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Abstract

The problem in supervised learning or learning from example is to find a rule which
allows to predict an output from a new input in the situation when a sample of
input-output pairs is given. The problem of learning, as it was shown recently,
can be reduced to a linear inverse problem which can be solved by regulariza-
tion techniques. The aim of the master thesis is to apply some newly developed
regularization technique called dual regularized total least squares (dual RTLS)
in Learning Theory. A motivation to look for a new technique is that in some
situations the prediction based on the classical methods, such as the Tikhonov
regularization, is not so satisfactory. The numerical experiments show that the
use of the dual RTLS technique is very efficient.
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Chapter 1

Introduction

In supervised learning or learning from examples a machine is trained, instead of
programmed, to perform a given task on a number of input-output pairs. So, the
problem is that of finding a deterministic rule allowing to correctly predict the out-
put when a new input is given. In a probabilistic setting, a fundamental problem,
studied by Statistical Learning Theory, is how the chosen function estimates the
output for new inputs .It was recently shown that learning from examples can be
seen as the problem of solving a linear inverse problem from a finite dimensional
discretization. What makes learning peculiar is that the discretization is stochas-
tic and cannot be controlled. In fact in this context we demand the regularization
algorithm to take care of the random discretization. It is known that Tikhonov
regularization can be effectively used in the context of learning and many stan-
dard results in inverse problem can be easily carried over with minor modifications.

The main goal of learning from examples is to infer an estimator, given a finite
sample of data drawn according to a fixed but unknown probabilistic input-output
relation. The desired property of the selected estimator is to perform well on new
data, that is, it should generalize. The fundamental work of Vapnik [2] shows
that the key to obtain a meaningful solution to the above problem is to control
the complexity of the solution space. Interestingly, this is the idea underlying
regularization techniques for ill-posed inverse problems. A careful analysis shows
a rigorous connection between learning and regularization for inverse problems.
In this research we also use this connection.

Our contribution to the analysis of learning problems consists in the applica-
tion of recently proposed regularization technique, that was, never used before
in Learning Theory. In the dissertation we introduce this new technique in the
context of learning and show how it performs in several situations of interest.
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CHAPTER 1. INTRODUCTION 10

After recalling the connection between learning theory and inverse problems, we
show that regularization techniques other than Tikhonov regularization, namely
Dual Regularized Total Least Squares [5], [8], can be used in learning.

In order to make a prediction, we need only to know the so-called training set which
is nothing but a collection of input-output pairs, denoted by Dn = {(xi, yi)}ni=1

and given by the system under study.

In a recent research [7], Tikhonov regularization was employed to perform the
prediction, however, the results was not satisfactory in some situations. More pre-
cisely, the quality of the prediction for inputs being beyond the scope of a training
set is rather poor [see Figure 5.3].

The main thrust of this work is to apply the dual regularized total least squares
(dual RTLS) to construct the approximation in a form of the neural network

f(x) =
n∑
i=1

ciK(x;xi),

where K is a reproducing kernel generating a network.

In more details, the thesis is organized as follows. In Chapter 2 we discuss the
relation between the Learning theory and regularization techniques. It turns out
that a learning problem can be reduced to an ill-posed linear operator equation in
some small space, namely reproducing kernel Hilbert space (RKHS). Thus, some
properties of the RKHS will be discussed.

As a matter of fact, the problem of approximating a function from sparse data
is ill-posed. Thus, a short introduction about ill-posed problem will be given in
Chapter 3 together with the discussion of the proposed regularization method for
our research, namely the dual RTLS.

In addition, a good choice of the regularization parameters is crucial to assure
a good approximation. Thus, in Chapter 4 we will construct a selection algorithm
which is able to determine the optimal parameters.

The performance of our algorithm will be illustrated in Chapter 5, where we
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use the examples from [3], which appear to be problematic for a treatment with
standard regularization technique, such as Tikhonov regularization [7].



Chapter 2

The problem of learning as an
ill-posed linear operator
equation

This chapter reviews that a learning problem can be reduced to an ill-posed linear
operator equation which can be solved by regularization techniques.

2.1 The problem of learning

In recent years, there has been an increasing interest in learning theory. This was
a logical result of the so-called greatest problem of science today which refers to
the problem of understanding intelligence. In [4] it is written:

The problem of learning represents a gateway to understanding intelligence in
brains and machines, to discovering how the human brain works, and to making
intelligent machines that learn from experience and improve their competence as
children do.

Learning from examples, or supervised leaning refers to systems that are trained
instead of programmed with a set of examples which consists of input-output pairs.
Training means choosing a function which best describes the relation between the
inputs and the outputs.

Many applications of systems that could learn from examples can be found. For
example , a car manufacturer may want to have in its models a system to detect
pedestrians about to cross the road to alert drivers to a possible danger while
driving in downtown traffic. Such a system could be trained with positive and

12



CHAPTER 2. THE PROBLEM OF LEARNING 13

negative examples: images of pedestrians and images without pedestrians. Actu-
ally, software trained in this way has been tested in an excremental car. It runs
on a PC in the trunk and looks at the road in front of the car through a digital
camera [4].

What we assume in the above example is a machine that is trained instead of
programmed to perform a task. The only thing which is available here is the
data of the form (xi, yi)ni=1. To be more specific, what we mean by training is
synthesizing a function that represents the relation between the inputs xi and the
corresponding outputs yi. One question that needs to be asked, however, is how
well this function estimate the outputs for previously unseen inputs? In other
words, a challenging problem within machine learning is how to make good infer-
ences from data sets in which pieces of information are missing.

The main goal of machine learning is to develop general algorithms of practi-
cal value. Such algorithms should be efficient. In addition, Learning algorithms
should also be as general purpose as possible. So, we are looking for algorithms
that can be easily applied to a broad class of learning problems. Of primary
importance, we want the result of learning to be a prediction rule that is as ac-
curate as possible in the predictions that it makes. In other words, we want the
computer to find prediction rules that are easily understandable by human experts.

As mentioned , machine learning can be thought of as programming by exam-
ple. The central question which arises here: What is the advantage of machine
learning over direct programming? There are two main reasons

• Firstly, the results of using machine learning are often more accurate than what
can be created through direct programming. This is because machine learning
algorithms are data driven, and are able to examine large amounts of data.

• Secondly, a human expert is likely to be guided by imprecise impressions or per-
haps an examination of only a relatively small number of examples. In Figure2.1
a diagram of a typical learning problem is shown.
In the next section we will see that probability theory plays a key role in learning
theory.

