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Abstract

Maximum Mean Discrepancy (MMD) has been widely used in the areas of machine learn-
ing and statistics to quantify the distance between two distributions in the p-dimensional
Euclidean space. The asymptotic property of the sample MMD has been well studied when
the dimension p is fixed using the theory of U-statistic. As motivated by the frequent use
of MMD test for data of moderate/high dimension, we propose to investigate the behavior
of the sample MMD in a high-dimensional environment and develop a new studentized test
statistic. Specifically, we obtain the central limit theorems for the studentized sample MMD
as both the dimension p and sample sizes n, m diverge to infinity. Our results hold for a
wide range of kernels, including popular Gaussian and Laplacian kernels, and also cover
energy distance as a special case. We also derive the explicit rate of convergence under mild
assumptions and our results suggest that the accuracy of normal approximation can im-
prove with dimensionality. Additionally, we provide a general theory on the power analysis
under the alternative hypothesis and show that our proposed test can detect difference be-
tween two distributions in the moderately high dimensional regime. Numerical simulations
demonstrate the effectiveness of our proposed test statistic and normal approximation.

Keywords: Berry-Esseen Bound, Distance Covariance, Energy Distance, Hilbert-Schmidt
Independence Criterion, Kernel Method

1. Introduction

Testing whether two samples are drawn from the same distribution is a classical problem
in statistics. Mathematically speaking, given independent and identically distributed (iid)
p-dimensional samples X1,..., X, from the distribution Fx and Y7,...,Y}, from the dis-
tribution Fy, we aim to test the hypothesis Hy : Fx = Fy versus Ha : Fx # Fy. There
is a rich literature for the two-sample testing and well-known tests include Kolmogorov-
Smirnov test [Kolmogorov (1933), Smirnov (1939)], Cramer von-Mises test [Cramér (1928)]
and Anderson-Darling test [Anderson and Darling (1952)]. Other notable ones include
Wald-Wolfowitz runs test [Wald and Wolfowitz (1940)], Mann-Whitney test [Mann and
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Whitney (1947)] for univariate distributions and their multivariate generalizations [Fried-
man and Rafsky (1979)], among others.

In this article, we focus on the test based on maximum mean discrepancy (MMD, here-
after) |Gretton et al. (2012)], which is defined as the largest difference in expectations over
functions in the unit ball of a reproducing kernel Hilbert space (RKHS). Since its introduc-
tion in the machine learning literature, it has gained growing popularity in both statistics
and machine learning and found numerous real-world applications, ranging from biological
data integration |Borgwardt et al. (2006)], to neural networks training |Dziugaite et al.
(2015)], to the evaluation of a generative model in generative adversarial networks (GAN)
[Arbel et al. (2018), Binkowski et al. (2018)].

As a distance metric that measures the closeness of two distributions, MMD belongs
to the category of interpoint distance based metric. In this category, a notable member is
energy distance (ED, hereafter) [Székely et al. (2004), Székely and Rizzo (2013b)], which
can be viewed as a special case of MMD [Sejdinovic et al. (2013)]. ED has been applied
to many statistical problems, including two sample testing |Székely et al. (2004), Zhu and
Shao (2021)], change-point detection [Matteson and James (2014)], hierarchical clustering
[Szekely et al. (2005)], assessment of the quality of probabilistic forecasts via new scoring
rules |Gneiting and Raftery (2007)], and covariate balancing in causal inference [Huling and
Mak (2020)].

Motivated by the increasing use of MMD test for data of moderate and high dimension
[Borgwardt et al. (2006), Zhu et al. (2017), Zhao et al. (2019)], we propose to study the
behavior of sample MMD in the high-dimensional setting, which seems relatively less ex-
plored. To the best of our knowledge, we are only aware of recent contributions from Zhu
and Shao (2021) and Chakraborty and Zhang (2021). In Zhu and Shao (2021), they showed
that under the setting p > max(n, m), the MMD permutation tests are inconsistent when
the two high dimensional distributions correspond to the same marginal distributions but
differ in other aspects of the distributions in that the ED and MMD tests mainly target the
differences between marginal means and sum of componentwise variances; see Chakraborty
and Zhang (2021) for similar findings. Note that the computational complexity of MMD
permutation test is O((n + m)?pB) with B being the number of permutations employed
and the computational cost is expensive for large scale data, whereas that of our proposed
method is O((n + m)?p).

As close relatives of ED, distance covariance (dcov, hereafter) and its standardized
version distance correlation (dcor, hereafter) were proposed by Székely et al. (2007) to
measure the dependence between two random vectors X € RP and Y € R? of arbitrary
dimensions. The high-dimensional behavior of sample dcov has been studied in Zhu et al.
(2020) and Gao et al. (2021). In Zhu et al. (2020), they showed that under the setting
min(p, q) > n, the dcov is unable to capture full nonlinear dependence between X and Y and
it is only capable of capturing componentwise cross-covariance, a phenomenon reminiscent
of the one in Zhu and Shao (2021) and Chakraborty and Zhang (2021). Additionally, their
results have been shown to hold for sample HSIC (Hilbert-Schmidt Independence Criterion),
which can be viewed as a kernelized version of sample dcov; see Sejdinovic et al. (2013). On
the other hand, Gao et al. (2021) showed that a rescaled sample dcor is capable of detecting
full nonlinear dependence as long as p = ¢ = o(y/n) and other regularity conditions hold.
Thus the results in Zhu et al. (2020) and Gao et al. (2021) complement each other and
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suggest that there are several interesting regimes for the asymptotic behavior of sample
dcov and sample dcor. Han and Shen (2021) derived the first non-null central limit theorem
(CLT, hereafter) for the sample distance covariance, as well as the more general sample
HSIC in high dimensions, and their results were obtained primarily in the Gaussian case.

Despite the aforementioned recent advances, the asymptotic theory for sample MMD
under the null hypothesis Hy in general case of n,m and p diverging in an arbitrary fashion
remains unexplored. Our first main contribution is to obtain central limit theorems for a
studentized sample MMD. We also obtain the explicit rates of convergence to the limiting
standard normal distribution. As another important contribution, we provide a general
theory for the power analysis for our studentized sample MMD and provide several non-
overlapping cases to discuss when the power of our MMD test is asymptotically one. One of
the main findings is that in the moderately high-dimensional regime, the proposed studen-
tized test statistic is able to detect the difference between two distributions with high power.
The difference can lie in the means, marginal variances, componentwise covariances, and
higher-order features associated with two high-dimensional distributions. The theoretical
results are new to the literature and can be considered as substantial extensions over those
obtained in Zhu et al. (2020), Zhu and Shao (2021), and Gao et al. (2021). As compared
to Zhu and Shao (2021), who focused on the behavior of MMD-based permutation test in
both High-dimensional Low Sample Size (HDLSS) and High-dimensional Medium Sample
Size (HDMSS) settings, we aim to derive a simple studentized test statistic with standard
normal limiting null distribution, under less stringent restrictions on the growth rate of
p as a function of n. Some detailed comparisons with their power results are deferred to
Section 3.5.

As two sample testing and independence testing are very much related, our work is
also inspired by the dcov-based testing in high dimensional setting in Zhu et al. (2020)
and Gao et al. (2021). In particular, since our work and Gao et al. (2021) share some
technical arguments (say, Berry-Esseen bound for martingale), it pays to highlight the
main difference between these two papers. First, the main U-statistic (that is, sample dcov)
in Gao et al. (2021) is based on a one-sample kernel of order four, whereas we need to deal
with a two-sample kernel of order (2,2). Consequently, some new theoretical tools need
to be developed, such as the moment inequality for the two-sample U-statistic. Second, to
form the studentized test statistic, we estimate the variance of sample MMD under the null
using the pooled sample. The asymptotic behavior of this variance estimate is studied under
both the null and the alternative. In particular, we have shown that it is a ratio-consistent
estimator of HSIC of a mixture distribution with itself under some mild conditions. Lastly,
our asymptotic theory is developed for a large class of kernels, including the Lo norm as well
as the Gaussian kernel, the Laplacian kernel, and many other kernels used in the machine
learning literature. This generality is achieved by substantial new technical developments
and very involved asymptotic analysis.

Recently, Yan and Zhang (2023) have obtained some related results for MMD-based test
in high dimension. Specifically, they propose a studentized MMD-based test statistic under
a specific model structure and establish the null CLT as well as the non-null CLTs under
fixed and local alternatives for an (infeasible) standardized statistic. Though both papers
consider the two-sample MMD-based testing problem when both (n,m) and p diverge and
propose a studentized statistic, there are significant differences in terms of settings, technical
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tools and theoretical results. Firstly, the problem set-ups are different. Yan and Zhang
(2023) consider a special factor-like model which has been adopted in high-dimensional
two sample mean testing [Chen and Qin (2010)]. All of our theory, including the CLT,
the general Berry-Esseen bound and the power results, are established with no specific
model constraints, and are thus applicable to a broader set of data generating processes.
Secondly, the technical tools and primary results established in the two papers are very
different. The most striking contribution in Yan and Zhang (2023) is the non-null CLTs
for the standardized statistic, which are very interesting and seem only achievable under
the specific model assumption, whereas we only present the null CLT for our studentized
test statistic but additionally derive a Berry-Esseen bound under the null. Thirdly, the
power results and the regimes under which the power approaches one are very different,
and more discussion can be found in Section 3.4. Overall, we view the results in Yan and
Zhang (2023) and our paper complementary to each other. Together they provide a more
complete portrayal of the high-dimensional behavior of MMD-based statistics.

The rest of this paper is organized as follows. Section 2 introduces the maximum mean
discrepancy, its sample version as a two sample U-statistic and its Hoeffeding decomposition.
The distributional properties when the dimension p is fixed is also described. We propose
a studentized test statistic and present the main theorems in Section 3. To be specific, we
present the CLT for the studentized MMD and obtain the rates of convergence under the
null. We also provide a general theory for the power under the alternative in this section.
Finite sample performance is examined via simulations in Section 4. In Section 5, we
summarize our results and discuss some potential extensions. Some illustrative examples,
all the technical details, and some additional simulation results are presented in the online
appendices; see https://arxiv.org/abs/2109.14913.

Let ¢,d be any positive integers and ¢(z1,...,%c, y1,--.,yq) denote a two-sample ker-
nel function. For any 0 < ¢ < ¢, 0 < d’ < d, and subsets {i1,... iz}, {j1,...,Ja}, define

c d
i17<~-7XiC/:YJ'1»-~7YJ'd/ [(Z)(Xl’ SRR 7X07Y17 cee 7Yd)] = / : /¢(X17 .. 7X0a Y17 sy Yd) H dFX'is H dFYJr
s=1 r=1

For simplicity, we write

Ex

EX1,~~~,XC,Y1,~~,YCI [¢(X1a cee 7Xca Y17 ) Yd)] =K [@(Xl, v 7X07 Y17 cee 7Yd)] .

