The Annals of Statistics

2020, Vol. 48, No. 6, 3417-3441
https://doi.org/10.1214/19-A0S 1936

© Institute of Mathematical Statistics, 2020

ROBUST MULTIVARIATE NONPARAMETRIC TESTS VIA
PROJECTION AVERAGING

BY ILMUN KIM®, SIVARAMAN BALAKRISHNAN' AND LARRY WASSERMAN*

Department of Statistics & Data Science, Carnegie Mellon University, * ilmunk @stat.cmu.edu;  siva@stat.cmu.edu;
T'larry@slat. cmu.edu

In this work, we generalize the Cramér—von Mises statistic via projection
averaging to obtain a robust test for the multivariate two-sample problem.
The proposed test is consistent against all fixed alternatives, robust to heavy-
tailed data and minimax rate optimal against a certain class of alternatives.
Our test statistic is completely free of tuning parameters and is computation-
ally efficient even in high dimensions. When the dimension tends to infinity,
the proposed test is shown to have comparable power to the existing high-
dimensional mean tests under certain location models. As a by-product of
our approach, we introduce a new metric called the angular distance which
can be thought of as a robust alternative to the Euclidean distance. Using the
angular distance, we connect the proposed method to the reproducing ker-
nel Hilbert space approach. In addition to the Cramér—von Mises statistic,
we demonstrate that the projection-averaging technique can be used to define
robust multivariate tests in many other problems.

1. Introduction. Let X and Y be random vectors defined on a common probability space
(2, A, P) with distributions Px and Py, respectively. Given two mutually independent sam-
ples &, ={X1,..., Xy} and YV, ={Yy, ..., Y, } from Px and Py, we want to test

(1.1) Hy: Px =Py versus H;:Px # Py.

This fundamental problem has received considerable attention in statistics with a wide range
of applications (see, e.g., Thas (2010), for a review). A common statistic for the univariate
two-sample testing is the Cramér—von Mises (CvM) statistic (Anderson (1962)):

mn

m-—+n

f (Fx(t) — Fy())?dH ).

where F x (1) and F Y (t) are the emplrlcal distribution functions of &, and })/,, respectively,
and (m + n)H (1) = mF x (1) + nFy (t). Another approach is based on the energy statistic,
which is an estimate of the squared energy distance (Székely and Rizzo (2013)):

2 =2E[|X; — 1] - E[|X1 — Xa|] — E[I"1 — Y2[],

where |x| is the absolute value of x € R. The energy distance is well defined assuming a
finite first moment and it can be written in a form that is similar to Cramér’s distance (Cramér
(1928)), namely,

2_ 2/00 (Fx(t) — Fy (1)) dt

where Fx(t) and Fy(¢) are the distribution functions of X and Y, respectively.

Received May 2019; revised December 2019.

MSC2020 subject classifications. Primary 62G10, 62H15, 62H20; secondary 62G35.

Key words and phrases. Energy statistic, high dimension and low sample size, independence testing, maximum
mean discrepancy, permutation tests, U-statistic.

3417


https://imstat.org/journals-and-publications/annals-of-statistics/
https://doi.org/10.1214/19-AOS1936
http://www.imstat.org
mailto:ilmunk@stat.cmu.edu
mailto:siva@stat.cmu.edu
mailto:larry@stat.cmu.edu
https://mathscinet.ams.org/mathscinet/msc/msc2020.html

3418 I. KIM, S. BALAKRISHNAN AND L. WASSERMAN

The CvM-statistic has several advantages over the energy statistic for univariate two-
sample testing. For instance, the CvM-statistic is distribution-free under Hy (Anderson
(1962)) and its population counterpart is well defined without any moment assumptions. It
also has an intuitive probabilistic interpretation in terms of probabilities of concordance and
discordance of four independent random variables (Baringhaus and Henze (2017)). Never-
theless, the CvM-statistic has rarely been studied for multivariate testing. A primary reason
is that the CvM-statistic is essentially rank-based, which leads to a challenge to generalize
it in a multivariate space. In contrast, the energy statistic can be easily applied in arbitrary
dimensions as in Baringhaus and Franz (2004) and Székely and Rizzo (2004). Specifically,
they defined the squared multivariate energy distance by

(1.2) Ej(Px, Py) =2E[|X1 — Y1[]] = E[I X1 — X2/] = E[IY1 — Y]],

where || - || is the Euclidean norm in R?. The multivariate energy distance maintains the
characteristic property that it is always nonnegative and equal to zero if and only if Py = Py.
It can also be viewed as the average of univariate Cramér’s distances of projected random
variables (Baringhaus and Franz (2004)):

Jrd - DI
r'$)

where A represents the uniform probability measure on the d-dimensional unit sphere S?~! =
{x e R%: ||x|| = 1}, T'(-) is the gamma function and the symbol T stands for the transpose
operation.

Although the multivariate energy distance can be easily estimated in any dimension, it still
requires the finite moment assumption as in the univariate case. When the underlying dis-
tributions violate this moment condition with potential outliers, the energy statistic becomes
extremely unstable and the resulting test might perform poorly. Given that outlying obser-
vations arise frequently in practice with high-dimensional data, there is a need to develop a
robust counterpart of the energy distance. The primary goal of this work is to introduce a
robust, tuning parameter-free, two-sample testing procedure that is easily applicable in ar-
bitrary dimensions and consistent against all fixed alternatives. Specifically, we modify the
univariate CvM-statistic to generalize it to an arbitrary dimension by averaging over all one-
dimensional projections. In detail, the proposed test statistic is an unbiased estimate of the
squared multivariate CvM-distance defined as follows:

(1.4) Wj(Px,Py)zfgd_lfR(FﬁTX(z)—FﬁTY(z))ZdHﬁ(z)d,\(ﬂ),

where Hg (1) = z?XFﬂTX(t) + ﬁyFﬁTY(t) and ¥y is a fixed value in (0, 1) and ¥y =1 — .
For simplicity and when there is no ambiguity, we may omit the dependency on Px, Py and
write W, (Px, Py) as W.

Throughout this paper, we refer to the process of averaging over all projections as projec-
tion averaging.

(1.3)  E%(Px,Py)=

/Sd_I/R(F,sTx(t)—FﬁTy(t))zdtd,\(ﬂ),

1.1. Summary of our results. The proposed multivariate CvM-distance shares some ap-
pealing properties of the energy distance while being robust to heavy-tailed distributions or
outliers. For example, Wy is invariant to orthogonal transformations and satisfies the charac-
teristic property (Lemma 2.1), meaning that W is nonnegative and equal to zero if and only
if Px = Py. More importantly, it is straightforward to estimate W; without using any tuning
parameters (Theorem 2.1). Based on an unbiased estimate of Wj, we apply the permutation
test procedure to determine a critical value of the test statistic. Although the permutation ap-
proach has been standard in practical implementations of two-sample testing, its theoretical
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properties have been less explored beyond simple cases (e.g., Pesarin (2001)). Indeed, previ-
ous studies usually consider asymptotic tests in their theory section whereas their actual tests
are calibrated via permutations. We bridge the gap between theory and practice by presenting
both theoretical and empirical results on the permutation test under various scenarios. Our
main results regarding the CvM-distance are summarized as follows:

e Closed-form expression (Section 2): Building on Escanciano (2006) and Zhu et al. (2017),
we show that the test statistic has a simple closed-form expression.

e Asymptotic power (Section 2): We prove that the permutation test based on the proposed
statistic has the same asymptotic power as the oracle and asymptotic tests that assume
knowledge of the underlying distributions (Section 2.2) against fixed and contiguous alter-
natives.

e Robustness (Section 3): We show that the permutation test based on the proposed statistic
maintains good power in the contamination model, while the energy test becomes com-
pletely powerless in this setting.

e Minimax optimality (Section 4): We analyze the finite-sample power of the proposed per-
mutation test and prove its minimax rate optimality against a class of alternatives that differ
from the null in terms of the CvM-distance. We also show that the energy test is not optimal
in our context.

e HDLSS behavior (Section 5): We consider a high-dimension, low-sample size (HDLSS)
regime where the dimension tends to infinity while the sample size is fixed. Under this
regime, we identify sufficient conditions under which the power of the proposed test con-
verges to one. In addition, we show that the proposed test has comparable power to the
high-dimensional mean tests introduced by Chen and Qin (2010) and Chakraborty and
Chaudhuri (2017) under certain location models.

e Angular distance (Section 6): We introduce the angular distance between two vectors and
use this to show that the multivariate CvM-distance is a special case of the generalized
energy distance (Sejdinovic et al. (2013)). Furthermore, the CvM-distance is the maximum
mean discrepancy (Gretton et al. (2012)) associated with the angular distance.

