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Abstract

We consider general regularisation and regularised interpolation problems for
learning parameter vectors from data. In particular in Hilbert spaces reg-
ularisation methods have been applied very successfully, largely due to the
well known representer theorem. Classical formulations of the theorem state
that under certain conditions on the regulariser there exists a solution of the
optimisation problem which is contained in a linear subspace spanned by
the data points. This is at the core of kernel methods in machine learning
as it significantly reduces the dimensionality and thus makes the problem
computationally tractable. Most of the literature only deals with sufficient
conditions on the regulariser for a representer theorem to hold, mostly in
Hilbert spaces with some generalisations to certain classes of Banach spaces.
In this work we give an essentially complete answer to the question of exis-
tence of representer theorems in general Banach spaces. This question had
previously been answered for Hilbert spaces with an intuitive characterisa-
tion for differentiable regularisers. We show how the necessary and sufficient
conditions extend to arbitrary Banach spaces and give the more intuitive
geometric characterisation for a variety of classes of Banach spaces, which
contain all spaces we know of which are commonly used in applications. We
conjecture that the same characterisation can also be given for any other Ba-
nach space not currently covered by those classes. We further show that, if
the learning relies on the linear representer theorem, in most cases the solu-
tion is actually independent of the regulariser and determined by the function
space alone. This is interesting for two reasons. Firstly it means one is free
to choose whichever regulariser is most suitable for the application at hand,
whether this is computational efficiency or ease of calculations. Moreover it
shows the importance of extending classical elements of learning theory such

as kernel methods from Hilbert spaces to Banach spaces.
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1 Introduction

A common problem in learning theory, and many other scientific fields, is to
find the best function within a class of functions V' to explain some given em-
pirical data (z;,v;)",. This class of functions may not contain the function
which actually generated the data, but does represent some belief we might
have about the nature of the data. As an example consider noisy measure-
ment data from physics, meteorology or any other scientific field. We will be
looking for the function that explains the law by which the data was gen-
erated, without the noise. The noisy function may not be contained in the
class V if we have a good enough idea of the properties of the true function.
In a way we can view this problem as function approximation. Based on
only a finite amount of data in general we can not hope to be able to find
the exact true function. But in applications a good enough approximation,
in an appropriate sense, is often sufficient. Thus the aim is to approximate
the true function as well as possible, based on the given, finite amount of
information about its behaviour.

Possibly the most common approach across disciplines, supervised and semi-
supervised learning but also any other discipline where empirical data is
generated, is to formulate the estimation as an optimisation problem. One
defines an error functional £ to measure the error suffered from using a func-
tion f, constrained in a set of functions V', as an approximation of the true
function to predict the output for x; when y; is the true value. For large,
expressive classes of functions minimising the error alone is an ill-posed prob-
lem as there may be a large number of functions with the same minimal error.
One thus defines a map €2 from the function space into R which is generally
thought of as favouring a certain desirable property of the function such as
its regularity. Adding this regulariser € to the error with a parameter A >0
to trade off between accuracy and regularity one arrives at the regularisation

problem
inf {E((f (@), y:)i%a) + AQ(f) = feV}.

This has motivated the study of regularisation problems in mathematics,

statistics and computer science, in particular machine learning (Cucker and
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Smale [CS01], Shawe-Taylor and Cristianini [STCO04], Micchelli and Pon-
til [MPO5a]).

In the generality stated above the regularisation problem is a very hard prob-
lem and we have little hope of finding a solution. Thus one commonly will
make extra assumptions, in particular on the function space V. Due to the
nice geometric structure of Hilbert spaces and the intuition gained from it,
regularisation in Hilbert spaces has been studied widely. There are various
ways one can phrase the above regularisation problem in Hilbert spaces, the
most common one is likely Tikhonov reqularisation, where we consider an

optimisation problem of the form

inf {E(((foi) 9) ) + AUS) = feH),

where H is a Hilbert space and (-, -),, denotes the inner product on H. There
are numerous reasons why regularisation in Hilbert spaces has been studied
in great detail and been applied very successfully. Firstly the existence of
an inner product and thus the ability to measure angles and the existence of
orthogonality and orthogonal projections are very useful tools in the design
of algorithms to solve the optimisation problem.

But in fact crucial for the success of regularisation methods in Hilbert spaces
is the well known representer theorem, which states that for certain regularis-
ers there is always a solution in the linear span of the data points (Kimeldorf
and Wahba [KW71], Cox and O’Sullivan [CO90], Schélkopf and Smola [SS98,
SHSO01]). This means that the problem reduces to finding a function in
a finite-dimensional subspace of the original function space, which is often
very high-dimensional or infinite-dimensional. It is this dimension reduction
that makes the problem computationally tractable. Since this reduction is
so crucial for the success of regularised learning in Hilbert spaces the repre-
senter theorem has been extensively studied ([SS02, MP04, AMP09, AD14])
and it will be the main element of study of this thesis.

Another reason for Hilbert space regularisation finding a variety of applica-
tions is the kernel trick, which allows for any algorithm which is formulated

in terms of inner products to be modified to yield a new algorithm based on a
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different symmetric, positive semidefinite kernel leading to learning in repro-
ducing kernel Hilbert spaces (RKHS) (Scholkopf and Smola [SS02], Shawe-
Taylor and Cristianini [STC04]). This way nonlinearities can be introduced
in the otherwise linear setup. Furthermore kernels can be defined on input
sets which a priori do not have a mathematical structure by embedding the

set into a Hilbert space.

It is commonly stated that the regulariser favours certain desirable prop-
erties of the solution and can thus intuitively be thought of as picking the
function that explains the data and is, in some suitable sense, the simplest.
This is in analogy with how a human would pick a function when seeing a
plot of the data. One of the main results of this work will clarify this view.
We will show that if the learning relies on the linear representer theorem,
in most cases the set of solutions in the sense of the representer theorem is
the same for every suitable regulariser. This means that the solution is in
fact independent of the requlariser and it is solely determined by the func-
tion space we chose to work in. This is in particular always true for Hilbert
spaces. The solution being determined by the space alone, and not by the
regulariser, strongly motivates extending the successful kernel methods from

Hilbert spaces to a greater variety of spaces.

A very important step in extending kernel methods to Banach spaces has
been taken by Zhang, Xu and Zhang [ZXZ09] who defined reproducing ker-
nel Banach spaces (RKBS), in part making use of semi-inner products which
had been introduced by Lumer [Lum61] and Giles [Gil67] exactly for the
purpose of extending Hilbert space like methods to Banach spaces.

Zhang and Zhang [Z2Z12] extended the theory further and proved representer

theorems for a wide variety of regularisation problems of the form

inf {E((Li(f), y)i2y) + MUS) = feBY,

where the L; are continuous linear functionals on B, a Banach space which
is at least reflexive, often also uniformly convex and uniformly smooth. The

representer theorems proved are different from the ones known for Hilbert
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spaces though. The representer theorems for RKBS turns out to be natu-
rally rooted in the dual space. They characterise the solution as having a
dual element which is contained in the linear span of the dual elements of
the data points. This is not in contradiction to Hilbert spaces, but rather
may allow deeper insight into the essence of the representer theorem to fully
understand it. Since a Hilbert space is self-dual and the duality mapping is
the identity it simply does not become apparent that the representer theorem
is a statement about the dual space. Our work presented in this thesis will
illustrate this fact further.

Reproducing kernel Banach spaces have been extended further by Song,
Zhang and Hickernell [SZH13] and Georgiev, Sdnchez-Gonzales and Parda-
los [GSGP14] to construct spaces which are not reflexive, in particular of
I-type. Since [' regularisation induces sparsity of the solution, these are

very commonly used in applications.

The classical statements of the representer theorem give sufficient conditions
on the regulariser for the existence of a solution either in a finite dimensional
subspace given by the data points or with dual element in the linear span of
their dual elements. Argyriou, Micchelli and Pontil in [AMP09] started to
address the question of proving necessary conditions to classify all regularis-
ers which admit a linear representer theorem. They prove a necessary and
sufficient condition for Hilbert spaces and give a geometric interpretation of
their result for differentiable regularisers. This geometric interpretation is
very useful as it makes the result very easily applicable.

In this thesis we are going to expand on their work and provide an essentially
complete answer to the question of existence of representer theorems. We
show how to remove the differentiability assumption in the arguments of Ar-
gyriou, Micchelli and Pontil and extend both, the result about necessary and
sufficient conditions and its geometric interpretation, step by step to more
general classes of functions. Starting from the Hilbert space case we ex-
tend the results to Banach spaces which are uniformly convex and uniformly
smooth. In a sense such Banach spaces can be considered almost Hilbert

and they form a good starting point to get an idea how the ideas of the

4
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previous proofs generalise. We then show how to weaken the assumptions on
the function space to reflexivity. Finally we remove even the assumption of
reflexivity and prove analogous results for non-reflexive Banach spaces. This
is done in particular to include I'-type Banach spaces, which are commonly
used in application. Due to the large geometric variety of general Banach
spaces it is not possible to give a closed form geometric interpretation of the
necessary and sufficient condition as before anymore. We prove this result
for certain classes of function spaces though, which include all cases we know
of that are commonly used in application. Since the difficulties arise from the
geometric variety, we conjecture that the same sort of arguments can be used
to prove the geometric intuition for any Banach space once a particular space
has been fixed and its geometry is known. These results have been or will be
made available as journal publication in [Sch19b, Sch21] and in conference
proceedings [Sch20] as well as arXiv preprints [Sch18, Sch19¢, Sch19a].

A complete characterisation of regularisers which admit a linear represen-
ter theorem in an arbitrary Banach space and a geometric interpretation for
those spaces, which are commonly used in applications is a satisfying result.
But for most function spaces there is an important consequence to these re-
sults which we already mentioned above. It turns out that in the majority
of cases using the characterisation of regularisers that admit a representer
theorem one can prove that in fact the solution does not depend on the reg-
ulariser. More precisely, for a fixed Banach space B different regularisers 2
may have a different solution set, but the solution which is determined by the
linear subspace generated by the data points is the same for all regularisers
which admit a linear representer theorem. This means the solution in the
sense of the linear representer theorem is determined by the function space
alone.

This is interesting for two reasons. Firstly it means that we can always pick
the regulariser best suited for the application at hand. This may be compu-
tational efficiency in a concrete application or mathematical properties for
use in a proof, such as e.g. the duality of the norm with linear functionals

which is exploited in the proofs in [MP04]. Secondly it further illustrates
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the importance of being able to learn in a larger variety of spaces, i.e. of

extending classical elements of learning theory to a variety of Banach spaces.

We will begin this thesis with a general introduction to learning theory in
Chapter 2. The aim will not be to be exhaustive, which would not be possible
in such a diverse field. The purpose of the chapter is to introduce a reader
with mathematical background but no knowledge of learning theory to the
most important concepts. The material presented should provide the reader
with some context for the results presented later on. We will introduce a
general framework for regularisation problems as the ones stated above and
give an overview of the most important results for reproducing kernel Hilbert
spaces. As this is very well established and known theory, which has been
covered extensively in the literature, we will mostly only sketch or omit the
proofs unless they provide useful insight for later results.

To be able to use Hilbert space like arguments in Banach spaces we are
going to need the semi-inner product theory introduced by Lumer [Lum61]
and Giles [Gil67]. Semi-inner products were not only used by Zhang, Xu
and Zhang in [ZXZ09, ZZ12] to define reproducing kernel Banach spaces,
but will also be used in some of our results presented in this thesis in Chap-
ter 6. Since semi-inner products are not very well known, we are going to
discuss them in detail in Chapter 3. We are not presenting any new results
in this section but aim to cover what is needed for the reader to get a good
impression of the structure semi-inner products provide. The proofs for all
results that have relevance to our results, in the sense that they are crucial
in proving the necessary structure of the space, will be given. We are going
to include some further results which are not strictly required for our results
but provide some further context and illustrate the usefulness of semi-inner
products. Will we be a bit more brief when covering those results.

After introducing semi-inner products in Chapter 3 we will show in Chapter 4
how to use them to construct reproducing kernel Banach spaces, as done by
Zhang, Xu and Zhang [ZXZ09] and Zhang and Zhang [ZZ12]. This chapter

aims to provide context and examples for our results similarly to Chapter 2.

6
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But since RKBS are much less well known than RKHS we are going to pro-
vide a great deal more detail than we did when covering RKHS and proofs for
many of the results will be given. We will see later that semi-inner products
do exist for any normed space, but for our purposes they are less useful when
we consider spaces which are not reflexive. In the second part of Chapter 4
we will thus show how to construct non-reflexive RKBS using the duality
pairing rather than semi-inner products. These constructions include in par-
ticular spaces of [!-type for their relevance in applications.

The discussion of non-reflexive RKBS in Section 4.2 already illustrates the
need for more general tools than semi-inner products to develop a unified
theory of representer theorems for arbitrary Banach spaces. In Chapter 5 we
are going to introduce all further mathematical tools needed for our results.
This includes results about the duality pairing and its connections with the
geometry of the space, annihilators as a generalisation of orthogonal com-
plements, and discussions of other geometric properties of the space which
have significance for our results, such as exposed faces and the attainment of
distances of points to linear subspaces.

In Chapter 6 we are going to present most of the main results of this the-
sis. We begin with a brief discussion of the work by Argyriou, Micchelli
and Pontil, which is the starting point of our work. They proved a nec-
essary and sufficient condition on the regulariser for a representer theorem
to hold and gave a geometric interpretation of the result for differentiable
regularisers. We will then present our own work expanding on these results.
We will first show how to remove the differentiability condition in the geo-
metric interpretation. Subsequently we show how to generalise the proofs of
both, the necessary and sufficient condition and the geometric interpretation,
to uniformly convex and uniformly smooth Banach spaces using semi-inner
products.

In a further step we extend the results to any reflexive Banach space. It turns
out though, that the results one can obtain in this case may be weaker than
the ones from previous sections. The property that determines the exact

form of the results obtained will turn out to be strict convexity. While the

7
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necessary and sufficient condition can still be given in a closed form for an ar-
bitrary reflexive Banach space, for the geometric interpretation this will not
be possible anymore at this stage. This is due to the large geometric variety
one may encounter within the class of reflexive Banach spaces. For the time
being we are thus going to restrict ourselves to the case of strictly convex
spaces when giving the geometric interpretation to reduce this variety and
obtain a nice, easily interpretable result. A similar result can be proved for
other classes of reflexive Banach spaces but the discussion of spaces which
are not strictly convex is postponed, since this case has much in common
with the results for non-reflexive Banach spaces.

Following the discussion of reflexive Banach spaces we then give an example
why reflexivity is in some sense necessary for a representer theorem of the
type obtained throughout the earlier sections of this chapter to hold. To
circumnavigate this issue we are finally going to propose a notion of approxi-
mate solution and thus approximate representer theorem. We will show that
for this new notion we can indeed obtain the same necessary and sufficient
condition on the regulariser to admit a representer theorem. Finally we will
show that also the same geometric interpretation holds for a certain class of
function spaces, which in particular contains [! as the most common example
of a non-reflexive Banach space used in applications. We conjecture that the
same result could be proved for any Banach space, as long as it has been
fixed to remove the geometric variety.

In summary, throughout Section 6 we present a sequence of progressive
generalisations of three results. The necessary and sufficient condition on
the regulariser is proved for Hilbert spaces, uniformly convex and uniformly
smooth Banach spaces, reflexive Banach spaces, and finally arbitrary Banach
spaces. Both the lemma which allows to remove the differentiability condi-
tion from [AMP09] and the resulting geometric interpretation are proved
for Hilbert spaces, uniformly convex and uniformly smooth Banach spaces,
strictly convex and reflexive Banach spaces, and uniformly non-rotund Ba-
nach spaces.

Finally in Chapter 7 we are going to present the last of our main results. This

is the previously mentioned fact that in most cases the solution in the sense

8
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of the representer theorem is actually independent of the regulariser but de-
termined by the space alone. Again strict convexity is the crucial property
here. In a space which is not strictly convex the regulariser has some effect
on the solution, but only to the extent that it determines which point within
a given exposed face of the norm ball is optimal. This result is currently only
valid for reflexive Banach spaces. It seems reasonable to expect a generalisa-
tion to non-reflexive Banach spaces but we have not yet been able to prove
it. We then illustrate a few other open questions and connections with other

results that could provide starting points for interesting further work.

1.1 Notation

We briefly fix some notation used throughout this thesis. Firstly we are go-
ing to use N,, to denote the set {1,...,m} c N. We sometimes will consider
constructions which are valid for real or complex vector spaces. We will then
use F to denote the base field R or C.

We will generally denote by X a non-empty set which might not have any
further mathematical structure. A normed vector space will usually be called
V' with dual space V*. Continuous linear functionals on V' will most of the
time denoted by L and variants of it. Occasionally, when there is a bijective
duality mapping and the correspondence between a point x and the continu-
ous linear functional attaining its maximum at the point is relevant, we may
also use x*. Elements in the second dual will generally be denoted as x**
and the respective variants, with  denoting the natural embedding of z € V/
into the bidual V**.

Subspaces of a vector space V' will usually be called U and W. The unit ball
of V' will be denoted by By and the unit sphere by Sy . Balls and spheres of
a fixed radius r will be denoted by B, and .S, respectively.

By H we will always mean a Hilbert space and B will be a Banach space.
The inner product on a Hilbert space #H is going to be denoted by (-, -),, and

a semi-inner product on a Banach space B by [-,-]5. By (-,-),, we will denote

9
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either a bilinear form on V' or the duality pairing on V' x V*. Which of the
two meanings is used should always be clear from the context and not cause
any confusion.

We will say a space is a Hilbert space of functions if it is a Hilbert space for
which the norm is zero if and only if the function is zero everywhere. Equally
a Banach space of functions is a Banach space for which the norm is zero if

and only if the function is zero everywhere.

The domain of a function f:V — [-o0, 00] is defined as the set
dom(f) ={z eV : |f(z)] < oo}.
The core of a set S cV is the set

core(S)={reS:VyeX 3, >0st. x+tyeSVte[0,t,]}.

10
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2 An Introduction to Learning Theory

In this chapter we give an introduction into learning theory. The aim is not
to be exhaustive. Learning theory is a very broad term covering a diverse
range of subdisciplines, making use of a wide variety of branches of mathe-
matics. The aim of this section will be to give an introduction into a part of
learning theory that leads to applications of classical functional analysis. It
is aimed at a reader with a mathematical background but no knowledge of
learning theory or machine learning. The material presented should provide
the reader with some context for the new results presented in this thesis. As
such the focus will be on results that aid understanding of the mathematical
concepts and tools rather than results of direct practical use.

At the same time this section provides an opportunity to fix notation and
nomenclature which can in general differ across the common literature.

The general view taken in this work is that learning essentially is function
approximation. Given some data we are looking for a function f in a given
prescribed class which explains the data. With only a finite amount of data
we can in general not expect to be able to find the exact function underlying
the data. By learning we mean trying to find a sufficiently good approxi-
mation of this function. How we measure how good an approximation is can
vary significantly, the common theme though is that it is measured on data
points which were not previously known.

The material presented in this chapter will mainly be following the work of
Cucker and Smale [CS01] and Schélkopf and Smola [SS02]. Both are excel-
lent references for an introduction to the theory. The paper by Cucker and
Smale is more on the theory side, focusing largely on statistical learning the-
ory. The book by Schélkopf and Smola is much broader and also concerned
about the applications. Many concrete examples are given. The work by
Evgeniou, Pontil and Poggio [EPP00] aims to bridge between a functional
analysis perspective and methods from probability theory and statistics and

is as such also closely related to the material presented in this chapter.

11
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2.1 Mathematical Foundations

This section will introduce a common mathematical framework for learning.
At first we will mainly be following the work of Cucker and Smale [CS01]
and later adopt the viewpoint of Schélkopf and Smola [SS02].

We will consider a set of inputs X, which a priori does not need to have any
mathematical structure. Further let Y € R denote the set of outputs. This
could be all of R for regression tasks or a finite subset for classification tasks.
We assume empirical data z = (21,...,2m) = ((1,%1), -+, (T, Ym)) € X x Y
is drawn according to a fixed but unknown Borel probability distribution p
on Z =X xY. The task now is to find a function f, in some function space
V', the hypothesis space, such that f, gives a good prediction of the output
y € Y on points x € X which were not part of the empirical data z. For
this purpose we need to introduce a framework, which allows to measure in
various ways what we mean by a good prediction.

We start by defining what we mean by the loss incurred by using a function

f to predict the output y at a single data point x.

Definition 2.1 (Loss Function)
A loss function is a map C: X x Y xY — [0, 00) such that C(z,y,y) =0
for all z € X and all y € Y. The error of using a function f to predict the
output y at a single point x is then given by C(z, f(z),y).

This in particular means that an exact prediction f(x) =y never incurs any

loss.

Remark 2.2
Note that by this definition the loss function may depend on the point x.
While many common loss functions are independent of x this is an im-
portant feature for some applications. Sometimes having data fall within
or outside a certain range may mean that an error made in this case is
much more or less severe than in other cases. As an example consider

e.g. medical data where errors can have very different significance.

12
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When considering a loss function which measures the error independently of

x we may just write C(f(x),y) for simplicity.

Examples of loss functions include the misclassification loss

0 if f(x)=vy
1 otherwise

C(f(x),y)= {
and the most commonly used squared loss

C(f(x),y) = (f(z)-y)*.

Now that we have defined how to measure how well a function is doing on a
single data point we need to extend this to the full space to be able to assess

any given candidate function.

Definition 2.3 (Error Function)
The error of a function f with respect to the loss function C and the

probability measure p is defined as

()= [ el f(@).m)dp(ay). 1)

The task is to find a function which attains or comes sufficiently close to the

infimum

inf{E(f) : feV}
i.e. to minimise the error over a function space V', the hypothesis space. Note
that we are not assuming that the true function which generated the data is

in V. The minimal error might thus be strictly positive.

For computational reasons the least squares error
N = [ @)=y dp(a.y)
Z

is widely used and can be thought of any time we are talking about an error

functional in this thesis.

13
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Since the probability distribution generating the data is unknown we cannot

compute the integral (1). The quantity we can compute is the empirical error

(1) = 2 320l f(r) 1),

We are often going to be dealing with bounded linear functionals on a vector
space V' which may or may not be point evaluations. In this case we will

consider the empirical error
1 m
E(f) = m ZC(LiaLi(f)ayi)'
i=1

where we make the obvious generalisation of the loss function C in its first
argument to be a map on the dual space V* of a function space V.

The empirical error £, obviously strongly depends on the sample and really
should be thought of as a function of f and the m data points (x;,1;) € X xY
or (L;,y;) € V*xY respectively. This dependence on the sample is commonly
hidden in the subscript z.

When we do want to make the sample dependence explicit we may write

E (i f(@) )i, ) and & ((Lis Li(f), vi)ien,, ) -

Note that sometimes also empirical error functions which are not additively
separable as presented above are used. These are much less common though.
The results presented in this thesis are in general also valid for such empirical

error functions.

Without further assumptions minimising the empirical error does not guar-
antee good generalisation of the minimiser to unseen data. Consider the case
when we make no assumption at all about the function to be learned, i.e.
V' contains all possible functions. Then for any fixed m training data points
((x1,y1),- -, (Tm,Ym)) € X x Y and k additional data points not used for
training, ((Tms1, Yms1) - - (Tmaks Umsr)) € X x Y say, there are functions f;
and fy such that

fi(z;) = fa(w;) for i e N,
fi(zy) # fo(x;) fori=m+1,... m+k

14
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We would have no way of telling which of the two functions to consider as the
solution by just minimising the empirical error £, on the m training points.

Cucker and Smale in [CS01] suggest to use compact subsets of C'(X), the
space of continuous functions on X, or closed balls in finite-dimensional sub-
spaces of C'(X') as hypothesis space. The compactness or finite-dimensionality
allow to relate the actual error to the empirical error and hence to give some
learning guarantees.

We are going to take a different approach, which is very common in applica-
tions and well covered in the book by Schélkopf and Smola [SS02]. We will
be adding a regularisation term to the empirical error for better conditioning

of the problem. More precisely we seek to solve the minimisation problem

inf{&,(f) +A\Q(f) : feV},

where the map 2:V — R is a regulariser and A > 0 is a regularisation param-
eter to balance the trade-off between minimisation of £, and regularity of the
solution enforced by 2. This optimisation problem appears very commonly
used in applications, in particular supervised and semi-supervised learning
but also many other disciplines, wherever empirical data is produced and has

to be explained by a function.

2.2 Example: Support Vector Machines

Let us illustrate the above setting by considering a toy problem in binary
classification from [SS02], where more details can be found. In binary clas-
sification we want to assign a label to a given input, putting it into one of
two categories. This means we are setting Y = {+1} and we are looking for
a function f:X — {£1}.

For the toy example we will assume X = R and particularly think of R? to

be able to visualise the example. Assume we are given some data

z2=(21,- s 2m) = ((x1,y1)s s (Tmns Ym)),

with (z;,v;) € R¢x{£1} to learn from and assume further that the data points

of the two categories are clearly separated by a hyperplane

{zeR?: (w,z)gs +b=0},

15
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where w € R, b e R. This is illustrated in Fig. 1.

Figure 1: Maximal margin hyperplane classification

We want to use such a hyperplane as decision boundary for the classification.

More precisely we are looking for a decision function of the form

f(x) =sgn ((w, x)ga +b) .

It is clear that under the given assumptions there are in general infinitely
many hyperplanes separating the data. As stated above we aim to find the
hyperplane which performs best on classifying previously unseen data points.
There are theoretical arguments, some of which can be found in [SS02], that
this hyperplane is the one with the maximal margin, i.e. the unique separat-
ing hyperplane which has the maximal distance to any of the training points,

as pictured in Fig. 1.
To find the maximal margin hyperplane we have to solve
R S
min  —|w||*,
weRd beR 2 H H
subject to  y; ((w, z;)ga +b) > 1 for all i € N,,,.

16
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Using Lagrange multipliers we obtain the dual optimisation problem

m 1 m
rlnaxZai -z Z ailjyiyj (xi7mj>Rd )
R™ 4 255
subject to «; >0 for all i e N,, (3)

and iaiyi =0,

i=1

which leads to the decision function
f() :Sgﬂ(zyi@i ($,$i>Rd+b)7 (4)
i-1

where the b can also be computed explicitly using the constraints. This puts
us into a good position because we have obtained a quadratic program (3)
which we can solve.

When introducing the Lagrange multipliers one can also notice that all «; for
which the constraints are not an equality vanish, i.e. if y; ((w, z;)ga + b) > 1 for
some 7 € N, then «; = 0. This means the solution will in general only depend
on a very small subset of the training data. Those data points (z;,y;) with
a; # 0 are called support vectors owing to the similarity to usual Lagrange
formulations in classical mechanics and hence this classification method is
often referred to as support vector classification or support vector machine
(SVM). Since we require all the data points to be classified correctly without

any margin for error this case is also referred to as hard margin classification.

In practise we often encounter situations where the data is not perfectly
separable by a hyperplane. This could happen e.g. due to noise corrupting
the data. To account for a few examples violating the constraints in (2) one

introduces slack variables s; > 0 for all 7 € N,,, and relaxes the constraints to
Vi ((w,z;)ga +b) > 1—s; for all i e N,,.

One then penalises the slack variables in the objective function to obtain a
trade-off between maximising the margin and minimising the error made by

misclassifying training data due to the slack variables. This setting is called

17
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soft margin classification. We can e.g. penalise the [; norm of the slack to

obtain the new optimisation problem

o1
min —

m
2 .
weRd beR 2 ”w ” e ; Sis

subject to s; >0 for all 7 e N,

and y; ((w, z;)ga +b) > 1 —s; for all i e N,,,.

This can be handled as sketched above to arrive at the very similar dual

problem
m m
max z; ;= = 'Zl Yy (@i, T ) ga
1= 1,]=

subject to 0 < a; < C for all 1 e N,
and Zaiyi =0.
i=1

In fact the only difference to (3) is the upper bound C € R on the «; which
is limiting the influence an individual data point can have. Clearly we again
obtain a decision function of the form (4) with the same properties as dis-

cussed earlier.

Support vector machines (SVMs) fit into the setting introduced in Section 2.1
by using the hypothesis space

V={f(z)=sgn((w,z)ga +b) : we R beR}.
For the soft margin classification we use the misclassification loss function

0 if b) =
1 Sgn(‘<wyx>Rd + ) y _ maX{l_Sgn((w,x)Rd‘f‘b)'y,O}
1 otherwise

C({w, x)ga+b,y) = {

and the regulariser
1
Qsgn((w, )ga +0)) = 5wl

to obtain the regularisation problem

inf {i max{1 - sgn({w, x;)ga +b) - y;, 0} + - (%”10”2)} . (5)

i=1
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The hard margin classification could be obtained by allowing the loss function
to take the value +o00 when a point is misclassified, forcing all points in the
training data to be classified correctly. Another approach is to pose it as a
regularised interpolation problem, which we will deal with in great detail in

Chapter 6. In this case we again choose the regulariser

Qsgn(fw, 2)e+ 1)) = 5wl

again to obtain the optimisation problem
1
inf {§||w||2 s sgn({w, 7;)ga +b) = y;, we R be ]R} :

Note that this is also the limit of Eq. (5) as A — 0, a fact which will be
illustrated further and exploited in Chapter 6.

