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We study the problem of independence testing given independent and
identically distributed pairs taking values in a o-finite, separable measure
space. Defining a natural measure of dependence D(f) as the squared L%
distance between a joint density f and the product of its marginals, we first
show that there is no valid test of independence that is uniformly consistent
against alternatives of the form {f : D(f) > 02}. We therefore restrict at-
tention to alternatives that impose additional Sobolev-type smoothness con-
straints, and define a permutation test based on a basis expansion and a U-
statistic estimator of D(f) that we prove is minimax optimal in terms of its
separation rates in many instances. Finally, for the case of a Fourier basis on
[0, 112, we provide an approximation to the power function that offers several
additional insights. Our methodology is implemented in the R package USP.

1. Introduction. Independence is a fundamental concept in both probability and statis-
tics; it distinguishes the former from a mere branch of measure theory, and underpins both
statistical theory and the way practitioners think about modelling. For statisticians, it is fre-
quently important to ascertain whether or not assumptions of independence are realistic, both
to determine whether certain theoretical properties of procedures can be expected to hold,
and to assess the goodness-of-fit of a statistical model.

Classical approaches to independence testing have focused on the simple setting of uni-
variate Euclidean data, and have often only had power against restricted classes of alterna-
tives. These include tests based on Pearson’s correlation (e.g., Pearson (1920)), Spearman’s
rank correlation coefficient (Spearman (1904)), Kendall’s tau (Kendall (1938)) and Hoeffd-
ing’s D (Hoeffding (1948)). However, motivated by a desire to handle the more general data
types that are ubiquitous in modern-day practice, as well as to have power against broader
classes of alternatives, the topic of independence testing has undergone a renaissance in re-
cent years. Since, in settings of interest, no uniformly most powerful test exists (see The-
orem 1 below and the surrounding discussion), several different perspectives and new tests
have emerged, such as those based on the Hilbert—Schmidt independence criterion (Gretton
et al. (2005), Li and Yuan (2019), Meynaoui et al. (2019), Pfister et al. (2018)), distance
covariance (Sejdinovic et al. (2013), Székely, Rizzo and Bakirov (2007)), optimal transport
and multivariate ranks (Deb and Sen (2019), Shi, Drton and Han (2020)), copula transforms
(Kojadinovic and Holmes (2009)), sample space partitioning (Heller et al. (2016)) and near-
est neighbour methods (Berrett and Samworth (2019)). For practical studies with discrete
data, Pearson’s chi-squared independence test remains ubiquitous in the scientific literature,
despite the drawback that its size guarantees rely on pointwise asymptotic arguments that
may fail to control the Type I error in finite samples; see Section 7 below. Independence tests
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for continuous data are also common in applications such as linguistics (Nguyen and Eisen-
stein (2017)), genetics (Steuer et al. (2002)) and public health (Reshef et al. (2011)), and have
also been applied to functional data arising from credit card activity and geomagnetic records
(Gabrys and Kokoszka (2007)).

This plethora of approaches gives rise to natural theoretical questions about the fundamen-
tal statistical difficulty of independence testing. In the setting where the marginal distributions
are both univariate, early asymptotic results on minimax separation rates over certain classes
of alternatives are given in Ingster (1989), Ermakov (1990) and Ingster (1996). There has
been recent work on multivariate settings (Li and Yuan (2019), Meynaoui et al. (2019)), but
many open questions remain.

Another issue with several of the tests mentioned above is that the asymptotic distribution
of the test statistic under the null hypothesis of independence depends on unknown features
of the relevant marginal distributions, so it is difficult to obtain an appropriate critical value.
An attractive approach, therefore, is to use a permutation test, which uses permutations to
mimic the null behaviour of the test statistic. Though the principle has been known for many
decades (e.g., Pitman (1938); Fisher ((1935), Chapter 21)), permutation tests are becoming
increasingly popular in modern statistics and machine learning (e.g., A/B testing), due to
their ease of use and their guaranteed finite-sample Type I error control across the entire
null hypothesis parameter space, assuming only that the data are exchangeable under the
null. Besides (unconditional) independence testing, they have also been studied in problems
such as conditional independence testing (Berrett et al. (2020)), two-sample testing (Chung
and Romano (2013)) and changepoint analysis (Antoch and Huskov4 (2001)). We also high-
light the work of Chung and Romano (2016), who show how a permutation test based on a
U -statistic can extend the scope of the two-sample Wilcoxon test to null hypotheses of the
form 6(P, Q) =6y (where P and Q are the two underlying distributions), providing point-
wise asymptotic size guarantees in general, and exact size guarantees when P = Q. For an
overview of the study of permutation tests see, for example, Lehmann and Romano (2005)
and Pesarin and Salmaso (2010).

In the context of permutation tests for independence, Romano (1989) considered a class of
plug-in test statistics of the form 7, = n1/28(13,1, 13”X ISHY), where 6 (P, Q) = supyy |[P(V) —
Q (V)] for a Vapnik—Chervonenkis class of sets V, and where 13,1, ISHX and ISnY are the em-
pirical distributions of the data pairs and their marginals, respectively. Fixing a sequence of
alternatives (P,), he showed that, under the condition that Pp (7, <t) — H(¢) for some
continuous function H, the asymptotic power of his permutation test coincides with that of
the test that uses the true critical value. In the case of univariate marginals, Albert ((2015),
Chapter 4) provides upper bounds on the minimax separation over Besov spaces using a test
based on aggregrating many permutation tests. See also Albert et al. (2015) and Berrett and
Samworth (2019). Despite these aforementioned works, however, there remains great interest
in understanding better the power properties of permutation tests in the context of nonpara-
metric independence testing. Indeed, shortly after an earlier version of this paper was made
publicly available, Kim, Balakrishnan and Wasserman (2020) posted a complementary study
of the power properties of permutation tests, with a greater focus on concentration inequali-
ties for the test statistics as opposed to distributional results.

In this paper, we study the problem of independence testing in a general framework, where
our data consist of independent copies of a pair (X, Y) taking values in a separable mea-
sure space X x ), equipped with a o-finite measure p. Assuming that the joint distribu-
tion of (X, Y) has a density f with respect to i, we may define a measure of dependence
D(f), given by the squared L?(x) distance between the joint density and the product of its
marginal densities. This satisfies the natural requirement that D(f) = 0 if and only if X and
Y are independent. In fact, however, our hardness result in Theorem 1 reveals that it is not
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possible to construct a valid independence test with nontrivial power against all alternatives
satisfying a lower bound on D( f). This motivates us to introduce classes satisfying an addi-
tional Sobolev-type smoothness condition as well as boundedness conditions on the joint and
marginal densities.

The first main goal of this work is to determine the minimax separation rate of indepen-
dence testing over these classes, and to this end, we define a new permutation test of inde-
pendence based on a U -statistic estimator of D( f). We refer to this test hereafter as the USP
test, short for U-Statistic permutation test. Theorem 2 in Section 3 provides a very general
upper bound on the separation rate of independence testing; the framework is broad enough
to include both discrete and absolutely continuous data, as well as data that may take values
in infinite-dimensional spaces, for instance. We show how the bound can be simplified in
many special cases of interest, and, in Section 4, how to construct adaptive versions of our
tests that incur only a small loss in effective sample size. Moreover, in Section 5, we go on
to provide matching lower bounds in several instances, allowing us to conclude that our USP
test attains the minimax optimal separation rate for independence testing in such settings. In
Section 6, we elucidate an approximation to the power function of our test at local alterna-
tives, thereby providing a very detailed description of its properties. Numerical properties of
our procedure are studied in Section 7: we first show how an alternative representation of
our test statistic dramatically reduces the computational complexity of our procedure, and
then present a simulation study that reveals the strong empirical performance of our test in
different settings. Section 8 provides further discussion. Proofs of some of our main results
are given in Section 9; for other results, designated with (BKS(2020)), the proofs appear in
the supplementary material (Berrett, Kontoyiannis and Samworth (2021)), where auxiliary
results (labelled with an ‘S’ prefix) are also given. Our methodology is implemented in the R
package USP (Berrett, Kontoyiannis and Samworth (2020)).

Further contributions of this paper are to introduce new sets of tools for studying both per-
mutation tests and U -statistics; we believe both will find application beyond the scope of this
work, in particular because many popular measures of dependence, such as distance covari-
ance and the Hilbert—Schmidt independence criterion, can be estimated using U -statistics.
Specifically, in the proof of Theorem 2, we develop moment bounds for U -statistics com-
puted on permuted data sets. Moreover, Proposition 18 provides normal approximation error
bounds in Wasserstein distance for degenerate U -statistics computed on permuted data sets
(using Stein’s method, and extending earlier results for unpermuted data, e.g., de Jong (1990),
Débler and Peccati (2019), Rinott and Rotar (1997)), and is the basis for our local power
function result (Theorem 16). Finally, our minimax lower bound (Lemma 11) may also be
of independent interest, in that it provides a general approach to constructing priors over the
alternative hypothesis class whose distance from the null can be explicitly bounded.

Notation. We write N={1,2,3,...}, Ng=NU {0} and, forn e N, let [n] :={1, ..., n}.
We also write [0o] := N. We write a < b if there exists a universal constant C > 0 such that
a < Cb, and write, for example, a <, b if there exists C > 0, depending only on x, such that
a < Cb. We similarly define a 2 b and a 2, b, and write a < b if a S b and a 2 b, as well
asaxybifa<ybanda =, b.

Let S, denote the set of permutations of [n]. For a measure space (Z, C, v) define L2(v) :=

{(f:Z—>R:[; f2dv < oo}, with corresponding inner product ( f, 82w = [z fgdv and

172 . .
norm ||f||L2(u) =(f, f>L/2(v)' For a function f : Z — R, we write || f|lco :=sup,cz | f(2)] €

[0, oo]; if it is also C-measurable, we write essinf,cz f(z) :=sup{y e R: v(f (=00, y)) =
0}.

Let @ denote the standard normal distribution function and let ® := 1 — ®. Given a sam-
ple of independent and identically distributed random variables (X1, Y1), ..., (X, Yy) and a
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o(X1,Y1,..., Xy, Y,)-measurable random variable W, we write Ep (W) or E s (W) for the
expectation of W when (X1, Y1) has distribution P or density function f. Given probability
measures w1 and v on Z, we write dty (i, V) :=supcee | (C) — v (C)| for their total variation

distance and, if both © and v are absolutely continuous with respect to another measure A,

then we write dXz (m,v)={/z (dd’f) //”gi)z dx —1}'/2 for the square root of their Xz—divergence.

