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Abstract

Covariance matrix estimation and variable selection in high dimension
by
Mu Cai
Doctor of Philosophy in Statistics
University of California, Berkeley
Professor Peter J. Bickel , Chair

First part of the thesis focuses on sparse covariance matrices estimation under the sce-
nario of large dimension p and small sample size n. In particular, we consider a class of
covariance matrices which are approximately block diagonal under unknown permutations.
We propose a block recovery estimator and show it achieves minimax optimal convergence
rate for the class, which is the same as if the permutation were known. The problem is
also related to sparse PCA and k-densest subgraphs, where the spike model is a special case
of their intersection. Simulations of the spike model and multiple block model, together
with a real world application, confirm that the proposed estimator is both statistically and
computationally efficient.

Second part of the thesis focuses on variable selection in linear regression, also under
the high dimensional scenario of large p and small n. We propose a general framework
to search variables based on their covariance structures, with a specific variable selection
algorithm called kForward which iteratively fits local/small linear models among relatively
highly correlated variables. For simulation experiments and a real world data set, we compare
kForward to other popular methods including the Lasso, ElasticNet, SCAD, MC+, FoBa
for both variable selection and prediction.
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CHAPTER 1. NOTATIONS

Chapter 1

Notations

Define [n] = {1,2,...,n}.

For L = {ly,ls,...,1,}, denote L; =I; for i =1,...,n.

Denote I, «, the n by n identity matrix.

Denote S;r the set of p x p positive definite matrices.

Denote 11, the set of all permutations of [p].

For vector v € R",

Iy norm for ¢ > 1: [Jull, = (S i)

lp norm: ||vllo = > 1 I(v; # 0)

— lo norm: ||v]|e = max}", |v;]

— U= v

— vp = (v3)ier € R for VL C [n]

— The support of v: supp(v) = {i : I(v; # 0)}

e For matrix A € R"*P, vector v € R",

— Amax(A): largest eigenvalue of A

— Amin(A): minimal eigenvalue of A

[Avlq
vllq

— 1, operator norm for ¢ > 1: ||Al|, = max,-o

Spectral norm for square A with n = p: [|A|| = || A]l2 = /Amax(AtA)

I norm: Ay = maxi<j<p > iy Ay

— loo norm: [|Alloe = maxi<icn 5 | A
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— Frobenius norm: ||Al|r = \/Z?:l §:1 |A;;]?

— A; € R™! is the jth column of A

— Ay € R'? is the ith row of A

— Forig € [n], jo € [p]. L C [n],J C [p], B C [p] x [pl,
Apg = (Aij)ier,jes € RIE><I]

Ay = (Ayj)icicnjes € RV

Ay = (Aij)ier1<j<p € RIFP

Aigy = (Aigj)jes € RV

Arjo = (Aijy )ier € R

Ap = (A51((i, j) € B))i<ij<p

x V' Agy = Z{’i’j)eB V05 Ay

— A= (4))igj<p € RV,

S SR G SR

*
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Chapter 2

Introduction

Covariance estimation plays a central role in many statistical methodologies including re-
gression analysis, principal component analysis (PCA), linear and quadratic discriminant
analysis (LDA, QDA). Suppose X € R™? is observed. The rows X,..., X, € RV
are 1.i.d. p-variate random variables with covariance matrix ¥ = (¥;;)1<ij<p- The goal
is to construct an estimator X that is close to the population ¥. There are many met-
rics for measurements. For example element-wise estimation corresponds to minimizing
max; ; |2~]” — Y;j|, while techniques like PCA and LDA require estimation of eigenvalues,
eigenvectors of ¥, and measurement of ¥ — X with errors measured by the Frobenius norm
|.]|F or spectral norm ||.||. A classical approach is to estimate > by the empirical covari-
ance matrix 3 = L3 (X — X)T(X () — X). Nowadays many applications involve high
dimensional data with p > n or p = O(n). This poses many new challenges to classical
statistics and extensive research has been done in this area. As an example, although 3 still

performs well for element-wise estimation with a convergence rate of \/g , it is well known it

does not work for estimation of eigenvalues, eigenvectors for matrices ¥ such as the identity,
which are of high rank, and not approximable in the spectral norm by matrices of bounded
rank.

However following work by various authors, Bickel and Levina (BL2008a-1) (BL2008b-1),
T. Cai et al (CZZ2010-1) (CZ2012-1) , El Karoui (EK2007-1), it has been shown that if popu-
lation matrices can be approximated in the spectral norm by structured matrices with sparse
structure, then estimates of these matrices converging at reasonable rates can be construct-
ed even if p > n. Such matrices arise naturally if there is a metric on the variables such
that high distance between the variables is associated with local covariance. For instance, if
Xay = (X145 ..., Xug, ), where the t; correspond to times in a given year, such a metric is the
usual Euclidean metric p(X1,, X1s,) = |[ta — ts|. More complicated structures can arise from
spatial fields. The natural approximation here are Y of the form:

5(8) = Syl(p( X1, X15) < 0) (2.1)

Another possibility, see Furrer and Bengtsson (FB2007-1), is to replace the indicators by a
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monotone tapering function o(p(Xi,, X11,)) which is monotone decreasing to 0 and

(0(p(X1t,, X1t,))) 1<ab<p

is a positive definite matrix.

In examples such as we have given above, the metric is known and the approximating
matrices can be readily constructed. However suppose there is a reason to believe that a
metric of this type is present but not known in advance. For instance, suppose the variables
are expression of genes in a biochemical pathway. The metric which is unknown, is roughly
geodesic distance in the graph representing the pathway. We are then faced with approxi-
mating a given covariance matrix by a matrix which, after an unknown permutation of the
variables, is of the given structure. That is the topic of the first part of the thesis.

We note that similar problems in which we assume that the approximating class has
restrictions only on the member of zeros of the matrix, but not their position have been
treated. El Karoui (EK2007-1) proposed and analyzed a class of covariance matrices with -
sparsity, which requires the number of walks of length k on the graph with adjacency matrix
induced by the population covariance matrix is bounded by O(p?*~1+1). He proposed an
entry-wise thresholding estimator and showed that it is consistent in operator norm. Bickel
and Levina (BL2008a-1) (BL2008b-1) proposed and analyzed approximately bandable class
and classes with [, ball constraint on each row. They also provided upper bound on spectral
norm for corresponding thresholding and banding estimator. Another focus has been on
approximating covariance matrices for particular purpose such as PCA, CCA, some of which
assume structured sparse approximation, Amini and Wainwright (AW2009-1), Johnstone
(J2001-1), and others does not, d’Aspermont et al(DA2007-1), Zou, Hastie and Tibshirani
(ZHT2006-1), Joliffe et al (J2003-1). Another direction involves estimation of 3~!. For
structured situations, the results of Bickel and Lindner (BL2010-1) suggest quite generally
that inverting estimates of ¥ taking advantage of the assumed structure works as well as
possible. Also Bickel and Levina (BL2008a-1) (BL2008b-1) give methods for estimating 3!
directly in structurally approximable cases, and see graphical Lasso Friedman, Hastie and
Tibshirani (FHT2008-1), Rothman et al (R2008-1) for unstructured sparse cases. We begin
by reviewing some of this work.

2.1 Related Work

Following Bickel and Levina (BL2008a-1) (BL2008b-1), define classes of [, sparse covariance
matrices as:

p
Ui(q. ko, M) = {5 : Sis < Mo, Y _ |51 < ko, for Vi} (2.2)
j=1
The classes of approximately bandable covariance matrices is defined as:

Upy(a, C, M) = {3 : maXZ{|Z,~j| =gl >k} < Ck™% Adax(X) < M} (2.3)
i =
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Define thresholding estimator:

Th(2) = (51015451 > h))1<ijzp (2.4)
Define banded estimator:

Bi(%) = (S451(Ji — j| < k))1<ij<p (2.5)

In a series of work by T. Cai et al (CZZ2010-1) (CL2011-1) (CY2012-1) (CZ2012-1) , minimax
convergence rates in various norms and adaptive estimators were developed for similar classes
of sparse covariance matrices. Their main results showed

. 1
inf  sup B[S — 3| = k2(—2L)1-a (2.6)
¥ Selty(g,k0,Mo) n
and |
inf  sup  E|S - |2 = nzdr 4 2L (2.7)

Y Sely(a,C,M)

The thresholding estimator T},(3) with threshold h = O(4/ lo%) achieves the optimal con-

~

vergence rate for class Us(q, ko, My), and banded estimator Bj(X) with bandwidth k =
O(n'/?+1)) achieves optimal convergence rate for class Uy (a, C, M). Both estimators can
be made adaptable.

Results from T. Cai et al (CZZ2010-1) (CZ2012-1) showed convergence rates of approx-
imately bandable classes are in general faster than the rates of classes with [, constraints
on rows. To do this, they showed that the banded estimator would behave as the empirical
estimator for small blocks with size equivalent to the bandwidth. This suggests a natural
question: suppose the population covariance matrix is not originally bandable, however un-
der certain unknown permutation of its indices, it could be permuted into a approximately
bandable structure, is it possible to obtain the same convergence rate as if the permutation
were known? The answer is yes for some classes. We are particularly interested in those
approximately block diagonal after permutation. Denote the class in consideration as F.
Our goal is to construct and analyze an estimator $* with spectral norm convergence rate
minimax optimal:

sup E||2* — 3|? < inf sup E||S — X2 (2.8)
YeF Y YeF

The idea is to recover the unknown permutation to construct approximately block diagonal
empirical covariance matrices. Then as with banding, we will show estimates keeping entries
within blocks and ignoring others would achieve the optimal rates.

The problem, as we pose it, is to recover unknown blocks of variables with relatively higher
correlations among themselves than outside. There are several closely related problems that
have been extensively studied in the literatures. For example, sparse PCA considers the
following N P hard problem

A

d=arg max v'Yv (2.9)

[vllo<k, [lv]l=1



CHAPTER 2. INTRODUCTION 7

The goal is to estimate the first principal component (eigenvector of ) corresponding to
largest eigenvalue) under the assumption that the eigenvector has at most k nonzero en-
tries. Using the Lasso by Tibshirani (T1996-1), Jolliffe et al (J2003-1) proposed SCoTLass
algorithm which replaces the constraint on /[y norm by /; norm. Zou, Hastie and Tibshirani
(ZHT2006-1) proposed the SPCA algorithm which derives sparse principal components by
solving self-constrained regression regularized by [; norm. d’Aspremont et al (DA2007-1)
proposed the DSPCA algorithm which relaxes the [y constraint and transform the original
problem to a semi-definite program(SDP):

~

V=arg max tr(SV)—p, Z Vil (2.10)
"j

V=0, tr(V)=1

Amini and Wainwright (AW2009-1) analyzed the statistical properties of this method over
a class of spike models

1

£ = {20 =pact + [ o 0 } N
They showed that, under some mild assumptions, and if the solution of 2.10 is rank 1, then it
agrees with the solution of the exact problem and achieves the global optima. Furthermore,
if the sample size n = cklogp for sufficiently large constant ¢, block can be recovered
with probability going to 1 for any block size k& > ¢’logp. However, as we have shown
in simulation, the essential existence of rank 1 solution is usually not satisfied, and the
SDP approach is not rate optimal. Xiaotong Yuan and Tong Zhang (YZ2011-1) proposed
a truncated power method called T'Power and analyzed its property with more general
assumptions on covariance matrices. Their method is very similar to our algorithm F'B
and F'BRec defined in Chapter 3, except that we do not re-weight the solution and we use
different input matrix other than using the empirical covariance matrix directly. As the
goals and analysis are quite different, our results are not directly comparable. Their goal
is to recover largest sparse eigenvector and the analysis requires conditions on eigen-gap
between the largest and second largest eigenvalue. We consider a different multiple block
model and do not require any eigen-gap or rank conditions.

In Chapter 3, we formally setup the problem and define the appropriate class of co-
variance matrices, then propose corresponding estimator and algorithms. Our main re-
sults are in Chapter 4, where we analyze the statistical and computational properties of
the proposed estimator and algorithms. We show that under some regularity conditions,
if K = O(logp),n > O(k?), and most entries within blocks have signal strength at least

0(\%)7 which is weaker comparing to O(4/ k’%) signal strength required by thresholding,
then our algorithm is rate optimal for support recovery, and the induced estimator achieves
minimax optimal convergence rate in spectral norm. We also upper bound the worst case
computational complexity of the algorithm with high probability. In Chapter 5, we show
by simulations of the spike model and multiple block model to confirm that the proposed

estimator is both statistically and computationally efficient.
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Chapter 3
Method

3.1 Problem Setup

Recall that we are particularly interested in a class, denote as F, of covariance matrices
approximately block diagonal after unknown permutation. Our goal is to construct and
analyze an estimator X* with spectral norm convergence rate minimax optimal:

sup B[S — 3|? < inf sup E||S — X2 (3.1)
YNeF 3 YeF

The idea is to recover the unknown permutation to construct approximately block diagonal
empirical covariance matrices. Then as with banding, we will show estimates keeping entries
within blocks and ignoring others would achieve the optimal rates.

