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Often, one wants to show that some random variable, or a set of
random variables, is close to its expected value (mean) with a high
probability. Results of this kind are called Concentration
Inequalities.

Theorem (Hoeffding's Inequality — 1963)
Let (P, X,Q) be a probability space, fi, ..., f, independent
random variables with the same expected value i and such that

aj<fi<bjforallj=1,...,n. Then, for any e > 0 we have
1 ¢ 2n?€?
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WassiLy HOEFFDING, Probability inequalities for sums of
bounded random variables, Journal of the American Statistical
Association 58 (1963), 13-30.



Theorem (Markov-Bienaymé-Chebyshev's Inequality)

Let (X;X; P) be a probability space, (B; || - ||) be a Banach space,
h: Rso — R a nondecreasing function, and let g: X — B be a
Borel measurable function. Then, for any § > 0, we have

1
P({x e X|llg(x)| = 6}) < ,@/Xh(\\g(X)H)dP(X)-

Proof. For any § > 0 let S5 := {x € X | ||g(x)|| > ¢} and observe
that, since g is Borel measurable it follows that S5 € X. Since h is
nondecreasing it is measurable and we have h(||g(x)|) > h(9) for

all x € S5. Then, since P is nonnegative, we have
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This inequality is mostly used when h(t) = tP for some
0 < p < 00. In particular, for p = 2, we get the following
Corollary

Let (X;X; P) be a probability space, (B;|| - ||) a Banach space, and
let g: X — B be a Borel measurable function. Then, for any
0 > 0, we have

PUx e X | g0 = 8 < 5 [ leCaPaPea. (1)

The classical Bienaymé-Chebyshev Inequality
1
P({x e X[ [f(x) - E(f)] 2 ka}) < 7.

is obtained from the previous corollary applied for B = R,

g(x) = f(x) — E(f), and ¢ = ko, for k > 0, where

E(f) = [y f(x)dx is the expected value of the random variable f
and 02 = E((f — E(f))?) = E(f2) — E(f)? > 0 is the variance of f.



Uniform Bounds for Functions Approximation

The Vapnik-Chervonenkis theory in statistical learning theory relies
on concentration inequalities such as Hoeffding's inequality to
bound the supremum distance between expected and empirical risk.

V.N. VAPNIK, Statistical Learning Theory. Adaptive and Learning
Systems for Signal Processing, Communications, and Control. A
Wiley-Interscience Publication. John Wiley & Sons, Inc., New
York, 1998.

V.N. VAPNIK, The Nature of Statistical Learning Theory, 2nd
ed., Springer, 2000.

V.N. VAPNIK, A.YA. CHERVONENKIS, Theory of Pattern

Recognition. Statistical Problems of Learning [Russian], lzdat.
"Nauka", Moscow, 1974.



The theory considers a data space X C R™ x R on which an
unknown probability distribution P is defined, a hypothesis set H
and a loss function V: H x X — R, such that one wishes to find
a hypothesis h € H that minimizes the expected risk

R[h] ::/XV(h,X)dP(X).

Since P is not known in general, instead of minimizing the
expected risk one usually minimizes the empirical risk

Rslil = = >~ V(hx)
i=1

over a finite set S = {x;}"_; C X of samples. Vapnik-Chervonenkis
theory measures the probability with which the maximum distance
between R and R falls below a given threshold.



Definition (Vapnik-Chervonenkis 1968, 1971, 1978)

The Vapnik-Chervonenkis (VC) dimension of H with respect to V
is the maximum cardinality of finite subsets Y C X that can be
shattered by H, i.e. for each Y/ C Y, thereexist he H, a € R
such that

Y ={xeY|V(hx)>a};
Y\Y ={xeY|V(hx)<a}.



Theorem (Vapnik, Chervonenkis 1991)
Suppose A < V/(h,x) < B for each h € H,x € X, the VC
dimension of H is d < oo, and let the sampling data

S ={xi1,...,xn} be selected according to the probability P. Then,
for any n € (0,1),

~ dlog 2" _ |og 1
P sup’R[h]—Rg[h]’ z(B—A)\/ %8 d °g4) <,
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or equivalently, for each § > 0,
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F. GirosIi, Approximation error bounds that use VC bounds, in
Proc. International Conference on Artificial Neural Networks, F.
Fogelman-Soulied and P. Gallinari (eds), pp. 295-302, Paris 1995.

F. Girosi has used this general result to bound the uniform distance
between integrals [ J(x,y)\(y)dy and sums of the form
150 L J(x,x), by reinterpreting H as RY, V as J and dP(y) as

R
i




Theorem (Girosi, [10 Proposition 2])

Let f: RT = R, f(x) = [ J(x,y) ( )dy where X € L}(RY) and
A<J(x,y)<B for each x,y € RY. Let h be the VC dimension of
{J(x, ") }xera- Then, with respect to the probability measure

P(E) = fE |/\(t | dt on RY, for each n € (0,1) we have

'

f—*zsgn DARVIERICED)

hlog 2 — log 7
4(B—A)||)\|L1\/ L] <n,

n

where the probability P is extended to the product probability on
(R9)", and S = {xi,...,x,} denotes an arbitrary sample in R?



M.A. Kon, L.A. RAPHAEL, Approximating functions in
reproducing kernel Hilbert spaces via statistical learning theory,
Wavelets and Splines: Athens 2005, pp. 271-286, Mod. Methods
Math., Nashboro Press, Brentwood, TN, 2006.

Kon and Raphael [10] then apply this methodology to obtain
uniform approximation bounds of functions in reproducing kernel
Hilbert spaces. They consider two cases where the Hilbert space is
dense in L?(R?) with a stronger norm, and where it is a closed
subspace with the same norm.



When K € L?(R? x R?) is a positive semidefinite kernel, K defines
a positive compact operator on L?(R9):

(Tkf)(x) = y fy)K(x,y)dy
for f € L2(R9). Then Ty admits a positive square root v/ Tk,
itself induced by a kernel VK € L2(R? x RY).

Recall that, given a Hilbert space G and letting B(G) denote the
collection of all linear bounded operators T: G — G, T is positive
if (Tg,g) >0 for all g € G, and then there exists uniquely another
positive operator B € B(G) such that B2 = T, for which we use
the notation T =: /T =: T2,

Also, T is compact if it can be approximated uniformly by finite
rank operators.



Proposition

Let K € L?(RY x RY) be positive semidefinite. Then the
reproducing kernel Hilbert space associated to K is

Hi = VT L2(RY), with (f, )3, = (VTk F. VT &)r2@a)
forf,g € Hk.

For some kernels, such as sinc, wavelet and spline kernels, H is a
closed subspace of L2(RY) and Tk is the projection to Hy, hence
equal to its square root.

For some other kernels, such as Gaussian or Laplace kernels, H is
instead dense in L?(R?) with a stronger norm.

We have the following bounds for the two cases, in which functions
in the RKHS are represented as integrals in different ways.



Theorem (Kon and Raphael [10, Theorem 4])

Let K € L2(RY x RY) be positive semidefinite such that H is
dense in L2(]R{d). Suppose there exist positive functions g and k
such that g € L2(RY), k is bounded away from 0, and

ess sup |———%
x,y€Rd

Let h be the VC dimension of{‘ﬁ) }XGRd Let f € Hg.



Theorem (Continued)

Then with respect to the probability measure

(VTx F)(x)g(x)
dP(x) = dx,
/ ) / [Varssarile

where (VTx ' f)g € LY(RY) by the Schwarz inequality since
VTk 'f,g € L2(RY),

U8 @(mm f))

k(x)
:/\(F (VTx F)ely)dy,




Theorem (Continued)

hence for any n > 0, n € N, setting
sen((VTi 1))

c(x) = 20 (v Tk f)g||L1 we have
1 n
pllilf—2 . X
. Zc(x,)ﬁ( , X7)
i=1 L>1/k
hlog@ log 7
> 4T||f|7-lK||g||L2\/ - 4

where ||f|| o 1k = || £]| 1o



Theorem (Kon and Raphael [10, Theorem 5])

Let K € L?(RY x RY) be positive semidefinite such that Hy is a
closed subspace of L?(RY) with the L?> norm. Suppose there exist
positive functions g and k such that g € L2(R9), k is bounded
away from 0, and

K(xy)

32
g(y)k(x)

ess sup
x,y€R

)=

Let h be the VC dimension of{ }XeRd Let f € H.