For two random vectors Vi, Vs, the notation V; =4 V¥, means that they are identically
distributed. We use —% and —P to denote convergence in distribution and in probability
respectively. For two real-valued sequences a,, b,, we say a, = O(by,) or a, < by, if there
exist M,C > 0, such that a,, < Cb, for n > M. If there exist M,C7,Cs > 0, such that
Ciby, < ayp < Coby, for n > M, then we say a, = Os(b,). In addition, we say a, = o(by)
or ap < by if ap/b, — 0 as n — oo. For any p-dimensional vectors a,b, we use |a — b|
to denote the Euclidean distance between a and b. For a function f, we use f; to denote
its i-th order derivative, and f to denote its centered version, that is, f Voo, Vi) =
fV, oo Vi) — ]E[f(Vl,...,Vk)]. We use C(uq,...,u;) to denote a positive and finite
constant that depends only on the parameters uy, ..., ug and the values of C'(uq, ..., ux) may
vary from line to line. Additionally, we use cum(zy,--- ,zx) to denote the joint cumulant
of the random variables z1,--- , zg.
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2. Maximum Mean Discrepancy and Its Properties

2.1 The Definition of Maximum Mean Discrepancy

We follow Definition 2 in Gretton et al. (2012) to provide a formal definition of MMD.

Definition 1 Let X ~ P; and Y ~ P be independent random vectors in RP and let Fy be
a class of functions f : RP — R. We define the maximum mean discrepancy (MMD) as

MMD(Py, P2) = sup {E[f(X)] - E[/(1)]} (1)

With properly selected function class Fy, MMD(P;, P,) has some special properties. To fa-
cilitate the subsequent discussion, we follow the introduction in Section 2.2 of Gretton et al.
(2012) to provide some basic properties of the reproducing kernel Hilbert space (RKHS).

Specifically, let F be an RKHS on the separable metric space (RP, P), where P denotes
the set of Borel probability measures on RP. By the property of the RKHS and the Riesz
representation theorem, there is a feature mapping ¢(z) : RP — R such that f(x) =
(f,¢(x))r for any f € F. Furthermore, there exists a symmetric and positive definite
kernel k associated with F such that ¢ takes the canonical form ¢(z) = k(z,-). It follows
that k(x,z") = (¢(z), d(2')) 7 for any z, 2’ € RP.

For any distribution P € P, we define the mean embedding of up € F as the function
satisfying that E[f(z)] = (f,up)F for any f € F. It is shown in Lemma 3 and Lemma 4
of Gretton et al. (2012) that, when the aforementioned kernel k is measurable and satisfies
E[k(X, X)] < oo, E[\/E(Y,Y)] < 0o, then MMD can be expressed as the distance in F
between mean embeddings, that is, MMD?(Py, P») := ||up, — jip,||%. Equivalently, as stated
in Lemma 6 of Gretton et al. (2012), MMD can be expressed through the kernel as

MMD(Py, Py) = MMD(X, Y|k) := (—2E [k(X,Y)] +E [K(X, X)] + E [k(Y,Y)])"/?, (2)

where X', Y’ are independent and identical copies of X ~ P; and Y ~ P, respectively.

When Fy in Equation (1) is the unit ball in the RKHS (F, k), Gretton et al. (2012)
has shown that MMD(P;, P») is a nonnegative metric and MMD(Py, P») = 0 if and only
if P, =% P,. Similar results have been generalized by using the equivalent definition of
MMD. In particular, if k& in Equation (2) is characteristic on RP (i.e., the corresponding
mean map pp is injective), then the associated MMD is a metric on P, which satisfies
MMD(Py, P») = 0 if and only if P, = P, [Fukumizu et al. (2007), Sejdinovic et al. (2013)].
Many commonly used kernels are shown to be characteristic kernels on R?, including the
Gaussian kernel and Laplacian kernel [Fukumizu et al. (2007)].

We note that when k(z,y) = |z — y|, Equation (2) coincides with the formulation of ED
[Székely et al. (2004)].

Definition 2 Let X, X', Y,Y’ be independence random vectors in RP that satisfies X, X' ~
Py and Y,Y' ~ Py, we define the energy distance (ED) as

ED(Py, Py) = ED(X,Y) = (E[|X —V[] - E[|X - X'[] ~E[ly -v'[)'*. @)

ED is a nonnegative metric and it holds that ED(Py, P;) = 0 if any only if P, = P,.
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In this paper, we aim to provide a unified treatment of ED and MMD, so we follow the
approach in Zhu and Shao (2021) and mimic the definition of energy distance in Székely
and Rizzo (2013b) and Huang and Huo (2017) to give the definition of MMD with a general
kernel k. Though kernel is commonly used to measure similarity in the machine learning
literature, we use kernel throughout this article to refer to a broader range of metrics of
dissimilarities, which include both a semimetric of strong negative type on RP (Definition 1
and Definition 28 of Sejdinovic et al. (2013)) and a characteristic kernel multiplied by —1,
as formally stated in Definition 3 below. For notational simplicity, we shall use MMD (ED)
instead of MMD? (ED?) as in their original definitions (2) and (3), and the same is done
for dcov later.

Definition 3 Define k : RP xRP — [0, 00) to be a kernel that satisfies either of the following
conditions:

(i) for any z,y € RP, it holds that k(z,y) = k(y,x) and k(x,y) = 0 if and only if
x =y, and additionally, for any Borel probability measures P,Q on RP satisfying
[ k(z,2)dP(z) < 0o and [ k(z,2)dQ(z) < oo, P # Q implies that [ kd([P— Q] x [P —
QJ) <0.

(i1) (F,—k) is an RKHS on (RP,P) and the kernel —k is characteristic.

To ease the reading, we mimic Table 1 of Zhu and Shao (2021) to summarize a few kernels
covered by Definition 3 in the following table.

Kernel k Expression of k Condition satisfied
Euclidean distance k(z,y) = |z —y| k satisfies (i)
Gaussian kernel (multiplied by -1) | k(z,y) = —exp (—|z — y[*/(2+?)) k satisfies (ii)
Laplacian kernel (multiplied by -1) k(z,y) = —exp (—|z —y|/7) k satisfies (ii)

Table 1: Examples of kernel k covered by Definition 3.

Then we are ready to propose the unified definition of ED and MMD.

Definition 4 Let k denote a kernel defined as Definition 5. Suppose that X,Y € RP are two
independent random vectors satisfying that E [|k(X, X")|]+E [|[k(X, Y)|]+E[|k(Y,Y)]] < o0,
then we define

EMX,Y) =2Ek(X,Y)] - E[k(X,X)] - E [k(Y,Y")], (4)
where X', Y are independent and identical copies of X and Y, respectively.

As shown in Sejdinovic et al. (2013), £¥(X,Y) is always non-negative and is zero if and
only if X =% Y. Similar to Huang and Huo (2017), who expressed sample ED as a U-
statistic, we can find an unbiased estimator of £(X,Y") via a U-statistic with a two-sample
kernel.

Proposition 5 Define the two-sample kernel

2 2
1
(X1, X0, Y1,Y2) = 5 YD k(X0 Y)) — (X1, Xo) — k(Y1 Ya), (5)
i=1 j=1
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which satisfies E [hk(Xl,Xg, Y1, Yg)] = EF(X,Y). Then an unbiased estimator of E¥(X,Y)
can be defined as

—1 -1
n m
5S7m(X’ Y) = (2> <2> Z Z h* (Xl1’X127Y}1>}/Jz)

1<i1<ia<n 1<51<ja<m
9 n m n —1 m -1
= 23y -(3) X k- () X k),
i=1 j=1 1<i<j<n 1<i<j<m

It follows from the Hoeffding decomposition that two-sample U-statistic 5,’;77m(X ,Y) can
be decomposed into the sum of a leading term and a remainder term. In particular, let G,
denote the distribution function of a single point mass at =, and for 0 < ¢,d < 2, define

h(c’d)(Xl,...,Xc;Yl,..., / / ul,u2,vl,U2)H(dGXi(ul — dFx(u;)) H dFx (u;)
=1 i=c+1

X H dGy, (v;) — dFy (vj)) H dFy (v;).
j=1 j=d+1

Then it holds that £ (X,Y) =Lk (X,Y)+ Rk, (X,Y), where

LE L (X)Y)=E¥X,Y) + Zh““ %Zh@l
2 4 n m
+ m Z h(270)(Xi17Xi ) + %ZZh(lvl)(X“}/])
1<ir<iz<n i=1 j=1
2
T =1 > WYY,
1<j1<ja<m
4 m
k _ 2.1
Rn,m(X7Y) _n(n_1>m Z Zh X217X127Y3)

1<y <i2<n j=1

D DD DR R RN

=1 1<j1<j2<m

4
+ Z Z h(272)(X’i17Xi27Yj1’Yj2)7

n(n—Dmm—1)| = 1< Them

By generalizing some results established in Huang and Huo (2017), the expressions of
L'ﬁl’m(X ,Y) and Rﬁ’m(X ,Y') can be greatly simplified, which are stated in Proposition 6.

Proposition 6 Assume that E [|k(X, X")||+E [|[k(X,Y)||+E[|k(Y,Y")|] < oo, then it holds
that RE  (X,Y) =0, and

LE(X)Y) = 3EMX,Y) =23 hio(Xi) — 2 3 hot(V)) + == > Y hii (X5, Y))
i=1 j=1

i=1j=1

+<g>_1 S hoo(Xyy, Xi,) + (7;)_1 > hoa(Y), Y,

1<ii1<ia<n 1<j1<52<m
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where for 1 <i1 <io <n and 1 < j1 < joa < m, we define
th(Xil) Ex,, y; Y; [hk(Xiniz’leijz)]» hOl(Y' ) Ex, x; Y; [hk(Xiniszqujz)]

igrLgys 019N ig)

hao (X, Xiz) :]EY]' Yo [hk(Xil’Xtianjz)]’ h02(YJ17YJz) EXilaXiQ [h (Xlelz’YleYJz)]?
and hll(XiNle) Ex; Y; [hk(XZuXZz’YJNY )]-

199

If additionally X =Y, then 5’“ n(X,Y) = L (X, Y) with the simplified expression
-1 n o m -1
B =(3) T X+ S Eme) ()T ey
1<i1<iz2<n i=17=1 1<j1<g2<m

Proposition 6 simplifies Eﬁm(X ,Y') and facilitates the subsequent analysis.