Next we define exactly the class F of covariance matrices approximately block diagonal
after unknown permutation. Denote the set of indices as [p] = {1,2,...,p}. A block B is a
set of pair indices if 3J C [p] st. B =J x J = {(i,j) : i,j € J}. Define the support of
any set of pair indices B as J(B) = {i: 3j s.t. (i,j) € B or (j,i) € B}. Let I(.) denote the
indicator function. B is an approximate block if B € B(k, M, e) :

B(k,M,e) = {B: Mk > |J(B)| >k, Z (i,j) & B) < ek for Vi € J(B)} (3.2)

jeJ(B

k is the order of sizes of blocks and will grow with dimension p. M and € are parameters and
considered constants. € is a measurement of proximity of B to a block. If € is close to 0, then
most (4,j) € J(B) x J(B) are in B, and B is close to a block. M is a constraint so that all
blocks are at the same order. A set of approximate blocks { B}, are approximately block
diagonal if {B;}]*, € B(k, M,€,9) :

B(k, M, €,0) = {{Bi}iZ, : Bi € B(k,M,e€),|[J(B)) N (Uind(Bi))| < 0k (3.3)
J partition Ly U Ly = [m] s.t. B;N Bj = 0 for ¥(i,j) € (Ly x L) U (Ly X L)} (3.4)
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where ¢ is similar to € and is a measurement of overlaps among blocks. If § is close to 0,
then the blocks have little overlap and are close to block diagonal. The condition

3 partition Ly U Ly = [m] s.t. B; N B; =0 for V(4,7) € (L1 x L1) U (Lg x Ly)
could be relaxed to that 3 constant ¢ uniformly for all (n, p, k) in consideration,
J partition U! | L; = [m] s.t. B;N B; = for ¥(i,j) € UL, (L; x L;)

This condition is to regularize the way blocks intersecting each other, for example, it excludes
counter example proposed by El Karoui (EK2007-1) that ¥ being diagonal with all other

non-zero entries —= only in the first row and the first column. We will describe how the

VP
ranges of M, e and § affect the estimator in Chapter 4. Recall that S; is the set of p X p

positive definite matrices, and II, is the set of all permutations of [p]. The class of covariance
matrices we are interested in is defined as follows:

F(Ak,m,M,e,0) ={¥ €S, :3Irell,, H{Bi}", € B(k,M,e¢,0) (3.5)
s.t. Zﬂ—(z‘)ﬂ—(j) = CL”]I((Z,]) € UlnilBl) with ’CL,;j| > )\ for ¢ 7é 7 Y= ]_} (36)

It requires that under unknown permutation m, > can be permuted to approximately block
diagonal with small overlaps among the blocks, and most entries within blocks are of signal
strength at least \. WLOG, we also assume ¥;; = 1 for all <. Recall our goal is to construct
an estimator ©* with minimax optimal convergence rate in spectral norm:

sup E||Y* —3|? < inf sup E|Y — x| (3.7)
SEF(\m,k,M,e,5) S SeF(Amk,M.es)

The key parameter is the signal strength A, since the larger A the easier the problem. An

extreme case would be A = O(y/*E2). In this case if A\ = cy/*22 with a large enough

constant ¢, the thresholding estimator Tj,(%) with threshold h = O(y/ 1982) "see El Karoui
(EK2007-1), Bickel and Levina (BL2008a-1)(BL2008b-1), achieves the optimal convergence

rate. Our main result pushes to A = O(\/Lﬁ) but for more specific classes with underlying
block structures.

3.2 Estimator

In this section we construct a block recovery estimator with corresponding algorithms. In-
spired by the analysis of banding, see T. Cai et al (CZZ2010-1), one way to estimate ap-
proximately block diagonal 3 at fastest rate would be keeping empirical estimates inside the
blocks and ignore the remaining entries. Specifically, our estimator 3* of ¥ is constructed
as follows:

S5 = B,1((1, 5) € U, By) with By = J; x J, (3.8)
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where 3 is the the empirical covariance matrix, and {jZHL are our estimate for the support
of the blocks. Since permutation 7 is unknown, the main difficulty is to construct good
estimates jl of J; for short of J(B;). Note that the estimator is invariant under any particular
labeling as long as {B;}7", = {J; x J;}",. We construct estimates for supports for | =
1,2, ..., m recursively,

— . 1

I(B1) = Ji(01, 02, 1) = argmax{|.J| > k - 7 D I(|8y] < t) < 6 for Vi € J,[JN(UZL)| < 62k}
jeJ
(3.9)
where 61,05, t are input parameters and their values depend on A and max(e, ). The choices
of 01,0,,t depend on k and A, and the specific form is given in Theorem 4.2.1.

The main issue for support recovery is computational cost. One may recognize that it
looks similar to the hidden-clique recovery problem and k-densest subgraph problem, which
are NP-hard in general. Indeed, consider the graph G(V, £) induced by empirical covariance
matrix with vertices V = [p] and edges € = {(i, ) : |¥i;] > h} for some threshold h. Denote

E}, the corresponding adjacency matrix:
Ey, = (I((i, ) € E)isigep = W(ISy] > 1))1<ijsp (3.10)

As will be shown later, then support recovery problem (3.9) for a single block is equivalent
to

Ji =arg  max En)ij 3.11

ET ) 2 (Eu (3.11)
1,j€J

In general, if F is adjacency matrix of an arbitrary graph, this is the densest k subgraph prob-

lem and computationally intractable. However, G here is induced by thresholding empirical

covariance matrix and not completely arbitrary.

3.3 Algorithm

For given threshold h, consider two matrices as potential inputs for algorithms:
Ey = (I(|1Z5] > M)y (3.12)

and
Wi = (|25 [1(|%:5 > h| and @ # j))1<ij<p (3.13)

Let A denote the generic input matrix. Our main results in Chapter 4 are based on input
A = Ej. However, as shown in simulated experiments in Chapter 5, input A = W), is
better in simulation. Specifically, algorithm F BRec is proposed to recover a single block,
and F'BAIll recovers multiple blocks by repeatedly applying F'BRec. The pseudo code is as
follows:
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FB(A, J k,t)
p < dimension of A
fort=1tot do
Ry« e Apforl=1,...p
J' < indices of the top k largest elements of {R;}_,
if J == J' then
break
else
J <« J
end if
end for
return J

FBS(A, J,0,0,,t)
J' «— FB(A, J,|J|+ 1,t)
while min;¢ j ﬁ Z].GJ, A;; > 0, and ﬁ Zi,jej, Ai; > 0, do
J < J
J' < FB(A, J,|J| + 1,t)
end while
return J

FBRec(A, L, J k,s,0,0.,t)
if s > 0 then
for I =1to |L| do
(Jo,L',b) <~ FBRec(A,{j € L: Ar,; #0}, JU{L;}, k,s —1,6,0,,1)
if b > Qb and miniejo \J_10| Z Aij > 07‘ and |Jg| > k then
BREAK
end if
end for
else
b+ 0
for /=1 to |L| do
J '« FB(A, LU J k,t)
if ﬁ > ijes Aij > b then
b« ﬁ Zi,je]’ Ajj
JQ «—J
if b > 0, and min;e, ﬁ > e
Jo < FBS(A, Jy,0p,0,,1)
break
end if

j€Jo

Aij > ¢, then

11
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end if
end for
end if
L= {L;};>
return (Jy, L,b)

Remark: For more efficient computation, the above step
J' < FB(A, LU J, k,t)
could be replaced by:
J < FB(Apusius, LU J, 0k 1)
The proof of algorithm correctness with this replacement would follow from the proof of The-

orem 4.4.1 but more technical. For simplicity, Theorem 4.4.1 proves algorithm correctness
without this replacement.

FBAIN(A, k, s,0,0,,1)
p < dimension of A
L« [p]
[+ 0
while |L| > k do
(Jo, L,b) < FBRec(A, L,0, k,s,0,6,,t)
if b > 6, and min;e, \J_lol > e, Aij > 0, and Jy € {B;},_; then
l+—1+1
B+ Jy
L+ L\JQ
end if
end while

Jj€Jo

The idea for FBRec(A,[p],0,k,s,0,0,,t) is to exhaustively search over all |J| = s+ 1
satisfying

Aij 7é 0 for \V/Z,] eJ (314)

and FB(A, J, k,t) is called for each such J. As shown in Theorem 4.4.1, in order for F'BRec()
to success with high probability, s = nk is required with n > 0 uniformly, i.e. s = O(k).
When s = 0, FFBRec() is very similar to T Power by X.T. Yuan and T. Zhang (YZ2011-1)
with special initialization for the spike model in 2.11. F'B() iteratively updates J by top k
largest row sum R; over J. As it does not necessarily converge, t upper bounds the number
of iterations. As we will show in Theorem 4.4.1, if start with J a subset of some block J,
and |J| = s + 1 is sufficiently large, which always happens at some step of F'BRec(), then
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with high probability the algorithm F'B() converges in 1 iteration and recovers |Jo| = k with
Jo a subset of J;. Hence t could be set to small O(1) constant. Recall k is the lower bound
for block size. Given Jy found by FB() is a subset of a correct block, FBS(A, Jy,0,,0s,1)
recovers the full size of the block with high probability, where parameters 6,6, are chosen
in Theorem 4.4.1. Finally FFBAIl() repeatedly calls FBRec() to recover all the blocks. In
Theorem 4.4.1, we also provide an upper bound on worst case computational complexity of
FBAII(). In general the algorithm takes exponential time. However, for a reasonable range
of p being several thousands, the algorithm runs efficiently This is also verified by simulation
in Chapter 5.
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Chapter 4

Analysis

4.1 Distributional Assumptions

In this chapter we present our main results regarding convergence rates and computational
complexity of proposed estimators and algorithms. Suppose X € R"*P is observed, where
the rows X1, Xs, ..., X,, € R*? are i.i.d. mean 0 p-variate random variable with covariance
matrix . Throughout this chapter, denote 3= XTTX, which is the dominant component of
the empirical covariance matrix. In addition to the assumptions that ¥ € F(\, k,m, M, €, ),

we make two distributional assumptions about X; for Vi:

e Assumption 1. E[X;] =0, Jp; s.t. for V¢t > 0, Vo € RP with [jv]s =1

P(|X0| > t) < e® (4.1)

e Assumption 2. Fpg,dy > 0 s.t. for Vi < dy, Yo,w € RP with ||w]ly = |jv]]2 = 1,
VB C [p] x [pl,

P(lw"(XTX;)p — Sp)v| > t) < e 72t (4.2)

Note Assumption 1 is the standard sub-Gaussian assumption with restriction on the largest
eigenvalue of X being bounded above by constant. Assumption 2 is similar to sub-exponential
assumption but slightly stronger. A fact is that if X follows a Gaussian distribution, then
Assumption 2 is implied by Assumption 1. As a special case, the only condition for Gaussian
distribution would be the largest eigenvalue of ¥ being bounded above by constant. These
distributional assumptions are made due to development of technical convergence rates.
Similar methods and techniques could be applied to other classes of distributions to obtain
different convergence rates.
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4.2 Optimal Support Recovery

Theorem 4.2.1. Suppose i.i.d mean 0 p-variate sub-Gaussian Xy, ..., X, satisfying Assump-
tion 1 and Assumption 2, with covariance matriz ¥ € F (X, k,m, M ¢€,0).

e Upper Bound: If uniformly for all (k,n,p), k > logp, A = %, = > 1;21352, and

8(2+log2) | 4yT+log2 (M +1)(max(e,6) + e

max(€,0) + <1
(&) pC? CyV/p2 (M + 1)(max(e, ) + *EE2) — 5
(4.3)
where p from Lemma 4.2.2 depends on py. Then 3y, v, a s.t.

P({jl(’)/b é)}lril _ {Jl}ﬁl) < e—[pCQ('yl—max(&,e))/S—log2—2]k +e —[p2C? (7277) /16—log 2—1]k?

(4.4)

— 1 as (k,n,p) = o0 (4.5)

e Lower Bound: On the other hand, if
n 14+ kA
< 4.6
log p kA2 (4.6)

then the probability of error of any method is at least %

= , then dcy < c5 s.t.

e Optimal case: If k = O(logp), A = O(%) = > O(1), then {J:(7, 8, %)}, is rate
optimal, i.e. if k = cylogp with ¢ > 1,\ = For = >3

2> ¢ = P(LI0n, 6, ) = () = 1 as (knp) = (4.7)

1
¢y < ¢4 = P(error of any method) > 3 (4.8)

Let us introduce some lemma before the proof of Theorem 4.2.1.

Lemma 4.2.2. Let ¢; = (0,...,0,1,0,...,0)7 € RP with 1 in the i-th entry. Suppose X
satisfies Assumption 1. Suppose E[XIX,] = ¥, ¥ = XTTX Then 3 p,d uniform for all
n,p,v with ||vl]la =1, and for Vi € [p], VJ C [p], Vt < d

(|€ ( i — ZJ) |>t><6 pnt’ (49)
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Proof. TS0 = €va = 2 Xi(Xes V)

X;). Since X; and } . ; v;X; are sub-Gaussian
with O(1) variance by assumptlon and

Var(el (X[ Xa)v) < EIXE] + B[ v X)) = 0(1) (4.10)

jedJ

This implies eff],- JU is sub-exponential with variance O(%), which completes the proof.

O
Lemma 4.2.3. Same assumptions in Lemma 4.2.2, for ¥i € [p],VJ C [p], denote
= Z]I i — Sij| > 1) (4.11)
jeJ
then for ¥y € (0,1) and Vt < \/IJ—|/2
P(Ci(t, J) > ) < 2Mle-pmlII?/2 (4.12)
Proof. C;(t,J) >~ implies that 3L C J with |L| = 37| J] s.t.
IS5 - Sl > [l (113)

JjeEL

By union bound, and apply Lemma 4.2.2 to v = (\/1——)]-@, ie. v; = T for j € L and

IL|
=0 for j ¢ L, we have for Vt < \/m 7 IdJ\/2’
y
L]
P(Ci(t,J) > ) < P(ULyzj=y 52l —= IZ i) > —1) (4.14)
JEL V |L|

1
< (1) rZ 5= 5l > VI (415)

JeL
< 2'J|e—f’"‘L‘t2 (4.16)
< ollg=PmlJIt?/2 (4.17)
O

Lemma 4.2.4. Suppose X satisfies Assumption 1 with covariance matriz 3,
Y e FA\k,m,M,e,0)

Recall that {J(By)}™, are support of the blocks, denote J, = J(B,) for short. Fort € (0,\),
let

Hi(t,y) ={3J,,3i ¢ J, s.t. |J|Z (IZ5] > 1) >~} (4.18)

JjeJ
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Hy(t, ) = {3J,,3i € J, sit. |J|Z (IZ5] < t) >~}

JEJ]

if v > max(6,€), t € (max(0, A — \/ﬁ), min(\, ——9L—)),

(—0)k/2

P(Hy(t,7) U Hy(t,7)) < ZpQ\JzIe—pn(vlJzI—maX(&e)k) min(#?,(A=)%)/2
=1
if pnymin(t?, (A —t)?)/2 > log 2,
P(H1 (t, ’7) U Hy (t, ,7)) < mpe—(pn('y—max(&e)) min(t2,(A—t)2)/2—log 2)k

Proof. ¥ € F(A k,m, M, e, ) implies

D (8] #0) < 6k for Vi & J;

JEJ

D I(|2y] = 0) < ek for Vi € J,
Jjed

Hy implies 3J;, 3i € J; s.t.

ok
Ci(t, J;) = (S5 — S| > ) >y — 22
i Z " u
L ) )
Lemma 4.2.3 implies for Vi < NCEECE < T
Y ok
P(Hy(t,7)) <33 PCi(t, ) > 7 — m)
=1 i¢J i
< Z(p - ’Jl‘)2“]’|e*p”(“f|Jz|75k)t2/2
=1
Similarly, Hy implies 3.J;, 3i € J; s.t.
ek
GA=8 ) i — 2| > A—t) >y —
( )= jGZJ i 0>y

d < d
VOlIl=ek) /2 = /(y—e)k/2’

P(Hs(t,7)) <ZZP tJl>7—€k)

