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Abstract

Accurate and efficient computation on curved surfaces remains a central challenge in numer-
ical analysis. This dissertation addresses this problem by presenting high-order methods for
numerical integration and the discretization of partial differential equations on such surfaces,

combining theoretical analysis with the development of efficient algorithms.

We introduce a novel methodology for constructing high-order volume elements (HOVE) as a
building block for spectral discretizations on embedded surfaces. The central idea is a reparametriza-
tion strategy, referred to as square-squeezing, which maps an initial flat triangulation of the sur-
face to a tensor-product domain through a homeomorphic multilinear transformation. This
transformation enables the use of tensor-product Chebyshev-Lobatto grids within each ele-
ment, allowing stable high-order interpolation of both the surface geometry and functions de-
fined on the surface. Combined with spectral differentiation for computing map derivatives and
approximating the metric tensor, the resulting framework provides an accurate and computa-
tionally efficient approach for high-order surface discretizations. The method is implemented

in the surrGEOPY software package to support further applications and developments.

In addition, we develop a theoretical framework that explains the superior convergence of even-
degree polynomials in piecewise polynomial surface parametrizations with Lagrange elements,
proves this behavior, and illustrates its application to numerical computations of surface inte-
grals. The whole approach rests on interpolation in equidistant nodes on simplices, making it
sensitive to Runge’s phenomenon and becoming unstable for high orders. The proposed HOVE
method eliminates these stability and accuracy issues while maintaining computational effi-

ciency.

In the final part of the thesis, we present a domain decomposition scheme that employs high-
order spectral approximations on each element, coupled with a direct hierarchical solver, form-
ing what is known as the hierarchical Poincaré-Steklov (HPS) scheme. For general triangulated
surfaces, we develop two strategies: (i) a hypercube-to-simplex reparametrization, and (ii) a
rhombus-based quadrilateralization technique. These strategies make it possible for triangular
elements to match the efficiency of quadrilateral elements, thereby extending high-order spec-
tral domain decomposition methods to unstructured, triangulated surface meshes without loss
of accuracy or computational performance. While originally designed for stationary, linear el-

liptic PDEs, the HPS framework is extended to time-dependent systems and applied to a Turing-



i

type reaction—diffusion model on static surfaces, exploring how geometry, nonlinearities, and

coupling influence pattern formation.

Finally, we extend the framework to evolving geometries by adapting the closest point projection
method to incorporate time-dependent surface evolution. To mitigate mesh degeneration, par-
ticularly the formation of near-degenerate triangles, an arbitrary Lagrangian—Eulerian (ALE)
mapping is applied during deformation. Two biologically inspired surface growth models are
studied to analyze the effect of curvature and domain evolution on pattern formation, with im-

plications for morphogenesis and material design.

These developments advance the state of high-order spectral methods for surface-based compu-
tation, providing both theoretical insight and practical tools for applications in computational

geometry, physics, and biology.

vi



Zusammenfassung

Eine genaue und effiziente Berechnung auf gekriimmten Flachen bleibt eine zentrale Heraus-
forderung in der Numerischen Analysis. Diese Dissertation behandelt dieses Problem durch
die Vorstellung hochgradiger Verfahren fiir die numerische Integration und die Diskretisierung
partieller Differentialgleichungen auf solchen Flachen, wobei theoretische Analysen mit der En-

twicklung effizienter Algorithmen kombiniert werden.

Wir stellen eine neuartige Methodik zur Konstruktion hochordentlicher Volumenelemente (HOVE)
als Baustein fiir spektrale Diskretisierungen auf eingebetteten Oberflichen vor. Die zentrale
Idee besteht in einer Reparametrisierungsstrategie, die als Square-Squeezing bezeichnet wird
und eine anfangliche flache Triangulierung der Oberfldche mittels einer homéomorphen mul-
tilinearen Transformation auf eine Tensorprodukt-Doméne abbildet. Diese Transformation er-
moglicht die Verwendung von Tensorprodukt-Chebyshev-Lobatto-Gittern innerhalb jeder Zelle
und erlaubt dadurch eine stabile hochordentliche Interpolation sowohl der Oberflaichengeome-
trie als auch von auf der Oberflache definierten Funktionen. In Kombination mit spektraler Dif-
ferentiation zur Berechnung der Abbildungsableitungen und zur Approximation des metrischen
Tensors ergibt sich ein genauer und recheneffizienter Ansatz fiir hochordentliche Oberflachendiskretisierun-
gen. Die Methode ist in der Softwarebibliothek surrGEOPY implementiert, um weitere Anwen-

dungen und Entwicklungen zu unterstiitzen.

Dariiber hinaus entwickeln wir einen theoretischen Rahmen, der die iiberlegene Konvergenz
geradzahliger Polynome in stiickweise polynomialen Flichenparametrisierungen mit Lagrange-
Elementen erkldrt, dieses Verhalten beweist und seine Anwendung auf numerische Berechnun-
gen von Flachenintegralen veranschaulicht. Der gesamte Ansatz basiert auf Interpolation in
dquidistanten Knoten auf Simplizes, was ihn anféllig fiir das Runge-Phdnomen macht und bei
hohen Ordnungen instabil werden ldsst. Die vorgeschlagene HOVE-Methode beseitigt diese
Stabilitats- und Genauigkeitsprobleme, wahrend die rechnerische Effizienz beibehalten wird.

Im letzten Teil der Arbeit prasentieren wir ein Domédnendekompositionsschema, das auf jedem
Element hochgradige spektrale Approximationen verwendet und mit einem direkten hierar-
chischen Loser gekoppelt ist. Zwei Strategien ermoglichen hochgradige spektrale Operationen
auf allgemeinen triangulierten Flachen: (i) eine Hyperwiirfel-zu-Simplex-Umparametrisierung
und (ii) eine rautenbasierte Quadrangulierungstechnik. Diese Ansdtze ermoglichen es, dass

Dreieckselemente eine mit Viereckselementen vergleichbare Effizienz erreichen und in hochgradige
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spektrale Domdnendekompositionsmethoden integriert werden kénnen. Obwohl der HPS-Rahmen
urspriinglich fiir stationére, lineare elliptische partielle Differentialgleichungen entwickelt wurde,
wird er auf zeitabhédngige Systeme erweitert und auf ein Reaktions-Diffusions-Modell vom Turing-
Typ auf statischen Flichen angewendet, um zu untersuchen, wie Geometrie, Nichtlinearitaten

und Kopplung die Musterbildung beeinflussen.

Schliefllich erweitern wir den Rahmen auf sich entwickelnde Geometrien, indem wir die Closest-
Point-Projection-Methode anpassen, um zeitabhédngige Flachenentwicklungen zu berticksichti-
gen. Um eine Netzdegradation, insbesondere die Bildung von Dreiecken mit nahezu verschwinden-
den Innenwinkeln, zu verhindern, wird wéhrend des Deformationsprozesses eine Arbitrary-
Lagrangian—Eulerian-(ALE)-Abbildung eingesetzt. Zwei biologisch inspirierte Wachstumsmod-
elle fiir Flaichen werden untersucht, um den Einfluss von Kriimmung und Flachenentwicklung
auf die Dynamik der Musterbildung zu analysieren, mit Anwendungen in der Morphogenese

und im Materialdesign.

Diese Entwicklungen treiben den Stand der hochgradigen spektralen Methoden fiir flachen-
basierte Berechnungen voran und liefern sowohl theoretische Erkenntnisse als auch praktische

Werkzeuge fiir Anwendungen in der rechnergestiitzten Geometrie, Physik und Biologie.
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Chapter 1

Introduction

The motivation for this work comes from surface-bound phenomena that occur across a wide
range of applications, including biological pattern formation [76], electromagnetics [90], and
fluid dynamics [114]. Modeling such phenomena often leads to partial differential equations
(PDEs) posed on surfaces. These include both steady-state problems, such as the Laplace—
Beltrami equation and Stokes-type equations, and time-dependent problems, such as diffusion,
reaction—diffusion, and Navier-Stokes equations on surfaces. Consequently, the numerical so-
lution of surface PDEs plays an essential role in the simulation and understanding of many

surface phenomena.

To solve a surface PDE numerically, the first step is to discretize the geometry. In our setting, the
surface is represented by a mesh, so the geometry is given as a triangulation, where each surface
patch is locally parameterized over a simplex. Using this local parameterization, we define the
metric tensor. Then, with some basic linear algebra, we can derive the main surface differential
operators—such as the surface gradient, divergence, and the Laplace-Beltrami operator—and
write down the surface integrals that appear in variational formulations. Surface integration
itself plays a central role, forming a core component of methods including boundary integral
formulations, the finite element method, surface finite element methods, and integral transform

methods.

The main challenge in computing surface integrals and surface differential operators lies in the
accurate approximation of the metric tensor. This difficulty arises because, for general surfaces,
the parameterization maps are not known analytically but are instead provided in an algorith-
mic form. While the affine map from the reference element is known, the closest-point projection
is in general not directly available to the user. It has a closed-form expression only for special

geometries such as the sphere and the torus. However, using numerical algorithms, we can
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project points from the reference surface to the smooth one.

To overcome this difficulty, one common approach is to replace the exact Jacobians of the surface
mapping with those of a polynomial approximation obtained through interpolation. Accurate
numerical integration requires high-order approximations of both the geometry and the inte-
grand. A natural first choice is to use high-order piecewise polynomial interpolation, typically
based on Lagrange polynomials defined on uniformly distributed points within each triangle.
However, polynomial interpolation at equidistant nodes is known to become unstable at higher
polynomial degrees due to Runge’s phenomenon. As a result, when both the geometry and the
integrand are approximated using equidistant nodes, the accuracy of the numerical integration

can deteriorate.

Low-order integration schemes are relatively straightforward. For high-order methods, how-
ever, integration over curved (triangulated) surfaces involves more than simply applying cuba-
ture rules. Accurate results require high-order representations of both the surface geometry and
the function being integrated. Therefore, the design of stable and accurate high-order numerical

integration schemes on surfaces remains an active research problem.

To meet these requirements, we develop a methodology for constructing stable, high-order sur-
face representations. This surface description is then used to derive high-order volume elements
(HOVE) for integrating scalar- and vector-valued functions over regular embedded surfaces.
Spectral differentiation techniques are employed to improve the computational efficiency of the
volume element construction. In the following, we provide an overview of the results presented

in this dissertation.

The dissertation begins with Chapter 2, which introduces the mathematical preliminaries and
notation used throughout the text. This chapter is primarily expository, providing background

material drawn from the literature, with some sections adapted and extended from [146].

Chapter 3 explores Chebyshev polynomials, a classical tool for approximating smooth func-
tions in one, two, and three dimensions. While their properties in low-dimensional settings are
well established, the chapter extends these ideas to higher dimensions. Starting from the one-
dimensional theory, it develops a general framework for d-dimensional approximation, presents

new convergence results, and discusses their relevance for numerical applications.

Chapter 4 lays the foundation for numerical methods on surfaces by examining the mathemat-
ical and geometric properties of d-dimensional regular (differentiable) surfaces embedded in
Euclidean space. It provides the theoretical background needed for the developments in later

chapters.

Chapter 5 brings together results from three studies that advance the development of higher-

order numerical integration techniques for surfaces.

o First, we investigate the error behavior of numerical integration based on piecewise poly-

nomial surface parametrizations using Lagrange elements. Our analysis reveals a dis-



tinct difference between even and odd polynomial degrees, with even-degree elements
exhibiting superior convergence rates. We establish a theoretical explanation for this phe-

nomenon, supported by a series of numerical experiments.

e Second, we develop a stable high-order volume element (HOVE) construction for integrat-
ing scalar- and vector-valued functions on regular embedded surfaces. The key ingredient
is the square-squeezing transformation, which maps each flat triangular patch of the surface
onto a structured cubical mesh in a homeomorphic, multilinear fashion, thereby enabling
the application of Chebyshev-Lobatto interpolation for precise and efficient numerical in-

tegration.

e Third, we apply spectral differentiation techniques to compute partial derivatives of the
cubical reparametrization maps. These derivatives are used to approximate the metric
tensor on each element, significantly improving the precision and efficiency of surface

integration.

Chapter 6 presents a domain decomposition framework based on spectral collocation discretiza-
tion on each element. We couple the solutions across element interfaces using Dirichlet-to-
Neumann operators in combination with a hierarchical direct solver, forming what is known
as the hierarchical Poincaré-Steklov (HPS) scheme. The chapter contributes in three main di-

rections:

e While the HPS scheme can in principle handle general geometries, earlier applications
have focused mainly on quadrilateral surface meshes. To enable its use with both triangu-

lar and quadrilateral elements, we introduce two strategies:

1. A hypercube-to-simplex reparametrization (square-squeezing) that maps flat triangula-
tions to quadrilateral patches, allowing interpolation, quadrature, and differentia-
tion to be performed on reference squares. Inspired by analytic transplantation tech-
niques [64], we further compose this reparametrization with an analytic transforma-

tion, which in practice improves spectral convergence.

2. A rhombus-based quadrilateralization strategy, which converts triangles into quadrilat-
erals while minimizing the number of elements. Compared to centroid subdivision

approaches [51], this method provides a more efficient patchwise representation.

e We conduct a detailed numerical study of a generic Turing system, exploring how domain

geometry and coupling mechanisms influence pattern formation on curved surfaces.

e Building on the quadrilateralization strategy in (2), we extend the method to PDEs on
evolving surfaces—a common setting in biology and physics where geometry changes
over time and influences pattern development. We adapt the closest point projection
method to account for time-dependent surface evolution and employ an arbitrary Lagrangian—
Eulerian (ALE) mapping to preserve mesh quality and geometric consistency. As a case

study, we examine two biologically motivated surface growth models, illustrating how
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curvature and geometric evolution shape self-organization dynamics.



Chapter 2
Background

This chapter presents background material for the subsequent chapters. The selection of topics
is subjective, allowing readers to skip certain sections, revisit them later, or consult the refer-
enced literature for additional details. In Section 2.1, we introduce fundamental definitions,
notation, and relevant results from functional analysis. Multivariate polynomial spaces are in-
troduced in Section 2.2, including the polynomial space corresponding to ¢”-ball index sets.
Section 2.3 introduces total variation, a key tool for measuring function smoothness in our the-
sis, which plays a crucial role in obtaining estimations in Chapter 3. An exposition on uni-
variate quadrature rules is presented in Section 2.4. Elements of this chapter are adapted from
[146].

2.1 Mathematical foundations
In this section, we introduce the definitions, notation, and foundational results that will be used
throughout this thesis. These concepts form the basis for the theoretical and computational

framework developed in the subsequent chapters.

2.1.1 Notation and preliminaries
We will use boldface letters to represent vectors and matrices. For instance, a point x in R? or
C? can be written as

X = (X],...,Xq).

Throughout the thesis, we denote the closed d-dimensional standard hypercube by Q; :=[—1,1]¢, d >
1, and the standard d-simplex in R by Ay := {x € R : x1,...,x4 > 0, Y9, |x;| < 1}. We also define

R :={xe€R:x>0}. For an open set Q C R4, we denote its interior by SOZ, its closure by Q, and

its boundary by 0Q := Q\ Q.
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For vectors x,y € R?, we use (x,y) to denote the standard Euclidean inner product, and ||x|| for

the corresponding Euclidean norm.

The notation N¢ stands for the set of all d-tuples & := (a, @, ..., 0;), where o; € N= {0,1,2,...}.

Such a d-tuple is called a multi-index.

Multi-index notation provides a concise and systematic way to express multi-dimensional op-
erations, which is particularly useful for defining polynomial spaces, partial derivatives, and
basis functions in higher dimensions. Given multi-indices @ = (a,...,a4) and B = (Bi,...,B4),
we define the following componentwise operation & + B := (a; + fi,...,04 + B4), and use the
convention

<P <= a;<B;, j=12...4d.

Let1:=(1,...,1) € N%. For a scalar t € R, we define @ +¢:=a+t-1= (o +¢,...,04 +1) and
i d

Definition 1 (Product Basis). Let ¢ and ¢y be continuous functions of a single variable, and let j =
1,...,d. The product basis is defined as follows:

e Forapoint x = (x1,...,x4) € RY, the function ¢(x) is given by

d
o(x):=To(x).

J=1

o For a multi-index o = (Qu,...,0y), the function ¢q(X) is defined as
d
9a(x) := [ ] 9o (x))-
=1

In particular, the multivariate monomial associated with the multi-index o is expressed as
d

=1
X =1 xj.

j=1

Definition 2. A sequence of polynomials {yeg(x)}qcne defined on the domain Qg is called a set of or-
thogonal polynomials with respect to a positive function w(x) if the following orthogonality condition
is satisfied:

| W) vV (e)dr = bapca, Vo BN

where:
o w(x) > 0 is known as the weighting function,
® up denotes the Kronecker delta, and cq > 0 is a normalization constant.

If cq = 1 for all & € N, the polynomials are said to be orthonormal.
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We define the ¢”-norm by:

(@ +-+a)'? 1<p<oo,

el := (2.1)

maxi<i<qd o, P = .

Definition 3 (Mixed Partial Derivative). Given a multi-index & = (a,...,0y) and a multivariate
function f(x), the || ¢||-th mixed partial derivative of f (provided it exists) is denoted and defined as

ollal ¢
Cer___ - S g0,  J
J f axixl "'8)63‘1 a)Cl axd /s

where ||| = Z‘f:l oj represents the sum of the components of the multi-index a.

Throughout this thesis, we adopt the standard Landau symbols for asymptotic notation, assum-

ing that g(x) # 0 for all sufficiently large x:

70 = im0

<e,  [Eolg) < lim ||£Ej3’| —0.

Definition 4. A d x d matrix A is called an orthogonal matrix if it satisfies the condition:
AAT =1,
where AT denotes the transpose of A, and 1 is the identity matrix.

Definition 5. A function f: Q C RY — RY*! is Lipschitz continuous at x € Q if there is a constant C
such that

1f(y) — f(x)| < Cly —x]|

for all y € Q sufficiently near x.

Definition 6. A mapping f : Q — R is called bi-Lipschitz, or C-bi-Lipschitz to emphasize the constant,
if there is a constant C > 1 such that

Clly—x| <|f(y)— f(x)| < Cly—x]|.

Definition 7. The Kronecker tensor product of two matrices A and B of dimensions p x q and r X s,

respectively, is the matrix A® B of dimension pr x gs with p x q block form, where the (i, j) block is a;;B.

Example 8. For instance, if
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then

2.1.2 Banach and Hilbert spaces

We begin by introducing the general concept of a normed vector space, which encompasses both

the Banach and Hilbert spaces as specific examples.

Definition 9 (Normed Vector Space). Let X be a vector space over R (or C). A norm on X is a map
|- |lx : X = Ry satisfying:

(@) x+yllx < |xllx + lyllx for all x,y € X (triangle inequality).
(i) |jex||x = |¢| - ||x||x for allx € X and t € R (or C) (homogeneity).
(iii) ||x||x = 0 if and only if x = 0 (positivity definiteness).

The pair (X, || - ||x) is called a normed vector space. If the map || - ||x satisfies only (i) and (ii), it is called

a semi-norm.

The space X is said to be complete if every Cauchy sequence {x,} in X, that is, ||x, — x,|x —

0 as n,m — oo, converges to some x € X, i.e., ||x, —x||x = 0asn — oo.
A complete normed vector space is known as a Banach space, formally defined as follows:

Definition 10. A Banach space is a normed vector space (X, || - ||x) that is complete, meaning that every

Cauchy sequence {x,} in X converges to some x € X with respect to the norm || - ||x : X — R;..

Definition 11 (Lebesgue Spaces). The Banach space of all Lebesgue measurable functions with finite
LP-norm is denoted by LP (Q) for 1 < p < +oo, and is defined as:

L2(Q):={f: Q=R |fll@) < +e},

where the LP-norm || f||r(q) : LF (Q) — R is defined as:

1Ffsgy = [ Uf17dx, for1<p <o
Q

In the case where p = oo, the norm is defined as:

[ fllz=(@) :=1inf{C > 0: | f(x)| < C for almost every x € Q}.

We use the standard definition of Sobolev spaces; see, for example, [1].



2.1. Mathematical foundations 9

Definition 12 (Sobolev spaces). Let k € NU{0} and p € [1,], then the Sobolev space W*P(Q) is
defined by
WhP(Q) :={u e LF(Q) : d%u € LP(Q) Va with |a| < k}. (2.2)

This space is equipped with the norm

lellwiri@) =Y. 10%ullLr(q). (2.3)

|o|<k

For p = oo, the norm is defined as:

il ) = max esssup, cq|0%u(x).

lo| <k

Definition 13 (Hilbert Space). A Hilbert space is a normed vector space (H, || - ||u) over R (or C),
equipped with an inner product
(,yw:HxH—=R (orC),

such that the norm is induced by the inner product:

It == /S, f)u, forall f€H.

Moreover, H is complete with respect to this norm; that is, every Cauchy sequence in H converges to an
element of H.

Theorem 14. Let p = 2. Then the space L*(Q), consisting of all Lebesgue measurable functions f: Q —
R such that [, |f(x)|>dx < o, is a Hilbert space. It is equipped with the inner product

<f7g>L2(Q) = Af<x>g(x)dx7 fOT all 1.8 ELz(Q)

Definition 15 (Sequential Continuity). Let Q be an open set, f : Q@ — R a function, and a € Q. The

function f is said to be sequentially continuous at a if, for every sequence (x,) in Q such that

lim x,, = a,
n—yoo

it follows that
lim f(x,) = f(a).

n—sco

We now define the space of r-times continuously differentiable functions.

Definition 16. The space of continuous functions on Q C R? is defined by
CY(Q) :={f: Q— R f is sequentially continuous} . (2.4)

More generally, for any integer r > 0, the space of r-times continuously differentiable functions on Q is
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defined as

C'(Q) = { FeCQ) | 0%f € COQ) for all multi-indices & € N with ||, < r} . (2.5)

Theorem 17 (Completeness of C"(Q)). Let 0 < r < oo, and let Q be compact. If C"(Q) denotes the
space of functions whose partial derivatives up to order r extend continuously to Q, then C"(Q), endowed

with the norm

1Al =Y, supld®f(x)], (2.6)

acN? xeQ
lleelli<r

is a Banach space; see, for example, [20].

Definition 18. The space of smooth functions C*(Q) is defined as the limit of the C" () spaces,

C(Q):=)C(Q). (2.7)
reN

Furthermore, we define the space of compactly supported smooth functions C;°(€2) as follows:

C(Q):={¢ € C7(Q) : supp(¢) CC Q}. (2.8)

Here, we would like to distinguish between C* functions and analytic functions. Although
both C* and analytic functions possess infinitely many derivatives, analytic functions have the
additional characteristic that their Taylor series at each point converges to the function within

some neighborhood. More precisely, following the standard definition in [123]:

Definition 19 (Analytic functions). Let Q C C? bean open set, 2o = (zo1,---,20a) € Q, and f: Q — C.
A function f is analytic at zq if f has a power series expansion valid in a neighborhood of zo. This means

that there exists an € > 0 and a power series

Y, calzi—z01)® - (24 —z0a)™,
ocNd

that converges in B(zo,€) = {z € C?: ||z — 20| < €} and satisfies

f@)="Y calzi—200)* (24 —200)™,

acN?

for all z € B(zo,€). A function f is analytic on a set Q C C¢ if f is analytic at each zy € Q.

Example 20. Consider the function f : R — R defined by:

1 .
1/x 9 l,fx>0)

f)=4°¢
0, ifx<0.

10



2.2. Multivariate polynomial spaces 11

This function is C*(R) but not analytic. 1t fails to be analytic at x = 0 because the Taylor series expansion
around x = 0 does not converge to f(x). Specifically, while all derivatives of f at x = 0 vanish, the function

f(x) is nonzero for x > 0.

We now introduce the concept of the Bernstein ellipse, a standard tool in approximation theory
[133].

Definition 21. The Bernstein ellipse £, is defined by:

(u+u'), \u]:p>1}, (2.9)

| =

Ep::{z€C|Z:

which has the foci at 1 with the major and minor semi-axes given by % (p+p~') and 1 (p—p~1),
respectively. A natural extension of the Bernstein ellipse €, to C¢ is the polyellipse:

d
j=1

Figure 2.1: Bernstein ellipses for p = 1,1.2,...,1.5, illustrating the variation of ellipse shapes as
p increases.

2.2 Multivariate polynomial spaces

We consider the real polynomial vector spaces of degree n € N defined over the d-dimensional

Euclidean space. More precisely:

Definition 22. Let {x*} ,n denote the set of monomials, where x* = [1¢_, x™, withx € RY and a¢ € N?.

The monomials are ordered according to the lexicographic order < on multi-indices.

A polynomial space of total degree at most n € N is defined as the span of all monomials with total degree
at most n:
My, = span{x®: [|e|| := o + o +--- + 0ty <n}.

11
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More generally, a set of polynomials {bq}gene € Iy, is called a polynomial basis if:

I1;, = span{bg : || &||; < n}.

The restriction of the polynomial space to a domain Q4 C R is denoted as:

() :={Qla, : Q €y}

We define multivariate polynomial spaces associated with ¢7-ball index sets in N¢, where the
multi-indices are constrained by the ¢”-norm, with 1 < p < co. These spaces generalize the con-

cept of polynomial degree under different norm constraints.

Definition 23. The polynomial space corresponding to (P-ball index set is defined as Iy ,, , := span{x*} qea i
where Ag . is defined as
Adnp={@eN: ], <n}, 1< p<eo (2.11)

Note that the index set (2.11) is a downward closed set !, encompassing several important index
sets as specific cases. For instance, the total, Euclidean, and maximal degrees of a multivariate
polynomial up to degree n correspond to p = 1,2, in equation (2.11), respectively. To illustrate
the distribution of interpolation points within A, , ,, we present in Figure 2.2 the index set A, 39, ,

for d = 2 and three different values of p.

10 15 20 25 30
ay

Figure 2.2: The index set A; 39, for p =1 (left), p =2 (middle), and p = o (right) in dimension
d=2.

Note that the cardinality of the index set is monotonically increasing in p,

Lemma 24. Let || e||, be defined in equation (2.1). For 1 <a <b <ooand &t € N?, we have
1 1
el < da"? ] (212)

Moreover, this inequality is optimal in the sense that there is no smaller constant such that it still holds
forall & € N,

Proof. In the case a = b = oo, the bound is trivial. There is nothing to show if & = 0 so we may

LA set A is labelled downward closed if v € A whenever there exists it € A such that v < .

12



2.2. Multivariate polynomial spaces 13

assume @ # 0. Moreover, if b = o and 1 < a < o, we have

d
leell = ) ol < dl|e]|z.
j=1

For 1 <a <b < e, we can use Holder’s inequality with r =b/a > 1 and s > 1 with } + % =1,1i.e,
with s =b/(b—a), to derive

d d 1/s d 1/r
HaHZ: Z‘O‘j|a§ (Z 13) (Z‘(xj|ar> :dlfa/bHaHZ'
j=1 j=1 j=1

Taking the ath root yields the desired result. The constant is the best possible because we have
equality in the right-hand side of equation (2.12) for the vector & = (1,...,1)7. O

Remark 25. We emphasize that the multivariate polynomials associated with the ¢P ball index set in N4
defined in equation (2.11), can be generalized to the range 0 < p < oo. Additionally, Lemma 24 will take
the form

ledls < lletlla <d [t

where the case 0 < a < 1 is covered by reversed Hoélder’s inequality [70, Theorem 13.6]. An example of
the index set Ag 30, for 0 < p < 1 is illustrated in Figure 2.3.

Figure 2.3: The index set A; 39, for p = 1/2 (left), and p = 1/3 (right) in dimension d = 2.

In contrast to the common total-degree polynomial space, which corresponds to the ¢! ball index
set (also known as the full polynomial space), we focus on the vector space of all real polynomi-
als associated with the ¢~ ball index set. For the rest of this work, we will restrict our attention

exclusively to this space, denoted by
My, =gpe = span{x®}aca,,, Adn =Adne

i.e. the space of multivariate polynomials of degree at most n in each variable separately.

13



14 2. Background

2.3 Total variation

A common approach to measure the smoothness of a function is through Vy, the total variation,
which can be intuitively understood as the cumulative length of the monotone segments of f.
This concept was introduced by Jordan in the late nineteenth century and was primarily studied

in the context of Fourier series [78, 79]. For a one-dimensional function we have:

Definition 26 (Bounded variation). For a function f : [a,b] — R, we define the total variation of f on
the interval [a,b] by

Vi= sup{Z\f(x,-)—f(x,-lﬂ ra=xo<x; <. gxn:bforsomeneN}
i=1

If Vy < oo, we say that f is of bounded variation, and we define

V(la, b)) :={f:[a, b] = R : f has bounded variation on |a, b]}.

Before moving on to the generalizations of variation in €, it is useful to review some key con-
cepts regarding the relationship between bounded variation and absolutely continuous func-
tions, as well as the link between absolute continuity and derivatives. Let’s first recall the defi-

nition of an absolutely continuous function:

Definition 27. Let I be an interval. A function f : I — R is absolutely continuous on I if for each € > 0,
there exists 8 > 0 such that

n

Y 1f(di) = flei) <e

i=1

whenever {[c;,d;] : 1 <i < n} is a finite collection of non-overlapping intervals in I and

(ngE

(d,‘ —C,‘) < 0.
1

Theorem 28. If a function f is absolutely continuous on the interval |a,b], then f € BV([a, b]) .

Proof. See [61]. O

When the derivative of a continuous function f is bounded, we can conclude that f is absolutely
continuous. This provides a tool for showing that a function is absolutely continuous, and thus

of bounded variation.

Theorem 29 (Bounded derivative implies absolute continuity). If f is continuous on [a,b] and f'

exists and is bounded on (a,b), then f is absolutely continuous on [a,b]; see [61].

In particular, functions of bounded variation are differentiable almost everywhere [4] and sat-

14



2.3. Total variation 15

/ f
a d

Moreover, if f is absolutely continuous, we have equality

< supZ/x

1

dx < V;. (2.13)

xl+l

X)dx

n b
= sup Y. |f(ais) i \—supz @) ds= [[ @] dx,
i=1 a

where Y is collection of ordered (n+1)-ples of pointsa =x¢ <x; < --- <x, =b, n€Nin [a,D].
There are examples illustrating the interplay between differentiability and variation.

Example 30. Consider the function f(x) = xsin(x~!) for x € (0,1]. The function is differentiable but
has unbounded variation. On the other hand, discontinuous functions, like the indicator functions of

intervals, can possess bounded variation.

In one dimension, the concept of bounded variation is well-defined and straightforward. How-
ever, in higher dimensions, various generalizations exist, each preserving different properties of
univariate functions of bounded variation. We first recall the Hardy—Krause variation [2, 101],
and then introduce the Chebyshev-weighted directional variation used in the interpolation es-

timates of Chapter 3.
Following [2], we begin by recalling the definition of the Vitali variation.

Definition 31. The Vitali variation of a smooth function f : Q; — R

lf
Vo /‘axl axd‘dxl...dxd. (2.14)

’V . . . . . . .
If ViF0,) < o wesay that the function f is of bounded variation in the sense of Vitali.
equation (2.14) holds whenever the indicated partial derivative is continuous on Q.

If we fix d = 2, then equation (2.14) takes the form

v _
Vi) —/[ L

Note that a function of bounded variation in the sense of Vitali* can still be quite wild, because

‘dxldxz (2.15)

there exist many nonconstant functions f on , whose Vitali variation is zero.

Example 32. The Vitali variation fails to capture the variation of polynomials with low degrees. For
instance, the function f: Qg — R, f(x) = YL, x; satisfies V =0ford >2.

One very straightforward way to avoid this problem is to just add the lower-dimensional Vitali-

variations of the function, as the Hardy—Krause variation does. This definition recaptures the

Note first that when d = 1, Vitali variation is simply total variation (Definition 26), since the rectangles in this case
are intervals.

15



16 2. Background

notion of Vitali and Hardy—Krause [2,101]. Thatis, the sum of the Vitali variations of f restricted
to each face of [—1,1]¢ anchored tox =1, := (1,---,1). In higher dimensions, the Hardy-Krause

variation may be defined in terms of the integral of partial derivatives;

Definition 33. The variation of a smooth function f on Q4 in the sense of Hardy-Krause anchored at

X = ld is
fQ-d Z Y VO, i), (2.16)
=1 1<i|<-- <lk<d
where oy
(fyll,‘.qlk) Q axll ...axik x,:]7j5£l’h_“’l‘k 1 k ( )

represents the variation of the projection of k—variables. If V{JX, /< eo, we say that the function f is of

bounded variation in the sense of Hardy-Krause.
Combining equation (2.16) and equation (2.17), we obtain

9‘f - HK
dx;...d E \ % 2.18
fg" / ‘axl axd’ o xd+i:1 7 ( )

in which fl(i) is the restriction of the function f to the boundary x; = 1. Since these restrictions
are functions of d — 1 variables, equation (2.18) is recursive. For d = 2, then equation (2.18)

takes the form

HK _
V(f(xl 7x2);[*171]2) - /[_171}

for xpandyy € [—1,1]. In other words, a smooth function is said to be of bounded variation on

af(
‘dxldx2+/ ax1 ‘d +/ fai(; X2, (219)

[—1,1]? in the sense of Hardy-Krause, if f(-,y0), f(xo,") are of bounded variation in the sense of
Definition 26.

Definition 34 (Chebyshev-weighted r'-order directional variation). Let r € No and let f : Qg —
R. Ford =1, set

Vf,r = V(f(r)a [_17 1])7

where V (-;[—1,1]) denotes the one-dimensional total variation from Definition 26. For d > 2 and i =

.,d, write

~ N~ 1
Xl':(Xl,...,x,'_l,XH_l,...,Xd), a)‘gll](xi) ::H 2‘

jAia /1 —Xj

Assume that, for almost every X; € [—1,1]971, the one-dimensional function

Xi > Oy f (X153 Xiy o5 Xa)

16



2.4. Univariate quadrature rules 17

is of bounded variation on [—1,1]. We define the directional variations

0. _ 1 (R [ 0 (%) d%
V= /[lyl]dlv((?xif(,x,),[ L)) @) | (%) d;, (2.20)
and set
._ (1)
Vi = lrglagde e (2.21)

We say that f has bounded Chebyshev-weighted r'"-order directional variation whenever Vy,, < oo. If f

is sufficiently smooth, then

(0
Vir

1
p) /Q 95 F T T dx. (2.22)
! i

Thus this variation is an axiswise, Chebyshev-weighted analogue of the one-dimensional quantity used
in Chebyshev coefficient estimates. It is not the full Hardy—Krause variation; rather, it is the minimal

directional quantity needed for the max-index estimates in Chapter 3.

2.4 Univariate quadrature rules
Let f € C°([-1,1])NLY([-1,1]). We consider the integral

1
1f] = /_ S(9dx. (2.23)
A quadrature rule approximates this integral by a weighted sum of function evaluations:

0,lf1:="Y 0pf(p), (2.24)

pEP
where P is the set of quadrature nodes, and the nonzero constants w, are the corresponding
weights. We briefly review standard univariate quadrature rules, which will be used in Sec-
tion 3.8.1 for tensor-product integration in multiple dimensions. These rules are typically de-
fined on the reference interval [—1, 1] or [0, 1], and can be mapped to other domains as needed.

The most commonly used examples include:

Newton—Cotes rules

These rules use uniformly spaced points over the interval [a,b]. While easy to implement, they
suffer from limited accuracy, especially for high-degree polynomials. For many integrands f,
even if analytic, the Newton—Cotes rules can diverge exponentially as the number of points

increases. As such, they are rarely used for high-precision integration.

Gauss quadrature
Gauss quadrature, introduced by Gauss [53], achieves high accuracy by choosing the nodes
{pj} as the roots of orthogonal polynomials of degree n+ 1, and by assigning optimal positive

weights {w;}.

17



18 2. Background

Gauss-Legendre rules: In this case, the nodes are chosen as the roots of the Legendre polyno-
mial of degree n+ 1. The resulting quadrature formula is exact for all polynomials of degree up

to 2n+ 1 and performs exceptionally well in practice.
Clenshaw—Curtis rule
The Clenshaw-Curtis formula [35] integrates the degree n polynomial interpolant through

n+ 1 Chebyshev points. These points correspond to the extreme values of the Chebyshev poly-

nomials of the first kind. The abscissas are nested, computationally efficient, and are given

by:
1 Tj .
pj:E 1 —cos T , j=1,...,n

The weights are determined by the interpolatory conditions. For odd #, one obtains:

2 (i \"N2 1 rei-Daj
wj_n—f—lsm<n+1> ; 2i— 1"\ vl )

Generalized Quadrature rules

For integrands containing singularities, the integral can be expressed as:

where & (x) is a known positive weight function. In such cases:

1 1 n
[ 10ax= [ Ewstiar= Y oselr).