If Z =R, then we write

dw (i, v) = inf EIX-Y

. v) (X.Y)~(1.v) | |

for the Wasserstein distance between p and v, where the infimum is taken over all pairs
(X, Y) defined on the same probability space with X ~ p and ¥ ~ v. When Z =R, we will
also write

dx (w, v) := suﬂglu((—oo, z]) — v((—00, z])|

for the Kolmogorov distance between p and v. If X ~ u and ¥ ~ v, we sometimes write
dw(X,Y) and dg (X, Y) as shorthand for dw (i, v) and dx(u, v) respectively. We use A to
denote the symmetric difference operation on sets, so that AAB := (AN B°) U (A°N B).
Finally, for x = (x1,...,x4) € R? and ¢ € [1, 00), we let ||x||; := (Zj?:] lx;19)1/4, with
the shorthand ||x|| := ||x||2, and for a matrix A € R*% we let [|A[lop := sup,.j<; I Ax]|
and ||A|lg := {2?1:1 222:1 A%k}l/ 2 denote its operator and Frobenius norms, respectively.

2. Problem set-up and preliminaries. Let (X, A, uy) and (), B, juy) be separable,!
o -finite measure spaces. In discrete settings, that is, when X’ is countable, ;tx would typically
be counting measure on &X’; more generally, it may be the relevant Lebesgue measure when X
is a Euclidean space, or an appropriate measure on basis coefficients in infinite-dimensional
examples such as Example 8 below. Both L?(uy) and L*(uy) are then separable Hilbert
spaces,? so there exist orthonormal bases (p;()jej and (p,f)ke,g of L?(uy) and L%(uy)
respectively, where J and X are countable indexing sets. Writing p := uxy ® uy for the
product measure on X’ x ), the product space L?(i) is also a separable Hilbert space,® and
has an orthonormal basis given by (pjk) je 7 kexc, Where pjr(-, %) := pf(-)p,f ().

We may now define the subset F of Lz(u) that consists of all density functions, that is,
]-"::{feLz(u): essinf f(x,y)zO,/ fd,u:l}.
(x,y)€XXY xXxy

Given f € F, we may define the marginal density fx by
fe@ = [ fepdir ).

and we may analogously define fy. From now on, we will work over the restricted space
Fr={feF:fxe L?(ux), fr € L?(uy)}, though we note that when px and py are finite
measures, we have 7* = F. For f € F*, j € J and k € K, we may define the coefficients

a()i= . L rdn )= [ pxpf e ancn)= /y frol dpy.

IRecall that we say a measure space (Z, C, v) is separable if, when equipped with the pseudo-metric d(A, B) :=
v(AAB), it has a countable dense subset.

2Since we were unable to find this precise statement in the literature, we provide a proof in Lemma S2.

3Likewise, we prove this statement in Lemma S3.
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Then

=Y aufpji fx=Y_aj(f)p}, fr=> aw(f)pi.

jeJ kek jeJg kekC

We may therefore define the measure of dependence
D(f):= / £y = fx@)fromPduc, y)
XxY
= Y Aap(f) —aje(Hau (P,

jeTJ ke

which, for (X, Y) ~ f, has the property that D(f) =0if and only if X 1l Y.

Given a sample (X1, Y1), ..., (Xn, Y,) of independent and identically distributed copies
of the pair (X, Y), we wish to test the null hypothesis Hy : X 1l Y of independence. A ran-
domised independence test is measurable function v : (X x V)" — [0, 1], with the inter-
pretation that, after observing (X1, Y1, ..., Xn, Yn) = (X1, 1, - - -, Xn, yn), We reject Hy with
probability ¥ (x1, y1, ..., Xn, yn). We write W for the set of all such randomised independence
tests. Further, define the null space Py as the set of all distributions on X x ) of pairs (X, Y)
such that X Ll Y, and, for a given « € (0, 1), define the set of valid size-« independence tests

(1) lIJ(oz)::{t/felll: sup Ep(l//)fa].
PePy

The first part of Theorem 1 below provides a preliminary result on the hardness of the
independence testing problem when the alternative hypothesis H; consists of all densities f €
F* of (X, Y) that satisfy a lower bound constraint on D(f). In fact, the result can be stated
more generally, allowing in addition for the possibility of a constraint on the smoothness of
the alternatives that we consider. To this end, for an array 6 = (0x) je7.kex € [0, O CA
we define

So(f) =Y. Y 0% {ai(f) —aje(Haw(H)}.

jeTkek

Observe that when 6 = 07k, any nonnegative upper bound on Sp(f) becomes vacuous,
so that no smoothness constraint is imposed. This definition of smoothness is motivated by
the nonparametric statistics literature (e.g., Laurent (1996)). An attractive feature is that, in
contrast to some prior literature, smoothness is only imposed on the difference between the
joint density and the product of the marginals, rather than on the individual densities them-
selves; Meynaoui et al. (2019) also adopt a similar approach to ours in this respect. At a high
level, the first part of Theorem 1 is inspired by the work of Janssen (2000) and Shah and
Peters (2020) on the hardness of goodness-of-fit testing and conditional independence testing
respectively, though the proofs are completely different. The second part complements the
first, as discussed below. Note that when wy is a probability measure, the constant function
1 belongs to L?(ux), so can be included in our basis (as below).

THEOREM 1. Suppose that ux and |y are probability measures and that there exist
joejandkoeleuchthatpj(O(x):p,ijo(y)zlforallx eXandye). Let n € N and

a €0, 1], and let € W be such that B, (¥) <. Let 0 = (0jx) je7 ke € [0,00)7** be
given and, for T € [0, 00), define

Mo(T) :={(j, k) € (T \ {jo}) x (K\ {ko}) : 0jx < T}.
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Let 0 :=infjc 7 kex Ojk- Then, for any € > 0, any p € (0,1/sup; ; |pjkllec] and any r €
(0p, 00), there exists f* € F with So(f*) < r? and D(f*) = p? such that

{1+ pH" — 1}a]1/2
(Mo (r/p) '

Moreover, there exists a permutation test \ p« € W(a) such that given any B € (0,1 — a), we
can find C = C(a, B) > 0 with the property that E g« ( y+) > 1 — B whenever n > C/p>.

Ef’*(ll/)fot+6+|:

As a first conclusion, we can draw from Theorem 1, consider taking 6 = 07, so that
(Mo (r/p)| = (T| — (K| — 1). In this case, Theorem 1 shows that in infinite-dimensional
problems (where |7 x K| = oo) with probability measures as base measures, there are no
valid tests of independence that have uniformly nontrivial power against alternatives of the
form { f € F: D(f) > p?}, at least for p > 0 sufficiently small. The second part of the theo-
rem then implies that in this setting there is no uniformly most powerful test. Thus, to develop
a theory of minimax separation rates for independence testing, it is necessary to make addi-
tional assumptions about the structure of the alternative hypothesis. More generally, under the
conditions of Theorem 1, whenever the set Mg(r/p) is infinite, there are no valid uniformly
nontrivial independence tests against alternatives f € F with Sp(f) <r? and D(f) > p>.
We will therefore assume the following in much of our subsequent work:

(A1) The sets {(j, k) € J x K :0j; < T} are finite for each T € (0, 00).

Motivated by Theorem 1 above, for E := [0, oo]‘7><’C x (0,00) x[1,00),forE =(0,r,A) € E
and for p > 0, we will consider the space of alternatives given by

Fe(p):={f € F:D(f) = p* Sp(f) < r* max(|| flloo: | fxlloos 1 fr lloo) < A}.

Although we make assumptions about the smoothness of our alternatives, we will not make
any assumptions about the null distributions, and the fact that we are using a permutation
test will guarantee uniform, nonasymptotic control of the probability of Type I error. In other
words, we will prove that our test ¢ belongs to W («) in (1).

Givenne N, x e (0,1), E =(,r,A) € E and p > 0 we define the minimax risk with
respect to Fg(p) as

Rn,a,&, p):=a+ inf sup Er(1—1v),
VeV(@ feFi(p) !

with the convention that R(n, «, &, p) := a if F¢(p) = @. If we are also given a desired
probability of Type II error 8 € (0,1 — «), then we can consider the minimax separation
radius

p*(n,a, B, &) :=inf{p>0:R(n,a,& p) <a+p}

3. Upper bounds. We now introduce our USP test that will allow us to establish upper
bounds on the minimax separation p*. This is based on a U-statistic estimator of D( f) with
kernel

h((x1, y1), (x2, y2), (x3, ¥3), (x4, ¥4))

@) = Y A{pjkGr. yDpjr(x2, y2) = 2pji(x1, y1) pjr(x2, y3)
(J.k)em
+ pjk(x1, y2) pjk(x3, ya)},

where M C 7 x K is a truncation set to be chosen later. The motivation for this definition
comes from the observation that for any f € F7* and when M = 7 x K, we have

) Er{h((X1, Y1), (X2, Y2), (X3, Y3), (X4, Y4s))} = D(f);
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moreover, as we will see in the proof of Theorem 2 below, whenever IT is a uniformly random
element of S, that is independent of the data, we have

Er{n((X1, Y1), (X2, Yne), (X3, Yna), (X4, Yny))} =0.

To reduce the effects of noise accumulation in the estimation of the summands, it will typi-
cally be necessary to choose M in (2) to be a proper subset of 7 x K. The equality in (3)
then no longer holds exactly for every f € F*, but an appropriate choice of M allows us to
control the bias-variance trade-off.

For m > 2, let Z,,, == {(i1, ..., i) € [n]" 1 i1, ..., Iy all distinct}. For x = (x1,...,x,) €
X*"and y = (y1, ..., yn) € V", itis convenient to define

Tey = {xi, yi) :i € [nl},

and for o € §,,, set 7}(3) :={(xi, Yo(i)) : i € [n]}. Given independent pairs Tx y := {(X;, ;) :
i=1,...,n} with n >4, we consider the test statistic

N A 1
Dy =D (Txy) =g 2o (X, Yi)s oo, (Xiy, Yi).
4‘(4)(,'1“

L i4)ELY

To define the critical value for our test, let B € N and generate an independent sequence of
uniform random permutations Iy, ..., [1p taking values in S,, independently of Ty y. It is
important to note that we can typically choose B to be much smaller than ! (the number of
distinct permutations in S, ); indeed, the choice B = 99 is common for permutation tests. For
each b € [ B], we construct the null statistics

A A mn
(4) DY =D (TY).
Finally, we can define the p-value

L+ 00115 _po
1+B

and reject the null hypothesis if P < «. Formally, this corresponds to the randomised test
Yy € W, given by

’

B
Vo (Try) = P<1 + ,; Lper peppefy = B)O‘>’

Y

where the only randomness here is in the permutations I1y, ..., IT1g. Then, on observing Ty,
we do indeed reject Hy with probability ¥ (7x.y). Under the null hypothesis, the sequence

of data sets Ty y, T;l}l), s ;@3) is exchangeable, so every ordering of the components

of (DM(Tx,v). DMTE). ..., DM(TRP) s equally likely if we break ties uniformly
at random. In particular, the rank of ﬁ,’l\/‘ (Tx,y) among these B + 1 observations, which
is a lower bound on the numerator in (5), is uniformly distributed on {1,..., B 4+ 1}, so
Yy € V().

A naive implementation of the test has computational complexity O (n*B|M|), due to
the need to calculate fourth-order U -statistics. However, using an alternative representa-
tion of our test statistic inspired by Song et al. (2012), we can reduce the complexity to
O (n*B(|Jo| + |1Kol) when M = Ty x K. See Section 7.1 for further details.

