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Kernels and Reproducing Kernel Hilbert
Spaces

Overview. We saw in Section 1.8 that kernels and their feature spaces
are the devices by which the linear SVM approach produces non-linear
decision functions. However, so far we only have a vague notion of
kernels and hence we investigate them in more detail in this chapter.

Prerequisites. This chapter requires basic knowledge in functional
analysis, which is provided in Section A.5. Section 4.4 on Gaussian
kernels also needs some complex analysis from Section A.7.

Usage. Sections 4.1, 4.2, 4.3, and 4.6, which deal with the core mater-
ial on kernels, are essential for the rest of this book. Moreover, Section
4.4 is needed for binary classification discussed in Chapter 8.

As we have described in the introduction, one of the major steps in construct-
ing a support vector machine is mapping the input space X into a feature
space H that is equipped with an inner product. The benefit of this step is
that for non-linear feature maps @ : X — H, support vector machines can
produce non-linear decision functions, although SVMs are only based on a lin-
ear discriminant approach. Furthermore, we have seen that SVMs only require
computing the inner products k(z, ') := (P(x), P(z')) g rather than & itself.
Thus, instead of first constructing @ and then computing the inner products,
one can use SVMs with efficiently computable functions k£ : X x X — R that
realize inner products of (possibly unknown) feature maps. We called such
functions k kernels, and the approach described was called the kernel trick.
Of course, this trick immediately raises some questions:

When is a function k£ : X x X — R a kernel?
How can we construct kernels?
Given a kernel k, can we find a feature map and a feature space of k in a
constructive way?

e How much does the kernel trick increase the expressive power of support
vector machines?

The aim of this chapter is to answer these questions. To this end, we formal-
ize the definition of kernels in Section 4.1. Moreover, in this section we also
present some simple but useful examples of kernels. Then, in Section 4.2 we
describe a canonical form of feature spaces, the so-called reproducing kernel
Hilbert spaces. Basic properties of the functions contained in these spaces are
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presented in Section 4.3. Moreover, for an important type of kernel we deter-
mine these spaces explicitly in Section 4.4. In Section 4.5, we derive a specific
series representation for continuous kernels on compact spaces. Finally, in Sec-
tion 4.6 we describe a class of kernels for which SVMs have a large expressive
power.

4.1 Basic Properties and Examples of Kernels

In this section, we introduce the notions kernel, feature space, and feature map.
Then we show how to construct new kernels from given kernels and present
some important examples of kernels that will be used frequently in this book.
Finally, we establish a criterion that characterizes kernels with the help of
positive definite matrices related to these kernels.

Although in the context of machine learning one is originally only inter-
ested in real-valued kernels, we will develop the basic theory on kernels also
for complex-valued kernels. This more general approach does not require any
additional technical effort, but it will enable us in Section 4.4 to discover some
features of the Gaussian RBF kernels that are widely used in practice.

Before we begin with the basic definitions, let us recall that every complex
number z € C can be represented in the form z = x + iy, where z,y € R and
i := v/—1. Both  and y are uniquely determined, and in the following we
thus write Rez := z and Im z := y. Moreover, the conjugate of z is defined
by z := x — iy and its absolute value is |z| := v/2Z = /22 + 92. In particular,
we have 7 = x and |z| = V22 for all z € R. Furthermore, we use the symbol
K whenever we want to treat the real and the complex cases simultaneously.
For example, a IK-Hilbert space H is a real Hilbert space when considering
K =R and a complex one when KK = C. Recall from Definition A.5.8 that in
the latter case the inner product (-, -)g : H x H — C is sesqui-linear, i.e.,
(x, 02"y g = a(z,2’) g, and anti-symmetric, i.e., (z,2")g = (@', 2) 4.

With the help of these preliminary considerations, we can now formalize
the notion of kernels.

Definition 4.1. Let X be a non-empty set. Then a functionk : X x X — K is
called a kernel on X if there exists a IX-Hilbert space H and a map @ : X — H
such that for all z, 2" € X we have

k(z,a') = ((2'),d(x)). (4.1)
We call @ a feature map and H a feature space of k.

Note that in the real case condition (4.1) can be replaced by the more
natural equation k(z,z’) = (®(z), @(2’)). In the complex case, however, (-, -)
is anti-symmetric and hence (4.1) is equivalent to k(z,z’) = (®(z), P(a')).

Given a kernel, neither the feature map nor the feature space are uniquely
determined. Let us illustrate this with a simple example. To this end, let
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X :=Rand k(x,2’) := za’ for all z,2' € R. Then k is a kernel since obviously
the identity map idg on R is a feature map with feature space H := R.
However, the map @ : X — R? defined by &(z) := (x/v/2,2/v/2) for all
r € X is also a feature map of k since we have

oz oz

:ﬁ.\ﬁ—i—ﬁ.ﬁ:

for all z, 2" € X. Moreover, note that a similar construction can be made for
arbitrary kernels, and consequently every kernel has many different feature
spaces. Finally, a less trivial example for different feature maps and spaces is
discussed in Exercise 4.9.

Let us now present some commonly used kernels. To this end, we need
some methods to construct kernels from scratch. We begin with a simple but
instructive and fundamental observation.

vz’ = k(z,z")

(@(x), ®(x))

Lemma 4.2. Let X be a non-empty set and f,, : X — K, n € N, be functions
such that (fn(z)) € £y for all x € X. Then

k(z,2') := Z fn(@) fu(2'), z, 2’ € X, (4.2)
n=1

defines a kernel on X.

Proof. Using Holder’s inequality for the sequence spaces ¢ and /{5, we obtain

oo

D @) fal@)] < N n@Dlles 1(Fal@))lleas

n=1

and hence the series in (4.2) converges absolutely for all z, 2" € X. Now, we
write H := {5 and define @ : X — H by &(z) := (fn(z)), € X. Then (4.2)
immediately gives the assertion. a

We will see in the following that almost all kernels we are interested in
have a series representation of the form (4.2). However, before we present some
examples of such kernels, we first need to establish some results that allow us
to construct new kernels from given ones. We begin with the following simple
lemma, whose proof is left as an exercise.

Lemma 4.3 (Restriction of kernels). Let k be a kernel on X, X be a set,
and A : X — X be a map. Then k defined by k(x,2') = k(A(z), A(z')),
z,x' € X, is a kernel on X. In particular, if X C X, then k\f(xf( s a kernel.

For a kernel k : €% x C¢ — C, Lemma 4.3 shows that the restriction
kiraxre is a kernel in the complex sense. The following result shows that it is
also a kernel in the real sense if it satisfies k(z,2") € R for all x, 2’ € R
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Lemma 4.4 (Real vs. complex kernels). Let k: X x X — C be a kernel,
H be a C-Hilbert space, and ¢ : X — H be a feature map of k. Assume that
we have k(xz,2') € R for all x,2’ € X. Then Hy := H equipped with the inner
product

(w,w'yg, = Re(w,w')y, w, w' € Hy,

s an R-Hilbert space, and ® : X — Hy is a feature map of k.

Proof. Tt is elementary to check that (-, - )y, is a real inner product. Further-
more, we obviously have

k(z,2') = (D(z'), P(x)),, = Re (B(2),P(x)) , +ilm (D(a), P(x))

for all z,2" € X. Consequently, k(z,z’) € R shows Im (®(2’), #(z))g = 0 for
all z,2’ € X, and hence we obtain the assertion. a

Let us now establish some algebraic properties of the set of kernels on X.
We begin with a simple lemma, whose proof is again left as an exercise.

Lemma 4.5 (Sums of kernels). Let X be a set, « > 0, and k, k1, and ko
be kernels on X. Then ak and ki + ko are also kernels on X.

The preceding lemma states that the set of kernels on X is a cone. It
is, however, not a vector space since in general differences of kernels are not
kernels. To see this, let k1 and ko be two kernels on X such that ki (z,z) —
ka(z,z) < 0 for some & € X. Then ki — ko is not a kernel since otherwise we
would have a feature map @ : X — H of ky — ko with 0 < (P(x),P(z)) =
k1(z, ) — ko(z,2) < 0. Let us now consider products of kernels.

Lemma 4.6 (Products of kernels). Let ki be a kernel on Xy and ko be a
kernel on Xo. Then k1 - ko is a kernel on X1 X Xo. In particular, if X1 = Xo,
then k(x,a’) := ki(x, 2" )ko(x,2'), x,2" € X, defines a kernel on X.

Proof. Let H; be a feature space and @; : X; — H; be a feature map of k;,
i =1,2. Using the definition of the inner product in the tensor product space
H, ® Hy and its completion H;&H,, see Appendix A.5.2, we obtain

ki(mq,2)) - ko(ze, 2h) = <@1($/1)»¢1(351)>H1 ’ <¢2($/2)’¢2(x2)>H2
= <@1(1'/1) & @2(55/2)’ gZ)(:El) ® @2(1‘2)>H1®H2 ’

which shows that & ® @ : X7 X Xo — H1®H, is a feature map of ky - ko.
For the second assertion, we observe that k is a restriction of k; - ko. O

With the lemmas above, it is easy to construct non-trivial kernels. To
illustrate this, let us assume for simplicity that X := R. Then, for every
integer n > 0, the map k,, defined by k, (x,2’) := (za')", z,2’ € X, is a kernel
by Lemma 4.2. Consequently, if p : X — R is a polynomial of the form p(t) =
amt™+- - -+ ait+ag with non-negative coefficients a;, then k(z,2') := p(xa’),
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z,x’ € X, defines a kernel on X by Lemma 4.5. In general, computing this
kernel needs its feature map @(z) := (Va,,2™,...,Va,z,v/a,), ¢ € X, and
consequently the computational requirements are determined by the degree
m. However, for some polynomials, these requirements can be substantially
reduced. Indeed, if for example we have p(t) = (t+¢)™ for some ¢ > 0 and all
t € R, then the time needed to compute k is independent of m. The following
lemma, whose proof is left as an exercise, generalizes this idea.

Lemma 4.7 (Polynomial kernels). Let m > 0 and d > 1 be integers and
¢ >0 be a real number. Then k defined by k(z,2') := ((z,2/) +¢c)™, 2,2’ € C¢,
is a kernel on C%. Moreover, its restriction to R? is an R-valued kernel.

Note that the polynomial kernels defined by m = 1 and ¢ = 0 are called
linear kernels. Instead of using polynomials for constructing kernels, one
can use functions that can be represented by Taylor series. This is done in the
following lemma.

Lemma 4.8. Let B¢ and é@d be the open unit balls of C and C4, respectively.
Moreover, let r € (0,00] and f : rBe — C be holomorphic with Taylor series

f(Z) = Z anz", S Té@ . (4.3)
n=0
If an, >0 for all n > 0, then
> o
k(z,2") == f({z,2")ga = Z an(z,2")¢a z,7' € \/rBga,
n=0

defines a kernel on \/TBga whose restriction to X := {x € R% : |||l < 7}
s a real-valued kernel. We say that k is a kernel of Taylor type.

Proof. For z,7' € \/7 Bga, we have |(z, 2| < ||z||2]|#||2 < r and thus k is well-
defined. Let z; denote the i-th component of z € C?. Since (4.3) is absolutely
convergent, the multinomial formula (see Lemma A.1.2) then yields

(oS d n [e's) d
/ =/ =\ 74
e =Y an (N 2%) =Y a Y s [[ (=3
n=0 j=1 n=0 J1,--20a>0 i=1
fit et ia=n
d d
= . o . >/\Ji Ji
- E : Ajy+-4jaCirsda H(Zz) Zis
J1s-,3a >0 i=1 i=1
N n! . d
where ¢, ., = =a+—. Let us define & : X — {5(INg) by

i=1Ji-

B(z) = (

Qi tecg g Cj i
J1t+-+3a%j1,--Ja . .
o Ji,--3a=0

d
HE{L) 5 PAS \/;.écd.
i=1

Then we have k(z,2") = (®(2'), D(2)), g for all z,2" € V7 Bga, and hence k
is a kernel. The assertion for the restriction is obvious. O
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With the help of Lemma 4.8 we can now present some more examples of
commonly used kernels.

Ezample 4.9. For d € N and z,2" € K% we define k(z,2’) := exp((z,z')).
Then k is a K-valued kernel on K? called the exponential kernel. <

Example 4.9 can be used to introduce the following kernel that is often
used in practice and will be considered in several parts of the book.

Proposition 4.10. For d € N, v > 0, z = (21,...,2q) € C¢, and 2/ =
(2h,...,2)) € C, we define

d
k. ca(z, 2") == exp (—7_2 Z(z] — z;)2> .

J=1

Then k., ga is a kernel on C?, and its restriction k, := (k. ca)Raxga @5 an
R-valued kernel, which is called the Gaussian RBF kernel with width ~y.
Moreover, ky can be computed by

12
ky(z,2") = exp (”SEJHQ) , z,x’ € RY
Y
Proof. Let us fix z, 2’ € C?. Decomposing k. ca into
exp(2y~%(z,2"))
_ d _ d _
eXp('Y 2 Zj:1 2]2) eXp(’y 2 Ej:l(’z;')Q)

and applying Lemmas 4.3 and 4.6, and Example 4.9 then yields the first
assertion. The second assertion is trivial. O

k’y,Cd (Z> ZI) =

Besides the Gaussian RBF kernel, many other R-valued kernels can be
constructed using Lemma 4.8. Here we only give one more example and refer
to Exercise 4.1 for some more examples.

Ezample 4.11. Let X = {z € R? : ||z[]2 < 1} and @ > 0. Then k(z,2') :=
(1 — (z,2’))~* defines a kernel on X called a binomial kernel. Indeed, the
binomial series (1 — ¢)™* = Y77 (%) (—=1)"t" holds for all || < 1, where
(2) = [, (B—i+1)/i. Now the assertion follows from (7%)(=1)" >0. <

The results above are based on Taylor series expansions. Instead of these
expansions, one can also employ Fourier series expansions for constructing

kernels. In the case IK = R, the corresponding result reads as follows.

Lemma 4.12. Let f : [-27,27] — R be a continuous function that can be
expanded in a pointwise convergent Fourier series of the form

Ft) =" ay cos(nt). (4.4)
n=0

If ay, > 0 holds for allm > 0, then k(z,x') := H?Zl f(z;—at) defines a kernel
on [0,27)%. We say that k is a kernel of Fourier type.
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Proof. By induction and Lemma 4.6, we may restrict ourselves to d = 1. Then,
letting t = 0 in (4.4), we get (an)n>0 € £1, and thus the definition of k yields

k(z,2') = ag + Z ap sin(nx) sin(nz’) + Z a, cos(nx) cos(nz’)
n=1 n=1
for all z,2’ € [0,27). Now the assertion follows from Lemma 4.2. O

The following two examples can be treated with the help of Lemma 4.12.

Ezample 4.13. For fixed 0 < ¢ < 1 and all t € [—27, 27|, we define

1-— q2
t) = .
1(®) 2 —4qcost + 2¢2
Then k(x,a') := H?Zl f(z; — ), z,2" € [0,27]%, is a kernel since we have
ft)=1/2+ 37" ¢" cos(nt) for all t € [0, 27]. <

Ezample 4.14. For fixed 1 < ¢ < oo and all t € [—2m, 27|, we define

_ mqcosh(mg — qt)
()= 2sinh(7q)

Then k(z,2') := H?Zl fz; — ), 2" € [0,27]%, is a kernel since we have

Ft)=1/2+>7 (1 +q 2n*)"tcos(nt) for all t € [0, 27]. <

Although we have already seen several techniques to construct kernels, in
general we still have to find a feature space in order to decide whether a given
function k is a kernel. Since this can sometimes be a difficult task, we will now
present a criterion that characterizes R-valued kernels in terms of inequalities.
To this end, we need the following definition.