2.3 The Representer Theorem

The example of SVMs in Section 2.2 leads us to the main result studied in
many variations in this thesis, the well known representer theorem. We notice
that in the examples presented in Section 2.2 we obtain a solution which is
a linear combination of inner products with the training data points. This
is no coincidence. The classical representer theorem states that for certain
regularisers one can always find such a solution.

More precisely if our data X is embedded into a hypothesis space which is a
Hilbert space H, i.e. x; € H, then we can always find a solution in the linear
span of the data points if the regulariser is a nondecreasing function of the

Hilbert space norm.

Proposition 2.4 (Representer theorem)
Let H be a Hilbert space with inner product (-,-),, and consider the

regularisation problem

min{&:((f,)3) + A fl2) = f et} (6)

for £, the empirical error for an arbitrary loss function C, and a nonde-

creasing function Q:[0,00) > R.

19



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— An Introduction to Learning Theory —

Then there always exists a minimiser fy € H of Eq. (6) of the form

m
Jo= Z CiTj.
i=1

This theorem is at the core of the success of support vector machines and
kernel methods which we will introduce in the next section. This is because
it reduces the problem of finding a minimiser in the possibly infinite dimen-
sional space H to the finite dimensional subspace span{z; : i € N,,}. The
representer theorem thus makes the problem computationally tractable. The
proof of the theorem is not difficult and will be omitted here. We will be
giving a proof of the version for reproducing kernel Hilbert spaces later. The
original proof of this theorem goes back to Kimeldorf and Wahba [KWT71].

2.4 Reproducing Kernel Hilbert Spaces

We now give a quick introduction into the classical theory of reproducing
kernel Hilbert spaces (RKHS), stating the most important definitions and
properties. We will illustrate their relevance to machine learning, in particu-
lar we will introduce what is commonly known as the kernel trick. The kernel
trick provides us with a way of generalising settings such as SVMs signifi-
cantly, allowing us to introduce nonlinearities. Further detail on RKHS and
their applications from a machine learning perspective can be found in the

main source of this section [SS02].

We begin with the most abstract definition of a reproducing kernel Hilbert

space.

Definition 2.5 (Reproducing Kernel Hilbert Space 1)
Let X be an arbitrary, non-empty set. A reproducing kernel Hilbert
space (RKHS) H is a Hilbert space of functions f:X — F such that all

point evaluation functionals §, are continuous.

For most applications this definition is not very instructive. Using the Riesz

representation theorem we can obtain a much more intuitive definition. Since
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for every x € X we have 9, € H*, Riesz representation theorem implies that

for every x € X there exists a unique f, € H such that for every f e H

f(@) =0(f) = {f: faday -

Thus, choosing f = f,, in particular f,(z) = (fy, fz);, and we can define a
function £: X x X - F by

k(z,y) = (fz, fy)’H :
It is clear that this defines a positive definite kernel in the following sense.

Definition 2.6 ((Positive Definite) Kernel)
Let X be a non-empty set. A symmetric function k: X x X — F is called

a positive definite kernel if for all n € N and all zq,...,x, € X we have
> cigik(zy, x;) > 0. (7)
ij=1

This means for all n € N and all zq,...,x, € X the kernel gives rise to a

positive semi-definite Gram matrix K; ; = k(x;, z;).
Note that in the complex case the assumption that &k is symmetric can

be dropped as conjugate symmetry is already implied by the definition.

This leads to an alternative definition for reproducing kernel Hilbert spaces.

Definition 2.7 (Reproducing Kernel Hilbert Space II)
Let X be an arbitrary, non-empty set. A Hilbert space of functions
H ={f:X - F} is called a reproducing kernel Hilbert space if there

exists a function k: X x X — F, the reproducing kernel, such that

(i) Reproducing property:

F(@) = {f,k(,2))y, for all f e H,
so in particular

k(ZL‘,y) = (k(xv ')7 k(’ y))’H
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(ii) k spans H:
H =span{k(x,:) : v € X}.

From the remarks preceding this definition it is clear that every reproducing
kernel Hilbert space in the sense of Definition 2.5 defines a positive definite
reproducing kernel with the property (i). Similarly from the reproducing
property and continuity of the inner product it is immediately clear that
point evaluations are continuous on a RKHS in the sense of Definition 2.7.
It is also not difficult to see that the reproducing kernel £ for a given RKHS
is unique. This follows directly by combining its symmetry and the repro-
ducing property.

As in most cases one is interested in positive definite kernels in the above
sense it is common in the machine learning community to refer to those sim-
ply as kernels and use more cumbersome terminology for other cases such
as e.g. strictly positive definite kernel if we want equality in Eq. (7) to only

occur if all ¢; are zero.

The spanning property (ii) in Definition 2.7 becomes clearer through the
Moore-Aronszajn theorem, which is sort of the converse to the above con-

struction.

Theorem 2.8 (Moore-Aronszajn)
Let k be a positive definite kernel on a non-empty set X. Then there is
a unique Hilbert space of functions on X for which k is a reproducing

kernel.

Proof (sketch):

We set Ho = span{k(z,-) : x € X} and for f = Y s;k(z;,-) and g = ¥ ¢,;k(y;,-)
=1 j=1

where n,m €N, s;,t; € F,z;,y; € X we define an inner product by

ZZst k(zi,y;).

i=1j=1
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One can directly check that this is well defined, i.e. is independent of the
representation of f and g, and indeed defines an inner product on H,. We
set ‘H to be the completion of Hy with respect to this inner product. The
reproducing property (i) is satisfied by construction and thus in particular

k(z,y) = (k(z,-),k(-,y))s,- Thus any two inner products must agree on H,

and since the completion is unique we have uniqueness of H.

Q

The Moore-Aronszajn theorem is interesting because it shows that there is a
one-to-one correspondence between positive definite kernels and reproducing

kernel Hilbert spaces on X.

The proof of the Moore-Aronszajn theorem gives rise to an interesting way of
thinking about reproducing kernel Hilbert spaces which is of particular rele-
vance for applications. In practice we may not know which feature space ‘H
to choose for learning but we may have some intuition about what it means
for two inputs x and y to be similar. We can think of a kernel function as a
measure of similarity, the value k(x,y) saying how similar x and y are. For
this case the proof of Theorem 2.8 is instructive. We simply constructed the
feature space associated to our desired kernel k as H = Span{k(x,-) : z € X}.

This means we obtain the feature map

O: X > H,
x> k(x,),

thus identifying every point in the set X with a function in the RKHS .
We can think of this as identifying the point with a measure of its similarity
with all other points of the set.

We obtain the identity

This means we can always start with a given kernel as a similarity measure

and construct a feature space H so that the kernel corresponds to the inner

product of the feature space.
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Another common way of constructing a feature space for a given kernel k
is the Mercer [, feature space which is defined in terms of eigenvalues and

eigenfunctions of an integral operator induced by k.

Proposition 2.9 (Mercer’s theorem)
Let X be aset and (X, A, 1) be a finite measure space and k € L= (X xX')
be a symmetric, real-valued function such that the integral operator

Ty L*(X) - L*(X),
(TL))@) = [ K.y ) dn(y)

is positive definite, i.e. for all f € L?(X) we have

| k) f@) @) ant.y) >0

XxX
Let (A, %) € (0,00) x L2(X) be the eigenvalues and associated orthonor-

mal eigenfunctions of T}, sorted in non-increasing order. Then

o (N)elh;

o k(x,y)= Z Xiti(2)Y;(y) holds for almost all (z,y) € X x X.

Either NH e N or Ny = oo in which case the series converges abso-

lutely and uniformly for almost all (z,y) € X x X.

This theorem allows us to define for a given kernel k a feature map ® by
O: X - ZJQVH,
T = (\/)\_zwz(iﬁ))z:lNH

for almost all x € X. This map again satisfies

K. y) = (8(2). 2(y)s,

Moreover this construction is particularly useful in applications as it allows
for finite truncations while maintaining a given accuracy . This is due to the
uniform convergence of the sequence. More precisely we have the following

result.
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Proposition 2.10 (Approzimate Mercer Feature Map)
If k is a kernel satisfying the conditions of Proposition 2.9 then for any

€ > 0 there exists an n € N and a map ®,, into [2 such that

k(2. y) = (Pn(z), Pn(y))2| <& for almost all (z,y) € X x X.

2.4.1 The Kernel Trick

An important aspect to take away from the discussion above is that we can
think about kernels as being inner products in some other space. It is this
property that allows us to use kernels to extend support vector classification,
and any other learning algorithm that solely depends on inner products, to
a wider range of problems.

We have described in detail how it is possible to find a feature map for
a given kernel so that the kernel corresponds to the inner product in the

feature space. Conversely it is not hard to see that with a map

X ->H
x> P(x)

where H is a Hilbert space we obtain a positive definite kernel on X by

setting
k(z,y) = (®(2), 2(y))y, -

Now we are able to apply any algorithm that relies solely on inner products
in the feature space H, e.g. the SVM example from Section 2.2. The solution
in terms of inner products in ‘H we can then pull back to the RKHS on X
generated by k. We obtain a solution in terms of kernels centred on points
in X. One advantage of this construction is that it does not need any as-
sumptions on X other than being a non-empty set. But it also leads to the
so called kernel trick which is a fundamental reason for the success of kernel
methods in learning. It states that for any algorithm which is stated purely
in terms of a positive definite kernel £, another algorithm can be constructed

by replacing the kernel k by a different kernel k.
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The most common application of the kernel trick is the one already described
above, where the original algorithm is based on inner products. This is of
particular relevance as inner products have a well understood geometric in-
terpretation which makes them very suitable for the design of algorithms.
Being able to replace the inner product by a positive definite kernel means
that one can extend the algorithm past the linear case and use it to learn
nonlinear functions of a type determined by the kernel. In the example of
SVM classification above it means that we do not need the data to be sepa-
rated by a hyperplane anymore but we want to find a feature space in which
the data is separated by a hyperplane. This separating hyperplane in feature
space then corresponds to a nonlinear decision boundary in the original space

as illustrated in Fig. 2.

feature space

input space

(a) The data might not be separated by a (b) Ope might be able to find a feature space
. in which the data is separated by a hyper-
hyperplane in input space.

plane.

Figure 2: Obtaining a non-linear decision boundary by mapping into a suit-
able feature space

But there are other advantages of the kernel trick. Sometimes it can be com-
putationally more efficient to compute a kernel as a dot product in a different
space. Moreover some feature maps induce certain additional structure on

the data which can be used by an algorithm.
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It is this variety in functions that can be learned and the variety in possible
algorithms, combined with the simplicity and sometimes increased efficiency
of implementations which have made kernel methods such an important tool

in machine learning.

2.4.2 Examples

In this section we will briefly present some examples of common kernels.
These examples are taken from [SS02] and we assume they are defined on a
set X ¢ R%.

e The homogeneous and inhomogeneous polynomial kernels

k(z,y) = (z,9)",
k(z,y) = ({z,y) +c)", c¢>0.

e The Gaussian kernel

a2
k(x,y) = exp —M , o>0.
202

e B-spline kernels of odd order

k(z,y) = By (|z-yl2),  peN.

We will see later that many of these kernels can also be used to generate

reproducing kernel Banach spaces.

2.4.3 Representer Theorem

It is not surprising that a representer theorem as stated in Proposition 2.4
for general Hilbert spaces is true for RKHS. In this section we will state
and prove the RKHS version of the representer theorem, once again follow-
ing [SS02]. The proof is short and not difficult but it is important to note its
essential ingredients, representation of point evaluations by inner products
and orthogonal complements. This will motivate much of the theory devel-
oped in the following chapters in order to generalise the representer theorem

to Banach spaces.
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Theorem 2.11 (Representer theorem)
Let X be a non-empty set and H the RKHS on X associated to the

kernel k. Consider the regularisation problem

min{& (f) + AQ([fl2) : feH} (8)

for £, the empirical error for an arbitrary loss function C, and a nonde-
creasing function Q:[0,00) - R. Then there always exists a minimiser

fo € H of Eq. (8) of the form
fo(@) =) cik(z, ;).
i=1

Proof:

Without loss of generality we can assume Q(| f]x) = Q(| f|3,) because Q is
nondecreasing if and only if € is.

Now decompose the RKHS into the span of the kernels functions centred at

the training data and its orthogonal complement, i.e. we write f € H as
f(@) = frer(@) + fu(@) = 3 cik(@,25) + f(2),
i=1

with ¢; € F and f, € H such that (f,,k(-,2;)),, =0 for all i e N,,,.
By the reproducing property (i) we have for every data point z; € X

fQx) =(f(), k(- IJ) Zcik(x“xj) (fr(), k(, xy) Zczk(xuxy)

Thus for any fixed ¢y, ..., ¢, the loss function C(z;, f(x;),y;) is constant
and hence so is the empirical error &,(f). But for any f, added to a fixed
Jrer € span{k(-,z;) : 1 € N,,} we see that

A ) - © (@cik(-,xi)@ ; mua) .0 (nf;cik(-,xi)m),

which proves that Eq. (8) is minimised for f, = 0.
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2.5 RKHS as Generalisation of Sobolev Spaces

We close this chapter by sketching how RKHS can in a way be seen as a
generalisation of Sobolev spaces. We are following the discussion in [Wen04]
where further details can be found. Throughout the section we will denote

the Fourier transform of a function f by f.

The Sobolev embedding theorem for p > ¢ says that W»2(R?) c C(R?)
in the sense that every equivalence class contains a continuous representer.
This means, by always choosing the continuous representation, point evalu-
ations make sense on W»2(R?) for p > ¢ and it can be viewed as a Hilbert
space of functions. We want to show that in this case W»2(R?) can be made
a RKHS. The essential result for this is the following proposition, which is

theorem 10.12 from [Wen04].

Proposition 2.12
Let k € C(R?) n LY(R?) a real valued, positive definite function. Define

the function space

A

H:{feLQ(Rd)mO(Rd)! / ELQ(Rd)}7

~

=

with the bilinear form

A~

/g _(onyt [T @i

\/;,\/Z>L2(Rd) R4 ]%(ZU)

Then # is a RKHS with inner product (-,-);, and reproducing kernel
k(-—=-). In fact H is the RKHS for k(- —-) as constructed in the Moore-

Aronszajn theorem (Theorem 2.8).

(0l = (2 (

Recall the Besov characterisation of Sobolev spaces, namely WP2(R9) can

be equivalently defined as

D
2

WrR(R) = (€ (R : FOL+ 1D € L2(@)
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with inner product

s Pwnsqey = @r) 2 [ F@)@)(0+ ) de.

Now from Proposition 2.12 we see that for p > %l we obtain a positive definite
function k by k(z) = (1+ |z|2)7? such that

)

and k generates a RKHS which coincides with W»2(R9). In summary we

UKD = 0m) [ TEEE 4w = )

obtain the following corollary, which is corollary 10.13 in [Wen04].

Corollary 2.13
If ke LY(R?) n C(R?) is such that

cr(L+[2]3) ™ < k(x) < ea(L+ [2]3)

for z € R?, p > ¢ and two constants 0 < ¢; < ¢ then the RKHS with

reproducing kernel k(- —-) coincides with the Sobolev space Wr2(RR%)

and the RKHS norm ||| and the Sobolev norm are equivalent.
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3 Semi-inner Product Spaces

We saw the usefulness of RKHS for learning in Chapter 2. The theory is
very well developed and widely used in applications. In order to extend it
to Banach spaces we need a tool to replace the structures of Hilbert spaces
crucially used for RKHS. In particular we need a representation of point
evaluations by elements of the space and a notion of orthogonality. Extending
Hilbert space type arguments to Banach spaces is exactly what semi-inner
products were introduced for. Lumer in [Lum61] was the first to define
and discuss semi-inner products. Giles in [Gil67] then developed the theory
further, obtaining a class of semi-inner product spaces which are “almost
Hilbert”. In this chapter we will mainly be following the paper by Giles,
occasionally influenced by the presentations in [ZXZ09, Dra04]. The proofs
are generally not difficult and often boil down to just a clever application of

the Cauchy-Schwarz inequality but will be included here for completeness.

Definition 3.1 (Semi-inner product)

A semi-inner product (s.i.p.) on a vector space V' is a map
[y VXV oF
with the following properties:

(i) Linearity in the first argument:

Az +py, 2]y = Aa, 2], +ply, 2], forall z,y,zeV and A\, peF.

(ii) Positive definiteness:

[z,2], >0 and [z,2], =0 < 2 =0.

(iii) Cauchy-Schwarz inequality:
[z, yly P < [z, 2]y [y, vy

In particular, in comparison to inner products, we have dropped conju-
gate symmetry which makes it necessary to assume a Cauchy-Schwarz
inequality to be true.

We can make a further homogeneity assumption, which does not lead to

any significant resitrictions as we will see shortly.
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(iv) Homogeneity property:
[z, \y], = A[z,y], forallz,yeV and AeF.

A vector space V' with a s.i.p. [-,-];, is called a semi-inner-product space

(s.i.p. space).

It is worth noting that now the only difference to an inner product is the
lack of additivity in the second argument. In fact this property exactly

distinguishes semi-inner products from inner products.

Lemma 3.2
A semi-inner product is conjugate symmetric if and only if it is additive

in its second argument.

Proof:

Note that assuming additivity in the second argument we get

[$+ )‘yal."" )\y]v = [iL’,fE]V + [Ay,)\y]v + )\[yax]v +X[Z’,y]v .

But then by positive definiteness we have that the left hand side is real and
so are [z, 7], and [y, \y],,. Thus we must also have A [y, z],, +\ [z,y], real.
But setting A = 1 we see this can only happen if Im [z, y],, = -Im [y, 2], and
setting A = ¢ gives Re[z,y], = Rely, z],,, i.e. [-,-];, is symmetric and hence

an inner product. Q

As a first example consider [p for p € (1, 00) with the semi-inner product

> Tiyilyi [P

N T

We will se further examples in Section 4. For Definition 3.1 to be useful
we need it to be connected to the norm of the space in a similar manner as
inner products are. This is indeed the case as can be seen from the following

theorem.
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Theorem 3.3
Any semi-inner product space V is a normed linear space with norm
|zl = [x,x]é Conversely every normed linear space V' can be made
into a semi-inner-product space with the homogeneity property (iv). In

general there may be infinitely many semi-inner products inducing the

norm on V.

Proof:

It is easy to check that |z|y = [x,x]é indeed defines a norm. On the other
hand let V' be a normed linear space with dual space V*. For any fixed x € V'
by the Hahn-Banach theorem there exists at least one functional L, € Sy
such that L,(z) = |z|v. Fixing exactly one such functional L, for each z € V/
would give us a semi-inner product satisfying properties (i) to (iii) by setting
eyl = Iyl - Ly(a).

To also satisfy property (iv) we instead only fix exactly one such functional
for every x € Sy and for x € V', writing x = A\¥ with 7 € Sy, A € IF, choose
L, = ALz Tt is now again easy to check that [z, yly = L,(x) satisfies proper-
ties (i) to (iv) for a semi-inner product.

a

The lack of uniqueness is rather unsatisfactory. It turns out that we can

obtain uniqueness by imposing a continuity property in the second argument.

Definition 3.4 (Continuous s.i.p. space)
A semi-inner-product space is called a continuous s.i.p. space or uni-
formly continuous s.i.p. space if additionally to (i) to (iv) the following

properties hold respectively

(v) (Uniform) continuity property in the second argument:

(v.a) Continuity:
Re[z,y +tz],, - Re[z,y], for any real t - 0 and for every

T,y € SV)
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(v.b) Uniform continuity:
The limit Re[z,y+tz],, - Re[z,y],, for any real ¢ - 0 is

approached uniformly for every x,y € Sy .

As the norm is induced by the semi-inner product the continuity property is

closely linked to the regularity of the norm.

Theorem 3.5
A s.i.p. space V is continuous (uniformly continuous) if and only if the
norm is Gateaux (uniformly Fréchet) differentiable.

The differential for z # 0 is given by

e+ tyly - lalv _ Relye),
Y ]y

Thus a Gateaux differentiable normed vector space has a unique semi-

inner product.

Proof:

Part 1: (Continuity property = Differentiability of norm)

lz+tylv—]z]v.
t

For x,y € Sy and t > 0 by expanding by |z||y and applying the

Cauchy-Schwarz inequality we find

|z +tylv = |zlv G [[z+ty, z]y| - =]}

t tlv
Re [z +ty, x]y - =]

tz]v
R‘e [y> x]V
|zllv

But similarly as before, expanding by |« + ty|y and applying the Cauchy-
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Schwarz inequality

|z +tylv — [zl @D |z +tylf - [z, +ty]y|

t tlx +ty|yv
_ Re[z+ty,z+ty], — [z, x +ty]|

tla +tylv

10
.2+ ty] |+ tRe [y, 2+ ty]y - (w0 + 1], (O

tlo +tylyv
Rely,z +ty],
|z +tylv

By the continuity property we have

im Re [y7$+ty]v — Re [y7$]v
=0 o+ tyly l=lv

so we get that also

et tyly —Jelv _ Rely 2]y
A Ty

and the limit exists uniformly if it exists uniformly in the continuity property.

Part 2: (Differentiability of norm = Continuity property)

As we have seen in part 1 we have for ¢ >0

|z +tyly = lzlv  Rely. 2]y _ [z -tylv - |=]v

t =l —t

and hence

e ttyly - lalv _ Relye]y

=0 t L
To relate this limit to the expression in the continuity property, we expand

by |z +ty|v again to find in view of Eq. (9) for z,y € Sy and ¢t >0

|z +tylv = Jzlv _ Relw,z+ty]y +tRely,x +tyly - |zv - [z + ty[v

(11)

t Zle‘+tva
_ Re[z,z +tyl, - |z|v - |z +ty|v . Rely,z +ty], (12)
tlx +tylv |z +tylv
Re [yvx]v (13)
=zl
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and hence, denoting the two summands in (12) by a; and b, respectively we

get

+1 -
lim =+ tylv ~ |=lv =limsup (a; + by) > liminf a; + lim sup b;.
tN\O t £\ 0 tNO £\ 0

We now bound lirtn ionf a¢. Rearranging (11) with the inequality (13) we obtain
N

||=T+t?/|v) o

Re[z,x +tyly, —|z|v- |z +tyllv+t (Re [y, +ty],, - Rely,z], B
In order to drop the last term we note that

|z +tylv
k4%

|z +tylv

W' <lylv -z +tylv + lylv - l=lv

Re [y, z +ty]y, - Re[y,z]y,

<2[ylv (el +tlylv) -

As x,y € Sy this is bounded by 2(1 +t). Since (9) and (10) imply that the
term in parentheses is positive this means that as ¢ goes to zero we can drop
the last term to obtain

liminf (Re [z, 2 + ty], - [aly - |+ tyly) >0,

t\O

which immediately implies that

lim inf
t\O0

(Re [z, 2+ tyly — [z]v -] +ty|!v) 50
t +tylv )

On the other hand (9) and (10) directly give that every b;, and thus both

lim sup b; and lil;n ionf b, are bounded from below by Rj‘[;"if/]v
N\

tNO0
Putting these together we obtain

Rely.aly o o styly —lolv oo (Relyo+tyly

el R o\l )
R‘e[yux]v
|zlv

and hence equality all the way through.
Now for negative ¢ the inequalities (9) and (10) get flipped and hence all

the inequalities throughout the proof derived from them also flip. We thus

get a negative but vanishing term when bounding the infimum and carrying
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everything through we obtain the equality (14).

Putting both together we have indeed that
limRe [y, z +tyl, = Re[y, 2]y,

and the limit exists uniformly if it does in the differentiability property.

3.1 Orthogonality

Having established uniqueness in Theorem 3.5 we are already in a good
position, but many proofs in the kernel methods theory depend strongly
on orthogonality. We are thus now going to establish a generalisation of

orthogonality to s.i.p.-spaces.

Definition 3.6 (Orthogonality)
Let V' be a continuous s.i.p. space. For x,y € V we say that x is normal
to y and y is transversal to z if [y, z],, = 0.
A vector x € V is normal to a subspace W c V and W is transversal to x

if x is normal to all y € .

James [Jam47] introduced a notion of orthogonality for general normed spaces
which is equivalent to the inner product being zero in a Hilbert space. It turns
out that the same equivalence holds true for the definition of orthogonality

with respect to the semi-inner product of a continuous s.i.p. space.

Theorem 3.7
Let V be a continuous s.i.p. space and x,y € V. Then z is normal to y if

and only if
|+ Ay|lv > |||y for all AeTF. (15)
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Proof:
Part 1: (x normal to y = Eq. (15))

If [y, z]; = 0 then by the Cauchy-Schwarz property (iii)

i11)

(7

S

V|

[+ Ayllv -zl =" [z + Ay, 2]y |
= =]V + My, x]y

1%

so that indeed |z + Ay|v > ||z|v.

Part 2: (Eq. (15) = x normal to y)

If |2+ Ay|v 2 |z|v for all X € F then also
lz+ My[l¥ = lzllv - |z + Aylly 20

and thus using the Cauchy-Schwarz property (iii) again we have

Re[z,z + Ayl + Re A [y, z + Ayl — [z, 2 + Ay], | 2 0.
But since [z, z + A\y],,| > Re [z, + Ay],, this implies that
ReA[y,z+Ayly,, >0 for all AeF.

For real \ we see from Eq. (16)

>0 for A>0,

Re[y,x+)\y]v{;0 for A <0

But in view of the continuity property (v.a) we must have

Rely,z+ Ayl ™ Rely,z],, as A N 0,
Rely,z + Ay],, ~ Re[y,x],, as A ~ 0.

Hence Re [y, z],, = 0.

For purely imaginary A we write \ = ix with X € R. Then

Re[iy, + Ay, = ARe[iy,x +Xiy]v 20

(16)
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and arguing as before using the continuity property (v.a) we get

Reliy,z]y = -Im[y, z];, = 0.

Putting both together we have [y, z];, = 0 as required.

a

The orthogonality relation (15) was first studied by James in [Jam47] and he
proved that it is additive if and only if the norm is Gateaux differentiable.
But by the linearity in the first argument of the semi-inner product our def-
inition of orthogonality is clearly additive, i.e. if x is normal to both y and
z then it is normal to all Ay + uz for A\, u € F. Thus we immediately get that
the continuity property (v.a) and Gateaux differentiability of the norm are

equivalent.

The equivalence with James orthogonality gives a good intuition what it
means to be orthogonal with respect to the semi-inner product. The fact
that adding any multiple of y to x does not decrease the norm means that
the affine line x +ty is a tangent to the ball of radius |z| at z. Thus a vector
x is normal to y if y is tangent at = as illustrated in Fig. 3. The figure also
makes clear why the orthogonality is not symmetric anymore.

k

y+tx T+ ty

AT

Figure 3: x is normal to y if y is a tangent at x

39



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Semi-inner Product Spaces —

Having defined orthogonality between vectors and a vector and a subspace
in Definition 3.6 we are now able to introduce a notion of an orthogonal
complement which was a crucial ingredient of the proofs in the Hilbert space
setting. Let U,W c V be subspaces of V. Following Definition 3.6 we say
U is orthogonal to W if every x € U is orthogonal to every y € W. More
precisely if [y, z],, = 0 for all z € U and all y e W. This leads to the following

definition of an orthogonal complement.

Definition 3.8 (Orthogonal Complement)
Let W be a subspace of a continuous s.i.p. space V. Then the orthogonal

complement of W in V' is the set
Wt={yeV :[z,yl,=0V2xeW}

i.e. all vectors y € V' which are orthogonal to every vector x € W.

But there is more one can say. The notion of orthogonality of subspaces
generalises naturally to s.i.p spaces V' which are not continuous via James
orthogonality. More precisely we can say U is orthogonal to W in the sense of
James if |z +Ay|y > |z|v for all x € U and all y € W. Moreover we can define
orthogonality with respect to any given semi-inner product on the space V.
Faulkner in [Fau77] shows that in this case a subspace U is orthogonal to
another subspace W in the sense of James if and only if there exists a semi-
inner product on V such that U is orthogonal to W with respect to that

semi-inner product.

3.2 Duality

Since the use of RKHS crucially relies on the identification of points with
bounded linear functionals on the space we finally want to prove a Riesz
representation theorem for s.i.p. spaces. For this we need to further assume
that the space is uniformly convex (see Section 5.4).

We also need the following little lemma which is well know for uniformly
convex Banach spaces and it is straightforward to check that it agrees with

our definition of orthogonality for s.i.p. spaces.
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Lemma 3.9
In a continuous s.i.p. space which is uniformly convex and complete for

every proper closed subspace there exists a non-zero normal vector.

Proof:

It is known that in a uniformly convex Banach space V' for a proper closed
subspace W and any x ¢ W there exists a unique non-zero closest point, i.e.
a vector yo € W such that ||z — yo|v = inf{|z - y|v : y € W}. Thus setting

29 = T — Yp is clearly normal to W by Theorem 3.7.
Q

Theorem 3.10 (Riesz representation theorem)
Let V be a uniformly convex, complete, continuous s.i.p. space. Then for

every L € VV* there exists a unique vector y € V' such that
L(z) =[z,y], forallzeV.

Furthermore
lylv = | L]

Ve
Proof:

Part 1: (Ezistence)
If L =0 we can choose y = 0 so we can without loss of generality assume
L(x) # 0 for some x € V. But then ker(L) is a proper closed subspace of V'

and thus by Lemma 3.9 there exists a non-zero normal vector vy, i.e.

