Editor’s Special Invited Paper

Two-Stage Procedures for High-Dimensional Data

Makoto Aoshima' and Kazuyoshi Yata?
L2Tnstitute of Mathematics, University of Tsukuba, Ibaraki, Japan

Abstract: In this paper, we consider a variety of inference problems for high-dimensional
data. The purpose of this paper is to suggest directions for future research and possible so-
lutions about p >> n problems by using new types of two-stage estimation methodologies.
This is the first attempt to apply sequential analysis to high-dimensional statistical inference
ensuring prespecified accuracy. We offer the sample size determination for inference prob-
lems by creating new types of multivariate two-stage procedures. To develop theory and
methodologies, most important and basic idea is the asymptotic normality when p — oc.
By developing asymptotic normality when p — oo, we first give (1) a given-bandwidth con-
fidence region for the square loss. In addition, we give (2) a two-sample test to assure
prespecified size and power simultaneously together with (3) an equality-test procedure for
two covariance matrices. We also give (4) a two-stage discriminant procedure that controls
misclassification rates being no more than a prespecified value. Moreover, we propose (5) a
two-stage variable selection procedure that provides screening of variables in the first stage
and selects a significant set of associated variables from among a set of candidate variables
in the second stage. Following the variable selection procedure, we consider (6) variable se-
lection for high-dimensional regression to compare favorably with the Lasso in terms of the
assurance of accuracy and the computational cost. Further, we consider variable selection
for classification and propose (7) a two-stage discriminant procedure after screening some
variables. Finally, we consider (8) pathway analysis for high-dimensional data by construct-
ing a multiple test of correlation coefficients.
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way analysis; Regression; Sample size determination; Testing equality of covariance matri-
ces; Two-sample test; Variable selection.
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1. INTRODUCTION

High-dimensional data situation occurs in many areas of modern science such as genetic
microarrays, medical imaging, text recognition, finance, chemometrics, and so on. A com-
mon feature of high-dimensional data is that, while the data dimension is high, the sample
size is relatively small. This is the so-called “HDLSS” or “large p, small n” situation where
p/n — oo; here p is the data dimension and n is the sample size.

The asymptotic studies of this type of data are becoming increasingly relevant. In
recent years, substantial work has been done on the asymptotic behavior of eigenvalues of
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the sample covariance matrix in the limit as p — 00, see Johnstone (2001), Baik et al. (2005)
and Paul (2007) for Gaussian assumptions and Baik and Silverstein (2006) for non-Gaussian
but i.i.d. assumptions when p and n increase at the same rate, i.e. n/p — ¢ > 0. The HDLSS
asymptotics, where only p — oo while n is fixed, were studied by Hall et al. (2005), Ahn
et al. (2007) and Yata and Aoshima (2010c). They explored conditions to give a geometric
representation of HDLSS data. Jung and Marron (2009) investigated consistency properties
of both eigenvalues and eigenvectors of the sample covariance matrix in the HDLSS data
situations. Many of these focus on the spiked covariance model introduced by Johnstone
(2001). The HDLSS asymptotics usually regulate either the population distribution by
the normality or the dependency of the random variables in the sphered data matrix by
a p-mixing condition. However, Yata and Aoshima (2010b) have developed the HDLSS
asymptotics without assuming either the normality or a p-mixing condition. In addition,
Yata and Aoshima (2009b) have succeeded in investigating the consistency properties of
both eigenvalues and eigenvectors of the sample covariance matrix in more general settings
that include the case when all eigenvalues are in the range of sphericity. Furthermore,
Yata and Aoshima (2010a) have recently developed the cross-data-matriz methodology that
provides effective inference on PCA and clustering for HDLSS data.

Suppose we have independent and p-variate populations, m;, i = 1, ..., k, having unknown
mean vector ' ; = (11, ...,uip)T and unknown covariance matrix 3;(> O) for each i. We
do not assume that 37 = -+ = Xj. The eigen-decomposition of ¥; (i = 1,....k) is X; =
H,;A;H ;fr, where A; is a diagonal matrix of eigenvalues A\j; > --- > A\, > 0 and H; =
[Ni1,...,h4p] is an orthogonal matrix of corresponding eigenvectors. Having recorded i.i.d.
samples, X1, ..., Xin,; , from each 7;, we have a pxn; (p > n;) data matrix X ; = [X 1, ..o, Xin; |,
where X;; = (Ti1j, .., Tipj) L, j = 1,...,n;. We assume n; > 4, i = 1,...,k. Then, Z; =
Al 12 (X =[t,,..,1,]) is a p x n; sphered data matrix from a distribution with the
identity covariance matrix. Here, we write Z ; = [Z;1, ..., Zin; | and z45 = (215, ..., zipj)T, j=
1,...,n;. Note that E(z?jl) =1 and E(zjizij9) = 0 for i = 1,..,k; j(# O =1.,p 1=
1,...,n;. We assume that A\;, > 0 (i = 1,...,k) as p — oo and the fourth moments of each
variable in Z; are uniformly bounded. Let o(;; (> 0), j =1,...,p, be diagonal elements of
3%;. In this paper, we assume one of the following three assumptions for m;’s as necessary:

(A-i) i Np(*;, %) fori=1,..,k;
(A-ii) 2, j =1,...,p are independent for i = 1,..., k;

(A-iii) E(zfjlz?sl) = 1 and E(zijizisizinziu) = 0, j # s,t,u, and {x;5 — pij}jen is a
strictly stationary sequence and p-mixing for ¢ =1, ..., k.

Note that (A-i) implies (A-ii). We also assume the following condition for ¥;’s as necessary:

tr(2})

7

(A-iv) e

< oo (t=1,2) and

—Qasp—ooofori=1,..k.

We assume the following extra condition when applying (A-iii):

tr(Ei 2]‘)
(A-v) B

— ¢;j as p — oo for all 4,7 = 1,..., k, where ¢;;’s are positive constants.

Remark 1.1. If all A\;;’s are bounded, (A-iv) trivially holds. For a spiked model such
as \jj = a;ip™ (j = 1,...,m;) and N\jj = ¢;j (j = m; +1,...,p) with positive constants
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a;ij’s, ¢ij’s and ay;’s, (A-iv) holds under the condition that a;; < 1/2, j = 1,...,m;(< 00),
i=1,...,k. See Yata and Aoshima (2009b, 2010a) for the details of a spiked model. As an

a0
interesting example, both (A-iv) and (A-v) hold for ¥, = cio(pjl.é' I ), i%=1,..., k, where
c0’s, gio's and pp’s(< 1) are positive constants.

The concept of p-mixing was first developed by Kolmogorov and Rozanov (1960). See
Bradley (2005) for a clear and insightful discussion. See also Jung and Marron (2009). For
—00<J <K < oo, let F f denote the o-field of events generated by the random variables
(Y;, J < j < K). For any o-filed A, let Ly(.A) denote the space of square-integrable, A
measurable (real-valued) random variables. For each r > 1, define the maximal correlation
coefficient

p(r) = sup|Corr(f,9), f € La(F1 )9 € La(FL,),

where sup is over all f, g, and ¢ is a positive integer. The sequence {Y;} is said to be p-
mixing if p(r) — 0 as 7 — oo. Note that when (z;17, %9, ...) is p-mixing and Var(a:?ﬂ) < 00,
j =1,2,..., it holds for j,j°=1,2,... with |j — 59 = r that

]C’orr(x%ﬂ, :L'?jol)| <p(r)—0 asr— oo.

P P

Let 1 = le b;* ; withyb;’s known and nonzero scalars. Let T = le biXin; , where

n = (ny,...,ng) and X;p, = ;L':l Xj/ni. One choice of making inference on ! is to construct
a confidence region by Ry = {* € RP : ||Ty — 1 || < d}, where || - || denotes the Euclidean

norm. Let u = (*4,...,1 ;,31,...,3). For given and fixed d (> 0) and a € (0,1), the
requirement is established by
P(* eRp)>1-a. (1.1)

There is a huge literature out there addressing scenarios related to this problem when p
is fixed less than n;. One may refer to Ghosh et al. (1997), Aoshima and Mukhopad-
hyay (1998), Aoshima et al. (2002), Aoshima et al. (2003), Aoshima and Takada (2004),
Aoshima (2005) and Yata and Aoshima (2009a) among others in which Stein (1945)-type
two-stage procedures were proposed in a typical multivariate context. Recently, Aoshima
and Yata (2010) provided a general methodology to make a Stein-type two-stage procedure
asymptotically second-order consistent for a variety of multivariate inference problems such
as multiple comparisons and bioequivalence tests. For the concept of second-order effi-
ciency, refer to Ghosh et al. (1997). In a high-dimensional case, those methodologies tend
to satisfy the probability requirement such as (1.1) excessively by taking overly samples.
To overcome this inconvenience, Yata (2010) gave a two-stage procedure that meets the
equality in (1.1) approximately with a moderate sample size when p is large. However, the
high-dimensional cases discussed by Yata (2010) were restricted to a high dimension, large
sample size context such as p/n; < oco.

In this paper, we consider a variety of inference problems for high-dimensional data such
as p/n — oo in the context of sequential analysis. The most challenging issue is to develop
the new asymptotic theory when p — oo instead of the large sample asymptotic theory in
which n — oo while p is fited. We emphasize that high-dimensional statistical inference
can be ensured prespecified accuracy with the help of the new asymptotic theory when
p — 0o. We do not assume 3y = --- = 3 because it is a rather strong assumption and
most importantly such an assumption is difficult to verify specially for non-Gaussian and
high-dimensional data.



The purpose of this paper is to suggest directions for future research and possible so-
lutions about p >> n problems by using new types of two-stage estimation methodologies.
This is the first attempt to apply sequential analysis to high-dimensional statistical inference
ensuring prespecified accuracy. We offer the sample size determination for each inference
problem by creating new types of multivariate two-stage procedures. To develop theory and
methodologies, most important and basic idea is the asymptotic normality when p — oco. We
develop the asymptotic normality when p — oo for the high-dimensional statistics given in
this paper. We emphasize that one cannot apply the existing multivariate two-stage proce-
dures, that are based on the large sample asymptotic theory, to p >> n problems because
of the curse of dimensionality. One may also refer to Sen et al. (2007).

In Section 2, we consider a new type of confidence region that has a given-bandwidth for
the square loss. Here, ! is included in a region sandwiched by two p-dimensional spheres
with a certain radius from centre T,. We give a two-stage estimation procedure to assure
a prespecified coverage probability. In Section 3, we give a two-stage test procedure that
provides a two-sample test having prespecified size and power together with a equality-
test procedure for two covariance matrices. In Section 4, we give a two-stage discriminant
procedure that controls misclassification rates being no more than a prespecified value. In
Section 5, we propose a two-stage variable selection procedure that provides screening of
variables in the first stage. We select a significant set of associated variables from among a
set of candidate variables in the second stage. In Section 6, we consider variable selection for
high-dimensional regression to compare favorably with the Lasso in terms of the assurance
of accuracy and the computational cost. In Section 7, we consider variable selection for
classification and propose a two-stage discriminant procedure after screening some variables.
Finally, in Section 8, we consider pathway analysis for high-dimensional data by constructing
a multiple test of correlation coefficients.

Throughout this paper, let n;; = [n;/2] + 1 and n;s = n; — nj1, where [z] denotes the
largest integer less than z. We define for each m;

P
ni Y. . \T ni1 Y. Y. T
S, — jI:I(XU_Xmi)(XU_Xmi) S - jlzl(xw_Xmil)(xw_xmil)
g — n—1 ) ini (1) — n-1—1 y
p " i
i e e T
G 41 (X5 = Xinip ) (Xij — Xiny)
and Sini (2) = s (12)
nio2 — 1
- i - i
where Xinj1 = jlzll Xij/nﬂ and Xinj, = j':ni1+1 Xij/nig.

2. CONFIDENCE REGION FOR HIGH-DIMENSIONAL DATA

First, we note that a HDLSS data set has a geometric representation given by Hall et al.
(2005). A confidence region defiged by (1.1) is not available for a given and fixed d (> 0) in
the HDLSS context. Let ¥, = le b?tr(X;)/n;. Note that E (||Tn —* [|?) = Xn. Under
(A-i) and (A-iv), we have as p — oo that |[Tn —1|[*/Sn =1+ 0,(1). Thus it holds that
[[Tn =1 ||? behaves around ¥ and P (! € Rp) =P (|[Tnh—1 || <d) — 0 under n;/p — 0,
1 = 1,...,k. In this section, we consider constructing a given-bandwidth confidence region
for the square loss defined by

Ry, ={* € R :max{—0+3,, 0} <|[|Th =2 |?<d+2Zn} (2.1)

for given & (> 0). We assume § = o(p'/?). For given § (> 0) and o € (0, 1), we are interested
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in constructing a confidence region Ry, such that

P eRy)>1-a. (2.2)

2.1. ASYMPTOTIC NORMALITY AND SAMPLE SIZE DETERMINATION

Let us consider the region Ry, . It indicates for ¥, > ¢ that ' is included in the region
sandwiched by the two p-dimensional spheres with radius of /X, + 9 and /X, — ¢ from
centre T . In Fig.1, the gray zone represents the sandwiched region when p = 2. Note that
one can control the loss function ||T —* ||? by using Ry, .