Definition 4.15. A function k : X x X — R is called positive definite if,
foralln e N, aq,...,a, € R and all 1,...,x, € X, we have

ZZaiajk(xj,xi) Z 0. (45)
i=1 j=1

Furthermore, k is said to be strictly positive definite if, for mutually dis-
tinct x1,...,x, € X, equality in (4.5) only holds for oy = -+ = a,, = 0.
Finally, k is called symmetric if k(z,z") = k(2', z) for all x,2' € X.

Unfortunately, there is no common use of the preceding definitions in
the literature. Indeed, some authors call positive definite functions positive
semi-definite, and strictly positive definite functions are sometimes called
positive definite. Moreover, for fixed z1,...,x, € X, the m X m matrix
K := (k(z;,2;)), is often called the Gram matrix. Note that (4.5) is equi-
valent to saying that the Gram matrix is positive definite.
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Obviously, if k£ is an R-valued kernel with feature map @ : X — H, then
k is symmetric since the inner product in H is symmetric. Moreover, k is also

positive definite since for n € N, a1, ...,a, € R, and z1,...,z, € X we have
ZZaiajk(:cj,xi) = <2a,©(xl),z%¢(xj)> Z 0. (46)
i=1 j=1 i=1 j=1 H

Now the following theorem shows that symmetry and positive definiteness are
not only necessary for k to be a kernel but also sufficient.

Theorem 4.16 (Symmetric, positive definite functions are kernels).
A function k : X x X — R is a kernel if and only if it is symmetric and
positive definite.

Proof. In view of the discussion above, it suffices to show that a symmetric
and positive definite function k is a kernel. To this end, we write

n
Hpre = {Zaik(-,xi) neN, a,...,a, € R, xl,...,xneX},
i=1
and for f := > " a;k(-,2;) € Hpre and g = Z;nzl Bik(-,z") € Hpre, we

define ’

n m

(fr9) =D aifk(a),x;).

i=1 j=1
Note that this definition is independent of the representation of f since we have
(f,g) = Z;n:l B; f(z}). Furthermore, by the symmetry of k, we find (f,g) =
Soi aig(w;), ie., the definition is also independent of the representation
of g. Moreover, the definition immediately shows that (-, -) is bilinear and
symmetric, and since k is positive definite, (-, - ) is also positive, i.e., (f, f) >0
for all f € Hpe. Conequently (see Exercise 4.3), (-, -) satisfies the Cauchy-
Schwarz inequality, i.e.,

[(f.9)> <{ff)(9,9), f.9 € Hpe.

Now let f:= Y"1 | a;k(-,2;) € Hpe with (f, f) = 0. Then, for all z € X, we
have
2

f(x)]? = = [(f k()P < k(- @) k(- 2)) - (f. f) =0,

z": aik(x,x;)
i=1

and hence we find f = 0. Therefore we have shown that (-, -) is an inner
product on Hp,e. Let H be a completion of Hy,e and I : Hpe — H be the
corresponding isometric embedding. Then H is a Hilbert space and we have

<Ik( . vx/)vjk( : vx)>H = <k( : ,:L'/), k( . 7x)>Hpre = k(.’t,xl)

for all z,2' € X, i.e., x — Ik(-,2), x € X, defines a feature map of k. O




4.2 The Reproducing Kernel Hilbert Space of a Kernel 119

The characterization above is often useful for checking whether a given
function is a kernel. Let us illustrate this with the following example.

Corollary 4.17 (Limits of kernels are kernels). Let (k,,) be a sequence of
kernels on the set X that converges pointwise to a function k : X x X — R,
i.e., limy oo kn(z,2") = k(x,2") for all x,2’ € X. Then k is a kernel on X.

Proof. Every k,, is symmetric and satisfies (4.5). Therefore, the same is true
for the pointwise limit k. O

4.2 The Reproducing Kernel Hilbert Space of a Kernel

In this section, we will introduce reproducing kernel Hilbert spaces (RKHSSs)
and describe their relation to kernels. In particular, it will turn out that the
RKHS of a kernel is in a certain sense the smallest feature space of this kernel
and consequently can serve as a canonical feature space.

Let us begin with the following fundamental definitions.

Definition 4.18. Let X # 0 and H be a K-Hilbert function space over X,
i.e., a IK-Hilbert space that consists of functions mapping from X into K.

i) A function k : X x X — K is called a reproducing kernel of H if we
have k(-,2) € H for all x € X and the reproducing property

flx) = (f, k()

holds for all f € H and all x € X.
i1) The space H is called a reproducing kernel Hilbert space (RKHS)
over X if for all x € X the Dirac functional 6, : H — K defined by

6z(f) = f(z), feH,
15 continuous.

Note that Lo(RR?) does not consist of functions and consequently it is not
an RKHS. For a generalization of this statement, we refer to Exercise 4.2.

Reproducing kernel Hilbert spaces have the remarkable and, as we will
see later, important property that norm convergence implies pointwise con-
vergence. More precisely, let H be an RKHS, f € H, and (f,) C H be a
sequence with ||f, — f|lg — 0 for n — oo. Then, for all z € X, we have
by the assumed continuity of the Dirac functionals. Furthermore, reproducing
kernels are actually kernels in the sense of Definition 4.1, as the following
lemma shows.
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Lemma 4.19 (Reproducing kernels are kernels). Let H be a Hilbert
function space over X that has a reproducing kernel k. Then H is an RKHS
and H is also a feature space of k, where the feature map @ : X — H is given

by
P(z) =k(-,z), z e X.

We call @ the canonical feature map.

Proof. The reproducing property says that each Dirac functional can be rep-
resented by the reproducing kernel, and consequently we obtain

102 ()] = f(@)] = [{f, kC oD | < [[BC2) a1 F ) (4.8)

for all z € X, f € H. This shows the continuity of the functionals J,, z € X.
In order to show the second assertion, we fix an 2’ € X and write f :=
k(-,2"). Then, for x € X, the reproducing property yields

(@), @(x)) = (k(-,2), k(- 2)) = (f,k(-,2)) = f(2) = k(z,2). 0

We have just seen that every Hilbert function space with a reproducing
kernel is an RKHS. The following theorem now shows that, conversely, every
RKHS has a (unique) reproducing kernel, and that this kernel can be deter-
mined by the Dirac functionals.

Theorem 4.20 (Every RKHS has a unique reproducing kernel). Let
H be an RKHS over X. Then k : X x X — K defined by

k(z,2") == (64,00 )1, z, 2’ € X,

is the only reproducing kernel of H. Furthermore, if (e;);cr is an orthonormal
basis of H, then for all x,2’ € X we have

kea) = 3 eia)e(@). (4.9)

iel

Proof. We first show that k is a reproducing kernel. To this end, let [ : H —
H be the isometric anti-linear isomorphism derived from Theorem A.5.12
that assigns to every functional in H’ the representing element in H, i.e.,
9 (f)={(f,Ig) forall f € H, ¢ € H'. Then, for all z,2" € X, we have

k(x,a?') = <5z7§w’>H’ = <I§m/,l(5w>H = (5;1;([(5;1;/) = I(Sw/(.’lﬁ),
which shows k(-,2") = I§,s for all 2/ € X. From this we immediately obtain
f@') =00 (f) = (f, 100) = (f, k(-,2")),

i.e., k has the reproducing property. Now let k be an arbitrary reproducing
kernel of H. For 2’ € X, the basis representation of k(-,z’) then yields
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];7( : ,:L'/) - ZU;( : ax/)a €i>€¢ - Zmeia

i€l icl
where the convergence is with respect to || - ||g. Using (4.7), we thus obtain
(4.9) for k. Finally, since k and (e;);e; were arbitrarily chosen, we find k = k,
i.e., k is the only reproducing kernel of H. O

Theorem 4.20 shows that an RKHS uniquely determines its reproducing
kernel, which is actually a kernel by Lemma 4.19. The following theorem
now shows that, conversely, every kernel has a unique RKHS. Consequently,
we have a one-to-one relation between kernels and RKHSs. In addition, the
following theorem shows that the RKHS of a kernel is in some sense the
smallest feature space, and hence it can be considered as the “natural” feature
space.

Theorem 4.21 (Every kernel has a unique RKHS). Let X # () and k be
a kernel over X with feature space Hy and feature map ®@¢ : X — Hy. Then

H:={f:X - K|3w e Hy with f(x)=(w,P(2))n, for all z € X} (4.10)
equipped with the norm
I flle = inf{||wHH0 cw e Hy with f = (w,@o(-»Ho} (4.11)

is the only RKHS for which k is a reproducing kernel. Consequently, both
definitions are independent of the choice of Hy and ®y. Moreover, the operator
V : Hy — H defined by

Vw:= <w,¢0(~)>HO, U)EH(),

1§ a metric surjection, i.e. VB%H0 = éH, where éHo and BH are the open unit
balls of Hy and H, respectively. Finally, the set

Hppe = {Zaz zi):neN ay,...,a, € K, xl,...,xneX} (4.12)

is dense in H, and for f:= " | a;k(-,2;) € Hpre we have

7 =0 > aigk(z, ;). (4.13)

i=1 j=1

Proof. Let us first show that H is a Hilbert function space over X. To this
end, observe that H is obviously a vector space of functions from X to K, and
V is a surjective linear operator. Furthermore, for all f € H, we have

I ller = o el
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where V=1({f}) denotes the pre-image of f under V. Let us show that || - ||z
is a Hilbert space norm on H. To this end, let (w,) C ker V' be a convergent
sequence in the null space kerV := {w € Hy : Vw = 0} of V and w € H,
its limit. Then we have (w,®(x)) = lim,_ 00 (Wn, P(z)) = 0 for all z € X.
Since this shows w € kerV, the null space ker V is a closed subspace of
Hy. Let H denote its orthogonal complement so that we have the orthogonal
decomposition Hy = ker V & H. Then the restriction V\H :H — Hof VtoH
is injective by construction. Let us show that it is also surjective. To this end,
let f € H and w € Hy with f = Vw. Since this w can be decomposed into
w = wo+1 for suitable wy € ker V and @ € H, we get [ =V(wp+w) = VlHﬁ),
which shows the surjectivity of V| - Furthermore, a similar reasoning gives

IfIZ = inf  Jwotdly, = imf [l + @l
wo€Eker V, weH woEker V, weH
wo+WweEV T ({f}) wo+DeV T ({f})
_ 2
= Vi) f I

where (V‘ 7) ! denotes the inverse operator of V‘ f- From the equation above
and the fact that H is a Hilbert space, we can immediately deduce that
|- Iz is a Hilbert space norm on H and that V| : H — H is an isometric
isomorphism. Furthermore, from the definition of V' and || - ||z, we can easily
conclude that V is a metric surjection.

Let us now show that k is a reproducing kernel of H. To this end, observe
that for z € X we have k(-,z) = (Po(x),Po(-)) = VPo(z) € H. Furthermore,
we have (w, @y (x)) = 0 for all w € ker V, which shows ®g(z) € (ker V) = H.
Since V‘ R H — H is isometric, we therefore obtain

f(l‘) = <(‘/\H)_1fa¢0(x)>Ho = <f7 ‘4[}@0(‘%‘»}[ = <f7k(’-r)>H

for all f € H, z € X, i.e., k has the reproducing property. By Lemma 4.19 we
conclude that H is an RKHS.

Let us now show that the assertions on Hpy. are true for an arbitrary
RKHS H for which k is a reproducing kernel. To this end, we first observe
that k(-,x) € Hforall z € X implies Hpe C H. Now let us suppose that
Hy,.. was not dense in H. This assumption yields (Hpre)* # {0}, and hence
there would exist an f € (Hpre)®™ and an @ € X with f(z) # 0. Since this
would imply

0= <fak(’$)> :f(ﬂi) 7&07
we see that Hppe is dense in H. Finally, for f:=>"" , a;k(-,x;) € Hpye, the
reproducing property implies

A1 = D00 it (b(- ), k(- a)) g = DY cudh(a, ).
i=1 j—=1 i=1 j=1

Let us now prove that k£ has only one RKHS. To this end, let H; and Hs be
two RKHSs of k. We have seen in the previous step that Hp,. is dense in both
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H, and H» and that the norms of H; and Hs coincide on Hp,e. Let us choose an
f € Hy. Then there exists a sequence (f,,) C Hpye with || fr, — f||zr, — 0. Since
Hpre C Ha, the sequence (f,) is also contained in Hj, and since the norms of
H, and H; coincide on Hp,., the sequence (f,,) is a Cauchy sequence in Hy.
Therefore, there exists a g € Ho with || f,, — g|| g, — 0. Since convergence with
respect to an RKHS norm implies pointwise convergence, see (4.7), we then
find f(z) = g(z) for all x € X, i.e., we have shown f € H,. Furthermore,

an - f||H1 — 0 and an - f||H2 -0 imply
[flley = W || follmy, = U || foll gy, = T follm, = (£ 5.
n— 00 n— o0 n—oo

i.e., Hy is isometrically included in Hs. Since the converse inclusion Hy C H;
can be shown analogously, we obtain H; = Hy with equal norms. O

Theorem 4.21 describes the RKHS H of a given kernel k as the “smallest”
feature space of k in the sense that there is a canonical metric surjection V'
from any other feature space Hy of k onto H. However, for kernelized algo-
rithms, it is more the specific form (4.10) that makes the RKHS important.
To illustrate this, recall from the introduction that the soft margin SVM pro-
duces decision functions of the form z +— (w, ®o(x)), where &g : X — Hp is a
feature map of k and w € Hj is a suitable weight vector. Now, (4.10) states
that the RKHS associated to k consists exactly of all possible functions of this
form. Moreover, (4.10) shows that this set of functions does not change if we
consider different feature spaces or feature maps of k.

Theorem 4.21 can often be used to determine the RKHS of a given kernel
and its modifications such as restrictions and normalization (see Exercise 4.4
for more details). To illustrate this, let us recall that every C-valued kernel
on X that is actually R-valued has an R-feature space by Lemma 4.4. The
following corollary of Theorem 4.21 describes the corresponding R-RKHS.

Corollary 4.22. Let k : X x X — C be a kernel and H its corresponding
C-RKHS. If we actually have k(z,2') € R for all z,2’ € X, then

Hg:={f:X > R|3g€ H withReg = [}
equipped with the norm
[l e = nf{llgllz : g € H with Reg = f}, [ € Hg,
is the R-RKHS of the R-valued kernel k.

Proof. We have already seen in Lemma 4.4 that Hy := H equipped with the
inner product

<f7fl>Ho ::Re<f7fl>Ha f,fIGHo,

is an R-feature space of the R-valued kernel k. Moreover, for f € Hy and
z € X, we have
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f(@) = {f,2(2))n = Re (f,2(x))u +ilm (f, &(2))u = (f, P(2)) m, +ilm f(z),

i.e., we have found (f,®(z))ny, = Re f(x). Now, the assertion follows from
Theorem 4.21. O

Let us finally assume that we have an RKHS H with kernel k : C*xC? — C
whose restriction to R? is R-valued, i.e., kigaxrae RY x RY — R. Then
combining the preceding corollary with Exercise 4.4 shows that

Hy = {f:Rd—>]R|E|g:(Dd—>(DWithg€HandReg“Rd:f}
equipped with the norm

£l = inf{llgllz : g € H with Regira = f},  f € Hg,

is the R-RKHS of the restriction kjgayga.

