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Abstract

Many applications of modern science involve a large number of parameters. In many cases,
the number of parameters, p, exceeds the number of observations, N. Classical multivariate statistics
are based on the assumption that the number of parameters is fixed and the number of observations
is large. Many of the classical techniques perform poorly, or are degenerate, in high-dimensional
situations.

In this work, we discuss and develop statistical methods for inference of data in which the
number of parameters exceeds the number of observations. Specifically we look at the problems of
hypothesis testing regarding and the estimation of the covariance matrix.

A new test statistic is developed for testing the hypothesis that the covariance matrix is
proportional to the identity. Simulations show this newly defined test is asymptotically comparable
to those in the literature. Furthermore, it appears to perform better than those in the literature
under certain alternative hypotheses.

A new set of Stein-type shrinkage estimators are introduced for estimating the covariance
matrix in large-dimensions. Simulations show that under the assumption of normality of the data,
the new estimators are comparable to those in the literature. Simulations also indicate the new
estimators perform better than those in the literature in cases of extreme high-dimensions. A data
analysis of DNA microarray data also appears to confirm our results of improved performance in

the case of extreme high-dimensionality.
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Chapter 1

Introduction

Multivariate statistics concerns the analysis of data consisting of more than one measurement
on a number of individuals or objects. We consider the number of measurements to be the dimension
of our analysis, typically denoted with p. The number of observations, N = n + 1, are drawn
randomly from a p-dimensional population, ©, and are known as the random sample of size N. The

measurements made on a single observation are typically assembled into a column vector, i.e.

Ti1
42
Xij =
Zip
where i represents the i*", i = 1,..., N, observation from the random sample. The set of measure-

ments on all observations in a sample set side-by-side make up a matrix of observations, X such

X:<X1 X2 XN)

and X is a p x N-matrix. We assume each vector to be from a multivariate population. When an

that,

observation is drawn randomly, we consider the vector to have a set of probability laws describing the

population, known as a distribution. The p-dimensional population is assumed to have a p X 1-mean



vector u and a p X p-covariance matrix 3 such that

M1 011 012 ... O1p

H2 012 022 ... 02
/’l’ = 5 E =

Hp Oip 0O2p ... Opp

where p; = Elz;] and 0;; = E[(x; — pi)(x; — pj)] for 4,5 < p. The expectation is defined in the
typical fashion,

E[X] = /a:f(:z:)d:c

where f is the distribution function of the random variable X. X is positive definite, typically

denoted 3 > 0 and can be expressed using the matrix notation,
T = E[(xi — Exi])(xi — E[xi])]

where x;’ denotes the transpose of the p x 1 vector x;.

Many of the classical statistical methods that have been developed and assessed can be put
in the context of the multivariate Normal, or Gaussian, distribution, denoted with x; ~ N, (i, X).
The probability density function for p x 1-dimensional random vector x from the multivariate normal

distribution is defined as,

£) = (2075 [5| exp (—;x S (x - m) ,

where ’E| denotes the determinant operation on the matrix 3 and |2‘ # 0 since X is positive
definite. 37! is the matrix inverse of 3 and is known as the precision matrix.

The normality assumption can generally be relaxed when applying many of the methods
discussed here, a property known as robustness. Regardless of the assumed distribution, in the clas-
sical case there is the assumption that the number of observations is greater than the dimensionality

of our data, i.e. N > p.



1.1 Estimation

We are generally interested in the two parameters, the mean vector, u, and the covariance
matrix, 3. However each is unknown and must be estimated. The typical estimates are the sample

mean vector, X, and sample covariance matrix, S, both from a sample of size N = n + 1, where

i
Il

with

1 N
j=1

is the sample mean of the i*? covariate. The sample covariance matrix is typically defined as
;X
S=w—71 _Z;xj - %)(x; — %)’ (1.1)
‘7:

and S can be written in matrix form

where X is a p x N matrix with each column comprised of X.
It is well-known that both X and S are based on the maximum likelihood estimators, are
unbiased and consistent, when n — oo with p fixed, for p and 3 respectively. They typically are

considered the best estimators available in the classical statistical case of N > p.

1.2 Hypothesis Testing

Decision making about p and 3 is generally achieved through likelihood ratio criterion. For

hypothesis test regarding p this test is based on the T2-statistic that is



Tests regarding the covariance matrix are also based on the likelihood ratio criterion. These
test are based on a function of the eigenvalues of the sample covariance matrix. Specific Likelihood
Ratio Tests (LRT) for varying hypothesis are described in Chapter 2. In all the hypothesis testing
thus described, we are assuming the sample size, N, exceeds that of the dimensionality, p. The
consistency of these test and other properties are shown when n — oo with p fixed. Details are
provided in many multivariate analysis, asymptotic statistical and mathematical statistical texts,
see Anderson [3], Johnson and Wichern [63], van der Vaart [107], Casella and Berger [14], Rao [81],
Dudewicz and Mishra [27], Lehmann [73] and others.

1.3 Need for new Techniques

Many applications in modern science and economics, (e.g. the analysis of DNA Microarrays,
computer science network programs, portfolio analysis in economics) involve observations where the
number of variables, p, is large. In many cases, the number of variables is of the same, or greater,
magnitude as that of the number of observations, N. The theoretical framework for the classical ap-
proach is restricted to the case where the number of observations grow while the number of variables
stays fixed. Specifically when working with the covariance matrix, new techniques are needed as the
typical methods run into several severe problems in the modern applications. Modern techniques
explore what is known as (n, p)-asymptotics, “general asymptotics,” “concentration asymptotics,”
see Ledoit & Wolf [69], or “increasing dimension asymptotics,” see Serdobolskii [93]. The (n,p)-
asymptotics are a generalization of the classical techniques, however we consider the case where
both n — oo and p — oco. Furthermore, we typically relax restrictions on the dimensionality, as it

can be larger than the sample size.

1.3.1 Estimation in High-Dimensions

The sample covariance matrix, S, defined in (1.1) becomes ill-conditioned or near singular
as the number of variables, p, approaches the number of observations. It is well known that the
eigenvalues of S disperse from the true eigenvalues of 3. The smallest eigenvalues will go to zero and
the largest will go to co as the dimensionality increases. When p > n, S is singular and the smallest
eigenvalues are zero. In many cases an accurate estimate for X, or 37!, the precision matrix, is

required. As p approaches N, or even passes it, the typical estimate for 3 becomes degenerate and



shouldn’t be used.

Typically in high-dimensions, estimation of X is achieved by putting some predetermined
structure, such as banding or diagonality, on the estimate for the covariance matrix. This structure
is chosen to be well-conditioned, non-singular and if previous knowledge about the data is available,
should be representative of the true covariance matrix.

Another popular method for estimation of the covariance matrix is that of Stein-type shrink-
age estimation. A convex combination of the sample covariance matrix, S, and some well-conditioned
target matrix is used to estimate the covariance matrix. The idea is to reduce the weight on S and
put more weight on the target matrix when the dimensionality increases. This convex combination
shrinks the eigenvalues of the sample covariance matrix to that of the target matrix. The target
matrix is chosen to be well-conditioned and non-singular. Typically matrices such as the identity
are used, but if previous knowledge of the dataset is known (e.g. stock market returns), a different
target can be designed for that particular dataset.

Since the calculation of S is well-known, and the target is predetermined, the computa-
tional issues associated with Stein-type shrinkage estimation are in determining an appropriate
weight, typically called the shrinkage intensity. Recent work by Ledoit & Wolf [70] [72] shows an
optimal intensity will always exist under the quadratic risk, however this optimal weight must also
be estimated. We recap the estimators from the literature and introduce a new set of shrinkage es-
timators for three common target matrices. The newly suggested estimators are found under fairly
general assumptions and are unbiased like many of those from the literature. A simulation study
and data analysis indicate the newly suggested estimators are comparable to those in the literature,

and appear to perform better in cases of extreme high-dimensions.

1.3.2 Hypothesis Testing in High-Dimensions

As aforementioned, the likelihood ratio criterion is typically used for hypothesis test for the
covariance matrix. In the high-dimensional case, the likelihood ratio criterion fails or is computa-
tionally unstable. The likelihood ratio criterion is based on the eigenvalues of the sample covariance
matrix. As discussed above, when p > n, only the first n eigenvalues will be non-zero. Also, the
smallest eigenvalues will tend to zero pretty quickly as the dimensionality grows. The LRT uses all p
eigenvalues and typically requires calculating the geometric mean of the eigenvalues. The geometric

mean will always result in a value of zero when p > n and will be computationally close to zero



when p is large with respect to n. Thus, the Likelihood Ratio criterion is unstable and should not
be used in cases of high-dimensions.

Recent work has looked at many of the common hypotheses regarding the covariance matrix
when the dimensionality is large, including: the covariance is the identity, proportional to the identity
(typically called sphericity), the covariance matrix is a diagonal matrix and multiple covariance
matrices are equal.

Our work begins by recapping the new methods for testing if the covariance matrix is a
diagonal matrix. The primary method is to look at the off-diagonal elements of the covariance or
correlation matrix. Under the null hypothesis, the true matrix is diagonal, and we’d expect the
off-diagonal elements of the sample covariance to be zero. A test statistic is constructed based on
these off-diagonal elements. We generalize the results in the literature to the case of a block diagonal
matrix.

We then discuss testing the hypothesis for sphericity of the covariance matrix. Several
test have been introduced in recent years utilizing the first and second arithmetic means of the
eigenvalues of S. We note that unlike the geometric mean, arithmetic means will not be adversely
effected by zero eigenvalues. We develop a new statistic for testing sphericity based on the ratio of
the fourth and second arithmetic means of the eigenvalues of the sample covariance matrix. The
asymptotic distribution of the statistic is found under both the null and alternative hypotheses. The
test statistic is shown to be consistent as both the sample size and dimensionality grow together.
Simulations indicate this new test is asymptotically comparable to those in the literature and that
under a certain class of matrices under the alternative distribution we call near spherical matrices,
the newly defined test appears to be more powerful than those in the literature. Lastly a data
analysis is performed for comparisons with the literature.

Lastly, we explore the results in the literature, as well as discuss how to modify the newly
defined statistic for sphericity, to test the hypothesis that the covariance matrix is the identity. We
note this is a special case of sphericity with proportion one. The idea of these procedures is to utilize
the fact that all eigenvalues will be one under the null hypothesis. Thus, on average, we’d expect
the eigenvalues of the sample covariance to be about one as well. We can look at squared or quartic
difference between the eigenvalues and the theoretical value of one to develop testing procedure to

see if the covariance matrix is the identity.



1.4 Organization of this Work

Chapter 2 provides a detailed discussion of much of the previous work in the literature
regarding hypothesis testing of the covariance matrix when the dimensionality is large. We introduce
several new testing procedures for multiple hypotheses and provide a simulation study indicating an
improvement in certain situations. Chapter 3 provides a review of the estimation procedures of the
covariance matrix, and introduces several new shrinkage estimators for the covariance matrix. We
note we drop the boldface notation to distinguish vectors and matrices from univariate constants

and random variables.



Chapter 2

Hypothesis Testing

We discuss advances in hypothesis testing of covariance matrices when the number of obser-
vations is less than the dimensionality of the matrix. This is a common problem in modern genetic
research, medicine and economics. In the classical case, i.e. n > p and n-large, test based on the
likelihood ratio are used. The likelihood ratio test becomes degenerate when p > n. Details will be
provided in the individual sections below.

Much of the current work rests on the large body of literature regarding asymptotics for
eigenvalues of random matrices, specifically the sample covariance matrix, such as Arharov [4], Bai
[5], Narayanaswamy and Raghavarao [76], Girko [47] [45] [46], Serdobolskii [92] [93] [91], Silverstein
[95], Yin and Krishnaiah [112] and others. We build on the substantial list of work completed on
statistical testing in high-dimensions, such as Bai, Krishnaiah, and Zhao [8], Saranadasa [84], Kim
and Press [65], Girko [48] and most recently the work completed by Ledoit and Wolf [69], Srivastava
[99] [100] [97] and Schott [87], [88], [89], [90].

This chapter contains four sections discussing three common hypotheses about the covari-
ance matrix and concluding remarks. We begin by discussing the work completed by Srivastava [99]
and Schott [88] for testing independence of variables in the covariance matrix, i.e. the covariance
matrix is a diagonal matrix. Using the methodology of Srivastava [99] we discuss how to create a
test for block-diagonality of the covariance matrix. In the second section we explore the existing
tests for sphericity of the covariance matrix and develop a new test based on the Cauchy-Schwarz
inequality. Further exploration into the performance of our newly defined test is achieved through a

simulation study and the application of our new test on some microarray data. In the third section



we discuss the work that has been done on testing that the covariance matrix is the identity. We

conclude with some observations, remarks and discussion of potential future work.

2.1 Testing for an independence structure

Let x1, x2, ..., xn be iid Np(p, X), sample size N = n + 1. We consider the problem of

testing the hypothesis of complete independence, i.e. Hy : ¥ = diag (Ufl,cr%Q, e We begin

+0m)-
by discussing the work of Schott [88] and Srivastava [99].

Schott [87] notes the above hypothesis is equivalent to o;; = 0 forall 1 < i < j <p. A
simple and intuitive statistic for testing would be based on the s;;’s from the sample covariance

matrix S. Under the assumptions that the data comes from a multivariate normal distribution,

Schott [87] looks at the sum of squares of the s;;s and centralizes to mean zero. He derives

8ii8jj
S )
i=2 j=1
and finds
(n—1) L
2
Inp = nz n+2) ZZS“ 5jj (2:2)
=2 j=1
is a consistent estimator for the variance of t,,), from (2.1). He then shows that t},, = t,,/672,~N(0,1)

as (n,p) — oo. In [88] he provides a similar result using the sample correlations.

Srivastava [99] develops a similar test using the sample correlation matrix. Noting that an
equivalent null hypothesis is p;; = 0 when p;; = 0;;/ \/Tii0;j5. We let r;; be the sample correlation,
or

Sij . .
- — i # 2.3
Tij 5351, s UFE ] ( )

and he constructs a test based on the sum of squares of 7;;s for all ¢ # j. Srivastava [99] [100] shows

as (n,p) — oo
n2f<j Tin —-q .

T = <~ N(0,1), 2.4
o (0,1) (2.4)
where
_1 (r-1)
q 2p p .

We build on the idea of independence to the more general case of a block diagonal structure,



specifically we are interested in testing Hp : ¥ = X* against Hy : X # X* where

Y11 O 0
0 Xo 0
¥ = , (2.5)
0 0 Ykk
with each X;; being a p; x p; positive definite covariance matrix, for i = 1,..., k. In Schott [87], he

provides a generalization of his above result for testing against a block diagonal structure.

We provide a generalization of the result provided by Srivastava [99]. This hypothesis
equates to testing Hy : o;; = 0 for all (¢,7) off-block diagonals entries, against the alternative
oi; # 0 for at least one-pair (4, j). Without loss of generality we can consider the hypothesis based
on the correlation, Hy : p;; = 0 versus Hy : p;; # 0 for at least one pair (i,7) on the off diagonal
block entries where p;; = aij/(aiiojj)l/z for ¢ # j. Let r;; be the sample correlation coefficient

defined above in (2.3). We define

q=pip2 +p1p3 + ... +p1pr +paps + ...+ papk + .o+ PEo1Dk (2.6)
and
/
r= (r1,p1+1a"-aTl,pvr2,p1+17"'7Tp1+--»+pk71,P1+v--+pk71+1a"'vrp1+--.+pk71»}7) . (27)

That is, r is a vector of the sample correlations corresponding to the off-block diagonal entries with

length q. Let

p= <p17p1+1’ P1pr+2;--- ’pp1+...+z7k71,p), (2'8)

be the corresponding true correlations for the off-block diagonal entries. Under Hy, each p;; = 0

and hence p is a vector comprised of ¢ zero elements. By Hsu [58],

Vnr ~ N,(0,9)

where the covariance matrix, €2, has diagonal elements (1 — p?j)2 for each 4, j in p, which equates to

10



1 under Hy, and off-diagonal elements given by

cov(rij, ki) = pirpii + papik — Pij(Pikpi + Pikpit) — Pik(PikPr + pap;si)

+3piion (% + 3+ P2+ P2)- (2.9)

(2.9) can be simplified to

cov(rij, Tki) = pikPjt + PitPik (2.10)
under the null hypothesis.

Lemma 2.1.1.

m“’Q_lrgxi as n — oo
Proof. A common result in Linear Models, see Graybill [50] O

Theorem 2.1.1. Asn — oo,
nr'Q lr —q p
—— 5 N(0,1).
V2q
Proof. An application of the Central Limit Theorem on the asymptotically independent y? random

variables provides the result. O

Application of Lemma 2.1.1 and Theorem 2.1.1 allows us to test Hg : ¥ = X* vs Hy : 3 # 3*

with the statistic
nr'Qlr — g

V2q

where () is the consistent estimator of  comprised of Ti4S.

Z = (2.11)

Theorem 2.1.2. As (n,p) — oo, the test statistic, ZgN(O7 1)

Proof. We provide the general argument for the proof. Each r;; — p;; as n — oo, hence Q0 — Qand
Ot -0t by Slutsky’s Theorem and continuous mapping theorem. Whence nr’ 012 X3~ This
argument shows n-consistency and is not based on the behavior of p.

An application of the central limit theorem with respect to p, and hence ¢, on nr’ QO-1r gives

nr’fl_lrfq D

us the result Z = *—==——1 = N(0,1) as (n,p) — oo.
Further details for the convergence can be found in Srivastava [100]. O

11



2.2 Testing for Sphericity

We consider the problem of testing for sphericity of the covariance matrix, or that the
covariance matrix is proportional to the identity matrix. Explicitly written as Hy : ¥ = 21 vs
Hy : ¥ # 021, where 02 is an unknown scalar proportion. As previously discussed, when n > p the
appropriate test is the likelihood ratio test (LRT) defined below in (2.12). It is a test based on the

eigenvalues of the sufficient statistic S. The LRT is

p

14 1
| Ill P
=1

W= |- (2.12)
(1/p) Z l;

where ;,i = 1,...,p, are the eigenvalues of S. From Anderson [3]
P(—nplogW < z) = P(xfc <2z2)+wsy (P(X?+4 <z)- P(X?‘ <2z))+0(n?) (2.13)
where
1
fo= gplp+1)-1, (2.14)
2% +p+2
= 1—-— 2.15
P 6pn ' (2.15)
2(p—1)(p—2)(2p>+6p>+3 2
by = 21— 2@ +6p" +3p+2) (2.16)
288p%n2p?

The LRT has been shown to have a monotone power function by Carter and Srivastava [13]. The
LRT depends on the geometric mean of the sample eigenvalues. When n < p, the likelihood ratio
test is degenerate since only the first n eigenvalues of the sample covariance matrix will be non-
zero, resulting in a geometric mean of zero. Furthermore, as p ~ n, S becomes ill-conditioned,
and the eigenvalues disperse from the true eigenvalues. Bai and Yin [7] show the smallest non-zero
eigenvalues will approach a limit close to zero creating an ill-conditioned, or degenerate, test. New
methodology is necessary when the number of variables, p, is of the same order, or larger, as the
number of observations, n.

Ledoit and Wolf [69] show the locally best invariant test based on John’s U statistic [62],

see (2.19), to be (n, p)-consistent when (p/n) — ¢ < oo and ¢ is a constant known as the concentra-

12



tion. However the distribution of the test statistic under the alternative hypothesis is not available.
Srivastava [99] proposes a test based on consistent estimators of the trace of powers of X. His test,
like that of John, is based on the first and second arithmetic means of the sample eigenvalues but
only requires the more general condition n = O(p?), 0 < § < 1. Furthermore, in Srivastava [100]
he proposes a modified version of the LRT in which only the first n eigenvalues are used. This test
is applicable under the assumptions n/p — 0 and n fixed. Motivated by the result in [99] we pro-
pose a test based on consistent estimators of the second and fourth arithmetic means of the sample
eigenvalues.

We begin by highlighting the technical results of the work done in the literature. Under the
assumptions that (p/n) — ¢ < oo, normality of the data, and finite fourth arithmetic means of the

eigenvalues, Ledoit and Wolf [69] explore John’s U-statistic [62]

(s Y L /(s
U= [((Up)tr(s) I)] [(1/p)tr(S)) . (217)

They show that as (n,p) — oo

nU —p2 N(1,4) (2.18)
and hence
nU—-—p—1p
Uy = —s = N(0,1) as (n,p) — oo. (2.19)

Srivastava [100] proposes an adapted version of the likelihood ratio test when n > p to the

case n < p simply by interchanging n and p. We let

o = (n+1)(n—1)(n+2)(2n3 + 6n + 3n + 2)

288n2
22 +n+2
my = p-——0,
6n
1
g = in(n—kl) -1,
Q1 = -—mqloglLy, (2.20)
where
n
g
L= =t (2.21)



and [; are the eigenvalues of the sample covariance matrix. We note L; is based on the first n

non-zero eigenvalues of S. Srivastava [100] provides the following result
PQ122) = P0G, 2 2) +am;® [P0 2 2) ~ POG, 2 2] +0(md).  (222)

We next describe the test defined in Srivastava [99] and use it to introduce our newly defined
test. Ledoit and Wolf [69] discuss concerns over John'’s U statistic and describe how no unbiased
tests are known for high-dimensional of the form of M (r)/M(t), where M(r) is the r*® arithmetic
mean, for 7, > 0. Using this as motivation, we let z1,...,zx be ild N,(y,¥) and N = n + 1.
The covariance matrix, 3, is assumed to be a positive definite covariance matrix and g is the mean
vector. Let a; = (tr¥%/p), where %% is a short notation for the matrix multiplication of i ¥s, i.e.

