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Abstract

Kernel-based tests provide a simple yet effective framework that uses the theory of repro-
ducing kernel Hilbert spaces to design non-parametric testing procedures. In this paper,
we propose new theoretical tools that can be used to study the asymptotic behaviour of
kernel-based tests in various data scenarios and in different testing problems. Unlike current
approaches, our methods avoid working with U and V-statistics expansions that usually
lead to lengthy and tedious computations and asymptotic approximations. Instead, we work
directly with random functionals on the Hilbert space to analyse kernel-based tests. By
harnessing the use of random functionals, our framework leads to much cleaner analyses,
involving less tedious computations. Additionally, it offers the advantage of accommo-
dating pre-existing knowledge regarding test-statistics as many of the random functionals
considered in applications are known statistics that have been studied comprehensively. To
demonstrate the efficacy of our approach, we thoroughly examine two categories of kernel
tests, along with three specific examples of kernel tests, including a novel kernel test for
conditional independence testing.
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1. Introduction

The aim of this paper is to introduce new general tools for the analysis of kernel-based meth-
ods in the context of hypothesis testing. For this purpose, consider the following general
framework. Let Xi,...,X,, be a collection of data points and consider a null hypothesis
of interest, which we denote by Hy. Suppose that to assess the validity of Hy we have
access to a test-statistic Sy, (w) that depends (implicitly) on our data and on a deterministic
real-valued weight function w : X — R where X is a space related to the observed data
points. Furthermore, assume that S, (w) satisfies S, (w) ~ 0 for any fixed w under the null
hypothesis. A testing procedure based on S, (w) works as follows. Choose a function w and
compute Sp(w). If we observe S, (w) ~ 0 then we do not reject the null hypothesis, but if
we observe that S, (w) is far away from zero, then we use this as evidence to reject the null
hypothesis. Of course, we might still have S, (w) ~ 0 under the alternative hypothesis for
some functions w, and in such a case the test-statistic S, (w) will perform poorly.

In the previous setting, we need to carefully choose the weight function w in order
to have a robust test that is able to distinguish between null and alternative hypotheses.
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Arguably, there are two approaches that can be followed to tackle the problem of choosing
an appropriate weight function: we can learn the weight function w from our data, i.e.,
an adaptive weight approach, or we can combine several weight functions into a single
test-statistic, which is the path that motivates this work.

Following the idea of combining several weight functions into a single test, a simple
proposal is to consider as test-statistic the random variable

v, = sup Sn(ou)Q7 (1)
weH:||w|l, =1

where H is a separable reproducing kernel Hilbert space (RKHS). While in principle we
could have taken supremum over an arbitrary space of functions, we choose the unit ball
of an RKHSs since the favourable structural properties of RKHSs, coupled with certain
regularity conditions imposed over the general test-statistic S, (w), will guarantee good
properties of ¥,, which will be fundamental to construct rejection regions and thus the
testing procedure. In particular, we will assume that S, (w) is linear in its argument w,
that is, Sy (aw1 4 bwa) = aSp(w1) + bSp(we) for any a,b € R and wi,ws € H. Then it will
follow that ¥,, can be evaluated exactly via a closed-form expression, i.e., the optimisation
problem can be solved explicitly, although the resulting expression may not be particularly
pleasant. In the previous case, we say that S,(w) is a linear test-statistic, and we refer
to ¥,, to as the kernelisation of S,. This simple idea is the basis for what is known as a
kernel-based test (Gretton et al., 2006), and has been applied implicitly and explicitly in
many contexts. In the literature, testing procedures based on test-statistics of the form of
Eq. (1) are generally called kernel test-statistics, and the whole testing procedure derived
from it is referred to as a kernel test.

Standard examples in the literature of kernelised tests, as defined in Eq. (1), include
those based on the maximum mean discrepancy (MMD) introduced in the seminal work
of Gretton et al. (2006). These tests are commonly used for the two-sample problem, which
involves testing the null hypothesis Hy : Fy = F} using independent samples from Fy and
Fy. Since the development of the MIMD test, extensive research has been conducted in
the field of kernel-based tests. In the context of Goodness-of-Fit, a commonly employed
approach is to kernelise a Stein’s operator, resulting in tests known as Kernel Stein Dis-
crepancy (KSD) tests. These tests have been proposed for various data domains such as
R? (Chwialkowski et al., 2016; Liu et al., 2016), point processes (Yang et al., 2019), and
random graph models (Xu and Reinert, 2021), among others. Kernel methods have also
been applied to address the problem of independence testing, where the main objective has
been the analysis of the Hilbert-Schmidt independence criterion (HSIC) (Gretton et al.,
2005, 2007; Smola et al., 2007). Furthermore, kernel methods have found applications
in other testing problems, including conditional independence (Zhang et al., 2011; Doran
et al., 2014), composite goodness-of-fit (Key et al., 2021), and various testing problems in
survival analysis (Ferndndez et al., 2020; Ferndndez and Rivera, 2021; Ferndndez et al.,
2023; Ditzhaus et al., 2022). One of the advantages of kernel methods is their versatility in
handling different types of data structures, such as graphs, strings, and sets. This enables
the design of testing procedures for a wide range of data types. For an introductory review
of kernel-based tests, we refer the reader to Chen and Markatou (2020). For a comprehen-
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sive overview of kernel methods and their applications in Statistics and Machine Learning,
we recommend Hofmann et al. (2008) and Muandet et al. (2017).

Despite the vast literature on kernel-based methods, to the best of our knowledge, there
are no works aiming to find a unified framework to analyse kernel-based tests. Thus, most
of the existing tests and results are derived and analysed using first principles on a case-
by-case basis, even though many similarities are present in the analyses. These similarities
include: i) Most previous works focused on a random variable of the form W¥,,, which arises
implicitly or explicitly from a linear test statistic S, (w). ii) Most works base their analysis
on expressing ¥,, explicitly in the form of a V-statistic or a related object (e.g. a V-statistic
with random kernel or dependent data). iii) The limit distribution of ¥,, can be expressed as
an (infinite) linear combination of independent chi-squared random variables, and is usually
derived from limit theorems for V-statistics. iv) In most works the same resample schemes
are used, with the wild bootstrap being a highly prevalent choice.

For certain specific but simple scenarios, kernel-based tests can be expressed as standard
U and V-statistics, allowing for their analysis within this framework (see Section 4.1).
However, this is not always the case and additional difficulties arise. In the latter scenario,
the analyses of kernel-based tests require extra steps that often involve finding asymptotic
approximations of the kernel test as a proper U or V-statistic (without random kernels or
other type of complications), so the standard theory of V-statistics applies (for example, see
Fernéndez et al. (2023) for an analysis following this path). Due to such approximations,
the analysis becomes quite tedious and overly complicated; moreover, it is not guaranteed
that such an approximation can be achieved in every case. The same can be said about the
bootstrap versions of ¥,,. In contrast, many of these computations are much simpler when
we work directly with S, (w), and, furthermore, asymptotic results for S, (w) may already
have been proven in the literature.

The goals of this work are to provide new ways to study kernel tests. We expect to i)
avoid lengthy computations that usually arise by expressing the kernelised test statistic ¥,,
as an object that resembles a U or V-statistic and ii) be able to use already known results
for Sp,(w) in the analysis of ¥,, (which are usually much easier to obtain).

Our main idea to achieve our goals is to completely avoid writing ¥,, as a U or V-statistic,
and to work directly with S, as a random functional on the Hilbert space H, looking for
conditions that allow us to extrapolate limiting results of S, (w), for fixed w € H, to ¥,,.
Working with random functionals is much simpler, and indeed our analysis is based on first
principles of Hilbert space-valued random variables. At a high level we show that

i) Under the null hypothesis, some regularity conditions, and appropriate scaling it holds
that if for all w € H, Sy, (w) A N(0,02), then

o0
v, B3 N2,
=1

when the number of data points n tends to infinity. The variables Z; are i.i.d. standard
normal random variables and Aj, Ao, ... are non-negative constants. More details are
given in Theorems 1 and 2.

ii) Under the alternative hypothesis, some regularity conditions, and appropriate scaling
it holds that if for all w € H, S, (w)—c(w) almost surely, then almost surely we have
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that

U, —c; = sup  c(w)?

weH:||w|l, =1
More details are given in Theorem 3.

We show that our conditions are not only sufficient but also necessary. We also provide
additional sufficient conditions expressed in terms of integral conditions (see Propositions 4
and 6), which are not only more practical but also easier to verify. Consequently, these
conditions might be of greater relevance to practitioners. We will also see that our conditions
are useful not only to analyse test statistics but also bootstrap procedures such as wild
bootstrap, allowing us to analyse the whole testing procedure.

To illustrate how to use our results, we analyse two general classes of tests: the first
class considers statistics S, (w) that can be written as a sum of i.i.d. random variables, and
the second one considers S, (w) as a U-statistic of degree 2 or more (i.e., we take supre-
mum over U-statistics). These classes are rather important, as they include statistics such
as the kernelised Stein discrepancy and the HSIC measure of independence, respectively.
Additionally, due to their broad generality, these classes can also serve as readily applicable
(or condensed) results for practitioners who need to kernelise a test-statistic falling within
these categories. In these classes, we will see that our approach reduces the problem of
showing the asymptotic correctness of the kernelised testing procedure to the verification of
a few simple conditions (see Theorems 7 and 8), showing the effectiveness of our approach
in practical problems.

Finally, we apply our ideas to specific testing problems. In particular, we analyse kernel
tests for the problems of independence testing, the two-sample problem with right-censored
data, and conditional independence testing. The last application is a novel test for condi-
tional independence testing that kernelises the very recently proposed Weighted Generalised
Covariance Measure (Scheidegger et al., 2022) which is a weighted generalisation of the Gen-
eralised Covariance Measure (Shah and Peters, 2020).

Notation. For the remainder of the paper, we adopt standard notation. In partic-

ular, we write =3, E>, and 3 to denote convergence almost surely, in probability, and in
distribution (in law), respectively. All limits are taken when n, (usually the number of
data points), tends to infinity, unless explicitly stated otherwise. We denote by Px and Ex
conditional probability and expectation on the random variable, event, or sigma-algebra X.
For a positive integer k, we denote by [k] the set {1,... k}.

2. Background
2.1 Hilbert Spaces and Random Linear Functionals

In this work, we are interested in Hilbert spaces of functions. The letters H and G usually
denote spaces of functions from X to R and from ) to R, respectively, with the respective
inner products (-, )y and (-,-)g. We always assume that X and ) are Polish spaces (e.g.
Rd), and that Hilbert spaces are always separable.

In later applications to Hypothesis Testing, we will further consider Reproducing Kernel
Hilbert Spaces (RKHS). We say that H is an RKHS if the evaluation functional E, :
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w — w(z) € R is bounded for each z € X. According to Riesz’s representation theorem,
there exists a unique K, € H such that F,w = (K,,w)y. For z,y € X, we denote by
K(z,y) = (Kg, Ky),, the so-called reproducing kernel of #, which is a symmetric and
positive definite function X x X — R. The kernel function K characterises H, and, in
fact, given a symmetric positive definite function K there is a unique RKHS with such a
function as reproducing kernel. In practice, we do not choose H, but rather the kernel K.
Standard kernel functions are the squared-exponential, the Ornstein—Uhlenbeck, and the
rational quadratic kernels; see Chapter 2 in the work of Duvenaud (2014) for a compendium
of kernel functions. Finally, since we are interested only in separable Hilbert spaces, it
is worth mentioning that if X is separable and the kernel function K : X x X — R is
continuous, then the RKHS H is separable.

We are interested in random variables taking values in H or in the space of bounded
linear functionals H* (with the standard operator norm ||-||x—r). We assume an underlying
probability space (€2, F,P) and consider random variables Q@ — H or Q — H* that are
measurable with respect to the corresponding Borel sigma-algebra. Other standard forms
of measurability, such as the cylindrical sigma-algebra, are equivalent in the setting of
separable Hilbert spaces. Due to the isometry between H and H*, we can define a random
variable in one space and transfer its representation to the dual space without concerns
about measurability issues. In particular, given a random bounded functional S, the random
variable ||S||lyor = SUD e w, =1 (w) is measurable. Similarly, for a random variable
£ € H, its norm |[|{||,, is also measurable.

