estimator to (3.7)
with parameter \, under the conditions of Theorem C.1 and conditions (C.B.1) -
(C.B.2) hold, then the LLA estimator B(\) equals to the oracle estimator

B =p"" (€3)
Proof. By definition, E(A) = arg ming.cg—p Q,\(ﬁ|B(l)), where
Q(BB") = 58"WB —aTB + > s (11 (c9)
j=1

Since the objective function Q, (3| B(l)) is a convex function of 3, the KK'T condition
is necessary and sufficient for characterizing the minimum. To verify that E(O) is
the minimizer of Q\ (8| ,@(1)), it is sufficient to show that there exists a vector u
such that

~(©) SR |
wiyB” = g +sen(B)pi (1B +uleyy =0, j € A, (C.10)
and
T A(O) T . c
(WiHB T — g+ ulep| < anh, j €A (C.11)
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where W(Tj) is the j-th column of W, ¢(; is the j-th column of C and g; is the j-th
element of q.

We first verify (C.10). Note that with the initial value 0, we have B(l) =
arg ming.cg—p Q-1(3|0). From the proof of Theorem C.1, we know ||B(1) — B <
||B(1) — 3%]]2 < azA and thus |Bj — Bl < agA for all j € A. By the minimal signal
condition, we have |BJ(-1)| > ag for j € A and therefore p’)\(\@(l)]) =0 for j € A
Note that BE:) is the solution to (C.4), then Z’)’E:) satisfies its KKT condition, that

is, there exists a vector u such that

W8 — g4+ Clu=0. (C.12)
(C.12) implies that for all j € A, we have

W(Tj)B(O) —qj+v'cy =0. (C.13)

Therefore (C.10) holds. (C.11) is implied by condition (C.7), which completes the
proof.
[l
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Appendix D
Central Limit Theorem ftor Mar-
tingale Difference

Definition D.1. A stochastic process {X,,n > 1} is a martingale if
(i) E(|X,|) < oo for alln and
(i) B( X1 X1,. .., Xn) = X,.
Definition D.2. A stochastic process {X,,n > 1} is a martingale difference if
(i) E(|Xn|) < oo for all n and
(1)) E(Xp41]X1,...,X,) =0.

From the definitions above, if X7, X5, ... is a martingale difference, then the
partial sum S, = """ | X; is a martingale. Next we state a lemma on the central
limit theorem for martingale difference. This lemma is a special case of Theorem
3.2 in Hall and Heyde (2014).

Lemma D.1. Let Xy,..., X, be a sequence of martingale difference and

E(max |X;|) — 0 and ZX? 5 02,

i=1
then S, N(0,0%), where S, = i | X;.

Proof. The proof can be found in Hall and Heyde (2014). O

154



Bibliography

Bai, Z. and Saranadasa, H. (1996), ‘Effect of high dimension: by an example of a
two sample problem’, Statistica Sinica 6, 311-329.

Bickel, P. J. and Levina, E. (2004), ‘Some theory for Fisher’s linear discriminant
function, ‘naive Bayes’, and some alternatives when there are many more variables
than observations’, Bernoulli 10(6), 989-1010.

Bickel, P. J. and Levina, E. (2008), ‘Covariance regularization by thresholding’,
The Annals of Statistics 36(6), 2577-2604.

Bickel, P. J., Ritov, Y. and Tsybakov, A. B. (2009), ‘Simultaneous analysis of Lasso
and Dantzig selector’, The Annals of Statistics 37(4), 1705-1732.

Boyd, S., Parikh, N., Chu, E., Peleato, B. and Eckstein, J. (2011), ‘Distributed
optimization and statistical learning via the alternating direction method of
multipliers’, Foundations and Trends®) in Machine Learning 3(1), 1-122.

Cai, T. and Liu, W. (2011a), ‘Adaptive thresholding for sparse covariance matrix
estimation’, Journal of the American Statistical Association 106(494), 672-684.

Cai, T. and Liu, W. (2011b), ‘A direct estimation approach to sparse linear discrim-
inant analysis’, Journal of the American Statistical Association 106(496), 1566
1577.