Y3 =¥ x ¥ x ¥. Assume the following,

(Aa):Asp— o0,a; —al,0<al <oo,i=1,...,8.

(B.a):n:O(p5),O§5§1,

where O denotes Big-Oh notation.
Like that of the LRT, testing remains invariant under the transformation * — Gz, where G

is an orthogonal matrix. The test is also invariant under the scalar transformation x — cx; thus we

may assume without loss of generality ¥ = diag(A1,...,A,). From the Cauchy-Schwarz inequality,
it follows that )
P P
(Sarer) <n(3)
i=1 i=1
with equality holding if and only if A; = ... = A, = A for constant A\. Thus the ratio

(Z A?T/p>

% >1 (2.23)
Ai/

(5)

with equality holding if and only if A\; = A, some constant A, for all ¢ = 1,...,p. Thus, we may

U =

consider testing Hy : ¢, = 1 vs Hp : 1, > 1. We note this test is based on the ratio of arithmetic

means of the sample eigenvalues.
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Srivastava [99] considers the case where r = 1 and finds

) " ! {tr&a - ;(trsf} /(trS/p)? = % (2.24)

L )

and provides the distribution under the null and alternative hypothesis of the test statistic under

the two assumptions (A.a) and (B.a). We summarize his results from [99].

Theorem 2.2.1. Under assumptions (A.a) and (B.a), as (n,p) — oo asymptotically

(3) (5 -w) 208

where

2n(aga? — 2a1a2a3 +a3) a3
&= (a10) 5 242 (2.25)
bay ap

Corollary 2.2.1. Under the null hypothesis that 11 = 1, €2 = 1 and under assumptions (A.a) and
(B.a), as (n,p) — oo

T,=" (a; - 1) DN (0, 1) (2.26)
2 \ af

Results for the simulated attained significance level, or size, and power are provided in [100]
and in our analysis below.

We construct a consistent test in the case of 7 = 2 to compare with the test results provided
in the literature. Consider the adapted assumptions similar to that of Srivastava [99] and Ledoit

and Wolf [69],

(A):Asp — o0,a; — al,0 < al <oo,i=1,...,16,

(B):Asn,pﬂoo,gﬂcwhere()<c<oo.
n

Consider the following constants

4
_ 4 9.97
b2 2.27)
2n% + 3n — 6)
Q- 2.28
n(n?2+n+2)’ (2.28)
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2(5n + 6)

d= ——"— 2.29
n(n?+n+2)’ (2:29)
on + 6
_ 2.30
¢ n2(n2 +n+2)’ (2:30)
and
_ n(n?® +n+2) (2.31)
C(n+Dn+2)(n+4)(n+6)(n—1)(n—2)(n—3) ’
Theorem 2.2.2. An unbiased and (n,p)-consistent estimator of as = > 5, X} /p is given by
a4 = T [tr54 +b-trS3trS + ¢* - (tr52)2 +d- 151"5’2(151"5)2 +e- (trS)ﬂ. (2.32)
p
Proof. The result is provided in Theorems A.2 and A.3 in the Appendix. O
Thus an (n, p)-consistent estimator for 1 is given by
L by
Yo = P
where
n? 1 1
g = ———————— [trS? — = (tr5)? 2.33
= T [ 2] (2:33)

is provided in Srivastava [99]. The derivation and justification for our estimator is provided in the

Appendix.

Theorem 2.2.3. Under assumptions (A) and (B), as (n,p) — oo

n &74_ D 9
( 8(8+120+02)> <a§ 7’[]2) NO&)

where
1 4 8 4
2 = m (Eai — 040206 — dagaza; + Eagag + dagas (2.34)
+8aasaz + 4cagay + 8ca3as + 02ag>
Proof. The result is provided in Theorem A.13 in the Appendix. O
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p=cn \c=1\c=2\c:4\c:5‘ ’p:cn \021\022\024\025‘

n=25 | 0.036 | 0.040 | 0.050 | 0.056 n=25 | 0.050 | 0.067 | 0.057 | 0.057
n=>50 | 0.050 | 0.061 | 0.050 | 0.058 n="50 | 0.055 | 0.049 | 0.051 | 0.053
n=100 | 0.060 | 0.052 | 0.048 | 0.054 n =100 | 0.057 | 0.053 | 0.056 | 0.060
n =150 | 0.049 | 0.048 | 0.049 | 0.047 n =150 | 0.054 | 0.046 | 0.050 | 0.040
n =200 | 0.047 | 0.055 | 0.057 | 0.051 n =200 | 0.041 | 0.043 | 0.052 | 0.042
Table 2.1: ASL for T in (2.35) Table 2.2: ASL for T, (2.26)

Corollary 2.2.2. Under the null hypothesis, 1o = 1, and under the assumptions (A) and (B), as

(n,p) = o0

_ n i\ p
o ( 88 + 126—|—c2)> (ag 1) N(0,1) (2.35)

Proof. The result is provided in Corollary A.2 in the appendix. O
Theorem 2.2.4. Under assumptions (A) and (B), as (n,p) — oo the test T is (n,p)-consistent.

Proof. See Theorem A.14 in the appendix. O

2.2.1 Simulation Study

We provide a simulation study to show the effectiveness of our test statistic. We first provide
a study to test the normality of our test statistic. We look at the Attained Significance Level (ASL),
or simulated size, as well as the QQ-Plot for Normality. We first draw an independent sample of

size N = n + 1 from a valid null distribution (A = 1). We replicate this 1000 times. Letting

r= ( 8(8—}—?204—02)) (Zg _1>

ASL(T) = 7(#7;0303“)

we calculate

denoting the ASL of T where z, is the upper 100a% critical point of the standard normal distribution.
We test with av = 0.05. Table 2.1 and 2.2 provide the results for an assortment of ¢ = £ values for
both our test statistic, and that of Srivastava [99] since it is most similar to our test in construction.
Ledoit and Wolf [69] and Srivastava [100] provide analogous results for the U; and Q1 test statistics
in (2.19) and (2.20), respectively.

We see the resulting ASL values are comparable between the two tests, and appear to be
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Figure 2.1: Normal QQ-Plot for T in (2.35) under Hy

approximately normal, particularly when the sample size increases. Next we further confirm the
normality result of our test statistic through a series of QQ-Plots. We look at the case of ¢ = 2
so p = 2n. We draw a random sample of size N = n + 1 under the null distribution with A = 1,
replicate 500 times and plot the Normal QQ plot for the 500 observed values of T. We repeat the
task for n = 25,50, 100,200 with respective values of p. The results are in Figure 2.1.

We see from Figure 2.1 that the test statistic defined in (2.35) appears to be normal as
(n,p) — oo under assumptions (A) and (B). We repeat the same simulation under the alternative
distribution with ¥ = A with A as a diagonal matrix with eigenvalues that are Unif(0.5,1.5). Figure

2.2 provides the results. We see from those QQ-Plots that under assumptions (A) and (B) and an
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Figure 2.2: Normal QQ-Plot for T" in (2.35) under H 4

alternative hypothesis, the normality result appears to be confirmed as (n,p) — oo.

We next conduct a series of power simulations. From Theorem 2.2.4, the power of our test
should converge to 1 as (n,p) — oo under assumptions (A) and (B). To make comparisons with
Srivastava [100] we perform a similar test. We first carry out a simulation to obtain the critical
point of our test statistic and that of Srivastava. We sample m = 1000 observations under H, of

our test statistic and find T, such that

P(T>T,) =a.
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p=cn \c=1\c=2\c:4\c:5‘ ’p:cn \021\022\024\025‘

n=25 | 0.149 | 0.152 | 0.108 | 0.105 n=25 | 0.317 | 0.274 | 0.274 | 0.317
n=50 | 0.308 | 0.220 | 0.139 | 0.140 n=50 | 0.677 | 0.744 | 0.736 | 0.675
n =100 | 0.778 | 0.631 | 0.371 | 0.259 n =100 | 0.987 | 0.996 | 0.990 | 0.995
n =150 | 0.955 | 0.848 | 0.504 | 0.434 n =150 | 1.000 | 1.000 | 1.000 | 1.000
n =200 | 0.997 | 0.946 | 0.724 | 0.594 n =200 | 1.000 | 1.000 | 1.000 | 1.000
n =300 | 1.000 | 0.999 | 0.956 | 0.937 n =300 | 1.000 | 1.000 | 1.000 | 1.000
Table 2.3: Simulated Power for T in (2.35) Table 2.4: Simulated Power for T in (2.26)
under ¥ = A ~ Unif(0.5,1.5) under ¥ = A ~ Unif(0.5,1.5)
p=cn \021\022\024\025‘ ’p:cn \021\022\024\025‘
n=25 | 0.410 | 0.368 | 0.214 | 0.225 n=25 {0974 | 0.970 | 0.962 | 0.975
n=>50 | 0.849 | 0.676 | 0.402 | 0.358 n=>50 | 1.000 | 1.000 | 1.000 | 1.000
n =100 | 1.000 | 0.993 | 0.868 | 0.760 n =100 | 1.000 | 1.000 | 1.000 | 1.000
n =150 | 1.000 | 1.000 | 0.986 | 0.958 n =150 | 1.000 | 1.000 | 1.000 | 1.000
n =200 | 1.000 | 1.000 | 1.000 | 0.999 n =200 | 1.000 | 1.000 | 1.000 | 1.000

Table 2.5: Simulated Power for T in (2.35) Table 2.6: Simulated Power for T in (2.26)
under ¥ = A ~ Unif(0.5,10.5) under ¥ = A ~ Unif(0.5,10.5)

T, is the estimated critical point at significance level a. We then simulate again with sample size
N =n+1 drawn from N,(0,A) where A = diag(A1,...,A,). For comparison to [100] the values of
); are obtained by taking p iid random observations from the uniform distribution over the domain
(0.5,1.5). The sample is replicated m = 1000 times and the percentage of times the statistic T
exceeds Ty, is recorded as the simulated power for the statistic. Tables 2.3 and 2.4 provide results
for both our test statistic and that defined in Srivastava [99].

We see from tables 2.3 and 2.4 that both test statistics appear to be consistent as (n,p) — oo
under assumptions (A) and (B). We then can conclude the two tests appear to be asymptotically
comparable as (n,p) — oo. It does appear the power of the test defined in Srivastava converges
quicker to 1. Discussion of this and other performance behavior is left for the Remarks section below.
We also look at a similar power simulation with the eigenvalues \; as Uniform random variables over
the domain (0.5, 10.5). The results are provided in Tables 2.5 and 2.6. These tables show that when
the diagonal entries of the covariance matrix have a greater range, in both test, the power converges
to 1 quicker.

We next note that both (2.26) and (2.35) are approximately Z-test for large n and p. We

further note that if

B 1428 12c+ @) (“3 - 1) , (2.36)
az ay
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p=cn \c:17¢:3\c:27¢=4‘ p=-cn \c:1,¢=3\c:2,¢:4‘

n =25 0.505 0.580 n =25 0.427 0.463
n =50 0.647 0.750 n =50 0.489 0.599
n = 100 0.794 0.901 n = 100 0.529 0.641
n = 150 0.858 0.938 n = 150 0.565 0.680
n = 200 0.903 0.969 n = 200 0.624 0.710

Table 2.7: Simulated Power for T in (2.35) Table 2.8: Simulated Power for T in (2.26)
under near Spherical Covariance Matrix under near Spherical Covariance Matrix

the test defined in (2.35) should be more powerful than that described in (2.26). One such case is

that of a near spherical covariance matrix, i.e. covariance matrices of the form

6 0 0
) 01 ... 0

Y=o o 1 (2.37)
0 0 1

where o2 is the unknown proportion and ¢ is a non-one constant. In general, we can assume the
covariance to be the identity with the exception of one element, ¢ # 1. We perform a power
simulation on near spherical matrices as defined in (2.37). The results in Tables 2.7 and 2.8 suggest
our test statistic is more powerful than that described in Srivastava [99] for these near spherical

matrices.

2.2.2 Data Examples

In this section, for further comparison we test the hypothesis of sphericity against the

following classic data sets.

2.2.2.1 Colon Datasets

In this dataset, expression levels of 6500 human genes are measured using Affymetrix mi-
croarray technology on 40 tumors and 22 normal colon tissues. A selection of 2000 genes with the
highest minimal intensity across the samples has been made by Alon, Barkai, Notterman, Gishdag-
ger, Mack and Levine [2]. Our dimensionality, p = 2000 and the degrees of freedom available
to estimate the covariance matrix is only 60. The data is further described and is available at

“http://microarray.princeton.edu/oncology/affydata/index.html”. A base-10 logarithmic
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transformation is applied.

2.2.2.2 Leukemia Datasets

This dataset contains gene expression levels of 72 patients either suffering from acute lym-
phoblastic leukemia (ALL) or acute myeloid leukemia (AML). There are 47 and 25 patients for each
respective case and they are obtained on Affymetric oligonucleotide microarrays. The data is at-
tributed to Golub, Slonim, Tamayo, Huard, Gaasenbeek, Mesirov, Coller, Loh, Downing, Caligiuri,
Bloomfield, and Lander [49]. We follow the preprocessing protocol attributed to Dudoit, Fridlyand,
and Speed [28] and Dettling and Biithlmann [24] by a thresholding, filtering, a logarithmic transfor-
mation but do not follow standardization as to compare to the results in Srivastava [100]. The data
is finally comprised of p = 3571 genes and the degrees of freedom available is only 70. The data is

available and described further at “http://www.broad.mit.edu/science/data”.

2.2.2.3 Test Performance

Both sets of the preprocessed data are available at the website of Prof. Tatsuya Kubokawa,
see “http://www.e.u-tokyo.ac.jp/ "tatsuya/index.html”. In each of the datasets, we treat them

as two samples. In the colon data, we assume

Xiumor ~ N(,U'tumomz)a (238)

KXtissue ~ N(ﬂtissuea E) (239)

We treat each sample individually, centralizing each Xyymor and Xy;ssue by their respective sample
means. We then combine back into one sample of size N = 62 and computing the sample covariance
matrix S with n = 60 degrees of freedom. We note this is equivalent to treating each of the samples
individually and finding the pooled covariance matrix as an estimate for X.

For the colon data, we get test values of T' = 185.8071, T, = 2771.6538, Q1 = 82086.3214
and Uy = 2816.2916 for (2.35), (2.26), (2.20) and (2.19) respectively. The leukemia data is treated
the same way (as two samples, with n = 70 degrees of freedom) and we get the value observed
test values T = 242.4386, T = 2294.9184, ()1 = 86120.8290 and U; = 2326.7520 for (2.35), (2.26),
(2.20) and (2.19) respectively. We note in each case we get a p-value=0 indicating any assumption

of sphericity in the case of these datasets to be false.
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2.2.3 Remarks and further Development

We have proposed a new test for sphericity of the covariance matrix. Like that of Srivastava
[99], our test is based on the Cauchy-Schwartz inequality. Unlike John’s U-statistic and Srivastava’s
T, test, we look at the second and fourth arithmetic means of the sample eigenvalues, as compared
to the first and second. The newly defined test statistic T' (2.35) appears to perform better in some

near spherical cases and is asymptotically comparable.

2.2.3.1 Changes in Assumptions

Of all the test discussed, the test discussed in [99] has the weakest assumptions in terms
of the growth of p and n. Srivastava simply requires n = O(p?) for some 0 < § < 1. Our newly
defined test, and that of Ledoit and Wolf [69], require p/n — ¢, for some finite concentration such
that 0 < ¢ < co. Although this is a stricter assumption, we note that in practice the concentration
¢ is easily estimated by p/n. For example, in both of the analyzed data sets, ¢ is approximated by
2000/60 = 33.333 and 3571/70 = 51.01428 respectively for the colon and leukemia datasets. The
concentration is required for the asymptotic result but should not hinder any application of these
test statistics.

The U-test of John only requires convergence of the fourth arithmetic mean of the eigenvalues
of ¥. The test described in Srivastava [99] requires convergence of the eighth arithmetic mean. We
require convergence up to the sixteenth arithmetic mean. We found no violations of this assumption
during preliminary simulation tests, however we note convergence of higher order means may be

infeasible in certain problems.

2.2.3.2 Limitations

We discovered several limitations in the test defined in (2.35) and, in general, tests of the
form (2.23). When r is limited to the positive integers, as r increases, we require higher and higher
arithmetic means of eigenvalues to converge. At r = 1, Srivastava [99] requires up to the eighth
arithmetic mean to converge. At r = 2, we require up to the sixteenth. Continuing with this
methodology, a test based on » = 3 would require up to the thirty-second arithmetic mean to
converge. It can easily be seen that as r increases, the assumption of the convergence in arithmetic

mean may become infeasible.
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We further note the increase in the variance of our test statistic, compared to that of
Srivastava [99]. As we look at higher arithmetic means, the variance of our test statistic increases.
This can seen as (2.25) < (2.34) in general. The power of the test defined in (2.35) appears to
converge slower than that described in [99]. Although the two test are asymptotically equivalent,
and the newly defined test in (2.35) appears to outperform that of Srivastava in near spherical cases

of X, the larger variance of T' may be a problem in certain cases.

2.2.3.3 Future Work and Recommendations

We have defined a new test of the form (2.23) with » = 2. This builds upon the work of
Srivastava who defined a test based on r = 1. Future work may look at r = 3,4,.... We conjecture
that these test will be more powerful than that already defined in certain cases of X, however we
also note these test will make more restrictive assumptions and the variance of the test statistic will
grow to the point where it may be infeasible to use the statistic. In the case of r being a fraction,
e.g. r = 0.5, we suspect the test may be more powerful in some cases of ¥ and in general will not be
hindered by assumptions and a large variance. However, the distribution of terms like a 1 is difficult
to determine and we leave this question open.

Although each of the test described is asymptotically equivalent, each test seems to perform
better under certain circumstances. We recommend our newly defined test, 7' (2.35), when a near
spherical covariance matrix is suspected. In general, the test of [99] or that based on John’s U
statistics as defined in Ledoit and Wolf [69], do not appear to be hindered by larger variance terms

and are comparable in performance.

2.3 Testing for Identity Covariance Matrix

We now explore the results in the literature, namely Ledoit and Wolf [69] and Srivastava [99]
[100], in testing whether the covariance matrix equals a p X p identity matrix, i.e. Hy: X = I versus
Hy, : ¥ # I. We note this is a special case of the sphericity test when 02 = 1. Under the classical
n-asymptotics we typically will look at the test statistic based on the likelihood ratio criteria that

can be found in Anderson [3], et. al. Let,
1 3n
Al = edrn (|S|e*“<5>) (2.40)
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and the distribution, as n — oo, can be found by

. 5 _
P(=2plog A} < z) = P(xF < 2) + pT;,Q (P(xF44 < 2) — P(x7 < 2)) +O(N®) (2.41)

where

) = _ 2% +3p—1

6N(p+1) ’
~ p(2p* 4 6p +p* — 12p — 13)
2= 288(p + 1) ’
1
f = 5p(p+ 1).

Nagao proposes an invariant test based on the eigenvalues of S. Consider,
1 2
V==tr[(S—1)] (2.42)
p

which Nagao [75] derived from John’s U statistic for the case of ¥ = I. He shows under the null
hypothesis, as n — oo, V has a limiting x2-distribution with %p(p + 1) degrees of freedom.
Ledoit and Wolf [69] propose a test statistic based on V that has desirable (n, p)-asymptotic
properties. Let ,
W= %tr [(s—1? -2 [1tr(S)] 2 (2.43)

n|p n
Under the same assumptions as for the convergence of the U statistic, namely p/n — ¢ < oo,
normality of the data, and convergence of the third and fourth arithmetic means of the eigenvalues
of X, they show under the null hypothesis of ¥ =1,
W—-p-1

% L N(0,1) as (n,p) — oo. (2.44)
They show the test based on W to be equivalent to Nagao’s test based on V in the classical n-
consistency sense. We note that the distribution under the alternative hypothesis is unavailable.
Birke and Dette [11] look at the test statistics studied by Ledoit and Wolf [69] and study the

behavor when ¢ — 0 or ¢ — oo.

Srivastava [100] proposes a test based on the modified likelihood ratio test except under the
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case when n < p, consider
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(2.45)
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where [; are the eigenvalues of nS. Let

1
go = in(n—i—l),
— _2n2+3n+1
2 =P 6(n+1) ’
n
= —(2n* S4n?—12n—-1
o 288(n+1)( n® +6n° +n n — 13),
2
Q2 = - (7;;2> IOg LQ.

Srivastava shows under the null hypothesis ¥ = I, when n/p — 0, the asymptotic distribution of Q9

is given by
P(Qx > 2) = PG, 2 2) +cmy? (P > ) — PO, 2 ) +0(m;®). (246)

In Srivastava [99], he proposes a test based on the sum of the eigenvalues, if \; = 1 for all

i, then
1< )
=Y (-1 =0
pi:l
thus
1 p p P
-1 = lZA?—2ZAZ+p
pi:l =1 =1

"= QB

[tr2? — 218 + p]

= ay—2a1+1=0

where as and a; are defined as the second and first arithmetical means of the eigenvalues of X. As
previously discussed in Section 2.2, Srivastava finds (n,p)-consistent estimators for as and aq, see
(2.33) and Srivastava [99]. Under the assumptions (A.a) and (B.a) from Section 2.2, he derives the
distribution of the test statistic

T =g — 2G4y + 1, (2.47)
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as

(5) @ = (a2 = 200) - 1) 2N (0, ),

where

2n
&= ?(ag — 2a3 + ay) + a3

as (n,p) — oo. Under the null hypothesis, as (n,p) — oo
(g) 7 2 N(0,1).