Considering the aforementioned notation, our main interest is to study sequences (S, )nen
of random functionals in H*. In particular, we are interested in the random variable

Upo=[Sullfoe = sup Sa(w)?. (2)
weEH: w4 =1

In order to maintain the statistical motivation in our presentation, from now on we refer
to random variables in H* as bounded linear test-statistics.

2.2 Stable Convergence

In some settings, such as bootstrap or other resampling schemes, we want to extend the
definition of convergence in distribution to allow convergence conditional on a sub-algebra,
e.g. to obtain a limit distribution given the observed data. This idea is formalised by the
concept of stable convergence (Hausler and Luschgy, 2015, Definition 3.15).

Consider a sub sigma-algebra 7' C F. We say that the sequence of real random variables

(Zy)n>1 converges F'-stably to Z, denoted Z, D—f>/ Z, if and only if
E(XE(f(Zn)|F')) — E(XE(f(Z)|F))

for all X € L1(Q,P,F) and f : R — R continuous and bounded. Note that by taking
X =1, stable convergence implies the usual convergence in distribution. In this work, our
limiting random variables will be independent of F', thus E(f(Z)|F') = f(2).

An equivalent definition is that Z, D—f>/ Z, if and only if Z,, converges to Z with respect
to the conditional measure P(-|F) for every F C F' with P(F) > 0, i.e., Ep(f(Z,)) —
Er(f(Z)), for all bounded and continuous f.
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In practice, most of the usual limit theorems, such as Linderberg’s CLT, hold in the
setting of stable convergence, but all conditions involving probabilities/expectation need to
be replaced by the corresponding conditional probability /expectation on F (e.g. Theorem
6.1 of Hausler and Luschgy (2015)).

In data-driven problems involving bootstrap and resampling methods, we denote all
data by D, and write Dp as a shortcut for D,(p) to represent o(D)-stable convergence,
where (D) is the sigma-algebra represented by the data D.

3. Convergence of Kernelised Linear Test-statistics

As discussed in Section 1, in practical scenarios of hypothesis testing, S,(w) represents a
test statistic that depends on the weight w. Randomness is typically introduced by the
observed data, which consists of n data points denoted as Xi,...,X,. The subscript n
corresponds to the number of data points. There are two cases of particular interest in this
context. The first case occurs when S, (w) is properly scaled and converges to a normal
distribution with a mean of 0 and a variance of o(w,w) for each function w. This scenario
is typically encountered under the null hypothesis. The other case is when S, (w) converges
(assuming proper scaling) to a constant c(w) that depends on w (and hopefully c¢(w) # 0),
which usually holds under the alternative hypothesis.

Let us start by analysing the first case, as it is the most interesting. In this case,
we assume that the sequence of linear statistics (Sy)n>1 satisfies the following condition,
referred to as Condition G, where G stands for Gaussian as in the Gaussian distribution.

Condition Go For each w € H we have Sy, (w) LA S(w) with S(w) ~ N(0,0(w,w)) as n
grows to infinity.

Condition Gy is a rather natural and common behaviour for test-statistics under the null
hypothesis, so it can be seen as a framework rather than just a condition. Note that accord-
ing to Condition Gy, o(w,w) is defined only on the diagonal. However, it can be extended

to a bilinear operator by defining o(w,w’) = 1 (o(w+w',w+w') — o(w,w) — oW, w')).
The bilinear operator ¢ : H x H — R plays a fundamental role in our work, as it char-
acterises the joint convergence of S(wy),...,S(wn) with wy,...,w, € H to a multivariate

normal with mean 0 and covariance matrix ¥;; = o(w;,w;) (see Lemma 13). Moreover,

o also characterises the potential limit (in law) of S,. If we assume that o is bounded,

i.e., SUDL 2w, =1 o(w,w) < 0o, then the Riesz representation theorem guarantees the ex-

istence of a unique linear transformation T, : H — H such that (w, Tyw')y = o(w,w’) (see

Proposition 14 in Appendix A.1). Furthermore, due to the symmetry of o, T, is self-adjoint.
In the specific case where H is an RKHS with kernel K, then

(Tyw)(z) =0(w, K;), VreX. (3)

Recall that K, € # is the (unique) element associated with the evaluation functional E, via
the Riesz representation theorem. Assuming Condition G; below we show in Proposition 14
that T, is self-adjoint and trace class.

Condition G1 For some orthonormal basis (¢i)i>1 of H we have 3, 0(¢i, ¢i) < 00.
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It is well known that if the condition above holds for one orthonormal basis, then it holds
for every orthonormal basis (see, e.g., Corollary 18.2 of Conway (2000)).

By Condition G1 and since T, is self-adjoint, there exists an orthonormal basis of H
denoted as (¢;)i>1, satisfying T5¢; = Ai¢; for each ¢ > 1. Additionally, the sum of the
eigenvalues )\; is bounded, and these eigenvalues are real since T} is self-adjoint and non-
negative since o is a variance (except for the potential eigenvalues 0). This will play a
crucial role in defining the (potential) limit of S,,.

Finally, to ensure that S, actually converges in distribution to a limiting functional, we
require the following tightness condition:

Condition G2 For some orthonormal basis (¢;)i>1 of H, and for any € > 0, we have that

oo
. . 2
llg& h;n_)solipIP’ ;Sn(%) >e| =0.

Similarly to Condition G, we can show that if Condition G5 holds for one basis, then
it holds for any basis of H.

We continue by presenting the main theorems that allow us to study kernel statistics
through the random functional S,. The first result allows us to derive a limit distribution
for ¥,, based on the fact that S, (w) converges in distribution for every w € H.

Theorem 1 Let (Sy)n>1 be a sequence of bounded linear test-statistics satisfying Condi-
tions Gg to Ga. Define the random functional

SC) =Y VAilbi )y Zi
=1

where (i, ¢;)i>1 are the eigenvalues and eigenvectors of the operator T, : H — H defined
in Eq. (3), and (Z;)i>1 are a collection of i.i.d. standard normal random variables.
Then S exists almost surely, i.e., the sum converges almost surely in H*, and

~—

S DS, and W, =|Sul3e DY N2 (4
=1

Random variables of the form ) 7, )\iZZ-Z, where \; are the eigenvalues of an operator T,
frequently appear in our applications. Therefore, we introduce the notation x?(¢) to denote
the distribution of the aforementioned series. We write

U~ x*(0) ()

to indicate that the random variable ¥ has the same distribution as Y o0, \;Z? associated
with the bilinear form ¢ through the operator 7.

We also show that the conditions imposed in Theorem 1 are necessary. This result is
stated in the following theorem.
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Theorem 2 Let (Sp)n>1 be a sequence of bounded linear test-statistics in H*, and define
S() = Y21 VAiZi{bi, ), where (N;)i>o are positive constants, and (¢;)i>1 is an or-
thonormal basis of H. Suppose that S converges almost surely in H* (i.e., almost surely the

truncated sums are a Cauchy sequence in H* ). Then, if Sy z S, we have that Conditions G
to Go hold.

Now, we present our second main tool to analyse kernel statistics, which pertains to the
analysis of the second case of interest. This case arises when S, (w) converges almost surely
or in probability to a constant value ¢(w) for every w € H. Such a situation is often observed
under the alternative hypothesis and can be described relatively straightforwardly. The
following condition, which is essentially the almost surely version of Condition Gg, features
our analysis.

Condition G3 For some orthonormal basis (¢;)i>1 of H, it holds that

lim hmsupZS qZ)J =0, a.s.

1—=00 pooo 4
j=i
Theorem 3 Consider a sequence (Sp)p>1 of linear test-statistics, and suppose that for
each w € H we have Sp(w) “¥ c(w), where ¢ : H — R is a deterministic functional. Define
= SUD,e74: ], =1 c(w)?, and suppose c, < oco. Then
2

lim ¥, =c¢;, a.s.
n—oo

if and only if Condition G3 holds.
Furthermore, if for every w € H we have Sy (w) LN c(w) as n grows to infinity, then
v, LN c2 if and only if Condition Go holds.

The proofs of Theorems 1 to 3 are deferred to Appendix B.

3.1 Integrability Conditions

Verifying the conditions stated in Conditions GG; and G3 can be challenging in practical
examples due to their algebraic nature. To address this, in this section, we introduce
integrability conditions that imply Conditions G; and G2 and that may be easier to verify
in practical problems.

In the upcoming discussion, we consider Polish spaces X and ), along with the (sep-
arable) Hilbert Space H of functions from X to R and a Hilbert Space G of functions
from Y to R, as well as the Borel measures p and v over X and ), respectively. Ad-
ditionally, we assume that H and G are subspaces of La(X, ) and Lo(), V), respectively
(considering the equivalence class of functions). It is worth noting that if # is a separa-
ble RKHS with kernel K, a sufficient condition for H to be a subset of Lo(X, 1) is that
[ K p(dz) < oo (the analogous condition holds for G). This condition holds because
Sy f dx <|If1l3, [ K (2, z)pu(dz) by the Cauchy-Schwarz inequality.

The mtegrablhty condltlons we are going to introduce are based on the existence of a
linear transformation Q : H — G C La(Y,v) such that E(S,(w)?) < C HQwHiz(y) for all
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sufficiently large n and for all w € H. By introducing @) and integrating with respect to v,
we can express Conditions G; and G2 in a more natural form for practical applications.

Note that if G is an RKHS associated with the kernel L, we have (Qw)(y) = (Qw, Ly)g =
(w,Q*Ly)y for any y € YV, where Q* is the adjoint operator of ). Then, for any y,y" € ),
we define the kernel L€ : Y x Y — R as follows:

Ly, y") = (Q" Ly, Q" Ly ), (6)

which is clearly symmetric and definite positive. Note that L9 can be understood as the
kernel Q1Q5L, where ()7 represents the application of @* to the i-th component of L. The
kernel L? plays a significant role in various applications; however, its shape may not be
very pleasant in some settings.

Proposition 4 Suppose that there ezists a linear transformation Q : H — G C La(Y,v)
and a constant C' > 0, satisfying:

E(S,(w)?) < C /y (Qu)()?v(dy) (7)

for all w € H and for sufficiently large n. Moreover, consider the following conditions:

a) H is a RKHS with kernel K and it exists a measure 1 on X such that

(we%iﬁﬁ’ - / <Qw><y>2u<dy>) ( /. K(:r,x)u(d:v)) <o, ®

b) G is a RKHS with kernel L, and
/y L9y, y)w(dy) < . (9)

If a) or b) holds, then Condition Go holds. Furthermore, if Condition Go holds and a) or
b) holds, then Condition G holds.

Remark 5 If both H and G are RKHSSs, then Eq. (8) implies Eq. (9).

In a setting that involves bootstrap estimator or almost sure convergence of ¥,,, we need
to be able to use our convergence results to establish F'-stable convergence for some appro-
priate sub-sigma F’' C F (recall the definition of stable convergence in Section 2.2). In this
setting, we say that Condition G holds F'-stably if and only if for every w € H there exists
a random variable S(w) ~ N(0,0(w,w)), independent of F', such that S, (w) S S(w).
Also, we say that Condition G5 holds F'-stably if it holds when replacing the probability
P by the conditional probability on Pp for all FF C F' with P(F) > 0. Note that other
conditions do not involve probabilities. Therefore, Theorem 1 shows stable convergence if
Conditions G to G hold F'-stably (the same applies to Theorem 3). Within this context,
the following extension of Proposition 4 helps us to prove F’-stable convergence:
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Proposition 6 Let F' be a sub sigma-algebra of F. Suppose there exists a linear operator
Q:H—GC Ly(Y,v), a constant C > 0, and a (potentially random) sequence of sigma-
finite measures v, on Y, such that for every n > 1, it holds that

E(Sn(w)?F') < C /y (Q)*(y)va(dy), a.s. (10)

Moreover, suppose that for each g € L1(Y,v) we have [, g(y)va(dy) — [, 9(y)v(dy) almost
surely.
Consider the following conditions:

a) H is a RKHS, and it exists a measure p on X such that

<WE'H:|iu5 (MZl/)](Qw)(y)QV(dy)) </X K(x,x)u(dx)) < 00 (11)

b) G is a RKHS with kernel L, and [, LR (y, y)v(dy) < oo,

If a) or b) is satisfied, then Condition Go holds F'-stably. Additionally, if Condition Gg
holds F'-stably and a) or b) is satisfied, then Condition Gy holds F'-stably. Finally, in the
special case that F' = F and a) or b) is satisfied, then Condition G3 holds.

