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In this paper, we study distance covariance, Hilbert-Schmidt co-
variance (aka Hilbert-Schmidt independence criterion [Gretton et al.
(2008)]) and related independence tests under the high dimensional
scenario. We show that the sample distance/Hilbert-Schmidt covari-
ance between two random vectors can be approximated by the sum of
squared componentwise sample cross-covariances up to an asymptoti-
cally constant factor, which indicates that the standard distance/Hilbert-
Schmidt covariance based test can only capture linear dependence in
high dimension. Under the assumption that the components within
each high-dimensional vector are weakly dependent, the distance cor-
relation based ¢ test developed by Székely and Rizzo (2013) for in-
dependence is shown to have trivial limiting power when the two
random vectors are nonlinearly dependent but component-wisely un-
correlated. This new and surprising phenomenon, which seems to be
discovered and carefully studied for the first time, is further confirmed
in our simulation study. As a remedy, we propose tests based on an
aggregation of marginal sample distance/Hilbert-Schmidt covariances
and show their superior power behavior against their joint counter-
parts in simulations. We further extend the distance correlation based
t test to those based on Hilbert-Schmidt covariance and marginal
distance/Hilbert-Schmidt covariance. A novel unified approach is de-
veloped to analyze the studentized sample distance/Hilbert-Schmidt
covariance as well as the studentized sample marginal distance covari-
ance under both null and alternative hypothesis. Our theoretical and
simulation results shed light on the limitation of distance/Hilbert-
Schmidt covariance when used jointly in the high dimensional setting
and suggest the aggregation of marginal distance/Hilbert-Schmidt
covariance as a useful alternative.
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1. Introduction. Testing for independence between two random vec-
tors X € R and Y € RY is a fundamental problem in statistics. There is a
huge literature in the low dimensional context. Here we mention rank cor-
relation coefficients based tests and nonparametric Cramér-von Mises type
statistics in Hoeffding (1948), Blum, Kiefer and Rosenblatt (1961), De Wet
(1980); tests based on signs or empirical characteristic functions, see Sinha
and Wieand (1977), Deheuvels (1981), Csorg6 (1985), Hettmansperger and
Oja (1994), Gieser and Randles (1997), Taskinen, Kankainen and Oja (2003)
among others; tests based on recently developed nonlinear dependence met-
rics that target at non-linear and non-monotone dependence include dis-
tance covariance [Székely, Rizzo and Bakirov (2007)], Hilbert-Schmidt in-
dependence criterion (HSIC) [Gretton et al. (2008)] (aka Hilbert-Schmidt
covariance in this work) and sign covariance [Bergsma and Dassios (2014)].
Also see Berrett and Samworth (2019) for some recent work on independence
testing via mutual information.

In the high dimensional setting, the literature is scarce. Székely and Rizzo
(2013) extended the distance correlation proposed in Székely, Rizzo and
Bakirov (2007) to the problem of testing independence of two random vec-
tors under the setting that the dimensions p and ¢ grow while sample size n
is fixed. This setting is known as high dimension, low sample size (HDLSS)
in the literature and has been adopted in Hall, Marron and Neeman (2005),
Ahn et al. (2007), Jung and Marron (2009), and Wei et al. (2016) etc. A
closely related asymptotic framework is the high dimension medium sample
size (HDMSS) [Aoshima et al. (2018)], where nApAgq — oo with p, g growing
more rapidly. Among the recent work that is related to independence testing
in the high dimensional setting, Pan, Gao and Yang (2014) proposed tests
of independence among a large number of high dimensional random vectors
using insights from random matrix theory; Yang and Pan (2015) proposed
a new statistic based on the sum of regularized sample canonical correla-
tion coefficients of X and Y, which is limited to testing for uncorrelatedness
due to the use of canonical correlation. Leung and Drton (2018) proposed
to test for mutual independence of high dimensional vectors using sum of
pairwise rank correlations and sign covariances; Yao, Zhang and Shao (2018)
addressed the mutual independence testing problem in the high dimensional
context by using sum of pairwise squared sample distance covariances; Zhang
et al. (2018) proposed a L? type test for conditional mean/quantile depen-
dence of a univariate response variable given a high dimensional covariate
vector based on martingale difference divergence [Shao and Zhang (2014)],
which is an extension of distance covariance to quantify (conditional) mean
dependence.
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DEPENDENCE METRICS IN HIGH DIMENSION 3

Distance covariance/correlation was first introduced in Székely, Rizzo and
Bakirov (2007) and has received much attention since then. Owing to its no-
table ability to quantify any types of dependence including non-monotone,
non-linear dependence and also the flexibility to be applicable to two random
vectors in arbitrary, not necessarily equal dimensions, a lot of research work
has been done to extend and apply distance covariance into many modern
statistical problems; see e.g. Kong et al. (2012), Li, Zhong and Zhu (2012),
Zhou (2012), Lyons (2013), Székely and Rizzo (2014), Dueck et al. (2014),
Shao and Zhang (2014), Park, Shao and Yao (2015), Matteson and Tsay
(2017), Zhang et al. (2018) , Edelmann, Richards and Vogel (2017), Yao,
Zhang and Shao (2018) among others. In this paper, we shall revisit the test
proposed by Székely and Rizzo (2013), which seems to be the only test in
the high dimensional setting that captures nonlinear and nonmonotonic de-
pendence. Unlike the positive finding reported in Székely and Rizzo (2013),
we obtained some negative results that show the limitation of distance co-
variance/correlation in the high dimensional context.

Specifically, we show that for two random vectors X = (z1, ..., 7,)T € RP
and Y = (y1, ..., yq)T € R? with finite component-wise second moments, as
p,q — oo and n can either be fixed or grows to infinity at a slower rate,

D

=17

(1) dCovZ(X,Y) ~ covi (i, Vj),

1

e

q

where X, 4 X and Y} 4 Y are independent samples, X; and )); are
the component-wise samples, X = (X1, Xo, -+, X,)T = (X1, A2, -+, X))
and Y = (Y1,Ya, -, Yp)T = V1,4, ,),) denote the sample matrices,
dCov2(X,Y) is the unbiased sample distance covariance, 7 is a constant
quantity depending on the marginal distributions of X and Y as well as
p and ¢, cov2(X;,Y;) is an unbiased sample estimate of cov?(z;,y;) to be
defined later. To the best of our knowledge, this is the first work in the lit-
erature uncovering the connection between sample distance covariance and
sample covariance, the latter of which can only measure the linear depen-
dence between two random variables. This approximation suggests that the
distance covariance can only measure linear dependence in the high dimen-
sional setting although it is well-known to be capable of capturing non-linear
dependence in the fixed dimensional case.

Gretton et al. (2008) proposed Hilbert-Schmidt independence criterion
(aka Hilbert-Schmidt covariance in this paper), which can be seen as a gen-
eralization of distance covariance by kernelizing the L? distance as shown by
Sejdinovic et al. (2013). Despite the kernelization process, we show that the
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Hilbert-Schmidt covariance (hCov) enjoys similar approximation property
under high dimension low/medium sample size setting, i.e.

(2) hCov2(X,Y) =~ A,B, x QZZcov (X, D)),

i=1 j=1

where hCov?2(X,Y) is the unbiased sample Hilbert-Schmidt covariance, 4,
and B, both converge in probability to constants that depend on the pre-
chosen kernels. This approximation also suggests that when the dimension is
high, the standard Hilbert-Schmidt covariance (hCov) applied to the whole
components of the vectors also exhibits the loss of power when X and Y
are non-linearly dependent, but component-wisely uncorrelated or weakly
correlated.

As a natural remedy, we propose a distance covariance based marginal
test statistic, i.e.,

mdCov7 (X, < > > ZdCov (X, )).-

i=1 j=1

This test statistic is an aggregate of the componentwise sample distance co-
variances and captures the component by component nonlinear dependence.
Similarly, the marginal Hilbert-Schmidt covariance (mhCov) is defined as

p q
mhCov?(X,Y) = (Z) 35 hCovi (4, 3;).

i=1 j=1

The distance covariance, Hilbert-Schmidt covariance, marginal distance
covariance and marginal Hilbert-Schmidt covariance based tests can be car-
ried out by standard permutation procedures. The superiority of mdCov
and mhCov based tests over its joint counterparts in power is demonstrated
in the simulation studies. On the other hand, Székely and Rizzo (2013)
discussed the distance correlation (dCor) based t-test under HDLSS and
derived the limiting null distribution of the test statistic under suitable
assumptions. We consider the same t-test statistic and further extend to
Hilbert-Schmidt covariance (hCov), marginal distance covariance (mdCov)
and marginal Hilbert-Schmidt covariance (mhCov). To derive the asymp-
totic distribution of studentized version of dCov, hCov, mdCov and mhCov
under both the null of independence (for HDLSS and HDMSS setting) and
some specific alternative classes (for HDLSS setting), we develop a novel
unified approach. In particular, we define a unified quantity (uCov) based
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DEPENDENCE METRICS IN HIGH DIMENSION 5

on the bivariate kernel k and show that under HDLSS setting, properly
scaled dCov?, hCov? and mdCov? are all asymptotically equal to uCov? up
to different choices of kernels, i.e.

dCov2 (X, Y) ~ a x uCov? (X, Y) when k(z, ) = [z ~ y
(3) hCov2(X,Y) ~ A,B, x uCov?(X,Y) R

mdCov2(X,Y) =b x uCovi(X,Y) } when k(z,y) = |z —y|,

where a,b are constants and A, B, both converge in probability to con-
stants. Next, we show that

(n—3)

uCov2(X,Y) % —2_cTMd, under HDLSS,
CrpquCov2(X,Y) % N(0,1), under HDMSS,

where ¢, d are jointly Gaussian, M is a projection matrix and C,, 5 4 is a nor-
malizing constant. Thus, we can easily apply the above results to dCov, hCov
and mdCov-based t-test statistics using (3). The unified approach still works
for mhCov-based t-test if we consider the bandwidth parameters appeared
in the kernel distance to be fixed constants. However, we encounter technical
difficulties if the bandwidth parameters along each dimension depends on
the whole component-wise samples, since this makes the pair-wise sample
distance correlated with each other and complicates the asymptotic analysis.

We obtain the same limiting null distribution as Székely and Rizzo (2013)
and further show that this test statistic has a trivial power against the
alternative where X and Y are non-linearly dependent, but component-
wisely uncorrelated. This clearly demonstrates that the distance covari-
ance/correlation based joint independence test (i.e., treating all components
of a vector as a whole jointly) fails to capture the non-linear dependence in
high dimension. This phenomenon is new and was not reported in Székely
and Rizzo (2013). It shows that there might be some intrinsic difficulties for
standard distance covariance to capture the non-linear dependence when the
dimension is high and provide a cautionary note on the use of distance covari-
ance/correlation directly to the whole components of high dimensional data.
Besides, we have the following additional contributions relative to Székely
and Rizzo (2013): (i) we relax the component-wise i.i.d. assumption used for
asymptotic analysis; (ii) the limiting distributions are derived under both the
null and certain classes of alternative hypothesis for the HDLSS framework;
(iii) our unified approach holds for any bivariate kernel that has continuous
second order derivative in a neighborhood containing 1; (iv) our approach
is built on some new technical arguments which reveal some insights on U-
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centering; (v) the limiting null distribution is also derived under the HDMSS
setting.

As pointed out by a referee, there is an awareness of the importance of
choosing the right kernel in the machine learning community and it may
be clear to many researchers in this area that the standard distance co-
variance (or Hilbert-Schmidt covariance) is not the right choice when the
dimension is moderate or high. It is worth noting that the phenomenon
of decreasing power with higher dimension for Hilbert-Schmidt covariance
(with Gaussian/Laplacian kernels) based independence test has been ob-
served in Ramdas et al. (2015), but they did not provide a complete theo-
retical explanation. In this sense, our theory to a large extent settles their
conjecture and offers a deeper understanding about the dimension’s impact
on the behavior of Hilbert-Schmidt covariance. In addition, the marginally
aggregated distance/Hilbert-Schmidt covariance can be viewed as a kind
of distance/Hilbert-Schmidt covariance with the Euclidean norm/kernel re-
placed by a new norm/kernel; see Remark 2.1.2. Therefore, our theory
demonstrates the limitation of using Euclidean norm in distance/Hilbert-
Schmidt covariance in the high dimensional setting and motivates the ques-
tion of what is the optimal norm or kernel for independence testing in the
high dimension, which is left for future research.

Standard Distance and Hilbert-Schmidt (with Gaussian kernel or Lapla-
cian kernel) covariance have been frequently applied to testing dependence
between high dimensional vectors in biological science, see Kroupi et al.
(2014), Kroupi et al. (2012), Hua and Ghosh (2015), Yang (2017), etc.
In particular, Kroupi et al. (2014) use Hilbert-Schmidt (with Gaussian or
Laplacian kernel) covariance to test the dependence between EEG signals
for the perception of pleasant and unpleasant odors across subjects, where
the data are collected for 5 subjects, each with 18 trials and dimension 250.
Hua and Ghosh (2015) use Hilbert-Schmidt covariance with Gaussian kernel
to examine the association between phenotype variable and genotype vari-
able. The Alzheimers Disease Neuroimaging Initiative (ADNI) data is used
in their simulation studies, where phenotype variable has dimension 119
and genotype variable has dimension 141. Finally, Hilbert-Schmidt covari-
ance with Gaussian kernel is used by Yang (2017) to conduct independence
test between neural responses and visual features, where the dimensions are
of several hundreds. In the machine learning community, the application of
Hilbert-Schmidt (with linear, Gaussian or Laplacian kernel) covariance for
high dimensional data involves multi-label dimension reduction [Zhang and
Zhou (2010), Xu et al. (2016), Mikalsen et al. (2019) etc| and unsupervised
feature selection [Bedo (2008)], among others. In all the above-mentioned
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DEPENDENCE METRICS IN HIGH DIMENSION 7

applications, the dimensions of the vectors involved are at hundreds or thou-
sands.

1.1. Notations. In this paper, random data samples are denoted as, for
eachi=1,2,--- ,n, X; 4x = (z1, - ,2p) T €RPY; 1y - (Y1, ,yg) T €
RY. Next, let X = (X1, Xo,---,X,)T and Y = (Y1, Ys,---,Y,,)T denote the
random sample matrices. In addition, the random component-wise samples
are denoted as Xp,---, &), and V1, - ,),, which are illustrated in the fol-
lowing table,

X Xy - A DTN 7 SN
- B T
Xi =r1mrn e T1ip | Y11 Y12 MY1g i Y;
[ Bl 1
T ' T
X5 | T21 T2 Top Y Y21 Y22 L Y2q Y5
N .
) ! )
: ' ' X P :
1 1 1
7/ T s el \ T
Xn 1 Tpl 1 Tn2 Tnp fYn1 Yn2 1 Un Tj ~ Yn
J

e g -— o e e e S

Furthermore, matrices are denoted by upper case boldface letters (e.g. A,
B). For any matrix A = (as) € R™"™, we use A = (as) € R™ "™ to denote
the U-centered version of A, i.e.,

1 n 1 n 1 n
Gar = Ast — 75 szl Asv — 5 Zu:l Gyt + (n—1)(n—2) Zu,v:l Ay, S Ft,
ot =
0, s=t.

Following Székely and Rizzo (2014), the inner product between two U-
centered matrices A = (as) € R™™ and B = (by) € R™ ™ is defined
as

. 1 .
AB) = —— S aube.
( ) n(n—3)82#at t

Next, we use 1,, to denote the n dimensional column vector whose entries
are all equal to 1. Similarly, we use 0,, to denote the n dimensional column
vector whose entries are all equal to 0. Finally, we use | - | to denote the L?
norm of a vector, (X', Y’) and (X”,Y") to be independent copies of (X,Y)
and X 1 Y to indicate that X and Y are independent.

We utilize the order in probability notations such as stochastic bound-
edness O, (big O in probability), convergence in probability o, (small o in
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8 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

probability) and equivalent order =, which is defined as follows: for a se-
quence of random variables {Z;}sc7z and a sequence of numbers {as}sez,
Zs =<p ag if and only if Zg/as = Op(1) and as/Zs = Op(1) as s — oo. For
more details about these notations, please see DasGupta (2008).

2. High Dimension Low Sample Size. The analyses in this section
are conducted under the HDLSS setting, i.e., the sample size n is fixed and
the dimensions p A ¢ — oc.

2.1. Distance Covariance and Variants. In this section, we introduce the
following test statistics based on distance covariance (dCov), marginal dis-
tance covariance (mdCov), Hilbert-Schmidt covariance (hCov) and marginal
Hilbert-Schmidt covariance (mhCov). In addition, their asymptotic behav-
iors under the HDLSS setting are derived. The following moment conditions
will be used throughout the paper.

AssuMPTION D1. For any p,q, the variance and the second moment
of any coordinate of X = (z1,22,  +,2p)L and Y = (y1,92, -+ ,yg)? is
uniformly bounded below and above, i.e.,

0 < a < inf var(z;) < supE(z?) < b < oo,
i i

0 < o’ <infvar(y;) <sup E(y?) <V < o0,
j i

for some constants a,b,a’, V.

Next, denote 7% = E|X — X'|?, 72 = E|Y — Y'|? and 72 := 7%7% =
E|X — X'|2ElY — Y’|2. Notice that under Assumption D1, it can be easily
seen that

Tx X /D, Ty X +/q and T < /pq.

The statistics we study in this work use the pair-wise L? distance between
data points. The following proposition presents an expansion formula on the
normalized L? distance when the dimension is high, which plays a key role
in our theoretical analysis.

ProprosITION 2.1.1.  Under Assumption D1, we have

X - X 1
X=X =1+ -Lx(X,X")+ Rx(X,X"),
X 2
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DEPENDENCE METRICS IN HIGH DIMENSION 9

where

X -X']P -7}
= = ,
X

Lx(X,X'):

and Rx (X, X') is the remainder term. If we further assume that as p Aq —
00, Lx(X,X") = 0,(1), then Rx(X,X') = Op(Lx(X,X")?). Similar result
holds for Y.

In order for the approximations in equations (1) and (2) to work well, it
is required that Lx (X, Xy) and Ly (Ys, Y;) should decay relatively fast as
p A q — 0. The following assumption specifies the order of Lx (X, X;) and
Ly (Y5, Y3).

AssumPTION D2. Lx(X,X') = Op(ap) and Ly (Y,Y') = O,(b,), where
ap, by are sequences of numbers such that

ap = 0(1)7 bq = O(l)a
T30 = o(1), 7y:b3 = o(1), TaZby, = o(1), Tayb: = o(1).

REMARK 2.1.1. A sufficient condition for Lx(X,X') = o,(1) is that
E[Lx(X,X")?] = o0(1). Let x = cov(X). By a straightforward calculation,
we obtain | X — X'|? = RICTRS x;-)Q, ElX - X'|? = 230 var(z;) =
2tr(Xx), and

Z?,j’:l [cov(a;?, a:?,) + 2coV2(g;j, zjr)]
2t (X x)

E[Lx (X, X')*] =

Therefore, E[Lx (X, X')?] = o(1) holds if the component-wise dependence
within X is not too strong. To illustrate this point, we consider the general
multivariate model,

Xp><l = Ap><51U81><1 + Wpx1,

where A is a constant matriz with s1 > p, p is the mean vector for X, and

U= (u1,...,us)" has i.i.d components with mean zero and variance one.
Suppose

tr(AATAAT) B tr(¥%)

tP(AAT) #2(Zx)

and sup, E[u}] < co. Then the multivariate model satisfies Assumption D2
with a, = 1/,/p, see Section C.2 of the Appendiz for more details.