The test based on T.* is a one-sided Z-test for large (n, p).
We note that using methodology similar to that of Section 2.2, we can propose a new test

based on,

p p
[Z M- 22)@ +p
=1 i=1

= [tr24 — 2try? +p]

"Wl B

= a4 —2a2+1=0.

Consistent estimators of a4 and as are derived in the section on Sphericity. However it was noted
that the variance term for a4 is quite large, and can hinder the performance of our newly defined
test statistic. However, that test seemed appropriate in the case of near spherical covariance ma-
trices. The same methodology can be implemented here to define a new test statistic, however we
question whether there will be any statistical advantage in this newly defined test. Additional work
is necessary to determine if test-statistics involving the fourth, or other arithmetic, means of the

sample eigenvalues should be pursued.

2.4 Concluding Remarks

In this work, we have studied three common hypothesis tests for the covariance matrix in
the framework of general asymptotics. We began by highlighting the previous work in the literature
describing test for complete independence, or that the covariance matrix has a diagonal structure.

We proposed a generalization of the test Srivastava [99] proposed based on the sample correlation
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matrix. We highlighted the work completed on testing for sphericity of the covariance matrix, and
proposed a new test based on the fourth and second arithmetic means of the eigenvalues of X.
Monte Carlo simulations confirm our asymptotic results and we apply the newly defined test against
large dimensional microarray data. Our newly defined test is comparable to that in the literature
and appears to perform better when the covariance matrix has a mear spherical structure. Lastly
we study the existing test for an Identity covariance matrix and discuss a proposal for a new test
based on the fourth and second arithmetic mean. The distribution under the alternative and null
hypothesis can be explicitly calculated using the methodology described in the Appendix. Due to
the high variance of our unbiased and consistent estimator of a4, at this time, we cannot justify the
construction of such a test. Future work may explore the usefulness of a test based on the fourth and
second arithmetic moments. Lastly we note a key contribution of this work and that of Srivastava
[99]: Unlike the previous work, the asymptotic alternative distribution is available for the sphericity
test and identity test defined.

Directions for future work include: exploration into test statistics involving higher order
arithmetic means for sphericity and identity, searching for the most powerful tests (within specific
alternative frameworks, e.g. near spherical), relaxing the normality assumption, exploration of the

rate of convergence.
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Chapter 3

Estimation

We discuss the advances in the estimation of the covariance matrix X. We begin by de-
scribing the classical approach and its limitations. Typically, ¥ is estimated with its empirical
counterpart, the sample covariance matrix (1.2). Given a sample of size N = n + 1 and dimension
p, we find

S = %(X ~ X)(X - X)

where we have dropped the bold notation indicating matrices. S is a p X p semi-positive definite
matrix. If n > p, S is positive definite with probability 1, and hence is nonsingular. S is based on
the maximum likelihood estimator and is unbiased for ¥. In this classical case, S is also consistent
for ¥ as n — oo with p fixed. The eigenvalues of S are good estimates of the eigenvalues of X. Since
S is nonsingular, S~! can be used to estimate the precision matrix X~!. In the classical case, S is
typically considered the best estimator for X.

Although S has several desirable properties, in practice the sample covariance matrix has
some limitations. In many applications an estimator for the precision matrix is needed. When
p > n, S is singular and cannot be inverted. As n & p, S becomes ill-conditioned and near-singular.
Furthermore as p — n or p > n, the eigenvalues of S disperse from the true eigenvalues of ¥, see
Ledoit and Wolf [72], Schéfer and Strimmer [85], Bai, Silverstein and Yin [6], Bai and Yin [7], Bickel
and Levina [10] and others for details of sample eigenvalue dispersion. In many applications of
modern statistical methods, such as economics, portfolio selection (Ledoit and Wolf [70] [71], Frost

and Savarino [41], Jorion [64]), clustering of genes from microarray data (Eisen, et al. [36]), gene
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association networks (Toh and Horimoto [105], Dobra et al. [26]) and other applications where the
dimensionality is large, an accurate estimate of the covariance matrix or precision matrix is needed.
Besides an increase in efficiency and accuracy, it would be desirable that estimates of the covariance
matrix (and precision matrix) should exhibit two characteristics not always found in S: they should

be (1) positive definite and (2) well-conditioned.

3.1 Estimation Techniques

In the contents of estimating the mean vector of a multivariate normal distribution, Stein
[101] demonstrated that we can improve upon the maximum likelihood estimator when the dimen-
sionality, p, is non-negligible. Stein [102] and James and Stein [61] explore the idea of improving
upon the MLE further. More insight into the so called “Stein-phenomenon” or “Stein-affect” on the
performance of the MLE is provided in Efron [32].

We will highlight some of the historical approaches used to improve estimation of the covari-
ance matrix. Stein [103] proposes an estimator that keeps the eigenvectors of the sample covariance
matrix but replaces its eigenvalues. Isotonic regression is applied before recombining the corrected
eigenvalues with the eigenvectors to ensure they are positive. Dey and Srinavasan [25] derive an es-
timator that is minimax under certain loss functions. It scales the sample eigenvalues by a constant.
Haff [51] [54] introduced a new type of estimator for the precision matrix based on two different loss
functions based on an identity for Wishart distribution [52] [55]. Efron and Morris [34] and Yang
and Berger [111] use a Bayesian approach to estimate the precision matrix and covariance matrix,
respectively. The list of literature that much of the current work is indebted cannot be justly sum-
marized here. The basic technique was to reduce L(3,%) (or L(3~1, 1)), for some loss-function
L, compared to L(S,Y) (or L(S~!,X71)), and find an appropriate estimator meeting the reduction
criterion. Various loss functions and methodology have been explored and the work continues. We
now explore some of the more recent advances.

We briefly describe some of the work that does not fall into the “shrinkage” realm. Most
of these techniques assume some structure in the true covariance matrix and exploit it for a better
estimator.

Eaton and Olkin [30], Pourahmadi [77] [78] [79], Pourahmadi, Daniels and Park [80], Huang,
Liu, Pourahmadi and Liu [60], Chen and Dunson [18], Roverato [82] and Smith and Kohn [96] use a
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Cholesky decomposition approach where they decompose the covariance matrix. The decomposed
model is then estimated using one of several methods: maximum likelihood, a penalized likelihood
approach, simultaneous estimation, minimizing of a risk function, a Bayesian approach, or iterative
techniques such as expectation-maximization.

Fan, Fan and Lv [37] assume the covariance to follow the form of a factor model and find an
appropriate estimator using multivariate factor analysis techniques. Chaudhuri, Drton and Richard-
son [16] provide an algorithm for computing the maximum likelihood estimate for the covariance
matrix under the constraint that certain covariance terms are zero. Cao and Bouman [12] estimate
Y. based on the modeling assumption that the eigenvalues of ¥ are represented by a sparse matrix
transform. Bickel and Levina [10] assume banding, or tapering, of the covariance matrix. They
constrain the estimator for ¥ and ¥~! by banding it. The level of banding, or tapering, is chosen by
minimizing the risk with respect to the Ly matrix norm. Werner, Jansson and Stoica [109] estimate
covariance matrices when they are assumed to have a Kronecker product structure, which is com-
mon in wireless communication channels and signal processing. Furrer [42] estimates the covariance
matrix of a correlated multivariate spatial process. Furrer and Bengtsson [43] provide estimators for
the covariance matrix based on Monte-Carlo Kalman filter variants.

Several authors explore estimation of the covariance matrix with applications to longitudinal
data. Wu and Pourahmadi [110] propose a nonparametric estimator for the covariance matrix.
Huang, Liu and Liu [59] propose a estimator for the covariance matrix based on a smoothing-based
regulation and the use of the modified Cholesky-decomposition. Pourahmadi [77] explores joint
mean-variance models. Fan and Wu [38] propose a semiparametric technique where the variance
function is estimated nonparametrically and the correlation function is parametrically estimated.
Daniels [20] and Daniels and Pourahmadi [23] use a Bayesian approach by exploring various priors
for dependent data. Sun, Zhang and Tong [104] propose a random effect varying-coefficient model
and propose an estimation procedure for the model.

Kubokawa and Srivastava [68] estimate the precision matrix under different loss functions
utilizing the Moore-Penrose inverse of the sample covariance matrix by establishing a Stein-Haff
identity for the singular Wishart distribution. Tsukuma and Konno [106] estimate the precision
matrix by adapting several estimates for the covariance matrix under the squared loss function.

Champion [15] derives empirical Bayes estimators of normal variances and covariances using

an inverse Wishart prior and the Kullback-Leibler distance for loss. Haff [56] provides a general rep-
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resentation for the formal Bayes estimator of the mean vector and covariance matrix by minimizing
the formal Bayes risk. Daniels [21] proposes several estimators of the covariance matrix based on
several common Bayesian regression models.

Hemmerle and Hartley [57] show how to compute the objective function and its derivatives
for the maximum likelihood estimation of variance components. This work was later extended by
Corbeil and Searle [19] for restricted maximum likelihood estimation. Fellner [39] discusses the use
of sparge martrices in expectation-maximization algorithms. Fraley and Burns [40] show how to
compute the likelihood functions and derivatives via sparse matrix methods, generalizing the overall
results.

This highlights some of the recent advances in estimation of the covariance matrix and
precision matrix. However, we have ignored an entire class of estimators for the covariance matrix,
and the precision matrix, typically called “Stein-Type” shrinkage, or just Shrinkage estimators.

These are discussed in the next section.

3.2 Stein-Type Shrinkage Estimators

A common approach to improve the estimator of the covariance is that of “shrinking”
or “biased estimation”. This was explored extensively by Efron [31] and Efron and Morris [33]
[35]. Kubokawa [67] provides a review on the subject. We begin by recalling the bias-variance

decomposition of the mean squared error for the sample covariance,
MSE(S) = Bias(S)? + Var(S). (3.1)

For the sample covariance matrix, S, the bias is zero, hence the only way to improve on the accuracy
of S is by reducing its variance. The basic idea of a shrinkage estimator is a trade-off between the
error due to bias and the error due to variance. The error due to S is all variance. By introducing
a biased estimator, we can actually reduce the variance and improve the mean squared error of our
estimator. This is the central idea to the James and Stein [61] approach. We consider a convex

combination of the empirical sample covariance matrix with that of a target matrix,

AT + (1= \)S, (3.2)
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where A € [0,1] is known as the shrinkage intensity and T is a shrinkage target matrix. T is chosen
to have several properties we want in our estimator. 7T should be structured, positive definite,
well-conditioned and represent the true covariance matrix for our application. We note that S is
unbiased but with high variance, and T will be biased, but with its well-defined structure will have
low (or possibly no) variance due to the number of free parameters. The intensity A is then found
to produce an estimator to improve on the estimator S. If n is large compared to p, S will have a
smaller variance and should be a good estimator, hence A — 0. Likewise, if p is large, S will have
a greater variance, and more weight should be applied to the target, i.e. A — 1. Historically, A is
chosen via a bootstrap method, cross-validation, or Markov Chain Monte Carlo (MCMC) methods.

The shrinkage approach can be applied to any estimator for a parameter. Ghosh, Mergel and
Datta [44] study the Stein-phenomonom when looking at the mean. Warton [108] shrinks the sample
correlation matrix, R, to the identity matrix by maximizing cross-validation. Daniels and Kass [22]
use a Bayesian approach and shrink the correlations and perform a Givens rotation to produce a
shrinkage estimator for the covariance matrix. Barnard, McCulloch and Meng [9] model a covariance
matrix in terms of its corresponding standard deviations and correlation matrix. Several choices for
priors are presented and a straightforward computational strategy is presented for obtaining the
posterior of the covariance matrix. Srivastava and Bilodeau [98] propose a Stein-estimator for the
least squares regressors in the general linear regression model. Kubokawa [66] performs a double
shrinkage algorithm on the regression estimators in generalized least squares. Ahmed [1] looks at a
Stein-type shrinkage estimator for the eigenvalues of the covariance matrix.

In the remainder of this chapter, we extensively work with shrinkage estimators of the
covariance matrix, with respect to minimizing the expected quadratic loss, or risk function. Ledoit
and Wolf [70] provide a theorem that expresses the optimal shrinkage intensity in terms of the
variance and covariance of the sample matrix and the target matrix. Under the expected quadratic
loss with respect to the Frobenius norm, this optimal intensity will always exists. Haff [53] explored
shrinkage estimates of this type and under this loss function, but did not provide any optimal results,
his coefficients do not depend on the observations of X. The optimal intensity must be estimated
from the data. Ledoit and Wolf [70] and [71] provide shrinkage estimators for application of portfolio
selection in economics. In Ledoit and Wolf [70], the target is a single index model of historical market
returns. In [71] they look at a constant-correlation model. Each of these targets are described in

the respective papers and highlighted in Schifer and Strimmer [85]. Both tend to be positively
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correlated which matches the historical market data. Sancetta [83] applies a shrinkage estimate to
a time-series model. The result is similar to that of Ledoit and Wolf [72] except the target matrix
has additional structure for dependent data. Typically the target matrix should be well-structured

and have few free parameters. Details for three popular targets is provided below.

3.2.1 Shrinkage to diagonal, common variance

We first explore the work in the literature when the target matrix, T, is of the form T' = v]I.
That is, T is a diagonal matrix with a common variance v. The target will contribute very little
variance to the estimator since there is only one-free parameter. The shrinkage estimator is written
explicitly as

S* = Ml + (1= \)S. (3.3)

Ledoit and Wolf [72] find the optimal common value, v, and shrinkage intensity, A, by exploring the
objective function in a finite sample and then minimizing the quadratic risk. Following Leung and
Muirhead [74] they consider the Frobenius norm: ||A|| = /tr(AA’)/p. The 1/p is included so the
norm of the identity matrix will be 1. Let X denote a p X n matrix of n independent and identically
distributed observations on a system of p random variables having mean zero and covariance ¥ with
finite fourth moments. They find a Stein-type shrinkage estimator of the form ¥* = ATl + (1 —\)S,
where I is the identity matrix and S = X X'/n is the sample covariance matrix, that minimizes the

expected quadratic loss E[||X* — 3||?]. We begin by highlighting their work in detail.

3.2.1.1 Analysis in Finite Sample

The squared Frobenius norm || - ||? is a quadratic form whose associated inner product is

(A1, Ay) = tr(A; AY) /p. We define the four scalars: p = (X, 1), o? = ||X — ul||?, 8% = E[||S — Z|?],
and 62 = E[||S — uI||?]. We note the fourth moments of X are needed so (32 and §? are finite. As
shown in the Lemma 2.1 in Ledoit and Wolf [72], we have the following decomposition, % = o2+ 32
The Lemma allows us to solve for the optimal values for v and A explicitly. A calculus based
minimization of the objective function, E[||$* — X||?, with respect to A and v provide the optimal
values, v = p = tr¥/p and A\ = B%/(a? + B2) = (%/6% It is then noted that unfortunately
¥ = f—;u[ + %225 is not a bona fide estimator since it depends on knowledge of the covariance

matrix Y. They then develop an estimator with the same properties as ¥* asymptotically as the
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number of observations and the number of variables go to infinity together. We provide an alternative

estimator for ¥* with similar assumptions that is comparable under general-asymptotics.

3.2.1.2 Ledoit and Wolf Estimator

Ledoit and Wolf [72] find a consistent estimator, with respective to quartic mean, for ¥*
under the following assumptions. Let n = 1,2,... index a sequence of statistical observations. For
every n, X, is a p, X n matrix of n iid observations on a system of p, random variables with
mean zero and covariance matrix Y,. The subscript n is supplied to indicate we are exploring
asymptotically. The number of variables p,, can change and even go to infinity with the number of
observation n, as long as we satisfy the below assumptions. We first note we can decompose the
covariance matrix as follows: X,, = T, A,,T, where A,, is a diagonal matrix of eigenvalues, and T';, an
orthogonal matrix of eigenvectors. Y,, = I/ X, is a p, x n matrix of n iid observations on a system
of p, uncorrelated and mean zero random variables that span the same space as the original system.
Let (y1;,9%;,---»Yp, ;) denote the i*® column of the matrix Y;,. They make the following additional

assumptions.

s

Assumption 1: There exists a constant K7 independent of n such that — < K;

n
. . . 1 S n\8

Assumption 2: There exists a constant K5 independent of n such that — Z E[(y})°] < Ko

Pn <
=1
L Covlyliys, yiaviil)?
Assumption 3:  lim Pn 2 (i.g0eQu (COVWiY Vi yin) =0
n—oo n |Qn]

where |Q,]| is the cardinality of @, the set of all quadruples that are made of four distinct integers
between 1 and p,.

We note that Assumption 1 includes standard asymptotics where p, will stay fixed. Fur-
thermore it does not require the ratio p,, /n to converge, merely to be bounded. Assumption 2 states
that the eighth moment is bounded, on average. Assumption 3 states the products of uncorrelated
random variables are uncorrelated, on average and in the limit.

Under the three assumption, Ledoit and Wolf [72] provide several asymptotic results and
suggest estimators for the asymptotic components of a2, 32, §2 and u,, where the subscript n
indicates that the results will hold asymptotically. m,, = (Sp, In)n = tr(S,)/p, where S,, = X,, X/, /n

and T is the p,, x p,, identity matrix. They show, as n — 00, My “3 p,,. Likewise, d? = ||S, —mn1,]|?
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will converge, in quartic mean, to §2 as n — oo. Similarly, if we let 2"y, denote the p, x 1 k™ column
of the observation matrix X,,, for k = 1,...,n. We define b2 = L3 e (zn) — Su|2 and
b = min(i)i, d?), then 13721 £y B2 and b2 7y (2. The constrained estimator b2 is included because
(32 < 62 by Lemma 3.2.2. In general the constraint is not necessary, but it is included to assure the

estimator of a2 is nonnegative. a2 = d? — b2 is a consistent estimator of a2 under quartic mean

convergence. This leads to the following key result from Ledoit and Wolf [72].

Theorem 3.2.1.

b2
S* n

2
a“n

is a consistent estimator of X under quartic mean convergence. As a consequence, S) has the same
asymptotic expected loss (or risk) as ¥F,.

3.2.1.3 Chen, Wiesel, Hero Approach

Chen, Wiesel and Hero [17] improve on the estimator of Ledoit and Wolf [72] by utilizing
the Rao-Blackwell theorem. Under the assumption of normality of the data, they condition on the
sufficient statistic S and find the following estimate for the shrinkage intensity,

5 — g (2= 2/ (S?) + tr(S)?
e <(n +2) [tr(S?) — tx(5)?/p]’ 1) : (3.5)

By the Rao-Blackwell theorem, see Casella and Berger [14], the shrinkage estimator using this
estimator for the optimal intensity should dominate that of Ledoit and Wolf [72]. They use this
approach with a motivation for time-series data and their simulations follow with examples showing
the estimator’s effectiveness. We use a similar approach in that we assume normality of the data

and explicitly find the optimal shrinkage intensity in terms of the trace of ¥ and 2.

3.2.1.4 Schafer-Strimmer Estimator

Schéfer and Strimmer [85] provide a detailed discussion of Shrinkage estimators of the co-
variance matrix and finding the optimal intensity. They explore small sample inference. Rather than
finding a consistent estimator for ; and A, they estimate A by finding unbiased sample counterparts.
Like that described in Ledoit and Wolf [72] they find an estimator for p by v = avg;s;; where s;;

are the diagonal elements of the sample covariance matrix S. They suggest the following unbiased
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estimator for the shrinkage intensity,

Zi;éj @(sij) +2 @(Su)

N =
Ziyﬁj S?j +22i(si —v)?

(3.6)

It is noted that in order to compute the optimal shrinkage intensity it is necessary to estimate the
variances of the individual entries of S. They provide technical details of this computation in the

Appendix of their work, see [85].

3.2.1.5 A New Estimator under optimal conditions

Similar to Ledoit and Wolf [72], we utilize a general asymptotic estimator but with a different
approach for finite application. In Theorem 3.2.2 we determine the optimal value for v and X\ are
© and ?—2, respectively. Rather than find consistent estimators for 6%, 32, a? and p in a purely
asymptotic setting, we explicitly calculate these scalars in terms of the trace of ¥ and X2 and
suggest unbiased estimators for those terms under the following assumptions. We note this approach
is similar to that utilized in Chen, Wiesel, and Hero [17].

We assume the data to come from a multivariate normal distribution with some mean vector

and covariance matrix ¥ > 0. We define a; = trX?/p to be the i*"" arithmetic mean of the eigenvalues

of X.
We will utilize the following well known result with proof in Appendix B.
Lemma 3.2.1.
1 1
EW@m:n:t@M7#@V (3.7)

We note, p = (X,I) = tr(X)/p = a;. Considering (3.7) and the decomposition of 62 as

follows when the data is Normal:

6% = E[||S — uI|?] BI[IS|I*) = 2uE[(S, I)] + u? | I]|?

= E[tr(S?)/p] — 2uE[tr(S)/p] + p*

11 11
_ ot —tr¥? 4 — —(tr%)? — 2Pty 4 a?
n p np p

n+1 -n
= a2+p a%.
n

n
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Likewise, we expand the term o? as follows

o =|S—pll? = 217 - 2w(B, 1) + 2| 1]
1 1
= —trX? — 2u—tr¥ + P
p p

= Qa2 —a%.