The quadrature points { p;} are the roots of polynomials orthogonal with respect to the weighted
scalar product:

(8 h)e = /11 E(x)g(x)h(x)dx.

Examples include:

e Gauss—Chebyshev rules: For &(x) = ——— on [-1,1].

1—x

e Gauss-Jacobi rules: For &(x) = (1 —x)%(1 +x)P with parameters a, 8 > —1.

Remark 35. For piecewise polynomial integrands, as in finite element methods, composite rules combine
scaled Gauss rules. In particular, Gauss—Lobatto rules include boundary points po = a and p, = b,

ensuring continuity across subdomains.

A fundamental concept in constructing quadrature formulas is the requirement of exactness for

a specific class of functions. Typically, for integration over an interval, this class consists of

18



2.4. Univariate quadrature rules 19

polynomials up to degree n. The quadrature formula is then designed to produce the exact

integral of the polynomial that interpolates the given data points {f(p;)}_ -

However, Trefethen [134] demonstrates that the principle of exactness does not necessarily en-
sure high accuracy in practice. In particular, the Newton—Cotes, Clenshaw—-Curtis, and Gauss
quadrature formulas on [—1, 1] do not always achieve the expected accuracy despite satisfying
the exactness condition.

19






Chapter 3

Interpolation and integration

in the hypercube

"Among all polynomials, the Chebyshev ones know how to dance with error.”

— Numerical analysis folklore

Chebyshev polynomial-based approximation methods are widely used in numerical computa-
tions involving functions of one, two, or three real variables [41, 67, 130]. These methods are
supported by a robust theoretical foundation and a rich collection of practical algorithms [41].
While substantial progress has been made in low-dimensional settings, extending these meth-
ods to higher-dimensional spaces remains an active area of research. In this chapter, we explore

how Chebyshev approximation principles can be generalized to d-dimensional settings.

To ensure a clear progression of ideas, we first revisit the one-dimensional case. In Sections 3.1,
3.2, and 3.4, we provide a detailed discussion on univariate Chebyshev polynomials and their
convergence results, following the approach of Trefethen [133]. This serves as a conceptual
foundation for understanding higher-dimensional extensions. Building on this, Section 3.5 ex-
tends the methodology to multivariate settings, deriving convergence results and examining
their theoretical and numerical implications for differentiable and analytic functions in Subsec-
tions 3.6 and 3.7, respectively. The transformed Chebyshev approximation under analytic maps
is discussed in Subsection 3.7.1. The results presented in Section 3.5 have been published in
[146]. In Section 3.8, we provide an overview of key aspects in the approximation of multivari-
ate integrals. This is followed by a discussion of tensor-product integration methods and their

convergence properties in Sections 3.8.1 and 3.8.2.

21



22 3. Interpolation and integration in the hypercube

3.1 Chebyshev polynomials

Chebyshev polynomials are an important family of orthogonal polynomials in numerical anal-
ysis and scientific computing [52, 94, 133]. We begin by introducing the method in its one-
dimensional form that was originally outlined in Trefethen [133].

For j > 0 the Chebyshev polynomial of degree j is denoted by Tj(x) and is given by:
Tj(x):cos(jcos_lx), xe[—-1,1]. (3.1)
Chebyshev polynomials are orthogonal with respect to a weighted inner product, i.e.,

T, ifi=j=0,
[T,
-1

= dx=7/2, ifi=j>1,
0, ifi#},

and as a consequence [ 105, Section 11.4] satisfy a 3-term recurrence relation [97, 18.9(i) ],
Tj1(x) = 2xTj(x) = Tj—1 (x), j=1,

with 7i (x) = x and Tp(x) = 1. Chebyshev polynomials provide an efficient basis for representing
polynomials on intervals, forming the foundation for a variety of numerical algorithms designed

to work with functions of a single real variable.

3.2 Chebyshev polynomial interpolants and projections
The problem of determining optimal interpolation points is closely related to the Chebyshev

minimal-amplitude theorem, stated as follows [18]:

Theorem 36 (Chebyshev minimal-amplitude property). Let N > 1. Among all monic polynomials
p of degree N, the polynomial 2'~NTy has minimal maximum absolute value on [—1,1]. Equivalently,

IPlcoqr = 112" N Ivllcoor .y =2V,

In particular, if x1,...,xy € [—1, 1] are interpolation nodes, then their monic nodal polynomial satisfies

N

(x—x;)
=1

max >N

xe[—-1,1]

with equality for the zeros of Ty.

This theorem explains why Chebyshev-distributed points are natural for interpolation: the zeros

of Ty minimize the leading nodal error factor when the interpolation nodes are unconstrained.

22



3.2. Chebyshev polynomial interpolants and projections 23

In this thesis, we use the closely related Chebyshev—Lobatto points because they include the
endpoints of the interval and are therefore convenient for piecewise interpolation and spectral

differentiation.

Let n be a positive integer, and let {xjheb}og j<n denote the set of n + 1 Chebyshev-Lobatto points,
defined by

Cheb,, := {xj-hEb = cos (%) 1 0< ;< n} : (3.2)
These points are the extrema of the Chebyshev polynomial 7,, or equivalently the zeros of
(1 —x%)T)(x) including the endpoints. They are often referred to as Chebyshev extreme points
or Chebyshev points of the second kind. One of their key benefits becomes apparent when ex-
tending Chebyshev polynomials to piecewise polynomial interpolation: since the points include
both endpoints of the interval, they facilitate seamless concatenation of interpolants across ad-
jacent intervals. For a visual representation, the distribution of Chebyshev—Lobatto points is

illustrated in Figure 3.1.

1.0 -

0.8 1

0.6 1

0.4 -

0.2 1

@ = = = e
@ = = = = —
L
P —————————

0.0 1

-1.0 -0.5 0.0 0.5 1.0

Figure 3.1: Chebyshev points x‘}heb € [—1,1] (blue) for degree n = 20, along with equidistant
auxiliary construction points (red) on the semicircle.

Given a set of data { fj}o<j<n, there is a unique polynomial Qg, , f of degree at most n such that
06, f (xjheb) = fjfor 0 < j <n. The polynomial Qg, , f, is referred to as the Chebyshev interpolant
of f of degree n. If { f;}o< j<, are data from a continuous function f : [-1,1] — Cwith f (xj.he") =fj
for 0 < j <n, then [133, Theorems 15.1 and 15.2]

2
1f = Qa, flleog-1.1)) < <2+ Elog(n—k 1)> If - Q]g;el?:f‘|co([—171]), (3.3)

23



24 3. Interpolation and integration in the hypercube

where Q]g;elsnt f is the best minimax polynomial' approximant to f of degree at most n. Chebyshev
interpolation is quasi-optimal [24] for polynomial approximation since for any set of n+ 1 points

n [—1, 1] there is a continuous function f such that

2
T (1521zs+log<n+1>) 1 — O Fleor)

The polynomial interpolant, Qg, , f, can be represented as a Chebyshev series,
QGI n Z C] (34)

The coefficients c, .. .,c, can be numerically computed from the data fy,..., f, in O(nlogn) op-
erations by the discrete Chebyshev transform, which is equivalent to the DCT-I (type-I discrete
cosine transform) [54]. A further approximation to f is its Chebyshev projection, obtained by

truncating the Chebyshev series after n+ 1 terms.

If f is Lipschitz continuous, then it admits an absolutely and uniformly convergent Chebyshev

expansion [133, Theorem 3.1] given by
x) =) a;T;(x)
j=0
where the coefficients {a;} j>o are defined by the integrals
2 M () .
= — > . .
T LAl (3:5)

and with 2/x replaced by 1/m in (3.5) if j = 0. The Chebyshev expansion for f can be truncated

to construct Ty, as
Trnl(x Z a;T (3.6)

The approximation errors || f — T ullco(—1,17) and [|f — Qg, . fllco((-1,1) decay at the same asymp-
totic rate since the coefficients {c;} ;> in equation (3.4) are related to {a;} ;>0 in equation (3.6)
by an aliasing formula [133, Theorem 4.2]. As a general rule, Chebyshev projections tend to be
more convenient for theoretical work, while Chebyshev interpolants are often faster to compute

in practice.

In one variable a continuous real-valued function defined on an interval has a best minimax polynomial approx-
imation [105, Theorem 1.2], that is unique [105, Theorem 7.6]. In the multivariate case a continuous function
f:Q4 — R also has a best minimax polynomial approximation, but it is not guaranteed to be unique. Nonunique-
ness is a direct consequence of Haar’s Unicity Theorem [32, Section 5].
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3.3. Convergence behavior in Chebyshev approximation 25

3.3 Convergence behavior in Chebyshev approximation

In the univariate case, it is well known that the approximation error in Chebyshev expansions
decays algebraically for differentiable functions and exponentially for analytic functions. This

behavior can be summarized by the following statements:

Theorem 37 (Convergence for differentiable functions). For an integer r > 1, let f and its deriva-
tives through f"~1) be absolutely continuous on [—1,1] and suppose the rth derivative f) is of bounded

total variation V¢ .. Then, for n >r,

2y,
1f =T rallcog—11)) < P
A
1f = Q6 flleo1.1)) < P T
Proof. See [133, Theorem 7.2]. O

Theorem 38 (Convergence for analytic functions). Let a function f be analytic on [—1,1] and ana-
lytically continuable to the open Bernstein ellipse €, where it satisfies | f| < M < oo. Then, for n >0,

2Mp~"
1f = Tpnlleor) < P
AMp™"
If = Q6, flleo1,1p) < p—1
Proof. See [133, Theorem 8.2]. O

Theorems 37 and 38 suggest that Qg , f and T, have essentially the same asymptotic approxi-

mation power.

Theorem 39 (Converse Theorem 38). Suppose f is a function on [—1,1] for which there exist poly-
nomial approximations {Qg, , f} satisfying

If = Qa, flleo—1) <Mp™", n=>0

for some constants p > 1 and M > 0. Then f can be analytically continued to an analytic function in the

open Bernstein ellipse €.

Proof. See [133, Theorem 8.3]. O
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26 3. Interpolation and integration in the hypercube

3.4 Advantages of Chebyshev interpolation

Chebyshev polynomials are closely related to the Fourier and Laurent bases. For x € [—1,1],
define 6 = cos ! x and z = ¢®. Then, for j > 0, the jth Chebyshev polynomial satisfies
()= () = T
) =% () = =5
where R denotes the real part of a complex function. It follows that the following relations
hold:

Z(ijj(x): ZOZJ'EK (6”6) =0p+ Z %ZI,
J#0
Chebyshev even Fourier N’
Laurent

where the series are assumed to converge uniformly and absolutely.

As summarized in Table 3.1, a Chebyshev expansion of a function on [—1, 1] can be viewed as a
Fourier series of an even function on [—x,7]. This can further be interpreted as a palindromic
Laurent expansion on the unit circle for a function satisfying f(z) = f(z~'), where z~! denotes
the complex inverse of z. Just as the Fourier basis is natural for representing periodic functions,

Chebyshev polynomials are a natural basis for functions on [—1,1].

Series Assumptions Setting Interpolation points
Chebyshev none xe[-1,1] Chebyshev points
Fourier | f(0)=f(—0)| 6¢€[—m, 7] equispaced points
Laurent | f(z) =f(z"!) | z € unitcircle roots of unity

Table 3.1: Fourier, Chebyshev, and Laurent series are closely related. Each representation can be
converted into the other by a change of variables. Under this transformation, Cheby-
shev points, equispaced points, and roots of unity are interconnected.

One reason these connections are important is that they enable the discrete Chebyshev trans-
form, which converts n+ 1 values at Chebyshev points to the Chebyshev coefficients of Qg, , f in
equation (3.4), to be computed via the fast Fourier transform (FFT) [54]. The scope of Cheby-
shev polynomial interpolation is not limited to univariate applications. A tensor-based exten-

sion can handle the multivariate case.

3.5 Multivariate Chebyshev approximation in the hypercube
In this section, we focus on interpolation over tensorial grids, which form the basis for defining
multivariate interpolation operators. These grids facilitate the extension of univariate interpola-

tion methods, such as Lagrange and Newton interpolation, to multidimensional settings.

Definition 40 (Interpolation grid). For numbers d,n € N let P, ...,P; C [—1,1] be sets of size |P;| =
n+1each. We call Gy, = ®fl:1 P; an interpolation grid. For any multi-index & € Ay, we denote with
Pa= (Pay1s--Pogd) € Gan Dayi € Pi, the corresponding grid node of G4 p.
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3.5. Multivariate Chebyshev approximation in the hypercube 27

(a)d=2 (b)d =3

Figure 3.2: A visualization of Chebyshev-Lobatto points Cheb,, (blue dots) for degree n = 8
and d =2 (left) and d = 3 (right).

We use such a grid to define the corresponding interpolation operator Qg,, : C°(Q4) — Iy,
f+ Qg,,f, uniquely determined by Qg, ,f(pa) = f(pa) for all pg € G4,. For an explicit repre-
sentation, we generalize one-dimensional Lagrange and Newton interpolation to multivariate
interpolation on the grids G, [36, 68, 69].

Definition 41 (Lagrange and Newton polynomials). Let G, = @, P, be an interpolation grid
indexed by a multi-index set Ay ,. For each & € Ay, the tensorial multivariate Lagrange polynomial is

n

Hza,, L= [ SR (3.7)

k=0,kj Pji— Pk,
The o-th tensorial multivariate Newton polynomial is
[
HH pj, ij'EP,'. (38)
i=1j=0

Both the Lagrange and Newton polynomials form bases of the polynomial space I1,, induced
by Ay . Asthe Ly satisty La(pg) = 0 g forall @ € Ay, pg € Ga, we deduce that given a function
f:Q4 — R, the interpolant Qg, , f € Iy, can be computed as

06,,f = Z f(pa)Lla = Z baNg, (3.9)

aeAdﬁ aeAd,,,

where the coefficients by € R of the Newton interpolation can be computed in closed form.
While Lagrange interpolation is primarily of theoretical interest, the Newton form allows effi-
cient and stable evaluations of Qg,, f at any point x € Q,. Alternatively, barycentric (tensorial)

Lagrange interpolation provides efficient realisations [13].

The stability of polynomial interpolation is quantified by the Lebesgue constant, defined as the
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28 3. Interpolation and integration in the hypercube

operator norm of the interpolation operator
QGd,n : CO('Q‘d) — Hd,n-
given by

196,.8ll 0@
AGan) =106y, oy = sup =B |y gy

(3.10)
seco@nor  lgleoay) atre, e

Equivalently, A(G4,) measures how much interpolation can amplify perturbations in the data

and the error of best polynomial approximation. In particular,
1f = Q64 flcoia, < (1 +A(Gd,n))p€ifr1[f; 1f = Pllcoay)-

Thus, small Lebesgue constants are desirable, since they imply that the interpolation error
remains close to the best achievable polynomial approximation error. In the case of a one-
dimensional interpolation domain [—1, 1] and the Chebyshev-Lobatto grid (3.2), the Lebesgue

constant A(Cheb,) increases slowly as n — oo,
2
A(Cheb,,) = - (log(n+1)+y+log(8/m)) +O(1/n?), (3.11)

where ¥~ 0.5772 is the Euler-Mascheroni constant, see [12], surveyed by [25], see also [133].

We extend this estimate to the d-dimensional case:

Theorem 42. The Lebesgue constant of the d-dimensional Chebyshev—Lobatto grid
d
Chebg,, = (X) Cheb,

satisfies
A(Chebg,) = A(Cheb,)? € O(log(n+1)%).

Proof. We consider the tensorial Lagrange polynomials Lg (x) = [1%_ le,i(x;) in the Chebyshev—
Lobatto nodes, with /;; given in (3.7) and obtain

A(Chebg,) =1 ) Y H 17 (3.12)
acA,, a) acA,, i= O(0,)
= (Xl (i) (X ) <i<d
=0 j=0 J=0 C°(Ca)
d n d
<11 Z I = [JA(Cheb,)
= SENE.
With (3.11), this yields A(Cheby ) < A(Cheb,)? € O(log(n+1)%). O
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3.5. Multivariate Chebyshev approximation in the hypercube 29

Moreover, using Markov brothers’ inequality [121], we can establish a bound on the Lebesgue
constant in the W**-norm. Beginning with the W!-norm, we apply an iterative approach to

extend the result.

| Qcheb,, 8llwi=(ay)

|Qcheby, lwi=@,) = sup
gEW=(Q,)\{0} H8||wl»m(gd)
- sup 1n?(|Qcheb,, &llco(ay)
gewl=(Qy)\{0} Hgle-‘”(Qd)
n*(|Qcheb,, llcoa,) 18 llcogo
< sup eH(LH (Q4) (Qq) S”leQChebd,,,HCO(Qd)-
SEW!=(Qq)\{0} 8liwt=(Qq)

In the third step, we used that for all p € I, ,

9
8x,~p

d
max
i=1

d
= max max

Q) =1 X150 Xim 1 Xi 1 Xd €Qa

(3.13)

( + )
p XlgeoosXi—1,3 X} vy X
axi 1y sAI—1y "y Ait1, s Ad

C([=1,1])

d
< max max n? [PGet s Ximt, X1y Xa) [l o, (3.14)
=1 X150 Xim 1 Xi 1 Xd €Qa ’

= || plleojay) - (3.15)
The above argument can be iterated and obtain the following:
Lemma 43. The Lebesgue constant of the d-dimensional Chebyshev—Lobatto grid in the Sobolev space

Wk=(Qy) satisfies the bound

HQChebd,n HW"“”(Q,{) < n2k||QChebd.n ||C0(Qd) .

Let f: Q; — R be a Lipschitz continuous function defined on the hypercube ©,. According
to [93, Theorem 4.1], any Lipschitz continuous function f admits a uniformly and absolutely

convergent multivariate Chebyshev series:

fx) =Y caTa(x), (3.16)

d
aeNj

where Ty (x) = [1%, Ty, (x;) denotes the tensor product of univariate Chebyshev polynomials. The
Chebyshev polynomials Tg(x) form an orthogonal basis of L?(Q,) with respect to the weighted

L? inner product (3.1), where the weight function is

1

l—xi2

(J)d<X) = H

d
i=1

£

The Chebyshev coefficients cq are given by

d
o = % /g ) Ta(x)a (x) dx. (317)
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30 3. Interpolation and integration in the hypercube

for all @ € N¥ with a,..., oz > 1, and with each factor 2/x replaced by 1/m in (3.17) if ; = 0 for
some 1 <i<d. Here, dx = Hf’zl dx;.

3.6 Convergence for differentiable functions

In what follows, we provide an estimate for the Chebyshev coefficients cq in terms of the Chebyshev-

weighted rtf-order directional variation Vy,, from Definition 34.

Theorem 44. Let d € N, r > 0, and f be of bounded " total variation. Then f can be expanded in a
Chebyshev series

fx)=Y caTa(x), (3.18)

acNd
2 d
ﬂq(q—l).--(q—r)> ’

with Jeal <Vy,( (3.19)

Proof. By following the argumentation in 1D, Theorems 7.1, 7.2 in [133], the coefficients are

bounded by
2

mq(qg—1)...(¢—
where B = (r+1,...,r+1) and ¢ = min;—; _40; > r+ 1. Consequently, by Definition 34, the

d
cal < ( r)) [ 197 r(x)lax, (3.20)

estimate
2

)d
mq(qg—1)...(g—r)/
applies. O

cal < V7 (

We use this result in order to control the truncation error of the Chebyshev series.

Theorem 45. Let the assumptions of Theorem 44 be fulfilled. We denote with

Tra(x) =Y, caTa(x), (3.21)

aeAdﬁn
the truncated Chebyshev series of f : Q4 — R with respect to Ay ,, with n > r.

i) The truncation error is bounded by

2ed?Vy n+1
_ < A . —(r—d-H) .
Hf (‘TanCO(Qd) = ﬂ(l‘—d—i—l) <n—|—1—r> pr—d+1 € O(l’l )7 (3 22)

r>d-—1.

i) The truncation error of the first-order partial derivatives is bounded by

2ed>V; n+1 V1
O f—a.Ts, < fr L —(r=d-1) 2
I0nf = 2Tl < e (s ) €06, (329
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3.6. Convergence for differentiable functions 31

r>d,Vi=1,...,d.

Proof. Since Ti(cos(x)) = cos(kx) for all k € N, we observe that ||Ti[[co—1,1) < 1. Let A = {ae

N“: ¢; > n}. Then the truncation error admits the following bound:

1 =Tpalloony < Y callTo (1) T, (k) levioy < Y Ical

acNN\A,, acNN\A,,
d d
2Vf,r 2Vfr
=, L mog(o—1).. Z Z o —r)+!
=lgepl) TN ' Laeal 0
_2dVy, i Adg \Adg-1] <2ed Vi i qdfl
T g=n+1 (q_r)r+l B T q:n—H(q_r)rJrl
2 2 . r+1 ) 2 . T
< ed“Vy, ( nJlrl > y rild+2§ ed“Vy, < nJlrl > / ,,1d+2dx
T n+l-—r g=nt14 T n+l-—r n X

_ 2ed?Vy, < n+1 >’“ 1

n(r—d+1) \n+1—r nr—d+1
where for each & € A, we apply the Chebyshev coefficient bound (3.19) in the i-th coordinate
only, assuming g := ¢; > r+ 1. Moreover,we used the estimate |A;,\Aa4-1| = (g+ 1) —¢¢ <
edq?’™!, (¢ > d), and bounded the resulting monotonically decreasing sum (for r —d +2 > 1),
which ultimately yields the desired estimate (3.22). We show ii) for the partial derivative d,, by

writing

Hax,-f— axi(‘Tf,anﬂ(Qd) S Z Cal HT‘XI Ty HCO(Qd) HTo’c CO(Qy) HT%H "'TadHcO(Q )
acN\Ay,

We recall that 7;(x) = cos (karccos(x)) for —1 < x < 1 and deduce that for all k € N

T/ (x) = ksin (karccos (x)) _ ksin (kr) , t = arccos(x), (3.24)

N sin (1)

yielding |75, llcoq,) = a?. Following i), we compute

HaXif_aXinv"Hco(Qd) = Z lcalof < Z Z _rr 1 %
aeNg\Adn aeA

_ 2ed’Vy, i ¢ 2ed2vf,r < n+1 >’“ i 1

N T g=n+1 (6]— r)r+1 N T n+l—r q=n+1 qrid

_2edVy, [ nt ] A /w L 2ed’Vy, ntl \

- n+1l—r n X4 mr—d—1)\n+1-r nr—d=1’

(3.25)

by bounding the monotonically decreasing sum (for r—d > 1) in (3.25). O

Remark 46. The coefficients J 7, of the two dimensional truncated Chebyshev expansion can be computed
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32 3. Interpolation and integration in the hypercube

in O(n*logn) operations using the fast cosine transform (see, for instance, [73]).

With the previous results, we can bound the approximation error of the Chebyshev-Lobatto

interpolant of f.

Corollary 47. Let the assumption of Theorem 44 be satisfied and Qg, , f be the interpolant of f : Qq — R
in the Chebyshev—Lobatto grid Cheb, ,. Then the approximation errors of f and its first derivatives are
bounded by

4ed®Vy, n+1 N 1)
I = QoS levan < g (n+1_r) L eo( ). (326)
and
4ed?Vy n+1 \ 1
Oy f — O < u . O (n~(r—d=1) 7
” zf 1QGd.anC0(.Qd) — n.(r_d_ 1) <n+1_r> nr,d,I 6 (n ) (3 )

foralli=1,...,d.

Proof. The statement is a direct consequence of Theorem 44 and the [133, Aliasing Theorems 4.1,
4.2], stating that

fX) = Q6 fx)= Y ca(To(x1) - Toy(xa) = Tp, (x1) - Tp, (xa)) » (3.28)

aeNN\A,,

where B; = |(&; +n — 1)mod2n — (n — 1)|. This shows that, when following the estimation in
Theorem 45, the approximation error of the interpolant can be bounded by twice the bound

that appears for the truncation. ]

Note that these bounds for tensorized Chebyshev approximation are slightly better than those
obtained by [93, (21) and (22)]. In particular, tensorized Chebyshev approximation yields

quasi-optimal approximations of continuous functions by bounded-degree polynomials [93].

3.7 Convergence for analytic functions

We now present the analogue of the previous theorems in the case where the function f is ana-
lytic (see Definition 19). To deal with the higher dimensional case d > 1, an essential issue here
is to extend the Bernstein ellipse to a region in C?. A natural extension of the Bernstein ellipse
&p to C? is the polyellipse. To formalize our analysis, we begin with the following assumption

on f.

Assumption 48. Let p = (p1,...,pa), with p; > 1 for each i. The function f is analytic in the polyellipse

d
€ =&y, (3.29)
j=1
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3.7. Convergence for analytic functions 33

where the one-dimensional Bernstein ellipse €, is defined in equation (2.9). Moreover,

M := sup |f(z)| < co.

2€8p

The assumption means that f admits a bounded analytic continuation to a tensor product of

Bernstein ellipses. In the estimates below we also use the scalar quantity

:= min p; > 1.
p 1§i§dpl

Theorem 49. Under Assumption 48, the Chebyshev coefficients (3.18) of f satisfy
d
lcal <2'M[]p7 %  @cNj. (3.30)
i=1

Consequently, if g = || €&||, then
lca| <29Mp 4.

Proof. The tensor-product contour argument for Chebyshev coefficients gives the product esti-
mate (3.30); equivalently, one applies the one-dimensional analytic coefficient estimate succes-
sively in each variable, using the bound M on ,. Since p; > p and }; o; > || ¢¢||., we have

d
—Q; —Lili — 10|
pi % <p Lo <plel
=1

14
which proves the final estimate. O
Before proceeding with the truncation error estimate, we require the following elementary tail
bound.
Lemma 50. Let A,v > 0and N > 0. Then

oo v AN my+1 NV*jJrl j=2 )
/Ne x'dx<e J; W g(v—l) , (3.31)

where my € N is given by

v, ifveN,
my = (3.32)
|lv]+1, ifveN,

and the empty product is taken to be one when j < 2.
Proof. Let m, be defined as in (3.32). Integrating by parts m, times yields

my Nvfj+l j—2 1 my—1

——TIv=0+ 5 [T -1 /N B e A gy, (3.33)
i=0

i=0

=1
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34 3. Interpolation and integration in the hypercube

Since —1 < v —m, <0, the final integral satisfies

oo o N\/fmv
/ XV e gy < NV / e Mdx=———e M, (3.34)
N N A
Combining (3.33) and (3.34) completes the proof. O

For compactness, define the rescaled exponential tail
By(n,p):=p" ) q'p77.
g=n+1

For fixed v and p > 1, Lemma 50, together with a standard sum-integral comparison, implies
By(n,p) = O(n").
Theorem 51. Let the assumptions of Theorem 49 hold. Then:

i) The truncation error satisfies

1f = Trallcoiy) < 2%edMp~"By—i(n,p). (3.35)

ii) The error in the first-order partial derivatives satisfies
105, f — 0T nllcogay) < 2%edMp"Bayi(n,p), i=1,....d. (3.36)
Proof. Using [|Tgl|co(q,) < 1 and Theorem 49, we obtain

1f = Trallcoay) < Y, leal

acN{\Ay

<2'M Z [Adq \Adg-1lp 7
qg=n+1

<2%dM Z ¢ 1pe.
g=n+1

By the definition of B, (1, p), this gives (3.35). For the derivative estimate, use ||7/||co(_1,1)) = K2

and @; < ||@|| = g. Then

195.f = 0T pallv@y < ), Iealo?

acN\Ay,

<2%dM Z ¢ pa.
g=n-+1

By the definition of B, (n, p), this gives (3.36). O

Applying Corollary 51 and the Chebyshev-Lobatto aliasing formulas [ 131, Theorems 4.1 and 4.2],

we obtain bounds on the approximation error of the Chebyshev-Lobatto interpolation of f.
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3.7. Convergence for analytic functions 35

Corollary 52. Let the assumptions of Theorem 49 be satisfied, and let Qg, , f be the interpolant of f :
Q4 — R on the Chebyshev-Lobatto grid Cheby ,. Then

1f = Q6. fllcoy) < 2% edMp~"Ba_i(n,p), (3.37)

and, foralli=1,...,d,
105.f = 35,06, f o,y < 2% edMp "By (n, p). (3.38)

Proof. The proof is the same as for Corollary 47: the Chebyshev-Lobatto aliasing formulas

bound the interpolation error by twice the corresponding truncation error in Theorem 51. [

3.7.1 Multivariate Chebyshev approximation from analytic maps

Chebyshev grids exhibit strong clustering near the endpoints of the interval as illustrated in
Figure 3.1. In particular, the spacing between adjacent nodes near the boundaries scales like
1/n?, where n denotes the degree of the interpolating polynomial. In contrast, the spacing near
the centre of the interval is coarser—approximately a factor of 7/2 larger than that of an equally

spaced grid used in trigonometric interpolation [133].

From the perspective of polynomial approximation, this clustering is not only necessary but, in
some respects, also optimal. However, it entails a cost: roughly a factor of 7/2 in each spatial
dimension is effectively “wasted.” Through analytic transplantation [64], one can construct ap-
proximations that are up to a factor of 7/2 more efficient. In a three-dimensional calculation,
a discretization may need (7/2)° ~ 4 times as many grid points as one would like. Such a fac-
tor can significantly affect the cost of linear algebra operations. Various authors have proposed
methods to mitigate this effect. Notably, it has been shown in [64, 128] that by using appropriate
analytic maps from the ellipse £, to more regular regions with straighter sides (see Figure 3.4),
and applying the same numerical methods in this newly mapped Chebyshev-Lobatto points, the
7/2 factor in convergence rates and node distributions can be recovered. In the remainder of
this subsection, we briefly present the idea of analytic transplantation. For a detailed exposition

of its construction, we refer the reader to [64, 126, 128, 131] and the references therein.

Let f: Q4 — R be a Lipschitz continuous function defined on the physical hypercube, and let {
be an analytic map?
C:Q—Q4  x=((s), (3.39)

with d;,¢(s) > 0 for 1 <i <d. Define the pullback

We approximate g by a Chebyshev interpolant on the parameter domain and then map the result

2Continuous differentiability of { is sufficient for the algebraic approximation estimates. Analyticity is used when
applying the polyellipse estimates. We use x for the physical domain and s for the parameter domain where the
Chebyshev points are located.
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36 3. Interpolation and integration in the hypercube

back to the physical domain; that is, the approximation to f is

= (Q6,,8) (' (%))

According to [93, Theorem 4.1], the pullback g admits a uniformly and absolutely convergent

multivariate Chebyshev series,
$)= Y calals). (3.40)

d
acNj

or equivalently

x)= ), cala((7'(x)),

d
acNj

with coefficients

2d d
== [ 1@ e d
ﬂd/gd IIJ l—s

with 2/ replaced by 1/7 for any o; = 0.

The theorems above apply to the transformed approximation after replacing f by the pullback
g = fo{. The analytic interpolation estimate becomes the following.

Theorem 53. Assume that g = f o { satisfies Assumption 48 on €p, with

Mg = sup |f((@)| <=, pi=minp;

z2€8p

Let Qg, & be the Chebyshev—Lobatto interpolant of g on Cheby ,,. Then

1f = (Q6,,8) 0 & o) < 2% edMp™By_1(n,p), (3.41)
and, foralli=1,...,d,

105.8 — 95,06,,8ll o) <291 edMyp™"Byi1(n,p). (3.42)

For many functions f, the transformed Chebyshev series are more efficient than the standard
ones. To approximate such functions efficiently, we employ transformed Chebyshev interpolants
using the mapping {(s) introduced in [64]:

C(s) = (40320s + 6720s> +3024s° + 1800s’ + 12255 ) (3.43)

53089

This map is constructed by truncating the Taylor series of arcsin(s)?, then normalised to satisfy
{(£1) = £1. For example, choosing n = 1,3, or 5 yields the following normalised polynomial

maps:

3 1557+

arcsin(s) = s+ | o +405 + 1125 + 11528
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3.7. Convergence for analytic functions 37

(5) =5,
(5) = 5 65+,

1
L(s) = m(120s+20s3 +9s%).

Maps of this form are polynomials (for a finite degree n) and are therefore analytic across the
entire complex plane. Although these polynomial maps only approximate the arcsin function
up to a given degree n, they preserve important characteristics—such as stretching the region
of analyticity and equalising the distribution of nodes—without introducing singularities. To

demonstrate this, we consider the interpolation of the functions defined in the following exam-

ple.
—o— f(x) 10°
100 | flg(s))
—-—- -1 102
10714 :\7' 8o 10-¢
= re £
3 LTI S 3 w0
—: 1072 4 & & "‘.'FJA'VHHH ~~~~ ;‘;
= o b ",V““H m = 1078
6,) ‘”\.“‘"’“L’ 0"’
g 1073 4 |||, R £ 1071
€
] | i 10712
10 4 o 8
1071
°
100 10! 10° 0 20 40 60 80 100
Polynomial degree Polynomial degree
2 3 i
(a) f(x) eC([-1,1]°) (b) f(x) analytic

Figure 3.3: Approximation errors using transformed Chebyshev interpolants along with the
ideal convergence lines.

Example 54. We consider the interpolation of the functions f(x) = Y, |sin(x;)|* and f(x) = m.
The first function belongs to the class C?(Q,), with discontinuities in the third derivative at x = 0 and
X = £, whereas the second function is analytic over Q4. For the purpose of this analysis, we fix d =3

and apply the analytic map given in (3.43). For the first function, we take r = 3.
The results confirm the theoretical predictions:

o The first function exhibits algebraic convergence, as shown in the left plot of Figure 3.4, where the

transformed approximants decay at the same rate as the Chebyshev interpolants but lie consistently

below them.

o The second function demonstrates geometric (exponential) convergence, as illustrated in the right
plot of Figure 3.4. The speedup is clear, the poles at i\/% make the largest € p-ellipse in which f is
analytic small. The analytic map (3.43) enlarges the Bernstein ellipse in which f({(s)) is analytic.
As a result, the transformed approximants converge at a geometric rate, with an observed decay of
approximately 1.557". It is also worth noting that the interpolation points in Figure 3.4b are more
evenly distributed than in Figure 3.4a, with increased density near the center, allowing for finer
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38 3. Interpolation and integration in the hypercube

resolution.

((s) of degree d =5

((s) of degree d =9

(a) €135 (b) £(E135)

Figure 3.4: The Bernstein ellipse together with the Chebyshev-Lobatto points, and their image
under the transformation (3.43).

Example 54 illustrates and confirms the findings of [64], namely that the assumption that f is
analytic in €, is unbalanced from a practical point of view. It allows f to be “less analytic” near
the ends of the interval, where the ellipse is narrow, than in the middle, where it is wide. This
nonuniform analyticity condition underlies Corollary 52 and related results, but it lacks intrin-
sic justification. Therefore, by analytically mapping &, to a region with straighter sides, one can
achieve improved convergence rates. We close by emphasizing that, for analytic functions, it
is not enough for a grid to simply ‘look good’; achieving a fast rate of geometric convergence
depends on whether it originates from an analytic map covering a large domain of analytic-
ity.

Remark 55. Before concluding this section, it is essential to address one of the key challenges of tensorial
polynomial interpolation: the so-called curse of dimensionality [74]. This term, introduced by Richard
Bellman [10], refers to the exponential increase in complexity as the number of variables (or dimensions)
grows. In our context, this phenomenon manifests as follows: If we express the convergence rates in terms
of the number of degrees of freedom (Chebyshev coefficients), N := |Ag | = (n+ 1), then equation (3.22)
becomes

_ (r=d+1)
1f =06, flleoey) € ON~ ). (3.44)
Similarly, for equation (3.23) we have
_ (r=d-1) .
104.f — 0506, fllcovey EONT ), Vi=1,....d. (3.45)

The convergence rate deteriorates significantly as the dimension d increases. This effect, can be mitigated
by considering polynomials corresponding to an £7 ball index with p < oo, whose the number of coefficients
scale subexponentially with the dimension. For instance, for p =1, we have N := |Ag,1| = O(d"), and

for p =2, we have N := |Ay 2| = o(n?). We refer to [68] for a deeper discussion on this topic.
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3.8 Integration in the hypercube

In this section, we review numerical integration on the reference hypercube Q; = [—1,1]%. Let

f: Q4 — R be continuous and consider
L[f]:= ] f(x)dx. (3.46)
Q

We write I[f] when the dimension is clear. Such integrals arise repeatedly in later chapters after
surface integrals are pulled back to reference domains: the integrand then contains the physical
function, the parametrization, and the geometric Jacobian. Since these integrals are rarely avail-

able in closed form, high-order numerical integration is a central part of the discretization.