=0(p™")
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10 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

2.1.1. Distance Covariance. Distance covariance was first introduced by
Székely, Rizzo and Bakirov (2007) to measure the dependence between two
random vectors of arbitrary dimensions. For two random vectors X € RP
and Y € RY, the (squared) distance covariance is defined as

t,s) — ox(t 2
dCov*(X,Y) :/ [éx,v (L, ) 1¢X(1)¢Y(8)‘ dtds,
RP+a CpCqlt]HHP[s|1Ha
where ¢, = 71+P)/2/T((1 4 p)/2), | - | is the (complex) Euclidean norm
defined as |z| = VZTx for any vector x in the complex vector space ( Z

denotes the conjugate of z), ¢x and ¢y are the characteristic functions of
X and Y respectively, ¢x y is the joint characteristic function. According to
Theorem 7 of Székely and Rizzo (2009), an alternative definition of distance
covariance is given by

(4) dCov?*(X,Y)=E|X — X'||[Y — Y|
+E|X - X'|ElY —-Y'| - 2E|X - X'||Y —Y"|,

where (X', Y”) and (X”,Y") are independent copies of (X,Y"). It has been
shown that dCov?*(X,Y) = 0 if and only if X and Y are independent.
Therefore, it is able to measure any type of dependence including non-linear
and non-monotonic dependence between X and Y, whereas the commonly
used Pearson correlation can only measure the linear dependence and the
rank correlation coefficients (Kendall’s 7 and Spearman’s p) can only capture
the monotonic dependence.

Notice that in the above setting, p, g are arbitrary positive integers. There-
fore, distance covariance is applicable to the high dimensional setting, where
we allow p, ¢ — oo. However, it is unclear whether this metric can still retain
the power to detect the nonlinear dependence or not when the dimension
is high. Distance correlation (dCor) is the normalized version of distance
covariance, which is defined as

dCov?(X,Y) 2 9
dCor?(X,Y) ={ dCov?(X,X)dCov2(Y,Y)’ dCov*(X, X)dCov*(Y,Y) > 0,
0, dCov?(X, X)dCov?(Y,Y) = 0.

Following Székely and Rizzo (2014), we introduce the U-centering based
unbiased sample distance covariance (dCov?) as follows.

dCovZ(X,Y) = (A - B),
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DEPENDENCE METRICS IN HIGH DIMENSION 11

where A,B are the U-centered versions of A = (ast)s=1,B = (bst)e =1
respectively and agy = |Xs — Xy|,bst = |Ys — Yy| for s,t = 1,--- ,n. Corre-
spondingly, the sample distance correlation (dCor?l) is given as

dCovi (X,Y) , dCov2(X,X)dCov2(Y,Y) > 0,

dCor?(X,Y) = ¢ /dCov2(X,X)dCov2(Y,Y)
0, dCov? (X, X)dCovZ(Y,Y) = 0.

Here, for s # t, we can apply the approximation in Proposition 2.1.1, that
is

a 1

(5) 7_7::;:1—|—§LX(AXS,X})"f—fi)(()(sw)(t)v
b 1

(6) it — 1+7LY(YS,Y})+RY(Y5,E),
Ty 2

where

Ex(X Xy = B m X TR g v vy < B
T Ty

and Ry, Ry are the remainder terms from the approximation. The ap-
proximation of the pair-wise L? distance in Equations (5) and (6) is our
building block to decompose the unbiased sample (squared) distance covari-
ance (dCov?) into a leading term plus a negligible remainder term under the
HDLSS setting. The following main theorem summarizes the decomposition
properties of sample distance covariance (dCOVi).

THEOREM 2.1.1.  Under Assumption D1, we can show that

(i)
(7) dCov?( j_zp:zq: cov? (X, ;) +

Here

1
covy (X;,Y;) = 6] > Wi This Tuis Tuii Ysgs Yegs Yugs Yos)
4/ s<t<u<wv

and the kernel h is defined as

h(x8i7 Lty Tuiy Lois y8j7 ytj7 yUJa yU])
1 (S7t7u7v) 1
1 > 1 @i = 2t (Ysj = Ye) (@ui = 20i) (Yuj = Yoj);
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12 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

where the summation Z SV s over all permutations of the 4-tuples

of indices (s,t,u,v) and R, is the remainder term. covZ (X;,V;) is a
fourth-order U-statistic and is an unbiased estimator for the squared
covariance between x; and y;, i.e., ElcovZ (X;, V)] = cov?(zi, y;).

(ii) Further suppose Assumption D2 holds. Then

—ZZCOV (X5, V) = Op(Tapby),

=1 j=1
Rn =0, (Taf,bq + Tapbg) = 0p(1),

thus the remainder term is of smaller order compared to the leading
term and therefore is asymptotically negligible.

Equation (7) in Theorem 2.1.1 shows that the leading term for sample
distance covariance is the sum of all component-wise squared sample cross-
covariances scaled by 7, which depends on the marginal variances of X and
Y. This theorem suggests that in the HDLSS setting, the sample distance
covariance can only measure the component-wise linear dependence between
the two random vectors.

As argued previously, sample distance covariance (dCOV ) based tests
suffer from power loss when X and Y are component-wisely non-linear de-
pendent but uncorrelated. To remedy this drawback, we can consider the
following aggregation of marginal sample distance covariances,

P q
deov?L(X,Y) = <Z> Z ZdCOV%(Xiayj)a

i=1 j=1

where dCov2(X;,);) = (A(i) - B(j)), A(i) and B(j) are the U-centered
versions of A (i) = (ast(i))% -1, B(§) = (bst(j))5 1 respectively and as(i) =
wai — 2wl bat(5) = lysj — wsl-

Note that deov?1 captures the pairwise low dimensional nonlinear de-
pendence, which can be viewed as the main effects of the dependence between
two high dimensional random vectors. It is natural in many fields of statis-
tics to test for main effects first before proceeding to high order interactions.
See Chakraborty and Zhang (2018) for some discussions on main effects and
high order effects in the context of joint dependence testing. In the testing
of mutual independence of a high dimensional vector, Yao, Zhang and Shao
(2018) also approached the problem by testing the pairwise independence
using distance covariance and demonstrated that there may be intrinsic dif-
ficulty to capture the effects beyond main effects (pairwise dependence in
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DEPENDENCE METRICS IN HIGH DIMENSION 13

the mutual independence testing problem), as the tests that target joint
dependence do not perform well in the high dimensional setting.

2.1.2. Hilbert-Schmidt Covariance. A generalization of the Distance Co-
variance (dCov) is Hilbert-Schmidt Covariance (hCov), first proposed and
aka Hilbert-Schmidt independence criterion (HSIC') by Gretton et al. (2008).
In particular, the (squared) Hilbert-Schmidt Covariance (hCov) is obtained
by kernelizing the Euclidean distance in equation (4), i.e.,

hCov?(X,Y) = E[K (X, X')L(Y,Y")]
+ B[R (X, X[E[L(Y, Y")] ~ 2B[K (X, X')L(Y, Y")],
where (X', Y"), (X”,Y") are independent copies of (X,Y) and K, L are user

specified kernels. Following the literature, we consider the following widely
used kernels

2
Gaussian kernel: K(z,y) = exp (— |a:2'yy2\ ) )

Laplacian kernel: K(z,y) = exp <—@> )

where v is a bandwidth parameter. For later convenience, we focus on the
kernels that can be represented compactly as K(z,y) = f (| —y|/vy) for
some continuously differentiable function f. For example, the Gaussian and
Laplacian kernel can be defined by choosing different function f,

Gaussian kernel: K(z,y) = f (@) , fla) =exp (—%) ,

Laplacian kernel: K (z,y) = f (@) , fla) =exp(—a).

In practice, the bandwidth parameter is usually set as the median of pair-
wise sample L? distance. Thus, a natural estimator for hCov?(X,Y) is de-
fined as o

hCov2(X,Y) = (R - H),
where R and H are the U-centered versions of R = (rst)% 4=1, H = (hst)5 11
respectively and rg = hg = 0 if s = ¢, otherwise

X
he = L(Ys, Y, Y) = g (M) vy = median{|Y; — V|, s # t}.

Y

P = K(Xo, X0, X) = f (X520 5 = median{|X, — X, s # 1},

Similar to the definition of distance correlation, the Hilbert-Schmidt Corre-
lation (hCor) is defined as

hCov?(X,Y) 2 9
hCor?(X,Y) =<{ /hCov?(X.X)hCov? (YY)’ hCov™ (X, X)hCov*(Y,Y) > 0,
0, hCov?(X, X)hCov?(Y,Y) = 0,

imsart-aos ver. 2014/10/16 file: draftNov2019-rev3.tex date: November 27, 2019



14 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

and the sample Hilbert-Schmidt Correlation (hCor?) is defined in the same
way by replacing hCov? with the corresponding sample version.

Next, we can extend the decomposition results for sample distance co-
variance (dCov2) to sample Hilbert-Schmidt covariance (hCovZ) as shown
in the following theorem. Throughout the paper, we use f) and f@ to
denote the first and second derivative of the function f.

THEOREM 2.1.2.  Under Assumption D1, we have
(1)
(8) 7 x hCov?(X,Y)

_ <TX> 4 <W> LXLYEZZCOV (X, V) +

X XYY T =1 =1

where cov? is defined the same as in Theorem 2.1.1 and R, is the
remainder term.
(ii) Further suppose Assumption D2 holds. Then

) <TX> o (TY) XY g,
X YY /) XY

- Z Z COV (i, Yj) = Op(Tapby),

=1 j=1
Ry = Op(Taf;bq + Tapbg) = o0p(1).

Thus the remainder term is of smaller order compared to the leading
term and is therefore asymptotically negligible.

Notice that different from the decomposn:lon of dCov2(X,Y) as in The-
orem 2.1.1, here we decompose hCovn multiplied by 7 = 7x7y. This is
expected, since in hCovm each pair-wise distance is normalized by yx or
vy, which has asymptotically the same magnitude as 7x, 7y respectively.
In the high dimensional case, the expansion (8) suggests that hCov-based
tests also suffer from power loss when X and Y are component-wisely un-
correlated but nonlinearly dependent.

To analyze the asymptotic property of sample Hilbert-Schmidt covari-
ance, most literature would assume the bandwidth parameters to be fixed
constants, see e.g. Gretton et al. (2008). In contrast, our approach can handle
the case where these bandwidth parameters are selected to be the median of
pairwise sample distance, which is random and whose magnitude increases
with dimension.
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DEPENDENCE METRICS IN HIGH DIMENSION 15

Similar to the marginal distance covariance introduced in Section 2.1.1,
we can also aggregate the marginal Hilbert-Schmidt Covariance (mhCov),
which is defined as

P q
mhCov2(X,Y) = (Z) > ) hCovi (X, V)

i=1 j=1

where hCovZ(&;,Y;) = (R(i) - H(j)), R(i) and H(j) are U-centered ver-
sion of R(i) = (rst(i))s =1, H(J) = (hst(j))s =1 respectively and 7y (i) =
hst(j) = 0 if s = t, otherwise

rot(i) = K (25, w40, ) = £ (Z2=260) s = median{|zs; — 2], s # £},

Yx;
hst(j) = L(ija yt]ay]) =g lygfyi;jhj' 77373- = median{‘ysj - ytj|a S ?é t}
REMARK 2.1.2. By the multi-linearity of the operator (-,~), it can be
easily seen that mdCov2(X,Y) is equal to (up to a constant) dCov?(X,Y)
equipped with L'-distance and mhCov?(X,Y) is equal to (up to a constant)
hCov2(X,Y) equipped with kernels

p q
K'(Xg, X4, X) =Y K(si, 216, Xi) and L'(Ye, Y, Y) =Y L(ysj v, Vy)-
i=1 j=1

2.2. Studentized Test Statistics. In this section, we provide studentized
version of the statistics introduced in Section 2.1. It is worth mentioning
that we provide a unified approach to the asymptotic analysis of studentized
dCov, mdCov and further extend them to the analysis of studentized hCov.

2.2.1. Unified Approach. Firstly, we will present results that will be use-
ful for deriving the studentized version of the interested statistics, i.e. dis-
tance covariance (dCov), marginal distance covariance (mdCov), Hilbert-
Schmidt Covariance (hCov), marginal Hilbert-Schmidt Covariance (mhCov).
It can be shown later that many previously mentioned statistics are asymp-
totically equal to the unified quantity uCov?(X,Y) multiplied by some nor-
malizing factor. Here, uCov2(X,Y) is defined as

uCov?(X,Y) = 1 Z

N (K(2) - L)),

q
=1

=17

where K (i) and L(j) are the U-centered versions of K(i) = (Kst(1))% =1, L(J)
= (Ist(4))% =1 respectively and kg (i) = ls¢(j) = 0 if s = ¢, otherwise ks (i),
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16 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

lst(7) are the double centered kernel distances, i.e., for bivariate kernels k
and [,

kst (1) = k(2si, o) — Elk(2si, 24)|2si] — Elk(2gi, 24i) |2] + Elk(2si, 24)],
Lst (1) = Uysis Yti) — E[l(Ysis vei) [Ysi] — EL(Ysis Yei) | Yei] + EL(Ysis Ye))-

The advantage of using the double centering kernel distance is that we can
have 0 covariance between kg (i) and kyy(7) (Ist(7) and [y, (j)) for {s,t} #
{u,v} as shown in the following proposition.

PROPOSITION 2.2.1.  Foralll <i,i' <p,1<j,5 <gq, if {s,t} # {u,v},
then

E[kst(i>kuv(i/)] = E[lst(j)luv(j/)] = E[kst(i)luv(j)] =0.

To derive the limiting distribution of the unified quantity, we need the
following assumptions.

AssuMPTION D3. For fized n, as p A ¢ — o0,
< pil//Q :Z'pzl kst(l) > i> < Cst )
-1/2 ¢ ; )
q =1 luw (]) s<t,u<v o s<t,u<v

where {cst, dyp ts<tu<v are jointly Gaussian. Naturally, we further assume
the existence of the following constants that show up in the covariance matriz

Of {Csta duv}7

varfcg] == o2 =1limi > coviks (i), kst (5)]

Z 4cov2(xi,zj)
lim 2= ifk(x,y) = U, y) = o -yl
p
q
var[ds] := O‘Z = li;n% 22 cov[lse(i), Lst(5)]
< Z7]_12 .
Z dCov* (yi,y5)
lim “=————,  if k(z,y) = U(z,y) = [z — y],
— q
Ai 4cov?(y;,y5)
lim “=———, i k(z,y) = l(z,y) = |z — yI%,
q
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DEPENDENCE METRICS IN HIGH DIMENSION 17

P4
covcst, dst] = ng = lim > 2. covikse(i), Lst(7)]

) 1},{3 S5 . it k(z,y) = Uz,y) = |z -y,
' 'é _Zj:l4cov (z4,y5) . )
légl — = m 9 /Lfk(x7 y) = l(x7 y) = ‘x - y‘ :

REMARK 2.2.1.  Notice that when {s,t} # {u,v}, we do not assume the
form of cov|cst, Cuy], cov]dst, duy]|, covics, dyy] in Assumption D3, since it
follows easily from Proposition 2.2.1 that cov|cst, cuy] = 0, cov|dst, dyy] = 0
and covcst, dyy] = 0 if {s,t} # {u,v}.

REMARK 2.2.2.  The above Central Limit Theorem (CLT) result can be
derived under suitable moment and weak dependence assumptions for the
components of X and Y and the weak dependence assumptions can be sat-
isfied by a broad range of time series models such as ARMA models. We
refer the reader to Doukhan and Neumann (2008) for a relatively recent
survey of weak dependence notions and the CLT results under such weak
dependence. It s worth noting that the commonly used weak dependence as-
sumptions in time series analysis, such as a-mixing, B-mizing and variants
[Bradley (2007)], near epoch dependence [Gallant and White (1988), David-
son (1994)] and physical dependence measure [Wu (2005)], all require the
components have a natural time ordering. In our setting, the components do
not necessarily have a natural ordering but our results still hold as long as
there exists a permutation of components that satisfy the weak dependence
assumption. Furthermore we remark that the weak dependence assumption
typically Tules out long range dependence and local strong dependence, un-
der which we might have non-Gaussian limit and different norming rate. We
shall examine the validity of our tests in these two scenarios via simulations.

The following theorem is our main result, which shows that the unified
quantity converges in distribution to a quadratic form of random variables.

THEOREM 2.2.1. Fizing n and letting p A ¢ — o0, under Assumptions
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18 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

D1 and D3,

uCov?(X,Y) 3 = TMd,

d o2

uCov? (X, X) 4 cTMc = a2
v v

d 02

uCov2(Y,Y) % dTMd = —xv,

where v :=n(n — 3)/2, M is a projection matriz of rank v and

( c > d N (07 ( UQ;%In(nq)/z U%,In(nq)/z >> '
d 0oy Inim-1)/2  oylnm-1)/2

For the exact form of M, see the proof of Theorem 2.2.1 in the Appendix.
Next, we define the quantity T, as

uCor? (X,Y)

T,=+vv—1 ,
V1 (uCor% (X, Y))?

where
uCov?(X,Y)

uCor?(X,Y) =
\/uCov (X, X)uCov2(Y, Y)

We then define the constants v and ¢ that appear in the limiting distribution
of T,. Set v =n(n —3)/2 and ¢ = 02,/ /0202 such that
¢ = Olik@y)=i@ey)=le—vl} T P2Lik(@y)=1(z.y)=la—y}>
where
> it Z? 1 dCOVQ(QUi»?/j)
T\ J3h o dCovE (i, ) Sy dCov (i, )
D1 g1 cov (@i, y5)
T Sh s cov ai, ) S cov? (ui, ;)

The limiting distribution of T}, is derived under both null (Hy) and alterna-
tive (H4) hypothesis, i.e.,

¢1 -—lun

P9 = hm

null hypothesis: Hp={(X,Y)| X LY},
alternative hypothesis : Hy = {(X,Y) | X LY}
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DEPENDENCE METRICS IN HIGH DIMENSION 19

In addition, we also consider the local alternative hypothesis H4, C Hy, i.e.,

HAZ_{(Xay) ‘va—Y?¢_\Q;%}7

where v = n(n—S)/Q, G0 = ¢0,IH{k(;r,y):l(;t,y):|$—y|}+¢0,2H{k(x,y):l(a:,y):|x7y\2}
and 0 < ¢g,1, ¢o,2 < 00 are constants with respect to n. It is also interesting
to compare the asymptotic power under the following class of alternatives
Hy, C Hy,ie.,

Ha, ={(X,Y) [ @ L yj,cov(z,y;) =0forall 1 <i<p,1<j<gqg}

In summary, the following table illustrates the value of ¢ under different
cases we are considering,
¢ | Hy Ha Hyj Ha,
k(x7y):l<$7y) = ’I‘—y’ 0 o1 d:%jl ®1
Next, denote by t, the student ¢-distribution with degrees of freedom a.
Let £ be the (1 — o)th percentile of t, and t,; be the non-central ¢-

distribution with degrees of freedom a and non-central parameter b. The
asymptotic distribution of T, is stated in the following proposition.

PROPOSITION 2.2.2. Fix n and let p A q — oo. If Assumptions D1 and
D3 hold, then for any fized t € R,

PHD(Tu < t) — P(tv—l < t),
PHA (Tu < t) — | [P (tv—l,W < t)] s

where W~ 4/ 1?22 X2 and x? is the chi-square distribution with degrees of
freedom v.

REMARK 2.2.3.  For the explicit form of E[P (t,—1,w < t)], see Lemma
3 in the Appendix.

Below we derive the large sample approximation of the limiting distribu-
tion E [P (t,—1,w < t)] under the local alternative hypothesis (Hz,).