In a finite setting, the problem has been reduced to finding good estimators for a; and as.

We utilize the results from Srivastava [99]. He begins with the following assumptions,

(A):Asp— o0,a; —al,0<al <oo,i=1,...,4,

(B):n:O(p‘s),O§5§1.

Srivastava finds unbiased and consistent estimators, with respect to convergence in probability, for

a1 and ay. We recall,

ay; = trS/p
and
R n? 1 9 1 9
= Gty (1 ]

are unbiased and consistent estimators for a; and ay respectively as (n,p) — oo. Thus in a finite
situation, fi = a1, & = ap — a3, 62 = ”T“dg + %&% and (32 = 62 — 42 will be unbiased estimators
for p, o?, 6% and (32, respectively. Furthermore, due to the weak assumption (B), both s and a;
should be good estimators for large p situations, i.e. when p > n, consistency will hold. Simulations
indicate an improvement with these estimators, over that suggested in the literature, when p is large
and n is relatively small. In situations where both n and p are large (over 25), our newly suggested

estimators are comparable to that in the literature.

3.2.2 Shrinkage to diagonal, unit variance

We now explore a similar target matrix to that described above. The target matrix is a
diagonal with unit variance, or more commonly called the Identity. This target contributed no
variance to the shrinkage estimator since the target is a constant matrix. An analogous optimal

value of A\ can easily be found using the methodology of Ledoit and Wolf [72]. Let §2 = ||S — I||?,
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a? = ||X — I||?, and B2 = E[||S — X||?]. We utilize the following elementary decomposition of §2.
Lemma 3.2.2. §° = a? + 52

Proof. We first recall that F[S] = X.

*=E[S-II") = E[lIS-ZI")+E[lZ - 1] +2E[(S - £,% — I)]

B[S = SIP) + 1~ II]* + 2(B[S - 2], 2 — 1)

E[llS =S + 12 - I||* = o* + 82

O

The decomposition of §2 makes it easy to calculate the optimal value of A in terms of a?2,

32 and §2.

Theorem 3.2.2. Consider the optimization problem

min B[5* - |

st X = AT+ (1-\)S,

where the coefficient A is nonrandom. The solution verifies

2 2
o = %I i ?—25, (3.8)
with
« o?3?
Bz - = 8 (3.9

Proof. This proof follows that of Theorem 2.1 in Ledoit and Wolf [72]. We use the fact that E[S] = X

as in Lemma 3.2.2, we can rewrite the objective function as

B[ =27 = M2 - I + 1 = )?E[|S - 2] (3.10)

Differentiating with respect to A and the first-order condition is: 2Aa? —2(1—\)3? = 0. The solution

is found to be: A = 82/(a? + 3?) = 32/5%. We note that 1 — X\ = a?/§? and at the optimum, the
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objective takes on the value: (8%/62)a? + (a?/6%)3% = a?3%/62. A second derivative will show a

minimization. O

3.2.2.1 Ledoit-Wolf Type Estimator

Like in Ledoit and Wolf [72], unfortunately A = (32/6% is not a true estimator since it
depends on 3. Consistent estimators, analogous to that described in Ledoit and Wolf can easily be
found, d2 = ||S,, — I,]|>“™ 62 as n — oco. As before, if we let 2" denote the p, x 1 k'™ column
of the observation matrix X,,, for & = 1,...,n. We define b? = L3 e (2n) — Su|2 and

-m.

b = min(éi, d?), then 13721 7y B2 and b2 7y (2. The constrained estimator b2 is included because

B2 < 62 by Lemma 3.2.2. a2 = d2 — b2 will be a consistent, with respect to quadratic mean,
estimator of a?. We note that Ledoit and Wolf [72] do not provide these estimators, however
they are analogous to those provided for the case of the target matrix T = pl. We will refer to
these estimators as Ledoit-Wolf type estimators in our simulations below. We also note that a
Rao-Blackwell type approach utilized by Chen, Wiesel and Hero [17] can be applied here as well.
Due to the similarity to our recommended estimator below, and the simulation results (see section

3.2.4) indicating an improved performance over that in the literature, we exclude a derivation and

discussion on this type of estimator for the optimal shrinkage intensity.

3.2.2.2 Schéafer-Strimmer Estimator

Schéfer and Strimmer [85] estimate A by finding unbiased sample counterparts. They suggest

the following unbiased estimator for the shrinkage intensity,

5\ =
Dizj Sty + 2ilsi — 1)?

(3.11)

We note this is very similar to (3.11) with the exception of a 1 in replace of the sample v in the
denominator. They provide technical details of this computation in the Appendix of Schéifer and

Strimmer [85].
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3.2.2.3 A New Estimator

Like that in the previous section, under the assumption of normality of our data, we can

explicitly calculate a2, 3% and 62 in terms of the trace of ¥ and %2,

A= -IPP = B> -2 + )7
1 1
= —tr¥? —2-tr¥ +1
p p
= dag — 2@1 +1
and
& =E[S-11"] = E[ISI* -2E[(S,D)] + 1|

= E[tx(S*)/p] - 2E[tx(S) /p] + 1

11 11 1
- Pl s Sl — 2t 41
nop np P
n+1

= a2—|—gaf—2a1—|—1.
n n

We can replace a; and as by the unbiased and consistent estimators a; and ds. An estimator for A
then can be found easily by A= 022/52 where &2 = @y — 241 + 1 and 62 = nTH&Q + %d% —2a; + 1.
As before, due to Assumption (B), we can expect our estimator to perform quite well in high-

dimensional, low sample size situations.

3.2.3 Shrinkage to diagonal, unequal variance

We now explore the optimal shrinkage intensity for the shrinkage estimator with diagonal,
unequal variance target. This model represents a compromise between the low-dimensional targets
described above, and the correlation models described in Ledoit and Wolf [70], [71]. This target will
meet the criteria stated above, structured, always positive definite and well-conditioned in practice.
The target contributes more variance to the estimator since it has p free parameters, but less bias
since it is composed of p unbiased components. Explicitly written as, S* = AD + (1 — \)S where D
is a diagonal matrix consisting of the diagonal entries of S. Using the theorem of optimization from
Ledoit and Wolf [70], Schéfer and Strimmer [85] propose an unbiased estimator for the shrinkage

intensity. Using methodology similar to that of Ledoit and Wolf [72] and that in the previous
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sections, we explore the optimal in terms of the quadratic loss with respect to the Frobenius norm.

3.2.3.1 Schafer and Strimmer Estimator

Schéfer and Strimmer [85] study this shrinkage estimator type in detail. They suggest a

simple unbiased estimator for the shrinkage intensity,

Ei;ﬁj \//a\r(sij)

A=
2k 5

(3.12)

The computational details of calculating \//zﬁ(sij) are provided in the appendix in Schafer and Strim-
mer [85]. They developed an algorithm that allows quick computation of their shrinkage estimator
which is provided in the corpcor package in the GNU R-Project. Their algorithm is as efficient as

that of computing the sample covariance matrix S.

3.2.3.2 A New Estimator

We approach the problem similar to how Ledoit and Wolf [72] did with the target, T = ul.
We will calculate the optimal shrinkage intensity with respect the following scalars. 62 = E[||S—D||?],
o = E[||S - 3|%], 82 = E[||X — D|?], and v? = E[(S — £, — D)]. We begin by considering the

following simple lemma that decomposes 62.
Lemma 3.2.3. 62 = a? + 3% 4+ 272

Proof.

5= B[S - DI?) = E[IS - I’ + E|S - DIP] + 2E[(S - £, - D)]

= o>+ +29°

O

This decomposition will allow us to find the optimal shrinkage intensity. Consider the

following theorem.
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Theorem 3.2.3. The solution to the minimization

min B[[| 3" - 3|

s.t. X* = AD + (1—\)S,

where the coefficient \ is nonrandom is

2 2 2 2
O SE e

= 52

(3.13)

Proof. We use Lemma 3.2.3 and can rewrite the objective function as

Bl|=* =3IP] = E[IAD =AZ+ (1 -2 - (1-N5|7

NE[|D = X[ + (1= M)2E[|IS = SIP] + 201 = N E[(S - 2,D - 5)]

= AN32 4 (1-))2%—20(1 - N2

Differentiate with respect to A and find the first-order condition.

* 2
—aE[”Em 2l 2X06% —2(1 = A)a® —29° +4X* =0
—2a% — 29% + 200 + 20232 + 42 =0

AMa? + 6% +29%) =a? ++2
a? + 2

= A= 52

Note that (1 —\) = 8 2;272. A second derivative shows the shrinkage intensity that minimizes the

objective function. O

Let ¥ = diag(X), that is,

011 0 0
0 g92 0

U= o . (3.14)
0 0 Opp
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and we define a} = tr¥?/p.

As before, under the assumption that our data is normally distributed, we can explicitly find
the scalar terms 62, o, 32 and 42 in terms of the trace of ¥ and now W. We utilize the Frobenius
norm with the 1/p term included. Unlike that in Ledoit and Wolf [72], who include 1/p to normalize
the norm of the identity matrix, we include it for theoretical benefits. We begin with additional

Lemmas, proofs are provided in Appendix B

Lemma 3.2.4.
E[tr(D?)] = nTHtr\IJQ (3.15)
and
Lemma 3.2.5.
E[tr(SD)] = E[tr(DS)] = E[tr(DQ)] (3.16)

Utilizing (3.7), (3.15) and (3.16) we get the following

52 = E[|S - DI’

%E[tr(SQ) — 2tr(SD) + tr(D?)]
n+1

1 2
= try? 4+ —(try)? — 2
np np
n+1 n+2 ,
= as + Ba% — asy.
n n

Likewise

V¥ =E[(S-%,2~D)] = =E[tr(SE) —tr(SD) — tr¥? + tr(XD)]

hR R~

2
= (trE2 — itlr\IJ2 —tr2? + tr\Il2>
n
2 2
= ——trP? = ——a3,
np n

with the third line justified since E[tr(SY)] = tr(E[S]X) = tr(X?) and likewise E[tr(DX)] = tr(¥?).
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Lastly,

%E[tr(SQ) — 2tr(X8) + tr¥?]
1

= I 2 — ir
= p(E[t(S)] try)

a? = E[|S - 2|%]

1

1 1
-t tro? 4+ — (tr2)? — —try?
np np b

1
= = (az + pai) .

We find an estimator for A in a finite sample using estimators defined for general asymptotics. When
considering data from a multivariate normal distribution and recalling a; = tr¥?/p and af = tr¥¢/p

where ¥ is the diagonal elements of 3. Consider the assumptions,

(A):Asp— o0,a; —al,0<al <oo,i=1,...,4.,
(A2):Asp —o0,af —a}’,0<a® <oo,i=1,...,4,

(B):n:O(p‘s),Ogégl.

We note these assumptions are equivalent to that of our assumption in the previous sections and that
of Srivastava [99]. Assumption (A) will imply assumption (A.2). Here we write it explicitly to remind
the reader. Under our assumptions, a3 = nLHtr(D2) /p will be an unbiased and consistent estimator
for a3 under general asymptotics, see Theorem B.1 in Appendix B. To estimate o?, 5%, 42, and §2

we simply replace a1, az and a5 with their respective estimators, a1, ao, and a3 respectively. Due to

the assumption (B), we expect our estimators to be fairly accurate for large p, small n situations.

~ A2 A2 ~
. . _ a*+ ~2 _ 1 (4 A2\ A2 _ 25 2 _ ntl- ~2 2~
We estimate A with A = 527 where 62 = L (ag +pai), 4% = —2a5 and 62 = “Ha, + 2af — 243,

3.2.4 Simulation Study

We conduct a short simulation study to show the effectiveness of our suggested estimators.
We sample n+ 1 observations from a p-dimensional multivariate normal distribution with zero mean
vector and covariance matrix ¥ that is positive definite. The eigenvalues of ¥ are drawn from a
Uniform distribution over (0.5,10.5). We then find a positive definite matrix with those eigenvalues
utilizing the method provided by Dr. Ravi Varadhan, see the selected source code in the Appendix

C. The n + 1 samples of p dimension are then used to estimate the various shrinkage estimators.
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’ | Optimal X Anew ALw ARBLW ASchaf
Simulated Mean | 0.6503192 | 0.6595865 | 0.6265542 | 0.6424440 | 0.6407515
Standard Error 0 0.0000602 | 0.0000616 | 0.0000588 | 0.0000608

Table 3.1: X estimation for n = 40,p =20, T = ul

’ | Optimal A [ Aew ALw ARBLW ASchaf
Simulated Mean | 0.8635683 | 0.8685150 | 0.8121008 | 0.8392271 | 0.8388833
Standard Error 0 0.0000626 | 0.0000630 | 0.0000604 | 0.0000624

Table 3.2: X estimation for n = 30,p =30, T = ul

m = 1000 simulations are run for each X.

Our first results explore the shrinkage target of the form (3.3) using the estimated values
of Ledoit and Wolf [72], the Rao-Blackwell approach by Chen, Wiesel and Hero [17], Schéifer and
Strimmer [85] and our suggested estimators using a; and ds. We provide two main results. First, we
sample from the described multivariate normal distribution and we calculate, m = 1000, observed
values of Apew, ALw, ArBLW, and Agchqr as the estimated optimal shrinkage intensity for our newly
suggested estimator, that of Ledoit and Wolf [72], the Rao-Blackwell approach by Chen, Wiesel and
Hero [17] and Schéfer and Strimmer [85], respectively. We then compare these estimates to the true
optimal value of A = 32/62 from our analysis under the normality condition. We provide three such
cases, Table 3.1 provides results for n = 40, p = 20 for comparison with the results provided in Ledoit
and Wolf [72], Table 3.2 for n = 30,p = 30 and Table 3.3 for n = 5,p = 100 as an extreme case of
high dimension compared to the number of observations. We note that the Simulated Mean value for
the Optimal X\ is constant. We see in Tables 3.1 and 3.2 that our suggested estimate is comparable
to that of Ledoit and Wolf [72], Chen, Wiesel and Hero [17] and Schéfer and Strimmer [85] and each
does a fairly accurate job, on average, in estimating the optimal shrinkage intensity with comparable
standard error. We see in Table 3.3 that our suggested estimator shows an improvement compared to
the other estimators, with Chen, Wiesel and Hero [17] and Schéfer and Strimmer’s [85] performing
better than that of Ledoit and Wolf [72]. We also note, that as expected, the optimal intensity

increases as the dimension increases. Our second simulation study looks at how well the shrinkage

’ | Optimal A\ [ Mew | Azw [ AeBew | Aschas |
Simulated Mean | 0.9868715 | 0.9887804 | 0.6634387 | 0.7909521 | 0.7950775
Standard Error 0 0.0000218 | 0.0000532 | 0.0000176 | 0.0000194

Table 3.3: A estimation for n = 5,p = 100, T = ul
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’ Estimator S S ew Siw SheLw S;Chaf
Risk 13.57979441 | 5.60630692 | 5.62695307 | 5.60430548 | 5.60843356
SE on Risk 0.07783102 | 0.01608281 0.01762772 | 0.01662065 | 0.01682610
PRIAL 0.00000000 | 58.71581891 | 58.56378310 | 58.73055725 | 58.70015857
Cond. Num. | 61.74148807 | 3.09899164 | 3.37202161 3.23545453 | 3.25240091

Table 3.4: Shrinkage estimation for n = 40,p = 20, T' = ul
’ Estimator ‘ S ‘ S ew ‘ STw ‘ SEeLw ‘ Sgchaf
Risk 23.56304 | 6.58705963 | 6.64572833 | 6.58960045 | 6.59754589
SE on Risk 0.1081352 | 0.01211236 | 0.01492722 | 0.01299565 | 0.01308563
PRIAL 0 72.04494536 | 71.79595918 | 72.03416227 | 72.00044236
Cond. Num. | 3679878 2.63637030 | 3.06365648 | 2.85155433 | 2.85244013

Table 3.5: Shrinkage estimation for n = 30,p = 30, T' = ul

estimates perform compared to the empirical sample covariance matrix S. The main comparisons
match that of the simulation study in Ledoit and Wolf [72]. We look at the simulated risk, with
S*

new?

respective to the true covariance matrix X, of S, Siw Skprw and S;Chaf, for the sample
covariance matrix, the shrinkage estimate using our suggested intensity estimate, that of Ledoit and
Wolf [72], Chen, Wiesel and Hero [17] and Schéfer and Strimmer [85], respectively. We also report

the percentage relative improvement in average loss (PRIAL) of the various estimated shrinkage

estimates. This is defined as:

E[llS = 2] - E[IS* = %]

x 100.
E[l|S — =[]

PRIAL(S*) =

If the simulated risk is lower, and the simulated PRIAL is positive, this indicates the shrinkage
estimate has performed better, on average, than the sample covariance matrix. We also report the
average condition number of each estimate of ¥. This condition number is calculated as the ratio
of the maximum and minimum eigenvalues of the estimator as done in Schéfer and Strimmer [85].
Like our previous study, we look at three cases. Table 3.4 for n = 40, p = 20 for comparison with the
results provided in Ledoit and Wolf [72], Table 3.5 for n = 30, p = 30 and Table 3.6 for n = 5, p = 100
as an extreme case of high dimension compared to the number of observations. We see from Tables
3.4 and 3.5 that our recommended estimator is comparable to that in the literature, with a slight
improvement over that in Ledoit and Wolf [72] in terms of simulated risk, simulated PRIAL and the

average condition number. In Table 3.6 we see a substantial improvement over that in the literature.

Our estimator using d; and as has lower simulated-risk, with a smaller error, a 98% improvement
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’ Estimator S S ew Siw SheLw Sgchaf
Risk 529.331706 | 8.7998516 | 68.5254660 | 29.4456277 | 28.7813665
SE on Risk 2.535637 0.0195423 | 0.7620129 | 0.1927102 | 0.2056495
PRIAL 0 98.3375544 | 87.0543432 | 94.4372069 | 94.5626974
Cond. Num. 00 1.7015159 | 15.9457052 | 8.6021882 8.4549154

Table 3.6: Shrinkage estimation for n = 5,p = 100, T' = ul
’ Estimator ‘ S ‘ Sy ew ‘ STw ‘ SSchas ‘
Risk 13.57979441 | 6.92282199 | 7.13536939 | 7.04202294
SE on Risk 0.07783102 | 0.03411014 | 0.03649461 | 0.03532218
PRIAL 0 49.02115763 | 47.45598368 | 48.14337589
Cond. Num. | 61.74148807 | 6.54504929 6.96354951 | 6.783513571

Table 3.7: Shrinkage estimation for n =40,p =20, T =1

over S and is very well-conditioned. The simulation results suggest our newly suggested estimator,
under the assumption of normality, performs better in extreme cases of high dimensions, that is,
p > n. We also note, that as expected, the empirical sample covariance matrix performs worse as
the dimensionality increases.

We now conduct a short study for the effectiveness of our newly defined estimator for the

shrinkage target T'= I. We omit the results for estimating A as they are analogous to that above.

*
new:?

We look at the simulated risk, with respective to the true covariance matrix X, of S, S Stw
and S%.p. Iz for the sample covariance matrix, the shrinkage estimate using our suggested intensity
estimate, that of the Ledoit and Wolf [72] type (i.e. consistent in quadratic mean), and Schéfer
and Strimmer [85], respectively. We also report the percentage relative improvement in average loss
(PRIAL) of the various estimated shrinkage estimates and the average condition number of each
estimate of X. Like our previous study, we look at three cases. Table 3.7 for n = 40,p = 20,
Table 3.8 for n = 30,p = 30 and Table 3.9 for n = 5,p = 100 as an extreme case of high dimension
compared to the number of observations. We see analogous results to our previous study. Tables 3.7

and 3.8 show that our newly suggested shrinkage estimator is comparable to that in the literature.

Estimator S SF ew Stw S;Chaf

Risk 23.56304 | 8.02733238 | 8.53856215 | 8.28631740
SE on Risk 0.1081352 | 0.03046508 | 0.03568145 | 0.03286028
PRIAL 0 65.93252105 | 63.76289499 | 64.83340537
Cond. Num. | 3679878 5.29158187 | 5.91095204 | 5.60755595

Table 3.8: Shrinkage estimation for n =30,p =30, T =1
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’ Estimator S S ew STw SSchaf

Risk 529.331706 | 9.23354172 | 75.7840383 | 34.1198695
SE on Risk 2.535637 0.03560733 | 0.8071637 | 0.2346702
PRIAL 0 98.25562278 | 85.6830722 | 93.5541610
Cond. Num. 00 2.36223698 | 17.3008312 | 9.5728825

Table 3.9: Shrinkage estimation for n = 5,p =100, T =1

| [ Optimal A | Aew | Aschar |
Simulated Mean | 0.6780003 | 0.6865272 | 0.6867752
Standard Error 0 0.0000715 | 0.0000688

Table 3.10: \ estimation for n = 40,p =20, T = D

However, Table 3.9 shows an improvement in risk, error, PRIAL and condition number over that in
the literature.

We now conduct a simulation study for the shrinkage target, 7' = D, the diagonal elements
of S. Like the previous studies, we look at estimating the shrinkage intensity as well as the overall
performance of our newly suggested shrinkage estimator. Table 3.10 shows the result for n = 40,p =
20, Table 3.11 provides the case for n = 30,p = 30 and Table 3.12 is provided to show an extreme
case of high dimensionality compared to the sample size. We only look at our newly suggested
estimator for A and compare it to that in Schéfer and Strimmer [85].