Applications of the previous results are found in the next section. The proofs of Propo-
sitions 4 and 6 are deferred to Appendix B.

4. Application to Hypothesis Testing

In this section, we provide applications of the previous results in the context of hypothesis
testing.

4.1 S,(w) as a U-statistic of Degree 1

In this section, we investigate the behaviour of S, (w) and the kernelised estimator ¥,, when
Sp(w) is a U-statistic of degree 1, meaning that S, (w) is the sum of i.i.d. random variables.
This is arguably the simplest case of a kernelised test-statistic that we can consider, yet it
gives rise to several important statistics that appear in practical applications, including the
so-called maximum mean discrepancy and kernelised Stein discrepancy. Since Sy, (w) is very
simple, we can find a straightforward expression for ¥,,. In fact, it can be represented as a
V-statistic of order 2. Although this type of representation is common in the literature of
kernel tests, it is important to clarify that not all kernel test-statistics can be written as a
standard V-statistic. -

To fix our ideas, let us consider data Yi,...,Y, Mg taking values in a space ).
Consider a separable Hilbert space H of functions from X — R, and a subspace G of
Lo(Y, F). In this context, X and ) may not necessarily be identical. Although they are often
equal in various applications, our approach accommodates the possibility of them being
distinct. This flexibility proves advantageous in certain practical scenarios; for example, in
Section 4.3.3 we consider survival analysis data (X;, A g;) thus Y =R x {0,1} x {0,1} but
X will be chosen as R since the weight functions will only consider the time Xj.

10
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Let U : H — G be a linear map and define the linear test-statistic S, as:
1 n
Sn(w) = —= > (Uw)(Y3). (12)
Vi o

If G is an RKHS with kernel L, then (Uw)(y) = (Uw, Ly)g = (w,U*Ly)y where U*
is the adjoint operator of U, and recall the definition of LY from Eq. (6). Then, we can
express the kernelised statistic ¥,, as a V-statistic with kernel LY, indeed:

1 n n
v, = sup  Sp(w)? = *ZZLU(YLYJ‘) (13)
wEHwlly =1 s =

which holds by noting that S, (w)? = (w, ﬁ S U*Ly,)3,, thus the supremum over the

unit ball equals the square of the norm of ﬁ Yom ULy, in H.

We note that although the definition of LU seems rather technical, it is not difficult
to obtain this kernel in practice. In fact, a common approach in the literature, although
informal, is to assume that H is an RKHS with kernel K, and then to obtain LY we simply
apply the transformation U to each coordinate of K.

The previous procedure can be formalised. Assume that w — (Uw)(y) is a bounded
linear functional for each y € Y, and let N = {w : (Uw)(y) = 0 for all y € Y}, and define
G:={Uw:we N*+} ={Uw:we H}. Now, for every g € G, there exists w € N+ such that
g = Uw, then define the inner product in G by (Uw,Uw')g = (w,w')y with w,w’ € N*.
Then U is an isometry between N L+ and G. We claim that G with this inner product is an
RKHS. Indeed, since w — (Uw)(y) is a bounded functional in N1, there exists £, € N+
such that (w, &)y = (Uw)(y) for w € N+, then we claim that U¢, € G evaluates functions
of G, indeed for g = (Uw), we have (U, 9)g = (&, w)n = (Uw)(y) = g(y). Denote by
L, = U¢, and the kernel L(y,y') = (Ly, L, )g. Finally, since U is an isometry between N+
and G, UU* is the identity in G, and then

LU(ya y/) = <U*Lya U*Ly’>7-l = <Ly7 UU*Ly/>Q = L(yv y/)-

Note that the above argument also shows that LY (y,y’) = (&, &, ), therefore, we just
need to find &, € Nt such that (w,&,)y = (Uw)(y) for w € Nt. Of course, finding N+
may be difficult, but in many examples N is trivial (only contains the zero function), thus
N+ = #H. In this case, note that (K,,&,)% = & /(x) = (UK,)(y). Hence, we can find &, ()
applying U to the second coordinate of K(z,2’) and then evaluating at y. Finally, since
LY(y,y') = (U&)(Y'), we are just applying U to the function z — (UK,)(y), explaining
the heuristic idea that LY is found by applying U to the first and second coordinate of K.

To illustrate the previous ideas, consider the following examples.

Example 1 (Maximum mean discrepancy for the goodness-of-fit) In this example,
we consider data (Y;)], in R? generated independently according to a distribution F. We
want to test whether F is equal to a given distribution Fy or not. Let H be an RKHS of

functions RY — R, and define (Uw)(y) = w(y) — Eo(w(Y)), where By denotes expectation
2
w.r.t. Fo. Then, informally, the statistic ¥, = Sup,eqq.|u||,,=1 > (ﬁ(Uw)(YZ)) can be

11
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written as the V -statistic = 37 > =1 LY(Y;,Y;) where

LY(y,y) = U'UK)(y,y/) = K(y,9/) — Bo(K(y,Y")) = Eo(K(Y,¢/)) + Eo(K (Y, V")),
where U is the application of U to the i-th coordinate of K.

Example 2 (Kernel Stein Discrepancy) In this example we want to test the null hy-
pothesis ' = Fy. We assume that Fy has density pg in R? with vanishing tails. Consider an
RKHS H of real functions and let K be its kernel function. Define the RKHS Hq of func-
tions R x {1,...,d} — R in terms of its kernel Kq given by Kq((x,1), (y,7)) = K(z,y)dij,
which is a kernel since it is the product of two kernels. Denote g;(x) = (0/0x;)log(po(x)),
and consider the operator U; acting on Hgq, given by (Uw)(x) = gi(x)w(x,1) + a%iw(x,i),

and (Uw)(z) = Z?Zl(in)(x). For practical purposes, suppose that limp_ % con-

verges in H. To ensure the existence of the previous limit, we shall assume that the kernel
K has continuous second-order partial derivatives. Then, we apply U to the first and second
coordinates of K to, informally, derive that

o 0
K(z,y).

y; Ox; Oz; 0y;

d
LV () = 3 ) (@)K (@.9) + 1(0) o K (2, ) + 60 K (2,9) +
i=1
In general, V-statistics of order 2 can be categorised into two general classes, degenerate
and non-degenerate, which determine their asymptotic behaviour. A V-statistic is consid-
ered degenerate if the function y — E(LY(Y,%)) is almost surely a constant with respect
to y. On the other hand, if the function varies across different values of y, we say that the
V-statistic is non-degenerate.
For hypothesis testing applications, U is chosen so that under the null hypothesis
E(Uw)(Y)) = 0 for all w € H. Indeed, note that in our two previous examples this
property holds. In this case, LY is a degenerated V-statistic kernel since

E(LY(Y,y)) = E(U"Ly, U*Ly)n) = E({Ly, UU*Ly)g) = E(UU*L,)(Y)) = 0,

for all y € Y since U*L, € H. On the other hand, under the alternative hypothesis, we
expect that there exists w € H such that E((Uw)(Y)) # 0. If the latter holds, we find that
LY is not a degenerate kernel.

Since our main interest lies in applications in hypothesis testing, it becomes crucial to be
able to bootstrap our test-statistics to approximate the rejection region. For this purpose,
we propose a wild bootstrap approach that can be used within this setting: Consider a
collection (W;)™_, of i.i.d. Rademacher random variables, i.e., with equal probability they
take value 1 or -1 (in general, random variables with mean 0 and variance 1 are enough).
Then, the bootstrap statistics are defined as

1 n 1 n
Sy (w) = ﬁ ZWz‘(UW)(Y%)a and ‘I’ZV = sup SXV(W)Q ~ Z WinLU(Yi,Yj)-
i=1

n
weH:||w|l4 =1 ij=1

The next result provides asymptotic results for ¥,, and \IJZV .

12
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Theorem 7 Let U : H — G C Lo(Y, F), and suppose that G is an RKHS with kernel L
and such that E(LY(Y,Y)) < co for Y ~ F. Define the bilinear forms in H,

o(w,w') = Cov((Uw)(Y),(U)Y)) and JW(w,w’) =E((Uw)(Y)(UJ)(Y)),
then
1. IFE((Uw)(Y)) =0 for allw € H, then ¥y 3 T ~ x2(0).

2. WYV ECR U x2(eW). Moreover, if E(Uw)(Y)) = 0 for allw € H, then YW has the
same distribution as W.

3. Let 2 = SUD,74: w5, =1 E(Uw)(Y))?, then n= 1, “5 (2.

We note that the previous result includes all the necessary elements that allow us to
prove the correctness of the testing procedure based on ¥,, and the wild bootstrap estimator
\IIZV to approximate the rejection region.

The proof of Theorem 7 can be carried out using results of the theory of U and V statis-
tics. For example, Item 1. is a standard convergence result for degenerated V-statistics,
e.g. Theorem 4.3.2 of Koroljuk and Borovskich (1994) establishes that ¥, converges in
distribution to a weighted linear combination of independent chi-square random variables
with one degree of freedom if E(LY(Y,Y)) < oo and E(LY(Y,Y’)?) < oo, where Y’ is an
independent copy of Y. It is important to note that the condition E(LY(Y,Y")?) < oo is
implied by E(LY(Y,Y)) < oo since LY is a positive-definite function. The wild bootstrap
estimator ¥ was studied by Dehling and Mikosch (1994). Their Theorem 3.1 shows that
244 P2 ¢W under the same moment conditions mentioned above, and that the limit distri-
butions coincide if E(Uw)(Y)) = 0 for all w € H, leading to Item 2. Finally, Item 3 is the
standard law of large numbers for V-statistics.

For completeness, we provide an alternative proof of Theorem 7 using our tools, ignoring
all previous developments in the theory of U-statistics and wild bootstrap.

Proof Observe that E (supweH:”w”H:l(Uw)(Y)Q) < oo since

E( sup (Uw)(Y)2> :IE( sup (Uw,Ly%) :E< sup <w,U*Ly>%{>

w€B1(H) w€B1(7-L) w€B1(H)
=E(({U*Ly,U*Ly)y) = E(LY(Y,Y)) < .
For item 1, we apply Theorem 1 to the operator S,,. Clearly S, (w) = ﬁ Yo (Uw)(Y5)
converges to a centred normal with variance Var((Uw)(Y;)) by the CLT, thus Condition Gg
holds. To verify Conditions G; and G2 we use Proposition 4. Note that since E((Uw)(Y;)) =
0 for all w, it holds that

B(S,(w)) < [ (Ua)wPF ). (14)

y

thus, Conditions G; and G follows by taking @ = U, C = 1 and v = F in Item b) of
Proposition 4.

13
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For item 2, we apply Theorem 1 to the operator S!" but conditional on the data
D = (Y;);>1. Condition Gy holds o(D)-stably since S/ (w) has conditional mean 0 and con-
ditional variance given by > | 2 (Uw)(Y;)? — E((Uw)(Y;)?) by the law of large numbers.
An application of the Linderberg CLT (see Lemma 16 and Corollary 17 in Appendix A)
shows that S (w) 2 N(0,0(w,w)) with o(w,w') = E(Uw)(Y1)(Uw')(Y1)). To verify
Conditions G and Ga we again use Proposition 6 with Q@ = U, C =1, v, = > 1", dy;,
v =F, and F' = o(D) the sigma algebra generated by the data. In this case, note that
fyg(y)l/n(dy) — [, 9(y)v(dy) by the Law of Large numbers whenever g € L1(Y,v). More-
over, note that Eq. (10) holds since

n

Ep (S (@)2) = = 3 (0w)(vi)2

n -
=1

Therefore, since item b) of Proposition 6 holds, we have that ¥}V converges in distribution.
Furthermore, note that if E((Uw)(Y1)) = 0 for all w then the covariance operators of ¥ and
W coincide.

Finally, for item 3, we apply Theorem 3 to the operator ﬁSn. Clearly, ﬁSn(w) =
LS [ (Uw)(Y;) converges almost surely to a constant due to the law of large numbers.