A cubature formula approximates (3.46) by a finite weighted sum

l(f]= @,lf] = ) wpf(p). (3.47)

peP
The non-zero constants w), are the weights and the points p € P are the integration nodes. If
d =1, the rule is called a quadrature formula; if d > 2, it is called a cubature formula. We also use

the neutral term integration rule.

Definition 56. A cubature formula Q for an integral I is said to have algebraic degree of exactness p
if
Qly] =1ly], VyeIlyy, (3.48)

and there exists ¢ € Iy 41 such that

Qo] #1[¢]. (3.49)

In contrast, the order of a quadrature rule will refer to the parameter controlling the number of quadrature
points. For example, in one dimension we write Q, for a rule with n+ 1 nodes. With this convention,
the (n+ 1)-point Clenshaw—Curtis rule has algebraic degree of exactness n, whereas the (n+ 1)-point

Gauss—Legendre rule has algebraic degree of exactness 2n+- 1.

Since both Q and 7 are linear, and Il; , is a vector space, the condition (3.48) is equivalent

to
Qly;| =1yl j=1,...,dimI,,, (3.50)

where the y; form any basis of 1y .

In multi-dimensional settings, cubature rules are often constructed by combining one-dimensional
quadrature rules; see Section 2.4. This leads naturally to tensor-product methods, which will be

the focus of the following section.
3.8.1 Tensor-product techniques for multivariate integration

Tensor-product quadrature methods are particularly effective for integrating high-degree poly-

nomials over Cartesian product domains in R?. These methods are especially well-suited to
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40 3. Interpolation and integration in the hypercube

structured domains such as cubes, which commonly arise in finite element and finite volume
methods [113]. They are constructed by taking tensor products of the nodes and weights from

one-dimensional quadrature rules. The construction is recursive and proceeds as follows:

Let Q) denote a quadrature rule on [—1, 1] with nodes and weights

{(pj: @) o

Thus Q! uses n+ 1 function evaluations:

/ fx)dx =~ Z(o]fp]

The algebraic degree of exactness depends on the particular rule; for instance, it is n for Clenshaw—
Curtis quadrature and 2n + 1 for Gauss-Legendre quadrature. For d > 2, the rule is extended

recursively. Let Qd ~! represent a quadrature rule ona (d—1)-dimensional domain Q,_; C R?"!,
Y- p q

Ny_1— }Nd 1—

with nodes {p;}., "and weights {@; !, where N,_; is the number of nodes in Q%! De-
fine the d-dimensional domain as Q; := Q,_; x [—1,1]. The tensor-product rule fo’d for Q, is

constructed from fofl and Q,i by

Ng-1—1 n

/Qf(x)dmeff’d[f] =Y. ) ®0;f(p,p;), with (p,p;) € Qq.
d =0 j=0

Equivalently, for the tensor-product domain Q, = [—1, 1]¢, this can be written as
Q®d Z Z w;, -~ a)ldf Piys-- 7pi,1>- (351)
11—0 d =0

This way, a d-dimensional quadrature rule is defined which requires (n + 1)¢ function evalu-
ations. The relevance of this construction is not that one needs numerical quadrature to inte-
grate individual monomials, which can of course be integrated analytically. Rather, polyno-
mial exactness provides a precise way to design and analyze quadrature rules. In applications,
the functions to be integrated are typically not polynomials; for instance, after a surface in-
tegral is pulled back to a reference domain, the integrand contains the physical function, the
surface parametrization, and the Jacobian determinant. Tensor-product quadrature is useful
because it reduces the construction of multidimensional rules on Cartesian product domains
to one-dimensional nodes and weights, while retaining high-order accuracy for smooth inte-

grands.

3.8.2 Convergence of Clenshaw—Curtis and Gauss-Legendre Quadrature

In the univariate case, it is well known that the error in approximating the integral (3.46) decays
algebraically for differentiable functions and exponentially for analytic functions [133]. This

behavior can be summarized by the following statements:
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3.8. Integration in the hypercube 41

Theorem 57 (Quadrature formulas for differentiable functions). Let f € C([—1,1]) and suppose
f has derivatives up to f (r=1) which are absolutely continuous on [—1,1], where r > 1. Further assume
that the r-th derivative f) is of bounded variation V;. Then the following error bounds hold:

1. For the (n+ 1)-point Clenshaw—Curtis quadrature with n > r,

2y

—_ 0S| <
=05 < {5 o (3:52)
2. For the (n+ 1)-point Gauss—Legendre quadrature with n > 2r+1,
32 V
%Ll < i
1= < 1 e (3:53)
Proof. See [133, Theorem 19.4]. O

Theorem 58 (Quadrature formulas for analytic functions). Let f be an analytic function on [—1,1]
that can be analytically extended to the open Bernstein ellipse E,. Suppose | f(z)| < M for some constant
M and all z € E,. Then the following error bounds hold:

1. For the (n+ 1)-point Clenshaw—Curtis quadrature with n > 2,

_ CC 64Mp17n
171- 05| < ot i (3.54)
2. For the (n+ 1)-point Gauss—Legendre quadrature withn > 1,
_ CL 64Mp "
\I[f] 0l = 51y (3.55)

Moreover, the factor p' =" in the Clenshaw-Curtis bound can be improved to p~—" when n is even, and
the constant 64/15 can be replaced by 144/35 if n > 4 in the Clenshaw—Curtis case, or if n > 2 in the
Gauss—Legendre quadrature case.

Proof. See [133, Theorem 19.3]. O

The next theorem gives a tensor-product Clenshaw—Curtis estimate on the hypercube. The proof
is intentionally conservative: it combines polynomial exactness with positivity of the weights
and the uniform Chebyshev truncation estimates derived earlier. Remark 60 then explains how
the sharper one-dimensional Chebyshev-mode argument can be lifted dimension by dimen-

sion.

Theorem 59 (Stability-based tensor-product Clenshaw—Curtis estimate). Let f satisfy the assump-
tions of Theorem 44, and let d € N. Then the following error bounds hold for the (n+1)4-point Clenshaw-
Curtis quadrature:
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42 3. Interpolation and integration in the hypercube

(a) If n>randr>d—1, then

224+l eqy n+1 1
1T — 0CC=d | < for . )
’U] 2. [ﬂ‘_7ﬂr—d+l) n+1—r nr—d+l (3.56)
(b) If the assumptions of Theorem 49 are satisfied and n > 2, then
171- @SS 11| < 2L eaMp~"By 1 (n.p). (3.57)

Proof. Let T¢, denote the truncated Chebyshev series of f: Q; — R with respect to A;,. The

tensor-product Clenshaw—Curtis rule is exact for T ,, hence
I[Tf~n] = Qsc®d I:(Jifan] ‘

Therefore,
11171 = QS [f1] < |11f — Tyl |+ |QSC2 [ f — Tl - (3.58)

The first term is bounded by 24| f — T, lco(@,), since vol(Q,) = 24. The second term satisfies the
same bound because the tensor-product Clenshaw-Curtis weights are positive and sum to 2.
Thus,

11— QS [f]] < 29T f = Trallcogay)-

Applying Theorem 45 gives (3.56), and applying Theorem 51 gives (3.57). O

Remark 60. The estimate in the preceding theorem is safe but not sharp in its constants, because it bounds
the quadrature error by the uniform norm of the Chebyshev tail. The sharper one-dimensional proof does
something more specific: it expands the error in Chebyshev modes and estimates only the modes that the

rule does not integrate exactly.

Let I)[g] = [, g(x)dx, and let Q) be a symmetric positive one-dimensional rule with algebraic degree of

exactness v,. For Clenshaw—Curtis, v, = n. Define the one-dimensional modal defect
8" .= [T - OL[Ti].
Then 5,5") = 0 for k < v,. Moreover, symmetry gives
LT]=0NT) =0  forodd k.
Thus the one-dimensional error receives contributions only from even Chebyshev modes above the exact-

ness degree. For even modes,

2 2
ma |11[T2m]| <<

1| Toy] =
1[Tom] =15

(m =2),
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3.8. Integration in the hypercube 43

and positivity gives |Q}[Ti]| < QL[1] = 2. Hence, for every even non-exact mode with k > 4,

(n) <2 3 — 2
16| <2+ 5= 15 (3.59)
Together with the one-dimensional Chebyshev coefficient estimate and the summation over even modes

only, this is the elementary cancellation mechanism behind the Clenshaw—Curtis part of Theorem 57.

The tensor-product extension is obtained by applying the same argument one coordinate at a time. Suppose

d
f(x)= Z caTa(x), Ta(x) = I:IlTaj(xj)-

acNg
For one tensor-product mode, both the exact integral and the tensor-product rule factorize, so

(n.d)

L=, =Y cata™, (3.60)

acNg

where

d d
Ay = T11[Tw) - [] LI Te,)-
=1 =1
The product defect can be telescoped as

d
Ay =Y
(=1

<H Qi[Taj]> 5y (Hh [Ta_,]> : (3.61)
Jj<t j>t

This is the concrete multidimensional version of the one-dimensional proof: each summand contains
exactly one one-dimensional quadrature defect, while the remaining directions contribute only exact or

quadrature moments.

The consequences are immediate. First, if one component o is odd, then both products in AE,'Z ) anish.

Second, if all components satisfy o < v,, then all one-dimensional defects vanish. Hence only the even
non-exact tail
Eani=1{a € (2N))?: | @|jw > v}

can contribute. Let
sp(a@) :=#{j: ;> v,}

be the number of non-exact coordinate directions. Using |I[Ti]| < 2, |QMTi]| < 2, and (3.59), equa-
tion (3.61) gives
[lalf] =0 [fl <2 Co ). su(@)leal, (3.62)

acly,

where Cy is a one-dimensional bound for the even non-exact defects; the elementary bound above gives
Co =32/15.

Combining (3.62) with the coefficient estimate from Theorem 44 yields a parity-filtered shell estimate. In
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44 3. Interpolation and integration in the hypercube

the usual stability proof, the shell || 0| = g has cardinality
(q+1)"—q* <edq"".

In the modewise quadrature estimate, only even shells remain. For g = 2m,

‘Eeven|_( +1d_ d< d g d—1 even _o
d2ml = M ) —m’ <e 2 ) | d72m+1’_ .

Therefore the contribution of the shell || €| = g = 2m is bounded by

24vy,

ol iy g (

m—{—l)d—md),

where the factor d comes from the crude bound s,(@) < d. This is the same summation as in the proof
of (3.56), but with the full shell count (q+ 1)? — q? replaced by the parity-filtered count (m+1)? —m¢,
and with the one-dimensional modal-defect constant Cp = 32/15 made explicit.

Thus the improved estimate has the same algebraic rate as (3.56), but a smaller tail: all odd shells are
removed, and the factor s, (@) records how many directions are actually beyond the exactness degree. In
particular, for d = 1, equations (3.60)—(3.62) reduce to

ILf]-0alfl<Co Y e,

k>v,
k even

which is precisely the one-dimensional Chebyshev-mode tail estimate. For Clenshaw—Curtis, v, = n and
Co = 32/15; with the standard one-dimensional coefficient bound and the sharp even-tail summation,

this gives
32V
I _ CC < for
‘l[f] Qn [f”—lsﬂ:r(n_r)r?
which is the Clenshaw—Curtis estimate in Theorem 57. The point is not a new rate, but a clearer and
sharper tensor-product constant: the multidimensional proof is obtained by tensorizing the same parity

and modal-defect arqument used in one dimension.
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Chapter 4

Representations of surfaces

In this chapter, we review the surface representations that are used in the methods developed
later in the thesis. Our attention is restricted to d-dimensional regular surfaces that admit a dif-
ferentiable structure, allowing them to be treated as d-dimensional manifolds; see Definition 61.
The implicit function theorem provides the theoretical justification for this identification by as-
serting that a sufficiently smooth implicit surface locally defines a manifold [23, Proposition
4.16]. Throughout, we adopt this equivalence and use the terms surface and manifold inter-

changeably where appropriate.

Definition 61 (Regular Surface). Let r € N. A d-dimensional surface T C R of class C” is defined
as follows: for every point p € T, there exists an open neighborhood Ns C R+ containing p, an open set
U C RY, and a map pp : U — Ng N T such that the following conditions hold:

1. pp € CT(U;RI).
2. pp is a homeomorphism.
3. For every point q € U, the Jacobian dpy : R — R4 is injective (i.e., has full rank d).

The maps pp are called local parametrizations or local charts of the surface. We say f € C"(I'),
if for every local parametrization p, of I' we have f o p, € C"(U;R). These maps continuously
and invertibly identify subsets of R? with subsets of I (property 2). Properties 1 and 3 ensure
that the surface is smoothly embedded in R?"!, meaning it has no cusps. The third property
allows combining a set of parametrizations into an atlas covering the entire surface. Such a
(finite) covering always exists since surfaces are compact subsets of RY"!. A surface I can be
represented in various ways, such as through a parametrization over a reference domain, an

implicit representation as the level set of a function, or by closest-point projection of coordinates
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46 4. Representations of surfaces

onto another surface in a neighborhood close to I'.

At the most abstract level, these representations are categorized into two primary types: im-
plicit and parametric representations. Each representation method has its own advantages and

limitations [44], which we discuss in Sections 4.1 and 4.2, respectively.

4.1 Implicit representations

In implicit representations, surfaces are described as the kernel or zero-level set of a function:

Definition 62. An implicit (or volumetric) surface in R4 is defined as the zero-set of a scalar-valued
function Fr : R R, ie.,

= {xcR™ | F(x)=0}.

From the implicit function theorem it may be shown that for F-(x) = 0, where 0 is a regular
value! of Fr, the implicit surface is a d-dimensional manifold |23, Proposition 4.16]. The Jordan-
Brouwer Separation Theorem states that such a manifold separates space into the surface itself
and two connected open sets: an infinite outside and a finite inside [63]. More precisely, a given
domain Q C R"! can be decomposed into an inner part Q|, an outer part Qf, and their common

interface I" by requiring that vVx € Q

FF(X)<O < x € Q,
Fr(x) =0 < x€T,
Fr(x) >0 < xe€Qf,

where we define Qf as the (open) complement of Q; in Q. Fr does not explicitly describe the

surface, but implies its existence.
Example 63. Consider two examples for which no manifold exists:

o Trivial Case: Fr(x) := 0. Here, VF-(x) is everywhere zero, resulting in no well-defined normal
direction or tangent space at any point. Consequently, there is no well-defined inside or outside,

and no boundary separates the two regions.

o Degenerate Sphere: Fr(x) = ||x||>. Here, VFr(x) = (2x1,2x2,...,2x4+1), Which vanishes at the
origin, the only point satisfying Fr-(x) = 0. This singularity at the origin prevents the surface from
being a smooth manifold.

The function F(x) is typically defined using one of three primary approaches:

U1f the gradient of F- is non-null at a point x, then x is said to be regular and VF-(x) is normal (i.e., perpendicular)
to the surface at x. If, however, the gradient (or, equivalently, the tangent vector) is indeterminate, the point is
singular (also called critical or non-regular). For example, the apex of a cone is a singular point. If the surface is
regular and the second partial derivatives are continuous, then the surface will have continuous curvature (i.e.,
the surface is C? continuous). Also, if the surface is regular, it is a manifold.
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4.1. Implicit representations 47

e Through discrete samples, which are generally uniformly distributed within a finite volume.
These samples often arise from physical measurements such as opacity, density, or temper-
ature. The associated isosurface is defined as the level set Fi- ' (c) = {x € R¥*!: [ (x) = ¢},

where c is the isocontour value.

e By mathematical functions, where one or more equations specify the coordinates of the
points x. If the defining function Fr is polynomial, the surface is called algebraic, and
lies within the classical domain of algebraic geometry. In this setting, the zero set of F-
forms the surface, and its properties can be analyzed symbolically. If Fr is instead defined
using non-polynomial expressions—such as exponential, trigonometric, or logarithmic
terms—the resulting surface is termed transcendental, and often arises in applied mathe-

matical models.

e Via procedural methods, where Fr is specified through an algorithmic or black-box process.
In such cases, no closed-form expression for the surface exists, and geometric features

must be inferred by sampling Fi- numerically over the domain.

These approaches are versatile and particularly effective for representing surfaces with highly
complex topologies. One of the key advantages of these methods is that the global consistency

of the surface is guaranteed by construction.
Among the most common implicit representations of surfaces are:
o Level set methods [99, 100, 118-120], which are widely used for evolving interfaces;

o Local kernel (radial basis function) parametrizations [28, 29, 40, 72, 102], which allow for flex-

ible surface fitting and reconstruction;

o Closest point methods [86-88, 112], where the surface is represented in terms of points near-

est to it in the embedding space.

Despite their different mathematical structures, all of these methods share a common feature:
they approximate the surface using discrete points, typically distributed uniformly within a finite volume.

This discretization simplifies complex surface modeling and representation.

4.1.1 Curvatures and differential operators on surfaces

The practical value of implicit representations becomes especially clear when one computes dif-
ferential quantities on d-dimensional regular surfaces. In numerical settings, quantities such
as curvature are often computed on discrete surface approximations. This introduces a sec-
ond layer of approximation, involving the discretization of surface differential operators on the

discrete surface.

While these methods are highly effective, this dual approximation (both of the surface and its
differential properties) can limit the accuracy achievable, particularly for higher-order geomet-

ric quantities, which often require precise surface differentials. We provide explicit formulas
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48 4. Representations of surfaces

for computing mean curvature and Gauss curvature. We consider the implicit surface descrip-
tions of the two-dimensional surfaces I' C R4t! where our surfaces are defined as the zero-
level set F-'(0) =T'. To derive explicit formulas for the basic geometric quantities of ', we

follow [59] within RY*!, using the standard inner product (¢;,e;) = &; ; and the standard basis

If T is orientable, then the gradient VFr = (0, Fr, o, Fr,... 0

Xd+1

and provides, together with the Hessian Hr = V(VFr) € R@FDX(@+1) of Fp.

Fr) € R¥! never vanishes on T’

I’ Fr 9’ Fr o I’ Fr
dx} dx1dxy dx109x4, 1
82FF azFF . azFr
0x20x1 dx? 0x20x441
H]" - . : )
82FF 82Fr . azFr
8xd+18x1 axd+1 a)CQ Bfol

the main ingredients for computing Gauss and mean curvature. Both curvatures can be derived

Hr VET
det r r
VF 0

from these quantities [59] as:

KGauss - ||VF1"H4 (41)
\Y VFT — \VF||?

Ko — VEHTVEY — ||V |[Ptrace(Hr) (42)
2| VFr|?

While several alternative formulas exist [59], the two mentioned above enable stable and nu-

merically accurate evaluation, as demonstrated in [138, Section 10.1].

4.1.2 Surface regularity and closest point projection

Assume that our d-dimensional regular surface I"is a smooth, connected, orientable, and closed
C" manifold (with r >2), embedded in a (d + 1)-dimensional ambient space. Given " C RY*! for
each point x € I the tangent space T,I" C R**! is a linear subspace. The disjoint union of tangent

spaces to I is the tangent bundle of I":

TT := | J LI ={(x,y)|x € Tandy € T;T'}.

xel’

The tangent bundle is a smooth manifold of dimension 2d. The normal space of I" in R?*! at x
is the orthogonal complement of the tangent space T,I, namely N,I" = (TuR**!)"". The normal

bundle is a smooth embedded submanifold of R4*+! x R4+! of dimension d,

NI := [ JMI = {(x,z)|x € Tandz € NyI'}.

xel”
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4.1. Implicit representations 49

Let 6 :I' — R, be a positive, continuous function. Consider the following open tubular neigh-

borhood of the normal bundle:

Ns = {(x,yx) | [lyxll <8 (x)},

where yy is normal vector attached at x. The map F: NI — R¥*! (x,y) — x+y is smooth and
there exists a 0 such that the restriction J|y; becomes a diffeomorphism onto its image [84].
Consequently, N5 = F (Ns) is a d—dimensional, open, smooth, embedded submanifold of R4+

that forms a tubular neighborhood of I".

Definition 64. The signed distance function d : Ng — I’ is defined for every x € N as follows: if x
belongs to the exterior of ', it is the distance from x to I, denoted dist(x,I"). Conuversely, if x belongs to
the interior of T, it is defined as — dist(x,T"). Thus,

|d(x)| = dist(x,I') Vx & Ns.
Recall the tubular neighborhood Ng C R¢*! defined via the normal bundle. If I" € C?, the signed

distance function d is well-defined and smooth in Ng. To ensure the existence and uniqueness

of the closest point projection, we restrict 6 further based on curvature bounds.
Let x;(x), for i = 1,...,d, denote the principal curvatures at x € I, and define

K(x):= max [K(x)|, and K :=|K]||z=r)-

1<i<d
Then, for § := ﬁ, we consider the curvature-controlled neighborhood
1
N5 := {x e R 1 dist(x,T) < 21(} C F(Ns), (4.3)

which guarantees the existence and uniqueness of the projection onto I'.

For C” surfaces, where r > 2, the gradient Vd(x) (with V denoting the standard gradient in R¢*!,
see [38] for more details) is well-defined for all x € Ng. When computed on T, this gradient gives

the unit normal n(x) pointing outwards:
n(x) =Vd(x) Vxerl.
Since Vd(x) is defined in Ny, it naturally extends n to Ny.

The neighborhood N is sufficiently small such that for every x € N, there exists a unique closest

point projection n(x) € I', defined by

n(x) =x—d(x)Vd(x) VxeN;.
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50 4. Representations of surfaces

An important property is that Vd(x) coincides at x € Ng and 7(x) € I'":

Vd(x) =Vd(n(x)) = Vd(x—d(x)Vd(x)) Vx € Ns.

It is natural to inquire which properties of the distance function and closest point projection

extend for C” surfaces, where r < 2. We use the classical regularity result stated in [57].

Lemma 65 (Properties of distance functions for C" surfaces). Let I" be a C" surface, r > 2. Then
there exists a positive constant & depending on I" such that d € C"(Ns). In addition, the closest point
projection 7(x) =X — d(x)Vd(x) is defined and of class C™~" on Ng with & < -

However, it has been demonstrated [ 16, Theorem 11] that for less regular C", where r < 2, such as
C!! surfaces the distance function and closest point projection are of limited utility. Specifically,
in this scenario, the closest point projection is not uniquely defined on any tubular neighbor-
hood of I" and the regularity of the distance function/the closest point projection does not vary

continuously with that of T'.

In summary, the properties of the distance function and the associated closest-point projection
for C", r > 2, surfaces are intrinsically linked to surfaces of bounded curvature. This C" reqularity

assumption on I" will be maintained throughout this thesis.

4.1.3 Tangential differential calculus on surfaces

Let I"be a smooth surface embedded in R?*! and covered by a finite family of local parametriza-
tions
pi: Qs — R =12 K.

Here K denotes the number of coordinate patches in the chosen local cover. Let d;p;(y) be the
column vector of j-th partial derivatives of p; for 1 < j <d aty € ©,. For immersed surfaces
[ C R we will write Dp;(y) : R? — R4*! for the Jacobian of the parametrization p; at y. By
Definition 61, the rank of Dp;(y) = (ajp,-(y))j?zl € RU+t1)xd js g (full rank). This implies that
{d jpi(y)}?zl are linearly independent and span the tangent hyperplane to I" at x = p;(y).

The first fundamental form is the symmetric and positive definite matrix g € R?*? defined by
g(y) := Dpi(y)" Dpi(y). (4.4)
Ifg= (gaﬁ)f’w:l, then the components g, read
8ap = 0ap; IpPi = dup;- Ippi,

which depends on the choice of parametrization.

Given v € C!(Q,,R), let ¥ : p;(Q4) — R be the corresponding function on the surface patch, de-
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4.1. Implicit representations 51

fined by
i(x) =v(p (), x=pi(y).
The tangential (or surface) gradient of ¥ is defined as the vector tangent to I that satisfies the chain

rule
Vv(y) = Dpi(y)" Vri(x) vy e Qq.

Since Vr¥ is spanned by {0;p:}9_,, we get Vri = Dpw for some w € R? whence w = g~ Vv

=1
and

Vri(x) = Dpi(y)g(y)~'Vv(y) ¥y €Qq. (4.5)

If ¥ = () : T — R is a vector field of class C!, we define its tangential differential Drv €

R(@+Dx(d+1) a5 a matrix whose i-th row is (V)7

(Vi) (9 ¥1,...,05, 1)
Vi) T Nv,,....08 v

Dpv = ( F.Z) _ ( V2 ‘ d+1 2) ’ (4.6)
(Vrda)? (01 Bar1s--5 9y 1 Vas1)

for the d + 1 components of the tangential gradient. Here, we identify df with the tangential

derivative d; along the surface I.

In addition, the tangential divergence of ¥ is the trace of Dr¥

d
divr ¥(x) = trace(Drv(x)) = ) 2P (y)dapi(y) - dpv(y) VyeQq, (4.7)
o,f=1

where v=+vop;and g7 = (g ‘xﬁ) pt- If both T and 7 : T — R are of class C2, then the Laplace—
Beltrami (or surface Laplace) operator is defined by

ArF= 1 diy (Vdetglye(y) 'Vo(y)) vy e Q. (4.8)
(¥)

4.1.4 Global Polynomial Level Set

The methods mentioned in Section 4.1—including level set formulations, radial basis function
parametrizations, and closest point methods—all represent surfaces through discrete data such
as points, meshes, or grids. Geometric quantities are then computed numerically on these rep-
resentations. Since both the surface and its differential operators are discretized, the result-
ing errors accumulate, limiting the attainable accuracy—particularly for higher-order quanti-

ties.

The Global Polynomial Level Set (GPLS) method [138] circumvents this limitation by constructing

a global representation of the surface as an algebraic variety. Given a point cloud P C ' C R?, the

51



52 4. Representations of surfaces

Point set on ellipsoid Biconcave disc

Figure 4.1: The GPLS surface Q' (0) constructed from randomly sampled points (blue dots) on
three algebraic test surfaces.

method computes a multivariate polynomial Qr(x) such that I' ~ Qr-' (0). This allows geometric
and differential computations to be carried out directly on a globally defined surface, without

requiring a secondary discretization of differential operators.

Using GPLS, the surface I' ~ Q1! (0) is approximated (up to the interpolation or fitting error)
by a uniquely determined algebraic variety, as shown in [138, Theorem 7.1 (iv—vi)]. Table 4.1
reports the reconstruction errors obtained by the GPLS method using randomly sampled surface
points from several algebraic surfaces. In this table, N denotes the number of random surface
samples used to construct the GPLS approximation, not the number of points at which the error
is merely evaluated. The results confirm the high accuracy of GPLS across different geometries,
highlighting its suitability for precise surface representation. Later, in Chapter 5, we employ the
GPLS method together with the integration scheme developed in this thesis, demonstrating that

GPLS is a strong candidate for performing integration on non-parametrized surfaces.

While implicit representations—such as the Global Polynomial Level Set method—provide smooth
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Algebraic 2D surface L. errors of: N
surface fitting coefficients  validation

(94+2)-10716  (1£1)-107% (9£2)-107'® 50

Ellipsoid
(a=0.8,b=0.9,c=1.0)

?;Cingzviflzcwﬂ (7+£4)-107  (3+£4)-107  (1£3)-107'° 200

Torus (R=0.5,r=03) (3+1)-107'* (1£1)-107"% (8£6)-107* 100

Table 4.1: Reconstruction errors (mean and maximum deviation) of [138, Experiments 1.2],
based on N random surface point samples used to construct the GPLS approxima-
tion of the 2D surfaces shown in Figure 4.1.

and often highly accurate models of surfaces, many practical applications demand a more ex-
plicit representation. This is especially true in areas such as visualization, finite element analy-

sis, and mesh-based numerical simulation.

In such settings, the surface is typically approximated by a mesh of triangles or polygons; that
is, a discrete collection of piecewise-linear, semi-disjoint elements. Provided that the surface
Fr is at least C!, such a triangulation is always possible: every differentiable manifold admits
a triangulation [141, 142]. This brings us naturally to the second major category of surface

representations.

4.2 Parametric representations

Parametric representations such as splines [47], subdivision surfaces [148], or triangle meshes
are based on a mapping from a (piecewise) planar domain into R**!. In other words, para-
metric (or explicit) surfaces are defined by a vector-valued parametrization function f: Q — T,
that maps a d-dimensional parameter domain Q C R to the surface I' C R?*!. Triangle meshes’
are arguably the most predominant surface representation, both in geometry processing and
computer graphics, as well as in other fields such as computational geometry and topology.
The popularity of triangle meshes comes from their simplicity, flexibility, and the existence of
many data structures for efficient mesh navigation and manipulation [15, 129]. Many methods
have been developed to compute or modify triangulations of given surfaces or point clouds,
while promoting properties such as alignment to shape features (e.g., ridges or creases), adapt-
ing sampling density to geometric detail, or improving triangle aspect ratios; see [11] for an
overview. Here we do not cover the detailed process of meshing a surface; for that topic, we re-
fer to [14] and the references therein. We instead use this section to introduce the triangulation

of reqular surfaces in R>:

Definition 66 (Triangulation of surfaces in R*). Let I be a regqular surface. A triangle in T is a closed
subset T which is the image of a homeomorphism v : T* — T where T* is a triangle in the plane R?. (i.e.,
a compact subset of R? bounded by three distinct straight lines). The vertices, edges, and face of T are the

images of the vertices, edges, and face under .

2Triangle meshes, being explicitly defined, are categorized as an explicit surface representation, albeit not a para-
metric one.
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54 4. Representations of surfaces

Figure 4.2: Illustrations of a surface discretized with a triangular tessellation (left) and with a
point cloud (right).

Definition 67. A triangulation® of a compact surface T consists of a finite family of closed subsets
{T1,T»,...,T,} such that any two distinct triangles, T; and T; are either disjoint, have a single vertex

in common, or have one entire edge in common.

Implicit and parametric surface representations each offer distinct advantages, making it valu-
able to be able to convert between the two forms. For instance, when calculating the intersection
of two parametric surfaces, the parametric equation of one surface can be substituted into the
implicit form of the other [71].

The process of converting a parametric surface to an implicit form is known as implicitization
and can be applied to any rational parametric surface or curve [117]. Implicitization involves
eliminating the parameters from the parametric equations. For example, eliminating s and ¢
from a set of rational equations produces the implicit form in terms of x [71, 80]. Conversely,
the conversion from implicit to parametric form is referred to as parametrization. This process,
called inversion, involves associating a point x with its corresponding parametric coordinates
(s,¢) [115]. However, parametrizing a surface in terms of rational functions is not always possi-
ble; for instance, many implicit surfaces defined by polynomials of degree four or higher cannot
be expressed through rational parametrizations [116]. Despite this, conversion is always possi-

ble for non-degenerate quadrics and some cubics that have a singular point.

3Rad6 (1925) showed that every surface has a triangulation. It might come as a surprise that for every d > 4, there is
a compact d— dimensional surface (without boundary) that does not have a triangulation. The latter results are
very deep. For dimension 4 it follows from results of Freedman (1982) and Casson (1990) — this is actually part
of the work Freedman won the fields medal for. For dimensions at least 5 the result is due to Manolescu (2013).
In contrast, it was proved much earlier by Cairns (1935) and Whitehead (1940) that every differentiable surface has
a triangulation.
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4.2.1 Simplicial complexes

Definition 68. A simplicial complex T;, in RY is a finite set of simplices in R? that satisfies the following
conditions

1. Any subsimplex of a simplex from Ty, is also in T,.
2. The intersection of any two simplices Ty, T, € Ty, is a face of both Ty and T».

In other words, the first condition asks T), to be closed under taking subsimplices, and the second
condition asks that the intersection of any two simplices is either a common subsimplex or empty

because the empty set is a face of every simplex.

Any subset T, C T, that is itself a simplicial complex is called a subcomplex of T;,. We say that a
simplicial k-complex T}, is a simplicial complex where the largest dimension of any simplex in T,
is k. Thus, a simplicial 2-complex does not contain tetrahedra or higher-dimensional simplices.
The 0-complex of T}, is called the vertex set of T;,. We can also think of a simplicial complex as
a space with a triangulation, which is the division of a surface or a plane polygon into a set of

2-simplices.

Throughout this thesis we work with d-dimensional closed surfaces, I C R4+ with oI = 0.
We assume that we have a polyhedral reference surface I';, in Euclidean three-space, which is
defined to be a compact subset I', C R?*! topologically equivalent to the smooth surface I'. This
discrete surface is composed of finitely many triangles whose vertices are located in I, ensuring
that each edge is contained in a certain (affine) line and each face is contained in a certain (affine)

plane: T, is the union of finitely many non-degenerate (closed) d— simplices in R4*!.

We let T), denote the set of these simplices:

L= T, [Tn| =K . (4.9)
T€T),

A triangulation T}, is conforming if it satisfies the following property: for 7;,T; € T),, with i # j, the
intersection 7; N7} is either empty or a proper subsimplex common to both 7; and 7;. In other
words, a conforming mesh means there are no vertices in the interior of edges. If this condition is
not met, the triangulation is referred to as non-conforming. The triangulation defined here can be
treated equivalently as simplicial complex as it is a finite set of simplices satisfying Definition 68.
Let T € T), be a k-dimensional simplex, where k < d, with vertices [Xo,...,X;] € R?. We define the
diameter of T by

diam(T) = max_ =,

thatis, the length of the longest edge. In particular, if T consists of a single vertex, then diam(7") =

0.

Additionally,

h=maxdiam(T), r= minp(T).
max iam(T), r ﬁ%p()
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56 4. Representations of surfaces

and the quantity

o= ITnea% o(T), o(T)= T

is bounded independently of the mesh size .

4.2.2 Projection to zero-level set

Determining the closest point projection onto a surface, denoted by 7(x), is a fundamental opera-
tion in many applications. While closed-form solutions exist for simple surfaces such as spheres
and tori, for more complex surfaces, especially those implicitly defined as the zero-level set of a
function, the closest-point projection must be determined iteratively. This can be achieved us-
ing methods such as Newton’s method or fixed-point iteration. The essential property used in
these algorithms is that the normal vector to the surface is given by the normalized gradient of

the implicit function.

Let us assume that our surface is given as I' = {x € R“"! : ¢(x) =0}. Given an initial guess
for the projected point x, the authors of [103] describe a scheme to iteratively compute better

approximations of the projection of xy to I. The scheme approximates the closest-point prop-
P(x)

erty 7(x) = x —d(x)n(x(x)) using the approximate distance d(x) ~ =~ and the normal vector
y g the app Vo®N
n(x) = %, for x € I'. This leads to an iterative scheme inspired by gradient descent:

Xiv1 = xi— Vo(x) 20 (4.10)

Vo>

This scheme iteratively updates the estimate of the projected point by moving along the nega-
tive gradient direction, with the step size proportional to the approximate distance to the sur-

face.

While the gradient descent approach is computationally efficient, it may not always converge
to the true closest point. To address this, an improved scheme, as proposed in [39], refines the

initial estimate obtained from the gradient descent step.

This refined scheme proceeds as follows:

~ X . . ~
Xit] =X — V(p(xi)HV((I;)((x,-))Hz’ dist = sign(e(xo))||Xi+1 — Xo||-
dist
i+1=X0— VO(Xif1)ro——1
Xt =X VO ) g0, )]

First, the gradient descent step is performed to obtain an initial estimate X;,;. Then, this point
is used as an initial approximation of the closest-point projection to obtain a better estimate of
the actual distance from x( to I'. The improved scheme generally exhibits better convergence
properties, albeit at a higher computational cost. The choice of initial guess x( can significantly

influence the convergence behavior and speed. The accuracy of the projection depends on the
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smoothness of the implicit function ¢(x) and the chosen stopping criteria, such as an error esti-

mate err; or the distance to the surface.
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Chapter 5

Integration on regular surfaces

In computational mathematics, accurate numerical integration techniques are crucial for a broad
range of numerical methods, including the boundary integral method, the finite element method,
surface finite elements, integral transforms, and the finite volume method. This chapter ad-
dresses the problem of integrating functions over triangulated curved surfaces using high-order
methods. It provides a detailed account of the work presented in three of my published papers
[145-147], each of which examines the challenges associated with attaining optimal convergence

rates under both %- and p-refinement.

