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Resumen

En esta tesis de doctorado, hemos intentado diseniar algoritmos capaces de manejar datos discon-
tinuos. Hemos centrado nuestra atencién en tres aplicaciones principales:

e Integracién numérica més términos de correccién. En esta parte de la tesis, construimos y
analizamos una nueva técnica no lineal que permite obtener integraciones numéricas precisas
de cualquier orden utilizando datos que contienen discontinuidades, y cuando el integrando
solo se conoce en puntos de la malla. La novedad de la técnica consiste en la inclusién
de términos de correccién con una expresion cerrada que depende del tamano de los saltos
de la funcién y sus derivadas en las discontinuidades, cuya posicién se supone conocida. La
adicién de estos términos permite recuperar la precision de las férmulas clasicas de integracién
numérica cerca de las discontinuidades, ya que estos términos de correccion tienen en cuenta
el error que cometen las férmulas clasicas de integracion hasta su precisién en las zonas de
suavidad de los datos. Por lo tanto, los términos de correccién se pueden agregar durante la
integracién o como un post-proceso, lo cual es 1til si el cdlculo principal de la integral ya se
ha realizado utilizando férmulas clasicas. Durante nuestra investigacién, logramos concluir
varios experimentos numéricos que confirmaron las conclusiones tedricas alcanzadas. Los
resultados de esta parte de la tesis se incluyeron en el articulo [1], publicado en la revista
Mathematics and Computers in Stmulation, una revista internacional que pertenece al primer
cuartil del Journal of Citation Reports.

e Interpolaciéon de Hermite més términos de correccién. Esta técnica (sin términos de cor-
reccién) se utiliza cldsicamente para reconstruir datos suaves cuando la funcién y sus derivadas
de primer orden estan disponibles en ciertos nodos. Si las derivadas de primer orden no estan
disponibles, es ficil establecer un sistema de ecuaciones imponiendo algunas condiciones de
regularidad sobre los nodos. Este proceso conduce a la construccién de un spline de Hermite.
El problema del spline de Hermite descrito es que se pierde la precisién si los datos contienen
singularidades (nos centraremos fundamentalmente en discontinuidades en la funcién o en
la primera derivada, aunque también analizaremos qué ocurre cuando hay discontinuidades
en la segunda derivada). La consecuencia es la aparicién de oscilaciones, si hay una discon-
tinuidad abrupta en la funcién, que afecta globalmente la precisiéon del spline, o el suavizado
de las singularidades, si las discontinuidades estan en las derivadas de la funcion.



Nuestro objetivo en esta parte de la tesis es la construccién y andlisis de una nueva técnica
que permite el calculo preciso de derivadas de primer orden de una funcién cerca de las
singularidades utilizando un spline cubico de Hermite. La idea es corregir el sistema de
ecuaciones del spline para alcanzar la precision deseada incluso cerca de las singularidades.
Una vez que hemos calculado las derivadas de primer orden con suficiente precision, se
agrega un término de correccién al spline de Hermite en los intervalos que contienen una
singularidad. El objetivo es reconstruir funciones suaves a trozos con precisién O(h?*) incluso
cerca de las singularidades. El proceso de adaptacion requerird algin conocimiento sobre la
posicién del salto, asi como del tamafio de los saltos en la funcién y algunas derivadas en
dicha posicion. Esta técnica puede usarse como post-proceso, donde agregamos un término
de correcciéon al spline ciibico de Hermite cldsico. Durante nuestra investigacién, obtuvimos
pruebas para la precisién y regularidad del spline corregido y sus derivadas. También anal-
izamos el mecanismo que elimina el fenémeno Gibbs cerca del salto en la funcién. Ademas,
también realizamos varios experimentos numeéricos que confirmaron los resultados tedricos
obtenidos. Los resultados de esta parte de la tesis se incluyeron en el articulo [2], publicado
en la revista Journal of Scientific Computing, una revista internacional que pertenece al
primer cuartil del Journal of Clitation Reports.

Super resolucién. Aunque se presenta en tultima posicién, este tema marcé el comienzo de
esta tesis, donde centramos nuestra atencion en algoritmos de multiresolucién. La super
resolucién busca mejorar la calidad de imagenes y videos con baja resolucién agregando
detalles mas finos, lo que resulta en una salida més nitida y clara. Esta parte de la tesis es
muy breve y solo trata de reflejar el trabajo que se realizé para obtener el D.E.A., ya que
poco después centramos nuestra atencion en otras lineas de investigacién que aparentaban
ser algo mas prometedoras para la elaboracién de esta tesis.
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Abstract

In this PhD thesis we have tried to design algorithms capable of dealing with discontinuous data.
We have centred our attention in three main applications:

e Numerical integration plus correction terms. In this part of the thesis we constructed and
analyzed a new nonlinear technique that allows obtaining accurate numerical integrations of
any order using data that contains discontinuities, and when the integrand is only known at
grid points. The novelty of the technique consists in the inclusion of correction terms with
a closed expression that depends on the size of the jumps of the function and its derivatives
at the discontinuities, that are supposed to be known. The addition of these terms allows
recovering the accuracy of classical numerical integration formulas close to the discontinui-
ties, as these correction terms account for the error that the classical integration formulas
commit up to their accuracy at smooth zones. Thus, the correction terms can be added
during the integration or as post-processing, which is useful if the main calculation of the
integral has been already done using classical formulas. During our research, we managed to
conclude several numerical experiments that confirmed the theoretical conclusions reached.
The results of this part of the thesis were included in the article [1] published in the journal
Mathematics and Computers in Simulation, an international journal that belongs to the first
quartile of the Journal of Citation Reports.

e Hermite interpolation plus correction terms. This technique (without correction terms) is
classically used to reconstruct smooth data when the function and its first order derivatives
are available at certain nodes. If first order derivatives are not available, it is easy to set
a system of equations imposing some regularity conditions at the data nodes in order to
obtain them. This process leads to the construction of a Hermite spline. The problem of the
described Hermite splines is that the accuracy is lost if the data contains singularities (we
will center our attention on discontinuities in the function or in the first derivative, although
we will also analyze what happens when there are discontinuities in the second derivative).
The consequence is the appearance of oscillations, if there is a jump discontinuity in the
function, that globally affects the accuracy of the spline, or the smearing of singularities, if
the discontinuities are in the derivatives of the function.

Our objective in this part of the thesis is devoted to the construction and analysis of a new
technique that allows for the computation of accurate first order derivatives of a function
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close to singularities using a cubic Hermite spline. The idea is to correct the system of
equations of the spline in order to attain the desired accuracy even close to the singularities.
Once we have computed the first order derivatives with enough accuracy, a correction term
is added to the Hermite spline in the intervals that contain a singularity. The aim is to
reconstruct piecewise smooth functions with O(h?) accuracy even close to the singularities.
The process of adaption will require some knowledge about the position of the singularity and
the jumps of the function and some of its derivatives at the singularity. The whole process
can be used as a post-processing, where a correction term is added to the classical cubic
Hermite spline. During our research, we obtained proofs for the accuracy and regularity of
the corrected spline and its derivatives. We also analysed the mechanism that eliminates
the Gibbs phenomenon close to jump discontinuities in the function. In addition, we also
performed several numerical experiments that confirmed the theoretical results obtained.
The results of this part of the thesis were included in the article [2] published in the Journal
of Scientific Computing, an international journal that belongs to the first quartile of the
Journal of Citation Reports.

Super resolution. While it is presented in the last position, this marked the beginning of
this thesis, where we focused our attention on multiresolution algorithms. Super resolution
seeks to enhance the quality of low-resolution images and videos by adding finer details,
resulting in a sharper and clearer output. These algorithms operate by analyzing different
levels of image data and combining them to create a higher-resolution version. Applications
for these algorithms can be found across industries, including surveillance, medical imaging,
and media, to improve visual fidelity. Although the study of super resolution was the starting
point of the thesis, we soon shifted our focus to the study of other algorithms in the context
of numerical approximation. These alternative approaches proved to be more promising in
terms of results that could be published. Nevertheless, this first part of the research served
to obtain the D.E.A.
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Chapter 1

Introduction

In the context of numerical analysis, the approximation of data exhibiting discontinuities is a
challenge, and has lead to an extensive exploration and innovation in the field. This thesis is about
the design of some numerical methods that try to handle with such discontinuities. Through the
path of our investigation, we have explored two fundamental approaches: classical approximations
plus correction terms and multiresolution algorithms. Exploring these techniques, we had the
purpose of designing new tools that would allow us to achieve a more accurate approximation of
data with abrupt transitions or sharp discontinuities, which are prevalent in various real-world
scenarios.

In what follows, we present a brief summary of each part of the research, including the structure
of this document.

1.1 Numerical Integration

Classical integration formulas, such as the trapezoidal rule, the Simpson’s rule, or the Newton-
Cotes formulas, are based on the integration of interpolatory polynomials over an interval. The
classical problem that arises from using such interpolatory polynomials is the loss of accuracy
whenever the original data does not present enough regularity. In this chapter, we introduce a
new method inspired by the Immersed interface method (IIM) [3], created as a high-resolution
technique for the discretization of elliptic partial differential equations with interfaces. Several
references can be found in the literature about the numerical integration of functions with pole
discontinuities [4, 5, 6, 7]. The problem of obtaining quadrature rules adapted to the presence
of finite discontinuities in this context can also be found in the literature [8, 9], but we have not
found many references about the subject. In this chapter, we pretend to obtain adapted integration
formulas that manage to take into account the presence of finite discontinuities in the function
or the derivatives through the addition of correction terms with closed explicit expressions. To
find these correction terms, we need to know the position of the singularities plus the jumps in
the function and its derivatives at the discontinuities. We are interested in the cases when the
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function that is to be integrated is given as discretised data points that do not coincide with the
position of the discontinuity, and we want to use these data in order to recover an approximation
of the definite integral of the function in an interval. In this case, the new technique can be used
as a post-processing that makes explicit use of the position of the discontinuity and the jumps in
the function and its derivatives at the discontinuity. Only with this information, we can compute
the correction terms that allow increasing the accuracy close to the discontinuity. Our aim is to
show that, through this new technique, it is possible to reach the maximum theoretical accuracy in
terms of the length of the stencil. We will present some numerical experiments and one application
of the formulas proposed.

This part of the thesis is included in Chapter 2, where the work is organized as follows: Section
2.2 describes how to obtain correction terms for the trapezoid rule and Simpson’s rule. Section
2.3 presents a generalization for Newton-Cotes formulas. Section 2.3.1 presents expressions of the
correction terms for commonly used Newton-Cotes Formulas. Section 2.4 presents some numerical
experiments that endorse the theoretical results. Finally, Section 2.5 presents the conclusions.

1.2 Hermite splines

In the classic literature, we can find that a spline can be constructed defining polynomial pieces
that join together under certain regularity or differentiability requirements at these joints. Such
regularity properties are the reason why splines are used very often in computer aided geometric
design (CAGD) for industrial and professional design applications. Some examples are the repre-
sentation of geometrical objects in one or several dimensions [10, 11, 12, 13, 14], the solution of
PDEs or ODEs [15, 16, 17], image processing [18, 19, 20] and many others.

Sometimes the data used to construct the spline presents singularities. In the cases where the
discontinuity is in the function, some kinds of splines are known to introduce oscillations close to
the discontinuities [21, 22]. These oscillations classically appear when truncating the Fourier series
of a discontinuous function and have been widely studied [23, 24, 25, 26]. Global expansions, such
as Fourier series, are affected by the presence of local discontinuities. The usual result is non-
uniform convergence and oscillations of the partial sums. D. Gottlieb and C.-W. Shu showed that
it is possible to recover high order information from these slowly and non-uniformly convergent
global approximations [27, 28, 29, 30, 31]. Some other interesting and related works are [25, 32, 33].
By splitting a function with singularities in two parts, a smooth one and another one containing
the information of the singularity, K. S. Eckhoff [34, 35] presented a way of modifying the Fourier’s
method to obtain numerical techniques that allow us to compute derivatives and integrals with a
high order of accuracy.

In this work, our approach is different from all previous techniques, although the philosophy
might be similar: to reconstruct piecewise smooth functions from discretized data, taking into
account the presence of singularities. In our case, we approach the problem using cubic Hermite
splines plus correction terms in order to attain adaption close to the singularities.

Recently, some papers have been published about the modification of cubic splines that aim
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to solve the problems caused by the oscillations that appear close to the discontinuities [36, 37].
In those previous papers the authors try to exploit the properties of a nonlinear mean in the
construction of the spline, through which we automatically adapt the interpolation to the presence
of discontinuities in the function, thus eliminating the Gibbs oscillations. One drawback is that this
technique cannot provide full accuracy close to the singularity, and it smears the discontinuities.

This part of the thesis is included in Chapter 3, and is organized as follows. First of all,
in Section 3.2 we introduce the classical way of constructing cubic Hermite splines. Section 3.3
explains how to obtain adapted first order derivatives using a Hermite spline. There, we present
the first main result of this chapter: a theorem about the accuracy of the adapted first order
derivatives. Section 3.4 presents a study about the elimination of the Gibbs phenomenon in the
classical spline when using the corrected first order derivatives. Section 3.5 introduces an adapted
Hermite spline and analyses theoretically the accuracy of the interpolation near singularities,
which is the second main result of this work. Section 3.6 exposes how the correction terms can be
used as a post-processing of the classical cubic Hermite spline. Section 3.7 presents some numerical
experiments which show how the new algorithm performs using univariate functions. In particular,
experiments about the accuracy and regularity of the function and the two first order derivatives
are presented, jointly with some tests that show the elimination of the Gibbs phenomenon close
to jump discontinuities in the function. Finally, Section 3.8 presents the conclusions.

1.3 Super resolution

Super resolution, in the context of Harten’s multiresolution algorithms, represents a powerful
concept for enhancing the detail and quality of images or data. Harten’s framework provides a very
suitable context for processing data at multiple scales, and super resolution uses this framework
to improve the resolution of images or data. The key idea is to enhance the level of detail and
precision in low-resolution data by incorporating information from other low resolution images or
from the interpolation of data at several scales of the multiresolution process. This is achieved
through the reconstruction operator, which plays a fundamental role in Harten’s framework. By
employing data-dependent reconstruction operators, super resolution methods can generate more
accurate and detailed representations of the underlying data, especially near singularities or areas
with abrupt changes. This enables better adaptability and more precise treatment of fine details in
images or data, leading to improved results in applications like image processing, signal analysis,
etc.

One of the main advantages of Harten’s multiresolution approach in the context of super re-
solution is its adaptability. Super resolution techniques can be created to fit the specific needs
of a given problem or dataset by adjusting the reconstruction operators. This adaptability is
particularly valuable when dealing with noisy or low-resolution data, common challenges in various
fields. By incorporating information from different resolution levels and using nonlinear prediction
schemes, super resolution techniques can effectively mitigate the effects of noise and improve the
overall quality of the reconstructed data. The ability to handle data-dependent reconstruction ope-
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rators, such as Essentially Non Oscillatory (ENO) techniques, enables more accurate and flexible
processing. In our case, we will use different data-dependent algorithm to create super resolution
algorithms. This part of the thesis was used to obtain the D.E.A., but was not eventually continued
as we found other lines of research that appeared more promising.

1.4 Conclusions and future work

This part of the thesis is included in Chapter 5. In this section we outline the conclusions based on
the findings obtained throughout the thesis. Additionally, we show some paths to explore in the
future, opening a door for further research and refinement of the ideas and methods introduced in
this work.
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Chapter 2

Numerical integration rules with
improved accuracy close to
discontinuities

2.1 Introduction

In this chapter we explore the limitations of classical integration formulas like the trapezoidal
and Simpson’s rules when dealing with data that lacks regularity. We introduce a novel method
inspired by the Immersed Interface Method (IIM), initially designed for solving partial differential
equations with interfaces [3]. This new approach aims to adapt integration formulas for functions
with finite discontinuities by incorporating correction terms with explicit expressions, knowing the
positions of singularities and jumps in the function and its derivatives. The technique becomes
particularly interesting when the function is represented as discrete data points that do not align
with the location of the discontinuity. We show that the algorithm can also be used as a post-
processing, where the knowledge about the discontinuity’s position and jumps allows to enhance
the accuracy near the points of discontinuity. Along the chapter we show how this technique can
allow achieving the highest possible accuracy in terms of the stencil’s length. Through numerical
experiments, we manage to support the theoretical results obtained.

2.2 Obtainment of adapted numerical integration formulas

We consider the space of finite sequences V' and a uniform partition X of the interval [a,b] in J
subintervals,
X = {xi}%]=0= ro=a, h=z,—xi1, z5=0.

We will consider a piecewise smooth function f discretized through the point values,
fi= @), f={f}l. (2.1)
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that, therefore, conserves the information of f only at the x; nodes. We also assume that dis-
continuities are placed far enough from each other, that their position is known exactly, and that
x; # x*, where * denotes the location of the discontinuity. Figures 2.1, 2.2, and 2.3 present the
kind of discontinuities that we will be dealing with in this work. We will refer to these figures
along the chapter. From these considerations, we can directly proceed to obtain the correction
terms and error formulas for these cases. Let us start with the trapezoidal rule.

2.2.1 Error formula for the corrected trapezoid rule

Tj T =Tj o T

Figure 2.1: An example of a function with discontinuities (solid line) placed at a position z*. We
have labeled the domain to the left of the discontinuity as — and the one to the right as +. We have
also represented with a dashed line the prolongation of the functions through Taylor expansions
at both sides of the discontinuity.

We can consider the situation presented in Figure 2.1. Let us denote by E(f) the error
committed by the classical trapezoidal rule and by E*(f) the error by the corrected rule. The
classical trapezoid rule for a uniform grid of mesh-size h and its error [38] at smooth zones reads,

1) =255+ T,

h3
E(f) = —Ef”(n), n € [xj,x541]

(2.2)

The position 7 appears here due to the use of the integral mean value theorem (see Theorem 1.3,
page 4 of [38]). We can see that the expression of the error of the integral is qualitative in the sense
that we know that it is O(h?) if the integrand is smooth, but we do not know the exact value of 7.
This is a classical result (it can be found, for example, before expression (5.1.4) in page 253 of [8]).
The approximation error is of order O(h?) if there is a jump in the first derivative in the interval
[z, 2;41] or O (h) if there is a jump discontinuity in the function. One way of rising the order of
accuracy in the previous cases is to use the location of the discontinuity z*. Let us suppose that
z* is known exactly. In order to obtain the area below the curve in the interval [z;, z*] (the area
in the interval [x*,2;41] can be obtained in a similar way), we can just use the Taylor expansion
of the value fj'trl around z* and then change the values from the + side in terms of the — side
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using the jump relations. Let us use the notation,

)= fH@) = @),

[f] = £ (@) = fo (&),
('] = fh(a*) = fral(a®), (2.3)
[F"] = fiha(@®) = Frma(@®),

for the jumps in the function and its derivatives at x*. Then, using Taylor expansions at both
sides of the discontinuity, the expressions for f;~, fj+, fit1 and f;fH can be written as,

2.4
F (1) = Frn = £ (") F (@) (b — ) + O), 24
i) = [ = 7 @) + [ @) (h —a) + O(h?),
and subtracting we obtain,
+ = _ /! 2
fj —fj + [f] = [f'la+ O(h%), (2.5)

fh =+ 1+ (= @) + O(h?).

Now, let us try to analyze the error formula for the corrected trapezoid rule. We will use the
following lemma, which proof is a classical result and can be found, for example, on page 143 of
[38],

Lemma 1 Lett be a real number, different from the nodes xg,x1, -+ ,x,. Beingn the degree, the
polynomial interpolation error to f(x) at t is f(t) — pn(t) = (t — x0) -+ (t — xn) flxo, +* , Tn, t],
where flxg, - ,Tpn,t] denotes the (n + 1)-th order divided difference.