2.2 Distributional Properties of Eﬁm(X,Y) with Fixed p

The asymptotic behavior of sample MMD (and sample ED) has been well studied when
the dimension p is fixed; see Székely et al. (2004), Gretton et al. (2009) and Gretton et al.
(2012). In particular, the asymptotic distribution of Eﬁvm(X ,Y) (in the case of sample
MMD) under the null is established in Theorem 12 of Gretton et al. (2012). Define

d*(X1, X2) = k(X1, Xa) — Ex, [k(X1, X2)] — Ex, [k(X1, X2)] + E [k(X1, X2)]. (6)
Assume that E [k?(X, X’)] < oo, and that lim

n,m—oo

= p for some fixed 0 < p < 1, then

n+m

under the null, Eff (X, Y) converges in distribution according to

(1 )L (X,Y) 1 ZAZ (1= = (o 2= 1= ) 200)°).

where {ag}s>1,{be}e>1 ~ N(0,1) are two independent sequences of iid Gaussian random
variables, and {\;}3°; and {V;(x)}:2, are respectively the eigenvalues and the eigenfunc-
tions of the equation Ex [d¥(X, X")¥;(X)] = \¥;(X’). Note that the above limiting null
distribution is not pivotal, so critical values are not directly available. Several approxima-
tion methods have been developed in the special case of m = n in Gretton et al. (2009).

3. Studentized Statistic and Asymptotic Theory
3.1 Studentized Statistic

To develop our studentized statistic, we need to find the variance of Ln . under the null,
which can be shown to have a strong connection with the Hilbert- Schmidt independence
criterion (HSIC) |Gretton et al. (2007)]. We thus start from the definition and some basic
results of HSIC, and then move on to deriving the variance of sz,m under the null before
proposing a studentized test statistic.

Definition 7 Suppose X € RP and Y € RY with integers p,q > 1. Let k be a kernel deﬁned
as Definition 3, then a generalized Hilbert-Schmidt independence criterion (HSIC) VH(X,Y)
between the dzstmbutwns X and Y is defined as

V2(X,Y) = E[k(X1, X2)k(Y1, Ya)] — 2E[k(X1, Xa)k(Y1, Va)] + E[k(X1, Xo)|E[k(Y,Y2)],  (7)
where (X1,Y1), (X2,Y2) and (X3,Y3) are independent copies of (X,Y).
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Remark 8 This definition directly follows from Lemma 1 of Gretton et al. (2005) when
—k(-,) is a characteristic kernel w.r.t. (RP,P). When k is a semimetric of strong negative
type according to Definition 3, the resulting metric also fully quantifies nonlinear dependence
in the sense that V,%(X, Y) > 0 and equals to zero if and only if X,Y are independent; see
Sejdinovic et al. (2015). In fact, VZ(X,Y) can be viewed as a generalization of distance
covariance (dcov), as the expression of VE(X,Y) with k(z,y) = |z — y| coincides with the
well-known dcov [Székely et al. (2007)]. For simplicity, we call VZ(X,Y) the HSIC in both
cases.

Next, we introduce a mixture distribution of X and Y, defined by

P { X, with probability p, (8)

Y, with probability 1 — p,
where p is the limit of the size proportion n/(n+m). By introducing the mixture distribution
Z, we are able to aggregate X and Y with respect to their occurrence frequencies in the
pooled sample. Consequently, we can directly establish some unified results in terms of Z,
which are more succinct than establishing the counterparts in terms of X and Y respectively.
Let Z1, Z5, Z3 be three independent copies of Z, then HSIC of Z with itself is given by

Vi(Z) = E [K(21, Z2)] — 2B [k(Z1, Z2)k(Z1, Z3)] + (E[k(Z1, Z2)])° (9)

With V?(X,Y) being a generalization of distance covariance, we can also view VZ(Z) as a
generalization of distance variance of Z. It is trivial that X =¢ Y =¢ Z under the null.
Furthermore, the variance of Lﬁ}m under the null can be written in terms of VZ(2).

Proposition 9 If X and Y are identically distributed, and E [k2(X1,X2)] < oo, then it
2

holds that Var(Lf{’m(X,Y)) = comVE(Z), where cpm = n(n2_1) +-L 4 =Ty
If given n independent and identically distributed observations Z = (71, ..., Z,) from
the mixture distribution Z, an unbiased estimator of VZ(Z) with k(z,y) = |z — y| can

be obtained using the U-centering approach in Székely and Rizzo (2013a) and Székely
and Rizzo (2014). However, the mixture distribution Z is unobserved, and we only have
two independent random samples X = (Xi,...,X,,) from the distribution of X and Y =
(Y1,...,Y,,) from the distribution of Y. Let N = n + m denote the total sample size.
Throughout, we assume that there exists some constant 0 < p < 1, such that n/N — p as
min{n, m} — co. We propose to use the pooled sample to estimate VZ(Z) as follows.

Proposition 10 For any fixed p and kernel k : R? x RP — R, assume that E [k2(X1, Xg)],
E [k*(X1,Y1)] and E [k*(Y1,Y2)] are all finite, and k(X, X) = af is a finite constant inde-
pendent of X. For 1 < s,t < N, define

k(Xs, Xy), 1<s,t<n

k(Xs, Yiin), 1<s<n<t<N
a,;t: ( s tn) (10)
' k(XhYS—n)a 1St§n<SSN

(

>

}/s—’m}/t—n)v n+1587t§N
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Define the U-centered distances with kernel k as A’S“ff = als“,t —ak —ak 4 ak, where
N N N
1 1 1
~k __ ~k __ ~k __ k
G N g2 S TN g 2u%i T NN —2) & Y
=1 J=1 1,j=1
Then under the null, it holds for any fized p and kernel k that,
1 2 (ak)Z
kx kx 0
Xy = by () ¥
Vn,m( ) N(N—3) s,t (N—l)(N—3) ( )

s#t

is an unbiased estimator of VZ(Z). Furthermore, under the alternative, V,’f:“m(X, Y) is

asymptotically unbiased of VE(Z) for any fized p and kernel k, that is, E [Vﬁfm(X, V)] —
VE(Z) as n,m — oo.

Remark 11 If the kernel k is chosen to be the Lo norm, we have ak = 0 and the estimate
V,’ffm(X ,Y') reduces to the traditional U-centering based sample distance variance based on
the pooled sample. However, for a general kernel k, alg may be nonzero, and the correction
term —(N_(f)]‘g% 1s necessary to obtain the unbiasedness. This bias correction is important
for Gaussian and Laplacian kernels as the use of biased variance estimate leads to noticeable

size distortion in the small sample in our (unreported) simulations.

To our best knowledge, the proposed estimate of V%(Z ) based on the pooled sample
is a new addition to the literature, and it is different from the studentizers proposed in
Chakraborty and Zhang (2021) and Yan and Zhang (2023); see Remark 12 and Remark 13.

In terms of computational complexity, the computation of all a’;t’s is of order O((n +
m)?p). Since the U-centering only requires O((n + m)?) computation, the computational
complexity of Vﬁfm(X ,Y) and the studentized statistic Tf;mp defined below is of order
O((n + m)?p). By contrast, the computational complexity for the permutation based test
in Zhu and Shao (2021) is of order O((n+m)?*pB), where B is the number of permutations.

To test Hy : X =? Y against H, : X #% Y, it is natural to use the following studentized

test statistic: N
- Efm(X.Y)

e Vi (X,Y)
Cn,m n,m( ’ )

where ¢, , is defined in Proposition 9.

Similar test statistics for the two-sample problem have been previously discussed in other
existing papers; see Chakraborty and Zhang (2021) and Yan and Zhang (2023). We conjec-
ture that all three studentizers are asymptotically equivalent. Some additional discussions
can be found in the following remarks.

(12)

Remark 12 In Chakraborty and Zhang (2021), a different studentized test statistic is pro-
. Tk gﬁ m(X7 Y) . . k Tk
posed in the form of Ty, . ., = —S The magjor difference between T,) ., ., and Ty ,,,
Cn,mPn,m

is the variance estimator of Effm(X, Y') in the denominator. Specifically,

¢ 4(n—1)(m — 1)edCov? ,,(X,Y) + 4, VE* (X)) + v, VEH(Y)
e (n—1)(m—1)+n(n—3)/2+m(m—3)/2 ’

10



Two SAMPLE TESTING IN HIGH DIMENSION

where V¥*(X), V¥*(Y') are respectively the U-centering based unbiased estimators of V2(X), VE(Y),
and chov,Q%m(X,Y) is the cross distance covariance between X and Y, given by

> k(X 1)

k:zl =1

n

cdCov} ,,(X,Y) = TS

In Theorem 4.2 of Chakraborty and Zhang ('2021) they demved the l@mztmg dzstmbutwn of

Tvlfmp under both the null and alternatives when p — oo whereas (n,m) are fized.

Remark 13 In a very recent paper by Yan and Zhang (2023), they also proposed a studen-
tized MMD test, and their studentizer is based on a linearization argument and differs from
ours and the one in Chakraborty and Zhang (2021). However, the CLT results in Yan and
Zhang (2025) are established for the standardized statistic instead of the studentized statistic
under both the null and alternative when both the dimension and sample size diverge, and
the standardizer is actually infeasible.

As we present below, we will be investigating the asymptotic behavior of our studen-
tized statistic Tn m,p under the setting min(n,m, p) — oo using a different set of technical

arguments and our results are complementary to those in theirs.

3.2 Asymptotic Distributions

For each p € N, let k) : R”? xR — R be a kernel defined as in Definition 3 and (k) : p € N)
thus forms a sequence of kernels. Throughout the paper, we let C = {(k:(p) 'p € N)} be
the set of all the kernel sequences of interest. Again, we drop the symbol (p) for simplicity
when we are focusing on a specific kernel given a fixed p.

Let l%(Zl,Zg) = k(Z1,22) — E[k(Zl,Zg)] denote the centered version of k. We have
already shown that Vk* “(X,Y) is an unbiased estimator of VZ(Z) under the null and is
asymptotically unblased under the alternative, then we are ready to state that Vk* (XY
is ratio-consistent for VZ(Z) under both the null and the alternative with some conditions.

Proposition 14 Assume that E [k*(Zy, Z3)] < oo for each k=kP cCand n/N — p as

n,m — oo for some 0 < p < 1. Under the null when X =Y =% Z, if for some constant
0 <71 <1, it is satisfied when N,p — oo that

E Ul%(zl, Z2>’2+2T:|

—0 (13)
147 ’
NT(Vi(2))
Vi (X,Y)
then we have W —P 1. As a direct consequence, under the null we have that
k
Cn mV XY
m( ) —P 1.

Var(LfL’m(X, Y))

11
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Condition (13) is directly from the use of Markov’s inequality. In fact to show that

1+T]

Vk* *(X,Y) is ratio-consistent for VZ(Z2), it suffices to find an upper bound of (VQ( ))1+T
k
where 7 € (0,1]. As shown in Proposition 10, V¥ (X,Y) is unbiased of VZ(Z) under the
null. Furthermore, V’“* *(X,Y) — V2(Z) can be decomposed as a summation of multiple
U-statistics with mean zero. By applying a moment inequality for the U-statistics, we can
show that the deviation E[|VE* (X,Y) — VZ(Z)|'*7] is bounded by E[|k(Z1, Z2)[*t*7] /NT

from above. This leads to condition (13).