Piecewise polynomial surface parametrization using Lagrange interpolation with equidistant
points shows an error behavior that is different for even and odd polynomial orders. This phe-
nomenon was first noted numerically in the work of [109], where it was observed—though not
theoretically explained—that even-degree polynomials often yield better convergence rates than
their odd-degree counterparts. Further numerical evidence is provided in [66], where Harder-

ing and Praetorius explicitly discuss this behavior. In Section 5.1 of [66], they state:

A fourth observation in the data shown in Table 1 is that the numerical convergence rates for
even kq and small values of o are often better than the expected convergence orders. This be-
havior is not explained in the analysis section of this paper. We have observed experimentally
that for even kq the non-standard geometry estimates (11) behave even better and seem to be
of order kg +2. This observation needs further investigation that goes beyond the scope of
this paper.

Despite these experimental findings, the underlying theoretical justification for this behavior
has remained an open question. Motivated by these observations, this chapter first addresses

this gap by studying the cancellation mechanism that appears for equidistant interpolation
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60 5. Integration on regular surfaces

nodes on refined triangular meshes. The analysis is carried out for both scalar and vector inte-

grands.

Theorems 78 and 82 establish rigorous error estimates for integration over discrete triangulated
surfaces, providing a theoretical foundation for the superior performance of even-degree poly-
nomials and thereby proving Conjecture 72. These contributions not only resolve the open ques-
tion but also clarify the role played by mesh symmetry and interpolation degree in high-order

surface quadrature.

The first part of the chapter also exposes a limitation of simplex-based interpolation: even when
the convergence mechanism is understood, equidistant triangular nodes remain vulnerable to
Runge’s phenomenon at high polynomial degree. This motivates the second part of the chap-
ter. In Section 5.5, we present a methodology for constructing stable, high-order surface repre-
sentations by pulling the interpolation problem back from triangles to tensor-product domains.
These representations serve as the basis for deriving high-order volume elements (HOVE) used
in the integration of scalar- and vector-valued functions over regular embedded surfaces. At
the core of this approach lies the square-squeezing technique, which reparametrizes flat triangu-
lations into cubical meshes. By interpolating on Chebyshev-Lobatto grids, the method miti-
gates Runge’s phenomenon and provides closed-form expressions for high-order quadrature.
Newly derived error bounds demonstrate exponential convergence for smooth integrals, with

p-refinements significantly outperforming h-refinements.

The third part of the chapter then accelerates the same HOVE framework through spectral differ-
entiation. Leveraging Chebyshev-Lobatto nodes, this method constructs Chebyshev differenti-
ation matrices to compute partial derivatives of k-order cubical reparametrization maps. These
derivatives are used to approximate the metric tensor g; for each element, as detailed in Sec-
tion 5.6. Thus, the chapter moves from an explanation of the even—odd convergence effect, to a
stable tensor-product representation, and finally to a faster spectral implementation. Section 5.8

closes with potential directions for future work.

5.1 Related work

Prior to presenting the proposed approaches, it is essential to understand the current landscape
of numerical integration techniques for curved surfaces. To contextualize the discussion, we first
review several key developments addressing the computation of integrals on surfaces. These
methods, which range from mesh-free approaches to high-order polynomial interpolation tech-
niques, provide the foundation for our investigation and highlight the need for more robust and

efficient solutions.

R1) Belytschko et al. [104] explore mesh-free methods like moving least squares (MLS), which
provide a robust framework for approximating integrals, especially those with discontinu-
ous functions. Mesh-free methods avoid the complications of mesh generation and element

connectivity, making them effective for dynamic simulations. However, partition of unity is
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5.2. Integrals over smooth surfaces 61

essential for stabilizing these methods, and computational costs can rise significantly when
handling discontinuities or irregular geometries. A notable limitation of these approaches
is the instability of regression methods when faced with complex integral partitions, as

discussed by Belytschko and his team.

R2) Ray etal. [109] realize High-Order Integration over Discrete Triangulated Surfaces (IDS) based
on stabilized least squares, deriving k'-order surface approximations. While the stabilized
least-squares regression avoids Runge’s phenomenon the computational costs rapidly in-
crease with the order of the approximation. Recent extensions [85] address the task of

computing integrals over non-parametrized surfaces.

R3) Piecewise polynomial approximations of regular hyper-surfaces I' = F;- ' (0) in R3 are stud-
ied by Dziuk and Elliot [44]. Realizations are given by Demlow [38], Chien and Atkinson
[6], and Praetorius and Stenger [106]. However, all approaches rest on interpolation in
equidistant nodes on simplices. Consequently, they are sensitive to Runge’s phenomenon
and become unstable for high orders. An extended investigation of the error analysis pro-
vided by [38, 44, 106] is given in [147].

R4) Reeger et al. [110] propose to use local radial basis function-generated finite differences
(RBD-FD) for efficiently generating quadrature weights for arbitrary node sets. This en-

ables the approximation of surface integrals for any given function data.

While R2) and R4) address the harder problem of integrating f based on samples of f given at
particular point sets, even in the case of regular surface integrals all approaches are limited to

achieve prior specified algebraic approximation rates.

5.2 Integrals over smooth surfaces

Simplex meshes offer several advantages over cube meshes, particularly when dealing with gen-
eral domains. Their primary benefit lies in their flexibility in conforming to intricate shapes,

making them a natural starting point for our study [103].

Let I" be a smooth, d-dimensional surface embedded in R¥*!. We aim to compute integrals over
I'. To facilitate numerical integration, we decompose I" into a finite union of non-overlapping

regions:

K
r=Jv,, vinv,=0 fori#j,
i=1

where each V; is an open subset of I', and K denotes the number of surface patches in the de-

composition.

To proceed, we introduce a parametrization for each region V;. Let

pi:Ad—H/,-QF, (51)
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62 5. Integration on regular surfaces

Figure 5.1: Representation of a smooth surface parametrization, where every region V; forms a
curved triangle.

be a smooth, bijective map, where A, is the standard d-dimensional simplex. We writey € /A4
for reference coordinates and x = p;(y) € V; for the corresponding point on the surface. The
Jacobian matrix of this parametrization, denoted by Dp;(y), plays a crucial role in transforming

integrals from the surface to the simplex domain.

Recalling that the first fundamental form, denoted by g € R¥*¢, is defined in equation (4.4), we
now turn our attention to the surface normal. Let N(x) denote a normal vector to I at the point
x = pi(y) € I', and define the corresponding unit normal by n(x) := % The volume element
gi(y) is the local surface measure induced by the parametrization. It is the volume of the paral-

lelepiped in the tangent plane to I" spanned by the tangent vectors {dgp;(y)}4_,:

gi(y) := det([n(pi(y)), Dpi(y)]) vy € A

To obtain a more familiar form of g we argue as follows:

=

1 1 t
gi(y) = Ndet([N,Dpi]) = Ndet (IN,Dp,J'[N,Dpj])

= /detgi(y), (52)

because
det ([N,Dp;)'[N,Dp;]) = [N|*det(Dp!Dp;) = [N|*detg;. (5.3)

An integrable function ¥ : V; — R induces its pullback v : A; — R by composition,

v(y) = ¥(pi(y))-

Conversely, a function v on A\, defines a corresponding function on V; by #(x) = v(p; ! (x)). The

area element allows for integration over V; via the formula

[ ras= [ v@ewdy weL(2). (5.4)
Vi AV
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For immersed surfaces I C RY*!, the parametrizations p; allow us to compute integrals simplex

by simplex. As a result, the problem of surface integration becomes:

Definition 69. Given a conforming triangulation of I, the integral of an integrable function f : ' — R
is
K
[ras=Y. [ fo)aiv)dy, (55)
r i=17 84
with gi(y) = \/detgi(y), i=1,--- ,K, and g; the first fundamental form given elementwise.

Remark 70. This decomposition relies on the existence of a smooth partition of unity subordinate to the

open cover {V;}X_|. A partition of unity is a collection of smooth functions {};}X_, such that:
o Non-negativity: ;(x) >0 forallxcTandalli=1,...,K.
e Local Support: Each function x; has compact support contained within V;.
e Partition of Unity: YX | y:(x) =1 forall x € T.

The existence of a smooth partition of unity is guaranteed for any smooth surface. Using the

partition of unity, we can express the integral over I" as follows:

/rfdxz/rf (g)&(@) dX:i{/rfxi(x)dx.

Since y; has compact supportinV;, the integral |- f(x) xi(x)dx can be computed using the parametriza-

tion p;, leading to the integral decomposition presented in equation (5.5).

Remark 71. In practice, triangulations of an embedded surface I is given as the union of finitely many
non-degenerate (closed) d— simplices (4.9) in the embedding space R4+, In view of (4.9), the discrete

first fundamental form gr and area element gy of I', are given element-wise by

gr :==Dpr(x)"'Dpr(x), gr:=/detgr, VT €Ty, (5.6)
and satisfy
eigen(gr) =~ hz, gr~h%, VT €T, (5.7)

They give rise to the piecewise constant functions gr, := {gr }re7, and gr, = {gr}req,-

The primary challenge in providing a numerical approximation of (5.5) is the determination
of the unknown derivatives Dp that appear in the volume element g(x). Typically, p is approx-
imated by the closest point projection p(x) ~ x — d(x)n(x), with n(x) representing the normal

vector.

In such approximations, the Jacobian Dp(x) is highly sensitive to the quality of the normal field
n(x). While standard geometric shapes such as spheres and tori allow for an analytical determi-

nation of n(x), high-order approximations of Dp (x) for more general surfaces cannot be achieved
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64 5. Integration on regular surfaces

using this method. For piecewise polynomial surface approximations, we adopt the general no-
tation from [38, 106 ] and substitute the Jacobians Dp with those of a polynomial approximation,

typically obtained via interpolation on a set of interpolation points in A,.

Let I denote the (componentwise) Lagrange interpolation operator, and define I*p := Qg ,p €
I, (A,) as the kth-order Lagrange polynomial interpolation of the mapping p on the reference
element /A4, with Lagrange nodes positioned on the smooth surface I'. A kth-order interpolation

of the area element is then given by

§°(x) = y/det (DQg,,pi(x)TDQg,, pi(x)).

Consequently, the integral is approximated by numerically computing

Y[ Confpit)st(dx. 58)

where Qg, , f(pi(x)) is a k—th order polynomial approximating the integrand f : I" — R.

Having outlined the motivation for high-order integration on curved surfaces, we now intro-
duce the local parameterization of surfaces, which forms the basis for transforming surface
integrals into computationally manageable expressions. This parameterization is crucial for
constructing high-order polynomial approximations, allowing us to investigate and prove the

following conjecture:

Conjecture 72. Let T be a smooth closed embedded hypersurface, and let f € C¥*2(T',R). Consider a
piecewise linear triangulation I'y, with mesh size h, whose vertices lie on I, and let T'y ;. be its k-th order

polynomial approximation.

If Qc,, f : Ty — Ris a k-th order polynomial approximating f, then the integration error satisfies

2, kiseven,

‘ / fds— / 06,, de‘ :(‘)(hk+5k)7 where & — (5.9)
r Ths 1, kisodd.

Thus, even-degree polynomial approximations yield a higher order of convergence than odd-degree ones.

5.3 Local parameterization of surfaces

We adopt the viewpoint that the surface I'" is described as the deformation of an 2-dimensional
polyhedral surface I'; by a globally bi-Lipschitz homeomorphism' p : Ty — T C R3. Thus there
exists L > 0 such that for all x;,x, €I},

1A globally bi-Lipschitz homeomorphism "stretches" or "shrinks" distances between points uniformly. It doesn’t
allow for extreme distortions where distances between some points are dramatically increased or decreased com-
pared to others
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L71’X1—X2‘S‘il—izléL‘Xl—Xz‘, ii:[)(Xi), i=1,2. (64)

The (closed) facets of I', are denoted by 7', and form the collection T), = {T'},

i=U T, |Tu=kK
TE{‘Th

The partition T, of I', induces the partition T, = {T}Teqh of I" upon setting

T .= p(T) VT € Ty

Assume that Iy, is contained in the tubular neighborhood Ns. Under these conditions, we define

a unique nonlinear closest point projection map:

n:Ns2I, —TCR? (5.10)

by
w(x)=x—d(x)n(x),

such that it assigns to every x € I the closest point on I, so that (x — 7(x)) L Ty [, Vx € [
The computation of the closest point projection (5.10) is a local minimizer problem [19] in the
sense:

m:ITy 5 x— argmin||X—x||, (5.11)
xell

where the nonlinear projection maps a point x € I';, to the point X on I" that minimizes the dis-

tance to x.

In the following proposition, we demonstrate that the meshes generated via the closest point

projection method are also shape-regular.

Proposition 73. Assuming that T, = {T'}, is a shape-reqular triangulation of an 2-dimensional poly-
hedral surface Ty, and Ty, = {T }reg, is a triangulation of the surface T such that T = n(T), then T is a
shape-regular triangulation of the surface T".

Proof. There are two points X; and X; on the surface triangle T such that hy = d(%1,%;), here
d(X1,%X2) is the length of the shortest curve joining the points X; and X; on I'. From [83, Lemma
6.2], we get d(X1,X;) < C||X; —Xz||. Let x5 and x; be in the corresponding planar triangle 7 with
%1 = 7(x1) and X, = 7(xz). Since the projection operator is Lipschitz continuous, there exists a
constant L; such that ||%1 — %z || = ||7(x1) — w(x2)|| < Li||x1 — x2||. Hence, d(X1,X;) < C||X1 —%z|| <
CLi||x1 —x2||. Thus, h(T) < CL{h(T).

Let x¢ be the center of the inscribed circle in the planar triangle 7', and set X9 = m(xg). Let L, be

the Lipschitz constant of the inverse projection operator 7!, then r(T) = infycy7 ||x — xo||, and
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1

infyc,7 |71 (X) — 7! (Ro)||. Since w~! is Lipschitz continuous, it follows that 7(T') < Ly infg,7 [|X —

h(F
(7 = CLila. O

—

Xo||. Therefore,

NS

Next, we present a local parametric description of the surface. Let A\, C R? denote the unit

reference simplex, defined as
Ny :={(s,t) eER*|0<s<1,0<1< 1 -5},

and let 7 : R? — R? be the affine map such that T = t(A,).

We now construct a surface I'y, ;, which is locally parametrized over A\, by polynomials of degree
k, interpolating the smooth surface I'. As previously mentioned, we start with a piecewise flat
triangulation I', of the smooth surface, where the vertices lie on I". To simplify the notation, the
subscripts from the transformation map (5.1) and the triangulation of I';, are dropped. For any

triangle T € T, with vertices ¢1,4¢2,¢3 € R? we define the following map
T: 00— T, q=1(p), 1<i<3 t(s,0)=q1+(i3—q1)s+ (@2— )t

to be the affine linear parametrization which maps each vertex p; of A, to the vertex ¢; of T.
We denote the images of the non-vertex nodes of A, on the simplex T by ¢; = 7(p;),3 <i <
N (2,k), where N (2,k) is the dimension of the vector space IT, x (A;) of bivariate polynomials of
degree k. Let LXK (p), LK (p),... 7L§<\I(2,k) (P) be the local Lagrange basis functions of degree k on
A\, corresponding to the nodal points py,... Py s)-

We are now ready to introduce the local nonoverlapping parametrization p of I'. Let p :=mo7:

A, — T be the corresponding local parametrization of T and p := {p;}i= 1 K5

hiw| < [Dp(s,))w| <|T|2 W], YweR2, (s,1) € L. (5.12)

Set
pi=7(g) = (wot)(p;))=p(p;), where, 3<i<N(2,K)

and define Q¢, ,p tobea kh-order vector-valued polynomial interpolation of the mapping p:

Definition 74. The interpolation operator

Hk ZCO(A2,R) — H27k (Az)

N(2.K)
p— QGzAkpy QGz,kp (ﬁ) = Z PiLf'( (ﬁ) (5.13)
i=1
is called the Lagrange interpolation operator of degree k.
The mapping
06, : D2 = T 1= Qc,,p (12)
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qi

Figure 5.2: Construction of the second order approximation of the smooth surface I';» (blue
line). A simplex of a "base" triangulation I';, (green line) is shown. The interpolation
nodes, here the center g; of an edge, are projected (grey line) onto the smooth surface
I' (red line) via the projection 7. The projected nodal points 7 (g;) and the vertices
of I';, are then interpolated, giving the second order approximation of the smooth
surface I’ .

defines a polynomial mapping Qg,,p by interpolating the points p; € I' with the Lagrange-
polynomials £% (5), L& (p), . ,L;‘V(z 0 (P p) . Thus, for every simplex T' € T), we compute the projec-
tion 7(g;) and define an isoparametric simplex T* by applying Lagrange interpolation of order k
to the coordinates of the projected equidistant nodes (see Figure 5.2). Furthermore, if the base-
triangulation Ty, is fine enough, then the map Qg,, p is a diffeomorphism. By differentiating the

interpolation polynomial of the map p, we obtain:

N(2 N(2,K)

J QszP Z pla ’C atQGz,kp (ﬁ) = Z pialﬁi'c (ﬁ) (5-14)

i=1

The Jacobian of the transformation is computed using equation (5.14). If Qg, ,p is a diffeomor-

phism for every T € T}, then the union of the non-overlapping mapped elements gives

The:= U Q0 (T)= | Z ))LE (). (5.15)
TGT}, TGTh i=1
pEL?

Therefore, we have obtained a k' order discrete approximation I, of the continuous surface
I'. The curved mesh is built on top of a piecewise flat reference grid provided by [56, 103].

Figure 5.3 depicts an illustration of this procedure applied to a torus and a sphere.

5.3.1 Odd behavior of parametrized geometries

In this section, we prove the main theorem on the accuracy of integration when replacing I" with

its k™" order polygonal approximation I'; ;. We show that the presence of symmetric triangles in
the mesh, combined with even-degree polynomials, enhances the global error order from k + 1

to k+2. We begin with the following definition.
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68 5. Integration on regular surfaces

(o) T (d) T3

Figure 5.3: Lagrange parametrization for a torus and a sphere using equidistant nodes.

Definition 75 (symmetric triangles). Given a collection of triangles Tj, [111], a pair of triangles
that belong to the same congruence class, Ty, x, x; and Tx, x, xs € Tn, as shown in Figure 5.4, are called

symmetric with respect to their common vertex X, if they satisfy the following property:

(x3—x%x1) =—(x5—x1), (X2—X1)=—(X4—xp). (5.16)

Traditionally, the specific technique employed for triangulation refinement of a triangulation
mesh T}, is often regarded as unimportant, provided that the grid size h — 0 as n — co. How-
ever, a more intricate picture emerges when the influence of the integration process is taken into
account. The choice of the appropriate type of triangulation can potentially result in a serendipi-
tous cancellation of errors. Now, when examining a conforming triangulation 7}, we refine each
triangle T € Tj, into four smaller triangles using uniform refinement, which involves connecting
the midpoints of its edges with straight lines. The new elements are all congruent, and they
are similar to 7. In fact, let A, B,C be the vertices of the triangle 7" and let X,Y,Z be the mid-
points of the edge AB, BC and AC. An application of uniform refinement produces the triangles
T\ =[A.X,Z),T, = [X,B,Y],Ts =[Z,Y,Cland Ty = [Y, Z,X].

We have line XY parallel to line AC, i.e., XY || AC, so Z/BXY = /XAZ. Similarly, since XZ || BC, we
have Z/XBY = ZAXZ. Since X is the midpoint of line AB, then |AX | = |BX|. In short, we have

/BXY = /XAZ, |BX|=|AX|, /XBY = /AXZ.

Therefore, ABXY = AXAZ. Similarly, we can prove the four triangles are congruent to each
other, i.e,, ABXY = AXAZ = AYZC = AZYX, so they are in the same congruent class, which
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5.3. Local parameterization of surfaces 69

X]

X> X

Figure 5.4: [llustration of uniform refinement; the blue elements indicate a set of symmetric tri-
angles.

is the same as the one of the original triangle ABAC. Thus, we have proved the following re-

sult

Lemma 76. The triangle Ty, T, Tz and T4 produced by the uniform refinement have the same congruence

classas T.

Repeating the uniform refinement m— times, the total number of triangles at that level will be
22", which can be proved by induction . An advantage of this form of refinement is that each
set of mesh points contains those mesh points at the preceding level. During this refinement
procedure, triangular elements of different sizes are obtained. For example, Figure 5.4 shows

three distinct triangular element sizes.

Consider C,, m € N as the set of triangles with equal size within T € T), at the m-th refinement

level, and let K, represent the number of triangles in this set, then we can write

Kin
Cn = (T} 1.}, where h = diam(T).
i=1

2
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70 5. Integration on regular surfaces

For example, from the illustration in Figure 5.4, we have

K3 ) Ky ]
)2}7 63 = U{T;:(%y}ﬁ G’4 = U{T}:(l)4}-
i=1 i=1

K K

_ _ i _ i

Co=T, el—U{T(g)}, ez—_U{Th(% _ . 1
i=1 i=1

C; contains triangles in congruence class 1, while C,, €3, and €4 contain triangles in congruence

classes 2, 3, and 4, respectively.

Observe that during each uniform refinement step, at least two triangles within a congruence
class fail to meet the criteria specified in Definition 75. As a result, the density of symmetric
pairs of triangles within T € T), after the m-th refinement level is O (K,,) while the remaining
triangles exhibit a density of O (\/1371) Here, K,, denotes the total number of triangles within
T € T, after the m-th refinement.

Remark 77 (symmetric triangulation). Any (smoothed closed) surface triangulation mesh that has

undergone the refinement process previously described will be referred to as a symmetric triangulation.

In light of these facts, we state the main theorem of this article, showing that even degree ap-

proximation is superior to odd degree approximation for symmetric triangulations.

Theorem 78. Let T be a smooth closed embedded hypersurface and f € C¥*2 (T',R). Consider a piecewise
linear triangulation Iy, with mesh size h of the smooth surface having vertices lie on I" and let T'), i be the
k—th order approximation of the smooth surface constructed using local fittings of = € C**3 (I, R?).
Consider a symmetric triangulation, consisting of O (K) = O (h™?) symmetric triangles, whereas the
number of non-symmetric triangles is bounded by O (VK) = O (h™'). Then

CH*2 k=0 (mod?2)
[ras— [ 0o,rds|< (5.17)
r Tk CH1 k=1 (mod 2),

where Qg, . f : Tnx — R is a k—th order polynomial approximating the integrand f.

Lemma 79. Let T be a triangle in Ty, and assume that p € C**1(T) and k > 0, then we have

1,p,g>0 9" p (x,y,2)
B < ot g P 1
lo=Qonpllcoy <! s | max |Zom (1%

with h = diam(T'). The constant c depends on k, but it is independent of both p and T.

Proof. In order to prove this lemma, we will use Taylor’s formula in several variables. Let’s
denote with & = (a1, 0n), where ||a||; = |oi |+ |oa|, h:= (h1,hy) = (s — 0,1 —0) and dg, = 5, I, =
o;.

As a first step, let’s consider the k— order interpolation of the map p

(2,K)
06,0 () =Y pili(p).
i=1
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5.3. Local parameterization of surfaces 71

Using Taylor’s formula for p around the point (0,0) we obtain:

(o4 1 k+145 (¢
p(ﬁ):lalz_k(a!p(())ha)+;!/o (1- )kﬁwdu, (5.19)

Let us denote H (p) := fo (1— )k%d U, by interpolating each term in equation (5.19)
using a polynomial of order k and using the fact that the interpolation of the first term is exact

because it is a polynomial of degree < k, namely

k aa o aa o
(Y (Spn%)= Y (Sp0)r%). (5.20)
leli=k = lelhi=k ="
we obtain
Py NQ.K)

Qo (P)= X (5 ) L5 () (5.21)

!
lelh=k =" i=1

Subtracting equation (5.21) from equation (5.19), we have
)L (p). (5.22)

The right-hand side of equation (5.22) can be written

N(2K 1 1
H ()~ g H(p) LK) = 15 | (1= (wis.r)d. (5.23)
where E (u;s,t) has the following form
d*p (s ) N d*p (Vi i)

E (u;s,t) = = (5.24)

It is important to note that the left-hand side of equation (5.22) is affected by the behavior of

the term E (u;s,t), which itself is influenced by W For k =0, we have

max Dp (s, 1) < chmax o % o (5.25)
0<p<l du - ox || 1] 9y |- "Il 9z || =) .
PEL,
where
_ P
ng = (et | Ox

and analogously for ‘3—‘), %—p. Following the same line of reasoning with the higher-order deriva-
y z

tives of p, we obtain

dp
dz

dp
dy

87;)
ox

max

dk-H
p(suvtu)‘ < CthrlmaX{
0<u<1
pPEL,

Lw}. (5.26)

) )
L~ L
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72 5. Integration on regular surfaces

Using equation (5.23), we obtain

N(2.,K)
H(p)— Y H(p) ek (p)=0 (K", (5.27)
i=1
Combining equation (5.22) with equation (5.27) yields equation (5.18). O

Next, we recall the following lemma from [33].

Lemma 80 (Cancellation property of even-degree interpolation). Let k be an even integer. Let
p (p) € Iy jq1 be a polynomial of degree k+ 1 on A\, and let Qg,,p (p) be its interpolant of degree k.
Then, for each p € N\,

/. 3:(p (P) ~ Quup () dsdi =0, /. 9P ()~ Qau,p () dsdi 0. (528)

Lemma 81. Let I be a smooth closed hypersurface and consider a piecewise linear triangulation IT';, with
mesh size h of the smooth surface I" and let I'y, x be the k—th order approximation of the smooth surface
constructed using local fittings of © € C¥3 (T, R?). Consider a symmetric triangulation, consisting
of O(K) = O (h™2) symmetric triangles, whereas the number of non-symmetric triangles is bounded by
O(VK)=0(h""). Then

CH1, k=1 (mod 2)
/dS—/ ds| < (5.29)
r Oix Chk+2, k=0 (mod 2).

Proof. First, let us write every term in equation (5.29) over a reference simplex

K K
ds = / gidsdt, / ds = / grdsdr. 5.30
/l“ z:Zl JAVS Dy ,:21 JAY) ( )

In the same manner, as in Lemma 79, we obtain

P (D) — Q6P (P) = Rit1 + Ri2 + O (h"“) , (5.31)
where
Y (Lo Y 192 pct)
Rir1 := —p (p)h* — h*~—p (p) LK (p
i1 O = ol
aa N(27K) aa
Rivz:= Y, (P (B)H*— Y h*—p () LF (D) ).
|a|1—k+2<°” i=1 a! >

Analogously, an expansion can be given for the errors in the partial derivatives of dg, p (p) , de, P (P),

amounting to apply the derivative on (5.31). Therefore, we have

3aP (P) ~ 9u Q4P (P) = oy Rec1 + Oy Rucz + 0 (H2) (532)
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5.3. Local parameterization of surfaces 73

3usP (P) ~ 90 061, () = DaRucs 1 + Da Rua + 0 (H2). (5.33)

Using Taylor’s theorem and expanding about (s = 0,7 = 0), we obtain

gi— g :=/detg; — \/detg! (5.34)

=& (hk”;(xk —X;),(x¢ —Xj)> +& (hk+3;(xk —X;),(x¢ —xj)> +0 (hk+4> ,

where & (K72 (x¢ —x;), (x¢ —x;)) and € (h*"3; (x¢ — x;), (x¢ — X;)), describes the collection of terms
with order k+2,k + 3 in h, whose coefficients are combinations of the vertices of triangles with
appropriate indices j, ¢, and k. For example for a triangle T, x, x, the coefficients are combination
of (x3 —x;) and (x, —x;) both for & (K**2; (x¢ —x;) , (x, —x;)) and & (K*F3; (x¢ — x;) , (x — X;)). We
write € (k+r) for terms of order #**" whose coefficients depend on combinations of the triangle
vertices. The computation above shows that |g; — g¥| is at least of order O (1*™2), confirming also
the result obtained in [ 109, Theorem 7]. However, this result can be further improved assuming
that the triangulation mesh comprises symmetric triangles. Thus, integrating equation (5.34)

over a reference simplex, we have

/ (8i—gb)dsdr = | & (k+2)dsdr+ [ € (k+3)dsde+0 (W), (5.35)
Ny Ny av!

Now if k is odd, yields

E(k+2)dsdt #0
VAV

then the left-hand side of equation (5.35) is at least of order O (h**2) for every T € T,. Writing

equation (5.35) with respect to a pair of symmetric triangles Ty, x, x, and Ty, x, x,, We obtain

/ (g — ") dsdr = [ ele+2)asde+ [ €(k+3)dsdr+0 (1) (5.36)
Dy Tx] X9 X3 Dy Dy

/ (g: — ") dsdt = | &(k+2)dsdt+ | &(k+3)dsdt+0O (hk+4) : (5.37)
ax! TX].X4,X5 A% 1A¥;

Summing the contributions of the two symmetric triangles yields

= [ &(k+3)dsdt +O(HT). (5.38)
JAV]

i — g dsd
/Az(g g/ )dsdt

i — g dsd
+/A2(g gF)dsdt

Txl X9 ,X3 Txl X4,X5

This follows because the first right-hand-side integrands in equations (5.36) and (5.37) collect
the terms of order k+2 in h. Their coefficients are combinations of triangle vertices, and each

such integrand is an odd function. In general for a triangle 7y, x, x, We may write:

& (hk”;— (x3—x1),— (x2 —xl)) =& <hk+2;(X3 —x1),(x —X1)> . (5.39)
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74 5. Integration on regular surfaces

Similarly, for T, x, x; we have
€ (hk+2; — (x4 —X1),— (X5 — xl)) =-C (hk+2; (X4 —X1), (X5 — Xl)) . (5.40)
Using the property (5.16), equation (5.39) and equation (5.40), we obtain
& <hk+2; (x3—x1),(x2— X1)> + & (hk+2; (x4 —X1), (X5 —x1)> =0.

The first part of inequality (5.29) is obtained by leveraging the fact that the number of symmetric
triangles in the mesh I’ is of order O (K) = O (h~2), while the number of non-symmetric triangles
is bounded by O (VK) = O (h™!), in combination with equation (5.35) and equation (5.38).

At this point, we notice that if k is even, then

& (k+2)dsdt = 0.
AN

This follows from Lemma 80 because € (k + 2) represents errors when integrating a polynomial

of order k + 1. Thus, we have

/ (i — g")dsdt = 5(k+3)dsdr+o(h’<+4). (5.41)
JAV)

DNy

Writing equation (5.41) for the symmetric pair T, x, x, and Tx, x, x;, We obtain

/Az (g,- fgf?)dsdt

= | &(k+3)dsdt+0 (hk+4> (5.42)

Txl X2,X3 Lo

i— g\ dsd
/Az(g g )dsdt

= | €&(k+3)dsdt+0 (hk“) . (5.43)

Txl X4,X5 Az

If k is even and the triangles are pairwise symmetric, then the error contribution is

+ [ (gi—g¥)dsdt

A ~0 (h"*“) . (5.44)

/Az (g,- fg;‘)dsdt

TX] ,X2,X3 TX] 1X4,X5

For even k, this follows from the identity
e (hk+3; (x3—x1), (%2 —Xl)) +& (hk+3; (x4 —X1), (X5 —X1)> =0.

As in the odd case, combining equations (5.41) and (5.44) yields the second part of inequal-
ity (5.29). O

We can now prove Theorem 78.

Proof of Theorem 78. As in Lemma 81, expanding the function f using Taylor’s formula around

the point p (p) with p € A, as local Lagrange nodes, yields
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5.3. Local parameterization of surfaces 75

(P (5) = Qasuf (P (5)) = Ru1 +0 (H2), (5.45)
where Ry, 1 has the form
Bl N(2,K)
R= X (o= Y w0 (o (5) £ (5)).
el =k+1 & i=1

Integrating both sides of equation (5.45) gives
[ (0 (5) = Qs (p () sidsdr = / Resgidsdt +0 (). (5.46)
. 2

Using |g;|= O (h*) (see equation (5.7) for d = 2), the integral term on the right-hand side is at
least of order O (h*3). If k is even, the symmetry of the triangles makes the first term on the
right-hand side vanish. Hence the left-hand integral is accurate to order O (h***). For odd k, we

instead have

[ (0 ()~ o f (0 (5)) dsdr =0 (7). (547)

Assume that I'y,; is composed of triangles 7%, i.e. Ty, = UX | 7¥ and the smooth closed surface,
parameterized using (5.1) T' = (X, Vi. Then

/F de:ii /V fds, /F ’ 06, de:ii /T 00, fdS. (5.48)

We rewrite equation (5.48) over the reference simplex on which the quadrature rules are de-
fined:

/ fds = Zl / f(p(p))gidsdt, / 0c,, fdS = Z / 06,.f(p (p))grdsdtr. (5.49)

By making use of Lemma 81, we have

™=

S—

'/ fds= / Qszde\< (£((5))gi— Ccs, fp(B))g! ) dsdr

Ny

Il
_

|(f(P(D) = Qo f(P (D)) gi| dsdr

IA
[N aoks
h'?\

K

1 [ 106, 7(p(5) s o) s

{ Ch*2 k=0 (mod 2),

<
“ | chY k=1 (mod 2).

For the final inequality, we have applied equation (5.46) and equation (5.47). Furthermore,
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76 5. Integration on regular surfaces

using the results established in Theorem 78, we now extend the analysis to vector-valued func-
tions. Specifically, Corollary 82 provides an analogous error estimate for surface integrals of
vector fields, using the same polynomial approximation framework outlined in the theorem.
This extension broadens the applicability of the results, particularly in scenarios where vector
fields must be integrated over curved surfaces, thereby confirming the robustness of the high-

order polynomial approximation framework.

Theorem 78 can also be extended to estimate errors in surface integrals of vector-valued func-

tions.

Theorem 82. Let I be a smooth closed embedded hypersurface and £: T — R be a C¥2 vector valued
function over the smooth hypersurface. Let I'y, be a triangulation of T with mesh size h having vertices lie
on I" and let Ty, be the k—th order approximation of the smooth surface constructed using local fittings
of m € C*3 (I, R?). Consider a symmetric triangulation, consisting of O (K) = O (h™%) symmetric
triangles, whereas the number of non-symmetric triangles is bounded by O (VK) = O (h™"). Then

CH*2, k=0 (mod 2)
/f dS— / 06..f- dS‘ < (5.50)
r Tk CH+Y k=1 (mod 2),

where Qc, £ : Ty — Re is a k—th order polynomial approximating the integrand f.

As we approach the proof of Theorem 82,

Proof. The proof follows naturally, because the surface integrals of a vector valued function f

/f-dS:/f-ndS
r I

can be reduced to the scalar integral of f-n, which can be approximated from Theorem 78. [

Building on Theorems 78 and 82, which analyze the behavior of piecewise polynomial surface
parametrizations using Lagrange elements of even and odd orders, the following corollary ex-
amines the interplay between differing polynomial orders used for the geometry and for the

integrand.

Corollary 83. Let f € C"2 (I',R?). and the conditions of the Corollary 82 be fulfilled. Then,

/ £-dS— [ Qg f ds‘ < cpmintkin} (5.51)
r Uhx '
where
2 k+1, k=1(mod2)  _ m+1, m=1 (mod?2)
= y m = s
k+2, k=0 (mod?2) m+2, m=0 (mod?2)

and Qg, ,f is a m—th order polynomial approximating the integrand f.
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5.3. Local parameterization of surfaces 77

Proof. The proof is analogous to that of Theorem 78 and is therefore omitted. O

5.3.2 Computational results

We design numerical experiments based on the Gauss-Bonnet theorem [107], [122],

/ Kgauss dS = 27/(T), (5.52)
r

to validate our results. These tests are carried out on a set of classical smooth closed surfaces
defined by the following equations:

1) Ellipsoid S+5+5=1, abceR\{0}.

2) Torus (¥ +y*+22+R>—r?)?—4R*(x*+y*) =0, O0<r<ReR.

3) Sphere x*+y*+z2=R?, ReR\{0}.

The analytic expressions for the Gaussian Curvature are

1) Ellipsoid Kgauss = 1 , a,b,ceR\{0}.
) P Ga (abc)z(;—iJri—iJrz—i)z \{ }

2) Torus Kgauss = T L

TRireosy) Where we used toric coordinates:

(x,3,2) = ((R+rcos@)cos @, (R+rcos8)sing,rsin@), ¢,0 € [0,27).