Cai, T., Liu, W. and Luo, X. (2011), ‘A constrained ¢; minimization approach to
sparse precision matrix estimation’, Journal of the American Statistical Associa-
tion 106(494), 594-607.

Cai, T., Liu, W. and Xia, Y. (2014), ‘Two-sample test of high dimensional means
under dependence’; Journal of the Royal Statistical Society: Series B (Statistical
Methodology) 76(2), 349-372.

Candes, E. and Tao, T. (2007), ‘The Dantzig selector: Statistical estimation when
p is much larger than n’, The Annals of Statistics 35(6), 2313-2351.

155



Carroll, R. J., Fan, J., Gijbels, I. and Wand, M. P. (1997), ‘Generalized partially
linear single-index models’, Journal of the American Statistical Association
92(438), 477-489.

Caruana, R. (1997), ‘Multitask learning’, Machine Learning 28(1), 41-75.

Chen, S. X., Li, J. and Zhong, P.-S. (2014), ‘Two-sample tests for high di-
mensional means with thresholding and data transformation’, arXiv preprint
arXiw:1410.2848 .

Chen, S. X. and Qin, Y.-L. (2010), ‘A two-sample test for high-dimensional data
with applications to gene-set testing’, The Annals of Statistics 38(2), 808-835.

Chen, X., Xu, M. and Wu, W. B. (2015), ‘Regularized estimation of linear functionals
for high-dimensional time series’, arXiv preprint arXiv:1506.053852 .

Consortium, W. T. C. C. (2007), ‘Genome-wide association study of 14,000 cases
of seven common diseases and 3,000 shared controls’, Nature 447(7145), 661.

Cui, H., Li, R. and Zhong, W. (2015), ‘Model-free feature screening for ultrahigh di-
mensional discriminant analysis’, Journal of the American Statistical Association
110(510), 630-641.

Dempster, A. (1958), ‘A high dimensional two sample significance test’, The Annals
of Mathematical Statistics 29(4), 995-1010.

Fan, J. and Fan, Y. (2008), ‘High dimensional classification using features annealed
independence rules’, The Annals of Statistics 36(6), 2605.

Fan, J., Feng, Y. and Song, R. (2011), ‘Nonparametric independence screening
in sparse ultra-high-dimensional additive models’, Journal of the American
Statistical Association 106(494), 544-557.

Fan, J., Feng, Y. and Tong, X. (2012), ‘A road to classification in high dimensional
space: the regularized optimal affine discriminant’, Journal of the Royal Statistical
Society: Series B (Statistical Methodology) T4(4), 7T45-771.

Fan, J., Ke, Y. and Wang, K. (2016), ‘Decorrelation of covariates for high dimen-
sional sparse regression’, arXww preprint arXiw:1612.08490 .

Fan, J. and Li, R. (2001), ‘Variable selection via nonconcave penalized likeli-
hood and its oracle properties’, Journal of the American Statistical Association
96(456), 1348-1360.

Fan, J., Liao, Y. and Liu, H. (2016), ‘An overview of the estimation of large
covariance and precision matrices’, The Econometrics Journal 19(1).

156



Fan, J. and Lv, J. (2008), ‘Sure independence screening for ultrahigh dimensional
feature space’, Journal of the Royal Statistical Society: Series B (Statistical
Methodology) 70(5), 849-911.

Fan, J. and Lv, J. (2010), ‘A selective overview of variable selection in high
dimensional feature space’, Statistica Sinica 20(1), 101.

Fan, J., Ma, Y. and Dai, W. (2014), ‘Nonparametric independence screening in
sparse ultra-high-dimensional varying coefficient models’, Journal of the American
Statistical Association 109(507), 1270-1284.

Fan, J., Samworth, R. and Wu, Y. (2009), ‘Ultrahigh dimensional feature selection:
beyond the linear model’, Journal of Machine Learning Research 10(Sep), 2013
2038.