We only need to verify Condition G3, for which we employ Proposition 6. A direct calcu-

2
lation yields (ﬁSMw)) = (LY (Uw)(1)® < L7 (Uw)(Yi)? so, in our application
of Proposition 6 we take Q = U, C =1, F' = F, v, = >.; 0y, and v = F. By our
assumptions, condition b) of Proposition 6 holds, and thus Condition G5 holds, that is,

lim; o0 lim sup,,_,o P S,(¢4)* = 0 for some orthonormal basis ¢; of H. [ |

4.2 S, (w) as U-statistic of Degree 2 or More.

A much more interesting class of statistics arises when we move beyond simple sums and
consider general U-statistics (with sums being U-statistics of degree 1). Let ([:f]) denote
the family of subsets of [n] = {1,...,n} with r distinct elements. The elements of ([’Z])

represent a set of indices. For A € ([Z]) we denote by Ai,..., A, the elements of the set
A in increasing order. In this context, consider i.i.d. data X; ~ F, and consider linear
statistics S, in the following form:

NG
r(7)

Sn(w) = > (Uw)(X ), (15)

ae(t)

where X 4 = (X4,,...,Xa4,).

In this case, Sy, (w) represents a U-statistic of degree r (which is why we use the letter U
to denote the transformation). In this context, it is convenient to assume that H is a space
of functions that map X'¢ to R. In particular, we can consider U as U : H — Lo(X", FX7),
with F'*" denoting the product measure. Note that d may be different from r, leading to
a general enough setting for applications. It is important to assume that for every w, the
function Uw is symmetric in its input (i.e., the output does not depend on the order of the

14
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input), so the ordering of the index set A is not important. For the Wild Bootstrap version
of Sp(w), we propose the following:

SW(w) = vn > Wa(Uw)(Xa),

where Wy = Wy, + Wy, +---+Wy,, and (W;)?, are i.i.d. Rademacher random variables
(however, other random variables with mean 0 and variance 1 can be considered). Note that
when r = 1, we recover the previous setting discussed in Section 4.1. We proceed to analyse
the kernel test-statistics ¥,, and ¥V when 7 > 2. Our approach is not an extension of the
case r = 1 since, while it is possible to expand ¥,, and \I/K/ as V-statistics, the analyses
of such expressions are rather intricate, involving the dependent random variables (X 4 :
Ae ([Z])) Hence, the usual roadmap for analysing V-statistics becomes very complicated.
We think that working with the random functional S, is a better option in this setting,
particularly condition a) of Propositions 4 and 6 is not hard to apply.

The following theorem gives a general tool to analyse statistics W,, as described above
(see Section 4.3.2 for an application).
Theorem 8 Let X1, Xo,..., X, “2d B be random variables taking values in X, and for
r > 1 define the bilinear forms in the RKHS H,

o(w,w") = Cov((Uw)(X1, Xo, ..., X;), (U) (X1, X5,..., X)) (16)
and

oW (w,w') = E(Uw)(X1, X, ..., X)) (UW) (X1, X5, ..., X1)) (17)

r

where X! have the same distribution than X; for i > 2, and X}, ..., X are independent of
X1,Xo,..., X, (for r =1 we recover the covariances of Theorem 7).
Suppose that there exists a sigma-finite measure pu in X% such that

sup E((Uw)(X1, Xa,...,X,)?) < 0o and K(x,x)p(dx) < oo, (18)
LUEHZHLU”LQ(H):l Xxd

where K 1is the kernel of H. Then the following statements hold
1. FE(Uw)(X1,..., X)) =0 for allw € H, then ¥,, B T ~ x2(0).
2. wyW ECR UGN 2(eW), moreover, if E(Uw)(X1,...,X,)) = 0 for all w € H, then

W and U have the same distribution.

3. There exists a constant cx > 0 such that n=1U,, 3 ci.

Proof We provide an independent proof for each item.

Item 1. For this item, we use Theorem 1. Condition G holds immediately since S, (w)

is a U-statistic, so according to Theorem A in Section 5.5.1 of Serfling (1980), S, (w) S

N(0,0(w,w)) where o(w,w') = E(Uw)(X1, X2,..., X)) (UW) (X1, X5, ..., X])). To verify

15



FERNANDEZ AND RIVERA

Condition GG7 and Condition Gy, we use Proposition 4 with Q = U and = v = F*". Note
that Eq. (18) implies that the right-hand side of the inequality in Eq. (8) is finite, so the
conclusion of Proposition 4 follows.

Item 2. We will verify the assumptions of Theorem 1, conditioned on the entire data
D = (X;)i>1. To use Theorem 1, we begin by claiming that Condition Gy is valid. This
follows from Linderberg’s CLT, in particular, Corollary 17 (in Appendix A) states that for
any U-statistic kernel Uw with finite second moment we have

SW(w) = \(fj) 3" WA (Uw) (Xa) 28 N (0, 06% (w,w)). (19)

" ae()

To verify Conditions G and G, we use Proposition 6 with ' as the sigma-algebra gener-

ated by the data D. We proceed to verify the conditions of Proposition 6, and, in particular,

we will verify condition a) in this application. For ¢ € [n], let I; denote the family of subsets
in ([:f]) such that A € I; if and only if i € A. Then, S}V (w) can be written as follows:

SV = oy 3 Wa ) (a) = 5 S Wity S 0K 00)
) ae(i) i=1 r—1) Acr;

We define Y, = ﬁ > aer,(Uw)(X4). Consequently, we have SW(w) = ﬁ Yoy Wi,
We observe that Ep (S} (w)?) = £ 30 | V2

- "=, then the definition of Y}, coupled with Jensen’s
inequality yields

2
V2= S 0w)Xa) | € 3 (Uw) (X a)?
(7‘—1) Ael; (7‘—1) Ael;
Thus, we obtain
Ep (S (@) < (,fl) UK = iy 3 (U)X
i=1 \r—=1/) Ael; r—1 Ae([:])
:(i S (U)X (@)
) ae(®)

This implies that Eq. (10) holds when we take = U and v, as the empirical mea-
sure on R" given by v,(S) = (%)ZAG(["J) ds(X4), where S C R" is a Borel set. Note

that [p, (Uw)?v, = ﬁZAe([”]) (U(w)(X4))?. By the Law of Large Numbers for U-
statistics, if f : R" 5 R s symmetric and such that E(|f(X1,...,X,)|]) < oo, then
[ fpn — E(f(X1,...,X,)), as required in the statement of Proposition 6. Finally, with our

choice of @ and v, we see that Eq. (8) is immediately verified by Eq. (18). We conclude

that there exists a random variable ¥"W such that ¥}V 2 ¥, and the covariance kernel is
given by 0" (w,w)) by Eq. (19). Finally, note that when E((Uw)(X1,...,X,)) = 0, then
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oV and o are the same covariance, and thus the corresponding limit distributions ¥V and
U are the same.

Item 3. Note that ﬁsn(w) converges almost surely to a constant ¢(w) by the law of
large numbers for U-statistics. Then, to invoke Theorem 3 we have to verify that Condi-
tion G5 holds for ﬁsn(w). For this, we use Proposition 6 taking 7' = F (i.e. we do not
take expectation in Eq. (10)). By Jensen’s inequality and following Eq. (20) and Eq. (21)
we get

2

1 2 1 — 1 r
(Jasi) = (G X Wiy Swatkn | <ty 3 @

Ael; AG([:L

and note that the latter expression is the same as the right-hand side of equation Eq. (21),
hence by repeating the argument after Eq. (21) we get that the premises of Proposition 6
hold (particularly condition a)), implying that Condition Gg holds. [ |

4.3 Examples

In this section, we apply our tools to specific testing problems.

4.3.1 A KERNEL TEST FOR CONDITIONAL INDEPENDENCE

We present a new kernel test to test conditional independence that, asymptotically, fits
within the framework of Section 4.1. Consider data points (X;,Y;, Z;)" N P, where P
is a probability measure on R x R x R% with d > 1. We are interested in testing whether
X and Y are conditionally independent given Z, that is, we want to test Hy : X L Y|Z
against H, : X [ Y|Z. In order to do this we use the Generalised Covariance Measure

(GCM) that was introduced by Shah and Peters (2020):
GCM(X,Y; Z) =E(ex(2)ey (2)),
where the error terms above are obtained from the following decomposition:
X=f(Z)+ex(Z2), and Y =g(Z)+ev(2),

where f(2) = E(X|Z = 2) and ¢g(z) = E(Y|Z = z). Note that this decomposition always
exists for integrable X and Y.

Under the null hypothesis GCM(X,Y; Z) = 0, so the GCM can be used as a param-
eter to test the null hypothesis. In Scheidegger et al. (2022), a weighted generalisation
of the GCM, denominated the weighted generalised covariance measure (WGCM), was
introduced. Given a weight function w : R* — R, the wGCM is defined as

wGCM(X,Y; Z) = E(w(Z)ex(2)ey (2)). (22)

Again, under the null hypothesis we have that wGCM(X,Y;Z) = 0 for any w € H. The
motivation behind the weighted generalisation of the GCM is that under some alternatives,
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we may have GCM(X,Y;Z) = 0. However, if we choose an appropriate weight, we will
get wGCM(X,Y; Z) # 0, and so the weighted version should be more robust.

In order to use the GCM and the wGCM, we need to estimate ex and ey from the
data. This can be achieved by estimating the conditional expectation of X and Y given
Z using a regression estimator. Let f and g be the regression estimators of E(X|Z) and
E(Y|Z), respectively. Here, f is estimated using (Xj;, Z;)7; while g is estimated using
(Y3, Z;)?_,. Then define

-~

ex;(Zi) = Xi — f(Zi) and  &,(Z)=Yi—g(Yi), (23)

and note that we can estimate wGCM(X,Y’; Z) by computing 1 > | w(Z;)ex, (Zi)ev, (Z:),
which should be close to 0 under the null hypothesis.

To kernelise the wGCM, we consider an RKHS H of functions R* — R. Then, with a
convenient rescaling, we define the test-statistic S,,(w) and its bootstrap version S/ (w) by

Sule) = <= > w(Zex (203 (2. and S (@) = =Y Wil e, (205 (),
=1 =1

respectively, where W; are i.i.d. Rademacher random variables. Then, the kernelised versions
of S, and SV are given by

v, = sup  Sp(w)? and W)Y = sup SV (w)?.
wEH:|wlly =1 wEH:[|wlly =1

To analyse the kernelised GCM we need some conditions on the regression estimators f\
and g, in order to ensure that the estimation is good enough, as well as some other regularity
conditions.

Condition GCM Consider the following quantities:

n

1 ~
A= S Z) = F(Z))? up(zy) =B(ex(2)%|Z =2, Y =y)
i=1
1 ~
Ag == (9(Z) = 9(Z))*,  vylz2) = E(ev(2)*|Z = 2, X = a).
=1
We assume that the following conditions hold.
i. Ay =o0p(n"1?) and A, = 0,(n"1/?).
ii. up(z,y) and vg(z,x) are uniformly bounded.
iii. 0 < E(e%(2)e2.(Z)).
iv. There exists a constant C > 0 such that |K(z,2')| < C for all 2,2 € R

Remark 9 The conditions above are slightly stronger than the corresponding conditions of
Scheidegger et al. (2022), but they allow us to avoid splitting the data as Scheidegger et al.
(2022) (e.g. wuse half of the data to estimate f and g, and the other half in the testing
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procedure). Our conditions now require the conditional variances us(z,y) and vy(z,x) to be
uniformly bounded, which implies E(egfegf) < 00. This is not restrictive at all, and it is a
common assumption in practice. Moreover, the condition can easily be relaxed at the price
of having less clear statements and longer proofs.

We proceed to show that the kernelised testing procedure is correct. Furthermore, for com-
pleteness, we provide a small empirical evaluation of the testing procedure in Appendix C.

Corollary 10 Define the bilinear covariance operators in H, o and o', by

o(w,w') = Cov (w(Z)ex(Z)ey (2),w'(Z)ex(Z)ey(Z))  and
oW (w, ) =E (w(Z)w’(Z)eX(Z)26y(Z)2) : (24)

Then, under Condition GCM it holds that:

1. Under the null hypothesis of conditional independence we have ¥, By~ 2(o).

2. Under the null or alternative, ¥ e N x2(cW). Furthermore, under the null
hypothesis, ¥ and YW have the same distribution.

3. Under the null or alternative, there exists c, > 0 such that %\Iln ﬂ ci.

Proof Following the proof of Theorem 6 of Shah and Peters (2020), under Condition GCM,
it holds that

Sp(@) = Su(@) + 0p(1),  where  Sn(w) = \/15 S ex, (Zi)ev,(Zow(Z0),
=1

where the 0,(1) term does not depend on w (the argument of Theorem 6 of Shah and
Peters (2020) holds for w as a constant function, but it can _easily be adapted to bounded
functions). Therefore, any limit theorem for sup, ez, =1 Sp(w)? applies for W,,.