The following theorem provides a general upper bound on the minimax separation rate,
and is obtained using the above test.
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THEOREM 2. Fixa,B € (0,1) suchthata+ B <1 andleté& = (0,r, A) € E. Then there
exists C = C(«a, B, A) > 0 such that when n > 16, we have

r min([[2]|507, M4 1 }
inf{ejk:(j,k)¢./\/l} nl/2 a2

p*(ns o, /3’ s) < CMérngmaX{

An explicit upper bound showing the dependence of C on its arguments is given in (29)
in the proof of Theorem 2. To give a heuristic explanation of the terms in the bound in
Theorem 2, observe that in order for our test to have high power, we want p? to dominate
the sum of the bias of the test statistic and its standard deviation under the null. The first
term represents this bias, which is induced by truncating the sum in (2) to indices that lie
in M. The second term arises from bounding the variance of our U -statistic in terms of the
symmetrised kernel 4, defined formally in (16) below. More precisely, under the null, our
test statistic is a degenerate U -statistic, that is, E{h((x, y), (X2, 12), (X3, Y3), (X4, Ya))} =
0 for all x € X, y € ), so its variance can be bounded above by a constant multiple
of n=2 Var{h((X1, Y1), (X2, Y2), (X3, Y3), (X4, Y4))}. This latter expression can in turn be
bounded by min(||/ ||go, M)/ n2. The final term in the maximum represents the parametric
rate of convergence, and is generally unavoidable.

3.1. Discrete case. As a first application of Theorem 2, consider the relatively simple
problem of testing independence with discrete data, where for some J, K € N U {oo} we
have X =[J] and Y = [K] and we take pux and py to be the counting measures on X’ and Y
respectively. For j, x € [J] and k, y € [K], we can define the basis functions pf (x) :=1p=j

and p,f(y) := 1{y—k). In this case, we have ||/ o <2 independently of M, and we may take
M =[J] x [K] so that there is in fact no truncation and our test statistic is an unbiased
estimator of D. Note here that, since ux and py are not probability measures, Theorem 1
does not apply, and we will see that no structural assumptions are necessary on the alternative
hypothesis. Indeed, we take & = (O;;1x(k]. 1, 1) € E, so that our alternative hypothesis class
is simply

Felp) = {f eF: Y G~ D fr®) = pz}.

JElJ].ke[K]

The following result is a straightforward corollary of Theorem 2, noting that the cases where
n < 16 can be handled using the fact that p*(n, «, 8, &) < 2172 for all n.

COROLLARY 3. Fixa, B € (0,1) such that o + B < 1. Then there exists C = C(«, B) €
(0, 00) such that

p*(n,a, B,&) < Cn~'/2.

This behaviour should be contrasted with that found in Diakonikolas and Kane (2016),
where the strength of the dependence is measured by the L; distance rather than the L,
distance, and where the minimax optimal separation rates depend on the alphabet sizes; in
fact, they are given by TIM max (1, JV/4/nl/4 K14 /0174,

In fact, in this discrete. setting, we can give a relatively simple, explicit form for the test.
To this end, for j € [J], k € [K], let Njx := " | Lix,=j vi=k}, let Njy := Zf:l N and
let Nog := ZJJ':1 N ji. Then, omitting terms that only depend on N; and N4 (and hence
remain fixed under permutation, so are irrelevant for the test), our test statistic becomes

4

. j+N+k
= n(n—3)2::2::< ) 2(n—z)(n—.%)ZZN”‘N Nk

n j=lk=1
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Thus, the test statistic can be computed using only the contingency table counts, as opposed
to the original data. Moreover, the permutated data sets may also be generated using only
these counts: indeed, writing Nj(-,lc) for the (j, k)th cell count under an independent, uniformly
random permutation of the original data, we have

(=1 Njs DT, o)

T 7K
n! Ti=r =1 !

whenever (7 ) is such that Zle njr=Nj4 forall j € [J] and ZJJ-ZI njr = Ny forall k €
[K]. This formula simplifies the computation of the permuted data sets, and one can sample
from this distribution using Patefield’s algorithm (Patefield (1981)), which is implemented in
the R function r2dtable.

P((N§)) = (00| Tx.y) =

9’

3.2. Sobolev and infinite-dimensional examples. To apply Theorem 2 in general, when a
useful bound on || /]|« is not available, we instead control the right-hand side by controlling
|M]. We remark that, when there exist jo € J and kg € K such that pj}g (x) = p,fo =1
for all x, y, then aox = Aok, Ajky = Aje, Ajge = 1, deky =1, 80 the j = jo and k = k¢ terms
do not contribute to the value of D(-) and Sy (-) does not depend on (6 ok )rek OF (Ojky) je7-
Thus the choice of M in the definition of lA),/,V‘ does not need to contain any (j, k) with
J = jo or k = k. For notational convenience, we will adopt the convention that, in such cases,
0k = oo if either j = jo or k = ko. When (A1) holds it is possible to arrange {61 : 0x < 00}
in increasing order, so that there exists a bijection @ : N — {(j, k) : 6 < oo} such that
Qw(1) < Qw(z) <....Givent € (0, 00), define*

mo(t) :=min{m € N: ml/zef,(m) > 1}.

We can now simplify the conclusion of Theorem 2 under (A1).

COROLLARY 4. Fixa,B € (0,1) suchthata+ B <1 andlet & = (0,r, A) € E. Assume
(A1). Then there exists C = C(«, B, A) > 0 such that when n > 16, we have

©) *( B.£) <C inf { r m1/4} Cm(l)/4(nr2)
n,a, B,&) < C inf max , <
p ) e nif2

We now further specialise our upper bound by making a specific choice of 7, X and
weights (0x : j € J,k € K); such a choice yields a concrete upper bound on the minimax
rate of independence testing for densities lying in a Sobolev space, as we illustrate in the
example that follows. See Example 13 and Proposition 14 below for a discussion of optimality
of this bound.

COROLLARY 5. Fix o, € (0,1) such that « + B < 1, fix dx,dy € N and sx, sy, r,
A>0. Writing J = N, IC = NI, ser 0,1 = |j1I5¥ v kI whenever j # Opay) and
k # Oy and 0 = oo otherwise. Then, with 6 = {0 : j € J,k € K}, there exists C =
C(dx,dy,a, B, A) > 0 such that if n > 16 and nr? > 1, then

’

pd N\ 1/ (s +d)
p*(nv a’ ﬁ’ é) S C(T)
n

where d :==dx +dy,s :=d/(dx/sx +dy/sy) and E = (0, r, A).

4Here and throughout, if w(m) = (j, k), we interpret 6, (;,,) as 0 and p,(m) as p ji-
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The upper bound in Corollary 5 is obtained using our U -statistic permutation test. Here,
Ow(m) sx.sy,dy.dy m*/4, so we can balance the two terms in the maximum in Corollary 4 by
taking M = {w (1), ..., w(m)} with m =<y, s, dy.dy (nr?)4/Gs+d - A natural application of
(a minor variant of) this corollary is to absolutely continuous data, which for simplicity we
restrict to lie in [0, 1]9% x [0, 1]9. In this setting, the Fourier basis functions are an obvious
choice.

EXAMPLE 6. Let X = [0,1]% and Y = [0, 1]%, equipped with dx-dimensional
Lebesgue measure px and dy-dimensional Lebesgue measure py, respectively. Taking
J = {(a,m) :a €{0,1},m € NI¥}\ {(1,0145))} and K := {(a,m) : a € {0, 1},m € N&'} \
{(1, Orgy 1)}, we can define the orthonormal Fourier basis functions’ for L2([0, 1]9%) given by
pé{o :=1and form = (my, ..., may) 7 Olay],

dx
(7) P 1, xay) =212 Re(e—‘””/2 [1 e—””’"m).
=1

The Fourier basis functions { Pc{m : (a,m) € K} for L*([0, 119) are defined similarly, but
with dy replacing dx. For j = (ax,mx) € J, k = (ay,my) € K and sx, sy > 0, we can then
take 6, = ||mX||“;X \Y, ||my||§y, 0={0jx:jeJ,kek}and & =(0,r, A) € E to conclude
from Corollary 4 that p*(n, a, B, ) < C(r¢/n*)V/@+D when n > 16 and nr?> > 1, as in
Corollary 5.

We mention here that Li and Yuan (2019) and Meynaoui et al. (2019) consider Gaus-
sian kernel-based Hilbert—Schmidt Independence Criterion tests of independence in similar
Sobolev settings to that in Example 6. Assuming the same level of Sobolev smoothness s for
both the joint and marginal distributions, Li and Yuan (2019) show that the critical consis-
tency level is of order n=/#+9) gver tests that have asymptotically nominal size. Meynaoui
et al. (2019) obtain the same rate in a nonasymptotic setting and only impose smoothness
conditions on the difference between the joint and marginal distributions, at the expense of
restricting the smoothness s to be at most 2, and having bounded null densities.

In fact, Corollary 4 also provides explicit upper bounds for certain infinite-dimensional
models. Corollary 7 below illustrates this for a particular choice of 7, K and weights (6 :
jeJ, kek).

COROLLARY 7 (BKS(2020)). Let N3 :={m = (m,ma,...) € NON D202 Lm0y <
oo}, and let J = K :={(a,m) :a € {0, 1}, m € Ny} \ {(1,0)}. For m = (my,m3,...) €
NG, write |m| := maxyen £2mye, and if j = (a,m) € J, write |j| :=|m|. For j € T,k € K
with |j| A |k| > 0, and sx, sy > 0, set

ejk = eXp(SX|j|1/2) vV exp(sY|k|1/2),

and if either | j| = 0 or |k| = 0 then set 0j; = 00. Define the increasing function M : [0, 00) —

[0, 00) by
ilog(l + L;—J)) -1

=1

M(t) := exp(

5The fact that these functions form an orthonormal basis for L2([O, l]dX ) follows from a very similar (in fact,
slightly simpler) argument to that given in Lemma S4, which relates to Example 8 below. The main difference is
that in this example our functions are defined on finite-dimensional spaces.
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and write

log?(t/m'/?) log>(t/mY*)\ m
2 M 2 <7
dsy 4sy 4
() Fixa,B€(0,1) suchthata + B < 1 and fixr,sx, sy, A > 0. Then, with& = (0,r, A) €
E there exists C = C(«, B, sx, sy, A) > 0 such that when n > 16 and nr? > C we have
1/4 2
myc s (<)
p*(n7a7ﬁ’§) S %

mo,sy,sy ()= mln{m eN: M(

(ii) Writing s := 2/(s§1 + s;l) and given € € (0, 4s), there exists C' = C'(sx, sy, €) >0
such that when t > C’ we have

2cp—€ 2cp+e
2s+c 2s+c
F2F0 < mosy,sy (F) S TZF0,

where co:= Y02 {712 — (¢ 4+ )72} log(1+£) = 1.65....

