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Abstract

We treat the problem of testing mutual independence of k high-dimensional ran-
dom vectors when the data are multivariate normal and k > 2 is a fixed integer.
For this purpose, we focus on the the vector correlation coefficient, pV' and
propose an extension of its classical estimator which is constructed to correct
potential sources of inconsistency related to the high dimensionality. Building
on the proposed estimator of pV, we derive the new test statistic and study its
limiting behavior in a general high-dimensional asymptotic framework which al-
lows the vector’s dimensionality arbitrarily exceed the sample size. Specifically,
we show that the asymptotic distribution of the test statistic under the main
hypothesis of independence is standard normal and that the proposed test is
size and power consistent. Using our statistics, we further construct the step-
down multiple comparison procedure based the closed testing strategy for the
simultaneous test for independence. Accuracy of the proposed tests in finite
samples is shown through simulations for a variety of high-dimensional scenar-
ios in combination with a number of alternative dependence structures. Real
data analysis is performed to illustrate the utility of the test procedures.
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1. Introduction

Testing independence of random variables is a standard task of statistical in-
ference which naturally arises whenever it is needed to handle the dependence
structures in multivariate data. Test of independence based on the product-
moment correlation was initially explored in the classical seminar paper by Karl
Pearson [13], followed by a substantial amount of research literature regarding
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this topic and its variants. One specific problem which emerges in contempo-
rary applications is the test of independence of k, p-dimensional random vectors,
where k > 2 is an integer representing the number of underlying populations.
In this study, we address this issue and propose the test of significance based on
the high-dimensional extension of the pV vector correlation, initially introduced
by Escoufier in [3] for characterizing the relationship of random vectors with a
scalar measure of multivariate dependence. Based on the extended estimator of
pV and its asymptotic theory, we further develop two types of tests of indepen-
dence of k£ random vectors in arbitrarily high dimensions, and show that both
tests apply whether p > n or p < n settings, where n denotes the sample size.

1.1. Background and motivation

Extensive overview of the classical, large n and fixed p independence testing
techniques is provided in the textbooks on multivariate statistical analysis, see
e.g., Mardia et al [12], Anderson [12], Fang and Zhang [12], and references
there in. But, due to ever growing need of analyzing high- and ultra-high di-
mensional data, examples of applied areas include signal processing, astronomy,
functional genomics and proteomics, just a few to name, the development of
high-dimensional extensions of the classical testing procedures is of crucial im-
portance. For instance, in functional genomics, multiple and high-dimensional
data sets are frequently generated on the same samples of the biological sys-
tem. This naturally calls for data fusion techniques which make it possible to
extract the mutual information from all datasets simultaneously. The first step
of the fusion strategy is to accurately identify whether certain similarities of the
configuration of the samples (i.e., dependencies) occur between the datasets.
Thus, it is necessary to develop novel testing methodologies suitable for testing
the independence between such pairs of high-dimensional data sets. Another
example motivating the research of this paper is discussed by Efron [4], who
analyzed effects of the independence assumption for Cardio microarrays data
comprising n = 63 arrays and p = 20426 genes. Starting with the presump-
tion of independence across microarrays, which underlies most of conventional
statistical inferential procedures, Efron demonstrated that the presence of de-
pendence can invalidate the usual choice of a null hypothesis, leading to flawed
assessments of significance. Hence, before conducting further high-dimensional
statistical analyses such as classification, testing hypothesis of equality of mean
vectors and covariance matrices, it is important to know when independence
fails. For this purpose, testing procedures that are able to cope with nowadays
p > n data must be designed.

Our focus in this paper is on testing mutual independence of multivariate
components building on the high-dimensional extension of pV'. As for the review
of the existing literature on the subject of our study, we refer to Josse et al. [10]
who considered pV-based independence testing and argued for the permutation
test strategy to approximate the distribution of the test statistic.

Further relevant approaches include Jiang et al. [9] who employed a high-
dimensional correction of LRT to construct the test of independence of two
vectors. However, the asymptotic theory of these corrected LRT statistic, such



as its distribution under #, is restricted to a bounded limiting ratio for both
sub-vectors, i.e., to the high-dimensional case where p;/n — ¢, € (0,1], k = 1,2.
Testing the independence of two normal sub-vectors based on the structure of
the covariance matrix was considered by Srivastava and Reid [15], and further
generalized by Hyodo et al [8] to testing the independence of k sub-vectors. Yang
and Pan [18] presented the independence test based on the sum of regularized
sample canonical correlation coefficients. Testing of independence that does
not require normality and is based on the distance correlation are presented by
Székely and Rizzo [15] and [16]. Non-parametric approaches to the problem of
testing independence can be found in e.g., a Han and Liu [6] who treated the
maxima of rank correlations measure, such as Kendall’s tau, and Leung and
Drton [11] who used the framework of U-statistics and propose a family of test
statistics which is based on sum of squares of sample rank correlations such as
Kendall’s tau, Hoeffding’s D statistics and a dominating term of Spearman’s p.

