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Abstract

We propose two novel nonparametric two-sample kernel tests based on the Maximum
Mean Discrepancy (MMD). First, for a fixed kernel, we construct an MMD test using ei-
ther permutations or a wild bootstrap, two popular numerical procedures to determine
the test threshold. We prove that this test controls the probability of type I error non-
asymptotically. Hence, it can be used reliably even in settings with small sample sizes as
it remains well-calibrated, which differs from previous MMD tests which only guarantee
correct test level asymptotically. When the difference in densities lies in a Sobolev ball,
we prove minimax optimality of our MMD test with a specific kernel depending on the
smoothness parameter of the Sobolev ball. In practice, this parameter is unknown and,
hence, the optimal MMD test with this particular kernel cannot be used. To overcome
this issue, we construct an aggregated test, called MMDAgg, which is adaptive to the
smoothness parameter. The test power is maximised over the collection of kernels used,
without requiring held-out data for kernel selection (which results in a loss of test power),
or arbitrary kernel choices such as the median heuristic. We prove that MMDAgg still
controls the level non-asymptotically, and achieves the minimax rate over Sobolev balls,
up to an iterated logarithmic term. Our guarantees are not restricted to a specific type
of kernel, but hold for any product of one-dimensional translation invariant characteristic
kernels. We provide a user-friendly parameter-free implementation of MMDAgg using an
adaptive collection of bandwidths. We demonstrate that MMDAgg significantly outper-
forms alternative state-of-the-art MMD-based two-sample tests on synthetic data satisfying
the Sobolev smoothness assumption, and that, on real-world image data, MMDAgg closely
matches the power of tests leveraging the use of models such as neural networks.
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1. Introduction

We consider the problem of nonparametric two-sample testing, where we are given two
independent sets of i.i.d. samples, and we want to determine whether these two samples
come from the same distribution. This fundamental problem has a long history in statistics
and machine learning, with numerous real-world applications in various fields, including
clinical laboratory science (Miles et al., 2004), genomics (Chen and Qin, 2010), biology
(Fisher et al., 2006), geology (Vermeesch, 2013) and finance (Horvath et al., 2013).

To compare samples from two probability distributions, we use a statistical test of the
null hypothesis that the two distributions are equal, against the alternative hypothesis
that they are different. Many such tests exist, and rely on different assumptions. If we
assume that the two probability distributions are Gaussian with the same variance, then we
can perform a Student’s t-test (Student, 1908) to decide whether or not to reject the null
hypothesis. However, the t-test is parametric in nature, and designed only for comparing
two Gaussian distributions. By contrast, our interest is in nonparametric tests, which are
sensitive to general alternatives, without relying on specific distributional assumptions. An
example of such a nonparametric test is the Kolmogorov—Smirnov test (Massey Jr, 1951)
which uses as its test statistic the largest distance between empirical distribution functions
of the two samples. The limitation of the Kolmogorov—Smirnov test, however, is that it
applies only to univariate data, and its multivariate extension is challenging (Bickel, 1969).

The test statistic we consider is an estimate of the Maximum Mean Discrepancy (MMD—
Gretton et al., 2007, 2012a) which is a kernel-based metric on the space of probability distri-
butions. The MMD is an integral probability metric (Miiller, 1997) and hence is defined as
the supremum, taken over a class of smooth functions, of the difference of their expectations
under the two probability distributions. This function class is taken to be the unit ball of a
characteristic Reproducing Kernel Hilbert Space (Aronszajn, 1950; Fukumizu et al., 2008;
Sriperumbudur et al., 2011), so the Maximum Mean Discrepancy depends on the choice of
kernel. We work with a wide range of kernels, each parametrised by their bandwidths.

There exist several heuristics to choose the kernel bandwidths. In the Gaussian kernel
case, for example, bandwidths are often simply set to the median distance between pairs
of points from both samples (Gretton et al., 2012a). This strategy for bandwidth choice
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does not provide any guarantee of optimality, however. In fact, existing empirical results
demonstrate that the median heuristic performs poorly (i.e. it leads to low test power) when
differences between the two distributions occur at a lengthscale that differs sufficiently from
the median inter-sample distance (Gretton et al., 2012b, Figure 1). Ramdas et al. (2015)
and Reddi et al. (2015) show that the median heuristic scales as the square root of the
dimension, and that using a bandwidth of the higher order with respect to the dimension
generally leads to higher power. Another approach is to split the data and learn a good
kernel choice on data held out for this purpose (e.g. Gretton et al., 2012b; Liu et al., 2020),
however, the resultant reduction in data for testing can reduce overall test power at smaller
sample sizes.

Our contributions. Having motivated the problem, we summarize our contributions.
We first address the case where the “smoothness parameter” s of the task is known: that
is, the distributions being tested have densities in R% whose difference lies in a Sobolev
ball §5(R) with smoothness parameter s and radius R. For this setting, we construct a
single MMD test that is optimal in the minimax sense over Sj(R), for a specific choice of
bandwidths which depend on s.

In practice, s is unknown, and our test must be adaptive to it. We therefore construct a
test which is adaptive to s in the minimax sense, by aggregating across tests with different
bandwidths, and rejecting the null hypothesis if any individual test (with appropriately
corrected level) rejects it. We refer to our proposed MMD aggregated test as MMDAgg.
By upper bounding the uniform separation rate of testing of MMDAgg, we prove that it is
optimal (up to an iterated logarithmic term) over the Sobolev ball Sj(R) for any s > 0 and
R>0.

For the practical deployment of our test, we require numerical procedures for comput-
ing the test thresholds. We may obtain the threshold for a test of level a using either
permutations or a wild bootstrap to estimate the (1—a)-quantile of the test statistic distri-
bution under the null hypothesis. We prove that our theoretical guarantees still hold under
both test threshold estimation procedures. In the process of establishing these results, we
demonstrate the equivalence between using a wild bootstrap and using a restricted set of
permutations, which is of independent interest. Through the use of either permutations
or a wild bootstrap, we can theoretically guarantee that our proposed single MMD test
and MMDAgg test both have non-asymptotic level, which differs from the original MMD
test of Gretton et al. (2012a). We believe that this non-asymptotic property of our tests
contributes to their real-world applications. Indeed, in practice, settings in which the sam-
ple sizes are fixed and may not be assumed to be asymptotically large are very common
(e.g. medical data, seismological data, data for materials science, etc.). While existing tests
relying on asymptotic may fail to be well-calibrated in those settings, ours are guaranteed
to correctly control the test level non-asymptotically.

We stress that the implementation of MMDAgg corresponds exactly to the test for
which we prove theoretical guarantees: we do not make any further approximations in
our implementation, nor do we require any prior knowledge on the underlying distribution
smoothness. All our theoretical results hold for any product of one-dimensional translation
invariant characteristic kernels which are absolutely and square integrable. Our test is, to
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the best of our knowledge, the first to be minimax adaptive (up to an iterated logarithmic
term) for various kernels, and not only for the Gaussian kernel.

Since our approach combines multiple MMD single tests across a large collection of
bandwidths, it requires no tuning and our implementation is parameter-free. Furthermore,
since we consider various bandwidths simultaneously, our test is adaptive: it performs well
both in cases requiring the kernel to have a small bandwidth and in those necessitating a
large bandwidth. This means that the same MMDAgg test can detect both local and global
differences in densities, which is not the case for a single MMD test with fixed bandwidth.

The key contributions of our paper can be summarised as follows.

e Based on either permutations or a wild bootstrap, we propose a single MMD test and
theoretically prove that it has non-asymptotic level. By setting the kernel bandwidth
adequately, we show that the test is minimax optimal over a Sobolev ball with known
smoothness parameter.

e In order to be adaptive to this smoothness parameter (which is unknown in prac-
tice), we construct a two-sample aggregated MMD test, called MMDAgg, which does
not require data splitting. We prove that MMDAgg controls the type I error non-
asymptotically, and that it is optimal in the minimax sense (up to an iterated loga-
rithmic term) for a wide range of kernels when using either permutations or a wild
bootstrap to estimate the test threshold.

e In our experiments on synthetic data, on which the Sobolev smoothness assumption
holds, we observe that MMDAgg obtains significantly higher power than all other
state-of-the-art MMD adaptive tests considered. On real-world image data, MMDAgg
almost matches the power obtained by tests leveraging the capacity of models such as
neural networks to detect differences in image distributions. The power of MMDAgg
is retained even when a large collection of kernels is considered (up to 12000 kernels in
the experiments). Experimentally, no cost in power is incurred for aggregating more
kernels, the overall power appears to match the highest power achieved with a single
kernel while correctly controlling the test level. As such, in practice, the user can
consider as many kernels as computationally feasible.

e We provide a user-friendly parameter-free implementation of MMDAgg, both in Jax
and in Numpy, available at https://github.com/antoninschrab/mmdagg-paper.
This repository also contains code for the reproducibility of our experiments.

Related Works. We present an overview of works related to ours, more details are pro-
vided in Section 4. Our non-asymptotic aggregated test, which is minimax adaptive over
the Sobolev balls {S5(R) : s > 0, R > 0}, originates from the works of Fromont et al. (2012,
2013) and Albert et al. (2022).

Fromont et al. (2012, 2013) consider the two-sample problem with sample sizes following
independent Poisson processes. In this framework, they construct an aggregated test using
a different kernel-based estimator with a wild bootstrap. In the multivariate setting, with
some condition on the kernel in the Fourier domain, they show minimax adaptivity of their
test over Sobolev and anisotropic Nikol’skii-Besov balls. Albert et al. (2022) construct an
aggregated independence test using Gaussian kernels. The theoretical guarantees for the
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single MMD tests using a permutation-based threshold are related to the result of Kim et al.
(2022, Proposition 8.4), also for Gaussian kernels. Besides treating the adaptive two-sample
case, rather than the independence case considered by Albert et al. (2022), the present work
builds on these earlier results in two important ways. First, the optimality of our aggregated
test is not restricted to the use of a specific kernel; it holds more generally for many popular
choices of kernels. Second, our theoretical guarantees for this adaptive test are proved to
hold even under practical choices for the test threshold: namely the permutation and wild
bootstrap approaches.

In this paper, we propose quadratic-time aggregated tests for two-sample testing. This
present work, along with those of Albert et al. (2022) and Schrab et al. (2022a) on inde-
pendence and goodness-of-fit testing, respectively, have been the basis of the later work
of Schrab et al. (2022b) who construct efficient (linear-time) variants of these three aggre-
gated tests using incomplete U-statistics, and quantify the trade-off between computational
efficiency and test power (in terms of uniform separation rate over Sobolev balls).

Outline. The paper is organised as follows. In Section 2, we formalize the two-sample
problem, review the theory of statistical hypothesis testing, and recall the definition of the
Maximum Mean Discrepancy. In Section 3, we construct the MMD single and aggregated
(MMDAgg) two-sample tests, provide pseudocode for the latter, and derive theoretical
guarantees for both. Having introduced the required terminology, we then discuss how
our results relate to other works in Section 4. We run various experiments in Section 5
to evaluate how well MMDAgg performs compared to alternative state-of-the-art MMD
adaptive tests. The paper closes with discussions and perspectives in Section 6. Proofs,
additional discussions, and further experimental results are provided in the Appendices.

2. Background
First, we formalise the two-sample problem in mathematical terms.

Two-sample problem. Given independent samples X,,, := (X;)1<i<m and Y, := (Yj)1<j<n,
consisting of i.i.d. random variables with respective probability density functions p and ¢
on R? with respect to the Lebesgue measure, can we decide whether p # ¢ holds?

To tackle this problem, we work in the non-asymptotic framework and construct two
nonparametric hypothesis tests in Section 3: a single MMD test for fixed kernel /bandwidth,
and MMDAgg which aggregates multiple kernels/bandwidths. In Section 2.1, we first in-
troduce the required notions about hypothesis testing. We then recall the definition of the
Maximum Mean Discrepancy and present two estimators for it in Section 2.2.

2.1 Hypothesis testing
We use the convention that [Py, denotes the probability with respect to Xi,..., X, i P
and Y7,...,Y, i q all independent of each other. If given more random variables, say
Llyenny iy i 1 for some probability density or mass function r, we use the notation Py qx-
We follow similar conventions for expectations and variances.

We address this two-sample problem by testing the null hypothesis Hy: p = ¢ against
the alternative hypothesis H,: p # ¢q. Given a test A which is a function of X, and Y,
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the null hypothesis is rejected if and only if A(X,,,Y,) = 1. The test is usually designed
to control the probability of type I error

sup Ppyp(A(Xp, Yp) =1) < a
p

for a given o € (0,1), where the supremum is taken over all probability densities on R,
We then say that the test has level a. For all the definitions, if the test A depends on other
random variables, we take the probability with respect to those too. For a given fixed level
a, the aim is then to construct a test with the smallest possible probability of type II error

prq(A(XmaYn) = 0)

for specific choices of alternatives for which p # ¢. If this probability is bounded by some
B € (0,1), we say that the test has power 1 —  against that particular alternative. In the
asymptotic framework, for a consistent test and a fixed alternative with ||p — g||, > 0, we
can find large enough sample sizes m and n so that the test has power close to 1 against
this alternative. In the non-asymptotic framework of this paper, the sample sizes m and n
are fixed. We can then find an alternative with ||p — ¢||, small enough so that the test has
power close to 0 against this alternative. Given a test A, a class of functions C and some
B € (0,1), one can ask what the smallest value p > 0 is such that the test A has power
at least 1 — § against all alternative hypotheses satisfying p — ¢ € C and |p —qll, > p.
Clearly, this depends on the sample sizes: as m and n increase, the value of p decreases.
This motivates the definition of uniform separation rate (Baraud, 2002)

p(A,C,B, M) = inf{ﬁ >0: sup  Ppyg(AXy,, Y,) =0) < B}
(p.a)€F(C)

where F2(C) = {(p.q) : max(|pllc. lall.c) < M.p—q€C, [p—ally > 3} For uniform
separation rates, we are mainly interested in the dependence on m + n: for example we
will show upper bounds of the form a(m + n)~? for positive constants a and b independent
of m and n. The greatest lower bound on the uniform separation rates of all tests with
non-asymptotic level « € (0,1) is called the minimaz rate of testing (Baraud, 2002)

p(C,a, B, M) = igfp(Aa,C, B, M),

where the infimum is taken over all tests A, of non-asymptotic level « for testing Ho: p = ¢
against H,: p # ¢, and where we compare uniform separation rates in terms of growth rates
as functions of m 4+ n. This is a generalisation of the concept of critical radius introduced
by Ingster (1993a,b) to the non-asymptotic framework. A test is optimal in the minimax
sense (Baraud, 2002) if its uniform separation rate is upper-bounded up to a constant by
the minimax rate of testing. As the class of functions C, we consider the Sobolev ball

sitm) = {r e LE) 2w - [ JEIROR e < e )

with smoothness parameter s > 0, radius R > 0, and where fdenotes the Fourier transform
N T . .
of f, that is, f(§) == [ga f(x)e ™ £dg for all € € RY. Our aim is to construct a test which
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achieves the minimax rate of testing over Sj(R) (up to an iterated logarithmic term) and
which does not depend on the smoothness parameter s of the Sobolev ball; such a test is
called minimax adaptive.

As shown by Li and Yuan (2019, Theorems 3 and 5), the minimax rate of testing over
the Sobolev ball Sj(R) is lower bounded as

P(S5(R), v, B, M) > Co(M,d, s, R, v, ) (m + n) =2/ (4sF) @)

for some constant Cy > 0 depending on «, 5 € (0,1), d € N\ {0} and M,s, R € (0,00).
Their proof is an extension of the results of Ingster (1987, 1993b) and we provide more
details in Appendix D. We later construct a test with non-asymptotic level o and show
in Corollary 7 that its uniform separation rate over Sj(R) with respect to m + n is at
most (m + n)_2s/ (4s+d) 4p to some multiplicative constant. This implies that the mini-

max rate of testing over the Sobolev ball Sj(R) with respect to m + n is exactly of order
(m + n)—QS/(4S+d).

2.2 Maximum Mean Discrepancy

As a measure between two probability distributions, we consider the kernel-based Mazimum
Mean Discrepancy (MMD—Gretton et al., 2007, 2012a). In detail, for a given Reproducing
Kernel Hilbert Space Hj, (Aronszajn, 1950) with kernel &k, the MMD can be formalized as
the integral probability metric (Miiller, 1997)

MMD(p, ¢; H) = sup [Ex~plf (X)] = Ey gl f(Y)]l-
FEHL: | Flly, <1

Our particular interest is in a characteristic kernel k, which guarantees that we have
MMD(p, q; Hi) = 0 if and only if p = q. We refer to the works of Fukumizu et al. (2008)
and Sriperumbudur et al. (2011) for details on characteristic kernels. It can easily be shown
(Gretton et al., 2012a, Lemma 4) that the MMD is the Hg-norm of the difference between
the mean embeddings j,(u) = Ex., [k(X,u)] and pg(u) = Ey.4 [k(Y,u)] for u € RY
Using this fact, a natural unbiased quadratic-time estimator for MMD?(p, ¢; Hy.) (Gretton
et al., 2012a, Lemma 6) is

2 1 1
MMD, (X, Yn; Hi) = mm=1) > k(Xiin’)+m > k(YY)
1<ii'<m 1<j#j'<n
, m o 3)
- > ) k(X Y)).
mn <
i=1 j=1

This is the minimum variance MMD estimator (Serfling, 1980, Section 5.1.4). As pointed
out by Kim et al. (2022), this quadratic-time estimator can be written as a two-sample
U-statistic (both of second order) (Hoeffding, 1992)

MMD, (X, Yo; Hi) = hi (X3, Xi, Y5, Y5)  (4)
m(m = 1n(n —1) 19’%@ 19;9 "
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where
hi(x, 2’ y, ') = k(x,2") + k(y,y') — k(z,y') — k(2', y) (5)

2
for x,y, 2’y € RL. Writing the estimator MMD, (X,,, Y,,; Hx) as a two-sample U-statistic
can be theoretically appealing but we stress the fact that it can be computed in quadratic

time using Equation (3). The unnormalised version of the test statistic mi(xm, Yo; Hi)
was also considered in the work of Fromont et al. (2012).

For the special case when m = n, Gretton et al. (2012a, Lemma 6) also propose to
consider a different estimator for the Maximum Mean Discrepancy which is the one-sample
second-order U-statistic

MMDy, (X, Yo He) = ——— > (X3, X, Y., Y)). (6)

(n=1) 1<i#j<n

—2 —2
Note that, unlike the estimator MMD, (X,,, Y,,; Hf), the estimator MMD, (X,,, Y,,; Hy) does
not incorporate the terms {k(X;,Y;) : ¢ = 1,...,n}. This means that the ordering of X,, =

2
(Xi)1<i<n and Y, = (Yj)1<j<n changes the estimator MMDy (X,,, Y,,; Hy). So, when using
this estimator, we have to assume we are given a specific ordering of the samples. While

—2 —2 —2
MMD,, has slightly higher variance than MMD,, computing MMD, is computationally much

/\2
faster than evaluating MMD,, as discussed in Appendix C.
The MMD depends on the choice of kernel, which we explore for our hypothesis tests.

3. Construction of tests and bounds

This section contains our main contributions. In Section 3.1, we introduce some notation
along with technical assumptions for our analysis. We then present in Section 3.2 two
data-dependent procedures to construct a single MMD test that makes use of some specific
kernel bandwidth. Section 3.3 provides sufficient conditions under which this single MMD
test is powerful when the difference in densities is measured in terms of the MMD and of
the L?-norm. Based on these preliminary results, we prove an upper bound on its uniform
separation rate over the Sobolev ball Sj(R) in Section 3.4, which shows that for a specific
choice of bandwidth, the corresponding single MMD test is optimal in the minimax sense.
However, the optimal single MMD test relies on the unknown smoothness parameter s of
the Sobolev ball Sj(R), which motivates the introduction of our aggregated MMDAgg test
in Section 3.5. Finally, we prove in Section 3.6 that MMDAgg is minimax adaptive over
the Sobolev balls {S5(R) : s > 0,R > 0}.

3.1 Assumptions and notation

We assume that the sample sizes m and n are balanced up to a constant factor, meaning
that there exists a positive constant C' > 0 such that

m<n and n < Cm. (7)

As can be seen in Equation (20), this assumption allows us to upper bound terms such as
m~! and n~! by (m+n)~! up to a constant depending on C. The smaller this constant C
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is, the tighter our bounds on uniform separation rates will be. For fixed sample sizes, this
condition of being balanced is always satisfied. For increasing sample sizes, the condition
requires that both sample sizes increase at the same rate. In particular, under this condition,
it is not possible to fix one sample size and let the other tend to infinity.

In general, we write C;(p1,...,p¢) to express the dependence of a positive constant C;
on some parameters pi,...,Dy.

We assume that we have d characteristic kernels (z,y) — K;(x —y) on R x R for some
functions K;: R — R lying in L'(R) N L*(R) and satisfying [ K;(u)du=1fori=1,...,d.
Then, for some bandwidth A = (A1, ..., \q) € (0,00)%, the function®

d

1 Ti — Yi

ka(z,y) :_HXKi< " >
i=1"" !

is a characteristic kernel on R? x R? satisfying?

d
/ kx(z,y)de =1 and / k(x,y)de = r2(d)
Re Rd A

Ny (8)

for the constant k2(d) defined later in Equation (21). Using K;(u) = ﬁ exp(—u?) foru € R
and ¢ = 1,...,d, for example, yields the Gaussian kernel k). Using K;(u) = %exp(—\u\)
for v € R and ¢« = 1,...,d yields the Laplace kernel k). For notation purposes, given

A= (A1,..., M) € (0,00)¢, we also write

or(u) = 15[1 ri(5) 9)

for u € RY, so that ky(z,y) = pr(z —y) for all z,y € R%. In this paper, we investigate the
choice of kernel bandwidth for MMD tests. While our theoretical results on test power only
hold for translation-invariant kernels on R? x R? (as introduced above), we stress that our
single and aggregated MMD tests are well-defined and have well-calibrated non-asymptotic
levels (Propositions 1 and 8) on any domain and for any positive definite characteristic
kernel. . .,

For clarity, we denote MMD(p, ¢; H, ), MMD, (X,,, Yy,; H, ), MMDy (X, Yy ; Hi, ) and

—2 2
hi, (all defined in Section 2) simply by MMD,(p, q), MMD, ,(X;,, Y;,), MMD), ,(X;,, Yy,)
and h), respectively.
When m # n, we let MMD,(X,,,Y,) denote the estimator MMD), , (X, Y,). When

—2 —2 —2
m = n, we let MMD, (X,,Y,) denote either MMD, ,(Xp,,Y,,) or MMD, 1,(X;,Yy). This
means that, when m = n, all our results hold for both estimators.