[ZvyO]V =0 (17)
for all z € ker(L).

We can represent every x € V in the form = = z + Ayy with z € ker(L) and

_ L(=)
A= T(yo) 5° that

L(x) = L(z + Ayo) = L(2) + AL(yo). (18)

Thus we only need to consider choices of y for two easy cases.
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o If z =2z eker(L) we can choose any y = uyo with p € F as then by (17)

[:E?y]v :ﬁ['z?yo]v =0= L(Z)

L(yo)

e If on the other hand x = yy then we see that for y = Too]2 Yo We get
%
precisely
L(y)
['T7y]V = 02 [yOJyO]V = L(yO)
lvoll%

Plugging this into Eq. (18) we see that with y = fy(oynog) yo we indeed obtain
v

L(z) = [z, 9]y + AMyo, yly = [+ Avo, yly = [, 9]y

as required.

Part 2: (Uniqueness)
Suppose there exist two vectors y,7 € V', y # i such that

L(Z‘) = [:c,y]v = [l‘,ﬂ]v

for all z € V. Then choosing x =y we see that

Iyl = Ly vl = v 31y < lylv - 17l

so |ly|v < |7]v. Similarly, choosing = = 7, we obtain the reverse inequality,

thus |y|v = |7]v and further |y[v - |7]v = [v,7],,. But since we have

17+ ylv - lylv 2 [T +y, 9l = [[7v]y + [y, v]v]
= 17l - lylv + 1yl = lylv A7y + lylv)

we also have |7+y|v = |7]v+|y|v. By uniform convexity, which in particular

implies strict convexity, this means that in fact i =y.

Part 3: (Norm equality)

From our choice of y in part 1 we immediately see that

Hy“2 _ [L(yo) " L(?JO) 0] _ |L(y0)|2 _ |L(y())|2 < ||L|%/* yO”%/
17 ) - - =
Iyl ™ lwoll 1y lwolly lyoll?, lyoll3,

[y07 yO]V
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Conversely by construction we have

||L||V*s|L(L)|=|[ y y] <l [y = ol
1%

lyllv lylv’ lyllv

which completes the proof.

a

But even if the space is not uniformly convex and uniformly smooth so that
the above Riesz representation theorem does not hold there is a quite nice
characterisation of semi-inner products by bounded linear functionals. The

following results are taken from [Dra04].

Proposition 3.11
Every semi-inner product [-,-];, on a normed vector space V is of the
form

[yl = Ly(z),  =yeV,
where L, is such that |L,|

ve = llylv and Ly(y) = [yl -

It is clear that every L, as in the proposition induces a semi-inner product.

James [Jam64] proved the following characterisation of reflexivity.

Proposition 3.12
A Banach space B is reflexive if and only if every nonzero continuous

linear functional L attains its norm in at least one point z € B, i.e.

L(x) = | L]

g )5

Putting both together we obtain that a Banach space B is reflexive if and
only if every continuous linear functional L on B is represented by a semi-
inner product [-,-]; and a point y;, € B by L(z) = [z,y];. This was proved
by Faulkner in [Fau77].

Moreover the duality of semi-inner products and norm-attaining linear func-

tionals allows for a nice characterisation of sets of norm attainment for linear
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functionals. In [Sail8] Sain proves that a linear functional L € B* attains its

norm at a point y € B if and only if there exists a semi-inner product [-,-];,
on B such that L(x) = [x, Hy]L for all = € B.

3.3 Uniform S.I.P. Spaces

With a Riesz representation theorem at hand we get an identification of V'
and V* similarly to Hilbert spaces. By the Cauchy-Schwarz inequality the
map y ~ [y,z] is clearly a continuous linear functional on V, denoted by
x*. By the Riesz representation theorem we have that z — z* is a isometric

isomorphism from V' to V*. Thus by definition

[J;7y]V:y*(x)=(x7y*)V fOI' all ZE,yEV (19>

Note that a uniformly convex Banach space is reflexive. Further a normed
vector space is uniformly Fréchet differentiable if and only if its dual is uni-
formly convex (c.f. Section 5.4). Thus our assumption implies uniform con-
vexity of the dual and by reflexivity of the space we get Fréchet differen-
tiability of the dual space. So if V' is a uniformly convex, uniformly Fréchet
differentiable Banach space, then so is V*. We thus have a unique semi-inner

product on V* which is given by

[y e = [y, 2]y - (20)

In view of Eq. (19) we have

[x*vy*]v* = [y,:c]V = l'*(y)
and hence linearity in the first argument follows easily by noting
[z +y", 2" ]y = (@7 +y7) (2) =27 (2) + 5" (2) = [27, 2" ]y + [y", 2" ]y

All other properties of a semi-inner product follow immediately from [-,-];,

satisfying them. Note that by linearity of [-,-],,

[Z*>$*]v* + [2*79*]% = [a?,z]v + [y,Z]V =[z+y, z]v =[z" (z + y)*]v*
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but in general (x +y)* # x* + y* as the duality pairing is linear if and only
if [-,-];, is an inner product. Thus this only implies linearity if we are in the
Hilbert space case. This is the crucial difference in these constructions to the

usual Hilbert space setting.

We are now in a good position to establish a theory very similar to RKHS
as presented above. We have some fundamental structure that is very simi-
lar to Hilbert spaces which allows us to apply many standard Hilbert space
techniques. To simplify a bit we will call spaces which allow all the above
constructions, i.e. spaces which are uniformly convex and uniformly smooth,

uniform as is made precise in the following definition.

Definition 3.13 (Uniform Banach space)
We say a space V is uniform if it is a uniformly convex and uniformly
Fréchet differentiable Banach space.
Thus in particular we call a s.i.p. space V' a uniform s.i.p. space if it
is uniformly continuous and the induced norm is uniformly convex and

complete.

Note that all Ip spaces for p € (1, 00) with the semi-inner product given above

are uniform s.i.p. spaces.
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4 Reproducing Kernel Banach Spaces

The theory of reproducing kernel Hilbert spaces presented in Section 2.4 is
well established and has been widely used in applications. For various reasons
it is desirable to try and generalise the theory to be applicable to a wider
range of problems. In particular the possibility to learn in Banach spaces
rather than Hilbert spaces would be important. Firstly there may be cases
in which it is impossible to embed the data into a Hilbert space, as done in
the constructions of Section 2.4 above. This could happen e.g. due to some
intrinsic structure of the data. Since Banach spaces are far less restrictive,
an embedding into a Banach space might still be possible. Secondly, even
if an embedding of the data into a Hilbert space is possible, in applications
certain properties of the norm of the function space are often desirable. As
an example consider the [; norm, which is very widely used as it leads to
sparsity of the solution. Thirdly any two Hilbert spaces of the same finite
or infinite dimension are isometrically isomorphic. This is far from true for
Banach spaces. This means Banach spaces possess a much richer geometric
structure. This additional structure may be useful in the development of
new learning algorithms. Lastly, as we will see in Section 7, it turns out that
if the learning is based on the representer theorem it is in general actually
the function space and not the regulariser that determines the solution. This
means that changing the regulariser does not change the solution, but we

need to learn in a different function space to obtain a different solution.

When starting to think about generalising the RKHS setting to Banach
spaces one might first think of using Definition 2.5. More precisely one
might try to simply assume the space to be a Banach space such that point
evaluations are continuous. But if we then think of C[0, 1], the space of con-
tinuous functions on [0, 1] equipped with the maximum norm, we find that
the reproducing kernel would need to be the delta distribution, which is not
a function. This shows that we need a way to replace the representation of

point evaluations given by the Riesz representation theorem and the inner
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product for RKHS. It is clear from the presentations in Chapter 3 that semi-
inner products provide exactly such a representation. Another, even more
generally applicable approach is to use the duality pairing and an isomorphic
identification of the dual space with another function space. We will pursue
both approaches throughout this chapter, showing how the semi-inner prod-
uct identification can build on the duality pairing to obtain a very generally

applicable theory.

4.1 Reflexive Reproducing Kernel Banach Spaces

We begin by first developing a theory for reflexive reproducing kernel Ba-
nach spaces, and then build upon it to construct uniform reproducing kernel
Banach spaces. In view of the semi-inner product theory introduced in Sec-
tion 3 it is clear that for uniform Banach spaces we can hope to obtain much
of the same structure as we have seen for RKHS. To obtain a theory that
can extend beyond uniform Banach spaces we are starting the discussion by
using a general isomorphic identification of the dual space with another func-
tion space and then extend this by using the Riesz representation theorem
for uniform Banach spaces as this identification. The discussions throughout
this section will follow the work by Zhang, Xu and Zhang [ZXZ09] and Zhang
and Zhang [2712].

Definition 4.1 (Reproducing Kernel Banach Space)
Let X be an arbitrary, non-empty set. A reproducing kernel Banach
space (RKBS) is a reflexive Banach space B of functions f: X — F for
which B* is isometrically isomorphic to a Banach space Bt of functions on
X and such that all point evaluation functionals d, and ! are continuous

on B and B! respectively.

The identification B! of the dual B* does not need to be unique. All iden-
tifications are obviously also isometrically isomorphic to each other so the
definition is independent of the particular representation we choose. Hence

we can, and will, think of it as having been fixed. We can then make the
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identification implicit by treating elements of B* as functions on X.

This definition suffices to have a kernel which is in some sense similar to the
kernel we saw in the Hilbert space setting. This will be made precise in the
following theorem. We will briefly comment on parts of the proof to illustrate

the necessity of the assumptions made in Definition 4.1.

Theorem 4.2
Let B be a RKBS on X. Then there exists a unique function k: X xX — [,
the reproducing kernel, such that

(i) Reproducing property:
For all x € X, k(z,-) € B and k(-,x) € B* and we have

f(z)=(f,k(,z))z forall febB, (21)
[ (x) = (k(z,-), f*)y for all f*eB". (22)

So in particular
k(z,y) = (k(z,-), k(- y))p- (23)

(ii) k spans B and B*:

B =span{k(z,-) : x € X}, (24)

B* =span{k(-,z) : x € X}.

Proof (Sketch):
Clearly in (21) k(-,y) “is” the delta distribution d,(f) = f(y). Through the

isomorphism we have a corresponding k, € B! so that we have a function we
can evaluate by setting k(x,y) = k,(x) similarly to the Hilbert space case.

This means k(-,z) € B* and it further corresponds to a function in Bf. To
obtain a symmetry similar to the Hilbert space case and in particular (23)

we also need to represent functions in B* i.e. (22). This motivates the as-

sumption of point evaluations being continuous on Bt.

Since B* and B* are isometrically isomorphic, the delta distribution d, acting
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on B! also defines a continuous linear functional on B*, i.e. an element of
(B*)*. This shows why we assume B to be reflexive. Using reflexivity we
obtain a unique k, € B which allows to define k similarly to before. It is not
hard to check that this way we obtain a unique, well defined k: X x X - F
with the desired properties.

a

Note that this result, unlike the Hilbert space case, is only true in one di-
rection, i.e. while there is only one reproducing kernel for any given RKBS

there may be different RKBS having the same reproducing kernel.

We saw in Section 2.4 that one can easily obtain reproducing kernels by
embedding the data into a Hilbert space via a feature map ¢. Zhang, Xu
and Zhang in [ZXZ09] give a similar construction for RKBS via embedding
the data into a reflexive Banach space and its dual space. We will now briefly

present this construction.

Theorem 4.3
Let V' be a reflexive Banach space with dual space V* and suppose there
exist maps ®: X - V and *: X - V* such that

span®(X) =V, span®*(X) = V™.
Then (B, ||-|5) where

B={(u.9"())y ueV),
[, ®*())y | = ulv

is a RKBS on X with dual space (B*,

p+) where

B = {(B(),u")y £ u V'),
(@) u)y

ge = u v~
The duality pairing is given by

((uvq)*('))\/’(q)(')vlf)v)g: (U’U*)V UEV,U* eV”.
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The reproducing kernel k for B is
k(z,y) = (2(2), " (y)y zyeX.

While this theory of RKBS is obviously a generalisation of the Hilbert space
setting, it also clearly lacks some of its elegance and applicability. This
strongly motivates combining these definitions with the theory of semi-inner
products presented in Section 3 and leveraging the Riesz representation the-

orem for a convenient representation of the dual space.

4.1.1 S.I.P. Reproducing Kernel Banach Spaces

As mentioned before, Lumer [Lum61] introduced semi-inner products specif-
ically to extend Hilbert-space like arguments to a wide range of Banach
spaces. In view of the theory of RKHS from Section 2.4 and the first results
for RKBS just presented it is clear that they also provide a powerful tool
to obtain some of the elegance of the theory of RKHS while maintaining a
lot of the generality of Banach spaces. Thus we will from now on consider
RKBS which are uniformly convex and uniformly Fréchet differentiable. In
this case the existence of a Riesz representation theorem provides a conve-
nient identification B! of B*, and the semi-inner product takes the place of
the duality pairing. Following the convention at the end of Section 3 we will

call such spaces uniform RKBS.

To show that using semi-inner products in conjunction with the above con-
structions is useful, we first need to establish that we can obtain a kernel
function with representing properties with respect to the semi-inner prod-
uct. The connection between the semi-inner product and the duality paring
Eq. (19) then links the two kernels.

Theorem 4.4
Let B be a uniform RKBS on X and k its reproducing kernel. Then there
exists a unique function
k:XxX->TF
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the s.i.p. kernel, such that for all z € X, k(x,-) € B and

f(z) =[f,k(x,)]z forall feB,xzeX. (25)
Moreover
k(-,z) = (k(x,-))* for all ze X (26)
and
[*(z) = [k(z,-), flg for all feB,zeX. (27)
Proof:

By the Riesz representation theorem for every x € X there exists a unique

function k, € B such that

f(z) =06,(f) =[f Kl forall feB.

As before for z,y € X we define k: X x X - F by k(x,y) = k.(y). We
immediately have uniqueness, x(z,-) € B and (25) holds. It remains to prove

the “moreover” part.

To prove (26) for each z € X we look at the action of (k(x,-))* on an arbitrary

fixed f ¢ B

(f, (52,0 )5 2 [for(e, )]s 2 F(@) B (k7))

Since x and f were arbitrary this implies (26).

For (27) we simply note that

F@) Z k), )5 2 (e, ), flig-

a

Clearly the most interesting case is when x = k, in which case it is called the

s.1.p. reproducing kernel. In particular in that case we have

k($7y) = [k(xa')>k(y7')]87 Jl',yEX.
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Again Zhang, Xu and Zhang in [ZXZ09] show that one can construct uniform
s.1.p. spaces via a feature map which embeds the data into a uniform Banach
space. This provides a nice characterisation of s.i.p. reproducing kernels,

similar to the one we have seen before for RKHS and reflexive RKBS.

Theorem 4.5
Let X be an arbitrary, non-empty set, V' a uniform Banach space and &
a map from X to V. Denote by ®* the map from X to V* defined by
O*(x) = (P(x))*. Assume that

span®(X) =V and Spand®*(X)=V".

Then
B={[u.®()], : ueV}

is a uniform s.i.p. space with semi-inner product
[['Ll,, (I)()]Vv [Ua (I)()]V]B = [’U,, U]V .

Its dual is given by
B = {[@()uly s ueV)

with semi-inner product
[[CI)()’ u]V? [(I)()’ U]V]B* = [Uv U]V :

The duality pairing is given by

([u,@(-)]v,[@(-)’v]v)lg: [U>U]V' (28>

The reproducing kernel k and s.i.p. kernel s coincide so that we have the

s.i.p. reproducing kernel

k(x,y) = [®(x), 2(y)]y - (29)
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Proof:

Part 1: (B is a uniform s.i.p. space)

We first show that the map u ~ [u, ®(-)], is well defined. If u = 0 then clearly
[u, ®(-)];, = 0 for all € X. Conversely fix u € V and assume [u, ®(-)],, =0
for all z € X. Then by Eq. (20) also [®*(-),u*],. = 0 for all z € X. By
density of ®*(X) and linearity of [-,-];, this means u* = 0 and hence, as the
map u +~ u* is an isometry, v = 0. Thus u ~ [u, ®(-)],, is a bijection from V
to B.

We now show that [-, -] is indeed a semi-inner product. This will in particular

imply that the map u ~ [u, ®(-)],, is isometric as then for f = [u, ®(-)],,

1£15 = [f, f1s = [wuly = Jul- (30)

To this end let f = [u,®(-)]y,, g = [v,®()], and h = [w,®(-)], € B. All
properties of [-,-], follow directly from the respective properties of [-, -], .

More precisely, for linearity in the first argument we observe that

[)‘f +49, h]B =[A [u7 (I)()]V + [U7 (I)(')]V7 [w7 (I)()]V]B

A
:)‘[f7h]6+[gvh]8‘

Positive definiteness of [-,-] 4 is immediate from positive definiteness of [-,-],
because u ~ [u, ()], is a bijection which maps 0y to 0.

The Cauchy-Schwarz inequality holds since

/> 91sl” = w01y [P < [w,uly - [v, 0]y = [f, g+ [9: 9]y -

And finally homogeneity in the second argument is verified by noting that

[£:2g]s = [[w, () ]y, [, @)y I = [w, Aol = Au, 0]y = AL £, g5

Thus [+, -]z indeed defines a semi-inner product and by Eq. (30) completeness,

uniform Fréchet differentiability and uniform convexity of the induced norm

|| 5 follow directly from || having these properties.
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Part 2: (B* is a uniform s.i.p. space)

The arguments are very similar as for B. Again if u = 0 then clearly
[®(-),u];, =0 for all z € X and conversely for fixed u e V if [®(-),u];, = 0 for
all z € X then by density of ®(X) and linearity of [-,-],, we have v = 0. Thus
ur [®(-),u], is a bijection from V to B*.

Similarly one establishes all the properties of a semi-inner product for [-,]z.
by using the respective property of [-,-] .

We set f* = [®(:),uly, g* = [®(-),v]y,, h* = [®(-),u], € B*. To avoid con-
fusion from the non-linearity of the duality mapping we will momentarily
denote the dual element of w eV by F, e V*.

When proving linearity we need to be a little more careful here as the order
of arguments gets switched from [-,-];, to [-,-]z.. We will exploit (20) and
the fact that [f*, 9|5 = [v,uly = [Fu, Fo] s

We observe that from Eq. (20) we get that [®(-), u],, = [Fy, ®*(-)]}« so that

Positive definiteness and the Cauchy-Schwarz inequality follow in exactly the

same way as in part 1 and also homogeneity is clear since

[ Ag" |5 = [[(I)(-),u]v, [@('),X’U]V]B* = [Xv,u]v =X[f*,g*]3* .

Thus as before we have that [-,-]4. defines a semi-inner product. Complete-

ness, uniform Fréchet differentiability and uniform convexity of the induced

norm |-| g+ follow directly from || having these properties.
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Part 3: (B* is indeed the dual of B with duality pairing (28))

By noting that

([, @)1y, [2C), 0]y ) gl = [Tw, vl < Julv-[vlv = [T, )]y |5 [2(), 0]y

Bx—

it is clear that every [®(-),v],, € B* is a continuous linear functional on B.

Since
([u’ cI)(')]V’ [q)(')vv]v)[g = [U,U]V = [[U,CD(-)]V, [U’ (I)()]V]B
= ([u, 2]y, ([v,2()]y) ) g

we have [®(-),v], = ([v,®(-)],)* forall ve V.
As u v [u,®(-)]y, u~ [P(:),u],, and u — u* are bijections this means that

B~ is the dual space of B with duality pairing (28) as desired.

Part 4: (The s.i.p. kernel is given by (29))

Let f =[u,®(-)],,. By the definition of the duality pairing we have

f) =[u, @)1y = ([u, O]y, [2C), (W) ]y )g = (S [2C), (W) ]y )5 -

This is exactly the reproducing property (21) so that

kGoy) =[20), ()] -

Similarly using the definition of the semi-inner product on B we see that

f(:B) = [u>q)(x)]v = [[u7q)(')]vv [q)(x)v (I)()]V]B = [fa [@(g% @()]V]B

which is precisely the reproducing property (25) so that

r(@,) = [B(x), 2()]y -

But since (k(z,-))* = ([®(z),®()]y)* = [®(-),P(x)], the s.i.p kernel and

the reproducing kernel coincide and

k(z,y) = [2(x), 2(y)]y -
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It turns out that we also have a converse result, which provides us with a

precise characterisation of s.i.p. reproducing kernels.

Theorem 4.6
A function k on X x X is a s.i.p. reproducing kernel if and only if it is of

the form
k(xay) = [(I)(l’), (I)(y)]\/

for a uniform Banach space V', the feature space, and a mapping, the
feature map, ®: X — V such that Span®(X) =V and span®*(X) = V*.

Proof:
We proved in Theorem 4.5 that any function of the form specified in this
theorem is a s.i.p. reproducing kernel. Thus we only need to construct a

feature space V' and feature map ® for a given s.i.p. reproducing kernel %k of
a uniform RKBS B on X.

Let V = B and set ®(z) = k(x,-). Using the reproducing property (25)

we see immediately that

kx(y) = kE(ZL‘,y) = [kJ(ZE,),k‘(y,)]B = [(I)(x)7¢)(y)]8

Furthermore by the spanning property of reproducing kernels (24) span ®(X')

is dense in V.

The converse, that also span®*(X) is dense in V*, is proved by contra-
diction. Assume span ®*(X) is not dense in V*. Then by the Hahn-Banach
theorem there exists a nontrivial linear functional F' € (V*)* which is zero on
span®*(X), i.e. F(®*(x)) =0 for all z € X. By the Riesz representation the-
orem there exists a unique f* e V* s.t. F(g*) = [¢*, f*],. for every g* e V*

and hence in particular
[©*(x), [ ]y =0 (31)

for all z € X. Further as F' is nontrivial so is f. Applying the Riesz repre-

sentation theorem again we obtain a nontrivial f € V' = B corresponding to
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f* for which, using the reproducing property, we find for every x € X

f(@) = [f k(z, )] = [, 2(2)]y = [2%(2), f*]y

As we have seen in (31) above this means f(z) = 0 for every « € X. This

contradicts f being nontrivial.
a

4.1.2 Examples

As an example of these constructions consider the following example given
by Zhang, Xu and Zhang [ZXZ09]. Let X =R and V = L?(I) with I = [-1, 1].
Denote the Fourier transform of a function f by f and the inverse Fourier
transform by f.
With

O(z)(t) = e 2™t d*(z)(t) = ¥t xeR tel,

we obtain a RKBS

B={feC(R):suppfcl feLr(I)}
with dual space

B ={geC(R) :suppgcl,geL!(I)}

and kernel

sin(z —y)

m(r -y)

k(z,y) = (2(2), ©*(Y) o) = = sinc(z - y).

The duality pairing is given by

(F:9)s= [ f®a®)at [eBgeB

For p = ¢ = 2 this construction corresponds to the usual space of band-
limited functions. For other values of p we maintain the property of a Fourier
transform with bounded support but consider a different LP norm making B

isometrically isomorphic to LP(I).
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Since unlike Hilbert spaces of the same dimension the LP(II) spaces are not
isomorphic to each other, they exhibit a richer geometric variety which is
potentially useful for the development of new learning algorithms.

Note that above example is one dimensional for notational simplicity and
similar constructions yield RKBS isomorphic to L, (R¢) where u is a finite
positive Borel measure on R¢ as shown in Zhang and Zhang [ZZ12]. The

corresponding RKBS B consists of functions of the form

fulr) = ———
p(Re) > R

with semi-inner product

u(t)e™ du(t), zeR? uell(RY)

[ filo= i [ w@o@R@P2 di(r)

HU’ Lﬁ(Rd) Rd

The reproducing kernel is given by

1 .
k‘(x,y) =T =2 / ez(y—x,t) d:u(t)7 T,y € R?.
p(RY) 7 g

For d =1 and p the Lebesgue measure on [-1, %] this reduces to the above

example.
The duality mapping in LP spaces is given by f* = ?ff”zj which in the given
example means that for an element f, € B the corresponding dual element is
given by
PR
Jul?

Further the duality mapping in a reflexive Banach space is self-inverse so
(f zj )* = fu-

4.1.3 Representer Theorem

We finally return to the question of minimisers of the regularisation problem,

this time posed in a uniform RKBS, i.e.

min{&(f) + AX2([f[s) : f € B}
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for some empirical data z = (z1,...,2m) = ((x1,11), -+, (Tm,Ym)) € X x Y,
m € N, and a uniform RKBS B. Specifically we want to obtain an analogous
result to Theorem 2.11, the representer theorem for RKHS. Throughout this
thesis we will generally not be concerned about the existence of minimisers.
Results on existence and uniqueness of minimisers can be found in e.g. [ZZ12]

which is also the paper this section is based on.

Theorem 4.7 (Representer theorem)
Let X be a non-empty set and B a uniform RKBS with s.i.p. reproducing

kernel k. Consider the regularisation problem

min{&(f) + AX2([f]s) : f € B} (32)

for £, the empirical error for an arbitrary loss function C, and a nonde-
creasing function ©:[0,00) - R. Then there always exists a minimiser
fo € B of (32) such that the dual element of f; is of the form

fi(x) = icik’(.ici,x)* = Tzn;clk;(x,xl)

The proof of this theorem we are going to present is a combination of the
proofs for strictly increasing regularisers and nondecreasing regularisers from
the paper by Zhang and Zhang [Z2Z12]. Their proof for the case of nonde-
creasing regularisers is shorter and in a way easier than the one presented
here, essentially deducing the statement directly from minimal norm inter-
polation. We chose to combine the two arguments, largely following their
argument for strictly increasing regularisers, as it is more instructive. In
particular it shows how the Hahn-Banach theorem and duality arguments

replace the traditional Hilbert space arguments.

Proof (Of Theorem 4.7):
Let f be a solution of Eq. (32). The set Iy ={geB : g(x;) = f(x;)} is closed,

convex and nonempty as it contains f. Since B is uniformly convex there

exists a unique f € [y such that

| fo = 0[ = dist(0, Iy) = min{|lg - O] : g € I;}. (33)
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In other words fy is the unique solution to the minimal norm interpolation
problem.
Now since fj € I we have that fo(z;) = f(=;) for all z; and thus

&.(fo) = £.(f).

Moreover | foll < | f|| and hence since € is nondecreasing

([l folls) < (1 f])-

Thus fj is also a minimiser of Eq. (32). Assume for contradiction that fy is

not of the form stated in the theorem. That is fi ¢ IC for
K =span {k(x;,") =k(,x;) : i e N, } c B*.

Since K is a closed and convex subspace of B* by the Hahn-Banach separation

theorem there exists a functional T € (B*)* and a constant s € R such that
ReT(f;)<s<ReT(u) forall uelk.
Firstly, since B is reflexive, there exists g € B such that
T(v)=v(g) forall veB*.

Since u is chosen from an entire subspace we can freely multiply by scalars
A € F to see that
s <ReT(Au) = Re \T'(u).

By choosing A real or purely imaginary and sending it off to either plus or
minus infinity we see that this can only hold if T'(u) = 0 for all u € K. Thus
we must also have s <0.

Now by definition of the duality pairing (19) and the reproducing property
(25) have

0=T(k(z:,)*) = k1, )" (9) 2 (9, k()]s = g(as)-

But this means that
f+tgel; Vtel.
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We further have that

Relg, folg =Re fi(g9) =ReT(f5) <s<0.

But by Theorem 3.5 this means that g provides a direction in which the

derivative of the norm at fj is negative, more specifically

Lo+ tgls - Lfols _ Relg fols

= < 0.
tx0 t | fol

Thus for ¢ small enough we have | fy + tg||p < ||fo|s. But this contradicts
Eq. (33), fo being the unique minimiser of the minimal norm interpolation
problem.

Q

Remark 4.8

The separating hyperplane in some sense replaces the orthogonal decom-
position from the Hilbert space case. Since the subspace spanned by the
kernel function centred at the data points gets put into the kernel of the
linear functional we get that the corresponding function can be thought
of as being in the orthogonal complement as in the Hilbert space case.
From the orientation of the hyperplane, i.e. the assumed minimiser being
in the negative half space we get the required decrease in norm.

These arguments fail for span{k(x;,-)} ¢ B due to the nonlinearity of
the duality mapping. One can pull back the functional defining the hy-
perplane via the Riesz representation theorem but the lack of symmetry
of the semi-inner product, or equivalently the nonlinearity of the second
argument and hence of the duality mapping, mean that we cannot guar-
antee that the obtained function is zero on the data points. This is why
we only get a representation of the dual element of the minimiser as a
linear combination of the s.i.p. reproducing kernel centred at the data
points, i.e. effectively a linear combinations of point evaluations at the

data points.
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Even though this form of the representer theorem only characterises the dual
element of the minimiser, it is a very powerful result when combined with a
characterisation equation. We will close this section by presenting, without
proof, a case which was presented in [ZZ12], in which we can combine the
representer theorem with a characterisation equation to obtain a system of
equations which determines the minimiser of Eq. (32). To be able to obtain
such a system of equations we restrict ourselves further and consider only
cases in which there exists a unique minimiser. More specifically as sufficient
conditions for the existence and uniqueness of a minimiser of (32) we assume
both &, and €2 to be continuous and convex and 2 to be strictly increasing
with tlLIE) Q(t) = co. Further details about the characterisation equations and
proofs about these conditions can be found in [ZZ12].