1.2. Preliminaries and notations

In what follows, we focus on the more precise problem statement, after some
prefatory notations are in place. Henceforth, for an integer k£ > 2, we will denote
by (k] the set {1,...,k}. Let x = (x{,...,x; )" denote a (p x k)-dimensional
random vector, in which x, possesses a dimension p for each g € [k]. Denote
further by pg, by 3,44, and by 3, the mean vector of the gth sub-vector of
X, the covariance matrix of the gth sub-vector of x, and the cross-covariance
matrix of x, and xj,, respectively, for g # h € [k]. Then p = (ui,...,p)"
and ¥ = (2,1), g,h € [k] are the mean vector and covariance matrix of x,
respectively. We are interested in testing the following hypothesis

H: Vg,helk] x4andx), are independent vs. A:—H. (1)

To this end, we draw a sample of independent observations of x using the
following sampling scheme. Without loss of generality, we first assume that 1 <
ny < --- < nyg and set ng = 0. Further, Vh € [k] and Vj € {np_1 +1,..., 04},
we denote p(k — h + 1) dimensional vectors by x); = (xgj, . ,x,;rj)—r and
Bny = (/,L;, ceey NE)T, respectively. By considering a partition of 3 which is
compatible with x,y and gy, we introduce a (positive definite) matrix

Y 0 Zpk
Sy = N I
e o Xk

and assume that x ) ; L p(k—h+1) (H(ny, Z(ny). In addition,

X1 1s -y X(Dynyy - s K(EYngp_1+1s -+ - X(k)ny

are assumed to be mutually independent across k populations, constituting
thereby a sample of independent observations of x to be used for construct-
ing the test procedure.



Observe that under the null hypothesis H of (1) stated in the multivari-
ate normal setting, the population covariance matrix X ;) has all the cross-
covariance components g, = O which explicitly represents the classical in-
ferential assumption of independence among k populations. To enhance the
presentation, we use the notation

DTN 9
D(h) :diag(Ehh,...,Ekk) = s
O R YA

to denote the diagonal block matrix with blocks Xpy, ..., Xk, i.e., "h € [K] all
off-diagonal blocks of D, are O. Here, Opx, will be used to denote the p x p
null matrix and will be abbreviated to O when the dimensionality will be clear
from the context. With the aid of these notations, the test of independence (1)
can equivalently stated as

H: 2<1> = D<1> vs. A:—H. (2)

The natural approach is to design a test statistic that measures the depen-
dence among the components of x based on the sample, and reject H when its
value is too large, where the critical value of rejection is set according to the
asymptotic distribution of the test statistic under the null. Our focus in this
paper is on the use of pV vector correlations in settings where the dimension p
may exceed the sample size n;. The new statistic we propose for testing H is
constructed as a function of consistent estimators of the pairwise vector correla-
tion coefficients and the corresponding asymptotic theory is developed to obtain
the limit null distribution of this statistic with p,n; — oco. The test statistic is
presented in the next section, beginning with the high-dimensional adjustment
of the estimator of the vector correlation coefficient, followed by the character-
ization of the test’s asymptotic behavior. A simultaneous test of independence
is further constructed in Section 3, where the proposed statistic is incorporated
into the step-down multiple comparison algorithm. A finite sample performance
of the proposed tests is shown in Section 4 through a number of simulation sce-
narios and application. Section 5 summarizes the main results. More technical
details and proofs are gathered in the appendix.

Throughout the paper, tr(M) and ||[M||%2 = tr(MMT) represent the trace
of a square matrix M and its squared Frobenious norm, respectively. The sym-
bol ~~» denotes convergence in distribution. The symbol ® denotes Kronecker
product.

2. Methodology and theory

Our proposed testing procedures will be studied under the high-dimensional
or, as is frequently known as, (n,p)-asymptotic regime which is kept general
implying that both n; — co and p — oo, but without requiring the two indices
to satisfy any specific relationship of mutual growth order, i.e. p may arbitrarily



exceed n;. With the sampling scheme derived in Section 1.2, without loss of
generality, we focus on n; and denote the high-dimensional asymptotic regime
by n1,p — oo throughout the paper.

2.1. Vector correlation coefficient in high-dimensional setting

For any indices g # h € [k], let pVy;, denote the vector correlation coefficient
between the two components of x, x, and xj,, defined as (see [3])

1Zgnll%
7 p— 1 —
gl P 1B hnll

It is immediately clear that Pearson’s product-moment correlation coefficient is
a special case pVy, when p = 1. Furthermore, pVyn, = pVig, and pVg, = 0 if
and only if X, = O. In a view of this, if the joint distribution of x4 and xy,
is normal, independence between x, and xj, is equivalent to asserting that the
population vector correlations all vanish, i.e., Vg # h € [k], pVy, = 0. Thus, the
summation of these measurements over all (g, h) pairs, subject to g < h, serves
as an effective population measure of the overall dependency among k parts of
x and the natural criteria for testing H should be based on a suitable statistic
for ZS < PVgh-
The sample counterpart of pV},, can be obtained as

gl

RVgp = o —tn e
I ||Sgg||FHShhHF

where the sample covariance matrix of x, and the cross sample covariance matrix

of x4 and x;, are constructed as

e

1_ 1 D (xej = Xe)(xe5 —%o) T,

Ve € {g,h} Se=

Ty =
g
S, = 1 Z(X -—i)(xh-—ih)—r Sh =S .
g g — 1 g3 g )\ Xhj » Ohg gh
j=1

Here, Xp = n,* Z;Lil Xej, Xe =mny " doityxej for £ € {g, h}.

Note that the empirical measure of the vector correlation, RVyy, is invariant
by location, rotation, and overall scaling, and consistent for the classical case of
the sample size n tending to infinity and the dimension p remaining fixed. The
invariance property of RV, is of special advantage because it allows to discuss
the asymptotic behavior of the test statistic constructed from RV, without
knowing explicit information of the population mean vector and covariance ma-
trix. However, as the "naive plug-in” estimator of the dependency measure,
RVyy, is flawed when p > n; and needs to be modified. Specifically RVj,, lacks
consistency under H when p tends to infinity along with n; which is justified
by the following lemma proved in Appendix section A.