Beyond the CvM-statistic, the projection-averaging technique can be widely applicable
to other nonparametric statistics. In the second part of this study, we revisit some famous
univariate sign- or rank-based statistics and propose their multivariate counterparts via pro-
jection averaging. Although there has been much effort to extend univariate sign- or rank-
based statistics in a multivariate space (see, e.g., Hettmansperger, Mottonen and Oja (1998),
Liu (2006), Oja (2010), Oja and Randles (2004)), they are either computationally expensive
to implement or less intuitive to understand. Our projection-averaging approach addresses
these issues by providing a tractable calculation form of statistics and by having a direct
interpretation in terms of projections. In Section 7 and also Appendix D.8, we demonstrate
the generality of the projection-averaging approach by presenting multivariate extensions of
several existing univariate statistics.

1.2. Literature review. There are a number of multivariate two-sample testing proce-
dures available in the literature. We list some fundamental methods and recent developments.
Anderson, Hall and Titterington (1994) proposed the two-sample statistic based on the inte-
grated square distance between two kernel density estimates. The energy statistic was intro-
duced by Baringhaus and Franz (2004) and Székely and Rizzo (2004) independently. Biswas
and Ghosh (2014) modified the energy statistic to improve the performance of the previ-
ous test for the high-dimensional location-scale and scale problems. Gretton et al. (2012)
introduced a class of distances between two probability distributions, called the maximum
mean discrepancy (MMD), based on a reproducing kernel Hilbert approach. Sejdinovic et al.
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(2013) showed that the energy distance is a special case of the MMD associated with the
kernel induced by the Euclidean distance. Recently, Pan et al. (2018) proposed a new met-
ric, named the ball divergence, between two probability distributions and connected it to the
MMD. A further review of kernel-based two-sample tests can be found in Harchaoui et al.
(2013).

Another line of work is based on graph constructions. Schilling (1986) and Henze (1988)
introduced a multivariate two-sample test based on the k nearest neighbor (NN) graph.
Mondal, Biswas and Ghosh (2015) pointed out that the previous NN test may suffer from
low power for the high-dimensional location-scale problem and provided an alternative that
addresses this limitation. Another variant of the NN test, which is tailored to imbalanced sam-
ples, can be found in Chen, Dou and Qiao (2013). Friedman and Rafsky (1979) considered
minimum spanning tree (MST) to present a generalization of the univariate run test in Wald
and Wolfowitz (1940). The MST test proposed by Friedman and Rafsky (1979) has recently
been modified by Chen and Friedman (2017) and Chen, Chen and Su (2018) to improve
power under scale alternatives and imbalanced samples, respectively. Rosenbaum (2005)
proposed a distribution-free test in finite samples based on cross-matches. More recently,
Biswas, Mukhopadhyay and Ghosh (2014) introduced another distribution-free test based
on the shortest Hamiltonian path. A general theoretical framework for graph-based tests has
been established by Bhattacharya (2018), Bhattacharya (2019). Other recent developments
include Liu and Modarres (2011), Kanamori, Suzuki and Sugiyama (2012), Bera, Ghosh and
Xiao (2013), Lopez-Paz and Oquab (2016), Zhou, Zheng and Zhang (2017), Mukhopadhyay
and Wang (2018), among others.

The projection-averaging approach to CvM-type statistics can be found in other statistical
problems. For example, Zhu, Fang and Bhatti (1997) and Cui (2002) considered the CvM-
statistic using projection averaging to investigate one-sample goodness-of-fit tests for mul-
tivariate distributions. Escanciano (2006) proposed the CvM-based goodness-of-fit test for
parametric regression models. To the best of our knowledge, however, this is the first study
that investigates the CvM-statistic for the multivariate two-sample problem via projection
averaging.

Our technique to obtain a closed-form expression for projection-averaging statistics is
based on Escanciano (2006). The same principle has been exploited by Zhu et al. (2017) in the
context of testing for multivariate independence. We further extend the result of Escanciano
(2006) to more general cases and provide an alternative proof using orthant probabilities for
normal distributions.

Outline. The rest of this paper is organized as follows. In Section 2, we introduce our test
statistic and the permutation test procedure. We then study their limiting behaviors under the
conventional fixed dimension asymptotic framework. In Section 3, we compare the power
of the CvM test with that of the energy test and highlight the robustness of the CvM test.
Section 4 establishes minimax rate optimality of the proposed test against a certain class of
alternatives associated with the CvM-distance. In Section 5, we study the asymptotic power of
the CvM test in the HDLSS setting. We introduce the angular distance between two vectors
in Section 6 to show that the CvM-distance is the generalized energy distance built on the
introduced metric. In Section 7, the projection-averaging technique is applied to other sign-
or rank-based statistics and this allows us to provide new multivariate extensions. Simulation
results are reported in Section 8 to demonstrate the competitive power performance of the
proposed approach with finite sample size. All proofs of the main results are deferred to the
Supplementary Material (Kim, Balakrishnan and Wasserman (2020)).

Notation. For two nonzero vectors U;, U, € R?, we denote the angle between Uy and U, by
Ang(Uy, Us) = arccos{U|" U/ (|U1 || U2])}. For 1 < g < p, welet (p)g = p(p—1) -+ (p —
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q + 1). Let Py and IP; be the probability measures under Hy and Hj, respectively. Similarly,
Ey and E; stand for the expectations with respect to Py and [P;. For any two real sequences
{a,} and {b,}, we use a, =< b, if there exist constants C, C’ > 0 such that C < |a, /b,| < C’
for each n. We write a, = O(by,) if there exists C > 0 such that |a,| < C|b,| for each n.
We also write a, = o(by,) if lim,,_, « a,, /b, = 0. For a sequence of random variables X,,, we
use the notation X, = Op(a,) when X, is bounded in probability (tight). The acronym i.i.d.

. . . o j.i.d.
stands for independent and identically distributed and we use the symbol X1, ..., X, " Pto
represent that X1, ..., X, are i.i.d. samples from distribution P. We denote the d x d identity

matrix by /;. The symbol 1(-) is used for indicator functions. We write summation over the

.....

paper, we assume that all vectors are column vectors and m, n > 2.

2. Projection averaging-type Cramér-von Mises statistics. In this section, we start
with the basic properties of the CvM-distance. We then introduce our test statistic and study
its limiting behavior. We end this section with a description of the permutation test and its
large sample properties. Throughout this section, we consider the conventional asymptotic
regime where the dimension is fixed and

2 S 9ye©.1) and —— 5Py e(0,1) asN=m-+n— oo.
m+n m+n
Let us first establish the characteristic property of the CvM-distance.

LEMMA 2.1 (Characteristic property). Wy is nonnegative and has the characteristic
property:
Wa(Px, Py) =0 ifand onlyif Px = Py.

Note that W, involves integration over the unit sphere. One way to approximate this inte-
gral is to consider a subset of se-1 namely {f1, ..., Bx}, and then to take the sample mean
over k different univariate CvM-statistics (see, e.g., Zhu, Fang and Bhatti (1997)). However,
this approach has an unpleasant trade-off between accuracy and computational time depend-
ing on the choice of k. The problem becomes even worse in high dimensions where one may
need exponentially many projections to achieve a certain accuracy. Our approach, on the other
hand, does not suffer from this computational issue by explicitly calculating the integral over
S?=1. The explicit form of the integration is mainly due to Escanciano (2006) who provided
the following lemma.

LEMMA 2.2 (Escanciano (2006)). For any nonzero vectors Uy, U, € R,

T T 1 1
[, 18T <O)L(BTU < 0)dr(B) = 5 — 5 —Ang(U. U
REMARK 2.1. Escanciano (2006) proved Lemma 2.2 using the volume of a spherical
wedge. In the Supplementary Material (Appendix C.2), we provide an alternative proof of
this result based on orthant probabilities for normal distributions. We also extend this result
to integration involving strictly more than two indicator functions in the Supplementary Ma-
terial (Lemma B.8 and Lemma D.1). This extension allows us to generalize the univariate 7*

(Bergsma and Dassios (2014)) in Theorem 7.1 and potentially many other univariate statistics
(see Appendix D.8).

Based on Lemma 2.2, we give another representation of W7 in terms of the expected angle
involving three independent random vectors. Here and hereatter, we assume that

BT X and BTY have continuous distribution functions for h-almost all g € S~ 1.
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This continuity assumption greatly simplifies the alternative expression for W[% and avoids
the possibility that Ang(-, -) is not well defined when one of the inputs is a zero vector. This
issue may be handled by defining Ang(-, -) differently for those exceptional cases, but we do
not pursue this direction here.