We will see in Proposition 15 below that the rate given in the first part of Corollary 7 is
optimal in regimes of n and r of interest in the context of Example 8 below. The second
part of the corollary shows that, if we ignore subpolynomial factors in nr?, then we have
pr(n,a, B &) Sa.Bsx.sy.A (r"O/ns)l/(z“*CO). By comparison with Corollary 5, we can there-
fore interpret cq as the ‘effective dimension’ of each of X and ), when 6 is selected in this
way.

EXAMPLE 8. As an application of Corollary 7, consider the infinite-dimensional setting
where X =Y =0, 1] := {(x1,x2,...): x¢ €0, 1] for all £ € N}, equipped with the Borel
o -algebra in the product topology, and where uy = uy is the distribution of an infinite se-
quence (Uy, Uy, ...) of Unif[0, 1] random variables. It follows from an application of the
Stone—Weierstrass theorem (see Lemma S4) that an orthonormal basis for L?(x) is then
given by {pf{m(-) :(a,m) € J}, where P())(,o :=1 and for m # Oy,

o0
pé{m (x1,x2,...) =272 Re(e_m”./2 1_[ e‘zmmm)
=1

We may take the same basis for Lz(uy), so that p};m = pé{m foralla € {0, 1} and m € N§°.
Then Corollary 7 provides an upper bound on the minimax separation rate of independence
testing in this example.

4. Adaptation. The practical implementation of our USP tests requires a choice of the
truncation set M. The optimal choice of M, which yields the separation rates described in
the previous section, typically depends on both 6 and r, which may be unknown in prac-
tice. In this section, we therefore describe adaptive versions of our tests, that do not require
knowledge of any unknown parameters and whose minimax risk can be shown in many cases
to be only slightly inflated compared with the optimal tests. Our initial setting is rather gen-
eral, but assumes that 7 x K has an ordering that is respected by every 6 considered. Since
this assumption does not hold in the setting of Corollary 5 unless sy = sy (as the relative
magnitudes of sy and sy affect the ordering of 6), we also illustrate the way in which this
assumption can be relaxed, so that it remains possible to adapt to both of the unknown pa-
rameters separately in this Sobolev example.

To describe this initial setting, let w : N — J x K be injective, and, for a given 6y > 0, let
O(w, 0p) C [0, 00]7 K denote the set of all 6§ = (Ojk) jer kek such that w is a bijection from
Nto {(j,k) € T x K:60jx < oo} and

00 < 0w1) <bu) <---.
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Here, @ denotes an ordering of 7 x K that ranks the importance of departures from in-
dependence in each direction. In our Sobolev example with sy = sy, we could take w to
be any ordering of (Ngx \ {Opay1}) X (NgY \ {Oigy1}) such that, writing (jiu, ki) 1= w(m),
we have that max(||jill1, llkill1) < max([lj2ll1, Ik2][1) < --- . Taking y := [2log,n], let
K. :={2/ : j € [y]}. Our adaptive procedure can now be described as follows. Given a
desired Type II error probability 8 € (0,1 — «), for each m € K, carry out the permuta-
tion test from Section 3 with M = {w(1),...,w(m)} and B > 2(% — 1) to yield p-values

pO L pW U If minie[y]p(i) < a/y, then we reject Hy. As we have applied a standard
Bonferroni correction, the Type I error of this omnibus test is controlled at the level «. The
following result concerns its power.

PROPOSITION 9. Let w and 6y > 0 be as above, and suppose that o € (0,1), 8 € (0,1 —
a), Ro > 0 and A > 1. Assume further that f € F¢(p) for some & = (0,r, A) € E with
0 € O(w,0) and r € (0, Ry]. Then there exists C = C(«, B, Ry, 00, A) > 0 such that we
reject Hy with probability at least 1 — B whenever n > C and

log!/*n 1/4 nr? log!/?n
nl/z "o <log1/2n © nl/2

pZCmax{

Comparing this result with the upper bound on the optimal separation in Corollary 4, we
see that the price we pay for adaptation is that our effective sample size is reduced from n to
n/log!'/? n, at least provided that mo(nr?/log'/? n) > logn.

As mentioned above, in some applications, the set 7 x /C will not be naturally ordered.
Nevertheless, it may be the case that J and X are ordered separately, and in these cases it
is still possible to adapt to unknown parameters. Consider the setting of Corollary 5, and
define yx := [(2/dx)log,n] and Ky := {2j : j € lyx]} (with yy and Ky defined simi-
larly). Similarly to before, given a desired Type II error probability g € (0, 1 — «), for each
(mx,my) € Kx x Ky, carry out the permutation test from Section 3 with M = M, pn, =

(k) € Ng¥ x Ny 1< |1l <my. 1< [kl <my} and B > 2(2% — 1) to yield p-

values { p(meY) :(mx,my) € Kx x Ky}. This test again controls the Type I error at level
o, and the following result shows that the critical separation radius is inflated by at most a
logarithmic factor in n.

PROPOSITION 10. Assume the setting of Corollary 5. Given Rg > 0, suppose that r <
Ro. Then there exists C = C(«, B, Ro, sx, Sy, dx,dy, A) > 0 such that we reject Hy with
probability at least 1 — B whenever n > C and

- }1 /(4s+d)

® 02 g

We note that a similar procedure could be applied in the setting of Corollary 7 to obtain
an adaptive test there, too. Finally, in this section, we remark that in a more restricted setting
it may be possible to improve the logn dependence to loglogn dependence using the very
recent concentration results of Kim, Balakrishnan and Wasserman (2020).

5. Lower bounds. The goal of this section is to provide lower bounds to allow us to
study the optimality of our USP test in different contexts. Slightly more precisely, we wish
to determine the maximal departure from independence (measured in terms of our quantity
D(-)) that no valid independence test could reliably detect; equivalently, we seek the minimal
separation level at which a valid independence test could have nontrivial power, uniformly
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over the alternatives in our classes. To this end, we first prove a general lemma (Lemma 11
below), and then illustrate how it can be applied in different settings of interest.

Our lower bound results actually apply to a weaker notion of minimax risk, and will hold
in settings where our base measures on X and ) are probability measures, and where our
orthonormal bases contain the constant function 1, so that there exist jo € J and kg € K such
that pjg(x) =1 and pi,(y) =1forall x € X and y € ). Define

7~2n,,::inf E,. + sup Er(1-— ,
(1,8, p) = inf {Ep, () S B )

which only controls the sum of the error probabilities, and only considers a simple null, and
further define

pH(n,y, &) =inf{p>0:Rn,&, p) <y}.

Then, forany n e N, £ € E, o, 8 € (0,1) with ¢ + B < 1, and p € (0, 00), we have that
7~2(n,.§, 0) <R, a, &, p) and, therefore, also that p*(n,a + B, &) < p*(n, a, B,&). When
our upper and lower bounds match, in terms of the separation rates, the problems of indepen-
dence testing with simple and composite nulls are equivalent, and we have the same rates of
convergence if we control the sum of error probabilities or if we control the error probabilities
separately.

We are now in a position to state our main, general lower bound lemma. Recall that a
Rademacher random variable & takes values 1 and —1, each with probability 1/2.

LEMMA 11. Suppose that ux and py are probability measures and that there ex-
ist jo € J and ko € KC such that pfo(x) = p,fo(y) =1forall xe X and y € Y. Let
(@jk) jeg\ol.kek\lky) be a deterministic square-summable array of real numbers, let
k) jeT\o).keK\ (ko) be an independent and identically distributed array of Rademacher
random variables, and define a random element of L*> (1) by

P = DPjoko + > a;k&jkDjk-
jeI\jo}.kek\{ko}
Assume {p € F} is an event, and define f to be a random element of F that has the same
distribution as p|{p € F}. Writing IEIP’?” for the resulting mixture distribution on (X x V)"
and ijo o for the distribution on X x Y with density p j,x,, we have that
1 2

exp(“5 Ejen o keritiol G 1

4P(p € F)? 4

diy (PS", JEPP") <

Pjoky’

Suppose that the f defined in Lemma 11 takes values in JF¢ (o) with probability one. Then
we have that
~ . n ®n
Roug )z inf (B, (1) +ER, (1 =)} = | —drv(P5,  EPY),
which reduces the problem of finding lower bounds for the minimax risk R(n, &, p) to the
choice of an appropriate separation p and prior distribution over F¢(p).
The main challenge in applying Lemma 11 is in finding a suitable upper bound for
P(p ¢ F). Provided p := SUP je 7 kek lpjkllc < o0, we can ensure that P(p ¢ F) =0 by

simply imposing the constraint that }_ ;c 7\ (jo}.kek\ (ko) 14jk| < 1/p. If we do this then, we
can prove the lower bound in Theorem 12 below.
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THEOREM 12. Suppose that ux and ny are probability measures and that there exist
jo € J and ko € K such that p;g(x) = p,fo(y) =1forall x e X and y € Y. Assume that
p <oo,and fix y € (0,1) and & = (0,r, A) € E such that (A1) holds. Then there exists
c=c(y,A) € (0, 00) such that

5.y, 8)= ¢ sup min m ] )
n’ b . C b 9 — .
meN O (m) n'/2 ml2p

Thinking of y = « + B, this lower bound matches the upper bound in Theorem 2 in certain
cases, up to terms depending only on «, B and A, as we now explain. Suppose that nr> > 92,
which means that mo(nr?) > 2, so we only rule out the case where the sample size is so small
that the optimal truncation level is to include only one basis function. Suppose further that
mo(nr?) < Cn??3 / 134/ 3 for some C = C(a, B, A), which amounts to asking that the optimal
truncation level does not grow too fast, or equivalently, that our alternatives are not too rough.

Then
( rom/4 1 >> .({mo<nr2>—1}1/4 1 )
sup min s , — = min N —
©) melliy wmy 04 ml2p n'/? {mo(nr?) — 1}1/2p
2\1/4
mo(:lr/z) min(2~1/4, ¢34,

A comparison of Corollary 4 and (9) allows us to conclude that our U -statistic permutation
test attains the minimax optimal separation rate in wide generality (i.e., with few restrictions
on the underlying spaces and the sequence 6), provided that nr? is sufficiently large and
mo(nr?) < Cn*/3/p*3. The following example illustrates this latter condition in a specific
case.

EXAMPLE 13. Write ¢ = (sx, sy, dx,dy, o, B, A). In our d-dimensional Sobolev set-
ting of Example 6, when 7 > 1, we have mo(f) =<¢ 12d/@s+d) and hence when n 4 Z; r3d
we have that mq(nr?) ¢ n?/3. Since we may take p = 2!/2, it therefore follows that when
nr?>1and n®—4 2 34 the lower bound (9) holds and this matches the upper bound from
Corollary 4.

Despite the attractive conclusions that can be drawn from Theorem 12, it remains desir-
able to weaken further the smoothness requirements on our alternatives. It turns out that in
certain settings, we can use empirical process techniques to lower bound the P(p € F) term
in Lemma 11 without a bound on }_;c 7\(jo}.kek\ (ko) [@jk|- This allows us to substantially
widen the range of smoothnesses under which our upper and lower bounds match. We first
illustrate this approach in our Sobolev example.

