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“In mathematics, precision is key; even
the slightest error can lead to significant
consequences.”

Leonhard Euler (1707-1783)
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Abstract

In the field of Numerical Analysis, it is common practice to solve an arbitrary mathematical
problem through the implementation of a numerical algorithm on a computer. Since not all
data of a problem can be represented exactly on a computer as floating-point numbers, it can
happen that the algorithm starts with rounding errors already from the initial set of input that
then propagate throughout the process. Consequently, it is important to study the numerical
stability of an algorithm, that is, its behaviour with respect to the propagation of the errors that
occur during the arithmetic operations executed by the computer. In this dissertation we focus
on the barycentric interpolation problem, both in the univariate and the bivariate setting. In
the first case, we theoretically discuss the numerical stability of all algorithms that implement a
barycentric rational interpolant, providing conditions under which it is possible to know a priori
whether they are stable. In the second case, we focus on the barycentric interpolant defined on
a planar polygon, and this leads to the study of the numerical stability of generalized barycentric
coordinates, particularly the mean value coordinates.

In the first part, we analyse the numerical stability of the algorithms that compute univariate
barycentric rational interpolants. We begin by showing more generally that the evaluation of
any function that can be expressed as r(x) = Z?:o a;(x)f; / Z;n:o b;(x) in terms of data values
fi and some functions a; and b; fori = 0,...,n and j = 0,...,m is forward and backward
stable under certain assumptions. The proof considers the simplest and classical algorithm
that involves summing the terms in the numerator and denominator first, followed by a final
division. This result includes the two barycentric forms of rational interpolation as special
cases. Our analysis further reveals that the stability of the second barycentric form depends on
the Lebesgue constant associated with the interpolation nodes, which typically grows with n,
whereas the stability of the first barycentric form depends on a similar, but different quantity,
that can be bounded in terms of the mesh ratio, regardless of n. We support our theoretical
results with numerical experiments.

These findings contribute to the development of a new C++ class, named BRI (Barycentric
Rational Interpolation), which contains all variables and functions related to linear barycentric
rational interpolation. This class is designed to autonomously select the best method to use on
a case-by-case basis, as it takes into account our theoretical results regarding the efficiency and
numerical stability of barycentric rational interpolation. Moreover, we describe a new technique
that makes the code robust and less prone to overflow and underflow errors. In addition to the
standard C++ data types, the BRI template variables can also be defined with arbitrary precision,
because the BRI class is compatible with the Multiple Precision Floating-Point Reliable (MPFR)
library.

The second part of the thesis focuses on the numerical stability of algorithms that compute
generalized barycentric coordinates on polygons with more than three vertices. Among the
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different constructions proposed, mean value coordinates have emerged as a popular choice,
particularly due to their suitability for the non-convex setting. Since their introduction, they
have found applications in numerous fields, and several equivalent formulas for their evaluation
have been presented in the literature. However, so far, there has been no study regarding their
numerical stability. We show that all the known methods exhibit instability in some regions of
the domain. To address this problem, we introduce a new formula for computing mean value
coordinates, explain how to implement it, and formally prove that our new algorithm provides a
stable evaluation of mean value coordinates. We finally validate our results through numerical
experiments.

Lastly, since the results of the first part can be applied to a broad range of numerical methods,
we examine several algorithms used for evaluating Bézier curves. The de Casteljau algorithm
is the first method introduced for evaluating polynomial Bézier curves, later also generalized to
the rational case and surfaces. Although it presents an elegant definition through convex com-
binations and generally yields stable results, it has quadratic time complexity. This represents
a significant limitation, especially when dealing with high-degree curves and real-time applica-
tions. For this reason, numerous studies have been conducted in order to provide alternative
approaches and more efficient algorithms. We present a collection of the most commonly used
algorithm in the state-of-the-art and provide a comparison of their numerical stability. Notably,
although some error analyses exist only for some specific algorithm, the literature lacks an in-
depth investigation into the numerical stability of all these methods, along with a corresponding
comparison. Therefore, this represents the first comprehensive study of its kind.
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Chapter 1

Introduction

1.1 Motivation

Numerical stability is a favorable property of numerical algorithms that concerns how they be-
have with respect to the propagation of errors that occur during their execution. In general,
whenever we want to solve a problem with a numerical algorithm on a computer, we must be
aware of the fact that we cannot obtain its exact solution because of the errors introduced by
all the arithmetic operations performed. However, the study of the numerical stability provides
us with the tools to measure how far the result produced by the algorithm is from the exact
answer to the problem. This analysis is of great importance when several algorithms exist to
solve the same problem, because we can know a priori which one gives the most reliable answer
according to the data set.

09 4 “T ‘ ‘
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07F 4 ol “
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0.2 L L L L L L L 0 L L L L L L L
-2 -1.5 -1 -0.5 0 0.5 1 15 2 -2 -1.5 -1 -0.5 0 0.5 1 15 2

x107

Figure 1.1. Plot of the functions f(x) = (1 —cos(x)?)/x? (red) and g(x) = sin(x)?/x? (blue)
for x € [—2,2] (left) and x € [—2 x 1077,2 x 1077] (right).

To understand the importance of studying the numerical stability of algorithms, we present
a concrete example by considering the two mathematically equivalent functions f(x) = (1 —
cos(x)?)/x? and g(x) = sin(x)?/x2. We compute and plot both functions for 1000 equidis-
tant points in the interval [—2,2] on a machine that uses finite-precision arithmetic, and, as
expected, observe from Figure that they overlap and approach 1 as x — 0 (left). How-

1



2 1.1 Motivation

ever, going very close to x = 0 (right) and repeating the same procedure for the interval
[—2x 1077,2 x 1077], we can see that they behave completely differently. In fact, g(x) gives
the expected result, while f (x) does not, because it is affected by rounding errors. This demon-
strates that theoretically equivalent formulas can give rise to different algorithms in terms of
numerical stability. Accordingly, if a problem can be solved with multiple algorithms, then it is
very important to study their numerical stability to determine a priori which is the most suitable
choice for each specific scenario.

The problem covered in this thesis is barycentric interpolation. Given a set of n + 1 points
X, = (xg,...,x,) in R™ with some associated weights wy,...,w, € R, the barycenter of this
system is the unique point x € R™ that satisfies

n
> wilx—x)=0,
i=0

or, equivalently,

Z?:o wi .
Barycentric interpolation approaches this problem from another point of view, that is, given a
fixed set of nodes X,, € R™*("*1) and an arbitrary point x € R™, find the weights wy,...,w, € R
such that holds. These weights are called barycentric coordinates of x with respect to
Xg,--+,X, and Mobius [64] showed that they always exist as long as n > m. Moreover, the
barycentric coordinates w; are homogeneous, meaning that they can be multiplied by a non-
zero constant and is still true. Once we have these weights, we can focus our attention
on the normalized barycentric coordinates, which are the functions ¢;: R™ — R defined as

X = 1.1

b= o (1.2)
ijo w;(x)
Because of (1.1)), the functions ¢;, i =0, ..., n, satisfy the barycentric property,
n
D hi)x =x, (1.3)
i=0
and they form a partition of unity,
D) =1. (1.4)

i=0
An additional requirement for barycentric coordinates is that the functions ¢; should satisfy the
Lagrange property

¢i(xj):6ij’ i,j:O,...,n, (15)

meaning that they are 1 at the corresponding node and 0 at all other nodes. Because of these
three properties, the normalized barycentric coordinates can also be seen as a set of barycentric
basis functions and Mobius [64] showed that they are unique when n + 1 = m and linear. If
we now associate to the nodes X, some data Y, = (yq,¥1,---,Y,) in R, then its barycentric
interpolant is defined as

r(x) =Z¢i(x)yi. (1.6)

i=0



3 1.1 Motivation

It follows from that r interpolates y; at x;, i = 0,...,n, and from and that
this kind of interpolation is exact for linear functions, that is, if y; = f(x;) and f is a linear
polynomial. We focus both on the univariate setting, where x,, ..., x, € R, and on the bivariate
setting, in particular for the special case where the nodes are the vertices of a polygon in R2.
In the univariate case, considering the set of nodes X,, € R""!, one choice of barycentric
basis functions is given by the Lagrange polynomials
n

o= [ —2L, i=0,...,n

3
j=0,j#i X1 i

If we are given the nodes in ascending order x, < x; < -+ < X, then it is known that these
functions can also be expressed as in (1.2) [18] with

wi(x)=ﬁ, i=0,...,n (1.7)

and

1
= ]_[ . i=0,...,n. (1.8)

j=0,ji X1 X
Furthermore, expressing the barycentric coordinates as in (I.7), we can find other sets of
barycentric basis functions, such as the rational ones, by properly defining the non-zero weights
Yo,---»Yn- Consequently, associating to X, some data Y,, we mainly focus on the barycentric
rational interpolant r: R — R expressed in second barycentric form [[74] as

n Y
r(x)= Z nx;xihyi. (1.9

=0 x—Xx;

We consider linear barycentric rational interpolation, meaning that the denominator does not
depend on the data Y,,. The simplest expression for the weights v; is surely the one given by
Berrut [[5]] as

vi=(=1), i=0,1,...,n, (1.10)

for which he proved that the resulting rational interpolant is free of poles. Note that, if we

choose the weights as in (1.10), then the functions ¢; in (1.2) satisfy the property (1.3) only
when n is odd [[46]]. Afterwards, Floater and Hormann [30]] proposed a new linear barycentric
rational interpolant by considering a parameter d € {0, 1,...,n} and the barycentric weights

min(i,n—d) k+d 1
= > 0] . i=0,1,...,n, (1.11)
- . X — X
k=max(i—d,0) j=k,j#i Tt J

which again guarantee the absence of poles in the expression of the interpolant (1.6)). Actually,
this method is a generalization of Berrut’s case since, for d = 0, the weights in are exactly
the ones in (I.10), but now, for d > 1, all properties (1.3)-(L.5) are satisfied. Furthermore,
also polynomial interpolation is covered by this method, since the weights in are the ones
in with d = n. The barycentric formula is widely used to evaluate the interpolant
r as it can be implemented with an efficient O(n) algorithm and the y; can be rescaled by a
common factor to prevent overflow and underflow errors [[8]]. However, there exists another
mathematically equivalent formula to evaluate r, namely the first barycentric form

n Yi

()= ———y, (1.12)
' ;Z?‘Sai(x)y



4 1.1 Motivation

Figure 1.2. Notations for mean value coordinates.

where

(—1)'

(e —x;) -+ (x = x33.4)°

Ai(x) = i=0,1,...,n—d. (1.13)

This formula is slightly inferior in terms of efficiency, because it requires O(nd) operations to be
computed straightforwardly, but there exists a more efficient way of computing its denominator
in O(n) operations [|34]]. Therefore, the first part of this thesis focuses on the study of the
numerical stability of the algorithms that implement the two formulas and (1.12), in
order to know a priori if there are cases in which one turns out to be better than the other.

In the bivariate case, our concern is to study the normalized barycentric coordinates ¢;: P —
R defined as in assuming to have some nodes x, ..., X, that are the vertices of a planar
polygon P C R2. Since they satisfy the barycentric property (I.3), these values allow each
interior point of P to be expressed as an affine combination of the vertices. In addition, they are
of particular interest in many applications, such as interpolation, curve and surface modelling in
computer graphics, the finite element method, and many others. In the case of a triangle, that
is, for n = 3, these coordinates are uniquely determined by and and positive [[64]].
Regarding instead an arbitrary polygon, the functions in are no longer uniquely defined
and different constructions have been proposed during the years. For example, for convex
polygons, an attractive choice is represented by the Wachspress coordinates [[79]], which can
be expressed as rational functions and have many other nice properties, including positivity.
However, they are not defined for arbitrary simple polygons and, in that case, the mean value
coordinates [28] are the most popular option, though positivity is lost in general. Denoting by
a;(x) € (—m, m) the angles at x in the triangle [x, x;,1,%;],i=1,...,n—1, and r; = ||x — x;||,
i=1,...,n, (see Figure[1.2) they are defined by and

tan(a;_;/2) +tan(a;/2)
I ’

w;(x) = i=1,...,n.

Since several other formulas that are mathematically equivalent to the previous one can be
found in the literature, the second part of this thesis regards the study of the numerical stability
of the algorithms that implement the mean value coordinates.
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1.2 Outline of the thesis

This thesis includes all the research I conducted during my period as PhD student at Universita
della Svizgzera italiana. Below, I present how it is organized throughout the dissertation.

In Chapter |2} we present the essential preliminary results needed for the study of the nu-
merical stability of the algorithms that compute the barycentric interpolation. We begin by
presenting the floating-point number system in Section with focus on how floating-point
numbers are defined and the limitations of using this discrete set to approximate the infinite
set of real numbers. In Section [2.2] we introduce the concept of condition number. Although it
is not directly related to the algorithm itself, it is strictly related to its numerical stability as it
measures the sensitivity of the solution of a problem to small perturbations of the given data.
Finally, in Section we mathematically define the numerical stability of an algorithm, that
is its behaviour with respect to the propagation of the errors that occur during the arithmetic
operations executed by the computer using floating-point numbers.

In Chapter [3] we first summarize the state of the art on the forward and backward stability
of barycentric rational interpolation in the univariate case in Section and then present our
contributions in Section[3.2] Afterwards, we focus on a general rational function that includes
both the first and second barycentric forms of rational interpolation as special cases. In par-
ticular, we demonstrate that both are forward and backward stable under certain conditions
in Section [3.3] and respectively. First, we need forward stable algorithms to compute the
weights v; and the functions A;, which is the case of both formulas in and (1.13), as
proved in Section Additionally, we present a new algorithm to compute the functions A;
that is more efficient than the existing methods, but comes at the cost of slightly reduced sta-
bility. Second, our analysis reveals that, on the one hand, the stability of the second barycentric
form depends on the Lebesgue constant associated with the interpolation nodes, which typically
grows with n and has been widely studied over the years. On the other hand, the stability of
the first barycentric form depends on a different quantity that has never been presented in the
literature before. We prove that the latter can be bounded in terms of the mesh ratio, regard-
less of n, in Section[3.6] We conclude with numerical experiments that support our theoretical
results in Section[3.7} This chapter is based on our published paper [134]

Fuda, C., Campagna, R. and Hormann, K. [2022]. On the numerical stability of linear
barycentric rational interpolation, Numerische Mathematik 152(4): 761-786.

In Chapter [4, we present our C++ class, named BRI (Barycentric Rational Interpolation),
which contains all the necessary functions for handling a barycentric rational interpolant with
all its features through a robust and efficient implementation. Furthermore, the BRI class sup-
ports not only the standard C++ data types, but also allows for arbitrary precision using the
Multiple Precision Floating-Point Reliable (MPFR) library [|33]]. While there already exist sev-
eral libraries [[1, (11} [62] [77]] that evaluate a barycentric rational interpolant using the second
form in without any further considerations, the BRI class is designed to autonomously se-
lect the best method to use on a case-by-case basis. It does so by taking into account the results
regarding the efficiency and numerical stability of barycentric rational interpolation presented
in Chapter Moreover, we describe a new technique that makes the code robust and less
prone to overflow and underflow errors. Therefore, after a brief overview of all the functions
contained in the BRI class in Section[4.1] we present some preliminary results needed to handle
overflow and underflow errors in Section[4.2} Then, in Section and we discuss the ro-
bust implementations of the barycentric weights y; and of the interpolant r. Finally, we discuss
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the algorithms used to compute the functions related to numerical stability in Section[4.5] This
part of the thesis is based on our published paper [35]

Fuda, C. and Hormann, K. [2024]. Algorithm 1048: A C++ Class for Robust Linear
Barycentric Rational Interpolation, ACM Transaction on Mathematical Software 50(3).

Chapter [5| investigates the numerical stability of the algorithms that implement the mean
value coordinates with a similar approach to that used in Chapter [3] In particular, we begin by
presenting all the formulas that has been introduced in the literature to compute mean value co-
ordinates in Section[5.I]and our contribution regarding their numerical stability in Section[5.2]
Afterwards, Section shows empirically that all these methods can exhibit numerical insta-
bility in certain situations. Therefore, to address this issue, we introduce in Section a new
formula for expressing the mean value coordinates and explain how to properly implement it,
so as to prevent potential numerical issues. Then, we adapt the mathematical definition of
numerical stability to the case of mean value coordinates in Section[5.5 and we prove in Sec-
tion that our new formula provides a stable way to compute them, while all the others can
be unstable under certain circumstances. Finally, we validate our results with numerical exper-
iments and compare the various methods both in terms of numerical stability and efficiency in
Section[5.7] This part of the thesis is based on our published paper [36]]

Fuda, C. and Hormann, K. [2024]. A new stable method to compute mean value coordi-
nates, Computer Aided Geometric Design 111: Article 102310, 16 pages. Proceedings of
GMP.

Chapter [6]is an application of the results presented in Chapter [3|to a different context. In
fact, these findings have broader implications that go beyond barycentric rational interpolation
and can be applied to a variety of computational methods. Specifically, we examine the nu-
merical stability of the most commonly used algorithms for computing rational Bézier curves.
Therefore, we first present all these methods in Section[6.1} also accurately describing how we
implement them. Afterward, we derive an upper bound on their relative errors in Section [6.2
For most algorithms, these bounds are a direct consequence of a theorem presented in Chap-
ter [3] while, in some cases, new derivations are required. Finally, we present some numerical
experiments to support our results in Section This chapter is based on our published pa-
per [137]]

Fuda, C., Ramanantoanina, A. and Hormann, K. [2024]. A comprehensive comparison of
algorithms for evaluating rational Bézier curves, Dolomites Research Notes on Approxi-
mation, 17(3): 56-79.

Finally, Chapter [7] summarizes the thesis by focusing on the key findings and contributions
of the previous chapters and outlining potential directions for future research.



Chapter 2

Preliminaries

Numerical stability is a property of numerical algorithms that indicates how numerical errors
present in the initial data (input) propagate during the execution of all the arithmetic opera-
tions leading to the final result (output). In general, perturbations in the data can arise from
any source, but we only focus on the errors introduced by the floating-point number system.
Moreover, this property is totally independent of the problem that the algorithm wants to solve,
but is closely related to its conditioning, which estimates how a small variation in the data can
affect the final solution.

Below, we first introduce the floating-point numbers and their arithmetic, and we then de-
fine the conditioning of a general problem. Finally, we discuss how to evaluate the performance
of a numerical algorithm by studying its forward and backward stability.

2.1 Floating-point number system

The set F C R of floating-point numbers is the standard discrete set used to approximate real
numbers on a computer. Considering a fixed base 8 € N with # > 2 and a precision t € N with
t > 1, the set F is composed by the number 0 together with all numbers y that can be expressed
as [43, 165} 169, [78]]

y==*uxp’, 2.1

where the mantissa (or significand) u € N lies in the range [0,1 — 7] and the exponent E is
an arbitrary integer. The latter can obviously vary only in a finite interval of Z, so we denote
the two extreme exponents by E,;, and E,,, and generally E_;, < 0 < E_ ... For the purpose
of obtaining a unique representation of any y € F such that y # 0, we can further suppose
u = B! and, in this case, we say that the related y is a normal number.

In our analysis, we consider a binary floating-point number system [78]], which is char-
acterized by the choice of f = 2. In such a system, every element of F has a mantissa u €
[tmin> Mmax] = [27%,1—27t] and an exponent E € {E, Emin + 1,..., Emax}, and the smallest
and largest positive normal floating-point number are

Fmin = .u'mianmin and Fmax = .umaszmax- (2-2)

Therefore, the floating-point number system is uniquely characterized by the triple (t, E.;,,
E,.x) and the free choice of this values may bring to the creation of many different sets. For

7
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) Denormal
Negative normal numbers numbers Positive normal numbers
_Fmax _Fmin 0 IFmin IFmax

Figure 2.1. Density of floating-point numbers.

example, the standard float type represents a single precision floating-point number with ¢t =
23, Ein = —125, E_.. = 128, while the standard double type represents a double precision
floating-point number with t = 52, E_;, = —1021, E_,, = 1024. Note that the IEEE standard
754 [|52]] specifies these numbers slightly differently in terms of the numbers of digits in the
significand p = t + 1, the maximum exponent emax = E_,, — 1, and the minimum exponent
emin = 1—emax = E_;, —1. It is still possible to extend F by adding the subnormal or denormal
numbers in (—F,;,, Fyyin ), Which are defined as +u x 2Emn with 0 < u < 27! and have reduced
precision.

The set F is not equally spaced, but it becomes denser toward zero, as shown in Figure
In particular, the floating-point numbers are uniformly distributed in each interval |:2E ,2E+1:|
and at a distance of h; = 267, This means that, if we allow the presence of subnormal numbers
in F, then they are equidistant as they all have the same exponent. Consequently, we introduce
a different error for any x € R that we approximate by fl(x) € F, where fl(x) is the closest
floating-point number to x. In this regard, it was shown (see [[43], Theorem 2.2], for example)
that, for any x € R, x # 0, the relative error (fl(x)—x)/x is bounded from above by the number
€ = 27, known as the machine epsilon or unit roundoff. This is equivalent to saying that we can
always find some & € R with |§] < € such that

fl(x) = x(1+6). (2.3)

Thus, whenever we use real data as input for an algorithm, they are inevitably perturbed and
introduce rounding errors into the process that propagate through to the final result.

2.1.1 Overflow and underflow

Before delving into the details of overflow and underflow error, let us begin with a toy ex-
ample to show this situation. We consider x = 10, 20, 40, 80, 160, 320, 640, 1280 and compute
f(x)=¢e* on a machine that employs the double precision floating-point number system. Both
the C++ code and the related output are shown in Program [I} We note that, up to x = 640,
the code behaves as expected, while for x = 1280 the exponential function gives inf. This
occurs because the true result should be ~ 7.8875 x 10°°°, which exceeds the maximum repre-
sentable floating-point number in double precision, that is F,,, = 1.79769313486232 x 10°%,
Consequently, 2% cannot be represented and the code gives an overflow error.

In general, all x € R that are not elements of the set F cannot be represented as floating-
point numbers and, in this case, we talk about overflow if |x| > F,,, and underflow if |x| < F;,
(or gradual underflow if F includes the denormal numbers), as shown in Figure On the
one hand, overflow typically produces 00, which makes the error easily detectable. On the
other hand, underflow can result in a number that lacks full precision if denormal numbers are
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#include <iostream> f(10) = 22026.465794806717895
#include <vector> f(20) = 485165195.40979027748
#include <cmath> f(40) = 235385266837020000
f(80) = 5.5406223843935098345e+034
using namespace std; f(160) = 3.069849640644242423e+069
f(320) = 9.4239768161635848851e+138
int main(){ f(640) = 8.8811339031588737941e+277
cout.precision(20); f(1280) = inf
int n = 8;
double x = 10;

vector<double> f(n,1);

for (int i=0; i<n; i++){

flil = exp(x);
cout << "f(" << x << ") =" << f[i] << endl;
X %= 2;

Program 1. C++ code to compute f (x) = e* for x = 10, 20, 40, 80, 160, 320, 640, 1280 in double
precision (left) and its output (right).

(Gradual)
Overflow Underflow Overflow
— —— —N
] | .
—oo | | | I +oo
_Fmax _Fmin IE‘rnin IE?Imax

Figure 2.2. Overflow and (gradual) underflow regions with respect to the real line.

stored, or it can jump directly to zero otherwise. This makes underflow errors difficult to detect
since the results appear as ordinary numbers.

However, there exist certain techniques that try to prevent overflow and underflow errors
during computations with floating-point values. In particular, the approach that we use for
these circumstances involves performing some rescale operations to maintain the results within
safe bounds. Since it relies on knowing the interval in which each operation’s outcome lies, we
present the following proposition to estimate the range for the result of all the basic arithmetic
operations between two arbitrary positive floating-point numbers.

Proposition 2.1. Let a = +a x 28 € Fand b = +3 x 28 € F. Suppose we compute c = a*b =
y x 2¢ € F, where % € {+,—, -, +} is one of the standard arithmetic operations. Then, except in the
case where ¢ = 0, the exponent C is guaranteed to be in the set {Cpin, Crmin + 1, - - - » Cnax ), Where

(A+B—1,A+B), ifc=a-b,
(A—B,A—B+1), ifc=a+b,
(Co Co )= | (max{A, B}, max{A,B} + 1), l:fC =a+b, 2.4
A—t+1,A-1), ifc=a—band A=B,
(max{A,B} —t,max{A,B}), ifc=a—band|A—B|=1,
(max{A,B} —1,max{A,B}), ifc=a—band|A—B|> 1.
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Proof. In the case of multiplication, since a, 8 € [Umin, Umax] With Ui = 1/2 and p.e =
1—27" <1, we have

a-f= Mrznin = 2_1:1'Lmin and a- /5 < Aurznax < 20Au'max;

so that a - 8 = y x 2P for some ¥ € [Umin, Umax] and D € {—1,0}, and the statement follows
from the fact that c = a - 3 x 2475,
In the case of division, we have

a/[j = Au‘min/nu'max > 2O:umin and a/ﬂ < Au*max/nu*min = zumax’

so that a/f =y x 2P for some y € [Upin, Umax ] and D € {0, 1}, and the statement follows from
the fact that c = a/ff x 2478,

Without loss of generality, we assume A > B and we prove the statement for max{A, B} = A.
Furthermore, we recall that the smallest positive floating-point number is 27, meaning that
27t < 2B < 1. In the case an addition, we have

a+ ﬂZB_A = WUmin + Au‘minz_t > 2Onumin and a+ ﬂZB_A < zumax;

so that a + 3287 = y x 2P for some y € [Upin, hmax] and D € {0, 1}, and the statement follows
from the fact that ¢ = (a + 52574) x 24,

In the case a subtraction, if A = B, then a # 8 otherwise ¢ = 0. Moreover, since the minimum
distance between two consecutive floating-point numbers is 27 = 27"y . we have

|(X - ﬂl = 27t+lnu'rnin and |a - ﬂl =< Umax — Mmin = Ymin — 27 < zolumin:

so that a—f3 = y x 2P for some y € [y, Umax ] aNd D € {—t+1,—t+2,...,—1}, where D = 0 is
not included because |a — 3| is always strictly less than u,,;,. Therefore, the statement follows
from the fact that c = (a — 8) x 24. If A= B + 1 we have

a— ﬂz_l = Umin — .u‘rnaxz_1 = 2—t WUmin and

a— /52_1 < WUmax — :"Lminz_1 < 2O.umax’
so that @ — 327! = y x 2P for some ¥ € [Umin, Umax] and D € {—t,—t +1,...,0}, and the
statement follows from the fact that ¢ = (a — f27!) x 24, Finally, if A> B + 1 we have

a— ﬁzB_A 2 Mmin — Au'maxz_2 > 2_1 Mmin and

a— ﬂzBiA < WUmax — :uminzit < ZOAU’maX:

so that a— 2574 = y x 2P for some ¥ € [ Uiy, Umax ] and D € {—1, 0}, and the statement follows
from the fact that ¢ = (o — 32574) x 24, O

2.1.2 Floating-point arithmetic operations

In addition to the rounding errors introduced by mapping each x € R to the closest floating-
point approximation fl(x) € F, we must also consider the errors introduced by any arithmetic
operation performed between floating-point numbers. In this context, we denote by @ the
floating-point analogue of * € {+,—, x, =}, that is,

x®y=fl(xx*y),
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for any x,y € T, and recall |78} Lecture 13] that, as for the operator fl, also ® introduces a
relative error of size at most €. This is equivalent to saying that, for any x, y € F there exists
some 6 € R with |6] < €, such that

x®y=(x*xy)(1+5). (2.5)

We note that fl(—x) = —x for all x € F, so that multiplying a floating-point number by (—1) or
taking its absolute value does not entail any rounding error.

These are precisely the errors that we consider in our numerical stability analysis and, in
particular, we examine how they propagate through the algorithm to the final result. To address
this, we now present some fundamental facts that we frequently use in our studies, especially
when dealing with cases involving multiple operations, such as sums or products.

* By Taylor expansion,

LSy
I+y =

for any y € R with |y| < 1. Consequently, if y = O(e), then

1
—— =1-y+0(e). 2.6
T4y Yy +0(€) (2.6)
Moreover, for any 6 € R with |§| < €, there exists some 6’ € R with |§'| < e+0(e?), such
that 1
—— =146 2.7
1+6 27

This observation is useful for “moving” the perturbation (2.5) caused by a floating-point
operation from the denominator to the numerator.