Recall from Definition 2.1 that C(f(x;),v;) measures the loss incurred by

using f(z;) to predict the true output y;.

Theorem 4.9 (Characterization equations)
Assume C(-,) is a loss function which is differentiable and convex with
respect to its first variable for every x; € X.
Assume further that Q:[0,00) — R is a strictly increasing, differentiable,
convex function and satisfies }Lrglo Q(t) = oo.

Then fy # 0 is the minimiser of Eq. (32) if and only if

m a QI
3 2oty + AT o

where % is used to denote the partial derivative with respect to the first
variable of c.

The zero function fy =0 is the minimiser of Eq. (32) if and only if

1T

B < AQ'(0)

where T € B* is for every f € B defined as

T() = 3 50,00 ()

a

where again % is used to denote the partial derivative with respect to

the first variable of c.
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We now combine this result with the representer theorem. To this end note
that

fol) = Lo k(e )] = k(e ) i1 = B ), S ek )
k=1 B

Plugging the statement of the representer theorem and the characterisation

(34) into this and noting further that the duality mapping is isometric we

obtain
0 (o N (o) ;. _
Z;a fO( Z) yz)k( i ) FA— Hf ” 0 =0
550 ([t Sektany |-ty ATHED S -
10 A TS
i( ([k(x )3 k(. )]y) ; chi) F) =0,
=1 k=1 B* “fo B*

Assuming linear independence of the k(x;,-)* = k(-, z;) this means that the

Oc m Q’ (H > crk(ag,-)* B*)

_([k(xiv')*7zckk(xk7')*‘| 7yi)+)\ W]f:l CiZO-

da = . ”
k=1

coefficients of the minimiser satisfy the system of equations

We thus have obtained the desired system of equations depending on the
data points which characterises the solution. In contrast to the Hilbert space
case the problem here is often non-convex or nonlinear so one will need to

come up with more powerful algorithms to find a solution.

4.2 Non-reflexive Reproducing Kernel Banach Spaces

Reflexive reproducing kernel Banach spaces and in particular uniform RKBS
provide a significant extension of the theory of kernel methods to a large
variety of Banach spaces. While many common Banach spaces are reflexive,
[*, which is widely used in applications, is not. It is thus desirable to extend

the theory further. As stated in Section 3.2 a Banach space is reflexive if
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and only if every bounded linear functional is represented by a semi-inner
product. We thus can not rely on representing the point evaluations by semi-
inner products but have to use the duality pairing.

The constructions we are going to present in this section follow the papers by
Song, Zhang and Hickernell [SZH13|, and Georgiev, Sanchez-Gonzales and
Pardalos [GSGP14].

Definition 4.10
Let B and B! be Banach spaces of functions on X. The pair (B, B!) is

a pair of reproducing kernel Banach spaces (RKBS) with reproducing
kernel £: X x X —» F if

(i) Point evaluation functionals are continuous on B and B,
(i) k(z,-) e B for all x € X and k(-,y) € B! for all y € X;

(iii) There is a bilinear form (-,-), on B x B¥ such that

(f?k(ay))k:f(y) vyEX7fEB>
(k(z,),9), = g(x) VreX, geBt

We will sketch the constructions presented in the aforementioned papers
[SZH13, GSGP14] to obtain a pair of RKBS in the sense of this definition for
a given kernel k. Further details and proofs can be found in those papers.

The construction starts from a reproducing kernel and yields a pair of Ba-
nach spaces of functions (B,B') so that the spans of the kernel functions
satisfy a certain density property in those spaces and point evaluations are

represented by the kernel via a bilinear form on the two spaces.

Let k: X x X — F be a function and define
By = span{k(z, ) : z € X}, Bl =span{k(-,y) : y e X}.

Assume that there exists a norm ||z, on By such that point evaluations

are continuous. The function k£ and the norm |-|z, are all that needs to
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be known when constructing a pair of RKBS. The rest of the construction
follows without any further explicit input.

We define a bilinear form on By x Bj) by

)= (S o)) =33 stsbam)
i=1 j=1 g i=lj=1
for all f e By and g € BY. Similarly to previous sections one can easily check
that this defines a well-defined bilinear form which satisfies the reproducing
property (iii) of Definition 4.10. This allows us to define a norm on the space
B} by

lglsy = sup  [(f.9)l-
FeBo,| flzy<1

This is a well-defined norm and one can show that point evaluations are
continuous on (B, || gy) if and only if point evaluations are continuous on

(Bo, |8, )- It is also clear that we get a Cauchy-Schwarz type inequality

()il < 1flso - Iglsy. — f € Bo,g € B

It remains to complete the pair (By, Bf) to a pair of RKBS (B,B!) in the

sense of Definition 4.10. We need to be careful how we obtain the completion

to make sure that the required properties, which we built into By and B}, are
preserved. Since point evaluations are continuous for any Cauchy sequence
(fn) € By the sequence (f,,(x)) is Cauchy in F. One can check that the limit
f(z) = lim f,(z) is well-defined.

We cannt}ils complete By by setting

B = {f:X — I : 3 Cauchy sequence (f,) c By s.t. f(x) = lim fa(x)Vx e X}

with the norm | f| s = ALIEOHJC”HBO‘

This completion process yields a well-defined norm |||z on a Banach space of
functions B such that point evaluations are continuous if and only if the norm
|-| 5, satisfies a norm consistency property. More precisely for any Cauchy

sequence (f,) ¢ By such that f,(z) — 0 for every x € X we have that

anHBO n—>_o>o 0.
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We complete Bj by the same procedure and find that the norm |- as
defined above automatically satisfies the same norm consistency property so
that the resulting space (B!, ||-|z) is a Banach space of functions such that
point evaluations are continuous. Either by a repeated application of the
Hahn-Banach theorem or a repeated limit argument we extend the bilinear
form (-,-), to B x B! such that the norm |||z is still such that

lgls = sup  |(f, )l
fEBva”BSI

and the Cauchy-Schwarz type inequality

()il <1 fls- lglse  feB,geB

holds. Finally one checks that also the reproducing properties

(f?k(ay))k:f(y) VyGX,fGB,
(k(x,),9), = 9(z) VreX,geBt

hold and (B, Bt) are a pair of RKBS.
Moreover we note that with these constructions the space Bt is isometrically

and linearly embedded into the dual space of B by the map

L:B B,
(‘cg)(f) = (f?g)k;7 fEB,QEBn.

One can show that this map is an isomorphism if and only if for any proper

closed subspace V' ¢ B the orthogonal space
Vi={geB: (f,9),=0VfeV}cB

is nontrivial. In this case we note that B satisfies all assumptions of Defini-

tion 4.1 except for reflexivity.

The above constructions are summarised in the following proposition.
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Proposition 4.11
Let k: X x X = F be a function and let

By = span{k(z,-) : v € X}, Bl =span{k(-,y) : y e X}.

Assume that there exists a norm |-|g, on By for which point evalua-
tions are continuous on By and so that for any Cauchy sequence (f,,) in
(Bo, ||z, ) such that f,(z) - 0 we have | f,|zs, = 0.

Then there are Banach spaces completions (B, |-||z) and (B!, ||-|z:) of By
and B}, respectively, such that (B, Bt) is a pair of RKBS with reproducing

kernel k. Furthermore

(fs )il <1 fls- gl VfeB.geB!

and

lglsi = sup [(f.9),]  VYgeB.
fGB,Hf”gSl

The space B! is isometrically isomorphic to B* if and only if for any
proper closed subspace V' of B the orthogonal space V* is nontrivial. In
this case the maps ¢: X — B and ¢*: X - B* given by

o(x) = k(z,-), o (y) = L(k(~y))

define feature maps such that

As mentioned previously we are extending the theory to non-reflexive Banach
spaces in particular to include ! spaces. An ['-type space on an arbitrary
set X is defined in [SZH13] as a Banach space of functions on X which are

integrable with respect to the counting measure on X. More precisely

MX)={c=(czeF:azeX): |c|nix)= D, lca| < oo}

reX

While X may be uncountable in this definition, for every c € [1(X) the sup-
port of ¢, supp(c) = {x € X : ¢, # 0} must be countable.
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We are now going to show how to construct a RKBS B which is isometrically
isomorphic to {1(X). The above construction of a pair of RKBS is based on
providing a function k and a norm |-z, with certain properties. Following
the paper by Song, Zhang and Hickernell [SZH13] we will present assump-
tions on k and a way of constructing the norm ||-|g, such that the resulting

space B is of ['-type.

Let k: X x X — F be a bounded function such that k(x;,-) are linearly inde-
pendent for all sets of pairwise distinct points {x; € X : i € N,,}. Define the
norm |-, on By = span{k(x,-) : z€ X} by

m m
12 cik(@i, ), = ) leil-
=1 i=1

Then |-| g, satisfies that for any Cauchy sequence (f,,) in (By, |-|5,) such that
fn(z) > 0 we have || f,| s, = 0 if and only if, for all pairwise distinct z; € X
Zcz-k(a:i,x) =0VzeX = ¢=0VieN
i=1
We thus obtain a RKBS B which is isometrically isomorphic to I*(X) via the

map

e(c) = Y ck(z,) cel(X).

reX
These constructions are summarised in the following proposition.

Proposition 4.12
Let k: X x X - FF be a bounded function such that k(z;,-) are linearly
independent for all sets of pairwise distinct points {z; € X : i € N, }.
Assume further that, for all pairwise distinct z; € X
Y cik(zi,x)=0VreX = ¢ =0VieN.
i=1
Then for the norm

m m
1> cik (@i, ) s, = D eil
=1 i=1

the RKBS B obtained via the constructions of Proposition 4.11 is iso-
metrically isomorphic to [*(X).
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4.2.1 Examples

In this section we briefly introduce some criteria for kernels which satisfy the
assumptions of Proposition 4.12 and give some concrete examples. These ex-

amples are again taken from the paper by Song, Zhang and Hickernell [SZH13].

Proposition 4.13
If £:R?x RY - F is of the form

k)= [ 90 dg,  myeR?,
Rd

for ¢ € L'(R?) nonzero almost everywhere on R? with respect to the

Lebesgue measure then k satisfies the assumptions of Proposition 4.12.

Since this is a Fourier type kernel we get as an immediate corollary that

compactly supported functions ¢ defined on R? generate kernels that can
lead to ['-type RKBS.

Corollary 4.14

If :R¢ — T is nontrivial, compactly supported and continuous then

k(z,y)=¢(z-y), zyeR™

satisfies the assumptions of Proposition 4.12.

Many of the kernels we have seen as generators of RKHS in Section 2.4.2 can
in fact also be used to generate [!-type RKBS. Assuming that the reproducing
kernel is defined on a set X ¢ R? examples of functions which can generate
I*-type RKBS by the above results include

e The exponential kernel

1o 1
k’(iﬁ,y) = eXp(_”x_y”Q) ) [6 fev ) H ) dg» T,y ¢ Rd7
™ ieNg 1 +&;
Rd
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e The Gaussian kernel

k’([L’,y) = exp (_ HZL’ ;y”%)
_ ( Vo

2
2ﬁ) /6—i<$—y,5> exp(—%”a‘g)dé’ I,yGRd;

R4

e B-spline kernels

k(Ivy) = H Bp('rz _yi)7 x,y E]Rda

iENd

where B, denotes the p-th order B-spline for p > 2.

e Radial basis functions of compact support

4.2.2 Representer Theorem

Song, Zhang and Hickernell also address the question of representer theorems
in [SZH13]. Their approach is different from ours in Chapter 6 in two ways.
Firstly they consider the existence of representer theorems a property of the
function space rather than the regulariser. Secondly they aim to obtain a
representer theorem in the space B rather than its dual space. This is also
in contrast to the results from Section 4.1.3 which showed that for Banach
spaces the representer theorem is naturally rooted in the dual space. Nev-
ertheless the results obtained in [SZH13] are interesting and as a corollary
contain a representer theorem similar to what we have seen before.

For a set {z1,...,x,,} of finitely many distinct sampling points denote sim-
ilarly to the RKHS section the Gram matrix by K;; = k(z;,z;). Further
denote by K,(z) the vector (k(z,z;))".

Proposition 4.15
Let X be a nonempty set and (B,B") a pair of RKBS on X with repro-

ducing kernel k. Consider the regularisation problem

min{&(f) + A2([f[s) : f € B} (35)
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for £, the empirical error for a continuous loss function C and a con-
tinuous, coercive function :[0,00) - R. Then if k is such that for all

pairwise distinct z1,..., 2,1 € X

-1
1K) Ko(Tnen) |,y 1,

there always exists a minimiser fy € B of (35) of the form

fo(x) = icik(xi, ).

We will see in Chapter 6 that our results will also apply to non-reflexive
RKBS, giving a unified approach applying to all spaces presented in this
chapter and Chapter 2.
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5 Duality and Geometry

In this chapter we will introduce a variety of mathematical tools and theory
which will be used throughout the proofs of our results in Chapter 6. Many of
these results are standard and can be found in various well-known Functional
Analysis books. Those results which a reader with a functional analysis back-
ground is likely to know are in most cases stated without proofs to fix the
notation and to be self-contained for readers from a different background.
References where more details and proofs for the results can be found are
given. Results with particular relevance to our results will be presented with
proof.

There are also some results presented in this chapter which are not very well
known. These results will be presented in greater detail and full proofs will

be given.

We start the chapter with an introduction into subgradients and directional
derivatives in Section 5.1. This theory is standard but is relevant for our
results due to its connections to duality mappings which will be made clear
in a later section of this chapter. Before introducing duality mappings we
present the most important results about annihilators in Section 5.2. An-
nihilators are crucial throughout our work as they generalise the notion of
an orthogonal complement from Hilbert spaces to a general Banach space.
Having covered subgradients and annihilators we are in the position to for-
mally introduce duality mappings in Section 5.3. We will point out their
connections with subgradients and present a not so well known result, the
Beurling-Livingston theorem, linking the duality mapping to an annihilator
which is crucial for our results in Chapter 6. After introducing the duality
mapping we will discuss some geometrical properties such as smoothness and
rotundness in Section 5.4. We will explain how the geometry of a Banach
space B and its dual space B* are deeply linked through the duality mapping.
This link is Well known but essential to both understanding the geometry of
a Banach space and the properties of the duality mapping which are com-

pletely determined by the geometry of the space. Finally in Section 5.5 we
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are going to look into the question whether the distance to a closed subspace
of a Banach space is attained for every point. Subspaces for which this is the
case are called proximinal. While for reflexive Banach spaces every closed
subspace is proximinal, the question whether a subspace is proximinal is very
difficult to answer for non-reflexive Banach spaces. As it turns out proxim-
inality is a crucial property for our results for non-reflexive Banach spaces.
We thus present some of the known results to characterise proximinal sub-
spaces. Finding general, easily applicable conditions is still an open area of

research though.

5.1 Subgradients and Directional Derivatives

The theory presented in this section is standard in Functional Analysis
and can be found in various books. The main references we are using for
this section are the books by Borwein [BL06, BV10] and Hiriart-Urruty,
Lemaréchal [HULO1] and Simons [Sim08]. The books [BL06, HULO1] give a
good introduction covering the finite-dimensional case, while the books [BV10,
Sim08] also cover the infinte-dimensional case. We will only state the key
results we will be using in the discussion of our work for reference and to fix

the notation.

Definition 5.1 (Directional Derivative)
Let B be a Banach space and f:B — R a real-valued function on B. The
directional derivative of f at = € B in direction d € B is defined as

f,(f, d) = lim f(f + td) B f(i)

t\O t

whenever the limit exists.

A priori there is no reason for the directional derivative to exist at a certain
point or in a certain direction. For our work we will only be considering the
directional derivative of a convex, everywhere continuous function. The next
result shows that for such a function the directional derivative exists and is
well behaved.
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Proposition 5.2
If f:B — (—o00,00]is convex then for any T € core(dom( f)) the directional

derivative f’(Z,-) is everywhere finite and sublinear.

If the directional derivative is linear in d for some = then f is Gateaux dif-

ferentiable at T with derivative f/(T,-).

The directional derivative is relevant for our work because it can be used
to locally describe the subdifferential which is linked to the duality map-
pings in such a way that it allows us to construct dual elements with certain

desired properties.

Definition 5.3 (Subdifferential)
Let B be a Banach space and f:B — R a real-valued function on B. The
subdifferential of f at T is the set

0f(@) ={LeB" : f(z)- f(F)> L(zx-T)Va e BY.

The characterisation of the subdifferential in terms of directional derivatives
is summarised by the following Proposition which is a combination of propo-
sition 3.1.6 and theorem 3.1.8 from [BLO6].

Proposition 5.4
If f:B - R is convex and 7 € dom( f) then for a linear functional L € B*
we have L € 0f(T), if and only if L(-) < f'(Z,").

Moreover for any T € core(dom(f)) and any d € B
11(@.d) = mas{L(d) : L€ 0f(7)}
In particular () is nonempty.
In [BV10] Borwein presents a sandwich theorem (theorem 4.1.18) which es-

sentially allows to squeeze an affine function in between a convex and a con-

cave function. In Chapter 6 we are going to need to construct a subgradient
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with some control over its norm. It should be possible to show that for the
case arising in our proof the affine map obtained from Borwein’s sandwich
theorem can in fact be chosen as a linear map. This would allow to construct
the desired linear functional in the subdifferential of a convex function with
a bound on its norm. Unfortunately we have not been able to prove that
the affine shift can indeed be chosen to be zero. Thus we will deduce an
analogous result from a sandwich theorem presented in the book [Sim08] by
Simons, which is a consequence of a stronger version of the Hahn-Banach

theorem, the Hahn-Banach-Lagrange theorem.

Theorem 5.5 (Sandwich Theorem)
Let V' be a nonzero, real vector space and P:V — R sublinear. Define a

vector ordering <p on V' by
u<pwvif P(u-v)<0.

Further assume that X is a nonempty set, k: X — (—o0, oo] not identically
oo and j: X = V.
Suppose that for all x1, 25 € dom(k) there exists a u € dom(k) such that

J) p i)+ 5i(e)  K() < Sh(e) + 3h(e)

Then there exists a linear functional L on V such that L < P and

inf [L(j(x)) + k()] = inf [P(i(2)) + k(2)].

To deduce the required result about subdifferentials with some control over
their norm, note that for a convex, everywhere continuous function f Propo-
sition 5.2 shows that the directional derivative is everywhere defined and
sublinear so that we can choose P = f/(Z,-) for some fixed T in the sandwich
theorem. For simplicity we denote the order relation by <y. We let X = By,
be the unit ball in V', and j(z) = x be the canonical embedding of By into
V. Lastly define k to be identically 0.

With j being the identity map we get

. 1. 1. _ 1 1
J(d) < §J(d1) + 5](032) < fl(T,d- §d1 - §d2) <0.
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But for any dy,d, € By also %dl + %dg € By and f/(7,0) =0 trivially. Further
the condition on k is trivially satisfied since k is identically 0. Thus we obtain
the following corollary of the sandwich theorem which yields a linear map in
the subdifferential of f at  with some control over its behaviour on the unit

ball which will allow us to bound its norm.

Corollary 5.6 (Sandwich theorem for subdifferentials)
Let V be a nonzero, real vector space, f:V — R a convex, everywhere

continuous function and 7 € V. Then there exists a linear functional L
on V such that L(-) < f'(%,-), i.e. Ledf(T), and

i, D) = i, T )

5.2 Annihilators

Annihilators provide a natural generalisation of the concept of an orthogonal
complement from Hilbert spaces to Banach spaces. Orthogonal complements
play a crucial role in many results about learning in Hilbert spaces, in par-
ticular representer theorems. It is thus not surprising that annihilators play
an important role in the generalisations to Banach spaces. Annihilators are
a standard tool in functional analysis so we will just briefly present the prop-

erties required in this work. More details can be found e.g. in [Rud91, All11].

Definition 5.7 (Annihilators, Pre-Annihilators)
Let B be a Banach space. The annihilator of a subset V' ¢ B is defined
as the subspace of B* of all bounded linear functionals on B that vanish
on V, ie.
Vi={LeB": L(x)=0VYzeV}cB*.

The pre-annihilator of a subset W ¢ B* is defined as the subspace of B

on which every functional of W vanishes, i.e.

W, ={zxeB:L(x)=0VYLeW}cB.
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It is clear that both V* and W, are closed subspaces. Since V! is the inter-
section of kernels of functionals 2 € B € B** it is also weakly* closed.
Note that the orthogonal complement for continuous semi-inner products

defined in Definition 3.8 coincides with the annihilator since
Wt={yeB:[z,ylg=0VzeW}={yeB:y(x)=0VzeW}

There is duality relation between the annihilator, pre-annihilator and the

sets generating them which is described in the following result.

Proposition 5.8
Let B be a Banach space, V ¢ B a subset of B and W ¢ B* a subset of
B*. Then

(i) V*=(span{V})" and (V'*), is the norm closure of span{V'} in B;

(ii) W, = (span W), and (W,)" is the weak* closure of span{W} in B*.

In Chapter 6 we will repeatedly come across annihilators of subspaces of
finite codimension. The following result says that the weak* closure from

Proposition 5.8 is not required in this case, which is crucial for our results.

Lemma 5.9
Let B be a Banach space and W c B* a finite subset of B*. Then (W,)"
is weak* closed and thus (W,)" = span{WV}.

The proof follows immediately from the following lemma (Lemma 3.2 in [Brell]).

Lemma 5.10
Let V' be a vector space and L, Ly, ..., L,, linear functionals on V' such

that
() ker(L;) c ker(L).

€Ny,

Then L espan{L; : i e N,,}.
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Proof:

Define a map
q:V - F™,
q(z) = (L1(2), ..., Lm(x)).

Then ker(q) = Mien,, ker(L;) < ker(L) and thus L factors through ¢g. More
precisely L(g(x)) = L(x) defines a linear map L :im(q) - F on the image of
q. Extending L to F™ we obtain a linear map L such that the diagram

1% L s F
R %
Fm

commutes. Then there exist A1, ..., A\, € F such that L(y1,...,Ym) = > \it;
i=1

and so

L(x) = T(q(x)) = ixiLxx)

forall z€ V. Thus L= 3 A L.

i=1

Proof (Of Lemma 5.9):
The fact that span{W} c (W,)" is obvious since by definition all L € W are
zero on W, .
For the converse assume L € (W,)*. Then Nz, ker(L) = W, ¢ ker(L) and
since W is a finite set by Lemma 5.10 L € span{IV}.

u

Lastly there is a useful duality between annihilators and dual spaces of quo-
tient spaces. Similarly dual spaces of closed subspaces can be expressed in

terms of the quotient of the dual space by the annihilator.

Proposition 5.11
Let B be a Banach space and V a closed subspace and ¢:B — g the

quotient map.
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(i) The map
ofe) v
D(Ly)=Lgoq
is an isometric isomorphism of (é)* onto V'*.

(ii) Extending L € V* by the Hahn-Banach theorem to a functional
L € B* the map

LB
d:V _)Vl7
®(L)=L+V*

. . . . . *
is an isometric isomorphism of V* onto %.

5.3 Duality Mappings

When discussing RKBS in Chapter 4 we already saw that the representer
theorem in a Banach space is a result about the dual space rather than the
space itself. This does not become apparent in the classical version of the
representer theorem for Hilbert spaces as the duality mapping is the identity.
With the representer theorem being set in the dual space it is clear that the
properties of the duality mapping crucially determine the representer the-
orem one can obtain. With the representer theorem for uniform RKBS in

Section 4.1.3 we already saw the shift from a linear to a nonlinear duality

mapping which exposed the property of the representer theorem being about
the dual space. In our work in Chapter 6 we will step by step further deal
with the duality mapping not being univocal, injective and surjective.

In this section we give the fundamental definitions of the duality mapping
which are well known. We will then close the section by presenting a less well
known but very powerful result, the Beurling-Livingston theorem, which is

essential for some of our results in Chapter 6.
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Definition 5.12 (Duality mappings)
Let p1:[0,00) = [0,00) be a continuous and strictly increasing function
such that p(0) =0 and pu(t) — 0.
A set-valued map J,:V - 2" is called a duality mapping of V into V*
with gauge function p if J,(0) = {0} and for 0 #z eV

Ju(x) ={LeV™: L(z) = L[ - ||, | L] = p(l=])} -

The following properties of the duality mapping are well known but essential,

see e.g. [Bro69).

Proposition 5.13

For every x € V the set J,(x) is nonempty, weakly™ closed and convex.

A reason to introduce the subdifferential in Section 5.1 was its link with the
duality mapping. Some important properties of duality mappings can be
deduced from the fact that a mapping is a duality mapping if and only if it

is the subgradient of a certain convex function, as shown e.g. in [Asp67].

Proposition 5.14

For a normed linear space V' with duality mapping J,, with gauge function
i define M:V — R by

l=]v

M(z) = f u(t)dt. (36)

0
For any 0 # x € V' we have that OM (z) = J,(x). Thus L € J,(z) if and
only if

M(y) 2 M(z)+ L(y - x) VyeV.

In this work we will be considering the case where p is the identity and the
duality mapping an isometry. This case is commonly referred to as the nor-
malised duality mapping. We will omit the subscript and simply write J for

the normalised duality mapping.
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Finally the following generalised version of the Beurling-Livingston theorem
(c.f. [BL62, Bro65b]) is essential for the proof of one of our main result. A
proof of this theorem can be found in the work by Browder [Bro65a] which
is very general, deducing the result from a result on multi-valued monotone
nonlinear mappings. A more direct proof, giving a better idea of the objects
occurring in the result, can be found in the work by Blazek [Bla82]. Un-
fortunately there is an issue in the proof in the paper by Blazek, we thus
present a corrected version of it here. The overall intuition of Blazeks proof
is correct nonetheless and a summary of it can also be found in a paper by

Asplund [Asp67]. For convenience we also include Asplund’s summary here.

Theorem 5.15 (Beurling-Livingston)
Let V be a real normed linear space with duality mapping J, with gauge
function p and W a reflexive subspace of V.
Then for any fixed xg € V, Ly € V* there exists z € W such that

JN(.CEO + Z) N (Wl - Lo) * <.

Proof (Sketch [Asp67]):

Consider the functional

F:V >R,
F(x) = M(x - x0) - Lo(z — o).

Since F' is continuous, convex and coercive, it attains its minimum on the
reflexive space W at some point z € W. By the Hahn-Banach theorem F' thus
has a subgradient at z which is identically zero on W. By Proposition 5.14
this subgradient is a dual element with the stated property.

a

Proof (Corrected version of [Bla82]):
Using the functional M from Proposition 5.14 define a functional F':V - R
by

F(x)=M(x-x0) - Lo(z — x0).
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Since M is continuous, convex with strictly increasing derivative and Ly is
linear, F' is clearly continuous, convex and coercive. This means that F
attains its minimum on the reflexive subspace W in at least one point, Z say.

Hence, for all y e W

F(y) - F(2) 20
< M(y-z0) > M(Z-9) + Lo(y - Z)
< M(y—x9) - M(Z-x0)+ Lo(Z—x0) > Lo(y — o). (37)

By Proposition 5.14 this means that L0|W € 8M|W(E— xy) = JM‘W(Z— xo).
For simplicity we write LO‘W = Ly.

Note that if zp € W and Ly = 0 we have that F(z) = M(z - x9) on W
so Z = xp and we trivially have J,(zo - x) = {0} = {-Lo + Lo} ¢ W* + Ly.

So we can without loss of generality assume that not both zq € W and Ly, = 0.

In case zg € W it is clear that M is minimised at xo. If Ly # 0 then
Ly, attains its norm on W in a point z say. Thus it is clear that there exists
a minimiser for F' of the form Z = z + 5. More precisely F' is minimised
where an element of OM and VL, are equal. Since OM (z —x¢) = J,(z — x0)
and elements L, € J,(x — x¢) are of norm | L,| = pu(|x — xo), the fact that

OM and VL, are equal implies that the minimiser Z = z + x( is such that

| Zw l[w+ = u(IZ = o).