4.3 Properties of RKHSs

Usually, a kernel has additional properties such as measurability, continuity,
or differentiability. In this section, we investigate whether the functions of its
associated RKHS share these properties.

Let us begin by observing that for a kernel £ on X with RKHS H the
Cauchy-Schwarz inequality and the reproducing property imply

k(a, a)? = [(k(- o) k(@) | < kG2 - IR C @)l
=k(z',2") k(z,x) (4.14)

for all z,2" € X. This yields sup, ,cy [k(z,2")| = sup,cx k(z,z), and hence
k is bounded if and only if

lk]|co := sup VVE(z,2) < 00. (4.15)
reX

Now, let & : X — Hy be a feature map of k. Then we find ||P(x)||n, =
Vk(x,z) for all z € X, and hence @ is bounded if and only if & is. The follow-
ing lemma provides another important characterization of bounded kernels.

Lemma 4.23 (RKHSs of bounded kernels). Let X be a set and k be a
kernel on X with RKHS H. Then k is bounded if and only if every f € H is
bounded. Moreover, in this case the inclusion id : H — l(X) is continuous
and we have ||id : H — Lo (X)]| = 1] 0o -

Proof. Let us first assume that k is bounded. Then the Cauchy-Schwarz in-
equality and the reproducing property imply

@) = [ kG| < N flla vk, z) < | Fllallkle
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forall f € H,z € X. Hence we obtain || f|lco < ||k|lcol|f||& for all f € H, which
shows that id : H — £+ (X) is well-defined and ||id : H — £oo (X) ]| < ||%||0o-

Conversely, let us now assume that every f € H is bounded. Then the
inclusion id : H — £ (X) is well-defined. Our first goal is to show that the
inclusion is continuous. To this end, we fix a sequence (f,) C H for which
there exist an f € H and a g € {5 (X) such that lim, . || fn — f|lz = 0 and
lim, o || id fr, — g]loc = 0. Then the first convergence implies f,(x) — f(x)
for all z € X, while the second convergence implies f,(x) — g(z) for all
x € X. We conclude f = g and hence id : H — £, (X) is continuous by the
closed graph theorem, see Theorem A.5.4. For z € X, we then have

[k, o) < [R(- @)oo < [lid s H = Loo(X)[ - Ik(+, @)l = [ |/ k(2 2) ,
ie., \/E(x,x) < |lid||. This shows ||k]|c < [Jid : H — Lo (X)]|- |

Our next goal is to investigate measurable kernels and their integrability.
We begin with the following lemma.

Lemma 4.24 (RKHSs of measurable kernels). Let X be a measurable
space and k be a kernel on X with RKHS H. Then all f € H are measurable
if and only if k(-,z) : X — R is measurable for all x € X.

Proof. It all f € H are measurable, then k(-,z) € H is measurable for all
x € X. Conversely, if k(-,x) is measurable for all x € X, then all functions
f € Hpe are measurable, where Hp, is defined by (4.12). Let us now fix
an f € H. By Theorem 4.21, there then exists a sequence (f,) C Hpwe with
lim, o || fr — fllg = 0, and since all Dirac functionals are continuous, we
obtain lim, . fn(2) = f(z), 2 € X. This gives the measurability of f. O

The next lemma investigates the measurability of canonical feature maps.

Lemma 4.25 (Measurability of the canonical feature map). Let X be
a measurable space and k be a kernel on X such that k(-,2z) : X — R is
measurable for all x € X. If the RKHS H of k is separable, then both the
canonical feature map @ : X — H and k : X x X — R are measurable.

Proof. Let w € H' be a bounded linear functional. By the Fréchet-Riesz
representation theorem (see Theorem A.5.12) there then exists an f € H
with
(w, @)1 = ([, 2(2))u = f(2), z€X,

and hence (w,®?(- )}y g : X — R is measurable by Lemma 4.24. By Petti’s
measurability theorem (see Theorem A.5.19), we then obtain the measurabil-
ity of @. The second assertion now follows from k(z,z") = (®(a'), ®(x)) and
the fact that the inner product is continuous. a

Our next goal is to investigate under which assumptions on the kernel k
the functions of its RKHS are integrable. To this end, recall that x — k(z,x)
is a non-negative function, and hence its integral is always defined, though in
general it may not be finite.
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Theorem 4.26 (Integral operators of kernels I). Let X be a measurable
space, 1 be a o-finite measure on X, and H be a separable RKHS over X with
measurable kernel k : X x X — R. Assume that there exists a p € [1,00) such
that

wmm:(ﬁmﬁmmwuow<m. (4.16)

Then H consists of p-integrable functions and the inclusion id : H — L, (u) is
continuous with |[id : H — Ly(p)|| < [|k||L, (). Moreover, the adjoint of this
inclusion is the operator Sy : Ly (u) — H defined by

Skg(x) = /X k(x,2")g(x")du(z"), g€ Ly(p), zeX, (4.17)

where p’ is defined by % + ; = 1. Finally, the following statements are true:

i) H is dense in L,(u) if and only if Sy : Ly (u) — H is injective.
it) Sy : Ly (u) — H has a dense image if and only if id : H — L,(p) is
injective.

Proof. Let us fix an f € H. Using ||k(-,z)||g = /k(z,z), we then find

2)|Pdu(x) = NP du(x p P/2(g g T
Luuwm>‘LWM,»MM>smmAk<,mmx

which shows the first two assertions. Furthermore, for g € L,/ (1), inequality
(4.14) together with Holder’s inequality yields

@mwmmwwswmméwwwmmwm
< Vk(z,2) [kl l9llz, () (4.18)

and hence 2’ — k(z,2")g(2’) is integrable. In other words, the integral defining
Skg(z) exists for all # € X. Moreover, since \/k(z/,2') = ||®(2')|| a, the second
inequality in (4.18) shows (2’ — ||g(z")®(z')|| i) € L1(p), i-e., this function is
Bochner integrable and

@:Aawmwwme.

Moreover, (A.32) applied to the bounded linear operator (-,®(z)) : H — R
yields

5w@o[3¢@%¢@»Hm5ﬁmww<[;ﬂfm@0dex@¢»H

for all x € X, and hence we conclude that Syg =g € H. For f € H, another
application of (A.32) yields
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(9:1d f) L, (). Lo () =/Xg(w)<f7k(-,w)>Hdu(w) = <f7/Xg(w)k(nw) du(x)>

= <f7 Skg>H
= <LSkgaf>H’,Ha

H

where ¢ : H — H'’ is the isometric isomorphism described in Theorem A.5.12.
By identifying H' with H via ¢, we then find id’ = Sj. Finally, the last two
assertions follow from the fact that a bounded linear operator has a dense
image if and only if its adjoint is injective, as mentioned in Section A.5.1
around (A.19). 0

One may be tempted to think that the “inclusion” id : H — L,(u) is
always injective. However, since this map assigns every f to its equivalence
class [f]~ in Ly(p), see (A.33), the opposite is true. To see this, consider for
example an infinite-dimensional RKHS (see Section 4.6 for examples of such
spaces) and an empirical measure p. Then L,(p) is finite-dimensional and
hence the map id : H — L,(u) cannot be injective. For a simple condition
ensuring that id : H — L, () is injective, we refer to Exercise 4.6.

Let us now have a closer look at the case p = 2 in the preceding theorem.
The following theorem shows that in this case the Hilbert space structure of
Lo(p) provides some additional features of the operator Sy which will be of
particular interest in Chapter 7.

Theorem 4.27 (Integral operators of kernels II). Let X be a measurable
space with o-finite measure u and H be a separable RKHS over X with mea-
surable kernel k : X x X — R satisfying ||k| 1, () < 0o. Then Sy : La(u) — H
defined by (4.17) is a Hilbert-Schmidt operator with

1Skllns = 11kl Ly () - (4.19)

Moreover, the integral operator T, = S;Sk : Lo(n) — Lao(u) is compact,
positive, self-adjoint, and nuclear with ||Ty|lnue = ||Sk|ns = Kl Lo () -

Proof. Let us first show that S} : H — La(p) is a Hilbert-Schmidt operator.
To this end, let (e;);>1 be an ONB of H. By Theorem 4.20, we then find

S ISte2, o = / S| ed() 2 dulz) = / S (@) du() = (K2, 0 < o0,
=1 3 3

X i=1 X i=1

i.e., S} is indeed Hilbert-Schmidt with the desired norm. Consequently, S, is
Hilbert-Schmidt, too. Now the remaining assertions follow from the spectral
theory recalled around Theorem A.5.13. O

Since S} =id : H — La(y1), one may be tempted to think that the opera-
tors T, and Sj are the same modulo their image space. However, recall that
in general Lo(u) does not consist of functions, and hence Sy f(x) is defined,
while Ty f(x) is not.



128 4 Kernels and Reproducing Kernel Hilbert Spaces

Our next goal is to investigate continuity properties of kernels. To this
end, we say that a kernel k on a topological space X is separately contin-
uwous if k(-,2) : X — R is continuous for all € X. Now, our first lemma
characterizes RKHSs consisting of continuous functions.

Lemma 4.28 (RKHSs consisting of continuous functions). Let X be
topological space and k be a kernel on X with RKHS H. Then k is bounded and
separately continuous if and only if every f € H is a bounded and continuous
function. In this case, the inclusion id : H — Cy(X) is continuous and we
have ||id : H — Cp(X)|| = |||l 0o -

Proof. Let us first assume that k is bounded and separately continuous. Then
Hp,.. only contains continuous functions since k is separately continuous. Let
us fix an arbitrary f € H. By Theorem 4.21, there then exists a sequence
(fn) C Hpre with lim,,_,o0 || fn — fllz = 0. Since k is bounded, this implies
limy, oo || fn — flloo = 0 by Lemma 4.23 and hence f, as a uniform limit of
continuous functions, is continuous. Finally, both the continuity of id : H —
Cy(X) and ||id : H — Cp(X)|| = ||k|loc follow from Lemma 4.23, too.
Conversely, let us now assume that H only contains continuous functions.
Then k(-,z) : X — K is continuous for all z € X, i.e., k is separately con-
tinuous. Furthermore, the boundedness of k follows from Lemma 4.23. a

Lemma 4.28 in particular applies to continuous kernels. Let us now discuss
these kernels in more detail. To this end, let k& be a kernel on X with feature
map @ : X — H. Then the kernel metric d; on X is defined by

di(z,2') == ||®(z) — D) ||m, r, 2’ € X. (4.20)

Obviously, dj is a pseudo-metric on X, and if @ is injective it is even a metric.
Moreover, since

di(z,2") = Vk(z,z) — 2k(z, 2') + k(2/, '), (4.21)

the definition of dj is actually independent of the choice of @. Furthermore,
the kernel metric can be used to characterize the continuity of k.

Lemma 4.29 (Characterization of continuous kernels). Let (X, 7) be a
topological space and k be a kernel on X with feature space H and feature map
@ : X — H. Then the following statements are equivalent:

i) k is continuous.

i) k is separately continuous and x — k(x,x) is continuous.
iit) @ is continuous.

w)id : (X, 1) — (X,dy) is continuous.

Proof. i) = ii). Trivial.

ii) = v). By (4.21) and the assumptions, we see that di(-, ) : (X,7) = R
is continuous for every x € X. Consequently, {2’ € X : dp(2',z) < e} is open
with respect to 7 and therefore id : (X, 7) — (X, dj) is continuous.
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iv) = iii). This implication follows from the fact that ¢ : (X,d,) — H is
continuous.
iii) = 1). Let us fix 21, 2] € X and 2,24 € X. Then we have

k@1, 21) = kw2, 25)| < [(@(21), P(21) — P(a2))| + [(D(a)) — P(a3), P(x2))]
< [[2(@)]- [@(21) = P(x2) [+ @ (22) || |D(x7) — 2 (22) [,
and from this we can easily deduce the assertion. g

As discovered by Lehto (1952), separately continuous, bounded kernels are
not necessarily continuous, even if one only considers X = [—1,1]. However,
since his example is out of the scope of this book, we do not present it here.

We have seen in Lemma 4.23 that an RKHS over X is continuously in-
cluded in £ (X) if its kernel is bounded. The next proposition gives a con-
dition that ensures that this inclusion is even compact. This compactness
will play an important role when we investigate the statistical properties of
support vector machines in Chapter 6.

Proposition 4.30 (RKHSs compactly included in ¢ (X)). Let X be a
set and k be a kernel on X with RKHS H and canonical feature map @ : X —
H. If 8(X) is compact in H, then the inclusion id : H — {5 (X) is compact.

Proof. Since @(X) is compact, k is bounded and the space (X, di) is compact,
where dy; is the semi-metric defined in (4.20). We write C'(X, d,) for the space
of functions from X to R that are continuous with respect to dj. Obviously,
C(X,dy) is a subspace of £ (X). Moreover, for z,2' € X and f € H, we

obtain
|f(x) = f(a")| = [{f,2(x) = 2(")| < [|fllm - di(z,2"),

i.e., f is Lipschitz continuous on (X,dy) with Lipschitz constant not larger
than || f||z. In particular, the unit ball By of H is equicontinuous, and since
By is also || - |[o-bounded by the boundedness of k, the theorem of Arzela-
Ascoli shows that By is compact in C(X,dy) and thus in £ (X). |

Obviously, the proposition above remains true if one only assumes the
compactness of ¢(X) for an arbitrary feature map @. Furthermore, continu-
ous images of compact sets are compact, and hence Proposition 4.30 has the
following direct consequence.

Corollary 4.31. Let X be a compact topological space and k be a continuous
kernel on X with RKHS H. Then the inclusion id : H — C(X) is compact.

We emphasize that in general one cannot expect compactness of the inclu-
sion id : H — Cy(X) if k is bounded and continuous but X is not compact.
The following example illustrates this.
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Ezxample 4.32. Let k, be the Gaussian RBF kernel on R with width v > 0
and RKHS H,(R). Obviously, k, is bounded and continuous, and hence the
inclusion id : Hy(R) — C4(R) is well-defined and continuous. Moreover, since
[k+]|cc = 1, we also have k,(-,z) € By (r) for all x € R. However, for all
n,m € IN with n # m, we obtain

1y (-3m) = ko (- ym)loe > [hy(nyn) — Ky (n,m)| > |1 —exp(—y2)],
and thus By (r) cannot be relatively compact in Cy(RR).

Let us end the discussion on continuous kernels with the following lemma
that gives a sufficient condition for the separability of RKHSs.

Lemma 4.33 (Separable RKHSs). Let X be a separable topological space
and k be a continuous kernel on X. Then the RKHS of k is separable.

Proof. By Lemma 4.29, the canonical feature map ¢ : X — H into the
RKHS H of k is continuous and hence ¢(X) is separable. Consequently, Hpye,
considered in Theorem 4.21, is also separable, and hence so is H by Theorem
4.21. O

Our last goal in this section is to investigate how the differentiability of
a kernel is inherited by the functions of its RKHS. In order to formulate the
next lemma, which to some extent is of its own interest, we need to recall
Banach space valued differentiation from Section A.5.3. Moreover, note that
we can interpret a kernel k£ : RY x R — R as a function k : R*¢ — R.
Consequently, considering the mixed partial derivative of the kernel k(z,z’)
with respect to the i-th coordinates in x and x’ is the same as considering
the mixed partial derivative @-&-erl; at (z,2’). In the following, we make this
identification implicitly by writing 0;0;44k = 8i8i+dl~c. Moreover, we extend
this notation to kernels defined on open subsets of R? in the obvious way.