PROPOSITION 14. In the context of Example 6, fix y € (0, 1). Then there exist cy, cy €
(0, 0), each depending only on dx, dy, y, sx, sy and A, such that if nr? > 2 and
(rd/HZS)l/(él—erd) < cl/logl/z(nrz), then

pd \1/(@4s+d)
Fovoza(s)

Thus, the lower bound of Proposition 14 matches the upper bound of Example 6 when
(rd /n?)1/@s+d) < c1/log1/2(nr2), or equivalently when mq(nr?) <S¢ nz/logz(nrz). This
condition is rather weak, and holds whenever the minimax separation rate is polynomially
decreasing in r¢/n*. Compared with Example 13, Proposition 14 extends the parameter
regime over which the lower bound on the minimax separation rate for independence testing
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matches the upper bound of Example 6, by also covering lower smoothness cases where
p2s—d  p3d.

We remark that Proposition 14 generalises to more abstract settings. Assume that X and
Y are equipped with metrics Ty and 1y, respectively, and write H(-, X) and H(-,)) for
the corresponding metric entropies. Suppose that there exist «1, ko > 0 and functions £1, £; :
(0, 00) — (0, 00) that are slowly varying at infinity such that H (u, X') = u~21£;(1/u) and
H@u,Y) = u"22y(1/u); thus, if X = [0, 119X, then we may take x; = 0 and £;(u) =
dx logu. Suppose further that there exist o1, a2, 81, B2 > 0 such that

1Pk y) = pie (s y)| Se 11 e (e, X))+ 1K1 %2y (y, )P

forall x,x' e X, y,y €), je€J, k € K, where ¢ does not depend on n, r, x, x’, y, ¥/,
j, k. In our Sobolev example, then we may take o1 = ap = B1 = B> = 1. Finally, assume
that p < oo. Then, taking £ = (0,r, A) € E and y € (0, 1), writing y; := m and

Yy = m, and setting s = d(dx/sx + dy/sy)~!, similar calculations to those in the
proof of Proposition 14 reveal that

pd N\ 1/(4s+d)
~x
P (n, v, 8) Z¢ (—n25>

2s(1-yy) 25(1-yy)
. —€ —€
whenever max(yi, y2) <1 and r S¢ e min(n @471~ p @72 7) for some € > 0. Thus, we

match the upper bound of Corollary 5 even in this more general setting.

Our final lower bound applies similar empirical process techniques to show that the rate
found by applying the first part of Corollary 7 to Example 8 for our infinite-dimensional
example is optimal in certain regimes of (n, r).

PROPOSITION 15 (BKS(2020)). Let X, ), ux, iy, (pjx), J and K be as in Corollary 7T
and Example 8. Fixa, B € (0,1) suchthata + 8 <1l andr,sx,sy,A>0.For je J, ke,
let 0 = exp(sx|j|1/?) Vexp(sylk|'/?), and let & = (0, r, A) € E. Recalling the definitions of
s and cq from Corollary 1, suppose that r> < n*/ $+T<0=¢€ for some € > 0. Then there exist C =
C(o, B, sx,sy,A,€)>0and C' =C'(a, B, sx, sy, A, €) > 0 such that when min(n, nr?) >
C’ we have

m/ (nr?)

C 0
/0*(”,0[» ﬂ7 5) Z 7;:+

6. Power function. In this section, we provide an approximation to the power function
of our USP test from Section 3. For simplicity of exposition, we will restrict attention to
the case where the X = ) = [0, 1], and work with the Fourier basis (7) with respect to the
respective Lebesgue base measures iy and wy. Recall that in this case, J = K = ({0, 1} x
No) \ {(1, 0)}. We will consider test statistics 13” with

M = ({0, 1} x [M]) x ({0, 1} x [M])

for a tuning parameter M € N which will typically be large so that D, is approximately
normally distributed. When M is large and the dependence between X and Y is weak, we
will see that the variance of D,, can be approximately expressed in terms of

2M
o x =04 x(f)i=2M+ 14> QM + 1 —m){aome(f)* +aqme(f)*}

m=1

= Ml fxl72
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as M — o0, and the corresponding quantity 01%“,, in which fx and pux above are replaced
with fy and uy, respectively, and a4 (f) for j € J is replaced with a. (f) for k € K.

Define Ay, x = Am,x(f) = 14+ 27 (Ja@,mye ()] +lact,mye (f)]), with the correspond-
ing definition of Ay y. We will see that the quantities Aps, x and Ay y, which when f e F
are both o(M'/?) as M — oo by Lemma S5 in the supplement, will play a role in controlling
the normal approximation error of our test statistic and the corresponding null statistics.

THEOREM 16 (BKS(2020)). In the above setting, let f € F with || fllcc < 00, let o €
(0, 1) and let B € N. Write

12
(721) / Z(j,k)e/vz{ajk(f) - aj.(f)a.k(f)}2

OM,XOM.Y
and, with s = [a(B+1)] — 1, let Bp_; s+1 ~ Beta(B —s,s + 1). Let
1/2
8Py (MY A |
M2 MYz "\ n ' M )
Then there exists C = C(|| f|lco, @) > 0 such that the p-value P in (5) satisfies
Pp(P <a) —E®(® ' (Bp_yss11) — As)| < Cmin{BY3s,, (B~3 v s1/3)).

Ag:=

Oy = max{

To understand the implications of this theorem, first consider the case where the null hy-
pothesis holds, so that A y = 0, and further assume for simplicity that «(B + 1) is an integer.
Then the conclusion states that

P/ (P <a)—a| < Cmin{B*35,, (B3 v sl

though in fact, we already know that P (P < a) = « in this special case. More generally,
Theorem 16 provides an approximation to the local power of our test when D(f) is small
and both n and M are large, with M?/n small. It could be used by practitioners to guide the
choice of B in cases where computation is expensive: given an anticipated effect size A 7, one
can compare Ed (P! (Bp—s,s+1) —Ayp)to (D (1-—a)— A r) to understand the trade-off
between computation and power. Note also that ®(d~1(1 —a) — A £) 1s the limiting power
of the oracle test that has access to the marginal distributions.

To illustrate Theorem 16, we conducted some simulations to verify the accuracy of the
approximate power function. For a parameter p € [0, 1/2], we considered independent copies
of pairs (X, Y) with density function

(10) fo(x,y) =142psin(2mrx)sin(2my)

for x, y € [0, 1], so that, marginally, X, Y ~ U[O0, 1]. For these densities, we have D(f,) = ,02
and (71%/1,)( = a]%“, =2M + 1. In our simulations, we take n = 300, M =7, B =99 and
o = 0.1 so that

1/2
Aj, = (320) 02 /15=p*x 14.1....

Figure 1 plots the theoretical approximate power function, given by E®(d~! (B B—s.s+1) —
Ay), and the empirical power function, which was computed by averaging over 700 inde-
pendent repetitions of the experiment for each value of p. The simulations reveal a good
agreement between our approximations and empirical performance.

The proof of Theorem 16 uses careful bounds for the error in normal approximations to
degenerate U -statistics, as well as corresponding bounds in the case where the U -statistic
is computed on a permuted data set. In the unpermuted case, such bounds have been well
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FI1G. 1. The theoretical approximate power function from Theorem 16 (black), and an empirical estimate of the
true power function (red); error bars show two standard deviations. Here, the data were generated according to
(10) withn =300, B=99, 0« =0.1, M =7.

studied, inspired by the work of Hall (1984) and de Jong (1990), who established asymptotic
normality results for degenerate U -statistics. This is interesting because, in the classical the-
ory, the asymptotic distribution of a degenerate U -statistic of order 2, for a fixed 4, is given by
a weighted infinite sum of independent chi-squared random variables (e.g., Serfling ((1980),
page 194)). Indeed, from the form of the first term on the right-hand side of (11) below, it is
not clear that a normal approximation error will be small. However, if we allow & to depend
on the sample size n, then the weights in the infinite sum may become more diffuse, so that a
normal approximation may be more appropriate. In our setting, the truncation set M will typ-
ically depend on n, in which case we are in a situation where the U -statistic kernel depends
on the sample size. Rinott and Rotar (1997) derived error bounds in the normal approximation
with respect to classes of probability integral metrics that include the Kolmogorov distance.
Dobler and Peccati (2017, 2019) extended these results in two directions, first by working
with multivariate U -statistics, and second by controlling the normal approximation error in
the L1-Wasserstein distance. We present a consequence of Dobler and Peccati ((2019), Theo-
rem 3.3) below, because it it will help to contextualise our (new) error bound in the permuted
case, which appears as Proposition 18.

PROPOSITION 17 (Dobler and Peccati ((2019), Theorem 3.3)). Forn>2,letZy,...,Z,
be independent and identically distributed random elements in a measurable space Z,
and let h : Z x Z — R be a symmetric measurable function that satisfies Eh(z, Z1) =0
for all z € Z and E{h(Z,, 22)2} = 1. Write g(x,y) := E{h(x, Z1)h(y, Z1)} and U =
%(g)_l/z Yier, M(Ziy, Ziy). With W ~ N(0, 1), there exists a universal constant C > 0 such
that for n > 2 we have

1/2(3,4
(11) dw(U, W) < Cmax[E {hnf/zz" 22} EV2{g%(z), Zz)}]

As mentioned above, Proposition 18 below extends Proposition 17 to the case of a per-
muted data set and, therefore, provides a useful stepping stone for analysing the power prop-
erties of permutation tests based on degenerate U -statistics.
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PROPOSITION 18 (BKS(2020)). For n >4, let (X1,Y1),...,(Xn, Yy) be independent
and identically distributed random elements in a product space Z = X x Y and let T1 be
a uniformly random element of Sy, independent of (X;,Y;)!_,. Let h: Z x Z — R be a
symmetric measurable function that satisfies

Eh((x,y), (x', Y1)) =Eh((x,y), (X1.¥")) =0

for all x,x' € X and y,y' €, and also satisfies Eh*((X1,Y2), (X3, Ys)) = 1. Write
g((x,y), ', y)) = =E{h((x,y), (X1, 2)h((x", y"), (X1, Y2))} and

| —1)2
U= (’;) S h((Xi Vi) (K Yiin)-

(i1,i2)€r

Then, with W ~ N (0, 1), there exists a universal constant C > 0 such that

1
dw(U, W) < Cmax[l—/z ﬂ%’iEl/z{hét((xl, Yo)), (X2, Yo2))},
(12)

EY2(g%((X1., Y2, (X3, Y) ). E[E[A((X1. Y2), (X3, V1)) X, Yz}}]

Comparing the bounds in Propositions 17 and 18, we see three differences caused by the
permutation. The first term in (12) is slightly inflated by the maximum over the 24 permu-
tations in Sy; the second term involves distinct indices, which is to be expected since most
permutations of S, have only a small number of fixed points; and finally, there is an additional
third term, which vanishes if X and Y; are independent.