3) Sphere  KgGauss = %, R e R\ {0}.

In all experiments we utilize the algorithm of Persson and Strang [103] to generate Delaunay
triangulations” serving as the initial I', surface approximation. In the numerical evaluation of
the surface integrals, we use the analytical expression of the Gaussian curvature as the inte-
grand. The integrals are then approximated using a Gaussian quadrature rule of degree 12 on

each triangle, employing 32 quadrature points [43].

In Figure 5.5 and Figure 5.6, we show the relative errors under mesh refinement. To calculate
the relative error, we integrate the Gaussian curvature on the surface and compare it with the
prediction of the Gauss—Bonnet theorem. The convergence rates shown in the plots coincide,

confirming our theoretical results.

The next experiment considers surface integrals of vector-valued functions. We choose the vec-

tor field so that the surface integral yields the volume of the solid enclosed by the surface.

We first recall the divergence theorem, which states:

/V(V-f)dV:/r(f-n)dS,

where I' is the surface boundary of V and n its outward normal.

2[56] presents another viable option for mesh generation. Please note that the Euler characteristic x(I') does not
depend on the choice of triangulation, and for any two diffeomorphic surfaces I'y and Iy, x(I'1) = x(I"2).
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Figure 5.5: Relative errors obtained by integrating the Gaussian curvature over the torus with
radii R = 2, r = 1, together with the ideal convergence lines 4".
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Figure 5.6: Relative errors by integrating the Gaussian curvature over the unit sphere with the
ideal convergence lines i".

For simple geometries such as the unit sphere and the torus, the exact volumes are

4

$7r and

272Rr?, respectively. We use these analytic volumes as reference solutions. In the numerical

experiment, we choose

f(Xl,xz,X:‘,) - (0707~x3)T7

so that V-f = 1. Hence the enclosed volume is computed from the surface integral

’V’ :/f-ndS:/X3n3dS,
r r

where n3 is the third component of the outward unit normal. Thus, the quantity approximated

in the following plots is the scalar surface integral [x3n3dS, evaluated using the high-order

surface representation.
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Given the zero level set of the torus, the gradient V¢ and its unit normal vector are given

by:

by X
Vo = | —2R—=— 1 2%, —2R——2— 1 2x),2x3
\/X%er% \/x%th%
2 2
X X
Vol = “R——L 42y | 4| 2R—=— 121 +(2x3)2
\/ X2 +x3 \/ X2 +x3
Vo 2x3
n=-——,andn, =
Vel © Vel
For the torus, this gives the explicit integrand
2x
V= / X3- > ds
r 2 2
_ X1 _ X2 2
\/< ZRW —|—2x1> + ( 2R e +2x2> + (2x3)
07 —_— I\Irfvds—jmo.,k-dsn w k=2 1072 | —— \IIrf-ds—fmofk-dsu k=3
—— I\IrfrdS—J‘rMO.,pdSH wk=4 —— \|jrf»ds—fmo,‘k‘d5\| w k=5
10 h 10 b
(a) Even order (b) Odd order

Figure 5.7: Relative errors for the volume of the torus with radii R = 2, r = 1 with the ideal con-
vergence lines A".

Figures 5.7 and 5.8 show the relative errors of the computed volume of the sphere and torus
with respect to the degree of the polynomial interpolation of the geometry, where the explicit
expression of the integrand is used. The convergence rates shown in the plots coincide with the
results predicted by Corollary 82.

However, as shown in Figure 5.9, numerical integration becomes unstable at higher polynomial
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Figure 5.8: Relative errors for the volume of the unit sphere with the ideal convergence lines 4"

degrees when the geometry is interpolated using equidistant nodes, due to the onset of Runge’s
phenomenon. This behavior can be explained by the fact that the Lebesgue constant A associated

with equidistant nodes grows exponentially [96].

1074 4
1075 4 10761
1076 4
-8 |
“ 1077 4 = 10
g g
U 108 4 [
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1010 4 10-12
10711 4
3 4 5 6 7 8 s 10 3 4 5 6 7 8 s 10
Degree of Polynomial Degree of Polynomial
(a) torus withradiiR=2,r =1 (b) ellipsoid witha =b=1,c =0.6.

Figure 5.9: Relative errors by integrating the Gaussian curvature over the torus and the ellipsoid
using Nj = 2528, Nj = 6152 respectively.

5.4 Towards optimal interpolation node distributions on simplices

Interpolation at uniformly spaced nodes often exhibits undesirable oscillations, even for analytic
functions, as the polynomial degree increases. This effect, known as Runge’s phenomenon®, is
illustrated in Figure 5.10. While the problem of node distribution in tensor-product domains is
well addressed using Chebyshev or Gauss—-Lobatto points, the extension of such strategies to

non-tensor-product domains, such as simplices, remains a challenging task.

31t arises because the Lebesgue constant A for equidistant nodes grows exponentially [96]
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The construction of well-distributed interpolation nodes on simplices (e.g., triangles or tetrahe-
dra) is a long-standing problem in stable high-order polynomial interpolation [31, 75, 127, 140].
Classical approaches include Fekete-type points and optimization of Vandermonde determi-
nants, while more recent work has explored explicit and recursive constructions based on one-
dimensional node families. A central objective is to identify nodal sets with small Lebesgue
constants, since the Lebesgue constant quantifies the stability of the interpolation operator and
bounds the interpolation error relative to the best polynomial approximation. Despite this
progress, there is no universally accepted analogue of tensor-product Chebyshev—-Lobatto grids
for general simplices that is simultaneously explicit, stable at high order, inexpensive to gener-

ate, and convenient for quadrature and differentiation.

An early attempt to construct optimal points on simplices was made by Bos [17], who proposed
determining the nodes by maximizing the determinant of the Vandermonde matrix formed
from L,-orthogonal polynomials. This approach, applied to polynomials of degree up to 7,
produced what are known as Fekete nodes. In the one-dimensional case, Fekete points coincide
with Gauss-Lobatto-Legendre (GLL) points [48]. Extensions of this methodology achieved
higher degrees, such as degree 13 in [30] and degree 18 in [21]. Although direct optimization
can produce high-quality node sets, it quickly becomes prohibitively expensive for higher de-
grees and in multiple dimensions. This has led to the exploration of alternative approaches
that avoid large-scale optimization. Among these, mapping-based techniques are especially
attractive, as an appropriate mapping allows interpolation, differentiation, and quadrature on
simplex elements to be performed using their corresponding reference hypercubes. The ap-
proach proposed by Karniadakis and Sherwin [81] achieves this by transforming quadrature
nodes from a quadrilateral to a triangle via a change of coordinates. While computationally
efficient, this method introduces asymmetry in the node distribution, causing points to cluster
disproportionately near one vertex of the triangle. In this chapter, we propose a new hypercube—
simplex mapping (see Subsection 5.5.1) that yields favorable distributions of interpolation and
quadrature points on the triangle, without sacrificing either accuracy or implementation effi-

ciency.

We compare these node-generation strategies using their Lebesgue constants, a quantitative
measure of interpolation stability. The constants were computed by evaluating (3.12) on a very
fine grid for two cases: maximal degree Chebyshev-Lobatto interpolation on the square [—1,1]?
and total degree interpolation on a uniform grid over the simplex A,. For total degree interpo-
lation in Fekete points on the triangle, we use the values reported in [21]. Figure 5.10 shows
the results. The Lebesgue constant for uniform triangle-grid interpolation increases rapidly
with polynomial degree, whereas that for Chebyshev-Lobatto interpolation grows much more
slowly. Fekete points perform only marginally worse, but are currently known only up to de-
gree 18 [21] for total degree interpolation and are unavailable for the tensorial maximal degree

setting.
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Figure 5.10: Lebesgue constants for uniformly spaced points on the triangle, Fekete points,
and Chebyshev-Lobatto nodes (5.10a), together with the Chebyshev-Lobatto grid
(5.10b) and Fekete points (5.10c) for n = 8.

5.5 Stable high-order approximation of triangulated surfaces

To accommodate greater flexibility in mesh generation and avoid restrictive compatibility re-
quirements, we consider a non-conforming triangulation strategy for arbitrary dimensions d >
2. In this setting, vertices may be placed inside edges, and adjacent simplices do not need to

match exactly. We represent the surface through the decomposition
K
pi: Ny —ViCT, |JVi=T, (5.53)
i=1

where each p; is a diffeomorphism on the interior Ad. Following the notation in Section 5.3,
we assume the smooth surface I'" is topologically equivalent to a d-dimensional non-conforming

polyhedral surface I', made up of finitely many regular (flat) simplices of diameter .

Iy=|J T, withK =T,
TE{Ih

such that the maps p; = mio7;: Ay — R4+ induce a partition in I" in the sense of (5.53).

The primary challenge in numerically approximating (5.5) lies in determining the unknown
derivatives Dp; that appear in the volume element. As noted in earlier sections, one approach
is to replace Dp; with those of a polynomial approximation obtained by interpolation at a pre-
scribed set of nodes in AA;. Since the optimal placement of such nodes in simplices for stable,
high-order interpolation remains unresolved [31, 127], we instead reparametrize the geometric
functions p; : Ay — R+ using a specific hypercube-to-simplex transformation, o, : Q; — A,
known as square-squeezing (Definition 84). This mapping enables stable, high-order polynomial
interpolation without relying on optimal node distributions in simplices. The reparametrized
functions p; are then interpolated on each hypercube using k-th order tensorial Chebyshev-

Lobatto nodes, a choice well known for mitigating Runge’s phenomenon in regular interpola-
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5.5. Stable high-order approximation of triangulated surfaces 83

Figure 5.11: Construction of a surface parametrization over A, by closest-point projection from
a piecewise affine approximate mesh, and reparametrization over the square Q,.

tion tasks.

Definition 84 (Re-parametrization over cubes). Let ¢ : Q; — A4 be a homeomorphism whose re-

striction .4 1 Qy — Ag to the interior is a C"-diffeomorphism, r > 0. We call

1,

0 :Qy—V,, @=pjoc=moto0o, i=1,...,K, (5.54)

a r-regular cubical reparametrization whenever the coordinate functions of ¢; are of bounded Chebyshev-

weighted r'-order directional variation in the sense of Definition 34, forall i =1,... K.

By reparametrizing in this way, we can set up a hypercube mesh in parallel with the simplex
mesh, enabling the construction of arbitrarily stable high-order volume elements (HOVE) for

each cube. In this framework, the integral (5.5) is expressed in the form

K
i; /Q Qa, (fom)(x) \/ det((DQGd,k ¢:(x))DQg,, (pi(X)) dx, (5.55)

where Qg,, ¢;(x) is a kth-order polynomial that approximates the map ¢;, and Qg,,(f © @) (x) is
an nth-order polynomial that approximates the integrand f : I' — R.

5.5.1 The square-squeezing reparametrization map

For the hypercube-simplex reparametrization, we propose to use the following multilinear map.

Definition 85 (Square-squeezing). Let [0, 1]¢ denote the d-dimensional unit cube with the vertex set
Agn. We define the map square-squeezing as o : [0,1]? — A4, which maps the corners y € Agns =
{0,1} to
(0,...,0) ify=1(0,...,0)
o.(y) =
ﬁ otherwise,

and uses multilinear interpolation for the rest of the domain.

Note that all vertices of the simplex are mapped to themselves. In other words: o, : [0, 1] — A,
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(a) Standard hypercube (b) Dutffy’s transformation (c) Square-squeezing

Figure 5.12: Multilinear cube-simplex transformations for d = 2 and d = 3: deformations
of equidistant grids (5.12a), under Duffy’s transformation (5.12b), and square-
squeezing (5.12c).

d € N is given by

d

o)=Y Lo, & =[["01-x)". (5.56)
’}’EAdg |Y| i=1

Since, in this section, we operate on the standard cube Q; # [0,1]%, we re-scale x — X = (x; +

1,...,x, +1)/2 for defining o.(x) := 0.(X) on Q. For illustration, we consider the important

two-dimensional case in more detail:

Example 86 (Square-squeezing in two dimensions). We re-scale [—1,1]? to [0,1]* by setting % =
(x1+1)/2, %2 = (x2 + 1) /2. The square-squeezing transformation on [0, 1]* becomes

.1 [0,1]> = As, G*(xl,xz)—(xl R ) (5.57)
The inverse map o, ' : /Ny — [—1,1]? is given by
T+ (u—v) =/ (u—v)* +4(1—u—
oty — [ 40—y 558

l—(u—v)—\/(u—v)2+4(1—u—v)

Both o, and o ! are continuous on Qg, /g, respectively, showing square-squeezing to be a homeomor-
phism. The square-root term in (5.58) is smooth for all (u,v) in A, \{(3,%)}. Hence, the restriction to the

interior ¢ 1, 12— A, is a diffeomorphism. Further, it is easy to show that | Do, lco=1,112) < 1.

[~ [
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5.5. Stable high-order approximation of triangulated surfaces 85

Example 87 (Square-squeezing in three dimensions). In dimension d = 3, we term o, : Q3 — A3,
(x,y,2) = (u,v,w) cube-squeezing, visualized in Figure 5.12, explicitly given when re-scaling to [0,1]3

by

. Xk X3 X3
TN = 2 e
(X > )( > + 6 )
X% X3  X1X3

6*3[071]3—>A37 0. (%1,%,%3) = (XZ_T)( _E+ 6 )

X XX

(%3 — T)( > 76 )
Remark 88. Note that the commonly used Duffy transformation [42]

1 1+
GDLljﬁcy:[_lal]z_)A27 GDuﬂ(x7y): (Z(l +x)(1_y)7Ty>a (559)

collapses one entire edge of the square to the single vertex (0,1). Thus, op,g, defines a homeomorphism
between the interiors, [—10, 1]? and A, but not between the closed sets, [—1,1)2 and /\,. Consequently,
Opufsy can only transform interpolation or quadrature points from [—1,1]* to Ay and back if none of these
points is on the collapsed edge of [—1,1]? or the point (0,1) of Aa, excluding the case of Chebyshev—
Lobatto nodes (3.2) that are commonly considered as the optimal choice for interpolation tasks on hy-

percubes.

We now construct stable polynomial approximations of the geometry functions p; : A, — R4T1.

The resulting approximation can be pulled back to the triangle domain viao~!: A, — Q.

Definition 89 (local r-regular cubical reparametrization). Building on the previous setup, we define
the local r-regular cubical reparametrization of the surface T. Let ¢; = pjo 6 = moTi00 : Qq — T be the
corresponding local parametrization of T, for i = 1,...,K. Recall that the partition T), of I, induces the
partition T, = {T }req, of T.

We define Qg,, ¢; as the kth-order vector-valued polynomial interpolation of the mapping ¢;:

QGd‘k : CO('Qd) — Hd,k7 ¢®— 06,9, QG:/,k o (X) = Z (Pi(pa)La . (560)

aeGd,k
Pa GCthdi

Definition 90 (k"-order cubical reparametrization). Given an r-reqular cubical reparametrization

mesh (5.54). We say that the mesh is of order k if each element has been provided as a set of nodes
{(Pi(pa)}UEGd‘k sampled at {pa}aEGd,k'

This implies that on each element, we can approximate the r-regular cubical reparametriza-
tion maps through interpolation using the nodes {¢;(pa)}acc,,. For every triangle T € Ty,
we compute {¢;(pa)}acc,, and define a k-th order d-dimensional triangle T* by applying La-

grange/Newton interpolation of order k to the coordinates of the projected nodes { ¢i(pa) }acc,,-

Given Qg,, ¢ for all T € T),, we have successfully obtained a k-th order discrete approximation
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(c) 1st kind Chebyshev nodes (d) 2nd kind Chebyshev nodes

Figure 5.13: Comparison of Chebyshev points of the first and second kinds (degree deg = 20)
mapped onto a simplex using two different mapping techniques: the Duffy map
(Figure 5.13a and 5.13b) and the square-squeezing map (Figure 5.13c and 5.13d).

I’ x of the continuous surface I':

I_‘h,k = U QGd>k¢ (T) = U Z (pi(pa)La‘ (561)
TET, TeT, @€Guy
paGChebd,k

Remark 91. We highlight that Chebyshev nodes of the second kind provide higher approximation power
compared to those of the first kind, as reflected in the corresponding Lebesgue constants, as discussed
in Section 3.5. Moreover, any version of Chebyshev nodes (or other interpolation nodes) that exclude
the endpoints still leads to clustering near the upper corner when the Duffy transformation is applied.
For instance, in Figure 5.13, we compare Chebyshev points of the first and second kinds and observe the

clustering effect in the upper corner under the Duffy transformation.

In addition, polynomials on Chebyshev nodes of the second kind offer a notable advantage: they enable the
use of the Fast Fourier Transform (FFT) for differentiation, resulting in an O(NlogN) implementation
(see Section 5.6). Additionally, these grids provide a slight edge in terms of their ability to approximate

smooth functions.
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5.5. Stable high-order approximation of triangulated surfaces 87

5.5.2 HOVE integration errors

We derive the integration error for replacing the surface geometry ¢; and the integrand f by
Chebyshev-Lobatto interpolants Qg,, ¢, Og,, (f © ¢;), respectively. As we show in Corollary 95,
the resulting closed form expression of the integral can be computed precisely by high-order

quadrature rules:

JLras= Y. [ 0672 0)(5)/det(DQo,.0x)) Do, 01(3)

K
~Y ¥ @ Qc,, (/o 9)(p)y/det((DQa,, 0:(p) "D, 91(p)) - (5.62)

i=1peP

We start by bounding the approximation error of the geometry.

Lemma 92. Let I be a d-dimensional C"'-surface, r > 1, and ¢; = pioo : Q; — R i=1,... K be
a r-regular cubical reparametrization, Definition 84. Let Qg, , ¢; be the vector-valued tensor-polynomial
interpolant of ¢; in the Chebyshev—Lobatto grid Chebyg k.

i) The Jacobians of ¢; and its interpolant Qg, . ¢: differ by

4ed?V, , k1 \T
Do,—D ; < e : , .

where Vy , is the maximum Chebyshev-weighted r'-order directional variation of the coordinate

functions of ¢;.

ii) The difference of the volume elements is bounded by

H\/det(q’i) - \/det(\Pi)HCO(Qd) < dc”'|Dg, —DQq,,. Pillcoay) »
where ®; = (D@;) " Dg;, ¥; = (DO, , 1) DG, , P
Proof. i) follows directly from Corollary 47, (3.27), whereas ii) can be estimated in terms of

singular values. For ®; = Do/ Dg;, ¥, = (DQGd"k<p,-)TDQGd7k<p,-. let o1(-) > --- > o4(-) denote the

singular values. Then

d
\/ det(CD,-) = H O'j(D(Pi), £/ det(‘Pi) = H Gj(DQGd‘k(pi)- (564)
=1

By the mean-value inequality for products,

d
|V/det(®;) — \/det(¥;)| < ; |oe(Dg;) — 0¢(DQg,, @) I}max{ﬁj(l)fpi), 0;(DQq,, #))}. (5.65)
=1 il
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88 5. Integration on regular surfaces

Now o;(D¢;) < ||Dg;|| and, for k large enough,

GJ(DQGdA(PZ) S ||DQGdk(leCO(Qd)
< HD(piHCO(Qd) +DQg,, ¥ — D‘Pi”co(sz‘,)
< D@l coqa,) +1-

We set C := max=1,.. k [|[D@illco(q,) + 1 and obtain

.....

d
|/det(®;) — /det(¥)| < Y |ou(D@y) — 6 (DO, 9)| €4

k=1
d d— 1”D(P DQGdk(leCO (Qq)°

where we used Weyl's inequality for the second line. ]

With the help of the previous result, we bound the integration error.

Theorem 93 (Integration error). Let the assumptions of Lemma 92 be satisfied, and let k,n € N denote
the interpolation degrees used for the geometry and the integrand, respectively. Thus Qg, , @: denotes the
tensor-polynomial interpolant of the geometry map @; on the grid Chebg ., while Qg, , (f o ¢;) denotes the
tensor-polynomial interpolant of the local scalar pullback f o @; on the grid Cheb,,. Let f:1T"— R be
such that its local pullbacks f o @; have bounded Chebyshev-weighted r'-order directional variation, and
set Vi, :=max;Vyoq, . Then the integration error induced by approximating the geometry @; and the
integrand f o ¢; is

K
| [ras =1 [, €6l o@)()/der((DQa,0(x))DOs,, 1) |
1 1
< £rvol(I) + &7€pvol(2u) + | fllcor 0 vol( @) = O (=7 ) + O (5 )

where vol(I') and vol(,) denote the volumes of I and Q,, respectively, and

4ed?Vy,, (n+1 )’“ 1 4ed®V,y, k+1 " 1
)

Er= . = .
f n(r—d+1) \n+1—r pr—d+1’ He n(r—d— k+1—r kr—d—1"

with

d—1 R —
gp = dCT g, C:= max [D@iflcogy+1 Vo= max Vo,

Proof. We set ®; = (D¢;)"D¢; and ¥; = (DQg,, ;)" DQOg,, ¢:. Adding and subtracting the inter-
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5.5. Stable high-order approximation of triangulated surfaces 89

polated integrand and the interpolated volume element gives

453, [, 0a.re 0w Vaetmma
<Y [ 1A000) - 0, (o 0) ()] AT ) d
i=1v>d
+i/ {f(‘Pi(X —Qg,, (fop)( ‘ H\/det — /det(¥
+Z/ | f(@i(x))]- H\/det — /det(¥

< ervol(I) + £7pv0l(24) + || fllcor €gvol ().

dax
CO(Qd)

CO(Qd)

The first term is controlled by the interpolation error of f o ¢;, while the second and third terms
are controlled by the volume-element estimate of Lemma 92. The estimates for &¢, &y, 1y follow

from Corollary 47 and Lemma 92, concluding the proof. ]

To the best of our knowledge, this estimate is the first to guarantee convergence to the correct
integral solely by increasing the polynomial order. In contrast, as demonstrated in the pre-
vious section, numerical methods for surface integration that rely on equidistant points only
show:

E(f,T) < k@ ¢ = C(n,k, f,T) >0, (5.66)

where

2 k+1, k=1(mod2) _ n+1, n=1(mod?2)
= ; n=
k+2, k=0 (mod?2) n+2, n=0(mod 2)

and h > 0 is the mesh size. Here, the constant C explicitly depends on the degrees n and «.
Notably, the influence of f on the interpolation error cannot be controlled, as f is problem-
dependent. Consequently, C(n,k, f,I') — oo with n,k — oo, in contrast to Theorem 93, no guaran-
tees of higher accuracy or even convergence is given for p-refinements, increasing n, k. Addi-

tionally, the approximation rate is only algebraic in the mesh size .

If, furthermore, both the integrand and the surface are analytic, then by applying equation (3.41)
and equation (3.42), it follows that the integration error decreases exponentially:

E(f,T) < MR ™in{nk}, forsome R>1, M=M(fI')>0. (5.67)

Corollary 94 (Integration error for vector-valued fluxes). Let f: ' — R? be a vector-valued function
and set

Using the same interpolation degrees n and k as in Theorem 93, if F has bounded Chebyshev-weighted
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r'h-order directional variation Vr.,, then the scalar estimate of Theorem 93 applied to F vyields

| /r £ — Ay i (F)| < ervol(T) + erggvol () + | Fllco(ryp vol(2)

0 ) 0l

where A, x(F) denotes the HOVE approximation in Theorem 93 with the scalar integrand F, and

en 4ed2VF’r n+1 rl 1
F_n(r—d—i—l) n+l—r pr—d+1’

Proof. The flux integral satisfies

/f-dS:/f-ndS:/FdS.
r r r

The claim follows by applying Theorem 93 to the scalar function F. O

The approximated integral (5.62) can now be evaluated using an appropriate quadrature rule.
Two principal approaches are available: one may apply a quadrature rule directly on the cubical
domain Q, or alternatively employ a simplex-based rule and map it back to &, via the inverse
of the square-squeezing transformation o, (which amounts to integrating over the original tri-

angulation {p;} of I'). In the latter case, we obtain the following result:

Corollary 95 (Quadrature rule error). Under the assumptions of Theorem 93, let ®; = (D@;)T Dg; and
¥; = (DQq,, 9:)" DOG,, ¢i. The degrees nand k have the same meaning as in Theorem 93: Qg,, (f o ¢;) €
Iy, approximates the scalar pullback of the integrand, while Qg, , @: approximates the geometry. For the
truncation index | € N used in the polynomial approximation of the square-root factor, there is 0 <v < 1,

independent of [, such that for 1 <[ large enough:

i) Let p € P, w, be the points and weights of the tensorial Gauss—Legendre quadrature on Qg [125] of
order N € N, integrating any polynomial Q € Iy pr of l.-degree M = 2kdl + n exactly. Then

|, Qo (£2 )09/ det (DO, () DO, () dx

= ¥ @06, (f ) (p)y/det((DQ,, ()" D, 4i(p)) + O(+1). (5.68)

peP

ii) Let 0 : Q4 — Ay be a cube—simplex transformation diffeomorphic in the interior Qu, P* = {p* =
671(q):q€ P C Ay}, 0y = g/det(Do—1(q))TDo~1(q)) be the o-pull-back rule of a simplex
rule of order N* € N, integrating any polynomial Q € Iy of l.-degree M = 2kdl + n exactly on
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Ng. Then

/. €6 (£o0) (07 (¥))y/det(Dpty)) TDp(y)) dy

=) ©,:06,,(foe)(p \/det (DQg,,9:(p*))"DQq,, ¢:(p*)) + O(&iliq,) + OV,

preP*
(5.69)

with & = ||\/det(®;) — \/det(¥))||co(q,) as in Lemma 92 and I o, = [o, Qc,,(f © ) (x)dx

Proof. To prove i), we choose k > |[/det('¥;)|co(q,) and rewrite:

K\/det(%‘l’i(x)) =KkVI+x,x= %det(‘l‘i(x)) —1.

(=1)2s!
We recall that 1 +x = 0 =2 (52 @)

I ch,,,<fo¢i><x>x\/det<%wi<x>>dx= |, Qo Fo@)x)Q)ax + O,

where Q has l.-degree M —n. Hence, de 06, (f o ¢)(x)Q(x)dx = ¥pep @ Qc,, (f© ¢;)(p)Q:i(p)
can be computed exactly due to the Gauss-Legendre quadrature of order N. Consequently, i) is

x*, for |x| < 1, and deduce that

proven. Now ii) follows from i) by

/ 06,4, (f © ¢i)( \/det ((Dpi(y)"Dpily)) dy
= [ €6, (70007 (4))/det (Do~ (4))7 (Doy(o~! (¥)))"Dou(o (y))Po ™ (1)) dy
= [ Qe (Fop)(” ()y/der ;o (1)) der(Do " (v)" Do y) dy

+/ 06,,(fo¢i)(x (%det(cb — /det(¥ )
= Y @0c,,(fo@)(p")\/det(¥i(p*)) + O(edi,) + OV,

p*ep*

proving the statement. O

Remark 96. In fact, Corollary 95 ii) applies for the square-squeezing transformation o, and Duffy trans-
formation op,g, in combination with the symmetric Gauss quadrature q € P, @q of the triangle /\, [43]
(both are diffeomorphisms in the interior Q, and P C A).

While Corollary 95 suggests the necessity of a high order quadrature, M >> k,n, as part of the
next section, we empirically find that choosing M = k = n equally to the interpolation degrees

suffices for achieving computations reaching machine precision.

The derived error bounds indicate that the integration error can decay algebraically or even
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92 5. Integration on regular surfaces

exponentially with increasing interpolation degree. To validate these theoretical predictions,
we present several numerical experiments that demonstrate the performance of the proposed
method across different integration tasks. We focus on the important case of two-dimensional

surfaces exclusively.

5.5.3 Computational results

We triangulate these surfaces by first approximating them by piecewise affine triangulations
in R?, constructed by the algorithm of Persson and Strang [103]. The flat triangles are then
equipped with the Euclidean closest-point projections, approximating the maps 7; : 7; — I" as
described in Section 4.2.2.

We compare HOVE with the Dune-CurvepGrip (DCG) method, a Dung* module for surface
parametrization [106]. As discussed in [147], DCG interpolates the closest-point projection

directly on each triangle, using /;-degree polynomials on a uniform point set.

Unless stated otherwise, HOVE uses square-squeezing pull-backs of symmetric Gauss trian-
gle rules [43] as quadratures on [—1, 1] (Corollary 95 ii)). Similarly, for DCG, we also make
use of symmetric Gauss triangle rules of the same degree as used in HOVE. Our implementa-
tion of HOVE is part of a PyrHON package called surrGeopy.” The examples and results of this
subsection using DuNe-CurvEDGRID are summarized and made available in a separate reposi-

tory.6

Unless stated otherwise, the relative errors in this subsection are measured against analytical
reference values for the prescribed surface integrals. The polynomial degree denotes the de-
gree used for the geometry representation, and the quadrature degree is chosen to match the
approximation degree except in experiments where a fixed rule is explicitly specified. Runtime

comparisons use the implementations and repositories cited above.

Duffy-transform integration vs square-squeezing integration

This first experiment investigates the impact of interpolating the volume element of the sphere
with Chebyshev nodes of the 1% or 2" kind in conjunction with the Duffy and square-squeezing
transformations, respectively, and subsequently computing the area of one octant of the unit
sphere. Here, Fejér’s rule is applied for 1% kind Chebyshev nodes, while Clenshaw—Curtis
quadrature is employed for 274 kind Chebyshev nodes, each of order equal to the interpola-

tion degree.

Figure 5.14c shows the resulting relative errors. In both cases, we observe exponential error de-
cay. However, square-squeezing integration achieves two orders of magnitude higher accuracy.

Specifically, for deg = 20 Duffy-transform-integration results in an error of 2.4736 x 10~!?, while

4www.dune—project.org

Shttps://github.com/casus/surfgeopy
bhttps://github.com/casus/dune-surface_int
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(a) Chebyshev nodes of the 1% kind mapped by  (b) Chebyshev nodes of the 2" kind mapped by

the Duffy transformation. square-squeezing.
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Figure 5.14: Chebyshev nodes mapped onto a triangulation of one octant of the unit sphere
(5.14a), (5.14b), together with the relative errors of square-squeezing integration
(5.14c) and Duffy-transform integration (5.14d).

square-squeezing-integration achieves 4.4409 x 1016, Additionally, comparing both transfor-
mations while using 1% kind Chebyshev nodes, Figure 5.14d still shows an advantage in ex-

ploiting square-squeezing instead of the Duffy transformation.

This significant enhancement in accuracy for a simple integration task suggests the impact of
the HOVE approach, which is investigated further below.

Integration on a single triangle

In the first experiment, we investigate the impact that the square-triangle transformation has
on the integration performance. For this we compute the integral of a function f: [-1,1]> = R

on the standard square using three different quadrature rules (all of degree 14):

1. The tensorial Gauss—-Legendre rule (196 points),
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Figure 5.15: (5.15a): The integration errors of f(xi,x;) = sin(Ax;) as a function of the param-
eter 1. (5.15b): Quadrature points and weights (indicated by the color bar) of
the symmetric Gauss quadrature rule [43] of degree n = 14 on /\;. Same for the
resulting pull-back rules of the inverse Duffy transformation (5.15c), and inverse
square-squeezing (5.15d). The color bar indicates the quadrature weights.

2. The symmetric Gauss rule for the triangle [43], pulled back to [—1,1]? via the square-
squeezing map o, (42 points), as in Corollary 95 ii).

3. The same rule, but pulled back by Duffy’s transformation opysy (also 42 points), again as
in Corollary 95 ii).

As the integrand, we use the function
f(x1,x) =sin(Ax;), A €R,

that, by symmetry, vanishes when being integrated over [—1,1]? for all parameter choices A €
R.

Figure 5.15 shows the absolute integration errors as a function of 4 in the range [10~!'!,10%],
appearing as linearly depending on A for values below 1. For larger values the quadrature rule

cannot resolve the oscillatory integrand, and the error is essentially random.

Integration with respect to square-squeezing shows almost two orders of magnitude better ac-
curacy than integration with respect to Duffy’s transformation for small values of 4. Addition-
ally, it shows a one-order-of-magnitude enhancement in accuracy compared to integration using

tensorial Gauss—-Legendre quadrature.

Figure 5.15 also shows the points and weights of the two pulled-back simplex rules. We observe
that the weights are in the same range for both square-squeezing and the Duffy transformation.

The results, however, suggest that the o,.—pullback rule is the superior choice.
Surface area

The next experiment is the first to involve an actual integration over a surface S. We integrate

the constant function f = 1 over the unit sphere S? and the torus T,?R with inner radius r = 1 and
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Figure 5.17: Relative errors of HOVE, using Vioreanu-Rokhlin, Xiao-Gimbutas, symmetric
Gauss, and Grundmann-Moeller simplex rules, integrating the surface areas of the
unit sphere and the torus.

outer radius R = 2. The expected result is the surface area, which is 47 for the unit sphere and
47%rR for the torus. We choose initial triangulations of size Ny = 124 for the sphere and of size
Na = 260 for the torus and apply the symmetric Gauss quadrature rule for the triangle A, of
deg = 14 with 42 quadrature points [43].

Note that as the integrand f is constant, its approximation Qg,, is f itself, and there is no ap-

proximation error.

Figure 5.16 shows the relative errors with respect to the degree of the polynomial interpolation
of the geometry. HOVE stably converges to machine precision with a high algebraic rate, as
predicted by Theorem 93. In contrast, DCG becomes unstable for orders larger than deg = 8.

We interpret the instability as the appearance of Runge’s phenomenon caused by the choice of
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Figure 5.18: Relative errors of IDS [109], DCG, and HOVE; for the surface area of the torus,
using a polynomial of degree 6, are presented on four different meshes, as detailed
in the table on the left.

equidistant interpolation nodes for DCG. Compare this with the plot of the Lebesgue constants
in Figure 5.10. There, the difference between the constants for Chebyshev—Lobatto interpolation
on the square and uniform interpolation on the triangle becomes noticeable around the order
k=6.

Furthermore, for each initial mesh, we use HOVE with square-squeezing pull-backs applied
to state-of-the-art simplex quadrature rules. These rules include the symmetric Gauss rule
[43], Grundmann-Moller quadrature [62], Xiao-Gimbutas quadrature [144], and Vioreanu—
Rokhlin simplex quadrature [ 139], which are employed as quadratures on [—1, 1]? (Corollary 95,
item ii)). Figure 5.17 shows the relative errors, demonstrating the superior accuracy of HOVE
with Vioreanu-Rokhlin quadrature, but only in the range of machine precision (10~'* ~ 10~15)
for higher polynomial degrees. In contrast, the Grundmann-Moller quadrature performs poorly,
which might be attributed to the presence of both negative and positive weights.

Remark 97. In the case of the torus Ray et al. [109], conducted a very similar experiment for tori of
radii r = 0.7, R = 1.3, using the High-Order Integration over Discrete Surfaces (IDS) algorithm
[109, Figure 5], resting on total I,-interpolation degree k, with maximum choice k = 6. We perform the
same experiment here for DCG and HOVE with interpolation degree k = 6, employing an initial mesh
composed of 544 triangles or equivalently 272 vertices. We subsequently refine the mesh three times,
resulting in similar but coarser meshes than the ones reported by [109] Figure 5.18 reports the mesh sizes
and the relative errors of all methods. Even though IDS uses meshes of higher resolution, both DCG and
HOVE outperform IDS. For the rest of this section, we will therefore disregard the IDS algorithm and
only compare DCG and HOVE, whereas, for the sake of simplicity, the latter is executed for symmetric or
tensorial Gauss rules.
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Figure 5.19: Visualization of the spherical harmonic Y& (left). Integration errors of DCG and
HOVE with respect to the interpolation degree. Abbreviations: HOVE; — interpo-
lating only the geometry, HOVE, , — interpolating the geometry and the integrand.

Spherical harmonics
The next experiment uses a non-constant integrand. We integrate the 4-order spherical har-

monic, visualized in Figure 5.19, over the unit sphere

3v/385(x} — 6x3x3 +x3)x3
16V ’

vanishing by the L,-orthogonality of the spherical harmonics. We approximate the unit sphere
by a piecewise flat mesh with 496 triangles and compare DCG, HOVE, and HOVE with the Duffy

transformation. The actual integration is performed using a symmetric Gauss triangle rule [43]

/Y;‘dszo, Y5 (x1,x2,x3) =
r

of order deg = 25. Figure 5.19 (right) shows the absolute integration errors as a function of the

polynomial degree for two interpolation scenarios:

1. HOVE - only interpolating the geometry and sampling the integrand directly in the quadra-

ture nodes of a degree-k-rule.