The linear test-statistic Sp(w) falls within the framework of Section 4.1 by defining
U:H — Ly(Rx R xR P) as (Uw)(z,y,2) = ex(2)ey(2)w(2). Therefore, we will invoke
Theorem 7 to prove the result. This task requires us to identify the codomain of U, say G,
the kernel LY(Z, Z), and to prove E(LY(Z, Z)) < oc.

Define the vector space G = {Uw : w € H}. Note that U is a bijection between H
and G. This bijection follows from noting that w(z) = % when €,(2)ey(z) # 0.
Note that  — €,(2z) and y — €,(2) take the value 0 if and only if 2 = E(X|Z = z) and
y = E(Y|Z = z), respectively. Thus, we can choose any other value of  and y such that
€x(2) # 0 and €,(z) # 0, and thus €,(2)e,(2) # 0.

Now, equip G with the inner product (Uw, Uw')g = (w,w’)3;, which is well-defined since
U is a bijection. We then see U as a linear operator H — G, and then U* = U~ as U is
unitary. We can easily verify that L, .y(-) = ex(2)ey(2)(UK.)(-) € G evaluates the func-
tions in G through the inner product. Indeed, (Uw, L, .))g = €x(2)ey(2)(Uw,UK)g =
ex(2)ey(2)w(z) = (Uw)(x,y, 2), thus G is an RKHS.
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A simple computation allows us to find the kernel LY. By using that U*U equals the
identity, it holds that

LU((xv Y, Z), ($/, ylv Z,)) = <U*L(x,y,z)v U*L(x’,y’,z’)>7'l = 6x(z)6y(z)6m/(Z/)Ey’(Z,)K(z> Z/)'

Finally, note that LY ((X,Y, Z),(X,Y, Z)) < oo by Condition GCM, therefore, we can apply
Theorem 7. To finish the proof, note that under the null hypothesis of conditional indepen-
dence, it holds E((Uw)(X,Y, Z)) = 0 for all w € H since E(ex(Z)ey (Z)w(Z)) = 0 (which is
required by items 1 and 2 of Theorem 7). |

We recall that Items 1 and 2 are enough to show that our testing procedure using
wild bootstrap will be calibrated (correct type-1 error); however, note that the value c?
in item 3 is not necessarily different from 0, and thus we cannot ensure power under any
alternative. Showing that c? is different from 0 usually requires E(S,(w)) > 0 for at least
one function w € H, thus having a rich enough RKHS H, e.g. universal, ensures that
c? > 0. However, there are cases where E(S,(w)) = 0 for all weights w. For example,
this happens when we consider the wGCM together with the following way of generating
data (X,Y, Z): Let (U, V) be uniformly sampled on the unit disk of R?, which means that
U%?+V? < 1. Note E(UV) = 0 as they are uncorrelated with a symmetric distribution
around 0. Also, consider a non-negative random variable Z independent of (U, V). Define
X =ZU and Y = ZV. It is clear that given Z, X and Y are dependent. In this case
E(X|Z) = E(Y|Z) = 0, therefore ex = X and ey = Y. Then, we have E(exey|Z) =
E(XY|Z) = Z?E(UV|Z) = 0, since E(UV|Z) = E(UV) = 0. Therefore, for any weight w,
it holds E(Sy,(w)) = E(w(Z)exey) = 0. This example shows that the weighted Generalised
Covariance Measure will fail to recognise that X and Y are not conditional independent
given Z. Since this holds for any weight, kernelising the statistic will not help to improve
the performance of the wGGCM.

4.3.2 THE HSIC STATISTIC AND INDEPENDENCE TESTING

One of the most popular kernelised estimators that can be expressed as the supremum
of U-statistics (as discussed in Section 4.2), is the HSIC. Consider n i.i.d. points D; =
(X;,Y;) € RP x RY. The HSIC estimator (Gretton et al., 2007) measures the independence
between X; and Y; by comparing the joint distribution Pxy with the product measure of
the marginals Px x Py . This comparison is carried out by embedding the difference between
these measures in a RKHS H of functions from RP x R? to R. The HSIC estimator is then
given by

2
n

1 — 1 «
HSIC(X,Y)=  sup =) WX V) - = ZZ Xi,Yj)
weHi|wlly=1 \ * = n? =1 =1
Define U : H — Lo((RP x R%)?, Pxy x Pxy) by
(Uw)(Di, Dj) = w(X;,Y;) + w(X;,Y)) — w(X;, Yj) — w(X;,Y5).

Then, the test-statistic ¥,, defined as the HSIC scaled by n can be written as
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2

\/ﬁ n n
U, =nHSIC(X,Y)=  sup — (Uw)(D;, Dy)
weH:|wll,=1 \ n(n—1) ;j:;H

which has the same form of Eq. (15) and thus the right scaling limit. A wild bootstrap
version is given by

2

\/ﬁl)ZZ(Wi—ij)(Uw)(Di,Dj) ,

oW = sup
werlul,=1 \ M0 —1) = L)

n

where (W;)?_; are i.i.d. Rademacher random variables.

Corollary 11 Let o and o'V be defined as in Eq. (16) and Eq. (17) (writing D; instead of
X;) respectively, and suppose that

/K((w,y), (x,y))Pxy(dz,dy) < oo, and /K((z,y), (z,y))Px (dz)Py (dy) < oc.

Then

1. If Pxy = Px x Py (i.e. under the null), then ¥, By~ x%(c), where o is as defined
in Eq. (16).

2. Under null or alternative, WY e gw x2(e™), where oWV is defined in Eq. (17).
Moreover, under the null hypothesis it holds that ¥W and U have the same distribution.

3. Under null or alternative, there exists a constant c, > 0 such that %\Ifn 3 ci.

Proof Recall that the domain of the functions w is RP x RY, while the domain of Uw is
(RP x R9)2. Let u be a measure on RP x RY defined as y = Px y + PxPy. We just need to
verify that u satisfies Eq. (18) (we set X = RP x RY in the setup of 4.2)

For w € H with [p,, pq w(z,y)?dp(z,y) = 1, it holds by symmetry that

E((Uw)(D1, D2)?) < 8E(w(X1,Y1)* + w(X1, Y2)*) = 8/}( yW(x,y)2u(dﬂf7 dy) =8

and note that f(Xxy) K((x,y), (z,y))u(dz,dy) < oo, by the assumptions in the statement
about the kernel K. Then Eq. (18) is satisfied, and thus the conclusion of each item of
Theorem 8 holds. Note that for items 1 and 2 of Theorem 8 we have E((Uw)(D;, D;)|D;) =0
for all w € H since, under the null hypothesis, Pxy = Px Py, and thus (X;,Y;), (X;,Y;),
(X;,Y;), and (X},Y;) have the same distribution. [ |

We remark that the results of Corollary 11 are already known. For example, parts 1 and
3 were proven by Gretton et al. (2007), while the wild bootstrap resampling scheme was
studied by Chwialkowski et al. (2014). However, we highlight that, after our development,
the new analysis is very concise.
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4.3.3 KERNEL LOG-RANK TEST FOR THE TwWO-SAMPLE PROBLEM WITH
RIGHT-CENSORED DATA

In our last example, we explore right-censored data in the context of Survival Analysis.
In the two-sample setting, we have ii.d. triples (X;, A, g;)i",, where X; represents the
observed time obtained as X; = min(7;,C;). Here, T; is the time of interest, such as the
death time of patients in a clinical trial, and C; is a nuisance time, for example, the time
when the patient leaves the study or the study ends. Our primary focus is on T;, but we
cannot always observe this time due to the censoring time C;. The censoring indicator,
A; = 1y1,<c;y, takes the value 1 when we observe Tj, 0 otherwise. The variable g; € {0, 1}
denotes the group label (e.g., one group of patients receives a new drug and the other a
placebo).

Our goal is to compare the distributions Fy and F}, which generate the death times of
interest T; for each group (0 and 1). However, a standard two-sample test is not suitable
here since we do not observe directly T;, but rather X;. Consequently, comparing Fy and
F using observed data X; without including the information of the censoring indicator will
likely lead to false rejection of the null hypothesis. The challenge of incorporating censored
information led to the development and study of the so-called weighted log-rank test, which
is one of the pillars of survival analysis.

Within this context, we focus on the kernel log-rank test statistic ¥,,, which is the
kernelisation of the weighted log-rank test, and it is defined as

U, = sup Sn(w)Q,
weH:|wlly=1

B n °°w . Yo(z)Yi(z) (dNo(z) dNi(x)
&M‘v%mé =y <mu> nm)‘

Here, S, (w) is the so-called weighted log-rank estimator with weight function w, and H is
a RKHS of functions R — R. To understand S, (w), we need to introduce some standard
notation used in Survival Analysis. For ¢ € {0, 1}, ny is the sample size of group ¢, Ny(z) =
Sy Ailfx,<z,g,—¢ 18 @ counting process (which counts the number of observed events in
group £ up to time ), Yy(x) = Y i, 1{x,>2,4,—¢) counts the number of patients in group ¢
who are still in the study by time z, Y (x) = Yy(z) + Yi(x) < n. Note then that integration
in the definition of S, (w) is with respect to a counting process, i.e. it is just a sum.

We also consider a wild bootstrap version of S, (w) and ¥,,. For that, consider W; as
Rademacher i.i.d. random variables (or any random variable with mean 0 and variance 1),
and let £ € {0, 1} define the bootstrap counting processes N}V (z) = 31" | Wil\il g x,<q.gi=0}-
Also, define S}V as S,, but replacing N, by NZV, i.e.

W T Ye@Yil) (dNF (@)  dNY (@)
&”m‘vmml “O V@) (1«@ nm>>

In this case, the kernelised version of S}V (w) is ¥}V = SUD,74: w5, =1 SW(w)2.

Note also that the processes Y;(t) depend on all the data points, so it is not possible to
write Sy, (w) nor SY(w) as a sum of i.i.d. terms, and the usual way to deal with log-rank
tests is by the use of the theory of stochastic integration of continuous-time martingales,

where
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especially for limiting results (see, for example, Ferndndez and Rivera (2021)). Despite this
technical difficulty, our results can still be applied to understand the asymptotic distribution
of ¥,, and \II,ZV under the null and alternative hypotheses. This is possible because all the
necessary components are already well-known results in Survival Analysis. As a result, we
do not need to delve into martingale theory or related concepts.

For our analysis, let’s define the covariance operators o and ¢" in H by

n o oow 2 (2 yo(l’)y1(l‘) dFo(l‘)
olw.ef) = /0 (@) poyo(z) + pry1(x) 1 — Fo(z)’

€
E\
I

/ yo(z)y1(x) dFy(zx) dFi(x)
[t o (’”yl TR TR <x>> ’

where yo(x) = (1 — Gy(z))(1 — Fy(x)) for £ € {0,1}. Note that under the null hypothesis
0" = o. We remark that these covariance operators are well known in the theory of log-
rank tests in survival analysis, as they characterise joint convergence of log-rank statistics
with different weight functions.

During our analysis, we will make use of the following identities E(Yy(x)) = no(1 —
Fo(z))(1—-Go(x)) and E(Y1(z)) = ni(1—Fi(z))(1—G1(z)). Also, we will use the fact that the
law of large numbers applies, i.e., lim;, n%} Jo° f(@)dNg(z) = [5° f(2)(1 — Go)dFy(x) a.s.
Finally, for theoretical and practical reasons it is necessary to assume that ng/n — pg > 0
and n1/n — p; > 0, i.e., that the proportions of both groups do not vanish.

Corollary 12 Suppose that [, K(x,z)(dFy(x) 4+ dFi(z)) < co. Then
1. Under the null hypothesis (if Fo = F1). Then ¥, By~ 2(o).

2. Under null or alternative, \IIZV D—’? UW ~ y2(6eW). Moreover, under the null hypothesis
it holds that ¥V and ¥ have the same distribution.

