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ABSTRACT. — We study approaches for compressing the empirical measure in the context
of finite dimensional reproducing kernel Hilbert spaces (RKHSs). In this context, the empirical
measure is contained within a natural convex set and can be approximated using convex
optimization methods. Such an approximation gives rise to a coreset of data points. A key
quantity that controls how large such a coreset has to be is the size of the largest ball around
the empirical measure that is contained within the empirical convex set. The bulk of our work
is concerned with deriving high probability lower bounds on the size of such a ball under
various conditions and in various settings: we show how conditions on the density of the data
and the kernel function can be used to infer such lower bounds; we further develop an approach
that uses a lower bound on the smallest eigenvalue of a covariance operator to provide lower
bounds on the size of such a ball; we extend the approach to approximate covariance operators
and we show how it can be used in the context of kernel ridge regression. We also derive
compression guarantees when standard algorithms like the conditional gradient method are
used and we discuss variations of such algorithms to improve the runtime of these standard
algorithms. We conclude with a construction of an infinite dimensional RKHS for which the
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RESUME. — Nous étudions des méthodes de compression de la mesure empirique dans
le cadre des espaces de Hilbert & noyau reproduisant de dimension finie (RKHS). Dans ce
contexte, la mesure empirique est contenue dans un ensemble convexe naturel et peut étre
approximée a ’aide de méthodes d’optimisation convexe. Une telle approximation donne lieu a
un petit ensemble de points de données, a savoir un « coreset ». Une quantité clé qui controle
la taille d’un tel coreset est la taille de la plus grande boule autour de la mesure empirique
qui est contenue dans ’ensemble convexe empirique. L’essentiel de notre travail consiste a
dériver des bornes inférieures a forte probabilité sur la taille d’une telle boule dans diverses
conditions et dans divers contextes : nous démontrons comment les conditions sur la densité des
données et sur le noyau peuvent étre utilisées afin de déduire de telles bornes inférieures. Nous
développons en outre une approche qui utilise une borne inférieure sur la plus petite valeur
propre d’'un opérateur de covariance pour fournir des bornes inférieures sur la taille d’une
telle boule ; nous étendons cette approche a l'approximation des opérateurs de covariance
et démontrons comment elle peut étre utilisée dans le contexte de la régression a noyau.
Nous dérivons également des garanties de compression lorsque des algorithmes standards
comme la méthode du gradient conditionnel sont utilisés et nous discutons des variantes de ces
algorithmes pour améliorer le temps d’exécution de ces algorithmes standards. Nous concluons
avec une construction d’'un RKHS de dimension infinie pour lequel la compression est médiocre,
soulignant certaines des difficultés auxquelles on est confronté lorsqu’on essaie de passer a des
RKHS de dimension infinie.
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1. Introduction

Many methods in machine learning and statistics make use of the empirical mea-
sure which is effectively a representation of the data. Reducing the number of points
on which the empirical measure is supported, while preserving most of the informa-
tion that is necessary for inference, can result in a significant speed-up of algorithms
without sacrificing accuracy. We study the question of how to compress the empirical
measure while preserving information in the context of finite dimensional Reproduc-
ing Kernel Hilbert Spaces (RKHSs). To give an overview of our results it is useful
to introduce the key objects of our investigation. We are generally concerned with
data taking values in some set X. Often we will assume this set to be compact.
We then look at a kernel function £ defined on X and the corresponding RKHS H.
For various results, it is useful to assume that the functions in H are continuous
or even Lipschitz-continuous. Our main interest lies in the unknown distribution
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P of data Xy,..., X, where we assume throughout that Xy,..., X, are indepen-
dent and identically distributed. We adopt a common convention from the empirical
process theory literature and will denote by Pf the integral [ f(z)dP(x) whenever
f € LY(X, P). Since P is unknown it is common to use the empirical measure B,
as a surrogate, where P, f = (1/n) > f(X;). There is a useful interplay between
the measures P and P, and RKHSs. Whenever k(X7, -) is Bochner-integrable with
respect to P we can define m = [ k(z, - )dP(z) € H and it follows that

(m,h) = Ph, forall h € H.

Similarly, by defining m,, = (1/n) >, k(X;, - ) we have that (m,, h) = P,h for all
h € H. Our aim in this paper is to find an element m,, such that

[mn —my | = [fm, —m]]

to guarantee that |jm,, — m|| is of the same order as |jm,, — m|| and m,, can be used
in place of m,, without sacrificing significant accuracy in applications.

To gain such an approximation m,,, we make use of another fortunate circumstance.
The element m does not only lie in ‘H but within the convex set

C = cchik(z, -) 1z € X},

where cch denotes the closed convex hull. This is useful because the extremes of C
are contained within the set {k(x, -) : x € X'} and often we can reduce the study
of C' to studying the interaction between k(z, - ) and functions h € H. For instance,
the width of C in a direction h € H, ||h]| =1, is
width ,(C) = sup(k(z, - ), h) — inf (k(z, - ), h) = sup h(z) — inf h(z).
TEX TEX zEX TEX

The set {k(z, -) : © € X} is usually infinite and not directly useful for algorithms.
However, when using m,,, we have another convex set in H that is usable, that is the
empirical convex set C,, = ch{k(X;, -) : i < n} which contains m,. The extremes
of C,, are contained within the finite set {k(X;, -) : i < n}.

Standard techniques like the conditional gradient method or the kernel herding
algorithm are directly applicable to approximate m, by convex combinations of
{k(X;, -) : i < n}. The kernel herding algorithm generates an approximation of the
form (1/1) ', k(X,,, -), where ¢ : {1,...,1} — {1,...,n} is some selection of data
points and [ < n. The data points X,(y),..., X, themselves can be seen as a coreset
for the data set. This approach is visualized in Figure 1.1 (i). The conditional gradient
method does not provide such an average but an arbitrary convex combination of the
points k(Xy, - ),...,k(X,, -) and cannot be used directly to find a coreset. However,
a coreset is often not necessary and many algorithms can work directly with an
approximation of m or related quantities; we demonstrate this in Section 1.5 and
Section 5. The advantage of the conditional gradient method when compared to the
kernel herding algorithm is that it usually leads to a vastly superior compression of
the data.

Crucially, the performance of these techniques depends on the size of the largest
ball in (), that can be centered at m,,. The existence of such a ball is in itself already
of major importance for the performance of the techniques and is known as Slater’s
condition. In this paper, our main focus lies on the derivation of high probability
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Figure 1.1. (i) The figure depicts how a subset or coreset of the sample is selected:
the data is embedded in H by using the kernel function of H. An approximation
algorithm is then applied to the convex polytope in ‘H to find an approximation
of m that uses only a few extremes of the convex polytope. The pre-images of
these extremes are the sample points that are selected as the coreset. (ii) For
most statistical problems approximating m itself is insufficient and one has to
approximate closely related quantities. In the case of least-squares regression,

one has to approximate the operator €,,, € H ® H (see Sections 1.9 and 3 for
the definitions), which is closely related to the empirical covariance operator,
and a “weighted” mean embedding m,, € R’ ® H. It is often of interest to
approximate €, ,, and m,, simultaneously, for instance, when building a coreset
for least-squares regression. This can be achieved by considering the direct sum

(HoH)® (R ® H) and a “direct sum” of the convex polytopes in the two
spaces. The relation between the extremes of the convex polytopes is highlighted
in the figure through the dotted lines; i.e. an algorithm will select a pair that
is connected by a dotted line and by selecting such a pair of extremes the
approximation of both the covariance and mean element will change.

lower bounds on the size of such a ball around m,, within C,,. Figure 1.2 outlines
our approach. In (i) the setting is shown with m,, € C,, C C and the largest ball
around m,, in C,, is drawn. One of the main difficulties is that both m, and C,
are stochastic and change with the sample. We sidestep this difficulty by analyzing
C and m, and relating the empirical quantities C;,, and m,, to C' and m. Standard
techniques from empirical process theory suffice to control the deviations between
the empirical versions and their population limits (Figure 1.2(iv)). There are at
least two useful approaches to control the size of the largest ball around m within C'.
The first approach is sketched in (ii) and (iii): first, we lower bound the width of C'
uniformly over a range of “directions” h in H (Figure 1.2 (ii)). Then we determine
how centered m lies within C' in each direction h (Figure 1.2 (iii)). Combining these
two arguments, we can derive a lower bound on the size of the largest ball around
m in C. The second approach is quite different in that it does not try to control
the width of the set C' explicitly. Instead, it uses the spectrum of the covariance
operator to derive lower bounds on the largest ball around m in C'. In particular,
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476 S. GRUNEWALDER

a simple argument using the Paley—Zygmund inequality goes a long way and leads to
lower bounds that are controlled by the smallest non-zero eigenvalue of the centered
covariance operator.

(i) (ii) (iii) (iv)

hl hg hl h2
h3 % h

Figure 1.2. The figure summarizes some of the key questions we address in this
paper: (i) This is the central question in this paper; “how large a ball exists within
the empirical convex set C,, around m,?” (ii) This question can be addressed
by first controlling the width of C' itself in different directions hy, hy,... € H.
The width in such a direction h is the size of the projection of C' on the span
of the function h € H. Lower bounds on the width that hold simultaneously
for all relevant h translate to the existence of a ball in C'; furthermore, the size
of the ball is directly related to the lower bounds on the width. (iii) We need
not just any ball in C' but one that is centered at m. Now, generally, m can lie
close to the boundary and no large ball around it might exist. However, under
certain natural conditions, it can be ruled out that m will lie too closely to the
boundary. In particular, under these conditions, we can control the ratio of a/b
for the segments shown in the figure. Controlling this ratio for all relevant h € ‘H
allows us to show that there exists a ball around m in C. (iv) To translate this
back to C,, and m,, we are making use of empirical process theory to control the
convergence of C,, — C and m,, — m which allows us to lower bound the size
of a ball around m,, in C,, with high probability. Similarly to (ii) we control the
convergence per direction h and then use high probability guarantees that hold
simultaneously for all relevant h.

1.1. Lower bounding the width of C

When trying to control the width of C' the first thing one notices is that we seem
to know relatively little about C. Even the RKHS H itself is usually only accessed
through k£ and we do not have easy access to a basis of H. So it might come as a
surprise that there is a relatively simple way to access the width of C'. The key to
bounding the width is that

widthy (C) = 2inf [|h — 1|,
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where h € H, ||h|| = 1, and 1 is the constant function that is equal to 1 everywhere.
This relationship holds because

sup(h, g) — inf(h, g) = sup(h, k(z, -)) — inf (h, k(z, -)) = sup h(z) — inf h(z).

geC geC reX zeX reX zeX

The relevance of this equality is that it reduces the problem of measuring the width
to the problem of measuring how well constant functions can be approximated by
functions in the RKHS. The question of how well certain functions can be approxi-
mated by RKHS functions is well understood when the RKHS is infinite dimensional.
In particular, the K-functional is a common tool to control the approximation quality,
and results about the K-functional can be brought to bear to provide bounds on the
width of C'. However, in the finite dimensional setting, these results are of limited use.
We develop for this case a simple approach to measure how well constant functions
can be approximated: if the constant functions do not lie in the RKHS H then we
can construct a new RKHS H™ by introducing the kernel function k™ =k +1® 1,
where k is the kernel of H. The RKHS H* then contains the constant functions and
H C H'. In fact, we have an isometric embedding of H into H*. Now, in H™ it is
easy to measure how well constant functions can be approximated by functions in
the unit sphere of H. In detail,

inf inf||h —cl|jy+ = 1.
heH,|[hl|=1 c€R

There are different ways to move from the norm of H* to || - ||oc which we summarize
in Lemma 2.3 p. 507. One of these approaches applies if k* is a Mercer kernel and
Agr1 > 0 is the smallest eigenvalue in the series expansion. In this case

207 < widthy(C),

for all h € H, ||h]| = 1.

If the constant functions lie already in H then a different approach is necessary. Let
us mention that we only need to control the width of C' within the affine subspace
that is spanned by it. Since (k(z, -),1) = 1 for all z € X we can observe that the
space spanned by 1 is perpendicular to the affine subspace of C. To get a lower
bound on widthy,(C) for functions h in the affine subspace we can consider the kernel
k=~ =k —||1||*1 ® 1 and the corresponding RKHS H~. The constant functions do
not lie in H~ and H~ can be isometrically embedded in ‘H. Most importantly the
functions A € H~ of norm ||h||3- = 1 are exactly the directions in which we need
to bound the width of C'. Now, with an approach analogous to the one involving H
and H' we get a lower bound of the form

20,% < widthy (C),
for all h € H~, ||h|lx- = 1, and with A; being the smallest eigenvalue of the Mercer

decomposition of the kernel k. Proposition 2.10 p. 514 contains these results and
results about related approaches to bound the width.
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1.2. Locating m within C'

Controlling the width of C' alone is insufficient since m might lie in the boundary
of C'. We need to complement the lower bounds on the width with results that tell us
how centered m lies. This can be achieved by controlling the ratio a/b and b/a of the
segments along any function A from m to the boundary as depicted in Figure 1.2 (iii).
An observation that is useful in this context is the following: if we have a probability
measure on R which has a mean value of zero and there exists some measurable set
B with inf B > € > 0 and P(B) > 0, then there will be probability mass on the
negative axis since otherwise

oz/de: de>/de>eP(B)>o.
R [0,00) B

A similar argument applies to C' and m. For instance, if we have a uniform distribution
on the boundary of the ellipse shown in Figure 1.2(iii), then m cannot lie in the
boundary: otherwise, there would exist a function h € H, ||h|| = 1, such that
(h,k(z, -)) = (h,m) forall z € X and an € > 0 such that A={x : (h, k(z, - t)—m)>¢€}
has non-zero measure. Hence,

0= / (h, k(z, -) — m) dP(z) > eP(A) > 0.

Combining this argument with a Lipschitz assumption on the kernel function and
a lower bound on the density allows us to show that m has to lie away from the
boundary. How far away it has to lie is made precise in Proposition 2.12 p. 521.

1.3. Convergence of C,, to C'

To transfer the results about C' and m to C,, and m,, we use VC and Rademacher
arguments to bound the difference between C,, and C', and m,, and m. For controlling
|m,, — m|| a standard argument suffices. However, it is less clear how to best control
the difference between C,, and C.

The approach that we are taking is the following. We consider indicators
X{(k(X, ) —m,h) < —c} where X is a random variable with the same distribu-
tion as Xi,..., X, and c is a constant that we vary. Observe that whenever

then there is a point € X, such that (k(x, -) —m, h) < —¢, or in other words, there
is a point which lies ¢ away from m along h. A VC argument allows us to control all

these indicators simultaneously over all h in the unit ball of H and to show that for
any such h,

Bax{(k(X, -) =m, h) < —c} = Px{(k(X, -) —m, h) < —c}

is small for sufficiently large n. This allows us to show that C,, converges along h
towards C' with a certain rate and since we have guarantees that hold uniformly
over the unit ball in H we can derive a rate of convergence of C,, to C. A similar
approach works for Rademacher complexities with the main difference being that
we have to approximate the indicator functions with continuous functions.

?
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Both approaches rely on a lower bound on the probability that h(X) attains values
below a threshold. We use two different approaches to get such lower bounds: the first
approach uses an assumption on the density (lower bounded away from zero) and a
Lipschitz assumption on the functions in H. The second approach uses assumptions
on the covariance operator. The second approach is more general in the sense that
assumptions on the density imply a certain behavior of the covariance operator
but our density assumption is certainly not the only way to control the covariance
operator. On the other hand, the assumption on the covariance operator is quite
abstract while the density assumption is in a sense very concrete.

Combining these different arguments allows us to control the size of the ball
around m,,. In particular, our first theorem combines the Rademacher approach with
a density assumption (Theorem 2.16 p. 529). This approach brings together some
of the results on the width of C, the location of m and the convergence results to
show that for large enough n there is with high probability a ball of a certain radius
around m,, in C,,. In detail, there exists a ball of size

~ I+1
(N AL) g,
I+ 1)Ly
where X = [0,1]!, L is the Lipschitz constant, Xd the smallest eigenvalue of the
Mercer decomposition of k, ¢ > 0 is a lower bound on the density of the law of X;
on X and f; is the Lebesgue measure of the {-dimensional unit ball in R'.

With probability ¢ € (0,1) there then exists a ball of radius /4 around m,, in C,,
whenever n is greater than

s (Wogwq) +96uk|r;42/6>2 y (ﬂukuwu + Fog@/q»)?

ci(0/8L)! 5/4

We can observe that § is strongly dependent on the dimension [ of the space X.
This stems from our approach: we identify a point zy € X which corresponds to an
element k(zg, -) € H that lies far away from m. We then identify a second point
x1 such that k(zq, -) lies in the opposite direction of k(zg, -) with respect to m.
If the space is low dimensional then k(zq, -) needs to lie far from m to counter
the mass that is accumulated around k(xg, -) and, thus, m lies reasonably centered
between k(xo, -) and k(z, - ). However, when the space is high dimensional then
no single point k(zy, -) has to lie far away from m because the mass accumulated
around k(zo, -) can be countered by “many points” that lie close to m and m can
lie significantly closer to the boundary.

To contrast this worst-case bound with the best-case scenario, observe that there
is a point in C' such that a ball of radius 25:2/ ? lies around it within C. The factor

X}/ ? itself is in all likelihood tight and reflects the fact that the convex set C'is very
small in certain directions.

1.4. Assumptions on the spectrum of the covariance operator

An alternative approach to controlling the width of C' in different directions h € H
and then determining how centered m lies in each direction is to use assumptions on
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the covariance operator. In fact, the argument that involves the covariance operator
is considerably simpler: when

E(h*(X)) — F*(M(X)) =2 A>0

for some positive A then |h(X)| must attain large enough values with some non
negligible probability. Furthermore, when A is a bounded function then both (h(X)—
E(h(X)))" and (h(X) — E(h(X)))” must be large with a non-negligible probability.
A simple argument involving the Paley—Zygmund inequality suffices to make these
statements precise. To get a lower bound on the largest ball around m in C we have
to control all h in the unit ball with this approach. In terms of the spectrum of the
covariance operator this means that we have to use the smallest non-zero eigenvalue
of the covariance operator as \.

Another advantage of the covariance operator approach is that it adapts nicely
to settings where the distribution has support S that is not equal to X. Effectively,
algorithms like the CGM or kernel herding work implicitly with a subspace of H
that is isometric to an RKHS Hg with kernel k.S x S (the restriction of k to S x S)
and for Hg we have a covariance operator that has the same non-zero eigenvalues as
the covariance operator for H. Hence, we can use the same A for Hg as for H and we
can control the largest ball around mg in Hg through this argument. Theorem 2.17
p. 531 is based on that argument.

1.5. Adapting the approach to concrete statistical problems
Most methods for inference do not use m itself but related quantities. For example,

in the least squares problem, where we try to fit observations Y; through f(X;) with
some function f in an RKHS, we have

L () = Yoy
=SS (f @ kX ) B kX ),

= <f ® fa €n>"H®H + 2<.f7 my,n) + g ZY;‘Za

i=1

2

S LYk )+ 3
=1 =1

3

where we denote by H ® H the tensor space H ® H when the functions are restricted
to the diagonal A = {(z,z) : z € X}, €, = (1/n) X1, k(Xi, - ) @ k(X;, - )[A and
my, = (1/n) S0, Yik(X:, - ).

There are significant similarities between the problem of compressing m,, and that
of compressing €, or m,,. We discuss these in Section 3. Let us highlight a few
results.

The empirical covariance operator €,, can be dealt with quite easily by associating
it to the element (1/n) 37", k(X;, ), where k(x,y) = k*(z,y). This way one can
apply all the results we developed for m,, to €,,, one only has to substitute  for k.

Dealing with the element m,,, is more challenging and there is a certain degree
of freedom of how to phrase the compression problem. A natural and simple choice
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is to consider Y;k(X;, -) as the random elements which attain values in H. A first
indicator that things are more complicated is that when Y; is unbounded then we
run into serious problems when trying to define a bounded convex set that contains
(1/n) X%, Yik(X;, - ). Things simplify if we assume boundedness of the Y; and make
some natural assumptions about how the data is generated. In particular, if we
assume that Xi,..., X, are i.i.d. and Y; = fo(X;) + €;, where fy is some bounded
measurable function, the ¢;’s are i.i.d., centered, independent of X;,..., X, and
bounded by |¢;| < b a.s., then m,,, converges to

m, = /fo(Xl)k(Xl, )dP e H
and m, is contained in the convex set
C, = cch{(fo(z) £ b)k(z, -) : z € X}.

In this setting there is also a simple relationship between the width of C, and C:
consider some h € H, | k|| = 1, then

Widthh(Cy> 2 b Wldthh<c>

and results on widthy,(C') are applicable. The downside of this approach is that
the convergence of the empirical convex set towards C, can be very slow since the
le;| might only have a low probability of attaining values close to b. This problem
can be circumvented by using an alternative approach. Instead of considering the
convergence of the empirical convex set to a suitable population limit we can directly
work with the empirical convex set and analyze how deep the empirical mean element
lies within that set. We develop this approach in Section 3.3.1. The discussion in that
section cumulates in Proposition 3.1, which provides lower bounds on the radius of
a ball that is centered on the empirical mean element m, ,, and which is contained
within the empirical convex set.

We extend this approach to the case of unbounded Y; by using random variables ?Z
that are capped at a certain, n dependent, threshold. There are a variety of technical
challenges that have to be overcome to make this approach work. In particular,
one has to verify that the empirical mean element corresponding to the capped
random variables is close the empirical mean element of the original variables when
the threshold of the cap is selected appropriately. Also, one has now to work with
a family of covariance operators corresponding to the different thresholds and the
corresponding capped random variables. We show that the lowest eigenvalues of
these covariance operators are close to the lowest eigenvalue of the original covariance
operator if the threshold for the cap is set in the right way. Proposition 3.3 contains
the details of that result.

1.5.1. Simultaneous approximation

Up to now we considered the approximation problems in isolation but it also
makes sense to try to approximate €, simultaneously to m,,, by selecting elements
Y;k(X;, -) that reduce the approximation error for both elements. Quite a different
set of techniques are needed to deal with this simultaneous approximation problem.
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In Section 3.4 we develop an approach based on direct sums of Hilbert spaces to
deal with this problem. The analysis is much more intricate and interesting than for
the individual approximation problems. In Figure 1.1 (ii) the high level approach is

visualized. The space H ® H is the space of functions H ®H when trivially extended
from X to R x X. The space R’ ® H, where R’ denotes the dual space of R, is
an RKHS with kernel function ((y1, 1), (y2,22)) — (y1, y2)rk(x1, x2) which is also
defined on R x X. The convex sets we introduced above have natural analogues in

—

H ® H and in R’ x H. By taking the direct sum of these spaces we also get a sort of
direct sum of these convex sets and we are trying again to control quantities like the
width of that set. The particular problem of approximating €, simultaneously to

m, ,, is benefiting from the fact that H ©® HN(R'®#H) = {0}. This allows us to define
an RKHS that is isometrically isomorphic to the direct sum. The analysis of the
simultaneous approximation problem then breaks down to studying the empirical
mean element and the empirical convex set within that RKHS.

The situation that the two Hilbert spaces that we combine through the direct
sum are not overlapping is rather special. For instance, if we try to approximate m
and € simultaneously then the Hilbert spaces overlap, which adds another layer of
difficulties. We are developing for this case a quotient space approach that factors
out the intersection between the two Hilbert spaces. An interesting finding in this
context is that the direct sum cannot be related directly to an RKHS but, like in
the case of approximating m and € simultaneously, the affine subspace spanned by
the convex set can be isometrically isomorphic to an RKHS which then allows us to
use results we developed for RKHSs (see Lemma 3.5 p. 563).

When we apply the conditional gradient method to the above RKHSs then we

will not end up with a coreset of data points but with elements in 'H/(:)\”H, R @ H

or HOH @ (R ® H). However, that is not a major obstacle and it is for various
problems quite easy to adapt the algorithms to deal with these approximations; we
highlight that approach for kernel ridge regression in Section 5.

1.6. Implications for algorithms

The various results that we derived to control the size of the largest ball around m,,
in C,, can be translated directly to results for algorithms like the CGM. In particular,
we can give high probability guarantees on the approximation error when the CGM
is being run for ¢ iterations and we can give guarantees on the expected size of a
coreset when the kernel herding algorithm is used with a stopping criterion that is
an error of below n~/2. The corresponding results are contained in Section 4.

One problem with these algorithms is that they require an upfront computation of
order O(n?) which is too high for large-scale data. Standard approaches to scale the
CGM to large-scale problems do not seem to yield direct computational advantages
but there are some interesting directions to explore. In particular, a divide-and-
conquer approach has some intriguing features. The performance of the approach
depends to a large extent on the bias of the algorithms (CGM or kernel herding).
Section 4 contains a detailed discussion of these ideas.
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1.7. Slow rate of convergence in infinite dimensions

It was observed in [BLJO12] that the proof technique used to derive fast rates of
convergence for the kernel herding algorithm and the conditional gradient method
cannot be applied to compact sets in infinite dimensional RKHSs since compact sets
in such spaces do not contain norm balls. It was later found that there are general
limits to how well the representer of the empirical measure can be approximated. In
particular, [PT20, Theorem 3.1] states that there exists a set of n points z1,...,x,
in R?, for large enough d and n > d, such that for any set of points v, ...,y with
| < +/dn/2 it holds that

- 1
lZ:1 yZ’ TLZ:1 'Z"H

under mild assumptions on the kernel. This implies that for this particular set
of elements xl, ..., x, there cannot be any significant compression of the element
m = (1/n) k(:ﬁz, -). The argument in [PT20] is not stochastic and is not con-
cerned with draws of samples X1,..., X, from a distribution, but it seems likely
that the argument can be extended to provide restrictions on how well m,, can be
approximated by a core-set of points in high probability (over the values that m,
attains). Nevertheless, there is hope to circumvent the barriers erected by this theo-
rem. First of all, the construction uses approximations of the form (1/1) S>'_, k(y;, - )
and not arbitrary convex combinations of the elements k(y;, - ), < . A greedy algo-
rithm to find such a core-set of points ¥, ..., y; requires generally significantly more
points than algorithms that approximate m,, with convex combinations of elements
k(yi, - ). An interesting question is therefore if there exists an inherent limitation for
approximating with core-sets that can be avoided by more general convex combi-
nations, or if this difference in performance is simply due to the algorithms (kernel
herding vs. CGM). There is a simple argument that hints at the former: consider
the set X = [0,1]% for some positive dy € N and a continuous kernel function
k: X x X — R whose corresponding RKHS is infinite dimensional and separable.
The set C'is then compact and for any orthonormal basis {e;};>; of H it holds that
supseo(ei, f) — infgec(g, €;) converges to zero as i — co. The rate with which this
series converges is in all likelihood of crucial importance for determining how well
m,, can be approximated. Therefore, let us introduce

d<PU¢C> C) = sup HPsz - fH7
fecC

> ||kl 2,

where U; is the subspace spanned by ey, ..., e; and Py, is the orthogonal projection
onto this subspace. Now, Caratheodory’s theorem tell us that for ¢ > 1 there exists
a convex combination m; of ¢ + 1 elements k(z1, -),..., k(z;11, - ) such that

In other words, when d(Py,C, C) is of order i~“, for some a > 0, and if we are aiming
for an approximation error of n=/2? then we need approximately n'/?® many points.
Furthermore, when d(Py,C, C) falls exponentially fast, say with order exp(—i), then
log(n) many points suffice.
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Figure 1.3. The figure shows lower bounds on |{e,,, w)| in dependence of the first
element a,, that has not yet been chosen. The shaded area is a lower bound on
|w|| when m = 10%. The norm of w goes to infinity in m which implies that the
kernel herding algorithm converges with a rate that is slower than 1/¢.

Another important aspect of the compression problem that is not captured by the
theorem is the dependence of the compression problem on the distribution of the
data. For example, in [BLJO12] a lower bound on the density of the distribution
was crucial for deriving fast rates of convergence in certain settings. This is because
such properties of the density translate directly to geometric properties of the ap-
proximation problem (the existence of a ball around m,, in C,,). Similarly, in this
paper, we use the size of the largest non-zero eigenvalue of the covariance operator to
control the rate of convergence. One might wonder if such properties also influence
the compression performance in infinite dimensional RKHSs. To this end, we provide
an example that shows that an assumption on the density alone will in all likelihood
be insufficient. The example we construct is not universal in the sense that we show
that the kernel herding algorithm does not achieve its fast rate of 1/t of approxi-
mation in this example. As in the example from [PT20], we construct a particular
target m and do not consider the empirical version m,,. However, our construction
incorporates properties of the underlying probability measure and might serve as a
starting point for more refined analyses that use properties of the distribution of the
data. The counter-example is constructed for the kernel herding algorithm and not
the conditional gradient methods since the behavior of the kernel herding algorithm
is easier to control but we strongly suspect that similar problems will also occur with
the conditional gradient method.

In detail, the example we construct shows that there exists a continuous kernel
on [0, 1], a Borel probability measure on [0, 1] which assigns positive measure to
open subsets of [0, 1], and an initialization for which the kernel herding algorithm
converges with a slower rate than 1/t when approximating the representer m of
the probability measure (Theorem 6.1 p. 589). The construction of this example is
somewhat involved since we need to gain control over the behavior of the kernel
herding algorithm. The basic intuition, however, is rather simple. We start with some

ANNALES HENRI LEBESGUE



Compressed Empirical Measures 485

infinite dimensional Hilbert space H and an orthonormal sequence {e, },>1 in it. The
construction is best explained when assuming that m = 0 (we cannot set it exactly
to 0 and need later a minor modification). We then construct a compact convex set
that contains elements {ay, }n>1, {bn}n>1, where each a, is a positive multiple of e,
and each b, is a negative multiple of e,. Furthermore, b, is of significantly smaller
magnitude than a,. Consider now an initialization of the algorithm with an element
¢ € H which is of small magnitude compared to the a, and has a positive inner
product with each a,,. Because of this positive inner product the different a,,’s will
be chosen one by one by the algorithm and because the b,’s are of small magnitude
compared to the a,’s hardly any weight will be reduced in the directions e,. This
way the element w;, which measures the approximation error at iteration ¢, builds
up mass in the different directions e, and its norm grows in ¢. The construction is
more involved than this sketch, but, a suitably adapted version of this approach
allows us to show that so much mass will be added to w; that its norm diverges to
infinity. This effect is visualized in Figure 1.3. The figure shows four different w; as
inner products with e, (n being shown on the z-axis). The shaded area continues
past the right end of the plot (the limit of the shaded area is given in the legend:
10° for the black line etc.). One can observe that the right limit of the shaded area
grows significantly from the black line to the red line, i.e. from 10° to 10?°. While the
right limit grows exponentially the left limit hardly changes. This is due to the small
scale of the b,’s. As a result the overall mass in the shaded area, which corresponds
to ||w¢||, diverges to infinity. This implies then directly that the algorithm cannot
converge with the fast rate of 1/t that is achieved under similar assumptions in the
finite dimensional setting. All that then remains to complete the example is to show
that there exists a continuous kernel that gives rise to this setup. We construct first
a continuous function ¢ : [0, 1] — H that goes over all a,, and b,, and we then use this
Hilbert space and the continuous function to construct an RKHS with a continuous
kernel function.

1.8. Literature

The concept of a coreset is known for at least two decades and there is a wide
range of literature on its application to machine learning, Bayesian statistics and
geometric approximation problems (e.g. [AHPV05, BHPI02, HCB16]). It is natural
to apply the conditional gradient method [FW56] in that context (e.g. [HCB16]).

The kernel herding algorithm and the conditional gradient method are greedy
approximation algorithm as they choose at each stage t an element that minimizes
the remaining error. Greedy algorithms will generally not return the best possible
approximation that can be achieved in t steps but they are easy to compute. This is a
big advantage since in the large data context computational efficiency is paramount.
Greedy algorithms for approximating functions have been popular at least since the
late nineties. An overview of the most popular approaches is provided in [Tem11].
The approach is here to make use of a basis of a function space, say of a Sobolev
or Besov space, to approximate elements inside these function spaces in a greedy
fashion. An important generalization is to use so-called dictionaries which are families
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of functions that are not necessarily linearly independent, i.e. there are redundancies
in the representation of elements in the function space. These approaches are very
natural if one has access to a basis or related families of functions. In contrast to
this approach, we are interested in approximating subsets of the function space that
are naturally described by point-evaluators, a kernel function, or, more generally,
a set of extremes of a convex set. Instead of working then with linear subspaces of
the function space we are working with convex subsets of the function spaces and
we apply greedy algorithms to approximate elements inside such convex sets.

The methods we are studying compress the sample into a potentially small subset
of the original sample while retaining optimal, or nearly optimal, rates of convergence.
While our approach is inspired by various optimization methods there are links to
sample compression schemes as introduced in [FW95, LW86]. Sample compression
schemes are concerned with the inference of “concepts”, which are indicators y A, A
a Borel subset of some topological space X. In this setting, one has given a set
of concepts that contains the concept xA, or are sufficient to approximate yA
in a suitable way, and one likes to infer yA from observations (x1,41), ..., (Tn, Yn),
x; € X, y; € {0,1}. A sample compression scheme compresses these observations into
a subset that is sufficient to reconstruct the original labels y; for all z;, ¢« < n, if the
observations are consistent with some concept yA’, where yA’ is contained in the
predefined set of concepts. Compressibility is directly linked to VC-theory: in [FW95]
it is shown that, under some technical conditions, sets with VC-dimension d are
d-compressible, meaning that one can always reduce the sample to a sub-sample of
size d while still being able to reconstruct the sample in the above sense. Furthermore,
it is not possible to compress the sample to less than d-points without losing the
reconstructability property. Our aim is quite different in that we do not care about
being able to reconstruct the original labels. In that sense our approach is more
closely related to sufficient statistics which compress the data to facilitate inference.
That being said, there are interesting parallels. For instance, Caratheodory’s theorem
tells us that, in our setting, there is a compression of the data down to d 4+ 1-points
if we work with a d-dimensional RKHS; such an RKHS has VC-dimension d.

The question of how to construct coresets for m has garnered significant attention in
recent years. In [DM21] a good overview is given that covers recent approaches most
of which focus on the infinite dimensional setting. In the context of finite dimensional
RKHSs it is worth mentioning the paper [HS14] which studies linear kernel functions
and shows that under certain conditions they can achieve a compression down
to nl/2.

Naturally, there are a variety of alternative approaches to deal with large scale
data in the RKHS context. In particular, when the RKHS is finite dimensional
with dimension d it is straight forward to represent m, using a basis expansion:
take points X7,..., Xy such that k(Xy, -),...,k(Xy, -) are linearly independent
and apply the Gram—Schmidt orthogonalization procedure to gain a basis ey, ..., eq
of H then m can be written as a linear combination of ey, ..., e; which implies that it
can be written as a linear combination of k(Xy, ), ..., k(Xy, -). In more detail, the
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coefficients aq, ..., ay, such that m,, = Z?Zl a;k(X;, - ), can be computed recursively
by first computing the basis representation through

(er,m) = (k(Xy, -),m,)/k(X1, X))

ci = (k(Xi, - ), my) = Y (R(XG, ), i) (eimjy mn)

k(X o) = > (k(Xisy, <) e)e

j=1

(ei,my) = ci/

Y

and then to link this back to the coefficients of k(Xy, -), ..., k(Xq, -). To perform
this Gram-Schmidt procedure it is necessary to compute k(X;, X;) for all 4, j < d. In
other words, we need in the order of d?> many kernel evaluations. This is a negligible
factor when d < n. Similarly, one can solve concrete statistical problems, like a
linear regression problem, by using a d x d covariance matrix instead of the kernel
matrix; one way to gain such a covariance matrix is to use again the Gram—Schmidt
procedure. Our aim in this paper is not to compete with these methods in terms of
runtime performance in the context of d < n, but to gain insights into the behavior
of greedy algorithms in the absence of complications that arise in infinite dimensional
settings.

The above approach is closely related to the Nystrom method for improving the
run-time of kernel methods. The Nystrom method was first applied to machine learn-
ing problems in [WS00]. It has since seen tremendous success, and there is now a vast
literature concerning applications, variations, and theoretical investigations of the
method. The most relevant results for this paper concern the compression rates for
kernel regression and kernel PCA. For kernel regression, compression rates were de-
veloped in [RCR15] for the case that the unknown regression functions lie within the
RKHS that is used to construct the estimator. For the more realistic setting, where
RKHS functions are used to approximate more complicated functions, results have
recently been obtained in [LLW23]. In more detail, [LLW23, Theorem 3.9] provides
lower bounds on how many samples the Nystrom method requires to preserve the
optimal estimation error in kernel regression. This bound depends on the roughness
of the target function, which is measured through a coefficient r € (0, 1], where
r € [1/2,1] corresponds to the case where the target function lies in the RKHS
or is even smoother than RKHS functions. For most applications, the interesting
regime is 7 € (0,1/2), which corresponds to the case where the target function is
not in the RKHS. There are two more coefficients v, € [0, 1], which are related
to the effective dimension. Given these parameters, the lower bound on the number
of samples is of order n¥ for n data points overall. For example, for v = a =1
and assuming that the unknown regression function lies in the RKHS, one needs of
order \/n many samples. As the target function gets rougher (r — 0) the number
of samples increases to n and the speed-up due to the Nystrom method becomes
negligible.
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Kernel PCA [SSM97, BBZ07] is another popular kernel algorithm to which the
Nystrom method can be applied. The most recent results that we are aware of
quantify the reconstruction error within the RKHS when using kernel PCA [SSRR20].
This setting is akin to the regression setting, where the true regression function lies
within the RKHS. This similarity is reflected in the compression guaranties: when
the eigenvalues of the covariance operator decrease quadratically, one can achieve
a reconstruction error of order 1/4/n with y/n many samples [SSRR20, Corollary 3.
We are unaware of attempts to move beyond the reconstruction error within the
RKHS; such results could come in the form of a pre-processing step for kernel two-
sample tests [GBR112], where one compresses the mean embedding before applying
it to potentially rougher test functions to quantify differences between measures.

The above results are particularly interesting when the RKHS is infinite dimen-
sional. Since our current results are confined to finite dimensional spaces it is difficult
to compare the results. That said, it seems worth to highlight the following: Nystrom
methods deal very well with small eigenvalues, but struggle when there are many
large eigenvalues (roughly speaking, this corresponds to r < 1/2 in the regression
setting). On the other hand, the coreset methods we investigate deal well with large
eigenvalues but struggle with small eigenvalues. In that sense Nystrém methods and
coreset methods have complementary strengths and one can wonder if there are ways
to combine the methods to obtain superior compression techniques.

1.9. Preliminaries

Throughout this paper we will be working with a set X in which covariates or fea-
tures attain values and a kernel function & : X x X — R (see [PR16, Definition 2.12]).
Recall that such a kernel function gives rise to an RKHS H [PR16, Definition 2.14].
While X does not need a particular structure to define a kernel on, we are interested
in integrals involving k& and we will assume for most of our results that X is a mea-
surable space and k is a measurable in the sense that k(z, -) : X — R is measurable
for all x € X. This is equivalent to saying that any h € H is a measurable function
from X to R (see [SCO8, Lemma 4.24]). We also use the notation ¢(z) = k(x, -)
when this is convenient.

We are making use of empirical process theory in various places and to ease
the application we will assume that our underlying probability space corresponds
to a product space and the involved random variables are coordinate projections
following essentially [Dud14, Section 3.1]. In detail, we will usually have a probabil-
ity space (2,4, 1) with independent and identically distributed random variables
X, X1, Xy, ... attaining values in (X, Ay), where X is a topological space and Ay
is a o-algebra on X, which are defined on this probability space. Natural choices for
Ay are the Borel-algebra or the domain of a Radon measure. We usually do not need
assumptions on Ay but at various points we need to guarantee that the support
of the law P of X is well defined. In these cases we typically assume that P is a
T-additive topological measure and Ay is its domain. Alternatively, we could assume
that P is a Radon measure which guarantees that P is a 7-additive topological mea-
sure (see [Fre0l, 411]). This is for a wide range of spaces not a strong assumption.
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In particular, if X' is a Polish space then it is a Radon space [Fre01, 434K (b)] and
the completion of a Borel measure on X is a Radon measure [Fre0l, 434F (a.iii),
211L]. © will usually be the product XN and for w € Q, X;(w) =w; € X foralli > 1,
and X (w) = wp. There are multiple natural choices for the o-algebra A. In [Dud14,
Section 3.1] A is the product o-algebra which is the one that is generated by the
cylinder sets, that is the smallest o-algebra such that all cylinders which are defined
by finite many coordinates are measurable. We use in this paper the completion
of this o-algebra as A. If we have pairs (X;,Y;), where X; attains values in X’ and
Y; in R then we use the same setting but let (X;,Y;)(w) € X x R. We reserve P
for the law of the random variables, e.g. the law of X, and use Pr if we want to
state probabilities of events in A. In particular, h(X) € £'(Q, u) if, and only if,
h € L'(X,P) and, in this case, [h(X)du = [ hdP. The empirical measure P, is
(1/n) X" 0x,, where 0,(A) = 1 whenever A € By and z € A; otherwise d,(A) = 0.
It is often useful to associate a measure space to P, to be able to talk about random
variables with law P,. For this purpose we will use the measure space (X, By) and
equip it with the random measure F,. A random variable will be the measurable
function X : X — X, X (x) = z. If we want to talk about a sequence of independent
random variables with law P, we use the product space with the product measure
assigned to it.