Fan, J. and Song, R. (2010), ‘Sure independence screening in generalized linear
models with NP-dimensionality’, The Annals of Statistics 38(6), 3567-3604.

Fan, J., Xue, L. and Zou, H. (2014), ‘Strong oracle optimality of folded concave
penalized estimation’, The Annals of Statistics 42(3), 819.

Fang, E. X., He, B., Liu, H. and Yuan, X. (2015), ‘Generalized alternating direction
method of multipliers: new theoretical insights and applications’, Mathematical
Programming Computation 7(2), 149-187.

Frank, L. E. and Friedman, J. H. (1993), ‘A statistical view of some chemometrics
regression tools’, Technometrics 35(2), 109-135.

Freund, Y. and Schapire, R. E. (1997), ‘A decision-theoretic generalization of on-
line learning and an application to boosting’, Journal of Computer and System
Sciences 55(1), 119-139.

Hall, P. and Heyde, C. C. (2014), Martingale limit theory and its application,
Academic Press.

Hall, P. and Miller, H. (2009), ‘Using generalized correlation to effect variable
selection in very high dimensional problems’, Journal of Computational and
Graphical Statistics 18(3), 533-550.

Hardle, W., Hall, P. and Ichimura, H. (1993), ‘Optimal smoothing in single-index
models’, The Annals of Statistics 21(1), 157-178.

Hardle, W., Liang, H. and Gao, J. (2012), Partially linear models, Springer Science
& Business Media.

157



He, X., Wang, L. and Hong, H. G. (2013), ‘Quantile-adaptive model-free variable
screening for high-dimensional heterogeneous data’, The Annals of Statistics
41(1), 342-369.

Hoeffding, W. (1948), ‘A non-parametric test of independence’, The Annals of
Mathematical Statistics 19(4), 546-557.

Hotelling, H. (1931), ‘The generalization of student’s ratio’, The Annals of Mathe-
matical Statistics 2(3), 360-378.

Huber, P. J. (1964), ‘Robust estimation of a location parameter’, The Annals of
Mathematical Statistics 35(1), 73-101.

Knight, K. and Fu, W. (2000), ‘Asymptotics for lasso-type estimators’, The Annals
of Statistics 28(5), 1356-1378.

Lam, C. and Fan, J. (2009), ‘Sparsistency and rates of convergence in large
covariance matrix estimation’, The Annals of Statistics 37(6B), 4254.

Lauter, J. (1996), ‘Exact t and F' tests for analyzing studies with multiple endpoints’,
Biometrics 52(3), 964-970.

Li, D. and Xue, L. (2015), ‘Joint limiting laws for high-dimensional independence
tests’, arXiw preprint arXiv:1512.08819 .

Li, D., Xue, L. and Zou, H. (2018), ‘Applications of Peter Hall’s martingale limit
theory to estimating and testing high dimensional covariance matrices’, Statistica
Sinica 28(4), 2657-2670.

Li, R., Huang, Y., Wang, L. and Xu, C. (2015), ‘Projection test for high-dimensional
mean vectors with optimal direction’.

Li, R., Zhong, W. and Zhu, L. (2012), ‘Feature screening via distance correlation
learning’, Journal of the American Statistical Association 107(499), 1129-1139.

Lin, L., Sun, J. and Zhu, L. (2013), ‘Nonparametric feature screening’, Computa-
tional Statistics & Data Analysis 67, 162-174.

Liu, H., Yao, T. and Li, R. (2016), ‘Global solutions to folded concave penalized
nonconvex learning’, Annals of Statistics 44(2), 629.

Liu, J., Li, R. and Wu, R. (2014), ‘Feature selection for varying coefficient mod-
els with ultrahigh-dimensional covariates’, Journal of the American Statistical
Association 109(505), 266-274.

Liu, W. and Luo, X. (2012), ‘High-dimensional sparse precision matrix estimation
via sparse column inverse operator’, arXiww preprint arXiv:1203.3896 38.