1. Multiplying the kernel kx by a positive constant C, does not affect the outputs of the single and
aggregated tests as it simply scales both the test statistic and the quantile. The requirements that
fR Ki(u)du =1 for i = 1,...,d and the scaling term (A1 --- )\d)fl in the definition of the kernel k) are
not required for our theoretical results to hold. We introduce those simply for ease of notation in our
statements and proofs.

2. Detailed calculations are presented at the beginning of Appendix E.

10



MMD AGGREGATED TwWO-SAMPLE TEST

3.2 Non-asymptotic single MMD test with a fixed bandwidth

Here, we consider the bandwidth A € (0,00)¢ to be fixed a priori. The null and alternative
hypotheses for the two-sample problem are Hg: p = ¢ against H,: p # ¢, or equivalently
Ho: MMD3 (p, q) = 0 against H,: MMD3(p,q) > 0, provided that the kernels K7, ..., K4
are characteristic. Using the samples X, = (X;)i<i<m and Y, = (Y})i<j<n, we calculate

—2
the test statistic MMD, (X,,, Y,,). Since we want our test to be valid in the non-asymptotic

framework, we cannot rely on the asymptotic distribution of l\mi under the null hy-
pothesis to compute the required threshold which guarantees the desired level a € (0, 1).
Instead, we use a Monte Carlo approximation to estimate the conditional (1—a)-quantile of
the permutation-based and wild bootstrap procedures given the samples X,,, and Y,, under

—2
the null hypothesis. For the estimator MMD), , (X, Y,) defined in Equation (3) we use
2
permutations, while for the estimator MMD, 1,(X;,Yy) defined in Equation (6) we use a

wild bootstrap.
In Appendix B, we provide some more in-depth discussion about the relation between

2
those two procedures. In particular, for the estimate MMD), (X, Y;,), we show in Proposi-
tion 11 that using a wild bootstrap corresponds exactly to using permutations which either
fix or swap X; and Y; fori=1,...,n.

3.2.1 PERMUTATION APPROACH

In this case, we consider the MMD estimator defined in Equation (3) which can be written
as

_—2 1
MMD), . (X, Y,,) = ) > " (Ui, U, Uy Unesjt)
» m(m—1n(n —1) | <5 <n R

where U; == X; and Uy,,q; ==Y fori = 1,...,m and j = 1,...,n. Given a permutation
function o: {1,...,m+n} — {1,...,m + n}, we can compute the MMD estimator on the

permuted samples X9 = (Ua(i)) and Y7 = (U(,(mﬂ)) to get

1<i<m 1<j<n

— 2
My = MMD, ,(X7,,Y7) (10)

= — Z Z h)\(Ua(i)7 Ua(i’)a Ua(m-‘rj)’ Ua(m—i—j’))

m(m — 1)n(n — 1) 1<iz ' <m 1<j#5'<n

1
= Z kA(Ua(iyUa(z'))er Z Ex(Us(mtj)s Us(m+57))
1<iAi'<m 1<j#§'<n

2
" mn YD aUsiy Us(mi))-

i=1 j=1

In order to estimate, with a Monte Carlo approximation, the conditional quantile of M. I
given X,,, and Y,,, we uniformly sample B i.i.d. permutations oW, ..., oB). We denote their
probability mass function by r, so that 0® ~ r for b= 1,..., B. We introduce the notation

()

Zpg = (U(b))1<b<B and also simply write ]\//f)f’ = MY for b=1,...,B. We can then use

the values (]\//_7 f) to estimate the conditional quantile as explained in Section 3.2.3.

1<b<B

11
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3.2.2 WILD BOOTSTRAP APPROACH

In this case, we assume that m = n and we work with the MMD estimator mib defined
in Equation (6). Recall that for this, we must assume an ordering of our samples which
gives rise to a pairing (X;,Y;) for i = 1,...,n. Simply using permutations as presented in
Section 3.2.1 would break this pairing and our estimators would consist of a signed sum of
different terms because

{k-A(Us(i)s Upnasy) :i=1,...,n} #{ka(Ui, Unyi) i =1,...,n}
for most permutations o: {1,...,2n} — {1,...,2n}. The idea is then to restrict ourselves
to the permutations ¢ which, for ¢ = 1,...,n, either fix or swap X; and Yj, in the sense
that {Ua(i)7Ua(n+i)} = {U’ivUn-i-i}v so that k)\(Ug(i),Ug(n_H')) = k‘)\(Ui,Un+Z‘). We show in
Proposition 11 in Appendix B that this corresponds exactly to using a wild bootstrap, which
we now define.
Given n i.i.d. Rademacher random variables € := (ej,...,€,) with values in {—1,1}",
we let 1
My = T Z eieiha(Xi, X;, Vi, Y5). (11)
1<i#j<n
As for the permutation approach, in order to obtain a Monte Carlo estimate of the condi-
tional quantile of My given X,, and Y,,, for b = 1,..., B, we generate n i.i.d. Rademacher

random variables ¢(®) := (egb), eg))) with values in {—1,1}" and compute M) = ]\/4\)\6(17)
We write Zg = (e(b))1<b<B
with the notation introduced in Section 3.2.1, so that €® ~ r for b = 1,...,B. We next
show in Section 3.2.3 how to estimate the conditional quantile using (]\/4\ /\b)

and denote their probability mass function as r to be consistent

1<b<B"
3.2.3 SINGLE MMD TEST: DEFINITION AND LEVEL

2 2
Depending on which MMD estimator we use, either MMD), , from Equation (3) or MMD) ,
from Equation (6), we obtain (A/Z/\l’)1<b<B
respectively. Inspired by the work of Romano and Wolf (2005a, Lemma 1) and Albert et al.

(2022), in order to obtain the prescribed non-asymptotic test level, we also add the original
MMD statistic

either as in Section 3.2.1 or as in Section 3.2.2,

MP+ = MMDA(Xm,Y )

which corresponds either to the case where the permutation is the identity or where the
n Rademacher random variables are equal to 1. We can then estimate the conditional
quantile of the distribution of either M Y or M v given X,;, and Y,, under the null hypothesis
Ho: p = q by using a Monte Carlo approximation. In particular, our estimator of the
conditional (1 — «)-quantile is given by

A)\B . . 1 = = TFe[(B+1)(1-a)]

G (25| X, V) = 1nf{u €R:l-a< bz; 1(3) < u)} = M, (12)

where ]/\4\)\‘1 <0< M\;BH denote the ordered simulated test statistics ( )1<b<B+1

then define the single MMD test Ay” for some given bandwidth A € (0, 00)? as

AN (Xpn, Yo, Zp) = l(MMDA(Xm,\Yn) > 80 (Z5|Xm, Ya) )

12
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Intuitively, (M)f)) 1<b<B+1

esis Hp: p = q, the quantile (’jﬁ_’ﬁ is defined such that only an a-proportion of the simulated

simulate values of the MMD test statistic under the null hypoth-

test statistics are greater than qu)‘_’g. As such, as shown in Proposition 1, under Hg, the
probability that the MMD test statistic is greater than the quantile (i.e. rejecting the null)
is non-asymptotically at most c.

As shown in Appendix E.1, the p-value of the test can be computed as

B
]. —_ —_~
Ao b B+1
Pal = 531 (1 - Zbl (3} = 20, ))
and satisfies the property that
9 .
Pl € @ = MMD,(Xp,Ya) > 30 (Z5[Xm, Ya) .

Note that computing the quantile @f‘;ﬁ (ZB‘Xm,Yn) requires sorting the simulated test
statistics, while computing the p-value p(}al does not.

We now prove that this single MMD test has the desired non-asymptotic level «, which
we stress differs from the original asymptotic MMD test of Gretton et al. (2012a). We
believe that this non-asymptotic property will contribute to the wide use of those MMD-
based tests.

Proposition 1 (proof in Appendix E.1) For fived bandwidth A € (0,00)¢, a € (0,1)
and B € N\ {0}, the test ANE has non-asymptotic level o, that is

Pospxr (AYP (X, Yo, Z) = 1) < a
for all probability density functions p on RY.

This single MMD test AQ’B depends on the choice of bandwidth A. In practice, one
would like to choose A such that the test Aa® has high power against most alternatives.
In general, a smaller bandwidth gives a narrower kernel which is well suited to detect local
differences between probability densities such as small perturbations. On the other hand, a
larger bandwidth gives a wider kernel which is better at detecting global differences between
probability densities. We verify those intuitions in our experiments presented in Section 5.
While insightful, those do not tell us exactly how to choose the bandwidth.

As mentioned in the introduction, in practice, there exist two common approaches to
choosing the bandwidth of the single MMD test. The first one, proposed by Gretton et al.
(2012a), is to set the bandwidth to be equal to the median inter-sample distance. The
second approach involves splitting the data into two parts where the first half is used to
choose the bandwidth that maximises the asymptotic power, and the second half is used to
run the test. This was initially proposed by Gretton et al. (2012b) for the linear-time MMD
estimator, and later generalised by Liu et al. (2020) to the case of the quadratic-time MMD
estimator. The former approach has no theoretical guarantees, while the latter can suffer
from a loss of power caused by the use of less data to run the test. Those two methods are
further analysed in our experiments in Section 5.

In Sections 3.3 and 3.4, we obtain theoretical guarantees for the power of the single
MMD test Ag‘/B and specify the choice of the bandwidth that leads to minimax optimality.

13
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3.3 Controlling the power of the single MMD test

We start by presenting conditions on the discrepancy measures MMD ) (p, ¢) and ||p — ¢||,
under which the probability of type II error of the single MMD test

—2
Py (A2 (Kom, Yo Z) = 0) = Ppcgrep (MMD) (Xim, Vi) < 5 (28] Ko, Vo))

is controlled by a small positive constant 5. We then express these conditions in terms of the
bandwidth A. We find a sufficient condition on the value of MMDi(p, q) which guarantees
that the single MMD test ANE has power at least 1— [ against the alternative H,: p # q.

Lemma 2 (proof in Appendix E.2) For a,f € (0,1), and B € N\ {0}, the condition

> — R 8
]P)p><q><7’<MMD§\(pv Q) > \/Bvarqu<MMD)\(Xm7Yn>> +Q1>\§(ZB‘Xm7Yn)) >1- 5

is sufficient to control the probability of type II error such that
Pyqr (AN (Xim, Yo, Zg) = 0) < B,

If the densities p and ¢ differ significantly in the sense that MMD%\(p7 q) satisfies the
condition of Lemma 2, then the probability of type II error of the single MMD test AQ’B
against that alternative hypothesis is upper-bounded by . The condition includes two

terms: the first term depends on 8 as well as on the variance of mi(xm, Y,), and the
second is the conditional quantile estimated using the Monte Carlo method with either
permutations or a wild bootstrap. In the next two propositions, we make this condition
more concrete by providing upper bounds for the variance and the estimated conditional
quantile. In particular, the upper bounds are expressed in terms of the bandwidth A and
the sample sizes m and n, which guides us towards the choice of the bandwidth with an
optimal guarantee. We start with the variance term.

Proposition 3 (proof in Appendix E.3) Assume that max (||p|| ., |l¢llo) < M for some
M > 0. Given ) as defined in Equation (9) and ¢ := p—q, there exists a positive constant
C1(M,d) such that

., [N 1
MMD, (X,,,Y,) ) < Ci1(M,d :
Varpxq( )\( )) 1( )< m-4+n +(m+n)2)\1)\d

We now upper bound the estimated conditional quantile qu)‘_’g (Z B‘Xm, Yn) in terms of
A and m + n. Since this is a random variable, we provide a bound which holds with high
probability.

Proposition 4 (proof in Appendix E.4) We assume max (||p||,, || o) < M for some
M >0, a€(0,0.5) and § € (0,1). For all B € N satisfying B > = 3 %)—i—a 1—a)), we
have

Ppxgxr (QAle(ZB‘Xm,Yn) < Coy(M, d)T(ern ) 1-46

for some positive constant Ca(M,d).

14
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Note that while this bound looks similar to the one proposed by Albert et al. (2022,
Proposition 3) for independence testing, it differs in two major aspects. Firstly, while they
consider the theoretical (unknown) quantile q{‘_a, we stress that our bound holds for the
random variable c?f‘_’i (ZB‘Xm,Yn), which is the conditional quantile estimated using the
Monte Carlo method with either permutations or a wild bootstrap. Secondly, our bound
holds for any bandwidth A € (0, 00)? without any additional assumptions. In particular, we
do not require the restrictive condition that (m +n) Ay ---A\g > ln(é) which can in some
cases imply that the sample sizes need to be very large.

Having obtained upper bounds for Varpxq(l\mi(Xm, Yn)) and Ejl)‘;]i (Z B‘Xm, Yn), we
now combine these with Lemma 2 to obtain a more concrete condition for type II error
control. More specifically, the refined condition depends on A\, m+n and (3, and guarantees
that the probability of type II error of the single MMD test Ag\jB, against the alternative
(p,q) defined in terms of the L?-norm, is at most 3.

Theorem 5 (proof in Appendix E.5) We assume max (||p|| ., lallo) < M for some
M >0, a € (0,eh), B €(0,1) and B € N which satisfy B > %(m(%) +a(l — a)).
We consider ¢y as defined in Equation (9) and let 1 == p — q. Assume that A\1--- g < 1.
There exists a positive constant Cs(M,d) such that if

2 2 In(;)
[l = Y —vxeall; + C3(Mvd)5(m+n)m’

then the probability of type II error satisfies
Ppxqxr (AQ’B(XTrHY’NJZB) = 0) <A.

The main condition of Theorem 5 requires ||p — ¢||3 to be greater than the sum of two

quantities. The first one is the bias term ||1) — 9 * ¢, |5 and the second one comes from the
—2

upper bounds in Propositions 3 and 4 on the variance varyy,(MMD) (X, Y,,)) and on the

estimated conditional quantile (Yf‘;i (Z B|Xm,Yn). Now, we want to express the bias term

| — 1 = <,0>\||§ explicitly in terms of the bandwidths A. For this, we need some smoothness
assumption on the difference of the probability densities.

3.4 Uniform separation rate of the single MMD test over a Sobolev ball

We now assume that 1) := p — ¢ belongs to the Sobolev ball Sj(R) defined in Equation (1).
This assumption allows us to derive an upper bound on the uniform separation rate of the
single MMD test in terms of the bandwidth A and of the sum of sample sizes m + n.

Theorem 6 (proof in Appendix E.6) We assume that o € (0,e 1), g € (0,1), s > 0,
R >0, M >0 and B € N satisfying B > %(ln(%)+a(1—a)). Given that A1 --- A\g < 1, the

uniform separation rate of the test AQ’B over the Sobolev ball S;(R) can be upper bounded
as follows

In(3)
(m+n)vVA1-- Mg

d
2
p(Aé’Basé(R),ﬁ,M) < Cy(M,d, s, R, B) (Z AZs 4
i=1
for some positive constant Cy(M,d, s, R, 3).

15
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The upper bound on the uniform separation rate p(Aé’B, S5(R), B, M ) given by Theo-
rem 6 consists of two terms depending on the bandwidth A € (0,00)%. As the bandwidth A
varies, there is a trade-off between those two quantities: increasing one implies decreasing
the other. We can choose the optimal bandwidth A (depending on m + n, d and s) in the
sense that both terms have the same order with respect to the sum of sample sizes m + n.

Corollary 7 (proof in Appendix E.7) We assume that o € (0,e71), 8 € (0,1), s > 0,
R >0, M >0 and B € N satisfying B > %(ln(%) + a(l — a)). The test Ay P for the

choice of bandwidth \f = (m + n)_2/(48+d), i =1,...,d, is optimal in the minimaz sense
over the Sobolev ball Sj(R), that is

p(A27P, Si(R), B, M) < C5(M, d, s, R, B) (m +n) /()
for some positive constant C5(M,d, s, R, a, 3).

We have constructed the single MMD test AQ*’B and proved that it is minimax optimal
over the Sobolev ball S5(R) without any restriction on the sample sizes m and n. However,
it is worth pointing out that the optimality of the single MMD test hinges on the assump-
tion that the smoothness parameter s is known in advance, which is not realistic. Given
this limitation, our next goal is to construct a test which does not rely on the unknown
smoothness parameter s of the Sobolev ball Sj(R) and achieves the same minimax rate,
up to an iterated logarithmic term, for all s > 0 and R > 0. This is the main topic of
Section 3.5 below.

3.5 Non-asymptotic MMDAgg test aggregating multiple bandwidths

We propose to construct an aggregated test (MMDAgg) by combining multiple single MMD
tests, which allows the test to be adaptive to the unknown the smoothness parameter of
the Sobolev balls. We use the powerful multiple testing correction of Romano and Wolf
(2005b, Equation 9), for which we derive non-asymptotic level guarantees. Consider a finite
collection A of bandwidths in (0,00)? with an associated collection of positive weights®
(wx)xen, which will determine the importance of each single MMD test over the others
when aggregating all of them. We require that ) ,_, wy < 1. For notational convenience,
we let A” denote the collection of bandwidths A with its associated collection of weights.
Intuitively, we want to define our aggregated MMDAgg test as the test which rejects the
null hypothesis Hy: p = ¢ if one of the single MMD tests (Aﬁ;ﬁ}k) rejects the null
hypothesis, where u, is defined as*

A€A

_———2 .
Ugy = sup{ue (0, min w;1> Py <1§12;\<<MMD/\(XW Yo) =@ (25, Ko, Yn)) >0> ga}

3. We stress that this differs from the notation often used in the literature (for example, for the independence
aggregated test of Albert et al., 2022) where the weights are defined as e ** rather than as ws.

2
4. Since a € (0,1) and the function u prpw(?g/)\((MMDA(Xm,Yn) @ (Zs, | Xm, Yn)) > 0) is

- qlfuwx

non-decreasing, tends to 0 as u tends to 0, and tends to 1 as u tends to r{u% w;l, U 18 well-defined.
€
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to ensure that MMDAgg has level a. We stress that the data, as well as the choice of
collections of bandwidths and weights, all affect the value of u,. In practice, the prob-
ability and the supremum in the definition of u, cannot be computed exactly. We can
estimate the former using a Monte Carlo approximation and estimate the latter using the
bisection method. We now explain this in more detail and provide a formal definition of
our aggregated MMDAgg test.

—2
For the case of the estimator MMD, , defined in Equation (3), we independently gen-
erate a permutation o®® ~ r of {1,...,m 4+ n} and compute ]/\4\){”@ = ]/\4\/\"(17’@) as defined
in Equation (10) for £ = 1,2, b=1,...,B; and A € A. When working with the estimator

2
MMD, ,, defined in Equation (6), we independently generate n iid Rademacher random
(b0) _ (egb,ﬁ) _ 6(b,ﬁ))

PR I ()

variables € ~ r and compute M = M as defined in Equa-
tion (11) for ¢ =1,2,b=1,...,Byand X € A. For consmteney between the two procedures,
we let ZZBe = (u(b’e)) 1<b<B, for ¢ = 1,2, where u(b’e) denotes either the permutation o9 or

the Rademacher random variable e®® for ¢ = 1,2 and b= 1,..., B,. With a slight abuse
of notation, we refer to ZlBl and 2232 simply as Zp, and Zp,. For both estimators, we also

— 2 — —
let M)iﬁl = MMD, (X,,,, Y;,). We denote by M)\'% <. < M;flﬂ the ordered elements

A7b
(M,\,1)1§b531+1‘
A7 eb

We use (MA,1)1§b§Bl+17

conditional (1—a)-quantile

which are computed using Zp,, X,, and Y,, to estimate the

G ]21 (Zp, |Xm, Yp) = ﬂﬂ(Bﬁl)(l_aﬂ

for any a € (0,1) as in Equation (12). As explained in Section 3.2.3, qu)‘ 121 is defined such

that an a-proportion of the test statistics (]\7 /\b, 1)1 <b<Byi1 simulated under the null are
greater than q’\ Bl. By Proposition 1, this ensures the single test with bandwidth A\ has
non-asymptotic level a.

We use (M/\.g)1<b<B , which are computed using Zp,, X,, and Y,,, to estimate with a
Monte Carlo approximation the probability

) .
Ppqr (Iglg/}\( (VIMD (Ko, Vo) = G0, (23, [Xims Vo) ) > o) (13)

which appears in the definition of u,. We denote the approximated quantity by u52, which
is formally defined as

USQ(ZB2 ‘me Yo, ZBl)
- sup{ué(O,r}\leiRw;1> Zn(r%c (A, ( (5.2) }Xm,Y> G ﬁ;A(Zgl\Xm,Yn)>>O> ga}
_ 1), L 7B (A —uwy)]
= sup{uG(O,r/{lelRw)\ ).Bsz:;]l@g/{c (M/\Q M,y 3 ) >0) <ap.