THEOREM 2.1 (Closed-form expression). Suppose that X1, X» L Px and, indepen-

dently, Y1, Y> v Py. Then the squared multivariate CvM-distance can be written as

1 1

W3(Px, Py) = 3~ 27 ElAng(X1 = Y1, X = Y)]
1

— —E|Ang(Y] — X1, Y2 — X1)|.

7 [Ang(Y1 — X1, Y2 — X1)]

The above result highlights that W,;(Px, Py) is invariant to the choice of ¥#x and ¥y under
the continuity assumption. In the next subsection, we introduce the test statistic and study its
limiting behavior.

2.1. Test statistic and limiting distributions. Theorem 2.1 leads to a natural empirical
estimate of Wa% based on a U -statistic. Consider the kernel of order two:

1 1
hoym(x1, X25 Y1, y2) = 37 —2nAng(x1 — Y1, X2 — Y1)
(2.2)

1
— —Ang(y1 — x1, y2 — x1).
27

We denote its symmetrized version, which is invariant to the order of the first two arguments
as well as the last two arguments, by

~ 1 1
hcym(x1, X25 Y1, y2) = EhCVM(M,m; i, y2) + EhCVM(xZ’ X152, Y1)-

Then our test statistic is defined as follows:

-1 —1
(23) UCVM=<"2’) (’;) S Y Gew(Xiy. X Y V).

I<ij<ia<m 1<ji<j<n

Leveraging the basic theory of U-statistics (e.g., Lee (1990)), it is clear that Ucyv is an
unbiased estimator of WC%. Additionally, Ucym is a degenerate U -statistic under the null hy-
pothesis as we prove in the Supplementary Material (Appendix C.5). Hence we can apply
the asymptotic theory for a degenerate two-sample U -statistic (Chapter 3 of Bhat (1995)) to
obtain the following result.

THEOREM 2.2 (Asymptotic null distribution of Ucym). Foreachk=1,2,..., let Ay be
the eigenvalue with the corresponding eigenfunction ¢y satisfying the integral equation
2.4) E[E{hcom(x1, X2; Y1, Y2) | X2} (X2)] = heghr (x1).

Then Ucym has the limiting null distribution under the limiting regime (2.1) given by

o0
d —1a—
NUcwm — 950y > a8 = 1),
k=1

j.i.d. d . . .
where &, " N(0, 1) and == stands for convergence in distribution.
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Under a fixed alternative hypothesis where Px and Py do not change with m and n, the
proposed test statistic converges weakly to a normal distribution. We build on Hoeffding’s de-
composition of a two-sample U -statistic (e.g., page 40 of Lee (1990)) to prove the following
result.

THEOREM 2.3 (Asymptotic distribution of Ucyy under fixed alternatives). Let us define
oi, =V[E{hcom(X1, X2; Y1, Y2) | X1}] and
op, = V[E{hcym(X1, X2; Y1, Y2) | Y1}],

where V (-) is the variance operator. Then under the limiting regime (2.1) and fixed alternative
Px # Py, we have

VN (Ucym — W2) -5 N (0,495 o2, +497 o2

From the previous two theorems, it is clear to see that N Ucym is stochastically bounded
under the null hypothesis whereas it diverges to infinity under fixed alternatives. Thus one
can expect that any reasonable test based on the proposed test statistic is consistent (meaning
that the power converges to one as N — oo) against all fixed alternatives. In fact, the prob-
lem of distinguishing two fixed distributions is too easy in large sample situations and many
of nonparametric tests are known to be consistent in this asymptotic regime. We therefore
turn now to a more challenging scenario where a distance between Px and Py diminishes
as the sample size increases. To this end, we make a standard assumption that the underly-
ing distributions belong to quadratic mean differentiable (QMD) families (e.g., Bhattacharya
(2019)).

DEFINITION 2.1 (Quadratic mean differentiable families, page 484 of Lehmann and Ro-
mano (2005)). Let {Ps, 60 € Q) be a family of probability distributions on (R?, B) where
BB is the Borel o-field associated with R? and €2 is an open subset of R”. Assume each Py
is absolutely continuous with respect to Lebesgue measure and set py(t) = d Py(t)/dt. The
family { Py, 6 € Q2} is quadratic mean differentiable at 6 if there exists a vector of real-valued
functions 7 (-, 8) = (1 (-, 60), - .., 1y (-, 60)) | such that

[ oo ® = = BT nce. 600 dr =o(1b1?) s 1] > 0.

The QMD families include a broad class of parametric distributions such as exponential
families in natural form. By focusing on the QMD families, we are particularly interested
in asymptotically nondegenerate situations where the limiting sum of the type I and type II
errors of the optimal test is nontrivial, that is, bounded by the nominal level & and one. It has
been shown that when Py, and Py, belong to the QMD families, this nondegenerate situation
occurs when ||y — Oy || < N~1/2 (Chapter 13.1 of Lehmann and Romano (2005)). Hence we
consider a sequence of contiguous alternatives where 6y = 6y + bN 12 for some b € R?
and establish the asymptotic behavior of Ucyy under the given scenario. Our result builds on
the prior work by Chikkagoudar and Bhat (2014) and extends it to multivariate cases.

THEOREM 2.4 (Asymptotic distribution of Ucym under contiguous alternatives). As-
sume {Py,0 € Q} is quadratic mean differentiable at 6y with derivative n(-,00) and 2 is
an open subset of RP. Define the Fisher information matrix to be the matrix 1(0) with (i, j)
entry

1@ =4 [ e 00n;t.0)dr.
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. . i.i.d. iid.
and assume that I (6y) is nonsingular. Suppose we observe X, g Poyand Yy~ Py pn-1/2

for b € RP. Then under the limiting regime (2.1),

o
d o] a—
NUcywm — ﬁxlﬁyl Zlk{(ék +19;1(/20k)2 — 1},
k=1

where ag = [pa 2{bT1(x, 60)} pg"* ()i (x) d Poy (x).

The above theorem implies that if there exists kK > 1 such that a; # 0 and Ay > 0, a test
based on Ucym can have asymptotic power greater than o (see page 615 of Lehmann and
Romano (2005)). This is in contrast to the NN test which has a slower consistency rate given
by N~!/% when d < 8 under some regularity conditions (see Bhattacharya (2018)). In the
Supplementary Material, we consider low-dimensional Gaussian location models and illus-
trate that the proposed CvM test dominates the NN test via simulations. In fact, the former
tends to have very close power to Hotelling’s T2 test, which is known to be optimal under the
low-dimensional Gaussian scenarios (Anderson (2003)).

2.2. Critical value and permutation test. So far, we have investigated the limiting behav-
iors of the test statistic under the null and (fixed and contiguous) alternative hypotheses. It
is important to note that the performance of a test depends not only on its test statistic but
also crucially on its critical value. A common approach to determining the critical value is
based on the limiting null distribution of the test statistic. Since we are dealing with a general
composite null, one can define this limiting null distribution in various ways. Two natural
candidates are described as follows:

° ésvi;lfle): the limiting distribution of NUcym based on i.i.d. samples from the single distri-

bution Py.
° Pc(?ﬁ): the limiting distribution of NUcy\ based on i.i.d. samples from the mixture distri-

bution 9% Px + Oy Py.

These two limiting distributions Pc(svig,%le) and Pc(l\?ﬁ) coincide when Py = Py but they are
different in general if Py # Py. By invoking Theorem 2.2, we can conclude that Pc(i,llr\l/lgle)

and Pc(glﬁ) are Gaussian chaos distributions in the low-dimensional setting. The asymptotic

tests then reject the null hypothesis when NUcyy is greater than the upper 1 — o quantile of

Pc(i,i;[gle) or Pc(rvnﬁ) , denoted by qsi&gdl\i) and q;ngiiv[, respectively.

Unfortunately, this asymptotic approach is infeasible as the limiting distributions involve
quantities that depend on the underlying distributions and that cannot be easily estimated.
Even if either Pc(svlf\lfle) or PC(TIUI() is known exactly, the resulting asymptotic test does not have
finite-sample guarantees on the type I error control. For this reason, we advocate for using the
permutation procedure that resolves the issues of the asymptotic approach. More importantly,
as shown in Theorem 2.6, the power of the permutation test is asymptotically the same as that
of the asymptotic tests under the conventional asymptotic regime.