Theorem (continued)

Then with respect to the probability measure

/dP(X) :/f(x)g(x)dx

gl

where fg € L1(R?) by the Schwarz inequality since f,g € L2(R9),

) _ i X) = M
k(x) k(x)(TKf)( ) /g(y)k(x) f(y)e(y)dy,

hence for any n > 0, n € N, setting c(x) = Mﬂfgﬂu we have

g(x
P (

hlog 2" — log 1
247’|f||L2Hg||L2\/ h L] <

n

f— % > c(x)K(-x)

i=1

L 1/k




While these bounds guarantee uniform convergence in probability,
the approximating functions are not orthogonal projections of f nor
necessarily elements of a reproducing kernel Hilbert space, and
hence may not capture f exactly at (x;)7_; nor converge
monotonically. Furthermore, the fact that the norm is not a RKHS
norm means that derivatives of f may not be approximated in
general, since differentiation is not bounded with respect to the
uniform norm.



The Regularised Multiview Learning Problem

Let X be a nonempty set and W = {W, },cx be a bundle of
Hilbert spaces on X. In this section, it is not important whether
the Hilbert spaces are complex or real, hence all Hilbert spaces are
considered to be over the field I, that is either C or R. There is a
difference between the complex and the real case consisting in the
fact that in the latter case, for positive semidefiniteness we assume
also the symmetry, or Hermitian, property, while in the complex
case, the symmetry property is a consequence of the positive
semidefiniteness. If K is a positive semidefinite W-operator valued
kernel, we let Hk be its reproducing kernel Hilbert space, as in the
previous subsection.



Also, let Y = {)x}xex be a bundle of Hilbert spaces.

For I, u € N, consider input distinct points x1,...,Xx;4+, € X. Here
Xi,...,X; are the labeled input points while x;11, ..., X+, are the
unlabeled input points. More precisely, there are given yi1,...,y;

output points, such that y; € ), for all j =1,...,/. Then, for the
general data let

. I . / . i !
xi= ()L vy = )= 2= ()2 (1)j=1)-

Let W/*¥ denote the Hilbert space

I4u
I4+u
Wt = W, (2.1)
j=1

For f € Hy let

fi=(f(x1),...,f(x1y)) € WY (2.2)



Also, there is given a (Hermitian, if F = R) positive semidefinite
operator M € B(W/TY) represented as an operator block

(I 4 u) x (I 4 u)-matrix M = [M; «], with M; x € B(Wx,, W;) for
all j,k=1,...,/1+ u. Let V= {V,}xex be a bundle of maps, loss
functions, where Vi : ), x Y — R is a function, for all x € X.
Also, C = {Cx}xex is a bundle of bounded linear operators, where
Cx: Wy — Yy for all x € X. The general minimisation problem is

I
f z,y — argmlnfGHK / Z yJ’ CXJ f(XJ))—I_PyAHfH'HK—i_’W<f Mf>W/+“7
j=1

(2.3)
where v = (va,7/) and va4 > 0 and 7, > 0 are the regularisation
parameters. This is a localised version of the general vector valued
reproducing kernel Hilbert space for manifold regularised and
coregularised multiview learning.



It is also useful to introduce the map to be minimised

/
1
I(f) = 7 Z VXj(yj’ CXjf(XJ')) + VAHfH%{K + ’7/<f7 Mf>W’+“
j=1

and, since f(x) = K}f for all f € Hk and all x € X, it equals

i
1 Z .
7 prXJKx f)+PYAHfH%[K +7/<f7 Mf>W’+”7 (24)



Reproducing Kernel Hilbert Spaces

We briefly review some concepts and facts on reproducing kernel
Hilbert spaces, following classical texts such as:

N. ARONSZAJN, La théorie générale des noyaux reproduisants et
ses applications, Premiére Partie, Proc. Cambridge Philos. Soc.
39(1944), 133-153.

N. ARONSZAJN, Theory of reproducing kernels. Trans. Amer.
Math. Soc., 68(1950), 337-404.

L. SCHWARTZ, Sous espace Hilbertiens déspaces vectoriel
topologiques et noyaux associés (noyaux reproduisants), J. Analyse
Math. 13(1964), 115-256.

S. SAITOH, Y. SAWANO, Theory of Reproducing Kernels and
Applications, Springer, Singapore 2016.

V.I. PAULSEN, M. RAGHUPATHI, An Introduction to the Theory
of Reproducing Kernel Hilbert Spaces, Cambridge University Press,
Cambridge 2016.



Throughout this presentation we denote by F one of the
commutative fields R or C. For a nonempty set X let FX denote
the set of F-valued functions on X, forming an F-vector space
under pointwise addition and scalar multiplication. For each

p € X, the evaluation map at p is the linear functional

evp: FX = F; = f(p).

The evaluation maps equip FX with the locally convex topology of
pointwise convergence, which is the weakest topology on FX that
renders each evaluation map continuous. Under this topology, a
generalized sequence in FX converges if and only if it converges
pointwise, i.e. its image under each evaluation map converges.
Since each evaluation map is linear and hence the vector space
operations are continuous, this renders FX into a complete
Hausdorff locally convex space. With respect to this topology, if X
is a topological space, a map ¢: X — FX is continuous if and only
if evpo¢: X — F is continuous for all p € X.



We are interested in Hilbert spaces 7 C FX with topologies at
least as strong as the topology of pointwise convergence of FX, so
that the convergence of a sequence of functions in H implies that
the functions also converge pointwise. When X is a finite set,

FX = F9, where d is the number of elements of X, can itself be
made into a Hilbert space with a canonical inner product

(f.g) =2 _,ex f(p)g(p), or in general by an inner product
induced by a positive semidefinite d x d matrix. This leads to the
concept of reproducing kernel Hilbert spaces.

Recalling the F. Riesz's Theorem of representations of bounded
linear functionals on Hilbert spaces, if each ev, : H — F restricted
to H C FX is continuous, for each p € X, then there exists a
unique vector K, € H such that ev, = (-, K,). But, since each
vector in H is itself a function X — IF, these vectors altogether
define a map K: X x X = F, K(p, q) := Kq(p). Also, recall that
amap K: X x X — I is usually called a kernel.




Definition

Let H C FX be a Hilbert space, K: X x X — F a kernel. For each
p € X define K, := K(-,p) € FX. K is said to be a reproducing
kernel for 1, and H is then said to be a reproducing kernel Hilbert
space (RKHS), if, for each p € X, we have

(i) Kp € H;
(i) evp = (-, Kp), that is, for every f € H we have f(p) = (f, Kp).

The second property is referred to as the reproducing property of
the kernel K.

We may then summarize the last few paragraphs with the following
characterization.

Theorem
Let H C FX be a Hilbert space. The following assertions are
equivalent:

(i) The canonical injection iz;: H — FX is continuous.
(ii) For each p € X, the map ev,: H — F is continuous.

(iii) ‘H admits a reproducing kernel.



In that case, the reproducing kernel admitted by the Hilbert space
is unique, by the uniqueness of the Riesz representatives K, of the
evaluation maps. We may further apply the reproducing property
to each Ky to obtain that K(p, q) = (Kg, Kp) for each p, g € X,
yielding the following properties:

(i) For each p € X, K(p,p) = ||Kp||? > 0.

(ii) For each p,q € X, K(q,p) = K(p, q) and
[K(p, q)I> < K(p, P)K(g: q)- (3.1)
(iii) Foreach neN, (¢)7; € F", (pi)i_, € X",
ZZC’CJ (pis pj) —”ZC,K ||2>0
i=1 j=1

The property in (3.1) is the analogue of the Schwarz Inequality. As
a consequence of it, if K(p,p) = 0 for some p € X then
K(p,q) = K(q,p) =0 for all g € X.



Forany K: X x X = IF, each K, € FX so we may define the
subspace B
Hi :=span{K, | p € X}

of FX. If K is the reproducing kernel of a Hilbert space #, ﬁK is
also a subspace of H and

Hic ={f € H|Yp e X, f(p) = (f, K,) = 0} = {0},

therefore, 7:2;( is a dense subspace of H, equivalently, {Kp | pe X}
is a total set for .