Since the function u — - ZBQ 1 (Iila,}f <J\/4\>\ 9 M HBIH)(I_MU]) > O) —« is increasing,
€

uB2 is actually the largest root of this function. As such, it can be computed in practice by
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using the bisection method for finding the root. We let® uf23 = u523(Zp, |X,,, Yo, Zp,) be
the lower bound of the interval obtained by performing Bj3 steps of the bisection method to
approximate the supremum (i.e. find the root) in the definition of u%2. We then have

By 7B2:3 B2 —Bs _; -1
Uy? €| Uy>3, U +2 min w .
We recall that the data, the collection of bandwidths, and the weights, all affect the value
of the correction u,, and hence, also the value of its estimate #5223,
For a € (0,1), we can then define our aggregated MMDAgg test? AL 53 as rejecting

the null hypothesis, that is Aé\w’Bm (Xon, Yn,Zp,, Zp,) = 1, if one of the tests (Ai}s?3 ))\ N
U ™" WH S
rejects the null hypothesis, that is

/\2
3X € A : MMD), (X, Yp) > 671*31 (Zp,|Xm, Yn),

~Bo.
~523(Zp, | Xm Yo Z5, ) wa
or equivalently

o e _A52:3 m,Yn,
IX € A : MMD, (Ko, Vi) >MA,£(Bl+1)<1 g ¥ ZBl)wAﬂ(ZBI\Xm,Yn).

The parameters of our MMDAgg test AYSBI3 are: its level «, the finite collection A¥
of bandwidths with its associated weights, and the positive integers By, Bs and B3s. We
generate independent permutations or Rademacher random variables to obtain Zp, and
Zp,. In practice, we are given realisations of X, = (X;)1<i<m and Y,, = (¥j)1<j<n. Hence,
we are able to compute AQM’B“’ (Xm, Y0, Zp,,Zp,) to decide whether or not we should reject
the null hypothesis Ho: p = ¢q. This exact version of our aggregated MMDAgg test ALY Bis
can be implemented in practice with no further approximation. We provide a detailed
pseudocode of MMDAgg in Algorithm 1 and our code is available here. In Appendix C, we
further discuss how to efficiently compute the values M f yfor £ =1,2,b=1,...,By and
A € A (corresponding to Step 1 of Algorithm 1). 7

The only conditions we have on our weights (wy)ea for the collection of bandwidths A
are that they need to be positive and to satisfy » ., wx < 1. We now explain why this
condition on the sum of the weights is not necessarily required. In general, the two aggre-
gated tests with weights (wy)aea and with scaled weights (w))yen where w) = %
for A € A are exactly the same. This is due to the way the correction of the levels of the
single MMD tests is performed. In particular, making the dependence of 7223 on either A¥
or A% explicit, we have

aaBQ:&Aw, (ZB2 ‘Xmay’m ZB1) = aaBZ:g’Aw (ZB2 ‘X'rernaZBl) Z WA,

AEA
and so aaB%A” wh = ﬂf 2:3’Aww>\, which implies that
ANB (X, Yo, Zp,, Zp,) = AN P (X, Y., Zp,, ZB,) - (14)

5. We use the condensed notation Ba.3 and Bi.s to refer to (B2, Bs) and (B1, Bz, Bs), respectively.
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Algorithm 1: MMDAgg Agu’Blr?ﬁ

Inputs:

[ ] samples Xm = (xi)lgigm in Rd and Yn = (yj)lgjgn in Rd

e choice between permutations (Equation (3)) or wild bootstrap (Equation (6))

e one-dimensional kernels K1, ..., Ky satisfying the properties presented in Section 3.1
e level a € (0,e7 1)

finite collection of bandwidths A in (0, 00)?

collection of positive weights (wx)xea satisfying D oy wx <1

number of simulated test statistics B to estimate the quantiles

number of simulated test statistics By to estimate the level correction

number of iterations Bj3 for the bisection method

Procedure:
Step 1: compute all simulated test statistics (see Appendiz C for a more efficient Step 1)
for/{=1,2and b=1,...,By:

generate () ~ r as in Sections 3.2.1 or 3.2.2 (permutations or Rademacher)

for A e A:

compute ]/\4\;’7[ = ]\/4\)\“(“) as in Equations (10) or (11)

for A € A: )

compute ]\/fffﬂ = I\TI\EA(XWY”) as in Equations (3) or (6)

—~ =Bl . —, —~ B4l
<M>\71, cee M)\71 ) = sort_by_ascending order (M)\J, e ,AM)\’1 )

Step 2: compute U, using the bisection method
— R -1

Umin ‘= 0 and upay = Iilelﬂ wy,

repeat B3 times:

compute y = YmintUmax

_ 1 B AT A7 el (Bi+1)(1—uwy)]
compute P, = 532 1 <r§\12/)\< (MAQ - My, A ) > 0)
if P, < a then upyi, = u else uyax ‘= u

Uq = Umin

Step 3: output test result

if M\/\Bfﬂ > ]\/Z;Q(Blﬂ)(l_uawm for some )\ € A:
return 1 (reject Ho)

else:
return 0 (fail to reject Ho)

Time complexity:® O(|A|(B; + By)(m + n)?)

Space complexity: O((m+ n)? + (B1 + By)(m +n))

6. The time complexity is actually O(|A|(B1 + B2)(m + n)® + [A|B1In(Bi) + |A|B2Bs) which under the
reasonable assumption m + n > max (/In(B1), v/Bs) gives O(|A|(B1 + Bz)(m + n)?).
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Consider some u € (0, minye Awgl). Note that if a single MMD test A{\LwB;l has a large

associated welght wy, then its adjusted level uwy is bigger and so the estimated conditional
quantile g7 - waA is smaller, which means that we reject this single test more often. Recall
that if a single MMD test rejects the null hypothesis, then the aggregated MMDAgg test
necessarily rejects the null as well. It follows that a single test A;\;ﬁl with large weight
wy is viewed as more important than the other tests in the aggregated procedure. When
running an experiment, putting weights on the bandwidths of the single MMD tests can be
seen as incorporating prior knowledge about which bandwidths might be better suited to
this specific experiment. The choice of prior, or equivalently of weights, is further explored
in Section 5.1.

As presented in Section 3.2, the p-value of one of the single MMD tests can be computed

1 FB
pff\al: B +1<1+Z (M/\l M 1+1)>

and, with its adjusted level 4523w, it satisfies the property that

as

Py < WPy = NIMD, (X, Yp) > a7

_Bo.
—Uq By )\

Hence, our aggregated MMDAgg test can also be expressed in terms of p-values as

ANBus(X Y, 7, Lp,) = IL(MMDA(Xm,Y ) > G, for some ) A)

WX
= ]l(péal < P23, for some \ € A) .

We now show that MMDAgg indeed has non-asymptotic level a. We emphasize the non-
asymptotic nature of our aggregated test, which allows for the use of MMDAgg even in
settings with small fixed sample sizes, where other asymptotic tests (such as the original
MMD test of Gretton et al., 2012a) fail to control correctly the probability of type I error.

Proposition 8 (proof in Appendix E.8) Consider a € (0,1) and By, B2, Bs € N\ {0}.
For a collection A of bandwidths in (0,00)? and a collection of positive weights (wy)xea
satisfying > \cp wa < 1, the MMDAgg test AYSBIS bas non-asymptotic level o, that is

prpxrxr(Agw7B1:3 (Xm’Ynu ZBl)ZBQ) = 1) <«

for all probability density functions p on RY.

3.6 Uniform separation rate of MMDAgg over Sobolev balls

In this section, we compute the uniform separation rate of our MMDAgg test AYSB13 gver

the Sobolev ball Sj(R). We then present a collection A of bandwidths and associated
weights for which our aggregated test AQ”’BW is almost optimal in the minimax sense.
First, as part of the proof of Theorem 9 in Equation (25), we have shown that the

following bound holds

Q

PquXrXT(A R 3(§§m>Yna ZBl>ZBg) = 0) 9 + mln ]P)p><q><r (Ainl/Q (ZBl |XmaYn) = 0)
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This means that we can control the probability of type II error of our MMDAgg test AAw’B”’

by controlling the smallest probability of type II error of the single MMD tests (A/\ B /2) AeA
with adjusted levels. Hence, given a collection A of bandwidths with its associated welghts
(wx)aen, if for some A € A the single MMD test Aaw /2 has probability of type II error
upper bounded by B/2 € (0,0.5), then the probability of type II error of our aggregated
MMDAgg test AP 49 at most 5. Intuitively, this means that even if our collection of
single MMD tests consists of only one ‘good’ test (in the sense that it has high power with
adjusted level) and many other ‘bad’ tests (in the sense that they have low power with
adjusted levels), MMDAgg would still have high power. This is because when the ‘good’
MMD test rejects the null hypothesis, MMDAgg also necessarily rejects it. Another point
of view on this is that we do not lose any power by testing a wider range of bandwidths as
long as the weight of the ‘best’ test remains the same.

The uniform separation rate of our MMDAgg test ALYB13 oyer the Sobolev ball S5(R)
is then at most twice the lowest of the uniform separation rates of the single MMD tests

(A;\w]il /2) ACA” Combining this result with Theorem 6, we obtain the following upper bound

on the uniform separation rate of MMDAgg A% *5"* over the Sobolev ball Sj(R).

Theorem 9 (proof in Appendix E.9) Consider a collection A of bandwidths in (0, 00)%
such that \1---Ag < 1 for all A\ € A and a collection of positive weights (wx)xea such
that Y ycpwx < 1. We assume o € (0,6*1) g€ (0,1), s >0, R>0, M >0 and
By, By, By € N satisfying By > (maXAEA wy )aZ (log( ) + (1 — a)), By > %ln(%) and
Bs > logQ( minyepwy ) The uniform separation rate of the aggregated MMDAgg test
AYYBY3 guer the Sobolev ball S5(R) can be upper bounded as follows

(ANBrs S3(R), B, M)* < C(M, d, s, R, B) mi Zd:AQSJr s )+ln< )
P o » ©Od s >~ L6 y @, S, I, I)I}EHK 7 (m+n) )\1”.)\(1

1=

for some positive constant Cs(M,d, s, R, 3).

We recall from Corollary 7 that the optimal choice of bandwidth A\f =(m + )2/ Us+d),
i =1,...,d, for the single MMD test Aé*’B leads to a uniform separation rate over the
Sobolev ball 85(R) of order (m + n)~2/4s+4) which is optimal in the minimax sense. How-
ever, this choice depends on the unknown smoothness parameter s and so the test cannot
be run in practice with this bandwidth. We now propose a specific choice of collection AY
of bandwidths and associated weights, which does not depend on s, and derive the uniform
separation rate over the Sobolev ball §j(R) of our aggregated MMDAgg test ALBus using
that collection. Intuitively, the main idea is to construct a collection of bandwidths which
includes a bandwidth (denoted \*) with the property that

1 et —2/(4s+d) e e —2/(4s+d)
a \In(In(m + n)) — " 7 \UIn(ln(m +n))

for some a > 1 and for ¢ = 1,...,d. The extra iterated logarithmic term comes from the
additional weight term In (w%) in Theorem 9.
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Corollary 10 (proof in Appendix E.10) We assume o € (0,e7!), B8 € (0,1), s > 0,
R >0, M >0, m+n > 15 so that In(In(m + n)) > 1 and Bi,Bs, B3 € N satisfying
By > %(ln(%)+a(1foz)), By > % ln(%) and Bg > logz(%). We consider our aggregated
MMDAgg test AYYBY3 ith the collection of bandwidths

A= {(24,...,2_5) S (0,00)d:EG {1,..., [3log2<m>—‘}}

and the collection of positive weights wy = # 50 that )\ cp wx < 1 for any sample sizes

m and n. The uniform separation rate of the MMDAgg test AQ“B“* over the Sobolev ball
S;5(R) then satisfies

m-+n

—2s/(4s+d)
In(In(m + n)) )

p(Aé\“’,Bl:?”S;(R),,B,M) < C7(M,d,s,R,c, 3) <

for some positive constant C7v(M,d, s, R, o, ). This means that the MMDAgyq test AN Bis
which does not depend on s and R, is optimal in the minimazx sense up to an iterated
logarithmic term over the Sobolev balls {S5(R) : s > 0,R > 0}; the MMDAgy test ALPrs

18 minimazx adaptive.

Note that the choice of using negative powers of 2 for the bandwidths in Corollary 10 is
arbitrary. The result holds more generally using negative powers of a for any real number
a>1.

With the specific choice of bandwidths and weights of Corollary 10, we have proved that
the uniform separation rate of the proposed aggregated MMDAgg test is upper bounded by
((m4n)/In(In(m+n)))~25/4s+d) Comparing this with the minimax rate (m+n)=2%/(4s+d),
we see that MMDAgg attains rate optimality over the Sobolev ball S5(R), up to an iterated
logarithmic factor, and more importantly, the aggregated test does not depend on the prior
knowledge of the smoothness parameter s. Our MMDAgg test is minimax adaptive over
the Sobolev balls {S5(R) : s > 0,R > 0}.

4. Related work

In this section, we compare our results to a number of different adaptive kernel hypothesis
testing approaches.

Fromont et al. (2012, 2013) construct a two-sample aggregated test in a framework in
which the sample sizes follow independent Poisson processes. They use a different kernel-
based estimator which corresponds to an unscaled version of the classical quadratic-time
MMD estimator of Gretton et al. (2012a, Lemma 6). In their Poisson setting, they derive
uniform separation rates for their aggregated test which is minimax adaptive over Sobolev
balls, and over anisotropic Nikol’skii-Besov balls, up to an iterated logarithmic term. The
quantiles they consider are estimated with a wild bootstrap. They also have an additional
assumption on the kernel (condition in the Fourier domain; Fromont et al., 2013, Equation
3.7), which we do not require.

Albert et al. (2022) consider the problem of testing whether two random vectors are de-
pendent and use the kernel-based Hilbert-Schmidt Independence Criterion (HSIC—Gretton
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et al., 2005) as a dependence measure. Similarly to our work, they propose a non-asymptotic
minimax adaptive test which aggregates single (HSIC) tests, and provide theoretical guar-
antees: upper bounds for the uniform separation rate of testing over Sobolev and Nikol’skii
balls. In their independence testing setting, the information about the problem is encoded
in the joint distribution over pairs of variables, with the goal of determining whether this
is equal to the product of the marginals. This differs from the two-sample problem we
consider, where we have samples from two separate distributions.

Albert et al. (2022) define their single HSIC test using the theoretical quantile of the
statistic under the null hypothesis, which is an unknown quantity in practice. To implement
the test, they propose a deterministic upper bound on the theoretical quantile (Albert
et al., 2022, Proposition 3). This upper bound holds in the two-sample case under the
restrictive assumption (m + n)v/A1--- Ay > In(2) (this condition is adapted to the two-
sample setting from their condition n\/ AL Aptt e g > 1n(é) for independence testing).
If the bandwidth is small (as it can be in the case of the optimal bandwidth A* in the proof
of Corollary 10), then this condition implies that the results would hold only for very large
sample sizes.

By contrast with the above bound, we use a wild bootstrap or permutations to ap-
proximate the theoretical quantiles. While the theoretical quantiles are real numbers given
data, our estimated quantiles are random variables given data. This means that instead
of having a deterministic upper bound on the theoretical quantiles (Albert et al., 2022,
Proposition 3), we have an upper bound on our estimated conditional quantiles which holds
with high probability as in Proposition 4. Our use of an estimated threshold in place of
a deterministic upper bound has an important practical consequence: it allows us to drop
the assumption (m + n) v/A1 -+ Ag > In(1) entirely.

Another difference is how the level correction of the single MMD tests is performed.
The aggregated test of Albert et al. (2022) involves a theoretical value wu, which cannot
be computed in practice, we incorporate directly in our test a Monte Carlo approximation,
using either a wild bootstrap or permutations, to estimate the probability under the null
hypothesis, and use the bisection method to approximate the supremum. We stress that
our theoretical guarantees of minimax optimality (up to an iterated logarithmic term) hold
for our aggregated MMDAgg test which can be implemented without any further approxi-
mations. Finally, while the results of Albert et al. (2022) hold only for the Gaussian kernel,
ours are more general and hold for any product of one-dimensional characteristic translation
invariant kernels which are absolutely and square integrable.

Kim et al. (2022, Section 7) propose an adaptive two-sample test for testing equality
between two Holder densities supported on the real d-dimensional unit ball. Instead of
testing various bandwidths or kernels, they discretise the support in bins of equal sizes and
aggregate tests with varying bin sizes. Each single test is a multinomial test based on the
discretised data. Their strategy and the function class they use are both different from the
one we consider, but they derive a similar upper bound on the uniform separation rate of
testing over Holder densities. Kim et al. (2022, Proposition 8.4) also mention the setting
considered by Albert et al. (2022) and prove an equivalent version of our Theorem 5 for
single tests, using permutations for the Gaussian kernel. We consider both the permutation-
based and wild bootstrap procedures, and our results hold more generally for a wide range
of kernels. With those aforementioned differences, Kim et al. (2022, Example 8.5) anticipate
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that one can use a similar reasoning to Albert et al. (2022) to obtain minimax optimality
of the single MMD tests. We provide the full statement and proof of this result in our more
general setting.

Li and Yuan (2019) present goodness-of-fit, two-sample and independence aggregated
asymptotic tests and also establish the minimax rates over Sobolev balls for these three
settings. Their tests use the Gaussian kernel and heavily rely on the asymptotic distribution
of the test statistic, while our test is non-asymptotic and is not limited to a particular
choice of kernel. Their tests are adaptive over Sobolev balls (which they define in a slightly
different way than in our case) provided that the smoothness parameter satisfies s > d/4.
We do not have such a restriction. We also note that they assume that the two densities
belong to a Sobolev ball, rather than assuming only that the difference of the densities
lies in a Sobolev ball. We also point out the work of Tolstikhin et al. (2016) who derive
lower bounds for MMD estimation based on finite samples for any radial universal kernel
(Sriperumbudur et al., 2011). They establish the minimax rate optimality of the MMD
estimators (V-statistic and U-statistic; Lee, 1990).

Gretton et al. (2012b) address kernel adaptation for the linear-time MMD, where the
test statistic is computed as a running average (this results in a statistic with greater
variance, but allows the processing of larger sample sizes). They propose to choose the
kernel by splitting the data, and using one part to select the bandwidth which maximises
the estimated ratio of the Maximum Mean Discrepancy to the standard deviation. They
show that maximizing this criterion for the linear-time setting corresponds to maximizing
the asymptotic power of the test. The test is then performed on the remaining part of
the data. Sutherland et al. (2017) and Liu et al. (2020) address kernel adaptation for the
quadratic-time MMD using the same sample-splitting strategy, and show that the ratio of
the MMD to the standard deviation under the alternative can again be used as a good
proxy for test power. Liu et al. (2020) in particular propose a regularized estimator for the
variance under the alternative hypothesis, which admits a convenient closed-form expression.
Generally, kernel choice by sample splitting gives better results than the median heuristic,
as the former is explicitly tuned to optimize the asymptotic power (or a proxy for it). The
price to pay for this increase in performance, however, is that we cannot use all the data
for the test. In cases where we have access to almost unlimited data this clearly would
not be a problem, but in cases where we have a restricted number of samples and work
in the non-asymptotic setting, the loss of data to kernel selection might actually result in
a net reduction in power, even after kernel adaptation. For better data efficiency, Kiibler
et al. (2022a) propose an MMD test which uses held-out data not only for kernel selection,
but also for choosing weights and test locations for the MMD witness function. In later
work, leveraging recent advances in supervised learning and also relying on sample splitting,
Kiibler et al. (2022b) construct a test which learns the witness function directly by training,
for a given amount of time (i.e. one minute), an AutoGluon model (Erickson et al., 2020)
which can be, for example, a neural network.

Kiibler et al. (2020) propose another approach to an MMD adaptive two-sample test
which does not require data splitting. Using all the data, they select the linear combination
of test statistics with different bandwidths (or even different kernels) which is optimal in
the sense that it maximises a power proxy, they then run their test using again all the data.
Using the post-selection inference framework (Fithian et al., 2014; Lee et al., 2016), they
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are able to correctly calibrate their test to account for the introduced dependencies. This
framework requires asymptotic normality of the test statistic under the null hypothesis,
however, and hence they are by design restricted to using the linear-time MMD estimate.
We observe in our experiments that using this estimate results in a significant loss in power
when compared to tests which use the quadratic-time statistic. Yamada et al. (2019) also
use post-selection inference to obtain a feature selection method based on the MMD, where
the chosen features best distinguish the samples.

In a different setting, Wynne and Duncan (2022) study the efficiency of MMD-based
tests when dimension increases, and propose an MMD-based two-sample test for Functional
Data Analysis, a framework in which the samples consist of functions rather than of data
points. In this setting, Wynne and Nagy (2021) study the connections between kernel mean
embeddings and statistical depth (i.e. how representative a point is from a given measure).

5. Experiments

For our aggregated MMDAgg test, we first introduce in Section 5.1 four weighting strate-
gies and a family of collections of bandwidths motivated by Corollary 10. Those collections
depend on some parameters which would usually need to be chosen by the user, by contrast,
we introduce in Section 5.2 a parameter-free adaptive collection for MMDAgg, which we
recommend using in practice. We then present in Section 5.3 some other state-of-the-art
MMD-based two-sample tests we will compare ours to. In Section 5.4, we provide details
about our experimental procedure. We show that our aggregated MMDAgg test obtains
high power on both synthetic and real-world datasets in Sections 5.5 and 5.6, respectively.
In Section 5.7, we observe that MMDAgg retains power even in the continuous limit of
the collection of bandwidths. We show in Section 5.8 that, on image shift experiments,
MMDAgg matches the power of tests using neural networks, even for large sample sizes.
Finally, in Section 5.9, we briefly report the results from the additional experiments pre-
sented in Appendix A.