If we denote by Ej, 4 (f) the error of integration in the interval [a, b], now we can state the following
theorem:

Theorem 1 Let f(x) € C*([xo, z*] U [2*, x,]) except at a point x* € (z;,zj11). We denote the
function to the left of z* by f~(x) and to the right of z* as fT(x). If we know the following
jumps in the function and its derivatives at * and they are finite, [f] = fT(z*) — f~(a*),[f'] =
[ (x*) — f'~(z*), then the subtraction of the correction term,

(—h +2a)
2

(ha — a2)

C = 5

1], (2.6)

[F1+

to the trapezoid numerical integration formula in the interval [xj, xj41] that contains the disconti-
nuity assures that the error is equal to,
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with
and

and 1~ € [z;,z*],n" € [z*,x41].

At the — part of the interval we will denote

Tjta
E(f)ja, 0 = / (f~(2) - pla)) da,

J

where p(x) is the polynomial of degree 1 taking the values fj_ and fjt_l at the interval endpoints
xj and xj41, respectively. We write this error using the Lagrange’s form of the polynomial and
take into account that there is a discontinuity at z* = x; + «, so we can use the expressions in
(3.17),

$:$_xj+1 - Tr—x; +

p( ) T — Tj41 j +:Uj+1*$j Jj+1
T T, r—x; ._ T — T , B 9
It I I (1 [P 0= ) +00) (25
- r— & ' _ w N2 3
=p (w)—l—mjﬂ_ij <[f]+[f](h a) + 5 (h—a)*+0(h ))

Then, using (2.8) and denoting by p~ (x) to the piecewise polynomial to the left of the discontinuity,
the error can be expressed as,

Tt
B = [ @ -y @) de = et )
Tt
— [ @ - pla)) d
nre ax—w / [£"] 2 4
+/x] o~ Jgjy(f]+[f](h—a)+ (h—a)>d:n+0(h) (2.9)
wre 1 2 2 ' a? 27 g1
= [ U@ e e g (o) e elg) 1)
+O(hh)
042
= E(f)ja; 0] T C~ + E(h —a)?[f"] + O(hY),
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with = € [z, 2*], where we have used the error for the classical trapezoid rule. So we have that
in the interval [z}, z*] the error is,

2

E*(f) = E(f)g;e +C + %(h —a)?[f"] +O(n*) = —%&f;,:(n*), (2.10)
wih & gl 2 a(h—a)
[0 (6] —

™ =5 1+ T[f/]-

Replicating the process for the interval [z*, z;,1], but this time expressing the quantities from the
— side in terms of the + side (or just by symmetry), we obtain that,

a2
E*+(f) - E(f)[f*@jﬂ] +0" — E(h - a)Q[f//] + O(h4) = _%(h - 0‘)3f:;:v(77+)’ (2.11)
with T]+ & [[L'*,Zl,‘j_;'_l]’
—a)® — o)«

Adding the errors obtained in both intervals, as expressed in (2.10) and (2.11), it is easy to
check that the terms of the error that are O(h?) disappear and we get,

E*(f) =B (/) + E(f) = E(Har ;0] T C7 + E(f)jaj ) +CF
= E(f)[a:*,xj+1] + E(f)[arj,m*] +C+ O(h4)a

where,

C=CtyC = (_h;QQ)[f]nL

(hOé — 042) [ /]
2 )
that allows us finishing the proof.
1

2.2.2 Correction terms and error formula for the corrected Simpson’s ; rule

In this section we will proceed to analyze how to adapt Simpon’s rule following the same process
that we used to adapt the trapezoidal rule in the previous Subsection. Simpson’s rule is obtained
by integrating a parabola in the corresponding interval. In this case we need to enlarge the stencil
and we will need to use the three data values (fj—1, fj, fj+1), placed at the positions (zj_1,z;, zj41)
in order to build the parabola. In this occasion we must consider two cases: when the discontinuity
is in the interval [x;_1,z;] or in the interval [x;,x;11], as shown in the plots of Figure 2.2. The
classical Simpson’s % rule for a uniform grid of mesh-size h and its error [38] at smooth zones
reads,

I(f) = g (fj +4fj11 + five),
(2.12)

h5
E(f) = —%f(‘”(n), 1 € [x), 4]

Now we can state the following theorem.
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fia f Jin

Tj—1 Tj Tjy1 Tjp1 "

Figure 2.2: Two examples of functions with discontinuities (solid line) placed in different intervals
at a position z*. We have labeled the domain to the left of the discontinuity as — and the one
to the right as 4. We have also represented with a dashed line the prolongation of the functions

through Taylor expansions at both sides of the discontinuity.

Theorem 2 Let f(z) € C3([wg, 2*] U [z*, x,]) except at a point x* € (z;,z;11). We denote the
function to the left of x* by f~(x) and to the right of x* as f(x). If we know the following
Jumps in the function and its derivatives at * and they are finite, [f] = fT(z*) — f~(a*),[f'] =
(@) — (@), [f"] = f"F(x*) — f" (%), then the subtraction of the correction term,

2

h « «
C = (o= ) 1145 Ba-2m) 1405 @ 01fL (2.13)
to the Simpson’s numerical integration formula, with v = 1, if the discontinuity is placed at an
odd interval, and v = —1, if the discontinuity is placed at an even interval, assures that the error
s equal to,

2 + 4 h2 2
E(f)+C = 5= (307 + 6h” — 8ha) ["] + f“%(”z) <—‘Z +— )

Saaa(03) 0‘74 3, 12 2 5
+ 75 1 ha® + h*a® | + O(h°).

(2.14)

If the discontinuity falls at an odd interval, then ny € [xj41 — a, xjq1],m3 € [xj—1,2j-1 + a]. If
the discontinuity falls at an even interval, the case is symmetric and 12 € [xj—1,2j—1 + &), 3 €
[Tj41 — @, 41
e We start by the case when the discontinuity is placed in the interval [z;_1, z;].
1. As in the trapezoidal rule, we know that for the + part of the integral,
- AR +
*
B = [ ) -t @) de
Tj—1ta

The interpolating polynomial p(z) in the Lagrange form is,

pa) = —FZE@ = T) o @)@ @)
(@1 = 2j)(zjm1 — 2j01) 7 (25— ayo1) (@ — 2j41) (2.15)
-z )@ —x) 4 |

(zj1 —xj1) (w00 — ) 7T
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Proceeding in the same way as we did in (3.17) for the trapezoid rule, we can use the
expression of f _, in terms of the quantities from the + side to write,

CYQ 013
S =5 =+ 1= 115 + )5 + O, (2.16)
Now we can write,
) = (x —zj)(x — 37]+1) + _ N — //0‘72 ,,/02
plo) = B (1) (e - (1 + 1)
I Gl ] G %+1) + (x—zj)(z—z5)
(zj — xj—1)(zj —aje1) ™ (g1 — o) (@ — ;) 7 (2.17)
—pH(z (x_xj)( wj-‘rl) _ Nov — //0‘72 //10‘73
— @)+ e (i (e - [+ )
+O0(hh).

Then, the error for the integral at the + side in the interval [z*,z;41], as shown in
Figure 2.1 to the left, can be expressed as,

= [ v d= [T (@ - ) dr
Tj41 I o 2 3
v [0 S (e 115+ S ) de+009)
zj_1+a (zj—1 — ;) (xj—1 — wjt1) 2 6 (2 18)
= E(f)[l'*ﬂ'wrl] .
B % —(6[f]—6alf]+3a%[f"] - aS[J;;}) (—=4n3 +20 — 9ha? + 12 h%a) o)
= E(f)[m*ijrl] +C* + O(hs)v
and we also have that,
Tj+1
E*(f) =/ (x —zj1)(x — 2j) (@ — zj0) w1, 25, 540, 2] d, (2.19)
Tj—1ta

The polynomial in the integrand of (2.19) changes the sign in the interval (x;_; +
a,z;41). Thus, we can not use the integral mean value theorem. Instead, we can define

the function .

w@ = [ @) - m)e - 2i) da,

j—1ta
that satisfies, w(zj—1 +«) =0, and w(z) > 0 for x € (z;—1 + o, zj41 — ) and w(z) <0
for x € (xj41 — o, xj41). Then, we can divide the integral in two parts,

+ Tj+1
*
E / [mj_l,xj,mj+1,x] dx
Tj— 1+a
Tj+1—
:/ [:Ejfl,$j,$j+1,l'] dr (220)
Tj—1ta
Tj+1
+/ fTlzj—1, 25,2541, 7] da.
Tj+1—0
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Integrating by parts the first integral,

Tj41—C . —
/ w/($)f+[$j,1,1}j,$j+l,1}} dx = [w(fr)f+[xj,1,$j,xj+]_,$]]zjt1+z
Tj—1to

Tj41—Q d n
—/ w(@)— f"[zj-1, 25, 41, 2] da.

j—1to

Using now that w(z;4+1 — ) = 0, due to the symmetry of the polynomial that appears
in the integrand of w(x) in a uniform grid, that (see 3.2.17 page 147 of Atkinson [38])

d
%er[ﬂ?j—l, zj,xjs1,w) = fHzj_1, 25, 41, 2, 2], (2.21)

and the integral mean value theorem, we get,

Tj+1—a
—/ w(@) fF[zj-1, 25,2541, 2, 2] do =
X

j—1ta
+ Tj+1—¢
- f [$j—17xj7$j+17£17£1]/ ’(U(JZ‘) dr =
e (2.22)
i1, @y, 41, &, &1 <—5(2a5) +2ath — 5(10a3h2) 12023 15(4h5)>

_ f:)j;mz(nl) 5
=T o),

for some &1,m1 € [xj—1 + o, zj41 — a]. For the second integral in (2.20), w'(x) does not
change the sign in [zj41 — o, z;41] so we can apply the integral mean value theorem,

o ! + + A /
/ w' (@) fT[wj—1, @), vy, 7] do = f [xj—l,ijjﬂ,fz]/ w'(z) dx
Tj+1—C Tj41—Q
_ Jda() (ot h%a?
6 4 2 ’

for some &2,m2 € [zj41 — @, zj41]. Thus,

Tj41 =+ + 4 h2 2
/ w,(l‘)f—‘r[l‘j*l’xj?l‘j“rl’x] dr — fxxa;z;l(nl)o(h5) + fme("?Z) <_O; + 2& ) .
Tj—1ta

So, from (2.18) we get that the corrected error for the integral in the + side of the left
plot of Figure 2.2 is,

24 6 4 2
(2.23)

E(f)ju+ ;.0 + CT +O(W?) = B (f) = MO(M) + Jabou(n2) <_a4 N h2a2> |

with §2,m2 € [zj41 — a,zj41] and &, € [zj-1 + a, 741 — af.
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2. For the integral in the — side of the left plot of Figure 2.2, we want to obtain the error
:I:j,1+a
B = [ @ - @) d
Tj—1

From (2.15) we can express the quantities from the + side in terms of the — side using

the jump conditions in (3.16), as we did before,

(z—zj)(x—wj1)
(wj-1 = @j)(2j-1 = wj41) 77"
(. —zj1)(x — xj41) ( — nen i (h— @) 1 (h_a)?))
+( R TE——— fi 1+ U =) + [+ [f"] G

(x —wj1) (@ —xj)
(@jr1 — xj-1) (@41 — )
- (z Tj— )(z x]+1) ( 1" (h ) i (B — a)3>
= (w)+(x]_xj NI 1+ [f](h = a) + [f"] +I

(z —zj1)(x —z))
(@jr1 — xj—1) (@)1 — 5)

p(z) =

(h+ a)? (h+ )

+ (7 + U1+ 1700+ @)+ 1105 4 (0D oy

(h+ «a)?
2

(h+ a)?

+ + [ 5 >+O(h,4).

(m N+ a) + (]

(2.24)
Now, the error for the integral on the — side, as shown in Figure 2.2 to the left, can be
expressed as,

zj_14a Tj—1ta
E(f) = / (f (@) - p(a)) do = / (f~(2) - p()) do

i1 -

I o= 2@ = 2n) N oy B =2’
A (11417100 = )+ (18520 4 @220

xj — xj-1)(xj — Tjt1) 2

-t (J}*SUJ‘_1)(.%‘ 71']') / —a % (2h_a)2 i (2h — a)S - 5
[0 (1714171620 — 0+ (1150 (200 s o)

i Tjp1 — 1) (Tj41 — 75)
—B(f) 1 (a?(=54h+12a)(f] N o? (54 har — 12 — 36 h?) [f'] N o? (6 a3 + 24 h?a — 27 ha?) [ f”]
=E -5 h2 h2 h2

?(—2a' +9ha® — 12h%a — 6 A%a® + 12 1) [
n « ( a” + 9 ha h2a a” + )[f }>+O(h5)

zj_1ta
= E(f)(5;_100 +C~ +O(h°) = / (x —zj1) (@ — 25)(x — zj01) [ [Tj-1, 25, Tj41, 7] do.
i1

. (2.25)
It is not difficult to see that the polynomial in the integrand does not change the sign
in the interval (z;_1,2;—1 + «). Thus, using the integral mean value theorem

Tj—1+a
E(f) = / (z —xj1)(x —xj)(x — zj01) [ [2j-1, 25, Tj41, 2] do

Tj—1
B Tj—1to
= f [acj_l, Ljy Tj+1, 53] / (.’E — l'j_l)(l' — :rj)(x - {L‘j+1) dx (2.26)
Tj—1
 frza(03) ot 3 2 2
=" o 1 ha” + h*a” |,
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for some &3,m3 € [zj—1,2j—1 + a]. So, from (2.25) we get that the corrected error for
the left part of the integral is,

E(f)(a;_1a0) +C~ +O(h’) = E*(f) = f”;i%) <Of — ha? + h2a2> . (2.27)

for some &3,m3 € [zj41 — @, Tj41].

Adding the error terms C* and C~ obtained in (2.18) and (2.25), we obtain

« 0[2 a2
Ct+C™ =- <— (a - Z) [f] + 5 (B —2n) [f'] — ? (a—h)[f"+ 36 (302 + 6h* — 8ha) [f”’]) .
(2.28)
Let us denote the terms up to O(h®) by,
« a2
== (- (a=3) U1+ Ba-2m1- G @-n11). (2.29)

Adding now the errors in the intervals [2*,zj41] and [x;j_1,2*] as expressed respectively in
(2.23) and (2.27), and denoting again

E(f) = E(f)[a:jfl,:r:*} + E(f)[x*,ijrl]:

we obtain from (2.29) and (2.28),

2 4 2.2
E*(f) = BN () + B () = B(f) + C + O(h%) = o (30 + 61” — 8ha) [1"] + LU%(”?) (J"I 22 >

fowa(13) 04747 3, 72 2
+ o 1 ha® + h7a” |,

(2.30)
with 72 € [j41 — a,zj41],m3 € [zj-1, 2521 + al.

If the discontinuity is placed in the interval (x;,x;41) at a distance o from x4, that is the
case presented in Figure 2.2 to the right, the case is symmetrical and the correction term is:

¢ =~ ((a=3) 11+ Ga-ml)+ % @-mi1).

In this case the error reads,

E*(f) = E(f) +C+O(h’°) = g‘—; (32 + 6h2 — 8ha)) [f"] + % <_0;4 N h22a2>

frwe(m3) (o 3, 12 2
+ o1 1 ha® 4+ h=a” |,

(2.31)

with 72 € [zj_1, -1 + al, 3 € [zj41 — @, @j41].
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Remark 1 Theorems 1 and 2 imply that we can use the classical composite trapezoidal rule or
the composite Simpson’s rule to obtain the integral over a large interval and, then, add the corres-
ponding correction terms (2.6) or (2.13) to obtain O(h?) or O(h*) global accuracy respectively, if
discontinuities are present in the data. Mind that the correction terms are typically added to take
into account the effect of the set of discontinuities, which cardinal is usually small (one dimension
lower) compared with the number of points in the data. Thus, it is enough if the correction terms
provide the order of the global error of the classical composite integration rule. The integral can
be obtained through classical quadrature rules and then add the corrections as post-processing.

2.3 Modified Newton-Cotes integration formulas

The Trapezoidal rule and the Simpson’s % formula, which we have analyzed in previous sections,
are the first two cases of Newton-Cotes integration formulas. In what follows, we will try to obtain
expressions for the errors of corrected integration formulas of any order. To do so, we present

some previous lemmas that we will use afterward in the proofs.

Lemma 2 Let f(x) € C"([a, *]U[z*, b]) except at a point x* € (a,b). We denote the function
to the left of x* by f~(x) and to the right of x* as f*(x). If we know the following jumps in
the function and its derivatives at x* and they are finite, [f] = f+(z*) — f~(2*),[f'] = f/T(z*) —
(@), [f™M] = fOt (%) — fM=(2%), then at any node x; we can express any value of
f1(z;) in terms of the jumps and the continuous extension of the function from the other side of
the discontinuity (see for example, Figures 2.1, 2.2, 2.3), that is:

1

£ = 174U = ) 10— 2 [ — )"+ O, (232

Isolating, we can obtain f;” in terms of ff.

The proof is direct using Taylor expansions.
We denote by |z] greatest integer less than or equal to z and [z] the least integer greater than
or equal to z.

Lemma 3 We consider an interpolating polynomial of degree n in the Lagrange form in the inter-
val [a, b], constructed using n+ 1 points belonging to a piecewise continuous function that contains
a discontinuity at x* € (a,b) and that is n times piecewise continuously differentiable. We follow
the same notation as before and denote the information to the left of the discontinuity with the —
symbol and to the right with the + symbol. Then in the interval of interest [a,b]:

o We can express this polynomial as a continuous extension in the — region of the polynomial
at the + region, plus additional terms as,

n+1 Jj=n+1 o
(@)=Y fHa) [ =L +Q @) =pi@)+Q (). (2.33)
i=0 j=0,#i " " J
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If we denote by,

Fo= 114 P2 = 2%) + 5l = ™ b (7 Gs — 2) + O, (234)

then Q™ (x) contains all the information of the discontinuity and takes the expression,

QO (z) = ’ A%II‘%:ﬁw (2.35)

o We can express this polynomial as a continuous extension in the + region of the polynomial
at the — region, plus additional terms as,

n+1 Jj=n+1 .
pale) =25 ] Z=2+ Q" @) =@+ Q@)
i=0 §=0,57#i " J

In this case Q () takes the expression,

n+1 ~ j=n+1 v — 1,
QF(x) = Z fi H ?xj,

i=[25=a]  J=05#i

The proof is direct using Lemma 6 and replacing f; in the Lagrange form of the polynomial

n+1 j=n+1

@) =31 ] f‘_fjj

=0 j=0j#i "
by the values f;r or f; provided in (2.32), depending of f; belonging to the + or — side.

Lemma 4 We consider the integral of the polynomial interpolation error from Lemma 5 in the
smooth interval [xg, x*],

* z*

B [ (@) —p@) do= [ (= a0)-e (=) flaos -+ n,a] o

0 zo

o If there is not a change of sign in the polynomial of the integrand in the interval [xo, x*], the
error can be written as,

*
—zq

A U1 (D) (a—n) di (2.36)

FE) ) g

E, =
(n+1)!

for some & € [xg, z,].
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o [f there is a change of sign in the polynomial of the integrand in the interval [xo,z*], the
error can be written as,

*
—zq

v (n+1) z -
By = [ 0@ =patol) do = g [ == D)
(n+2) Z*ZIO .

(2.37)
for some &1,& € [0, Tp).