The property at item (iii) is known as the positive semidefiniteness
property. A positive semidefinite kernel K is called definite if

K(p, p) # 0 for all p € X. Positive semidefiniteness is in fact
sufficient to characterize all reproducing kernels.

Theorem (Moore-Aronszajn)

Let K: X x X — F be a positive semidefinite kernel. Then there is
a unique Hilbert space Hx C FX with reproducing kernel K.



Let us briefly recall the construction of the Hilbert space H in the
proof. We first render Hx into a pre-Hilbert space satisfying the
reproducing property. Define on Hy the inner product

<Z ai Ko, Z ijﬂU)ﬁK = Z Z aiFJK(qjv pi)
i=1 =1

i=1 j=1

for any 377 aiKp, > biKg, € Hy. It is proven that the
definition is correct and prowdes indeed an inner product.

Let ’HK be the completion of H, then ’HK is a Hilbert space with
an isometric embedding ¢: HK — ’HK whose image is dense in
ﬁK. It is proven that this abstract completion can actually be
realized in FX and that it is the RKHS with reproducing kernel K
that we denote by Hg.



In applications, one of the most useful tool is the interplay between
reproducing kernels and orthonormal bases of the underlying
RKHSs. Although this fact holds in higher generality, we state it
for separable Hilbert spaces since, most of the time, this is the case
of interest.

Theorem
Let H C FX be a separable RKHS, with reproducing kernel K, and
let {¢n}n be an orthonormal basis of H. Then

K(p,q) =Y 6n(p)én(q), p.q€ X,
n=1

where the series converges absolutely pointwise.



We now recall a useful result on the construction of new RKHSs

and positive semidefinite kernels from existing ones. It also shows
that the concept of reproducing kernel Hilbert space is actually a
special case of the concept of operator range.

Theorem
Let H be a Hilbert space, ®: H — FX a continuous linear
operator. Then ®(H) C FX with the norm

Ifllo@e == min{llullz | ueH, f=du}

is a RKHS, unitarily isomorphic to (ker ®)*. The kernel for ®(H)
is then given by the map

(P, q) — (uq, up) = (evp o ®)(ug) = ®(ug)(p) where uq € H such
that evg o ® = (-, ug) on H.

Applying this proposition to particular continuous linear maps, one
obtains useful results for pullbacks, restrictions, sums, scaling, and
normalizations of kernels.



We now consider domains equipped with an additional topological
or differential structure and recall the relations between the
properties of the kernel with respect to this structure to properties
of the functions in the corresponding reproducing kernel Hilbert
space, e.g. see [15, Section 2.1.3]. Let H C FX be a RKHS, K its
corresponding kernel. Define

S X = H; pr—= K. (3.2)

Theorem (Boundedness of Kernel)

Let H C FX be a RKHS, K its corresponding kernel. Then K is
bounded iff ®x is bounded. In that case every function in ‘H is
bounded, and convergence in H implies uniform convergence.

Theorem (Continuity of Kernel)

Suppose X is a metric space, let H C FX be a RKHS, K its
corresponding kernel. Then K is (uniformly) continuous iff ® is
(uniformly) continuous. In that case every function in H is
(uniformly) continuous, and convergence in H implies uniform
convergence on compact sets.



Theorem (Differentiability of Kernel)

Suppose X C R is open, let H C FX be a RKHS, K its
corresponding kernel. Then for j =1,...,d, K is continuously
differentiable in the j®" component of both entries on X if and only
if ®x is continuously differentiable in the j*" component, i.e. the
limit

Kq+hej - Kq

Oq;Kq = Jim, h

exists and is continuous with respect to q € X, where (&), is

the canonical basis for RY. In that case, every function in H is
once continuously differentiable in the jth component, and we have
(0;f)(q) = (f,04,Kq) foreach f € H,q € X.

The jt partial derivatives of functions in H are contained in
another reproducing kernel Hilbert space O;H, with kernel 0, 0q; K,
such that the map 0;: H — O;jH is not only continuous but
non-expansive, and unitary if H does not contain any nonzero
function constant in the jth component.



The previous theorem has natural generalizations for functions of
class CX(X) for k > 1, and functions that are real or complex
analytic on X.



Example (A non-example)

The Banach space C[0, 1] has the property that for any x € [0, 1]
the evaluation functional ev,: C[0,1] — C is continuous and it is
dense in L2[0,1]. However, for any x € [0,1] the evaluation map
evy is not continuous with respect to the norm of L]0, 1].
Indeed, if 0 < x < 1 then letting

t—',: 0<t<x
f t = X n - N ’
n(1) {((%_i))n, x<t<1,

is a sequence of functions in CJ[0, 1] such that ev,(f,) = fp(x) =1
for all n > 1 but

Jim_ 12l 2[0,1) = O-

For x = 0 we can take f,(t) := (1 —t)"” and, for x = 1 we can take
fo(t) == t".

This shows that L2[0, 1] cannot have a structure of a RKHS on
[0,1].

In general, RKHS are quite different from L2-spaces.



Example (Uniform distribution on a compact interval)

Let (14j)jez € h(Z) be such that p; > 0 for all j € Z and denote
{1 =) ez 1j- For each j € Z define

¢J [—7'[',71'] - C) ¢J(t) = eiﬂ—jtu te [—7'[',71'],
and consider the Hilbert space
c
OIDIL RPN
JEZ JEZ K

with the inner product

d
O copd dig) = C:LJJ

JEz jez JEZ



Example

Then {,/[tj¢n}jcz is an orthonormal basis of # and, for an
arbitrary function f € H, we have the Fourier representation

F(t) =) qai(t), te[-mml, (4.1)

JEZ
with coefficients {¢;};cz subject to the condition
5l
11, = > L < o, (4.2)
JEZ ]

where the convergence of the series from (8.1) is at least
guaranteed with respect to the norm || - ||%.



Example

However, for any m € Ny and t € [—7, 7], by the Cauchy
inequality we have

12
Z lcioi(t)] < (Z @)1/2(2 Mj)l/2 —= 0,
i=m jizm i=m

hence the convergence in (8.1) is absolutely and uniformly on
[—7, 7], in particular f is continuous.



Example
By Theorem 16 H has the reproducing kernel

K(s,t)=> e =3 "1igi(s)g;(t),  (43)

JEL JEZ

and the convergence of the series is guaranteed at least pointwise.
In addition, for any t € [—m, 7] we have

K(t,t) =D w0 =D wy=p

JEZ JEZL

and hence the kernel K is bounded. In particular, this implies that,
actually, the series in (8.3) converges absolutely and uniformly on
[—, 7], hence the kernel K is continuous on [—m, 7| X [—7, 7).
That is, K(s, t) is given by k(s — t) where k: R — C is a
continuous function with period 27 whose Fourier coefficients
(1j)jez are all positive and absolutely summable.



Example (The Hardy space H?*(ID))

We consider the open unit disc in the complex plane
D={zeC||z| <1} and the Szegd kernel

K(ng): ljzé_:zzngnu Z)CEID)a (44)
n=0

where the series converges absolutely and uniformly on any
compact subset of . The RKHS associated to K is the Hardy
space H?(ID) of all functions f: D — C that are holomorphic in I
with power series expansion

f(z) =) fz", (4.5)
n=0

such that the coefficients sequence () is in ¢2(Np).



Example
The inner product in H2(D) is

Z fz Zgnzn> = Z an,
n=0

n=0

with norm
IIZ:fZ"H2 Z!f 2.

For each ¢ € D we have

S 1
K-l = <2n 1/2: ’
Il = (1<) 7

hence the kernel K is unbounded.