5.1 Weighting strategies and fixed bandwidth collections for MMDAgg

The positive weights (wy)xea for the collection of bandwidths A are required to sat-
isfy > eawa < 1. As noted in Equation (14), rescaling all the weights to ensure that
> xea wx = 1 does not change the output of our aggregated test AL B (X, Y0, Zp,, Zp,).
For this reason, we propose weighting strategies for which ), _, w = 1 holds.

For any collection A of N bandwidths, one can use uniform weights which we define as

1
w‘/{::ﬁ for A e A.

Using uniform weights should be prioritised if the user does not have any useful prior
information to incorporate in the test. The choice of weights is entirely up to the user;
the weights can be designed to reflect any given prior belief about the location of the
‘best’ bandwidths in the collection. Nonetheless, we also present three standard weighting
strategies for incorporating prior knowledge when dealing with a more structured collection
of bandwidths.
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5 bandwidths 6 bandwidths

Bandwidths sorted in increasing order

uniform —=— increasing
—— centred —— decreasing

Figure 1: Weighting strategies.

Consider the case where we have some reference bandwidth A,..s € (0, oo)d and we are
interested in aggregating scaled versions of it, that is, we have an ordered collection of N
bandwidths defined as A\ = Cidref, © = 1,..., N, for positive constants ¢; < --- < cn. If
we have no prior knowledge, then we would simply use the aforementioned uniform weights.
Suppose we believe that, if the two distributions differ, then this difference would be better
captured by the smaller bandwidths in our collection, in that case we would use decreasing
weights

1{& o
d —1 .
Q) = E 14 f =1,...,N.
’U])\() i (g_l ) or 12

On the contrary, if we think that the larger bandwidths in our collection are well suited
to capture the difference between the two distributions, if it exists, then we would use
increasing weights

1 N -1
i -1 .
w/\(i)-:N_i_l_i(E l ) for i=1,...,N.
/=1

Finally, if our prior knowledge is that the bandwidths in the middle of our ordered collection
are the most likely to detect the potential difference between the two densities, then we
would use centred weights which, for N odd, are defined as

N —1 -1
1 N+1
W, = E — /| +1 for t=1,...,N,
A ‘N5L1_Z~‘+1<€1( 2 ‘ > )

and, for N even, as

N -1
1 N+1 1 )
w;(i)::W<Z<2—€’+2> > for 1=1,...,N.
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All those weighting strategies are inspired from the weights of Corollary 10 which are defined
aswyo =1 2300, 07%) “orie N\ {0}, where the square exponent is required in order to
have a convergent series. However, in practice, using square exponents in our weights would
assign extremely small weights to some of the bandwidths in our collection. This would
be almost equivalent to disregarding those bandwidths in our aggregated MMDAgg test,
which is not a desired property since if we are not interested in testing some bandwidths,
then we would simply not include them in our collection. For this reason, we have defined
our weighting strategies without the square exponent. We provide visualisations of our four
weighting strategies for collections of 5 and 6 bandwidths in Figure 1.

In our experiments, we refer to our aggregated MMDAgg test with those four weight-
ing strategies as: MMDAgg uniform, MMDAgg decreasing, MMDAgg increasing and MMDAgg
centred. For these, we use By = 500 simulated test statistics to estimate the quantiles,
By = 500 simulated test statistics to estimate the probability in Equation (13) for the level
correction, and Bs = 100 iterations for the bisection method. Motivated by Corollary 10,
those tests are used with collections of bandwidths of the form

A(l_,0}) = {wmed € (0,00)%:0e {0 ... ,z+}} (15)
for /_, ¢+ € Z such that £_ < ¢, where the median bandwidth A4 is
(Amed); = median{‘wi — w;‘ cw,w’ € X, UY,, w # w'}

for i = 1,...,d. We note that, for each experiment, we have chosen the values ¢_ and ¢,
which highlight the differences between the four weighting strategies. In practice, it is not
clear how to choose those values, instead, we recommend using the adaptive parameter-free
collection of bandwidths introduced in Section 5.2 with uniform weights.

5.2 Adaptive parameter-free collection of bandwidths for MMDAgg

For radial basis function kernels (i.e. kernels k(x,y) which can be written as a function
of ||z —y|| for some norm ||-||), we recommend using a collection of bandwidths which,
intuitively, discretises the interval between the smallest and the largest of the inter-sample
distances”

D= {|lz—yll:z€Xm,y €Yy}

More formally, we use

oA, \(i~D/(N-1) _
A_{(Ammﬂ) Amin/2 1 i=1,...,N

which is a discretisation of the interval [Ayin/2, 2Amaz] using N points. We let Ap,ip, be the
minimum value in D. If this value is smaller than 0.1, we instead use the 5% smallest value
in D for A\, if this quantity is still smaller than 0.1, we use A\, = 0.1. For A\jpqz, we
use the maximum value of D or 0.3 if this maximum is smaller than 0.3. In practice, we
recommend using N = 10 points, as can be observed in Figure 6 the power remain the same
when increasing N to be larger (i.e. N =100 or N = 1000). Since in general we might not

7. In practice, D can be computed using at most 500 samples from X,,, and 500 samples from Y,,.
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have prior information about the location of well suited bandwidths, we recommend using
the proposed collection of bandwidths with uniform weights as defined in Section 5.1. We
use By = 2000 and By = 2000 simulated test statistics to estimate the quantiles and the
probability in Equation (13) for the level correction, respectively, and use B3 = 50 steps of
bisection method. We refer to this test as MMDAgg* and emphasize the fact that it is run
with exactly the same parameters across all experiments.

5.3 State-of-the-art MMD-based two-sample tests

Gretton et al. (2012a) first suggested using the median heuristic to choose the bandwidth
of the MMD test with the Gaussian kernel® corresponding to K;(u) = -1 (—u?) for

77 OXp
u€R,1=1,...,d, so that

d 2
' 1 Ti — Yi 1 Ti Y
ka(z,y) = HAK( hy ) T Agmdl? exp<_z<&-> ) '
=1 /

=1

They proposed to set the bandwidth to be equal to
A= median{Hw — w’H2 cw,w' € X, UY,, w # w’}

for i =1,...,d. To generalise this approach to our case where K1, ..., K4 need not all be
the same, as explained in Section 5.1, we can in a similar way set the bandwidth? to

A = median{|wi — wil cw,w' € X, UY,, w # w/}

for i+ = 1,...,d. With this specific definition for the bandwidth, we use the notation
Amed = (A1,...,Aq). We refer to the single MMD test with the bandwidth \;,.q as median
in our experiments.

Another common approach for selecting the bandwidth was first introduced by Gretton
et al. (2012b) for the single MMD test using the linear-time MMD estimator. The method
was then extended to the case of the quadratic-time MMD estimator by Sutherland et al.
(2017). It consists in splitting the data in two parts and in using the first part to select the
bandwidth which maximises the asymptotic power of test, or equivalently the estimated
ratio (Liu et al., 2020, Equations 4 and 5)

—2
MMD, (X,,, Yy,)

(16)

where
2 2

N 4 n n 4 n n 3
XX, V) = — > | D M(Xi X3, %,Y5) | = — | YD ha(Xi, X5, Y5,Y)) | +107°
=1 \j=1 =1 j=1

8. Gretton et al. (2012a) actually consider the unnormalised Gaussian kernel without the ()q S )\dﬂ'd/2) -t
term, but as pointed out in Footnote 1, this does not affect the output of the test.

9. Note that those two ways of setting the bandwidths are not equivalent for the Gaussian kernel but they
are each equally valid.

28



MMD AGGREGATED TwWO-SAMPLE TEST

is a regularised positive estimator of the asymptotic variance of the quadratic-time estimator

Mi(Xn,Yn) under the alternative hypothesis H, for m = n. In our experiments, we
select the bandwidth of the form c),,.4 for various positive values of ¢ which maximises the
estimated ratio. The single MMD test with the selected bandwidth is then performed on
the second part of the data. In our experiments, we refer to this test as split.

Another interesting test to compare ours to, is the one which uses new data to choose the
optimal bandwidth. This corresponds to running the above test which uses data splitting
on twice the amount of data. In some sense, this represents the best performance the single
MMD test can achieve as the test is run on the whole dataset with an optimal choice of
bandwidth. As such, it is interesting to observe the difference in power between MMDAgg
and this oracle test which uses extra data. In our experiments, we denote this test as
oracle.

A radically different approach to constructing an MMD adaptive two-sample test was
recently presented by Kiibler et al. (2020). They work in the asymptotic regime and re-
quire asymptotic normality under the null hypothesis of their MMD estimator, so they
are restricted to using the linear-time estimator. Using all of the data, they compute the
linear-time MMD estimates for several kernels (or several bandwidths of a kernel), they
then select the linear combination of these which maximises a proxy for asymptotic power,
and compare its value to their test threshold. They do not split the data but they are able
to correctly calibrate their test for the introduced dependencies. For this, they prove and
use a generalised version of the post-selection inference framework (Fithian et al., 2014; Lee
et al., 2016) which holds for uncountable candidate sets (i.e. all linear combinations). In
our experiments, we compare our aggregated MMDAgg test to their one-sided test (OST—
Kiibler et al., 2020) for which we use their implementation. This test is referred to as ost
in our experiments.

In later work, Kiibler et al. (2022b) propose an AutoML (Automated Machine Learning)
test with an implementation which is essentially parameter-free. Their test relies on sample
splitting, on cross-validation, and on permuting the data, the witness function of the test is
learnt by training an AutoGluon model (Erickson et al., 2020) for some prescribed amount of
time (one minute by default). Depending on the time limit and on the compute available, a
different model will be chosen automatically. While such a black-box approach can certainly
be convenient for everyday users, this convenience comes at the expense of reproducibility
(even on the same machine it can take different amounts of time to train identical models).
We refer to this test in our experiments as AutoML.

5.4 Experimental procedure
To compute the median bandwidth
(Amed)i = median{‘wi — w;‘ cw,w' € X, UY,,w # w’}
fori=1,...,d, we use at most 1000 randomly selected data points from X,, and at most
1000 from Y,,, since the median is robust, this is sufficient to get an accurate estimate of

it. Moreover, we use a threshold so that the bandwidth is not smaller than 0.0001. This
avoids division by 0 in some settings where one component of the data points is always the

29



SCHRAB, KiM, ALBERT, LAURENT, GUEDJ AND GRETTON

same value, as it can be the case for the problem considered in Section 5.6 which uses the
MNIST dataset, where the pixel in one corner of the images is always black for every digit.
We run all our experiments with the Gaussian kernel

d d 2
' 1 Ti — Yi 1 S
Ex(z,y) :H)WKZ< \; ) :)\1...)\dﬂ-d/2 exp(—Z( A ) )
=1

=1

for K;(u) == —=exp(—u?) for u € R, i = 1,...,d, and with the Laplace kernel

)

for Ki(u) == 2 exp(—|ul) for u € R, i = 1,...,d. As mentioned in Footnote 1, MMDAgg
does not depend on the scaling of the kernels. Hence, in our implementation we drop the
scaling terms in front of the exponential functions, which is numerically more stable.

We use a wild bootstrap for all our experiments, except for the one in Appendix A.3
where we compare using the permutation-based and wild bootstrap procedures, and for the
one in Appendix A.4 where we must use permutations as we consider different sample sizes
m # n. We use level a = 0.05 for all our experiments.

We run all our tests on three different types of data: 1-dimensional and 2-dimensional
perturbed uniform distributions, and the MNIST dataset. Those are introduced in Sec-
tions 5.5 and 5.6, respectively. We use sample sizes m = n = 500 for the 1-dimensional
perturbed uniform distributions and for the MNIST dataset, and use larger sample sizes
m =n = 2000 for the case of the 2-dimensional perturbed uniform distributions.

For the split and oracle tests, we use two equal halves of the data, and oracle is run
on twice the sample sizes. We choose the bandwidth which maximises the estimated ratio
presented in Equation (16) out of the collection {c)\med :c€{0.1,0.2,...,0.9, 1}} when
considering perturbed uniform distributions, and when considering the MNIST dataset we
select it out of the collection {20/\m6d cce{10,11,...,19, 20}}. Similarly to our aggregated
tests of Section 5.1, for the median, split and oracle tests, we use B = 500 simulated test
statistics to estimate the quantile.

For MMDAgg™, we also use either the Gaussian or the Laplace kernel with N = 10 band-
widths, we refer to those tests as MMDAgg* Gaussian and MMDAgg* Laplace. We also consider
aggregating over different types of kernels, in particular, we can use both the Gaussian
and Laplace kernels, each with N = 10 bandwidths. This gives a collection consisting
of 2N = 20 kernels, over which MMDAgg* Laplace Gaussian aggregates. Finally, we pro-
pose to aggregate 12 kernels (each with N = 10 bandwidths): the Gaussian kernel, the
inverse multiquadric (IMQ) kernel, and the Matérn kernels with the ¢' and ¢? distances
for v = 0.5,1.5,2.5,3.5,4.5 (the Laplace kernel is the Matérn kernel with ¢! distance and
v = 0.5). This test aggregates over 12N = 120 kernels, we refer to it as MMDAgg* A11l. Note
that in Figure 6, we consider N = 1000 bandwidths, which means for example that the
MMDAgg* All aggregates over 12N = 12000 kernels, and we observe that it retains its high
power.

To estimate the power in our experiments, we average the test outputs of 500 repetitions,
that is, 500 times, we sample some new data and run the test. We sample new data for each

o
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Figure 2: (a) Function G, (b) 1-dimensional uniform distribution with 0, 1, 2, 3 and 4
perturbations, (c) 2-dimensional uniform distribution with 2 perturbations.

test with different parameters, except when we compare using either a wild bootstrap or
permutations, in which case we use the same samples. All our experiments are reproducible
and our code is available here.

5.5 Power experiments on synthetic data

As explained in Appendix D, a lower bound on the minimax rate of testing over the Sobolev
ball S7(R) can be obtained by considering a d-dimensional uniform distribution and a
perturbed version of it with P € N\ {0} perturbations. As presented in Equation (19), the
latter has density

d
fo(u) = Tjg1)a(u) + caP™* Z 6, HG (Pu; —v;), ueR? (17)
vefl, Py i=1

where 0 = (0),¢q1,...pya € {1, l}Pd, that is, 6 is a vector of length P? with entries either
—1 or 1, and it is indexed by the P¢ d-dimensional elements of {1,..., P}¢, and

Gu) = exp <—1_(41u+3)2> 1y 1) —exp <_1_(41u+1)2> 110, uek

We have added a scaling factor ¢ to emphasize the effect of the perturbations, in our
experiments we use ¢; = 2.7 and ¢a = 7.3. Those values were chosen to ensure that the
densities with one perturbation remain positive on |0, 1]d. The uniform density with P
perturbations for P = 0,1,2,3,4 when d = 1 and for P = 2 when d = 2, as well as
the function G, are plotted in Figure 2. As shown by Li and Yuan (2019), for P large
enough, the difference between the uniform density and the perturbed uniform density lies
in the Sobolev ball Sj(R) for some R > 0. In our experiments, we choose the smoothness
parameter of the perturbed uniform density defined in Equation (17) to be equal to s = 1.
For each of the 500 repetitions used to estimate the power of a test, we sample uniformly a
new value of the parameter § € {—1,1}" * for the perturbed uniform density.

In Figure 3, we consider testing n = 500 samples drawn from the 1-dimensional uniform
distribution against m = 500 samples drawn from a 1-dimensional uniform distribution
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Figure 3: Power experiments with 1-dimensional perturbed uniform distributions using
sample sizes m = n = 500 with a wild bootstrap.

with P = 1,2,3,4 perturbations. We consider the same setting but in two dimensions
with sample sizes m = n = 2000 with up to three perturbations in Figure 4. For the
MMDAgg tests of Section 5.1 and for the ost test, we use the collections of bandwidths
A(—6,-2), A(—4,0) and A(—2,2) as defined in Equation (15). As the number of pertur-
bations increases, it becomes harder to distinguish the two distributions, this translates
into a decrease in power for all the tests. Even though we consider more samples for the
2-dimensional case, the performance of all the tests degrades significantly with dimension
as detecting the perturbations becomes considerably more challenging.

For all the settings considered in Figures 3 and 4, we observe that MMDAgg* always
performs the best, with power slightly higher than the one of oracle which has access to
extra data to select an optimal bandwidth. All other tests achieve significantly lower test
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Figure 4: Power experiments with 2-dimensional perturbed uniform distributions using
sample sizes m = n = 2000 with a wild bootstrap.

power. This validates our theoretical results that our aggregated MMDAgg test is minimax
optimal in settings such as the one considered in this experiment where the difference
in densities lies in a Sobolev ball of unknown smoothness. In particular, with its adaptive
collection of bandwidths, MMDAgg* obtains higher power than the four other aggregated tests
with specifically chosen collections. In the 1-dimensional case, AutoML performs similarly to
our four aggregated tests, while in the 2-dimensional case with two perturbations it obtains
much lower power. Our four tests with different weighting strategies outperform the three
other tests median, split and ost in most settings, and always at least match the power
of the best of those three. The ost test, which is restricted to using the linear-time MMD
estimate, obtains very low power compared to all the other tests using the quadratic-time
estimate.
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In all the experiments in Figures 3 and 4, using the Gaussian rather than the Laplace
kernel results in higher power for our four aggregated tests, the difference is small but notable
for the 1-dimensional case while it is large for the 2-dimensional case. For MMDAgg*, there is
no difference in Figure 3 and a small one in Figure 4, as can be seen in the bottom plots. In
one dimension, the median test performs significantly better when using the Laplace kernel
and outperforms the split test, which is not the case in all the other settings.

In the bottom plots of Figures 3 and 4, we observe that by aggregating over both Gaus-
sian and Laplace kernels, MMDAgg* Laplace Gaussian obtains the highest power achieved
by either MMDAgg* Laplace or MMDAgg* Gaussian. When adding 10 other kernels to the
collection (each with 10 bandwidths), MMDAgg* A1l retains the same high power, we do not
observe a cost in power for considering more kernels. This is only possible due the way we
perform the level correction in Section 3.5.

We now discuss the relation between the four weighting strategies for MMDAgg. Recall
from Section 3.5 that a single MMD test with larger associated weight is viewed as more
important than one with smaller associated weight in the aggregated procedure. Recall from
Section 5.1 that MMDAgg uniform puts equal weights on every bandwidths, that MMDAgg
centred puts the highest weight on the bandwidth in the middle of the collection, and
that MMDAgg increasing puts the highest weight on the biggest bandwidth while MMDAgg
decreasing puts it on the smallest bandwidth. This allows us to interpret our results.

First, let’s consider the case of the collection of bandwidths A(—6,—2) for both one
and two dimensions. We observe that MMDAgg increasing has the highest power and
MMDAgg decreasing the lowest of the four aggregated tests, this means that putting the
highest weight on the biggest bandwidth performs the best while putting it on the smallest
bandwidth performs the worst. We can deduce that the most important bandwidth in our
collection is the biggest one, which suggests that we should consider a collection consisting
of larger bandwidths, say A(—4,0). In this case, MMDAgg centred now obtains the highest
power of our four weighting strategies. We can infer that the optimal bandwidth is close to
the bandwidths in the middle of our collection. When considering a collection of even larger
bandwidths A(—2,2), we see the opposite trends to ones observed using A(—6, —2); MMDAgg
decreasing and MMDAgg increasing are performing the best and worst of our four tests,
respectively. This suggests that a collection consisting of smaller bandwidths than A(—2,2)
might be more appropriate.

So, comparing our aggregated tests with different weighting strategies gives us some
insights on whether the collection we have considered is appropriate, or consists of band-
widths which are either too small or too large. The uniform weighting strategy does not
perform the best but it is more robust to changes in the collection of bandwidths than the
other strategies. Of course, in practice, if we have access to a limited amount of data, one
cannot run a hypothesis test with some parameters, observe the results and then modify
those parameters to run the test again. Nonetheless, the interpretation of the results of
our different weighting strategies remains an appealing feature of our tests. In practice, we
recommend using the parameter-free test MMDAgg* Laplace Gaussian with its collection of
bandwidths chosen adaptively.
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Figure 5: Power experiments with the MNIST dataset using sample sizes m = n = 500 with
a wild bootstrap.

5.6 Power experiments on the MNIST dataset

Motivated by the experiment considered by Kiibler et al. (2020), we consider the MNIST
dataset (LeCun et al., 2010) down-sampled to 7 x 7 images. In Figure 5, we consider 500
samples drawn with replacement from the set P consisting all 70000 images of digits

P:0,1,2,3,4,5,6,7,8,9.
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We test these against 500 samples drawn with replacement against one of the sets

Q1:1,3,5,7,9,
Q2:0,1,3,5,7,9,
Q3:0,1,2,3,5,7,9,
(Q4:0,1,2,3,4,5,7,9,
Q5:0,1,2,3,4,5,6,7,9,

of respective sizes 35582, 42485, 49475, 56 299 and 63 175. While the samples are in dimen-
sion 49, distinguishing images of different digits reduces to a lower-dimensional problem.
We consider the Gaussian kernel with the collections of bandwidths A(8,12), A(10,14) and
A(12,16) and the Laplace kernel with A(10,14), A(12,16) and A(14,18). As i increases,
distinguishing P from ); becomes a more challenging task, which results in a decrease in
power.

In the experiments presented in Figure 5 on image data, MMDAgg* and AutoML achieve
the same power and outperform by far all the other tests. This could be due to the fact
that the collections for the other aggregated tests consist of very large bandwidths (from
28\, eq tO 218/\med). Nonetheless, we observe that split and oracle, which consider smaller
bandwidths, also perform poorly compared to MMDAgg* and AutoML.

The four aggregated tests with different weighting strategies often match, or even slightly
beat, the performance of oracle which uses extra data to select an optimal bandwidth.
Moreover, they outperform significantly the two adaptive tests split and ost, as well as
the median test.