Before we describe the permutation procedure, let us introduce the oracle test that serves
as a benchmark for the permutation test. Let 7}, , be a generic two-sample test statistic. Then
the critical value of the oracle test based on 7}, , can be determined as follows:

e Oracle test.

1. Consider new i.i.d. samples {Zl, - ZN} from the mixture vy Px + vy Py.
2. Let Tnn(Z) be the test statistic of interest calculated based on &), = {Zy,..., Z,;}
and yn = {Zm—H, ey ZN}.
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3. Given a significance level 0 < o < 1, return the critical value c}, , , defined by

(2.5) ¢t =inflt eR: 1 —a <P(T,,(Z) <1)}.

o,m,n

It is worth pointing out that the oracle statistic Tm,n(Z) has the same distribution as the
test statistic based on the original samples under Hy, but not necessarily under H;. Hence

the oracle test based on ¢} ,, , is exact under Hy and can be powerful under H;. However,
c* relies on the unknown mixture distribution 9x Px + 9y Py, which makes the oracle

o,m,n
test impractical. In sharp contrast, the critical value of the permutation test can be obtained

without knowledge of the mixture distribution as follows:
e Permutation test.

1. Let {Z1,....Zn} = {X1,..., Xm, Y1,..., Yy} be the pooled samples and Z, =
{(Zo), - Zo vy} Where w = {w (1), ..., @ (N)} is a permutation of {1, ..., N}.

2. Let T;y,n(Z4) be the test statistic of interest calculated based on X7 = {Z4 1), ...,
Zoymy} and V7 ={Zwmm+1), - - - Lo (W) }-

3. Given a significance level 0 < o < 1, return the critical value ¢y, , defined by

. 1
(2.6) Camp i= 1nf{t eR:1—a< o Z (Tnwn(Ze) < t)}

: weSN

where Sy is the set of all permutations of {1,..., N}.

In Theorem 2.5, we show that the difference between ¢}, ,, , and cq,m,» for the proposed

statistic is asymptotically negligible under both the null and alternative hypotheses. This con-
nection in turn implies that the permutation critical value converges to qéngi;w, which is the
limit of the oracle critical value by construction. Moreover, under the contiguous alterna-
tive, we also establish that qé%fll\i) is the same as q(inégv[ Building on this observation, we

formally prove that (i) the permutation test, (ii) the oracle test and (iii) the asymptotic tests

based on PC(SVIK,Igle) and Pc(lfﬁ) have the same asymptotic power against both contiguous and
fixed alternatives in Theorem 2.6. In doing so, we develop a general asymptotic theory for the
permutation distribution of a two-sample degenerate U -statistic under Hy. This general result
is established based on Hoeffding’s conditions (Hoeffding (1952)) and extended to H; via the
coupling argument (Chung and Romano (2013)). The details can be found in Appendix A.

Let us denote by c;‘[?CVM and ¢y, cyMm the critical values of the oracle test and the permutation
test based on the scaled CvM-statistic, that is, NUcymM, as described in the procedures (2.5)
and (2.6), respectively. Then our result on the critical values is stated as follows.

THEOREM 2.5 (Asymptotic behavior of the critical values). Consider the conventional
limiting regime in (2.1) with the additional assumption that m/N — 9x = O(N~1/?). Then
under both the null and (fixed or contiguous) alternative hypotheses,

P (mix) d o P (mix)
Caq,CVvM )qa,CvM an Ca,CVM qa,CvM’

p . e .
where — stands for convergence in probability. Moreover, under the null or contiguous

. i ingl
alternative, we further have that qo(f%’éiq = q;sgfl\i).

Leveraging the previous result combined with Slutsky’s theorem, we next prove that the
asymptotic power of the oracle test, the permutation test and the asymptotic tests are identical
against any fixed and contiguous alternatives. This clearly highlights an advantage of the
permutation test as it is exact under Hp and asymptotically as powerful as the oracle and
asymptotic tests under H;. More importantly, the permutation test does not require any prior
information on the underlying distributions.
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THEOREM 2.6 (Asymptotic equivalence of power). The oracle test and the permutation
test control the type I error under the null hypothesis as

Po(NUcywm > ¢ cym) <@ and  Po(NUcym > co,cvM) < .

On the other hand, under the fixed or contiguous alternative hypotheses considered in The-
orem 2.3 and Theorem 2.4 with the additional assumption that m/N — vy = O(N~172), we
have

Pi(NUcym > co,cvm) =Py (NUCVM > C;,CVM) +o(l)

- |
=P1(NUcw > 45c5) +o(1) = Py (NUco > gl ta) +0(1).

REMARK 2.2. It is worth pointing out that due to the symmetry of the kernel heew, it
is enough to consider (Z) permutations to obtain the critical value ¢y cym for the CvM test.
Nevertheless, except for small sample sizes, the exact permutation procedure is too expensive
to implement in practical applications. A common approach to alleviate this computational
issue is to use Monte Carlo sampling of random permutations and approximate the exact per-
mutation p-value. In more detail, note first that the permutation test function can be written
as 1(pcym < @) where pcym is the permutation p-value given by

N 1
o =+ > H{Ucwi(Zo) = Ucym}

: weSN

Let oD, ..., @® be independent and uniformly distributed on Sy. Then the Monte Carlo
version of the permutation p-value is computed by

l B
ﬁg;\/l = B—H[Z HUcwm(Zyo) = Ucwm} + 1].
i=1

It is well known that ]1(1383,1)\/[ < «) is also a valid level « test for any finite sample size and

DPCvM — ﬁ(cli i,l L, 0as B> (e.g., page 636 of Lehmann and Romano (2005)). Through-

out this paper, we also adopt this approach for our simulation studies.

3. Robustness. Recall that the energy distance and the CvM-distance can be represented
by integrals of the L%—type difference between two distribution functions. In view of this, the
main difference between the energy distance and the CvM-distance is in their weight function.
More precisely, the energy distance is defined with d¢, which gives a uniform weight to the
whole real line. On the other hand, the CvM-distance is defined with d Hg(t), which gives
the most weight on high-density regions. As a result, the test based on the CvM-distance is
more robust to extreme observations than the one based on the energy distance. It is also
important to note that the CvM-distance is well defined without any moment conditions,
whereas the energy distance is only well defined assuming a finite first moment. When the
moment condition is violated or there exist extreme observations, the test based on the energy
distance may perform poorly. The purpose of this section is to demonstrate this point both
theoretically and empirically by using contaminated distribution models.

3.1. Theoretical analysis. Suppose that we observe samples from an e-contamination
model:

X~Pxny:=(0—-€)0x+€eGy and

3.1
Y~Pyy:=(—-¢€)Qy+eGy,
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where Gy can change arbitrarily with N and € € (0, 1). Suppose that Qx and Qy are dif-
ferent so that a given test has high power to distinguish between Qx and Qy without con-
taminations. Then it is natural to expect that the power of the same test would not decrease
much for the contamination model when ¢ is close to zero. In other words, an ideal test would
maintain robust power against any choice of Gy as long as Qx and Qy are different and
is small. Unfortunately, this is not the case for the energy test. As we shall see, for any arbi-
trary small (but fixed) €, there exists a contamination Gy such that the energy test becomes
asymptotically powerless under mild moment conditions for Q x and Qy. On the other hand,
the CvM test is uniformly powerful over any choice of Gy as sample size tends to infinity.

REMARK 3.1. 'We mainly focus on statistical power to study robustness because one can
always employ the permutation procedure to control the type I error under Hy : Px x = Py .

Let us consider the energy statistic based on a U -statistic:

mﬁé

2 Iz 1
Uknergy = %ZZ 1X; =Yl = o > IXi — Xl
i=1j=1 i1,ir=1

3.2
(32) n

1
~ s DY =Yl
2 J1,2=1
Then the main result of this subsection is stated as follows.

THEOREM 3.1 (Robustness under contaminations). Suppose we observe samples X,
and Y, from the contaminated model in (3.1) with an arbitrary small but fixed contamination
ratio €. Assume that Qx and Qy are fixed but Qx # Qy while N changes. In addition,
assume that Q x and Qy have their finite second moments. Consider the tests based on Ucym
and Ugnergy given by

¢cwm = 1L(Ucwm > co,cvm)  and ®Energy ‘= 1(UEnergy > Ca,Eng)>

where cy,cym and ¢y Eng are a level permutation critical values of Ucym and Ugnergy, re-
spectively. Then for any (Qx, Qy), there exists a certain Gy such that the energy test be-
comes asymptotically powerless under the asymptotic regime in (2.1), whereas the CvM test
is asymptotically powerful uniformly over all possible G . More precisely,

(3.3) om I [Genersy] <o and | lim_inf i [poy] = 1.