PROPOSITION 2.2.3.  Under Hy,, if we allow n to grow and t is bounded
asn — 00, E[P (t,—1w < t)] can be approzimated as

1
EHAl [P (t’u—l,W S t)] = P(tv,1’¢0 S t) —+ O <U> ,
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20 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

where ¢o = G011k (wy)=t(w.y)=la—yl} T P02 {k(z.y)=1(wy)=la—y|2}- I particular,
the result still holds if we replace t with tf)oi)l

2.2.2. Studentized Tests. For testing the null, permutation test can be
used to determine the critical value of the distance covariance (dCov), Hilbert-
Schmidt covariance (hCov), marginal distance covariance (mdCov) and marginal
Hilbert-Schmidt covariance (mhCov) respectively. If dCovZ, hCov?, mdCov?
or thOVi is larger than the corresponding critical value, which can be de-
termined by the empirical permutation distribution function, we reject the
null. Alternatively, similar to the construction of T,,, we transform each of
dCov?,hCov?, mdCov2 and mhCov? into a statistic that has asymptotic t-
distribution under the null. Thus, instead of using permutation test, which
can be quite computationally expensive, we can determine the critical value
using this asymptotic t-distribution. For each R € {dCov, hCov, mdCov, mhCov},
the studentized test statistic T is defined as

. FXY)
=V X o)

where
R2(X,Y)
VRZ(X,X)RZ(Y,Y)

RYX,Y) =

The way to derive the asymptotic distribution of Tg is to show that for each
R € {dCov,hCov,mdCov}, R2(X,Y) and uCov?(X,Y) are asymptotically
equal up to an asymptotically constant factor, as shown below.

PROPOSITION 2.2.4. Under Assumption D1,

dCov3(X,Y) = ! \ﬁuCOV 2(X,Y)+ R,

7 x hCov2(X,Y) = 4ﬂf(1> <TX> g (TY> uCov2(X,Y) + R,
TXVY X 7Y

where R),, R are the remainder terms. Further suppose Assumption
D2 holds. Then

uCovZ(X,Y) = Oy(tayby),
R), = Op(talby + Taph?) = o0,(1),
Ry = Op(Taf,bq + Tapbg) = op(1).
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DEPENDENCE METRICS IN HIGH DIMENSION 21

Thus the remainder term is of smaller order compared to the leading
term and therefore is asymptotically negligible.

mdCov?2(X,Y) \FH uCOV (X,Y).

As shown in Proposition 2.2.4, k(z,y) = l(z,y) = |z—y| would correspond
to the mdCov-based t-test and k(z,y) = I(x,y) = |z — y|* would correspond
to the{dCov, hCov }-based t-tests. Then, for each R € {dCov, hCov, mdCov}
the asymptotic distribution of T is given in the following Corollary.

COROLLARY 2.2.1. If Assumptions D1, D2 and D3 hold, for any fized t
and each R € {dCov,hCov, mdCov}, we have

PHO (TR < t) — P(tv_l < t),

»*
1 _ (bQX’U‘

Py, (Tr <t) = E[P (ty—1,w <t)], where W ~

After knowing the asymptotic distribution of T under the null, i.e. t-
()

distribution with degrees of freedom v — 1, we can set critical value as ¢, ;.
Then, from Proposition 2.2.2, under the alternative, the asymptotic power
of testing the null can be written as a function of ¢, i.e.,

Powery(¢) :=E [P (ty—1,w > t5_1)],

and under Hy,, if we allow n to grow

Powers(¢o) == nl;rgo Power,, (f}%) = nlLr{:oP (tv71,¢0 > tf)oi)1> )

Next, we can actually bound the ratio of ¢ and ¢o for standard normal
random variables.

PropoSITION 2.2.5.  Suppose that
X d ( < I EXY >>
= N 07 p )
SORRCIE S
where X xy = cov(X,Y). We have

0.89%p2 < ¢1 < ¢o.
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22 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

It will be shown later that ¢; corresponds to the mdCov-based test,
whereas ¢o corresponds to the dCov and hCov-based tests. Thus consid-
ering models described in Proposition 2.2.5, we expect a power loss for the
mdCov-based test comparing to the dCov and hCov-based tests. On the
other hand, since ¢; is bounded below by 0.89%¢s, the power loss is ex-
pected to be moderate.

Using Corollary 2.2.1, we can theoretically compare the power of these
t-tests under different cases and the results are summarized in the following
table

Power | Tmdcov Tacov, Thcov
under H 4 Powery, (1) Powery(¢2)
under Hy,,, allow n growing to infinity | Powers(¢o,1) Powers(¢o2)
under H 4, Powery,(¢1) o

For the studentized version of mhCov, if we consider the bandwidth param-
eters to be fixed constants, then we can use the unified approach to get
the limiting t-distribution of the transformed mhCov?. On the other hand,
if yx, and vy, are treated to be median of sample distance along each di-
mension and are thus random, we encounter technical difficulties to derive
the limiting distribution, as in this case the kernelized pair-wise distance
along each dimension are correlated with each other. This is due to the
choice of the bandwidth parameter and the high dimensional approximation
used for hCOV% can not be directly applied, since v, and vy, are calculated
component-wisely. Nevertheless, we shall examine the testing efficiency us-
ing t-distribution approximation when the bandwidth parameters are chosen
to be the median of sample distance in simulation.

REMARK 2.2.4.  An anonymous referee inquired about the applicability of
our tests to the setting when the p-dimensional data vector X = (x1,- - - ,mp)T
18 a growth curve and thus can be viewed as a stochastic process or random
function evaluated at time points {t;}}_;, say 0 < t1 <tg < --- < t, < 1.
Under suitable conditions, one can show that the Fuclidean norm of X af-
ter proper scaling converges to the Lo morm of the random function when
the number of sampling points goes to infinity. It is known that the Hilbert
space Lo([0,1]) is of strong negative type [Lyons (2013)], and thus the HSIC
or the distance covariance based on the Lo morm completely characterizes
dependence. Therefore, the Euclidean norm is a proper norm to use if X is
considered to be an element in L2([0,1]) and we want to use the Ly norm to
construct our distance metrics. However, the setting we are considering in
this paper assumed the components of X and Y have weak dependence and
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the above growth curve example falls into the very strong dependent case, and
thus our theoretical phenomenon does not apply. In practice, both strongly
componentwise correlated high dimensional data and weakly componentwise
dependent high dimensional data can be collected depending on the nature of
data generating process. We shall illustrate the usefulness of our theory and
proposed tests using an earthquake dataset in Section 3.

Our theory demonstrates the limitation of dCov and hCov in the high di-
mensional environment, which is intimately related to the use of Euclidean
norm n their definitions. Similar phenomenon has been discovered for en-
ergy distance [Szekely and Rizzo (2004)] and mazimum mean discrepancy
[Gretton et al. (2012)] in the two sample testing problem recently; see Zhu
and Shao (2019) and Chakraborty and Zhang (2019). It is natural to ask
what norm would be desirable to use in the high dimensional setting and in
what sense? We shall leave these questions for future study.

3. Numerical Results. Here, we consider some numerical examples
to compare the “joint” tests, where the distance/Hilbert-Schmidt covari-
ance is applied to whole components of data jointly, with the “marginal”
tests, where distance/Hilbert-Schmidt covariance is applied to one dimen-
sional components and then being aggregated. To this end, we consider the
following statistics

dCov : distance covariance (permutation)

Tacov : studentized distance covariance

hCov : Hilbert-Schmidt covariance (permutation)
Thcov : studentized Hilbert-Schmidt covariance

“Joint”

( mdCov : marginal distance covariance (permutation)

Thdcoyv : studentized marginal distance covariance,

mhCov : marginal Hilbert-Schmidt covariance (permutation)
| Tihcov : studentized marginal Hilbert-Schmidt covariance

“Marginal”

In the above display, dCov?L and hCOV% are the two “joint” test statistics
to measure the overall dependence between X and Y, mdCov? and mhCov?
are the “marginal” test statistics, and these four test statistics are imple-
mented as permutation tests; Tgcoy from Székely and Rizzo (2013) is the
studentized version of dCov, our proposed t-tests Thcov, TmdCovs LmhCov are
the studentized versions of hCov, mdCov, mhCov respectively. All these four
tests are implemented using the ¢-distribution based critical value. We exam-
ine both the Gaussian kernel and Laplacian kernel for the Hilbert-Schmidt
covariance based tests.

imsart-aos ver. 2014/10/16 file: draftNov2019-rev3.tex date: November 27, 2019



24 C. ZHU, X. ZHANG, S. YAO AND X. SHAO

For the permutation-based tests, we randomly shuffle the samples { X1, .. .,
Xn}and get (X1, .., Xr(n)), where 7 is the permutation map from {1,...,n}
to {1,...,n}. Then we calculate the test statistic based on the permuted
sample {(Xr(1); - - s Xr(m))s (Y1, .., Yn)}. The p-value for permutation-based
test is defined as the proportion of times that the test statistic based on the
permuted samples is greater than the one based on the original sample. All
the numerical results from permutation-based tests are based on 200 per-
mutations and the empirical rejection rate of the tests are based on 5000
Monte Carlo repetitions.

We first examine the size of the afore-mentioned tests.

EXAMPLE 3.1. Generate i.i.d. samples from the following models for
1=1,...,n.

(i) Xi= (@i, 2ip)" ~ N(0,1,),Yi = (yir, -, 4ip) ~ N(0,T).
(ii) Let AR(1) denotes the Gaussian autoregressive model of order 1 with
parameter ¢,X; ~ AR(1),¢ = 0.5,Y; ~ AR(1),¢ = —0.5.
(Z"L"i) Let ¥ = (O’ij) € RP*P gnd O = O.7|i_j|, X, = ($i17 e ,LL’Z'p)T ~
N(Oa 2)7 Y; = (yila s ayip)T ~ N(07 E)

From Table 1, we can see that all the tests have quite accurate size.
Although the t-tests are derived under the high dimensional scenario, they
still have pretty accurate size even for relatively low dimension (e.g., p = 5).

As demonstrated in Theorem 2.1.1 and 2.1.2, the leading term in (7) and
(8) can only measure the linear dependence as p A ¢ — oo, therefore we
expect the “joint” test based on dCov?(X,Y) or hCov?(X,Y) may fail to
capture the non-linear dependence in high dimension. On the other hand,
we consider the “marginal” test where we take the sum of pairwise sample
distance/Hilbert-Schmidt covariances to measure the low dimensional de-
pendence for all the pairs as the test proposed in Sections 2.1.1 and 2.1.2.
The “marginal” test statistic measures the dependence marginally in a low-
dimensional fashion so that it can preserve the ability to capture component-
wise non-linear dependence. In the following two examples, we demonstrate
the superiority of “marginal” tests.

EXAMPLE 3.2. Generate i.i.d. samples from the following models for
t=1,...,n.
(i) Xi = (®i1,....2p)" ~ N(0,1,),Y; = (yir, ..., yip)", where y;j = a2

J
forj=1,...,p.
(?;i) Let X = ((Tij) S RP*P and 035 — O.7Ii7j|, Xi = (wﬂ,...,a}ip)T ~
N(0,%),Y; = (i1, .- -, Yip) L, where y;; = xfj forj=1,...,p.
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TABLE 1
Size comparison from Example 3.1

Gaussian Kernel Laplacian Kernel
nop @ dCov. mdCov  Tucov Twmdcov hCov mhCov Thcov Tmmhcov hCov mhCov  Thcov TmhCov
10 5 0.010 0.017 0.014 0.020 0.014 0.016 0.015 0.020 0.014 0.014 0.014 0.017  0.013

10 5 0.050 0.055 0.055 0.062 0.061 0.055 0.060 0.062 0.061 0.055  0.050 0.064 0.050
10 5 0.100 0.105 0.107 0.110 0.110  0.103 0.106 0.109 0.109  0.102  0.099 0.105 0.101
10 30 0.010 0.015 0.015 0.013 0.011 0.015 0.016 0.012 0.012  0.014 0.014 0.011 0.011
10 30 0.050 0.054  0.053 0.050 0.053  0.053 0.054 0.050 0.052  0.052  0.059 0.050 0.054
10 30 0.100 0.102 0.104 0.099 0.102  0.102 0.105 0.100 0.103  0.102  0.107 0.101 0.105
30 5 0.010 0.014 0.016 0.019 0.018  0.016 0.016 0.020 0.017  0.016  0.015 0.019 0.015
30 5 0.050 0.052 0.053 0.062 0.059  0.052 0.057 0.061 0.059  0.054  0.055 0.061 0.058
@) 30 5 0.100 0.105 0.104 0.105 0.107  0.103 0.107 0.106 0.106  0.105  0.104 0.109 0.104
30 30 0.010 0.014 0.014 0.011 0.012  0.014 0.017 0.010 0.013  0.014  0.017 0.011 0.013
30 30 0.050 0.051 0.053 0.052 0.051 0.051 0.056 0.052 0.053  0.051 0.058 0.051 0.052
30 30 0.100 0.097  0.105 0.096 0.103  0.097  0.105 0.095 0.101 0.099  0.104 0.100 0.102
60 5 0.010 0.013 0.015 0.018 0.016  0.014  0.013 0.019 0.016  0.014  0.015 0.017 0.015
60 5 0.050 0.052 0.055 0.061 0.057  0.054 0.061 0.060 0.064  0.053  0.057 0.058 0.058
5 0.100 0.103 0.104 0.109 0.104  0.107  0.108 0.110 0.110  0.102  0.101 0.103 0.102
60 30 0.010 0.019 0.017 0.016 0.012  0.019 0.015 0.015 0.013  0.020  0.016 0.015 0.014
60 30 0.050 0.060 0.063 0.057 0.058  0.060 0.058 0.057 0.058  0.061 0.058 0.058 0.055
60 30 0.100 0.113 0.112 0.110 0.107  0.113 0.109 0.111 0.105  0.110  0.111 0.107 0.107

10 5 0010 0.015 0.015 0.023 0.023  0.014  0.016 0.023 0.019  0.015  0.017 0.022 0.021
10 5  0.050 0.051 0.054 0.064 0.066  0.053  0.058 0.064 0.066  0.054  0.058 0.066  0.062
10 5 0.100 0.101 0.105 0.107  0.111  0.100  0.109 0.105 0.113  0.102  0.110 0.106  0.109
10 30 0.010 0.014 0.018 0.013 0.016  0.014  0.017 0.014 0.013  0.017  0.018 0.017  0.013
10 30 0.050 0.060  0.061 0.061 0.061  0.061 0.056 0.062 0.056  0.059  0.060 0.059  0.056
10 30 0.100 0.105  0.105 0.110 0.107  0.105  0.105 0.109 0.099 0.106  0.108 0.111 0.104
30 5 0.010 0.012  0.011 0.022 0.023  0.012  0.014 0.021 0.020  0.013  0.013 0.019  0.016
30 5 0.050 0.046  0.048 0.055 0.056  0.046  0.052 0.055 0.059  0.047  0.053 0.051 0.059
(ii) 30 5 0.100 0.094  0.096 0.094  0.096 0.096  0.100 0.097 0.100  0.093  0.107 0.097  0.104
30 30 0.010 0.016 0.016 0.017  0.015  0.017  0.015 0.017 0.011  0.017  0.015 0.017  0.012
30 30 0.050 0.061 0.058 0.060 0.059  0.061 0.055 0.060 0.054  0.058  0.052 0.060  0.051
30 30 0.100 0.109 0.105 0.110 0.107  0.111 0.101 0.110 0.098 0.111  0.102 0.113  0.097
5 0.010 0.015 0.013 0.026 0.022  0.016  0.014 0.024 0.020 0.013  0.015 0.020  0.018
60 5 0.050 0.055 @ 0.052 0.062 0.061  0.055  0.053 0.061 0.059  0.055  0.052 0.061 0.054
5 0.100 0.101 0.100 0.103 0.100  0.102  0.100 0.104 0.099  0.101  0.097 0.103  0.099
60 30 0.010 0.013 0.014 0.013 0.014  0.013  0.016 0.014 0.013  0.014  0.015 0.013  0.012
60 30 0.050 0.055  0.051 0.058 0.051  0.054  0.054 0.057  0.053  0.058  0.053 0.053  0.052
60 30 0.100 0.105 0.102 0.105 0.100  0.106  0.103 0.105 0.102  0.107  0.105 0.107  0.104

10 5 0.010 0.012 0.013 0.025 0.024  0.012 0.014 0.024 0.022  0.016 0.013 0.025 0.019
10 5 0.050 0.051 0.051 0.068 0.069  0.053 0.051 0.068 0.062  0.053  0.049 0.067 0.056
10 5 0.100 0.100  0.099 0.107 0.103  0.100 0.098 0.105 0.102  0.100  0.098 0.104 0.101
10 30 0.010 0.014  0.015 0.016 0.014  0.014 0.015 0.016 0.013  0.015  0.015 0.017 0.013
10 30 0.050 0.055 0.057 0.061 0.058  0.053 0.056 0.061 0.056  0.057  0.057 0.064 0.059
10 30 0.100 0.104  0.105 0.105 0.107  0.103 0.105 0.104 0.107  0.106  0.110 0.106 0.112
5 0.010 0.015 0.014 0.028 0.029  0.015 0.014 0.025 0.024  0.014  0.014 0.024 0.019
30 5 0.050 0.052 0.054 0.060 0.062  0.051 0.052 0.062 0.062  0.048  0.052 0.058 0.059
(iii) 5 0.100 0.103  0.103 0.098 0.099  0.101 0.101 0.101 0.098  0.099  0.099 0.097 0.098
30 30 0.010 0.017 0.015 0.019 0.017  0.016 0.015 0.019 0.015  0.013  0.016 0.018 0.012
30 30 0.050 0.054  0.055 0.058 0.058  0.055 0.055 0.059 0.057  0.056  0.057 0.063 0.056
30 30 0.100 0.102 0.105 0.105 0.103  0.101 0.099 0.103 0.102  0.104  0.107 0.105 0.105
60 5 0.010 0.012 0.012 0.029 0.027  0.014 0.012 0.028 0.024  0.016  0.011 0.023 0.021
60 5 0.050 0.052 0.052 0.063 0.064  0.050 0.048 0.063 0.059  0.050  0.052 0.059 0.061
60 5 0.100 0.100 0.101 0.098 0.095  0.098 0.099 0.097 0.099  0.099  0.098 0.100 0.094
60 30 0.010 0.017  0.015 0.020 0.019  0.016 0.017 0.020 0.017  0.016  0.015 0.019 0.014
60 30 0.050 0.052 0.053 0.058 0.060  0.055 0.057 0.061 0.059  0.057  0.056 0.062 0.059
60 30 0.100 0.103  0.106 0.107 0.103  0.102 0.106 0.107 0.105  0.103  0.102 0.106 0.101
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(i) X; = (:Eil,...,l'ip)T ~ N(0,1,),Y; = (yﬂ,...,yl-p)T, where y;; =
log |zi;| for j=1,...,p.