2.2 Statistical learning theory

The main goal of statistical learning theory is to provide a framework for study-
ing the problem of inference, that is of gaining knowledge, making predictions,
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making decisions or constructing models from a set of data. This is studied in a
statistical framework in which there are assumptions of statistical nature about
the underlying phenomena (in the way the data is generated).

Assume we have two sets of variables x ∈ X ⊆ Rd and y ∈ Y ⊆ R which are
related by a probabilistic relationship. The relation is called probabilistic because
in general, an element of X does not determine uniquely an element of Y , but
rather a probability distribution on Y . In order to formalize this we introduce
a probability distribution P (x, y) which is defined over the set X × Y . Unfortu-
nately, this probability distribution is unknown and under very general condition
it can be written as P (x, y) = P (x)P (y|x) where P (x) is the marginal probability
of x and P (y|x) is the conditional probability of y given x.

As just mentioned, the probability distribution P is unknown, however, exam-
ples of the probabilistic relationship are provided. In fact, what we know is a
data set Dn = (xi, yi)ni=1, called also the training data, which is obtained by sam-
pling n times the set X × Y according to P (x, y). In other words, the data set
Dn = (xi, yi), i = 1, . . . , n, drawn i.i.d. according to unknown probability distri-
bution P on X × Y .

The problem of learning can be analyzed in two basic steps as follows

1. Given the data set Dn ≡ {(xi, yi)ni=1 ∈ X × Y }.

2. Providing an estimator, that is, a function f : X → Y , that can be used in
the sense that given any value of x ∈ X, a value of y can be predicted.

To solve the learning problem in view of the statistical learning theory, a risk
functional should be defined. The latter measures the average amount of error
associated with an estimator and then to look for the estimator among the allowed
ones with the lowest risk. the average error is given as

I[f ] ≡
∫
X,Y

V (y, f(x))P (x, y) dx dy.

and is called expected risk, where V (y, f(x)) is the loss function. A natural choice
for the loss function is the squared loss function V (y, f(x)) = (f(x)− y)2. So, the
expected risk can be written as

I[f ] ≡
∫
X,Y

(f(x)− y)2P (x, y) dx dy. (2.1)
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The expected risk is assumed to be defined on L2(X,P (x)dx). The function which
minimizes the expected risk in L2(X,P (x)dx) is denoted by f0 and is given by

f0(x) = arg min
L2(X,P (x)dx)

I[f ].

It is important to mention that the function f0 is our ideal estimator which is often
called the target function. The key problem here is that this function can not be
found in practice since the probability distribution P (x, y) is unknown. The only
information available is a sample of the target function, that is, the data set Dn.
To overcome this problem we need an induction principle that used to learn from
the limited number of the training data we have.

Vapnik developed statistical learning theory built on the so-called empirical risk
minimization (ERM) induction principle [9] which consists in using the data set
Dn to build a stochastic approximation of the expected risk,usually called the
empirical risk, defined as

Iemp[f ;n] =
1
n

n∑
i=1

V (yi, f(xi)). (2.2)

The central question of the theory is whether the expected risk of the minimizer
of the empirical risk in L2(X,P (x)dx) is close to the expected risk of f0. The
theory finds under what conditions the method of ERM satisfies

lim
n→∞

Iemp[f̂n;n] = lim
n→∞

I[f̂n] = I[f0] (2.3)

in probability, where f̂n denotes the minimizer of the empirical risk (2.2) in
L2(X,P (x)dx).

A necessary and sufficient condition for the limits in (2.3) to hold true in proba-
bility is

lim
n→∞

P{ sup
f∈L2(X,P (x)dx)

(I[f ]− Iemp[f ;n]) > ε} = 0 ∀ε > 0.

This condition is known as one-sided uniform convergence in probability of empir-
ical risk to expected risk in L2(X,P (x)dx). Typically in literature the two-sided
uniform convergence in probability:

lim
n→∞

P{ sup
f∈L2(X,P (x)dx)

|I[f ]− Iemp[f ;n]| > ε} = 0 ∀ε > 0, (2.4)

is considered. If L2(X,P (x)dx) is very large, we can always find f̂n ∈ L2(X,P (x)dx)
with zero empirical error. Nevertheless, this does not guarantee that the expected
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risk of f̂n is also close to zero, or close to I[f0].

There is an unambiguous relationship between empirical risk Iemp[f ;n] and ex-
pected risk I[f ] which was first discussed by Vapnik and Chervonenkis with the
help of the VC-dimension [9].

Definition 2.1. The VC-dimension of a set {θ(f(x)), f ∈ L2(X,P (x)dx), x ∈
X}, of indicator functions is the maximum number h of vectors x1, ...,xh ∈ X
that can be separated into two classes in all 2h possible ways using functions of the
set, where θ(.) is the Heaviside function .

The VC-dimension was first defined for the case of indicator functions and was
then extended to real valued functions. If, for any number N , it is possible to find
N points x1, ...,xN that can be separated in all 2N possible ways, we say that the
VC-dimension is infinite.

Definition 2.2. Let A ≤ V (y, f(x)) ≤ B, f ∈ L2(X,P (x)dx), with A and B <
∞. The VC-dimension of the set {V (y, f(x)), f ∈ L2(X,P (x)dx)} is defined as the
VC-dimension of the set of the indicator functions {θ(V (y, f(x))−α), α ∈ (A,B)}.

Vapnik and Chervonenkis studied the relation between the empirical risk and
expected risk in a hypothesis space [9]. Actually, they suggest a method which
does not only minimizes the empirical risk but also minimizes the complexity of
the hypothesis space. This method is called structural risk minimization (SRM).
The idea of SRM is to define a nested sequence of hypothesis spaces H1 ⊂ H2 ⊂
... ⊂ Hm(n) with m(n) a non-decreasing integer function of n, where each hypoth-
esis space Hi has finite VC-dimension and larger than that of all previous sets.
Thus, if hi is the VC-dimension of the space Hi , then h1 ≤ h2 ≤ ... ≤ hm(n). For
each hypothesis space Hi the solution of the learning problem is

f̂i,n = min
f∈Hi

Iemp[f ;n].

Then in SRM one is looking for an appropriate choice of m(n), so that as n→∞
and m(n) → ∞, the expected risk of the solution of the method approaches in
probability the minimum of the empirical risk. However, in practice one usually
[2] uses as hypothesis space sets of bounded functions such that Hi = HAi = {f :
||f || < Ai}, i = 1, 2, . . . ,m, where ||.|| is some appropriate norm. Thus, in order
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to use the standard SRM method we need to know the VC-dimension of such
space under corresponding loss functions. Unfortunately, it can be shown that
when the loss function V is (y − f(x))2, the VC-dimension of V (y, f(x)) with f
in HA = {f : ||f || < A} does not depend on A, and is infinite if the corresponding
space equipped with the norm ||.|| is infinite dimensional.