158



Loh, P.-L. and Wainwright, M. J. (2015), ‘Regularized M-estimators with noncon-
vexity: statistical and algorithmic theory for local optima’, Journal of Machine
Learning Research 16(1), 559-616.

Loh, P.-L. and Wainwright, M. J. (2017), ‘Support recovery without incoherence:
A case for nonconvex regularization’, The Annals of Statistics 45(6), 2455-2482.

Lopes, M., Jacob, L. and Wainwright, M. J. (2011), A more powerful two-sample test
in high dimensions using random projection, in ‘Advances in Neural Information
Processing Systems’; pp. 1206-1214.

Ma, S., Li, R. and Tsai, C.-L. (2017), ‘Variable screening via quantile partial
correlation’, Journal of the American Statistical Association 112(518), 650-663.

Mai, Q. and Zou, H. (2012), ‘The Kolmogorov filter for variable screening in
high-dimensional binary classification’, Biometrika 100(1), 229-234.

Mai, Q. and Zou, H. (2015), ‘The fused Kolmogorov filter: a nonparametric
model-free screening method’, The Annals of Statistics 43(4), 1471-1497.

Mai, Q., Zou, H. and Yuan, M. (2012), ‘A direct approach to sparse discriminant
analysis in ultra-high dimensions’, Biometrika 99(1), 29-42.

Meinshausen, N. and Biihlmann, P. (2006), ‘High-dimensional graphs and variable
selection with the Lasso’, The Annals of Statistics 34(3), 1436-1462.

Negahban, S. N., Ravikumar, P., Wainwright, M. J. and Yu, B. (2012), ‘A unified
framework for high-dimensional analysis of M-estimators with decomposable
regularizers’, Statistical Science 27(4), 538-557.

Pan, G. and Zhou, W. (2011), ‘Central limit theorem for hotelling’s T, statistic
under large dimension.’; The Annals of Applied Probability 21(5), 1860-1910.

Pan, R., Wang, H. and Li, R. (2016), ‘Ultrahigh-dimensional multiclass linear
discriminant analysis by pairwise sure independence screening’, Journal of the
American Statistical Association 111(513), 169-179.

Percival, C. J., Huang, Y., Jabs, E. W., Li, R. and Richtsmeier, J. T. (2014),
‘Embryonic craniofacial bone volume and bone mineral density in fgfr2+/p253r
and nonmutant mice’, Developmental Dynamics 243(4), 541-551.

Raskutti, G., Wainwright, M. J. and Yu, B. (2011), ‘Minimax rates of estima-
tion for high-dimensional linear regression over {,-balls’, IEEE transactions on
information theory 57(10), 6976-6994.

159



Rothman, A. J., Levina, E. and Zhu, J. (2009), ‘Generalized thresholding of large co-
variance matrices’, Journal of the American Statistical Association 104(485), 177
186.

Rudelson, M. and Zhou, S. (2012), Reconstruction from anisotropic random mea-
surements, in ‘Conference on Learning Theory’, pp. 10-1.

Segal, M. R., Dahlquist, K. D. and Conklin, B. R. (2003), ‘Regression approaches
for microarray data analysis’, Journal of Computational Biology 10(6), 961-980.

Serfling, R. J. (1980), Approzimation theorems of mathematical statistics, Vol. 162,
John Wiley & Sons.

Srivastava, M. S. (2009), ‘A test for the mean vector with fewer observations
than the dimension under non-normality’, Journal of Multivariate Analysis
100(3), 518-532.

Srivastava, M. S. and Du, M. (2008), ‘A test for the mean vector with fewer
observations than the dimension’, Journal of Multivariate Analysis 99(3), 386—
402.

Székely, G. J. and Rizzo, M. L. (2010), ‘Brownian distance covariance’, The Annals
of Applied Statistics 3(4), 1236-1265.

Székely, G. J. and Rizzo, M. L. (2014), ‘Partial distance correlation with methods
for dissimilarities’, The Annals of Statistics 42(6), 2382-2412.