2. HOVE; , — interpolating the integrand and the geometry with degree n = k and subse-

quently computing the approximated integral by a degree-k rule.

Both HOVE; and HOVE, , converge with exponential rates, 0.05-307" fitted for HOVE,, as pre-
dicted by Theorem 93. The best fit of an algebraic rate, 9.5-n~'7, does not assert rapid conver-

gence.

The exponential and algebraic approximation rates of HOVE are fitted using the models y =
cp~", y = an"?, respectively, both achieving an R? value of at least 0.99. We observe that all
three methods behave similarly for interpolation degrees below 9. For higher degrees, DCG be-

comes unstable, whereas HOVE reaches machine precision for degrees above 10. HOVE reaches
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one-order-of-magnitude higher accuracy when using square-squeezing instead of Duffy’s trans-

formation.

Integrating the Gauss curvature
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Figure 5.20: Gauss-Bonnet validation for an ellipsoid with a = 0.6, b = 0.8, c = 2.

In this experiment, we use the Gauss curvature as a non-trivial integrand. By the Gauss-Bonnet

theorem [107, 122], integrating the Gauss curvature over a closed surface yields

/F Koauss dS = 270y (T, (5.70)

where x (I') denotes the Euler characteristic of the surface. We use five surfaces as integration

domains. They are given as the zero sets of the following five polynomials:

1) Ellipsoid 4545 =1, abceR\{0}

2) Torus (Y2 + 22 +R*—r?)? —4R*(* +y*) =0, 0<r<ReR
3) Genus2surface 2y(y*—3x?)(1—-22)+(x*+y*)?—=(922-1)(1-2%) =0

4) Dziuk’ssurface (x—z2)2+y*+722—1=0

5) Double torus ((3624—y2)2—3624—y2)24—zz—a2 =0, acR\{0}

The surfaces, their parameter choices, and the mesh sizes are shown in Figure 5.20-5.24. The
Gauss curvature is computed symbolically from the implicit surface descriptions using Mata-
EMATICA 11.3. HOVE and DCG use (square-squeezing pull-backs of) the symmetric Gauss sim-
plex rules [43] of order 14.

We keep the experimental design from Section 5.5.3 and plot the errors as functions of the poly-
nomial degree in Figure 5.20-5.24. Both HOVE; and HOVE ,, rapidly converge with exponential
rates to the correct value 27y (I'), except for the thin ellipsoid in Figure 5.20a, where both reach
super-algebraic rates. In contrast, DCG fails to reach machine-precision accuracy in all of the

cases and becomes unstable when using interpolation degrees k larger than 8.
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Figure 5.24: Gauss-Bonnet validation for a genus 2 surface.
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Figure 5.25: Gauss—Bonnet validation for biconcave discs approaching a vertex singularity. The
Gauss curvature ranges between [—4.8-10!] and [4.0], Figure 5.25a, and [—8.3] and
[3.2-10%], Figure 5.25b
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A geometry with a near-singularity
The geometries of the previous section have all been well-behaved. In contrast, in this section we
now test HOVE on a surface that is close to being singular. For this, we consider the biconcave

discs shown in Figure 5.25, which are the zero sets of the polynomial
Boicon(x,7,2) = (d* + X +y* +2°)° — 84> (3> + ) — ¥, c<deR\{0}.

As long as the parameters c,d are chosen such that 0 & B,i.on the surfaces are smooth. We con-
sider the two cases ¢ = —0.934, d = 0.8 and ¢ = 0.375, d = 0.5, for which the Gauss curvature
ranges between [—4.8-107!] and [4.0], and [-8.3] and [3.2- 10%], respectively, see Figure 5.25b.
In the latter case, the Gauss curvature increases rapidly by four orders of magnitude when ap-
proaching the center, mimicking cone-like singularities [60] as a challenge for high-accuracy

integration.
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Figure 5.26: Gauss—Bonnet validation for HOVE and DCG in case of biconcave discs.

Figure 5.26a shows the Gauss—Bonnet results for the low-curvature case of Figure 5.25a, with
HOVEy, HOVEy , as in Section 5.5.3. Both HOVE and DCG converge exponentially up to deg =9,
but DCG has a slower rate, resulting in 5 orders of magnitude higher precision for HOVE. For
higher orders, the HOVE error tends to plateau close to a machine precision level. As in the

earlier experiments, DCG becomes unstable in this high-order range.

For the vertex-singularity case in Figure 5.25b, high-order convergence is lost on a uniform sur-
face mesh, independently of the polynomial order employed. In such situations, local mesh re-
finement in the vicinity of the vertex singularity combined with high-order approximation can
be used to recover improved accuracy. To mitigate this effect, we apply a local refinement strat-
egy concentrated near the vertex singularity. Specifically, the mesh is refined only in a neigh-

borhood of that point, resulting in a mesh with 4414 triangles.

The resulting errors are shown in Figure 5.27a. The local refinement restores the expected ex-

ponential convergence behavior for both HOVE and HOVE; ,, with errors closely following the
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model curve 0.0119 x 5.77" until reaching machine precision. In contrast, the DCG method ini-
tially improves but loses stability for higher polynomial degrees and stagnates at significantly
larger error levels. Overall, HOVE and HOVE ,, outperform DCG by several orders of magni-

tude while maintaining stable behavior even for high interpolation degrees.
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Figure 5.27: Gauss—-Bonnet validation for the biconcave disc of Figure 5.25b following a h-
refinement strategy with 4414 triangles (5.27b) and a p-refinement strategy for 3144
triangles (5.27b).

As HOVE imposes no restrictions on the polynomial degree, we revisit the initial mesh, con-
sisting of 3144 triangles, and increase the geometry approximation degree up to k = 1,...,40.
To simplify the integration process, we employ a tensorial Gauss-Legendre quadrature rule of

order k equally to the interpolation degrees k = n.

Figure 5.27b shows that HOVE achieves exponential convergence under p-refinement until ma-
chine precision is reached. These results confirm that the proposed HOVE strategy provides a
robust framework for integrating over surfaces containing geometric singularities. By combin-
ing high-order approximation with localized hp-adaptivity, HOVE achieves stable exponential

convergence even in the vicinity of the vertex singularity, significantly outperforming DCG.

Mesh quality

Since the integration error measured here involves in particular the error of approximating the
geometry by polynomials it is reasonable to ask whether the integration error depends on the
quality of the triangulation of S. To investigate this, we repeat the Gauss—Bonnet validation one

final time for the torus of Figure 5.16b.

We generate two meshes for the torus geometry, both with 1232 triangles, shown in Figure 5.28
together with a plot giving the distributions of the interior angles. One of the grids is of high
quality, with all angles near 60°. The second mesh was deliberately constructed to be of low

quality, featuring a wide range of angles, and even triangles with inverted orientation.

We evaluate the performance of DCG and HOVE based on square-squeezing and on Duffy’s
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Figure 5.28: Effect of mesh quality on Gauss curvature integration over a torus with radii
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transformation, using pull-back quadrature rules of order 14.

The results are given in Figure 5.28d. Neither HOVE nor DCG shows a strong dependence on
the mesh quality. Asusual, HOVE converges faster than DCG, and it converges all the way to the
machine precision limit. DCG shows the same behavior as in all prior experiments, becoming

unstable for geometry approximation orders beyond 8.

Integrating the Gauss curvature using GPLS

In this paragraph, we revisit our earlier experiment on integrating the Gauss curvature over
closed surfaces. Our aim is to shift away from the symbolic computation of Gauss curvature us-
ing MatHEMATICA 11.3 and instead employ the global polynomial level set (GPLS) method [138].
This method is the first step towards enhancing HOVE’s capabilities to perform integration
on non-parametrized surfaces. For our experiment, we use the vertices of the mesh as sam-
ple points and compute their Gauss curvatures based on the GPLS approximation, following
equations (4.1). Furthermore, GPLS uniquely enables the evaluation of curvature formulae at
any point xo € I'. The meshes utilized in this experiment are identical to those employed in the

previous experiment.

The results are illustrated in Figure 5.29, where we present the errors as functions of the poly-
nomial degree. Both the standard HOVE and the HOVE enhanced with GPLS exhibit rapid con-
vergence, achieving exponential rates towards the correct value 27y (I"). However, for the thin

ellipsoid shown in Figure 5.20a, both methods attain super-algebraic convergence rates.

This comparison focuses on accuracy. A full runtime comparison is less direct because GPLS
includes an additional preprocessing step: the construction of the global polynomial level-set
approximation from point-cloud data. Once this representation is available, HOVE can be ap-
plied to the resulting implicit surface data. Thus, the computational cost separates into the GPLS
fitting cost and the subsequent quadrature cost, whereas the parametrized HOVE experiments

measure only the quadrature stage.

Volume of the surfaces

We revisit the experiment from the previous section, once again considering a unit sphere and a
torus. The exact volumes of these shapes can be computed analytically: %ﬂr3 for the sphere and
27%Rr? for the torus. These analytical volumes serve as reference solutions in our test. We set
f(x1,x2,x3) = [0, 0, x3], as derived in earlier sections, to obtain the volume of the solid enclosed
by I

2x3

V:/ X3 - ds
T 2 2
. X1 _ X2 2
\/( 2Rm+2x1> +< 2Rm+2x2> + (2x3)
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Figure 5.29: Gauss—Bonnet validation using GPLS curvature recovery on four implicit surfaces:
torus, ellipsoid, genus 2 surface, and double torus.

Figure 5.30 shows the relative errors of the computed volume of the sphere and torus with
respect to the degree of the polynomial interpolation of the geometry. HOVE stably converges
to machine precision with a high algebraic rate, as predicted by Corollary 94.

5.6 Accelerating surface integration through spectral differentiation

The previous construction stabilizes high-order interpolation by pulling the geometry and inte-
grand back to a tensor-product domain. The remaining computational bottleneck is the evalua-
tion of derivatives of the cubical reparametrization maps. In this section, we address this cost by
replacing derivative evaluations based on Newton interpolation polynomials with spectral dif-
ferentiation, leading to what we call Spectral HOVE. By leveraging Chebyshev-Lobatto nodes
(3.2), we construct Chebyshev differentiation matrices to compute the partial derivatives of the
kh-order cubical reparametrization maps. These derivatives are then used to approximate the

metric tensor, g;, for each element.

Following [132], the scheme is as follows. Given a grid function v defined on the Chebyshev—

Lobatto points x‘}heb, one can obtain the discrete derivative w in two steps:
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Figure 5.30: Relative errors of HOVE, for computing the enclosed volume of the unit sphere and
torus using three successively refined meshes.

1. Let Qg, ,f be a unique polynomial of degree < k with Qg, , f (xﬁheb) = f;, 0<j <k This

operation is linear, so it can be represented by multiplication by an (k+ 1) x (k+ 1) matrix.
2. Setw; = axQGka(x?‘eb).

We shall denote this matrix by D, so that w = Df. The first-order differentiation matrix is de-
scribed by the following theorem:

Theorem 98. [132] For each k > 1, let the rows and columns of the (k+ 1) x (k+ 1) Chebyshev differ-
entiation matrix D be indexed from 0 to k. The entries of this differentiation matrix are given by:

2 e
2k6+1? Zfl:] =0,
262+1 7
— ifi=j=k
6 )
D=9, Com o (5.71)
P e o ifis ],
i J
0, otherwise,

where i, j=0,1,...,k, x?heb are the Chebyshev—Lobatto points, and c; are given by:

2, ifi=0ori=k,
ci= (5.72)
1, otherwise.

Fori,j=1,...,k—1, the entries D;; make the pattern clearer:

Ci (—l)iJrj . .
Dij = C—jxic.heb _theb’ 1 # J- (5.73)
l J

106



5.6. Accelerating surface integration through spectral differentiation 107

To obtain the partial derivatives and complete the Jacobian matrix DQg,,¢; on the reference
square [—1,1]?, specifically in the tensor grid, the simplest method is to use tensor products in
linear algebra, also known as Kronecker products. Now, let D € Ck+1)x(k+1) be the one-dimensional
spectral differentiation matrix associated with Chebyshev-Lobatto nodes on the interval [—1, 1],
and let 7 € C**1)*(+1) be the identity matrix. The differentiation matrices in the x and y direc-

tions on the reference square [—1, 1] are defined as follows:
DxQqc,,¢i=D®1, DyQc,,¢i=12D, (5.74)

where D;Qg,, ¢i,DyQc,, @i € C k1) x (k+1)*

Representing the Jacobian as DQg,, ¢: = [DxQg,, ¢i| DyQa,, ¢i], the ingredients above realise the
HOVE, computing the surface integral as:

K
Joras =X [ 000 /det (Do, 0(x) D6, 01) d (575)
K
=Y. T b/ (01(0))/det((DQ0,, (1) D0, 0(p)) (576)
1=1pe

where p € P, @, € R* can be the points and weights of any quadrature of [-1,1]? e.g. the Gauss—
Legendre or Clenshaw—Curtis quadrature [133, 143].

It is important to note that computing nodes and weights for a n-point Gauss-Legendre rule
requires O(n?) operations, while the Clenshaw—Curtis method uses O(nlogn) operations with

the Discrete Cosine Transform for evaluation.

The integration error of HOVE has two primary sources. The first is the approximation of the
2D integral using the tensor-product Clenshaw—Curtis quadrature provided in Theorem 99. The
second is the approximation error in representing the geometry ¢;, which scales with O (k_(’_d_ 1) ) ,

where k denotes the chosen polynomial degree; see Theorem 93.

We directly estimate the integration error from approximating a 2D integral using tensor-product

Clenshaw—Curtis quadrature:

Theorem 99. Consider a C"! surface T', where r > 1, with r-reqular quadrilateral reparametrization
¢ [—-1,1* =T,

Qi =pP;jo0 =TOoT; 00, izl,...,K.

Let p € P, and @y be the points and weights of the tensorial (n+ 1)-order Clenshaw—Curtis quadrature
rule, f : T — R be a function with absolutely continuous derivatives up to order (r — 1) and the r™
derivative f\") is of bounded variation || f")||7 =V < +oo, such that f induces a negligible “remainder of

the remainder” [46]. Then the integration error can be estimated as

128V

< — 77
~ 15xr(n—r)"’ (5.77)

K K
2N R CORUEES WIENTIITD

i=1peP
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108 5. Integration on regular surfaces

where g; (x \/det (DQg,, ¢i(x))" D0, ¢i(x)) and V is defined as
_ Qo+h . g
V= o s | s (a0 winiele=| 2 6
Proof. We denote y(x,y) := f(¢i(x))g; (x) and
Ryl =191y] - 07yl (5.79)
as the remainder of the exact integral and the n + 1-order quadrature rule
Py)= || vy, oF -y Z Ylxiy) Wi (5.80)

j=0i=0

For a bivariate function y(x,y), L[y] = f_ll y(x,-)dx denotes the integration with respect to the
x variable only, yielding a function of y. The subscript notation extends to R, [y] and Q,,[vy],

when replacing the roles of x and y. Fubini’s theorem [20] implies:

1
1%y] = /[ Ly VO dxdy = 1 Llyldy = L[k y]]. (5.81)
Upon substitution into equation (5.81), we obtain

1(2) [W] =1 [Rn-,X[‘V] + Qn,X[WH
[Rux[W] + OQnx[WI] + Ony [Rux[W] + On [ W]
ny (R x [W]] 4 Onx [Ry [W]] + Oy [Rux [W]] + Oy [On 1 [W]] (5.82)

Ruy
R
Following [46] we assume the “remainder of the remainder” — first term in equation (5.82) to

contribute negligibly to the error, enabling us to establish a sufficiently tight upper bound:

For large n, the quadrature rule approaches the value of the integral, i.e., 0, g ~ I for = x,y,
we are left with:
1y] = LRy (Y]] + £ (R [W] + 027 [y (583)

Hence,
R [W] < LRy (W] + LR Y], (5.84)

As noted in [133], considering a function 0 (x) defined on the interval [—1, 1], when computing
0,]6] using Clenshaw—Curtis quadrature for 8 € C" and |07 <V for a real finite value V, then
for sufficiently large n, the subsequent inequality holds:

32v
R,[0] <

< Bt (5.85)
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Consequently, applying equation (5.85) to equation (5.84) yields

R < iy LA+ RO, (5.386)

where V,(x) = max, ||y (x,y)||r and Vi(y) = max, ||y (x,y)||r for fixed x and y, respectively.

Since both integrations are over [—1,1], and since V,(y) <V and V,(x) < V by the definition of V,
we have
LVy(x)] + L [Vi(y)] <2V +2V = 4V.

Substituting this bound into the previous inequality gives (5.77).

Applying Clenshaw—-Curtis quadrature therefore leads to an error approximation for a 2D sur-

face integral with an order of O(n™"), where n denotes the quadrature’s order. O

5.7 Computational results

We demonstrate the effectiveness of Spectral HOVE with Clenshaw—Curtis quadrature (referred
to in our plots as HOVE,-CC), for surface integration through two sets of numerical examples.
The implementation of Spectral HOVE is provided in the PyrHoN-based codebase surrry,”while
the examples and results presented in this manuscript, using DuNe-CurveDGRID, are summa-

rized and made accessible in the following repository:®

Unless otherwise stated, the spectral experiments report relative errors against analytical refer-
ence values and use the same geometry degree for interpolation, spectral differentiation, and
quadrature. Runtime plots include the construction and evaluation costs of the correspond-
ing method, so the comparison reflects the practical effect of replacing Newton interpolation

derivatives by Chebyshev differentiation matrices.

Spectral HOVE is compared with both the earlier approach, referred to in our plots simply
as HOVEy, where derivatives are computed using Newton interpolation polynomials, and the
DCG method [106], which employs total-degree polynomial interpolation and is known to be

sensitive to Runge’s phenomenon due to overfitting.

Area computation
We integrate f = 1 over the unit sphere and the torus TfR with inner radius r = 1 and outer radius
R = 2. The surface areas are given by 47 and 47°Rr, respectively, which allows us to measure

the relative errors.

We choose initial triangulations of size Ny = 124 for the sphere and of size Ny =256 for the torus
and apply Clenshaw—Curtis quadrature [133], with a degree matching the geometry approxi-
mation. We use symmetric Gauss quadrature on a simplex [43] with a matching degree for the
geometry approximation in the case of HOVE; and DCG.

"https://github.com/casus/surfpy.
8https://github.com/casus/dune-surface_int.
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Figure 5.31: Relative errors and computational runtimes for DCG, HOVEy, and Spectral HOVE

in the computation of the surface area of the unit sphere (5.31a) and the torus
(5.31b).

Both Spectral HOVE and HOVE,, exhibit stable convergence to machine precision with expo-
nential rates, 0.05 x 10.87" and 0.025 x 7.57" fitted for the sphere and torus, respectively, in ac-
cordance with the predictions from Theorem 99. In contrast, DCG becomes unstable for orders
larger than deg = 10. We interpret the instability as the appearance of Runge’s phenomenon
caused by the choice of midpoint-triangle refinements yielding equidistant interpolation nodes
for DCG.

In terms of execution time, the PyrHon implementation of Spectral HOVE, leveraging spec-
tral differentiation, outperforms both the earlier HOVE; implementation based on Newton in-
terpolation polynomials and the C++ implementation of DCG, as illustrated by the runtime
plots. While HOVE, already improves over DCG, the spectral differentiation strategy used in
Spectral HOVE leads to further reductions in computational cost. Moreover, the numerical ex-
periments indicate that DCG becomes unreliable for polynomial degrees deg 2 15, due to the

emergence of a singular matrix during the construction of the interpolation basis.

Gauss—-Bonnet validation

We consider the Gaussian curvature as a non-trivial integrand. Due to the Gauss-Bonnet theo-

rem [122], integrating the Gaussian curvature over a closed surface yields

/r KoaussdS = 27y (T, (5.87)

where y (I') denotes the Euler characteristic of the surface. Here, we consider:

1) Dziuk’s surface: (x—z2)2+y*+2>—1=0.

2) Double torus: ((x*+y?)? —x* +y2)2 +72—a* =0, witha e R\ {0}.
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3) Swiss cheese block:

P+ =4+ (2= 1)+ (P42 —4) (P 1)
+(E+2 -4+ (P —1)’ —15=0.

The Gaussian curvature is computed symbolically from the implicit surface descriptions us-
ing MATHEMATICA 11.3, which allows us to measure the errors produced by HOVE,, DCG, and
Spectral HOVE when integrating the Gaussian curvature. We maintain the experimental de-
sign outlined in Experiment 5.7 and display error plots based on the polynomial degree in Fig-
ures 5.32-5.34.

—— DCG
o ] —#+— HOVE,-CC
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Polynomial degree
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4e+01 1078 4 >

Relative error
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(a) Dziuk’s surface with 8088 triangles (b) Errors and runtimes for Dziuk’s surface

Figure 5.32: Gauss—Bonnet validation for Dziuk’s surface using DCG, HOVE;, and
Spectral HOVE.

Again, both Spectral HOVE and HOVE, consistently demonstrate exponential convergence to-
ward the exact value 27y (T). The observed exponential rates are approximately 4.5-107> x 3.77"
for Dziuk’s surface, 5- 107* x 6.6" for the double torus, and 0.054 x 4.727" for the Swiss cheese
block. In contrast, the best algebraic fits—3.95 x n~121¢ for Dziuk’s surface, 1.7 x n='23 for the
double torus, and 5.2 x n~ -8 for the Swiss cheese block—indicate significantly slower conver-
gence. As the polynomial degree increases, the errors for both Spectral HOVE and HOVE; even-
tually stabilize near machine precision. By contrast, DCG fails to reach machine-precision ac-
curacy in all cases and becomes unstable for polynomial degrees k > 10. In terms of execution
time, Spectral HOVE, leveraging spectral differentiation, clearly outperforms both HOVE; and
DCG.

In this final experiment, we compare the proposed approach with state-of-the-art interpolation
node sets on the simplex. In particular, we consider recursive interpolation nodes [75] con-
structed from one-dimensional interpolation points. The resulting node sets are fully symmet-
ric within the triangle and reproduce the corresponding one-dimensional interpolation nodes

along its edges.

The left plot illustrates the growth of the Lebesgue constant for the different node distributions,

111



112 5. Integration on regular surfaces

—e— HOVE(-CC
—e— HOVE,

—e— DCG

--- 5:107x6.67"

I 2.8e+01 ° 104 4
10 2 . AN
o —
-010 % g 107 102 4
20 [} []
K <] ]
D3 2 .
50 3 ® 1074 —— DCG
I -60 Q) © 10710 —#— HOVE,-CC
-7.0e+01 o o) —#— HOVE,
\

-12 N,
10 N, 10 20 EY

Polynomial degree
10-14

10-16

3 8 13 18 23 28
Polynomial degree

(a) Double torus with 8360 triangles and a =
0.2 (b) Errors and runtimes for the double torus

Figure 5.33: Gauss—Bonnet validation for a double torus using DCG, HOVE;, and

Spectral HOVE.
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Figure 5.34: Gauss—Bonnet validation for the Swiss cheese block using DCG, HOVE,, and
Spectral HOVE.

providing a measure of interpolation stability. The right plot shows the corresponding inte-
gration errors as a function of the polynomial degree. As expected, node sets with controlled

Lebesgue growth lead to significantly improved numerical accuracy.

The results indicate that Spectral HOVE achieves the fastest convergence and reaches machine
precision, outperforming the competing constructions, including interpolation nodes close to

Fekete points on the simplex.

These experiments demonstrate that Spectral HOVE achieves spectral accuracy while maintain-
ing numerical stability and improved computational efficiency, making it a reliable high-order
method for the surface discretizations developed in this work as well as for practical surface
integration tasks. A key advantage of the proposed approach is that it bypasses the need to
construct optimal interpolation or quadrature nodes directly on triangles. Instead, the interpo-
lation problem is pulled back to a tensor-product domain, where well-understood nodes such

as Chebyshev points can be employed and their favorable approximation properties can be fully
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Figure 5.35: Lebesgue constants (5.35a) of uniformly spaced points, Fekete points, Chebyshev—
Lobatto points, and recursive interpolation points on simplices, together with
Gauss—-Bonnet validation for the Swiss cheese block (5.35b).

exploited.

Overall, the chapter connects three complementary contributions. First, the even—odd conver-
gence effect for equidistant interpolation on refined triangular meshes is explained through a
cancellation mechanism. Second, the square-squeezing construction replaces unstable high-
degree simplex interpolation by stable tensor-product interpolation, leading to HOVE and its
high-order error estimates. Third, spectral differentiation reduces the cost of evaluating the
same tensor-product representation while preserving the observed accuracy. These points pro-

vide the basis for the future directions discussed next.

5.8 Future work

While this chapter has made significant progress in high-order numerical integration on sur-
faces, one particularly challenging yet promising direction—suggested by our preliminary re-
sults (see Figure 5.29)—is the extension of our methods to non-parametrized surfaces using
the Global Polynomial Level Set (GPLS) framework. By integrating regression-based tech-
niques [137], this approach could enable the computation of surface integrals even when the

integrand is known only at a priori given data points.
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Chapter 6

Fast spectral methods on
triangular and deforming

surfaces

Partial differential equations (PDEs) posed on both static and evolving surfaces have been dis-
cretized using a range of numerical techniques. Among the most widely used are finite dif-
ference, finite element, and spectral methods. Finite difference methods are relatively easy to
implement but exhibit only algebraic convergence, necessitating a large number of grid points
and, consequently, significant memory usage. In contrast, finite element methods—particularly
the surface finite element methods (SFEMs) introduced by Dziuk and Elliott [44 | —approximate
the solution using low-order basis functions defined over a collection of elements. Surface dis-
cretizations based on SFEMs typically employ at most cubic or quartic polynomial approxima-
tions [77]. The resulting linear systems may be ill-conditioned. Nevertheless, the use of efficient
solvers—such as multigrid methods [22] and sparse direct solvers like UMFPACK [37]—has
contributed to the popularity of this approach. These methods offer geometric flexibility, sup-
port for variable coefficients, and are well integrated into existing software frameworks like
DUNE [9]. However, achieving high-order accuracy with such methods remains challenging,

particularly when the underlying surface mesh possesses only low-order smoothness.

Spectral methods, on the other hand, attain high accuracy using relatively few elements by
employing high-degree polynomial approximations. This approach is especially efficient for
smooth problems defined on regular geometries. Spectral element methods were introduced
in [49] with the underlying principle of combining the generality of finite element methods for

complex geometries with the accuracy of spectral methods. However, they often lead to dense,
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poorly conditioned systems resulting in O((n,ny)?) complexity ! in space. Nevertheless, when
combined with domain decomposition techniques—such as the Schwarz algorithm [27] or the
hierarchical Poincaré-Steklov scheme [58 | —spectral element methods can achieve a solver com-
plexity of O(N3/2) or even O(N), where N denotes the total number of degrees of freedom. Such
methods always compute solutions that are piecewise smooth, which can lead to a suboptimal
number of degrees of freedom required. These methods benefit from keeping the polynomial
order per element relatively low, which improves conditioning, while still achieving high global

accuracy due to the spectral nature of the approximation.

The method described in this chapter is a domain decomposition scheme with spectral collo-
cation discretization on each element. While spectral collocation is used throughout, it is im-
portant to note that, in principle, other element-wise discretization techniques—such as finite
element methods—could also be employed. By combining the spectral domain decomposition
with a hierarchical direct solver closely related to the classical nested dissection technique [55],
the resulting approach is known in the literature as the hierarchical Poincaré-Steklov (HPS)
solver [50, 58, 91, 92]. The HPS scheme operates by constructing a binary tree of surface ele-
ments (or “leaves”). At the leaf level, local degrees of freedom are eliminated—typically by con-
structing Dirichlet-to-Neumann (or equivalent Schur complement) operators. These interface
operators are then hierarchically merged in a recursive fashion, coupling neighboring patches
and progressively assembling the global solution. This structure allows for efficient and scalable
direct solvers without forming or factorizing a global stiffness matrix explicitly. These solvers
are particularly robust in the presence of large condition numbers and are well-suited for os-
cillatory or stiff PDEs, where constructing effective preconditioners is often challenging. This
contrasts with iterative solvers, which can suffer from slower convergence in non-trivial geome-

tries or when dealing with higher-order discretizations.

For fixed geometries, the computational work of the HPS method is naturally divided into a
build stage and a solve stage. During the build stage, the local solution operators and the hierar-
chical merge operators are constructed; this is the expensive part of the method. Once this stage
has been completed, the resulting factorization can be reused for multiple right-hand sides, or
across many time steps when the surface and the linear operator remain unchanged. Thus, the

build cost is amortized in applications requiring repeated solves on the same geometry.

Although the spectral domain decomposition coupled with the hierarchical direct solver intro-
duced in Section 6.3 is, in principle, applicable to a broad range of geometries, its successful
application to date has been primarily limited to high-order spectral discretizations on quadri-
lateral surface meshes [50, 91]. This is largely due to the availability of well-developed high-
order points and basis functions on the reference square [—1, 1], which—when combined with
smooth parameterizations—enable accurate discretization of PDEs on quadrilateral patches [50].
A similar approach can be extended to more general surface representations, such as triangu-

lated meshes commonly used in practical applications. In such cases, the overall methodology

Ifor2-D problems where n, and ny are the numbers of discretization points along the x- and y-axes, respectively.

116



117

remains largely unchanged, as long as high-order discretizations can be defined on a reference
triangle, allowing each element to be treated with the same level of accuracy as in the quadri-

lateral setting.

In this chapter, we take an initial step toward incorporating triangulated surfaces into the HPS
framework by proposing two strategies. The first sections recall the HPS machinery needed later
in the chapter. The main new geometric contributions begin in Section 6.4, where we address
how triangulated surface data can be made compatible with a solver whose local operators are
naturally built on tensor-product quadrilateral patches. The standard HPS construction and
merging procedure are reviewed as the solver backbone; the new emphasis is on the geometric
treatment of triangulated surface data and on the use of the resulting high-order framework for

static and prescribed evolving geometries. The chapter is organized into two parts:

To avoid repeating the foundations developed earlier in the thesis, we use the Chebyshev tensor-
product interpolation notation from Chapter 3, the surface differential calculus and Laplace-
Beltrami notation from Section 4.1.3, and the closest-point projection framework from Section 4.1.2.
The square-squeezing map used below is the hypercube-to-simplex map of Definition 85, and
the spectral differentiation viewpoint follows Section 5.6. Thus, the additional mathematical is-
sue treated in this chapter is not the construction of these objects themselves, but their coupling

through the HPS interface operators.

The first part describes the domain decomposition strategy underlying the HPS scheme, orig-
inally developed for quadrilateral meshes [50, 91], and introduces two parametrization ap-
proaches for triangular surface meshes. We begin in Section 6.1 by discussing high-order repre-
sentations of surface geometry and proceed in Section 6.2 with the construction of local spectral
collocation operators on individual surface elements. Section 6.3 then details the domain de-
composition approach on surfaces, where spectral collocation is applied locally on each element
and coupling between neighboring elements is handled via interface conditions. Section 6.4
presents the two strategies for incorporating triangulated surfaces into the HPS framework: (i)
a hypercube-to-simplex reparametrization, and (ii) a quadrilateralization technique designed
to reduce the number of elements added by the tripling scheme of Fortunato et al. [51]. The
quadrilateralization strategy is the practical route used for the HPS computations in this chap-
ter, whereas the hypercube-to-simplex construction is presented as a promising approach whose
full integration into HPS requires a more flexible interface treatment. In Section 6.5, we discuss
how the resulting high-order surface discretization can be applied to time-dependent problems.
Finally, we conclude the first part with Section 6.6, which presents numerical examples inves-
tigating the Turing model and extends the investigation to patterns exhibited by interacting

reaction—diffusion systems.

The second part extends the framework developed in the first part to prescribed evolving sur-
faces. Section 6.7 introduces a time-dependent surface representation and describes the exten-

sion of the projection method to include surface evolution. Section 6.8 discusses the treatment of
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evolving discrete surfaces and introduces an Arbitrary Lagrangian—Eulerian (ALE) map to man-
age mesh distortion. In Sections 6.9 and 6.10, we focus on two growth models for the evolution
of the surface and investigate how these models affect the emergence, spatial distribution, and
symmetry of patterns over time. Finally, Section 6.11 explores potential directions for future

work.

6.1 High-order parametric surface approximation

We consider a general elliptic surface PDE on I,

Lru(x) = f(x), xeT, (6.1)

where f(x) is a smooth function onI"and Lr is a variable-coefficient linear second-order elliptic

surface operator.

If T is not a closed surface, equation (6.1) may also be subject to boundary conditions, e.g.,
u(x) = h(x) for x € JI" and some function % . For pure Laplace-Beltrami problems on a closed
surface, the usual compatibility and normalization conditions are required: [ fdS = 0 and the
solution is fixed, for example, by imposing [-udS = 0. This nullspace issue is absent for shifted

operators such as —Ar + 7 and for the patchwise Dirichlet tests below.

To numerically solve equation (6.1), we need to discretize Lr, f, and 4, and represent these
objects in some finite-dimensional basis. The numerical error involved in a discretization of
PDEs on curved surfaces depends on two properties of the discretization, the representation
of the objective function and the representation of the geometry. Thus, a higher-order scheme
is only possible with also a higher-order description of the surface approximation. Let F;}uad C
Ns be a shape-regular, composed of finitely many regular and quasi-uniform d-dimensional
hypercubes with diameter 4, topologically equivalent to the smooth surface I'. The collection of
these hypercubes is denoted by %4, which provides a representation of quad:

rded— | g, withK =K. (6.2)
gEj%/,

We assume that the elements do not overlap, i.e., for g,-, e i€ JAC;,, we have that int(g,-) N int(g j)=0
and if g,- ne j=1+#0and dim(/) =d — 1, it is called an intersection of g,- and & j and is assumed

to be a subset of an (d — 1)-dimensional facet of € and & j, respectively.

Each element & € K}, is parametrized over a reference element Q, C R by an invertible and

differentiable mapping;:

s i Qy— &, (6.3)

referred to as the affine mapping of E.
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6.1. High-order parametric surface approximation 119

[_171]2

]2

Figure 6.1: Construction of a surface parametrization over the reference square [—1,1]* via

closest-point projection from the piecewise affine approximation [,

Additionally, we assume the existence of a bijective mapping X : Fguad — I, such that the smooth

surface I" can be represented as a union of non-overlapping mapped elements:

r={J X@= U X)) = | Xg(Qu). (6:4)

geJACh geﬂzh gej’%h
. . d. .
With this property, I’ is referred to as the reference surface (or reference domain) of I, and

the collection {X3}z 5 as its reference parametrization.

The Jacobian of the parametrization X; at x is

DX;5(x) : RY — RITL,

The first fundamental form is the symmetric and positive definite matrix g € R?*¢ defined
as
g(x):= (DXg(X))TDXE(X) VX € Q.

The corresponding volume element g(x) is given by
g(x) = \/detg(x).

Let Qg,,X € Iz, be the nth-order Lagrange polynomial interpolation of the mapping X on the
reference element Q. In the following, we consider the restriction of the closest-point projection
T to F?luad as a mapping 7 : F?luad — R, and define n'" -order cubic parameterization of the

surface.