Figure 1. The gray zone represents a confidence region R s, when p = 2.

We have the following theorems.

Theorem 2.1. Assume (A-i) and (A-iv). Then, we have that

Th—1|?-%
4 —p Mo —" | n = N(0,1) (2.3)
2 i,j bfb?tr(EiEj)/(nmj)

when p — oo and either n; — oo or n; is fixed for i = 1,...,k, where ‘=7 denotes the con-
vergence in distribution and N(0,1) denotes a random variable distributed as the standard
normal distribution.

Theorem 2.2. Assume (A-iv) and either (A-ii) or (A-iii) with (A-v). Then, we have
(2.3) asp — o0 and n; — 00, 1 =1, ..., k.

It should be noted that the result in Theorem 2.1 can be claimed even when n; is fixed for
i =1,...,k. The condition that p — oo and n; — oo does not restrict n; to either p/n; — oo
or p/n; < 0.

p
Corollary 2.1. Let 8, = b2 tr(Sin, ) /ni. Assume (A-iv) and either (A-ii) or (A-iii)

i=1"1
with (A-v). Then, we have as p — oo and n; — oo, i =1, ..., k, that

Th—1]2-8
g .;.” | n = N(0,1).
24 b?bitr(ﬁiﬁj)/(nmj)
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q — qp
From the fact that tr(3;%;) < tr(X7)tr(X3), it holds that : i D202t (i%5) / (niny)
P
< bf tr(22)/n;. Let Zq /2 be the upper /2 point of N(0,1). Here, we consider n;’s
such that
XE X q
min  n; subject to V2 b7 tr(Z?)/n; < 6/2a)2-
i=1 i=1

Then, we find the sample size for each m; as

Xk
Za Q\f 1/4
n; > / biltr(32)ET bl (E)VA (= ¢, say). (2.4)

Jj=1

Note that C; = o(p/d) fori =1, ..., k, under (A-iv). Thus it holds that C;/p — 0 as p — oc.
We also notice that n; — oo, 1 =1,...,k, as p — oo. Let

Ry ={' € R”:max{—6+8,, 0} <|[Ta—1]><0+8}, (2.5)

where 8, = b?tr(Sin, ) /1. Then, we have the following theorem.

zlz

Theorem 2.3. Assume (A-iv) and either (A-ii) or (A-iii) with (A-v). Then, for n;
satisfying (2.4), we have as p — oo that

liminf P (* €Rg ) >1-o.

Remark 2.1. The same assertion as in Theorem 2.3 holds for R, .

2.2. TWO-STAGE PROCEDURE FOR CONFIDENCE REGION

Since ¥;’s are unknown, it is necessary to estimate C;’s in (2.4) with some pilot samples.
We consider a two-stage procedure to construct a confidence region R B, - Along the line of
Mukhopadhyay and Duggan (1997, 1999), WesUppose the following as&umption: There exists

a known and positive lower bound oy, for  tr(X?) such that oy/ tr(X?) € (0,1), i =
.k, as p — oo. We proceed t%@ followmg two steps:
1 Let 7, = miny. ;.  |bi]\/Tix J 1 1bj|\/Tj%. Having a fixed integer mq (> 4), define

n hza/2\/§ i o]

m = max my, 5 T +1 . (2.6)

According to (2.6), take pilot samples X;;, j = 1,...,m, of size m from each m;. Then,
calculate Sim, Sjp(1) and Sy, (o) according to (1.2) for each ;. Define the total sample size
for each m; by

n a/Q\[ Xk i 0
N; = max m, b6t (S im0y Sim@) "t Bi1tr(Sjm)Sime)t +1 . (2.7)
j=1

Note that tr(Sim(l)Sim(Q)) >0 w.p.l. Let N = (NVy, ..., Ng).
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2. Take additional samples X;;, j = m + 1,...,N;, of size N; — m from E@ch m;. By

combining the initial samples and the additional samples, calculate X;n = ;V:il Xij/N;
and S;n, = jy:il(xij — Xin ) (X5 — Xin )T /(N; — 1) for each m;. Then, define QN =
,’le b?tr(S;n; )/N; and the region RQN according to (2.5) with Ty = ,’le biXin .

We have the following theorem.

Theorem 2.4. Assume (A-iv) and either (A-ii) or (A-iii) with (A-v). For the two-stage
procedure given by (2.6)-(2.7), we have as p — oo that

liminf P (* € REN )>1—a. (2.8)

Remark 2.2. Assume (A-iv) and either (A-ii) or (A-iii). It holds as p — oo that N;/C; =
1+ o0p(1), i = 1,....k, that are in the HDLSS situation in the sense that N;/p = 0,(1),
i =1,...,k. Further, under (A-i), we have higher-order results as in the following theorem.

Theorem 2.5. Assume (A-i) and (A-iv). For the two-stage procedure given by (2.6)-(2.7),
it holds as p — oo that

limsup |E (N; —Ci)| <1 and Var (N;)=o(p'/?/8) for i=1,... k.

Remark 2.3. One of the choices of oy is, for example, a positive lower bound, 0,9, for
tr(%;)//p such that ojo,/p/tr(3;) & (0,1) as p — oo. Then, it hold& from Schwartz’s
inequality and (A-iv) that 0 < o50/ tr(23) = (0i0/p/tr(Zs))(tr(Z;)/ ptr(EF)) < 1 as
p — 0o. We emphasize that the two-stage procedure still holds (2.8) as long as 0,/ p/2 >0

as p — oo for i = 1,...,k. In that sense, the two-stage procedure is quite robust for the
misidentification of 0.

Remark 2.4. Under (A-i), it holds that E {tr(S?,)} = (1 + (m — 1)l Htr(Z?) +
tr(3;)%2/(m — 1). Hence, the naive estimator of tr(X?) is overly biased when p — oo.
Yata (2010) considered an unbiased estimator of tr(X?) by tr(Sim(1)Sim(2)). Note that
E (Sim1)Sim) = tr(X?) and tr(Sim(1)Sim(2)) = 0 w.p.1. Under either (A-ii) or (A-iii),
it holds as p — oo and m — oo that

H ()

tr(22)2m

1
tr(Sim(l)Sim(Q)) .

8
Vv - =
o tr(X2) m?

(1+0(1))+0O

On the other hand, Bai and Saranadasa (1996) and Srivastava (2005) considered an estima-
tor of tr(22) by tr(£2) = i Htr(S2 ) — tr(Sim)2/(m—1)} with ¢, = (m—2)(m+1)/(m—
1)2. Then, it holds under (A-i) that E (tr(£?)) = tr(X?) and

8tr(3?)

Var . = 4<1+0(1))+tr(22)2m

tr(X?) m?

(1+0(1))

as p — oo and m — oo. One might consider tr(f)?) for t1(Sip(1)Sim(2)) in (2.7). However,

it should be noted that tr(£2) is not unbiased unless (A-i) holds. In addition, it does not
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hold Var (tr(£2)/tr(X?)) < oo when the eighth moments of each variable in Z ; are not
uniformly bounded.

2.3. SIMULATION

In order to study the performance of the two-stage procedure given by (2.6)-(2.7), we took
resort to computer simulations. We set k = 2, p = 1600, by = by = 1 and § = 5. Our goal
was to construct a 95% given-bandwidth confidence region REN . In other words, we set

a=0.05 Weset!; =1, =(0,..0)T. Independent pseudorandom normal observations
were generated for m; : Np(*;,3;), i = 1,2. We considered the covariance matrix such as

B (I B (g | _
31 =B (p )B and 33 = 2B (py )B, where p; € (0,1), i = 1,2, and

3

p p [ J—
B =diag 05+1/(p+1), 05+2/(p+1),.., 05+p/(p+1) . (2.9)

Note that tr(3;) = ¢p (i = 1,2). We considered the following three cases: (i) (¢1,c2) =
(1,1) and (p1, p2) = (0.3,0.3), i.e., X1 = Xo; (ii) (c1,¢2) = (1,1) and (p1, p2) = (0.3,0.4),
ie., tr(X1) = tr(3Za) and tr(X?) # tr(X3); (i) (c1,c2) = (1,1.5) and (p1, p2) = (0.3,0.3),
i.e., 22 =1.5 21.

For the two-stage procedure (2.6)-(2.7), Table 1 gives the findings obtained by averaging
the outcomes from 2000 (= R, say) replications. We set oy = tr(2%)1/2/3, i = 1,2, so that
m = 20. The findings for case (i) were given in the first block and the ones for cases (ii) and
(iii) followed after the block. Under a fixed scenario, suppose that the rth replication ends
with N; = ng (i = 1,2) observations algd the corresponding confidence r(ﬁgion with n, =
(n1y,n9,) forr =1,...,R. Let m; = Ri ! le nir and Var(n;) = (R—1)i ! le(nir—ﬁi)Z.
Then, @ (= m1 + f2) estimates C' = C} + Cy defined by (2.4) with its estimated variance
Var(n), computed analogously. In the end of the rth replication, we checked whether !
does (or does not) belong to the corresponding confidence region and defined P, =1 (or 0)
accordingly. Let P = Ri ! le P, which estimates the target coverage probability, having
its estimated standard error s(P) where s?(P) = R 'P(1 — P).

Let us explain, for example, the entries from the second block for case (ii) in Table 1. We
had C7 = 61.87, Cy = 69.79 and C' = 131.66 from (2.4). From 2000 independent replica-
tions, we observed 7y = 62.17 (7, —C4 = 0.30), T2 = 70.07 (m2—Cs = 0.28), 7 = 132.24 (n—
C = 0.58) and p = 0.950 together with Var(n;) = 16.60, Var(ny) = 27.08, Var(n) = 69.54
and s(p) = 0.00487. Throughout, the two-stage procedure constructed required confidence
region successfully.

3. TWO-SAMPLE TEST FOR HIGH-DIMENSIONAL DATA

Suppose we have two independently distributed populations, 7;, ¢ = 1,2. We do not assume
31 = Xs. A well-pursued interest in high-dimensional data analysis is to test if the two
high-dimensional populations have the same mean or not, namely,

H0:11:12 VS. H1:11#12. (3].)

The hypothesis Hy consists of p marginal hypotheses regarding the means of each data
dimension. Bai and Saranadasa (1996), Srivastava (2007) and Chen and Qin (2010) con-
sidered testing hypothesis (3.1). We should note that Hotelling’s classical T? test does not
work for HDLSS situations. Let A = || ; — 1 ,||2. We are interested in designing a test of
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Table 1. Required sample size and the coverage probability by (2.6)-(2.7) with § = 5.

C n n—C Var(n) P s(P)

Case (i): (¢1,¢2) = (1,1) and (p1, p2) = (0.3,0.3)
116.29 117.00  0.72 47.81  0.943 0.00518
58.14 58.50 0.36 15.13
58.14 58.50 0.36 14.83

Case (ii): (¢1,¢2) = (1,1) and (p1, p2) = (0.3,0.4)
131.66 132.24  0.58 69.54  0.950 0.00487
61.87  62.17 0.30 16.60
69.79  70.07  0.28 27.08

Case (iii): (¢1,¢2) = (1,1.5) and (p1, p2) = (0.3,0.3)
143.89 144.21  0.32 74.89  0.946 0.00505
64.68 64.88 0.20 17.53
79.21 79.33 0.12 29.48

(3.1) with size o and power no less than 1 — 3 when A > Ay, where «, § € (0,1/2) and
Ap (> 0) are prespecified constants. We assume Ay = o(p'/?).

3.1. ASYMPTOTIC NORMALITY AND SAMPLE SIZE DETERMINATION

Having recorded X1, ..., X, from each m;, Chen and Qin (2010) gave an estimator of A by

P P P
Tn = x ?é‘;joxg;xijo B ?il ?02:1 X{jX Qjo'
ie1 n,(nl - 1) ning
We note that the above description is equivalent to
= - _ tr(Sin
Ty = |~ a2 - 20 (32
ny;
=1
They showed that E (T) = A and
. x2 2 9 X 4 T
14 ) = —tr (X tr(313 —(,-1 3t —-15). (3.3
ar (In) 1) r( z)+n1n2 (3 2)+i:1ni( 1—12) Ei(t -1 ). (33)
We consider estimating Var (Th) by
.ox 9
pa’f‘ (Tn) = . mtr(sml (1)8”1' (2)) + n1n2 tI‘(S lni S2Tbi )

Then, we have the following theorem.

Theorem 3.1. Assume that (1 | =1 5)TZ;(t ;=1 5) = o(tr(X?)/n;), i = 1,2. Assume also
(A-iv) and either (A-ii) or (A-iii) with (A-v). Then, it holds as p — oo and nj,ng — o0
that

eﬁ‘é = N(0,1).
Par (Th)
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Remark 3.1. Assume that (2 ; —1 )T3;(1 { =1 ,) = o(tr(X?)/n;), i = 1,2. Assume also
(A-iv) and either (A-ii) or (A-iii) with (A-v). Then, it holds that

q% = N(0,1)
Var (Tn)

when p — oo and n; — oo for ¢ = 1,2. Chen and Qin (2010) gave the asymptotic normality
under different conditions.