Example (The Hardy Space H?(D"))

Given n € N, we let j = (ji1,...,jn) € N§ be a multi-index and, for
z=(z1,...,2,) €EC" we set 2/ := z{l .- Zl". A power series in n
variables is a formal expression

flz2) =) a7, (4.6)
JEN]

where a; € C for all j € Nj.
The Hardy space H?(D") is the set of all power series f as in (4.6),

where z € D" and
2
> lajf* < +o0,
JEN
hence the power series converges absolutely and uniformly on any

compact subset in D7 and defines an analytic function in D”.
H?(D") is a RKHS and its kernel is given by

. n 1
K(¢,w) = ZWJCJ:HW7 ¢,weDbD"

jeNn k=1



Examples

Example (Paley-Wiener spaces and kernels)

Let M > 0. The Paley-Wiener space with bandwidth M is defined

as
My = {f € 12(R) | f € L2[-M, M]},

where f is the Fourier transform of f, is a closed subspace of
L2(R), and a RKHS with the kernel

1 M.
Km(x,y) == M/Me‘“(x_” dw

1 eiM(x—y) _ o—iM(x—y) \/E .
= Von ix—y) = ;Msmc(M(x -vy))

by the unitarity of the Fourier transform, where sinc(x) := % for
x € R\ {0} and sinc(0) = 1.




Example

For M’ > M, Hpy contains Hp, as a closed subspace. By the
properties of the Fourier transform and the fact that

f_MM |w|? dw < oo, derivatives of functions in H, are also
contained in H .

By the well-known Shannon-Nyquist sampling theorem,
(KM,nr/M)nez is an orthogonal basis for H . This is usually
shown by noting the convergence of the Fourier series on
L2[-M, M]. We then have the Whittaker-Shannon interpolation
formula, actually dating back to Emile Borel:

(t,nT)
~ Y f(n /T—TT anr)s.nc( ”T>
7T/T

nezZ

for f € Hy, t e Rand T < w/M. That is, a signal of bandwidth
M can be interpolated exactly from samples of frequency at least
2M.



Example (Sobolev spaces)

Recall that, given an interval / in R, a function f: /| - R (or C) is
called absolutely continuous if, for any € > 0 there exists 6 > 0
such that whenever a finite sequence of pairwise disjoint
subintervals (x, yx), k =1,...,n has

> (v —xi) <6,
k=1

then

D 1F ) = F(x)l < e
k

The collection of all absolutely continuous functions on [ is
denoted by AC(/).



Example

The following conditions on a function f on a compact interval
[a, b] are equivalent:

(1) f is absolutely continuous;

(2) f has a derivative f’ almost everywhere, the derivative is
Lebesgue integrable, and

f(x) = f(a) +/ f'(t) dt, x € [a,b];
a
(3) there exists a Lebesgue integrable function g on [a, b] such that

f(x) =f(a) +/Xg(t) dt, x € [a,b].

If these equivalent conditions are satisfied then necessarily g = '
almost everywhere.

Equivalence between (1) and (3) is known as the fundamental
theorem of Lebesgue integral calculus, due to Lebesgue.



Example

e The sum and difference of two absolutely continuous functions
are also absolutely continuous. If the two functions are defined on
a bounded closed interval, then their product is also absolutely
continuous.

o If an absolutely continuous function is defined on a bounded
closed interval and is nowhere zero then its reciprocal is absolutely
continuous.

e Every absolutely continuous function is uniformly continuous
and, therefore, continuous. Every Lipschitz-continuous function is
absolutely continuous.

e If f: [a,b] — R is absolutely continuous, then it is of bounded
variation on [a, b].



Example

e If f: [a, b] — R is absolutely continuous, then it can be written
as the difference of two monotonic nondecreasing absolutely
continuous functions on [a, b].

e If f: [a,b] — R is absolutely continuous, then it has the Luzin N
property, that is, for any Lebesgue negligeable L C [a, b] the set
f(L) is Lebesgue negligeable.

e f: | — R is absolutely continuous if and only if it is continuous,
is of bounded variation and has the Luzin N property.



Example

Let H be the set of all absolutely continuous functions

f:[0,1] — R such that its derivative f’ € L?[0,1] and

f(0) = f(1) = 0. Then H is a vector space of functions on [0, 1]
that is a Hilbert space with respect to the inner product

1
(f,g) ::/0 f'(t)g'(t)dt, f,geH,

and such that, for every x € [0, 1] the evaluation functional evy is
bounded with |levy|| < +/x. This follows, e.g. by observing that,
forany0<x<1landanyfeH,

X 1
f(x) = /0 (1) dt = /0 F1(0)x0.(2) dt,

hence

el ( 1 F(epar) v (/ 1 oy Y Ul



Example

In order to find the reproducing kernel K of H, for arbitrary f € H
and x € [0, 1], by integration by parts,

1
f(x)=(f,Ky) :/0 f(t)KL(t)dt
1

= om0 - [ rorioar=- [ oo

0

0

thus, K is the Green function of the Laplacian with Dirichlet
bounday conditions, that is, the solution of the boundary value
problem

—K{(t) = 0x(t),  Ki(0) = Ki(1) =0,

where Jx is the formal Dirac function, which yields

(1—x)t, 0<t<x<I1,
(1-t)x, 0<x<t<L

Ki(t) = K(t,x) = {



Example
Then,

1-— t
K() = { oo

—X, t>Xa

hence K is differentiable except at x (hence almost everywhere)
and is equal to the integral of its derivative, hence absolutely
continuous, Ky(0) = Ky(1) =0, and K], is square-integrable, hence
K« € H.

Also, for f € H, we have

1

(f, Ky) = f(t)KL(t)dt

X

J
)

f'(£)(1 — x)dt + /1 f'(t) (—x)dt

X

= (F(x) = F(0))(1 = x) = x(F(1) - f(x)) = f(x),

hence K is the reproducing kernel of H. Also,
leva|l? = ||Kx||? = K(x,x) = x(1 — x), hence |evy|| = /x(1 — x).



Integration of RKHS-Valued Functions

Let (£;] - ||) be a (real or complex) Banach space and (X, %, i) a
finite measure space. On &£ we consider the Borel o-algebra
denoted by B(E). A map f: X — & is called measurable if

f~1(S) € T for all S € B(£) and it is called strongly measurable if
it is measurable and its range f(X) is separable. If £ is a separable
Banach space then the concepts coincide. Both sets of measurable
functions, respectively strongly measurable functions, are vector
spaces.



A map ¢: X — & is simple if it is measurable and its range ¢(X) is

finite, equivalently, there exist by,...,b, € £ and E;,...,Ep, € X
such that .
b= biXE, (51)
k=1

where we denote, as usually, by x4 the characteristic (or indicator)
function of A.

It is proven that, a function f: X — B is strongly measurable if

and only if there exists a sequence of simple functions (¢,), such

that ¢, — f pointwise on X. In addition, in this case, the sequence
n

(¢n)n can be chosen such that ||¢,(x)| < ||f(x)]| for all x € X.



A function f: X — &£ is Bochner integrable if it is strongly
measurable and the scalar function X 3 x — [|f(x)]| € R is
integrable. In this case, the Bochner integral of f is defined as
follows. Firstly, for a Bochner integrable function ¢ as in (5.1), it
is proven that u(Eyx) < oo for all k =1,...,n and then, its
Bochner integral is defined by

[ 60 an =3 i) < €.
X k=1

In general, if f is Bochner integrable, then there exists a sequence
of simple functions (¢,), that converges pointwise to f on X and
lon(X) Il < || f(x)]| for all x € X and all n € N. In this case, it can
be proven that the sequence ( [y ¢n(x)dp(x))n is Cauchy in &,
hence it has a limit and we define

/X F(x) dp(x) = lim /X () ().

It can be proven that this definition is correct, that is, it does not
depend on the sequence (¢n)n-



Bochner integrable functions share many properties with
scalar-valued integrable functions, but not all. For example, the
collection of all Bochner integrable functions make a vector space
and, for any Bochner integrable function f we have

o

Also, letting L1(X; u; £) denote the collection of all equivalence
classes of Bochner integrable functions, identified p-almost
everywhere, this is a Banach space with norm

)| < [ 17 anto. (5.2)

Hf||1:=/XHf(X)Hdu(X)a fel'(Xiwé).

In addition, the Dominated Convergence Theorem holds for the
Bochner integral as well, e.g. see [3, Theorem E.6].



We will use the following result, which is a special case of a
theorem of E. Hille, e.g. see [5, Theorem 111.2.6]. In Hille's
Theorem, the linear transformation is supposed to be only closed
and, consequently, additional assumptions are needed, so we
provide a proof for the special case of bounded linear operators for
the reader’s convenience.