REMARK 3.2. In Theorem 3.1, we made the assumption that Qx and Qy are fixed
and have finite second moments. We also assumed the asymptotic regime in (2.1). These
assumptions are mainly for the energy test and are not necessary for the CvM test. In fact, the
same result can be derived for the CvM test given that there is a positive sequence by, , — 00
increasing arbitrary slowly with m, n such that Wy (Qx, Qy) > by.n(1//m + 1//n) (see
Theorem 4.2).

3.2. Empirical analysis. To illustrate Theorem 3.1 with finite sample size, we carried out
simulation studies using the contamination model in (3.1). In our simulation, we take Qx and
Qy to have multivariate normal distributions with different location parameters or different
scale parameters. In both examples, we take G to have a multivariate normal distribution
given by

Gy :=N(0,...,00",0%1),

where o controls the scale of the contamination Gy .
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FI1G. 1. Empirical power of NN, FR, Energy, BG, Hotelling, CQ, LRT, LC and CvM tests under the contamination
models with € = 0.05. See Examples 3.1 and 3.2 for details.

ExXAMPLE 3.1 (Location difference). For the location alternative, we compare two mul-
tivariate normal distributions, where the means are different but the covariance matrices are
identical. Specifically, we set

Ox=N((-05,...,-057,1;), and Qy=N((0.5,...,0.57, 1),

with € = 0.05. We then change o = 1, 40, 80, 120, 160, 200 and 240 to investigate the ro-
bustness of the tests against contamination with large scale parameter o .

EXAMPLE 3.2 (Scale difference). Similar to the location alternative, we again choose
multivariate normal distributions which differ in their scale but not in their location parame-
ters. In detail, we have

Ox=N(0,...,007,0.1>x I;) and Qy=N(0,...,0)", L),

with € = 0.05. Again, we change o = 1, 40, 80, 120, 160, 200 and 240 to assess the effect of
contamination with large scale parameter o .

In addition to the energy test, we further considered three nonparametric tests in our sim-
ulation studies, namely, the k-nearest neighbor test by Schilling (1986) with k = 3, the MST
test proposed by Friedman and Rafsky (1979) and the interpoint distance test by Biswas and
Ghosh (2014). For future reference, we refer to them as the NN test, the FR test and the BG
test, respectively. We also added the high-dimensional mean test by Chen and Qin (2010)
and Hotelling’s T2 test (e.g., page 188 of Anderson (2003)) for the location alternative and
the high-dimensional covariance test by Li and Chen (2012) and the conventional likelihood
ratio test (e.g., page 412 of Anderson (2003)) for the scale alternative. We refer to them as
the CQ test, Hotelling’s test, the LC test and the LRT test, respectively.

Experiments were run 1000 times to estimate the power of different tests with m =n =40
and d = 10 at significance level o« = 0.05. The p-value of each test was computed using 500
permutations as in Remark 2.2. As can be seen from Figure 1, the power of the CvM test
is consistently robust to the value of o, which supports our theoretical result. The power of
the energy test, on the other hand, drops down significantly as o increases for both location
and scale differences. As explained in the proof of Theorem 3.1, this poor performance was
attributed to the fact that the energy statistic is very much dominated by extreme observations
from Gy when o is large. The graph-based tests, that is, the NN and FR tests, also show
a robust power performance against the contamination models. Intuitively speaking, they
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perform robustly under the given scenarios as their test statistics, which count the number of
edges in a graph, do not vary a lot even in the presence of outliers; but as far as we know,
there is no theoretical support for this result in the current literature. Moreover, these graph-
based tests typically exhibit poorer consistency rates (Bhattacharya (2018)) compared to the
proposed CvM test. The other four tests (Hotelling’s test, the LRT test, the LC test and the
CQ test) perform poorly for large o, which may be explained similarly as to why the energy
test has low power in these examples.

4. Minimax optimality. Although our choice of the U-statistic was a natural one to
estimate Wj, it remains unclear whether one can come up with a better test statistic for
testing whether Hy : Wy =0 or Hy : Wy > 0. One might also wonder whether there exists
a testing procedure that leads to significantly higher power than the permutation test while
controlling the type I error. In this section, we shall show that the answer is negative from
a minimax point of view. In particular, we prove that the permutation test based on Ucym is
minimax rate optimal against a class of alternatives associated with the CvM-distance.

To formulate the minimax problem, let us define the set of two multivariate distributions
which are at least € far apart in terms of the CvM-distance, that is,

F(e):={(Px, Py) : Wa(Px, Py) > €}.

For a given significance level o € (0, 1), let T}, () be the set of measurable functions ¢ :
{Xn, Vu} = {0, 1} such that

Tm,n(a) = {¢ : IP)0((15 = 1) =< 05}-

We then define the minimax type II error as follows:

@ = Bua(©)= _inf = sup  Pi(g=0).
@ET () Px,PyeF(e)

Our primary interest is in finding the minimax separation €, , satisfying
€m,n = inf{e 1= Bua(e) < ;},

for some 0 < ¢ < 1 — «. We start by establishing a lower bound for the minimax separation
€m,n based on Neyman—Pearson lemma.

THEOREM 4.1 (Lower bound). For 0 < ¢ < 1 — «, there exists some constant b =
b(w, ¢) independent of the dimension such that €, , = b(m=12 + n=Y2) and the minimax
type Il error is lower bounded by ¢, that is,

I - :Bm,n(ém,n) >d.

The above result shows that if €, ,, is of lower order than m~Y2 4+ n=1/2 then no test has
the type II error that is uniformly smaller than the nominal level «. We now prove that this
lower bound is tight by establishing a matching upper bound. In particular, the upper bound
is obtained by the permutation test based on Ucym, highlighting that the proposed approach
is minimax rate optimal.

THEOREM 4.2 (Upper bound). Recall the CvM test ¢cym given in Theorem 3.1. For a
sufficiently large ¢ > 0, let €}, , be the radius of interest defined by

1 1
4.2) €mn = c(— + —)
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Then there exists { € (0, 1 — «) such that the type Il error of ¢cym is uniformly bounded by
g, that is,

sup Pi(¢pcvm =0) < ¢.
Px,PyeF (e

m,n)

REMARK 4.1. We would like to emphasize that no assumption has been made in The-
orem 4.2 regarding the ratio of the sample sizes. This implies that the proposed test can be
consistent against general alternatives even when the two sample sizes are highly unbalanced
asm/n — Qorm/n— oo.

As a straightforward consequence of Theorem 3.1, we also show that the energy test, which
is our main competitor, is not minimax rate optimal in our context.

PROPOSITION 4.1 (Nonoptimality of the energy test). Recall the energy test ¢gnergy
given in Theorem 3.1. Then there exists a pair of distributions that belongs to F (e}, ) such
that the energy test becomes asymptotically powerless, that is,

lim inf P (¢ =1)<a.
mn—00 Py Py F(eh ) PEnerey -

In the next section, we turn our attention to the asymptotic regime where the sample size
is fixed and the dimension tends to infinity and study the limiting behavior of the CvM test.

5. High dimension, low sample size analysis. The high dimension, low sample size
(HDLSS) regime has received increasing attention in recent years and has been frequently
employed to give statistical insights into high-dimensional two-sample testing (e.g., Biswas
and Ghosh (2014), Biswas, Mukhopadhyay and Ghosh (2014), Chakraborty and Chaudhuri
(2017), Mondal, Biswas and Ghosh (2015)). Focusing on this HDLSS regime, the goal of
this section is twofold: First, we provide sufficient conditions under which the proposed test
is consistent in HDLSS situations (Section 5.1). Second, we show that Ucym has the same
asymptotic behavior as the high-dimensional mean test statistics proposed by Chen and Qin
(2010) and Chakraborty and Chaudhuri (2017) under certain location models (Section 5.2).
Along with these mean test statistics, we further establish the equivalence among Ucym, the
energy statistic and the MMD statistic with the Gaussian kernel. The latter connection was
motivated by Ramdas et al. (2015) who showed that the energy statistic, the MMD statistic
and the mean test statistic by Chen and Qin (2010) are asymptotically equivalent in different
scenarios.

5.1. HDLSS consistency. Let us denote E(X) = uyx, E(Y) = uy, V(X) = Xx and
V(Y) = Xy where ¥y and Xy are positive definite matrices. Before presenting the main
results, we state the two assumptions.