TABLE 2
Power comparison under Ha, from Ezample 3.2

Gaussian Kernel Laplacian Kernel
nop « dCov. mdCov  Tacov Tmdcov hCov. mhCov  Thcov Tmncov hCov mhCov  Thcov  TmhCov

10 5 0010 0113 0.285 0.144 0321 0.110  0.493 0.138 0.516  0.172  0.801 0.226  0.813
10 5 0.050 0.231 0.495 0.254 0.519 0236  0.724 0.256 0.736  0.356  0.927 0.398  0.938
10 5 0100 0.325 0.618 0.332 0.628  0.325  0.828 0.336 0.834 0495  0.968 0.506  0.969
10 30 0.010 0.032 0.286 0.028 0.267  0.032  0.543 0.030 0.513  0.044  0.848 0.041 0.838
10 30 0.050 0.101 0.526 0.098 0.523  0.098  0.769 0.099 0.763  0.124  0.945 0.128  0.947
10 30 0.100 0.158  0.669 0.162 0.666  0.160  0.858 0.160 0.858  0.203  0.978 0.205 0.977

30 5 0.010 0.440  0.997 0.499 0.999  0.518 1 0.583 1 0.924 1 0.956 1
30 5 0.050 0.651 1.000 0.679 1.000  0.741 1 0.768 1 0.987 1 0.988 1
@) 30 5 0.100 0.766 1.000 0.773 1 0.836 1 0.845 1 0.994 1 0.995 1
30 30 0.010 0.084 1.000 0.082 1.000  0.085 1 0.082 1 0.194 1 0.192 1
30 30 0.050 0.190 1 0.187 1 0.192 1 0.192 1 0.365 1 0.365 1
30 30 0.100 0.275 1 0.272 1 0.280 1 0.276 1 0.476 1 0.478 1
60 5 0.010 0.948 1 0.976 1 0.983 1 0.992 1 1 1 1 1
60 5 0.050 0.994 1 0.996 1 0.998 1 0.999 1 1 1 1 1
60 5 0.100 0.999 1 0.999 1 1.000 1 1.000 1 1 1 1 1
60 30 0.010 0.185 1 0.173 1 0.194 1 0.183 1 0.587 1 0.587 1
60 30 0.050 0.346 1 0.346 1 0.361 1 0.360 1 0.779 1 0.782 1
60 30 0.100 0.462 1 0.459 1 0.475 1 0.473 1 0.861 1 0.864 1
10 5 0.010 0.167  0.232 0.237 0.296  0.192 0.347 0.263 0.410 0.279  0.595 0.391 0.652
10 5 0.050 0.306 0.386 0.341 0.421 0.356 0.570 0.401 0.606  0.525  0.806 0.584 0.832
10 5 0.100 0.401 0.489 0.409 0.500  0.479 0.699 0.487 0.709  0.674  0.892 0.689 0.901
10 30 0.010 0.080  0.202 0.091 0.210  0.082 0.376 0.091 0.366  0.099  0.646 0.123 0.634
10 30 0.050 0.178  0.369 0.191 0.378  0.179 0.605 0.192 0.610  0.229  0.834 0.252 0.837
10 30 0.100 0.257  0.492 0.259 0.492  0.264 0.728 0.265 0.730  0.342  0.906 0.351 0.909
30 5 0.010 0.623  0.847 0.781 0.950  0.895 0.999 0.957 1 0.995 1 0.999 1
30 5 0.050 0.872 0.984 0.902 0.990  0.982 1 0.990 1 1.000 1 1 1
(ii) 30 5 0.100 0.940  0.996 0.945 0.995  0.994 1 0.994 1 1 1 1 1
30 30 0.010 0.251 0.929 0.277 0.944  0.307 1 0.336 1 0.629 1 0.686 1
30 30 0.050 0.419  0.982 0.434 0.985  0.499 1 0.517 1 0.830 1 0.849 1
30 30 0.100 0.532 0.995 0.532 0.995  0.613 1 0.622 1 0.905 1 0.909 1
60 5 0.010 0.999 1 1 1 1 1 1 1 1 1 1 1
60 5 0.050 1 1 1 1 1 1 1 1 1 1 1 1
60 5 0.100 1 1 1 1 1 1 1 1 1 1 1 1
60 30 0.010 0.643 1 0.684 1 0.790 1 0.833 1 0.996 1 0.999 1
60 30 0.050 0.824 1 0.836 1 0.918 1 0.930 1 1.000 1 1.000 1
60 30 0.100 0.894 1 0.896 1 0.955 1 0.958 1 1 1 1 1
10 5 0.010 0.043 0.233 0.060 0.257  0.042 0.434 0.053 0.447  0.076  0.768 0.098 0.785
10 5 0.050 0.121 0.466 0.141 0.490  0.119 0.68 0.137 0.698  0.191 0.924 0.214 0.927
10 5 0.100 0.201 0.616 0.212 0.624  0.203 0.808 0.210 0.810  0.291 0.963 0.298 0.964
10 30 0.010 0.017  0.260 0.013 0.242  0.017  0.482 0.012 0.445  0.021 0.830 0.017 0.811
10 30 0.050 0.062 0.488 0.062 0.487  0.063 0.729 0.062 0.727  0.071 0.941 0.070 0.940
10 30 0.100 0.120  0.632 0.116 0.630  0.118 0.837 0.115 0.836  0.131 0.972 0.130 0.975
30 5 0.010 0.146  0.999 0.191 1 0.153 1 0.187 1 0.464 1 0.529 1
30 5 0.050 0.346 1 0.375 1 0.347 1 0.380 1 0.723 1 0.747 1
(iii) 30 5 0.100 0.484 1 0.497 1 0.496 1 0.501 1 0.835 1 0.840 1
30 30 0.010 0.024 1.000 0.022 1.000  0.026 1 0.022 1 0.038 1 0.037 1
30 30 0.050 0.088 1 0.085 1 0.086 1 0.085 1 0.117 1 0.115 1
30 30 0.100 0.149 1 0.147 1 0.148 1 0.144 1 0.195 1 0.193 1
60 5 0.010 0.547 1 0.630 1 0.566 1 0.642 1 0.978 1 0.988 1
60 5 0.050 0.802 1 0.835 1 0.808 1 0.836 1 0.997 1 0.998 1
60 5 0.100 0.907 1 0.911 1 0.905 1 0.913 1 0.999 1 0.999 1
60 30 0.010 0.038 1 0.030 1 0.038 1 0.029 1 0.089 1 0.080 1
60 30 0.050 0.122 1 0.117 1 0.119 1 0.119 1 0.217 1 0.214 1
60 30 0.100 0.198 1 0.196 1 0.199 1 0.197 1 0.326 1 0.325 1

ExaMPLE 3.3. Generate i.i.d. samples from the following models for
1=1,...,n.
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(i) Leto denotes the Hadamard product, X; = (xi1, . .., Tip)T s U(-1,1),
Y = X;0X;. .
(ii) X; = (wi1, .. 2ip)T " U(0,1),Y; = 4X; 0 X; 0 X; — 3.6X; +0.8.

(iii) Zi = (Zi1y -, 2ip) L <o U(0,2m), X; =sin(Z;),Y; = cos(Z;).

(2

Notice that in the above two examples, cov?(z;, y;) = 0 but dCov?(z;,y;)
# 0 for all (i, 7)s, that is, (X,Y) € Hy,. From Table 2, we can observe that
for Example 3.2, the “joint” tests suffer substantial power loss as dimension
increases for fixed sample size. The power loss is less severe in case (ii) than
the ones in cases (i) and (iii), due to the dependence between the compo-
nents. On the other hand, the powers corresponding to the marginal test
statistics consistently outperform their joint counterparts with very little to
none power reduction as the dimension increases. Similar phenomenon can
be observed for Example 3.3; see Table 3. In addition, for all the cases in
both Example 3.2 and Example 3.3, the power loss corresponding to Lapla-
cian kernel is consistently less than that for Gaussian kernel. In general, we
observe that the tests based on distance covariance, Hilbert-Schmidt covari-
ance with Gaussian kernel, and Hilbert-Schmidt covariance with Laplacian
kernel, are all admissible, as none of them dominate the others in all situa-
tions. In the following example, we examine the afore-mentioned tests on a
real data set.

ExXAMPLE 3.4.  We consider the Farthquake data set, which is originally
from the Northern California Earthquake Data Center and has classes of
positive and negative major earthquake events. There are 368 negative and 93
positive cases and each data point is of length 512. This data set can be down-
loaded from UCR Time Series Classification Archive [Dau et al. (2018)].
Here we only consider the negative cases. Let Z; = (zi1,2i2, - ,zi,512)T
denote the record of a negative event, then set X; = (2 150—p+1,- - - ,zi7150)T
and Y; = (zis1,- ,zi7150+p)T, 1 =1,---,368. We apply all tests to test
the independence between X; and Y;, which are expected to be dependent due
to the serial nature of Z;. For each p = 5,30 and n = 10, 30,60, we ran-
domly sample n rows from the full dataset (Xi,Y;;)gﬁ% without replacement
and apply the afore-mentioned tests based on the subsample. Next, the above
procedure is repeated 5000 times to calculate the power.

The results are presented in Table 4. It can be seen that the powers of
the marginal tests increase as the dimension grows, whereas the powers of
all joint tests experience a decay as p grows and are nearly trivial when
p = 30. This finding is consistent for all tests including hCov-based ones
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TABLE 3
Power comparison under Ha, from Ezample 3.3

Gaussian Kernel Laplacian Kernel
n_p a  dCov. mdCov  Tacoy Tmdcov hCov mhCov  Ticov Tmncov hCov. mhCov  Thcov  Tmncov

5 0.010 0.044 0.196 0.055 0.218  0.042  0.348 0.052 0.367  0.074  0.672 0.098  0.685
10 5 0.050 0.120  0.390 0.136 0.416  0.114  0.582 0.129 0.604  0.183  0.859 0.209  0.870
5 0.100 0.201 0.542 0.209 0.546  0.191 0.722 0.197  0.731  0.292  0.927 0.304  0.931
10 30 0.010 0.018 0.212 0.014 0.194  0.017  0.387 0.014 0.362  0.022  0.722 0.017  0.706
10 30 0.050 0.066  0.434 0.064  0.428 0.066  0.627 0.064 0.625  0.075  0.892 0.077  0.891
10 30 0.100 0.123  0.571 0.121 0.568  0.123  0.749 0.119 0.750  0.135  0.944 0.132 0.946

30 5 0.010 0.158 0.988 0.197  0.996  0.136 1 0.163 1 0.486 1 0.555 1
30 5 0.050 0.341 1.000 0.369 1 0.303 1 0.328 1 0.725 1 0.756 1
o) 30 5 0.100 0.483 1 0.488 1 0.433 1 0.444 1 0.838 1 0.846 1
30 30 0.010 0.026 0.996 0.023 0.996  0.027  1.000 0.022 1.000  0.043 1 0.038 1
30 30 0.050 0.089  1.000 0.084  0.999  0.088 1 0.083 1 0.123 1 0.125 1
30 30 0.100 0.153  1.000 0.152 1.000  0.151 1 0.152 1 0.209 1 0.204 1
60 5 0.010 0.559 1 0.637 1 0.461 1 0.539 1 0.989 1 0.996 1
60 5 0.050 0.816 1 0.847 1 0.738 1 0.774 1 1.000 1 1 1
60 5 0.100 0.916 1 0.925 1 0.861 1 0.870 1 1 1 1 1
60 30 0.010 0.037 1 0.032 1 0.036 1 0.031 1 0.091 1 0.085 1
60 30 0.050 0.125 1 0.119 1 0.122 1 0.115 1 0.231 1 0.228 1
60 30 0.100 0.208 1 0.207 1 0.204 1 0.202 1 0.350 1 0.346 1
10 5 0.010 0.044 0.217  0.059 0.242  0.040  0.393 0.055 0.413  0.077  0.713 0.106  0.732
10 5 0.050 0.124  0.432 0.141 0.453  0.117  0.637 0.131 0.655  0.202  0.886 0.224  0.895
10 5 0.100 0.210 0.577 0.213 0.583  0.196  0.771 0.204 0.775  0.304  0.942 0.318  0.942
10 30 0.010 0.020 0.247  0.013 0.224  0.019  0.439 0.013 0.409  0.022  0.774 0.018  0.763
10 30 0.050 0.064 0.474 0.064 0.474  0.063  0.677 0.063 0.676  0.075  0.913 0.076  0.913
10 30 0.100 0.126  0.606 0.125 0.604 0.126  0.795 0.126 0.790  0.141  0.956 0.138  0.955
30 5 0.010 0.178  0.995 0.221 0.999  0.148 1 0.186 1 0.544 1 0.608 1
30 5 0.050 0.376 1 0.409 1 0.333 1 0.358 1 0.775 1 0.797 1
(ii) 30 5 0.100 0.518 1 0.526 1 0.468 1 0.478 1 0.871 1 0.880 1
30 30 0.010 0.027  0.998 0.023 0.998  0.026 1.000 0.022 1 0.043 1 0.038 1
30 30 0.050 0.088  1.000 0.087 1.000  0.088 1 0.086 1 0.128 1 0.128 1
30 30 0.100 0.155 1.000 0.152 1.000  0.154 1 0.152 1 0.218 1 0.213 1
60 5 0.010 0.632 1 0.709 1 0.526 1 0.609 1 0.995 1 0.999 1
60 5 0.050 0.870 1 0.895 1 0.792 1 0.826 1 1 1 1 1
60 5 0.100 0.946 1 0.952 1 0.904 1 0.911 1 1 1 1 1
60 30 0.010 0.044 1 0.037 1 0.043 1 0.036 1 0.105 1 0.096 1
60 30 0.050 0.126 1 0.125 1 0.123 1 0.121 1 0.251 1 0.244 1
60 30 0.100 0.213 1 0.211 1 0.211 1 0.206 1 0.368 1 0.366 1
10 5 0.010 0.019 0.024 0.023 0.028  0.017  0.033 0.022 0.040  0.023  0.090 0.029  0.095
10 5 0.050 0.058  0.079 0.068 0.089  0.057  0.111 0.067  0.115  0.068  0.232 0.081 0.242
10 5 0.100 0.113  0.148 0.117  0.151  0.114  0.194 0.118 0.196  0.124  0.351 0.129  0.355
10 30 0.010 0.016 0.026 0.012 0.020  0.016  0.037 0.012 0.030  0.017  0.089 0.013  0.076
10 30 0.050 0.059  0.086 0.057  0.083  0.060  0.112 0.058 0.105  0.061  0.233 0.060  0.225
10 30 0.100 0.111 0.156 0.108 0.153  0.112  0.199 0.108 0.193  0.112  0.357 0.109  0.346
30 5 0.010 0.019 0.051 0.021 0.068  0.017  0.141 0.021 0.170  0.026  0.673 0.032 0.724
30 5 0.050 0.061 0.166 0.070 0.188  0.058  0.339 0.066 0.360  0.083  0.889 0.091 0.903
(iii) 30 5 0.100 0.117  0.283 0.117  0.288  0.117  0.488 0.116 0.497  0.153  0.953 0.153  0.955
30 30 0.010 0.017  0.074 0.012 0.065  0.017  0.182 0.012 0.165  0.017  0.754 0.012 0.742
30 30 0.050 0.061 0.202 0.058 0.198  0.061 0.378 0.059 0.373  0.063  0.913 0.061 0.913
30 30 0.100 0.112  0.309 0.110 0.307  0.113  0.518 0.110 0.517  0.117  0.960 0.114  0.959
60 5 0.010 0.019 0.174 0.024  0.219  0.017  0.580 0.022 0.666  0.034 1.000 0.041
60 5 0.050 0.066  0.421 0.073 0.458  0.061 0.853 0.069 0.883  0.108 1 0.119 1
60 5 0.100 0.123  0.600 0.128 0.612  0.119  0.941 0.122 0.949  0.179 1 0.183 1
60 30 0.010 0.013 0.251 0.009 0.233  0.013  0.680 0.010 0.665  0.014 1.000 0.010 1
60 30 0.050 0.053  0.485 0.051 0.484  0.052  0.869 0.050 0.871  0.056 1 0.055 1
60 30 0.100 0.105 0.620 0.101 0.619  0.106  0.930 0.101 0.929  0.107 1 0.106 1
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with Gaussian and Laplacian kernels. In addition, we also note that the
marginal tests with Gaussian or Laplacian kernel have consistently higher
power as compared to the Euclidean distance based tests.

TABLE 4
Power Comparison on Earthquake data

Gaussian Kernel Laplacian Kernel
n » @ dCov mdCov  Tucoy TmdCov hCov.  mhCov  Thcov Timhcov hCov mhCov  Thcov Tincov
10 5 0.010 0.021 0.054 0.041 0.079 0.021 0.851 0.038 0.883 0.035 0.937 0.060 0.952
10 5 0.050  0.070 0.144 0.085 0.160 0.065 0.927 0.080 0.937 0.091 0.975 0.112 0.979
10 5 0.100 0.120 0.235 0.126 0.230 0.114 0.956 0.117 0.959 0.155 0.985 0.160 0.985
10 30 0.010 0.012 0.218 0.013 0.226 0.012 1.000 0.012 1.000 0.013 1 0.016 1
10 30  0.050  0.046 0.412 0.047 0.421 0.046 1.000 0.046 1.000 0.050 1 0.054 1
10 30 0.100 0.095 0.537 0.093 0.541 0.096 1 0.095 1 0.094 1 0.091 1
30 5 0.010  0.034 0.155 0.055 0.196 0.026 1 0.042 1 0.078 1 0.124 1
30 5 0.050 0.106 0.333 0.128 0.356 0.082 1 0.096 1 0.188 1 0.210 1
30 5 0.100 0.177 0.460 0.183 0.461 0.139 1 0.146 1 0.278 1 0.273 1
30 30  0.010  0.009 0.936 0.009 0.941 0.009 1 0.009 1 0.011 1 0.012 1
30 30 0.050 0.040 0.977 0.041 0.976 0.043 1 0.043 1 0.040 1 0.041 1
30 30  0.100  0.081 0.988 0.080 0.988 0.086 1 0.085 1 0.085 1 0.082 1
60 5 0.010 0.060 0.473 0.086 0.549 0.034 1 0.050 1 0.171 1 0.245 1
60 5 0.050 0.147 0.722 0.171 0.749 0.096 1 0.107 1 0.341 1 0.370 1
60 5 0.100  0.240 0.835 0.244 0.838 0.162 1 0.167 1 0.457 1 0.458 1
60 30 0.010 0.006 1 0.006 1 0.006 1 0.006 1 0.008 1 0.008 1
60 30  0.050  0.030 1 0.031 1 0.032 1 0.031 1 0.033 1 0.034 1
60 30 0.100 0.066 1 0.065 1 0.068 1 0.070 1 0.067 1 0.066 1

4. Conclusion. In this article, we investigate the behavior of the dis-
tance covariance and Hilbert-Schmidt covariance in the high dimensional
setting. We discover that the standard distance covariance and Hilbert-
Schmidt covariance, which are well-known to capture nonlinear dependence
in low/fixed dimensional context, can only capture linear componentwise
cross-dependence (to the first order) in the high-dimensional environment.
We believe that this is a new finding that may have significant implications
to the design of tests for independence for high dimensional data. On one
hand, we reveal the limitation of distance covariance and variants in the high
dimensional context, and suggest to use marginally aggregated (sample) dis-
tance covariance as a way out, where the latter targets the low dimensional
nonlinear dependence. On the other hand, we speculate whether it is pos-
sible to capture all kinds of dependence between high dimensional vectors
X and Y, in a limited sample size framework. If the sample size is fixed,
we would conjecture that an omnibus test does not exist; If the sample
size can grow faster than the dimension, it seems possible but unclear to
us how to develop an omnibus test in an asymptotic sense. We hope the
results presented in this paper shed some light on the challenges in the high
dimensional dependence testing and will motivate more work in this area.
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SUPPLEMENTARY MATERIAL

Supplement to: “Distance-based and RKHS-based Dependence
Metrics in High Dimension”
(). This supplement contains (1) some theoretical results derived under the
high dimension and medium sample size setting, where the sample size is
also allowed to grow as the dimension grows, albeit at a slower rate; (2)
additional simulation examples, and comparisons with five nonparametric
dependence tests that are not covered by our kernel class; (3) proof details
for all theory presented in the paper.
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By CuanGgBo ZHUYT Xianvanc Zuanc! SHUN Yao** AND XIAOFENG
SHaOT

University of Illinois at Urbana-Champaign’, Tezas AGM Universityll and
Goldman Sachs™
The supplement is organized as follows. In Section A, we present some
corresponding theory under the framework where both sample size and the
dimension grow. Section B contains two additional examples and some nu-
merical comparisons with five recent nonparametric tests. All the technical
details are gathered in Section C.

APPENDIX A: HIGH DIMENSION MEDIUM SAMPLE SIZE

Another type of asymptotics closely related to HDLSS is the high dimen-
sion medium sample size (HDMSS) setting [Aoshima et al. (2018)], where
pAq— oo and n — 0o at a slower rate comparing to p,q. The HDMSS set-
ting has been studied by Fan and Lv (2008) and Yata and Aoshima (2010),
among others.