- P
Remark 3.2. Chen and Qin (2010) gave a different estimator of Var (7)) by 2 22:1 tr(£?)
/(ni(n; — 1)) + 4tr(8135)/(n1ns) with

tr(£2) = (ni(ni — 1)) 'tr{ (Xij — Xy (k)X 5 (X ik = Ky (.6 )X e

6k
_ X1 X2

tr(3132) = (nina)! Htr{ (X 1j = Xy ()% 15 (X 2k = Ky (k)X 2 }-
j=1 k=1

Here, Xy, (j,k) is the i-th sample mean after excluding X;; and Xz, and Xy, ;) is the i-
th sample mean without X;;. Then, they claimed the asymptotic normality under several
assumptions similar to Theorem 3.1. However, from the proof of Theorem 2 given in Chen
and Qin (2010), it should be noted that E (tr(£?)) = tr(X?) + 1 s, /(ni —2). When
||t ;]2 is large such as ||* ;||> = O(p), the bias of tr(f]?) becomes formidably large.
Probability Density Probability Density

osf osp

04fF

04F

03f

A—
w

(a-ii) p=4: ny =ny =20

Probability Density Probability Density
osf sk

04r

(b-i) p=32: n; =ng =10
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Probability Density Probability Density
05 osf

04F 0.4

(c-ii) p=256: ny =ny =20

Probability Density
o5k
04 \
A— «B

03f
02f

01}

5 - 0 5 o 10 ] 0 5 16
(d-1) p=2048: n; =ng =10 (d-ii) p = 2048 : n; =ng =20
FigHre 2. The solid lines are probability densities of A: N(0,1) and B: N(§,1). The histogram of

Tn/ Vary(Tn) with [|* 4]|2 = 0 or [|* 4]|2 = p!/2 fits well the solid lines with increasing dimension:
p = 4 for (a-i) and (a-ii), p = 32 for (b-i) and (b-ii), p = 256 for (c-i) and (c-ii), and p = 2048 for
(d-i) and (d-ii).

Let us observe Theorem 3.1. We considered an easy example such as ||* {||* = 0,
B =1y |[to]]> = 0 or |[2,]> = p/2, and Ep = 1.21,. We considered two cases for
each dimension: n; = ny = 10 and n; = ny = 20. Here, X;;(i = 1,2; j = 1,...,n;)
were generated from independent pseudorandom normal distribution with mean vector * ;
and covariance matrix X; for p zéb 32, 256 and 2048. Fig. 2 gives the histograms of

2000 independent outcomes of T/ Par (Th) when |[' 5|2 = 0 or ||t 4|2 = p'/2. Let
d = pl/Q/& ?:1 2tr(2?) /(ni(n; — 1)) +4tr(2132)/(n1n2))"/2. From Th(aorem 3.1, we expect
that T/ WVar (Tp) is close to N(0,1) when |[ 5|2 = 0, and T/ VPar (Tp) is close
to N(6,1) when ||t 5||> = p'/2. When p = 4 and p = 32, the histograms appear quite
different from the probability densities specially when ||* ;=1 5|| # 0. However, as expected,
the histograms fit well the probability densities as p increases. We can observe for each

dimension that taking more samples makes more difference of those two hypotheses.
For testing the hypothesis (3.1), we find the sample size for each 7; as

> (2a + Zﬁ)\@

X2
n; > A, ()Y ()Y (=G, say) (3.4)

Jj=1
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and test the hypothesis by

Arzg

rejecting Hy <= Th > ,
Za + 23

where z, is the upper « point of N(0,1). Then, we have the following theorem.

Theorem 3.2. Assume (A-iv) and either (A-ii) or (A-iii) with (A-v). The test given by
(3.4)-(3.5) has as p — oo that

limsup size < o and liminf power(Ar) > 1 — f, (3.6)

where power(Ar) is the power when A = Ay,

Remark 3.3. Assume (A-iv) and either (A-ii) or (A-iii). If it holds that Ay /p'/? > 0 as
p — 00, the test given by (3.5) has as p — 0o and nj,ns — oo that the size — 0 and the
power — 1 when A > Aj.

3.2. TWO-STAGE PROCEDURE FOR TWO-SAMPLE TEST

Since X;’s are unknown, it is necessary to estimate C;’s in (3.4) with some pilot samples.
We propose a two-stage test procedure to determine the sample sizes n. Wa suppose the

following Cz]issumptionz There exists a known and positive lower bound o, for  tr(X?) such

that o;,/ tr(Z?) € (0,1), i :P 1,2, as p — oo. We proceed the following two steps:
1. Let 7 = minj—1 2 /0x 32-:1 \/Tjx. Having a fixed integer mqg (> 4), define

n h [ 0
2
m = max mp, Wﬁ +1 . (3.7)
L

According to (3.7), take pilot samples X;;, j = 1,...,m, of size m from each m;. Then,
calculate S;,,(1) and S,y for each 7; according to (1.2). Define the total sample size for
each m; by

n h X2 i
o 2

N, — max m, Mu(sm(l)&m@)lm e

Ap

Let N = (Nl,Ng).

2. Take additional samples X;;, 7 = m + 1,...,N;, of size N; —m from each m;. By
combining the initial samples and the additional samples, calculate TN according to (3.2).
Then, test the hypothesis (3.1) by

Arzq

rejecting Hy <= Ty > .
Za t+ 23

(3.9)
We have the following theorems.

Theorem 3.3. Assume (A-iv) and either (A-ii) or (A-iii) with (A-v). The test given by
(3.9) with (3.7)-(3.8) has (3.6) as p — oc.
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Table 2. Required sample size and the size and power by (3.9) with (3.7)-(3.8).

C n n—C Var(n) a s(@) 1-38  s(B)
When p = 400: m=14

53.57  53.88 0.31 27.30  0.062 0.00541 0.852 0.00794
24.08  24.26 0.18 6.45
29.49  29.62 0.13 10.69

When p = 800: m=19

75.89  76.63 0.73 26.04 0.063 0.00545 0.875 0.00741
34.11  34.50 0.38 6.21
41.78  42.13 0.35 10.63

When p = 1200: m=23

93.00 93.67 0.66 24.09  0.055 0.00510 0.865 0.00765
41.80  42.16 0.36 5.74
51.20  51.50 0.30 9.54

When p = 1600: m=27

107.42 108.19  0.77 21.81  0.052 0.00499 0.882 0.00723
48.28  48.67 0.38 5.41
59.14  59.52 0.38 8.40

When p = 2000: m=30

120.12  120.98  0.86 21.71  0.052 0.00499 0.888 0.00707
53.99  54.44 0.45 5.28
66.13  66.54 0.41 8.51

Theorem 3.4. Assume (A-i) and (A-iv). For the two-stage procedure given by (3.7)-(3.8),
it holds as p — oo that

limsup |E (N; —Ci)| <1 and Var (N;) = o(p*/?/AL) for i=1,2.

Remark 3.4. Assume (A-iv) and either (A-ii) or (A-iii). Then, it holds as p — oo
that N;/C; = 1 + 0p(1) for i = 1,2, that are in the HDLSS situation in the sense that
N’L/p = Op(l)v L= 172

3.3. SIMULATION FOR TWO-STAGE TEST

In order to study the performance of the two-stage test procedure given by (3.9) with (3.7)-
(3.8), we took resort to computer simulations. We fixed Ay, = 10. Our goal was to construct
a test with size a = 0.05 and power no less than 1 — § = 0.9 when A > Ay. Independent
pseudorandom normal observations were generated from m; @ Np(*;, %;), i = 1,2. We
considered 2 = B (0.3 4")B and Xy = 1.5B (0.3 4")B | where B is defined by (2.9).
From Remark 2.3, we set o, = 0.8 X tr(Zl)/pl/Q, 1 = 1,2. Then, we obtained m=14, 19,
23, 27 and 30 from (3.7) for p = 400(400)2000, respectively.

In Table 2, each block gives the findings when p = 400(400)2000. The findings were
obtained by averaging the outcomes from 4000 (= R, say) replications, where the first
2000 replications were generated by setting as A = 0 (1, =1, = (0,...,0)7) and the
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last 2000 replications were generated by setting as A = 10 (* ; = (1,...,1,0,...,0)” whose
first 10 elements are 1 and * 5 = (0,...,0)7). Under a fixed scenario, suppose that the
rth replication ends with N; = n;, ng = 1,2) observations given by (%38) and the test
result given by (3.9). Let m; = R % n; and Var(n) = (R—1)i 1 B (ny, — 7;)2.
Then, 7 (= 71 + 72) estimates C' = C + Cb, defined by (3.4), with its estimated variance
Var(n), computed analogously. In the end of the rth replication, we defined P, =1 (or 0)
accordingly as A = 0 wasg falsely rejected (or not) and A = 10 was rightly rejected (or not).
We defined @ = (R/2)i ! i,i/f) P, to estimate the size and 1— 3 = (R/2)i 1 sz/2+1 P, to
estimate power(Ap), having their estimated standard errors s(@) and s(3), where s2(a) =
(R/2) 'a(1 — @) and s?(B) = (R/2)! 13(1 — B). Throughout, we observed that the test
given by (3.9) with (3.7)-(3.8) gave good performances especially in a very high-dimensional
case.

3.4. TESTING THE EQUALITY OF TWO COVARIANCE MATRICES

We consider testing the equality of two covariance matrices as follows:
Hp:tr(2,) =tr(X2) vs. Hjp:tr(X) # tr(X2). (3.10)

This type of equality test is essential for high-dimensional data. See Section 4 for example.
We are interested in designing a test of (3.10) with size a and power no less than 1 —
when [tr(X; — X9)| > Ag, where a, 5 € (0,1/2) and Ag (> 0) are prespecified constants.
We assume Ag = o(p'/?). Under (A-i) and (A-iv), it holds that

g tr(Slnl — SQnZ) — tr(El — 22)
2t0(S3)/(n1 — 1) + 240(S3)/(ny — 1)

= N(0,1) (3.11)

when p — oo and either n; — oo or n; is fixed for i = 1,2. For testing the hypothesis (3.10),
we find the sample size for each m; as

S 2u(a, 5)? r 2)1/2)<2

n; > AZ tr(22)Y2 (= ¢y, say) (3.12)

and test the hypothesis by

za/2A§
u(a, B)’

where u(a, 3) (> 0) is a solution of the equation P(|N(0,1) + u(a,B)| > 24/2) = 1 — B
Then, we have the following theorem.

rejecting Hy <= [tr(S1p, — Son,)| >

(3.13)

Theorem 3.5. Assume (A-i) and (A-iv). The test given by (3.12)-(3.13) has as p — o0
that

limsup size < o and liminf power(Ag) > 1— (3, (3.14)

where power(Ag ) is the power when |tr(X; — 39)| = Ag .

Remark 3.5. Assume (A-iv) and either (A-ii) or (A-iii). Suppose that z,/s/u(a, 8) €
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(0,1). If it holds that Ag /p*/? > 0 as p — oo, the test given by (3.13) has as p — oo and
ni,ng — oo that the size — 0 and the power — 1 when [tr(3; — X9)| > As.

Since C; depends on unlslown 3.;’s, we proceed the following two steps:
1. Let 7, = min;—1 2 0 ?:1 0jx, Where 0;,’s are given in Section 3.2. Having a fixed
integer mo (> 4), define

n h 2 1 o0
2u(a,
m = max my, u(Ang* +1 . (3.15)

According to (3.15), take pilot samples X;;, j = 1,...,m, of size m from each ;. Then,
calculate S;,,(1) and S;;,(9) for each 7; according to (1.2). Define the total sample size for
each m; by

N Nay(a, g2

X2 i o]
Ni — max 1m, A% tr(Szm(l)Szm(Q))l/Q tr(Sjm(l)S]m(Q))1/2 + ]. . (316)

j=1

2. Take additional samples X;;, 7 = m + 1,...,N;, of size N; —m from each m;. By
combining the initial samples and the additional samples, calculate S;n;, ¢ = 1,2. Then,
test the hypothesis (3.10) by

Za/2A§

w(a,B) (3.17)

rejecting Hy <= [tr(S1n, — Sany, )| >

We have the following theorems.

Theorem 3.6. Assume (A-i) and (A-iv). The test given by (3.17) with (3.15)-(3.16) has
(8.14) as p — 0.

Theorem 3.7. Assume (A-i) and (A-iv). For the two-stage procedure given by (3.15)-
(8.16), it holds as p — oo that

limsup |E (N; —C;)| <1 and Var (N;) = o(p/A%) for i=1,2.

Remark 3.6. Assume (A-iv) and either (A-ii) or (A-iii). Then, it holds as p — oo
that N;/C; = 1+ 0p(1) for i = 1,2, that are in the HDLSS situation in the sense that
N;i/p=o0,(1),i=1,2, under Ag — 00 as p — 0.