Lemma 1. Let RVy, be as already defined. Then, for any indices g # h € [k],
the following representation holds

RKm==<M@h+ fr( gy )tr(Fns) ) I (1+{“Qhﬂp>_w2+oAn

gl EggllFIZnnllr /b e[ Bee |7
(3)

as p — oo.

To realize the essence of Lemma 1, observe that for 3y = I, and n, = o(p),
Rgn, =1+ 0p(1) as p — oo, indicating that the RV, coefficient is not able to
capture the correlation.

By these arguments, the crucial step in our construction of test statistic for
testing (1)-(2) is to obtain an estimator of pVyy, suitable for high-dimensional
settings. We first consider the following unbiased estimators of ||X,[|% and
|Zee||%, (see Srivastava and Reid [15])

vo<helt Bl - o isanl - W}
s (=17 {tr(Sen))?
Vee k], [[Bellf = (W_g)w {|s”||§m - Wffl} _

and then define the estimator of pV,;, with the high dimensionality adjustment
as

3 2
12gn I

HRVy), = —————.
1Zggll I ZnnllF

(4)

Apparently, the adjustment proposed in (4) preserves the invariance of HRVyy
by location, rotation, and overall scaling. Now, to proceed further with the test
statistic construction, we need one more result. The following theorem, proved
in Appendix section B, shows consistency of H RV, in high-dimensional regime.

Theorem 1. Let HRV, be as already defined. Then, as ni,p — oo, for any
indices g # h € [k], it holds that HRVy, = pVgn + 0p(1).

Remark 1. Theorem 1 remains valid with p fixed and nq, — oo.

2.2. The proposed test statistic and its asymptotic properties

In order to construct the test statistic, we first observe that the tests (1) and
(2) can be restated in terms of pV coefficient as

H:Vg#helk] pVogr=0 vs. A:pVy >0. (5)

Further, with the high-dimensional adjustment H RV; at hand, we propose our
test statistic for (1), (2) and (5), namely the vector correlation type statistics,

T = Z HRV,,,
1<g<h<k



which consistently estimates the population measure of the overall dependency,
Zl<g<h<k pVyn in the joint distribution of x,...,x, and sums all pairwise
sample correlations for a ”one-sided” test. Note that under the null hypothesis,
all of the population’s pVy; should be zero corresponding to zero off-diagonal
blocks X45,. Hence, as an immediate consequence of Theorem 1, the asymptotic
behavior of proposed test statistic under the null H and alternative A when
ni,p — oo is as follows

T— op(1) under H,
> 1<g<h<k PVgh +0p(1) under A,

i.e. the large values of T indicate departures from H.

To state the size-a test of significance using T', we need to characterize its
null asymptotic distribution. One of the main results of our study is the central
limit theorem for T" under #, provided below. Let Vg € [k], || Zy4l|r and |22, || F
be functions of p, and, letting p be the asymptotic driving index assume that

(A1) 25,117/l = (1) as p — co.

Theorem 2. Suppose that the null hypothesis H from (5) is true. Suppose
further that (A1) is satisfied for all g € [k] and consider the asymptotic regime
ni,p — 0o. Then, after suitable rescaling, T is asymptotically normal, namely,
07T~ N(0,1) with 0® =237 ey

Proof. See, Appendix C. O
Remark 2. Under H and (A1), var(T)/o? =1+ o(1) as n1,p — .

By Theorem 2, a critical value for the approximate size-« test can be cali-
brated based on the normal quantiles.

An alternative idea of how to express the test and show that we can control
size is as follows. Using Theorem 2, our proposed approximate size-« test of the
null hypothesis H can be based on the statistic

Qazl Z HRVgh/O'Zzlfa ,

1<g<h<k

where 1(-) represents the indicator function and z, = ®~!(a) denotes the upper
a quantile of N (0,1). The following corollary states that the test @, can
efficiently control the size.

Collorary 1. Suppose that the condition (A1) holds, then, as ni,p — oo,
Pr(Qa=1|H)=a+o0(1).

We further evaluate the power of T' under a kind of local alternative. Con-
sider the alternative hypothesis

A: x4 and xy, are dependent for some g, h € [k]



satisfying condition (6) below. Draw n,; samples from such alternatives x fol-
lowing sampling scheme of Section 1 to form the respective analogues of H RV,
and @, and denote them by H RVgA;L and QQA, respectively.

Theorem 3. In addition to assumptions in Theorems 2 let

On, = {2 : Télgiip‘/;,h >n; ) (6)

be a set of alternatives 31y such that maxg<p pVyn > nf‘s, where 0 < § < 1.
Then, as ni,p — o0,

inf Pr(QA=1]A) =1+ o(1).
Proof. See, Appendix D. O

3. Stepwise multiple significance test

In this section, we proceed to explore the proposed statistic T' and construct
the new step-down multiple comparison significance test for simultaneous testing
of independence.

Let M, be the family of subsets with cardinal number ¢ > 2 of the set [k].
Also, let these subsets be denoted by m = {{1,...,{,} € M, where {1 < --- < {,
and let X(¢™) be the following pq x pg matrix for these m:

Yo, 0 Xy,
»(am) : . .

Yoo 0 Ve

q*~q

We wish to test the following hypothesis:
Hiem o g A he {0, 4}, ;=0 vs. Alemb. —ylem}

and for this, we obtain the test statistic 710"} /O’%q my Pased on results of Sec-

tion 2, where T{em} = E§q<h HRVy, and g # h € {{1,...,4,}. Here, we
consider the problem of testing family of hypotheses F = {H{>™} . X, ,, =
O,me Mz}

Let G, be the set consisting of all hypothesis H{em} and let G = U’;:ng.
Then the family G is closed. Hence, we can derive a step-down multiple com-
parison procedure based on closed testing procedure for G. We define

o - 1-(1—a)* forqe{2,....k—2}
o « for g e {k—1,k}

and let ¢, ) () be the upper a percentiles of the statistic Ttem} under Hio™}
that is, ty, . (a) satisfies Pr{T{¢™ > ¢, 1(a)} = a. Then we carry out the
following Tukey-Welsch type step-down multiple test for all hypotheses in G by
using the 71}



Step 1. We test hypothesis H1#} = .