* For any &4,...,6,, € R with |§;| < C;e for some C; > 0, i = 0,...,n, there exists some
5 € R with |§] < Ce + O(e?), where C =Y. | C;, such that

[Ja+s)=1+s. 2.8)

j=1

We use this observation to gather the perturbations caused by computing the product of
m terms into a single perturbation. Moreover, by its definition, we note that C depends
on the integer m.

e For any t,...,t, €, there exist some ¢y, ..., p,, € R with [@,], ..., ¢, < me+0(e?),
such that

m m
ﬂ(z ti) =(((to® ) L) @ t,) = > t(1+). 2.9)
i=0 i=0

This follows from the previous observation, and we use it to estimate the rounding error
introduced by simple iterative summation of m + 1 floating-point numbers. It is worth
pointing out that, in the literature, many algorithms have been developed to compute
summations in a more stable way. Some of these methods yield smaller upper bounds
on the relative errors, even independent of m, as in the case of the Kahan’s summation
algorithm [[42]].
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2.1.3 Floating-point elementary functions

Since some of the algorithms we consider involve not only basic operations, but also square root
and trigonometric functions, we must address how to manage and analyze the errors introduced
in these cases. In general, we do not have results on the numerical stability of the elementary
function implementations in standard libraries. However, some of them give information about
the maximum relative errors in their specific implementations, such as the CUDA programming
model [66]] and the GNU library [[60]]. In our analysis, we always assume that we have stable
algorithms to evaluate the elementary functions that we need. In other words, we assume that,
for any x €, there exist some Oy, Osin» Oarcran> Oran € R, such that

A(vX) = Vx(1+ 5 qn)s |85qutl < Dggree + O(€2), (2.10)
fi(sinx) = sinx(1 + y,), |64in| < Dgn€ +0(€2), (2.11)
fl(cos x) = cos x(1 + &), 16 05| < Deos€ + O(€2), (2.12)

fl(arctan x) = arctan x(1 + & ctan)> 6 arctan] < Darcan€ + O(€?) (2.13)
fl(tanx) = tan x(1 + &,,y,), |6 an] < Dian€ + 0(€?) (2.14)

for some constants Dsqy,DsinsDeossDarctans @0d Dy, For example, for the IEEE standard 754
floating-point arithmetic [I52], it is known [71]] that |0y4| < 1—1/+/1+ 2¢, hence, by Taylor
expansion, Dy, = 1.

While the bounds in (2.10)—(2.14) assume that the argument x is a floating-point number,
let us now derive these bounds for a perturbed data. Therefore, we now consider an arbitrary
argument y € R, which is first rounded to a floating-point value z = fl(y) and then passed to

the elementary functions.

Lemma 2.2. Let z = y(1+y) € F, where y € R and y € R satisfies |y| < Ce, for some C > 0,
and f be a differentiable function at y. If f (y) # O, then there exists some v’ € R such that

_ p o Nyl
f@)=f)A+y), |Y|S—|f(y)|

Proof. The statement follows immediately from the Taylor expansion of f around y, that is,

')y
)

Ce + 0(€?).

£ = FO)+F 0 )yr +0(E) =f(y)(1 N r+0(e2)).

O

Corollary 2.3. Let z = y(1+y) € F, where y € R and y € R satisfies |y| < Ce, for some C > 0.
Ifsiny #0, cosy # 0, and arctan y # 0, then there exist some 6'_,6' ,8'  €R, such that

sin’ ~ cos’ ~ arctan

fi(sing) =siny(1+5,), 1621 < (lcot y|lylC + Dy, )e +0(€?), (2.15)
fl(cosz) =cosy(1+6...), 57| < (Jtany||y|C + Deos )€ + O(€%), (2.16)
fi(arctanz) = arctany(1+ 6. .. ), 16, unl < (C + Dyreran)€ + O(€%). (2.17)

Ify ¢ {2k +1)n/2,k € Z} and tan y # 0, then there exists some 5/ € R, such that

tan

fi(tanz) =tany(1+ 6, ), |67 | < (2lyl/|sin2y|C + D,,,)e + O(e?). (2.18)

tan

If y > 0, then there exists some 5;qrt € R, such that

fi(vz) = vy (1 + 5;qrt), |66l < (C/2+ Dygr)e + 0(e?). (2.19)
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8. (u) '
g: ()

Figure 2.3. Comparison between the behaviors of a well-conditioned (left) and an ill-
conditioned (right) problem, g; and g, respectively.

Proof. Equations (2.15), (2.16), (2.18) and (2.19) follow directly from (2.11), (2.12), (2.14)
and (2.10), respectively, and Lemma [2.2] Regarding (2.17)), Lemma[2.2]and (2.13) give

|6,

Y 2
arctanl = (‘ (1+ y2)arctany C+ Darctan)e + 0(e”).

fl(arctanz) = arctan y(1 + 6’

arctan )

We note that g(y) = y/[(1 + y?)arctan y] is always positive, because y and arctan y have the
same sign. So, to complete the proof, it remains to show that g(y) <1 for all y > 0. The first
derivative of g is given by

arctany — y2arctany — y

§= [(1+ y2)arctany]?

Since h(y) = arctany — y is a decreasing function, we have h(y) < h(0) = 0 and therefore
g’(y) < 0. This means that g is a strictly decreasing function. Additionally, we know that
lim,_,qarctanx/x =1 and conclude

X

<1 =lm —————=1
g(y) 1mg(x) III(1)(1.4_352)e1rctanx

2.2 Conditioning of a problem

An important concept related to the numerical stability of an algorithm is the conditioning of
a problem, that is, the sensitivity of the solution to small perturbations of the data. Following
Trefethen and Bau [|78]], a problem can be viewed as a function g: U — V from a normed vector
space (U, ||-|ly) of data to a normed vector space (V,||:||,) of solutions. Furthermore, we say
that g is well-conditioned if any small perturbation of the data u € U leads to a small change of
the solution g(u) € V, while it is ill-conditioned if some small perturbation of the data u leads
to a large change of the solution g(u). For instance, considering a well-conditioned and an ill-
conditioned problem, g, and g, respectively, we observe in Figure2.3|their different behaviours
for an arbitrary data u € U and one of its problematic perturbation @ € U for the problem g,.
The quantity that describes how the solution of g behaves with respect to a perturbation
of the data is called the condition number and it expresses the worst error that can affect the
solution of the problem due to a possible perturbation of the data. There are two different
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ways to define the conditioning of a problem, depending on the type of changes in both data
and solution we are interested in. On the one hand, considering some data u € U, u # 0,
such that g(u) # 0 and denoting by h € U a possible small perturbation of u, then they can
be measured by their relative errors |||y /|lully and ||g(u+h) — g@)ly/|lg(w)lly, respectively,
and these are related by the relative normwise condition number [[17, 38,169, 78] as

( llg(u+h)—g@Wlly / IIhllu)
llg@lly llully /*

c¢(u) =lim sup
820 |nlly <5

On the other hand, supposing that u = 0 or g(u) = 0, then the right quantities to consider
are now the absolute errors ||h||; and ||g(u+h) — g(u)lly, so we define the absolute normwise
condition number [[17} 69} [78] as

+h)—
&) = lim sup llg(u+h)—g@lly
50 |1pl, <5 lRlly

The greater these values, the more ill-conditioned the problem. Regardless of the distinction
between relative and absolute normwise conditioning number, this is the most general definition
we can find in the literature for an arbitrary problem g. However, it may happen that we must
deal with some restriction on the perturbations in u and, in this case, it makes sense to define
the condition number in such a way to take this additional information into account.

Let us now consider a small positive value 6 € R and we define H; as the set of all possible
perturbations h € U \ {0} of the data u satisfying the componentwise inequality

|h;| < &u;l, i=1,...,n, (2.20)

where n is the dimension of the space U. If we consider again some data u € U, u # 0, such that
g(u) # 0, then we can relate the relative error in the norm of the output with the componentwise
relative error of the input through the mixed relative condition number [38]]

m(u) = lim sup(

6-0pep;

||g(u+h)—g(u)||v |h1|
gl Al )
\%4 ;r’:O, i

i

Otherwise, we can use the componentwise relative error also for the output and this leads to
the definition of the componentwise relative condition number [38]]

(u+h)—g; h,
0 gnzsup(ﬂax 18 | ())|gl(u)| / max H) @2.21)
heH; lg_l(&)%’g gilu l_ui;(')’n U;

where m is the dimension of the space V.

Condition is common when the perturbed data u +h € U comes from the finite-
precision approximation of the real data u through an element of the set IF, and this makes the
choice between k(u), m(u), and c(u) crucial for some problem g. In fact, there are cases where
it is possible to find an arbitrary perturbation h that makes g ill-conditioned in u, while g is
well-conditioned with respect to all h € Hj.

Below, we will see how the conditioning of a problem is related to the numerical stability of
an algorithm designed to solve it.
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g(u)

Backward '
error

Forward
error

8(u) = g(a)

Figure 2.4. Relation between forward and backward errors.

2.3 Numerical stability of an algorithm

Suppose we want to solve a general problem g: U — V with a numerical algorithm on a
computer, that, following again Trefethen and Bau [[78]], can be viewed as another function
g: U — V between the same normed vector spaces of g. As seen previously, the floating-point
arithmetic leads to rounding errors during the computation, so we cannot expect to get the
exact solution of a problem by solving it with an algorithm. Then, beyond the concept of con-
ditioning, which is related to the behaviour of the solution of g independently of the algorithm
used, we also need to introduce the stability of an algorithm, which instead expresses how ac-
curate the answer of ¢ to the problem is. More precisely, there are two types of stability: the
forward stability, which states how far the computed solution is from the exact one, and the
backward stability, which instead quantifies how much we need to perturb the data in order to
produce the approximate solution.
Given some data u € U at which we want to evaluate the problem g, the usual quantity
to consider is the difference between the computed solution g(u) and the exact solution g(u),
which is captured by the absolute forward error ||g(u) — g(u)ll, or the relative forward error
[18(w) — gy /llg@lly, - Assuming g(u) # 0, then the algorithm ¢ is called accurate or forward
stable, if
18 (w) — gy

s@l, - o© (222)

for all u € U, where the notation x = O(e) means that there exists some positive constant C,
such that |x| < Ce as € — 0. On the other hand, if g(u) = 0, we can use the same definition,
but considering the absolute forward error on the left-hand side of (2.22). Furthermore, given
some nonzero data u € U, the algorithm ¢ is called backward stable, if

I —ully

=0(e), (2.23)
llully

g(u)=g() forsome €U with

where the quantity ||d —ul|y/|lully is known as the relative backward error and, in the case of
u = 0, it can be replaced by the absolute backward error ||t —ul|;;. We can also see graphically
how forward and backward errors relate to each other in Figure [2.4

The forward stability of an algorithm is influenced by the condition number of the problem
that it is designed to solve. In some definitions, this dependence is made explicit. For instance,
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Harbrecht and Multerer [[41]] define an algorithm as relative forward stable if

18(w) — g(Wlly

ls@l, = rewe

for some moderately large positive constant K. This approach allows an algorithm to be consid-
ered forward stable even if the problem is ill-conditioned. Instead, the definition in that
we adopt for our study is equivalent to the previous one, except that the condition number is
incorporated implicitly within the constant K. Consequently, under our definition, if a problem
is ill-conditioned, no algorithm developed to address it can be considered forward stable.

To conclude, the forward and backward stability are not independent of each other, but
they are joined by the conditioning of the problem. In fact, Trefethen and Bau [|78, Theorem
15.1] proved that, supposing we have a backward stable algorithm ¢ to solve a well-conditioned
problem g on a computer satisfying and (2.5), then $ is also forward stable, while it might
not be if g is ill-conditioned. Moreover, knowing the relative (absolute) backward error and
the relative (absolute) normwise condition number, their product gives an upper bound on the
relative (absolute) forward error [[17]], that is,

lew—g@ly . lla—ully
sl =l



Chapter 3

The numerical stability of linear
barycentric rational interpolation

3.1 State of the art

In this chapter, we focus on the barycentric interpolation problem in the univariate case. There-
fore, let us first recall the classical interpolation problem: given n+1 distinct interpolation nodes
X, = (xg,...,x,) € R™ with associated data Y,, = (y,, ..., y,) € R*"!, we search for a function
r: R — R that interpolates y; at x;, that is,

r(x;) =y, i=0,...,n. 3.1
As mentioned in the introduction, in the literature there are many options for choosing this
function, including both polynomial and rational forms. Below, we examine all these methods
and report what is already known about their numerical stability.

In the case of polynomial interpolation of degree at most n, this problem has a unique solu-
tion, which can be expressed in Lagrange form as
n n
=2, [ =
X — X;

i=0 j=0,j#i 1

While this form is advantageous for theoretical analysis, its evaluation requires O(n?) opera-
tions and can be numerically unstable. It is advisable to consider instead the first polynomial
barycentric form of r,

n

n n ; 1
r(x):l_[(X—Xj) ZxAyi, Yi = l_[ — (3.2)
j=0 i=0 t

X X; X;
j=0,j#i LT

The latter is more efficient than the Lagrange form, as it can be evaluated in O(n) operations,
after computing the y;, which are independent of x, in O(n?) operations in a preprocessing step.
Higham [[44]] shows that this evaluation is backward stable with respect to perturbations of the
data y;. Another means of evaluating r in polynomial form is given by the second barycentric

form
n Yi
Zi=0 X—X; Yi

Z?:O xzixi

17

r(x)= (3.3)
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Type of interpolant Forward stability | Backward stability |
First barycentric polynomial X Higham [[44]]
Second barycentric polynomial Higham [|44]] X
First barycentric rational X de Camargo [18]]
Second barycentric rational Salazar Celis [[72]] | Mascarenhas and Camargo [|63]]

Table 3.1. State of the art on the numerical stability of polynomial and rational barycentric
interpolation; if the forward or backward stability has not been covered for a specific type of
interpolant, then it is denoted by X, otherwise there is the corresponding reference.

with Lagrange weights y; in (3.2). This formula can be derived from by noticing that
the function that interpolates the constant one function with data y; =1,i=0,...,n, is given
by 1 = é(x)zzlzo xf"xl_. Evaluating this formula also requires O(n) operations, but it comes
with the advantage that the y; can be rescaled by a common factor to avoid underflow and
overflow [[8]. Moreover, the second barycentric form is forward stable, as long as the Lebesgue
constant associated with the interpolation nodes x; is small [44]], which is the case, for example,
for Chebyshev nodes of the first and the second kind, but not for equidistant nodes [[16]].

In the rational case, the interpolation problem no longer has a unique solution, but
Berrut and Mittelmann [|7] show that every rational interpolant of degree at most n can be
expressed in the second barycentric form for a specific choice of weights y;. Vice versa,
Schneider and Werner [[74] note that for any set of non-zero weights v;, the function r in
is a rational interpolant of degree at most n. An important subset of these barycentric rational
interpolants are those that do not have any poles in R. This is obviously true for the Lagrange
weights in (3.2), but also for the Berrut weights

y; = (=1)}, i=0,...,n, (3.4)
and for the family of weights
min(i,n—d) ; k+d 1
yi= k:ma%:_d’o)( 1) ,»I;Li o d€{0,...,n}, (3.5)

where the Berrut and the Lagrange weights are obtained for d = 0 and d = n, respectively.
Moreover, Floater and Hormann observe that this rational interpolant in (3.3) with weights
in (3.5) is mathematically equivalent to the first barycentric form

n Yi

r(x)=» ———y, (3.6)
; Z:g Ai(x)y

where i
Ai(x) = =1 ., i=0,1,...,n—d. (3.7)
G =) (x = Xie)
The result of Higham [[44]] can be extended to show that the evaluation of the second barycentric
form is forward stable, not only in the case of polynomial interpolation, but for general
barycentric rational interpolants, provided that the weights y; can be computed with a for-

ward stable algorithm and that the corresponding Lebesgue constant is small [[72]]. For Berrut’s
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rational interpolant with weights in (3.4), this is the case for all well-spaced interpolation
nodes [[14]], including equidistant and Chebyshev nodes. For the family of barycentric ratio-
nal interpolants with weights in (3.5)), the Lebesgue constant is known to grow logarithmically
in n, for any constant d > 0 and equidistant [[13]] as well as quasi-equidistant [48]] nodes, and
the formula in turns out to be a forward stable means of computing the weights v; [[18]].
Regarding backward stability, Mascarenhas and Camargo [63]] show that the second barycen-
tric form is backward stable under the same assumptions, namely forward stable weights and
small Lebesgue constant. Moreover, Camargo [[18]] proves that the first barycentric form is back-
ward stable, as long as the denominator in (3.6) is computed with a special algorithm in O(nd)
operations.

We summarize the existing studies on the numerical stability of both polynomial and rational
barycentric interpolation in Table[3.1] also highlighting what was previously unknown. The next
section outlines instead our contributions, which address and fill all these gaps in the literature.

3.2 Our contribution

In this chapter, we conduct a comprehensive analysis of the error propagation that occurs in the
various barycentric interpolation methods introduced earlier. While our approach mostly aligns
with the existing research, it also introduces some key innovations. A primary difference is the
adoption of a new notation to express the upper bounds on the relative errors. In fact, all the
references cited in Table[3.1]use the Stewart’s error counter (k) to measure the amplification of
rounding errors in the various algorithms, that is,

k
=] [a+sy, pi=%1, I5]<e.

i=1

Then, assuming ke < 1, they use the fact that |(k) — 1] < ke/(1 — ke) [[43]] to determine the
corresponding upper bound on the relative error. In other words, if a quantity x € R satisfies
fl(x) = x(k), then it holds

[fl(x)—x| _ ke
——=[(k)—1] < ke’

|x|

In our study, we instead use the notation
fi(x) = x(1+6), 16| < ke +0(e?),

therefore the upper bound on |§| also provides the upper bound on the relative error of x.

Regarding forward stability, we further generalize the proof of Salazar Celis [[72]], such that
it can also be used for proving the forward stability of the first barycentric form (3.6)), with
two important changes. On the one hand, the result relies on the fact that not only the y;,
but also the A; can be evaluated with a forward stable algorithm. This is indeed the case for
the formula in (3.7)), which requires O(d(n — d)) operations for 0 < d < n, as well as a more
efficient, but slightly less stable formula that gets by with O(n) operations. On the other hand,
the Lebesgue constant must be replaced by a similar quantity that depends on the functions A,
for which we prove that it is at most on the order of O(u?), where u is the mesh ratio of the
interpolation nodes. Moreover, we show that a more efficient formula [49] for computing the
weights in is forward stable, too.
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For backward stability, we present a novel approach that can be used for both barycentric
forms. For the second barycentric form, our result provides an upper bound on the perturbation
of the data y; that is smaller than the upper bound by Mascarenhas and Camargo [[63]]. For the
first barycentric form, our upper bound is larger than the one found by Camargo [[18]], but it
comes with the advantage of holding for a more efficient way of computing the denominator
in in O(n) operations, which is based on our new O(n) algorithm for evaluating the A;.

Our numerical experiments confirm that our new method leads to a considerably faster
evaluation of the first barycentric form of the rational interpolant with weights in (3.5)
than the algorithm proposed by Camargo, especially for larger d, at the price of only marginally
larger forward errors. Evaluating the interpolant using the second barycentric form iseven
faster and can be as stable, but may also result in significantly larger errors for certain choices of
interpolation nodes. However, we also report a case in which the second form is stable and the
first is not. Furthermore, we analyzed both methods in scenarios where the evaluation points
are near a root of the interpolant or an interpolation node.

Finally, it is important to note that our results hold under the assumption that the input
values to the algorithm, x;, y;, and x, are given as floating-point numbers, so they do not
introduce any additional error when we compute both forms and (3.6). Consequently,
our stability analysis does not cover errors that result from initially rounding the given values
to floating-point numbers.

3.3 Forward stability

For analysing the relative forward error of barycentric rational interpolation, we first observe
that (3.3) and (3.6) can both be written in the common form

Z:l oa‘(x)yi
Z) =0 J( )

where a;(x) = y;/(x — x;) for both forms, while m = n and b;(x) = a;(x) for the second form
and m=n—d and b;(x) = A;(x) for the first form. Next, we define the functions

r(x)= (3.8)

Z?:o la;(x)y;l
V) == ——— 3.9
AT = S ©9)
and n
ﬁ(x)-zl o 1B 0)| (3.10)

7o b0l

Assuming now that we have forward stable algorithms for computing with the floating-point
arithmetic a;(x) as fl(a;(x)) and b;(x) as fI(b;(x)), we can derive a general bound on the relative
forward error for the function r in (3.8).

Theorem 3.1. Suppose that there exist a,...,a, € R with
fl(a;(x)) = a;(x)(1 + a;), la;| <Ae +0(e?), i=0,...,n
and By, .- ., B, € R with

fl(b;(x)) = b;(x)(1 + B;), |B;| < Be +0(e?), j=0,...,m
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for some constants A and B. Then, assuming Y, € F"*, the relative forward error of r in
satisfies
|f1(r (x)) — r(x)|
|r ()

for € small enough.

<(n+2+A)a(x;Y,)e+(m+B)B(x)e +0(e?), (3.11)

Proof. We first notice that fl(r) is given by

ST (e ())yi(1+ 871+ )
ST b, (L + 9P)
T a () + @)y (1451 + oY)

T Y b0+ B+ 9P)

G () = (1+5%)

(1+67),

where 6, Lpf’ , ijD and 67 are the relative errors introduced by the product fl(a;(x))y;, the

sums in the numerator and the denominator, and the final division, respectively. It then follows
x| |s+ : N 2 D

from (2.5) that |[6],16™| < €, while from (2.9) we have |p;"| < ne + O(e”) and I(,oj | < me+

0(€?). By (2.8), there exist some M, u; € R with

N <(n+2+Ae+0(e*), i=0,...,n,

lu;| < (m+B)e +0(e?), j=0,...,m, (3.12)
such that
im0 i ()y;(1+m; )
fl - 3.13
(r(x)) NI IETIN (3.13)
Therefore,
fi(r(x)) _ S oai(x)y(1 +Th')/2?=o a;(x)y;
) S b+ ) | 3 b0
_ Do ai(x)y(1+mn;) Z; —o bj(x)
Z;’n:()ai(x)yi Z] =0 )(x)(l'i'“’))
ZLoai(X)ymi 1
=1+
( Z;nzoai(x)yi ) Z] =0 J(x).u]
ZJ —o bj(x)
Since, by the triangle inequality,
‘ZLL(J(C);L < a(x) max ;] < a(x)(n+2+A)e + 0(e?) (3.14)
1 0 alx) 1 e
and
‘M < p(x) max || < Bx)(m+B)e +0(€), (3.15)
] 0 J """
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we can use to express this ratio as
fi(r(x)) Do a(xX)yim; Z;n 0 bj (), 9
— (1 1— o
r(x) ( S Ay, )( STbG) (¢ ))
Z?:oai(x)yini Z] —o bj(x)u; 5
=1+ - +0
STaty | b O

and obtain the relative forward error of r as

If1(r () =Gl _ (A(r(x)) ‘ ‘Zl Oa(x)ylnl_zj —o bi(x)u; +0(E)
()l r(x) 2o ai(x)y; Z] —obj(x) '

The upper bound in (3.11)) then follows immediately by using again (3.14) and (3.15). O

While Theorem 3.1]holds for any function r that can be expressed as in (3.8), we shall now
focus on the special cases of the two different forms of the barycentric rational interpolant.
For the second barycentric form, the only assumption we need is that the weights y; can be
computed with floating-point arithmetic as fl(y;) with a forward stable algorithm. Moreover,
we recall the definition of the Lebesgue function of the barycentric rational interpolant [[13]] as

Z” L|
=0
}Zl Oxx|‘

Corollary 3.2. Assume that there exist 1, ...,4, € R with

Ap(x;X,) =

fi(y;) =v:(1+,), [;| < We+0(e?), i=0,...,n (3.16)

for some constant W. Then, assuming Y, € F"™', the relative forward error of the second barycen-
tric form in (3.3) satisfies
If1(r (x)) — r()l
()

for € small enough.

<(n+4+W)k(x;X,,Y,)e+(n+2+W)A,(x;X,)e+0(e), (3.17)

Proof. We first notice that a;(x) = v;/(x — x;) can be computed with one subtraction and one

division, so that, by (2.5), (2.7), (2.8), and (3.16),
fl(a;(x)) = a;(x)(1 + a;), i=0,...,n

for some a; € R with |a;| < (2+W)e+0(e?). Hence, the constants in are A= 2+W and
further B = 2+W, because b;(x) = a;(x) in case of the second barycentric form. From the latter,
it also follows immediately that [5(x) in is equal to A,(x;X,,) in this case, and it only
remains to show that a(x;Y,) in is equal to k(x;X,,Y,) in (2.21). To this end, we first use
the triangle inequality to see that for any 6 > 0 and any H,, = (hy,...,h,) € R™1\ {(0,...,0)}

n+ 1 times

with |h;| < 6]y;l,

Zn:ai(x)hi‘ =

i=0

n

> oy "

i=0

n
h.
<M ey, M= max Al
— i=0,...,n |_yl|
i=0 yi
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where equality is attained for H,, with h; = 6 sign(a;(x))|y;|, i =0,..., n. Dividing both sides of
this inequality by M and |Z?:0 a;(x)y; |, taking the supremum over all admissible H,, and the
limit 6 — 0, gives k(x;X,,,Y,) = a(x; Y,). O

For the first barycentric form, we additionally need to assume that the A;(x) can be com-
puted with a forward stable algorithm as fl(A;(x)), and we note that $(x) in (3.10) is equal
to

S0l

Li(x;X,) =
X = S )

(3.18)

in this case.

Corollary 3.3. Assume that the weights y,...,Y, can be computed as in (3.16) and that there
exist Pg, ..., Pr_q € R with

f1(A;(x)) = A,(x)(1 + ,), lp;] < Ce+0(e?), i=0,....,n—d (3.19)

for some constant C. Then, assuming Y, € F"*!, the relative forward error of the first barycentric

form in satisfies

If1(r(x)) — r(x)|
r(x)l

for € small enough.

<(n+4+W)k(x;X,,Y,)e+(n—d+ C)(x; X, )e + 0(e?), (3.20)

Proof. As the numerator of the first and second barycentric form are identical, the only dif-
ference to the proof of Corollary is that B = C in (3.11), because b;(x) = A;(x) and
m=n—d. O

While upper bounds for the Lebesgue function A, (x;X,) can be found in the literature [[13]
14]], we are unaware of any previous work bounding the function I;(x;X,,), and we derive such
an upper bound in Section [3.6)

3.4 Computing the weights y; and evaluating the functions A;

It remains to work out the constants W and C, related to the computation of the weights y;
in and the evaluation of the functions A; in (3.6). In particular, we study the error prop-
agation that occurs in the implementation of different algorithms and further analyse them in
terms of computational cost.

Regarding the y;, it was shown by Higham [44]] that the Lagrange weights in can be
computed stably with W = 2n in (3.16), and the Berrut weights in can be represented
exactly in F, so that W = 0. The same holds for the weights in if the interpolation nodes
are equidistant, because they simplify to the integers

min(i,n—d)

Yi =(-1) Z (iij)’ i=0,...,n

j=max(i—d,0)

in this special case [[30]]. For the general case, Camargo [[18, Lemma 1] shows that W = 3d,
if the y; are computed with a straightforward implementation of the formula in (3.5). While
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this construction requires O(nd?) operations, Hormann and Schaefer [49]] suggest an improved
O(nd) pyramid algorithm, which turns out to have the same precision. Their algorithm starts
from the values

vi=1, i=0,...,n—d (3.21)

and iteratively computes

L vt vt .
vl = + , i=0,...,n—1 (3.22)

Xitl —Xi—1 Xigpr41 — X

forl=d—1,d—2,...,0, tacitly assuming vil =0fori <0andi>n—I. They show that the
resulting values viO are essentially the weights y; in (3.5)), up to a factor of (—1)i_d.

Lemma 3.4. For any x,,...,x, €F, there exist ¢J,...,¢° € Rwith |pJl,...,[¢p°| < We+0(e?)
for W = 3d, such that the vi0 in (3.22) satisfy

ﬂ(vl‘()):"?(1+¢?), i=0,...,n.

Proof. The statement is a special case of the more general observation that there exists for any
l=d,d—1,...,0and i = 0,...,n—1[ some ¢! € R with |$!| < 3(d — )e + O(€?), such that
ﬂ(vil) = vil(l + qu), which can be shown by induction over [. The base case [ = d follows trivially
from (3:21)). For the inductive step from [ + 1 to [, we conclude from @.5), (2.7), and 2.8),
that fl(v!), computed with the formula in (3:22), satisfies

(vl fiiv*th
— (14 —
Xiy1 — Xi—1 Xit1+1 — X;

ﬂ(Vil )= (1+p5)

for some p;, p, € R with |p;], 5| < 3€ + O(e?), since both terms are affected by one subtrac-
tion, one division, and one sum. By induction hypothesis and (2.8)), we can then assume the
existence of some 0,0, € R with |01, |0,| < 3(d —1)e + O(e2), such that

+1 Vl+1

V.
fivh) = —"—Q+0)+ ———1+0y),
i+l — Xi1 Xii+1 — X

and the intermediate value theorem further guarantees that
1+1 1+1

ﬂ(vg)z( b= I )(1+¢§)

Xipl = Xi—1 Xipi+1 — X

for some ¢! € [min(o,,0,), max(oy,0,)] with [$!] < 3(d —1)e + O(e?). a

Let us now focus on the functions A; that appear in the barycentric formula (3.6) and first
study the error propagation when computing them straightforwardly, following the formula

in (3.7).