As a counterpart of Proposition 14, the ratio-consistency of the sample estimate Vk* (X, Y)

under the alternative is established in Proposition 15.

Proposition 15 Assume that E [k*(Z1, Z2)] < oo for each k = kP € C and n/N =
p+ O(1/N?) as n,m — oo for some 0 < p < 1 and s > 0. Under the alternative, if for
some constant 0 < 7 < 1, it is satisfied that

ehx, Y [PTT E[k2(Z,. Z
X ; ) i+ 0 [Ns( 21722)] — 0, (14)
NT(V2(Z)) Vi.(Z)
and
~ 24271 ~ 2421 ~ 2427
Uk(Xb | R+ [k ) }
— T -0, (15)
N7 (Vi(2))
then it hold thth* (X, V) —P 1 N,p—
en 1 oLas a W as ,p 0.

The argument to show Proposition 15 is quite similar to that of Proposition 14, with the
main difference being attributed to the fact that Vk* "(X,Y) is not an unbiased estimator
of V3(Z) under the alternative. In this case, to bound EUV’“* (X,Y) = VE(2)|MT], we
break it into two parts, namely, E [|V,’§fm( Y) = E[VF (X, Y)]|'*7] and |E[Vﬁj‘m(X, Y)] -
V2(Z)|*7. Note that VF* (X,Y) — E[Vnk;n(X, Y)] can be decomposed as a combination
of multiple U-statistics and its upper bound is obtained by a moment inequality. This is
manifested in the first condition in (14) and condition (15). A major difference from the
condition under the null is that, to make the pooled-sample estimate Vﬁj‘m(X ,Y') ratio-
consistent for V,f(Z ), the discrepancy between the distributions of X and Y, as quantified
by £F(X,Y), cannot be too large, as regulated by the first condition in (14).

The upper bound of |E[V,’§:"m(X ,Y)] = V2(Z)|'*™ corresponds to the second condition in
(14). In fact, it follows from some simple calculations that, under the assumption n/N =
p+ O (1/N?), the bias E[Vﬁ%(){, Y)] = V(Z) can be bounded by E[k?(Z1, Z5)| /N* up to
a multiplicative constant, where the convergence rate of n/N is involved.

To establish the central limit theorem for the proposed test, we define the functionals

9" (X1, Xo, X3, Xy) = d¥ (X1, Xo)d" (X1, X3)d" (X2, X4)d" (X3, Xy), (16)

where d* is defined as (6). We can obtain the following central limit theorem for the
proposed test statistic under the null.

12
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Theorem 16 Assume that E [k*(Z1,Z5)] < oo for each k = kP € C and n/N — p as
n,m — oo for some 0 < p < 1. Under the null when X =Y =% Z, if for some constant
0 < 71 <1, it is satisfied for some {(kP)} € C that

~ 24271
E Uk(zl,zg)) ] " .

NT(V2(2))'T

and
(E [¢%(Z1, Za, Zs, Z4)])(1+T)/2
(V,?(Z)) 147

-0, (18)

when N, p — oo, then it holds for this sequence {k®} that Tff —9IN(0,1).

T, P

This theorem can be viewed as a counterpart of Theorem 1 in Gao et al. (2021) but is
stated for a general kernel. Under the null, it follows from Proposition 14 that V¥* (XY)

,m
is ratio-consistent for VZ(Z) under Hy when (17) is satisfied, and it is derived in Proposition

6 that £ (X,Y) = L (X,Y). To derive the central limit theorem of T¥, . it suffices
k

to investigate the asymptotic behavior of % using the martingale central limit
Cn,m Vi

theorem, since Lﬁ,m(X ,Y) forms a martingale. Condition (18) is basically Lyapunov-type
condition in the use of martingale central limit theorem.

Note that condition (18) only depends on p and is free of the sample size NV, whereas
condition (17) depend on both N and p and thus might impose some implicit constraints
between the divergence rate of N and p. For any fixed 7, if the order of EUI::(Zl, Z2)H2+2T
does not exceed that of (VZ(Z))'*7, then the quantity in (17) naturally goes to zero as long
as N diverges without additional restrictions between N and p. As it turns out, it can be
shown that the orders of IEUI;:(Zl, Z2)|]2+QT and (VZ(Z))'"7 are the same for the Gaussian
kernel, the Laplacian kernel as well as the Lo norm, hence the first term is independent of
p for these kernels. Furthermore, later in this paper, we show that this is true as long as
the kernel satisfies some technical conditions.

In the literature, Zhu and Shao (2021) obtained the asymptotic distribution for the MMD
permutation test statistics under the HDLSS (high-dimensional low sample size, where p
grows to infinity and (n,m) is fixed) and HDMSS (high-dimensional medium sample size,
where (p,n,m) all grow to infinity but p grows faster than N). The asymptotic results
for the studentized test proposed in Chakraborty and Zhang (2021) are also limited to the
HDLSS setting. Yan and Zhang (2023) obtained the CLT of a standardized MMD statistic
for a factor-like model allowing (p,n,m) to diverge without constraints.

3.3 Rate of Convergence

We can further obtain the rate of convergence of the test statistic under the null using the
Berry-Esseen bound for martingales, which has been used in Gao et al. (2021). Here we

first follow their steps to find an upper bound of sup ‘IP’ (Tr’f,m,p <z)-— @(:1;)‘
T€R

13
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Note that under the null, for any 0 < v < 1, we have

sup |P (Tk <) — O(z)| =sup

n,m,p —
TER ’ z€ER

gk
P il <z|—-®(x)
\/Cnm V5 (X,Y)

k
P (an < x) — ®(z)| +sup [®(z) — é(xm)’
Var(Lk )

xeR
CnmVE: (X,Y)
P —_® 1— ‘ 2P o nmi o/
| — SVl =)+ ( Var(LE,)

IN

2sup
FISIN

-1

>’Y> :2P1+P2+P3+2P4

By upper bounding each F;, we obtain the following theorem.

Theorem 17 Let Z denote the mixture distribution of X and Y defined as (8). Assume

that & [k4(Z1,Z2)] < oo for each k = kW) € C and n/N — p as n,m — oo for some
0 < p < 1. Under the null, it holds for any n,m,p and 0 < 7 <1 that

3427

" 24271
E Uk(ZuZz)’ } (E [9"(21, Z2, Z3, Z4)]) =
n,m,p —

U B (T, < ) = ®(2)| < Clo.7) ) —gmyier— + )

Theorem 17 states a non-asymptotic Berry-Esseen bound of the proposed test statistic.
B[,z (&[e4(20,22,70,20])
Ny and VR
the accuracy of normal approximation. As we have mentioned after Theorem 16, the second
term is solely determined by p, whereas the first term might depend on both N and p.
Although the bound established in Theorem 17 is valid for any n,m,p, the accuracy of
normal approximation is guaranteed only when both quantities are close to zero, which
might put some restrictions on the way the dimension p diverges with respect to N. Such
restriction is implicit for a general kernel k£, but under some assumptions we can explicitly
calculate the order of each term on the right-hand side, which enables us to derive the
specific regime where the bound goes to zero. To this end, we first present a computational
formula for E [gk(Zl, Zo, 23, Z4)] in the following proposition.

The two terms in the bound, jointly determine

Proposition 18 Assume that E [k*(Z1, Z3)] < oo, it holds that
E|g"(Z1, 23, 7, Z1)| = G + Ga + G + G,
where Gl =E [k(Zl, Zg2)k(Z1, Zg)k‘(ZQ, Z4)]{5(Zg, Z4>]—4E [k(Zl, ZQ)k(Zl, Z3)]€(Z2, Z4)/~€(Z4, Z5)]+ )
2E [k(Zy, Z2)k(Z1, Z3))", Go = AE [k(Z1, Z2)| E [k(Z1, Z2)k(Z1, Z3)k(Za, Zy)], G3 = —AE [k(Z1, Z2)]
x E[k(Z1, Z2)k(Z1, Z3)], and Gy = R [k(Z1, Z2)]".
If we restrict our attention to the kernels of the form k(z,y) = f(|z—y|) for some smooth
function f, we can derive the explicit rate of convergence. To this end, in the following we

state the technical assumptions on f and the distributions of X and Y.

14
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Assumption 1 Assume that for each k®) € C, there exists some function fP), such that
kP (z,y) = fO)(|lz —y|) for any x,y € RP. Let D be the domain of f® and Dy C D be a
set that contains Ao = E [|Z1 — Zs|?] Y2 and AFY =E[|X; - Y4 }1/2.

Additionally, assume that

(i) for each f®) and any s € D and sy € Dy, it holds that
7s) EZ 7P (s0)(s — 50 + £ (€(5, 50)) (s — o)

where fi(p) denotes the i-th order derivative of f®), and &(s,s0) denotes some point
between s and sg.

(ii) these exists a positive constant M < oo, such that for any f® and any sq € Dy, it
holds that

el 7| £(P)
112?2(781”11)”0 s)| - Isol < M|f5" (s0)l-

(iii) there exists a positive constant M < oo, such that for any P and any sy € Dy, it
holds that

- 1 1
PG < Mrming] 3 17 )s] | = L 77 ()s + < F9(5)7]).

w ere erists a positive constan I < 00, Suc at for any and any Sso € Do, 1
) th st ti tant M h that f 1) and Dy, it
holds that

SO < Fmingo £ (s)s — 1 057 + fW>|
-

5 (p) i (p) 1)) 3 1 54

Assumption 1(i) is mild and it only requires that the function f is smooth enough and
has continuous derivatives up to the 7-th order. Assumption 1(ii)-(iv) further regulates
the smoothness of the derivatives of f and will be used to determine the exact orders of
EX(X,Y) and V2(Z). Later in Section 3.5, we will use the Gaussian kernel as a special
example to demonstrate the verification of Assumption 1. Additional examples for Ly norm
and the Laplacian kernel can be found in the online supplement.

Before stating the next assumption, we introduce some useful notations. Define A =
E[|Z1 — Zof*], AX =E [| X1 — X5|?], A*Y =E[|X; — Y1?] and AY =E [|Y; — Y2[?]. Let
Ag = A'? and define A, AFY and A} in the same way. For each X and Y, let ux = E [X]
and py = E[Y] be the mean vectors, and use X =X—puxand Y =Y — puy to denote
the centered version of X,Y respectively. Additionally, we use A = pux — uy to denote
the mean difference between X and Y and we denote the covariance matrices of X,Y by

Yy = (O%(vjljZ )j1’j2 and Xy = (U%’yjljz)jlvj?

