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Abstract

We investigate the problem of testing whether an arbitrary number of variables are
jointly independent. Our method is an extension of the kernel-based two variable
Hilbert-Schmidt independence criterion (HSIC) and allows for an arbitrary number
of variables, which we denote by d-variable Hilbert-Schmidt independence criterion
(dHSIC). In the population case, the value of dHSIC is zero if and only if the d
variables are jointly independent. Based on an empirical estimate of dHSIC, we
define four different non-parametric hypothesis tests (Hp: joint independence); the
permutation test, the bootstrap test, the gamma approximation based test and the
eigenvalue based test. We prove that the permutation test achieves significance
level and that the bootstrap test and the eigenvalue based test achieve pointwise
asymptotic significance level as well as consistency (i.e. are able to detect any type
of dependence in the large sample limit). Finally, we show that our tests can be
applied to causal inference to determine the causal ordering on simulated and real
data. We compare these results to an approach which combines different 2-variable
HSIC tests using a Bonferroni correction.
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Chapter 1

Introduction

1.1 Problem and motivation

We consider the problem whether in a sample (Xy,...,X,,), with X; = (X},..., X%),
the d components (X7,..., XL),...,(X{, ..., X%) are jointly independent. For example,
a lot of statistical methods require the input variables to be jointly independent. It
is therefore essential to be able to verify this assumption before applying these methods.
Another example where this problem appears is causality, in particular in causal inference.
This field deals with finding causal relationships between variables, e.g. which biological
markers are causal for a certain disease. Causal statements over d variables can be
formalized using the concept of an SEM, for example. SEMs assume the existence of
d noise variables which are required to be jointly independent. As a consequence, many
causal inference methods need to measure dependence of some sort; often this dependence
can be non-linear, for example, when analyzing residuals after a linear regression. This
motivates the need for widely applicable methods to test for and measure dependence.

The main difficulty when analyzing dependence between variables is that the dependence
structure can be arbitrarily complicated. It is therefore not at all obvious how to appropri-
ately measure dependence in a way that is sufficiently general to include all possibilities.
For example, using correlation as a measure of dependence without additional assump-
tions is not sufficient because there exist random variables which are uncorrelated but
dependent. Most classical methods for testing independence rely on assumptions on the
underlying random variables. The Pearson’s chi-squared independence test (e.g. Lehmann
and Romano, 2005), for example, requires categorical data and Hoeffding’s independence
test (see Hoeffding, 1948b) requires a continuous density.

Several non-parametric approaches based on kernel methods have been developed at the
beginning of the 21st century, most of which are based on the covariance operator in the
reproducing kernel Hilbert space (RKHS). One of them is the Hilbert-Schmidt indepen-
dence criterion (HSIC), which was introduced by Gretton et al. (2005) and is a measure
of dependence for two random variables. It has the desirable property of being zero if
and only if the two random variables are independent and additionally allows to be con-
sistently estimated based on a finite sample. These two properties allow the detection of
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any type of dependence given a sufficiently large sample size.

This thesis introduces a direct extension of the two variable HSIC to a version allowing for
an arbitrary number of variables, which we call the d-variable Hilbert-Schmidt indepen-
dence criterion (dHSIC). Based on this criterion, we introduce four different hypothesis
tests that can be used to test for statistically significant evidence of dependence.

1.2 Outline

In Section 2 we introduce all of the required background material. This involves a short
summary of required tools from functional analysis, an introduction to kernel methods,
an exposition of the theory of U-and V-statistics and finally a summary of the statistical
framework used throughout this thesis. This section can be skipped and only used as
reference whenever the notation or concepts become unclear in the remaining thesis. The
main part starts in Section 3, where we introduce the d-variable Hilbert-Schmidt inde-
pendence criterion and its empirical estimator. In Section 4 we construct four different
hypothesis tests based on dHSIC and prove important properties of them. At the end
of this section, we also give details on how to implement each of the four the hypothesis
tests. Section 5 numerically assesses level, power and runtime of the hypothesis tests.
Finally, in Section 6 we consider an application of dHSIC to causal inference.

1.3 Contributions

This thesis builds on the papers of Gretton et al. (2005), Gretton et al. (2007) and Smola
et al. (2007) but extends the material in several aspects. First of all, the extension of the
two variable HSIC to the generalized version dHSIC is new and has previously only been
briefly mentioned by Sejdinovic et al. (2013), in the case of three variables. All results
related to dHSIC are consequently also new, however most of them carry over directly
from the existing results for HSIC. We prove new results about V-statistics which are
required in the proofs of some of these statements. Previously, these results have only
been stated without proof. The mathematical rigorous treatment of the permutation test
and the bootstrap test is novel, as are the results about their level and consistency given
in Proposition 4.5, Proposition 4.9 and Proposition 4.10. For the extension of the gamma
approximation based test, we computed both the mean and variance in the general d-
variable setting in Lemma 4.11 and Lemma 4.12, which turns out to be rather complex.
The idea for the eigenvalue test comes from Gretton et al. (2009), in which this approach
has been applied to the Maximum Mean Discrepancy (MMD). The MMD is directly
related to the HSIC and hence we are able to extend the results to dHSIC. Finally, in
order to make our tests accessible for everyone we have created an R-package, which will
be available on CRAN. The following list summarizes the contributions:

(i) extension of HSIC to dHSIC

(ii) new results for V-statistics (have been used but not proved)
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(iii) rigorous treatment of permutation and bootstrap test
(iv) gamma approximation for d-variables

(v) eigenvalue approach based test

(vi) R-package containing all tests (to be available on CRAN)



Chapter 2

Background material

For simplicity we adopt the convention that any linear space is always a linear space
over the field of the real numbers. The following list summarizes basic notation used
throughout this work.

e Let B be a Banach space. Then we denote by
L(B) :={A: B — B| A bounded linear}

the space of bounded linear operators.

o Let (2, F, ) be a measure space and B a Banach space. Then we denote by

L0, |11 )
the space of Borel-measurable functions from € to B, and by
LP (s [1ll )

the space of p-integrable functions from €2 to B, and by

LP(ps -1l 5)

the space of equivalence classes of p-integrable functions from €2 to B. For more
details see Definition A.8 and Definition A.9.

e Let X be a separable metric space. We then denote by
M (X)
the space of finite Borel measures, and by
P(X)

the space of finite Borel probability measures, for more details see Definition 2.23.
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e Let H be a Hilbert space. We then denote by
Li(H)
the space of nuclear operators, and by
HS(H)

the space of Hilbert-Schmidt operators, see Section 2.1.1 and Section 2.1.2 for more
details.

e Let H, and Hs be a Hilbert spaces and let A : Hy — Ho be a bounded linear
operator. Then the adjoint of A is the unique bounded linear operator A* : Ho — H1
satisfying for all x € Hy, y € Ho that

(Az,y),, = (x, A%y),, -
Existence and uniqueness follow from the Riesz representation theorem.

e Let H be a Hilbert space and let v,w € H. We denote by v®@w € L(H) the function
with the property that for all x € H it holds that

(v@w)(z) = (v,z),w. (2.1)

Any operator of this form is referred to as rank one operator. While it will be clear
from the context one has to be careful not to confuse this with the tensor product
of functions or kernels introduced in Appendix A.2.

e Let X be a metric space with metric d and let U C X. We define the set

inf d =0
Jnf (z,y) }

U::{:CGX

and call it the closure of U.

e Let (92, F,P) be a probability space, let B be a Banach space and let X : Q@ — B
be a random variable (i.e. a measurable map). Then we denote by PX the Borel-
measure on B with the property that for all Borel-measurable sets A C B it holds
that

PX(A) =P (X7'(4))
and call it the law of X (image measure of X).
o Let (1, F1, 1), - (Qn, Fn, i) be measure spaces then we denote by
(U X X, Fl@ @ Fpy 1 @+ @ fin)

the product measure space. In particular, /1 ® --- ® F,, is the product o-algebra,
which corresponds to the smallest o-algebra generated by sets of the form A; x - - - X
Ay and gy ® - -+ ® py, is the product measure which satisfies

(1 @ @ pn) (A1 X -+ x Ap) = p1 (A1) -+ pn(An).
In order to simplify notation the n-fold product of the space (2, F, 1) is denoted by
(Q", FEm, ).
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2.1 Some functional analysis on Hilbert spaces

In this section we recall some reference material related to functional analysis on Hilbert
spaces. Most of the material is from the lecture notes of Jentzen (2015). All the material,
however, can also be found in Werner (2011) or Dunford and Schwartz (1963).

2.1.1 Nuclear operators

Definition 2.1 (nuclear operators)
Let H be a Hilbert space, and let A € L(H) satisfy that there exist sequences (Vp,)neN, (Wn)neny C
H such that

o0

> llvally lwnll, < oo

n=1

and such that for all x € H it holds that

Then, A is called a nuclear operator.
Next, we define the space
Li(H)={A € L(H) | A is nuclear operator}

of nuclear operators and define a norm on Ly (H) as follows

”AHI = inf {a eR ‘ El(vn)nENv (wn)nEN g H s.t.

(a=> llval,llwall,, and Az = "(vn, z),w, Vo€ ”H)}.

n=1 n=1

The following theorem shows that the space L;(#) has a separable Banach space struc-
ture.

Theorem 2.2 (structure of Li(H))
Let H be a separable Hilbert space, then the space Li(H) is a separable Banach space.

Proof We only give a short outline of the proof. The fact that Li(#) forms a Banach
space is a classical result and can be found in Werner (2011, Satz VI.5.3). To see sepa-
rability, observe that the space of finite rank operators is dense in Li(#). It is therefore
sufficient to show that the space of finite rank operators is separable. To this end let
(¢n)nen be an orthonormal basis of H. Then, the set given by

m
A= Zaijcpi®<pj]a¢j€(@,meN
ij—1

is a countable set. Furthermore, it can be shown that any finite rank operator can be
approximated by elements in A. This completes the outline of the proof of Theorem 2.2.]
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Next, we introduce the trace operator.

Definition 2.3 (trace)
Let H be a Hilbert space, assume B C H is an orthonormal basis of H and let A € L(H).
Then, the trace of A is given by

trace(A) = Z(b, Ab).,.

beB

It can be shown (e.g. Werner, 2011, Section VI.5) that the trace is independent of the
chosen orthonoromal basis. Furthermore, for an operator A € L(H), it holds that

trace(|A|) < oo if and only if A € Li(H), where |A| = (A*A)%. This is the reason
nuclear operators are often referred to as trace class operators. Moreover, it then holds
that

trace(|A|) = [|A]|1.

2.1.2 Hilbert-Schmidt operators

Definition 2.4 (Hilbert-Schmidt operator)
Let H be a Hilbert space, and let A € L(H) satisfy that there exists an orthonormal basis

B CH of H such that
> 4D, < oo

beB
Then, A is called a Hilbert-Schmidt operator.

Moreover, we define the space
HS(H) == {A € L(H) | A is Hilbert-Schmidt operator}

of Hilbert-Schmidt operators.

Given operators A, B € HS(H) and an orthonormal basis B C H, it can be shown (e.g.
Werner, 2011, Satz VI.6.2) that the mapping defined by

(A,B):=) (Ab,Bb),,.
beB

is independent of the orthonormal basis B and thus a well defined inner product on HS(#).
Furthermore, it induces the norm

[All2 = (Z\\AbHif

beB

and turns HS(#) into a separable Hilbert space.
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2.1.3 Covariance operator

In this section we introduce the covariance operator. For our purposes the non-centered
version is sufficient, but the same results also hold for the centered version.

Definition 2.5 (non-centered covariance operator)
Let H be a Hilbert space and let p € P(H) satisfy that for all w € H it holds that

fH|(w,v)H|2 p(dv) < oo. Then we denote by CovOp(u) € L(H) the unique bounded linear
operator such that for all v,w € H it holds that

<v,CovOp(u)Hw>:/H<v,z>,{<x,w>ﬂu(dx).

Given an H-valued random variable X on some probability space (2, F,P) with the prop-
erty that for allw € H it holds that E (](X, w>H]2) < 00, we denote by CovOp(X) € L(H)

the operator defined by
CovOp(X) = CovOp(P¥X).

The following example illustrates that the covariance operator is simply an extension of
the covariance matrix in finite dimensions.

Example 2.6 (covariance operator in finite dimensions)
Consider an R"-valued random variable X with law PX. Then the non-centered covariance
matriz is given by
S —F (XXT) ,
and therefore it holds for all v,w € R"™ that
(V,2W) = v Iw
—v'E (XXT) w
—E <vTXXTw>
=E ((Vv X>]R" <X’ W>1R”>
:/ (V, X) g (X, W) IP’X(dX).

This immediately implies that
CovOp(X) = X.

The (non-centered) covariance operator satisfies the following properties (e.g. Da Prato
and Zabczyk, 2014, Section 1.2).

Lemma 2.7 (properties of the covariance operator)
Let H be a Hilbert space and X € L*(P,]-||,,). Then it holds that

(i) CovOp(X) is a symmetric, non-negative, nuclear operator,
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(i1) CovOp(X) =E (X ® X) and

(iii) |CovOp(X)lly = E (I X|3).

2.1.4 Spectral Theory

Definition 2.8 (point spectrum)
Let B be a Banach space and let A € L(B), then we set

op(A) ={A e C| (A= A) is not injective}

and call this set the point spectrum of A.

Definition 2.9 (symmetric operator)
Let H be a Hilbert space and let A € L(H) satisfying for all x,y € H that

(z, Ay),, = (A2, y),,-
Then, A is called symmetric (selfadjoint).

It is straight forward to check that for a symmetric operator A € L(H) it holds that
op(A) CR.

Definition 2.10 (compact operator)
Let B be a Banach space and let A € L(B) satisfying for every boundend set B € B that

A(B) is relatively compact in B, i.e. A(B) is a compact subset of B. Then, A is called a
compact operator.

We denote by
K(B) :={A € L(B) | A is a compact operator}

the space of compact operators. It is straightforward to see that every nuclear operator
is a Hilbert-Schmidt operator. In Dunford and Schwartz (1963, Theorem 6, Section 6) it
is furthermore shown that every Hilbert-Schmidt operator is a compact operator. This
leads to the following relations,

Ly (B) C HS(B) C K(B). (2.2)

The following theorem is a version of the famous spectral theorem for compact operators.
It is taken from Werner (2011, Theorem VI.3.2).

Theorem 2.11 (spectral theorem for compact operators)

Let H be a Hilbert space and A € KC(H) a symmetric operator. Then there exists an at most
countable index set I C N, an orthonormal system (e;)icr € H and a set (N\;)ier € R\{0},
such that lim; oo N\j = 0 (if |I| = o0) and

H = ker(A) @ span{e; | i € I}.
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Moreover, for all x € H it holds that
Az = Z iz, e;), €.
i€l

In particular, this means that (\;)icr are the eigenvalues of A different from 0 and (e;)ier
are the corresponding eigenfunctions.

Let H a Hilbert space, A € Li(H) and B € HS(#). Then the spectral theorem together
with (2.2) allows us to represent A and B in terms of their eigenvalues as

Azx = Z Ai{w,e;),e; and Bx = Z vi(x, fi), fi-
iel iel’

Using the orthonormality of the eigenfunctions this implies that the norms can be ex-
pressed as

1
2
JAlr => Al and B2 = (Z\m\?) :

icl iel’

2.2 Kernel methods

The aim of this section is to give a short introduction to reproducing kernel Hilbert spaces
and present the notation that is used in the following chapters. It is mostly based on
Peters (2008) and Berlinet and Thomas-Agnan (2004).

2.2.1 Kernels

We begin by introducing kernels, which form the building block of reproducing kernel
Hilbert spaces.

Definition 2.12 (kernel)
Let X be a set, then a function k : X x X — R which is symmetric in its input arguments
is called a (symmetric) kernel on X .

Definition 2.13 (Gram matrix)
Let X be a set, let m € N, let k be a kernel on X and x1,...,x, € X, then the matrix
K € R™*"™ satisfying for all i,j € {1,...,m} that

Kij = k(zi, z;)
is called the Gram matrixz of the kernel k (given observations x1,...,ZTm).

Definition 2.14 (positive semi-definite matrix)
Let X be a set, let m € N, then a symmetric matriz K € R™*™ is called positive semi-
definite if for all z € R™ it holds that

z Kz > 0.
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Definition 2.15 (positive semi-definite kernel)

Let X be a set, then a kernel k on X is called positive semi-definite if for all m € N
and for all x1,...,xym € X the Gram matriz K of the kernel k given the observations
T1,...,Tm 1S positive semi-definite.

The following list of functions are common examples of positive semi-definite kernels on
X =R".

e Gaussian kernel with bandwith o > 0,

2
Tr — n
k(w,y) = exp <_ H 20_y2’R )

e polynomial kernel of degree d € N,

e sigmoid kernel with x > 0 and 6 < 0,

k(z,y) = tanh (k(z,y)n +0) .

2.2.2 Reproducing kernel Hilbert spaces

Definition 2.16 (space of real-valued functions on X’)
Let X be a set. Then the space

FX)={f: X > R| f is a function}

together with the standard scalar multiplication and summation defined for all A € R, and
forall f,g € F(X) by

(A~ f)(z) = Af(x) Vre X
(f +9)(x) = f(x) + g(z) Vo e X
forms a linear space over R. We call F(X) the space of real-valued functions on X.

Reproducing kernel Hilbert spaces on X are well-behaved subspaces of F(X). This is
made precise in the following definition.

Definition 2.17 (Reproducing kernel Hilbert space)
Let X be a set, let H C F(X) be a Hilbert space. Then H is called a reproducing kernel
Hilbert space (RKHS) if there exists a kernel k on X satisfying

(i) Ve € X: k(z,-) € H and
(ii) Vf € H, Ve € X: (f, k(x,")),, = f(x).

Moreover, we call k a reproducing kernel of H.
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In order to get a better understanding of this definition we go over several consequences
and properties of reproducing kernel Hilbert spaces.

The next proposition shows that reproducing kernels are unique.
Proposition 2.18 (uniqueness of the kernel) )
Let X be a set and let H be an RKHS on X. Assume both k and k are reproducing kernels
of H. Then k = k.
Proof Observe that by the properties of a reproducing kernel it holds for all z,y € X
that B . B B
k’((l), y) = <]€(.CC, ‘)a k(y7 )>H = <k(ya ‘)7 k(l’, )>H = k(y7 $) = k(l’, y)
which completes the proof of Proposition 2.18. O

The following theorem gives an alternative characterization of RKHS (e.g. Berlinet and
Thomas-Agnan, 2004, Theorem 1).

Theorem 2.19 (alternative characterization)

Let X be a set and for all x € X let §, : F(X) — R be the function with the property
that for all f € F(X) it holds that §,(f) = f(x). Then, a Hilbert space H C F(X) is a
reproducing kernel Hilbert space if and only if for each x € X the function §; is continuous
on H.

Proof Assume H is an RKHS with reproducing kernel k, then for all f € H and all
x € X it holds that

5:Jc(f) = <fa k($v )>H

which implies that d, is a linear. Together with the Cauchy-Schwarz inequality we also
have

1
102 ()] = [(fs k(@) | S A F R, )l = 11, R, 2))2
Furthermore notice that for f = k(z,-) the upper bound is achieved which implies that

Oy
16l = sup 22 e o)
1120 15

=

Therefore 6, is continuous.

Conversely assume d, is continuous for all x € X. Then for fixed x € X by Riesz’s
representation theorem there exists a function ®, € H such that for all f € H it holds
that

<fa (I)x>n = 5x(f) = f(CC)
Since this holds for all x € X we can set for all z,y € X, k(z,y) = ®,(y) which is a
reproducing kernel on A, which implies that H is an RKHS. This completes the proof of
Theorem 2.19. U
Proposition 2.20 (reproducing kernels are positive semi-definite)
Let X be a set and let H be an RKHS with reproducing kernel k. Then k is positive
semi-definite.
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Proof Let z1,...,2, € X and let z € R™, then

= Z Z(zlk(az,, ), zjk(xj, ),

i=1 j=1

which completes the proof of Proposition 2.20. ]

The next theorem shows that the reverse of the above proposition is in fact also true,
which in particular proves the existence of non-trivial reproducing kernel Hilbert spaces.
The proof is very constructive and illustrates how an RKHS can be constructed from a
positive semi-definite kernel (e.g. Peters, 2008, Proposition 3.10).

Theorem 2.21 (positive semi-definite kernels induce RKHS)
Let X be a set and k a positive semi-definite kernel on X, then there exists an RKHS on
X with reproducing kernel k.

Proof Define the space

=1

H = {f:X—>R | f:Zaik(a:i,-) for some m and some «; ER}

Then for f = Y71" ) a;k(w;,-) and g = Y7, Bjk(yj, ) define the function (-, -) : HOXHO —
R by

(f.9) =D aifik(=i,y;)

i=1 j—1
m

= aig(x)
=1

= Bif(y;)
j=1

The last two identities show that the expression does not depend on the expansion of f or
g. Therefore, (-,-) is well-defined. Furthermore it is symmetric and bilinear. It is positive
semi-definite, since

(£, f) = Z a;ajk(zi, vj) > 0.

4,j=1
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Using a generalized version of the Cauchy-Schwarz in equality for symmetric positive
semi-definite bilinear forms, it follows for all x € X that

F@)? = (f k(. 2))" < (F, Hk(z,2)
and hence (f, f) = 0 implies that f = 0. So we have shown that (-,-) is an inner product.

Finally let H be the completion of H°, i.e. H is a Hilbert space containing a dense
subspace which is isometric with H°. Now observe that given a sequence (f;)jen € H°
converging to f € H it holds for all x € X and all 4, j € N that

[fi(z) = f3(@)| = [(k(z,-), fi = F)| < VE( 2)||fi = fj]-

This implies that norm convergence in H° implies pointwise convergence. Therefore we
get

<f7 ]{?(ZL', )> = <z£rgo fi> k‘(iL‘, )>

= lim f;(x)
71— 00
= f(z).
This implies that the reproducing property also holds for H which completes the proof of
Theorem 2.21. ]

Given an RKHS, it is of interest whether one can achieve more regularity of the RKHS
by making further assumptions on the space X and on the kernel k. The next theorem
gives one such result (e.g. Berlinet and Thomas-Agnan, 2004, Corollary 4).

Theorem 2.22 (separability and continuity)

Let X be a separable metric space, let k be a continuous, bounded and positive semi-
definite kernel on X and let H be the RKHS with reproducing kernel k. Then, H is
separable Hilbert space consisting only of continuous functions. Furthermore, given an
orthonormal basis (pn)nen of H it holds for all z,y € X that

k(z,y) =Y ¢n(@)en(y)-
n=1

The Gaussian kernel on R" satisfies all these conditions, therefore the associated RKHS
is a separable Hilbert space consisting only of continuous functions.

2.2.3 Tensor products of RKHS

In this section we collect some basic facts about tensor products of RKHS and introduce
the notation that is used later in this work. A short introduction to tensor products is
given in Appendix A.2.
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For j € {1,...,d}, let X7 be a separable metric space and denote by X = X' x---x X% the
product space. Moreover for j € {1,...,d}, let k¥’ be a continuous bounded positive semi-
definite kernel on X7 and denote by H7 the corresponding RKHS. Let k = k' @ - - - @ k¢
be the tensor product of the kernels k7 and H = H! ® - - - ® H? the tensor product of the
RKHS #7. Then, by Theorem A.5 it holds that # is an RKHS on X with reproducing
kernel k.

The following properties will be heavily used in later calculations. They are immediate
from the definitions,

(i) for all x,y € X it holds that
k(x,y) = k'(z',y") - k(2 y7)

(ii) forall f = fl®@---® f® € H and for all g = ¢' ® - - - ® ¢¢ € H it holds that
<f7g>7-L = <f17gl>7-¢1 T <fdagd>7-¢d
(iii) for all f = f! ® --- ® f¢ € H it holds that

1€l = 1l - 1

Moreover, (i) immediately implies that k inherits the boundedness and continuity of the
kernels k!, ..., k%

2.2.4 Embedding of distributions

One of the strengths of RKHS is that we can embed complicated objects into them and
use the Hilbert space structure to analyze them. Being able to express inner products
as function evaluations via the reproducing property, additionally simplifies computation
within an RKHS. In this work, we use this embedding technique to analyze distributions.