Thus, it is impossible to use the SRM with this kind of hypothesis spaces: in
the case of finite dimensional spaces, the norms of f can not be usually used to
define a structure of spaces with different VC-dimensions. So, in many practical
applications SRM cannot be used directly.

The way out of this situation is related with some other view on the learning
problems, when it is viewed as a linear ill-posed operator equation. This approach
is outlined below.

2.3 Background of regularization theory

2.3.1 Ideal predictor

To derive the algorithm corresponding to learning problem we start with the fol-
lowing important observation.

Proposition 2.1. The expected risk which is given by (2.1) can be rewritten as

I[f ] = ||f − f0||2L2(X,P (x)dx) + I[f0],

for any f ∈ L2(X,P (x)dx).

Proof. Since we have

I[f ] =
∫
X

∫
Y

(f(x)− y)2P (x, y) dy dx

=
∫
X

∫
Y

(f(x)− f0(x) + f0(x)− y)2P (x, y) dy dx

=
∫
X

(f(x)− f0(x))2P (x) dx+
∫
X

∫
Y

(f0(x)− y)2P (x, y) dy dx

+ 2
∫
X

∫
Y

(f(x)− f0(x))(f0(x)− y)P (y|x)P (x) dy dx

where we use the relation

P (x, y) = P (x)P (y|x).
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Now if we look at the term 2
∫
X

∫
Y (f(x)− f0(x))(f0(x)− y)P (y|x)P (x) dy dx, it

is not difficult to show that it vanishes:∫
Y

(f(x)− f0(x))(f0(x)− y)P (y|x) dy

= (f(x)− f0(x))(f0(x)−
∫
Y
yP (y|x) dy)

= 0.

Hence,

I[f ] =
∫
X

(f(x)− f0(x))2P (x) dx+
∫
X

∫
Y

(f0(x)− y)2P (x, y) dy dx

= ||f − f0||2L2(X,P (x)dx) + I[f0].

Our idea now is to look for the minimizer of (2.1) in a space which is smaller than
L2(X,P (x)dx). For this, we define a Hilbert subspace H ⊂ L2(X,P (x)dx) which
is specified in our research to be a Reproducing Kernel Hilbert Space (RKHS).
Introduce the inclusion operator I : H → L2(X,P (x)dx) and its adjoint I∗ :
L2(X,P (x)dx)→ H. For any f ∈ H, it is possible to write ||f −f0||L2(X,P (x)dx) as
||If−f0||L2(X,P (x)dx). Now from the least square form we know that the minimizer
fH of the expected risk I[f ] over H solves the equation

I∗If = I∗f0. (2.5)

Equation (2.5) shows the possibility of approximating fH from f0 by regulariza-
tion techniques. unfortunately, the target function f0 is unknown, only its discrete
version is available, namely the data set. To this end, we discretize the above equa-
tion using the data set and then apply regularization techniques to solve it.

To be able to use the data set Dn for the discretization of (2.5) in H, the latter
one should have some special structure. Normally, a function evaluation f(xi)
should be considered as a linear bounded functional in H. The spaces with such
a structure are called Reproducing Kernel Hilbert Spaces (RKHS).
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2.3.2 Reproducing Kernel Hilbert Spaces

Reproducing Kernel Hilbert Space (RKHS) H is a Hilbert space of functions de-
fined over some bounded domain X ⊂ R with the property that, for each x ∈ X,
the evaluation functionals Fx defined as

Fx[f ] = f(x) ∀f ∈ H

are linear, bounded functionals. The boundedness means that there exists a U ∈
R+ such that

|Fx[f ]| = |f(x)| ≤ U ‖ f ‖H,

for all f in the RKHS.

To every RKHS H there corresponds a unique positive definite function K(x, y)
of two variables in X, called the reproducing kernel of H, that has the following
reproducing property:

f(x) = 〈f(y),K(x, y)〉H ∀f ∈ H, (2.6)

where 〈·, ·〉H denotes the scalar product in H [10].

Assume that we have a sequence of positive numbers λn and linearly indepen-
dent functions φn(x) such that the function K(x, y) admits the representation

K(x, y) =
∞∑
n=0

λnφn(x)φn(y), (2.7)

where the series is uniformly convergent.

In view of (2.7), RKHS can be seen as the set of functions of the form

f(x) =
∞∑
n=0

anφn(x),

for an ∈ R, and define the scalar product in our space to be

〈
∞∑
n=0

anφn(x),
∞∑
n=0

dnφn(x)〉H ≡
∞∑
n=0

andn
λn

. (2.8)

In fact we have

〈f(y),K(x, y)〉H =
∞∑
n=0

anλnφn(x)
λn

=
∞∑
n=0

anφn(x) = f(x),
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hence equation (2.6) is satisfied.

It is easy to show that whenever we have a function K of the form (2.7), it is
possible to construct a RKHS as shown above. Vice versa, for any RKHS there
is a unique function K and corresponding λn, φn, that satisfy (2.7). Moreover,
equation(4.9) shows that the norm of the RKHS has the form

||f ||2K =
∞∑
n=0

a2
n

λn
.

In shorter words, the Hilbert space L2(X,P (x)dx) is too “big” for our purposes,
containing too many non-smooth functions. One approach to obtaining restricted,
smooth spaces is the Reproducing Kernel Hilbert Space (RKHS) approach. A
RKHS is “smaller” than a general Hilbert space. It is a Hilbert space of point-wise
defined functions which can be completely characterized by a symmetric positive
definite function K : X ×X → R, namely the kernel.

2.3.3 Discretization of a linear operator

Redefine the inclusion operator I = IHK : H → L2(X,P (x)dx), whereHK denotes
the RKHS here. Now we want to discretize the equation

I∗HKIHKf = I∗HKf0, (2.9)

Moreover, we define the covariance operator T : H → H such that T = I∗HKIHK .
In addition, T can be written as [1]

T =
∫
X
〈.,Kx〉HKxP (x) dx.

The operator T can be proved to be positive trace class operator and hence com-
pact. Define the sampling operator Sx : H → Rn by (Sxf)i = f(xi) = 〈f,Kxi〉H;
i = 1, ..., n. Moreover, we define the adjoint operator S∗x : Rn → H, and the
operator Tx : H → H such that Tx = S∗xSx. It follows that for y = (y1, ..., yn)

S∗xy =
1
n

n∑
i=1

Kxiyi, Tx =
1
n

n∑
i=1

〈.,Kxi〉HKxi . (2.10)

We discretize equation (2.9) using training set, and then apply regularization
techniques to solve it. Actually, Sx is nothing else but a discrete analog of the
mapping IK , that is , if we replace IHK by Sx , we replace the target function f0

by the discrete data y, that is, we get
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IHKf = f0 ⇒ Sxf = y.