Lemma 4.34 (Differentiability of feature maps). Let X C R be an
open subset, k be a kernel on X, H be a feature space of k, and @ : X — H be
a feature map of k. Let i € {1,...,d} be an index such that the mized partial
derivative 0;0;1qk of k with respect to the coordinates i and i + d exists and
is continuous. Then the partial derivative 0;® of ® : X — H with respect to
the i-th coordinate exists, is continuous, and for all x,2’ € X we have

<81@(I), 6@¢($/)>H = 8i8i+dk(m, l‘/) = 8¢+d8ik:(x, 33/) . (4.22)

Proof. Without loss of generality, we may assume X = R?. For h € R and
e; € R? being the i-th vector of the canonical basis of R?, we then define
Ap®(z) == P(x + he;) — P(x), v € X. In order to show that 0;P(x) exists for
an arbitrary @ € X, it obviously suffices to show that h,, 1A, &(z) converges
for all sequences (h,) C R\ {0} with h, — 0. Since a feature space is
complete, it thus suffices to show that (h,'A, @(z)) is a Cauchy sequence.
To this end, we first observe that
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| ht An, D(2) — Byt A, (2 ;|H = (hy, ' Ap, ®(x), b, A, (),
+(hp! Ap,, ®(z), )t Ay, (),
—2(h, ' Ap, B(x), hyt A, D(2))

for all z € X and n,m € IN. For the function K (2') := k(z+hpe;, 2')—k(z, z )
x' € X, we further have (A, @(x), Ay, P(2')) g = K(2' + hime;) — K(2), an
hence the mean value theorem yields a &, », € [—|hm], |hm|] such that

(An, D(x), hyt A, D(2'))
- azK(x/ + gm,nei)
= i+dk(x+hn€i7 x/+§m,nei) - 811+dk(xv $/+£m,nei)-

Another application of the mean value theorem yields an 7., 5, € [—|hn|, [n]]
such that

<h;1Ahn¢(x)v h;zlAhm@(x/»H = aiai-i-dk(x'i'nm,neiv x/'i'gm,nei) .

By the continuity of 0;0;44k, we conclude that for a given € > 0 there exists
an ng € IN such that for all n, m > ng we have

‘(h;lAhngp(x), Bt A, ®(3')) = 0:0;ak(z,a')| < €. (4.23)

Applying (4.23) for = 2’ to the three terms on the right-hand side of our
first equation, we see that (h, 1Ay, @(x)) is a Cauchy sequence. By definition,
its limit is 9;®, and the first equality in (4.22) is then a direct consequence of
(4.23). The second equality follows from the symmetry of k. O

A direct consequence of the result above is that 0;0;14k is a kernel on
X x X with feature map 0;®. Now assume that even 0;0;4+40;0i+qk ex-
ists and is continuous. Then an iterated application of the preceding lemma
shows that 0;0;9 exists, is continuous, and is a feature map of the ker-
nel 0;0;4+40;0i4+qk. Obviously, we can further iterate this procedure if even
higher-order derivatives exist. In order to describe such situations, we write
Ore =0 ... 07407, ... 054, where ar = (..., aq) € NG is a multi-index
and arbitrary reorderings of the partial derivatives are allowed.

Definition 4.35. Let k be a kernel on an open X C R%. For m > 0, we say
that k is m-times continuously differentiable if 0%k : X x X — R exists
and is continuous for all multi-indezes o € N¢ with |a| < m.

Iteratively applying Lemma 4.34 to an m-times continuously differentiable
kernel yields the following result.

Corollary 4.36 (RKHSs of differentiable kernels). Let X C R? be an
open subset, m > 0, and k be an m-times continuously differentiable kernel on
X with RKHS H. Then every f € H is m-times continuously differentiable,
and for a € N¢ with |a| < m and z € X we have

1/2

0 f(@)| < Ifllm - (0%“k(z, 2)) (4.24)
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Proof. Let us write & : X — H for the canonical feature map of k. By
iteratively applying Lemma 4.34, we see that 0°® : X — H is a feature map
of the kernel 9%k : X x X — R. By the continuity of (f, -)g : H — R,
we then conclude that (f,0°®(x))g = 0*(f, (x))ug = 0“f(x), i.e, the latter
partial derivative exists and is continuous. Finally, (4.24) follows from

|0°f(@)| = |(f,0°®(@)) | < | fllr - V/(0°D(2),0°P(2)) (4.25)
and an iterated application of (4.22) to the right-hand side of (4.25). O

4.4 Gaussian Kernels and Their RKHSs

The goal of this section is to use the developed theory on RKHSs to investi-
gate the Gaussian RBF kernels and their RKHSs in more detail. In particular,
we will present two representations of these RKHSs and discuss some conse-
quences. We begin, however, with a simple result that describes the effect of
the kernel parameter + on the input domain.

Proposition 4.37. Let X C R? be a non-empty subset and s,y > 0 be real
numbers. Given a function f : sX — R, we define 75 f(x) := f(sx) forz € X.
Then, for all f € Hg,(sX), we have 7,f € H,(X), and the corresponding
linear operator 75 : Hey(sX) — H(X) is an isometric isomorphism.

Proof. We define ¢ : X — H,(sX) by &(z) := @4, (sx), where z € X and
Dy, @ sX — Hyy(sX) is the canonical feature map of k., ie., Psy(y) =
ksy(-,y) for all y € sX. For z,2” € X, we then have

(P(2"), D(x)) ., (sx) = (Psry (527), Per (5)) 1. (sx) = Koy (52, 52)
= exp(—(s7) *llsz—s2'|3)
= ky(z,2),
and hence ¢ : X — H,,(sX) is a feature map of &k, : X x X — R. Let us now
fix an f € Hg,(sX). By Theorem 4.21, we then know that (f, (- ))n,. (sx) €
H,(X) and
H <f’¢( . )>HS’Y(SX) HH.Y(SX) < ||fHH5~,(X) .
Moreover, for € X, the reproducing property in Hy,(sX) yields

<f,¢($)> H,(sX) <fa ( )>HS’Y(SX) = f(sx) = Tsf(x) )

and hence we have found 7,f € H.(X) with |75 ||z, (x) < [ flla.,x)- Fi-
nally, we obtain the converse inequahty by applying the results above to the
dilation operator 7y /. a

Portions of Section 4.4 are based on material originally published in “I. Steinwart,
D. Hush, and C. Scovel (2006), ‘An explicit description of the reproducing kernel
Hilbert spaces of Gaussian RBF kernels.” IEEE Trans. Inf. Theory, 52, 4635—
4643”

© 2006 IEEE. Reprinted, with permission.
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Roughly speaking, the preceding proposition states that scaling the kernel
parameter has the same effect on the RKHSs as scaling the input space.
Considering the definition of the Gaussian RBF kernels, this is not really
surprising.

Our next goal is to determine an explicit formula for the RKHSs of
Gaussian RBF kernels. To this end, let us fix v > 0 and d € IN. For a given
holomorphic function f : C¢ — C, we define

1/2

2d —25nd (L 532
s = (5o [ WP Eita7a:) (4.26)

P T

where z; is the j-th component of z € Ce, Z; its conjugate, and dz stands for
the complex Lebesgue measure on C¢. Furthermore, we write

H, ca = {f:C*— C| f holomorphic and | f|,.ca < 00} . (4.27)
Obviously, H, ¢a is a C-vector space with pre-Hilbert norm || - ||, ¢a. Now,

our first result shows that H., ca is the RKHS of the compler Gaussian RBF
kernel k. ¢a defined in Proposition 4.10.

Theorem 4.38 (RKHS of the complex Gaussian RBF). Let v > 0 and

d e WN. Then (H, ¢a, HHH7 ca) 18 an RKHS and k., ca is its reproducing kernel.

Furthermore, for n € Ny, let e, : C — C be defined by

ZheT T A z€C. (4.28)

Then the system (en, @+ ®€ny)n; ....ny>0 Of functions ey, @+ ®e,, : C1 — C
defined by

d
eny, @ ®en,(21,...,24) i= Henj(zj), (21,...,24) € C%,
j=1

is an orthonormal basis of H., ca.
For the proof of Theorem 4.38, we need the following technical lemma.

Lemma 4.39. For all d € N, all holomorphic functions f : C* — C, all

T1,...,7q €10,1), and all z € C?, we have
1 2 27
lf(z)P? < (27T)d/-~-/|f(z1+r1ei91,...,zd+rdei9d)‘2d01~--d9d, (4.29)
0 0

where 1 :=\/—1 denotes the imaginary unit.
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Proof. We proceed by induction over d. For d = 1, Hardy’s convexity theorem
(see Theorem A.7.3) states that the function

1 27 i 9
TH%A |f(z+re)|do

is non-decreasing on [0, 1), and hence we obtain the assertion in this case.
Now let us suppose that we have already shown the assertion for d € IN.
Let f : C4*1 — € be a holomorphic function, and choose 71, ...,7441 € [0,1).

Since for fixed (21,...,24) € €% the function zqy1 — f(z1,...,2d, 2a11) is
holomorphic, we already know that

1 27 ) 9
|f(zl7"'72d+l)|2 < %/ ‘f(zla"'azd7zd+l +rd+lezgd+1)’ ded-‘rl'
0

Now applying the induction hypothesis to the holomorphic functions
(21, za) — f(21, ..., 2ds Za41 + Tar1€704+1)
on C? gives the assertion for d + 1. O

Proof (of Theorem 4.38). We first prove that H, ¢ is an RKHS. To this end,
we begin by showing that for all compact subsets K C C? there exists a
constant cx > 0 with

) < exc I fllyer Le K, feH, o (4:30)
In order to establish (4.30), we define
c:= max{e_'f2 Eia(zi=2)* . (21,-..,24) € K+ (Be)%},

where B¢ denotes the closed unit ball of C. Now, by Lemma 4.39, we have

27 27

’r‘ DR ”'d . . 2
PLI gl f(2)F < 17/ . -/|f(21 + e g+ rdewdﬂ dby - --dby,
0o 0
and integrating this inequality with respect to r = (rq,...,74) over [0,1)¢
then yields
1 C -2 d AV
2 o = N2ds < — / N2,y .:l(z,-—z-)d/
fOP< g [ P <G [ RS
z+(Be)? z+(Be)?
2d
Y
< WHJCHEY,W’ z €K,

by the continuity of f. This means that we have established (4.30). Now,
(4.30) obviously shows that the Dirac functionals are bounded on H., ¢a. Fur-
thermore, (4.30) also shows that convergence in || - ||,c implies compact con-
vergence, i.e., uniform convergence on every compact subset. Using the fact
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that a compactly convergent sequence of holomorphic functions has a holo-
morphic limit (see, e.g., Theorem A.7.2), we then immediately find that H. ca
is complete. Therefore H., ¢s is an RKHS.

To show that the system (en, @ - ® €ny)n;,....ng>0 is an ONB of H. ca,
we first consider the case d = 1. To this end, we observe that for n € INg we

have
o [e%s) 27 P
/z"(z)"(f2V szz:/ r/ e T dfdr
c 0 0

> 2n41 -2y~ 2p2
:27r/ A tle =27 T gy
0
2(n+1) o)
™ —t

7.‘_,}/2(71-',-1)”!

where in the last step we used the gamma function, see Section A.1. Further-
more, for n,m € Ny with n # m, a simple calculation gives

oo 27
/z"(%)me_%#zgdz :/ r/ prtmei(n=m) o =23"*r% go . — (4.32)
C 0 0

In addition, for z,z € C and n,m > 0, we have

- _ 2n+m B L _ ~
en(2)em(z)e’ 7D = mz"(z)me—’v 2527252 oy (2—2)?
nlmly
2n+m B I
i Wz”<z>me n

and consequently we obtain

2 _— _ 1 if n =
CnsCm) = en(2)em(2)e” =27 gy = nn=m
C

w2 0 otherwise

by (4.31) and (4.32), i.e., (e)n>0 is an ONS. Now, let us show that this system

is actually an ONB. To this end, let f € H, ¢. Then z — e”izZQf(z) is an
entire function, and therefore there exists a sequence (a,) C C such that

> -2_2 > 72”77,'
f(z) = nZ:%anZnegy = nzz:oﬂln Ton en(2) (4.33)

for all z € C. Obviously, it suffices to show that the convergence above also
holds with respect to ||-||,c. To prove this, we first recall from complex analysis
that the series in (4.33) converges absolutely and compactly. Therefore, for
n > 0 equations (4.31), (4.32), and (4.33) yield
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2 2 (z5)?
<f,en>:m f(@)en(2)e” "7 dz
= 2 Z am/ ZMe™7 222%67_2@75)2(12
m=0
= \l 2nn| Z a’m/ n _Q’Y 2z2dz
210 |
— an ”Qn”' (4.34)

Furthermore, since (e,) is an ONS, there exists a function ¢ € H, ¢ with
g = ZZOZO (f,en)en, where the convergence takes place in H, ¢. Now, using
(4.33), (4.34), and the fact that norm convergence in RKHSs implies point-
wise convergence, we find g = f, i.e., the series in (4.33) converges with respect
- llnc.

Now, let us briefly treat the general, d-dimensional case. In this case, a
simple calculation shows

d
<6n1 R €ngsCm, R emd>H%Cd = H<en]‘7€mj>H'y,‘U ’
7j=1

and hence we find the orthonormality of (e,, ® -+ ® €py)ny,....ng>0- In order

to check that this orthonormal system is an ONB, let us fix an f € H, ga.

Then z +— f(2)exp(o? Zle 2?) is an entire function, and hence there exist

Any,...ong € C, (774, e ,nd) € INg, such that
2
f(z) = Z anl,___dezZ"le*” #
(n1,...,nq)€ING i=1
d o
= Z Qpy,..ing H (20_;)7” €n; (Z)
(n1,...,nq)ENG i=1
for all z = (z1,...,24) € C%. From this we easily derive

<fven1®"'®end = An,,... ndH

=1

202 T4

Now we see that (e, ®- - -®€ny)n,,... ny>0 is an ONB as in the one-dimensional
case.

Finally, let us show that k. ¢« is the reproducing kernel of H., ca. To this
end, we write k for the reproducing kernel of ., ca. Then (4.9) and the Taylor
series expansion of the exponential function yield
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o0

Kz2) = ) en @ Qeny(2)en, @ @en,(?)

ni,...,ng=0

- Z H (2,2)e " T2y TR(F)?
2n]nl 3%j

ni,...,ng=0 j= 1

[15 2 e
2"171 [ 7175

j= ln]—O

d
— H I e B GRS S
=1

—2\d S1\2
—e 7 Zj:l(z.j_zj) . O

With the help of Theorem 4.38, we can obtain some interesting information
on the RKHSs of the real-valued Gaussian RBF kernels k.. Let us begin with
the following corollary that describes their RKHSs.

Corollary 4.40 (RKHS of Gaussian RBF). For X C R? and v > 0, the
RKHS H.(X) of the real-valued Gaussian RBF kernel k, on X is

H,(X) = {f : X = R|3g € H, ca with Reg|x = f},
and for f € H\(X) the norm || - |z, (x) in H,(X) can be computed by

Hf”HW(X) = inf{HgH%Cd 19 € Hy ¢a with Reg)x = f} .