Definition 2.23 (space of finite Borel measures)
Let X be a separable metric space, then define

Mp(X) = {n| p is a finite Borel measure on X'}.

Using the Bochner integral (see Appendix A.3) we can define an embedding of Mf(X)
into an RKHS.

Definition 2.24 (mean embedding function)

Let X be a separable metric space, let k be a continuous bounded positive semi-definite
kernel and let H be the RKHS with reproducing kernel k. Then, let IL : My(X) — H be
the function with the property that for all ;i € My (X) it holds that

) = [ k) o)

We call II the mean embedding (associated to k).
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Observe that the Bochner integral in this definition is well-defined since k(x, -) is contin-
uous and bounded and therefore in particular in £ (4, ]|]],,)-

In order to infer that two distributions are equal given that their embeddings coincide, it
is necessary that the mean embedding is injective. Similar to Sriperumbudur et al. (2008)
we make the following definition.

Definition 2.25 (characteristic kernel)

Let X be a separable metric space, let k be a continuous bounded positive semi-definite
kernel, let H be the RKHS with reproducing kernel k and let 1 : My(X) — H be the
mean embedding. We say that k is characteristic if II is injective.

The Gaussian kernel on R™ is a commonly used example of a characteristic kernel.

2.3 U-statistics and V-statistics

U-and V-statistics play a crucial role in constructing hypothesis tests based on the Hilbert-
Schmidt independence criterion. This section aims at providing a complete overview of
all results necessary from this theory. Most of this section in particular everything related
to U-statistics, is based on Serfling (1980). The corresponding results about V-statistics
are extensions of the U-statistic results.

Throughout this section we will heavily use the following setting.

Setting 2.26 (U-and V-statistic)

Letm e N, g€ {1,...,m}, X a metric space, (2, F,P) a probability space, X : Q@ — X a
random variable with law PX and (Xi)ien a sequence of iid copies of X, i.e., (X;)ien ud
PX.

The sequence (X;);en should be seen as the generating process of observations. Thus we
can interpret a realization (z;);eny C X of (X;);en as one particular experimental outcome.

Furthermore, define the sets
o Cy(m) = {(i1,...,3g) € {1,...,m} 141 < --- < iy} (all combinations),
e P,(m) ={(i1,...,1q) € {1,...,m} : i1,...,1i, distinct} (all permutations) and
e M,(m) = {1,...,m}? (all mappings).

Observe that |Cy(m)| = (ZL), |Py(m)| = (m)g := ('mL—!q)! and |[Mg(m)| = mq.

Consider a measurable symmetric (i.e. invariant under any permutation of its input
arguments) function g : X9 — R. Suppose we are interested in the statistical functional

0y =04 (P*) =E (g(X1,...,Xy))- (2.3)

To this end we define three estimators: The U-statistic

Un(g) = <m)_1 3 (X X, (2.4)

17 Cym)
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the alternative U-statistic

U (g) = Z Xiys-o s Xiy), (2.5)

and the V-statistic .
ﬁ Z g ’517'"7 ’iq)' (26)
Mgy(m)

Due to the symmetry of g both U,,(g) and U}, (g) are unbiased estimators of the statistical
functional 6, (hence the name U-statistic). In particular it holds that Up,(g) = Uy (9).
The V-statistic V,;,(g) on the other hand has a bias due to the occurrence of equal indices
in M,(m). The function g is commonly referred to as a kernel function. In order to avoid
confusion, we refer to g as a core function.

Both U-and V-statistics are important. For practical applications, it is generally easier
to work with V-statistics because the sets C,(m) and P,(m) become quite complicated
for ¢ > 2. Whenever deriving theoretical results, however, it turns out to be easier to
first consider U-statistics and then deduce the corresponding result for V-statistics.

To illustrate these definitions consider the following example.

Example 2.27 (sample variance)
Let X = R and consider a sequence of iid real-valued random variables (X;);en and the
core function g : R? = R defined for all z,y € R by

(x+y)? 2 +y?

g(x,y) = 5 = 9 —xy.
The V-statistic corresponding to g satisfies
Vin(9) = mz Y.t s ) XX
1,j=1 i,j=1
1 — 1 — ’
— 2 _ | —
15k (m 5 XZ>
i=1 =1
2
1 — 1 —
SO0 B 958
i=1 j=1

Hence, the V-statistic Vi,,(g) corresponds to the biased sample variance. Performing a
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stmalar calculation for the alternative U-statistic corresponding to g leads to

1 X2+ X2 1
U (g) = I XiX;
ml9) m(m—l); 2 m(m—l); R
_ 1 inJer?_ 1 i X
m(m—l)ij:1 2 m(m—l)ij:1 B
2
_;zm: 2 _ M iiXX
_m—li_ om—1 m B
1 & 1 & i
= (K 2K
i=1 7j=1

Thus, the alternative U-statistic U}, (g) and consequently also the standard U-statistic
Unn(g) correspond to the classical unbiased sample variance.

Given a non-symmetric core function g one can always construct the symmetrized version

=N 1
g(ajla- . -al‘q) =7 Z g(l'w(l)w"afxw(q))a
& TESy

where S, is the set of permutations on {1,...,q}.

In the following subsections we derive some useful properties of these statistics, which we
will exploit later when deriving asymptotic properties of our mutual independence tests.

Section 2.3.1: Variance of U-statistics

Section 2.3.2: Method to analyze asymptotic properties of U-statistics
Section 2.3.3: Consistency of U-statistics

Section 2.3.4: Asymptotic distribution of U-statistics

Section 2.3.5: Connection between U-statistics and V-statistics
Section 2.3.6: Consistency of V-statistics

Section 2.3.7: Variance of V-statistics

Section 2.3.8: Bias of V-statistics

Section 2.3.9: Asymptotic distribution of V-statistics

Section 2.3.10: Resampling results for U-statistics and V-statistics

2.3.1 Variance of U-statistics

Following Serfling (1980) we introduce the following notation, which becomes useful when
proving results about U-statistics.
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Assume g € LY((PX)®9 |-|g) is a symmetric core function. We then define for every
ce{l,...,q— 1} the function g, : X — R by
ge(x1, ... xe) =E(g(z1, ..., 2e Xeg1, ..., Xy))

and gy = g. g is again a symmetric core function such that for every ¢ € {1,...,¢ — 1},
it holds that

9c(3717 cee 7xc) =K (gc+1($17 ooy Ley Xc—l—l))

and
E(ge(X1,...,Xe)) =E(9(X1,...,Xq)) = b,.

Further define § = g — 0, and for all ¢ € {1, ..., ¢} define g. = g. — 0, to be the centered
versions of the core functions.

Define for every c € {1,...,q},

€= Var (g.(X1,..., Xe)) =E (§e(X1,..., X0)?) . (2.7)

We sometimes write &.(¢g) to make clear which core function we are talking about.

We can now state the main theorem of this section (see Serfling, 1980, Lemma A, Section
5.2.1) which was originally proved by Hoeffding (1948a).

Theorem 2.28 (variance of a U-statistic)
Assume Setting 2.26 and let g € L2((PX)®4||g) be a symmetric core function. The
variance of Up,(g) is given by

var o) = (1) 32 () (07 9)e 28

c=1

Proof Let (i1,...,i),(j1,-..,Jq) € Cq(m) such that the two sequences have exactly c
common values. Denote by (a1,...,aq) the reordering of (i1,...,4,) and by (b1,...,by)
the reordering of (ji,...,Jq) such that for all k € {1,...,c} it holds that a; = by. Then
using symmetry of § and independence of X1,..., X,, it holds that

E (g (Xiys- s Xiy) (X505, X5,))
=E(§ (Xar,- -+ Xay) G (Xpy,---, Xp,))
= E(gc (Xap R 7Xac)§c (Xb17 s vac))
=B (Ge (Xao- -, Xa,)?)
:5c
Now observe that the number of distinct ways two such sequences (i1, . ..,%4) and (j1,. .., jq)

can be chosen is (7;) (9 (chq). Hence using

Unn(g) — 0, = @)_1 S (X X))

Cq(m)
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we get

Var (Un(9)) = E ((Unlg) - 6,)°)

(m>2 Yo E@(Xa, -, X)X X5)

17 G ym) Cy(m)

-(1) 26

c=1

3

which completes the proof of Theorem 2.28. ]

2.3.2 Projection of U-statistics

This section introduces the projection of a U-statistic, which is a technique to determine
asymptotic results about U-statistics. Given a U-statistic Uy, (g) we define its projection
by

Un(9) = S E(Unlg) | X;) — (m — 1), (2.9)
j=1

Observe that E (g(X;,,...,X;,) | X;) is equal to 6, if j ¢ {i1,...,i4} and it is equal to
g1(X;) otherwise. Hence we get,

-1
E (Un(g) | X;) = (m) S E (oK. X)) | X))

17 Gym)
—1 —1
() (", D (7)) (20
m—q q

=9+ Lg(X;).
m 99+m91( i)

This results in
m

Unlg) = by = = > 31(X;). (2.10)
j=1

Therefore, we have shown that the projection of a U-statistic is a sum of iid random

variables. This fact allows us to apply results such as the central limit theorem or the

law of large numbers to these projections. In order to connect such results back to the

original U-statistic we use the following theorem (for a stronger version see Serfling, 1980,

Theorem, Section 5.3.2).

Theorem 2.29 (second moment of Uy, (g) — Unm(g))
Assume Setting 2.26 and let g € L2((PX)®4,|-|g) be a symmetric core function. Then

as m — oQ.
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Proof Set
’lU(.’IJl, e :xq) = g(xlv s 7$q) - gl(xl) - _gl(xq) - 09
and observe that this is a symmetric core function with the property that
E(w(X1,...,Xq) =E(w(Xy,...,X,y) | X1) =0.

In particular, this implies & (w) = 0. Using that

m\ g m\ "t m =1\ &

(7)) X >aeo=(7) (7o) Xac
) ST q q—1
q(m) 1=1

and (2.10) it follows that

Un(g) = Un(g) = <m>1 > w(Xips s Xiy).

This means that U, (g) — ﬁm(g) = Up(w) and we are in the setting where we can apply
Theorem 2.28. This together with & (w) = 0 results in

E [(Um(g) — ﬁm(g))Q] = Var (Um(g) - ﬁm(g))

(1) (O New

=0 (m_Q) ,
which completes the proof of Theorem 2.29. O

Remark 2.30 The notion of projection can be generalized by defining the c-th order pro-
jection of a U-statistic Up,(g) by

. m
Oenls) = 3 EOnla) | X Xe) = (1) -1) 0,
Ce(m)
Then using similar reasoning as above one gets

(9)e

ﬁt:,m(g) = (m)e

> Ge(Xiys. o, Xi,) + 6,
Ce(m)

and equivalent to Theorem 2.29 it holds that

E [(Um(g) - ﬁm(g)>2] =0 (m_(c+1))

as m — oQ.
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2.3.3 Consistency of U-statistics
The following theorem is a weaker version of Serfling (1980, Theorem A, Section 5.4).
Theorem 2.31 (consistency of a U-statistic)

Assume Setting 2.26 and let g € LY((PX)®9,|-|g) be a symmetric core function. Then

Um(g) — 09
as m — Q.

Proof To prove this statement we make use of the projections introduced in Section 2.3.2.

~

Note that by (2.10) Uy,(g) is the sum of iid random variables and therefore we can apply
the weak law of large numbers to get,

~

Unn(g) — 6,

as m — 0o. We then use Theorem 2.29 to get

(Tn9) — Unlg)) £ 0

as m — oo. Now since L?-convergence also implies convergence in probability we get

as m — oo which completes the proof of Theorem 2.31. O

2.3.4 Asymptotic distributions of U-statistics

A U-statistic is called degenerate if £ = Var(gi(X1)) = 0 and non-degenerate if £ > 0.
In this section we analyze the asymptotic distribution of

e /mUp(g) for the non-degenerate case (£, > 0) and
e mU,,(g) for a special degenerate case ({1 =0, {3 > 0).

In the degenerate case the asymptotic distribution depends on the eigenvalues of a partic-
ular integral operator. In order to avoid repeating its definition we introduce the following
setting.

Setting 2.32 (degenerate asymptotic)

Let g € L2(PX)®9,]-]g) be a core function, let (Z;)jen be a sequence of independent
standard normal random variables on R, let Ty, € L (L*(PX, ||g)) with the property that
for every f € L2(PX,|-|g) and for every x € X it holds that

(To(f) () = /X Ga(,y) £ () PX (dy) (2.11)

and let (A\j)jen be the eigenvalues of Tg,.
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Non-degenerate case
The following theorem is taken from Serfling (1980, Theorem A, Section 5.5.1).

Theorem 2.33 (asymptotic distribution of a U-statistic (non-degenerate))
Assume Setting 2.26, let g € L2(PX)®4,|-|z) be a symmetric core function and assume
& > 0. Then it holds that

Vi (Un(9) — 8) —2 N (0,6%€)) (2.12)
as m — Q.

Proof To prove this statement we make use of the projections introduced in Section 2.3.2.

~

Note that by (2.10), Up,(g) is the sum of iid random variables and therefore we applying
the central limit theorem together with Var(qgi(X1)) = ¢?&; we get,

~

Vi (Oulg) = 05) <5 N (0.4%1)
as m — oQ.

Hence, it only remains to show that ﬁﬁm(g) and /mU,(g) have the same limiting
distribution. By Theorem 2.29 it holds that

~

Vi (Ong) = Unlg)) £ 0

as m — oo. Now since L?-convergence also implies convergence in probability we may
apply Slutsky’s theorem to get that

Vi (Un(g) = 0g) = v/m (Tnl9) = ;) + v (Tunl9) = Unl9)) % N (0.4%1)

as m — 0o, which completes the proof of Theorem 2.33. U

Degenerate case

The following theorem is taken from Serfling (1980, Theorem, Section 5.5.2). The proof
is slightly modified using a different version Mercer’s Theorem.

Theorem 2.34 (asymptotic distribution of a U-statistic (degenerate))
Assume Setting 2.26 and Setting 2.32, let g € L2((PX)®9,|-|g) be a symmetric core func-
tion and assume 0 = & < &. Then it holds that

m (Un(g) - 0,) 5 <g> >Nz -1
j=1

as m — O0.
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Proof Using Remark 2.30 it is enough to show the result for the second order projection
of Un(g). So for (Zj);en iid standard normal random variables defined on the same
probability space and Y = > 2 i1 (Z] 1) we want to show

m (Ug}m(g) - 9g> LN %Y

as m — Q.

Begin by setting

Tm:% > G2 (Xiy, Xiy)

P2(m)

and observe that
qglg—1) m

(Bt -0) =102,

We have therefore reduced the problem to proving
T -5 Y
as m — 0o. We do this by proving that for all x € R it holds that
E (e®Tm) — E (e™Y) (2.13)

as m — oo and then applying the continuity theorem for characteristic functions.

Begin by applying Mercer’s Theorem A.1 to go to get an orthonormal sequence of eigen-
functions (¢;);en and corresponding eigenvalues (A;)jen of T, (see (2.11)) satisfying for
z,y € supp(PX) that

y) = Z Xjoi (@)@ (y) (2.14)

converges uniformly. Hence, using that we can exchange sum and expectation due to the
uniform convergence we get for all 2 € supp(P~) that

g1(z) = E (g2(z, X1))

oo
Z 75 (@) (X1)

Z 75 (2)E (0j(X1)) (2.15)
where the sum again converges uniformly. Since &;(g) = 0 this implies §;(X;) = 0 P-a.s.
and thus for all j € N that

E (¢;(X1)) =0. (2.16)
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Next using that (¢;) en are orthonormal and again using that we can exchange sum and
expectation we get

E (§2(X1, X2)?) = ZZA Aipi (X1)@;(X2)ei(X1)pi(X2)
= ZZ MAE (05(X1)9i(X1)) E (9 (X2)pi(X2))
j=1i=1
=> X (2.17)
j=1
This in particular implies > 2%, A2 = E (ga(X1, X2)?) < oo. Using the expansion (2.14)

it holds that
1 [e.e]
= > D (X e (Xa).
Po(m) j=1
Next, define
1 K
=— D D Awi(Xa)ei(X,).
Po(m) j=1
and
K
Y =Y (2] -
j=1

The rest of the proof will be separated into four parts. The first part deals with the
approximation of T}, by T}, i, the second part deals with the approximation of Yx by
T i, the third part deals with the approximation of ¥ by Yx and the fourth part
combines these results to conclude the proof.

Part 1:
Using Jensen’s inequality and the inequality |e?* — 1| < |z|, we get
IE (ez‘me) _E (ez‘me,KH < Elei@Tm _ ¢ieTmx |
< |#[E[Tr — T x|
< |a| [E ((Tn — Tn,i0)?)]
Due to the uniform convergence we can set

> Npi(@)ei(y)

j=K+1

N|=

(2.18)

and observe that T, — T}, k can be written in terms of a U-statistic as

Ty — Tpic = % @) U (w5). (2.19)
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By uniform convergence and (2.16) it holds that E (w™ (X1, X3)) = 0 which in turn
implies that
E (Upn(w')) = 0. (2.20)

Using this and again making use of uniform convergence it also holds that
o
L) =E (wf(X1, X)) = > A (2.21)
j=K+1

A similar argument together with (2.16) leads to E (w*(-, X)) = 0 and hence

&1(wX) = Ex, [(EX2 (wk(X1,X2)>>2] —0. (2.22)

We can now apply Theorem 2.28 together with (2.20), (2.21) and (2.22) to get

) = (7)) X %

j=K+1

and combined with (2.19) this results in

2 o 1 o0 o
E ((Ty — Ton.x)?) = (mm) o<z YA (2.23)
j=K+1 j=K+1

Now, for arbitrary ¢ > 0 and z € R we can choose Ky(e,z) € N large enough such that
for all K > Ky(e, ) it holds that

- 3
z[ (2 Y A <« (2.24)
j=K+1

and therefore together with (2.18) and (2.23) it holds for all m € N and all K > Ky(e, z)
that ' '
E (e"Tm) —E (e"Tmx)| < e. (2.25)

Part 2:

For this part set
m
_1
Zim=m"2 Y ¢;(Xi)
i=1

and
m

Vim =m™ "> 0;(X,)*.
=1
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Next, observe that we can write
T = > i (Z3, = Vim) (2.26)

Using (2.16) it holds for all j,m € N that
E (Zjm) =0 (2.27)

and hence for all 7,1, m € N it holds that

1, ifj=1

o (2.28)
0, ifj#1

Cov (Zjm: Zim) =m™" Y E(p;(Xi)@r(Xiz)) :{
Ma(m

)

Therefore, using the multidimensional version of the central limit theorem, (2.27) and
(2.28) it holds that

(Zims s Zrem) —5 N (0, Id e ) (2.29)

as m — oo. Furthermore, since for all j € N it holds that E (¢;(X1)) = 1, applying the
weak law of large numbers yields

Vim, s Vikm) N (1,...,1) (2.30)

as m — oo. Combining (2.26), (2.29) and (2.30) together with Slutsky’s theorem leads to
Toie —5 Vi

as m — oo. Hence, for arbitrary e > 0 and x € R we can choose mg(e,x) € N large
enough such that for all m > mg(e, z) it holds that

E (“Tmx) — E (V)| < e. (2.31)

Part 3:

By using Jensen inequality, the inequality |e** — 1| < |z| and the independence of (Z;);en
it holds for any x € R that

’E (ei:cY) ) (eia:YK)| < E|eimY _ eiacYK|

D=

< |a] [E((Y ~ Y&)?)]

2

NI

R

j=K+1

< |zl [E((Z1 - 1)%)]

So for arbitrary £ > 0 and = € R we can choose Kj(g,z) € N large enough such that for
all K > Kj(e, ) it holds that

E (") —E (e"%)| <. (2.32)
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Part 4:

Finally combining (2.25), (2.31) and (2.32) it holds for all € > 0 and all € R that for
all m > mg(e,z) and all K > max{Ky(e, z), Ki(e,x)} it holds that
’E (eiJJY) . (eim‘Tm)‘ S ’E (eia/:Y) ) (eixYK)\ + ‘E (eiZ’Yk) - FE (eimeK)\
+ ’E (eme’K) i (eime)’
< 3e

This completes the proof of Theorem 2.34. U

2.3.5 Connection between U-statistics and V-statistics

To derive the asymptotic distribution of V-statistics we show that V-statistics are in an
appropriate sense good approximations of U-statistics. In order to show results of this
type we require some kind of boundedness condition on the core function. The next
definition introduces such a condition.

Definition 2.35 (total boundedness condition)
Let r € N, assume Setting 2.26 and let g € L7 ((PX)®9,|-|g) be a core function. Then we
say that g satisfies the total boundedness condition of order r if for all (i1, ... ,iq) € My(q)
it holds that

E [lg(Xi,,. ... Xi,)|"] < oc.
In particular, this condition is fulfilled if the core function g is a bounded function.

The following result is due to Serfling (1980, Lemma, Section 5.7.3).

Lemma 2.36 (connection between U-and V-statistics)
Let v € N, assume Setting 2.26 and let g € L™((PX)®4,|-|g) be a core function satisfying
the total boundedness condition of order r. Then it holds that

E[|Un(g) = Vim(g)|'] = O (m™")
as m — oo.

Proof Set

and observe that

mqu(g)Z Z g(XiM"'?Xiq)



CHAPTER 2. BACKGROUND MATERIAL 29

Therefore it holds that,

m? (Vin(9) = Um(9)) = (m)qUm(g) + (m? — (m)q) Win(g) — mUm(g)
= (m? = (m)q) Win(9) = Un(9g))-

Next combining this result with Minkowski’s inequality leads to

md

S<W_MMYUMWMMWLWMWMWM

md

Emwm—mmm—(W‘WWYEwmm—wwm

r

Now noting that (m? — (m)) = O (m?™!) as m — oo and using that g satisfies the total
boundedness condition we end up with

E[[Vin(g) = Un(g)'] = O (m™"),
which completes the proof of Lemma 2.36. ]

In order to prove some of the asymptotic statements of V-statistics we require a stronger
way of comparing V-statistics with U-statistics than that given in Lemma 2.36. For
example, when computing the asymptotic variance of a V-statistic up to an order of
m ™2 by comparison with the variance of a U-statistic, we need to estimate the second
moment of the difference to an order of m~(2+¢). Hence, the result in Lemma 2.36 is not
sufficient. The following technical lemma gives a decomposition of a V-statistic into the
corresponding U-statistic and some remainder terms. We are not aware of a similar result
in literature.

Lemma 2.37 (decomposition of a V-statistic)

Assume Setting 2.26 and let g € LY ((PX)®9, |-|g) be a core function. For allk € {1,...,q—
1}, le{k+1,...,q} let wkl AL, ., q} = {1,...,q—1} be the unique surjective functions
with the property that 7r Uk) = 7*(1) = 1 and for all 3,5 € {1,...,q¢} \ {k,1} withi < j
it holds that 7" (i) < 7*!(). Define for all x1,...,24-1 € X the function

-1

q
w(x1,...,Tq-1) Z g(x kl(l),...,xﬂ.kl(q)).
1i=k+1

(=}

B
Il

and set B := {(i1,...,1q) € Mgy(m) | at most ¢ — 2 distinct values}. Then it holds that
mVn(g) = (1 + 0O (m_l)) Up (w)

FA+0(m ) 3 (X, X,

(m)g—1 B

() rote)

+mUn(9)

and |B] = O (m%7%) as m — oo.
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Proof We begin by introducing

o = (m)lq—l ( > 9 Xi) = D g(Xi“m’Xiq)>

M, (m) Py(m)

and
A ={(i1,...,iq) € My(m) | at most ¢ — 1 distinct values}.

Then, observe that A = My(m) \ P,(m) and
A\ B = {(i1,...,iq) € My(m) | exactly ¢ — 1 distinct values}
_ { (imsaye - imti) | 1. rigen) € Py om),
ke{l,...,q—1}, l € {k:—|—1,...,q}}.