4. HIGH-DIMENSIONAL CLASSIFICATION

Suppose we have two independently distributed populations, 7;, i = 1,2. We do not
assume 3 = Xo. Let X be an observation vector on an individual belonging to 71 or to
m9. Having recorded X;i, ..., Xin, from each m;, we estimate * ; and 3; by Xy, and S;p,. A
typical discriminant rule is that one classifies X into my if

N det(Son,)°

v \Igil -
~log det(S1n,) < (X0 = X2ny)" Shy, (X0 = X2np),  (4.1)

(X0 — X1n,)"S1,, (X0 — X1ny)
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and into 7o otherwise. However, the inverse matrix of S;,, does not exist in the HDLSS
context (p > n;). When X; = 3, Saranadasa (1993) considered using | ,. Srivastava
and Kubokawa (2007) considered using three types of the inverse covariance matrix: the
Moore-Penrose inverse matrix; the inverse matrix defined by only diagonal elements of
Sin;; and the empirical Bayes inverse matrix estimator. On the other hand, Yata and
Aoshima (2010c) considered using a ridge-type inverse covariance matrix derived by the
noise reduction methodology. When X7 # 39, Dudoit et al. (2002) considered the quadratic
discriminant rule using the inverse matrix defined by only diagonal elements of S;,,. On
the other hand, Hall et al. (2008) considered the distance-based classifiers and showed an
asymptotic normality about |[Xo — X1;]|* — [|Xo — X2jo|]2 (j=1,..,n1; 7°=1,..,n2) by
ignoring the covariance matrices.
We consider a discriminant rule given by replacing S ;n} with (tr(Sip, )/p)i 1 , such that
one classifies X into my if
Y Ya
plXo = Xung|[* plXo — Xan,||* tr(San,) PP
t0(S 1ny) wGam) PGSy m w70 (2

and into 7o otherwise. Here, —p/nj + p/ns is a bias-correction and + is a tuning parameter.
We denote the error rate of misclassifying an individual from 7 (into 72) or from 7y (into
71) by e(2[1) or e(1]2). Let A = |2 | =1 ,||> and Ag, = (tr(Z1) —tr(X2))?/tr(%;), i = 1, 2.
Then, let us write that A; = A+ Ag, /2, i =1,2, and A, = mir% A;. We are interested in
=1,

designing the discriminant rule (4.2) having both e(2|1) < o and e(1]2) < 8 when A, > Ay,
where a, # € (0,1/2) and Ap, (> 0) are prespecified constants. We assume Af, = o(p'/?).
4.1. ASYMPTOTIC NORMALITY AND SAMPLE SIZE DETERMINATION

We assume the followings:

1.1 'y (1. 1
(A-vi) ¢ 2) A;( ! 2) —0asp— oo fori=1,2;
*
tr(X? tr(3?
(A-vii) rgAzz) — 0 and r(A2) >0 as p— oo and n; — oo for i =1,2.
ns A2

Then, we have the following theorem.

Theorem 4.1. Assume that tr(X%1)/tr(32) — 1 as p — co. Assume also (A-iv), (A-vi),
(A-vii) and either (A-ii) or (A-iii) with (A-v). Let
Yo Ya
plXo = Xuing || pl[Xo = Xan, || plog tr(Sam)) P P
IfT’(S 1ng ) tT‘(S 2no ) If?“(S 1nq ) ni no

w(Xo) =

Then, we have as p — oo and ni,ny — oo that
A b il
g w(Xo) + Ba(tr(Ba)/p) = N(0,1) when X € m1;
2 (tr(21)/p)! 2tr(B1)/n1 + (tr(Ea) /p)i 2tr(E1X0) /12

w(Xo) — Ar(tr(E1)/p)' !

g = N(0,1) when Xy € ma.
2 (tr(2)/p)i 2tr(23) /ng + (tr(21) /p)i 2tr(X132) /ny
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Remark 4.1. Assume (A-iv) and either (A-ii) or (A-iii). If it holds p/A2 — 0 as p — oo,
there exist positive constants ¢; and ¢, such that
w(Xo)

w(X
M<—Cl when Xo € 1, ——~ > ¢y when X € mo.
A, A,

Then, for the discriminant rule given by (4.2) with v = 0, we have as p — oo that
e(2]1) -0 and e(1]2) — 0. (4.3)

For instance, let us consider a case that tr(3;)/tr(32) # 1 as p — oo. (For testing the
equality, see Section 3.4). Then, it follows that min;—; 2 Ag,/p > 0 as p — oo. Since it
holds p/A2 — 0 as p — oo, we can claim (4.3) in the case.

Let us observe Theorem 4.1. Now, we consider a non-Gaussian example such as z;; =
(13/15)1/2wiﬂ, where w;j;, i1 =1,2; j=1,...,p (I =1,...,n;) were independently generated
by t-distribution with 15 degrees of freedom. Then, note that E(z;;;) = 0, E(zzzjl) =1 and

Zijl, j=1,..,p(i=1,2; L =1,...,n;) are independent. Let X, = 03/2(%1;, ...,zipl)T+1 =
1,2, 1 = 1,..,n;) with (c1, ¢2) = (1, 1 +pi /%), 1, = 0 and [|* ,]|> = p/?, so that
3; = ¢l p, i = 1,2. Then, the population distributions of X;;, ¢ = 1,2, satisfy (A-ii) and
(A-iv). Since it holds that A = ||t ; =1 ,||? = p'/2, Ag, = tr(2; — Bo)?/tr(2;) = p'/? and
Ag, = p'/?/(1+pi V%), we have that A; = 3p'/2/2 and Ay = p/2(14+1/(2+2/p"/*)). Let

q
=2 (t(E)/p) (B 4 (1x(2a) ) (1) o
So =2 (tr(22)/p)i 2tr(X3)/ng + (tr(X1)/p)i 2tr(X139) /n1.

Figs. 3(a), (b), (c) and (d) give two histograms of 2000 independent outcomes of w(Xq)/d1
when Xo € m or Xog € my for p = 4,32,256 and 2048, respectively. Here, w(X() was
calculated from n; = mo = 15 samples for each ;. Fig. 3 also displays the probabil-
ity density of w(Xg)/d; claimed by Theorem 4.1. We expect that w(Xg)/d; is close to
N(—As/(51tr(22)/p), 1) when X € 71 and w(X)/d1 is close to N(Ay/(61tr(X1)/p), 63/6%)
when Xg € mo. When p = 4 and p = 32, the histograms appear quite different from the
probability densities. However, as expected, the histograms become similar to the proba-
bility densities as p increases.

Probability Density Probability Density

04t 04t

03 03}

01} 01
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Probability Density Probability Density

04t 04t

03} 03}

01} 01

(c) p =256 (d) p = 2048
Figure 3. The solid lines are probability densities of A: N(—Aq(d1tr(X2)/p)i 1, 1) and B: N(A,
(81tr(X1)/p)i 1, 03/67). The histograms of w(Xg)/d; for Xo € m;, i = 1,2, fit well the solid lines with
increasing dimension: (a) p =4, (b) p =32, (c) p = 256, and (d) p = 2048.

Let 0 = max{tr(3?)"/2, tr(X32)!/2}. We find the sample size for each m; as

2 X2
> Lt 200w w(m)t (= C ). (1.4
L

J=1

1

Note that C; = O(p/A?%) for i = 1,2, under (A-iv). Thus under A; — oo as p — oo, it
holds that C;/p — 0 as p — oo . Then, we have the following theorem.

Theorem 4.2. Assume (A-iwv), (A-vi) and either (A-ii) or (A-iii) with (A-v). Let v =
(tr(S1ny + S2n,)/(20))1 *AL(25 — 20)/(2a + 25) in (4.2). Then, for the discriminant rule
given by (4.2) with (4.4), it holds as p — oo that

limsupe(2|]l) <a and limsupe(l]2) <p
when A, > Ap,.
4.2. TWO-STAGE PROCEDURE FOR CLASSIFICATION

Since 3;’s are unknown, it is necessary to estimate C;’s in (4.4) with some pilot samples.
We guppose the following aasumption: There exists a known and positive lower bound o,
for  tr(X?) such that os,/ tr(X?) € (0,1), 3= 1,2, as p — oo. We proceed the following
two steps: p
1. Let 7 = min;— 2 0x 32:1 0jx. Having a fixed integer mg (> 4), define
[ 0
T 1. (4.5)

n

h 2
m = max mo, (Za a Zﬁ)

AL

According to (4.5), take pilot samples X;;, j = 1, ..., m, of size m from each ;. Then, calcu-
late Sim, Sim(1) and Sy, (2) for each 7; according to (1.2). Let 6 = max{tr(Slm(l)Slm@))l/2,
tr(SQm(l)SQm(z))l/z}. Define the total sample size for each m; by
n h
(

2 A
Z 23)°0
N; = max m, ot 25)70 5)

X2 0]
AP tr(Sim(1)Sim@)* tr(Sjm1)Sjm@) "t +1 . (4.6)
I
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2. Take additional samples X;;, j = m + 1,...,N;, of size N; — m from each m;. By
combining the initial samples and the additional samples, calculate X;n;, Sin, ¢ = 1,2.
Then, we classify X into 7 if

Yo Ya

tr(San,) P P
T2l D S 14 <0 47
tl"(SlNl) N Ny v ( )

1” 1°

pl[Xo = Xamn[|®  plXo — Xan,
tr(slNl) tr(SQNZ)

—plog

and into 72 otherwise, where 4 = (tr(S1n; + San,)/(2p)) 1AL(25 — 24)/ (24 + 25).
Then, we have the following theorems.

Theorem 4.3. Assume (A-iv), (A-vi) and either (A-ii) or (A-iii) with (A-v). Then, for
the discriminant rule given by (4.7) with (4.5)-(4.6), it holds as p — oo that

limsupe(2|]1) < a and limsupe(l]2) <pf

when A, > Ap,.

Theorem 4.4. Assume (A-i), (A-iv) and that tr(X%)/tr(23) # 1 as p — oo. For the
two-stage procedure given by (4.5)-(4.6), it holds as p — oo that

limsup |E (N; —C))| <1 and Var (N;) =o(p/A%) for i=1,2.

Remark 4.2. Assume (A-iv) and either (A-ii) or (A-iii). Then, it holds as p — oo
that NV;/C; = 1 4 op(1) for ¢ = 1,2, that are in the HDLSS situation in the sense that
Ni/p =o0,(1),i=1,2, under Aj, — oo as p — 0.

4.3. SIMULATION

In order to study the performance of the discriminant rule given by (4.7) with (4.5)-(4.6),
we took resort to computer simulations. We set a = 0.1, § = 0.2 and Ay = 20. Then,
we obtained z, + 23 = 2.12. Independent pseudorandom observations were generated from
o Np(t;,3), i = 1,2 Weset!; = (1,..,1,0,...,0)7 whose first 25 elements are 1,
and 15 = (0,...,0)7. Then, we obtained ||t ; — ! ,||> = A = 25. We considered ¥; =
1B (0.3 i™)B and 35 = 3B (0.37% 4"°)B | where B is defined by (2.9). We considered
the following four cases: (i) (¢1,c2) = (1,1) when p = 800; (ii) (¢1,c2) = (0.95,1.05) when
p = 800; (iii) (¢1,¢2) = (1,1) when p = 1600; (iv) (c1,c2) = (0.95,1.05) when p = 1600.
Then, we obtained A, = A + min;— 2 Ag, /2 =25, 28.81, 25 and 32.62 for (i), (ii), (iii)
and (iv). From Remark 2.3, we set oy, = 0.9 x tr(X;)/p'/2, i = 1,2. Then, from (4.5), we
obtained m = 15, 14, 30 and 28 for (i), (ii), (iii) and (iv).

In Table 3, the findings obtained by averaging the outcomes from 4000 (= R, say)
replications were summarized in each situation, where X¢ € 7 is taken for the first 2000
replications and Xy € w9 is taken for the last 2000 replications. Under a fixed scenario,
suppose that ‘f_-he rth replication ends with V; = pir (i = 1,2) observations for r =1, ..., R.
Let ;=R ' B ngand Var(ng) = (R—1)i 1 2 (g —7;)% Then, 7t (= 7y 4 7a) esti-
mates C' = C] + Cy with its estimated variance Var(n), computed analogously. In the end
of the rth replication, we checked whether the rule (4.7) does (or does not) classify X¢ cor-
rectly and defined P, =1 ((15 0) accordingly. We calculated 1 — e(2|1) = (R/2)i ! fﬁ P,
and 1 — e(1]2) = (R/2)i ! f:R/2+1 P, for the estimates of 1 — ¢(2]1) and 1 — e(1]2).
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Table 3. Discriminant rule (4.7) with (4.5)-(4.6).