3. Under null or alternative, there exists a constant c, > 0 such that %\Ifn 3 ci.

Proof We shall apply Theorem 1 in conjunction with Proposition 4 and Proposition 6.
Item 1. Under the null hypothesis that Fy = Fj, we verify that S, satisfies Con-
ditions Gy to Gg in order to apply Theorem 1. For Condition Gy, we have S, (w) 2
N(0,0(w,w)), which is the standard convergence to a normal limit of the log-rank estima-
tor (see, for example, Lemma 1 of Brendel et al. (2014)). The other two conditions follow
from Proposition 4, by setting ) as the identity and p and v as Fy, and by noting that

L[ e M) Rl )
0

B(S,()) =B (

noni Y(z) 1-— Fo(x)
n o 9 dFy(x)
< I [ e PE M) (s
=T @)1 = Go)dRy(x) < C / w(z)2dFo(z) (25)
ni1 Jo 0
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where the first equality is from Lemma 4.1.2 of Gill (1980), then we use that for every z > 0
it holds Yp(z) + Yi(x) = Y () thus Yi(x)/Y (z) < 1, that E(Yy) = no(1 — Go)(1 — Fop),
and that n/n; converges to a constant, so it is bounded for large enough n. Finally, by
the assumptions in the statement, Eq. (8) holds and thus the conclusion of Proposition 4
follows.

Item 2. We can assume that either the null hypothesis or the alternative hypothesis
holds. We verify the conditions of Theorem 1 for ¥)” conditioned on D. Condition Gy
follows from the proofs of Theorems 5 and 6 of Ditzhaus and Pauly (2019) where it is
shown that S (w) e N(0, 0V (w,w)).

To verify Conditions G and G5 we use Proposition 6. For that we set 7’ as the sigma-
algebra generated by the data D = (X;, A, gi)i>1. Then by Theorems 5 and 6 of Ditzhaus
and Pauly (2019) (or rather the proof of) we have

Wity [ (BN (ANo(e) AN
(st ) = o [Tt (BOE) (S + er) @

and thus by the definition of Yy, Y7 and Y, as well as the relation between ng, ny, and n,
from Eq. (26) we deduce that the following inequality holds for large enough n:

& dN, dN-
ED(SXV(W)z) < C/ w($)2 < O(l') + 1($)> ’ (27)
0 no n
for some C' > 0.
Now, for our application of Proposition 6 we set v, (dx) = (%O(m) + %), wu(dr) =

v(dx) = ((1 — Go(z)dFy(x) + (1 — G1(x))dFi(x)), and the operator @ : H — La(u) as the
identity matrix. Recall that dNy(z)/n, satisfies the law of large numbers; thus [ fv, —
[ fv for every f such that the latter integral exists. Finally, note that condition a) of
Proposition 6 is satisfied, since the first term on the left-hand side term of Eq. (11) is
trivially finite since 4 = v and @ is the identity, the other term is [j* K (z, x)u(dz) which
is finite, as per the assumptions stated in the statement.

We conclude that all the conditions for invoking Proposition 6 (with condition a) are
satisfied, and thus the convergence of UW to ¥ ~ x2(¢") follows. Furthermore, note
that under the null hypothesis the covariance ¢" is equal to o, showing that ¥ and ¥

have the same distribution when Fy = Fj.

n
noni

Item 3. We apply Theorem 3 to Sp(w). First, we have (Fleming and Harrington,

1991, Section 7.3) that

- e(w) = /Ooow . yo(z)y1(z) ( dFp(z) dr(z) >’

Sn(w) = poyo(z) + pryi(x) \1— Fo(z)  1—Fi(x)

nony

where yy(z) = (1 — Gy(x))(1 — Fy(z)) for £ € {0,1}. It only remains to verify Condition G
for which we invoke Proposition 6 with ' = F (i.e., we do not take expectation at all).
First, we claim that for n large enough there exists C' > 0 such that

‘W&L(w)f - C/OOO w(z)? (dNo(w) " le(x)) . (28)

no ni
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dNy(x) le (x
n

so we set vy, (dzr) = + ) and Q as the identity in the application of Proposition 6.
Equation (28) follows by usmg ‘that

’\/;S . ‘ < o /OOO |W<$>|Wun<daz>,

and by noting that Yo(x)/no = 311, 1{x,>2,6,=01/70 < L and Yi(2)/Y (z) = Y1(z)/(Yo(z)+
Yi(x)) <1, we have -1t [ \w(x)\% n(dz) < 2 [7F lw(@)|vn(dx). Then, since n/ny
converges to a non-zero quantity, we conclude that for large enough n,

< M),

' noni 0

for some constant C’ > 0. By squaring both sides of the previous equation, and by using
that [~ dNy(x)/ng < 1 together with Jensen’s inequality we get Eq. (28).

Now, the random measure v, (dz) = (M + dN%@) satisfies the law of large numbers;

indeed, [ f(z)vy(dx) converges a.s. to [;° f(x) (1 — Go(x)dFo(x) + (1 — Gi(x))dFy(x)) if
the latter integral exists. We now set p(dz) = v(dz) = (1-Go(x))dFo(x)+(1—-Gi(z))dFi(x)
in our application of Proposition 6. Finally, to use Proposition 6 we verify item a) of its
statement, and since @Q is the identity, we just need to verify that [;° K (z,z)u(dz) < oo
but this holds by the assumptions stated. |

5. Conclusion

We have introduced new tools to analyse the asymptotic behaviour of kernel-based tests.
These tools give us necessary and sufficient conditions to extend asymptotic results for
standard weighted test-statistics to kernelised test-statistics, making the analysis of the
kernel tests much simpler, cleaner, and shorter. The latter is a direct consequence of the fact
that our analysis is carried out directly on random functionals on the Hilbert space, avoiding
the intricate expansions that usually appear in the literature of kernel tests. Also, we provide
additional sufficient conditions that can be easy to apply in practice, e.g. Propositions 4
and 6, replacing the algebraic nature of Conditions G2 and (3 by integrability conditions.

To exemplify the wide range of application of our results and to offer readily applicable
results for practitioners, we analyse two general classes of kernel test: when the linear test
statistic is a sum of i.i.d. random variables and when the test-statistic is a U-statistic of
order r > 2 (Theorems 7 and 8). These classes are very general and contain important
test statistics, such as the kernelised Stein discrepancy, the MMD for goodness-of-fit prob-
lems, and the HSIC measure. For a concrete example, we present a simple analysis of an
independence test based on the HSIC measure.

Beyond the analysis of general classes, we additionally study two specific kernelised
testing procedures: the kernel log-rank test for the two-sample problem with right-censored
data, and a new kernel test for conditional independence (testing whether X and Y are
independent given Z), showing that our techniques are effective in obtaining concise and
clean analysis of the testing procedures. The novel test for conditional independence is
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based on the recently introduced generalised covariance measure. For this test, we present
an asymptotic analysis using our developments and a few experimental results to show
how kernelisation is able to make simple tests more robust to different alternatives, having
better performance than tests based on the generalised covariance measure and its weighted
generalisation. We leave for future work a more detailed study of this new testing procedure,
especially in settings where the dimensions of X and Y are greater than 1.
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Appendix A. Auxiliary Results

We will now present essential supporting statements that will be used in the proofs of our
main results in Appendix B.

A.1 Auxiliary Results for Theorems 1 to 3

The next result allows us to deduce the joint convergence of Sy, (w1), ..., Sy (wy) from Con-
dition Gg. This result is used in the proof of Theorem 1.

Lemma 13 Suppose that Condition Gy holds. Then the function o : w — o(w,w) can be
extended to unique symmetric bilinear form o : H X H — R such that for any m € N, the
linear test-statistic (Sp(w1), ..., Sn(wm)) converges in distribution to a multivariate normal
random variable with mean 0 and covariance matriz given by X;; = o(w;, wj).

The following result establishes important properties of the operator T, derived from
the bilinear form o defined after Condition Gj.

Proposition 14 Let H be a separable Hilbert Space, and let o : H xH — R be a continuous
bilinear form satisfying Condition G1. Then, it exists a unique self-adjoint trace-class linear
operator T, such that (T, f,w), = o(f,w) for any f,w € H.

The next result is used in the proofs of Theorems 1 and 2.

Lemma 15 Let (\;)i>1 be a sequence of non-negative real numbers and let (Z;);i>1 be a
collection of i.i.d. standard normal random variables. Then Y ., A < oo if and only if
D i1 N Z? converges almost surely to a random variable.

A.2 Auxiliary Results for Theorems 7 and 8

The following results are an application of Linderberg’s Central Limit theorem to settings
related to wild bootstrap estimators. They feature in the proofs of Theorems 7 and 8
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Lemma 16 Consider a triangular array of real random variables D = (Yiy, : 1 € [n],n > 1)
such that (Y2 :i € [n],n > 1) is uniformly integrable and L 3" | Y2 2 2 for some ¢ > 0.
Let (W;) be i.i.d. Rademacher random variables. Then, we have

1 < D
Zy = 7 Z;WY,L X N(0,c).
The next result establishes the asymptotic normality of the wild bootstrap version of a

U-statistic, conditioned on the data.

Corollary 17 Let (Uw) be a U-statistic kernel of degree r > 1 on data D = (X;)i>1,
and assume that E((Uw)(X1,...,X,)?) < oco. Let (W;)™ be i.i.d. Rademacher random
variables, and independent of the data D, then

T\(/f) ST (Way + Wy + oo+ Wa) (Uw) (Xay, Xy, Xa,) 28 N0, 0" (w,w),
" ac()

where oW (w,w) = E(w(X1, X2, ..., Xp)w(X1, X3, ..., X)), and X},... X! are independent
copies of Xo,...,X,, and are independent of everything else.

A.3 Proofs of Auxiliary results

Proof of Lemma 13. We start by claiming that if wi,ws,ws € H, then the random
vector S, = (Sp(w1), Sp(ws), Sp(ws)) converges in distribution. To see this, observe that
Sy (w;) converges in distribution for each i € {1, 2,3} and thus S,, is a tight random variable
in R?, therefore a subsequence of it converges in distribution to a random vector Z. We
shall verify that the entire sequence S,, converges in distribution to Z. For that, consider
a = (a1,as,a3) € R3, and define wy, = ajwi + asws + aszws € H. Then, a'S, = S, (wa)
converges in distribution to a Normal random variable with mean 0 and variance o(wg,, wa,)
due to Condition Ggy. Note that such a limit coincides with a' Z, and thus S, converges
to Z, proving the claim. Note that we also conclude that o(wa,ws) = E((a’ Z)?) for any
a € R3.
We continue with the proof of the lemma. We first extend o to o : H x H — R by:

20(w,w) =0(w+uw,w+w)—o(ww)— oW, ).

Let b € R?, then by the definition of the extension of o, it holds

20 (Wa, wp) = E ((aTZ + bTZ)2> ~E ((aTZ)2> ~E ((sz)2> — 9K ((aTZ)(bTZ)> ,

showing that o is bilinear in the subspace generated by w1, ws, w3 as (a,b) — E((a” Z)(b' Z))
is a bilinear form, and since the w;’s are arbitrary, ¢ is bilinear in H. Recall that a symmet-
ric bilinear form is characterised by its diagonal values; therefore, the symmetric bilinear
extension of ¢ is unique.
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Finally, given wi,...,wm € H and ai,...,a,, € R, we have, by hypothesis, that
Sn(D> it aiw;) converges in distribution to a Normal random variable. Since o is bilin-
ear, the variance of the previous limit is

m m m m
o E aiwi,g a;w; | = E g a;a;jo(wi,w;),
=1

i=1 i=1 j=1
showing that (S, (w1),...,Sn(wm)) converges jointly to a multivariate normal with mean 0
and covariance matrix ¥;; = o (w;, w;). [ |

Proof of Proposition 14. Let’s show that T, exists. For any f € H, define Ay : H — R
by Ayw = o(f,w) for all w € H. Clearly Ay is linear since o is bilinear. Moreover, by the
continuity of o, we have that sup,,cy.|w|, =1 0(w,w) < 0o, which implies that Ay is bounded
by an application of the Cauchy-Schwarz inequality, indeed:

sup Ayl = sup o(fw)P < sup o(w,w)o(f, f) < oo
weEH:||w|l4=1 weH: w4 =1 weH:||w|l4=1

Then, by Riesz’s representation theorem, for all f € H there exists a unique element {; € H
such that for all w € H, Ajw = ({y,w),,. We define T, : H — H as T, f = £, which we can
easily verify is linear and bounded. Also, note that

(Tof,w)yn = (p,w)yn = Af(w) = o(f,w). (29)

The uniqueness of T, follows from the linearity of o. To see that T, is self-adjoint note that

<T0f7w>’}-[ = U(fvw) = O(w7f) = <T0w7f>7-[ = <fa T0w>H .