If on the other hand zy ¢ W then we note that Z being the minimum
for F on W implies that LI'(y) > 0 for all Lf € 0F(Z) and all y € W.
But by definition OM (z — x¢) — 0Lo(z — x9) € OF(z) and thus for every
L,eJ,(Z-xy)=0M(Z-xz0) and Ly = Lo = 0Lo(Z — x0)

L.(y)-Lw(y) >0

But since L, is of norm u(|Z — x¢|) this means that

u(Z = xol) - |yl = L.(y) > Lw (y)
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for all y e W. Thus |Lw|lw~ = HL0|WHW* < pu(]|Z = o).
Now denote by W the space generated by W and z, and note that this space
is still reflexive. Extend Ly to Ly on W by setting

Ly(wo) = Lo(Z) = u([[Z = zo]) - [Z = o]
Then
Lyr(Z = wo) = Lw (Z) = (Lo(Z) — p([|Z = zol) - |Z - 2ol
= 1|z = zoll) - |7 - o
50 | Lzl g+ 2 p([[Z = o)
Further Lip(y) = L (4) < (7=l for all y € W, 50 | Lig] > u([7-z])
can only happen if the norm is attained for some point \y + vxg for y e W,
v # 0. Or equivalently, dividing through by v, at a point y + x¢ for some
y € W. But for those points we have
Lyg(y + @0) = Lw (y) + Lo(Z) = p([Z = o)) - |7 = 2o

<p(Z=mol)) -y + 2] =z = 20]) - [Z — 20|

< u(Z=zol) [y + 2] = 7 = o]

< p(Z=mol) - |y + ol

and thus | Lyy | = p([[Z —2o]) and Lyy(Z = 20) = | Lyg | - |7 = o]

Since for o € W we have W = W in either case we have obtained a function
Ly such that

Ligly = Lol 1wl =p(Z-20l)  Lyp(z-20) = | L] - |7 - 2o
Now extend Ly by the Hahn-Banach theorem to Ly on V' such that
| Zv [ = I Lyl = w1z = zol))

and Ly|. = Lyy. Hence (Ly — Ly)|,, = 0 so Ly e W* + L.
It remains to show that Ly € J,(Z - ¢) by showing Eq. (37) holds for Ly

and every y € V. Notice first that

ly = ol —
Ly(y—xo) < | Lv |- |y — ol = | Lyw] - |ly — 2ol = Lw( 2= 2] (Z-20) ] (38)
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But

Lap ([ 22k ) ) - £z a0 = (1220 1) - b -

|7 = o |7 = o
= p([[Z = o)) (ly = ol = 7= zol) (39)

and further

ly=zol

M (y=w0) =M (Z-x0) = f p(t)dt 2 (Jly = 2ol = |2 = 2o]) u(|Z=z0l), (40)

|Z=o

so the left-hand side of Eq. (40) is always at least as big as the left-hand side

of Eq. (39). We can thus add the left-hand side of Eq. (39) to the right-hand

side of Eq. (37) and the left-hand side of Eq. (40) to the left-hand side of

Eq. (37) while preserving the inequality. Equation (37) is in particular true

for 7 and in that case also for Ly as it agrees with Ly on z and xy, i.e.
M(E— 370) - M(E— IO) + Lw(z— :1:0) 2 Lw(z— wo)

Thus by adding the left-hand sides of Eq. (39) and Eq. (40) as described we

obtain

_ _ - X _
M(y-x0) - M(Z—-x0) + Ly (Z - xo) 2 LW(Hg 3;0‘| (z—xo))
— T
for all y € V. But since Ly also agrees with Ly on Z and z this together
with Eq. (38) implies that

M(y-x9) - M(Z-x0)+ Ly (Z-10) > Ly (y — z0)

for all y € V, which is what we wanted to prove. Thus indeed Ly € J,(Z - o)
as claimed. By homogeneity of J, clearly —Ly with -z € W is as in the
statement of the theorem.

Q
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5.4 Geometry

The properties of the duality mapping are deeply linked to the geometry of
the space. Consequently also the geometries of the space itself and its dual
space are strongly linked. These connections are very well known but since
these geometrical properties are determining the properties of the duality
mapping, which in turn determines the form of the representer theorem one
may be able to obtain, we summarise the most important definitions and
results here. It will turn out that in particular a lack of strict convexity will
cause difficulties in making precise statements about representer theorems.
This is because in a space which is not strictly convex the unit ball contains
straight sections. We will see that it is very difficult to make any statements
about the behaviour of a regulariser across a straight section of the unit
ball. We thus close the section by giving an overview of exposed points,
i.e. points which are not contained in the interior of any straight section,
and exposed faces. The main references used for the results in this section
are the books [HULO1]| by Hiriart-Urruty and Lemaréchal and [Megl2] by
Megginson. Another good reference is [K6t83].

Definition 5.16
A point x on the sphere S, c V is

(i) rotund if | Z¥|ly <7 for all y € S, \ {z};

(ii) smooth if there exists exactly one L € V* such that |L| = 1 and
L(x) =[]y

We are only going to present the most important results characterising ro-
tundity and smoothness and illustrating their link with properties of the dual
space via the duality mapping. These results are well known and can be found
in many books about Functional Analysis. For a very thorough discussion

about rotundity and smoothness the reader is referred to Megginson [Meg12].
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Proposition 5.17
Let L e V* and x € V such that L e J(x).

(i) If L is rotund then x is smooth.

(ii) If L is smooth then z is rotund.

While in general we can only make statements about the structure of a point
based on the geometry of its dual element(s), for a reflexive Banach space the

statement goes both ways via the identification of the space with its second

dual.

Proposition 5.18
A reflexive Banach space is rotund if and only if its dual space is smooth

and is smooth if and only if its dual space is rotund.

The above definitions have only been qualitative, defining when a point is
smooth or rotund. We can go further and in fact give a measure of “how

smooth” or “how rotund” a point is.

Definition 5.19

The modulus of smoothness of the space V' is defined as

pv:(0,00) > [0, 0)

$+y v+I|T-Y|v
pr(0) =sup LRI g 2t =)
The space V' is uniformly smooth if
t
lim pv(t) =0
t\O0 t

The modulus of rotundity or modulus of convexity of the space V is
defined as

dy:10,2] - [0,1]
. T+
(@) =it {1 - Y gy =1, gl 2]

The space V' is uniformly convex if §y () > 0 for all € € (0,2].
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Using the modulus of smoothness and modulus of rotundity one can also
obtain a quantitative version of Proposition 5.18, linking the modulus of
smoothness of the space with the modulus of rotundity of the dual space and
vice versa. This is a standard result but not required for our results. Details
can be found e.g. in [LT79, Megl2].

The above definition of uniform smoothness is in fact equivalent to a con-
dition on the differentiability of the norm, as seen before in the context of

uniformly smooth semi-inner product spaces.

Remark 5.20
There are the following equivalent, useful definitions of uniform convexity

and uniform smoothness.

e The space V' is uniformly smooth if the norm |-||;; is uniformly
Fréchet differentiable, i.e. if the limit

e tyly - Ll
t—0 t

exists uniformly for ¢t € R and all x,y € V such that |z|y = |ly|v = 1.

e The space V' is uniformly convex if for every € > 0 there exists § > 0

such that for all x,y € Sy with |« - y|y > ¢ we have @ <1-6.

The connections between the geometry of the space V' and its dual space V'*
presented in this section lead to a number of statements about the properties
of the normalised duality mapping depending on the geometric structure of V.
These properties are well known and can be found e.g. in Dragomir [Dra04]

and the references therein.

Proposition 5.21
We have the following equivalences between properties of the duality

mapping J and the geometry of the space V.
(i) J is surjective if and only if V' is reflexive.

(ii) J is injective if and only if V' is strictly convex.
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(iii) J is univocal if and only if V' is smooth.

(iv) J is norm-to-weak™ continuous exactly at points of smoothness of
V.

(v) J is norm-to-norm continuous if and only if V' is uniformly smooth.

In view of (i) we say a normed space V is subreflexive if the image of J
is norm-dense in V*. Bishop and Phelps prove in [BP61] that every Ba-
nach space is subreflexive. They also state that some but not all incomplete

normed spaces are subreflexive.

We now turn to a brief discussion of exposed faces which are essential when
discussing representer theorems in spaces which are not strictly convex. This
is in particular relevant for the case of non-reflexive spaces where we are

interested in [!-type spaces. For more details see e.g. [HULO1, AGPO05].

Definition 5.22 (Exposed Face)
A non-empty subset F of the ball B, c B is an exposed face of B, if there

exists an L € B* such that

F= {x € B, : L(z) =sup L(y)}.

yeB,

A point x € B is an exposed point if {z} is an exposed face.

It is easy to see that every exposed face is a face, the converse is not true
though. It is easy to find an example of an extreme point which is not
exposed. But in a sense there are not very many such points, since every

extreme point is the limit of exposed points, i.e.
exp(B,) c ext(B,) ¢ exp(B,)

Unfortunately exposed faces and points do not share some of the nice prop-
erties of faces and extreme points. While the non-empty intersection of faces

is always a face, Aizpuru and Garcia-Pacheco show in [AGPO08] the existence
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of a non-exposed point which is the intersection of exposed faces. The same
results further show that a point can be exposed in every 2-dimensional sub-
space containing it, but not an exposed point. This is in contrast to being
an extreme point or being smooth or rotund. Those are 2-dimensional prop-
erties, meaning that a point is an extreme point or smooth or rotund if and
only if it is an extreme point or smooth or rotund in every 2-dimensional

subspace containing it.

For a general Banach space B it is very hard to make any general statements
about which points are exposed. It is clear that every rotund point is ex-
posed. Furthermore every smooth exposed point is rotund. Aizpuru and
Garcia-Pacheco in [AGP08] try to make a statement about the properties
of exposed points which are not smooth and might not be rotund. Since
in general there can be points which are not smooth and not exposed they

define the following two stronger conditions of non-smoothness.

Definition 5.23
A point x on the sphere S, c B is

(i) strongly non-smooth if for every y € S, such that |[tx+(1-t)y|sg="7r

for all ¢ € [0,1], = is not a smooth point in span{z,y};

(ii) uniformly non-smooth if for every y € S, \ {z}, = is not a smooth

point in span{z,y}.

They prove that in a separable Banach space every strongly non-smooth
point is in fact an exposed point and thus the set of exposed points is exactly
the union of the set of rotund points and the set of strongly non-smooth
points. But in a non-separable Banach space this is false and there may be
strongly non-smooth points which are not exposed. They then show that
the notion of uniformly non-smooth points is too strong, in the sense that
there can be either uniformly non-smooth points which are not exposed, or
exposed points which are neither rotund nor uniformly non-smooth. For non-
separable Banach spaces we thus do not know how to completely describe

the set of exposed points.
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In [Day55] Day discusses convexity and smoothness properties of common
function spaces. He remarks that there is no example known of a space which
is smooth but not strictly convex. But in view of Minkowski spaces, where we
construct a norm by starting with a convex set which is symmetric around the
origin and construct a norm such that this set is the unit ball for this norm,
we see that there is an easy way of constructing counterexamples for most
assumptions of the interplay of smoothness and rotundness one may hope to
make. This in particular means that as long as one can imagine a symmetric
convex set with a point which violates the assumption, one can construct a
Minkowski norm which has this set as unit ball. For a detailed discussion of
this construction see e.g. [Tho96]. We thus cannot make assumption about
the smoothness or rotundness of a point based on the properties of points in

its neighbourhood.

5.5 Proximinal Subspaces

We close this chapter by exploring when for a subspace W of a vector space
V' the distance of a point x € V N W to the subspace is attained. Subspaces
for which the distance is always attained are called proximinal. It is clear
that a proximinal subspace necessarily has to be closed.

While for reflexive Banach spaces the distance of a point to the subspace is
attained for any closed subspace, the question turns out to be quite difficult
in general for non-reflexive Banach spaces. We will show that for finite di-
mensional subspaces and hyperplanes the question of proximinality can still
be answered in a satisfactory way. Some recent results show that there is
little hope to be able to extend these results further by giving examples of
Banach spaces which in a sense have very few other proximinal subspaces.
We present some further characterisations of proximinal subspaces which
hold in general normed vector spaces, these conditions may not always be
easy to check though. The question of general and easily applicable condi-

tions for proximinality still remains an open area of research.
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Definition 5.24 (Proziminal subspace)
Let V' be a real normed vector space and W c V' a closed subspace of
V. We say W is proximinal if the distance from any point in V' to W is

attained, i.e. for every x € V there is a y € W such that

|z =ylv = dist(z, W).

As already mentioned in the introduction of this section, for reflexive Ba-
nach spaces the question of proximinality can be answered positively (see
e.g. [Con94]).

Proposition 5.25
If B is a reflexive Banach space then any closed linear subspace W c B

is proximinal.

If the space is not reflexive the question which subspaces are proximinal
becomes much more difficult. In the book [Hol75] Holmes presents some
conditions which characterise proximinal subspaces. In particular he gives a
condition for subspaces of finite codimension which is the case we are going
to encounter in Chapter 6. In view of the fact that the norm on the quotient
space represents the distance of a point to the subspace it is not surprising
that a first characterisation of proximinality is based on properties of the

quotient map.

Theorem 5.26 (Godini’s theorem)
Let V' be a real normed vector space and W c V' a closed subspace of V.
Denote by By and B v the unit balls of V' and % respectively. Then W

is proximinal if and only if

(i) q(By), the image of the unit ball of V' under the quotient map g,
is the unit ball of 7, i.e. ¢(By) = B%.

(ii) ¢(By), the image of the unit ball of V' under the quotient map ¢,

is closed in the quotient space %
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Proof:

Part 1: (W proziminal = (i))
Assume W is proximinal. It is clear that ¢(By) € B v.

To prove the reverse inclusion By ¢ ¢(By) fix € V such that
w

|z + WH% =1 =dist(z, W)
Let y € W be such that the distance of x to W is attained at y, i.e
HJ? - yHV = inf{”l’ - Z”V Pz € W}

In particular |z —y|y <1 and g(x —y) =2 + W so that z € ¢(By).

Part 2: ((i) = W proziminal)
Let x € V N W such that |z + W||% =dist(x, W) =1. If ¢(By) = q(B%) then
there exists y € V such that |y|y = ||q(y)||% and ¢(y) = x + W. But then
r—yeW and

|z = (@ =y)lv =lylv = la)]y, = dist(z, W)

so that the distance from z to W is attained in x —y.

Part 3: (Condition (i) < condition (ii))

It is clear that (i) implies (ii) so we only need to prove the converse.

If g(By) is closed and a proper subset of B v then there exists a point
x+W€B% ~ q(By)

which by the Hahn-Banach separation theorem can be strictly separated from
q(By). By Proposition 5.11 the separating functional on % corresponds to

a functional L € W+t such that

L(x) >sup{L(y) : [ylv <1} = | L]

But |L(z)| < |L|||z + WH% = | L| dist(z, W) = ||L| which is a contradiction
so q¢(By) = B%.

V.

92



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Duality and Geometry —

Using Godini’s theorem one can obtain a further characterisation, in par-
ticular of subspaces of finite codimension, which is the case we are going to
encounter in Chapter 6. The subspace which will appear in the proofs of our
results will be generated by a finite number of linear functionals, the linear
functionals defining our optimisation problem. The following result gives a
condition on precisely those linear functionals to characterise proximinality,

making it very appealing for our work.

Corollary 5.27
Let V be a real normed vector space with unit ball By, and W c V a

closed subspace of V.
(i) If W is finite-dimensional it is proximinal.

(ii) If codim(W) = m < oo then for any basis Ly, ..., L, of W' define
a map S by

SV ->R™
S(x) = (Li(x),...,Ln(x))

Then W is proximinal if and only if S(By ), the image of the unit
ball of V' under the map S, is closed in R™.

Proof:

Part 1: (Every finite-dimensional subspace is proximinal)
We want to use Theorem 5.26 (i) and show that ¢(By) is closed in 45
Let (z,) ¢ By such that z,, + W - 2+ W in 3. Then

[(z, —z) + WH% =dist(z, —x,W) -0

Letting y,, € W be vectors which at least almost attain the distance of z, —x
to W we obtain that z,,—z -y, = e, for some small vector e,, in fact |e,| — 0.
Since the y,, are almost attaining the distance from z,, —x to W they must be

contained in a bounded set so the sequence is bounded in a finite-dimensional
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subspace so there exists a convergent subsequence, also denoted y,,, with limit
point y € W. But then

limz,=limz+y,+e,=x+y
n—oo

and x +y € By as the limit of (x,) ¢ By. Thus ¢(z+y) =x+W € ¢(By) and

q(By) is closed in 7.

Part 2: (W s.t. codim(W) < oo is proziminal < S(By) is closed in R™)
Given a basis Ly, ..., L, for W*, choose x1,...,z,, € V such that L;(z;) = 0;;.

Then z;+W, ..., x,, + W are a basis for % By the choice of x; we have that
i=1
and thus = — § Li(z)x; e (W), =W. This means that
i=1

TV = iLi(a:)(:z:i L)

Let

be the natural isomorphism from R™ to % Then ¢ =T oS and S(By) is
closed in R™ if and only if ¢(By ) is closed in % Hence the result follows by

Theorem 5.26 @

Q

Another case that is relevant for the proofs of our results is proximinality of
hyperplanes. Conway in [Con94] proves that the kernel of a linear functional

is proximinal exactly for those linear functionals which attain their norm.

Lemma 5.28
Let B be a Banach space and L € B*. Then ker(L) is proximinal if and
only if there exists an x € B such that L(x) = | L

o Ed 2
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Proof:
Throughout the proof for simplicity denote ker(L) = W.

Part 1: (ker(L) proziminal = L attains its norm)
Suppose W is proximinal. Define L,: — F by Ly(x + W) = L(z). Then
L, e (%)* and || Ly| = |L|. Since dim(£) =1 the functional L, attains its

norm, i.e.

Ly(z+W)=|L,| - \|93+WH% for some x+ W € %

Because W is proximinal the distance of x € B to W is attained, i.e. there
exists y € W such that ||z + y||p = dist(x, W) = |z + W| 5. But then
w

Lz +y) = L(x) = Ly(z + W) = [Lg| - [z + W] & = | L]s- - |2 +y]s-

Part 2: (L attains its norm = ker(L) is proximinal)

| o 5. Since L e Wt

by Proposition 5.11 L defines a linear functional on %. We have

Assume L attains its norm in g € B, i.e. L(xg) = |L|p--

lzo+ Wle = sup  [L(zo+W)|=|zo]5
N
LE(W) L) <1

Let x € B be such that z+ W # 0 in £. Since dim(:2) = 1 there exists A ¢ F
lz+ W] 5
such that |A| = ‘—V?’ and x + W = X(xzo + W). Hence x — Axg € W. But

lzo+W| 5
w

then
|z = (2= Azo)s = [Al - |zolls = [Al- |20 + W] & = [+ W] s = dist(z, W),
so the distance from x to W is attained at x — A\xy.

a

Aside from being needed for our work in Chapter 6 this result says that every
space contains proximinal hyperplanes. In fact, since any Banach space B is
subreflexive, i.e. the norm attaining functionals are dense in B*, the set of

proximinal hyperplanes is in a sense dense in the set of closed hyperplanes.

95



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Duality and Geometry —

It turns out that the question which subspaces, other than finite-dimensional
ones and hyperplanes, are proximinal is much harder to answer in general.
While Godini’s theorem and its corollary above give a characterisation, their
conditions may not be easy to check. Further there exist spaces which have
in a sense very few proximinal subsets. Read in [Real8] and Kadets, Lopez,
Martin and Werner in [KLMW18| prove that there exists a Banach space
which does not contain any proximinal subspace of finite codimension greater
than one. This can be seen as a kind of converse to the above - while the set
of proximinal hyperplanes is always dense there may not be any proximinal
space of larger finite codimension.

The space which will appear in the proofs of our results, which determines
the quality of the representer theorem one can obtain, will in practise always
be of finite codimension greater than one, so this example is also a negative
example of a space in which we can not hope to obtain a strong representer

theorem.

We are going to state a few other characterisations of proximinality which
may be useful to determine whether the subspace defined by our optimisa-
tion problem in Chapter 6 is proximinal. These condition are taken from the
book [Sin70] by Singer where one can find a more detailed discussion and
further results.

The next result is interesting for the subspaces arising in our application as
for subspaces of finite codimension the quotient space is finite-dimensional

and hence reflexive.

Proposition 5.29
Assume V is a real normed vector space and W c V' a closed subspace
of V. If % is reflexive then W is proximinal if and only if and for every
x** € (W+)" c V** there exists an z € V such that

o |zlv =zl vy

o v**(L)=L(x) for all L e Wt.
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Moreover when trying to determine whether a subspace is proximinal it is
sufficient to look at properties of the unit ball of the subspace within the

ambient space.

Proposition 5.30
Let V be a real normed vector space with unit ball By, and W c V a
closed subspace of V' with unit ball By . The subspace W is proximinal
if its

(i) unit ball By is sequentially compact in the weak topology on V;

(ii) unit ball By is proximinal in V.

It turns out that condition (ii) is only a sufficient condition, not a neces-

sary one. Saidi proves in [Sai05] that there exists a proximinal subspace of

a Banach space such that its unit ball is not proximinal in the ambient space.

We close the section by briefly addressing the question when every closed
subspace of finite codimension of a Banach space is proximinal. This is in-
teresting because in this case our results in Chapter 6 will show that we
can always obtain a strong representer theorem. It turns out that these are
exactly the reflexive Banach spaces. This result is given in [Sin70] together

with more equivalent conditions and other classes of subspaces.

Proposition 5.31
Let B be a Banach space. Then all closed linear subspaces W of a fixed,
finite codimension m, where 1 < m < dim(B) — 1 are proximinal if and

only if B is reflexive.
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6 Existence of Representer Theorems

In this chapter we present most of the main results of this work. We've
presented several versions of the classical representer theorem in the previ-
ous chapters. These theorems apply to different optimisation problems in
different function spaces. The feature all those statements have in common
though is that they all give sufficient conditions for the existence of a solution
in a subspace spanned by the data. The aim of this chapter is to answer the
question of necessary conditions. This question has been partially answered
by Argyriou, Micchelli and Pontil in 2009 [AMPQ9]. They proof necessary
and sufficient conditions for the existence of a solution in the linear span of
the data for regularisation and the regularised interpolation problems posed
in a Hilbert space. They also give a geometrical interpretation of their re-
sult for differentiable regularisers. This provides a good intuition about the

result, making it more practically useful.

Throughout the chapter we will follow the same approach Argyriou, Micchelli
and Pontil used in their work [AMP09]. While the regularisation problem is
more common in applications, the regularised interpolation problem is more
convenient to work with. One can show that under mild conditions a rep-
resenter theorem holds for the regularisation problem if and only if it holds
for the regularised interpolation problem with the same regulariser. We can
thus restrict our attention to the regularised interpolation problem. We will
first present our results for regularised interpolation and subsequently, at the
end of this chapter, present the proof for equivalence with the regularisation
problem.

Furthermore we will not be concerned about the existence of minimisers
in this chapter. There is a rich literature about existence of minimisers
for both the regularisation problems and regularised interpolation problem,
see e.g. [MP04, ZZ12]. Instead we will assume that for any given data
{(xi,y;) : n € N} ¢ X xY the minimum of the regularised interpolation
problem (see Eq. (41) below) is attained whenever the interpolation con-

straints can be satisfied.
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We will start the chapter by giving a brief overview of the work by Argyriou,
Micchelli and Pontil from 2009 [AMPO09] who were, to our knowledge, the
first to address the question of necessary conditions for a representer theorem.
They proved necessary and sufficient conditions for a representer theorem to
exist for Tikhonov regularisation in Hilbert spaces and then gave a geomet-
ric interpretation of those conditions under the additional assumption of the
regulariser being differentiable.

After the brief overview of their work we will present our work, starting with
removing the differentiability assumption on the regulariser for the geomet-
ric interpretation in Section 6.2. Following this we will extend the result
to the corresponding regularised interpolation problem in uniformly smooth
and uniformly convex Banach spaces. The proofs follow the same concepts
as in the paper [AMPO09] and Section 6.2. The lack of Hilbert space structure
requires some extra work, in particular we are using the theory of semi-inner
products introduced in Section 3. This extends the applicability of the results
to uniform reproducing kernel Banach spaces as introduced in Section 4.1.1.
These results have been made available as journal publication in [Sch19b].
Subsequently we will further generalise the results to weaken the assumptions
on the function space from being uniformly smooth and uniformly convex to
merely reflexive. The proofs again follow the same concepts but use some
new machinery, most notably the Beurling-Livingston theorem presented in
Section 5. With this extension the statements now apply to all reflexive
RKBS in the sense of the definitions presented in Section 4.1. The results
presented here have been made available as journal publication in [Sch21].
All forms of representer theorems we have seen above were posed in spaces
which are at least reflexive. At this point of our presentation it will become
clear that for a representer theorem of the classical form to hold reflexivity is
crucial. We will illustrate this with a counterexample in Section 6.5, showing
that a representer theorem of the form as presented in the previous sections
can not hold in general in a non-reflexive space. This is unfortunate since in
applications [' regularisation is very common.

We thus propose the concept of approrimate solutions and thus also an ap-

prozimate representer theorem to extend our results to include non-reflexive
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Banach spaces as well. These concepts are motivated by the intuition gained
from the previously mentioned counterexample given in Section 6.5. After
defining these concepts we show that they indeed allow to extend our results
from the earlier sections to non-reflexive Banach spaces and thus apply to
all RKBS presented throughout Chapter 4, including non-reflexive RKBS
defined in Section 4.2, in particular [!-type RKBS. These results will appear
in conference proceedings in [Sch20].

Throughout the chapter all Hilbert and Banach spaces will be assumed to

be real. We will comment on the complex case in Section 7.2.

6.1 Differentiable Regularisers

We start our presentation with the results by Argyriou, Micchelli and Pontil
from 2009 [AMPQ9] which provided the starting point for our work. The
classical representer theorem gives a sufficient condition on the regularisa-
tion functional €2 for a representer theorem to hold. It is a natural question
to ask whether one can easily characterise all regularisers which give rise to
a representer theorem, i.e. prove a necessary condition. Argyriou, Micchelli
and Pontil did answer this question for Hilbert spaces and provided a geo-
metric intuition of their result for differentiable regularisers 2. They state
that it should be possible to extend this intuition to the non-differentiable
case, but leave this for future work. Our work presented in the subsequent
sections covers this extension to non-differentiable regularisers and further

generalisations of their results.

In this and the next section we will be concerned with the existence of repre-
senter theorems for regularised interpolation problems in real Hilbert spaces.
Throughout both sections H will always denote a Hilbert space. We are

interested in problems of the form

min {Q(f) : feH,(f xi)y =i, Vie Ny }. (41)

Note that while in applications we will often be interested in interpolation

constraints of the form f(z;) = y; for some nonlinear functions f, this case is
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also included in the above setting. Since H = H* we can represent function
evaluation at the data points by inner products and via RKHS as presented

in Section 2.4 we can introduce nonlinearities.

Our goal is to classify all regularisers which give rise to a linear represen-
ter theorem. We will call such regularisers admissible, as made precise in the

following definition.

Definition 6.1 (Admissible Regularizer)
We say that a function 2:H — R is admissible if for any m € N and
any given data {xi,...,x,} ¢ H and {yi,...,ym} € Y such that the
interpolation constraints can be satisfied the regularised interpolation
problem Eq. (41) admits a solution fy such that there exist coefficients

{c1,...,¢m} € R such that

m
Jo= Z Cily.-
i=1

Now we are in the position to give the first result from [AMP09] which
states that () being admissible is equivalent to it being non-decreasing along

orthogonal directions.

Lemma 6.2
A function Q:H — R is admissible if and only if for every f, f, € H such
that (f, f.),, = 0 we have

Q(f + f1) 2 Q(f). (42)
Proof:

Part 1: (2 admissible = non-decreasing along orthogonal directions)

Fix any f € H and consider the regularised interpolation problem

mln{Q(g) i ge H) <g7f>7-[ = (faf)?—l}
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As Q is assumed to be admissible there exists a solution in span{f} which
clearly is f itself. But if f, is such that (f, f,),, = 0 then (f + f., f),, = (f, )4
so f+ f. also satisfies the constraints and hence necessarily Q(f+ f.) > Q(f)

as claimed.

Part 2: (Non-decreasing along orthogonal directions = ) admissible)
Conversely fix any data (x;,y;) € HxY for i € N, such that the constraints in
Eq. (41) can be satisfied. Let f be a solution to the regularised interpolation

problem and decompose it as f = fy + f, where fy € span{z; : i € N,,} and

f. espan{z; : i € N,,}*. Then by assumption

Q(f) =Q(fo+ f) 2 Q(fo)

and clearly y; = (fo + fi, )5, = (fo, %) s0 fo is a solution to the problem.

Q

Using this result it is shown in [AMPQ9] that for differentiable functions ad-
missibility is actually equivalent to being a radially symmetric, nondecreasing

function.

Theorem 6.3
Assume dim(#) > 2. A differentiable function 2: H — R is admissible if

and only if it is of the form

Q) =h (], Fa) (43)

for some nondecreasing function h:[0,00) - R.

Proof (Sketch):

It is immediately clear that every Q of the form (43) is admissible, so we
only need to prove the converse, that every differentiable, admissible € is of
this form. The proof uses that the property of being nondecreasing along

orthogonal directions means that

(VQUS), fi)y = lim Ltk tf;) —9) (44)
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since the numerator is positive for every t € R.
For H = R? we write for fixed fy of unit norm f = ||f|U fo where U € SO(n)
is a rotation. Writing U = eP for some skew-symmetric matrix D we can

consider the path
2(A) = [ £1e* fo
and using Eq. (44) we find that Q is constant along this path.

For general H we use the path

Z()\)— (1_)‘)f0+>\f

=T =N o+ T 1

This makes clear that we are essentially arguing that being nondecreasing in

orthogonal directions means that tangential derivatives are zero.
Q

This is a satisfying result, classifying differentiable, admissible regularisers
for regularised interpolation problems (Eq. (41)) entirely. But in view of
Lemma 6.2 it is not difficult to see that there are non-differentiable, admis-
sible regularisers, e.g. Q(f) =[|f|#]. The question of removing the differ-
entiability assumption is thus a very natural one to ask. It is mentioned in

[AMP09] but left for future work.