We see similar results to our previous simulations. Tables 3.10 and 3.11 show our recom-
mended estimator for A is comparable to that of Schéfer and Strimmer [85] and are fairly accurate
in estimating the optimal shrinkage intensity. Table 3.12 indicates that our recommended estimator
performs better than that provided in the literature. We next conduct a series of simulations and
comparing the shrinkage estimators, S* to the sample covariance matrix. As before, we look at the
simulated risk, PRIAL and average condition number for the case of n = 40,p = 20, Table 3.13,
n = 30,p = 30, Table 3.11 and n = 5,p = 100, Table 3.15, as an extreme case of high dimensions
compared to sample size. We see analogous results to our previous simulation studies. In Tables
3.13 and 3.14 we see that our recommended shrinkage estimator is comparable to that in Schéfer

and Strimmer [85] and both show an improvement over the sample covariance matrix. Table 3.15

’ \ Optimal A Anew ASchaf
Simulated Mean | 0.7040765 | 0.7117110 | 0.7038033
Standard Error 0 0.0000552 | 0.0000528

Table 3.11: A estimation for n = 30,p =30, T = D
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’ ‘ Optimal A ‘ )\new ‘ )\Schaf ‘
Simulated Mean | 0.9878116 | 0.9876334 | 0.7945817
Standard Error 0 0.0000219 | 0.0000146

Table 3.12: \ estimation for n = 5,p = 100, T'= D

Estimator S S ew S;Chaf

Risk 13.57979441 | 6.33127583 | 6.30745324
SE on Risk 0.07783102 | 0.02116759 | 0.02099693
PRIAL 0 53.37723360 | 53.55266031
Cond. Num. | 61.74148807 | 4.87310095 | 4.92759049

Table 3.13: Shrinkage estimation for n = 40,p =20, T = D

Estimator S S ew SSchas

Risk 23.56304 | 7.65010548 | 7.63223088
SE on Risk | 0.1081352 | 0.01829089 | 0.01799747
PRIAL 0 67.53344758 | 67.60930623
Cond. Num. | 3679878 | 5.10986390 | 5.17330154

Table 3.14: Shrinkage estimation for n = 30,p =30, T = D

Estimator ‘ S ‘ S ew S&eha ¥
Risk 529.331706 | 19.03195992 | 38.078744
SE on Risk 2.535637 0.07905792 0.195695
PRIAL 0 96.40453053 | 92.806261
Cond. Num. 00 46.13478905 | 115.857786

Table 3.15: Shrinkage estimation for n = 5,p =100, T'= D
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shows an improvement over shrinkage estimator provided by Schéfer and Strimmer [85]. We note
that none of the results in this particular case appear to be very well-conditioned. This is due to
the target matrix construction. Each s; in D is estimated with only n = 5 degrees of freedom.
However, our recommended estimator still shows an improvement over that in the literature or the

sample covariance matrix.

3.2.5 Timing Study

It is noted in Schéfer and Strimmer [85] that their algorithm for estimating the optimal
shrinkage estimator, in the diagonal target matrix case, for the covariance matrix is efficient. They
claim their algorithm is on the same order as estimating the empirical sample covariance matrix.
The estimator ay requires calculation of the square of the sample covariance matrix. We note that
in theory this will require O(p?) operations and should be on the same order as calculating S. We
conduct a brief timing study to show that our recommended estimators is of the same order of
computational efficiency as that described in Schéfer and Strimmer [85]. We note that the purpose
of this timing study is not to perform a comprehensive study on the efficiency of our estimator, or
that of Schéfer and Strimmer [85], but rather to compare the two.

The study is structured as such: For a given n and p, we find a random covariance matrix,
3}, using Dr. Varadhan’s method in Appendix C. We set the seed for the random number generator
(RNG) and generate m = 10, 000 samples, of size N = n+1, from a multivariate normal distribution
with mean zero and covariance ¥. The shrinkage estimator using our suggested estimators for the
intensity is computed for each of the m = 10,000 iterations. The run-time, in seconds, is calculated
and recorded. The process is then repeated by reseting the seed for the RNG, hence each generated
normal sample will be the same, and the shrinkage estimator defined by Schéfer and Strimmer [85]
is computed and the run-time taken to perform m = 10,000 iterations is calculated and recorded.

A driver and wrapper program control the sample size and dimensionality and record the
results. Coding samples are provided in the Appendix C. The timing study was run on a Dell
Vostro 1510, Intel(R) Core(TM)2 Duo T9300 2.5GHz with 2GB of RAM, running Ubuntu release
9.04 (jaunty jackalope) Linux kernel version 2.6.28-2 on GNU R-Project 2.8.1.

We perform three brief timing studies. In the first, the dimensionality is fixed at p = 20,
and the sample size n increases. Figure 3.1 provides the results as n increases with p fixed. We

see that both our nearly defined shrinkage estimator and that of Schéifer and Strimmer [85] appear
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Time (s)

to have linear growth with respect to n increasing. Furthermore, it appears that the linear rate is
higher in the estimator in Schéfer and Strimmer [85]. Although the units of time are dependent
(and hence irrelevant to our study) on the computer performing the study, it does appear that the
new shrinkage estimator is approximately twice as fast in this particular case. We next explore the
behavior of the estimators as the dimensionality increases with the sample size fixed. We let n = 30
and let p increase. This situation is an example of extreme high-dimensionality. Figure 3.2 provides
the result. We see that both of the shrinkage estimators appear to have a quadratic growth. Not
only are they on the same order, the appear to be very similar. Lastly we explore when both the

sample size and dimensionality increase. We let n = p increase together to perform our study. We

80

80

40

20

Timing Study for Sample Size

Figure 3.1: Timing Study as n increases, p fixed

Sample Size n+1

52

>
=— New Estimator
--+-  Schaefer Estimator -
."J
.""-
-
e
;"‘" N
" i
—- - -
-
-
T T T I T T
50 100 150 200 250 300




Time (s)

1000 1500 2000 2500

500

Timing Study for Dimensionality

»
—=—  New Estimator / .r,’
--¢-  Schaefer Estimator
R =
| | | | | |
50 100 150 200 250 300
Dimension p

Figure 3.2: Timing Study as p increases, n fixed
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Timing Study for Sample Size and Dimension
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Figure 3.3: Timing Study as n = p increases

see in Figure 3.3 that as both n and p increase together, both estimators appear to have quadratic
growth (as expected since n increasing is linear and p increasing is quadratic). The simulated timing
study seems to indicate that the newly recommended estimator may be slightly more efficient than
that in Schéfer and Strimmer [85] but on the same quadratic order. Overall, we can conclude there

is no loss in computational efficiency when using our newly suggested shrinkage estimator.
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3.2.6 Data Example

Here we apply our recommended estimator to a set of real data. The Institute of Applied
Microbiology, University of Agricultural Sciences of Vienna, collected microarray data measuring
the stress response of the microorganism Escherichia coli (more commonly known as E.coli) during
the expression of a recombinant protein. The data monitors all 4,289 protein coding genes at 8, 15,
22,45, 68, 90, 150 and 180 minutes after induction of the recombinant protein. In a comparison with
pooled samples before induction 102 genes were identified by Schmidt-Heck et al. [86] as differentially
expressed in one or more samples after induction. We note we have p = 102 variables with only
N =n+1 = 8 observations. This is a case of extreme high-dimension. Our simulations indicate our
newly recommended set of estimators outperforms those in the literature in these cases. We provide
shrinkage estimates using the three targets discussed in this chapter, pl, I, and Diag(S). For each
target we explore all discussed estimates for the shrinkage intensity. For the target pf, this includes
the estimator from Ledoit and Wolf [72], the Rao-Blackwell theorem based estimator supplied by
Chen, Wiesel and Hero [17], the unbiased estimator provided by Schéfer and Strimmer [85] and our
newly introduced estimator. For the target I, we supply a Ledoit and Wolf [72] type, and the Schéfer
and Strimmer [85] suggested estimator, along with our own. Lastly, for the target consisting of the
diagonal elements of S, we look at our newly suggested estimator and compare it to that of Schéfer

and Strimmer [85]. Since the true covariance matrix is unavailable, the only way to compare the

| Target | T=pl | T=I |T=diag(9) |
New Estimators | 156.73 (.33) | 155.95 (.33) | 468.37 (.33)
LW-Type 384.89 (.17) | 382.97 (.17) NA
RBLW-Type 212.23 (.27) NA NA
Schifer-Strimmer | 288.79 (.21) | 287.35 (.21) | 715.25 (.24)

Table 3.16: Condition Numbers (and 5\) for estimators and common targets on E.coli data

estimates is the condition number of the estimator. We also provide the estimated optimal shrinkage
intensity. The sample covariance matrix, S, has rank 7 and is ill-conditioned. We see in Table 3.16
that for each target matrix, our recommended shrinkage estimator is the best conditioned of those

explored. In all cases, the stein-type shrinkages estimators are of full rank (102).
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3.3 Concluding Remarks

We have explored many of the methods to estimate the covariance matrix in high dimensions.
We have introduced three new estimates for optimal Stein-type shrinkage estimators. Simulations
indicate our newly suggested estimators for the shrinkage intensity A are comparable to that in
the literature. Simulations also indicate that in the case of very high-dimensions, compared to the
sample size, our suggested estimators dominate those in the literature. A brief timing study shows
that our estimator is comparable to that in the literature in terms of computational efficiency. Due
to the improvement in extreme high-dimensional cases, and the comparable performance in terms
of computational efficiency, we recommend our newly suggested estimators based on a1, da and a3
be used for Stein-type shrinkage estimation. A brief data analysis validates the newly suggested

estimates as they are the best conditioned.
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Appendix A Proof of (n,p)-Consistent Test for Sphericity

A.1 Expression of estimator for ay

We obtain expressions for trS, trS?, (trS)2, trS2(trS)?, trS3trS, trS* and (trS)* in terms of
chi-squared random variables. We make use of the following well known theorem from Serdobolskii

et al. [91]

Theorem A.1. Consider the sample covariance matrixz and recalling N =n + 1,

There exist an orthogonal transformation of vectors

N
Yk = Z Qs
i=1

such that the vectors yy = VNZ and yj, ~ N(0,%), k = 1,...n, are indepedent, and the sample

covariance matriz is equal to
1 n
_ /
S=- E Yilli-
n -
=1

Let V =nS =YY’ ~ Wy(E,n), where Y = (y1,¥2,...,¥n) and each y; ~ Np(0,X) and
independent. By orthogonal decomposition, ¥ = I'AT', where A = diag(A1, A2,. .., Ap) with A; being
the it eigenvalue of ¥ and I' is an orthogonal matrix. Let U = (uy,us,...,u,), where u; are iid
N,(0,1) and we can write Y = X/2U where £/2%1/2 = ¥, Define W' = (wy,ws,...,w,) = U'T’
and each w; are iid. N, (0,7). Thus, define v;; = wiw; are iid chi-squared random variables with n
degree of freedom.

From Srivastava [99],

trS

1
—trU'2U
n

1
= —ttU'T/ATU
n

1
—trW/ AW
n

1 P
n i=1
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Likewise

P p
n2(trS)2 = Z >‘12U121 +2 Z )\i)\jviivjj (A2)
i=1 1<j
and
P P
n?trS? = Z M2 +2 Z /\i/\jvfj. (A.3)
i=1 1<j

Using the same approach and the commutative property of the trace operation (i.e. tr(ABC)
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=tr(CAB)), we derive,

PAtrSt = e (WAW) (W AW) (W' AW) (W AW)
= tr l(ZAiwiwg)‘l]

P
_ Y Y Y DA | 3N ool aryandoryandary o
= trlg )\iwzwiwlwiwlwiwzwi+4g Aj A Wi Wi Wi W5 Wi W W W)
=1 i#j

/ !/ / / !/
wjw; + Qwiwiijjwiwiijj)

E )\2)\2 4wlw'~wiw;ij}
1<j
P

2 !/ !/ / !/ !/ / / !/
+ E AT A (Swiwiwiwiijjwkwk—|—4wiwiijjwiwiwkwk)
i#j<k
P
+ E XiNj AN (Swiw;ij;wkw;cwlw{ + 8wjw;w;wiwiwwgwy,
i<j<k<l
/ !/ / !/
+8wiwiwkwkijjwlwl)]
P
4 3y 20, 1 N2
= g A; (wiw;) —1—45 AP (wiw;)* (wiw;)
i=1 i#]

—|—Z)\2)\2 (whw;) (ww;) (wiw;)? + 2w(wjw;)*)
1<J

P
+ Z )\?Aj/\k (8(w£wi)(wgwj)(w;wk)(wgwk) +4(w£wj)2(wgwk)2)
itj<k
P
+ 0y >\i)\j)\k>\l(8(w§wj)(w}wk)(wkwl)(wml)+8(w§wg‘)(w}wl)(wfwk)(wéwk)
i<j<k<l
8w ) (whawg) (whn) (why)

= Z)\Z ”+4Z/\3 V5 ZjJrZ)\ 411”1)”1) + 20} )

i#] 1<j

+ Z A?Aj)\k(Sviivijvjkvik+4v?jvfk) (A4)
itj<k

p
+ E AidjARAL(8V3 VKU1 Vi + 803501 VK Vik + SVikVjRV;1Vi).
i<j<k<l
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Likewise we find,

n*trS3trS = Z Mg + Z PED 3vnvlj +viv;;) + 6 Z 2N viivjjv?j

i#] i<J
+ Z Af)\j)\k 31)“1; Uk + 3050 Zkvjj + 6v5;V;jVikVjk) (A.5)
i#j<k
p
+6 Z AiAj AR AL (Vi KV VUi ViVt VkEVij VU1 Vi UikVjk ),
1<j<k<l
p
n(trS%)? = > N+ 42)\3)\ viv + Z AINZ (4o + 20303)) (A.6)
i=1 i#£] i<j

P p
+ Z /\f/\j)\k(élv?iv?k + SUSjUEk) + 8 Z )xiAj/\k)\l(U?jvzl + Ufkvfl + Uflvf-k),

i#j<k i<j<k<l
P P
nttrS?(trS)? = Z)‘?Ui + Z)\?)\j v ” + 203v;;) + Z PP 47),111]]11 + 202 j])
i=1 i#£] 1<j
p
+ Z )\?)\j)\k(élv“v Dk + 4v”vmvﬂ + QUH’UM’Ukk + 2vuvjk) (A7)
i#j<k

p
2 2 2
+4 E AidjARAL ((vijvkk + ViV + Vi) v
i<j<k<l

2 2 2
+H(vivs5 + vjpvi) ks + vklviivjj)’

and
4(trS)? Zszgﬁ +4Z>\3>\ V305 +62A3A3 vl
i#j i<y

p
+12 Z NN ARV ok 24> XA A0 kR (A.8)
i#£j<k i<j<k<l

Consider the constants b, ¢*, d, e defined above in (2.27), (2.28), (2.29), (2.30),

trS% + b - trS3trS + ¢ - (t15%)2 + d - tr5%(tr5)2 + e - (tr5)*
p

=m+n2+n3+ 04+ 75, (A.9)
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where
p

nt =503 +5m2+n—6 1 .
= Ai Vg A.10
m n2(n2 +n+ 2) 7’L4p ; i Vii ( )
N2 = n4 Z AP 2+ bBuiy + ;) + dcviv + d(2uiv]; + 20iv55) + deviug;)

l#]

- ZA3 Uivfj(n —4n3 4+ n? + 6n) + v}v;(—n3 + 4n? —n — 6)
"4 n?(n? +n +2) ’

(A.11)
i#]

Ny = Z )\2)\2( 20705505 + Vi) + 3bvgivg v + c(2v; + viv3;)
’L<J
+d(2v,;ivi2jvﬂ + v“vﬂ) + 3eviv J)
AZA2 005055 (2n* — 10n% 4+ 12n%) 4+ v (n* — 3n® — 4n® + 12n) AL
N Z n2(n2+n+2) (A-12)

1<]

_|_

0503 (—2n% + Tn® + 3n — 18)
n2(n? +n +2) ’

1
mo= Z )\f)\j/\k (8’Uii'Uij’Ujk’Uik + 4vfjvfk + b(Sviiyfjvkk + 3Uiivz'2kvjj + 60305 Vik ;)
P i#j<k
+C(4Uz‘2i%2‘k + 8Ui2jvi2k) + d(4vuv iVkk + 4vuvmvﬂ + Zvllvﬂvkk + QUHUJIC) + 6(12U7:2ivjjvkk)>
_ Z N vivR (=20 + 2n% + 12n) + v}jv] (n* — 3n® — 4n® + 12n)
n%(n? +n+2)

175]<k
n (Unvfjvkk + v;;03,0;7) (=303 + Tn? + 6n) + vEvj;06K(5n? — 9n — 18)
n2(n? +n+ 2)
ViV VKV (20 — 4n3 — 2n% — 12n)
" n2(n? +n+2) ’

(A.13)
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where the index is read as i # j, ¢ # k and j < k, and

p
1

o= i E AiXj AR (8(Uij'Ujk'Uklvil + Vi Vj1Vk1Vik + VikVjEVj10i1)
P ik

2 2 2.9 2 2
+6b(vsVjkVj1VEL + VjjVik Vil Ukl + VkkVij Vi Vj1 + VUi VikUik) + 80(vijvkl + v + qujk)

2 2 2 2 2 2
+4d(vijvkkv” + ViV 500 + VU5 Vkk + VjE V00 + V5V Ok + VjgyViiV55) + 24eviivjjvkkv”)

_ 8 - n?(n? + n + 2)(vij VKUKV + Vij V1V Vik + VikVjEVj1Vi1)

nip Z AiAi A n?(n? +n+2)

P k<

3n(n? +n + 2)(ViVKVj10k + V;jVikVIVEL + VkEVijVVjL + ViV Vik Uik )
n2(n? +n+ 2)

n(2n? + 3n — 6)(1}%1},%1 + vfkv?l + vflvf-k)
— (A.14)
n2(n? +n+ 2)
n(bn + 6)(v?jvkkvll + vE v + vV vkK + U?kviiv” + U?lv“vkk + v2viv5)
n?(n? +n+2)

~3(5n+ G)Uiivjjvkkvll>

n2(n? +n+ 2)

A.2 Expected Value of Estimator
A.2.1 Expected Value Preliminaries

Lemma A.1. For v, = (wjw;) and v;j = (wjw;) for any i # j,

Elvji] = n(n +2)(n +4)(n +6), Blvg] = n(n+2)(n +4)
EZ] =n(n+2), Elv;;] = n,
Elvivy;] = n(n+2), Ejv] = n(n+2)(n +4),
E[v?j] = 3n(n + 2), E[vfj] =n,
Elviv}vs5] = n(n+ 2)?, Elvjvi] = n(n +2),
Elvijvikvjk] = n, Elv;jvavpvk] = n,

E[Uiivijvikvjk] = TL(TL + 2)

Proof. The first 10 results are the moments of a x? r.v. or can be found in Srivastava [99]. Using
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I.
J

/

vij = (wjw;) = (wjw;) and Elw;w}] = I we obtain the following:

Blooave] = B (whw;)(w)uw) (whws)|

Elwiw;] = Elvi] =n

Elvivuvieon] = E|(wiwg) (wjwy)(wiw)(whw:) |

= FElwiw;] = Evi;] =n

Elvivijoikvie] = E[(wéwi)(wgwy‘)(wéwk)(wéwi)}

= E{(w;wl)(w;wl) = E[vi] = n(n +2)

(X

A.2.2 Expected Value of a4

Lemma A.2. For ng,n3,n4,15 above,
Eln] = Elns] = Elna] = E[ns] =0

Proof. Using the linearity of expected value and Lemma A.1 we find,

4 & n(n+2)(n +4)(n* — 4n® + n? + 6n
Elp] = n4pz)‘?)\j<( ) ) )

2(n2
oy n?(n? +n+2)

n?(n+2)(n +4)(—n3 + 4n* — n — 6)
T n2(n? +n+ 2) )

4 & 2 4
= Z)\?)\jm(n4—4n3+n2+6n—n4+4n3—n2—6n):0,
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2

nip &= n2(n2 £ 0+ 2)

2

Z AZAZ n(n +2)?(2n* — 10n® 4+ 12n2) + 3n(n + 2)(n* — 3n3 — 4n? + 12n)
n2(n? +n+ 2)

z<]

n?(n+ 2)%(—2n3 + 7n? + 3n — 18)
n?(n? 4+n+2)

2z n(nt2) ((n+2)(2n" = 100° + 1202)

1<J

+3(n* — 303 — 4n2 + 12n) + n(n + 2)(—2n3 + T2 + 3n — 18))

P
9
L A2A2”("+))(2n5 6n* — 8n3 + 24n2

nip &~ """In2(n2+n+2

nip

1<J

30t — 9n® — 1202 + 36n — 20° + 30t + 170° — 1202 — 36n) -0,

Z XA (n+2)(=2n3 + 2n% + 12n) + n(n + 2)(n* — 3n3 — 4n? + 12n)
i#j<k * n2(n2 Tt 2)
n (2n2%(n +2))(=3n3 + 7% + 6n) + n3(n + 2)(5n? — In — 18)
n%(n?+n+2)
n(n+2)(2n* — 4n® — 2n? — 12n)
n%(n?+n+2)
2
Z A NjAp— nin +2) n(=2n° + 202 + 12n) 4 (n* — 3n® — 4n? + 12n)
it n%(n?+n+2)
+2n(—3n> 4+ Tn? + 6n) + n*(5n% — 9n — 18)
+(2n* — 4n® — 2n? — 12n)>
2
Z /\2)\)\k 20 (2n+ ) —oamt o +12n2 —n* + 303 +4n% — 12n
ol (n?2+n+2)

—6n* + 14n3 + 12n2 + 5n* — 9n3 — 18n2

+2nt —4nd —2n? — 12n> =0,
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8 zp: A <n2(n2+n+2)(3n) 3n(n? +n + 2)(4n?)
iAjARAL -

nip I n%(n?+n+2) n2(n?+n+2)
_n(20° +3n—6)(3n%)  n(5n+6)(6n%)  3(5n +6)nt )
n?(n?+n+2) n?(n?+n+2) n?(n2+4+n+2)
= 3N n’ 3(n? 2) — 12(n? 2
—3(2n2+3n—6)+6n(5n+6)—3n(5n+6)>
LI SR n 3n% +3n +6 — 12n° — 12n — 24
Wi<j;c<zl]klrﬂ(”2‘*‘”+2)(n+n+nn

—6n2 — 9n + 18 + 30n2 + 36n — 1502 — 18n> — 0.