1.9.1. Separable processes and Rademacher complexities

There are generally various measurability concerns when working with empirical
processes. In this paper these can essentially be avoided by using separability of
‘H to guarantee that suprema are measurable. In the context of Rademacher com-
plexities we use separability of H typically in the following way. Assume we have
r1,...,T, € X, let F be the unit ball of H and let €q,...,¢, be ii.d. Rademacher
variables. The map h +— > | ¢;h(x;) is almost surely continuous on H. In particular,
SUDper >oiy €:h(z;) is almost surely equal to a supremum over a countable subset of F
and, due to completeness of the probability space, it follows that sup,c» >iv; €;h(X;)
is measurable. In particular, the Rademacher process is a separable stochastic pro-
cess [GN16, Definition 4.1.2] and we have

(1.1) E(supzn:eih(Xi)) = sup E(supzn:eih(Xi)).

heF ;—1 FCF,F finite heF ;1
When we have i.i.d. variables X7, ..., X,, which are independent of €, ..., ¢, we will
represent this probability space as a product space. It is common to condition wrt.
X1,..., X, and to study E.(sup,cr >, €h(X;)), where E, denotes Kolmogorov’s
conditional expectation with respect to X,..., X,,. Fubini’s theorem guarantees us
in this setting that we can express F. as an integral wrt. the marginal measure
corresponding to €,...,€,.

1.9.2. Bochner integrals and £P(u, H)

We need in various places vector valued integrals. In particular, we make use of
Bochner integrals and Hilbert-space valued £? spaces. Let (€2, A, 1) be a probability
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space and X a random variable that attains values in X then by [ f(X)du, f: Q —
H Bochner integrable, we mean the Bochner integral of the function f(X):Q — H
with respect to the measure p. The Hilbert space valued £? spaces, where 1 < p < oo,
corresponding to this measure space are given by

LP(uH) = {f : Q — R : f Bochner measurable and /||f(w)||p du(w) < oo}.
The seminorm on LP(u; ) is || f||5 = [ ||f||? d. We use bold fonts for the L£P(; H)

seminorms throughout this paper. As usual there are corresponding spaces L? of
equivalence classes with norms || - ||, under which these LP spaces are complete.
The space L*(P;H) is a Hilbert space with the inner product corresponding to the
bi-linear function (-, )5 on L£2(u; H) given by (f, 9)2 = [{f(w), g(w))du(w) whenever
f,9 € L%(u; H). Of particular importance to us is the Bochner integral [ k(X - )du €
H which is well defined whenever k(X, -) € £!(u;H) and H is separable. We will
denote this integral by m. Finally, we have the following important relation between
the inner product in H and Bochner integrals: whenever f € £'(u;H) and h € H
then according to [DU77, Theorem 6, p. 47],

h, [ fdu) = [(f0) dp

In rare occasions we will make statements about equivalence classes and not functions
itself. We use the notation f® to denote the equivalence class corresponding to f, i.e.
if f € L£*(p) then f* € L?(u) and, similarly, for Hilbert space valued functions.

1.9.3. Tensor products

In various parts of this paper we make use of the tensor product of two Hilbert
spaces Hq and Hy. One way to define this tensor product is to first define an algebraic
tensor product of the vector spaces H; and Hs; given that we are only working with
Hilbert spaces of functions it is natural to define the algebraic tensor product as

{f:XxyHR:f(x,y):Zgi(x)hi(y), gi € Hy, h; € Hao, nEN},
i=1

where we assume that functions in H; map from X to R and functions in Hs from Y
to R. That this is a tensor product for H; and Hy can be verified by applying [DF93,
Criterion 2.3|. Next, we equip the algebraic tensor product with the inner product
(g1 ®h1, g2 @ho)e = (g1, h1)1{(ga, h2)2, e.g. [Mur90, Theorem 6.3.1], and complete the
resulting pre-Hilbert space. In the case where H; and H, are RKHSs with kernels
k1 and ko we have bounded point evaluators for elements in the pre-Hilbert space,
ie. (hy ® ho,ki(z, - ) ® kaly, - ))e = hi(z)ha(y) for all z € X,y € YV, hy € H; and
ho € Hs. Due to [Aro50, 2nd theorem, §4 p. 347] there is then a unique functional
completion of the algebraic tensor product and we will use this completion when
working with RKHSs. We do not use the algebraic tensor product itself and, in
the following, will reserve the notation (H; ® Ha, (-, - )g) for the above defined
tensor product of the two Hilbert spaces, that is H; ® H, is a Hilbert space with
inner product (-, -)g, and, whenever H; and Hy are RKHSs, H; ® H, is a Hilbert
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space of functions. In fact, in the latter case H; ® H, is an RKHS with kernel
kE((z1,y1), (T2, y2)) = ki(x1, y1)k2(za, y2). See also [PR16, Theorem 5.11].

When XY are independent random variables under the measure p attaining values
in Xy, Xs, kq, ko are kernel functions on X} and A, respectively, g € Hi,h € Ho,
and the Bochner integrals [ k1 (X, - )du, [ koY, - )dp, [ ki1(X, - ) @ko (Y, - )dp are well
defined then

<g®h/k1 ) @ ka(Y > /g )du:/g(X)du/h(Y)du
ot ) . f 1),
=<g®h,/k1( du®/k2 du>.

Since this holds for all g ® h, g € Hi,h € Ha,

(1.2) /k1 )@ ko(Y, - )du = /k:1 d;@/kg .

There is another natural way to define a tensor product for two RKHSs H; and H,
that is often of use. Here, we identify the tensor product with a rank one operator
mapping from H; to H,. To distinguish it from the above definition we will use
g@h, g € Hi,h € Hs, to denote this tensor product. Whenever f,g € Hi, h € Ho,
the tensor product is defined by (g®h)(f) = (g, f)u,h € Hs. Furthermore, we
can define an inner product on this tensor space by letting ( fl@fg,hl@h2>@ =
(f1, h1) 2, (fo, h2)ay, f1, h1 € Ha, fo, ho € Ha. Using Parseval’s identity one can ob-
serve that is just the usual inner product of the space HS(H1, Hz) of Hilbert—Schmidt
operators and span{g®h : g € Hy, h € Ho} lies dense in HS(H,, Hs). It is therefore
natural to use HS(H;, Hz) as the completion of the algebraic tensor product defined
in terms of rank one operators. We will therefore denote the inner product between
such tensors by (-, - )pys.

1.9.4. Covariance operators

A first apphcatlon of this tensor product leads us to covariance operators. The
covariance operator € : H — H, given by (€g, h) = E(g(X)h(X)), is linear ({¢(af +
9).h) = aE(f x h) + E(g x h) = (a€(f) + €(g),h) for all h € H and, therefore,

E(af +g) = a€(f) + €(g) whenever f,g € H,a € R) and is bounded whenever A
can be continuously embedded in L*(X, P), i.e. for some ¢ > 0, ||h||2 < ¢||h]| for all
h € H, since then

1€]lop = sup [[Cf]| = sup sup [(€f,R)]
Il fll=1 I£1I=1 [|hll=1

= sup sup [E(f x h)| < sup sup ||f]l2[|h[l2 < ¢
I I1=1 [In]=1 =1 [ln]=1

In fact it is a Hilbert—Schmidt operator whenever H is separable and k(X, X) €

L?(11) because then for any orthonormal basis {e, }nen of H, 3 men |(€en, €m)]?
E((hen |{en, B(X, - )?)?) = E(kK*(X, X)) due to Beppo Levi’s theorem. In this case
¢ is also self-adjoint and the spectral theorem applies. Furthermore, we can write
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the covariance operator as a Bochner-integral of the tensors k(z, - )@ k(z, -), i.e.
¢ = [k(z, - )@ k(z, -) dP. This Bochner integral is well defined and attains values in
HS(H) whenever [ ||k(z, )& k(x, )|\ ns dP = [ k(z,z)dP < 0o and H is separable.
Separability of H is important in this context because it implies that HS(H) is
separable and Bochner measurability, that is necessary for the Bochner integral
above to be well defined, is not a restrictive assumption [DF93, Appendix B12].

Observe that there is a close relationship between the eigen-decomposition of ¢
and the expansion of the integral operator

Tio: L3(P) — L2(P), (Tf)y) = [ f(@)k(, ) dP(@).

Whenever H is infinite dimensional and Mercer’s theorem applies there exists an
orthonormal sequence {efl};>; in L*(P) and corresponding Values {Nitis1 in R
such that e; are eigenfunctions of 7T} with eigenvalues )\ and {)\ ez}z>1 is an or-
thonormal basis for #H. Furthermore, <(’Iez,ej> = E(ei(X)ej(X)) = (e ej)e2py =
51] and )\1/ 26,, )\;/ 262, ... are the eigenvectors of ¢ with corresponding eigenvalues
X1, A2, . ... Also notice that for all y € X, (T,1)(y) = [ k(y,z) dP = (k(y, -),m) =
m(y) Whenever the Bochner integral [ k( x, - )dP is well defined. Since T;1 and m
are real valued functions defined on X that are equal for all y € X it follows that
Tkl =

The covariance operator as described above is giving us. the second moments but
not the covariance itself. The centered version ¢, = € — m®m gives us the covariance
itself, L.e. E((f(X) — E(f(X)))(9(X) — E(9(X)))) = (€.f. ) for any f,g € M. This
operator is also self-adjoint under suitable conditions on the kernel and has a spectral
decomposition.

Direct sum. Another construction that we need is the direct sum of two Hilbert
spaces Hy and Hs. The direct sum H; & Hs is the Cartesian product {(g,h) :
g € Hi,h € Ha} equipped with the inner product ((g1, h1), (92, h2))e = (g1, 92)1 +
(h1, ha)o [RST2, p. 40, Example 5]. We do not assume here that H; N Hy = {0}.
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2. Approximating convex sets and locating m and m,

We start this section with a discussion of a simple approach for approximating
convex sets using e-nets. We will find that such an approximation is of very limited
use only which motivates the remainder of the paper. In this remainder we analyze
a stochastic approach at length where we consider the random convex set which is
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induced by the sample. In detail, we control the difference between the empirical
convex set (), corresponding to the sample and its population limit C' using VC-
theory and Rademacher complexities in Section 2.2. Such tools are not necessary for
the finite dimensional setting but the question of convergence of the empirical convex
set to its population limit can easily be developed for the infinite dimensional setting.
In particular, the approach based on Rademacher complexities applies directly to
infinite dimensional RKHSs. In Section 2.3 we study the width of the convex set C.
We link here lower bounds on the width of C' to how well constant functions can be
approximated within the unit ball of the RKHS. Building up on these sections we
study how deep m lies within C' in Section 2.4. We also look in this section at an
approach based on covariance operators which adapts automatically to the support
of the unknown measure. Finally, in Section 2.5 we translate these findings to m,,
and we provide our main theorems in this section which give high probability bounds
on the size of balls within the empirical convex set which are centered at m,,.

2.1. Approximation based on e-nets

Let H be an RKHS of real-valued functions acting on X = [0, 1]¢ with kernel
function k being bounded by 1. Furthermore, let ¢ : X — H be the map ¢(x) =

k(z,-) and m,, = £ 37", ¢(x;) for certain points zy,...,z, € X. For € > 0 there
exists an e-net for [0, 1] that consists of N. 4 = [d%¥?/e?] many closed balls that
are centered at points yi,...,yn., in [0,1]%. This e-cover of [0,1]¢ gives rise to a
ce®-cover of ¢p[X] = S if ¢ is a-Holder continuous with Lipschitz constant ¢. Let
s; = ¢(x;) for all i < n and s the closest point to s; in ¢[{y1,...,yn.,}|. Then the
approximation m/, = i * ., si of m,, which can be written as a sum over at most

N, 4 many terms, achleves an approximation error of
1 n
= m ] < 2 s — sl < ee”
i=1

If we want to achieve an approximation error of at most n~'/? then we need to
include [d?/?(c?n)% ()] many balls in the cover. If ¢ > 1 then we can only represent
m,, with less than n-points if d = 1 and a > 1/2. The Lipschitz constant c is here
only of limited help if we choose our kernel independent of n.

We can also observe that a fine cover is necessary for good approximation if we
do not impose assumptions on the measure and on m. For instance, consider again
X = [0,1]¢ and a kernel k such that k(z,z) = 1 for all # € X and such that
1 — k(z,y) < clJr — y|| for some constant ¢ > 0 and any z,y € X. Furthermore,
assume that we have a cover centered at [¢ points 1, ...,z then there exists a
point zg with min;« ||zo— ;|| = 1/21. If we consider now the measure with unit mass
on xg, i.e. m = k(xzo, - ), then the error, when approximating the expected value of
the norm one function h = k(zo, -), is

C
1) = (0] = [l 3k >
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Hence, to attain an approximation error of order n~'/2

of at least n%/? many points.

we need a cover consisting

2.2. Empirical convex sets

In the following, let H be a separable RKHS and let C,, = ch{¢(X;) : i < n} be the
set valued random variable determined by X7, ..., X,,. The variable C), attains values
in the closed convex subsets C(#) of H. There exists various natural topologies on
C(H) (see [Bee93]). We equip C(H) with the Vietoris topology and the corresponding
Borel-Effron o-algebra. The random variable C), is then well defined as a measurable
map from 2 to C(H). The random variable C,, tends to C' = cch{¢(z) : z € X}
as n tends to infinity. We aim to quantify how similar C), is to C. We do so by
framing the question of convergence in the context of empirical process theory. In
the following discussion we assume that X is compact, H is finite dimensional with
dimension d, and the corresponding kernel function k is continuous. In particular,
|k||1/? =: b is finite.

Observe that we can reduce the question of convergence of C,, to C to the question
of how fast the projection of C,, on some direction u € H, ||u|| = 1, converges to the
projection of C' on u. More specifically, if we can control the convergence uniformly
over all such u then we have control of the convergence of C,, to C'. Furthermore,
since C),, and C' are convex we only need to control the end points of the projections;
these points correspond to projections of extremes of C,, and C' onto span{u}. With
this aim in mind, let us introduce the functions f,.(z) = x{u(z) < ¢}, fuc: X = R,
for w € H,||u|| = 1, and with ¢ going through the interval {(u,h) : h € C} =
chi{u(x) : x € X'} or a superset of this interval.

The importance of the functions f, . is that Pf,. > 0 if, and only if, there is
an element h € C such that (h,u) < ¢ (given that there is non-zero mass on that
element or the mass of all elements whose projection falls below c¢ is strictly greater
than zero). For instance, if C' contains the origin then we could vary negative ¢’s to
explore the extension of the projection of C' in direction w. Since the extremes of C'
are a subset of S := {¢(x) : © € X} and the probability measure is concentrated
on S it is sufficient to work with elements in S instead of all of C. This setup is
depicted in parts (i)—(ii) of Figure 2.1.

The situation is similar for the empirical convex set. The empirical convex set
will contain an element which lies ¢ away from the origin in direction u if, and
only if, P,(u(X) < ¢) > 0, with X being a random variable with law P, (see
the preliminaries in Section 1.9). Notice that the condition P,(u(X) < ¢) > 0 is
equivalent to min;, u(X;) < c.

To be able make use of this approach to quantify the difference between C' and
C,, we need to control the convergence of P,f,. to Pf,. simultaneously over all
these f, .. Two natural ways to control this difference are VC-theory and Rademacher
complexities. We discuss both of these below. Note that the resulting concentration
bounds are only useful if the probability Pf, . and related terms are not too small.
In the following examples, and in most parts of the paper, we deal with this difficulty
by assuming lower bounds on the density of the data generating random variables.
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This guarantees that Pf,. cannot get too small. If one wishes to avoid this as-
sumption, one has to find a way to deal with areas of the input space that have low
probability to contain samples. One option to deal with these areas might be to use a
threshold 6,, on the values of the density. One could then change the original density
p to a truncated version py, ~ p X x{p = 0,,} and adapt the threshold 6,, with sample
size m to let it go to zero in a controlled way. The convex set corresponding to py, can
then be analyzed with our tools and one only has to control the difference between
p and pyp, , and the corresponding convex sets. While this seems like a natural solution,
we do not explore this path in this paper and we focus fully on the case of densities
that are bounded away from zero.

2.2.1. VC-theory

Since we are working here with finite dimensional RKHSs it is rather easy to use
VC-theory. In detail, whenever u € H, |lu| = 1, then |u(z)| < b and we can use
[—b, b] as the interval over which we vary c. Hence, let

F={fuciueH, |ul =1, —b<c<b}

We want to show that F is a VC-subgraph class of functions. In fact, it is convenient to
work with a countable dense subset of F to sidestep measure theoretic complications
relating to the empirical process. To this end, let H be a countable dense subset of
H such that H N {u: |ul| = 1,u € H} lies dense in {u : |ul = 1,u € H} and define
the countable set

(2.1) F={fuc:ueH |lul =1, ce(@n-bb))U{-bb}} CF.

The family F is a VC-subgraph class and its VC-dimension is upper bounded by
d + 1: consider the family of function G = span(H U {c1 : ¢ € R}). The dimension of
G is at most d + 1 and ¢ — u(x) € G for every u € H, —b < ¢ < b. Applying [Dud14,
Theorem 4.6] shows that the VC dimension of Pos(G) = {pos(g) : g € G}, where
pos(g) = {z : g(x) > 0}, is at most d + 1. Furthermore, the family G’ of sets of
the form {(x,t) : x € pos(g),t < 1}, g € G, has the same VC-dimension. But G’
is a family of subgraphs that contains all the subgraphs of functions in F and the
claim follows. Since F C F it also follows that F is a VC-subgraph class with
VC-dimension at most d + 1.

The family F has the measurable envelope xX and, due to [GN16, Theorem 3.6.9],
its covering numbers can be bounded by

N(j‘-:, £2(Q),5> < 4(8/52)dJr2 VE,

where ¢ can be chosen as max{m € N, : logm > m!"/(@+1)@+2)} and whenever Q

is a probability measure on X. Be aware that the v-index as defined in [GN16] is
equal to one plus the VC-dimension when using the definition of [Dudl4] for the
VC-dimension.

Now, applying Holder’s inequality,

J(5) = /05 s V10828 (F. £2(Q), ) de < 6(10(2) v (1 + 2(d + 2)))

1/2
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In particular, J(1) < y/Iog2¢V /1 +2(d + 2). By [GN16, Remark 3.5.5 and Theo-
rem 3.5.4] we can conclude that

E(sup |P.f — Pf|> < 12J(1)n Y2,

ferF

We use now Bousquet’s version of Talagrand’s inequality to move to a high probability
bound (e.g. [GN16, Theorem 3.3.9]). For simplicity, we will denote the supremum

over u, ¢, such that f,. € F, by sup, . in the following. Let

Z(fuc< X;) = Pfuc)

=1

Observe that || P fuc — fuclloo <1 and ES, = nE(sup, .|Pnfuc — Pfucl). Applying
Talagrand’s inequality yields

e Pr(maxS ES, + \/2z(2ES, +n) + J:/B)

j n

= nSB? |Pnfu,c - Pfu,c"

for all x > 0. Letting p = exp(—=x) leads to the following lemma.

LEMMA 2.1. — Let H be a finite dimensional RKHS with continuous kernel
function k defined on a compact set X. Assume that ||k||}/? = b < co. Let F be the
space associated to ‘H through Eq. (2.1). With probability at least 1 — p,

sup |P,f — Pf| < 12J(1)n" Y% + nfl/Z\/Q log(1/p)(24J(1)n=1/2 + 1) + log(1/p)/3n.
fer

2.2.2. Rademacher complexities

As is usually the case with metric entropy based bounds, the constants are loose
and n needs to be large to gain useful results. Tighter bounds can often be attained
by using Rademacher complezities (see [BM03, GN16]). While the resulting bounds
are generally tighter it is not possible to work directly with the indicator functions
fuz but we need a continuous approximation of these. Also, in the Rademacher
approach that we develop it is beneficial to center the functions h € C' by moving to
Ce. ={h—m: h € C}.In the following, let F' = {(u,c) :u € H,|lu]| =1,-b < ¢ < b}
and

(2.2) F={(uc):ueH [lu =1, ce (~bbNQ)U{-bb}}.
Furthermore, consider the function 1., : R — R, with v > 0, defined by

1 r < -
Uy(x) = —2/y —v<z<0,
0 0< .

Then f,.(h) = x{(u,h) < c} = ,((u,h) —c) for any u,h € H and —b < ¢ < b. The
function ¢, is depicted in Figure 2.1 (iii). Importantly, ¢/(0) = 0 and |, (z) =1, (y)| <
|z—y|/7, that is y1), (- ) is a contraction vanishing at zero (see [GN16, Theorem 3.2.1]
or [LT91, Theorem 4.12]).
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0 (i) (iii)
span{u} Graph of ¥, (u(z) — c)
. p(u(z)) ST
. I R
CI ulz) ‘

Figure 2.1. (i) The figure show C as a subset of H. The diagonal (blue) line is the
span{u} for some function u € H, ||u|| = 1, The short lines connecting this line
to the ellipse indicate the projection of C' on span{h}. In particular, the distance
between the two short lines is width, (C'). The long line which is orthogonal to
span{u} (red) indicates a threshold; the interest is here if C' extends past this
threshold. (ii) The question if C' extends past the threshold is rephrased in this
figure by focusing on span{u} and considering the probability that values u(x)
are attained that lie beyond the threshold. In this figure, we assume for simplicity
that the measure on C' induces a density function p(y) through the projection on
span{u}, where y goes over the range of u. The threshold is in this figure set to
—c and C' extends past the threshold if the density function is non-zero to the left
of —c. (iii) To link this construction to the empirical measure we use the function
1, whose graph is plotted in this figure against u(z). The motivation is here to
approximate the indicator function corresponding to the event u(X) < —c from
below by a continuous function. The parameter v controls the approximation
and for v — 0 the function 1., converges to the indicator function.

We have that P, fu cium) = Pathy((u, ¢(-) —m) — ¢). The proof of [GN16, Theo-
rem 3.4.5] gives us a high probability lower bound on the latter term (in the notation
of the book, combine S,, < ES,, + \/2z/n with ES,, < 2E§n) In detail, with prob-
ability 1 — p, simultaneously for all u € 7, ||u|| = 1, and ¢ € ([—b,b] N Q) U {—b, b},
we have the following lower bound on P, ((u, ¢(-) —m) —¢),

Py ((u, ¢(+) —m) —¢)

1
—2E( sup |—
(u/,c’)EF n

n

> e, (W', 6(X;) —m) — )

=1

) - 22

where ¢; are i.i.d. Rademacher variables that are independent of X7, ..., X,,. Because
v, is a contraction vanishing at zero
1 = / /
E( sup |= > et ((0,¢(X;) —m) — )
(w,c\eF n i—1
2 1 & , ,
<ZEB( sw |-l o(x) —m) )| ).
Y (u',c)eF n;3
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Applying [BM03, Theorem 12(7) and Lemma 22] and using that the Rademacher
complexity for the constant functions (v, m) + ¢, (v/, ') € F, where |(v/,m) + /| <
b+ || < 2b, is upper bounded by 4bn~1/2,

( sup )
(u',ceF

1/2
< dbn~ Y2 +E< 2/n) (Zk: Xl,X)> ) < 6bn~Y2,

=1

EZQ (', X;) — )

n =1

This implies the following lemma.

LEMMA 2.2. — Let H be an RKHS with continuous kernel function k defined on
a compact set X. Assume that ||k||}/2 = b < co. Let F be the set associated to H

through Eq. (2.2). With probability at least 1 — p, simultaneously for all (u,c) € ﬁ,

Potp ((u, (+) = m) =€) = Py, ((u, ¢+ ) = m) — ¢) — (\/21og(2/p) + 24b/v)n~ /2.

The VC and Rademacher bounds allow us to control the size of the empirical
convex set in terms of Pf,. and Py, ((u,¢(-) —m) — ¢). In either case we need
to get a handle on P to move further. In particular, we need to understand how
P concentrates around the extremes of C'. We are now looking at a few examples
to get a better understanding of how P concentrates and what this implies for the
convergence of the empirical convex set to C'. Of major importance is how smooth
¢ : X — H is and how the distribution of Xi,..., X, on X looks like. We start
with a couple of simple examples and discuss links to stochastic geometry before
addressing typical settings that one faces in practice.

2.2.3. Examples

Example 1 (Unit circle). — Consider the unit circle in R? with the uniform dis-
tribution on it. What can we say about the interior of C), as a function of n? In
particular, what can be said about the size of C,, in direction u € R?, |Ju|| = 1?

Due to the symmetry of the unit sphere and because the uniform distribution is
used it is sufficient to consider the vector u = (1,0)". The probability that a sam-
ple point, when we sample just once, lies to the right of cu, with ¢ € [—1,1], is
(1/27) & x{(u, (cos @,sin ) T) > ¢} = arccos(c)/m, using here that arccos is a mono-
tonically decreasing function. Similarly, the probability that a sample point lies to the
left of cu is 1 —arccos(c)/m. Furthermore, if we draw n independent samples then the
probability to see at least one sample point to the right of cu is 1 — (1 —arccos(c) /7)™
and that at least one sample point lies to the left of cu is 1—(arccos(c)/7)™. Moving on
to the distribution of the length of the interval, which corresponds to the projection of
C,, onto u, that is the distribution of width(u, C,,), we can observe that width(u, Cy,)
attains values in [0, 2] and that width(u, C,) = max; cos #; — min; cos 6;, where we
denote with 6; independent and uniformly distributed random variables on [0, 27).
We could now try to calculate the distribution of width(u, C,) by controlling the
maximum and minimum. Since we are interested in getting a better understanding of
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the VC and Rademacher approach we use instead the uniform guarantees on P, f,, ..
Let X be the unit circle and let the kernel function be k(z,y) = (z,y)g2. This
way H becomes the dual space (R?)" of R?: recall that a basis of (R?)’ is given by
{e1, + )ge, {€a, - )rz, where ey, ey is the standard basis in R?, and for any 4, € {1, 2},
((eir - )r2, (€5, - )r2) 2y = (€, €;)r2. Since ey, ey lie in X' it holds for any 4, j € {1,2},
((eir - )r2, (€5, - )r2) @2y = (k(es, - ), k(ej, -)) and the claim follows.

Associate to u € R? the function u € H given by u(z) = (u,z)gz. Let H be a
countably dense subset of # such that {u : u € H, ||u|| = 1} lies dense in the unit
sphere of H. Define F = {fa.:u € H,|ul| =1,-1 < c< 1} and F= {fac:uce H,
|lul| =1, -1 < ¢ < 1}, where fa.(z) = x{u(z) < ¢} = X{(u x) < c¢}. The family of
functions F is a VC-subgraph class and on an event of probability at least p it holds
simultaneously for all f;. € F that

Pofuez Plac— n 2, =1— arccos(c)/m — n %,

where &, = 12J(1) 4+ /2log(1/p)(24J(1)n=1/2 + 1) + log(1/p)n~'/2/3. We use here
that the umform distribution on the unit circle is invariant under rotations, i.e. for
a given u let A be the rotation matrix for which Au = (1,0)". Then,

Pfo. = ;ﬂ /0 [ (Au, A(cos(0), sin(6))T) < ¢} = 71T /0 " \{eos(8) < .

In other words, on an event of probability p, whenever n is such that n='/2¢, < 1/2,
and for any ¢ > cos((1 —n~Y2¢,)7), there will be a sample point which has an inner
product with u which is smaller than c¢. To be exact, let ¢y < 0 be a real number
strictly larger than cos((1 — n='/2¢,)7) and let the above event be denoted by B.
It holds that P(B) > p and for any w € B, min;<,(u, X;(w)) < ¢. In fact, the
VC-argument shows that B can be chosen such that P(B) > p and for all w € B,

sup  min (u, X;(w)) < co.
weH,||ul|=1 i<n

From this we can infer that a ball centered at the origin and of radius ¢y is contained in
the empirical convex set C,(w), whenever w € B: consider without loss of generality
the vector v = (cp,0)" and an element w € B. There exist elements X such that
X;(w) lies on the unit circle and (—v, X;(w)) < 3, that is (v, X;(w)) = [Jv|*. Let
Xi(w) be such an element which also attains the maximum of the map j — (v, X;(w))

Assume that X;(w) does not lie in spanv and that X;(w) lies north of spanwv,
i.e. (X;(w),(0,1)7) > 0. Consider the lines between X;(w) and the elements X;(w),
j < n,j #i. There will be an index jy < n, jo # 4, such that the line between X;(w)
and X, (w) intersects with spanv. Consider the vector w = (0, —co)". There will be
a sample point X, (w) such that (w, X;, (w)) > ||w||* and the line between X;(w) and
X, (w) crosses spanv. Order the samples according to how large the inner product
between the point of intersection of the line between the sample and X;(w) and v is.
Let Xj,(w) be the maximum in this ordering. Assume that (X;,(w),v) < ||v||?, that
is the intersection lies to the left of v. Let v be the point on the circle with radius cg
for which the line between X;(w) and X, (w) is tangent and which lies to the right
of the line. There is now a point X, (w) on the sphere such that (X, (w), ) > [|v]*.
The point X, (w) cannot lie north of v since this would contradict the maximality
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of X;(w). However, if X, (w) lies south of v then the line between X, (w) and X;(w)
crosses spanv further to the right than the line between X, (w) and X;(w) which
contradicts the maximality of X, (w).

Hence, we have either two points to the right of v, one on the north side and one on
the south side of the sphere, or the point (1,0)" is contained in the sample. By the
same argument, either (—1,0)" is contained in the sample or there are two points
left of —v, one on the north side and one on the south side. The convex hull of these
points is a subset of C,(w) and contains v.

To provide a concrete example, let p = 0.9 and observe that the ¢ which ap-
pears in the bound of J(4) can be chosen as 10?'. Then J(1) < 8 V3 = 8 and
€, < 96 + 1/210g(10)(192n1/2 + 1) + n~/21og(10)/3. Hence, a ball of radius 0.2
exists around the origin inside the empirical convex set with probability p for n being
about 52000 or larger.

As expected n needs to be large to guarantee the existence of the ball or radius 0.2.
Using Rademacher complexities we can attain significantly tighter bounds in this
setting. Building up on our discussion and using m = 0 we can see that

Pty ({u, -y =€) = P ((u, ) — ) = (/210g(2/p) + 12/7)n~"%

Finally, by using a rotation of u and with ¢, = (¢ — ) vV —1 it follows that
Pw’}’(<u7 > - C)

1
= — 6 _
— [T (cos(®) ~ o)
1— W n i /arccos(cn,)
s Ty Ja

(c — cos(0))

rccos(c)
arccos(c carccos(c 1
:1—A(1—0/y)—7<)+f<\/1—02—\/1—c%>.
s Ty T
For instance, with v =1 and ¢ < 0 this leads to

/ 2
Py ((u, -) —¢) = ¢(1 — arccos(c) /) + 17rc — (\/210g(2/p) + 12)71’1/2.

The bound guarantees in this case the existence of a ball of radius 0.2 around the
origin within the empirical convex set with probability at least 0.9 when n is about
5000, a 10-fold improvement in the constant over the VC-bound. While the bound
is significantly better it does not come close to capture the right magnitude: even
a number as small as n = 10 suffices in experiments for the empirical convex set to
contain a ball of radius 0.2 with high probability.

In this example, we assumed that the distribution is uniform on the unit circle.
This assumption is not crucial but helps with the computations. That said, it is
important for our argument that the density of the distribution does not approach
zero. Otherwise, Py, ((u, - ) —c) could be arbitrary small and we could not guarantee
a positive value for its empirical counterpart.

Example 2 (Polytopes with finitely many extremes). — Let us consider next a
simple polytope. Let H = R? with the usual inner product ({z,y) = z"y) and
k(z,y) = (x,y). Furthermore, consider C' = ch{z; : i < m} with xy,...,z,, € R?
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and such that the random variable X attains values in {z1,...,x,,} and Pr(X =
z;) = a >0 for all i <m. Then for all u € H, ||ul| = 1, |c| < ||k||/? either Pf,.=0
or Pf,. > «. Hence, we have that P, f,. > 0 with probability at least 1 — e~V

whenever
n > (12J(1) + V2040(1) + 1) + 1/3) /o,

In other words, for n that large the empirical convex set equals C' on an event of
probability at least 1 — e~ V™.

If each of the x; is an extreme then we can compare this probability to the
probability that in n independent trials all m extremes are drawn: the probability
that element 7 is not drawn in n independent trials is 1 — Pr(X = z;)" and the
probability that at least one element ¢ is not drawn is upper bounded by

Pr( U NH{X; # xl}> <D (1=Pr(X =x;))" <m(l — )" = mexp(—pn).

i<m j<n <m

where 8 = —log(1 — a). In other words, instead of 1 — e~V™ we get a probability of
1 — mexp(—pfn) that the empirical convex set matches the convex set C.

Consider now the special case of the d-dimensional simpler chS, with S =
{0,e1,...,eq4} and ey,...,eq being an orthonormal basis in RY. Furthermore, as-
sume that each x € S has probability 1/(d + 1) to be sampled. The interior of the
empirical convex set (), is empty unless all points have been sampled. Hence, in this
example either int C,, = () or C,, = C and the interior of n does not grow slowly in
size as n increases but changes abruptly.

As a final example consider a rhombus given by C' = ch{e;, —eq,res, —res} where
e1, s are orthonormal vectors in R? and r € (0, 1). Furthermore, let X be uniformly
distributed on the boundary of C. We can again consider the functions f;. to
measure the interior of the empirical convex set. However, in contrast to the unit
circle the measure in direction u that lies ¢ apart from the origin is not the same
for all v but depends strongly on the direction. For instance, for direction —e;
and ¢ € (0,1) it holds that Pf_; _. = 2p(1 — ¢)v/1+ 12, where p denotes here
the density of the uniform distribution on the boundary, while for —es; we get
Pf s o =2p(1 = /r)v1+7r2 for ¢ € (0,r). In particular, for ¢ = 0.9,¢ = 0.9r
the probabilities Pf_s, _. and Pf_;, _ are equal and the probability Pf_;, _., which
is spread out over an interval of length 0.1 in direction ey, is contained in an interval
of length 0.1r in direction ey irrespective of how small 7 is.

As in Example 1, the uniform assumption helps here with the computations but is
not crucial for the argument. Since we are in a discrete setting we do not have the
same problem as in Example 1: there cannot be a sequence of non-zero probabilities
on our m points xq, ..., Z,, that converges to zero. On the other hand, if there is a
probability of exactly zero for some points, for example for attaining value z1, then
we can simply ignore these points and carry out the same analysis for the points
with non-zero probability.

Example 3 (Image of a Lipschitz-continuous kernel function). — Let us go back
to the setting that we discussed at the beginning of the section. In detail, let &
be a continuous kernel function on compact set X that is upper bounded by b.
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Furthermore, let us assume that the corresponding feature map ¢(x) = k(zx, -) is
L-Lipschitz continuous with Lipschitz constant L > 0 and the law of X3,..., X, has
a density on X which is lower bounded by b’ > 0. We are now aiming to quantify the
extension of the convex set in a direction u after centering the convex set around m.
In detail, for u € H, ||u|| = 1, let z, € X be a point at which ¢ := (u, ¢(z,) —m) =
mingex (u, p(z) — m). As before, for ¢ € R, let f,. = x{(u,¢(-) —m) < ¢} and
observe that |(u, ¢(z,) — ¢(z))| < L||x, — z||. Therefore, with r, = (¢ — ¢})/L and
whenever ¢ > ¢},

Pfue> / b x x{(u, ¢(x) —m) < ctdr > / V= vol(B(xy,7,) N X).
X B(zy,ru)NX

For example, when X = [0, 1], v any element in H with [ju|| = 1 and ¢ > ¢ such
that x, — (¢ —¢})/L > 0, it follows that vol(B(x,,r,) N X) > r, and Pf,. > b'r,
V(c—ck)/L.

This lower bound on Pf, . can directly be combined with a metric entropy bound.
If we want to use instead a Rademacher complexity bound then we have to apply 1,
to (u,¢(-) —m) — c. Under the above Lipschitz assumption for any u, [|u|| = 1, and
whenever ¢ < ¢ — 7,

23)  1=9,((u,¢(x) —m) —¢) = c—7=(u,o(r) —m)
= c—7 = = (u,0(x) — ¢(xu))
— c—7y—c = L||lx—uz,.
Also, 1, ((u, ¢(x) — m) — ¢) is strictly positive whenever L||z — z,|| < c—c}.

Let 1,1 = (c—y—c})" /L. For © € B(xy,7,,1) we have that ¢, ((u, ¢(x) —m)—c) =1
which gives us right away the following lower bound

(2.4) Py (u, () —m) — ¢) = b vol(X N B2, 7).

This bound can now be combined with the Rademacher complexity bounds. However,
to say anything concrete about the size of the empirical convex set some knowledge
of ¢ is required. In the Section 2.3 we derive approaches to measure the width of C
in any direction, then we derive lower bounds on ¢;. We combine these bounds in
Section 2.5 with the above bound.

The assumption that there is a non-zero lower bound on the density is important.
We could weaken it slightly to allow for parts of the density to be exactly zero but
we would face major obstacles if we would allow for the density to approach zero. In
this example, this problem manifests itself in Eq. (2.4). We could not guarantee a
lower bound on the right side which is strictly positive if we allowed the density to
approach zero.

Example 4 (Data attaining values in a subset). — Working with the empirical
convex set has the advantage that the set is adapted to the support of the distribution:
if P has support S on & then C,, converges to cch{k(z, -) : € S} (see [Fre0l,
Definition 411N] for the definition of support). Instead of proving this under a
density and Lipschitz assumption, we are using here an assumption on the covariance
operator.
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A simple way to deal with S is to consider the space Hg = {h]S : h € H} which
is again an RKHS with kernel kg = k[S x S. We discuss Hg and how covariance
operators are naturally adapted to S at length in Section 2.4.3. For the moment it
is sufficient to note that for all h € H,

(€ch, h) = (€n]S, h[S>H :

S
where @C is the centered covariance operator and ég the corresponding operator for
the RKHS Hg. In Section 2.4.3 we show that Hg is naturally linked to the affine
subspace spanned by k(zx, -),x € S, and that statements about the behavior of
C,, can be derived by analyzing Hg. In particular, the eigenfunctions of Eﬁc which
have eigenvalue zero are almost surely constant on S and are all mapped to the
same one dimensional subspace of Hg. Important for the analysis later on are the
eigenfunctions which have non-zero eigenvalues and are therefore not constant on S.
Let u € Hg be an eigenfunction of €5 with eigenvalue \. Let ¢g be the feature map
corresponding to ks and mg the corresponding mean embedding. The function u has
by definition norm one and for v > 0,¢ € R, and X a random variable with law P,

Py ({u, ¢s(+) = ms)as — ) 2 Pr(—(u(X) - E(u(X))) > =y —c).
In the following, let Z = —(u(X) — E(u(X))) and write Z = ZT — Z~ where
Zt=7Zxx{Z > 0},Z7 = Z x x{Z < 0}. Since Z has mean zero we have that
E(Z*) = E(Z7). Whenever ||k|ls < 0o we also have that E((Z*)?) < ||k||}/2E(ZY)
and E(Z*) = E(Z7) = E((Z7)?)/||k||/2. Furthermore,
A=EB(Z%) = B(Z*)") + E(Z7)") < B(Z" ) + Ik B(Z") < 20k E(Z7).

Consider now v, ¢ such that 0 < —y — ¢ < \/2||k[|X? < E(Z*) then the Paley-
Zygmund inequality yields

(B(ZY) = (=)’

Pr(Z>—y—c)=Pr(Z" > ——¢) >

E((Z*)?)
N2|E)Y2 = (= =€)’ <
> Q2 T 29) _ (32— (- )
In particular, when —y — ¢ = A/8]|k| /3,
(2.5) P ((u, ¢s( ) — ms)ug — ¢) = N/8][k .

2.3. Width of the convex set C

The width of a convex set plays an important role when trying to control the
convergence behavior of various convex approximation algorithms. By the width of
the convex set C' = cch{¢(z) : © € X'}, where X is as usual a measurable space and
¢ is a feature map, we mean the size of the projection of C' on a function of norm
one within the RKHS corresponding to ¢,

widthy, (C) := sup(h, ¢(x)) — inf (h, ¢p(x)) = sup h(x) — inf h(z),
TEX

reX reX reX
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where h € H, ||| = 1.
There is a simple relationship between the width of the convex set C' in direction A
and how close h is to a constant function. In the following, let 1 denote the function

that is equal to one for all z € X and let ||f||oc = sup,ecy |f(x)] for any function
f: X = R, allowing for || f||cc = c0. For any h € H, ||h] = 1,

(2.6) widthy (C) = 2inf [|h — 1|,

In particular, h is a constant function if, and only if, widthy,(C) = 0.

Small widths of C' in any direction h are a concern when trying to approximate
m because various performance bounds of algorithms discussed in later sections
depend on a lower bound on the width; the higher this lower bound the faster
the convergence. To be precise, the set C' can lie in an affine subspace that is not
all of H and the algorithms we study depend only on the affine subspace. Denote
the closure of the affine span of C' by aff C. In other words, aff C' is the closure of
{athi + -+ ayh, :n € NJh; € C,a; € R for all i < n} which is a closed affine
subspace. Furthermore, let Us = aff C — f, where f is any element of C, then Uq
is a closed subspace of H. Observe that the dimension of UZ is at most one since
for h € UZ it holds that h(z) = (h,¢(x)) = (h,¢(y)) = h(y) for all z,y € X, and,
hence, only constant functions can lie in UZ.