In a similar way, the continuous operator T = I∗HKIHK can be replaced by the
discrete operator Tx:

Tf = I∗HKf0 ⇒ Txf = S∗xy.

So, with the discretized equation Txf = S∗xy it is not difficult to approach the
target function with the help of regularization methods. In our research the dual
Regularized Total Least Squares method ( dual RTLS) is employed. Tikhonov
regularization method was employed in many researches but results were not so
satisfactory in some situations as we will see later. That is why we look for a
better method in the current research to get better approximations . In the next
chapter we introduce the dual RTLS method in some details.
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Figure 2.1: Diagram of a typical learning problem.



Chapter 3

Regularization techniques

As mentioned before, regularization techniques can be used to solve learning prob-
lems. Several studies investigating regularization have been carried out on RKHS.
In this chapter we study the possibility of solving ill-posed problems with noisy
right-hand side and a noisy operator. We will discuss the proposed regulariza-
tion method for our research, namely the dual Regularized Total Least Squares (
dual RTLS).

Since as mentioned in the previous chapter, the problem of approximating a func-
tion from sparse data is ill-posed, we discuss in the first section the ill-posed
problems.

3.1 Ill-posed problems

Ill-posed problems arise in many context and have important applications in sci-
ence and engineering. We consider ill-posed problems having the form of a linear
operator equation

Ax = y, (3.1)

where A is a compact linear operator between Hilbert spaces X and Y.

Ill-posed problems are mathematical problems which do not satisfy Hadamard’s
definition of well-posedness:

• R(A) = Y For all admissible data, a solution exsits.
• N (A) = 0 For all admissible data, the solution is unique.
• A−1 ∈ L(Y,X ) The solution depends continuously on the data.

23
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If one wants to approximate a problem whose solution does not depend con-
tinuously on the data by a traditional numerical method as one would use for
well-posed problems, it is expected that the numerical method becomes unstable.
A (partial) remedy for this is the use of “regularization methods”. In general
terms, regularization is the approximation of an ill-posed problem by a family of
neighboring well-posed problems.

Remark 3.1. For a compact linear operator with non-closed range (e.g., for an
integral operator with a non-degenerate L2 kernel), the solution of Ax = y does
not depend continuously on the right-hand side; the equation is ill-posed.

Definition 3.1. Let A : X → Y be a bounded linear operator.

1. x ∈ X is called least-squares solution of Ax = y if

||Ax− y|| = inf{||Az − y|| | z in X}.

2. x ∈ X is called best approximate solution of Ax = y if x is a least squares
solution of Ax = y and

||x|| = inf{||z|| | z is least-squares solution of Ax = y}

holds.

Definition 3.2. The Moore-Penrose generalized inverse A† of A ∈ L(X ,Y) is
defined as the unique linear extension of Ã−1 to

D(A†) := R(A) uR(A)⊥,

with
N (A†) = R(A)⊥,

where
Ã := A|N (A)⊥ : N (A)⊥ → R(A).

We want to approximate the best-approximate solution x† := A†y of equation
(3.1) for a specific right-hand side y in the situation that:

• The exact data y is not known precisely, but that only an approximation yδ with

||yδ − y|| ≤ δ (3.2)
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is available, where yδ is called the noisy data and δ the noise level.
• The exact operator A is not known, but we have some noisy operator Ah with

||A−Ah|| ≤ h. (3.3)

In other words, we are looking for some approximation, say xδ, of the solution of
(3.1) which depends continuously on the noisy data yδ, so that it can be computed
in a stable way. As a result, xδ tends to the solution of (3.1), when δ tends to zero.

The range of the operatorA,R(A), is assumed to be non-closed. Thus, the solution
x† of equation (3.1) does not depend continuously on the data. So, problem (3.1),
(3.2), (3.3) requires the application of special regularization techniques for its
numerical treatment. Below, we will discuss these regularization techniques in
some details.

3.2 Least Squares

Least squares (LS) technique, also known as Ordinary Least Squares (OLS), is
the simplified method used to solve systems of the form Ahx = yδ, under the
constraints (3.2) and (3.3). Least squares is often applied in statistical contexts,
particularly regression analysis. This technique can be interpreted as a data fit-
ting technique . The best fit in the least-squares sense is that instance of the
model for which the sum of squared residuals has its least value, where a residual
is the difference between an observed value and the value given by the model.

In other words, it is a mathematical procedure for finding the best-fitting curve
to a given set of points by minimizing the sum of the squares of the offsets “the
residuals” of the points from the curve. The sum of the squares of the offsets is
used instead of the offset absolute values because this allows the residuals to be
treated as a continuous differentiable quantity.

The least-squares approximate solution of Ax = y is given by

xls = (ATA)−1AT y.

This is the unique x ∈ Rn that minimizes ||Ax− y||.

The LS problem can also be seen as follows: We look for x, y such that y = Ahx:

min
x,y
||y − yδ||2 subject to y = Ahx.
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Since squares of the offsets are used, outlying points can have a disproportionate
effect on the fit, a property which may or may not be desirable depending on the
problem at hand.

3.3 Tikhonov regularization

Tikhonov regularization is one of the most widely applied methods for solving
ill-posed problems. In this method a regularized approximation xδ,hα is obtained
by solving the minimization problem

min
x∈X

Jα(x) = ||Ahx− yδ||2 + α||x||2,

where α > 0 is the regularization parameter to be chosen properly. Hence, in
Tikhonov’s method the regularized approximation is given by

xδ,hα = (A∗hAh + αI)−1A∗hy
δ.

where I is the identity operator.

3.4 Total Least Squares

Total Least Squares (TLS) is another method for treating a problem of the form
of linear equations Ax = y, where both the operator A and the right-hand side
y are contaminated by noise. In practical situations, the linear system is often
ill-conditioned. For example, this happens when the system is obtained by dis-
cretization of ill-posed problems such as integral equations of the first kind.