(Al). V(HZ’lk — Z’Zk ||2) =0(d), and V{(Zik — Z;)T(ZE‘ — Z;)} = 0(d),
where Z7, Z3, Z3 are independent and each Z7 follows either Px or Py.

-1 2 -1 2 —1 2 <2
(A2). d  tr(Xx) >0y, d - tu(Zy) > oy, d” lux — pylls = Sxy,

2 2 <2
where 0 <0%,05 <00 and 0 <y, < oo.
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Assumption (A1) implies that component variables are weakly dependent. Under the
distributional assumptions (including multivariate normal distributions) made in Bai and
Saranadasa (1996) and Chen and Qin (2010), Assumption (A1) is satisfied when

(ux — uy) " (Zx + Sy)(ux — py) = O(d) and
tr{(Zx + Zy)?} = 0(d).

The details of this derivation can be found in Appendix D.1. Assumption (A2) is common
in the HDLSS literature (e.g., Hall, Marron and Neeman (2005)) and facilitates the analysis.
Under these two conditions, the following theorem establishes the HDLSS consistency of the
proposed test where we assume that the nominal level satisfies o > 1/{(m + n)!/(m!n!)} for
m#nand o > 2/{(m +n)!/(m!n!)} form =n.

G.D

THEOREM 5.1 (HDLSS consistency). Suppose (A1) and (A2) hold. Assume that ng *

— <2 . . .
O'%; or 8yy > 0. Then the permutation test based on Ucym is consistent under the HDLSS
regime, that is, limg_ ~ E{[¢cym] = 1.

5.2. HDLSS asymptotic equivalence of CvM-statistic and others. Next, we focus on
mean difference alternatives with equal covariance matrices. There are many types of high-
dimensional mean inference procedures in the literature (see Hu and Bai (2016), for a recent
review). For example, Chen and Qin (2010) suggest a test statistic based on an unbiased
estimator of || ux — uy ||%. Specifically, their test statistic is given by

m,# n,#
Uc (Xi, = Yi) " (Xi, = Y).
Q= (m)z(n)zllglhjzz 1 i J1 15) J2

More recently, Chakraborty and Chaudhuri (2017) define a test statistic based on spatial ranks
as

S "S f (Xi, —Y;) | (Xiy — Yj)
(m)z(n)z 1Xi, =Yl 11X, —Ypl

i1,i2=1j1, jp=1

They proved that Ucq and Uwmw are asymptotically equivalent under a certain HDLSS
setting. Independently, the equivalence between Ucq, Ugnergy and the MMD statistic with
the Gaussian kernel was established by Ramdas et al. (2015) under different settings. Let us
denote the MMD statistic with the Gaussian kernel by

1 ™7 1
Uinp = o exp(—z—ggnxil - Xiznz)

i1,ip=1

1 n,# 1 2 m n )
o 2 eXp(—plth )——ZZexp( 2 IXi =Yl )

2 jip=1 Sd i=1j=1

where 55 is the bandwidth parameter. Here, we combine and further extend these results
by presenting sufficient conditions under which Ucym, Ugnergy, Ummp, Ucq and Uwmw are
asymptotically equivalent. To establish the result, we need two more assumptions:

(A3). V{(ZF—23)" (25— Z5)} = 0(d) where
ZY, Z5, Z3, Z} are independent and each Z} follows either Py or Py.

(Ad). Tx=3y and |ux—pyl?=0a).
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Assumption (A3) is required for studying Ucqg and Uwmw. Like Assumption (A1), As-
sumption (A3) is also satisfied under condition (5.1). Notice that Ucg and Uwmw are only
sensitive to location parameters whereas UcyM, Ugnergy and Umwmp are sensitive to both lo-
cation and scale parameters. This suggests that the equal covariance assumption in (A4) is
crucial for our result and cannot be dropped. The condition ||y — uy||> = O(V/d) is also
important for our analysis and was also considered in Chakraborty and Chaudhuri (2017).
Under the given assumptions, we make repeated use of Taylor expansions to establish the
equivalence among the test statistics stated as follows.

THEOREM 5.2 (HDLSS equivalence). Suppose (Al), (A2), (A3) and (A4) hold.

Let @w be an arbitrary permutation of {1,..., N} and 52 = d 'tr(Tx). We denote
by USm> Ufnereys Unimps Ul and Uggyy, the CvM, Energy, MMD, CQ and WMW
test statistics, respectively, calculated based on X) = (Zy1y,.... Zoym)} and Y7 =
{Zom+1)s s Zox(N)}. Assume that the bandwidth parameter of the Gaussian kernel sat-
isfies gg =< d. Then under the HDLSS asymptotics, we have that
1
VAUZ = ———— UG + Op(d™1?),
CvM o mﬁg CQ ( )
1
ug, ———U& + 0p(d™'7?),

Energy — mdd

62 Nz 1 12
dUgmw = —=— Ul + Op(d™77),
\/305

d -
VdUGuD = ée—d“ﬁ/%& + Op(d~1?).

Sd

Note that the asymptotic equivalence established in (5.2) holds for any permutation. Lever-
aging this result, we show that the permutation critical values of the test statistics are asymp-
totically the same as well.

COROLLARY 5.1 (Permutation critical values). Consider the same assumptions made in
Theorem 5.2. Let o ,CyM, Ca,Engs Ca,MMD> Ca,CQ and cq, wmw be the 1 — a quantile of the per-

mutation distribution of 27/ 3d€fl Ucw, V25, UEnergy» gﬁeidﬁz/ Si UmmMp/ Jd, Ucq/ Jd
and \/c_lﬁfl Uwwmw , respectively. Then

Ca,cvM = Ca,Eng + Op(d™ %) = co mmp + Op(d~"/?)

= Cq,cQ + OP(d_l/z) = Cq,WMW + OP(d_l/z).

From the previous results, we expect that the considered permutation tests have compara-
ble power in the limit as further illustrated by our simulation results in Section 8. We also
refer the reader to Appendix D.5 where we present an explicit expression for the limiting
power function of the asymptotic tests with extra assumptions. We would like to empha-
size, however, that when the moment assumption is violated, the power of these tests can
be entirely different. For instance, our simulation results in Section 8 demonstrate that the
CQ, energy and MMD tests perform poorly when X and Y have Cauchy distributions with
different location parameters. In contrast, the CvM and WMW tests maintain robust power
against the same Cauchy alternative, which highlights a benefit of the current approach in
high dimensions.



NONPARAMETRIC TESTS VIA PROJECTION AVERAGING 3433

6. Connection to the generalized energy distance and MMD. Recall that the energy
distance is defined with the Euclidean distance under the finite first moment condition. By
considering a semimetric space (Z, p) of negative type, Sejdinovic et al. (2013) generalized
the energy distance by

E; =2E[p(X1, YD)] — E[p(X1, X2)] = E[p(Y1, Y2)].

They further established the equivalence between the generalized energy distance and the
MMD with a kernel induced by p(:, -). Given a distance-induced kernel k(- -), the squared
MMD is given by

MMD; = E[k(X1, X2)] + E[k(Y1, Y2)] — 2E[k(X1, Y1)].

In this section, we show that the multivariate CvM-distance is a member of the generalized
energy distance by the use of the angular distance, and thus also a member of the MMD. Let
Mx and My be the support of X and Y, respectively, and let M = Mx U My € R?. Then
we define the angular distance as follows.

DEFINITION 6.1 (Angular distance). Let Z* be a random vector having mixture distribu-
tion (1/2)Px + (1/2) Py. For z, 7 € M, denote the scaled angle between z — Z* and 7/ — Z*
by

1
Pangle(2, 25 Z¥) = ;Ang(z - Z*7 -7Z%.

The angular distance is defined as the expected value of the scaled angle:

(6.1) pAngle(Z» Z,) = E[:OAngle(Za Z; Z*)]

As shown in Appendix D.6, pangle is a metric of negative type defined on M. With this key
property and the identity given in the next proposition, we may conclude that the multivari-
ate CvM-distance is a special case of the generalized energy distance based on the angular
distance.

PROPOSITION 6.1 (Another view of the CvM-distance). Let us consider the angular
distance defined in (6.1). Then

ZWL% = 2E[:0Angle(Xl , Yl)] - E[/OAngle(XI, XZ)] - IE:f[)OAngle(Yl , YQ)]-

REMARK 6.1. The angular distance can be generalized by taking the expectation with
respect to a different measure. For instance, when the expectation is taken with respect to
Lebesgue measure, the generalized angular distance is proportional to the Euclidean distance
(see Appendix D.7). The main difference between the Euclidean distance and the proposed
angular distance is that the latter takes into account information from the underlying distri-
bution and is less sensitive to outliers. In this respect, the introduced angular distance can be
viewed as a robust alternative for the Euclidean distance.