=1 ieJ; |Jl|

< Z |Jl|2|Jl‘e_p”(7|Jl|—ek)()\_t)2/2
=1

Lemma 4.2.3 implies that if A — ¢ <

17

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)
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Combine the results, if v > max(é, ¢) and ¢ € (max(0, \ — ——%4—) min(\, ——L—)),
(y—e)k/2 (v=0)k/2
P(H\(t,~v) U Hy(t,~)) < ZpQ\JzIe—ﬂn(“/lle—maX(&ﬁ)k) min(t?,(A—t)%)/2 (4.30)
=1
[

Lemma 4.2.5. Suppose X satisfies Assumption 1 and Assumption 2 with covariance matrizc
Y e F(\k,m,M,e o). ForVa € (5,1), let

|J N

Jo={J C[p]: k<], 7] <aforl=12,..,m} (4.31)
Let
94(t,J) = {| a7, Z I(%45] > 1) >~} (4.32)
eJxJ
Let Go(t,v) = Ujeg.04(t, J), for Vt < ﬁ,
T7a=s
p 2
) < Z leIQ\J\Qefpzn( — 2552112 /4 (4.33)
| J|=k
if pan(y — aa—_za)2t2/4 > 1+ log2 and k > logp,
P(Ga(t 7)) < e~ (Prn=55)6 falog 2-1)8? (4.34)
Proof. For VJ € J,, there are at most a] J|| | 55 many J; having non-empty intersection with

J, and the cardinalities of these non-empty intersections are upper bounded by «?|J|?, which
implies
T o g
E I(3;; #0) < J* <
( j7é)_a]J|—5kaH_

(4,5)eIxJ

L “a?]J] (4.35)

Go(t,7) implies 3J € T, s.t. ¢,(t, J) happens, which implies there exist at least v|J|? —
221 J)? many (4,5) € J x J s.t. By =0 and || > . Thus IL C J x J with
a2
L] = 5(v = )P
s.t.

| Y (5 =S| >t (4.36)

(i,5)eL
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~ _ (1 dalJ| _ 2 2dy
Apply Assumption 2 to v = (\/T)JGJ’ then for V& < =5+ = T < Ay
1P\ p _ U
Pt < (1) )re 3 G-l 1 (437
L) ] l
. t|L
ol P(T(S), — )] > %) (4.38)
< Q\JP(;M(%)Q (4.39)
_ ol pmpan(v— 25 22101242 /4 (4.40)
By union bound
) < D Plyy(t, ) (4.41)
JEJa
< Z ( )QJ —pan(y—225)2| |22 /4 (4.42)
o /]
< Z 1ol g=pan(r= 2227122/ (4.43)
=k
(4.44)
[

Lemma 4.2.6. Suppose X satisfies Assumption 1 and Assumption 2 with covariance matriz
Y e F(\ k,m,M,e ). Recall that the estimator {J;}72, for {J(B) 2y ({4} for short)

are constructed for | = 1,...,m recursively:

jl<91,92,t):argm?x{uyzk 7 IZ (I35 <t) <6 for Vi e J,|JN(UZLT)| < 6ok}

JjeJ

(4.45)
Let 0y =7, 0 =6, a € (0,1), 1 < 3747 and o < 1 — 1, then
P({Ji(n, 6,6} = {J}0) > 1= P(Hi(t,7) U Ha(t, 1) U Gal(t,72)) (4.46)
Proof. Suppose Hi(t,~v1)¢ N Ha(t,71)¢ N Ga(t, ’yg)C happens. Recall
Hi(t,ym) ={3J,3i ¢ J, s.t. 7l Z]I 55| > ) > m} (4.47)
Jjed
Hy(t, ) = {3J,,3i € J; sit. 7l Z]I 55 <) >} (4.48)

JjeJ
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1 ~
Golt,y2) ={3J € T, s.t.W > I8yl > 1) > e} (4.49)
ijed

01 = 71, 05 = 0 and Ho(t, 1) imply that for l = 1,2, ..., m and for Vi € J, |711| > i I(|2;] <
t) < 6y, and |J; N (U Js)| < Ook. This implies that 3{.J;}7", satisfying equation 4.45 s.t.
Jy C Jyforl=1,2,...,m. Now it remains to show that {J;}]”, is indeed the unique solution
of 4.45: R R R X

Suppose 3{J;} ], satisfying 4.45 different from {J;}}*,, then 3J € {J;}]*, s.t. J # J, for
V1, thus one of following two cases must hold:

Case 1: 3l s.t. [J,NJ| > a|J|, which contradicts Hy(t,~;)¢ if

alJ| =yl Ji| > 61]J] (4.50)
Case 2: For VI, |.J; N .J| < a|J|, which contradicts Gq(t,72)¢ if

Yol JP < (1= 61)] ] (4.51)

If 6, = v, 65 = 6, then conditions in Case 1 and Case 2 can be deduced to

v < and 75 < 1—m7 (4.52)

«
M+1
Hence if condition 4.52 is satisfied, the event that 3{.J;}", different from {J;}[2, implies
contradiction, i.e. Hy(t,v1)°N Ha(t,71) N G4(t,72)¢ implies that {J;(y1,9,t)}7%, = { S }2, is
the unique solution of 4.45. n

Lemma 4.2.7. (Amini and Wainwright (AW2009-1)) Consider the spike model £z defined
in 2.11. If

n 14+
< 4.53
Flogp—F) P (459

Then the probability of error of any method is at least %
Proof. Refer to Amini and Wainwright (AW2009-1) Theorem 3. O

Proof of Theorem 4.2.1:
Proof. Combine Lemma 4.2.4, Lemma 4.2.5, Lemma 4.2.6, if « € (9, 1), £ > logp, and
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o
M +1
T2 <l—m

7 <

t € (max(0,\ — —k), min(A, —2))

2d
t< 2

(72 — aaﬂs)k
2 +log2 < pn(vy; — max(d, €)) min(¢?, (A — t)?)/2

2
1+1log2 < pan(ye — %)%2/4

then
P, 8.0} # () < P(Ha(t,7) U Ha(t 1)) + P(Galt,72)
< mpe—[pn(m—max(a,e)) min(t2,(A—t)2)/2—log 2]k
+ e*[ﬂ2n(72*%)2t2/4flog 2—-1]k?
< 6—[pn(“{1—max(5,e)) min(t2,(A—t)?)/2—log 2—2]k

2
+ o~ lp2n(ne—355)t? /4—log 2—1]k?

2

21

Ift=2= %, and 7z > Cp uniformly for all (n, k), then condition 4.57 is asymptotically

stronger than 4.56, i.e. 4.57 implies 4.56 for (n, k) big enough. Now conditions 4.54 — 4.59

can be simplified as

IL>m+7%
8(2 + log2)
M—|—1>%>max(€’5)+—p02
a? 4d 2 4+/1 + log 2
LAdin o °8
a—20 Ck a—90 Cy/p2

Hence 3v1, v, satisfying 4.65 — 4.67 if Ja € (0, 1) s.t.

2+log?2 4y/1 +log?2 2 2

1>max(e,5)—|—8( +og)+ V1 +log L4,
pC? C\/p2 a—9 a—90

8(2 + log 2)

pC?

a> (M + 1)(max(e, ) +

4dy\/n - 4+/1 +log?2
Ck C\/p2

)= B

(4.65)

(4.66)

(4.67)

(4.68)
(4.69)

(4.70)
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Note that M > 1 and B > 2§. Since %(aa—;) = ((C“aizg))f
A+ BB—E(; < 1, then Ja € (6,1) satisfying 4.68 and 4.69.
Thus if uniformly for all (k,n,p), k > logp, A = %, s > Co, and if

> 0 for Vo > 26, hence if

1> A+ BB_2 < = max(e, ) + 8(2 :(;Sg 2 A éjggQ (4.71)
(M + 1) (max(e, 6) + 220822 w7
(M + 1)(max(e, 5) + 222082)) — 5 '
4, Lhe? (@73
then 3y, 72, a s.t. as (k,n,p) — oo,
P8, )Y = LAN) = 1 (4.74)

This completes the proof of Upper Bound in Theorem 4.2.1.

Note that £z with I')_p = I, kxp—k is a subset of F(A k,m, M, e 0) with A\ = Z,m =
1,M =1,¢e=0,6 =0. Hence Lemma 4.2.7 with A = 1mp11es the Lower Bound in Theorem
4.2.1.

Lemma 4.2.7 also suggests that

1+kX
k2)\2

14+kX
Tlogp ogp = kA2

converges, one of following three cases must hold:

must hold in order to get perfect support

recovery. If

1+kA

This implies kA — 0. Thus 77— > K2 if and only if A? = %2 > 18P, {Ji(7,9, 2,
is rate optimal if k = O(logp) and {5 — oo.

e — O(1):
This implies kA — O(1). It is rate optimal if k¥ = O(logp) and n = O(k?).
° %;’;3 — 0:
This implies kA — oo, contradicting 75 > 1+1°g2 Hence no optimal rate is achieved.
[
4.3 Minimax Optimal Covariance Estimation
Theorem 4.2.1 shows that the support recovery estimator {J;(y1, 9, 2)}, is rate optimal for

the specified range of parameters. After the block structure is recovered we can estimate
with 3 induced by {J;}/%, = {Ji(n,6,35)}";:

SZ}' — iz]]l((laj) € UZTZI‘]AZ X jl) (475)
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Next theorem shows ©* is minimax optimal in spectral norm for class F (N, k,m, M, e, §) with
parameters in the specified range.

Theorem 4.3.1. Suppose i.i.d mean 0 p-variate sub-Gaussian X1, ..., X,, satisfy Assumption
1 and Assumption 2, with covariance matriz > € F (X, k,m, M, €, J).

If k = O(logp), A = \%7% > 14;212%27 and

| 82+log2)  4yT¥log2 (M +1P(max(e,d) + el )2

max(e, d + <1 (4.76
(&9) pC? C\/p2 (M + 1)(max(e, §) + 22082y — 5 (4.76)
Then "
inf sup E|2-3P=<= (4.77)
Y SeF(\km,M,es) n

Proof. The proof of Theorem 4.3.1 consists of two parts: Lemma 4.3.3 shows the upper
bound, and Lemma 4.3.5 shows the lower bound. O

Following are lemmas relevant to the proof of Theorem 4.3.1.

Lemma 4.3.2. (T. Cai et al (CZZ2010-1)) For any k dimensional sub-Gaussian r.v. with
covariance matrix X with largest eigenvalue upper bounded uniformly for all k, 3ps s.t. for
vt < ps,

Pk = Si| > t) < 5Fe s (4.78)
Proof. Refer to T. Cai et al (CZZ2010-1) Lemma 3. O
Lemma 4.3.3. Suppose all assumptions in Theorem 4.3.1 hold. Recall S* is induced by
{Jih2y: N . . .
Then 3Cy, Cy > 0 s.t. if k > Cylogp, then
~ Mk
sup  B[[X - 3P < Ci— (4.80)
SeF(\k,m,M,e,0) n
Proof. Denote A = {{J}, = {J},},
E[IZ* = 2|°] = B[ — 2[(La +Lac)] (4.81)

Recall that by construction of the blocks, 3 partition Ly U Ly = [m] s.t. J; N J; = 0 for
V(l,j) < (Ll X Ll) U (L2 X LQ), this 1mphes

17 = Sla < 1> Sien = Sl + 11D S = Sl (4.82)
lely €Ly
< rlrel%i( ”EJZXJZ - EJlXJzH + Ilré%;( HEJzXJz - EJIXJZH (4'83)

< QZZHIlaX HiJlXJz - EJzXJzH (4.84)

m

-----
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77777

P(B) = P( max_ IS x5 — Zxnll > t) (4.85)
< m max P(IS5xa = Saxall > 1) (4.86)
< m5Mke—pant? (4.87)

Let t = cM/MTk with 2—% > 1°g35, then Jey > 0 s.t.

p

E[||Z* — 2||214] < 4E[(N™)2(I5 + I50)] (4.88)
<AE[t? + (N™)2Tp) (4.89)
< 4( +\/E[(N™)1P(B)) (4.90)
< A(8 + (Mk)>mbMFersnt*/2) (4.91)
< o, MF (4.92)

n

Recall that Theorem 4.2.1 implies if assumptions in Theorem 4.3.1 hold, then Jcs > 0 s.t.
P(A) < e~k Thus if Cy > é and k > Cylogp,

B[S - 2[*Lac] < \/E[Hi* — X[ P(A%) (4.93)
< plet (4.99)
< p~(Cocs=4) (4.95)

Combine the results, 3Cy, Cy s.t. if & > Cylogp, then

E[|E* = 2|*) = E[IZ* — 2 (L + Lae)] (4.96)
MEk
< cp— + p(Coes™) (4.97)
n
MEk
<o 2t (4.98)
n
]

Lemma 4.3.4. (Generalized Fano’s Lemma, B. Yu (Y1997-1)) Let M, C P contains r
probability measures such that for all i # j with 1,5 <r

A(0(P).6(P)) > o, (4.99)

and

D(F[|P;) < B: (4.100)
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where D(P;||P;) denotes the Kullback-Leibler(K-L) divergence of P; from P,

dp,

D(F|P;) = |1 “)dP; 4.101
PIP) = [ (1.101)

Then 5, +log?

A o - + log
Ep Pl >—01-——7— 4.102
mas Ep[d(0,0(P)] = G(1 - 252280 (1102)
Proof. Refer to Assouad, Fano, and Le Cam by Bin Yu (Y1997-1). O
Lemma 4.3.5. If A = & with C < \/*EE, then
2

~ M

inf sup E[X -2 > ¢ Mk (4.103)

Y SeF(Akm,M,e,0b) 16n
Proof. Let r = (7), denote the set of all subsets of {1,...,p} with k elements by
S={L;c{l,.,p}:|L|=kfori=1,..r} (4.104)
Denote B; € RP*P a block matrix with block index L;,
(Bi)j =1(j,1 € Li,j #1) (4.105)
and D; € RP*P a diagonal block matrix,
(D) =1(j,1 € Li,j =1) (4.106)

Consider P; the join distribution of n i.i.d. p—dimensional Gaussian with covariance matrix
[po + )\Bz

M, ={P,: ¥(P) =L, + AB; for i =1,...,r} (4.107)
Denote ¥; = 3(P;), consider d = ||.|| the operator norm, then for Vi # j
d(X;, X)) =% = %] > Wk -1 (4.108)

We have o, = AWk — 1.