Assumption 2 For any fizred p and X = (z1,... ,xp)T andY = (y1, ... ,yp)T, assume that

15
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(i) there exists an integer 1 < a(p) < p, such that X and Y have a(p)-dependent compo-
nents, respectively. Specifically, for any 1 < j <p—a(p)—1 and € > o(p), {zi}i<; is
independent of {x;}i>jte, and {yi}ti<j is independent of {y;}i>jye-

(ii) there exists a constant 0 < U* < oo, such that

Elz: 1. Elly.: 1" U-.
max max (Ble;l']Elluil) <

(iii) there exists some positive constants 0 < Lo, Uy < 00, such that

Lop < min{AX, AXY AV} < max{AX, A%V AV} < Upp.

(tv) there exists some positive constants 0 < L, Uy < oo, such that
Lie(p)p < min{||Sx [[F, [Sy [} < max{[Sx|F ISy |7} < Ugap)p.

Assumption 2(i) imposes some condition on the weak componentwise dependence within
X and Y and it only needs to hold for some permutation of components of X and Y,
as our test statistic is permutation-invariant when the kernel k(z,y) = f(lz — y|). It is
worth noting that a(p) may vary w.r.t. p and thus the range of dependence is allowed to
grow when p increases. Assumption 2(ii) requires a uniform bound of the componentwise
moments of both distributions, which can be relaxed at the expense of lengthy proofs.
Assumption 2(iii) requires both E UX\Q] and E [|}7\2] are strictly of order p, which is a mild
condition. Finally, Assumption 2(iv) specifies the order of ||Xx||% and ||Zy||%, which seems
reasonable in views of the a(p)-dependent assumption. With Assumption 2, we are able to
calculate the orders of the quantities involved in our main theorems, which lead to a specific
convergence rate of normal approximation and some explicit power results to be stated in
the next section. Note that it is not our intention to showcase the convergence rate of
normal approximation under the weakest possible assumption, as that is at the expense of
very complicated arguments. Assumption 2 is quite reasonable to illustrate the convergence
rate in a case of broad interest.

Proposition 19 Assume that E [k*(Z1, Z2)] < 0o and n/N — p as n,m — oo for some
0 < p < 1. Suppose that Assumptions 1(i)-(ii) and Assumptions %(i)-(ii) hold, then there
exists some pg = po(M, M, U*, Lo, Uy, L§, Ug), such that for any p > po, it holds under the
null that for any k = k® € C,

o ) 1/5
sup [P (Tj;m,p < x) _ @(x)‘ < O(M, M,U*, Lo, Uy, L, UY) (N n O‘?) . (19)
x€R

where M, M are defined in Assumption 1 and U*, Ly, Uy, L, U are defined in Assumption
2.

Proposition 19 provides a uniform explicit rate of convergence for a class of kernels

and for X and Y with weakly dependent components. In fact, the rate of convergence
is determined only by N,p, and the parameters M, M from Assumption 1, as well as

16
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a(p),U*, Ly, Uy, L§, Uy from Assumption 2. One implication of Proposition 19 is that,
the empirical distribution of the proposed test statistic can be accurately approximated by
the standard Gaussian distribution only when both N and p diverge to infinity, though no
constraint is required regarding the divergence rate between N and p. Another implica-
tion is that, the dependence within X and Y is allowed to grow as p increases, but at the
sacrifice of the accuracy of normal approximation. When the dependence within X and
Y gets stronger, accurate normal approximation can only be obtained with larger p. This
theoretical phenomenon is consistent with our empirical finding in Section 4.

The main theoretical tool we use to obtain the rate of convergence is the Berry-Esseen
bound for martingale [Haeusler (1988)], as also used in Gao et al. (2021). One important
difference between Gao et al. (2021) and our work is that the denominator of our test statistic
is estimated over the pooled sample, and its leading term is a combination of several two-
sample U-statistics, and the tools provided in Gao et al. (2021) are not sufficient for our
theory. To this end, we generalize the moment inequality for the one-sample U-statistic
to the two-sample U-statistic. Furthermore, Berry-Esseen bound obtained here is valid for
a general kernel, and the rate of convergence can be explicitly derived under some mild
conditions as shown in Proposition 19.

3.4 Power Analysis

Next we look into the power behavior of the studentized test statistic. In the following
theorem, we can show that the power of the proposed test is asymptotically one under some
conditions.

Theorem 20 Assume that B [k*(Z1, Z3)] < 0o and n/N = p+O(1/N*) as n,m — oo for
some 0 < p <1 and s > 0. If for some constant 0 < 7 < 1, it holds that

e ol E[F(21,%)]
N i) " .

- 2427 - 2427 ~ 2427

E Uk(Xl,Xg)} + )k(Xl,Yl)‘ + ‘k(YhYz)‘ }
. — 0, (21)

NT(Vi(2))
N (E4(X,Y))? . NEFXY) (22)
B[00, X v vz

where k denotes the centered version of k. Then for any C' > 0, we have P (Tﬁm’p > C) —1
as n,m,p — oo.

Theorem 20 gives the conditions under which the power of the test can be asymptotically
one for a general kernel. Note that conditions (20) and (21) are introduced in Proposition 15
to ensure the ratio-consistency of the pooled-sample estimate fo”"m(X ,Y). In the proof, we

N(e*(xY))?

B[(hk(X1,X2,Y1,72)) ]
imates its population counterpart £ k(X ,Y') and the asymptotic divergence of Tff

show that when — 00, the sample estimate Efjm(X ,Y') closely approx-

X,Y)

7m9p(
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. . ER(X)Y) . . . . . . .
is equivalent to T2 (D) diverging to infinity as IV, p increases. It is then not difficult to

see that the asymptotic power one of the proposed test can be achieved under the condition
NEF(X,Y)
V32(2)
The conditions presented in Theorem 20 are sufficient but may not be necessary due
to the technical arguments we employed. Nevertheless, Theorem 20 can provide us some
interesting insights of the regimes where our proposed test has nontrivial power. Below we
shall discuss multiple scenarios based on the leading terms of £¥(X,Y) and VZ(Z). For the
sake of readability, we only present the results when a(p) = O(1) (i.e. fixed) and s = 1 and
leave the general results when a(p) = p® with 0 < dp < 1 and s > 0 in online appendices.

— 00.

Assumption 3 For any fived p and X = (x1,...,7,)" andY = (y1,...,yp) ", assume that

there exists some positive constants L1, Uy < oo, such that

Llp S maX{’A‘27

E[|X:[*] —E[V1[?] ’} < Uip.

Assumption 3 focuses on the scenario when at least one of |A[? and |E [|)~( ] -E[|V]
is strictly of order p. It holds under Assumption 2(ii) that |A|? = Z§:1(E [z;] —E[y;])? <

2570 (B[] +E[y)*) < 40p and [E[|%[2] - B[|¥4]2]| = [ S5, (Var(z;) - Va(y,)| <

Z§:1(Var($j) + Var(y;)) < 2U*p, then Assumption 3 implies that the differences in com-
ponentwise mean or variance attain the highest possible order.

Proposition 21 Suppose that Assumption 1(i)-(ii), Assumption %(i)- (iii) and Assumption
3 hold, and additionally, for any k = k@) € C, assume that E [k4(Z1,Z2)} < oo and
n/N = p+ O(1/N) as n,m — oo for some 0 < p < 1. When there exists some positive
constant L* < oo, such that

[2£(AYY) = FAT) = fAT)] = L[ f(AFY)], (23)

then it holds that PP (Tff’m’p > C’) —+1 asn,m,p — oo.

The condition (23) requires that the leading term of [2f(A5Y) — f(Ag) — f(AY)]| can
be lower bounded by |f(A{Y)| up to a multiplicative constant, which is a mild condition
and can be satisfied by many kernel functions; see Section 3.5 for its verification of the
Gaussian kernel and the online supplement for the verifications of the Lo norm and the
Laplacian kernel. Under the assumptions in Proposition 21, 2f(AXY) — f(AF) — f(AY)
is the leading term of E¥(X,Y) and (2f(ALY) — f(AY) — f(AY))? is that of VZ(Z). Tt
follows that (€¥(X,Y))? and V}(Z) are of the same order, and both of them dominate
E[k*(Z1, Z2)] and E[(h*(X1, X2, Y7,Y2))?]. Additionally, (V?(Z))? dominated the numera-
tor of condition (21). Consequently, all the conditions in Theorem 20 are naturally satisfied
and the nontrivial power is obtained with no constraints on the order of p relative to N,
which seems reasonable in view of significant differences in either the means and/or the sum
of marginal variances. In comparison, Zhu and Shao (2021) obtained the asymptotic power
one result for the MMD permutation test under the HDLSS and HDMSS settings only. The
asymptotic power function for the studentized test proposed in Chakraborty and Zhang
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(2021) is also derived only under the HDLSS setting. Additional comparison with Zhu and

Shao (2021) under the special case when X and Y have either identical means or identical

covariance matrices are discussed for the Gaussian kernel in Section 3.5; see Remark 26.
Next, we further investigate the scenarios where the differences in marginal mean or

variance are weaker.

Assumption 4 For any fived p and X = (x1,...,7,)" andY = (y1,...,Yp) ", assume that

there exists some positive constants Lo, Us < 0o and 0 < 61 < 1, =1 < §o < 1, such that

Loa(p)p < [|pSx + (1 — p) Sy |3 < Usa(p)p, and

L2p61 < |A‘2 < ng(sl and L2p(l+62)/2 < ’E[’XIP] _ EUE’QH < U2p(1+62)/2_

Assumption 4 considers the case where the orders of both |A|? and ‘E [1X:1]2] — E[|V3?] )

are strictly smaller than p but are no smaller than a constant. In this case, the differences
in the marginal mean and variance still dominate those in higher moments as long as
max{d1,d2} > 0, resulting in high power under certain rate constraints on p. The condition
Loa(p)p < ||pZx + (1 — p)Zy||% < Uza(p)p is mild under Assumption 2(iv).

Proposition 22 Suppose that Assumption 1(i)-(iii) and Assumption %(i)-(iv) hold, As-
sumption 4 holds with & # d2 and max{d1,02} > 0, and additionally, for any k =
kP e C, assume that E [k*(Z1,25)] < oo and n/N = p+ O(1/N) as n,m — oo for
some 0 < p < 1, then it holds that P(T,’f’m’p > C) — 1 when n,m,p — oo as long as
p=o (Nl/(272max{61,62,1/2})) )

When the leading difference between the distributions of X and Y lies in marginal
mean or variance, the £¥(X,Y) is of order |fo (ALY )|pm@{01023=1 while VZ(Z) is of order
F(Z&Y )p?maxtn02,1/2}=2 - When max{d;,d2} > 1/2, (E¥(X,Y))? has the same order as
of V2(Z), thus condition (21)-(22) are naturally satisfied. To have ]E[k;(él(’z?)]
need additional constraint between N and p since VZ(Z) is dominated by E[kQ(Zl, Zg)].
For the case that max{d,d2} < 1/2, the order of V(Z) becomes f3(AXY)p~! but that of
E¥(Zy, Z3) remains unchanged. Hence (€2(X,Y))? is no longer capable of dominating V3 (Z)
and E[(h*(X1, X2,Y1,Y2))?], which leads to the constraint p = o(IN) to make condition (22)
hold.