From the previous sections, we know that the distance/Hilbert-Schmidt
covariance can only detect linear dependencies between pair-wise compo-
nents when p A ¢ — oo and n is fixed. In this section, we show that this
surprising phenomenon still holds under the high dimension medium sample
size setting. Consequently, a unified approach is used to show that Tk con-
verges in distribution to standard norml under the null hypothesis, but the
technical details of handling the leading term and controlling the remainder
are totally different from the fixed n case.

A.1. Distance Covariance and Variants. We first state the follow-
ing assumption which can be seen as an extension of Assumption D2.

AssUMPTION D4. Denote E[Lx(X,X")?] = o, E[Ly(Y,Y")] = B2,
E[Lx(X,X")] = 42 and E[Ly (Y,Y')"] = X2, where oy, Bq,vp, Aq are se-
quences of numbers such that asn Ap A q — oo

nay = 0(1); an = 0(1)7
7)2((0419719 + ’Yg) = o(1), T%/(Bq)‘q + /\2) = 0o(1), T(apAq + VpBg + 1pAg) = o(1).
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REMARK A.1.1.  For the m-dependence structure, i.e., x; L xj if |[i—j| >
m and yy Ly if [i' — j'| > m/, where sup; E(z%) < 0o and sup,; E(y}) < oo

we can show that o, = O(\/m/p), By = O(\/m'/q), vp = O(m/p) and
Ay = O(m'/q). Thus, Assumption D} holds under the m-dependence model

if n and m,m’ satisfies

m* = o(p),

The following theorem shows that the decomposition property (7) for
distance covariance still holds under high dimension medium sample size
setting.

THEOREM A.1.1. Under Assumption D1, we can show that
(1)
1 P g
d - X’Lu
9) Cov3( - g z:: cov? Y;) +

Here cov? is defined the same as in Theorem 2.1.1 and R, is the
remainder term.
(ii) Further suppose Assumption D4 holds. Then we have

1 P aq
— DD covy (X,1) = Oplrayfy),

i=1 j=1
R = Op(TapAq + TpBg + TpAg) = 0p(1).

Similarly, as shown in the following, hCov also has the decomposition
property under HDMSS.

THEOREM A.1.2. Under Assumption D1, we have
(1)

(10) 7 x hCovZ(X,Y)

o [T 1 T Ty 1
-0 (2] (22) LSS e ) +

=1 j=1

where cov? is defined the same as in Theorem 2.1.1 and R, is the
remainder term.
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(ii) Further suppose Assumption D4 holds. Then
) <TX> o (TY> XY g,
X 7Y/ IXTY

1 P g
— 2D covy (X, 1)) = OplrayBy),

i=1 j=1
Ry = Op(TapAg + TpBg + T1pAg) = 0p(1).

From Equations (9) and (10), we can see that under the HDMSS setting,
it is still true that distance/Hilbert-Schmidt covariance can only detect the
linear dependence between the components of X and Y.

A.2. Studentized Test Statistics. Similar to Section 2.2, we provide
a unified approach to analyze the studentized dCov,hCov, mdCov. Since
now the sample size is growing, the element-wise argument used to prove
the results in Section 2.2 will no longer work. Inspired by Zhang et al. (2018)
and Yao, Zhang and Shao (2018), we derive the asymptotic distribution by
constructing a martingale sequence and using martingale CLT.

A.2.1. Unified Approach. For notational convenience, we first define the
following metrics,

U(X,, X)) = } S ki), V(Y Vi) = \}q S (i),
=1 =1

where kg (i) and [ (i) are defined in Section 2.2.1. To show that the stu-
dentized test statistic converges to standard normal, we essentially use the

martingale CLT [Hall and Heyde (2014)] and the following assumptions are
used to guarantee the conditions in martingale CLT.

i

ASSUMPTION D5.

E [U(X, X")?]
Vn(E[U(X, X")?])?
E[UX, X"YUX', X"UX", X"\U(X", X)]

(E[U(X, X")2])?

(11)

— 0,

(12) — 0,
and similar assumptions hold for Y .

REMARK A.2.1. When k(z,y) = l(x,y) = |z — y|, Assumption D5 has
been studied in Propositions 2.1 and 2.2 of Zhang et al. (2018).
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REMARK A.2.2. When k(z,y) = l(z,y) = |z — y|?, Equations (11) and
(12) can be simplified to

> B (i - Elzi])(xj — Elz;]) (2, — Elz,]) (2w — E[zw])]

©,4,r,w=1 0
VAT (5) ’
Tr(X}
L)g) — 0, where ¥x = cov(X, X).
Tr3(X%)
Notice that Tr(¥%) = Y0, ?:1 cov?(z;, ). Consider the m-dependence

model in Remark A.1.1. Assuming sup; E(z}) < oo, we have Tr(X%) =
O(m3p) and

Z E? [(zi — E[2:])(z; — E[2]) (2 — E[2;]) (20 — E[2w])] = O(m2p2).

i7j7T7w:1

Consequently, it can be seen that the m-dependence model in Remark A.1.1
also satisfies Equations (11) and (12) by controlling the orders of n,m,m’.

Then, we can show that the normalized uCov?(X,Y) converges to stan-
dard normal distribution under the high dimension medium sample size
regime.

THEOREM A.2.1. LetnApAq— oo. Under Hy and Assumption D5, we
have

2(X,Y
(Z) ucov’g() 4 N(0,1), where S? = E[U(X, X')2E[V(Y,Y")2].
Consequently, we have the following result.

ProOPOSITION A.2.1. LetnApAq— oco. Under Hy and Assumption D5,
we have

T, % N(0,1).

A.2.2. Studentized Tests. The following result shows that asn ApAgq —
00, scaled dCov, hCov and mdCov are all equal to uCov up to an asymptot-
ically constant factor.

ProPOSITION A.2.2.  Under Assumption D1,
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1 /b4
dCov2(X,Y) = ZﬂuCovi(X,Y) YR
T

7 x hCov2(X,Y) = 4ﬂfﬂ> <TX> g <TY> uCov2(X,Y) + R/,
YXVY X Y

where R, , R are the remainder terms. Further suppose Assumption

Dj holds. Then

uCoviy(X,Y) = Oy(rapfy),
R, = Op(TapAq + T9pBg + TpAg) = 0p(1),
Ry, = Op(TapAq + T8y + TpAg) = 0p(1).

(ZZ) When k(mvy) = l(.%',y) - ‘.%' - y‘y

mdCovZ(X,Y) = @\/@ uCov?(X,Y).

Finally, by adopting a unified approach, we have the following Corollary.

COROLLARY A.2.1. LetnApAq— oco. Under Hy and Assumption D,
we have

(1)
d
deCov — N(O, 1).

(ii) Further suppose Assumption D4 and

n
VAT (SR ITr(2})

Then, for each R € {dCov,hCov}, we have

(13)

T(apAg + YpBg + WpAg) = 0(1).

Tr % N(0,1).
REMARK A.2.3. The m-dependence model in Remark A.1.1 can also

satisfies Equation (13) by controlling the orders of n,m,m’ based on the
magnitude of Tr(E%)/p and Tr(X2,)/q.
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APPENDIX B: ADDITIONAL SIMULATION EXAMPLES AND
COMPARISONS

The asymptotic validity of our ¢-tests depend on the weak dependence as-
sumption among the components of X and Y. In the following, we conduct
some sensitivity analysis and examine a few cases where the weak depen-
dence assumption is violated.

ExXAMPLE B.1. Generate i.i.d. samples from the following models for
1=1,....n.

(i) Let ARFIMA(¢,d,0) denotes the autoregressive fractionally integrated
moving average (ARFIMA) model with autoregressive order 1 param-
eter ¢, moving average parameter 0 and fractional differencing pa-
rameter d, X; = (zi1,-- ,ip). ~ ARFIMA(0.5,d,0) and Y; =
(Yi1, - Yip). ~ ARFIMA(0.5,d,0).

(ii) We consider the compound symmetric covariance structure, i.e., let

Ip/a) ® Zd 0 )

d
3qg=(0.5+0.50_s) . and X =
a= { J})wzl ( 0 L, p/dxd

where @ is the Kronecker product. Then, X; = (i1, ..., zip)T ~ N (0,X)
and Yi = (Yi1, -, Yip) T ~ N (0,%).
(ZZZ) Let Xl = (l‘ﬂ, ...,CL'Z'p)T ~ N(O, 2) and }/z = (yﬂ, ...,yip)T ~ N (0, E),
where
S = (05+050y_y)! _, and S = ( Eod Ipo_d > .

In Example B.1 (i), as d increases from 0 to 0.45, the dependence among
components become stronger. The weak dependence assumptions, i.e. As-
sumptions D2 and D3, are not expected to hold, thus the limiting null distri-
bution of our test statistics may not be t-distribution. The results in Table 5
show there is a mild size distortion and the approximation by t-distribution
might still work in this case. For Example B.1 (ii) and (iii), the larger d is,
the more dependence there are in the components. For relatively large d,
i.e., d = 30 in Example B.1 (ii) & (iii), some of the t-tests have size over
0.07, showing the impact of strong componentwise dependence. In general,
the magnitude of distortion is moderate under all examples in B.1.

Notice that under the high dimensional case, the “joint” tests can be seen
as the aggregation of component-wise sample squared covariances. On the
other hand, the “marginal” tests are the accumulation of component-wise
sample distance/Hilbert-Schmidt covariances. When (X,Y") are generated
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TABLE 5
Size comparison from FExample B.1

Gaussian Kernel Laplacian Kernel
d n  dCov. mdCov Tycov Tmdcov hCov mhCov  Thcov Tmhcov hCov mhCov  Thcov TmhCov

0 10 0.057  0.059 0.059 0.058  0.058  0.053 0.059 0.051 0.056  0.055 0.058 0.051
0.050 10 0.057  0.058 0.058 0.059  0.056  0.053 0.059 0.054  0.055  0.054 0.057  0.051
0.100 10 0.055  0.058 0.058 0.060  0.056  0.053 0.058 0.055  0.055  0.052 0.057  0.049
0.150 10 0.056  0.057 0.058 0.059  0.055  0.054 0.057 0.051  0.053  0.051 0.056 0.050
0.200 10 0.054  0.055 0.058 0.062  0.055  0.052 0.057 0.055  0.053  0.052 0.057  0.054
0.250 10 0.053  0.055 0.059 0.059  0.053  0.052 0.057 0.054  0.054  0.053 0.059 0.058
0.350 10 0.054  0.055 0.063 0.061  0.053  0.056 0.063 0.057  0.053  0.058 0.062 0.061

(i) 0.450 10 0.058  0.054 0.066 0.060  0.056  0.053 0.066 0.059  0.056  0.052 0.061 0.058

0 30 0.055  0.052 0.058 0.052  0.055  0.053 0.059 0.054  0.058  0.049 0.061 0.049
0.050 30 0.054  0.051 0.059 0.051 0.054  0.052 0.058 0.052  0.058  0.052 0.059 0.049
0.100 30 0.053  0.049 0.060 0.052  0.055  0.052 0.059 0.051  0.056  0.049 0.059 0.047
0.150 30 0.055  0.049 0.059 0.055  0.055  0.050 0.059 0.054  0.055  0.048 0.059 0.049
0.200 30 0.055  0.050 0.058 0.057  0.055  0.048 0.058 0.054  0.054  0.051 0.058 0.048
0.250 30 0.054  0.051 0.060 0.059  0.053  0.052 0.058 0.054  0.054  0.056 0.059 0.057
0.350 30 0.052  0.052 0.057  0.058  0.053  0.051 0.059 0.056  0.054  0.057  0.062 0.058
0.450 30 0.053  0.052 0.062 0.061  0.052  0.055 0.061 0.059  0.054  0.057  0.060  0.059

2 10 0.056  0.056 0.054 0.056  0.055  0.058 0.053 0.056  0.057  0.056 0.053 0.051
3 10 0.055  0.056 0.056 0.054  0.055  0.052 0.057 0.051  0.056  0.055 0.056 0.054
5 10 0.060  0.058 0.063 0.059  0.060  0.052 0.064 0.052  0.059  0.054 0.062 0.051
6 10 0.058  0.052 0.062 0.057  0.055  0.059 0.061 0.059  0.056  0.059 0.062 0.058
10 10 0.055  0.055 0.064 0.064  0.057  0.059 0.065 0.061  0.058  0.060 0.064  0.060
15 10 0.054  0.051 0.065 0.062  0.054  0.050 0.065 0.059  0.055  0.050 0.065 0.057
(i) 30 10 0.056  0.053 0.075 0.072  0.056  0.054 0.074 0.069  0.053  0.055 0.073 0.068
2 30 0.056  0.054 0.055 0.054  0.056  0.059 0.055 0.057  0.056  0.057  0.055 0.055

3 30 0.056  0.057 0.057  0.058  0.056  0.053 0.057 0.053  0.056  0.055 0.059 0.052
5 30 0.055  0.056 0.059 0.055  0.057  0.054 0.059 0.055  0.059  0.050 0.061 0.050
6 30 0.051 0.053 0.056 0.054  0.052  0.051 0.055 0.051  0.053  0.051 0.056 0.051
10 30 0.057  0.052 0.066 0.060  0.057  0.051 0.065 0.060  0.056  0.053 0.064 0.054
15 30 0.050  0.051 0.064 0.064  0.050  0.051 0.063 0.059  0.054  0.050 0.064 0.059

30 30 0.053 0.054 0.067 0.069  0.054  0.053 0.068 0.065 0.052  0.052 0.065 0.062

2 10 0.057  0.056 0.056 0.055  0.057  0.058 0.055 0.056  0.055  0.055 0.055 0.051
6 10 0.058  0.055 0.057  0.054  0.057  0.054 0.057 0.052  0.057  0.052 0.058 0.049
10 10 0.057  0.060 0.062 0.061  0.057  0.058 0.062 0.059  0.057  0.057  0.061 0.059
14 10 0.060  0.056 0.063 0.061  0.060  0.058 0.062 0.061 0.056  0.059 0.062 0.056
18 10 0.055  0.053 0.067  0.064  0.056  0.053 0.067 0.060  0.059  0.052 0.068 0.057
24 10 0.051 0.052 0.067  0.065  0.051  0.053 0.065 0.063  0.054  0.053 0.068 0.062
(iii) 30 10 0.056  0.053 0.075 0.072  0.056  0.054 0.074 0.069  0.053  0.055 0.073 0.068
2 30 0.049  0.054 0.048 0.052  0.050  0.056 0.048 0.053  0.050  0.056 0.049 0.053
6 30 0.049  0.050 0.048 0.050  0.048  0.055 0.047 0.055  0.048  0.057  0.049 0.055
10 30 0.050  0.053 0.052 0.057  0.049  0.052 0.051 0.054  0.047  0.053 0.050  0.051
14 30 0.052  0.054 0.058 0.059  0.049  0.050 0.056 0.059  0.049  0.053 0.056 0.054
18 30 0.053  0.055 0.062 0.061  0.054  0.053 0.062 0.058  0.054  0.051 0.059 0.054
24 30 0.044  0.046 0.055 0.060  0.046  0.048 0.055 0.060  0.046  0.047  0.056 0.055
30 30 0.053  0.054 0.067  0.069  0.054  0.053 0.068 0.065  0.052  0.052 0.065 0.062
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from the model in Proposition 2.2.5, it is expected that there is power loss
for mdCov and mhCov based permutation test comparing to dCov and hCov
based permutation tests and similar phenomenon is expected for mdCov
and mhCov based t-tests comparing to dCov and hCov based t-tests. The
following example demonstrates this phenomenon.

ExXAMPLE B.2. Generate i.i.d. samples from the following models for
t=1,...,n.

(i) Let p= 0.5,

- (Zih o 7Zip) ~ N(OaIp)u

= T41,° 7xip) ~ N(Ov:[p)7
_ pXix(1-p)Z

(1) Let p=0.7 and (X;,Y;, Z;) be defined in the same way as in (i).
(i1i) Let p = 0.5 and @ denote the Kronecker product. Define

Z;
X;
Y;

Zi == (Zi17 o 7Zip) ~ N(O7Ip)7
Xi = (wi1, -+ ,@ip) ~ N(0,1,),
Y, = pEX+(1—p)Z;

where X =1® A and A is an orthogonal matriz defined as

1 1 1 3

0 \/; 5 i V1o

1 11t 2

6 4 5 4 15

_ 2 1 2
A=| -2 0 1

0 i
1 \ﬁ \ﬁ
5 1 15
A /8

1 10

From Table 6, we can see that there is indeed a power loss for the
“marginal” tests compared to the “joint” tests, but the loss of power appears
fairly moderate, which is consistent with our theory. For Example B.2, it can
also be observed that the power decrease for the Hilbert-Schmidt covariance
based tests is a bit more than the power decrease of distance covariance
based tests. Moreover, the power drop is slightly smaller for Gaussian kernel
comparing with Laplacian kernel.