C n n—C Var(n) 1l-e(2)]1) s(e(2]1)) 1-e(1]2) s(e(1]2))
When p = 800 and (¢q,¢2) = (1,1): m =15
61.88  66.23 4.35 137.20 0.886 0.00711 0.809 0.00880

3094  33.17 2.23 36.51
3094  33.06 2.13 36.45

When p = 800 and (cq,c2) = (0.95,1.05): m = 14

64.93  66.88 1.95 164.41 0.927 0.00584 0.852 0.00795
31.65  32.57 0.92 36.87
33.28 3431 1.04 50.68

When p = 1600 and (¢1,c2) = (1,1): m = 30
123.97 128.65  4.68 105.62 0.901 0.00669 0.837 0.00827
61.99  64.35 2.37 28.34
61.99 6430 231 27.89
When p = 1600 and (c1, c2) = (0.95,1.05): m = 28

130.09 131.51  1.42 140.00 0.949 0.00490 0.893 0.00693
63.42  64.11 0.69 29.45
66.67  67.40 0.73 44.77

Their estimated standard errors were given by s(e(2]1)) and s(e(1]2)), where s2(e(2|1)) =
(R/2)1 e(2|1)(1 —e(2]1)) and s(e(1]2)) = (R/2)i te(1]2)(1 — e(1]2)). Throughout, the dis-
criminant rule given by (4.7) with (4.5)-(4.6) gave adequate performances specially when
tr(3q1) # tr(X3). This result is quite natural because A, for tr(3;) # tr(Xs2) is greater
than that for tr(3;) = tr(Xs).

4.4. EXAMPLE

We analyzed gene expression data given by Chiaretti et al. (2004) in which data set con-
sisted of 12625 (= p) genes and 128 samples. Note that the expression measures were
obtained using the three-step robust multichip average (RMA) preprocessing method. Re-
fer to Pollard et al. (2005) as well for the details. The data set had two tumor cellular
subtypes, B-cell (95 samples) and T-cell (33 samples). We set 71: B-cell and ma: T-cell.
We set @ = 0.05, 8 = 0.05 and A, = 800. Here, we emphasize that one can make Ay in
the two sample test of mean vectors and covariance matrices in Section 3. Our goal was
to construct a discriminant rule with e(2]1) < 0.05 and e(1]2) < 0.05 when A, > Ay. We
assume that tr(X?)/2 > 700 for B-cell and tr(32)"/2 > 550 for T-cell. We set o1, = 700
and o9, = 550 so that 7, = min;—1 2 0 (014 + 02,) = 6.88 X 10°. We chose the pilot sample
size for each m; as . 3,
(za + 25)%7°
A2 +1 =12

L
according to (4.5), where z, = zg = 1.64. So, we took the first 12 samples from each ;
as a pilot sample. Then, we had tr(Slm(l)Slm(Q))l/Q =718, tr(SZm(l)Szm(2))1/2 =571 and
6 = max{tr(Slm(l)S1m(2))1/2,tr(SQm(l)SQm(g))l/Q} = 718. According to (4.6), the total

m= 4,
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sample size for each m; was given by

( "( .. @ #)
N; = max 12, ’%Z?)Jtr(slm(l)slm@))l/‘l tr(Sim(1)Sim) "/ +1 =17,
« ! . o # )
Ny = max 12, ('Z“Z‘?)"tr(s2m(1)szm(2))1/4 (S Sim@) +1 =15,

L =1

So, we took the next 5 samples from m; and the next 3 samples from my. Note that
4 = 0 for & = . Then, we constructed the discriminant rule (4.7) with e(2|1) < 0.05
and e(1|2) < 0.05 when A, > Ap. Note that an estimator of A, was given by TN +
min;—1 2tr(S1n, — San, )2/ (2tr(Sin; ) = 1564, where Ty is defined in Section 3.

We compared the constructed discriminant rule with two different discriminant rules,
DLDR and DQDR, that were given by Dudoit et al. (2002) as follows: Diagonal linear
discriminant rule (DLDR) was given by replacing (4.7) with

(X0 — (X1ng +X2n,)/2) Skt (Kang —Xiny) <0

P .
with Sd"gg = diag(slN, ...,SpN), where SiN = 22:1 i]\il(xijl_jij]\fi )2/(]\71 + Ny — 2) and
ZijN, = lN:' 1 Zij1/N;. Diagonal quadratic discriminant rule (DQDR) was given by replacing
(4.7) with
Y Ya
det(sdiag(Q))

— = <0
det(sdiag(l))

(Xo—X183) " Sty (X0 =X1ny) = (X0 = X2y ) 'Sl ) (X0~ Xz,) ~log

P v
with Sdiag(i) = diag(s(i)lNi g eeey S(i)pNi ), where S(i)jNi = lNzll(xijl_fijNi )2/(Ni—1). In Table
4, we investigated the performance of the three discriminant rules with (Ny, N2) = (17,15)
by using test data sets of 95 — N; = 78 surplus samples from m; and 33 — Ny = 18 surplus
samples from my. The discriminant rule given by (4.7) showed an adequate performance
and was best among the three rules.

Table 4. The correct discrimination rates of (4.7), DLDR and DQDR to test data sets of 78
samples from m; and 18 samples from 7.

%) DLDR DQDR
1-e(2[1) | 74/78 (=0.949) 64/78 (=0.821) 67/78 (=0.859)
l-e(1]2) | 18/18 (=1.0)  18/18 (=1.0)  18/18 (=1.0)

5. HIGH-DIMENSIONAL VARIABLE SELECTION

Suppose we have two independently distributed populations, 7;, i = 1,2. We do not assume
31 = X¥5. We consider a methodology to select a significant set of associated variables from
among high-dimensional data sets. We recall that * ; = (p1, ..., ftip)’, @ = 1,2. Then, we
consider testing the following univariate hypotheses:

Hoj :pij = po; vs. Hyj:py # pey; forj=1,..p. (5.1)

Our interest is to select a set of significant variables such that D = {j : p1; # p2;}. Fan and
Fan (2008), Meinshausen et al. (2009) and Wasserman and Roeder (2009) considered this
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type of problem. Assume that |D | = S for some S > 1, where |D | denotes the number of
elements in set D . A variable selection procedure i maps the data into subsets of {1, ..., p}.
In this section, we are interested in designing B such that the asymptotic family-wise error
rate (FWER) is 0, i.e.,

P(D¢NB|+£0)— 0, (5.2)

and the asymptotic average power (AP) is 1, i.e.,

DNDB
PnB]j — 1 when min |p1; — pgs]® > 6, (5.3)
S ;2D

where ¢ (> 0) is a prespecified constant. We should note that the assertion (5.3) does not

consider the case when mgl l1j — H2j’2 =94.
j2

5.1. SAMPLE SIZE DETERMINATION

Let 0; = maxy. j. ,03;); (i = 1,2), where we recall that o(;);, j = 1,...,p, are diagonal
elements of 3;. We assume that o;); < oo for i = 1,2; j € D, and E {exp(t|zij —

uij\/a(%?)} <oo,i=1,2; j=1,...,p, for some t > Q. We do not assume o; < 00 as p — 00

for i = 1,2. Let Tj(n) = T1jn, — Tojn, With Tijny = 2, @y/ni, i = 1,2. Then, for testing
the hypotheses (5.1), we find the sample size for each 7; as

2(log p)t+¢ X
nz D2 5T e (= sy (5.4)
j=1
with ¢ € (0,1) chosen, and test the hypothesis for j =1, ..., p, by
rejecting Ho; <= |Tjn)| > V. (5.5)

Let B = {j | rejecting Hy;}. Then, we have the following theorem.

Theorem 5.1. The test given by (5.5) with (5.4) has as p — oo that
P (D°nB|#0)=o0(1);

DNB
|S| =1+0y(1) when min |ui; — p2;]? > 6. (5.6)
]2D

Remark 5.1. Assume (A-i). We choose ¢ = 0 in (5.4). Then, the test given by (5.5) with
(5.4) has (5.6) as p — oo.
Remark 5.2. We consider a test having the asymptotic power

P(MD CB)—1 when mi[gl\u1j—ﬂzj|225
2

instead of (5.3). We define the sample size for each m; as

14¢ X2
n> BT 7 e (5.7
7j=1
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with ¢ € (0,1) chosen, and test the hypothesis for j =1, ..., p, by
rejecting Ho; <= |Tjn)| > V4/2.
Let B = {j | rejecting Hyj}. Then, it holds as p — oo that

P(PenB|#0)=o(1);
P (D C Ii?) =14o0(1) when mgl |11 — paj|* > 6.
72
Under (A-i), it holds the above results for ¢ =0 in (5.7).
5.2. TWO-STAGE VARIABLE SELECTION PROCEDURE

In this section, we propose a two-stage variable selection procedure that provides screening
of variables in the first stage. We select a significant set of associated variables from among
a set of candidate variables in the second stage. We proceed the following two steps:

1. Choose a pilot sample size m such that m = O(logp) and m — oo as p — oo. Take
pilot samples X, [ :Fl’ ..ym, of size m from each ;. Calculate T)j(,,) = T1jm — Tojm, J =

1,...,p, where Tjj,, = 2, x;j/m for each ;. Then, provide screening of variables by
B = {j | |Tjoml > V3} (5.8)
. X
for a set of candidate variables. Calculate |B| (= S, say) and §; = m%x(m o VI e
J2 =1

—fijm)2, 1 = 1,2. Define the additional sample size for each m; by

B h2max{(log5’)1+£, (logp)} P gxz P ?I +1 (5.9)
= 5 i J ) ’

J=1

N;

where £ € (0,1) and ¢ € (0,1) are chosen constants.
2. Regarding j € B, take new samples z;;;, | = m T:l’ ..., m + N;, of size N; from each

7;. Calculate T} ) = T1j(vy) — Taj(n,), Where Ty = ﬁtﬁl zij1/Ni, j € B for each ;.
Then, test the hypothesis by

rejecting Hoj <= |T;N | > e (5.10)
for j € B, and define

B ={j B | rejecting Hoy;}. (5.11)

Select the variables regarding .
Then, we have the following theorem.

Theorem 5.2. The two-stage variable selection procedure (5.8)-(5.11) given by (5.10) has
(5.6) as p — oo.

We emphasize that the two-stage variable selection procedure allows the experimenter
to reduce the cost of sampling in the second stage by taking samples only from B .
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5.3. SIMULATION

In order to study the performance of the two-stage variable selection procedure, we took
resort to computer simulations. Our goal was to estimate D with accuracy regarding
asymptotic FWER= 0 and asymptotic AP=1 when mgl w1 — M2j|2 > §. We fixed 6 = 1.
j2
We set 1, = (0,...,0)7, and 1, = (1.5,...,1.5,0,...,0)7 whose first 20 elements are 1.5.
Then, D = {j : w1 # po;t = {1, 20} and S = |[D| = 20. We considered ¥; =
B (0.3 4"°)B and ¥ = 1.2B (0.31“ 311:3)8, where B is given by (2.9). Independent
pseudorandom observations X;j, i =1,2; j = 1,2, ..., were generated from m; : Ny(* ;, %;).
We considered the following four cases: (1) p = 1600; (2) p = 3200; (3) p = 4800 and (4)
p = 6400. For all cases, we set m = 20. We fixed ((,&,£) = (0.2,0.2,0.2) in (5.4) and (5.9).

In Table 5, we compared the performance of the two-stage variable selection procedure
(5.8)-(5.11) given by (5.10) with the fixed-sample procedure given by (5.5) when (nq,ng) =
([C1] +1,[Cs] +1). The findings obtained by averaging the outcomes from 2000 (= R, say)
replications were summarized in each case. Under a fixed scenario, suppose that the rth
replication provides B, from (5.8) in the first stage. We calculated § = Ri 1~ . |®,| to
estimate the mean of the number of candidate variables, §. Suppose that the rth replication
ends with V; = n;, (i = 1,2) observations from (5.9) and the corresponding test rule (5.10)
together ng:h a set of selected variables, B, from (5.11). We calculated pm + Sn; =
pm + Ri ! -1 \I§ r|nir to estlmate the mean of the number of required observations for
each m;. We calculated 9 =Ril r:l ]lb | to estimate the mean of the number of selected
variables, say B. We checked whether |D cni ol = ]{:21 ,p}ﬂlb +| # 0 (or = 0) and defined
P, =1 (or 0) accordingly. We calculated P = Ri ! 1 P to estimate the target FWER,
having its estimatleDd standard error s(P), where 82( ) = R 'P(1 — P). We calculated
DNB|/S=RrR ' T {1,..,20}NB,|/20 to estimate the target asymptotic AP.

Let us explain, for example, the entries from the first block when p = 3200. For the
two-stage variable selection procedure (5.8)-(5.11) given by (5.10), we observed § = 32.89
in the first stage and B =19.63 in the second stage. The numbers of required observations,
pm + Sn;, i = 1,2, were (65342, 65471) on average. Then, we had P = 0.002 with
s(P) = 0.001 for FWER and [D N |/S = 0.982 for the asymptotic AP. On the other
hand, for the fixed-sample procedure given by (5.5), we observed B = 19.99. Then, it
should be noted that the number of observations was (249600,272000). We had P = 0.0

with s(P) = 0.0 and [D N B|/S = 0.999. Throughout, we observed that the number of

candidate variables, §, is extremely small compared to p. The two-stage variable selection
procedure allows the experimenter to reduce the cost of sampling in the second stage.
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vs. Fixed-sample procedure given by (5.5).