Lemma A.3. For n; defined above

p

Bl = n(n 4+ 2)(n + 4)(np—;66()75;1;;)4(_n2)— 2)(n—3)(n+1) Z A

i=1

Theorem A.2. With b,c*,d, e defined above in (2.27), (2.28), (2.29), (2.50)

Tltrs* +b- trS3trS + ¢ - (trS*)? +d - trS*(trS)* + e - (trS)ﬂ
p

is an unbiased estimator for ay = (tr$*/p) where T is define above (2.51).

Proof. This follows from Lemma A.2 and A.3

% (trS* + btrS%trS + ¢(trS?)? + dtrS®(trS)* + e(trS)*) ]

i (n(n +2)(n+4)(n+6)(n—1)(n—2)(n —3)(n+1) fjx*)

pnb(n2 +n+2)

Il

| =
\AM‘U

>

SO

I

IS

Ny

66

(A.15)



A.3 Variance of Estimator

We shall now find the variance of the estimator in (A.15). We first establish several Lemmas
that will allow us to derive the variance of the estimator in (A.15) based on the linear combination

of x? random variables.

A.3.1 Variance Preliminaries

Lemma A.4. For a random variable from the Standard Normal distribution, i.e. Z ~ N(0,1), all

odd central moments are zero. The first siz even moments are as such,

E[7Z?] =1, E[Z* =3
E[Z%] = 15, E[Z®] = 105
E[Z'0] = 945, E[Z'?] = 10395

Lemma A.5. Let Q be an orthogonal matriz such that A; = Q'DQ with D = diag(wjw;,0,...,0)
and D = QA;Q'. Given A;, we can find z; = Quw; ~ Ny (0,I) and it follows that x; is independently
distributed of A;. Now x; = (zi1,...,Tin) = Qw; ~ Nyp(0,I) and thus x;1 is independent of w;-wj
and also x;, for k=2,...,n, hence

E[v%] = E[w;ij;wi] = E[wAjw;] = E[xflw;wj]

and

E}] = E[(wjwjw

)

fwi)?] = Bl(w;Ajw;)?] = Elaj; (wjw;)?]

Proof. A; is a function of the random variable w;, x; is a function of the random variable w;. w;
and w; are independent by defintion, hence x; and A; are independent. Furthermore an orthogonal
transformation does not alter the distribution of a Normal random variable. Matrix algebra provides

the remaining of the derivation. O

Throughout this chapter we will make extensive use of the alternative form of the variance

of a random variable, i.e.

Var[X] = E[X?] — E[X]?
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A.3.2 Variance of m;
We will begin by finding the variance of 7;. First consider the following elementary lemma

Lemma A.6. For v; = (wiw;)

Var[vk] = 32n(n + 2)(n + 4)(n + 6)(n + 7)(n? 4 14n + 60)
Proof.
Varlvg] = E[v;] - Elvi]?
n(n+2)(n +4)(n+6)(n +8)(n + 10)(n + 12)(n + 14) — n*(n + 2)*(n + 4)*(n + 6)?
= 32n(n+2)(n+4)(n+6)(n + 7)(n* + 14n + 60)
O
Now consider 7; defined in (A.10)
nt =5m3 + 52 +5n—6 1 o
= n2(n? +n+ 2) nip ZA’ Vi
Lemma A.7.
32(n+2)(n+4)(n+6)(n + 7)(n?® + 14n + 60)(n* — 5n® + 5n% + 5n — 6)?
Var[m] = 1172 5 as
n(n?2 +n+2)2%p
Proof.
n* —5n3 502 +5n—6 1 <&
Varlm] = Var 202+t 2) n4 2:)\z v
nt —5n% + 5n% + 5n —
= AV
< nb(n2 +n + 2)p? ) Z arfvs]
_ 32(n+2)(n+4)(n+6)(n+ 7)( + 14n + 60)(n4 — 503 4512 + 5n — 6)% & 38

nl(n2 +n+2)2%p

32(n+2)(n+4)(n+6)(n+ 7)(n? + 14n + 60)(n* — 5n3 + 5n? + 5n — 6)?
ntl(n? +n+2)%p
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A.3.3 Variance of 7,

Here we provide details on the derviation of the variance of the ny component of our esti-

mator. Consider 7y defined in (A.11),

vivg(n* —4n® 4+ n? + 6n) + vjv;(—n® + 4n® — n — 6)
n?(n? +n+2) ’

:n4 Z,\3

i#]

From Lemma A.2, we know E[nz] = 0 and hence Var[n:] = E[n3]. We rewrite 7, in the form

Cﬁz (TL) g 3
o= =Y CANV(ne)
p vy
i#j
where
4
C
12 (TL) (n2 In+ 2)
and
Vij(n2) = Ufiv?j (n* —4n3 + n? + 6n) + viv;;(—n® + 4n* — n — 6) (A.16)
= ’0121 12jn1 + Uzzvjjnz
where n; = n* — 4n3 +n? 4+ 6n and ny = —n3 4+ 4n% —n — 6. For simplification of notation, we call
V;.j(n2) = Vi;. Then n3 can be expressed as
P2
07“2172 ZA?A?VZ +2 Z ANV Vi + 22/\4>\4V Vii+2 Z XN Vi Vi
2 i#j i#j<k i<j i#j#k

+ Z NATARViVik + 2 Z N XM (Vir Vit + VidVie)
1<j#k 1<j#k<l

To compute the variance of 7, we will find the expectation of all the terms above. Consider

the preliminary lemma
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Lemma A.8. For v, = (wjw;) and v;j = (wjw;),

Eljvy] = 3n(n+2)(n+4)(n+6)(n+8)(n+ 10)
Elvjvivi] = n(n+2)*(n+4)(n+6)(n+8)(n + 10)
E@ivs] = n*(n+2)%(n+4)(n+6)(n+8)(n+ 10)

Proof. Some applications of Lemma A.5 along with the following derivations provide the result

Ejvy] = El(wiw;)*(w;Ajw;)?] with A; defined in Lemma A.5
- .
- 5| () b g
k=1

Exploring the left side only,

- A
2 4
k=1

Y " (zx%k)wxz (z) 41t (z) ) (z)
k=2 k=2

k=2 k=2

— 10395 + (4-945+6-105(n+ 1) +4-15(n+1)(n+3) + 3(n + 1)(n+3)(n+5))(n— 1)

= 3(n+4)(n+6)(n+8)(n+10)

resulting in

E[Ufivfj] =3n(n+2)(n+4)(n+6)(n + 8)(n + 10)

Eljvivi] = El(wjw;)’(wjAjw;)(vjw;)]
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Exploring the left side of the equation

- [ + 5310 (lek>+10x (iﬂ%) + 1025, (i%)
+524 <zn:2x§k> + 22 (Zm) }

— 10395+ 5-945(n — 1) +10-105(n — 1)(n+ 1)+ 10- 15(n — 1)(n + 1)(n + 3)
+5-3(n—1)(n+1)(n+3)(n+5)+(n—-1)(n+1)(n+3)(n+5)(n+7)

= (n+2)(n+4)(n+6)(n+8)(n+10)
including the E[v3;] = n(n 4 2) portion and we get
Elvjvivi] = n(n+2)*(n + 4)(n + 6)(n + 8)(n + 10)

The result
E[Sv?] =n?(n+2)%(n +4)(n + 6)(n + 8)(n + 10)

(NI

follows from independent x? random variables

Thus

E[V3]

E [(vi—v?j(n‘l —4n® 4+ n? 4 6n) + vivj;(—nd +4n® —n — 6))2}

— 2,4 5.2 6,2
= I [nlv“ v+ 2nanguy;vi;vs; + ngv“vﬂ]

= n(n+2)(n+4)(n+6)(n+8)(n+10) (3n] + 2nina(n + 2) + njn(n +2))

= 2n%(n—1)(n —2)%(n —3)* (n+ 1)%(n +2)(n +4)(n + 6)(n + 8)(n + 10)

Now consider the additional lemmas
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Lemma A.9. For v, = (wjw;) and v;; = (wjw;),

Blvivivg]l = n(n+2)(n+4)(n+6)(n +8)(n +10)
E[vfiv?jvkk} = n*(n+2)(n+4)(n+6)(n+8)(n + 10)
E[vgvjjvkk] = n3(n +2)(n+4)(n+6)(n+ 8)(n+ 10)

Proof. The proof of these three expectation follow from E[w;w}] = I,

Elvivii] = Blwjw)* (wiwjwjws) (wiwgwiw)]
= El(wjwi)* (wjw;) (wiw;)]
= Ef(wjw;)°]

= n(n+2)(n+4)(n+6)(n+8)(n+10)

likewise

E[v3 v vk

i El(wjw;)® (wiw;wjw;)] Elvgk)

= E[(ww;)® (wiw;)] Evks]

= n*(n+2)(n+4)(n+6)(n+8)(n + 10)

and by independence

EWivjoen] = ERS)E[v;]Evg]

= n°(n+2)(n+4)(n+6)(n+8)(n + 10)
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Thus for j # k

E[Vi;Vik] = El(vjv]ing + vvma) (vivint + vjveens)]

_ 4.2 9 2
= Elvvjvini +v

5.2 5.2 6 2
3V35 Ukk M N2 + V5 05.055M1 M2 + Vg0 Vkkna]

= nn+2)(n+4)(n+6)(n+8)(n+10) (n] + 2ninon + n3n?)

= 0

Lemma A.10. For vy = (wjw;) and v;; = (wiw;),

2.4 21 _ 2 2
E[v“-vijvjj] = 3nn+2)(n+4)°(n+6)
Eljvjvy] = n(n+2)*(n+4)*(n +6)*
Elvjvj;] = n*(n+2)*(n+4)%(n+6)°
Proof.
Efjvivi] = El(wjw)?*(wjwwjw)*(wjw;)?]

= Bl(wjw;)?(w}Ajw;)*(w)w;)?)

and using Lemma A.5
- )
SR POE RENT
| \k=1
o )
= F (ngk> - E[(w;wj)ﬂ
k=1

i n n 2
Cp e e (zxfk)w; (z) B ()]
k=2 k=1

(105 +2:15(n— 1) +3(n — 1)(n + 1))n(n +2)(n+4)(n +6)

= 3n(n+2)(n+4)>%(n+6)>

Blvjvivi;] = Bl(wjw)® (wjAjw;) (wjw;)’]
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and by Lemma A.5
s 3
()
| \k=1
- 5
() st
k=1

n n 2 n 3
Y (zxfk>+3xa (z) oo (z) B [(wuy)]
k=2

k=1 k=2

- (105 +3-15(n—1)+3-3(n—1)(n+1)+ (n—1)(n+1)(n+ 3))n(n +2)(n+4)(n +6)

= n(n+2)2%(n+4)2*(n+6)?

and E[vjvj;] = n*(n + 2)*(n + 4)*(n + 6)? by independent x? random variables.

and thus,
_ 2. 2 3, 22 3.
EVi;Vyu] = E[(Uz‘i”ijnl + Uiivjjn2)(vjjvijn1 + Ujj”zz%ﬂ
_ 2,2 4,2 3,2 3 2,4, 4
= Elnjv;vi;v5; + 2n1nguivpv5; + njvi05]

= 222(n+1)?(n+2)(n +4)*(n +6)*(n — 1)(n — 2)*(n — 3)?

Lemma A.11. For v; = (wjw;) and v;; = (wiw;),

E[”?ﬂ?j”?‘jvfk] = n(n+2)*(n+4)*(n+6)
E[v?ivfkv?j] = n2(n+2)2n+4)>%n+6)

E[v?iv?jvjzjvkk] = n%(n+2)2%n+4)>*n+6)
Ejvdom] = n*(n+2)*(n+4)*(n+6)

Proof.
Blvgviviivi] = Bl(wiwi)? (] Ajws) (wjw;)? (wiwk)?]
By Lemma A.5 we can rewrite and isolate the w; random variables
e (3t (e ) oty
m=1

m=1
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and we’ll look at the left side of the derivation

2

n 2 n
2 2
E Z Lim, Z LimLkm c T
m=1 m=1
n 2
2 6 5

Tip, | + T3 g TimTem | + 5 (L)

2 m=1

n 2 n 2
o, (z xfm) 4ot ( xﬁm) (z ximka>
m=2 m=2 m=1
() + 2 (z xfm> (z ximka> ]
m=2 m=1

= b

NE

s, +xfy (L) + 228 23, (

s 3
Il

noting that (L) are random variables that do not contribute to the expected value due to the odd-

moment of a normal rv and using previous results

2 (me) = Bl(wjwe)’]

= Bl(wiwswjw;)]

when w; is N,,—1(0, I), hence

2 2
E ( E xim> ( E ximka> - x5
m=1 m=1

105+3-15(n—1)+3(n—1(n+1)+2-3(n—D(n+1)+n—-1n+1)(n+3)

= (n+2)(n+4)(n+6)

and

E[”?ﬂ?j”?‘jvfk] =n(n+2)*(n+4)*(n +6)
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E[U?ivzzkv?j} = E[v?zvfk]E[/U?]

/

= Bl(wjw;)* (wiwpwiws)|E[(wjw;)’]

= El(wjw;)")|E[(wjw;)’]

J

= n*(n+2)?2%(n+4)>*(n+6)

Blvjviivive] = El(wiw:)* (wiAjw;) (wjw;) | E[(wjwy)]

and by lemma A.5, looking at the left portion of the expectation

E[(wjw;)® (wiAjw;) (wjw;)?] = E[(wjw;)* a3 E[(wjw;)?]

with
Bl st] = B |af + 325 (z xfm> st (z xfm) et (z x%m>
m=1 m=1 m=1
= 1056+3-15(n—1)+3-3(n—1(n+1)+(n—-1)Mn+1)(n+3)
= (n+2)(n+4)(n+6)
and
Elojyofofjon] = 0 (n+2)°(n + 4)(n + 6)
and

E[vfiv??jvkk] =n*(n+2)%(n+4)*(n + 6)

follows from independent y? random variables.

Thus

3.2 2 2.4 3
51057 Vi5 Ukl + M30505 Uk ]

2,2 2 3,2 4
E[Vi Vil = Enjvivievi;vjj + ningv;vv;; + ningv

= 0
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Lemma A.12. For vy = (wjw;) and v;; = (wiw;),

Elpvioivh] = n(n+2)%(n+4)?
Eliviolom] = n*(n+2)°(n+4)?
E[vf’l-v;’jv,%k] = nd (n+ 2)3(n + 4)2

Proof.

Eviviv5] = Bl(wiw;)? (wi Agw;) (w] Agw;) (wiw;)?]

and apply Lemma A.5 with respect to Ay resulting in

Bl ] = Elwlw,)?a% El(w)w,) %) El(whw,)’]

by independence. We explore the terms of w;

Fllufw 2] = F (zxzm)
m=1

= (n+2)(n+4)
and similar for the w; term, hence
E[”?ﬂ?}c”?‘j”?k] = E[(w;wl)Q:rfl]E[(w;wj)zx?l]E[(w;wk)Q]

= n+2)n+4)(n+2)(n+4n(n+2)

= n(n+2)°*(n+4)?

Evj 0505 00k] = Bl(wjw:)? (w; Agw;) (whwy) (whw;)?]
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and we apply Lemma A.5 and we can rewrite the expectation as

Elv}viv5 0] = E[(wjw;)*?

E((whwe) ) Bl(w)w;)?)

and using the argument above for the w; component we get

Blvjvigvjve] = El(wiw)* s} Bl(wiwr) | El(wjw;)?]

= (n+2)n+4d)n(n+2)n(n+2)(n+4)

n?(n +2)%(n + 4)?

and lastly
Elviviod] =nd(n+2)3(n+4)>2

(XNi

follows from independence.

EViVik] = EE[n3v} vfkv2 v]k + nlngv“vzkv?’ Uik + NNV, 112 vjkvkk + nz”?ﬂ?ﬂkk]
= nin(n+2)3(n+4)* + 2ningn®(n + 2)3(n +4)? + nin’(n + 2)*(n + 4)?

=0
Due to independence, we see the following

ElVieVii] = EVig]E[Vj]

= 0

and likewise for V;;Vjk, which allows us to compute

Thus

b {Cnf)(n)ﬂg] = 20°(n—=1)(n=2)*(n—3)*(n+ 1)°(n+2)(n+4)(n +6)

x | (n+8)(n + 10) ZA6>\2+2(n+4 )(n 4+ 6) ZA‘*X*
i#] i<j
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with the remaining terms having an expectation of zero. We note

Z AP

i#]

() () (%)

= p2(16112 — pag = P(pa6a2 - as)

and
QZ Y = (i Aj) Ep: AL - (i A?) (A.17)
- = p2:§:_ pas zj_pl(pai - as)l_l
and then
Var(no) =E 3] = Cp(n)’n*(n—1)(n—2)*(n—3)*(n+1)*(n + 2)(n + 4)(n + 6)

X ((n+ 8)(n +10)p(pasaz — as) + (n +4)(n + 6)p(pat — as))
32(n — 1)(n — 2)%(n — 3)2(n + 1)%(n + 2)(n + 4)(n + 6)
nlo(n2 +n+ 2)2

2(n? + 14n + 52
x ((n2 + 18n + 80)agas + (n* + 10n + 24)aj — (n” + 14n + )Cl8>

p
A.3.4 Variance of 73,1, and 75

Following the same derivation in the calculation for the variance of the 7, terms in section
A.3.3 we can find the variance of 13, n4 and 7;. We leave out some of the tedious details of calcuating
the expectations of the random components.

Consider (A.12) and

_ Z )\2)\2 v”v”vﬂ( 2n* —10n3 + 12n2) + vfj(n‘1 — 3n3 — 4n? + 12n)
B P n2(n?2 +n+ 2)

+vi2ivj2.j(f2n3 + 7%+ 3n — 18))

n2(n? +n + 2)

= ZA2A2 i (13)

1<j
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where

and V;_ j(ns) represents the random component.

We find

EVij(n3)Vik(ns)] = E[Vij(n3)Vjk(n3)] = 0

and
E[VZ]=8n*(n—1)(n—2)*(n — 3)*(n 4+ 1)(n + 2)(n + 4)(n + 6)(n® + 150> + 69n + 54)

Recalling (A.17) and using the property that ns has mean zero and the fact the cross-

products do not constribute to the second moment, we can find the variance by

C’?iﬁgn?(n —1D(n—=2)2%*n-372%*n+1)(n+2)(n+4)(n+6)

Varns]

P
x(n® + 150 4 69n + 54) >~ ALX]
i<j
16(n —1)(n —2)%(n — 3)%(n + 1)(n + 2)(n + 4)(n + 6)
ni0(n? +n +2)2

% (n® + 1502 + 69n + 54) (a2 — %8)

Next we consider the term (A.13)

vZv% (—2n% + 2n% + 12n) + vfjvfk(—éln?’ —6n% +12n)

1 &K i
na = — AP A Ak !
5 2 Fa )
N (viiv?jvkk + v;03,05;)(—=3n% + Tn? + 6n) + vEvjvEK(5n? — In — 18)

n?(n? +n+ 2)

+viiuijvikvjk(2n4 —4n3 —2n? — 12n) + vZ 03 (n* +n® + 2n2)>

ij ik
n?(n? +n+ 2)
07]4 (TL)

D
= D ANV ()
Ptk

where we define
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and Vi’j,k(m) is the random component. We find
EV; jr(na)?] = 4n*(n+2)(n'°+12n —138n" —81n° +3102n° +200n* —5316n> —912n? — 144n+3456)
and

ElVijxMma)Viikma)] = EVi kM) Vi,ij(n4)]
— 4n%(n+2)(n+4) (n9 + 508 — 4407 — 1667

+493n° — 79n* — 1554n3 + 138012 + 792n — 864)

That is, the expectation of all possible combinations of i, j, k with the restrictions of the subscript
read as i # j, i@ # k and j < k. Cross-product terms involving four or more subscript values have

expectation zero, i.e.

BV, jkMma)Vijama)]l = EVi jk(na)Vik,i(na)] = 0

and so on. This allows us to find the cross-products in the second moment of 7, and the expectation.