6.2 Non-differentiable Regularisers

In this section we will show how to remove the assumption of differentiabil-
ity of the regulariser in Theorem 6.3. The use of the difference quotient in
the proof of this result indicates that one needs a new idea to do this. Our
approach is split into two parts. First we prove that in fact the bound along
tangents from Lemma 6.2 can be extended to apply to a significantly larger
region of the space. Subsequently we show with a mollification argument that
this wider bound is sufficient to give a clear description of the regulariser €2,
showing that in fact it has to be almost radially symmetric in a sense which

will be made precise in the statement below.
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To extend the tangential bound from Lemma 6.2 to hold for a larger re-
gion of the space we first notice that the proof of Theorem 6.3 essentially is
based on showing that the tangential derivative of {2 is zero. While at that
point it is only a language nuance whether we are speaking of {2 as being
nondecreasing along orthogonal directions or along tangential directions, it
is exactly this which gives the intuition for extending the bound to a sig-
nificantly larger region. In the later sections of this chapter, when we are
considering more general Banach spaces, the two terms will also cease to be

equivalent and the results will generalise to tangential directions.

The way to extend the bound obtained in Lemma 6.2 is to chain the tan-
gential bound repeatedly. This way we can in fact reach every point in the

space which lies outside the ball where we started.

Lemma 6.4
If for all f, fr € H such that (fr, f);, =0 we have Q(f) <Q(f + fr) then
for any fixed f we have that

Q(f) <Q(f)
for all f e H such that |f| <|f].

Proof:

Part 1: (Bound 2 on the half space given by the tangent plane through f)
We start by showing that €2 is radially non-decreasing. Since it is non-
decreasing along tangential directions this immediately gives the claimed
bound for the entire half space given by the tangent plane through f . The
idea of the proof is to move out along a tangent until we can move back along
another tangent to hit a given point along the ray A - f as shown in Fig. 4.
Fix some f e Band 1 < A e R and set f = )\-f. We want to show that
Q(f) > Q(f) Let fr € H be such that (fT,f>H =0. Now for t € R let

fo=f+t-fr
gt:f_ft:()‘_l)'f_t'fT
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Y

AY

Figure 4: We can extend the tangential bound to the ray A- f by finding the point f;
along the tangent from where the tangent at f; hits the desired point f on the ray. Via
the tangents to points along the ray the bound then extends to the shaded half space.

so that f;+¢g; = f. We want to show that for some ¢ the segment g, is tangent

at f; to apply Lemma 6.2. We have

(9o fidy = Q=) (F, £y, + Q=D (F, fr)y =t {Fr £)y, = (s fr)a

so that, since (f, fT>’H =0 we get

0= {ge, fi)y = A= DISI* =] fr]*

<>t= mm
| f2]

This means for t = V- 1% the segment g, is tangent at f; and thus by

Lemma 6.2
Q(f) <QUfe) <Q(fi +g0) = Q(f)

as claimed. Hence we have the bound along the entire ray - f for1<AeR
which extends along all tangents through those points to the half space given

by the tangent plane through f , 1.e. the shaded region in Fig. 4.

Part 2: (Estend the bound around the circle)
Next we note that we can actually extend the bound further to apply all the
way around the circle, namely Q(f) > Q(f) for all f such that | f|| > | f]. This

is done by considering f; = f +t- fr as before but then, instead of following
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a tangent into the half space just considered, we follow a tangent in the
opposite direction around the circle, as shown in Fig. 5a. We fix another
point along that tangent and repeat the process, moving around the circle.
We claim that by making the step size along each tangent small enough we
can this way move around the circle while staying arbitrarily close to it.

More precisely we need to show that the distance a step along a tangent takes
us away from the circle decreases faster than the step along the tangent so
that with each step we move considerably further around the circle than away

from it, as shown in Fig. 5b.

gu

(b) When decreasing the step size along a
(a) By repeatedly taking steps along tan- tangent the step size away from the circle de-
gents we can move all the way around the creases significantly faster so that by making
circle. the steps along tangents small enough we can
reach any point arbitrarily close to the circle.

Figure 5: Extending the bound around the circle

This is clear from Fig. 5b by noting that for small angles 0
b_ tan(0) ~ 6

a
and

S = sin(0) ~ 0

; = sin

Since a = ||f| is constant this means that the step along the tangent is of
order # for a small step size while the step away from the circle in this case is
of order #2. So the step size away from the circle decreases much faster than
around it as claimed. This proves that indeed by making § small enough we

can reach any point arbitrarily close to the ball of radius | f].
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Combining both arguments proves that we can reach any point with norm
greater than || f | from f only by moving along tangents giving the claimed
bound.

a

Remark 6.5
Note that Lemma 6.2 in particular implies that ©Q(0) < Q(f) so  has
a global minimum at 0 and we can without loss of generality assume
Q(0) =0.

Using Lemma 6.4 we can show that in fact an admissible regulariser has
to be almost radially symmetric in the sense made precise in the following

theorem.

Theorem 6.6
A function Q:H — R is admissible if and only if it is of the form

Qf) =h({f, )

for some non-decreasing h:[0,00) — R whenever | f|y # r for r € R. Here
R is an at most countable set of radii where h has a jump discontinu-
ity. For any f with ||f]y =7 € R the value Q(f) is only constrained by

the monotonicity property, i.e. it has to lie between £1fm h(t) and &1\m h(t).

In other words, 2 is radially non-decreasing and radially symmetric ex-
cept for at most countably many circular jump discontinuities. In those
discontinuities the function value is only limited by its monotonicity prop-

erty.
Proof:
Part 1: (Q continuous in radial direction implies Q radially symmetric)

We begin by showing that instead of differentiability, the assumption that

) is continuous in radial direction is sufficient to conclude that it has to be
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radially symmetric. We prove this by contradiction.

Assume that €2 is admissible and continuous in radial direction but not ra-
dially symmetric. Then there exists a radius r so that €2 is not constant on
the circle with radius r and hence there are two points f and g of norm r
such that, without loss of generality, Q(f) > Q(g).

But then by Lemma 6.4 for all 1 <X eR we have Q(Ag) > Q(f) and thus as
2 non-negative and non-decreasing [2(Ag) —Q(g)| = [2(f) - Q2(g)| > 0 contra-
dicting radial continuity of {2. Hence €2 has to be constant along every circle

as claimed.

Part 2: (Radial mollification preserves being nondecreasing in tangential
directions)

The observation in part 1 is useful as we can easily radially mollify a given
() so that the property of being non-decreasing along tangential directions is
preserved.

Indeed let p be a mollifier such that p:R — [0, 00) with support in [-1,0]
and for each ray given by some fy € H of unit norm, define the mollified

regulariser by

Asfo) = [ PO (5= 1)fo) dt.
R
We thus obtain a radially mollified regulariser on H given by

-8 (1515 ) - [ own(arni-ogk )

R

- [0 (an-ogk)

We check that this function is still non-decreasing along tangential directions,

i.e. we need to show that for fr s.t. (fr, f),, =0 we still have

s )= [ o0 ((1 -0 12

> [0 (-0 ) a=a0m. @)
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Note that by Lemma 6.4 we have that

sz(<uf+fTH—>”§ ﬂ) ((’f’ )||f||)

for all t € [-1,0] if

f+]r f
|2 (A=) 77

|f+ frl 171

for all ¢ € [-1,0]. But this is clear as it is equivalent to ||| f + fr|| —t| > || | - -

As t is non-positive we can drop the modulus to obtain that this happens if

IS+ frll =0

If+ frll > | f] which is just James orthogonality and thus follows from the
fact that (fr, f),, = 0. This proves that the integral estimate Eq. (45) holds
and hence the radially mollified Q is indeed non-decreasing in tangential

directions.

Part 3: (Q is as claimed)
Putting these two observations together we obtain the result. By parts 1

and 2 the radial mollification Q of a given regulariser Q is of the form

QU =h({(f. )

for some continuous, non-decreasing h. But if we consider €2 along any two
distinct, fixed directions given by fi,fo € H, fi # fo, |fi] = |fe] = 1 as
Q(t-f;) = hy, ((t- fi,t- fi)5,) then the mollifications of hy, and hy, must equal
h so hy, = hg, almost everywhere. Further by continuity of & they can only
differ in points of discontinuity of hy, and hy,. As each hy, is a monotone
function on the positive real line it can only have countably many points
of discontinuity. Clearly, as the above bounds are only making statements
about values outside a given circle and h is itself monotone, each hy, is free
to attain any value within the monotonicity constraint in those points of

discontinuity. This shows that € is of the claimed form.

The converse, that any function €2 which is almost radially symmetric in the

sense of the theorem is tangentially nondecreasing, is obvious.
Qa
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This result provides a complete answer to the question of which regularisers
are admissible for regularised interpolation on Hilbert spaces. As discussed in
the introduction of Chapter 4 there are various reasons to consider learning
in Banach spaces rather than just Hilbert spaces. This is going to be the aim

of the following sections.

6.3 Uniform Banach Spaces

In this section we are going to show how the ideas of Lemma 6.2, Lemma 6.4
and Theorem 6.6 will generalise to uniform Banach spaces using the theory
of semi-inner products introduced in Section 3. Recall that we defined a
uniform Banach space to be a Banach space which is uniformly convex and
uniformly smooth. This means the space can be seen as almost Hilbert with
the semi-inner product having many of the properties of an inner product,
including a Riesz representation theorem. This in particular extends the
results to apply to uniform s.i.p. RKBS as introduced in Section 4.1.1. As
an example of uniform Banach spaces the reader can think of [P spaces for
any p € (1,00).

More precisely in this section we are considering the following generalisation

of the regularised interpolation problem Eq. (41)

min {Q(f) : feB,[f,zi]lz=v;VieN,} (46)

where the domain B of the interpolation problem is a real uniform Banach
space. Throughout the section B will always denote a uniform Banach space.
In the previous Hilbert space setting the linear representer theorem states
that there exists a solution to the interpolation problem which is in the linear
span of the data points. But our work, similarly as the work by Micchelli and
Pontil [MP04], hints that in its essence the representer theorem is a result
about the dual space rather than the space itself. Since in a Hilbert space the
dual element is the element itself this doesn’t become apparent in this setting
and we obtain a result in the space itself. As the duality map is nonlinear for
any Banach space which is not Hilbert we need to adjust the formulation of

the representer theorem. Namely the linear representer theorem in a uniform

110



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Existence of Representer Theorems —

Banach space states that there exists a solution such that its dual element
is in the linear span of the dual elements of the data points. We have seen
this before in Theorem 4.7, the representer theorem for uniform RKBS. The

following definition is the analogue of the previous definition of admissibility.

Definition 6.7 (Admissible Regularizer)
We say a function 2: 8 — R is admissible if for any m € N and any given
data {z1,...,z,} c B and {y1,...,yn} € Y such that the interpolation
constraints can be satisfied the regularised interpolation problem Eq. (46)

admits a solution fy such that there exist coefficients {ci,...,¢} c R

such that the dual element of f; is of the form

With this definition at hand it is now again our goal to classify all admissible
regularisers. It is well known that being a non-decreasing function of the
norm on a Hilbert space is a sufficient condition for the regulariser to be
admissible. It has been shown by a Hahn-Banach argument similar as e.g. in
Zhang, Zhang [Z712], which we presented above in the proof of Theorem 4.7,
that the same is true for uniform Banach spaces. It turns out that also our

results for Hilbert spaces generalise exactly to uniform Banach spaces.

Theorem 6.8
A function Q:B — R is admissible if and only if it is of the form

Qf) =h(lf fs)

for some non-decreasing h:[0,00) - R whenever | f|z # r for r € R. Here
R is an at most countable set of radii where h has a jump discontinu-
ity. For any f with |f|z =7 € R the value Q(f) is only constrained by

the monotonicity property, i.e. it has to lie between %1/1111 h(t) and ltlin h(t).

In other words, €2 is radially non-decreasing and radially symmetric ex-

cept for at most countably many circular jump discontinuities. In those
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discontinuities the function value is only limited by its monotonicity prop-

erty.

The proof of this result follows a similar line of argumentation as seen in
Sections 6.1 and 6.2. The first result from [AMP09] presented as Lemma 6.2
above, which says that admissible regularisers are nondecreasing along or-
thogonal directions, generalises to an analogous statement for semi-inner
products. With the lack of symmetry of the semi-inner product the order of
the arguments is crucial and we will see that the result can be summarised
as saying that an admissible regulariser is nondecreasing along tangents.

But before we state and prove this result we are going to show that we can
extend this tangential bound in the same way as before and a function that

is non-decreasing in tangential directions is in fact non-decreasing in norm.

Lemma 6.9
If for all f, fr € B such that [ fr, f]z =0 we have Q(f) <Q(f + fr) then
for any fixed f we have that

Qf) <(f)

for all f e B such that | f] <||f].

Proof:

Part 1: (Bound 2 on the half space given by the tangent plane through f)
The proof strategy is the same as in Lemma 6.4. We first show that 2 is
radially nondecreasing by moving out along a tangent and back along another
tangent to hit any point along the ray A f for A > 1. Via the tangents at
those points this again immediately gives the bound for the entire half space
spanned by the tangent plane through f . That this intuition from Hilbert
spaces remains true is illustrated in Figs. 6a and 6b

As before we fix some f eBand 1 <A eR and set f = /\-f. We want to
show that Q(f) > Q(f). Let fr € B be such that [fT, f]B =0 or equivalently
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X

(a) Extending the tangential bound to the (b) Extending the tangential bound to the
shaded half space in 12 shaded half space in [3

Figure 6: One can move “out and back” along tangents to extend the bound
to the half space given by the tangent plane through f in [P-spaces

If+t- fr| > | /] for all 0. Now for ¢ € R let

ft:f""t'fT
G=f-fi=(A\-1)-f-t-fr

so that f; + g = f. Note that by strict convexity and continuity of the norm
Ifel = [ f+t- fr| is continuous and strictly increasing in ¢.

Now since t- fr is the tangent through f and ¢; points from f; to f, for small
t for which | fi|| < ||f] we must have that

I+ s-gi) > £ for all s € (0,1) (47)

as illustrated in Fig. 7a. On the other hand, as illustrated in Fig. 7b, for ¢

large enough so that | f;| > | f| we thus must have

I fe+s-g:| <|fell for s small enough. (48)

But we know that
lim Hft + S‘QtH - ”ft” _ [gtaft]B B ft*(gt)

50 5 g g

and since the duality mapping is norm-to-norm continuous by Proposition 5.21

! tH](ctg”t) is clearly continuous in t. By the above discussion the expression is
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(a) For small ¢ | f;+s-g:| must be increasing. (b) For large ¢ || f; +s- g:| must be decreasing.

Figure 7: The norm derivative changes sign along the tangent ¢- f7 so there
has to be a point where it is zero, i.e. a tangent.

positive for small ¢ and negative for large ¢ so by the intermediate value

theorem there exists ¢y such that

[is(9t0) _ [9t0 frols -0

[ f2o [ f2o

so that indeed [gy,, fi, 15 = 0 and thus g, is tangential to fi,. But this means
that Q(f) > Q(f,,) > Q(f) as claimed.
Hence we have the bound along the entire ray - f for 1 < A ¢ R which extends

along all tangents through those points to the half space given by the tangent
through f, i.e. the shaded region in Figs. 6a and 6b.

Part 2: (Extend the bound around the circle)

Secondly we show that we can again extend the bound further to apply all
the way around the circle, namely Q(f) > Q(f) for all f such that | f] > | f],
in the same way as before in Lemma 6.4.

More precisely we consider f; = f +t- fr as before, but then instead of following
the tangent into the half space just considered we follow the tangent in the
opposite direction around the circle. We fix another point along that tangent
and repeat the process, moving around the circle. This is illustrated for the

uniform Banach space case in Figs. 8a and 8b. We claim that just as in
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the Hilbert space case we can this way move around the circle while staying
arbitrarily close to it by making the step size along each tangent small enough.
More precisely we need to show that the distance a step along a tangent takes
us away from the circle decreases faster than the step along the tangent so
that we move considerably further around the circle than away from it with

each step, as shown in Fig. 9.

B T -

(a) Extend the bound around the circle in 12 (b) Extend the bound around the circle in 13

Figure 8: By repeatedly taking steps along tangents we can move all the way around
the circle.

Let

ps(8) =sup (LI 290y 1) = o

be the modulus of smoothness of the space B as defined in Definition 5.19. For

[ fr e Bsuchthat [fr, flg =0, | f| =1, | fr[ = 6 we have that [ f+¢-fr| > | ]
for all ¢t # 0 so in particular ||f — fr| > | f]. We thus easily see that

| £+ frl <2+208(0) = |f = fr
<2+2pp(3) - | f]
=1+ 2p3(5)

This means that for a step of order ¢ along a tangent, i.e. fr of length ¢,
we take a step of order pp(d) away from the circle. But since B is uniformly
smooth we have that ”BT(‘S) — 0 as 0 —» 0 proving that for small enough 9
indeed the step away from the circle is significantly smaller than the step
along the tangent as shown in Fig. 9.

Combining both arguments this proves that we can reach any point with
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~748) X

Figure 9: For a step along the tangent of order § the step away from the circle is of order
p(9).

norm greater than |f| from f only by moving along tangents giving the

claimed bound.

Q

Having proved this lemma we are now in the position to prove that indeed
any admissible regulariser on a uniform Banach space is non-decreasing in
tangential directions. This is the analogous result of Argyriou, Micchelli
and Pontils result from [AMP09] that any admissible regulariser on a Hilbert
space is non-decreasing in orthogonal direction (see Lemma 6.2 above). With
orthogonality not being symmetric for semi-inner products and in view of
the intuition gained from the equivalence with James orthogonality we see
that in fact the result can be summarised as admissible regularisers being

nondecreasing along tangents.

Lemma 6.10
A function ©2:B — R is admissible if and only if for every f, fr € B such
that [ fr, f]z = 0 we have

Q(f) <Q(f + fr).

Proof:

The fact that admissibility implies being tangentially nondecreasing follows
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in exactly the same way as for Lemma 6.2. We are going to repeat the short
argument here for convenience. It is the reverse direction, the existence of
a linear functional of the claimed form for any given data, which is more
involved.

Part 1: () admissible = nondecreasing along tangential directions)

Fix any f € B and consider the regularised interpolation problem

mln{Q(g) : QEBa [f?g][)’: [f?f]B}

As () is assumed to be admissible there exists a solution with dual element
in span{f*} which by injectivity and homogeneity of the duality mapping
clearly is f itself. But if fr is such that [ fr, f]z =0then [f + fr, flz = [f. fl5
so f+ fr also satisfies the constraints and hence necessarily Q(f+ fr) > Q(f)

as claimed.

Part 2: (Nondecreasing along tangential directions = Q admissible)
Conversely fix any data {(z;,y;) : i €N,,} ¢ BxY such that the interpo-
lation constraints can be satisfied. Let f; be a solution to the regularised
interpolation problem. If fj € span{z}} we are done so assume it is not. We
let

X* =span{z;} c B*, X={xeB:az*eX"}.

Further denote by Z c B the space corresponding to the orthogonal comple-

ment of X* i.e.

Z={freB: fre(X*)}y={freB: [fr,a]z=0VieN,}.

Thus we have Z* n X* = {0} and further, since by assumption f; ¢ X*, also
span{ f§ } n X* = {0}.

Now by definition we have that

Z = ker(x})

€Ny,

so the codimension of Z is m. Without loss of generality we can assume

that not all y; are zero as otherwise fo = f; = 0 is a trivial solution in

117



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Existence of Representer Theorems —

the span of the data points. Since not all y; are zero we have fy ¢ Z and
thus codim(span{fy,Z}) = m — 1. But since X* = span{z}} and the dual-
ity mapping is a homeomorphism, X is homeomorphic to a linear space of
dimension m. This means that that X nspan{fy, Z} is homeomorphic to a
one-dimensional space and hence in particular contains a nonzero element.
Now fix such 0 # f € X nspan{ fy,Z}. As we noted earlier f being nonzero
means that f ¢ span{fo} and f ¢ Z. Thus f=\fo+pg for \,u+0,g€ Z. By
homogeneity of the duality mapping A- X = X and so

feXr‘nspan{fO,Z}c»%feXﬁspan{fO,Z}

and thus

= o+ S = forTe X nspan{fo, 7} (19)
with g=5ge Z.
This means we have constructed an fy = fo + fr with dual element in the
span of the dual elements of the data points and fr € Z. By definition of Z
that means that f, satisfies the interpolation constraints. It remains to show
that in fact f, is in norm at most as large as fo.
To this end note that for all fr € Z by definition [2*, f7],. = 0 for all z* € X*
and hence we see that for fo = fo + fr € X we get that

[(fo+ fr)", f3] e = [frs fo+ frlg= 0.

By the equivalence of s.i.p. orthogonality with James orthogonality this
means that |(fo + fr) +t- fr| > || fo + fr| for all ¢ # 0 or equivalently

oo+ frll = minl fo+ - fr|
eR

In particular | fol = [ fo+ fr| <|fo+0- fr| = | fol-

But by Lemma 6.9 we know that a function which is non-decreasing along
tangential directions is non-decreasing in norm, so ||fo| < | fo| implies that
Q(fo) <Q(fs). We thus have found a solution with dual element in the span

of the dual elements of the data points as claimed.
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One can now put those two results together in the same way as in the proof
of Theorem 6.6 to proof Theorem 6.8, that all admissible regularisers on a
uniform Banach space have to be almost radially symmetric. Since the proofs
are identical it will be omitted here.

By drawing some pictures of [} one can get the intuition that the extension of
the tangential bound as in Lemma 6.9 should also be possible in non-uniform
spaces. This raises the question of how the result of admissible regularisers
being non-decreasing along tangents extends to non-uniform spaces. Since,
as stated at the end of Section 3.2, every linear functional is represented by a
semi-inner product if and only if the space is reflexive, a natural assumption

to replace uniformity of the space is reflexivity.

6.4 Reflexive Banach Spaces

In this section we use the intuition gained from the semi-inner product theory
in Section 6.3 to generalise our results further to weaken the assumptions of
uniform convexity and uniform smoothness to reflexivity. Thus all reflexive
RKBS as presented in Section 4.1 are examples of spaces covered by our re-
sults. A particular example of a reflexive Banach space which is not uniform
is [r. One could still work with semi-inner products but we found it more
convenient to work with the duality mapping directly. The necessary theory
was presented in Chapter 5. The most notable difference to the previous
sections is that in a Banach space which is not strictly convex or smooth the
duality mapping is not injective or univocal respectively. This requires some

further adjustments to our previous definitions.

Throughout this section we let B be a reflexive Banach space with duality
mapping
J(x) ={LeB": L(z) = |L|- =], | L] = [}

With the lack of a one to one identification of points and dual elements we
now consider evaluations of linear functionals instead of data points. Of

course these could still be point evaluations but may also be other linear
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maps such as e.g. local averages of the form
L) = [ 1) dP(@).
B

where P is a probability measure on B.
We will consider the following further generalisation of the regularised inter-
polation problems Eqs. (41) and (46).

min{Q(f) : feB, Li(f)=y; VieN,,}. (50)

With the weaker properties of the duality mapping we also need to define a
new notion of admissibility of €2 for this problem, corresponding to what we

have seen in previous sections.

Definition 6.11 (Admissible Regularizer)
We say that a function Q:B — R is admissible if for any m € N and
any given data {Li,..., Ly} ¢ B* and {yi,...,ym} € Y such that the
interpolation constraints can be satisfied the regularised interpolation
problem Eq. (50) admits a solution fy such that there exist coefficients

{c1,...,¢m} € R such that

ZA—J = chLz € J(fo)
i=1

It turns out that in this setting it is in general not possible anymore to give as
concise a description of the regulariser as we did previously in Theorems 6.3,
6.6 and 6.8. We are going to see that in particular the lack of strict convexity
means that the exact form of the regulariser is harder to describe. In an ar-
bitrary reflexive Banach space there can be a lot of variation in the geometry
of the space in terms of rotundness, smoothness and exposed points which
makes it very difficult to make generally applicable statements.

We will thus start by discussing to what extent the tangential bound can
be generalised, as this result can still be stated in a concise, general form.
We will subsequently look into the geometric interpretation. Here we do not
see how to make a statement for any reflexive Banach space due to the geo-

metric variety. We will thus impose another assumption on the geometry of
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the space. As it is a lack of strict convexity which causes most difficulties in
making a general statement we are, for now, only going to discuss the case
of strictly convex spaces. As spaces which are not strictly convex appear in
applications, this excludes some cases of interest, in particular [*. But since
only the finite dimensional [} is reflexive we postpone the discussion of a
class of spaces which contains in particular all I!-type spaces to a later point,
when we are dealing with non-reflexive Banach spaces. The results presented
there will equally apply to reflexive Banach spaces such as [}.

Our conjecture is that similar results can be proved for any reflexive Banach
space. Once a space has been fixed the problem of geometric variety is elim-
inated and it should be possible to run arguments similar to what we are

presenting below.

Let us begin by discussing the tangential bound which will make clear why
strict convexity is the crucial property for a closed form result like in the
previous sections. For simplicity we are going to just write “the ball” to refer

to the norm ball of any radius r, i.e. B, ={feB: |f|s<r}.

Lemma 6.12
A function Q:B — R is admissible if and only if for every exposed face
of the ball, {2 attains its minimum in at least one point and for every f
in the face where the minimum is attained and every L € J(f) exposing

the face and every fr € ker(L) we have

Q(f + fr) 2 Q(f).

We are going to refer to the points that this statement applies to as

admissible points.

Remark 6.13
Note that this in particular means that every exposed point is admissible

and the bound applies to every functional exposing it. Further if the
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point is rotund the bound applies to every functional attaining its norm

at the point.

Proof (Of Lemma 6.12):

Part 1: (Q admissible = nondecreasing along tangential directions)
Fix any f € B and consider, for L € J(f) arbitrary but fixed, the regularised

interpolation problem

min {Q(g) = g€ B,L(g) = L(f) = | fI*}-

Since €2 is assumed to be admissible there exists a solution fy such that
c-LelJ(fo).

Now if there does not exist g € B such that g # f and L € J(g) then this can
only be f itself as in previous sections. So then as before for any fr € ker(L)
also L(f + fr) = L(f) = ||f]|? and f + fr also satisfies the constraints and
hence necessarily Q(f + fr) > Q(f).

But if there exists g € B such that L € J(g) we have no way of making a
statement about how Q(f) and Q(g) compare. All we can say is that in
this face containing f and g there is at least one point, where the minimum
of € is attained. It is clear that for any of those minimal points the above
discussion is true for L exposing the face so that we obtain the claimed

tangential bound.

Part 2: (Nondecreasing along tangential directions = 2 admissible)
Conversely fix any data (L;,y;) € B* xY for i € N,, such that the constraints
can be satisfied. Let fy be a solution to the regularised interpolation problem.

If span{L;} n J(fo) + @ we are done, so assume not. We let

Z = {fTEB . Lz(fT) ZOViENm}: m kerLi

€Ny,

We want to show that there exists fr € Z such that span{L;}nJ(fo+ fr) #+ @.
To see that this is true choose V = B and W = Z in Theorem 5.15. Since Z
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is a closed subspace of a reflexive space it is itself reflexive. Further choose
2o = fo and Lo =0. Then the theorem says that there exists fr € Z such that

J(fo+ fr)n(Z++0) 2.

But Z = {L;}, and so by Lemma 5.9 Z* = span{L;}. Thus there exists

f = fo + fr which satisfies the interpolation constraints and such that
J(f) nspan{L;} + @.

Further for L € J(f)n Z* we have —fr € ker(L). If fo+ fr is exposed by L
then the tangential bound applies and

Q(F) = Qfo+ fr) <U(fo+ fr) + (=fr)) = Qfo)

SO f is a solution of the regularised interpolation problem.

If on the other hand fy + fr is not exposed by L, then it is contained in
a face exposed by L. But then for any fr € B such that f + fr is still
contained in this face we have that L e J(fy + fr + fr) and fr € ker(L) so
that fo+ fr + fr satisfies the interpolation constraints. We can thus choose
fr such that fy+ fr + fr is a minimum of  in the face and the tangential

bound applies to it. Thus similarly to before

Qfo+ fr+ fr) <QU(fo + fr+ fr) + (=fr = Jr)) = Q(fo)

and fy + fr+ fr is a solution of the regularised interpolation problem of the

desired form.

a

From part 2 we see that points within a face F' of the ball B, are equivalent
and we can in a sense move freely within the face. We will return to this
point in Sections 6.6.1 and 7, where the implications of it will become more

clear.
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Having this theoretical result that an admissible regulariser is still in a sense
tangentially nondecreasing, we are now going to turn to examining to what
extent we can still give a similar geometrical interpretation as in the previ-
ous sections. We are going to see to what extent the circular bound as in

Lemmas 6.4 and 6.9 remains true.

6.4.1 Strictly Convex Spaces

As mentioned previously for now we are only going to discuss the easiest
case, namely when the space is strictly convex so every point in the ball is
rotund and thus exposed. This means every point is admissible and we are in
a situation similar to before. Thus in this section B is always strictly convex
and reflexive. An example of a space which is reflexive, strictly convex but
not uniformly convex is I} with the norm |[-||; + |-|2. The discussion of some
spaces which fail to be strictly convex is postponed to when we are consid-

ering non-reflexive Banach spaces.

Lemma 6.14

If for every f e B and all fr e U ker(L) we have Q(f) < Q(f + fr)
LeJ(f)

then for any fixed f € B we have that

Qf) <Q(f)

for all f € B such that | f] <|f].