Table 5. Two-stage variable selection procedure (5.8)-(5.11) given by (5.10)

< — = ® = . [pnb
§  (m+m, m+mns) (pm+ 8ny, pm+ Sno) b P s(P) %
When p = 1600
Two-stage variable selection procedure: m = 20
26.28 (53.06, 56.11) (32880, 32961) 19.59 0.005 0.00158 0.979
Fixed-sample procedure: n; = 70 and ny = 76
(112000, 121600) 19.99 0.0 0.0 0.999
When p = 3200
Two-stage variable selection procedure: m = 20
32.89 (60.41, 64.3) (65342, 65471) 19.63 0.002  0.001 0.982
Fixed-sample procedure: ny = 78 and ny = 85
(249600, 272000) 19.99 0.0 0.0 0.999
When p = 4800
Two-stage variable selection procedure: m = 20
39.24 (64.96, 69.27) (97779, 97950) 19.63 0.001  0.0005 0.981
Fixed-sample procedure: n; = 82 and ny = 90
(393600, 432000) 20.0 0.001  0.0005 1.0
When p = 6400
Two-stage variable selection procedure: m = 20
45.87 (69.29, 74.14) (130279, 130503) 19.65 0.001 0.00071 0.983
Fixed-sample procedure: ny = 86 and ny = 94
(550400, 601600) 19.99 0.0 0.0 0.999
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5.4. EXAMPLE

We analyzed gene expression data given by Chiaretti et al. (2004) that was used in Section
4.4 as well. The data set consisted of 12625 (= p) genes and two tumor cellular subtypes,
7. B-cell and mp: T-cell. We set 6 = 2.52. Our goal was to find variables j’s such that
|p1j — p2j| > 2.5. We chose the pilot sample size for each m; as m = 15. Then, we took the
first 15 samples from each m; in their data set as pilot samples, that are given in Table 6.

Table 6. Pilot samples, x;;; (p = 12625, m = 15)

m1: B-cell mo: T-cell
I\ 1 e 15 1 .. 15
1 7.597 7.892 | 7.240 7.165
12625 | 3.806 3.945 | 3.599 2.798

We considered screening variables by B = {j| |Z1jm — T2jm| > 2.5}. Then, we obtained a
set of candidate variables as B = {106,122, 1144, ..., 11576, 11834} with § = |B| = 35. For
j € B, we calculated §; = max b (m—1)i 1 (i — Tijm)? and obtained (51, 52) =
(5.563,2.474). We set (£,¢) = (0.4,0.4). According to (5.9), the additional sample size for
each 7; is given by

_ hy max{(log §)*¢, (logp)s}P —X p -

Ny 5 51 s5; +1=18,
j=1
h Q) 1+& e1p _ X 7i
Ny — 2max{(log5)5 , (logp)°} 3y P 5, +1=12
j=1

Regarding j € B, we took additional samples z;j;, | = m + 1,...,m + N;, of size N; from
each m;, which are given in Table 7.

Table 7. Additional samples, z;j;,7 € B (8§ = 35, (N1, N2) = (18,12))

m1: B-cell mo: T-cell
g\l 16 33 16 27
106 9.414 8.575 | 6.377 5.439
122 6.620 5.457 | 9.834 10.119
11834 | 9.461 8.379 | 7.010 4.306

We selected significant variables by B = {j € B| rejecting Hoj} = {j € B| [Z1jn) —
Taj(N,)| > 2.5} and finally obtained

b= {106,122,1271, 2673, 3268, 3740, 5064, 6702, 7106, 7414, 8172, 8173,
8225, 8321,8399, 8917, 9002, 9478, 9932, 10299, 10670, 11270, 11271, 11834}
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P .
with § = |B| = 24. For j € B, we calculated Tijm+N, = ;Z”IN' zij/(m + N;) for each m;

and obtained estimates of j1; — po; for j € B as

{ZF1jmenNy — Tojman,|j €D}
= {2.595, —3.315,2.982, —3.347, —3.068, 2.890, 3.273, 3.301, 3.361, 2.574, 3.849, 4.443,
— 3.202,2.896, —4.486, 3.036, —2.763, 3.831, 3.571, 2.618, 3.236, 3.290, 2.909, 3.671}.

6. HIGH-DIMENSIONAL REGRESSION

We consider a usual high-dimensional linear regression setup with a response vector y =

(Y1, -, yn)” and an p x n fixed design matrix X = [X1,...,X,] such that
E(y)=fol+X T
with 1 = (1,...,1)T. Here, 3y is an unknown intercept and ~ = (83, ..., 8,)7 is an unknown

p-vector of regression model parameters. Meinshausen et al. (2009) and Wasserman and
Roeder (2009) considered variable selection for the regression model by using hypothesis
testing to eliminate some variables such as

Ho;:B3;=0 vs. Hy;:B8;#0 forj=1,..,p. (6.1)

We consider the case that y; € {1, —1}. Let us rewrite that X = [Xq(1), s Xpy (1), X1(2)5 -5
an(g)] andy = (1,...,1,—1,...,—1)T whose first n; elements are 1 and last ngFglements are
—1. Note that ny+ny = n. We assume for i = 1,2 that n;/n — n; € (0,1), nl ! ;“lej(i) —
1, and ni! ;“lej(i)xjri 127 3, (>0)asn — 0.

We consider (g, and , such that

min ||y — ol — X 77| %

0,

Then, we have as n — oo that

X —TX2 X
Box = yj/n -
j=1 i=1 j=1

Xim/n—m—1m— L(mb+mtsy). (6.2)

Let yg =Yy — (m —m2)1l and X g = X — (m2 4 + m2t 5)17. Then, from (6.2), note that
Iy — Boxl =X T2 = |lyg — X E7||?> as n — oo. Since it holds as n — oo that

X
Z% 2mmz(t 1 =t 9);

X oX &

—mE1+mBe+mmt =1yt~ 1) (=%, say),
we have as n — oo that
e 2mme X 1(1 -1 2)~

Let A = ||t | —1 5||%. Let A¢qy and A(g)be the largest eigenvalues of X and 3. We assume
that A\;)/A — 0, i = 1,2, as p — co. Then, we have that (1 ;=1 5)T2( ;=1 5)/A% —
as p — oo. By noting that /A — mme(t 1 —15)(t 1 —15)T/A as p — oo, we have as
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p — 00 that 2mmAXT 11 —1,) =21 —1,). Let , = (Bixy -, Bpx) - Then, it holds
as p — oo after n — oo that

ABjs — 2(p1j — pog) for j=1,2,...

Therefore, we can claim that testing (6.1) is equivalent to testing (5.1).
Wasserman and Roeder (2009) also considered the lasso estimator , such as

3 XP ’
_ . —
a=min [lyo=Xg [P+ (5],
j=1
where A is a smoothing parameter. Here, note that || || = O(]| ,||). When we follow the

same arguments stated above, it holds as p — oo after n — oo that

8 X0 ’ 8 X0 ’
argmin [y, —X ¢ [P+X 8] —argmin [XJ( =" )IP+A 16
j=1 j=1
3
; —T 1 2 —T 1 A X
—argmin mne( T (1 —1y))  —dmne (P —tg)+ n 1551
j=1
3 )Q) 3
=argmin (CT(*;—1)%—4 |8 sen(B;) (ks — p2;) — N (dnmng)
j=1

We observe that the lasso estimator concludes 3; = 0 if one chooses A as 4nnina|p1; — p2j| <
X. Then, one would note that X is equivalent to 4nnin2v/8, where § is the prespecified
constant discussed in Section 5. Thus, in the above setting, the variable selection given by
Section 5 might be promising to compare favorably with the Lasso in terms of the assurance
of accuracy and the computational cost.

7. CLASSIFICATION AFTER VARIABLE SELECTION

In this section, we consider applying a variable selection procedure to classification. Fan
and Fan (2008) also considered this problem. Suppose we have m; : Np(* ;,%;), i = 1,2.
First, we consider testing the hypotheses given by (5.1). We are interested in designing a
B satisfying (5.2) and

A |2
P(MD CB)—1 when minwzcs, (7.1)
2D o) T o)
where § (> 0) is a prespecified constant.
Let us choose the sample size for each m; as
8(1 1+¢
n; > (ng) (7.2)

with ¢ € (0,1) chosen, and test the hypothesis for j =1, ..., p, by

T(n)|

S(1)jn1 T 5(2)jnz

>V6/2, (7.3)

rejecting Ho; <= p
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P : - P
where s)jn = (i — 1)V 0 (2i—Tijn; )2, @ = 1,2, with Ty, = L) 245/ni. Let i}
= {j | rejecting Ho;}. Then, we have the following theorem.

Theorem 7.1. The test given by (7.3) with (7.2) has as p — oo that
P (D°NB|#0)=o(1);

C o pes]?
P((D CB)=0(1) when minM > 6.
72D 7(n)j T o)

Next, we consider a discriminant rule by using only the variables of B . We assume that
minsz (U(l)j -+ J(Q)j)i 1(,u1j — ,u,gj)2 > 6. Let S = |D ’ and 9 = “b ‘ Let fD () denote the
function such that fp (X) = (z(1), ..., z(g))” for any vector X = (21, ...,z)", where z(;) = o
with j%the j-th smallest subscript in D . Similarly, let us write fD (X) = (za)s - x(p))T for
any vector X = (z1,...,7p)1. Let i(s) and X;(s) be a mean vector and a covariance matrix
of fp (Xik) (k=1,...,n;). We assume that S — oo and

15y — 2 2 Zie) (F 1es) — * 2s))

1 1is) =2 ol

for i = 1,2, as p — oo. Let B = fq (X) for any vector X = (21, ...,2,)?. Now, we calculate
Emi = ;11 bll/nl and gini = ;llooll — Eini )(bzl — Emi )T/(nz — 1) for each e Let
X be an observation vector on an individual belonging to m; or to me. We propose the
discriminant rule that one classifies X into 7y if
A .
bO _ blnl + b?nz
2

tr(81,,) N tr(8,,)

R0, —B1,,) —
( 2na lnl) 2711 2n2

<0 (7.4)

and into my otherwise. As for the error rates of misclassification, e(2|1) and e(1]2), we have
the following theorem.

Theorem 7.2. The discriminant rule given by (7.4) has as p — oo that
e(2]1) -0 and e(1]2) — 0.

8. PATHWAY ANALYSIS FOR HIGH-DIMENSIONAL DATA

In this section, we consider pathway analysis for high-dimensional data by constructing a
multiple test of correlation coefficients. Suppose we have i.i.d. p + 1-variate data vectors,
X j(m) = (X?,xj(u))T, j=1,...,n, where X? = (z1j,...,p;). We assume n > 4. Here, X; has
unknown mean vector * and unknown covariance matrix 3 (> O), and () has unknown
mean (o and unknown variance oa(< 00). We denote the correlation coefficient vector
between X j and ;) by Corr(X;, zj@) = % where Y2= (p1, ..., pp)". We consider testing
the correlation between X ; and Tj(m) a3 follows:

Hy:%=0 vs. Hp:%#0.

The test of the correlation is a very important tool of pathway analysis or graphical modeling
for high-dimensional data. For example, Kraft et al. (2003) and Drton and Perlman (2007)
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considered the pathway analysis or graphical modeling of microarray data by testing a

correlation coefﬁg,,ient individually.
L) e _&on - _ P,
Let Xngy = j21X5i/n0) Xngy = gy +1X5/7@) Tngy @) = j21 %(e)/1) and
Ty () = ;L:n(l) 41 Zj(m)/n(2), where ngqy = [n/2] + 1 and ng) = n — n(). We denote the

covariance vector between X ; and ) by Cov(Xj, 7)) = ¥a where %a= (o1, ..., o). We
propose an estimator of ||%|? by

A%D B - A o B - !
ﬁ/4: (xj(“) — Tng, (“))(Xj — Xng ) (xj(") T Ty, (”))(Xj — Xng )
j=1 nw 1 j=na) +1 e~ 1
(8.1)
Note that E(Py,) = ||%|2. Let ¥ = H AH 7, where A is a diagonal matrix of eigenvalues
At > -+ > ), > 0 and H is an orthogonal matrix of corresponding eigenvectors. Let

Z; = (215, 2pj) T = A 1/2H T(Xj —1). We assume that z;;, ¢ = 1,...,p, are independent,
the fourth moments of z;;’s and x () are uniformly bounded, A, > 0 as p — oo, and X; and
T j(m) (j =1,...,n) are independent when Y2= 0. Then, we have the following theorem.

Theorem 8.1. Assume that tr(3%)/tr(Z*)? — 0 as p — co. When Y2= 0, we have as
p— 00 and n — oo that

q
Py, (nay — D(ng) — 1)/(02tr(2?)) = N(0,1).

Let us observe Theorem 8.1. Now, we consider an easy example such as ' = 0,
¥ = (0.3% 47) g = 0, 0o = 1 and Y= 40. Figs. 4(a), (b), (c) and (d) give the histograms
of 2000 independent outcomes of Py, (nay — D(ne) — 1)/(c2tr(X?)) when p =4, 32, 256
and 2048. Here, X, j = 1,...,n, were generated from independent pseudorandom normal
distribution with zero mean and covariance matrix 3 for p =4, 32, 256 and 2048. Inde-
pendent of Xj, Tj@), j = 1,...,n, were generated from independent pseudorandom normal
distribution with zero mean and variance on. Thus it holds %2= 0. When p = 4 and p = 32,
the histograms appear different from N(0,1). However, when p = 256, the histogram be-
comes quite similar to N(0,1). When p = 2048, the histogram fits N(0,1) perfectly as
expected.