We note,

(£) (81) - () () (£) ()

p
2 ) AN

i#j<k j=1 i=1
= pasa3 — p*ai — 2p°agas + 2pas = p(p*asaj — pai — 2pagas + 2as)
and
p p 2 p p
2313143 3 2 6 2
o>t = (o) () - (500) ()
i<k i=1 j=1 i=1 i=1
P P p
() () 2 (3%)
i=1 j=1 i=1

2

= p’ajas — p’agas — 2p°asaz + 2pas = p(p*a3as — pagas — 2pasaz + 2as)
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We find the variance of 14 by calculuating its second moment and using the expectations above

C,,(n)?
Var[n] = % [4n2(n + 2)p(p®asai — pa? — 2pagag + 2ag)/2

x (n' +12n° — 13807 — 81n° 4 3102n° 4 200n"* — 531603 — 912n? — 144n + 3456)
+4(n? 4 5n® — 44n™ — 16615 + 493n° — 79n* — 1554n°> + 1380n? + 792n — 864)

xn?(n+2)(n + 4)p(p2a§a2 — pagas — 2pasas + 2ag)}

B 64(n + 2) [pa4a§ — a3 — 2apa + 2ag
 n0(n2 4+ n+2)2 2
x (n'0 4 12n% — 138n" — 81n° + 3102n° 4 200n* — 53160 — 912n? — 144n + 3456)

2
+(n+ 4)(pa§a2 — agas — 2asa3 + Z;ag)

x(n? 4 5n® — 44n” — 166n° + 493n° — 79n* — 1554n> 4 1380n? 4 792n — 864)

Likewise, it determining the variance of (A.14)

] p
o= > AN

2/, 2
<n (n® + n + 2) (Vi VR VKV + ViUV Vik + VikVjEV51V41)
i<j<k<l

n?(n? +n+ 2)
3n(n® + n + 2) (03 VRVVRL + VjVRVIVRL + VkkVij VitV + V0 VikUsk)
n%(n?+n+2)
n(2n® 4 3n — 6)(v}vR; + viv5 +viv)
n2(n? +n+ 2)
n(5n + 6) (v?jvkkv” + vfkvjjv” + v?lvjjvkk + U?kviiv” + 'szlviivkk + U,%lviivjj)
n?(n? +n+ 2)
3 3(5n + 6)v;v;, vk
n2(n? +n+ 2)

Chs(n -
D D S SR

p i<j<k<l

with
8

Cns (n) = nb(n? +n +2)

and V; ; x.1(n5) represents the random component. The cross products terms have expectation zero,

that is

EVijk1(5)Vijkm(15)] = 0
for any combination of i, j, k, [, m with 5 of more indices. The only term contributing to the variance
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is

EVijri(n5)?] = 3n3(n — 1)(n+ 2)(n? + n + 2)(n® + 6n* + 9n® — 56n* + 132n + 144)

We note

p
24 ) AN

i<j<k<l

p4a‘21 — 6p3a4a§ + 8p2a6a2 + szai — bpag

p(pPas — 6p®asa’ + 8pasaz + 3pa3 — 6ag)

and we find the variance of 75 by calculating its second moment

8(n—1)(n+2)
Var[ns] = m(n5 +6n* +9n® — 56n? + 132n + 144)

6
x (pasy — 6pagas + Sagay + 3a3 — Eag)

A.3.5 Covariance terms

To determine the covariance terms of 71, 12, 13, 14, and 75 we utilize the fact that E[n;] = 0

for i = 2,3,4,5. Therefore

Cov(ni,n2) = E[nins]

and due to indepedence of many of the random variables, we only have to explore the variables of
the form v};V; j(n2) and v};V; j(n2) (i.e. vi; and Vj (n2) are independent). We recall V; j(n2) from
(A.16) and see

U4(22

4 3
03 Vi,i(n2) i (ViiViM1 + vivjina)

_ 6,2 7.
= V05Nt V0552

4

where the v;; component from 7); essentially adds 4 moments to the random variable. Taking

expectations we see

E [vfiVm(ng)] = nn+2)(n+4)(n+6)(n+8)(n+10)(n + 12)(ny + nns)

= 0 with ny, ng defined in (A.16).
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A similiar results holds for U?jViJ (m2) except fourth moments of the v;; are incorporated. This
concept can easily be seen in Lemma A.l in section A.2.1, specifically with the expected values of
U“"U?j and vfivfj. The additional v;; will add an additional moment resulting in the (n + 4) in the
expected value. In the case of 71 and 72, we add a fourth moment of v; and v;; in the respective
calculuations to both parts of V; ;j(n2). Since both covariance terms are zero, and the other terms
are zero by independence, we determine Cov(n;,7n2) = 0. Analogous results hold for the covariance
terms of 77 with n3, n4 and 75 respectfully.

When exploring Cov(n2, n3) we find the terms V; ;(n2) and V; ;(n3) are correlated, along with

Vj.i(n2) and V; j(ns) with the remaining terms uncorrelated. Derivation similar to that of section

A .3.3 leads to the result

Covln,ns) — 32n*(n —1)(n — 2)*(n ;L:?Q)(T(L?:le)+(;);;§)(n+4)(n+6) (n+8) ;/\?)\?
_ 32m—-1)(n—-2)2(n—-3)2*(n+1)%(n+2)(n+4)(n + 6)2(71—1—8)( B %)
= nlo(n2+n+2)2 asas D .

Similiar expansions to find Cov(ng,n4) and Cov(nz, ns) find no terms to be correlated.
Using analogous methods, through expansion and calculation of the expectations, we see

Cov(ns,ma) =0, Cov(ns,ns) = 0 and Cov(ng,n5) = 0.

A.3.6 Interaction between a4 and as

We find the covariance, or interaction, of the terms of a4 and as. We note that the covariance
between ¢; of s and the terms 73, 73, 174, and 75 is analogous to that of n; with the respective terms,
resulting in

Cov(nz,q1) = Cov(nz, q1) = Cov(na, q1) = Cov(ns, q1) =0

Careful expansion and taking expectations, similiar to that provided above, of the random

variables finds there are no correleted terms between go and 71, 14 or 75 resulting in

Cov(m, q2) = Cov(na, q2) = Cov(ns,q2) =0
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Expansion of of E[n2qs] and [n3g2] and finding expectations provides the following results.

Covlnm, g) = 16n(n —1)(n — 2)(;;(—75)4(?”—#—’_1;522—&- 2)(n+4)(n+6) ; A?)\?
B 16(n—1)(n—2)(n—3)(n—|—1)(n+2)(n+4)(n—|—6)( _%)
h n’(n?+n+2) a2 P

Covlis, i) = 16n(n —1)(n — 2)(;28(—71;5)—’(_71”—#—'_1;5;2—1— 2)(n+4)(n+6) Z )\?)\?
_ 8n—1)(n—2)(n—=3)(n+1)(n+2)(n+4)(n+6) (a2 — %)
n’(n? +n+ 2) 5op

We leave the Cov(n1,¢q1) term for a later derivation.

A.4 Asymptotic Variances and Consistency

We simplify our variance and covariance terms by finding their asymptotic values under

assumptions (A) and (B) and as (n,p) — oo.

V(Th) = nipClSa

32 2 32
Vi) = ﬁ(agag + a2 — 2;ag) ~ — (agaz + aj),

16 , as. 16 ,
Vns) =~ ﬁ(% - ;) 24

2 2 2

64 [ pasas — (ag + 2aeaz) + Sas 2

V(n) = 3 ( 5 P4 pagag — (agas + 2asa3) + ];as

12

64
ﬁc(aw%/Z + agag) ,

8 6
Vins) = F(p%% — 6paga3 + (9agaz + 3a3) — ;;ag) ~ —cay,

and

V(ql) ~ nipaﬁla
4 2 aq 4 2
Vigz) =~ ﬁ(az - ?) 2z %2
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are provided in Srivastava [99]. Likewise,

16
Cov(qi,m) = nfpaé‘n
32 as 32
Cov(nz,m3) =~ ﬁ(asas - ;) ~ —asas,
16 ag 16
Cov(nz,q2) =~ ﬁ(awg - ;) ~ ECMLGQ,
8 2 Qg 8 2
Cov(ns, g2) =~ ﬁ(ag - ?) ~ —ag,

and we note that for 7 in (2.31), 72 >~ 1 as n — oo.

Recall Chebyshev inequality
Lemma A.13. Chebyshev’s Inequality
For positive € and random variable X,

P[IX - E[X]| > < éVar[X}

which leads to the following result
Theorem A.3. The estimator a4 defined in (2.32) is an (n,p) consistent estimator for ay.

Proof. By Theorem A.2, a4 is unbiased for a4. By Chebyshev’s inequality, Lemma A.13, for any

€e>0

R 1 .
Pllas —aq] > ¢ < ?Var[a4]

1 {32 32 9 16, o
o) (npas + ﬁ(%aQ +aj)+ ﬁ(aél)

¢

64 8 32
+ﬁ (ca4a§/2 + ca§a2> + ﬁ(c%g) + 2712(a5a3)>

— QOasn,p— o0

hence a4 — a4 in probability and a4 is an (n, p) consistent estimator for ay under the two assump-

tions, (A) and (B). O
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A.5 Asymptotic Distribution Preliminaries

To find the asymptotic distribution of our statistic, we utilize the theory of martingale-

differences.

Lemma A.14. Let X, ;, be a sequence of random variables with F, , the o-field generated by the
random variables (w1, ...,wp), then Fpo C Fp1 C ... C Fpp. If E[Xyp|Frp_1] = 0 a.s. then

(Xnp, Fnp) is known as a martingale-difference array. If

p
(1) ZE {(Xn,j)Q |‘rfn,j—1} 26? as (n,p) — oo
§=0
p
(2) Y E[X) I(Xp; > &)|Fn 1] 20
j=0

p
then Y, , = Zme 5 N(0,0?%).
5=0

The second condition is known as the Lindeberg condition. The result can be found in
numerous texts, see Durrett [29] or Shiryaev [94]. The second condition can be satisfied with the

stronger Lyapounov type condition

P
> E[X; ;] 0.
§=0

For the ¢; and n; terms, we use a more traditional central limit theorem but note they two

will satisfy the martingale different requirements since they are iid. Consider

M vE —n(n+2)] B Mo —n(n+2)(n+4)(n +6)]
Uy = s Ugq = (A18)
n(n +2)(n+ 3) Vn(n+2)(n+ 4)(n + 6)(n3 + 21n2 + 158n + 420)
and
_ (n+4)(n+6)(n+5)
o= V(£ 3)(n + 7)(n? + 14n + 60) (4.19)
then

Elug;] = 0, Elus] =0 (A.20)
Var[ug] = 8A}, Var|ug] = 32)8, (A.21)
Covlug;, ugi] = 16X%€, (A.22)
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U9j
thus u; = ’ are independently distributed random vectors for ¢ = 1,...,p, with the mean

U4

zero vector and the 2 x 2 covariance matrix M;, given by

8L 16€,00
M, = (A.23)
166,06 3218

We note that

1 8a 16€,a

=5 My, = ! M (A.24)
P 16e,a6  32ag

and for any fixed n, M,, — M? # 0 as p — oo since each a; is assumed to converge by assumption

(A) and €, does not depend on p. MY is defined to be

8a? 16¢,,al
MO = ! o (A.25)
16€,al  32a

and MY — M? as n — oo since €, — 1 with MY defined as

8a 16al
M° = ! 0 (A.26)
16a8 32al
similarly as n — oo, M;,, — M, such that
8\ 16)¢
M; = (A.27)
16AS 328
We will make use the Lyapunov-type Central Limit Theorem from Rao [81],
Theorem A.4. Let X1, Xo,... be a squence of independent k dimensional random variables such

that E[X;] =0 and X, is the k x k covariance matriz of X; and suppose that

1 p
DI
p

i=1
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and for every € > 0
12
72/ | X||?dF; — 0
D3 1X>ep

where F; is the distribution function of X; and || X|| is the standard Euclidean norm of the vector X .

Then the random variable W converges to the k—variate normal distribution with mean

zero and dispersion matriz 2.

We also make use the the following inequality for random variables, found in Rao [81]

Lemma A.15. For random variables X and Y
E[(X+Y)] < C(EX"]+ E[Y"])

where C). satisfies

1 ifr <1
C,=
2r= ifr>1

By (A.24), our covariance matrix converges to a non-zero matrix. Let F; represent the

distribution function of w;.

1< 1<
- Z/ (u;uz)dFl = - Z/ (u;ul)dFl
p i=1 7/ (wjui)>/pe p i—1 7 (uju;)>pe?

< 1ij ! /(’ )2dF,

- — [ (uju;)*dF;

T opmpe )

= E[(u3; +u3)?]
222 24 4i
p-e i=1

S p262 ZE Ug; + U4J

=1

using Lemma A.15. It is easy to see that when assumption (A) is satisfied

2 & B n(n +2))4]
E;E[U%Z] = Z 8 n2n+2 V2(n + 3)2

fz(n)8:O<>—>0aSp—>oo
p p

where fo(n) is a function of n. That is, the 4th moment of the centralized x? random variable only
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depends on n. Likewise,

4353 Efu }:1@ E[(vi; —n(n +2)(n +4)(n +6))?]
p? = ai 2(n + 2)2(n + 4)2(n + 6)2(n3 + 21n2 + 158n + 420)2
= f4(n)a1620()—>035p—>oo
p p
whence,
2 p
- DAF; < —— Y Elus; +uj;] — 0. A28
Z/ uu>>feuu) _pQEQZ: el = (429

y (A.24) and (A.28), we can apply Theorem A.4 and

p
—Z i ~ Ny (0, M?) as p — oo (A.29)

g

and we note

P P AL (v}, —n(n+2))
Z 1 Z (n+2)(n+3) . (Ago)
P4 A (v —n(n+2)(n+4)(n+6)

NG
=1 V/(n+2) (n+4) (n+6) (73 + 2102+ 1587+ 420)

Sl-

As p — oo and n — oo it follows

RIE 0
\/13; i — No(0, M), (A.31)

Likewise by the standard multivariate Central Limit Theorem, we note that as n — oo with
p fixed,
U; — NQ(O,Mi),i = 1,...,p

for M; defined in (A.27). Letting
1
M = ]—)(M1+...+Mp)

which will converge to M? as p — oo by assumption (A). The u; are asymptotically independently

distributed, it follows from the above that as n — oo and p — oo
P
Z . — No(0, MO).
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We note this allows us to interchange the convergence order and provides us with a general (n,p)

convergence result.

A.6 Asymptotic Normality of Test Statistic

Let
1 8&4 16&6
M=-(M+M++...+M,) = (A.32)
p 16ag  32as

and M — MY as p — oo due to assumption (A). Without loss of generality we replace M° with M

and note that

n—1g 9 9
qq = 7 ; AV
1 &
~ 2,2
= n2p ; Ajvg;
and
_— n4—5n3+5n2+5n—6i§:>\4v4_
n%2(n?+n+2) np — v
1 &L
~ 4,4
- n4p Z /\z i1
i=1
This leads to the following theorems
Theorem A.5. Asn and p — oo
q1 az
V/np — Ny , M
m aq

Proof. Some manipulations of the w; in (A.30) provide the result.

1

1 p
72 A2p2
q1 n2p p i Vi

P
_ 12%
_n

n
p i=1

which appears as a biased version of the u; component for A7 multiplied by :Lp for large n. Applying

N
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Theorem A.4 and multiplying by an additional ,/np provides the result.

)\2 2 )\2 2
\/7 Z i Vig Z i Vig a2,8a4)

1
\/7

Likewise for the n; component of wu;

12

m 7’L4 Z)‘z Vig
Aivis ?z
- L3

which appears as a biased version of the A\} component of u; for large n. As before,

\/7 Z )\z u _ \/LZ (a4’32a8)

Combining into a vector completes the proof. O

The normality of the other components require use of the Martingale Difference approach.
We provide all the details of the convergence for 1y to normality under general asymptotics. Some of
the tedious algebraic details for the other terms are not provided and are straightfoward expections,
or conditional expectations. Recall that each term, q2, 72, 13, 174, and 75, was constructed to have
mean zero. With assumption (B), the argument for the asymptotic normality of each term follows
the same methodology. We further note that the variance of each term is written with a £ term
rather than the concentration. We keep the term written this way as it will disappear following an

application of the delta method in later work. First we recall a result from Srivastava [99],

Theorem A.6. Under assumption (A) and (B), for q2 defined above
NS (0, 4%13) (A.33)
Theorem A.7. Under assumptions (A) and (B), for ny defined in (A.11)
S 2N (0, 32%(%@2 + ai)) (A.34)

Proof. Define the o-field generated by the random variables ¥, ; = o{wi,ws,...w;}. We then
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rewrite 72 as

K. K.
nn2 = =2 Z)\SA ‘/” =2 ZA?))\ ‘/ZJ + Ai )\3V71
i#£] p i<
J J
p j—1
ZZA3)\ Vij + NSV
j=21i=1

using the notation from Section A.3.3 and

4
K —
? (n?2+n+2)
Define
Jj—1 K Jj—1
Xnj = p2 (N Vg + XNAIVG) = D Y5
=1 =

and note the following conditional expectations

[ Vii zg|9.~ n,j— 1] 3 E[U%Ujj|3:n7j_1] = nv?’h

[Jj U|3’r~ n,j— 1] ( +2)(n+4)v“, E[U U“|S'~ n,j— 1]—71( +2)(n+4)1}”,

hence E[V;;|F, j—1] = 0 and E[V};|F, ;—1] = 0, so E[X,, ;|F, ;—1] = 0. Following the methodology

from Section A.3.3 we can calculate and show that condition (1) from Lemma A.14 holds. Begin by

noting
j—1 j—1
=Y V242> vy (A.35)
i=1 i<k

We use the well known result about expectations
B[E[X} j|Fnj-1]] = EIX] ]]

and

2

j—1
2
st - e ()
=1
j—1 Jj—1
= Y E[]+2) E[Y;Yil
i=1

i<k
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By the methodology from Section A.3.3,

ElY;;Yy;] =0

and for large n

Jj—1 J—=1 ;-9
K
D_EWE = 3 3 (NNBIVI+ 2XNBIV, Vil + NAEVF)
i=1 i=1
j—1

16 1
- O (n1%) 2 ()‘?)‘?O (n14) + 2)‘?/\§O (n14) + )\?)\?O (nl4))

i=

16
; (/\?CLG + 2/\?@4 + /\?ag) .

Hence

E E[X?|Fuj1]| =

p P
2
E[Xn,j}
Jj=2 j=2

If we can show that

p
Var ZE [XZ,]|F7L7J—1] - O as (nap) — 00,
j=2

then by the law of large numbers, condition (1) of Lemma A.14 will be satisfied.
Using (A.35) we can find the conditional expectation given the o-field &, ;1. It is fairly
straightforward to show

EY;Yi|Fn,j—1] = 0.

Hence i
E[X7 |Fn 1] = Z E[Y|Fni-1]
=1
and for large n
K2
E[Y3|Fn 1] = p—j (AAZO(n®)vf; + 2MIX]0(nO)f; + ATASO(n'?)v]) . (A.36)
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Utilizing the triangular sequencing allows us to compute

p p—1 P
Z F,LJ 1 ZZV(M‘ Z E[}Q?‘grmj_l]
j=2 i=1 j=it+1
and from (A.36)
K3} <
ZV(LT Z E| ?|3’n7j,1] < —;Z (AF(L% (n'YVarvs] + Na20(n**)Var[v})
Jj=i+1 p =1
1a20(n*"Varvl] + Masas0(n'®)Cov(vs, v)
FASazas0(n2) Cov(vf,, v2) + Masai0(n?) Cov (v, 03) )
Its straightforward to calculate Var[v?] = O(n'!) and the other variance and covariance terms.

When including the K3 = O(n=2%) it is easy to see that Var [E[Y3|F, ;1]] = O(n~'p~?). From
here its clear that Var [ L E [X?L’j\Fn)j_l]} =O((np)~') — 0 as (n,p) — o

To show the Lyapounov type condition consider

j—1

j—1 j—1 j—1 j—1
Xp =D Ya+4) ViV +6) YIVE +12 ) VAVY, +24 Y ViV Vo,
1=1

itk i<k i#k<l i<k<l<m

and only the Yé and YQYkJ have non-zero expectation. For large n

Z E = 6 (/\4(112 + 4)\6a10 + 6)\8a3 + 4)\10(16 + )\12(14)

and

256
Z E Yk] = p2 (/\;*ag + 4/\?a4a6 + 4/\§ai + 2/\§a2a6 + 4)\]10a2a4 + /\;Zag) .
i<k

Hence

P
256 256
Y E[X,] = ?0(1) » —O(1) > 0 as (n,p) — o0
j=2

and we have satisfied the second condition of Lemma A.14. This completes the proof for the asymp-

totic normality of nne. We utilize assumption (B) to rewrite our result with the same convergent

rate of \/np. O
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Theorem A.8. Under assumptions (A) and (B), for ns defined in (A.12)

Japns BN (0, 16%&) (A.37)

Proof. This proof follows that or 72, we begin by writing

K p j—1 P
nn3y = — Z )\ZQA?W” = ZXn’j
p j=21i=1 Jj=2
with
2
Ks = 710773 (n) =

nd(n?+n+2)

and W;; = V; ;(n3) being the random components of 73. With respect to the o-field generated as

Fn,j =oc{wr,...,w;} we find the conditional expectations
E[viiv'?jvjj Fnjo1] = vi(n+2)
E[vjj|Fn ] = 30}
E[Uzziv?j Fnjo1] = vin(n+2)

and thus E[W;;|F, j_1] = 0 and n3 satisfies the conditions of martingale difference.