First, if there is not a change of sign in the polynomial of the integrand in the smooth interval
[x0, z*], we can directly use the integral mean value theorem and the fact that,

(n)
f[$07 te 7xn] = f nl(g) for some 5 € [330’ e 7mn]7 (238)
to write,
En:/ (f($)—pn($)) dx:/ ($—$0)"'(l‘—xn)f[$0,"- ,l‘n,l‘] dx
AR

(n+1)‘)/x (x —xg) -+ (z — xy) d.

for some £ € [zg, z,]. Applying the change of variables = z¢ + ph,0 < u < n, we can write,

*

_ e [
E"_(n+1)!/xo (x —xzo) -+ (x — ) dt

*_‘7’0

(n+1) %
:f(n+1()‘5!)h”+2/0 plp—1) - (p—n+1)(p—n) du.

Secondly, If there is a change of sign in the polynomial of the integrand in the smooth interval
[z0, 2*], we can define

w(y,z) = /m(txg)---(txn) dt, (2.39)
Yy
that satisfies that, at smooth zones,
w(zo, x0) = w(xo, zn) =0, w(xo,z) >0 for zg <z < Yy,
when n is even, and

w(zo,xo) =0, w(ze,x) <0 forxzg <z <y,
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when n is odd. In [39] (page 309) there is a complete proof of these facts.
Now, we can write,

*

E, = /w w'(xg, x) flzo, -+, T, 7] da. (2.40)

0

Integrating by parts and using that w(xg,z¢) = 0,

* *

/x w'(xo, z) flxo, -+, T, 2] dx = [w(w0, T) fT0, - - - ,xn,x]]ﬁz - /JC w(xo,x)%f[xo, ce @, a] da
o o (2.41)

*

xr
* . d
’LU(.’L'O,$ )f[.’L'O,' ,Tn, T } _/ w(xoax)dxf[xof te ,.I'n,-'lf] dm

zo

Using now (2.38), we can write,

* *1 _ f(n+1)(£1) *\ fn+1)(€1) v
w(zg, %) flxo, -+, xp, 2] = mw(xg,x ) = ('flJF]-)!/mO (t —xp) - (t —zyp) dt.

for some & € [xo,z*]. Applying again the change of variables t = xo + ph,0 < p < n, we can
write,

*
* " —xq

/r (t— o) - (t — an) dt:h””/ Y op(=1)- (-4 (- n) du.

0 0

Thus, we have that,

*_wo

| = ) d, (242

f(nJrl) (51) hn+2

’LU(-TOa flf*)f[l‘o, Ty I, IL‘*] - (n + 1)'

for some & € [zg, xy).
For the last integral in (2.41) we can use the fact that (see 3.2.17 page 147 of Atkinson [38])

d
%f[x()u"' 7$’nax] :f[x()a"' ,xn,x,x], (243)

the integral mean value theorem, and (2.38) to write

* *

x d x
_/ w(xO)x)%f[xOW T 7‘7:71)37] dx = _/ w(w()wr)f[xﬂv o 7377“567]:] dx

0 0
*

= f[x07 : $n7n27772]/ (J?(], )dl’

(n+2)
f +2£2 / / (t —xzq) - (t — x,) dtdz,
(n
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for some 12,&2 € [xg,x,]. Now we can change the order of integration and apply the change of
variables t = zg 4+ ph,0 < u < n:

/ / t—xo) - (t—xp) dtd:c—/ / (t—x0) - (t —xy) dadt

:/ (t—20) - (t — an)(d — 1) dt (2.44)

a*—ag *
r — X

77hn+3/0 Y= (p—n+ D) (=) (- ) du.

Thus, we can write that

*

® d
/:CO w(azo,x)%f[xo,--- y T, ] dx

(2.45)

.
.
¥ — xg

G s [
N (n+2)2 +3/0 plp=1) - (p=n+ 1) —n)(p——F—) dp.

Joining the partial results in (2.45) and (2.42), we finish the proof,

* *

B, = / (@) = pa(e)) do = [ (o= z0)+(x =2a) oo, ion, o] d

plp—=1) - (p=n+1)(p—n)du

¥ — xg

h

n+2) z*;
L) <f2>hn+3/0 plie= 1) (= D= m)(p — ) d

for some &1, &2 € [z, z,]. From Lemma 4 we can get the following corollary.

Corollary 1 If the smooth interval is [z*, zy):

o [f there is not a change of sign in the polynomial of the integrand in the interval [x*, x,], the
error can be written as,

*
Tp—x

Tn (n+1) 7 :
Bu= [ 0@ = pao) do = (1m0 ) de
(2.46)

for some & € [xg, xy).

e If there is a change of sign in the polynomial of the integrand in the interval [z*, z,], the
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error can be written as,

Tn (n+1) w
En:/* e =) dx:_mhn+2/m plpp—1) - (up—n+1)(x—n) du
(n+2) on—zg o
+f(n+é§?)hn+3/z*hmo M(,U'—l)...(/j,—n_|-1>(lu_n)(u_ - 0) du-

(2.47)
for some &, & € [xg, ).

First, if there is not a change of sign in the polynomial of the integrand in the interval [z*, ],
we just need to do the change of variables y = x,, — x and proceed as in Lemma 4,

E, = /xn<f(x) —pn(z)) do = /zn(x_x0>"'(x_xn)f[x07'” ) T, T) d

* x*

-—enMQA“ﬂky—@n—m»~«y—@n—%%nwﬁmf~ﬁwam—Mdy

n+2 f(n+1) (5)

= (=1 (n+1)!

A“irw—nm-~@—hwdy

for some £ € [z, z,]. Applying the change of variables y = ph,0 < p < n, we can write,

zp—a*

(n+1) =
E,= (—1)”+2mh"+2/0 plp=1)- (p—n+1)(n—n) dp.

Secondly, if there is a change of sign in the polynomial of the integrand in the smooth interval
[x*, x,], we can define

() = / (t— ) (t — 2y) dt. (2.48)
Tn
that satisfies, by the symmetry of the polynomials used, that at smooth zones,
W(Tp, ) = W(Tp,x0) =0, w(zy,x) <0 for g <z < Xy,
when n is even, and
w(Tp, Tn) =0, w(xy,z) <0 forxg <z <y,

when n is odd.
Following similar arguments to those in [39] (page 309), or just using symmetry arguments,
the proof of these facts can be easily obtained.

32



Now, we can write the error as in Lemma 4,

E, :/ w' (T, 1) flzo, a0, 7] dr.

*

and integrate by parts,

/wn W (T, ) flxo, -+, Ty, @] dv = [W(n, ) flzo, -+, Tp, T 00 — / w(ﬂcmx)%f[mo, <o T, x) do

* *

Tn

= —’U](l'n,l‘*)f[x(), e 7In,$*] - / w(xna ﬂ?)%f{l’o, e 71"77,73;] d.’E
: (2.49)
Proceeding exactly as in Lemma 4 and observing that,
w(xy, %) = —w(x*, z,),
we obtain
(n+1) In—20
w(Tp, %) flxo, ++ , Tn, %] = —f(&)hnﬁ/ " plp—1)--(p—n+1)(p —n) du, (2.50)
(n + 1)' 1*210

for some & € [z, xy).
For the last integral in (2.49) we can proceed again as in Lemma 4 to write

Tn d Tn
_/ W(xn,m')%f[qf(), e 7xn7m] d.T - _/ w(xn,a:)f[xo, e 737717-%'737] d[L’

= f[x(]:' : xm"727772]/ ’LU(iUn,.T) dx

n+2
- n—|—2 / / (t —xq)--- (t — xy) dtde,

for some 12,& € [x9,2,]. Now we can change the order of integration and apply the change of
variables t = xg + ph,0 < p < n:

/ / (t—xz) - (t — xy) dtde = — / / (t —x0) - (t —xp) dzdt

:—/* (t—fl,’o) (t—xn)(n_t)dt

Tn— xo
Tn — I
(= (= n) (= =) dp

(2.51)

=pnt3 s pu(p —1)
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Thus, we can write that

—/ nw(xn,x)dif[:co,'-‘ ) T, x] dx

* o (2.52)
(n+2) - o
:Mhm—:&/x plp—1) - (p—n+1)(u—n)(pu— n O)du-

*—z0 h
R

Joining the partial results in (2.50) and (2.52), we finish the proof,

B [ @) @) do = [ "w = a0) oo = o) flan, o] da

* xT*

(n+1) n
:mhn+2/ﬁ—% plp=1) - (p=n+1)(p—n) du

Tn—xQ

FOD (&) . e Tp — T

+(n+2)!h /ho plp=1)-(p=n+D(p=n)p - ——) du,

for some &1,& € [z, z,].

Theorem 3 We suppose that the piecewise continuous function f has discontinuities at x* up to
the n-th derivative. The subtraction of the correction term,

z* b
o :/ Q" (z) dx—l—/ Q (z) dzx (2.53)
to the numerical integration formula, assures that the error is:

o [f the discontinuity is placed in the interval [xg, x1]

E*(f)=E(f)+C = Clmh”” + CQWMH + C3whn+3

(n+ 1! (n+1)! (n+2)!
with &1, &2, &3 € [0, xn], and
T*;xo
c;:/o il = 1)+ (= n+ 1) —n) dp,
fE'yL;zU

C2= [0 ue=1) G+ )= ) di
h
Tn—xQ

€= [ =1 (= D= )= )

o [f the discontinuity is placed in the interval [x,_1,xy),

(f)"E&), (f)2(&) iz SHUE)
E(f)+C= C;Tl)!lh +2 +C§T2)!2h B4 (-1) +20§Wh +2,
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with &1,&2,&3 € [x0, 2y, and
m*f.’l;o

ciz/o (=) (=t D) —n) dg,

z* —xq

Ci= [ =) = e )= )= T

zp—a*

Ci= [ " uu= 1 et =)

e In any other case,

oo A ()
E(f)_E(f)—&—C—C,l,,W

with 51;52553354 S [1'0,1’71}; and

(f7) (&)

(O E) e
(n+2)!

(D E) s
(n+1)! '

hn+2 CQ
o (n+2)

W+ Oy +Cp,

h
Chm [ W= = =)

z*fzo

Ci= [ =) = e )= )= T

€= [0 uln= 1) (= D) dn

h
Chm [0 =1 =+ = ) ) d
The proof is straightforward using Lemmas 3, 4 and Corollary 1.

2.3.1 Correction terms for commonly used Newton-Cotes formulas

In Table 2.2 we present some expressions for the correction terms C' in (2.53). In Table 2.2 we
have used the notation C,, j,j = 1---n, being n the degree of the interpolating polynomial used
to obtain the integration rule. Thus, for the trapezoidal rule there is only the term C4 ;. For the
Simpson’s 1/3 rule there are two terms: Cs if the discontinuity falls at an odd interval and Cy o
if the discontinuity falls at an odd interval. For the Simpson’s 3/8 rule, there are three terms:
Cs1 if ([Z-]mod 3) =1, Cs9 if ([% ]mod 3) = 2 and Cy 3 if ([% ]mod 3) = 0. For higher orders,
the notation is similar. Just to show an example, in Figure 2.3 we should use (3 in the case
presented to the left, C3 2 in the case presented at the middle and C3 3 in the case to the right.

2.4 Numerical experiments

In this section we analyze the numerical accuracy obtained by the integration formulas proposed
in previous sections. In the first subsection, we present some grid refinement analysis for functions
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Figure 2.3: Three examples of functions with discontinuities (solid line) placed in different intervals
at a position x*. We have labeled the domain to the left of the discontinuity as — and the one
to the right as +. We have also represented with a dashed line the prolongation of the functions
through Taylor expansions at both sides of the discontinuity.

with discontinuities. In the second subsection we include an example of a practical application of
the formulas, jointly with a numerical analysis of the accuracy obtained.

2.4.1 A study of the numerical accuracy attained through the proposed nu-
merical integration formulas

In this section we will apply the classical and corrected simple and composite trapezoid rule,
Simpson’s 1/3 rule and Simpson’s 3/8 rule to data obtained from the discretisation of the function
in (2.54), that presents jumps in the function and all the derivatives. We will consider that we start
from discretized data and that the location of the discontinuity, as well as the jump conditions,
are known exactly. As it was motivated in the abstract and the introduction, we suppose that the
function is only known at data points.

f(x)—{ cos(mz) + 10, ifa<ax <), (2.54)

sin (7x) , ifb<z<ec

The results observed in the experiments are similar for any other piecewise continuous function
that we have explored.

In the grid refinement experiments, the error F; is calculated as the absolute value of the differ-
ence between the exact integral and the approximated one, obtained via the simple or composite
quadrature rules. The order of accuracy is obtained in general as,

ln(E/L'/EiJrl)

Oi - )
In(n;/niy1)

(2.55)

being FE; the error obtained for a grid of n; points and F;.1, the error obtained for a grid of
ni4+1 points (in the experiments, n;y; = 2n; for the trapezoid rule and the Simpson’s % rule or
niy+1 = 2n; + 1 for the Simpson’s % rule).

Let us first check the numerical order attained by the simple quadrature rules. For this first
experiment we initially set a = 0, ¢ = 0.5. Then, we divide the interval [a, ¢] in the number of panels
used by the simple quadrature rule that we want to check. The grid-spacing is represented by h

and we set b = (n 4 d)h, where d is a number in the interval [0,1], and n =0,1,2, ..., depending
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Figure 2.4: Grid refinement analysis for the numerical integration of the function in (2.54). To the
left, using the simple trapezoid rule and the corrected simple trapezoid rule. At the center, using
the simple Simpson’s 1/3 rule and the corrected one. To the right, using the simple Simpson’s 3/8
rule and the corrected one. In all the cases, the error of the corrected formulas decreases following
the theoretical rate.

on the number of panels that the particular rule uses. The value of n and d is maintained during
the whole experiment. In the experiments that we present n = 0,d = 0.4, but similar results can
be obtained with other values. Once we have calculated the error for the simple rule in absolute
value, we divide the interval [a, ¢] by two and we repeat the process keeping the value of n and d.
The results are presented in Figure 2.4. We can see that in all the cases, the error of the corrected
formulas decreases following the theoretical rate and the noncorrected formulas present an error
that corresponds to the first term of the corrections presented in Table 2.2, that is O(h). To the
left of Figure 2.4, we present the results for the simple trapezoid rule in blue and for the corrected
simple trapezoid rule in red. The error for the noncorrected rule decreases as the dashed line in
blue, which shows the division of the error by two each time that the mesh size is divided by
two (O(h) order of accuracy). The corrected trapezoid rule behaves very similarly to the dashed
line in red, which divides the error by eight when the mesh side is divided by two (O(h3) order
of accuracy). At the center, the error for the non corrected Simpson’s % decreases as the dashed
line in blue, which represents O(h) order of accuracy. The error for the corrected Simpson’s %
is represented by the dashed line in red, which represents O(h*) order of accuracy. To the right,
the error for the noncorrected Simpson’ % rule decreases with O(h) order of accuracy, while the
corrected one decreases with O(h*) order of accuracy. We can also observe the numerical results
in table 2.3.

In Table 2.4 we present a second grid refinement experiment for the composite rules. In this
case, we start from a point value discretization of the data with n = 2¢,i = 3,5, ..., 12 points for

the trapezoid and the Simpson’s % rule. For the Simpson’s % weset n =2"+1,i=3,5,...,12.

The order presents some variability in the case of the Simpson’s %, (as well as the order of the
noncorrected rules). Even so, in Figure 2.5 we can observe that the decreasing of the errors

presented in Table 2.4 coincides with the expected theoretical one, also represented in the graphs.
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Figure 2.5: Grid refinement analysis for the numerical integration of the function in (2.54). To
the left, using the composite trapezoid rule and the corrected composite trapezoid rule. At the
center, using the composite Simpson’s 1/3 rule and the corrected one. To the right, using the
composite Simpson’s 3/8 rule and the corrected one. In all the cases, the error of the corrected
formulas decrease following the theoretical rate.

In Figure 2.5 to the left, we present the results for the composite trapezoid rule in blue and for the
corrected composite trapezoid rule in red. We can see that the noncorrected rule shows a decrease
in the error very similar to the dashed line in blue, which shows the division of the error by two
each time that the mesh size is divided by two (O(h) order of accuracy). The corrected trapezoid
rule behaves very similarly to the dashed line in red, which divides the error by four when the mesh
side is divided by two (O(h?) order of accuracy). At the center of Figure 2.5, the non corrected
Simpson’s % rule behaves very similarly to the dashed line in blue, which represents O(h) order
of accuracy. The corrected Simpson’s % rule behaves very similarly to the dashed line in red,
which represents O(h*) order of accuracy. Similar behavior can be observed for the Simpson’ %
rule (at the right in Figure 2.5): the noncorrected rule presents O(h) order of accuracy, while the
corrected one presents O(h*). We can see that the orders of accuracy of the corrected composite

rules correspond to those of the classical composite rules at smooth zones.

2.4.2 Example: Solving Sturm-Liouville boundary problems using the Green
functions and numerical integration

In this section we present an example that shows a practical application of the corrected numerical
integration formulas introduced before.
Let us consider a Sturm-Liouville one dimensional two-point boundary value problem [40],

Uze(x) = f(x), a<z <D, (2.56)
with specified boundary conditions u(a) = ug, u(b) = up. The solution can be expressed as,

z—b +xfa
a—bua b—a

b
wp + / G(x,€)f(€) de, (2.57)

u(z) =
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where G(x,&) is the Green’s function, defined as the solution of,
Gee(w,§) =0(z—¢), a<{<h (2.58)

with homogeneous boundary conditions G(z,a) = 0,G(x,b) = 0. We also know that in the
one-dimensional case, the function G presents known jump conditions (see for example [41])

(G(&.)] = lim G(x.€) ~ lim G(r.&) =0,

T—E~

[G2(&,8)] = 111?+ Gy(z,€) — lir?_ Gy(z,6) =1, (2.59)

which are known as connection conditions. We consider the case when the values of f(z) and
G(z) are given at grid points. We include the exact jump conditions at the discontinuities of the
integrand in (2.57) in order to get an accurate computation of the numerical quadratures. Thus,
we apply the modified integration formulas presented in previous sections to compute the integral
in (2.57) numerically. This approach is preferred if we want to obtain the approximated solution at
some points instead of the entire domain and it is often called an integral equation approach. The
interested reader can see [41, 42, 43, 44, 45, 46, 47] and the references therein for more discussions
about the discrete Green function.

Let us consider a Sturm-Liouville two-point boundary value problem of the type shown in
(2.56), with specified boundary conditions u(0) =0, u(1) =0

Uzg(x) = f(x), O0<z<1 (2.60)

The solution of this problem can be expressed as,

1
u(z) = /0 Gl £)(€) de. (2.61)

Following (2.58), we have that, for our problem, G(x) is the Green function that can be defined
as the solution of
Gz(x)=0(x—¢&), 0<&<], (2.62)

with specified boundary conditions G(z,0) = 0,G(z,1) = 0, where d(x) represents the Dirac
delta function. Integrating twice G, and applying the boundary conditions, and the connection
conditions in (2.59), we obtain that the expression for the Green’s function is

x(E—1), f0<z<E,
Gl,8) = { (z—1)¢, ife<z<l (2.63)

Given f(z) € C[0,a) U (a, 1], as mentioned before, we assume that the functions f and G are
given in discrete form, and that we know the jumps in the integrand of (2.61) and its derivatives.
In our experiment, we selected f(z) as follows,

1, if0o<z<a,
f(x)—{ 0, fa<z<l. (2.64)
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For this f(x) and the boundary conditions u(0) = 0, u(1) = 0, we can obtain very easily (just
integrating) the analytical solution of the problem in (2.56) with a =0 and b = 1,

2 2
22 4 a2 if0 <

wz)=1{ 3 + (% — o)z, ?f 0<z<a, (2.65)
S(z—1), ifa<z<1.

We use this expression to check against the numerical solution.