Probability Density Probability Density
0sf flfl osf
04f L 04f
0 03
02 0
01f 0.1
oo g 0 2 4 3 oo -4 -2 0 2 4 G
(a) p =14 (b) p =32
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Probability Density Probability Density

osf ) osf

oaf iy oaf

0 03

02f 0

o1f o1

WSS . W 2 r s =TT e 2 r s
(c) p =256 (d) p=2048

ngure 4. The solid line is probability density of N(0,1). The histogram of Py, (nay — D(ne) —1)

/  o2tr(X?) fits the solid line with increasing dimension: (a) p=4, (b) p=32, (c) p=256, and (d)
p=2048.
P

i1 Tjmy/n. As-
sume that tr(X*)/tr(2?)? — 0 as p — co. When Y%= 0, we have as p — 0o and n — oo
that

P
Remark 8.1. Let by = (n —1)i ! = i () — Tn(n))z, where ;) =

q
Py, (ngy — 1)(ng) — 1)/(B2tr(S,,1ySn(2)) = N(0,1),

where S, (1) and S,y are defined similarly to (1.2).

By using Theorem 8.1 (or Remark 8.1), the experimenter can conduct a test whether %= 0
or ¥2# 0. There are future prospects to develop a two-stage procedure for the correlation
test in the pathway analysis for high-dimensional data.

APPENDIX

P
Proof of Theorem 2.1. Note that T —* is distributed as p(O, f 1672 /n;). Let H o) =
[N 1(nys s D) be an orthogonal matrix such that H (n)( L b2 /n ) (n) =diag( le
bf)\ﬂs)/n“ ciey i=19;

that  *_; Ajjny = tr(2;). We write that [T —1 2—-%n = AR 1bz Aijmy(w; —1) /n,
where wj, j = 1,...,p, are independent random variables distributed as a chi-square distri-
bution with 1 degree of freedom. From (A-iv) and the assunaption that \jp >0 (i =1,...,k)
as p — oo, it holds as p — oo that 0 < tr(X;%0)/p <  tr(Z)tr(X%)/p < oo. Thus
it follows that {Var (|Th =2 [H)}! = {2 Hob Htr(ZiX0)/(ninp) }i 1 = O(lminknz2

b? Aip(n)/m:), where h? i(n )2 hjn) = Aij( nb i = 1 wk; 5=1,...,p. Note

‘ép) Let v; = ;. lbz)"L](n)n Yw; — 1)‘5 Var (|[Tn =1]?), 7 = 1,...,p. Note that
§21E (’UJQ) = 1. Then, by noting that ?:1 Aij(m AR (M) AL () Aj(n) < 1r.nz§xktr(2f) for

i,i91,19=1, ..., k, we have for Lyapunov’s condition that

E (v}) = Oi ( min n;)t 4 max tr(24)¢ x O( min n}/p?) — 0
J Lk Lk " ik
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under (A-iv). Then, from Lyapunov’s central limit theorem, we obtain that

[ Tn =% | — %0
Tor 272
2 b bitr(X2:X0)/ (ning)

= N(0,1)

when p — oo and either n; — oo or n; is fixed for ¢ = 1,..., k. It concludes the result. 2

Proof of Theorem 2.2 and Corollary 2.1. We first consider (A-ii). We have from (A-iv)
that

ITn =[-8,
k i i i0
XX g = )T =) X KR (=1 )T (X0 — o)
= bl ] ] 1 + 2 blblo ]
i=1 1610 ni(ni —1) i<i® =1 19=1 Tino
k i i i0
X bz)(l (X =1 ) (Xao =1 ) +2X b‘b'o)(L X% (xa =1 )T (X0 — 1 10)
- 7 2 [’ " .
i=1 &0 i i<i0 1=11°=1 Tino
+o,(VB/(min 1) (A1)

when p — oo and n; — oo for ¢ = 1,..., k. Note that

X pite(22) X b26%tr(2 )

Var (|[Ta=1|2=8y) =2 +2
(H n H n) . nz(nz — 1) o0 ningo
X tr(2;%
C(14oa)2 ppt i)

3,10 ok
Letn—Pk n;. Lety.=bi(X1;, =1 )/niforj=1,..,n P bi(Xij —1;)/ni
o = i=1"%" y] — U1\ 1y 1 1 J=1 . lr yj+ :b_i nO ij = )
for j =1,...,n; (i > 2) and ¢;; = yiTyj. D%ﬁne Voj = zi 11(1’1] for j = 2,...,na. From

(A.1), we write that |[Tn — 1|2 =8, =2 imoVnj + Op(f/(mml i kn;)). First, we
consider the case that 0 < n;/np < oo as n;,np — oo for all i # %= 1,...,k. By noting
the tr(%;%;3,;3,0) < maxy. ;. 4 tr(X}), in a way similar to the proof of Theorem 1 in Chen
and Qin (2010), we can claim that

Th—1]2-%
4—p T =] n = N(0,1) (A.2)
2 Zzob botr(EZZZo)/(nznzo)
when p — oo and n; — oo for i = 1,..., k. Next, we consider the ¢ e that n;/no — 0 as
nl,nlo — oo for some i+ 7). By noting that |[Tn —2 [|2 = 8B, = || (mc)) bi(X; — 1,2 -

Z(mo) b2tr(Sim ) /nito0p(y/p/(ming. ;. n;)), similarly, it holds (A.2). It concludes the result
in Corollary 2.1 for (A-ii). As for Theorem 2.2, we note that

£ — By
bzbzotr(EiZio)/(nmio)

=P = op(1).
2

1,10
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Thus it follows that
Ta =t []? = % _,,I!Tn L2 -8, -2 + 8,
I |
b2b%tr(X;30)/ (ningo) 2 b2b2tr(3;30) / (ningo)

1 = N(Oa 1)7 (A3)
2 4,30 1,30

which concludes the result in Theorem 2.2 for (A-ii).
Next, we consider (A-iii) with (A-v). We write that

[T =[] =2,
3 i 0 .
XXX (g — i) (g — ) | X X0 RO (@it — pag) (wioo — prioy)
j=1 i=1  I&l° ni(ni —1) i<i0 1=110=1 M0
= Y (say).
j=1

l')

q
Let W= 2 0 b? bloc“o /(n;nyp), where ¢;;0's are defined in (A-v). Then, by using Theorem

5.2 in Bradley (2005), we note from (A-iii) that {§7/W} is a strictly stationary sequence
and p-mixing. From (A-v), it holds that Var ( *_; Y;/W) = p(1 + o(1)) as p — oo
and n; — 00, i = 1,..., k. Then, by using Theorem 2.1 1(51 Ibragimov (1975), we claim that

j= LY/ (pPW) = N(O 1). From the fact that p*/2W/ 2 ”ob botr(3;X0)/ (ninjo) — 1
as p — oo, we can claim (A.2) and (A.3) under (A-iii) with (A-v). Thus it concludes the
results. 2

Proof of Theorems 2.3. From (2.4), one can claim that

Vv
ﬁ X 2p2 X 2 2\1/2 d
2 bAr(Zi%y)/(ning) < V2 bBier(S)? g < —
irj i=1 Zafo
Note that n;, — oo as p — oo for i = 1,..., k. Then, we have from (2.5) and Theorem 2.2
that

P eRy)=P([Tn=2[=8n|<5)>P (N(0,1)| < zap) +0(1) =1 —a+o(l)

as p — oo. It concludes the result. 2

Proof of Theorems 2.4 and 2.5. We have under either (A-ii) or (A-iii) that

H 1
tr(Sim1) Sim .
o X Sim) 2 @) _ O(mi 2) + O(tr(24)/ (t:(X2)m)). (A.4)
tr(%7)
Here, from (A-i) and (A-iv) , one can claim that
Xk ’
Za 2f
B L b tr(S i Sim@) ! 15 t(S i) Smez) !
j=1
ZajaV2 X
= PP (324 oSV 4 0(1) = G+ o(1); (4.5)
j=1
n3 & " 50
Za, V2 X 2 .
E /2 |b |tI’( zm(l)sim(Q))1/4 |bj|tr( jm(l)S]m ) 4/0 -1 = O(ml 1)'

J=1
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Here, in a way similar to the proof of Lemma 2 in Yata and Aoshima (2009a), we have
under (A-i) that

n3 V2 Xk [ " ,0
Za/2
E  N;— / Biltr(Sim(1)Sim) " b 67(S jm()Sjmz)/* — 1

j=1
=o(mhl) (t=1,2). (A.6)

Then, from (A.5) and (A.6), it holds that

|E (N' — i)l
Xt ’
2oy 2\[
<|E / Biltr(S i) Sim@) "t bi[67(S jin())Sm2) "t = Cil + 1+ 0(1)
j=1
=14 o0(1);

Var (N;) = o(m) = o(p*/?/6).

It concludes the results in Theorem 2.5.
Next, from (A.4), it holds as p — oo that |N; — C’i\ = 0p(m'/?) under (A-iv) and either

(A-ii) or (A-iii). Then, we can write that |N; — Ci| = Op(wm!/?), where w is a variable such
that w — 0 as p — co. Let Ci, = [C;— (wm)Y?] (i = 1,. k)PWe claim as p— oo that m <
Ci < N; < C;j + (wm)1/2 w.p.1. Here, we write that XlNi = 10'71 X1 /Ni + lN:iCi? 11 Xit/Ni.

Then, it holds that

Xy, — 2 %‘F —tr(Sin )/Ni

P, P Py !
Cip o N Ni o
R SN L L 20 Bl 1 il 1619, Cpp +1) ZislZijl°
i YNV - 1) Ni(N; — 1) Ni(N; — 1)

By using Markov’s inequality and Schwarz’s inequality, for any 7 > 0, we have from N; <
[C; + (wm)'/?] + 1 w.p.1 that

0 - -1 0 - -1
Xi o - Gt rine
P @ = duiFlEil —>7A<p @ = NiFGEOT A o(1)
- 2, - - CcZ -
&%, Cpp +1) j=1 &9, Cio +1) =1 i
=O(wmd' ' tr(X?)/C2) + o(1) — 0. (A7)

Thus from N;/Cj = 1+ 0p(1), we claim that

P n
X Xij 180 co+1) FgLEGe %)
, Ni(N; — 1) P
J=1
Note that
80 1,9
R i 1031 ZijlZij10 - 2y /13 0
E @ AijfTA ; = O(tr(22)/C3) for I°=Ci +1,..., N;.
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In a way similar to (A.7), we have that

0 — P - 1
X X C—i? Zijl%q '10:
r@ — )\ij%:> 76A = 0.
10=Cpp +1 j=1 ix
Hence, we have that p P
XP Cip N
N, l=l 1=Ch +1 RiglZigle (%)
Y N;(N; — 1) pA0):
J=1
Then, it holds as p — oo that
Ap !
xp O | 21210
Xin: — 1|12 — tr(Sin ) /N; = N\ eI ).
o | S/ j=1 Y Ciul(Ci— 1) opl9)

Similarly, it holds for i # 9 that
(King =2 )T (Kiowo = 10) = (Kic, —* )" (Xiocyo, = * i0) + 0p(6).-
Then, we have that
[T =2 [P =8y = [[Tc, =1 117 = Be, +0,(9),
where C, = (Cix, ..., Cks). Hence, similarly to the proof of Theorem 2.3, we have that
P([Tn =27 =BN[<8) =P (ITc, = [P =B, <6) +0(1) > 1—a+o(1).

It concludes the result in Theorem 2.4. 2

Proof of Theorem 3.1. From the assumptions, we have that Yar (Tp)/Var (Ip) — 1 as
p — oo and nq1,ne — o0o. The remainder of the proof is the same as in the proof of Theorem
2.2 and Corollary 2.1. 2

q —
Proof of Theorem 3.2. When A = 0, we have from (3.3) and (3.4) that Var (T,) <
Ar/(2a + 28). Then, it holds as p — oo that
H 1
size=P Tp >

<P (N(0,1) > z4) +0(1) = a+o(1).