(C1) If T > t(au), we reject H and go to Step 2.

(C2) If T < t(ag;), we retain all hypotheses in G and stop the test.
Here, t(«) satisfies Pr{T > t(«)} = « under H.

Step 2. We test all hypotheses H{F~1m} in G, ;.
(C1) If TH=1mb > ¢y g oy (1), we reject HF—1m},

(C2) If THF—1m} < t{k—1,m}(x—1), we retain HE=Lm} and
all hypotheses in U’;;qu implied by H{F—1m}

If all hypotheses in u’;;%gq are retained, we finish the test. Otherwise,

we go to Step 3.

Step 3. We test all hypotheses H{¥~2} in G,_, which are not retained in
Step 2.

(C1) If THR=2m > ¢y o 0y (agp—2), we reject HE—2m},

(C2) If TH=2mb <t 5y (ag—2), we retain HIF=2m) and
all hypotheses in U’;;ggq implied by H{k—2m},

If all hypotheses in u’;;;” G, are retained, we finish the test. Otherwise, we
repeat similar judgments till Step & — 1 at the maximum.

Remark 3. From a principle of closed testing procedure, we note that the max-
imum type-1 FWE (family-wise error rate) of our proposed step-down multiple
comparison procedure is not greater than o.

By the results of Theorem 2, the critical values ¢, ) (c) for an approximate
a-size test can be set as (g m)21-a, Where oygm121-a satisfies Pr{T{qvm} >
O{gm}?1-a} = &+ o(1) under #19™} and assuming that (A1) holds.

4. Numerical study

We present results from numerical studies which are designed to evaluate
the performance of the proposed statistic T for testing independence hypothesis
H and for the multiple comparison procedure based on the simultaneous test
of independence. Our simulations explore the size of the tests when critical
values are selected using asymptotic normality of 7' and compare their power
for a number of alternative scenarios. We also employ the proposed test to
analyze data from Electroencephalograph (EEG) experiment to illustrate the
application of our results.



4.1. Simulation experiments

We first assess the accuracy of the proposed test statistic for its size control.
The test compares a rescaled statistic T' to the limiting standard normal distri-
bution from the Theorem 2. Targeting the size of & = 0.05, the null hypothesis
(2) is rejected when the value of the rescaled statistic exceeds the 0.95th per-
centile of the standard normal distribution. With ¢ replications of the data set
generated under the null hypothesis H, we calculate the empirical size as

. #{T" /o > 24}
T= T

where T" represents the values of of the test statistic 7' based on the data
generated under the null hypothesis.

Table 1: The empirical power of proposed test a = 0.05.

n' p Size Power (A1) Power (As)
p=00 p=04 p=06|p=04 p=06
(20,20,20,20,20) 50 0.060 0.159 0.361 0.333 0.783
100 0.059 0.160 0.365 0.337 0.796
200 0.060 0.156 0.367 0.336 0.801
300 0.060 0.157 0.366 0.335 0.803
(10,15,20,25,30) 50 0.064 0.122 0.228 0.215 0.507
100 0.064 0.124 0.231 0.215 0.518
200 0.063 0.121 0.229 0.211 0.520
300 0.063 0.122 0.229 0.215 0.519
(40,40,40,40,40) 50 0.055 0.313 0.788 0.728 0.998
100 0.055 0.317 0.796 0.742 0.999
200 0.055 0.312 0.798 0.745 0.999
300 0.055 0.313 0.799 0.759 1.000
(20,30,40,50,60) 50 0.058 0.198 0.495 0.450 0.928
100 0.056 0.196 0.496 0.455 0.937
200 0.057 0.195 0.500 0.459 0.943
300 0.055 0.194 0.498 0.456 0.943
(60,60,60,60,60) 50 0.053 0.522 0.976 0.947 1.000
100 0.053 0.521 0.978 0.956 1.000
200 0.054 0.524 0.979 0.961 1.000
300 0.052 0.522 0.979 0.966 1.000
(40,50,60,70,80) 50 0.056 0.388 0.891 0.840 1.000
100 0.053 0.387 0.895 0.853 1.000
200 0.052 0.388 0.900 0.860 1.000
300 0.053 0.390 0.901 0.862 1.000

Table 1 reports Monte-Carlo estimates of the finite-sample sizes for a variety
of combinations of n = (n1,...,nk) and p to reflect both large-sample and high-
dimensional scenarios. The data underlying the table are i.i.d. p X k-variate
normal with & = 5 and the covariance matrix having the following within-block
structures Xy = diag(X11,--- , Xs5), where each 3, has an AR(1) structure,
i.e., B,y = g(0.5/"771). For each combination of p and n, empirical sizes of the
tests are calculated from ¢ = 100,000 independently generated data sets. As

10



expected, in general, the tests have their sizes converging to the the nominal
level 0.05 as both p and ny increase together. For certain combinations of p and
ng, the test sizes are not very satisfactory when ny are very small, but they all
become close to the nominal 0.05 level when ny get above 40-50, indicating that
the asymptotic properties of T' described by Theorem 2 pitch in.