Note that the expression in (2.61) implies that we need to do a numerical integration for every
point of the solution that we want to obtain. The function G is bivariate and we particularize
the z variable in order to obtain a univariate function. Thus, in the numerical integration we
typically have to deal with the discontinuity of G(z,£) plus the discontinuities that f(x) might
contain. The discretization of G in the ¢ direction must have the same number of points as the
function f, but can have an arbitrary number of points in the x direction. In our experiments, if
n is the number of points in the £ direction, we select a number of points in the x direction equal
to m = 4n, in order to assure that the discontinuity of G falls sometimes between grid points of f.

The error in the approximated solution is computed in the infinity norm in the interval [0, 1]
and the order of accuracy is obtained in general as,

_ In(BR/ER)

i = (/) (2.66)

For the trapezoid rule, E* is the error in the infinity norm obtained for a grid of n; points, and
EY, is the error obtained for a grid of n;11 = 2n; points. For the Simpson 1/3 rule, we select
n; points to compute E°, and n; 1 = 2n; + 1 to compute E7Y, just to assure an odd number of
points in the computation.

We check the solution of the problem (2.60) obtained through the expression in (2.61), using the
classical trapezoid rule and the Simpson 1/3 rule and we compare them with the result obtained
using their modified versions. The results are listed in Table 2.1 when o = 7. We can see that, in
this case, the modified quadrature formulas provide the exact solution up to the machine precision.
The average of the orders for the original quadrature formulas are only approximately O(h).

Note that a finite element method (FEM) can be used to solve the interface problem presented
in this subsection. The key point is whether the location of the discontinuity is a nodal point or
not. If not, the solution to the FEM will not be very accurate near the discontinuity since the
computed mass matrix and the load vector are likely to lose accuracy using traditional numerical
quadrature techniques. Note also that the optimal error estimates for the FEM are based on
average norms (L2, H!, energy) that cannot tell the point-wise accuracy, while the approach
presented in this manuscript can provide point-wise error estimates.

2.5 Conclusions

In this chapter, we have presented correction terms for the classical trapezoid rule, Simpson’s
% rule, and the most common Newton-Cotes integration formulas. These correction terms have
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n =20 o4 25 26 27 28 29 210 oIl 912 213
Error TR. (E°) 3.32470e-03 | 8.68748e-04 | 6.75714e-05 | 3.27956-04 | 1.48027e-04 | 5.34071e-05 | 6.25827¢-06 | 1.73014e-05 | 1.21226e-05 | 6.24818¢-06
Oi - 1.9362 3.6845 -2.279 1.1476 1.4708 3.0932 -1.4671 0.51319 0.95619
Error C.TR. (E°) [ 4.16334e-17 | 5.55112¢-17 | 5.55112¢-17 | 5.55112¢-17 | 6.93889¢-17 | 2.08167e-16 | 2.49800e-16 | 4.44089¢-16 | 6.52256¢-16 | 1.99840¢-15
Oi - - - - - - - - - -
n=2+1 2741 241 241 27+1 P41 241 21041 21T +1 2% +1 28 4+1
Error S. 1/3 R. (E{°) [ 2.51799e-03 | 2.89379e-03 | 2.24835e-04 | 2.60974e-04 | 3.99048e-04 | 6.95012¢-05 | 1.42677e-05 | 1.33435e-05 | 2.70634e-05 | 6.48331e-06
Oi - -0.20069 3.686 -0.21504 | -0.61266 2.5215 2.2843 0.096619 -1.0202 2.0615
Error C.S. 1/3 R. (E[°) | 2.77556¢-17 | 4.16334e-17 | 2.77556¢-17 | 4.16334¢-17 | 4.16334e-17 | 4.16334¢-17 | 4.16334¢-17 | 4.16334c-17 | 4.16334e-17 [ 4.16334¢-17
Oi - - - - - - - - - -

Table 2.1: Grid refinement analysis in the infinity norm for the integral shown in (2.61) using two
composite quadrature rules. The first part of the table shows the trapezoidal rule (T.R.) and the
corrected trapezoidal rule (C.T.R.). The bottom part shows the Simpson’s 1/3 Rule (S. 1/3 R.)
and the corrected Simpson’s rule (C.S. 1/3 R.).

an explicit closed formula that allows keeping the global accuracy attained by classical formulas
at smooth zones even when the data contains discontinuities in the function or the derivatives.
The correction terms can be used for the simple or composite classical integration formulas and
it is possible to compute the integral using these formulas and then, as post-processing, add the
correction terms to raise the accuracy. Correction terms for any other integration rule can be
found following analogous processes to the ones shown in this work. We have also given correction
terms for the most widely used Newton-Cotes quadrature formulas and we have proved that the
use of these correction terms assures the expected theoretical accuracy. We have shown that the
correction terms depend on the jumps of the function that is to be integrated and its derivatives.
All the numerical experiments that we have presented, confirm the theoretical results obtained.

Cu gz ¢ Colp

Can (a=B) 11+ & Ba—2m) [J]+ 5 (a = 1) [/"]

Cap —(a=-b[f +" (m—Qh)[f’]—L a—h)[f"]

Csa (a——h) 1+ }m—%u)[f (—E}m + 1)+ (T ha® = a7

Csa (a=In)[fI+ Gha=LTa®=IW))[f]+ (-1 ha 7$hﬁ3+ h?a+ Lo )[f”] (Fha+ EhT =L ot =L+ L ha®) [f7]

Cis (—a+2 h) T+ (1a?+% hu) (—Ea + = ha )[f”]+(—7a + 2 ha®) [7]

Cis Cohva) [+ (1o’ + Tha) [+ (1o 77/“. )[f”]+(70 TR Tt (o’ ,,,,(,4) @

Cia (o =TI [f1+ (—Zhr*+ Zha— )[’+()Uh+"ha—lhn +*n)[j] (“lm 7ﬁa Aili—ih‘a—fhz 2)[f”’] +(ZF a+ ha — T ha®— “Uh‘n—mh +lua)f
Cus | Cat TR [+ (—on”+ “}m”a YT+ (—La®+ Lha? —mh o= L) [T+ (he® = Lo+ AL ”h 7ﬁh a—mh o) [T+ (— g I +“, LAt L.+Wm. — i PPa” + g 15 — L aP) [FP]
Cia (En n)[f]»( 1o+ Tha) [f]+ (=1 0® + Fha®) [f]+ (~F o' + &= ha®) [f"] + (- g + 555 ha) [fD]

Table 2.2: Correction terms to be subtracted from the most common integration formulas.
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(c—a) > i 5 i 5 1 12 2% 513 1021
Error T.R. (E;) 5.55384e-01 | 2.87374e-01 | 1.41312e-01 | 6.97373e-02 | 3.46224e-02 | 1.72492e-02 | 8.60914e-03 | 4.30072e-03 | 2.14940e-03 | 1.07446e-03
0O; - 0.95056 1.024 1.0189 1.0102 1.0052 1.0026 1.0013 1.0006 1.0003
Error C.T.R. (E;) 8.73231e-02 | 8.36720e-03 | 8.18010e-04 | 8.67118e-05 | 9.84247e-06 | 1.16748e-06 | 1.41995e-07 | 1.75028e-08 | 2.17243e-09 | 2.70590e-10
O; - 3.3835 3.3546 3.2378 3.1391 3.0756 3.0395 3.0202 3.0102 3.0051
Error S. 1/3 R. (E;) | 1.65392e-01 | 8.75298e-02 | 4.48262¢-02 | 2.26680e-02 | 1.13966e-02 | 5.71378e-03 | 2.86074e-03 | 1.43133e-03 | 7.15906e-04 | 3.58013e-04
0O; - 0.91804 0.96543 0.98368 0.99206 0.99608 0.99806 0.99903 0.99952 0.99976
Error C.S. 1/3 R. (E;) | 3.64440e-04 | 8.31101e-06 | 1.04180e-06 | 7.25089¢-08 | 4.61560e-09 | 2.88760e-10 | 1.80198e-11 | 1.12481e-12 | 7.02849¢-14 | 4.37150e-15
0O; - 5.4545 2.9959 3.8448 3.9736 3.9986 4.0022 4.0018 4.0003 4.007
Error S. 3/8 R. (E;) | 3.80713e-02 | 2.11065¢-02 | 1.10144¢-02 | 5.61914¢-03 | 2.83719¢-03 | 1.42546¢-03 | 7.14440e-04 | 3.57647e-04 | 1.78930e-04 | 8.94916e-05
0; - 0.85102 0.9383 0.97097 0.98588 0.99304 0.99654 0.99828 0.99914 0.99957
Error C.S. 3/8 R. (E;) | 3.23113e-04 | 5.67780e-06 | 9.29742¢-08 | 1.52212¢-09 | 2.56990e-11 | 4.60409¢-13 | 9.00668¢-15 | 2.02095e-16 | 5.63785e-18 | 1.92988e-17
O; - 5.8306 5.9324 5.9327 5.8882 5.8026 5.6758 5.4779 5.1637 -1.7753

Table 2.3: Grid refinement analysis for the simple quadrature rules. The first part of the table
shows the trapezoidal rule (T.R.) and the corrected trapezoidal rule (C.T.R.). The central part
shows the Simpson’s 1/3 Rule (S. 1/3 R.) and the corrected Simpson’s rule (C.S. 1/3 R.). Finally
the bottom part shows the Simpson’s 3/8 Rule (S. 3/8 R.) and the corrected Simpson’s 3/8 rule
(C.S. 3/8 R.). We have used the function in (2.54).

n =2 24 25 2() 27 9 29 210 211 212 213
Error T.R. (E;) 3.14564e-01 | 3.00647e-02 | 4.44922e-02 | 2.21224e-02 | 1.83580e-02 | 1.83086e-03 | 2.74401e-03 | 1.37153e-03 | 1.14264e-03 | 1.14245e-04
O; - 3.3872 -0.56548 1.008 0.2691 3.3258 -0.58377 1.0005 0.26341 3.3222
Error C.T.R. (E;) 2.63164e-03 | 6.16553e-04 | 1.49283e-04 | 3.66601e-05 | 9.09938e-06 | 2.26614e-06 | 5.65427e-07 | 1.41201e-07 | 3.52844e-08 | 8.81900e-09
O; - 2.0937 2.0462 2.0258 2.0104 2.0055 2.0028 2.0016 2.0006 2.0003
Error S. 3/8 R. (E;) 2.33932e-01 | 7.25343e-03 | 4.45169e-02 | 1.28813e-02 | 1.37617e-02 | 4.56764e-04 | 2.74410e-03 | 7.99969e-04 | 8.56956e-04 | 2.85576e-05
O; - 5.0113 -2.6176 1.7891 -0.095376 4.9131 -2.5868 1.7783 -0.099277 4.9073
Error C.S. 3/8 R. (E;) | 1.74854e-05 | 9.70184e-07 | 5.58112¢-08 | 3.36499¢-09 | 2.07176e-10 | 1.28564e-11 | 8.00249¢-13 | 5.06262¢e-14 | 1.77636e-15 | 8.88178e-16
O; - 4.1717 4.1196 4.0519 4.0217 4.0103 4.0059 3.9825 4.8329 1
n=2"+1 2T+1 2541 26+1 27+ 1 25 +1 27 +1 21041 2T 4+1 2127 4+1 2B +1
Error S. 1/3 R. (E;) | 3.81374e-02 | 1.36672¢-01 | 9.79905¢-03 | 3.41046¢-02 | 2.43374¢-03 | 8.53020e-03 | 6.09443¢-04 | 2.13230e-03 | 1.52298¢-04 | 5.33090e-04
O; - -1.8414 3.8019 -1.7993 3.8087 -1.8094 3.807 -1.8068 3.8074 -1.8075
Error C.S. 1/3 R. (E;) | 4.59121e-06 | 4.99040e-08 | 1.72994e-08 | 2.08413e-10 | 6.81162¢-11 | 8.00249e-13 | 2.65565¢-13 | 1.77636e-15 | 5.32907e-15 | 7.10543e-15
O; - 6.5236 1.5284 6.3751 1.6134 6.4114 1.5914 7.224 -1.585 -0.41504
Table 2.4: Grid refinement analysis for the composite quadrature rules. The first part of the table

shows the trapezoidal rule (T.R.) and the corrected trapezoidal rule (C.T.R.). The central part
shows the Simpson’s 3/8 Rule (S. 3/8 R.) and the corrected Simpson’s rule (C.S. 3/8 R.). Finally
the bottom part shows the Simpson’s 1/3 Rule (S. 1/3 R.) and the corrected Simpson’s 1/3 rule
(C.S. 1/3 R.). We have used the function in (2.54).
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Chapter 3

Adapting cubic Hermite splines to
the presence of singularities through
correction terms

3.1 Introduction

In this chapter, it is our aim to design a nonlinear cubic Hermite spline interpolation adapted to
the presence of singularities and constructed using the point-values discretization, i.e. using the
data values f(z) at the positions z = z;,j = 0,...,m. In this case, we try to obtain fully accurate
first order derivatives and interpolation even close to the singularities (by full accuracy we mean
the highest theoretically possible accuracy that we can obtain through our spline), but trying to
preserve the jumps in the function and its derivatives in the reconstruction. The resulting method
presents a high order of accuracy in the whole domain and provides piecewise C? regularity at
both sides of the singularities. In order to reach our objective, we are inspired by the construction
of the Immersed Interface Method (IIM) [3, 48, 49], in the sense that we design correction terms
that allow us to fulfil our objectives. This method has been mostly used for the solution of elliptic
equations with singularities in the context of fluid-structure interaction and it is based on an
accurate tracking of the singularities and the modification of the finite difference scheme close to
them.

Let us start by describing in brief detail the discretization of data that we shall use. The point-
values sampling process used to obtain the pairs of data (z;, f(x;)),j =0, ..., m, from a function
f that may contain jump discontinuities implies the loss of the information regarding the exact
position of these jump discontinuities, as it only preserves local information at the positions x;.
Even so, it is possible to detect the interval that contains the discontinuity [50]. The described kind
of discretization would only allow for the detection and location of the position of discontinuities
in the first order derivative (kinks in the function) [50, 51]. Yet, if we assume that the data come
from a discretization through local averages of the function f(z), i.e. the cell-averages setting
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[50], then it is indeed possible to locate jump discontinuities in f(x). In this work we use data
discretized in the point-values. Further research could cover the results using cell-averages.

Let us continue by describing the classical Hermite interpolation and by exposing some classical
results. Classical cubic Hermite interpolation is based on the construction of a cubic polynomial
using the values f; = f(z;), fj+1 = f(zj41) of the function f, and its first order derivatives,
f]’ = f’(z;) at the positions z;,zj11. These four pieces of data allow to obtain the four unknowns
in a cubic polynomial. Then, continuity conditions on the function and its first and second order
derivatives are imposed at the z; in order to set a system of equations that provides a global
solution for the considered interval. That way, piecewise cubic Hermite interpolation is known to
be fourth order accurate for smooth functions. Assuming that the data is smooth, if the spline uses
approximations of the first order derivatives f]’ = f]’», (from now on, if not stated otherwise, we use
the tilde to represent approximations of different values: the function, the derivatives, the location
of the singularity, etc.), then the maximum accuracy of the piecewise cubic Hermite interpolant
is known to be O(h?) if the approximation of the first order derivatives is O(h3) accurate. If f
presents singularities between the nodes (from here on we will use the word node as a synonym
for the points of union of the different polynomial pieces of the spline), even good approximations
of the first order derivatives at the nodes will lead to inaccurate approximations of the function
inside the interval that contains the singularity. Discontinuities in the data lead either to classical
Hermite splines showing Gibbs oscillations close to discontinuities in the function, or the smearing
of singularities if the discontinuity is in the derivatives. This is logical considering that Hermite
interpolation can be expressed in terms of the Hermite basis, represented in Figure 3.1, which is
composed of polynomials that are smooth, two of them being non-monotone. The smearing of
discontinuities in the first order derivative can be clearly explained through the smoothness of
the base. The occurrence of oscillations close to jumps in the function will be justified later on,
showing that the non-monotone elements of the base are multiplied by non-zero coefficients close
to discontinuities.

Thus, our aim is twofold: to design a technique that allows for the obtention of the first order
derivatives of the function at the nodes of the spline with full accuracy even close to singularities,
and to use the computed first order derivatives to obtain a fully accurate spline. These two
objectives will be reached through the computation of correction terms.

3.2 Some preliminaries about classical cubic Hermite splines

In this section we briefly introduce the classical way of constructing the cubic Hermite spline.
Then, we introduce some new techniques that allow for the adaption of the classical interpolant to
the presence of singularities. The objective is to design a technique that enables the obtention of
sharp reconstructions of functions with discontinuities in the function or the derivatives, avoiding
the smearing of the singularity or the appearance of Gibbs oscillations.

There is an extensive list of references that treat the field of the construction and the study
of the properties of cubic Hermite splines. For example, [52] or [53] contain a in-depth revision of
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the classical theoretical results in the field. The idea behind the construction of the spline is to
compute a piecewise polynomial function of degree three between the data nodes. The resulting
function must be C?, i.e. the function and the first two derivatives must be continuous. The basis
used to construct the polynomial between the nodes varies in the literature. Some authors start
from m + 1 pairs of values (z;,y;),j = 0,...,m and write the expression of the polynomial at a
particular interval [z}, z;41] as

gi(x) = aj(x — 2;)* + bj(z — 2))* + ¢j(x — ;) + d;. (3.1)
Sometimes it is more convenient to use the alternative expression
gi(z) = aj(x — )% (x — xj41) + bj(x — x;)* + cj(z — x;) + d; (3.2)

which easily provides a bound for the error of the Hermite interpolation. In any of both cases,
regularity conditions must be imposed at the nodes in order to obtain a piecewise defined function
that is C2. Basically, we need to impose the continuity of the function and the two first order
derivatives at the nodes. If y;,y;41 denote the values of the function at the nodes x;, 41, and
Dj, Dji1 the values of the first order derivatives at the same nodes, imposing the continuity of the
function and the first and second order derivatives at the nodes, it is straightforward to obtain
the following expression for the coefficients in (3.1) (see for example [36] for a complete deduction
of the formulas),

_ hjr1Djy1 4 Djhji + 2y — 2y

aj = 3
hi
hig1D; 2D:h; 3y; — 3y,
bj _ i+l + ;LZ]Jrl + 3Yj ijrl’ (3.3)
J+1
¢j = Dj,
dj = yj,

where hj+l = Tj41 — Ty.

As mentioned before, the expression of the Hermite spline (3.1) can be expressed in terms of
the Hermite basis, represented in Figure 3.1 for cubic splines. By replacing the coefficients of the
spline in (3.1) by the values found in (3.3) we obtain,

hjt1Djp1 + Dihjia +2y; — 2y

g(x) = E (& — z;)°
hiv1Dis1 + 2D T 43y — 3y (3.4)
+14+5+1 jlbg+-1 j j+1
i 2231 L (2 — 25)” + Dj(z — x;) + y5.
J+

T—Ty
hj+1

Moreover, the change of variables s = returns the expression of the spline in terms of the
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cubic Hermite basis,
9j(s) = (hjr1Dj1 + Dihjin + 2y; — 2y541) 8° — (hjr1Dj1 + 2Djhjen + 3y; — 3yj41) 8° + Djhjas + y;

= (1 — 82(3 — 25)) Yj + 82(3 — QS)yj+1 + (53 — 252 + 8) hj+1Dj + (53 — 52) hj+1Dj+1
= b1(8)yj+1 + b2(8)y; + bs(s)hj11D; + ba(s)hjp1Djta,

for s € [0,1].
h\ T
\~
09+ N\,
. ‘\
0.8+ .
\\
07+ \
\\
6 e by (5)=(3-25) |
0.6 \ b, (s)=(3-2)¢
‘\ == b, (5)=1-(3-25)s
05 \ — - b3(5)=ss-252+s )
S, 3 .2
041 \‘ ..... b,(s)=s-s
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7/ ~ -~ \\
- N\
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o -.,...... -
. .
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Figure 3.1: Representation of the Hermite basis for s € [0, 1].