The basic idea of the classical total least squares problem is to find some esti-
mate (x̂, ŷ, Â) for (x†, y, A) using given data (yδ, Ah). This is done by solving the
constrained minimization problem [11], [12], [5].

||A−Ah||2 + ||y − yδ||2 → min subject to Ax = y. (3.4)

As mentioned, in many practical applications, all data are contaminated by noise,
which motivates the use of TLS. Efficient and reliable numerical methods to com-
pute the TLS solution are based on the singular value decomposition (SVD).
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Difficulties arise, however, because of the ill-posedness of equation(3.1) as it may
happen that there does not exists any solution x̂ of TLS problem(3.4) in the space
X . Moreover, if a solution exists, it may be far from the desired solution x†.

3.5 Regularized total least squares

For the reasons just mentioned, we restrict the set of admissible solutions by look-
ing for approximations x̂ that belong to some prescribed set K, which is the basic
idea of regularized toltal least squares (RTLS).

The set K can be defined in several ways. In the simplest case it is a ball
K = {x ∈ X | ||Bx|| ≤ R} with prescribed radius R. This leads us to the RTLS
problem in which, as we mentioned above, some estimate (x̂, ŷ, Â) for (x†, y, A) is
determined by solving the constrained minimization problem

||A−Ah||2 + ||y − yδ||2 → min subject to Ax = y, ||Bx|| ≤ R. (3.5)

Special Case: When the operator Ah is exactly given, that is, Ah = A, the idea
of this technique leads us to the method of quasi-solution of Ivanov (see [16]),
where x̂ is determined by solving the constrained minimization problem

||Ax− yδ||2 → min subject to x ∈ K.

This approximation x̂ is sometimes called K-constrained least squares solution.

Theorem 3.1. [11], [13], [14], [5] If the constraint ||Bx||2 ≤ R of the RTLS
problem (3.5) is active, then the RTLS solution x = x̂ satisfies the equations

(A>hAh + αB> + βI)x = A>h y
δ and ||Bx||2 = R, (3.6)

where the parameters α and β satisfy

α = µ(1 + ||x||22) and β = −||Ahx− y
δ||22

1 + ||x||22
, (3.7)

where µ > 0 is the Lagrange multiplier. Moreover,

β = αR2 − yδ>(yδ −Ahx) = −||A−Ah||2F − ||y − yδ||22, (3.8)

where ||.||F denotes Frobenius norm.
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3.6 Dual regularized total least squares

A serious weakness of the RTLS is that it requires a reliable bound R for the
norm ||Bx†||. Unfortunately, such a bound is unknown in many practical ap-
plications. In different applications, however, reliable bounds for δ and h which
appear in (3.2) and (3.3) are known. Thus, it makes sense to look for approxima-
tion (x̂, ŷ, Â) which satisfy side conditions Ax = y, ||yδ−y|| ≤ δ and ||A−Ah|| ≤ h.

Choosing from the set of solutions the element which minimizes ||Bx|| leads us to
a problem in which some estimate (x̂, ŷ, Â) for (x†, y, A) is determined by solving
the constrained minimization problem

||Bx|| → min subject to Ax = y, ||yδ − y|| ≤ δ, ||A−Ah|| ≤ h. (3.9)

The method (3.9) can be seen as the dual of (3.5). Therefore, we call the later
method as the dual regularized total least squares problem ( dual RTLS problem).
The dual regularized total least squares (dual RTLS) can be characterized as a
special multi-parameter regularization method where one of the two regularization
parameters is negative.

Theorem 3.2. [5] If the two constraints ||yδ − y||2 ≤ δ and ||A − Ah||F ≤ h of
the dual RTLS problem (3.9) are active, then the dual RTLS solution x = x̂ of the
problem (3.9) is a solution of the equation

(A>hAh + αB>B + βI)x = A>h y
δ, (3.10)

with parameters α and β solving the system

||Ahxδ,h(α, β)− yδ|| = δ + h||xδ,h(α, β)||, β = −h(δ + h||xδ,h(α, β)||)
||xδ,h(α, β)||

, (3.11)

where xδ,h(α, β) is the solution of (3.10) for fixed α, β.

As we already have noticed, both of the RTLS problem and its dual need one
more regularization parameter than in Tikhonov. In our research we will restrict
ourselves to the dual RTLS problem (3.9). In the next chapter we will discuss the
computational aspects of the dual RTLS.



Chapter 4

Selection of the regularization
parameters

The purpose of this chapter is to discuss the dual RTLS from a computational
point of view. So, we present a strategy for selecting the two regularization pa-
rameters α and β which were introduced in the previous chapter. More precisely,
we describe a model function of two variables for the dual RTLS as it is discussed
in [6].

It can be understood from Theorem 3.2 that a realization of the dual RTLS
involves with solving a highly nonlinear system of equations (3.11) [6]. It is
observed that the first equation of (3.11) is similar to one appearing in the dis-
crepancy principle for determining a regularization parameter in one parameter
regularization methods applied to equations with noisy operator, where a model
function approach has been proposed [17]. In the next section we will derive an
appropriate form of a model function of two variables and see how can we use it
for solving the system (3.11).

4.1 A model function method

Assume that a domain
∑
⊂ R2 is given such that (3.10) has a unique solution

x = xδ,h(α, β) for any (α, β) ∈
∑

. This solution is continuously differentiable
with respect to both α and β. We know already from Theorem 3.2 that if the
constraints are active, the dual RTLS solution x̂ = xδ,h(α, β) of problem(3.9) can
be obtained by solving the minimization problem

min
x∈X

Jα,β(x), Jα,β(x) = ||Ahx− yδ||2 + α||Bx||2 + β||x||2,

29
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with regularization parameters (α, β) chosen by the following a posteriori rule:
Dual RTLS rule: Choose (α, β) by solving the system (3.11).
It is clear that the Dual RTLS rule is a special multi-parameter choice rule of a
posteriori type for choosing both regularization parameters α and β in Tikhonov’s
functional Jα,β. For fixed α, β ∈

∑
the solution xδ,h(α, β) of the minimization

problem Jα,β(x) → min is equivalent to the solution of the regularized equation
(3.10), or equivalent to the solution of the variational equation

〈Ahx,Ahg〉+ α〈Bx,Bg〉+ β〈x, g〉 = 〈yδ, Ahg〉 ∀g ∈ X. (4.1)

Substituting xδ,h(α, β) into Jα,β(x) implies the following cost function

F (α, β) = ||Ahxδ,h(α, β)− yδ||2 + α||Bxδ,h(α, β)||2 + β||xδ,h(α, β)||2.

Lemma 4.1. [6] For α, β ∈
∑

, the partial derivatives of F (α, β) with respect to
α and β are given by

F ′α(α, β) = ||Bxδ,h(α, β)||2, F ′β(α, β) = ||xδ,h(α, β)||2.