Now we derive an upper bound for the KL divergence

D(Py||P) = S[tr(S,57") — log det(S,57) — p) (4.109)
Note det(3;) = det(X;) since Y; is just a reordering of ¥;. Thus logdet(3;3; 1) = 0. Also
note ;! = Ly —yBi+ (v — 1)D; with

B 1+ Ak —2)
TTIAR—2) - N(k-1)

(4.110)
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A
= 4.111
YTk —2) -2k —1) (4.111)
Now suppose |B; N B;| = s, we have
(SN ) =a(k—s)+(x—Ay(s—1)s+k—s+p— (2k —s) (4.112)
=p—k+xk—Ays(s —1) (4.113)
<p+k(z—1) (4.114)
Hence
D(Py||P;) < Sk(z—1) (4.115)
2k(k —1
- nATk(k = 1) (4.116)
21+ Ak —2) = N(k—1))
=5, (4.117)
By the generalized Fano’s Lemma
N o, B, + log 2
Epld6,0(P))] > Srq — 212062 4.118
max End(6,0(P)] 2 G (1~ 2052 (4118
nA%k(k—1
AWk —1 2(1+>\(k—2§—)\2)(k:—1)) + log 2
- (1- ) (4.119)
2 log (?)
Wk nA2k?
>—"(1-¢ 4.120
= T kg (4.120)
Note 1+/\k+/\2k <l A= \% implies
2 2
nAk < Ok (4.121)

(14+ Xk — X2k)logp ~ logp

E[||.I2] > E[||.|]* and the block size is upper bounded by Mk implies that if C' < /%2,

then

C?*Mk
16n

~ MW Mk
inf sup B[S -S> (7Y

X EE‘F(Avk?m?Mvevé)

)2 > (4.122)

]

4.4 Algorithm Correctness and Computational
Complexity

The last theorem of this chapter analyzes success probability and computational complexity
of algorithm FBAII().
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Theorem 4.4.1. Suppose X satisfies Assumption 1 and Assumption 2, with covariance

matriz X € F(A\, k,m, M, €,6). ]f/\— — k> logp, 15 > d2’ and if
1 — 3max(e, J)
M 4.12
= 2 max(e, 0) (4.123)
log 2
C' > max( - — AM + 1)y [ —=—) (4.124)
\/P2((Ta) —3) (1=29)p

then there exists v1,72,m s.t. FBAU(A k,s =nk — 1 91, =1—€—7,0, =1—my,t) with
input matriz A = (1(|%;;] > 2))1<ij<p has output (T}, satisfying

P{IY, # {J},) < mpe™lon(nn-max(Be)N /s=log2(nM)lk (4.125)
1 p2e” [(p2n¥3A?/16—log 2)k—21log plk (4.126)

Furthermore, for probability at least

2
1—— 1 4.128
= (4125)

the worst case computational complexity of the algorithm FBAI() is
0(28(8 logp)s/Qk,ps—i-? —(pC?/8—log2)s (s+1)/4>
with s =nk — 1.

Remark: In general 7 is a constant, and s = nk = O(logp). This makes the algorithm
running in exponential time asymptotically. However the constant C' has to be large enough
to make the problem statistically identifiable, and that makes the algorithm very efficient in
practice for a reasonably large range of p. For p equal to several thousands, s is usually 0 or
1. For the case s = 0, the computation complexity is essentially O(p*k). We will illustrate
this point in simulation experiments in next chapter.

Lemma 4.4.2. Suppose X satisfies Assumption 1 with covariance matriz 3,
Y e FA\k,m,M,e,0)

Fort e (0,)\), let

Hy(t,y,n) ={3J,,3i ¢ Ji,3J C Ji s.t. |J]| >k, 7 |Z (1Z5] > 1) >~} (4.129)

jeJ

Hy(t,y,n) = {3J;,3i € J;,3J C J; s.t. |J| >k, |J|Z (IZ5] < t) >~} (4.130)

jeJ
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. . d : __da
if yn > max(d,€), t € (max(0, A (w;—s)k/2)’ min(A, /—(w—é)k/Q))’

P(Hi(t,,n) U Hy(t,y,n)) < szlJz\r?a}QIJle pr(y]J|—max(8,e)k) min(t?,(A—1)*) /2 (4.131)
=1

and if S ony min(t?, (A — t)?)/2 > log 2,

P(Hy(t,7,7) U H(t, 7,17)) < mpe~memmax(6o) min® 0—0)/2-log 2030 (4.139)
Proof. Similar to the proof of Lemma 4.2.4, for Vt < \/(’Y|J(|i—5k)/2 < \/('ynii)k/2
= ok
P(Hy(t,~,n)) gZZZP () > = ) (4.133)
=1 Z%Jl JCJ; | |
Z — ) 2|Jl|max2|‘]|e pn(y|J|—0k)E /2 (4.134)
= JCJ;
dif A=t < d < ——4
e VORI = ok
- ek
P(H,(t,v,1)) SZZZP ) > v—m) (4.135)
=1 ieJ; JCJ;
< 11 ] g—pm(3 |~ ek)(A-1)2/2 A1
_Z Ji|2 max 2!le (4.136)
. B d : d
Thus if v > max(d, €), t € (max(0, A —(vn—e)k/2)’ min(A, (W_(s)k/Q)),
[ i 7], —pr(y]J|—max(8,e)k) min(t?,(A~t)?) /2 4.1
P(Hy(t,,n) U Haft, Zzﬂ max 2!le (4.137)

if pny min(¢?, (A —t)?)/2 > log 2%,
P(Hl (t, 7, n) U Hg(t, v, 77)) < mpe—[pn('m—max(zs,e)) min(t2,(A—t)?)/2—log 2(n+M)]k (4138)
]

Lemma 4.4.3. Suppose X satisfies Assumption 1 and Assumption 2 with covariance matrizx
Y e F(\k,m,Med). Let

G(t,v,s,w) ={3J,L s.t. |J| > s,|L| >w Z IS — S5 >t) >~} (4.139)

IIE] || jeTe
. 242 /4 _ log 2) mi > 2log p, Vi< 22
if (pany*t*/4 —log 2) min(s, w) > 2logp, for W/IIIL]

P(G(t, v, s, U))) < p2€—[(p2n72t2/4—log2) min(s,w)—2log p] max(s,w) (4140)
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Proof. Similar to the proof of Lemma 4.2.5, if
(panvy?t? /4 — log 2) min(s, w) > 2logp

for Vt < —2d2__

WL

29

P(G(t,,s,w) Z Z (\ﬂ) <|L|> \/W > L% - Sl > 1) > /IJIIL])

|J|=s |L|=w jeJIEL

p p
_ 2,2
< § E le\HL\QlJIIL\e pan|J||L|v*t2 /4

|J|=s |L|=w

< p267[(p2n72t2/4710g 2) min(s,w)—2log p] max(s,w)

(4.141)

(4.142)

(4.143)
O

Lemma 4.4.4. Define: A zero-mean random variable Y is sub-exponential if 3d > 0 s.t.

E[e™] < 0o for V|t| < d

(4.144)

Claim: Y s sub-exponential if and only if 3p',d’ s.t. Elexp(tY)] < exp(tQTpl) forV|t] < d.

Proof. For t close to 0,

t*E[Y?
Ele™] =1+ % + o(t?)
2,/ t2 /
e? =1+ 2/) + o(t?)

Hence if p' > E[Y?], then 3d’ s.t. Elexp(tY)] < exp( ') for V|t| < .

Lemma 4.4.5. Suppose X satisfies Assumption 1 and Assumption 2. Let

D(t, J, L) ‘ZHH b — Sii| > 1)

jeJ i€l
Then 3ds > 0 s.t. for Y|t'| < ds,
P(ID(t, J, L) — E[D(t, J,L)]| > t') < 2~ 7 /2 s21e
Furthermore, let
G(t'.t,s) ={3L s.t. |L| = s,|D(t,[p], L) — E[D(t, [p], L)]| > t'}
then

n2 (o] s
P(G(t',t,s)) < 2p°e — £ elont?/2-logD)

(4.145)
(4.146)

[]

(4.147)

(4.148)

(4.149)

(4.150)
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Proof. For Vt < ﬁ, Assumption 1 implies
f. \/m p P

E[D(t, ], L)] < max B[] J1(|Z; — £y > t)] (4.151)
€T e
= P I 4.152
max (;I i — Sij| > |Lt) (4.152)
< e~ (ont*/2-log2)|L| (4.153)
Similarly

E[D(t, ], L)?] < .magJE[H (|5, — S| > ) [[ 1S5, — Ziga| > 1)] (4.154)

T i€L i€L
= max p(; 13 — Sl > |L|t) (4.155)
< e~ (pnt?/2-log2)|L| (4.156)

Let Y =D(t,J,L) — E[D(t, J, L)]. Generalization of Holder’s inequality implies

Elexp(rY)] = Elexp(rD(t, J, L) — TE[D(t, J, L)))] (4.157)
= exp(—TE[D(t, J, L)) Elexp(rD(t, J, L))] (4.158)
<[] exp(ﬁ [12025 -1 > ) (4.159)
< [1 Elexp(r T 1S — £yl > )] (4.160)
jeJ i€l
< max e"P() |8 — Syl > |L[t) + 1 (4.161)
< o0 Z (4.162)

Hence Y is sub-exponential and E[Y?] < E[D(t, J, L)?] < e~(n*/2-102)IL] Lemma 4.4.4
implies that 3ds > 0 s.t. for V|t'| < dj,
2 (pnt? /2—log 2
P(|D(t,J,L) — E[D(t,J,L)]| > t') = P([Y| > ') < 2¢~ z <™ /2 =2 (4.163)
Union bound implies the upper bound of P(G(t',t,s)). ]
Proof of Theorem 4.4.1:

Proof. Suppose Hl(%, Y, n)cﬂﬂg(%, Y1,1)¢N G(%, Y2, k, k)¢ happens with 71, y2 to be chosen

later. Recall the input matrix A = (I(|%;] > 2))1<ij<p- Denote {J;}, the output of
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algorithm FBAII(A, k,s,0,0,,t). Each J; is an output of F'BRec(A, L, 0,k,s,0p,0,,t) with
L = [p] initially. By construction of the algorithm, J; satisfies

Ji| > k (4.164)
1 .
— > Ay >0, for Vi € J, (4.165)
’Jll jed,
1
W Z Ay > 6, (4.166)
! Z,jEjl

Similar to the proof of Lemma 4.2.6, if following holds:

1-9
5~ M~y >(1-86,) (4.167)
1-90,
205—) —n=z1-6 (4.168)
1—m >6, (4.169)
max(l —vy,1 —e—y) >0, (4.170)

then Hi(3,71,1)° N Ha(3,7%,1m)° N G(5, 72, k, k)° implies that there exists some I’ s.t. J,
Jl/ = J(By) Thus if

0, =1—m (4.171)
0p = max(l —y;,1 — € — ) (4.172)
1—9
< .
=91 (4.173)
1-9¢ e 1-—9
72 < max(( )2 — 37 Q(T)Q - M) (4.174)

then F'BRec() does not recover any wrong block and always recovers correct sub-blocks. It
remains to show that it indeed finds all the blocks with full size.

Calling FBAII(A,k,s,0,,0,.,t) would eventually call FB(A,J k,t) with [J| = s+ 1.
Suppose J C J; = J(B) for some I, and J N U, 4J; = 0, which at some step always happens
if s < (1 —0)k—1 and since FBAIl() exhaustively search over all J satisfying

If s+ 1> nk, then Hl(%,%,n)c N Hg(%,yl,n)c implies that

. A
> (%] > 5) > (L=m)[J] for Vie J (4.176)
jeJ

. A
> (%) > ) < mlJ] for Vi ¢ J (4.177)

jeJ
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If v < %, then the output Jy of FB(A, J, k,t) satisfies |Jo| = k and Jy C J;. By the same
reasoning, F'BS(A, Jy,0,0,,t) recovers the full size of J, with 6,,0, defined in 4.171 and
4.172. This shows the correctness of the algorithm if event Hl(%,’yl,n)c N Hg(%,’yl,n)c N
G(%,’yg, k, k)¢ happens.

To bound the error probability of FBAIIl(), Lemma 4.4.2 and Lemma 4.4.3 implies that
if

1 > max(0, €) (4.178)
A d d
— € (max(0, A — ), min(A, ) (4.179)
2 (710 — €)k/2 (7an — 0)k/2
Ui 2
log 2 A 4.180
082 < /8 (4.180)
1
Olfp < pan2N2/32 — log2/2 (4.181)
A 2ds
- < — 4.182
2 = ok (4.182)
then
A A A —[pn(y1n—max(8,€))A\? /8—log 2(n+M)]k
P(H1(5771777)UH2<§771;77)UG(§7727]{?7]€>> Smpe i ’ &=
(4.183)
+ p2€—[(pznv§)\2/16—log2)k—2logp]k: (4.184)
0 (4.185)
Combining 4.171 — 4.174 and 4.178 — 4.182, and \ = %, k > log p, we have
6, =1—m (4.186)
0, = max(l — 1,1 — € — ) (4.187)
max(e,0) 8log2(n+ M) 1—9¢
< . 4.188
max( ra— O )<71_2(M—|—1) ( )
8 . 4d2\/ﬁ 1 - 5 2 €
< - = 4.189
g < S CETN -0 s
where 4.188 and 4.189 are equivalent to
2(M +1
( —l—l ) H;ax(e, ) (4.190)
M(M +1)161log 2
4.191
= 01— 6) — (M + 1)161log 2 (4.191)
vn 2 (4.192)
F - dym
C > (4.193)

V(52 = 5)

[
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Thus if A = \%,k: > logp, 5 > ﬁ, and if

1 — 3max(e, 9)

M s (4.194)
log 2
C > max(\/m«l?é)2 — g),él(M +1) = 5)0) (4.195)

then there exists v1,7v9,m s.t. FBAU(A, k,s =nk—1,0, =1 —€—s,0, = 1 —1,t) perfectly
recovers {J;}]", with probability going to 1.
Next we calculate the computation complexity of FBRec(). Suppose Ni_,G(t;,2,4)°

i 92
happens with ¢ satisfying
t) = 2\/ilog pe~ (X’ /8-1og2)i/2 (4.196)
= 2/ilog pA’ (4.197)

where A = ¢~ ("mA*/8-1062)/2 Recall that FBAII() searches over all J € J(s+ 1) defined as
J(s+1)={J:|J|=s+1, Aj; #0forVi+#je J} (4.198)

For each J, F'B() takes O(pk). Hence FBAII() takes O(|J (s + 1)|pk) with

\T(s+ 1) =p[[t) (4.199)
=1
S 28(8 logp)s/2p8+1As(s+1)/2 (4200)

Hence the overall worst case computational complexity for FBAI() is
0(25(5 logp)s/2kps+2As(s+l)/2)

For the case s = 0, the dominant term is O(kp?). Furthermore, this is true with probability
at least

A > ; 7£ (pnt2 /2—log 2)i
S / C e

PV G(t, 5,0)) 21 = 2;p et (4.201)
>1-2) p (4.202)

=1

2

>1-—" 51 (4.203)

p—1

]
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Chapter 5

Experiment

5.1 Single Block Spike model

Block Recovery

In this section we simulate experiment for single block recovery. Suppose X € R™*? with
iid. X ~ N(0,X) are observed. After unknown permutation of indices, ¥ belongs to £

k:—l[ 0 1
Sy t k Tk L=
Esr={2:2=0z"+ { 0 I, } , 2 i\/E} (5.1)

Note that £z, C .7-“(%, 1,k,1,0,0), i.e. it is a single block special case of our multiple block
model. Also notice that it is slightly different from the spike model £3 in 2.11 used in Amini
and Wainwright (AW2009-1). Besides this difference, we follow their experiment setting: for
each given p, fix f = 3 to be constant, let £ = 3logp, and let n scales with the signal to
noise ratio #gp, which increases from 1 to 5.