REMARK 6.2. As one of the reviewers pointed out, there might be several ways to
enhance the power of the proposed test by modifying the multivariate CvM-distance. For
instance, by the characteristic property of Wf, it can be seen that Hp holds if and only
if Tyy = Txy and Tyy = Ty, where Ty, = IE[,()Angle(xla YD, Tax = E[PAng]e(Xl’ X»)] and
Tyy = E[pangle (Y1, Y2)]. Motivated by this observation, another test statistic can be intro-
duced based on an estimate of (T, — )+ (Txy — Tyy)2 (and other variants are possible,
see Appendix D.4). As demonstrated in Appendix E, the test based on this new statistic tends
to be more sensitive to scale differences than the CvM test.
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7. Other multivariate extensions via projection averaging. The projection-averaging
approach used for the multivariate CvM-statistic is general and can be applied to many other
univariate robust statistics. In this section and also Appendix D.8, we illustrate the utility
of the projection-averaging approach by considering several examples including Kendall’s
tau, Spearman’s rho and the sign covariance (Bergsma and Dassios (2014)). Let us begin
with one-sample and two-sample robust statistics. Given a pair of random variables (X, Y),
denote the difference between two random variables by Z = X — Y. The univariate sign test
statistic is an estimate of Tgjgn :=P(Z > 0) — 1/2 and it is used to test whether

Hy:P(Z>0)=1/2 versus H;:P(Z>0)+#1/2.
The projection-averaging technique extends Tgjgn to a multivariate case as follows.
PROPOSITION 7.1 (One-sample sign test statistic). Fori.i.d. random vectors Z, Z> from

a multivariate distribution Pz where Z € R?, the projection-averaging approach generalizes
Tsign as

(7.1) / <]P’(,8TZ 0) 1>2dk(ﬁ) = ! ! E[An (Z1,Z )]
. >0)— = =—-—— , .
Sd-1 ! 2 4 2m gler, 22
Given univariate two samples X, = {X1, ..., X;»} and Y, ={Y1, ..., ¥y}, the Wilcoxon-

Mann—Whitney test is designed for testing whether
Hy:P(X>Y)=1/2 versus H{:P(X>Y)#1/2,

based on an estimate of Twymw := P(X > Y) — 1/2. The next proposition extends Twmw to
a multivariate case via projection averaging.

PROPOSITION 7.2 (Two-sample Wilcoxon—-Mann—Whitney test statistic). Let X,

X L Px and, independently, Y1, Y2 Lid- Py where X1,Y; € RY. The projection-averaging
approach generalizes Twvw as

1\2 1 1
(7.2) /Sd_l (P(ﬁTXI > gy — 5) dr(B) = i EE[Ang(Xl — Y1, X2 —12)].

REMARK 7.1. The first-order Taylor approximation of the inverse cosine function shows
that the representations given on the right-hand side of (7.1) and (7.2) are related to the spa-
tial sign-statistics introduced by Wang, Peng and Li (2015) and Chakraborty and Chaud-
huri (2017), respectively. In fact, when U -statistics are used to estimate (7.1) and (7.2), the
projection-averaging statistics and the spatial sign-statistics are asymptotically equivalent un-
der some regularity conditions (see Appendix D.3 for details).

The same technique can be further applied to some robust statistics for independence test-
ing. To test for independence between two random variables, Kendall’s tau statistic is given
as an estimate of 7 :=4P(X; < X3, Y1 < Y2) — 1. We present a multivariate extension of T
as follows.

THEOREM 7.1 (Kendall’s tau). For i.i.d. pairs of random vectors (X1, Y1), ..., (X4, Y1)
from a joint distribution Pxy where X € R and Y € R?, the multivariate extension of T via
projection averaging is given by

fqu /Sqfl [4P(a” (X| — X3) <0, 8T (Y| — Y2) <0) — 1]* di() dA(B)

2 2
=E|:<2 — —Ang(X1 — Xz, X3 — X4)) . (2 — —Ang(Y1 — Yz, Y3 — Y4)>] —1.
T T
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Recently, Bergsma and Dassios (2014) introduced a modification of Kendall’s tau, which
is zero if and only if random variables are independent under some mild conditions. Let us
denote the univariate Bergsma—Dassios sign covariance by

(7.3) T =E[agign (X1, X2, X3, X4) - a5ign(Y1, Y2, Y3, Y4)],

with asign (21, 22, 23, 24) = sign(|z1 — z2| + |23 — z4| — |21 — 23] — |22 — z4|). Motivated by
the projection-averaging approach, we propose the multivariate t* as follows.

DEFINITION 7.1 (Multivariate t*). Suppose (X1, Y1),..., (X4, Y4) are i.i.d. random
vectors from a joint distribution Pxy where X € R? and Y € RY. We define the multivariate
* by

* . T T T T
rp’q_fspil /SqilE[aSIgn(a Xi,a' Xo,a X3, Xa)
X asign(B' Y1, B Ya, B Y3, B! Ya)]dA(a) dA(B).

Since the kernel of 7* is sign-invariant, that is, asign (21, 22, 23, 24) = @sign(—21, —22, —23,
—2z4), it is easy to see that r;‘, 4 becomes the univariate t* when p = ¢ = 1. Also note that
since X and Y are independent if and only if o« " X and 8T Y are independent for all € SP~!
and B € SY~!, the characteristic property of 7, 4 follows by that of the univariate 7*.

Next, we present a closed-form expression for t* . For nonzero Uy, U, Uz € R4, let us

p.q
define g4(U1, Uz, U3) and hy(Zy, Z2, Z3, Z4) by

1
84Uy, Uz, U3) =

2 Ang(Uy, Us) + Ang(Uy, Us) + Ang(Uz, U3)|

s
and
ha(Zy, Z2, Z3, Z4)
=8d(Z1— 2y, 20 — 723,23 — Z4) + 8a(Zo — 21, Z1 — 23, 23 — Z4)
+8i(Z1— 22,2y — Z4, 24— Z3) + 8a(Zo — Z1, Z — Z4, Z4 — Z3).

We note that, in contrast to other applications, Lemma 2.2 is not enough to have an expres-
sion for t;‘; ¢ Without involving integrations over the unit sphere. To this end, we generalize
Lemma 2.2 with three indicator functions (see Lemma B.8) and present an alternative expres-
sion for 7, , as follows.

THEOREM 7.2 (Closed-form expression for r;’;, q). For i.i.d. random vectors (X1, Y1),

..., (X4, Ya) from a joint distribution Pxy where X e R and Y € R4, ‘L';’ q can be written as

T, 0 = E[hp(X1, X2, X3, X4) - hg(Y1, Y2, Y3, Y4)]
+E[h,(X1, X2, X3, X4) - hg(Y3,Y4,Y1,Y2)]
—2E[h,(X1, X2, X3, X4) - hy(Y1, Y3, Y2, Ya)].

Theorem 7.2 leads to a straightforward empirical estimate of ‘L';;’ 4 based on a U-statistic.
This is also true for the other multivariate generalizations introduced in this section and the
Supplementary Material (Appendix D.8). Using these estimates, some theoretical and empiri-
cal properties of the proposed measures can be further investigated. These topics are reserved
for future work.
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8. Simulations. In this section, we report numerical results to support the argument in
Section 5 as well as to compare the performance of the CvM test with other competing non-
parametric tests against heavy-tailed alternatives. Along with the energy, MMD, NN, FR and
BG tests described before, we consider the cross-match test (Rosenbaum (2005)), the multi-
variate run test (Biswas, Mukhopadhyay and Ghosh (2014)), the modified k-NN test (Mondal,
Biswas and Ghosh (2015)) and the ball divergence test (Pan et al. (2018)) for comparison. We
refer to them as the CM test, run test, MBG test and ball test, respectively. In our simulations,
we used the Gaussian kernel with the median heuristic (Gretton et al. (2012)) for the MMD
test and we set the number of nearest neighbors as k = 3 for both NN test and MBG test.
Since finding the shortest Hamiltonian path for the run test is NP-complete, we employed
Kruskal’s algorithm (Kruskal (1956)) as suggested by Biswas, Mukhopadhyay and Ghosh
(2014).

Throughout our experiments, the significance level was set at 0.05 and the permutation
procedure was used to determine the p-value of each test with 200 permutations as in Re-
mark 2.2. The simulations were repeated 500 times to approximate the power of different
tests. We set the sample size and the dimension by m, n = 20 and d = 200 for the balanced
cases and by m = 35, n =5 and d = 200 for the imbalanced cases.