Proof. It is well known from the calculus that if some u(α) ∈ X is a differentiable
function with respect to α and u′(α) ∈ X then

d

dα
||u(α)||2 = lim

t→0

〈u(α+ t)− u(α), u(α)〉+ 〈u(α+ t)− u(α), u(α+ t)〉
t

= lim
t→0
〈1
t
(u(α+ t)− u(α)), u(α)〉+ lim

t→0
〈1
t
(u(α+ t)− u(α)), u(α+ t)〉

= 〈u′(α), u(α)〉+ 〈u′(α), u(α)〉
= 2〈u(α), u′(α)〉.

(by symmetry of the scalar product). So, for x := xδ,h(α, β) we have

F ′α(α, β) = 2〈Ahx,−yδ, Ahx′α〉+ 2α〈Bx,Bx′α〉+ ||Bx||2 + 2β〈x, x′α〉.

Using (4.1) with g = x′α we have

〈Ahx,−yδ, Ahx′α〉+ α〈Bx,Bx′α〉+ β〈x, x′α〉 = 0.

Thus, we end up with F ′α(α, β) = ||Bx||2.
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In a similar way we can prove the lemma for F ′β.

Now with the help of Lemma 4.1, for xδ,h(α, β) we have

||Ahx− yδ||2 = F (α, β)− αF ′α(α, β)− βF ′β(α, β).

Therefore, the first equation in (3.11) can be rewritten as

F (α, β)− αF ′α(α, β)− βF ′β(α, β) = (δ + h
√
F ′β(α, β))2. (4.2)

Once we approximate F (α, β) by a simple model function m(α, β), one can solve
the corresponding approximate equation

m(α, β)− αm′α(α, β)− βm′β(α, β) = (δ + h
√
m′β(α, β))2, (4.3)

for α or β.

Remark 4.1. For g = x = xδ,h(α, β) the variational form (4.1) gives

||Ahx||2 + α||Bx||2 + β||x||2 = 〈Ahx, yδ〉.

So, for x = xδ,h(α, β),

F (α, β) = 〈Ahx− yδ, Ahx− yδ〉+ α||Bx||2 + β||x||2

= ||Ahx||2 + ||yδ||2 − 2〈Ahx, yδ〉+ α||Bx||2 + β||x||2

= ||yδ||2 − ||Ahx||2 − α||Bx||2 − β||x||2.

The term ||Ahx||2 is approximated by T ||x||2, where T is a positive constant to be
determined. Using this approximation together with Lemma 4.1 we end up with

F (α, β) + αF ′α(α, β) + (β + T )F ′β(α, β) ≈ ||yδ||2.

A model function m(α, β) approximating F (α, β) can be found from differential
equation

m(α, β) + αm′α(α, β) + (β + T )m′β(α, β) = ||yδ||2.
It can be checked that a simple parametric family of the solutions of this equation
is given by

m(α, β) = ||yδ||2 +
C

α
+

D

T + β
, (4.4)

where C,D and T are constants to be determined. In the next section we will
present an algorithm for the computation of the two regularization parameters α
and β according to the dual RTLS rule
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4.2 An algorithm for the approximate solution

So far we approximated the function F (α, β) by a model function m(α, β) to be
able to solve (4.3). Now we present an algorithm for the approximate solution of
the equations(3.11) by a special two-parameter model function approach.

Given α0, β0, y
δ, Ah, δ and h. Set k := 0.

1. Solve (3.10) with αk, βk to get xδ,h(αk, βk). Compute F1 = F (αk, βk), F2 =
F ′α = ||Bxδ,h(αk, βk)||2 and F3 = F ′β = ||xδ,h(αk, βk)||2. In (4.4) set C = Ck,
D = Dk, T = Tk such that

m(αk, βk) = ||yδ||2 + C
αk

+ D
T+βk

= F1,

m′α(αk, βk) = − C
α2
k

= F2,

m′β(αk, βk) = D
(T+βk)2

= F3.

Then, 
Ck = −F2α

2
k,

Dk = − (||yδ||2−F1−F2αk)
2

F3
,

Tk = ||yδ||2−F1−F2αk
F3

− βk.

Update β = βk+1 using the second equation in (3.11) as

βk+1 = −h(δ + h||xδ,h(αk, βk)||)
||xδ,h(αk, βk)||

,

and update α = αk+1 as the solution of the linear algebraic equation

m(α, βk+1)− αm′α(α, βk+1)− βk+1m
′
β(α, βk+1) = (δ + h

√
m′β(α, βk+1).

This equation is an approximate version of (3.11), (4.2), where F (α, β) is
approximated by a model function m(α, β).

2. STOP if the stopping criteria max ( |αk+1−αk|
|αk| ,

|βk+1−βk|
|βk| ) ≤ ε is satisfied;

otherwise set k := k + 1, GO TO 1.

Though the convergence results for this algorithm are not known, it works well in
experiments. Actually, It is not known under which conditions the algorithm is
well defined. The only available result is: If the iteration converges, then the limit
(α∗, β∗) = limk→∞(αk, βk) is a solution of the nonlinear system (3.11).



CHAPTER 4. SELECTION OF THE REGULARIZATION PARAMETERS 33

4.3 Dual Regularized Total Least Squares for Learning
problem

In this section we discuss the dual RTLS for learning problem. In general we
consider the linear operator equation

Ax = y, (4.5)

together with the inequalities

||y − yδ|| ≤ δ,

and
||A−Ah|| ≤ h.

Now we set A = T and Ah = Tx.
That is,

||A−Ah|| = ||T − Tx||. (4.6)

Then, in accordance to the discrete version Txf = S∗xy we set y = IHKf0 and
yδ = S∗xy.

||y − yδ|| = ||I∗Hkf0 − S∗xy||. (4.7)

So, the dual RTLS problem (3.10) can be rewritten in the following form

(T ∗xTx + αB∗B + β)f = T ∗xS
∗
xy. (4.8)

Now it is a time to define B∗B. From our numerical experience we set

B∗B =
n∑
i=1

Kxi〈Kxi , .〉HK . (4.9)

Remark 4.2. The operator Tx is self adjoint. That is, Tx = T ∗x .

An important question which arises here is how do we choose h and δ? To answer
this question we give the following lemma where the two quantity show up.