Next, we consider the power of the tests, as studied in Section 2. The
empirical power is calculated as

5 _ #{TH/0 > za}
Br = - 7

where T4 represents the values of the test statistic 7' based on the data gen-
erated under the alternative hypothesis. For different combinations of n =
(n1,...,ng) and p, we generate data as a set of independent draws from two
p X k-variate normal distributions with different forms of alternatives of the
covariance structure of ;). These are

0n 0 0 O
n 0 n 0 O

i) A 3y = diag(Zq1,-+-,255)+ [0 7 0 n 0] ®Xq.
0 0 n 0 n
000 n O
0 n nn O
n 0 n n 7

11) .AQ : 2[1] = diag(Eu, .. .,255) +|n n 0 n Nl 211.
nn n 07
0n nmn O

Further, for each distribution, two levels of n’s are considered: 0.4 and 0.6. The
power of the proposed test is largely dependent on (i) the sample size ng4, and
(ii) the variation in 1 as it determines E’; <n PVgh, the quantity which in turn
determines the asymptotic power of the test as shown in Theorem 3. Specifically,
if A; holds, then %, pVy, = 89?/5, and if Ay holds, then SF_, pVy, =
6712 /20. Observe that the value ZS <n PVgn does not depend on the dimension
p, hence the power is expected to be mainly related to the value of 7 and number
of 1 entries in the covariance structures under alternatives. In particular, the
first alternative, A, is designed to challenge the test procedure for some near
block-diagonal structures with sparsely distributed non-zero off-blocks entries,
whereas the second alternative, As represents a dense alternative. Table 1
reports empirical power 3 of the test for a range of configurations of p and
n = (n1,n2,n3,n4,n5) ", computed based on ¢ = 100,000 replications of the
experiments for the test based on T'. We find the powers for the alternative Ay
are less affected by the increased dimensionality as compared to As. Overall,
the power of T under the second alternative increases systematically much faster
than that under the first alternative, as the sample sizes and the dimension are
increased. Tacking into account that the value of Zs <n PVgn is systematically

11



larger under A5 as compared to Aj, this is a natural trend. And when 7 increases
from 0.4 to 0.6 the power gets larger under both alternatives since the increase
of n contributes to the increase of each pVy;, which measures the departure
from the null hypothesis. With 7 increased under the second alternative, many
entries of empirical powers of the test approach 1, which could be viewed as an
empirical indication of the proposed test being consistent.

Next, we investigate the behavior of test power when the alternative hypoth-
esis depends on nj. According to Theorem 3, the power converge to 1 when
6 < 1. To reflect the conditions of Theorem 3, we further § and c:

01 0 0O
1 01 0 0
Ag : 2<1> :diag(2117~-~ ,255) +cn1_6/2 01 0 1 0 ®211.
0 01 01
0 0010
We set (4,¢) € {(0.3,1.0),(0.5,1.5),(0.7,2.0)}, p =5 X ny, ny = -+ = ns, and
ny = 10x4, where ¢ € {1,...,20}. The empirical powers of our proposed test are

listed in Figure 1 for the case (4, ¢) = (0.3,1.0) (), for the case (d,¢) = (0.5,1.5)
(x), and for the case (d,c) = (0.7,2.0) (A).

Power

1.0

Figure 1: The empirical powers

As the results in Figure 1 show, T tends to have rather similar power con-
verging to 1 across the set of alternatives generated by (6, ¢). This convergence
becomes slower with larger values of 6.

Finally, we investigate the probability of selecting the correct model with the

12



proposed multiple comparison procedure. Let 31y has the following structure

0 V2 0 0

V2 0 Von 0 >
0 VB 0 2v3| P
0 0 2v3y 0

We check whether the proposed procedure can correctly capture this covariance
structure. That is, we count the number of times that #{2{1:3}} #{2{1L.4}} and
#1242:43} are retained by the procedure. As 7 is larger, the selection probability
tends to be larger. Also, as the dimension p increases, the selection probability
slightly increases. When the total sample size is the same, the balance type has
a higher selection probability than the unbalanced type.

2<1> = diag(En, . 244) =+

Table 2: The empirical power of multiple comparison procedure.

p 0.4 0.5 0.6
nT \ p 100 200 300 100 200 300 | 100 200 300

(40,40,40,40) 0.321 0.336 0.342 | 0.889 0.906 0.909 | 0.999 0.999 0.999
(30,35,45,50)  0.173  0.182 0.183 | 0.735 0.747 0.750 | 0.980 0.980 0.981
(50,50,50,50)  0.654 0.674 0.678 | 0.987 0.989 0.991 | 1.000 1.000 1.000
(40,45,55,60)  0.490 0.510 0.514 | 0.948 0.954 0.955 | 1.000 1.000  1.000
(60,60,60,60) 0.865 0.879 0.881 | 0.999 0.999 1.000 | 1.000 1.000 1.000
(50,55,65,70)  0.762  0.779  0.783 | 0.995 0.996 0.997 | 1.000 1.000  1.000
(70,70,70,70)  0.960 0.965 0.967 | 1.000 1.000 1.000 | 1.000 1.000 1.000
(60,65,75,80)  0.915 0.923  0.926 | 1.000 1.000 1.000 | 1.000 1.000  1.000

4.2. Applications : An example

For illustration, we employ the step-down multiple comparison significance
testing to analyze the Electroencephalography (EEG) data publicly available at
the University of California-Irvine Machine Learning Repository, web address

https://archive.ics.uci.edu/ml/datasets/EEG+Database

The data arose from a large study to examine Electroencephalograph (EEG)
correlates of genetic predisposition to alcoholism. Monitoring of the brain elec-
tric activity is performed with 64 electrodes evenly distributed over subjects
scalps and recording 256 measurements for 1 second. The initial study involved
two groups of subjects: alcoholic and control. Each subject was exposed to
either a single stimulus (S1) or to two stimuli (S1 and S2) which were pictures
of objects chosen from a picture set. The outcome measurements are Event-
Related Potentials (ERP) indicating the level of electrical activity (in volts) in
the region of the brain where each of the electrodes is placed.