Suppose k and A\ = % are known, the goal is to recover supp(z). The metric of evaluation
is recovery proportion(RP):

RP number of correct kvariables recovered (5.2)
Hamming distance between estimator and supp(z)
=1- ? (5.3)

RP =1 is perfect recovery and RP = 0 is the worst possible. Given threshold h = %, two

input matrices A = Ej, and A = W), for FBRec() are used,
Ep = (L(1Zy] > M)isijsp (5.4)

Wi, = (1S451(|25; > h| and i # 5))1<ij<p (5.5)

Performances of following 3 algorithms are compared based on simulation:
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DSPCA

09r

—— p=500 i
0.8F p=1000 ,
p = 1500

07t p = 2000 =
06t ¥

0.5F e /

0.3t e /

# correct indices / k
Y

0.2

s

n/(k log p)
Figure 5.1: DSPCA: 20 iterations average RP with input matrix )

e DSPCA: Use ¥ as input matrix. Take eigen-decomposition of the output matrix of

DSPCA, pick top k largest entries in absolute value of the eigenvector corresponding
to the largest eigenvalue.

e FFBRec(0): s =0. Use A = Ej, or W), as input matrix. Let L = [p],J = 0, k is given,
0., 0, as chosen in Theorem 4.4.1, t = 10.

e FBRec(1): s =1. Use A = E}, or W}, as input matrix. Let L = [p], J = 0, k is given,
0., 0, as chosen in Theorem 4.4.1, t = 10.

Note that F'BRec(0) with s = 0 is similar to 7" Power by X.T. Yuan and T. Zhang (YZ2011-1).
For dimension p = 500, 1000, 1500, 2000, average RP over 20 iterations are reported in Fig-
ure 5.1, Figure 5.2, Figure 5.3. As shown by the result, input W) indeed is better than
input Ej, for both F'BRec(0) and F BRec(1), while F'BRec(0) is more sensitive to dimension
increment. The average running time for various algorithm is reported in Table 5.1. As the
running time for DSPC'A does not depend on the signal to noise ratio(SNR) #gp’ for each
dimension p the average running time over all SNR is reported. Notice that the running
time for both F'BRec(0) and F BRec(1) heavily depends on SNR, i.e. for fixed dimension p,
FBRec() runs faster for larger SNR.

Covariance Estimation

As in previous section, suppose the same data X is observed with known k£ and 3. Next
goal is covariance estimation in spectral norm. Denote Y as the generic estimator, the
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FBRec(D) with A= W,

=
@ 06r
]
Z
St g
[
z
2 04r
*
03f
—p=4500
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—p =000
—np=1500
01f
———p=2000
D 1 1 1
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nfk log p
Figure

5.2: FBRec(0): 20 iterations average RP with s = 0, input matrix W), and E},

FBRec(1) with &= W,

[IA=R3

05k

0.4rf

# correct indicesfk

03f

———p =50
p = 1000
——p=1500

——— p = 2000

Figure

ta b

3
nfik log

# correct indices/k

# correct indicesdk

0.4

03

0z

0.1

FBRec(D) with &= E,

———p=50
———p=1000
———p=1500
p = 2000

ta

3
nfk log p

FERec(1) with A=

E,

——p=4500
——=p=31000
—p=1500
———p=2000
2 3 4
nfik log o)

5.3: FBRec(1): 20 iterations average RP with s = 1, input matrix W), and Ej,

36
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| p | s | DSPCA | FBRec(0) | FBRec(1) |

klogp

o

200 1 16.6 0.0217 0.0805
200 2 16.6 0.0055 0.0112
500 3 16.6 0.0037 0.0045
200 4 16.6 0.0022 0.0023
200 3 16.6 0.0020 0.0020
1000 1 106.9 0.3048 0.6123
1000 2 106.9 0.0328 0.0558
1000 3 106.9 0.0153 0.0187
1000 4 106.9 0.0079 0.0080
1000 3 106.9 0.0059 0.0058
1500 1 331.1 1.2577 1.7902
1500 2 331.1 0.1038 0.1365
1500 3 331.1 0.0364 0.0383
1500 4 331.1 0.0167 0.0176
1500 5 331.1 0.0122 0.0122
2000 1 899.2 3.9335 4.4427
2000 2 899.2 0.2647 0.4375
2000 3 899.2 0.0788 0.0875
2000 4 899.2 0.0354 0.0465
2000 3 899.2 0.0199 0.0191

Table 5.1: Average run time in seconds over 20 iterations

performances is evaluated based on the spectral norm of the difference between the truth X

and the estimator X .
|A] =¥ — X

Following 3 estimators are compared:

e Oracle: As if the permutation is known, keep entries of 3> within the block and on the
diagonal, and make all the other entries 0.

e Block estimate: Use F'BRec() to recover the block, keep entries of S within the esti-
mated block and on the diagonal, make every other entries 0.

~

e Threshold: Pick threshold A that minimizes ||A||, then estimate 3 by T ().

For dimension p = 500, 1000, 1500, 2000, average ||A|| over 20 iterations for above estimators
are reported in Figure 5.4.
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Figure 5.4: 20 iteration average ||Al|: spectral norm of difference between the population

and the estimator
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PN | 2 | 3 [ 4 [ 5 ]
500 9.71 4.92 5.19 5.24

1000 41.69 | 27.89 | 29.41 | 30.44
1500 147.21 | 112.25 | 75.02 | 78.40
2000 248.43 | 156.84 | 158.38 | 165.79

Table 5.2: FBAII(): 30 iteration average run time in seconds. SNR scale Togp

5.2 Multiple Block Model

In this section we simulate experiments for multiple blocks recovery and covariance estima-
tion. Suppose X € R™? with i.i.d. X ~ N(0,X) are observed. ¥ € F(\ k,m,M,¢,0).
Same as previously, consider p = 500, 1000, 1500, 2000. For each given p, let k = 3logp, A =

%, M =2,m=p/(Mk),e =6 = 0.1, and n scales with 5"~ which increases from 2 to 5. The
ogp

size of each block is uniformly random from [k, Mk] = [k, 2k]. Given estimator {.J;}, of the
true blocks {.J;}]",, the performance of support recovery is evaluated by multiple recovery
proportion(MRP):

| ATc B A IR AW A
MRP = max —— + max ~ 5.6
m—l—m’(; i=1 || — =1 | J;| ) (5.6)

MRP can be considered as average RP over all {J;}7, and {J;}7”,. MRP = 1 if and
only if perfect recovery {J;}, = {J;}/", with m = m’. MRP = 0 is the worst possible.
FBAI(A, k,s,0p,0.,t) is used for support recovery, where A = W), with h = % = %, k
is given, s = 1, 6,6, as in Theorem 4.4.1, t = 10. 30 iteration average MRP is reported
in Figure 5.5. The average running time for F'BAIl() is reported in Table 5.2. Same as
previous section, the three estimators: oracle, block estimate and threshold are compared in
terms of spectral norm of the difference to the truth. 30 iteration average ||A|| for the three
estimators are reported in Figure 5.7.

Next we use different SNR scale, i.e. for each given p, let n = 3klogp = 9(logp)?, A = %
with C increasing from 2 to 5, and keep everything else unchange. Again use FBAIl() for
support recovery, with Wj and h = % = %, and keep all other setting the same. Use
the same three estimators to estimate Y. 30 iteration average MRP for support recovery is
reported in Figure 5.6. Average running time for F'BAIIl() is reported in Table 5.3. And
30 iteration average ||Al is reported in Figure 5.8. As shown by both experiments, perfect
block recovery implies that the block estimate agrees with the oracle for large enough signal
strength.
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pNC] 2 [ 3 [ 4 | 5 |
500 | 1253 | 531 | 54l | 6.37
1000 | 73.83 | 27.81 | 29.85 | 34.78
1500 | 182.81 | 74.65 | 77.66 | 81.14
2000 | 284.54 | 153.46 | 156.37 | 160.53

Table 5.3: FBAII(): 30 iteration average run time in seconds. SNR scale C' = \y/n.

FBAI] with A=W,

o6t
Eoost
=
04t
03t
sl —p==00 ||
' ——p=1000
oif ———p=1500| |
———p=2000
D 1 1 1 Il 1
2 25 E] 35 4 15 5

niik log p)

Figure 5.5: 30 iteration average MRP for F'BAll with input matrix W),. SNR scale klggp.

FBAIQ with A=W,

& o5
=
0.4+
n3r
——p=500
02+ ——p=1000| 7
4 ——p =1500
ol ——p=2000| |
o .
2 25 3 35 4 45 5

Figure 5.6: 30 iteration average MRP for F'BAIl with input matrix W},. SNR scale C' = \y/n.
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p = 500 p = 1000

267 267
aracle aracle

24t block estimate 24F block estimate
threghold o threshold
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2B 2BF
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Figure 5.8: 30 iteration average ||Al|: spectral norm of difference between the population
and the estimator. SNR scale C' = Ay/n.
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5.3 Application

In this section we apply the block recovery algorithm to the so called entity resolution
problem to identify whether data objects from different sources represent the same entity.
This problem is also known as record matching (P2002-1) (F2009-1), record linkage (N1959-1)
(F1969-1) (B2004-1), or deduplication (B2003-1) (BG2004-1). Given data B € R™ P, each
object is represented by a sparse n vector and there are p objects. B;; > 0 for all ¢, 5. The
cosine similarity A € RP*P is defined as

B!B;
Aij =1 = J (57)

VIIBill2llBjll2

This is following the setup in L.C. Shu et al (S2011-1).The goal is to partition indices of A
into blocks such that similarity A;; is large for 4, 7 within the same block, and A;; is small
for 7, 7 from different blocks. This type of data is not what we have studied up to now, but
our algorithm is directly applicable. We compare following two algorithms:

e SPAN proposed by L.C. Shu et al (S2011-1): The idea is to use spectral clustering
to recursively bi-partition the indices and stop while Newman-Girvan modularity is
negative.

e FB: Run FBAII(A,k, s,0,,0,,t) with parameters k = 10,s = 0,6, = 0.5,0, = 0.4.

We apply these two algorithms to a data set from Alcatel Lucent with A € RP*? for p = 3000.
This is a randomly picked subset of the data used in L.C. Shu et al (S2011-1). The original
similarity matrix is plotted in Figure 5.9. The similarity matrix permuted by SPAN is plotted
in Figure 5.10. The similarity matrix permuted by FB is plotted in Figure 5.11. Figure 5.12,
Figure 5.13 and Figure 5.14 are a closer look to sub-matrices of similarity matrix permuted
by FB.
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Figure 5.9: Original similarity matrix, each entry multiplied by 60
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Figure 5.10: Similarity matrix permuted by SPAN, each entry multiplied by 60
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FB similarity matrix
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Figure 5.11: Similarity matrix permuted by FB, each entry multiplied by 60

& sub-matrix of FB similarity matrix
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Figure 5.12: Sub-matrix of similarity matrix permuted by FB, each entry multiplied by 60



CHAPTER 5. EXPERIMENT 46

A sub-matrix of FB similarity matrix
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Figure 5.13: Sub-matrix of similarity matrix permuted by FB, each entry multiplied by 60

A sub-matrix of FB similarity matrix
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Figure 5.14: Sub-matrix of similarity matrix permuted by FB, each entry multiplied by 60
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Part 11

High dimensional variable selection in
linear model
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Chapter 6

Introduction

The linear model is widely used in many applications. Its simplest version is the following:
consider Y € R", u € R", random noise € ~ N(0,0%1,,x,),

Y=j+e (6.1)
Classically ji belongs to a p dimensional column space with p < n,

L= Xg" (6.2)
with Gram matrix ¥ and normalized Gram matrix X,,:

XX
n

N=X'X,%, =

(6.3)

where X € R™ P n is the number of samples and p is the number of variables. X is fixed
and known, but can depend on n. Y is known but random. € is unknown and random. The
goal is to estimate the unknown but fixed 8*. The assumption of € being i.i.d. Gaussian can
be weakened in many ways. In some of the results which deal only with algorithms, as we
will point out, € can be an arbitrary vector. We will also point out where the assumption of
i.i.d. Gaussianity or weaker assumptions, for example sub-Gaussianity, are needed.

Currently one observes many high dimensional data sets with p > n. In that case, §* is
unidentifiable and we need to assume further restrictions on $*. The way out proposed by
many authors, see for example, Donoho et al (D1992-1) and Chen, Donoho and Saunders
(CDS1998-1), and others is to assume [* is sparse, i.e. there is a unique * whose o norm
is upper bounded by k with k& < n. This implies 8* is the unique solution satisfying

*—arg min E.[||]Y — X3 6.4
5 = arg min, E[IY - Xl (0.4

Equivalently, there exists A s.t.

g = argmin B,[|Y — X818+ N8l (65
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Given (X,Y) observed and under the sparsity assumption, our goal is to recover supp(3*)
and estimate [3*.

For the classical case of p < n with rank(X) = p, 5* could be estimated by the solution
of ordinary least square(OLS):

GO = argmin [V — X5; (6.6)

Here BOLS = (X'X)"'X'Y. For the case of n < p, BOLS is not unique. Even if p < n, as
is well known, estimation accuracy is poor in the presence of too many predictors which are
close to co-linearity, i.e. the minimal eigenvalue of the Gram matrix Ay, (2) is close to 0.
An even more subtle and serious difficulty appears in the choice of which variable or group
of variables are important for prediction. This difficulty is intrinsic if 5* is not unique. We
will discuss this further in Chapter 10.