Finally, we claim that T, is trace class. For that consider an orthonormal basis (¢;)i>1
of H, and observe that Trace(Ty) = > 72 (0s, Toti)yy = Y oy 0(di,d;) < 00, where the
inequality is due to Condition Gj. |

Proof of Lemma 15. (=) We will prove that > . ; A; < oo implies that the series
Yoy \; Z? converges almost surely. To do this, we verify the two conditions of Kolmogorov’s
two-series theorem. We first need to verify that > o0 E(A\Z2) < oo, but this follows
immediately since E(Z2) = 1. We also need to verify that Y22, Var(\;Z?) < oo, which
holds since Var(Z?) = 2, and since Y 52, \; < oo, it implies that > 50, A? < oo.

(«<=) We proceed to prove that if Y22, A;ZZ converges almost surely, then Y 22, \; < oc.
Note that since Y .2, A\ Z? converges almost surely, Kolmogorov’s three series theorem yields
that for any A > 0 it holds that

) ip(xizf >A)<oo, and i) i)\iE (Zf]l{AiZESA}) < .
=1 =1

We use i) to deduce that the sequence ();)$°; is bounded: Consider A = 1, and suppose,
for a contradiction, that there exists a subsequence (A, )72 such that \,, — oo as k — oo.
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Then, there exists N € N large enough such that P(\,, Z2 >1) > 1/2 for all k > N, and
thus Y77 P(An, Z2, > 1) — oo which contradicts ). We conclude that supy Ax is bounded
by some constant.

Let C =E (Zf]l{(supk /\k)Z.le}) > 0 which is independent of 4, then by ii) with A =1,

we get

Soh= 6 ENE (B rozen) € 6 LNE (2 zaen) < o0
=1

=1 =1

Proof of Lemma 16. Since I/V2 = 1, the result is equivalent to prove that Z;ﬂ 1 Wi Em/sm
converges o (D)-stably to a standard normal when m tends to infinity, where s2, = -7, Y;
Denote Z;,,, = W; Y”" which has mean 0 conditioned on D. By Theorem 6.1 of Hausler and
Luschgy (2015), Wthh extends Linderberg’s CLT to stable convergence, the result follows
by proving that

E (i 7Z?
=1

D>ﬂ1 and E(Z (g2 5o
=1

)30 for all € > 0.

The first limit is trivial since Y ;" Z; = 1. For the second one, let € > 0, and note that
m SmY, ]l 2 562
i=1 {Y? >es }
P
1=

Now, recall that s2,/m — ¢2, then by considering the cases s2,/m > ¢2/2 and s2,/m < ¢?/2,
we get

2
Z?il }/im]l{Yi%UZSS%L} . “ YZ?”]I 1 n sz%n 1
2 =2 s e g meem + 2 5 Lz e o L mee/2)
Sm sm i=1 Sm

X

YQ
<D 25 Uiz seryy + L fmecin) ) 5"

1 i=1 m

..
Il

E?;l }/'L'%n]l{yiszmcﬁ/Z}

- m 12 imee2 /2y = Qe

| b0

(]
N

Then, it is enough to show that @, 5 0. We prove such a limit in expectation, and thus
in probability. Clearly P(s2,/m < ¢?/2) — 0 since s2,/m — c¢2. For the other term, recall
that D is a uniformly integrable set of random variables, for every & > 0 there exists K > 0
such that E(Yiznﬂ{yﬁer}) < ¢26/2. Therefore, for large enough m, we have E(Q,,) < 6,
and since 0 is arbitrary, the result holds. |
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Proof of Corollary 17. For A € ([’ﬁ]), denote ay = (Uw)(X 4). For i € [n], define
I, ={Ac¢€ ([Z]) 1 € A}, and define Yj,, = ﬁ > aer, @a- Then

vn > W (Uw)(Xa) = > ZWAkaA vn > Wilga,—yoa
r(y )Ae([r:]) T(T) e (i) k= r(7) Ae (i) k=1 =1

T

= {f > W > Ma—ioa =
i=1 k=1

T
Ae() k=

n

Z Wi Lieayaa = \/15 ; WiYin

=1 ag(in)

g 1

~—

(7

The convergence in distribution follows from Lemma 16 which requires the following
properties:

<

~—

T

L. limp oo 2 >0 V2 — 0" (w,w) almost surely.
2. (Y2 :i € [n],n > 1) is uniformly integrable.
We begin by verifying property 1. Start by noting that

DRCEE = I IIVET D DD SATUL I
=1 7" 1

i=1 A€l; B€EI; r— 1 Ae ([ ]) BE(["])

Let Ji C (") x (")) be such that (A, B) € J if and only if |[AN B| = k. Then

Y= Y a0 + 22 2 caan.
=1

n(Z 1) (A,B)ey (o) = (A,B)eJ;
We shall verify that the second term converges to 0 (assuming that the degree r is greater
than or equal to 2, otherwise, there is nothing to prove). For k > 2, we have

1 1 2+ a2 1
5 Z QAQB| S ——— 5 Z 06,42043: ) Z %

”(?:11) (A,B)eJ;, ”(rq) (A,B)EJ) ”(rq) (A,B)EJy,
1 T n—r
=Y Z 0‘124(19 (r—k) k+1 Z o
no)” ac(®) ) 4

where the last inequality follows from the standard bound (n/¢)* < () < (en/)* for any
¢ € [n], and note that ¢ > 0 does not depend on n.
By the law of large numbers for U-statistics (Theorem A in Section 5.4 of Serfling (1980)),

we have that (7 ) er( ) N o4 B E(Uw)(Xy,...,X)?) < oo, and thus we conclude that

for k > 2, lim,_,

(A,B)eJy aAoaB‘ = 0, almost surely, and thus

%
n(771)

1 n
DNCE
n i=1

Z asap | +o(1).

172
Wy (A,B)eJy
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To deal with the last summation, we partition J;. Let C' € (,/" ] |) and define J© = {(4,B) €
Ji: AUB = C}. Then

) asep= > Be

—1\2
n(77)) (A,B)€, n 7"—1) ce(,lM)) (AB)ef r—l) ce(,)
where B¢ is defined as Z(AB)GJIC asap. Note (2721) ZOG( )50 — E(Bar—1]) by the
Law of Large Numbers for U-statistics. Recall that [2r — 1] = {1 ,2r — 1} and note that
2;:1) _ 1 )(27"—2)’1

HEH

E(B¢) is not dependent on C € (27@1) By noting that lim, .

and that E(SBjg,_1)) = (21 — 1)(2T 2)Jw(w,w), we conclude

— Z Be S oW (w,w).
"G ey

For the second property, first note that the variables (Y;;,)?_; have the same distribution
for a fixed value n, thus it is enough to verify that (Y;2, : n > 1) is uniformly integrable. We
will prove that lim,,_,~ Y1, exists in Lo, which implies that (Y1, : n > 1) is uniformly inte-
grable. We claim that as n — oo, Var (Ym - E(a[k]\Xl)) — 0, ie Y1, converges in Lo to
E(a[k]|X1) To prove this, recall that by definition Y7, = (r 1) ZAE] a4 1s a U-statistic
of order 7 —1 on variables Xy, ..., X;, conditioned on X;. Then E(Y1,|X1) = E(ay,|X1) and
Var(Yin|X1) < ;:iVar(a[THXl) by Lemma A of Section 5.2.1 of Serfling (1980). Now, the
claim follows by noting that E(Var(Y1,|X1)) — 0 since E(Var(a,|X1)) < Var(ap,)) < oo. B

Appendix B. Proofs of Convergence Results

In this section, we prove Theorems 1 to 3, as well as Propositions 4 and 6 that give alternative
conditions to apply the convergence results.

Proof of Theorem 1. By Proposition 14 we have that T, : H x H — R defined in
Eq. (3) is self-adjoint and trace class in H. Then, by the spectral theorem, there exists
an orthonormal basis (¢;);>1 of H such that T,¢; = A\i¢; for all i > 0. Recall that the
basis is countable since H is separable, and that the eigenvalues are all non-negative since
Xi = (Toi, i)y = 0(¢i, ¢i) > 0, by Proposition 14 (recall that o(¢;, ¢;) is a variance, so it
is non-negative). Also, note that > -2, \; < oo as T, is a trace class operator.

Note that S, (w) = Y ;2 (¢i,w)y Sn(¢i), and recall that the functional S is defined
by S(w) = 322, (di,w)sy VAiZi, where Z; are i.i.d. standard normal random variables.
Observe that S is well-defined, since Y io; A\;Z? converges a.s. due to Lemma 15 (in Ap-
pendix A) since we have Y 2, A\; < co. Our proof also requires the definition of a partial
version of .S, and S, given by

m

Sit = (00 )y Sul(9i) and  S™(w) =) (g why VNiZi, m=>1
i=1

=1
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We will show that S, 2B S via an application of Theorem 3.2 of Billingsley (2013), which
requires the following properties:

i. S,TgSmasn%oo
.. am D
ii. S = Sasm—
iii. for all € > 0, limy, 00 limsup,,_,oo P (||Sn — S [|u—r > €) = 0.
For the first property, Condition G together with Lemma 13 tells us that the random vector

ST = (Sp(é1),...,Sn(¢m)) in R™ is such that S)" LA N(0,X), where 3;; = o(¢;, ¢;) for
any i, j € [m]. Moreover, by Proposition 14, it holds that
i = 0(¢i, 05) = (Todis Bj)gy = Xi (b3 Dj)gy = Nibij

where §;; = 1 if i = j, otherwise it is 0. Then ¥ = diag(A1,...,An), and thus S}
converges in distribution to the vector (v A1Z1,...,vVAmZm), where Zy, ..., Z,, are inde-
pendent and identically distributed standard normal random variables. Consequently, the
continuous mapping theorem and the continuity of the transformation R”™ — H* given
by x = ", x; (i, )4 vield property i. The second property follows immediately from
the definition of S™. Finally, note that [|S, — Si*[13, = 252,11 Sn(s)?, thus property iii.
follows directly from Condition Gs.

We can now apply Theorem 3.2 in Billingsley (2013) to deduce that S, Bs , and by

the continuous mapping theorem we get |5, [|3,_r = 1515, r = Yomey MZ?. |

Proof of Theorem 2. Since S converges almost surely in H*, we get that ||S]|3,_p =
D i1 A\ Z? converges a.s., in R, and by Lemma 15 we have D is1 i < 0o
Let’s verify Condition Gp. Let w € H and note that the map H* — R given by S — S(w)

is continuous in ‘H*. Then, since 5, B , the continuous mapping theorem yields
(o]
D
Sn(w) = Y Vi (¢, w)y Zi
i=1

The sum on the right-hand side term converges almost surely by Doob’s martingale con-
vergence theorem: indeed, for any w € H, M; = Zﬁzl VAiZi (i, w)4, is a 0 mean martingale
with second moment S¢_, \; <¢i,w>3_[ < lw||? 251 Ai, i-e. uniformly bounded second mo-
ment, so the sum converges almost surely. Since Z; has standard Normal distribution, S, (w)
converges to a Normal with mean 0 and variance o(w,w) given by Y -2, X; (¢, wﬁ{

To verify Condition G just observe that o(¢;, ¢;) = Ai, and recall that ).~ A; < oo.
Finally, to prove Condition G5 note that for any subspace V of #, the transformation
H* — R given by U — ||U o Py||y—r is continuous, where Py is the orthogonal pro-

jection onto V. Now, let V; be the span of ¢1,...,®;, then since S, z S, the continu-
ous mapping theorem gives |, o Py 1 |ly—r B |S o Pyi||n—r. This implies that for any
e > 0 we have limsup,,_, ., P (HSn o Pyt |ly—r > 6) =P (||S o Pyi|ly—r > 6). Finally,

since ||S o Py I? = D ieiv )\ijz — 0 when ¢ — oo, we deduce that Condition G2 holds. B
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Proof of Theorem 3. Let’s assume that limy o imsup,, o, > e, 41 Sn(13)? = 0 holds
for some basis (1;);>1, we will prove that ¥,, — 2 a.s.

Start by noting that the limiting functional ¢ : H — R given by ¢(w) = lim,, 0 Sp(w)
is linear since S, is linear, and by the hypothesis it is also bounded. Then, by the Riesz
representation theorem, there exists & € H such that c(w) = (§,w)y. Let o1 = &/ €4,
and complete an orthonormal basis ¢1, ¢, ... of H. Then note that

c(@)?=€l3 =2 and  c(¢y) = ||€]ly (D1, i)y =0, for all i > 2.