This data set has been analyzed by several statisticians for various purposes,
see e.g Harrar and Kong [7] whose main hypotheses of interest are whether ERP
profiles are similar between the alcoholic and control groups, and if different, to
identify for which electrode (which part of the brain) dissimilarity occurs.
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In this paper, we conduct the analysis the for the single stimulus (S1) expo-
sure in the alcoholic group. We are interested in testing the independence of the
level of electrical activity withing the frontal regions of the brain. Specifically,
the data set we focus on, consists of four channels (electrodes) FC1, FCz, FC2
and Cz where each channel has names identifying the location of the electrode
on the scalp; F stands for frontal lobe, letter z (zero) is used for the mid-line
and C identifies the central location between the frontal and parietal lobes.
Combinations of two letters indicates intermediate locations, for example FC is
in between frontal and central electrode locations (see Figure 5 of Harrar and
Kong [7] for illustration). In the notations of the paper, this data set comprises
k = 4 sub-vectors (FC1 (1), FCz (2), FC2 (3), Cz (4)), each of dimensionality
p = 256 with equal sample sizes, that is n; = 77 for i = 1,..., k. The multiple
comparison procedure proposed in Section 3 is applied to clarify whether the
levels of the brain activity at FC1, FCz, FC2 and Cz channels are mutually
independent. By setting the significance level as a = 0.05, the testing model is
established in a stepwise fashion as follows.

Step 1. We test hypothesis H{%{1:2:3:4}}
We calculate test statistic T{4’{1’2’3’4}}/0{47{1,273,4}} ~ 32.44, and we also
obtain zp g5 &~ 1.645 as an approximate critical value. Therefore, we reject
#1441.2.34}} and move on to Step 2.

Step 2. We test following hypotheses:
H{3,{1,2,3}}7 7—[{3»{17214}}’ H{ga{17374}}7 H{37{2a374}}'
The test statistic corresponding to each hypothesis is calculated as follows:
T2 o 00y & 44.56, TEL2 Jo 0 ) 4y ~ 18.43,
T3 Jo g4y 2 1504, T3 jg 0 00 5 ~ 12,84,

We also obtain 2,05 &~ 1.645 as an approximate critical value. Therefore,
we reject all hypotheses and move on to Step 3.

Step 3. We test following hypotheses:
#2023} {2030 (24043 {2,230 {2241} 9/{2.{3.4}}
The test statistic corresponding to each hypothesis is calculated as follows:

T2 o, oy 2041, T3 /o0, a1y~ 26.38,
T Jo o gy & 145, T3 /60 0 00y &0 21.39,
TR Jo, 04y & 1.06, TEE /60 0 0 ~ —0.22.
We also obtain z,_ gg5 ~ 1.955 as an approximate critical value.
To summarize, the hypotheses H{Z11:2}} {2413} 2/{2.{23}} are rejected,
whereas H{2 L4} {24243} ({24341} are retained. Hence, with the results

14



above we have strong evidence to believe that the three channels, FC1, FCz,
and FC2 correlate with each other, but there is no correlation between (FC1,
FCz, FC2) and Cz. This suggests that the assumption on the cross-channel
independence in such empirical studies may not be appropriate. The four steps
of the testing model for this example are illustrated on the Figure below.
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5. Summary

A test statistic for mutual independence of k random vectors coming for multi-
variate normal populations is developed when the dimensionality is large, pos-
sibly much larger than the sample size. Such a test is usually carried out as a
preliminary test in large scale multivariate inference; examples include discrim-
inant analysis or model-based clustering, testing equality of mean vectors and
covariance matrices where the ability to detect departures from independence
is of crucial importance.

With a view towards alternatives in which dependence is spread out over
vector components, the test statistic is formed as a sum of consistent estimators
of the pairwise vector correlation coefficients. The corresponding asymptotic
theory is then developed to derive the asymptotic normal limit of the proposed
test when both sample size and dimensionality go to infinity. A step-down
multiple comparison procedure that allows to controls the family-wise error
rate under independence is presented as a direct by-product.

Simulation results are used to demonstrate the finite sample performance of
the test with respect to its size control and power, for large samples, arbitrary
dimensions and a variety of dependence structure models often used in multivari-
ate analysis. Our methodology is illustrated with the Electroencephalography
(EEG) data where we applied the proposed step-down procedure for assessment
of independence of electrical activity over certain regions of the human brain.

6. Acknowledgements

The research of the first and second authors were supported by JSPS KAK-
ENHI Grant Numbers 17K14238, 17K00056. The third author is in part sup-
ported by Grant 2013-45266 of the National Research Council of Sweden (VR).

References

[1] T. W. Anderson, An Introduction to Multivariate Statistical Analy-
sis,thirded., John Wiley and Sons, New York, 2003.

[2] Z. Bai, H. Saranadasa, Effect of high dimension: by an example of two
sample problem, Statistica Sinica 6 (1996), 311-329.

[3] Y. Escoufier, Le Traitement des Variables Vectorielles, Biometrics 29 (1973)
751-760.

[4] B. Efron, Are a set of microarrays independent of each other?, The Annals
of Applied Statistics 3 (3) (2009), 922-942.

[5] K. T. Fang, Y. T. Zhang, Generalized Multivariate Analysis. Springer,
1990.