Therefore, it holds that |A] = m? — (m), and |A\ B| = ale— 1)( )g—1- Using this we get

|B| = [A] = [A\ B

=t~ (m) ~ LD ),
= mt = m(m = 1) (m (g~ 1)) = D Dngm 1)~ (g~ 2)

Mt 4.0 o) - LD 0 )

:mQ_mQ+ )

=0 (mq_Q)

as m — 0o. We can now make the following calculation

1
m 1,17 qu)i Z g(Xila"‘inq)
- (e P, (m)
1
= T 1%: i Xiy)
_ 1 Z w(X )+ 1 Zg(X X,)
T A Hu ) oy 2 0

(m)g—1 B
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Finally, we can decompose mV,,(g) as follows

1
mVin(g) = ma—1 Z 9(Xiy,s - - 7Xiq) T a1 9(Xiy, 7qu)
Mgy (m) Py(m)
1
+ ma—1 Z g(Xil,...,Xiq)

Py(m)

(m)g—1 (m)q 1
= mqq—l Sm + mq_ql Um(g)

1)

e R e ) L)

= (140 ()8, = ((3) + 0 (07 ) Unla) 4 mUnla). 23

Combining (2.33) and (2.34) completes the proof of Lemma 2.37. O

2.3.6 Consistency of V-statistics

The following theorem is the counterpart of Theorem 2.31 for V-statistics. The proof is
a direct application of Lemma 2.36 and Theorem 2.31.

Theorem 2.38 (consistency of a V-statistic)
Assume Setting 2.26 and let g € LY ((PX)®9,|-|g) be a symmetric core function satisfying
the total boundedness condition of order 1. Then

P

Vm(g) — 99
as m — oo.
Proof By Theorem 2.31 it holds that
P
Um(g) — 09

as m — 0o. Furthermore, by Lemma 2.36 we have that
E|Um(g) - Vm(g)| =0 (mil)

as m — 0o. Since convergence in L' implies convergence in probability we obtain

Vin(g) — 0,

as m — 00, which completes the proof of Theorem 2.38. g
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2.3.7 Variance of V-statistics

In the degenerate setting £&; = 0, Lemma 2.37 allows us to show that the variance of a
V-statistic is equal to that of a U-statistic up to a certain order of m. Its proof relies on
Lemma 2.37.

Theorem 2.39 (asymptotic variance of a V-statistic)
Assume Setting 2.26 and let g € L2((PX)®4,|-|p) be a bounded core function satisfying
& = 0. Then it holds that

ot = (7)(5) (2ol

Proof It holds that

N

as m — Q.

Var (Vin(g)) = Var (Vin(9)) ,

which implies that without loss of generality we can assume that 6, = 0. By Lemma 2.37
we get that

mVin(g) = (1+0 (m™")) Sm

) ((Z) O = m) _— (2.35)
as m — oo, where S, = Up,(w) + ﬁng(Xil, ..., X;,). Applying Theorem 2.28
results in .
Var (Un(g)) = (’Z) (g) (’;"__;)gz +0 (m?) (2.36)
and
Var (U, (w)) = O (m_l) . (2.37)

Moreover, using that ¢ is bounded it holds that

1
Var <(m)q_1 EB:Q(Xma ce 7X’iq)>
2)

< (m)121E (‘Zg(Xil,...,Xiq)
q— B

1
< D > E()Q(Xm--anq)g(Xm-..,qu) )
(m)qfl (-1 . )EB(' R
115--4y2q jlgu-,]q)GB
C|B? L
= =0 (m™7). 2.38
= (m)2_, (m™) (2.38)

So combining (2.37) and (2.38) shows that

Var (Sp,) = O (m™) (2.39)
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and
Cov (Un(g), Sm) < (Var (Un(g)) Var (Sy))2 = O (m—) : (2.40)

Finally, use (2.35), (2.36), (2.39) and (2.40) to get

Var (mVi(g)) = (1+ O (m™))* Var (S,,)

+((§) + 0 (m™") = m)* Var (Un(9))
—2(1+0(m™) (m+ (1) +0 (m™)) Cov (Un(g), Sm)
= O (1) Var (Sp,) + (m* + O (m)) Var (Unn(g)) + O (m) Cov (Un(9), Sm)

-(5) @-Serol)

Dividing by m? completes the proof of Theorem 2.39. g

2.3.8 Bias of V-statistics

As a further consequence of Lemma 2.37 the bias of a V-statistic can be explicitly ex-
pressed up to order m=2.

Theorem 2.40 (bias of a V-statistic)
Assume Setting 2.26 and let g € L2((PX)®9,||g) be a core function satisfying the total
boundedness condition of order 2. Then it holds that

AT _
B (Vo) ~ 0) = - (§) B (X0 X0) + O (m7?)
as m — oo.
Proof We use Lemma 2.37 to get that

mVn(9) = (1 +0 ( _1)) Um(w)

(1—|—O QIZg PR, €

(9 v

Moreover, using the total boundedness condition of g we can get a constant C' > 0 such
that

(2.41)

TEREEE il,...,Xiq)‘

B
(m)g—1
=0 (m™) (2.42)
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as m — oo. Hence, using (2.41),(2.42) and the unbiasedness of U-statistics results in
E (m (Vin(g) — 0y)) = E (mVin(§)) = 0 + O (m™1). (2.43)

We can compute 6,, by using the symmetry of § to get

O = E(w(X1, ..., Xq1)) = <3>E(§2(X1,X1)). (2.44)

Finally, combining (2.43) and (2.44) and dividing by m concludes the proof of Theorem
2.40. U

2.3.9 Asymptotic distribution of V-statistics

In this section we derive the asymptotic distributions for V-statistics based on the results
from Section 2.3.4.

Non-degenerate case

The following theorem is the counterpart of Theorem 2.33 for V-statistics. The proof is
a straightforward application of both Lemma 2.36 and Theorem 2.33.

Theorem 2.41 (asymptotic distribution of a V-statistic (non-degenerate))
Assume Setting 2.26, let g € L2((PX)®4 |-|p) be a core function satisfying the total bound-
edness condition of order 2 and assume & > 0. Then it holds that

Vi (Vin(g) — 6g) ~55 N (0, ¢%€1) (2.45)
as m — oOQ.

Proof Since convergence in L? implies convergence in probability Lemma 2.36 in partic-
ular shows that

P
Vi (Vin(g) = Um(g)) — 0
as m — 00. Combining this with Theorem 2.33 and Slutsky’s theorem we get
d
\/E(Vm(g) - 69) = \/%(Um(g) - 99) + \/E(Vm(g) - Um(g)) — N (07 q2€1)

as m — oo which completes the proof of Theorem 2.41. O

Degenerate case

Theorem 2.43 is the counterpart of Theorem 2.34 for V-statistics. Similar statements
appear in literature (e.g. Gretton et al., 2007, Theorem 2). However, we are not aware of
a complete proof of the statement. The proof requires the following intermediate result.
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Lemma 2.42 (eigenvalue representation of the bias)

Assume Setting 2.26 and Setting 2.32, let g € L2((PX)®9,|-|g) be a core function satisfying
the total boundedness condition of order 2, assume 0 = & < & and assume go is positive
definite and continuous. Then it holds that

E(g2(X1,X1)) =) Aj+6y
j=1

Proof Observe that gs is a continuous positive definite kernel. We can therefore apply
Mercer’s theorem A.1 to get that for all z,y € supp(PX) it holds that

Go(x,y) =Y Njwj()e;(y)
j=1

converges uniformly. If we now take expectation and use that we can exchange the sum
and expectation due the uniform convergence we get

E (52(X1,X1)) = E [ Y A\jeoj (X1)g;(X1)
j=1

NE (e (X0)P)

M

1

.
Il

o

A,
1

<.
Il

where in the last step we used that (;);en forms an orthonormal basis of L2(PX, |-|).
The result follows by noting that go = g2 + 64, which completes the proof of Lemma
2.42. O

We are now ready to state and prove the final result of this section.

Theorem 2.43 (Asymptotic distribution of a V-statistic (degenerate))

Assume Setting 2.26 and Setting 2.32, let g € L2((PX)®9,|-|g) be a core function satisfying
the total boundedness condition of order 2, assume 0 = &1 < & and assume Go is positive
definite and continuous. Then it holds that

AR
(Vo) ~0) - (2) S0 2
j=1
as m — Q.

Proof The idea of the proof is to use Lemma 2.37 to get the decomposition

mVi () = (1+ 0 (m™')) Sp,

_ <(g> Lo (m—l)) Ui () (2.46)

+mUp ()
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as m — oo, where S, = Up(w) + mZBQ(XiI,...,Xiq) and w is defined as in
Lemma 2.37. We then calculate the asymptotic behavior of S, and use Theorem 2.34 to

conclude.

Begin by analyzing the asymptotic behavior of S,,. To this end, note that by symmetry
of the core function ¢ it holds that

q

910 = E(w(Xl, N .,qul)) = <2

)E(§2(X1,X1))-

and together with Lemma 2.42 it holds that

B = E(w(X1, ..., X41)) = (g) iA]—.

Jj=1

Combining this with Theorem 2.31 it follows that
P q =
U (w) — 0, = <2> z;Aj (2.47)
j=

as m — o0o. Next, we use the total boundedness condition of g to get a constant C > 0
such that

1
(m)g—1
B
(m)q,1

—0(m™)

<

E‘#Zg(xil,...,xiq) SUE(X - X))
(m)g—1 B B

<C

as m — oo. Using that L' convergence implies convergence in probability we get that

1

(m)q,1

~ P
> 9 Xy, X)) — 0 (2.48)
Az

as m — oo. Finally, combining (2.47) and (2.48) this results in

Sy (g) i Aj (2.49)
j=1

as m — oQ.

Now, by the properties of convergence in probability, (2.49) and Theorem 2.31 we have

(1+0 (m™)) S — <g> iAj (2.50)

J=1
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and

(<g) +O (m—1)> Unm(3) 50 (2.51)

as m — oo. Hence, (2.46), (2.50) and (2.51) together with Slutsky’s theorem and Theorem
2.34 shows that

Vale) = ) = V(@) - (1) S22

=1

as m — 0o, which completes the proof of Theorem 2.43. U

2.3.10 Resampling results for U-statistics and V-statistics

In this section we want to consider what happens to the asymptotic behavior of mU,,(g)
and mV;,(g) if instead of the original data sequence (X;);ey we consider a sequence of
resampled data. The differences are quite subtle, therefore one needs to be very precise
about what resampling means. Throughout this section we use the following setting.

Setting 2.44 (resampling)

Let X be a separable metric space, let (Q, F,P) be a probability space, let X : Q@ — X be
a random variable and let (X;);en be a sequence of iid copies of X. For alln € N, let
(Q,, Fn, P) be probability spaces, let X : Q, — X be random variables satisfying that

X 4 X asn — oo (i.e. limy oo E(f(X})) = E(f(X)) for all bounded and continuous
functions f: X — R) and let (X}, ;)ic(1,...n} be @d copies of Xy,.

The data X7, ¢,...,
which converges to PX as m goes to infinity. Resampled data of this type often show up

in different types of bootstrapping or permutation techniques.

X .m should be interpreted as a new sample drawn from a distribution

We are interested in finding properties of the resampled U-statistc

Un(g) = <7Z>_1 > g( ;,ilv"'vX;m,iq)

Cq(m)

and the resampled V-statistic

V()= 2 3 g (K X
q(m)
The difference compared to the normal U-and V-statistic is that the distribution of the
sample X7 4,..., X}, , depends on m. Therefore, the results of the previous sections
only carry over to the resampled U-and V-statistics if they are results for which m is kept
fixed. Results about the asymptotic behavior of the resampled U-and V-statistics need
to be proved separately. A further more technical difficulty is that for different m the
random variables [7m(g) and Vm(g) are no longer defined on the same probability space.
The following theorem gives us a way of dealing with this issue and is a slightly modified

version of Skorohod’s theorem (see Billingsley, 2008, Theorem 6.7).
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Theorem 2.45 (Skorohod’s theorem) o
Assume Setting 2.44. Then there exists a common probability space (2, F,P) and random

variables (ij)ie{lw,m}, m € N and (X;)ien on this probability space satisfying
(i) for allm € N, for alliec{1,...,m}: )N(f;m ~ PXm,
(ii) for alli € N: X; ~PX and,

(i17) X’T*m T8 X, as m — .

In order to avoid ambiguity between the resampled and the original sample we introduce
the following notation

(i) for all m € N and all ¢ € {1,...,m} define

9o (1, we) = E(g(@1, ey Xopyogs -0 X))

(ii) for all m € N define
9;’1 = E(g( :n,lv s 7X:;L,q))7

(iii) for all m € N and all ¢ € {1,...,m} define

&8(9) = E((g2 (X, Xome) = 057)%).

The following theorem shows that 0m(g) is also consistent with 6, in the appropriate
sense.

Lemma 2.46 (consistency of a resampling U-statistic)
Assume Setting 2.44 and let g € LY((PX)®4,|-|g) be a continuous, bounded core function.
Then it holds that

as m — 0Q0.

Proof Applying Theorem 2.45 results in a probability space (Q, F,P) and random vari-

ables (X};, ;)ic(1,....m}» m € Nand (X;);en with properties specified in Theorem 2.45. Next,
introduce the resampled U-statistic

—1
~ m ok %
Uin(9) ::( ) S (K K ),

1/ cum)

which has the same distribution under P as Upn(g) under P, and the U-statistic
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which has the same distribution under P as U, (g) under P. It holds that

-1
) ~thn@) = (") X (e Ki) — 9K X))

17 cym)

-1
N (?) Z ((Xll’X;;l 11) (qu’X:;i zq)) (2.52)

Cq(m)
where w(xy,...,%q) == g(«1,...,22) — g(x],...,2}) is a symmetric core function. If we
define for all ¢ € {1,...,q} the functions
W1, Xe) ::E(g( e 2 X it Xig) — 9], ...,xC,XC+1,...,Xq))

it holds by the boundedness of g that there exists a constant C' € R such that

sup £ (w) < C (2.53)
meN

By (2.52), it holds that for fixed m we can apply Theorem 2.28 and together with (2.53)
we get

- m\ & q\ [(m—q\ ., _
ver (fnto) ~tn(0) = () (2) (3 S)erw =0 sy
For (i1,...,1q) € Cy4(m) it holds by continuity of g that

* % P-a.s. bl il
g(X JXE ) — 9(Xiy, ..., Xq,)

myipo ot m,iq

as m — oo and since g is also bounded the dominated convergence theorem in particular
implies
lim E ( (Kiirsee s X)) = 9K, .,Xiq)> —0. (2.55)
m—o0
Combining (2.54) and (2.55) hence proves that

i & (tnlo) ~ i) ) = tim E (tnlo) ~ ()

m—ro0 m—ro0
~ ~ 2
:ngnooxa( (Kivirsee s X ) — g(Xil,...,Xiq))
=0.

Using that convergence in second moment implies convergence in probability we have
therefore shown that . »
Un(g) —Umn(g) — 0

as m — 0o. Together with Theorem 2.31 it follows that

Unn(9) — 0y = Un(g) — Un(9)) — By — Un(g)) — 0

as m — oo. This concludes the proof of Lemma 2.46. O
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The following two theorems are extensions of results due to Leucht and Neumann (2009)
that show that U-and V-statistics based on resampled data keep their respective asymp-
totic distributions. In Leucht and Neumann (2009) only U-and V-statistics of order 2 (i.e.
q = 2) are considered. We adopted the proofs to work for arbitrary order.

Theorem 2.47 (asymptotic distribution of degenerate a resampling U-statistic)
Assume Setting 2.44 and Setting 2.32, let g € L2((PX)®9,|-|g) be a continuous, bounded
core function. Moreover, assume

(i) for all m € N that gi* = 0,
(ii) g1 =0 (which implies & (g) = 0),
(iii) &2(g) > 0 and
(iv) 64 = 0.
Then it holds that N
mUp (g) — (g) Z A (Z2 —
as m— oo. =

Proof Applylng Theorem 2.45 results in a probability space (Q F, IF’) and random vari-
ables (X ie{1,...m}> M € N and (X;);en with properties specified in Theorem 2.45. For

mz)

(i1, .. ) € C,(m) it holds by continuity of g that

* ok P-a.s. % %
g(X Xoi) = 9(Xiy, ., Xi,)

m’Ll""7

as m — oo and since g is also bounded the dominated convergence theorem in particular
implies
- JN)
lim E << (Kivirsee s Xini) = 9(Kirs . ,Xl-q)> > —0. (2.56)
m—r0o0

Next, introduce the resampling U-statistic

linlg) = (m) 3 o i)

17 Cym

)
which has the same distribution under P as U,y (g) under P,, and the U-statistic
m
tnte) = () 3 oK)
m

which has the same distribution under P as Um(g) under P. It holds that

@)~ = ()X (o K)o )

Cq(m)

:(m) > (X X5 )oes (X X3 ,), (2.57)

Cq(m)



CHAPTER 2. BACKGROUND MATERIAL 41

where w(xy,...,%,) = g(z?,... ,xg) —g(zl, ... ,xé) is a symmetric core function. Define

for all c € {1,..., ¢} the functions

wt(X1,...,Xc) =E <g(a;%, . 7$37X:1,c+17 . 7)2:1,(1) —g(xl, .zl X, ,Xq))

and the functions
&' (w) =B (wf (%1, K)o (Ko K o))
Then, it holds by the boundedness of g that there exists a constant C' € R such that

sup £ (w) < C (2.58)
meN

Moreover, it holds by assumption (i) and (ii) that

wan(xl) =E (g(l’%, ~:;z,2’ s 7X;17q) - g(l&aXQ; CIRIEIES Xq))

= g7"(2?) — g1 (1)
— ()7

which immediately implies that

&' (w) = E (w (%1, X;,1))2) = 0. (2:59)

Furthermore, using Jensen’s inequality it holds that

&' (w) = E (w§' (X1, X;,0), (X2, X5,2))%)

<E (w((X0 X0, (Ko X )?)

—E (<g( oo Xing) — 9(X0, ,Xq)>2> . (2.60)

By (2.57), it holds that for fixed m we can apply Theorem 2.28 and together with (2.58)
and (2.59) we get

Var (U (0) - Un(9)) = () By () (e =0 @ g + 0 ).

c=1

Hence, together with (2.60) and (2.56) it holds that

lim Var (m (Z/Im(g) - Z;Im(g)» =0

m—r0o0

and consequently also that
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as m — o0o. Finally, applying Slutsky’s theorem together with Theorem 2.34 results in
~ ~ d q i
0n(a) = 1)+ (T(5) ~ Un)) % (1) 02 - )
j=1

as m — oo, which completes the proof of Theorem 2.47. O

The same result also holds for V-statistics. The proof uses the same technique as the
proof of Theorem 2.43 and reduces the V-statistic back to the U-statistic.

Theorem 2.48 (asymptotic distribution of degenerate resampling V-statistic)
Assume Setting 2.44 and Setting 2.32, let g € L2((PX)®9,|-|g) be a continuous, bounded
core function. Moreover, assume

(1) for all m € N that g7* = 0,
(ii) g1 =0 (which implies £1(g) =0),
(i11) &2(g) > 0 and
(i) 6, =0.
Then it holds that -
mVin(g) BN <g> Z)\jZJZ
j=1

as m — Q.

Proof Applying Theorem 2.45 results in a probability space (Q, F, If”) and random vari-
ables (X:q,i)ie{l,...,m}a m € N and (X;);en with properties specified in Theorem 2.45. Next,

introduce the resampling U-statistic
-1
~ m ~ ~
)= (") X oo Kii)
q
Cq(m)

which has the same distribution under P as Uy, (g) under P,,, and the resampling V-statistic

- 1 - -

Vin(g) = ma Q(X:;@,ila e 7X:;1,iq)7
Mg (m)

which has the same distribution under P as V;,(g) under P,,. For fixed m € N we can

view Vp,(g) as a V-statistic and apply an adjusted version of Lemma 2.37 to get

mVn(3) = (140 (m™")) S + <m - <g) +0 (m1)> U () (2.61)
as m — oo, where S, = U, (w) + ﬁ >B Q(X';;’il, e ,X;kn,iq). By the symmetry of

the core function g and the definition of w given in Lemma 2.37 it holds that

O = E (w(X1,..., X4 1)) = <g>E(g2(X1,X1)).
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The consistency of resampled U-statistics given in Lemma 2.46 together with Lemma 2.42
imply that

U (w) %5 0,y = <g> i Aj (2.62)

as m — 00. The boundedness of g combined with the size of the set B given in Lemma
2.37 shows that

1 C|B|

(m)g—1 ZB:Q( i i) (m)g—1 ( ) (263)
Moreover, also by Lemma 2.46 it holds that
Upn(3) 250 (2.64)
as m — oo and by Theorem 2.47 it holds that
~ i~ d
mln(3) == > N (27 - 1). (2.65)

j=1

Finally, we can combine (2.61), (2.62), (2.63), (2.64), (2.65) and use that convergence
in distribution to a constant implies convergence in probability together with Slutsky’s
theorem to get that

as m — 0o. This concludes the proof of Theorem 2.48. g

2.4 Mathematical statistics

2.4.1 Statistical Framework

This section intends to shortly introduce a basic statistical framework. For our purposes
it will be important to have a setting that allows for asymptotic considerations. Similar
settings can be found in almost every book on mathematical statistics (e.g. Lehmann and
Casella, 1998).

Let (2, F,P) be a probability space, let X be a measurable space and let X : Q@ — X
be a random variable for which the exact law P¥X is not fully known. In statistics one is
often interested in determining different characteristics of the distribution P¥, which are
generally referred to as statistical functionals.

Definition 2.49 (statistical functional)
Let X be a measurable space. Then a function

0:PX)—R

1s a called statistical functional.
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A fundamental question in statistics is how to estimate the value of #(PX) given a set
of observations connected in some way to X. This estimation process is referred to as
point estimation in literature. A common setting is to assume the existence of a sequence
(X;)ien of iid copies of X, for which we observe one particular outcome (x;);cny. The
intuition being that the X; are a sequence of independent experiments with observed
outcome x;. One is then interested in a method that, based on the first m observations
T1,...,Tm, outputs a 'reasonable’ estimate of (PX). The following definition formalizes
the estimation method.

Definition 2.50 (statistic/estimator)
Let X be a measurable space. Then a family of measurable functions T = (Ty)men
satisfying for all m € N that

Th: X" =R

is called a statistic (or estimator).

Given a statistical functional 6 we call a statistic T = (T}, )men an estimator of 6 if
Tn(X1,...,X) is in some sense a good approximation of 6. A good approximation
could for example mean that T satisfies for all X with PX € P(X) and for all m € N that

E (T (X1, .., Xm)) =0 (PY),
where X1, X, ..., A PX. Statistics satisfying this condition are called unbiased estimators

of 0. There are however also many other notions of 'good’ approximations, many of which
are concerned with asymptotic properties of T}, as m goes to infinity.

2.4.2 Hypothesis testing

In this section we intend to introduce a general framework for hypothesis testing. Similar
definitions as given in this section can be found in Lehmann and Romano (2005).

Let © C P(X) be the model class, i.e. the set of probability measures that fall within
the statistical model. We will simply take © = P(X), since we do not want to make any
model restrictions.

Furthermore, let Hy C © and H4 C © such that HynN Hy = @. We call Hy the null
hypothesis and H 4 the alternative hypothesis. Given a generating process X with law
PX € © and a sequence of iid copies (X;);en of X, the goal of a statistical hypothesis test
is to decide, based on a finite sample X1,..., X,,, whether to accept or reject the null
hypothesis

P¥ € Hy.

We formalize this in the following definition.

Definition 2.51 (statistical hypothesis test)

Let X be a separable metric space. Let o = (pm)men be a family of measurable functions
with the property that for all m € N it holds that @, : X™ — {0,1}. Then we call ¢ a
statistical hypothesis test.
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Given a specific outcome x4, ..., x,;, of the random variables X1, ..., X, we interpret

Om(x1,. .y xm) =1

as rejection of the null hypothesis (i.e. PX ¢ Hy) and
(pm(xla s 737m) =0

as acceptance of the null hypothesis (i.e. PX ¢ Hp). Of course such an interpretation
only makes sense if ¢ encodes information about whether P¥X actually lies within the null
hypothesis or not. To quantify this, we introduce two notions of error.