Proof:

Since the space is assumed to be strictly convex every point is exposed. The
space may not be smooth in which case the duality mapping J is not univo-
cal but for a non-smooth, rotund point f every L € J(f) exposes it. Thus
Lemma 6.12 applies to all points f € B and all functionals L € J(f). We thus
do not need to worry about whether or not a point is an exposed point and

whether it is exposed by a given functional attaining its norm at the point.
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This means that we can follow the same general idea of argumentation as we

did in the previous sections.

Part 1: (Bound  on the half spaces given by the tangent planes through f)
We again start by showing that € is radially nondecreasing. With J possibly
not being univocal this then gives a bound for all half spaces given by a
tangent plane through f, given by some L ¢ J(f).

We fix some f e B and A>1 and set f = \- f. To show that Q(f) > Q(f) fix
any Ly € J(f) and fr e ker{L,} and set

ft:f""t'fT
G=f-fi=(\=1)-f-t-fr

so that fy+g, = f. By the choice of fy we have that Q(f) < Q(/f;) and as before
we now need to show that there exists ¢y such that there exists Ly, € J(ft,)
such that g, € ker{L;,}. This would mean that Q(f,) < Q(fi, + 91, ) = Q(f)

as claimed.

To show that such a t, indeed exists we will consider choices L; € J(f;)

for every t. Note first that, by definition of g,

Li(gi) = 0= (A= 1) Ly(f) = tLy(fr)
< ALi(f) = Li(f) +tLi(fr) = L(f2)
< AL(f) = |17, (51)

which gives us an equivalent condition to find a suitable ¢,.
We now define the set-valued function F':[0,00) - P(R)

F(t)={\L(f)cR: Lye J(f)}

By Proposition 5.13 J(f) is non-empty, weakly* closed and convex for every
f € B so the value of F(t) is either a single value or an interval in R.

It is known that if B is smooth then J is univocal and norm to weak™ con-
tinuous so that F' is clearly continuous. We show that if B is not smooth

the function F' is still almost continuous in the sense that in any jump the
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function is interval valued and the interval connects both ends of the jump.
To show this fix an arbitrary ¢ € [0, 00) and let s - ¢. Then f, - f; in norm
and hence for any choice of L; € J(fs) we have that |Lg| = ||fs]| < M for
some constant M. Thus passing to a subsequence if necessary L X f, in
particular L,(f) - L(f).

We want to show that this L is indeed contained in J(f;). By standard re-
sults (c.f. Brezis [Brell] Proposition 3.13 (iv)) we know that Ly(fs) = L(f)
but also Ls(fs) = ||fs|? = | f¢]* so that

L(f) = f]* (52)

Further |L| < liminf|L,|| = || f.| (c.f. Brezis [Brell] Proposition 3.13 (iii))
and thus

IZ] - 1ol < liming | Ly| -lim] fi] <Yim Ly (f,) = ZOf) < |Z) - 1

which means that
L(f) = L] -1 £l (53)
Putting Eq. (52) and Eq. (53) together gives

Lfel? = ZCfo) = |20 - 1 .

which shows that indeed |L| = | f;| and hence L € J(f,).

But this means that for s — ¢t and any choice of F'(s) where F' is not single
valued there exists an x € F(t) such that F(s) — x. This proves the claim
that F' is “effectively” continuous, in the sense that whenever the function
would have a jump it is set valued and its interval value closes the gap between
either side of the jump. This means that an intermediate value theorem holds
for the function F.

Going back to Eq. (51) we see that it is satisfied if and only if | f;,[|? € F(to).

For t =0, ie. fo= f, we have
F(0) = ALo(f) = M FI” > IF17 = 1 fol>
On the other hand

F(t) = AL(f) < ALLa| - 1 £ = Ml - 1]
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But since | fi oo we have A| f|| < || f;] for ¢ large enough and thus

F(t) = AL(f) <ALAL- 11 < 1P

for large t. Since | f;|? is continuous in ¢ and the intermediate value theorem
holds for F' this means that there exists a to such that | f;,|? € F'(to) which
means that there exists Ly, € J(f;,) such that Eq. (51) is satisfied. For this
to indeed

Q(f) <Qfro) < Qfro + 910) = Q(f).

Part 2: (Eztend the bound around the circle)

Extending the bound around the circle as was done in the previous cases is
in fact trivial. For points of smoothness of the norm this has already been
shown to be possible in Lemma 6.9. In points of non-smoothness we have
more than one tangent to the ball. But as the tangential bound on €2 holds
for every tangent it is obviously always possible to choose a tangent which

stays arbitrary close to the circle.

a

Seeing that this result is effectively the same as Lemma 6.9 it is not surpris-
ing that we can obtain the same closed form characterisation of admissible

regularisers as before.

Theorem 6.15
A function Q:B — R is admissible if and only if it is of the form

Qf) = h(lf]s)

for some nondecreasing h:[0,00) - R whenever | f|g # r for r € R. Here
R is an at most countable set of radii where h has a jump discontinu-
ity. For any f with |f|z =7 € R the value Q(f) is only constrained by

the monotonicity property, i.e. it has to lie between %1/1111 h(t) and ltlin h(t).
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In other words, €2 is radially non-decreasing and radially symmetric ex-
cept for at most countably many circular jump discontinuities. In those
discontinuities the function value is only limited by its monotonicity prop-

erty.

The previous proof for Theorem 6.8 is in fact still entirely valid. Note in

particular that from the fact that for any fre U ker(L) we have
LeJ(f)

L(f + fr) = L(CF) = LI -1 < L] + fr

and so | f|| < |f + fr|. By strict convexity the inequality is in fact strict
so that the bound for the mollification in the proof of Theorem 6.6 remains
valid.

It is also clear that part 1 of the proof of Lemma 6.12 holds for f =0 so 0 is
an admissible point. Thus 2 is still without loss of generality minimised at
0 with ©(0) = 0.

All other parts of the proof are also clearly still valid and we omit the proof.

Another important case is the one of uniformly non-rotund spaces which
we are going to define later in Section 6.6.1. This case includes in particular
the finite dimensional and hence reflexive space [}. Because uniformly non-
rotund spaces also include many important non-reflexive spaces we postpone
their discussion until Section 6.6. While we are going to be using a more
general notion of solution there it is clear from the proofs of Lemmas 6.4,
6.9 and 6.14 that these results do not depend on the exact notion of solu-
tion. The discussions in Section 6.6.1 thus also exactly apply to reflexive,

uniformly non-rotund spaces such as [}.

6.5 Reflexivity Is Necessary

So far we have seen that the form of the representer theorem is crucially
determined by the properties of the duality mapping. We have dealt with
the duality mapping being nonlinear when extending from Hilbert spaces to

uniform Banach spaces. We have further dealt with the duality mapping
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possibly not being injective or univocal when considering reflexive Banach
spaces. As stated in Proposition 5.21 the duality mapping is surjective if and
only if the space is reflexive. This immediately suggests that one can not do
better than reflexivity in the assumptions on the space without loosening
other assumptions. In a non-reflexive Banach space we can find L; which are
not the image of any element in B under the duality mapping so that there
is no hope of finding a solution in the sense of Definition 6.11.

As an example consider B = ; with B* = lo. Let L; = (z;) where z; = 5 for
i odd and z; = 0 for i even and Lo = (y;) where y; = ﬁ for ¢ even and y; =0

for 7 odd, i.e.

3

1 2 4
L1=(§,O,é—l,0,...) and LQZ(O,g,O,g,...).

Then |Li]e = | L2]e = 1 but there cannot be an l;-sequence of norm 1, x
say, such that Li(z) =1 or La(x) = 1. So Ly, Lo ¢ J(B). It is also clear by
construction that

span{ Ly, Ly} n J(B) = {0}.

This means there is no hope of finding a solution in the sense of Definition 6.11

with a dual element in the linear span of the defining linear functionals, i.e.

there cannot be an fy € B such that

J(fo) nspan{Ly, Lo} + @.

Moreover noticing that the proof of Lemma 6.12 crucially relies on the
Beurling-Livingston theorem (Theorem 5.15), which only requires that the
subspace Z = {fr € B : Li(fr) = 0Vi € N,,} and not that B is reflexive,
one might hope to be able to generalise the result a little further. But the
main reason for thinking about removing, or at least weakening, the reflex-
ivity assumption on B is I' which is not reflexive and very commonly used
in applications. But it is clear that the Beurling-Livingston theorem can-
not apply in this case. This is because Z is the intersection of kernels of
finitely many linear functionals and thus an infinite-dimensional subspace of

['. But I' does not contain any infinite-dimensional, reflexive subspace. To
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see this note that [* and all of its subspaces have the Schur property, that
is norm and weak sequential convergence are equivalent. But if a subspace
were reflexive then weak and weak™ convergence would be equivalent. Thus
the Banach-Alaoglu theorem would say that the unit ball is weak™* so weak so
norm compact which is a contradiction if the subspace is infinite-dimensional.
Since the proof of the Beurling-Livingston theorem as given in Section 5.3
relies on reflexivity of Z for the existence of a minimiser we see that there is

no hope of it applying in the [! case.

These two arguments make clear that if we want to extend the results to
include ' we need to weaken one of our other assumptions to have any hope

of success. This is going to be the aim of the next section.

6.6 Non-reflexive Banach Spaces

As shown in Section 6.5 reflexivity is necessary to have any hope of proving
the existence of a solution in the spirit of previous results. The only hope
to obtain a result for non-reflexive Banach spaces is to weaken another as-
sumption. We propose to consider a notion of an approzimate solution and
hence an approrimate representer theorem. This will be justified and made
more precise below. We are going to show that for this weaker concept of
solutions we can indeed obtain the immediate generalisations of the previous
sections. Thus the results finally apply to all types of spaces which appeared
throughout this thesis, including non-reflexive RKBS as introduced in Sec-
tion 4.2. In particular [! is an example of a non-reflexive Banach space, and

the main motivation for this section because of its use in applications.

In this section we let B be a Banach space which might not be reflexive

with duality mapping
J(x) ={LeB" : L(x) = [ L[ - |«], [ L] = |} .

We then consider essentially the same regularised interpolation problem as

before
inf {Q(f) : feB, Li(f)=yiVieNy}. (54)
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The only difference compared to before is that we now consider the infimum

since the question of attainment is more delicate as it was in a reflexive

Banach space. More precisely there are two crucial differences compared to

what we have seen before.

e Firstly it is known that even for Q(f) = |f|s there need not be a

solution to the regularised interpolation problem. Thus we a priori
cannot expect a solution to always exist anymore, which is why we
changed from considering the minimum to the infimum in Eq. (54).

But it is easy to see that if some function f € B satisfies the interpolation

constraints then minimising

inf{||f]s : Li(f) = y: Vi e Np}

is equivalent to minimising

inf (|7 + frlls + fre () ker(L)}.

€N,

Or in other words the infimum of the minimal norm interpolation is
attained for a function fy if and only if the distance of 0 to the affine
space f + MNien,, ker(L;) = f+Z is attained at fy € f + Z. Now different
values for the y; correspond to different shifts of Z so that the distance
is attained at different points. For a solution to always exist we thus
need Z to be proximinal. We thus will not assume that a solution of
(54) always exists as we did throughout the previous sections, but we

will rather make the weaker assumption that a solution to Eq. (54)

always exists if Z is proximinal, i.e. if the distance of any point in B to
Z is attained (Definition 5.24).

The second crucial difference to reflexive Banach spaces is that now
some or all of the L; might not be in the image of the duality map-
ping. And even if they all are in the image of the duality mapping,
since the duality mapping is not linear it is not hard to construct an
example where the linear span is not entirely contained in the image of

the duality mapping. As discussed in Section 6.5 this requires another
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adjustment of our assumptions. With each generalisation step taken in
the previous sections we have slightly generalised the notion of admis-
sibility in the natural way to reflect the properties of the class of spaces
considered. We thus follow the same approach here and generalise the
notion of admissibility to reflect the properties of a non-reflexive Ba-
nach space. More precisely we argued in Section 6.5 that the lack of
reflexivity was an issue as it means that the duality mapping ceases to
be surjective. But as stated in Section 5.4 every Banach space is subre-
flexive, i.e. the image of the duality mapping is norm dense in the dual
space. This suggests that, while we cannot hope for a solution with
dual element in the linear span of the functionals, we might expect to

be able to get arbitrarily close to the linear span.

These two points lead to the aforementioned notion of approximate solution
and approximate representer theorem. In the case of the intersection of the
kernels of the L; being proximinal we obtain the previous exact representer

theorem, otherwise we can only hope for approximate solutions.

Definition 6.16 (Admissible Regularizer)
We say a function €2: B - R is admissible if for any m € N and any given
data {Li,..., Ly} c B* and {y1,...,ym} € Y such that the interpolation

constraints can be satisfied the regularised interpolation problem Eq. (50)

either

(i) Admits a solution fy such that there exist coefficients
{c1,...,¢m} c R such that

fz = Zchz € J(f())
i=1

if Njen,, ker(L;) is proximinal;

(ii) Or otherwise admits for every ¢ > 0 an approximate solution f§
such that

Q) <inf {Q(f) : feB, Li(f)=vy;:VieN,} +¢
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and there exist an L € J( f&) and coefficients {cy,..., ¢, } ¢ R such

that

.om
”L - ZCsz B <E.
i=1

Remark 6.17

(i)

(i)

In the case of reflexive Banach spaces Ny, ker(L;) was reflex-

ive. It will become clear in the proof of Lemma 6.18 that in fact

Mien,, ker(L;) being proximinal is the minimal requirement for the
existence of a solution in the sense of Definition 6.16 (i). General
and easily applicable criteria for a subspace to be proximinal are
still an open area of research. We have presented some relevant

results which characterise proximinal subspaces in Section 5.5.

To see that Definition 6.16 (ii) is the best we can hope for in general

consider the case B =1, B* =[*. Let

o) (525
n+1/,N 2°'3° 4

Consider the regularised interpolation problem

min{Q(f) : fel', L(f) = |L] =1}
First of all |L|;~ = 1 and there does not exist f € [' such that
Ifln =1and L(f) =1 so span{L} n J(I*) = {0} and there cannot

be a solution in the sense of Definition 6.16 (i). Furthermore any

solution fy has to be of norm bigger than 1. This means that also
any L € J(fo) would be of norm bigger than 1, 1+ for some
0 > 0 say. But as L €l= is in the image of the duality mapping,
there exists an element in the sequence where the norm is attained,

~

L;=1+¢. But then
|L—Llpe>Li—Li>(1+8)-1=6>0

and so fy could not be a valid solution for any ¢ < . This shows
that the best we could hope for is finding a distinct solution for any

€ > 0. That this is indeed possible will be proved below.
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As already in the reflexive case the approach to be taken now is to prove
that being in a sense nondecreasing along tangents is still a necessary and
sufficient condition for admissibility. Subsequently we can look at the geo-
metric interpretation of this result for a certain class of spaces to reduce the
geometric variety. This class is chosen to include in particular ! for its use in

applications. The result we obtain is the same as for reflexive Banach spaces.

Lemma 6.18
A function ©:B — R is admissible if and only if for every exposed face
of the ball, {2 attains its minimum in at least one point and for every f
in the face where the minimum is attained and every L € J(f) exposing

the face and every fr € ker(L) we have

QCf + fr) > Q(f).

We are going to refer to the points that this statement applies to as

admissible points.
Proof:

Part 1: (Q admissible = nondecreasing along tangential directions)
Fix any f € B and consider, for L € J(f) arbitrary but fixed, the regularised

interpolation problem

min {Q(g) : g€ B,L(g) = L(f) = | f[*} -

As Q) is assumed to be admissible and ker(L) is proximinal by Lemma 5.28
there exists a solution f; such that ¢- L € J(fy). This means that we are
in case (i) of Definition 6.16. We can thus argue exactly as in the case of a

reflexive space, the short proof is repeated for convenience.

If there does not exist a g € B such that g # f and L € J(g) then this
solution can only be f itself as in previous sections. So then as before for
any fr € ker(L) also L(f + fr) = L(f) = | f|I?> and f + fr also satisfies the
constraints and hence necessarily Q(f + fr) > Q(f).

134



ON THE EXISTENCE OF REPRESENTER THEOREMS IN BANACH SPACES
— Existence of Representer Theorems —

But if there exists a g € B such that L € J(g) we have no way of making a
statement about how Q( f) and Q(g) compare. All we can say is that in this
face there is at least one point where the minimum of €2 is attained. It is
clear that for any of those minimal points the above discussion is true for L

exposing the face so that we obtain the tangential bound.

Part 2: (Nondecreasing along tangential directions = Q admissible)
Conversely fix any data (L;,y;) € B* xY for i € N,, such that the constraints
can be satisfied and let
Z={freB: Li(fr)=0VieN,} =) ker L.
€Ny,
We now have two possible cases. Either Z is proximinal and we are looking
for a solution in the sense of Definition 6.16 (i), or Z is not proximinal and

we are in the situation of Definition 6.16 (ii).

Case 1: Assume first that Z is proximinal, so we are looking for a solu-
tion in the sense of Definition 6.16 (i). By assumption there exists a solu-
tion to the regularised interpolation problem. Let fy be such a solution. If
span{L;} n J(fy) + @ then f; is a solution in the sense of Definition 6.16 (i)
and we are done, so assume not. This means we want to show that there
exists fr € Z such that span{L;} n J(fo + fr) + @.

In part 2 of the proof of Lemma 6.12 we applied the Beurling-Livingston
theorem (Theorem 5.15) with V =B, W = Z, zq = fp and Ly = 0. Examin-

ing the proof of Theorem 5.15 we see that in that case the proof starts by

minimising the functional

[ £-fol

P(f)=M(f-fo)= [ tdt-

0

If = foll?
>

The existence of a minimiser is guaranteed by noting that F' is continuous,
convex and coercive so it attains its minimum on the, in that case reflexive,

space Z. In the current case Z may not be reflexive but we notice that

the functional to be minimised is w which, as fy ¢ Z, clearly attains its
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minimum if and only if the metric projection of fy onto Z exists. In other
words the minimiser of F' in Z always exists if and only if Z is proximinal,
which it is by assumption. The rest of the proof of the Beurling-Livingston
theorem (Theorem 5.15) does not use any further properties of Z, it solely

relies on the point in question being the minimiser of F. The rest of the

proof thus remains valid and we thus obtain an fr € Z such that
J(fo+ fr)n(Z++0)+ 2.

We can proceed as before in part 2 of the proof of Lemma 6.12. Again we
repeat the remaining short argument for convenience.

Since Z = {L;}, by Lemma 5.9 we have that Z* = span{L;} so there ex-
ists f = fo + fr which satisfies the interpolation constraints and is such that
J(f) nspan{L;} # @. It remains to show that f indeed minimises €.

For L € J(f) N Z* we have —fr € ker([:). If fo+ fr is exposed by L then the

tangential bound applies and

Q) = Qo + fr) <Ufo + fr) + (= fr)) = Q(fo)

SO f is a solution of the regularised interpolation problem.

If on the other hand fy + fr is not exposed by L, then it is contained in
a face exposed by L. But then for any fr € B such that f + fr is still
contained in this face we have that L € J(fy + fr + fr) and fr € ker(L) so
that fo+ fr + fr satisfies the interpolation constraints. We can thus choose
fr such that fo+ fr+ fr is a minimum of Q in the face and the tangential

bound applies to it. Thus similarly to before

Q(fo+ fr+fr) <Qfo+ fr+ fr) + (=fr— fr)) = Qfo)

and fy+ fr+ fr is a solution of the regularised interpolation problem of the

desired form.
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Case 2: If on the other hand Z is not proximinal we are in the case of
Definition 6.16 (ii). The existence of a solution to the regularised interpola-
tion problem is not guaranteed but there exists f§ which almost attains the

infimum, i.e.
Q(f;) <inf{Q(f) : feB, Li(f)=y;VieN,} +¢.

If dist(J(f§),span{L;}) < € then f§ is a solution in the sense of Definition 6.16

(ii) and we are done, so assume not. This means we want to show that for

every € > 0 there exists f% € Z such that dist(J(f§ + f5),span{L;}) <e.

We again look at the proof of the Beurling-Livingston theorem (Theorem 5.15).

With Z not proximinal we do not get a minimiser of the functional

If-£5l
F()=M(f-f5)= [ tat

0

_If- 52
2

anymore. But considering its restriction to Z, Ekeland’s variational princi-
ple [Eke74] states that for every € > 0 there exists an f5 € Z which almost

minimises £

7 ie.
F(fp) <inf F(f)+e
and further
F(fr)-F(g)<e-|fr-gl Vir#geZ (55)

Choosing g = f% +th for h e Z in Eq. (55) we obtain

F(f7) - F(fp+th) <e-|f7 - (fp + th)]
F(f7 +th) - F(/7)
] '

< —¢-|h| <
This means that

> &[], (56)

We now apply the sandwich theorem (Corollary 5.6) to show that there exists

a linear functional in the subdifferential of F' with small norm. The theorem
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says that there exists an L € Z* such that L(-) < F'(f%,-), which means that
L € OF(f7) by Proposition 5.4. Furthermore for By the unit ball in Z

. e (8
inf L(h) = inf F'(fr,h) > —e-|hl

which implies that |L|

7+ < E.

We again proceed similarly to the proof of the Beurling-Livingston theo-
rem. As before we have a linear functional on Z which needs to be extended
to B in a suitable way. The intuition now is that while previously the func-
tional was 0 on Z, and hence in the span of the L;, it is now of small norm
on Z and thus close to the span of the L; as claimed.

To extend L to B we follow the ideas of part of the proof of the Beurling-
Livingston theorem. We let Z be the vector space generated by Z and 15
and extend L to Z by setting

L(f5) = L(f) - /7 - f5 15

Then L(f5 - f§) = | f5 - f5 |5 so | L|z > | f5 - f§|. Since the norm of L on Z
is bounded by e and we can without loss of generality assume ¢ < | f5 - f§|
the norm of L on Z can only be strictly bigger than |fs - f5|| if there is a
point Afr +v f§ for fr € Z and v # 0 where L has a value strictly bigger than
Ifs = fel - [Afr+vf§|. Since v is nonzero we can divide through by v and
absorb the constant into the subspace Z to equivalently look at points of the
form fr+ f5. But for those points we find, like before in the proof of the

Beurling-Livingston theorem, that

L(fr+ f5) = L(fr+ f7) - | f7 = f5I°
<e-|fr+fzl -1 f7 - £
<\fz = f5l - fr+ 21 = 17 = S5
<|f7 =15l 1 fr+ 151

Thus indeed
IL] = ILf7 = f51-
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Now extend L by Hahn-Banach to a linear functional on B of the same norm.
Then since L(f5 - f§) = | f5 - f5|? by construction L e J(f5 - f§). But then
~LeJ(fs - f2).

Now f5 = f5 + f7 satisfies the interpolation constraints and there exists an
L e J(f¢) such that ||L‘Z|| < e. But this means that dist(L, Z') <. Since by
Lemma 5.9 span{L;} = Z* this means that dist(L,span{L;}) < ¢ so that f§
satisfies the assumptions of Definition 6.16 (ii).

It remains to show that f_g indeed minimises ). But this follows in exactly
the same way as the argument at the end of case 1. If f_g is an exposed point

or minimum in its face, then it satisfies the tangential bound and thus

Q(f5) < QS + f2) + (= f7)) = Q(f5).

If f§ is not exposed or a minimum, then it is contained in a face and just as

before we can add another fr € Z so that the sum is within the face and
Qf5 + fr) < QS5 + [+ Fr) + (= f7 = Fr)) = Q(f5).

Since this new point is in the same face it has the same L as a dual element

and is thus an admissible solution.

a

Having obtained the same statement of ) being tangentially nondecreasing
as before we now turn again to the geometric interpretation of this result.
As before we need to impose some extra geometric assumptions to reduce
the geometric variety in order to be able to make any general statements.
With the most important examples of non-reflexive spaces being [! and L' it
is now time to examine what can be said about such spaces. We choose the
geometric condition so that the resulting class of function spaces in particular

contains those spaces.

6.6.1 Uniformly Non-rotund Spaces

So far we have only discussed the geometric interpretations of the tangential

bound for spaces that are at least strictly convex. This was because if the
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space is not strictly convex the ball includes straight line sections. These
faces can be of any dimensionality and it is very hard to make any state-
ments of the geometrical structure of the ball in general. Before we start the
discussion of how to deal with spaces which fail to be strictly convex let us
gain some more intuition by illustrating why this geometric variety makes it

very hard to make any general statements.

Our first step in obtaining a geometric interpretation of the tangential bound
has always been proving monotonicity along any ray. It is clear that the dis-
cussions on monotonicity in the proof of Lemma 6.14 remain true for any
Banach space. In particular we know that if we fix f e Band A > 1 and set
f = Af then for any L € J(f) and every fr € ker(L) there exists a t(L, fr) ¢ R
depending on the choices of L and fr, such that for

ft:f+t'fT
G=f-fi=(\-1)-f-t-fr

there exists L € J(fyz ;) With g,; ;) € ker(L), i.e. for any tangent at f
there exits a point along the tangent so that the line back to f is tangent at
this point. But as the space is not strictly convex anymore we do not know
a priori whether the tangential bound of Lemma 6.18 applies to this point.
What we would need to prove is that there exists a choice of L € J(f) and
fre ker([:) such that the corresponding f,; ) is a minimum for € in an
exposed face (or obviously in particular ft( ifp) 0 exposed point) and the
LeJ( [, fT) exposes this face. If we are able to prove this we get the same
half space bound as before. But there is essentially no hope to prove that a
given point is an exposed point in any fixed but unknown Banach space. Due
to the huge geometric variety we have little chance to make any statement
about the properties of a point based on points in its neighbourhood. We
can e.g. construct a Banach space with a rotund point such that no point
in its neighbourhood is rotund. Similarly a convex function on R may not
be differentiable on a countable dense subset (c.f. e.g. [LPT12, Phe93]) so
also smoothness does not allow statements about surrounding points. Worse

still, there might not even be any exposed point, e.g. the space cyy does not
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contain exposed points. Moreover proving a certain point in a given face is a
minimum for €2 is impossible as a statement of how €2 looks like is precisely

what we are trying to obtain.

This demonstrates why we need to impose additional assumptions on the
geometry of the space B to have any hope of obtaining a geometric result
as in the previous sections. In this section we are going to discuss a class of
not strictly convex spaces, namely uniformly non-rotund spaces. For the rest
of the section any B will be assumed to be a uniformly non-rotund Banach

space.

Definition 6.19 (Uniformly non-rotundness)
We say a point 0 £ f € B is uniformly non-rotund if it is not rotund for
any two dimensional subspace of B containing it. In other words, f is
not rotund in any direction.
We say the space B is uniformly non-rotund if every 0 # f € B is uniformly

non-rotund.

This definition is inspired by uniform non-smoothness as defined in Defini-
tion 5.23. It is chosen to in particular include ! and L! for their use in
applications. With strictly convex and uniformly non-rotund spaces every
space we know of which is commonly used in applications is covered by our
discussions. We conjecture, as already stated in Section 6.4, that similar
arguments are possible for any Banach space once the space has been fixed.
More precisely, if a space is relevant for an application it should be an easy
check that the same proof strategies can be applied to obtain the analogous
results. This is because with [1,1°°, cog and L' we cover some examples of
spaces often thought of as “as bad as it can get”. Many of the spaces one
would think of as giving the geometric variety to make a general statement
impossible can likely be seen as “nicer” than some of the examples covered
here.

The reason this definition is useful is because it means that there cannot

exist faces with a smooth boundary. If any part of the boundary of a face
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were smooth one would be able to find a two-dimensional subspace in which
the smooth boundary point is rotund. If no point in the boundary of a face
is smooth, the boundary has to consist of faces of a lower dimension. These
faces are exposed by another functional and contain their own minimum of
Q). Since the boundary of a face is always the intersection of the face with
an adjacent face we can show that we are always able to reach this minimum

on the boundary and move along further from there.

It will become clear in this section that in spaces which are not strictly
convex it is often convenient to think of €2 as a function of the faces of the
ball. In other words we may be thinking of the faces as being collapsed to

one point where () is minimised.

Lemma 6.20
If for every exposed face of the ball, €2 attains its minimum in at least
one point and for every f in the face where the minimum is attained
and every L € J(f) exposing the face and every fr € ker(L) we have
Q(f + fr) > Q(f) then for any fixed admissible feB, that is any f € B

the above applies to, we have that

Q(f) <Q(f)

for all f € B such that | f] < | f]-

Proof:

As discussed in the introduction of this chapter the arguments for proving
monotonicity along a ray in the proof of Lemma 6.12 remain true, more
precisely tangents to go “out and back” always exist, but it is now not im-
mediately clear that the tangential bound Lemma 6.18 applies to any of those
tangents. As it is difficult to show that any given point f; is admissible we
are instead going to prove that we can always find an admissible point which
allows us to bound points on the ray A- f . This admissible point will be the
minimum of a face of the boundary of the original face as described above.

The same approach is used to extend the bound around the circle.
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Before we start with the details of the proof we make a few remarks. Firstly,
for this result it is at times convenient to view () as a function of faces of the
unit ball. We saw in Section 6.4 that points within a face were equivalent
for the problem and we could always move within a face to select the point
for which € is minimised. This indicates that we can think of  as a map ,
taking a face F' of the norm ball in B and mapping it to the minimum of €2
across that face, i.e. Q(F) = rjrclel}l Q(f).