Lemma 3.5. Forany x € Fand x,, ..., x, €T, there exist 0,,...,0,_4 € Rwith |6,],...,|60,_4| <
Ce + 0(€?) for C = 2d + 2, such that the A;(x) in ([3.7) satisfy

(A, (x)) = A,(x)(1 +6,), i=0,....,n—d.

Proof. Since computing fl(A;(x)) requires d + 1 subtractions, d products, and one division, the

result follows directly from (2.5), (2.8), and 2.7). O
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Evaluating A; in this way clearly has a computational cost of O(d) for d > 0 and O(1) for
d = 0, so that computing all A;(x) requires O(d(n — d)) operations for 0 < d < n and O(n)
operations for d = 0 and d = n. However, for 0 < d < n this can be improved by exploiting the
fact that A;(x) and A;,;(x) have d common factors in the denominator, which in turn suggests
to first compute the “central” A,,(x) for m = L%J as above and then the remaining A;(x)
iteratively as

A’i—l(x):_li(x)w’ i:m,m_l,...,].,
(x—x;1)
(3.23)
(x —x;)

Aip1 () =—2;(x) i=mm+1,...,n—d—1.

(X—Xi+1+d)’

Computing all A;(x) this way requires only O(n) operations, but it comes at the price of a likely
reduced precision.

Lemma 3.6. For any x € Fand x,,...,x, €F, there exist {y, ..., n—q € Rwith |ol, ..., |{n_dl <
Ce + 0(€?) for C = 2n + 4, such that the A;(x) in (3.23) satisfy

fl(A;(x)) = A;(x)(1 + ), i=0,...,n—d.
Proof. By Lemma we know that flI(A,,(x)) = A,,(x)(1 + ¢,,,) with |{,,| < (2d +2)e + O(€?).
Each step in (3.23) involves two subtractions, one division, and one product, and therefore
introduces a perturbation of (1+ &) with |6| < 4e + O(€2), and these perturbations accumulate

during the iteration. Since the number of steps is at most (n—d +1)/2, the overall perturbation
for each A;(x) is at most (1 + ¢;) with |{;| < [(2d +2) + 4(n—d + 1)/2]e + O(€?). O

3.5 Backward stability

Similar to how we established the forward stability of both barycentric forms in a unified way
in Section [3.3] we can prove the backward stability in general for the function r in (3:8) and
then derive upper bounds on the perturbation of the data for both forms as special cases.
Theorem 3.7. Suppose that there exist a,...,a, € R with

fAla() = a(x)1+a),  lal<Ae+0(e?), i=0,...,n
and By, ..., B, € R with

fi(b;(x)) = b;(x)(1+p;),  IBl|<Be+0(e?), j=0,....,m

for some constants A and B. Then there exists for any Y, € F**! some perturbed ¥, € F™*! with

”?n_Ynnoo

Al < (Tl+2+A)6+(m+B)n’lan/5(X)6+O(62),

for € small enough, such that the numerical evaluation of r in (3.8) satisfies fl(r(x; Y,)) = r(x; Y,,).
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Proof. Starting from (3.13), with the n; and u; satisfying (3.12)), we get, again with the help
of 2.6),

S oai(x)y(1+mn;)
Dm0 b () + 257 by (XD,
Z?:o a;(x)y;(1+mn;)
g Sy b,y
S b1+ )

n 0y A 1o b ()
:leoal(x)yl(1+m)(1_zj_o (0w, +O(€2))

ACr (s X, Y,)) =

Z;‘n:() b](x) Z;n:() b](X)
_ Z?:o a;(x)¥; _ . A
= —ZTZO b,(x) =r(x;X,,Y,),

where "
Z j=0 bj (x )'U’j

m
ST ()
By (3.15), this means that there exist some &, ..., &, € Rwith |£y],...,|&,| < (m+B)max, B(x)e+
0(€?), such that

gi=w+n)(1- +0(@),  i=0.n

Vi=yi(1+n)A+E&), i=0,...,n,

and by (2.8) and (3.12) we can further assume the existence of some ¢, ..., @, with [@g], ..., [@,] <
(n+2+A)e + (m + B)max, B(x)e + O(e?), such that

Ji=yi(1+¢), i=0,...,n.

The statement then follows directly from

=0,...n 1=0,..,

yenes yenes =0,...,

O

The special cases of Theorem for the two different forms of the barycentric rational
interpolant then follow with the same reasoning as in Section|3.3

Corollary 3.8. Assume that the weights vy, ..., Y, can be computed as in (3.16)). Then there exists
for any Y, € F™*! some perturbed Y, € F™*! with

“}A’n_YnHoo
1Yl oo

for € small enough, such that the second barycentric form in (3.3) satisfies fl(r(x;X,,Y,)) =
r(x; X, Y,).

<(n+4+W)e+(n+2+W)maxA,(x;X,)e +0(e?),
X

Corollary 3.9. Assume that the weights vy, ...,Y, can be computed as in and the values
Ao(x), ..., A, _q(x) as in B19). Then there exists for any Y, € F™*1 some perturbed ¥, € F**!
with .

||Yn - Yn ”oo

Al <(n+4+W)e+(n—d+C)maxTy;(x;X,)e+0(e?),
X
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for € small enough, such that the first barycentric form in satisfies fI(r(x; X,,Y,)) =
r(x;Xn’ ?rl )'

3.6 Upper bound for I}

In case of the first barycentric form, the bounds for the forward and backward stability depend
on the function T in (3.18)), and we still need to show that this function is bounded from above.
Note that T, = A, because y; = (=1)! and A= (—1)i/(x—xi) if d = 0, so that the bound for the
Lebesgue constant of Berrut’s interpolant [[14]] also holds for I; in this case. In the following,
we therefore assume d > 1 and define

n—d

N@)=>4(x) and D(x)=

i=0

>

n—d
D Ai(x)
i=0

so that T;(x; X,,) = N(x)/D(x). We further assume that x € (xy, x;) for some k € {0,...,n—
1}. It then follows from the definition in (3.7) that all A; with index in

Iy=In{k—d+1,...,k},

where I = {0,...,n— d}, have the same sign as (=1)**? and that the sign alternates for de-
creasing indices “to the left” and increasing indices “to the right” of I;. More precisely, the A;
with index in

L=In{k—d,k—d—2,...} or L=In{k+1,k+3,...}
have the same sign as the ones with index in I5, while the sign is opposite, if the index is in
L=In{k—d—1,k—d—3,...} or L=In{k+2,k+4,...}.

Without loss of generality, we assume that the A; are positive for i € I,, I3, 1, and negative for
i € I, 15, since multiplying all A; with a common constant does not change T;. Letting

Sj:ZAi(x), j:1,...,5,

i€l;
we then find that
N(x)=—51 +Sz+53 +S4_Ss and D(x)=51 +Sz+83 +S4+Ss (324)

To bound Iy, we need to bound the sum of the negative A; with i € I, I5 as well as the A; with
i € I, which in turn requires to first bound the terms x — x;. To this end, let h; = x;,; — x; for
i€{0,...,n—1} and define

hpin = min{hg, ..., h,_1} and hpax = max{hg,...,h,_1}.

Proposition 3.10. For any i € {0,...,n}, the distance between x € (x, X;.+1) and x; is bounded
as

Ry h
%(1+t+2(k—i))5x—xis%(1+t+2(k—i)), i<k,

- h
%(1—t+2(i—k—1))5xi—x3%(1—t+2(i—k—1)), i>k+1,

where t = 2(x —x;)/h,—1 € (—1,1).
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Proof. The statement follows directly by noting that
h h
x=xk+Ek(1+t)=xk+1+Ek(1—t)

for the given t and because h;, < h; < hp, foranyi e {0,...,n—1}. O

For bounding the negative A; from above, it turns out to be useful to consider them in pairs,
with indices from I; and I5 at the same “distance” from I5.

Lemma 3.11. For any j € N and x € (xy, Xj41),

d+1 1 1
—Ak—d—2j+1(0) = Apypi(x) < (h . ) (Hd (2j +m) * Hd (2j—1+m) )
min m=0 m=0 -

where we set A;(x) =0 forany i ¢ 1.

Proof. Since the denominator of A;_4_5;,1(x), for k —d —2j +1 > 0, contains the terms x —
Xg—2j+1-m for m=0,...,d, it follows from Proposition that

—1 > (hmi“)d+lﬁ(4j+2m—1+t)
Akd—2jn(x) 7\ 2 follr ’

with t € (—1,1) and likewise
d
-1 (hmin )d+1 )
— = | |(4]+2m—1—t),
Akg2;(x) 2

m=0

for k +2j < n—d. Combining both bounds, we get

2 )d+1g(t),

min

—Akmd—2j+1 () = Apeypj(x) < (h

where
1 1

+ .
[T o@j+2m—1+06) []¢_ (4j+2m—1—1)

g(t)=

As g is clearly even and

g(1)= — ( ! L )
2T @i +m)  [To@j—1+m))

it remains to show that g(t) < g(1) for t € [0, 1]. To this end, note that g(t) = p(t)/q(t) for

d d
p)=[J@i+2m—1+0+] J@4j+2m-1-1)

m=0 m=0

and
d

q(0) =] [(4j +2m—1)*—¢2).

m=0
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By the product rule,
d d d
p'(t)=2( [T @i+am-1+0- [] (4j+2m—1—t))
=0 “m=0, m#l m=0, m#l

and

d d
d@==2t> ] (@j+2m—1*—¢?).

1=0 m=0,m#l
For t € [0, 1], we observe that p(t) > 0, g(t) > 0, p’(t) = 0, and q’(t) < 0, hence
p'()q(t) = 0 = p(t)q'(t),
and it follows from the quotient rule that g is monotonically increasing over [0, 1]. O
Next, let us bound the A; with indices in I3 from below.
Lemma 3.12. For any i € I3 and x € (Xi, Xj41),

1 d+1 4
Ailx) = | — —. 3.25
@=(—) 3 (3.25)
Proof. Since the denominator of A;(x), for i € I5, contains the factors x—x;_,, form=0,...,k—
i and the factors x;,;,; —x for [ =0,...,i +d —k—1, we conclude from Proposition that

de1 k—i i+d—k—1
) [Ja+c+2m) [T a-t+20)
m=0 =0

i+d—k—1

(
- (h“;x)dHu - tz)ﬁ(l +t+2m) !:1[ (1—t+20)
(

i+d—k—1

@+2m) [] @+20)
=1

hmax B
) 11

m=1

h d+1
= (%) 297 (k—i+ (i +d — k),

and the statement then follows, because a!b! < (a + b — 1)! for any positive integers a and
b. O

We are now ready to derive a general upper bound on the function I; in (3.18)), which turns
out to depend on d and the mesh ratio

Theorem 3.13. If d > 1, then

L(x;X,) <1+

(3.26)

for any set of ascending interpolation nodes X,, = (x,, ..., x,) € R"*! and any x € [x,, x,].
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Proof. If x = x; for some k € {0,...,n}, then, after multiplying both N(x) and D(x) by
l_[?zo |x — x;|, we find that T;(x; X,,) = 1, which is clearly smaller than the upper bound in (3.26).
Otherwise, there exists some k € {0,...,n — 1}, such that x € (x;, X;41), and it follows from
Lemma [3.11] that

i 1 d+1 1 1
—S51=5s s ( ) ( d . t : )
= hmin l_[mzo(Z] +m) nm=0(2] —1+m)
_ 1 )d+1 > d 1
(hmin le: ,ln:!) ] +m

1 d+1 1
:(hmm) d-dv

where the sum of the series can be found in [15, p. 464]. Together with Lemma [3.12] this
implies

—2(S; +S5) < pdt?
) S 2d

for any i € I;. As A;(x) < S3 < D(x) and N(x)— D(x) = —2(S; + Ss), we conclude that

d+1

N(x)—D(x) < &

2d D(x),

and the statement then follows immediately. O

In the case of equidistant nodes, when the mesh ratio is u = 1, the upper bound in
is simply 1+ 1/(2d), so it becomes smaller as d grows. For other nodes, u may depend on n,
which may result in very large upper bounds. For example, in the case of Chebyshev nodes, one
can show that u grows asymptotically linear in n. However, our numerical experiments suggest
that the function T} is always small, and we believe that the upper bound in Theorem|3.13|can
be improved significantly in future work.

3.7 Numerical experiments

We performed numerous experiments to verify the results proven in the previous sections nu-
merically and report some representative results below. In particular, we analyze the various
algorithms that implement the first barycentric form both in terms of stability and com-
putational cost (Section [3.7.1)) and focus on the comparison between the first and the second
form for some example where A, > T (Section[3.7.2)), as well as in scenarios where evaluation
points are close to a root of the interpolant or a node (Section[3.7.3).

Our experimental platform is a Windows 10 laptop with 1.8 GHz Intel Core i7-10510U pro-
cessor and 16 GB RAM, and we implemented all algorithms in C++. In what follows, the ‘exact’
values were computed in multiple-precision (1024 bit) floating-point arithmetic using the MPFR
library [I33]], while all other values were computed in standard double precision. Moreover, we
took care of providing all input data (interpolation nodes, data values, and evaluation points)
in double precision, so that they do not cause any additional error.
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Figure 3.1. Distribution of the relative forward errors of the first barycentric form for equidistant
nodes at 50,000 random evaluation points (top) and overall running time in seconds (bottom),
both on a logarithmic scale, for different n and three choices of d (left, middle, right), using the
standard algorithm (blue), Camargo’s algorithm (red), and our efficient variant of the standard
algorithm (green).

3.7.1 Comparison of algorithms for the first barycentric form

For the first example, we consider the case of n + 1 interpolation nodes x; = fl(t;) € [—1,1]
fori =0,...,n, derived from the equidistant nodes t; = 2i/n — 1 by rounding them to double
precision, and associated (rounded) data y; = fl(f (¢t;)), sampled from the test function

2 2 2
3 _ (9x=2) 3 _(x+1) 1 07 1 _—(9x—4)?
f)=3e7 +3e ® +ie 7 i,

and we compare three ways of evaluating the first barycentric form in (3.6]), which differ in the
way the denominator is computed.

The first algorithm simply evaluates the functions A; as in (3.7)), leading to the error men-
tioned in Lemma and then sums up these values to get the denominator. The second al-
gorithm by Camargo [[18] Section 4.1] instead increases the stability of the summation by first
computing sums of pairs of A;’s such that all these sums have the same sign. The third algo-
rithm implements our iterative strategy in before taking the sum, which is more efficient
than the first algorithm, but less precise (cf. Lemma [3.6). All three algorithms compute the
numerator of the first barycentric form in the same way, first dividing the weights y; by x — x;,
then multiplying the results by y;, and finally summing up these values. The y; themselves
are precomputed with the pyramid algorithm in (3.:2I)) and (3.22). Note that, although the
weights for equidistant nodes are integer multiples of each other in theory [30]], they do not
have this property in this example, because the nodes x; are not exactly equidistant, because of
the rounding.

To compare these three algorithms, we used them to evaluate the barycentric rational in-
terpolant with weights in for d € {1,5,25} and an increasing number of interpolation
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Figure 3.2. Plots of x(x;X,,Y,) (top) and T;(x;X,) (bottom) for equidistant nodes and x €
[—1, 1], both on a logarithmic scale, for n = 39 and three choices of d (left, middle, right).

nodes, n € {39, 79,159,319, 639, 1279}, at 50,000 random points from [—1 +10%¢,1—10%€]\
{xgs--.,x,}. Figureshows the corresponding running times and the distribution of the rela-
tive forward error of the computed values. For the latter, we chose a box plot, where the bottom
and top of each box represent the interquartile range, from the first to the third quartile, and
the line in the middle shows the median of the relative forward errors. The whiskers range
from the minimum to the maximum, excluding those values that are more than 1.5 times the
interquartile range greater than the third quartile, which are instead considered outliers and
shown as isolated points.

On the one hand, we observe that Camargo’s algorithm beats the standard algorithm in
terms of running time, but that our efficient algorithm is the fastest, especially as d grows,
because its time complexity does not depend on d. On the other hand, our efficient algorithm
is less precise than the standard algorithm, as predicted by Lemma|[3.6]and Camargo’s algorithm
gives the smallest errors, except for d =5 and n € {639, 1279}. Nevertheless, the computations
confirm the forward stability for all three algorithms. For Camargo’s algorithm, this follows from
the backward stability, which is proven in [[18]], and for the other two algorithms it is implied
by Corollary[3.3]and Lemmas 3.6

The rather large errors of the outliers in the case d = 25 can be explained by the behaviour
of the componentwise relative condition number «, shown in Figure While « is small for
all x € [—1,1] in the case of d = 1, it starts to grow considerably close to the end points of
the interval as d grows, up to 10° for n = 39 and 108 for n = 1279 in the case of d = 25,
and so does the upper bound on the relative forward error in (3.20). While this upper bound
also depends on Ty, Figure shows that this function is always small and its maximum even
decreases as d grows, independently of n. This is in agreement with Theorem [3.13] because
@ ~ 1 in this example. The fact that the maximum error still seems to decrease for d = 25 as
n increases is simply due to the fact that the 50,000 sample points are not sufficiently many to
“catch” the worst case, because the region near the endpoints where k grows rapidly actually
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Figure 3.3. Plots of A,(x;X,,) (left) and T;(x;X,) (right) for a non-regular distribution of nodes
and x € [0, 1], both on a logarithmic scale.

shrinks as n grows.

Of course, it is also possible to evaluate the rational interpolant using the second barycentric
form (3.3), which is actually the best choice for this example, giving relative forward errors that
are similar to the ones of the standard algorithm for the first barycentric form, but being roughly
twice as fast as the efficient algorithm, both of which is not surprising. Regarding the efficiency,
the second form is superior, because the denominator can be computed “on-the-fly” at almost
no extra cost during the evaluation of the numerator. As for the error, we note that A,, is much
smaller than x for the nodes used in this example [48]] and so the upper bound in is
dominated by x, exactly as the upper bound in (3.20). However, for non-uniform nodes, the
situation can be quite different, as the next example shows.

3.7.2 Worst-case comparison of first and second barycentric form

The aim of the second example is to compare the standard algorithm for the first barycentric
form in (3.6)), as described in Section [3.7.1] with a straightforward implementation of the sec-
ond barycentric form, following the formula in (3.3). The weights y; are again precomputed
with the pyramid algorithm.

We consider n = 29, d = 3, and interpolation nodes x; = fl(t;) € [0,1] for i = 0,...,n,
obtained by rounding to double precision the values t; = F(7;), where

ry=1%, =9 (3.27)
“leri, te(0,1] '

and t; = i/n. We choose these nodes, because the functions A, and I; behave completely
differently in this case, as shown in Figure While A, reaches huge values, up to 107, T; is
small (even though the latter is not guaranteed by Theorem[3.13). Hence, the upper bounds in
Corollaries and suggest that we may see a big difference in the forward stability of the
first and the second barycentric form, if we choose the data such that the condition number
is small.

One such choice, which is also presented by Higham for the case d = n with equidistant
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Figure 3.4. Plots of 1,(x) (black) and the barycentric rational interpolant r(x) for d = 3 (red)
for non-regularly distributed interpolation nodes over the whole interval [0, 1] (top left) and a
close-up view over [0.21,0.31] (top right). Evaluating r(x) at 10,000 equidistant evaluation
points in [10%¢,1 — 10%€e] with the standard implementations of the first (blue dots) and the
second (green dots) barycentric form shows that the first form is stable, while the second form
is not (bottom).

nodes [[44]], is to take the data

which can be interpreted as having been sampled from the n-th Lagrange basis polynomial
I,(x) = l_[:é ;n__);"i, that is, y; = fl(,,(t;)). For this data, we know that k(x;X,,Y,) = 1 for
all x € [0,1], so the upper bounds on the relative forward errors in and are
dominated by A,, and I}, respectively. Consequently, as shown in Figure the barycentric
rational interpolant is reproduced faithfully by the first form, but not by the second, because
the relative forward error for the first form is on the order of €, while it can be on the order of
1 for the second form; see Figure (left).

However, the opposite may happen as well. If we consider the data

yi=1, i=0,...,n,
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Figure 3.5. Plot of relative forward errors of the first (blue) and second (green) barycentric form
for a non-regular distribution of nodes at 100 equidistant evaluation points in [10%¢,1 —10%¢]
with data sampled from the n-th Lagrange basis polynomial (left) and the constant one function
(right). Since both plots are on a logarithmic scale and the second form is exact in the latter
case, the corresponding errors are missing in the plot on the right.
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Figure 3.6. Even though the barycentric rational interpolant of the constant one function
for non-regularly distributed interpolation nodes is simply r(x) = 1, evaluating it at 10,000
equidistant evaluation points in [10%¢,1 — 10%€e] shows that the second form (green dots) is
stable, while the first form (blue dots) is not.

sampled from the constant one function, then k = A, and the upper bounds in and
suggest that both forms can be unstable, even though the barycentric rational interpolant is sim-
ply r(x) = 1. Figure (right) and Figure confirm that this is indeed the case for the first
barycentric form. However, the second barycentric form is perfectly stable, because the nu-
merator and the denominator in are identical and cancel out to always give the correct
function value 1.



36 3.7 Numerical experiments

10* 10°
*
10°
10%F k!
-5 L
* 10
* A
2 K * ¢
107 Gttt bR
* *
-10 |
o 10
B
10t F * * B W K Mg K S, - *W%
-15 [* Mg R TR N g R
H 10 * %.
* . FRET * *WWM%MW*****
* % *
ke
* Els
10° L K L L 1020 L L L L
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Figure 3.7. Plots of x(x;X,,Y,) (left) and relative forward errors (right) of the first (blue) and
second (green) barycentric form for 100 equidistant evaluation points in [10%¢,1—103€] and
data sampled from f(x), both on a logarithmic scale.
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Figure 3.8. Same as Figure but for data sampled from f (x) (black).

3.7.3 Evaluation close to roots and nodes

Let us consider another example similar to the first one discussed in Section In this
case, we again have n = 29 and d = 3, using the same interpolation nodes generated by the
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Figure 3.9. Evaluation of r(x) in Figureat the 2000 closest double floating-point numbers to
the root x = 0.32349193443079 with the standard implementations of the first (blue dots) and
the second (green dots) barycentric form (left) and plots of the relative (middle) and absolute
(right) forward errors on a logarithmic scale.

function F(t) in (3.27), but we now associate the data y; = fl(f (¢;)) sampled from the normal
distribution

flx)= e 20T (3.28)
with g = 0.5 and o = 0.05. The componentwise relative condition number « is rather well-
behaved for this example. In fact, Figure shows that x does not get bigger than 10 for
almost all the 100 equidistant evaluation points that we used, except for those that are too close
to the zeroes of the interpolant, where x has poles, by definition. Thus, the condition number
cannot dominate the upper bounds on the relative forward error in and and we
expect that both algorithms will behave similarly to the case shown in Figure Indeed, it
turns out that the first barycentric form is forward stable, while the second is not. The latter is
evident from the relative forward errors in Figure|3.7|and can also be seen in Figure which
shows the actual function values of the interpolant computed with both algorithms. Note that
we clipped the bottom-left plot to the range [—1,9], since the minimal and maximal values
computed with the second form are approximately —3572.5 and 1457.2, respectively.

We now focus on another aspect of this example, that is the fact that the exact interpolant
r(x) has roots within the domain [0, 1]. Consequently, the condition number and the relative
forward error are undefined at those points and extremely large nearby. But does this imply that
the methods are unstable in these regions? Not necessarily. In fact, the appropriate measure
to consider in such cases is the absolute error rather than the relative error for more reliable
results. Figure illustrates the difference between these two types of error by examining
the 2000 double-precision floating-point numbers closest to the root x = 0.32349193443079.
The relative error suggests that both the first and second barycentric forms are unstable. How-
ever, the absolute error indicates that the first form is perfectly stable, while the second form
is unstable, except when extremely close to the root. Additionally, Figure (left) shows the
oscillatory behavior of the second barycentric form, which explains its unusual error patterns.
This analysis indicates that a large relative error near a root does not necessarily reflect an al-
gorithm’s instability and emphasizes the importance of choosing the appropriate error measure
for a reliable assessment.

Finally, we also investigate the behavior of both algorithms close to a node, as the divi-
sion by x — x; may lead to overflow or underflow errors. In general, this problem is addressed
by setting r(x) = y; whenever |x — x;| is below a certain threshold. Nevertheless, double-
precision floating-point arithmetic usually manages calculations near a node without signifi-
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Figure 3.10. Same as Figure but for the node x;5 = 0.393240720868598.

cant problems. In fact, Figure shows the barycentric interpolants and the errors for the
2000 double-precision floating-point numbers closest to the node x;5 = 0.393240720868598,
excluding the node itself where we know that fl(r(x;5)) = y¥;5. The results indicate that the
evaluations of r(x) are well-defined for both algorithms, as well as the relative and absolute
errors, which in this case give the same results as the exact interpolant is far from O.

However, it is important to mention that, even if the divisions by x — x; are well-defined,
overflow and underflow can still occur due to other operations, such as the product by the
weights y; or by the interpolation data y; in the numerator. This issue can still be resolved by
rescaling the weights or shifting the values y;. We will explore these solutions in detail in the
next chapter (Section [4.4).



Chapter 4

A C++ class for robust linear
barycentric rational interpolation

Barycentric rational interpolation is an efficient and numerically robust interpolation method
that performs well even in the case of equidistant nodes where polynomial interpolation can fail
badly. Because of these favourable properties, barycentric rational interpolation has recently
become popular not only in mathematics, where it is used for the definition of quadrature
rules [|55] [6]] and for solving PDEs [[61}, [59]], but also in more applied contexts. For example,
the method proposed by Floater and Hormann [|30]] is used in statistics [[4]], engineering [83]],
as well as in the medical [25]], aerospace [58, [53]], and chemical sciences [|57} 56]].
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Figure 4.1. Plots of the barycentric rational interpolant obtained by using the same setting as
in Figure[3.8with both the BOOST and BRI libraries (left) and close-up view of the y-axis over
the interval [—1, 9] (right).

For this reason, there are already many available libraries [[11}, [T}, (62| [77] that implement
barycentric interpolation, but all of them simply use the second barycentric form in with-
out further considerations. This led us to develop a new library, the BRI library, that incorpo-
rates the theoretical findings presented in Chapter[3] In fact, if for example we implement the
barycentric interpolant of Figure that is, n = 29, d = 3, interpolation nodes generated by

39
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Algorithm 1 Second  Algorithm 2 First barycentric ~ Algorithm 3 First barycentric

barycentric form form (standard version) form (efficient version)
1: function SECOND(x)  1: function FIRST DEF(x) 1: function FIRST EFF(x)
2: N:=0 2: N:=0 2: N:=0
3: D:=0 3: D:=0 3 fori=0,1,...,ndo
4: fori=0,1,...,ndo 4: fori=0,1,...,ndo 4 if x = x; then
5: if x = x; then 5: if x = x; then 5: return y;
6: return y; 6: return y; 6: N :=N+7;/(x—x,)y;
7 z:=v/(x—x)) 7 N:=N+y;/(x—x)y 7 m:=|(n—d)/2]
8: N:=N+zy; 8: fori=0,1,...,n—d do 8 A = (=1)"
9: D:=D+z 9: A; = (=1) 9: forj=m,m+1,....m+ddo
10:  return N/D 10: forj=i,i+1,...,i+d do 10: A 1= A/ (x = x;)
11: A=A/ (x —x;) 11: D=2,
12: D:=D+ A, 12: fori=m,m—1,...,1do
13:  return N/D 13: Ay 1= =2 (e—=x4q0)/ (x—x_1)
14: D:=D+A_,
15: fori=m,m—1,...,.n—d—1do
16: Apsr = =2 (x=x;)/ (x—X14144)
17: D:=D+A.,

18: return N/D

the function F(t) in (3.27), and associated data sampled from the normal distribution in (3.28)),
with both the BOOST [[1]] and the BRI libraries, then Figure[4.1|clearly demonstrates that, while
the former produces an unstable result, the latter yields accurate outcomes. In the following
chapter, we present the BRI library, describing its features and explaining how it integrates the
theoretical insights related to numerical stability and efficiency.