The values of the first order derivatives at the nodes D; can be known a priori, as with the
Hermite interpolation, or they can be obtained by imposing the continuity of the second order
derivatives at the nodes, as with the Hermite spline. Thus, the Hermite spline relies on the solution
of a linear system of equations for the D;, which needs two boundary conditions. Common options
for the boundary conditions that can be found in the literature are: natural boundary conditions,
not-a-knot condition, complete cubic spline, etc. The complete cubic spline consists of imposing
slope boundary conditions,

gé($0) = Do, g;nfl(xm) = Dp,,

and we have chosen it for our spline. If the first order derivatives are not available at the boundaries,
they can be replaced by O(h?) approximations.

Imposing the continuity of the second order derivatives of the spline leads to the following
equation for each interval between the nodes

D, 11 D ey
’1+2<+>Dj+ ”1:3<y”1 N 1).

h; hi  hjn hj+1 h?+1 fi
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Thus we easily obtain a linear system for the first order derivatives D; at the nodes,

i 1 1 1 i
2 (7 + ) o0 0 0 D TR it
1 1 1 1 93 4 02
L 2(A+4) & 0 0 Dy | _g| #
e . e o e
1 1 1 1
I 0 0 0 T 2 <hm_1 + hm> ] m Bn ' Rm—1
(3.6)
with §; = y]_hﬁ We will consider a uniform grid spacing, but the results for non-uniform
J

grid spacing can be obtained in an analogous way. With this consideration, the system in (3.6)
transforms into

4 1 0 0 0 0 D, 82461 _ Do
03462

Lo e (5.7)

0 0 0 0 1 4 Dy Om+dm-1 _ D

2 6
The existence of a singularity at any place of the domain leads to the computation of inaccurate
first order derivatives through the system in (3.7). In case of jump discontinuities in the function,
the consequence is the appearance of global Gibbs oscillations in the reconstruction of the spline
that will affect the entire domain. A discussion about the size of the oscillations close to the
discontinuity can be found in [36]. If a discontinuity is found in the derivatives, the singularity is
smeared. In the next sections we will propose correction terms for preserving the accuracy of the
spline close to the singularities.

We can also consider now the accuracy of the Hermite interpolation and its second order
derivatives. These are classical results that will be used later, and which proofs can be found in
pages 58 and 59 of [54].

Theorem 4 (Error of classical cubic Hermite interpolation)

Given a sufficiently smooth function f, the error for the cubic Hermite interpolation is given
by
max | f(¢)]

£@) - g@) < P, a6 € gyl (33)

for all h > 0.

Corollary 2 (Error of the second order derivative of classical cubic Hermite interpolation)

Given a sufficiently smooth function f, the error for the second order derivative of the cubic
Hermite interpolation is given by

e/

g;j (@)] <

% f(4)§
o)) < PO

1 (@) -

$,£ € [:L‘jal‘jJrl]’ (39)

for all h > 0.
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Remark 2 If the first order derivatives Dj;, Dji1 are approximated, an accuracy of O(h3) is
enough to keep the O(h*) accuracy of the cubic Hermite interpolation at smooth zones. To confirm
this observation, instead of considering the canonical base as in (3.1), let us write the Hermite
polynomial in the interval [xj,xj11] using the expression in (3.2). As we know the values f(x;) =
Yj, f(xj11) = yj+1 and the first order derivatives of the function f'(x;) = Dj, f'(zj4+1) = Djt1,
we can just set a system of equations to obtain the Hermite polynomial. It takes the following
expression:

_ (Dj+Djr1)h+2(yjr1 — yj)

Yji+1 —yj — Djh
g (@) 3 (@ — 2j)%(x — 2j41) + T—F—

h2

(& = 2;)* + Dj(a — x;) + ;-

(3.10)
It is clear from the expression in (3.10) that O(h3) is enough in Dj, Dji1 to preserve the O(h%)
accuracy of the cubic Hermite interpolation.

3.3 Accurate approximation of first order derivatives using splines
and data in the point-values

fi+2
fin @
&) J
fi—1
\T\%'-
|
rwi Tj ¥ = Tj+ Qo Tjpl Tjyo

Figure 3.2: In this figure we can see an example of discontinuity in the function and its derivatives
placed in the interval [z, z;41] at a position z* = z; + a.

Let us assume that there is a singularity at * = z; + « in the interval [z;, 2;41], just as shown
in Figure 3.2. For the moment, let us assume that we know the position of the singularity and the
jumps in the function and its derivatives. As shown in Figure 3.2, we label all the information about
the function to the left of the singularity as —. The information to the right is labeled as +. Under
this configuration, having the values of a sufficiently piecewise smooth function f at the nodes
Z0, 21 - - ., Ty and the jumps in the function and some of its derivatives at «*, [f], [f'], [f"], [f"], it
is possible to correct the approximations of the first and second order derivatives of the function f
computed through the cubic spline (3.4) at the same nodes zg, 1 . . ., ¥, to obtain O(h?) accuracy.
Of course, if there is a singularity, the system in (3.7) must be adapted to its presence in order to
fulfil the accuracy and regularity requirements. In order to do this, we can modify the right hand
side of the system in (3.7). For the general case presented in Figure 3.2, we can adapt the system
in (3.7) by modifying the equations corresponding to D; and Dj;1. At smooth zones of the data,
it is clear that the system in (3.7) must hold, as the regularity conditions imposed at the nodes
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are met. If a singularity is placed in the interval [x;,2;41], the system in (3.7) is not valid, as
the function cannot be approximated accurately through a polynomial. As each equation of the
system in (3.7) is designed to obtain a particular first order derivative D; at the point x;, if we
encounter a singularity, we can just add a correction term at the right hand side of the system
that takes into account the presence of the singularity and that allows for the obtention of the
desired accuracy of the first order derivative. Let us summarize all the previous considerations in
the following Lemma.

Lemma 5 If the singularity is placed in the interval [z, xj11], then the local truncation error C;
of the equation for the first order derivatives Dj is equal to

o 3[f] 1 (—48h+72a)[f'] 1 (=360®+48ah—12h%)[f"]
T\ 24 h 24 h

1 (12a® + 12h2a — 24 a2h) [f] 1 (=6h%a® —3a* + h* +8ah) [fW] o
24 h 24 h * ’
(3.11)
and for the first order derivative D1 it is equal to
Cosn = 3u1+j;&ﬁ2a+24MLﬂ_%ii@Q4ah+3&ﬁ)ﬁﬂ
AR R Y h 24 h
1 (120%h —120%) [f"] 1 (3a% —403h) [f0)] (3.12)
— + = +O(h").
24 h 24 h
The equations for the first order derivatives D" and D;-Zrl in (3.7) are
fie = Ty
Di_y+4D; + D, = 6-———,
& ’ 2h (3.13)
2f

Jj+
Dy +4D+1+D3+2—6 oh
Taking into account the presence of the singularity, using Taylor expansions and considering the
resulting local truncation error, we can write the expression in (3.13) using quantities only from
one side of the discontinuity. Let us denote by CjL the correction term for the left hand side of

(3.13) and by CJR the correction term for the right hand side of (3.13),

+ o fT fin — fo
Di_+4D; + D}, = D;_; +4D; + Di,, + CF + O(h*) = J+12h -1 _ J+12h = 1 oR oY,
- + + + + + fJ+2 fj_ J+2 fJ+
D; +4Dj+1+Dj+2:Dj+4Dj+1+Dj+2+CH+O( = 57 = 57 +C+1+O( h,
(3.14)
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so we can simply consider that, due to the presence of the singularity,

fivi—fiZ
Diy +4D7 + D,y = 6% +C;+O(hY),
I (3.15)
Df +4D},, + Df,, =6 “2% + Cji1 + O(hY),

where C; = CJR — C]-L and Cj1q = CﬁH — C’jL+1 amount to the local truncation error. These terms
will depend on the position of the singularity and the jumps in the function and its derivatives.
Thus, we will need the jump relations

] = FHa) — F (),
] = (") — fr (@),
7] = Fh(e") — fa(@), (3.16)
1) = Fhala®) = o)

Looking at Figure 3.2 and (3.13), we can see that, in the equation for Dy, f;jrl and D;_l belong to
the + side of the domain, while D_ belongs to the — side. Thus, we can use the Taylor expansions

of fi 1q and Dﬁ_1 around z* and then use the jump relations [f], [f'], [f”], [f"] in (3.16) to express
the + values in terms of the — values. Assuming that we know the jump conditions in (3.16), or
that we have a good approximation, we are ready to obtain expressions for fjtrl in terms of f]jrl
and for f; in terms of fjJr. Using Taylor expansions, we can write

o) = iy = £ ) = oot o fa e’ ;,fm( )l + 00,
Frag) = £ = £~ S+ éf;&(rb*)a — () + O,
Flapn) = fra = £ + o @) (h =) + §f5x($*)(h — )+ g Fa ) — ) + O,

FHin) = Fa = SR + 00— 0) + L) (= ) + 5 @) (= ) + O(h),

(3.17)
and subtracting we obtain
£ = 5 41 = [Flat 51770 - [f"]a® + 0, -
Fo = Fa U 10— ) + 51PN = a)? + 7710~ a)* + O(hY).

By replacing these expressions in the right hand side of (3.13), we obtain the local truncation error

50



for this part of the equation:

f]+1 Jj— j—1 _fj_ﬂ*fj:l lu_l(a—h)[f/]_i_l(h2—2h0l+a2) [f”]
2h o 2h 2 h 2 h 4 h
1 (—=h3+3h*a —3ha®+o®) [f"]
- = -
1 (h*—4h3a+6h%a® —4ha® + o) [fW)] A
T - +O(h")
_ f]i‘rl - fgll R 4 (3 19)
*TJer + O(h?), .
i F _ Fe— 8] L L[fe, 1 [e? 1]
2h 2h 2h 2 h 4 h 12 h
1 [f(4)]0‘4 4
@ 5 +O(h?)
P R .
:]T+C]+1+O(h)

The same thing can be done for the left hand side of (3.13). We can write that

i () = f %) = frala®)ar 1erm<ac*>a? — S rsala)a® + O(Y),
F () = J3 ) = Fa)a 5 fa@)a? = o fh(e)a® + O,
i () = J7 @) 4 Sl (= ) + 5 fraa ) (h = @)+ 5 () (b — @)+ O(B),

Fi(gen) = FHG) + F@) = 0) + 45 () = ) + 5 s () (h — @) + O(Y).
' (3.20)
By subtracting and denoting D = f, (z;), D} = f.f(2;), Dj,, = f; (zj41) and D}, = fF(zj41)
we obtain

Df =D +[f = [f"lo+ %[f”’]of ; [FDa® + 0",
(3.21)
D+

_ 1
=D + T+ (=) + SR - a)? + g[f(‘l)](h —a)’ +O(nY).
By replacing now (3.21) in the left hand side of (3.13), we get expressions for CL and CJLH'

LI Wa* + O

l[f///]OZZ + T

Dj ) +4D; + Dy = Dy +4D; + Diyy = [f]+ [f"la— 5

= Dj_, +4D; + D;,, +C; +O(h*),
1 1
Dj +4D},, + D}, = D} + 4D, + D, + [f1+ [f"(h— o) + "0 = a)? + ﬁ[f<4>](h — o)’ +0(nY)
=D} +4D},, + D, + Cfyy + O(hY).
(3.22)
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By replacing the expressions (3.19) in the right hand side of (3.13), and (3.22) in the left hand
side, we recover the expression in (3.15):

- - - f:—l —fiia 4
D | +4D; + Dy, = 6# + C; + O(h*),
T (3.23)
t = 1
D} +4DJ,, + D}, = 6”27h] + Cjy1+ O(hY),
with the local truncation errors written as
;= CR_ (b — JUI 1 (484 2a)[f] 1 (—=36a%+48ah —121%) [f"]
J J h 24 h 24 h
1 (1203 +12h%a — 24a2R) [f"] 1 (—6h%a® —3a* + h* +8a3h) [f¥)]
24 h 24 h
+O(h*),
R L G 1 (=T2a+24R)[f] 1 (—24ah+360%)[f"]
Cir1 =G = G =357+ o4 h MY h
1 (120°h—120%) [f"] 1 (3a* —4a%h) [fW)] oMb,
24 h 24 h
(3.24)

Note that, if * is unknown, we only need to locate the interval that contains the singularity to
obtain an accurate computation of the first order derivatives at the nodes through the spline. Then,
we can give a rough approximation z* of x* inside that interval, and use it to obtain accurate
approximations of the jump in the function and its derivatives at the chosen z* (for example,
using one-sided interpolation, as explained in [49]). For the cubic Hermite spline, we need O(h*)
accuracy for [f], O(h?®) accuracy for [f'], and so on. This observation is straightforward if we look
at the expression of the correction terms in (3.24). Of course, the use of an inaccurate Z* instead
of x* (but still inside the interval that contains the singularity), will produce a large error in the
approximation of the function in the interval that contains the singularity (typically an error of
order O(1) for jumps in the function and O(h) for jumps in the first order derivative), but not in
the approximation of the first order derivatives at the nodes. Moreover, it would also provide a
reconstruction of the function without oscillations. Later on (in Remark 5) we will discuss how the
approximation of the location of the singularity affects the interpolation of the function through
the spline. The location of the interval that contains a jump discontinuity in the function, or the
approximated location of a discontinuity in the first order derivative can be done using Harten’s
ENO-SR (essentially non oscillatory-subcell resolution). A nice discussion about the process, with
an improved algorithm for the location, is given in [32].

Let us consider now the Hermite spline in the interval [a, b], constructed using m + 1 points
belonging to a piecewise continuous function that contains a singularity at «* € [z;, 2;41] and that
is at least four times continuously differentiable except at x*. Let us follow the same notation as
before and denote the information to the left of the singularity with the — symbol and to the right
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with the + symbol. The system of equations for the first order derivatives at the nodes can be
expressed as

9+ Dy
] T A 3 6
1 0O 0 0 0 0 0 Dy 5y +65
1 1 0 0 0 0 0 0 D, R
0o 0 0 -1 4 1 0 -0 0 Dy | =6 Ll
o 0 0 -0 1 4 1 -0 0 D, fjtr;}‘fj_
L0 0 0 .o 0 0 0 0 e 1 4 1L D;;A . St _ i+ D
L~ 2~ 6

~ (3.25)

Now we can prove the following theorem.

Theorem 5 (Accuracy of adapted first order derivatives close to singularities)

Let us consider a piecewise continuous function f that contains a singularity at z* and that
is at least four times continuously differentiable on R\{z*} with uniformly bounded derivatives.
The first order derivatives obtained through the non-corrected system of the spline for this function
satisfy

1f' = DIl < max{|C], |C51}, (3.26)

where C;,Cjy1 are given in Lemma 5.

The addition of the correction terms —Cj, —Cji1 up to O(Rh3), i.e. the subtraction of the local
truncation errors in (3.24) up to O(h3), to the right hand side of the equations of the spline for
D; and Dj4q in the system (3.25) allows for the computation of first order derivatives that satisfy

If = D||pe < Ch® sup |fW(e)| + Kn3[fW)], (3.27)
ceR\{z*}

for all h > 0, with K,C > 0 independent of f.
For simplicity we will take a uniform partition of the considered interval. The proof presented

in what follows can be extended to a non-uniform partition. Let us represent the system in (3.25)
by AD =d. Let F and r be the vectors,

f'(@1)
/
F= jf”(”) . r=d— AF = A(D - F), (3.28)
f/(xmfl)
where f’(x) are the first order derivatives of f at the nodes.
Fori=1,...,7—1,j+2,...,m— 1 we can use Taylor’s expansion to express y;—1 = f(x;—1)
and yi+1 = f(x;41) in terms of f(z;) and the derivatives of f at z;,
ri =6 (y“%yl> — D;_1 —4D; — Diy1. (3.29)
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Now we can use Taylor’s expansion to express y;—1 = f(xi—1), ¥i+1 = f(zi+1), Di—1 and Dj;41 in
terms of f(x;) and the derivatives of f at ax;,

3 " h? " ht (4)
o= 2 (s s + ) + e+ ) )
3 4
— (0 s+ ) - e + O ) )
3
- < zi) + hf” (z;) + f’”( )+ hﬁf<4>(73)> — Af'(z;)
_h // " .. h? (4)
- ( )+ 5w - B 10w
- —hS (379 (r1) = 8D (72) = 4f D (m5) + 47D () (3.30)
with 7, € [zi—1,2i41],n =1,...,4. Therefore, fori =1,...,5—1,7+2,...,m — 1 we obtain
<= sp [ (3.31)
12 CE[Ti—1,Tit1]

Note that if the boundary conditions Dy, D}, are exact, the previous bound holds.

If we assume that the singularity is placed in the interval [z, xj11], just as shown in Figure
3.2, the process to obtain r; is similar, but we need to follow the same steps taken to obtain the
local truncation error in (3.24): use Taylor expansions around z* to express the values y;-;l and
[ (xj41) in terms of the — side (or viceversa) using the jump relations as in (3.18) and (3.21).
After some basic algebra, we obtain that the r; that comes from (3.25) satisfies

y'.:l — yfil
rj =6 <J2hj> — fo (@j—1) — 4fy () — [ (@j41)
—6 (W) +Cj — fo (mj1) — 4f; (x5) = fr (zj41) + O(R?).

By replicating the process for r;; 1, we easily obtain the bound in (3.26), corresponding to the
non-corrected spline. Thus, if we subtract to 7; the local truncation error C; in (3.24) up to O(h?),
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we obtain

rj—Cj =6 <M> — fo (wj—1) —4Af, () = fi (zj41)

2h
1 (—6h%® —3a* + ht +8a3h) [fW)] .
~ A + O(hY)
3/ _ , _ _ _
=2 (yj+1 - yj—l) = fo @j—1) —Afy (%) — fo (zj41) (3.32)
1 (—6h%% —3a’ + h' +8a’h) [fW)] .
mEY o +O(h?)
= 2—14113 (379 (r1) = 879 () = 45D (75) + 4£ D (7))
1 (—6h%® —3a’ + ht +8a3h) [fW)] .
o i +O(hY),
with 7, € [zj—1,2i41],n = 1,...,4. For the equation of D;;q in (3.25), the result is equivalent.

Taking into account the expression of A in (3.25), the norm of its inverse is ||A7!||L < 1 (see, for
example, Theorem 2.1 of [55]), and since r = A(D — F), then ||D — F||rec < ||r||pe. Therefore we
obtain the bound in (3.27) by just applying the triangular inequality to the norm of the vector r.

Thus, the subtraction of the local truncation error to the right hand side of the system in
(3.25),

[ 4 1 0 0 0 0 0 0 0 17Dy T
1 1 0 0 0 0 0 0 Dy
0 0 0 1 1 0 0 0 DJ’
+
0 0 0 1 1 0 0 Dj+1
| 0 0 0 - 0 0 0 0 R | 4 | -D:ZA-
[ oi+0; Dy ] [ or+0y Dy ] [0 | (3.33)
_2 6 _2 6 0
85 +0; Oy +03
—5 ~a 0
o .
— 6 fj+12hfj71 _ C] — 6 fj+12hfj,1 + 6 _Cj ,
f;r+2_f; . fj++2_fj7 Tt
2h Jj+1 2h
5t _ 46 D Sho1tom D 0
L 2 ~— 6 L 2 ~— 6 L O i

allows for the obtention of first order derivatives with the bound for the error given in (3.27).

It is also important to note that, in order to solve the system in (3.33), we need to know
its right hand side. The right hand side of the system in (3.33) is composed of finite difference
approximations of the first order derivative. Thus, if the positions of the singularities are not
known, the processing of these differences can be used to approximate their location. See for
example the algorithm described in [50].
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Remark 3 If the data presents more than one singularity, the treatment is exactly the same. If
an algorithm for locating the singularity is used, the only requirement is that the singularities are
placed far enough from each other, i.e. at such a distance that the location algorithm is capable of
distinguishing between two contiguous singularities. In the case of the algorithm presented in [50],
singularities must be placed one stencil away from each other (four points for cubic polynomials).