First, we consider several examples where the powers of the five tests (CvM, energy,
MMD, CQ and WMW tests) in Section 5 are approximately equivalent to each other. Specif-
ically, we use multivariate normal distributions with different means

w@=,...,007, wY=(0.15,...,0.157 and
n® =40.045(1,...,1, 0,...,0)7
S——— S——

d/2 elements d/2 elements

and covariance matrices:

1. Identity matrix (denoted by I) where 0; ; = 1 and 0; ; =0 fori # j.

2. Banded matrix (denoted by ¥gang) where 0;; =1, 0; j =0.6for |i — j|=1,0;; =0.3
for |i — j| =2 and o; ; = 0 otherwise.

3. Autocorrelation matrix (denoted by Xau) where 0;; =1 and o; ; = 0.2i=J1 when
i#£].

4. Block diagonal matrix (denoted by Xpjock) Where the 5 x 5 main diagonal blocks A are
defined by a; ; = 1 and a; ; = 0.2 when i # j, and the off-diagonal blocks are zeros.

Then we generate random samples from X ~ N (M(O), Y) and either ¥ ~ N (,u(l), ) or
Y ~ N(u®, £). The results are summarized in Table 1. As can be seen from the table,
the empirical powers of the considered tests are very close under the given setting, which
supports our theoretical results in Section 5. We also observe that the other nonparametric
tests, not considered in Section 5, are significantly less powerful than the proposed test in all
normal location alternatives.

In our second experiment, we consider several examples where the moment conditions
are not satisfied. We focus on random samples generated from multivariate Cauchy distri-
butions. Let Cauchy(y, s) refer to the univariate Cauchy distribution where y, s are the lo-

cation parameter and the scale parameter, respectively. Let X = (X1, ..., X@) and ¥ =
YWD, ..., YD) be random vectors where X @ Hd- Cauchy(0, 1) and y® L Cauchy(y, s)
fori =1,...,d. We first consider location differences where y is not zero but the scale pa-

rameters are identical, that is, s = 1. Similarly, we consider scale differences where the scale
parameter s changes, but the location parameters are identical, that is, y = 0.

From the results presented in Table 2 and Table 3, it is seen that, unlike the multivari-
ate normal cases, there are significant differences between power performance among CvM,
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TABLE 1
Empirical power of the considered tests against the normal location models at o« = 0.05

Iy YBand ZBlock % Auto

m =20, 1 =20 ) ) ) e u( L@ u( 1@

CvM 0.662 0.646 0.418 0.406 0.572 0.584 0.452 0.442
Energy 0.656 0.650 0.420 0.408 0.576 0.584 0.452 0.444
MMD 0.658 0.638 0.412 0.398 0.568 0.570 0.458 0.444
CQ 0.656 0.650 0.416 0.412 0.578 0.580 0.454 0.448
WMW 0.668 0.646 0.420 0.402 0.568 0.580 0.458 0.444
NN 0.288 0.288 0.164 0.154 0.242 0.238 0.176 0.174
FR 0.168 0.170 0.090 0.084 0.158 0.116 0.112 0.088
MBG 0.050 0.050 0.050 0.052 0.048 0.044 0.060 0.046
Ball 0.240 0.254 0.186 0.198 0.262 0.250 0.216 0.226
CM 0.042 0.054 0.028 0.040 0.052 0.050 0.038 0.034
BG 0.070 0.060 0.074 0.074 0.074 0.078 0.084 0.078
Run 0.160 0.153 0.101 0.105 0.146 0.128 0.110 0.102

energy, MMD, CQ and WMW tests. In particular, the tests based on the energy, MMD and
CQ statistics have relatively low power against the heavy-tail location alternatives, whereas
the tests based on the CvM and WMW statistics show better performance than the others.
Turning to the scale problems, it can be seen that the CQ and WMW tests are not sensitive
to detect scale differences, which makes sense because they are specifically designed for lo-
cation problems. On the other hand, the CvM, energy and MMD tests perform reasonably
well in these alternatives. Among the omnibus nonparametric tests, the MMD, energy and
ball tests have competitive power against the scale differences, but not against the location
differences in general. The MBG test is only powerful against the scale differences where the
sample sizes are balanced. The CM and run tests are uniformly outperformed by the CvM
test under all scenarios. The NN and FR tests perform strongly against the location alterna-
tives especially for the balanced case, but not against the scale alternatives. When the sample

TABLE 2
Empirical power of the considered tests against multivariate Cauchy distributions with m =n = 20 at « = 0.05
where vy, s represent the location and scale parameter, respectively. The three highest power estimates in each
column are highlighted in boldface

Location Scale

m=20,n=20 y=2 y=3 y =4 y=5 s=2 s=3 s=4 s=5

CvM 0.124 0.252 0.596 0.842 0.560 0.926 0.988 1.000
Energy 0.060 0.066 0.102 0.134 0.316 0.602 0.766 0.866
MMD 0.056 0.064 0.110 0.162 0.448 0.772 0.890 0.970
CQ 0.138 0.268 0.360 0.456 0.046 0.070 0.042 0.068
WMW 0.324 0.698 0.912 0.988 0.052 0.064 0.062 0.056
NN 0.288 0.662 0.884 0.976 0.214 0.194 0.256 0.224
FR 0.178 0.462 0.706 0.888 0.028 0.034 0.048 0.036
MBG 0.060 0.044 0.050 0.074 0.564 0.904 0.964 0.992
Ball 0.064 0.064 0.076 0.098 0.606 0.936 0.994 1.000
CM 0.030 0.078 0.128 0.226 0.056 0.170 0.334 0.490
BG 0.048 0.038 0.048 0.040 0.238 0.394 0.560 0.632

Run 0.059 0.129 0.274 0.422 0.220 0.506 0.767 0.864
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TABLE 3
Empirical power of the considered tests against multivariate Cauchy distributions with m =35 and n =5 at
o = 0.05 where y, s represent the location and scale parameter, respectively. The three highest power estimates
in each column are highlighted in boldface

Location Scale
m=35n=>5 y=5 y=06 y=1 y =38 s=3 s=4 s=5 s=6
CvM 0.340 0.498 0.652 0.758 0.570 0.806 0.928 0.952
Energy 0.110 0.146 0.212 0.262 0.436 0.632 0.794 0.858
MMD 0.108 0.148 0.192 0.240 0.552 0.808 0.926 0.968
CcQ 0.284 0.380 0.454 0.544 0.178 0.210 0.262 0.290
WMW 0.796 0.890 0.942 0.960 0.110 0.126 0.134 0.148
NN 0.144 0.294 0.376 0.558 0.118 0.150 0.154 0.182
FR 0.226 0.360 0.464 0.588 0.078 0.092 0.104 0.112
MBG 0.010 0.000 0.008 0.000 0.092 0.130 0.176 0.214
Ball 0.072 0.088 0.098 0.122 0.238 0.406 0.594 0.762
CM 0.082 0.176 0.190 0.262 0.030 0.080 0.092 0.126
BG 0.058 0.052 0.058 0.052 0.320 0.386 0.506 0.514
Run 0.088 0.150 0.198 0.228 0.106 0.174 0.248 0.326

sizes are unbalanced, the performance of the NN and FR tests are degraded a little bit, which
can be explained by Chen, Dou and Qiao (2013) and Chen, Chen and Su (2018). The CvM
test, on the other hand, performs consistently well against the heavy-tail location and scale
alternatives and its performance appears immune to the sample proportion.

In summary, the proposed test has almost identical power as the high-dimensional mean
tests against the light-tail location alternatives, whereas it outperforms many popular non-
parametric competitors under the heavy-tail location and scale alternatives. More simulation
results in both high and low dimensions can be found in Appendix E of the Supplementary
Material.

9. Concluding remarks. In this work, we extended the univariate Cramér—von Mises
statistic for two-sample testing to the multivariate case using projection averaging and
demonstrated its robustness, minimax rate optimality and high-dimensional power proper-
ties. We applied the same projection technique to other robust statistics and presented their
multivariate extensions. We also introduced the angular distance that is closely connected to
the Euclidean distance (Remark 6.1) but is more robust to outliers by incorporating infor-
mation from the underlying distribution. Given that the use of distances is of fundamental
importance in many statistical applications (including clustering, classification and regres-
sion), we hope that this work will stimulate further study of the angular distance applied to
other statistical problems serving as a robust alternative for the Euclidean distance.
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