4.1 Class overview

The BRI class arises from the idea of providing the user with a class that holds both variables
and functions related to barycentric rational interpolation, with a simple and intuitive interface
and in an efficient programming environment. This idea results in a C++ class template, which
comes with the advantage of having all input variables and function outputs defined as generic
types. In addition to the basic data types available in C++ , such as float or double, the
BRI class supports arbitrary precision thanks to the compatibility with the Multiple Precision
Floating-Point Reliable (MPFR) library [SBE and the MPFR C++ interface [45]] ﬂ The BRI class
does not have any dependencies other than the C++ standard libraries and, if arbitrary precision
is used, the MPFR library.

To initialize a new instance of this class, the user has to specify the integer d, the nodes
X,, and the data Y,, and optionally their type and the type of the output results, which are
both considered to be double by default. The vectors X,, and Y,, are stored internally as private
vectors, but the class provides the user with some functions to access or modify them. Moreover,
since they can be passed in different ways, the class includes different constructors. In particular,

T All information about installing the MPFR library can be found at https://www.mpfr.org
2More information can be found at https://github.com/advanpix/mpreal.
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the user can pass both nodes and data by reference or they can be read from external files by
specifying the filenames. Another constructor variant allows the user to pass one of the three
keywords UNIFORM, CHEBYSHEV, or EXTENDED_CHEBYSHEV, together with the values a, b, and n.
In this case, the class automatically generates X,, as a vector of uniform nodes

xi=a+(b—a)%, i=0,1,...,n 4.1)

or Chebyshev nodes

_a+b b—a 2i+1)x

cos s i=0,1,...,n 4.2)
2 2 2n+2

X;

or extended Chebyshev nodes

a+b b—a (2i+1)7‘c/ :
X; = - cos cos 5 1=0,1,...,n
2 2 2n+2 2n+2

over the interval [a, b]. Of course, it would be possible to extend the class to allow for other
predefined sets of interpolation nodes. As for the data Y,, the user can also call the constructor
with a pointer to a procedure f, which implements some function f : R — R, so that the data
is automatically generated as f (X,) by the class. After having defined these initial parameters,
the class allows the user to modify them at any moment. Furthermore, the constructors create
the vector W, = (yy,...,Y,) of barycentric weights (3.5, which get updated automatically
whenever the nodes X,, are changed. Like nodes and data, the weights are private and can be
accessed using suitable functions.

The core of the BRI class is the evaluation of the barycentric rational interpolant r, defined
by the input X,,, Y,,, and d, through the EVAL function. The latter takes x as input, which can be
either a single evaluation point or a vector of points, and outputs r(x), which in turn is a point
or a vector, respectively. If the user wants to specify explicitly which algorithm to use for the
evaluation, the EVAL function has an optional second parameter, which is one of the following
keywords: SECOND to evaluate r with the second barycentric form (Algorithm[I)), FIRST_DEF to
use the standard implementation of the first barycentric form (Algorithm[2)), or FIRST_EFF for
its more efficient variant (Algorithm[3)). Without this second parameter, the code uses by default
the algorithm that best balances efficiency and numerical stability. Likewise, the user can call
the functions NUMERATOR and DENOMINATOR to evaluate the numerator and denominator of
r, respectively. In case of the denominator, one of the three aforementioned keywords can be
added to explicitly ask for the denominator to be computed by the corresponding algorithms.

The BRI class also provides three flags: the stability flag for controlling the numerical
stability of the result, the efficiency flag for indicating a preference for the fastest evaluation
routine whenever the first barycentric form is used, and the guard flag for activating additional
checks that prevent overflow and underflow. The user can turn these flags on or off at any
moment. In the following sections, we present in detail how the code decides which algorithm
guarantees the numerically most stable or most efficient result if the respective flag is acti-
vated and how the guarding mechanism avoids possible overflow or underflow errors, without
affecting the numerical accuracy of the result.

Finally, the class also allows to evaluate all the functions that are related to the numerical
stability of the barycentric rational interpolant, namely the condition number «, the Lebesgue
function A,,, and the function I};. They can be called either with an input x, which again can
be an evaluation point or a vector of evaluation points, or without any arguments, upon which
the algorithm searches for the maximum of the function using Newton’s method.
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Algorithm 4 Robust procedure to compute f =2ff
1: procedure RESCALE(f,E)

2. f:=0
3 fori=0,1,...,M do
4 pi = 2Ri75i+E
i
5 forj=1,2,...,J do
6: Di :=Pi* &
7 fork=1,2,...,K do
8 Pi :=Dpi/Bix
9 fi=f+p;

4.2 Robust procedure for rescale operation

Let M,J,K € N and consider, for any i = 0,1,...,M, the numbers q;; = @, ; X 241 e F for
j=12,...,0 and b;; = ;) X 2Bk € F for k = 1,2,...,K. Denoting the products of these
numbers by

J K
r= l_[ a; ; and 5= l_[ b (4.3)
i=1

J k=1

which can be expressed in floating-point encoding as

J J
r;=p; x 2R where p; = l_[ai’f and R, = ZA"J’ 4.4
j=1 =1
and
K K
s;=0;x25%  where o;= l_[ Bix and S;= ZBi,k, (4.5)
k=1 k=1

suppose we want to compute the quantity

M
f= Z(; :— (4.6)

Even if we know that f € [Fpi, Fmaxl, it may happen that the algorithm that implements f
runs into overflow or underflow errors in some of its intermediate steps. However, we can try
to avoid this problem by appropriately rescaling the intermediate floating-point values by some
constant C, so that they are kept far from the overflow and underflow regions. Moreover, if
we use a rescale factor of the type 2E, for some E € Z, then this operation modifies only the
exponent of each floating-point number without changing the mantissa, meaning that we are
not introducing any additional rounding error. Therefore, the goal now is to properly define
the exponent E so that we are sure that f = 2Ef can be safely computed, without any overflow
or underflow error.

Proposition 4.1. Let M,J,K € N and consider r; and s; as in (4.3)), p; and R; as in (4.4), o; and
S;asin @.5) fori=0,1,...,M, and f as in (4.6). Suppose that all p; = r;/s; have the same sign
and define

L= min (R;—S§;)—J+1 and U= max (R;—S;)+K+M 4.7)
0<i<M 0<i<M
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and

E:[EmaerEmm_L_U]. (4.8)

2

IfU—L < E . — Epin, then we can compute f = 2Ef without any overflow or underflow error
using Algorithm [4]

Proof. The goal is to show that all the operations in Algorithm[4]are performed in F. It follows

from (4.8) that
EmaX+EH;n—L—U <E< EmaX+EH;n—L—U+%,

which, together with (4.7) and the hypothesis U — L < E ., — Epin, gives

Enin<Epyn+J—1<R,—S,+E<E . —K—-M<E_,, (4.9)

meaning that the computation of p; in line 4 is always safe. By Proposition we know that
the multiplications in the loop of lines 5-6 can decrease the exponent R; — S; + E by at most
J — 1 and the divisions in the loop of lines 7-8 can increase it by at most K, but in both cases
guarantees that p; € F. Finally, Proposition[2.I|guarantees that every summation in line 9
increases the exponent R; —S; + E by at most 1, for a maximum of M times. Again, by ([@.9),
we can thus be sure that also f eF. O

Corollary 4.2. Let M,J,K € N and consider r; and s; as in (4.3), p; and R; as in (4.4)), o; and S;
asin @.5) fori=0,1,...,M, and f as in (4.6). Suppose that all p; = r;/s; have the same sign,
that there exist some R i, Rimaxs Smins Smax € Z» such that Ry < R;j < Rpay and Spin < Si < Sinax
fori=0,1,...,M, and define

L=Rpy—Smw—J+1 and U=Ryu,—Smu,+K+M (4.10)

and

(4.11)

_ [Emax+Emin—L—U-|
= 5 .

IfU—L < E.x — Enin, then we can compute f = 2Ef without any overflow or underflow error
using Algorithm

Proof. Since L < miny<j<p(R; —S;)—J +1 and U > maxg<;<y(R; —S;) + K + M, the statement
follows with the same arguments as in the proof of Proposition |4.1 O

4.3 Barycentric weights

As for the barycentric weights in (3.5)), the simplest method to implement them is to follow their
definition, thus obtaining an algorithm that computes all y; in O(nd?) operations. However,
Hormann and Schaefer [[49]] proposed the pyramid algorithm in and to compute
the weights vil, l=d,d—1,...,0and i =0,...,n—1, with only O(nd) operations and achieving
the same precision [34]]. Finally, the barycentric weights are then given as

ri=(—1)"0, i=0,1,...,n.

To save memory, the BRI class uses the vector of weights also to store the intermediate val-
ues v! in vi, which requires the assignment in (3.22) to be performed in reverse order (see

i

Algorithm [5).
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Algorithm 5 Computing the barycentric weights W, for a given set of nodes X,,
1: procedure WEIGHTS

20 W, =(Y0rY1r+v>Vnods> Yneditr-->¥Yn) :=(1,1,...,1,0,...,0)
forl=d—1,d—2,...,0do

Yn-1 = Ynflfl/(xn _xnflfl)
fori=n—1—1,n—-1—-2,...,1do

Yii=Yiea/ (o — Xim1) + 7/ (K — x0)
Yo := Yo/ (X141 — Xo)
Wn = (_1)d(YO:_Y1: RS} (_1)nYn)

® N k@

After having initialized a new instance of the BRI class with the variables X,,, Y,,, and d,
the vector W, is automatically computed as described above, which is efficient and robust.
However, there are cases, albeit extreme, in which the WEIGHTS function runs into overflow or
underflow errors.

Example 4.1. If we consider 10 Chebyshev nodes (that is, n = 9) over [0,107'2] and
d =3, then
-1

(33— x0)(x2 — x0)(x1 — Xo)
and if the variable types are set to float for both input and output, then Algorithm [5|overflows
in line 7 in the last iteration, when [ = 0, so that y, = —inf, because the smallest negative
floating-point number in single precision is —F,,,, = —2!%7(2—2723) ~ —3.4028 x 10%. In fact,
we get v; = (—1)linf forall i = 0,...,9 in this example.

Yo = ~ —5.5257 x 10°8, (4.12)

Example 4.2. Let us consider 3333 equidistant nodes over [—1,1] and d = 333. This choice
of n and d guarantees the best balance between the theoretical and the actual numerical error
of the barycentric rational interpolant, for example, if the data are sampled from the function
f(x)=1log(1.2—x)/(x%+2) [40]. However, if we compute the weights with Algorithm using
double for both input and output, we run into overflow problems and all weights turn out to
be y; = (—1)*!inf.

Example 4.3. The BRI class also covers polynomial interpolation, that is, the case d = n, and in
this setting underflow and overflow errors are even more common. For example, Pachén [|67]]
shows that the weights can be computed safely for 500 Chebyshev nodes in [—2,2] in double
precision, while problems arise, if the interval is changed to [—0.2,0.2] or [—20, 20], leading to
overflow in the former and underflow in the latter case. Furthermore, increasing the value of
n may result in similar issues. For example, for 1500 Chebyshev nodes in [—2, 2], Algorithm 5]
causes the first and the last 51 weights to underflow.

It is precisely for situations like these that we provide the guard flag, which, if activated,
calls code that tries to prevent overflow and underflow errors. The basic idea is to rescale
intermediate floating-point values, so that they are kept far from the overflow and underflow
regions. To do this, we multiply the values vl.l in fori =0,1,...,n—1 in each step of
the pyramid algorithm with a suitable common constant 2¢, with C, € Z. Of course, we need
to define these constants appropriately to make sure that these rescaling operations are safe
and do not in turn cause any overflow or underflow errors. To this end, we shall first work out
intervals I; = [,ummZLl, ,umaXZUl] that are guaranteed to contain all vl.l. Before delving into these
details, it is worth recalling that such rescaling operations do not change the second barycentric
formula in (3.3).



45 4.3 Barycentric weights

Proposition 4.3. Let L; = U; =0 and
Ll =Ll+l_HmaX_El_1 and Ul = Ul+1_Hmin_El+27 [ =d—1,d—2,...,0, (413)

where E; = |log, (1 +1)]| and H,, Hpax € Z are the exponents of the floating-point representation
of the minimal and the maximal distance between neighbouring nodes, that is,

R = min(x;—x;_)=mn; x2f  and  h_. = max(x; —x;_;) =1y x 2Hmx,
min 1SiSn( j j 1) ™ max 1Si§n( j j 1) N2

Then, v! € I, = [Umin2"", Uy 2V | for i =0,1,...,n—1 and any L € {0, 1,...,d — 1}.

Proof. Assume that B! < vI*! <BM! fori=0,1,...,n—1—1and some [ €{0,1,...,d —1}.
Then, letting
l-ljl ZBZ+1
BZ' =$ and Bl :& 414
min (l + 1)hmax max (l + 1)hmin ( )
and noticing that
0< (k_j)hmin Sxk_xj < (k_j)hmax: (4.15)

for any j < k, it follows from (3.22) that

1+1 1+1 I+1 [+1
V. V. V. V.
Bl. < i—1 + i SV? < i—1

T (4 Dhpaxy - ((4+Dhpae !

< +— <B! 4.16
(l + 1)hmin (l + 1)hmin e ( )

fori =0,1,...,n—1. Consequently, defining Bgﬁn = Bg]ax =1 and Bfmn and Bllnax recursively
asin (4.14) forl =d—1,d —2,...,0, it follows by induction that vf S [Bl B! ] fori =

min’ ~ max
0,1,...,n—landanyl €{0,1,...,d —1}.

Denoting the exponents of the floating-point representation of B, . and B by P! P! e
Z and noticing that
2B <1 +1 <287, (4.17)

it then follows from Proposition [2.1]and (4.14) that

1+1_ . - I+1__ o
Bll-nin > puminzpmm Hpax—E—1 and anax < Mmaxzpmax Hpin El+2’

and therefore v! € [BL. B! 1 [umin2", tmax2”" ], where L, and U, are defined as in (@-13).

min’ ~ max
O

Considering the floating-point representation of each value vl.lJrl = v; x 2% and the differ-
ences X, — X; = &; x 2% for some | € {0,1,...,d—1}and i = 0,1,...,n— [, we know
from Proposition [4.3|that L;; < V; < U}y, and, from and (4.17), that H;, + E; < X; <
H_.x+E;+1. Moreover, we can observe that the expression for the values vil in fits into the
more general formula for M =J =K = 1. This means that L; and U; in are exactly
L and U in (@.10), where Ry, = Lis1, Rimax = Uj41> Smin = Humin + B> and Sy = Hppox + E; + 1.
Consequently, by Corollary[4.2] if U; — L; < Epax — Emin, then we can define

C = "Emax—i_Emin_Ll_Ul-‘
L 2

and compute 2% vl.l fori =0,1,...,n—1 without any overflow or underflow error using Algo-
rithm [4]
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Algorithm 6 Guarded version of the WEIGHTS procedure

1: procedure WEIGHTS
2:  initialize W, as in line 2 of Algorithm[5]and set L :=0 and U :=0

3: forl=d—1,d—2,...,0do
4: L:=L—H,, —E—1andU:=U—H,;, —E +2
5: if U—L < E_,,—E.;, then
6: C = |V(Emax + Enin—L; — Ul)/z]
7: update W, with W, = 29 W, as in lines 4-7 of Algo. |5} but using Algo. @
8: L:=L+C andU:=U+C(
9: else > expo(x) returns e for x = +m x 2°
10: L := expo(miny.;<, ; v;)—1 and U := expo(maxy<i<,_; ¥;)
11: L:=L—H,, —E—1andU:=U—H,,—E +2
12: ifU—-L <E,,, —E,, then
13: Cl = [(Emax—"_Emin_Ll_Ul)/z]
14: update W, with W, = 2%W,_ as in lines 4-7 of Algo. [5| but using Algo.
15: L:=L+Cand U:=U+(
16: else
17: update W, as in lines 4-7 of Algo.
18: if some overflow/underflow error happened then
19: report an error and exit
20: else
21: L :=expo(miny;<,_; v;)—1 and U := expo(maxy<i<,_; Vi)

22:  add the alternating signs to W, as in line 8 of Algo.

Therefore, the “guarded” version of the pyramid algorithm (see Algorithm [6) rescales the
values vl.Z by the constant 2 in each step | = d—1,d—2,...,0. Therefore, if we first compute L,
and U; as in and find that U; — L; < E_ ., — Epin, then we can be sure that computing the
values 2¢ vl.l with Algorithm [4{ will not cause any overflow or underflow. If this latter condition

is not satisfied for some [ € {0,1,...,d — 1}, it means that we cannot be sure anymore that all
1

v; are normal floating-point numbers. Therefore, we try to repeat the same procedure by first
re-defining
Ly= min V;—1 and Uj= max V. (4.18)
0<i<n—l 0<i<n-—l

If it fails again, then the algorithm proceeds normally by updating the weights as in lines 3-7 of
Algorithm If the calculations are successful for every i =0,1,...,n— [ without overflow nor
underflow errors, then we define L; and Uj; as in (4.18), and we continue with the remaining
iterations. Otherwise, the code stops and reports an error message to the user. At the end, the
weights are rescaled with respect to the constant 2¢+, where

T
L

c,=>C. (4.19)
l

Il
o

The next example illustrates how the guarded version can solve the overflow problem ob-
served in Example

Example 4.4. We consider n = 9, d = 3, and n + 1 Chebyshev interpolation nodes x; €
[0,10712] with associated data y; = 1, for i = 0,...,n. We define all variables in input and
output as float and we see how to initialize this instance of the BRI class and its resulting
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#include "BRI.h" Cw = -127
W[O] = -3.2477385997772216797
using namespace std; W[1l] = 6.8478851318359375
W[2] = -5.8251581192016601562
int main(){ W[3] = 3.5328421592712402344
cout.precision(20); W[4] = -2.4203362464904785156
W[5] = 2.4203360080718994141
int n = 9; W[6] = -3.53284454345703125
int d = 3; W[7] = 5.8251657485961914062
vector<float> Yn(n+1l,1); W[8] = -6.8478937149047851562
W[9] = 3.2477431297302246094
BRI<float, float> r(CHEBYSHEV,0,1le-12,n,Yn,d);
r.guard_on();
int C;
vector<float> W = r.get_weights(C);
cout << "Cw = " << C << endl;

for (int i=0; i<=n; i++)
cout << "W[" << i << "] = " << W[i] << endl;

Program 2. Code used to compute and display the guarded weights w; and the rescaling
exponent C,, for 10 Chebyshev nodes in [0,107'2] and d = 3 in single precision (left) and its
output (right).

weights in Program We note that the weights do not overflow anymore as in (4.12) in
guarded mode, but they are now rescaled by the constant 2727,

4.4 Evaluation of the barycentric rational interpolant

As already mentioned in Section4.1] the evaluation of the barycentric rational interpolant r can
be realized by using the second rational barycentric form with Algorithm 1] or the first form with
either Algorithm [2)or[3] The BRI class allows the user to choose one of the three algorithms by
calling the EVAL function with two input parameters, the first is the evaluation point or vector x
and the second is one of the three keywords FIRST_DEF, FIRST_EFF, or SECOND. However, the
second parameter can be omitted, obtaining Algorithm [7| that autonomously chooses the best
algorithm to use. Let us now focus on the latter case.

By default, the class always calls Algorithm (1, because it is generally the one that best
combines numerical stability and efficiency of the method. On the other hand, if the user asks
for the most stable solution by turning on the stability flag, then the code first evaluates x(x)
and A,(x) and decides, based on these values, which is the best algorithm to use. In particular,
it is known that the condition number affects the upper bound on the relative forward error of
both the first and the second barycentric form [34]), so if x(x) > 10%, then the class warns the
user about this and continues without interruption. It is further known that the stability of
depends on the function A,, which grows with n, whereas the stability of depends on the
function Iy, whose upper bound is independent of n. However, numerical experiments show
that the estimated upper bound on T; seems to be always much larger than [} itself. For this
reason, if A,(x) > 102, then the result is computed with Algorithm [2 If it happens that also
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x1071° x10"
72 ; ; .

d d

Figure 4.2. Maximal relative forward error of the first barycentric form for n + 1 equidistant
nodes, n = 150, and d € {1,2,...,n} at 1000 random evaluation points with data sampled
from the n-th Lagrange basis polynomial on a logarithmic scale (left) and overall running time
in seconds (right) using Algorithm |2| (asterisks) and Algorithm [3|(circles).

I;(x) > 102, then the user simply receives a warning without the code stopping. Finally, if both
the stability and the efficiency flags are active and it turns out that the most stable solution
is given by the first barycentric form, then it is computed with Algorithm (3, which computes
all the A; with a more efficient iterative strategy. From a computational point of view, we are
improving by switching from an O(nd) algorithm to an O(n) algorithm, therefore we know that
for small d there is no big gain, but, as d increases, the efficient implementation can result
in a lower execution time, without losing much in terms of stability. For example, Figure [4.2)
compares the stability and the running time of the two algorithms considering n+ 1 equidistant
interpolation nodes x; € [0, 1] for n = 150 with associated data y; =0, fori =0,...,n—1 and
¥, = 1. In particular, on the left we see the maximum of both relative forward errors evaluated
at 1000 random points in [0, 1] and on the right their execution times in seconds as a function
of d € {1,2,...,n}. We observe that Algorithm [2]is slightly more precise than Algorithm [3] as
expected, but the latter always wins in terms of efficiency, especially in the neighborhood of
d = n/2. It is worth noting that, if the stability flag is turned off, then the efficiency flag
does not play any role, because Algorithm [7] takes the second barycentric form by default.

As for the weights, also in this case the user can decide to turn on the guard flag to pre-
vent overflow and underflow errors. The basic idea is again the same as in Section |4.3|for the
weights, that is, rescaling the numerator and the denominator properly in order to perform all
floating-point operations far from the overflow and underflow regions and to avoid introduc-
ing any further rounding errors. In this case, we have to further take into account that the
summations in the numerator and denominator of and involve both subtractions
and additions that may lead to cancellation errors. Moreover, from Proposition 2.1} preventing
non-underflow subtractions could be tricky, especially if we are subtracting numbers of similar
magnitudes. However, we recall that cancellation errors are already taken into consideration
in the study of the numerical stability of the interpolant [[34]], so, if the method is stable, then
it is proven that they cannot happen. Otherwise, one option would be to split each summation
into one for the positive terms and one for the negative terms, which, in case the condition of
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Algorithm 7 EVAL function

1: function EVAL(X)
2:  if the stability flag is turned on then

3: if k(x) > 10° then the user gets a warning
4: if A,(x) > 10? then
5: if T;(x) > 10? then the user gets a warning
6: if the efficiency flag is turned on then
7: return r, computed with Algo.
8: else
9: return r, computed with Algo.

10: else

11: return r, computed with Algo.

12:  else

13: return r, computed with Algo.

Proposition [4.1] is satisfied, can be safely computed using Algorithm 4, and making only one fi-
nal subtraction. The problem with this procedure is that, from our experiments, it seems to lose
precision compared to the normal iterative algorithm when there are cancellation errors. Fur-
thermore, since the two summations consist only of additions, if the addends have high orders
of magnitude and n is large, then it is much more likely to run into overflow errors. For these
reasons, we decided to safely compute only the addends of the summations in and
using Proposition (for the special case M = 0), and finally to calculate the sums with the
classic iterative algorithm. Therefore, no adjustment is considered that could prevent overflow
or underflow errors during the summations, but we check only afterwards if something like
this has happened. In particular, considering the floating-point representation of each weight
y; = w; x 2% data y; = v; x 2%, and difference x — x; = &; x 2%, we let

Ly = min (Wi +Y, —X;)— 1, Uy = max (W, +Y; —X;) +1,
Lo = goi (W =X Uy = puax(Wi= X0 +1,
L= in (K=o =Xuah U= MK (Kimee—Kina) +d 41,

and we define

"Emax +Emin_Lj —U;

5 ! w j=1,2,3. (4.20)

After that, denoting the common numerator of (3.3) and (3.6)), the denominator of (3.3)), and
the denominator of by N, D;, and Dy, respectively, if U; — L; < Ey . — Epyp for all j €
{1,2,3}, then we can compute

N=29N, D,=2%D, and D;=2%D;

with Algorithm[4] but, since the exponents in do not consider additions and subtractions,
at the end it is necessary to check whether overflow or underflow errors have happened. Finally,
if every operation was computed safely, then we get the result with the second barycentric form
as .
r(x) =264 M
DS (x)
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Algorithm 8 Guarded evaluation of the second Algorithm 9 Guarded evaluation of the first barycentric

barycentric form form
1: function SECOND(x) 1: function FIRST(X)
20 Ly :=mingg<, expo(y;y;/(x —x;)) 2t Ly :=mingge, expo(y;y;/(x —x;))
31 Up :=maXog<, €xpo(y;yi/(x —x;)) + 1 3t Uj i= maXog<, €xpo(y,yi/(x —x;)) + 1
4:  ifU, —L, <E . —En, then 4:  ifU,—L, < E—E;, then
S: Cl = r(Emax+Emin_L1_U1)/2] 5: Cl = [(Emax+Emin_Ll_U1)/2-|
6: compute N as N in Algo. but using Algo. 6: compute N as N in Algo. [1] but using Algo.
7: if some overflow/underflow happened then 7: if overflow/underflow happened then
8: report an error and exit 8: report an error and exit
9: else 9: else
10: compute N as N in Algo. 10: compute N as N in Algo. [1] but using Algo.
11: if some overflow/underflow happened then 11: if some overflow/underflow happened then
12: report an error and exit 12: report an error and exit
13: else 13: else
14: C,:=0 14: C, =0
15: Ly :=mingq<, expo(y;/(x —x;)) + 1 15: Ly = MiNggicn_g €xpo([(x —x;) ... (x — X3, g) ) +1
16: U, := maXy<;<, expo(y;/(x —x;)) +1 16:  Us := MaXygicn_q €Xpo([(x —x;) ... (x —x; )T +d +1
17:  if Uy— Ly < Ej 0y — Epin then 17:  ifU3—Ls < E . —E;, then
18: C2 = [(Emax"’_Emin_LZ_Uz)/z-] 18: CB = [(Emax+Emin_L3_U3)/2-|
19: compute D as D in Algo. but using Algo. 19: compute D; as D in Algo.r Algo. but using Algo.
20: if some overflow/underflow happened then 20: if some overflow/underflow happened then
21: report an error and exit 21: report an error and exit
22:  else 22:  else
23: compute D, as D in Algo. 23: compute f)f as D in Algo. or Algo.
24: if some overflow/underflow happened then 24: if some overflow/underflow happened then
25: report an error and exit 25: report an error and exit
26: else 26: else
27: Cy,:=0 27: Cy:=0
28: returnr = ZCZ‘CII% 28:  returnr =2%"C"Cv %
or with the first barycentric form as
N (x)

r(x) = 267606 .
D¢(x)

Otherwise, the code stops and gives an error message to the user. Note that the guarded result
of the first form involves also the rescale factor C,, in (@.19)), because its denominator does not
depend on the weights. If U; — L; > Ey,x — Epyy for some j € {1, 2,3}, then the algorithm tries
to compute the corresponding summation as in Algorithm or[3] Again, if some overflow
or underflow error happens, then the code stops, otherwise the corresponding rescale factor C;
is set to O for j € {1, 2,3} and the final result is computed as before.