We note for large n

1K, K212
2412 3 444 4
E (Z Ai/\jwij> = 2N XNEWE
i=1 =1
16
= —)\?a4
p

and from this we see

Like in 7y, if we can show that

P
Var ZE [X,Ql’j|Fn’j,1] — 0 as (n,p) — o

Jj=2
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then by the law of large numbers condition 1 of Lemma A.14 will be satisfied. It is straightforward
to show

and hence

E[X7 |Fn 1] Z/\4>\4 Wi |Fn 1],

Again we use the triangular sequencing of the summation and see

p p—1 p
Var ZE[X,%,j\Fn,j_l] =ZV(M“ Z E[W3|F 1]
j=2 i=1 j=i+1

As with the 77 component, when including the K3 term, its a straightforward calculation to de-
termine that Var {Z’;:H_l E[W%\S"nvj_l} < O(n~'p~?) and hence Var [ iy [X7217j|Fn7j_1]] <
O((np)~'). Hence we know the first condition of Lemma A.14 is satisfied. To show condition two,
consider the Lyapounov condition.

We begin by noting that for large n

4

K K =
E <Z —AINW, ) = j(Z)\SAS S1H6Y AXNEW, ij]>
i=1 p p i<k
2565 256 ¢ ,
= p73>\ja8+p72)\j(l4

and thus

P
1
EY [Xn;] = 256a30 <p ) + 256a5a30 (p) — 0.

j=2
All the conditions of Lemma A.14 are satisfied and this completes the proof. Using assumption (B)

we can write the result with a ,/np convergent rate. O

Theorem A.9. Under assumptions (A) and (B), for ny defined in (A.13)

2
/pna 2N <0764CZ <a42a2 + a%m)) (A.38)
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Proof. We begin the proof by first rewriting 74 as

K. &L k—1j-1 P
=== S ANV + ANk + AN Vi = D Xk
k=3 j=2i=1 k=3

with
4

Ki=—
T2 +n+2)

and Vijk, Vjix and Vi being the random components. Define the o-field generated by the first &

random variables, F,, = o{w;, ..., wy} and straightforward calculations show
E[Uzgivgz'k\rfn,k—l] = ”?i”jj
E[“?j”?k‘?n,kfl] = Uii“?j
E[wwfjvkk\rfn,k—l] = viivfjn
E[Uii?}?kvjj‘?n’kfl] = ’U?Z»Ujj
E[ofvjjopk|Fnp-1] = vivim
Eiivijvinvje|Fne—1] = in?j

and hence E[V;jx|F, x—1] = 0. Likewise

E[v?jv?k\f}'n,k_l] = v?jvii
E[vjvi|Fnp-1] = vy
Elvj v} ekl Fnp—1] = vjo5m
BlvjjvivilFap—1] = v
2, _ 2 .
E[Ujjvzivkk‘g:n,k—l] = U;;Uin
Elvjj0i0k0ik|Fn 1] = vj;05

and hence E[V}-ik|ff"n,k,1] = 0. The conditional expectation of the V};; component can be tricky. We
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note the first few conditional expectations

E[vp v |Fnk-1] = vimn(n+2)
E[vkkvfkviiﬁmk_l] = vuvj(n+2)
Elopvvij|Fnp—1] = vivj;(n+2)
E[oiyviivj|Fnp-1] = wigvjm(n+2)

Elugrvikvpvij|Fnke—1] = U?j (n+2)

as they are straightforward with an application of Lemma A.5. To find the conditional expectation

of the v v?;, term we perform the following calculation

Sjn,k—l

n 2 n 2
2 2
Bl 05 |Fnk—1] = B E TimThm E ZjmThm
m=1 m=1

This comes from the definition of the w;s. By expanding out the summations and calculating the

individual conditional expectations we see many of the terms are zero. We are left with
E[”’L‘Qk?vjzk"(‘-fn-,k*l] - 2/()12] + /Uii’l)jj.

From here, we see that E[Vy;;|F, x—1] = 0 and hence 4 satisfies the conditions to be a martingale
difference. As before, we will consider the expectation of the second moment. We note we need to

use assumption (B), £ ~ ¢ for large (n,p). Consider for large n,

B[E[X] 4|Fn k1]

I
o

>
FM

E—1j-1
= s 20 00 O™ (AAIAE + 20ININE + 2ATXIAE + AN

F2AZNIND 4 A?A?Ai)

64 A2 2\
= —c (a4a2 k4 ag)\i + 0@@3)\2 + v k)
p 2
which leads to the following result
& & asa?
E Z E[be,kffn,k—ﬂ] = Z E[X} ] = 64c ( 42 2+ agag) :
k=3 =3
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As with the previous proofs, if we can show the variance goes to zero, we have satisfied condition 1

of Lemma A.14. Based on how we rewrote 74 above, elementary calculations show that

k—1j-1

EIX3 5| Fng-1] = Y D BV Fus-i]

j=2 i=1

where the Y2

;i1 represents the eigenvalues and random components. Thus

j—1

p
ZE[Xn,k—1|9~7L,k—1}‘| = Z Var
k=3 ;

p
J:Q 1=

Var

p
> E[Yi§k|3~n,k—1]l
k=3

As before, we bound the Variance term by the second moment. Using the methodology similar to

calcuating the variance of 7y, recalling Ky, calculations show that under assumptions (A)

Var

E 1
ZE[Yi?H?n,kl]] < 0 (172712) :
k=3

Now with assumption (B) and handling the double summation, we see

<0 ()

and hence by the Law of Large numbers condition 1 is satisfied.

Var

p
Z E[Xn,k—l |~rfn,k—1]
k=3

Using similar methods to above, and like that of the previous proofs. Utilizing, assumption

(B),

Hence condition 2 is also satisfied. Thus by the Martingale-Difference approach, nn, is approximately
a normal random variable. Utilizing assumption (B) allows us to write it with the same convergence

rate as ¢ and 7. O

Theorem A.10. Under assumptions (A) and (B), for ns defined in (A.14)

Jpns 2 N (0,8p02a3) (A.39)

n
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Proof. Rewrite 75 as

p 1-1k-1j5-1

nns = [;52222/\/\ A A Vijk —Zan

1=4 k=3 j=2 i=1

with
8

Ky= —75F7—7——.
ST 2 +n+2)

We calculate the following conditional expectations when conditioning on the o-field defined as

Fni=of{wr,...,w},
Evijvikveivi|Fni—1] = 050k
Elv;jv0pvik| Fri-1] = vijvjrvik
Elvigvjkvjivi|Fni—1] = 050k
Elviivjrvjivp|Fni-1] = UuU?k
Elvjjvivavi|Fni1] = vj05
Elvgkvijvavi|Fni-1] = Ukkvizj
Elugvijvigvje|Fni—1] = n-vijvigvjk
E[U?jvilen,lfl] = U?jvkk
E[”?k”?lw:n,l—l] = Uizkvjj
E[U?ﬂ?‘kwjn,lfl] = U?kvn‘
E[v?jvkkv”|9’n7l_1] = n- vfjvkk
BlvivjoulFai-1] = n-vjuj;
E[v?lvjjvkkﬁn’l_l] = ViiV;Vkk
E[U?kviiv”w’n)g,l] = n- v?kvii
E[U?lvnvkkwn,l—l] = ViV Vkk
Bljviivji|Fna-1] = vivjjonn
Elvivjjvppvn|Fni—1] = 00505 Vkk.
Thus we calculate E[X,,|F,;—1] = 0 and we can apply the martingale difference central limit
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theorem. Straightfoward calculations show

P P
E Y EIX; [Fnia]| =D EIX,] = 87a;
=4 =4
Its fairly straightforward to show
P 4 p—1lk—1j5—-1
r Y EX2 |Fnaoa| = 5 Var Z AN BV | Fi—1]
=4 k=3 j=21i=1

Recalling assumption (B) to handle all the summations, we find

coft) -
np

P

> B [Fni

=4

Using similiar methods we find

and hence both conditions of Lemma A.14 are satisfied. We utilize assumption (B) to express the

result with a \/np convergence rate completes the result. O]

The marginal distribution of each term and the martingale-difference approach provides the

following important result,

Theorem A.11. Under assumptions (A) and (B), as (n,p) — oo

il as ol ogm 0 0 0 0 0
Ui aq Oqm Oy 0 0 0 0 0
q2 0 0 0 032 Ogsms  Ogomy 0O 0
Vip | s [ 2N o | 00 0 opm 0k omm 0 0 ||
73 0 0 0 Ogns Onoms 03, 5 0 0
in 0 0 0 0 0 0 o % , 0
5 0 0 0 0 0 0 0 03,5

2 2 o2 o2 o2 2
where o, 0, and 0q,y, are found in the M matriz defined in (A.32) and aq2, 2t Ongs Onys and oy

are the asymptotic variances in (A.33), (A.84), (A.37), (A.38) and (A.39) respectively and og,n,,

Tgangs and Op,n, are the asymtotic covariance terms of qa and 1y and 13 defined in section A.3.6
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with the \/np convergence rate.

Proof. Consider a set of arbitrary non-zero constants k;s such that

VK = /np (ki1(q1 — a2) + ka2(m — aa) + k3qa + kang + ksnz + kena + krns)

and without loss of generality, k1 + ...+ k7 = 1. With respect to the increasing set of o-fields,
Fni = ocf{ws,...,w} we note that K will satisfy the conditions of Lemma A.14 since each term also
satisfies the requirements. Calculate the variance of K (condition (1)) by computing the variance
and covariance of the individual terms. To satisfy condition (2) of Lemma A.14 we will use the well

known inequality for any random variables Y7,...,Y,

p

E <nP7y  E[Yil7]

i=1

i=1

and the Lyapounov condition. That is,
E[KY <7 (K{E[(q1 — a2)*] + ... + kE[n3))

and if each component goes to zero, then the fourth moment of K will also go to zero. This results

in asymptotic joint-normality. O
A simple linear transformation provides the result

Corollary A.1.

~ 2
a2 az 03 024

D
Vnp — Ny ,
dy a4 o2 O}

where 03, ao4 and o3 are the asymptotic variance and covariance of s and a4 defined as
p
05 =8ay +4=a
n

16 8
094 = 16(16 + 7pa4a2 + ;pag
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and

32
o} = 32as+ ;(Pa6a2 +pai) + ;Pai
64pasas 32pcasa’?  64pcada 8pctal
+ pasas n pcaqas + pcazasz + pC-as
n n n n
48 32 64 32 64 8
= 32ag + —pai + —paﬁag + —pag,ag, + —pa4a§c + —pagagc + —pa§c2
n n n n

Here we include a £ term in many of the terms, but note they will go away following an application

of the delta method and some algebra.

a4
~9 _1

T=1y—1=
ajz

We note our test statistic is

and recalling that a4 and as are (n, p)-consistent estimators for a4 and ag respectively, an application

of the delta method leads to the result.

Theorem A.12. For large (n,p), T is approximately distributed as

TNN(¢2 - 1a§2)
where
52 _ 32ag | 32a¢ 32a§ n 32cay 64ca§ 64a4ag 32a4a§ 6dasas 82
~ npad  n2a3  npaS  n2a3 0 n2ad npaj n?aj n2aj n?
Proof.
oT 2a4 oT 1
A, — T 13 and — = -3
0Gg as Oas a5
Thus asymptotically, T ~ N (15 — 1,£2) where
. 24
e = 1 ( 2ay 1> oy 024 a3
— oo\ 53052
np as a3 goa 02 é
32asg 32a¢ 32ai 32cay 64ca§ 64a4ag 32a4a§ 64asas  Sc?
~ npay  n2a3  npa§  n2a3  n2dd npa n2aj n2aj n?
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and we note that under Hy, where \; = A for all : = 1,...,p we have

8(8 + 12¢ + ¢?)

2

¢ =

n

This leads to the following theorem,

Theorem A.13. Proof of Theorem 2.2.8

Under assumptions (A) and (B),

n

D 2
T — v +1) 2 N(0,
8(8+ 12¢ + ¢2) T=7+1) = N0.&)

with

1 4 8 4
2 3 1 2 2
& (8+12c+02)ag(c4 ¢ e B B

+4agas + 8azasaz + 4casay + Scazal + czag).

Proof. The results follows from Theorem A.12

Corollary A.2. Proof of Corollary 2.2.2
Under Hy : v2 = 1 and assumptions (A) and (B),

n (“;‘ - 1) D N(0,1)
8(8 4+ 12¢ + ¢?)

Proof. This follows from the above theorems.

A.6.1 Asymptotic Properties

(A.40)

(A.41)

(A.42)

Here we consider the (n, p)-asymptotic properties of our test statistic. In the previous section

we showed the test statistic has a Normal distribution as (n,p) — co. We now consider the power
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function of our test statistic.

. n N
P(Reject Hy|H; true) = P — — 1] > 2,|(A.40
(Reject HolHy true) ( 8B+ 12c+ ) <a§ > ( )>

>

5

Q‘ﬁ
=

[NV
NS

. n ____n  (as_
8(8+12c+c2?) (d ) o o \/m (ag 1)

=P &2 )

__n  (a_q)_
_ % +/8(8+12¢+c2) (tI% 1) Za
B &2

To determine the behavoir of the power function we first consider the bahavoir of &s.
Lemma A.16. Under assumptions (A) and (B), as (n,p) — oo, £5 — O(1).
Proof. The proof can be seen by (A.41). O

For large (n,p), we can rewrite the power function as follows

(0] n(%_ ) _Fa | & (: ZQ)
£2/8(8 +12c+¢2) &

Lemma A.17. Under assumptions (A) and (B), as (n,p) — oo, 22 — O(n) — oo and 2 0(1).

Proof. The results follow from Lemma A.16 and algebra. O
Hence we can determine the behavor of the power function under general asymptotics.

Theorem A.14. Proof of Theorem 2.2.4

Under assumptions (A) and (B), as (n,p) — oo, the power function,

P(Reject Hyo|Hy true) ~ ® (Eg - a) as (n,p) — oo

will converge to 1 and hence our test is n,p consistent.

Proof. The proof follows Lemmas A.16, A.17 and the well known properties of the Standard Normal

CDF (®). O
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A.6.2 Comparison to Srivastava’s Test Statistic for Sphericity

We begin by noting the power of the test defined in Srivastava [99] for large (n,p),

NI
/N
@‘Q

=D
\
—
N—
\
N\
S

) (A.43)
&1
where
5, 2n (a4a% — 2a1a2a3 + ag) a3
fl = 6 + -
bay ag

We note the asymptotic behavoir of the variance under assumptions (A) and (B). As (n,p) — oo,
€2 — O(1). Hence we can determine the power of (A.43). As (n,p) — oo, power of the test defined
in Srivastava [99] (A.43)— 1.

Thus we can consider the two test to be asymptotically equivalent.
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Appendix B Technical Details for Shrinkage Estimators

In this section, we build on some of the work from the previous Appendix with the intent
to apply it to the shrinkage estimation problem from Chapter 3. We start by providing proof to the

well known result

Lemma B.1.

Etr($?)] = ”T“tr22 + %(trE)Q (B.1)

Proof. Recall equation (A.3)

trS? = Z)\lvi—i—QZ)\)\ vlj

i<j

Taking expectations and using Lemma A.1 we see

1 p p
EltrS?] = — | NERE]+2)  MNMNERY]
n i=1

1<j

_ nnt2) Z/\2+2—Z)\)\
1<J

2 1
_ ot tre? + = ((tr2)? — tr2?)
n n

1 1
_ ot tre? 4 —(try)?
n n

Lemma B.2.

E[tr(D?*)] =

nt 2 g (B.2)
n

Proof. Tt is well known that for each s;; from a sample of size N =n + 1,

hence
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where v;; is a x2 random variable with n degrees of freedom. Because D is a diagonal matrix,

P P
1
tr(DQ) = E sfi: 2 E Ufivizi.
i=1

i=1

Taking expecations provides the result,

Bln(D)] = > Bl

-~ n(n+2)02

n2 i

2
= nte tr?
n

Lemma B.3.

E[tr(SD)] = E[tr(DS)] = E[tr(D?)] (B.3)

Proof. This proof follows from some linear algebra. tr(DS) = tr(SD) by Properties of the trace

operator. Furthermore, D is a diagonal matrix of the diagonal elements of S. SD will have diagonal

elements (s3},...,s2,) which is the same as D?. O
We define
n

n+2

a5 = —" (D) /p (B.4)
a3 is clearly unbiased for a} = tr¥?/p, see Lemma B.2.
Lemma B.4.

Var(a}) ~ n—paz
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Proof. We first note that ;%5 ~ 1 for large n.

.2
Var(a}) ~ = Var (tr(D?)) = Wzaévar(vi)

i=1

D=

1 p
T nAp? Zai‘ (Elvii] - Blvi]?)
i=1

- n%pz Ep:ffi- (n(n+2)(n+4)(n+6) —n*(n+2)?)

nn+2) e~ 4 2 2
- Tp?;%(n +10n + 24 — n* — 2n)
_ Sl 8
nip 1T pp

Theorem B.1. a} % a3 as (n,p) — oo

Proof. An application of Chebyshev’s inequality will provide the result. This follows from the fact

that a3 is unbiased for a5 and by Lemma B.4, the variance will go to zero as (n,p) — oo. O
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Appendix C Selected Source Code

C.1 Ravi Varadhan Random Positive Definite Matrix

# Generating a random positive-definite matrix with user-specified eigenvalues
# If eigenvalues are not specified, they are generated from a uniform dist.
Posdef <- function (n, ev = runif(n, 0, 10)) {

7Z <- matrix(ncol=n, rnorm(n~2))

decomp <- qr(Z)

Q <- qr.Q(decomp)

R <- gr.R(decomp)

d <- diag(R)

ph <- d / abs(d)

0 <- Q %*}% diag(ph)

Z <- t(0) %x*% diag(ev) %*% O

return(Z)

}

C.2 Shrinkage to Diagonal Algorithm

# Given a (n+1)xp matrix of observation, we find the optimal shrinkage
# estimator for the covariance matrix of the form:

# S* = lambda*D + (1-lambda)*S

# where lambda is the optimal shrinkage intensity and D is the matrix
# consisting of the diagonal elements of S

cov.Diag.Shrink <- function(X) {

N <- dim(X) [1];

p <- dim(X) [2];

n<-N-1;

S <- cov(X);

S.2 <- SY*%S;

D <- diag(S);

D.2 <- D*D;
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al.hat <- mean(diag(S));

a2.hat <- (n"2/(n-1)/(@+2))*(sum(diag(S.2)) - sum(diag(S8))~2/n)/p;
psi2.hat <- n/(n+2)*mean(D.2);

alpha <- (a2.hat + p*al.hat”"2)/n;

delta <- (n+1)/n*a2.hat + p/n*al.hat”2 - (n+2)/n*psi2.hat;

Gamma <- -2/n*psi2.hat;

Rho <- (alpha + Gamma)/delta;

Rho*diag(D) + (1-Rho)*S;

}

C.3 Timing Study Code

# Here we calculate the respective shrinkage estimators.
# We note that the sames from the MVNormal will be the
# same since the seeds for the RNG are reset.
runDiagShrink <- function(n, Sigma) {

p <- dim(Sigma) [1];

X <- rmvnorm(n+1l, rep(0O, p), Sigma);

S.new <- cov.Diag.Shrink(X);

0; #Doesn’t matter what we return, we are interested in time.
}

runSchaefShrink <- function(n, Sigma) {

p <- dim(Sigma) [1];

X <- rmvnorm(n+1, rep(0, p), Sigma);

S.schaef <- cov.shrink(X, lambda.var=0, verbose=FALSE);
0;

}

wrapperRuns <- function(n, p, m, seed) {

# We find a random Positive Definite Matrix Sigma

ev <- runif(p, 0.5, 10.5);

Sigma <- Posdef(p, ev);

# Set the seed to control the samples, calculate the
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# time necessary for our estimator.

if (! (seed==Inf)) set.seed(seed,kind=NULL);

N <- rep(n,m);

ptm <- proc.time();

resl <- sapply(N, runDiagShrink, Sigma=Sigma);

time.new <- (proc.time()-ptm) [3];

# Reset the seed, calculate the time for Schaefer

# and Strimmers estimator.

if (! (seed==Inf)) set.seed(seed,kind=NULL);

ptm <- proc.time();

resl <- sapply (N, runSchaefShrink, Sigma=Sigma) ;

time.sch <- (proc.time()-ptm) [3];

# Return the two run-times for m-runs

c(time.new, time.sch);

}

timingDriverN <- function(p=20, m=1000, seed=Inf) {

if (! (seed==Inf)) set.seed(seed,kind=NULL);

x.axis<-c(10, 30, 50, 100, 150, 200, 300);

y.axis<-sapply(x.axis, wrapperRuns, p=p, m=m, seed=seed);

x.limit <- max(x.axis)+25;

y.limit <- ceiling(max(y.axis)+2);

plot(x.axis, y.axis[1,], type=’p’, pch=22, bg="red", col="red",
xlim=c(0,x.1limit), ylim=c(0,y.limit), xlab="Sample Size n+1",
ylab="Time (s)", main="Timing Study for Sample Size" );

lines(x.axis, y.axis[1,], 1lty="solid", col="red");

points(x.axis, y.axis[2,], pch=23, bg="blue", col="blue");

lines(x.axis, y.axis[2,], lty="dashed", col="blue");

legend(5, (y.limit), legend = c("New Estimator", "Schaefer Estimator"),

col = c("red", "blue"), pch=c(22, 23),

pt.cex=1, pt.bg=c("red","blue"), lty = c(1, 2))
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