Proof. The assertion directly follows from Theorem 4.38, Proposition 4.10,
and the discussion following Corollary 4.22. g

The preceding corollary shows that every f € H,(X) of the Gaussian RBF
kernel k, originates from the complex RKHS H., ¢«, which consists of entire
functions. Consequently, every f € H,(X) can be represented by a power
series that converges on R?. This observation suggests that there may be an
intimate relationship between H.(X) and H.(R?) if X contains an open set.
In order to investigate this conjecture, we need some additional notation. For a
multi-index v := (ny,...,nq) € N&, we write |v| := ny +- - -+ng4. Furthermore,
forXCIRandnelNo,wedeﬁnee : X — R by

2n -
eX(z) = ghe™Y reX, (4.35)
" y2nn!
i.e., we have ¢ = (e,)x = (Reey)x, where ¢, : € — C is an element

of the ONB of H, ¢ defined by (4.28). Furthermore, for a multi-index v :=
(n1,...,nq) € N&, we write
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and e, :=ep, @ - Qey,. Given an x 1= (21,...,24) € R, we also adopt the
notation ¥ := a}* - ... -2}%. Finally, recall that ¢2(INg) denotes the set of all
real-valued square-summable families, i.e.,

lo(N) := {(au)l,E]Nd a, € R for all v € N and ||(a,)|3 := Z a, < oo}
velNd

With the help of these notations, we can now show an intermediate result.

Proposition 4.41. Let v > 0, X C R be a subset with non-empty interior,
ie, X 40, and f € H.(X). Then there exists a unique element (b,) € ¢2(IN3)
such that
Z boeX(z), reX, (4.36)
veNd
where the convergence is absolute. Furthermore, for all functions g : C* — C,
the following two statements are equivalent:

i) We have g € H, ca and Reg x = f.
ii) There exists an element (c,) € l2(INd) with

g =3 (b +ic)e,. (4.37)

veNd
Finally, we have the identity Hf||§{W(X) = Zyemg b2.

Proof. i) = ii). Let us fix a g € H, ¢« with Reg)x = f. Since (e, ) is an ONB
of H, ¢4, we then have
g = Z <g,61,>61,,

VE]Ng

where the convergence is with respect to H., ¢«. In addition, recall that the
family of Fourier coefficients is square-summable and satisfies Parseval’s iden-
tity, see Lemma A.5.11,

ol . = 3 lgse
velNd

Since convergence in H., ¢« implies pointwise convergence, we then obtain

f(x)zRegx(w:Re(Z@,ey e ) > Re((g,e))e (2)

I/E]Ng l/E]Nd

for all x € X, where in the last step we used e,(x) € R for 2 € X. In
order to prove i), it consequently remains to show that b, := Re (g, e, ) only
depends on f but not on g. To this end, let g € H, ¢a be another function
with Re g|x = f. By repeating the argument above for g, we then find
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3" Re (G, en)el (@), re X

velNd

Using the definition (4.35) of e;X, we then obtain

ZRe g,e,, a, T ZRe g,ey a, x”, reX,
velNd velNd

no\1/2 . .
. and ap = (ﬁ) / . Since X has a non-empty inte-

rior, the identity theorem for power series and a, # 0 then give Re (g,e,) =
Re (g, e,) for all v € INZ. This shows both (4.36) and (4.37). Finally, Corollary
4.40 and Parseval’s identity give

£ 1%, x) = nf{lglly.ca : g € Hy ga with Regjx = f}

1nf{ Z b2 +c (cv) GZQ(INd)}

VE]Nd

= > b

velNd

where a, 1= ap, - ap,

i) = 1). Since (b,) € £2(IN§) and (c,) € lo(ING) imply (|b, +ic,|) € £2(INE),
we have g € H,, ¢a. Furthermore, Re g x = f follows from

Reg(z) = Re Z(b +icy)e, (x Zbe (), zeX.
velNd veNd
O

With the help of the preceding proposition, we can now establish our main
result on H,(X) for input spaces X having a non-empty interior. Roughly
speaking, this result states that H.(X) is isometrically embedded into H., ca
via a canonical extension procedure based on a specific ONB of H.,(X).

Theorem 4.42 (ONB of real Gaussian RKHS). Let v > 0 and X C R?
be a subset with a non-empty interior. Furthermore, for an f € H,(X) repre-
sented by (4.36), we define

= Z boe, .

velNd
Then the extension operator “: H\(X) — H. ca defined by f — f satisfies
Reﬁx =f,
1l oo = IFlas )

for all f € H,(X). Moreover, (e;) is an ONB of H., ( ), and for f € H,(X)
having the representation (4.36), we have b, = (f,eX) for all v € Ng.
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Proof. By (4.36), the extension operator is well-defined. The identities then
follow from Proposition 4.41 and Parseval’s identity. Moreover, the extension
operator is obviously R-linear and satisfies X = e, for all v € INZ. Conse-
quently, we obtain

les £ el = ek e lm, o = lew Tewlln

for 11,5 € INd. Using the first polarization identity of Lemma A.5.9, we then
see that (e; ) is an ONS in H,(X). To see that it actually is an ONB we fix
an f € H,(X). Furthermore, let (b,) € f5(IN¢) be the family that satisfies

(4.36). Then
f= Z b,,e,i(
veNd
converges in H.,(X). Since convergence in H,(X) implies pointwise conver-
gence, (4.36) then yields f(z) = f(z) for all z € X. Consequently, () is an

ONB of H.,(X). Finally, the identity b, = (f,e; ), v € IN¢, follows from the
fact that the representation of f by (eX) is unique. O

In the following, we present some interesting consequences of the preceding
theorem.

Corollary 4.43. Let X C R? be a subset with non-empty interior, v > 0,
and " : Hy(X) — H, ga be the extension operator defined in Theorem 4.42.

Then the extension operator I : Ho(X) — H.,(R%) defined by If := Ref“Rd,
f € Hy(X), is an isometric isomorphism.

Proof. For f € H,(X), we have ((f,e))) € £2(IN¢), and hence

F=3" (fe)e

velNd

is an element of H-(R%). Moreover, for v € IN{, we have (Ree, ) ga = eil,{d and
(f,eX) € R, and hence we find I f = f. Furthermore, £l 2, x) = M fll e, (me
immediately follows from Parseval’s identity. Consequently, I is isometric,

linear, and injective. The surjectivity finally follows from the fact that, given
an f € H,(R%), the function

Fi= D (f el

velNd

obviously satisfies f € Hy(X) and I f = f. O

Roughly speaking, the preceding corollary means that HW(IRd) does not
contain “more” functions than H,(X) if X has a non-empty interior. More-
over, Corollary 4.43 in particular shows that H.,(X;) and H,(X3) are isomet-
rically isomorphic via a simple extension-restriction mapping going through
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H,(R%) whenever both input spaces Xi,Xs C R have a non-empty in-
terior. Consequently, we sometimes use the notation H, := H,(X) and
|-l :== Il - I, x) if X has a non-empty interior and no confusion can arise.

Besides the isometry above, Theorem 4.42 also yields the following inter-
esting observation.

Corollary 4.44 (Gaussian RKHSs do not contain constants). Let~y >
0, X C R? be a subset with a non-empty interior, and f € H.(X). If f is
constant on a non-empty open subset A of X, then f =0.

Proof. Let ¢ € R be a constant with f(z) = cfor all z € A. Let us define a,, :=

n

(ann!)l/2 for all n € INy. Furthermore, for a multi-index v := (nq,...,nq) €

INd, we write b, := (f,eX) and a, := ap, - ... -ap,. For x := (21,...,24) € A,
the definition (4.35) and the representation (4.36) then yield

¢ exp(’y_Qix?) = f(x) exp(’y_Qix?) = > baa”. (4.38)

j=1 j=1 vENE

Moreover, for x € R, a simple calculation shows

d 2o d oo x?”j
(3 at) < [T j:H<an!v2"j>

j=1 J=1 Nn;=0
2n;
-y e
ni,...,ng=0 j=1 " 'Y ’
Using (4.38) and the identity theorem for power series, we hence obtain
d
ey T 2 ifv=(2n4,...,2ng) for some (nq,...,nq) € NG
bz/au = j=17
0 otherwise ,

or in other words

H Vel gn; iy = (2n1,...,2n4) for some (nq,...

b — ;1 s
y =

O otherwise .

nd) S ]N(U)l

Consequently, Parseval’s identity yields

oo d
Il = D b0 = Z c? H 2_2"’
velNd sy a=0 J=1
d oo
_ H( Z 02/d 2n; )
j=1 *n;=0

< @2 )d.
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Let us write «, := 572:))2' 272" for n € INy. By an easy calculation, we then
obtain
g1 241! (22" 2n4+1)(2n+2)  2n+1 "
an  (2n)! ((n41)!1)2 22(n+1) 4(n+1)2 S 2m+2 T+l

for all n > 1. In other words, (nay,) is an increasing, positive sequence. Con-
sequently there exists an a > 0 with a;, > & for all n > 1, and hence we find
oo o an = oo. Therefore, Hf||?{W(X) < oo implies ¢ = 0, and thus we have
f=0. O

The preceding corollary shows in particular that 14 ¢ H.(X) for all open
subsets A C X. Some interesting consequences of this observation with respect
to the hinge loss used in classification are discussed in Exercise 4.8.

Let us now compare the norms || - ||, for different values of . To this end,

we first observe that the weight function in the definition of || - [|, ¢« satisfies

-2 d = .\2 —2 d 2
e"‘f Zj:l(zj_zj) — 6_4’7 Zj:l Yj ,

where y; :=Im z;, j = 1,...,d. For 71 < 72, we hence find H,, ca C H,, ca
and

72\ 4
L G N 1 feH, e

This suggests that a similar relation holds for the RKHSs of the real Gaussian
kernels. In order to investigate this conjecture, let us now present another
feature space and feature map for k... To this end, recall that Ly(R?) denotes
the space of Lebesgue square-integrable functions R¢ — R equipped with the
usual norm || - ||2. Our first result shows that Ly(RR?) is a feature space of k..

Lemma 4.45. For 0 < v < 0o and X C R%, we define @, : X — Ly(R%) by

21
2 -2 2

?6*27 le—-1I5 , xr e X.
Ty

Then @, : X — La(R%) is a feature map of k..

D, () =

vl

Proof. Let us first recall that, using the density of the normal distribution,

we have
d
2

/ et Hleallz gy = (mt) (4.39)
RA

for all ¢ > 0 and = € R? Moreover, for a > 0, an elementary calculation

shows that
x + ax’ |2

1+«

«
1+«

Iy — @13 + ally = 2/l13 = —=—llz = /I3 + (1 + )|y - (4.40)

2

for all y,z,2’ € R By using (4.39) and setting o := 1 in (4.40), we now
obtain
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2¢ - ay
(@ (), Dy (2)) L (me) = T/ e 2 le—zllz =20l —2llz g
mwzyd

2d =2 |2 A —2 . zta’ 2
I e E S PR
7r§fyd R4
d 2.4
_ 2 e 3 (TN
4 4
T2y

= k’Y(va/) )

and hence ®., is a feature map and Lo(R?) is a feature space of k.. O

Having the feature map @, : X — La(R?) of k., we can now give another
description of the RKHS of k.. To this end, we need the integral operators
Wi : Lay(RY) — La(R%), t > 0, defined by

Wig(x) = (mf)*% /d eft_lllyfz“gg(y)dy, g€ LQ(]Rd), z € RY. (4.41)
R

Note that W; is actually a convolution operator, i.e., for g € Ly(RY) we have
Wig = k g, where k := (nt)~2e~' I3, Moreover, we have |[k||; = 1 by
(4.39), and hence Young’s inequality (see Theorem A.5.23) that shows

Wegll2 < llgllz 9 € L2(RY), t > 0. (4.42)

In other words, we have ||[W; : Ly(R?) — Lo(R%)|| < 1 for all ¢ > 0.
With the help of the operator family (W;)~, we can now give another
description of the spaces H. (X).

Proposition 4.46. For 0 < 1 < 72 < 00, we define t := %(’y% —92). Then,
for all non-empty X C R?, we obtain a commutative diagram

id
H’Yz (X) H’h (X)
V’Yz V’Yl
Ly (R9) Ly(R9Y)

(22)2W;

where the vertical maps V., and V,, are the metric surjections of Theorem
4.21. Moreover, these metric surjections are of the form

2% -2 2 ||lz—yll3 d
V'yg(x) = "4 4 € ’ 2g(y)dy7 g€ L2(R )» z e X, (4‘43)
yzmwa JRd

where v € {v1,72}. Finally, we have

(NN

Jid: 10,00 — 1, (0] < (2 (1.44)
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Proof. For v > 0, let V, : La(R%) — H,(X) be the metric surjection of
Theorem 4.21. Furthermore, let @, be the feature map defined in Lemma
4.45. For g € Ly(R?) and = € X, we then have V,g(z) = (g,P+(2)) 1, (®a);
and hence we obtain (4.43). In order to establish the diagram, let us first
consider the case X = R?. Then (4.41) together with (4.43) gives the relation

Vyg = (wwz)%ng, g € Ly(RY). (4.45)

Let us now show that the operator family (W;);so is a semi-group, i.e., it
satisfies
Wiit, = Wi, W, t1,t2 > 0. (4.46)

To this end, let us fix a g € Ly(R?) and an o € R Then, for a := %,
equations (4.40) and (4.39) yield

d

Wi, Wi, g(zo) = (th)_f/ et leo=vl3yy,_ g (y)dy
Rd
:(ﬂ2t1t2)*§/ / et lzo=vll3 o=t le=vll3 (1) dor dy
Rd JRa

_llzo—=li3 zotas
(mt1ts) i/ / s i lv- TS Hgg(m)dyda:
Rd JR4

)

2
= Wi, +t,9(z0),

i.e., (4.46) is verified. Combining (4.45) and (4.46) then gives the diagram in
the case of X = R?. The general case X C R? follows from the fact that the
computation of V., in (4.43) is independent of X. Finally, since V., is a metric
surjection, we obtain

lidoVy, + La(RY) — Hy, (X)|| = [[id : Hay (X) — Ho, (X)),

and hence the commutativity of the diagram implies

i 11,030 = 11,01 = (2) 1, 0wl < (2) vl

Moreover, we have ||[W;|| <1 by (4.42), and thus we find the assertion. |

If the set X in the preceding proposition has a non-empty interior, then
the metric surjections V,, and V,, are actually isometric isomorphisms. This
is a direct consequence of the following theorem, (4.43), and the fact that the
restriction operator mapping H.(R?) to H,(X) is an isometric isomorphism.