Example 4.5. As in Example we consider n = 9 and n + 1 Chebyshev interpolation nodes
in [0,10712], but we take d = 2 so that the weights do not overflow even in non-guarded mode.
We then define y; = f(x;) fori =0,1,...,n, where

 (ox=2) _ (9x+1)? _ox=7? (O —
fO)=32e"7 +3¢ ® +ie 7 +ie (Ox=47, (4.21)
and we output r(x) using first Algorithms [I] and [2| and then Algorithms [§] and [9] with x =
10712/2. We also use the functions NUMERATOR and DENOMINATOR to see the values of N, D;,
and Dy with their rescaling factors. All variables in input and output are set as float and
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#include "BRI.h" GUARD FLAG TURNED OFF
using namespace std; FIRST FORM - DEF: r(x) = -nan
SECOND FORM: r(x) = -nan
float Franke(float x) { N = -nan and C1 = 0
return exp(-(9*x-2)*(9%x-2)/4)*3/4 Ds = -nan and C2 = 0
+exp (- (9*x+1)*(9+x+1)/49)*3/4 Df = inf and C3 = 0
+exp (- (9*x-7)*(9xx-7)/4)/2
+exp (- (9xx-4)*(9%x-4))/5; GUARD FLAG TURNED ON
}
FIRST FORM - DEF: r(x) = 1.010761023
int main(){ SECOND FORM: r(x) = 1.010760903
cout.precision(10); N = 5.134361744 and Cl = -44
Ds = 10.15939903 and C2 = -43
int n = 9; Df = 8.936301055e+13 and C3 = -84
int d = 2;
BRI<float, float> r(CHEBYSHEV,0,1le-12,n,Franke,d);
float x = 1le-12/2;
//r.guard_on();
int C1;
int C2;
int C3;
float f_def = r.eval(x,FIRST_DEF);
float s = r.eval(x,SECOND);
float N = r.numerator(x,Cl);
float Ds = r.denominator(x,C2,SECOND);
float Df = r.denominator(x,C3,FIRST_DEF);
cout << "FIRST FORM - DEF: r(x) = " << f_def <<
endl;
cout << "SECOND FORM: r(x) = " << s << endl;
cout << "N =" << N << " and C1 = " << C1 << endl
cout << "Ds = " << Ds << " and C2 = " << (2 <<
endl;
cout << "Df = " << Df << " and C3 = " << (3 <<
endl;
}

Program 3. Code used to compute and display r(x), N(x), D,(x), and D, with their rescaling
factors C;, C,, and C; for 10 Chebyshev nodes x; in [0,107*2] with associated data y; sam-
pled from the function f in (@.21), x = 107!/2, and d = 2 in single precision (left). The
output (right) is shown both in non-guarded and guarded mode, where the latter is obtained
by removing the comment in the line with the command r.guard_on() ;.

we present the input code and its output in Program [3| Note that, up to single precision, the
evaluation of the interpolant at x is the same for both algorithms, that is, r(x) = 1.01076, and
the values of numerator and denominators are

N(x) = 2%5.13436, Dy(x) =2%10.1594, and  Dj(x)=2%"%8.93630e + 13,

where C,, = —84 in this setting. Furthermore, using the efficient implementation of the first
form, we would get the same result.
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Finally, we analysed how much the guard and the stability flags can affect the compu-
tational cost of the method. In particular, we conducted several tests to compare the running
times with these flags both turned on and off and also considering variations in the input, such
as d, the number of nodes and data n, and the number of evaluation points. Notably, if we
activate only the guard flag, then we observed a maximum increase in the execution time of
one order of magnitude. Instead, in the worst-case scenario where we enable both the guard
and the stability flag, the increase can reach at most two orders of magnitude.

4.4.1 Evaluation close to a node

One of the properties of the set I is that it is not equally spaced, but it becomes denser in the
proximity of F_;,. In particular, we recall that the floating-point numbers are equally spaced
in each interval [ZE,ZEH] and at a distance of hy = 2E7t. Hence, if we want to evaluate r
very close to a node x; € [ZE,ZE“] for some E € N, then we cannot get any closer than hj.
Consequentially, if the evaluation point is x = x; + h and x; and h have different orders of
magnitude, then we can lose accuracy because too small increments are ignored. Similarly, if
we get too close to x;, in view of the continuity of the interpolant r, we have r(x; +h) = y; +u
and if u € R is too small, then the code could round the final result to y;. However, we note

that

n Yi n Yi
Zi:o xj+h—x; Yi Zi:o h—(x;—x;) (yi - yj)
r(xj-i-h;Xn,Yn): o 7 = m T +y]=r(h1Xn_x]’Yn_y])+y]’
Zi:o Xj+h—x; Zi:o h—(x;—x;)

so that shifting the domain and the range by x; and y;, respectively, we can compute u = r(h)
and get the final result as y; +u. The advantage of this procedure is that both h and u are more
accurate and reach up to a magnitude of 2Emn~17t that is, the distance between floating-point
numbers in [2Emin_1, 2Emm:|. For this reason, the BRI class automatically uses this strategy if the
EVAL function receives as input the index j and the value h and it returns u.

Example 4.6. We consider n =9, d = 2, and n + 1 equidistant interpolation nodes x; € [1,2]
with associated data y; = f(x;) fori = 0,1,...,n and f(x) = x. We want to evaluate the
interpolant r very close to the first node x, = 1 at x = x, + h for h = 1072, and we set all
variables in input and output as double. We know that the closest double floating-point number
to X, = 1 is 1+ ¢, where e = 2.2204 x 1071, So, using any of the three algorithms discussed
in Section [4.4] we expect to get r(x) = Y, since x is rounded to x, in double precision. We
compare the result obtained by evaluating r(x) in the classical way with the strategy presented
above in Program |4, As expected, the classical method outputs r(x) = 1, but with the new
strategy we obtain u = r(h) = 9.9999999999999949376e — 21, meaning that r(x) = y,+u =
1.00000000000000000001, which is also what we would get by computing r(x) in multiple-
precision (1024 bits).

4.5 Stability-related functions

As mentioned in Section[4.4] the BRI class uses the functions A, I;, and  internally to decide,
if needed, which method should be used for the computation of r(x). Moreover, it also allows
the user to evaluate them explicitly by using the functions LEB, GAMMA, and COND with the
evaluation point or vector x as input. However, for purposes of numerical stability, what really



53 4.5 Stability-related functions

#include "BRI.h" eval(x) outputs:
#include "NODES.h" r(x) =1
eval(0,h) outputs:
using namespace std; r(h) = 9.9999999999999949376e-21

int main(){
cout.precision(20);

int n
int d

9;
2;

NODES<double> obj;

vector<double> Xn = obj.uniform(1,2,n);
double h = 1e-20;

double x = xn[0] + h;

BRI<> r(Xn,Xn,d);

double rl = r.eval(x);
double r2 = r.eval(0,h);

cout << "eval(x) outputs:" << endl;

cout << "r(x) = " << rl << endl;
cout << "eval(0@,h) outputs:" << endl;
cout << "r(h) = " << r2 << endl;

Program 4. Input used to compute and display r(x) for 10 equidistant nodes x; in [1,2] with
associated data y; = x; and d = 2 at x = x, +h for h = 1072 in double precision (left). The
output (right) shows the result of the eval function, both for x and the pair (0, ) as input.

matters is the maximum of these functions in the range [ x,, x,,] and this is what these functions
return when they have no argument as input. Let us see how they compute it.

First, we recall that A,, T, and k can all be written in the common form

n

g(x)= Z

i=0

b;(x)

_ 22
IO (4.22)

where b (x) = 1;/(x—x;) for Ay, bi(x) = (=1)/ [T (x —x;) for Ty, and by(x) = y:y/(x—x;)
for k. One possible way to compute their maxima is to sample these functions very densely on
the domain and search for the largest values, but, to be really accurate, we have to consider a
big number of samples, thus losing efficiency. However, it is clear from the triangle inequality
that a general function of the type is greater than or equal to 1. Furthermore, in the
specific case of A,, [y, and x, the minimum with value 1 is assumed exactly at the nodes x;
and, from numerical experiments (see Figure |4.3)), it appears that they are all concave in every
sub-interval [x;, x;,;]. This means that, considering these functions locally in every open sub-
interval (x;, x;;1), the point where the first derivative vanishes is a local maximum. Therefore,
we apply Newton’s method to find the root of A/, T, and x” in each sub-interval (x;, x;,;) and we
finally search for the maximum point among them. In general, in order to find a root t € R of

a function g: R — R, Newton’s method starts with some t, € R and then generates a sequence
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n=9 n=19 n=239

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 08 08 1

10° 10° 10°
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Figure 4.3. Plots of A, (top), T; (middle), and x (bottom) for n + 1 equidistant nodes and
x € [0,1], all on a logarithmic scale, for d = 3 and three choices of n (left, middle, right).
For the computation of the condition number x, the data are sampled from Runge’s function
f(x)=1/(1+25x?).

of t;,t,, -+ € R by applying the iterative formula

g(t;)
L1 == -
g'(t;)

(4.23)

Although this method usually converges quadratically, it may also fail, for example, if the initial
guess t, is too far from the correct solution. Consequently, the choice of the initial value ¢ is
an important step of Newton’s method. Figure shows that A,, T, and k take their local
maxima approximately in the midpoint of every sub-interval [x;,x;,;], so that we consider
to = (x; + x;41)/2 in each sub-interval (x;, x;,;). After that, by (4.22), it is easy to see that the
method can be implemented straightforwardly by computing at each iteration j first

ey b)Y\ BN bit) = bi(e) L, biCe)
g(tj) = ;Slgn(Z;o bi(tj)) (Z?:O bi(t;))?

and

" = bi(t;) "\ by'()) 2o bile)) = b)) 30, b7 (¢)) gt) Ko,
)= —2 b(t)),
g lZo:SIgn(Z?:o bi(tj)) (Z?:o b;(t;))? Z?:o bi(tj);; ({t1)
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int main(

cout.
cout
cout
cout
cout
cout
cout

H{

int n =
int d = 3;
BRI<double,mpreal> r(UNIFORM,0,1,n,Runge,d);

#include "mpreal.h"
#include "BRI.h"

using namespace std;
using mpfr::mpreal;

double Runge(double x){
return 1/(1+25x%xx*Xx);

int my_mpreal_precision = 1024;
mpreal::set_default_prec(my_mpreal_precision);

9;

precision(20);

<<
<<
<<
<<
<<

<<

"Maximum of the Lebesgue function:" << endl;
r.leb() << endl;

"Maximum of the function Gamma:" << endl;
r.gamma() << endl;

"Maximum of the condition number:" << endl;
r.cond() << endl;

Maximum of the Lebesgue function:
3.5886287189761606401

Maximum of the function Gamma:
1.0318045847764588507

Maximum of the condition number:
11.609466977862612706

n =19

Maximum of the Lebesgue function:
4.6127100859322925745

Maximum of the function Gamma:
1.0322814978345268598

Maximum of the condition number:
13.210805972626199269

n = 39

Maximum of the Lebesgue function:
5.5370777898252804523

Maximum of the function Gamma:
1.0323229058478393483

Maximum of the condition number:
14.979125760718810308

and then using (4.23) to set t;,; = t; —g’(t;)/g"(t;), until the error |t;,; —t;| < 10e, where €
is the machine epsilon.

Example 4.7. We consider the same setting as in Figure forn =9, thatis, n+1 = 10
equidistant interpolation nodes x; € [0, 1] with associated data y; = f(x;) fori =0,...,n and
f(x) =1/(1+25x?) and d = 3. We create a new instance of the BRI class that takes double
input and returns multiple precision (1024 bits) output using the MPFR library, and we ask for
the maximum of the functions A,, T, and «.
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Chapter 5

A new stable method to compute
mean value coordinates

5.1 State of the art

Mean value coordinates were initially introduced as a generalization of barycentric coordinates
to polygons and polyhedra [28],[32,[47][54]]. Since then, they have emerged as a valuable tool in
a wide range of domains, such as interpolation, curve and surface modeling in computer graph-
ics, mesh parameterization, the finite element method, and various other fields. Moreover, they
stand out for their capability to extend barycentric coordinates to the non-convex setting, unlike
other commonly used coordinates. For more details about generalized barycentric coordinates,
we refer to Hormann and Sukumar [50]].

Let P C R? be a simple planar polygon with n > 3 vertices v,,...,v, arranged in anticlock-
wise ordering and v € R? be an arbitrary point in the interior of P. The mean value coordinates
of v with respect to P are initially defined by Floater [28]] as

w;(v 1 a;_ a;
¢;(v) = #, w;(v) = —(tanl—1+tan—1), i=1,...,n, (5.1)
ijl w;(v) I 2 2
with a; € (—n, ) denoting the signed angle at v in the triangle [v,v;,v;,;] and r; = ||[v —v;]|.

Note that indices are considered cyclically with respect to the range [1,2,...,n]; for example,
Var1 = v; and ay = a,,. As already seen in Section [1.1] these coordinates satisfy the proper-
ties (T.3), (T.4), and (I.5). Moreover, they are actually well-defined for all v € R?\ 8 P, positive
inside the kernel of P, invariant to similarity transformations of P, and their extension is linear
along the edges of P and smooth except at the vertices v;, where it is only C° [47]].

Afterwards, Floater et al. [31]] note that mean value coordinates are a particular member of
a family of three-point coordinates for convex polygons, which can be derived by normalizing a
set of weight functions w; that each depend on three consecutive vertices of P. In this context,
they show that mean value coordinates can be expressed as

w;(v) wi(v) = i1 — TiAic i iAo
() =

PV = ,
Z?=1 w;(v) 24 1,iAi i

i=1,...,n, (5.2)

where A; ; = det(v;—v,v;—v)/2 denotes the signed area of the triangle [v, v;,v;]. The advantage
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of this formula over the original definition in is that it avoids the computation of the angles
a; and that it gets by without the use of trigonometric functions.

While mean value coordinates were initially considered only for points inside the kernel
of star-shaped polygons [28]], Hormann and Floater [|47]] prove that they are well-defined for
any v € R and (sets of) arbitrary planar polygons without self-intersection. They also pro-
pose another way of evaluating mean value coordinates that avoids trigonometric functions. In
particular, they first use the half-angle formula for the tangent to get

(l—cosai_l + 1—cosai)

w;(v 1
iv) w;(v)=— ; ;
sina;_y sinq;

—7
Z;:l W](V) T

and then, denoting the dot product of v;—v and v;—v by D; ; = (v;—v)-(v;—v) and recalling that
D; ;41 = ririyp cosa; and 24, ;41 = ;7344 sina;, they conclude that the mean value coordinates
in (5.I) can be written as

¢:(v) =

i=1,...,n, (5.3)

¢ (v)=

w;(v) 1(riari—Diy; 1l — Dy
R0 MY
Zj=1 w;(v) T 2A; 1 2A; i1
The advantage of implementing this formula over is that it allows to easily “catch” the
case when v is on the boundary of P, say v = (1 — u)vy + uv,,, for some y € [0,1] and some
k € {1,...,n}, as this happens if and only if Aj ,; = 0 and D ;,; < 0. In this case, the mean
value coordinates of v are just ¢ (v) =1—u, ¢pr1(v) =u, and ¢;(v) =0fori #k,k+1.

One potential problem with the formulas in (5.2)-(5.4) is that the coordinates ¢;(v) are
not well-defined if v is on the line supporting the edge [v;, v, ] of P. We can overcome this
problem by using the alternative half-angle formula for the tangent, that is,

), i=1,....n. (5.4

w;(v 1 sina;_ sina;
¢:i(v) = # w;(v) = —( =l : ) i=1,....,n, (5.5
ijl w;(v) ri\1+cosa;_; 1+cosa;
to obtain
w-(v 1 2A. . 2A. .
()= # w;(v) = —( = ehe ) i=1,...,n (5.6)
Zj:] w;(v) ri\riari+Diq; 1t + D0

This formula gives rise to an implementation that has the same advantages as the one derived
from (5.4), but is well-defined even if A 4, = O for some k.

All the formulas above have the limitation that they are not well-defined on the boundary
of the polygon P and, moreover, (5.2)-(5.4) can be used only if all A;;,; # 0. This motivated
Floater [[29] to introduce yet another formula for mean value coordinates, which is also valid
on the boundary, namely

w;(v)

P (v)= m,

Wi(v) =0i4/Tiariy1 —Di1in n#i—u V1T +Dj i, i=1,...,n,

(5.7)
where o; € {+1,—1} is a sign related to the weight function W;. Initially, this formula was
presented without o;, which limits its applicability to points v inside convex polygons, but
Anisimov [2, Section 3.2.4] demonstrates how to define o;, such that it can be used for any v €
R? and arbitrary simple polygons. The disadvantage of this formula is that its implementation
requires O(n?) operations, while the formulas (5.1)-(5.6) give rise to O(n) algorithms.
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To the best of our knowledge, there is no study regarding the numerical stability of any
algorithm that implements normalized barycentric coordinates. However, Anisimov et al. [3]]
noticed that both Wachspress and mean values coordinates become unstable close to the bound-
ary of the polygon P. In the case of the former, this problem can be overcome by multiplying
the barycentric coordinates by an appropriate constant, although this affects the computational
cost of the algorithm. For the latter, only the formula in appears to be stable. In this the-
sis, we want to investigate more deeply the numerical stability of the mean value coordinates,
using a similar procedure to that used in case of barycentric rational interpolation.

5.2 Our contribution

The purpose of this chapter is to investigate the numerical stability of algorithms that implement
the mean value coordinates using the formulas in (5.1)—(5.7). First, we empirically compare
the behavior of these methods on a specific polygon by evaluating their absolute and relative
forward errors. This analysis reveals that each formulation suffers from numerical instability in
certain parts of the domain. Therefore, based on this observation, we develop a new method
that outperforms the others and explain its implementation to avoid potential numerical issues.
Next, we conduct a theoretical analysis on the numerical stability of these formulas with the
same approach used for the univariate barycentric interpolant in Chapter [3| Hence, we derive
upper bounds for the relative forward errors of all methods and mathematically demonstrate
that our new method is the only one that is stable across the entire domain. Finally, we validate
our theoretical findings with numerical experiments, comparing the different methods in terms
of both numerical stability and efficiency.

5.3 Comparative empirical study on the numerical stability

Let us now focus on understanding the circumstances under which the implementations of the
formulas above may exhibit stability problems. One potential problem is the fact that they are
rational, which can lead to the issue of vanishing denominators. This is actually not a problem
for the ¢;, since the sum of the weights w; in (5.1)-(5.6) never vanishes for any v € R?\ 3P [47]
and likewise for the sum of the weights w; in (5.7). But what about the weights themselves?
Considering some fixed k € {1, ..., n}, the weight w; in (5.1)), or is not well-defined,
if either a;_; or ay is equal to £, or if v = v;, which happens only if v lies on the edges
[Vi_1, Vi ] or [V, Vki1]. On the other hand, when computing w; with (5.2)), or (5.4), we
could potentially have problems even inside the polygon. In fact, the areas A;_; ; and Ay ;;, as
well as the values sin @;_; and sin a;, vanish not only on the edges [v,_;, v ] or [, v, ], where
Qy_; Or 0y iS =7 or v = vy, but also on the entire lines supporting them, where a;_; or a; equals
0. Based on this initial analysis, it is reasonable to expect that the computation of mean value
coordinates is sensitive to rounding errors near the regions where they are not well-defined
mathematically. Regarding instead the weight W, in (5.7)), even though it is well-defined for
any v € R2, problems can still arise, for example when subtracting two nearby numbers. This
may happen if Dy_, ;,, is approximately equal to ry_;ry,q or if D; ;.4 is close to —r;r;,,, for
some j # k — 1, k, that is, whenever a;_; + @, is close to zero or some a; approaches 7. In
other words, we expect the weights W, to be unstable when v approaches the set

Zy = {veR? : W (v) = ¢(v) = 0}, (5.8)
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| Formula | Instability regions of w; and w; | Instability regions of ¢, |
G.1) Close to [Vi_y, V] and [Vg, Viyq] Close to the boundary
Close to lines supporting [v_;, v ] and [vi, V1] | Close to all lines supporting the edges
(5.3) Close to lines supporting [v,_;, v, ] and [vi, V1] | Close to all lines supporting the edges
Close to lines supporting [vy_;, v ] and [y, Vi4q] | Close to all lines supporting the edges
(5.5) Close to [vi_q, V] and [vi, Viy1] Close to the boundary
(5.6} Close to [vi_q, ] and [vi, Viey1] Close to the boundary
(5.7) Close to Z, = {v € R?: W, (v) = ¢, (v) =0} Closeto Z;,i=1,...,n

Table 5.1. Expected instability regions for both weights and mean value coordinates for all
formulas and k € {1,...,n}.

Figure 5.1. Expected instability regions when computing the mean value coordinates for a

pentagon using the formulas in (5.1)), (5.5),(5.6) (red), (5.2)-(5.4) (blue), and (5.7) (green).

which consists of the edges that are not adjacent to v, and the line through v,_; and v, ex-
cept for the (open) segment (v_;, Vi) itself. Therefore, Table summarizes this discussion
and provides a clear overview of the regions where we expect the weights to be unstable for
each formula. Additionally, it does the same for the mean value coordinates, which, as we re-
call, involve all the weights in their definition. We can also have a visual understanding from
Figure which highlights the instability regions for each formula when computing the mean
value coordinates for a pentagon.

To determine if such scenarios can indeed occur in practice, we examine the behaviour of
the mean value coordinates for a specific polygon and visualize the numerical errors introduced
by each of the previously mentioned formulas. For a given index k € {1,...,n}, we compute
the absolute error

E,(v) = [fl(¢x(v)) — 1 (V)] (5.9

where ¢ (v) is the “exact” value computed in multiple-precision (1024 bit) floating-point arith-
metic using the MPER library [|33]] and fl(¢,(v)) is the result of the standard double precision
implementation. Let us consider the pentagon in Figure which is the same of Figure
and the index k € {1,2,3,4,5} of the vertex v, marked by the magenta dot. We examine the
values E,(v) in across a uniform grid of dimension 500 x 500 containing the polygon and
we compare the results with our expectations, shown in Figure 5.1} The results are obtained
for ¢, (v) computed with all the formulas (5.1)—(5.7) and with our new formula (5.11)), which
will be introduced in Section[5.4} If E,(v) is on the order of the machine epsilon, which is ap-
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polygon absolute error E,

12
1

relative error E, o

Figure 5.2. Plots of the absolute and relative errors on a log;, scale made by the algorithms that
implement formulas (5.1)-(5.7) and (5.11) to evaluate the mean value coordinate ¢, related
to the vertex v, (magenta dot) for an arbitrary pentagon.

proximately 107'° in double precision, then it means that the method is stable for v, otherwise
it suggests a potential instability. The plots in Figure[5.2|show that the original formula in
seems to be the only one among the already known formulas that is stable everywhere. This
outcome is particularly surprising, because it suggests that this method can effectively handle
the division by small numbers in the weights w;, i = 1,...,5, contrary to our initial expecta-
tions. Instead, computing ¢, (v) with (5.2), or (5.4), we observe numerical issues around
the lines supporting the edges, but not close to the edges themselves, especially in the first and
last cases. While this partially aligns with our prediction of encountering issues along the entire
lines, the theoretical analysis on the stability of these formulas explains why we do not have
any problems near the edges. In particular, it turns out that the numerical errors introduced
by and are bounded when v approaches the edges, that is, when some a; is close to
+7m (see Corollaries and . This is not the case for (5.3), but, in this specific example, it
appears that this method also handles division by small numbers in the weights w;,i =1,...,5,
relatively well. Then, as expected, the methods resulting from and have numerical
problems near the boundary of the polygon. Finally, formula appears to be the least stable
as it exhibits a substantial absolute error close to all sets Z;, i =1, ..., 5, which also aligns with
our initial considerations.
We further extend the stability analysis and also consider the relative error

_ (P (v)) — ¢ (V)]
| (V)] ’

which, although not mathematically defined on the set Z,, provides valuable insights into the
stability compared to the actual magnitude of |¢,|. This metric offers a zoomed-in view of the
domain region where |¢,| becomes notably small and indicates how close we can approach Z;
before encountering significant relative errors. In fact, examining the values of E, in Figure[5.2}
we observe that all methods exhibit relatively high errors in the vicinity of the set Z,, but with
different divergence rate. In particular, it appears that and may have potential
instability over a wider region near Z; compared to and (5.4), while (5.5), and
confirm to be the worst also in relative terms. Additionally, we observe that the relative error
aligns with the information provided by the absolute error in the remaining part of the domain.

To summarize, the original formula is the most robust in terms of numerical stability.
In fact, despite some suggestions of instability close to Z; given by the relative error plot, the

E.(v)

(5.10)
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formula yields absolutely stable results across the entire domain. However, there exist situations
where even the original formula (5.1) can be unstable, and we give an example in Section|[5.7}

5.4 A new stable formula for mean value coordinates

After observing that all known methods for computing mean value coordinates have some flaw
in terms of numerical stability, the goal of our work is to derive a new formula that is potentially
stable everywhere. Like Floater [29]], we aim to ensure that this new method is defined not only
in the interior, but also along the boundary of the polygon. To achieve this, we first employ a
similar trick and multiply both the numerator and denominator of the ¢; in by a common
constant, which is then included into the redefined weights. In addition, we focus on minimizing
operations that are more likely to introduce instability in the results, such as square roots and
summations. We now present the new formula and explain how to implement it in a stable way.

Theorem 5.1. The mean value coordinates can be expressed as

w;(v i+ 9]
d)i(v):nl#, Wizsin%l_[rj l_[ cos?l, i=1,...,n, (5.11)
Zj:l w;(v) JA AL

and this formula is well-defined for all v € R?, as long as the signed angle a; is defined as 7 or —7
for v € (v;,v;,1) and in some arbitrary way for v € {v;,vi;1 }.

Proof. Starting from (5.1)), using the fact that tan(a;/2) = sin(a;/2)/ cos(a;/2), and applying
the angle sum identity for the sine function, we have

g ta a_,
w; = sin —— (rl-cosl—cos—l .
2 2 2

We now eliminate the zeros in the denominator by multiplying all w; by F = ]_[?21 r;cos(a;/2)
and, denoting the result by w;, we obtain the new formula (5.11J).

This formula is well-defined for any v € R? \ 2P, because both the sum of the w; and F
do not vanish, and the denominator of ¢;(v) in is just 231:1 w;(v)=F 23;1 w;(v) #0.
Moreover, the formula also works if v € dP. On the one hand, if v is a vertex of P, that is,
v = v for some k € {1,...,n}, then r, = 0 and r; # O for j # k, so the only non-vanishing
weight is W, and consequently ¢, (v) = 1 and ¢;(v) = 0 for i # k. On the other hand, if v lies
on an (open) edge of P, say v = (1 — u)v; + uvy,; for some u € (0,1) and some k € {1,...,n},
then a; = %7, so that sin(a;/2) = £1 as well as cos(a;/2) = 0 and cos(a;/2) # O for j # k.
Therefore, all w; vanish, except for w; and w;.;, which turn out to be

" " Qg aj
Wi = 1e1S, Wi =TS, S =sin > l_[ r; l_[cos 2
JEk K+ j#k

Since r, = ue, and ri . = (1 — u)e, where e, = ||vi g — vill, it follows that ¢ (v) = 1—u,
¢ (v)=pand ¢;(v) =0 fori #k,k+1. O

Comparing our new formula in to the one in (5.7)), we observe that it also leads to
an O(n?) algorithm for computing mean value coordinates, but we successfully eliminated all
square roots, which can compromise the precision and the efficiency of the method, and we
minimized the use of sum operations, as they can introduce numerical cancellation errors. In
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Algorithm 10 Stable implementation of formula (5.11)) for computing the mean value coordi-
nates ¢q,..., 9,

1: function Mvc(v,v,,...,v,)
2: W:=0
3 fori=1,...,ndo > indices are defined cyclically over [1,...,n], e.g., V41 =V,
4 B; := ANGLE(v;; —V;, v —V;) > ANGLE((a,, a,), (b;, b,)) returns ATAN2(a, b, — a, by, a; by + ayb,)
5: Yi := ANGLE(V; — V41,V — Viy1)
6: s =P+ i
7 ri = lvi—vli
8 fori=1,...,ndo
9: @141 = ANGLE(V;y —V, Vi — V)
10: Si_1,i41 i= 70 - [sign(s;_;) +sign(s;)] —s;_; —s; >Si 11 = X T
11: if sign(a;_; ;41) 7 sign(s;_; ;1) then > in this case, a;_; ;11 = ;1 ;41 — 270 - sign(s;_y ;11)
12: QAi—i41 = — %1511 > sin((a;_y + @;)/2) = sin(—a;_y,;1,/2)
13: Wi i= 1 - sin(ay 41/2)
14: forj=1,...,ndo
15: if j #i—1,i then
16: w; :=w; - 1; - sin(ls;|/2)
17: W:=W+w;
18: fori=1,...,ndo
19: o =w;/W

20:  return ¢q,...,¢,

fact, the only sum in is a;_, +a; € [—2m, 27t], but we can actually avoid computing this
sum by noting that it is equal to the angle at v in the triangle [v,v;_;, v, ], denoted by a;_; ;4.

In our implementation (see Algorithm [10), we compute the signed angle 6 between two
vectors a = (ay,a,)and b = (b,, b, ) using the ATAN2 function as 6 = ATAN2(a,b,—a, b,,a,b,+
a,b,) € [-n,w]. This is fine for all angles a;, but a bit more care is needed in the case of
@;_1;11- Indeed, if |a;_; + ;| > m, then the ATAN2 function returns a;_;;4; = @;_; + &; —
2m - sign(a;_; + a;). However, this “mismatch” by +27 is detected easily, because the signs of
a;_1+a; and a;_; ;,; differ whenever it happens. And since sin((a;_;+a;)/2) = sin(—a;_1 ;11/2)
in this case, we can resolve this problem by changing the sign of a;_; ;;; (cf. lines 11 and 12
in Algorithm[10). Note that the same problem can occur if |a;_; + a;| = 7, because ATAN2 may
return 7 or —7 in this case, but it can be fixed in the same manner.