Under the sparsity assumption that ||8*||o < k < n, consider

ASET . 2
=arg min [|[Y — X 6.7
B g min I Bl (6.7)

Suppose the following assumption holds:

Assumption 1: there exists ¢ > v/2 s.t. for VL C [p] with |L| < 2k,

YL 2co [2klogp
)\min 2n - )\min : .
(B)e.) = huan( ) > 27, [ (6.5)

Then by Gaussian concentration inequality on the noise e,

P(supp(3*") = supp(8*)) > 1 — p~(¢/>7V (6.9)

Assumption 1 is a very mild condition, and we assume it holds throughout the discussion.
Thus to recover * is equivalent to solving B¢t with high probability. Unfortunately, this
problem is well known to be N P-hard and exact solution is intractable. Many algorithms
have been proposed to solve it approximately. Lasso (T1996-1) or equivalently Basis Pursuit
(CDS1998-1) are most famous and widely used in many applications. They solve a convex
relaxation of the original problem

e — axgin [Y — X513 + A8l (610

Meinshausen and Buhlmann (MB2006-1), Zhao and Yu (ZY2006-1) and Wainwright (W2006-1)
proved that the Lasso is variable selection consistent under some regularity conditions and
the strong irrepresentable condition which requires ||(X,);p\ 2, |l to be uniformly bounded
by 1 for V|L| < k. Candes and Tao (CT2007-1) proposed a similar /; regularized Dantzig
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selector AP and provided an upper bound for I BD — B*||2 under the restricted isometry
property(RIP) condition: 39y s.t. for V|L| < k and Vo,

| X o3

(1= d)llvlls < < (14 3) [loll3 (6.11)
Bickel, Ritov and Tsybakov (BRT2009-1) showed that the Lasso and Dantzig selector are
equivalent and provided oracle inequalities for both methods under the weakest known re-
stricted eigenvalue(RE) condition:

RSP

min ————— > 0 uniformly for all (n,p, k 6.12
LClpl|LI<k [[orelh <collozll v/T||vr |2 Y ( ) (6.12)

Many other algorithms based on /;-like regularization have been proposed. The Elastic Net
by Zou and Hastie (ZH2005-1) can be considered as a general version of Lasso. It penalizes
[ by both [y and [; norm. The advantage is to fix unsatisfactory property of Lasso that only
picks a single variable among highly correlated variables. Zou (Z2006-1) proposed adaptive
Lasso to run a second stage lasso with penalization parameter adjusted by the coefficients
obtained by a first stage Lasso. The advantage of this method is that the second stage Lasso
removes part of the bias by penalizing less large coefficients in the first stage Lasso. A disad-
vantage is that if the first stage Lasso misses important variables, so does the second stage.
Based on the same idea of removing bias, SCAD by J. Fan and R. Li (FL2001-1) (FL2002-1)
and MC+ by C.H. Zhang (Z2010-1) are similar algorithms with non-concave penalties to
penalize more confident or large coefficients less. T. Zhang proposed an iterative algorithm
called adaptive forward backward selection(FoBa) (Z2011-1) and showed it behaves similarly
to the Lasso.

However, real world data sets often exhibit complex covariance structures and may violate
these conditions. Consider a toy counter example which is hard to detect by Lasso and other
similar algorithms. Suppose

lcor(Y, X1)|, |cor(Y, X2)| >> |cor(Y, X3)|, |cor(Y, X4)] (6.13)

however
Var(Y|Xs, X4) << Var(Y|Xy, Xs) (6.14)

If the solution is restricted to ||8]lo < 2, in view of the bias of ||.||;, Lasso type methods
would pick { X7, Xy} instead of optimal { X3, X4}. Theoretically, this difference can be made
arbitrarily large for both variable selection and prediction. We will illustrate this point by
simulation in Chapter 9. Similar phenomena could potentially appear in many situations
for high dimensional data. In the following chapters, we will study some such situations and
provide some appropriate algorithms.

In Chapter 7, we propose a general framework to search variables based on their covari-
ance structures. The idea is to iteratively fit small/local linear models among relatively high-
ly correlated variables, with the fitting method potentially could be of Lasso type methods,
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forward backward selection, or as simple as OLS. For simplicity, we construct the kForward
algorithm using OLS as the fitting step. Graphlet Screening (GS) by Jiashun Jin et al
(J2012-1) and Covariance Assisted Screening and Estimation (CASE) by Tracy Ke, Jiashun
Jin and Jianging Fan (K2012-1) are similar methods which also take covariance structure
into consideration, with quite different approach from ours. Their methods first screen the
Gram matrix into small connected components, pick those with at least one signal variable
by x2-test, then re-investigate each picked component with penalized MLE to remove false
positives.

In Chapter 8, we analyze sufficient condition for consistent support recovery for the
kForward algorithm. We also show that under mild conditions, if kForward initially starts
with or at any step reaches the population truth supp(/5*), then the final outcome is indeed
supp(*), i.e. the algorithm does not diverge from the truth once reaches it. Thus we can
check if an initial procedure has identified supp(5*) correctly with high probability. We also
propose a toy block model for the Gram matrix Y. We show that initially start with @), and
¥ is from the block model, kForward successfully recovers supp(/5*) under mild conditions
which are strictly weaker than the RE condition.

In Chapter 9, we simulate a special case of the block model such that it violates the RE
condition with extreme model parameters. For these artificially designed cases, we show by
simulation that kForward outperforms other methods including Lasso, Elastic Net, SCAD,
MC+, FoBa. We also compare fitting and prediction performance of these algorithms in an
application to US equity daily data.

In Chapter 10, we consider a different scenario where multiple mutually co-linear sets,
so called minimal contexts, co-exist. Assuming an oracle algorithm exists to recover one
minimal context, we construct an algorithm to systematically knock out variables from the
recovered minimal contexts and call the oracle on the remaining variables. The algorithm
recovers a new minimal context or guarantees there is no more such minimal context after
at most k calls of the oracle, where k is the size of the minimal context. Finally we show by
simulation that the algorithm works as intended.
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Chapter 7
Method

7.1 (General framework
Suppose Y € R", X € R"*P are observed,
Y =Xp"+¢€ (7.1)

with € ~ N(0,0%I,x,). WLOG, suppose H%HQ =1land X; =>" | X,; = 0 for each column

X;. Denote the Gram matrix ¥ = X'X and normalized Gram matrix %, = X! X. Our
goal is to recover supp(f*) and estimate S*. Suppose Assumption 1 (6.8) holds then it is
equivalent to solve

ASET
=arg min ||Y — X 7.2
5T —arg min |V - X5 (7:2)

For any J, L C [p| = {1,...,p} with |JU L| <2k and s < 2k, define

BU(J) = B*(X,Y,J) =arg min ||V - XB[|3 € R (7.3)
B:supp(B)=J

35( ], s) = ar min Y - X € RP 7.4

B =argmin Y = X3 7.9

ﬁA””"“h( J,s) = (BOZS( )il (\5015( M is one of the top s largest ));<;<, € R? (7.5)

g (L, s) = supp(BSEt(J UL,s)) C [p] with cardinality s
gihresh (L g) = Supp(/éth’”es’l(J UL,s)) C [p] with cardinality s

where 3°(.J) is just OLS with constraint on J. ¢5(L, s) is the size s subset of columns of
X ur, that best fit Y, and Bset(J U L, s) are the corresponding coefficients. ¢im*"(L, s) is
the set of top s largest entries of [3°%(J U L)|, and f™eh(.J U L, s) are the corresponding
coefficients.

Recall that under Assumption 1 (6.8), supp(5*) is the unique fixed point of g5(., k)
for V|J| < k, i.e. g5 (supp(f*),k) = supp(5*). Under conditions specified in Theorem
8.1.2 later, supp(*) is the unique fixed point of g¥es"(., k) over all |J| < k. The tradeoff
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is that g'es"(., k) is computationally much more efficient than ¢5?(., k). Hence if we can
construct 3 s.t. supp(B3) is a fixed point of ¢g5(., k) or g¥esh(. k) for any |J| < k, then
supp(B) = supp(5*) with high probability. Of course this problem is not any easier than the

original N P-hard problem. Our approach is to relax V|J| < k to VJ C G with G satisfying:
1. G is reasonable to construct so that computation is feasible.

2. Under reasonable conditions, a fixed point of g5(., k) for V|J| < k is equal or close to
the fixed point of ¢57(., k) for VJ € G.

Our approach is to search the space of variables following their covariance structures, i.e.
search variables with high covariances/correlations jointly. Consider G = Gy, defined as:

Gon = {Ji(s, ) }iza (7.8)
Ji(s,h) = {j : {1+ 1 X X5] > [ X[ X[} = p — s and [X[X;| > h} (7.9)

Recall that we have set ”;)/(_%HQ =1 and X; = 0 for each column X;. J;(s, h) is just the size s

set of variables having correlation with X; at least h (in absolute value). If there are more
than s such variables, J;(s, h) consists of the top s ones having largest correlation (with X;
in absolute value). In many situations multiple J;(s, k) can overlap and coincide with each
other, and |G| can be much smaller than p. For example, if after thresholding at O(\/Lﬁ),

¥, can be arranged to block diagonal with block sizes approximately equal to s, then |G |
is approximately £. Define the set of all size s subsets of [p],

Qs,p) ={J C[p] - |J] = s} (7.10)
Given generic initial starting point fo C [p] and generic fitting step:
FGs) = s, p) x (U820, p)) = Q(k, p) (7.11)
our general framework to recover * is as follows: for s = O(k),

e Standardize X,Y s.t. Y and columns of X are zero-mean and unit-variance.

.L<—f0

e while L is not a fix point of f(.J,.) for all J € G;, do
for each J € G, do
L+ f(J,L)
end for
end whilAe
return (°°(L) = arg mingpg)=r |Y — XB||2
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Under this general framework, there are many branches of algorithms based on initial starting
point and specific fitting step. For example, fy could be support of solution of any variable
selection algorithm including Lasso type of methods, or simply variables most correlated
with Y, or even empty set. The generic fitting step f(.,.) could be all subset regression with
f(J,L) = g5(L, k), or top k largest entries of OLS with f(J,L) = g'*"(L, k), or Lasso
with f(J, L) being the support of size k solution on the solution path of Lasso fitted on
Xjur. Potentially f(J, L) could be the support of size k solution of any variable selection
algorithm fitted on X .

7.2 Algorithm

Specifically, if the fitting step f(J,.) = ¢g¥*sh(., k), i.e. the top k largest entries in absolute
value of OLS on X, the kForward algorithm is constructed as follows:

kForward(X,Y, k,s, h, M)

(X,Y) < standardize (X,Y) to be zero-mean and unit-variance
Lo < solution of Lasso or similar methods, or largest k entries of |Y'X|, or ()
for : =1 to p do
Ji(s,h) < as defined in (7.9)
end for
for iter =1 to M do
Ll — LQ
for i =1 to pdo
L+ LyU Ji(S, h)
Lo + gf]ibz"fﬁl’;([/o) or equivalently supp(37mesh(L)): the top k largest entries of |5°(L)|
end for
if L1 == L[) then
break
end if
end for X
return S = §9%(Ly) = arg ming,ys)-r, ||Y — X3

If the underlying model is not sparse or does not satisfy sufficient conditions stated later
in Chapter 8, kForward may not necessarily converge or may converge to local optima even
worse than the initial starting point. If ¢4(k, L), all subset regression on J U L, is used and
could be efficiently computed, then the algorithm is greedy and is guaranteed to converge
to a local optimum no worse than the initial starting point. However, usually s is at least
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O(k) or even bigger and ¢4 (k, L) is computationally expensive. Using Lasso type of methods
as a fitting step could deal with larger s, but essentially would have the same convergence
problem as ¢%(k,.). For better practical usage of the algorithm, the step in kForward:

Ly + top k largest entries of |J|
could be replaced by:

Ly < top k largest entries of | 5 ]

if Y — X5(La)|l2 < ||Y — XB(Lo)||2 then

LO — L2

end if
In other words, only update Ly by Lo if the later is a better OLS fit. Thus the resulting
algorithm is greedy and guaranteed to converge to a local optimum at least as good as the
initial starting point. For the sake of simplicity, our analysis in Chapter 8 is based on the
original kForward algorithm without this greedy step. However, in practice this step should

be included as as to check the sufficient conditions in Chapter 8 if possible although it is NP
hard.
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Chapter 8

Analysis

8.1 Support Recovery

In this section we discuss sufficient conditions for the kForward algorithm to recover the
support of *. Throughout this Chapter: suppose ¥ = Xp3* +¢, Y € R” and X € R"*P
are known, eR" is unknown, || X;|2 =1 and X; = >""' | X;; = 0 for each column X;, denote
Y =X'X, %, = XX L* = supp(8*). Suppose ||3*[lo = |supp(8*)| = |L*| = k < n.

n

Theorem 8.1.1. Suppose € € R" is fized. Given Ly and J with |J| = s, define:

L=1LyUJ (8.1)
U=L"\L (8.2)
V=LNnL* (8.3)
W =L\L* (8.4)
B = (X, XyBh + e, WUV) (8.5)
r=XuBy +e— Xwuvf (8.6)

where r L span(Xwuy). Recall v, = (v;)ier, € RIFL e,

B = Bwov = Z;I/IUV,WUVX{A/UV(XUB?J +¢€) (8.7)

Suppose s, h such that any (k + s) x (k+ s) diagonal sub-matriz of X is invertible, and for
V|Lo| =k, VJ € G, following holds:

in |5 + ) > / ,
min |57 + 5;| 2 max |5 (8.8)

Then the algorithm kForward(X,Y,k,s, h,1) successfully recovers L*, i.e. supp(BkF) =
supp(3”).
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Proof. At each step of kForward, L = Ly U J for some J € G, and |Lg| = k. Consider

ﬂO _ /BOZS(L) (89)
52 = BI(;VUV = (XéVuVXWUV)ilXIIiVUVY (8~10>

Schur complement implies

0 t t —1 t
s ( By ) B ( X Xw X{Xv Xt (Xv By + XuBj +€) (8.11)

_ A_IB(XUﬁz} + 6) (8 12)
,B‘t' + (E;—}VX%/ - anbEV’WA_lB)(XUB(? + E) '
where
A=Yww — SwyEy v Svw (8.13)
B = Xjy — Swy Sy Xy (8.14)
Thus by definition of (',
0 /
0 B B
= = . 8.15
=% )= (s ) (19
Hence if
in|3* > !
min |57 + B > max 5; (8.16)

V will always be selected since kForward picks the top k largest entries of |3%]. And since
Gsn = {Ji(s,h)}'_, contains all variables, kForward recovers supp(5*) after searching over
G once. O

Under much milder condition than those of Theorem 8.1.1, if kForward initially starts
with the correct solution 5*, say obtained by some other method like Lasso, then the output
is still the correct solution, i.e. supp(BkF ) = supp(5*), kForward will not diverge from
[*. Since the proposed various algorithms may converge to an incorrect solution, kForward
could be used as a check on correctness. We have,

Theorem 8.1.2. With the same notations as in Theorem 8.1.1. Suppose ¢ € R" i.i.d.
mean-zero sub-Gaussian with parameter p: for ¥t > 0,V||v||s = 1,

P(vte] > t) < e (8.17)
For example, € ~ N(0,0%L,xn), p = #
Furthermore, suppose 3s,h, dc > 1 s.t. for VJ € Gy,

D . 1 kloc k
A (222U i |87 > 2y | 208D T 08 (8.18)
n i€ L pn
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If we start with or at any step Ly = L* = supp(5*), then kForward recovers L* with
probability at least

P(supp(B) = supp(8*)) > 1 — p~ =D — (=D (8.19)

Remark: Notice that if s < k, miner« |8] = O(1) and M — 0, then condition
(8.18) is strictly weaker than the restricted eigenvalue (RE) condition (6.12).