Definition 2.52 (Type I and Type II error)

Let X be a separable metric space, let (Q, F,P) be a probability space and let ¢ = (pm)meN
be a statistical hypothesis test. Then, for all m € N define the Type I error (given m
observations) by

Ei(pm) = sup Plon(Xi,...,Xn)=1),
X:PX€Hy
where X1, Xa, ... 2 PX and the Type II error (given m observations) by

Eo(pm) = sup  P(on(Xi,...,Xm) =0),
X:PXcH,

where X1, Xa, ... X

The Type I error is the highest possible probability of rejecting the null hypothesis al-
though it is true, while the Type II error is the highest probability of accepting the null
hypothesis even though the alternative hypothesis holds. In traditional hypothesis test-
ing one usually takes an asymmetric viewpoint and assumes that a Type I error is more
severe than a Type II error. The first priority is thus to control the Type I error, which
is done by enforcing that it lies below a certain threshold a € (0,1). This is formalized
in the next definition.

Definition 2.53 (level of a test)
Let X be a separable metric space, let (Q, F,IP) be a probability space, let o € (0,1) and
let ¢ = (@m)men be a statistical hypothesis test. If ¢ satisfies for all m € N that

El(@m) < a,
then we call ¢ a hypothesis test at (valid) level o. If ¢ satisfies

limsup Eq (om) < a,
m—0o0
then we call ¢ a hypothesis test at uniform asymptotic level . If ¢ satisfies for all X
with PX € Hy that
lim P(on(X1,...,Xm) =1) <a,

m—00
where X1, Xo, ... Y PX then we call © a hypothesis test at pointwise asymptotic level «.
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A further desirable property of a test is that it is able to detect (at least in the large
sample limit) if a given set of observations comes from a random variable, with law in the
alternative hypothesis. For example, one can always consider the trivial test phi,, = 0
which achieves any level but will never reject the null hypothesis. This is the subject of
the next definition.

Definition 2.54 (consistency of a test)

Let X be a separable metric space, let (Q, F,P) be a probability space and let ¢ = (Pm)men
be a statistical hypothesis test. If ¢ satisfies

lim Es(pm) =0,
m—0o0
then we call ¢ a uniformly consistent hypothesis test. If o satisfies for all X with PX € Hy
that
lim P (g (X1, ..., Xm) =0) =0,

m—o0

where X1, Xa, ... 2 PX then we call p a pointwise consistent hypothesis test.

Construction of tests

In the previous section we introduced the statistical hypothesis test as an abstract estima-
tor. It is, however, not immediately clear what such a test looks like. In fact, a statistical
hypothesis test can have an arbitrarily complex form. For practical applications, there
exist many heuristics that can be used to help construct explicit tests.

The starting point is generally a statistic T' = (T}, )men on X called test statistic. It should
behave differently under the null hypothesis Hy than under the alternative hypothesis H 4.
For example, T' could be negative in expectation under Hy and positive in expectation
under H,4. A statistical hypothesis test could then try to make use of these properties in
an appropriate way. One option would be to introduce a threshold statistic ¢ = (¢ )men
(potentially depending on the observations) and define a test ¢ = (¢, )men such that for
all m € N and all z1,...,z,, € X it holds that

{O if Ty (21, xm) < em(X1, .0y T) (2.66)

Ty ees Tp) = )
(21 m) 1 if Tp(xy, .o xm) > em(T1, .- Tm).
Given a fixed level a € (0,1), we then try to chose the threshold ¢ in such way that ¢ is
a consistent test at (asymptotic) level a.

Resampling tests

Generally, choosing the threshold ¢ requires some type of knowledge of the distribution
of T},. In practical applications, it is however often hard to get this type of information.
Resampling tests are one option to avoid explicitly determining the distribution of T

Let « € (0,1), let X be a separable metric space, let T = (T),)men be a test statistic
on X, let X be a random variable with values in X and let (X;);en be a sequence of iid
copies.
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The main idea behind resampling tests is to construct data sets based on the original
observations (Xi,...,X,,). These types of constructions are formalized by resampling
methods.

Definition 2.55 (resampling method)
Let X be a separable metric space and let (M,,)men € N be a sequence. If

9= ((9m ket . Mn}) e
is a family of functions satisfying for all m € N and for all k € {1,..., M,,} that
Gmj : XM — &™)
then we call g a resampling method.

Based on a resampling method g we can construct new observations for all m € N and
for all k € {1,..., M,,} by defining

Zm k= gmk(X1,. .., Xim).

The new 'resampled’ data (Zm,k)ke{l,...,Mm} C X™, m € N is called resampling scheme
and for each m € N the sequence Z,,1,...,Zmn um,, should be seen as M,, resampled
data sets constructed from the original observations (X1, ..., X,,;). A resampling method
is therefore a formalization of the concept of resampling M, times from the original
observations (X1,..., Xm).

Based on a resampling method we can introduce the resampling distribution function.

Definition 2.56 (resampling distribution function)
Let X be a separable metric space, let T = (Tyn)men be a test statistic on X, let g be a

resampling method. For all m € N the functions ETm X" x R — [0,1] defined for all
(X1,...,2m) € X™ and for all t € R by

My,
B @1ses+s2m)0) = F 3 st
are called the resampling distribution functions (corresponding to test statistic T and
resampling method g ).
Fixing m € N and (z1,...,%,) € X™ it holds that
Ry, (21,...,xm) : R — [0,1]
is non-decreasing, right-continuous and satisfies

tg{lgoRTm(azl,...,xm)(t) =0 and tli%)RTm(xl,...,xm)(t) =1.

This implies that Ry, (21, ...,%y) is a distribution function and thus we can define the
generalized inverse

(RTm(ggl,...,xm))_l L (0,1) 5 R
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satisfying for all « € (0,1) that

(ﬁTm(xl, . ,xm)) (a) ==inf{t € R | Ry, (x1,...,2m)(t) > a}.

Based on the resampling distribution functions we can define a resampling test as follows.

Definition 2.57 (resampling test)

Let a € (0,1), let X be a separable metric space, let T = (T))men be a test statistic on
X, let g be a resampling method and let ﬁTm be the corresponding resampling distribution
functions. A hypothesis test ¢ = (@m)men defined for allm € N and for all (z1,...,Tn) €
X™ by

Spm(xla s ,.’Bm) = ]I{Tm(x1,...,xm)>(RTm(wl,...,wm))*l(l—a)}
is called a-resampling test (corresponding to g).

The advantage of resampling tests is that they can be constructed for any test statistic.
We now define an important subclass of resampling methods.

Definition 2.58 (resampling group)
Let X be a separable metric space, let (Mpy,)men € N be a sequence and let g be a resam-
pling method. If g satisfies that

G = {gm1:- - ImMn }

together with concatenation is a group of transformations on X™, then we call g a resam-
pling group.

Resampling groups have the important property that for all test statistics T = (T)n)men
the corresponding resampling distribution functions satisfy for all m € N, for all £ €
{1,...,M,,} and for all (z1,...,2,) € X™ that

Ry, (1, ..., 2m) = Rey (Gmi(@1, o ). (2.67)

This follows immediately from the group property of g. It allows us to prove, given
an appropriate invariance of the resampling group under the null hypothesis, that the
corresponding resampling test achieves level . The following theorem is a reformulation
of Lehmann and Romano (2005, Theorem 15.2.1).

Theorem 2.59 (level of resampling tests)

Let « € (0,1), let X be a separable metric space, let Hy,Hy C P(X) be a null and
alternative hypothesis respectively, let g be a resampling group satisfying under Hy that
for allm € N and for all k € {1,..., M,,} it holds that

Imk(X1,. .., Xim) is equal in distribution to (Xi,...,Xn).

Then, the a-resampling test ¢ corresponding to g is a test at level a, when testing Hy
against H 4.
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Proof Fix m € N and let K be a uniformly distributed random variable on {1, ..., M,,}
independent of (Xi,...,X,,). Let (z1,...,zn) € Im((X1,...,X,,)) and for all k €
{1,..., My} define z, = gm k(z1,...,2y) then it holds that

T (2m, k) (2.68)

has the distribution function ETm (z1,...,Tm). Hence, using (2.67) and the the properties
of the generalized inverse it holds that

1 o
m ; ]l{Tm(zm,k)>(ﬁTm (Zm,k‘))il(l_o‘)}

Mp,

1
= m kz ]l{Tm(Zm,k)>(§Tm (:1,‘1,...7.1’m))71(1—04)}

=B (L1, (05 ot (1) (1-0))

<o,
which together with the monotonicity of the integral and the convention

Zm,k = gm,k(Xla cee 7Xm)
implies that
1
E (Mm ; L g (Z )5 (B (zm,k»—l(l—a)}) <o (2.69)

Moreover, under Hy, i.e. Xi,Xs,... ~ PX € Hy, it holds by assumption for all k €

{1,..., My, } that (X1,...,X,,) is equal in distribution to Z,, ;. This in particular implies
that under Hy it holds for all k € {1,..., M,,} that

E (om(Zmk)) = E (om(X1,.. ., X)) - (2.70)
Combining (2.69) and (2.70) results in
P(@m(le ce ’Xm) = 1) =K (@m(le ce ,Xm))

which completes the proof of Theorem 2.59. ]

The invariance assumption of the resampling group in the previous theorem is the same as
the randomization hypothesis given by Lehmann and Romano (2005, Definition 15.2.1).

Unfortunately, there are no guarantees that an arbitrary resampling test controls the
Type II error in any way. Results of this type need to be checked on a case by case basis
by analyzing the resampling distribution function for the specific test statistic.
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Monte-Carlo approximated resampling tests

Finally, we want to discuss a computational difficulty that often arises in the context
of resampling tests. The problem is that in practical applications the parameter M,,
from the definition of a resampling method grows very fast in m and makes computations
impossible for large m. One method of dealing with this is to approximate the resampling
distribution fim using a Monte-Carlo approximated version.

Definition 2.60 (Monte-Carlo approximated resampling distribution)

Let X be a separable metric space, let T = (Ty,)men be a test statistic on X, let g be
a resampling method and let (K;);en be a sequence of independent uniformly distributed
random variables on {1,...,My,}. For all B € N let ﬁﬁn XM xR — [0,1] be the
functions defined for all (z1,...,z,) € X™ and for allt € R by

B
~ 1
B .
RE, @1 m)(8) = 5D LTy g0, (1) <1}
i=1
are called the Monte-Carlo approximated resampling distribution functions (corresponding
to test statistic T and resampling method g).

The following proposition shows that ﬁijﬁm approximates ETm in an appropriate way.

Proposition 2.61 (Monte-Carlo approximation of resampling distribution)
Let X be a separable metric space, let T = (T),)men be a test statistic on X, let g be a
resampling method, let }A%Tm be the resampling distribution functions and for all B € N

let 73%1 be the Monte-Carlo approrimated resampling distribution functions. Then for all
(X1, ., 2m) € X™ and for all t € R it holds P-a.s. that

lim RE (21,...,2m)(t) = Ry, (21, ..., 2m)(1).
B—oo m
Proof Let (K;)ien be the sequence of uniformly distributed random variables on {1,...,M,,}

from the definition of R%m, then introduce for all k € {1,..., M,,} and for all i € N the
random variables
Y = Ly

Yik has a Bernoulli distribution with parameter Mim Furthermore, we can write

B
_ 1
B
RE, @1 m)(8) = 5 D U (g e )<t}
=1

B 7T]1{Tm(gm,k(l‘1,...,xm))gt}'

By the strong law of large numbers this implies that P-a.s. it holds that

M,
~ 1 = =~
. B o 2 : _
A R, (@) (8) = My, kzlH{Tm(gm,km,...,xm))ﬁ} = B, (21, 2m) (8),

which completes the proof of Proposition 2.61. ]



CHAPTER 2. BACKGROUND MATERIAL o1

We are now ready to define Monte-Carlo approximated resampling test. Instead of using
the (1 — a)-quantile of the Monte-Carlo approximated resampling distribution we use a
slightly larger critical value. Surprisingly, for resampling groups satisfying the invariance
condition in Theorem 2.59, this allows us to achieve level a for any value of B. The trick
is that slightly larger critical value accounts for the uncertainty due to the Monte-Carlo
approximation.

We define the test using the p-value as this leads to easier calculations. The corresponding
critical value can then be calculated via the standard correspondence between p-value and
hypothesis test.

Definition 2.62 (Monte-Carlo approximated resampling test)

Let o € (0,1), let X be a separable metric space, let T = (Tp,)men be a test statistic on
X, let g be a resampling method, let B € N, let (K;);en be a sequence of independent uni-
formly distributed random variables on {1,..., My} and let (k1,...,kp) be a realization
of (Ki,...,Kp). For allm € N define the function pp, : X™ — [%ﬂ, 1] satisfying

1+ ‘{z e{l,....,B}: Tn(gmp; (T1,. .., 2m)) > Tm(:cl,...,mm)}’
B 1+B '

Then the hypothesis test © = (©m)men defined for allm € N and for all (x1,...,zy) € X™
by

Pm(T1y .y @)

me(xb B xm) = ]l{ﬁm(m,...,:r:m)ﬁa}y

18 called a-Monte-Carlo approximated resampling test.

The function p,, is called p-value of the test ,,. The following proposition shows that
the Monte-Carlo approximated resampling test achieves level a given the appropriate
invariance assumptions on g.

Proposition 2.63 (Monte-Carlo approximated resampling test has valid level)
Let a € (0,1), let X be a separable metric space, let Hy, Hy C P(X) be a null and
alternative hypothesis respectively, let T = (T),)men be a test statistic on X, let B € N
and let g be a resampling group satisfying under Hy that for all m € N and for all
ke{l,...,M,} it holds that

m (X1, .., Xim) is equal in distribution to (Xi,..., Xm), (2.71)
and for all k,1 € {1,..., My} it holds that
P (T (Gm k(X1 s Xom)) = T (gma (X1, ..., Xm))) = 0. (2.72)

Then, the corresponding c-Monte-Carlo approzimated resampling test ¢ = (@m)men has
level o when testing Hy against H 4.

Proof Begin by defining the function f : {1,..., M} x ™ — {0,..., B} satisfying
for all (ki,...,kg) € {1,..., M, }? and for all (x1,...,7,) € X™ that

flkr, .. k) (1, .. ) = ‘{z e{l,....,B}: Tnn(gmp, (1, -y 2m)) = Tz, ..., 2m) }

)
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and the function fyo : X™ — {1,..., My, } satisfying for all (x1,...,2,,) € X™ that

frot(@1, .. ) = |{z e{l,....Mp}: Tn(gmi(z1,...,2m)) > Tm(acl,...,xm)}}.

Then, by the invariance assumption (2.71) it holds under Hy for all k,1 € {1,..., M}
that

P(fiot(X1,. s Xm) =1) =P (frot(gm (X1, ..., X)) =1). (2.73)
Moreover, since g is a group it holds P-a.s. that

My,
Frot(@mk (X1, X)) = 1T, (g (G (X1 X)) Ton (e (X1 X))}
=1
My,
=1

which implies together with (2.72) it holds P-a.s. that

M,

> Ui (g (Kt X))t} = L. (2.74)
k=1

Combining (2.73) and (2.74) it holds under Hy that

M,
P (e (X Xon) =) = 57 P rolgm (X Xon)) =1
M k=1

My,
Z E <ﬂ{ftot (gm,k(X1,~~.,Xm)):l})
k=1

Mm
E (Z ]]'{ftOt(gm,k(Xl:-~~7Xm)):l}>

k=1

1

SR

)

which proves that under Hy it holds that fi(X1,..., X;n) is uniformly distributed on
{1,...,M,,}. Furthermore, conditioned on fi1(X1,...,X;n) = [ it holds for all ¢ €
{1,..., B} that

s (G 1, (XX o)) 2 T (X1 X

is Bernoulli Mim distributed which again conditioned on fio¢ (X1, ..., X,,) = [ implies that

B

f(Kb RN KB)(XL e 7Xm) - Z 1{Tm(gm,Ki(Xl7--~7Xm))2Tm(X17~--7Xm)}
=1
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has binomial distribution with parameters B and Mim It therefore holds under Hy that

P (pm(X1,...,Xm) < a)
:]P)(f(Kl,...,KB)(Xl,...,Xm) < (B+1)Oé—1)

M,
=> P(f(K1,....Kp)(X1,...,Xp) € (B4 Do — 1| frr(X1,..., Xn) =1)
=1

']P)(ftot(Xlw . 'aXm) = l)

IA
5L

where we approximated the sum by an integral and solved the integral using integration
by parts. This completes the proof of Proposition 2.63. O

The p-value is underestimated by the choice we made. In fact, as described in Phipson
and Smyth (2010), the level of the test would be preserved even if we chose the p-value
slightly larger. This allows to construct a permutation test which is not only valid in level
but actually achieves exact level.

The next proposition specifies the critical value that leads to the Monte-Carlo approxi-
mated resampling test.

Proposition 2.64 (critical value of Monte-Carlo approximated resampling test)
Let o € (0,1), let X be a separable metric space, let T = (Ty,)men be a test statistic on X,
let g be a resampling method, let B € N, let (K;);en be a sequence of uniformly distributed
random variables on {1,...,M,,} and let (ki,...,kB) be a realization of (Ki,...,Kp).
For all m € N define the function ¢y, : X™ — R satisfying that ¢y, (21, ..., Ty) is the

B
[(B+1)(1—a)]+ Z ]I{Tm(gm,ki(731,-~-7xm)):Tm(x17~-~,1‘m)}_th largest value
i=1

in the vector (T (gm gy (15, Zm))s - o T (Gmokp (@1, - - o, Tm))) if

B

[(B+ D1 =)+ D Nt (g, (010eom))=Ton (1)} < B
=1

and oo otherwise. Then the hypothesis test ¢ = (Ym)men defined for all m € N and for
all (z1,...,2m) € X™ by

D@15+ Tm) = LT (21, ) > em (@1,00mm)
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1s equal to the a-Monte-Carlo approrimated resampling test.

Proof The following calculation is straight forward:

L5, (x1,....om)<a}

= ]l{Tm(xl7~-~7Im)26m(w1,...,xm)}

= om(T1,. ..y Tm).
This completes the prove of Proposition 2.64. O

The Monte-Carlo approximated resampling test is closely related to the Monte-Carlo
resampling distribution function. To see this observe that for large B it holds for all
(Z1,...,@m) € X™ that

(@1, m) = (RE (21, 20)) M1 — ).

As mentioned above ¢, approximates the (1 — «)-quantile of the Monte-Carlo resampling
distribution from above and gets closer as B increases.
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d-variable Hilbert-Schmidt independence
criterion

3.1 Problem description

Our goal is to develop a non parametric hypothesis test to determine whether the com-
ponents of a random vector X = (X1, ... X 4) are mutually independent based on m iid
observations Xy, ..., X,, of the vector X.

X1 ..., X% are mutually independent if and only if

PX' @... @ PX* = pX'n X)), (3.1)

The central idea is to embed both PX' @ -+ @ PX? and P& X" into an appropriate
RKHS and then check whether the embedded elements are equal.

To keep an overview of all our assumptions, we summarize the setting used throughout
the rest of this work.

Setting 3.1 (dHSIC)

Forallj € {1,...,d}, let X7 be a separable metric space and denote by X = X' x -+ x X4
the product space. Let (Q, F,P) be a probability space and for every j € {1,...,d}, let
X7 . Q — X9 be a random variable with law PX’. Let (X;)ien be a sequence of iid
copies of X = (X1, ..., X%). Forje{l,...,d}, let k¥ : X7 x X7 — R be a continuous,
bounded, positive semi-definite and characteristic kernel on X7 and denote by H7 the
corresponding RKHS. Let k = k' @ --- @ k¢ be the tensor product of the kernels kI and
let H=H'® - @H? be the tensor product of the RKHSs H7. Let IL: M(X) — H be

the mean embedding function associated to k.

Observe that this setting has several nice consequences:
(i) #H is RKHS with reproducing kernel k (see Theorem A.5)
(ii) k is continuous and bounded (see Section 2.2.3)

(iii) H is separable and only contains continuous functions (see Theorem 2.22)

95
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(iv) II is injective because k is characteristic (see Definition 2.25)

3.2 dHSIC
The following section extends the Hilbert-Schmidt independence criterion (HSIC) from
two variables as described by Gretton et al. (2007) to the case of d variables.

The idea of the extension is to use the HSIC characterization via the mean embedding
described by Smola et al. (2007).

Definition 3.2 (dHSIC)
Assume Setting 3.1. Then, define the statistical functional

dHSIC (PO X)) i || (P 0 @ PY) — 11 (PO X ) |

and call it the d-variable Hilbert-Schmidt independence criterion (dHSIC).

2

H

The essential property of dHSIC is stated in the next theorem.

Theorem 3.3 (independence property of dHSIC)
Assume Setting 3.1. Then it holds that

dHSIC =0 = PX' @...@PX" = p(&X'X9)

Proof The proof of this statement follows from the definiteness of the norm and the fact
that II is injective. O

In order to make dHSIC accessible for calculations, we express it in terms of the individual
kernels k', ..., k%

Lemma 3.4 (expansion of dHSIC)
Assume Setting 3.1. Then it holds that

d d d
ansIC = E | [T#7 (x4, x3) | +E | TT# (x4,_0 %) | —28 [ [T# (x4, X7,)
j=1 j=1 j=1
Proof Using the definition of the mean embedding we get

dHSIC — H(le®---®]P’Xd)—H<]P>(X1 ----- Xd))H
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Next we simplify each term individually using the properties of the Bochner integral (see
Appendix A.3) and the properties of tensor Hilbert spaces (see Section 2.2.3).

jf[lE(kj (X{>> i:]ﬁlHE (kj (X{)) B
<E (kj (X{» JE(kj (X{)>>
(0 (14.) (4.

2

I

_E (ﬁ W (X, ng)) (3.3)

<f[1E(kj (X{)) E (k (X4, ))> =E <IE (ﬁlk] (Xj+1,->) 721%[11& (X{>>H)
(oo,
_E j];[lw (X2ars-) # (X, )M)

—E f[ kI (X{, Xjfﬂ)) (3.5)

Combining (3.2), (3.3), (3.4) and (3.5) completes the proof of Lemma 3.4. O
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3.3 Estimating dHSIC

Next we define an estimator for dHSIC by estimating each of the expectation terms in
Lemma 3.4 by a V-statistic.

Definition 3.5 (dHSIC)

Assume Setting 3.1. Define the estimator dHSIC = (dHSIC )meN in such a way that
dHSICm : X — R are the measurable functions with the property that for all m €
{1,...,2d — 1} it holds that dHSIC,, = 0 and for all m € {2d,2d + 1,...} and for all
(X1,...,Xm) € X™ it holds that

d
QT 1 . . )
ABSICn (a1, coxm) = 5 3 [T W (ol )
Mz (m) j=1
1 d
] J
+ T2d H k7 (mizj—l’xi2j>
Myg(m) j=1
md+1 Z ij ( Ty ZJ+1) .
Mgy1(m) j=1

We call dﬁ-STC the dHSIC V-estimator.

Whenever it is clear from the context, we drop the functional arguments and just write
dHSIC,, instead of dHSIC,,,(X1,...,X).

Now, define h : X?¢ — R to be the function with the property that for all z1,. .., 295 € X
it holds

hz1,...,22q) 2d' EZS: [Hk (Tr(l ﬁ(2>+Hk ( m(2j—1) j(2j)>
TES2q
_QHW( ) 'J+1)>]

where Sy is the set of permutations on {1,...,2d}. The function h serves as a core

(3.6)

function such that dHSIC is a V-statistic. This is made precise in the following lemma.

Lemma 3.6 (properties of h)
Assume Setting 3.1. It holds that

(i) h is symmetric,

(ii) h is continuous,
(117) 3C > 0 such that Vzi,..., 299 € X: |h(z1,...,22q)| < C,
(iv) Vip(h) = dHSIC,,, and
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(v) 0, =E (h(Xy,..., X)) = dHSIC.
Proof (i) This is immediate by construction.
(ii) This follows from the continuity of the kernels k7, which is assumed in Setting 3.1.
(iii) Under Setting 3.1 we assume that all k7’s are bounded. Hence for all j € {1,...,d}
let C7 > 0 such that for all z1, 29 € X it holds that
k7 (21, 20)| < CY.