We also compare the marginal distance/Hilbert-Schmidt covariance based

statistics with five recently proposed nonparametric tests, namely Heller-
Heller-Gorfine test (HHG) [Heller, Heller and Gorfine (2012)], Projection

o=

o
|

ﬁ PN

P
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TABLE 6
Power comparison from Example B.2

Gaussian Kernel Laplacian Kernel
n o p et dCov. mdCov  Tycov  Tmdcov hCov.  mhCov  Thcov Twncoy hCov  mhCov  Thcov  Tmhcov

10 5 0.010 0.635 0.560 0.691 0.597  0.629  0.371 0.685 0.392  0.516  0.237 0.585 0.246
10 5 0.050 0.833 0.774 0.855 0.792  0.825  0.598 0.849 0.610  0.741  0.450 0.772 0.458
10 5 0.100 0.910 0.861 0.914  0.867 0.906  0.717 0.912 0.721  0.839  0.581 0.851 0.586
10 30 0.010 0.795  0.654 0.788 0.634  0.796  0.410 0.787 0.379  0.769  0.247 0.762 0.219
10 30 0.050 0.936  0.849 0.937  0.851  0.935  0.648 0.937  0.644  0.921  0.468 0.924  0.460
10 30 0.100 0.970  0.914 0.970 0916 0970  0.767 0.970 0.768  0.963  0.604 0.964  0.603

30 5 0.010 1 1 1 1 1 0.999 1 0.998 1 0.980 1 0.982
30 5 0.050 1 1 1 1 1.000 1 1.000 1 0.996 1 0.996
@) 30 5 0.100 1 1 1 1 1.000 1 1.000 1 0.998 1 0.998
30 30 0.010 1 1 1 1 1 1 1 1 0.996 1 0.996
30 30 0.050 1 1 1 1 1 1 1 1 0.999 1 0.999
30 30 0.100 1 1 1 1 1 1 1 1 1.000 1 1.000
60 5 0.010 1 1 1 1 1 1 1 1 1 1 1
60 5 0.050 1 1 1 1 1 1 1 1 1 1 1
60 5 0.100 1 1 1 1 1 1 1 1 1 1 1
60 30 0.010 1 1 1 1 1 1 1 1 1 1 1
60 30 0.050 1 1 1 1 1 1 1 1 1 1 1
60 30 0.100 1 1 1 1 1 1 1 1 1 1 1

10 5 0.010 1.000 0.999 1.000 1.000  0.986 1.000 0989  0.997  0.935 0.999  0.942

Sl e e e e =R =F -3 L CC
S
—

0.
10 5  0.050 1.000 1.000 1.000 1. 1.000 0.997 1.000 0.997  0.999  0.983 1.000 0.983
10 5 0.100 1.000 1.000 1.000 1.000 1.000 0.999 1.000 0.999 1.000  0.992 1.000 0.993
10 30 0.010 1 1 1 1 0.998 1 0.998 1 0.973 1 0.970
10 30 0.050 1 1 1 1 1.000 1 1.000 1 0.995 1 0.995
10 30 0.100 1 1 1 1 1.000 1 1.000 1 0.997 1 0.997
30 5 0.010 1 1 1 1 1 1 1 1 1 1 1
30 5 0.050 1 1 1 1 1 1 1 1 1 1 1
(ii) 30 5 0.100 1 1 1 1 1 1 1 1 1 1 1
30 30 0.010 1 1 1 1 1 1 1 1 1 1 1
30 30 0.050 1 1 1 1 1 1 1 1 1 1 1
30 30 0.100 1 1 1 1 1 1 1 1 1 1 1
60 5 0.010 1 1 1 1 1 1 1 1 1 1 1
60 5 0.050 1 1 1 1 1 1 1 1 1 1 1
60 5 0.100 1 1 1 1 1 1 1 1 1 1 1
60 30 0.010 1 1 1 1 1 1 1 1 1 1 1
60 30 0.050 1 1 1 1 1 1 1 1 1 1 1
60 30 0.100 1 1 1 1 1 1 1 1 1 1 1
10 5 0.010 0.635 0.497 0.685 0.537  0.633 0.238 0.681 0.260  0.525  0.138 0.584 0.135
10 5 0.050 0.831 0.728 0.848 0.748  0.824 0.460 0.844 0.477  0.740  0.311 0.768 0.323
10 5 0.100 0.903  0.830 0.911 0.835  0.899 0.597 0.905 0.604  0.835  0.440 0.844 0.446
10 30 0.010 0.790  0.583 0.784 0.555  0.789 0.273 0.785 0.247  0.763  0.147 0.761 0.122
10 30 0.050 0.928  0.800 0.930 0.797  0.928 0.490 0.930 0486  0.915  0.331 0.919 0.324
10 30 0.100 0.966  0.888 0.964 0.889  0.965 0.628 0.964 0.626  0.960  0.460 0.957 0.453
30 5 0.010 1 1.000 1 1 1 0.985 1 0.989 1.000  0.890 1.000 0.898
30 5 0.050 1 1 1 1 1 0.996 1 0.997 1 0.971 1 0.971
(iii) 30 5 0.100 1 1 1 1 1 0.999 1 0.999 1 0.984 1 0.984
30 30 0.010 1 1 1 1 1 0.998 1 0.999 1 0.950 1 0.948
30 30 0.050 1 1 1 1 1 1.000 1 1.000 1 0.990 1 0.990
30 30 0.100 1 1 1 1 1 1.000 1 1.000 1 0.997 1 0.997
60 5 0.010 1 1 1 1 1 1 1 1 1 1.000 1 1
60 5 0.050 1 1 1 1 1 1 1 1 1 1 1 1
60 5 0.100 1 1 1 1 1 1 1 1 1 1 1 1
60 30 0.010 1 1 1 1 1 1 1 1 1 1 1 1
60 30 0.050 1 1 1 1 1 1 1 1 1 1 1 1
60 30 0.100 1 1 1 1 1 1 1 1 1 1 1 1
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Correlation (PCOR) [Zhu et al. (2017)], Multiscale Graph Correlation (MGC)
[Shen, Priebe and Vogelstein (2018)], Kendall’s tau (R, ) [Han, Chen and Liu
(2017)] and Spearman’s rho (R,) [Han, Chen and Liu (2017)]. We want to
remark that Han, Chen and Liu (2017) aim to test the mutual independence
among the components of X based on a random sample {X;}" ;, whereas we
test the independence of X and Y based on paired high dimensional samples
{(X;,Y3)} . Thus, the asymptotic theory in Han, Chen and Liu (2017) is
not directly applicable to our setting. To circumvent the difficulty, we shall
apply a simple permutation procedure to the following test statistics R, and

R,, where
p q 2

p q 2
R, = maxmax p7, and R, = maxmax 7,
P =l k=1 Pik T k=l DR
where p; 1 is the Spearman’s p and 7; is the Kendall’s tau between compo-
nent samples X; and ), respectively. Let Q7. and an. be the ranks of z; ;
and x;; among {z1, -+ ,2n;} and {14, -+ ,Tpk} respectively, p;j and
7; % are formally defined as

S (Q) — @h)(Qh — Q)
(S (@) — QR X0 (QF; — Q)23
- 2_ 1) Z sign(xy,; — i ;) sign(Yik — Yik)-
1<i<i’<n

Pjk =

From Table 7, the sizes for all three tests appear very accurate due to the
use of permutation-based critical values except for the two rank-correlation
based tests at small sample size n = 10. Comparing Table 6 to Table 8, we
can see that the performance of dCov/hCov based tests (except for Laplacian
kernel) are comparable to PCOR and MGC, which outperform all other tests
(HHG, R;, R,). The power of R, and R, are almost trivial in the case of
Example B.2 (iii).

A comparison of Table 9 with Table 2 (Table 10 with Table 3) shows
that the mdCov/mhCov based statistics have superior power compared with
HHG, PCOR, MGC, R, and R, for Example 3.2 (iii) and Example 3.3 (i)
& (ii). In addition, HHG, PCOR and MGC all experience a power drop as
the dimension grows. For Example 3.2 (i) & (ii), MGC and PCOR have a
noticeable power drop for higher dimensional case, while HHG performs com-
parably with marginal distance/Hilbert-Schmidt covariance based statistics.
Next, for Example 3.3 (iii), mhCov based statistics have better power than
HHG, PCOR and MGC, while the performance of mdCov based statistics
and HHG are similar. In addition, for Example 3.2 (i) & (ii) and Example
3.3 (iii), R, and R, experience low power.
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Finally, the experimental results of these five tests on the Earthquake data
are shown in Table 11, from which we can observe that HHG, PCOR and
MGC all suffer substantial power drop as the dimension increases, while the
tests R, and R, exhibit higher power with increasing dimension. Overall,
HHG, PCOR and MGC exhibit similar phenomenon as what we observed
for distance/Hilbert-Schmidt covariance applied to the whole components
jointly and their ability of detecting nonlinear dependence gets compromised
as the dimension grows with a fixed sample size. As for R, and R,, although
they do not seem to suffer from high dimensionality, these two tests have
little power for detecting some none-monotone dependence due to their rank-
based nature. The class of kernels we consider, however, does not include
any of these five tests, so a rigorous theoretical justification for these five
tests would be interesting and merits future investigation.

TABLE 7
Size comparison from Ezxample 3.1

() (i) (i)

n_p a HHG PCOR MGC R, R~ HHG PCOR MGC R, R, HHG PCOR MGC R, R~

10 5 0.010 0.008 0.012 0.008 0.014 0.011 0.008 0.010 0.009 0.012 0.010 0.008 0.009 0.008 0.014 0.011
10 5 0.050 0.048 0.052 0.054 0.051 0.039 0.052 0.048 0.053 0.045 0.04 0.044 0.050 0.051 0.049 0.041
10 5 0.100 0.095 0.104 0.099 0.092 0.074 0.104 0.100 0.097 0.089 0.072 0.095 0.106 0.099 0.096 0.079
10 30 0.010 0.011 0.011 0.010 0.007 0.005 0.009 0.011 0.010 0.006 0.005 0.010 0.008 0.007 0.009 0.007
10 30 0.050 0.047 0.049 0.053 0.036 0.030 0.045 0.056 0.058 0.039 0.033 0.050 0.046  0.049 0.037 0.034
10 30 0.100 0.098 0.099 0.096 0.075 0.047 0.096 0.109 0.105 0.079 0.051 0.100 0.102 0.094 0.078 0.053
30 5 0.010 0.007 0010 0.010 0.013 0.012 0.008 0.005 0.008 0.015 0.016 0.008 0.009 0.009 0.016 0.013
30 5 0.050 0.044 0.048 0.055 0.054 0.048 0.048 0.041 0.048 0.055 0.052 0.044 0.045 0.051 0.055 0.052

30 5 0.100 0.098 0.104 0.099 0.105 0.102 0.095 0.099 0.090 0.102 0.097 0.095 0.100  0.095 0.105 0.107
30 30 0.010 0.009 0.008 0.007 0.013 0.010 0.008 0.011 0.011 0.016 0.016 0.011 0.010 0.011 0.016 0.013
30 30 0.050 0.047 0.048 0.054 0.050 0.050 0.042 0.057 0.061 0.056 0.053 0.049  0.051 0.058  0.053 0.051
30 30 0.100 0.096 0.099 0.091 0.097 0.097 0.095 0.110 0.104 0.101 0.101 0.095 0.103  0.099 0.104 0.098
60 5 0.010 0.008 0.011 0.010 0.016 0.016 0.011 0.009 0.009 0.017 0.016 0.011 0.008 0.009 0.016 0.015
60 5 0.050 0.050 0.047 0.051 0.056 0.056 0.054 0.048 0.052 0.056 0.056 0.046 0.047 0.051 0.054 0.055
60 5 0.100 0.101 0.105 0.100 0.107 0.102 0.112 0.101  0.098 0.103 0.101 0.095 0.098 0.093 0.101 0.102
60 30 0.010 0.011 0.013 0.007 0.016 0.016 0.009 0.008 0.012 0.014 0.015 0.008 0.012 0.010 0.014 0.014
60 30 0.050 0.048 0.055 0.057 0.054 0.056 0.047 0.049 0.056 0.055 0.052 0.047 0.054 0.056 0.057 0.055
60 30 0.100 0.092 0.112 0.104 0.106 0.105 0.100 0.108 0.106 0.105 0.102 0.096 0.101  0.097 0.107 0.11

TABLE 8
Power comparison from Example B.2

(i) (ii) (iii)

n_p a HHG PCOR MGC R, R~ HHG PCOR MGC R, R~ HHG PCOR MGC R, R-

10 5 0.010 0.350 0.614 0.266 0.311 0.27 0.994 1.000 0.711 0.945 0.928 0.358 0.613  0.277 0.062 0.049
10 5 0.050 0.580 0.844  0.847 0.622 0.572 0.999 1.000 0.987 0.998 0.995 0.573 0.840 0.842 0.199 0.161
10 5 0.100 0.681 0.917 0.929 0.787 0.742 1.000 1 0.998 1 1 0.674 0.916  0.922 0.334 0.288
10 30 0.010 0.395 0.749 0.341 0.114 0.098 0.998 1 0.674 0.850 0.808 0.367 0.751 0.348 0.017 0.013
10 30 0.050 0.622 0.93¢ 0.917 0.336 0.302 0.999 1 0.968 0.994 0984 0.615 0.925 0916 0.068 0.060
10 30 0.100 0.724 0.973 0.974 0.516 0.406 1 1 0.991 0999 0.998 0.717 0.967 0.967 0.138 0.094
30 5 0.010 0.999 1 0.992 1 1 1 1 1 1 1 0.998 1 0.994 0.438 0.429
30 5 0.050 1 1 1 1 1 1 1 1 1 1 1.000 1 1 0.771  0.756
30 5 0.100 1 1 1 1 1 1 1 1 1 1 1 1 1 0.902 0.893
30 30 0.010 1 1 0.966 1 1 1 1 0.997 1 1 1 1 0.967 0.268 0.257
30 30 0.050 1 1 1 1 1 1 1 1.000 1 1 1 1 1 0.563  0.553
30 30 0.100 1 1 1 1 1 1 1 1 1 1 1 1 1 0.748  0.734
60 5 0.010 1 1 1 1 1 1 1 1 1 1 1 1 1 0.927  0.924
60 5 0.050 1 1 1 1 1 1 1 1 1 1 1 1 1 0.995  0.996
60 5 0.100 1 1 1 1 1 1 1 1 1 1 1 1 1 0.999 1

60 30 0.010 1 1 1 1 1 1 1 1 1 1 1 1 1 0.893  0.899
60 30 0.050 1 1 1 1 1 1 1 1 1 1 1 1 1 0.994  0.992
60 30 0.100 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.999
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TABLE 9
Power comparison from Example 3.2

(i) (i) (iif)

n_p a HHG PCOR MGC R, R, HHG PCOR MGC R, R HHG PCOR MGC R, R

10 5 0.010 0.403 0.075 0200 0.076 0.092 0.591 0.107 0.256 0.068 0.080 0.032 0.027  0.052 0.076 0.092
10 5 0.050 0.643 0.187 0.430 0.132 0.169 0.814 0.240 0.525 0.128 0.153 0.113 0.108 0.141 0.132 0.169
10 5 0.100 0.742 0.280 0.516 0.200 0.238 0.879 0.346  0.606 0.190 0.211 0.191  0.188  0.208 0.200 0.238
10 30 0.010 0.18 0.021 0.072 0.124 0.135 0.377 0.044 0.140 0.112 0.117 0.011 0.009 0.013 0.124 0.135
10 30 0.050 0.423 0.082 0.265 0.218 0.236 0.627 0.139  0.391 0.186 0.196 0.052 0.055 0.067 0.218 0.236
10 30 0.100 0.534 0.146 0.354 0.275 0.292 0.730 0.216 0.491 0.235 0.239 0.106 0.115 0.118 0.275 0.292
30 5 0.010 1 0.266  0.961 0.056 0.133 1 0.433 0992 0.047 0.107 0.282 0.080 0.613 0.056 0.133
30 5 0.050 1 0.510  0.999 0.127 0.230 1 0.774 1 0.110 0.185 0.587  0.266  0.791 0.127 0.230
30 5 0.100 1 0.643  0.999 0.196 0.308 1 0.901 1 0.170  0.249 0.720 0.419  0.806 0.196 0.308
30 30 0.010 0984 0048 0.323 0.055 0.190 0.999 0.129 0.658 0.053 0.157 0.010 0.013  0.051 0.055 0.190
30 30 0.050 0997 0.135 0.767 0.135 0.332 1 0.278  0.974 0.122 0.259 0.069 0.072 0.134 0.135 0.332

30 30 0.100 0.999 0.222 0.792 0.207 0.425 1 0.392 0.979 0.192 0.340 0.130 0.133 0.186  0.207 0.425
60 5 0.010 1 0.781 1 0.056  0.140 1 0.993 1 0.043 0.106 0.862 0.338 0.999 0.056 0.140
60 5 0.050 1 0.955 1 0.123  0.248 1 1 1 0.104 0.196 0.985 0.676 1 0.123  0.248
60 5 0.100 1 0.988 1 0.198  0.330 1 1 1 0.161 0.258 0.995 0.828 1 0.198  0.330
60 30 0.010 1 0.081 0.826  0.043 0.203 1 0.316 0.991 0.043 0.161 0.018 0.019 0.171  0.043 0.203
60 30 0.050 1 0.212 0.999 0.109 0.333 1 0.562 1 0.114 0.263 0.095 0.093 0.409 0.109 0.333
60 30 0.100 1 0.324 1.000 0.176  0.427 1 0.689 1 0.178 0.350 0.188 0.165 0.434 0.176  0.427
TABLE 10

Power comparison from Example 3.3

(i) (i) (iif)

n_p a HHG PCOR MGC R, R, HHG PCOR MGC R, R HHG PCOR MGC R, R

10 0.010 0.077 0.028 0.067 0.076 0.093 0.080 0.030 0.073 0.047 0.053 0.010 0.010 0.015 0.011 0.008
10 5 0.050 0.199 0.107 0.163 0.142 0.181 0.202 0.109 0.168 0.096 0.11 0.054 0.048 0.056 0.038 0.034
10 5 0.100 0.292 0.194 0.236 0.210 0.250 0.294 0.196 0.238 0.154 0.171 0.117  0.107  0.096 0.078 0.064
10 30 0.010 0.020 0.013 0.022 0.134 0.151 0.021 0.011 0.023 0.065 0.071 0.012 0.011 0.011 0.012 0.010
10 30 0.050 0.080 0.059 0.085 0.222 0.241 0.079 0.056  0.089 0.129 0.132 0.062 0.055 0.052 0.041 0.037
10 30 0.100 0.143 0.118 0.142 0.271 0.293 0.138 0.123 0.146 0.178 0.173 0.125 0.111  0.093 0.079 0.056
30 5 0.010 0.728 0.101 0.737 0.055 0.128 0.737 0.112  0.768 0.027 0.052 0.034  0.008  0.034 0.009 0.011
30 5 0.050 0.893 0270 0.825 0.125 0.234 0.891  0.301 0.854 0.078 0.114 0.172 0.053 0.070 0.04 0.037
30 5 0100 0935 0413 0838 0.193 0.314 0938 0445 0.862 0.135 0.180 0.305 0.107  0.109 0.078 0.074
30 30 0.010 0.198 0.016 0.083 0.054 0.191 0.186 0.016 0.093 0.024 0.066 0.093 0.011  0.011 0.015 0.015
30 30 0.050 0.371 0.072  0.165 0.122 0.323 0.364 0.074 0.179 0.076 0.139 0.232 0.053 0.052 0.052 0.052
30 30 0.100 0.482 0.141 0.216 0.188 0.411 0.478 0.140 0.226 0.135 0.202 0.337 0.112  0.094 0.104 0.096
60 5 0.010 0.999 0.349 1 0.049 0.143 0.999  0.401 1 0.024 0.041 0.263 0.010 0.073 0.013 0.011
60 5 0.050 1 0.680 1 0.124 0.25 1.000 0.734 1 0.075 0.102 0.633 0.053  0.109 0.041 0.045
60 5 0.100 1 0.836 1 0.198  0.332 1 0.871 1 0.13 0.155 0.793  0.117  0.146 0.079 0.078
60 30 0.010 0.758 0.019 0.338 0.049 0217 0.730 0.022 0.366 0.024 0.045 0.487 0.009 0.012 0.015 0.014
60 30 0.050 0.882 0.095 0471 0.116 0.354 0.873 0.098 0.511 0.074 0.108 0.706 0.047 0.046 0.052 0.050
60 30 0.100 0925 0.173 0494 0.19 0442 0915 0.179 0.530 0.123 0.173 0.801  0.105  0.088 0.099 0.097

@

APPENDIX C: TECHNICAL DETAILS
C.1. Proof of Proposition 2.1.1.

PROOF. Denote f?)(t) = —11+ t)fg. The remainder term can be writ-
ten as

1 1
Rx(Xs, X;) = /0 /0 vf® (woLx(Xs, X¢)) dudv x (Lx (Xs, X¢))?.

Set p(x) = fol fol vf® (uvz) dudv. Then ¢(x) is continuous at 0. Next, by
the continuous mapping theorem, we have

1 1 1 1
/ / vf@ (wLx(Xs, Xt)) dudv 5 / / vf@ (0) dudv.
o Jo o Jo
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TABLE 11
Power Comparison on Earthquake data

n P a HHG PCOR MGC R, R-
10 5 0.010 0.067 0.085 0.032 0.791 0.874
10 5 0.050 0.169 0.179 0.102 0.873 0.958
10 5 0.100 0.236 0.256 0.156 0.914 0.983
10 30 0.010 0.008 0.009 0.007 1 1
10 30 0.050 0.050 0.043 0.050 1 1
10 30 0.100 0.097 0.094 0.090 1 1
30 5 0.010 0.333 0.413 0.136 0.922 1.000
30 5 0.050 0.548 0.570 0.313 0.983 1
30 5 0.100 0.638 0.657 0.350 0.994 1
30 30 0.010 0.009 0.007 0.015 1 1
30 30 0.050 0.048 0.038 0.050 1 1
30 30 0.100 0.100 0.088 0.088 1 1
60 5 0.010 0.725 0.812 0.427 0.997 1
60 5 0.050 0.906 0.903 0.750 1 1
60 5 0.100 0.945 0.936 0.779 1 1
60 30 0.010 0.005 0.003 0.017 1 1
60 30 0.050 0.037 0.027 0.056 1 1
60 30 0.100 0.077 0.069 0.085 1 1

So, Rx (X5, X¢) =p (LX(XS,Xt))Q. Similar arguments hold for Ry (Ys,Y?).
OJ

C.2. Proof of Remark 2.1.1.
PROOF. Denote C = (¢;;) = ATA € R¥1*%1. We obtain that
U-U)TATAU -U")]
Lex, x7y =¥l
varlL(X, X')] 46:2(AAT)
s1 81

var| >- 37 ci(ug — ug) (uj — uj)

i=1j=1
4tr2(AAT)

XL Xt cvar](ui — ) (uy — )]
= tr2(AAT)
< CyL 2;1:1 C?j

tr2(AAT)

Ctr(ATAATA _

== (2 T ) = O(p 1)

tr2(AAT)

for some constant C' > 0, where we have used the fact that the fourth
moment of u; is uniformly bounded. It follows that a, = 1/,/p.
O

C.3. Proof of Theorem 2.1.1.