For MMDAgg*, using either the Laplace or Gaussian kernel leads to the same performance
in this experiment. Furthermore, MMDAgg™ retains its high power when considering many
more kernels as well, as can be seen in the bottom figure of Figure 5 with MMDAgg* A11l.
Contrary to the previous experiments, we observe that using the Laplace kernel rather
than the Gaussian one results in substantially higher power for the four aggregated tests
with different weighting strategies. We recall that in the experiments of Figures 3 and 4,
we observed that using a Gaussian kernel leads to higher power. This illustrates that
the optimal choice of kernel varies depending on the type of data, as such in practice we
recommend using MMDAgg* Laplace Gaussian since it is observed to achieve the highest
power obtained by either MMDAgg* Laplace or MMDAgg* Gaussian in those three experiments.
The test MMDAgg* A1l also obtains the same power, but as it considers 12 types of kernels,
each with 10 bandwidths, it is computationally more expensive.

The pattern we observed in Figures 3 and 4 of having MMDAgg increasing and MMDAgg
decreasing obtaining the highest and lowest power of our four aggregated tests for the
collections of smaller and larger bandwidths, respectively, still holds to some extent in
Figure 5 but the differences are less significant. For the collection of bandwidths A(12,16)
with the Laplace kernel, MMDAgg centred does not perform the best, it obtains slightly
less power than MMDAgg uniform and MMDAgg increasing which have almost equal power.
Following our interpretation, this simply means that, while A(12,16) is an appropriate
choice of collection, the optimal bandwidth might be slightly larger than 2'4\,,cq.

Note that, except MMDAgg™* and AutoML, each test obtains similar power when trying
to distinguish P from either Q3 or Q4. Recall that @3 consists of images of all the digits
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except 4, 6 and 8 while Q4 consists of images of all of them except 6 and 8. One possible
explanation could be that these tests distinguish P from @3 mainly by detecting if images
of the digit 6 appear in the sample, this would explain why we observe similar power for Q3
and @4, and why the power for @5 (consisting of every digit except 8) drops significantly.

We also sometimes observe in Figure 5 that our aggregated tests with different weighting
strategies obtain slightly higher power for Q4 than for ()3, which might at first seem counter-
intuitive. This could be explained by the fact that the optimal bandwidths for distinguishing
P from @3 and from @4 might be very different, and that the choice of collections of
bandwidths presented in Figure 5 are slightly better suited for distinguishing P from Q4
than from (3. While it is also the case in Figures 3 and 4 that the alternatives with different
number of perturbations require different bandwidths to be detected, it looks like in that
case considering a collection of five bandwidths which are powers of 2 is enough to adapt
to those differences. For the MNIST experiment in Figure 5, it seems that the differences
between the optimal bandwidths for ()3 and Q)4 are more important. Using MMDAgg* with
its adaptive parameter-free collection of bandwidths solves this problem. An advantage of
our aggregated MMDAgg tests is that, even if we fix the collection of bandwidths, they
are able to detect differences at various lengthscales, this is not the case for the median
and split tests as those select some specific bandwidth and are only able to detect the
differences at the corresponding lengthscale.

5.7 Power experiment: continuous limit of the collection of bandwidths

Our collection of bandwidths for MMDAgg* is a discretisation of an interval using N = 10
points, which we formally introduced in Section 5.2. As we increase the number of points

d =1, 3 perturbations d = 2, 3 perturbations MNIST, Q4
m =n = 500 m =n = 2000 m =n = 500
1.00
0.75
g
£ 0.50
o
0.25
0.00 ] . :
10! 10° 10° 10! 10° 10° 10 10° 10
Number of bandwidths per kernel
MMDAgg* Laplace MMDAgg* Laplace Gaussian
MMDAgg* Gaussian MMDAgg™ A1l

Figure 6: Power experiments varying the size of the collections of bandwidths using per-
turbed uniform d-dimensional distributions and the MNIST dataset with a wild
bootstrap. For MMDAgg* Laplace Gaussian, two kernels are aggregated, each
with a varying number of bandwidths. For MMDAgg* A11l, 12 kernels are consid-
ered with a varying number of bandwidths (up to 12000 kernels are aggregated).
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N, the discretisation becomes finer and in the limit as N — oo it corresponds to the
whole continuous interval. In Figure 6, we consider the three experiments of Figures 3 to 5
presented in Sections 5.5 and 5.6 for MMDAgg* Gaussian, MMDAgg* Laplace, MMDAgg™ Laplace
Gaussian, and MMDAgg* All, with collections of sizes N, N, 2N and 12N, respectively
(details in Section 5.4). We vary the number of bandwidths per kernel N to be 10, 100 and
1000. In particular, this means for example that MMDAgg* A11 with N = 1000 aggregates over
12N = 12000 kernels. For the one-dimensional uniform setting, we use three perturbations
and sample sizes 500. The 2-dimensional case is considered with three perturbations and
m = n = 2000. For the MNIST experiment, we use (04 as an alternative (every digit except
8 and 6) with sample sizes 500.

As in the previous experiments, in Figure 6, the MMDAgg test aggregating both Laplace
and Gaussian kernels obtains the highest power achieved by either MMDAgg* Laplace or
MMDAgg* Gaussian. Considering more types of kernels with MMDAgg* A1l does not change
the test power. Since it is computationally more expensive, we recommend using MMDAgg™*
Laplace Gaussian in practice.

In Figure 6, we observe for all four tests that the test power remains the same when
increasing the number of bandwidths per kernel from 10 to 1000. The case N = 1000
simulates the continuous limit of the collection of bandwidths, that is, when the full interval
is considered without discretisation. First, this shows that our MMDAgg test retains high
power even when aggregating up to 12000 kernels, which is only possible due to the way we
perform the level correction. Second, this illustrates that the power of the aggregated test
with a continuous collection of bandwidths, can also be achieved by the less computationally
expensive MMDAgg test with a discretisation of N = 10 points.

5.8 Power experiment for image shift detection

In this section, we consider the experiment of Rabanser et al. (2019, Table la) on im-
age shift detection on the MNIST (LeCun et al., 2010) and CIFAR-10 (Krizhevsky, 2009)
datasets. Ten different types of shifts are applied to either 10%, 50% or 100% of the samples,
those include adversarial shifts, class knock-outs, injecting Gaussian noise, and combining
rotations/translations/zoom-ins, with different shift strengths (see Section 4 of Rabanser
et al. 2019 for details).

We report in Table 1 the test power obtained by our four MMDAgg* tests, by our MMDAgg
uniform test with Laplace kernels and with Gaussian kernels, as well as by four versions
of the AutoML test of Kiibler et al. (2022b, Table 1a). We observe that the MMDAgg* tests
outperform the MMDAgg uniform tests. For MMDAgg*, using the Laplace kernel performs the
best, aggregating both Laplace and Gaussian kernels performs better than using only Gaus-
sian kernels and almost as well as using only Laplace kernels, aggregating many more kernels
with MMDAgg* A1l results in the same power obtained by MMDAgg* Laplace Gaussian.

Despite using off-the-shelf kernels which are not specifically designed for images, our
aggregated MMDAgg™ tests are still performing within only a few percentage points of state-
of-the-art tests based on training models (e.g. neural networks) which excel on image data,
such as the AutoML test.
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Table 1: Image shift detection experiment of Rabanser et al. (2019). The numbers reported
correspond to the test power averaged over 60 alternatives (each repeated 5 times):
10 different shift types applied on either 10%, 50% or 100% of the image samples
drawn from either the MNIST or CIFAR-10 datasets.

Number of samples

Test
10 20 50 100 200 500 1000 10000
MMDAgg* Laplace 0.21 0.29 0.40 0.44 0.47 0.56 0.67 0.83
MMDAgg* Gaussian 0.19 0.26 0.34 0.42 0.42 0.51 0.62 0.75
MMDAgg* Laplace Gaussian 0.21 0.27 0.37 043 0.45 0.54 0.65 0.80
MMDAgg* All 0.21 0.27 0.37 0.43 0.46 0.55 0.66 0.80

MMDAgg uniform (Laplace) 0.20 0.28 0.40 0.43 0.46 0.52 0.58 0.79
MMDAgg uniform (Gaussian) 0.15 0.23 0.33 0.35 0.38 0.44 0.48 0.69

AutoML (raw) 0.17 024 037 046 0.50 0.62 0.67 0.87
AutoML (pre) 0.18 0.29 0.42 0.47 047 0.64 0.65 0.72
AutoML (class) 0.19 0.19 038 0.46 0.52 0.61 0.67 0.87
AutoML (bin) 0.03 0.14 031 043 0.49 051 0.59 0.86

5.9 Overview of additional experimental results

We consider additional experiments in Appendix A, we briefly summarize them here. In
Appendix A.1, we verify that all the tests we consider have well-calibrated levels. We then
consider widening the collection the bandwidths for our tests MMDAgg uniform and MMDAgg
centred in Appendix A.2, and observe that the associated cost in the power is relatively
small. We verify in Appendix A.3 that using a wild bootstrap or permutations results in
similar performance; the difference is of non-significant order and is not biased towards one
or the other. In Appendix A.4, we show that if one of the sample sizes is fixed to a small
number, we cannot obtain high power even if we take the other sample size to be very large.
Finally, we increase the sample sizes for the ost test in Appendix A.5 and observe that we
need extremely large sample sizes to match the performance of MMDAgg uniform with 500
or 2000 samples.

6. Conclusion and future work

We have constructed a two-sample hypothesis test, called MMDAgg, which aggregates mul-
tiple MMD tests using different kernels/bandwidths. Our test is adaptive over Sobolev
balls and does not require data splitting. We have proved that MMDAgg is optimal in the
minimax sense over Sobolev balls up to an iterated logarithmic term, for any product of
one-dimensional translation invariant characteristic kernels which are absolutely and square
integrable. This optimality result also holds under two popular strategies used in estimating
the test thresholds, namely the wild bootstrap and permutation procedures. In practice,
we propose four weighting strategies which allow the user to incorporate prior knowledge
about the collection of bandwidths. We also introduce a parameter-free adaptive collection
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of bandwidths, which we recommend using in practice while aggregating over both Gaus-
sian and Laplace kernels, each with multiple bandwidths. This adaptive collection is the
discretisation of an interval and in practice we found that using ten bandwidths per kernel
performs as well as using the whole continuous interval in the limit. Our MMDAgg test
obtains significantly higher power than other state-of-the-art MMD-based two-sample tests
in synthetic settings where the smoothness Sobolev assumption is satisfied, this empirically
validates our theoretical result of minimax optimality and adaptivity over Sobolev balls.
In experiments on image data, we observe that MMDAgg almost matches the power of
much more complex two-sample tests relying on training models, such as neural networks,
to detect the difference in distributions.

We now discuss three research directions based on this current work, two of which have
been explored by Schrab et al. (2022a,b).

First, it would be interesting to consider the two-sample kernel-based test of Jitkrittum
et al. (2016), who use adaptive features (in the data space or in the Fourier domain) to con-
struct a linear-time test with good test power. Jitkrittum et al. (2016) require setting aside
part of the data to select the kernel bandwidths and the feature locations, by maximizing
a proxy for test power. They then perform the test on the remaining data. It would be
of interest to develop an approach to learning such adaptive interpretable features without
data splitting. Adapting the current results of this work to that setting remain an open
challenge.

Second, aggregated tests that are adaptive over Sobolev balls have been constructed for
several alternative testing scenarios. The independence testing problem using the Hilbert
Schmidt Independence Criterion has been treated by Albert et al. (2022), which is related
to the Maximum Mean Discrepancy (Gretton et al., 2012a, Section 7.4). A further setting
of interest is goodness-of-fit testing, where a sample is compared against a model. Our
theoretical results can directly be applied to goodness-of-fit testing using the MMD, as long
as the expectation of the kernel under the model can be computed in closed form. A more
challenging problem arises when this expectation cannot be easily computed. In this case, a
test may be constructed based on the Kernelised Stein Discrepancy (KSD—Liu et al., 2016;
Chwialkowski et al., 2016). This corresponds to computing a Maximum Mean Discrepancy
in a modified Reproducing Kernel Hilbert Space, consisting of functions which have zero
expectation under the model. Building on the present paper, Schrab et al. (2022a) develop
an adaptive aggregated KSDAgg test of goodness-of-fit for the KSD and provide conditions
which guarantee high test power for KSDAgg.

Third, our MMDAgg test proposed in this work, the KSDAgg test of Schrab et al.
(2022a), and the aggregated HSIC test of Albert et al. (2022), are all quadratic-time hy-
pothesis tests. While quadratic-time tests usually achieve higher power than linear-time
tests, this comes at the expense of an important computational cost. To tackle this prob-
lem, relying on incomplete U-statistics, Schrab et al. (2022b) propose efficient variants (in-
cluding linear-time ones) of those three aggregated tests, called MMDAgglInc, KSDAggInc
and HSICAgglInc. They theoretically quantify the cost incurred in the minimax rate over
Sobolev balls for this improvement in computational efficiency.
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Overview of Appendices

In Appendix A, we present results of additional experiments. In Appendix B, we explain the
relation between using permutations and using the wild bootstrap. We present an efficient
implementation of MMDAgg in Appendix C. We highlight the proof strategy of deriving
the minimax rate over a Sobolev ball in Appendix D. Finally, we present the proofs of all
our results in Appendix E.

Appendix A. Additional experiments

In this section, we verify the level achieved by all the tests considered (Appendix A.1), and
run multiple power experiments: widening the collection of bandwidths (Appendix A.2),
comparing wild bootstrap and permutations (Appendix A.3), using unbalanced sample sizes
(Appendix A.4), and increasing the sample sizes for the ost test (Appendix A.5).

A.1 Level experiments

In Table 2, we empirically verify that all the tests we consider have the desired level « = 0.05
in the three different settings considered in Figures 3 to 5. For the aggregated MMDAgg
tests of Section 5.1, we use the collection of bandwidths A(—4,0) for samples drawn from
a uniform distribution in one and two dimensions. For samples drawn from the set P of
images of all MNIST digits, we use A(10,14) and A(12,16) for the Gaussian and Laplace
kernels, respectively. To obtain more precise results, we use 5000 repetitions to estimate
the levels.

We observe in Table 2 that all the tests have well-calibrated levels, indeed all the es-
timated levels are relatively close to the prescribed level 0.05. We consider three different
types of data and run the tests with the Gaussian and Laplace kernel using either a wild
bootstrap or permutations. We note that there is no noticeable trend in the differences in
the estimated levels across all those different settings.
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Table 2: Level experiments with samples drawn either from d-dimensional uniform distribu-
tions or from the MNIST dataset using the Gaussian (G.) and Laplace (L.) kernels

with either a wild bootstrap (w.b.) or permutations (p.).

MMDA MMDA MMDA MMDA
unifogrgm centrgegd increaifng decreai?ng median | split ost
G w.b.|| 0.0476 0.052 0.0456 0.0434 0.047 0.054 | 0.0594
T 1 p. 0.0496 0.0532 0.0478 0.0454 0.0468 | 0.0528 | 0.0594
=189 w.b.|| 0.0474 0.0488 0.0516 0.0504 0.0534 0.05 0.0586
I p. 0.047 0.0482 0.0496 0.0494 0.0522 | 0.0494 | 0.0586
G w.b.[| 0.039 0.0432 0.044 0.0496 0.0464 | 0.0482 | 0.0478
T 1 p. 0.0424 0.0446 0.0414 0.0498 0.0466 | 0.0472 | 0.0478
sy w.b.|| 0.0382 0.0502 0.0506 0.0478 0.0438 | 0.0548 | 0.0502
I p. 0.0418 0.0474 0.0514 0.049 0.0458 | 0.0548 | 0.0502
e w.b.|| 0.0478 0.0528 0.0474 0.0488 0.0526 | 0.0498 | 0.0496
@l | p. 0.042 0.05 0.0476 0.048 0.055 | 0.0484 | 0.0496
é L w.b.|| 0.054 0.052 0.0424 0.0548 0.0518 | 0.0444 | 0.05
I p. 0.0526 0.0532 0.0442 0.0554 0.051 | 0.0448 | 0.05
MMDAgg* | MMDAgg* MMDAgg* MMDAgg* AutoML
Laplace | Gaussian | Laplace & Gaussian A1l
w.b.|| 0.0506 0.05 0.0496 0.0492
d=1 p- 0.0528 0.0492 0.0496 0.0494 0.0462
d—2 w.b.|| 0.0458 0.0428 0.0434 0.043 0.051
p- 0.0456 0.0438 0.0438 0.0434
w.b.|| 0.0624 0.0624 0.0632 0.0594
MNIST p- 0.0612 0.062 0.0628 0.0622 0.518

A.2 Power experiments: widening the collection of bandwidths

In practice, we might not have strong prior knowledge to guide us in the choice of a collection
consisting of only a few bandwidths. For this reason, in practice, we recommend using the
adaptive parameter-free collection introduced in Section 5.2 with both Laplace and Gaussian
kernels. Nonetheless, it is interesting to study the properties of the family of collections
of Section 5.1 consisting of the median bandwidth scaled by powers of 2. In Figure 7, we
design an experiment where we start with a collection of 3 bandwidths chosen to be centred
around the optimal bandwidth. We then widen the collection of bandwidths and observe
how much the power deteriorates as more bandwidths are included in the collection.

We consider collections ranging from 3 to 15 bandwidths for our two tests MMDAgg
uniform and MMDAgg centred, for the three types of data used in Figures 3 to 5. For
the perturbed uniform distributions in one and two dimensions, we use the collection of
bandwidths A(—2—i,—241) for i = 1,...,7 for both kernels. For the MNIST dataset with
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d = 1, 3 perturbations d = 2, 2 perturbations MNIST, Q3, m = n = 500
m = n = 500 m = n = 2000 A2~ ,12 +14)
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3
0.00

35 7 9 11 13153 5 7 9 11 1313 5 7 9 11 13 15
Number of bandwidths in the collection (corresponding to i =1,...,7)

MMDAgg uniform —e— MMDAgg centred

Figure 7: Power experiments varying the size of the collections of bandwidths using per-
turbed uniform d-dimensional distributions and the MNIST dataset with a wild
bootstrap.

the Gaussian and Laplace kernels, we use the collections of bandwidths A(12 — 7,12 + )
and A(14 —i,14 + ) for i = 1,...,7, respectively. Those collections are centred as those
corresponding to the middle columns of Figures 3 to 5 (for the case i = 2), so we expect the
bandwidth in the centre of each collection to be a well-calibrated one. For this reason, it
makes sense to consider only MMDAgg uniform and MMDAgg centred in those experiments.

In all the settings considered in Figure 7, we observe only a very small decrease in power
when considering a wider collection of bandwidths for MMDAgg centred. This is due to the
fact that even though we consider more bandwidths, we still put the highest weight on the
well-calibrated one in the centre of the collection. Nonetheless, the fact that almost no
power is lost when considering more bandwidths for MMDAgg centred is a great feature of
our test, which is only possible due to the way we perform the level correction for MMDAgg.
For the MNIST dataset, we observe a slight increase in power for MMDAgg centred with the
collections of nine bandwidths for both kernels. This could indicate that, as suggested in
Section 5.6, the bandwidths in the centre of the collections are well-calibrated to distinguish
P from Q4 but are not necessarily the best choice to distinguish P from Q3.

Remarkably, the power for MMDAgg uniform, which puts equal weights on all the band-
widths, decays relatively slowly and this test does not use the information that the band-
width in the centre of the collection is a well-calibrated one. So, we expect similar results
for any collections of the same sizes which include this bandwidth but not necessarily in
the centre of the collection. This means that, in practice, without any prior knowledge, one
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d=1, A(—4,0) d=2,A(—4,0) MNIST, A(10, 14), A(12, 16)
=n 0 m=mn = 2000 m =n = 500

Difference in power
Gaussian kernel

Difference in power
Laplace kernel

1 2 3 41 2 S Q@ Q3 Qi Qs
Number of perturbations Number of perturbations Choice of alternative
—%-- MMDAgg" MMDAgg uniform —+— MMDAgg increasing --=-- split

median —+— MMDAgg centred —+— MMDAgg decreasing

Figure 8: Power experiments considering the difference between using a wild bootstrap
or permutations on perturbed uniform d-dimensional distributions and on the
MNIST dataset.

can use uniform weights with a relatively wide collection of bandwidths without incurring
a considerable loss in power.

A.3 Power experiments: comparing wild bootstrap and permutations

We consider the settings of the experiments presented in Figures 3 to 5 on synthetic and
real-world data using the Gaussian and Laplace kernels. We run the same experiments
using permutations instead of a wild bootstrap for one collection of bandwidths for each of
the different settings. We then consider the power obtained using a wild bootstrap minus
the one obtained using permutations, and plot this difference in Figure 8.

The absolute difference in power between using a wild bootstrap or permutations is min-
imal, it is at most roughly 0.02 and is even considerably smaller in most cases. Furthermore,
the difference overall does not seem to be biased towards using either of the two procedures.
Since there is no significant difference in power, we suggest using a wild bootstrap when the
sample sizes are the same since our implementation of it runs slightly faster in practice. Of
course, when the sample sizes are different, one must use permutations.

A.4 Power experiments: using unbalanced sample sizes

In Figure 9, we consider fixing the sample size m and increasing the size n of the other
sample, we use permutations since we work with different sample sizes. We consider the

44



MMD AGGREGATED TwWO-SAMPLE TEST

d = 1, 3 perturbations d = 2, 2 perturbations MNIST, @3, m = 100
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Figure 9: Power experiments with different sample sizes m # n on perturbed uniform d-
dimensional distributions and on the MNIST dataset using permutations.

settings of Figures 3 to 5 with three and two perturbations for the uniform distributions in
one and two dimensions, respectively. For the MNIST dataset, we use the set of images of
all digits P against the set of images ()35 which does not include the digits 4, 6 and 8.