Secondly we note that to show monotonicity of a ray we do not necessarily
need to prove it for all A > 1 as in previous sections but we can restrict our-
selves to 1 < A < 1+ ¢ and as long as the ¢ is at least nondecreasing as a

function of the norm along the ray we get monotonicity of the entire ray.

Part 1: (Bound Q) on the half spaces given by the tangent planes through f)
We start by proving that € is radially nondecreasing, i.e. the minimum of Q
within a face is nondecreasing as a function of the norm. Since the minimum
satisfies the tangential bound this gives the half space bound for all half
spaces defined by a tangent plane through the minimum f , given by some
LeJ(f).

We fix an admissible f € B and let X be any 2-dimensional subspace con-
taining f . As B is uniformly non-rotund no point in X is rotund so its unit
ball consists of straight line sections and corners as shown in Fig. 10. In par-
ticular f is within a straight line section or a corner in between two straight
line sections. Then there exists g # f in the same straight section as f and
exposed in X. It is also clear that there are linear functionals fL,L e X*,
where L exposes the straight segment containing f and g, and L exposes
only the point g. By the Hahn-Banach theorem there are extensions of these
functionals to B which we will also denote by L and L, as we will only be
considering the extensions. The functional L exposes a face F containing the
straight line from f to g. The functional L exposes a face F' which is at least
the point g, possibly a face containing g, but not containing f .

We now let
Li=tL+(1-t)L  te(0,1).
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Then L, exposes the face F; = F'NF which is strictly smaller than F'. Thus
Q) has a minimum in F, § say. Since g € F, c F it is clear that L attains
its norm at g which means that there is a tangent from f to g. Being the
minimum in F; we have that g has the tangential bound for all L;.

Putting those observations together we obtain the claimed bound for the

minimum across a face containing f. Indeed

o If f was the minimum in the face F', then it has the tangential bound
from L to reach g. From g we have the tangential bound from L, to
reach any point within AF for 1 < A< 1+e, in particular the minimum
within the face. This is illustrated in Fig. 10a.

o If f was an exposed point, then it is clear that using an argument
similar to the one above we can construct a set of functionals f}t which
expose f and hit \g, the minimum in the face AF}. For \g we then get
a tangential bound back to the face containing p f in the same way as
above. This is illustrated in Fig. 10b.

/{J : //\z :

(a) L leads from the minimum f of a face to (b) L; leads from an exposed point f to an
an exposed point g, L; leads from g to the exposed point A\g, L; leads from Ag to the
minimum f of the face above. minimum f of the face above.

Figure 10: Admissible points bound the minima of the face above

This shows that the minimum of €2 for any fixed face F' is indeed monotone,
which in turn means that any admissible point bounds every point in the
open half space spanned by a tangent plane at the point as in the previous

cases.
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Part 2: (Eztend the bound around the circle)

Next we show that from any fixed admissible point f we can reach every
other admissible point of norm strictly bigger than | f|. This combined with
the half space bound gives the same bound as in previous cases that any

admissible point bounds all points outside the circle.

Fix an admissible point f € B and the admissible point f # f with || > | /|
to be reached. Then f and f span a two-dimensional subspace X. As before
X only consists of straight line sections and corners. Within X we can get
from f to f along tangents by moving from f to the next exposed point
towards f, g; say. This step is either within the straight line section if f is
the minimum of its face or via an arbitrarily close tangent if f is an exposed
point. We then go from exposed point to exposed point within X by tangents
arbitrarily close to the circle, which obviously exist. This way we obtain a

sequence of points g; € X as shown in Fig. 11.

It remains to show, similarly to the argument in part 1, that if a g; is not
admissible we can find a g; which is admissible and allows to effectively main-
tain the same path from f to f. Assume L; is the functional that exposes
the straight line section from g¢;_; to g; in X, and consider its extension to B
by the Hahn-Banach theorem as before. Here we set gg = f . Denote by F;
the face exposed by L; and let

Liﬂg:t[;i'i‘(l—t)[/i_,_l, te (0,1)

Then L;; exposes the face F;; = F;( F;;1 which in particular contains g; and
has a minimum g,. So L;; for ¢ close to 0 provides a tangent from either g;
or g; to g;+1 or if necessary g;;1 as those are contained in ., ¢ Fj.q. This

is illustrated in Fig. 11.

Each step includes a step away from the circle, but it can always be made
arbitrarily small by varying ¢. For the next step we consider the correspond-

ing tangent at this point Ag; rather than g;. It is clear that with this process
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— M3

—®

Figure 11: The bound can be extended around the circle along points which are exposed
in the two dimensional subspace.

we can reach any admissible f or at least A\f for A < 1 which is sufficient by

monotonicity of the minima from part 1.

Q

This proof makes clear that we are only able to make statements about the
minima of faces but not about their location within a face or the remain-
ing points within the face. We can thus only obtain a result about radial
symmetry in the spirit of Theorems 6.3, 6.6, 6.8 and 6.15 by viewing 2 as a
function of the faces. If we think of €2 in this way then the same intuition of

almost radial symmetry as before applies.

Theorem 6.21
A function Q:B — R is admissible if and only if, viewed as a function Q

of the faces of the norm ball in B

A(F) = min Q).
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it is of the form
QF)=h(|fls: feF)

for some nondecreasing h:[0,00) - R whenever | f|g # r for r € R. Here
R is an at most countable set of radii where h has a jump discontinu-
ity. For any f with |f| =7 € R the value Q(F) is only constrained by

the monotonicity property., i.e. it has to lie between %im h(t) and ltim h(t).
s NT

Moreover if a face F' contains an exposed point then in points of conti-
nuity of h the function ) attains its minimum in every exposed point in
the face F'.

Proof:

The proof given in the previous cases in fact remains largely valid, only a
few extra considerations are required. We are going to briefly discuss sec-
tions which remain valid and present in full any extra arguments which are

required.

Part 1: (Q continuous in radial direction implies Q radially symmetric)
We can obviously only obtain radial symmetry for admissible points. Since
admissible points are the minimum within their face they bound non-admissible
points from below. Thus we only really need a statement about admissible
points. For admissible points the previous argument that continuity in radial
direction implies radial symmetry in fact remains valid.

Indeed if we assume f and g are admissible points of the same norm and
Q(f) > Q(g) say, then by Lemma 6.20 for all 1 < A € R we have Q(Ag) > Q(f).
As discussed in Section 6.4 ) is still minimised at 0 and thus without loss of
generality non-negative. By Lemma 6.18 it is non-decreasing as a function of
the face which is enough to conclude that |Q2(Ag) — Q2(g)| > [Q(f) = Q2(g)| >0

contradicting radial continuity of €.
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Part 2: (Radial mollification preserves being nondecreasing in tangential
directions)
For the observation in part 1 to be useful we need to verify again that the

radially mollified regulariser

A= [ woa(( o) a

is admissible if €2 is admissible.
More precisely we check that this function is still non-decreasing along tan-
gential directions, i.e. we need to show that for an admissible f for any

L e J(f) exposing the face containing f and every fr € ker(L) we still have

s )= [ 001+ -0 12

|f+ fzl

0

z[mw(wm—w“”m=mn.@w

-1

The way this was previously argued is that if | f + fr| > H f| then also

_ f+Tr B
Hﬂftﬁ”tﬁu+ﬁwﬂﬂwfﬂ nekl

for all ¢ € [-1,0]. But then Lemma 6.20 implies that

Q(ﬂf+hw—>ﬁ f]) (”ﬂ‘ NQ)

| /]

for all ¢ € [-1,0].
It thus remains to check the case when |f + fr| = f|. But in this case we

have that
)

a(aresei-ogrriy) =e(on-o ) o (Hte

Since UL £ ¢ ker(L) we have that indeed

NTiB
(Of v hel -0 ) (wﬂ| f)
B 7

so that the property of being nondecreasing along all tangents is preserved.
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Part 3: (2 is as claimed)

Putting these two observations together we obtain the result. We know that
as a function of the faces € is a monotone function of the norm, so a mono-
tone function on the real line. Part 1 shows that after mollification Q is in
fact radially symmetric. The same considerations as before say that  must

have been of the claimed form.

The converse is clear again, since the value of Q is defined to be the minimum

across each face, so minima exist and clearly satisfy the tangential bound.

For the moreover part assume f is an exposed point in a face F' which con-
tains a minimum ¢ # f for (2. Assume further that A is continuous in | f].
Then there are tangents from Af to g for 1 —¢ < A < 1. This is essentially the
same situation as we saw before in Fig. 10a, from the exposed point we can
hit a point in the face above. Thus Q(\f) < 2(g). But since g is a minimum

for 2 and is in the same face as f

Q) <Qg) <Q(f).
By continuity of h in | f| we have Q(Af) . Q(f) and so

Q(f) = Q(g).

a

This shows that for any Banach space which is either strictly convex or
uniformly non-rotund an admissible regulariser has to be essentially radially
symmetric in the appropriate sense. This includes all Banach spaces we know
of which are commonly used in applications.

It seems that for any fixed Banach space B which is not strictly convex but
also not uniformly non-rotund a combination of previous arguments, moving
to either exposed points or minima in lower dimensional faces, should allow
to prove a similar radial symmetry result. This would mean that the above
statement is true without assumptions on the Banach space and an admissi-

ble regulariser on any Banach space has to be essentially radially symmetric
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in the appropriate sense.

We are going to close the chapter by showing that every representer the-
orem presented above also holds for regularisation problems and under very
mild additional assumptions this can even be made an equivalence and a
regulariser is admissible for regularised interpolation if and only if it is ad-

missible for regularisation.

6.7 Regularisation and Interpolation

As we have seen in the earlier parts of this thesis we are generally interested

in problems of the form

min {&((Li(f).4:)ia,) + XS : f € B} (58)

where B is a Banach space and the L; are continuous linear functionals on B

with the y; € Y € R the corresponding output data.

Argyriou, Micchelli and Pontil [AMP09] show in the Hilbert space case that
under very mild conditions this regularisation problem admits a linear rep-

resenter theorem if and only if the regularised interpolation problem

min {Q(f) : feB, Li(f)=y; VieN,} (59)

admits a linear representer theorem. Or in other words, the pair (&,,Q2) is
admissible for (58) if and only if © is admissible for (59). Here by admissi-

bility for the regularisation problem we mean the obvious analogues of Defi-

nitions 6.1, 6.7, 6.11 and 6.16 for regularisation depending on the properties

of the function space B.

This is not surprising as the regularisation problem is more general and one
obtains a regularised interpolation problem in the limit as the regularisation
parameter goes to zero. More precisely they proved the following theorem
for the Hilbert space setting.

Note that the assumptions on the error function and regulariser presented
here are as in the paper [AMP09]. It is remarked in that paper that other

conditions can also be sufficient.
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Theorem 6.22
Let &, be a lower semicontinuous error functional which is bounded from
below. Assume further that for some v € R™ \ {0},y € Y™ there exists a
unique minimiser 0 # ao € R of min{€. ((av;, yi)iENm) caeR}.
Assume that the regulariser €2 is lower semicontinuous and has bounded
sublevel sets.
Then €2 is admissible for the regularised interpolation problem (59) if the

pair (&.,) is admissible for the regularisation problem (58).
The proof of this result follows the earlier mentioned concept that one obtains
a regularised interpolation problem as the limit of regularisation problems.
The proof we are giving is essentially the same as the one given by Argyriou,
Micchelli and Pontil in [AMP09]. The more general setting considered in this

work only requires a few adjustments.

Proof:
To prove that ) is admissible for the regularised interpolation problem (59)

we are going to show that ) is tangentially nondecreasing in the sense of

Lemmas 6.2, 6.10, 6.12 and 6.18 depending on the properties of the space B.

To begin with we are going to assume that B is at least reflexive. Fix
0+ feBand L € J(f). Let ap be the unique nonzero minimiser of

min{&, ((aui,yi)iENm) : a € R}. For every A > 0 consider the regularisation

min{Ez((”LHQL(f)Vi,yi) )+)\Q(f) : fe B}.

By admissibility of the pair (&.,2) there exist solutions fy € B such that

problem

€Ny,

J(fx) nspan{L} + @

i.e. there exist ¢y € R such that cyL € J(f)).
Now fix any g € B such that L(g) = |L||?>. We then obtain

& (an ), ) + AU ) < - ((Ww)y) ) ()
€Ny,

<& ((aovi, 4i)en,, ) + A2(9),

(60)
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where the first inequality follows from ao minimising &, ((av;,y;),q, ) and
the second inequality from L(g) = ||L|?. This shows that Q(f\) < Q(g) for
all A and so by the hypothesis that €2 has bounded sublevel sets the set
{f» : A>0} is bounded.

Hence it is weakly™ compact and there exists a weakly™ convergent subse-
quence ( fy,)en such that \; 2 0 and f, X 7** as [ - oo. Since B is reflexive
the sequence also converges weakly to f € B. Taking the limit inferior as
[ - oo on the right-hand side of Eq. (60) we obtain

@«Wpuﬁ%@

Since aq is by assumption the unique, nonzero minimiser this means that

) < E.((aoVi, Yi)ien,, )-

€Ny,

k() = a0 = L) = LI”
But then since L(f) < |L| - |/ f| we have |L| < | f].
Moreover since J(fy) nspan{L} # & we have |L| - |f\ll = L(f\) = |L|?
and thus |fx| — |L|. Since | f| < liminf|fy| = |L| (c.f. Brezis [Brell]
Proposition 3.5 (iii)) we have | f| = | L| and thus L € J(f).
Since the f) are minimisers of the regularisation problem we have for all g € B
such that L(g) = | L|?

@«MPMM%@

Since ag is the minimiser this implies in particular that

) + AQ(fa) < E((aovi; Yi)jen, ) + A 2(g)-

€Ny,

Q(fr) <Qg)  VgeBsuch that L(g) = |L|?

and taking the limit inferior again we obtain that f is in fact a solution of

the interpolation problem

min{Q(f) : feB,L(f) = |L]*}.

Now this means that Q(f + fr) > Q(f) for all fr € ker(L) and if f = f we are

clearly done.
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If f + f we know that f and f are in the same face as L € J(f) and L € J(f).
They thus have the same error £,. If Q(f) = Q(f) then both are equiv-
alent minimisers and it is clear that both satisfy the tangential bound. If
Q(f) > Q(f) it is not admissible and does not need to satisfy the tangential
bound.

We now discuss this proof for B not reflexive. Since ker(L) is proximinal
by Lemma 5.28 we are in the situation of Definition 6.16 (i) and we obtain
a sequence of solutions (fy) as before. The sequence now only converges

weakly™ to some 7** € B**. But by lower semicontinuity we still have that

& LU L)v;, z)
((wa LIy

which as before implies that f (L) = |L|?2.
Just as before we obtain |f | = |L| so that f e .J(L). This means that

?M and f both are in the same face of the norm ball in B**.

) <& ((aovi; ¥i)en,,)

€Ny,

Considering the lower semicontinuous extension Q : B** - R of Q as be-

fore we find that ?H is the minimiser of
min{Q(f) = e B, f*(L) = |L[*}.

But by Lemma 5.28 ker(L) is proximinal and thus by assumption the inter-

polation problem
min{Q(f) : feB,L(f)=|L|*}

has a solution. When the original function attains its minimum then the
minimum of the lower semicontinuous extension is not less than the mini-
mum of the original function. Thus Q attains its minimum on B. Thus there
exists a g € B such that § is in the same face as f  and ﬁ(?**) =Q(g). By
the same arguments as above either g = f or f is an equivalent minimum or

f is not admissible.

Finally note that the claim is trivially true for L = 0 as in that case &,
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is independent of f and for every A the minimiser f\ has to be zero to satisfy
J(fy) n{0} #+ @. This means (2 is minimised at 0.
Q

The reverse direction in fact does not require any assumptions on the error
function or regulariser. This means any representer theorem obtained in
the earlier sections of this chapter automatically also holds for regularisation

problems. We have the following result.

Theorem 6.23
Let £,€) be an arbitrary error functional and regulariser satisfying the
general assumption that minimisers always exist. Then the pair (£.,1)
is admissible for the regularisation problem (58) if €2 is admissible for the

regularised interpolation problem (59).

Proof:

Let fy be a solution of the regularisation problem (58). Consider the associ-

ated regularised interpolation problem
min{Q(f) : f€B,Li(f) = Li(fo) Vi e Ny, }.

Since € is admissible for regularised interpolation, for this interpolation prob-
lem there exists a solution f, in the sense of the type of representer theorem

valid for B, i.e. in the sense of Definitions 6.1, 6.7, 6.11 and 6.16. But then
Q(fo) < Q(fy) and they have the same error as they agree on the data. Thus

fo is a solution of (58) in the sense of the representer theorem and the pair

(£.,9Q) is admissible.
Q

In conclusion under the assumptions of Theorem 6.22 we have that the pair

(£.,9) is admissible for the regularisation problem (58) if and only if € is

admissible for the regularised interpolation problem (59). In any case all

of the representer theorems presented in the earlier sections of this chapter

immediately apply to regularisation problems as well.
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7 Conclusions and Future Work

In this chapter we are going to discuss some consequences of the results pre-
sented in Chapter 6 and remaining open questions. We begin the chapter by
presenting the last of our main results which is an easy but very important
consequence of our results from Chapter 6 in Section 7.1. As it turns out
we can show that if one relies on the representer theorem for learning then
the solution of the regularised interpolation problem is independent of the
requlariser but determined by the function space alone. This is an important
result for two reasons.

Firstly it allows us to use whichever regulariser is most useful for our pur-
pose. We can choose a regulariser we can deal with well numerically for
computational purposes and use a different regulariser with useful mathe-
matical properties, such as e.g. the duality of the norm with bounded linear
functionals, for proving theoretical results. Changing the regulariser does
not alter the set of solutions in the sense of the representer theorem.
Secondly it means that the choice of function space we are learning in is
crucial for the solution we obtain. Thus being able to learn in a wider va-
riety of function spaces becomes even more important. This illustrates the
importance of results like the theory of RKBS presented in Chapter 4 and
our results in Chapter 6 which extend well established and commonly applied

methods to Banach spaces.

All results in Chapter 6 were stated for real Hilbert spaces or Banach spaces.
We will briefly discuss the complex case in Section 7.2, illustrating why it is
not clear if anything like the results in Chapter 6 can be said about complex
vector spaces. Finally we will comment on some other open questions and

directions for further research.

7.1 The Solution Is Determined by the Space

An interesting and important consequence of the results of Chapter 6 is that

if one relies on the representer theorem for learning, then in most cases the
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solution of the regularised interpolation problem in fact does not depend on
the regulariser but is determined by the function space alone. This has two
important consequences.

Firstly it means we are free to work with whatever regulariser is most conve-
nient for our purpose, whether this is computational applications or proving
theoretical results. Secondly it illustrates the importance of extending well
established learning methods for Hilbert spaces to Banach spaces to allow

for a greater variety of spaces to learn in.

Throughout this section we say that a function f; is a representer theo-
rem solution of (50) in a reflexive Banach space B if it is a solution of (50) in

the sense of Definition 6.11, i.e. such that there exists L= 3 ¢;L; such that
i=1
Le J(f())

To prove the above claim we are going to show that in most cases a function

fo is a representer theorem solution of (50) if and only if it is a solution of

the minimal norm interpolation problem
inf {[ f] : feB, Li(f) = y; Vie Ny} . (61)
More precisely we have the following theorem.

Theorem 7.1
Let B be a reflexive Banach space and €2 admissible. Then any represen-

ter theorem solution of (50) is a solution of (61).

Moreover for any solution of (61) there exists a representer theorem so-

lution of (50) in the same face of the norm ball. Thus in particular if B

is strictly convex then fj is a representer theorem solution of (50) if and

only if it is a solution of (61).

Proof:

Part 1: (A solution of (50) is a solution of (61))

Assume that fj is a representer theorem solution of (50). Then since by
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Lemma 5.9 span{L; : i € N,,} = (span{L; : i € N,,},)* we have for any
L=YcL;e J(fo) and all fr e span{L; : i € N,,}, that
i=1

IL]5 - | fols = L(fo) = L(fo+ fr) < | L

s || fo+ frl

so [ fols < | fo+ frls and fy is a solution of (61).

Part 2: (For any sol. of (61) 3 a sol. of (50) in the same face)
Assume fj is a solution of the minimal norm interpolation problem (61).
Then by Theorem 1 in [MP04] there exists an L = ¥, ¢;L; such that

=1
L(fo) = | L]z - | folls and thus 1218 1 ¢ J( fp).

I L]+
Further if fy is an admissible point in the sense of Definition 6.11, then the

tangential bound Lemma 6.12 applies and

Q(fo) <Q(fo+ fr) Vfrespan{L; : i e N, },,

so fo is a representer theorem solution of (50).

If fo is not admissible in the sense of Definition 6.11 then there exists an

admissible point f, in the same face for which above inequality holds so that
fo is a representer theorem solution of (50).
If B is strictly convex then every point is admissible and fy is a representer

theorem solution of (50) if and only if it is a solution of (61).

a

This result shows that for any admissible regulariser on a reflexive, strictly
convex Banach space the set of solutions with a dual element in the linear
span of the defining linear functionals is identical. This in particular means
that it is the choice of the function space, and only the choice of the space,
which determines the solution of the problem. For a reflexive Banach space
which is not strictly convex the solution is also mostly determined by the
space, the regulariser only determines the point(s) within a certain face of

the norm ball which is optimal.
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It is clear that this result will in fact hold for non-reflexive Banach spaces

in the case that N, ker(L;) is proximinal, as in this case Definitions 6.11

and 6.16 as well as Lemmas 6.12 and 6.18 agree. Moreover the minimal

norm interpolation problem has a solution in this case and it is known that
Theorem 1 from [MPO04] holds. It seems plausible to expect that one can
prove a similar result for the notion of approximate solutions proposed in
Definition 6.16 and approximate minimisers of (61).

More precisely the minimal norm interpolation problem (61) is equivalent
to the metric projection of 0 onto the set f + M;ey, ker(L;) for any f which
satisfies the interpolation constraints. We may thus hope to prove a weaker
version of Theorem 1 in [MP04] for points which almost attain the distance
of 0 to f+ Mien,, ker(L;). One might expect to be able to characterise such
points as points for which there exists a linear functional which attains its
norm at the point and which has small norm on N;ey,, ker(L;). This would be
similar in spirit to the approximate representer theorem in Definition 6.16.

Then one may be able to use similar arguments to the ones above to prove a

analogous result for non-reflexive Banach spaces.

In Section 6.7 we saw that the regularised interpolation problem is the limit
of the regularisation problem as A - 0 and sending A to zero effectively drives
the solution of the regularisation problem towards the solution of the regu-
larised interpolation problem. The choice of A is commonly a hyperparameter
that is determined during training to trade the error made on the training
data off against the regularity of the solution. But if all regularisers lead to
the same solution for the regularised interpolation problem then for all regu-
larisers the solution of the regularisation problem is also pushed towards the
same solution as A goes to zero. Thus also the regularisation problem is in a
sense independent of the regulariser for careful tuning of the regularisation
parameter \.

We are thus free to work with whichever regulariser is most convenient in
a particular application. Computationally in many cases this is likely going

to be 1|-|2, for theoretical results other regularisers may be more suitable,
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such as in the aforementioned paper [MP04] which heavily relies on a duality

between the norm of the space and its continuous linear functionals.

7.2 Complex Vector Spaces

Throughout Chapter 6 we assumed the function space H or B to be real. This
raises the question whether the results presented apply to complex vector
spaces. Everything we were able to say about €2 crucially relied on the
observation that being admissible is a statement about its behaviour along
tangents as stated in Lemmas 6.2, 6.10, 6.12 and 6.18. But this does not

allow to make statements about the behaviour of 2 on a complex vector

space as there is in fact no tangent into the complex plane, not even in a
Hilbert space. To see this fix f € H and consider the ray {t-e? fite R}
for some 6 € [0,27), as illustrated in Fig. 12.

A\

\

Figure 12: There cannot be a tangent into the complex plane.

Then denoting the line segment from any point along the ray to f by
ge=t-e? f-f=(t-e"-1)f

this segment is tangent at f if and only if (gt, f >H = 0. But for this we find
that

((t-ew—l)f,f%_t =0
o (e = 1) |f] =0
had (tag) € {(170)7 (_177T)}'
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But for 6 € {0, 7} the ray is just {¢-f : t ¢ R}. This means there is no tangent
which intersects the ray {t-e® frite R} whenever it has been rotated into
the complex plane, i.e. the intuition from Fig. 12 is in fact not true.
Likewise one can show that it is not possible to reach any point along that
ray via an “out and back” argument as we used repeatedly in Chapter 6.
For this reason it is currently not clear whether one can say anything about

the situation in complex vector spaces.

7.3 Future work

In Section 6.6 we introduced a notion of approximate solutions and hence
approximate representer theorems. While we prove the exact representer
theorem for as many problems as possible and the approximate version only
for problems when there is no chance of obtaining the exact version, it could
be interesting to see if the approximate representer theorem can be useful for
applications in general. Since computationally we usually will only aim to
approximate solutions to a given ¢ accuracy, the notion of an approximate
representer theorem may prove useful in numerical calculations. It would be
interesting to see if one can derive new algorithms for solving regularised in-
terpolation or regularisation problems based on an approximate representer

theorem.

As mentioned in Section 6.6 the proofs showing that the tangential bound
extends all the way around the circle given for strictly convex spaces and
uniformly non-rotund spaces suggest that, once a space has been fixed, an
argument along similar lines should allow to prove the same result for a space
which is neither strictly convex nor uniformly non-rotund. Once a space is
fixed it should be possible to always determine a path “out and back” or
around the circle since the position of exposed points and lower dimensional
faces is now known. If there are spaces which are relevant for applications,
which have not been covered by the cases in Chapter 6, it would be worth-

while to extend the results to either those spaces in particular, or possibly
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even to another class of function spaces containing them. Mathematically
it would be interesting to see if one can somehow characterise all possible
geometries sufficiently to obtain a closed form result for arbitrary Banach

spaces.

In the paper “A Unifying View of Representer Theorems” [AD14] Argyriou
and Dinuzzo take a different view on generalising the concept of representer
theorems to extend the range of problems the theory of representer theorems
applies to. They introduce quasilinear subspace-valued maps which take a
point x in a Hilbert space H and map it to a subspace of H. They then
prove necessary and sufficient conditions for the existence of a solution in
the sum of subspaces associated with the data points. This raises the ques-
tion whether our results can be extended to a similar kind of framework. We
sketch briefly how this could look like.

Consider a reflexive Banach space B. Thus all linear maps L € B* are repre-
sented by a semi-inner product [-,-], and a point = € B. Assume the data
points are embedded into B, i.e. {x1,...,x,,} c B. Consider the regularised

interpolation problem

min {Q(f) : feB,[f,zi],=vi}.

Now rather than defining a map taking subspaces of the original space as
values we define a map which maps points in B to cones in B*. This reflects
that the representer theorem is in its essence a result about the dual space.
Due to the lack of linearity of the duality mapping the values now have to
be cones rather than subspaces. Since S in this case is a map from B to its
dual space we also need to generalise definition 3.1 from [AD14] accordingly

and make it a statement about the dual space. If we let
S(x)={N-J(x) : NeR}

then for a uniform Banach space B, so that J(z) is univocal and injective,
definition 3.1 from [AD14] generalises exactly to Definition 6.7. Indeed we

m m
obtain that there exists a solution fy such that fie Y S(z;) = ¥ ¢z},
i=1 i=1
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For a reflexive Banach space definition 3.1 from [AD14] generalises to the
existence of fy such that J(fo)n g: S(x;) = g: cilJ(xz;) + @.

The concept of orthomonotonicit}j,: tieﬁned iI;:%he paper as the essential prop-
erty for admissibility of regularisers, is exactly tangential nondecreasingness
from Chapter 6. In view of the similarities between the results, it seems plau-
sible that one could prove a result in the spirit of theorem 3.1 from [AD14],
saying that orthomonotonicity is a necessary and sufficient condition for a
representer theorem for cone-valued maps in Banach spaces. This would
generalise and unify both, the results from the paper and our results from
Chapter 6, in the same way as both works generalise the classical representer
theorems.

Moreover the proof of admissibility in the paper [AD14] is directly for regu-
larisation problems rather than regularised interpolation problems. It clearly
follows the same ideas from [AMP09] presented in Section 6.7 to prove equiv-
alence of regularisation and regularised interpolation problems. This suggests
that the same methods used in the proofs in [AD14] should allow to prove
analogous results to the ones presented in Chapter 6 for regularisation prob-
lems directly. It would be interesting to see if this could lead to further

insights about the theory.

In the paper [MP05b] Micchelli and Pontil discuss learning in Hilbert spaces
of vector-valued functions, in particular in RKHS of functions which take
values in a real Hilbert space. This suggests to explore whether our results
can be extended from bounded linear functionals to bounded linear opera-
tors between two real normed spaces. In view of Sain in [Sail8] using the
same method to characterise the norm attainment sets of bounded linear
functionals on metric spaces and of bounded linear operators between two
real normed spaces, one can hope that a similar extension can be done here.
The books [HYNVW16, HYNVW17] deal with Banach space-valued maps
and could provide a starting point for the necessary theory to develop these

kinds of results.
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