3.4 Analysis of the absence of the Gibbs phenomenon close to
jump discontinuities in the cubic Hermite spline using co-
rrected first order derivatives

In this section we will analyse the absence of the Gibbs phenomenon when using the corrected
first order derivatives.

In Theorem 5 we have proved that the accuracy attained in the first order derivatives computed
using the corrected system (3.33) is O(h3) in the infinity norm. With this result, it is posible to
prove that, using these derivatives, the Hermite spline does not introduce the Gibbs phenomenon
close to jump discontinuities.

We should start by introducing the definition of the Gibbs phenomenon given by D. Gottlieb
and C.-W. Shu in [24].

Definition 1 The Gibbs phenomenon

Given a punctually discontinuous function f and its sampling, defined by f(x;) = f(ih), the
Gibbs phenomenon deals with the convergence of the function g based on f(x;) towards f when h
goes to zero. It can be characterized by two features ([24]):

1. Away from the discontinuity, the convergence is rather slow and for any point x

2. There is an overshoot, close to the discontinuity, that does not diminish with the reduction
of h. Thus,
max |f(x) — g(z)| does not tend to zero with h.

With the results about the accuracy of the first order derivatives obtained in Theorem 5 and
the previous definition of the Gibbs phenomenon, we can state the following theorem.

Theorem 6 Absence of the Gibbs phenomenon
The Hermite spline obtained using the adapted first order derivatives computed through (3.33)
does not introduce Gibbs oscillations close to jump discontinuities in the function.

We can analyse two cases. The first one is when the considered interval does not contain a
singularity. In this case, Theorem 5 assures O(h?) accuracy for the first order derivatives. And, as
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mentioned in Remark 2, this is enough for the Hermite spline to attain O(h*) accuracy at smooth
zones, so no Gibbs oscillations are possible.

The second case is when the considered interval contains a jump discontinuity in the function.
Let us assume that the singularity is in the interval [z;,2;41]. In (3.27), Theorem 5 assures that
the first order derivatives attained through the corrected system in (3.33) also have O(h?®) order
of accuracy. Thus, it can be considered that the vector of first order derivatives D that results
from solving (3.33) will be

D]~ = O(1). (3.34)

Now, considering (3.3) we can write

_ hDj1 + Dih+2y; — 2y501 _ O(h) + O(h) + 2y; — 2y,

a; B3 - L3 )
b, — _Di+1 +2Dsh +3y; — 3yj41 _ O(h) +20(h) + 3y; — 3y;41
] — h2 - h2 ) (335)
Cj = D]’ = 0(1),
dj = yj.

If we consider that there is a jump discontinuity in the interval [z}, z;1], then y; 11 —y; = O(1)
and

dj = vy,
Cj = Dj = O(l),
b hDji1+2Djh +3y; —3y;+1  O(h)+20(h) —30(1)  O(1) o 1 (3.36)
S h? T h? TRz T\n2)
_ hDjy1 + Djh+2y; —2y;.1  O(h) +O(h) —20(1)  O(1) 0 1
aj = 3 - B3 TR SN

And if x € [z, xj41], the equation of the spline (3.1) transforms into

g9i(x) = aj(x —2;)° +bj(x — x;)* + ¢j(x —xj) + dj = O (hlg) O (1’)

+ O <h12> @) (h2) + O (h) +yi=y;+ O(l). (3.37)
This means that the error attained by the Hermite spline with O(h?) accurate first order derivatives
provides O(h?*) accuracy when interpolating the data, except at the interval that contains the
discontinuity, where the approximation is O(1) accurate.

Now we only need to check that the approximation provided by the spline is in the interval
[yj, yj+1] when h goes to zero. In order to verify this assumption, we can write the equation of the
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spline in (3.1) as

95(x) = aj(z — 2;)° + bj (& —a;)* + ¢j(x — 2;) + d
_ hDji1 + Djh+ 2y; — 2y (@—a ')3 B hDjy1+2Djh + 3y; — 3yj4+1
- h3 J h2
+Dj(x — ) + 5.

(x — :L'j)z (338)

Introducing the change of variables s = %, we get
gj(x) = (hDj+1 + Djh +2y; — 2yj+1) S — (hDj+1 +2D;h + 3y; — 3yj+1) s2 + Djhs + y;,
= (1—5%(3—25)) y; + 5°(3 — 28)yj41 + (s° — 25° + s) hD; + (s° — s*) hDj1 (3.39)
= b1(8)yj+1 + b2(s)y; + b3(s)hDj + ba(s)hDj1,

for s € [0,1]. The expression can also be reformulated as follows:
gi(z) =y; + (52(3 —25)) (yj+1 — yj) + (s° —28* + s) hD; + (s° — s*) hDj11, (3.40)

where the first two terms of (3.40) are just a dilation and a translation of the Hermite base function
bi(s) = s%(3 — 2s). This function presents a minimum at s = 0 and a maximum at s = 1, so no
Gibbs oscillations can be introduced by this element of the Hermite base, as can be seen in Figure
3.1. In this Figure it can be observed that the base functions b3(s) and b4(s) oscillate. Thus, Gibbs
oscillations can appear if these bases appear multiplied by large coefficients. As we have already
mentioned, in (3.40) D; and D;; are O(1). With these considerations in mind, it is not difficult
to conclude that the last two terms in (3.40) go to zero when h — 0. So no Gibbs oscillation is
possible.

It should be noted that an analogous analysis can be done for the classical spline. In this case,
the vector of first order derivatives D that results from solving (3.33) without the correction terms
will be

ID[|1e = O (2) : (3.41)

due to the bound in (3.26) and the expressions for Cj, Cj41 given in Lemma 5. Following exactly
the same arguments as before and rewriting the expressions from (3.35) to (3.40) taking into
account (3.41) in the process, we can easily conclude that the classical spline introduces the Gibbs
phenomenon close to jump discontinuities in the function.

3.5 Full accuracy of the adapted Hermite interpolation

Once the first order derivatives have been calculated with O(h?) accuracy, if we use them directly
in the expression in (3.4) without any other enhancement, the interpolation will lose its accuracy
at the interval [z}, z; 1] that contains the singularity, as it has been analysed in Theorem 6. This
is logical, as the interpolation in the interval [z}, z41] can be seen as a particularization of a linear
combination of the polynomials of the Hermite basis, which are continuous. This situation can be
solved by defining a piecewise continuous Hermite polynomial at the interval [x;, xj41].
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Remark 4 The exact location of jump discontinuities and the definition of the function at x* is
lost during the point-values discretization. Thus, to obtain a reconstruction at x*, not only the
location of the discontinuity must be provided, but also which of the two definitions corresponds to
this point. If the discontinuities are in the derivatives, this problem does not arise, as the function
18 continuous.

Let us consider the following lemma.

Lemma 6 Let us assume that the first order derivatives of the function at the nodes have been
obtained with O(h3) accuracy. Let us assume that the data presents a singularity at x* with
zj < ¥ < xjp1 and, without loss of generality, that we know that f(x*) belongs to the — side of
the function. Then, the local truncation error of the non-corrected spline in the interval [z, z*] is

Ihh—a)? -1 (h—a)) (z—=; Ihh—a)? -1 (h—a x —xj)°
+((2 (h—a) 3;3 P)a-a)’  (3h(h-a) h( ) (@ - ) )[f”’HO(h“).
(3.42)
In the interval (x*,xj41] the local truncation error is
CHa) =€) = (U4 = o)F 1+ 3o =P+ gy =271 ) + O, (3.43)

As mentioned in the lemma, we have two possible cases:

e The first one is when the interpolation is being obtained at a position z; < x < z*. In this
case, the first order derivative D;-“H and the data point yjtrl belong to the + side of the
singularity while the interpolation point x is at the — side. We can use the same technique
applied before to obtain the correction terms for the first order derivatives in order to assure
the accuracy of the interpolation. Let us consider again Figure 3.2. In the interval [x;, zj41],
the Hermite interpolation in (3.4) will have the following expression:

+ - - +
 hDf, +Dih+ 25 — 2,

+1
gj(z) = — 3 (x — ;)° »
hD},, +2D; h +3y; — 3y, y _ (349
- 2 (z —2;)" + D; (. — ;) +y; .
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Now we can use (3.18) and (3.21) to obtain an expression of the corrected spline in the
interval [z}, z*]:

hDj,y + Dy h+2y; — 2y7,,

g;j(x) = 73 (x — a5)°
hD7,, +2D7h+3y7 — 3y, B )
— Jt J v J J+ (x —xj)2 +Dj (z — xj) +yj
(@ —2))* | (z—ay)
+ (3 2 -2 3 (/]

— o ;y—;c<2 — Q ZU—CE'3
+(_< 2h+30) @z | (Cht20)(a ) )m

X (( (h=a) +h(h=0a)) (@ —2)" (=3 (=)’ +h(h—a)) “’”””2) £

(3rth=aP=F(h=af) @=2)* (3h(h=al =% (=) @—2)?)
+ h3 - h2 [f]
+O0(h")
=g; (x) +C (z) + O(h%).
(3.45)
In fact, the O(h?*) term in the previous expression can be written as
Lh(h—a)P - L (h—a)) (z — zj)? Lh(h—a) =1 (h—a)*) (z —z)?
Tm)((ﬁ (h-a) mhi ) @) (§hh—a) 8h<2 ') (@ - o) o
(3.46)

e The second one is when the interpolation is being obtained at a position z* <z < x;41. In
this case, the first order derivative Dj_ and the data Y; belong to the — side of the singularity
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while the interpolation point x is at the + side. Proceeding as before, we have

+ + + +
_ hDFy + DR+ 2 28,

9;() . (2 = ;)°
hDT 4+ 2D h+ 3y’ -3y,
_ 7+ J h2 J J+ (I _ ZE])Q + D;_(I o .’L']) + y;,—

+<_2(x—h;01) ! h2]>>m

.3 _ « {,C—.T‘2
+<(_h+20;33(1'—x]) _ 2h+3h2)( ) +a—$+9€j> [/
a—a?)(z—x;)° a—3a?) (z—a;)°
+<(h )(z=z)’_ (2hajol) @z +a(x_mj>—;a2> i
1 1 o 1‘—39‘3 la — ho J,‘—x.Q
+<(3a3 Zhh;)( ]) +éa3—;a2(m—mj)—(2 3 h};)( J) )[f///]+0(h4)

=g/ (z) + C*(z) + O(h*)

=g () +C (z) - ([f} +(z — ")+ %(m — )" + %(m — x*)?’[f”’}) +O(nY).

(3.47)
In the previous expression, the O(h*) term can be written as

L3 1@ 4. ..
3 2 51 & +6a (x—zj) | [fM]+
(3.48)

From (3.47), we can see that we obtain again a relation between the correction terms for the
spline similar to that obtained for the data in (3.18),

e (—1—12a4+%ha3)(x—xj)3 (—%a‘*—l—%hcﬁ)(ay—xj)Q 1y
T (2) = - i

Ct(x)=C"(z) - <[f] +(z —2")|[f] + %(az — 2" + %(1‘ - :L"*)g[f"']) +O(hY).

Now we have all the necessary tools to prove the following theorem.

Theorem 7 (Accuracy of the corrected Hermite interpolation close to singularities)

Let us consider a piecewise continuous function f that contains a singularity at x* € [z}, z;41]

and that is at least four times continuously differentiable on R\{z*}. Let us assume, without
loss of generality, that we know that f(x*) belongs to the — side of the function. Let us also
consider that the first order derivatives at the nodes are available with at least O(h®) accuracy.
The approzimation obtained through the non-corrected Hermite spline for this function satisfies

f(x) = gj(2)] < max{|CT(x)],|C™ ()|}, z € [2), j41], (3.49)
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where C*(x),C~(x) are given in Lemma 6.

The addition of the correction terms —C~(x) when z € [zj,z*] and —Ct(x) when x €
(x*,xj41], t.e. the subtraction of the local truncation error given in Lemma 6 to the approwi-
mation obtained by the non-corrected Hermite spline results in the accuracy

)
134y L pa (4) o
2 1
F@) = g5@) < § max ¢ SHA[FO)] gorht sup |f<4><s>|}, x € (2%, x4, (3.50)
. ge(z*,j41]
—hn* sup ]f(4) )|, in any other case,
384" cefa; @]

for all h > 0, independent of f.

For smooth functions, the error has been analysed in Theorem 4 and is given in (3.8).

Now we can consider the case when there is a singularity in the interval [z}, z;11]. Looking at
the results obtained in expressions (3.42) and (3.43) of Lemma 6, we can see the local truncation
error obtained when approximating the data using the uncorrected spline. We can just change the
sign of the local truncation error, i.e isolate g; (z) or g;f(x), to write that

gj_(x) = gj(z)—C (z) + O(h4), rj <z <zt (3.51)
g;r(:n) = gi(x) = CT(x) +O(hY), 2" <z <41, (3.52)

and to conclude that the addition of the correction terms —C~ () in the interval [z, z*] or —C*(z)
in the interval (z*, x;41] allows us to keep the accuracy of the spline close to the singularities. In
fact, looking at the O(h*) terms in the local truncation error, we can see that the term in (3.46)
can be roughly bounded by

1Ty (@) < IO, (35)

and the one in (3.48) can be bounded in the same way by

T @) < St (3.54)

Remark 5 Let us assume now that we do not know the exact location of the singularity x* and
we approximate it by T*. For simplicity, we can assume that T* s located to the right of x* at
a distance B (which is the error of location). Then, using Taylor’s expansion on the jump in the
function or the derivatives, we get
~%\1 / /82 1"

F@] =+ BT+ ST+
52 (3.55)
[F1@EO] = 1+ B+ S "+
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Therefore, from replacing these expressions in the local truncation error in (3.42) or (3.43), we
derive that an error in the location of the discontinuity leads to an error of the size of the jump of
the function in the interval between &* and x*. In the case of jumps in the first order derivative,
the problem can be solved computing an accurate enough x*. Thus, in order to keep order of
accuracy O(h*) for the cubic spline, we just need the error of location 3 to be of order O(h%). It is
noteworthy that if there is a false detection of the singularity at a smooth zone, the jumps should
be zero (if known a priori) or close enough to zero (if approximated) [49].

Remark 6 Although we have introduced the corrected cubic Hermite spline for cases where the
location of the singularities and the jump in the function and its derivatives are known, this
information can be approximated numerically in certain instances.

When working with data derived from the discretization of piecewise smooth functions, some-
times it is possible to detect the singularities and compute their location. Some kinds of singu-
larities are jump discontinuities in the function and kinks, meaning jumps in the function or the
first order derivative respectively. The location of these singularities can be found depending on
the discretization of the data used. Kinks can be located using the point-value discretization, i.e.
a sampling of the function. There is no way of locating the position of jump discontinuities using
this kind of discretization: the exact position is lost during the discretization process. For data
discretized using point-values, the location of kinks can be obtained, for example, using the classical
approach proposed by Harten for his ENO subcell resolution (ENO-SR) algorithm [51, 50]. In [50],
the authors introduce the ENO-SR algorithm and propose its implementation for the point-values
discretization of the data.

Once the location of the singularity has been approximated, it is also possible to approximate
the jump in the function and its derivatives using one-sided interpolation. See for example [{9]
for a detailed explanation about this point.

We will verify the previous assertions in the Numerical experiments section.

Corollary 3 (Error of the second order derivative of the corrected cubic Hermite interpolation)
Under the assumptions of Theorem (7), the error for the second order derivative of the corrected
cubic Hermite interpolation in the interval that contains the singularity is given by

( 1 1

max ghzf[f(4)]’a§h2£?up ]If(4)(§)\}, @ € [zj,27],

Elxj,x*
1
R e B Gl NP TIE
GIE*,:Ej+1

th sup @ (€)], in any other case,

L £€lw;,@j41]

for all h > 0, independent of f.

If we differentiate the error terms in (3.46) and (3.48) of Lemma (6), it is not difficult to arrive
to the expression for the error of the second order derivative of the corrected spline in the intervals
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[25, 2*) or (&7, Tj41]:

o — 3—a— 042.73‘—{1," 3$—LE"
(T4_(x)),,:<_( h)3(—3 h+61i2zh(2 j) +6h%( J))>[f(4>]+,_,7

. (3.57)
3at(h —2(z — xj)) — 4ha3(2h — 3(z — z;))
+(2)) = J ...
@) = ( . 9]+
Taking into account these results and Corollary 2, we finish the proof:
(
1 1
max SR |[fY), 5p% sup [FO©p, @€ faya],
3 2 celw; )
1
[/"(@) = gj ()] < { max %h%[ﬂ‘”]r, gh? sup |/ (5)!} . e (@, ximl, (3.58)
1 fe(x*’xjnLl]
—h? sup |9, in any other case,
2 telejmin)

Corollary 4 (Smoothness of the classical Hermite spline with corrected first order derivatives)

The correction proposed in Theorem 7 leads to a piecewise C? spline that preserves the singu-
larity of the function at x*. Consequently, the use of the adapted first order derivatives obtained
in Section 3.3 without the correction proposed in Theorem 7 produces a jump in the second order
derivative of the resultant spline [S”(x)] = S"(a%) — S"(x7), at x; and x4y if the singularity is
placed in the interval [x;,xj41]. This jump is equal to

—6 o? « —a? ao?

5] = ] 4 T Ay BT H Ay (COTE 2 gy (350)
o — —3a? « od —a?

15" gon)] = — ]+ 02y g S LI0N) g (0T W g .0

Thus, in this case, the resultant spline is C'. More specifically, it is C? except at xj and xjy1, if
[z, xj41] is the interval that contains the singularity.

Let us consider that we apply the correction terms proposed in Theorem 7. In this case, the
modification of the right hand side of the system in (3.33) does not affect the regularity conditions
imposed at all the nodes except at x; and z;1. This is very easy to verify by computing the
jumps [S”(x;)] and [S'(z;)] for z;,e = 1,...,5 — 1,5+ 2,...m — 1, using the expression of the
spline in (3.4), and confirming that these jumps are zero. Thus, we only have to consider the
jump in the first and second order derivatives at these points. By differentiating once or twice
the expression in (3.4) for the spline at z; and the expression in (3.51) for the spline at :E;r, we

obtain [S'(z;)] = S’(xj) — S'(z;) = 0 and [S"(z;)] = S”(azj) — S8"(z;) = 0. In the same way,
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differentiating once or twice (3.4) for the spline at LU;»:_I and (3.52) for the spline at 2 ; we obtain
[S"(xj41)] = SII($3‘++1) —8"(z;y,) =0 and [S'(zj41)] = S’(:L';LH) — 8'(x; ;) = 0. This means that
the addition of the correction terms shown in Theorem 7 assures piecewise C? regularity of the
spline everywhere except at the singularity placed at x*.

By repeating the same calculations but eliminating the correction term C~(z) in (3.51) or
C™(z) in (3.52) we obtain that the jumps in the first order derivative are still zero at x; and x4,
and we obtain the jumps in the second order derivative shown in (3.59) and (3.60) respectively.

The conclusions reached in Corollary 4 will be verified in the Numerical experiments section

(Subsection 3.7.3).

3.6 The adaption as a post-processing procedure

In this section we will analyse the possibility of correcting the spline as a post-processing. We
have two possibilities: the first one is when we want to obtain a smooth function in the interval
that contains the singularity; the second one is when we want to obtain a piecewise continuous
function in that interval. In the first case we only have to incorporate the correction of the first
order derivatives exposed in Section 3.3. In the second case we need to include also the correction
shown in Section 3.5. Let us start by the first case.