Thus it is clear that for all z1,...,z94 € X it holds that

d
|h(z1,...,29q)| < 4HCj =:C.

j=1
(iv) Compute directly,

m2d > h(Xy,.., Xgp)
Mag(m)

d d
Qd (2d)! EZS: m2d MZ : [Hk] (Xjr(il)’Xff(iz)) —1—]1_[1]{] (ijf(zjfl)’X;f(isz
TES24 24(m =
9 H % (Xfr o) '<2J+1)) ]

d .
2d' 2 [n}ﬂ IT# (X2 Xi)

TESoy Mz (m) j=1
d

1 A
+W Z Hk (Xj(zg 1)’ XZFU%))

Myg4(m) j=1
2 d . . .
_ deMZ( )jl_IlkJ (Xfr(il),Xfr(iHl))]
d+1(m) =

— JHSIC,,



CHAPTER 3. dHSIC 60

(v) Again computing directly,

E (h(X1,...,X2q)) 2d' Z

mES2q Jj=1
d .
+E{J]# (zw(zj—nv 2w<2y>>
j=1
d
i (3 J
— 2K H 12 (Zw(l)’ Z7r(g+1)> ]
j=1
1 d d
_ j J v
= G E{TT# (x4, x3) |+ [ TT# (s-14)
TE€Saq j=1 Jj=1
d .
—2E H K’ (zl, z]H)
j=1
= dHSIC.
This completes the proof of Lemma 3.6 0

This means that using h as a core function we can express dHSIC as a V-statistic, which
allows us to apply the asymptotic results that have been developed in Section 2.3 to
analyze dHSIC.

3.4 Implementation details

In this section we describe how one can efficiently implement the dHSIC V-estimator

dHSIC. One efficient implementation is given in Algorithm 1, where the function Sum
takes the sum of all elements in a matrix, the function ColumnSum takes the sums of the
columns of a matrix and the operator * is the element-wise multiplication operator.

For the two variable case (i.e. the standard HSIC setting) Gretton et al. (2007) express
dHSIC using the Gram matrices as

— 1
dHSIC(x, . .., Xpn) = — trace(K ' HK”H)
m

where K7 is the Gram matrix of k7 given x1,...,%,, and H is the (m x m)-matrix
satisfying for all i,5 € {1,...,m} that

1 oo .
L g
“m le =7
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Algorithm 1 computing the dHSIC V-estimator

1. procedure DHSIC(X1,...,Xm,)

2 for j=1:ddo

3 K’/ < Gram matrix of kernel k7 given x1,..., X,
4 terml < (m x m)-matrix with all entries equal to 1
5: term2 <— 1

6 term3 < (1 x m)-matrix with all entries equal to 2
7

8

9

for j=1:ddo
term1 < term1 * K/
term2 < - - term2 - Sum(K/)
10: term3 < L - term3 x ColumnSum(K/)
11: terml <— Sum(terml)
12: term3 <— Sum(terms3)
13: dHSIC « # -term1 - term?2 - term3

14: return dHSIC

While this representation is useful for computations by hand it should not be implemented
directly as it leads to inefficient code. A better solution is to use following trace formula

trace(ABT) = Z Ai,jBi,j- (37)
1,J
The complexity of this operation is only O (m2), while even the most efficient implemen-

tation of the matrix multiplication has a complexity strictly large than this. If the trace
formula (3.7) is used the resulting code is similar to the one given in Algorithm 1.
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Hypothesis tests based on dHSIC

As before, we write X = (X!, .. ,Xd) and X denotes the product state space, see Setting
3.1. In this section we derive four statistical hypothesis tests to test the null hypothesis

Hy = {IP’X e P(X) ‘ 3 measurable X : Q — X with law PX
(4.1)
such that PX =PX' .- ® IP’Xd}

against the alternative

Hy = {IP’X € P(Xx) ‘V measurable X : Q — X with law PX
(4.2)
it holds that PX £PX' @ ... @de}.

Since dHSIC is 0 under Hy and positive otherwise we choose to use m - dﬁ\SICm as
test statistic. Similarly as in (2.66) we define a test ¢ = (¢m)men satisfying for all m €
{1,...,2d—1} that ¢, = 0 and for all m € {2d,2d+1,... } and for all (x1,...,X;,) € X™
that

(4.3)

0 if m - dHSIC, (X1, - - -, Xm) < Em (X1 - -+ s Xom
Spm(xl,...7xm) ::{ im <X17 , X )_C (Xl X )

1 ifm-(ﬁSTCm(xl,...,xm) > (X1, .oy Xm)

where the threshold ¢ = (¢, )men remains to be chosen.

Assume there exists a function G : P(X) x R — [0, 1] satisfying for all Xy, Xa, ... ~

PX € Hy and for all t € R that

lim P (m  dHSIC (X1, ..., Xom) < t> =G (PX) (b). (4.4)
m—0o0
In particular this means that for every fixed X, Xo,... K pX Hy the random vari-

able m - dﬁSTCm (X1,...,X,,) has a limiting distribution. The idea is to find functions

62
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(Gm)men with Gy, : X™ x R — [0, 1] satisfying for all X;,Xo,... I pX ¢ Hy it holds

P-a.s. that

Jim G (X1, Xin) (1) = G (BX) (0).
Then, we define the threshold to satisfy for all (xq,...,X,,) € X" that
em(X1s . xXm) = (G(X1, -, %)) " (1 — ).

Using a classical argument involving Slutsky’s theorem it can be shown that the cor-
responding test has pointwise asymptotic level a. If G, additionally satisfies for all

X1, Xo,... S PX ¢ H, that

lim Gon(X1, ..., X)) = G (}P’Xl - de) (1),

m—00

then one can additionally show that this test is pointwise consistent.

In Section 4.1 we consider some of the asymptotic properties of the test statistic m -
dHSIC,,. In particular we show the existence of the function G : P(X) x R — [0, 1]
satisfying (4.4). We then construct four hypothesis tests of the form (4.3). The first
two are a permutation test and a bootstrap test which are discussed in Section 4.2. Both
tests are based on resampling tests and hence do not relay on an explicit knowledge of the
function G. In Section 4.3 we consider a third test which is based on an approximation
of G as a gamma distribution and finally in Section 4.4 we give a fourth test which uses
the explicit form of G.

The following table summarizes the properties of the four tests.

Hypothesis test consistency level speed
Permutation® unknown valid slow
(Prop. 4.5)
Bootstrap? pointwise pointwise slow
(Prop. 4.10) asymptotic
(Prop. 4.9)
Gamma approximation || no guarantee no guarantee fast
Eigenvalue approach? pointwise pointwise medium
(Conjecture asymptotic
4.20) (Conjecture
4.20)

!For implementation purposes one can use the Monte-Carlo approximation. This leads to a reasonably
fast implementation with similar level and consistency results. Further details are given at the end of

Section 4.2.1 and Section 4.2.2.
2See footnote 1.

3The final results are missing a small step in the approximation.
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4.1 Asymptotic behavior of the test statistic

All results in this section make use of the theory of U-and V-statistics introduced in
Section 2.3.

4.1.1 Under the alternative hypothesis

We first determine the asymptotic distribution of \/M(dﬁ-STCm — dHSIC) using Theo-
rem 2.41 from the theory of V-statistics. This leads to the following theorem (for the two
variable HSIC, see Gretton et al., 2007, Theorem 1).

Theorem 4.1 (asymptotic distribution of /m - dﬁgCm under H,4)
Assume Setting 3.1 and recall (2.7). If £&1(h) > 0, then under H 4 it holds that

Jm (dﬁsTcm _ dHSIC) L N (0,4d% (b))
asm — oo, If &1(h) = 0, then
Jm (dﬁsﬁjm _ dHSIC> 40
as m — oQ.

Proof Use Lemma 3.6 to observe that dHSIC is simply the V-statistic V;,,(h) with 6}, =
dHSIC. Moreover, again by Lemma 3.6 it holds that h is bounded and continuous. If
&1(h) > 0 then we can apply Theorem 2.41 to see that,

Jm (dﬁﬁjm - dHSIC) 4y N (0, (2d)%€ (1))
as m — oo. Next assume &;(h) = 0, then by Theorem 2.39 it holds that
— 2 —
E (m (4HSTC,, — ansic) ) — m Var (dHSIC) = O (m™)
and since convergence in second moment implies convergence in distribution this com-
pletes the proof of Theorem 4.1. O
As a direct corollary we get that m - cﬁSTCm diverges under H4 in the following sense.

Corollary 4.2 (asymptotic distribution of m - dﬁSTCm under H4)
Assume Setting 3.1. Then under H 4 it holds for allt € R that

lim P(m-dH/SI\Cm(Xl,...,Xm) gt) —0.

m—0o0

iid

Proof Let t € R and X1, Xa,... ~ PX € H, then
P(m-dﬁsTCm(Xl,...,Xm) gt)

=P (m(mm(xl, -, X,n) — dHSIC) < \tF - \/deSIc> .

m

So Corollary B.3 together with Theorem 4.1 completes the proof of Corollary 4.2. O
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This Corollary is the key result needed to show consistency for both the bootstrap test
and the eigenvalue approach based test.

4.1.2 Under the null hypothesis

The next step is to determine the asymptotic distribution of m - dﬁS\ICm under Hy. This
is done in the following theorem (for the two variable HSIC, see Gretton et al., 2007,
Theorem 2).

Theorem 4.3 (asymptotic distribution of m - dHSIC,,, under Hy)
Assume Setting 3.1 and recall (2.7). If £&2(h) > 0, let (Z;)ien be a sequence of independent

standard normal random variables on R, let Tj,, € L(LQ(IF’(Xl""’Xd), ||g)) with the property
that for every f € LQ(IP’(X17""Xd), ||g) and for every x € X it holds that

(T (1) (%) = / ha(x, y) £ (y) B X (dy)

X
and let (\i)ien be the eigenvalues of Th,, then under Hy it holds that

m - dHSIC,, —= (2> Z;)\iZi
as m — oo. If &(h) = 0 then under Hy it holds that

— d 2d\ —
m - dHSIC,,, —%5 (2>§A

as m — Q.

Proof Use Lemma 3.6 to observe that dHSIC,, is simply the V-statistic V;,(h) with
0;, = dHSIC. By Lemma C.3 it holds that &;(h) = 0 under Hp and moreover, again
by Lemma 3.6 it holds that h is bounded and continuous. If £(h) > 0, we can apply
Theorem 2.43 to see that,

m - dHSIC,, —= (2> Z;)\iZi

as m — oo. If &(h) = 0, we can apply Theorem 2.39 to see that lim,_,., Var(n -
dHSIC,,) = 0. Combining this with Theorem 2.40 and Lemma 2.42 hence leads to

aisic, % (1) 30
n 2 ‘ 1
=1
as m — oo, which completes the proof of Theorem 4.3. O

Unfortunately, the asymptotic distribution under Hy depends on whether £3(h) > 0 or
& (h) = 0. This means that we always have to consider both cases, which becomes quite
repetitive. In the following analysis we will therefore always assume that £(h) > 0 when
applying Theorem 4.3. The case &2(h) = 0 has to be analyzed in a similar fashion.
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4.2 Permutation/Bootstrap

In this section we construct two types of resampling tests for dHSIC. The first is a
permutation test and the second is a bootstrap test. The main ingredient for a resampling
test is the resampling method.

Assume Setting 3.1 and fix m € N. For every function ¥ = (¢!,...,4%) such that
for all i € {1,...,d} it holds that ¥ : {1,...,m} — {1,...,m} define the function
Gmap : X — X satisfying for all (x1,...,%,,) € X™ that

Im,yp (Xh s axm) = (XiJa s ?X%,m) (45)
where x;/’w = <x11pl(z‘)7 e xid(i)). The diagram in (4.6) illustrates how g, acts on the
sample (X1,...,Xm).

- oy - ~ (4.6)
Xm | Tk, xd X, | Ly () wid (m)
Define
By ={v:{1,...,m} = {1,...,m} | ¢ is a function} (4.7)

then for a subset A, C BZ using the terminology of Section 2.4.2 we can define a
resampling method
9= ((9mp)pean)men - (4.8)

In the next two section we consider two explicit tests based on this resampling method.

4.2.1 Permutation test

The permutation test is the resampling test corresponding to the resampling method in
(4.8) with A, = (S,)%, where S,, is the set of permutations on {1,...,m}.

Definition 4.4 (permutation test for dHSIC)
Assume Setting 3.1, assume o € (0,1) and for all m € N and for all 9 € (Sp,)? let g
be defined as in (4.5). Moreover, for all m € {2d,2d+1,...} let Ry, : X™ xR — [0,1] be
the resampling distribution functions defined for all (X1,...,Xpy) € X™ and for allt € R
by

~ 1

Rm(xla ce 7Xm)(t) ‘_ (ml)d Z ]l{m-dﬁSTCm(gm,,l,(xl,...,xm))gt}'

PE(Sm)?

Then the a-resampling hypothesis test ¢ = (@m)men defined for allm € {1,...,2d — 1}
by om =0 and for allm € {2d,2d +1,...} and for all (x1,...,Xm) € X™ by

P (X1, X)) = ]l{m.dﬁs\lcm(xl,...,xm)>(§m(xl,...,xm))—1(1—a)}’

1s called a-permutation test for dHSIC.
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In literature, resampling tests, that similar to the permutation test for dHSIC, are based
on resampling schemes constructed by permutations are called permutation tests. As an
immediate consequence of Theorem 2.59 it follows that ¢ has valid level.

Proposition 4.5 (permutation test for dHSIC has valid level)
Assume Setting 3.1 and let Hy and Hy be defined as in (4.1) and (4.2). Then for all
a € (0,1) the a-permutation test for dHSIC has level o when testing Hy against H 4.

iid

Proof Fix m € N, under Hy, i.e. X1,Xs,... ~ PX € Hy, it holds that the individual
coordinates of X; are independent. Hence, for all ¥ € (S,,)? it holds that (Xj,...,X,,)
is equal in distribution to (Xip, .. 7X%), so in particular, we have that

Gmap(X1, ..., X,y) is equal in distribution to (Xy,...,X,,). (4.9)

Moreover since (S,,)¢ has a group structure we can apply Theorem 2.59 to get that ¢ has
level o, which completes the proof of Proposition 4.5. ]
It turns out that proving that the permutation test for dHSIC has pointwise consistency
is rather difficult because for X1, Xo, ... SpXecH 4 1t is not straight forward to link
the resampling distribution function R, (X1, ..., X,,) with the limit distribution function

GPX' @ @ PX").

The size of the set (S,,)? is given by (m!)? which grows very fast. For implementation
purposes we therefore generally use a Monte-Carlo approximated version as defined in
Definition 2.62. Given that the underlying probability distribution PX is continuous we
satisfy all requirements of Proposition 2.63, which implies that the Monte-Carlo approxi-
mated permutation test for dHSIC also has valid level. For more details see Section 4.5.

4.2.2 Bootstrap test

The bootstrap test is the resampling test corresponding to the resampling method in (4.8)
with A, = BY.
Definition 4.6 (bootstrap test for dHSIC)
Assume Setting 3.1, assume o € (0,1) and for all m € N and for all ¢ € BY, let
the function gpm, . be defined as in (4.5). Moreover, for all m € {2d,2d +1,...} let R :
X" xR — [0, 1] be the resampling distribution functions defined for all (x1,...,X;,) € X™
and for allt € R by

~ 1

R (X1, ... yxp) () = i Z ]l{mdﬁSTCm(gm,w(xh---,xm))ﬁt}'

YEBY,

Then the resampling hypothesis test ¢ = (@m)men defined for allm € {1,...,2d — 1} by
©m =0 and for all m € {2d,2d+ 1,...} and for all (x1,...,%Xm) € X™ by

@m(xl? ce ’Xm) = ]l{m-dﬁSTCm(xl,...,xm)>(§m(x1,...,xm))_l(1*04)}

1s called a-bootstrap test for dHSIC.
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In order to prove level and consistency results we need to introduce some additional

notation. For j € {1,...,d} denote by @f the empirical distribution corresponding to
X, . . X, Le.
i 1 &
X7 _ ,
Py =— Z; Oxi-
1=

Definition 4.7 (empirical product/\distribution function)
Assume Setting 3.1, then the function F,, : X™xR% — [0, 1] satisfying for all (x1,...,Xm) €
X™ and for all t € R? that

d m
~ 1
Fr(x1,. o xm)(8) =[] (m Zﬂ{m})
j=1 i=1

1s called the empirical product distribution function.

It can be easﬂy shown that the distribution function corresponding to the distribution
JP’X - ® PX is given by the empirical product distribution function F

The following proposition shows that random draws from the resampling distribution
corresponds to independent draws from the empirical product distribution ]P’%1 - -®IP”X1d.

Proposition 4.8 (bootstrapping property)
Assume Setting 3.1, let m € N, and for all v € BY, let gm.qp be defined as in (4.5), let

be a random variable with uniform distribution on B and let ﬁm be the empirical product
distribution function. Then it holds for all (x1,...,X;y) € X™ that

v v
G, @ (X1, .., X)) = (Xm71, . ,xm,m)
are m iid random variables with distribution function Fn,(X1,...,Xm).

Proof Let (Q,F,P) be the probability space such that ¥ = (¥! ... %) : Q — BZ
Then, by the properties of the uniform distribution it holds that W', ... ¥? are iid with
uniform distribution on B,,. This implies that for all (xi,...,x,,) € X™, for all i €
{1,...,m} and for all t € R? it holds that

7j=1
1
N H (Bm 2t v S}
j=1 YeB
d 1 m
g o
j= =
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Hence, it holds for all i € {1,...,m} that Xg’m’ has distribution function ﬁm(xl, ce X))
Moreover, by an explicit calculation it holds for all i,57 € {1,...,m} with ¢ # j and for
allk,1¢€ {1,...,m}? that

P(T(i) =k, ¥(j) =1) =P((i) = k)P(T(j) = 1),

which implies that (i) is independent of ¥(j). Consequently, it also holds that Xr‘g,i is
independent of x;I'. This finally proves that for all (x1,...,X,,) € X™ it holds that

G, @ (X1, .., X)) = (X;};l, e ,X;Ir;m)

are iid random variables with distribution function ﬁm(xl, ..., Xm), which completes the
proof of Proposition 4.8. O

We can now prove that the a-bootstrap test for dHSIC has pointwise asymptotic level a.

Proposition 4.9 (bootstrap test for dHSIC has pointwise asymptotic level)
Assume Setting 3.1 and let Hy and Hy be defined as in (4.1) and (4.2). Then for all
a € (0,1) the a-bootstrap test for mHSIC has pointwise asymptotic level o when testing
Hy against Hy.

Proof Let Xi,Xo,... K pX ¢ Hy be fixed and begin by introducing the following
notation:

- Let (Z;)jen be a sequence of independent standard normal random variables on R, let
Th, € L(L?(PX,|-|g)) with the property that for every f € L?(PX,|-|z) and for every
x € X it holds that

(T () () = / ha(x, y) £ (y) PX(dy)

x
and let (A\;)jen be the eigenvalues of T}, .

- Let ﬁm be the empirical product distribution function and define for all t € R the
population product distribution function by

d
F(t) = (PX) ((—o0, t'] x -+ x (=00, t)) = [ P (X7 < ¥)

j=1
By Theorem 4.3 it follows that
m - dHSIC Xy, .. Xm) == (7, D Nz (4.10)
i=1

as m — oo. Moreover, applying the Glivenko-Cantelli theorem (e.g. van der Vaart, 1998,
Theorem 19.1), which extends the strong law of large numbers for empirical distributions
to uniform convergence, shows that there exists a subset Ag C € such that P(4p) = 1
and such that for all w € A it holds for all t € R? that

lim Flp (X1 (W), . .., Xm(w))(t) = F(t). (4.11)

m—r0o0
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Next, for all m € N let ¥, be a uniformly distributed random variable on B¢, inde-
pendent of X and (X;);en. Then, by Proposition 4.8 it holds for all m € N and for all
(X1,...,Xm) € X™ that

_ v 4
G, (X1, .oy X)) = (Xm:*f, . ,xmj;fn>
are iid random variables with distribution function F,(x1,...,X;,). Hence, for fixed

w € Ap and for all 7 € N define x; := X;(w), then by (4.11) it holds that

x ™ — X

m,i
as m — 0o. Hence, we are in the same setting as described in Setting 2.44.

Since both PX € Hy and PX' @ ---®@ PX" € Hj it holds by Lemma C.3 for all z € X that
hl(Z) =E (h(Z,Xg, e ,ng)) =0
and for all m € {2d,2d + 1,...} and for all z € X that

W (z) =B (e, x25, . x25,) =0,

m,27 » ' m,2d
where h is defined as in (3.6). Moreover, it holds by Theorem 3.3 that
On = E (h(X1, ..., Xsq)) = dHSIC (P*) = 0.

We therefore satisfy all requirements of Theorem 2.48 (the condition & (h) > 0 is assumed,
see remark after Theorem 4.3) and get that

m,17 " tm,m

m - dHSIC,, (x %™, ..., xZm ) = mVp,(h) -2 <22d> SNz (4.12)
=1

as m — oQ.

Let G : R — (0, 1) be the distribution function of (22d) S22, AiZ?2, then by (4.12) it holds
for all t € R that

.5 . 1
n%gnoo Rm(xl’ T ’Xm)(t) = n}gnoo mm Z ]l{m~dﬁS\ICm(xﬂ¢%1,...,xi,m)gt}

$eB,

— W%gnooE <]1{m.dﬁs\lcm (x:’lf’f,..‘,x%%)gt}>
= lim P (m- dBSICn(x07, X05) < 1)

= G(t).

Since G is continuous Theorem B.1 implies that for all ¢t € (0,1) that

lim (]/:Em(xl, . ,xm))_1 (t) = G7(1).

m—0o0
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Recall that P(Ap) = 1 which implies that it holds P-a.s. that

lim (ﬁm(xl, . ,Xm))_l (1-a)=G"'(1-a). (4.13)

m—ro0

Finally, we can perform the following calculation

limsup P (i, (X1, ..., X)) =1)

m—ro0

— ~ ~1
= limsup P (m -dHSIC,,, (X1, ..., X) > (Rm(Xl, . ,Xm)> (1- a))

m— 00

m—r0o0

— ~ —1
— 1 liminf P <m - dBSIC (X1, ..., Xom) < (Rm(Xl, .. ,Xm)> 1- a))
=1-G(G'1-a)=aq,

where the last step uses Corollary B.3 together with (4.10) and (4.13). This completes
the proof of Proposition 4.9. O

The following proposition shows that the bootstrap test is also pointwise consistent against

any alternative. The proof is very similar to the proof of Proposition 4.9 the main
difference being that in Proposition 4.9 we consider the case X1, Xo, ... LpX ¢ H while
in Proposition 4.10 we consider X1, Xo, ... LpX ¢ Hy.

Proposition 4.10 (consistency of the bootstrap test for dHSIC)

Assume Setting 3.1 and let Hy and Hy be defined as in (4.1) and (4.2). Then for all
a € (0,1) the a-bootstrap test is pointwise consistent when testing Hy against H 4.
Proof Let Xq,Xo,... L pX ¢ H4 be fixed and begin by introducing the following
notation:

- Let (Z;)jen be a sequence of independent standard normal random variables on R, let
Th, € LL2PX' ® - @ PX’, ||g)) with the property that for every f € L2PX' ® - ®
pX*, ||g) and for every x € X it holds that

(Thy (f)) (%) = /X ha(x,y)f(y) PX @ @ PX'(dy) (4.14)

and let (A\;)jen be the eigenvalues of T}, .

- Let ﬁm be the empirical product distribution function and define for all t € R? the
population product distribution function by

d
F(t) = (]P’Xl ® - ® ]P’Xd> (=00, 8] x -+ x (=00, t4]) = [] P (X7 < ¥)

Applying the Glivenko-Cantelli theorem (e.g. van der Vaart, 1998, Theorem 19.1), which
extends the strong law of large numbers for empirical distributions to uniform convergence,
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shows that there exists a subset Ay C €2 such that P(Ap) = 1 and such that for all w € Ay
it holds for all t € R? that

lim Fpp (X1 (W), . .., X (w))(t) = F(t). (4.15)

m— 00

Next, for all m € N let ¥, be a uniformly distributed random variable on B¢, inde-
pendent of X and (X;);en. Then, by Proposition 4.8 it holds for all m € N and for all
(X1,...,Xm) € X™ that

7 v
Im,w,, (X1, X)) = (xmj’f, . ,xm%>

are iid random variables with distribution function ﬁm(xl, ceyXm)-

Fix w € Ay, let (X¥);en be iid sequence of random variables with distribution PX'®...®
PX* and for all i € N define x; := X;(w). Then, by (4.15) it holds that

d
x¥m 2, X*

™m,i
as m — oo. Hence, we are in the same setting as described in Setting 2.44.