Yet, there might still be concerns related to the instability of the cosine function for ar-
guments near zero. To prevent this, denoting by f; and y; the signed angles at v; and v;,,
respectively, in the triangle [v, v;, v;,; ], we use the fact that

cos & = sin il o] =sin 1B+ il
2 2 2
(cf. line 16 in Algorithm[10) and recall that the sine function is stable for arguments near 7/2.
Note that computing the sum s; = f3; +v; is not a problem, because both angles are guaranteed
to have the same sign, so that there is no risk of cancellation errors. The price for the improved
stability is that we have to compute the 2n angles f; and y; and their sums s;. Note that we
still need the angles a; for determining whether it is necessary to change the sign of a;_; ;4 or
not, but once we know f; and y; we can compute them as a; = 7« - sign(s;) —s; (cf. line 10 in

Algorithm [I0)).
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The numerical stability of this algorithm can be observed in Figure which confirms that
our new formula performs best, even if compared to the result using (5.1]), especially close to
the region Z;.

So far, we have discussed the numerical stability of the different formulas and supported our
claims only with empirical evidence. In the next section, we conduct a mathematical analysis
on the numerical stability of mean value coordinates and provide a more formal explanation
for our observations.

5.5 Theoretical analysis of the numerical stability

As already seen in Chapter[3] a common procedure to theoretically analyse the numerical stabil-
ity of an algorithm is to establish an upper bound on the relative forward error and to examine
its magnitude. In the specific context of mean value coordinates, we need to study the error
E, in (5.10). It is worth noting that bounding E, from above also gives an upper bound on the
absolute error in (5.9), because

E,(v) = E,(v)I¢r(v)I. (5.12)

To this end, we can use Theorem that establishes an upper bound on the relative error of
any function that can be expressed in the form (3.8)), that is,

Z?:o a;(x)f;
)

for some data values f; and functions a; and b;, i = 0,...,n and j = 0,...,m. Therefore, we
can use this result also for the mean value coordinates

r(x) =

w;(v) .
(V) = =, =1,...,n, 5.13)
) E i=1 wj(v) ! " (

as their formula fits the expression in (3.8) forn =0, ay =w;, fo =1, m=n—1and b; = w;;.
Before proceeding, we note that this stability analysis does not account for any errors arising
from the initial rounding of the given values to floating-point numbers.

Corollary 5.2. Assume that there exist 64,...,0, € R with
fllw;(v)) =w;(v)(1+6;), |6;] < De +0(€?), i=1,...,n (5.14)

for some constant D. Then, assuming that the input values v; and v are given as floating-point
numbers, the relative forward error of the mean value coordinates in (5.13) satisfies

|f1(pi(v)) — ¢: (V)|

<(1+D)e+(n—1+D)W(v)e+0(e?), (5.15)
lp:(v)]
where
D wi ()
w =, 5.16
M= o 10

for € small enough.
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Hence, the numerical stability of the mean value coordinates depends on the constant D
and the function W. As the latter is the same for all the different formulas, what distinguishes
their performance in terms of numerical stability is the upper bound D on the relative error
associated with the weights w;. Considering the new formula, it can be proven that the constant
D related to the weights w; is always small, while, for all the other formulas, it can be large
(see Section[5.6), which agrees with what we observed in Section[5.3]

Finally, we consider two arbitrary vectors a = (a,a,) and b = (b,,b,) and present the
upper bounds on the relative forward errors of some quantities that we frequently use.

1. Considering the radius r; = ||[v —v;|| for some i € {1,...,n}, it follows from Theorem [3.1]
and (2.19) that there exists some p; € R, such that fl(r;) = r;(1 + p;) with

lpil < (2+ Dy )e + O(€?), i=1,...,n. (5.17)

2. Considering the dot product D, ;, = a, b, +a, b, between a and b, it follows from Theo-
rem [3.1] that there exists some &, , € R, such that fl(D, ;) = D (1 + &) with

|a,by|+layb,|

1645l Su(Dgp)e+0(e?),  u(Dy,) =4 D]
a,b

(5.18)
It is important to note that the relative forward error becomes unreliable when the com-
puted quantity approaches zero, as dividing by a small value can result in a significantly
large error. In such cases, the right quantity to consider is the absolute forward error,
which is given by |D, ;0| and, since |a,b,|+ |a,b,| < 2alll|b]], it is bounded from
above by 8||al|||b|le + O(e?). Hence, it is reasonable to expect that the computation of
D, is generally stable, although its upper bound on the forward error may increase when
the values ||a|| and ||b|| become large.

3. Considering the 2D cross product C,;, = (a,b, —a,b,) between a and b, which is twice
the signed area of the triangle [0, a, b], it follows from Theoremthat there exists some
Yab € R, such that fI(C, ) = C, ,(1 +7,;) with

layby| +la, byl
|Ca,b|

As in the case of the dot product, it may happen that this upper bound is big when the
values ||a|| and ||b|| are large, but in general we assume that the computation of C, , is
stable.

lvasl Su(Cople+0(e®),  u(Cup)=4 (5.19)

4. Considering the signed angle 6, = arctan(D,;/C, ;) between a and b, it follows from
Theorem the previous observations, and (2.17) that there exists some o, , € R, such
that ﬂ(@a’b) = Qa,b(l + O-a,b) with

loasl Su(B,p)e+0(e?), u(6,) =u(Dyp) +u(Cyp) + 1+ Dyreran- (5.20)

5.6 Error analysis of all formulas

We begin by observing that all the weights w;(v) in (5.1)-(5.6), w;(v) in (5.7) and w;(v)
in (5.11) can be written in the general form

J
w(v) = l_[ij,k(v), (5.21)

j=1 k=1
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for some J,K € N. Thus, we first derive a general bound on the relative forward error for
the function w in (5.21) and then apply this result in the specific case of the all the weights
mentioned before.

Theorem 5.3. Suppose that there exist x; €R, j=1,...,J and k =1,...,K, with
f10x; c(v)) = x; (V) + x40), %kl < Xjre+0(e?),

for some positive constants X, j =1,...,J and k =1,...,K. Then there exists some 6 € R, such
that w in (5.21) satisfies fl(w(v)) = w(v)(1 + &) and |5| < De + O(€?), where

D= sz 1|x]k(V)|(I.< 1+X;, )Jr
j=1 |Zk:1 xi ()|

Proof. We first notice that fl(w(v)) is given by

J K
Aw)) =] [D 10 + 25,00 + 67011 +5%),

j=1 k=1

where 5 + . and 6™ are the relative errors introduced by the K —1 sums and the J —1 products,
respectlvely, so they satisfy

67,/ <(K=1e+0(e*) and  [5%]<(J—1)e+0(e?). (5.22)
Consequently, there exist some 7); , € R with

7] (K —1+X;,)e+0(e?), j=1,....J, k=1,...,K,
.k j.k

such that
J K J K K ) ]
Awe) =] DI ]k(v)(1+nj,k)](1+5X)=]_[[ij,k(v)(uwﬂ(nm
j=1k=1 j=1Lk=1 D1 Xk ()
Zk 1 Jk(v)n]k
= W(V)(l + + 5" +O(ez)).
le: Zk 1% (v)

Therefore, § = Z‘J’ 12115 X0, k/zlk( 1 Jk(v) + &% + 0(€e?), and the statement follows
immediately by using the triangle inequality, (5.22)), and (3.12). O

Corollary 5.4. For any v € F? and v,,...,v, € F?, there exist 5,,...,5, € R, such that the w;
in (5.1) satisfy fi(w;(v)) = w;(v)(1+&;) and |5;| < De + O(€?) for i = 1,...,n, where

D= max Fi(1+ mu(a;) + Dian) + 5 + Dygre (5.23)
i=1,..,n

and

a1+ Qi1 a;
F; = max |sin cos CcoSs —
veF? 2 2 2
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Proof. We note that w; in (5.1I)) can be written as in (5.21) for J = K = 2 and

_ a1 _ Qa;
X1,1 = tan T’ X1, = tan E’
1
Xo1 = r_’ X909 =0.

i
It then follows from (5.17), (5.20), and (2.18) that fl(x; ;) = x; (1 + x; ;) with |y | < X € +
0(€?) and

|oxi
u(ai—l) + Dtan; X1,2 = . u(ai) + Dtal‘l’

|sin ]|
Xo1 =3+ Dyyris X32=0.

X, . = o]
BT sinayy|

Therefore, we can use Theorem to obtain fl(w;(v)) = w;(v)(1 + &;) with |5;| < D;e + 0(€?)
and

D — ey, 1 1(1 4+ X1 1) + %1 2l(1 + X1 5)

1,1 + X792

D |tan(aj/2)|(1+ %] u(aj)+Dtan)

L |sin ;|
S ’ +5+D,
tan(a;_1/2) + tan(a;/2)| a
|tan(a;/2)|
D> ———= (1 +lalula;) + Dyy)
fanp |sin ajl
< + 5+ Dygre

|tan(a;_,/2) + tan(a;/2)|
3 |tan(a;/2)|

e sin a|

= Ttan(a; 1/2) + an(ay/2)]

(14 mmax{u(a;_;),u(a;)} + Dyp) + 5 + Dygp-

Finally, we use the double-angle formula for the sine function and get

Z |tan(a;/2)|
jeiL,i lsin a| cos?(a,;_,/2) + cos?(a;/2)

1
|tan(a;_;/2) + tan(a; /2)| T2 |sin(a;_; + a;)/2cos(a;_;/2) cos(a;/2)| — b
which gives D; < D for D in (5.23). O

For the following statements, let dy = v, —v, k = 1,...,n and let C;; denote the cross
product of d; and d;, which we denoted by Ca,.q, before.

Corollary 5.5. For any v € F? and v,,...,v, € F?, there exist 5;,...,5, € R, such that the w;
in (5.2) satisfy fl(w;(v)) = w;(v)(1 +8;) and |5;| < De + O(e?) for i = 1,...,n, where

3
D= max ZFi (5+ Dygpe + max{u(C; ;41),u(Ci_y j41), U(Ci—l,i)}) +u(C; 141)+u(Ci_y ;) +8 (5.24)

and
a1+ Qi1

. . . Q
F; = max |sin sin sin =
veF? 2 2 2
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Proof. We note that the w; in (5.2)) can be written as in (5.21)) for J =3, K = 3 and

X171 = TimAiiv X192 = —TiAi1,i+15 X13 = TimAici
1
Xo1 = A P Xoo = 0, X3 = 0’
i—1,i
1
X371 = n > X3 =0, x33=0.
i,i+1

It then follows from (5.17) and (5.19) that fl(x; ;) = x; (1 + x; ) with |yl < X e+ 0(e?)
and
X171 =3+ Dy +u(C;j11),  X12 =34 Dyqre +u(Ciy141), X713 =3+ Dy +u(Ci_q ),
Xy1 =1+u(Ci_y,), X55=0, X53=0,
X51=1+u(C;11), X32=0, X33=0.

Therefore, we can use Theorem to obtain fl(w;(v)) = w;(v)(1 + &;) with |5;| < D;e + 0(€?)
and

D — 1112+ X0 1) 4 11 21(2+ X1 5) + [y 51(2 + X3 5)

i

+X,,+X5,+6
1,1 + X712 + X9 3] 2L

—13 11kl
<Zk71,3 1,

- Izk:1,3 Xl,k|

Finally, we use some trigonometric identities to obtain

(5 + Dygre + max{u(C; ;41), u(Ciy 1), u(Ciy )}) + u(Cy i11) +u(Ciy ;) + 8.

Zkzl,g |1 gl _|sina;_4| + |sin(a;_; + ;)| + [sina;]
12 k13 X1kl |sina;_; —sin(a;_; + ;) + sin ;]|
3
< — : -
|sina;_; —sin(a;_; + @;) + sina;|
3 3

= Asin((a, + a,)/2)sin(a,_ /D) sin(a,/2)] 47"

which gives D; < D for D in (5.24)). O

Corollary 5.6. For any v € F? and v,,...,v, € F? there exist 5,,...,5, € R, such that the w;
in (5.3) and (5.5)) satisfy fi(w;(v)) = w;(v)(1+68;) and |5;| < De + O(e?) fori =1,...,n, where

3 D,
D= max. Fi(S + o7 max{u(o;_;),u(o;)} + ;os + Dsin) +5+ Dyt (5.25)
and
o1 ta; o, . o . . - :
)sin ! 12 L sin 121 smj sina;_; sin (xi| , for w; in (5.3),
F; = max
ver? A ta; g -1

4

, forw;in (5.5).

i = (1 + )(1 + )
s COS COS cosa;_ CoSs q;
2 2 2 i1 '
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Proof. The proof is carried out for the computation of w;(v) with formula (5.3)), but similar
arguments can be applied to the case of the weights w;(v) in (5.5).

We note that w; in (5.3)) can be written as in (5.21]) for / =K =2 and

1—cosa;_; 1—cosa;
Xi10= "o X125 T ——
sina;_4 sin a;
1
X2,1 = r—, XZ,Z = 0

i

It then follows from Theorem and (5.17), (5.20), (2.15) and (2.16) that ﬂ(xj’k) = Xj,k(l +
Xj,k) with IXj’k| <Xjre+ 0O(e®) and

X = 2+ |cosa;_4|(|tan a;_;||ati_1 [u(@;i_1) + Deos + 2)
1=

1—cosa,,| + oty lla;u(a;_1) + Dy,

P 2+ |cos a;|(Jtan o;||a; |u(at;) + Deos + 2)
1,2 =

|1 —cosa] + |cota||a;lu(a;) + Dy,

XZ,I = 3 + Dsqrt>
X2’2 =0.

Therefore, we can use Theorem to obtain fl(w;(v)) = w;(v)(1 + &;) with |5;| < D;e + 0(€?)
and

_ 1 1(T+ X7 1) + [x2|(1+ X7 5)

D‘— +X21+2
' x7 1 + x5l ’
1—cosa; 2+ |cosa;|(|tana;||a;|u(at;) + Dos + 2)
Z e (1+ J e e +|Cotaj||aj|u(aj)+DSin)
& | sina; |1—cosa;|
_ j=i—1,i J J
B |(1—cosa;_;)/sina;_; + (1 —cosa;)/sina;|
+ 54 Dyt
Z 1—cosa;|6+ nu(a;) + Deos + 2/|sina;|mu(a;) + 2Dg,
fncp sina; |1—cosa;l

+5+D
|(1—cosa;_;)/sina;_; + (1 —cosa;)/sina,| sqrt

Z 1—cosa;|6+3mu(a;) + Deos + 2Dy,

sina; |1—cosa;||sina

j=i—1,i J jl

< +5+D
|(1—cosa;_;)/sina;_; + (1 —cosa;)/sina;| sart

Z 1

2
j=i1,i S A

< 6+ 3mmax{u(a;_;),u(a;)} + D.,s + 2D
|(1—cosai_1)/sinai_1+(1—cosai)/sinai|( tu(@i—g),u(@)} + Deos sin)

+ 5+ Dy



70 5.6 Error analysis of all formulas

Finally, we note that

Z 1
sin® a; . .
j=i—,i j 2|sina;_; sin ;]|

[(1—cosa;_;)/sina;_; +(1—cosa;)/sina;| ~ |sina;_; +sina; —sin(a;_; + a;)|
sina;_; sina;| ™"

- 2|sin(—0“'+20“'*1 ) sin(%) sin(%)

which gives D; < D for D in (5.25)). O

>

Corollary 5.7. For any v € F? and v,,...,v, € F?, there exist 5;,...,5, € R, such that the w;
in (5.4) and satisfy fl(w;(v)) = w;(v)(1+86,) and |5;| < De + O(e?) for i = 1,...,n, where

D= max F; max (1+max{7 + 2Dy, 2+ u(D; j31)} +u(C; 1)) + 5 + Dygre (5.26)
=1, | j=ioli ’ ’
with

ai_;+o; . a_; . oa;|! .

)sin : 12 Lsin 121 sin ?l , for w; in (5.4),
Fi = max a;_1+a a a -1

o - ‘ - . .

! 2’sin ! 12 L cos 121 cos El(l+cosai_1)(1+cosai) , forw; in (5.6).

Proof. The proof is carried out for the computation of w;(v) with formula (5.4), but similar
arguments can be applied to the case of the weights w;(v) in (5.6).

We note that w; in (5.4) can be written as in (5.21)) for J = K = 2 and

. rioali—Diq; = ririz1 —Diin
L= 2=
2Ai 4 2A; i1
1
Xo1 = r_’ X909 =0.

i

It then follows from Theorem and (5.17)-(5.19) that fl(x; ;) = x; £ (1 + x; ) with |y;,] <
X;x€+0(€?) and

X = 1i-17i(7 + 2Dgqr) + [D;—q ;|2 + u(Di—q 1)) UG )
b 1oy — Dy 4] L

P 1i7:41(7 + 2Dgqr) + ID; 1411(2 + u(D; 41)) (G
1,2 — i,i+1/>
riripn — Di,i+1| btr

X2,1 =3+ Dsqrt’
X2’2 = 0.

Therefore, we can use Theorem to obtain fl(w;(v)) = w;(v)(1 + &;) with |5;| < D;e + O(€?)
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and

(X0 5) 4 x| (14X 5)

1,1 + X715

+Xyp +2

i

riTis1— Djjia
2A; i1

j
|(rieari —Di—1,)/(2A;_1 ;) + (1731 — Di 141)/ (24, 141)

2.

j=i—1,i

(1 N 757411(7 + 2Dggr) + 1Dj j1 1(2 + u(D; j41))

|rjrj+1 - j,j+1|

+ u(Cj’jH))

+ 54 Dyggre

Z riris1 +1Dj il

(14 max{7 + 2D, 2+ u(D; ;11)} +u(C; 1))
2|A; i1l

j=i—1,i
< +5+D
|(rizari =Dy 1)/ (QA;_1 ;) + (1741 — Di 141)/ (24, 141)] sart
1+ |cosa;]
> W(l +max{7 + 2Dy, 2+ u(D; ;11)} +u(C; 1))
j=i—1,i j
= + 5+ Dyype-
|(1—cosa;_;)/sina;_; +(1—cosa;)/sina;| sart
Finally, we use some trigonometric identities and observe that
Z 1+ |cosa;l
j=i—1,i |sin ail < 4
|(1—cosa;_;)/sina;_; +(1—cosa;)/sina;| ~ [sina;_; +sina; —sin(a;_; + ;)|
_ 1
sin((a; + a;—1)/2) sin(a;_;/2) sin(a;/2)|
=F,,
which gives D; < D for D in (5.26)). O

Corollary 5.8. For any v € F? and v,,...,v, € F?, there exist 5,,...,5, € R, such that the W,
in (5.7) satisfy fl(w;(v)) = w;(v)(1 +&;) and |5;| < De + O(e?) for i = 1,...,n, where

and

F, = max(|1 —cos(a;_; +a)| ™ + Z |1+ cos a,-l’l)-
ver? A1

Proof. We note that the w; in (5.7), neglecting the signs §;, can be written as in (5.21) for
J=n—1,K=1and

VTiciTisi —Dicyi, J=1
xj,lz 1/rj_1rj+Dj_1,j, j=2,...,i—1,
VTiTiz1 T Dj s j=i+1,...,n.
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It then follows from Theorem and (2.19)-(5.18) that fl(x;;) = x;,(1 + x;,) with |xj,1| <

X;1€+0(€?) and

71741 (7+2Dgqr)+|D;_1 141 |(2+u(D;_1 141))
2lri a7 —Dicyial

7;_17(74+2D ) +|D;_q ;|(2+u(D;_4 ;))
2[rj_17;+Dj_q jl

1i7i41(7+2Dgqr ) 41D j111(2+u(D; j11))
2|rirj11+D)

+Dsqrt: i=1,

Xj1=

+ Dygres j=2,...,i—1,

+ Dyqre> j=i+1,...,n.
Therefore, we can use Theoremto get fl(W;(v)) = w;(v)(1+6;) with |5;| < D;e +0(e?) and

n
Di ZZXJ"I +Tl—2
j=1

riaTiza + |Dizq 41l

~ 2|risaTip — Dicg

max{7 + 2Dgqy, 2 + u(D;_y 141)}

ririe1 +1Dj il

+
2|r;rip1 +Dj il

jAi—Li
1+ |cos(a;_; + a;)

= max{7 + 2D, 2 +u(D;_1 ;
2|1—cos(ai,1+ai)| { sqrt ( 1 1,l+1)}

max{7 + 2Dy, 2 + u(Dj j11)} + (1 — 1)Dggp + 1 —2

1+ |cosaj]
+ Z ——————max{7 + 2Dy, 2 + u(Dj j 1)} + (N — 1)Dggp + n — 2

Py 2|1+ cosa]
max{7 + 2Dy, 2 + u(D;_1 j11)} max{7 + 2Dgqy, 2 + u(D; j41)}
= Z + (n - 1)Dsqrt
|1 —cos(a;_; + ;) ol |1+ cosa;l
+n—2,
which proves the statement. O

Corollary 5.9. For any v € F? and v,,...,v, € F?, there exist 5;,...,5, € R, such that the W,
in (5.11) satisfy fl(w;(v)) = w;(v)(1 + &;) and |5;| < De + O(e?) for i = 1,...,n, where

T
D= iir%axn 5 (u(ai_l’iﬂ) + E (max{u(p;),u(y;)} + 1)) + (n—1)(2 4 Dygy + Dgip) +2n—3.
T ji—1,i

Proof. We note that the w; in (5.11)) can be written as in (5.21) for J =2n—2, K =1 and

Qi1,i+1

sinT, ]=1
i, ji=2,...1,
Xj1=14Tj j=i+1,...,n,

. i—ntYi-n . .
smﬂ]TY], j=n+1,...,n+1—-2,

: Bint2tYjn . .
sin =22 j=n+i—1,...,2n—2.

It then follows from (2.15), (5.17), and (5.20) that fl(x; ;) = x; (1 + x; ;) with [y, ;| < X; € +
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0(€?) and
|C°t 5 |al_;+1 |u(ai—1,i+l) + D, j=1,
2+ Dygry; j=2,...,n,
X1 = . . . )
P Jeot B || B (max fu(B; ), uy )} + 1) + Dy, j=n+1,...,n+i—2
|cot Bi- w2 Y o |ﬁ’ o T ot |(max{u(Bj_pss), u(yj—ps2)} + D+ Dgp, j=n+i—1,...,2n—2.

Therefore, we can use Theoremto get fl(w;(v)) = w;(v)(1+6,) with |5,| < D;e +0(e?) and

2n—2
D,=X,,+(n—1)2+Dyg) + Y, X;1+2n—3.
j=n+1

Since |x|/[sinx| < 7/2 for any x € [—n/2, /2] and a;_; 141, B; +1; € [-7/2, /2], we get

Dl (u(al 11+1)+ Z (max{u(ﬂ]) u(Y])}+1))+(n 1)D51n+(n_1)(2+Dsqrt)+2n 3
jEI—1,1

which proves the statement. O

In summary, we proved that the constants D in the upper bounds of the relative forward
errors for the different weights in (5.1)-(5.7) are mainly influenced by the quantity

—1
ai1+a; Qi1 a;

sin ——— cos —cos —| , for w; in (5.1I),
2 2 2
o ta; . i
sin ——— sin — sin — for w; in (5.2) and (5.4),
2 2 2
— Qg to g . o .t .
Fi = max1 |sin f sin ‘T sin El sina;_;sina;| , for w; in (5.3),
. A+ a aiq a; -1
smlTlcoschos El(l+cosai_1)(1+cosai) , forw; in (5.5) and (5.6),
-1 -1 A
|1—cos(aj_q + ;)| + Zj;éi—l,i |1+ cosa;| ", for w; in (5.7),

while the w; in are the only ones to be independent of it. Moreover, in all cases, F; is the
maximum, over the ﬁmte set 2, of some function that diverges to infinity, either at the edges
of P, along the lines that support them, or at the sets Z;, which explains the big relative errors
of the mean value coordinates ¢; close to those regions. Surprisingly, for the original formula
in (5.1)), the potentially big relative errors of the weights usually cancel out “magically” during
the normalization and do not affect the relative errors of the ¢;, except in some cases that we
will discuss in Section [5.71

Regarding the absolute forward error of ¢;, i = 1,...,n, it follows from and Corol-
larythat it is bounded from above by (1+D)|¢;|e +(n—1+D)W (v)|¢,|e +0(e?). Therefore,
in this case, the quantity that distinguishes the performance of the various methods in terms of
absolute error is D|¢;].

5.7 Numerical experiments

We investigated various examples to compare the different approaches for computing mean
value coordinates based on the formulas in (5.1)-(5.7) and (5.11). Overall, we found that
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polygon o absolute error E, relative error E,
H 105 . ‘ Memv st
(5.1) (5.11) (5.1) (G.11)

Figure 5.3. Plots of the absolute and relative errors on a log;, scale made by the original (5.1)
and the new formula (5.11) to evaluate the mean value coordinate ¢, related to the vertex v
(magenta dot) for the polygon on the left with e = 0.0001.

A
—+—(5.1) /\ ——(5.1)
——(52) / o\ / ——(52)
(53) it ¥ (53)
(5.4) 10°F (54) |4
10°° (5.5) b (55)
———(5.6) - (56)

—*—(57) —*+—(57)
1010 F \\:H(sm 1
«
w e

—*—(5.11)

w107

107®

1020

§ )
Figure 5.4. Comparison of the absolute errors on a log-log scale for computing ¢, with the
formulas (5-1)-(5.7) and close to the points marked by the red cross (left) and the blue
cross (right) in Figure[5.3] The plots show E,(v) for the different algorithms for v at a horizontal
distance of § =1072°,10717,...,107! from the considered points. Some values are not shown
for very small &, because the algorithms return NaN as a result.

our new formula consistently provides the most stable results, followed by the original
formula (5.1)), which usually performs much better than the other formulas and is often almost
as stable as (5.11). However, as shown in Section[5.7.1] there are specific cases where our new
Algorithm [10| beats the implementation of the original formula by a considerable margin. In
Section we further provide a comprehensive study of the efficiency of all methods. We
implemented all algorithms with double precision in C++ and computed the “exact” values of
¢ in multiple-precision (1024 bit) floating-point arithmetic using the MPFR library [33]] for
determining the relative and the absolute errors. All tests were run on a Windows 10 laptop
with 1.8 GHz Intel Core i7-10510U processor and 16 GB RAM.

5.7.1 Stability comparison

Let us begin by comparing the performance of the original and the new formula for the 8-
vertex polygon with vertices (1,1), (—1,1), (—1,—1), (—e,—1), (—€,0), (€,0), (¢,—1), and
(1,—1), shown in Figure (left), where € indicates the distance between the two vertical
edges in the middle. Specifically, we investigate the case ¢ = 0.0001 and turn our focus on
the coordinate ¢, associated with the vertex marked by the magenta dot. In the plots of the
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polygon absolute error E,

»

Figure 5.5. Same as Figure but for a square spiral polygon.

absolute error E, and the relative error E,, which were computed on a uniform 500 x 500 grid
that contains the polygon, we observe that problematic regions with numerical instability exist
near the edges [v;_;,v;] and [vy, vi,1], but that Algorithm [T0]handles them better. One reason
for the relatively big errors is the function W in (5.16), which influences the upper bound on
the relative error in for both formulas and obtains values on the order of 10° in this
region. The other reason is the constant D, which is about two orders of magnitude bigger for
the formula in than for our new formula in (5.11)).

We also analysed the performance of the other formulas for this example, and Figure
(left) shows that the implementations of and are as stable as Algorithm [I0] close to
the edge [V, Vi1 ]- However, both formulas, together with (5.3)), are very unstable close to the
extension of this line, where instead the implementations of (5.1)), and are stable
(see Figure right). Interestingly, the worst case for our new formula, in terms of stability,
does not occur extremely close to the edge [v;, vi,1], but at a distance of about 1072 to 1073,
which is again due to the behaviour of the function W in (5.16)), and similar for the formulas
in and (5.4). In contrast, the worst case for the formula in happens at a distance of
1078 to 107, that is, at roughly 4/€.

Figure compares the errors of the different evaluation procedures for a square spiral
polygon. As before, the plots show the absolute errors E, and the relative errors E, sampled
on a uniform grid of 500 x 500 points that contains the polygon. Note that the black pixels in
the lower left and the upper right of the relative error plots indicate points v for which E,(v)
is not well-defined, because ¢,(v) = 0. Otherwise, these plots confirm the behaviour that
we already observed in Figure the new formula achieves the best result and the
original one is second-best, except close to the boundary of the polygon in relative terms.
However, since ¢, is very small in these regions, it makes more sense to focus on the absolute
errors. These indicate that and produce very similar results, but still the new
Algorithm|10]is better near the edges [v;_;, v, ] and [, vi41]. As in Figure[5.2] we further note
that (5.2), and exhibit numerical instability along the extensions of the polygon’s
edges, especially for those related to [vi_;, ] and [y, Vi41], while and behaves
similarly to (5.1)), but with bigger errors close to the boundary. Finally, is unstable in the
vicinity of all sets Z;. Figure|5.6|shows very similar results for a star-shaped polygon.
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polygon absolute error E,

Figure 5.6. Same as Figure but for a star-shaped polygon.

n=38 n=14
-4

25 *x10
—*—(5.1)
—+—(5.2)
(5.3)
2r (5.4)
(5.5)
——+—(5.6)
—%—(5.7)
15 =61

g
n=20

Figure 5.7. Average time in seconds (right) needed by the implementations of the formulas
in (5.1)-(5.7) and (5.11) to evaluate all n mean value coordinates for a concave test polygon
(left) with n = 61 + 2 vertices fori =1,...,20.