Theorem

Let £ be a Banach space, (X, ) a measure space, and f: X — &
a Bochner integrable function. If L: £ — F is a continuous linear
transformation between Banach spaces, then Lo f: X — F is
Bochner integrable and

/ (Lo F)(x)du(x) = L / F(x) du(x).
X X



Proof. Since f is Bochner integrable, there exists a sequence (¢,)n
of simple functions that converges pointwise to f on X and
lon(X)|I < [[f(x)]| for all x € X and all n € N. Then,

[1Lon(x)=LE()| = [IL(@n(x)=F O < [ILIlI@n()=F ()] = 0, x € X
hence the sequence (L o ¢,), converges pointwise to L o f. Also, it
is easy to see that L o ¢, is a simple function for all n € N. These

show that Lo f is strongly measurable. Since ||Lf(x)| < ||L[[|If(x)]]
for all x € X and f is Bochner integrable, it follows that

/ ILFG ] du(x) < 1L / 1 dpa(x) < oo,
X X

hence L o f is Bochner integrable.



On the other hand,
ILon (NN < [[LIH[@n GOl < MILIFGON,  x € X, n €N,

hence, by the Dominated Convergence Theorem for the Bochner
integral, it follows that

/XLf(x)dM(x): lim /Lgb,,(x) (x) = lim L/ dn(x) dpa(x

n—o0 X

~ Llim /X n(x) dpu(x) = L /X o) du(x). O



A direct consequence of this fact is a sufficient condition for when
a pointwise integral coincides with the Bochner integral, valid not
only for RKHSs but also for Banach spaces of functions on which
evaluation maps at any point are continuous, e.g. C(Y’) for some
compact Hausdorff space Y.

Proposition

Let (X, X, ) be a measure space, B C FX a Banach space of
functions on X such that all evaluation maps on B are continuous.
Let \: X x X — IF be such that for each g € X we have

Ag =M, q) € B.

If, for each q € X, the map X > q — \q € B is Bochner
integrable, then the scalar map X > q — \(p, q) € F is integrable,
for each fixed p € X.

Moreover, in that case, the pointwise integral map

X3 pr [ Mp,q)du(q) lies in B and coincides with the
Bochner integral [, Aqdju(q).



Proof. Since, for each g € X, the map

X 3 qg+— ¢(q) := X, q) € B is Bochner integrable, and taking
into account that, for all p € X, the linear functional ev, is
continuous, by Theorem 38 we have

o | (a)an(@) = | evpo () du(a).
X X

Since ev, 0 ¢(q) = A(p, q) for all p,q € X, this means that the
scalar map X 3 g — A(p, q) € F is integrable, for each fixed
p € X, and

o [ o(a)an(@) = [ Np.a)dula), pe X,
X X

hence, the pointwise integral map X 3 p — [, A(p, q) duu(q) lies in
B and coincides with the Bochner integral [, Aqdu(q). O



Convergence of Discrete Sampling in RKHSs

Let (H, K) be a separable RKHS over a set X. Given f € H and
fixed (x,-),N:1 € X, the problem of finding the optimal
(WN(F)V, € F to minimize ||f — SN wN(F) Ky ||7 is

straightforward: S°N . wNV(f)K,, is the orthogonal projection of f
to span{K; } ..

We may assume without loss of generality that {K, }, are
linearly independent, by removing points as necessary without
affecting span{K, }"¥; (or losing any information about f, since
Z,I'V:1 ¢iKy, = 0 implies Z,N:1 Cif(x;) = 0 by the reproducing
property).



Proposition

Let (x;))¥., € X such that {K,,}!_; are linearly independent,
consider the finite-dimensional subspace H! := span{K,.}., of
H. Then the orthogonal projection ¥ of H onto HY is given by

N

N N N N
T (F) =D Wi (K =D ) FO)MKg =)D (F, Kg)T K,

i=1 i=1 j=1 i=1 j=1

for any f € H, where TN € My(F) is the inverse of the Gram

. N N
matrix GN = [K(xj, xi)]i =1 = [(Ks, KXj>]’.J:1 of {x1,...,xn}.
More generally, iz"{KX,.},’-V:1 are not linearly independent, for any
subset s = (x,-j)jK:1 such that {KXU},Nzl form a basis for HY, we

have HIY = HK and



Proof. Let f € H, then 7 (f) € HY so there exist unique
(WI(F))N, € F such that 7V () = SN w7 (F) K.

(w (f))N_; can then be solved by noting that f — 7(f) LHY i.e
f—ﬂ)/}’(f)J_Kj foreach j=1,...,N:

N
0= <f - 7T>I<V(f)7 KXj> = <f7 KXj> - Zw?(foXiv KXj>
i=1

N
= ) = YT (NG}

thus, since {K, }V, are linearly independent and G" is invertible,
foreachi=1,...,N

N N

N
Wr(f) = sz(f)ak,- = ZZ (FGYTH Z fO)rY. O
k=1

k=1 j=1



We now follow Saitoh and Sawano [15, 2.4.4] in showing the
strong convergence of 7 to the identity map as N — oo for
appropriately chosen (x;)%°;.

Since H is separable, there exists a countable subset of {Kj},cx
which is total in H; thus, there exists a countable set F C X such
that span{ K, }xcF is dense in H.

This motivates the following definition:

Definition

A countable subset {x;}%°, of X is called a uniqueness set for H if
{K\;}72, is a total set in H, i.e. forall f € H, f(x;)) =0VieN
implies f = 0.



Theorem (Ultimate realization of RKHSs, [15, Theorem 2.33])

Let (H,K) be a RKHS on X, {x;}?2, a uniqueness set such that
{KX,} ©. s I/near/y independent, GN the Gram matrix for {x;}I_,,
= (GN)=1. Then for each f € H,

N N
: N
Nlinoo g E Foa)Tj Ky =
i=1 j=1

under the topology of H, with distance decreasing monotonically.
Consequently,

N N -
(f.g) = lim > > FOx)Mje(y)

i=1 j=1

for f,g € H, and

f(x) = (f. K) = fim_ ZZf(x, T K (x, ;)

i=1 j=1



Proof. Since each 7V, being a projection, is a continuous linear
operator with operator norm 1, and span{Kj;}?°, is dense in #,
showing limy_,0o TV f = f for £ € span{K,, }32, is sufficient.

But for each f € span{Kj, }%2,, since f is a linear combination of

finitely many K,s, there exists N¢ € N such that f € span{KX,}I’.V:f

Then for each N > N, mlVf = £, so limy_oo TN F = £.

1-
O



Corollary

Let {x;}2, be a un/queness set for (H, K), {yi}?°, a sequence in
F. Suppose {y;}°, satisfies

supZZy,ruyj < 00.

NeN i i

Then there exists (unique) F € H such that F(x;) = y; Vi € N.



Proof. Define for each N € N
N
v =Y yilKg € H.
i=1
Then

N N
Il = G ) = Dyl < sup Sy} < o0
=1 =1

so (fny)n is a bounded sequence in H. Then by the Banach-Alaoglu
theorem, it has a weakly convergent subsequence (fy, )«-



Let F € H be the weak limit of (fy, )k, i € N. Then there exists
ki € N such that i < Ny for every k > k;. In that case,

N

NN
) (x7) ZZY/F/J X”Xj)ZZY/Z”}IGJI;VZZ)//&;:M-

I=1j=1 =1 j=1 =1

(fn,)

That is, (f,, Ky;) = yi for each k > k;j. Then by the weak
convergence of (fy, )k to F,

F(X,') = <F, KX,'> = kli—>moo<ka’ KX,.> =Y. ]



Main Results

Throughout this section we consider a probability measure space
(X;Z; P) and a RKHS (H; (-,-)) in FX, with norm denoted by

|| - ||, such that its reproducing kernel K is measurable. In addition,
throughout this section, the reproducing kernel Hilbert space H is
supposed to be separable.

Definition
On the measurable space (X; X) we define the measure Pk by

dPk(x) = K(x,x)dP(x), xe€X;

more precisely, Pk is the absolutely continuous measure with
respect to P such that the function X 5 x — K(x, x) is the
Radon-Nikodym derivative of Pk with respect to P.



With respect to the measure space (X; X; Pk) we consider the
Hilbert space L?(X; Pk) and first obtain a natural bounded linear
operator mapping L?(X; Pk) to H.