We observe the same patterns across the six experiments presented in Figure 9. When
fixing one of the sample sizes to be small (100 or 250), we cannot achieve power higher than
0.25 (except for MMDAgg* on the MNIST data, which as in Figure 5 performs much better
than all other tests) by increasing the size of the other sample to be very large (up to 5000).
Indeed, we observe that a plateau is reached where considering an even larger sample size
does not result in higher power. In some sense, all the information provided by the small
sample has already been extracted and using more points for the other sample has almost
no effect. As shown in Figures 3 to 5, we can obtain significantly higher power in all of
those settings using samples of sizes m = n = 500 or m = n = 2000. Having access to even
more samples overall (5100 instead of 1000) but in such an unbalanced way results in very
low power. This shows the importance of having, if possible, balanced datasets with sample
sizes of the same order.

A.5 Power experiments: increasing sample sizes for the ost test

In Figure 10, we report the results of Figures 3 to 5 for MMDAgg uniform and ost which
are run using the same collections of bandwidths. As previously mentioned, the ost test
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Figure 10: Power experiments increasing the sample sizes for the ost test on perturbed

uniform d-dimensional distributions and on the MNIST dataset.

The legend

lists the name of the test followed by the sample sizes used.

is restricted to the use of the linear-time MMD estimate, and hence obtains low power

compared to the other tests which use the quadratic-time MMD estimate.

We increase

the sample sizes for the ost test until it matches the power of MMDAgg uniform with fixed
sample sizes.

For the case of 1-dimensional perturbed uniform distributions, we observe in Figure 10
that ost requires sample sizes of 75000 and 50 000 in order to match the power obtained by
MMDAgg uniform with m = n = 500 for the Gaussian and Laplace kernels, respectively. For
the case of 2-dimensional perturbed uniform distributions, one million, and half a million
samples are required for the Gaussian and Laplace kernels, respectively, to obtain the same
power as MMDAgg uniform with 2000 samples. When working with the MNIST dataset,
it takes 250000 samples for ost to achieve similar power to the one obtained by MMDAgg
uniform with 500 samples.

Recall that the MNIST dataset consists of 70000 images, so it is interesting to see that
the power of ost keeps increasing for sample sizes which are more than ten times bigger
than the size of the dataset. This is due to the use of the linear-time MMD estimate which
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for even sample sizes n = m is equal to

9 n/2
- > hi(Xai1, Xai, Yaio1, Yai)
i=1

for hy defined as in Equation (5). The two pairs of samples (X2;—1, X2;) and (Ya;_1, Y2;)
only appear together as a 4-tuple in this estimate, for i« = 1,...,n/2. So, as long as we
do not sample exactly the two same pairs of images together, this creates a new 4-tuple
which is considered as new data for this estimate. This explains why considering sample
sizes much larger than 70000 still results in an increase in power.

Appendix B. Relation between permutations and wild bootstrap

In this section, we assume that we have equal sample sizes m = n and show the relation

between using permutations and using a wild bootstrap for the estimator mib defined
in Equation (6).

First, we introduce some notation. For a matrix A =(aij),<; j<o,, We denote the sum
of all its entries by A4 and denote by A° the matrix A with all the entries

{@i 4, Onpisntis Onigis Qi 1= 1,...,n}

set equal to 0. Note that A is composed of four (n x n)-submatrices, and that A° is the
matrix A with the diagonal entries of those four submatrices set to 0. We let 1,, € Rnx1
denote the vector of length n with all entries equal to 1. We also let v := (1,,, —1,,) € R?"*}

and note that - -
1,1 -1,1
T _ nilp nip 2nx2n
v = <—ﬂn]l;lr ﬂn]l;lr > & R .

We let K denote the kernel matrix (kx(Us, Uj)),<; j<o, Where Ui := X; and Upy =Y for
i=1,...,n. We let Tr denote the trace operator and o denote the Hadamard product.
By definition of Equation (6), we have

—2
MMD,, p(Xp, Yy) i= Z ha(Xi, X5, Y3, Y5)

1<7,;é]<n

ST 2 R X) R Y)) = (X5 Y)) (Y X))
1<iAj<n
1 o
= m <K)\ o VU )+

1
= Tr (KA UUT>

n(n—1)
- n(nl— 1) ( K3 U)
1

T g0
=— v Kjv.
n(n—l)v AY
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For the wild bootstrap, as presented in Section 3.2.2, we have n ii.d. Rademacher

random variables € == (e1, ..., e,) with values in {—1,1}", and let v, := (¢, —¢) € {—1,1}?",
so that - -
T €€ —€E€ 2m X2
Vele = (—eeT el ) € R

As in Equation (11), we then have

— 1
My = YO > aeha(Xi, X5, Y, Y5)
1<i#j<n
1
= m Z eiEjk,\(Xi,X ) +616]k>\( i ]) GZ'Ej]{?)\(Xz,Y}) GiEjk)\(i/;,Xj)
1<i#j<n
1
— KO T)
n(n —1) ( AOULe )|
T n(n—1) Tr (Kf\ vﬁU:)
1 T
_ K3 v,
n(n —1) Ve XY

We introduce more notation. For a matrix A = (a;;), <ij<on and some permutation
7:{1,...,2n} — {1,...,2n}, we denote by A°T the matrix A with all the entries

{aT(i),T(i)a aT(n—l—i),T(n—i—i)? aT(n—f—i),T(i)a a’T(i),T(n+i) D= 17 v 7n}

set to be equal to 0. We denote by A, the permuted matrix (aT(i)vT(j))1<ij<2n' Similarly,

for a vector w = (wy, ..., wa,), we write the permuted vector as w; = (w1, - - -, Wr(2n))-
Recall that v = (vy,...,v2,) = (L, —1,) € R?"*!. Similarly to Equation (10) in Sec-

2
tion 3.2.1, but for the estimator MMD), y, given a permutation o: {1,...,2n} — {1,...,2n},

we can define MY as

( Z hx(Us(iys Us(jys Us(ntiys Us(nt i)
1<z7£]<n

Z k/\ o(i)s a(j)) +k;>\(Ua(n+i) aUa(n—i-j)) - k/\(Uo(i) aUa(n—i-j)) - k/\(Uo(n—‘ri) 7Ua(j))
1<z;é]<n

- 1_1) (0,7 0wT)

n(n
1

— m <(K§")a o U’UT>+

=y (Ko (7)),

1 oo
— m Tl" <K)\ Uo.—lv;.r_1>
1
-~ LK
n(n — 1)
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Using those formulas, we are able to prove the following proposition, but first we in-
troduce two notions. Fix ¢ € {1,...,n}. We say that a permutation 7: {1,...,2n} —
{1,...,2n} fizes Xy = Uy and Yy = Uy if 7(¢) = ¢ and 7(n + £) = n + £. Moreover, we
say that it swaps Xy = Uy and Yy = Upyp if 7(£) = n+ £ and 7(n + £) = £. We denote by
P the set of all permutations which either fix or swap X; and Y; for all ¢ = 1,...,n. Since
the identity belongs to P, every element in P is self-inverse, and the composition of two
permutations in P gives an element in P, the set P is a subgroup of the permutation group.

Proposition 11 Assume we have equal sample sizes m = n and that we work with the

/\2
estimator MMD), y, defined in Equation (6). Then, using a wild bootstrap is equivalent to
using permutations which belong to the subgroup P. There is a one-to-one correspondence
between these two procedures.

Proof First, note that for a permutation o € P, we either have o(i) =14, o(n+1i) =n+1
oro(i)=n+i,0(n+i)=1dfori=1,...,n. Hence, the two sets

{kx(Ui, Ui), kx(Unti, Unti), ka (Ui, Ungei), Ea(Unti, Us) 1i =1, n}
and
{kA(Ua(i)v Ua(i))7 k)\(Ua(n-‘ri)’ Ua(n+i))7 k/\(Ua(i)7 Ua(n—i-i))a k)\(Ua(n+i)7 Ua(z)) i=1,... an}

are equal, we deduce that for o € P we have K\ = K. Moreover, since a permutation

o € P either fixes or swaps X; and Y; for i« = 1,...,n, it must be self-inverse, that is
o~ ! = ¢. For the permutation ¢ € P, we then have
]/\Zcr 1 TKO
=——0 Vo
AT pn—1) 7N
for vo = (Vg(1)s- -5 Vo(2n)) Where v; = 1 and vy = —1 for i = 1,...,n. We recall that
for the wild bootstrap we have n i.i.d. Rademacher random variables € := (1, ..., €,) with
values in {—1,1}" and
— 1
Mf=—— v K.
A TL(TL - 1) € A Ve

where v, == (e, —¢) € {—1,1}*".

We need to show that for a given permutation o € P there exists some € € {—1,1}"
such that v = v,, and that for a given € € {—1,1}" there exists a permutation ¢ € P such
that v, = v, and that this correspondence is one-to-one.

Suppose we have a permutation o € P and let € == (v,(1),---,V5(n)) € {—1,1}". We
claim that v, = v, that is, that (v,(1), .-+, Ve2n)) = Ve(1)s -3 Va(n)s —Va(1)s - -+ » —Vo(n))s
so we need to prove that v,(,iy) = —vsi) fori=1,...,n. Aso € P, fori=1,...,n, we
either have o (i) = ¢ and o(n + i) = n + ¢ in which case

Vg (n+i) = Unti = —1 = —0; = —Us(;),
or (i) =n+1iand o(n+1i) = in which case we have

Vg(nti) = Vi = 1 = —Ungi = —Vg(y)-
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This proves the first direction.

Now, suppose we are given € := (e€1,...,€,) i.i.d. Rademacher random variables. We
have ve = (e, —€) € {—1,1}?" and we need to construct o € P such that v, = v, that is,
Vo(i) = € and Vg (nqq) = —¢; for i = 1,...,n. We can construct such a permutation o € P
as follows:

for i=1,...,n:
if ¢, =1 then let o(i) =i and o(n +1i) =n+i (i.e. o fixes X; and Y;)
we then have v, ;) =vi =1 =€ and vy, 44) = Vnti = =1 = —¢
if ¢, =—1thenlet o(i) =n+iand o(n+1i):=1i (i.e. o swaps X; and Y;)
we then have v, ;) = vnti = —1 =€ and Vo(nq) =vi=1= —¢

This proves the second direction.
Our two constructions show that the correspondence is one-to-one. |

This highlights the relation between those two procedures: using a wild bootstrap is

2
equivalent to using a restricted set of permutations for the estimator MMD), ,,.

Appendix C. Efficient implementation of MMDAgg (Algorithm 1)

We discuss how to compute Step 1 of Algorithm 1 efficiently. To compute the |A| kernel
matrices for the Gaussian and Laplace kernels, we compute the matrix of pairwise distances
only once. For each A € A, we compute all the values (M/\b,l)lgbgBlJrl and (M>i2)1§bSBQ
together. We compute the sums over the permuted kernel matrices efficiently, in particular
we do not want to explicitly permute rows and columns of the kernel matrices as this is
computationally expensive.

We start by considering the wild bootstrap case, so we have equal sample sizes m = n.
We let K denote the kernel matrix <k>\(Ui7Uj))1§i,j§2n where U; = X; and Uy,4; =Y
for i = 1,...,n. Note that K is composed of four (n x n)-submatrices, we denote by K73
the matrix K with the diagonal entries of those four submatrices set to 0. As explained
in Appendix B, for n i.i.d. Rademacher random variables € := (e1,...,€,) with values in

{=1,1}", we have
A7 1 T g0
M)\e = mve K)\ Ve

where v, == (e, —¢) € {—1,1}?". We want to extend this to be able to compute (]\7/\6<b))1<b<3

for any B € N\ {0}. We can do this by letting R be the 2n x B matrix consisting of stacked

vectors ('Ue(b)) 1<b<B and computing

s (nl_ pjdiag (RTK§R> .

Note that, in general, given 2n x B matrices A = (a; j)1<i<on and C' = (¢; j)1<i<2n, We have
1</<B 1</<B

2n 2n
na(a70) =i (Soowirs) | =(Se] =T aec
=1 152p) VT 1<i<B

rows
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where o denotes the Hadamard product and where ) takes a matrix as input and
outputs a vector which is the sum of the row vectors of the matrix. We deduce that

diag(RTK§R> — 3" Ro(K3R)

rows

We found that this way of computing the values (]/\4\ )f<b))1 <p< p 18 computationally faster
than other alternatives. Letting 1, denote the vector of length n with all entries equal to
1, we can obtain an efficient version for Step 1 of Algorithm 1 using a wild bootstrap as
follows.

Efficient Step 1 of Algorithm 1 using a wild bootstrap:

generate n X (By + By + 1) matrix R of Rademacher random variables
concatenate R and —R to form the 2n x (B; + Ba + 1) matrix R
replace the (B + 1) column of R with the vector (1, —1,)

for A € A:
compute kernel matrix K3 with zero diagonals for its four submatrices

17 Bi+1 7B
compute ﬁZrOWSRO(KiR) to get (MAI,.. M M)\l2,...,M)\’22)
(M/\'j, e ,M;flﬂ) = sort,by,ascendlng,order(MAJ, ce M)iﬁ'l)

Before tackling the case of permutations, we recall the main steps of the strategy used
for the wild bootstrap case. As explained in Appendix B, we first noted that

- T/ (n(n —1,1,} /(n(n —
MMDi,b(Xn,Yn)=<KA (H H]lT//<(<(n % 11&/(2(213)>>+
:n(nl—l (K)\ovv )
1

T g0
=——7v Kjv.
n(n—l)v AY

for v == (1,,—1,) € R?®*! where A, denotes the sum all the entries of a matrix A. We
then observed that it was enough to replace the vector v with v, == (¢, —€) € {—1,1}?" to

obtain

—~ 1
Mf=——" o K? €.
A n(n_l)ve AU

The whole reasoning was based on the fact that we could rewrite the matrix

( 1,1} /(n(n—1)) —1,1}/(n(n - 1))>
—1n1, /(n(n—1)) 1,1} /(n(n—1))

as an outer product of vectors.
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Now, we consider the permutation-based procedure. For a square matrix A, we let A°
denote the matrix A with its diagonal entries set equal to 0. We have

2 1 1
MMD),o (%, Yn) = oo > R(Xo Xi) + ooy > k(YY)
1<i#i' <m 1<j#j'<n
2 m n
—%sz(Xqu)
i=1 j=1

{0 (Lmlp/(m(m —=1))  —Ly1;/(mn)
=| Kxo T T
-1 Jlm/(mn) L1, /(n(n—=1))) ),
where it is not possible to rewrite the matrix as an outer product of vectors. Instead, we
break it down into a sum of three outer products of vectors.

(o sfinte ™) = (i) (50 1)
1 1 0,0, 0,0}
* <n(n -1) mn> (@n@; Lﬂll)

L L 1,1y, —1,1)
—1,1,}, 1,1}

mn
— 1 — 1 1
_pomtl T mon T T
mn(m — 1) mn(n — 1) mn

where u = (1,,,0,), w = (0, —1,) and v := (1,,, —1,) of shapes (m + n) x 1, with 0,
denoting the vector of length n with all entries equal to 0. Using this fact, we obtain that

—2 n—m -+ 1 T —n+ 1 T 1 T
MMD, . (X,,,Y - WKy + ——— WK — 'K
ra(Xm, ¥n) = mn(m — ) AU e mn(n — 1) AW+ e
For a vector a = (ai,...,ar) and a permutation 7: {1,...,¢} — {1,...,¢}, we denote
the permuted vector as ar = (ar(1),---,a7). Recall that U; == X;, i = 1,...,m and
Untj =Y, j=1,...,n. Consider a permutation o: {1,...,m+n} — {1,...,m+n} and
let X9 = (Ua(i))lgigm and Y7 = (Ua(m+j))1§j§n' Following a similar reasoning to the

one presented in Appendix B, we find

—~ 2
My == MMD, ,(X7,,Y7)
n—m+1 +

_nomE T KY
mn(m 1) o

n(;——i_ll) w!  Kw, -1 + 1n ,1K§1)071

since {k:)\(XZ-,Y;) i=1,.. n} = {k:)\ o(i) Yo(i)) 10 =1,.. .,n}. The aim is to compute
(]/\4\/\"<b>)1<b<3 efficiently for any B € N\ {0}. We let U, V and W denote the (m +n) x B
matrices of stacked vectors (ug<b)71)1<b<B, (vg(b)71)1<b<3 and (wa(b)q)

We are then able to compute (]/\/f\ )\"(b))

1<p< > Tespectively.

1<b<B 8
n-mtl dlag(UTK U) wdiag(WTKOW) + idiag(vTKov)
mn( -1) A mn(n — 1) A mn A
erlZUo (KU) n”jllzw (KW +%ZVO(K§V)~
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Since the inverse map for permutations is a bijection between the space of all permu-
tations and itself, it follows that uniformly generating B permutations and taking their
inverses is equivalent to directly uniformly generating B permutations. So, in practice,
we can simply uniformly generate permutations 7@ .., 73B) and assume that these cor-
respond to 0(1)_1, cee O'(B)_l for uniformly generated permutations oW, ..., cB) We can
now present an efficient version for Step 1 of Algorithm 1 using permutations.

Efficient Step 1 using permutations:

construct (m +n) x (By + By + 1) matrix U of stacked vectors of (1,,,0y,)

construct (m + n) x (By + By + 1) matrix V of stacked vectors of (1,,,—1,)

construct (m +n) x (B; + By + 1) matrix W of stacked vectors of (0y,, —1)

use By + By permutations to permute the elements of the columns of U, V and W without
permuting the elements of the (By + 1)™ columns of U, V and W

for A € A:
compute kernel matrix Ky 0 with zero diagonals
compute (M/\l,.. MB1+1 M/\12,...,M)\322) as
n—m+1 —-n+1 1
ZU (K30) =) > Wo(KSW) +— > Vo(KV)
Trows n - TOWS mn Trows
(ML, MeP) = sort b ding order (M} MPH!
i My = sort_by_ascending or er( a1 My )

Appendix D. Lower bound on the minimax rate over a Sobolev ball

We claim that the two-sample minimax rate of testing over the Sobolev ball Sj(R) is
n~2s/(s+d) - Formally, let o, 8 € (0,1), d € N\ {0} and M, s, R € (0,00), we claim that
there exists some positive constant Cj(M,d, s, R, o, 3) such that

P(Si(R), o B, M) = inf p(Aa, S§(R), B, M) > Co(M, d, 5, R, 0, ) =2/ (18)

where the infimum is taken over all tests A, of non-asymptotic level @ and where ¢ < % <
C’ for some positive constants ¢’ and C’.

The proof mirrors the reasoning of Albert et al. (2022, Section 4, Theorem 4) who derive
the independence minimax rate of testing n~2%/(4stdi+d2) gyer the Sobolev ball S 1d,(R)
considering paired samples on R% x R%. While the case d = 1 is not covered by their
framework, the proof extends naturally to it. We illustrate the main reasoning behind the
proof as this is of interest for our experiments in Section 5.5.

First, note that the minimax rate p(S3(R), o, 8, M) is

inf p(Aq, Sj(R), 5, M) =inf inf S p>0: sup Ppg(Aa(Xpm,Yy) =0) <
Aa Aa (p.q)€FM (S3(R))

=inf ¢ p > 0:inf sup Ppyqg(Aa(Xp,Yy) =0) <
* (p,g)€F(S5(R))
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where P (S3(R)) = {(p. ) : max([pll-[4llc) < M.p — g € S3(R). lp—qll, > 7} Hence,
to prove Equation (18) it suffices to construct two probability densities p and ¢ on R? which
satisfy max(||plloo; lallo) < M, p—q € Si(R), lp—qll, < Ci(m+n)>/“ for some
C} > 0, and for which Py (AL (X;,, Y,,) = 0) > 8 holds for all tests A, with non-asymptotic
level a. Intuitively, one constructs densities which are close enough in L?-norm so that any
test with non-asymptotic level « fails to distinguish them from one another.

Albert et al. (2022, Section 4) show that a suitable choice of p and ¢ is to take the
uniform probability density on [0, 1}‘1 and a perturbed version of it. To construct the latter,
first define for all u € R the function

Glu) = exp <—1_(41u+3)2> 1y () —exp (-M) 1_3.0)()

which is plotted in Figure 2 in Section 5.5. Consider P € N\ {0} and some vector
0 = (0u)veq,.. Py € {1, 1}Pd of length P? with entries either —1 or 1 which is indexed
by the P¢ d-dimensional elements of {1,..., P}?. Then, the perturbed uniform density is

defined as
d

fo(u) =1 qja(u) + P° Z 6, H G (Pu; — v;) (19)

ve{l,..,P}yd  i=1

for all w € R%. As illustrated in Figure 2, this indeed corresponds to a uniform probability
density with P perturbations along each dimension.

This construction by Albert et al. (2022) is a generalisation of the detailed construction
of Butucea (2007, Section 5) for the 1-dimensional case for goodness-of-fit testing. We
also point out the work of Li and Yuan (2019, Theorems 5, part (ii)) who use a similar
construction to show that, for any alternative'® in F é\/‘[ (S;(R)) with rate p smaller or equal
to n—28/(4s+d) there exists some o € (0,1) such that any test with asymptotic level o must
have power asymptotically strictly smaller than one. The original idea behind all those
constructions is due to Ingster (1987, 1993b) with his work on nonparametric minimax
rates for goodness-of-fit testing.

Appendix E. Proofs

In this section, we prove the statements presented in Section 3. We first introduce some
standard results.