PROOF. (i) Recall that dCov?(X,Y) = (A - B). For any matrix A, the
matrix A_p is just A with its diagonal elements setting to be 0. Using the
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expansion for ag in Proposition 2.1.1, we have

1~ 1~ ~ 1~ ~
—A = (1nxn)-p + ;Lx + Rx = ;Lx + Ry,
TX 2 2

where LX = ((L~X(XS,X,5))?¢:1)_D and RX = ((RX(XsaXt));t:l)—D- Sim-
ilarly, %B = %Ly 4+ Ry . Then, we have
dCov?(X,Y 1~ ~ 1~ ~
# — ((*LX + RX) . (*LY + RY))
T 2 2
1~ =~ 1~ ~ 1 ~ =~ ~ ~
= Z(LX . Ly) + i(LX . Ry) + §(RX -Ly) + (RX . Ry).

Let R, = %(ix ﬁy) + %(f{X iy) + (ﬁX . ﬁy) We show that %(iX . iy)
can be written as sum of sample component-wise cross-covariances up to a
constant factor in the following Lemma.

LEMMA 1.

1 ~ » 1 X4
1 @x Ly) = = D) cova (i, ;).

i=1 j=1

PROOF. By Lemma A.1. of Park, Shao and Yao (2015), since all diagonal

entries of distance matrices A and B are equal to 0, we have (A-B) = (é]~3)
Then, it can be directly verified that for any 1 < s,t < n, >."

u=1 bUt =

oo bsy = 0 and it further implies that B = B. Direct calculation shows
that

- = ~ 11
(14) (A.B.):(A.B):@a Z asthst
(s,t)€iy

11 21

+ @E Z ' astbyy — Wg Z ‘ astbsu,
(s,t,u,v)€iy 3 (s,t,u)€iy

where i)}, denotes the set of all m-tuples drawn without replacement from

{1,2,--- ,n}. Equation (14) can be used as equivalent definition of the sam-

ple distance covariance. Notice that

—_—

Ly = Dx — (1yxn)_p = Dy,

where Dy = é(ﬂXs — Xt\Q)ztzl),D. Similarly, Ly = Dy. Next, it can be
verified directly that for any vector a € R",

P

(a1l)_p + (1,a)_p = 0.
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Using this fact, we then can further decompose Dy as follows,
ﬁx = f)X,l + f)X,2 + ﬁx,s = f)X,27
where Dx1 = 5 ((X{Xs)321)-p, Dxa = =22 (X{ X))l m)-p and

= X = -
Dx3 = é((Xt X )St 1)—p. Similarly, Dy = Dy 3. Next, using Equation
(14), we have

7'2 X (fJX . f;y)
—7' >< DX2 DY2>
y o xIxyvi+
' s t 622
11 XTx,yly, - > L XTx,vTy,
n)4'Z stu”(n)|Zstsu
4 (s,t,uw)€iy 3 ’ (s,t,u)€ily
P q 1
—422 ) a0 Z TsiTtiYsjYtj+
i=1 j=1 " (s,t)€iy

11 21
mﬁ Z xsil‘tz‘yujyvj—@g( Z LsiltiYsjYuj

4 (s,t,u,v)€i] s,t,u)€if
(k,l,s,t)

Z Z xkz - xlz yk] - yl])(fsz - xtz)(ysg - xtj)

(4) k<l<s<t 4

p q
=1> >
=1 j=1
—42 Z covZ (X, V).
1 1

i=1j=

Therefore, by Lemma 1, we have the following decomposition,

p q
ZZcovi(Xi,yﬁ + R,
i=1 j=1

dCov

\H'—‘

where R,, = 7R,,.

(ii) Note Lx(Xs, X¢) = Op(ap) = 0p(1) and Ly (Ys, Y:) = Op(by) = 0p(1)
for s #t € {1,...,n}. We can then apply Proposition 2.1.1, obtain that
Rx(Xs, X1) = Op(Lx (Xs, X1)2) and Ry (Ys,Ys) = Op(Ly (Ys, Y;)?). For the
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leading term 7(Lx - Ly), it can be easily seen from Equation (14) that
(Lx - Ly) = Op(apby). Similarly, for the remainder terms, (Lx - Ry) =
Op(aph?), (Rx - Ly) = Op(a2by) and (Rx - Ry) = Op(a2b?). Thus, we have
R, = Op(agbq—kapbg) and R, =7R,, = Op(Ta%bq-FTCLpbg) = 0p(1). Therefore

the remainder terms are negligible comparing to the leading term. O
C.4. Proof of Theorem 2.1.2.

PROOF. (i) We first show that vx is asymptotically equal to 7x (similar
result applies to vy and 7y). Recall that for all s # ¢,
Xs — Xy|? — 7%
Lx(Xs, X;) = X ;' X
Tx

. _ 2
Since Lx (X5, X¢) = Op(ap) = 0p(1), we have % 2 1. Then
di X, — X2
median{| X °} 24

2
Tx

and thus

™ _ o 2.
X median{|X; — X;|?}

Similar arguments can also be used to show that % 2 1. Next, under
Proposition 2.1.1, we can deduce that

’Xs—Xt|>
(5

TX X

=f (TX> + f(l) <TX> {LX(AXS"X}) +Rx(X5,Xt)} = + Rf(XSaXt)7

where Rf(X,, X;) is the remainder term. Similarly,

Y, - Y,
7Y Y
T Ly (Y, Y; T
g(l) <Y) {Y(t) +RY(YS,Yt)} Y + R, (Ys,Yy).
Y 2 VY
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Similar to the proof of Theorem 2.1.1,
hCov?(X,Y) = (R - H)
1 T T TX T
— 150 <X> o <Y> T (B Ty 4 ) < > X Ty Ry)
X Y /) IXTY X

X
1 T TY = = ~ ~
+ 59(1) <Y> l(RX . Ly) + (RX . Ry),
&Y/ Y
where Lx = ((Lx(Xs, Xt))5¢=1)-D, Ly = ((Ly (Y5, Y3))54—1)-p and

Ry — <<f<1> <TX) WRX(XS,Xt)+Rf(XS,Xt)>n ) :
X D

s,t=1

Ry — ((g(l) @”{) TYRY(YS,YMR (Ys,Yt))n > .
-D

s,t=1

Denote Ry = 1/ (25) Z5(Lx Ry)+ 39 (22) 22 (R -Ly) + (Rx Ry)
and R,, = 7R,. By Lemma 1, we have

7 x hCov?(X,Y) =
M TX) (1>< )TXTYl cov? (A, V)
g <7x T\ xov T ;; )

(ii) We present the following lemma which would be useful in subsequent
arguments.

LEMMA 2. Suppose f(z) and 9(2) are continuous on some open interval

containing 1. Then under the assumptions of Theorem 2.1.2
Ry(Xo, X0) = OplLx (X, X0)2),  Ryl(YarYi) = Op(Ly (Yo, Y1),

PROOF. The remainder term can be written as

(15) Rp(Xs, X3) =

Lx(Xs, X
// ( U{X(S’t)—l—RX(XS,Xt)} )dudv
2 X

2 2

Lx(Xs, X
% (TX> (X(s’t) +RX(X5,Xt)> )

X 2
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Set p(x,y) fo fo vf® (z 4+ uvy) dudv. Then p(z, y) is continuous at (1, 0).
By the continuous mapping theorem, we have

1,1
/ / vf(2) <TX+UU{LX(XS’X1‘/)+RX(XS,X,5)}T >dudv
0o Jo X 2

RN / / vf® (1) dudv.

So Rj(Xs, X;) = Op(1) (M+RX(XS,Xt)) = Op(Lx (X X1)2).
Similar argument holds for R,y (Ys,Y;). O

Both the Gaussian and Laplacian kernel have continuous second order
derivatives. From Lemma 2, we know

£ (;f{) %RX(XS,X» + Rp(Xy, Xi) = Op(Lx (X5, X1)?),

-
gV (Y> L Ry (Ya, Vi) + Ry(Ys, i) = Op(Ly (Ys, Y2)?).
Y /) VY

Thus, similar arguments in Theorem 2.1.1 can be used to show that R,, =
Op(TaZby + Tayb?) = op(1). O

C.5. Proof of Proposition 2.2.1.

PrOOF. Clearly, E [kst(i)luy(7)] = 0 when {s,t} N {u,v} = 0. For any
1<id <p1<j,j <gq

=k [E[kst( ) ( )|x31aysj]]
=E [E[kst( )stz,ysg] [l ( )‘xSi’yst :

Notice that

E[kst(mxsiv%j]
=E{k(2s, v1;) — E[k(2si, v45) |25i] — Blk(@si, 245) |2e] + Bk (@55, 240)] [T sis Ysj }
=E[k(Tsi, 71)|Tsi, Ysj] — Bk (Tsi, 70) [7si] — BElk(zsi, 240)] + E[k (253, 24i)]
=0.
Thus E [ks(i)ls,(7)] = 0. Similarly, E [k (i)ksu ()] = E[lse(4)lsu(4")] = 0.
]
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C.6. Proof of Theorem 2.2.1 .

PROOF. Let K = ((l%st)gt:l)_p and L = ((ZNSt)g"t:l)_D. Notice that

uCov2(X,Y) = (pq) 1/222 w3 stt Lst(J

=1 j=1
- T (p _1/22‘55t(i)> I
s#t i=1 j=1

Under Assumption D3, we have

P
p_1/2 Z ]%st (Z)
=1
_o—1)/2 - ko (i 1 ~1/2 z
=p Z st(l)_mzp Zkut(l)

uFt i=1
_ 1 _
SRR e B R
v;ﬁs i=1 uFv 1=1
_>Cst - T a5 Z Cut — Z Cys + Z Cuv-

Then we get

n(n — 3) x uCov2 (X, Y)

Z Cst_ﬁzcut_n

s#t uFt n VF#S

1
CS’U+ (TL— 1)(n_2) %:CU’U

X tiiz tiiz sv+ Zduv

VF£S u;ﬁv
Set

T

c= (61276131 5 Cn, €23, 5, C2n,5 €34, 0 7Cn(n—1)) )
T

d= (d127d137 o 7d1n7d237 U 7d27’17d347 o 7dn(n71))

Under Assumption D3 and by Proposition 2.2.1, we know that
2 2
< ¢ ) ~N <07 ( UQxIn(nfl)m %len(nq)/z >> '
d UzyIn(n—l)/2 UyIn(n_l)/Q
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Define C = (cst);"tzl such that cy = ¢t and C = (Est);"tzl. Here we assume
that css = 0. Following Park, Shao and Yao (2015), for any matrix A, define
A as

1 1 1

A=A- AJ — JA+ —— —  JAJ
n—2 n—2 +(n—1)(n—2) ’

where J = 1,,x,, is the n X n matrix of ones. Let vec(A) is the usual vector-
ization of matrix A, then it is straightforward to see that

vec(A) = Svec(A),

where

1 1 1
S=I, I, -—IxL, - —L, )+ ———— I ®J.
n @ n—2 © n—2n® +(n—1)(n—2) ©
Also notice that A is just A with diagonal replaced by 0. Putting things
together, we have

vec(C) = FSvec(C) = FSFvec(C),

where F is the matrix of the linear operator that sets the diagonal of a
matrix to be 0, i.e., vec(B_p) = Fvec(B), B_p is B with its diagonal set
to be 0.

Next, to simplify the following proof, we will use a different vectorization
operator, which will align the upper triangular elements first, then the lower
triangular elements and lastly the diagonal elements, i.e., define

T
vec(C) = (c ,Cj ,cd) ,

T
Cy (612a0137 *5Cln, €235, C2ny €34, 0 ¢ 7C(n—1)n) ’
T _

C; (0215 C31," " ,Cnl,C32, " ,Cn2,C43," " * 7cn(n—1)) )
T

cg = (c11,¢22,°+ , Cnn) -

Notice that there is a permutation matrix Py such that vec(C) = Pyvec(C).
Then

vee(C) = P1FSFPTvec(C).

Observe that for any symmetric matrix C with 0 diagonal, both the column

sum and row sum of C are 0. We can verify that C = C. Set U = P;FSFPT.
It follows that U%vec(C) = Uvec(C) and thus

(16) (U? — U)vec(C) = 0.
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We partition U into three blocks corresponding to the upper triangular,
lower triangular and diagonal elements respective, i.e., we write

U; U, 0
U=|U, U, o,
0 0 0

where we have used the symmetry for U. Equation (16) is then equivalent
to (U? + U3 — Uj)c, + (U1Us + UsU; — Us)c; = 0. Using the facts that
c, is arbitrary and ¢, = c¢;, we can conclude that

U? + U3 + U;Uy + UyU; = Uy + Us,.

Next, let C* (C!) be the matrix by setting the lower (upper) triangular and
diagonal elements in C to be zero. Denote

010 I
P,=|I1 0 o], D=|{o0
0 0 I 0

Then, we see that vec(C!) = Pyvec(C*) and
Uvee(C) =Uvec(C) 4+ UPyvec(CY) = U(I + Py)vée(CY) = U(I + Py)De.
We note that

W =D (I + P,)UU(I + P,)D = D' (U + UP, + P,U + P,UP,)D.
Then we have W = 2(U; + Uy). Also notice that
W2 = 4(U; + Uy)? = 4(U? + U2 + U, Uy + UyUy) = 4(U; + Uy) = 2W,

which indicates that W has eigenvalues which are either equal to two or
zero. It remains to show that the rank of W is n(n — 3)/2 or equivalently,
the trace of W /2 = U; + Uy is n(n — 3)/2. Note that

n(n—1)/2
Tr(W/2) =Tr(Up + Up) = )

=1

r/Ur; n(n—1)

5 vée(Er) T vee(Ey),

where r; = (e],el,07)T and e; is a n(n — 1)/2-dimensional vector with 1
on the ith position and zero otherwise; E; denotes the U-centering version

of the matrix E; such that vec(E;) = r;. Direct calculation shows that

2(n — 3)? (n —3)?
(n—1)2 (n—1)2(n — 2)2

4 ~ 2(n-3)
(n—12%n-22 n-1"

vec(Eq ) vec(E;) = +4(n — 2)

4 (n—2)(n—3)
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which implies that 4~ 'n(n — 1)vec(E;)Tvec(E;) = n(n — 3)/2. Using the
above results and setting M = W /2, we have

vec(C)Tvec(C) = vee(C)Tvee(C) = vee(C)TU?ec(C)

= 2CTMC ~ 20’3){%(”_3)/2

Thus,

5 d 2 Tag. d 2 2 2
UCOVn(X,X) — mc Mc = maan(n73)/2‘

Similarly,

2

2x,y) 4 £
uCov;, (X, )_>n(n—3)

c'Md,

2 a 2 Targ 4 2 2.2

C.7. Proof of Proposition 2.2.2.

PROOF. Since
(5o i, i)
d O-l’yIn(n—l)/2 JyIn(n—l)/Q

cld £ N (ud, o Ln(n-1)/2) »

we have

where p = ng/ag,JQ = ( 205 - Uiy)/ag. Set

Md
(d"Md)

It can be easily seen that conditional on d,
cl'z/o ~ N(uz'd/o, 1),

which implies that (c’z)?/0?|d ~ x}(W?) , where x}(W?) is the non-
central chi-squared distribution and W? = g—szMd is the non-centrality
parameter. Note that conditioned on d,

M(I — zz")c/o ~ N(0, M(I — zz' )M),
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where we have used the fact that M(I — zz”)d = 0. As M(I — zz! )M =
M — l\ﬁc}ﬁy is a projection matrix with rank v — 1, it is easy to see that

conditioned on d,

(I -2zl )M — 227 )c /0% ~ X2,

Next, conditioned on d, as z’c and (I — zz”)c are independent, we have

(c’z)?/0? and ¢’ (I — zz" )M(I — zz”)c are independent. Then,

CTZ
Py (T <t) = P | Vo1 YV <t
1— cT'z ?
(cTMc)

CTZ
_El|lP| Vo=1 v (cTMe) <tld

2
1_ cTz
i \/ < (CTMC)>

CTZ
=E|P|Vv—-1 <tld
\/CTMC — (cTz)?

T
—E|P cz <tld

\/UilcT(I —zzT)M(I — zzT)c

=E[P (ty-1w < 1)]

where t,_1 w is a noncentral t-distribution with v — 1 degrees of freedom
2

- — 2/dTMd £ o Tey
and noncentrality parameter W = vV d*Md = cy, for ¢ N By

setting ¢ = 0, we get Py, (T, <t) = P (ty—1 <t).
C.8. Proof of Proposition 2.2.3.

PRrROOF. Notice that

. O
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Next, by the definition of non-central ¢-distribution,

Z
P(ty_1u <t) =P T oy

X%ﬂ/(” —1)

:P<Z<t\/m—u>
:E[P<Z<t\/m—u

Xv—l .
v—1

&)

=E (D |t

U ’

where ® is the cdf of standard normal. For notational convenience, set

X21
=E|® |t/ 2=t —
g9(u) i

Notice that P (t,—1,w < t) = g(W). By the following asymptotic series [see
Laforgia and Natalini (2012); Tricomi and Erdélyi (1951)],

F(J+1/2):\/j<1 L 21 )

r(J) T 87 T 12877 T 10248 3276878
= <1 +0 G)) :
we can get,
E[(W — ¢o)]
o) o
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as well as o
[ (o ()
ff o)t (o)
() o)y

E [W(W — ¢0)?]

e0)

2
o X
v

=HE

(% (0 (1) )]
el 2] (e ()
cb%il(”;;;)\/a(uo (i)) —24140 <11)) } (1+0 (i))

We note that

X )
U3/2
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Thus,
o2 X2
@A) = |==E |® | 4/ 2L —
92 = |5 ( XLy
82 X2,1
=E|=—® Gt
Ou? (t v—1 Y
[ 2 2
Xv—1 Xv—1
=\E|[—-1|t — t —
v—1 ¢ v—1 "
[ 2 2
<E||-|t Xo-1 _ ot Xo— U
v—1 v—1
i 2 2
<E || Xoo1 (;S(t Xool _
1 v—1
[ 2
<E |||t/ 2=t 4yl
v—1
2
< | ey 2L )
v—1
< V2lt| + |ul.

Next, we can bound the following integral,

1 1
/ / ag® (o + ab(W — ¢))dbda
0 0

< /1 /1 ’ag@)(gbo +ab(W — ¢0))( dbda
01 01

< [ [ Val+ 10 + ab(W — o)l dbda
0 0

1 1

S/ / V2t + ¢o + [W|dbda
0 0

=V2lt| + ¢o + W.

To calculate E [P (t,—1,w < t)] = E[g(W)], taking the Taylor expansion of
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g(W) around ¢g, the asymptotic mean of W, we get

=E[g(W)]
=g(¢0) + g (¢0)E [(W — ¢0)]

LB { /0 1 /0 a9 (60 + ab(W — go))dbda (W — W}
=P (ty—1,4, <t) +O (i)

+E Uol /01 ag® (do + ab(W — ¢o))dbda (W — ¢0)2} .

Notice that,

‘E [/01 /01 ag® (¢o + ab(W — ¢o))dbda (W — ¢0)2}

|

1 1
<E [ / / ag® (¢o + ab(W — ¢))dbda (W — ¢g)*
o Jo

<E (V2] + 60+ W) (W = 60)°]

<(V2Jt]+ 60)E [(W = 90)?] +E [W (W = 60)?]