Theorem 4.47 (Injectivity of Gaussian integral operators). Let u be
either a finite measure on R or the Lebesque measure on RY, and p € (1,00).
Moreover, let k., be the Gaussian RBF kernel with width v > 0. Then the
operator Sk, : Ly() — Hy(R?) defined by (4.17) is injective.
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Proof. Let us write S, := S . We fix an f € L,(u) with S, f = 0. Obviously,
our goal is to show that f = 0. To this end, our first intermediate goal is to
prove that the map g : R? x (0,00) — R defined by

glat) = [ eI ) du(w), v R 1€ (0,00),
Rd

is real-analytic in ¢ for all fixed 2 € R?. Here we note that e~t#=13 ¢ L, (1)
together with Holder’s inequality ensures that the integral above is defined
and finite. To show the analyticity, we now fix a ¢y € (0,00) and define

(=2 — o/|j3)fetolle—1:

a;(xz, 2’ t) == i (t—to)" f(a)

for all z,2’ € R%, t € (0,t), and i > 0. Obviously, we have
oo
g(x,t) = / Z a;(x, 2’ t) du(z") (4.47)
R 520
for all z € R? and t € (0, 00). Moreover, for ¢t € (0, %], we find
Sjute =3
i=0
and hence Hélder’s inequality yields

/ > lai(z, @’ t)] du(a’) < oo (4.48)
R 520

On the other hand, for ¢ € [tg, 00), we have

Z’ala:x t|—2”m_x

- 64%4)”:”4 ||2f(x/) ’

/”21 —to||lz—a'||3

(to — 1) f(a) = e ool p () |

/H2z —tollz—='|13

(t—to) (')

and from this it is easy to conclude by Holder’s inequality that (4.48) also
holds for ¢ € [tg, 2tg). By Fubini’s theorem, we can then change the order of
integration and summation in (4.47) to obtain

0 N — 212 ieftOHmfz'Hg .
oo =3 ([ Ele=rl ) () ) (¢ 1o’

=0

for all t € (0,2tp). In other words, g(x, -) can be locally expressed by a power
series, i.e., it is real-analytic. Let us now define
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_d 1 _da _le—atig , d
u(z,t) =1t 2g<x,4—t>: t72e” T w o f(a')du(a"), reR* t>0.
Rd

Obviously, u(z, -) is again real-analytic for all z € R?. Moreover, for fixed
2’ = (2,...,2,) € R% the map

a _ lle—a'13
2

ug(z,t) :=1t"2e 2 | zeR ¢t >0,

which appears in the integral above, satisfies

e e (”I —all3 dt)

ot 4t 2
0% @ o o= [ (z; —ah)?
——(z.t) =t 2% @ | —X — —
;&Y ¢ it 2)
for all t > 0 and all z = (21,...,74) € RY. Consequently, ug satisfies the
partial differential equation
3u0 A d 82’(1,0
— = Aug := 5 -
ot 0T o

Moreover, as a function of z’, all derivatives of ug are contained in L, (1), and
these derivatives are continuous with respect to the variables x and t. Another
application of Holder’s inequality, together with Corollary A.3.7, shows that
the function u satisfies the same partial differential equation. This leads to

Pu 0 . 0 )
Pt Ot Py 82x8t 2232:68233]_Au’

and by iterating this procedure we obtain ‘?;7; = A"y for all n > 1. Let us
now recall that our f € L,(u) satisfies S, f = 0. For ¢y := 72 /4, we then have
u(z,to) = (2/7)% S, f(z) = 0 for all € R, and hence we obtain

%(mo) = AMu(z,t0) =0, z € R

By the analyticity of u(z, - ), we thus conclude that u(x,t) = 0 for all € RY
and all t > 0. Now let h : R? — R be a continuous function with compact
support. Then we obviously have |||l < 00, h € L,(p), and

—4 _d==ati3 ,
0= /}Rd h(z)u(z, t)de =1~> /}Rd /}Rd h(z)e™ @ f(2')du(a")dz  (4.49)

for all £ > 0. Now note that if 4 is finite, we easily find that

’
lle—="113

(x,2") — h(x)e” 3 f(z') (4.50)



4.4 Gaussian Kernels and Their RKHSs 147

is integrable with respect to the product of p and the Lebesgue measure on
R?. Moreover, if y is the Lebesgue measure, its translation invariance yields

/ ‘h Wf(x/)’du(x/)dm
Cle—ang o NV
/ |h Nl ) /]Rde T du(x’) dx

i.e., the function in (4.50) is integrable in this case, too. For

d lle—a"113
2 h(z)e~ 5 = da, ' eRY t>0,
Rd

ht(ml) =t

Fubini’s theorem and (4.49) then yield

//h ) da dula /f Vho(z')du(a') . (4.51)

R4 R4

Now fix an # € R? and an € > 0. Then there exists a 6 > 0 such that, for all
2’ € RY with ||’ — z||o < J, we have |h(z') — h(x)| < (47)~%?¢. Since

llz—a’ |13
(47rt)7%/ e~ w dd =1, t>0,
R4

we hence obtain

hi(x) — (4m)

vl

h(z) = /(() hz))e "

Se+t? / h(z))e~ %dx’
[l —||2>6
<e+2hfot® / oLl gy
llz"ll2>6
<e+ 87rd/2M”h”oo §i-2p1-d/2,— %

r'(d/2)
for all 0 < t < 62/(2d), where in the last step we used (A.3) and (A.5).
Since the last term of this estimate tends to 0 for ¢ — 0, we conclude that
limy_o hy(z) = (4m)2h(z) for all z € R% Therefore the dominated conver-
gence theorem and (4.51) yield

0= lim f( Dhe(a)dp(a') = Rdf(w’)h(w’)du(x’)=<f7h>Lpf(u),Lp(u>-

t—0

Since for ﬁmte measures it follows from Theorem A.3.15 and Theorem A.5.25
that the continuous functions with compact support are dense in L,(u), we
find f = 0. Finally, the Lebesgue measure is also regular, and hence we find
the assertion in this case analogously. a



148 4 Kernels and Reproducing Kernel Hilbert Spaces

Our last goal is to compute Sobolev norms for functions in H,(X). This
is done in the following theorem.

Theorem 4.48 (Sobolev norms for Gaussian RKHSs). Let X C R? be
a bounded non-empty open set, v > 0, and m > 1. Then there exists a constant
¢m,d > 0 only depending on m and d such that for all f € H,(X) we have

1/2
Hf”Wmu X) < Cm d VO] < Z 7—2|(¥> ||fHH'y(X) .

ozG]N0
|a]<m

Proof. Let us fix a multi-index o = (avy, . . ., ag) € N& with || = m. Moreover,
let V : Lo(X) — H,(X) be the metric surjection defined by (4.43). For a fixed

f € H,(X) and € > 0, there then exists a g € La(R?) such that V,g = f and
90l orey < (14 €)[|f||la, (x)- By Holder’s inequality, we then have

a 2 2d o o2 e —ylI2 2
Ha fH£2(X) = it /X(aa: /Rd@ 2l ylzg(y)dy) dz

24 ., . 5
< ’W/X</]Rd 8;’.‘6*27 llz—yll5 g(y)|dy) da

2 ol o p=27 " lo-yll3|?
< Sargloliae [ J 1ore Payde. (@52

Now recall that the Hermite polynomials h,,, n > 0, defined in (A.1) satisfy

— :_1n7t2n
5 € (=D)"e™" hy(t), teR,

and hence we have

%f%*(mf = (=V2 ) "e 0, (V2T (- 5)

for all s,t € R. Using the translation invariance of the Lebesgue measure,
hn(—8) = (=1)"h,(s), a change of variables, and (A.2), we conclude that

JLlgme e s = ) [ e R (V2 - )
t R
_ (27—2)71/ 6—47*252}12(\@7—18)%
R
= (V)" [ e R s
R

< \/77, 22n71/2n!,>/172n )

. o2y |2 d 2y 2(z,—y)?
Since e=27 llz=vllz = TT7_, e=27 "(®i=¥)" we hence find
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-2 22 —
|836727 [lz—yl|5 | dy < m/222m d/2a! d—2m ,
R4

where a! := a;!- - a4!. Combining this estimate with (4.52), we obtain

a 2 m m— —2m

107 F 1%, ) < (1 2) 22 0/20m=D 201 vol(X)y=2" | £ x)
Finally, since f is a restriction of an analytic function defined on R¢, see Corol-
lary 4.40, we have 9(®) f = 9% f, where 8(®) f denotes the weak a-derivative

defined in Section A.5.5. From this we easily obtain the assertion. O

4.5 Mercer’s Theorem (*)

In this section, we present Mercer’s theorem, which provides a series represen-
tation for continuous kernels on compact domains. This series representation
is then used to describe the corresponding RKHSs.

Let us begin with some preliminary considerations. To this end, let X be
a measurable space, pu be a o-finite measure on X, and k be a measurable
kernel on X with [|k||z,(,) < oo. Moreover, recall the following factorization
of the operators defined in Theorem 4.26 and Theorem 4.27:

Ty,
La(p) » Lo (1)

Sk Sy

H

Theorem 4.27 showed that T}, = S} .Sy is compact, positive, and self-adjoint,
and hence the Spectral Theorem A.5.13 shows that there exist an at most
countable ONS (e;);er and a family (A;);e;r C R converging to 0 such that
|>\1| > |>\2‘ >..->0and

Tef = Xilf.eiei, feLa(p).
il
Moreover, {X; : @ € I} is the set of non-zero eigenvalues of Tj. Let us write
€; = /\i_lSkei € H for ¢ € I. Then the diagram shows e; = /\i_lTkei almost
surely, and hence we have e; = A, 'Tre; = &; almost surely. Consequently, we

may assume without loss of generality that e; € H and A;e; = Sie; for all
1 € I. From this we conclude that

Aidjlei,ej)m = (Skei, Skej)r = (€ SpSkei) Ly(w) = (i Th€s) Lo ()

= Xj{€ir €5) Ly(u) -
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In other words, (v/A;e;)icr is an ONS in H. The goal of this section is to show
that under certain circumstances this family is even an ONB. To this end, we
need the following theorem, whose proof can be found, for example, in Riesz
and Nagy (1990).

Theorem 4.49 (Mercer’s theorem). Let X be a compact metric space and
k: X xX — R be a continuous kernel. Furthermore, let p be a finite Borel
measure with supp u = X . Then, for (e;);er and (N\;)icr as above, we have

x') = Z)\iei(x)ei(x’), z, 2" € X, (4.53)
iel
where the convergence is absolute and uniform.

Note that (4.53) together with the proof of Lemma 4.2 shows that & : X —
{5 defined by @(x) := (v/Aiei(x))ier, * € X, is a feature map of k. In order to
show that (v/Aie;)icr is an ONB of H, we need the following corollary.

Corollary 4.50. With the assumptions and notations of Theorem 4.49, the
series Y . aiv/Niei(x) converges absolutely and uniformly for all (a;) € lo(T).

Proof. For x € X and J C I, Holder’s inequality and Mercer’s theorem imply
1/2 1/2

Sle/Re@l< (Tat) (Saeto) =l i)

icJ icJ icJ

From this the assertion easily follows. a

With the help of the Corollary 4.50, we can now give an explicit represen-
tation of the RKHSs of continuous kernels on a compact metric space X.

Theorem 4.51 (Mercer representation of RKHSs). With the assump-
tions and notations of Theorem 4.49, we define

{Zal\ﬁel: a;) € lof I)}

el

Moreover, for f:= Zie[ aiv/Aie; € H and g := Ziel bivie; € H, we write
(f,9)m = Zaibi .
iel

Then H equipped with inner product (-, -)g is the RKHS of the kernel k.
Furthermore, the operator Tkl/2 : Lo(p) — H is an isomelric isomorphism.
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Proof. Routine work shows that (-, -) is a well-defined inner product and
hence H is a Hilbert function space. Now, for fixed x € X, Mercer’s theorem

implies
=3 V)V e,
il

and since Mercer’s theorem also yields

IV Niei() ||zz(1)—2/\e k(z,z) < o0,

i€l

we find k(-,x) € H. Moreover, for f:=Y,_; a;v/Aie; € H, we have

<f’ H—Zazfez = y e X,

i€l

i.e., k is the reproducing kernel of H.

Let us now consider the operator Tkl/ ®. To this end, let us fix an f €
Lo(p). Since (e;) is an orthonormal basis in Lo(u), we then find f =
> icr{fs€i) Lo(u)€i, where the convergence takes place in Lo (j2). Consequently,

we have
1/2
T f = > (Fr e LoV Niei (4.54)
icl
where the convergence is again with respect to the Ls(u)-norm. Now, Parse-

val’s identity gives ((f,e:)r,(u)) € 2(I), and hence we find Tkl/Qf € H for all
f € La(u). Moreover, this also shows by Corollary 4.50 that the convergence
n (4.54) is absolute and uniform and that

1/2
ITE2 £ =3 1 ed) ragol? = 112,00

i€l

In other words, T,i/ > . Ly(n) — H is isometric. Finally, to check that the
operator is surjective, we fix an f € H. Then there exists an (a;) € ¢2 such
that f(z) = Y ,c;aiv/Aiei(x) for all 2 € X. Now we obviously have g :=
> ieraiei € Lo(p) with convergence in Lo(u), and thus (g,ei)r,) = ai-
Furthermore, we have already seen that the convergence in (4.54) is pointwise,
and hence for all x € X we finally obtain

T2g(x) = > g, ei) ooV Niei(@) = Y aiv/Nei(w) = f(z). O

iel el

4.6 Large Reproducing Kernel Hilbert Spaces

We saw in Section 1.2 that SVMs are based on minimization problems over
RKHSs. Moreover, we will see in the following chapters that the size of the
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chosen RKHS has a twofold impact on the generalization ability of the SVM:
on the one hand, a “small size” inhibits the learning machine to produce highly
complex decision functions and hence can prevent the SVM from overfitting
in the presence of noise. On the other hand, for complex distributions, a
“small” RKHS may not be sufficient to provide an accurate decision function,
so the SVM underfits. In this section, we thus investigate RKHSs that are rich
enough to provide arbitrarily accurate decision functions for all distributions.
The reason for introducing these RKHSs is that their flexibility is necessary
to guarantee learning in the absence of assumptions on the data-generating
distribution. However, as we have indicated above, this flexibility also carries
the danger of overfitting. We will thus investigate in Chapters 6 and 7 how
regularized learning machines such as SVMs use the regularizer to avoid this
overfitting.
Let us now begin by introducing a class of particularly large RKHSs.

Definition 4.52. A continuous kernel k on a compact metric space X is called

universal if the RKHS H of k is dense in C(X), i.e., for every function
g € C(X) and all £ > 0 there exists an f € H such that

1f = glleo <€

Instead of using the RKHS in the preceding definition, one can actually
consider an arbitrary feature space Hy of k. Indeed, if &5 : X — Hy is a
corresponding feature map, then the RKHS of k is given by (4.10) and hence
k is universal if and only if for all g € C'(X) and € > 0 there exists a w € H
such that ||(w, @o(-)) —glleo < €. Although this is a rather trivial observation,
we will see below that it is very useful for finding universal kernels.

One may wonder whether the preceding definition also makes sense for
compact topological spaces. At first glance, this is indeed the case, but some
further analysis shows that there exists no universal kernel if the topology is
not generated by a metric (see Exercise 4.13).

Let us now discuss some of the surprising geometric properties of universal
kernels. To this end, we need the following definition.

Definition 4.53. Let k be a kernel on a metric space X with RKHS H. We
say that k separates the disjoint sets A, B C X if there exists an f € H
with f(x) >0 for allz € A, and f(z) <0 for all x € B. Furthermore, we say
that k separates all finite (or compact) sets if k separates all finite (or
compact) disjoint sets A,B C X.

It can be shown (see Exercise 4.11) that strictly positive definite kernels
separate all finite sets. Furthermore, every kernel that separates all compact
sets obviously also separates all finite sets, but in general the converse is
not true (see Exercise 4.14). Moreover, every universal kernel separates all
compact sets, as the following proposition shows.