Székely, G. J., Rizzo, M. L. and Bakirov, N. K. (2007), ‘Measuring and testing
dependence by correlation of distances’, The Annals of Statistics 35(6), 2769—
2794.

Tibshirani, R. (1996), ‘Regression shrinkage and selection via the lasso’, Journal of
the Royal Statistical Society: Series B (Statistical Methodology) 58(1), 267-288.

Tibshirani, R., Hastie, T., Narasimhan, B. and Chu, G. (2003), ‘Class prediction
by nearest shrunken centroids, with applications to DNA microarrays’, Statistical
Science 18(1), 104-117.

Vapnik, V. (2013), The Nature of Statistical Learning Theory, Springer Science &
Business Media.

Wang, H. (2012), ‘Factor profiled sure independence screening’, Biometrika
99(1), 15-28.

Wang, L., Kim, Y. and Li, R. (2013), ‘Calibrating non-convex penalized regression
in ultra-high dimension’, The Annals of Statistics 41(5), 2505.

160



Wang, Z., Liu, H. and Zhang, T. (2014), ‘Optimal computational and statistical
rates of convergence for sparse nonconvex learning problems’, The Annals of
statistics 42(6), 2164.

Wu, Y. and Yin, G. (2015), ‘Conditional quantile screening in ultrahigh-dimensional
heterogeneous data’, Biometrika 102(1), 65-76.

Xu, C. and Chen, J. (2014), ‘The sparse mle for ultrahigh-dimensional feature
screening’, Journal of the American Statistical Association 109(507), 1257-1269.

Xu, G., Lin, L., Wei, P. and Pan, W. (2016), ‘An adaptive two-sample test for
high-dimensional means’, Biometrika 103(3), 609-624.

Xue, L. and Zou, H. (2011), ‘Sure independence screening and compressed random
sensing’, Biometrika 98(2), 371-380.

Xue, L., Zou, H. and Cai, T. (2012), ‘Nonconcave penalized composite conditional
likelihood estimation of sparse ising models’, The Annals of Statistics 40(3), 1403—
1429.

Yang, G., Yu, Y., Li, R. and Buu, A. (2016), ‘Feature screening in ultrahigh
dimensional Cox’s model’, Statistica Sinica 26, 881.

Yuan, M. (2010), ‘High dimensional inverse covariance matrix estimation via linear
programming’, Journal of Machine Learning Research 11(Aug), 2261-2286.

Yuan, M. and Lin, Y. (2007), ‘Model selection and estimation in the gaussian
graphical model’; Biometrika 94(1), 19-35.

Zhang, C.-H. (2010), ‘Nearly unbiased variable selection under minimax concave
penalty’, The Annals of Statistics 38(2), 894-942.

Zhao, P. and Yu, B. (2006), ‘On model selection consistency of lasso’, Journal of
Machine Learning Research 7(Nov), 2541-2563.

Zhong, W. and Zhu, L. (2015), ‘An iterative approach to distance correlation-based
sure independence screening’, Journal of Statistical Computation and Simulation
85(11), 2331-2345.

Zhu, L., Li, L., Li, R. and Zhu, L. (2011), ‘Model-free feature screening for
ultrahigh-dimensional data’, Journal of the American Statistical Association
106(496), 1464-1475.

Zhu, L., Xu, K., Li, R. and Zhong, W. (2017), ‘Projection correlation between two
random vectors’, Biometrika 104(4), 829-843.

161



Zou, H. (2006), ‘The adaptive lasso and its oracle properties’, Journal of the
American Statistical Association 101(476), 1418-1429.

Zou, H. and Hastie, T. (2005), ‘Regularization and variable selection via the elastic
net’, Journal of the Royal Statistical Society: Series B (Statistical Methodology)
67(2), 301-320.

Zou, H. and Li, R. (2008), ‘One-step sparse estimates in nonconcave penalized
likelihood models’, The Annals of Statistics 36(4), 1509.

162



Vita
Wanjun Liu
Education

Ph.D. in Statistics, The Pennsylvania State University (2019)
B.S. in Statistics, University of Science and Technology of China (2014)