[6] Han, F. and Liu, H. (2014). Distribution-free tests of independence with
applications to testing more structures. ArXiv:1410.4179.

17



[7]

[10]

[11]

[18]

S. W. Harrar, X. Kong, High-dimensional multivariate repeated measures
analysis with unequal covariance matrices, Journal of Multivariate Analysis
145 (2016) 1-21.

M. Hyodo, N. Shutoh, T. Nishiyama, T. Pavlenko, Testing block-diagonal
covariance structure for high-dimensional data, Statistica Neerlandica 69
(2015) 460-482.

D. Jiang, Z. Bai, S. Zheng, Testing the independence of sets of large-
dimensional variables, Science China Mathematics 56 (2013) 135-147.

J. Josse, J. Pagés, F. Husson, Testing the significance of the RV coefficient,
Computational Statistics and Data Analysis 53 (2008) 82-91.

D. Leung, M. Drton, Testing independence in high dimensions with sums
of rank correlations https://arxiv.org/abs/1501.01732

K. V. Mardia, J. T. Kent, J. M. Bibby, Multivariate analysis. Probabil-
ity and Mathematical Statistics: A Series of Monographs and Textbooks.
Academic Press, 1979.

K. Pearson, On the criterion that a given system of deviations from the
probable in the case of a correlated system of variables is such that it can
be reasonably supposed to have arisen from random sampling, Philosophical
Magazine 50 (1900) 157-175.

A. N. Shiryaev, Probability, 2nd Ed., Springer-Verlag, New-York, 1984.

M. S. Srivastava, N. M. Reid, Testing the structure of the covariance ma-
trix with fewer observations than the dimension, Journal of Multivariate
Analysis 112 (2012) 156-171.

G. J. Szkely, M. L. Rizzo, The distance correlation ¢-test of independence
in high dimension, Journal of Multivariate Analysis 112 (2013) 193-213.

S. Taskinen, H. Oja, R. H. Randles, Multivariate nonparametric tests of
independence, Journal of the American Statistical Association 100 (2005)
916-925.

Y. Yang, G. Pan, Independence test for high dimensional data based on
regularized canonical correlation coefficients, The Annals of Statistics 43
(2015) 467-500.

18



A. Proof of Lemma 1

First, we evaluate expectation and variance of ||Se||%:

tr(zu)}
E([Swl?) = 1 {u@0i
(ISeell7) wlF 1

8 4dny

var ([|Seell%) = m{tf(zze)}2||2u||% + WHEMHF
161, 4(2n? +ng +2)
mtr(zm)tr(il?@) + Wtr(zﬁﬂ
Thus, we obtain
{tr(Zee)}? -
||SMH2F:1+m+Op(W ! (7)

Next, we evaluate expectation and variance of ||Syp||%:

tr(Xgq) tr(Xnn)
-1 ’

E(|[Sgnll7) = —~ 1 1Zgnll% +
g g
2
var ([[Sgnl7) = m[{tr(Egg)}QHEhhH% + {tr(Zan) 2 1 Z el
g

+ 2t0(Zgq)tr(Zan) [ Sgn 1 7]

2n
+ L (1Bl F + [ Bggl 1 ZnnlF)
(ng —1)3
LR TR S
+ (ng — 1)3‘51"( 99t (ZnnBngBgn)
O () (D S Sy
7 3 hh h<h
(ng o 1) 999 g
4( g + ng + 2)
—(ng — 1)3 tr(EggEghEthhg)
2
n
— I IZnZhl%.
+ (ng_l)gn gh }g”F
Thus, we obtain
San 2 tr( X0 )tr(Xnn _
|| g ||F :pvgh"" ( 99) ( ) +Op(ngl/2)' (8)

1Zggll P ZnnllF

Combining (7) and (8), the result is established.

ngl|Zggll | ZnnllF
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B. Proof of Theorem 1

—_—
First, we evaluate the variance of |2, ||%, for which we obtain

_ 2
> 2):— Sonllh 4 12001218012
var (I50T) = gy (1 Soel + 2ol 2 1)
4(n? —5)
+ g tr(E DINS NS I )
(ng —2)(ng — 1)(ng +1) 997 J
4
+ ng — 1tr{(29h2hg)2}.

From t1(3gg X gn XnnTng) < [|Bgg | Fl1Ennll rl|ZgnllF: tr{(EgnBng)*} < [[Zgnllin
and pVy, < 1, we get var(||Sgnl|%)/(1Zggll £l Znnllr)® = O (ny'). Using

Chebyshev’s inequality, we obtain
[0l
e = pVen + 0, (1) 9)
IZggllplBpnlle 7 7
Next, we evaluate the variance of || ||% for £ € {g,h}. It is obtained by

4|24 42nf —ne = T)|IZZ 1%
(ne—=2)(ng+1)  (ng—2)(ng —1)(ng + 1)

var ([Seell3) =

From |22 < [Sel|%, we get var([Seel2)/[Sels = O (n; ). Using Cheby-
shev’s inequality, we obtain

3 2
12|l
(b5

From (9) and (10), we obtain HRVy;, = pVyp, + 0p(1).