First, recall that we assume m < n and n < Cm for some constant C' > 1 as in
Equation (7). It follows that

1 1
7+7§C+1:2(C+1)§2(C+1) and 1 < 2 Sl
m n n 2n m-4+n m-4+n m-4+n m

+ (20)

S |-

10. To be more precise, the alternatives considered by Li and Yuan (2019) require both p and ¢ to belong to
the Sobolev ball (rather than just p — ¢ in our case) but do not require these densities to be bounded.
Moreover, they use the non-homogeneous Sobolev space definition (with an extra ‘+1’ in the weighting
term) while we use the homogeneous definition (without that extra term).
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For the kernels K1, ..., K4 satisfying the properties presented in Section 3.1, we define
the constants

d d )
k1(d) == E/IR’Kl(xz)‘dxl < oo and ko(d) = Z1;[1/&{[(2(301) dz; < o0 (21)

which are well-defined as K; € L'(R) N L?(R) for i = 1,...,d by assumption. We do not
make explicit the dependence on Ki,..., K, in the constants as we consider those to be
chosen a priori. Moreover, we often use the kernel properties of k) presented in Equation (8),
that are

Rd i1 i=1
and
2 1 v =i\’ 1 d N2 4 K2
/de‘)\(:v,y) dac:z];[l)\%/RKz( "y ) dxi:/\l"')\dil;[l/RKi(xi) dxizi/\l...)\d‘
We often use in our proofs the standard result that, for aq,...,a, € R, we have

(gai>2 < (é}ﬁ) (écﬂ) :gga?

which holds by Cauchy—Schwarz inequality.

In our proofs, we show that there exist some constants which are large enough so that
our results hold. We keep track of those constants and show how they depend on each other.
The aim is to show that such constants exist, we do not focus on obtaining the tightest
constants possible.

E.1 Proof of Proposition 1

Recall that in Sections 3.2.1 and 3.2.2 we have constructed elements (]\/4\)?)1<b<3+1 for the
two MMD estimators defined in Equations (3) and (6), respectively. The first one uses
permutations while the second uses a wild bootstrap. For those two cases, we first show

that the elements (]\/4\ /\b)1 <b<B4y1 AT€ exchangeable under the null hypothesis Hg: p = q. We
are then able to prove that the test AQ’B has the prescribed level using the exchangeability
A7b

of (M)\)lgbgBJrl'
Exchangeability using permutations as in Section 3.2.1.

Recall that in this case we have permutations ¢(M, ..., o(B) of {1,...,m+n}. We also have
— 2 — 2
M} = MMD, (X3, ¥5") for b = 1,..., B and M*! := MMD, ,(X,n, Y,). Following
the same reasoning as in the proof of Albert et al. (2022, Proposition 1, Equation C.1),

we can deduce that (]\7 f)l <b<Bi1 BT€ exchangeable under the null hypothesis. The only
difference is that they work with the Hilbert Schmidt Independence Criterion rather than
with the Maximum Mean Discrepancy, but this does not affect the reasoning of the proof.
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Exchangeability using a wild bootstrap as in Section 3.2.2.

The exchangeability under the null using the wild bootstrap follows from the one us-
ing permutations since by Proposition 11 using the wild bootstrap corresponds to using
a subgroup of the permutation group. We show below how the original statistic and the
permuted one can be seen to have the same distribution under the null.

I

gb) (b))

For b = 1,..., B, we have n i.i.d. Rademacher random variables ¢®) = (e
with values in {—1,1}" and

— (0) (b)
My = nn=1) Z € € h(X;, X;,Y;,Y))
1<i#j<n
where h) is defined in Equation (5). We also have
]\4/\3+1 = MMD)\,b(XTUYn) = m Z hA(Xij,Yian)'
1<i#j<n
By the reproducing property of the kernel k), we have

< sup lzn: (f(X3) — f(Yi))>2 — < sup <f,:bzzn;k:A(X,-,.) — ilzn;kx(Y%,.)>Hkk>z

FeF, M i=1 NASN
1< 1<
i=1 i=1

1 n n
= DY (X, X;,Y5,Y5)

i=1 j=1

2

Hi

where F) = {f € Hy, : || fll, < 1}. Under the null hypothesis Ho: p = g, all the samples
A

(X1,...,X,,Y1,...,Y,) are independent and identically distributed. So, the distribution

of (supfe}-A % (X)) - f(Yg)))2 does not change if we randomly exchange X; and Y;

for each ¢ = 1,...,n. This can be formalized using n i.i.d. Rademacher random variables
€1,--.,€n, we have
1 & 2 g 1< 2
sup — in—in> Z(SUP Giin—in>,
(i o000 —709) ) & (s 1SS lr06) — 70%)

where the notation Hi means that the two random variables have the same distribution

0
under the null hypothesis Hg: p = q. Since we also have

< sup lzn:ei(f(Xi) _ f(Yi))>2 = ( sup <f,1llzn:eikA(Xi,.) —:LG:eikx(yi,.)>% >2

fer,n i=1 JEFA i=1 i=1
1< ’
=15 ZﬁikA(Xi, )= Zeik,\(Yi, )
i=1 =1 Hy,
A

1 n o on
= E Z Z EiEjh)\(Xi,Xj,Y;', ij)a
i=1 j=1
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we obtain
n n
RIS RRIED 3) RN RA)
i=1 j=1 =1 j—1
Since €2 =1 for i = 1,...,n, subtracting Y 1, ha(X;, X;,Y;, Y;) from both sides, we get
d
> (X, X Y5,Y)) = > aeiha(Xi, X, Y, Y5).
1<i#j<n ’ 1<i#j<n

Level of the test.

Following a similar reasoning to the one presented by Albert et al. (2022, Proposition 1),
we have

——2
MMD,\ (X, Vi) > G175 (Zp|[Xim, Yo

ANB(Xpn, Y0, Zp) =1 —
— M)\B-ﬁ-l > ]\/4\/\°HB+1)(1 a)l
B+1 e L
= Y 11(Mf < M/\B“) > [(B+1)(1-a)]
b=1
B+1 -
e B+1- ZIL(MA <M/\B“) <B+1-[(B+1)(1-a)]
b=1
B+1 - e
— 11(M§’ > Mf“) la(B +1)]
b=1
B+1 . .
= 11(M§’ > MAB“) <a(B+1)

B
1 b =Bi1
— B+1(1+§ 1(3M) > MF) ) <a

b=1

where we have used the fact that B+1— [(B+1)(1—a)] = |a(B+1)]. Using the exchange-
ability of ( )1 <b<Bi1’ the result of Romano and Wolf (2005a, Lemma 1) guarantees that

B
1 o
PpoXT<B+ : (1 +3 ]1<M,\b > Mf“)) < a> < a

b=1

We deduce that
Ppxpxr (AQ’B(Xm,YmZB) = 1) <a

E.2 Proof of Lemma 2

Let
/\2
A= {NIMD; (Xpn, Yo) < 5 (Z3|Xn, Yo) |
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and

2 — _
B = {MMDi(p, q) > \/ﬁvarpxq<MMD/\(Xm,Yn)) + q1)\7§(ZB’Xm7Yn)}‘

By assumption, we have Ppyqxr(B) > 1 — g, and we want to show Ppyqxr(A) < 8. Note
that

/\2
Pysgrr(A| B) = IP’quXT<MMD,\(Xm,Yn) <GB (Zp| X, V) |B)

—2 2 —2
S prq (MMD)\(XTTUYTL) § MMDi(p, Q) - \/Bvarqu<MMD)\(Xm7Yn>>>

= Ppxg (MMDi(p, @) = MMD,, (X, Y) > \/ var<a (VD (5, Yn))>

)

—2
S IFDPX‘I (‘MMDiO?a Q) - MMD)\(XWM Yn)

2
by Chebyshev’s inequality (Chebyshev, 1899) as E, [MMD)\(Xm, Yn)} = MMD3 (p, q). We
then have

PquXr(A) = PquX'r(-A ‘ B)PquXT(B) + ]P)quXT(A ’ BC)PquXT(BC)

a41.8

<
- 2

Dl

E.3 Proof of Proposition 3

—2 2
We prove this result separately for our two MMD estimators MMD, , and MMD), ,, defined
in Equations (3) and (6), respectively.
—2
Variance bound for MMD estimator MMD, , defined in Equation (3).

In this case, we use the fact that mia can be written as a two-sample U-statistic as
in Equation (4). As noted by Kim et al. (2022, Appendix E, Part 1) one can derive from the
explicit variance formula of the two-sample U-statistic (Lee, 1990, Equation 2 p.38) that
there exists some positive constant ¢y such that

2 2 2
o 2 D) OXx 1 1
T 20) < (20t (1 1Y,
for
%10 = varx (Exryys [ (X, X', Y, Y')]),
0301 = vary (Ex xy' [IA(X, X', Y, Y)]),
0'3\72’2 =vary x' vy’ (h‘)\(‘X'7 le Y, Y-/))7
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where X, X' ad p and Y)Y’ g q are all independent of each other. Making use of Equa-
tion (20), we deduce that there exists a positive constant c(T) such that

2 2 2
TN o +o0o o
varpxq<MMDA’a(Xm,Yn)) <d ( A0 T 01 A2 ) |

m+n (m—l—n)2

Recall that ¢y (u) = HZ 1 )} K; (i(—) for u € R? and that ¢ := p — q. Letting G\ = ¢ * @y,
we then have for all u € R?
Ga(u) = (P * py) (u)
/ Y(u)ox(u—u)du’
= [ bk, )
R4
= [ ) () = q(u'))
Rd
=Ex/ [kk(u’ X,)] — Ey~ [kjk(u’ Y/)] :
Note that

Ex vy [m(X, X", YY) = Exr v [ka(X, X') + EA(Y,Y') — ka(X,Y) — kA (X', Y)]
= Ex/ [kA(X, X")] = Eyr [kA(X,Y7)]

—(Ex [ka(Y, X")] = Eyr [ka(Y,Y7)])

GA(X) = GA(Y).

Hence, we get

Jg\,l,o =varx (Ex v,y [ha(X, X', Y, Y")])
= vary (Ey [GA(X) — GA(Y)])
= varx (GA(X) — Ey [GA(Y))])
= varx (G (X)
< Ex [GA(X)?]

= | Gi(2)’p(a)dz

< Il /R Gy(@Pda

< M|G|3
= M||4 * ¢33

)

and, similarly, we get

o301 = vary (Ex x/y [Aa(X, X, Y,Y")]) < M|y * ulf5-

59



SCHRAB, KiM, ALBERT, LAURENT, GUEDJ AND GRETTON

For the third term, we have

0?\7272 = vary x’yy’ (h/\(X, XY, Y’))
=varx x.y,\y’ (k‘)\(X, X/) + k‘)\(Y, Y’) — k’A(X, Y/) — k‘)\(X/,Y))
2
< Ex vy [ (X, X)) + (1Y) = a(X,Y) = (X', 7))

< 4(Exx [ka(X, X)?] + Eyyr [a(Y,Y')?] + 2Ex y [kA(X,Y)?]) .

Note that
Bxy (Y] = [ [ ko) p(e)a(y) dedy
Rd JRd
<ol [ ([ isenac) atay
R \JRd
K2
= — d
IPloo s, /Rde(y) y
MHQ
< T
D VI
where k9 depends on d and is defined in Equation (21). Similarly, we have
MK,Q MIQQ
Ex x [kx(X, X')?] < —=— d  Eyy k(YY) < —=—. 22
x.x' [ka(X, )]_)\1_”)% an v [Ba(Y, )]_Al"')\d (22)
We deduce that
16 Mk
0,2\72,2 = vary, x vy (b (X, X', Y,Y")) < )\17/\2

Letting C1 (M, d) = max {2C$M , 16c$M 112} and combining the results, we obtain

m+n (m—&—n)2

o (lreli, 1
= IS m-4+n (m—i—n)2/\1---)\d .

TN a +o o
vValpxgq (MMD)\7a(Xm7 Yn)) < CEL) < A, 1,0 A,0,1 + 22,2 >

2
Variance bound for MMD estimator MMD, ;, defined in Equation (6).
The MMD estimator
1

—2
MMDA’b(X’rHYTL) = m

> (X X, YY)
1<i#j<n

is a one-sample U-statistic of order 2. Hence, we can apply the result of Albert et al. (2022,
Lemma 10) to get

e 2 _ (0% TR
vatyq (MMD (X, Yi) ) < 0 | =205 + 223

60



MMD AGGREGATED TwWO-SAMPLE TEST

for some positive constant ¢y, where
ox11 = varxy (Ex y [Aa(X, X", Y,Y")])

and
16M/€2

U§,2,2 = varx,x/ vy (ha(X, X', Y, Y)) < A Ad

as shown earlier. Using the above results, we get

0311 = varxy (Ex/y [ (X, X, Y,Y")])
=varyy (Gx(X) — GA(Y))
< Bxy[(Gr(X) — Gr(V))?]
< 2(Ex [GA(X)?] + Ey [GA(Y)?])
< AM|| * palf3.

Letting C1 (M, d) := 4 max {4¢,M, 16¢9 My}, we deduce that

NIV _ (0311 i
Varpxq<MMDA,b(Xn,Yn)) < | D 4 2

n n?
1~ 9+ oall5 1
< =
- 401(M’d) ( n +n2)\1-~)\d
~ 1%+ oall5 1
< M. d .
= CM.d) ( o (2n)2A1 -+ Ag

E.4 Proof of Proposition 4

—~ 2
Recall that (M))1<p<p is defined in Sections 3.2.1 and 3.2.2 for the estimators MMD, ,

—2 — —2
and MMD, y, respectively, and that M /\B +1 .= MMD) (X, Y,,) for both estimators. Let us
recall that the (1—«)-quantile function of a random variable X with cumulative distribution
function Fx is given by

gi—a =inf{z eR:1—a < Fx(x)}.

We denote by Fp and Fp41 the empirical cumulative distribution functions of (]\//f /\b)lgbg B
and (M)1<p<p+1, respectively.
—2
For the case of the estimator MMD), ,, we denote by Fi the cumulative distribution

function of the conditional distribution of M. v (defined in Equation (10)) given X,,, and Y,,
where the randomness comes from the uniform choice of permutation ¢ among all possible

2
permutations of {1,...,m+n}. For the case of the estimator MMD Aps We similarly denote

by Fio the cumulative distribution function of the conditional distribution of M. \ (defined in
Equation (11)) given X,,, and Y,,, where the randomness comes from the n i.i.d. Rademacher
variables € := (ey,...,€,) with values in {—1,1}".
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Based on the above definitions, we can write
G (X, Yp) =inf{u € R: 1 —a < Fao(u)}

and

B (Zp[Xn, Y,) = inf{u € R: 1 —a < Fgy(u)

| B
= inf l—a< ( b<)
in {UGR 1 a_B+1 1{ My <u
b=1
B+l
:inf{ueR:(B+1)(1—a)§ I(M)f)gu)}
b=1

_ AT+

o~

where ]/\/[\)\'1 << M\/\’BH denote the ordered simulated test statistics (M?)1<p<pi1.
Now, for any given § > 0, define the event

A= {32§|F3<u> ~ Fw)] <y 51 o (ﬁ) }

As noted by Kim et al. (2022, Remark 2.1), Dvoretzky-Kiefer-Wolfowitz inequality (Dvoret-
zky et al., 1956), more precisely the version with the tight constant which is due to Massart
(1990), then guarantees that P,(A[X,,,Y,) > 1 — § for any X,, and Y,, so we deduce
that Ppygxr(A) > 1 — %. We now assume that the event A holds, so the bound we derive
holds with probability 1 — g. Notice that we cannot directly apply the Dvoretzky—Kiefer—
Wolfowitz inequality to Fp11 since it is not based on i.i.d. samples. Nevertheless, under the
event A, we have

@\1)‘_’12 (ZB‘Xm,Yn) =inf{lueR:1—a< Fpii(u)}

1 B+1 -
:inf{uéR:l—aSZ]l(M,\bgu)}

B+1b:1

1 B
<i l-a<—— b<
mf{ueR 1 a_B+1b_1]1(M>\ u)}

B+1
:mf{ue]R:(l—a) ;_ <FB(u)}

B+1 1 4
< : — < Fyo — -
_mf{ueR (1-a) 5 < Fo(u) 2Blog((;)}

B+1 1 4
= inf R:(1- —1 - | <F
in {ue (1—-aw) 5 T\/35 og<5)_ o ()

= ‘/1\1)\—7?:* (X, Yn).
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Now, we take B large enough (only depending on « and §) such that

B+1 1 4 a
1- g (Z)<1-¢
(L=a)=5=+/25 Og(a)- 2

so that 61\1)\7?: (X, Yp,) < qu/\_’i:/Q(Xm,Yn) under the event A. By reducing this problem to
a quadratic equation with respect to B, we find

2 (1, (4 ) 1. /4 2
> | - — — — — — 2 — 2 _ 2
B_a2 21n<6>—|—a a+\/(21n<6>—|—0< a) a?(1—a)

In particular, by upper bounding —a?(1 — «)? by 0, we find that the above inequality holds

as soon as
4 /1 4
> " (ZIn(= —a)).
B_a2(2ln<5)—|—a(1 a))

Note that this condition is in particular trivially satisfied if

B> ;(m(;) + a1 —a)) :

With this choice of B, we have

~ ,\ 0
Ppxgxr <q1A_’§ (ZB‘vayn) < ql)\fi:m(vaYn)) >1- 2

2 2
We now upper bound qu‘_f (X, Yp,) for the two estimators MMD, , and MMD), ,, separately.
We then use this to prove the required upper bound on qu’\_’i (Z B‘Xm, Yn).

Quantile bound for MMD estimator l\mia defined in Equation (3).

In this case, we base our reasoning on the work of Kim et al. (2022, proof of Lemma
C.1). Recall from Equation (7) that we assume that m < n and n < C'm for some positive
constant C'. We use the notation presented in Section 3.2.1 that U; = X; and Uy,4; = Y;
fori=1,...,mand j = 1,...,n. By the result of Kim et al. (2022, Equation 59), there
exists some c¢; > 0 such that

AN\, 00 1 1
a1 o (Xim, Yp) < CI\/m2(7n—1)2 Z k)\(UivUj)2 ln<a>

1<i#j<m+n

almost surely. As shown in Equation (22), for the constant k2(d) defined in Equation (21),
we have

max{Ey v [kx(X, X')?], Exy [ka(X,Y)?], Ey.yr [ka (Y, Y")?]} < —
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where X, X' id pand Y)Y’ i q are all independent of each other. We deduce that

1 (m+n)im+n—1) Mky
By | ——— k(Ui U2 | <
o ’I?’L2(m N 1)2 1<i7é]z<:m+n A( j) B m2(m N 1)2 >\1 o /\d

4MkKy (m +n)?
=N N, omb
_ 64Mkg (m+n)?
N /\1 s )\d (2771)4
64Mrs  (m+n)?
T A A (m + C_ITL)4
64MroC* 1
~ Ao Ay (m+n)?

where we use the fact that n < Cm. Using Markov’s inequality, we get that, for any
9 € (0,1), we have

f n) VAL M

1 2 o In(;)
\/316010 QMIQQ(m I n) m)

as In(2) < 2In(2) since a € (0,0.5). We now let Co(M,d) = 16¢;C?\/2M k3. Then, for
all B € N such that B > %(ln(%) a(l —«a ) we have

(5
2
<P pXq <m2 Z k)\ UlvU S p><q (m — Z k’A UwU
1<z;£]<m+n 1<1§é]<m+n
2 64MryC*
< Ppyg m2(m =12 Z kA(Ui, Uj)? < 5 6 2@0
m 1<i;£j<m+n (m+n)" A+ Ag
2
< Ppxq Z1\1)\2)/2 Xim, Yn) < —=8c1C% /2 nl) >

< Prxg (‘71)\ C;?/Q(XW’Y ) <

1 In(3)
P T T 7 Xm Yn < —= M.d ~
pXgx (ql a( B‘ ) )— \/502( ’ )(m+n)m>

> Ppxgxr ( (@25 (28] Xms o) <G (Koo Y) |

)00 1 In(;)
m{ql ofalEm ) < ﬁCQ(M’d%mmm})

v

= —

| |

SN
CIRSY
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where we use the standard fact that for events B and C satisfying P(B) > 1 — 6; and
P(C) > 1 —dg, we have P(BNC) =1 —-P(B°UC) > 1—-P(B°) —P(C°) > 1 — 61 — Jo.

——2
Quantile bound for MMD estimator MMD, ;, defined in Equation (6).

For this case, in order to upper bound Z]\f\_f (Xp,Y,), we can use the result of de la Pena
and Giné (1999, Corollary 3.2.6) and Markov’s inequality as done by Fromont et al. (2012,
Appendix D). We obtain that there exists a positive constant ¢; such that

2
P, Y aeha(Xo XYY =a | YD ha(Xi, X, Y5, Y5)? ln() ‘Xn,Yn <a
1<iZj<n 1<ifj<n @

where €1,..., €, are i.i.d. Rademacher variables, and so Zlgi;ﬁjgn eiejha(Xi, X;,Y;,Y;) is a
Rademacher chaos. We deduce that

. ~ 2
qf_"jj(xn,yn)gcl\/ 5> ha(Xi, XY, Y))? ln<a>

1<z;éj<n

almost surely. Using Equation (23), we have

EPX‘] n2 Z h)\ XivXjayglayvj)z
1<z;é_7<n
1 2
= ot | D (RKe X) 4 k(YY) — k(X6 X)) = (X, X))
1<i#j<n
<+
~ nn-1)
32M/€2
T n2--- N\

(E x.x [k (X, X)?] + Eyyr [k (Y, Y')?] + 2Ex v [ka(X, Y)2]>

where X, X’ ig p and Y)Y’ id q are all independent of each other, and where ks is the

constant defined in Equation (21) depending on d. Similarly to the previous case, we can
then use Markov’s inequality to get that, for any ¢ € (0, 1), we have

19
2
2
< Poxg | s Z ha(Xi, X5, Y3, Y))? < SBpq| s Z ha(Xi, X;,Y;, Y5)?
1<1;éj<n 1<z;é]<n

2 32Mky

<P (X, XY, V)2 < S

> PXQ( n—l 1<;<n /\( iy <hgy L, ]) _(5n2/\1-~-)\d

&p

N

L
)<%4801 M/ﬁ;g)\d>

AN\, 00

< Ppxq 4—a)2 (X,

S Pqu (ql)\ a/2 XH7Y ) < 801\/M7[§2n(0‘))\d>
(3500,

MmNy -
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as ln(é) < 31n(é) since a € (0,0.5). Letting 52(M, d) = 48¢1\/Mk2 and applying the
same reasoning as earlier, we get

1 ~ ln(l)
Pyscgur Zp|Xm, Yn) < —=Co(M,d)— =2 | <1 -
pxgx <q1 a( 5| ) \/502( )Qnm> ’

for all B € N satistying B > %(ln(%) +a(l - a)).