3.6.1 The cubic Hermite spline with corrected first order derivatives as a post-
processing procedure

Looking at the right hand side of the system in (3.33), we can see that the correction of the first
order derivatives of the spline can be done as a post-processing, just adding to the solution of the
uncorrected spline the solution of the system considering only as right hand side the sparse vector
that contains the correction terms. It is clear that the system can be expressed as

AD=d+C, (3.61)

and it is clear that the term that will add the desired accuracy to the vector is the solution of the
system .
AD=C. (3.62)

The solution D of this system will be a vector which, added to the vector of first order derivatives
obtained from the classical system of the spline

AD = d, (3.63)

will provide O(h?) accuracy for the first order derivatives even close to the singularities. Looking
at the expression of the spline in (3.38), if we express each particular first order derivative resulting
from (3.61)

D=D+D,
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then the adapted spline can be expressed as

_ [ hDiy1+ Dih + 2y; — 2yi11 3 hDit1+2D;h + 3y; — 3yit1 9
gi(z) = 3 (x —)° — 72 (z — )
hﬁl 1+ Dih hDZ' 1+ ZDih ~ -
+ Di(z — x;) + yi> + +T(x — ;) — +T(a@ — x3)? 4+ Di(x — z;) = gi(z) + Gi(z).

(3.64)
The term g;(z) can be interpreted as a spline where the function values are zero and the first order
derivatives are different from zero. It can be added as a post-processing of the classical Hermite
spline in order to attain O(h?®) order of accuracy for the first order derivatives at the nodes.
In [52] p. 22, the authors provide a very efficient algorithm for solving tridiagonal systems
with dominant main diagonal, like the ones in (3.25) and (3.33). If we have the equations

bix1 + c1z2 = dy,

asx1 + baxa + cows = da,

(3.65)
Am—1Tm—2 + bm—1Tm—1 + C—1Tm = dp—1,
AmTm—1 + bmxm = dm7
then we can compute for j =1,2,...,m,
pj = ajqj—1+bj, (90 =0),
4 = —¢/pj,
uj = (dj — ajuj—1)/pj, (uo = 0).
The successive elimination of x1,x9,...,xn—1 from the second, third, ..., mth equations yields
the equivalent system of equations
:Ej:q]'Ij_H—l-Uj, (jzl,...,m—l),
Im = Um,
where z,, Zp—1, ..., 21 are evaluated successively. We note that the quantities p; and ¢; depend

on the mesh but not on the ordinates at the mesh nodes (that only appear in the d; in (3.65)).
Thus, the correction can be calculated very efficiently once the p;’s and g;’s of the classical spline
have been computed, as we are only changing the right hand side of the system of equations of
the classical spline, i.e. the d;’s.

3.6.2 The fully accurate cubic Hermite spline as a post-processing procedure

The fully accurate spline presents differences with the one presented in the previous subsection
only at the interval [z;,z;11] that contains the singularity. Thus, it is possible to express the
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corrected spline with corrected first order derivatives inside that interval g;(z) as

g9; (@) = gj(z)+gi(z) —C () + O(hY), =z <z <a¥, (3.66)
g;r(x) = gi(x) +gi(x) — CH(z) +O(RY), 2* <z <xjp. (3.67)

3.7 Numerical experiments

In this section we analyse the accuracy obtained when computing the corrected first order deriva-
tives proposed in Section 3.3 and in the interpolation obtained through the corrected Hermite
spline described in Section 3.5. We will compare the results of the corrected Hermite spline with
those obtained by the classical non-corrected spline.

3.7.1 Accuracy analysis of the interpolation, first and second order derivatives
obtained through the classical and corrected splines

Let us try to analyse the accuracy of the interpolation, first and second order derivatives attained
by the corrected and non-corrected spline. We will consider that we start from discretized data
that comes from the sampling of a function. The location of the discontinuity will be considered
known in the case of jump discontinuities in the function. When the jumps are in the first order
derivative, we will obtain approximations of its location using the algorithm in [50].

In order to check the accuracy of the spline between the nodes or the first and second order
derivatives at the nodes, we can perform a grid refinement analysis. For the approximation of
the derivatives, we can just obtain analytically the corresponding derivative of the function and
compare it with the approximation of the derivative obtained through the spline for each step of
the refinement analysis. The process for this grid refinement analysis will be the following:

1. Sample the function at a high resolution with the mesh size hy and keep this data to check
the error.

2. Subsample the high resolution data using a mesh size h; to obtain the nodes of the spline.

3. Obtain the analytical first and second order derivatives of the function at the nodes obtained
in the previous step.

4. Compute the spline with the low resolution nodes.

5. Compute the errors for the first order derivative at the low resolution nodes and for the

function and the second order derivative at the high resolution data.
6. Reduce the mesh size for the high resolution data and between nodes so that hg = %, hy = %
and go back to step 1.
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Figure 3.3: Functions in (3.68) and (3.69) used in the numerical experiments.

Once we have the errors for the data, the first, and the second order derivative for all the
refinement steps, we can just apply the classical formula for approximating the numerical accuracy,

El
l
O = lOQQ <E‘l+1> 5

using the infinity norm E! = ||f! — fl|| 1, where we have denoted the grid refinement step with
the super index .

Experiment 1: a function with a jump discontinuity

For this first experiment we have chosen the function in (3.68), which corresponds to a function
with jumps in the function and the first four derivatives:

— )z — % —-3)3+8sin () +10, f0<z<Z,
f(:t):{(w. 6)3’37 c—3) sin (%) ;fggxxg(il. (3.68)

In this case, we assume that we know the location of the discontinuity, but we approximate
the jumps in the function and the derivatives using one-sided interpolation [49].

In this experiment we have set the relation between the high resolution data and the nodes to
hl = 32, which means that we take one point of every 32 points of the high resolution data to
obtam the low resolution data, i.e. the nodes of the spline. Thus, the low resolution nodes have
been sampled with m = 2! nodes and the high resolution data with 32m points. The results are
shown in Table 3.1 for the interpolation of the spline at the high resolution data obtained from the
low resolution data, in Table 3.2 for the first order derivative at the nodes and in Table 3.3 for the
second order derivative at the high resolution data points. We can see that the accuracy obtained
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by the corrected spline between the nodes tends to O(h?) when h goes to zero and to O(1) for
the classical spline. The accuracy of the first order derivative at the nodes tends to O(h3) for the
corrected spline and to O(1/h) for the classical one. The accuracy of the second order derivative
at the high resolution data tends to O(h?) for the corrected spline and to O(1/h?) for the classical
one. These results have been also presented in Figure 3.4, in a semilogarithmic scale in order to
show the numerical decreasing of the error and to compare it with the theoretical one, which has
been represented with dashed blue lines. In the plot to the left of this figure we can see the errors
obtained by the classical spline (stars in red) and by the corrected spline (stars in blue) at the
high resolution nodes. The slope of the dashed lines represents the decreasing of the error of the
classical spline with order of accuracy O(1) and with O(h*) for the corrected spline. At the center
we present the errors in the first order derivatives at the low resolution nodes (resulting from the
solution of the system of equations of the spline) for each spline with the same markers. The
slope of the dashed lines represent again the decreasing of the error for the classical spline with
0 (%) accuracy and with O(h?) for the corrected spline. The plot to the right shows the errors
obtained in the second order derivative at the high resolution nodes. In this case, the slope of the
dashed lines represents the decreasing of the error for the classical spline with O (%) accuracy and
with O(h?) for the corrected spline. In Subsection 3.7.2 we show that the loss of accuracy of the
classical approach is due, among other things, to Gibbs-like oscillations close to the discontinuity.

m = 2! 24 25 20 27 28 29 210
Error adapted spline (E') | 5.54491e-05 | 1.19648¢-05 | 3.51535¢-07 | 3.59957¢-09 | 2.24858¢-10 | 1.40403¢-11 | 8.81073¢-13
Order (In(E'/E™T)) - 2.21237 5.08898 6.60970 4.00073 4.00137 3.99417
Error classical spline (EY) | 6.71264 7.41233 5.07078 9.78913 9.79239 9.31633 8.77116
Order (In(ET/EFT)) - -0.14305 0.54772 -0.94897 -0.00048 0.07190 0.08700

Table 3.1: Grid refinement analysis for the accuracy of the corrected and classical splines using the
infinity norm at the high resolution nodes. The original data has been sampled from the function
in (3.68). The low resolution nodes have been sampled with m = 2! nodes and the high resolution
data with 32m points.

PR o 55 56 o7 58 59 510
Error 15 order derivative corr. spline (E') | 1.47381¢-03 | 1.83664c-04 | 2.29231e-05 | 2.86321¢-06 | 3.57760e-07 | 4.47014e-08 | 5.59032¢-09
Order (In(E'/E™T)) - 3.00440 3.00220 3.00110 3.00057 3.00060 2.99932
Error 17 order derivative class. spline (E7) | 1.03645e+02 | 2.11761e+02 | 4.10360e+02 | 8.07729e+02 | 1.61958¢+03 | 3.24326e+03 | 6.49063e+03
Order (In(E'/E™T)) - -1.03078 -0.95445 -0.97698 -1.00367 -1.00183 -1.00091

Table 3.2: Grid refinement analysis for the accuracy of the first order derivative at the low res-
olution nodes of the corrected and classical splines using the infinity norm. The original data
has been sampled from the function in (3.68). The low resolution nodes have been sampled with
m = 2! nodes and the high resolution data with 32m points.
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m=2 2 2 28 2 28 2° 210

Error 2" order derivative corr. spline (E') | 1.26490e-01 | 4.28426e-02 | 1.73353e-02 | 4.33295¢-03 | 1.07375¢-03 | 2.63758¢-04 | 6.30744e-05

Order (In(E'/E"T)) - 1.56191 1.30533 2.00029 2.01270 2.02537 2.06409
Error 27 order derivative class. spline (E') | 5.45724e+03 | 2.22944e+04 | 9.00877e+04 | 3.54527e+05 | 1.40653e+06 | 5.60307e+06 | 2.23662e-+07
Order (In(E'/E™1)) - -2.03044 -2.01465 -1.97649 -1.98818 -1.99407 -1.99703

Table 3.3: Grid refinement analysis for the accuracy of the second order derivatives at the high
resolution nodes of the corrected and classical splines using the infinity norm. The original data
has been sampled from the function in (3.68). The low resolution nodes have been sampled with
m = 2! nodes and the high resolution data with 32m points.

Experiment 2: a function with a discontinuity in the derivatives

For the second experiment we have chosen the function in (3.69)

f(z) = ‘sin (x - %) , 0<z<1, (3.69)

which corresponds to a function with jumps in the odd derivatives. In this case, we approximate the
location of the singularity with O(h*) accuracy using the algorithm in [50], and we also approximate
the jumps in the function (which in this case is zero) and the derivatives [49]. Following the same
setting as in the previous experiment, the results are shown in Table 3.4 for the interpolation of
the spline, in Table 3.5 for the first order derivatives at the nodes and in Table 3.6 for the second
order derivative of the spline at the high resolution data points. It can be observed that with
the corrected spline we are capable of obtaining high resolution approximations of the function,
the first and the second order derivatives, while with the classical spline the approximations are
affected by the presence of the singularity. These results have been presented in Figure 3.5, where
the slope of the dashed blue lines represent again the theoretical decreasing of the error for each
case. In this figure we represent the results of the grid refinement analysis for the accuracy of the
corrected and classical splines and their first and second order derivatives using the infinity norm
shown in Tables 3.4, 3.5 and 3.6.

m = 2! 24 25 20 27 28 29 210
Error adapted spline (EY) | 6.59827e-07 | 2.78771e-08 | 1.15987¢-09 | 7.37090e-11 | 4.64462¢-12 | 2.91434e-13 | 1.83187e-14
Order (In(E'/E™T)) - 4.56494 4.58705 3.97597 3.98821 3.99432 3.99178
Error classical spline (E') | 1.86023e-02 | 7.32441e-03 | 5.24429¢-03 | 1.32151e-03 | 6.43286e-04 | 3.04237¢-04 | 1.40813e-04
Order (In(E'/E™T)) - 1.34469 0.48196 1.98856 1.03865 1.08026 1.11141

Table 3.4: Grid refinement analysis for the accuracy of the corrected and classical splines using the
infinity norm at the high resolution nodes. The original data has been sampled from the function
in (3.69). The low resolution nodes have been sampled with m = 2! nodes and the high resolution
data with 32m points.
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Figure 3.4: In this figure we represent the results of the grid refinement analysis for the accuracy
of the corrected and classical splines and their first and second order derivatives using the infinity
norm shown in Tables 3.1, 3.2 and 3.3. The original data has been sampled from the function in
(3.68). In the first row we show the error E' for the corrected and classical spline, in the second
one we show the error for the first order derivative, and finally, the error for the second order
derivative. The z axis represents de resolution level [: the increase of [ implies the reduction of
the grid-spacing of the low resolution data. Thus, the slope of the dashed lines represents the
accuracy of each method.
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Figure 3.5: In this figure we represent the results of the grid refinement analysis for the accuracy
of the corrected and classical splines and their first and second order derivatives using the infinity
norm shown in Tables 3.4, 3.5 and 3.6. The original data has been sampled from the function
in (3.69). As in Figure 3.4, in the first row we show the error E! for the corrected and classical
spline, in the second one we show the error for the first order derivative, and finally, the error for
the second order derivative. The x axis represents de resolution level I: the increase of [ implies
the reduction of the grid-spacing of the low resolution data. Thus, the slope of the dashed lines
represents the accuracy of each method.
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m =2 2! 2° 20 27 28 2° 210

Error 1% order derivative corr. spline (EY) | 2.66070e-05 | 3.57412¢-06 | 4.61924e-07 | 5.86765e-08 | 7.39272¢-09 | 9.27689¢-10 | 1.16387¢-10

Order (In(E'/E™Y)) - 2.89614 2.95186 2.97680 2.98861 2.99439 2.99471
Error 1! order derivative class. spline (E) | 5.42186e-01 | 6.68854e-01 | 3.73696e-01 | 9.94572¢-01 | 9.68398e-01 | 9.16048¢-01 | 8.11350e-01
Order (In(E'/EFT)) - -0.30290 0.83983 -1.41221 0.03848 0.08018 0.17510

Table 3.5: Grid refinement analysis for the accuracy of the first order derivative at the nodes of
the corrected and classical splines using the infinity norm. The original data has been sampled
from the function in (3.69). The low resolution nodes have been sampled with m = 2! nodes and
the high resolution data with 32m points.

m =20 2% 2° 20 27 28 29 210
Error 2™ order derivative corr. spline (EY) | 1.67571e-03 | 4.48916e-04 | 1.15908e-04 | 2.94324e-05 | 7.41473¢-06 | 1.86069¢-06 | 4.66252e-07
Order (In(ET/EFT)) - 1.90025 1.95346 1.97751 1.98894 1.99455 1.99666
Error 2" order derivative class. spline (E') | 3.78943e4-01 | 4.14111e+01 | 2.14565e402 | 4.26291e+02 | 8.41072e+02 | 1.63595e+03 | 3.08695¢+03
Order (In(ET/E™T)) - -0.12804 -2.37332 -0.99043 -0.98039 -0.95982 -0.91606

Table 3.6: Grid refinement analysis for the accuracy of the second order derivatives at the high
resolution nodes of the corrected and classical splines using the infinity norm. The original data
has been sampled from the function in (3.69). The low resolution nodes have been sampled with
m = 2! nodes and the high resolution data with 32m points.

3.7.2 Elimination of the Gibbs phenomenon using adapted first order deriva-
tives

In this section we will analyse the behaviour of the corrected spline, the classical spline with
corrected first order derivatives and the classical spline close to discontinuities. In order to do so,
we will use the function in (3.68), which presents a jump discontinuity. As in Subsection 3.7.1,
we assume that we know the location of the discontinuity for this function, but we approximate
the jumps in the function and the derivatives using one-sided interpolation [49]. The results of
the experiments are shown in Figure (3.6). In the first row, we present the approximation (red
circles) of the function in (3.68) sampled with a high resolution of 256 points (blue crosses) and
then subsampled to obtain 16 points (solid black circles) in order to obtain the low resolution
data. We can see that the classical spline (first row, plot to the left) shows Gibbs oscillations close
to the discontinuity. If we correct the first order derivatives of the spline and we do not use any
correction for the spline itself (first row, central plot), we obtain an approximation that is free of
oscillations close to the discontinuity, but that presents diffusion in the interval that contains the
discontinuity. If we use the corrected first order derivatives and we also correct the approximation
of the spline close to the discontinuity (first row, plot to the right), we can obtain a piecewise
continuous function without oscillations close to the discontinuity. The second row of Figure 3.6
shows the error obtained in the computation of the first order derivatives at the low resolution
nodes for each spline: to the left we show the result of the classical spline and at the center and to
the right, the error for corrected first order derivatives (which are the same both for the classical
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spline with corrected first order derivatives and for the corrected spline). The third row shows
the error at the high resolution nodes attained by each of the splines in the same order. From
these plots we can see that the use of corrected first order derivatives leads to the elimination
of the Gibbs oscillations close to the discontinuities. If we also correct the interpolation of the
spline, it is possible to obtain a piecewise continuous function with high accuracy even close to
the discontinuities.

3.7.3 Regularity

In this subsection we will analyse the behaviour of the first and second order derivatives between
the nodes for the classical spline, the classical spline with corrected first order derivatives and
the corrected spline with corrected first order derivatives. As before, for the function in (3.68),
we assume that we know the location of the discontinuity, and, for the function in (3.69), we
approximate the location of the singularity with O(h?*) [50]. In both cases we approximate the
jumps in the function and the derivatives using one-sided interpolation [49]. Figures 3.7 and 3.8
show the results obtained for the functions in (3.68) and (3.69) respectively. In both figures, the
approximation of the first order derivative of the functions is shown in the first column, and the
approximation for the second order derivatives is shown in the second column. Functions in (3.68)
and (3.69) are sampled with 16 points to obtain the low resolution data. Then, each polynomial
piece of the spline is differentiated once or twice to obtain the results shown in Figures 3.7 and 3.8.
We have represented some points of the first or the second order derivative of the function with
blue dots. The stars represent a sampling of the first or the second order derivatives of each one
of the polynomial pieces of the spline g(z). Each polynomial piece is represented with a different
colour. Our objective is just to compare qualitatively the first and second order derivatives of
the functions, and the approximations obtained through each spline. In each of the two figures,
the first row presents the result for the classical spline, and the second row shows the result for
the classical spline with corrected first order derivatives. Finally, the third row shows the results
for the corrected spline with corrected first order derivatives. It is clear that the classical spline
introduces oscillations in the first and the second order derivatives close to the singularities, but
maintains the C? regularity in the whole domain. The results also show that the modification of
the right hand side of the system of equations of the spline in (3.33) eliminates the oscillations
in the function outside the interval that contains the singularity, but leads to the loss of the
regularity in the second order derivative if the spline is not corrected, as discussed in Corollary 4.
Only the corrected spline with corrected first order derivatives, discussed in Section 3.5, allows for
the elimination of the oscillations and keeps the correct piecewise regularity of the function from
which the data has been obtained.