Proposition

With notation and assumptions as before, let \: X — F be a
measurable function such that the integral [, |A(x)|? dPk(x) is
finite. Then the Bochner integral

/ A(x)Kx dP(x)
X

exists in H.
In addition, the mapping

L2(X; Pic) 3 A s Lp i\ i= / MK dP(x) € H,  (7.1)
X

is a nonexpansive, hence bounded, linear operator.



Proof. By assumptions, the map X 3 x — A(x)Kx € H is
measurable and, since H is separable, it follows that this map is
actually strongly measurable. Letting || - || denote the norm on #H
and using the assumption that [y [A(x)[2K(x,x) dP(x) is finite,
we have

/||)\(X)KXszP(x):/ IAG)2K (x, ) dP(x) < o0
X X

hence, by the Schwarz Inequality and taking into account that P is
a probability measure, we have

/nA Ko | AP (x \//M Ky 2 dP(x) <

By Theorem 38 this implies that the Bochner integral

Jx A(x)Ki dP(x) exists in 7. Consequently, the mapping Lp k as
in (7.1) is correctly defined and it is clear that it is a linear
transformation.




For arbitrary A € L?(X; Pk), by the triangle inequality for the
Bochner integral (5.2) we then have

| < (f M(X)KdeP(x)>2

_ < /X |>\(x)|K(x,X)1/2dP(X)>2

/ MK dP(x)
X

and applying the Schwarz Inequality for the integral and taking
into account that P is a probability measure

< /X AKIPK (%) dP(x) = [N 2oy

hence Lp k : L2(X; Pk) — H is a nonexpansive linear operator. []



Using the bounded linear operator Lp i defined as in (7.1), let us
denote its range by

HP = LP7K(L2(X; PK)), (72)

which is a subspace of the RKHS #.

Proposition

Hp is a RKHS contained in 1, hence in FX, and its reproducing
kernel Kp is

Kp(x,y):/xK(X;’:()Z}fz()z’y)dP(z)7 x,y € X,

where, whenever K(z,z) = 0, by convention we define
K(x,z)K(z,y)/K(z,z) =0 for all x,y € X.



Proof. Since L?(X; Px) is a Hilbert space and Lp k is a bounded
linear map, by Theorem 17 it follows that Hp is a RKHS in FX,
isometrically isomorphic to the orthogonal complement of
ker Lp x C L?(X; Pk), and its norm is given by

g3, == min {IMli2x;p) | LekA =8}, &€ Hp.

Let
Xo :={x € X | K(x,x) =0},

and let us define uy: X — F by

K(y.x) X\ X
ux(y) ::{K(M)’ y € XA\ X%,

0, y € Xo.

From the Schwarz Inequality for the kernel K, it follows that if
x € Xp then K(x,y) =0 for all y € X. This shows that u, = 0 for
all x € Xo.



For each x € X, by the Schwarz inequality and the fact that P is a
probability measure we have

2 _ |K(y,x)I?
/Xux(y)\ K(y,y)dP(y)—/X\X0 Kiy) dP(y)

K(y,y)K(x;x)
= /X\Xo K(y,y) 4Ply)

= K(x, x)P(X \ Xp) < o0,

hence, uy € L?(X, Pk). Then, taking into account that
K(x,y) =0 for all y € Xp and all x € X, it follows that, for each
A € L2(X, Pk) and x € X, we have

(LpkA)(x) = /

A(Y)K(x.y) dP(y) = / AY)K (x.y) dP(y)
X

X\Xo

_ K(y,x)
= /X\XO Ay) K(y’y)K(y,y)dP(y)

- /X AV BOIK(Y. ¥) dP(y) = (A i) 2x.pr)-



In conclusion, uy is exactly the representative for the functional
ev,Lp i so, by Theorem 17 the kernel of Hp is

Kp(x,y) = <Uy7 UX>L2(X,PK)

_ / uy(2)ux(2)K (2, 2) dP(z2)
X

— / uy(z)mK(z,z) dP(z)
X\ Xo

and, using the convention that K(x,z)K(z,y)/K(z,z) =0
whenever K(z,z) = 0 and for arbitrary x,y € X,

_ [ Kx2)K(z.y) (b,
_/X K2 dP(z). O



The first step in our enterprise is to find error bounds for
approximations of functions in the reproducing kernel Hilbert space
‘H in terms of distributional finite linear combinations of functions
of type K.

Theorem
With notation and assumptions as before, let A € L?(X; Px) and
f € H. Foreach n € N and § > 0, consider the set

An75::{(X1,... )EX”|Hf—fZ)\x, KX’HH>5}'

Then, letting P" denote the product probability measure on X"
and defining the bounded linear operator Lp k as in (7.1), we have

. 1 1
P (Ans) = 5 If = Lk All3, + 52 (H)‘H%?(X;PK) - ||LP,K>\||72Lz>-

Compare with Theorem 8 and Theorem 11 of Kon-Raphael.



Proof. By Proposition 45, the Bochner integral [, A\(x)Ky dP(x)
exists in H and the linear operator Lp  is well-defined and
bounded. In order to simplify the notation, considering

g: X" — H the function defined by

1 n
cxn) = — = SO K xp) € X
O R D QLR

observe that g is measurable and for each § > 0 we have
An,(s = {(le e 7Xn) € Xn | ”g(X1> e 7Xn)|| Z 5} . (74)

Then we have

2 _ _l . . 2
||g(X17"'>Xn)|| _Hf n;A(XI)KXfH

AP - 2 Relf MK (79)

i=1

£ SR MK

i=1 j=1



Having in mind the Markov-Bienaymé-Chebyshev Inequality as in
(1.1), we have to integrate ||g||? with respect to the probability
product measure P”.

Since P" is a probability measure we have

/Xn £ AP (x1, ..., x,) = ||F||2.

On the other hand, by Fubini's theorem and the fact that the
Bochner integral commutes with continuous linear operations, see
Theorem 38, we have

Re(f, A\(xij)Kyx;) AP (x1, ..., xn) = Re(f, [ Axi)Kyx, dP"(x1,...,Xn)

Xn xn
= Re(f,/x)\(x)KX dP(x))
= Re(f, LP,K)\>'



Also, for each i =1,..., n,
/Xn()\(x,-)KX,,)\(x,-)KX,.>dP”(x1 ..... Xn)
_/Xn ING)PK (i, 1) AP (s - - - x0)
= [ NOPK (0 dP(x),

and, foreach i,j =1,..., n, i #j,

/X A AR 4P, x0)

= [0k [ A aPCs)) 4P(x)

/)\ KdP /)\ KdP
—H/ ) K dP()|.



Integrating both sides of (7.5) and using all the previous equalities,
we therefore have

/Hg(xl,... WP AP (x4, . .., Xn —||f\2—ZRef/ x)Ky dP
3D S BB ||2+22/|A 2K (xx) ¢

i=1i#j=1

= ||f\2—2Re<f,/ M(X) Ky dP(x x) Ky dP(x)||?
X

1 / AP K(x,x)dP(x)

= Hf_/xM YKy dP(x (/ IM(x)]2K(x, x) dP(x) —H/)\(x

=1 = Lewhl? + /X ACORK(xx) PG ~ LA ).




Finally, in view of the Markov-Bienaymé-Chebyshev Inequality as in
(1.1), when X is replaced by X" and P by P", and taking into
account the previous equality and (7.4), we get

n 1 n

P(Ans) < 55 [ et xn) 24P e x)
S TP PR\ S TPV Lp kAl
—57\\ —Lp kAl +n52 | ”L2(X;PK)_” P ),

which is the required inequality. O



As with the special case of kernel embeddings, for which A =1,
see Smola et al. [17], we may use the bound in Theorem 47 to
obtain a statement of convergence in probability.

Theorem (Convergence in Probability of Projections)

Let X, P, K, and ‘H be as in Theorem 47. For each sequence

x = (x;);i € XY and each n € N, let 7 denote the orthogonal
projection of H onto span{K }7_;. Let f € H and, for each 6 > 0
and n € N, define

Bns :={(x1,...,xa) € X" | || —7(f|| > d}.