Proof. Recall that for J € Gp, L =JULy=JUL*, U =0,V =L* W = L\L* and
ﬁ() — 6015([/).

62:< 0 )+r (8.20)
B
where r = §°(X, e, W U L*) with
T'wuLs = EI;/IUL*,WUL*X?/VUL*E (8.21)
€ i.i.d. sub-Gaussian implies that
Xt
P(|= ) < et (8.22)
Let t = ¢ logp A= l‘;ink with ¢ > 1,
. t 2 2 1
P(3i s.t. ) < pe "t = p= (D) (8.23)
X! ,
P(3iin L* sit. | =S| > t) < |L*|e " = k(D) (8.24)
n

Thus with probability going to 1 for big enough ¢ and (p, k) — oo, Xfe < cy/nlogp/p for
Vi, and Xle < e¢y/nlogk/p for Vi € L*,

”7"||2 < )‘maX(ZITVIUL*,WUL*) Xit/VuL*6 2 (8-25)
< AminSworrwor)) e/ ([W]logp + |L*[log k)n/p (8.26)
= ()‘min(EWUL*,WUL*))_lc\/(Slogp +klogk)n/p (8.27)
Hence if
h . . 1 k1
Aumin (ZWULSWOL Y i 7] > 20\/ slogp + klogk (8.28)
n ieL* on

then 2 max; [r;| < 2[|r|ls < min;ez~|5;]. If start with initial Ly = L*, or at any step Ly = L*,
then kForward selects L* at each step afterwards. D
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Corollary 8.1.3. Suppose € i.i.d. sub-Gaussian with parameter p as in (8.17). Suppose
L* = supp(B*) is successfully recovered, and we fit OLS with constraint to L*:

Hols * .
L") =ar min
P ( ) & supp(B)=L*

Y - XB|3 =30 . XY (8.29)

Then for Ve > 1

. . . Yrerne_g |klogk (2
PIB(L) = 7l < cn(ZE) ) 21—k (830)

Proof. Use the upper bound of ||r||s given by (8.25) — (8.27). O

8.2 Special Block Model

From Theorem 8.1.1, it can be deduced that kForward recovers supp(f*) if ¥ = X*X is of
some special forms. One case would be that ¥ is partially block diagonal, i.e. supp(L*) is a
subset of union of small blocks of ¥. Specifically, consider ¥ € F}, ((L*),

Fps(L*)={%: for Vi e L*,3B; C [p] with i € B; and |B;| < s (8.31)
s.t. |Xj] > hif and only if (j,{) € B; x B;} (8.32)

This is to require each important variable ¢ € L* is contained in a block B; with size at
most s, such that variables within B; are highly correlated with correlation at least h, while
correlation between variables inside and outside B; are small and upper bounded by h.
This is a strong sufficient requirement, while the algorithm actually works for much more
general situations as shown in the simulation and application in Chapter 9. Also notice that
F s(L*) is similar to the class of sparsifiable Gram matrices proposed in CASE by Ke et
al (K2012-1). Next theorem shows that if ¥ € F, ((L*), kForward fully recovers supp(3*)
under mild conditions.

Theorem 8.2.1. With the same notations as in Theorem 8.1.2. Suppose € i.i.d. sub-
Gaussian with parameter p as in (8.17). Suppose the Gram matriz ¥ € Fy, (L*), 3¢ > 1 s.t.
for VL C [p] with |L| < s+ k,

ZL,L
)\min( n

) min
ieL*

. slogp+ klogk h .
5i|>2c\/ &P & +E\/k(s+k)||ﬁ I (8.33)

pn
Then if we start with Ly = 0, kForward(X,Y, k, s, h, 1) recovers L* with probability at least

P(supp(BkF) = supp(p*)) > 1 —p_(c2_1) — k(e (8.34)
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Proof. Suppose kForward starts with Ly = (). At any step, for J € Gy, if L=LoUJ,U =
L\L,V = LUL*W = L\L*, 3° = 3°¢(L), Theorem 8.1.1 implies

0
B = Bwoy = ( x > +rV e (8.35)
By
where U = 39(X, Xy 85, W U V) and ¢ = 5°8(X, e, W U V),
TI[/]VUV = Za/luV,WUVXéVUVXUﬁ(*] (8.36)
Twov = ZI;}UV,WUVX%/VUVG (8.37)

Y € Fj s(L*) and the construction of Fj, ¢(L*) imply
5] < hfor ¥(j,1) € WUV) x U (8.38)
Hence

17712 < Amax (Ewivwon ) 1 Zwove B lla (8.39)
< Pmin Cwovawor)) AU U VB2 (8.40)
< Amin Swoviwov)) ha/k(s + B) 1572 (8.41)

Similar to Theorem 8.1.2, for Ve > 1, with probability at least 1 — p=(¢*=D — (=1,

172 < (Amin (Ewoviwov)) 'e/(slogp + klog k)n/p (8.42)

Hence if 3¢ > 1 s.t.

A LWoviwuv, .
min(—n ) min

. slogp+klogk h .
ﬁj|>20\/ &b S +E\/k;(s+k:)||6 Il (8.43)

pn

then
2max |(rY 4+ r);| < 2|rY + 12 < min | 57|
P Jjev

This implies kForward always includes V. Since Gy = {J;(s, h)};_, contains all variables,
kForward recovers supp(3*) after searching over G, once. O
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Chapter 9

Experiment

9.1 Simulation

In this section we compare support recovery and prediction performances of kForward to
other popular algorithms including Lasso(T1996-1), Elastic Net (ZH2005-1), SCAD (FL2001-1),
FoBa (Z2011-1), MC+ (Z2010-1). We construct a special case of Fj, ((L*) such that, for ex-
treme model parameters, it violates the RE condition: L* belong to m = % blocks of size s,
but the minimal eigenvalue of each block goes to 0. This example is unrealistic, but illus-
trates theoretically what extreme cases could lead to. This type of example was suggested
to us by Boaz Nadler and Ya’acov Ritov.

Specifically, for w € R™, e ~ N(0,0%1,,,), let

Z = (Z1, Zo, vy Zons) € R 10.d. N(0, L) (9.1)
VE]
Zi= ) Ziforj=1,.m (9.2)
i=(j—1)s+1
72, L o
X, =w;(Z; — iz “2Zj) +Zfori=(G—-1)s+1,....7s, j=1,...m (9.3)
g2
X .
X, =———=—fori=1,..,ms (9.4)
\/Xin/n
X; ~ N(0,I,xn) fori=ms+1,....p (9.5)
Y=5) Z+e (9.6)
j=1

where w is a parameter controlling difficulty of support recovery. Specifically, for p =
1000,n = 100,k = 9,m = s = 3,0 = 1, i.e. supp(S*) is contained in 3 small blocks of
size 3. By a simulation of 1000 iterations, some empirical statistics for relevant parameters
are shown in Table 9.1. Some immediate observations:
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Yol (s IR
L w [ eor(X, V)| [ Jeor(31, Xo)[ | P2 € Fiui) | Auin(CEE) | Auyin (F22L) mimicpe |87 |
1 0.5140.06 0.72+0.09 1 0.21£0.05 0.38+0.09
2 0.42+0.05 0.2940.16 0.23 0.564+0.11 1.2740.25
3 0.33£0.05 0.0740.11 0 0.79+0.12 2.28+0.37
4 0.27+0.04 0.17+0.17 0 0.59+0.13 2.1040.45
5 0.2240.03 0.27+0.16 0.02 0.41+0.09 1.71£0.37
7 0.17£0.03 0.37£0.15 0.50 0.22+0.05 1.27+0.30
10 0.124+0.02 0.4340.15 0.87 0.1140.03 0.9140.22
1000 | 0.07+£0.04 0.4940.15 0.97 1.2e-5+3.1e-6 0.00940.002
Table 9.1: p =1000,n =100,k =9, m=s=3,0 =1
e |cor(X1,Y)| converges to 0 as w grows. This suggests the signal from a single variable
goes to 0. In some sense, the difficulty of the problem grows with w.
° Amin(%) converges to 0 as w grows. Hence for moderately small w, the RE condition
is satisfied and Lasso type of methods are expected to work well.
e For big w, P(X € F, ) is converging to 1. This is the part of sufficient conditions for
kForward to work well.
e For small w, )\min(E[%[s] ) min;ep | 57| are relatively big. This is also a part of sufficient

conditions for kForward to work well. However, it converges to 0 as w grows, which
violates the condition for big w.

(X™,Y) are observed, where the columns X7 = X ) with m being a random permutation
of [p]. Following algorithms are compared:

1

2

Lasso: Pick solution containing k variables from the solution path.

elastic net: Use cross validation to choose the weight between [; and [l penalties. For
each given weight, pick solution with k variables from the solution path.

FoBa: Use cross validation to choose algorithm parameter. For given parameter, pick
solution with k variables from the solution path.

SCAD: Use cross validation to choose algorithm parameter. For given parameter, pick
solution with k& variables from the solution path.

MC+: Use cross validation to choose algorithm parameter. For given parameter, pick
solution with k variables from the solution path.
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6 kF°: Run kForward algorithm with Gy and initially start with k& variables that most
correlated with Y.

7 kF'": Run kForward algorithm with G}, and initially start with k variables picked by
Lasso.

8 kF°: Between the solutions of kF¢ and kF", choose the one with better training R2.

Cases p = 1000, 2000, 3000 are simulated, with n = 100,k = 9,m = s = 3,0 = 1 fixed. Both
training set and test set consists of 100 samples. Run each algorithm on the training set to
recover k variables, say | B| = k. The performance is evaluated by two criteria: the Hamming
distance and the test R?. The Hamming distance between supp(3*) and supp(B) is defined
as |supp(ﬁ*)\supp(f3)|. The test R? is obtained by applying training OLS fit on supp(ﬁ)
to the test set. The test R? is used because in many experiments in previous literature,
differences in variable selection are well shown, but not simultaneously about prediction.
We want to show that in this artificial case, there are huge differences for both variable
selection and prediction. The result for Hamming distance is reported in Figure 9.1, and the
result for test R? is reported in Figure 9.2. Instead of Gaussian, the case of X, Z, e following
Laplace distribution is also simulated. The corresponding results are reported in Figure 9.3
and Figure 9.4. Notice that the results are very similar to each other.

9.2 Application

Although not as extreme as the results of previous artificial example, in this section we show
that there are indeed significant differences among algorithms for a real world example. As
there is no correct answer but only sparse approximation for the real world data, the only
comparison criteria is fitted R?.

Consider US equity daily data consisting of 2316 stocks and 47 ETFs from 2007 January
1st to 2012 December 31st. For each day and for each ETF, 6 algorithms as in previous
section, i.e. Lasso (T1996-1), Elastic Net(ZH2005-1), FoBa (Z2011-1), SCAD (FL2001-1),
kF¢ and kF', are used to select k stocks using 100 samples consisting of past 50 days’
open and close prices. Then OLS is fitted on the picked k stocks and corresponding R? is
calculated. For k = 5, average R? over 6 years are reported in Table 9.2. Since there are
stocks having correlations with ETFs higher than 0.98, each algorithm works well and pretty
much similarly for k£ as small as 5. We increase the difficulty of the problem by requiring
that only weak signals are allowed in the model, i.e. only stocks having correlation with the
response E'TF lower than a certain threshold are included in the model. In an experiment,
correlation threshold 0.1,0.2,0.3,0.4 and k£ = 5,10,15 are used. The results are reported
in Table 9.3, Table 9.4, Table 9.5, Figure 9.5 and Figure 9.6. As shown by the result, the
improvement of kForward is most clear for the most difficult cases, i.e. k is small and
correlation threshold is small.
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’ ‘ Lasso ‘ elastic net ‘ FoBa ‘ SCAD ‘ kF* ‘ kE! ‘
| R*[0968 | 0972 [0.973] 0.967 [ 0.986 | 986 |

Table 9.2: average R? for k = 5, no correlation threshold

correlation threshold \ Lasso \ elastic net \ FoBa \ SCAD \ kF¢ \ EF! ‘

0.1 0.30 0.36 0.30 | 0.21 |0.49 | 0.50
0.2 0.62 0.65 0.62 0.47 10.79 | 0.80
0.3 0.76 0.80 0.81 0.63 | 0.90 | 0.89
0.4 0.82 0.86 087 | 0.72 ]10.93|0.93

Table 9.3: average R? for k =5

] correlation threshold \ Lasso \ elastic net \ FoBa \ SCAD \ kF¢ \ EF! ‘

0.1 0.52 0.59 0.57 | 0.50 | 0.74|0.75
0.2 0.79 0.82 0.85 0.76 1 0.93 | 0.93
0.3 0.88 0.90 093 | 087 |0.96 | 0.96
0.4 0.91 0.93 0.95 0.90 | 0.98 | 0.98

Table 9.4: average R? for k = 10

’ correlation threshold ‘ Lasso ‘ elastic net ‘ FoBa ‘ SCAD ‘ kF° ‘ EF! ‘

0.1 0.69 0.73 0.73 | 0.70 ] 0.85|0.85
0.2 0.88 0.88 0.92 0.88 | 0.97 | 0.96
0.3 0.94 0.94 096 | 094 | 0.98 | 0.98
0.4 0.95 0.95 097 | 095 |0.99 | 0.99

Table 9.5: average R? for k = 15
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Chapter 10

Minimal Context

10.1 A Different Framework!

Suppose X = (Z,Y), Z = (Zy,...,Z,)", and we have a sample (Z;,Y;), i = 1,...,n, and
w(Z) = E(Y|Z) unknown. We typically approximate u by

N
uv(Z) =) Bing;(Z) + Pon
j=1
where go = 1,¢1,...,9n,- .. is a basis for Ly(Z) and
N
pn(Z) = argmin [V =)~ 89,(2)|
=0

For simplicity, we take uy = p with the understanding that N changes with n. The
selection of variables question informally is, “Which factors Z; are important?” The g; are,
typically, functions of several variables bringing in a major complication. We consider only
the simple case ¢;(Z) = Z;, N = p which illustrates the issues we raise. It is reasonable
to measure effectiveness of a set S of factors by its predictive power in relation to optimal
prediction. Formally, we define,

_ 1Y = u(Z,S)|* = IV — (Z)|*
r(S)=1- { Var(Y) }
_ @) — (Z, )]
o? + [|(Z)]?