The key quantity which influences the behavior of the algorithms is

inf Widthh (C) .
heUc,||hl[=1
If 1 lies in the RKHS then 1, and all constant functions, lie in U% and we do not
have to worry about them. The important question is now, how closely can an
h € Ug, ||h]| = 1, approximate a constant function.

2.3.1. Outline

In this section, we investigate a number of different approaches to control the
width of C. Section 2.3.2 summarizes basic observations for infinite dimensional
‘H and highlights a key difficulty that needs to be addressed if one wants to work
with infinite dimensional H. A key tool in approximation theory to measure how
well a function can be approximated is the K-functional. In Section 2.3.3 we use
the K-functional to measure how well the constant functions can be approximated
by H and we relate the width of the convex set C' to the K-functional and the
smallest eigenvalue of a Mercer decomposition of the kernel function. We then aim
to complement these results with results that rely on kernel matrices. The first step
to achieve this goal is taken in Section 2.3.4 where we introduce the spaces H* and
H~. The space H' expands a space H, which does not contain constant functions,
by adding constant functions to it. Similarly, H~ removes the constant functions
from a space H that contains constant functions. In Section 2.3.5 we then make use
of the spaces H' and H~ to provide lower bounds on the width of C' that depend
on the smallest eigenvalue of suitably chosen kernel matrices. Proposition 2.10 in
that section provides a summary of the key results concerning the lower bounds on
the width of C' that we derived. The results in these sections are for the unknown
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convex set C'. It seems natural to also consider the empirical counterpart C,, which
can actually be accessed. We adapt the approaches to C,, in Section 2.3.6 and discuss
how one might get good lower bounds on the width of C), in practice. Such lower
bounds can be used to quantify the quality of a coreset and can be useful for providing
stopping criteria for compression algorithms. We do not explore this possibility in
this paper and leave this for future research. Also, let us highlight that Section 2.3.6
is not required for the main theorems and can safely be skipped if one wants to get
without delay to the main results.

2.3.2. Some comments regarding infinite dimensional H

Let us recall some topological properties. If X’ is compact and ¢ is continuous, then
¢[X] is compact [Eng89, Theorem 3.1.10]. Due to Mazur’s theorem C = cch ¢[X]
is then also compact [DU77, Theorem 12, p. 51|. This implies, in particular, that
there exists no norm ball inside ¢[X], ch ¢[X] or cch ¢[X] whenever H is infinite
dimensional because a closed norm ball inside the compact set cch ¢[X] would be
compact [Eng89, Theorem 3.1.2]. However, closed norm balls in infinite dimensional
Hilbert spaces are not compact [Wer(02, Section 1.2.7]. Similarly, there exists no norm
ball B such that B N aff C' lies inside C.

Furthermore, whenever H is infinite dimensional, C' is compact, (e,),>1 is an
orthonormal sequence in H and € > 0, it holds that for only finite many of the e,
the width width,, (C) can be greater than e. Assume otherwise and let / : N — N
be an enumeration of all the elements e,, for which the width is greater than e. Also
assume w.l.o.g. that C' is centered in the sense that for all n € N, sup,cc(u, erm)) +
inf,co(u, ermy) = 0. Since C' is compact sup,co(u, er)) is attained at some point
uy € C'. Inductively, we can select a countably infinite sequence of points (uy,),>1 in C
such that [|u, — || = €/4 > 0 whenever n # m: given points uy, . .., u, there exists
m € N such that max;<, [(u;, erom))| < €/4 for all m’ > m. Let u,41 be a point in
C such that €/2 < sup,cc(u, er(mr)) = (Unt1, €16m))- Then [Jun11 — wil| > €/4 for all
i < n. Hence, we have countably infinitely many points with distance of at least ¢/4
between them. These points give rise to an open cover of C' that does not contain
a finite sub-cover, contradicting the compactness of C'.

This last statement implies that whenever H is infinite dimensional, C' is compact,
and | k||c < oo then for any € > 0 there are infinitely many orthonormal elements
hi, ha, ... in ‘H such that for each ¢, sup, ¢y hi(z) —inf,ex hi(2) < €. Furthermore, at
most one of the h;’s can be constant, because if h; and h;, ¢ # j, were both constants
then they clearly would not be orthogonal.

2.3.3. Interpolation spaces

Interpolation spaces are useful when trying to quantify the width of C' because we
can use them to measure how accurately constant functions can be approximated.
Consider 1 as an element of C(X) and let H be an RKHS that is continuously
embedded in C'(&X'); for simplicity, we will treat ‘H as a subset of C'(X'). Furthermore,
define for 6 € (0,1) the interpolation space Hy := (C(X),H)g = {f : ||fllo < oo},
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where ||f]lg = sup,.o K(f,t)/t’ and K : C(X) x (0,00) — R is the K-functional
defined by

K(f.t) = it (1 = Bl + 121

If 1 € Hy then for any r > 0 there exists an element h € H, ||h|| < 7, such that
11 = Ao < ||1]|3/ "7 r—20/0=0) In particular, for any € > 0 there exists an r and
h € H,||h]| < r, such that |1 — k||« < €. Therefore, with ¢ = 1/||h|| and h* = h/| ]|,
i.e. ||h*]] = 1, it holds that ||c1 — h*||~ < € and widthy«(C) < 2e. If 1 itself does not
lie in H then h* lies in the affine span of C' and is a problematic direction.

In the finite dimensional case the situation is simpler. If H is finite dimensional
and if the constant function is not in ‘H then it is also not in any of the interpolation
spaces since Hy is a subset of the closure of H in C'(X). But because H is finite
dimensional the closure of H is equal to H, i.e. Hy = H for all § € (0,1). The
K-functional can be used in this case to quantify how well 1 can be approximated.

The K-functional has a few useful properties with regard to the constant function.
Observe that K(1,1) < ||1 — 0||«c = 1, which does not need any conditions on the
kernel function. When || k|| < 1 then we also have for any h € H that

1= Uloo + [[2f} = (1= [[2]]) + [[2]| = 1
since ||hlloe < ||E||XZ2||R)| < ||R||. Hence, K(1,1) = 1 whenever ||kl < 1. It is
straight forward to generalize this to any ¢ € R whenever ||k|/o < 00, i.e.

(2.7) K(c1, ||k 4?) = c.

Also, for any ¢ € R, t > 0 we have the trivial bound K (c1,t) < c. For t < ||k|'/? the
value K (cl,t) can be smaller than c. If K(c1,t) < ¢ then for any € > 0 there exists
a function h € H, h # 0, such that

K(cl,t)+ € > ||cl — hlloo + t||A]l
and the norm of such an element h is bounded by
c— K(cl,t) — € K(cl,t)+e€
e o

< Il <

Furthermore,

K(c1,t) = [e] inf ([[1 = h/clloe +t][h/c]]) = |c[ K (1,2)

and a minimizer exists for K (1,t) if, and only if, there exists a minimizer for K(c1,t).
The relation between these minimizers is straight forward: A* is a minimizer of K (1,t)
if, and only if, ch* is a minimizer of K(c1,t).

When # is finite dimensional and ||k|| < oo then there exists a minimizer of the
K-functional. For any ¢ € Rt > 0,

K (e, 1) = inf el = bl + 2][3] = min el = hllo + 1]

where A = {h : h € H,||h|| < (¢/t) A (1 4+ K(c1,t)/t)}. This holds because A is
compact and h +— [|c1 — h|o + t||h]| is continuous whenever ||k|« < co. The norm
of such a minimizer hf . is bounded by (c A K(c1,t))/t (the additional one in the
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definition of A is, in fact, unnecessary as the above argument shows that the infimum
is attained). Hence, we have that

_ h*
][5> ¢ t

In fact, we can say more about the norm of h;, in the finite dimensional case. Notice
first that ||} .|l < 2c since otherwise 0 would be a better approximation of c1. Since
the RKHS is finite dimensional this implies an upper bound on the RKHS-norm of
h; . as the next lemma shows. The lemma is actually of major importance in this
paper and we develop it further than what is needed for the current discussion. In
particular, the second part of the lemma is concerned with the relation between ||h||
and ||| when Mercer’s theorem (e.g. [SC08, Theorem 4.49]) applies. Recall that
Mercer’s theorem provides us under certain conditions with orthonormal elements
e}, ... ey in L?(X, i), u being a Borel measure on X, where ¢4, . .., €4 are continuous
functions and such that e; = \e; for all i < d, where Ay > --- > Ay > 0, lie in
the RKHS H and are an orthonormal basis of H. The kernel function has to be
continuous for Mercer’s theorem to hold. There are various forms of Mercer’s theorem
together with a variety of assumptions for the theorems to hold. Instead of making
such assumptions the following lemma assumes directly in its second part that the
ey, ...,eq exist and have the above properties.

LEMMA 2.3. — Let X be a set, k a kernel on X such that the corresponding
RKHS H is d-dimensional. For any ¢ € R, {h : |||l < ¢} is a compact subset of
‘H. Furthermore, for h € H and any points x1, . .., x4 for which k(z1, -), ..., k(xqg, -)
are linearly independent,

(Aa/d)' [l] < [[Al]oc,

where Ay is the smallest eigenvalue of the kernel matrix for the points x1, ..., xq.
Whenever X is a topological space, k is a continuous kernel function on X and

there exist continuous functions e; : X — R, ¢ < d, and a Borel probability measure

on X such that e}, ..., e% are orthonormal in L?(X, i), and {€; };<q is an orthonormal

basis of H where & = \/%e;, for all i < d, and Ay = Ao+ = Ay > 0, then
YR

Proof.

(a). — For the first statement let 1, ..., x4 be such that k(xq, -),..., k(zg, -) are
linearly independent. Observe that such points always exist: assume that d' < d
points z1, ...,z exist such that any k(x, - ) lies in the span of k(xy, -),..., k(zq, - ).
Now any h € H of the form Y1, a;k(z;, - ) with coefficients o; and z; € X' can be
written as a sum Y%, B;k(x;, - ) with suitable coefficients 3;. The family of functions
h that can be written this way lies dense in H, that is, span{k(x;, -):i < d'} is a
dense subspace of H. But this subspace is closed and therefore equal to H. Hence,
‘H is d’-dimensional contradicting our assumption about H.

Consider the linear operator A : H — RY, defined for any f € H by

Af = (f(ajl)v B f(md))—r = (<fa k(xb ' )>a SRR <f7 k('rda ’ )>)

T
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The operator is bounded since

d d
[Af s < AP D2 ki) and (Al < D k(i i)
i=1 i=1

A is also injective. One way to see this is by means of Gram—Schmidt orthogonaliza-
tion through which we gain an orthonormal basis ey, ..., eq of H from k(zq, -),...,
k:(xd, -) and for any f, g € H it holds that f = g if, and only if, (e;, f) = (e;, g) for
all i < d if, and only if, (k(x;, - ), f) = (k(x;, - ), g) for all ¢ < d.

Since A is injective and the dimension of H is d it follows that A is surjective and
invertible. By the open mapping theorem A~! is continuous and A~![{v : v € R%,
|v]|oo < ¢}] is a compact subset of H.

(b). — Let K be the kernel matrix corresponding to the points z1,...,z4. The
rows of the kernel matrix are linearly independent since they are the images of the
linearly independent elements k(x1, - ), ..., k(zq4, - ) under the isomorphism A. Hence,
K is invertible and for any y € R, with a = K1y,

A(Z a;k(x;, )) =Y ai(k(x, 1), ..., k(mi,xd))T =Ka=y.

i=1
In particular, for f = 2%, a;k(z;, - ), with oy € R, it follows that a = K~'A(f).
We have a useful inner product on R? given by (z,y)x—1 = 2" K~ ly. For arbitrary

f,g € H with f =%, Bik(zy, -) and g = XL, auke(zy, -),
(f,9) =8 Ka=(KAf) K(K ' Ag) = (Af, Ag) k-
Applying this to h,
Ih]|> = (Ah) "K' (AR) = tr (K~ ' (AR)(Ah)")
< B Hlop(AR) T (AR) < d|| K™ |opl|B][

(c). — Now assuming that k is continuous and the ey, ..., e; have the assumed
properties, we can write any h € H as h = >0, a;¢;, S0, a2 = ||h]|?, and

IAll3 = Za?”A} > Aallhl”.

Since [|h]]2 = Aa||R|| and (1 is a probability measure, there has to be some point
xr € X at which |h(z)| = \g||R]|. O

Example 2.4. — Consider the space X = {1, ..., d} with kernel function k(z,y) =
1 if # = y and zero otherwise. Then ||||> = X%, |h(7)|? and if k(i) = ¢ > 0 for all
i < d then ||h| = v/d| || which matches the bound if we use 21 = 1,..., 24 = d.

Coming back to the case of ‘H being d-dimensional, ||k||o < co and xy,...,24 € X
be any points such that k(zq, -),...,k(xq, - ) are linearly independent and the kernel
matrix is full rank. Furthermore, let \; be the smallest eigenvalue of the kernel

matrix. Consider the map 1 (h) = |1 — h|lw. By a similar argument as above we
can infer that there exists a minimizer of . However, the minimizer is usually
not unique. Consider, for example, X = [—1, 1] and the RKHS consisting of linear

and quadratic functions such that x — 2 and x ~ 2? both have norm 1. Then
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both of these functions minimize the distance to 1 as does 0. Any minimizer h of
¥ has norm ||hl| < 2 and, therefore, according to Lemma 2.3, it has an RKHS
norm ||h|| < (4d/A\g)"/? =: r. In particular, all minimizers of ¢ are included in the
compact ball B = {h : h € H,||h| < r}. Let A be the set of all minimizers of ¢
then A is a compact set: if A is finite then this follows right away. Otherwise, take
a convergent sequence {h,},en in A and denote the limit by h. Since for all z € X,
|h(z) — 1| = limy, o0 |hn(z) — 1| < minpey ||1 — hl|o and h € A. Finally, consider the
norm as a function on A. The norm is continuous and the image of the compact set
A under the norm is a compact subset in R. Hence, there exists an element h* in A of
maximal norm. Let us assume first that h* # 0. For such an element h* let b = 1/||h*||
and note that||b1 —bh*||c = infecg mingy=; ||c1—Ah| . Otherwise, there is an element

I, |[h]| = 1, and a ¢ such that ||c1—h||e < ||b1—bk*||. The constant ¢ cannot be equal
to b since then ||1 — A /b||o < ||1 — A*|| in contradiction to our assumption on h*. It
also cannot be larger than b because then ||1—%/c||s < (b/¢)||1=h*||co < |1 = h*||s
which is again in contradiction to A* being a best approximation of 1. But ¢ can also
not be smaller than b; whenever ||c1 — h||s is minimal it follows that ||1 — k/c||s is
minimal and equal to ||[1—h*||». However, ||}z//c|| =1/¢ > 1/b = ||h*|| in contradiction
to the assumption that ||A*|| has maximal norm within A. Therefore,

1133 K(b1,t) = ||b1 — bh*||e0 = égﬂfg HI,?HIBI el — Al = (1/2) ‘11‘15 widthy, (C)

and, since K (b1,t) =bK(1,t) > (1/r)K(1,t), it follows that

1/2
(2.8) (i;) PL%K(L” < le‘lf widthy, (C).

If A* = 0 then lim; ,o K(1,t) = ||1||oc = 1 but also for any ¢ € R, h € H, [|c1 —
hlleo > |lc1]|oo since otherwise h/c would be a minimizer of norm greater than zero,
contradicting the assumption that A* = 0 is the minimizer with the largest norm. For

h € H, there is a sequence of points 1, s, ... such that lim,,_,., h(zx,) converges and
|h(zn)| = ||h]|so- Fix one such sequence and let o(h) be the sign of all but finitely
many elements of this sequence h(z1), h(za),. .., e.g. if o(h) is positive and h attains

maxima then there is a point x such that h( ) = HhHOO By another application of
Lemma 2.3 it follows for any h € H, ||h]| = 1, tha

. A\
Widthy () = lo(h) A1 — Al > [l > (22) " 1im K(1,1)
and

A\ 2
inf width,(C) > (d) lim K'(1,1).

=t t—0

We can set in the above derivation r to (4/Xd)1/ 2 when Mercer’s theorem applies,
where )\, is the d'" eigenvalue of T},. The bound then becomes

A2 lim K (1,1) < iﬂlﬁlwidthh(c*).

t—0
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These results are only meaningful if 1 is not in the RKHS. In the next section we
discuss an approach to remove constants from an RKHS which allows us, among
other things, to extend these results to RKHSs that contain constants.

2.3.4. Adding and removing constants

It is sometimes useful to be able to remove constant functions from an RKHS
or to add constant functions to an RKHS. There is an efficient way to do this by
manipulating the kernel function.

In the following let X be some topological space and consider the p.s.d. functions
k: X x X — R that lie in £2(X x X) and denote these by K. Furthermore, consider
the partial order on IC given by k£ > [ if, and only if, & — [ is p.s.d. where k,[ € K.
Also note that IC is not a lattice, i.e. for k,[ € K the infimum k& Al and the supremum
k Vv 1 will generally not be defined.

For a function f : X — R we let f ® f be the function that maps (z,y) to
f(z)f(y) for any =,y € X. There is a simple criterion which tells us if f € H; for
a kernel function & € K. Assume that f ® f € L2(X x X), then f € H, if, and
only if, there exists a ¢ > 0 with ¢k = f ® f. In case that f € H,. it holds that
1l = inffe: k= f @ [

This observation motivates the following definitions.

DEFINITION 2.5. — For an RKHS ‘H with kernel k that does not contain 1 define
(2.9) kt:=k+1®1 and H' :=H:.

The function kT is a kernel function being the sum of the kernel functions k£ and
1®1 and H* is well defined. We denote the norm of H* by || - ||+ and we can
observe that

1)y =inf{c: Fk+101)=1®1} <1

In fact, ||1||; = 1 because otherwise there exists a ¢ < 1 such that

Chk=(1-Ael = k=-101=1cH.

2
c

<\/1 - 02>

We also have that H C H™, since k < kT, and for h € H,

(2.10) [l < (|-

When the RKHS # is finite dimensional then ||h||; is actually equal to [|A||. To
show this we make use of the following lemma which is a simple extension of [PR16,
Section 5.3].

LEMMA 2.6. — Let hq,...,hq be linearly independent functions mapping from
some topological space X to R and let aq,...,aq > 0 then Kk = Zle ah; @ h; is a
kernel function, the functions h; lie in H,, and are orthogonal in H,. Furthermore,
the dimension of H,. is d and |||, = 1/\/a;.
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Now, let d < oo be the dimension of H, choose orthogonal functions hq, ..., hg € H,
hi,..., hqg # 0, and define the kernel k = %, (1/||h;]|*)h;i @ h;. Then k = x. This fol-
lows because, according to the above lemma, both spaces consist of span{h, ..., hs},

|hills = |lhillg, for all @ < d, and the h;’s are orthogonal in both spaces, i.e. H, = H,
which implies that & = k. The importance of this statement is that it shows that we
can write the kernel as a finite sum of weighted tensor products.

From this description of x we also gain that k™ = Zle ah; ® hy +1 ® 1 and,
because 1 is not in the original RKHS H, it follows that 1 is linearly independent
of hy, ..., hg which implies that 1 is orthogonal to hq,..., hg in HT.

Consider now one of the h;’s. We like to show that ||h;||+ > |/hi]| which then
implies, together with (2.10), that ||h;||+ = ||h:|| and [|h]|+ = ||h|| for all h € H; the
h;’s are orthogonal in both H and HT. Let [ = k™ — (1/||h;]|?)h; @ h; so that h; & H,.
Furthermore, consider any ¢ such that 0 < ¢ < [|h;]]. If ||h;||+ = ¢ then

¢l

C2]€+ = h;®h; —= CQZ >~ (1 — CQ/HhZ”Q)hZ@hz -
which is impossible and, therefore, ||h;]|« = ||hil|-

For an RKHS that contains already the constant functions it is useful to be able
to remove these from the RKHS.

DEFINITION 2.7. — Let H be an RKHS that does contain 1 and is not of dimen-
sion 1. Define

(211) k™ :=k—c"1®1, where c=inf{¢:@Pk=1®1}, and H :=H:-.

It follows right away that 1 ¢ H_ and because, k= < k we know that H~ C H
and ||h||- < ||A|| for all h € H~. Next, notice that we can write k = 2% a;h; ® h; +
1 ® 1 where hq,...,hs_1,1 are orthogonal in H and a4, ...,aq_1 > 0. Due to the
orthogonality it follows that the hq,..., hy 1 are linearly independent elements in
H~ and H~ is d — 1 dimensional. Lemma 2.6 tells us furthermore that hq,..., hg_1
are orthogonal in H~. Finally, for all i < d — 1 we have that ||h;||- = [|h;]|; assume
¢ = 1 and observe that in this case (H~)" = H and due to the above results for
H* we can conclude that ||h;||— = ||h;||- = [|hi]]. The above argument for H* does
not rely on ||1|| = ¢ = 1 and we can generalize this result right away to any ¢ > 0.
Because the norm of the h; does not change and since the h; are orthogonal we
can conclude that ||h|- = ||h|| for all h € H_. We summarize these results in the
following lemma.

LEMMA 2.8. — IfH is a finite dimensional RKHS with dimension d, kernel k € IC,
and which does not contain 1 then H*, is d + 1 dimensional, H C H*, 1 € H* with
|1+ =1, (g, h)+ = (g,h) for all g,h € H, and 1 is orthogonal in H* to all h € H.
Similarly, if H is a finite dimensional RKHS with dimension d > 1, kernel k € I, and
which does contain 1 then H~, is d—1 dimensional, H~ C H,1 & H™{g,h)_ = (g, h)
for all g, h € ‘H which are orthogonal to 1.

2.3.5. Lower bounds on the approximation error in finite dimensions

In finite dimensions we can now provide lower bounds on the approximation error
of any function f : X — R. Before specializing to constant functions we take a short
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detour and discuss the general technique. The approach to get lower bounds is the
following: let k = Z?:l a;h; ® h; for linearly independent hq,...,hg and a; > 0. If f
is linearly dependent on the h;’s then f € H. Otherwise, we can move to the kernel
function & = X%, a;h;@h;+ f® f and the corresponding RKHS . The function f is
orthogonal to hyq, ..., hgin ‘H'. That means that the lowest approximation error, when
approximating f by functions in the subspace corresponding to H, is given by the
projection onto this subspace. Due to the orthogonality the projection of f onto this
subspace is just the origin and the approximation error is || f||z» = 1 when measured
in the RKHS norm of H'. If we consider the constraint that the approximation has
to lie in H and has to have norm ||h|| = 1 then the best approximation error of f is

\/§, ie.
1f = Pl = V2.

hew, HhH 1

To gain a lower bound on the approximation error in || - || we use Lemma 2.3 which
shows that

I — e > V()"
he, HhH 1 o 2 d+1 ’

where we get d + 1 since we use the RKHS H’ which has dimension d + 1. The
constant Aj,q is the smallest eigenvalue of a kernel matrix corresponding to points
T1,...,Zaqy1 such that k'(xy, -),..., k' (x441, - ) are linearly independent. Notice, that
this approximation error depends implicitly on the particular function f through
the kernel matrix and the smallest eigenvalue. The bound can become loose when
|| flloo is significantly larger than ||h;]|«, but observe that we can always replace f
by cf for some constant ¢ < 1 to rescale the infinity norm. In the following, let
k' = S0 aih; @ hi + (cf) @ (cf) and treat H as a subset of H” := Hyv. Such a
rescaling leads to a problem in the constraint ||| = 1 because

inf — Bl = inf — hle.
heHljﬁh”:chf oo cheH}”r;l”:l/cl|f oo

We can compensate for this by using the constraint ||h|| = ¢. Since ||cf||3r = 1,

VIt ( At )”2

If = hllee =~ inf flcf = hl< > Tl

hGH HhH 1 C heH, ||h||=c

where A\;zy1 is again the smallest eigenvalue of a kernel matrix but now for the
kernel k”.

Example 2.9. — Let X = {0,1} and h : X — R be given by h(0) = 1,h(1) =
and let f: X — R be defined by f(0) =0, f(1) = r for r > 0. Let H be the RKHS
with kernel h ® h which consists of span{h}. The smallest approximation error of
f by elements in H which have norm 1 is attained by —h and h and is equal to
|h = fllse = r V 1. Considering now the bound: let the kernel of the RKHS H’ be
k=h®h+ f® f. Consider 1 = 0,22 = 1 and the corresponding kernel matrix

o= (8 )=
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which has minimal eigenvalue 1 A r2. The corresponding lower bound is

1 A2\
it g~ fle > vV2(FA5) = 1Ay

g€H,llgll=1

which is exact when || f]|oc = 1 but degrades for r away from 1.
Scaling f by ¢ = 1/||f]lec = 1/r gives us the kernel ¥ = h® h+ (1/r)*f ® f and

a kernel matrix
= (" ) = 6 9)

which has minimal eigenvalue 1. The bound becomes

1472
inf e =/ >1AT
geﬂlﬁ‘lg”:l lg — flls = 5 Z r

Coming back to the approximation of constant functions. When H does not contain
the constant functions then an approach to calculate lower bounds is to use the kernel
k. and the corresponding RKHS H™. The norm of ¢l in this RKHS, where ¢ € R,
is |¢| and for any such c,

5 1/2 1/2
I = 1] > VIR ( Qe )T (Aan )

inf > Ad+1
hE?—[I,IHIhH:l |e| d+1 d-+1

with d being the dimension of H and Ay the lowest eigenvalue of a kernel matrix
corresponding to points xy, ..., x4y for the kernel k7. Using the right hand side as
the lower bound has the advantage that we only deal with one RKHS, i.e. with H™,
and we only need \;,; for that kernel. Scaling of the function 1 in dependence of
which constant c¢1 we want to approximate might improve the lower bounds but
then A411 has to be calculated for the individual scalings.

When Mercer’s theorem applies we gain the bound

. . Y1/2
— >
irelnfa he?—[l,rﬁffLH:I Ih=ellloe = A,

where Az, is the (d 4 1)™ eigenvalue of Tj+. For Mercer’s theorem to apply it is
important that k% is continuous. But when k is continuous then so is k*.

If H already contains the constant functions then we are interested in determining
the width of the convex set in the affine subspace spanned by C. In particular,
because (k(z, -),1) = 1 for all x € X, there exists a subspace S of H that is
orthogonal to 1 and a ¢ # 0 such that aff C' = aff{k(z, -) : 2 € X} = 1+ S. In fact,
¢ =argmin, g ||k(z, - ) — 1|, where we can use an arbitrary x € X and S = H".
This is exactly the same situation that we faced above with ™ and a lower bound on
the width of the convex set in the affine space spanned by it can be gained through

A\ 12
inf inf ||k — 1| > <d> :
cER ||n]|-=1 d

where d is the dimension of H and A\; the smallest eigenvalue of any kernel matrix
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for kernel k. If we can use Mercer’s theorem then we also gain the lower bound

inf inf Hh—clHoo 2
c€R [[p[|-=

where )\, is the d'" eigenvalue of Tj,.

We can also extend the results from Section 2.3.3 on the application of K-functionals.
We summarize in the following proposition these results together with a variety of
results on the width of C' that we derived up to now. We use the notation K_(1,t) for
the K-functional corresponding to H_. We hope that the use of the letter K for both
the K-functional and the kernel matrix does not lead to confusion. To streamline the
statement of the following proposition let us say that k has a Mercer decomposition
with lowest eigenvalue A4 if k is a continuous kernel function on X and there exist
continuous functions e; : X — R,7 < d, and a Borel probability measure © on X
such that e, ..., ey are orthonormal in LQ(X ,u) {€;}i<a is an orthonormal basis of
‘H, where ¢; = ()\ )1/2¢;, for all i < d, and A > Ay > - > Mg > 0. Notice that the
Mercer decomposition based results in the following proposition do not seem to have
a dependence on d beyond the eigenvalue Ay but this is somewhat misleading as the
discussion in Section 2.3.6 demonstrates.

ProPOSITION 2.10. — Let X be a measurable set and k € IC a kernel function
defined on X. The following holds.

(1) If H is infinite dimensional, X’ is compact and k is continuous, then for every
€ > 0 there exist infinitely many orthonormal elements (e,),>1 in H such
that sup,,-, width,, (C) < e.

If H is finite dimensional with dimension 1 < d then the following hold.
(2) If 1 € Hy for some 6 € (0,1) then there exists h € H,||h|| = 1, such that
(3) If 1 ¢ H then for any xi,...,x4.1 € X and corresponding kernel matrix
Kt = (k™ (24,%4))i j<at1 with smallest eigenvalue Agi1,

inf width,(C) > 2( Ad1 )1/2
Ihl=1 h d+1 )

(4) If 1 € H, ||k|| < 00, then for any z1,...,x4 € X and corresponding kernel

matrix K = (k(z;,%;))i j<a with smallest eigenvalue A4,

A\ /2
inf width,(C) > (;) lim (1, ).

[[hll=1

(5) If 1 € H and 2 < d, then for any x1,...,xq € X with corresponding kernel
matrix K = (k(z;,2;))ij<q and with the smallest eigenvalue of K being A,

A 2
inf widthy,(C 22() .
AL, widths (C) d
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(6) If 1 € H, 2 < d, then for any xy,...,x4_1 € X with corresponding kernel

matrix K~ = (k(z;,2;))i j<i—1 and with the smallest eigenvalue of K~ being
)\d—17
Ay \ V2
" 1|Iif_ widthy, (C) > <d — 1) %%K (1,1).

In the following, let X be a compact space and k a continuous kernel function on X .
The following hold.

(7) If k* has a Mercer decomposition with smallest eigenvalue Xdﬂ and 1 ¢ H
then

inf widthy,(C) > 202

(8) If k has a Mercer decomposition with smallest eigenvalue Ag and 1 & H then

. . T1/2
”}111”1£1W1dthh<0) Ay %gnK(l t).

(9) If k has a Mercer decomposition with smallest eigenvalue Xg and 1 € H then

" 1an width, (C) > QX;/Q.

(10) If H is d > 2 dimensional, k= has a Mercer decomposition with smallest
eigenvalue \;_1 and 1 ¢ H then

~1/2 4.
" 1|Iff widthy,(C) > )‘d—lllg% K_(1,t).

Example 2.11. — Consider the kernels kq(z,y) = S9_, 2%y, with o,y € [—1,1]
and 1 < d < 4. These corresponding RKHSs do not contain the constant functions.
To test the kernel matrix based lower bound in a simple experiment we are calculating
upper bounds on infecg infrepy =1 |2 — 1o in the following way: the functions
x* and x" are orthogonal in the corresponding RKHSS whenever v # v and have
norm 1. Therefore, functions of the form (1/v/d) ¢_, 2* have norm 1. To get a good
approximation of constant functions we use such functions for d = 3,4, with signs
adjusted so that the different terms cancel each other as well as possible. In detail,
for d = 1 we use the function hy(z) = = which has approximation error 1 when
approximating the (constant) function 0; for d = 2 we use ho(z) = 2?; for d = 3 we
use hy(x) = (1/v/3)(x + 22 — 2%); and for d = 4, hy(z) = (1/vV4)(—x + 2% + 23 — 2%).
The functions for d = 2, 3 and 4 are shown in Figure 2.2 in the left three plots in blue.
The constant that are best approximated by these functions are shown in orange.
In the right plot the corresponding approximation error in || - ||o norm is plotted
against d (top curve; orange). The blue curve in the right plot corresponds to the
lower bound where we use —1 = x; < --- < x4 = 1 with equidistant spacing to get
full rank kernel matrices.
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d=2 d=3 d=4
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Figure 2.2. The three plots on the left show in blue polynomials of degree 2,3
and 4 respectively. The orange lines correspond to the constant functions that
are best approximated by these polynomials. The right most plot shows the
corresponding approximation error in || - ||, (orange curve) and our lower bound
on the approximation error (blue curve). Note that the approximation error is
calculated for the three curves in the left plots and is only an upper bound for
the best approximation error that can be attained.

2.3.6. Quantifying the width of the empirical convex set C),

The above techniques can also be applied to the empirical convex set C),. An easy
way to do so is to identify the subspace spanned by C, with a new RKHS. In
particular, the subspace spanned by the empirical convex set C,, can be identified
with an RKHS in a similar way to how we dealt with measures that attain values
in a subspace in Section 4; see also Section 2.4.3 for a more detailed discussion. For
an experiment w € Q let S, = {X;(w),..., X,,(w)} be the support of the empirical
measure for the realization w. If k is our original kernel function then let k., be
kS, x S, and let H,, be the corresponding RKHS. The empirical convex set C,,,
as an element of #H, has then a corresponding convex set C, = ch{k,(X;(w), -) :
i < n} within H,. For ease of notation fix an w € 2 and let zy,...,z, € X be
r1 = X1(w),...,z, = X, (w) for the rest of this section.

Importantly, there is a linear map ¢ : H — H,, defined in the following way: if
h € H is of the form -7 | a;k(z;, -) for some a; € R thenlet ¢(h) = >0 | aks(x;, - ).
Also, let U = span{k(x;, -) : i < n} be the subspace of H corresponding to these
functions h. For functions g € U+, define ¥(g) = 0, and extend v to all of H
by linearity. The function ¢ : ‘H — H, defined in this way has the following
properties: for all g, h € span{k(X;(w), ),...,k(X,(w), -)} C H we have (g, h) =
((g),%¥(h))s, (this follows right away from the kernel expansion of g, h because k
and kg are equivalent on xq,...,x,) and ¢(f) = 0 if f is orthogonal to the subspace
spanned by the data. In other words, v is a partial isometry between H and H, and
an isometry between U, with the inherited inner product, and H,,.

Beside this natural link between H and H,, there is also the linear map A that
we considered in the proof of Lemma 2.3. We have to adapt the approach from
Lemma 2.3 slightly to make use of it in this new context. First, observe that if H,,
is d,-dimensional then we have the operators A, : H, — R% defined by A, f =
(f(z.1))s s f(zua))) " for a given injective function ¢ : {1,...,d,} — {1,...,n}
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such that the matrix (k(z,z), 2.(j)))i,j<d, has full rank. This dimension can obviously
depend on w and will always be upper bounded by the dimension dy of H. Consider
now the kernel matrix K, = (k(z.),2.(;)))ij<d, and equip R* with the inner
product (a,b)K;1 = a' K ', a,b € R%. As in the proof of Lemma 2.3 it follows
that (g, h)y, = (Ag, Ah) i1 for all g, h € H,, and A,, : H,, — R% is an isometry.
We have the following commutative diagram summarizing the relationship between

the three spaces.
H v H,
Aw% A
R

Furthermore, when U = span{k(x1, - ),...,k(z,, -)} is the subspace of H induced
by the data it follows that the following three spaces are isometric isomorphic

(U () =2 (s (- D) = (R (-, ) ).

In particular, A, o1 is an isometry between U and R% . This isometry has takes a
simple form: let h = >0 | a;k(z;, ) then

n

(A o)) =3 a;(k(zs, 2), - k(@ 2ay) | = (), b(za)
i=1

This relation allows us to apply the techniques we developed for measuring the size
of C' to the empirical convex set C),. For example, if H, does not contain constant
functions then using the kernel k¢ and denoting the corresponding RKHS by H_, we
can lower bound the width of C,,. The RKHS H; has dimension d,,+1 and there exists
an injection ¢ : {1,...,d,+1} — {1,...,n} such that k5 (z,q), - ), ..., k& (zyaus1)s *)
are linearly independent. Then, as above, A : H} — R9%*! defined by Af(h) =
(h(zy1))s - - - (T 4y+1))) " is an isometry between H, and R%™ when the latter is
equipped with the inner product (a,b>(K$)_1, for all a,b € R%T! and K is the
kernel matrix corresponding to the points .1y, ..., Z,q,+1). From this we can infer
a lower bound on the width of C, within H,. Alternatively, we can apply directly
Proposition 2.10 to H,, to get this lower bound. Since we have an isometry between
U and H,, these lower bounds translate directly to lower bounds on the width of C),
within U.

There is another point worth noting. The lower bound on the width of C), depends
on the choice of ¢. Finding the subset of points x1,...,z, that maximizes this
lower bound seems like a hard problem. Therefore one might wonder if there is a
simpler way to optimize the lower bound. In particular, there seems hope to get the
largest smallest eigenvalue Ay, when using the full kernel matrix. To that end, let
K} = (k(x;,2;))i j<n be the kernel matrix corresponding to all the data. Since the
subspace spanned by the data has dimension d,, it follows that there are exactly
d,, non-zero eigenvalues A7,..., A7 . There is a useful interplay between K7 and
the following linear operator A* : H, — R" given by A*(h) = (h(x1),...,h(z,))".
First note that for h = Y1 | a;k(z;, - ), with suitable o; € R, we have that A% (h) =
K*a. Also observe that A% in injective because if A%(f) = (f(x1),..., f(zn))" =
(g(z1),...,9(x,))" = A*%(g) for two functions f,g € H,, f: S - R,g: S — R, then
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f and g are equal on S and are therefore the same function. While AY is injective
there are generally for a given h € H, many o € R" such that Af(h) = Kl and
K is not invertible. Therefore, consider the Moore-Penrose pseudo-inverse (K3)T,
and observe that with af = (KX)TA*(h) we get KXaj = K5(KX)TAX(h) = A% (h)
since A% (h) lies in the range of K, [CMO09, Definition 1.1.2(a)]. In particular, for
f,9 € Ho,

(F9) = (a5)TKa = (AL(F) T ()T KAL) Ax(g) = (AL())T(KL) Ax(g).
From this relation we get a lower bound on the supremum norm of a function h € H,,,,
A1, = (AL(H) T(ETAL(S) = e (KHTAL(H(AL))T)

<@, s As) < af @) inlk.

The term [[(K})'||op is equal to 1/Aj_ but, unfortunately, instead of the constant d,,
we have now the constant n.

In Proposition 2.10 seemingly no price had to be paid for the dimension of H
when using a Mercer decomposition. Since intuitively K is closely related to the
integral operator that appears in Mercer’s theorem when the underlying measure is
the empirical measure P, one might wonder if the constant d,,, or n, can be removed
by following that route. Unfortunately, this approach does not remove the constant:
consider the integral operator

v) = [ F@)k(z,y) dPy(x),

for f € L£%(S, P,) where S = {x1,...,1,}. Observe that £%(S, P,) is the same set
of functions as H,, but the £2-inner product does not have to be equal to the inner
product of H,,. Then for f € L*(S, P,) = H, and j < n,

(T, f)(x5) Zf z;)k(x;, z;) 71((A:(f))TK;)j

and for f,g € L2(S,P,),
(Tuf,9)2 = n 2 (AL() T KSAL(9)-

The eigenfunctions of T;, are closely related to the eigenvectors of K. Let ¢y, ...,
qn € R" be the eigenvectors of K and let A\j,..., A% be the corresponding eigen-

values. Observe that qi,...,qq, lie in the range of A since for any i < d,,, ¢ =
N KGq = Af(e;) where e; = Y0 Af(qi)jk(wj, - ). Also, it follows directly that
n2e;,...,n'%e,, are an orthonormal basis in L£2(S, P,) as (n'/%e;,n'%e;)y =

A (e;)T A% (e;) = ¢ qj and L%(S, P,) is d,-dimensional. Furthermore, n'/2e,, ...,
n'/%eq are the eigenfunctions of T,

n(Tue;, €502 =n"'q K5q; = (Ni/n)q; q;

and the corresponding eigenvalues of T;, are A\f/n,..., A5 /n.

To summarize, we discussed two approaches in this section to get a lower bound
on the width of the empirical convex set. The first approach uses a selection of
d,, sample points and the eigenvalues of the kernel matrix corresponding to these
points. It is unclear if there is an efficient way to optimize over this subset selection.
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The second approach uses instead the full kernel matrix, which sidesteps the problem
of selecting sample points, and leads to a larger eigenvalue but then the constant
degrades significantly if n > d,. There is a third way which “interpolates” between
the two approaches. For instance, it might be reasonable to use 2d,, many points to
help with the subset selection problem while keeping the constant small.

There are multiple hurdles to using these approaches in practice. First off, it is not
just the width that needs to be controlled but also how centered m,, lies within C),.
Furthermore, the current approach is only applicable in the small sample regime
since we need the smallest eigenvalue of the kernel matrix to control the width. This
eigenvalue can be computed by applying the power iteration method. The power
iteration returns the largest absolute value of a matrix. A standard way to find Ay
is the following: apply the power iteration to K to find A\;; then move to matrix
B = K — )\ 1, which is negative definite, and apply the power iteration to get Ay — A;.
Each iteration of the power iteration relies on a multiplication of an n x n matrix
with a vector. This makes this method prohibitively costly to apply in the large
sample regime. We come back to these issues in Section 4 where we study, among
other things, algorithms which split the data into small batches. In such settings it
becomes possible to control the width of the empirical convex sets that correspond
to the small batches of data.