Intuitively, as the disparities in marginal mean and variance between X and Y weakens
to the point max(d1, d2) < 1/2, our proposed test has nontrivial power only when the growth
rate of p is strictly smaller than that of N. When §; = 2, similar power results can be
attained given a specific kernel function following some lengthy analysis, but we exclude
this case for simplicity.

Next we investigate the scenario when the differences in the marginal mean and variance
between X and Y further diminish.

— 0, we

Assumption 5 For any fived p and X = (x1,...,7,)" andY = (y1,...,Yp) ", assume that
|A| =0 and there exists some positive constants Lg,Us < oo and 0 < 03,04 < 1, such that

L3p53/2 < )E[’Xﬂﬂ . EHK‘Q]‘ < U3p53/2 and L3p54/2 < HEX . EYHF < U3p64/2.
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Assumption 5 targets at the case when X and Y have the identical mean, and their
leading disparities fall within the covariances. Note that with a(p) = O(1) and Assumption
2(iv), the order of | Xx — Xy ||% won’t exceed p, and under Assumption 5 we set it to be
p°4, where 6, € (0,1).

Proposition 23 Suppose that Assumption 1(i)-(iii) and Assumption %(i)-(iv) hold, As-
sumption 5 holds with d3 # 04 and max{ds,d4} > 0, and additionally, for any k =
E®) € ¢, assume that E [k*(Z1,Z3)] < o0 and n/N = p+ O(1/N) as n,m — oo for
some 0 < p < 1, then it holds that IP’(T,’;WP > C) — 1 when n,m,p — oo as long as
p=o0 (Nl/(372 max{63,54})) )

Under Assumption 5, the order of £¥(X,Y") decreases to | fo(AxY )|pmax193:94} =2 ag com-
pared to the second scenario (under Assumption 4). Recall that £¥(X,Y) characterizes the
disparity between the distributions X and Y, then it is not surprising that its order decreases
as the leading disparities between X and Y move to some higher moment quantities. In
this case, £¥(X,Y) may not dominate E[(h¥ (X1, X, Y1, Y2))?], and furthermore, E¥(X,Y")
is dominated by V2(Z), whose order stays at fa(AZY )p~!. Therefore, additional constraints
on p are required to satisfy condition (22).

Zhu and Shao (2021) showed that in the HDMSS setting, when |A|? = o(,/p/N),
‘E[[Xllz] — E[[ﬁm‘ = o(y/p/N) and [|[Xx — Xy||r = o(\/p), MMD permutation test has
trivial power. In the special case d3 = 0,94 € (0, 1), it is easy to see that both the condition
in Zhu and Shao (2021) and our Assumption 5 can be satisfied for different sets of (p, N).
The resulting power phenomenon is strikingly different with the MMD permutation test
being powerless and our studentized test being power one asymptotically. This difference is
not a contradiction but is mainly attributed to the different regimes, since HDMSS setting
implies p > N whereas our Proposition 23 requires p < N. This is an example that shows
that even for the same alternative, the order of p relative to N can play an important role
in determining the power behavior.

Finally, we look into the scenario when X and Y have identical means and covariance
matrices to complete the discussions in this section. With cum(-) denoting the cumulant,
we propose the following assumption.

Assumption 6 For any fived p and X = (21,...,2,)" and Y = (y1,...,yp)", assume

that |A| = [|[Ex — Zy||r = 0 and there exists some positive constants L4, Us < o0 and
0 < 65, 06,07 < 1, such that

p
L -2
Lap® < > (cum(Zvj,, &gy, T1js) — cum(§jy, Grjss G145))" < Usp®s,
J1,J2,J3=1 )
P P
Lap®s < 30 | Y {Cov(d3;, — ox 41, %15,) — Cou(§3;, — Cf&cmﬂm)]*) < Usp®,
j2=1 \j1=1

S N

2

26 =2 =2 =2 =2 26

Lap™™ < < > {Cov(xul —O0X, 51T, T OX.js) — COU(yul —OY1 Y15, — C’Y,jz)}> < Ugp™.
J1,j2=1

Proposition 24 Suppose that Assumption 1(i)-(iv) and Assumption £(i)-(iv) hold, As-
sumption 6 holds with 1 + max{ds,ds} # 207, max{ds,ds, 07} > 0, and additionally, for
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any k = k@) € C, assume that E [k4(Z1,Z5)] < 00 and n/N = p+ O(1/N) as n,m — o0
for some 0 < p < 1, then it holds that P (Tff}m’p > C) — 1 when n,m,p — oo as long as
p=o (Nl/(7—2 max{1+max{55,56}7257})) .

Proposition 24 implies that, when d7 < (1 4+ max{ds, ds})/2, nontrivial power against
the alternative is obtained when p = o (N 1/ (5_2(55\/56))) and otherwise the corresponding
regime is p = o (Nl/(7*457)). In fact, the order of VZ(Z) remains f3(AFY)p~! while that of
EF(X,Y) drops to | fo( ALY )|pmax{95:06:207=13=3 "and following some similar arguments as in
the previous scenario, we obtain the constraint between IV and p for this case.

To summarize, Proposition 21-Proposition 23 jointly investigate the cases when the dis-
crepancy between two distributions is dominated by their differences in the mean and/or
covariance matrices, which correspond to S1 in Section 4 of Yan and Zhang (2023). Propo-
sition 24 corresponds to the scenario where two distributions have identical first and second
moments, and the difference lies in the third and/or fourth moments/cumulants. This sce-
nario corresponds to S2 with ¢ = 3 in Section 4 of Yan and Zhang (2023). The latter authors
provided a comprehensive description of when their test has trivial power, nontrivial power
and asymptotic power one based on non-null CLT obtained. In general, we feel it is diffi-
cult to directly compare the power results in Yan and Zhang (2023) with ours due to the
different settings and regimes we explored. In particular, we mainly focus on the regime
p < N“ for some w; > 0 as stated in Proposition 22- Proposition 24, whereas Yan and
Zhang (2023) focus on the regime where N < p*? for some wy > 1/2. The two regimes may
have overlap (i.e., the intersection is nonzero), their power one results and ours complement
each other, and both contribute to the understanding of the space of alternatives for which
the MMD-based test has high power.

As revealed by the four propositions above, our test is powerful against a wide range
of alternatives, including the differences in means, variances, covariances and high-order
features associated with the distributions.

The intuition behind all these propositions is that, the disparities that fall within lower
moments between X and Y are easier to be detected by our proposed test. When the
leading differences move to higher moment quantities, stricter constraints between N and
p are required to make the test powerful. This phenomenon is consistent with that found
by Yan and Zhang (2023), who provided an asymptotic exact power analysis and revealed
a delicate interplay between the detectable moment discrepancy and the dimension-and-
sample orders (see Table 1 therein).

3.5 An Illustrative Example with the Gaussian Kernel

As shown in Table 1, a special case covered by our setup is the Gaussian kernel multiplied
by -1, that is, k(z,y) = —exp (—|z — y|*/(27?)), where 7 is a pre-specified tuning parame-
ter. We note that many technical assumptions and theoretical results are presented in the
previous sections, which may be difficult to digest. In this section, we use the Gaussian
kernel as a special example to demonstrate the verification of Assumption 1 and condition
(23) in the previous section.

We define D = [0,00) and Dy = [E[|Z) — Zo|*]Y/2,E[| X1 — Y1|%]*/2]. For each fixed p
and the tuning parameter v that depends on p, we consider the Gaussian kernel k(®) (z,y) =
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— 2 . . . .
— exp (—%) Here, different choices of 72 lead to different Gaussian kernels, and we

restrict our interest to kP with specific v, that is,

E[|X; - vi2]"/? E (12 — 257"
C=C(lu):= {kz(”):foreachp, X -] <v< 1% 7 1l , (24)
u

where 0 < £,u < oo are some specified constants such that C(¢,u) is well defined. Note
that C is a set of Gaussian kernel sequences with growing p, for each k) € C, we define

f(p)(s) = —exp (—%) to be the unique smooth function associated with k® and for

simplicity, we drop the superscript hereafter. With the explicit expression of f, we obtain
the derivatives of f up to the 7th order, that is

1 52 2 3 3 9
f2(5) = <,.Y2 - 74> €xp <_28f}/2> ) f3(s) = <_7i + ;) exp <_2S,_y2) )

F4(5) 3 + 652 s 52 F5(s) 15s  10s® n s° 52
S\=|—4+—4——< |exp| —== = —4————+ —|exp| —=
4 ATE T s )P T2 ) P N6 T 8 T a1 )P T )

fa(s) (15 4552 n 155 &8 > < 52 )
s(s)=|5——F+—5 -3 )3
~6 8 A0 T S12 22

f(5) < 105s N 10582 21s° N s7 ) < 52 >
7(s) = | — — — Jexp| —== |.
,}/8 ,}/10 712 714 272

It follows from the Taylor theorem with the Lagrange form of remainder that C satisfies
Assumption 1(i)
To verify Assumption 1(ii), we note that

s 32>’ 1 5 0.607
—exp| ——= || = —sup|texp(—t°/2)| = —.
Sew (=5 )| =2 swple(-2/p) = 2

sup | fi(s)| = sup S

seD s>0

It follows from similar steps that

1 1.38 3
sup f2 S)| = —5, sup f3 S)| = —=, Sup f4 S)I = —1»
s€D| (#)1 2 s€D| (s)] 73 seD‘ (s)] o
5.783 15 35.539
sup | f5(s)| = , sup|fe(s)|=—, suplfr(s)| = .
s€D| 5(5)1 v° s€D| o)l o seD‘ )l ol

Recall that C has restrictions on the tuning parameter ~ associated with k®) such that
E [|X1 —Y1]2]1/2 Ju <y < E UZl —22\2]1/2 /¢, then it holds that sup 370 < wu, thus

so€Dg

max sup | fi(s)] - [sh| < M| fo(s0)| holds for any sg € Dy when
1<i<TseD

M = max{0.607uexp(u?/2),u? exp(u?/2),1.38u> exp(u?/2), 3u’ exp(u?/2),
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5.783u’ exp(u?/2), 15u8 exp(u?/2), 35.539u” exp(u?/2)},

which completes the verification of Assumption 1(ii).

N[ =
/N

=2 |w
N—
no
N—

As for Assumption 1(iii), it follows from direct computation that | fo(s)| = exp (—

s =4 (5) e (<4 (3)) ana
|- éfl(S)S + %fg(s)32| _ é <:Sy>4exp <_; <§>2> .