3.8 Conclusions

In this chapter we have presented a new technique that allows for the correction of the first order
derivatives and the approximation obtained through cubic Hermite splines close to singularities.
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Figure 3.6: In the first row, we present the reconstruction or approximation g(x) of the function in
(3.68) with red circles. Initially we sample the function at a high resolution of 256 points and we
represent it with blue crosses. Then we subsample the data to obtain a low resolution version of
16 points, and we represent it with solid black circles. The second and third row are dedicated to
present the error in the first and second order derivatives, respectively. The first column presents
the results of the classical cubic Hermite spline, the second one presents those obtained by the
classical cubic Hermite spline with corrected first order derivatives. Finally, the third one presents
the results attained by the corrected cubic Hermite spline with corrected first order derivatives.
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Figure 3.7: Approximation of the first order derivative (first column), and second order derivative
(second column) of the function in (3.68) sampled with 16 points to obtain the low resolution data.
The blue dots represent the first or the second order derivative of the function. The coloured stars
represent the first or the second order derivatives of the polynomial pieces of the spline g(x). Each
colour of the stars represents a different polynomial piece of the spline. The first row presents
the result for the classical spline. The second row shows the result for the classical spline with
corrected first order derivatives. The third row shows the results for the corrected spline with
corrected first order derivatives.
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Figure 3.8: Approximation of the first order derivative (first column) and second order derivative
(second column) of the function in (3.69) sampled with 16 points to obtain the low resolution data.
The blue dots represent the first or the second order derivative of the function. The coloured stars
represent the first or the second order derivatives of the polynomial pieces of the spline g(x). Each
colour of the stars represents a different polynomial piece of the spline. The first row presents
the result for the classical spline. The second row shows the result for the classical spline with
corrected first order derivatives. The third row shows the results for the corrected spline with

corrected first order derivatives.
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The technique consists in taking into account the effect introduced by the singularity by adding
correction terms, in order to assure a high order of accuracy close to the singularities. The
correction can be included in the right hand side of the system of the spline, allowing for its
application as a post-processing. It has been shown theoretically that the correction of the first
order derivatives eliminates the Gibbs phenomenon introduced by the classical spline close to jump
discontinuities. Through the correction introduced in the system of equations of the spline, we
obtain accurate first order derivatives even close to the singularities. Thus we have also discussed
the theoretical accuracy in the infinity norm obtained through the correction of the first order
derivatives. Even so, diffusion is always present in the interval that contains a jump discontinuity
if we only correct the first order derivatives of the spline. If the correction is also introduced
in the equation of the spline (3.1) in the interval that contains the singularity, it is possible to
approximate accurately piecewise continuous functions. Proofs for the accuracy attained through
the corrected spline in the infinity norm have been provided. The new technique requires the
knowledge of the location of the singularities and the jumps in the function and its derivatives at
the singularities, or high order of accuracy approximations. We have also discussed the order of
accuracy needed in the approximated location of the singularity to keep the order of the spline.
The numerical experiments confirm the theoretical results obtained.
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Chapter 4

Image super resolution

It is important to mention here that the super resolution topic was the starting point of this thesis.
Then, we continued with the other two paths of research presented in the previous chapters, which
successfully led us to obtain enough results for the conclusion of this work. In this part of the
thesis, we briefly expose the line of research that we followed at that stage.

4.1 Introduction

Super resolution, within the context of Harten’s multiresolution algorithms, is a powerful technique
for enhancing the quality and detail of images or data. Operating within Harten’s framework, super
resolution aims to improve the resolution of data by incorporating information from various scales
in the multiresolution process. This is achieved through data-dependent reconstruction operators,
enabling the generation of more precise and detailed representations of the data, especially in
areas with abrupt changes or singularities. The adaptability of Harten’s multiresolution approach
allows for the design of super resolution methods to specific problems or dataset requirements,
making them particularly effective enhancing data quality in applications such as image processing
or signal processing. We will center our attention in the super resolution of images using a specific
prediction operator. We will start by introducing the Harten’s framework for multiresolution and
then explain how we have used it to try to create a super resolution algorithm based on this
framework.

In recent years, the research carried out in signal processing, and more particularly, in problems
of compression, denoising, pattern recognition and others, has made this field one of the most
studied in the area of Applied Mathematics. A common problem in approximation theory is the
reconstruction of a function from a set of discrete data that give information about the function
itself. This information is usually given as point values or cell averages of the function over a
finite set of points or cells, respectively. The function is then approximated by an interpolant,
that is, by another function whose point values or cell averages coincide with those of the original
function. This interpolant can be constructed using linear interpolation or even more sophisticated
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procedures that take into account the presence of discontinuity points in the data. In the first
case, the accuracy of the approximation near a singularity is limited and depends on the regularity
of the data, so that if we construct the interpolating polynomial based on a set of points (stencil)
crossing the singularity, we will obtain a poor approximation. The second approach aims to solve
or at least reduce these problems.

In the past years, several attempts to improve the properties of linear subdivision schemes
have given rise to nonlinear subdivision schemes, which study the behavior of functions close to
discontinuities. These schemes are data-dependent, so it is necessary to study their stability, which
may be affected by perturbations that are present in the data. For nonlinear subdivision schemes,
few general convergence or stability results are available, see for example [56, 57, 58, 59, 60, 61].
Starting with a discrete set of data, subdivision schemes generate new data by following a set
of well-established rules, and thus, obtaining another new set of data denser than the previous
one. This process can be repeated several times in order to refine the original data sequence.
Some examples of subdivision schemes are the family of schemes based on Lagrange interpolation,
the family of spline subdivision schemes related to spline spaces, the Chaikin algorithm, which is
another example of a spline subdivision scheme converging to C? functions, the ENO interpolation
(62, 63, 64, 65, 66, 67, 68, 57, 69, 70|, improved by the WENO (weighted ENO) interpolations
[70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91], as well as the
PPH interpolation [56]. Some of these algorithms could be adapted to construct super resolution
algorithms.

In the construction of subdivision schemes, the application of the rules which allow us to
create, from an initial fixed set of points, another denser set, also allows us to carry out seve-
ral zoom stages, and thus successive enlargements of the image. The subdivision schemes can
be interpreted from the prediction operator that appears in Harten’s multiresolution. Harten’s
multiresolution [92] is a very efficient tool for image processing. The goal of multiresolution is
to obtain a multi-scale rearrangement of the information contained in a discrete data set. To
perform the transformation between the different levels of multiresolution, we use the decimation
and prediction operators. The prediction operator is the one we use to zoom, since it increases
the resolution of the initial data set. The prediction and decimation operators are closely related
to the reconstruction and discretisation operators, which connect the different discrete levels of
resolution to a suitable functional space, which depends on the applications. The feature that
makes Harten’s multiresolution more attractive than other techniques is the fact that it easily
allows the introduction of non-linearity in the schemes.

In what follows, we introduce Harten’s framework for multiresolution and then we explain very
briefly how to use it to construct a super resolution algorithm.

4.2 Harten’s framework for multiresolution

Digital image processing can benefit from multiresolution representations of data. The cell-average
setting is a common framework for these applications. To adapt well to singularities, nonlinear
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methods are desirable. Therefore, one has to ensure the stability of these representations. A
discussion about Harten’s multiresolution can be found in [92, 93, 94].

Given a data vector fL where L represents a resolution level, a multiresolution representation
of fI is any sequence of the type {f°,d',...,d"} where f* is an approximation of f¥ at resolution
level k < L, and d**! represents the details required to obtain f**1 from f*. This representation
is then processed and modified to produce a new multi-scale representation {fo’dl,(iz’ e ,ch}
that is close to the original one, i.e. such that (in some norm)

1=l <e  [ld*—d<e 1<k<L,

where the user specifies the truncation parameters €g, €1, ..., €, according to some criteria. The
simplest data compression procedure is to set to zero all the scale coefficients that are below a
given tolerance. We define

d* = tr(d*;e,) = (4.1)

. 0 \dk\ < g,
d*  otherwise.

We call this operation truncation. This type of data compression mainly reduces the dimensionality
of the data, eliminating part of the information contained in the original data. Another strategy,
which reduces the digital representation of the data, is quantization, which can be modelled by

. dF
d* = qu(d*;e,) = 2¢; - round [2%] . (4.2)

Here round [] means the integer obtained by rounding. Note that if |d*| < ¢, then qu( d*;e;) =0
and that the following expression holds for both cases

|dF — dF| < €.

When we decode the processed representation, we get a discrete set fL that is supposed to be
close to the original discrete set fZ. For this to happen, some kind of stability is necessary, i.e.
we have to demand that

HfL _fLH < 0(607617"'a6L)7
where o(-,...,-) has the following property
li ... =0.
eﬁo}glngLU(ﬁoih ,€L)

Wavelet decompositions serve as fundamental tools commonly employed in image analysis and
compression. While these decompositions are known for their stability, it’s important to note
that the underlying theory is built upon their linearity. Nevertheless, the effectiveness of wavelet
decompositions in image compression is frequently constrained by the existence of discontinuities
or edges. On one hand, the detail coefficients d* that hold numerical significance are primarily
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associated with wavelet supports that intersect these discontinuities. On the other hand, in order
to capture only a small number of significant coefficients in the smoother parts of the signal, it re-
quires the use of highly oscillating wavelets, which inherently have larger supports. Consequently,
this results in a greater number of significant coefficients associated with discontinuities. Harten’s
framework for multiresolution offers a well-suited environment for crafting discrete multiresolution
representations, as discussed in [92, 95], and [96]. In this framework, discrete resolution levels are
connected through inter-resolution operators known as decimation (transitioning from fine resolu-
tion k to coarser resolution k — 1) and prediction (transitioning from coarser to finer resolutions).
These inter-scale operators have a direct correlation with the discretization and reconstruction
processes. These processes bridge the continuous level, where a function denoted as f (and related
to the discrete data) lives, to each discrete level, where f kis placed. Both decimation and predic-
tion operators act within linear vector spaces represented as V¥, each of which signifies different
resolution levels. Notably, as k increases, the resolution becomes finer:

D1 VR phl (4.3)

Py VL Lk (4.4)
They must meet two algebraic prerequisites:

1. Dﬁ‘l must be a linear operator.

2. Dg_lPi_l = [yx—1 (consistency), where Ix—1 is the identity operator at the lower-resolution
level. This condition simply means that if we decimate the data obtained through the
prediction operator, we must obtain the original data from which we started.

One of the most significant strengths of Harten’s framework lies in its adaptability. The role
played by the reconstruction operator enables the implementation of adaptive techniques specifi-
cally created for handling singularities. In most cases, these techniques involve the use of data-
dependent reconstruction operators, resulting in non-linear prediction methods and consequently
leading to non-linear multiresolution decompositions (as discussed in [95] and [96]).

A significant advance towards non-linear adaptation near singularities has been made possible
by the Essentially Non Oscillatory (ENO) reconstruction methods, which have been detailed in
[95] and [92]. When considering image examples, such as those in [67, 97], and [98], it becomes
evident that non-linear processing allows for a more finely-tuned treatment of edges. Specifically,
this approach ensures that edges do not yield as many prominent detail coefficients as is typical
in standard wavelet transforms.

4.3 The Cell-average Multiresolution Setting

A discussion about this kind of discretization can be found in [92, 99]. We consider a set of nested
grids in [0, 1]:
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XE={abyleg, ok =ghy, he=27%/0o, =280,

where Jj is a fixed integer. We employ the discretization process defined as:
Do L0 5 VE fE = (D) = o / f@)de, 1<j< (4.5)

where L]0, 1] represents the space of functions in [0, 1] with finite integrals, and V* is the space of
sequences with Ji elements. Using the additivity of the integral, we obtain the decimation steps:

@y o5 1
A=y = | e iz = o || | Jado = 5(sha+ )

The consistency requirement for Pi_l can be expressed as:

= PR ), = %((szlfk_l)%—l+(P]I§71fk_1)2j)'

Thus, if f*~1 = Dll:_l f*, then the prediction errors can be obtained from the last two equations
and satisfy:

2; 1= f2] 1 ( ﬁ—lfk_l)%fl = (Pi—lfk_l)Zj - fécj = —dgj

This indicates that the prediction error contains some redundancy.
Now, if we only consider the prediction errors at, for example, the odd points of the grid X*,
we achieve a one-to-one mapping:

IR LT LT _
fjk b= %Wl? = f;j—l - (Plfﬂfk 1)21'—17
féfjfl = (PF_1f Moo+ d?v fécj = fo_l - féqul' (4.6)

We can proceed to consider the primitive function and follow the same procedure as before: We
consider the sequence {ij} on the k-grid defined by

j k
o k_ pk
S Y e I o T 4
=1

where the function F(x) is a primitive of f(x) and the sequence {F f } is a discretization by point-
values of F(x) on the grid X* (a sampling of F(x) on that grid).
Let Zj,_1(z; F¥=1) be a reconstruction of F

Ik— ( k: 1. Fk: 1) F]kfl.
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Hence, we can obtain an approximation, ff, of fJ’?:

fljk = (Ik,1($§, Fk_l) - Ik*l(x;?—lv Fk_l))/hk (48)

The prediction error follows the expression
k k
0= BT

therefore, we can define the details as

dgj = 5]53‘—17 1 S.] S Jk*h

then, we have all the information we need because

E12€j—1 = d?a 1§j§<]k:—1>
e, = —dj, 1<j<Jp.

Now, knowing that Pk’f_l is the prediction operator, we get

f5 = (PE gy +di (4.9)

A nonlinear multiresolution results from a nonlinear interpolation. To get an adapted nonlinear
multiresolution in the cell-average framework we can apply nonlinear schemes to the primitive
function. In the linear case we get back biorthogonal wavelet algorithms [100].

We will generally consider the family of prediction operators defined by

(P S ajr = S+ FOST 07D, (4.10)
where ¢ is a linear operator but F' can be nonlinear.

The cell-average framework has L' as the natural functional space, which makes this setting
more appropriate for image processing applications than the point-values framework, where the
functional space is the continuous functions. We will use this framework to build our super
resolution algorithm. In the following section, we explain the relation between multiresolution
and subdivision schemes.

4.4 Relationship between multiresolution schemes and subdivi-
sion schemes (zoom)

If in these multiresolution algorithms, we focus only on the signal decoding stage or ascending

through the multiresolution pyramid, what we have is a subdivision scheme. Therefore, a subdi-

vision scheme S is defined through the prediction operator P,f_l that is used. In this case, for a
discrete sequence, it is defined as:

fk — ka—l _ P]f_lfk_l-
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In the case of interpolation, where the discretization is given by values of a function on a grid,
the subdivision scheme takes the form:

ko— (Sfk=1)y, = fhl 1<j< i
k_ g k{fgj ( 25 = J; =7 S k-1 411
/ / f3io = (S gy = Ia(ah; s f51) 0 0< 5 < Jp (411)

In this case, the fact that reconstructions are equivalent to interpolations simplifies their design
significantly, especially when we consider that the most common interpolations are of polynomial
kind.

4.5 Towards a super resolution algorithm

Firstly, it is necessary to mention that in order to apply a super resolution algorithm, two or more
images are needed at a resolution lower than the one we want to reconstruct [101]. In addition,
these images must be the result of a registration in which the pixel spacing between the two images
must be less than 1 pixel [101]. In our case, we will obtain these low-resolution images from a
high-resolution image.

To do this, we will choose the pixels located at positions (2n + 1,2n + 1) for the first image
and the pixels located at positions (2n,2n) for the second image. Figure 4.1 shows an example
for a high-resolution image of 8 x 8 pixels. Once we have two or more low-resolution images, it
is necessary to know the pixel spacing existing between the mentioned low-resolution images and
the high-resolution image. In our case, we assume that two pixels located in the same position
in the low-resolution images are spaced 0.5 pixels in diagonal direction. To perform the super
resolution process it is necessary to obtain the multiresolution pyramid of both images, and then
to interpolate the values of the coefficients and the details of the matrix. For the interpolation, we
used tensor product and some linear and non linear algorithms, like the Lagrange interpolation,
the PPH scheme or the ENO method in the point values and the cell averages.

The results obtained were not completely satisfactory, so we gave preference to the other lines
of research that we have presented in previous chapters. This line of research remains opened as
possible future work.

84



. L . [ ] . [ ]
).5 pix.
- J . O . - .

Figure 4.1: High resolution mesh where two low resolution images have been placed (represented
by large black dot and large white dot) separated by 0.5 pixels in diagonal direction. The points
where we do not have information from the two low-resolution images are represented by a small
black dot.
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Chapter 5

Conclusions and future works

5.1 Conclusions

In this thesis we have designed and analyzed some numerical methods that try to handle with the
presence of discontinuities in the data. As mentioned in the introduction, we have fundamentally
explored two approaches: classical approximations plus correction terms and multiresolution al-
gorithms. Our research has lead us to propose three nonlinear algorithms that we have included
in the previous chapters of this document. More especifically:

e In Chapter 2 we have introduced correction terms for classical numerical integration me-
thods such as the trapezoid rule, Simpson’s % rule, and various Newton-Cotes formulas.
These correction terms are given through explicit closed formulas, ensuring the preservation
of global accuracy when the data is smooth, but also when the underlying data contains
discontinuities in either the function or its derivatives. Notably, these correction terms
can be added to both simple and composite rules of classical integration formulas, offering
the possibility of using the new technique as a post-processing to enhance accuracy. It is
possible to extend the results obtained in our study to other integration rules following a
similar process. Furthermore, we have provided correction terms for other Newton-Cotes
quadrature formulas, assuring that their application guarantees the expected theoretical
accuracy. We have found that the correction terms presented depend on the jumps in the
function to be integrated and its derivatives. The empirical validation through numerical
experiments has corroborated the theoretical findings.

e In Chapter 3 we introduced a novel technique for correcting the first-order derivatives and
approximations obtained using cubic Hermite splines near singularities. This method is
based on the use of correction terms to take into account the influence of singularities in
the approximation, ensuring a high level of accuracy in their vicinity. These corrections can
be included into the spline’s system of equations, making it suitable for post-processing a-
pplications. The theoretical analysis demonstrates that correcting the first-order derivatives
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effectively eliminates the Gibbs phenomenon typically associated with classical splines near
jump discontinuities. By introducing corrections directly into the spline equation within the
singularity’s interval, accurate first-order derivatives can be achieved even close to the sin-
gularities. The Chapter also explores the theoretical accuracy in the infinity norm resulting
from the correction of the first-order derivatives. However, it’s important to note that some
diffusion is still present in intervals containing jump discontinuities if only the first-order
derivatives are corrected. When corrections are applied to the spline equation within the
discontinuity interval, the technique becomes capable of accurately approximating piece-
wise continuous functions. Implementing this new technique imposes the knowledge of the
singularity locations, along with information regarding the jumps in the function and its
derivatives at those singularities. The accuracy of the corrected spline in the infinity norm
is supported by theoretical proofs. The article also addresses the required order of accu-
racy for approximating singularity locations while maintaining the spline’s order. Numerical
experiments validate the theoretical findings presented in this chapter.

e Chapter 4 focuses on the creation of nonlinear algorithms for super resolution using multi-
resolution, with a particular emphasis on the use of Harten’s framework. In the context of
Harten’s multiresolution algorithms, super resolution is a possible application for improving
the quality and detail of images or data. Usually, these algorithms are designed to achieve
higher data resolution by incorporating information from various scales during the multi-
resolution process, aided by data-dependent reconstruction operators. This adaptability
allows the customization of super resolution methods to specific problem or dataset needs,
particularly beneficial for applications like image or signal processing. The chapter introduces
Harten’s multiresolution and explains how we started this thesis trying to develop a super
resolution algorithm within this framework.

5.2 Future lines of research

The findings presented in this thesis leave some open paths for future research in the context of
numerical methods and approximation techniques. One possible direction is the extension of the
correction techniques introduced here to a broader spectrum of numerical methods. For instance,
it is challenging to design correction terms for alternative approximation techniques, including
other kinds of splines, subdivision schemes, or entirely different techniques such as methods to
approximate the solution of ordinary differential equations (ODEs). The exploration of these
possible paths can lead to some extensions of the methods proposed here and to more analysis,
that we might continue in the future. Another possible direction for future research lies in the
further exploration and advancement of super resolution techniques within the context explained
in Chapter 4. The potential for enhancing the quality and detail of images or data using Harten’s
multiresolution framework is still something that can be explored. Using non linear algorithms to
process the multiresolution pyramid, there are possibilities of finding paths of research that allow
to refine and expand these methods, optimizing their performance and adaptability.
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