2.4. Locating m

For various convex approximation methods the distance from m to the boundary
of the convex set characterizes the rate of convergence: the larger the distance the
faster the rate of convergence. A crude way to measure the distance is to consider
the largest ball that fits within the convex set around m. Having a closed ball of size
0 > 0 around m in C' is equivalent to

(2.12) inf sup(h, k(x, -) —m)
|h]|=1z€X

WV

9,

and similarly for affine subspaces. This can be seen in the following way: clearly
when there exists a closed ball around m with the stated properties then for any
h,||h|| = 1, some extreme of the convex set must fulfill (2.12). On the other hand,
C' — m is equal to the intersection of the closed half-spaces tangent to it [Roc97,
Theorem 18.8]. To each of these half-spaces there exists a normal h € H, h # 0, and
an «y, € R such that (g, h) < oy whenever g lies in the half-space. In particular, for
any such normal (g, h) < a;, whenever g € C'—m. Without loss of generality we can
assume that the normals have norm one and by assuming that (2.12) holds we know
that for any such normal h, a;, > J. If there would not exist a ball of size ¢ around
m in C' then there would be an element g € C'—m, ||g|| < 0. But then (h, g) < for
all h € H,||h|| = 1, and g would lie in the intersection of the half-spaces and then
also in C'— m due to [Roc97, Theorem 18.8] which cannot be.

In the previous section we quantified the width of the set C' in direction h, i.e.
widthy,(C') = sup,cy h(z) — inf,ex h(x). The width tells us how large a ball around
m can be in the ideal case where m lies centered within C', however, we do not know
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how centered m lies within C'. Obviously, m can lie in the boundary for instance when
m = k(z, -) and k(z, -) is an extreme of C', and assumptions on the distribution
of the data are needed to guarantee the existence of a ball around m. Our aim
in this section is to show how natural assumptions on the probability distribution
translate to statements of how centered m lies. In the following, we are studying two
such conditions: (1) a lower bound on the density of the law of X; together with a
Lipschitz condition on ¢ : X — H; (2) an assumption on the covariance operator €.
We finish this section with a look at the case where the law of X; does not have full
support in X.

Before looking at these conditions let us add a short comment about the relation
between the extremes of C' and m. For the convex set C' = cch{¢(z) : x € X}
the extremes of C' which are close to m are images under ¢ of points z which lie
close to each other. In detail, consider a kernel function with k(z,z) = 1 for all
r € X. Whenever ||¢(z) — m|| < € and ||¢p(y) — m|| < € for some ¢ > 0 then
4 > ||o(x) — d(y)||* = 2(1 — k(x,y)). In other words, if there exists an extreme
@(xg) of C that lies € close to m then all the extremes of C' that are € close to m are
contained in

6[{y: k(zo,y) = 1— 22}

Obviously, the case that we have an extreme ¢(zg) close to m is rare since this means
that for all functions h € H, ||h|| < 1, the expected value E(h(X)) ~ h(zo) and H
cannot distinguish between P and a probability measure that puts mass one on z.

2.4.1. Assumptions on the density

In [BLJO12] it was observed that when the probability measure corresponding to
m has a density on X which is bounded away from 0 and H is finite dimensional
then it is at least guaranteed that some open ball exists around m in C. This result
can be strengthened and turned into a quantitative statement by using a simple
observation.

Consider first the Lebesgue integral on R. If we have a (non-atomic) probability
measure on R which has a mean value of 0 and there exists some measurable set B
with inf B > € and P(B) > 0, then there will be probability mass on the negative
axis to counter the “pull” from B since otherwise

oz/de: xdp>/xdp>ep(3)>o.
R [0,00) B

This argument can also be applied to m. Consider the set X = [0, 1], an RKHS H
with continuous kernel function k(z,y) and assume that k(z, -) € L*(P;H) with
Bochner-integral m and the probability measure P has a density function that is
bounded away from 0. For every y € X with k(y, - ) — m # 0 there exists an x € X
such that (k(y, -) —m, k(z, -) —m) < 0. Otherwise, let e = ||k(y, - ) — m||*/2 then
B = {z : (k(y, -) —m,k(z, -) —m) > €} is non-empty as y € B and contains
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an open interval I of X, with P(I) > 0. Hence, P(B) > 0 and because ||m|* =
fX<m7 k($7 )> dP(.’E),

0= [ (k(y, ) = m, k(z, -) = m)dP(a)
> /B<k(y, ) —m k(z, ) — m)dP(z) > eP(B) > 0.

This implies that we have on both sides of m (with respect to the direction k(y, - )—m)
elements of cch{k(z, -):z € X} =C.

To provide lower bounds on the radius of a ball around m in C' we need more.
Ideally, we like to have assumptions on the kernel function and the measure which
guarantee the existence of some strictly positive function v : (0,00) — (0, 00) such
that for any h € H,||h|| < 1, x € X, if (h,k(z, -) —m) > 0 then

;2£<h>k(ya ) _m> < _w(<h7k(x7 ) _m>)

Under a Lipschitz assumption on the functions in H we can provide such a function .
The Lipschitz assumption we are using is that any h € H fulfills

(2.13) sup D = Ay,

et =]

where L > 0 is the Lipschitz-constant. When the space X is a compact subset
of R this Lipschitz assumption is often fulfilled. For instance, when a polynomial or
Gaussian kernel is used. In fact, whenever we have a well behaved domain X like
0,1)4, R int X € CY(int X), h € C(X) and ||D,hlop < ||h||L (compare to [SCOS,
Corollary 4.36]) then the condition is fulfilled.

In the following, 3; denotes d-dimensional Lebesgue measure of the unit ball in R?
and pg denotes Lebesgue measure.

PROPOSITION 2.12. — Let X = [0,1]? and let H be an RKHS such that for
allh € H and z,x' € X, |h(z) — h(2")| < L||h||||x — 2'||. Furthermore, let P be a
probability measure on X and assume that P has a density p with inf,cxp (z) >
¢ > 0. Then for any h € H, ||h|| < 1,

d+1

max(—h, k(y, ) —m) > "

yex (d+ 1)(2L)dﬁd'

whenever there exists an x € X such that (h,k(z,-) —m) >~ >0 and y/L < 1.

Proof. — Fix any h in the unit ball of H and let f(z) = (h,k(x, -) —m). Let
z* € X be a point at which f(z*) = (h, k(z*, -) —m) > 7. The function f is also
Lipschitz continuous with Lipschitz-constant ||h||L < L and f is therefore non-
negative on the set A = {y : [y — 2*|| < v/L,y € X}. Let B = {y : |ly|l| < ~/L,
y € X} then P(A) > cpa(A) = cpa(B) because B, being centered at 0, minimizes
the volume of the intersection of X = [0,1]¢ with a ball of radius /L with center
in X. Furthermore, py(B) = (v/2L)%3y; this is the volume of a d-dimensional ball
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of radius 7/L scaled by 27%. Now, integrating over A and using [Fre01, 265G, 265H]
again

[ f@dP@) > [ efa) = Lialyde > ¢ [ fla*) = Llja|| da

c d+1 d d+1 c d+1 d
> g, — L2 S Hﬁd(l )

~ (2L)d d+1Ld+! (2L) Cd+1
Since [y f(z)dP(xz) = 0 there must be a point y € X’ such that
d+1
cy 1 )
< - . U
/) (2L)d5d<d+1

Under the conditions of the proposition we can state a lower bound on the size of
a ball included in C' around m. Let h € H, ||h|| = 1, and assume w.l.o.g. that s :=
supyex (b, k(z, -) —m) > —inf,cx(h, k(z, -) —m) =: 0. Then s > (1/2) width,(C)
and
4 csdt! c((1/2) width, (C))4+!
i> O 5> ((1/2) h(d)) 8,

(d+1)(2L) (d+1)(2L)

If we have a lower bound b on widthy,(C) for all such h then we can conclude that
there exists a ball of radius

0= min{(b/Q),

(2.14)

c(b/2)™ By }
(d+1)(2L)4
around m in C.

2.4.2. Assumptions on the covariance operator

Let us start with a useful relationship between 1 and m whenever 1 lies in the RKHS.

For any measure P, with expectation m we have that (1,m) = 1. Also, for any z € X,
(k(z,-),1) =1 and C lies within the closed affine subspace {h € H : (h,1) = 1},
where closure follows from h +— (h,1) being a continuous function and {1} being
closed. Also, since 1 = (m, 1) < ||1||||m]| it has to hold that ||m|| > 1/||1||. An upper
bound on ||1]] is therefore giving us a lower bound on ||m||. For instance, we can get
a lower bound on ||m|| by inspecting the kernel function % of the RKHS in the sense
that
(2.15) [m|| >1/inf{c: Pk = 1®1}.
One might be tempted to move to H™ whenever 1 does not lie in the RKHS #; recall
that H* has the kernel k+1®1. Since H can be regarded as a subspace of H we have
that ||m|| = ||m||+; however, only for h € H do we have that [hdP = (m, h), since
1 € H* by construction. But there is then an element m* € #, for which Pym* =m
and (I — Py)m®™ = (1,m") = 1, where Py is the orthogonal projection onto the
subspace H and I the identity operator. Now, 1 = (1,m™), < |[m*|, =1+ ||m]||
and we only learn from this the trivial fact that 0 < ||m||.

An alternative approach gives us more insight. Whenever there is a function 1eH
such that [|[1 — 1||c < S <1then1l—/5< (m 1) <1+ and

(2.16) lml| > (1 - 8)/IIT) = (1 — B)/inf{c: k= T®1}.

ANNALES HENRI LEBESGUE



Compressed Empirical Measures 523

In the following we will make use of the covariance operator ¢ (see Section 1.9) to
determine the location of m. Before exploring the relation between the covariance
operator and the location of m we note the following adaptation of the above dis-
cussion. If 1 € H then (€1,1) = 1 and whenever 1 € H fulfills ||[1 — 1|jc < S < 1
then

(2.17) (€1,1) > (1 - B21) = (1 - B)*/int{c: k = 1@ 1}

Coming now to the problem of locating m within C' we can take note of the
following fundamental relationship. Whenever H is d-dimensional, k||, < oo and €

has an eigen-decomposition with smallest eigenvalue Ay then for any h € H, ||h]| = 1,
with (h,m) = 0, it follows that [h(z)dP =0 and

/((h, k(z, ) —m))2dP = /hQ(x) AP > M.

Since sup,cy |h(7)] < ||k||}2 and [ h(x) dP = 0, a short calculation shows that

Ad
T

where with h € H,

r(m,h) = <sup(h, k(z, ) — m>> A (—gg‘((h, k(z, ) — m>>.

reX
In detail, it is sufficient to consider the case of a discrete measure where with
probability p the function (h,k(z, -) — m) attains value a and with probability
1 — p attains value b, with a < 0 < b, and a’p + V*(1 — p) = Aa. The condition
(h,m) = 0 then implies that ap + b(1 — p) = 0. For a particular value of a we get
that p = b/(b — a) and b = \g/(—a). The value b is minimized by maximizing —a
but —a = (h, k(z, -)) for some z € X and —a = |a| < ||k||}/?. By symmetry we get
that (—a) A b > M\g/| k|22
The remaining direction we have to take care of is h* = m/||m|| The distance of
m to the boundary in direction h* can be lower bounded away from zero when the
smallest eigenvalue of the covariance operator is sufficiently large since

[(m ke, ) = m)2dP = [((m k(z, )2 dP = [m] = (€m,m) — |m]*
and

J R, ) = )2 P = (@, 1) — > > g — ]
Also, | (", K(, ) = m)| < [[k(z, )] + [m]| < 2|k} and

A — [[m[?
r(m,h*) > —————
m, 1) 2| k(|57

For this approach to yield a useful bound A\¢ has to be strictly greater than ||m>.
However, Ay can even be smaller than ||m||2 A better bound can be gained by using
an eigen-decomposition of €. = € — m&m. In the following let A1, Xa, ... be the
cigenvalues of €, then by the same argument as for €, whenever h € H, HhH =1,is
such that (h,m) = 0, it follows that [((h, k(z, - ) — m))2dP = (€.h, h) > Ay, where
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Aq is the smallest eigenvalue of €., and r(m, k) > Aa/ || E||X2. For h* = m/||m|| we get
now that

[ ka, -) = m))dP = €, 1) > A

and r(m, h*) > Xa/2||k|| /2. Also notice that when 1 € # then (€,1,1) = 0 and
Mg = 0. We summarize these finding in the following proposition.

PROPOSITION 2.13. — Let (X, A, P) be some probability space with measurable
kernel function k defined on it and such that the corresponding RKHS H has dimen-
sion d < oo. Furthermore, assume that || k||~ < oo and that the centered covariance

operator %c has an eigen-decomposition with smallest eigenvalue Ay > 0. Then 1 & H
and for any h € H,||h|| = 1,

A
r(m,h) > ———.
m e

The dimension dependence is in this result not as obvious as in Proposition 2.12,
but observe that when X is the d-dimensional unit sphere, d = 2]+ 1 for some [ € N,
P is the Lebesgue measure restricted to X and normalized, k(z,y) = (z,y)ga for
any z,y € X and H is the corresponding RKHS which is of dimension d, then any
h € H,||h|| =1, is of the form (z,-)ga for some z € X, ||x||ga = 1 and for such an h

(@) = 67" [ W) dP(y) = 67" [ (@.)%aP(y)
=5 [ w5 s (Bar (VI ) )au(i)

= M _ 72 _M RPCYan)
= fanpr [ PO @ = s [P @
20 By18;" B (204 1)! 1

T, (20 + 1)1 +3/2) U2 ([T, (2i + 1)(I+3/2) d+2

where pg_1 denotes here the d — 1-dimensional Lebesgue measure and (4 1 thNe
Lebesgue measure of the d — 1-dimensional unit sphere. Hence, the eigenvalues of €
shrink to zero as the dimension d increases. -

If 1 € H then we get a similar result with Ay being replaced by A\;_;.

COROLLARY 2.14. — Let (X, A, P) be some probability space with measurable
kernel function k defined on it and such that the corresponding RKHS H has dimen-
sion d < oo and 1 € ‘H. Furthermore, assume that ||k||.. < oo and that the centered
covariance operator EC has an eigen-decomposition with eigenvalue Ag_1 > 0. Then

for any h € H,||h]| =1, (h,1) =0,

Ad—1
r(m,h) > )
1) 2| el|L°
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_Proof. — First note that (€,1,1) = 0 and for any h € H s.t. (h,1) =0, (€1, h) =
(€:h,1) = E(h) — E(h) = 0. In particular, €1 = 0 and for any h € H, ||k = 1,
(h,1) =0, (€.h, h) = A\g_1. Now, for h € H, ||h| =1, (h,1) =0,

[kl ) = m)2 AP = (€h,h) > Ay

and the lower bound follows by the same argument as in Proposition 2.13. 0J

2.4.3. Data attaining values in a subset

Unless h € H is constant on the support of P it holds that E((h — E(h))?) > 0
and by the above arguments it follows that r(m,h) > 0. But m can certainly lie
in the boundary, for example, when m = k(z, -) and k(z, -) is an extreme of C.
Therefore, there must be some direction A in which r(m,h) = 0. The point is that
when m is an extreme or lies in a face of the convex set C' and this face has extremes
{k(z,-):x €S C X} then P(X € X\ S) =0 has to hold. Furthermore, there then
exists a normal 2" to this face and h* is constant on the support of P which implies
that (€.h*, h*) = 0.

This observation suggests that m will either be an extreme or there will be a ball
in an affine subset of H around m within a face of the convex set. Furthermore, we
can hope that this affine subspace is directly related to the non-zero eigenvalues of
¢, and that these eigenvalues characterize a lower bound on the width of this ball.
Alternatively, it is natural to consider the space Hg = {h[S : h € H} where S is the
support of P [Fre01, Definition 411N]. The space Hg is again an RKHS with kernel
ks = kIS x S and norm ||h||x, = inf{||u] : u[S = h,u € H} [PR16, Corollary 5.8].
In the proposition below we show that the covariance operator Ef corresponding to
P and Hg characterizes the ball around m within the affine subspace spanned by C.

PROPOSITION 2.15. — Let (X, A, P) be a probability space with P being a
topological T-additive probability measure which has support S and let k be a
continuous kernel function k defined on X such that the corresponding RKHS H
has dimension d < oo. Furthermore, assume that ||k|| . < oo, and that the centered
covariance operator €. has an eigen-decomposition with eigenvalue such that:

(i) E‘l > 0= A\ for somel < d or
It follows that Hg has dimension | + 1 and Eﬁf has eigenvalues \? = \; for all i < 1
and A}, = 0 under (i), and Hg has dimension d and the eigenvalues of €7 are the

same eigenvalues as of €, under (ii). Furthermore, under condition (ii) there exists
a closed ball B centered at m with radius \g/2|/k||}/? inside C. If \; = 0 and there
are no two points x,y € X such that k(x,z) = k(y,y) = k(x,y) then S consists of a
single element and P = k(x, -) for some x € X. If \y > 0 then m lies in the relative
interior of F' = cch{k(x, -) : © € S}. In particular, under condition (i) there exists a
closed ball B centered at m such that B Naff F C F and B has radius \;/2||k||}/2.
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Proof of Proposition 2.15.
(a). — When )\ > 0 it follows that E(h?(X)) > E(h(X))? for all h € H,h # 0.

In particular, let e, ...,eq € H be linearly independent and fix any aq,...,aq € R
such that ay, ..., a4 are not simultaneously equal to zero. Consider e[S, ..., eq[S
then
d 2 d 2
i=1 i=1
Since this holds for all such ay,...,a, it follows that e, [.S,...,es[S are linearly

independent and Hg is d-dimensional. Similarly, when A\; > 0 and A\, = 0 it
follows that there is an hy; € Hg which is almost surely equal to 1[S and [ linearly
independent functions e[S, ..., ¢/[S € H which are also linearly independent of hy
(for any non-trivial linear combination of e;[S,..., e[S it follows that the second
moment is strictly larger than the squared expected value and therefore these linear
combinations are not equal to a constant function). In fact, hy is equal to 1[.S since
by assumption the kernel function is continuous: assume that h; is not equal to 1,
take a x € S such that hq(z) # 1 and let € = |hq(z) — 1|. Take a function h € H such
that h|S = hy and ||h|| < ||h1llss + €/4. The set A=h"'[{y: |y — ha(z)] < €/4}] is
open and has non-empty intersection with S. Also, h; is different from 1 on all of A.
Due to [Fre01, 411N] it follows that P(A) > 0 and 1 is not almost surely equal to hq
which is impossible. By the same argument it follows that the other eigenfunctions
of €. with zero eigenvalues are constant on S and therefore lie in the span of hy and
the dimension of Hg is [ + 1.

(b). — In case (ii), let e1,...,es be orthonormal in H then, due to (a), the
functions e [ S,...,eq[S are linearly independent. Also |le; [ S|, = |le;| for all
i < d, because for any given ¢ < d, e; [ S does not lie in the linear subspace
spanned by {e;[S};4;. Similarly, for any ¢,7 < d, ||e;[S + €;[S||ns = |le; + ;] and
leslS + e; 1515, = lleil S5, + llej 1S3, - Hence, {e;]S}icq is an orthonormal basis
of Hg. In particular, when ey, ..., e4 are the eigenfunctions of €. then €15, ..., e4[S
are the eigenfunctions of €5 since for i # j,

<&er[S, ejrS>’Hs = <&Cei,ej> =0

and for any i < d, (€5¢;, e;) = ;.

By the same argument it follows that in case (i) that e[S, ..., e[S, 1[S/||1[S]|ns
is an orthonormal basis of Hs. Hence, if 1, ..., € are the first [ eigenfunctions of €.
then e1]S, ..., ¢S are the eigenfunctions of €5 and the eigenvalues match.

(c). — When )\, = 0 it follows that Hg = span{1[S} and (mg,cl)y, = ¢ =
(Mg, 1)y, for all ¢ € R where mg and mg,, are just m and m,, when the kernel is
restricted to S. Also, every function h € H is constant on S and (m, h) = (m,, h) =
(h,k(x, -)) for all x € S. In particular, if S does not consist of a single element it
follows that k(z,y) = k(x,z) = k(y,y) for all z,y € S. Reversing this statement
leads to the claim made in the proposition.

(d). — Let U = aff F' be the affine subspace spanned by k(z, -),z € S. The
element m lies within U since for any h € H for which (k(z, -),h) =cforallz €
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and for some ¢ € R it follows that (m,h) = [4(k(x, - ), h) dP = c. In other words, if
m would not lie in U then there would be an h, ||h|| > 0, that stands perpendicular
on U and such that m = h + argmin ., [[g — m||, and (m, h) # (k(z, ), h) for all
res.

(e). — Under condition (ii) the constant functions are not in 4 and the conditions
of Proposition 2.13 are fulfilled and the existence of the ball with the specified radius
follows directly.

Under condition (i) the constant functions are contained in Hg and there exists
a function hy € H such that ho(z) = 1 for all x € S. Consider inf{||h| : h(z) =
1 for all x € S} < ||hol|. Since h + ||h]| is continuous and {h : ||h]] < ||ho||} is
compact it follows that the infimum is attained at some h* € H. Also, ||1]S||xs =
inf{||n|| : ]S = 1[S} = ||h*|| and 1[S = A*|S.

Let U = aff{k(x, - ) : 2 € S} C Hand V = U—U be the subspace parallel to U. For
any h € U thereexists m € N, Ay,..., A\, e R, M+ + A\, =1land zq,...,2,, €S
such that h = Y7, N\jk(z;, ). In particular, if g € H is constant on S and attains
value ¢, then (g,h) = ¢> " A\; = c¢. This implies that ¢ is orthogonal to V since
(g, h1—hs) = 0 for all hy, hy € U. Due to assumption (i) there are d—1[ eigenfunctions
€141, - - -,eq of € which are constant on S, that is e;11,..., e, are orthonormal and
each of them is orthogonal to V. Also, any function h that is orthogonal to V' has
to be constant on S since h(z) = (k(z, -),h) = (k(y, - ),h) = h(y) for all z,y € S.
Since the eigenfunctions ey, ..., e; have corresponding eigenvalues which are strictly
greater than zero it follows that eq, ..., e; cannot be constant and V' has dimension /.
Also, note that U cannot be equal to V', or better, U cannot be a subspace but only
an affine subspace: assume otherwise then 0 € U and if h is constant on S, attaining
value ¢ # 0, then 0 = (h,k(z, -)) = h(z) = c for all z € S. In other words there
cannot be functions that are constants on S in H, but we know already that there
are functions which are constant on S in H.

(f). — We claim that W = span(V U{h*}), when equipped with the inner product
of H, is isometric isomorphic to Hg, U C W and (span{h*}) NU # 0. We start with
the latter claim. Since U is not a subspace it follows that the orthogonal projection
of 0 onto U is not 0 itself. In detail, take any x € S and let P, the projection
onto the subspace V' then the orthogonal projection onto U is the operator defined
by Pyh = k(z,-) + Py(h — k(z, -)). Now Py0 = k(z, -) — Pyk(z, -) # 0 and,
Py0 is orthogonal to V. But that means the Py 0 is constant on S and lies in the
span of e;11,...,eq. In particular, there is function that is constant on .S which lies
in U. Notice that for any function h which is constant on S there exists an element
in U that lies in the span of h if ||| = sup,cy [(h, g)|/[|g]- Recall that a function
g € U can be written as g = >.1"; \jk(z;, - ) for some m € N, zy,...,2,, € S and
such that A\ + --- + Ay = 1. Hence, (h,g) = c if h attains value ¢ and h € U
if |h|| = |e|supyer 1/]lgll. Consider now a function h that is constant on S and
attains value 1 then ||A]| = sup,cy; 1/||g]|. For 0 < e < ||h*|| take g € U such that
|2/l < e+ 1/]lgll, then

[(h", 9)]

(o)l _ [0l _ [0 9)]
1]l

Al = e Inll =€ =~ [Ih] =€

< gl <
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In other words,

()l ey < 0000
gl gl

and sup,crr [(g, 2*)|/||P*]] = ||2*|] which implies that (span{h*})NU # () and U C W

Let v : W — Hg be the function that associates with h € W the function
h|S € Hg. The function ¢ is linear since (af + g)[S = a(f[S)+ g[S for all f,g € W,
a € R. We have seen already that ¢(h*) = 115 and ||¢(h*)||s = ||R*||. Also any
h € U lies in the span of {k(z, -): x € S} and, since H is finite dimensional, h can
be written as ¢ | a;k(x;, ) for some al, ...,ag € Rand xy,...,z4 € S. Hence, any
g,h € U C W can be written as h = X% a; (.Clﬁi, ), 9 =% bik(y;, - ), with some
a;,b; € R, x;,y; € S for all © < d, and

d d
h) = Zaibjk(xi,yj) - Zaibij(xhyj) = W(g), w(h»HS
irj irj
But this implies that for any g, h € V, that is in the subspace parallel to U, there
exists g,hEUandeSsuchthatg—g k(z,-),h= h— k(x, -) and

= (7 ). h— Kz, +))
<wm >~4wm@u-mw—w®wwn»%+@m@
(0@~ k. ), o=k, -)),

<¢(g)7 ( ))’Hsa

(G
since Y (k(z, -)) = ks(x, - ) for any x € S. Finally, for any g € V, write g = g—k(x, -)
for some x € S, g € U then

(9. h") = (g, h") — (k(z, -), h") = 0= (¥(9) — ks(z, ), 11S)ps = (¥(9), (")) ns;
since h* is constant on S, ¥(g) = X7 a;(k(zy, - )) for some m € N, xq,..., 2, €S
and ay, . .., a, such that >.7", a; = 1, and (¢(g), 1]S), = 1. Hence, v is an isometry
and since HS and span(V U {h*}) have the same dimension it follows that they are
isometric isomorphic. The existence of the ball around m of the specified radius
follows now directly from Corollary 2.14. U

Notice that Hg does not have to be equal to H when Mg > 0. For instance, when
H consists of the quadratic functions on [—1, 1] and has therefore dimension 1. If the
measure P is discrete with P({—1}) = P({1}) = 1/2 then A; > 0 but S = {—1,1}
and Hg # H.

2.5. Locating m,, within the empirical convex set

We are now combining the various results that we have derived. Section 2.4 allows
us to refer the size of a ball within C' around m back to the question of the width
of C'. In Section 2.3 we derived various ways to lower bound the width of C. We
also know that C), converges to C. Section 2.2 contains results in this direction:
Lemma 2.1 and 2.2 relate empirical quantities through VC and Rademacher bounds
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to population limits while the Examples 1-4 provide lower bounds on the population
limits. Of particular importance are the lower bounds on P, ((u, ¢(-) —m) — ¢ in
Section 3—4. These lower bounds are closely related to the bounds in Section 2.4
since in both settings we need to measure how much probability mass lies in various
directions behind some threshold. To get high probability bounds for the existence of
a ball of a certain size around m,, within C,, we also need to control the convergence
of m,, to m. But that is easy to do with another VC or Rademacher argument. The
following two theorems combine these results under some natural conditions. The
first result applies when X = [0,1]', H is finite dimensional, functions in H are
Lipschitz continuous and when there is a lower bound on the density of the law of
Xq,..., X, on X. We also assume that 1 € H but the result can easily be adapted
to the case of 1 & H.

THEOREM 2.16. — Let X = [0,1]',] > 1, and k a continuous kernel function on
X such that the corresponding RKHS H is d-dimensional, 1 < d < oo, functions
h € H are Lipschitz continuous in the sense of (2.13) with Lipschitz constant
L >0, and 1 € ‘H. Furthermore, let Xy,..., X, be i.i.d. random variables defined
on some probability space and such that the law P of X; has a density p on X and
inf,ex p (x) > ¢ > 0 for some constant c. Mercer’s theorem applies to k. Let \; be
the smallest eigenvalue of the Mercer decomposition. There exists a ball of radius

C®EaL)
(I + 1)(2L)!

around m in C' in the affine subspace spanned by C'. Furthermore, for any q € (0, 1)
and whenever

. (Wog@/q) +96Hk||é42/5>2 y <ﬁllkllé£<1 + Wg@/q)))Q

c3(3/SL)! 574

then with probability 1 — q there exists a ball of radius § /4 around m,, in C,, within
the affine subspace spanned by C'.

Proof.
(a). — Proposition 2.12 tells us that there is a ball of radius
"By
(I+1)(2L)

around m in C' whenever, there exists point x € X such that (h,k(z, -) —m) >
¢ > 0 and ¢/L < 1. Furthermore, Proposition 2.10(9) tells us that the width of
C in any direction A is at least 2All/ 2, Hence, there is a point x € X for which
(h,k(z, -)—m) > Xllﬂ and we can chose & = X;/Q A L. This choice of € gives us the
0 which is stated in the theorem text.

(b). — We continue with a high probability bound on |jm, — m|. There are
various ways to attain such bounds. The following bound is taken from [BBDG19,
Lemma 1] which has a better constant than the corresponding Rademacher com-
plexity bound. A minor technical detail that is worth paying attention to, for
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a countable dense subset F of the unit ball of H_ it holds that |m, — m| =
suppez |(1/n) S0, h(X;)— Ph| since the kernel function is bounded. Hence, ||m,, —m||
is measurable. Applying [BBDG19, Lemma 1] gives us

(2.18) Pr(flm, —m|| > v2|[kl|}2(1 + og(1/q) )n~"/?) < q.

(c). — Next, we control the difference between C,, and C. Let ¢ = —4/2 then
due to Lemma 2.2 for any 7 > 0 and with probability 1 — ¢ simultaneously for all

u € F,
(2.19) Pty ({u, ¢(+) —m) — )

> Py ((u, @) —m) — ') — (\/21og(2/q) + 24[| k|27 )n /2.

Chose v = §/4 and let 2y € X be a point such that (u, ¢(zg) — m) < —4. According
to Eq. (2.3),
Py ((u, ¢(+) —=m) — ) 2 Pr((u, ¢(X1) —m) < =y + ).

As in the proof of Proposition 2.12, let A = {y : Hy — a9l < 0/4L,y € X} and B
the translation of A to the origin. In other words, B = {y : ||y|| < §/4L,y € X'}.
Recall that 3, denotes the Lebesgue measure of the [-dimensional unit ball. The
Lebesgue measure of a ball of radius §/4L is (6/4L)'5; [Fre01, 252Qc]. The set B
is the intersection of a ball centered at the origin with the hypercube [0, 1]' which

corresponds to 1 out of 27! quadrants of the ball whenever the radius §/4L of the
ball does not exceed one. Since,

1) CLI+151 . C(Qilﬁl)

R < —

AL SAL(+ D)LY ~ 4+ 1)
and 27!, is the volume of a ball of radius 1/2 it follows that 27!, < cvol(X) < 1
and §/4L < 1. Hence, the volume of B is p(B) = (§/8L)'3. In the proof of
Proposition 2.12 we show that Pr(X; € A) > Pr(X; € B) and, hence, Pr(X; € A) >
ciy(B). The same line of reasoning as in Section 3 can now be applied. In detail,
since —y + ¢ = —(3/4)4, (u, ¢(xy) —m) < —J and for any x € A,

[(u, ¢(x) —m) = (u, d(x0) —m)| < [|¢(z) — d(xo)l| < Lz — ol < 6/4,

it follows that for all x € A, (u, ¢(z) —m) < —y + . Therefore,

P ({u, () —m) =) = Pr((u, ¢(X1) —m) < —y+¢) > Pr(Xy € B) > c/(6/8L)".

For a given ¢ let
2
v ((V/ZI08]4) + 96 kL5
1 Cﬂl ((5 / 8L)l

then whenever n > N, with probability 1 — ¢ there is a ball of radius §/2 around m
in C),.

(d). — Finally, we transfer the lower bound that we have for a ball within C,,
around m to m,,. For ¢ € (0,1) let

m:(ﬁMMM+¢@E@03

5/4
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Then for any n > N with probability at least 1 — ¢, ||m,, — m| < 0/4.
Combining the bounds it follows that with probability 1 — ¢ there is ball of size
d/4 in C,, around m,, whenever n > Ng/5 V Ng/s. [

The second result uses an assumption on the centered covariance operator instead
of an assumption on the density. For this result we actually do not need to use the
results on the minimal width of C. We formulate this result directly for the case
where P is allowed to attain values in a strict subset of X'. A fortunate circumstance
in that setting is that the empirical convex set converges to the intersection of C'
with the minimal face that contains m and algorithms that work with the empirical
convex set adapt automatically to the structure of the covariance operator. The
result relies on the existence of the support of the measure P. A weak assumption to
guarantee this existence is that P is a 7-additive topological measure [Fre01, 411N].

THEOREM 2.17. — Let (X, A, P) be some probability space with P being a
topological measure that is T-additive, and with measurable kernel function k defined
on X such that the corresponding RKHS H is finite dimensional. Furthermore, let
Xi,...,Xn be Lid. random variables attaining values in X and with law P and
assume that ||k||. < 0o, and that the centered covariance operator €. has an eigen-
decomposition with smallest non-zero eigenvalue being \y. There exists a ball of
radius & = M\g/2||k||}/? around m in C' within the affine subspace spanned by C.
Furthermore, for any q € (0,1) and whenever n is (strictly) greater than

(8kﬂu(\ﬂﬂ&iZE5+192k:m/xo>2\/(v@§k:g20+Vﬁai§ﬁﬁ)>2

¥ 5

then with probability 1 — q there exists a ball of radius § /4 around m,, in C,, within
the affine subspace spanned by C'.

Proof.

(a). — The existence of the ball with radius § follows directly from Proposi-
tion 2.15. Furthermore, the same high probability bound for ||jm, — m|| as in the
proof of Theorem 2.16 applies. The bound for C,, also runs along the same line
as in Theorem 2.16. Consider in the following the RKHS Hg. Let v = §/4 and
¢ = —0/2 then Eq. (2.5) tells us that P, ((u,ds(-) — ms)ys — ) = A2/8]|k|lw
whenever u € Hg has unit norm. Hence, with probability 1 — ¢ and simultaneously
for all u € .7: where F is countable dense subset of the unit ball of Hs,

Puttr((u, 6( ) = m) = ¢) > N/8[[blloe — (v/2108(2/0) + 192K o/ A )~
(b). — For a given q € (0,1) let Ny = (v/32|[k[|/2(1 + \/log(1/q))/5)* then for

any n > N, ||m, —m|| < 6/4 with probability 1 —g¢. Similarly, with probability 1 —g¢
for n > N, there is a ball of radius /2 around m in C,, (as a subset of the affine
subspace spanned by C), where

64{1411% (v/2108(2/q) + 192Kl oc /Aa)

q = N4
Ad
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The convergence of the empirical mean embedding and empirical convex set are
both unproblematic in the large sample case in both theorems. The bottleneck of
the approach is rather the size of the convex set C' itself.

2.6. Rescaling the kernel function does not affect compression

We finish this section by studying the effect of modifying the kernel function,
or the involved convex sets, on the approximation of m. Given that the smallest
eigenvalues of the covariance operator and the width of C' control the approximation
of m it is natural to try to increase these. One way to do so is to scale the kernel
function by a constant factor a > 0, i.e. replace the kernel function k£ on X by ak.
However, due to [PR16, Proposition 5.20] the inner products corresponding to the
two spaces are scaled versions of each other (for all x,y € X, (k(x, -),k(y, - ))x =
(1/a){ak(z, - ), ak(y, - ))ar) and the algorithms that we discuss in the next section
are unaffected by this change. One might also wonder if the error bounds are affected
and if we can, at least, optimize these by choosing an appropriate scaling. It turns
out that the error bounds are also invariant to the scaling of the kernel function.
Let use start by analyzing the width of the convex set C. The change in width is
easy to quantify: given a kernel function k£ : X x X — R the width increases by
a'/? if we replace the kernel function by ak, where ac > 0. In detail, a function h,
|h||x = 1, lies in H,, if, and only if, the function a'/?h lies in H,, and has norm
|a/2h|| o = 1 [PR16, Proposition 5.20] and the width is

width,i/2p, 4., (C) = Ozl/Q(sup h(x) — in£ h(x)) = o2 widthy, 5, (O).

reX
Similarly, when the smallest non-zero eigenvalue of the centered covariance operator
¢ ok 18 M\, | > 1, it follows that the smallest non-zero elgenvalue of Q:c ok 1S QN
let h € Hy, ||h||x = 1, be the eigenfunction corresponding to A; then o'/?h has unit
norm in H, and

(€oara’?h, a1/2h>ak = a(E(h*(X)) — (E(h(X)))?) = a.

Recall that the relation between the width and the radius ¢ of the largest ball around
m is approximately ¢ &~ (width;(C))4™ when X is a subset of R? and under suitable
conditions on the density (end of Section 2.4.1). In other words, a scaling of the
kernel function by « increases ¢ approximately by a factor of a(¢*1/2. This increase
has to be compared to the increase in the Lipschitz constant which results from
this scaling. In Eq. (2.14) the Lipschitz constant L enters into the lower bound on §
through L~?. For a function a'/2h € H,j we have that

‘al/zh(x) — al/zh(y)}

|z —yll
for any z,y € X,x # y, if the Lipschitz assumption (2.13) holds with constant
L for H. Combining these we see that ¢ changes approximately by a factor of

aldtD/2[,=d = o1/2 Hence, we can increase § by increasing a. In the error bounds in
the next section we will see that the key quantity for controlling the approximation

<a'2L||h| = a'?L|ah|
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error is the ratio §/|/k||}/2, which has to be large to guarantee a good compression.
Since ||ak||co = a||k||s this term is independent of o and rescaling does not change
the rate of compression that is promised by the bounds. Also note that we are
changing the norm by which we measure the error. For some approximation m of m
in H; we can observe that ||m — m||; = o'/?||m — m||q. This o!/? factor is canceled
by the leading constant in the error bound of the algorithms, which is of the order
lak |37 = o2k 122

If we consider instead the bound on  that is based on the covariance opera-
tor (Theorem 2.17) then § is of order \;/||k|}/? and a scaling of o leads again to
al/a?||k||}/? and the scaling does not affect the error bound.

3. Related approximation problems

When confronted with a concrete statistical problem, it is typically insufficient to
only approximate m and it is useful to have techniques available to reduce machine
learning problems to the problem of approximating m by, for example, modifying
the kernel function. We will focus in this section on the problem of kernel regression
to demonstrate how the approach can be modified. In particular, we will discuss
how changing the kernel function can allow us to approximate covariance operators
and compress data (z,y) that we usually face in supervised learning problems. More-
over, we show how one can deal with unbounded response variables and we study
the problem of compressing data simultaneously for multiple objectives. These are
auxiliary results and a reader who is eager to get to the compression algorithms can
safely jump ahead to Section 4. While kernel regression is used in this section as an
example on which we can demonstrate different approaches, there is also the possi-
bility that coreset methods can, in fact, be useful in practice for kernel regression
(see Section 1.8 for a comparison to Nystrom methods).

The least-squares error, when a regressor f from an RKHS H with kernel k is
used, is

. gnl<f<x

3\*—‘

S © (X ) © KX, ) = » SR )+ 2V
i=1 iz iz
Looking at the right hand side we can note that we have to deal with multiple
approximation problems. There are two high level approaches to addressing multiple
approximation problems. We can either solve each approximation problem individu-
ally or we can solve them simultaneously. In terms of finding core-sets this means
that we will get three different core-sets when solving the approximation problems
individually and a single core-set when we solve the approximation problems simul-
taneously. Before getting back to this discussion, let us have a look at the individual
terms in the above least-squares problem.

The third term on the right hand side is rather unproblematic since it does not
depend on f and can be summarized by a single real number. In particular, if we
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approximate each term individually then we can compress this term down to a single
real number. The first term on the right hand side corresponds to an empirical
covariance and can be treated in a similar way to the empirical measure, i.e.

1 n

iz
attains values in H ® H. It fact, since we are only interested in the terms f?(X;),
there is an RKHS that is better suited for our purposes than ‘H ® H. Due to [PR16,
Theorem 5.16] there exists a function g € H ® H such that f2(X;) = g(X;), where

H ® H is the RKHS that corresponds to the kernel function x(x,y) = k*(z,y). The
empirical covariance, when restricted to {(h, h) : h € H}, can be identified with

ZH )EHOH,
z:l
i.e. for any h € H,

1 n
<Q:na h2 ’H@'H - ZhQ n Z<k(XZ7 ) ® k:(Xla ) )7 h® h>®
i=1

The random element €, attains values within the empirical convex set
Con = cch{r(X;, -) i < n}.

The corresponding population covariance element is given by

(3.1) ¢ = / w(z, - ) dP(z)
X
which is contained in the convex set
Co = cch{k(z, - )z € X}.

In Section 2.4.2 we used the covariance operator ¢ : H — H. Notice that € and €
are closely related since for any h € H, (€h, h) = E(h*(X)) = (€, h*)yon-

The second term in the above sum is more difficult to deal with than the other two
due to the elements Y;. We are looking at two approaches in Section 3.3: in the first
approach, we consider m,,, = (1/n) >, Y;k(X;, -) as a subset of cch{Y;k(X;, -) :
i < n}. That approach works well when we consider the approximation problem
in isolation, but it does lead to complications when trying to approximate m,,,
simultaneously to €,. In the second approach, we incorporate the Y;’s into the
kernel by using (Y;, - )r ® k(X;, -) as a kernel function and by mapping f € H to
(1, @ f(-)eR®@H, ie fori<n

<<17 >R ® f( ) < 2 >R ® k(XH ’ >>R’®H = Ef(X’L) = <f7}/;k(le ’ )>
In this approach, we are aiming to approximate
1 n
o 7Z<YZ’ >R®k(X’M ) = <17 '>R®my,n'

yn
ni3

In the least-squares problem we might like to use the same points X; with the same
weights w; to approzimate €, and m,,, simultaneously. As we mentioned above, this
approach is facilitated by incorporating the Y;’s and by moving to mf?’n. Similarly,
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it is useful to extend the functions in H ® H to R x X by setting h(y, z) = h(z) for

h € H ©H. We denote the resulting space by H © H which is again a Hilbert space
when using the inner product (h, g)z=; = (h, 9)uon, for any g,h € H © H. In fact,
it is an RKHS with kernel function x,((y1, 1), (y2, x2)) = k(21, 22), since

<h>"€y((y7x)7 ’ )>@ - <h7 K(ZL’, : >)>7‘l®7‘[ = h(x) - h’(ywr)
The empirical covariance operator now becomes €, ,, = (1/n) > £, ((Y;, Xi), - ).
One way to achieve a simultaneous approximation of €,, and m?  is to use a

Y
direct sum G = (%/Q\’H) @ (R’ ® H) and consider the convex set
Con = cch{(k((V;, X3), -), (Yi, Jr@k(X;, ) :i<n} CG.
The element that we like to approximate is in this context (&, ,, m;,) which lies in
Com- Let (€,,,m, ) be some element in G, then
2 2

— _ 2 _
(€ m5) = (€pmmi || = €0 — €yl o

and a good approximation in G guarantees good approximations of €, ,, and mffin
simultaneously.