Again, it follows from the definition of C that inf (so/7) > ¢. Therefore, Assumption 1(iii)

f
R so€Dg
holds with M = max{2/¢2,8/¢*}.

2
Lastly, we look into Assumption 1(iv). Note that |fo(s)| = exp <—; ( > ), and

1 1 1 1 6 1 2
16 1(5)s = 15 Pa(s)s” + o fa(9)s°] = i <7> o <_2 <v> ) ,

= D)t o) — L)+ st = 2 () e (<1 (2)
— —f1(8)s + —=fo(s)s” — — f3(8)s° + — fa(s)s*| = — (= ) exp| —= [ —
1287 12872 64”? 38474 384 \~r) TP\ 72\5) )
then it is trivial Assumption 1(iv) is satisfied with M = max{48/¢5,384/¢5}.
To conclude, we present the results in the following proposition.

Proposition 25 Let C denote the set of Gaussian kernel sequences as defined in FEquation
(24), it holds that C satisfies Assumption 1.

Next, we verify condition 23 in Proposition 21, that is
2f(AFY) = F(AY) = F(AG)] = L*|F (A,

Again, we restrict the analysis to the set C. For each k() € C, we define f(s) = —exp (—%) ,

and it follows from the definition of C that E[\Xl — Y1]2]1/2/u <y < E[|Zl — 22]2]1/2/6.
Note that

X _ AXY Y _ AXY
(2/(AY) = F(AT) = FAD)) [F(AFY) =2~ exp (—Amf) o <‘sz;4> ’

where

exp <_AX;4XY> = exp <|A§> exp (_E[X12] _2EUY1|2]> 7

27y 27y 27y
(A —AY AR (B[] - BT
Xp 2’}/2 - Xp 2’}/2 Xp 272 I
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then it follows from the fact exp(s) > 1 and exp(s) + exp(—s) > 2 for any s > 0 that
AX _AXY AY —AXY
() (7

e <\2A7§ ) (exp (_E[!&P}Q;QEU%P]) . (EU&P]Q;ZEU?AQ] ))

Consequently, the condition is naturally satisfied with

L*

= ) A7 _E[) - E[%[] B[] -E[TP )
- A§Y/Jr<1£<Ao/z{eXp(2y2 exp 52 + exp 772 o\

Suppose that Assumption 2 holds, and we have E[k*(Zy, Z3)] < oo for each k = k) € C,
we summarize a few regimes where the asymptotic power of the Gaussian kernels in C is one.
We want to emphasize that Table 2 only includes a few special cases, whereas our proposed
test is guaranteed to obtain full power asymptotically across a wider range of regimes.

|A[? Os(p) Os(p'/?) 0
(%] - E[7AP]| Oup) | Oup'?) | Oy(p'Y)
1p2x + (1= p)Zy (% Os(a(p)p)

IZx — Sy llr O4(p'/*)
Regime H N,p — o N,p—>oo‘ p=o0(N) ‘p:o(]\f1 2)

Table 2: Selected regimes where the power of the Gaussian kernels is asymptotically one.

In the following remark, we compare the sufficient conditions for asymptotically power
one derived in Zhu and Shao (2021) and in this article under the special case when X and
Y have either identical means or identical covariance matrices.

Remark 26 Both Zhu and Shao (2021) and our work aim to test for the distributional
discrepancy, that is, to test for Hy : X =Y wersus Hy : X ;é‘f Y. The discussion in Zhu
and Shao (2021) is limited to MMD with a user-specified kernel k of the following expression

. 1
j=1

where 1 > 0 and ¢ has continuous second order derivative on (0,00). It is trivial that the
Gaussian kernel is covered by the set oflAc.

Both the high dimensional low sample size setting (HDLSS) when n,m are fized but
p — oo and the high dimensional medium sample size (HDMSS) setting when p — oo and
n :=n(p) — oo are investigated in Zhu and Shao (2021), but here we only focus on HDMSS
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setting. It is shown that the permutation test in Zhu and Shao (2021) is consistent within
the following consistency space H.:

He ={(X,Y): 2p(exy) # plex) + pley)},

where

ex = lm B(XX) ey = lm BP(LY)), exy = lim BJ(X, V)],

are all assumed to exist, with X', Y being independent copies of X,Y and ¢ denoting the
average distance over components

/4

Jj=1 J

- 1
(Zi, Z5) = = Y ¥(2is, 2js)-
ps:l
For the Gaussian kernels, H. can be further characterized as
P ) P ¢
He=q(XY): D (Ela] = Ely))* = olp), | Y (Var(zy) — Var(y;)) | = o(p)

1

As shown in Theorem 3.5 of Zhu and Shao (2021), it holds under the HDMSS that

lim Py, (f:jim(x, Y) > c) =1
pP—00 ’

for any c € {QR,l—wQR,l—a}’ where QR,l—a is the critical value obtained from (n + m)!
permutations with R being the randomization distribution of S,’jm(X, Y), and Qp,_, is the

critical value obtained from a fized number S of permutations with R being the counterpart
ofR with only S permutations. In other words, it is shown in Zhu and Shao (2021) that
the asymptotic power of their permutation-based test is one within H..

Now we are able to compare the sufficient conditions for consistent power derived in
Zhu and Shao (2021) and ours when X and Y have either identical means or identical
covariance matrices. When px = py, the condition in Zhu and Shao (2021) reduces

P . -
to | Y (Var(zj) — Var(y;))| = p, which is equivalent to |E[|X1]?] — E[|Y1|%]| = Os(p) in
=1

J
our article. When Yx = Xy, the condition in Zhu and Shao (2021) is simplified as

P

3 (E[z;] — Ely;])* = p, which exactly matches the condition |ux — py|> = O4(p) in our
j=1

work. In summary, the sufficient conditions derived in both articles are equivalent under
the special case that X and Y have either the same means or the same covariance ma-
trices. Howewver, it is worth mentioning that both works require some additional reqularity
conditions, which are not enumerated here.

4. Numerical Experiments

In this section, we carry out several simulation studies to examine the finite-sample perfor-
mance of the proposed test statistics and compare with permutation-based counterparts.
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4.1 Normal Approximation Accuracy

We generate two independent random samples X = {X;,..., X,,} and Y = {Y7,...,Y},}
as follows.

Example 1 Generate independent samples: X1, ..., X, ud N(0,%), Y1,..., Y, £ (0,%),
where ¥ = (045) € RP*P with o5 = pl=il and p = 0.5. We set the sample size ratio
m/n = 1, and consider the setting that n € {25, 50,100, 200,400} and the data dimensional-
ity p € {25,50,100,200}. As for the kernel k, we consider the Ly-norm kr,(x,y) = |z —y|,
the Gaussian kernel multiplied by -1, that is,, ka(z,y) = —exp (—|z —y|[?/(27?)) with
7% = Median{| X;, — Xi,|?, |X; — Y51, |Yj, — Y3, |2}, and the Laplacian kernel multiplied by -
1, that is,, by (2, 5) = — exp (—z — y1/7) withy = Median{| X, — Xi,|, | Xi—Y;|,¥;, — Vil }.
The median heuristic is a popular way of choosing v; see Gretton et al. (2012).

Throughout the simulations, our proposed methods are averaged over 5000 Monte Carlo
replications, whereas those of the permutation tests are averaged over 1000 Monte Carlo
replications owing to the high computational cost; see subsequent section. 300 permutations
are conducted for each replication. Given the 5000 replicates of the studentized test statistic
Tff’mﬂp, we plot the kernel density estimates (KDE) for the three kernels and the standard
normal density function for each combination of sample size and dimension, see Figure 1.
Each row of Figure 1 corresponds to a fixed pair of (n,m) whereas each column represents
a fixed choice of p.

As shown in Figure 1, when p is fixed, the improvement of normal approximation ac-
curacy is minimal as N increases. However, we do observe significant improvement in the
accuracy as p grows for fixed n = m. The three kernels correspond to very similar empirical
distributions suggesting the insensitivity to the kernel choice in terms of size. It is worth
noticing that normal approximation is already quite accurate when the sample size and
the dimensionality are relatively small, say N = 50 and p = 100, and higher accuracy is
achieved with larger V and p. Such requirements of N and p are usually not demanding in
real-world applications, which shows the applicability of the proposed test.

Additional simulation results regarding normal approximation accuracy can be found in
online appendices, including the results when the sample sizes n,m are unequal with the
difference beyond a constant, and the Kolmogorov-Smirnov distance as well the Wasserstein
distance between the standard normal distribution and the empirical distribution of our
proposed test statistic under the null. The overall finding from the unbalanced setting is
qualitatively similar to what we observe here.

4.2 Empirical Size

Under the significance level a = 0.05, we reject the null hypothesis if Tfimp > d(1—a). Asa
comparison, we also consider the permutation test based on the sample MMD studied in Zhu
and Shao (2021). For our test statistic, we consider the three kernels introduced in Example
1, while for the permutation test, we additionally consider the Li-norm kr, (z,y) = | —yl1,
which is advocated in Zhu and Shao (2021).

In this section, we consider a simulated example that mimics Example 4.1 in Zhu and
Shao (2021).
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Figure 1: Kernel density estimates of the studentized test statistic T,’f’m’p with different
kernels for Example 1 when m/n = 1. The four columns correspond to different

p’s and the five rows correspond to different pairs of (n,m).

Example 2 Generate independent samples: X1,..., X, i (VI2SVUD27¢ and Yy, ..., Yy, u
(VI2SVI2 7y where & = (045) € RP*P with o5 = pl'™Il and p € {0.4,0.7}. We con-
sider the setting that (n,m) € {(25,25), (50, 50), (50, 100), (100, 100),

(200,200)} and p € {50,100}. Here, V is a diagonal matriz with 1/“1-/2 =1 or uniformly
drawn from the interval (1,5). Zx,Zy are iid copies of Z drawn from the following two
distributions:

(i) Z = (z1,...,2) with z1,..., 2 < N(0,1).

(1) Z = (z1—1,...,2,— 1) with z1,..., 2, w Ezponential(1).

As reported in Table 3, our test exhibit some mild size distortion due to the inaccuracy
of normal approximation in finite sample.