From (A-iv), it holds A}, = o(p?). When A = Ay, we have as p — oo that

(P11 o) iy = 1)/ (AL) < N/ (mAr) = O(Nia /te(E5)Y?) = o(1).
qg ——
Thus we claim as p — oo that Var (Th)(za + 23)/Ar < 1+ o(1). Then, it holds as
p — oo that
H 1 3
3 Apza 3
power(Ar) =P T, > =P (Tn —AL)(2a +238)/AL > —23

Za + 28
> P (N(0,1) > —z3) +0o(1) =1— [+ o0(1).
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The results follow. 2

Proof of Theorems 3.3 and 3.4. The proof is the same as in the proof of Theorems 2.4 and
2.5. We omit the details for brevity. 2

Proof of Theorems 3.5, 3.6 and 3.7. Under (A-i), we claim that tr(S;y, ) = i ?:1 Aij Wijng
/(n;—1), where wjjn,, j =1, ..., p, are independently distributed as a chi-square distribution
with n; — 1 degrees of freedom. Thus, in a way similar to the proof of Theorem 2.1, we have
under (A-iv) that

q tI‘(Smi — Ez)

2r(22),/(n; — 1)

= N(0,1)

when p — oo and either n; — oo or n; is fixed. Hence, from the fact that Si,, and So,, are
independent, we obtain (3.11). By using (3.11), similarly to the proof of Theorems 2.4-2.5
and 3.2, we can conclude the results. 2

Proof of Theorem 4.1. From (A-iv) and either (A-ii) or (A-iii), we have as p — oo and
A, — oo that tr(Siy, ) = tr(3;) + op(Ax AY? 1/2) for i = 1,2. Then, it holds for X € m; that

p(Ixo —* 4[| — tr(3)) (tr(San,) — tr(Sin,))
tr(slnl)tr(San)

p(|[Xo =2 4|* — () (tr(B2) — tr(X1))

= = . A.

tr(Slnl)tr(Sgnz) + OP(A*) OP(A*) ( 8)
We first consider the case when X € m;. Here, we have that
H 1 H 1
tI‘(San) tI‘(ZQ) tr(El) tr(El) tr(Zl)

log ——=- —plo = —p— + + 0,(Ay).

plog sy TP B TPaGny P T Pusa) Py T oA
(A.9)

Note that plog(tr(X1)/tr(X2)) = ptr(21) /tr(2) — p — ptr(X1 — 9)?/(2tr(X2)?) + o(A,).
Then, by combining (A.8) and (A.9), when X¢ € 7y, 1t holds from (A-vi) and (A-vii) that

_ —2(Xp—1* D (X =1 1) 20— )T (Ko, =2 o) — [|F 1 — 2ol
wlo) = wEr w(32)/p
+p— tig;i —plog zgi; + 0p(A)
—2(Xo = )T (Xiny = 1) | 2(xo =1 1)  (Xan, =1 ») Ay
T aEoh T wS e a2

(A.10)

First, we consider (A-ii). Let us write that H T(xg—1,) = (/\%{2201, s )\gzzgp)T. Then, we
have that (Xo— 1) (Karg-t o)/ (1r(22) /)~ (Kuy = 1)/ ((E)p) = Py" Myzoi(h
(Xan, =1 2)/(tr(32)/p) = AjZ1ny /(t1(X1)/p)), where Zyjn, = 124 210/na- Let

P R0 oy~ ) 0x(S0) ) = Rz (B0
V15 = < , J=1,..,p.

(tr(21)/p)i 2tr(X7) /1 + (tr(X2)/p)i 2tr(Z132) /no

,3 6,



Then, it holds for j = 2,...,p, that E (vij|vij; 1,...,v11) = 0. Note that P 5?:1 E (v%j) =1.
We consider applying the martingale central limit theorem. Refer to Section 2.6 in Ghosh
et al. (1997) for the details of the martingale central limit theorem. Let I(-) be the
indicator function. Note that E {(thj(anz 1,04 = O((hr{ngh 17)%/n3). Then, by
using Chebyshev’s inequality and Schwarz’s inequality, from (A-iv), we have for Lindeberg’s
condition that

NG ¢a ¥oi, 6 X SN (T Eehy /s + Ay /)

[ .
E 1 v, >7 <7t E i =
i b T (@(ED /it (202 /ng)?
max;—1,2 tr(Ef)/(minl-:Lg ni)Q 0
(tr(22)/ng + tr(X139) /no)?
for any 7 > 0. Here, we claim that
0= -1 ,
xP - 3 , 1 i )2
p @ U%j R maXZ:;g tr(3;)/(ming—1 2 n;) 50
_j:1 - (tr(El)/nl +tr<2122)/n2>2
Hence, by using the martingale central limit theorem, we obtain that
xXP
V1 = N(O,l). (A.ll)
j=1

Next, we consider (A-iii) with (A-v). In a way similar to the proof of Theorem 2.2 and
Corollary 2.1, we can claim (A.11). Hence, when X € 71, we obtain from (A.10) that
X Ay /(tr(X
2 (tr(Z1)/p)i 2tr(23)/n1 + (tr(X2)/p)i 2tr(E1%9) /0o

under (A-ii) or (A-iii) with (A-v). When X € 72, we have the result in a similar way. Thus
the proof is completed. 2

Proof of Theorem 4.2. We first consider the case when tr(X;)/tr(32) # 1 as p — oo.
Noting that v = o,(A,), it holds (4.3). Next, we consider the case when Xg € m; and
tr(Xq)/tr(X2) — 1 as p — co. We have from (4.4) that

AQ
2 L
tr(El)/nl +tr(2122)/n2 < m (A12)
Then, it holds from Theorem 4.1 that
u 1
w(Xo) +7 LN 124 7y tr(22)/ny + tr(X139) /ng
20, /(tr(22)/p) 202 /(tr(32)/p)’ A3
Hence, from (A.12) we have as p — oo that
ST O R '
w(Xo) + —Za — 28 28 — Za
P <0 >P N + , 1 <0 +o(l)=1—a+o0(1).
20/ (0(Z2)/p) 2 2 . .
For the case when X € w9, we obtain the result similarly. Thus, the results follow. 2

37—



Proof of Theorem 4.3. By noting that & = a40,((p/m)'/?) and tr(S;n; ) = tr(X;)+o,(p'/?),
1 = 1,2, similarly to the proof of Theorems 2.4 and 2.5, it concludes the results. 2

Proof of Theorem, 4.4. From the assumption that tr(X?)/tr(X32) # 1 as p — 0o, the results
can be obtained in a way similar to the proof of Lemmas 1 and 5 in Yata and Aoshima
(2009a). We omit further details for brevity. 2

Proof of Theorem 5.1. Let W; = (u1j, H25,0(1)50(2)j)5 J = 1,...,p. From the assumption
that B | {exp(t|zy — Mz’j|/0’(1i/2-)} < oo, =12 (j =1,..,p) for some t > 0, for any x

)i
satisfying * — oo and z = o(nil/Z) as n; — 0o, we claim as n; — oo that
” : :3 n; ’ 1/2 _ : ’ ﬂ 2 2
log P, (Zijni — nig) >x  =—27/2+ o(z”).
(i)

Refer to Section 4 in Shao (2005) for the details of this result. From (3.4), it holds that
(nid/oy;) > 2(logp)1+c(a(ll/)2j + 0(12/2')/‘7(1/)2' > 2(logp)'*¢. Note that  2(logp)l+¢/2 >

) J
2(log p)1+¢/2 = o(nil/Q) as p — oo. Thus we have that
33 ’ —_ 3 g g
_ n; 1/2 _ _ n; 1/2
P, (ZTjm — pig) > V6/2
ROV - Ug)j ,
— n; 12 — 1 9 i 14¢/2 ¢
<P, o (T1jn — i) > 2(logp)+¢/2 =exp — (logp) T*(1 4 o(1))
i)j
<exp' — (logp) /Y = o(pi ). (A.13)

Then, it holds that
3 ’ X2 3 ’
Py (Tymy = (pj = p2j)l > V6 < Py |Tign — pigl > V6/2 =o(p' '), (A.14)
i=1

Thus by using Bonferroni’s inequality, we claim that
X - C ’
P(D°NB|=0)>1— P, Tjny >V3 =1+o(1).
2D ¢
Next, we have for j € D that
3— — s 3 — _ ,
P, Tjn >Vé =P, \ Tytny — (g — pog)| — lpag — pog| > V6

]

> P Ty — (p1j — ngy)| < lpaj — pgjl = V6 =1+ o(1)

by noting that Tjny — (u1; — pej) = o0p(1) and |u1; — pgj| > V6. Thus we have that
B ND|=S(1+0y(1)). The results follow. 2

Proof of Theorem 5.2. In a way similar to the proof of Theorem 5.1, we have for j € D
that 3— - ’
P, T >V =1+o0(1).

J
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Thus it holds that [ ND | = S(1 4+ 0,(1)). Let jiu denote a subscript such that o), =
maxo(;);. We have as m — oo that
52

p_X p_ X p X p
5 Sk 2 \/Sijie  \/Skjke = O(i)jia T (k)jia (1 1 0p(1))
k=1 k=1

Thus we claim that

2max{(log $)'*¢, (logp)e X p
N; > {( )6 (ogp)°}p T (1)ire T (k)jea (1 + 0p(1)). (A.15)

Note that N; and 2jj,,4 (j € B) are independent for each I (= 1,...,N;). Note that
max{(log $)'*¢, (logp)°} — oo as p — oo either when S = O(1) or S — co. By combining
(A.14) with (A.15), we have for j € B ND ¢ that

3 -

P [Ty > V0B =o(1/9).

Thus we have that
A _ !
X - - -
P(BND=0)>1-E P Tyny >VoB  =1+o(l).

2b\D°

Next, from the fact that max{(log S)'*¢, (logp)°} — oo, it holds for j € B ND that
s .

Pj TJ(N) >\/g :1—1—0(1).
Thus we have that [B ND | = S(1 + 0p(1)). The results follow. 2

Proof of Theorem 7.1. By using Lemma A.2 in Fan and Fan (2008), we note that
maxj—=1,__p |S@jn /0G); — 1| = op(1) for logp = o(n;). Then, similarly to (A.13)-(A.14),
we have from (7.2) that

X T. '
P(D°nB|=0)>1- P, p L) >3/2

D ° S(1)jma T S(2)jna

J [

X T. '

2D° o)t @)

(A.16)

On the other hand, we have for j € D that

A ! A !
T; Ty — _
P j | ](n)‘ < \/5/2 <p j ‘ én) (:U’l M?)‘ > \/5(1 + Op(l))/2 — O(p).
S()jny T 5(2)jna T(1)j + o)
Thus, it concludes the results similarly to (A.16). 2
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Proof of Theorem 7.2. From the assumption that min , p (o(1); + 0 (2);)’ Yy — poj)? > 6,
it holds ® = D w. p 1. We first consider the case when Xg € 7. Note that tr(El( s+
<

o) < 1s)— H /0. Thus it holds for i = 1, 2 that tr(E2 /U S)|| n;)
tr(Zi( /(1 °(s) — S)H n;) — 0 as p — oo. Let X(g) = fD( ) for any vector X =
(z1,...,2p)T. Then, we have for i = 1,2 that
Var ’ HYZTM S) — ’L(S ”2 —tI'( ini ( )/nl _ 03 tr(zzz(s)) =0
It 105y = 20912 nZ |t 1s) — 1 oIt
3 _ ’ 3
Var Tam® ~ 1) G “Paw) _ 0CunBas)
1 1) = 22 ninal|t gy =1 o l*
3 - ’ 3 ’
Var (Xo(s) —* 1(5)) (1 [(S) ) _ O ( (5)) Lo

s Lol

nil|* 4 1(8) —
(1) = 25) Z1s)(F 1s) — * as))
1 1is) =2 oo ll*

1* s —

3

® (Xogs) — L 105" 108y = o(s)) _0

11t 10s) =t 2912

Var

— 0,

P . P .. - o
where X sy = 1Ly Xiy(s)/ni and Sy sy = 1Ly (Xiy(s) — Xim (8)) Xia(s) = Xims (5)) "/ (i —
1). Then, from the fact that B =D w.p.1, we claim for ¢ = 1,2 that

[Roin, —* i) l1> = tr(Bin ) /mi (i, — 1(3))T(52n2 —Yosy) .
1 _1 2 = 0p(1), IE IE = op(1),
11" 15y =t 2ol 1(s) — * 2()
(oo =2 1(5)" Riny —* () — oy(1) (o —* 1) (* 1(s) — ¥ 2s)) o0(1)
1 1s) =2 22 P 11t 1) = 29112 g
Hence, we have that
°A B +Ba B1n)  tr(8 )l
1iny + Ron w w tr(S1n tr(Sop 2
@ g, — # (R, — R1n,) — oy L2+ oy ZA /It sy — Y as)ll

= —1/2+0,(1) <0

w.p.1. For the case when Xy € mo, we obtain the result similarly. Thus the proof is
completed. 2

Proof of Theorem 8.1. Let us write that

&) (e — A2, pi&
) — )Nz gy 1/2
Wi1) = - (Tn, (m) — MU)AZ- Zi‘/”(n,
| nay — 1070 -
1
X (2jgm) — pa) /2 24j n(2)
n(Q) -1 n(Q) -1

&
_ 1/2
(Zng (m) — Ha)A; / Zij /N2
J=nq +1

Wi(2) =
Jj=nq) +1

P
Then, we can write that P3/4 = b, w;i(1)W;i(2)- When ¥2= 0, from the assumption, X ; and
% j() are independent. Thus we have that Var(w;yw2) = ((ng) — 1)(ng) — 1)) 'oaA}.

40—



Then, we claim fOI’ 7 = 2,...,p, that E(wz(l)wz(2)|w,| 1(1)wii 1(2),...,’(1)1(1)?111(2)) = 0. Note
that

S
P @_3@ Wi Wia) - tr(24)

j=1 (nay = D(ng) — 1)) lo2tr(X?) —1z>7A =0 m +o(1) —0

as p — oo and n — oo for any 7 > 0. Hence, similarly to (A.11), from the martingale
central limit theorem, the result follows. 2
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