5.7.2 Efficiency comparison

To compare the efficiency of the different implementations, we conducted a first experiment
using a set of 20 concave polygons, with an increasing number of vertices n, specifically with
n==6i+2fori=1,...,20. The pattern of the polygons is shown in Figure (left) for
i =1,2,3. The timings are obtained by evaluating the coordinates ¢1,..., ¢, at 90000 points
and taking the average. The plots in Figure[5.7](right) clearly indicate the linear time complexity
of the algorithms derived from the formulas in (5.1)-(5.6) and the quadratic time complexity
of the one that implements formula as well as the new Algorithm |10} with the latter being
roughly 25% faster. However, despite the unfavourable time complexity, the stable Algorithm[10]
is at most twice as expensive as the linear-time algorithms for n < 30 and only about four times
slower for n = 100.

In a second experiment, we focus on comparing the efficiency of the different methods for
significantly larger values of n. Specifically, we construct the test polygons in Figure (left) by
sampling an epitrochoid curve at n = 2/ points, i = 3, ..., 13, and then measure and plot (right)
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n=32 n=64

10' 102 10° 10*
Figure 5.8. Average time in seconds (right) on a log-log scale for the implementations of the
formulas in (5.1)—(5.7) and (5.11) to evaluate all n mean value coordinates for a test polygon
(left) inscribed to an epitrochoid (red curve) with n = 2" vertices fori =3,...,13.

the average running time of all algorithms for computing all n mean value coordinates at 100
evaluation points. In this setting, we gain a more comprehensive understanding of the asymp-
totic computational cost associated with the implementation of the various formulas, further
confirming our previous observations. In fact, formulas (5.1)-(5.6) demonstrate a computa-
tional complexity of O(n), while and Algorithm[10]exhibit an asymptotic running time on
the order of O(n?). To conclude, although and Algorithm [10] have similar behaviour, our
new implementation consistently proves to be faster in practice, especially for polygons with
less than a thousand vertices.
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Chapter 6

A comprehensive comparison on the
numerical stability of algorithms for
evaluating rational Bézier curves

6.1 Existing methods for computing rational Bézier curves

Bézier curves were originally introduced in the context of car modeling for major automo-
tive manufacturers [[9, 10}, [19]. Nowadays, their utility extends across numerous fields, like
computer-aided design, simulation, approximation, robotics, artificial intelligence, etc. Many
applications in these domains require real-time interactions or live updates, thus necessitating
fast evaluation times. For this reason, over the years, there have been numerous studies dedi-
cated to developing efficient evaluation algorithms for Bézier curves. In this chapter, we aim to
present a comparison on the numerical stability of the most commonly used algorithms.

Given a set of n + 1 control points Py,...,P, € R? with associated positive real weights
Wo, ..., W,, we define a rational Bézier curve P: [0,1] — R? as

P(t) = ZijoBin(t)WiPi

6.1
B, e

where
BI(t) = (’7)&(1 —om, i=0,...,n, (6.2)
L

represents the Bernstein basis composed by polynomials of degree n and t € [0, 1] is the param-
eter along the curve. There exist numerous methods for computing rational Bézier curves, such
as adaptations of the classic de Casteljau algorithm for polynomials in the rational case, or more
efficient approaches employing Horner-like schemes or basis conversions. We now present the
most commonly used algorithms and, for each of them, we describe how it is implemented.

6.1.1 Rational de Casteljau algorithms

The most straightforward approach to compute P(t) is by using the classic quadratic time de
Casteljau algorithm for polynomials [[12]]. In the case of a rational Bézier curve of the type

79
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in (6.1)), we recall that it can be considered as the central projection of the spatial polynomial

curve .
. . . P
o=y B, b=("7) ©6.3)
i=0 wi
under the projection
. Xy
pro.](x’y,z): (_: _) (64)
2z

This implies that we can apply the classical de Casteljau algorithm to P(t) and then project the
final result according to (6.4). This process is equivalent to first computing the values of the
numerator and the denominator with the recursive formulas

N°=w,P, D) =w;,
i and L (6.5)

— —1 —1 — —1 -1
N/ =N"(1-t)+N 7't D/ =D (1—t)+ D 't,

i=0,...,nand r = 1,...,n, respectively, and then the final result as P(t) = Nj/Dg. We also
note that this method exhibits quadratic complexity.

Alternatively, Farin [|26]] adapts this approach into a more robust quadratic time algorithm
with additional geometric meaning, given by

0 _
W[ - Wi;
pP’=P,
' (6.6)
r o ,,r—1 _ r—1 .
Wi_Wil q t)+Wi+1t1’ )
Pl Pl
Pir: W (1—[)+%t,

i=0,...,nandr =1,...,n,and P(t) = PJ.

6.1.2 Horner-like algorithms

Volk and Schumaker [|75]] are the first to achieve an algorithm for computing polynomial Bézier
curves with linear time complexity. Their idea is to use nested multiplications for the compu-
tation, which results in a significant gain in terms of efficiency. We present a straightforward
extension of the VS algorithm by first applying it on the numerator and the denominator of
P(t), and then simplifying some common factors. In particular, we express the rational Bézier
curve in equivalently as

p(t)zw xz{(l—t)/t, t>1/2
t/(1—t), t<1/2,

Simo X (F)ws
There are many methods for evaluating a polynomial; Goldman [39] highlights two approaches:
one using a Horner scheme, and the other employing a ladder pattern. However, Warren [|81]]
shows that these forms are equivalent for the monomial basis, so we consider the former. There-
fore, the VS algorithm evaluates the numerator and the denominator using a Horner scheme
as

(6.7)

(Z)W,,IPn + x((nﬁl)wn,lpn,1 + x((nﬁz)wn,zpn,z 4o x(('ll)wlP1 + x(g)WOPO) ... ))
(Mw, + X((HL)WrH + x((nfz)wn,z ot x((’f)w1 + x(g)wo) ... ))
(S)woPo + J((('{)WIP1 + x((;)szz +ot x((nfl)wn,lpn,l + x(z)wnPH) . ))

(g)wn + X((T)Wl + X((E)WZ tet x((nzl)wn—l + X(z)Wn) e ))

, t>1/2,
P(t)=

R t<1/2.
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With the same strategy, Farin [27]] presents another Horner-like algorithm by settings = 1—¢
and computing P(t) in as

() = Tt Qur, _ (...(((S)WOPOS+('1')W1PIt)s+(;)w2P2t2)5+<-~+(nf1)wn,1Pn,1t”_l)s+(§)wnPnt"‘
ot (Fwi (- ((@wos+Cwae Js ot st (2 Jges 070 s (ptt

(6.8)

6.1.3 Geometric approach

On the one hand, while the rational de Casteljau adaptation by Farin [26]] has some nice geomet-
ric interpretation, it can only be done in quadratic time. On the other hand, the VS algorithm
has linear time complexity, but it lacks geometric interpretation and properties. For this rea-
son, WoZzny and Chudy [82]] introduce a new linear time algorithm that has a nice geometric
interpretation. In particular, P(t) can be computed recursively using a Horner-like scheme and
convex combinations as
wih_t(n—i+1)

wii(1—t)+wh_t(n—i+1) (6.9)

To=Py, T;=(1—h)T;_;+hP;.

From these recursive formulas, this algorithm has an elegant geometric interpretation since
T €[Tiy, P

6.1.4 Wang-Ball algorithm

Another approach to achieve an algorithm with linear time complexity is by converting the
Bernstein basis into a different basis. There exist several methods in this direction, such as
transforming the Bernstein into the Wang-Ball basis [122], (68, [80]], the DP basis [120} 23], [24]],
and other similar types of bases [21]]; the former is proven to be the most efficient. The ra-
tional Wang-Ball curve, defined by the control points Ry, ..., R, with their respective weights
Vo, - - - » Vp, 1S given by

iz M (VR

P(t)= : (6.10)
Z?:OA?(t)Vi
where the Wang-Ball basis {A7},_, _, is defined as
(20)(1— )", 0<i<|n/2]—
2021 — )21 i =|n/2],
A0 = o1 -1) i=|n/2] 611

(21— )22, i =[n/2],
Al (1—1), [n/2]+1<i<n.
Actually, in order to achieve a linear time method, its implementation uses a recursive algorithm

similar to (6.6), but for the new set of control points and weights. Specifically, it starts by setting

ng=n, Vo=, and  R}=R, i=0,...,n° (6.12)

1

and then, at each step r = 1,...,n of the recursion, it defines n, = n — r new weights and
control points. In particular, if n, is odd, they are given by

r_ ,r—1 _ n,—3 r_ pr—1 . n,—3
Vi=Vvo 1_0’ 2 5 Ri_Ril i=0,..., 57>
. n.—1 R™hv[™ v, . n,—1
v =v[~ l(1—t)+vHl i=-, and R = —; (1—t)+ *L, it t, =", (6.13)
i i
r_ . r—1 _n+1 r r—1 . n,+1
Vi =V =5, R =R{™", I="5—,...,n,
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while, if n, is even, they are

=1 P n, r_— pr—1 - n_

vi=viT, i=0,...,57 -2, R =R, l_o,_.,z 2,
r_ =101 _ r—1 N g r_ R S

vi=viT (1=t +v 't i=3 1,2, and R = ; i=73 1,% (6.14)
_ 1 L, _ .

v=vi i=%+1m, R=R, i=%+10m,

and the result is P(t) = R{. Before proceeding with this algorithm, there is a prepossessing step
to get the values vy,...,v, and Ry, ...,R,. In particular, the weights and control points of the
Bézier and Wang-Ball representations can be converted back-and-forth by means of a matrix
multiplication [[51]]. However, for the sake of numerical stability, Dejdumrong et al. [22]] present
the explicit formulas to obtain the Wang-Ball control points and weights from the corresponding
Bézier ones, that are

Vo = Wy,
Vn - Wn’
V; = %[(T)Wl_ i zk(n 12k2k)vk Zk n—i+1 2" k(Zk " n) k] i< |_Tl/ J (6 15)
Vi = %[(? wi— 2k(n e Zk)vk_2k=i+1 2" (Zk i n)Vk] i>[n/2], .
v =3[ (Dwi — 2 ; zk(n e D 2 N n)"k] i=|n/2],
Vi= znl—f[(? i~ zk(n o Zk)vk—ZZ:m zn_k(Zk o n)vk] i=[n/2]
and
RO = Po,
Rn = Pn’
{ R, [( Wi = o 2 (" WR = T 2K R i< Ln/2) 616
l 2" 'v [( )W P Z" ; zk(” = Zk)kak Zk i+1 2Tl k(Zk o n)kak] l> [n/Z], )
[( Yw P, — St ok(m 22Ky R S gnk (22 “)kak] i=n/2],
kR = oy, ’V [( )W P Zl —2 Zk(" —2- Zk)kak Zk i1 2n k(Zk —2- n)kak:I 1= |’n/2]

We note that, before computing v, and Ry, k =0, ..., n, the weights v; and v,_; and the control
points R; and R,_;, i =0,...,k — 1, must be computed.

6.1.5 Barycentric algorithm

Finally, Ramanantoanina and Hormann [[70]] propose another alternative to convert the rational
Bézier representation to a barycentric rational interpolating form. In particular, given a set of
interpolation points Qq,...,Q, with their respective weights u,...,u, and nodes t,...,t,, a
barycentric rational interpolant is defined as

Zl =0 t— th

P(r)="=22 (6.17)
Dot

i

The barycentric interpolation points and weights are related with the corresponding Bézier ones
as

Q; =P(t;) and i=0,...,n,

k;él
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where z(t) is the denominator of P(t) in (6.1)). A common choice for the set of nodes is given by
the Chebyshev nodes of the second kind in [0, 1], which are defined as t,,_; = 1/2cos(int/n) +
1/2,i=0,...,n. In this case, the weights turn out to be computed in linear time as [[73]]

1/2, i=0ori=n,

u; = (—1)'5:2(t)), 0;= {1 =1 n—1

Alternatively, we can also use uniformly distributed nodes t; =i/n, i = 0,...,n, with weights

of the form
;= (—1)f(’.’)z(ti).
i

For the sake of efficiency, we propose to compute the values Q; = P(t;) by evaluating the rational
Bézier curve P at t; through an adapted version of the rational VS algorithm. Doing so, we can
also obtain the values z(t;) within the same algorithm as

1 n t", t>1/2,
L) = n—t . '1
#(t) ;x (i)w‘ 8 {(1—t)", t<1/2, (6.18)

for x in (6.7)).

6.2 Numerical stability

Let us now focus on analysing the numerical stability of the different algorithms that evaluate
a rational Bézier curve. In particular, we study the relative error E € R? defined as

|fI(P(¢)) —P(t)| _ (lﬂ(Px(t))—Px(t)l |ﬂ(Py(f))_Py(t)|)
|P(¢)] [P, (£)] ’ [Py ()]
for each algorithm, where P(t) is the exact result and fl(P(t)) that of its finite-precision im-

plementation. Finally, we always assume that the input data t, w; and P; are floating-point
numbers, so they do not introduce any numerical error during the computation.

E(t)= (6.19)

6.2.1 Convex combinations

We start by examining the numerical stability of algorithms that evaluate a rational Bézier curve
P at t through a recursive method defined by convex combinations. Specifically, we focus on
the rational de Casteljau algorithm and the Wang-Ball algorithm. Regarding the former defined
in (6.6), our analysis begins with a study of the error propagation in the weights w!, followed
by an investigation into the relative error of the values P. These results lead to an upper bound
on the relative error E in (6.19) in the case of P(t) = P

Lemma 6.1. For any t,w,...,w, € Fand r € {1,...,n}, there exist wy,...,w, € R such that
the weights w! in (6.6) satisfy fl(w!) =wl(1+w!), i =0,...,n, with [o]| < UWw!)e +0(e?) and
U(w;)=3r.

Proof. First, we notice that
AW =w ' 1+ o] DNA-)(1+6) +wi | (1+w Dt(1+6,)

=w (1 —-0)(1+w] ' +8 +0(e*))+w  t(1+ ]| +5,+0(e%)),
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where 6, and &, are the errors introduced by the operations in the first and second addends,
respectively, that are one product and one sum in both cases, plus one subtraction for the first
addend only. Therefore, it follows from that |5,],|6,| < 3¢ + O(e?). Moreover, the inter-
mediate value theorem further guarantees that

filw) = (w;~ M=) +w' t)(1+w ),

i+1

for some w! € [min(w!™" +8&, +0(e?), wi ] + 6, +0(e?)), max(w] ' + 8, + 0(e?), wi | +6,+

o(e*)]. Now we can prove the statement by induction over r. The base case follows by the
fact that W? = w;, therefore w? =0foralli =0,...,n. Finally, the inductive step from r — 1 to
r follows from the fact that |w]| < max;_; ;1 |}~ | + 3¢ + O(e?), together with the inductive

hypothesis, that is |w! ™| < 3(r —1)e + 0(e?), i =0,...,n. O

Proposition 6.2. For any t,wq,...,w,,Py,...,P, € Fand r € {1,...,n}, the relative errors of

the P! in satisfy
IfICP(t)) — P[ ()] ZZ 0 Be(OIPwi il

|P/| |Zk oBk(t)P1+sz+k|

i=0,...,n. Therefore, the relative error in (6.19) for P(t) = P satisfies
ZZ:O B (t)|Pewy]
}Zrklzo BZ(f)Pka|

Proof. Denoting by ¢! the relative errors introduced by the computation of P/, i =0,...,n and
r=1,...,n, we first notice that

(3r2 +5r)e + 0(e?),

E(t) < (3n% + 5n)e + 0(€2).

o P el W (0l ) (1=6)(14+61)+PL L (1l Wi (140l )E(146))
fi(p) = W (I+a)) ;
where |0 < 3me +O(e?), j = i,i+1and m = r —1,r, by Lemma and &, and &,

are the errors introduced by the operations in the first and second addends of the numerator,
respectively, that are two products, one sum, and one division each, plus one subtraction for
the first addend only. Therefore, it follows from (2.5) that |5,],|5,| < 5¢ + O(e?). By Taylor

expansion, we know that
1

—— =1—w] +0(e?),
1+ w)) !

hence

r 1,,r—1
ﬂ(pir):pir_,_x—(lt)

(P + ot —wl +6,+0(e?) + l“ ’“ ((plﬂr1 + ol — ol +6,+0(e?)).
Then, using the fact that fI(P[) — P = P[], the triangle inequality, and the upper bounds on
the relative errors introduced by the weights and the operations, we obtain
IP{piwil < [P oW (1= 0+ Pl wi ]
+ P/ wlT 1(1 —t) ([ —w] +6,)+ P wi (e — ! +8,)|+0(e?)
<|P ol twi (1 —t) + [P

i+1 ¢1+1 1+1|t
+ (1P 'w §1|(1—::)+|r>{+11 1e)(6r +2)e + O(€2).

(6.20)
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In general, we know tha P”‘ = Zk 0B PisiWjtks J = ,nand m=1,...,n, therefore,
by also using the relations Br 1(1—1‘_) =(r— k)/rBr and B;~ 1t = (k+1)/rB;,,,k=0,...,r—1,
we obtain
r—1 r—1
[PF w1 — o)+ [P/ wi ] e = 23271(1 — OIPiwigkl + ZB£71t|Pi+1+kWi+1+k|
k=0 k=0
Sr—k

k+1
By|P Wil + Z —— B 1 |Pii1kc Wi +k]
s

= B! |Pw,| + Z(
=ZB£|Pi+kWi+k|
k=0

)B |P1+kwl+k| +B; |P1+rW1+r|

(6.21)
and, by (6.20),

|Plr801rwrl < |Pir_1<P wi 1|(1_t)+|Pl+1 SOH_l 1+1 |t+ZB |P1+kW1+k|(6r+2)€+O(62) (6 22)
k=0
Now, we can prove the statement by induction over r. The base case follows by the fact that
Pl.o =P,i=0,...,n, hence ga? = 0. Finally, the inductive step from r — 1 to r follows from the
inductive hypothesis, that is

r—1
P oW < B Pwil3(r — 12 4 5(r = 1D]e +0(€?),  i=0,...,n,
k=0
together with (6.22) and the fact that, by (6.21)),

r—1 r—1

ZBr 1(1 t)|P1+sz+k|+ZBr 1tll:’1+1+kW1+1+k| —ZB Pk Wikl
k=0 k=0 k=0

O

We now turn our attention to the definition of the Wang—Ball algorithm in (6.12)-(6.14),
which is very similar to the rational de Casteljau method in (6.6), except for two differences.
Firstly, only the “central” Wang-Ball weights and control points are updated at each step r =
1,...,n. Secondly, we cannot assume that the input data v; and R; are exact, as they are them-
selves the result of the conversion formulas in (6.15)-(6.16)). On the one hand, although only a
few weights change at each iteration, the final error propagation is the same as for the recursive
formulas in (6.6), because some of the v and R! are modified at each step r. Consequently,
we can use the same proof technique of Lemma to analyse the error propagation in the
weights v and of Proposition to get the upper bounds on the relative errors of the values
R} and P(t) = Rjj. On the other hand, in this scenario, we also have to consider the initial er-
rors in the weights v; and control points R;, which are introduced in the preprocessing step that
converts the Bézier weights and control points into their corresponding Wang-Ball ones. There-
fore, we state below the equivalent of Lemma|6.1|and Proposition [6.2|in the case of Wang-Ball
algorithm.

n the proof, we omit the dependence on the variable t of the basis functions, that is, B}' means B[ (t).
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Lemma 6.3. Suppose that there exist Ug, cee, ’U?l € R with
ﬂ(vi)zvl-(l—kvf), IU?I <UW)e+0(e?), i=0,...,n,

for some constants U(v;). Then, for any r € {1,...,n}, there exist vy,..., U;r € R such that the
weights v in (6-13)-(6-14) satisfy fi(v)) = v/ (1+v}), i =0,...,n,, with |[v]| U e +O0(e?)
and

U(/)=3r+ rréax U(v;).

.....

Proposition 6.4. Suppose that there exist vo, e, vn € R with
fi(v;) = vi(1+0Y), [v?] S U(v)e +0(e?), i=0,...,n
and p,...,p° € R with
fi(R;) =R,(1+ pY), lp?| < UR))e +O(e?), i=0,...,n,
for some constants U(v;) and U(R;). Then, for any r € {1,...,n}, the relative errors of the R}
in (6.13)-(6.14) satisfy
IfI(R; (£)) — R (¢)] < 2okmo AL OIR vkl
IR} T D0 AL (DR i =Omt T k=0

i =0,...,n. Therefore, the relative error in (6.19) for P(t) = Ry satisfies

ZZ:OAﬁ(fNRkVU
|3 o AR (DR =0n 0 k=0,

Finally, to provide a comprehensive understanding of the error propagation within the
Wang-Ball algorithm, we also present an analysis of the numerical stability of the conversion
formulas in (6.15)—(6.16), which provides an initial estimate of the constants U(v;) and U(R;),
i=0,...,n, of Lemmal6.3|and Proposition[6.4 Before delving into these details, we introduce
some notation to shorten the expressions of the v; and R;. Considering i € {0,...,n}, we define
e€Nas

E(t) <

and the sets of indexes I; ; and I, ; as

{0,1,...,i—1}, i<|n/2], {n—i+1,n—i+2,...,n}, i<|n/2],
I;=11{0,1,...,i—=2}, i=[n/2], IL;={{i+2,i+3,...,n}, i=|n/2],
{0,1,...,n—1i}, i>[n/2], {i+1,i+2,...,n}, i>[n/2].

Then, we set

—2—-2k 2k —2—
N R (|
i i—k k—1i

thus we can express the weights v; in (6.15) as

1 .
v = 2¢ (b w; Z apve — Z ckvk), i=0,...,n, (6.23)

kel ; kel,;
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and the control points R; in as

1 .
R, = e (biwiPi — Z ap ViR, — Z ckkak), i=0,...,n. (6.24)
L

kel ; kel,;

Moreover, we denote by M; the maximum between the constants A; = max{qa, | k € I, ;} and
Ci=max{c |k€ly;},i=1,...,n—1.

Lemma 6.5. Forany t,wy,...,w, €F, there exist v, ..., v, € Rsuch that the Wang—Ball weights
v; in (6:23)) satisfy fl(v;) = v;(1+wv;), i =0,...,n, with |v;| < U(v;)e + O(€*) and

u(v;) =

. MM, ,...M, .M,
| iwi — Zkelu AkVe — Zkelz,i Ck"k|

@i+ i<[n/2],
[2(n—1i)+2], i>[n/2].

(6.25)

Proof. First of all, we notice that the weights are computed in the order vy, v,,, V1, Vo_1, Vo, V2>
eevsVim_1> Vi, for m = [n/2]. Therefore, when computing v;, i = 1,...,n— 1, the number of v,
k €1,;Ul,;, involved in are exactly 2i, if i < [n/2], and 2(n—i) + 1, otherwise. At the
end, they are at most n, which is the case of the “central” weight v,,. The proof is carried out
assuming i < [n/2], but similar arguments can be applied to the case i > [n/2].

We first notice that’]

fi(v;) = i(biwi(l +6)— > a1+ v)(1+8)— Y (1 +v,)(1 +5k))

e
2 kel ; kel,;

1
=V; + 5 (biwi5i — Z akvk(vk + 5k + O(Ez))— Z Cka(Uk + 5k + O(Ez))),

e
kel ; kel,;

where 6;, j=1ior j€l,;Ul,;, are the errors introduced by the operations in the addends. In
particular, these errors are affected at mostﬂ by one product and 2i sums. Therefore, it follows
from that [6;] < (2i+1)e + O(€e?). Then, using the fact that fl(v;) —v; = v;v;, the triangle
inequality, and the upper bounds on the relative errors introduced by the operations in the
addends, we obtain

1 .
|Vivi| < ;[(biwi + Z apVvy + Z Ckvk)(Zl + 1)6 + Z Clk|VkUk| + Z Cklvk'Ukl +O(€2):|

kel ; kel,; kel ; kel,;

We know thatin Y, . aglvivil+ 2, cklvivil are performed 2i—1 sums, therefore, it follows
that ' '

1 . .
ot < 52| (Bt 2w o @i+ e+ 21— M, s Il +0(eD |

kel ; kel ;

2 Any operation with powers of 2 are exact in floating-point arithmetic, so they do not introduce any relative error.
3We assume that the computations of all binomial coefficients involve only integer operations, therefore they do not
introduce any floating-point relative error.
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Then, we can use this inequality recursively and, recalling that vy = v,, = 0 and each time we
go one step back in the recursion the set I; ; UI,; decreases by one, we get

[v;v;] < %jzl’nl_rlﬁ?in_i’i(bjwj + Z agvg + Z ckvk)(Zi +1)Me + 0(e?),
kel ; kel
where
M =1+ (2i— DM, + (2i —1)(2i —2)M;M,_; +--- + (2i = DIM;M,_; ... M,_, M,
<(2i—1)M;M, ;...M, M, x 2i,
which gives the statement. O

Lemma 6.6. For any t,wy,...,w, €F, there exist p, ..., p, € R such that the Wang—Ball control
points R; in (6.24) satisfy fi(R;) =R;(1+p;), i =0,...,n, with |p;| < U(R;)e + O(e?) and

UR)=URv)+U)+1,
for U(v;) in and

URv) < MM, ...M,_;M;

|bjw;P; — Dker,, WVkRk = Dger,, ckviRy |
y {(21‘ +2)1, i<[n/2],
[2(n—i)+3],, i=[n/2].

(6.26)

Proof. The study of the propagation of the error in R;v; = 1/ Ze(biwiPi - Zke[u aViR —

ZkEIZi CkaRk) can be done with the same procedure used in Lemma [6.5| with the differences
that every addend is now affected by one more product by P; or R;, and we also have to con-
sider the relative errors v; introduced by the weights v;, i = 0,...,n. Therefore, denoting by
¢; and 6 the errors introduced by the computation of R;v; and the division by v;, respectively,

we obtain by (2.5) and Lemma [6.5]that
1 .
fi(R;) = m(biwipi —kZ: G VieRi — Z Ckkak)(l +¢)(1+6), i=0,...,n
€l kel,;
(6.27)

for |v;| < U(v;)e + O(e?) with U(v;) in (6.25), |¢;| < U(R;v;)e + O(e?) with U(R;v;) in (6.26),
and |6] < e. Therefore, we can use Taylor expansion in (6.27) to get

fiR) =R;(1+ )1 +8)(1—v; +0(eM)) =Ri(1 + $; —v; + 5 + O(€?))
and the statement follows for p; = ¢; —v; + & with
loil < 1l + lvil +16] < (UR V) + U(v;) + e + O(€?).
O

It is worth noting that the upper bounds on the relative errors derived for v; and R; appear
to be large even for moderate values of n. However, in our experiments, we did not observe
instability in their implementations, even when considering n = 50. Therefore, we believe that
there is room for improvement in these bounds.
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6.2.2 Horner schemes

We continue our analysis by studying the error propagation that occurs in the algorithms that
evaluate a rational Bézier curve P at t through a Horner scheme, which is the case of the
implementations of the two formulas in and (6.8). In these specific contexts, we can
use Theorem as both formulas fit the expression in for N =M =n, f;, = P, and
a =b, = x”_k(Z)wk oray = b, = tks”_k(Z)wk, k=0,...,n, respectively. Moreover, assuming
that the binomial coefficients are implemented without introducing any floating-point relative
error via integer arithmetic, the computations of the a;, k = 0,...,n, involve two products
plus at most n subtractions, n divisions, and n— 1 products for x"* in and two products
plus at most n subtractions and n — 1 products in case of t*s"* in (6.8). This implies that
A =B =3n+1 in case of formula in and A= B = 2n+ 1 in case of (6.8). Therefore,
it follows from Theorem that the relative error E in for P(t) computed with
satisfies .

Do BE(OWiP]

- (4n+3)e + (4n+1)e +0(e?), (6.28)
12 kmo B (Wi Py

E(t) <

while with

ZZZO [BE(t)wi Py
1> o B (t)wPy|

Notably, the difference 1 — t cannot be problematic, because we assume that t is an exact
floating-point number. However, if instead t is the floating-point approximation of a real num-
ber, then the formula in may become unstable when t approaches 1. Conversely, the
formula in represents a stable way to evaluate P thanks to the distinction of the two cases
in the definition of x.