Since both PX' @ --- @ PX* € Hy and @ﬁl ®---Q® }/I\DTXnd € Hy it holds by Lemma C.3 for
all z € X that
hi(z) =E (h(z,X5,...,X5;) =0

and for all m € {2d,2d + 1,...} and for all z € X that
hi'(z) =E (h(z, x:;:g, e ,ngd)> =0,
where h is defined as in (3.6). Moreover, it holds by Theorem 3.3 that
0, = E(h(XE,...,X5,)) = dHSIC (le ®---®W) —0.
We therefore satisfy all requirements of Theorem 2.48 (the condition &;(h) > 0 is assumed,
see remark after Theorem 4.3) and get that

s Am,m

— - 9 >
m - dHSIC, (xp1t . Xomm) = MV (h) 4, < 2d> > N7} (4.16)
i=1

as m — 0o, where the \;’s are defined as the eigenvalues of the operator in (4.14).

Let G : R — (0,1) be the distribution function of (22d) >2°, \iZ?, then by (4.16) it holds
for all t € R that

.5 , 1
A R n) (1) = g D L 510, 8 ot <1
YeBY,

= n}gréoE (]l{m.dﬁsTcm(x;f'L”’f,...,x,‘ﬁ%)ﬁﬂ)

= lim P(m-dﬁ\SICm(X‘I”" qum)gt)

) » m,m
m—o0 m,1 ’

= G(t).
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Since G is continuous Theorem B.1 implies for all ¢ € (0,1) that

lim (]?im(xl, .. ,xm))_1 (t) = G~L(t).

m—0o0

Therefore we have shown that for all w € Ag it holds that

lim (Em(xl(w), .. ,Xm(w))>_1 1-a)=G"1(1-a). (4.17)

m—ro0

Introduce the set

A = {w € Q“v’t eR: T,%lmoo]l{mdﬁ—sTCm(Xl(w), X))t} = 0}.
By Corollary 4.2 it holds that P(A;) = 1, which implies that P(Ag N A;) = 1. Let
w € AgN Aj, then by (4.17) there exists a constant ¢* € R such that for all m € N it
holds that

(Ru(Xa(@). .. ,Xm(w))>_1 (1—a) <t

and hence
lim 1 —
m—$00 {m-dHSICm(X1(w),...,Xm(w)) (R (X1 (@) X (@))) ' (1= a)}
< lim 1 =0.

Mmoo {m-dHSIC , (X1(w),e.e, Xom (w)) <t*}

This proves that P-a.s. it holds that
lim 1 -1 =0
00 {m dASIC n (X1,.... X )< (Rm(Xla Xm)) (1—a)}

and applying the dominated convergence theorem we also get

lim P (o (X1, ., Xpn) = 0)

- ,T}EHOOE ( { dHSICym (X100, X)) < (B (X1 X)) 1(104)}>
=0,
which completes the proof of Proposition 4.10. O

Similar to the case of the permutation test the size of the set (B,,)? is given by m™? which
grows very fast. For implementation purposes we therefore generally use a Monte-Carlo
approximated version as defined in Definition 2.62. Using Proposition 2.61 and remarks
at the end of Section 2.4.2, it follows that the asymptotic properties of the boostrap based
test are preserved in the Monte-Carlo approximations. For more details see Section 4.5.
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4.3 Gamma approximation

We showed in Theorem 4.3 that the asymptotic distribution of m - cﬁSTCm is given by

24\ —
<2> ;)\ZZE.

The essential idea behind the gamma approximation is that a distribution of the form

o0
> Nz}
=1

can be approximated fairly well by a gamma distribution with matched first and second
moments (see Satterthwaite, 1946, for basic empirical evidence). This has, however, only
been shown empirically and there are no guarantees that it leads to good results in the
large sample limit. Nevertheless, since it is very fast and in most settings leads to good
results it turns out to be very useful.

The gamma distribution with parameters a and 3 is denoted by Gamma(«, 3) and corre-
sponds to the distribution with density

z
xa—leﬂ

fz) = 9T ()

where T'(t) = [ z'"le ®dx is the gamma function. The first two moments of the
Gamma(a, 8)-distributed random variable Y are given by E(Y) = a8 and Var(Y) = o3
In order to match the first two moments we define for X, Xo,... K pX ¢ Hj the two
parameters

(IE (dﬁSI\Cm> ) ’ m Var (dﬁSTCm)

am (PX) = — and B, (PX) = — (4.18)
Var (dHSIC,, ) E (dHSIC,, )
Then we make the approximation
m - dﬁSTCm(Xl, - os X)) ~ Gamma (a, (PX), Bin (PX)) . (4.19)

In order to use this approximation in a hypothesis test we first need to find a method to
calculate ., (PX) and B,,(PX) based only on the first m observations Xz, ..., X,,. The
following two theorems give expansions of the moments in terms of the kernel.

Lemma 4.11 (mean of dﬁS\IC)
Assume Setting 3.1. Then under Hy it holds that,

B (a1, - L L3 (T2 (Wextxh) | + = [T e (W0 ) ) +0 ()
=1 \j#r j=1

m m
r=1

as m — Q.



CHAPTER 4. HYPOTHESIS TESTS BASED ON dHSIC 75

Proof Due to Lemma 3.6 we know that dﬁ\SICm is a V-statistic with core function h.
Under Hj it holds that 8, = 0 and thus applying Lemma 2.40 results in

— 1 /2d
E (dHSICm) S ( ) )]E (ha(X1,X1)) + O (m™2).
m
We can use Lemma C.2 to explicitly calculate (22P)E(h2 (X1,X1)), which together with the
independence assumption under Hy simplifies to the desired expression. This concludes

the proof of Lemma 4.11. O

Lemma 4.12 (variance of dﬁﬁC)
Assume Setting 3.1. Then under Hy it holds that,

d d
Var (4TC,,) = 21y | L)+ = 07 [T e
=1 j=1
d
+o(d- 1) [ ea) + S exi) T eolr)?
Jj=1 j=1 r#j
d d
—oS () [ el — 2@ - 1) o) [ eolr)
j=1 r#j J=1 TF]
+Z€2(j)€2(l) H 60(7”)2 + O <m_g>
J#l T#5,l
as m — oo and where for all j € {1,...,d} we set

eoi) =E(W(X], X)), (i) =E(W(X],X]?), es) =Ey, (Exg (k7 (x1. X§>)2) .

Proof Due to Lemma 3.6 we know that (ﬁSI\C is a V-statistic with core function h.
Applying Lemma 2.39 thus results in

Var (dﬁsTcm) - <;"d> - (22d) (7; d__22d> £+ 0 (m—%> .

Using Lemma C.2 we get that
& = E (ha(X1,X2)?)

() %((&-)

_ (22d) - i E (asa;)

ij=1

Each term E(a;a;) can be explicitly calculated and simplified using the independence
properties under Hy (very tedious). This concludes the proof of Lemma 4.12. O
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Based on these two lemmas we only need a method to calculate the terms
(i) eols) = E (¥(X{, X3) )
(i) e1(j) = E (k9 (x], X§)2),

39 2l = By (B (90t D))

One obvious choice would be to use a U-statistic for each expectation term as this would
not add any bias. It however turns out that a V-statistic also does not add any bias
in this particular case. This is due to Theorem 2.40, which shows that the bias of a
V-statistic is of order O (m_l) and hence is consumed by the error terms in Lemma 4.11
and Lemma 4.12. The V-statistics for these terms are given for all (x1,...,x,,) € X™ by

(i) @) (X1s- s Xm) = oz 2oy iyt K (2, 2,),
(ii) €15 (X1s- s Xm) =z Diy iyt K (27, 27,)7,
L \2
(i) E2(7) (1, Xom) = oy S0y (S0 W al,))
Based on these terms we can define the estimator E/Jx\pm : X" — R for all (x1,...,%X,) €
X" by
_— 1 1< d—1{
Exp, (X1, .., X)) = m_m Z Hé\()(j)(xlv e Xm) T Hé\o(j)(xh e Xgn)
r=1 j#r 7=1
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and the estimator \//E;"m : X" — R for all (x1,...,%x,,) € X™ by

d
Vot (X1, .. %) = 2 T_n?d)! (ngni;dzj_);)! [[a6)x1 - %m)

d
+(d-1? ] W) (x1,. .., xm)?

j=1
d
+2(d— 1) [[E0) 6 - xm)
j=1
d
+ ZA1<.])(X17 7Xm) H€0(7’)<X1, 7Xm)2
J=1 T#]
d
_22/\1(])()(1’ aXm)HEQ(T)(Xb 7Xm)
Jj=1 r#]
d
Co(d— 1) Y @) xm) [P - xm)?
j=1 r#j
+ Z€2(j)(x1, s 7Xm)€2(l)<xla s 7Xm) H gO(T)<X17 s 7Xm)2 :
il r#il
(4.21)
Finally we can define the estimator @, : X" — R of ay, for all (x1,...,x,,) € X™ by
Fors 2
G (X1 %) i P (XL Xim) (4.22)
Var,, (X1, ... ,Xm)
and the estimator B, : X™ — R of By, for all (X1,.-.,Xm) € X™ by
- Varm (X1, . . ., Xm
B (X1, .oy X)) 1= mrar (s x ) (4.23)
Exp,,(X1,...,Xm)

Using these estimators we can define the following hypothesis test.

Definition 4.13 (gamma approximation based test for dHSIC)

Assume Setting 3.1, assume o € (0,1) and for all m € N let F,, : X™ x R — [0, 1] be
the functions satisfying for all (x1,...,Xm) € X™ that F, (X1, ..., Xm) is the distribution
function associated to the Gamma(Qy, (X1, . .. ,Xm),gm(xl, <oy X)) -distribution, where
QO and B\m are defined as in (4.22), (4.23) respectively. Then the hypothesis test ¢ =
(©m)men satisfying for all m € {1,...,2d — 1} that v, = 0 and for all m € {2d,2d +
1,...} and for all (x1,...,Xy) € X™ that

Som(Xla e ’Xm) = ]1{m'dﬁS\ICm(xl,...,xm)>Fm(x1,...,xm)—l(l—a)}
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1s called gamma approximation based a-test for dHSIC.

To illustrate that the gamma approximation based a-test for dHSIC ¢ = (¢ )men is a
good choice assume the approximation (4.19) is exact with a,, replacing a,, and with 3,
replacing 3, (which is not true), then it would hold that

Ei(pm)= sup P(on(Xy,...,Xp)=1)

X~PXcHy

= sup P (m  AHSIC (X1, . .., Xom) > F2N(X1, .., X)) (1 — a))
X~PXcHy
- nf (m JASIC,, (X1, ..., Xm) < F2N(Xyq,..., Xpm)(1 a))

=l-(l-a)=«

Of course, since (4.19) is only a heuristic we have no guarantee that the gamma approxi-
mation test actually has exact level.

4.4 Eigenvalue approach

In this section we show a method that aims at approximating the null distribution

24\
<2>;)\¢Zi2

by estimating the eigenvalues \; based on the data. For this to be a sensible approach
we have to find a way to estimate the eigenvalues of integral operators in such a way
that the distribution calculated from the estimated eigenvalues converges to the desired
distribution in the large sample limit.

4.4.1 General setting
We begin by formalizing the required integral operators.

Definition 4.14 (Ty-operator)

Let X be a metric space and k a continuous, bounded, positive definite kernel on X. Then
for every pu € P(X) let Ty () : L*(, ||g) — L*(p, |"|g) be the functions with the property
that for every f € L?(u, |-|g) it holds that

(Th(w)(f) = /X B, ) f () p(der).

The Bochner integral is well-defined, since the function = — k(z,-) f(z) is in £ (g, ||-||,,)-

The following theorem connects the eigenvalues of the integral operator T (u) with the
eigenvalues of the covariance operator. It is due to Blanchard et al. (2007, Theorem 4.1).
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Theorem 4.15 (eigenvalue correspondence)
Let (Q, F,P) be a probability space, X a metric space and k a continuous, bounded, positive
definite kernel on X. Then, for every random variable X : Q — X with law PX it holds
that

oy (TL(BY)) = 0, (CovOp(K(X, )))

where the covariance operator is defined in Definition 2.5, and the eigenvalues have the
same multiplicity.

Proof Observe that by the reproducing property of k, the Cauchy-Schwarz inequality
and the fact that k is bounded, it holds for all f € H that

E(1£COP) = (I(£.6(X,))P)
<E (I I5IRCX)I12,)
= I £I1E (k(X, X))
< OIIfII,

for some constant C' > 0. Therefore we have shown that the function A : H — L2(PX | |-|)
with the property that for all f € H it holds that Af = f is a well-defined, bounded,
linear operator. Therefore its adjoint A* : L%(PX,|-|p) — H exists and satisfies for all
f € L*(PX,||z) and all g € H that

(A°F,9)s = (s AG) L2 ) (4.24)

Next, observe that by the reproducing property for all f € L?(PX,||p) and all g € H it
holds that

(fs Ag) o ) = E(f(X)g(X))
=E (f(X)(g,k(X.")),,)
=E ({9, [(X)k(X.")),,)
= (9. E(f(X)k(X,)),,,

where in the last step we use a property of the Bochner integral and that k is bounded
and f € L?(PX,|-|g) ensuring the existence of the integral. Together with (4.24) this
implies that

A'f = E(FXR(X,-). (4.25)

This immediately implies that AA* = T} (PX) and since for all f,g € H it holds that
<fa A*Ag>H = <Af7 Ag>L2(]P>X7|‘R) =E (f(X)g(X)) =K (<fa k(Xv )>H<g’ k(X’ )>H)

the uniqueness property of the covariance operator implies A*A = CovOp(k(X,-)). De-
note by
E\(B) ={x | Bx = Az}
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the eigenspace of an operator B associated to the eigenvalue A. Next assume 0 < A €
op(T(PX)) and let f be an associated eigenfunction. Then it holds that

CovOp(k(X,))A*f = A*AA*f = A*T),(PX) = AA*f.

This implies that
A*E\(T(PX)) C E\(CovOp(k(X,-)) (4.26)

).
In particular this means that A is an eigenvalue of CovOp(k(X,-)). Thus we can apply
the same argument to CovOp(k(X,-)) which leads to

AE) (CovOp(k(X,-))) C E\ (T(PX)) . (4.27)
Now, since A > 0 applying A to both sides of the inclusion in (4.26) results in

AA By (Te(PY)) = Ti(P¥)Ex (Ti(PX)) = Ex (Ti(PX)) € AE) (CovOp(k(X, -)2) )
4.28
Finally, combining (4.27) and (4.28) gives us

AE (CovOp(k(X,-))) = By (T4(P¥)).
This implies that multiplicities coincide, which completes the proof of Theorem 4.15. [
Next, we define for all z € H the function C, € Li(H) by
C,=2® z.

Furthermore, for an H-valued random variable Z and a sequence of independent copies
(Zi)ien of Z define

C=E(Z®Z)=E(Cz)

~ 1 & 1 &

m = Zl ZZ:f ..
C m; ® m;CZZ

The next theorem shows that 5m is a consistent estimator of C.

(4.29)

Theorem 4.16 (consistency of the empirical covariance operator)
Let H be a separable Hilbert space, Z an H-valued random wvariable with finite second
moment and (Z;)ien a sequence of independent copies of Z. Then it holds that

P—a.s.

ICr — Cll1 =0
as m — oo, where Cy, and C are defined as in (4.29).

Proof For all i € Nset Y; =Cz, —E(Cz). Then we get
~ 1 &
Cpn—C=— Cz, —E(C
m; 7, —E(Cz)

_ 1 i Y. (4.30)
=1

m “—

Next observe that the sequence (Y;);en satisfies the following conditions
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(i) (Yi)ien is a sequence of random variables with values in Lq(H),
(ii) for all i € N it holds that E (Y;) = 0, and
(iii) (Y;)ien are independent and identically distributed.

Since H is a separable Hilbert space it holds that Li(#) is a separable Banach space (see
Theorem 2.2). Therefore we can apply the extension of the strong law of large numbers
given in Theorem B.6 to get that

%

as m — oo. Hence combining (4.30) with (4.31) completes the proof of Theorem 4.16. [J

2o, (4.31)

1

4.4.2 Application to dHSIC

Throughout this section we assume Setting 3.1. Recall that by Theorem 4.3 the asymp-
totic distribution of m - dHSIC,,, under Hy is given by

- dHSIC,, N Z:
m d, < X ) ; :

where (Z;);en is an iid sequence of standard normal random variables and (\;);cn are the
eigenvalues of the operator Tj, (PX).

Now consider the empirical distribution based on the observations Xy, ..., X,, which is
given by
~ 1 &
P = — z; X, (4.32)
1=

where dy is the Dirac measure at the point x. For f € H it holds that

~

(T Br))(f) = /X (%, ) () By (d)

= % D ha(Xi, ) f(X).
=1

The idea is to calculate the eigenvalues {vp, 1,...,Vmm} of the Gram matrix Hy of the
kernel ho given the observations Xy, ..., X,,, then it follows that
=~ v, 1 1% ,
op (Tha(Bm)) = {0,724, Zmm L

For the following analysis, we assume that ho is positive semi-definite. In the case d = 2
this can be shown relatively easy, while in the general case a proof of this is not so clear.
Assume {Vp, 1,...,Vm,m} are sorted in descending order, then set

—~
)\m,i =

{”;ﬂ‘ for all i € {1,...,m} (433

0 forallie {m+1,...}.
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The following theorem shows that using these empirical eigenvalues leads to a consistent
estimate of the null distribution. The proof follows Gretton et al. (2009, Theorem 1).

Theorem 4.17 (consistency of empirical eigenvalues)
Assume Setting 3.1. Let (Z;)ien be a sequence of iid standard normal random variables,

let (N\;)ien and (}\\mz)iEN be the non-decreasing sequences of eigenvalues of the operators
Th, (PX) and T, (P m), respectively. Then it holds that

oo . o
S A2 L ST Nz
=1 =1

as m — Q.

Proof Using Kolmogorov’s extension theorem (e.g. Klenke, 2014, Theorem 14.36) there
exists a probability space (€', F',”’) and independent random variables (Z;);en, (X})ien
and X' satisfying that

(i) for all ¢ € N it holds that Z; : ' — R is a standard normal random variable,
(ii) for all ¢ € N it holds that X/ : ' — X has the same distribution as X and
(i) X' : Q) — X has the distribution as X.

This immediately implies that PX = P’X" and therefore the eigenvalues of Th, (P’X ) are
also (A;)ien. Similarly, if we denote by ()\ i)ien the eigenvalues of T, (]P’ ), where P,
is the empirical distribution corresponding to X),..., X!, then (X;n,i)ieN have the same

distribution as (Xm,i)ieN- It is therefore sufficient to show the result for (X;n ;)ieN-

Next, it holds that
CovOp(ha(X', ) = E (ha(X',-) @ ha(X,)) = C

and for a random variable X’ with distribution Iﬁ’m it holds that

CovOp(hg(X\’,-)):E(hg(X’ )@ ha (X, ) Zhg )& ha(X,-) = Com,

where Crn is defined as in (4.29). Then, applying Theorem 4.15 proves that (A;)ien and
()\;n,i)ieN are also the eigenvalues of C and C,, respectively. By Lemma 2.7 it also holds

that both C and (?m are non-negative nuclear operators and therefore it in particular holds
that

ICll1 = trace(C) = > A < o0 (4.34)

and P'-a.s. that
ICoa|1 = trace(C, Z)\ (4.35)
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So by (4.34) and since Z; have finite moments it holds that

iE (/\iZZ-z) = i)\i < oo and i\/ar ()\Z-Ziz) = i)\f < 00.
i=1 i=1 i=1 i=1

Hence, we can apply Kolmogorov’s three series theorem (e.g. Klenke, 2014, Theorem
15.50) to get that

oo
Z NZ? < oo P-as.
i=1

which together with (4.35) implies

[e.e]

Z )‘m % z Z )‘ Z2 Z (X;n,z - )\1> ZZ2 P'—a.s..
=1
Therefore it only remains to prove that
3 (X;m. - )\i) 72 (4.36)

i=1

as m — 0o. To this end observe that P'-a.s. it holds that

NARY % 2 2
()\m,i)Z ANV AN Z;

1
2
z

wh—‘

1
2]2

(4.37)

Z\

IA
s
>)
>
IS
B

where in the last step we used Holder’s inequality. Next, we show that this expression
converges to 0 P-a.s.. By Markov’s inequality we have that

> 1 > C1
P k| <=E A < == 4.
( i=1 g ) ~k ( =1 1 > Tk ( 38)

and by using independence of X;m and Z; and again Markov’s inequality we have that

( > k> < E( ) < ;ilﬁl (Rl E (1) < % (4.39)

where C1,Cy > 0 are two constants. Furthermore, it holds P'-a.s. that

> (0% - ) Z|

=1

mz 7 mz 7,

1

22| Z|)\ — | (4.40)

l\’)h—\
w\»—\

Lo
= A2 1A,
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Now, since both C and 5m are nuclear operators it follows that (X’ml — \i)ien are the

eigenvalues of the operator CAm — C, which together with (4.40) and Theorem 4.16 implies

that
> (0 - ) <Z|A Nl = G -l P (4.41)

=1
as m — oo. Finally, combining (4.37) with (4.38), (4.39) and (4.41) shows that for all
k € N we have

® . > 1 12519
5 () 72| < 2 [ ot
i—1

as m — oo with probability at least (1 — %max{Cl, C3}). Therefore letting k tend to
infinity completes the proof of Theorem 4.17. O
4.4.3 Constructing a hypothesis test

In order to construct a hypothesis we need to calculate the values sz from the observa-
tions. Using (4.33) we get that

V’VTLZ

m,i — ]1{16{17 ,m}}s

>)

where vp, 1, ..., Umm are the m eigenvalues of the Gram matrix Ha of the kernel ho given
observations Xi,...,X;,. Unfortunately, the explicit expansion of ho under Hy given in
Lemma C.2 contains the terms

(i) eols) = E (W(X{, X3) ).

(i) ex(7)() :=E (K (- X)),
where j € {1,...,d}, which cannot be calculated from the observational data alone.

We hence need an extra approximation step. The U-statistic of (i) and (ii) are given for
all (x1,...,%Xm) € X™ by

() o) (X1, Xm) = sy Loy B (2,2,
(i) @10t Xm) () = g S K ().

Based on these estimators we can define the estimator ﬁg XM — R™X™ for all
(X1,...,Xm) € X™ by replacing

eo(5) by €o(5)(x1, -+, Xm) and e1(5)(-) by €1(j) (X1, -+ %m) (")

in the expansion of Hy given in Lemma C.2. Moreover, for all i € {1,...,m} we define an
estimator Up, ; : X — R of v, ; for all (x1,...,%y,,) € X™ by letting Uy, i(X1, ..., Xm) be
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the i-th largest eigenvalue of ﬁg(Xl, ..., Xm). Finally, the distribution of the test statistic
under Hy can be approximated by the distribution

2d > f/\mi(Xl,...,Xm) 2
’ 72, 4.42
<2)§ ) (1.42)

Using this distribution we can construct the following hypothesis test.

Definition 4.18 (eigenvalue based test for dHSIC)

Assume Setting 3.1, let o € (0,1) and for all m € N let Fp, : X™ x R — [0,1] be the
function satisfying for all (X1,...,%Xy) € X™ that ﬁm(xl, ooy Xyp) 18 the distribution func-
tion corresponding to the distribution of (4.42). Then the hypothesis test © = (Vm)meN
satisfying for allm € {1,...,2d — 1} that @, = 0 and for all m € {2d,2d + 1,...} and
for all (x1,...,%Xm,) € X™ that

Pm(X1,- X)) = L dTSTC (130 ) B (31 0m) (1)}
1s called the eigenvalue based a-test for dHSIC.

Together with the tools described in the previous sections we can show that the first step
in the approximation is consistent in the following sense.