Definition 100 (n"-order parametrization). Given an r-reqular cubical parametrization W := m o

e Qq— & k=1,... K, r>2, where m is the closest point projection onto the target surface I" and Ly
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120 6. Fast spectral methods on triangular and deforming surfaces

is a multilinear map (see Figure 6.1). We say that the mesh quad is of order n if each element is obtained

by polynomial interpolation of the values {Wi(pa)}aca,, sampled at the points {pa}aca,,-

d.n

This implies that on each element, we can approximate the r-regular parametrization maps
through interpolation using the points {Wi(pg)}aca,,- This involves computing a n'"-order

vector-valued polynomial approximation:

06, W(x) =Y Vi(pa)la, k=1,...,K. (6.5)

aGA([rn

Partial derivatives of the elemental coordinate maps, 85_1, 06, Vi, fork=1,...,Kand j=1,...,d,

are used to construct an n'-order approximation of the volume element g(x)

§"(x) = y/det (DQg,, Vi(x)) DO, Vi(x)). (6.6)

Mapping the piecewise flat surface results in the higher-order approximation
d d
Ty = Qo W)

of the surface I', which is contained in Ny if the mesh size is small enough. In the following, we
quad

h,n

assume that / is chosen correspondingly. Associated with the discrete surface I', ™ is a set of

surface elements
Knn:=1{0Qc,, Wk(€) | € € Kp},

such that Fﬁad = Ueex,, €

We now turn to estimating the geometric approximation error of ngad.
Theorem 101. Let " be a d-dimensional C"™+'-surface, r > d + 1, and y := mo . : Qg — R k=

1,...,K be a r-reqular cubical parametrization, Definition 100. Let Qg, , Wk be the vector-valued tensor-

d.n

polynomial interpolant of y in the Chebyshev—Lobatto grid Cheb, ,.

i) The r-regular cubical parametrization and its interpolant Qc, , Wi differ by

4ed®Vy , n+1 \ 1
— < . . . .
0~ Qe oy < e (s ) e (67
it) The Jacobians of W and its interpolant Qg , W differ by
4ed?Vy, n+1 T
Dy (x) =D, Wi(X) |00,y < A(r—d—1) (n—i-l — r> a1 (6.8)

where Vy , is the maximum Chebyshev-weighted r'"-order directional variation of the coordinate

functions of y.
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6.2. High-order spectral collocation on a single surface element 121

iit) The difference of the volume elements is bounded by
(%) — 8" ®)llcog,) < dC™ [DYi(x) = DQg,, Yi(X)lco(a,) -

where

§(x) = \/det(DYi(x)7 Dy (x)),

and g"(x) is defined as in equation (6.6).

Proof. The argument is completely analogous to that of Lemma 92 (Chapter 5); we omit the
details. =

Asshown in equation (6.7), our parametrization map achieves a convergence rate of O(n~"~4+1)),

in contrast to the classical estimate [65]

[Wi(x) — Qa,, Wk (%) [ o0y < Ch'!,

which is based on interpolation at equidistant points.

6.2 High-order spectral collocation on a single surface element
We now describe a spectral collocation method for discretizing equation (6.1) on a single surface
element £;. The method is formulated directly from the strong form in equation (6.1). Let
Pa € Cheby ,, @ € Ay, denote points in a tensor product Chebyshev-Lobatto grid. Letu € R(+1)
denote a vector holding approximations to u at pg € Cheb, ,. Analogously to equation (6.5), we
have

06, u(x)= Y u(pa)la, pa € Cheby,. (6.9)

aeAd,,,

To discretize Lr on the element &;, we compute discrete operators on the reference cube Q
and map them to &; using the numerical coordinate mapping v for k = 1,2,...,K. Let D €
R(+1)x (1) be the one-dimensional spectral differentiation matrix [ 132] associated with Chebyshev-
Lobatto points on the interval [—1,1] and let I € RU"*1)*("+1) be the identity matrix. The d-
dimensional differentiation matrices on the reference hypercube Q; inthe §;, &, ..., &;-directions

can be constructed through the Kronecker products

De =10 QIQD
De, =18 RDRI
De =19 @DR-- QI
(with D in the (d — i+ 1) position)

D, =DRID--- D
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122 6. Fast spectral methods on triangular and deforming surfaces

where D¢, € Rt i — 1 2 d. Let M[u] € Re+D*@+D? denote the diagonal multi-
plication matrix formed by placing the entries of u along the diagonal. Using equation (4.6),
differentiation matrices corresponding to the components of the surface gradient on & are given
by”
d
Dy, = Y M0, &]De, j=1,2,...,d+1. (6.10)
i=1

The operator Lr given in equation (6.1) is then discretized on the element & as the (n+ 1)7 x

(n+1)? matrix
d+1d+1 d+1
= Z Z [a;j] D} D + Z M[b;]D; +Mc], (6.11)

with all variable coefficients sampled on the grid points pg € Cheb, ,. In other words, we can
think of the matrix Lg, as a discrete approximation to the differential operator L¢, . Using this

discretization scheme, equation (6.1) can be written as (n+1)¢ x (n+ 1)? linear system.

Leu=f. (6.12)

k

To prepare for the imposition of boundary conditions and local elimination, we partition the
index set {1,...,(n+ 1)?} for a given element &, into interior (I;) and boundary (I,) subsets, so
that

{1,2,...,(n+ )} = LU,

with (n— 1) points in the interior and 2nd?~! on the boundary. This partition is used to divide
both vectors and matrices into blocks. For instance, given a matrix A, the submatrix A"’ consists

of the rows indexed by /; and columns indexed by I,. The solution vector is written as
w;,=u(l;) and wu,=u(lp).

Partitioning the L¢, and reordering the degrees of freedom in (6.12) in the order {f;,,} (i.e.

interior then boundary) gives a block linear system,

u' fi
-1 -

To impose Dirichlet boundary conditions, we set u = h” on 9&;, where h” € R2"""'*! denotes

the vector of boundary values of /(x). Substituting these into the system and eliminating the

boundary unknowns u, via a Schur complement [95] yields the reduced system:

L’g‘k’ £ L”’hb

2For instance, the discrete Laplace-Beltrami operator may be discretized as Ar ~ ):dH (DF)
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6.3. Domain decomposition methods 123

The interior solution is then expressed as
i i\ b
u = (Lgk) f — S h’,

R
where Sg, :=— (Llslk) Lfg’f is known as the solution operator and is of size = (n+1)? x 2dn?~".

6.3 Domain decomposition methods

The spectral collocation method described in the previous section converges very quickly as the
number of points n increases—provided that the solution u of equation (6.1) is smooth. The
matrix Lg, that arises from the discretization has some structure and contains many zeros, but
it is still considerably denser than the matrices produced by finite difference or finite element
methods. One way to reduce this density is to use domain decomposition methods, which also

lend themselves well to implementation on parallel computing architectures.

In a domain decomposition approach, the computational domain I' is partitioned into smaller
elements &, fork=1,...,K, which may touch or overlap. The original problem in equation (6.1)
is then reformulated on each element, resulting in a family of smaller subproblems, where each
subproblem can be solved independently using spectral collocation. However, to ensure that
the local solutions u(x), each defined solely on an element & for k = 1,... K, fit together and
form a smooth solution of the PDE in equation (6.1) on the entire computational domain I, they

have to satisfy matching conditions.

e For touching (non-overlapping) elements & and &,, the solution is required to be C!-smooth
across the shared interface; that is, both the function and its binormal derivative must be

smooth on the surface where the elements touch:

ul(x) :uz(X), XxcdEINIE, (614)

8nhu1 (X) = —8nbu2(x), XC0E1NIEy (615)

where n, denotes the binormal and the minus sign is because we use the outward-pointing

binormal in each domain.

e For overlapping elements €, and &,, the functions u; and u, must be equal on the intersection
€1 N &,. By uniqueness of the PDE, it suffices to require that the functions are identical in

any subregion of the overlapping domain:

Ui (X) = uz(X), X € 8(81 ﬁgz)

The use of Chebyshev basis functions leads to shared boundary degrees of freedom between

adjacent quadrilateral elements, so imposing (6.14) becomes straightforward.
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124 6. Fast spectral methods on triangular and deforming surfaces

Among the various techniques for enforcing continuity of binormal derivatives across patch
interfaces, an effective strategy is the use of the Poincaré-Steklov operator [108], also known
as the Dirichlet-to-Neumann (DtN) map—originally introduced by V.A. Steklov. This operator
maps Dirichlet data (solution values) to Neumann data (binormal derivatives of the solution)

on the boundary.

For a given element &, the Dirichlet-to-Neumann operator, denoted by DtN¢,, computes the out-
ward fluxes corresponding to prescribed Dirichlet boundary data. Having constructed the so-
lution operators S¢, that solve the PDE locally on each element &, for k= 1,..., K, the Dirichlet-
to-Neumann operator is given by the product of the binormal derivative operator D¢, and the
solution operator Sg,:

DiNg, = Dg, Se,.

From this point onward, we restrict our discussion to two-dimensional surfaces embedded in
R3. Consequently, the discretization scheme is defined within each quadrilateral, spanning the

space of polynomials IT5 ,.

6.3.1 Merging Dirichlet-to-Neumann maps

Assume now that I' is divided into touching elements. We consider the simplest case in which we
have only two elements €, and &, like in Figure 6.2, and denote by Jj; = £; N &, their common

boundary.

Lrul(X):fl(X), xe &y, with MI(X):hl(X), xe&El\le, (616)

Lrbtz(X) = fQ(X), X & 82, with uz(X) = hz(X), X & 882\512, (617)

with continuity conditions:

u1<X) = uz(X), X & 512,

8nbu1(x) = —8nbu2(x), x € Jps.

The patching problem in equation (6.16) and (6.17) can be regarded as two decoupled, four-
sided Dirichlet problems when given a suitable piece of Dirichlet data along J». That is, there

exists an interface function ug such that (6.16) and (6.17) is equivalent to

Lrui(x) = fi(x),  x€&y,
ul(x):hl(x), xe&&l\ﬂlz, (618)

U1 (X) = Uglue(X), x € 2.

Lruz(x) = fo(x),  x €&,
uz(X) ZhQ(X), X € 882\312, (6.19)

u2(X) = Uglue(X), x €Jpa.
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6.3. Domain decomposition methods 125

To determine the unknown interface function ug,e, we construct a solver referred to as the in-
hi(x)

ha(x)
structed using local operators from each element. Specifically, we first build local solvers for the

terface solution operator, denoted by Sgye, such that ugiue(x) = Sglue . This solver is con-

elements €; and &,, and then combine parts of these operators to create the interface solution

operator Sqjye-

Once the interface function ugy, is determined, the two subproblems from equations (6.18) and
(6.19) become independent and can be solved separately by applying spectral collocation on &,
and &,.

n,

uy=h

Figure 6.2: Interface coupling of two surface elements via continuity of the solution and its bi-
normal derivative. Red points indicate boundary collocation points J,, and Jp,, while
blue points represent interface collocation points J;, and Jy,, aligned for coupling.
The right panel highlights the shared interface and point alignment used in the spec-
tral collocation framework.

Let J5,,J5, C {1,...,2dn?"'} be index sets corresponding to the shared interface points (i.e., the
points which are interior to the merged domain Ege := &1 U &,) with respect to elements €; and
&, and J; and J, the remaining indices corresponding to the boundary points. See Figure 6.2
for a diagram. As the points of €| and &, are identical along the shared interface J;,, continuity

of the solution across J;, simply means that® u}' =uy, so let us denote these solution values by

Uglye-

Continuity conditions across element interfaces are imposed locally using discrete Dirichlet-to-
Neumann (DtN) operators.
DtNgk = @nggk, k=1,2.

Since DtNg, maps from the quadrilateral boundary to itself, it is a square matrix of size 2dn?~! x

2dn?~!. We define the boundary data vectors h% h} € R2"™" for the two neighboring elements

W (x) = [ b (x) ] Bl = [ ha(x) ] ,

Uolue (x) Uolue (x)

as

where h; (x) and h;(x) correspond to the non-shared boundary degrees of freedom, and ugjye(x)

3The superscripts 51, s denote restriction to interface indices
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126 6. Fast spectral methods on triangular and deforming surfaces

represents the shared interface values between the two elements.

The corresponding homogeneous solutions on each element are then given by

wi =S¢, hl, k=1,2.

The continuity condition for the binormal derivative across the shared interface requires that
Ay

(DtNglhll7 + ‘D(glvl)s1 + (DtNgzhg + D32V2> ’ =0, (620)

where v, := D¢, v; denotes particular fluxes associated with particular solutions on each ele-

ment.

Rewriting the system (6.20) in terms of the interface unknown ugy,e, we obtain separate linear

systems for the homogeneous and particular interface unknowns:

(Dthgfl n DtNng) Walne = — (DtNgf’lhl + DINE hz) , (6.21)
(DN + DINES? ) vgrue = — (V! +937) (6.22)

Here, the local operators are constructed on each element. By solving equation (6.21), we obtain

the interface solution operator Sg),e, which is defined as follows:
-1
Sgiue i= — (DINY," + DINZ? ) DN DINg?] (6.23)

The Schur complement also allows us to write down the Dirichlet-to-Neumann operator for the
merged domain. Using the new interface solution operator S, we construct the new Dirichlet-

to-Neumann operator

DNy 0
0  DiNZ»
2

bisy
DIN!

DtNojye :=
gue DINg2®

Sglue- (6.24)

In a similar manner, the specific flux for the merged domain is given by

b1s
DING*

DIN 1;:2;?2 Vglue . ( 6.25 )

! Vllbl
A% =
glue by
V2

6.3.2 The hierarchical scheme

The term hierarchical refers to the organization of the computational mesh into a hierarchical
binary tree structure [92]. Each element of the mesh, before any merging or gluing occurs, cor-
responds to a leaf box in this tree. At each stage of the merging process, two neighboring leaves
are combined to form a larger domain. The result of merging two such elements is a pair of

operators defined on the merged domain: Egje: (1) a solution operator, Sgjye, that solves for the
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6.4. Accommodating triangulated surfaces 127

unknown interface values ug)ye inside Egye; and (2) a Dirichlet-to-Neumann (DtN) operator,
DtNgiue, that maps boundary data to outward fluxes on Egjye. These operators encapsulate all
necessary information to solve the PDE on Egye. After merging, the new parent element €1 is
functionally equivalent to the original elements £; or &, and thus can be treated as a single ele-
ment, ready to be merged again with additional domains. This hierarchical merging procedure,

hy(x) }

u2(x) = Se. |:“g1ue<x)

Step 1

hy (X)

duy
np,

Quy _ I (x)
Inp _DtNSI |:”g]uc(x>

Sglue =E&1U&

Figure 6.3: An overview of the hierarchical merge process. Step 1: For each patch &;, remove the
internal points (blue) and retain only the boundary points (red). Use the remaining
data to construct the solution operator S¢, and the Dirichlet-to-Neumann operator
DtNg,, i = 1,2. Step 2: Merge patches in pairs as described in Subsection 6.3.1. Form
the equilibrium equation using DtN¢, and DtNg, and eliminate the interior points of
the new larger patches. Construct the new solution operator S, and corresponding
DtN operator.

enabled by local operators, constitutes the hierarchical Poincaré-Steklov scheme. An illustrated

overview of the merge process is described in Figure 6.3.

6.4 Accommodating triangulated surfaces

The quadrilateral-based domain decomposition scheme described thus far is built on the as-

sumption that the smooth surface I' ¢ R?*! is discretized into a high-order quadrilateral mesh
Fguad, constructed from a set of r-regular quadrilateral parametrizations.

K

{‘l’k 1Qq— Ek}kzl :

127

& [”glue (x)
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128 6. Fast spectral methods on triangular and deforming surfaces

where each patch & is sampled using mapped points {yi(pa)taca,,, where {pa} C Cheb,, is
the standard tensor-product Chebyshev-Lobatto grid on Q.

In many practical applications, the surface I' is given as a triangulated mesh (Jrcq, T. Simplicial
domains—such as triangles and tetrahedra, which are not tensor-product domains—offer far
greater flexibility than Cartesian products of intervals (e.g., squares or cubes) when it comes
to handling complex geometries through partitioning methods [34]. Spectral methods, on the
other hand, are remarkably efficient on tensor-product domains because of the inherent struc-
ture of the expansions they employ. Therefore, it is tempting to try to marry the efficiency of
tensor products with the flexibility of triangular geometries. The procedure described above re-
mains unchanged, provided that suitable high-order points and basis functions are constructed
on the reference triangle, allowing the PDE to be discretized with high-order accuracy on each
element, similarly to the quadrilateral case. We propose two distinct strategies for handling
triangles within the described HPS framework. The first approach is the hypercube-to-simplex
reparametrization (see Definition 85). The second method is rhombus-based remeshing, a quadri-
lateralization technique that converts triangles into quadrilaterals while minimizing the number
of elements introduced by the tripling scheme of Fortunato et al. [51]. Both approaches are pre-

sented in detail in the following subsections.

6.4.1 Hypercube-to-simplex reparametrization

In Section 5.5, we demonstrated that by employing mappings such as square-squeezing, key
numerical operations—interpolation, quadrature, and differentiation—on triangular elements
can be carried out on a reference square. This approach enables triangular elements to use the
same tensor-product Chebyshev machinery as quadrilateral elements, thereby making them
suitable for high-order spectral collocation. The additional issue for HPS is that the local square
representation must also induce a boundary trace that can be merged with neighboring ele-

ments.

Building on this foundation, let us now consider a triangulation of the surface I', denoted by

rt= U7, [ml=k
TeTy
which is not necessarily a high-order approximation of I". In the following, we adopt the no-
tations used in Section 5.5, and define n''-order cubical re-parameterization of the surface for
each T € ‘j'h
o:Qu—T, @g=motoo, k=1,... K. (6.26)

Definition 102 (n'"-order cubical reparametrization). Given an r-reqular cubical reparametrization
QO =M oTo0 : Qy — ZA"k k=1,...,K,r>2, where m is the closest point projection onto the target
surface T, T is an affine map and o is the square squeezing map. We say that the mesh T is of order n if

each element is obtained by polynomial interpolation of the values { Qx(pa) Yaca,, sampled at {pa }aca, -
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6.4. Accommodating triangulated surfaces 129

For every triangle T € Th, we compute {¢(pa)}acc,, and define an n-th order d-dimensional

triangle T by applying polynomial interpolation of order n to the coordinates of the projected
points {i(pa)}acGy.

Mapping the piecewise flat surface results in a higher-order approximation F}f; := 0c,, o3
of the surface I' that is contained in Nj if 4 is small enough. Associated with the discrete surface

F}lﬂn is a set of surface elements

Thn = {06, 0(T) | T € Ty},
such that
rn=UTr.

TE{J'/,,,,

Given I'l" | we can compute an n''-order approximation of the volume element g(x),

§'(x) = /det (DQG,, Ou(x) "D QG (u(x)).

Remark 103. The geometric approximation error estimates for T in Lemma 92 (Chapter 5) remain

valid in this context.

Having defined the mapped Chebyshev interpolation in Subsection 3.7.1, we now derive n't

mapped cubical re-parameterization of the surfaceI. Let { be an analytic function, such that:
C:Q4—Qu, x=C{(s) (6.27)
with d;,{(s) >0, 1 <i<d. We define
G =@ol =moto00l:Qu—T, k=1,....K, r>2. (6.28)

the r-regular mapped cubical re-parameterization of the surface I'. One benefit of the mapped
square-squeezing is that it leads to a more uniform distribution of Chebyshev-Lobatto points,
with fewer points concentrated near the boundary of the square, resulting in a lesser number

of points on the hypotenuse of simplex A, (see Figure 6.4).

Spectral collocation on a triangular patch via square-squeezing reparametrization
To assess the impact of the triangle-to-quadrilateral reparametrization (6.26), both in its stan-
dard and mapped forms using the analytic function {(s) from (6.28), we consider the Laplace—
Beltrami equation:

—Aru=f. (6.29)

We test two geometric configurations: one-eighth of the sphere (triangular patch), and one-

sixth of the sphere (quadrilateral patch). The exact solution is the spherical harmonic u(x) =
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130 6. Fast spectral methods on triangular and deforming surfaces

-~
¢ -0 9 0 O O
e . ) Paludl

(a) Standard square (b) Square-squeezing (c) Mapped Square-squeezing

Figure 6.4: Distribution of Chebyshev—Lobatto points for n = 11 on the reference square (left),
after the square-squeezing map to the triangle (center), and after the mapped
square-squeezing transformation (right).

Y)"(x) with (¢,m) = (3,2), yielding the right-hand side f(x) = ¢(¢/+ 1)Y;"(x). Dirichlet boundary
conditions are given by
h(x,y,z) = 0.251/105 /7 (x* — y*)z.

For the analytic map, we select the polynomial mapping defined in equation (3.43) with degree
n=>: |
L(s) = m(1zos+20s3+9s5). (6.30)

10°

—A—square-squeezing
—e—mapped-sq-squeezing
—v—direct-quadrilateral
107 | —o—duffy

0 10 20 30 40 50
Polynomial degree

Figure 6.5: Relative L-error for the Laplace—Beltrami problem in equation (6.29) on an eighth-
sphere triangular patch, using the exact spherical harmonic ¥7. The triangle
is reparametrized through square-squeezing, mapped square-squeezing, and the
Duffy transform; a direct quadrilateral patch is included as a reference. The observed
exponential decay is compared with the fit rate p ™", where p ~ 2.3.

In the numerical experiments presented, the error values shown in the convergence plots repre-
sent the discretization error with respect to the exact solution of the Laplace-Beltrami equation.
Figure 6.5 illustrates the spatial convergence to the exact solution under p-refinement, consid-

ering different reparametrization strategies:
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6.4. Accommodating triangulated surfaces 131

Figure 6.6: Trace-point distribution induced by square squeezing for two neighboring triangular
elements at degree n = 13. The hypotenuse carries twice as many points as the other
edges; the configuration shown aligns this doubled edge with the outer boundary to
avoid an inconsistent interior merge.

1. direct-quad: refers to the discretization on a single quadrilateral patch (see Definition 100),

2. square-squeezing: uses a hypercube-to-simplex reparametrization based on the square-

squeezing transform (see Definition 102),

3. mapped-sq-squeezing: applies the square-squeezing transformation enriched by an ana-

lytic map {(s) (see equation (6.30)),

4. duffy: uses a reparametrization from the unit square to the triangle based on the Dufty
map (see Remark 88).

In this experiment, the square-squeezing mapping achieves accuracy comparable to the quadri-
lateral parametrization, whereas the Duffy mapping performs poorly due to its degeneracy
along the collapsed edge. This degeneracy adversely affects the computation of binormals,
which—as previously emphasized—are crucial to ensuring the success of the merging pro-

cess.

By constructing the transformed Chebyshev interpolant of the n''-order cubical reparametriza-
tion of the geometry via the analytic map (6.30), the mapped square-squeezing approach (rep-
resented by the red line in the plot) reaches machine precision more rapidly in this test. Nonethe-
less, quadrilateral patches tend to achieve higher accuracy at elevated polynomial degrees (>
38), a regime that is not commonly used in practice. These observations suggest that square
squeezing remains a promising strategy for extending high-order solvers to triangulated sur-

faces.

Next, we extend the previous example to the upper hemisphere of the sphere. For this purpose,
we developed the Python package pysurfacefun*, which is currently under active development

and is designed to support the surface reparametrization tools required in our framework. One

4https://pysurfacefun.readthedocs.io/en/latest/
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Figure 6.7: Relative L*-error for the Laplace—Beltrami equation on the upper hemisphere under
mesh refinement. The top row uses high-order triangular patches and the bottom
row uses quadrilateral patch domains. Curves are shown for polynomial degrees
n=15,9,11,13, with reference slopes consistent with O(h"!).

challenge introduced by this reparametrization is the non-uniform distribution of points, as
illustrated in Figure 6.4b. In particular, the number of points along the hypotenuse of A, is
twice that of the other edges. As a result, tabulation points along shared boundaries of physical
elements 7' may not coincide, creating challenges for patch merging. This issue can be addressed
by interpolating the values defined on the side with 2n points to match those on the side with
only n points. The interpolation is stable and introduces only minimal discretization errors,
though it does complicate the implementation. For further details, see [7]. In our example, we
avoid inconsistencies by properly configuring the elements and aligning the side with 2n points

along the equatorial boundary, as illustrated in Figure 6.6.

In Figure 6.7, we report the convergence of the L™ relative error for the numerical solution of the
Laplace-Beltrami equation on the upper hemisphere, using high-order patch-based discretiza-
tions with triangular elements (top) and square elements (bottom). Convergence is shown for

polynomial degrees n = 5,9, 11, 13, alongside reference slopes of O(h"~!). The surface plots (left)
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depict the computed solutions over each mesh.

In both cases, plotting the relative L*-error against the mesh resolution & reveals an algebraic
convergence rate. The error decreases rapidly as the mesh is refined (A — 0) and the polyno-
mial degree n increases, following the expected rate of O(h"~!). Notably, for n = 13, both mesh
types achieve low errors, reflecting the high accuracy and stability of the method. These results
confirm the efficacy of the high-order patch-based discretization approach for solving PDEs on
curved surfaces, with both mesh types providing highly accurate solutions under h— and p—

refinement.

However, the current algorithm still relies on configuring the mesh elements beforehand, which
becomes challenging as the mesh density increases. This limitation is not caused by the local
square-squeezed discretization itself, but by the interface representation required by the HPS
merge. Locally, the reparametrization allows interpolation and differentiation to be performed
on the reference square, where tensor-product Chebyshev tools are available. Globally, however,
neighboring triangular elements must exchange boundary data along physical edges, and the
square-squeezed trace does not automatically provide a uniform three-edge triangular skele-

ton.

For this reason, the hypercube-to-simplex construction should be viewed here as a promising
local discretization strategy rather than as a complete practical HPS method for arbitrary un-
structured triangulations. A natural next step is to decouple the square-squeezed volume dis-
cretization from the interface discretization: one may compute the local solution and fluxes on
the tensor-product square grid, but expose to the HPS merge a triangle-compatible trace space
with three physical edges. The transfer between these two representations could be carried out
by interpolation, projection, or a mortar-type coupling operator. Such a non-matching trace
formulation would remove the need for manual orientation of elements and would make the

square-squeezing approach applicable to general triangulated meshes.

6.4.2 Quadrilateralization

To this end, we define a quadrilateralization operator
Q: iy pauad
. h h 5

which replaces the original triangulated mesh with a conforming set of quadrilateral patches
{Ek}szl, each admitting a smooth mapping v : Q; — & and a point set {Wi(pa)}aca,, for use

in high-order interpolation.

We review two established strategies for assembling the interface operator Q before presenting

our own rhombus-based remeshing:
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(1) Blossom-Based Matching.

Let {YA"k}kK:l denote the set of triangles in I'!". A dual graph is constructed in which each vertex
represents a triangle and edges connect pairs of adjacent triangles. Using a maximum matching
algorithm, such as the Blossom algorithm [45], the method identifies as many disjoint pairs of
adjacent triangles as possible. Each matched pair (7;,7}) is then merged to form a quadrilateral
patch & =Tu T;. The resulting set of quadrilaterals defines a partial quadrilateralization of
the triangulated mesh. Unmatched triangles are then converted into quadrilateral elements
through a centroid-based subdivision process. However, to maintain a conforming mesh, this
approach necessitates splitting the already grouped quadrilaterals as well. As a consequence,
the refinement yields a denser mesh with a higher number of degrees of freedom, as illustrated
in Figure 6.8b.

(2) Centroid-Based Subdivision.

The approach consists of splitting each triangle into three quadrilaterals, following the method
described in [51]. Specifically, for each triangle Tc ‘}h with vertices {v,v,,v3}, we introduce the
centroid

cr = 2(vi+v2+v3)

and the edge midpoints
mij:%(v,'—i—vj), 1<i<j<3.

We then form three quadrilaterals
&i = Quad (v, mjj, cr, my),

for {i, j,k} = {1,2,3}. The result is a quadrilateral mesh l"guad with 3K elements—three times
the original triangulation. Although this subdivision is regular and systematic, it inflates the
total degrees of freedom and produces smaller quads clustered around each centroid (see Fig-
ure 6.8¢).

(3) Rhombus-Based Remeshing (Proposed).
Let {YA"k}f(\’:1 denote the set of triangles in T''™. For any pair of adjacent triangles 7;,T; € T sharing
an edge ¢;;, let ¢; and c; denote the centroids of the triangles, and let {v,,v;} € ¢;; be the vertices

of the shared edge. A quadrilateral patch is then formed as
Ek = Quad(va,cj,vb,ci).

The elements &; (see Figure 6.8d) can be naturally parameterized using cubical maps y; : Q; —
&, anda corresponding set of mapped points { Yi(pa)}aca,, C & NT. Then, the resulting mesh
r ?Zuad can be interpolated to obtain an n'"-order cubical parametrization in the sense of Defini-
tion 100, thereby enabling direct application of the HPS scheme introduced in the preceding sec-

tions. Among the quadrilateralization strategies considered, our proposed approach—forming
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(a) Reference mesh I'l" (80 triangles) (b) First method: 172 quads

(c) Second method: 240 quads (d) Third method: 120 quads

Figure 6.8: Comparison of three quadrilateral meshing strategies applied to a coarse triangular
surface mesh (top-left): Blossom-based matching (top-right), centroid-based subdi-
vision (bottom-left), and the proposed rhombus-based remeshing (bottom-right).

rhombuses from the triangular mesh—yields the smallest total number of quadrilateral ele-

ments.

6.4.3 Computational asymptotic complexity

For an order-n discretization, the total number of degrees of freedom associated with the mesh
{&}K_, scales as N ~ K(n+1)2. The cost has three distinct components. Constructing the local
solution and Dirichlet-to-Neumann operators on the leaf elements costs O(K (n + 1)%), or equiv-
alently O(N(n+ 1)*). For fixed polynomial order, the hierarchical merge stage has the nested-
dissection scaling O(N*/?) described in [50, 91]; if n is varied, the polynomial-degree factors
must be retained separately. Once the hierarchy has been built, the downward solve for a new
right-hand side costs O(NlogK +N(n+1)). The storage requirement is dominated by the dense
interface operators retained across the tree and scales like the fixed-order solve storage, up to

the larger constants typical of direct solvers.

Comparison of HPS and surface FEM on the sphere
In this experiment, we compare the performance of the hierarchical Poincaré-Steklov (HPS)
method with a higher-order surface finite element method (SFEM) [44]. We consider the Laplace—
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Beltrami equation on the unit sphere:
—Arut+u=f, onIl={xecR®||x|,=1}, (6.31)

where the exact solution is given by the spherical harmonic u(x) = ¥;"(x) with (¢,m) = (4,3). The

corresponding right-hand side is defined as
f(x) = ((0+1) +1)¥7"(x),

so that u satisfies equation (6.31) exactly.

For the discretization, we parametrize the sphere I" using surface finite elements constructed
from a coarse reference mesh. The initial triangular mesh is transformed into quadrilateral
elements with rhombus-like shapes, and the vertices are projected onto the sphere using the
closest-point map 7(x) := - The resulting high-order geometry is then obtained by interpo-
lating 7 piecewise over the flat quadrilaterals. The numerical implementation is carried out
using the DUNE framework [9, 113], with buNEe-ALUGRID [3] for managing the reference mesh
and DUNE-cURVEDGRID [106] to define higher-order geometry mappings. The resulting linear
systems are solved using the direct solver UMFPACK [37]. In the performance and accuracy
plots below, DOF denotes the total number of global degrees of freedom, timings are reported
for the assembly and solve stages, and errors are measured against the exact spherical harmonic

solution.

quad
I_‘h,n

(a) Reference mesh quad (b) Curved geometry (c) Computed solution

Figure 6.9: Geometry and solution for the sphere model problem in equation (6.31). Left:

quadrilateral reference mesh T#**’. Center: curved high-order geometry I'""* rep-
resented with a Lagrange parametrization of order n = 5 in SFEM. Right: computed
spherical harmonic solution Y.

To distinguish between the two approaches evaluated, we label our method as HPS, while the
reference method, which uses classical surface finite elements on curved geometries, is denoted
as SFEM.

Both methods are evaluated on the same sequence of h-refined meshes using a fixed polynomial
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Figure 6.10: Performance comparison between the HPS and SFEM discretizations for the sphere
model problem in equation (6.31). Assembly time, solve time, and memory usage
are plotted against the total number of degrees of freedom. The bottom-right panel
fixes the mesh and varies the polynomial degree to compare high-order solve costs.
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Figure 6.11: (Left) L2-error versus mesh size h for SFEM and HPS applied to the exact solution
Y}, using degrees n =5 and n = 9.
(Right) L2-error versus polynomial degree for three spherical-harmonic test func-
tions, compared with an exponential fit rate p =" where p ~9.3.

degree n = 5, which represents the highest practically usable order for SFEM in this setting.
As shown in Figure 6.10, the HPS method outperforms SFEM in both the assembly and solve
phases. For fixed polynomial order, the observed solve time is consistent with the expected

near-linear downward-pass cost after the HPS hierarchy has been constructed.

However, this speed advantage comes with increased memory usage. As with most direct
solvers, the scheme requires more memory compared to iterative methods. As illustrated in
Figure 6.10, HPS consumes significantly more memory than SFEM, a result of storing all re-
quired operators in the HPS approach. Both methods show memory growth consistent with
O(NlogN), but with larger prefactors in HPS. We also evaluate performance with increasing
polynomial order on a fixed mesh; the mesh is fixed and the polynomial degree is varied. As
shown, SFEM remains competitive at low degrees but degrades rapidly at higher orders, despite
both methods exhibiting similar algebraic complexity (e.g., when using UMFPACK).

In terms of accuracy, Figure 6.11(left) reports the L*-error against a reference solution ¥;" with
(¢,m) = (4,3). While both methods perform similarly for low-order discretizations (n =5), we
observe that HPS achieves significantly higher accuracy by increasing the polynomial degree
from n = 5 to n = 9 under mesh refinement, effectively performing an hp-refinement. The right
plot displays the decay of the L*-error as a function of polynomial degree, using three differ-
ent spherical harmonics Y;" as exact solutions. The results confirm exponential convergence
consistent with spectral accuracy. The best-exponential fit rate p~, with p ~ 9.3, is included
to indicate the expected decay rate. These results highlight HPS as a highly efficient solver for
high-accuracy simulations, provided sufficient memory is available and the solution is suffi-

ciently smooth.
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6.5 Time-dependent equations

While the HPS scheme is designed to solve “stationary” problems modeled by linear elliptic
PDEs, it can also be useful for accelerating time-dependent problems modeled by parabolic
PDEs. We start by considering the reaction—diffusion systems, which are widely regarded as key
mechanisms for pattern formation in a variety of contexts, including biological, chemical, physi-
cal, and even economic processes. A general reaction—diffusion system describing N interacting

species defined on a closed, smooth surface I' C Q C R4+ can be written in the form:

du
5= Vr- (DVru) + F(u), (6.32)
where u := (uy,us,...,uy), F represents the reaction kinetics, also referred to as the source term,

and D denotes the diffusion tensor. A fast direct solver for elliptic equations is useful here be-
cause each time step in (6.32) requires solving an elliptic problem. On a fixed surface, the ge-
ometry, diffusion coefficients, and time step are fixed, so the implicit matrix introduced below
is the same at every time step. The HPS factorization can therefore be built once and reused for

the sequence of right-hand sides generated by the explicit reaction term.

In the discretization process, we handle the spatial discretization, as described in the previous
sections, using a domain decomposition approach with spectral collocation on each element.

This yields a system of ordinary differential equations (ODEs) in time, given by:

d
ch; = Lru+F(u), (6.33)

The term Lru arises from the diffusion components, while F(u) originates from the reaction
components. Because the diffusive term is typically stiff [124], the use of explicit schemes usu-
ally necessitates excessively small time steps. This can result in computations which are pro-
hibitively expensive in three spatial dimensions. Fully implicit treatment, however, requires the
implicit treatment of the nonlinear reaction term, F(u), at every time step. This can be partic-
ularly expensive and undesirable because the Jacobian of F(u) could be dense and is typically
non-definite, or non-symmetric which makes fast iterative solution techniques [136] less effi-
cient and more difficult to implement. Moreover, explicitly handling the nonlinear reaction term
F (u) is easy to implement and adds relatively little computational effort per time step. Addition-
ally, many well-known time-stepping methods applied to (6.33) are either first-order (such as
backward Euler) or result in only a weak reduction of high-frequency error components (such
as Crank-Nicolson). In this work, we employ the Implicit-Explicit Backward Differentiation For-
mula (IMEX-BDF) family of schemes [5], combining backward differentiation for implicit terms
with Adams-Bashforth for explicit terms.

Let Ar > 0 denote the time step, and u"(x) ~ u(x,nAt) represent the approximate solution at step
n. Time discretization with the M™" order IMEX-BDF scheme yields a steady-state problem at

each step:
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M—1 M—1
(I—oALr)u™ =Y au" "+ At Y biF(u"™), (6.34)
i=0 i=0

which can be written more compactly as
Aut! =

where

M-1 M-1
A:=1—wAtLr, [f":= Z au"' + At Z b;F (u"™").
=0 i—0

i i
For the static-surface problems considered in this section, the matrix A is independent of n. The
expensive stage is therefore the construction of the HPS solver for A; after this build stage, each
time step requires only applying the stored solver to the new right-hand side f". This is the
sense in which the setup cost is amortized over many time steps. If the geometry, diffusion
tensor, or time step changes, A changes as well and the factorization can no longer be reused

without modification. For instance, using the IMEX-BDF1 scheme, where
o=1, ay=1, by=1,

yields the equation
(I—AtLp)u"™' = u" + At F (u"), (6.35)

which must be solved once per time step to compute #"! from ", yielding a per-step solve cost
of O(NlogK + N(n+ 1)) after the hierarchy has been constructed.