-~ ® ®
+ Hmy,n o my,n‘

3.1. Assumptions

There are some minimal assumptions that we need to impose on €, m, and vari-
ations thereof to be well defined. Generally, we assume that we have independent
pairs of random variables (X,Y), (Xj,Y7),... defined on some probability space
(Q, A, n). For € to be well-defined it suffices to assume that (Y, -) € LY (u; H O H)
and, similarly, for m, it suffices to assume that Y € £%(u) and k(X -) € L2(u; H)
since then [ ||[YE(X, )| dp < ||[Y2||k(X, )|z < 0o and my, = [YE(X, -)dp € H.

Some further assumptions are useful to facilitate the following analyses. In partic-
ular, in the least-squares setting it is natural to assume that Y = fy(X) + €, where
fo is a suitable function, € is a zero mean real-valued random variable representing
measurement noise, and X and e are independent. When making this assumption
we are assuming that € is a random variable that is defined on the probability space
(2, A, 11). To guarantee that Y € £?(u) it is enough to assume that fo(X) € £2(u)
and € € L(u).

3.2. Covariance operators

Since Eq. (3.1) tells us that the covariance operator € can be treated like a mean
element after changing the kernel, it follows immediately that the techniques we
developed for approximating m,, and m can be applied to the covariance operator €
and its empirical version €,,. One might also wonder if the approximation problems
for m,, and €, are related and if any information that we might deduce about C,,
and m,, can give us insights into the approximation problem for &€,. For instance, can
we say anything about the width of the convex set in H, based on the width of the
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convex set in H? Or, does an assumption on the variance of functions in H translate
to statements about the variance of certain functions in H,? Unsurprisingly, this
seems to be impossible to do in general. However, for certain functions in ‘H, we can
infer statements about the width and the variance. Similarly, under very stringent
assumptions on certain eigenvalues we can say something about the width of the
convex set with respect to any function in H,. Before looking into these questions
we start by taking a closer look at the RKHS H ©® H.

Note that the space H © H is not just the RKHS corresponding to the kernel
k(x,y) = k*(z,y) but it is also closely related to the tensor product H ® H. In
particular, h € H®H if, and only if, there exists u € H®H such that h(z) = u(x, z)
forall x € X, and then ||h||yeon = Inf{||u|lnen : h(z) = u(z, z) for all x € X'} [PR16,
Theorem 5.16]. Observe that for any h € H © H the set Ay, :={ue HOH : h(z) =
u(z,z) for all x € X} is a convex subset of H @ H. Define the linear operator
T:HROH —HOHDby Tu =wuot where ¢ : X - X x X, ¢(x) = (z,z), and
observe that T is bounded since ||Tu|non < ||ullnen. Hence, A, = T7H{h}] is
closed. Also, observe that when h = (f ® g) o ¢ for some f,g € H then there exists
functions f1, f2, fs € H such that h = (1/2)(/i ® fi — fo ® fo — f3® f3) o ¢ and
[f®glle 2 [[/i®fi+t f2® fat+ f3® f3]le: choose fi = (f —g), fo= [, fs = g then

fRg+gf=[+9)@(f+9)—-(ff)- (U9 =L fi—fri®fr—f33 f3

and, since (f ® g)o1) = (g ® f) o, the first statement follows. In terms of the norm

observe that [|[f®g+9® flle = [[i®fi— 2@ fo— 5@ falle <2[fllg]l = 2l f ®9lls-
Also, note that

1/2)Ilf @ g+ g fllz = IFIP1gll* + 1{f, o) = IIf @ gll5 + K, 9) (< 21f @ gll),

where the expression in the bracket follows from the Cauchy—-Schwarz inequality.
Hence, when f and g are orthogonal, we have that

1i®@fi—F®f—f® fille = V2| f @ glle-

The point is that for any tensor f®g we can express (f®g)o as a linear combination
of “symmetric” tensor elements applied to 1) without increasing the tensor norm.

Let us next consider the closed subspace U = span{k(z, - ) @ k(z, -) :x € X'} C
H ® H and the orthogonal projection Py onto it. For any u € H ® H we have that
Pyu lies in the subspace spanned by k(z, - ) ® k(z, ) and ||Pyulle < ||ullg. In fact,
for any x € X,

uop(x) = (u,k(z, -) ®k(z, - ))o = (u, Pu(k(z, ) @ k(z, -)))e
= (Pyu,k(z, ) @ k(z, - ))g = (Pyu) o (x).

In other words, for h € H ® H, if we can show that the infimum will be attained
over Ay, then there exists an element w in U such that h = wo v, ||ullg = ||h]|e, and
for any v € U that fulfills v o ¢p = h it follows that ||v]|g > ||u]e-

When H is finite dimensional and the kernel function is bounded it follows that
Ap NU is compact: the tensor space H ® H is finite dimensional since H is finite
dimensional. Also, h is bounded since the kernel function is bounded. For ¢ > 0
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consider the centered closed ball B of radius ||h||c + € within H ® H. The intersec-
tion BN A, NU is non-empty and compact and the infimum is attained within this
compact set.

3.2.1. Lower bound on the width of Cg

How can this tensor product characterization of H ® H be used to characterize the
width of C;7 Let us first consider tensors of the form f@f, f € H, || fofll =1= |/
The width of Cf, in direction h, where h = (f ® f) o1, is

widthy, Cy = sup h(x) — inf h(x)
z€X zeX

= sup f*(x) — inf f*(z).
TeX TeEX

If X is path connected, k is continuous and, hence, f is continuous, then we can relate
widthy, Cp to width;(C'): whenever there exist z, 2" € X such that f(z) >0 > f(2/),
then there also exists an 7 € X with f(Z) = 0 due to the mean value theorem. In
this case,

2
widthy, Cg > (sup f(z)V — inf f(m)) > ((1/2) width(C))>.
TEX zeX
If there is no z such that f(z) = 0, that is f attains only positive or only negative
values, then we can argue in the following way. W.l.o.g. assume that f attains only
positive values. Since for a,b > 0, a > b, a®> — b* > (a — b)?, it also follows in this
case that
widthy, Cp > ((1/2) width;(C))?.
This lower bound can fail to hold when the assumptions about k and X are not fulfilled.
Consider X = {—1,1} with k(z,y) = 0., and the function f = k(1, -) — k(—1, -)
which lies in the RKHS. For this function f,

sup f2(z) — inf f2(2) =0<1= ((1/2)(sup f(z) — inf f(x)>)2

reX TeX TEX reX

The factor 1/2 in the lower bound is redundant when f attains only positive or
negative values since a?> — b* > (a — b)? whenever a and b have the same sign. More
importantly, the bound becomes loose when inf, ., f?(z) is large since a* — b* —
(a — b)? = 2b(a — b) whenever a > b > 0.

Moving on to other directions h € H ® H, ||h|le¢ = 1, we can first observe
that the arguments are not as straightforward as elements in U are of the form
>4 aik(zy, ) @ k(zy, -) for some d € N, a; € R and x; € X for i < d, and, when
considering the supremum over z € X, the different terms a;k*(z;, z) can potentially
cancel each other; in particular, there is no reason why the «; should all be positive.

Alternatively, we can consider the set S = {k(z, - ) @ k(z, -) — [k(z, - ) @ k(z, -)
dP(z) : x € X} and the convex hull of S. This convex hull is closely related to Cs.
Note that ch .S is a subset of H ® H and contains the origin. Fix now any u € span .S,
|lu|le = 1, then span{u} intersects ch S. In fact, span{u}Nch S consists of more than
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a single point since otherwise (k(zx, - ) ® k(z, - ),u)e = (k(y, - ) ® k(y, - ), u)g for all
z,y € X and (u, s)g = 0 for any s € S which would imply that u = 0. Consider the
two points at which span{u} intersects with the boundary of ch S and let d be the
dimension of span S. Each of these points can be expressed as a convex combination
of Il < d+ 1 points in S due to Carathéodory’s theorem. Hence, u = u/||u|| where
=Y, ak(x;, ) ® k(x;, -) for some strictly positive a;’s that sum to one and
suitable points x1, ..., x;. We can note right away that

1/2
(3.2) inf k(z,2)/(d+ 1) (Z a0k xl,xj)> = ||7u]|e < 8161)13/{5(1‘,1‘)

TeX
4,J=1

Also, when k(x,y) is a non-negative function an application of Jensen’s inequality
yields further results. In detail,

sup u(z,x) —u(y,y) = sup Zai(k2($z‘7$) - k2($z‘79))

z,yeX T,yeX i=1
! 2 l
> sup (Z ok (z;, x)) — inf Z ik? (5, y).
TEX \i=1 yeX j—1

In the following, let ¢ = inf, width,(C'), where the infimum is taken over {g : g € H,
llgll = 1}. When ¢ is large, k is non-negative and ||k||~ < 1, then this simple
argument might be of use: since k(x;,y) < 1 it follows that k(z;,y) > k*(z;,y) and

! 2 ! 2 !
sup (Z aik(x;, ) ) — inf Zal (x;,y) = sup (Z Ozik‘(azi,x)> — inf Zaik’(a:i,y)
reX i=1 yeX i=1 reX i=1 yeX i=1
Furthermore, (X', aik(z4,9))? = S0, aik(zi,9) — 1/4 and

sup u(z,x) —u(y,y) = c—1/4.
T, yeX

This is only useful for large c. If; in fact, ¢ > 1/4, we can proceed and

c—1/4
sup u(z,z) —u(y,y) >
T, yeX ( ) ( ) SUP;cx k($,$>

>c—1/4.

3.2.2. Lower bounds on the fourth moments

Instead of controlling the width of Cg we can also aim to control the covariance
operator corresponding to the kernel . Effectively, this corresponds to bounds on
the fourth moments. A bound on the non-centered fourth moment is, in fact, easy

to derive: let @ be the covariance operator (now interpreted as a linear operator)
corresponding to the kernel k. We need to control E((h(X)—E(h(X))?) for a function
h € H,. Choosing again a suitable u € H ® H such that h = u o v, we find that

E(h*(X)) = E((uo $(X))*).

If U is d-dimensional then, as above, we can write u = u/||u|| where u =
St aik(zi, - ) @ k(xy, -) for some positive a;, Y3 a; = 1, and suitable points
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x; € X with [ < d+ 1. Given this representation of u and assuming that the smallest
eigenvalue of € is A,

||u|| E h2 Z ;0 ( xZ,X)k<xj,X))2)
! ~ 2
2 Z OéZ'Oéj <€k($Z,X>,k($],X)>‘

ij—l

- Z% k( xz,xl)

In particular, when k(x,z) =1 for all x € X then

A A
(d+ 1)|al? s

E(h*(X)) >

follows from Eq. (3.2).

However, to say something about the largest ball that lies around € within Cg
we need a lower bound on the variance of h € H,. This is not straight-forward and
will need, in all likelihood, some stringent assumptions: consider the variance of an
arbitrary functions h € ‘H,, when H, has dimension d < oo. By the above argument,
there exists a u = u/||u||, where & = > a;k(z;, - ) @ k(w;, - ) for some non-negative
«; that sum to one and points z; € X'. Hence,

E((h(X) = E(h(X)))?) = E((uov(X) — E(uov(X)))*)
= [Ju||~? ila ; ((k2 (23, X) — BE(K*(z;, X)) (K (25, X) — E(k‘2(mj,X)))>.

There is no reason why the sum over the off-diagonal elements

5 i B((K(s, X) = B, X)) (B (5, X) = B3, X)) )

i#]
should be positive or should be of considerably smaller magnitude than the sum over
the diagonal elements.

3.3. Weighted mean embedding

There are different ways to address the term Y;f(X;), ¢ < n, that occurs in the
least squares problem and there are a variety of natural assumptions under which
one can study the corresponding compression problem. Let us first have a look at
how Y;f(X;) can be lifted into the RKHS so that we can apply the compression
techniques. A first approach to do so was introduced at the beginning of Section 3,
where we wrote Y; f(X;) = (f,Yik(X;, -)). Using this representation we can try to
approximate (1/n)> " Y;k(X;, -) € H. A second approach is to map the Y;’s to
linear functionals, that is to elements in the dual space R’, and to consider the tensor
products

<Y;H : >R ® k(Xla )
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We still would like to work with an inner product similarly to (f, k(X;, -)) and we
can do so if we work with (1, -)r ® (f, -) instead of f. In particular,

(3.3) Yif(Xi) = ((Yi, )r@k(Xi, -), (1, )@ (f, ‘>>®-

Both approaches are natural when the Y;’s are bounded but various issues arise when
they are not. In particular, for the latter approach the elements (Y;, - )r @ k(X;, )
are not contained with probability one in a ball in the corresponding tensor product
space. We therefore discuss the case where the Y;’s are bounded first before moving

on to the unbounded case. Finally, it is often natural to impose an assumption on
the relation between X; and Y;, like

(3.4) Y = fo(Xi) + 6

with fo € L2(P),¢; independent of X;, E(¢;) = 0, and the X; and ¢; are i.i.d.

This leaves us with a total of eight different settings. But not all of these settings
are useful for deepening our understanding. In particular, little can be said without
the assumption (3.4) and we assume in the following, up to short discussions, that
Eq. (3.4) holds. Beyond that we focus on three settings: the first setting uses the
assumption that Y; is bounded and we use the form Y;k(X;, -). We then move on
to translate the results to the approach where we model Y; f(X;) through the tensor
product as in Eq. (3.3). Finally, we lift the assumption that Y; is bounded and study

the problem in the context of the assumptions (3.3) and (3.4). We assume throughout
that the X;’s are i.i.d. and that k(X;, -) € L*(P;H).

3.3.1. First setting: bounded Y;’s & Y; f(X;) = (f, Vik(X;, ))

There are few natural question when working with the empirical estimate m, , =
(1/n) >, Yik(X;, -): what is a natural convex set which contains m,,, and over
which we can optimize efficiently? Do we have suitable population limits of the
empirical quantities? What can be said about the diameter of the empirical convex
set, about how centered m, ,, lies within the set and are assumptions on the covariance
operator of use? In terms of an empirical convex set which contains m,,, it is natural
to consider the set

Cyn = cch{Yik(X;, -) 11 < n}
and optimization over this set is possible since we have control over the extremes
of it.

Under the assumption that the Y;’s are of the form fy(X;) + €;, there are natural
expressions for the population limits m, and the convex set C,. For concreteness, we
assume in the following that X’ is a Borel space, H is separable, fo and the feature
map ¢ : X — H are measurable, fy, the kernel function k and the ¢;’s are bounded,
€; is independent of X;, and E(e;) = 0. We can define the population limit of m,,,
through

m, = [ fo@)k(z, ) dP(z),
where P is the law of X;. The element m, lies in H: the function fo x ¢ : X — H is

weakly measurable since when h € H, then (fo(z)¢(x), h) = fo(x)h(x) is the product
of two Borel measurable functions and is therefore Borel measurable. Because H is
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separable it follows that fy X ¢ is Bochner measurable. Furthermore, || fo(z)o(z)|| <
| fo(x)|kY?(z, x) is a bounded function of x and m, = [ fy(z)¢(x) dP is well defined
and lies in H.

Controlling ||m,,, — m,||. We can quantify the deviation of m,, from m, in the

following way. Let F be a countable dense subset of the unit ball of H and using
that dual elements can be moved through the Bochner integral, we get for oo > 0,

(3:5) Pr(lm, —m,,| > «a)

= PT<SUP<h,/f0(X1)k(X17 +)dp — iiyik(Xz’, )> > Oé)

heF

< PT<SUI}/f0(X1)h(X1) dp — :LG:fO(Xi)h<Xi> > 04/2>

heF

+ Pr (sup ! > h(X;) = a/2) :
heF Mo

The latter term can be bounded by means of [Pin94, Theorem 3.3] which is a

Bernstein type theorem for Banach spaced valued random variables. Note that the

theorem statement in [Pin94] contains and error which is corrected in [Pin99]. The

bound is the following,

1& 1 &

heF Mo nis
and v, = Y1, €;0(X;) attains values in H. The sequence vy, ..., v, is a martingale
sequence in H with regard to the filtration F; = (X4, ..., Xy, €1, ..., €), t < n, since

E(v|Fi—1) = E(e0(Xy)) + 1421 = vi—1 (a.s.) for 2 <t < n due to the independence
between ¢, and X;. Furthermore, let vy = 0 and Fy = {0, Q} so that E(v|Fp) =
E(v1) = vy a.s. We can continue the sequence by letting v; = v, and F; = F,, for all
t > n, which preserves the martingale property. To apply [Pin94, Pin99, Theorem 3.3]
we need the following moment bounds; for all m > 2,

iE(HEMXi)H’" | Fit) <nlellkIZP)™ (as),

where ¢ is an upper bound on |e;|. This implies that we can set I' = c||k||}/2, B =
nt/2c||k||1/? in [Pin94, Pin99, Theorem 3.3] and
2

«
>5)
na

The first term can be controlled with a standard Rademacher argument after chang-
ing the kernel. Define the kernel | = fy ® fy and consider the product kernel
I xk: X xX — R with RKHS H;«x. For h € H it follows that fo x h € Hxi;

(3.6) Pr(Hif}eiMﬂ

< 2exp
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for an h of the form >, a;k(z;, - ) one can write down the representation explicitly

as fox h = 3" a;fo(x)k(zi, x) = 270 (ou/ folxi)) (I x k) (2, ), whenever fo(z;) # 0

for all # < m. We can thus write

(3.7) Pr(sup/fo (XO)R(X1) dp — foo h(X;) > a/2>

heF i=1

:Pr( sup /Q(Xl)dﬂ— iig(Xz) > 04/2>,

9EF Ik

where F, 1<k 18 dense subset of the unit ball of H;«,. The Rademacher argument that
we are using in (2.18) can now be applied.

Population limit of Cy,. The next question to address is how to define the
population limit of Cy,. Under the boundedness assumption of ¥; we can charac-
terize the limit of C,,, in the following way. Let b = inf{b : b € R,e; < bas.},
b=—sup{b:beR, e > bas.} and let

C, = cch({(fo(:c) +b)k(z, ) ix € X} U{(folz) —b)k(z, )z € X})

Note that for any x € X, (fo(z) + b)k(z, -) and (fo(z) — b)k(w, -) lie in H and
C, C H. Furthermore, ¢; € [~b,b] (a.s.) and for i < n, (fo(X;) + )k(X;, -) is
almost surely a convex combination of (fo(X;) +b)k(X;, -) and (fo(X;) — b)k(X;, -).
Therefore, C,, ,, is almost surely contained within C,.

While €, is a natural limit of C, ,, we face the problem that the convergence
towards C, can be arbitrarily slow since €; can have a low probability of attaining
values close to b or b. Assumptions on the distribution of €; are one way to address this
problem. Alternatively, we can work dlrectly with C, ,, and study how deep m, ,, lies
in C, ,, by controlling events of the form (A, Yk(X S)— my> ¢, where (X Y) has law
P,, and by comparing the random variables (h, Yk:(X -) —m,) and <h,,}7k(i, ) -
m,, ,). We follow this latter approach and we use Rademacher complexities to control
these events uniformly over the unit ball of H. In the Rademacher approach, we
control such events by lower bounding terms of the form

Pty (B, () = my) =€) (= [ (0 Th(E, ) = my0) = ) dP(E.5))

for suitable ¢,y € R and all unit norm elements h € H. The element m, ,, converges
to m, and, because 9, is 1/~-Lipschitz continuous, it follows that

‘Prﬂ/}'v“h’ yk(Z, -) —my ) —c) — P, ((h,yk(z, - ) —my) — C)‘
Pn(1/7)|<hvmy,n - my>| < (1/'7)||my7n - my”7 (a.s.)

where the P, term becomes redundant since no variables 4 and Z are present in the
last line.

Next, we consider the convergence of P, ((h, yk(z, - ) —m,) — ) to its population
limit P (v ((h, yk(x, - ) —m,) —c)) uniformly over the unit ball of H. The convergence
can be controlled by using Rademacher complexities. Because € is used in this section
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to denote the noise terms we will use ¢ to denote Rademacher variables. Since 1), is
continuous and is applied to a subset of R we can note that

Enj Gitby (Vih(Xi) — E(YR(X)) = c)

is well defined. Also, 7, is a contraction vanishing at zero [GN16, Section 5.2.1]
and for any finite subset F' of the unit ball of H it follow that

E¢ <§ngi Gi(v/2)1 (Yih(Xi) — E(YR(X)) — C))

i=1

> GYiA(X)

=1

> (a.s.),

from [GN16, Theorem 5.2.1, Eq. 5.50]. Note that, conditional on Y;, the probability
laws of (;Y; and (;|Y;| are the same. In particular,
) (a.s.).

E¢ (sup ) = k¢ (SUP
heF heF

Recall that Rademacher complexities are stable under taking absolute convex hulls.
Let

< B <SUP > CiY;h(Xi)> < B <SUP
F

heF i=1 he

S G YR(X)

=1

S GYiR(X)

=1

Cr = {(|Y1]h(X1), o YV R(XR)) s h e F}
and

Cr = {(IV [loh(X1)s -, [IY [loh(X)) s h € F},

then absconv C'r C absconv C r. Furthermore,

E¢ <SUP > GlYMX) ) = E<<sup > Gt ) = E(( sup > Gt )
heF|,—1 teCr|i=1 tcabsconvCp |,
teabsconv O |i=1 heF|;—1

In summary, we have shown that

E, (sup 5 Gt (Vih(X) — E(YB(X)) - c))

heF i=1

). (a.s.)

< @2/NNY [l B (sup > Gh(X5)
heF i3
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A simple variation of the above argument gives us a bound on the absolute value. In

detail,

) +sup |E(Yh(X —c\E(
heF

> G(r/2)y (Yi(Xi) = E(YR(X)) = ¢)

=1

<% (i‘é}i

< Yo B <SUP
heF

(3.9) E; (iup

S GYiR(X)

i=1

)

ilCih(Xi> ) + (”YHoonHééz - ]c|>\/%, (a.s.)

where the last inequality follows from integrating a Hoeffding bound on Pr(| >,
Gi| = t). Since this holds for all finite F' we can take the supremum over finite sets

F on both sides and move to F (see (1.1)).

Lower bounds. With the Rademacher argument we control the difference between
the empirical and population value. To make use of this bound we need a lower
bound on the population value. This can be attained in the following way. Let
p = Pr(e; = 0) A Pr(e; < 0). Because F(e;) = 0 it holds that p > 0. Using the
towering rule for conditional expectations and that 1., is monotonically decreasing,
we can now argue in the following way for the population limit and any h € H,

(3810) E(((h, YK(X, -) —m,) —c))
E(u (b YR(X, ) = my) = ¢) x x{eh(X) < 0})
> B (v ((h, fo(X)R(X, ) = m,) = )
x (E(x{e < 0} | X) x x{h(X) > 0}
+ E(x{e > 0} | X) x x{h(X) < 0}))
> pE (U ({h, fo(XR(X, ) = my) = c).

The final expectation term can be dealt with in the usual way after moving to the
kernel function [ x k, where | = fy ® fo. We demonstrate this for the case that we
work with a covariance operator assumption and we derive high probability lower
bounds on the radius of a ball centered on m,,,, which lies within C, ,,.

Assumptions on the covariance operator. We denote the centered covariance
operator for the kernel | x k by €.;x;. As usual, we need an assumption on the
smallest non-zero eigenvalue of this operator. Recall that || fo||; = 1 and

| fo % Bllixi = min{|Jullz,em, : fo(@)h(z) = u(z,z) forall z € X}.

In particular, || fo X hllixe < ||fo ® hllx,on, = |||k In fact, this can be tightened by
using [PR16, Proposition 5.20]: the RKHS H,;x is the set {fo x h: h € H} and for
any g, h € ‘H we have that (fo X g, fo X h)ixx = (g, h). In particular, all eigenfunctions
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of €, ;x are of the form fy x h for some h € H, ||h|| = 1. Therefore, our bounds will
depend on

(311) A=t {@opanfo x b fox ), Bl =1, foxhe (k@) }

As before, it is beneficial to move to the RKHS ;. s corresponding to the kernel
function k = (I x k)[S x S, where S is the support of X. Observe that

(X E)S xS = (115 x5) x (kIS5 x5) = ((fol ) @ (fol §)) x (k[ .5 x 5).

Using [PR16, Proposition 5.20] again shows that H;xrs = {(fol S) x h : h € Hs},
where Hg is defined as before. Furthermore, for g, h € Hg,

((fol S) x g, (fol S) X h)ixk,s = (g, h)s.

Let us also introduce myy s = [ k(z, -) dP(x), where P is the law of X, and which
is well defined whenever (I x k)(X, -) is Bochner integrable. For h € H,

(hm,) = [ (B, fo(@)k(z, ) dP(a)
= [ (Sl $)(@)(h] $)() dP()
/S<hr (Rl @) (kTS x S)(x, -)) g dP(a)
= [ {(fol §) x (A 8). (fol S) x (fol )(@)(kIS x S)(x, -)),, s AP ()

_ /S<<for5) x (B1S), (I x k) S x 9)(z >lxksdp(x)
= ((fol S) X (P19, Misch, )y 5

The key observation is now the following, for any h € H and almost surely
(hy Fo(XDR(X, ) = my) = (AT S)(X) (ol S)(X) = ((fol §) x (A S), Wik}, 4
= ((fo 8) % (M 8), KX, ) = Mk 5
This leads directly to a first result. Under suitable assumptions and with § =

MS2|(fo ® fo) x K12, v =d/4 and ¢ = —§/2, Eq. (2.5) shows that for any h € H,
such that ||k S||s = 1,

(3.12) E(¢y((h, fo(X)k(X, -) — m,) — ¢))
= E(t(((fol S) x (A S), £(X, +) = Mt s)ixk,s — ©))
> N2/8]|(fo @ fo) X F|lso-

Combining the various steps above leads to the following proposition, which is an
adaptation of Theorem 2.17.

ProOPOSITION 3.1. — Let (X x R, A, P) be some probability space, let P be a
topological measure that is T-additive, and let k be a measurable kernel function
defined on X s.t. the corresponding RKHS H is finite dimensional. Furthermore,
let (X1,Y1),...,(X,,Y,) be iid. random variables attaining values in X x R, with
law P, and of the form Y; = fo(X;) + €; where €y, ..., €, are centered i.i.d. random
variables which are independent of Xy, ..., X, and such that |e;| < ¢ (a.s.), and
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fo € LA(P P). Assume that [|(fo ® fo) X kl|ec < 00, and that the centered covariance

operator €.« has an eigen-decomposition with smallest non-zero eigenvalue being
M. Let 6 = M\ /2||(fo® fo) x k||1/? and p = Pr(e; = 0) APr(e; < 0). For any q € (0,1)
and whenever n is (strictly) greater than

1024]] fo ® fo % k||% 2
Hfoﬂfo2 I (16(8||f0 ® fo % k| + 6+/210g(3/q) )
p*A%0

V16 (e K22 108(6/0) + ( (ke + /T F 2TFT<) log(6/0) ')
v (0+/210g(6/q) + 16V27 (|| folloe + co) kNI + 6/2) + 32]| I folloo + ce>)2)

then, with probability at least 1 — g, there exists a ball of radius §/4 around m,,,
in C,, within the affine subspace spanned by C, ,,.
Proof.

(a). — Since fy ® fo X k is a bounded kernel function we can apply (3.12) and
conclude for v = §/4 and ¢ = —§/2 that E(y,((h, fo(X)E(X, ) —my) —¢c)) >
A2 /8|(fo ® fo) X k||oo and from (3.10) it follows that

By ((h, YR(X, ) —my) — ) = pA/8||(fo ® fo) X k|-

(b). — Next, we have to incorporate a few triangle inequalities. First, we fill in
the details in (3 5). From (3.7) it follows that for p; € (0,1) and a; = 8n~'?||fo ®

fo X k|loo + 64/21l0g(1/p1)n -1/2,

Pr(supro X h—P,foxhZ= O;) = Pr( sup |Pg — P.g| > O;) < pr-

heF 9EFIxk

Also note that we can simplify (3.6) to

1 & Qo nos
Prl =) o(X;)| > ) < 2exp ,
<Hn % 2 e [KIISL (el KIS + a2 + v/T++ 2[Fll)

whenever n > asc||k||}/?. Hence, for such n, for p, € (0,1) and

1/2
_ e[k l0g(2/ps) ((4c?||kl|oo + I+ 2 log(2/p2))

(o> 5) <n

In particular, for aj; = a; V ap and whenever n > asc.||k||}/2,

n

it follows that
Ly e

ni4

[\D

Pr(|lm, —m,,| > a12) < p1 + ps.
(c). — From (3.8) we can infer that almost surely
P@DW((}Z, yk(z, -) —my) — c) — Png/zv((h,gk(f, S)—my ) — c)
< 771‘|my,n - my” + P%(Ul, yk(x, -) — my> - C) - in7(<h7 yk(z, ) — my) - C)-
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The same inequality holds almost surely if we consider the supremum over F. There-
fore, with v = 6/4 and « > 0,

Pr <iu£ P, ((h,yk(z, - ) —wmy) —c) — Py, ((R,GR(T, - ) —my,) —¢) = 2a>

< Pr(Hmy,n —my[| > 50‘/4)

+ Pr <2u]12 Pw,y(<h,yk(9c, S) —my) — c) — Pniﬂ.y((h, yk(z, -) —my) — c) > a>.

The latter term can be dealt with by a Rademacher argument when using (3.9). In
detail, for any ps € (0,1), with probability 1 — ps simultaneously for all h € F,

Pn¢7(<h,§k(f, ) —my) — c) > P¢7(<h, yk(z, ) —my,) — c) —v/21og(2/p3)/n

—2F; (sug >

heF
follows from [GN16, Theorem 3.4.5]; also see p. 496. Substituting (3.9) leads to the
following lower bound on the P, term,

LS G (VA(X) — B(YR(X)) — 0

=1

Pipy ((h,yk(z, - ) —my) —¢) — y/2log(2/ps)/n

- (4/7)(|!Y|!ooE< (p LS Gh(x) ) + (Y lellBIL2 + rc\)\/zw/n).

heF =1

Filling in +, ¢, the upper bound on |Y'| and the Rademacher complexity of F , reduces
the lower bound to

oo VIR | 16V (ol + IR +6/2) | B2RIEL ol + 0
Vi 5V 5V

and

Pr(iugpw7(<h,yk(ac, S)—my) — c) — inv((h,ﬂk(&?, S) —my) — c) > ag) < ps.

(d). — Combining these bounds we can derive a lower bound on P, ((h,
yk(z, -) —my,) —c). In detail, let p; = p» = p3 = ¢/3 and set
. dorig

o V
5 3

then with probability 1 — ¢ simultaneously for all h € F ,
Pps ((h, Gk (T, ) = my ) —¢) = pA/8||(fo @ fo) X k| — 207,

To guarantee that the right hand side is strictly positive we can choose the n which
is provided in the statement of the Proposition 3.1. U
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3.3.2. Second setting: bounded Y;’s & Eq. (3.3)

In this section, we map h € H to h = (1, - )g ® h(-) and we work with the kernel

function

p((y1, 1), (Y2, 2)) = (Y1, y2)rk (71, 72).
In the introduction to this section we denoted the RKHS #H, by R’ ® H. We will use
in the following the more compact notation H,, || - ||, etc.

Compared to the approach in the previous section, using H, offers a dramatic
simplification of the analysis and leads to improved bounds. As usual, we are in-
terested in approximating a mean element. In the current context, this is mf}’ =
[ p((y,z), -)dP(z,y) and there is a straight forward relation to the element m, that
was used in the previous section,

m? = [(y, Jx @k, ) dP@y) = (1L, e ® [yk(z, ) dPa,y) = (1, )z O m,,

using (1.2). The element m¥ lies in R’ @ H whenever Y?k(X, X) € £'(u). Under
our assumption that Y = fo(X) + €, X and € independent random variables, the
representation of mf simplifies to

= E({(fo(X) +€ r@k(X, -))
= (1, )r ® E(fo(X)k(X, -)),
where we used (1.2) in the second and in the last equality. This is again just
<17 ’ >R ® my,.
If P is 7-additive as a measure on X X R then the support S of P is well defined
and we have a natural population limit

Cy = cch{(y, )z @ k(z, -) : (z,y) € S}
of the empirical convex set
Cp, = cch{(Y;, - )r @ (X, -) -1 < n}.

These are just the convex sets associated with the kernel function p acting on R x X
and m® m®n are the corresponding mean and empirical mean elements. In fact,
we can apply right away Theorem 2.17. Our sample space is then [—|| follc — Ce,
| follso + cc] X X, where ¢, is a constant such that |Y] < ¢, a.s. The kernel function

is p restricted to the sample space and

1915 % Slloe < ([ folloo + co)[[Eloo-

In this formulation it might not be directly obvious how assumptions on the dis-
tribution of Y enter. Using a Rademacher argument we can control the difference
between P and P, when acting on indicator functions. To do so we do not need
any assumption on the distribution of Y beside boundedness. But, if you recall our
earlier arguments, you will notice that we used lower bounds on P when applied
to indicator functions to control the size of C,. This lower bound on P depends
on the distribution of Y. In particular, with the covariance operator approach,
it depends on the variance of Y.
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Let (;:? be the centered covariance operator corresponding to kernel p then for

g,h e H,
(€24.h),
= E(Y?9(X)h(X)) — E(Yg(X))E(Yh(X))
= E(f3(X)g(X)n(X)) + o> E(g(X)h(X)) — E(fo(X)g(X)) E(fo(X)h(X)),

where o2 is the variance of e. We can also relate this expression back to the covariance
operator discussed in the earlier approach, for h € H,

(€@a.h) = (Cxifo® g, Jo@ h),  + 0" E(g(X)E(R(X)).

v

Recall that for g,h € H, (g,h) = (fo X g, fo X h)ixx and note that (g, h), = (g, h).
In particular,

(3.13) 1ll = 1Rl = 1l fo % Rllixe

for all h € H. If h € H,||h|| = 1, is such that fy x h is an eigenfunction of Ec,lxk
with eigenvalue A and o? is the variance of € then

(€2h,h) = A+ a*E(h*(X)).

p
Furthermore, if fy x h is an eigenfunction of &;}lx  and g is such that (g, h) = 0 then
(€h,5) = (€eaifo x b fo x g), + P Blg(X)E(H(X)) = 0*B(g(X)) E(h(X).
There is no reason why the latter term should be zero and the two operators will
generally not have the same eigenfunctions (in the sense that h is an eigenfunction
of €2 iff fy ® h is an eigenfunction of €. ).

Remark 3.2. — 1If v = inf{E(h%(X)) : h € H,||h| = 1} > 0 then €2 has no
eigenvalue below o?v. This can help with the compression, but notice that larger
values of 0% are related to larger values ||p||o Which hinders the compression.

Lower bounds on the width. We could also look at the width of the convex set
Cf’ by means of the kernel function p. While this is a useful exercise we only want
to highlight here a simple relation between the width of C’ff’ and the width of usual
convex set Cs (as a subset of Hg). For h € H, ||| =1,

Widthi1 (Og)) = (xszl)fe)s(y - fo(@)(ha k(Ia )) + h(g;)fO(I)

— inf (4 = fol@) (b, k(2 ) + (@) fol(a))

(2 /)€S
> sup sup (y—y')h(z) = sup sup (y —y)|h(x),
T€Xs y,y' €Sy 2€Xs Y,y €Sz

where Xg = {z : (z,y) € S} and S, = {y : (z,y) € S}. Also, note that
sup |h(x)| = (1/2) width,(Cs)

z€Xg

and we have a lower bound on width; (C;’) which is a product of the width of Cs
and the spread of e.
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3.3.3. Third setting: unbounded Y;’s & Eq. (3.3)

If Y is unbounded then one way to approach the approximation problem is to cap
the observations Y; and to control the cap as a function of n. We demonstrate this
for the case that we have the model stated in (3.4), fo is bounded and measurable,
and € is sub-Gaussian with variance factor v (see [BLM13, Section 2.3]) but is not
necessarily bounded. The natural sample space is now R x X'. The kernel p is well
defined on R x X but is unbounded. When f; is bounded, k is measurable and
bounded, and e is sub-Gaussian, we have that (Y, - )rk(X, -) € £?(u, H,,) since

E(IIKY; )ek(X, )l7) = E(Y?E(X, X)) < [kl E(Y?)

and the latter term is finite since Y is sub-Gaussian. Let {r,},>1 be a non-negative
and non-decreasing sequence, and let Y™ = (Y A (rn + [[follse)) V = (rn + || follso)-
The || fo||oo can obviously be replaced by an upper bound on the norm, but as the
argument is developed such a bound is needed to control the error introduced by
capping the observations Y;. Define m? = (1/n) n V"™, pk(X;, -). In this

(2
section our aim is to derive a suitable adapted version of Theorem 2.17 for this
setting where € is sub-Gaussian. We start by investigating the effect of the capping

of Y.
Bounding |[m?, —m? ||. A simple expansion yields

2

I = 85 = 2 T
i= p
- ;jzrl:l(Y = V) (¥ = V7 )X X).

Due to the independence of the observations and by using the Cauchy—Schwarz
inequality,

2
® ~®
E(Hmy,n B my,an)

(2

E(Y; - Y) (X, X))

1 (= TP ) B((05 55k, 0))
S VR e (R SRR T
< Ml E(}g—?(”))erm_lM”E?()n 7).

n? = ‘ n
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Let A denote the law of e. Noting that € is sub-Gaussian and using [BLM13, Sec-
tion 2.3] together with [Fre01, 2520] and [Dud14, Proposition 2.5 (a)], we obtain

(3.14) E< Y, — Y™ )
< /Ooo(t — 1) X x{t = r,}dN(t) + /_Ooo(—t — 1) X x{—t = r,} dA(1)
g/ooo/\{t:t> s+7’n}ds—|—/ooo)\{t: —t>s+r,}ds
< 2/00 e~/ s < \/%6_7%/2”.

Similarly, "

(3.15) E(Y, - ¥,™)°
< [T =) xxdt >y axo + /_Om(—t — 1) X x{—t = T} AA(E)
</Ooo>\{t:t> \/§+rn}ds+/ooo)\{t:t< —V/s =1, }ds
< 2e T3/ /°° =52 ds — dye—TaI?
Combining these yields0
E(Hmfn — aﬂ?”Hj) < 2|k ooe "2 (2/n + 7Te’”2l/2”>

and

_ 2|k || e "R/ (2/n n m_rmy)
Pr(Hmin a mian > t) S 12 .

In other words, if we have an upper bound on || folls and cap the observations as
described above then with probability 1 — ¢ for any 6 € (0, 1),

- 1/2
(3.16) |, =%, | < V2Kl e (2/n + ne*ri/ﬂ 512,
’ lp

Spectrum of the covariance operator. In Remark 3.2 we observed that no
eigenvalue of €2 can be lower than o%v, where o2 is the variance of € and v =
inf{E(h*(X)) : h € H,||h]| = 1}. There is a peculiar detail that we have to be
careful about: if hy, hy € H are linearly independent but hy[Xs = hs[Xs, where Xg =
{x : (x,y) € S}, then there exists an h € H of norm one for which E(h*(X)) = 0.
Furthermore, the corresponding functions 711, hs in H, are not constant on S but
some linear combination of ;L1 and 712 is zero on S (at least when the involved
functions are continuous). To make use of the lower bound o?v it makes therefore
sense to move right away to functions restricted to Sy = {(y,z) : (z,y) € S} or Xs.