In fact, for a full description of the power properties of our permutation test, we require
a multivariate normal approximation error bound for the random vector consisting of the
original test statistic and the B test statistics computed on the permuted data sets. Since
this statement is more complicated, we defer it to the online supplement (Lemma S1). Its
main message for our purposes, however, is that these B + 1 statistics are approximately
independent, which is what facilitates the power function approximation in Theorem 16.

7. Numerical results. In this section, we examine the empirical performance of our USP
test, comparing it with alternative approaches where appropriate. We consider discrete, ab-
solutely continuous and infinite-dimensional settings, following the main examples given
earlier. First, however, we show how our test statistic can be computed much more efficiently
than might initially appear to be the case.

7.1. Computational trick. Our test statistic D,, can be rewritten similarly to the test statis-
tics in Song et al. (2012) to allow for quicker computation, in the case that M = Jy x Ky for

some Jy C J and Koy C K. Define matrices J = (J11’2)11 iy= K= (Kiliz)zr'll,izzl by
Ji1i2 = Z ij(le)Pj((Xzz) and Ki]i2 = Z ka(Yll)p]Z(YlQ)’
J€T keko

and let J and K be the corresponding matrices with the diagonal entries set to zero. Then,
writing 1 € R” for the all-ones vector, we have that

. 2
D, = > Jin K- ————— Y JinKig
”(” D e nn=D0=2) ; i Her
1
D03 2 e

(i1,i2,i3,i4) €14
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2 " - - noo L
n(n—l) > Juni m( 2 JuiKiis = 2 Jm-szz)

i1,ir=1 i1,i,i3=1 i1,ir=1
N 1
nn—1Hn—-2)(n—-13)

n
X( Z Jms inig —4 Z J,112K11,3—|—2 Z Jtlzz tllz)

i1,i2,03,i4=1 i1,i,i3=1 i1,ip=1
—{ L, 2 + 2 }t (JK)
T lnn=1) nm—=1Dm=2) nn—Dn-=2)(n-23) f
2 4 —_ 17117 K1
- { + } JK1+
nn—1)(n—-2) nn—1)m—-2)(n—-3) nn—1m—2)(n—3)
tr(JK) 217 JK1 17117 K1

n(n —3) B nn—2)(n—73) + nin—1)n—-2)n-3)"

From this final expression, we can see that D,, can be computed in O (n%(|Jo| + [KCol)) oper-
ations, with the most time-consuming part being the computation of the matrices J and K.

7.2. Discrete settings. Here, we study two different examples, to illustrate the effects of
sparse and dense dependence. The first is a 6 x 6 contingency table, so that / = K = 6, where
the cell probabilities are of the form

2—(j+k)
(1—277)(1 —2-K)

fU. k)= +e(yj=k=1) + L{j=k=2)) — €(Ayj=11=2) + L{j=2,k=1}),
for j, k € [6]. Here, € > 0 measures the strength of the dependence; in fact, D(f) = 4¢2. Our
second example has J = K = 8 and cell probabilities of the form

1
J+k1
fU. k)= K+( 1)

for which D(f) = J K €*. Thus, the main difference between the examples is in the number of
cells affected by the perturbation: in the first case, only the summands in D(f) corresponding
to (j, k) € {1,2} x {1,2} are nonzero, whereas in the second example, all summands are
nonzero.

Figure 2 plots estimates, computed as sample averages over 10,000 repetitions, of the
power of our USP test as a function of € in the two examples, with n = 100 in Figure 2(a)
and n = 50 in Figure 2(b). In both cases, we set « = 0.05 and B = 99. For comparison, we
also plot corresponding power estimates for two versions of Pearson’s chi-squared test. The
first, corresponding to the more usual practice in applications, uses as a critical value for the
test the (1 — «)th quantile of the chi-squared distribution with (J — 1)(K — 1) degrees of
freedom; the second computes the critical value using a permutation procedure similarly to
that employed for our USP test. The advantage of the second approach is that it controls the
Type I error at the nominal level. In both cases, our USP test has greater power than both
versions of Pearson’s test, particularly in the first example, which is especially striking given
that the chi-squared quantile version of Pearson’s test is anticonservative there.

7.3. Sobolev example. In this subsection, we consider a setting originally studied by
Sejdinovic et al. (2013). For w € N and (x, y) € [0, 112, define the density function

fo(x,y) =14 sin2rwx) sin2rwy).
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F1G. 2. Estimated power functions in the two discrete settings for our U-statistic permutation test (black),
as well as Pearson’s chi-squared test with chi-squared quantile (red) and quantile obtained from permutations
(green). Error bars show three standard errors; other parameters: a = 0.05, B =99, n = 100 (left), n = 50

(right).

Berrett and Samworth (2019) also consider this family of densities, and explain why it be-
comes increasingly difficult to detect the dependence as w increases, despite the fact that
the mutual information does not depend on w. In fact, we also have D(f,,) = 1/4 for every
w € N, so this measure of dependence does not depend on w either.

In Figure 3, we plot estimates of the power of our USP test, computed over 2000 repetitions
with n = 100, 200. The choice of M is made as in Section 6, with M = 2, 4. As alternative
approaches, we also study the HSIC test of Gretton et al. (2005), which is implemented in
the R package dHSIC (Pfister and Peters (2017)), the MINTav test of Berrett and Samworth
(2019), implemented in the R package IndepTest (Berrett, Grose and Samworth (2018))
with k € [5], a test based on the empirical copula process described by Kojadinovic and
Holmes (2009) and implemented in the R package copula (Hofert et al. (2017)) and a test
based on distance covariance implemented in the R package energy (Rizzo and Szekely
(2017)). For these comparison methods, we used the default tuning parameter values recom-

(@ (b)

Power
Power

F1G. 3. Estimated power functions in the Sobolev example for our U -statistic permutation test (black) with
M =2, n =100 (left) and M = 4, n = 200 (right), HSIC (red), distance covariance (blue), copula (purple) and
MINTayv (green). Error bars show two standard errors; other parameters: o = 0.05, B =99.
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mended by the corresponding authors. The fact that the departures in this example are aligned
with a single basis function for each choice of w means that the power of our USP test is con-
stant for v < M, and it performs extremely well in these cases. Once w exceeds M, the test
has no better than nominal power, as expected. Thus, M determines the number of directions
of departure from independence that we can hope to detect with our USP test (we have 4M?
coefficients to estimate). Increasing the value of M would provide nontrivial power for larger
values of w, but would sacrifice some power for smaller values of w.

7.4. Infinite-dimensional example. Our final example concerns potentially correlated
Brownian motions on [0, 1], as an illustration of our USP test applied to functional data.
More precisely, our data come in the form of pairs (X, Y), where X = (X;);¢[0,1] is a stan-
dard Brownian motion, and where, for some r € [0, 1] and for another standard Brownian
motion Z = (Z;):¢[o0,1] that is independent of X, we have that ¥ = (¥;):¢(0,1] is given by

Y =rX, +(1-r)"?z,.

Thus, marginally, Y is also distributed as a standard Brownian motion.
By the Wiener representation of Brownian motion (e.g., Kahane (1997)), we can write

S s — 1/
Xi=2 ;"‘5 €—1/2m

where (1¢)72, is a sequence of independent, standard normal random variables. For any
W = Witeo.1] € L2[0, 1], we can compute the transformed coefficients

1
ug(W) := CD(ZVZ(E = 1/2)7r/0 W, sin((€ — 1/2)7rt)dt>

for £ € N. We can therefore consider testing the independence of the random vectors
u1(X),...,ur(X)) and (u1(Y),...,ur(Y)), for some suitably chosen truncation level L.
For ¢,m € N and x € L?[0, 1], let pg(m(x) =212 cos(2mmuy (x)), and define p}/m(-) simi-
larly. The U -statistic kernel in this example can be written as

L M
Ry e y)) = Y Y APEmy CD Pl YD Py G2 Py (32)

L1,0r=1m|,my=1
X Y X Y
=2P0my XD Py, Y1) Py, (X2) Py, (V3)

P iy D Py 52 P iy 63 Py 8) )

where L, M € N. In Figure 4, we plot the power functions of our USP test, estimated over
2000 repetitions, for three different sample sizes, namely n € {50, 100, 200}, with L =2 and
M = 1. As expected, the power of our test increases with both r and n.

8. Discussion and outlook. In this paper, we have introduced a new permutation test of
independence based on a U -statistic estimator of the squared L2-distance between a joint dis-
tribution and the product of its marginals. Our methodology extends naturally to the problem
of testing mutual independence of several random elements. We have further demonstrated its
minimax optimality in various settings; to the best of our knowledge, this is the first time that
minimax optimality results have been established for such permutation tests. We conclude
by explaining how closely related ideas can be used to provide new goodness-of-fit tests and
two-sample tests with desirable properties.

Consider Zy, ..., Z, S P € P, where P is a dominated class of distributions on a sep-
arable, o -finite measure space (Z, C, v). Suppose further that we wish to test Hy: P = Py
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FI1G. 4. Estimated power functions for testing the independence of two Brownian motions with n = 50 (black),
n =100 (red) and n = 200 (green). Error bars show two standard errors; other parameters: a = 0.05, B = 99,
L=2,M=1.

against Hy : P # Py, where Py € P. Then, writing f and fo, respectively, for the Radon—
Nikodym derivatives of P and Py with respect to v, we can construct a U -statistic estimator
of the squared L?(v) distance between f and fo in a very similar spirit to (4). Since the null
hypothesis is simple, there is no need for permutations, and we can obtain a critical value for
the test by sampling from Py.

For two-sample tests, we can let ) = {0, 1}, so that testing the independence of X and Y
amounts to testing the equality of the distributions X |{Y = 0} and X|{Y = 1}. A small obser-
vation here is that the sample sizes from each conditional distribution are random (having a
binomial distribution), whereas these are often treated as fixed in the usual two-sample testing
formulation. Our methodology and theory apply directly to this problem, therefore, further
extending its scope.

9. Proofs of main results.

n
i=1

PROOF OF THEOREM 1. Since ¥ is bounded, we have that ¥ € L?(®"_, u). Given

jeJ, ke and I C [n] we write

n
bfk = <1ﬂ, ®{]l{iel}l7jk + ]l{i¢]}Pjoko}> .
i=1 LA(®{_y 1)

Since r > 6 p, we have that Mg (r/p) # @. For (j, k) € Mg (r/p) to be chosen later consider
f*= j?"k = Pjoko + PP jk € F, which satisfies Sp(f*) = O}kpz <r?and D(f*) = p. Then
by Cauchy—Schwarz,

E () = <w, ®f*> =By, 0+ > pl'lbj
i=l IRI(an)| @#I1<(n]

1/2

n 1/2 2
(R I L D DI /NS o
@#1<(n]

(13)
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Now, observe that

132 2 2

> > B3 = W@,y =Epjgy () S
(j,k)eMp(r/p) @#1C[n]
Hence, for any n > 0 we may choose (j, k) € Mg (r/p) such that
o
L) <—— 4.
@ﬂzgn]( W= R

The first claim of Theorem 1 follows from this combined with (13).