!Chapter 10.1 and 10.3 are from ”Discussion of Sara van de Geer: generic chaining and
the L, penalty”, Peter Bickel and Mu Cai, submitted to Journal of Statistical Planning and
Inference.
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where 02 = ||Y — u(Z)||?, and

Z,S) = Po+ Y _{Bi(9)Z; : Z; € S}

where [y is the intercept, and (S) are determined by

p
W(Z,S) = argmin||Y — 6o — S 5,7 Z; € SH?

J=1

Remarks: 1) 3;(S) depend on S unless Z; L Zj all j # k. From this point of view (B2011-1)
the importance of a factor depends on its context the other variables that are in the set S of
Z’s being considered as predictors.

2) It is entirely possible in the case of collinearity to have r(S;) = r(S2) = 1, S1 # Sz
and, in general, to have a class of sets S, with 7(S) > 1 —¢ for S € S.,, and |S| < m for
m(e) sufficiently large

We define the relative contribution of Z; to the predictive power of S by

Z,5;) —nz.9)|*

ol
N el

where S_; ={Zy: k€ S, k # j}.
This leads us to the following approach to the importance of a variable Z; in a context

S.
(i) We want the context to have high predictive power, r(S) > 1 —¢
(ii)) We want the context as small as possible for interpretability, |S| < sg

(iii) We want the contribution of Z;, ¢(Z;,S) to the predictive power of the context be
high.

Next we note that by orthogonality,

) l%.8) = e B - (ZS)

= (Y, Z; - Z;)*/\D)I*1 Z; — Z;]|?

2

where II(-|L) is Ly projection onto a linear space, [S] = Linear span of S, and

Z; = (Z][S-y]) -

We can also write

02

¢) c(Z;,8) = <1+W

) corr? (Y, Zi — Zj) .
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We introduce two more concepts. S is € minimal if r(S) > 1 —¢ and r(S_;) < 1 — 2¢ for
all 7 € S.

Finally Z; is § important in minimal € context S iff ¢(Z;,S) > 1 — 4.

Our goal is, having chosen ¢, € to find all (0, ¢) relevant factors, as above.

If p is small we know how to solve the problem using all subsets regression. What if p is
large? We assume

AQ: There is a sparse representation, i.e. For S, |S| < my < co independent of p, n
E(Y —Z"(9)8(S))” = argmin E(Y — Z78)? .

Al: For any € minimal context, |S| < so(g) < my.
A2: The set of all € minimal contexts, C(¢), has

C(e)] < My

A3: The minimal eigenvalues of all Gram matrices of minimal contexts is > 7 > 0.
A4: The distribution of Y is subGaussian, for all ¢ > 0

t2\?
Ee™ < eXP{T}

where A2 = Var(Y)
A5 |Z;] < Mallj=1,...,p.

Essentially we are ruling out situations where good prediction is achieved by combining
a large number of factors each contributing negligibly — not because we do not believe such
situations exist but because we cannot usefully distinguish what factors are important in
such cases.

Proposition 10.1.1. If we ignore computational considerations then under A1-Ab, even if
p,n — oo we can identify all € minimal contexts and & important factors within them if
logp

=P 0.

Proof. Since by (A1) the size of all € minimum contexts is bounded by sy, it suffices to show
that we can find a consistent estimate ¢ of the minimal prediction error ¢ and then, among all
subset of factors of cardinality < my, find those sets with empirical predictive error > (1—¢)t
and then among those, identify the ¢ important factors. Suppose we have ¢. We claim that
it is then enough to show that for any S, |S| < s,

P[B(S) — B(S) > ] < Ce™=™ (10.1)
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for ¢, v independent of so. We can then examine all ( 4 ), m < sg regressions of Y on m
factors, m < sg. The union sum inequality applied to (1) and the condition of the proposition
ensures that the minimum empirical MSE of regressions based on < my factors converges to
the population MSE. We need only slightly refine the results of Fu and Knight (FK2000-1)
for p fixed, EZ = 0. Write

R __
Y=Y Z,ZI(S)- 77"

where ZI<S) = {Z,L : j S S}soxl-
N(S) = EZ,Z](S) .

By definition,

L[ZSIY = (261257 B(S)
EZ,(S)Y = X(5)B(5)
Y=(,...,V)"
[Zs] = [Z1(5), - - - Zin(S)]soxn
23] = [Zs] = (Z(5), ..., Z(9))
By assumptions A4, A5
P|| ZslV EZ(S)Y|>1t] < 9~ e (10.2)

since
EellZiYi—EZiYi) < et2M2A2/2
where \? = VarY.
Also,
1 ~ .~ N
) [Zs]" = %(5) .
We can apply Oliveira’s (02010-1) inequality to obtain
nt?

CEDETEL (10.3)

PLHIS. (BZ(S) 2] 2 1] < soexpf

since E|Z;(S)]* < soM?.
Finally,
P[|ZZ"(9)|? = t] = P[|Z]*(S) = ¢]

tn

_ 1 o
< soP[|Z| > i] < 2spe MG (10.4)
S0



CHAPTER 10. MINIMAL CONTEXT 1)

By A3, (10.3) and (10.4),

PlIE(S) = =7H(S)]| 2 €] < ce ™=/ (10.5)
for suitable ¢ and 6. Then combining (10.2) and (10.5) the proposition follows given a
consistent estimate of t. However, since we know there is a sparse representation with
< my factors, we can, in principle, compute [i(Z) the LSE for the regression minimizing the
empirical LSE on all sets of mg predictors. Then ||Y — fi(Z)||? gives us {. We can argue for
consistency as we did for (10.3)-(10.5). O

Note that we could let sq tend to oo but this is of little interest. The major open question
is formulating conditions under which,

(1) o2 (or ||u(Z)]|?) is consistently estimable
(2) C(e) can be identified in less than O(p™) operations.

We consider a data matrix (Z,xp, Ynx1) and the usual linear model

with F(e|Z) = 0. We assume that there is a sparse representation. We seek the set of all
minimal contexts C(g). We assume we are given an algorithm ¢(Z,Y, mg) which returns mg
columns indices of Z, S = {i1, ..., 4y, } such that

B(S) = argmin {|[Y = Z(S)BII} - Brngur } -

B (S), an LSE of 3, will lead to an asymptoticallly sparse representation of Z (3. X
We sketch an algorithm for finding all minimal contexts given access to oracle 55 (k)
which returns k& column indices of X corresponding to k variables that have best R? to fit Y:

35¢t (k) = are min ||Y — X B2 10.6
5(k) = arg min, Y~ X3 (106

In reality, as we do not have access to the oracle, let MC(X,Y, k) denote a generic method
which generates a single minimum context of size k£ and with it an estimate of the best
R?%. This could be the Lasso (T1996-1), Elastic Net (ZH2005-1), SCAD (FL2001-1), MC+
(Z2010-1), FoBa (Z2011-1), or kFoward proposed in Chapter 7.

Given M C() we construct by an iterative method AMC(X,Y, k,0,) a maximal collection
of minimal contexts of size k with R? > 0,, such that no context is contained in the union
of all other contexts. The method scales as O(kN(k)|MC(k)|), where N(k) is the number
of minimum contexts, and |MC(k)| is the computation cost of MC(X,Y, k) for short.
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10.2 Algorithm

Given MC(X,Y, k), consider following algorithm to recover all minimum contexts with R? >
0,:

FC(D)

if 3]0 s.t. zz Dijo = m then
return j

else
Jo ¢ any index s.t. Y. D;;, # 0
Il — {Z : Dijo 7A 0}
I, + {1, ,m} — 1
13 $— {] : Zieh Dij 7é 0}
D;; < 0 for Vi € I, and Vj € I3
D'« D(]Q)
L« FC(D")
return {jo} UL

end if

AMC(X,Y,k,6,)

Ji — MC(X,Y, k)
r < R2 (R square) of 3°5(X,Y, J)
m <+ 1
while r > 0, do
A+ U:‘il J;
Construct D € {0,1}™* Ml s.t. D;; = 1 if and only if jth element of A is in J;.
for s=1to k do
Ls + FC(D)
Dij + 0 for Vi and \V/] €L,
I+ AU (A\Ly)
J <+ MC(X,Y, k)
r <+ R2 of (XY, J)
if r > 6, then
m+—m+1
I — J
break for
end if
end for
end while
return {J;}7,;
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For m = 0,1, ... iteratively, suppose m minimum contexts {J;}™, have been recovered, the
goal is to recover the (m + 1)th minimum context .J,,,1, assuming that there is at least one
variable of J,,;1 is outside the support of previous minimum contexts A = U, .J;. The idea
is to find a set of sets of indices Cy = {L;}, with the property that Ly N J; # ) for all s and
i, and for all possible J,,,11 ¢ A, there exists Ly, € Cp s.t. Jpmy1 C [p]\Ls,. If |Co| is small,
then apply MC(XpL,, Y, k) for all L, € Cy would guarantee to recover minimum context
Jm+1, O we can conclude there is no more size k& minimal context with R? > 6,.. Since none
of J; for i < m is included in [p]\Ls for all L, any solution other than J,,; would yield a
significantly worse R? by the definition of minimum context. Now the problem boils down
to find Cy with small size efficiently. Not surprisingly, there exists such Cy with size exactly
k. One way to find it would be for s = 1,2, ..., k, recursively find L, s.t. L, N (Ulsz_llLl) =0

and
YD Ijed)=m (10.7)

jeLs i=1

For details see algorithm F'C'(D) above.

10.3 Simulation

We simulate a multi-context toy model designed so that in the presence of large p methods
based on screening single variables fail. This is similar to the simulation experiment in
Chapter 9. This type of example was suggested to us by Boaz Nadler and Ya’acov Ritov.
Construct standardized predictors X € R" P and response Y € R”" as follows. Denote
X; € R™ the ith column of X. Let Zy, Zs,... be ii.d. n dimensional standard Gaussian
with identity covariance matrix. We construct m minimum contexts of size £ with common
intersection of size s, where k < p and s < k. For w € R™, for each j = 1,...,m, for
i=G—-1)(k—s)+1,...,5(k — s), for Yy defined immediately later, let

j(k—s)

U= Y 4 (10.8)

I=(j—1)(k—s)+1

ZTU.
V;:w(Zl— 7 J
’ 1U; 13

V;

Xj= —— (10.10)

V' Var(V;)

U;)+ Yo (10.9)
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Next let X,,(x—s)41, ..., Xp be entry-wise i.i.d. standard Gaussian, and let

(m41)(k—s)

Yo= > % (10.11)
l:m(k s)+1
m(k—s)+s

i= > X (10.12)
l=m(k—s)+1

Y =SNR(Yo+ YY) +e¢ (10.13)

where SN R is signal to noise ratio, ¢ € R" is entry-wise i.i.d standard Gaussian independent
of X. We have constructed m minimum contexts of size k with a common intersection of
size s < k, where the jth minimum context is of the form:

XJj = {Xz 11 € J]} (1014)

Ji={G-Dk-=s)+1,.,j(k=s)yu{m(k —s)+1,..m(k —s) + s} (10.15)

w is a parameter controlling difficulty of recovery of minimum context: if X; € J; is con-
structed with associate w;, then cor(X;,Y) approximately scales as — ks the

l1.e.
A\ /(k—s—&—w?)k ’

larger w; is, the weaker correlation between X; and Y. For small w which is relatively
easy to recover, every method performs more or less the same. However for bigger w, clear
distinctions among methods are observed.

Next we run AMC(X,Y,k,0,) with MC(X,Y,k). Different versions of MC' include
glmnet(Lasso (T1996-1) and Elastic Net (ZH2005-1)), SCAD (FL2001-1), MC+ (Z2010-1),
FoBa (Z2011-1) and kForward proposed in Chapter 7. All methods are used as described
in Chapter 9 Section 9.1.

Specifically, an experiment is simulated for 4 minimum contexts each of size 6 with a
common intersection of size 2, signal to noise ratio SNR = 1, sample size n = 150 and
dimension p = 1000, 2000, 3000. In this case k = 4,s = 2,m = 4. As mentioned above,
w € R™ is a measurement of recovery difficulty of individual minimum context. Three choices
of w are used in the simulation: w = (5,5,5,5), w = (10, 10, 10, 10) and w = (15, 15,15, 15).
For X; constructed using w, the mean and sd of cor(X;,Y) are reported in Table 10.1. For
20 iterations, the mean and sd of number of minimum contexts(out of 4) recovered by each
method are reported in Table 10.2; Figure 10.1, Figure 10.2 and Figure 10.3.
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w | Mean(cor(X;,Y)) | SD(cor(X;,Y))
) 0.316 0.077
10 0.171 0.078
15 0.122 0.082

Table 10.1: Mean and SD of cor(X;,Y) for X; with associated w

w | p | kFoward | SCAD MC+ FoBa | glmnet(Lasso)
5 | 1000 | 4/0 4/0 | 35/051 | 3.15/0.75 |  3.4/1.47
5 | 2000 | 3.9/0.31 | 3.95/0.22 | 3.3/0.73 | 2.75/0.79 3.6/1.23
5 | 3000 | 3.9/0.31 | 3.65/0.67 | 3.15/0.93 | 2.95/0.89 2.5/1.91
10 | 1000 4/0 3.8/0.62 | 2.7/1.08 | 3.5/0.51 3/1.59
10| 2000 | 4/0 | 3.4/0.88 | 1.65/1.35 | 2.8/1.11 2/1.65
10 [ 3000 | 4/0 | 2.8/1.06 | 0.95/1.19 | 1.6/1.43 | 0.15/0.67
151000 | 4/0 | 1.65/1.28| 0/0 | 1.85/0.97 0/0
152000 | 4/0 | 08/0.73 | 0/0 | 0.5/0.76 0/0
153000 | 4/0 | 0.2/0.62 | 0/0 0/0 0/0

79

Table 10.2: Mean/SD of number of recovered minimum contexts (out of 4) for 20 iterations

Figure 10.1: Average number of minimum contexts recovered for w = (5,5,5,5).

sample size n = 150, # iterations =20, k=4,s=2,w=5,5,5,5

avg # min contexts recovered (out of 4)

kForward
SCAD
MC+
FoBa
glmnet

2000

dimension p

2500 3000
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sample size n = 150, # iterations = 20, k = 4, s = 2, w = 10, 10, 10, 10
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Figure 10.2: Average number of minimum contexts recovered for w = (10, 10, 10, 10).

sample size n = 150, # iterations = 20, k = 4, s = 2, w = 15, 15, 15, 15
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Figure 10.3: Average number of minimum contexts recovered for w = (15, 15,15, 15).
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