Lemma 4.2. [1] Assume that the condition∫
Y

(e
|y−fH|
M − |y − fH|

M
− 1) dP (y|x) ≤ Σ2

2M2

holds true, where fH is the best approximation of f0 from H with respect to
L2(X,P (x)dx)-norm, and Σ, M ∈ R. Moreover, assume that

sup
x∈X

√
K(x, x) ≤ k <∞
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also holds true. For 0 < η ≤ 1 and n ∈ N let

Gη = {z ∈ Zn : ||TxfH − S∗xy||H ≤ δ, ||T − Tx|| ≤ h}

with
δ := δ(n, η) = 2{kM

n
+
kΣ√
n
}log 4

η
,

h := h(n, η) =
1√
n

2
√

2k2log
4
η
.

Then
P [Gη] ≥ 1− η.

To complete the answer of the above question, we give the following observation

Proposition 4.1. From Lemma 4.2 and (4.6), (4.7) with probability 1 − η, 0 <
η < 1, we have

||y − yδ|| ≤ c1√
n
, ||T − Tx|| ≤

c√
n
,

where c1 and c are two positive constants depending on η, and n is the size of the
training set.

Proof. We will show the first inequality; the second one can be obtained from
Lemma 4.2 directly.
Since we have

TfH = I∗Hkf0,

then,

||y − yδ|| = ||TfH − S∗xy||
= ||TfH − TxfH + TxfH − S∗xy||
≤ ||TfH − TxfH||+ ||TxfH − S∗xy||
≤ ||T − Tx||||fH||+ δ

≤ h||fH||+ δ

=
1√
n

2
√

2k2log
4
η
||fH||+ 2{kM

n
+
kΣ√
n
}log 4

η

=
1√
n

[2
√

2k2log
4
η
||fH||+ (2kMn

−1
2 + 2knΣ)log

4
η

]

=
c1√
n
,

where c1 := 2
√

2k2log 4
η ||fH||+ (2kMn

−1
2 + 2knΣ)log 4

η .
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In our numerical experiments we took c, c1 ≈ 0.1, 0.01 .

Proposition 4.2. The neural network form

f(x) =
n∑
i=1

ciK(x,xi), (4.10)

is the minimizer of the problem (3.9) with B,Ah, yδ given by (4.6), (4.7), (4.9) if
and only if the coefficients ci, i = 1, . . . , n, satisfy the linear system

(n2(αK + βI) + K2)C = Ky. (4.11)

where n is the size of the training set, α and β are the regularization parameters, I
is the identity matrix, C= {ci}ni=1, y= {yi}ni=1 and K is the kernel matrix, namely

K(x1, x1) K(x1, x2) . . . K(x1, xn)
K(x2, x1) K(x2, x2) . . . K(x2, xn)

...
...

...
K(xn, x1) K(xn, x2) . . . K(xn, xn)

 .

Proof. Substituting from (2.10), (4.9) and (4.10) into (4.8) we get
1
n2

n∑
i=1

Kxi〈Kxi , .〉HK
n∑
j=1

Kxj 〈Kxj ,
n∑
l=1

clKxl〉HK + α
n∑
j=1

Kxj 〈Kxj ,
n∑
l=1

clKxl〉HK +

β
n∑
j=1

cjKxj = 1
n2

n∑
i=1

Kxi〈Kxi ,
n∑
j=1

yjKxj 〉HK .

Multiplying both sides by n2 and equating the coefficients of K we get

n∑
j=1

n∑
i,l=1

cl〈Kxi ,KxjK(xj , xl)〉HK + n2α
n∑
l=1

clK(xj , xl) + n2β
n∑
j=1

cj =
n∑
i=1

n∑
j=1

yjK(xi, xj)

⇐⇒ K(x1, x1) . . . K(x1, xn)
...

...
K(xn, x1) . . . K(xn, xn)


 K(x1, x1) . . . K(x1, xn)

...
...

K(xn, x1) . . . K(xn, xn)


 c1

...
cn

 +

n2α

 K(x1, x1) . . . K(x1, xn)
...

...
K(xn, x1) . . . K(xn, xn)


 c1

...
cn

 + n2β

 c1
...
cn

 =

 K(x1, x1) . . . K(x1, xn)
...

...
K(xn, x1) . . . K(xn, xn)


 y1

...
yn

.
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Thus,
K2C + n2αKC + n2βC = Ky.

or as written in (4.11)

(n2(αK + βI) + K2)C = Ky.

The conclusion that can be drawn from the present section is that using a regular-
ization network of the form (4.10), for a certain class of kernels K, is equivalent to
minimizing functionals of the form (3.9). It should be mentioned that the choice
of K is equivalent to the choice of a corresponding RKHS. In Figure 4.1 a variety
of kernels widely used is listed.

Despite the importance of determining the coefficients ci , i = 1, . . . , n, for the neu-
ral network form of the minimizer, the choice of the two regularization parameters
α and β is more important and, actually, crucial.
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Figure 4.1: Some possible kernel functions

4.4 Prediction scheme

In Figure 4.2 we present the algorithm discussed above.
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Figure 4.2: An algorithm process to choose α and β to get our predictor.



Chapter 5

Numerical Examples

The purpose of this chapter is to demonstrate several results from the implemen-
tations of the theoretical framework applied to some problems. First of all, we
should distinguish here two different types of prediction. The first type happens
when inputs from the training set can be seen as boundary points of some area
and all further inputs are expected to appear in this area, this is the so-called
“interpolation ” type. However, in many application a new input will appear out-
side of the area, then we will talk about“extrapolation”. Actually, interpolation
is an important feature of Learning Theory; it is the procedure to estimate values
at unknown locations within the area covered by existing observations. On the
other hand, many areas of mathematics, statistics, and computer science deal with
extrapolation of functions from partial information or examples.

In the current chapter we will discuss both the interpolation and extrapolation
types within two test examples which have been introduced in [3]. In both exam-
ples we try to learn a target function f : [0, 2π] → R from a set of its samples.
As mentioned, the target functions are always unknown, but a discrete training
data can be measured in a certain frequency in a time periode τ . When given a
training data, our algorithm is expected to give a reasonable estimator/ predictor.

• Example 1. The best predictor, or the target function is f(t) = 1
10(t +

2(e−8( 4π
3
−t)2−e−8(π

2
−t)2−e−8( 3π

2
−t)2)), t ∈ [0, 2π]. This function belongs to RKHS

generated by the kernel K(x, t) = xt+ e−8(t−x)2 which will be used in the frame-
work of learning algorithm based on dual RTLS . First of all, we generate the
training set by sampling the target function. The following training set τmn con-
sists of m + 1 points and is obtained by taking sample frequency as 2π/n, and
adding to each discrete value the random noise in a range of [−0.02, 0.02].