Lemma 4.19 (Type I and Type II error for first approximation step)

Assume Setting 3.1, let Hy and Hy be defined as in (4.1) and (4.2), respectively, let
a € (0,1) and let F,, be the distribution function of (22d) Z]Oil /)\\mJZJZ, with Xm,j defined
as in (4.33). If X1,Xa,... X PX € Hy it holds that

limsup P <m-dﬁSTCm(X1,...,Xm) > FoH(1 - a)) =«

m—00

iid

and if X1,Xa,... ~PX € Hy it holds that

limsup P (m . (ﬁSTCm(Xl, ey X)) < Frgl(l — a)) =0.

m—r0o0

Proof Theorem 4.17 implies for all ¢t € R that

i Fo(t) = tm P (2 S xz2 <) —p (PN Soazz<t) = F

A Fnlt) =l P (g )2 Anil <t ) =Py ) DA<t ) = FO).
1= 1=

Since F is continuous everywhere it is well-known (see Theorem B.1) that for all x € (0,1)

it holds that
lim F,'(z) = F'(t). (4.43)

m—0oQ
Now, let X1, Xo,... < PX € Hy. Using Theorem 4.3 (and assuming that &(h) > 0 see
remark below the theorem) it holds

— d 2d\ &
m - dHSIC,, (X1, ..., X,n) — ( ) ) > NZ2 (4.44)
j=1
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as m — oo. Finally, combining Corollary B.3 with (4.43) and (4.44) it holds that

limsup P <m . dﬁSTCm(Xl, X)) > FN (1 - a))

m—00

— 1 liminfP (m - dHSIC (X1, ..., Xm) < F2H(1 - a))

P - a)

= .

This shows that ¢ has pointwise asymptotic level a.
Now, let X1, Xo,... N PpX ¢ H,. Using that a convergent sequence is bounded (4.43)
implies that there exists a t* € R such that

sup F,,1(1 — ) < t*. (4.45)
meN

Hence, (4.45) together with Corollary 4.2 shows that

lim sup P (m  AHSIC (X1, ..., Xom) < F2H(1 — oz))

m—ro0

<limsupP (m . dﬁSI\Cm(Xl, ey X)) < t*)

m—00

=0.

This proves that ¢ is pointwise consistent and therefore completes the proof of Theorem
4.20. g

In order to show that the second approximation step does not affect the Type I and
Type II errors, one needs to show that the distribution function F\m(Xl, ooy X)) from
Definition 4.18 is a good approximation of Fj, from Lemma 4.19. Then we could prove
the following desirable result.

Conjecture 4.20 (level and consistency of the eigenvalue based test for dHSIC)
Assume Setting 3.1, let Hy and Hy be defined as in (4.1) and (4.2), respectively, let
a € (0,1) and let ¢ = (pm)men be the eigenvalue based a-test for dHSIC. Then, ¢ is
a pointwise consistent hypothesis test with pointwise asymptotic level o for testing Hy
against H 4.

4.5 Implementation details

In the previous sections, we introduced
(i) the permutation test for dHSIC (Definition 4.4),
(ii) the bootstrap test for dHSIC (Definition 4.6),

(iii) the gamma approximation based test for dHSIC (Definition 4.13) and
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(iv) the eigenvalue based test for dHSIC (Definition 4.18).

The definitions are quite abstract, as they are tailored for a theoretical analysis. This sec-
tion aims at giving additional details on how to implement these abstractly defined hypoth-

esis tests on a more practical level. The details on how to compute dﬁS\ICm(Xl, ceyXm)
for all (x1,...,%;,) € X™ efficiently are discussed in Section 3.4 and are omitted here.

4.5.1 Permutation/Bootstrap

Fix a € (0,1) and assume we observe (Xi,...,X;,) = (X1,...,Xm,). In order to apply
the permutation test for dHSIC or the bootstrap test for dHSIC, one has to calculate the
quantile

(fzm(xl, . ,xm)>_1 1-a). (4.46)

From the definition of R,y it is clear that this involves (m")? evaluations of dHSIC for the
permutation test and m™? evaluations of dHSIC for the bootstrap test. In both settings
this becomes computationally impossible rather fast as m grows. Instead of computing
]/%m explicitly one can use the Monte-Carlo approximation defined in Definition 2.60.
Essentially this involves calculating the p-value given by

1+ ‘{z c{l,...,B}: Tn(gmap, (X1, -, %Xm)) > Tm(xl,...,xm)}‘
N 1+B ’

Dm(X1y ooy X))
where (1,)ien is a sequence drawn from the uniform distribution on A,, (i.e. on (S,,)?
for the permutation test and on BY for the bootstrap test). The test then rejects the null
hypothesis whenever p,,(x1,...,%X;) < a. The corresponding critical value is calculated
according to Proposition 2.64. For further details see Section 2.4.2

For practical applications one generally fixes the value of B. Davison and Hinkley (1997)
suggest to use a value of B between 99 and 999.

In the following two section we give some additional details specific to the permutation
test and the bootstrap test.

Permutation test

As shown in the proof of Proposition 4.5 the resampling method g for the permutation
test is a resampling group which satisfies the invariance condition (4.9). This allows us to
apply Proposition 2.63 to see that the Monte-Carlo approximated permutation test has
valid level, given that we have continuous random variables as input.

Algorithm 2 shows how to implement the p-value and the critical value for the Monte-
Carlo approximated permutation test.
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Bootstrap test

We showed that the bootstrap test for dHSIC has pointwise asymptotic level and is
pointwise consistent. Both of these properties are preserved if we use the Monte-Carlo
approximation and let B tend to infinity.

Algorithm 2 shows how to implement the p-value and the critical value for the Monte-
Carlo approximated bootstrap test.

Algorithm 2 computing p-value and critical value for the permutation/bootstrap test

1: procedure MONTECARLO-PVALUE(X, ... X, B)

2 initialize empty B-dimensional vector T

3 for k=1:Bdo

4: initialize d-dimensional vectors X1,...,Xm

5: for j=1:ddo

6 ¥ < random element from S,, (permutation) or {1,...,m}"™ (bootstrap)
7 fori=1:m do

8 X;[j] <= %y (i) 7]

9 T[k] + dHSIC(X1,...,Xm)

10: tmp < #{k € {1,...,B}|T[k] > dHSIC(x1,...Xm))}
11: pval < (tmp +1)/(B+1)
12: return pval

13: procedure MONTECARLO-CRITVAL(X{, ... Xy, B, @)

14: initialize empty B-dimensional vector T

15: for k=1:B do

16: initialize d-dimensional vectors Xi,...,X;,

17: for j=1:ddo

18: 1 < random element from S,, (permutation) or {1,...,m}"™ (bootstrap)
19: fort=1:m do

20: Xi[J] = Xy(i)l7]

21: T[k] < m - dHSIC(Xy,...,Xm)

22:  tmp + #{k € {1,...,B}|T[k] = dHSIC(x1,...Xm))}
23: ind« [(B+1) (1 —a)]+ tmp
24: if ind < B then

25: S + sort(T) (in ascending order)
26: critval < S[ind]

27: else

28: critval < oo

29: return critval
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4.5.2 Gamma approximation

Fix o € (0,1) and assume we observe (Xi,...,X,;) = (X1,...,X;n). Implementing the
gamma approximation based a-test for dHSIC is essentially a 4 step process, where we

use the notation from Section 4.3:

1) for all j € {1,...,d} implement the estimators ey(j),...,e3(J),

2) based on (4.20) and (4.21) compute the estimates E/]x\pm(xl, ooy X)) and \//a\rm(xl, cey Xm),

3) using (4.22) and (4.23) compute the estimates Qp,(X1,...,Xmy) and gm(xl,...,xm)
and

4) compute the 1—a quantile of the Gamma(ay, (X1, - . ., Xm), B\m(xl, ..., Xp))-distribution.

The hypothesis test rejects Hy if m - dﬁSTCm(xl, ceyXm) is greater than the threshold
given by the 1 — a quantile of the Gamma(a, (X1, ..., Xm), Bm (X1, ..., Xmy))-distribution
calculated in step 4).

4.5.3 Eigenvalue approach

Fix o € (0,1) and assume we observe (Xi,...,X,,;) = (X1,...,X;n). Implementing the
eigenvalue approach based a-test for dHSIC can be broken down into the following steps,
where we use the notation of Section 4.4.3:

1) for all j € {1,...,d} implement the estimators ey(j) and e1(j),

2) based on Lemma C.2 compute the estimates @1(x1,...,Xm),--.,010(X1,...,Xm) by
replacing the expectations by the corresponding estimator €y(j) and €7 (j) implemented
in step 1),

3) also based on Lemma C.2 compute the estimate

—1 10

N 2d ~
Hg(xl,...,Xm): <2> Zai(xl7--~7xm)a
=1

4) compute the estimates Up, 1(X1,...,Xm), - - Umm (X1, ..., Xm) by computing the eigen-
values of the matrix Ho(x1,...,Xm),

5) use a Monte-Carlo approach to approximate (1 — «)-quantile of the distribution

" D (x Xm)
Z m, 1\ &1y« &m Zi;
- m

i=1

where (Z;);en are standard normal random variables.

The hypothesis test rejects Hp if m - cﬁSTCm(xl, ...,Xm) is greater than then the (1 —«)-
quantile computed in the last step.



Chapter 5

Simulations

In this section we perform some basic simulations to verify the properties of the four
hypothesis tests derived in the previous section. We separate the simulations into three
parts; level analysis, power analysis and runtime analysis.

5.1 Competing method

For comparison purposes we use a multiple testing version of the two variable HSIC
test. The idea is that if we can group several variables together, we can test the newly
constructed multivariate variable against a different variable using the two variable HSIC.
Grouping is for example possible if the variables are vectors, in which case we can simply
bind them together to a matrix. In order to test for joint independence we use the
following testing sequence,

1. use HSIC to test whether X? is independent of [X*,..., X%1],
2. use HSIC to test whether X%! is independent of [X1,..., X92],

d-1. use HSIC to test whether X? is independent of X*.

Finally, we account for the increased family-wise error rate using the Bonferroni correction,
i.e. we perform all tests at level 795 and reject the null hypothesis if any of the individual
tests reject the null hypothesis. In the following sections we refer to this test simply as

HSIC.

This method is of course not restricted to HSIC but can be performed for any two variable
independence test.

5.2 Level analysis

In Chapter 4 we proved the following results related to the significance level of the hy-
pothesis tests:

90
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(i) the permutation test has valid level (even the Monte-Carlo approximated test),
(i
(iii

i
(iv) the eigenvalue approximation based test has pointwise asymptotic level.

the bootstrap test has pointwise asymptotic level,

)
)
) the gamma approximation based test has no guarantee for level, and

)

We verify these results numerically by considering two examples of fixed elements PX € Hj.
iid

In both examples we simulate n = 1000 realizations of Xy,...,X,, ~ PX for different

sample sizes m and check how often each of the four hypothesis tests rejects the null
hypothesis.

Simulation 1 (testing level)
Consider X!, X2 X3 % A(0,1), then for X = (X1, X2, X3) it holds that
PX = PX' @ PX* @ PX° € M,

where Hj is the null hypothesis defined in (4.1). Set o = 0.05, B = 25, and m €
{100, 200, ...,1000}. The rejection rates for the corresponding four hypothesis tests
(permutation, bootstrap, gamma approximation and eigenvalue) based on n = 1000
repeated draws of X are plotted in Figure 5.1.
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Figure 5.1: Simulation 1 (testing level): Rejection rates (based on n=1000 repetitions)
for each of the four different hypothesis tests based on dHSIC. The test has valid level if
the rejection rate lies below the dotted red line at 0.05.

Simulation 2 (testing level)

PX = PX' o PX° € H,

where Hj is the null hypothesis defined in (4.1). Set o = 0.05, B = 25, and m €
{100,200, ...,1000}. The rejection rates for the corresponding four hypothesis tests
(permutation, bootstrap, gamma approximation and eigenvalue) based on n = 1000
repeated draws of X are plotted in Figure 5.2.

Consider X! ~ N(0,1) and X2 ~ Bin(20,0.2) with X! and X? independent. Then
for X = (X1, X?) it holds that
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Figure 5.2: Simulation 2 (testing level): Rejection rates (based on n=1000 repetitions)
for each of the four different hypothesis tests based on dHSIC. The test has valid level if
the rejection rate lies below the dotted red line at 0.05.

In both simulations we get similar results. We collect the most important observations.

(i) The permutation test is the only test that achieves level a. This corresponds to what
has been proved in the previous section. As mentioned above, this result is rather
surprising as it is does not depend on the choice of B, which in these examples is
very small (B = 25).

(ii) The gamma approximation based test, at least in these two examples, has level close
to . It however also shows that one has to be very careful, when analyzing results
based on this test, since it often exceeds the required level.

(iii) It has been proved in the previous section that both the bootstrap test and the
eigenvalue test have pointwise asymptotic level. In both examples this convergence
cannot be observed for sample sizes between 100 and 1000. This shows that the
theoretically nice result of pointwise asymptotic level is rather weak in practical
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applications.

(iv) The bootstrap test appears to achieve level v in most cases. This is due to the
conservative choice of the p-value in the Monte-Carlo approximation of the bootstrap
test.

5.3 Power analysis

Assessing the power of a test can be done for many different alternatives. Here, we show
a single simulation setting that compares the four hypothesis tests based on dHSIC.

Simulation 3 (comparing power)

Consider N1, N2, N3 ~ N(0,1) and let PX be generated by the SEM,

X'=N!
X% = Acos(X1!) + N?
X3 = Xcos(X1) + Acos(X?) + N3,

Then for A = 0 it holds that PX € Hy and for A € (0,1] it holds that PX ¢ Hy,
where Hp and H4 are defined in (4.1) and (4.2). For @ = 0.05 and B = 100, the
rejection rates for the corresponding four hypothesis tests (permutation, bootstrap,
gamma approximation and eigenvalue) and the multiple testing approach using HSIC
(with the permutation test) based on n = 1000 repeated draws of X are plotted in

Figure 5.3 for different values of A.
& J

Although it appears like the dHSIC test has more power than the multiple testing ap-
proach with HSIC, this depends strongly on the dependence under considerations. For
some dependencies dHSIC is more powerful and for other dependencies the multiple test-
ing approach with HSIC is more powerful.
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Figure 5.3: Simulation 3 (comparing power): Rejection rates (based on n=1000 repeti-
tions) for each of the four different hypothesis tests based on dHSIC and the competing
method based on HSIC. Larger values of A correspond to stronger dependencies between
the variables.

5.4 Runtime analysis

Finally, we want to compare the runtime of the dHSIC test with the runtime of the
multiple testing approach for HSIC.

The computational complexity for the dHSIC test statistic is
O (dm?)

as can be seen from the considerations in Section 3.4. The multiple testing approach for
HSIC computes HSIC d — 1-times, which appears to result in the same computational
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complexity. However, since the dimension of the input variables for the HSIC tests are
also dependent on d (at least in common settings such as for the Gaussian kernel) due
to the process of binding variables together, we in fact end up with a true computational
complexity of

@) (d2m2) .

We numerically test these computational complexities by two simulations. In the first
simulation we fix m and let d vary and in the second simulation we fix d and let m very.
The results are presented in Figure 5.4 and in Figure 5.5.
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Figure 5.4: runtime analysis with varying variable number and fixed sample size (m =
100)
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Chapter 6

Applications to causal inference

Many methods in causal inference rely on independence testing. In this section we il-
lustrate one such application by applying the d-variable Hilbert-Schmidt independence
criterion to causal structure learning in additive noise models.

The following material is divided into three parts. First, we introduce additive noise
models and state some important remarks related to identifiability. We then apply dHSIC
to an simulated data example and conclude the section with a real-world data example.

6.1 Additive noise models

The following introduction to additive noise models is based on Peters et al. (2014). The
reader is expected to be familiar with causal models, in particular directed acyclic graphs
(DAGs), as well as structural equation models (SEMs). A summary of these concepts can
be found in Peters et al. (2014, Section 1).

We consider a d-dimensional random vector X = (X' ..., X%) with joint distribution
PX and assume it is generated by an SEM with structural equations S, noise variables
N = (N',..., N9 and associated DAG G. An important question in causality is whether
the causal structure, in this case G, can be inferred from the observational distribution
PX alone. In general, this is impossible without additional assumptions on the model
class (see Peters et al., 2014, Proposition 9). For graphical models one option is to
assume that PX is faithful and Markov with respect to the DAG G, then the Markov
equivalence class of G is uniquely determined by PX. This is, for example, the fundamental
assumption behind conditional independence-based methods for causal structure learning.
For functional models restricting the model class can be done by specifying the class of
allowed functions appearing in the structural equations S. There are several restrictions,
under which the graph G becomes identifiable from PX. We want to focus on the class
of functions which are additive with respect to the noise variables N = (N!,... N9).
The resulting SEMs are called continuous additive noise models (see Peters et al., 2014,
Definition 16).

98
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Definition 6.1 (continuous additive noise model (ANM))
A continuous additive noise model (ANM) is defined as an SEM (S,PN), where S =

(St,...,8% is a collection of d equations of the form
Si: XV =fI(PA)+ NI, je{l,...,d},

and where N = (N1, ..., N%) is jointly independent and with strictly positive density (with
respect to the Lebesgue measure). PA’ denotes the parents of the node X7 in the graph
associated to (S, PN).

In general, continuous additive noise models are not identifiable from PX. The classical
counter-example is if the functions are linear and the noise variables are Gaussian dis-
tributed. Models of this type are called linear Gaussian and the next proposition shows
that the causal order of such models can be reversed (see Peters et al., 2014, Proposition
13).

Proposition 6.2 (linear Gaussian model is reversible)
Let X and N be two Gaussian random variables with N 1 X, let o #£ 0 and let
Y =aX+ N.
Then there exists 5 € R and a Gaussian random variable N with N 1LY, such that

X =BY + N.

It turns out that the linear Gaussian case is rather special in this respect. If for example
we only allow non-linear functions and Gaussian noise the following theorem shows that
the DAG is uniquely identifiable from PX (see Peters et al., 2014, Corollary 31). Models
of this type are referred to as non-linear Gaussian ANMs.

Theorem 6.3 (non-linear Gaussian model is identifiable)
Let PX be generated by the additive noise model (S,PN) given by

Si. XV =fI(PAY)+ NI, je{l,...,d},

with normally distributed noise variables N7 ~ N(O,UJZ) and three times differentiable

functions f7 that are not linear in any component, i.e. if we denote the parents PAJ of
XI by XF . Xk then the function f3(xFr ... gka=1 . ghatr | 2kt) s assumed to be
nonlinear for all a and some (xF1, ... aFa—t ghatr  gk) € RIZ1 Then we can identify
the corresponding DAG from the distribution PX.

A simplification of this setting is given by structural equations of the form

S X = >0 PR N, jed{l...d}, (6.1)
kEPA,;

with normally distributed noise variables N7 ~ A/ (O,sz) and three times differentiable,

nonlinear functions f7*. Models of this type (non-Gaussian noise included) are called
causal additive models (CAM) (see Biithlmann et al., 2014).
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Assuming we are given a random variable PX generated by a non-linear Gaussian ANM
as in Theorem 6.3, we can write the functions f7 in terms of the expectation as

7 = argminE ((Xj -9 (PAj))2> ’

g additive

for details see Bithlmann et al. (2014). Theorem 6.3 now ensures that there is exactly one
DAG such that
X' L (PAY) . X7 1 (PAY)

are independent Gaussian distributed random variables. Using a generalized regression
method to estimate f7(pa’) and then concentrating on the independence of the residuals,
gives us a method to check whether a given DAG is correct. We make this method explicit
for models of the form (6.1) using generalized additive model regression (GAM) (Wood
and Augustin, 2002).

DAG verification method )

Given: observations X4, ..., X,, and a candidate DAG G

1) Use generalized additive model regression (GAM) to regress each node X7 on all
its parents PA’ and denote the resulting vector of residuals by res’.

2) Perform a d-variable joint independence test (e.g. dHSIC) to test whether
(res',...,res?) is jointly independent.

3) If (res',. .., res?) is jointly independent, then the DAG is not rejected.

& J

We can also use this DAG verification method to find the correct DAG by performing
the check for all possible DAGs with the correct number of nodes. In practice, we do
not want to iterate over all possible graphs. A more efficient method, which is based on
a similar idea, is the RESIT (regression with subsequent independence test) algorithm
described in Peters et al. (2014, Section 4.1) and Biithlmann et al. (2014).

6.2 Simulation example

In this subsection, we consider two explicit continuous additive noise models. We then
generate data from one of them and use the model verification method described at the
end of the previous section to check whether we are able to determine the correct model
based only on the data.

We denote the two ANMs by (S1,PN1) and (Sy, PN2) and assume they satisfy

X! =N} X' =g(X3) + h(X?) + N}
S1q X2 = fir(Xh) + N} and 8 § X? = j(X?) + N3 (6.2)
X% = A + (X3 + V] X? =N
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e G o

(a) graph G; (b) graph G

Figure 6.1: graphical representation of the two ANMs S; and S from (6.2)

with Nij ~ N(0, O‘Zj ) independent normally distributed random variables. The correspond-
ing graphs are given in Figure 6.1.

If fy is linear we are in the linear Gaussian setting and cannot identify the correct graph
due to Proposition 6.2. However, if f) is non-linear we are in the setting of (6.1) and by
Theorem 6.3 are able to determine the correct graph.

For the following simulation we choose the two functions
falz) = (1 = N)ax + Acos(x),

and
iz) =1 = Nax + Az,

with A € [0,1]. The parameter A should be understood as a quantifier of how non-linear
fr is. We then simulate 1000 data samples consisting of m = 100 data points from S
and perform the model verification method for both graphs G; and Go to check if they
are accepted or rejected.

The result for different values of A is plotted in Figure 6.2 (for the cos non-linearity) and
in Figure 6.3 (for the |-| non-linearity). We used the permutation test for dHSIC with
B =100 as well as a multiple testing version of the classical two variable HSIC test (also
using the permutation test with B = 100) for comparison.

This shows that the power of the test depends on the dependence structure of the variables.
In particular, one cannot say dHSIC has more power than a multiple testing approach
with HSIC or vice versa. The difference becomes more pronounced if we extend the three
variable models &1 and Sz to 5 variables. Two corresponding plots are given in Figure 6.4
and Figure 6.5.
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Figure 6.2: Rejection rates (based on n = 1000 repetitions), where S; is the correct model
with 3 variables fy(z) = (1 — A\)x + Acos(x) and Sz is the corresponding false model.

S
o * HSIC - P
o =T * HSIC - 8o '
5 . + dHSIC - S, ¥
g S 7 + dHSIC - S
= <
g 2 %
£~
di -+
SR - * 3 * 8 $ ; * * * *
e \ \ \ \ \ \
0.0 0.2 0.4 0.6 0.8 1.0

Figure 6.3: Rejection rates (based on n = 1000 repetitions), where S is the correct model
with 3 variables fy(z) = (1 — A\)x + A|z| and Sz is the corresponding false model.
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Figure 6.4: Rejection rates (based on n = 1000 repetitions), where S; is the correct model
with 5 variables fy(z) = (1 — A\)x + Acos(x) and Sz is the corresponding false model.
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Figure 6.5: Rejection rates (based on n = 1000 repetitions), where S is the correct model
with 5 variables fy(z) = (1 — M)z + A|z| and Sz is the corresponding false model.
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6.3 Real data example

In this section we want to show that the hypothesis tests we developed can also be
applied to real world data. Consider the following causal inference problem: Given 349
measurements of the variables Altitude, Temperature and Sunshine.! Can we determine
the correct causal ordering.

For 3 variables there exist a total of 25 possible DAGs. The idea is to iterate over all
these DAGs and use the DAG verification method introduced at the end of Section 6.1
to check whether a DAG fits the data.

We apply the DAG verification method together with the permutation test for dHSIC
(with B = 1000) and the multiple testing approach for HSIC (also with a permutation
test and B = 1000) to every possible DAG and compare the resulting p-values. The result
is shown in Figure 6.6.
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Figure 6.6: Real world data example: log(p-value) for every possible DAG on 3 nodes
after applying the DAG verification method. DAG is rejected at at a significance level of
5% if log(p-value) lies below the blue line.

It shows that the dHSIC based test rejects DAG 25 at a 5%-significance level, while the

!The dataset is taken from Mooij et al. (2016, pair0001.txt and pair0004.txt).
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Figure 6.7: DAG 25

HSIC method does not. This implies that for this particular setting dHSIC has more
power than HSIC.