Now, since S, : H — R is linear and bounded, there exists &, € H such that

sup  Sp(w)? = ”fn”?{ = Z <§nv¢z>3—[ = an<¢z)2
weH:[|wll5=1 i=1 i=1
Note that Sy, (¢1)%2 — c(¢1)?, and that S,(¢;)?> — c(¢;)?> = 0 a.s. for all 4 > 2. Then, we
only need to show that lim, oo Y o9 Sn(¢:)? = 0,a.s. The latter follows from a simple
computation Indeed, let u be a positive integer and write Y ooy Sn(¢i)? = D iy Sn(i)? +

Zz u+1 (¢Z) ’

hmsupZS (i) —hmsupZS qﬁ, )* + lim sup Z ngZ )* =0+ limsup Z

n—00 n—oo . n—oo .
i=u+1 i=u+1

The previous holds for arbitrary u, then by taking the limit when u tends to infinity, we get

lim Sup,, o0 Y iog Sn(¢i)? = 0since we assumed that limy, o imsup,, oo >0, 1 Sn(¥:)* =
0.

Now, we prove the converse. Suppose that ¥, — ¢2, almost surely. Consider the or-
thonormal basis (¢;);>1 as above. Then, note that since almost surely lim, oo Y 10y Sn(¢:)? =
c2 and lim,, 00 Sn(¢1)? = 2, it holds lim,, s P Sn(¢i)? = 0, a.s., and thus we get that

1y 00 My o0 D 5o 4y Sn(¢:)? =0 aus.
The result for convergence in probability follows by using the same arguments. |

Proof of Proposition 4. Let (¢;)r>1 be an orthonormal base of H. We start by claiming
that f;(y) :== > 4s; Qor(y)? € L1(Y,v) for all i > 1. To verify such a claim, it is clear that
0 < fi(y) < fi(y) for all y € Y, so we simply prove the claim for fi. First, suppose that
item a) holds. Then

2
[ st =3 [ oo - Z(/y (Q9)(w) <dy>) 612,

k>1 k>1 1% ”Lz(u

< sw /y (Qw)? (y)v(dy) / K, 2)u(dz) < oo.

weM:[wll Ly (=1

where the first inequality holds since ;-4 H¢kHi2(u) = [y K(z,z)p(dx), and the last
inequality holds by a). Now, if item b) holds, i.e. G is an RKHS with kernel L and

Jy L9 (y. y)v(dy) < oo, then fy Yoko1 Qo) W)V (dy) = Yoy (br, Q" Ly)3y = IQ°Ly 3, =
LQ(y, ) and thus f1 € Li(Y,v).
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In either case, we have f; € Li(v) for all ¢ > 1. Note that the previous computations
also show lim; . || fil|, () = 0, which will be used later in the proof.

We proceed to verify Condition GG; assuming that Condition Gy is true. In such a case
we have for any w € H that S, (w) LA S(w) ~ N(0,0(w,w)). Now, by considering the
function z — 22 A M, we have E(S? A M) = liminf, . E(S2 A M) < liminf, o E(S2),
and by the dominated convergence theorem we have limys . E(S? A M) = E(S?). Then,

S (60 < Y lmint B(S,(00%) < 320 [ (@otuwta) = [ ntwtay) < oo

i>1 i>1 i>1

Now, let us prove Condition Gs. For that, we need to verify that for any ¢ > 0,
lim;o0 limsup,, 0o P (345, Sn(¢k)? = ) = 0. By Markov’s inequality and Eq. (7)

lim hmsup]P’(ZS (fp)* > 5) < lim limsup - ZE 'n(Dk) )

P00 m—yoo k>i 1700 n—oo k‘>z

<hm§j/cz¢k widy) = < tim [ gwpwtan) =o.

E 1—00 E 1—00

where the last equality holds since lim; . || fill £, () = 0. [ ]

Proof of Proposition 6. Following the same argument as in the proof of Proposition 4,
we consider an orthonormal basis (¢y)r>1 of G, and f; := Zkzi Qqﬁi € Li(v) forall i > 1
and, moreover, lim; o || fill£, () = O

Let us verify Condition G7. Since for each w € H it holds that S, (w) e S(w) ~
N (0,0(w,w)), then by definition of F’-stable convergence, E(S,(w)? A M) converges to
E(S(w)2 A M) for M > 0, then by taking M tending to infinity, we have

o(w,w) = EE(S(w)2|F)) < <MmME(()\F0

<E<hm1nf0/f1 Un dy) C/f1

where the first inequality is due to Fatou’s Lemma, the second inequality follows from
Eq. (10), and the limit holds by our assumptions in v, and v and the fact that f; € Li(v).

We continue by showing that Condition G2 holds F'-stably. Let Yi, = > ;<. Sn(¢k)?,
then by the Markov inequality, -

P (Yin > <[ F') < 1B (Vial 7)) < Z/ Q1) () vn(dy) = / F@)valdy).
k>i
Therefore, limsup,,_,o P (Yin > e[ F') < limsup,_,o [y, fi(¥)va(dy) = [}, fily)v(dy) as.
By combining this inequality with the reverse Fatou’s inequality, we have for every F €
F' with P(F) > 0 that limsup,_,. P(Yi, > ¢|F) = E (limsup,,_,, P (Yin, > e|F)|F) <
é fy fi(y)v(dy). Finally, following the same argument as in the proof of Proposition 4, we
have lim;_, o % fy fi(y)v(dy) = 0, concluding that Condition G5 holds F’'-stably.

34



A GENERAL FRAMEWORK FOR KERNEL-BASED TESTS

Appendix C. Experiments

For completeness, we include two experiments with simulated data to evaluate the empirical
performance of the kernelised GCM, hereafter referred to as KGCM, as introduced in
Section 4.3.1. For comparison purposes, we also implement tests based on the wGCM and
the GCM.

Regarding the details of implementation, for the KGCM we choose the kernels as
the squared exponential kernel Ky(z,2') : R? x R? — R, which is given by K(z,2') =
exp{—zi2 |z —2'||?}, where £ > 0 is the length-scale parameter. The length-scale parameter /
controls the fluctuations of the functions of 7. A larger length-scale parameter is associated
with flatter curves, whilst a smaller one is associated with functions with more fluctuations.
Thus, a smaller length-scale parameter should be preferred for problems involving nonlinear
structures. In our experiments, we take ¢ € {0.1,0.5,1, mh} where mh denotes the median
heuristic, a well-known heuristic for choosing the length-scale parameter, which takes /¢
as the median of all pairwise differences ||Z; — Z;|| for i,j € [n]. Although we do not
pursue the goal of finding the best length-scale in our experiments, we remark that the
problem of choosing an appropriate length-scale is currently a very active research topic
in Statistics and Machine Learning (for recent results, see Albert et al. (2022); Schrab
et al. (2023, 2022a,b)). To find rejection regions, we use wild bootstrap with Rademacher
weights and obtain M = 1000 bootstrap samples to approximate the rejection regions. In
our experiments, we choose a = 0.05 as the level of the test. Since the test-statistic ¥2
is non-negative, the rejection region for KGCM is chosen as (q{‘{a, 00) where qu\{a is the
value at position (1 — a)M of the M bootstrap samples (when sorted in increasing order).
To obtain power estimations, we repeat the experiment 1000 times. In our results below,
we write KGCM(?) to represent the kernel test with length-scale parameter /.

We also implement the weighted generalised covariance measure wGCM. We follow the
setup of Scheidegger et al. (2022) and consider fixed weight functions of the form w,(z) =
sign(z — a) where a € R (a similar construction is used for z € R%). Our implementation
combines k weight functions of the form w, with the constant weight function w(z) =1 in a
single test-statistic. We choose k € {0,1,4, 7}, and we remark that when k& = 0 we recover
the GCM. In our results, we denote by wGCM (k) the test with k + 1 weights functions.
We use the same number of weight functions as in the experiments of Scheidegger et al.
(2022), so the setups of the experiments are the same. We refer the reader to Scheidegger
et al. (2022), particularly Section 2.3, for more details. In our experiments, we use the
code provided by the authors!, which automatically chooses the k weight functions w,, and
performs the test.

Recall that the GCM and variations require the estimation of conditional means E(X|Z)
and E(Y'|Z). For this task, we employ polynomial regression with a degree of 3 in our first
experiment and a degree of 1 in the second, as it performs well enough on our data. This
allows us to focus on the testing part of the problem rather than on the estimation part of
the problem. However, we highlight that GCM, wGCM and KGCM rely on selecting a
good regression procedure satisfying Condition GCM, and thus for complex data sets, we
might require more sophisticated regression methods.

We describe our data sets and the results obtained.

1. https://cran.r-project.org/web/packages/weightedGCM/index.html
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Figure 1: Scatter plots for v = 1. The bottom-right figure shows the power of the different
tests for different values of 7. The null hypothesis is recovered when v = 0.

Data 1. Let Uy ~ N(0,1) and Us ~ N(0,1) be independent. Given a parameter v € [0, 1],
we generate data as Z ~ N(0,1), X = Z + Uysin(5Z) and Y = Z2 +yU; + (1 — 7)Us.

In this experiment, we vary the parameter v, so we compute rejection rates for each
of them (in a grid). Our experiments consider n = 100 data points, and we repeat the
experiment 1000 times to estimate the rejection rate. The results are shown in Figure 1.

On the one hand, it is not difficult to see that if v = 0, then the null hypothesis
holds. Thus, in this case, the rejection rate should not be greater than the level of the
test given by a = 0.05. In Figure 1 (bottom right), we observe that all tests show a
rejection rate close to @ = 0.05 (black dashed line) when v = 0, which shows a correct
Type-1 error. On the other hand, when ~ increases, the conditional dependence of X and
Y given Z starts to be more noticeable. In fact, we expect that the rejection rate (power)
starts to increase as v approaches 1 for all tests. However, note that this will not happen
for the GCM (wGCM(0) in our experiments) as for any value of v € [0, 1], we have
E(ex(Z)ey(Z2)) =E(X —E(X|2))(Y —E(Y|Z))) = vE(sin(5Z)) = 0, because E(X|Z) = Z
and E(Y|Z) = Z%. As a consequence of the previous result, we expect that the GCM
fails to reject the null hypothesis when the null is false. This behaviour can be observed in
Figure 1.

Our experiments show promising results for the KGCM when the length-scale param-
eter is small. This good result can be explained by the fact that a smaller length-scale
parameter is associated with functions with more fluctuations and thus it can be a good
candidate as our data are generated by the function z — sin(5z). Finally, we observe that
the wGCM(k) with k& > 1 is able to detect some dependence, but the results are not opti-
mal.
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Figure 2: Test power attained by the tests for different values of the dimension d. The null
hypothesis is recovered when d — oc.

Data 2. Let d > 2, and let I; be the d x d identity matrix. Then we generate data
1 < 1 <
Z=(Zy,...,Z3) ~N(0,13), X=7Z1+— U;Z;, and Y =72+ — U;,
Vi Vi

where U = (Uy,...,Uy) ~ N(0, 1) is independent of Z.

In this experiment, we now consider a multivariate Z having d dimensions (we use
bold letters to remark the fact that we have a vector in R%). The goal of this experiment
is to test whether X and Y are independent given the random vector Z. Note that in
this case, X is not independent of Y given Z as both X and Y depend on the vector
U. Also, observe that E(X|Z) = Z; and E(Y|Z) = Z, from which it can easily be
deduced that E(exey) = 0. Lastly, observe that by the Central Limit Theorem, it holds
that ex = %Zle vz, B N(0,1) and ey = ﬁZle U, B N(0,1), when d grows to
infinity. Then, since E(ex(Z)ey(Z)) = 0, we can deduce that (ex, €y) actually converges in
distribution to a pair of independent standard normal random variables. Thus, we expect
to observe a loss of power for all of our tests as the parameter d increases.

The results obtained by the implemented tests are shown in Figure 2. As expected,
it shows that the power of all tests decreases as the dimension d increases. Also, we can
observe that the GCM - denoted by wGCM(0) in Figure 2 - fails to reject the alternative
for any d > 2, which is justified by the fact that E(ex(Z)ey(Z)) = 0 for any d > 2. In this
example both the wGCM and its kernelised version perform rather well, and they do not
tend to lose power very fast when d increases, except when the length-scale is 0.1, in which
case the kernel test is rather weak.
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