=1+o0,(1). (10)

C. Proof of Theorem 2

From (10), under (A1), [Zeel[r = || Seellr(1 + 0p(1)) for £ € {g,h}. Thus
T =T+ o0p(1), where

k SN
7 [Pl
27 Zggll e Znnll e

Therefore, it sufficient to show the asymptotic normality of T.
Under H, we have

v.g € [k}v .7 € [nk] Xgj = xgllg/yzzgj + Mg,
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where z,; ~ N,(0,1,) and z,; are mutually independent. We define p x ¢
matrix, Zg) = (Zg1,---,2ge) for £ < ng. Note that each component of Z(,, )
independently N(0,1) distributed. For g < h, i.e. ny < ny, under H,

> 2 tr(Egng(ny)ZZ( )Ehhzh(”g)zg(n ))
IZorls = 2)
g
tr( gy Zomr 2l 0 (EnnZnim ZT ) S els
_ 1B0Z(n) By )T L0 D) (Bl Znnlle
ng b Ng '

Let T'y be orthogonal matrix s.t. I‘;Eggl"g = A, =diag(Ag1,. .., Agp). For
i € [p], we define uy; = (/T 2zg1,...,€/T) zg,,) . Then ug ~ N, (0,1,,)
and ejTugi = z;jI‘gei are mutually independent whenever (g,i,7) are distinct

indices.
Let ug;) = (eiTl“gngl, . ,eiTI‘;zgg)T. Then

T T T
Fggzg(ng) = (ugl(ng)7 e 7ugp(ng)) s I‘hhzh(ng) = (uhl(ng)a ceey uhp(ng))

Using these variables, we rewrite

o p P
IZenllZ = 12D > Aidni (Wi, Wnjcn,))?
i=1j=1
P P
-3 T T
_n!] Z Z /\!Ji)‘hj ugi(ng)ugj(”g)uhi(ng)uhj(”g)
i=1 j=1
to, (|299|F||2hh||F) '
n
g

Thus T can be expressed as T /o = P i+ 0p(1), where

1 )\_qz)\hz { T 2 Hugi(ng)H2”uhi(ng) |2}
g = e 3 (W Upi -
> o [uzqannsz (Bgi(n,) Bhicrny) y

AgiAnj T 2 it IP9n ) 112
+ZH BB {(ugi(ng)uhﬂ'(”g)) -

gl £ 1Znnll 7 ng

1—1

AgjMni gm0, |12
+ . 7gy7hr {(uT U )2 7 < g g
Z [Zgoll [ Ennlle |\ 90 "hitna) ng

Here, for i = 1, both the second and the third term ignore 0. Define Fo = {0, Q},
and let F; for ¢ € N be the g-algebra generated by the random variables U;_1,
where

Ui1 = (1111» cees Wli—1, -5 Ukl - -,uki71)~

Then we find that Fo C -+ - C Fo and E(g;|F;—1) = 0. Thus, (¢;) is a martingale
difference sequence. We show the asymptotic normality of €; 4+ --- 4+ ¢, by
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adapting the martingale difference central limit theorem; see, e.g., [14]. Let
Ei—l = E(E%l}-l_l) Then

P P
E (Z E11> =1+ 0(1), var (Z Ei1> = O(nfl)
i=1 i=1
Thus, (I) : Y%, Ei_1 =1+ 0,(1) as ny — oo. Also

. 15,1

k
4\
2 Bleh =0 <Z ||zgg||4>'

i=1

Thus, under (A1), (IT) : Y°7_ E(e}) = o(1) as p — oco. The above results (I)
and (II) complete the proof.

D. Proof of Theorem 3

From (10), the power of our proposed test at Xy is Pr(Q4 = 1]A)
Pr(T > 024) + o(1) as ny — co. Thus it is sufficient to show that Pr(T
0zq) = 14 0(1) for any X1y € O,,.

We note that E(T) = > g<n PVgn > 0 for any X5y € ©,,, and

Y

Pr (T > aza> >1-Pr <|T — E(T) —024] > E(f)) .

Using Markov’s inequality and Cauchy-Schwarz inequality in the context of
expectation, we obtain

IN

Pr (‘f —E(T) — 024

> E(f)) E (‘T—E(f) — 024

JE(T))
) JHED)

IN

E <’T “E(T) - 02a

Since E(|T — E(T) — 024|?) = var(T) + 0222, we obtain

~ var(T) + 0222
Pr(T >0z,) > 1-— —{E(f)}2 . (11)

We further evaluate var(7). For any g < h,g,h € [k], we define Ay, =
HRV g — pVgn, where HRV g = || B[ %/ (1 gq £l Znnl[ 7). Then

var(T)  E{(X,< Agn)?} < k(k—1)>cn E(Aih).

{E(D))? {EDO) 2{E(T)}?
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E(A2,) is obtained by

2
(ng —2)(ng +1)
. 4(nZ = 5)tr(EggEgnZnnSng)
(ng = 2)(ng — 1)(ng + DBy F 1 Znnll%
4r{(Egnng)*}
(ng — DByl ZnnllE

From tr(3gg XgnZnnBng) < [[BggllrlZnnll plBgnlF and tr{(BgnEng)*} < [ Zgn

we get
E(A2,) _ PVan + PV, PV, +1
{E(T)}? (Xgen PVon)?ng — (Xgen PVgn)>nj

Note that BE(T) = > g<n PVgh = maxg<p pVgp > ny%. Thus, for any 31y € Ony,

E(A2,) 1 1 1
— —O< T 5++2>.

E(43,) = (PVgr, + 1)

{E(T)} ny oo
Since k is fixed, we obtain
T 1 11
var(T) 0(1_6++2). (12)
{E(T)} ny nyo oy

Next, we evaluate 02 /{E(T)}2. Since 02 = O(ny2) and {E(T)}2 > (maxg<p pVyn)? >
n;?°, we obtain

0222 1
e =0 () 1

Substituting (12) and (13) to (11), for any Xy € Oy,
~ 1 1 1 1
PT(TZUZa)1+O<W+W+m+2>.

ni

Therefore, under ny — oo, infe,, Pr(T > 024) = 1+ o(1).
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