Before coming back to the lower bound we want to take a paragraph to understand
better H,s,, which is the RKHS corresponding to the kernel function p[Sy x Sy.
First, notice that there are no (non-zero) constant functions in s, if € is not almost

surely zero. In particular, the covariance operator &?75 has then only eigenvalues
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that are strictly positive. If &? has zero eigenvalues then there must be elements
h which are constant on S but this means that these elements have to be equal to
zero on S and correspond to the origin in H,s,. Also notice that H, s, is not the
same RKHS as the RKHS with kernel function (I[Rg x Rg) x (k[Xs x Xs), where
Rs ={y: (z,y) € S} and I(y,y') = (y,y')r for all y,y € R. This follows directly
since they have different domains. The latter kernel is defined for pairs (z,y) in
Xs x Rg while the former is defined for pairs (x,y) € S. This is inconvenient since
we like to use E(h*(X)) for h in some RKHS of functions acting on the support
of some measure and it is not directly obvious what this support should be like.
In the following, let Ty be a topology on X, let T be the corresponding product
topology on X x R, and assume that the law P of (X,Y) is a Radon measure
with g-algebra A; in particular, it is a topological T-additive measure and T C A.
Then S is well defined as a subset of X x R. Let us also introduce our probability
space (€2, i), assume that u is complete and (X,Y) is a well defined random
variable in the sense that (X,Y)"![A] € X for all A € A. Furthermore, consider
the o-algebra Ay = {A: A xR € A} and let Px = P o 3" where the function
Ty 1 X X R — X projects onto the first coordinate. The o-algebra Ay contains Ty
since for O € Ty it holds that O x R is in the product topology . Hence, Py is a
topological measure. If X is a Hausdorff space then Px is, in fact, a Radon measure
(apply [FreO1, 418I] to mx and note that my is continuous). This implies that the
support S’ C X of Px is well defined. Observe that Xg = S’: the projection 7y is a
continuous inverse-measure preserving function from X x R to X and, due to [Fre01,
411N.e], the support of Py is mx[S] = {z : (z,y) € S} = Sx. We also have to check
that X is actually a well defined random variable in the sense that X '[A] € ¥ for
all A € Ay, and that E(h*(X)) = [h*dPx = [(h]Xs)? dPx. The former can be
seen in the following way. Since my is a measurable function from (X x R,.A) to
(X, Ay) it follows that X = my o (X,Y') is measurable as a mapping from ({2, %) to
(X, Ax) and is a well defined random variable. For the latter, if & is in £%(X, Px)
then [ h?dPx is well defined and obviously equal to [(h|Xs)*dPx. It remains to
show the E(h?(X)) = [ h? dPx. One way to show this is to use [Fre01, 235E]. This
can be applied since uX![A] = Pr(X € A,Y € R) = Pry'[A] = Py(A) for any
Ae Ay.

We can now define an RKHS of functions that act on the support Xs. For com-
pactness of notation let S = Xg, let kg = k]S xS and denote the corresponding
RKHS by Hg. This RKHS allows us to carry over Remark 3.2 to the case where we

work with H, s,. Let E?’S be the centered covariance operator that corresponds to
H,s,. Since, H,s, = {h]S; : h € H}, it follows that

(3.17) <E§vshrsf,hrsf>psf
= E(ff(X)h*(X)) + UQE(/j?(X)) — E*(fo(X)h(X))
= E(f}(X)h*(X)) + o*(€*h]S, h[§>§ — E2(fo(X)h(X)).

When the kernel function £ is continuous, then the only function h € Hg for which
E(h*(X)) = 0 is h = 0 which has norm zero (otherwise there is an open set
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on which h?(X) is bounded away from zero and the intersection of this open set
with the support has measure strictly larger than zero [Fre01, 411N]). In this case,

all the eigenvalues of ¢S are strictly positive and also all eigenvalues of Q:® S are
strictly positive, implying that there is no constant function in Hp Sy Also note
that ||h 1S|s = ||h SprSf for all h € H: first observe that §]S; = hlS; if, and only
if, 1S = h[S. If g1S = h]S then for (x,y) € S, §(y, =) = yg(x) = yh(z) = h(y, =)
because z € Xg C S. On the other hand, if g[Sy = h[Sf then for any = € Xg there
exist a point y such that (z,y) € S and yg(x) = yh(z) which implies g(x) = h(z) if
y # 0. In fact, if 0% > 0, there exist at least two such points and, in particular, there
exists a y # 0 such that yg(z) = yh(x). Since g = h on the dense subset Xg of S

and both g, h are continuous (assuming k is continuous) it follows that g = h on S
(e.g. [Eng89, Theorem 1.5.4] and using that R is a Hausdorff space). Using (3.13),

(3.18) |Prsel], o, = mE{lgll, - 315y = RISy, g € #}
= inf{|lgl| : §15; = hISy.g € H}
= inf{|lg| : 9IS = h1S, g € H} = 115 .

This implies that a strictly positive lower bound on the <€S 1S, hlS )5 is given by the
smallest eigenvalue of ¢S (when H is finite dimensional). We can also express this
bound in terms of H since for h € H, (€h, h) = (€5h]S, h]S)g and ||A| = ||h]S]s
it follows that the smallest eigenvalue of ¢ provides a lower bound on the smallest
eigenvalue of @9 and this lower bound is strictly positive. We might be tempted to
improve this lower bound by recalling that the eigenvalues of €. tell us the dimension
of Hg, but notice that there is no reason why the eigenfunctions of &C and € should
be related since one corresponds to the variance and the other corresponds to the
second moment, and it is not directly obvious of how to benefit from the additional
information that & provides.

A family of covariance operators. The move from Y to Y™ affects the covari-
ance, and the covariance operator corresponding to (Y, - )grk(X, -) is not the same

as the covariance operator corresponding to <?(”), rk(X, -), n > 1. Let us denote

the covariance operators corresponding to the Ys by the somewhat unwieldy E?’(")
and the covariance operator corresponding to the support S, of the law of (X, Y (™)

by E?’S”; we assume that the laws P™ of (X, ?(”)) are Radon measures, which
guarantees that the support of P is well defined. It is easy to verify that P™ is
a Radon measure if P itself is a Radon measure and the topology corresponding to
P is a Hausdorft topology. Consider the set A = X x [—(r, + || folloo)s n + || fol] o]
equipped with the subspace topology which is also a Hausdorff topology [Eng89, The-
orem 2.1.6], and the continuous function f : X x R — A given by f(z,y) = (z,7™),
where we mean the same transformation as for the random variable Y. The push-
forward P = f, P is a Radon measure according to [Fre01, 4181].
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We need lower bounds on the smallest non-zero eigenvalues of the different E?’(”)
operators to use our compression approach. It seems naturgl to work with an assump-
tion on the smallest eigenvalue of the covariance operator €+ which corresponds to

the original Y, and to relate the eigenvalues of E?’S" back to the eigenvalues of é;@,s .
As discussed on the previous page, the covariance operator €2 does not have an
etgenvalue that is zero if k is continuous. In this case, the smallest eigenvalue A of

&?’Sn is at least of size \,/2, where ), is the smallest eigenvalue of &?’S , Whenever

where (3.17) tells us that we can choose v either as the smallest eigenvalue of ¢S

or the smallest non-zero eigenvalue of a:, and where 0 < 02 < v is the variance of e.
Alternatively, we can obviously also directly impose assumptions on the eigenvalues
of €25, We can bound the operator norm in the following way,

0'21)

<

F®,S 2@,5
Q:c - Q:c " )
op 2

5©,5 _ 38,5
Q:c - Q:c

op

= sup sup <€§”SiL[Sf - 6?’5”5[5}, §[5f>

I11Ssp,5,=1 1915 llp.5 ;=1 p.S¢

T et %llll?lE«YQ — (Y h(X)g(X)) — E(Y g(X)E(Yh(X))

+E(Y"Mg(X))E(Y™h(X)).
Let us first address the second moment term. For h, g such that ||h]S||s = 1 = ||g]5]|4,

B((v2 = (V) )h(X)g()| < Ikl B(¥* = (¥)7)

< ||k||oo/0°°A{t (t> /s tr2bds+ ||k;y|oo/0°°x{t < /s 2} ds

<2kl [, €7/ ds = Av| Il e,

7

= bl [0 =72 % xft 2 ra} A + e [ (7 = 12) x x{=t > r} a0

The other term can be controlled in the following way,
[BE(Y g(X)E(VR(X)) = E(Yg(X)) E(Yn(X))]
< ‘E((Y - ?<">)g(X))E(fO(X)h(X))] + ‘E(?(”)g(X))E((Y ~Y™)R(X)) ‘
< Irll@lfolle + ) (Y — TO) < VBTl 2l folloo + )32

Combining these yields

&@,s _ @&Sn
C

c

(319) | < (VBT @ folla + 1) + 40 w2,

op
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In particular, if we use v = o2,

(320) 71 =(1V20%) Vv 20log"? ( -lloe 12/ (ll folloo +1) + 8a)>

U)\*S

where 5\*3 is the smallest non-zero eigenvalue of es , and let {r,},>1 be a non-
decreasing sequence then for all n > 1,

)\(n) *3/2

This follows from the argument on the last page and because this choice guarantees
that the right hand side of Eq. (3.19) is upper bounded by ¢, g: first notice that
r? /402 > logr; for any r; > 1V 202 Hence,

(V 327TO'Hf0HOO —|—40' )Hk“ooe*'l"1/20' + ‘/ O_Hk” 7T1/252+10g7“1
< (V3210 | follso + 40%) | Kllsoe ™2 + V870 |kl ce T4
< (V327 (| folloo + 1) + 402 [ e~/

The same arguments applies to any 7, > r; and the final display is non-increasing
in the r; argument. Setting this final display equal to 025\*7 5/2 yields the expression
n (3.20).

Also, notice that r; depends logarithmically on the unknown terms || fo||oc and A, g

Compression in the case of sub-Gaussian noise. We have now all the ingre-
dients to state a proposition for the sub-Gaussian noise case under the assumption
that we have an upper bound on | follo, a lower bound on A, 5 and some control over
the variance term o?. In particular, we know that when ry is chosen as in (3.20) that
E?’S " has eigenvalues that are closely related to the eigenvalues of @@’S and that
we can apply our results to compress fﬁ?n. Furthermore, we know how to control
the difference between m®n and m® The following proposition ties these results
together.

PROPOSITION 3.3. — Let (X,%y) be a Hausdorff space, (X x R, T, A, P) be
a topological measure space such that P is a Radon probability measure which
has support S, ¥ is the product topology corresponding to Ty and the standard
topology on R, and let k be a continuous and bounded kernel function defined on
X such that the corresponding RKHS H is finite dimensional. Furthermore, let
(X1,Y1),...,(X,,Y,) be iid. random variables attaining values in X x R, with law
P, and of the form Y; = fo(X;) + €;, where €,,... €, are centered i.i.d. random
variables which are independent of Xi,..., X, and such that €, is sub-Gaussian
with variance 0 < ¢°, and fy is a measurable and bounded function. Let A, 5 be

the smallest eigenvalue of the covariance operator @5 that corresponds to the kernel
function kS x S, where S is the closure of {x : (z, y) € St in X. Furthermore, let e

be the smallest eigenvalue of the covariance operator Qf;@ S corresponding to the kernel
function p[S x S, p((y1,71), (Y2, T2)) = 1y2k(x1, x0) for all x1,z9 € X, y1,y2 € R.
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Given q € (0,1) define the sequence {r,},>1 in the following way. Define ry as
in (3.20) and for n > 2 through

=11V V20 log(n/q).
Under these conditions, for any n > 1, the smallest eigenvalue A of 6?’5 " fulfills
A > /2> 025\*3/2 > 0 and there exists a ball of radius 6" = Xin)/(2(||f0||oo +
ra) 2| k|| Y?) around m$ within the affine space spanned by C, = {p((y,2), -) :
(x,y) € S,} as a subset of H,, where S,, is the support of the law of P™ correspond-
ing to (X, ?(”)). Whenever n is (strictly) greater than

<8<Hfouoo 1)l Eloe (/2108(1279) + 19201 folloo + )]0/ A ) )
()

v (16<||fo|roo ) 2 R2 + 28810g<4/q>>2
5n)

with probability 1 — q there exists a ball of radius 5 /4 around f‘ﬁfﬁn in ag?n within

the affine subspace spanned by 6’p and
|5, = mp, | < GollklLn

Proof. — We derived the inequalities concerning the eigenvalues earlier in this
section. Furthermore, the bound on 6™ follows directly when applying Theorem 2.17

to the random variables (X, ?(")) and the kernel function p[S,, x S, noting that ||pf
Sn X Sullso < (I folloot7n)]1%|lco- The bound on n is also taken from Theorem 2.17 with
the only modification being that a union bound is used to guarantee simultaneously

the existence of the ball around mg, within 6’5’” and that |[m?, —m? |, is upper

bounded by n~/2. In detail, for the stated ¢ with probability 1 — ¢/2 there exists a
ball around I?ijn and with the given choice of r,,, with probability 1 — ¢/2

~ 2 /402 2 /952 1/2 _
|50 = < V202 |[k| et (2/n—|—7re 2/2 ) (q/2)7V?

1/2
< 20| |k||X/2n Y2 1A (Qn_l/2 + 7T> / < 30||k||Y2at/2n =34,
follows from (3.16). O

3.4. Simultaneous compression

In this section we are interested in compressing different quantities like the covari-
ance operator and the mean element simultaneously, meaning that we want to find
a single convex combination of a subset of the data that allows us to approximate
both quantities well. As mentioned in the introduction, we are utilizing a direct sum
approach to approach the simultaneous compression problem. In this section, we
start our exploration with &,, and m,,, for bounded Y, which is in some sense easy to
deal with since the RKHSs corresponding to them have intersection {0} (after some
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minor adjustments of the kernel functions) which makes the direct sum approach
easy to apply. We then explore how we can deal with RKHSs H;, H, for which
the intersection is a non-trivial subspace. This problem is more challenging and we
combine the direct sum approach with a quotient space approach to deal with it.
We conclude this section by applying this approach to approximate simultaneously
¢,, my,,, and Y7 Y;, which allows us to calculate the least squares error for RKHS
functions using only a core set of the data.

3.4.1. Compressing the covariance and weighted mean embedding simultaneously

One of the main challenges when trying to control the approximation error of €,
and m,,, simultaneously is to determine the size of the convex set that contains
(¢, m,,,) within the direct sum of two RKHSs and to locate (&,, m,,) within this
convex set, or, alternatively, to analyze the covariance operator corresponding to
this new space. These problems would be easier to handle if we could identify the
direct sum space with an RKHS and apply the techniques that we have developed
for RKHSs. When using the first approach for m, ,,, we face directly a problem in
that we will gain some weighted sum of (k(Xj;, - ), k(X;, -)) as an approximation, but
we need a weighted sum of (k(X;, ), Y;k(X;, -)). This problem can be circumvented
by incorporating the Y;’s into the kernel as we have done in the second approach,
i.e. for a given kernel function £ on X let,

p((y1, 1), (y2, 22)) = 1yek(@1, 22)
= (g1 D @ k(xr, ), (g, )r @ k(xa, )y

then p is a kernel function on R x & and we move from m,, to m¥,. It helps to

(3.21)

also extend k to R x X by setting ry((y1, 1), (y2,22)) = k(x1,x2). Let I be the
extension of h € H,, to R x X, i.e. /ﬁ(y,x) = h(x) for all z € X',y € R, then ||/f;||,.§y =
||| For finite linear combinations this follows from || 320 cvirey ((yi, i), - )||2, =
e iRy (s, i), (Y5, 75)) = || Ziey qar(as, |2, where n € N,o; € R, x; € X,
y; € R for all + < n and extends to all of H, by a denseness argument. By a similar
argument we can see that the extension map is surjective.
Observe that H © #H, that is the RKHS corresponding to x,, and H, = R' @ H

are linearly independent, i.e. (H ® H)N(R'® H) = {0}, because ry((y1, 1), (y2, T2))
does not depend on th/eﬂlues Y1, Y2 while p does. Due to this linear independence
we have that K = (HOH) @ (R' ® H) is isometrically isomorphic to H,, ,. Let
g = {g+ h : (gvh) S IC} with norm ||f||g = lnf{”(gvh)HK : gjh\: fv (gv h) S IC}
There exists a surjective isometry between K and G. Because H ® ‘H and R’ ® ‘H are
linearly independent there is for every f € G exactly one pair (g, h) € K such that
g+h=fand | fl|lg = |l(g,h)] . Furthermore, we have an inner product on G which
is given by (f1, f2)¢ = ((g1, h1), (g2, h2))x whenever f; = g1 + hy and fo = go + ho.
For (g, h) € K we have that g € H,, and h € H,. By [Aro50, Theorem, p. 353] the
kernel k, + p is the kernel of G and, therefore, H,, 1, is isometrically isomorphic

to K.
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l\/h\en P is a Radon measure Wi/th\support SCX xR We can look at g =
(HOoH)s © (R'®@H)s, where (HOH)s = {ulSy :u € HOH} = Hy,s,xs, With
norm [|u|x,ts;xs; = inf{||v]| : u = v[Sf,v € H/@\H}, with Sy = {(y,x) : (z,y) € S},
and similarly we define (R’ ® H)g. If Rg = {y : (z,y) € S} contains at least two
elements then (’H/(D\’H)S N(R'® H)s = {0} and the above argument shows that

Ks is isometrically isomorphic to H s, 4,)15,xs,- We summarize this in the following
lemma.

LEMMA 3.4. — Let X be a measurable space and k a measurable kernel function
on X with corresponding RKHS H then

HOH® R @H) 2 Hrp

Furthermore, if P is a Radon measure on X x R with support S and Rg contains at
least two elements then

(HoH)s® (R'oH)s = Hwytp)1sy x5

In the following, we focus on the case where P is a Radon measure and study
the RKHS H ., 15, x5, For ease of notation let kg = (x, + p)[Sy X Sy. Similar
to before, there is a natural definition for the convex set that contains our mean
element. This convex set is

Che = cch{kg((y,2), - ) : (z,y) € S}

and the empirical analogue is
Crom = cchi{rg((V;, X;), -) i < n}.

The mean element that we want to approximate is then m,, = [ kg ((y,2), - ) dP(z,y)
when this is well defined, and the empirical analogue is m,_ , = (1/n) Xi_; ke ((Y;,

In the following, we will assume that Y = fy(X) + € with both f; and € being
bounded and € independent of X.

Covariance operator. We denote the covariance operator corresponding to ke
by €, . Because we are dealing with a direct sum one might suppose that it follows
directly that the covariance operator factors into the individual covariance operators
corresponding to k, [ Sy x Sy and p[Sy x S¢. Unfortunately that is not the case:
for hi,hy € H,, there exists f1, fa € Heuys,xs, and g1,92 € Hyjs,xs, such that

hi = fi+ gi for i € {1, 2}, and | hll5, = Ifill%, 15, s, + 190515, x5, - Hence,

(3.22) <€H®h1,h2>ﬁ@ = <&5yrsfxsff1,f2>

+ <¢prsfxsfg1, 92>pr

f{y[SfXSf

Sy x5y + E(f1 X g2) + E(f2 X g1).

The cross-terms do not vanish even if we use the centered covariance operator.
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Width of C,. . We can apply our standard approach directly to the kernel function
Kg (recall that in our definition of this kernel the reduction to the support of P is
already incorporated) to gain insights into the convex set C\ . Alternatively, we can
aim to link the width of C_ back to the width of the corresponding convex sets
corresponding to the kernel £ and . Due to Lemma 3.4 we have that

width, Cq = widthy, C

K

where u € (@)5 ® (R'"® H)s, ||ul]] = 1, h, with ||h]| = 1, is the corresponding
element in H,,, and

Co = cch{((r,[Sy x Sp)((y, 2), +), (pISy x Sp)((y,2), )} C (HOH)s® (R'@H)s.
Hence, we can bound the width of Cg instead of bounding directly the width of C .

We can write any u € (H/@\H)s @ (R'®@H)s as (g]Sy, v]Sy), where g e HOH, g is
the extension of g to R x X', and v € R’ ® H. Observe that if v is given by a finite
linear combination of elements (y;, - )g ® h;, y; € R, h; € H, then

(3‘23) v= zn:az“yza : ]R ® h; ) L, R ® (Z YiQy z>

For such finite linear combinations let ¢ : R" ® H — H be ¢(v) = X%, y;a;h;. The
map ¢ is independent of the particular representation of v because if

Z%(@w . R®h Zﬂz Ziy * R®gl)
=1

for a suitable m € N and corresponding (;, z; € R, g; € H for all 1 < m, then

0= '|<17 IR ® (i yioih; — iziﬁigz) 2

=1 i=1

2

azh - Z Zzﬁigi

=1

p

We can also observe that [|v]|2 = || 7, yiaihi||* = ||@/J(v)||2 Furthermore, v is linear
and therefore an isometry. Slnce the finite linear combinations lie dense in R’ ® H
and H, and both R'®@H and H are complete, we can extend 1 to a surjective isometry
between R’ @ H and ‘H [Eng89, Corollary 4.3.18]. In particular, any v € R’ ® H can
be represented as ¢ ~1(h) with a unique h € H.

The width of Cy can now be lower bounded in the following way: choose o > 0,
let by, = sup{b: Pr(e > b) > a and Pr(e < —b) > a} and I = [—b,, b,|. Then

Wldth( 1L (WS ) C@
:xeilslge[(g(x) + (fo(,T) + Z)h(.??)) —Cce)i(I;fZEI(g(.CE) + (fo(ﬁv) + Z)h(,il?))

whenever (g[Sy,v!(h)[S;) has norm one, g € H ® H and h € H. In particular,
when choosing the same point  and using z to move to absolute values, we gain

p @l .
s7) Co = 2llhllba sup =om= > ba Al widthsja (Cas),
T

where Cly, is the usual convex set for the kernel k[Xg x Xjg.

(3:24)  widthgg o
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We need to complement this bound with a bound that is based on g to deal with
cases where ||h|| is small. When || fo||» is smaller than b, then there is a simple way
to get a lower bound that involves ¢. For two points x1,29 € Xs and any h € H,
we can chose z1, 2o € Rg such that (fo(x1) + z1)h(z1) = 0 = (fo(z2) + 22)h(x2) and,
hence,

(3.25) Width(g{Sf,wfl(h)[Sf) Co > xseu)g g(x) _xien;s 9(33) > HgHHQH Widthg/llgHH@H Co.

We can combine (3.24) and (3.25) to gain a lower bound on the width of Cg in terms
of the widths of C' and Cl.

THE LOW NOISE SETTING. The situation gets more complicated when |fy| attains
values that are significantly larger than b,. For instance, when there is no noise,
ie. € = 0 (a.s.), and there exists some h € H,g € H ® H such that h(z) # 0
and fo(z) = —g(x)/h(z) on Rg, and (g[Sy, ¢~ (h)]Sy) has norm one, it holds
that width s, y-1(n)s,) Ca = 0. For fo to be equal or close to —g/h it is necessary
that fy attains large values when ||h]| is small. For example, when H ® H is finite
dimensional with dimension d, Ay > 0 is the smallest eigenvalue of a suitable kernel
matrix based on the kernel , and k is a bounded kernel, then fy(z) = —g(z)/h(zx)
can only happen if

sup|f0(ﬂv)| = HgHOO > HgHA}/Q

= = .

= 1Bleo ™ at/2|[n] |

For a small value of ||h|| this implies that ||g|| will be close to 1 and | fo| has to attain
a large value at some locations x € X.

INTERPOLATION AND ANOTHER LOOK AT THE LOW NOISE SETTING. We look
now at the case where there is no noise at all, that is Y = fo(X),

Co = CCh{(Hy((fO(x)7x)v ')7 <f0(:L‘), '>R’ ® k(l’, ’ )) HEUS X}
and we are interested in interpolating fy. In particular, we are controlling the width
of Cg depending on how fy is related to H and ‘H ® H. The direct sum approach is
useful to gain a deeper understanding of how well (€, mff) can be approximated. The
width of Cg in this interpolation setting has a simple form. Assume that the support

of the marginal measure is all of X and since there is no noise it then follows that
the support of the measure P is S = {(z, fo(x)) :x € X}. Forg e HOH,h € H,

width g y-1(n)) Co = 21615(9(96) + fo(z)h(x)) — ;g)f( (g(x) + fo(z)h(x))

The functions fo x h lie in the RKHS H, which has the kernel function ko(x,y) =
fo(x)k(z,y) fo(y). According to [PR16, Proposition 5.20] the RKHS #, is equal to
{foxh : h € H} and the inner product on Hy, is given by (foxhq, foxha) s, = (h1, he)
whenever hy,hy € H. If Hyy N (H © H) = {0} then we can embed both Hy, and
H ©H in the direct sum G = (H ©H) & Hy, such that for any f € Hy,h € HOH it
holds that || f||, = |1(0, f)|lg and ||A||nen = ||(h,0)||g- As in Lemma 3.4 it holds that
G = Hyy+r and, therefore, it also holds that || f|lx, = ||flko+r a0d ||2]lnon = |Plkgtr-
In this case,
Width(ngfl(h)) = Width(gyfoxh) Cg
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whenever g € H © H,h € H, where Cg = cch{(k(z, - ), ko(z, -)) : . € X} C G. This
follows directly from

9(z) + fo(z)h(z) = (g, fo x h), (k(z, -), ko(x,-))>g.

We can now follow the approach from Section 2.3.5 and, in particular, apply Propo-
sition 2.10 to the RKHS with kernel ky, 4+ x. Assumptions on f; imply then lower
bounds on the width.

3.4.2. Linearly dependent spaces

The setting above where we approximate €, and m® simultaneously is easy to deal
with because the corresponding RKHSs are linearly 1ndependent On the other hand,
when the spaces over which we want to optimize are linearly dependent then the
RKHS is not isometrically isomorphic to the direct product space and the approach
needs to be modified. This can happen, for example, when we try to approximate
¢ simultaneously to m. In this context the corresponding spaces H ® H and H can
overlap. For instance, when £ is a polynomial kernel of order two then H and H ©®H
are not linearly independent.

Whenever H ©® ‘H and H are not linearly independent it is natural to identify
elements like (h,0) and (0,h), h € (H ®H) NH. One way to do so is to consider the
subspace U = {(—h,h) : he (HOH)NH} of K := (H O H) & H. The subspace
is closed: let {(—hy, hy) }nen be a convergent sequence in U. This sequence is also a
Cauchy sequence and for any € > 0 there exists an N € N such that for all n,m > N,

€ > H(_hm hn) - (_hma hm)H?e = Hhm - hn||2 + ||hn - hm”%i@?—t

and {h, }nen is a Cauchy sequence both in H and H © H. Hence, it converges in
both spaces. Let f be its limit in H ® H and g its limit in A then for any x € X
there exists an n € N such that |f(z) — g(z)| < e+ |h(z) — hp(z)] = € and f = g.
It also follows right away that lim, o ||(—hn, hn) — (—f, 9)|le = 0 and the sequence
has its limit in U.

Consider the quotient space K/U with co-sets f* = f+ U, f € K, and the
quotient norm ||f*| v = inf{||f + hllx : h € U}. The space K/U is again a
Hilbert space since U is closed (e.g. [RS72, Section II1.4]), and it is isometrically
isomorphic to the Hilbert space H®H +H when the latter is equipped with the norm
113 = inf{||glFon + 10N> - f =g+ h,g € HOH, h € H}; in particular, a co-set
(g,h)+U € K/U is mapped to the function f = g+ h. This map is well defined since
if (g1,h1) € (g, h)® then there is some hy such that g + hy =g —hs + h+ hy = f.
Furthermore, by the choice of U, there are no two elements u®,v* € /U, u® # v°,
that are mapped to the same function f. Assume otherwise, then there is some f such
that f = g1 +h1 = g2+ he and, therefore, (g2 + g1 — g2, ha — g1 + g2) = (g1, h1). Since
91— 92 € HOH and g1 — g2 = hy — hy € H it follows that (ga, he)® = (g1, h1)® which
contradicts the assumption. Finally, any element in H ® H + H can be represented
this way since if f =g+ h, g € H® H,h € H then (g,h)® is mapped to f. Using
again [Aro50, Theorem p. 353] we can conclude that /U and H,x are isometrically
isomorphic.
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While /U and H, are isometrically isomorphic it does not hold in general that
KC and /U are isometrically isomorphic to H, . Hence, when mapping an element
u € K to u® € /U, then finding an approximation v* of u® in /U, we generally
cannot invert the e operation to gain an approximation of u. Selecting an arbitrary
element in v* does not work either since a small value of ||u® — v*||x,y does not
imply that all elements in the corresponding co-sets have small distances, i.e. there
i w||x should be small. However, we are no trying to
approximate arbitrary elements in C but only elements

é( (23 7 Xi> ))

and we are optimizing the approximation over C = cch{(k(z, - ), k(z, -)) : = €
X} C K. The important observation is that for any non-zero element (—h,h) € U,
that is h € (H ® H) NH, we have

<(_h> h)? (KV(':E’ ')ak(xv ))>;g = _h(x) + h({l?) =0,

and C is a subset of UL.

The subspace U+ together with the inner product inherited from K is isometrically
isomorphic to H, k. This follows since /U and H,x are isometrically isomorphic
and U+ and K/U are isometrically isomorphic. The latter holds since every co-set
corresponds to exactly one element in U+, and for u € U™, ||[u®||x/v = inf{|lu+v|x :
ve U} = [lullg.

Also, spanC’ = U+. We know already that spanC’ C U*. To show that they
are equal let L = span((span C) U U). Observe that this space is closed since
span C' and U are, and because they are orthogonal. It is sufficient to show that
(f,0) € K,(0,9) € K for all f € HOH and g € H since the smallest closed subspace
that contains all these elements is (H ©® H) & H.

For [ — S0, Bilk(ai, -) + k(wi, -)) € Hep define (f) = S, Bilk(ai, -),
k(xz;-)) € spanC C (H ©® H) ® H. The operator ¢ : H,r — SpanC' is linear
and defined on a dense subset of H, . It is furthermore norm preserving since

I (HIIE = Zﬁ,ﬂj R, ;) +Z@6] (@i, 25) = |1 £l %4

i,j=1 i,j=1

Hence, it can be extended to a linear isometry, which we will also denote by 1,
between H,x and span C' with the norm inherited from (H ® H) @& H.
For any h € (H ® H) N‘H we can infer that it lies in the RKHS with kernel x + k

due to [Aro50, Theorem, p. 353] and ¥ (h) lies in spﬁé. Write ¥(h) as (hy, ha),
hy € H®H,hy € H, then for all z € X,

() + ha(w) = (s o), (A(, ) R, D)) g = ($(R), (e, =) + ke, ).,
= <h, k(x, - ) + k(x, ')>m+k = h(z).

In other words, for any h € (H © H) NH we have hy € H © H,hy € H such
that h = hy + hy and (hy,hy) € spanC. Since h,hy € H © H it follows that
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hg = h—hl € ("H@H)ﬂ?—[ and (hg, —hg) eU. ThUS, (h, 0) = (hl, h2)+(h2, —hg) € K.
Similarly, we can observe that (0,h) € K.

For f € HOH let ¥(f) = (f1, f2) with f; € H® H and f, € H. In other words,
f = fi+f2 and since H®H is a linear space, we know that fo = f—f; € (HOH)NH.
And, as above, we can conclude that (f,0) also lies in IC. The same argument also
shows that for any ¢ € H we have (0,g) € K. Hence, K = (H ® H) & H and

spanC = UL,

LEMMA 3.5. — Let X be a measurable space and k a measurable kernel func-
tion on X with corresponding RKHS H then span{(k(z, -),k(z, -)) : © € X} C
(H ® H) & H equipped with the inner product of (H ® H) & H is isometrically
isomorphic to Hx.

3.4.3. Simultaneous least-squares risk approximation for unbounded Y

Often it is unnecessary to include the (1/n)>" ,Y:? term in the simultaneous
approximation since many methods only rely on the terms that include f (e.g. the
ridge regressor) and also (1/n) 31", Y;? € R itself can be represented by a single
real number and does not need to be compressed. However, when selecting points
(X.1), Yimy), m < n, for a coreset then

1 L n
m ;(fQ(XL(i)) — QYL(Z')f(XL(i))) + - ;le

is not the mean squared error of f given the sample X,q),Y,1),..., X,(m), Yiim)
and might even be negative. An easy way to remedy this problem is to move

to (1/m) X7, Y7, but then we do not have any guarantee that this is close to

(1/n)3r_, Y. An alternative is to include the Y;’s in the simultaneous approxima-
tion problem. This can be done by, for instance, defining a kernel on R x X through
r((y1, 1), (Y2, 2)) = (Y1, Y2)r and by considering the direct sum

HoH® R @H) D H,.

Alternatively, we can restrict the functions to the support S of the underlying
measure and consider

(HOH)s@ (R @ H)s & Hus,xs,-

If there is no constant function in the RKHS Hx, then (R'® H)s N Hyys, s, = {0}
and
(HoOH)sN ((R/ ®H)s N Hr[Sfof) = {0}

—

if, furthermore, Rg contains at least two different values: any function in H ©® H is
of the form g*(z),z € Xs,g € H and functions in (R' ® H)s N Hyyg,xs,) are of the
form (y,x) — yh(x) + cy for some constant c. For any functions g,h € H, choose
Y1, Y2 € Rg, y1 # yo, and 1, 19 € X are such that h(zy) # h(zs). For g* to be equal
to yh(z) + cy it has to hold that g*(z1) is equal to yh(xy) + cy; and it also has to
be equal to yoh(x1) + cyo In other words, (y1 —y2)h(z1) = c(y2 —y1) and h(xy) = —c¢
and similarly for h(zs), that is h(x1) = h(xe) with a contraction to the choice of
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and zo. Hence, under these conditions we can identify the direct sum with an RKHS
corresponding to a sum of kernels,

—

(HOH)s ® (R @H)s D Hrisxs; = Hny+par)iss xS, -

When the RKHS H .y, contains the constant function then the intersection (R’ ®
H)s N Hris, s, is not empty since the function (y,z) + y, with domain S, lies in
(R"®H)s and in Hr[sfx Sy We can follow the same approach as in Section 3.4.2 and
consider the one dimensional subspace U = {(—h,h) : h € (R'® H)s N Hyis,xs, } of
(R'®H)s D Hyys,xs; and consider the quotient space Q = (R'®@H)g @ Hris xs,)/U
with the usual quotient norm. The space Q is a Hilbert space [RS72, Section II1.4].
By the same argument as in Section 3.4.2 we can infer that

Q = Hprr)isy xSy

and for (z,y) € S, (p((y,x), -),r((y,x), -)) lies in UL C (R' @ H)s & Hys, x5, -
Also, the space U, with the inherited inner product, is isometric isomorphic to
Hprr)issxs;- When Rg contains at least two elements then (H/@\H)s N((R'®@H)sN
Hris;xs,) = {0} and

—

HoOH)sB Q= H(ny+p+r)rsf xSp

We will apply these results to the problem of ridge regression and it is convenient
to have a proposition which provides guarantees on the approximation in the ridge
regression context. Since we do not need to approximate the sum of the Y;! terms

to compute the ridge regression estimator we will consider the space (H ® H)s N
(R’ ® H)s. We make the assumption that H does not contain the constant functions,
which removes the need to consider quotient spaces. Furthermore, we will assume
sub-Gaussian noise and that fy is bounded but we will allow for unbounded Y; random
variables. Recall the definitions of the kernel functions p in (3.21), K : X x X — R,
k = k?, and its extension x, (see just below (3.21)). Before stating a result on the
compression, we need to modify the arguments that we used to control the difference

between m¢, and m¢, | and the difference between €% and ¢&5n This is necessary
since the kernel function, which we will denote by 7 below, is (r,+p)((y, ), (v, 2")) =
k(z,2") + yy'k(z,2’) in the current context, and this kernel function is not of the
form yy'k(z,x"), where k is some kernel on X. Since we assumed that latter form
in Section 3.3.3 when we derived the bounds on the differences, we cannot simply
reuse the earlier results. Fortunately, the necessary modifications are minor: let m.,,

be the empirical mean element corresponding to the kernel function 7 on R x X and
~ 1 ~(n —n

ANNALES HENRI LEBESGUE



Compressed Empirical Measures 565

The distance between the empirical mean element and its capped version is
2

[t = el = — i§<n<Yi SV k(X )
' :
%0
<D= H ) k(X )
xn p

since the x terms cancel and because the function inside the norm lies within H,
(apply [PR16, Theorem 5.4] to get the inequality). This implies that we can reuse
the bound in (3.16), and with probability 1 — §, § € (0,1), we have that

~ 1/2
(3.26) o, — W2 < V20 k|| 2e /% (z/n + we—r%/%) 512,

where v > 0 is the variance factor corresponding to the sub-Gaussian noise terms.
We also need control over the covariance operators corresponding to the capped Y;’s.
We proceed as in Section 3.3.3. Assuming that the law P of (Y X) is a Radon
measure let S be its support and let S, be the support of (Y () X) (which is
well defined as the law of this random variable is again a Radon measure). Let
ng : H, — H. be the covariance operator corresponding to the original random

variable and @;9"7 : H, — H, the covariance operator corresponding to the capped
random variable. We start by bounding the difference between these covariance
operators in the operator norm,

= sup sup <(€§T — &i’;)hlfo, hs [Sf>

op  [|halS¢llr,s =1 [lh2[S¢ll7,5,=1

S QS
Q:C,T - Q:C,Z'

7,5

Due to Lemma 3.4 the space H,g, is isometrically isomorphic to a direct sum
space and, as above (3.22), we can write h; = f; + ¢g; for i € {1,2}, fi,fs €
Heys;xS;, 91,92 € Hyspxs, and such that the squared norms of the h; equals the
sum of the squared norms of the f; and g;. We can proceed by expanding the h;’s
and observing that f;(y,z) = fi(y,z) for all y € R and x € X since f; is a function
of the second coordinate only,

<(E§T - @f;;)hlrsf, hs rsf> .
= (Y, X)ha(¥, X)) — B (Y, X)) E(ha(¥, X))
—E(h (Y™, X)h (Y™, X)) + E(h (Y™, X)) E(he (Y™, X)).
The difference of the bias terms becomes
E(h (Y™, X))E(he(Y™, X)) = E(hi(Y, X)) E(ha(Y, X))
= E(gp (Y™, X))E( (?W,X)) — E(q1(Y, X)) E(ga(Y, X))
+ B X0)(B(9: (V. X)) - B )
X)) (E(q(Y™, X)) — E(g:(Y, X))).

2
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Since f1, fo have norm one it follows that E(f1(Y, X)) and E(f2(Y, X)) are upper

bounded by ||&]|%/2 = ||k||es. Also recall that g;, i € {1,2}, can be written as 1, for
some u; € Hy and u; has norm one (see (3.13)). Hence

(7, X)) = Blaty, X))| < IKILE(T - v])

and the bound (3.14) can be used. Similarly,

B(0n (Y, X)) E(2(Y, X)) — E( (Y, X)) B(ga(Y, X)|
<|B(n (7, X))| |B(0: (. X)) = B(ga. X))
+ |E(g>(Y, X) |]E g1 (Y™, X)) = E(a(Y, X))
<2k E([Y™ = Y[)(E(Y = fo(X)]) + E(f6(X)])
< 2 klloo(e + I folloo) E([Y ™ = Y]),

where we assume that the noise term has variance o2 > 0 and f, is bounded and
measurable. Hence,

‘E(hl(?(”), X))E(ha (Y™, X)) ~ E(hl(Y,X))E(hQ(Y,X)))

< 2kl + [ foloe + IKILZ) B([T® —¥)).

We can deal with the covariance terms in the same way,

E(hn (Y, X)ha(Y, X)) ( LY, ) ( >)
= E(q1(Y, X)g2(Y, X)) (91 Y™, X)g,
+E(AY,X) (V. X) — g2 (Y™, X
+E(L(V, X) (V. X) - (Y™, X
<RI (B(1Y I (V. X) = 01 (V) X
+2l|k22E(]y = Y™))
<2kl E(Y])Y = Y™]) + 20k 22E(]y — Y™])

<2kl (B(Y = o) *EB((¥ —ym)?)Y "4 hllB (Y - 70))
+2l|k22E(]Y =Y ™))

= 20kl E((Y = )%) " 4 20kl (I follc + K1) (Y = 7))

) + E<|Y|’92(Y, X) - gg(ﬁ”),x)())
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and we can apply (3.14) and (3.15). Combining the above bounds and substitut-
ing (3.14) and (3.15) yields the following bound,

(3.27) ‘ ¢S~

op
S 2 1/2 T(n
<20 [[kllo E((Y = Y®)") " dliklloc (0/2 4 | folloo + 1RI2) E(]Y = Y))
< A0V [kl ooe ™Y 4 VB2 || Klloo (/2 + || folloo + [I]132) €772
—r2 /452 —r2 /242
= 40° ||kl e ™17 + V3270 k]l o (/2 + [| folloo + 1] 22 ) 775727,

where we used v = ¢ in the last line. To make use of this bound we need a lower
bound on the smallest eigenvalue of Q:i - We proceed as in (3.17). Instead of imposing
such an assumption directly we can also use an assumption on the covariance operator
corresponding to the kernel & and the marginal distribution on X', which seems more
natural. To see this, fix h € H,s,, [|hllrs; = 1, and let f € Hy 15,x5,9 € Hygx3
be such that h = f 4+ ¢ and the squared norm of A equals the sum of the squared
norms of the f and g (see the discussion around (3.17)).

<€f’7h’ h>Tsf

= B((f(X) + fo(X)g(X) + €g(X))*) = E*(f(X) + fo(X)g(X))
E((f(X) + fo(X)g(X))*) = E*(f(X) + fo(X)g(X)) + 0*E(g*(X))

> 02@59,9}]&5.

If k is continuous, we are guaranteed the smallest eigenvalue 5\*’ g of Eﬁf is bounded
away from zero (see below (3.17)). In particular, if we choose r; such that the last

display in (3.27) is upper bounded by 025\*7 5/2 then the smallest eigenvalue A of
the capped covariance operator is at least half the smallest eigenvalue A, of Qﬁi , and

is lower bounded by o\ +.5/2. To guarantee this, we can define the sequence {r, },>1
similarly to before, starting with

(3.28) r=1v20 10g1/2(22ukuoo<a + |l follso + uku;é?))