Proposition 4.54. Let X be a compact metric space and k be a universal
kernel on X. Then k separates all compact sets.
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Proof. Let A, B C X be disjoint compact subsets and d be the metric of X.
Then, for all z € X, we define

(2) = dist(z, B) B dist(z, A)
9e) = dist(z, A) + dist(z, B)  dist(z, A) + dist(z, B) ’

where we used the distance function dist(z,C) = inf, cc dist(x,2’) for x €
X and C' C X. Since this distance function is continuous, we see that g is
a continuous function. Furthermore, we have g(x) = 1 for all x € A and
g(x) = —1 for all x € B. Now, let H be the RKHS of k. Then there exists an
f € H with || f — g|lec < 1/2, and by our previous considerations this f then
satisfies f(z) > 1/2 for all z € A and f(z) < 1/2 for all x € B. O

Although Proposition 4.54 easily follows from the notion of universality, it
has surprising consequences for the geometric interpretation of the shape of
the feature maps of universal kernels. Indeed, let k be a universal kernel on
X with feature space Hy and feature map @y : X — H. Furthermore, let us
suppose that we have a finite subset {z1,...,2,} of X. Then Proposition 4.54
ensures that for every choice of signs y1,...,y, € {—1,1} we find a function f
in the RKHS H of k with y; f(x;) > 0foralli =1,...,n. By (4.10), this f can
be represented by f = (w,®o(-)) for a suitable w € Hy. Consequently, the
mapped training set (($o(x1),41), - -, (Po(zn), yn)) can be correctly separated
in Hy by the hyperplane defined by w. Moreover, a closer look at the proof
of Proposition 4.54 shows that this can even be done by a hyperplane that
has almost the same distance to every point of @(x;), ¢ =1,...,n. Obviously,
all these phenomena are impossible for general training sets in R? or R?,
and hence every two- or three-dimensional illustration of the feature space of
universal kernels such as Figure 1.1 can be misleading. In particular, it seems
to be very difficult to geometrically understand the learning mechanisms of
both hard- and soft margin SVMs when these SVMs use universal kernels.

The geometric interpretation above raises the question of whether univer-
sal kernels can exist. As we will see below, the answer to this question is “yes”
and in addition, many standard kernels, including the Gaussian RBF kernels,
are universal. To establish these results, we need the following simple lemma.

Lemma 4.55 (Properties of universal kernels). Let X be a compact met-
ric space and k be a universal kernel on X. Then the following statements are
true:

i) BEvery feature map of k is injective.
it) We have k(xz,z) >0 for all x € X.
iii) Every restriction of k onto some compact X' C X is universal.
iv) The normalized kernel k* : X x X — R defined by
k(x,x’)

k*(x,2") := , z, 2 € X,
k(z, z)k(a!, 2")

s universal.
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Proof. The first three assertions are direct consequences of Proposition 4.54
and the definition. To prove the fourth assertion, let & : X — H be the
canonical feature map of k into its RKHS H. Defining a(z) := k(x,x)~'/2 for
all z € X, we see that a® : X — H is a feature map of k* and thus k* is a
kernel. To show that k* is universal, we fix a function g € C'(X) and an € > 0.
For ¢ := |lal/s < 0o, we then get an f € H with ||f — £]/,. < £. This yields

- C

[ (Fra(02()) =gl < llale [ 7= 2], <e.
and thus k* is universal by the observation following Definition 4.52. O

Let us now investigate the existence of universal kernels. We begin by
presenting a simple sufficient condition for the universality of kernels.

Theorem 4.56 (A test for universality). Let X be a compact metric space
and k be a continuous kernel on X with k(x,2z) > 0 for allz € X. Suppose that
we have an injective feature map @ : X — by of k. We write &,, : X — R for its
n-th component, i.e., ®(x) = (Pp(2))nen, © € X. If A :=span{P,, : n € N}
s an algebra, then k is universal.

Proof. We will apply Stone-Weierstraf’ theorem (see Theorem A.5.7). To this
end, we first observe that the algebra A does not vanish since ||(®,(z))[7, =
k(x,2z) > 0 for all z € X. Moreover, k is continuous and thus every @, : X —
R is continuous by Lemma 4.29. This shows that A C C(X). Moreover, the
injectivity of @ implies that A separates points, and thus Stone-Weierstraf’
theorem shows that A is dense in C'(X). Now we fix a g € C(X) and an € > 0.
Then there exists a function f € A of the form

m
f=2 aion,
j=1

with ||f — glle < €. For n € IN, we define w,, := «; if there is an index
j with n; = n and w, = 0 otherwise. This yields w := (w,) € {2 and
f={(w,P(-))e,, and thus k is universal by the observation following Definition
4.52. g

With the help of the preceding theorem, we are now in a position to give
examples of universal kernels. Let us begin with kernels of Taylor type.

Corollary 4.57 (Universal Taylor kernels). Fiz an r € (0,00] and a C*-
function f : (—r,r) — R that can be expanded into its Taylor series at 0,
i.e.,

ft) = iant", te(—rr).
n=0

Let X :={x € R%: ||z|s < \/r}. If we have a,, > 0 for alln > 0, then k given

by
k(z, ') = f((z, ")), z, 2 € X,

18 a universal kernel on every compact subset of X.
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Proof. We have already seen in Lemma 4.8 and its proof that k is a kernel
with feature space £5(IN?) and feature map @ : X — fo(INg) defined by

d
@(’I) = (,/aj1+..4+jdcjl,__,7jd Hl’gl) y reX.
i=1

J1s--Ja>0

Obviously, k is also continuous and ag > 0 implies k(z,2) > 0 for all z € X.
Furthermore, it is easy to see that @ is injective. Finally, since polynomials
form an algebra, span{®;,  ;, :ji,...,ja > 0} is an algebra, and thus we
obtain by Theorem 4.56 that k is universal. O

Recall that we presented some examples of Taylor kernels in Section 4.1.
The following corollary shows that all these kernels are universal.

Corollary 4.58 (Examples of universal kernels). Let X be a compact
subset of R%, v > 0, and o > 0. Then the following kernels on X are universal:

exponential kernel:  k(z,2') := exp((z,2')),
Gaussian RBF kernel: k., (z,2') := exp(—y ||z — 2/||3),

binomial kernel:  k(z,z') := (1 — (z,2"))™*,
where for the last kernel we additionally assume X C {x € R?: ||z|j2 < 1}.

Proof. The assertion follows from Examples 4.9 and 4.11, Proposition 4.10,
Corollary 4.57, and part iv) of Lemma 4.55. O

Note that a result similar to Corollary 4.57 can be established for Fourier
type kernels (see Exercise 4.12 for details). Furthermore, it is obvious that
polynomial kernels cannot be universal whenever |X| = oo. By Proposition
5.41, it will thus be easy to show that there do exist learning problems that
are extremely underfitted by these types of kernels.

We will see in Corollary 5.29 that the universality of a kernel with RKHS
H guarantees

J}g}f{ Rep(f)=RLp (4.55)

for all continuous P-integrable Nemitski losses. However, this result requires
the input space X to be a compact metric space, and hence many interesting
spaces, such as R? and infinite discrete sets, are excluded. On the other hand,
Theorem 5.31 will show that, for almost all interesting loss functions, it suffices
to know that H is dense in L,(Px) for some p > 1 in order to establish
(4.55). In the rest of this section, we will therefore investigate RKHSs that
are dense in L,(Px). To this end, our main tool will be Theorem 4.26, which
characterized this type of denseness by the injectivity of the associated integral
operator Sy : L, (Px) — H defined by (4.17).

We begin by considering distributions Py that are absolutely continuous
with respect to a suitable reference measure pu.
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Lemma 4.59. Let X be a measurable space, p be a measure on X, and k be a
measurable kernel on X with RKHS H and ||k| 1, ) < oo for somep € [1,00).
Assume that the integral operator Sy : L, (u) — H is injective. Then H is
dense in Ly(hp) for all ¢ € [1,p] and all measurable h : X — [0,00) with
h € Lg(u), where s := p’%q.
Proof. Let us fix an f € Ly (hp). Then we have f\h|<71' € Ly (un) and, for r
defined by % + % = ﬁ, Holder’s inequality and g = s thus yield

1 1 1
1Az, 6o = (AR 05|, < [1FIRY

|Lq/(;t)|| |h|% HLT(M) < 0.

Moreover, if f # 0 in Ly (hp), we have fh # 0 in L,/ (p1), and hence we obtain

0 Sulfh) = [ f@(@h(-.)dute) = [ k(o) dlb(a).

Since the latter integral describes the integral operator Ly (hu) — H, we then
obtain the assertion by Theorem 4.26. a

Let us now investigate denseness properties of RKHSs over discrete spaces
X. To this end, let us write £,(X) := L,(v), where p € [1,00] and v is the
counting measure on X, which is defined by v({z}) = 1, # € X. Note that
these spaces obviously satisfy the inclusion ¢,(X) C £,(X) for p < ¢, which is
used in the proof of the following result.

Proposition 4.60 (Large RKHSs on discrete spaces I). Let X be a
countable set and k be a kernel on X with [|k||s,x) < oo for some p € [1,00).
If k satisfies

Z k(z,2")f(z)f(z') >0 (4.56)

for all f € £, (X) with f # 0, then the RKHS of k is dense in Lq(u) for all
q € [1,00) and all distributions p on X.

Proof. Recall that the counting measure v is o-finite since X is countable. Let
us fix an f € £,/ (X) with f # 0. For the operator Sy : £, (X) — H defined
by (4.17), we then have Sy f € H C £,(X) and hence we obtain

(Skfs Fepxe, ) = > klx,2)f(@)f(a') > 0.

z,x’'€X

This shows that Sy : £,/ (X) — H is injective. Now let u be a distribution on
X. Then there exists a function h € ¢1(X) with u = hv. Since for ¢ € [1,p]
we have s := - > 1, we then find h € £,(X) and hence we obtain the
assertion by applying Lemma 4.59. In addition, for ¢ > p, we have ||k, (x) <
[klle, (x) < 0o and £y (X) C £, (X), and consequently this case follows from
the case ¢ = p already shown . a
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Note that the case p = 0o is excluded in Proposition 4.60. The reason for
this is that the dual of £, (X) is not ¢1(X). However, if instead we consider
the pre-dual of ¢1(X), namely the Banach space of functions vanishing at
infinity,

co(X):={f: X > R|Ve>03 finite A C X Vo € X\A: |f(zx)| < e},
which is equipped with the usual || - ||o-norm, we obtain the following result.

Theorem 4.61 (Large RKHSs on discrete spaces II). Let X be a count-
able set and k be a bounded kernel on X that satisfies both k(-,z) € co(X)
for all x € X and (4.56) for all f € £1(X) with f # 0. Then the RKHS of k
is dense in co(X).

Proof. Since k(-,z) € co(X) for all z € X, we see Hpre C co(X), where Hpe
is the space defined in (4.12). Let us write H for the RKHS of k. Since k
is bounded, the inclusion I : H — £, (X) is well-defined and continuous by
Lemma 4.23. Now let us fix an f € H. By Theorem 4.21, there then exists
a sequence (fp) C Hpre with lim,, o [|f — full# = 0, and the continuity of
I: H — (5 (X) then yields limy, o || f — fnlloc = 0. Now the completeness of
¢o(X) shows that ¢o(X) is a closed subspace of £, (X), and since we already
know f, € ¢o(X) for all n > 1, we can conclude that f € ¢o(X). In other
words, the inclusion I : H — ¢(X) is well-defined and continuous. Moreover,
a simple calculation analogous to the one in the proof of Theorem 4.26 shows
that its adjoint operator is the integral operator S : ¢1(X) — H. Since this
operator is injective by (4.56), we see that H is dense in ¢o(X) by Theorem
4.26. O

One may be tempted to assume that condition (4.56) is already satisfied
if it holds for all functions f : X — R with 0 < [{x € X : f(z) # 0}] < o0,
i.e., for strictly positive definite kernels. The following result shows that this
is not the case in a strong sense.

Theorem 4.62. There exists a bounded, strictly positive definite kernel k on
X =Ny with k(-,z) € co(X) for all x € X such that for all finite measures
woon X with u({z}) >0, € X, and all ¢ € [1,00], the RKHS H of k is not
dense in Lq(p).

Proof. Let us write p,, := pu({n}), n € No. Moreover, let (b;);>1 C (0,1) be a
strictly positive sequence with ||(b;)|l2 = 1 and (b;) € £;1. Furthermore, let (e,,)
be the canonical ONB of f5. We write ¢(0) := (b;) and @(n) := e,, n > 1.
Then we have @(n) € 5 for all n € Ny, and hence

k(n,m) := (@(n),d(m)) n,m >0,

2%

defines a kernel. Moreover, an easy calculation shows k(0,0) = 1, k(n,m) =
On,m, and k(n,0) = b, for n,m > 1. Since b, — 0, we hence find k(-,n) €
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co(X) for all n € Ng. Now let n € Ny and a := (ag,...,a,) € R"! be a
vector with o # 0. Then the definition of k yields

A= ZZaza] ,7) fao (0,0) +22a1a0k20 JFZZO%O@ i,7)

1=0 j=0 i=1 j=1
2 2
= o + 29 E a;b; + E o
i=1 i=1

n
= ag + Z Oéi(2040bi + Oéi) .
1=1

If ag = 0, we hence find A = 3" | a? > 0 since we assumed a # 0. Moreover,
if ap # 0, we find t(2cpb; + t) > aob2 for all t € R by simple calculus, and
hence our assumptions |[(b;)|2 =1 and b; > 0, i > 1, imply

n o0
—Zagbf = af Z b? > 0.
i=1 i=n+1
Consequently, we have A > 0 in any case, and from this it is easy to see that
k is strictly positive definite. Let us now define f : Ng — R by f(0) := 1 and
fln) = ff)—::po for n > 1. Then we have || f[|1, () = Po +pol[(bn)][¢, < 00, and
a simple calculation yields

Sif(0) = k(0,0)f p0+2k0n pn*pO*POZb
Furthermore, for m > 1, our construction yields
Sif(m) = k(m pgﬁ—kan Pn = b f(0)po — f(m)pm =0,

and hence we have Sif = 0, i.e., St : L1() — H is not injective. Moreover,
by (A.34), the space Li(u) can be interpreted as a subspace of L. (1), and
we have S}/ f = Sy f for all f € Li(n) as we mention in (A.20). From this we
conclude that S}/ : L. (u) — H is not injective, and hence S}, : H — Lo (1)
does not have a dense image. Repeating the proof of Theorem 4.26, we further
see that id : H — Loo(pt) equals S}, and thus H is not dense in Lo (p). From
this we easily find the assertion for ¢ € [1, 00). O

Finally, let us treat the Gaussian RBF kernels yet another time.

Theorem 4.63 (Gaussian RKHS is large). Let v > 0, p € [1,00), and
w be a finite measure on RY. Then the RKHS H.(RY) of the Gaussian RBF
kernel k- is dense in Ly(u).