The values of o, a;, and b; for IMEX-BDF schemes of order 2 to 4 are given as follows:

IMEX-BDF2: o=3%, a=(%-1), b=(%-2),
IMEX-BDF3: o=, a=(8,-%.3), b= (18 18 6
IMEX-BDF4&: o=12 a= (#3158 _3) p»=(8 -28 _12)

The following theorem summarizes the accuracy of IMEX-BDF schemes; see [5, Theorem 2.1].

Theorem 104 (Order of IMEX-BDF schemes). An s-step IMEX-BDF scheme, as defined in (6.34),
has order at most s.

In the numerical experiments below, the time step is chosen sufficiently small so that the tem-
poral discretization error does not dominate the spatial discretization error. The reported con-
vergence behavior therefore primarily reflects the high-order spatial discretization and the HPS
solver, rather than the order of the time integrator. A systematic study of adaptive time-step

selection is left outside the scope of this work.

We conclude this section by evaluating the accuracy and convergence of the HPS scheme for a

time-dependent problem. As a benchmark with a known analytic solution, we consider isotropic
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diffusion on the surface of the unit sphere,

0
= onT={xeR||x|2=1}. (636)

The exact solution in spherical coordinates (1, ¢), where ¥ € [0, 7] is the polar angle and ¢ €

[0,27) is the azimuthal angle, is obtained via expansion in spherical harmonics Y;":
u(t,,9) = Z Z cm(0)Y/" (8, @)e 1 (6.37)
{=0m=—{

with modal coefficients determined by the projection of the initial data:

cn0) = [(~1)"; (3, )u(0,5,9)ds. (638)

To avoid effects due to spectral truncation and to isolate the numerical error, we consider the
initial condition

u(0,%,0) =Y (8,0) = ,/%cow, (6.39)

which leads to a closed-form analytic solution due to the orthogonality of the spherical harmon-
ics:
u(t,0,9) =Y (9, 9)e ™. (6.40)

10°

—e— h = 0.5000
—e—h = 0.2500
——h = 0.1250
—a— = 0.0625

10"

4 6 8 10 12 14 16
Polynomial degree

Figure 6.12: (Left) Computed solution of the pure diffusion problem on the unit sphere atz =1,
using initial data ¥} and time step At = 107>, (Right) L.-error versus polynomial de-
gree for different mesh sizes i, measured against the exact solution Ye~?. The sim-
ulations use the implicit-explicit backward differentiation formula (IMEX-BDF4)
scheme.

The left panel of Figure 6.12 shows the computed solution at the final time r = 1, while the
right panel illustrates the L..-error as a function of polynomial degree for different mesh sizes.
As expected, increasing the polynomial degree results in exponential convergence of the error,

especially for finer meshes.
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6.6 Numerical study of spatial pattern formation in Turing systems

In Section 6.5, we examined the pure surface diffusion equation as a benchmark problem to
assess the accuracy and convergence of the proposed HPS scheme. Having established the
method’s robustness for this simpler case, we now turn to a more complex and biologically mo-
tivated setting: the Turing model of spatial pattern formation, first proposed by Turing [135].
He showed that a system of two reacting and diffusing chemicals could give rise to spatial pat-
terns in chemical concentrations from initial near-homogeneity. A comprehensive overview of
commonly used reaction kinetics and their underlying motivation can be found in [89]. In this
section, we consider the Turing model on a surface I involving an activator—inhibitor system
[8]. Our aim is to investigate how the domain geometry, nonlinearities, and coupling of such
systems influence the emergence of spatial patterns. The specific form of the system considered

is:

uy

W = 5ulArM1 + auy (1 —n M%) + Uy (1 — I‘zu]) with ul (X,O) = u?(X), (641&)
d o
% = Oy, Aruz + Buy (1 + ;mm) +ur (Y+ru)  withus(x,0) = ud(x), (6.41b)

where «,B,7, r1, 2, 8, and 9,, are the parameters of the reaction—diffusion system. In the

context of equation (6.32), we have the following;:
8, O U auy (l—rlu%)+u2(1—r2u1)
D= ) u= ’ F= ar
0 &, U Buy (1 + Tlmuz) +uy (Y+rup)

In this system, u; and u, are morphogens with u; as the "activator" and u, as the "inhibitor". If
o = —v, then (u1,u2) = (0,0) is a unique equilibrium point of this system. The reaction term con-
tributes to the formation of concentration peaks of u; and u,, whereas the diffusion term tends
to smooth these peaks. The interplay between these opposing processes—reaction-driven peak
formation and diffusion-induced peak smoothing—leads to the emergence of characteristic Tur-

ing patterns.

To understand when such patterns arise, we consider the conditions under which the reaction—
diffusion system (6.41) supports them. Specifically, model (6.41) exhibits Turing pattern for-

mation when the following two conditions, known as the Turing criteria, are satisfied:

(i) In the absence of diffusion, the system tends toward a spatially uniform, linearly stable

steady state.

(ii) The steady state becomes unstable in the presence of diffusion due to the introduction of

random perturbations.

It is well known that patterns produced by the Turing model are influenced by domain geom-
etry [26], and the nonlinear reaction term F(u), containing quadratic and cubic interactions,

plays a key role in driving pattern development. To examine how geometry and nonlinearities
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affect pattern emergence, we simulate the reaction—diffusion system (6.41) on curved surfaces

using the high-order hierarchical Poincaré-Steklov (HPS) method.

The resulting stable patterns exhibit either spot-like or stripe-like structures, depending on the
values of the coupling parameters r| and r,. The cubic coupling parameter | promotes the emer-
gence of stripes, whereas the quadratic coupling parameter r, tends to favor spot formation [8].
Our numerical simulations indicate that, in general, spot patterns are more robust than stripes
and reach a steady state significantly faster. Stripe patterns only emerge for very small values of
rp, and their orientation varies depending on the initial conditions. In Figure 6.13, we illustrate
examples of these basic cases. For the simulations, we adopt the parameter values ° from [26]:
a=0.899, B =-091,y=—a, and §,, = 0.5165,,, with §,, = 5-1073. The initial conditions are

taken to be random: u;(x,0) = rand(x), u>(x,0) = rand(x).

Figure 6.13: Activator concentration u; for the Turing model on a Swiss cheese surface. The top
row uses r; = 3.5, r» = 0 and shows ¢ = 0,200, 600; the bottom row uses r; = 0.02,
r» = 0.2 and shows ¢ = 0,20,200. Both simulations use IMEX-BDF1 time stepping.

In Figure 6.14, we illustrate the competition between stripe and spot patterns when both nonlin-
ear parameters are non-zero with r; = 4.5, r, = 0.2. The results indicate that, in scenarios where
spots compete with stripes, the spotted patterns are remarkably robust and tend to emerge con-

sistently whenever the coefficient of the quadratic term is non-zero.

Next, we simulate the Turing model on a variety of surfaces to investigate the influence of ge-

ometry on pattern formation. One example is an asymmetric torus, defined implicitly by

f(x) = (2 +32+ 22 —d+17)" — 4 (ax+7d) " — 4p%y?,

SParameters follow the non-dimensionalized Turing model in [26], where all coefficients are dimensionless. The
diffusion ratio ensures scale separation needed for pattern formation.
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Figure 6.14: Activator concentration u; for the reaction—diffusion model on a sphere of radius 2,
with parameters r; = 4.5 and r» = 0.2. The snapshots correspond to times ¢ = 100,
t =350, and t = 3000 and are computed using the IMEX-BDF1 scheme.

with parameters a =2, b= 1.9, d = 1 and ¢* = a* — b*. Using the same system parameters, we
also apply the model to a triangulated Stanford Bunny. All simulations are carried out using
the IMEX-BDF1 time-stepping scheme with reaction parameters r; = 0.02, r, = 0.2. We evolve
the system for 2000 time steps with a fixed time step size of Ar = 0.1, corresponding to a final
time of r = 200.

As shown in Figure 6.15, each row represents a different surface geometry (asymmetric torus,
Stanford Bunny), while columns display the solution u at times t = 0, t = 20, and ¢ = 200. For
both meshes, we employ 8-order elements to capture the solution. The emergence and arrange-
ment of spots differ noticeably across geometries, emphasizing that surface shape, in addition
to the system parameters, plays a critical role in the development of Turing patterns. Unlike
in one- or two-dimensional scenarios, where geometry is often simplified or ignored, solving
reaction—diffusion equations on various surfaces with fixed parameters reveals distinct pattern

transitions.

In Figure 6.16, we show simulations on spherical meshes with radii r = 1,2,4, using 10%-order
elements and random initial data. The parameters are chosen to promote stripe formation, with
r=15rn=0a=1.899, y=—a,and B = —0.95, and diffusion coefficients set as 9,, = 0.5166,,,
where §,, = 5-1073. Simulations are run up to ¢ = 600 with a time step of Ar = 0.05. The re-
sults indicate that, as the domain expands, the number of high-activator stripes increases con-
sistently, confirming theoretical and numerical predictions for two-dimensional growing do-
mains [76].

We close this section by investigating interacting Turing systems. Specifically, we consider a

second Turing system in chemicals (u;,u;) that modulates the kinetic terms in the (v, v;) system
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Figure 6.15: Activator concentration u; for the Turing model on two geometries: asymmetric
torus (top row) and Stanford Bunny (bottom row). Columns show ¢ = 0, 20, and

200. The simulations use 8th-order elements, IMEX-BDF1 time stepping, and pa-
rameters r; = 0.02, r, = 0.2.

r=4
r:2 : @ @

Figure 6.16: Activator concentration for the reaction—diffusion model on spheres of different
radii. Rows correspond to radii r =4, r =2, and r = 1, and columns correspond

to times ¢ = 0, 10, 300, and 600. The stripe-forming parameter set is evolved using
the IMEX-BDF1 scheme.
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to give the model:

adv

o“Tl = 8, Arvi + o/vi (1 —r1v3) +va(1 —ravy) + qruy + qauyva + q3upva

aVz a,rl

o 8,,Arva + B'va <1 g +vi(Y +12v2) = qauavi — qgu3vy

k (6.42)
u

7; = 8, Aru; + auy (1 — ru5) +up (1 — ryuy)

ou ar

a—tz = Oy, Aruz + Buy <1 + Bluluz) +ur (Y+rauz).

This setup allows us to investigate how pattern properties change due to the interaction between

the two coupled systems. For the simulations, we use the following parameter values:

e For the (v{,v,) system:

o« =0398, B'=-041, ¥Y=-a, §,=5x107, §, =0.1224,,.

e For the (u;,u;) system:

0=0899, B=-091, y=-a, &,=25,, &, =05168,.

In Figure 6.17, we show the resulting patterns for the cases of linear, quadratic, and cubic cou-
pling. When only linear coupling is present, the pattern of v; becomes identical to that of u;,
indicating that the coupling completely overrides the dynamics of v;. With cubic coupling, the
solution still consists of spots, and the overall structure remains similar to the uncoupled case,
suggesting that this type of interaction does not significantly alter the pattern. The most notice-
able change occurs with quadratic coupling: the spot pattern is distorted and appears overlaid
on a background of stripes, showing that the quadratic term introduces a strong modulation

and leads to a mixed pattern with both spots and labyrinthine features.

When the signs of selected coupling coefficients are changed (see Figure 6.18), the behavior
changes significantly. The linear term produces a negative image of u; in vy, effectively invert-
ing the pattern. In the other cases, the patterns in v; appear as a superposition of stripes and
spots. Specifically, quadratic coupling favors spot formation, while cubic coupling leads to more

spatially ordered spots.

6.7 Evolving surfaces

The previous simulations on static surfaces show clearly how surface geometry affects the for-
mation of reaction—-diffusion patterns. Yet in many biological and physical systems, the sur-
face itself changes over time, influencing the development and structure of these patterns. Ac-
counting for surface evolution adds considerable complexity: the resulting models are non-

autonomous, nonlinear parabolic PDEs, for which standard tools—like linear stability analysis
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(a) u; pattern (b) vy pattern with g; # 0

(c) v pattern with g, #0 (d) vy pattern with g3 # 0

Figure 6.17: Patterns obtained with the coupled system equation (6.42). Each column shows the
effect of a single coupling term: linear (gq;), quadratic (g2), or cubic (g¢3), all with
coupling strength 0.55.

near bifurcations—are no longer effective. This makes it essential to develop numerical methods

that can handle such systems accurately and efficiently.

In response, we extend the high-order spectral framework presented in the first part of this chap-
ter to evolving surfaces, in which both the geometry and the solution vary over time. Our ap-
proach uses a decoupled strategy: at each time step, we first update the surface geometry using
a prescribed evolution law, then solve the PDE on the updated surface. In the numerical exam-
ples below, the surface motion is prescribed independently of the solution; material-transport

effects such as advective and dilution terms are therefore not included in the PDE model.

There is an important computational distinction between this setting and the static time-dependent
problems of Section 6.5. On a fixed surface, the implicit matrix A in (6.34) is unchanged and a
single HPS factorization can be reused over all time steps. On an evolving surface, both the
geometry and the local differential operators change with time, so the HPS operators generally
have to be rebuilt, or at least updated, when the surface changes. Consequently, the evolving-

surface examples in this chapter should be viewed as a demonstration that the high-order geo-
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(a) u; pattern (b) vy pattern with g; # 0

(c) vi pattern with ¢» # 0 (d) vi pattern with g3 #0

Figure 6.18: Patterns obtained with the coupled system equation (6.42), using the same param-
eters as in Figure 6.17, but with selected coupling signs changed.

metric discretization and HPS framework can be applied to each time slice, not as evidence that
a fast direct solver is automatically optimal for every deforming-surface simulation. Whether
rebuilding is worthwhile depends on the number of right-hand sides solved per geometry, the
size of the deformation between time steps, and the possibility of reusing previous factorizations

as preconditioners.

A time-dependent surface I'(¢) is typically described using either an implicit or a Lagrangian
representation. A widely used implicit approach defines I'(¢) as the zero level set of a time-
dependent scalar function ¢ : R x [0,T] —» R, i.e.,

[(t) = {xe R o(x,r) =0}. (6.43)

In this formulation, the evolution of the surface is governed by the dynamics of the level set
function @. Alternatively, a Lagrangian description tracks the motion of surface points explic-
itly through a velocity field v : R?*! x [0, 7] — R?*!, which prescribes the flow driving the de-

formation of the surface over time. In this case, the surface I'(r) is parameterized over its initial
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configuration I'(0) by following the trajectories of points on the surface. For an initial point

xo € I'(0), the trajectory x(¢) satisfies the ordinary differential equation

Cx(t) =v(x(t),1), x(0) = xo. (6.44)

If equation (6.44) can be solved in closed form, yielding an explicit expression for x(), then we

define the parameterization of I'(¢) over the initial surface I'(0) as:

[(r) :={x(¢) | xo € '(0)}.

If an analytic solution is not known, we use the explicit Euler method to approximate the ODE
system in equation (6.44):

Xipa1 = X + At vy,

To study numerical approximations of reaction—diffusion systems on evolving surfaces, we in-
corporate the surface evolution law into the closest-point projection operator in equation (5.10).

This yields a time-dependent closest-point projection operator.

6.7.1 Time-dependent oriented distance function

We assume that there exists an open bounded set U () C R*! such that dU (¢) = I['(¢). The time-
dependent oriented distance function dr((x,t) is defined as

R [0.7] SR, dpgy(x) = | 00T ) X ERTRUO),
—dist(x,I'(r)) xeU(r).

For § > 0 we define .47 := {x € R¥"! | dist(x,I'(¢)) < § }. Clearly .4} is an open neighborhood of
I['(¢). For each x € 4§, there exists a unique time-dependent closest point projection operator
m(x) € I'(¢), defined by

m(X) =x+ dr( (x, t)VdF(,) (x,1).

By analogy with the stationary case (see Lemma 65), the existence of dr; is readily estab-
lished, and its regularity follows directly from the smoothness of the parametrization of the

surface.

To account for surface evolution over time, we compose the stationary closest point projection
my with a Lipschitz continuous mapping £, : I'(0) — I'(¢), which tracks the deformation of surface

points. The inverse £; ' is also assumed to exist and to be Lipschitz continuous.

Definition 105. Let £, : I'(0) — I'(z), t € [0,T], be Lipschitz continuous with Lipschitz continuous
inverse £; ' : T(t) — T(0). In other words, there exist constants ¢,C > 0 such that

1€ (x1) = Li(x2) || < cllxi = %2 and (£ (y1) = £ (v2) || < Clly1 =yl
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150 6. Fast spectral methods on triangular and deforming surfaces

Assume further that £, extends to a tubular neighborhood of I'(0). The time-dependent closest point
projection operator is then defined by transporting a point to the initial confiquration, projecting it onto
I'(0), and mapping the result back to I'(z):

m(x) =L (m (L, (x)),  xe€f. (6.45)

This composition ensures that the projection operator m; accounts for both the geometry of the
initial surface and its deformation in time. The closest point projection on the right-hand side

is the stationary map my, while £, carries the time dependence.

We apply the time-dependent projection operator in the numerical solution of PDEs on evolving
surfaces and in the construction of triangulated surface meshes at each time step. In this context,

the mapping £, is often referred to as an arbitrary Lagrangian—Eulerian (ALE) map [82].

6.8 Surface approximation and ALE-based regularization

Let a smooth initial surface I'(0) be approximated by a triangulated surface I'"'(0), i.e., by a
quasi-uniform family of triangulations T,(0) of maximal element diameter h. Let x;(0), (k =
1,2,...,N) denote the points of I'"(0) lying on the initial smooth surface I'(0). The points will

be evolved in time with the given normal velocity v, by solving the ODE

%xk(t) =v(x(t),1) (k=1,2,....N), (6.46)

where v represents the velocity field. For the prescribed evolution considered here, the points
remain on the surface I['(¢) for all times, i.e., dr(x(t),t) = 0 for k = 1,2,...,N and for all 7 €
[0,7].

Let Ay C R? be the standard simplex of dimension d and let [0,7] be a time interval. A linear
evolving mesh or evolving discrete surface on [0,7] consists of continuously time-dependent
points x(t)¥_; C R¢"! and d-dimensional simplex relations T(t) e T (), where we identify 7 (1) C

RY*! with the simplex itself, which we require to satisfy:
o T(1) e T (t) is non-degenerate, i.e., the map p : Ay x [0,T] — T'(t), is a bijection.
e The intersection of two simplices is a common edge, a common point, or empty.

e There are no boundary simplices, i.e., every edge is the intersection of two different sim-

plices.

We set the mesh width # as
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where diam denotes the 2-dimensional diameter, the in-ball radius at time ¢ is defined as

/()= min p(T(1)),
T(1)€Tu(t)

where p denotes the radius of the maximum inner circle. We set
xi(1) == (xi(1) )iz € RY @RI

and

C(x;) :=T(x(t)) :=T3(1):= |J T().

T(1)eT(t)

A family (T''(z)) 0 is called quasi-uniform, if and only if

However, the assumption of quasi-uniformity over time is generally not preserved during sur-
face evolution. To illustrate this, we evolved a surface according to the ODE (6.46) over the
interval [0,0.9], as shown in Figure 6.19. Although the initial mesh (left) is quasi-uniform and
the deformation appears mild, the mesh quality deteriorates noticeably over time. In particular,
the normal velocity causes the formation of poorly shaped elements, with triangles collapsing
into near-zero angles. As vertices move according to the velocity field, the resulting triangula-
tions may become unsuitable for numerical simulation, with degeneracies caused by extreme

angle distortion.

Figure 6.19: Closed-surface mesh evolved by the prescribed normal velocity at times r = 0, 0.2,
and 0.9. The snapshots illustrate the deterioration of element quality under normal
motion alone.

Standard remeshing techniques [56, 103] can be employed at each time step to maintain high
mesh quality. However, these methods often introduce or remove mesh points, requiring the
construction of mappings between successive meshes. While this is theoretically manageable,
from an implementation perspective, it is highly undesirable due to the computational com-

plexity and cost involved. To address this, we adopt the Arbitrary Lagrangian—Eulerian (ALE)
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152 6. Fast spectral methods on triangular and deforming surfaces

approach proposed in [82], which enables mesh-preserving surface evolution without frequent

remeshing. The surface mesh then evolves according to

d
%) =v(xe(0), ) +w(xe(0),0), k=1,....N, (6.47)

dr) (xk(),1) =0,

where v is the physical velocity and w is an ALE velocity that ensures mesh quality. Unlike
purely tangential velocities, w may include normal components and is combined with a con-

straint to keep points on the surface, resulting in a differential-algebraic formulation.

The resulting differential algebraic equation system is:

—x = p(Xx X - X g
ZX(0) = v(x(0).1) + w(x(1).1) = D(x(1)) A (1), (6.48)

dF(t) (X(l),l) =0, with X(O) =X

with D(x(¢)) := W and Lagrange multiplier A (7).

The ALE velocity w is computed using a virtual spring model defined along the mesh edges:
w(x,1) = kF(x) (6.49)

where the force function F is computed based on the connectivity, and by the forces over the
edges based on the desired length of springs. We refer the reader to [82, 103] for more de-

tails.

The numerical solution of the differential-algebraic system (6.48) yields the updated point po-
sitions while preserving mesh quality. Figure 6.20 illustrates an example of dumbbell-shaped
surface evolution using the ALE framework, which, in contrast to normal evolution (see Fig-

ure 6.19), effectively prevents mesh distortion and maintains element regularity over time.

Figure 6.20: Closed-surface mesh evolved with the ALE regularization at times t =0, 0.2, and
0.9. Compared with the purely normal evolution in Figure 6.19, the ALE velocity
preserves mesh quality during deformation.

To optimize computational efficiency, we precompute the meshes used in our algorithm and

store them for reuse, thereby avoiding the costly overhead of dynamic mesh generation at run-
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time. Given such a triangulation, we incorporate it into the HPS framework by applying the

parametrization strategies discussed eatlier.

6.9 Surface growth

We focus on two growth models for the evolution of the surface.

6.9.1 Isotropic growth
Here we are interested in prescribed velocity laws associated with surface growth. As an il-
lustrative example, consider the time-dependent surface I'(¢) given by the zero level set of the

distance function

_ 2 i 2, .2 2
dr((x,t) = a(t)"b EDE +x5+x5—a(t)".

Different surfaces may be obtained by prescribing the non-negative shape functions a(-), b(-),
and c(-) with »(0) =0 and b(1) = 1.

e Tangential motion
For the described surface, material points can move both tangentially and normally. We
represent the surface I'(r) using material points (£;(¢),%(¢),%3(t)), and parameterize it as
follows: starting from % (0) € [—¢(0), ¢(0)], we define (%(0),x3(0)) to lie on the circle sat-
isfying ,
B 07+ =a0)* (1-5 (25 ) ).

with the time evolution of the coordinates given by

il(t)zfl(o)cc((t;, )Zz(t):~2(0)z((t), 323(;):553(0)@.

Thus, the condition dp,(X(¢),7) = 0 holds for the surface at any time ¢.

e Normal motion
Alternatively, we may choose material points on the same surface such that the velocity of

the material points, v (X(¢),7), is in the normal direction. The material velocity is described

by

Vdp ) (x,1
v(x,1) =V(x,5)n(x,7), n(x,t)= m‘;ym, and V(x,7) =
t ’

8tdr(z) (x,1)

_AWET 6,50
Vi ) (&Y

where n(x, ) represents the unit normal to the surface at each point.

6.10 Pattern formation on evolving surfaces

In this section, we investigate the impact of surface evolution on Turing pattern formation by
solving reaction—diffusion systems on time-dependent geometries. Through a series of exam-

ples, we illustrate how both isotropic and anisotropic surface deformations affect the emergence,
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154 6. Fast spectral methods on triangular and deforming surfaces

spatial distribution, and symmetry of patterns over time. The reaction—diffusion system is ad-
vanced in time using a fourth-order implicit-explicit backward differentiation formula (IMEX-
BDF4) scheme.

Throughout these examples, the reaction—diffusion equations are treated in the decoupled sense
described above: first the geometry is updated, and then the concentrations are advanced on the
current surface. Thus the equations below do not include the additional advective or dilution

terms that arise in a fully conservative material formulation on an evolving surface.

6.10.1 Isotropic growth and decay
Logistic growth
In this example, we consider an evolving sphere with initial radius » = 1, whose evolution is

driven by a logistic growth function 1 (t), defined as follows:

e ratel

- 1+ % (egrate[ — 1)’

n(t) and  £,(xo) := 1(t)%o, (6.51)

where grate =0.1 and K = 1.5. Here grate is the growth rate of the surface and K is the limiting final
fixed size of the radius. To project points onto the initial sphere I'(0), we use the closest point
projection operator 7(x) := ﬁ The time-dependent closest point projection 7 (x) : A — T'(t)

is then given by the composition

X

B = (£0m)(x) = n() (652)

which ensures that 7 (x) lies on the evolving surface I'(t) with radius 7(¢). This composition
accounts for both the geometry of the initial surface and its deformation over time.

We consider reaction—diffusion systems defined on evolving surfaces I'(¢),

u

7; = 5M1AF(t)”1 + (0473 (1 — rlu%) —I—I/tz (1 — FQM]) N (653&)
u ar
a—tz = 8u, Ar(yuz + Buz <1 + ﬁlulu2> +uy (Y+rup). (6.53b)

For the simulation, we take o =0.899, B = —0.91, y=—a, r; =0.02, r, = 0.15, 6,, = 0.0026, and
Oy, = 0.005. Whenever a parameter differs from these default values in a specific experiment, it

is explicitly stated.

Figure 6.21 shows the evolution of the u; concentration in the Turing model on a sphere that
expands isotropically according to the logistic growth law (6.51). The plots correspond to times
t = 10,30, and 50. Initially, the pattern begins to emerge from small perturbations around the
homogeneous state. As the surface grows, more spots form and gradually stabilize. The number
and spacing of the spots appear to be influenced by the increasing surface area, which allows

the activation of higher spatial modes over time.
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(a)r=10 (b) t =30 (c)t=50

Figure 6.21: Activator concentration u; for the Turing model on an isotropically expanding
sphere. The radius evolves according to the logistic growth law (6.51); snapshots
are shown at ¢ = 10, 30, and 50, using time step Ar = 1072

Linear contracting sphere

In the second example, we repeat the experiment using the same reaction-diffusion system
(6.53) and parameter values as in the expanding case. However, instead of surface expansion,
we consider surface contraction with 1(#) = 1 — gratef and grate = 0.02. The initial surface I'(0)
is a sphere of radius r = 3, which contracts over time to a sphere of radius 0.1. As shown in
Figure 6.22, the final pattern on the sphere with radius 0.1 is similar to the pattern that forms on a
stationary sphere with radius r = 3 when 6,, = 0.2758 (see Figure 6.23). Hence, this experiment
demonstrates that contracting the surface can be interpreted as increasing the effective value
of &,, without surface evolution. Fewer patterns form as the surface continues to contract, in

contrast to the formation of more patterns when the surface expands as shown in Figure 6.21.

6.10.2 Anisotropic growth

Anisotropic evolution of a sphere into an ellipsoid.

We begin with the initial surface I'(0) and assume that it moves with a velocity field given by
v(x(t),1) := (0,0, gratex3(0)) , where grate is a fixed growth factor. This implies that the anisotropic
deformation of the surface is governed by the following time-dependent closest point projec-

tion
x1(0)  x2(0)  x3(0)
[xO)[" Ix(0)[” [Ix(0)|]

Accordingly, the surface at time ¢ can be described as the zero level set of a time-dependent

]
m(x(00) = (4,0 m) (x(0)1) = () - (659

distance function:

2
()= {xeR’ : dr(x,t) =0}, where dp(x(r),t ::x2+x2+x73—1.
( ) { F(t)( ) } F(t)( ( ) ) 1 2 (1+gratet)2

The final time is set to 7 = 60 and the growth rate is grate = 0.04, so that the final surface I'(T)
2
(173)2 = 1. In Figure 6.24, we observe the continuous
5
formation of spots as the surface evolves. This demonstrates how anisotropic deformation into

is an ellipsoid whose equation is x? + x5 +

a prolate ellipsoid enhances directional effects, leading to elongated and spatially organized
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Figure 6.22: Activator concentration u; for the reaction—diffusion system (6.41) on a linearly con-
tracting sphere. The initial radius is r = 3, the sphere contracts toward radius 0.1,
and snapshots are shown atr =0, 5, 10, 20, 45, and 48.

patterns aligned with the principal axis of growth.
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Figure 6.23: Activator concentration u; for the reaction-diffusion system (6.41) on a station-
ary sphere with r = 3. From left to right, the diffusion coefficient is increased
through 6,, = 0.0026, §,, = 0.0176, and §,, = 0.2758, providing a comparison for
the contracting-sphere experiment.

(a)r=0

(c)r=30 (d) r=60

Figure 6.24: Activator concentration u; for the reaction—diffusion system (6.41) on an anisotropi-
cally growing unit sphere that evolves into a prolate ellipsoid. Snapshots are shown
atr =0, 10, 30, and 60; the simulation uses IMEX-BDF4 with Ar = 0.1.

An anisotropic evolution of the dumbbell

We define the evolving closed surface I'(r) as the zero level set of a time-dependent distance

function:

2
dr) (x(t),) =x1 + x5 +a(t)*h (?3’)2) —a(t)?, ie,T(t):={xeR’: dry(x(t),r) =0}. (6.55)
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Here the functions g, b, and ¢ are given by

1
a(t) = 0.1+ 0.05sin(27),  b(s) = 200s (s - 233) . clt) = 1+0.2sin(4nr).
The surface velocity v at x,(¢) is given by equation (6.50), and the coordinates evolve in time

according to

(xe(r))1 = (Xk(o))lz(((t))y (Xk(1))2 = (Xk(o))z% (Xk(1))3 = (Xk(O))scc(t).

Figure 6.25 shows the time evolution of the u; solution in the Turing model, obtained with the
spot-forming parameter set listed in Table 6.1. The simulation runs until final time 7" = 60, with
snapshots shown att = 0,10,40, and 60. As the surface deforms, localized spot patterns emerge
and stabilize, influenced by the curvature variations near the neck and lobes. These geometric
features appear to guide the spatial distribution and persistence of the spots, indicating a strong

coupling between surface shape and pattern dynamics.

In contrast, Figure 6.26 presents results obtained with a different parameter set that favors stripe
formation. While the underlying surface evolution remains the same, the altered kinetics lead to
the emergence of stripe-like structures aligned along the axial direction. This highlights the role
of both geometry and reaction parameters in determining the symmetry and mode of pattern

formation.

Table 6.1: Reaction—diffusion parameters used for the anisotropically evolving dumbbell exper-
iments in Figures 6.25 and 6.26. In both cases, §,, = 0.51666,,.

Pattern Ou, a B Y r r» | Final time
Spots | 4.5 % 10731 0.899 [ -0.91 | -0.899 | 0.02 | 0.15 60
Stripes | 5x 1073 [1.899 | -095 | -1.899 | 1.5 0 60

Figure 6.25: Spot-forming activator concentration u; for the reaction-diffusion system (6.41) on
an anisotropically growing dumbbell surface. The parameter set is given in Ta-
ble 6.1; snapshots are shown at =0, 10, 40, and 60, using IMEX-BDF4 with Ar = 0.1.

The results in this chapter show that high-order patchwise spectral discretizations, combined

with HPS merging, provide an effective framework for elliptic and time-dependent PDEs on

smooth surfaces. The quadrilateralization strategy makes triangulated data compatible with
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e T 2

t=0 t=10 t=20 t=40

Figure 6.26: Stripe-forming activator concentration for the reaction—diffusion system (6.41) on
the same anisotropically growing dumbbell surface. The parameter set is given in
Table 6.1; snapshots are shown at ¢t = 0, 10, 20, and 40. Red and blue denote high
and low activator concentration, respectively.

the tensor-product structure of the solver, while the hypercube-to-simplex reparametrization
identifies a promising route toward treating triangular elements more directly. The evolving-
surface experiments demonstrate that the same geometric framework can be applied to pre-
scribed time-dependent surfaces, although the need to rebuild geometry-dependent operators

limits the direct reuse of HPS factorizations.

6.11 Future work

As previously mentioned, in this chapter we have considered the decoupled case, where the
governing equation is solved on a given surface I'(r), assuming that its evolution is prescribed
independently. Future work will investigate the fully coupled system, where the surface evolu-

tion
or _

i

is solved simultaneously with the governing equation, introducing additional geometric con-

F(T,u) (6.56)

straints and numerical challenges. This approach will allow for a more accurate and efficient
numerical treatment of coupled reaction—diffusion or transport processes on evolving mani-
folds.

Further challenges and opportunities for extension are:

e Hypercube-to-simplex reparametrization: A promising direction for making the hypercube-
to-simplex reparametrization useful in practical HPS computations is to decouple the vol-
ume discretization from the interface discretization. The square-squeezing map allows
the differential operators on a triangular element to be computed on the reference square,
where tensor-product Chebyshev differentiation matrices are stable and efficient. How-
ever, the induced trace discretization is not naturally triangular: one physical edge, corre-
sponding to the squeezed hypotenuse, inherits boundary points from two square edges
and therefore carries a different number of trace points than the other two edges. This pre-

vents a direct use of the standard HPS merging procedure on general triangulated meshes.

A possible remedy is to keep the square-squeezed tensor-product grid for the interior el-

ement solve, while replacing the boundary representation by a triangle-compatible trace
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space. In such a formulation, each triangular element would expose three physical edges
with comparable one-dimensional interpolation nodes, while the interior solution and
the normal fluxes would still be computed through the square-squeezed parametrization.
The transfer between the square boundary data and the triangular trace data could be
performed by interpolation, projection, or a mortar-type coupling operator. This would
lead to a non-matching interface HPS method in which neighboring triangles are merged
through weak continuity of the solution and flux balance, rather than by requiring iden-

tical Chebyshev point distributions on both sides of an interface.

This approach would turn the square-squeezing idea into a practical triangular HPS method:
the local spectral differentiation would retain the numerical advantages of tensor-product
square discretizations, while the global solver would see a conforming triangular mesh
skeleton. Such a method would be especially interesting to compare against direct trian-
gular polynomial discretizations, such as Koornwinder-Dubiner or PKD-type bases, on

model Laplace-Beltrami problems on the sphere.

Extending Methodology to Vector-Valued PDEs: The study of viscous flows on curved mem-
branes is fundamental for understanding biological transport processes. A promising av-
enue is the expansion of our approach to include vector-valued partial differential equa-

tions (PDEs), with particular emphasis on solving surface Stokes equations.

Handling non-parametric Surfaces: The meshfree geometric-computing framework described
in [138] uses polynomial regression over point-cloud level sets to represent complex-
shaped and dynamic surfaces and geometries. This approach is particularly useful for
problems involving non-parametric or dynamic geometries. It can be combined with stan-
dard mesh generation algorithms at each time step to produce high-quality unstructured

triangular meshes.

Orthonormal triangular bases: Finally, an interesting direction for future work is the incorpo-
ration of orthonormal triangular bases—e.g., Koornwinder-Dubiner polynomials—into
the HPS scheme, which would allow high-order spectral approximation to be carried out

directly on unstructured triangular meshes.

Evolving and deformable surfaces remain a challenging aspect for the solver, as a single factor-

ization can no longer be leveraged to accelerate all time steps. This limits the direct benefit of

HPS for a single right-hand side on a rapidly deforming mesh and raises the need for effective

preconditioners for PDEs on moving surfaces based on high-order domain decomposition meth-

ods. While fast direct solvers for static surfaces enable high-order accurate solutions for multiple

right-hand sides—for example within implicit time-stepping schemes—they must typically be

rebuilt when the surface evolves, leading to significant computational cost.

A natural direction is therefore to investigate how a direct solver constructed for a previous sur-

face configuration can be reused as a preconditioner for a nearby surface PDE, thereby amortiz-

ing the setup cost over multiple time steps.
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In addition, to reduce the cost of constructing local solution operators from O(n®) to O(n*), we
propose the use of ultraspherical spectral methods [98] for element-wise discretization. These
methods exploit orthogonal polynomial representations and sparse recurrence relations be-
tween operators, offering a promising pathway toward more efficient high-order solvers for
surface PDEs.
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