However, even when n = m = 25 and p = 50, the rejection rate is only slightly higher
than the nominal level 5%, suggesting that our test is practically useful for small sample and
moderate dimensional setting. The size distortion tends to increase when the componentwise
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dependence gets stronger, which matches the theory developed in previous sections; see
Proposition 19. As we expect, the permutation tests exhibit accurate size, but at the cost
of computation. Comparing all three kernels, it seems that no kernel dominates the other
in terms of size accuracy.
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5.80
6.46

6.00
6.10

5.20
5.00

5.00
4.90

5.00
4.90

5.20
4.80

6.38
6.98

6.26
6.78

6.00
6.66

6.00
4.90

5.80
5.00

4.90
5.20

4.80
5.10

100

0.4

1d
Unif

5.52
6.42

5.54
6.36

5.52
6.34

4.90
5.50

4.90
5.40

4.60
5.70

4.20
5.10

6.12
6.06

6.04
6.04

6.08
6.08

5.00
4.90

5.00
4.80

5.10
5.40

5.70
4.60

0.7

Id
Unif

6.90
6.60

6.86
6.60

7.10
6.74

5.80
5.30

5.70
5.40

5.10
5.50

4.90
6.30

6.52
6.62

6.56
6.62

6.46
6.70

5.80
5.50

5.70
5.40

5.40
5.50

5.50
5.40

50

0.4

Id
Unif

6.06
5.86

6.06
5.94

6.00
5.82

5.80
4.00

5.60
3.90

5.50
3.80

5.20
4.00

6.36
6.46

6.44
6.30

6.64
6.26

4.00
4.00

4.10
3.90

4.20
3.80

4.10
3.80

0.7

Id
Unif

7.36
6.56

7.28
6.66

7.00
6.68

5.50
5.90

5.30
6.30

5.50
6.30

5.20
6.50

7.00
6.46

6.88
6.36

6.96
6.22

5.10
5.10

5.30
5.30

5.10
5.40

5.00
5.20

100

0.4

1d
Unif

5.98
6.42

6.00
6.40

6.18
6.42

5.10
4.90

5.00
4.90

5.30
4.70

5.30
4.60

5.82
5.62

5.72
5.50

5.74
5.50

4.30
5.40

4.30
5.50

4.10
5.10

4.00
5.30

0.7

Id
Unif

6.90
6.68

6.86
6.68

6.74
6.50

5.30
6.30

5.30
6.00

5.60
5.50

4.80
5.70

6.38
6.10

6.46
6.12

6.68
6.10

5.60
4.20

5.80
4.20

6.00
4.60

6.10
4.60

(50,100)

50

0.4

Id
Unif

6.34
6.66

6.26
6.76

6.16
6.80

5.10
6.00

5.10
6.00

4.80
5.50

4.90
6.00

6.38
6.08

6.38
6.20

6.04
5.92

5.40
4.90

5.20
5.10

5.00
5.40

5.00
4.10

0.7

Id
Unif

6.44
6.74

6.40
6.62

6.38
6.30

5.20
5.20

5.10
5.20

4.70
4.90

5.10
5.10

6.50
5.98

6.36
5.94

6.30
6.02

4.30
3.30

4.10
3.30

4.10
3.50

4.00
3.80

100

0.4

Id
Unif

5.84
6.14

5.86
6.22

5.92
6.24

5.30
5.50

5.30
5.60

5.00
6.20

4.60
6.80

5.86
6.04

5.84
6.06

5.70
6.14

4.90
5.70

4.80
5.70

5.00
5.50

4.30
5.10

0.7

Id
Unif

6.50
6.48

6.54
6.38

6.30
6.42

5.40
4.70

5.30
4.40

4.20
4.70

5.30
4.10

6.16
6.64

6.22
6.72

6.08
6.72

5.30
5.20

5.30
5.40

5.30
5.40

5.20
5.30

(100,100)

50

0.4

Id
Unif

6.24
6.12

6.14
6.08

6.16
6.06

5.30
5.50

5.30
5.50

5.80
5.20

5.10
4.90

5.54
7.04

5.56
7.04

5.68
6.90

4.80
6.40

4.50
6.40

4.90
6.40

4.40
5.60

0.7

Id
Unif

6.56
6.40

6.66
6.36

6.44
6.42

4.00
5.10

4.10
5.00

4.00
5.30

4.40
4.90

6.00
6.66

6.02
6.60

6.14
6.70

5.10
4.50

5.10
4.30

5.00
4.70

5.00
4.40

100

0.4

1d
Unif

5.98
6.24

5.94
6.22

6.08
6.10

5.50
5.00

5.30
5.10

5.60
5.50

5.00
5.70

5.92
6.04

5.86
6.00

5.76
5.94

4.40
4.10

4.60
4.10

4.20
3.50

3.90
3.40

0.7

Id
Unif

6.14
6.60

6.08
6.66

6.06
6.54

4.90
4.50

4.90
4.30

5.20
4.30

5.00
4.70

6.46
6.76

6.36
6.88

6.44
6.82

4.50
5.30

4.40
5.40

4.40
5.50

4.40
4.60

(200,200)

50

0.4

Id
Unif

5.60
6.38

5.60
6.52

5.42
6.32

4.30
5.20

4.20
5.20

4.30
4.80

4.30
5.10

6.12
6.14

6.22
6.24

6.28
6.26

6.20
5.00

6.60
5.20

5.70
5.00

5.60
5.20

0.7

Id
Unif

6.78
6.56

6.84
6.68

6.52
6.64

4.50
4.10

4.40
4.00

4.10
4.40

4.10
4.20

6.66
6.94

6.60
6.88

6.56
6.74

5.60
6.10

5.50
5.90

4.80
6.10

5.40
5.80

100

0.4

1d
Unif

6.18
6.74

6.18
6.74

6.06
6.66

5.30
5.10

5.30
5.10

4.80
5.00

5.00
4.70

5.60
5.50

5.60
5.52

5.66
5.56

5.40
4.30

5.40
4.50

5.50
4.10

5.80
3.90

0.7

1d
Unif

7.22
6.56

7.24
6.50

7.10
6.32

5.70
5.70

5.70
5.40

5.90
5.40

5.80
4.40

6.42
5.56

6.50
5.54

6.16
5.76

4.40
3.90

4.30
4.10

3.60
4.30

3.40
4.60

Table 3: Size comparison for Example 2. All the empirical sizes are reported in percentage.

4.3 Power Behavior

Next we investigate the power behavior. The simulated example is adopted from the setting
of Example 4.2 in Zhu and Shao (2021). We present the simulation results for the alternative
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of mean difference in this section, and defer to online appendices the results when two
distributions differ in the covariance matrices.

Example 3 Generate independent samples: X1, ..., X, ud (V1/22V1/2)1/2ZX andY1,..., Yy, d
(VI2uvi) 2z, 4 (0.15 X 1gp,0(1_5)p), where ¥, Zx, Zy are defined the same as in Fx-
ample 2 and V is chosen as the identity matriz. Here, we fiz p = 0.5, consider (n,m) €

{(25,25), (50, 50), (100, 100), (200, 200)}, p € {50,100} and B € {0,0.1,...,1}.

We plot the size-adjusted power curves against S in Figure 2. Note that we only made
critical value adjustment in calculating the size-adjusted power for our method, as there
is little distortion for permutation-based test. As can be seen from Figure 2, when there
is a mean shift, our test statistic and permutation-based counterpart have almost identical
power for all kernels. The use of L; norm brings some power gain in some cases. As N
increases, we do observe a significant improvement in power, regardless of the choice of p,
which is consistent with our intuition. When p increases from 50 to 100, the power increases
noticeably for fixed (n,m), as the alternative gets farther away from the null.

n=25, m=25 ,Z=Normal n=25, m=25 ,Z=Expo n=25, m=25 ,Z=Normal n=25, m=25 ,Z=Expo
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n=50, m=50 ,Z=Normal n=50, m=50 ,Z=Expo n=50, m=50 ,Z=Normal n=50, m=50 ,Z=Expo
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- . 7.7
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00 02 04 06 08 1.0 00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
n=100, m=100 ,Z=Normal n=100, m=100 ,Z=EXxpo n=100, m=100 ,Z=Normal n=100, m=100 ,Z=Expo
pr - K — - - PR
@ | o o P -~ ® | *
o & o . S <} of o /
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00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
n=200, m=200 ,Z=Normal n=200, m=200 ,Z=Expo n=200, m=200 ,Z=Normal n=200, m=200 ,Z=Expo
— ——- - Lot 3 L= - e
@ » © & © ©
- 1 1 7 1 7
o ] .' o ] .’:,, o ] / o ] of
<] / < | W <1 / S
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Figure 2: Size-adjusted Power Curves for Example 3. The first two columns correspond to
p = 50 while the last two columns correspond to p = 100.
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" . » Proposed Permutation
L2 G L L2 G L L1
25 25 50 0.12 0.21 0.19 20.87 22.55 22.64 22.04
100 || 0.15 0.25 0.25 33.32 35.20 35.12 36.03
50 50 50 0.36  0.69 0.68 82.95 94.39 95.05 86.64
100 0.58 1.12 1.12 148.75 158.73 159.32 152.56
50 100 50 0.59 1.11 1.12 155.40 171.97 173.00 168.64
100 || 0.89 1.74 1.74 263.34 278.31 276.89 283.76
100 | 100 50 1.35  2.57 2.59 328.13 369.62 367.83 332.62
100 2.31 4.30 4.28 576.19 625.81 626.61 601.24
200 | 200 50 5.04 9.98 10.05 | 1229.59 1380.77 1387.88 1241.33
100 || 6.69 13.43 13.24 | 1879.47 1989.71 1991.56 2001.98

Table 4: Computational cost under multiple settings. All the numerical results are counted
in seconds.

4.4 Computational Cost

One of the major advantage of our proposed method over the permutation test in Zhu and
Shao (2021) is the computational efficiency. In this section we compare the computational
cost per 100 replications of our method with that of the permutation test under multiple
settings; see Table 4. The number of permutations per replication is set to be 300. As
shown in Table 4, it is obvious that our method is much more computationally efficient
compared to permutation-based counterpart, which makes up for the slight size distortion
of our test under the null.

5. Discussion

In this paper, we have obtained the central limit theorems for studentized sample MMD and
derived the explicit rates of convergence under the null hypothesis of equal distributions
when both sample size and dimensionality are diverging. Furthermore, we have also devel-
oped a general power theory for the studentized sample MMD and demonstrated its ability
of detecting the difference in distributions. Our proof is built on the argument in Gao et al.
(2021) but we need to develop some new theoretical tools owing to the fact that we are
dealing with a general class of kernels and a two sample U-statistic with high-dimensional
observations. In particular, the pooled sample estimate Vﬁ:“m(X ,Y) is proposed and its
ratio-consistency as an estimator of VZ(Z) is shown using a newly developed moment in-
equality for the multi-sample U-statistics. To deal with a general class of kernels, we also
develop new bounds for the moments of the in-sample and between-sample distances. From
a practical viewpoint, our proposed test is simple and easy to implement with much less
computational cost compared to permutation test in Zhu and Shao (2021). Finite sample
simulations suggest that the size is quite accurate and there is no power loss compared to
the permutation-based counterpart.

As a part of future work, we expect our theory to be useful to the study of asymptotic
behavior of sample HSIC in high-dimension, and to test for distributional change in a
sequence of high-dimensional data. We leave these topics for future investigation.
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