E(t) < (3n+3)e+(3n+1)e +0(e?).

6.2.3 Geometric approach

We proceed to analyse the error propagation of the recursive algorithm given by the formulas
in (6.9). In particular, we first study how the error propagates during the computation of the
values h;, i = 0,...,n, and then we examine the relative errors of the values T;, i = 0,...,n.
This analysis finally leads to an upper bound on the relative error E in in the case of
P(t)=T,.

Lemma 6.7. For any t,w,...,w, €F, there exist 1, ..., "N, € R such that the h; in satisfy
fith;) =h;(1+m,), i=0,...,n, with |n;| < U(h;)e +O0(€*) and
U(h;) = 2321 —1).
Proof. We first notice that
wihi 1 (1+1n;)t(h—i+1)(1+6,)
Wi—li(]' - t)(l + 52) + Wihi—l(]' + ni_l)t(n —i+ 1)(1 + 53)

_ Wihi—lt(n_i+1)(1+5l+ni—l+O(62))
Cow (1= )1+ 8,) +wh_t(n—i+ 1)1+ 65+, +0(e2))’

ﬂ(hi) =

where 6, is the error introduced by the floating-point operations in the numerator, that are three
products and one division, and 6, and &4 are those related to the first and second addends in
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the denominator, respectively, that are two products, one subtraction, and one sum for the
former and three products and one sum for the latter. Therefore, it follows from (2.5) that
1611,15851,185] < 4€ + O(€?). Moreover, the intermediate value theorem further guarantees that

Wihi—l t(n - l + 1)(1 + 51 + ni—l + 0(62))
[wiqi(1 =) +wih_ t(n—i+ 1] +6;1)’

for some §;_, € [min(&5, 53+n;_,+0(€?)), max(8,, 53+1,_,+0(€*))] = [6,, 63+m;_1+0(e?)],
and the Taylor expansion of 1/(1+ 6;_;) gives

fith;) =

wihi_t(hn—i+1)
Wi—li(l — t) + Wihi_lt(n — l + 1)
=h(14 8, + -, — 6, +O(e)).

fith;) = (146, +m1— 6,1 +0(e?))

We define n; = 6, +n;_; — 6;_1 + O(e2), hence, by using the triangle inequality and the upper
bounds on the relative errors introduced by the operations, we have

[0l <1611+ 04| +18 4]+ 0(e*) < 8e +2[n; 4| +0(e?),  i=1,...,n.

Now, we can prove the statement by induction over i. The base case follows by the fact that
hy = 1, therefore 1y, = 0. Finally, the inductive step from i — 1 to i follows immediately from
the inductive hypothesis, that is |n;_;| < 23(2"7 — 1)e + O(€?). O

Proposition 6.8. For any t,wq,...,w,,Py,...,P, € Fand r € {1,...,n}, the relative errors of
the T; in satisfy
(T () = Ti(O)] _ Do BE(OIPews ( .
|T;| |Zk B! (t)Pka| k=1,...i 1 —hy
i=1,...,n. Therefore, the relative error in (6.19) for P(t) = T, satisfies
ko B} (t)|Pka|(
|3y BE(O)Pwy | \k= 0

Proof. Denoting by 7; the relative errors introduced by the computation of T;, i =0, ...,n, we
first notice that

fi(T) = [1—h;(1+1)]ITio1 (1 + 7,21)(1 + 81) + hy(1 + n)P,(1 + 565)

232 —1)+ Si)e +0(e?),

E(t) <

2"—1 2.
"""" n1—h n( )+3n)e+0(e)

h
=(1 —hl-)Ti_l(l -7 ‘n}‘l +Ti+6,+ O(ez)) +h;P(1+n; +8,+0(e))
h
=T, +(1—h)T,_, (——”h ST 6+ 0(62)) +hPi(n; + 84 + 0(€2)),

where |n;| < 23(2!—1)e +0(€?) by Lemma and 6, and &, are the errors introduced by the
operations in the first and second addends, respectively, that are one product and one sum each,
plus one subtraction for the first addend only. Therefore, it follows from that |6,],]64| <
3e + O(€?). Then, using the fact that fI(T;) — T; = T;7;, the triangle inequality, and the upper
bounds on the relative errors introduced by the values h; and the operations, we obtain

Trd < A—ROIT, |( l'”'+|5 I)+h|PI(In|+I5zl)+(1 ROIT, 7o s ] +0(e?)
1 (6.29)
<[(A=h)IT, 4| +hi|Pi|](m23(2i -1+ 3)6 +(1=h)IT;_1Tiq| +O(€?).

i
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Recalling that h; = B]’?w ; / i:o(Bzr;Wk) [82]], we can use recursively the relation of T; in (6.9)
to express

e : lkwlk BJT‘IIWJ
A —h)IT, 1|—Zl_[(1 hidhj_|P; 1|—Z ST 1P|

j=1 k=0 j=1 k=0
i i—j O k 1 n i n ) )
B Bl'w, B]. 1WJ | = Zj:lBj—llwl—l Pl
_z :l | j=1 = i ’
n n n
=1 k=0 1=oBl wy B Y=o Biwi

and, by (6.29),
ZLOBZ(fNPkWU( 1
o Bi(Ow, \1—h
Now, we can prove the statement by induction over i = 1,...,n and, to this end, we recall
T; = Do BiwiPi/ 2o _o(Biwy) [82]]. The base case follows by the fact that T, = Py, therefore
T, = 0. Finally, the inductive step from i —1 to i follows from the inductive hypothesis, that is,
¢ (OIPwy 1
k 0 B Lk max
k:O Bk(t)wk k=1

together with (6.30) and

|T.7;| < 232 — 1)+3)e+(1 h)IT._;7,_1| +0(e?).  (6.30)

T,y 7] < (L—D@FL—D+3)e+O&%,

e 0 k(f)|Pka| e 0 B (t)|Pewy] Z;( 0By (t)|Pka|
l

(1—hy) : <
k=0 B (O)wi DI H (51 S B (E)w,

6.2.4 Barycentric approach

In this case, we observe that the barycentric form of P in can be expressed as in (3.8)
withN =M =n, f; =Q;, and q; = b; = v;/(t —t;), i = 0,...,n, therefore we can use once
again Theorem [3.1] However, the latter assumes that the values f; are floating-point numbers,
while the Q; are the result of a prepossessing step that leads to a set of perturbed initial data.
Consequently, we derive an upper bound on the relative error E in via Theorem [3.1}
while also considering this difference.

Corollary 6.9. Assuming that the values Q; = P(t;), i =0, ...,n, are computed by evaluating the
rational Bézier curve P at t; through the implementation of the VS formula in and that the
%(t;) are defined as in (6.18)), then the relative error in for P(t) computed by implementing
the barycentric formula in satisfies

ZTO”Q‘) lol 1

E(t) < (10n+5+ max U(QJ ) e+(10n+3)————-"-€e+0(e?),
=0 }Zz -0 t=t; t {Zl =0 t—¢; t
where
’.1 Bn ti Wipi
U(Qi)=Zl:O| () |(4n+3)+4n+1, i=0,...,n. (6.31)

1> B (t)w,P;]
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Proof. Since the values Q; are computed with (6.7), we know from that there exist
0o, - - .,0, € R such that they satisfy fl(Q;) = Q;(1+6,),i=0,...,n, with |6;| < U(Q;)e +0(e?)
and U(Q;) in (6.3T). Moreover, in the computation of the z(¢;) we first introduce at most 4n+1
floating-point relative errors in the VS algorithm to get the denominators Z?:o x”_i('z)wi, and
then we perform at most other 2n—1 products, which happens in the case of (1—t)". This means
that there exist {o,...,{, € R such that the z(t;) satisfy fl(z(¢;)) = z(¢;)(1+;), i =0,...,n,
with |Z;| < U(z(t;))e + O(€?) and
U(z(t;)) =6n.

Also, we know that the computation of u;/z(t;) = [ ], £i ﬁ introduces at most 3n floating-
point operations [34] Lemma 1], which, together with the previous equation, leads to the
existence of ug,...,U, € R such that the u; satisfy fl(u;) = u;(1+ u;), i = 0,...,n, with
lu;| < U(y;)e + 0(e?) and

U(y;) =U=(t))+3n+1=9n+1.

Finally, the statement follows by Corollary [3.2|that, by also considering the initial errors in the
data Q;, gives

u;Q;
E(t)<(n+4+ max, U(u)+ max U(Q])) = O{uQ |e
""""" |Zl =0 t— tll
Zn ll
+(n+2+ max U(u)) =0 } e +0(e?).
""" |Zz =0 t— r |
O
6.2.5 Summary
By defining the conditioning functions
" BR(t)|Pew " AR e
() = S Bl S MORS loluQ<
{Zk:OBk(t)Pkwkl |Zk=oAk(t)Rkvk{ {Zl s
(6.32)
and recalling that
A(D) = °|t a (6.33)

|Zl Ot t

represents the Lebesgue function, we proved that the relative error E in (6.19) can be bounded
as

xkp(t)(3n* +5n)e + O(e?), P(t) =Py} in (6.6),
kp(£)(4n + 3)e + (4n + 1)e + 0(e?), P(t) in (6.7),
kp(£)(3n+3)e +(3n+1)e + 0(e?), P(t) in (6.8),

E(t) = § Kp(t)( max _1h 2Bn(2" —1) + Bn)e +0(e?), P(t) =Pl in (69),
KR(t)(3n +5n+ max. U(v)) + Jax U(Rk))e+0(62), P(t) =R} in (6.12)-(6.14),
KQ(t)(lon +5+ [max U(QJ))G + A, (t)(10n +3)e + 0(€?), P(t)in (6.17).

.....
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Hence, we expect that all methods that use the Bernstein basis in (6.2)), namely those defined by
the formulas in (6.6)-(6.9), behave similarly in terms of numerical stability. The only exception
might arise with the latter method if any of the hy, k = 1,...,n, is very close to 1. However,
Wozny and Chudy [|82]] have already addressed this issue by suggesting to use the relation

hk Wk_lk(l—t)

1—h = .
k hk—l Wkt(n—k+ 1)

Regarding instead the methods that employ a different basis, such as the Wang-Ball and the
barycentric algorithms, even under the assumption that all the preprocessing steps are stable,
there are scenarios where ky or k, are bigger than «p, or vice versa. As a consequence, these
algorithms may exhibit instability even when the formulas in (6.6)-(6.9) are stable. However,
for the barycentric form, instability is less likely to occur if Chebyshev nodes are chosen. In
fact, multiplying both numerator and denominator of the function x, by |Z?:o u;Q;/(t —t;
we can see that

Z? 0 qui} 1 Z ”(t)|Wk|
Ko(t) = = max Q| Ay(0) s < max |P|A, () kp(t) k=0
T, ] Pl T |P( = e ST B (O)Pawy|
In particular, if min,_, _, |P;| # 0, then

.....

max;_
ko(t) < xp(t)A,(t) (6.34)

1'nini=0 ..... n |P1| ‘

Moreover, it is well known [[76]] that the Lebesgue function grows only logarithmically in n for
Chebyshev nodes. Therefore, if k), has a good behaviour, then we can expect the method to be
always stable when the ratio between the biggest and the smallest control points is small. On
the contrary, the Lebesgue function related to equidistant nodes exhibits exponential growth in
n [76l], hence we can have unstable results even for moderate values of n with uniformly dis-
tributed nodes. We will show that these scenarios can indeed occur in the next section through
numerical experiments.

6.3 Numerical experiments

We implemented all the methods in C++ and computed the exact value P(t) of the Bézier curve in
multiple-precision (1024 bit) floating-point arithmetic with the MPFR library [33]]. The results
are obtained using a Ubuntu system on a Dell computer with 8 cores i7-10510U CPU 1.80GHz
and 16 GiB of RAM. The codes are compiled with CMake compiler optimisation flag -O3. Below,
we indicate the algorithms presented previously with the following abbreviations:
RDF = Rational de Casteljau algorithm implemented with formula in
FDC = Farin de Casteljau algorithm implemented with formula in
RVS = Rational VS algorithm implemented with formula in
RHB = Rational Horner-Bézier algorithm implemented with formula in
LTG = Linear time geometric algorithm implemented with formula in
RWB = Rational Wang-Ball algorithm implemented with formula in (6.12)-
CHE = Barycentric algorithm implemented with formula in and Chebyshev nodes
UNI = Barycentric algorithm implemented with formula in and uniform nodes.
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Figure 6.1. Relative errors of all algorithms (top) for computing a rational Bézier curve and
their related conditioning function (bottom) on a logarithmic scale. We first consider n = 50,

p;, = (i) for x; and y; in (6.35), and w; =i mod 2+ 1, and we observe the results related to
the x-coordinate (a) and y-coordinate (b). Then, we setn =4, P, = _igo),Pl = 22000),P2 =
) Pa=(0), P, =({))andw; =1,i=0,...,n, and we see the results for the x-coordinate
(c) and y-coordinate (d). The black line represents the machine epsilon in double precision.

To compare the numerical stability of all the algorithms, we evaluate the relative error E
in for 1000 equidistant evaluation points in [0, 1] using the various implementations of
fI(P(t)) in double precision. If the results are on the order of the machine epsilon, approximately
107'°, then we can conclude that the method is stable, otherwise it suggests instability.

In the first experiment, we consider a rational Bézier curve of degree n = 50 with control
points P; = (i), i=0,...,n, for

i
i

and y; =sin (6.35)

L i=0,...,9andi=41,...,n in
Y7105, i=10,...,40 n+1’

and weights w; =i mod 2+ 1. In Figure (a,b), we observe that all the methods defined via
the Bernstein basis are stable, while the others exhibit numerical problems. In particular, the
CHE, UNI, and RWB algorithms are unstable with respect to the x-coordinate (a), as well as for
the y- coordinate (b), except for the CHE algorithm. Our theoretical results in Section [6.2|can
explain the causes of these instabilities. Indeed, we proved that the relative error of the RWB
algorithm depends on the conditioning functions kg, while those of CHE and UNI on k. In this
case, even though the initial data give a good conditioning function related to the Bernstein
basis, i.e. kp(t) = 1, the conversion to a different basis leads to unfavorable behaviour for both
kg and kg, as shown in Figure (bottom). Moreover, it is worth noting that, as expected, the
CHE algorithm exhibits instability with respect to the x-coordinate because the ratio between
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the biggest and the smallest |x;| is 10°. However, under circumstances where this ratio is not
big, the CHE algorithm is typically stable, even for large values of n.

Finally, we want to examine a more realistic experiment, thus we take a low degree curve
by setting n = 4. On the one hand, we observe in Figure that the relative error related
to the x-coordinate (c) is perfectly stable, with all the conditioning functions small. On the
other hand, all the relative errors related to the y-coordinate (d) exhibit spikes in some parts
of the domain, reaching an order of 1073, This behaviour is also reflected in the conditioning
functions. Yet, where these spikes occur, the values of P, (t) are very small because the curve
is crossing the t-axis, therefore this may not be a stability issue, but rather a consequence of
dividing by very small values in E, (t) in (6.19). However, for our 1000 equidistant evaluation
points, the minimum absolute value of P, (t) is 0.13424 in the domain of the first spike and
0.3116 for the second, thus indicating that we are not so close to the values where P, (t) = 0.
Furthermore, plotting the absolute errors leads to a similar behaviour without these spikes, but
still with magnitudes between 10™'% and 10™*2 for all methods except the barycentric form
with uniform nodes. This latter remains stable, as its conditioning function x, is small, apart
from the initial spike, and its nodes are far from the instability regions of the RVS algorithm.
In contrast, Chebyshev nodes compromise the stability of the method due to the computation
of one interpolation point with the RVS algorithm where it is unstable, specifically for the node
in [0.1,0.2]. Furthermore, while both uniform and Chebyshev nodes include t = 0.5, the RVS
is exact at this point with a relative error of 0, thus preserving the stability of the barycen-
tric method with uniform nodes. However, the computation of this node with the Chebyshev
formula is not exact, resulting in perturbed data.
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Chapter 7

Conclusion

The focus of this dissertation is to study the numerical stability of the algorithms that implement
different types of barycentric interpolants. We begin with the univariate case, where barycen-
tric interpolation offers a fast and stable means of evaluating both polynomial and rational
interpolants using either the first or the second barycentric form. On the one hand, the first
polynomial form is always numerically stable, while the second form is stable only for interpola-
tion nodes with a small Lebesgue constant. On the other hand, evaluating a rational interpolant
via the second barycentric form comes with the same limitation, but for the special family of
barycentric rational interpolants with weights in proposed by Floater and Hormann, a
computationally more attractive first barycentric form is available. Instead of depending on the
Lebesgue constant, both the forward and the backward stability of a straightforward implemen-
tation of this first barycentric form depend on the function I in (3.18).

Unlike the Lebesgue constant, Theorem [3.13]shows that the maximum of I} is independent
of n. Moreover, it is guaranteed to be very small for equidistant nodes, regardless of d, while
the Lebesgue constant is known to grow logarithmically in n and exponentially in d in this
case. Based on our numerical experiments, the maximum of I); seems to be small for other
distributions of interpolation nodes, too, even if the mesh ratio u is big, as in the example in
Section and we believe that the upper bound in can be improved considerably in
future work. For example, if d = n, then T} is just the constant one function, independent of u.

Overall, in the case of a linear barycentric rational interpolant with weights in (3.5), we
cannot state that one form, whether the first or the second, is generally superior to the other,
as the optimal choice depends on the specific scenario. If we know a priori that the interpola-
tion nodes generate a small Legesgue constant, then the most efficient and stable algorithm is
undoubtedly the one based on the straightforward implementation of the second barycentric
form in (3.3)), with weights precomputed with the pyramid algorithm in and (3.22).
However, if the Lebesgue constant is not small or is unknown, then the first barycentric form
is much more likely to provide a stable solution. In such cases, the best approach is to imple-
ment first the weights as before in a preprocessing step, and then, for every evaluation point
x, to compute the values A;(x) with our iterative strategy in (3.23) and finally the value of the
interpolant using a straightforward implementation of the first barycentric form in (3.6). Al-
ternatively computing the sum of the A;(x) in the denominator with Camargo’s algorithm [[18]]
results in slightly smaller forward errors, but is significantly slower, especially for larger d.

To address these considerations, we develop the BRI (Barycentric Rational Interpolation)
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class, designed to handle all aspects of barycentric rational interpolation in a stable, robust, and
efficient manner. The class provides a C++ interface and supports both standard data types and
arbitrary precision arithmetic via the Multiple Precision Floating-Point Reliable (MPFR) library.
Unlike existing libraries that evaluate barycentric rational interpolants exclusively using the
second form, the BRI class autonomously selects the most appropriate method based on the
specific scenario using the results discussed before and presented in Chapter[3] Furthermore,
we introduce a novel technique to improve robustness and reduce the risk of overflow and
underflow errors.

In the bivariate case, our investigations regard the numerical stability and efficiency of the
algorithms that evaluate mean value coordinates and they reveal the following, partially sur-
prising insights. First, among the six formulas in (5.1)-(5.6), which give rise to efficient O(n)
algorithms, the original expression in generally performs best in terms of stability and is
as fast as the others. This is contrary to the common belief that using the ATAN2 function (for
computing the angles «;) and the TAN function (for evaluating tan(a;/2)) is slow. At least on
our platform, we did not notice any computational disadvantage.

Second, the implementation of the original formula works well, even if v is on one of the
edges of the polygon, say v = (1 — u)v + uviy for some k and u € (0, 1), despite the fact
that a; = %7 in this case, hence tan(a;/2) is mathematically not well-defined. Since common
floating-point implementations cannot represent 7 /2 exactly, the TAN function does not return
NAN in this case, but rather a number that is extremely big in absolute value, and the mean
value coordinates A; happen to be correct, up to machine precision, in the end. However, we
observed major numerical problems for polygons with edges that are very close to each other
(see Figure[5.3). In the vicinity of such edges, two of the values tan(a;/2) are very big, which
eventually leads to a loss of precision.

Third, our new Algorithm [10| handles even such extreme cases and is generally the most
stable of all methods. It also works if v is a vertex of the polygon, a case that needs to be detected
in the linear-time algorithms by checking if some r; equals zero. The only other method that
does not require any exceptions for handling points on the boundary of the polygon is the one
based on (5.7), but it turns out to be slower and less stable than our approach, especially near
the sets Z; in (5.8).

Finally, since the findings of Chapter [3| are valid for a wide range of methods, we applied
them to conduct a comprehensive comparison of the most common algorithms used to evaluate
arational Bézier curve in terms of numerical stability. We derived an upper bound on the relative
error of the different methods and showed, both theoretically and empirically, that it depends on
certain conditioning functions. Specifically, algorithms that use the Bernstein basis depend on
the same conditioning function, therefore they have consistent numerical behaviours. Instead,
conversion to another basis can lead to different relative errors. In fact, there are scenarios
where all algorithms are stable, except from those given by the Wang-Ball and the barycentric
basis. However, we proved that, if the Bernstein basis gives a good conditioning function,
then also the basis related to the barycentric algorithm with Chebyshev nodes behaves well,
as long as the ratio between the largest and smallest control points P; is small. Lastly, even
classical algorithms based on the Bernstein basis may fail if the associated conditioning function
is large, particularly when control points have different signs. In such cases, it is possible that
the conversion to the barycentric form with nodes located away from instability areas can yield
better results.



Appendix A

User manual for the BRI class

This appendix explains how to use the functions of the BRI C++ class template for barycentric
rational interpolation presented in Chapter [4]

Installation

To use this class, include the header file BRI.h with the #include directive in all .cpp files that
require it and place them in the same folder. Since the BRI class is using templates, the user
can decide which types of input and output variables to use, and we denote them respectively
by inT and outT in the following. Other than the standard data types available in C++ , these
can also be defined in arbitrary precision, because the BRI class is compatible with the publicly
available MPFR library using the MPFR C++ interface.

The BRI class

The BRI class contains all variables and functions related to a barycentric rational interpolant.
Even though the variables are private, they still need to be defined by the user via constructors
and can also be modified via class member functions. For this reason, we first present the
parameters defined within the class and then its public functions.
Variables
int n

number of interpolation nodes minus 1
int d

integer parameter related to Floater—-Hormann rational interpolation
vector<inT>& Xn

vector of dimension n + 1 containing the interpolation nodes

vector<inT>& Yn
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vector of dimension n + 1 containing the data associated with the corresponding node
vector<outT>& Wn

vector of dimension n + 1 containing the barycentric weights associated with X,, and d

Constructors
BRI(const vector<inT>& Xn, const vector<inT>& Yn, int d)

takes as input both vectors X,, and Y, by reference and the integer d by value
BRI(string nodes, const vector<inT>& Yn, int d)

fills the vector X, with the content of the file nodes, takes the vector Y, by reference and
the integer d by value

BRI(Nodes type, inT a, inT b, int n, const vector<inT>& Yn, int d)

generates the vector X, by knowing the type of nodes (UNIFORM, CHEBYSHEV, CHEBY-
SHEV_EXTENDED) and the endpoints of the interval [a, b] in which they are defined, takes
the vector Y, by reference and the integers n and d by value, as well as a and b

BRI(const vector<inT>& Xn, string data, int d)

takes X, by reference and the integer d by value and fills the vector Y, with the content
of the file data

BRI(string nodes, string data, int d)

fills both vectors X, and Y,, with the content of the files nodes and data, respectively and
takes the integer d by value

BRI(Nodes type, inT a, inT b, int n, string data, int d)

generates the vector X,, by knowing the type of nodes (UNIFORM, CHEBYSHEV, CHEBY-
SHEV_EXTENDED) and the endpoints of the interval [a, b] in which they are defined, fills
the vector Y,, with the content of the file data, and takes the integers n and d by value,
aswell as a and b

const BRI(vector<inT>& Xn, inT(xf)(inT x), int d)

takes X, by reference and the integer d by value and generates the vector Y, = f(X,)
using the pointer to an external function f

BRI(string nodes, inT(*f)(inT x), int d)

fills the vector X, with the content of the file nodes, generates the vector Y, = f(X,)
using the pointer to an external function f, and takes the integer d by value

BRI(Nodes type, inT a, inT b, int n, inT(*f)(inT x), int d)

generates the vector X,, by knowing the type of nodes (UNIFORM, CHEBYSHEV, CHEBY-
SHEV_EXTENDED) and the endpoints of the interval [a, b] in which they are defined, gen-
erates the vector Y, = f(X,,) using the pointer to an external function f, and takes the
integers n and d by value, as well as a and b
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Functions to modify the input

void

void

void

void

void

void

void

void

void

void

void

set_nodes(const vector<inT>& Xn)

changes the nodes taking the new vector X, by reference

set_nodes(string nodes)

changes the nodes filling the new vector X,, with the content of the file nodes
set_nodes(Nodes type, inT a, inT b, int n)

changes the nodes generating the new vector X,, by knowing the type of nodes (UNIFORM,
CHEBYSHEV, CHEBYSHEV_EXTENDED), the endpoints of the interval [a, b] in which they
are defined, and the integer n, which are passed by value

set_nodes(int j, inT xj)

changes only the j-th entry of the vector X,, with the value x;
set_data(const vector<inT>& Yn)

changes the data taking the new vector Y,, by reference

set_data(string data)

changes the data filling the new vector Y, with the content of the file data

set_data(inT (*f) (inT x))

changes the data generating the new vector Y,, = f (X,,) having the pointer to the external
function f

set_data(int j, inT yj)

changes only the j-th entry of the vector Y, with the value y;
set_degree(int d)

changes the integer d taking the new one by value
add_point (inT xj, inT yj)

adds x; and y; in the vectors X, and Y, respectively
remove_point(int j)

removes the j-th entry of the vectors X,, and Y,

Functions to get the input and the weights

const vector<inT>& get_nodes()

returns X,

const inT& get_nodes(int j)
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returns the j-th entry of the vector X,

const vector<inT>& get_data()

returns Y,

const inT& get_data(int j)

returns the j-th entry of the vector Y,

const vector<outT>& get_weights()

returns W,

const outT& get_weight(int j)

returns the jth entry of the vector W,

const vector<outT>& get_weights(int& Cw)

returns W, and the rescaling factor of the weights C,.

Control flags

void
void

void
void

void
void

guard_on()
guard_off()

the guard flag can be turned on and off; if it is set, then the weights, the evaluation of
the barycentric rational interpolant, and the stability-related functions are computed in
guarded mode

stability_on()
stability_off()

the stability flag can be turned on and off; if it is set, then the code evaluates the barycen-
tric rational interpolant using the numerically most stable algorithm

efficiency_on()
efficiency_off()

the efficiency flag can be turned on and off; if it is set and the evaluation of the barycen-
tric rational interpolant is done with the first barycentric form, then the most efficient
algorithm is used

Evaluation of the barycentric rational interpolant

Hereafter, all the functions that take an evaluation point x as input can be also called with a
vector of evaluation points, returning a vector of values in this case. Moreover, apart from the
NUMERATOR function, all the others take also the parameter A of type Algo as input. By default,
it is set to SMART, so that, if omitted, the function autonomously decides which algorithm to use.
Otherwise, it can take one value among {FIRST_DEF, FIRST_EFF, SECOND} to use the standard
implementation of the first barycentric form, the efficient variant, or the second barycentric
form, respectively.

outT numerator(inT x)

vector<outT> numerator(vector<inT>& x)
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computes the numerator N at the evaluation point x

outT numerator(inT x, int& CN)
vector<outT> numerator(vector<inT>& x, vector<int>& CN)

computes the numerator N at the evaluation point x keeping track of the rescaling factor
Cy

outT denominator(inT x, Algo A = SMART)
vector<outT> denominator(vector<inT>& x, Algo A = SMART)

computes the denominator D at the evaluation point x

outT denominator(inT x, int& CD, Algo A = SMART)
vector<outT> denominator(vector<inT>& x, vector<int>& CD, Algo A = SMART)

computes the denominator D at the evaluation point x keeping track of the rescaling
factor Cp

outT eval(inT x, Algo A = SMART)
vector<outT> eval(vector<inT>& x, Algo A = SMART)

evaluates the interpolant r at the evaluation point x
outT eval(int j, inT h, Algo A = SMART)

evaluates the interpolant r at the evaluation point x; +h

Stability-related functions

outT cond(inT x)
vector<outT> cond(vector<inT>& x)

computes the condition number x(x) at the evaluation point x

outT leb(inT x)
vector<outT> leb(vector<inT>& x)

computes the Lebesgue function A,(x) at the evaluation point x

outT gamma(inT x)
vector<outT> gamma(vector<inT>& Xx)

computes the function I;(x) at the evaluation point x
outT cond()

computes the value max,.fy, » 1K(x)
outT leb()

computes the value max,y, r 1 An(X)
outT gamma()

computes the value maxy, x,Tq(x)
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