Even though DAG 25 is rejected at a 5%-significance level by the dHSIC based test it
still appears to be a good fit, because both tests indicate that DAG 25 is the best fit.
The graph of DAG 25 is given in Figure 6.7. This causal structure makes sense from
our physical understanding, as we would expect altitude to effect both sunshine and
temperature. The effect of temperature on sunshine could be explained by intermediate
latent variables such as cloud or fog.

The discrepancy between best fit and rejected model is a common issue that occurs when
working with real data. The reason is that we can almost never expect to have the
“true” physical model, which implies that given more and more data observations we will
eventually reject any model. In the setting of real data it is therefore often beneficial to
ask, which model in a given set of models fits the data best, instead of asking whether a
given model fits the data.



Chapter 7

Summary

We introduced a measure of joint dependence between d-variables, which we called the
d-variable Hilbert-Schmidt independence criterion (dHSIC). This work extends the two-
variable Hilbert-Schmidt independence criterion (HSIC). As in the HSIC case, we were
able to estimate dHSIC empirically using a V-statistic and derive some important prop-
erties of the asymptotic distribution of this estimator. This allowed us to construct four
different hypothesis tests, which all use this empirical estimator as a test statistic; the
permutation test based on dHSIC (Definition 4.4), the bootstrap test based on dHSIC
(Definition 4.6), the gamma approximation based test (Definition 4.13) and the eigenvalue
approach based test (Definition 4.18).

For the permutation test we showed that it achieved level in Proposition 4.5. In particular,
we also showed that this property carries over to the Monte-Carlo approximated version
of the permutation test. This is a very strong property as the Monte-Carlo approximation
based permutation test is computationally feasible even for moderately large sample sizes.
The bootstrap test was defined very similar to the permutation test. The slight differences,
however, allowed us to show that it is connected to the empirical product distribution,
via the bootstrapping property stated in Proposition 4.8. This in turn was the central ele-
ment in proving that it has pointwise asymptotic level (Proposition 4.9) and is consistent
(Proposition 4.10). Using the theory on V-statistics, we were able to compute the mean
and variance of the empirical estimator of dHSIC in Lemma 4.11 and Lemma 4.12. These
were the essential ingredients in constructing the gamma approximation based test for
dHSIC. Although this test has no guarantees on level and consistency, it is computation-
ally very fast and therefore of particular interest for practical applications. Finally, we
constructed the eigenvalue approach based test for dHSIC by estimating the eigenvalues
in the asymptotic distribution of the test statistic directly. Using tools from functional
analysis, we were able to show (up to the last approximation step) that the resulting test
achieves pointwise asymptotic level and is consistent (Conjecture 4.20). It is therefore a
viable alternative to the slower bootstrap test.

We gave implementation details on dHSIC in Section 3.4 and on each of the four hypothesis
tests in Section 4.5. This should enable implementation of the tests in the exact same
why as has been done for this thesis, hence allowing reproduction of all results.
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Finally, we considered various simulations, which showed that the dHSIC based tests
were able to compare with the commonly used multiple testing approach based on HSIC.
The power of both approaches varies depending on the dependence under considerations;
in some cases the dHSIC tests were more powerful, in other cases the multiple testing
approach was more powerful. In terms of runtime, we were, however, able to show that
dHSIC is generally faster and in terms of the number of variables even beats the multiple
testing approach by an order of magnitude of one. Moreover, we also demonstrated that
dHSIC can be successfully applied to causal inference both on simulated and real data.



Appendix A

Functional Analysis

A.1 Important theorems

A.1.1 Mercer's theorem

The following version of Mercer’s theorem is taken from Ferreira and Menegatto (2009,
Theorem 1.1).

Theorem A.1 (Mercer’s theorem)

Let X be a topological Hausdorff space equipped with a finite Borel measure . Then for
every continuous positive definite kernel k : X x X — C there exist a scalar absolutely
summable sequence (Ap)pen with A1 > Ag > -+ > 0 and an orthonormal system (on)nen
in L? (X, ) consisting of continuous functions only, such that the expansion

B, y) =Y Anen(@)en(y), =,y € supp(p),
n=1

converges uniformly. Furthermore let K € L (L2 (X,IP’X)) be the integral operator with
the property that for every f € L? (X,IP’X) and for every x € X it hols that

(K1) () = /X k(. 9) () p(dy)

Then (An)nen and (@n)nen are eigenvalues respectively eigenfunctions of K.

A.1.2 McDiarmid inequality

Theorem A.2 (McDiarmid inequality)
Let X1,...,X, be n independent random variables taking values in X and let Z =
f(X1,...,Xy) where f is such that for all i € {1,...,n} it holds that

sup | f(x1,. . mn) — flo1, . 2w S o

’
T1yeees Ty Ty
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then

and

A.2 Tensor products of RKHS

Products of kernels are important when considering multidimensional settings. Therefore
we give a very short overview of the most basic facts of tensor products of Hilbert spaces
and how they behave in relation to reproducing kernel Hilbert spaces. Most of this section
follows Berlinet and Thomas-Agnan (2004). More details on tensor product of Hilbert
spaces can also be found in Weidmann (1980).

We begin by defining the tensor product for functions.

Definition A.3 (tensor product for functions)

Let X and Y be two set, let f € F(X) and let g € F(Y), then the tensor product of f and
g 1is defined as the function f @ g: X x Y — R with the property that for all x € X and
for ally € Y it holds that

(f@g)(z,y) = f(z)g(y).

Now given two set X and ), assume H!is a RKHS on X and H2 is a RKHS on ). Then
define
HIQH? = span{f®@g| feF(X),geF)}.

This corresponds with the standard tensor product for vector spaces. Observe that so far
HI@H? is just a vector space with no additional structure.

In order to add a Hilbert space structure we define (-, -) : H'@H? — R to be the function
with the property that for all f; ® g1, fo ® g2 € H'®@H? it holds that

(f1® 91, f2® g2) 1052 = (f1,91),0(f2, 92) 2

It can be shown that this defines a scalar product on H'®@H?2. Denote by H' ® H? the
completion of H'®@H?2. Then we call H! @ H? the tensor product of the Hilbert spaces
H!' and H2.

Next define a tensor product for kernels.

Definition A.4 (tensor product for kernels)

Let X and Y be two set and let k' and k% be kernels on X and Y respectively. Then we
define the tensor product of k* and k* as the function k' ® k? : (X x Y)? — R with the
property that for all ((x1,y1), (x2,92)) € (X x V)? it holds that

(k' @ k) (21, 31), (w2, 52)) = k' (21, 22) k> (31, 32).-
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It follows immediately that k! ® k? is a kernel on X' x ) according to Definition 2.12. It
is also easy to check that if both k' and k? are positive semi-definite then also k' ® k? is
positive semi-definite.

The following theorem shows that H' ® H? is a RKHS with reproducing kernel k' ® k2,
it can be found in Berlinet and Thomas-Agnan (2004, Theorem 13).

Theorem A.5 (tensor RKHS)

Let X and Y be two sets and let H' be a RKHS on X and H? be RKHS on ). Denote
by k' and k?® the corresponding reproducing kernels. Then H' ® H? is a RKHS with
reproducing kernel k' ® k2.

Clearly the same result also holds for an arbitrary finite family of RKHS.

A.3 Bochner integral

In this section we shortly review the Bochner integral. This presentation is mainly based
on the lecture notes by Jentzen (2015) but similar definitions and statements are given
in Prévot and Rockner (2007).

Definition A.6 (strongly measurable)
Let B be a Banach space, let (0, F, ) be a finite measure space. Then a function f: Q —
B is called strongly measurable if f is measurable and f(Q) is separable.

In the case where B is separable, strong measurability coincides with the standard notion
of measurability.

Definition A.7 (simple function)
Let B be a Banach space, let (Q, F, 1) be a finite measure space. Then a function f : Q —
H is called simple if f(Q) is finite.

Definition A.8 (LP-space)
Let B be a Banach space, let p € (0,00), let (2, F,u) be a finite measure space. Then the
set

LP(p, |l) = {f : Q — B f is strongly measurable and

T ( / ||f<w>\|£u<dw>)’l’ < oo}

1s called the space of p-integrable functions.

Since ||| zp(,.;.5) 18 Ot definite, it is in particular not a norm. The following class of
function spaces fixes this problem.

Definition A.9 (LP-space)
Let B be a Banach space, let p € (0,00), let (Q, F,p) be a finite measure space and let ~
be the equivalence relation on LP (u, ||-||z) satisfying for all f,g € LP (u, ||-||5) that

f~g &= f=g p-as.
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Then the set »
L7 (i, |l ) = 27 G Hlla)

1s called the space of equivalence classes of p-integrable functions.

Now H'HL‘Z’(#,H'”B) is a norm on the space L” (u, ||| ;) and it in fact turns out that this

forms a Banach space.

Theorem A.10 (Bochner integral)
Let B be a Banach space, let (2, F, u) be a finite measure space. Then

e there exists a unique bounded linear function I : L' (u,||-]|5) — B with the property
that for all simple functions f : Q — B it holds that

I(f)= Y w(f 'z}

z€f(2)

e and it holds for all f € L' (, I-115) that |1(f)]z < ”fHﬁl(u,H-HB)'
We call the function I the Bochner integral.

Generally we use the standard integral notation to write Bochner integrals, i.e. for f €
£ (p.|1,) we wite

1(f) = /Q F(w) p(dw).

Proposition A.11 (properties of the Bochner integral)
Let B be a Banach space, let H be a Hilbert space and let (2, F, ) be a finite measure
space, then the following properties of the Bochner integral hold

(i) for all f € L' (u, ||| ;) it holds that

(ii) for all f € L' (u,]|*|5) and for all ¢ € B’ that

o ([ 1@ntan) = [ o) ua)

(iii) for all f € L (p, |-|l,,) and for all g € H that

([ 1) = [ utao

/ Fw) ()| < / 1) ] (o)
Q B Q
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Probability Theory

B.1 Convergence in distribution

The first theorem shows that convergence in distribution also implies a convergence of the
quantiles if the limit distribution is continuous (e.g. Lehmann and Romano, 2005, Lemma
11.2.1).

Theorem B.1 (convergence of quantiles)
Let (Fy)nen be a sequence of distribution functions on the real line converging weakly to a
distribution function F. Assume F is continuous and strictly increasing aty = F~1(1—a).
Then,

lim F; (1 —a)=F1(1-a).

n—oo

More generally, let (ﬁn)neN be a sequence of random distribution functions satisfying

ﬁn(x) L F(z) as n — oo at all © which are continuity points of a fized distribution
function F. Assume F is continuous and strictly increasing at F~1(1 — «). Then,

~

Frll-—a) 5 Fi1-aq)
as n — oQ.

A further classical result is Slutsky’s theorem (e.g. Lehmann and Romano, 2005, Theorem
11.2.11)

Theorem B.2 (Slutsky’s theorem)
Suppose (X )nen is a sequence of real-valued random variables such that X, X, Fur

ther, suppose (Ap)nen and (Bp)nen satisfy Ay, B o and B, x5 b, where a and b are
constants. Then,

Ap X+ By -5 aX + b,
The next result is a corollary of Slutsky’s theorem (e.g. Lehmann and Romano, 2005,

Corollary 11.2.3).
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Corollary B.3
Suppose (Xp)nen is a sequence of real-valued random variables such that X, L\ X, where
X has a continuous cumulative distribution function F. If (Cp)nen is a sequence of real-

valued random variables satisfying Cy, L ¢, where ¢ is a constant, then

lim P (X, <C,) = F(c).

n—oo

B.2 Strong law of large numbers

The following theorem is a slight extension to the basic strong law of large numbers to
allow for triangular schemes.

Theorem B.4 (SLLN for triangular schemes)
Let (Xm,k)ke{l,...,m}f m € N be a triangular scheme of real-valued random variables satis-
fying

(1) for allm e N, Xp,1,..., Xpm are iid,

(i1) there exists ¢ € R such that limy, o0 E(Xm 1) = ¢ and

)

(i11) there exists K € R such that sup,,cn }E<X’sl,l) < K.
Then, it holds that

m
1 P-a.s.
— E ka — C
m 9
k=1
as m — oQ.

Proof We can assume without loss of generality that X, , > 0 P-a.s., otherwise we could
simply consider the positive and negative part separately (i.e. Xﬂt = max{X,, ;,0} and
X, = max{—Xp,x,0}). Begin by setting S, := > pey Xmk- Then, by Chebyshev’s

inequality we get for all € > 0 that

S Var (52)  Var(S,,)
o < m/ — : :
P <‘ il 5) < 2 202 (B.1)
Using (i) and (iii) we further get
Var (Sm) = Var (Xpp) <> E(X2,,) < mK. (B.2)
k=1 k

Combining (B.1) and (B.2) this implies

(-

m=1

This however implies that
S -
m2 P-a.s. (B?))
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as m — oo. Since we assumed X, > 0 it holds for all £ € N that S, < Si41 and hence
for all k € {m?,...,(m + 1)?} it holds that

m® Sw2 _ Swr Sk Sme12 _ Semin2 (m+1)?
m+1)2m2 (m+1)2~" k- m2  (m+1)2 m?
Taking limits on both sides and using (B.3) completes the proof of Theorem B.4. O

The following theorem due to Beck and Giesy (1970, Theorem III.13) extends the strong
law of large number to Banach space valued random variables. An overview of further
options to extend the strong law is given by Beck et al. (1975).

Theorem B.5 (Extension of SLLN)
Let B be an arbitrary Banach space and let (Xy)ren be a sequence of independent B-valued
random variables such that for all k € N it holds that E (Xy) = 0. If either

(i) > rey w<ooand Y h E (]\Xk\|i>—>0asn—>ooor

(i) >0 esssup||Xy|l, — 0 as n — oo,

then it holds that
P_a>s

o)

as n — oo.
The following Theorem is due to Mourier and can be found in Beck et al. (1975).

Theorem B.6 (Extension of SLLN (i.i.d. setting))

Let B be a separable Banach space and let (Xg)ren be a sequence of independent and
identically distributed B-valued random variables such that for all k € N it holds that
E (X;) =0. Then it holds that

IF"asO

1 n
anZlX’f

as n — o0.



Appendix C

Auxiliary results and proofs

C.1 Notation

In order to make the calculations in this section more readable we use the following
conventions.

e forall j € {1,...,d} and for all i1,i5 € {1,...,m} we set
Moo= k(X X7

11,82 1177712

e for all ¢,n € N, for all functions g : X" — R and for all i1,...,%,J1,...,n €
{1,...,m} we set

Bty (0K X)) = [ [ 00 X PR(AXG) - PYAX,)

C.2 Expansions of h; and hs

Lemma C.1 (expansion of h)
Assume Setting 3.1. Then it holds for all z € X that,

v ) (i

d
d—
+ — d H (X, X)) | —E Hk]X{, X7.)

U

k‘(Xéj_l,Xép k(2" X5,)

((H K va j+1 ) k(2T r+1))
r=1 J#T
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Proof Recall that
hl(Z) =E (h(Z, Xl, ce ,ngfl)) .

Next we separate h into 3 terms as follows.

hz1,. .. 224) 2d' 3 ka( o ) (= b1)

mE€S2q | J=1
d .
2d (2d)! Z H ( Zr(2j—1) 7r(2j)) (=:b2)
WGSQd 7j=1
d
a1 2 |IIF ()| (S0
TI'ESQd 7j=1
Now we calculate Eg g (R(X1,...,X2q)) by considering these three terms separately.

b1: Begin by letting m € Soq, then

H y Bag (TTJo Ks) i 7(1) # 1AR(2) # 1
D:m(2) E, (H;.’:1 k{Q) if (1) =1V7(2) =1
Counting how often each of these cases can occur for m € Sy; leads to
d .
J
2d aan 2 Bz | I 2
TESog 7=1
(2d — 2)(2d 2d
1 j L j
Eo3 H kg |+ ]SEQ H K, (C.1)
j=1 J=1

ba: Begin by letting m € Soq, 7 € {1,...,p} such that 7(2r — 1) =1 or w(2r) = 1 then

d

7 _ r
H k7r(2j—1),7r(2j) =Ea,. 2d11 H kgj 2j+1 1,2r
j=1 J#ET

Counting how many combinations are possible for each r and adding all different combi-
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nations up gives us

d
2d| > E I{k(w—nm@ﬂ
e

TESay
d d
2(2d — 1)! .
~ (2d) 2 Eosann || [T #0501 | i
Cor=l J#r
14 d
4 Z TR N | TP (C.2)
r=1 j#r
bs: Begin by letting m € Syg, then
Eo,....d+2 H? 1 gj+2 fr(l)#1A---Am(d+1) #1
H kj <G+ | = 1 E2di H kj,g+1 ifr(l)=1
Eo,... a2 HJ# kéjﬂkl’z) if r(r+1)=1forre{l,...,d}

Counting how often each of these cases can occur for different m# € S5y and adding all
cases up results in

| H k] m(j+1)

WGSQd
d d
d—1 ; 1 ;
= —FEs  p42 H k%,j+2 + 57E2, o1 H k{,j—l—l
2d . 2d .
7=1 7=1
1 d
55 2 B2 iz | []H ;0002 (C.3)
r=1 Jj#Er

Finally combining (C.1), (C.1) and (C.1) completes the proof of Lemma C.1. O
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Lemma C.2 (expansion of hy under Hy)
Assume Setting 3.1. Then under Hy it holds for all z1,z9 € X that,

2d
(2>h2 Z1,%2) Hk:r 21,25) (=:a1)

+d-1)?[[E®(X],X3)) (= a2)

IZI&‘:\;:]&

F@=DJ]ERFE LX) (= as)

r=1

—

F(d=1)J]ERF (2, X7)) (= a4)

r=1

+Zkrzl,zg HE( XI,XQ) (=:as)

ir
—Zk” (21, 2 ll;[E( 1,Xl) (=: ag)

—Zk’" P ll;[E( zQ,Xl) (=: ar)

+ ;mwsznm (k*(5, X7) lg E(K'(xf,x}) (= as)
@)Y Ew LX) [[E (K(xt,x5) (= a)

%
Il
—

l#r

™=~

—(@-D)Y EW X)) [TE(F(xd X)) (= a).

l#r

,3
I
—

Proof Begin by setting,

d
A=) By H’“fr(w@))
=1

TESog

B .= Z Es,... 24 Hk] (2j-1) 71'(2])

WESQd

TESoy

d
C:= Z Es, . 24 H JH) :
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Then it holds that,

hao(X1,X2) = E3 24 (M(X1,...,X9q)) = (A+ B —-20C). (C.4)

1
(2)!

Under the null hypothesis Hy the terms A,B and C can be simplified using combinatorial
arguments (similar to the ones used in the proof of Lemma C.1).

d
=2(2d - 2)! [] 1 -
r=1
d

+(2d — 2)(2d — 3)(2d — 2)! [ [ Es.a (K5.4)
r=1
d
+2(2d — 2)(2d — 2)! T Es (k7 5)
r=1
d
+2(2d - 2)(2d — 2)! [ ] Es (K3 5)
r=1

d
=2(2d — 2)! Z K1 o H Es3 4 (%4)

r=1 l#r

+4(2d —2)!Y By (k] 5) B3 (k55) [] Bsa <k’é,4>

r#s l#r,s
d
—202d - 2! K, [ Es (k:ll,g)
r=1 l#r

d d
+(d—1)2d 2 [ Bs (k) + (d— 1)(2d — 2)! [] Es ()
r=1 r=1

d
+(d—1)(d—2)(2d — 2)! [ Esa (k5.4)
r=1

+(2d - 2)1 Y By (K 5) Es (k55) HE34(k34)

r#s l#r,s
d
+(d—1)(2d — 2! Y By (K 5) [T Baa ()
r=1 l#r

+(d—1)(2d - 2)! S Es (K55) [[ Esu (k:éA)

r=1 l#r
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Plugging these expressions for A, B and C into (C.4) completes the proof of Lemma
C.2. O

Lemma C.3 (degeneracy under Hy)
Assume Setting 3.1. Then under Hy it holds for all z € X that

and therefore in particular that & (h) = 0.

Proof Observe that under Hy it holds for all z € X that

d d
o E(J[FH X)) | =E|]]¥( X)) (C.5)
j=1 j=1
d d
o E|[[¥F (X, X) | =E(]]+(x].X) (C.6)
j=1 j=1
d . .
o E|(JIWF (X5 1 X5) | K", X35,
J#r
d . .
=E [ ([TF & X700 | K X)) (C.7)
J#r

Plugging (C.5), (C.6) and (C.7) into the explicit form of h; given in Lemma C.1 results
in

hl (Z) =0.
This completes the proof of Lemma C.3. O

Lemma C.4 (condition for non-degeneracy of &1 (h) under H 4)
Assume Setting 3.1 and let d = 2. Then under H 4 it holds that

aw>0 o [nEs)|] | Ee o)

H

Proof By Lemma C.1 it holds that

h(z) = = [E (k' (2, XDE* (2, X)) — E (k' (z", X)) E (* (2%, X7))] + ¢, (C.8)

N | —

where
1
o= [E (R (X1, X2)R*(XT, X3)) — B (k' (X7, X2)R*(XT, X3))]

is a constant. Jensen’s inequality implies that

&(h) =E ([ (X1)]?) = 07 > E(h(X1))> - 0 =0
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with equality if and only if hq(X;) is degenerate (i.e. P-a.s. constant). Assume hi(X;)
is degenerate, then by (C.8) it holds that

E (k(X1, X2)k* (X7, X3)) = E (k' (X1, X2)) E (K*(X7, X3)) -

This can be written in terms of the mean embedding as follows

2 2
e, = (e o r )] .
H H
Example C.5 (counter example for non-degeneracy of £1(h) under Hy) (,_ (2—y)?

Assume setting 3.1. Let d = 3, let X = R3, let k' (z,y) = k*(x,y) = k?’(x y)=e 2
let X : Q — {0,1} be a random variable with P(X =0) =P(X =1) =3, let Y = X and
let Z be an independent copy of X.

Define X == (X,Y, Z), we will show that even though X,Y,Z are not jointly independent
it holds that h1(X) is a degenerate random variable. This in turn implies that &1 (h) = 0.
By Lemma C.1 it holds that

hi(x) = %E (k(x, X1)k(y, Y1)k(z, Z1))
— 3E (k(z, X1)k(y, Ya)k(2, Z3))
+ 3E (k(Ys, Ya)k(Zs, Zo )k (x, X))
+ 3E (k(X1, X0)k(Z1, Za)k(y, Ya))
+ 3E (k(X1, X2)k(Y3, Ya)k(2, Z6))
— 3E (k(V1,Y3)k(Z1, Za)k(z, X2))
— 4B (k(X1, X2)k(Z1, Z4)k(y, Y3))
— 3B (k(X1, X2)k(Y1, Y3)k(2, Z4)) + ¢

where
= 2E (k(X1, X2)k(Y1,Y2)k(Z1, Z3)) — 3E (k(X1, X0)k(Y1, Y3)k(Z1, Z4))
1s a constant. Making use of independence and the fact that Y = X leads to

hi(x) = gE (k(z, X1)k(y, X1)) E (k(z, X1))
— 5E (k(z, X1)) E (k(y, X1)) E (k(2, X1))
+ 1E (k(X1, X2)) E (k(X1, X2)) E (k(z, X1))
— 1K (k(X1, X2)k(X1, X3)) E (k(2, X1)) + ¢
Due to the simplicity of the random wvariable X it is straight forward to calculate the
expectations explicitly,

Ca (w-1)
® E(k<w7X1)) = %67 2 4 %67 2
ey (@1’ +(p=1
o E(k(z, X1)k(y, X1)) = 3¢~ 2 +3e 5

1
o E(k(X1,X2)=4+3e 2

o E(k(X1, Xo)k(X1, Xp)) = § + 3¢ 2 + e
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Using these expressions we can explicitly calculate hy as follows,

PPt ()P (1)
h(x)=57le” 2 +e 2

2 4y?+(2—1)2 (z—1)2+(y—1)2+2>
+e” 2 +e 2

2?4+ (y—1)2+(2—1)? (z—1)%4y>+(2—1)2

(@—1)2+y?+2 2+ (y—1)%+2?
—_ ei 2 — 67 2 + C
The support of PX is supp(PX) = {(0,0

,0),(0,0,1),(1,1,0),(1,1,1)}. It can be checked
directly that hy is constant on supp(PX).

0),
Hence we have shown that hy(X) is degenerate.
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