For the second part, first note the definitions of E, F¢(p) and p*(n, «, B, §) immediately
after (A1). For the choice of j, k in the first part of the proof, let 6’ = (9}/k/)j’e.,7,k’elc be
given by
0 ifj'=jandk =k,

0}/]{/ = .
oo otherwise.

Now f* € F , 2)(p) for any ' > 0. Applying Theorem 2 with M = {(j, k)} then yields
that there exists C = C(«, 8) > 0 such that p*(n, a, 8, &) < Cl/z/nl/z. In other words, there
exists ¥ px € W(a) such that E ¢« (¥ s+) > 1 — B whenever n > C/ 2. Finally, the proof of

Theorem 2 reveals that v/ ¢+ may be taken to be a permutation test (in fact the permutation
test described in Section 3 with M = {(J, k)}), as required. [J

PROOF OF THEOREM 2. Consider the test of Section 3. Choose B > 2(% — 1), and
suppose f € F* were such that

(14) D(f) > max[zyﬂz,f(bn — DY — D(f)

8 5 — pyl"”
,{—Var¢(D, — D .
Then, by two applications of Markov’s inequality, we would have that

a A
_ 1+ BP(D, = D)
N (14 B)x

B
Ps(P > a) :Pf<1 + Z]l{énimm} > (1 4+ B)x
b=1

A A (D
1 [1+BVarf(Dn—Dn ):|< 1 ( Baﬂ)fﬁ-

< = - < 14—
(1+ B)x {IEf(D,,—D,(f))}Z (1+ B)x 2

We may think of ﬁn — 13,(,1) as an estimator of D(f), so that (14) ensures that the strength of
the dependence D( f) outweighs the bias and standard deviation of the estimator so that we
can detect the dependence using our test, up to the given probabilities of error. The remainder
of the proof is dedicated to bounding the bias and variance for a given £ € E, which enables us
to choose p so that (14) holds for all f € F¢(p), and hence ensures that p*(n, o, 8, &) < p.
Henceforth we will write IT as shorthand for IT;; moreover, for some p > 0 to be chosen
later, we fix f € F¢(p) and write D, aj, aje, aek instead of D(f), aji(f), aje(f), aer(f),
respectively.

Given (i1, i2) € Ip write 0;,;, € S, for the transposition of i; and i, and note that IT 4
ITo 0j,i,. Thus (IT(1), TT1(2)) 4 (I1(1), I1(3)), so for every (j, k) € M we have that
d
Pik(X1, Yy pjx(X2, Yne) = pjx(X1, Yy pjk (X2, Yria))-
.. d
Similarly, pj« (X1, Yna)) pjx(X2, Yn@)) = pjix(X1, Yne)) pjk(X3, Yrna)), so that

E(D{V) = > E{pji(X1, Ynay) pjx(X2, Yr)
(j,k)em

—2p (X1, Yy pjx(X2, Yng)) + pjx(X1, Yne) pjk (X3, Yn@)} =0.
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Thus, using our Sobolev smoothness condition to bound the truncation error,

> (@ — ajeder)* — D

(J.k)yeM

[E(Dy — D) — D| = |E(D,) — D| =

(15) i
>« ) < !

= Aik — Ajelek)” = - . .

(T xK)\M n inf{6% : (j, k) ¢ M}

We now turn to bounding Var(ﬁn — 13,(,1) ). First write 4 for the symmetrised version of 4,
given by

(16) h((x1,1)s - - » (X2, ya)) Z (X (1), Yo(1)s - - -» (Ko@), Yo4)))-

! 0684

By, for example, Serfling ((1980), Lemma A, page 183), we have that
A 1 -
Var(By) :w(m S R Y (X Y) )

4 (iy,....is)ETy

n\ ! 4 4\ (n —
-(&) X))«
where . := VarE{h((X1, Y1), ..., (X4, YD) (X1, Y1), ..., (Xc, Yo)}), and moreover, ¢ <
&> < &3 < &4. For each j € J write ICj-V‘ ={keK:(j, k) e M} and for each k € K write

M.={j e T:(j, k) € M}. Then, using Cauchy—Schwarz,
o1 = Var(E{h((X1, Y1), ..., (Xa, Ya))|(X1, Y1)})

(17)

ZVar< Z (ajk — aj.a.k){ij(Xl,Y1)—Pj((XDa.k—aj.P;f(Yl)})

(j,kyem
A 2 X 2

= T{ Z (a]k aj.a.k)ij 5 Z (Cljk — aj.a.k)pj Aek ,

(j.kyem L2 N em L2(ux)

(18) 2
Y (ajk — ajeaer)ajepy ) }
(j.k)yemM L*(uy)
2 2
= _|:D + Z{ Z (ajk - ajoaok)aok} + Z{ Z (ajk —aj.a.k)aj.} ]
jeJg ke]CM kelC jejk/\/l
3AD 9A%D

= T(l + I frllczeuy) + ”fX”L?(uX)) =< 1

Observe that we have
¢4 =Varh((X1, Y1), ..., (Xa,Yy)) < Varh((X1, Y1), ..., (Xa, Ya)).

One possibility, therefore, is to simply apply the bound &4 < ||h||§o. On the other hand, by
Cauchy—Schwarz, we can say that

§4§A4/ / B2 ((x1, 91), oo (X, y8)) dp(x1, Y1) - .. dje(xs, ya)
Xx)Y Xx)Y

2
(19) 518A4/ / { > pjk(x,y)pjk(x/,y/)} du(x,y)du(x',y)
XxYJXxY (j.k)em

< 18A% M.
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‘We therefore have that

2 . 2 4
166, 726 364D 72min(lhl, 1844 M)

20) Var(Dy) = n nn—1) "~ n nn—1)

Next, with the same functions /4 and & as above, we may write

Dr(ll):m(n) > h((Xi Yray). - (Xiy, Yray))-
(0

A simplifying property of 7 is that for every (x,y) € X x ),
(21) E{A((x,y), (X1, Y2), (X3, Ya), (X5, Y6))} =0.

Since we also have to deal with the uniformly random permutation IT, we cannot directly
appeal to standard U -statistic theory for our bounds on Var(lA),(,l) ). However, we can develop
an analogue of (17) by writing

Var(b,(ll)) = Z COV(]:l((Xl, Yl'[(l)), e, (X4, Yr[(4))),
(4) [T ig)eIy
h((Xiys Yriy)s - - (Xig» Yigiy)))
1 &g 4 _
22) P> (C) (Z B C) Cov(R((X1. Yricn). .- . (Xa, Yiigay).
4/ =0

h((X1, Yy, -, (Xe, Yrie)s (X5, Yris))s - -+ (Xs—c. Yrig—c))))

Lapa0 s

For ¢ =2, 3, 4, we will use the crude bound

max (2, &3, &4) < max E{h*((X1, Yo1)), - --» (X4, Yo()))
(23) o Eon
< min(||A]|%,, 18A8|M)]),

similar to (19). To bound Z and Z;, we must first bound two combinatorial probabilities.
First,

49
P(I710 {TI(D). ... D} = 1) < TR(TI() € [7]) = .

Now, similarly,
]P’(|[8] N {H(l), e, 1'[(8)}\ > 2) < (3) P(T1(1), I1(2) € [8])

24
1568

:n(n—l)'

:2@)21@@1(1) =1,11(2) =2)
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The first of these allows us to use (21), Cauchy—Schwarz and (23) to write
t1 = Cov(h((X1, Ynq)). ... (X4, Yri))),
h((X1, Ynay), (Xs, Yes)s (Xe, Yriee) (X7, Yrgn)))
<P((71N {111, ..., 1N} = 2)E{i((X1, Y3), (X2, Yo), (X3, Y10), (X4, Y11))
(25) x h((X1,Ys), (X5, Y12), (X6, Y13), (X7, V1)) }

49
+ — max E{hz((Xl, Yo)),---» (X4, Yoa))}

n oes,
49
< — min([|A||3,, 18A%|.M)).
n
Finally, we may now use (21), Cauchy—Schwarz, (23) and (24) to similarly write

o= Cov(h((X1, Y1), - - (X4, Yn)), h((Xs, Yries)), - - . (X3, Yris)))

(26) 1568
<
“nn—1)
From (22), (23), (25), (26), we have now established that

min(||%,. 184%|M]).

R (T B
Var(D,”) < ¢o + 7§1 + —————max({2, §3, {4)

nin—1)
27
- 2424 min(||2 12, 18 A8 M)
N nn—1)
Thus, from (20) and (27) we deduce that
A h 72A%D 4992 min(||k]|%,, 18A®
(28) Var(D, — D) < o 4992 min([[Al5, 18BATLMI)

n nn—1)
Now by substituting (15) and (28) into (14) we can see that if

2r? 115242 283 min(||/ |00, SA%|M|/?) }
inf(62,: j.k) ¢ M) nap T {n(n— Dap)'/? ’

then we have controlled the error probabilities as required. [J

29 D(f)= max{

PROOF OF COROLLARY 5. There exists C = C(dy, dy) € (1, 0o) such that for any 7 >
0 we have

G eT xK:0u<T)|=|{jeT:1jI{* <T}|[{keK: |k} <T}]
< (T 4 )TV ) <@ v D,
From this, we can infer that if m > C then 6, () > (m/C)* /4 and so
mo(an) < max{C, (nr2)2d/(4s+d)C4s/(4s+d)} < C{(nr2) v 1}2d/(4s+d).

It now follows from (6) that there exists C = C(dy, dy, «, 8, A) > 0 such that if n > 16 and
nr? > 1 then

k)

d N 1/(4s+d)
p*(n7 o, ﬂ? é) S C<—2S)
n

as required. [J
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PROOF OF PROPOSITION 9. By (29) in the proof of Theorem 2, we see that we reject
Hp with probability at least 1 — S, provided that n > 16 and

{ 2rr 115242y 1415A4m1/2y1/2}
" onaf  {n(n—Dap)l/z ]

,02 > min max
meky Qw(m+1)

Since mg(t) < t2/06‘ + 1, there exists ng = ng(Ro, 6p) > 16 such that for all n > ng we have
m()(nr2/10g1/2 n) <2Y + 1. But then, for n > max(ng, ),
{ 2r2 1152A%y 1415A4m1/2y1/2}

" onaf 7 {n(n — Dap}l/?

min max

mekK, ew(m—f—l)

2rr 1152A%y 1415A4m1/2y1/2}

<22 min max{ 3 , , 7
me[2V]\{1} Opmsry  Nob {(n(n — Dap}l/

. r2  logn m'/?log!/?n
SAap min max| ——, ,
P me(3,4,..,27 +1) Onomy M n
log!/?n 12 nr? logn
< max mg ) —
n log!/%n n

and the result follows. [
PROOF OF PROPOSITION 10. As in the proof of Proposition 9, by (29) in the proof of
Theorem 2, we see that we reject Hy with probability at least 1 — 8 provided that n > 16 and

{ 272 1152A%yx yy 1415A4|me,my|1/2(yxyy)1/2}
mI MY naf {n(n = Dap)1?2

pzz min max
my€eKy
my€eKy

. d d . . .
Since Moy my | Xay,ay my my", if (mx, my) were not restricted to lie in Ky x Ky, then we

would maximise the right-hand side here by taking m;g‘ = m;” =a,B,dy.dy, A (nrz/ logn) ‘vaﬁ.
In fact, recalling that d /s = dx /sx + dy /sy, we have that

2
n dsy+dy+dysy /sy
) < nz/dX < 2]/X .