02;\*7 3
and by assuring that the sequence is non-decreasing.

We are now in a position to state a compression result in the regression context
along the lines of Proposition 3.3, but in the case where we compress the data
simultaneously for the kernel s, and p. For conciseness we will use the notation
[7[s;000 fOr [|[T1Sfn X Spnllee Where Sy = {(y,2) : (v,y) € Sp} and S, is the
support of measure corresponding to the capped random variables.

PROPOSITION 3.6. — Let (X x R, T, A, P) be a topological measure space such
that P is a Radon probability measure which has support S. Let k be continuous
bounded kernel function defined on X such that the corresponding RKHS is finite
dimensional and does not contain the constant functions. Let (X1,Y1),..., (X, Yy)
be ii.d. random variables with law P, and assume that Y; = fo(X;) + ¢;, for all
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t < n, where fy is a measurable and bounded function and €, ...,€, are ii.d.
sub-Gaussian random variables with variance 0 < o which are independent of
X1,..., Xy Consider the kernel function 7 =k, + p on R X X and let A, 5 be the
smallest eigenvalue of the covariance operator &S corresponding to the kernel function
kIS x S, S ={x: (z,y) € S}. Furthermore, let A, be the smallest eigenvalue of C'S
then A\, > 0. Choose q € (0,1) and define the sequence {r,},1 in the following way:
choose 1 as in (3.28) and for n > 2 let r, =11V V20V 20 10g' (1611202 ||k /q).
For the smallest eigenvalue A" of E‘ET it holds that A > X,/2 > o?\, 5/2 > 0,
where S,, is the support of the law of P™ corresponding to (X, ?(”)). There exists a
ball of radius 6 = A" /2| 7142 = A" /2(||klleo + (| folloo + 72) /2] K]|1/2) around

St n,00
m, within the affine space spanned by C, = {7((y,z), -) : (z,y) € S,.} as a subset

of H,. Furthermore, for any q € (0,1) and whenever n is (strictly) greater than

<8\|T|!sf,n,oo< 210g(12/q) + 192|| 7|5, . co/ AL )))

oy

c,T?

, (mnfnéff - 28810g<4/q>)2
5n)

then with probability 1 — q there exists a ball of radius 3(”)/ 4 around ﬁlm in @,n

within the affine subspace spanned by 67 and

||fﬁ7',n - mT,nHT < n_l/Q-

Proof. — Most of the statement has already been derived. Just note that
1/2 1/2
17167 0 < (IR loo + (1 folloo + P llElloo) "™ < [1Elloo + (Il folloo + 7)1 KIIL

For the definition of r,, and the bound on the difference between the mean and the
capped mean we could use essentially the same bound as in Proposition 3.3. Instead
we use here a slightly different bound to demonstrate how the arguments can be
varied: when r, > /20 it follows from (3.26) that with probability g,

My — @l < VB[R] Y2/ g2,
Setting the right side equal to n='/4, setting ¢ = ¢/2 and solving for r, gives
= V20 log1/2<16n1/202\|k\|00/q>. O

4. Compression using the CGM and related approaches

We discuss in this section two methods to compress m,,. The bottleneck in both
algorithms is the computation of the vector

-
s = ((k(X1, ), my), ..., (k(Xy, -),my,)) .

If s is available then the remaining parts of the two algorithms that we analyze

have a runtime of nl, where [ is the number of iterations the algorithms are run for.
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In particular, for large n, [ will be in the order of log(n) when using the classical
CGM and of order n'/? when using the kernel herding algorithm. This then results
in a runtime of O(nlog(n)) and O(n%?) respectively to gain a representation of m,,.
The CGM achieves in this context a compression down to log(n) many points and
the kernel herding algorithm down to n'/2, that is, if we have a ball of sufficient size
around m,, in C,.

A naive algorithm to compute s has a runtime of O(n?). In fact, a brute-force
computation needs to compute all pairs k(X;, X;), 4,j < d, and the computational
complexity is the same as the computational complexity of computing the kernel ma-
trix itself (though the algorithm only needs O(n) memory instead of O(n?)). However,
there is hope for faster algorithms. For instance, when we have a finite dimensional
RKHS with dimension d then we can represent m,, as a linear combination of d points
and s can be computed in O(nd) time. Computing the representation of m,, needs
another d? steps. In practice this is not useful because we would derive an exact
representation of m,, based on d data points to find an approximation of m,, using
more than d data points. Ideally, we would hope for an algorithm that can compute,
or approximate, s in nlogn steps independently of the dimension d of the Hilbert
space. Alternatively, we could try to modify the main algorithms itself to mitigate
the complexity of computing s. There are some standard ways to deal with large
scale data in the context of the CGM as summarized in [BCC*22]. However, they do
not lead to computational benefits in our particular setting. We discuss a promising
alternative that is based on a divide and conquer approach in some detail below
(Section 4.1.1 and 4.2.2) after analyzing the standard algorithms. We also include
short discussions on how to adapt these methods when aiming for compressing other
quantities like the covariance and how to use the CGM to compress the data in the
case of kernel regression.

4.1. Kernel herding and subset selection

Let us start by stating a version of the kernel herding algorithm [CWS10] for
compressing the empirical measure.

Algorithm 1 (The kernel herding algorithm for compressing m,,)

Input: sample X,..., X, kernel k&, number of points in the coreset T.
Initialise: let wy = k(X3, -) —m,, and ¢(1) = 1, iterate through ¢t > 2:

choose i* € arg max;, (w, k(X;, -))
N 1<
set o(t) = 1%, w1 = wy — (K(Xp, ) —my,), and m; = n Z k(X w), )
u=1

Stop when ¢t = T and return the approximation mrp.

The index function ¢ : {1,..., T} — {1,...,n} tracks the samples that we include
in the coreset and the elements w; measure the error between m,, and m; as ||w;| =
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tjm,, — my||. The algorithm converges with a rate of 1/t if, and only if, the sequence
of weights w; is bounded. In other words, if the sequence diverges then the algorithm
converges with a slow rate. It is easy to show that ||w|| stays bounded when a ball
of radius ¢ > 0 exists around m,, in C,, and that ||m, — || < axy/dt for a constant
axy and all £. In particular, we can choose

axn = 8|kl

Also, notice that the same bound holds when a ball of radius ¢ exists around m,, in
the affine span of C,,.

Instead of running the algorithm for 7" iterations independent of the approximation
error we can also use the approximation error as a stopping criterion. The approxi-
mation error (1/t)]jw]| = (|[m|*> — 2(m;, m,,) + [|[m,[|*)}/? can be computed exactly
in O(n?) if we prevent the algorithm from running for more than n iterations. In
detail, pre-computing ||m,|| and s can be done in O(n?). Also, ||m|| can be com-
puted in O(t) given ||m,_;|| by using that |[m,[|* = [[m,_1|* + 2(k(X,q), - ), M—1) +
k(X Xu)). Similarly, (m;, m,) can be easily gained from (m;_;,m,) by using
(Mg, m,) = (My_y,m,) + S, A natural stopping point for the algorithm is an ap-
proximation error of n~!/2 which guarantees that ||m; —m|| will be of the same order
as ||m, —m|.

The compression of this algorithm is sub-optimal but it has the advantage that it
returns a coreset. The CGM, which we discuss below, achieves a significantly better
compression but does not return a coreset of samples.

It is easy to gain high probability guarantees for the approximation error of a
compression that uses n'/? many points, under the conditions stated in Section 2.5.
With a bit more work it is also possible to control the expected approximation error.
We summarize these in the following proposition under a Lipschitz assumption on
the kernel function, assuming that we have a Mercer kernel and that the constant
functions are in the RKHS; in particular, we assume that k is a continuous kernel on
[0, 1])¢, which is a sufficient assumption for Mercer’s theorem to hold. When discussing
the CGM we give a similar proposition which uses instead an assumption on the
covariance operator; the aim is to highlight how the various assumptions can be
combined with the algorithms.

ProproOSITION 4.1. — Let X,...,X,, be iid. random variables on some proba-
bility space (€2, A, P), which attain values in X = [0,1]',] > 1, and let k be a contin-
uous kernel function on X such that the corresponding RKHS H is d-dimensional,
1 € d < oo, functions h € ‘H are Lipschitz continuous in the sense of (2.13) with
Lipschitz constant L > 0, and 1 € H. Furthermore, assume that the law of X; has a
density p on X and inf,cx p (x) = ¢ > 0 for some constant c¢. Let Ay be the smallest
eigenvalue of the Mercer decomposition. With probability 1 — q,q € (0,1),

. 32|kl _
gy | < 200 e
whenever
o ((/21os(8]a) +96[KIK2/5\ " (VRIRIZA + 1082/0) |
cfi(0/8L)! 6/4
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and where

C(X;/Q A L)lﬂﬁl
(I+1)(2L)!

Furthermore, for anyt > 1 and n > 1,

E(||®; — myl) < 32[lkloo/t0 + 4|k L% exp(=(crn'/? — e2)%) /112,

5:

where ¢; and ¢y can be chosen as

J
AcB(0/8L) and ¢y =1V 96|k||X/?/o
REE
If the stopping criterion of the algorithm is an error of |[m; — m,|| < n™Y/2, ie.
t = inf | My — m,|| < Y2, and if the infimum is greater than n, then t = n and
m; = m,, then

E(t) < {32”]{?”00%1/2/51 + 2nexp(—(cln1/2 —)%)
whenever n > N.

Proof. — The first statement follows directly from Theorem 2.16 and the bound
on the error of the kernel herding algorithm. For the second statement, observe that

Pr(flm, — m|| > 3/4) < (( o' 1))
! V/32]| k|5

whenever n > (v/32||k[|}/2/5)?, follows by the same argument as in Theorem 2.16.
Similarly, there is a ball of radius §/2 around m in C,, in the affine span of C;, with
probability at least

1= (1/2) exp(—(n'*eB(5/8L)' — 96|[kI|L/5)°)

whenever n > (96(8L)!||k||}/2/c50"1)2. In particular, at the event that there also
exists a ball of radius §/2 around m and ||m,, — m|| < /4 we have a ball of radius
§/4 around m,, in C,, and ||m; — m,, || < 32||k||«/dt. The probability that either m,,
is not /4 close to m or that there is no ball of radius §/2 around m in C,, is upper
bounded by

on'/? . i extl — (nt/2¢ 1 1/2 75\ 2
(11) ex ( ( N TO: 1)>+<1/2> p(— (25 (6/8L) — 961|KI1L2/6)°).

To simplify the bound consider the expressions for the constants ¢y, ¢s in the theorem
statement

\/_||k:||1/2 AcBy(0/8L) and ¢y = 1V 96|k||X/?/0.

The constant ¢; is simply the minimum of the left hand terms in the two exponentials
in Eq. (4.1) and ¢y the maximum of the right hand terms. Using these we can bound
the sum of the two exponentials as long as ¢; > ¢o. We deal with the case that
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¢y > 1 by using the operator (a)y = a V 0 in the following expression upper bound
on Eq. (4.1)

2exp (—(01n1/2 — 02)1)
Notice that even when there is no ball around m,,, for ¢ > 1 it holds that

lwea ] = [1B(Xue, ) = mall® + lwel* = 2(k(X.), ) = ma, m).

Now, (k(X,), - ), m,) > ||m,||* since m,, lies in C,, which has extremes k(Xy, -),. ..,
k(X,, -), and

~ ¢ 2
PR = m* = | < 3[R (X, ) = ma|” < 48]kl
=1

Hence, in the event that there is no ball we still have that ||m, —m, | < 2¢t=/2||k||}/2.
Combining the bound for the case that there is a ball with the bound for the case
that there is no ball, we find that

E([|®; — my[l) < 32[lklloo /80 + 4llk[1 L% exp(—(crn'/? — c2)7 )t~/

whenever n is large enough and with ¢y, co as in the theorem statement.

The third statement follows along similar lines. In the event that we have a ball
of size 0/4 it follows that ||m; — m,|| < 32||k||/td. Setting the right hand side to
n~1/2 leads to t < [32||k||lson'/2/8]. If this event does not occur then ||, — m,|| <
2|k||1/2t~1/2 and t < [4]|k||osn], but the algorithm stops when ¢ > n and the trivial
upper bound 7 < n is more useful. Combining these we find that

E() < [32][kllocn'?/5] + 2nexp(—(cin'/? — ¢2)?%)

when n is large enough. 0

4.1.1. Avoiding the explicit computation of s

There are various ways one can try to reduce the computation time. For instance,
the stochastic conditional gradient method seems like a promising candidate. An
alternative way to mitigate the cost of computing s is to split the data into batches
of size about n'/2, which implies that for each batch the corresponding vector can be
computed in O(n). Algorithm 2 implements such a version of kernel herding. There
are a number of interesting observations that can be made when following this route.
We will discuss a few such observations in this section and in Section 4.2.2 below.

In terms of Algorithm 2, notice that the number of samples per batch can always
be chosen in {¢ —1,£,¢+1,¢+ 2} to guarantee that n = >¢_, ¢; because /(£ — 1) <
(n'/24+1/2)(n'/? —1/2) <n < (£+1/2)? < £(£+2) and by a version of Algorithm 1
we mean the obvious modification where instead of k(Xy, -),...,k(X,, -) we use
my,...,m, to approximate m,. The algorithm works by specifying the number of
iterations for the kernel herding algorithm. Alternatively, it makes sense to run the
first ¢ optimization algorithms as well as the last optimization step until an error of
n'/* is attained.

The runtime of the algorithm can be computed in the following way: observe
that, initially, the standard kernel herding algorithm is applied ¢ times to about ¢
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many samples and the overall order of runtime for the first part is O(¢3) = O(n3/2).
Also, observe that, given my, ..., mM,, an approximation of ||m,]|| can be computed in
¢[n!/4*2]2 which is of order O(n'*2®), by using the approximation m,, = (1/n)(¢f;m;+
.o+ £R,). Similarly, K = ((f;,f;)); < can be computed in 2[n'/4+*]2 which is
of order O(n%2+2%) and, given K, the vector 5 = ({ffiy,m,),..., (M, m,))7T can
be computed in ¢* steps, which is of order O(n). Given § and ||m,]|| the second

application of the kernel herding algorithm can be run in [n'/4**7¢, which is of order
O(n®/*+*), and Algorithm 2 has an overall order of O(n?/2+2),

Algorithm 2 (A version of kernel herding that avoids the explicit computation
of s)

Input: sample X,..., X, kernel k, o > 0.
Initialise: let ¢ = [n/2 +1/2].
Split sample into ¢ disjoint batches:
Xj1, ., Xje,, j <L, witheach ;€ {{—1,0,0+1,0+2}.
Apply Algorithm 1 with 7' = [n}/4**] to each batch to get My, ..., m,.

. e~ S - 1\
Compute ||m,|| and s = ((m;, m,),..., (mg,mn))T, where m,, = — E lm;.
n =1

Apply a version of Algorithm 1 with 7' = [n'/*T*] to m,, using ||m,||

and 5 to get ¢.

T
Return the approximation — )~ m,.

=1

Quantifying the approximation error of this algorithm is more difficult and in the
following we only highlight some of the challenges that one has to address to control
the approximation error. For n large enough the difference ||m;—(1/¢;) Z?;l E(Xij, )l
is with high probability of order n='/* for all 4 < ¢. Furthermore,

2

£;
L (KX, ) - )

. 1 &
m, —m,|* = m, — — Y {m,
. — 6 !
=1

Notice that the Bochner integral is

E(i(k(Xij, ) - @-)) = li(m — E(m;)).

j=1

Furthermore, observe that the my,...,m, are independent random variables since
they are functions of separate samples and that E((X,Y)) = (E(X), E(Y)) for
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independent random variables in £?(P;H). Hence,

o)

1 ¢ l; R 1 ¢ R R
i=1 j=1 i#j
0 2
~n BN (kX ) — @) | )+ [m = E@)|P,
j=1

where we have an approximation in the last line since the ¢;’s are not necessarily all
equal. A first difficulty is to determine the bias ||m — E(m;)]|| that the kernel herding
algorithm introduces. A simple bound on the bias is gained by using |[jm — F(m;)|| <
E(||m,, — m;||) and Proposition 4.1 can be used to bound this by about n~'/* which
implies a bound on the squared bias of order n~'/2. This bound is of no use since
we need a bias of order 1/n or less. The other term behaves approximately as 1/n
if there is a ball of size § > 0 around m in C' and n is large enough. In particular,
under the conditions of Proposition 4.1,

2

1 & .
E E—Z(k(le, S) —my) < 16042/711/252+8Hk|\ooexp(—(cml/4 —02)2)71’1/4.
1 j=1
Up to the exponential term on the right, we have that
o 2
nSPEL N (K(Xyy, -) — W) <7203 Y2 1 /0.
j=1

If the bias is also of order O(1/n) then

1 &
=1

In particular, for any g > 0,

Pl | %) = e fm, < 1S

>¢) < b
~ nt?

i=1

To summarize, if the bias is of order O(1/n) we will have with high probability
an approximation of m, that has an error of order n='/>*# and this approximation
consists of approximately T ~ n?/4 many points.

The second application of the kernel herding algorithm aims to compress this
further. In particular, if with high probability there is a ball around m,, in the convex
set ch{m; : i < ¢}, then we can hope that n'/ many of the m, are sufficient to
approximate m, with an error of order n=/?*#. This would imply that an approxi-
mation with n'/?2 many elements is sufficient. However, since m; converges to m,, as
n goes to infinity, the size of such a ball has to be a function of n and will shrink
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with n. This itself does not imply that the algorithm will converge slowly since the
smaller § might be set-off by a smaller size of the convex set. In any case, a detailed
analysis of the interplay between ch{m, : i < ¢} and m,, is necessary to understand
the compression that can be achieved by this algorithm and variations thereof.

Let us conclude our discussion of these algorithms with a final simple observation.
The elements m; = (1/¢;) Zﬁ;l k(Xj, - ), which we are approximating with m;, can be
interpreted as a sequence of independent and identically distributed (up to differences
in the ¢;’s) random variables whose second moment is given by

||mlH 62 ZE z]a 62 Z< W7 ' )7E(k(X’L’U7 >)>

1 j=1 1 u#tv

1 6i—1
%,

=+
whenever k(z,z) = 1 for all x € X'. Hence,

Gl
E(|lm; —m*) = E(|m]*) — m[* = n~* and  E(||lm; —m|)) < n "

4.2. Better compression with the CGM

A significantly better compression can be attained by using the CGM. The down-
side of using the CGM is that no coreset of datapoints is generated but some convex
combination of the images of the data points in H that approximates m,, well. The
standard CGM for compressing m,, is given below.

Algorithm 3 (The CGM for compressing m,,.)

Input: sample X,..., X, kernel k&, number of iterations 7.

Initialise: let my; = k(X7 - ),a11 = 1 and «(1) = 1, iterate through ¢ > 2 :

choose i* € arg max;, (k(X;, - ), m_y —m,),

(k( X, - ) —my_q, My —my,)
1R(Xie, +) = meq[|?

set 1(t) =i, = and for all u <t — 1,4, = (1 — )10,

let o = A,

and let m; = Z k(X (), +)-

Stop when t = T and return the approximation my.

Notice that a* > 0 since k(X;, -) maximizes the inner product between any
element in C,, and m;_; —m,,. This algorithms guarantees that the error is bounded by

5(t —1)
m, —m 211k||Y/2 e <—>,
vl < 2o -5

when a ball of size § exists around m,, in C,, within the affine subspace spanned by
C,, [BT04, Proposition 3.2] and with S denoting the support of the law of Xj.
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The run-time of this algorithm is again dominated by the O(n?) run-time cost
needed to compute s. When s is available the run-time reduces to O(Tn): the arg max
step can be performed in O(n) given s and when the inner products (k(X;, - ), m;_1)
are available. Similarly, if s, the inner products (k(Xj, ), my_1), |[m_1]], (M_1, m;,)
and ||k(X;, -) — m;_1|| are available, it is possible to compute o* in O(1). The
norm term in the denominator can be computed in O(1) from ||m;_;|| and the inner
products (k(X;, -),m;_1). The coefficients ay, can be computed in O(T?). Updating
the elements (k(X;, -),m;_;) to

(k(Xi, ), me) = (1= ") (k(Xs, ), M) + o™ (R(XG, -), K(Xoe, +))

can be done in O(n). Furthermore, ||[m;|* = (1 — o*)?||m,_1||* + (o*)?k(X;+, Xi+) +
20 (1 — o) k(X - ), my_1) and (m;,m,) = (1 — o*)(my_1, m,) + o*(k(Xx, - ), my,)
can both be updated in O(1). In particular, if we aim for a compression down
to T' = log(n) elements then the run-time of the algorithm is O(nlog(n)), if s is
available.

As for the kernel herding algorithm, it is easy to bound, with high probability, the
approximation error, as well as the expected error and the number of data points
that are needed for the approximation when the stopping criterion is a pre-specified
error. In the following proposition, we bound the approximation error given that the
algorithm is run for [12||k||/?log(n)/d] many iterations. Alternatively, it is possible
to use [log”(n)], with v > 1, as a stopping criterion that does not depend on the
unknown quantity . For large enough n, [12||k||}/?log(n)/6] < [log”(n)] and the
guarantees will carry over to that setting.

PROPOSITION 4.2. — Let (X, A, P) be some probability space with P being a
topological measure that is T-additive, and with measurable kernel function k defined
on X such that the corresponding RKHS H is finite dimensional. Furthermore,
let X4,...,X, be iid. random variables attaining values in X and with law P.
Assume that ||k|e < oo, and that the centered covariance operator €, has an eigen-
decomposition with smallest non-zero eigenvalue being \q. Let 3 = 3||k||%/2/§ then
with probability 1 —q, q € (0,1),

Hamﬁlog(nﬂ - mnH < 2||k|| Y202

whenever n is (strictly) greater than

8kl (v/2T08(370) + 192]klloc/a) \ [ 120Kl (1 + Vios(2/)) \
\Vi _

22 Ad

Let 6 = A\g/2||k||/2. For any t > 1,n > 1,
E(||f; — my[l) < exp(—8(t — 1)/24|[K[|1/) + 6][kl|X exp(—(csn'/? = e4)2),

where c3 = (A\2/32]|k]loc) A (Ma/12||E||oe) and ¢y = (48]|k||so/Ma) V 1 are possible
choices.
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If the stopping criterion of the algorithm is an error of ||m; — m,| < n™'/?2

— inf,> ||M; — m,|| < n~Y2, and if the infimum is greater than n, then t = n and
; =m,, then

E(t) < {1 + 12]|k||1/2 log(n)/é-‘ +3n exp(—(c;;nl/2 —cp)?).

Proof. — The first statement follows directly from Theorem 2.17 and the bound
on the error of the CGM. For the other statements let us consider the space Hg
corresponding to the kernel kg = k['S x S, where S is the support of the law P, and
with corresponding objects mg, mg,, and €7. As in the proof of Proposition 4.1, we
have that

, 1Le.

2

Pr(HmSm — ms”s 2 5/4)

( snl/? 1)2 ( nl/2), 1>2
<exp| | ——=—5 — <exp| — -
V32| k|3 12| oo

whenever n > (v/32||k||}/2/6)2. Furthermore, there is a ball or radius 6/2 around mg
in C), (as a subset of the affine span of Cs) with probability at least

1—-2exp| — n1/25\3 _48HkHoo ’
PUT Bk T ’

for large enough n. Hence, with probability at least
1-— Bexp(—(cg,nl/2 —c1)?)

there is a ball or radius 6/4 around mg,, in C,, (as a subset of the affine span of Cy).
The second result follows since the CGM reduces the error in each step and the
initial error is bounded by [|m; —m,|| < 2||k[|}/2.

The third statement follows along similar lines. In the event that we have a ball
of size 0/4 it follows that ||m; — m,| < exp(—d(t — 1)/24||k||}/?). Setting the right
hand side to n~"/2 leads to t < [1 4 12||k|| /2 log(n)/d]. O

4.2.1. Compression for kernel regression

We can also apply Algorithm 3 to compress the data for kernel regression. The
only thing that we need to do is to use the kernel function 7((y, z), (v, 2')) = (k, +
p)(y,2), (v, 2") = k(z,2") +yy'k(x,z") that we used in Section 3.4.3 and where k is
some kernel function on the space X', and to cap the response variables Y. We state
the corresponding result for the compression of the mean element in high probability
below. One can obviously also derive bounds on the deviation in expectation and
the expected number of points in the core-set.

PROPOSITION 4.3. — Let (X x R, T, A, P) be a topological measure space such
that P is a Radon probability measure which has support S. Let k be continuous
bounded kernel function defined on X such that the corresponding RKHS is finite
dimensional and does not contain the constant functions. Let (X1,Y1),..., (X, Yy)
be i.i.d. random variables with law P, and assume that Y; = fo(X;) +¢;, for alli < n,
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where fy is a measurable and bounded function and €y, . . ., €, are i.i.d. sub-Gaussian
random variables with variance 0 < o2 which are independent of X1, ..., X,,. Let \, g

be the smallest e1genvalue of the covariance operator QfS correspondmg to the kernel
function k1S x S, S = {z : (z,y) € S}. Chose q € (0,1) and define the sequence
{rn}n>1 In the following way:

1/2
r =1V 20log! <22Hk||00(0+ | folloo + [1K]|2 ))

2\, 5
and forn > 2, let
o =11V V20 V20 10g1/2<16n1/202||k:||00/q).

Define Y™ = (Y A (rn + || folloo)) V = (7 + || folloo), Iet @y, be the empirical mean
element corresponding to the kernel T and the data (X, Yl(n)), ., (X, YM) and

let m.; be the output of the algorithm when applied to the capped data and m, .
Let 8 = 48||7|s;,..00/0*A, g then with probability 1 — ¢

Hﬂl — My, < on 12

T, |—,8 10%(4n||THSf,n,oo)-| +1

whenever n is (strictly) greater than

— 2
(16”Tusf,moo(\/2 log(12/q) +384HTHSMOO/U2A*S)>

132
0)\*5

2
y <64||T||sf,n,oo +68)|7)1¢7 10g1/2<4/q>)

o2\, 5

Proof. — The statement follows from Proposition 3.6. In particular, under the
states conditions and with probability at least 1 — g, simultaneously ||m,, —m, ||, <

n~1/2 and
PN
g 2"T‘|§/2 oo EXP <_ 1/2 )
- ’ 46|75,

Sfn,00

—~

HmT,t - mT,n

Setting the right side of the last equation equal to n~'/? yields
1/2
L {12“7”5;”,00 log(4n||r||sf,n,oo)w

5

Replacing 6™ by its lower bound o\, g /4H7'|]}g{c ? o gives the constant 3 stated in
the Proposition 4.3. ([l

Remark 4.4. — The eigenvalue in the definition of the sequence r,, can be replaced
in that definition by a lower bound on this eigenvalue. Similarly, the term | folloo in

the definition of Y can be replaced by an upper bound. We also used here the lower

bound o2\ .5 on A" instead of using A directly. This affects, in particular, the
number n from which point onward the compression results apply.
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4.2.2. Avoiding the explicit computation of s

Mitigating the cost of computing s is more difficult when the CGM is used. The
main problem is that we are aiming for a run-time of O(nlog(n)) and there is
not much leeway in each iteration. For instance, if, like for kernel herding, we
split the data into /n batches of size \/n then we have an overall run-time of
Vn x (y/n)? = n3/? because computing s per batch incurs a quadratic cost in the
sample size. One way to reduce that computational cost is to make the quadratic
term smaller but then we have many batches. For example, if we aim for a log(n)
batch size then we have n/log(n) many batches and the reduction in sample size is
minuscule. In particular, we could not just run the CGM directly on the n/log(n)
many approximations since that would result in an n?/log®(n) run-time cost. One
way around this problem is to apply the process iteratively: in the first iteration
use about n/log(n) =: T} many batches and compute myy,...,M7,. This can be
done in about (n/log(n)) x log®(n) = nlog(n) time, resulting in approximations
that consist of loglog(n) many elements each. If we want to allow a run-time of
O(nlog(n)) per iteration then in the second iteration we can use Ty := T}/ log?(n)
many batches since (T}/log?(n)) x log*(n) = nlog(n) (ignoring the loglog(n) terms).
Continuing this process, at iteration 3, we have Ty = T,/ log*(n) many batches, and,
more generally, for i > 2, we have T; = T;_/ logQ%1 (n) many batches. We can stop
the iterations when we are down to /n many batches since we can apply the CGM
then directly. To get down to /n many batches we need about

log(n) >
(=1 ( ~ logl
8\ oglog(n) ) ~ %8 og(n)

many iterations since

n n

VT, = 7 51 = %, -

i=1log” "(n)  log™ (n)

This then implies an overall run-time of this algorithm of about O(n log(n)loglog(n)).

A major concern with this algorithm is that we have many optimization problems
that have to be solved simultaneously and we need to be lucky in each case to have
a ball of sufficient size around the corresponding m,, in C,,. It seems rather unlikely
that we can guarantee for each of these optimization problems the existence of such
a ball. A better way to approach this compression problem might be to work instead
with fixed error bounds that have to be achieved in each optimization problem. The
hope with this approach is that we can then guarantee a sufficient compression
but the number of sample points needed might be larger than log(n). Algorithm 4
implements this idea.

In the algorithm m; ;,...,m; 7, denote the mean elements corresponding to the
initial 7} batches. For the analysis of the algorithm it is useful to also have the mean
elements corresponding to all the samples entering into the j'th batch in iteration
i; denote this element by m; ;. The idea of the algorithm is to approximate m;; in
iteration ¢ and batch j. Working directly with m, ; is not possible if we try to stay
around n log(n) computation time per iteration since m; ; will consist eventually of
about y/n many samples in each batch which implies a cost of n per batch. Therefore,
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we approximate m; ; first by m; ; which will consist, under suitable conditions, of far
fewer sample points. The approximation m; ; is then further compressed into m, ;
which consists of even fewer sample points. The variables M, ; keep track over how
many sample points m; ; is averaged. Hence, m; ; = (1/M; ;) >uer,; Mi—1,umi—1, for
all j <T; and 2 <@ < /.

Algorithm 4 (A compression algorithm for m,, that uses the CGM and avoids the
explicit computation of s.)

Input: sample Xi,...,X,, kernel k.

1 |
In the follow let £ = [ log<0g<n) > - 1]
log(2) log log(n)

Split the sample into T} := [n/log(n)] batches.

Let 71, ...,Zyp, be the corresponding indices of the sample points.

Apply the CGM to each batch to approximate my ;,...,m; r, by using sample
points indexed by Z; 1, ...,Z; 7, until the error of all approximations j < T}
is below ¢, ; = |Z, ;| 7/~

Store the approximations in my 1, ..., My, and let

My =|Tial,...,Mim, = |Timy)-

Iterate through i =2,...,¢:

Split the approximations ™;_11,...,M;_1 7, , into T; := [T,/ log? ™ (n)]
batches.
Let Z;y, ..., Z;, be the corresponding indices and for all 7 < 7T; let

M;; = Z M1

u€eT;

For each batch j < T; average the old approximations

ai,j = L Z Mi—l,u{ﬁi—l,u-

0] ueT;

Apply the CGM to each batch j < T;, approximating m; ; by convex

combinations of the elements m; 1, u € Z;j, with an error of at most

~1/2
€ij =M, 2.
Store the approximations in m; 1, ..., M; 7.
N N 1 &
Apply the CGM a final time to mgy,...,m, 7, to compress T Z my
£ =1

with an approximation error of at most n~'/? and return the approximation.
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We left out a few details in the algorithm. In particular, the usual vector s
that consists of inner products between k(X;, -) and m, has to be replaced by
vectors with entries of the form (m;_y,,m;;),u € Z; ;, when ¢ > 2. The element m, ;
corresponds to an average over the ﬁi,l,u terms and there are |Z; ;| many terms over
which this average is taken. The quantity |Z; ;| is not of major concern when bounding
the computational complexity. The computational complexity of calculating these
inner product vectors is rather dominated by how many points are contained in the
approximations m; ;. Another point worth noting is that the final approximation
will ideally by given in terms of convex combinations of the original sample points
k(X1, ), k(Xs, -),.... Roughly speaking, this convex combination can be computed
by multiplying the weights in the different iterations. Finally, observe that we can
keep track of how well m;; is approximated if m;; does not consist of too many
points since the |Z; ;| are chosen small enough that we can compute and store the
corresponding kernel matrices

((ﬁiifl,uv T/ﬁiflyv>)u,v€Ii,j

and from these kernel matrices we can compute the approximation errors.
Bounding the size of the set which is used in the resulting approximation in high
probability or expectation is a major challenge that we will not address here. However,
it is easier to say something about the resulting approzrimation error by refining
the analysis of the kernel herding algorithm: the philosophy of the algorithm is to
guarantee in high probability in each iteration that m,, is approximated with an error
of n'/2. In detail, observe that for any 1 < i < ¢, m, = (1/n) erizl M; jm; ;, where
we use that Z?;l M; ; = n. We can use the link between fﬁm and m; ; to measure in
each iteration the error when approximating m,, by (1/n) Z;‘TQ M; jm; ;. The naive
approach of using the triangular inequality does not lead to useful results since

.

1 T;
> M jljmg; — my

J=1

—(1/n) Z M

<&

\

=

— n
and we would need to set &; to n~/? to guarantee a low enough approximation error.
But aiming in each batch for an error of n~'/? when only log(n) sample points are in
each batch is not useful. As for the kernel herding analysis, a better approach might
be to consider the variance of the error and to make use of the independence of the
sample points. Let us first look at the case i = 1,

2 2

T;

Z i,J ml] ﬁii,j)

1 &
my — > My

j=1

T,
z_: (HMJ Mij — ﬁ:‘i,j)HQ)
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n2 Z Z M7]1 1,52 ((mi,ﬁ - {ﬁi,jl?mi,jz - ﬁ\li,j2>)

J1=1 jo#j1

= 22M E(|l(mi; — &)%)

+ p Z > M M j,(m— E(m;;,),m — E(m, ;).

J1=1jaFj
As for the kernel herding algorithm we can control the bias term in a crude manner
by using that
[(m — (), m — E(fy, )] < max|jm — E(; )]’

~ 2
< %%fE(||mi,j —f;)*) <el.

However, this is not leading to an improvement since in the first iteration
2 2 2 2
81 man/<T1 MLj/ (Tl “I'_ Tl )

n2

< ~ei(l+1/n)

1 &
FE m, — ﬁ Z MijLj
i=1

and

(Hmn 0 Z M]-’]ml,]

> n_l/z) <ei(n+1).

implies that ¢; would have to be of order n='/2. A central question at this point
is of what order is the bias term. In particular, is the upper bound of 2 for the
squared bias term overly pessimistic? A natural threshold for the error in each batch
is log™Y ?(n) in the first iteration since there are about log(n) many samples in each
batch. For log!/ %(n) to be sufficiently low we need a bound on the bias term of about
enY2 ¢ € (0,1), since then

<Hmn 0 z Mlh]ml’]

> _1/2> < c+eflog(n) < 2,

when a threshold of ¢'/2log™"/%(n) is used in the optimization. In other words, the
bias term has to fall exponentially fast to allow for a threshold that is proportional
to the sample size, i.e. the bias has to be below exp(—m/2), where m = log(n) is
the sample size in each batch in the first iteration.

The error in the successive approximations can be treated in a similar way and
since there are only about log log(n) many iterations a simple union bound argument
suffices to control the error simultaneously over all iterations. To demonstrate how
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the error evolves consider ¢ = 2, then

2

12 .
F m, — — Z M27jm27j
n )
2 2
14 N
<3| B( ma— 2 Mg |+ E H ZMl G = = ZMQJmQJ
j=1 ] 1
and
2 T 2
n’E H Z M,y jmy j — Z M, jmy =B ||D_(Ma my; — My ;my ;)
J 1 j=1
2
=2 M22,jE(||fﬁQ,j - ﬁszz) +2 Z > M, E(my; — myj), E(My, — May))
Jj=1 J=1lu#j

where we can move the expectation inside the inner produce since my; and M, ; are
independent of ms, and ms,. The bias term that is now important is || E(my;) —
E(my;)|| and we need a similar fast decay of the bias as for ¢ = 1. The other term is
easier to deal with,

1 L 1 L

~ 2
QZMZQJ (lIma,; — o) < QZ

by the choice of ¢; ; in the algorithm.

There are a few open problems concerning this algorithm, and variations thereof.
The algorithm is set up to enforce tighter and tighter error bounds in each iteration,
i.e. the error threshold changes approximately from log="/?(n) in the first iteration
to log™?(n) in the second iteration and log~"/*(n) in the third iteration. The
hope is that good approximations in the first iteration allow us to get even better
approximations in the second round and so forth. But it is by no means obvious that
this intuition is correct and in all likelihood these choices are not optimal.

The next major obstacles in controlling the error of the algorithm are obviously
the bias terms. If there is an exponential decrease in the bias then we are in a very
fortunate situation and can control the approximation error. If the bias term decreases
slower then it might be worth to consider alternatives of the CGM which incorporate
bias reduction techniques and are not focusing solely on the approximation error.

The biggest challenge when studying this algorithm is in all likelihood the problem
of controlling the size of the ball around the various elements m; ; simultaneously over
all iterations and batches. In fact, a uniform bound might even be suboptimal for
analyzing the performance of the algorithm since small ball sizes can be compensated
for by batches that have a larger ball around their corresponding m; ; and which
need less sample points than suggested by a worst case bound. In other words, we
might need to control the fluctuations or the distribution of the ball sizes.
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5. Applications

In the following, we look at how our compression techniques can be combined with
machine learning methods. In particular, we are looking at the two sample problem, at
kernel ridge regression and at kernel PCA. These applications fall roughly within the
area of kernel mean embeddings (see [MFSS17] for a substantial review of that area).
We work with finite dimensional RKHSs to be able to make use of our theoretical
results. In particular, we will be using Proposition 4.2 and variations thereof. Beside
the assumption that the RKHS is finite dimensional, the main assumption of the
proposition is that the kernel function is bounded. For large n, with high probability,
one can compress a dataset of size n to a weighted average of 12/k|| log(n)/Aa
points, where A4 is the smallest non-zero eigenvalue of the associated covariance
operator.

We are interested in understanding how competitive the CGM based approaches
are in terms of rates of compression and run-time. There are a two caveats that we
want to discuss upfront:

(1) the assumption that the RKHS is finite dimensional is closely related to the
scaling of the compression as a function of 1/ Aa. If Ny is small compared to
n then the compression quality can suffer. It is likely that the effect of small
Aq can be weakened by suitable regularization ideas or other approaches. But
developing these approaches will require further research.

(2) The upfront cost for running the CGM algorithm that underlies Proposi-
tion 4.2 is O(n?). Without this upfront cost the algorithm would have a
run-time in the order of O(nlog(n)). We discussed various ideas of how to
reduce this upfront cost in Section 4, but, again, significant further research
into such ideas is needed.

Since it is currently unclear what compression rates can be achieved when avoiding
the upfront cost of O(n?), we formulate the runtime statements as functions of
Yeomp (1) and Ygize(n), where O(heomp (1)) is the computational cost for calculating the
compression and O(tsi,e(n)) is the order of the number of points that are needed in
the compression to guarantee, with high probability, that the compression is no more
than en™%2, ¢ > 0, away from the empirical mean embedding. Our current results
guarantee that O(teomp(n)) = n? and O(¢g,e(n)) = log(n). Generally, the hope is
that these can be improved to something in the order of O(¥comp(n)) = nlog®(n)
and O(size(n)) = log®(n), for some a > 1.

5.1. Two Sample Test

The first application we consider is the two sample test problem [GBR*12]. In the
two sample test problem i.i.d. data Xy,..., X, and Yi,...,Y,, attaining values in
X are given, the X;’s are furthermore independent from the Y;’s but it is unknown
if the X;’s have the same distribution as the Y;’s. The null-hypothesis is that the
distributions are equal. One way to build a test statistic for this hypothesis testing
problem is to consider |[my, — my,,||, where k is a kernel function on X, k(X -),
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k(Y,-) e LYP), mx, = (1/n) X0 k(X;, -) and my,, = (1/m) X", k(Y;, -). Cal-
culating the norm can be done in O((n V m)?) by using that

1 m
HmX”L _myvaZ n2 Z k X”X 722%5 i J mg Z k(Y%YD
t,j=1 i=1j=1 i,j=1

When using one of the compression approaches this turns into a run-time of the
order O((Veomp (1) V Yeomp (M) V (Ysize(n) V gsize(m))?). In particular, we can simply
replace my,,, and mx, by their approximations. Furthermore, with high probability,
the rate of convergence of ||my, —my,|| to |[mx —my||, where my = [k(X, -)dP
and my = [k(Y, -)dP, will be preserved when moving to the compression.