Theorem
Then, for each § > 0

1
limsup P"(Bns) < < du(f, Hp)?,

n—oo 52

where dy(f, Hp) = infgen, ||f — gl

In particular, if f belongs to Hp't the closure of Hp with respect
to the topology of H, then

lim P"(B,s) =0.

n—o0



Proof. Let \ € L?(X, Px) and fix § > 0, arbitrary. Then

1 n
F— =3 A(x) Ky
=S A

i=1

If —mifl < ; (7.6)

hence, with notation as in (7.3), we have B, 5 C A, ;5. By Theorem
47, this implies

. 1 1
P"(Bns) < 55 IIf = LescAl? + =55 [ IA I, — ILP ]
Therefore,
. n : 1
limsup P"(B,5) < limsup {62 IIf —Lp K)‘HH <||)\HL2(X Py~ IILP,
n—oo n—oo

1
=5 If — Lp kAll3,-
Thus, since the left-hand side is independent of A,

limsup P"(Bps) <

1
I = Lpk A3, = < du(f, Hp)?
n—o00 T )\ELzl(nX,PK) 52 H P.K ||H 52 H( 7HP)

In particular, if f belongs to ’HipH, then dy(f,Hp) = 0. U



In fact, by noting that ||f — xf||, unlike ||f — 1 S°7 | A(x)K,]|, is
monotonically nonincreasing with respect to n by Theorem 42, we
can strengthen the preceding statement to almost certain
convergence after passing to a single measure space.

Firstly, recall that, e.g. see [3, Proposition 10.6.1], the countably
infinite product space XY equipped with the smallest o-algebra
rendering each projection map X;: X~ — X measurable admits a
unique probability measure PN such that the projection maps are
independent random variables with distribution P.




Lemma
Let X, P, K, and H be as in Theorem 47 and f € H. For each
0 > 0 define

Sng = {x = (a)ity € XN |If = mif| 20}, neN,
and
S5 = {x = ()22, € XV YN €N, 3n > N, ||f — nf|| > 5}

(7.7)

- Usw

NeNn>N
Then,
PU(S5) < mhlF. HpY,
and, consequently, if f € HipH, then

PN(Ss5) = 0.



Proof. Observe that for each n, m € N such that n > m,
|f —72f|| < ||f — 7f]|, for each x € X, and hence S, 5 C Spm.s
for each § > 0. Then,

Ss=1) U Sws=1[) Sns

NeNn>N NeN

hence, for any \ € L?(X, Pk),
1
N - N 2
PY(Ss5) < ,\I/r&P (Sns) < ﬁHf — L.k Al

since PN is monotone and S5 C Sn,s for all N € N. O



Theorem (Almost Certain Convergence of Projections)

Let X, P, K, H be as in Theorem 47 and suppose Hp is dense in
‘H. Then, for each f € H,

PU({xe XM mf > r}) =1,

n

hence,
PN ({x e XN | Vf e H, mlf — f}) —1.



Proof. Let f € H. With the same sets S5 defined in (7.7),

{xeXN\w;’fﬁf}:{xeXN\EI5>0,VNEN,3n2N,Hf—7er||;

=S

Observe further that S5 C S5+ whenever § > ¢', and for each § > 0
there exists m € N such that § > 1/m, so that

{XEXN\W;’;‘Z’@I‘}Z U Ss = U St/m
0<6<1 meN

thus

pN ({x e XV | nif o f}) <3 PYSym =Y 0=0.

meN meN



Since H is separable let D be a countable dense subset of H.
Since each 77 is a continuous linear operator with operator norm
1, wlf — f for all f € H iff 7f — f for all f € D. Thus by the
countable subadditivity of P,

pN ({XEXN |3 € H, mf f})
= pN ({xexN | 3f € D, mif A f})

:PN<U{XGXNWQf7nL>f}>

feD

SZPN({XEXN]w;’fﬁf})zo.

feD



In summary, for a given probability measure P under the
assumption that it renders the space Hp, the image of Lp k, dense
in H, a sequence of points sampled independently from P yields a
uniqueness set with probability 1.

As a final result, in the next proposition we show a sufficient
condition, valid for many applications, when this assumption holds.

Proposition

Let X be a topological space, P a Borel probability measure on X,
H C FX a RKHS with measurable kernel K, and let Pk, Lp k and
Hp defined as in Definition 44, (7.1), and (7.2), respectively.
Suppose that K is continuous on X, that H C L?(X; Px), and
that P is strictly positive on any nonempty open subset of X.
Then Hp is dense in H.



Proof. Let f € H, f L. Hp. That is, for each \ € L2(X; Pk), we
have

(FoLosNn = (F, [ MK dP(x) =

Then noting the fact that [ A(x)K dP(x) is a Bochner integral
and hence, by Theorem 38, it commutes with inner products,

Oz(f,/x)\(x)KXdP(x»:/X)\(y)(f, KX>dP(x):/)\(x)f(x)dP(x).

By assumption, f € H C L?(X; Pk), so we can take A\ = f to
obtain

NERECE /X 07 () dP(x) = 0.

This implies that f = 0 P-almost everywhere, i.e. the set

f~1(F \ {0}) has zero P measure.

Since K is continuous by assumption, by Theorem 19 each f € H is
continuous hence f~1(IF \ {0}) is an open subset of X. But, since
P is assumed strictly positive on any nonempty open set, it follows
that £~1(F \ {0}) must be empty, hence f = 0 identically. O]



Example: Uniform distribution on a compact interval

Let (1j)jez € h(Z) be such that pj > 0 for all j € Z and denote
W=D ez 1tj- For each j € Z define

¢j: [-m, 1) = C,  &(t) =™, te[-m, 7]
and consider the Hilbert space
_ ‘CJ’
H=q> ol Z )
JEZ JEZ
with the inner product

T
O cond dig) =) CLJJ

JEZ JEZ. JEz



Then {,/5j¢;}jcz is an orthonormal basis of H and, for an
arbitrary function f € H, we have the Fourier representation

t)=> c¢i(t), tel[-m7], (8.1)

JEZL

with coefficients {¢;};cz subject to the condition

c 2
Il = | J‘ o, (8.2)

JEZ

where the convergence of the series from (8.1) is at least
guaranteed with respect to the norm || - ;. However, for any
m € Ny and t € [—7, 7], by the Cauchy inequality we have

12
lGidi(t)] < ( Lj'_ VST )P ——,
M m—o0
lj|>m jl>m j|>m

hence the convergence in (8.1) is absolutely and uniformly on
[—7, 7], in particular f is continuous.



By (??) H has the reproducing kernel

K(S, t) = Zujeiwj(s—t) = Z/Lj(bj(s)W? (83)

J€Z jez

and the convergence of the series is guaranteed at least pointwise.
In addition, for any t € [—m, 7] we have

K(t,t) =Y milo () =D = n,

JET Jez

and hence the kernel K is bounded. In particular, this implies that,
actually, the series in (8.3) converges absolutely and uniformly on
[, ], hence the kernel K is continuous on [—m, 7] X [—m,7].
That is, K(s, t) is given by k(s — t) where k: R - C is a
continuous function with period 27 whose Fourier coefficients
(1j)jez are all positive and absolutely summable.



Let P be the normalized Lebesgue measure on [—7, 7],
equivalently, the uniform probability distribution on [—7, 7], and
observe that {¢;};cz is an orthonormal basis of the Hilbert space
Lp[—m,7]. With notation as in (??), we have

dPk(t) = K(t,t)dP(t) = pdP(t) hence L%;K[—ﬂ',ﬂ'] = L3[-, 7]
with norms differing by multiplication with g > 0. In particular,
{¢;/\/It}jez is an orthonormal basis of the Hilbert space
L%K[—W,w].



We consider now the nonexpansive operator
Lpk: LIQDK[—W,W] — H defined as in (7.1). Then, for any j € Z
and t € [—m, 7], we have

(Lrwti)t) = [ oK) P = [ o09) (Z ukask(t)m) c

kEZ

= 1koi(t) _ﬁ ¢i(s)pi(s) AP(s) = > _ i (t)dj = pj

keZ m keZ

where, the series commutes with the integral either by the Bounded
Convergence Theorem for the Lebesgue integral, or by using the
uniform convergence of the series and the Riemann integral.