39
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i 0 1 2 3 4 5 6
ti 0 0.3142 0.6283 0.9425 1.2566 1.5708 1.8850

f(ti) 0.0126 0.0476 0.0477 0.1023 0.0401 -0.0590 0.0888

i 7 8 9 10 11 12 13
ti 2.1991 2.5133 2.8274 3.1416 3.4558 3.7699 4.0841

f(ti) 0.2133 0.2695 0.3013 0.3005 0.3671 0.4443 0.5825

i 14 15 16 17 18 19 20
ti 4.3982 4.7124 5.0265 5.3407 5.6549 5.9690 6.2832

f(ti) 0.5018 0.2792 0.4094 0.5422 0.5770 0.6153 0.6345

Table 5.1: Training set τ20
20 for f from Example 1.

5.1 Interplation type prediction for Example 1

In this section we discuss the interpolation type prediction for the target function
introduced in Example 1 using both Tikhonov technique and our new approach
based on the dual RTLS.

One can successfully predict the value of the tested function f(t) at any point of
the interval [0, 2π] containing all inputs from the training set τ20

20 using Tikhonov
regularization technique. This can be seen clearly in Figure 5.1 [taken from [7]].

Meanwhile, using the dual RTLS approch, one can also successfully predict the
value of the same tested function at any point of the same interval containing all
inputs from the training set based, again, on τ20

20 , as it is shown in Figure 5.2.

So, we conclude that both regularization techniques, Tikhonov and the dual RTLS,
are very good in the context of interpolation type of the prediction.

5.2 Extrapolation type prediction for Example 1

As we mentioned, Tikhonov regularization technique does not give satisfactory
results when predicting the value of the tested function in some situation. What
we exactly meant by “some situations” is the extrapolation type of the prediction.
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Figure 5.1: Prediction for inputs within the scope of training set of 21 points: ideal
predictor (green line) and its approximation given by Tikhonov learning algorithm
based on the kernel K(x, t) = xt+ e−8(t−x)2 (red line).

That is, we show that using a one parameter regularization method, namely
Tikhonov, does not give a good prediction using a part of the data. This was
shown in a recent research [7]. Figure 5.3 [taken from [7]] shows that the quality
of the prediction at the points of the interval [0, 2π] being beyond the scope of the
training set τ15

20 = {ti = πi/10, i = 0, 1, . . . , 15} is rather poor.

On the other hand, when a prediction beyond the scope of the training set based
on τ15

20 using the dual RTLS technique, we can successfully predict the value of
the tested function as it is seen in Figure 5.4.
In Figure 5.5 we present the prediction using the dual RTLS made for the training
set based on τ45

50 which looks promising.

• Example 2. The best predictor, or the target function is f(t) = sin(t) +
1
2sint(3t), t ∈ [0, 2π], This function belongs to RKHS generated by the kernel
K(x, t) = 2

3sin(x)sin(t) + 1
3sin(3x)sin(3t), t ∈ [0, 2π]. As we mentioned before,

we generate the training set by sampling the target function by taking sample
frequency 2π/20 and adding to each discrete value the random noise in range of
[−0.2, 0.2], which is different from the range used in Example 1. we obtained the
training set shown in Table 5.2.
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Figure 5.2: (Example 1) Prediction within the scope of training set of 21 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.

5.3 Interpolation type prediction for Example 2

Exactly as in Example 1, one can successfully predict the value of the tested func-
tion f(t) using the dual RTLS technique at any point in the interval [0, 2π] which
contains all input within the scope of τ20

20 . The quality of the prediction is shown
in Figure 5.6.

One can also predict successfully the value of the tested function f(t) using
Tikhonov regularization at any point in the interval [0, 2π] which contains all
input within the scope of τ20

20 [see Experiment 2 in [3]].

5.4 Extrapolation type prediction for Example 2

It can be seen clearly in Figure 5.7 that the quality of the prediction of the tested
function is very good using the same training data τ20

15 and the dual RTLS for the
construction of the prediction. The prediction here is made beyond the scope of
the training set.
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Figure 5.3: Prediction for inputs beyond the scope of training set of 16 points:
ideal predictor (green line) and its approximation given by Tikhonov learning
algorithm based on the kernel K(x, t) = xt+ e−8(t−x)2 (red line).

In Figure 5.8 one can see the prediction given by the dual RTLS beyond the scope
of the set τ45

50 .
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Figure 5.4: (Example 1) Prediction beyond the scope of training set of 16 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.

Figure 5.5: (Example 1) Prediction beyond the scope of training set of 46 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.
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i 0 1 2 3 4 5 6
ti 0 0.3142 0.6283 0.9425 1.2566 1.5708 1.8850

f(ti) -0.1857 0.8532 1.2369 1.0350 0.7603 0.5973 0.6141

i 7 8 9 10 11 12 13
ti 2.1991 2.5133 2.8274 3.1416 3.4558 3.7699 4.0841

f(ti) 1.0257 0.9318 0.7959 -0.1873 -0.8028 -1.2448 -1.1247

i 14 15 16 17 18 19 20
ti 4.3982 4.7124 5.0265 5.3407 5.6549 5.9690 6.2832

f(ti) -0.5278 -0.4221 -0.7303 -0.7834 -1.2495 -0.7380 -0.0474

Table 5.2: Training set τ20
20 for f from Example 2.

Figure 5.6: (Example 2) Prediction within the scope of training set of 21 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.
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Figure 5.7: (Example 2) Prediction beyond the scope of training set of 16 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.

Figure 5.8: (Example 2) Prediction beyond the scope of training set of 46 points:
Blue dots present the ideal predictor, magenta line presents its approximation
given by dual RTLS learning algorithm and the black line presents the noisy data.
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Conclusions

There is a strong connection between Learning Theory and inverse problems. The
problem of learning can be reduced to an ill-posed linear operator equation in
the reproducing kernel Hilbert space (RKHS). For solving this ill-posed opera-
tor equation, we considered the calssical Tikhonov regularization and the newly
introduced dual regularized toltal least squares (dual RTLS). It was known that
Tikhonov regularization applied to the equations coming from prediction prob-
lems is not satisfactory. We showed that the application of the dual RTLS to such
equations leads to much better results.

In the dual RTLS it is crucial to choose the two regularization parameters which
show up in the method. For this reason we have constructed a selection algorithm
which is able to determine the optimal parameters.

The performance of the constructed algorithm was tested on test examples taken
from the literature. From the presented numerical results it can be seen that

1. The interpolation type prediction of the tested function can be done in a
very good way using both Tikhonov regularization and the dual RTLS.

2. The extrapolation type prediction of the tested function is rather poor if
Tikhonov regularization is employed. However, using the dual RTLS to
perform this type of prediction is very good and looks promising.
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