5.2. Kernel ridge regression

Let us consider now the regression problem with data (Xi,Y1), ..., (X,,Y,), where
we assume that the pairs are independent and that the Y; are bounded. In Sec-
tion 1.8 we discussed the case of infinite dimensional RKHSs and potential benefits
of coreset methods compared to (or in conjunction with) the Nystréom method in
that setting. In this section, we will focus on the finite dimensional case and com-
pare results for coresets to the bounds for Nystrom method [LLW23]. When the
CGM is used to approximate €,, m, and (1/n)> ., Y; simultaneously we get a
single index function ¢ : {1,...,{} — {1,...,n} and corresponding approximations
Ey,l = Zﬁzl w;k(X, ), -) and m,; = 25;21 wi(Y,), ) ® k(X,), -) with strictly posi-
tive w;’s such that wy + - - - +w; = 1. The approximation of the least-squares error
for a function h e His

sz( XL(%)))Q - <€y,l7ﬁ>@ - 2<ﬁ\1y,l7 > ‘% sz u(4)

where we denote the function (z,y) — h%(z) with k. Due to the representer
theorem we can write the solution to the ridge regression problem in the form
h, =Y, a;k(X, ), -) for suitable a; € R. Substituting this into the equation for
the least-squares error and ignoring the last term (which is irrelevant for finding the
solution) leads to

(€ h)— —2Zaz<myl,k(X 0 ) g

Let C; be an [ x [ matrix with the entry in row ¢ and column j being

Z wu(F(Xyw), ) ® k(Xuw), ), k(X)) @ k(Xig), +))g

l
= Z:l wuk(XL(u)a XL(l))k<XL(U)7 XL(])) .

then L
<€y7l,h*>@ =a' Cua.
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Also, let K; be the kernel matrix for samples X,(,..., X,y and let m; be an
[-dimensional vector with entry ¢ being

N l
(@i B(Xuiys ) = 2 WXk (X, Xiw).

With these in place the solution of the ridge-regression problem with regularization
parameter A > 0 is found by minimizing

a'Cia—2a"m; + Mo Ko

with respect to o € R!. Taking the gradient with respect to o and setting it to zero
yields

(5.1) 2Ca — 2my + 2A Ko = 0.

Observe that ¢} = K;W K, where W is a diagonal matrix with W,,, = w, for all
u < I. Similarly, m; = KWy = KW (K;W)TK,Wy, where y is a vector with entries
Yu = Y,(u) for all u < 1. Hence, we can rewrite (5.1) as

Ki((WK; + Mo — W(EW) K,Wy) =0,

where [; is the [ x [ identity matrix. Since W has strictly positive entries on the
diagonal we can rewrite this as

(5.2) KW (K + MW o — (KW)TK,Wy) =0,
for which a solution is given by
(5.3) a = (K + X\ W H (KW) K, Wy.

The inverse is well defined because K; is p.s.d. and W1 is (strictly) positive definite;
the sum of a p.s.d. and strictly positive definite matrix is strictly positive definite
and, therefore, has an inverse. Also (K;W)" = (K;W)~! whenever K; is of full rank
and in this case

(5.4) a= (K + Wy

This « is also a solution to (5.2) in the general case when K; is not full rank since
(K;W)TK;Wy can be replaced by y in this equation.

In terms of the runtime, if we use an O(n?) algorithm for deriving the inverse
then, after compression, the runtime is O(¥comp(n) V (¢size(n))?). For example, if we
work with a finite dimensional RKHS and use the standard CGM then we attain
a runtime of O(n?). Beside the reduction in runtime the storage demand also goes
down since only a matrix of size g,0(n) X ¥gsi0(n) has to be stored for calculating
a, and this can be as small as log®(n)/(Ag)2. The CGM itself needs memory in the
order of O(n). In this setting the Nystrom method attains a reduction to y/n many
sample points [LLW23, Theorem 3.9] instead of log(n)/\4 that the coreset approach
attains. The smallest non-zero eigenvalue A, of the covariance operator is the key
factor that controls which methods attains a better compression.
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5.3. Kernel PCA

Kernel PCA [SSM97, BBZ07] is another popular kernel method. For kernel PCA
it is common to use the empirical covariance operator as a surrogate. It is worth
mentioning that this plug-in approach has a large bias when working in infinite dimen-
sional RKHSs and does not achieve the minimax optimal rate of convergence [Kol18].
However, in finite dimensional RKHSs this is not of major concern and we can use the
eigenfunction of &€, € L(#H,H) as an estimate of the eigenfunctions of the covariance

operator. In this context, we want to approximate En, which is given by

1 n —~
=1

by using the CGM. We like to compare this approach to the well established approach
of using the Nystrom method. When using the Nystrom method a reconstruction
error of order 1/y/n can be achieved with y/n samples [SSRR20, Corollary 3].

As discussed in Section 3.2, we can apply the CGM to the RKHS with the kernel

function k(x,y) = k*(z,y) to approximate €, with some convex combination ¢, =
S ;ik(X,4), - ), where oy > 0 for all 4 < ¢, oy + -+ 4+ = 1, and ¢ is some
selection of data points. The elemfnt ¢, is closely related to the operator En and
a natural approximation of &n is ¢, = St ik (X, ), -)@k(XL(i), -). Note that for
any f,g € H,

<€tv (f ®g > Zazf o L(i)) = </étfvg>7

where ¢ : X - X x X, ¢(x) = (x,z). The operator ¢, is clearly symmetric and,
hence, self-adjoint since the RKHS is finite dimensional. Furthermore, all eigenvalues

are non-negative since if e € H is an eigenfunction of &; then

<€te e> Zaz L(Z > 0.

The main question is now if we can quantlfy the difference between eigenfunctions of
@t and €, . Let us assume that there are no multiple eigenvalues and that A\; > --- >

/):d > () are the eigenvalues of @t and eq,...,eq are the corresponding eigenfunctions.
Similarly, let 1, ..., ug > 0 be the eigenvalues of €, and fi, ..., f4 the corresponding
eigenfunctions. Furthermore, assume that the CGM is run until

el <
Since

&<,

= supHch QﬁhH— sup sup <€t— g>—< —C, (h®g)o ¢>®

P nl=1 [AllI=1 |lgll=1

and ||[(h® g) o ¥|le < |h @ glle = ||R|lllg|l < 1 it follows from the Cauchy—Schwarz
inequality that

& -¢

<[e el <
P ©
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~

From this bound on the operator norm it follows right away that ||(€, — &,)(¢;)|
and ||(€, — &,)(f;)| are less than € for all i < d. In particular,

‘)‘i - <€i>€nei>‘ <e and ‘<fl7étfz> - Mi‘ <e€
for all + < d. In particular,

A < (el,éneﬁ +e< sup ||Enh||e <y + e
[lRll=1

By symmetry of the argument it follows that |A; — 1| < €. The difference between e;
and f1 can now also be controlled: let a4, ..., aq € R be such that e; = a1 f1+- - -+aqfs
then 1= |le;|> = a? + -+ + a2,

" d
= 2¢ < (er, Cuer) = Y @i
i=1

and from (1 — a?)u; — 2¢ < (1 — a?)py we can infer that for sufficiently small € > 0,

9 2e 9 2¢ 1/2
a; = 1— and Jleg — fi|F=2—-2a; <2-2(1- :
M1 — M1 — M2
The other eigenfunctions can be treated in a similar way by moving to the subspaces
that are orthogonal to the already covered eigenfunctions eq,...,¢;, [ < d. Notice

the factor p; — pse. Such eigengaps are common when estimating eigenfunctions
or projection operators and are closely linked to the Davis-Kahan theorem which
controls the stability of eigenspaces under perturbations. In particular, such factors
appear when controlling the difference between the empirical and true projection
operator in the operator norm. In kernel PCA it is common to quantify the difference
with a weaker norm and, therefore, results as in [SSRR20] do not depend on the
eigengap. The eigengap aside, we can note that the approximation error falls at
a rate of €'/4, where € is controlled by our compression algorithms. In particular,
Proposition 4.2 is applicable if we use the kernel x(z,y) = k*(x,y). To guarantee an
approximation error of

9 1/2\ 1/2 1/4
le: = il wé(l— (1-2—) ) Sy s
il

i — i1 i /~bz'+1)

we need an € in the order of n=2. In expectation we achieve an error of order n=2

whenever
n?~ exp(—t/jxd,,@),

where 5\d7,i denotes the smallest non-zero eigenvalue of the covariance operator that
corresponds to the kernel x. In other words, we need a coreset of size t & 21og(n) /.-
This is potentially favorable to the \/n size that Nystrom methods need when S\d,,.C is
not too small. A crude bound on the computational complexity of an eigendecompo-
sition is O(n?). If we use this crude bound then we get the following runtime bound

for kernel PCA when using coresets, O(Ycomp(n) V (¥size(n))?).
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6. Example: Slow rate of convergence in infinite dimensions

The last section of this paper is dedicated to the construction of the example for
which the kernel herding algorithm performs strictly worse than in finite dimensions
when the density function of the data distribution has a density that is bounded
away from zero. The corresponding theorem is the following.

THEOREM 6.1. — There exists an initialization, a continuous kernel, and a Borel
probability measure on [0, 1] which assigns non-zero probability to open intervals
for which the kernel herding algorithm does not converge fast, i.e. there exists no
constant b such that ||m, —m| < b/t for all t > 1.

The proof of Proposition 6.1 is split into two parts. In the first part, we construct a
Hilbert space, a map ¢ : [0,1] — H, and an element m € H such that the algorithm
does not converge fast. We then use this Hilbert space to construct an RKHS for
which the algorithm behaves in exactly the same way as when acting on the Hilbert

space, and, consequently, the algorithm does not converge fast when applied to
the RKHS.

The construction idea

Before getting into the technical details we like to outline the basic intuition of
the construction: let the mean element m = 0. Then, given an infinite dimensional
Hilbert space H, choose an orthonormal sequence {e, },~1 and elements {a, },>1 in
‘H such that each a, is a multiple of e,. Initialize the algorithm with an element
¢ € H which is of small magnitude compared to the a, and has a positive inner
product with each a,,. The idea is that the different a,,’s will be chosen at one point
by the algorithm and will add to the (rescaled) approximation error w; of m (t is
the iteration number of the algorithm). In fact, we like to show that its norm will
diverge to infinity.

This initial construction has a few problems which have to be addressed to make
this construction work. The first problem with this construction is that (a,,c) is
positive. In fact, (a,,e,), (c,e,) > 0 for all n > 1. But, we want the mean element
m to be 0. Hence, we will need probability mass on the negative side to counter
the mass accumulated by the a,, and c. We can achieve this by introducing another
set of elements {b, },>1 which are lying opposite to the a,. Therefore, each b, is a
negative multiple of e,,. These b, need to be further constraint in magnitude. If they
are of a similar order like the a,, then they can cancel the weight added to w; by the
a,’s. We are using here sequences with values in the order of 1/In(n + 1) for a,, and
—27" for b,,.

Even though the b,’s are of small magnitude compared to the a,,’s it is not directly
obvious why these b,,’s should not be chosen many times by the algorithm to cancel
step-by-step the weight accumulated by the a,’s. Here is an argument why this does
not happen: the a,’s are constructed such that each a,, is chosen exactly once and
they are selected in order by the algorithm. At a given iteration there is then an
element a,, which has not yet been chosen and our construction assures that in this
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case (a,,w;) equals the initial value {(a,,, ¢), which is of magnitude 1/(mIn(m + 1)).
Since the algorithm chooses the element h € ¢[X] that maximizes the inner product
with w; we can infer that this inner product must be larger than 1/(mlIn(m + 1)).
Or put differently, an element b,, will only be chosen if (b,,w;) > 1/(mIn(m + 1)),
that is (e, wy) = 2"/(mIn(m 4+ 1)). If the algorithm chooses b,, then we are at least
assured that (e,,wyy1) = 2"/(mIn(m+1)) —27™ (Figure 1.3 p. 484 visualizes these
bounds for different m). We do not need this extra scaling of 2" and we only use
in the proof that there are sufficiently many e, for which |{e,,w;)| is larger than
1/In(m + 1). The number of elements for which the inner product is at least of this
size grows in m and the sum over these inner products gives us a diverging number
that approaches infinity in m. This is then sufficient to show that the norm of w;
diverges.

Interlacing

In the above discussion we assume m = (. However, constructing the probability
measure such that m = 0 is not straightforward. The problem is that the scaling on
the positive side (the a,’s and the c¢) is exponentially larger than the scaling on the
negative side (the b,’s). To get m = 0 we would need the probability mass for the
a,’s and ¢ times the magnitude of these elements to be scaled so that it equals the
probability mass of the b,’s times the scale of the b,’s. The exponential difference
in scale implies that the probability mass of the b,’s needs to grow exponentially in
n and the sum of all this mass has to add up to infinity.

By closer inspection, one can observe that the a,’s pose no serious problem since
one can just downscale the probability assigned to them by an exponential factor.
However, the ¢ poses a more serious problem. Let p > 0 be the probability corre-
sponding to c¢. We use ¢ = Y22, n~'e,, and we thus have a factor of p/n pulling the
mean element towards the positive direction in dimension n. Hence, we will need a
probability of p, = p2™/n for the b, elements to counter this pull. Since p does not
change with n we are left with p,’s that grow rapidly in n.

Using an initialization ¢ is in a way too rigid and does not allow us to assign
lower probability mass as n increases. One way to overcome this problem is to
break the initialization up and add probability mass to the different dimensions
while the algorithm is running. We do this by replacing the single ¢ with infinitely
many elements, one for each dimension e,,. Since we do not want to alter the overall
behavior of the algorithm these different elements will need to be of a low scale
and we need to sum multiple elements to regain the 1/n value that ¢ would have
assigned. Therefore, for each dimension e,, we are left with a finite sequence of
elements ¢, 1, ¢, 2, ... which takes the role of the original c.

The question is then how we can guarantee that all these ¢, ; elements are chosen
to simulate the initialization through ¢ before the algorithm proceeds as usual. We
guarantee this by introducing dimensions e, ; which are orthogonal to all the e,.
These dimensions are used to force the algorithm to choose ¢, ;11 after ¢, ; until the
final element of the sequence is chosen and we have a weight of 1/n in dimension e,,.
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We still have not addressed the problem of assigning different probabilities to the
different dimensions. But, since ¢ is now broken into many small pieces, it is easy to
“lose” probability in n.

PROPOSITION 6.2. — For any infinite-dimensional Hilbert space H there exists a
continuous function ¢ : X — H, X :=[0,1], a probability measure P on %) which
assigns positive measure to any open subset of X, and an initialization w; € ¢[X]|
such that the kernel herding algorithm when applied to [ ¢(x)dP(z) generates a
sequence {w, };>1 that is unbounded and the algorithm does not converge with a 1/t

rate tom = [ ¢(z)dP(x) € H.

Proof of Proposition 6.2.

(a): Definition of the convex set. — Let {V;}32, be a set of natural numbers to be
defined below, pick a countable infinite orthonormal sequence {e}, },>1 in H and split
this sequence into {e,},>1 and the sequences €,1, ..., €, n, where n goes through
2,3 .... This can be done since these are countable many sequences of N,,+1 elements
and since countable unions of countable sets are again countable. Furthermore, define
the sequences {a, }n>1, {bn}tn>1, {Cnm : 1 <N, 1 <m < Nyb{d,:2<n} CHby

1
a, = (aiZ + )en with
n

, o 4111(9)}

—Cc| = _|o —4 — 64
@ C{ln(nﬂ)w and ¢ %* m(2) |~ O
b, == —2""e,,

2
Ny:=1 andforn>2 N,:= {-"
n<_bna en)

c11:=e1+agi1€z;, and forn > 2:
Cn1 = ﬁnen + Qp1€n1 — Qp2€n2, ..
Cn,N,—1 ‘= ﬁnen + Qi N, —1€n,Nu—1 — Qn N, En,N,,
Cn,N, ‘= Bnen + Qn N, €n N, — On41,1€n+1.1,
d2 = —(1/2)@2,15271 and for all 2 <n let
dn = (1/2)an 1601,
1 :
B, = N for which — 3, < (=by, €,,) holds,

n

Q1 = M; and ;= \/Ozfll +(i—1)p2 for2<i<N,.
n K

—[, is smaller than (—b,,e,) because —f3, = 1/(nN,,) < (=by,e,)/2. Also observe
that the sequence a/, is non-increasing in n since

e 7 < el 7o < e |70 = laees 2
In(n +2) 120t = [Tln(n + 1) 12748 = [T lIn(n + 1) [ 127+ [In(n 4+ 1) | 27

where we used that the function [ -] is monotonically increasing.
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(b): Construction of a continuous map ¢. — We construct a continuous function
¢ : [0,1] — H which goes through the points {a, }nen, {bn}nen, {cni : 1 < n,
1 <i < N,} and {d, : 2 < n}. We split the construction into three separate
functions, ¢ for the a,, b, elements, ¢, for the c,; and ¢3 for the d,, elements.

For ease of reading let v, = 1/(n+ 1) and 2, = (yn, + Yn+1)/2 for all n > 1. Define
¢1 :[0,1] — H, with n going through 1,2,3..., by

(11__;1(11 if y; <z <1,
yi_f& n if £ := % < T < Yn,
T L B
=) ey, TTETELEN
s—gyﬁI U i Y1 <@ < PR = g
L0 ifx =0.

The function is continuous on (0, 1] as it is piecewise linear and the end points of the
lines are connected. The only critical point is 0. For continuity at 0 it suffices that for
any € > 0 we can pick a § such that x < § implies ||¢(x)| < e. We restrict the search
for a § to points 1/n, n € N. For such a § the maximum of ¢(z) in an interval [0, J]
is either attained on an a, or a b,. As we have that lim,,_,||a,| = lim,_||bx|| = 0
there is for every € > 0 an N € Nsuch that for all n > N we have max({|a,||, ||b.||) < €
and, consequently for § = 1/(N + 1) we have that ||¢p(z)]| < € for any 0 < = < 6.

In the following let Ny := 1. Furthermore, let g, := 1/n, A, :== (Yn — Uns1)/Nn,
Upm = UYn — MO, Unp = Yy and let 2, p, = (Upm—1 + Upnm)/2, for all n > 1 and
1 <m < N, — 1. With n going through all of 1,2, ..., define ¢, : [0,1] — H by

( Gn—x oo~ ~

Fnzng Cnil if 2,1 <2 <Yy,

%Cn,m 1fun,m<$<zn,malgm<Nn_17
n,m mn,m

o Un,m—T e o~
Pa(z) = T —— Comi1 i Zpme1 < T K Upgp, L <Km N, — 1,

T—Ynt1 il ~

T N U <@ < Zon,,

0 if v =0.

Similarly, by going through all n > 2 define ¢3 : [0,1] — H by

(

0 if1/2 <z <1,
ﬁ dn if Zpa < @ < Yn,

o3(x) == % dp ifu,; <z <20,
0 Unt1 ST < Up 1,
0 if v =0.

\

With the same reasoning as for ¢; one can infer that ¢, and ¢3 are continuous. Define

»(3z—2) if2/3 <2<,
o(x) == dpo(3x — 1) if 1/3 <z < 2/3,
¢3(3x) if0<x<1/3.
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The function ¢ is continuous since ¢q, @9, ¢3 are continuous and ¢1(0) = ¢o(1) =
¢2(0) = ¢3(1) = 0. This implies also that ¢ : [0,1] — H is measurable. It is
also Bochner integrable with respect to any probability measure defined on the

Borel sets of R as [|¢(-)| : [0,1] — R is continuous and, hence, bounded, i.e.
[lo(@)|| dP(z) < oco.
(c): Definition of the probability measure. — We construct a Borel measure by

defining a density p on [0, 1]. Using the variables defined for ¢, ¢2, ¢35, constants
a, by, ... and n going through 1,2,... we set

( )
a; ify < <1,

a, if%<x<yn,

pi(e) = by g < g g
Upp1 i ynyr < o < IR
0 ifz=0.

\

and using constants ¢, we furthermore define
Cn, lfgn 1<x<gm
pa(7) = . i
0 ifx=0.

Finally, going through all n > 2, 1 < m < N,, and with the constants 9,,,, let

<

1 if1/2<a<1,
0n if Unp,1 <z < g’rm
1

ps(x) == i s <7 <t
0 ifzx=0
and combine these to define the density p by
p(Bx—2) if2/3<x<1,
p(z) == pa(3z — 1) if 1/3 <z <2/3,
p3(3z) if 0 <2 <1/3.

Now, m = 0 iff {e,,m) = E(e,,¢) = 0 = (e}, ;,;m) = Ee,;,¢) for all n > 1,
1<i<N,.

Observe that in general, if a,b € [0, 1], a < b, the density p is constant on [a, b]
with value p € [0,00), h € H and ¢ : [0,1] — H is defined by

w(x) _ {(x - a)/(b - a)lLLh LS [CL, b],

0 otherwise

then for any e, (and ey, ;)

(en, B = Elen, ) = [

[ab] b—a

pulens by = (1/2)p(en, h)(b = a)

and if
w(x) _ {(b_ {L‘)/(b— a)ﬂ“h LS [CL, b]7

0 otherwise
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then
(en, EY) = (1/2)pfen, h) (b — a).
So,

1 + z — -
<€1,m> = 6<61, (1 — o 5 1)31@1 + (yl 9 y2>blb1 + (y1 - y2>C101’1>

will be zero by setting

o2 (1- 22 o ) (1 ) )

and (e,, m) = 0 by setting

1/1 1 (U, €n) 1 1 Cnfn
oo e o (1) )
(n+1)(n+2) 4\n n+2 ¢ (—bn,en)+ n n+1/{(=b,,e,)
Also, for any n > 1 we have that b, > 0 if a,,¢, > 0. Let, AV be a normalising
constant to be defined below and let

N<_b1 €1>/ Y1+ 21 N(-bl 61)
=/ (1- ) d ="
h 24<6L1, €1> ( 2 > 0 an “ 12<Cl,1, €1> - 0
such that b; = N. Also set for all n > 2
—b b A
a, = — NZbuen - ang = Nlbusen) Busr

n+1 (a,,e,) 2(n+2) B, A,

which makes b, = V(1 — A,41/4A,) and all (e,, m) = 0. For the elements €, ; we
have that

6(e21,m) = Aqjcy(cr1, €2,1) + Aaca(can, €21) + Aoda(dy, €21)

and we set A (o) (2000}
1 C1,1, €21 C2,1,€2,1
0y := —¢ ————— +c = > 0.
? Ay ' <—d2, 62,1> 2 <—d2, 62,1)
Furthermore, for all n > 2 let
i Anfl <_Cn—1,Nn_1agn,1> <Cn,17 gn,1>
0, = () — —Cpy — .
An <dna en,1> <dn7 en,1>
0,, > 0 for n > 2 since
2(—d,, €, —1)? 2
AR RS SR ]
Oén,lN n 4+ 1 (n — 1)<—bn_1, 6n—1>
A, 2 2
_ Sntl L(—bn, en) {—‘
A, n+2 n<_bnaen>
n—1 n ADpp on—1 n? N,

n+1 "n+2 A, n+l “(n+2)2N.y
n—1 3n*n+1)/1 1

n+1 2 (n+2)? <n 2n+1)

which is strictly greater zero if

4n—1)(n+2)* —4dn(n+1)> =4(n* +n —4)

ANNALES HENRI LEBESGUE



Compressed Empirical Measures 595

is. But this is obvious for n > 3. For all remaining n,7 > 2 we can observe that
<gn,ia m> = (1/6)Ancn<cn,i—1 - Cn,ivgn,i> =0
for all m > 2. Hence, m = 0 and the density is strictly greater 0 on all but three

points. It remains to set A such that the density integrates to one. We have for any
N > 0 that

0< [ 2= 0= G+ 2023+ (1/3) 3 an((n = 201) = (00 = 20))2
#(1/3) 3 Bullt = 20) = (s = 20)/2

o0

1 oo
+ —¢, +1/6+ (1/3) AD—|—13 n, n
The first sum is a finite multiple of N since a,, &~ 27" and the sum over ((yn —Zp_1)—
(Yn — 2n))/2 is bounded by 1. Similarly, the ¢, sum is bounded since ¢, itself is upper
bounded by N and the rest is quadratic in n. Furthermore, b,, is upper bounded by
N and the sum of the intervals cannot exceed 1. Finally, 9,, is upper bounded since

2(—d,, 1) < 2(n—1)
an N " T n+1

@1 18 bounded and so is (—d,, €,1). Hence, the sum is a finite multiple of A and

we have in total a term that is a finite multiple of A/ plus a constant that is smaller
than 1/2. Therefore, we can choose A such that [p = 1.

(d): Behaviour of the algorithm. — Initialize the algorithm with wy := ¢;; € ¢[X]

and let x; be the element which is chosen at stage t. The algorithm behaves as follows:

(1) For any t > 1, if wy # 0 then z; € {an}nz1 U {bn}tnz1 U {chm 1 < n,

1<m<NYU{dpm:2<n, 1 <m <N}
(2) Let n = min{m : a,, has not been chosen in steps 1,...,t —1}. If ¢ > 2 then

either the smallest element of {(m,j) : ¢, ; has not been chosen in steps
1,...,t —=1}\{c11} in the lexicographic order is (n,i) with 1 <¢ < N,, and

Wy = —7Y1€1 — " * — Yn—1€n—1 T Vnln + an,ign,iv

where
v = (2]a;- —1)277,leN and ay =5 = rnirl{ag»,rrlauxc{<a€> - 2_],0}}
n
for 1 <j<n-—1and~, =—(:—1)5, (first case), or the smallest element is
(n+1,1) and
Wy = —Y1€1 =+ = Vn-1€n—1 + YnCn + Uny11€ny1,1,

with 1, ..., v,—1 like above and 7, = 1/n (second case). In particular w; # 0.

(3) Let N(n) := [1+logy(nIn(n+1))] then n —1 > N(n) for alln > 7. If n is
the smallest index of an a,, which has not been chosen yet and if thisn > 7
then for any ¢ withn —1 > > N(n)

1
A <—— .
(ewr i) In(n + 1)
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(4) For each n > 1 there exists a step t > 1 with z; = a,,.

(o) (1) is saying that no point on the line from 0 to an a,, by, ¢pm O dpm 1S
chosen that differs from a,,b,, ¢, » and d, ,,. To see this first observe that
only points ¢(z) will be chosen at any stage t for which (wy, ¢(x)) > 0. By
assumption w; # 0. If there exists an e,, with (e,, w;) # 0 then either (a,, w;)
or (b, wy) is strictly positive. Also, if there is an €, ,,, (n,m) # (2,1), such
that (€., we) > 0 then (dy, m, wy) is strictly positive. Similarly, if (€21, w;) < 0
then (daq1,w;) > 0. Assuming that none of these cases apply we have that
either (a1, w;) > 0 or there is an €, ,, (n,m) # (2,1), with (€., w) < 0.
In the first case (¢ 1, w;) > 0. In the latter case and with (€51, w;) = 0 let
(n';m') := min{(n,m) : (€ m,wr) < 0} where the minimum is taken wrt.
the lexicographic ordering. We have (¢, /-1, W) = Qs 1 (Ens -1, We) —
Qs (€pr sy We) > — Qs s (€7 my, wy) > 0, if m/ > 1, and if m' =1 then

<Cn/71,Nn/_1,wt> = an’fl,Nn/_l <€n/fl,N"/_l7wt> - CVn’,1<’é/n’,17/wt> > _an’,1<gn’,lawt> > 0.

If the chosen ¢(x) is on the line from 0 to an a, then a, = {¢(x) with
E>1and 0 < (¢(z),ws) < &(d(x),ws) = (an,ws) and ¢(z) = a,,. The same
argument applies to by, ¢, and d,, ..

(8) We prove by induction over t > 2 that (2) holds. We start with the induction
basis. w1 = ¢11 = €1 + ag1€21 and we have (wy,b,) < 0,(wy,d,) < 0 for all n,
(wy,an) =0 for all n > 2, (wy, ¢,,;) = 0 if either n > 2 or (n =2 and i > 2).

Furthermore,
9 2 <62a CL2> C 4] 1
(wi,e11) = [[enall T Qg Ty *3 In(3) "1
<1+ ¢l 2| + .
= 4 11In(2) 4
Cl 2 ]
<1+ =
—+ 5 11’1(2) <w17 CL1>

since C' > 1, [2/1n(2)] = 3 and hence

Z ’VIH?Q)—‘ ~ 411

Also, (wy,co1) = a%yl < (wy,c11) < (wy,a1) and x1 = a;. Therefore,

We =wy —a; = €1+ ag1€a1 — (a) + 1)eg = —ale; + az 1621
and ws has the promised form.
(7) Next, we address the induction step.
(i) Assuming w; has the given form in step ¢ we can observe that
{an; €n)
n

>0

<$ta wt> P

since in the first case

<Cn,i7 wt) = Bn’}/n + 05721,1' = _<Z - 1)62 + (C‘Ci,l - <Z N 1>65) - <€n’;l,an>7
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in case that ¢ > 1 or, for i =1,

(€n, an)
o

2
<Cn7i7 wt> = an,l =
In the second case,

€n, n
<an7wt> 2 ’Yn<6naa'n> = < n >

For the b; (i) implies that, first, no j > n will have been chosen in ¢ since
for these (b;, w;) < 0 holds in both cases. Also, if fora j, 1 < j <n—1,
Vi < 2{an, en)/n then (bj,wy) = 7,277 < (an,en)/n and by # ;. On the
other hand, if 7; > 2/(ay, €,)/n and z, = b; then the coefficient changes by
—277 i.e. the new coefficient is

v, =27 > 2j<i — 27,
The coefficient is also always non-negative since ; is a multiple of 277 and
b; will not be selected if v; = 0. In total, all cases are consistent with our
induction hypothesis and we are safe against any application of b,.
In terms of a;, we can directly observe that (aj,w;) = 0 if j > n and
(aj,wy) = —vj(ej,a;) < 01if j < n. So only a, might have been chosen at
time t. However, in the first case we have that
N, —1 (G, )

niN, {an, en) < n

and x; # a,. In the second case, if 7, = 1/n, then

(an, €n)
(ap, wy) = —
Thus a, might be chosen, and, in case it is, then the new coefficient is
Yn — al, — 1/n = —a], which is consistent with the induction hypothesis.
Turning to the ¢,/ elements we can observe that for (n,7) > (2,1) we have

(we, c11) < 0. For (n,i) = (2,1) we are in the first case since Ny = 4 and

<am wt> = 'Vn<am en) = _<i - 1)Bn<am en) <

(Wi, c11) = (=711 + Y2€2 + 21621, €1 + Q2 1€21)
= —m + (1/2)(ez, az)
< —(1/2)<€27CL2> + 1/2 + (1/2)(62,a2>.

But, 1/2 < (1/2)(as, e2) and c¢; 1 will never be chosen. For the remaining ¢, ;s
elements we have in the first case in step ¢ that no ¢,/ will be chosen if
n' # n or ¢ # i since in these cases

(=0 if n’ > n,
=By =—(G—-1)3 <0 ifn’=nand (' >iori <i-—1),
=Y —a}; <0 ifn'=nandi +1=1,
<0 if2<n=n-1
and i = Ny and i =1, (%)
(= —Yw B < (Wt, byr) if n’ < n and (%) does not apply.
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(*) follows for n > 3 from

<wt7 Cn—1,Nn,1> = <wt, Brn-1€n-1+ Qn 1N, _1€n—1,N,_y — Otn,1€n,1>

o[z =gl

<onz a2 ) <0

If now z; = ¢,,; then, in case i < N,

2 Yn—1 2
= — _ _1 — =
P)/TL 1Bn 1 n71 (n . 1)Nn71 n71
/
€n,a a
< V12" — < n;l n) <27, 4 —

Wi41 = Wy — Cnyg

n—1
= - Z Yi€i — (Z - 1)ﬁn€n + an,ign,i - 6nen - Oén,ign,i + Oén,iJrlgn,iJrl
=1

n—1
= - Z Vi€i — 1Bpen + Qnit1€nit1
i=1

which has the desired form. Similarly, in case that : = N,

Wi41 = Wy — Cp N,

n—1
- - Z Vi€ — (Nn - 1)Bn€n + Qp N,En N, — ﬁnen — Oy N, En,N, + Qn41,16n+1,1
i=1

n—1
= - Z vi€i — NpBnen + nt116n+11
i=1

which has the form of the second case since —N,,3, = 1/n.
In the second case no element ¢, will be chosen since

(

0 ifn”>n+1or(n=n+1andi >1),
ap 11 < (en,an)/n ifn=n+1andi =1,
(Wi, Cprit) = Pufn—aly ) <0 if n=nand? = N,,
Bn/n <0 if " =nand i < N,
|~ B < (wy, b)) or =0 if n/ <n.

(v) We turn to the d elements:
e First case: if (n,7) = (2,1) then (wy, dy) = —(1/2)a3, < 0 and otherwise
(wy, d3y) = 0. In either way ds will not be chosen. For any other n’ we
have that (wy, d,) = 0 if (n,i) # (n/,1). Otherwise

L (en, an
(e i) = (1/2)a; = - 102000

and (wy, dp) < (an,€n)/n and d,, will never be chosen.

ANNALES HENRI LEBESGUE



Compressed Empirical Measures 599

e Second case: (wy,ds) < 0 and all d,» with n’ # n + 1 are zero. Finally
<en+17 an+1> < <6n7 an>

<wt7 dn—i—l) (1/2) n+1 1 n _|_ 1 n

since the sequence (e, a,) is non-increasing.
So in step t + 1 the element w;,; will have the right form, and, certainly,

Wi41 7é 0.

(0) Next we prove (3). Since the smallest index n for which a, has not been
chosen in rounds 1 to t is assumed to be larger than 7 we can assume that
t > 2.
For each m, {(am,en)/m = al,/m > 1/(mln(m + 1)). Hence, from (2) we
conclude for all 7 with n — 1 > i>N(n)

_<€i7wt+1> =% 2 min {a max{21<an7€n> _ 271'7 O}}

> min{,l, max{2 — 21,0}}.
In(i+1) nln(n+1)

Using the assumption i > N(n) we observe that
i > 1+logy(nln(n+ 1)) =logy(2nln(n + 1))
= 2" >2nln(n +1)
- 721 -
nln(n + 1)

and since 7 > 1
L S S G S
nln(n + 1) “ nln(n+1) " In(i+1) 7 In(n+1)
So, forn—1>1> N(n),

1

In(n+1)

(¢) (4) also follows from (2). First, if a, has been chosen in any step ¢ then for
all ' > t (2) tells us that (a,,wy) < 0. Consequently, xy # a, and a, will
be chosen at most ones. Also, if a, is the element with minimal index which
has not been chosen yet in time ¢ then either (w,a,) = (wi, an,) = 0 or
(wy, an) > (wy, an,) for all m > n. In the first case no element a,, will be
chosen and in the second case, if an a,, will be chosen it will be the one with
the smallest index in the set of elements which have not been chosen yet. So
the elements a,, will be chosen in order and no element will be skipped.

Let us now assume that {a, : a,, # x; for all t > 1} is not empty and let
a, be the element with the smallest index in this set.

The argument in (y) shows us that no ¢, ; with m > n will be chosen. Also,
if ¢, ;, m < n, has been chosen in any step ¢ then for all ¢’ > ¢ we again infer
from (2) and the argument in (y) that ¢, ; will not be chosen in ¢’ and, hence,
each ¢, ; is not chosen more than ones. Also none of the d,,; elements will be
ever chosen.

— (€, Wey1) =
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So the only way that an a,, is never chosen is that infinite many b,,, elements
are selected. Yet, no b,, with m > n will be chosen since the inner product
with the weight vector is less or equal to zero. Also each b,,, m < n can
only be chosen finite many times before the weight vector in direction e,
becomes 0 and the inner product with b, becomes 0 too (at which point it
will certainly not be chosen any more). So only finite many applications of
b,,’s are possible with a contradiction that a, will not be chosen.

(e): Unboundedness. — d(3) and d(4) allow us now to show that the sequence
{||w¢||}e=1 is unbounded. Assume that at stage t the element n is the smallest index
such that (a,,w;) is positive.

For n > 7 we know from d.3 that |(e;,w;)| > 1/In(n+ 1) for all i, N(n) <i <n
Hence, for n > 7,

3 5 1 n—1—N(n)
el = Sltewol > 3 et > g
_n—1- [1+logy(nln(n+1))] < n—3  logy(nln(n+1))
(In(n + 1))° Z M+ 1) (n(n+ D)7
Furthermore,
log,(nin(n + 1)) _ In(n) + In(In(n + 1))) o 2
(In(n +1))? n(2)(In(n +1))2  ~ In(2)’
since In(z) < z for all z > 0 and In(n + 1) > 0. Hence,
9 n—3 2
[ =

(In(n+1))2  In(2)

The right side goes to infinity in n and, since for every n there is a t at which a,, is
chosen due to d.4, the norm of w; crosses any boundary at one time t. 0

COROLLARY 6.3. — There exists a continuous kernel on [0, 1], a Borel probability
measure on [0, 1] which assigns positive measure to open subsets of [0,1] and an
initialization for which the algorithm does not converge with a 1/t rate to m.

Proof. — We consider the Hilbert space (H, (-, -)) from Proposition 6.2 with the
corresponding feature map ¢ : [0,1] — H. Define the continuous kernel function
k(xz,y) = (¢(x),d(y)) on [0,1] and let the corresponding RKHS be (I, (-, -)).
The geometry of the two spaces is closely related. We have for scalars a;, b; and
z;,y; €[0,1],i=1,...,n,7=1,...,m, that

B(riyy) = (Z aik(z, -xf:lbjk(yj, ->).

n m

<z"; ai¢(xi)a f:l bj¢(yj)> = Z

i=1j=1

Furthermore, we know that the Bochner-integral m € H lies in cch ¢[X] which equals
the closure of ch ¢[X] [Sim11][Theorem 5.2, p. 71] and there exists a sequence {n; };cn,
n; € N, elements z;; € [0, 1], and non-negative weights a;; with 372, a;; = 1 such
that the sequence {s; = Y7L a;;d(745) }ienw converges to m in norm, i.e. ||m — s;{| — 0
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for i — oo. The corresponding sequence {5; = >3, a;jk(x, - )) bien is a Cauchy
sequence in I since

15i = Sillc = llsi = silly
and has a limit n € IC because K is complete. In particular, for any z € X

|(n, k(2 -)) = (m, ¢(2))]
= |(n =5, k(z, ) + (50, k(@, ) = (si,6(x)) + (s: — m, ¢())]
< k(z, 2)[n =Sl + lo(@) [l llm = sill,, — 0(in 2)

and (n,k(x, -)) = (m,¢(z)) for every x € X. Furthermore, for arbitrary [ points
x1,...,2; € X and scalars aq,...,q; it holds that

(n,;aik(xi, )> = <m,;ai¢<xi)>

[Inllc = lmlle| < [lnllc = 15ille] + [I5illc = lsilla] + [llsilla, = [lmlly,|
which also goes to 0 in ¢ and therefore ||n||,. = [|m||,,.

The function k(x, - ) : X — H is continuous and therefore Bochner-integrable with
respect to P. Denote the Bochner integral with n' = [k(z, - ) dP. For any x € X

n(z) = (n,k(z, -)) = (m, o(x)) = E(¢(+), ¢(x)) = Ek(z, -) = (0 k(z, -)) =n'(z)
and n =1’

Now if the algorithm is applied in (C, (-, -)) with the initialization k(x, - ), where
xo is the element in X' that maps to the initialization ¢(zo) that we use in Proposi-
tion 6.2, then sequences of elements x; and of weights w; are generated. The weights
w; are of the form k(x, -) + Xf_, k(x;, -) — tn. The sequence 1, T, . .. also maxi-
mizes the objective in (H, (-, -)). This can be seen by an induction over the weights
w; € H that are generated by the algorithm. The induction step is the following.

max (wy, (x)) = max <<¢(Jfo), ¢(r)) + i(sﬁ(%), ¢(x)) — t(m, ¢(96)>>

and

z€(0,1] z€[0,1]
= £%§]<(k(x07 ')7 ]C(CL‘, ’ )) + ;(k(xlv ')7 k(I, ’ )) - t(ﬂ,/{?(l‘, )))

= (wy, k(w441, )

= (k(x(% ' )7 k(xt-i-la )) + Z:(k('%’ ')7 k<$t+lv )) - t(t‘l, k($t+17 ’ ))

= <¢(azo) + > d(x;) — tm, ¢($t+1)> = (W, P(2141))-

i=1
From Proposition 6.2 we can now infer that the sequence {||w|;, }ten = {||wel| i bren
is unbounded and the algorithm does not converge with the fast rate in K. U
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List of Notation

Mean embedding
Mean embedding of the empirical measure

Width of the projection of a convex set C' onto a function h

Lebesgue measure (volume) of the I-dimensional unit ball

Symmetric tensor product
Tensor product of functions as a linear operator
Covariance operator
Integral operator associated to the kernel k
Centered covariance operator

Direct sum of H; and Hs

A continuous function that approximates a step function

Restriction to the support S of the data: Hg = {h|S: h € H}

Centered covariance operator corresponding to Hg
K-functional
Extension of H which contains the constant functions
H without the constant functions

An empirical cov. operator that is represented as a function in H © H

Empirical convex set which contains €,

A covariance operator that is represented as a function in H ® H

Convex set which contains €
Empirical mean embedding in the regression setting

Empirical mean embedding in the regression setting; tensor representation

Trivial extension of h(x) to the product space
Extension of H ® H Correspoﬂin\g to h— h
Kernel function of H © H
Mean embedding in the regression setting
Product kernel for regression where [ = fo ® fy
Extension of h to the product space: h = (1, - )g ® h(-)

Mean embedding in the regression setting; tensor representation

Convex set for regression; tensor representation
Empirical convex set for regression; tensor representation

Centered covariance operator for regression; tensor representation

Capped response variable
Empirical mean embedding corresponding to Y (")

Covariance operator corresponding to Y ()
Kernel function used for simultaneous estimation
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