Similarly, the Hilbert space Hp := LP’K(L%K[—TF,TF]), as in
Proposition 46, is a RKHS, with kernel,

(5.5 = - / (jez 1ies()04( )) (Srez mien(2)aD))

dz
JEZ ]
722#]#/@% le / ¢J (;5/
JEZ 1€Z
2 _
- Z D widi(s)e ()3 =Y M*J¢j(5)¢j(t)-
JEZ 1€Z JEZ K

Thus, letting M;' = %’ < uj, j € Z and noting that
ZjeZ ,uj- < ZjeZ pj < 0o, we have

Ho= 0T aor | S <ooh = 1560 | 19 <

JEZ JEZ J JEZ JEZ

In particular, Hp is dense in H since both contain span{¢;}jcz as
dense subsets, but this follows from the more general statement in
Proposition 52 as well.



Let now X € L%K [, 7] = L3[—, 7] be arbitrary, hence
1
A= Ndn YOI <00, I g =D NP
JEZ jez K Mz
Then,

(LekA)(E) = (L Y Xidy)(8) = > Nijay(t),  t € [-m,m],

j€z JEL
and, consequently,
I\ Pz
ILp kMG =Y ——L = A
jez ™ J€z
Also, for arbitrary f € H as in (8.1) and (8.2), we have

R WP
17~ LosclB = [ 3G — e, = 32 19—
jEZ JEZ IU/J



Let (xn)nen be a sequence of points in [—7, 7]. By Theorem 47
and taking into account of the inequality (7.6), for any N € N and
0 > 0 we have

N
PN(|f — 7l fll3 > 0) <PN(||f——Z)\x,, VKool > 8) (8.4)

< p Al L (- )

JEL JEL

On the other hand, we observe that in the inequality (8.4) the left
hand side does not depend on A and hence, for any ¢ > 0 there
exists \ € L%K[—T(,ﬂ] such that

PN =l > 8) < 5 + g (S0 = )P,
JEZ
and then, for sufficiently large N we get

PY(|f =7l flln > 6) <e.



In particular, if f € Hp, that is, the inequality (8.2) is replaced by
the stronger one

we can choose \j = ¢;j/pj, j € Z, and we have \ € L%K[—w,w],
hence

1 (1 = 1)lg?
N N AN
PVl w2 8) < (30 290 ).



For example, this is the case for f = ¢ for some k € Z, hence
¢j =0jk, j €Z, and letting X\ = ¢/ ik, hence \j = 0j «/pj, j € Z,
we have f = Lp i\ and hence,

PNl — il = 0) < —=— > nye

k Z3j#k

This shows that, the larger uy is, the faster ¢, will be
approximated but, since p; — 0, ¢;s cannot be approximated
J

uniformly, in the sense that there does not exist a single N to make
each Hqﬁj — 7r)’<\’¢jHH bounded by the same § with the same
probability 7.

This analysis can be applied more generally to kernels that admit
an expansion analogous to (8.3) under basis functions (¢;); which
constitute a total orthonormal set in L?(X; Px), e.g. as guaranteed
by Mercer's Theorem [15, Theorem 2.30].



Example: The Hardy space H?*(DD)

We consider the open unit disc in the complex plane
D={zeC| |zl <1} and the Szegd kernel

1 = ,=n
K(z,g):§:Zz”C ) Z?CGDa (85)
n=0

where the series converges absolutely and uniformly on any
compact subset of . The RKHS associated to K is the Hardy

space H?(DD) of all functions f: D — C that are holomorphic in D
with power series expansion

f(z) = Z faz", (86)
n=0

such that the coefficients sequence (), is in ¢2(Np).



The inner product in H?(D) is

oo (o) o
Q12" D gnz") =) fom:
n=0 n=0 n=0
with norm
o o
| Z fnzn”2 = Z ’fn|2-
n=0 n=0

For each ¢ € D we have

K |l = = 2m\1/2 — 1 ,
Ikl = QL 1EE)™ =~

hence the kernel K is unbounded.



We consider P the normalized Lebesgue measure on D, that is, for
z=x+1iy = re'? we have

1
dP(z) = ~ dA(x.y) = % dgdr,

hence, ,
dPK(Z) = md@dr

Then, L2(ID; Pk) is contractively embedded in L2(ID; P).



Further on, in view of Proposition 46 and (8.5), for any z,{ € D
we have

(2,) = / /% =) ggar (8.7)

1— zre=19)(1 — (rel?)
OO OO

27
/ / r2)rn+k+1ei(nfk)92nzk de dr

nOkO

which, by using twice the Bounded Convergence Theorem for the
Lebesgue measure, equals

_ ZZ / / n+k+1 1(n k)0 d6 drznzk

nOkO

_ Z / )20 g

- Z (n+ 1 (n+2)
This shows that the RKHS H3(D) induced by Kp consists of all

fiinctione A that are holomorphic in M with power <ariec



In order to calculate the operator Lp x: L?(ID; Px) — H?(D), let
A € L2(D; Pk) be arbitrary, that is, A is a complex valued
measurable function on ID such that

2m |>\ re‘9
N2 (m,p0) = / / Ldodr < oc. (8.8)
Then, in view of Proposition 39, we have
27
(Lp kA)(z / / (re)K(z, re'®)rdodr (8.9)

27
/ / re Zz" ntle=ind 49 qr

which, by the Bounded Convergence Theorem, equals

o 1 1 r2n i ) o
=) = / / A(re®)r™ e dg drz" =y " A,2",
n=0 TJo Jo n=0

where, for each integer n > 0 we denote

1 1 r2n ) )
= / / A(re®)r" e dg dr. (8.10)
mJo Jo



Observing that, letting ¢,(z) := +/n+ 12", for all integer n > 0
and z € D, the set {¢,} >0 is orthonormal in L2(ID; P), it follows
that \, = </\,<z5,,)Lz(D;p) for all integer n > 0 and, hence, (An)n>0
is the weighted sequence of Fourier coefficients of A with respect
to the system of orthonormal functions {¢,},>0 in L2(DD; P). On
the other hand, since L?(ID; Px) is contractively embedded in
L2(D; P), this shows that Lp  is the restriction to L?(ID; Pk) of a
Bergman type weighted projection of L2(ID; P) onto a subspace of
the Hardy space H?(DD)), that happens to be exactly H3(D).



Finally, let £ € H2(DD) with power series representation as in (8.6)
and let \ € L?(ID; Pk) with norm given as in (8.8). Then, by
Theorem 47 and taking into account of the inequality (7.6), for
any N € N and § > 0 we have

PN(If = 7l ey = 0) < PN(IIf — < Z)\(z, Kz |l ey = 6)
i=1
(8.11)

(522|f )\ ‘2 N62 ||)\HL2DPK Z|’

where z = (z;);ey denotes an arbitrary sequence of points in D and
7N denotes the projection of H?(D) onto span{Ky, | i=1,...,N}.



By exploiting the fact that the left hand side in (8.11) does not
depend on \ and the density of H3(D) in H?(D), for any € > 0
there exists A € L?(ID; Pk) such that

1
P (IF = =2 Fllreqoy 2 6) < 5+ g (Nxoipig ZIM

and hence, for N sufficiently large, we have

PV (If = 72 Fllegmy = 6) < e



Let us consider now the special case when the function f € H3(D),
that is, with respect to the representation as in (8.6), we have the
stronger condition

o0

D (n+1)(n+2)[ff < oo

n=0
In this case, letting

o0

Az) =Y (n+ 1)(n+2)(1 - zP)fz", zeD,

n=0
calculations similar to (8.7) and (8.9) show that

/ /2” A(re”)Pr 2
dgdr = (n+1)(n+2)|fy]* < 0.

T1-—r2
n=0



Then X € L?(D; Pk), and

27
(Lp.kA)(z / / (ré)K(z, re! rd0dr—Zfz =f(z

hence, the first term in the right hand side of (8.11) vanishes and
we get

1 o0
N N 2
PV (1If = ' Fllegmy = 6) < Nz—:on +3n+ 1)|fl2

For example, if f(z) = z" for some integer n > 0, then

P +3n+1

N N
PV (IIf =l Fllioy > 6) < T,

showing that better approximations are obtained for smaller n than
for bigger n.
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