2s
2
nr /10 n sx (4s+d) SR dy.d <
( gn) osxssyddr 007,

As in the proof of Proposition 9, then we may choose (my,my) € Kx x Ky so as to ensure
that the separation in (8) suffices to guarantee power at least 1 — 5. [

PROOF OF LEMMA 11.  We will prove that

2
exp(’s Ejeqtioh ket ) 1
4P(p € F)? 4

in the case that n is even. If, on the other hand, n is odd then we will use the fact that
dTv(v{@" , vgz’" ) < dTV(v1® ("H), v? (n+1)) for any probability measures vi, v» to complete the
proof.

Let £, @ be independent copies of f and let p(V, p® be independent copies of p.
Then we have that

(P EPY) <

Pjoko’

1 2 Qn Qn 1 1 2 Qn Qn
; Ha (PR EPEY) < o+ dn (B EPYY)

_1 2
=, Xxy.../XXy(E{f(xl,yl)...f(xn,yn)}) A yi) (a1, y1)
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"

E{pD, pPV Lo poen)  EWPD pP )
<
4P(pD, p@ e F) — AP(pe F)?

’

and all that remains is to bound the numerator in this final expression. Let (5(1)) (S (2)) be
independent copies of (&) and write

. M@ 4 2
Y= > Jkg £ = > aiijk-

jeI\job.keK\{ko} JjeI\jo}.keK\{ko}

The random variable Y has a distribution that is symmetric about the origin, so for odd m
we have E(Y™) = 0. For m,r € N with r <m, write A, , :={o = (a1,...,0) e N 1] +

-+, =m)and @m — D' = Q2m —1)(2m — 3)...3 = @ for the double factorial, It is
also convenient to define the multinomial coefficient: for N € N and m1, ..., m, € Ny with
my+---+m, =N, we set

( N ) N!
miy,my,....,my) " milmo!...m,!

Then, for every m € {0, 1, ..., n/2}, we have

2 2 2
]E(Y m) = Z ajlkl ce ajzmkzm]E(gjlkl ce Ejka2m)
Jlsees Jm€I\jo}
kl ..... kszK\{ko}

m
Sy Y (2
. ) Jikp s ke 7y 2001, 207, . .., 20
r=1a€Am,; (j1,k1),-., (r.kr)
distinct

m

e o e D)

_Z Z Z Djiky - Dok r1Qa; — D (Za — DN

r=la€Aur (j1.k1)wers Grokr) ! e
distinct

m
4oy 4‘¥r 77777 o
< , .
S S D SR it
r=1a€Am,r(jlykl) ~~~~~ (jrskr)
distinct

=(Q2m — 1)!!( > ajk)m.

JjeI\jo}.keK\{ko}

It therefore follows that

n/2
Bl i) =BI+ 171 = 3 (5, ) 507)

=y L(ﬁ Y )’" <exp(ﬁ Y4 )
~ —=mi\2 k)= 2 k)

jeI\job,keK\{ko} JjeI\o}.keK\{ko}

as required. [J

PROOF OF THEOREM 12. Form € N, set

L em'/?
Cpp = min 72 , —

w(m)

12 (A=D2A1
g (11— ), B )
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and

cll2ym'% for € e [m],

a =
@ (®) 0 otherwise.

Then, with the convention that oo - 0 = 0, we have

m
(30) 3 0%l =302 ) < enb2my <
JE€T\ o} kek\ (ko} m3
Moreover,
2
c 2
> ajy=""< ng(l +(1=y)?),
jeI\Ljo} kek\ ko) moon
and
31 > ajillpjlloo =m'?c,?p < (A=) AL

JjeI\jo}.keK\{ko}

Now, writing p = {ZJ\{J-O}’,{E,C\{,{O}ajz-k}l/z, observe that the random element p of L?(u)

defined in Lemma 11 has D(p) = 02 with probability one. Furthermore, from (30) and (31),
we have with probability one that p € F¢(p). Since only finitely many elements of the set
{ajk: j € T\ {jo}. k € K\ {ko}} are nonzero, {p € F} is an event, so by Lemma 11 and the
discussion immediately following it, we have

pn,y.§)=sup D aj=supcm,
meN je 7\ jo}.kek\{ko} meN

and the result follows. [

PROOF OF PROPOSITION 14. For m = [nr2]24/4s+d) | we set

2 1/2 d \ 2/(4s+d)
) r (2m) 12 ) r
d, =m1n< ,—— 1o 2141 - )x ' (—)
" 0 N1 g+ A=y)) ) <ovovavay.y n2s

and
d2/m'? for £ € [m],
a =
@ (®) 0 otherwise.

The rest of this proof is dedicated to showing that, for the p constructed in the statement of
Lemma 11, we have

| 1+ (1—y)?
p — P( essinf T Taa -y
(p ¢ F)=P(essinf p(x.y) <0) <1 - /70—,

from which the result will follow from Lemma 11. We define the random function
F(x,y):=1-p(x,y)=— > ajr&jrpik(x,y)
J€T\jo}-keK\{ko}

and aim to bound P(esssup, . X,yey F(x,y) > 1). The space X x Y can be equipped with
the pseudo-metric

5 712

T((x, ), (¢, ) == [ asdpjk(x, y) = pj(x’, ¥} ] ,

€I \jo}.keK\{ko}
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which satisfies

1/2
§:= sup t((x,y), (x0,0)) 54{ Z aJZ'k} =4d,/?
XeX,yey JeI\jo},kel\ {ko}
for any (xp,y0) € X x Y. Now, for m = (my,...,mg,) € Ngx and x = (X1, ..., Xgy) €
X, we write (m,x)y := Z?ilmgxg; similarly, for m = (m1,...,mg,) € Ngy and y =

Y1y -5 Ydy) €Y, we write (m, y)y := ZZLI myye. Then, for any x,x’ € X and y, y' € ),

((x, ), (+",)))

<4 Z a%k”e—Zﬂi(mx,x—x/)X _ 1| + |e—2ﬂi(my,y—y/)y _ 1|}2
(ax,mx)eT\{jo}
(ay,my)ek\{ko}

<3272 Z a?k(l/\<mx,x—x/)i—f—lA(my,y—y/)i,)
(ax,mx)€T\{jo}
(ay,my)eK\{ko}

<3272 3 ag{(mxliflx =2 )"+ (Imy ]y = o))

(ax,mx)eT\{jo}
(ay,my)ek\{ko}

< 647 %% max{|x — x/||§gx/\l),

2

(32)

y =y 2P

For u,v > 0, let Hoo(u, X) and Hx (v, Y) be the u- and v-metric entropies of X and ),
respectively, with respect to the appropriate supremum metric; thus, for example, there exists
Xy :={x1,...,xn}, where log N = H (u, X), such that given any x € X, there exists x;+ €
Xy with [|x — xj«||oo < u. It follows from (32) that, if H(w, X x ) is the w-metric entropy
of (X x ), t) in the metric 7, then

w A\ /GxAD w \/GyAD
e =na((2) ) () )

8mr 8mr
87 1/(sxAl) 87 1/(syAl)
<dx 10g<1 + <7> ) +dy 10g<1 + <7> )

<< & _, % )10 (1 + 87r/w)
Tr/w).
“\sx Al sy A1 £

This choice of metric allows us to write, forany A € R, x,x’ € X and y, y' € ),

log EMFE=F0D) = S™ jogcosh(haju{pjk(x, ) — pjr(x’, ¥')})

Jj€I\{Jjo}
kek\ (ko)
- 2 ) A 2
=5 X adpate ) —pal P =Sl . ()
J€I\{jo}
kel\{ko}

We now apply a chaining argument. For each 7 € N, let §; := §277, and let Z;, denote a &;-net
of X x Y with respect to the pseudo-metric 7. Let zg = (xgp, yo) be an arbitrary element of
X x Y and Zj := {z0}. Then, for each ¢t € Ny, we can define a map I1; : X x Y — Z; such
that 7(z, I1;(z)) < §;. Noting that EF (xg, yo) = 0 and writing F; := F o I1;, we have for
every T € N that

E(esssup F(x,y)) <E(esssup Fr(x,y)+ esssup |F(x,y) — Fr(x,y)|)
xeX,yey xeX,ye)y xeX,ye)y
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T
52 esssup {Fy(x,y) — F—1(x, »)}]
— XEX,yeY

+ Z aji|pjx(x, ) — pj(Or(x, y))|.
JeI\jotkel\{ko}

Now t(IT;(x, y), [T;—1(x, y)) <38; forall x € X, y € Y and ¢ € N. Hence, by (33) and a
standard sub-Gaussian maximal inequality (e.g., Boucheron, Lugosi and Massart ((2013),
Theorem 2.5)),

T
E(esssup F(x,y)) <6y 8§H"*(, X x Y) +mdr
xeX,yey =1

8/2
< 12/ HY2(u, X x Y)du + mér.
0
Since this bound holds for every T € N, we conclude that

8/2
E(esssup F(x,y) <12 |  HY?u, X x Y)du
XEX,yeY 0

dm

dX dY 172 2nr 1/2
<9 / log"2(1 + 1/v)d
- n(sxA1+sYA1) ’ 0 og (1 +1/v)dv

dx dy \V? 47
< 24d1/2< ) { 2. /log2 +2 (1 ( )}
- " sx A1 +Sy/\1 \/_+ 82 o8 d1/2

Now with ¢ = (s, sy.dx.dy.y) we have dy/* <, (r?/n®)/4+) o that r/dy> =,
(nr?)®/Gs+d) "and hence there exists ¢; = c¢1(¢) € (0, 00) such that if (r?/n%)1/@s+d) <
c1/1og'/?(nr?), then Eesssup, ¢y yey F(x,y) < 1/2.

Now by, for example, Boucheron, Lugosi and Massart ((2013), Theorem 12.1), the random
variable sup,.c y ey F(x, y) is sub-Gaussian with variance proxy

> as lpjklZ, < 2dm.
J€T\jo} . keK\{ko}

By reducing ¢ = ¢1(¢) > 0 if necessary, and since nr? > 2, we may assume that

1 1+(1—y)2>
dy < ——log(1— [—— V1)
DT °g< 1+4(1—p)2

Hence, by a standard sub-Gaussian tail bound (e.g., Boucheron, Lugosi and Massart ((2013),
page 25))

P(p ¢ F) <P(esssup F(x,y)—E esssup F(x,y)>1/2)
XEX,yeY xeX,yey

o6l _ (1T A=y
= 1+4(1— )2
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Supplementary material: Optimal rates for independence testing via U -statistic per-
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maining proofs of main results, as well as some auxiliary results.
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