Proof. Since L,(u) is dense in Lq(p), it suffices to consider the case p > 1.
Moreover, by Theorem 4.26, it suffices to show that the integral operator
Sk, + Ly(n) — Hy(R?) of k, is injective. However, the latter was already
established in Theorem 4.47. O
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4.7 Further Reading and Advanced Topics

The idea of using kernels for pattern recognition algorithms dates back to the
1960s, when Aizerman et al. (1964) gave a feature space interpretation of the
potential function method. However, it took almost thirty years before Boser
et al. (1992) combined this idea with another old idea, namely the generalized
portrait algorithm of Vapnik and Lerner (1963), in the hard margin SVM.
Shortly thereafter, Cortes and Vapnik (1995) added slack variables to this
first type of SVM, which led to soft margin SVMs. In these papers on SVMs,
the feature space interpretation was based on an informal version of Mercer’s
theorem, which may cause some misunderstandings, as discussed in Exercise
4.10. The RKHS interpretation for SVMs was first found in 1996 and then
spread rapidly; see, e.g., the books by Scholkopf (1997) and Vapnik (1998).
For more information, we refer to G. Wahba’s talk on multi-class SVMs given
at IPAM in 2005 (see http://www.oid.ucla.edu/Webcast/ipam/). Since the
introduction of SVMs, many kernels for specific learning tasks have been de-
veloped; for an overview, we refer to Scholkopf and Smola (2002) and Shawe-
Taylor and Cristianini (2004). In addition, it was first observed by Scholkopf
et al. (1998) that the “kernel trick”, i.e., the idea of combining a linear algo-
rithm with a kernel to obtain a non-linear algorithm, works not only for SVMs
but actually for a variety of different algorithms. Many of these “kernelized”
algorithms can be found in the books by Scholkopf and Smola (2002) and
Shawe-Taylor and Cristianini (2004).

As indicated above, the use of kernels for machine learning methods was
discovered relatively recently. However, the theory of kernels and their ap-
plications to various areas of mathematics are much older. Indeed, Mercer’s
theorem has been known for almost a century (see Mercer, 1909), and based
on older work by Moore (1935, 1939) and others, Aronszajn (1950) devel-
oped the theory of RKHSs in the 1940s. The latter article also provides a
good overview of the early history and the first applications of kernels. Since
then, many new applications have been discovered. We refer to the books by
Berlinet and Thomas-Agnan (2004), Ritter (2000), and Wahba (1990) for a
variety of examples.

We must admit that two important types of kernels have been almost
completely ignored in this chapter. The first of these are the translation-
invariant kernels, i.c., kernels k : R? x R — K for which there exists a
function x : RY — K such that

k(z,2") = k(z —2'), z,z’ € RY. (4.57)

Bochner (1932, 1959) showed that, given a continuous function x : R — C,
equation (4.57) defines a kernel k if and only if there exists a unique finite
Borel measure 1 on R¢ such that

k(@) = / eV duy) zeR% (4.58)
R4
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From this and Exercise 4.5, it is easy to conclude that for continuous functions
k : R* — R, equation (4.57) defines a kernel if there exists a unique finite
Borel measure 1 on R¢ such that

k(z) = /}Rd cos{z,y) du(y), z € RY. (4.59)

Note that this sufficient condition is a generalization of the Fourier kernels
introduced in Lemma 4.12, and in fact one could prove this condition directly
along the lines of the proof of Lemma 4.12. Finally, Cucker and Zhou (2007)
showed in their Proposition 2.14 that k is a kernel if the Fourier transform of s
is non-negative. The second type of kernel we did not systematically consider
are radial kernels, i.e., kernels k : R? x R — R for which there exists a
function x : RY — R such that

k(z,2') = r(||lz — 2'|)2), z,x' € R (4.60)

Schoenberg (1938), see also Section 5.2 in Berg et al. (1984), showed that,
given a continuous function x : R — R, equation (4.60) defines a kernel k for
all d > 1, if and only if there exists a unique finite Borel measure y on [0, 00)
such that

k(t) = /Rd e Wdu(y), t € [0,00). (4.61)

Finally, it is known that if x is completely monotonic, then (4.60) defines a
kernel. For a proof, we refer to Proposition 2.18 of Cucker and Zhou (2007).

Most of the material presented in Sections 4.1, 4.2, and 4.3 is folklore and
can be found in many other introductions to RKHSs (see, e.g., Hille, 1972;
Meschkowski, 1962; Saitoh, 1988, 1997). Polynomial kernels were first used
in the machine literature by Poggio (1975). The exponential kernel and its
RKHS are closely related to the so-called Fock space considered in quantum
mechanics (see, e.g., Bargmann, 1961; Folland, 1989). Furthermore, the bi-
nomial kernel is a generalization of the Bergmann kernel (see, e.g., Duren,
1970; Duren and Schuster, 2004; Hedenmalm et al., 2000), and the examples
of Fourier type kernels were considered by Vapnik (1998), who also presents
some more examples of kernels of possible interest for machine learning. Fi-
nally, the notion of separately continuous kernels in Section 4.3 is taken from
Hein and Bousquet (2004).

The description of H(X) follows Steinwart et al. (2006a), but some of
the results can also be found in the book by Saitoh (1997). The operator W;
is known as the Gauss-Weierstrafl integral operator and is used for the heat
equation (see, e.g., Hille and Phillips, 1957). Since this integral operator is
neither surjective nor compact, Theorem 4.47 can be used to show that the
inclusion id : H,,(X) — H,,(X) considered in Proposition 4.46 is neither
surjective nor compact if X has a non-empty interior. In addition, the bound
on its norm given in (4.44) turns out to be sharp for such X. We refer to
Steinwart et al. (2006a) for more information.
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The RKHS representation based on Mercer’s theorem closely follows the
presentation of Cucker and Smale (2002). This article also provides some other
useful insights into the theory of RKHSs. For a proof of Mercer’s theorem, we
refer to Werner (1995) and Riesz and Nagy (1990).

The first part of Section 4.6 is taken almost completely from Steinwart
(2001). It is not hard to see that Corollary 4.57 does not provide a necessary
condition for universality. Indeed, if, for example, one only assumes a,, > 0
for all indexes n but one nyg # 0, then k is still a universal kernel. This
raises the question of how many non-vanishing coefficients are necessary for
the universality. Surprisingly, this question was answered by Dahmen and
Micchelli (1987) in a different context. Their result states that k is universal
if and only if ag > 0 and

1 1
> om > mr1 0

azp >0 a2n+1>0

Note that this condition implies that the sets Neyen := {2n € N : ag, > 0}
and Nogq := {2n+ 1 € N : ag,y1 > 0} are infinite. Interestingly, Pinkus
(2004) has recently shown that the latter characterize strictly positive defi-
nite kernels, i.e., he has shown that a kernel is strictly positive definite if and
only if ag > 0 and |Noqd| = |Neven| = 00. In particular, both results together
show that not every strictly positive definite kernel is universal. An elemen-
tary proof of this latter observation can be found by combining Exercise 4.11
and Exercise 4.14. Moreover, it is interesting to note that this observation can
also be deduced from Theorem 4.62. Recently, Micchelli et al. (2006) investi-
gated under which conditions translation-invariant kernels and radial kernels
are universal. Besides other results, they showed that complex translation-
invariant kernels are universal if the support of the measure u in (4.58) has
a strictly positive Lebesgue measure. Using a feature map similar to that of
the proof of Lemma 4.12, it is then easy to conclude that kernels represented
by (4.59) are universal if vol(supp ) > 0. Moreover, Micchelli et al. (2006)
showed that radial kernels are universal if the measure p in (4.61) satisfies
supp 4 # {0}. Finally, the second part of Section 4.6, describing denseness
results of H in L,(u), is taken from Steinwart et al. (2006b).

4.8 Summary

In this chapter, we gave an introduction to the mathematical theory of kernels.
We first defined kernels via the existence of a feature map, but it then turned
out that kernels can also be characterized by simple inequalities, namely the
positive definiteness condition. Furthermore, we saw that certain representa-
tions of kernel functions lead directly to feature maps. This observation helped
us to introduce several important kernels.

Although neither the feature map nor the feature space are uniquely deter-
mined for a given kernel, we saw in Section 4.2 that we can always construct
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a canonical feature space consisting of functions. We called this feature space
the reproducing kernel Hilbert space. One of our major results was that there
is a one-to-one relation between kernels and RKHSs. Moreover, we showed in
Section 4.3 that many properties of kernels such as measurability, continuity,
or differentiability are inherited by the functions in the RKHS.

We then determined the RKHSs of Gaussian RBF kernels and gained some
insight into their structure. In particular, we were able to compare the RKHS
norms for different widths and showed that these RKHSs do not contain con-
stant functions. We further investigated properties of their associated integral
operators, showing, e.g., that in many cases these operators are injective.

For continuous kernels on compact input spaces, Mercer’s theorem pro-
vided a series representation in terms of the eigenvalues and functions of the
associated integral operators. This series representation was then used in Sec-
tion 4.5 to give another characterization of the functions contained in the
corresponding RKHSs.

In Section 4.6, we then considered kernels whose RKHS H is large in
the sense that H is dense in either C'(X) or a certain Lebesgue space of
p-integrable functions. In particular, we showed that, among others, the
Gaussian RBF kernels belong to this class. As we will see in later chapters, this
denseness is one of the key reasons for the universal learning ability of SVMs.

4.9 Exercises

4.1. Some more kernels of Taylor type (%)

Use Taylor expansions to show that the following functions can be used to
construct kernels by Lemma 4.8: © +— coshz, 2 — arcothz™!, z — ln(}f—z),
and z — arctanh z. What are the corresponding (maximal) domains of these

kernels? Are these kernels universal?

4.2. Many standard Hilbert spaces are not RKHSs (x)
Let p be a measure on the non-empty set X. Show that Lo(u) is an RKHS if
and only if for all non-empty A C X we have u(A) > 0.

4.3. Cauchy-Schwarz inequality (xx)
Let E be an R-vector space and (-, -) : E — R be a positive, symmetric
bilinear form, i.e., it satisfies
i) (z,) >0
it) (z,y) = (y, 7)
iii) (ox +y, z) = oz, 2) + (y, 2)
for all z,y,z € E, a € R. Show the Cauchy-Schwarz inequality
[z, y)* < (2,2) - (y,9), 2,y € E.
Hint: Start with 0 < (x 4+ ay,x + ay) and consider the cases o = 1 and

a=—1if (z,2) = (y,y) = 0. Otherwise, if, e.g., (y,y) # 0, use o := —gzi




4.9 Exercises 163

4.4. The RKHSs of restricted and normalized kernels (xxx)
Let k be a kernel on X with RKHS H. Using Theorem 4.21, show that:

i) For X' C X, the RKHS of the restricted kernel k| x:, x- is
Hyx = {f: X' —R|3f € H with fix, = f}

with norm |||, ,, == inf{||f||z : f € H with ﬁx/ = f}.
i1) Suppose k(x,x) > 0 for all x € X. Then the RKHS H* of the normalized
kernel k£* considered in Lemma 4.55 is

H ={f:X > R|(z— k(z,z)f(z)) € H}

and has norm || f|| g~ := |[(x — k(z,z) f(2))||a.
i4i) Determine the RKHS of the exponential kernel with the help of H., ca.

4.5. Real part of complex kernels (xx)

Let k: X x X — C be a kernel. Show that Rek : X x X — R is a kernel.
Hint: Show that Rek is symmetric and positive definite. For the latter,

use k(z,2") + k(z', ) = 2Re k(x, 2').

4.6. Injectivity of id : H — L, (p) (x*)

Let X be a Polish space and p be a Borel measure with supp p = X. Moreover,
let k£ be a continuous kernel on X with ||k[[z () < oo for some p € [1,00].
Show that id : H — L, () is injective.

4.7. Properties of functions contained in the Gaussian RKHSs (x*)
For ~ > 0, show the following statements:

i) Every f€ H.(R?) is infinitely many times differentiable.
ii) Every f € H,(R?) is 2-integrable, and the inclusion id : H,(R?) — La(R?)
is continuous.
iii) Every f € H.,(R%) is bounded, and the inclusion id : H,(R%) — £ (R%)
is continuous.

Hint: For i), use that the integral operator Sy, : La(RY) — H,(R?) is contin-
uous. Then consider its adjoint.

4.8. Gaussian kernels and the hinge loss (xxx)

Let P be a distribution on X x Y, where X C R? and Y := {—1,1}. Further-
more, let Lyinge be the hinge loss defined in Example 2.27 and H,(X) be a
Gaussian RKHS. Show that no minimizer f}jhmgmp of the Lnpinge-risk is con-
tained in H.,(X) if for n(z) :== P(y = 1|z), z € X, the set {z : n(x) # 0,1/2,1}
has a non-empty interior. Give some (geometric) examples for such distribu-
tions. Does a similar observation hold for P satisfying R}, p = 07

4.9. Different feature spaces of the Gaussian kernels (xx)
Compare the different feature spaces and maps of the Gaussian RBF kernels
we presented in Corollary 4.40 and Lemma 4.45.
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4.10. Discussion of Mercer’s theorem (xxx)
Using inadequate versions of Mercer’s theorem can lead to mistakes. Consider
the following two examples:

i) Sometimes a version of Mercer’s theorem is presented that holds not only
for continuous kernels but also for bounded and measurable kernels. For
these kernels, the relation (4.53) is only stated p?-almost surely. Now,
one might think that by modifying the eigenfunctions on a zero set one
can actually obtain (4.53) for all z,2’ € X. Show that in general such a
modification does not exist.

i1) Show that if the assumption suppp = X of Theorem 4.49 is dropped,
(4.53) holds at least for all x, 2’ € supp p. Furthermore, give an example
that demonstrates that in general (4.53) does not hold for all z,2’ € X.

Hint: For for i) Use [0, 1] equipped with the Lebesgue measure and consider
the kernel k defined by k(x,z) := 1 for x € X and k(z,z’) = 0 otherwise.

4.11. Strictly positive definite kernels separate all finite subsets (%*)
Let k£ : X x X — R be a kernel. Show that k separates all finite subsets if and
only if it is strictly positive definite.

Hint: Recall from linear algebra that a symmetric matrix is (strictly) pos-
itive definite if and only if its eigenvalues are all real and (strictly) positive.
Then express the equations f(z;) =y, i =1,...,n, f € H, in terms of the
Gram matrix (k(z;,2;)): ;-

4.12. Universality of Fourier type kernels (%*x*)
Formulate and prove a condition for Fourier type kernels (see Lemma 4.12)
that ensures universality. Then show that the kernels in Examples 4.13 and
4.14 are universal.

Hint: Use a condition similar to that of Corollary 4.57.

4.13. Existence of universal kernels (Hkk*)
Let (X, 7) be a compact topological space. Show that the following statements
are equivalent:

i) (X, ) is metrizable, i.e., there exists a metric d on X such that the col-
lection of the open subsets defined by d equals the topology .
i1) There exists a continuous kernel on X whose RKHS is dense in C(X).

Hint: Use that X is metrizable if and only if C'(X) is separable (see, e.g.,
Theorem V.6.6 of Conway, 1990). Furthermore, for i) = ii), use a countable,
dense subset of C'(X) to construct a universal kernel in the spirit of Lemma 4.2.
For the other direction, use that every compact topological space is separable.

4.14. A kernel separating all finite but not all compact sets (xxxx)
Let X := {—1,0}U{1/n : n € N} and (e, ) be the canonical ONB of ¢5. Define
the map @ : X — lo o R by &(—1) := (3,2, 27 "e,, 1), ¢(0) := (0,1), and
&(1/n) := (n"2ep,1) for n € IN. Then the kernel associated to the feature
map @ separates all finite sets but does not separate the compact sets {—1}
and X\{-1}.