E.5 Proof of Theorem 5

First, as shown by Gretton et al. (2012a, Lemma 6), the Maximum Mean Discrepancy can
be written as

MMD3 (p, q) = Exx [ka(X, X")] = 2Exy [ka(X,Y)] + Ey,y [k (Y, V)]

/Rd/de;Mx )p(a') dwdz’
2 [ [ k@ plelay) dady
/Rd/deAy, v)q(y') dydy’

- / / Fox (') (p(1) — q(w)) (p(') — (') dudat
Rd Rd

for X, X’ id pand Y,Y’ id q all independent of each other. Using the function ¢, defined

in Equation (9) and ¥ = p — ¢, we obtain

MMD?2 (p, q / / ox(u — o) (w) (i) dudd

—/ /w Yor(u —u') du'du

= [ @ o) (w)du
= (V, ¥ xpar)2
= (I3 + 19 oalE — o — ¥ = oal2)

where the last equality is obtained by expanding [[1) — ¥ x ¢ AH% By Lemma 2, a sufficient
condition to ensure that Ppxgx (AQ’B(XW Yn,ZB) = 0) < pis

Ppxgxr (MMD2 P q \/Bvarpxq<MMD/\(Xm,Y )) +ZJ\1’\5(ZB‘XWY”)) >1— g
and an equivalent sufficient condition is
2 2 2 2 ~\B B
Poxgxr { 19112 = [V = ¥ @alls = [[¢ * oall3 + 2 Bvarpxq<MMD>\) t2015,)=21-3.
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By Proposition 3, we have

_—2 Hw*SOAHS 1
Va.I'qu<MMD)\(Xm,Yn)) < CI(M7 d) ( m4n +(m+n)2 )\1 )\d
2 —— 2C1 |9 * oall3 2C1
- <
2\/5Varpxq<MMD/\(Xm’Y”)) - 2\/ B m+n * B(m+n) -\
204 2v2C,
<2 5
2C 2./2C
<l pally + 7=+ Ve
Blm+n) " VBm ) VAL A
2C + 2/2C 1
< W * (P/\”g + ﬁ( L : 1I1<>
m+n)VA-- A \a
6C1 1
R
< [¥ *palls B(m—i—n)m . «
_9./2 MMD, | > —6C' >
19 eallz \/5vafpxq< e YBm 4 n) VAL

where for the third inequality we used the fact that \/z +y < /x4 /y for all z,y > 0, for
the fourth inequality we used the fact that 2,/xy < x +y for all z,y > 0, and for the fifth
inequality we use the fact that A\;---Ag < 1, g € (0,1) and ln(é) > 1. A similar reasoning
has been used by Fromont et al. (2013, Theorem 1) and Albert et al. (2022, Theorem 1).

Let C3(M,d) == 6C1(M,d) + 2/2C2(M,d) where C; and Cs are the constants from
Propositions 3 and 4, respectively. Assume that our condition holds, that is

2 2 In(;)
1911z = 1% — ¥ x @ally > (2v2C; + GCl)ﬁ(m ISV vy vi

—2
Omitting the variables for (/jl)‘_’i (ZB|Xm, Yn) and for MMD, (X,,,,Y,,), we then get

A~ 2 —2
P (205 < 115 = 10 = 0 all 4 1 gl = 2y Svarey (VD))

ln(l) ln(l)
> Py | 268 < (601 + 2v/32C a —6C >
(ql R RN, vers ViR e Vs verep ¥
ln(l)
- P , aME < Va2c <
pXqgXx <q1 a \[ 2 m+n) m>
2 In(3)
> Ppugur | 4175 < \[ A
pPXgXx d1_q (m+n) /\1"')\d
> pa—
- 2
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where the third inequality holds because 8 € (0,1) and the last one holds by Proposition 4
since B > %(ln (%) + a(l — @)). Lemma 2 then implies that

Pyqr (AN (Xom, Yo, Zg) = 0) < B,

E.6 Proof of Theorem 6

Theorem 5 gives us a condition on |[[|3 — ||t — % * @A]|3 to control the power of the test

AN®. We now want to upper bound |4h — b % pxll5 in terms of the bandwidths when
assuming that the difference of the densities lie in a Sobolev ball. We first prove that if
Y i=p—qec Sj(R) for some s >0 and R > 0, then there exists some S € (0,1) such that

d
I == pally = S*1¢ll; < Cald, s, R) Y AP (24)

=1

for some positive constant Cj(d, s, R).
For j =1,...,d, since K; € L'(R)N L?*(R), it follows by the Riemann-Lebesgue Lemma
that its Fourier transform K is continuous. For j = 1,...,d, note that

R;(0) = /R K (x)e ™0dz — /R K (x)de = 1

and, since K; € L'(R) N L*(R), also that
d R d ‘
H’Kj(gj)‘ < H/‘Kj(l‘)e_mgj
j=1 j=17R

as defined in Equation (21). We deduce that ‘1 - Hle Ki(&)| <1+ 5 for all € € R, Let
us define g: R? — R by g(¢) =1 — H?Zl IAQ(@) for ¢ € R%. We have ¢(0,...,0) = 0, so by

continuity of g, there exists some t > 0 such that

5= sup [g(&)] < 1.
lelp<t

d
dr = H/|Kj(a:)d:1: =K1 < 00
j=17%

For any s > 0, we also define

PPN
1- Hi:l Ki(&) 1+ k1
Ts = sup 3 < —— <®
l€ll,>¢ €115 t

Let W := 1) — ¢ x @y. As it is a scaled product of K1, ..., K4 € L'(R) N L?(R), we have
pr € LY(RY) N L2(R?). Since we assume that 1 € S5(R), we have ¢ € L1(R?) N L?(RY).
For p € {1,2}, since v € L'(R%), we have ||¢ * exll, < [l lleall, < co. Hence, we deduce
that ¥ € L'(R?) N L?(R?). By Plancherel’s Theorem, we then have

@m)? |l = 13

@yl — v+ ol = [0 - 7
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In general, for a > 0 the Fourier transform of a function z — é f (%) is & — f(a{). Since
ox(u) = HZ 15 K( ) for u € RY, we deduce that px(¢) = H?Zl IA(Z()\,&) for ¢ € R%.
Therefore, we have

@)% — ¥ * o3
- Jju-w0;

= [ -]
Rd

2
- [ TRow| [ e
R i=1
d S d 2 e
- /|s||2<t 1 —EK(/\Z&) ‘zp(g)’ d§+/€”2>t 1 —EK(M&) \w@)] d¢
=5 /snzstW(OFCM T /||52>t”“151, s Aga)lly” 1;(5)‘2(15

<52l +72 [ (i A?f?)s 5(6)|ae
g52<2w>d||w||§+T2 (ZV> (i ) o) a

— S2(2m) ]2 + TN / el
< §2(2m) ]2 + T2|N|2 (27) R?

(&)

since ¢ € S5(R), and where we have used Plancherel’s Theorem for ¢ € L*(RY) N L*(R9).
We have proved that there exists some S € (0,1) such that

1o — v * oall < S%wl3 + T2R?|AIl".

If s > 1, then x — z* is convex and, by Jensen’s inequality (finite form), we have

d S d s d
A2 = (ZA?) —d° (Z zl>\12> Z% A2)* = d+~ 1Z>\25 < d1+sz)\25
=1 =1 i=1 1=1 i=1

If s < 1, then v := 1 > 1 and so, it is a standard result that [Il, < [I-ll;- We then have

I —(ZV) =(i<x38>7)wzuvs>| < [, = 3o < S e

1=1

A2%. We conclude that

i=1"%

Hence, for all 5 > 0, we have || \[|2* < d'*5 3¢

d
I — o x pal2 < S?1)12 + T2R2d 3 A%
=1
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which proves the statement presented in Equation (24) with C}(d, s, R) :== T? R?>d'*5.
We now consider the constant Cs(M, d) from Theorem 5. Suppose we have

s d
g > BECT S, G tn )
25 1= 27 T (1=8Y) Bimtn) VA A

d 1
In(1)
1-S)|¢l3 > T2R?d™ > A +C .
( Mllz = Z; SBmtn) vV

d 1
ln(f)
2>S2 2+T2R2d1+3 )\2S+C «
913 > S[lll3 + T g S TN ey
n(z)
Bm+n) VA A

[9ll5 > [ — v+ alla + Cs

then, by Theorem 5, we can ensure that
prqxr <A3’B(Xm7Yna ZB) = 0) < B
By definition of uniform separation rates, we deduce that

T2R2 L,
o XN

=1

d 1

ln(f)

< Cy(M,d,s, R, §jA§S+ a
4( )(ll (m+n) Al)\d>

Cs In(3)

[0

(1—=5%)B(m+n) VA1 A\

p(AXP . S3(R),6.M) <

2 p2g1+s .
fOr C4(M7 d7 S? R? B) = maX{Tisng ’ gfl(yéglg }‘

E.7 Proof of Corollary 7

By Theorem 6, if A\;--- Ay < 1, we have

p(A5 S3(R). 5. M)" < C4(M.d.5. R, ) zd:AZS ;)
a 99d » Mo = s Wy Oy 9 P i (m+n) )\1~--)\d .

We want to express the bandwidths in terms of the sum of sample sizes m + n raised to

some negative power such that the terms Zgzl )\?S and m have the same be-

haviour in m + n. With the choice of bandwidths A} = (m + n)fz/(48+d) fori=1,...,d,
the term >°7,(\¥)? has order (m+n) "4+ 404 the term ——L— has order

(m4n) /-]
(m 4 )Y AsHD=1 — (g 4 )48/ Q4 indeed, this choice of bandwidths leads to the
same behaviour in m+n for the two terms, which gives the smallest order of m+n possible.
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It is clear that A]--- A% < 1, we find that

d 1
A* B Qs 2 *\ 28 ln(a)
p(Aa ’Sd(R)aﬁ7M> §C4(M’d787R76) (;(A’L) +(m+n) m)

< Cy(M,d,s,R,[3) ((m + n>—4s/(4s+d) + ln(i) (m + n)—4s/(4s+d)>

1
< Ca(M.d,s5.R.f)In <a> (m -+ n) =t/

= C5(M, Cl, S, _R7 o, ﬁ)2 (m 4 n)*45/(48+d)

for C5(M, d, s, R, a, ) = \/04(M, d,s, R, B)In(L). We deduce that

p(AX . Si(R), 8. M) < C5(M,d, s, Ry, B) (m +n) >/

E.8 Proof of Proposition 8

By definition of uf% we have

1 &

5y 2 w322 (2 . ¥ ) = 37 Zg, X, ¥0)) > 0) < a.
BQ b—1 (Ig\lgl}f< A2 K | m n ql—u52<Z32‘Xm,Yn,ZBl)w)\( Bl} m n) <«

Taking the expectation on both sides, we get

—2 AA,B
prpxrxr (%\12])\( <MMD)\(Xm)Yn) - qlfui]?(ZBz |Xm,Yn,ZBl)w>\(ZB1 |Xm7yn)) > 0) <o«
as under the null hypothesis Ho: p = ¢, we have (A/I/\I’Q(u(b’Q)‘Xm,Yn) )1<b<32 distributed
2 o
like MMD, (X, Y,,). Using the bisection search approximation which satisfies
Ua (53| Xims Yo, Zpy ) < uf(Zy | Xims Y, L, ),
we get
P pxrxr | max mﬁﬁ(xm Y,) — gho (Zp, | Xm, Yn) ) >0
pxp AEA ’ 1023 (L [Xn Yo gy Juons
< Ppsprrsr | max  MMDy (X, Y,) — 5 (Zp,|Xm, Yn) ) >0
- AeA ’ 1-ug?(Zpy [Xm Y Zp, Juwr®

< .

We deduce that
]P’pxpxrxr(Agw’Bl:S(XmaYmZBlaZBz) = 1) < o
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E.9 Proof of Theorem 9
Consider some u* € (0,1) to be determined later. For b=1,..., B, let

Wb( 0 }XmaYruZBl> B H(I?gf (MM( ) Ko, Yoo ) 0 51“’* ZBI|Xm’Yn)) g 0> ’

so that, following a similar argument to the one presented in Appendix E.8, we obtain that
EquXrXr[Wb(ﬂ(b’2)‘xm7yn,231)] is equal to

prpxr<1f\1ax (MMDA(Xm,Y ) g ﬁiw(Z&!Xm,Yn)) > 0>.

Consider the events

Bo

s {é;wb@(bz)\xm,yn,z&) — By [ Wy (62 Ko, Y, Z3, )| < 21321“(;)}

and

:{ Zwb( b2>\xm,Yn,ZBl> —prqwr[Wb(u(b’Z)!Xm,YmZBl)]

1 | 2
——1In( = | ;.
2By \p
Using Hoeffding’s inequality, we obtain that P, (.A’ ‘Xm,Yn,ZBl) >1-— g for any X,,, Y,
and Zp,, we deduce that Ppyxgxrxr(A) > 1 — g

First, assuming that the event A holds, we show that ufZ(Z By ’Xm,Yn, Z B1) > «. Since

we assume that the event A holds, the bounds we obtain hold with probability 1 — g We
have

B>
1 ) b ~\,B
3y 21 (g (PR (00 ) = 2 (s o ) >0

1 &
= E Z Wb (M(b’z) ‘Xma Y?u ZBl>
b=1

1 2
< prpxrxr [Wb (H(bz)’Xm;YnaZBl)} + 1Il<>

2By \p
A,\ ,B1 1 2
- PPXPXT <I§\1ax (MMD)\(XWMY ) )y~ w)\(ZBl‘XmaYn)> > O> + E 1n<,3>
Vi ~ 1 2
= PPXPXT<U {MMD/\(XFMY ) > Q1>\ 5111) (ZBl ‘Xm,Yn)}> + 2321n(6>
AEA
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Using Boole’s inequality, we obtain

B
1 .
By > 1 <n}r\12x (MA 2( (b,2)|Xm,Yn) ql’\ 511“(231 ‘ijyn» > 0)

_—2 =N 2
< ZIPPXPXT(MMD,\(XWY ) > g, (ZBl\Xm,Yn)> + ln<ﬁ>
AEA

A

:*

S

>/

_l_
[\
|-
[\

=3
VR
™| N
N—

IA
I~q
*
+
[NV}
|-
[\
=
VN
™o
N———

for u* = 4 , where we have used Proposition 1 and the fact that ), , wy < 1. Now, for
By > %ln<ﬁ), we get

sa + 1 ln<2> <a

4 2Bs B

and so, we obtain

Ba
1 — N
EQ E 1 (rf\lg,)\( (M)?,Q <M(b’2) ‘va Yn) - Q1>\ 51w,\(ZB1 ‘Xnu Yn)) > 0) <a
b=1

Recall that qu(ZB2 !Xm,Yn, ZBI) is defined as

sup{uG(O mlnwA > Z]l<max (M/\2< (5’2)|Xm,Y> qu’\ ﬁ;A(ZBl‘Xm,Yn))>O) Sa},

we deduce that

Ly [Xim, Yo Ly ) 2 0 = 2

for By > % ln<%> when the event A holds.

Under the event A, after performing Bjs steps of the bisection method, we have

1}\1irﬁw*1
uB c
23(ZBQ‘XTTL7YTL7ZB1) > u ZB2|XmaYmZBl) T
3o r§11£\1w)\1
€
Sy am
«
> _
- 2
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for By > 1 ( 1).
or Bs > log, Iileu/{w)\

We are interested in upper bounding the probability of type II error Ppygxrxr(B) for
the event B = {AQ“BL?* (X, Yo, Zp,, Zp,) = 0}. We have

]PquX'rXr(B) = ]P)quXTXT(B‘A) prgxrxr(-A) + ]P)quXrXT(B‘AC) ]P)querr(AC)

< Bgurcr (BJA) + 2

where

prqxrxr(B‘A)
— prqxrxr <A£w731:3 (meyna ZBl7ZBQ) =0 ‘ -A)

_ i 131
= prqu(ﬂ {MMDA(XWY ) < (2 [t ) (ZBI}XWY”)} ‘A)

AEA hia
. A)\ B
< 40 Bovoe (S0, %) S8 )0, 20 P00 [ 4)

< it Ppgr (VMDA (Ko, ¥a) < 858, (25, %o, V)

. \B
= Iileuﬁ PquXT<Aaw 1/2(ZBl‘XmaYn) = 0)7

we deduce that

Q

Psqxrcr (80P (Xon, Yo, iy, Z,) =0) < 5 + min Poqxr (AN0 o (21 [Xom, Ya) =0).(25)

In order to upper bound IP’quwXT<AA Bl?’(Xm,Yn,ZBl,ZBQ) = 0) by (3 it is sufficient
to upper bound I;?%\l Ppsgxr <Aifl /Z(Xm,Yn,ZBI) = O) by g By definition of uniform
€

separation rates, it follows that

A B os 2 . B gs 2
p(Aa 137$d(R)767M) S4I>I\1€HK P(A ! ( )/87 ) .

awy /2’

For each A € A, since (1 — aw)/2)aw,/2 < (1 —a)a as @ € (0,e7!) and wy < 1, we have

By > (maerA wf)% <log (Z) +a(l- a))
- (ozwf/Q)2 <1og (2) " % (1 - aQw/\>> ,
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so we can apply Theorem 6 to the tests (Agfl/2>)\ A to obtain
€

(AP, i) 5. M)" < dpin (A0, S3(R). 5. M)

aw)y /27

! (ah)
<4Cy(M,d, s, R, i A+
< 4C04( s /B)I)I}EHI{ Z (m+n) VAL Mg

1=

: 2 1 (O“IUJ
< Cs(M,d,s,R i g AP
> 6( , @, S, 76){{1611/,&1 7 +(m+n) Al"')\d

i=

for C¢(M,d, s, R, 3) == 8Cy(M,d, s, R, 3) where Cy(M,d, s, R, 3) is the constant from The-
orem 6, and where we used the fact that

m(oj})\) =In(2) “n(ai,A) < (In(2) +1) ln(a;) < 21n(alm)

as 111(0[1@) >In(L) > 1 since a € (0,e71).

E.10 Proof of Corollary 10

First, note that we indeed have

and also that for all A = (27¢,...,27) € Awe have \;---A\g = 2% < 1 as {,d € N\ {0}.
Let A* = (27,...,27%) € A where

g ) < e )|

Since min wy )\ = 62, we have Bs > log2< 1/1\1111 wy 1), so we can apply Theorem 9 to get
€A

ln( )—l—ln( )

(m+n) Al"')\d

d
A¥.Bi.z ¢s 2 < i P+
p(ALY“Brs SS(R), 8, M) < Co(M, d,s, R, §) min Z;A

Ce(M - )25 4 ln( )+ln<wk*)
< 6( 7d737R75) ;()‘2) (m_{_n)\/)\){—)\;

) —2/(4s+d)

Note that * < 2 ogs (i ) +1 which gives X =2 > 27! (it
—d/(4s+d)
fori=1,....d Weget /AT ---\}>2"2 (%)

d/(4s+d)
SN (m n ) .
A Ay T In(In(m + n))

and so
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Note also that

2 m+n
< 1 1
s °82 (ln(ln(m + n))) +

< (dlj@) + 1> In(m + n)

< 4In(m+n)

as In(In(m +n)) > 1 and In(m +n) > 1. We get

1 2
| = 2In(¢* Inl —
n<w)\*> n(l*) + n<6>
m

< 2In(41n(m + n)) + ln< 62>

2

< <2 In(4) + 1+ ln<ﬂé)> In(In(m + n))
< 5In(In(m + n))

as In(ln(m + n)) > 1. Combining those upper bounds, we get

(:(jq); I/HAEWIA 2; =m 1 N <1n<;> +5In(ln(m + "”)

+n)
<) +n) L
In(In(m + n)) m4n d/(4s+d)
<mmmn+mﬂ

)+?)
)+5><m(m+n,>4w@ﬁ@

In(m + n))

m-+n

as In(In(m + n)) > 1. Note also that

2 m+n
> 1
T 4s+d OgQ(ln(ln(m+n)))

giving
m—+n

—4s/(4s+d)
In(In(m +n)) )

e = <

fori=1,...,d. Hence, we get

d —4s/(4s+d)
S <d __m¥n .
! In(In(m + n))

i=1
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We obtain

(AA"B )2 Zd: 2 In(s) +ln<“’i*>
P Aa ' 1;3’SS(R)HB’M < CG(Mv d,S,R,,B) (A’T) ’ + * *
d — (m+mn) /AT A5
m4n —4s/(4s+d)
In(In(m + n))

S C7(M,d,S,R,Oé,,8)2 <

where C7(M,d, s, R, o, B) = \/06(M, d, s, R, ) max {d, 2% (ln(é) +5) } We conclude that

m-+n

—9s/(4s+d)
In(In(m + n)) ) )

p(Ag%Bustj(R),@M) < C7(M,d,s,R,a, 3) (

Hence, the test AQW’B“* is optimal in the minimax sense up to an iterated logarithmic term.

Since it does not depend on the unknown parameters s and R, our aggregated MMDAgg
test A4 P13 is minimax adaptive over the Sobolev balls {S5(R):5>0,R>0}.
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