1
:O <> '
v
. _ 1 .
In conclusion, we have E[P (t,—1,w < t)] = P (ty_1,4, <t) + O (). Since

tf}oi)l — Z(®) as n — oo, where Z(®) is the (1 — a)th percentile of standard

normal, tfjoi)l is bounded. Then, all the above analysis still holds if we replace

t with tJ_,. OJ

Let B(-,-) denote the beta function and Iy(-,-) denote the regularized
incomplete beta function. In the following, we express E [P (t,—1,w < t)] as
a sum of infinite series.

LEMMA 3. E[P (ty—1,w <t)] can be calculated exactly as

v/2
B[P (ty v < 1)] = <C2 - 1) {P(tvl <)+

> <2i 1>j/2 T A GG S) }

J=1
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PROOF. Notice that from Walck (1996), the CDF of non-central ¢-distribution
for ¢ > 0 can be written as

1
P(t,_ t) = ——=
(U 1,W< ) 2ﬁx
00 o1 2 . .
2 w j+1 ; j+1 v—-1
2w _ _1)
Y G {-S () (o (5557)).
=0
where
t? n(n —3)
2= v=—""
2+v—-1 2
I,(-,-) is the regularized incomplete beta function,
2
o
W =LEvdT™d £ ¢x,,c = =y
o

/5252 4
050 — Oy

Next, we calculate the expectation by constructing a generalized gamma
distribution,

2
E{Wjexp{—w}]
2
o w?) 1 1 w\v—1 w?
_ j w2 (W _w
/0 v eXp{ 2}c2v/21r(u/2)<c) eXp{ 2c2}dw

2
1 1 o0 w )
= expl — | —F//—m——— w/ T dw
& 20217 (p/2) /0 P ( 2¢2/(c2 + 1))

1 1 L(j/2+v/2)(\/2c2/(c + 1)) tY

T 22711 ()2) 2
C(V23/(2+1)) 1 T(j/2+v/2)
N cv 2v/2 T(v/2)

Then,

BIP(tow < 0] = 5= (N/Cfﬂ) <

S (e >%r<<j+1>/2>r<j/2+v/2> (v 22,
=0

2+1 JIT(v/2) 2 72

J
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According to the gamma duplicate formula,

r J+1\ ﬁ r(j+1)
2 ) 20 T(j/2+1)
which further implies that

LG +1D)/2TG/2+v/2) _ vr T(G+1) T(/2+v/2)

§IT(v/2) T2 T(/2+1) jT(v/2)
_ { v, j=0

Ayfi, 1 T'(j/2+v/2)
2-1T(G/2) T2 ° J<

J=0

== 1 .
{ 2T BGEe J 2L

where B(-,-) is the beta function. Then, the expectation can be further
simplified as

1/ 1 \"? 1 v—1

<@ilyﬂ§§<&ﬁw>;ﬂﬂw;vm>0‘”“*kd;1ﬂ210‘

Notice that

B

1 1 v-1
(14 n= =) = P, <)
5 (19 1. 55 ) = Pl <)

Thus,

v/2
BIP (v < 0] = () {Pmlsw+

> <c2ci 1>j/2 prree] GRS }

=1

O
C.9. Proof of Proposition 2.2.5.

PROOF. Since we have
X I Yxy ))
~ N 07 p )
(v )~ (st,
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from Theorem 7 in Székely, Rizzo and Bakirov (2007), by setting ¢ =
1 .

33D we obtain
dCor?(z;, Yj)

<1
cor?(zi, ;)

cov?(z;,y;) = cor?(x;,y;) and dCor?(x;,y;) = dCov?(x;,y;)m/c. Combine
these results, we have
dCov?(x;,y;)m/c

c < <1.
T covi(w,y;)

Notice also that dCov?(z;,2;) = dCov?(yj,vy;) = ¢/m and cov?(w;,z;) =
covZ(y;,y;) = 1. We finally get 0.89%¢2 < ¢1 < ¢o. O

C.10. Proof of Proposition 2.2.4.
PROOF. (i) When k(z,y) = I(z,y) = |z — y|?,

ksi(i) = =2(vsi — E(zg)) (x4 — E(2y)),
Lst(J) = —2(ysj — E(ys;)) (yes — Eyey))-

Thus, letting Dx (i) = ((zsi%ti)g4—1)-p and Dy (j) = ((Ysj¥tj)s+=1)-D, We
have

1 P o
uCov?(X,Y) = > ) (K(i) - L))
pq — =
i=1 j=1
1 P24 _ _
= ——=>_> 4Dx(i) Dy(j))
pq — =
=1 j=1
1 < 11
= pqzz (TE Z CCszmtzyS]yt]'i_
i=1 j=1 2 (s,t)€il
11 2 1
ﬁﬁ Z fﬂsixtiyujyvj—mg Z TsiTtilYsjYuj
4/ (s,t,u,v)€i} 3/ 7 (s,t,u)€iy
L3S e
=4 COVn(Xi,yj).
Lo
Thus,
12U / 1./pq /
dCov?( *ZZCOV (X, V) + R, n= T P2 Cov? S(XY)+ R,
T T
=1 j=1
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and

7 x hCov? (X,Y)

() ()2 Lt

X IXYY T =1 =1
1
=10 (7)o () T ot v Ry

(ii) When k(z,y) = l(z,y) = |x — y|, we have

K(i) = K (i) — Ka(i) — Ka(i) + Ka(i) = Ku(3),

where

K (i) = ((k(2si, 21i)) 5 4=1) -0, Ka(i) = (E[k(2si, 20i)|%si]) 5 4=1) - D>
Ks(i) = (Ek(zsis vei) |[2e]) s =1)-D, (Ka(i) = (E[k(2sis 26i)]) 5 4=1)-D-

Similarly, L(j) = Ly (j) with Ly (j) = (l(ysj»ltj))s 4=1- Then, we have

ZZ(R1(i)'i1(j))

uCov?(X,Y) =

C.11. Proof of Corollary 2.2.1.

PRrROOF. For any fixed t and each R € {dCov, hCov, mdCov}, Proposition
2.2.4 and Theorem 2.2.1 imply that

08 T
TRi v — 11—, where Y7 = ¢ Md

V1i— (D)2 v/ (cTMc) (dT™Md)

Then the results follow similarly from the proof of Proposition 2.2.2. O
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C.12. Proof of Remark A.1.1.

PROOF. For notational convenience, set z; = (z; — 2})? — E[(x; — x%)?].
Since sup; E(z%) < oo, we get sup; E(z}) < oo. Then, we have
2
E[(2, %))
P D2
E [Zgzl Zte[s—m,s+m] Rsct
2
2
sup E(27)
i

. (@m JQr Lp
p

o(2)

B[S0 =)'

and

Tp = o
3 2,2
m°p + m-p
= TsupE(zﬁ)
T

o)

Similarly, we can show that

5 m’ 5 m/2

Next, it follows that

/
TapAg = O <m m) = o(1).
Vi
The other results can be proved in a similar fashion. ]

C.13. Proof of Theorem A.1.1.

PROOF. (i)&(ii) Following the proof of Theorem 2.1.1, we only need to
check that R, = op(1) still holds as n A p A ¢ = oco. Recall that the leading

term is 7 x (L - Ly) and the remainder term is given as

1 = = 1 = = _
Rn:5T(LX'Ry)+§T<RX'Ly)—i-T(RX'Ry).
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Then, using Equation (14), we have

~ 11

(Lx-Ry) = > Lx(Xe, Xi)Ry (Ya, V)

(2) 2' (s,t)€il
11
S
(4) 4 (s,t,uw)eiy

_(”2);' Z Lx(Xs, X¢)Ry (Ys, Ya),

3/ 7 (s,t,u)€ily

and

(Rx - Ry) 2(711)21, > Rx(X., Xi)Ry (Y., Y7)
2 (

" (s,t)€iy

11
+ oW Z Rx(Xs, X¢)Ry (Yu, Yy)
(4) 4! (s,t,u,v)€i}

21
@g Z RX(XS,Xt)RY(Y:%Yu)
(s,t,u)€ily

To show that R,, is asymptotically negligible, we consider the events Bx, By
and their complements B, BY,, where

{.|Y i1 Yo - Y2 }
By =49 min ——— <~ max 7_2

1<s<t<n 2 2 1<s<t<n T)2(—

Then, under Assumption D4, asn Ap A g — oo

N |

1
P(By)=P < min Ly (YY) < —=or max Ly(YY:) >
1<s<t<n 2 1<s<t<n

)

1 1
— P U {LY(Y;HY;) S *5 or LY(}/Sa}/t) Z 2}

1<s<t<n
1
< Y <|LYYS,Y)\> >
1<s<t<n

< TL2P <|Ly(Y1, Yg)’

)

l\D\)—t

< 4n’E [Ly (Y1,Y2)?]
= o(1).
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Also notice that P(ByB%) < P(By) = o(1). Similarly, we have P(Bx) =
o(1), P(BxB$) = o(1) and P(ByBx) = o(1). By the proof of Proposition

2.1.1, the remainder term can be written as
1 1
Rx(Xs, X;) = / / vf® (wwLx (Xs, Xy)) dudv x (Lx (X4, X1))?,
0 0

where f® () = —1(1+ t)_% and similar formula holds for Y. Conditioned
on the event Bg By, we can easily show that

V2
4

V2

(17) |Rx (X, Xp)| < —= (Lx (Xs, X2)) | Ry (Ys, Yy)| < e

(Ly (Ys, Y2))?.

Notice that

11
o > Rx(X,, Xi)Ry (Ys, V)
2/ 7 (s,t)eiy

11
o ( %G: Rx (X5, X¢) Ry (Ys, Yo)li g Be )
s,t) €l

11
oy > Rx(Xs, X0)Ry (Ye, Y)lipy ey

|
2) 2 (s,t)€iy

11
NOES %: R (X, Xe) By (Y5, Yol vy
s,t)€iy

11
o ( %n Rx (X, X¢)Ry (Ys, Y1)y By}
S, 15

=i + 11 + 111 + iv.

For any ¢ > 0, P(|T x ii| > €) < P(BxB$) = o(1), which implies that
T X 11 = 0p(1). Similarly, 7 X iit = 0,(1) and 7 x iv = 0p(1). For term i, by
Equation (17), we have

, 11
li| < ﬁi' Z |Rx (X5, X¢)Ry (Ys,Y:)| p Bx By
2/ 77 (st)€iy
111 Lx(Xs, X:) 2Ly (Y, Y;)?
_g@a Z X( Sy t) Y( S t)
(s,t)€il
1 11 11 ’
4 4
SMIGE > Lx(X, X)) BE >, vty
(s,t)€iy 2 (st)€iy
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Next, by the Markov’s inquality
11

P ma Y Lx(X, X))t > e
2 ’ (s,t)€iy

IN

Thus, we have ﬁ% > Lx(Xs,Xi)* = Op(v7) and similar proof shows
2) % (s.)eip

that é%( )Z Ly (Ys,Y1)* = Op(X2). So, we have 7i = Op(77p)q) and
s,t)€iy

11
Taar Y, Bx(Xe, Xi)Ry (Y, Y1) = Op(rp)g)-

(2) 2 (s,t)€iy

Similarly, it can be shown that

11
T > Rx(Xe, Xi)Ry (Ya, Ya) = Op(t1p)),
4 ' in
(s,t,u,w)€i]
2 1
m ) Rx(Xs, X)) Ry (Ys,Yy) = Op(T’Yp)\q)-

T n)
377 (situ)€il

In conclusion, we have 7(Ry - Ry) = Op(TYpAg). Similarly, it can be shown
that T(LX . Ly) = Op(TOtp,@q), T(LX . Ry) = Op(TOép)\q) and T(RX . Ly) =
Op(T7pq)- O

C.14. Proof of Theorem A.1.2.

PROOF. (i)&(ii) Continuing with the proof of Theorem 2.1.2, we need to
show that R,, = 0,(1) and yx is asymptotically euqgal to 7x as nApAg — oo
(similar result applies to vy and 7y). Recall that for all s # ¢,

X, — X2 — 2
LX(XS,Xt):|S s §

2
Tx
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Since for any € > 0, under Assumption D4,

P (’median{DgS - Xi* 1‘ - 6)
X

<P< min  Lx(Xs, X;) < —eor max Lx(Xs,Xt)>6>
1<s<t<n 1<s<t<n

=P U {Lx(Xs, X¢) < —eor Lx(Xs, X¢) > €}

1<s<t<n

< Y P(Lx(Xs,Xy)| > )

1<s<t<n
<n®P (|Lx (X1, Xa)| > ¢)

S;QnQE [Lx(X1,X2)%]
=o(1).

i _x,|2 2
Thus, we have median{lXe=Xe"h Py g = = X ~ 1.
’ T X median{|X; —X;|?}

Similar arguments can also be used to show that % 5.
Notice that conditioned on B BY, for all 1 < s <t < n, we have

X, — X2 3
(18) |Lx(Xs, Xt)| < 1/2 and 5 < % <3
Tx

Next, Inequalities (17) and (18) together imply that

Ly(Xa X
TX—i—u’U{X(t)—I—RX(XS,Xt)} LB <ce,
X 2 X

where c is some constant. Since we choose kernels k& and [ to be the Gaussian
or Laplacian kernel, it can be shown that

vf (—{—UU{LX(XS’Xt) RX(XS,Xt)} >dudv_
2 X

where ¢’ is some constant. Then, we can easily see from Equation (15) that
|R¢(Xs, X1)| < ¢ Lx(Xs,X;)? Similar result holds for Y. Finally, Theorem
A.1.2 can be shown using similar arguments as in the proof of Theorem
A.1.1. O
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C.15. Proof of Remark A.2.2.
PRrROOF. When k(x,y) = l(z,y) = |v — y|?,

kst (i) = —2(zsi — B(rg))(r4 — E(2y)),
Lst(7) = —2(ysj — E(ysj)) (yt; — Eye))-

Thus, we have

E[U(Xs, X0)?]

p P
;zzymmm1

i=1 j=1

=E

PP
:;1) Z Z E[(zsi — Elzsi]) (2t — E[zu]) (s — Elzs]) (2t — E[z45])]
i=1 j=1
_4 Z Z cov?(z;, ;)
P =

4
:];TT(Eg(')a

and

B[U(Xs, X1)']

p

=EZ;U%LfAO@UMMHMMM
Zlgi EP; 1 E [(:v — Elzsi]) (2t — Elzg]) (255 — Elws]) (215 — Elagy))

J (zr = Elwer]) @ = Eloe])(won — Elwsu]) (v — Elrea])]
=£”§;fﬂm—Emm%—m@mm—m@m%—Emm

vm3p + m2p2
p2

—0 (m?).

sup E(7)
i
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Also,

E[U(Xsa Xt)U(Xta XU)U(Xm X’U)U(X’Ua Xs)]

=E plg Z kst(i)ktu(j)kuv(r)kvs(w)

2,4,r,w=1
16 <&
== Z E[(JJSZ — E[l'sz])(l'tz — E[{L‘ti])(l'tj - E[fﬂtj])(l'uj - E[l'u]])
@,4,r,w=1
(xur - E[xur])(xv’r - E[xm’]xwi - E[wi])(xsw - E[xswb
16 &
=— Z cov(x;, xj)cov(xj, T )COV(Ly, Ty )COV(Tyy, T4)
ivjﬂ‘:w:l
16
:FTT(XA)L()
m3p
X——-sup E*(2?)
p i

o)

C.16. Proof of Theorem A.2.1.
PRrROOF. Firstly, the following lemma would be useful.

LEMMA 4.  Under null, we have

1

1
—uCov?(X,Y) =

3 > H(Z,Zi)+ R,

where 1/(3)72”,,)7(1 =o0p(l) asnApANq— o0, Zs = (X,,Ys) and H(-,) is
defined as
H (Zs,Zt) = U(XS,Xt)V(YS,Kg).
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PRrROOF. Firstly, sample uCov can be written as

DY

[v1Q
\/
=

uCov? (X —
\/7 =1 j:l
p 1
— Y K@ L(j
f ; q;
- (K- f)

where K = (Est)?t L= (Is )St 1 kst = fZ k(zsi, i) and lg =
ﬁ >S4 U(ysi, yii)- Thus, uCov?(X,Y) is just dCov2(X,Y) with kernel K
defines as K (X, X¢) = ks and L(Ys,Y;) = . Notice that

K (X, Xy) — E[K (X5, X¢)| Xs] — E[K (X5, X¢)| X¢] + E[K (X, Xy)] = L Z kst (i),

T(Ya, Yi) — BL(Ya, Yi)|V] — E[E(Ya, Y)|Yi] + B[E(Ya, ¥i)] = iz

where kg (i) and g (i) are the double centered kernel distance defined in
Section 2.2.1. By Proposition 2.1 of Yao, Zhang and Shao (2018), we have

S(K L) = (21) 12 U(Xems Xen)V (Yo Yin) + Rupg
1 — 1 & 1 &
= 3 IS;SR 7 ; k(i) 2 ; st (1) + Rop.g:
where /() Rupq = 0p(1) 85 1 Ap A g — o0, O

By Lemma 4, we have

uCova(X,Y) 1 n
(2) 5 =— > H(Z,Zi)+ (2)72”,1%,
2 <

where 4/ (;L)Rmp,q = 0p(1). By similar proof of Theorem 2.1 in Zhang et al.
(2018), under Hyp, we have

1
\/@S 1gs§<;§n

H(Zs, Z)) % N(0,1).

O]
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C.17. Proof of Proposition A.2.1.

PROOF. Notice that by the proof of Theorem 2.2 in Zhang et al. (2018),
under null

uCov2(X,X) » uCovz(Y,Y) »

(19) BU X EvyE

So, by Theorem A.2.1

/ uCov?(X,Y) iN(O,l),
\/uCov X, X)uCov?(Y,Y)

and also
X, Y
uCov? ( ) 2.
\/uCov (X, X)uCov?(Y,Y)
As a consequence, we have T, A N(0,1). O

C.18. Proof of Proposition A.2.2.

PRrROOF. Based on Theorem A.1.1 and A.1.2, the results follow similarly
from the proof of Proposition 2.2.4. O

C.19. Proof of Corollary A.2.1.

ProoF. (i) If R = mdCov, the result follows from Proposition A.2.1 and
the following observation

/ R2(X,Y) / uCov?(X,Y)
\/R2 X, X)RA(Y \/uCov X, X)uCov2(Y, Y)
(ii) Recall that when k(z,y) = l(x,y) = |[v—y|?, E[U(Xs, X¢)?] = %T?‘(Eg()
and E[V (Y;, Y;)?] = %T’I“(E%/). If R = hCov, by Proposition A.2.2, we have

2 "
LAYEY R ( — 4,B, uCov n &’
2 2) S
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where A, = 2TXf (TX) X and B, = fg(l) <l> % By Theorem A.2.1,

X 21y rY

X, Y
A,B, <2> UCOVS() 4 N (0,1),

where ¢ is some constant. Also notice that

()%

Thus, we have

nR)
- 4\/lTr(22 Tr(32)
p X/q Y

= op(1).

2
(Z)T X R”();’Y) 4 eN(0,1).

Next, under Assumption D4, by Equation (19) and Proposition A.2.2

VREEXRY.Y)

S
| [A2Covi (X, X) +R"\ [ B2uCov,(Y,Y) + R"™
a E[U(X, X")?] E[U(Y,Y")?]

L.

Notice that Under Assumptions D1 and D4, Proposition A.2.2 also holds
similarly when X = Y or Y = X. So R” and R"” are both negligible.

Thus, we have
2(X,Y)
fin 4 N(0,1)
\/R2 X, X)R2(Y,Y)

and consequently T 4N (0,1). Similarly, it can be proved for R = dCov.
O]
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